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Pt in the latter, which is further diminished by the adsorbed gas.
The electron density acquired from NH3 hardly moves to SWCNT as
is shown by the accumulation of electron density on the Pt atom
(Agpy, —0.17e) after interacting with NHs. Up until this point,
SWCNTy,/Pt adequately satisfies the basic sensitivity require-
ments and induces more electronic change in terms of both the
energy gap and partial charge transfer to the SWCNT than to the
SWCNT/Pt.

4. Conclusion

We tried to study qualitatively the sensing performance of
Pt-SWCNT with defective and pristine SWCNTs for NO; and NH3
by means of first principle calculations. Overall, in both Pt-
deposited and Pt-doped SWCNTs, platinum increases the charge
transfer and other calculated properties. For the adsorption of
NO,, the Pt-doped SWCNT shows slightly smaller binding
energies and gap changes than both the pristine SWCNT and
the Pt-deposited SWCNT. Its electronic structure modulations
are greater than that of the pristine SWCNT and its electron
densities in the SWCNT unit are more disturbed than the ones of
the Pt-deposited SWCNT. The binding of Pt to the SWCNT in the
doped case is much stronger than if it is deposited on the
surface. For NH3 adsorption, the Pt-doped SWCNT shows the
largest electron transfers to the SWCNT. We further compared
the Pt-doped SWCNT with the well-known reactive defected
SWCNT. Their abilities for capturing a NO, molecule are similar
but for NH; the Pt-doped SWCNT is far better. The sensitivity of
Pt-doped SWCNT is superior for both the detection of NO, and
NHs, because it exhibits larger energy gap changes and a larger
charge transfer. These findings should be useful for the
development of SWCNT-based nanosensor devices.
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The structure and dynamics of water confined in model single-wall carbon- and boron-nitride nanotubes (called
SWCNT and SWBNNT, respectively) of different diameters have been investigated by molecular dynamics
(MD) simulations at room temperature. The simulations were performed on periodically extended nanotubes
filled with an amount of water that was determined by soaking a section of the nanotube in a water box in
an NpT simulation (1 atm, 298 K). All MD production simulations were performed in the canonical (NVT)
ensemble at a temperature of 298 K. Water was described by the extended simple point charge (SPC/E)
model. The wall—water interactions were varied, within reasonable limits, to study the effect of a modified
hydrophobicity of the pore walls. We report distribution functions for the water in the tubes in spherical and
cylindrical coordinates and then look at the single-molecule dynamics, in particular self-diffusion. While this
motion is slowed down in narrow tubes, in keeping with previous findings (Liu et al. J. Chem. Phys. 2005,
123, 234701—234707; Liu and Wang. Phys. Rev. 2005, 72, 085420/1—085420/4; Liu et al. Langmuir 2005,
21, 12025—12030) bulk-water like self-diffusion coefficients are found in wider tubes, more or less
independently of the wall—water interaction. There may, however, be an anomaly in the self-diffusion for

the SWBNNT.

I. Introduction

Carbon nanotubes (CNTs) have gained recognition as promi-
nent building blocks of nanomaterials; they are used in a variety
of nanotechnology applications due to their exceptional me-
chanical and electrical properties.'> The transport of molecules
in these nanoporous media could also exhibit interesting
characteristics, different from the ones of transport in ordinary
bulk media, since the interactions between the pore wall and
the molecules become rather strong when the dimensions of
the pore approach the size of the transported molecule. Although
the mechanical and electrical properties of CNTs can be
measured explicitly in experiments,® the understanding of the
transport and conduction mechanisms through their pores is still
incomplete. This is partly due to the difficulty of preparing CNTs
with uniform pore sizes and distributions and of tracing the
diffusive behavior inside. Computational studies thus play an
important role in the interpretation of experimental data and
provide predictive information on molecular transport through
nanopores.

Because of the simplicity and hydrophobicity of their interior,
CNTs are recognized as promising prototype models. They are
frequently used as models for systems such as water transport
in aquaporin water channels,* water migration in xylem vessels
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of plants,’ the delivery of beneficial molecules to target cells®~®

and other biological nanofluidic systems.

A previous molecular dynamics (MD) simulation study® on
water conduction through the channel of single-walled carbon
nanotubes (SWCNTSs) showed that under normal conditions of
pressure and temperature the filling of an empty (6,6)-CNT
channel (8.1 A in diameter and 13.4 A in length) with water
takes place within a few ten picoseconds. The channel then
remained filled during the entire simulation time of 66 ns. The
water molecules constrained in such a narrow space form a one-
dimensionally ordered hydrogen-bond network that is not
observed in bulk water. It was shown!® that the channel
occupancy and conductivity are dramatically decreased by a
reduction of the attractive nanotube—water interactions. A 25%
reduction leads to fluctuations between filled and empty sections
in the tube and a 40% reduction to an emptying of the CNT
channel.? This filling and conducting behavior has also been
observed in an isoelectronic nanotube (a subnanometer boron
nitride nanotube (BNNT)!!) and other hydrophobic nanopores.'>!*

Recently, several MD simulation studies have been performed
on the diameter dependence of the CNT hydration. It was, for
example, found that water confined in a critical-size armchair-
(9,9) CNT can undergo a transition into a state having an ice-
like mobility with an average number of hydrogen bonds close
to that in bulk water under ambient temperature and pressure.'*
Unusual features, not seen in bulk ice, can also be observed
with other CNT diameters under conditions of high water
densities'® and extremely high axial pressures (50 Mpa to 500
Mpa).!6 The radial distribution functions reveal highly ordered
layered water structures in this case. For the dynamic properties,
the radial and axial diffusivities of water encapsulated in
SWCNTs are smaller than those of bulk water; both components

© 2009 American Chemical Society
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TABLE 1: Details for the MD Simulation Runs of Water in

Carbon- and Boron-Nitride Nanotubes in This Work”

effective inner  no. of water  simulation

tube diameter (10\) molecules time (ns)
(9,9)-nanotubes 8.86 71 4
(10,10)-nanotubes 10.22 102 4
(12,12)-nanotubes 12.92 162 1
(14,14)-nanotubes 15.62 237 1
(16,16)-nanotubes 18.34 327 1
(20,20)-nanotubes 23.74 547 1

“The length is 36.89 A in all cases.

decrease as the diameter of the SWCNTs decreases.'>!7!8 In

other tubes with similar diameters, the flow of water was found
to be strongly influenced by the hydrophilicity of the wall.'*?°
The strong interfacial water—nanotube attraction causes a
significant reduction of the water flow rate.

Even though the structure and dynamics of water confined
in SWCNTSs have been extensively studied by MD simulations,
most efforts have been directed toward small diameter tubes,
in which the characteristics of bulk water cannot be attained
even at the tube center. Thus, a more comprehensive under-

Nanok et al.

standing of the structural and dynamic properties of water
confined in larger diameter SWCNTs seems to be desirable.
Here, we study tubes with effective diameters (see below)
between 8.86 to 23.74 A and report on the influences of the
attractive interactions between the wall and the confined water
at an average density of 1.0 g/cm?® under ambient conditions.

In the next section, the models and simulation details will be
presented. Then, we will investigate the structure of the water
in the tubes in terms of radial and cylindrical distribution
functions. A study of the self-diffusion will then be presented.

II. Models and Simulation Details

The armchair type SWCNTs considered in this study are
modeled as rigid networks of uncharged Lennard-Jones (LJ)
carbon atoms with C—C bond distances of 1.42 A and a fixed
nanotube length of 36.89 A.To study the diameter dependence
of the structural and dynamic properties of the confined water,
the “effective diameter” (i.e., the diameter after excluding the
van der Waals radius of a C atom, 1.70 A) is varied from 8.86
to 23.74 A, corresponding to the (1m,m)-armchair SWCNTSs with
m =29, 10, 12, 14, 16 and 20, respectively. m is an integer in
the chiral vector A = ma, + ma, of the hexagonal honeycomb
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Figure 1. Local density distribution functions, in cylindrical coordinates, for the water molecules in the SWBNNTSs. The numbers above the
curves indicate the number of molecules present, on the average, in the various regions.
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Figure 2. Trajectories of 1 (left) and 5 (right) arbitrarily selected water molecules in the SWBNNTS, corresponding to Figure 1, monitored during

1 ns. Note that the scale is not the same for all tubes.

lattice, where a; and a, are unit vectors. These nanotubes are
filled with a total number of 77, 102, 162, 237, 327, and 547
water molecules, respectively, which leads to an average water
density of 1.0 g/cm? in the tube.

Water is described by the extended simple point charge (SPC/
E) model (¢0—o = 0.1554 kcal/mol and go_o = 3.16 A).21:2
The geometry of each water molecule is kept rigid using the
SHAKE algorithm. The two hydrogen atoms are located at 1.0
A from the oxygen with an H—O—H angle of 109.5°. Atomic
charges of —0.8476¢ and +0.4238¢ are assigned to the oxygen
and hydrogen sites, respectively.

The interactions between water and the nanotube wall are
described by a 12-6 LJ potential. The LJ parameters for carbon
(ec—c = 0.0970 kcal mol ™! and o¢—c = 3.36 A) are taken from
ref 14. The water—nanotube interaction parameters are derived
by using the Lorentz—Berthelot combining rules i.e., & =
(&€)"? and 0; = (0; + 0))/2, where ¢; and 0; symbolize the
strength and size of the LJ potential parameters between sites
i and j.

The degree of “nanotube hydrophobicity” is varied for all
tubes by changing the strength of the LJ potential parameter
(e0-c) between water and wall as an independent parameter,
keeping the size parameter (0c-c) unchanged. Hydrophobicity
is said to increase when eo—c is reduced. We study the case

eo-c = 0.1143 kcal/mol, a 7% reduction compared to the full
value eo—c = 0.1230 kcal/mol. These simulations are labeled
a, e.2. (9,9)-SWCNTa; simulations with the full potential are
labeled b. Furthermore, we study a case which models boron
nitride nanotubes (SWBNNT) isostructural to the carbon tubes.
Still keeping the o-value constant, we set € = 0.1216 and 0.1502
kcal/mol for the oxygen—boron and oxygen—nitrogen interac-
tions, respectively, as in ref 11. Already the 7% decrease in
hydrophobicity is found to lead to a loss of water conductivity
in the small (5,5)-SWCNT.!! Similarly, it is found that in (5,5)-
armchair SWBNNT attractive interactions between water and
nitrogen sites are primarily accountable for the good water
conduction. Therefore, it seemed interesting to look at the
diffusion and structural properties of water confined in large
diameter tubes also of this type. Further details of the nanotube-
simulations are given in Table 1. A pure SPC/E-water box at
298 K was also run for comparison.

The coordinates for the wall atoms of the nanotubes are
generated by using the Materials Studio Visualizer program.?
Short pieces of tube are then surrounded by about 2,000 SPC/E
water molecules in a simulation box, NpT simulations are started
with p = 1 atm and the temperature is lowered from high values
to 7= 298 K. In a few 10 ps, depending on tube size, the small
sections of the tubes are filled with water. Several of these
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pieces, for details see below, are then put together in a periodic
box and equilibrated before starting the production runs.

All MD production simulations are performed in the canonical
(NVT) ensemble at a temperature of 298 K using the Nosé-
Hoover thermostat implemented in the DL_POLY program
package,?* version 2.17. The dimensions of the periodic simula-
tion box for each system are twice the nanotube diameter in
the x- and y-directions and the length of the tube in the
z-direction. The principal axis of the nanotube is the z-axis of
the simulation box. Periodic boundary conditions are applied
to all three directions. The long-range electrostatic interactions
between water molecules are computed using the Ewald method,
and the short-range van der Waals interactions are computed
up to a cutoff radius equal to the nanotube diameter for m =9,
10, and 12, and equal to 18.44 A for m = 14, 16, and 20. The
equations of motion are integrated with a 0.25-fs time step.
The production runs are conducted for at least 1 ns following
the equilibration period of 0.25 ns. During the production
runs, the coordinates and velocities are stored, usually every
50 fs, for further analyses.

III. Results and Discussion

(a) Structure. Figure 1 shows the so-called cylindrical g(r)-
functions across the boron-nitride nanotubes. The numbers above
the curves refer to the average number of water molecules
present in the various regions; the total number of molecules is
listed in Table 1. In the (9,9) case only one peak appears, in
keeping with the results by Mashl et al.'* for their (9,9) single-
wall nanotube, while starting from the (10,10) and in the larger
tubes, the cylindrical RDF shows two peaks indicating layering.
The distance between these two peaks is 2.89, 2.89, 2.91 and
2.92 A in the (12,12), (14,14), (16,16), and (20,20) tubes,
respectively, larger than the oo distance of the first maximum
of the g(rop)-function in bulk water (2.76 A). In the tubes with
diameters above 18 A the water density at the interior layer is
very close to bulk density; inside a cylinder of 2.2 A radius
around the z-axis of the (20,20) tube it is exactly 1.0 g/em®.

Figure 2 gives a visual impression of the water arrangements
(and motions) by showing the x- and y-coordinates of one (left)
and five (right) arbitrarily selected water molecules plotted at
regular time intervals during the simulations. The functions for
the other two cases, SWCNTa and SWCNTD, are very similar
to Figures 1 and 2 and are, therefore, not shown here. The
boundary-layer peaks are only slightly enhanced with increasing
wall—water interactions, as expected. As an example, we find
an average of 250, 252, and 253 water molecules in the
boundary layer in the cases of (20,20) SWCNTa, SWCNTbD,
and SWBNNT, respectively. The motions of the water molecules
will be analyzed below.

When water molecules are confined in nanotubes, their
neighborhoods differ from those in the bulk phase. A molecule
is said here to have n neighbors if at a given time there are
simultaneously n oxygen atoms with distances of roo < the first
minimum of the bulk g(roo) (i.e., 3.33 A) from the central
oxygen atom. This definition does of course not imply that the
coordination of the central oxygen is necessarily tetrahedral.
Figure 3 shows the distributions of the number of neighbors,
as defined above, for the SWBNNTSs, separately for water
molecules in the center and near the wall of the tubes, and in
pure water. In the (9,9) tube all water molecules are located
close to the wall and there is no water in the center of the pore,
see Figures 1 and 2. The water structure in this tube is indeed
peculiar with an extremely strong preference for four neighbors.
For the wider nanotubes, a regular pattern emerges with a more
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Figure 3. Distributions of the number of water neighbors of a water
molecule in the interior (top) and in the outermost layer (bottom) in
SWBNNT and, for comparison, in pure SPC/E water (top).
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Figure 4. Radial distribution functions goo, gou, and guu for pure

water (solid) and for water molecules in the center (—2.2 A < r < 2.2
A) of the (20,20) SWBNNT (dashed).

or less invariable distribution of neighbors in the outermost layer
and distributions in the interior converging with increasing tube
diameter toward the one for pure water.

In order to further analyze the water structure in the center
of a large tube, Figure 4 compares the three radial distribution
functions (rdf) g(roo), g(ron), and g(ryy) obtained in our pure
bulk water reference run (see Table 1) with the ones obtained
for molecules in the center of the (20,20) SWBNNT. Only sites
inside a cylinder of 2.2 A radius around the z-axis (see Figure
1) are selected as centers for this function. Since the number
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Figure 5. Average number of water molecules present in the outermost
water layer at time O and still present there at later times, from
simulation of (10,10) and (20,20) SWBNNT (top), and additionally,
for comparison, for SWCNTa and SWCNTDb (bottom).

density is not constant across the tube, the normalization of these
functions is somewhat arbitrary. The zone of roughly constant
density inside the tube is about 8-A wide, we thus selected to
set g(r ~ 6 A) = 1 to ease comparisons. The figure shows that
the three g-functions inside the tube are almost indistinguishable
from the bulk ones. Thus, even with the strongest of our three
wall—water interaction models, the water inside the larger tubes
is, at least as far as the radial structure is concerned, very close
to bulk water.

(b) Dynamics. Figure 5 shows the decay of the number of
water molecules present in the boundary layer of the tube wall
[defined as the water molecules with r = /(x> + y?) values
larger than the minima in the distribution functions shown in
Figure 1] at an initial time #,, as a function of time. This figure
shows, as examples, the results for a large and a small tube and
also for a large tube with different interactions strengths
(hydrophobicities) between water and wall. They confirm the
visual impression obtained from Figure 2, namely that a given
water molecules samples more or less the entire tube interior
during the duration of our simulations.

The long time limit of these correlation functions is the
expectation value of the initial molecules being present in the
boundary layer when the system is totally mixed. It is seen that
this value is reached, within the fluctuations, in all cases after
about 150 ps. Functions of type

fl=a+b-exp(—t/7) (1)
describe the correlation very well in all cases; the correlation
times 7 are all between 40 and 50 ps with the higher values for
the stronger wall—water interactions. The sum a + b obtained
from the fits is, as it should be, close to the average total number
of water molecules present in the boundary layer, which is also
reported in Figure 1 from integrations of the distribution
functions plotted there.

Figure 6 shows the averaged mean-square displacements of
the oxygen atoms of the water molecules, corrected for the
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Figure 6. Mean square displacements of the oxygen atoms of water
in the SWCNTDbs (top) and SWBNNTSs (bottom). For the self-diffusion
coefficients, see Table 2 and Figure 7.

random drifts induced by the thermostat. The translational self-
diffusion coefficients reported in Table 2 and Figure 7 have
been obtained by fitting expressions

(z—2)0)) =A+2Dy )

to the mean-square displacement curves in z-direction at long
times. We obtained a value of D = 2.5 & 0.1 x 107 cm?s™!
from our pure water simulation. This D-value is intermediate
between the values reported by Mashl!* (2.69 x 107> cm?s™!)
and by experimental diffusion coefficient of water (2.30 x 1073
cm? s~ 1).25 In passing, we also take good note of the remarks
in these papers that the fact that the experimental D is well
reproduced by a given model for the pure liquid at a given state
point does not necessarily mean that it will also do so in
solutions, at an interface, or under different thermodynamic
conditions. We nevertheless expect systematic trends (e.g., size
dependences, or when the wall—water interactions are modified)
to be reasonably well mirrored.

Figure 7 shows that no self-diffusion can be detected in the
narrowest tubes during our simulation runs of a few nanosec-
onds. D, increases with increasing tube diameter and comes
close to its bulk value in our widest tubes with diameters of
about 24 A, the convergence toward this value being faster for
smaller wall—water interactions. In the case of the boron-nitride
tubes the convergence is not monotonous. We were not able to
pinpoint the particular structural features that may explain the
plateau in D, observed between the (10,10) and (14,14) tubes
(which we think is outside our uncertainties) in a convincing
way. Even larger irregular variations of the self-diffusion have
been observed by Mashl et al.'* in narrower CNTs. No influence
of the wall—water interactions can be distinguished in tubes
wider than about 20 A.

It is seen in Figure 6 that the linear regime of the mean-
square displacement is reached typically after about 10 ps.
Comparing this time with the typical time for water molecules
to stay in the boundary layer discussed above (viz. 40 to 50 ps,
see Figure 5), indicates that a separation of the total self-
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TABLE 2: Axial Self-Diffusion Coefficients D, (cm? s™!) of Water in Nanotubes at the Average Temperature of 298 K and the

Water Density of 1.0 g/cm

model D. (cm? s71h) model D. (cm? s7h) model D. (cm?s™h)
bulk water 2.50 x 1073
(9,9)-SWCNTa 3.00 x 1078 (9,9)-SWCNTb 9.80 x 1078 (9,9)-SWBNNT 8.60 x 1078
(10,10)-SWCNTa 1.20 x 107 (10,10)-SWCNTb 1.30 x 107° (10,10)-SWBNNT 1.20 x 1073
(12,12)-SWCNTa 2.00 x 107> (12,12)-SWCNTb 1.70 x 1073 (12,12)-SWBNNT 1.60 x 1073
(14,14)-SWCNTa 2.30 x 1072 (14,14)-SWCNTb 2.10 x 107 (14,14)-SWBNNT 1.60 x 107
(16,16)-SWCNTa 2.40 x 1073 (16,16)-SWCNTbDb 2.40 x 107 (16,16)-SWBNNT 2.40 x 1073
(20,20)-SWCNTa 2.70 x 1073 (20,20)-SWCNTbDb 2.60 x 1070 (20,20)-SWBNNT 2.50 x 1073

“The uncertainties are estimated to be of the order of +0.1 x 107> cm
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Figure 7. Axial self-diffusion coefficients D, (107> cm? s™!) of water
in nanotubes as a function of tube size.

diffusion into a component originating in the boundary layer
molecules and a second one originating in the bulk would be
justified. This work is presently ongoing.

IV. Summary and Conclusions

Molecular dynamics computer simulations at room temper-
ature of water-filled single-wall model nanotubes with diameters
ranging from about 9 A to about 24 A have shown that, by and
large, the influence of the wall on the local density of the water
and on its self-diffusion does not extend much beyond the layer
of molecules directly adsorbed to the wall. In particular
circumstances, probably when the geometrical constraints by
and the interactions with the wall favor the formation of
particular water structures, anomalies cannot be ruled out even
in tubes of intermediate widths.

Varying the strength of the wall—water interactions within
reasonable limits for carbon or boron-nitride tubes does not alter
these conclusions. The adsorbed water layer, on the other hand,
is very strongly affected both in its structure and in its dynamics.
The characteristic time for the exchange dynamics between the
adsorbed layer and the rest of the water is of the order of about
40 to 50 ps, i.e. relatively long compared to the time needed
for the diffusive regime to be reached in normal, unconfined
water at the same thermodynamic conditions.
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The stability of nanoclusters and nanocluster-based polymorphs of a large range of alkali halides were
investigated using state-of-the-art plane wave density functional theory (DFT) calculations.
Specifically, the most energetically stable cluster isomers of (MX);» (M = Li, Na, K, Rb, Cs, X =F, Cl,
Br, I) were considered (i.e. the slab and cage) with respect to two bulk polymorphs: rock-salt (rs-MX)
and a nanoporous analogue of the zeolite sodalite (SOD-MX). In both cases, these bulk materials can
be regarded as being assembled from their respective cluster building block (slab — rs, cage — SOD).
For all alkali halides the dense rs-MX phase was found to be more stable than the low-density
nanoporous SOD-MX phase. For the (MX);, clusters, the dense slab cluster isomers were also
generally found to be the most stable cluster type except, however, for the LiX series where the cage
isomer was energetically preferred. The energy difference between the rs-MX and the SOD-MX bulk
polymorphs (per MX unit) was found to follow the same trend as that between the respective (MX);,
slab and cage clusters. Correspondingly, the cage-based SOD-LiX phases were all found to be only
marginally metastable with respect to the rs-LiX forms (AEsop.s = 0.05 eV per LiX). From DFT
calculations on the low enthalpy landscape of LiF polymorphs, the energy versus volume equations of
state of rs-LiF and SOD-LiF were compared with those of a number of other LiF polymorphs showing
SOD-LIF to be stable with respect to compression and expansion and very competitive energetically

with a number of denser phases. Classical molecular dynamics calculations were also performed to
confirm the thermal stability of the SOD-LIiF phase, further strengthening our prediction as to the

viability of these novel low density nanoporous ionic materials.

Introduction

The modification of the structure of inorganic crystalline solids
through varying the external pressure is now a widely used
experimental technique that has led to the discovery of a number
of new phases with potential applications."? Theoretical methods
have also been widely used to study the behavior of experimen-
tally known ground-state phases of numerous materials under
pressure.* Although experiments are now able to effectively
maintain negative pressure conditions to explore the possibility
of phases lower in density than the ground state, this technique
does not yet allow one to investigate a wide class of very low
density porous crystalline materials (e.g. zeolites*), which are
regularly synthesised via bottom-up routes in solution. In order
to theoretically explore the feasibility of new crystalline poly-
morphs, other than those obtained through pressure-induced
transformations of the most stable phase, global optimisation
algorithms may be employed to study the energy landscape of
materials.>” In relation to the present work on alkali halide
polymorphs, we note in particular the recent careful investiga-
tions of a range of known and new hypothetical polymorphs of
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the alkali halides by Schén and co-workers®® based on empirical
potential based global optimisation followed by refined energy
evaluation by DFT calculations. Crystal global optimisations
generally start from the assumption of a bulk periodic crystal cell
occupied by atoms, and make use of different algorithms to
modify the atomic positions and cell dimensions towards
possible minima. Such approaches may be described as top-down
approaches. Increasing evidence indicates that the atomic
structure of materials at the nanoscale, where the assumption of
long-range crystalline periodicity breaks down, can be signifi-
cantly different from that exhibited by bulk materials. Recent
work, for instance, provides evidence that materials exhibiting
the well-known wurtzite structure such as AIN, GaN, and SiC
may exhibit a new graphitic phase as nanofilms.!® Likewise, ZnO
nanostructures have been predicted to experience different types
of structural transformations specific to the nanoscale.'’!?
Compelling evidence that both SiO, and MgO may exhibit
different stable alternative phases in thin films grown on metal
substrates has also been reported.**!*

Recently, some of us reported on the prediction of low density
nanoporous polymorphs of MgO, ZnO" and SiO,'® based on the
assembly of highly stable nanoclusters. In contrast to top-down
global optimisations, this approach follows the ideas contained in
the ground-breaking work of Jena and co-workers on metal clus-
ters'” and can be regarded as a bottom-up means to materials
prediction. Although both top-down and bottom-up approaches
aim to find new stable polymorphs the former directly searches
through the space of possible polymorphs whereas the latter aims
first to find stable building blocks (e.g. through global optimisation

This journal is © The Royal Society of Chemistry 2008
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of cluster isomers'*!¢) and then materials that may be regarded as
arising from their assembly. Although both approaches are quite
complementary, the focus on those materials which can be regar-
ded as formed from stable cluster building blocks may provide
more insight into ways in which these materials maybe fabricated
via bottom-up routes. The prediction of stable polymorphs of
MgO and ZnO as low density zeolitic analogues, derived from the
bottom-up assembly of highly stable (MO);, cluster building
blocks,*® strongly suggests that similar nanoporous phases are
likely to be stable for different types of materials.

In this work, we explore a wide range of ionic alkali halides for
which, in many cases, small clusters have been experimentally
generated.'®?° Following the work of Carrasco et al.,'"> we use
DFT calculations to study the relative stability of energetically
lowest lying (MX);, (X = halogen, M = alkali metal) cluster
isomers with respect to that of two polymorphs, which can be
considered as formed from the assembly of these clusters: the
rock-salt (rs-MX), and SOD-MX (the latter phase having strong
topological similarity with the silicate zeolite sodalite*'®) phases.
We compare the energetic trends of the cluster isomers and their
respective bulk phases, throughout the full range of materials
which reveals an intriguing link between nanoscale and macro-
scopic stabilities. The Li-based materials are shown, in partic-
ular, to be most likely to exhibit new viable low density
nanoporous phases.

II. Computational details

In order to explore low density phases of the alkali halides, two
different sets of DFT calculations were carried out. In the first,
the differences between the most energetically stable cluster
isomers were calculated, and in the second we obtained the energy
versus volume equation of state (EOS) of the extended bulk
polymorphs. In the case of the clusters, for all alkali halides we
considered three low energy (MX);, isomers: (i) a 4 x 2 x 1 slab,
(ii) a tube formed from four stacked X3M3 hexagons, and (iii)
a discrete SOD cage. In order to attain a balanced description of
both discrete and extended systems, it is convenient to use the
same computational approach and, whenever possible, the same
basis set. This can be achieved by first choosing a reliable
exchange-correlation functional that can be used in molecular
and periodic calculations and, secondly, by expanding the total
electron density in a plane wave basis using an appropriate unit
cell. A plane wave basis is computationally efficient and for which
the quality can be conveniently and generally defined by a single
parameter. The Perdew—Wang (PW91) form?'? of the general-
ised gradient approach (GGA), as implemented in the VASP
code,?*? has been chosen for the exchange-correlation potential.
Due to its formulation, the PW91 functional is known to be
particularly suitable for solids.?® Furthermore, for the compar-
ison of the stabilities of solids of the same composition but with
significantly different densities and ionic coordination environ-
ments (especially relevant for comparing rs-MX and SOD-MX
polymorphs) the PW91 functional has also been shown to
perform extremely well for other materials.?” Specifically for the
alkali halides other work has shown that the PW91 can reproduce
experimental data with high accuracy®® (see also Table 2).

For the discrete systems, using a plane wave basis set requires
simply placing the clusters inside a large enough box, which is

periodically repeated. The box chosen has to be large enough so
that the distance between repeated (MX), clusters is sufficient to
make inter-cluster interactions negligible (in our calculations
>1 nm). For the solids, although in principle we may use the
same (MX);, units and reduce the vacuum space between the
periodically repeated units in such a way that a bulk structure is
created, it was computationally more convenient to use the
typical cubic unit cell for rs-MX and a cubic unit cell containing
12 atoms of a cage for SOD-MX. For the bulk systems, it is also
necessary to carry out appropriate integrations in reciprocal
space, this is accomplished by using a Monkhorst-Pack grid of
special k-points (7 x 7 x 7 for the rock-salt structure and 3 x 3 x
3 for the low density phases). In the present work, we included
plane waves with kinetic energies up to 415 eV in the basis set.
The effect of core electrons on the valence density was taken into
account through the plane augmented wave method® as imple-
mented by Kresse and Joubert.?* For all MX bulk structures,
density functional optimisations of atomic positions and cell
shape were carried out for different volumes of the unit cell and
the volume versus energy data fitted using the Birch-Murnaghan
EOS?®*! in order to obtain the minimum energy and optimum cell
parameters. For all calculations (both solids and clusters) no
explicit use of symmetry was employed.

III. Relative stability of (MX),, alkali halide
clusters

The main purpose of the present work is to analyse the possibility
of low density bulk phases of alkali halides and their relative
stability with respect to the face-centered cubic (fcc) structure,
which is almost always the most stable alkali halide polymorph.
We note that for the most voluminous cation (Cs*) with the three
larger anions: Cl-, Br™, I, the body-centered cubic (bcc) phase is
the ground state bulk phase. With relation to our bottom-up
approach, however, the clusters (CsCl),, (CsBr),, (Csl);», all
appear to be most stable as 4 x 3 x 2 fcc slab isomers. For each
alkali halide, we energy minimised the slab, the cage and tube
(see Fig. 1) as (MX);, isomers. In all cases the (MX);, tube was
never found to be the most stable isomer, with the lowest energy

Fig. 1 Schematic representation of the structure of the slab (a) and cage
(b) structures of the (MX);, alkali halide clusters. Red spheres represent
the fluoride anion whereas the green spheres represent the lithium
cations.
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Table 1 Total energy (binding energy with respect to constituent
spherical non spin-polarised atoms) per MX unit (in eV) of the slab and

cage isomers of the (MX);, alkali halide clusters

MX Slab Cage
LiF -9.25 -9.28
LiCl —7.16 —7.18
LiBr —6.46 —6.48
Lil -5.70 —5.72
NaF —8.14 —8.09
NaCl —6.43 —6.38
NaBr —5.81 —5.76
Nal —5.14 —5.09
KF —7.86 -7.79
KCl —6.39 —6.31
KBr —5.83 —5.74
KI -5.22 -5.13
RbF —7.76 —7.69
RbCl —6.32 —6.23
RbBr -5.77 —5.68
RbI =517 —5.08
CsF -7.73 —7.69
CsCl —6.34 —6.25
CsBr —5.80 —5.72
Csl —522 -5.13

isomers being either the cage or slab only. Results for the relative
energy of the slabs and cages for the series (M = Li-Cs and X =
F-I) are reported in Table I.

For both slab and cage isomers, it is found that with the same
alkali cation (M") and varying the halide anion (X"), the opti-
mised energies increase with decreasing ionic radius ratio (ryg./
rx) and follow an almost linear correlation (see Fig. 2a.b).
Correspondingly, the most stable clusters are those of (MF),
type while the least stable are those of (MI);, composition. In
contrast along each series: (MF);,, (MCl);», (MBr);,, (MI);, (i.e.
fixing the halide type and varying the alkali metal ion) we see that,
although for (MCl);,, (MBr);,, (MI), the energy varies very
little, for (MF), both the cages and slabs clusters are significantly
more stabilised (see Fig. 2a,b). Of all alkali halides, LiF is found
to provide the most stable clusters for both slab and cage struc-
tures with energies (per MX unit) of —9.25 and —9.28 eV per LiF,
respectively. This result together with the energetic preference
of LiF for the cage isomer over the slab already provides an
indication that LiF can be regarded as a special case.

In Fig. 3 we report the energy difference (per MX unit)
between the cage and the slab isomers for each fixed halide (X)
while varying the metal type (M). In most cases we find that the
cubic slab isomer is most stable. This concurs with previous work
showing an energetic preference for cubic isomers in alkali halide
clusters containing Na, K, and Rb using a variety of theoretical
methods including global optimisation techniques with empirical
potentials, ab initio Hartree-Fock and Magller—Plesset second-
order perturbation theory.’*=¢ These works also often found

Fig.2 Total energy of the alkali halides as clusters (left-top: slab; right-top: cage) and materials (left-bottom: RS; right-bottom: SOD) as a function of
the cation and anion type with respect to cation-to-anion radius.
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Fig. 3 Energy difference (eV per MX) between the slab and cage structure of the (MX);, alkali halide clusters as a function of the cation-to-anion ionic
radius ratio. Each set of points relates to a series maintaining the halide and varying the alkali metal from Li* to Cs* from left to right (the lines are

parabolic fits to the points to guide the eye).

evidence for competition between the energetic stability between
rock-salt and tubular hexagonal ring-based structures with the
latter being generally favoured for Li-containing clusters. On
idealised ionic packing grounds, it has been argued that the
relative energy between the dense cubic and more open tubular
structures may be rationalised by consideration of the ratio
between the cationic and anionic radii.®*3” Essentially, the
argument is analogous to that used in the approximate ration-
alisation of dense crystal structures®® whereby increasing differ-
ences in cation and anion radii leads to the inability of the ions
to pack as closely as when of similar size, thus leading to more
open crystal structures. In clusters, as there are no restrictions
on periodicity, we may expect that the respective ions when of
significantly different size may use non-bulk-like means to opti-
mise their ionic packing. The reported emergence of non-bulk-
like tubular low energy cluster isomers is in line with such
packing rationalisations for the LiX series due to the very small
relative size of the Li* ion with respect to all the halide ions.
However, as noted above, for the size (MX);, we find tubular
clusters are not the ground state isomer for any alkali halide and
further that for the (LiX);, series the more open SOD cage
structure appears to be the optimal manner to “pack” Li* and X~
ions. Specifically, the cage structure is found to be more stable
than both the slab and tubular cluster isomers for all the (LiX);,
clusters, and for the remainder the cubic slab is the (MX);,
ground state. For (LiX);, the energy differences between cubic
slab and cage isomers are rather small, lying in the range between
—0.015 to —0.026 eV per LiX. However, from Li to Cs for a fixed
halide, the energy difference between the two clusters increases
steeply with increasing cation versus anion ionic radius ratio up
to a maximum difference. For I the energy difference increase

stops at this maximum point for Csl, whereas for Br-, Cl- and
F-containing clusters the energy difference maximises and then
starts to reduce again. For the F series this effect is most notable
with an energy difference between slab and cage reaching
a maximum for KF and then decreasing significantly for RbF
and CsF. Again, we can rationalise this trend with respect to
ionic radii ratios, whereby at the maximum of the curves in Fig. 3
we have ions of a very similar size (and thus a preference for
close-packed slabs) and away from these maxima such packing is
not possible and the more open cage isomer becomes progres-
sively more competitive.

Although ionic packing arguments are useful, they are only
general idealised guides to structural preferences that omit many
details (e.g. polarisation-induced ion distortions) of the bonding
in real systems, which is governed by the electronic structure. To
gain some more detailed insight into the bonding and ionic
polarisation in the cage and slab clusters, we have also analysed
the changes in the electronic structure upon increasing the formal
cation—anion radius ratio using the electron localisation function
(ELF). The ELF was introduced by Becke and Edgecombe?®® and
has been extensively used to analyse chemical bonding in a range
of systems.***? The topological analysis of the ELF allows one to
distinguish between core and valence electrons and, in this last
case, between lone pairs, covalent bonding between two atoms or
multi-centered bonds. In the case of the alkali halide clusters, the
chemical bonding is highly ionic as is reflected in the ELF maps
shown in Fig. 4. When going from the extremes of LiF to CsF,
through KF as an intermediate case, one can note interesting
changes in the ELF maps for both cage and slab cluster isomers.
The ELF maps for the slab cluster show rather spherical ELF
basins, which are indicative of a highly ionic character, although
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Fig. 4 ELF maps for the slab and cage structures of LiF, KF and CsF.
The red centres indicate the positions of the alkali metal ions and the blue
centres the halide ion positions. The grey area shows the form of the ELF
basins for each ion.

with an increasing and noticeable deformation when going from
LiF to CsF. For the cage clusters the situation is rather different,
the ELF maps are largely deformed from the symmetric spherical
shape, even for LiF. This is a clear indication that, in spite of
similar stability, the chemical bond between the alkali metal and
the halogen atom in the slab and cage clusters is different, with
a more marked polarised and directional character in the cage
structures. The directional character of the chemical bond in the
cage structures is enhanced when going from LiF to CsF. This
may seem counter-intuitive since one would expect the ionic
character to increase along the series in response to the decrease
of the alkali atom ionisation potential. However, one must also
consider the different polarisation of the electron density upon
increasing the cation atomic radius. In any case, the ELF maps in
Fig. 4 show that a clear difference exists in the chemical bond of
alkali halides in the slab and cage structures.

IV. Rock-salt structure versus sodalite structure of
bulk alkali halides

Two types of bulk structures have been considered for the alkali
halide materials (rs-MX and SOD-MX) both of which may be
thought of as arising from assembling slab or cage clusters,
respectively (see Fig. 5¢). SOD-MX may be constructed by
assembling twelve (MX), cages by square links in such a way
that an equivalent empty cage is created in the center of the
resulting unit (see Fig. 4c). In the SOD-MX phase, the alkali and
halide atoms are four-coordinated centers whereas in the rs-MX,
the usual octahedral coordination is maintained. It should be
noted that the sodalite (SOD) is not the only low density phase
that may be generated by using (MX);, clusters as building

Fig. 5 rs-MX and SOD-MX structures of alkali halides viewed as the
assembling of (MX);, slabs (a) and (MX), cage clusters (b). In (c) we
highlight (in grey) one of the 12 linkages per cage involved in the assembly
of the cage cluster into the SOD-MX material. Red spheres represent the
fluoride anion whereas the green spheres represent the cations.

blocks. Other low density nanoporous zeolite-like materials (e.g.
LTA or faujasite*) can also be constructed from this simple
building block," however, these structures are generally less
stable than SOD and have not been further considered.

For all the alkali halides series, the energy minimum for the
SOD-MX structure has a volume per MX unit, which is signifi-
cantly larger than that of the rs-MX structure with a concomitant
lower density. Moreover, the SOD-MX phase is always higher in
energy than the rs-MX polymorph, which is qualitatively
different from the (MX),, slab and cage clusters where the cage
structure was predicted to be more stable for the lithium halides.
Nevertheless, as with the clusters, LiF is found to be the most
stable compound in both rs-MX and SOD-MX phases with the
calculated total energies being rather close: —9.73 and —9.68 eV
per LiF, respectively. In order to investigate energetic trends,
following the above analysis of the clusters, we have considered
the dependence of the total energy of the rs-MX and SOD-MX
phases with respect to the ionic radii ratio of the respective alkali
metal and halide. For both phases, the total energy of the most
stable polymorph, for a given cation while varying the anion,
increases almost linearly with decreasing the ionic radii ratio (see
Fig. 2c,d) in line with the trend observed for the clusters.
Following the variation in cluster energetics, we also observe
relatively little change in the energy of either bulk phase with
the MCI, MBr, or MI composition, whereas the SOD-MF and
rs-MF phases are particularly stable.

Examining the energy difference between rs-MX and
SOD-MX phases at their corresponding optimised geometries,
Fig. 6 shows that the energy difference between the rs-MX and
SOD-MX phases also follows the same trend as the energy
difference between the slab and cage (MX);, clusters (Fig. 3).
This interesting finding strongly suggests that the relative energy
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Fig. 6 Energy difference (eV per MX) between the rs-MX and SOD-MX alkali halide materials as a function of the cation—-anion ionic radius ratio.
Each set of points relates to a series maintaining the halide and varying the alkali metal from Li* to Cs* from left to right (the lines are parabolic fits to the

points to guide the eye).

of the rs-MX and SOD-MX crystal structures is largely deter-
mined by the same driving forces that cause the energy difference
between the slab and cage building blocks. Contrary to the
cluster energetics, the SOD-MX phase is always less stable than
the rs-MX phase. However, for the most stable SOD-MX
materials (i.e. those containing the smallest cation, Li) the
minimum energies of the SOD-LiX phases (LiF, LiCl, LiBr and
Lil) are only 0.01-0.05 eV per LiX above the ground state rs-LiX
structure. These very small energy differences suggest that for
these compositions the SOD-LiX structure could be a viable
synthesis target. Furthermore, in line with the behavior observed
in Fig. 3 for the clusters, we also find the SOD-CsF phase
(exhibiting a significant difference between anion and cation
radius) is only 0.12 eV per CsF higher than the rs-CsF phase.

V. Stability of SOD-LiF

In order to compare the present results with previous work, we
have calculated the energy versus volume EOS for rs-LiF and
SOD-LiF together with a range of other reported phases in the
literature. In particular we compare our bottom-up generated
LiF-SOD phase with three new LiF phases predicted by Doll
et al.® by global optimisation. These authors have also carried
out periodic Hartree-Fock and LDA calculations for the
different polymorphs predicted from their global optimisation
studies. Interestingly, the low density SOD-LiF structure was not
located by this method although it is very competitive in energy
with respect to their newly predicted low energy LiF-phases (i.e.
LiF-I, LiF-1T and LiF-III). The probable reason for this omission
is not due to any failure in the global optimisation methodology
employed but rather due to the concentration on relatively dense
materials with typically smaller unit cells. Whereas periodic
Hartree-Fock calculations incorrectly predict wurtzite as the

most stable LiF polymorph, both LDA calculations by Doll
et al.® and the present GGA calculations correctly predict rs-LiF
to be the most stable structure, in agreement with experiment.
The energetic stability order of the remaining polymorphs
predicted by LDA and GGA is, however, rather different. This is
not so surprising since LDA is known to overestimate binding
energies. Consequently, polymorphs with different crystal
structures and variable coordination environments around each
atom are affected differently by the LDA error. The GGA
energies are likely to be considerably more accurate®*® and it is
likely that the phase diagram in Fig. 7 provides a more realistic
picture of the energy landscape of LiF polymorphs. In Table 2 we
also compare the present GGA calculations for rs-LiF with other
reported DFT calculations and experimental data also showing
that the present PW91 calculations give a good account of the cell
volume and bulk modulus.

The GGA calculated energy versus volume EOS curves predict
that the SOD-LIF structure is marginally lower in energy than
the LiF-I phase and significantly lower in energy than the LiF-II
and LiF-III phases generated by Doll et al.® Only four phases
appear to lie lower in energy than the SOD-LiF phase: rs-LiF,
5-5-LiF, wz-LiF (wurztite), and zb-LiF (zincblende), all of which
are significantly denser than SOD-LiF. The 5-5 phase (also
known as the hexagonal phase in other studies**'%) was first
proposed by Schon in the context of global optimisation of alkali
metal oxide phases.® Interestingly, from a bottom-up perspective,
the 5-5 phase can also be regarded as being generated from the
assembly of hexagonal tubular clusters. Structurally, the 5-5
phase lies between wurtzite and rocksalt and is thought to be
a relatively unstable phase with respect to its collapse into
rocksalt, and, thus, 5-5-LiF is probably only viable as a real
material at very low temperatures and low pressures.>®*
Although the EOS curve of SOD-LiF shows that the structure is
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Fig. 7 Energy versus volume phase diagram for various polymorphs of LiF. The legend entries are ordered from top to bottom with respect to
increasing minimum total energy (£,).

Table2 Properties of a range of LiF polymorphs calculated from the EOS fits to the GGA-DFT calculated data shown in Fig. 6: (i) Eo, minimum total
energy (eV per LiF), (ii) AE,, total energy differences (eV per LiF), (iii) ¥y, volume at minimum energy (A per LiF), (iv) By, the bulk modulus (GPa per
LiF). The equilibrium volume and bulk modulus (where available) of rs-LiF are compared with experimental values and other reported DFT calcu-
lations in the first five rows

EO AE() V() BO
rs-LiF (exp.) 16.324 69.9%
rs-LiF (present work) —-9.726 0.000 16.85 (+3.2%) 68.6 (—1.9%)

rs-LiF (BPW91-GGA)*
rs-LiF (LDA)*
rs-LiF (LDA)®

wz-LiF -9.720
5-5-LiF -9.701
zb-LiF -9.700
SOD-LiF -9.676
LiF-1 -9.673
LiF-II —9.639
LiF-II1 -9.639

0.006

0.026
0.050
0.054
0.087

17.48 (+7.1%)
14.38 (~11.9%)
15.29 (—6.3%) —
21.08 483

63.9 (—8.6%)
714 (+2.1%)

0.025 16.94 60.4
21.06 51.8
25.87 41.7
24.05 36.0
20.52 48.6
0.087 18.13 72.5

stable with respect to a range of pressures (both negative and
positive in relation to the ground state) this only strictly applies
at 0 K. Considering that SOD-LiF is one of the lowest density
phases yet predicted for a purely ionic material, it is of interest as
to whether the structure would be also stable to collapse to
a denser more stable phase at finite temperatures.

In order to test the finite temperature stability of LiF-SOD we
have employed constant pressure and temperature (NPT)
molecular dynamics (MD). Due to the current unavailability of
NPT-MD simulations within the VASP code and the very high
computational expense of performing such simulations in a fully
ab initio manner, we employed classical MD. For these

simulations we employed the GULP code* and the interionic
potentials of Catlow e al*S with a 3 A cut-off and a 0.25 A
smoothing taper to avoid discontinuities in the energy and first
and second derivatives. Importantly, considering the ELF anal-
ysis in section II, the potentials account for ionic polarisation via
the shell model of Dick and Overhauser.*® Firstly, we note that
energy minimisations of atomic position and cell parameters
using these potentials confirm that the SOD-LiF phase is meta-
stable (by 0.03-0.17 eV per LiF) with respect to the lower energy
denser phases (rs-LiF, wz-LiF, zb-LiF, 5-5-LiF) in qualitative
agreement with the GGA-DFT optimisations, which confirms
that the SOD-MX phase is not artificially stabilised by the
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Fig. 8 Snapshot from the MD simulation of the SOD-LiF phase
showing a typical configuration of the 2 x 2 x 2 super cell at 300K. Red
spheres represent the fluoride anions and green spheres represent the
lithium cations.

potentials. Furthermore, although fitted with respect to rs-LiF,
the potentials also give optimised SOD-LIF cell parameters (a, b,
c =517 A; a, B, v = 90°) in reasonable agreement with the
GGA-DFT results (a, b, ¢c = 5.371&; a, B, v = 90°). After first
equilibrating the SOD-LiF system for 30 ps, we simulated the
behaviour of a SOD-LiF 2 x 2 x 2 supercell at 300 K at zero
external pressure for over 2 nanoseconds. Throughout the MD
simulation we found that the bonding topology of the SOD-LiF
structure remained fully intact with the root mean squared
deviations from the optimal cell parameters being only 0.12 A
with respect to unit cell dimensions and 1.44 degrees with respect
to unit cell angles (see typical MD snapshot in Fig. 8). Surpris-
ingly, unlike the 5-5-LiF phase, which is probably unstable, these
calculations suggest that the SOD-LiF phase, if synthesised,
would be stable under ambient conditions.

V. Conclusions

The possible existence of low density phases of bulk alkali halides
has been investigated using a bottom-up approach together with
state-of-the-art plane wave DFT calculations. To this end, the
relative energies of the lowest energy cluster isomers of (MX),
have been studied throughout the MX series. The slab form of
the (MX), cluster may be viewed as the precursor of the rock-
salt (rs-MX) structure while the assembling of (MX);, cages can
lead to a low density phase reminiscent of the sodalite zeolite
(SOD-MX). The slab (MX);, isomer is found to be energetically
more stable than the cage, except for the LiX (X = F, Cl, Br, I)
series where the cage is the most stable (MX);, cluster isomer.
For a given halide series the energy difference between slab and
cage isomers increases up until a maximum is reached and then
decreases towards CsX. In the bulk analogues, the same behav-
iour with respect to the energy difference between rs-MX and
SOD-MX is also observed. In both cases, the trends may be
approximately rationalised in terms of ionic packing. In all alkali
halides the SOD-MX phase was found to be stable with respect
to compression and expansion at 0 K through calculation of their

volume versus energy EOS. Furthermore, in the LiX (X = F, Cl,
Br, I) series, where the cage is the ground state (LiX),, cluster, the
SOD-LiX material is found to be particularly low in energy with
respect to the lowest energy rs-LiX phase (Esop.;s energy
differences ranging between 0.01-0.05 eV per LiX). Taking the
LiF-SOD phase as a case study, we have further employed MD
simulations to confirm that the structure of this nanoporous
alkali halide is thermally stable at 300 K. Considering that the
lowest energy cluster for (LiX);, is a cage, together with the
demonstration that for LiF, a nanoporous phase based upon its
assembly, is stable with respect to 0 K pressure variation and at
finite temperature, we suggest that these highly ionic yet low
density materials may be realistic, yet challenging, synthesis
targets through an appropriate bottom-up route.
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The energy versus volume equations of state are calculated for seven known and hypothetical
polymorphic forms of ZnX, CdX, and MgX (where X = O, S, Se, Te). From these data the
phases of lowest enthalpy are extracted with respect to decreasing pressure starting at the ground
state for all compositions. Following these paths of minimum enthalpy, with respect to the
polymorphs considered, we predict the transition pressures required to convert the ground-state
phase into the novel, as yet hypothetical, nanoporous SOD phase (an analogue of the silicate
zeolite sodalite). Our results suggest that the SOD phase would be thermodynamically stable for
all compositions considered under suitable negative pressures. Of all the compositions considered

CdX and MgX with relatively large anions (i.e. Se and Te) are specifically predicted to be the
most amenable materials for the experimental preparation of the SOD phase.

Introduction

Binary ionic insulating materials of composition AB are
known to exhibit only a small number of dense ground-state
phases and are perhaps expected to be the least likely type of
system in which to find new low-density polymorphs. Detailed
theoretical explorations of the energy and enthalpy landscape
of a number of such materials (e.g. the alkali halides and
oxides) have, however, predicted that some moderately
low-density phases should be only slightly metastable at
standard pressure, and thermodynamically stable at slightly
negative pressures.'> Closely following these predictions,
low-temperature atomic deposition on specially prepared
substrates, causing conditions of effective negative pressure
via lattice mismatch effects, has led to the production of LiBr
and LiCl in the wurtzite structure (wz-LiBr and wz-LiCl)
rather than the denser rocksalt (rs-LiBr and rs-LiCl)
polymorph;*® the latter being the ground-state phase under
ambient pressure and temperature conditions. Although these
are remarkable steps forward in the synthesis of new low-
density inorganic polymorphs, potentially more exciting is the
possibility of negative pressure conditions leading to new
relatively low-density solid phases that are not known to be
exhibited by any existing material. The so-called 5-5 or
hexagonal phase (referred to hereafter by the abbreviation
“hex-AB”, where the AB is a 1:1 binary compound) consisting
of aligned A3;B; hexagonal tubes, with density lower than
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rocksalt but higher than wurtzite, for example, was indepen-
dently theoretically proposed as a metastable polymorph of
NaCl® and later of MgO.® Although a hex-AB bulk phase has
not yet been stabilized experimentally, it has been predicted
to be potentially stable under suitable negative pressures
(typically in the range —1 to —5 GPa) and low temperatures
for a number of alkali halides' and alkali oxides.? Additionally,
hex-MgO has been predicted to be formed in localized regions
upon mechanically induced buckling of rs-MgO nanotubes.’
Other than AB insulators the binary wide-bandgap
semiconductor ZnO has attracted significant recent attention
with respect to its possible novel low-density polymorphism.
ZnO can be prepared in small quantities as the rs-ZnO
structure,® and can exist as both zinc blende (zb-ZnO) and
wz-ZnO (the ground state) structural forms under standard
conditions. Density functional (DF) calculations have also
predicted that hex-ZnO may be stablised in unstrained ultra-thin
nanorods and nanowires,” and in thicker nanorods under
tensile strain.'® A phase very similar to hex-ZnO but expanded
in the crystallographic c-direction so as to make it closely
analogous to the layered /-BN phase, with a density very
similar to wz-ZnO, was also predicted by DFT calculations to
be stable in thin films of ZnO.!"! We note that this phase,
although often referred to as a graphitic ZnO phase, strictly
does not have the same layer ordering as in graphite. Following
Limpijumnong er al.'® we will thus refer to this phase as
“layered”. Experimental deposition of monolayers of ZnO
on Ag substrates confirmed that the layered-ZnO phase was
stable up to three monolayers where upon the denser wz-ZnO
phase appeared to form.'> More recent DF calculations have
predicted that another polymorph, the BCT (Body Centred
Tetragonal) phase (also known as the f-BeO phase due to its
existence as a high-temperature stable polymorph of BeO'?),
having a lower density than wurtzite, may be stabilized in
slightly thicker nanoscale films of ZnO.'* Other DF calcula-
tions have further predicted that BCT-ZnO may be stabilised
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Fig. 1 Views of the three lowest density polymorphs considered. Left:
wurtzite along the @-axis, middle: BCT along the g-axis, and right:
SOD along the [111] direction.

in wz-ZnO nanorods under a tensile strain of 7 GPa
(i.e. —7 GPa uniaxial pressure) in the [0001] direction."> We
note that the BCT phase has also been predicted as a
polymorphic phase potentially accessible under conditions
of negative pressure greater (i.e. more negative) than that
required to obtain the hexagonal phase for a range of alkali
halides and oxides.!* Searches of the low-energy landscape of
the insulator boron nitride (BN) have also found BCT-BN as
a possible metastable phase.'® The BCT structure is shown
in Fig. 1.

Having an even lower density than BCT, the SOD poly-
morph (with an analogous structure to the silicate sodalite
structure'”), has also been predicted by DF calculations to be
only moderately metastable under conditions of zero pressure
and temperature for both ZnO'® and many alkali halides."
The SOD structure (see Fig. 1) is particularly interesting due to
its nanoporous structure consisting of interlinked cages, and,
surprisingly for such a low density structure, shows high
thermal stability.'” Recently, it has also been suggested
that SOD-ZnO may form the structural basis for the most
energetically stable nanoparticles for (ZnO)y for N > 60.%°
Although the SOD structural type is, as yet, experimentally
unknown in any AB material, if its synthesis is viable, it would
be particularly interesting for semiconductor materials where
it immediately suggests the possibility of introducing dopant
atoms into the cages to enable tailoring of physical and
chemical properties for a range of applications (e.g. opto-
electronics, sensors).

In the present work, we considerably extend the exploration
of predictive polymorphism in AB materials by studying the
oxides and chalcogenides (sulfides, selenides, and tellurides) of
Mg, Zn and Cd. Apart from MgO and MgS, it is of note that
the remaining members of this set of materials are semi-
conductors with experimentally determined bandgaps ranging
between 1.4 eV (CdTe) and 3.6 eV (MgSe). In particular, we
explore the relative energetic and enthalpic stability of the
low-density nanoporous SOD polymorph with respect to
seven other polymorphic forms: (i) rs, (i) hex, (iii) layered,
(iv) wz, (v) zb, (vi) NiAs, and (vii) BCT. We note that the
layered phase is only considered when the hex polymorph
is unstable to spontaneous ‘“‘de-layering” for a particular
composition. For all polymorphs in all compositions we use
DF calculations to assess the viability of forming the SOD
phase under negative pressure conditions via calculating the
transition pressures for obtaining the SOD phase from the
respective ground state phase. Trends in the transition
pressures are used to predict the semiconductor materials for
which the SOD polymorph could be most easily prepared.

Computational details

The energies and structures of all considered phases of MgX,
ZnX and CdX (where X = O, S, Se, Te) were calculated using
DFT employing the GGA (Generalised Gradient Approximation)
PW91 exchange—correlation potential®' as implemented in
the VASP code.®” Integrations in reciprocal space were
accomplished by using Monkhorst—Pack?® grids of special
k-points (rs: 7 x 7 x 7, wz: 7 x 7 x 7,2zb: 3 x 3 x 3, hex:
7x7x7,NiAs:7x7x7,3x3x3:BCT, 3 x 3 x 3:SOD).
The effect of core electrons on the valence density was taken
into account through the projector augmented wave method*
with a 415 eV plane wave energy cut-off for valence states. All
reported calculated energies refer to constituent spherical
non-spin-polarised atoms in eV per formula unit. Calculated
volume versus energy data was fitted using the third-order
Birch-Murnaghan equation of state (EOS).%° The corresponding
expression for the enthalpy with respect to pressure was then
used to calculate the transition pressures (taken to be the
pressure where the enthalpies of two phases were equal). In
some cases where there are transitions to intermediate phases
going from the ground-state phase to the SOD phase, the
pressure of the final transition (i.e. the one at the most negative
pressure) is reported.

Results and discussion
7ZnX series

Figs. 2a—d show the calculated total energy versus volume
plots for the ZnX series. All EOS fitting parameters of the
various considered phases of ZnX are given in Tables 1(a—d).
The predicted series of ground-state phases are found to vary
as wz-ZnO, zb-ZnS, zb-ZnSe and zb-ZnTe following the
experimentally observed stability trend.?® The energy difference
between wz-ZnX and zb-ZnX is always found to be very small
(<0.017 eV/ZnX) indicating that both phases are likely to be
found as ZnX polymorphs under non-extreme thermodynamic
conditions, also matching with the experimentally observed
phases. Other than the wz-ZnX to zb-ZnX crossover, the
trends in energetic stability with respect to wz-ZnX upon
changing the anion from O to Te are very similar. For
all phases apart from zb-ZnS, the change of anion from
O to S results in an energetic destabilisation with respect
to wz-ZnS. The largest O-to-S energetic shift is found for
rs-ZnS (+0.33 eV/ZnX) and the smallest for BCT-ZnS
(+0.03 eV/ZnX). Going along the series ZnS, ZnSe, ZnTe,
there are few further changes in relative energetic stability
with the order of energetic stability maintained throughout
the set of considered polymorphs. The relatively lower
density BCT-ZnX and SOD-ZnX phases are particularly
unaffected by the anion change from S through to Te, with
both only varying by up to a maximum of 0.017 eV/ZnX
with respect to wz-ZnX. Throughout the same anion variation
the denser phases, rs-ZnX and NiAs-ZnX, both become
slightly more energetically stable with respect to wz-ZnX by
0.055 eV/ZnX.

The evolution of stability of the hex-ZnO phase with
increase in anion size is subtlety different from the other
considered phases in that it is also mechanically destabilized
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upon the ZnO-to-ZnS compositional change. Although
hex-ZnO is truly the bonded tubular hexagonal phase, lying
at a density between that of wz-ZnO and rs-ZnO, for
ZnX (with X S, Se, Te) the hexagonal phase has an
energetic preference to form the layered-ZnX phase. This
tendency can be seen in the EOS plots in Figs. 2b—d where
the energetic minimum of the layered-ZnX phase EOS lies
at almost the same volume as that for wz-ZnX. Also the
shape of the EOS curves for the layered-ZnX phases are

Table 1 (a—d) Fitted parameters to the EOS data of the ZnX series
polymorphs: total energy (E0, eV/ZnX), volume per unit (V0, A%/
ZnX), bulk modulus (B0, GPa), and the pressure derivative (B’). Bold
entries indicate the experimental ground-state phases

(a) ZnO

EO 140 B0 B
rs-ZnO —8.75 20.35 166.2 4.57
NiAs-ZnO —8.52 20.69 159.5 4.55
zb-ZnO —9.04 24.68 130.7 4.52
wz-ZnO -9.05 24.68 129.6 4.57
hex-ZnO —8.90 23.60 130.5 5.15
BCT-ZnO -9.00 25.82 113.5 3.52
SOD-ZnO —8.92 30.26 105.1 4.51
(b) ZnS

EO 140} B0 B’
rs-ZnZ —6.26 33.33 86.1 4.55
NiAs-ZnZ —6.21 33.74 86.5 4.62
zb-ZnS —6.89 40.40 69.7 4.48
wz-ZnS —6.89 40.46 69.4 4.40
hex-ZnS —6.56 41.75 32.3 791
BCT-ZnS —6.81 42.73 60.9 3.18
SOD-ZnS —6.67 50.28 54.6 4.39
(c) ZnSe

EO 140 B0 B’
rs-ZnSe —5.46 38.75 70.6 4.72
NiAs-ZnSe —5.43 39.15 70.6 4.65
zb-ZnSe —6.08 47.15 57.1 4.60
wz-ZnSe —6.07 47.21 56.7 4.55
hex-ZnSe —5.70 47.96 27.6 9.54
BCT-ZnSe -5.99 49.70 51.0 4.00
SOD-ZnSe —5.86 58.75 444 4.59
(d) ZnTe

EO 10 B0 B
rs-ZnTe —4.65 48.09 53.9 4.85
NiAs-ZnTe —4.60 48.61 53.3 4.72
zb-ZnTe —5.23 58.98 43.6 4.73
wz-ZnTe —-5.22 58.99 43.3 4.72
hex-ZnTe —4.81 61.73 16.9 9.87
BCT-ZnTe —5.13 62.22 38.5 4.44
SOD-ZnTe —4.99 73.89 33.2 4.69

distinctly asymmetrical about the energetic minima with the
higher volume side of the curves being flatter due to the
relative energetic ease of de-layering (also reflected in the
relatively low fitted BO values in Tables 1b—d).

A more general mechanical instability is shown by the BCT
phase. In all cases considered the low volume (high pressure)

<

Fig.2 (a) Energy versus volume plots for the seven considered phases
of ZnO. GS in the legend denotes the experimental ground-state phase.
An example of the common tangent construction between the EOS
curves of wz-ZnO and SOD-ZnO is also shown. (b) Energy versus
volume plots for the seven considered phases of ZnS. GS in the legend
denotes the experimental ground-state phase. (¢) Energy versus volume
plots for the seven considered phases of ZnSe. GS in the legend
denotes the experimental ground-state phase. (d) Energy versus
volume plots for the seven considered phases of ZnTe. GS in the
legend denotes the experimental ground-state phase. Note that for
(a)—(d) (i.e. S-Te) the hex-ZnTe is found to be unstable to spontaneous
transformation to the layered phase which is reflected in the figure
labelling—see also main text.
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points on the EOS for each BCT-AB phase considered could
only be continued up to a limited lower volume bound before a
spontaneous transition occurred to the respective rock salt
phase. Due to this transition to BCT-rs the EOS for BCT was
fitted only for those points before the transition occurred,
explaining the somewhat truncated appearance of the EOS
curves for some BCT compositions.

CdX series

The calculated total energy versus volume plots for the
polymorphs of the CdX series are shown in Figs. 3a—d.
Tables 2(a—d) gives all EOS fitting parameters of the various
considered phases of CdX. Unlike the ZnX series, the ground
state for CdO is found to be rock salt, as also observed in
experiment.”® Upon traversing the series of anions from O
toTe, the trend in energetic stabilities with respect to wz-CdX
is quite similar to that of the ZnX series. Again, apart from
zb-CdX all other phases are relatively destabilized with respect
to wz-CdS in increasing anion size. Contrasting with the ZnX
series trend, this continues in a monotonically increasing
fashion for all the relatively dense phases (rs-CdX, NiAs-CdX,
hex-CdX). Note that, unlike ZnX, although the hex-CdX
phase has a tendency to delayer (as seen in the asymmetric
EOS curves) their energetic minima correspond to the
hexagonal phase and not the layered-CdX phase. The lower
density phases of BCT-CdX and SOD-CdX, after their initial
destabilization upon going from the CdO to CdS, maintain
fairly constant energy differences (0.06 + 0.01 ¢V/CdX and
0.15 £ 0.01 eV/CdX, respectively) with wz-CdX. For CdS and
CdSe, the wurtzite phase is the ground state. The relative
stabilization of the zb-CdX phase upon increasing anion size,
however, causes zb-CdTe to become the predicted ground-
state phase. The ground-state trend with anion variation
(i.e. 1s-CdO, wz-CdS, wz-CdSe, zb-CdTe) matches the observed
trend in experiment.?¢

MgX series

The calculated total energy versus volume curves of the
considered polymorphs of the MgX series are shown in
Figs. 4a—d. All corresponding EOS fitting parameters are
documented in Tables 3(a—d). Following experiment, for the
relatively smaller O and S anions rs-MgO and rs-MgS are
found to be the most stable phases. With increasing anion size
from O to Te, we note a number of changes in the relative
energetic stability of the considered polymorphs. For consistency
with our previous discussions and taking wz-MgX as a
reference point, we find the dense rs-MX and hex-MgX phases
become continually and rapidly destabilized going through
the series (with an overall relative shift of 0.28 eV/unit and
0.24 eV /unit, respectively). Conversely, the two other relatively
dense polymorphs (NiAs-MgX and zb-MgX) become more
stabilized with respect to wz-MgX (although with NiAs-MgTe
becoming slightly destabilized again going from X = Se to
Te). At the same time, the least dense phases of BCT-MgX and
SOD-MgX change little in their relative energetic stability with
respect to wz-MgX (between 0.04—0.06 eV /unit for BCT-MgX
and 0.13-0.17 for SOD-MgX), similar to that found for
the ZnX and CdX series. The relative destabilization of the

Fig. 3 (a) Energy versus volume plots for the seven considered phases
of CdO. GS in the legend denotes the experimental ground-state
phase. (b) Energy versus volume plots for the seven considered phases
of CdS. GS in the legend denotes the experimental ground-state phase.
(c) Energy versus volume plots for the seven considered phases of
CdSe. GS in the legend denotes the experimental ground-state phase.
(d) Energy versus volume plots for the seven considered phases of
CdTe. GS in the legend denotes the experimental ground-state phase.

rs-MgX phase with increasing anion size results in the emergence
of wz-MgX as a new predicted ground-state phase upon going
from X = Sto X = Se, and subsequently Te. The concurrent
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Table 2 (a-d) Fitted parameters to the EOS data of the CdX series
polymorphs: total energy (E0, eV/CdX), volume per unit (V0, A*/CdX),
bulk modulus (B0, GPa), and the pressure derivative (B’). Bold entries
indicate the experimental ground-state phases

(a) CdO

EO 140 B0 B’
rs-CdO —7.85 27.25 128.6 4.89
NiAs-CdO —7.57 27.86 120.5 4.85
hex-CdO —7.83 31.89 103.6 5.58
wz-CdO —7.82 33.99 93.2 4.84
zb-CdO —7.80 34.10 93.2 4.73
BCT-CdO —7.78 35.60 74.8 2.92
SOD-CdO —7.71 41.80 75.5 4.72
(b) CdS

EO 140 B0 B
rs-CdS —-5.93 41.67 72.6 4.81
NiAs-CdS —5.84 42.38 71.0 4.77
hex-CdS —6.01 49.92 529 5.21
zb-CdS —6.19 52.29 53.8 4.65
wz-CdS —6.19 52.33 53.6 4.63
BCT-CdS —6.13 55.03 48.1 3.91
SOD-CdS —6.04 64.71 42.8 4.66
(c) CdSe

EO Vo B0 B
rs-CdSe —5.26 47.37 60.8 4.87
NiAs-CdSe —5.20 48.07 60.1 4.83
hex-CdSe —5.33 56.92 43.0 5.68
zb-CdSe —5.54 59.63 452 4.76
wz-CdSe —5.54 59.68 45.0 4.72
BCT-ZnSe —5.48 62.76 40.4 4.30
SOD-ZnSe -5.39 73.92 35.8 4.77
(d) CdTe

EO 10 B0 B
rs-CdTe —4.51 57.51 47.2 5.00
NiAs-CdTe —4.45 58.20 46.6 4.97
hex-CdTe —4.56 70.24 30.6 6.06
zb-CdTe —4.85 72.49 35.4 4.87
wz-CdTe —4.85 72.54 35.2 4.83
BCT-CdTe —4.78 76.58 30.7 3.88
SOD-CdTe —4.68 90.29 27.6 4.89

stabilization of zb-MgX and NiAs-MgX also results in a
complicated competition for the ground state. Experimentally,
it is found that both MgS and MgSe can be crystallized in
three polymorphs (rocksalt, zinc blende and wurtzite)®”>
implying that the crossover in stability is very gradual and
that competition between these three phases is particularly
close for MgS and MgSe. Although experimentally the rs-to-wz
crossover has not quite occurred for MgSe (where rs-MgSe is
found to be the ground state), in our calculations we find that
zb-MgSe and wz-MgSe are slightly more stable than rs-MgSe,
by only 0.03 eV/MgSe and 0.04 eV/MgSe, respectively. For
MgTe, the experimental ground state is still not fully decided
between NiAs-MgTe and wz-MgTe.” Our prediction of a
wz-MgTe ground state is thus currently not possible to
unambiguously confirm but matches well with other GGA-
based DF calculations.?® In comparable situations GGA DF
calculations have proved to be superior to calculations using
local density approximation based functionals;®® the latter
predicting NiAs-MgTe as the ground state.’!

Fig. 4 (a) Energy versus volume plots for the seven considered phases
of MgO. GS in the legend denotes the experimental ground-state
phase. (b) Energy versus volume plots for the seven considered phases
of MgS. GS in the legend denotes the experimental ground state phase.
(c) Energy versus volume plots for the seven considered phases of
MgSe. GS in the legend denotes the experimental ground-state phase.
(d) Energy versus volume plots for the seven considered phases of
MgTe. GS in the legend denotes the experimental ground-state phase.
Note that for MgTe both wz-MgTe and NiAs-MgTe have been
proposed as the possible experimental ground state?®—see also main
text.
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Table 3 (a-d) Fitted parameters to the EOS data of the MgX series
polymorphs: total energy (E0, eV/MgX), volume per unit (V0, A%/
MgX), bulk modulus (B0, GPa), and the pressure derivative (B’). Bold
entries indicate the experimental ground-state phases.

(a) MgO

EO 140 B0 B
rs-MgO —12.12 19.03 153.1 4.17
NiAs-MgO —11.74 19.34 147.4 4.18
hex-MgO —12.05 22.45 126.0 4.50
wz-MgO —11.98 24.15 117.8 4.12
zb-MgO —11.91 2431 117.6 4.12
BCT-MgO —11.93 25.25 102.2 3.17
SOD-MgO —11.85 29.53 95.6 4.11
(b) MgS

E0 |40] BO B
rs-MgS —8.62 35.58 74.6 4.10
NiAs-MgS —8.56 35.77 73.9 4.13
hex-MgS —8.55 42.81 57.6 4.34
zb-MgS —8.60 45.84 55.6 4.14
wz-MgS —8.59 45.99 55.9 4.11
BCT-MgS —8.56 47.99 47.8 2.88
SOD-MgS —8.45 56.53 44.57 4.08
(c) MgSe

EO 140) B0 B’
rs-MgSe —7.60 41.64 61.2 4.15
NiAs-MgSe —7.59 41.80 60.9 4.16
hex-MgSe —7.55 50.08 47.5 4.49
zb-MgSe —7.64 53.51 45.2 4.16
wz-MgSe —7.63 53.63 45.5 4.13
BCT-MgSe —7.59 55.97 38.2 2.89
SOD-MgSe —7.48 66.12 36.2 4.11
(d) MgTe
E0 Vo B0 B

rs-MgTe —6.38 53.25 46.4 4.27
NiAs-MgTe —6.41 53.30 46.5 4.25
hex-MgTe —6.35 64.65 33.7 4.99
zb-MgTe —6.51 68.74 343 421
wz-MgTe —6.51 78.73 34.3 4.18
BCT-MgTe —6.45 71.74 27.9 2.63
SOD-MgTe —6.34 85.16 27.1 4.18

Although our DF calculations failed to predict that
wz-MgSe is the ground state, we stress that the general
experimental trend in ground-state MgX polymorphic stability
with change in anion type is reproduced. This small energetic
preference for wz-MgSe over rs-MgSe, is unlikely to affect our
predicted transition pressures to obtain SOD-MgSe as the
transition would almost certainly proceed indirectly via
wz-MgSe in any case (as for CdO and MgS).

Further, considering: (i) the likely sensitive energetic
balance of factors determining the ground-state crossover
point for the MgX series, (ii) the success of our methodology
with respect to the relative stabilities of the ground states of
the corresponding ZnX and CdX series, and (iii) that the main
objective of this study is concerned with predicting trends in
(energetic and enthalpic) stability, rather than to try to achieve
an exactingly accurate match to experimental data, we feel
that the computational set-up employed is more than adequate
for our present purposes.

Fig. 5 Transition pressures going from the ground state to the
respective SOD phase. Solid data points denote direct ground-state-
to-SOD transitions and open data points denote indirect transitions
via other phases—see main text for details.

SOD phase transition pressures

Based upon the Birch-Murnaghan fitted EOS data in Tables 1,
2 and 3, for every considered phase and composition we have
derived the corresponding expression for the enthalpy. For
each composition we started from the ground state and
decreased the pressure while extracting a path following the
phases with the lowest enthalpy. In all cases the aim was to
find the pressure at which the SOD phase may possibly be
stabilized, and for which compositions this was relatively most
facile.

For the full ZnX series, CdS, CdSe, CdTe and MgTe, the
lowest enthalpy path only included the ground-state phase and
the corresponding SOD phase. In other words, for these
compositions, no other phase competes with SOD on enthalpic
grounds when applying negative pressures to the ground state
at 0 K. The calculated pressure required for this transition
varies greatly from —3.93 GPa for wz-ZnO to SOD-ZnO to
—1.54 GPa for zb-CdTe to SOD-CdTe (see solid data points in
Fig. 5 for a graph of all calculated direct transition pressures).
The fact that this transition is predicted to be direct is perhaps
less surprising when we consider that in all these cases the
ground-state phase is either zinc blende or wurtzite and thus
the only real competitor to SOD in our considered series could
be the BCT phases (having a density intermediate between
wurtzite/zinc blende and SOD). We further note that even in
the cases where the lowest enthalpy transition from the ground
state to the SOD phase is via other phases, this is always either
via wurtzite for CdO, MgS, and MgSe or via the hexagonal
phase for MgO, and never via BCT (transition pressures from
an intermediate phase are shown as open data points in
Fig. 5). That BCT is never enthalpically more stable than
SOD is a strong indication that SOD may be the most
thermodynamically stable phase under suitable negative
pressures. The enthalpic stability of SOD over BCT with
respect to negative pressure can also be seen graphically via
the common tangent construction. This construction finds
points on two EOS curves with: (i) the same gradient, and
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(i1) which can be joined by a single tangent line. This common
tangent line then corresponds to one of equal pressure and
enthalpy respectively with the gradient of the line equating
to the negative of the transition pressure between the two
phases. Evidently the shallower the common tangent line
connecting two EOS curves the lower the magnitude of
the transition pressure and the more thermodynamically
favoured it is over transitions to phases with EOS curves
above the tangent line. In Fig. 2a we show the common
tangent between the EOS curves of wz-ZnO and SOD-ZnO
clearly passing under the EOS of BCT-ZnO. We note that
very recent work has predicted that many polymorphs
lie in the density region between wurtzite and SOD for
a number of materials including ZnO, ZnS and Cds.
In all cases however none of these phases were found to lie
below the common tagnet line between wurtzite and SOD,
which further confirms our proposition that SOD is likely to
be thermodynamically stable under conditions of negative
pressure.

Apart from the relatively large negative pressure required
to traverse from rs-MgO to SOD-MgO via hex-MgO,
the overall trend in transition pressures follows the trend
CdX, MgX, and ZnX in terms of decreasing relative ease in
obtaining the SOD phase from the ground state. In each
series it can also be seen that the SOD phase may be obtained
more easily with increasing anion size. These trends result
in CdTe (—1.54 GPa), MgTe (—1.68 GPa) and CdSe
(—1.70 GPa) being the most promising candidates for
obtaining the SOD phase via application of negative
pressure. Considering that it has been estimated that effective
negative pressures of about —1 GPa can be achieved in low
temperature deposition solid state syntheses,”> we are thus
hopeful that the SOD phase may soon be experimentally
prepared.

Summary and conclusions

We systematically survey the low-energy and enthalpic
polymorphic landscape of the oxides and chalcogenides of
Zn, Cd, and Mg in order to establish pressure conditions under
which the novel nanoporous SOD phase may be stabilised.
Specifically, for all compositions we use gradient corrected
DF calculations to derive the EOS of eight AB polymorphs: (i)
18, (i1) NiAs, (iii) hex, (iv) layered (v) zb, (vi) wz, (vii) BCT, and
(viii) SOD. The extracted enthalpies of each phase allow us to
follow the lowest enthalpy path for each composition and thus
the transition pressures under which SOD may be obtained.
We find that in all cases the low-density SOD phase
is thermodynamically stable under conditions of negative
pressure. Conversely, the potentially competing BCT phase
is never thermodynamically stable. Transition pressures to
obtain the SOD phase are predicted to be most facile for the
CdX series and the MgS, MgSe, MgTe set. Due to the decrease
in the magnitude of the negative pressure required to obtain
the SOD phase with increasing anion size the most favourable
candidates (of those compositions considered) for SOD
formation are predicted to be CdTe, MgTe and CdSe with
transition pressures calculated to be in the range —1.54 to
—1.70 GPa.
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Dissymmetric micro- and nanoobjects are of enormous interest in many areas ranging from molecular
electronics to targeted drug delivery. So far it has been quite difficult to synthesize dissymmetric objects
at these scales and most approaches are based on using interfaces to break the symmetry. Only a few
bulk procedures are known so far to produce the so-called Janus-type objects. We report here a simple
approach for the bulk generation of dissymmetric micro- and nanoobjects, especially carbon tubes (CTs),
based on a known, but so far underestimated electrochemical principle, namely bipolar electrodeposition.
A suspension of CTs is introduced in a capillary containing an aqueous nickel salt solution and a high
electric field is applied to orientate and polarize the individual tubes. During their transport through the
capillary under sufficient polarization, each tube is the site of water oxidation at one end, and of Ni2*
reduction at the other one. The resulting nickel deposit at one end of the tube allows manipulation of the

Capillary electrophoresis

objects with the help of a magnetic field.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Dissymmetric functionalization of micro- and nanoobjects is of
major importance for many applications, ranging for example from
directed self-assembly and electronic paper to sensing and catal-
ysis. Various approaches to generate dissymmetric particles, also
called Janus-type particles, have been reported in the recent litera-
ture. They have been obtained either by protection/deprotection
mechanisms [1], focused laser-induced reactions [2], co-jetting
of parallel polymer solutions under the influence of an electrical
field [3], anisotropic electroless deposition [4], or with microflu-
idic techniques [5]. However, so far, most of the methods used to
generate such objects need to break the symmetry by introduc-
ing interfaces like in the case of sputtering [6,7], stamp coating
[8,9], and Langmuir-Blodgett-based techniques [10]. This makes
the preparation of large quantities rather difficult because the
majority of the techniques usually lead to monolayer equivalents of
material as the modification occurs in a two-dimensional reaction
space.

* Corresponding author. Tel.: +33 540 00 65 73; fax: +33 5400027 17.
E-mail address: kuhn@enscbp.fr (A. Kuhn).
T ISE member.

0013-4686/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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Thus, there is an increasing interest in developing truly three-
dimensional techniques, in order to replace the two-dimensional
approaches, and thus allowing a scale-up of the production of Janus
objects to larger quantities by using bulk procedures[11]. Examples
for such kind of approaches are based on the dissymmetric gener-
ation of charge carriers in semiconductors such as TiO, by using
light [12] or antenna chemistry based on the irradiation of carbon
nanotubes with microwaves [13]. However, in these cases a fine
tuning of the driving force of the reactions is not possible.

In this context, an attractive way to break the symmetry in a
three-dimensional reaction space is based on the concept of bipolar
electrochemistry described by Fleischmann et al. [14]. This appeal-
ing approach relies on the fact that when a conducting object is
placed in a strong electric field between two electrodes a polar-
ization occurs that is proportional to the electric field E and the
characteristic dimension r of the object as illustrated in Fig. 1. This
concept has recently found interesting applications as driving force
in electrochemiluminescent reactions [15], as detection mode in
capillary electrophoresis [16] and for bipolar patterning [17,18].
In the present study we are using the approach to trigger point
selective nickel electrodeposition on carbon tubes (CT) in analogy
to our earlier work on the dissymmetric decoration of carbon nan-
otubes with gold nanoparticles [19]. In comparison to this previous
work we want to demonstrate here that it is possible to general-
ize the approach by using another substrate (carbon microtubes)
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Fig. 1. Schematic illustration of the polarization of a conducting spherical particle
in an electric field between two electrodes.

and another metal (Ni) which is much more difficult to reduce than
the gold ions. In addition, we wanted to deposit a ferromagnetic
metal in order to be able to manipulate the resulting objects with
a magnetic field.

The simple equation [14] governing this polarization also imme-
diately illustrates the practical problems that will arise when
applying this concept to small objects.

nx = Er cos @ (1)

With 7y being the polarization at a given point x at the surface
of the object, E the total electric field and r the radius of the parti-
cle, one can easily calculate that the maximum potential difference
AVmax between the two opposite sides of the object is given by:

AVimax = 2Er (2)

Inorder to carry out two different redox reactions at the opposite
sides of the object AVmax has to be in a first order approximation
equal to the difference of the formal potentials of the two redox
reactions. In the present case, the redox reactions that should take
place in an aqueous environment are the following ones:

Ni2* +2e~ — Ni)? E° = —0.26V vs NHE

2H20(1)<—> 4H(aq)++02(g)+4e7 E° = +1.23V vs NHE

It immediately follows that the polarization has to generate
a potential difference of approximately 1.5V. This becomes an
intrinsic problem of the approach when dealing with micro- or
nanometer sized objects, as in this case E needs to achieve values of
up to MV/m, conditions that seem to be incompatible with a nor-
mal laboratory environment and especially with aqueous solutions
because of the inherent side reactions accompanied by macroscopic
bubble formation at both electrodes that disturbs the orientation
of the objects in the electric field. Bradley et al. could partly cir-
cumvent the problem by using organic solvents in order to enlarge
the potential window of the electrolyte and thus it was possible to
generate metal layers in a dissymmetric way on different objects in
the micrometer and sub-micrometer range [20,21]. However it was
also necessary to immobilize the objects on a substrate in order to
prevent them from rotating, which means that it is again a 2D and
not a bulk process. Recently we could demonstrate that it is pos-
sible to get around these problems and to extend the approach to
truly nanosized objects by using a capillary electrophoresis set-up
to apply the high electric field [19]. With this capillary assisted bipo-
lar electrodeposition (CABED) process we were able to generate a

nanosized gold cluster selectively on one end of multiwall carbon
nanotubes. This spatially controlled single point electrodeposition
is extended in the present contribution to nickel as a metal and a dif-
ferent type of carbon tubes in order to demonstrate the possibility
to generalize this attractive approach as an alternative to generate
dissymmetric micro- and nanoobjects of different compositions in
a straight forward and well-controlled way.

2. Experimental
2.1. Preparation of carbon tube suspensions

The carbon tubes used in this study were produced by chemical
vapor deposition with a porous aluminum oxide membrane serving
as a template [22]. After acid digestion of the template (Fig. 2a) the
quite homogeneous tubes were recovered as a powder (Fig. 2b).

Suspensions of CTs can be produced in a different way compared
to the procedure that we have used in former studies for other
types of carbon [23-25]. About 0.1 mg of CTs was added to absolute
ethanol (1.5 mL). To accelerate the formation of a suspension the
mixture was sonicated, but only for a short time (1 min) in order to
avoid excessive breaking of the tubes. After 3 h of sedimentation,
0.5 mL of the supernatant was taken and added to a solution of
10mM NiSOy in ultrapure water.

2.2. Bipolar nickel deposition on carbon nanotubes

For CE experiments, all solutions or suspensions were intro-
duced into the capillary by filling it manually with a syringe. The
capillary used here is a fused silica capillary with a length of 30 cm
and an inner diameter of 100 pm. The distance from the capil-

Fig. 2. (a) Scanning electron micrograph of the CT sample after dissolution of the
Al, 05 template and (b) transmission electron micrograph of typical tubes obtained
after suspension in water.
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Fig. 3. Schematic illustration of the capillary electrophoresis set-up used in this
study.

lary inlet (left side in Fig. 3) to the detection window (right side)
was 24 cm in this case. The applied voltage was 30 kV whilst the
temperature was maintained at 25 °C. The CE experiment was first
performed by rinsing the capillary with ultrapure water. Then the
diluted aqueous suspension of the carbon tubes was introduced
into the capillary. The reason for using a diluted suspension for the
CE experiment is due to the narrow capillary (100 pm). Introduc-
ing suspensions that are too concentrated leads to clogging of the
capillary. The combination of electrophoretic migration and elec-
troosmotic flow determines the transport of the CTs through the
capillary. The flow characteristics were determined by recording
the absorbance variations in the UV detector (254 nm) as a function
of time.

The bipolar electrochemical nickel deposition on CTs is achieved
by introducing the CT/NiSO4 (10 mM) suspension into the capillary
at the anodic side. No buffer solution was used in order to keep
the conductivity of the medium as low as possible. Because the
addition of the nickel salt increases the ionic strength it can result
in the aggregation of the CTs, and, therefore, the suspension has
to be sonicated for a short time in an ultrasound bath in order to
maintain the CTs well dispersed just before introduction into the
capillary. For such salt concentrations the typical currents in the
electrophoresis set-up were around 1 pA.

The sample leaving the capillary at the cathodic side was col-
lected directly at the outlet. This collected sample was put on a TEM
grid or another substrate and dried. Because the suspension still
contains nickel salt, drying of the suspension leads to salt crystal-
lization which extremely disturbs the further microscopic analysis.
Therefore, after the suspension was dropped onto the TEM grid,
the solution, still containing salt, was soaked through the grid by
placing a cleaning tissue under the grid. After that, the remaining
particles on the grid were washed three times with ultrapure water
using the same procedure. The washed objects were then char-
acterized by optical microscopy, scanning electron microscopy or
transmission electron microscopy.

3. Results and discussion

The potentials given in the above redox equations are standard
potentials and, as the experiment is carried out far from standard
conditions in terms of concentrations and partial gas pressures,
large deviations from the theoretical threshold value of 1.5V can be
expected. This also means that the calculated electric fields might
be different, especially when somewhat longer objects like the CTs
are used. Using carbon tubes instead of carbon nanotubes for this
experiment also has the advantage that the obtained objects can
be easily visualized directly under the optical microscope and their
movement, due to the presence of a magnetic field, can be followed

in real time. The anisotropic tube structure results in a stronger
polarization that induces at the same time an orientation of the
tubes parallel to the electric field, which is preserved during their
whole journey through the capillary. Thus, it is easier to perform
such a bipolar electrochemical deposition with CTs compared to
spherical objects that might change their orientation during the
experiment and in this way lead to random metal deposition at the
object’s surface.

The experiment has been carried out at the maximum potential
difference that could be delivered by the capillary electrophore-
sis set-up, which is 30kV. When this potential difference is
applied between the two ends of a capillary with a total length
of 30cm, an electric field of roughly 100kV/m is generated
in the capillary. For CTs with a typical length of 20 um the
maximum polarization that can be obtained between the two
ends of the carbon tube is of the order of 2V. This value is
higher than the minimum potential difference required for driv-
ing the two redox reactions when the calculation is based on
the standard potentials, and therefore the bipolar electrode-
position should occur under these conditions. The experiment
shows indeed striking evidence for a dissymmetric deposi-
tion of nickel at one end of the tubes (see Fig. 4a) and the
counter reaction at the other side of the tubes involves the for-
mation of oxygen bubbles which dissolve in the surrounding
medium.

The picture in Fig. 4b is representative of the majority of the
tubes reaching the capillary outlet; however, in a more general
sense, not 100% are always modified. The percentage of modified
tubes obviously depends on the experimental parameters and there
are several possible origins for a non-quantitative modification.
First of all, the nickel deposit can detach from the tube during the
collection and rinsing procedure. Second, the tubes can be more
or less conducting depending on their morphology and defects. In

Fig. 4. Site selective bipolar electrodeposition of nickel at one end of a carbon tube
(a) electron microscope image of a selected tube from a diluted sample and (b)
optical microscope image of an ensemble of nickel modified tubes still suspended
in the aqueous solution.
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Fig. 5. Manipulation of a nickel modified carbon tube suspended in water by using
an anti-clockwise rotating magnetic field.

the extreme case of an insulating tube, no deposition can occur and
even for conducting tubes the conductivity has to be better than
that of the surrounding electrolyte to induce a sufficient poten-
tial difference. The third reason is that the polarization scales with
the length of the tube, and therefore shorter tubes might experi-
ence a potential difference between the two ends that is below the
threshold value necessary to achieve metal deposition on one side
and water oxidation on the other side. In order to approach 100%
of modification the experiment should be carried out with tubes
as long as possible and an external potential as high as possible.

When optimizing these parameters one can achieve in a routine
experiment that more than half of the tubes are modified (see, for
example, Fig. 4b).

Itisimportant to note that, in contrast to the former experiments
[20,21], in this set-up the high voltage is not a problem, although
we do not use organic solvents but water, because the electrodes
are positioned at the outside of the capillary. This means that an
eventual macroscopic hydrogen or oxygen evolution at the cath-
ode or anode respectively does not disturb the experiment as it
takes place in the bulk solution reservoirs and not in the capillary.
Furthermore the currents are in the A range because there is no
added supporting electrolyte present and thus the total amount of
developed gas is rather small.

In contrast to our former study using site selective deposition
of gold on carbon nanotubes [19] we have used in this study on
purpose a ferromagnetic metal. This allows us to manipulate the
modified tubes with a magnetic field. Fig. 5 illustrates the possibil-
ity to turn the tube around an axis perpendicular to the tube’s main
axis. Such picture sequences are rather difficult to obtain because
during application of the rotating magnetic field the object has to
be followed simultaneously in the x, y and z direction with the
additional problem that not the entire object is in the same focal
plane. Triggering a well controlled rotation of the object would
be difficult when using homogeneously modified tubes, but can
be easily carried out with the present objects due to their dis-
symmetric nature. Therefore one can imagine using this process
of single point electrodeposition for the generation of nano- and
microobjects playing a crucial role in the construction of miniatur-
ized mechanical devices such as motors.

4. Conclusions

The concept of bipolar electrochemistry has been adapted to
modify in a dissymmetric way carbon tubes with a ferromagnetic
nickel cap. The method employed to create these Janus-type objects
is based on a slightly modified capillary electrophoresis experi-
ment, (i) allowing the application of the mandatory high voltages,
(ii) without having to use organic solvents and (iii) especially avoid-
ing gas bubble formation in the reaction chamber, which otherwise
would completely prevent the alignment of the tubes in the elec-
tric field. In contrast to the majority of literature processes used for
the generation of dissymmetric objects the present process does
not need any interface or surface to break the symmetry, but is a
bulk process which allows one to easily imagine a scale-up of the
production.

Looking into the future, the CABED process can be generalized
to other types of nanoobjects and also deposits of a very differ-
ent nature such as other metals, semiconductors, or polymers. The
approach therefore opens up the way to a whole new family of
experiments leading to complex nanoobjects with a sophisticated
design allowing original applications, among others for example
in the area of autonomous micro- and nanoswimmers [26-28]. In
addition, the procedure reported here could also be adapted to
sort conducting, semiconducting, and insulating carbon tubes, as
the latter ones will not be modified with metal, whereas the first
two categories of species will undergo a potential-dependent metal
modification.
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The progression from quasi zero-dimensional (Q0D) nanoclusters to
quasi one-dimensional (Q1D) nanorods, and, with increasing length,
to nanowires, represents the most conceptually fundamental
transition from the nanoscale to bulk-like length scales. This
dimensionality crossover is particularly interesting, both scientifi-
cally and technologically, for inorganic semiconducting (ISC)
materials, where striking concomitant changes in optoelectronic
properties occur.? Such effects are most pronounced for ultra-thin®
ISC nanorods/nanowires, where the confining and defective nature of
the atomic structure become key. Although experiments on ISC
materials in this size regime have revealed especially stable
(or “magic”) non-bulk-like QOD nanoclusters,** all ISC Q1D
nanostructures have been reported as having structures correspond-
ing to bulk crystalline phases. For two important ISC materials (CdS
and CdSe) we track the Q0D-to-Q1D transition employing state-of-
the-art electronic structure calculations demonstrating an unex-
pected persistence of magic cluster stability over the bulk-like
structure in ultra-thin nanorods up to >10 nm in length. The transition
between the magic-cluster-based and wurtzite nanorods is found to be
accompanied by a large change in aspect ratio thus potentially
providing a route to nano-mechanical transducer applications.

The impressive scientific and technological advances resulting from
the intense research effort into inorganic semiconducting (ISC)
nanosystems is exemplified by the continuing developments based on
nanoscale CdS. Inspired by the technological promise of its tunable
(opto)electronic properties,? recent work on 1D nano-CdS has given
rise to a wide range of device applications such as lasers,® transistors’
and waveguides.? Enhancement of finite size effects in 1D nano-CdS
systems such as defect-induced optical response and quantum
confinement,” can be achieved through restricting the length to form
a nanorod and/or by reducing the diameter of nanowires or nanorods
to the ultra-thin, or strongly-confined regime. For ISC Q1D nano-
systems this size range can be defined as that where the dimensions of
a nanorod or nanowire are significantly below the Bohr exciton
radius (~3 nm for CdS and ~5 nm for CdSe) where one expects the
greatest deviation from bulk properties. A number of recent
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experimental studies have reported the preparation of 1D CdS'*!
and CdSe'*"® nanorods with diameters <5 nm. Thus far, however, all
such ultra-thin CdS and CdSe nanorods have had reported diameters
>1.5 nm and, where measured (e.g. by high-resolution transmission
electron microscopy (HRTEM) and X-ray diffraction), seemed to
possess the bulk wurtzite (wz) atomic structure with the (001) direc-
tion aligned along the length of the rods. Relatively thick CdS and
CdSe nanorods and nanowires (=30 nm diameter) can be grown
directly from the vapour phase from pure material powders,"* but
typically ultra-thin QID nanosystems are made from colloidal
growth and assembly of ligated clusters in solution (i.e. oriented
attachment®). Although ligands are important for shape and size
control, they can also affect the atomic structure of ISC nano-
systems" and thus for studying the intrinsic size-dependent behaviour
of pure ISC materials it is desirable that they should be removed.
Below, we concentrate our discussion mainly on ligand-free Q0D and
Q1D nanosystems of CdS, although we note that strongly analogous
results are also found for the corresponding CdSe systems.
Considering the wealth of experimental studies and, further, the
role of 1D nano-CdS as a model system for studying the fundamental
physics of anisotropic quantum confinement, surprisingly few
detailed calculations have been performed on infinite CdS nano-
wires,'*® and, as far as we are aware, none on CdS nanorods. In
contrast, computational modelling studies of Q0D CdS nanosystems
are relatively abundant and have tended to proceed via two distinct
routes: (i) top-down, where nanoparticle atomic structures are
derived from cutting fragments from either the wz or zincblende (zb)
bulk phases,'*2° or (ii) bottom-up, where the most energetically stable
nanocluster structures are sought without recourse to bulk crystalline
structural stabilities.>*' Largely due to the use of its simplifying
structural assumption, the former approach has permitted studies of
size-dependent optical and electronic properties of wz- or zb-struc-
tured (CdS)y nanoparticles over a wide size range."** Technically,
due to the explosion in the number of possible structures with
increasing size, the bottom-up approach to modelling CdS nano-
clusters is significantly more difficult and the ground-state energy
minimum structures of (CdS)y nanoclusters are reasonably
well established up to only N = 16 with some suggestions for
28 < N < 35.45 Unlike the assumed crystalline structures adopted in
the top-down approach none of the reported ground-state nano-
cluster structures in this latter size regime are found to be wz-like or
zb-like. Recent work has also suggested that wz-structured CdS
nanoparticles up 2 nm in diameter are unstable with respect to
amorphisation.” In Q1D nanowires and high-aspect-ratio nanorods
the surface/volume ratio is significantly lower than in QOD systems of
the same composition and we may expect a more rapid convergence
to bulk-like crystalline structures. That this may not be the case
for ultra-thin nanowires was first proposed in 1998 by Tosatti et al.
for elemental metal systems using simple atomistic models.? For
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compound materials of nanotechnological interest, such as the
numerous types of ISC, however, neither experiment nor theory has
reported any tendency for ultra-thin Q1D nanosystems to deviate
from bulk-like structures.

In an effort to bridge the gap between experiment and theory, with
respect to the inherent behaviour of ultra-thin Q1D nanosystems of
pure ISC materials, we employed large state-of-the-art scale density
functional theory (DFT) calculations to follow the QOD-to-Q1D
transition for ultra-thin CdS. In order to tackle both ends of this
range we have combined both bottom-up and top-down modelling
approaches by calculating the stability of both small nanoclusters and
infinite nanowires. The main feature of our approach, however, is
that we explicitly follow the transition between these extremes by
computing how the stabilities of cluster-assembled nanorods vary
with increasing length. Specifically, we have investigated the energetic
stability and atomistic and electronic structure of ultra-thin
nanorods and nanowires assembled from experimentally detected
(CdS),3/(CdSe);3 magic clusters (i.e. clusters exhibiting pronounced
abundance peaks in cluster beams*®) with a diameter 1.0-1.2 nm,
with respect to the corresponding bulk-like wz-structured Q1D
systems. Of note is that the prominent high abundance of clusters
with 13 units is observed both in laser ablation experiments
producing ligand-free clusters,*s and in solution-based nucleation
experiments* where the clusters are ligated. Although the structure of
the magic cluster(s) corresponding to these peaks cannot, as yet, be
directly ascertained from experiment, following previous studies,** we
assume that it most likely corresponds to the bare (CdS);3/(CdSe);3
isomer with the lowest energy.

To calculate the relative stabilities and properties of nanorods and
nanowires built from wz and magic nanocluster building blocks we
employed periodic density functional (DF) theory using the PW91
implementation® of the Generalized Gradient Approach (GGA)
form of the exchange-correlation potential using the VASP code.” A
plane wave basis set with a kinetic energy cut-off of 415 eV was used,
with the effect of the atomic core on the valence electron density
taken into account by the projector augmented wave (PAW)
approach.?*?” The calculations for all cluster isomers and nanorods
were carried out by placing each system inside a large enough box so
as to make the interaction between repeated images negligible in all
directions (10 A was found to be sufficient). The infinite nanowires,
similarly spaced in all directions perpendicular to the axes of the
wires, were also considered. For the infinite nanowire a 1 x 1 x 9
Monkhorst-Pack mesh® of special k-points was employed, whereas
for the finite nanorods and clusters I'-point calculations were per-
formed. In all cases the atomic structure of the system was fully
relaxed until the forces were smaller than 0.01 eV A~". In constructing
the infinite nanowires, a magic cluster or wz cluster was initially
placed in a periodic cell such that the axis of symmetry was aligned
along the z-direction with a z-spacing of a suitable bond length. In
order to prevent artificial geometric constraints due to the use of only
one cluster as a repeat unit in the subsequent structural optimisations
of the nanowires a two-cluster supercell (i.e. 52 atoms) was employed.
Firstly, the nanowires were optimised (both the internal atomic
structure and supercell length) to their closest energy minimum to the
as-constructed structure (cluster-assembled nanowires). Subse-
quently, we mechanically annealed the cluster-assembled nanowires
by gradually compressing and stretching them (by up to 30% of their
original length) by appropriately varying the z-dimension of the
supercell of the initial cluster-assembled nanowires; for every fixed

z-value optimising the nanowire structure. Every time a structural
change occurred (causing a new minimum energy atomic configu-
ration), the annealing procedure was again performed around the
minimum energy configuration of the newly obtained structure. This
process was repeated until stretching and compressing the nanowires
did not change their minimum energy structure. The resulting
nanowires are referred to as annealed nanowires below.

In Fig. 1 we show the structures and calculated relative energetic
stabilities of three selected (CdS);3/(CdSe);s cluster isomers: a) the
likely ground-state “magic” cluster, b) a cage-like cluster, and c) a wz
cluster fragment. The (CdS);; magic cluster has been predicted by
calculations to have the form of a distorted cage filled by a single
4-coordinated sulfur atom bonded to four 4-coordinated cadmium
atoms giving rise to a C; structure.*® Particularly interesting for the
present study is the fact that the magic cluster structure lies ~1 eV
below the wz nanocluster. Our calculations further confirm that the
magic cluster structure is also the likely ground state for CdSe with
a very similar energetic stability over the corresponding wz-structured
isomer. The cage-like cluster isomer is an example of the numerous
cluster isomers having energetic stabilities between that of the wz
cluster and the likely ground-state magic cluster.>*' Although, in
principle, one could consider many Q1D nanosystems based on these
isomers, herein, we concentrate on comparing arguably the most
important clusters (i) the wz cluster (giving rise to wz-structured Q1D
nanosystems as observed for many Q1D CdS/CdSe nanosystems
experimentally), (ii) the most stable cluster isomer, assumed to
correspond to the magic-cluster abundance peak in experiments.

In previous studies we showed that stable clusters of other mate-
rials (e.g. ZnO, LiF) when considered as nanosized building blocks,
can, when appropriately assembled, lead to predictions of novel
stable bulk polymorphs* Here, although the symmetry of the
magic (CdS)3 cluster does not easily lend itself to assembly in three
dimensions, we may take advantage of its axial C; symmetry to form
ultra-thin 1D nanowires and nanorods by forming Q1D stacks of
axially aligned clusters. The wz (CdS);3 isomer also has three-fold

Fig. 1 Optimised structures of three N = 13 nanocluster isomers, where
the upper and lower rows correspond to different views of the same three
clusters: a) magic-, b) cage-, and c¢) wurtzite-based clusters. Below each
cluster the relative energy (in eV) is given for both CdS and CdSe
compositions with respect to the energy of the magic-cluster. As for all
figures yellow balls represent sulfur or selenium atom positions and green
balls cadmium atom positions. All reported energies of clusters, nanorods
and nanowires refer to binding energies with respect to constituent
spherical non spin-polarised atoms.
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symmetry allowing us to also construct axially aligned ultra-thin
nanowires and nanorods with the wz structure (with their long axis
aligned with the (001) direction in the wz crystal as found in experi-
ments) of exactly the same atomic composition as in the magic-cluster
case for direct comparison. It was found in both cases considered that
annealed nanowires were significantly more stable than cluster-
assembled wires. The wz cluster-assembled nanowire was found to be
a shallow, relatively high lying, energy minimum having a layered
hexagonal structure (see Fig. 2) analogous to that found in bulk
boron nitride (2-BN) which has also been predicted theoretically to be
stable for ultra-thin nanorods and nanowires of ZnO*' and in thicker
ZnO nanorods under tensile strain.*® We note that this relatively
dense phase should be differentiated from a similar low-density
hexagonal phase with larger interlayer spacing,*** which was not
observed in our investigation. Upon annealing, the hexagonal layered
nanowire transforms into new structure with a deeper lying energetic
minimum having a more bulk-like wz structure with a correspond-
ingly longer (+28%) unit cell length (Figs. 2, 3al and 3bl). For the
magic-cluster-assembled nanowire, the annealing procedure proceeds
via an intermediate nanowire structure and finally leads to a more
stable nanowire structure having a slightly shorter (-6%) unit cell
length (Figs. 2, 3a2 and 3b2) but which is still significantly longer
(+20%) than the annealed wz nanowire. Unlike for (CdS),3 nano-
clusters, but following experimental observations for thicker CdS
nanowires and nanorods, Fig. 2 clearly shows that the wz structure is
the most stable structure for (CdS);3-based nanowires. The compa-
rable diameters of the wz and magic-cluster-based ultra-thin nano-
wires results in similarly strong quantum confinement with an
increase in the band gap with respect to the bulk wz band gap by
a factor of 2.5 (see Fig. 4). In contrast, the absolute energy levels of
the annealed wz nanowire are deeper than for the magic-cluster-based
nanowire probably due to the energetically preferred atomic structure
of the former.

In order to analyze the transition from the most stable 01D
nanosystem for (CdS);; (i.e. the magic-cluster structure) to the most
stable infinite nanowire (i.e. bulk-like wz-structured) we considered

Fig. 2 Energy (in eV/CdS) versus length curves for the infinite CdS
nanowires. Total energy of the cluster-assembled and annealed nanowires
constructed from the (CdS),3 wz and magic clusters as a function of the
unit cell length (half the super cell length used in the calculations) along
the nanowire z-direction. The arrows indicate the energetically downhill
annealing path. The inset figures show the structure of a unit cell of the
cluster-assembled and final annealed nanowires.

[(CdS)3],, nanorods of all four CdS nanowire structures considered
above (ie. wz- and magic-cluster-based, both annealed and cluster-
assembled) from the size of a one-cluster unit (z = 1 or 26 atoms) to
a six-cluster unit (z = 6 or 156 atoms). In Fig. 5 we show the change
in total energy of the four nanorods per CdS unit with increasing
length. Interestingly, unlike for the nanowires, for up to n = 3, the
cluster-assembled wz nanorod was found to be more stable than the
nanorod with the annealed wz structure. For all considered sizes,
however, the annealed magic-cluster nanorod was found to be most
energetically stable. As the length of the nanorods increases, the
energy difference between the annealed wz and magic-cluster-based
nanorod structures gradually reduces implying that a transition to the
wz structure occurs for larger 7. In order to predict at what length this
transition occurs, we have extrapolated the energy versus length
trends of the magic-cluster-based and wz nanorods by fitting the data
points to an inverse power law (see inset to Fig. 5, fitted with
R*>0.99). We find that the persistence of the excess stability of the
annealed magic nanorods with respect to the annealed wz nanorods
lasts until approximately 13 cluster units; equating to 338 atoms and
to more than 10 nm length with respect to the length of the annealed
magic nanorod. We have also calculated the energy difference
between annealed wz and magic-cluster-based [(CdSe);s]s
nanorods which is very similar to that found for CdS indicating
analogous behaviour in both Q1D systems. Relative energies of all
nanorods and nanowires are given in Table 1. To understand these
trends we have examined the atomic and electronic structure of the
nanorods.

The higher crystallinity of the annealed wz [(CdS),3]¢ nanorod is
clear from the radial distribution function (RDF) taken with respect
to the position of a central sulfur atom showing prominent peaks at
well-determined distances (see RDF for the annealed wz [(CdS);3]s in
Fig. 3cl with respect to the structure shown in Fig. 3d1). In contrast,
the corresponding RDF of the annealed magic-cluster-based
[(CdS) ;3]s nanorod (see Fig. 3c2 with respect to structure shown in
Fig. 3d2). This lower crystallinity is also manifested in the oscillatory
diameter of the annealed magic-cluster-based Q1D nanosystems
(Fig. 3b2) due to the recognisable magic-cluster (CdS);; repeat units
(see highlighted segment in Fig. 3d1). In contrast, the annealed wz
Q1D nanosystems have a much more regular stacked structure with
a uniform diameter (see Fig. 3d1). This crystalline layering has been
observed by HRTEM in CdS and CdSe nanorods of larger diameters
than those studied here.'®!* Based upon our results we predict that
such layering will be absent in well-annealed bare CdS and CdSe
nanorods of diameters <1.5 nm and lengths <13 nm. Of potential
technological importance, such annealed magic-cluster-based nano-
rods would also have significantly higher aspect ratios than wz
nanorods of the same composition (~50% higher in the case of
[(CdS)y3]6). Under pressure cycling, ultra-thin CdSe nanorods have
previously been shown to exhibit dramatic structural transitions
between the six-fold coordinated rocksalt phase and the four-fold
coordinated wz phase® often leading to fracturing. In the present
case, although accompanied by a large aspect ratio change, the
atomic-level transition is much more subtle and may thus be more
robust for repetitive utilization in nano-mechanical transducers. We
also note that we have confirmed the experimental observation
that rocksalt nanorods are only stable under external pressure for
the ultra-thin regime by attempts to optimise ultra-thin rocksalt-
structured nanorods. We found in all cases that the such nanorods
spontaneously relaxed into distorted non-cubic structures
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Fig. 3 Summary of the structural features of annealed wz and magic-cluster-based CdS nanowires and nanorods. Perspective views of the annealed
wz- (al) and magic-cluster-based (a2) nanowires, cross-section of the of the annealed wz (bl) and the magic-cluster-based (b2) nanowire/nanorod, radial
distribution function of the annealed wz (cl) and magic-cluster-based (c2) [(CdS),3]¢ nanorod, atomic structure of the annealed wz (d1) and the magic-
cluster-based (d2) [(CdS),3]¢ nanorods (the (CdS);; repeat unit is highlighted in each case). Quoted distances include the radii of two sulfur ions to better
compare with estimates made by HRTEM. The two distances in b2 indicate the maximum and minimum of the oscillatory diameter of the annealed

magic-cluster-based nanorods and nanowires.

(usually with final structures similar to wz) which were always
significantly less stable than the other nanorods considered herein.

Experimentally, CdS and CdSe nanorods possessing a layered wz
structure oriented along the (001) direction are known to have very
large electric dipole moments along the length of the rod*® which are
thought to be important for their self-assembly.*” Maintaining a large
dipole is not energetically favourable and it is known in similarly
structured infinite 2D wz nanoslabs (where such a dipole is unsus-
tainable) in other materials, that the atomic structure can reconstruct
in ways to drastically reduce the moment across the slab.**** In our
case we estimate the dipole moment in the annealed wz CdS nano-
rods to be reduced by approximately 5% when going to the annealed
magic-cluster-based CdS nanorods indicating that dipole reduction is
not a significant structure-directing influence in the ultra-thin Q1D
systems considered.

Along their length, both magic-cluster and wz annealed nanorods
have the same atomic nearest neighbour coordination per (CdS);3
unit: four four-coordinated and nine three-coordinated sulfur atoms
and four four-coordinated and nine three-coordinated cadmium
atoms. At their ends, termination induces three two-coordinated
cadmium atoms in both annealed nanorod types and a further three
two-coordinated sulfur atoms in the annealed wz nanorods only.
Two-coordinated sulfur atoms appear to be an inherent terminating
structural feature of bare annealed wz nanorods which cannot be
repaired by local reconstruction. In order to retain a wz-like structure,
while avoiding such under-coordination of the sulfur atoms,

wholesale reconstruction seems to be the only option. Such a recon-
struction leads to nanorods with a hexagonal layered structure and
the resulting lower under-coordination of the sulfur atoms is a likely
reason why such nanorods are more stable than annealed wz nano-
rods for n <4 (see Fig. 5). Electronically, both the wz- and magic-
cluster-based nanorods have a large number of states in the region of
the gap of their respective infinite nanowire counterparts due to their
defective end terminations. In line with the higher under-coordination
in the annealed wz nanorods, the energy level spectrum is destabilised
with respect to that of the annealed magic-cluster-based nanorods
(see Fig. 4). We can view the annealed magic-cluster nanorods as
structurally reconstructed versions of the annealed wz nanorods
which helps to heal the less energetically favourable sulfur termina-
tions in the latter. This reconstruction, although stabilising with
respect to the nanorod ends also causes the internal atomic structure
of the nanorod to be non-wz-like. Thus, with increasing length,
a greater and greater percentage of the atoms in the annealed magic-
cluster nanorods will be found in a structure known to be energeti-
cally less stable than the wz structure in the infinite limit and the
percentage of atoms involved in an energetically preferable termi-
nating reconstruction will become correspondingly lower. Evidently,
at some length this situation will no longer be more stable than an
annealed wz structure with a less favourable terminating end recon-
struction. At this point, structural transition between the annealed
magic-cluster structure and the annealed wz nanorod will be ener-
getically favourable (at a length of ~10 nm, as predicted by our
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Fig. 4 Summary of the electronic structure of annealed wz- and magic-
cluster-based CdS nanowires and nanorods. Calculated energy levels (eV)
of CdS systems (from left to right): annealed wz [(CdS);3], nanorod,
infinite annealed wz nanowire, wz bulk crystal, infinite annealed magic-
cluster-based nanowire, annealed magic-cluster-based [(CdS);3], nano-
rod. Blue denotes occupied levels (sulfur s—p states) and red unoccupied
levels (cadmium s states). The gaps of the nanowires are shown to be red-
shifted by a 2.5x multiplicative factor with respect to the bulk CdS
wz bandgap (AE,,) due to quantum confinement. We note that, as is
typical for DFT calculations, the band gaps are systematically under-
estimated and thus the figure provides an indication of relative changes in
electronic structure (i.e. Q1D with respect to bulk) only.

calculations). We note that this strong dependence of the overall
CdS/CdSe ultra-thin nanowire structure, and, furthermore, aspect
ratio, on the terminating surface atomic/electronic structure may
provide a means for influencing the predicted nanorod structural
crossover by reversible attachment of suitable ligands.

In summary, we have compared the stability of ultra-thin bare CdS
nanowires and nanorods having the bulk wz structure with those
based on the assembly of particularly stable (CdS);3 magic-cluster
building blocks using first principles calculations. Although the wz
structure is energetically favoured in relatively thick CdS nanorods
and in the limit of infinitely long ultra-thin nanowires, in ultra-thin
nanorods the magic-cluster-based structure is found to be persistently
more energetically stable than the correspondingly sized bulk-like wz
nanorods up to a length of 10 nm. This nanoscale structural transi-
tion is also predicted to be found in ultra-thin Q1D CdSe and in both
materials should be experimentally verifiable by HRTEM. As the
length-dependent transition is also accompanied by a large change in
the aspect ratio of the nanorods, if physically realized, this effect may
find potential application in nano-mechanical transducers. We
believe that our explicit demonstration of the persistence of the
stability non-bulk like atomic structures in Q0D nanoclusters to Q1D
ultra-thin nanorods in two nanotechnologically important ISC
materials is likely to be general to many other materials. We hope that
our work may help to encourage experimental efforts in this area to
fabricate ultra-thin Q1D nanosytems (particularly with diameters
~1 nm) in a range of materials, many of which we predict will have
novel non-bulk-like atomic structures and potentially useful new
nanoscale properties.

Fig. 5 Energy (eV/CdS) of the cluster-assembled and annealed
[(CdS);3],, nanorods constructed from the (CdS);3 wz and magic-cluster
units as a function of n. The inset shows extrapolated energetic relative
stability of the wz and magic-cluster-based annealed [(CdS);3], nanorods
as a function of n with respect to the energy of the calculated energy of the
infinite annealed wz nanowire. The horizontal grey line shows the energy
of the infinite magic-cluster annealed nanowire.

Table 1 Calculated energies (eV per formula unit) of all considered
nanorods and nanowires of CdS and CdSe

Magic

wz cluster  wz cluster  cluster Magic cluster
Composition assembled annealed  assembled annealed
Cdy3S;; —5.516 — —5.593 —
Cda6S26 —5.620 — —5.649 —5.674
Cd39S39 —5.633 —5.593 —5.679 —5.704
CdssSsn —5.646 —5.649 —5.692 —5.721
CdgsSes —5.652 —5.678 —5.702 —5.731
Cd7sS7g — —5.701 —5.709 —5.738
Cdyg;So; — —5.718 — —
CdS nanowire —5.720 —5.818 —5.747 —5.780
Cd135613 —5.062 — —4.988 —
Cd7sSers — -5.177 — —5.140
CdSe nanowire — —5.211 — —5.246
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The electron hopping mechanism in the single-walled carbon nanotube (SWCNT)-medi-
ated redox reaction between anthraquinonyl (AQH,) and 4-arylhydroxyl amine (4AHA)
groups is studied by density functional theory calculations. The (8, 0) SWCNT is used to
mimic the real system of interest. It is found that electrons from the oxidized AQH, group
can be transferred to the oxidizing 4AHA group, at the other end of the nanotube, by a hop-
ping process through the mediating SWCNT. Disparity of electron densities ascribable to
non-localized electrons confirms this finding. The disparity, partial electron density differ-
ence, and Hirshfeld partial charges analyses show that the SWCNT can hold 87% of the
extra electron density of the hypothetical negative intermediate produced from the oxida-
tion of the AQH, process. Chemical attachments of these two redox reagents to the SWCNT
also cause new impurity states within the band gap, thereby giving more metallic charac-
teristics to the system. These findings provide a detailed understanding of the electron
hopping process and agree well with a previous experimental study.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

attracted much interest in modern nanoscience and nano-
technology due to their novel and structure-dependent prop-

Among all nanoscale morphologies of carbon, multi-walled
carbon nanotubes (MWCNTSs) were first observed under trans-
mission electron microscopy (TEM) by lijima in 1991 [1]. After
that, single-walled carbon nanotubes (SWCNTs) were pro-
duced independently by lijima and Ichihashi [2] and Bethune
et al. [3] in 1993. Since these discoveries of low-dimensional
carbon nanostructures, carbon nanotubes (CNTs) have

erties. Over the years, the physical and chemical properties of
CNTs have been well-documented with more and more
sophisticated methods. The novel properties of these CNTs
allow their application as nanoelectronic devices [4], sensors
[5], field emission sources [6], and composite materials [7].
The CNTs also function as nanowires to transport electrons
between an electrode and electroactive proteins chemically
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attached on each end of the tube [8]. The transport distances,
controlling the rate of electron transfer, are larger than
150 nm from the enzymatic active center to the electrode [9].
The chemical functionalization reactions for CNTs are cate-
gorized into three methods, which are: direct attachment to
the graphitic surface, ester linkage, and covalent binding using
diazonium reagents with high selectivity. The diazonium med-
ia method was further developed by Compton’s group to initi-
ate chemisorptions of aryl diazonium salts by direct
reduction with hypophosphorous acid in the presence of car-
bon powder [10-12]. The method was further extended to the
application on MWCNTs with anthraquinone-1-diazonium
chloride and 4-nitrobenzenediazonium tetrafluoroborate,
resulting in the synthesis of 1-anthraquinonyl-MWCNTs (AQ-
MWCNTSs) and 4-nitrophenyl-MWCNTs (NB-MWCNTSs) [13].
Recently, Wong and Compton [14] reported a redox reac-
tion on the same MWCNT for the first time. This MWCNT is
functionalized with two redox-active species, directly at-
tached by the diazonium salt method. The 4-arylhydroxyl
amine (4AHA) and AQH, species are generated in the first oxi-
dation cycle from NO,-CeH,-MWCNT and AQ-MWCNT,
respectively. This redox reaction consists of a reversible oxi-
dation and an irreversible reduction; it is studied by the cyclic
voltammetry technique. These authors proposed a redox
reaction mechanism where AQH, is the oxidizing agent with
the oxidation peak at E, = —0.385 V while NHOH-C¢H, is the
reducing group lessening the oxidation peak at E, =0.125V

AQH,-MWCNT-C¢H;~NHOH — AQ-MWCNT-C¢H4—NH, + H,0

The pathway of electron transfer from AQH, to the 4-aryl-
hydroxyl amine group is investigated to determine whether it
is via intermolecular electron tunneling between reagents or
by electron hopping via the CNT. The hopping was proposed
to be more favorable because of the shorter distance through
the tube compared to a process through the solvent. This phe-
nomenon is unique for both oxidizing and reducing groups
confined to the same CNT.

Here, we report a theoretical study on the possible pro-
cesses of electron hopping between two redox reagents func-
tionalized on the same CNT. The mediating MWCNT (in the
real system) is simplified to a semiconducting SWCNT for
computational efficiency. Periodic calculations are performed
to obtain computed electronic properties as realistic as possi-
ble. Although time-dependent calculations can yield more de-
tails about the electron transfer, such calculations are not
practicable for such a large system due to computational lim-
itations. We have thus limited ourselves to static calculation
and have tried to overcome the limitations by focusing on
six hypothetical subsystems, using static analysis techniques
such as the disparity of the electron densities and the nucle-
ophilic Fukui function plot. This yields enough information to
establish and characterize the electron transfer process in the
whole system.

We also focus only on the redox reaction and not on the
chemical attachment and the preparation steps. Thus, the
following redox reaction from AQH,-SWCNT-4AHA, termi-
nated at AQ-SWCNT-4AA, is proposed. It can be subdivided
into a reversible oxidation and an irreversible reduction (see
Fig. 1), where 4-arylamine is noted as 4AA.

Fig. 1 - Proposed mechanism for the SWCNT-mediated
redox reaction, consisting of a reversible oxidation and an
irreversible reduction. The SWCNT accepts electrons from
the AQH, species and donates the electrons to the 4-
arylhydroxyl amine.

Total reaction:

AQH,-SWCNT-4AHA — AQ-SWCNT-4AA + H,0
Oxidation:

AQH,-SWCNT-4AHA < AQ-SWCNT-4AHA + 2H" + 2e”
Reduction:

AQ-SWCNT-4AHA + 2H" + 2e” — AQ-SWCNT-4AA + H,0

2. Calibration of the SWCNTs and

computational method

The periodic calculations were carried out using the density
functional theory (DFT) method as implemented in the DMol3
package [15,16]. For all functionals that we investigated, the
generalized gradient approximation (GGA) and an all-electron
double numerical basis set with polarized function (DNP)
were chosen for these spin-unrestricted computations. These
functionals can be applied to large periodic systems and are
known to bring about reliable qualitative results. The density
functionals used in this work do not include dispersion en-
ergy contributions. The DNP basis set corresponds to a dou-
ble-{ quality basis set with a p-type polarization function
added to hydrogen and d-type polarization functions added
to heavier atoms, and is comparable to 6-31G™ Gaussian basis
sets, providing a better accuracy, particularly for the hydrogen
removal step. The real space global cutoff radius was set to be
3.70 A. For the geometrical optimizations, all atoms were fully
optimized until all the forces on the atoms were less than
0.05 eV AL, The Brillouin zone was sampled using the Monk-
horst-Pack scheme [17].
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2.1.  Calibration of the SWCNTs

In the present approach, a suitably calibrated SWCNT is used
to mimic the multi-walled tubes used in the experiments for
the computations. The important feature is that the MWCNTSs
used in the experiments have electronic band gaps like semi-
conductors. The criterion for the calibration is thus, that the
gap of the model-tube should be in the range of 0.5-1.5eV
[18]. The calibration is started with a study of naked (n, 0) zig-
zag SWCNTs, investigated with three functionals and com-
paring the energy gaps (Eg.p) With each other and with the
ones obtained in previous studies. Each initial structure is
generated in a supercell periodic box of 20 x 20 x 8.52 A, com-
posed of two repeated unit cells of SWCNT along the tube
axis. The closest distance between two neighboring SWCNTs
is larger than 10 A in order to be able to ignore intertube inter-
actions in the calculations.

The calibrations are performed in the GGA in the Perdew-
Burke-Ernzerhof (PBE) [19], Becke’s exchange and Lee, Yang,
and Parr’s correlation functional (BLYP) [20,21], and non-local
exchange-correlation functional (PW91) [22] with the maxi-
mum k points of 1x 1x50. The BLYP method is immediately
disqualified due to its large average deviation of +0.079 eV in
Egap compared to previous theoretical data [23-28]. The PBE
and PW91 methods give the same Eg,, within a small devia-
tion of +0.007 eV and a smaller deviation of +0.044 eV com-
pared to the same data. Although these two methods are
very similar, the PBE functional is chosen in our calculations,
following the recent theoretical studies [29,30] of periodic
systems.

The diameter of the zigzag SWNCTs is then varied system-
atically and the band gaps studied with the same procedure to
find the smallest nanotube representative of the experimen-
tal system. Three (n,0) SWCNTs with nmod 3 =0 are found
to be metallic, obeying the empirical (n, n + 3i) rule for metal-
lic carbon nanotubes, also known as the 1/3 rule: (6, 0) with an
Egap 0f 0.00 €V (Egap, calc = 0.00 eV, Ref. [23]); (9, 0) with an Egqp,
of 0.17 eV (Egap, expt = 0.080 + 0.005 eV, Ref. [24] and Eggp, cal-
c=0.17 eV, Ref. [25]); and (12, 0) with an Eg,p, of 0.14 eV (Egap,
expt =0.042 + 0.004 eV, Ref. [24] and Eg,p, calc =0.078 eV, Ref.
[23]) (where expt is experimental data, calc is theoretical data,
and i is an integer). The (7, 0) SWCNT also presents a metallic
character with an 0.15 eV energy gap (0.21 eV, Ref. [26] and
0.19 eV, Ref. [27]). Thus, the (6,0), (7,0), (9,0), and (12,0)
SWCNTs are certainly not usable as models because of their
metallic character.

The (8, 0) SWCNT is found to be the smallest zigzag carbon
nanotube that displays a semiconducting behavior with an
acceptable energy gap of 0.62 eV. The calculated value is in
good agreement with previous data for the Eg,, (0.643 eV,
Ref. [23]; 0.62 eV, Ref. [25]; 0.59 eV, Ref. [27]; and 0.63 eV, Ref.
[28]) and confirms that the Eg,p of nmod 3 = 2 tubes is larger
than that nmod 3 =1 [27]. In order to be able to neglect the
intermolecular interaction between the two redox species,
the six repeated unit cells along the z-direction of the carbon
nanotube are used for the calculations of functionalized
tubes. Therefore, the SWCNT-mediated redox models in this
work are generated from the validated (8, 0) SWCNT and cal-
culated by periodic calculations with the PBE method.

2.2.  Redox systems

As seen above, an (8, 0) SWCNT is chosen. For the full redox
system, it is functionalized by two redox groups more than
12 A apart from each other to minimize, and eventually ne-
glect, the intermolecular interaction between these two spe-
cies. A supercell with 40x40x24.15A3 comprising six
periodic lengths for the zigzag SWCNT, is adopted in the cal-
culation with the PBE function (see Fig. S3(a)). Each supercell
contains two redox groups, which are covalently bonded to
the sidewall of the SWCNT. The smallest distance between
two neighboring SWCNTs is larger than 30 A. In order to save
computational time, the k points are reduced to be 1x 1x 10,
following the previous study [30], to calculate the electronic
properties of the full redox system. Only the I' point in the
Brillouin zone is also considered for the geometric optimiza-
tion and orbital analysis.

Even though the individual processes in the overall redox
reaction take place concurrently, we simplify the problem by
dividing the full redox pathway into six hypothetical states
(see Fig. S1), which are: AQH,~SWCNT—4AHA (substrate: subs),
[AQH-SWCNT—4AHA]"" (intermediate-1), [AQ-SWCNT—4AHAJ*~
(intermediate-2: int-2), [AQ-SWCNT-Ph-NH]'~ (intermediate-3:
int-3) and AQ-SWCNT—4AA (product: prod) (AQ = anthraquino-
nyl, 4AHA =4-arylhydroxyl amine, 4AA =4-arylamine,
SWCNT = (8, 0) zigzag SWCNT). The intermediate-1 state can
be considered in two configurations, which are termed inter-
mediate-1-a (int-1-a) and intermediate-1-b (int-1-b) for the re-
moval of Ha and Hb, respectively.

Mimicking a half-cell redox reaction, the singly functional-
ized tubes with two electrons from the oxidation reaction,
[AQ-SWCNT]*~ (AQ-tube) and [4AHA-SWCNT]* (4AHA-tube),
are also investigated to consider the possibility of the transfer
of these electrons (see Fig. S2). This half-cell redox system is
optimized and investigated using the same parameter as the
full redox system described above.

3. Results and discussion

The diazonium method provides a well-defined chemical
bond between the molecule and a carbon atom of the tube
rather than the less well-defined interaction between an en-
tire group and the tube surface found in the adsorption of
n-conjugated molecules. Indeed, the optimized geometry of
the functionalized SWCNTs in the full redox system shows
that the reacting groups with closing carbon atoms of the
nanotube change their geometries with an average displace-
ment of 0.19 A for the AQ derivatives and 0.22 A for the
4AHA derivatives. While the remaining atoms, which are far
from the reacting species, of the tube remain roughly at the
same positions within, on an average, 0.06 A. These averages
are calculated for all atoms of a desired part changing their
relative positions in each step of the mechanism. We also
found that the phenyl plane of the 4AHA group (including
its derivatives: Ph-NH, and 4AA) is parallel to the perpendicu-
lar axis (reference line), which is vertical to the tube axis of
the SWCNT medium, as shown in Fig. S4. The angle between
the anthraquinonyl plane of the AQH, group in subs and the
reference line is sharp, about 30°, due to the steric effect to
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the adjacent hydrogen atom (Hb) of the hydroxyl moiety of
the AQH, group (see Fig. S3(a)). Whenever this hydrogen atom
is cleaved, the repulsive force on the ketone becomes smaller.
Thus, a less sharp angle is found, about 10°. However, the AQ
group is not exactly sharp to the reference line, because the
carbonyl oxygen atom is a hindrance for such an orientation.

The electronic properties of the redox systems are re-
ported in Table 1. The results show that the two configura-
tions of intermediate-1 have relative energy which differs by
—0.95 kcal mol?, the int-1-b being more favorable than int-1-
a due to a smaller steric effect between the hydrogen atom
of the AQH group (Hb) and the nanotube. The proposed mech-
anism pathway of the redox reaction through int-2 is pre-
sented in snapshots. It starts from the subs configuration
and goes through int-1-b, int-2, and int-3 to prod. In more de-
tail: The O-Hb of the subs is first cleaved, as demonstrated
in the int-1-b, with one electron remaining. Sequentially, the
O-Ha is removed, resulting in the int-2. This is a half-cell re-
dox reaction, with, overall, two electrons left. The int-3 is an
intermediate state, corresponding to the int-2 to prod reduc-
tion, where a hydroxyl group of the 4AHA is dehydrated by
an acidic proton addition, and the Ph-NH group remains.
The nucleophilic nitrogen atom of the int-3 is then also at-
tacked by another electrophilic proton, resulting in the prod
configuration. The reduction reaction cannot be reversible:
A negative —0.26e local Hirshfeld charge is found on the
nucleophilic nitrogen atom of the Ph-NH part of int-3. This
makes an attack between this site and an oxygen atom of
water highly unlikely.

The chemical attachment of the two redox reagents to the
SWCNT creates new impurity states within the band gap.
From the pristine SWCNT, Eg,p, = 0.62 eV, the band gap in the
redox systems is lowered to less than 0.16 eV, thereby intro-
ducing a more metallic character to the system. This eases
electron delocalization in the modified system. The electron
density difference and Hirshfeld partial charges analyses
show that the tube can hold 87% of the extra electron density
of the hypothetical negative intermediate produced from the
oxidation of the AQH, (see entry 5 in Table 1). In addition, the
remaining charge at the AQ in the int-2 is —0.19, leading to a
reverse reduction of the AQ to the AQH,.

The frontier molecular orbitals of the redox system are
illustrated in Fig. S5. An electron ionization and reception oc-

curs at the SWCNT, which can be clearly observed at both the
HOMO and LUMO for the substrate. In the intermediate steps,
an electronic connection between the AQ and the 4AHA mol-
ecules is clearly shown at the HOMO level. An electron move-
ment is proposed as a theoretical mechanism pathway. The
first electron from the oxidation reaction of the AQH, to
AQH is initially excited to occupy the LUMO level of the int-
1-b. In this state, both the AQ group and the nanotube are
occupied, as shown in the LUMO level in Fig. S5(b). After that,
the second electron is generated from the oxidation of the
AQH to AQ, resulting in two excited electrons occupying
strongly only in the AQ part in the LUMO level of the int-2.
This case confirms the reversible reaction of the AQ to
AQH,. These two electrons then transfer to the 4AHA part,
resulting in the strong occupation in the 4AHA side (Ph-NH)
as shown in the LUMO level in Fig. S5(d). The Ph-NH group
is eventually reduced by the extra electron at that level,
resulting in the 4AA. The HOMO of the prod shows that the
electrons are distributed mostly at the 4AA and no longer oc-
cupy the AQ side. In addition, an electron in the int-1-b and
int-2, which is strongly localized at the AQ part, confirms that
it can reversely reduce. This is the reduction reaction from AQ
to AQH,. On the other hand, an electron is rarely available at
the 4AHA group (Ph-NH) in the int-2 and int-3, leading to an
irreversible reduction.

The plots of the difference of the Hirshfeld charge are pre-
sented in Fig. 2(a). These plots are calculated from the differ-
ence of each atomic charge between the negatively-charged
structure and its neutralized version, neglecting relaxations,
resulting in the charge difference of the negative atomic
charge. An electron in the intermediate states has a high
probability of presence at the AQH, leading to the reverse
reduction of AQH to AQH,. Two electrons in the int-2 step have
high probabilities at the AQ, 4AHA, and at the bridge in the
nanotube, as shown in Fig. 2(a)-2. Therefore, it is clearly veri-
fied that the AQ and 4AHA groups can be reduced to AQH, and
4AA, respectively.

Fig. 2(b) shows the calculated disparity of the electron den-
sities, following the definition; Ap(i —j) = p(j) — p(i), where
Ap(i —j) is the change of negative charge densities between
the negatively-charged structure, p(j), and its neutralized ver-
sion, p(i), resulting in the density of only the negative charge.
This plot clearly shows the connection between the reducing

Table 1 - Hirshfeld partial charge (in elementary changes e), energy gap (eV), and relative energy (kcal mol ') calculated with|

the PBE method and DNP basis set for pristine SWCNT, substrate, intermediate, product, and single-functionalized systems|

(D = direct, I = indirect energy gap).

Entry Structure Hirshfeld charge

Energy gap (eV) Relative energy (kcal mol %)

Partial charge Total

1 Pristine SWCNT - - - - 0.62 D -

2 Substrate AQH, =0.05 SWCNT =-0.07 4AHA =0.03 0.01 0.00 -

3 Intermediate-1-a AQH = -0.06 SWCNT =-0.91 4AHA=-0.02 -0.99 0.04 D 0.00
4 Intermediate-1-b AQH = -0.16 SWCNT = -0.81 4AHA=-0.02 -0.99 0.041 —0.95
5 Intermediate-2 AQ=-0.19 SWCNT=-1.73 4AHA=-0.07 -1.99 0.101 -

6 Intermediate-3 AQ=-0.07 SWCNT=-0.77 Ph-NH=-0.16 —-1.00 0.161 -

7 Product AQ=-0.01 SWCNT=-0.03 4AA=0.05 0.01 0.00 -

8 [AQ-SWCNT]>> AQ=-027 SWCNT=-172 - —~1.99 0.00 -

9 [4AHA-SWCNT]>~ - SWCNT = -1.92 4AHA=-0.07 -1.99 0.00 =
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Fig. 2 - Hirshfeld charge difference (a), where the red color represents a negative charge and the blue color a positive charge.
Disparity of electron densities (b), where the blue and yellow colors represent electron accumulation and depression zones,
respectively. Nucleophilic Fukui function plot (c). (1 stands for int-1-b, 2 for int-2, and 3 for int-3. (b) and (c) are plotted with an
isovalue of +0.004e A~3.) (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

group and the oxidizing group. The electron density obviously
occupies only the redox molecules and their junction to the
SWCNT medium.

The nucleophilic Fukui function plots, as demonstrated in
Fig. 2(c), confirm the electron hopping process of the redox
reaction via the nanotube. The mechanism starts with a high
nucleophilic character of the AQ and its connection. Then, the
reducing negative behavior at the AQ leads to an increase at
4AHA. However, the two carbon atoms of the nanotube con-
nected to the AQ and 4AHA species are of the non-conjugated
sp> type. The negative charge density is high at the bridging
single bonds of both of the carbon atoms, as depicted in
Fig. 2(c)-1-(c)-3, opening a route for the electron transfer from
the reducing AQ group to the other. Therefore, the electron
transfer between two redox groups can occur by electron hop-
ping via the SWCNT.

The partial electron density difference plots, as shown in
Fig. 3, are calculated from the difference of the electron den-
sities between the whole structure and its three divided parts,
which are an AQ derivative, a 4AHA derivative, and the tube.
The definition; Ap(R) = p(R) — p(0) — p(r) — p(m) (where Ap(R) is
the partial electron density difference of the redox system;
R is all redox parts, o is the oxidation part, r is the reduction
part, and m is the medium part) is considered and implied to
both resonance character and an electron transferable of the

system. The plot of int-1-b in Fig. 3(b) shows a high electron
resonance of the n-conjugated system, covering the electron
transfer, after the Hb is cleaved. In Fig. 3(a) and (e), the elec-
tron transfer is observed between the two functionalized
groups and the tube, confirming the electron movement pos-
sibility. The electron transfer between two redox groups is
shown as the linkage at the tube in int-2 and int-3.

In order to show that both functionalized groups must in-
deed be present on the same tube, the electron transfer of the
singly functionalized tubes (known as the half-cell redox sys-
tem), the AQ-tube and the 4AHA-tube, is calculated and com-
pared to the full redox system. The Hirshfeld partial charges
analyses show that the charge density on the tube is virtually
the same in the AQ-tube (—1.72¢) and in the full redox system
(—=1.73e), which eases comparison: a more negative charge is
left on the AQ group in the single-functionalized tube due to
the lack of further electron accepting groups. When the
accepting group, 4AHA, is added to the AQ-tube to obtain
the full redox system, the remaining electron density in the
AQ group is lowered by 30% and donated to the 4AHA (see en-
tries 5 and 8 in Table 1). The plots of the deviation of electron
densities of these single-functionalized systems are pre-
sented in Fig. S6. The plots show that an electron from the
single AQ can transfer to the tube in the AQ-tube; and an elec-
tron in the tube can also transfer to the single 4AHA group in
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Fig. 3 - Partial electron density difference of subs (a), int-1-b (b), int-2 (c), int-3 (d), and prod (e), plotted for an isovalue of

+0.004e A3,

the 4AHA-tube. Two electrons in both singly functionalized
systems have high probabilities along the tube, but the elec-
tronic junction can be observed only in the full redox system,
as described above.

4, Conclusions

DFT calculations with the PBE functional are used to investi-
gate the reaction mechanism of electron hopping in the
SWCNT-mediated redox reaction of anthraquinonyl (AQH,)
and 4-arylhydroxyl amine (4AHA) groups. Our findings can
be summarized into three main points. First, the disparity
of electron densities, partial electron density difference, and
Hirshfeld partial charges analysis show that the SWCNT can
hold 87% of the extra electron density of the hypothetical neg-
ative intermediate produced from the oxidation of AQH,. Sec-
ond, the chemical attachment of these two redox reagents to
the SWCNT also causes new impurity states to appear within
the band gap, thereby introducing a more metallic character
to the system. Third, the electrons from the oxidized AQH,
group can be transferred to the oxidizing 4AHA group at the
other end of the nanotube by a hopping process through the
mediating SWCNT. This mechanism is confirmed by the
non-localized distribution of the hopping excited electrons.
These findings provide a detailed understanding of the elec-
tron hopping process and agree well with previous experi-
mental study. This work is not only complementing
experimental study by giving an interpretation in terms of
electronic wave functions, but also demonstrates a promising
application of the CNT materials in the nanotechnology field.
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Poly(L-lactide) (PLLA) nanoparticles loaded with retinyl palmitate (RP) were successfully prepared by
rapid expansion of a supercritical carbon dioxide (CO) solution into an aqueous receiving solution con-
taining a stabilizing agent (RESOLV). Three stabilizing agents, Pluronic F127, Pluronic F68, and sodium
dodecyl sulfate (SDS) have been employed and the Pluronic F127 was found to be more effective for stabi-
lizing PLLA/RP nanoparticles than Pluronic F68 and SDS, as RESOLV into a 0.1 wt% Pluronic F127 solution
produced a stable nanosuspension consisting mainly of well-dispersed, individual nanoparticles. The
effect of rapid expansion processing conditions (i.e., degree of saturation (S), pre-expansion temperature
(Tpre), and concentrations of PLLA and RP (Cpia, Crp)) on the particle size, form, and RP loading was sys-
tematically investigated. It was found that spherical PLLA/RP nanoparticles with an average size range of
~40-110 nm and RP loadings of 0.9-6.2 wt% were consistently produced by RESOLV. The size of PLLA/RP
nanoparticles increased from ~30-80 to ~30-160 nm as the solution degree of saturation changed from
§<1toS>1, independent of Tyre, Cprra, and Crp. The entrapment capacity of RP in PLLA nanoparticles was
predominantly determined by Tpre and Crp. Increasing the Tpre from 70 to 100 °C and the Cgp from 0.05 to
0.15 wt% increased the encapsulated RP content at least twofold. Our results show that the technique with
benign supercritical CO, should be generally applicable to nanoparticle fabrications of other important

active ingredients, especially in liquid form, in polymeric nanoparticles.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Encapsulation of active compounds, including drugs, cos-
metics, and nutraceuticals, in nanoparticles of biodegradable
and biocompatible polymers (e.g., chitosan, poly(p,L-glycolide),
poly(p,L-lactide-co-glycolide), and polylactic acid or polylactide)
has greatly attracted attention in the pharmaceutical, cosmetic,
and food industries for multipurpose delivery applications, espe-
cially, controlling release, targeting, and increasing stability of
active components [1,2]. Incorporation of such active ingredients
in the polymeric nanoparticles with a controllable and narrow size
distribution increases therapeutic benefits, leading to the small
dosages required and avoiding undesirable side effects. Conven-
tional techniques for encapsulating active substances in polymeric
nanoparticles based on nano-emulsion templates [3] still have sev-

* Corresponding author at: Department of Packaging and Materials Technology,
Faculty of Agro-Industry, Kasetsart University, Bangkok 10900, Thailand.
Tel.: +66 2562 5099; fax: +66 2562 5092.
E-mail address: amporn.s@ku.ac.th (A. Sane).

0896-8446/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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eral limitations, including using organic solvents that need to be
removed from the final products, generating broad particle size
distributions, and requiring large quantities of surfactants. Rapid
expansion of supercritical solutions (RESS) technology is generally
recognized as a well-established technique for producing nano to
micron-sized particles from a single component, especially from
organics and polymers [4-8]. When a supercritical solution con-
taining a dissolved solute is rapidly (10-6s) expanded across a
micro-orifice, the solvent density dramatically decreases, leading
to precipitation of the solute from the solvent (typically carbon
dioxide) [9-11]. Due to very high supersaturation during the rapid
expansion in the post-expansion environment, the process favors
the formation of small particles with narrow size distributions.
Besides single-compound particles, RESS has also been investi-
gated for producing composite particles [12-24]. Tom et al. [12]
reported the preparation of composite microparticles (10-100 p.m)
by co-precipitation of poly(b,L-lactic acid) and lovastatin. Microen-
capsulation of naproxen in poly(L-lactide) particles with a size
range of 10-75 wm was published by Kim et al. [15] and Mishima
et al. [16] described the encapsulation of lipase and lysozyme in
polymer (e.g., poly(ethylene glycol), poly(methyl methacrylate),
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Fig. 1. Chemical structures of chemicals used in this study: (a) poly(L-lactide), (b) retinyl palmitate, (c) Pluronic F68, (d) Pluronic F127, and (e) sodium dodecyl sulfate.

and poly(L-lactic acid)) microparticles. Recently, Tiirk and Hils
[20] were the first to report the feasibility of RESS for produc-
ing phytosterol-loaded poly(L-lactic acid) nanoparticles with the
size of ~50 nm. This group found that the polymer content of the
composite nanoparticles decreased with increasing pre-expansion
temperature. Thus far, the RESS technique has been studied for
encapsulating only crystalline solid, but not liquid, compounds in
polymeric particles.

A modification of conventional RESS is the so-called RESOLV
(rapid expansion of supercritical solutions into liquid solvents)
process, in which the supercritical solution containing a solute is
directly expanded into a liquid receiving solution (typically aque-
ous solution) that may or may not contain a stabilizing agent
[6,25-28]. Organic particles produced using RESOLV were found
to be smaller than those prepared by RESS due to expansion of
the supercritical solution into a receiving liquid preventing the
particles from collision and, hence, coalescence [5,6]. Particles
with a bimodal size distribution (5-50 and 120-200nm) were
obtained from [3-sitosterol [5], and phytosterol [29], and nanopar-
ticles (~25-90nm) were produced from ibuprofen, naproxen,
fluorinated tetraphenylporphyrin, fluorinated acrylate polymer,
poly(L-lactic acid), and poly(methyl methacrylate) [6,26-28].

Unlike RESS, RESOLV has not yet been investigated for encap-
sulating active components in polymeric nanoparticles. Thus, it
remains a challenge to incorporate an active ingredient, espe-
cially in liquid form, in polymeric nanoparticles using the RESOLV
process.

The aim of this work was to study the feasibility of RESOLV
on encapsulation of a liquid active compound in biodegradable
polymeric nanoparticles. In this study, retinyl (vitamin A) palmi-
tate and poly(L-lactide) were chosen as a liquid active compound
and a particle matrix, respectively. Retinyl palmitate, a vitamin A
ester derivative in the retinoid group, is widely used in pharma-
ceutical and cosmetic applications. However, the therapeutic use
of retinoids is still limited due to their light instability and adverse
effects at high uptake [30]. Therefore, encapsulation is an alterna-
tive to protect retinyl palmitate from photo degradation induced by
UVA and UVB radiation. Poly(L-lactide) has been widely used as a
matrix material for drug delivery systems due to its biodegradabil-
ity and biocompatibility [31-33]. In this work, we report on (i) the
use of RESOLV to produce retinyl palmitate-loaded poly(L-lactide)
nanoparticles and (ii) the effect of RESOLV processing conditions
on size, morphology, and retinyl palmitate loading of the obtained
particles.

Fig. 2. Schematic of phase-behavior and RESOLV apparatus.
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2. Experimental
2.1. Materials

Low-molecular-weight poly(L-lactide) (PLLA) with a number-
average molecular weight of 1100 and a polydispersity index of 1.15
was supplied by Polymer Source. Retinyl palmitate (RP), sodium
dodecyl sulfate (SDS), Pluronic F68 (F68) and Pluronic F127 (F127)
were purchased from Sigma-Aldrich. The chemical structures of
these compounds are shown in Fig. 1. Acetonitrile (HPLC grade)
was obtained from Lab-Scan Analytical Sciences. Carbon dioxide
(COy) with high purity grade (>99.98%) was purchased from Chat-
takorn Lab Center (Thailand). Water was distilled before using it as
a receiving solution.

2.2. Phase-behavior measurements

The phase-behavior measurements of PLLA and PLLA+RP in
supercritical CO, were performed prior to RESOLV experiments
because the phase state of a solute-solvent mixture has been found
to be an important variable for RESS [4,7]. A schematic of the appa-
ratus used in this work is shown in Fig. 2. Note that the same
apparatus was used for both phase-behavior and RESOLV exper-
iments. The central feature of the apparatus is a variable-volume
view cell based on the design of McHugh and co-workers [34]. A
syringe pump (Isco, Model 500HP) connected to one end of the
view cell used CO, as the working fluid and pushed the piston to
compress the PLLA or PLLA + RP solution on the other side of the pis-
ton. The solution mixture in the cell was observed through a view
port with a rigid borescope (Gradient Lens, Model HBR-080-327-
100) equipped with a light source (Gradient Lens, Model Luxxor
24), a digital CCD camera (Watec, Model WAT-202D), and a com-
puter (Fig. 2). For a typical cloud-point (i.e., liquid-liquid transition)
experiment, the view cell was charged with 0.008-0.023 g of RP
and/or 0.015-0.046 g of PLLA, as well as ~15.2 g of CO,. The cell
was pressurized to 340 bar and heated to ~50°C under continuous
mixing using a magnetic stirrer until a homogeneous, clear solu-
tion was obtained. To determine the cloud point, the pressure of
the solution was slowly decreased during continuous mixing until
the transparent solution became cloudy. In this work, the cloud
point was defined as the point at which the solution just became
hazy. Upon reaching the temperature of ~100°C, the heating was
stopped and the cloud points were remeasured as the solution was
slowly cooled down.

2.3. RESOLV experiments

Rapid expansion experiments were carried out by expanding
a supercritical solution of PLLA+RP in supercritical CO, across a
nozzle (50 pm dia., L/D=4) into an aqueous solution containing a
stabilizing agent (Fig. 2). To do an experiment, the variable-volume
view cell was loaded with 0.030-0.091 g of PLLA and 0.015-0.046 g
of RP. The cell was then sealed and charged with ~30.4¢g of CO,
using the syringe pump. After the mixture was pressurized to
the desired pre-expansion pressure (Ppre), the cell was heated to
50-60 °C. Next, the mixture was stirred until a homogeneous solu-
tion was obtained. CO, was then allowed to flow from the syringe
pump, bypassing the view cell, and finally expand across the noz-
zle into air. The fluid in the tubing leading to the nozzle and
nozzle assembly was heated to the desired pre-expansion temper-
ature (Tpre) using cable heaters. During this step, the pre-expansion
temperature and pressure were measured upstream of the nozzle
(Fig. 2). After steady-state conditions (as indicated by constant Tpre
and Ppre) were established, the flow of pure CO, was diverted via
the 6-port switching valve (Valco Instruments, Model 6C6UWEY)
to the high pressure cell, indirectly pushing the PLLA +RP solution

in supercritical CO, out of the cell by means of the movable piston
in the cell. The solution was subsequently expanded through the
nozzle into 50 mL of aqueous solution containing 0.1 wt% stabilizer
(F68, F127, and SDS) by submerging the nozzle ~2 cm below the
liquid surface.

2.4. Particle size and morphological characterization

Suspension samples from RESOLV experiments were character-
ized by the dynamic light scattering (DLS) method using a Zetasizer
(Malvern Instruments, Model Nano ZS90) for measuring the hydro-
dynamic diameter (d;,) of PLLA/RP particles [35,36]. The d;, was
computed from the translational diffusion coefficient (D) using the
Malvern software package based on the theory of Brownian motion
and the Stokes-Einstein equation:

kT
~ 3mnD

dp (1)
where k is the Boltzmann’s constant, T the absolute temperature,
and 7 is the suspending medium viscosity. The particle size and
morphology were also determined using field emission scanning
electron microscopy (FESEM, Hitachi, Model S4700). The FESEM
sample was prepared by depositing ~100 L of the RESOLV sus-
pension onto a conductive carbon tape attached to an aluminum
stub and then dried under vacuum (1 bar) at ambient temperature
overnight.

2.5. Determination of RP loading

The quantities of RP and PLLA in composite particles obtained
by RESOLV were determined via UV/vis spectrophotometry as fol-
lows. The suspension was centrifuged (10,000 rpm, 10 °C) in order
to separate the particles and dried under vacuum (1 bar) at room
temperature for at least 2 days. The dried powder sample was then
dissolved in acetonitrile and analyzed by a UV/vis spectrophotome-
ter (Thermo Fisher Scientific, Model HeAIOS Gamma Series). PLLA
and RP have well-characterized absorption bands with Amax values
of 211 4+0.5 and 325 + 0.5 nm, respectively, allowing for the accu-
rate determination of PLLA and RP concentrations. The amounts of
individual components in the particles were determined from the
corresponding absorbance standard curves generated by known
concentrations of PLLA and RP. The percentage of RP encapsulated
(RP loading) in the particles was calculated by means of the follow-
ing equation:

encapsulated RP(g)

RP loading (wt%) = PLLA(g) + encapsulated RP(g) x 100 2)

3. Results and discussion
3.1. Phase-behavior experiments of PLLA +RP in CO,

Cloud-point pressures of PLLA and PLLA+RP in supercritical
CO, were measured over a temperature range of ~50-100°C as
a function of PLLA and RP concentrations. Results are shown as
a pressure-temperature diagram in Fig. 3. Initially, the pressure
was taken to 340bar at ambient temperature, and then the cell
was heated at constant pressure until the polymer melted and
completely dissolved (at a temperature range of ~50 — 60°C). The
concentrations of PLLA used in this study were 0.1 and 0.3 wt%
because it was found that its solubility in supercritical CO, was
~0.4wt% at pressure and temperature up to 340bar and 100°C,
respectively. Consequently, the RP concentrations of 0.05 and
0.15wt% were chosen such that the ratios of RP and PLLA ranged
between 1:6and 1:2.1tisimportant to note that PLLA is significantly
less soluble in supercritical CO, than RP and, therefore, the poly-
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Fig. 3. Cloud-point curves for PLLA and PLLA +RP solutions in supercritical CO, and
RESOLV experiments for PLLA + RP supercritical solutions in relation to their relevant
cloud-point curves.

mer is the major component precipitated during decreasing the
system pressures just below the cloud-point curve, whereas the RP
remains dissolved within the solvent. As seen in Fig. 3, the measured
cloud-point curves show a typical lower critical solution temper-
ature (LCST) behavior, with the cloud-point slopes, (8P/8T)y, up to
2.8 bar/°C.The LCST curve is interrupted at lower temperatures due
to the solidification of PLLA and shifted toward higher pressures
when increasing the concentrations of PLLA and RP. It is possi-
ble that the phase-behavior of this ternary PLLA + RP + CO, system
exhibits multi-phase equilibria such as (i) LLV behavior especially in
the vicinity of critical point of CO, due to the liquid-liquid immis-
cibility of PLLA-rich and RP-rich phases and (ii) SLLV behavior at
low pressures due to the crystallization of PLLA. Therefore, the
phase-behavior of this ternary system could be very complicated.
Unfortunately, complete phase-behavior measurements of ternary

mixtures are rather scarce, and most studies have focused only on
portions of the liquid-liquid region. The cloud-point pressures of
a 0.1 wt% PLLA solution in supercritical CO, increased from 219 to
303 bar as the temperature increased from 49.2 to 101.2°C. The
pressures increased by ~40bar when increasing the concentra-
tion of PLLA to 0.3 wt%. The addition of RP at 0.05wt% increased
the cloud-point pressures of a 0.1 wt% PLLA solution by ~30bar
due to the presence of ternary solubility diminution of PLLA. This
depressed solubility could be attributed to (i) the decrease in vapor
pressure of low-molecular-weight PLLA due to the presence of lig-
uid RP in CO, [37] and (ii) the occurrence of LV phase equilibrium
for both PLLA + CO, and RP + CO, binary systems [38]. However, for
0.3 wt% PLLA, the cloud-point pressures were only slightly affected
by the increase in the RP concentration from 0.5 to 0.15 wt%. The
cloud-point pressures of a 0.1 wt% PLLA solution in CO, obtained
in this work are approximately 120 bar higher than those in a mix-
ture of tetrahydrofuran (THF) and CO, (20:80, w/w) reported by
Sane and Thies [7] due to the cosolvent effect of THF. Significant
increases in cloud-point pressures of PLLA in CO, solutions con-
taining ~20 wt% of a cosolvent (either chlorodifluoromethane or
dichloromethane) up to ~600-700bar were reported when the
polymer molecular weights increased to 2000, 50,000, and 100,000
[39,40]. Additionally, the solubility of low-molecular-weight PLLA
in CO, is lower than that of higher-molecular-weight fluoropoly-
mer poly(heptadecafluorodecyl acrylate) [4], but still relatively
higher when compared to that of other higher-molecular-weight
polymers such as poly(b,L-lactide-co-glycolide) [41], poly(methyl
acrylate), and poly(vinyl acetate) [42].

3.2. Formation of PLLA/RP nanoparticles using RESOLV

RESOLV experiments were carried out by directly expanding
PLLA +RP solutions in supercritical CO, at different experimental
conditions (see Fig. 3) into liquid receiving solutions containing
0.1 wt% stabilizing agent (F68, F127, SDS). The RESOLV processing
conditions included the degree of saturation (S) (varied by adjusting
Ppre), pre-expansion temperature (Tpre), and PLLA and RP concen-

Fig.4. FESEM micrographs of nanoparticles obtained from RESOLV of a 0.3 wt% PLLA +0.05 wt% RP solution in CO, with Tpre =70°C, Ppre =330 bar (S< 1) into aqueous receiving

solutions containing 0.1 wt% stabilizing agent: (a) F68, (b) F127, and (c) SDS.



234 A. Sane, ]. Limtrakul / . of Supercritical Fluids 51 (2009) 230-237

Fig. 5. PSDs measured from FESEM micrographs of nanoparticles obtained by
RESOLV ofa 0.3 wt% PLLA +0.05 wt% RP solution in CO, with Tyre =70 °C, Ppre =330 bar
(S<1) into aqueous receiving solutions containing 0.1 wt% stabilizing agent (F68,
F127, and SDS).

trations (Cpy1a, Crp). The S is defined as the ratio of the actual solute
concentration to the equilibrium concentration at pre-expansion
conditions (Tpre, Ppre).

3.2.1. Effect of stabilizers on dispersibility of PLLA/RP
nanoparticles

Because PLLA and RP are insoluble in water, aqueous solutions
were used as the receiving solutions. However, there was a severe
agglomeration of PLLA/RP particles in pure water owing to their
hydrophobic nature (see Fig. 1a and b). From our previous work,
the dispersibility of nanoparticles in a given receiving solution
depends on the wettability of the surface of nanoparticles to the
receiving solution [6]. The wettability of solid particles is affected
by the type of surfactants and surface tension of the aqueous sur-
factant solutions [43,44]. In addition, decreasing surface tension
of aqueous surfactant solutions usually provides improved wet-
ting properties. Therefore, appropriate stabilizing agents for the
PLLA/RP particle dispersion in this work had to be identified. F68,
F127, and SDS were chosen as stabilizers for RP-encapsulated PLLA
particles because F68 and F127 are nonionic, polymeric surfac-
tants, while SDS is a conventional anionic surfactant (Fig. 1c-e).
The stabilizer concentration of 0.1 wt% used in RESOLV was chosen
based on the typical concentrations used in aqueous dispersions
of nanoparticles and submicron-sized particles [25,45-47]. From
FESEM characterization, spherical nanoparticles with a diameter
(dp) range of ~35-90 nm and an average size (dp) of ~50+ 10 nm,
independent of stabilizer type (Figs. 4 and 5 and Table 1), were
reproducibly obtained by RESOLV of a 0.3 wt% PLLA +0.05 wt% RP
solution at Tpre =70 °C, Ppre =330bar, and S<1 (i.e., above the cloud-

Table 1

Particle sizes obtained from DLS and FESEM measurements of nanoparticles pre-
pared by RESOLV of a 0.3 wt% PLLA +0.05 wt% RP solution in CO, with Tpe =70°C,
Ppre =330bar (S<1) into aqueous receiving solutions containing 0.1 wt% stabilizing
agent.

Receiving solution  DLS FESEM
dy range (nm)  d, (nm)  d, range (nm)  d,, + S.D. (nm)
o 59-300 148 35-87 54 +9
01wt F68 342-800 531
0.1 wWt% F127 30-68 43 37-72 49 + 7
Swte 106-342 198
59-142 923 39-77 53 +£ 10
0.1 wt% SDS 164-531 310

2000-7460 4460

Fig. 6. PSDs from DLS analysis of stabilized nanoparticles prepared by RESOLV of
a 0.3wt% PLLA+0.05 wt% RP solution in CO, with Tpre =70°C, Ppre =330bar (S<1)
into aqueous receiving solutions containing 0.1 wt% stabilizing agent (F68, F127,
and SDS).

point curve). The obtained nanoparticles were in the forms of
individual particles and agglomerates (Fig. 4). Note that all the
particle sizes were statistically determined from multiple FESEM
images with the same magnification (60,000x) and the sharp-
ness (contrast and focus) of the images were adjusted to enhance
the particle-background and particle-particle boundaries before
the size measurements. For the sizes of primary particles within
the agglomerates, only partially overlapping particles were con-
sidered, while those with fully overlapping boundaries or uneven
brightness/contrast were manually excluded. When measuring the
hydrodynamic diameter (dj,) range and the mean hydrodynamic
size (d},) using the DLS technique, however, broader particle size
distributions (PSDs) were obtained and the size became dependent
on the stabilizer type, as shown in Fig. 6 and Table 1. The measured
hydrodynamic sizes ranged from 30nm to 7.5 wm with bimodal
and trimodal distributions. The particles stabilized in a 0.1 wt%
F127 solution were substantially smaller (30-68 and 106-342 nm)
than those suspended in 0.1 wt% F68 (59-300 and 342-800 nm)
and 0.1wt% SDS (59-142, 164-531, and 2000-7460nm) solu-
tions, indicating that the F127 is more effective for dispersing
the PLLA/RP nanoparticles in the aqueous solution. Because DLS
cannot be used to distinguish between individual particles and
agglomerates, unlike FESEM, the larger measured sizes obtained
from DLS were primarily due to the agglomeration of the PLLA/RP
nanoparticles. F68 was a less effective stabilizer than F127 because
slightly larger submicron-sized agglomerates were still present in
the suspensions. This could be explained by the surface tension of
receiving solutions, as the surface tension of a 0.1 wt% F68 solu-
tion (50 mN/m, 25 °C) is slightly higher than that of a 0.1 wt% F127
solution (41 mN/m, 25 °C) [48], thus providing less wettability and
dispersibility to the PLLA/RP nanoparticles. However, this trend
was not observed when using SDS as the particle stabilizer even
though a 0.1 wt% SDS solution possesses the lowest surface tension
of33 mN/m (25 °C)[49], indicating that steric stabilization provided
by nonionic polymeric surfactants is more efficient for stabilizing
the PLLA/RP nanoparticles than ionic stabilization by SDS. Accord-
ingly, F127 was chosen and used as the stabilizer for investigating
the processing conditions on PLLA/RP particle size, morphology,
and RP loading.

3.2.2. Effect of rapid expansion conditions on PLLA/RP
nanoparticles

To determine the effect of RESOLV processing conditions (i.e.,
S, Tpre, Crp, and Cppra) on size, morphology, and RP loading of
PLLA/RP particles, experiments were carried out by expanding
PLLA +RP solutions in supercritical CO, into 0.1 wt% F127 solu-
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Fig. 7. FESEM micrographs of PLLA/RP nanoparticles prepared by RESOLV of a 0.3 wt% PLLA +0.05 wt% RP solution in CO, with Tpre =70°C, Ppre =275bar (S>1) into a 0.1 wt%

F127 solution.

tions at different processing conditions (see Fig. 3). FESEM was
used to characterize the size and form of particles while UV/vis
spectrophotometry was used to determine the RP loading of the
particles. As shown in Table 2, PLLA/RP nanoparticles with the
average size ranging from ~40 to ~110nm were produced. The
effect of S was investigated by rapidly expanding PLLA +RP solu-
tions at Tpre =70°C and two different pressures (275 and 330 bar)
such that one solution was initially supersaturated (S>1) and the
other was subsaturated (S < 1), respectively. The nanoparticles with
an average size of 49+ 7 nm (Fig. 4b and Table 2) were obtained
when expansion of a 0.3 wt% PLLA +0.05 wt% RP solution occurred
from the unsaturated solution, while the particles with a bimodal
size distribution and two average sizes of 4547 and 106 £ 19 nm
(Fig. 7) were obtained when expansion occurred from the super-
saturated solution. The significant increase in the particle size
with S can be seen in Fig. 8. A similar trend was also obtained
in the cases of RESOLV of 0.1 wt% PLLA +0.05wt% RP and 0.3 wt%
PLLA+0.15wt% RP solutions, as shown in Table 2. The obtained
results are consistent with both (i) the phase separation kinet-
ics and (2) the classical nucleation theory and growth mechanism
[4,50] as follows. Larger nanoparticles (~110 nm) are formed when
RESOLYV is carried out such that the supercritical solution is super-
saturated at pre-expansion conditions because the solution has
already phase separated into polymer-rich and solvent-rich phases
upstream of the nozzle, leading to (i) the formation of liquid-like
droplets and even coalescence of the droplets and (ii) the nucle-
ation of the liquid-like droplets followed by growth process via
droplet diffusion and coagulation [9,50] until the solvent diffuses
out of the polymer-rich droplets to the continuous phase and the
formed structures solidify at sufficient pressure and temperature
quenches. Furthermore, the smaller nanoparticles (~40-60 nm) are
also present possibly due to the subsequent nucleation from the
solvent-rich phase when a sufficient pressure drop has occurred
upon expansion. On the other hand, only smaller nanoparticles
(~50-60nm) are formed when the expansion was initiated from

Table 2
Experimental conditions and sizes of PLLA/RP nanoparticles produced by RESOLV of
a PLLA +RP solution in supercritical CO, into a 0.1 wt% F127 receiving solution.

Couin (WE%)  Crp (WE%)  Tpre (°C)  Ppre (bar) S dy +S.D. (nm)

0.1 0.05 70 330 <1 48 +7
70 275 >1 4347,95+17

100 330 <1 5149

0.3 0.05 70 330 <1 4947
70 275 >1 45+7,106+19

100 330 <1 63+10

0.15 70 330 <1 56+ 10
70 275 >1 48+9,110+20

100 330 <1 62415

unsaturated conditions, suggesting that the nucleation does not
occur until a significant pressure drop has reached inside the noz-
zle or possibly not even until downstream of the nozzle. Our trend
is consistent with RESS works reported by Blasig et al. [4] and
Sane and Thies [7]. However, the PLLA/RP particles obtained from
RESOLV are considerably smaller than those fluoropolymer and
PLLA particles prepared by RESS, indicating that expansion into a
receiving solution effectively hinders the particle growth in the free
jet.

RESOLYV of unsaturated solutions of 0.1 wt% PLLA +0.05 wt% RP
at Tpre of 70 and 100 °C produced nanoparticles with average sizes
of 48+ 7 and 51 +£9nm, respectively (Fig. 9 and Table 2). How-
ever, changing the Tpre from 70 to 100°C slightly increased the
average sizes of the nanoparticles from 4947 to 63 +10nm and
56 +10to 62 4+ 15 nm when expanding the unsaturated solutions of
0.3 wt% PLLA+0.05wt% RP and 0.3 wt% PLLA +0.15 wt% RP, respec-
tively (Table 2). In addition, increasing Cpiia from 0.1 to 0.3 wt%
and Cgp from 0.05 to 0.15 wt% also yielded minor increases of par-
ticle sizes from 5149 to 63 +10nm (Tpre =100°C, Ppre =330bar)
and from 49 +7 to 56 + 10 nm (Tpre =70 °C, Ppre =330 bar), respec-
tively, as shown in Table 2. Both Tyre and Cgp influenced the extent
of nanoparticle agglomeration, as the agglomeration was found
to increase with Tpre and Cgp. Therefore, our results indicate that
Tpre, Cpra, and Cgp do not play a significant role in the deter-
mination of the size of PLLA/RP nanoparticles, consistent with
our previous work on RESOLV of fluorinated tetraphenylporphyrin
(TBTPP)[6]. However, the average size of those TBTPP nanoparticles
(28 £9nm) is considerably smaller than that of PLLA/RP nanopar-
ticles. This could be explained by the collision-coalescence theory

Fig. 8. PSDs of PLLA/RP nanoparticles prepared by RESOLV into a 0.1 wt% F127 solu-
tion of a 0.3 wt% PLLA+0.05 wt% RP solution in CO, with Tpre =70°C: Ppre =275 bar
(S>1)and Ppe=330bar (S<1).
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Fig. 9. FESEM micrographs of PLLA/RP nanoparticles produced by RESOLV into a 0.1 wt% F127 solution of a 0.1 wt% PLLA +0.05 wt% RP solution in CO; with Py =330bar

(S<1): (@) Tyre =70°C and (b) Tpre = 100°C.

Fig. 10. Influence of RESOLV processing conditions: (a) Tpre and S and (b) Cpia and Cgp on RP loading levels of PLLA/RP nanoparticles.

developed by Friedlander and co-workers [51-53] in which the
coalescence rate and the size of inorganic nanoparticles strongly
increase with the solid-state diffusion coefficient (Ds), as recently
applied to describe the growth of TBTPP and PLLA particles during
rapid expansion across the nozzle and traveling in the free jet by
Sane and Thies [6,7]. Since Ds o exp(—Tm/T) [54], decreasing abso-
lute melting temperature (T, ) at a constant absolute temperature
of particles (T) yields a rapid increase of the diffusion coefficient,
leading to higher particle coalescence rate and larger particles. Con-
sequently, the particles obtained from lower melting PLLA (120 °C,
and lower in the presence of liquid RP) are larger than those of
higher melting TBTPP (348 °C) because of the higher coalescence
rate of PLLA particles during rapid expansion across the nozzle
and traveling in the free jet before submerging under the receiving
solution.

The extent of RP encapsulated in PLLA nanoparticles produced
by RESOLV ranged from 0.9 to 6.2 wt%, depending on Tpre, S, Cpi1a,
and Crp (Fig. 10). An increase of Tpre from 70 to 100°C during
expanding a 0.1 wt% PLLA+0.05wt% RP solution at Ppre =330bar
(§<1) resulted in increasing the RP loading from 0.9 to 4.7 wt%
(Fig. 10a). Similar to the case of RESOLV of a 0.3 wt% PLLA + 0.15 wt%
RP solution at the same Ppye, the RP loading level increased from 3.2
to 6.2 wt% when increasing the Ty from 70 to 100 °C. This indicates
that the entrapment of RP in the PLLA nanoparticles is favored when
rapid expansion occurs at a higher Tpre. The increment of RP loading
could be attributed to the decreases in RP and PLLA solubility lead-
ing to the solute precipitation initiated at higher pressures during
expansion, the enhanced mass transfer between RP and PLLA com-
ponents, and the small increase in particle size and agglomeration
atthe higher Tpre. The trend of increasing RP loading with increasing
Tpre agrees with results from RESS of PLLA + phytosterol reported
by Tiirk and Hils [20]. In addition, the RP loading of nanoparticles

obtained from RESOLV of a 0.1 wt% PLLA + 0.05 wt% RP solution with
Tpre =70°C slightly increased from 0.9 to 2.0 wt% when increasing
the degree of saturation from S<1 to S>1 (Fig. 10a). Similar to the
case of RESOLV of a 0.3 wt% PLLA+0.15 wt% RP solution, increas-
ing the S resulted in the slight increase of the RP content from
3.2 to 4.1 wt%. Therefore, the S had less impact on the RP load-
ing than the Tpre. The smaller increase in the RP loading with the
S probably resulted from the supersaturated solution phase sepa-
rated (L-LL) before entering the nozzle [4], and PLLA-rich droplets
already formed, and even coalesced, within the CO,-rich phase
prior to expansion across the nozzle. As expected, the amount
of RP trapped in the PLLA nanoparticles reduced with increasing
Cpa While increased with increasing Cgp due to the availability of
individual components during the rapid expansion. As shown in
Fig. 10b, RESOLV at Tpre of 100°C and Ppre of 330bar (S<1) with
Crp of 0.05wt%, decreasing Cpja from 0.3 to 0.1 wt% resulted in
increased RP loading from 2.7 to 4.7 wt%. In addition, the encapsu-
lated RP increased from 2.7 to 6.2 wt% when increasing Cgrp from
0.05 to 0.15 wt%.

4. Conclusions

In this work, PLLA nanoparticles containing RP were successfully
produced in a single step using the RESOLV technique. F127 was a
more effective stabilizer for dispersing the PLLA/RP nanoparticles
than F68 and SDS.RESOLV into 0.1 wt% F127 solutions produced sta-
ble nanosuspensions containing mainly well-dispersed, spherical,
individual nanoparticles with an average size range of ~40-110 nm
and RP loadings of 0.9-6.2 wt%. The size of the PLLA/RP nanopar-
ticles increased with S, relatively independent of Tye, Cpria, and
Crp. The extent of RP encapsulated in the nanoparticles increased
with increasing Tpre, S, and Cgp while decreased with increasing
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Cpria- Theoretical studies based on these results are necessary to
better understand the relation between the processing conditions
and the RP loaded PLLA nanoparticles. Finally, RESOLV is consid-
ered as a promising technique for producing stable suspensions of
well-dispersed and uniform polymeric nanoparticles loaded with a
liquid compound, with the process being amenable to commercial
scale-up.
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Potential energy functions for Au(I)-nitromethane (NM, CH3NO,) and NM-NM interactions were calculated
by fitting analytical expressions to quantum chemically derived energies. These functions were then used in a
molecular dynamics simulation of one Au(I) cation in 499 nitromethane molecules in the NVT ensemble at
room temperature. A comparative simulation with a generic NM-NM potential energy function was also
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Complementary, cluster calculations on AuNM, were performed. The especially strong binding of
nitromethane in AuNM3™ and the validity of the pair approximation are discussed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

A renewed interest in the properties of gold ions [1] in non-
aqueous solution can be noticed and stems from various new
applications and problems. New applications of gold solutions in
nanotechnology and cluster science deal, for example, with gold
nanowires and with the catalytic properties of gold nanoclusters.
Many applications utilize the ability of gold to change easily between
the oxidation states 0, 1 and 3. Potentially useful nanostructures can
also be formed by self-assembly of ligands around gold ions. Gold
surfaces in contact with various solvents play an important role in
electrochemistry and in technology and, last but not least, gold is a
biocompatible metal. On the other side, gold — like other heavy metals
are — is an environmental liability. Since it is omnipresent in
electronics devices it has to be separated and recovered before
dumping or burning outdated boards and other scrap. Optimal pro-
cesses for retrieving gold under such circumstances are still under
investigation [2].

Gold exists in solutions predominantly as colloidal gold and as Au
(I) and as Au(Ill) cations. Au cations in both of these oxidation states
are normally complexed in solution and can easily transform or
disproportionate into each other with Au(IIl) being normally the more
stable and more strongly complexed oxidation state. Gold ions can also

* Corresponding author. Tel.: +43 6643244486.
E-mail address: michael.probst@uibk.ac.at (M. Probst).

0167-7322/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.molliq.2008.10.016

easily be reduced to neutral gold atoms which can form nanoclusters.
There exist a large number of experimental works on gold ions in
connection to nanotechnology but very few molecular dynamics
studies on solutions of gold ions have been performed, however. Farges
et al. [3] performed an EXAFS study on aqueous Au(lIll) chloride and
found that gold exists as AuX, complexes (X = Cl, OH) at higher and at
AuCly at lower pH values. Bryce et al. [4] studied gold(I) thiosulfate in
aqueous solution by means of EXAFS measurements and density
functional. They found a linear S-Au(I)-S coordination. Their calcula-
tions used a continuum model for the effect of water. Concerning
MD simulations of liquid nitromethane (NM) and the resulting pro-
perties we refer to arecent paper [5] where classical and Car-Parrinello
simulation results are compared with diffraction data. NM is one of
the good solvent of gold ions. Therefore this work investigate to study
the specific properties of Au(I)-NM,, cluster via quantum chemical
calculations and the behaviors of Au(l) in liquid NM by molecular
dynamics simulations.

2. Theory
2.1. Quantum chemical calculations

Most of our quantum chemical calculations were performed with
the LANL2DZ [6] basis set for Au and the D95V [7] basis set for N, O, C
and H. This choice of basis sets was motivated by the necessity of
including relativistic effects for Au and the requirement that the
LANL2DZ [6] basis set and ECP which is often used successfully for Au
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[2,8] must be combined with a same-quality basis for the lighter
elements. This also allows us to perform quantum chemical calcula-
tions on the larger clusters. As a method we employed Hartree-Fock
(HF) and MP2. Primarily because of the use of an ECP for the Au core
electrons, the BSSE (basis set superposition error) of the binding
energy at the HF level is small. For calculations at the MP2 level it was
found that after correcting for the BSSE, (which is larger than for HF),
both HF and MP2 binding energies are very similar, which is typical for
systems dominated by electrostatics. The method and basis sets as
mentioned above were performed to investigate the geometry,
electronic structure, and the binding energy of AuNM, clusters with
n=1-10. Because NM is a molecule with a high dipole moment
(4.6 debye) its electrostatic potential (Fig. 1) is divided into a positive
half-space (CHs3) and a negative one (NO;). This defines the
electrostatics qualitatively . The chemical aspects of the coordination
of Au(I) to NO, are discussed in paragraph 3 in detailed. All quantum
chemical calculations were carried out with the Gaussian 03 [9]
computer program.

2.2. Au"-NM and NM-NM potential energy surface

The Aut-NM and NM-NM intermolecular potential functions
were developed for investigating the dynamics of Au(I) in liquid NM.
We constructed an analytical pair potential for Au™-NM by fitting the
parameters of functions of the interatomic distances to energies
derived from quantum chemical calculations. Details of these
calculations were given in Section 2.1 above. Au(l) coordinates
(Fig. 2) were generated along straight lines around a rigid NM
molecule. In principle, it is not important how the conformation space
is sampled unless important parts of it are left out. The subdivision of
the sampling coordinates into straight lines only allows for an easy

Fig. 1. Electrostatic potential of NM (upper part) and the surface of zero ESP (lower
part).

Fig. 2. Positions of Au around NM used for the construction of the Aut-NM potential
energy function. The solid lines refer to movement of Au™. The numbers of the lines
refer to the energy curves in Fig. 5.

visualization of the potential energy in sets of distinct curves. The g;
partial charges of NM were taken from [10] as shown in Table 3, for
reasons of consistency (ga, =1 a.u.). The equation and its parameters
describing the Au™-NM potential energy surfaces were obtained
by minimizing the least-square deviation between the energies from
the analytical formula and their quantum-chemically calculated
counterparts.

We also calculated NM-NM energy surfaces at B3LYP/6-31 4+ G(d)
level and constructed a NM-NM potential energy function, in the
same way as described above. This served the purpose of providing an
independent check since the intermolecular part of the NM potential
energy function previously used for simulations of liquid NM [5,10]
was derived from physical data of crystals of triazines [11,12]. Its
accuracy is therefore difficult to judge and besides the issue of
transferability sometimes such potential energy functions are not
accurate for liquid state simulations where much more mutual
orientations of neighboring molecules play a role than in the
crystalline phase. We refer to this potential energy function subse-
quently as the ‘generic NM pair potential’. The charges g;; were fixed at
the values given in [10] in order of being able to use the Au-NM energy
function described above.

Fig. 3. Total ligand-cation binding energies defined as E=E(Au(NM),/ ) —E(Au™) —nE
(NM) in the Au(NM);" clusters with n=1 to 10. It can be seen that for n>4 the binding
energies in the tri- to deca-coordinated complexes increase regularly.
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Table 1
Atomic partial charge (NPA) and electronic configurations (NEC) of the atoms in NM, AuNM™" and AuNMS;". See text for details.

NM AuNM+ AuNM3

NPA NEC NPA NEC NPA NEC
Au 1.00 6s 0.00 5d 10.00 0.96 6s 0.08 5d 9.96 0.84 6s 0.4 5d 9.81
N 0.57 2s 115 2p 3.25 0.61 2s 116 2p 3.20 0.61 2s 1.2 2p 3.20
C —0.38 2s 112 2p 3.25 —0.37 2s 113 2p 3.23 —0.37 2s 11 2p 3.23
o* —0.48 2s 1.79 2p 4.67 —0.65 2s 1.77 2p 4.86 —0.63 2s 1.8 2p 4.52
(0] —0.40 2s 175 2p 4.64 —0.30 2s 175 2p 4.54 —0.28 2s 1.8 2p 4.85
H 0.23 1s 0.77 0.25 1s 0.75 0.25 1s 0.8
H 0.23 1s 0.77 0.25 1s 0.75 0.25 1s 0.8
H 0.23 1s 0.77 0.25 1s 0.75 0.25 1s 0.8

2.3. Molecular dynamics

We performed two MD simulations, one with the newly
developed potential energy function for the NM-NM interaction
and one with a previously published NM-NM potential energy
function taken from the literature [11]. The cubic box contained 499
rigid NM molecules and one Au™ cation. The boxlength of 35.561 A
corresponded to the volume occupied by 500 NM molecules at 300K
and atmospheric pressure. A continuous negative charge distribu-
tion was neutralizing the box. Periodic boundary conditions were
employed, together with the minimal image convention for the
short-range forces. For the electrostatic forces the Ewald sum-
mation was used. The simulation was performed in the NVT
ensemble at 300 K. A timestep of 0.5 fs was chosen and the
production run was performed for 77.5 ps after equilibrating the
system for 22.5 ps. Before that, several equilibration cycles at high
temperature with crude temperature scaling were employed to
relax the system.

3. Results and discussions
3.1. The Au-NM interaction

Despite a long history of applying quantum chemical theory and
calculations to gold-ligand systems some aspects of the energetics
and the bond-directionality of transition metal cation-ligand inter-
actions remain an interesting problem.

In some respect, Au(I)-ligand systems are simpler than most other
transition metal-ligand systems because Au(I) has a completely filled
d'-shell, like Cu(l) and Ag(l). Even on the Hartree-Fock level,
however, orbital effects are encountered: If NM ligands are added
subsequently into the solvation shell of Au(I), the second NM
molecule is about as strongly (or even slightly stronger, depending
on the method of calculation) bound than the first one. Such a

behavior is not found for singly charged alkaline ions where saturation
effects start right away and in fact the decrease

inc __ pinc inc
AEn - En - En -1

in the incremental binging energies
EM = E(Au(NM)n * ) - E(Au(NM);, 1) — E(NM)

is largest when going from one to two ligands (AEF). In other words,
for ‘purely electrostatic’ systems like alkali cations the binding energy
per ligand in the 1:1 complex is always more than the one in 1:2
complexes while for Au(I) the opposite is found, as Fig. 3 shows. The
natural bond orbital analysis (NBO, [13]) shows that no chemical bond
is formed between Au(l) and the coordinating oxygen atom of NM.
The charge transfer from one NM molecule to Au is 0.04e for AuUNM™
and 0.08e for AuNMS;". The Au 6s population in AuNMj3 ™ is 0.35e while
the 5d population decreases to 9.81e as shown in Table 1. A similar
small overall charge transfer with a large increase in density of the
highest s AO has been observed for Cu(I)/H,0 long ago by Rosi and
Bauschlicher. In two publications on this subject [14,15], they show
(their Tables III and I, respectively) the increase in 4s density in Cu
(H20)3". These authors already give a probably correct reason for the
nonadditive behavior. They state that even without forming a bond,
the mixing of s'-d° into the wavefunction reduces the Cu(l)-O
repulsion, thus allowing the ligand to approach closer. In the linear O-
Cu(I)-0O system the cost of the s-d mixing is shared between two
ligands, offsetting the usual saturation effects. The same argument
can be applied to Au(l). It is known [8,16] that, due to relativistic
effects, the 6s-5d splitting in Au is much smaller than in Ag or Cu (in
fact, the color of gold results from this [16]. These effects cause a
lowering of the 6s and an increase of the 5d energy, thus facilitating the
s—d mixing. The interaction of Au(I) with one and two water molecules

Fig. 4. Geometries of Csh-symmetric (left) and fully geometry-optimized (right) AuNMZ, together with Au-O distances (A).
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Table 2
Atomic partial charges (NPA) and 6s and 5d populations (NEC) of Au in AuNM3:
geometry-optimized (left) and forced Csh-symmetric structure (right).

AuNM3 (opt. geom.) AuNM3" (C3h geom.)
NPA NEC NPA NEC
0.86 6s 0.30 5d 9.83 0.91 6s 0.13 5d 9.94

has also recently been investigated [17] by Lee and coworkers. Their
interpretation uses the same arguments but is more involved.

In some sense, therefore, the non-additivity discussed above is a
relativistic effect. Non-relativistic quantum chemical calculations on
Au are not recommended. Relativistic calculations on Au are not per se
a problem, since the main effects like mass-velocity and Darwin are
already well dealt with by using an atom-derived relativistic effective
core potential like [6] and only for very accurate results high-level
calculations that solve the full-electron Dirac equation are necessary.

This situation is further illustrated by comparing the fully
geometry-optimized AuNM3 complex with one in which Csh
symmetry is enforced. In the former, one O-Au-O angle is nearly
linear and the Au-O distance to the third oxygen is considerably
longer (Fig. 4). There linear O-Au-0 arrangement goes together with
a 6s population of 0.30e compared to 0.13e in the C3h complex (Table 2).

In order to see if this highly nonadditive behavior for low
coordination numbers has consequences for larger complexes, we
performed geometry optimizations on AuNM,, with 1<n<10. From
the interaction energies (Fig. 3), it can be seen that for n>3, the
energetics resemble a low charge-density cation like K. Despite of
the large value of AE™ for n=1, NM molecules beyond n=2 are also
bound in the first shell because they increase the overall binding
energy. This justifies the construction of a pair potential like normally
used for large, singly charged cations without problems. Its construc-
tion is outlined in Section 2.2. One might argue that nevertheless it has
to be differentiated between the first two NM molecules and the rest
in the sense that larger clusters AuNM;™ consist of AuNM3™ solvated by
n—2 more loosely bound NM molecules. However, one sees that in
AuNM3 the energy of the trigonal planar geometry (Fig. 4) is only
slightly higher than the T-shaped one and for n=4 the tetrahedral
arrangement is already 2 kcal/mol more stable than the square planar
one. Therefore AuNM3 should not be considered as an ‘inert core’,
dynamical considerations notwithstanding. The AuNM;! clusters were
all optimized without constraints. Up to n=38 they are compact and
even the AuNM{; cluster shows not two solvation shells but eight
shorter (4.02 A) and two longer (~5.11 A) Au-O distances in a capped
double prism typical of coordination number 10. Therefore, even
without taking into account the pV term which in condensed phase
systems makes ‘spongy’ structures less favourable, a high coordination
number of Au(I) in NM can be expected. We should mention that at
least for the gas phase this is different to the Au(I)/H,0 system where
calculations indicate that more than two water molecules build a
second shell [18], partially due to the larger water-water interaction.
Finally it should be mentioned that a recent combined experimental
and theoretical study [19] on Cu/H,0 and Ag/H,0 hydration in the gas

Table 3
Charges and fitted parameters (kcal/mol and A) for the Au™-NM pair potential.

q A B C D
C —0.305 8905.8000 —19,646.0000 166,150.0000 3.1885
H 0.146 650.5703 —149.5139 81.1500 1.0576
N 0.821 0.0044 235.6198 2500.2000 1.8507
(0] —0.477 11,814.0000 —10,535.0000 69,080.0000 31399

See text for explanations.

Fig. 5. Au-NM interaction: Quantum chemical (x) and fitted (solid lines) energies. The
numbers 1-8 refer to Fig. 2.

phase showed that the situation for Cu™ is similar to the one
encountered for Au™t while the d/s gap in Ag™ is much larger.

We can conclude that the quantum chemical cluster calculations
indicate that, despite the peculiarities of the Au(I)-NM interaction,
MD simulations with pair-additive potentials are justified for the
condensed phase.

Fig. 6. Fitting accuracy of the Au™-NM potential (upper part) and the NM-NM potential
energy function (lower part).
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Fig. 7. Au™-NM Potential energy according to Eq. (1) in the Cs plane of NM (right) and 2 A above (left). Energies in kcal/mol and x/y coordinates in A.

Fig. 8. Comparison of the atom-atom terms of our (solid lines) and the generic (dashed lines) NM-NM potential energy functions.



N. Injan et al. / Journal of Molecular Liquids 147 (2009) 64-70 69

Table 4
Values of the parameters of the analytical NM-NM pair potential expression (Eq. (2)).
J k A B C
C C 23,563.0 0.0 —1112.2000
C H 0.0 0.0 146.5868
C N 12,299.0 0.0 —548.6524
C 0 0.0 2375.6 —844.1313
H H 0.0 0.0 9.7094
H N 0.8246 0.0 64.1848
H 0 0.0 0.0 93.0748
N N 0.0 0.0 323.2490
N (0] 3104.0 0.0 —87.7924
(0] (0] 270.4317 1366.2 —353.2470
Energies in kcal/mol and distances in A.
3.2. Au™-NM potential energy surface
We used the analytical energy expression:

CH3NO,-Au * 8 6

Vi » = > a/1 + A/ Tk + By /g + Cexp(=Dr) (1)

keNM

for explaining the Au™-NM intermolecular potential. The powers of r
of —8 and —6 in Eq. (1) do not have special physical significance but
they gave a slightly better fitting than other combinations. These two
terms in take care for the steep short-range parts while the
exponential term models the shallow potential at medium distances.
The values of the parameters A to D were obtained from the fitting
calculations as described in Section 2.2. The values of the parameters
are given in Table 3.

In Fig. 5, we show the fitted energy together with the ab-initio
data. The fitting accuracy (Fig. 6) is generally good.

Fig. 9. Au-NM radial distribution functions from the simulation utilizing the newly
constructed NM-NM potential energy function.

Table 5
Characteristic values of the radial distribution functions for the Au*-nitromethane
system with the (a) new and (b) generic NM-NM potential energy functions.

Pair  1st shell 2nd shell

T'max g(rmax) T'min g(rmin) "(rmin) T'max g(rmax) T'min

g(rmin) r’(rmin)

(a)

Au-O 262 1286 342 011 896 452 247 507 0.51 18.88
Au-N 3.77 1157 467 007 9.01 872 136  10.06 0.73 4937
Au-C 477 535 552 027 944 772 139 926 0.84 37.87
Au-H 467 189 617 057 3243 762 112 956 090  121.01

(b)

Au-0 2.62 1344 352 0.08 984 462 2.69 517 0.37 20.48
Au-N 3.77 1256 492 0.06 10.00 847 134 991 0.69 47.96
Au-C 4.67 539 592 0.14 1060 767 1.53 1016 0.72 49.34
Au-H 4.62 198 617 0.52 3386 822 125 9.61 0.89 125.24

Fig. 7 shows a contour plot of two cuts through the analytical
Au-NM potential energy surface according to Eq. (1), in the symmetry
plane of NM and 2 A above it.

3.3. NM-NM potential energy surface

Our own pair potential energy expression for the NM-NM
interactions is a polynomial in 1/r
1/CHaNO, ~CH3NO,

8 5 4
fit = > > ay/r +Ap/ T + B /17 + Ci/ 1y (2)
JjeNM1 keNM2

Fig. 8 shows that Eq. (2) provides a reasonable reproduction of the
NM-NM interactions. Due to the higher dimensionality of the NM-NM
system compared to the NM-Au system (6 internal degrees of
freedom versus 3), much several thousand energy points had to be
calculated and we do not show the various potential energy curves
here. The number of non-zero parameters (Table 4) for the ten atom
pairs is not overwhelming. Again, the atomics charges in the NM
molecules were not changed.

A comparison between the two potential energy functions in terms
of the various atom-atom pair terms is given in Fig. 8. Since the partial
charges are the same in both cases, the electrostatic contributions
were excluded. Our potential energy function is given in Eq. (2) while

Fig. 10. Typical configuration of NM around Au™.
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the generic one [10] uses an exp(— r) term for the repulsion and anr— ¢

term for attractive interactions beside the electrostatic terms.

Two main differences are present: In all curves the exp(—x) term
leads to a steeper repulsive part. This is a consequence of the values of
the parameters and not of the functional form since r—2 is infinite for
r=0 while exp(—r) terms are finite. Further, all terms in the generic
potential exhibit no or only extremely shallow minima, in contrast to
the pronounced minimum for C-N in our potential energy function.
Due to the fact of the completely different ways in which both energy
expressions were derived, detailed comparisons are difficult but it can
be safely stated that the generic expression acts as a ‘soft sphere plus
coulomb’-type of potential. The largest deviations between both
potential energy functions can be seen for C-N and C-C. These centers
are, however, shielded by hydrogen atoms and not in close contact
with each other.

Since it also turned out (see below) that the MD results from both
Sorescu's [10] and our potential energy function are very similar to
each other, one can conclude that electrostatic interactions dominate
also in our model and the softer repulsive part plays a minor role.

3.4. Molecular dynamics simulation

The trajectory was analyzed in terms of radial distribution
functions (RDFs). Fig. 9 shows all Au-NM pair correlation functions.
The characteristic values of the RDFs are listed in Table 5. There the
running integration numbers n,,, defined according to

nyy(r) = 4mp, / 0 P, (r)dr 3)

are also given. All RDFs with the exception of ga,_y have one sharp
first peak that goes down to near zero after its maximum. The splitting
of gau_y might be an artifact from the rigidity of our NM model. The
number of N atoms under the first peak is about 10 for the generic NM
pair potential energy function [11] and 9.01 if our new one is used.
Such a difference — even if the Au-NM interactions are the same in
both potentials — is not surprising. These respective values for na,_o
are consistent with the values for na,_.c and na,_n. Such a large
solvation number is a consequence of the large distance (2.62 A) at
which gay_o has its maximum. The second O atom of the NM
molecules is found under the second peak of ga,_o at distances of
about 4.62 A. Consequently, nay_o is 18.88 (our potential) and 20.48
after this second peak. This is somewhat remarkable since the
attractive potential at the site of one O atom and between two O
atoms is similar (Fig. 7) and the quantum chemical details that might
lead to a preference of coordination to a single oxygen (Section 3.1)
are, of course, absent in our simple pair potential. Looking at the
conformations (a typical snapshot is plotted in Fig. 10) one sees,
however, that the more distant O atoms can interact favorably with
the electropositive methyl groups, thus allowing for the crowded
solvation shell. As mentioned above, virtually identical results for
RDFs, coordination numbers and typical geometries are obtained if we
use the NM-NM potential from [11] instead of the newly constructed
one.

4. Summary
Energetic and geometric features of various gold(I)-nitromethane

clusters were calculated and discussed in the light of the peculiar
properties of Au(I). Ab-initio pair energy surfaces for Au(I)-NM and

NM-NM were derived by fitting simple analytical functions to
quantum chemically calculated energies. These functions were then
used to perform a molecular dynamics simulation of one Au(I) cation
in 499 nitromethane molecules in the NVT ensemble at room
temperature. A comparative simulation with an older, generic NM-
NM potential energy function was also performed and gave nearly
identical results with respect to the analyzed quantities. The first
solvation shell around the gold ion consists of 9-10 nitromethane
molecules with a distance of about 2.6 A for the first and about 4.6 A
for the second O atom to Au™.
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We studied the adsorption of neutral M, charged M, and M, dimers (M = Cu, Ag, Au) on the pristine single-
walled carbon nanotubes (SWNTs) as well as on the Stone—Wales and vacancy sites by means of the B3LYP/
6-31G (d,p) hybrid density functional method. Our results for neutral metal atoms on the pristine and defective
SWNTs agree very well with previous periodic calculations. The binding affinity trend of metal species toward
the pristine and defective SWNTs is in the order of Mt > M~ > M. This implies that the transfer of electron
density between metal species and the nanotubes, the electrostatic attraction, and the Pauli repulsion play an
important role in the M—SWNT system. From the Mulliken population analysis, the transfer of electron
density induces a positive charge of the metal species and a negative charge of the carbon atoms of nanotubes.
As far as the adsorption energy is concerned, the metal species are likely to deposit on the defect site, particularly
on the vacancy site, rather than on the pristine tube. To explore the reactivity of the M—SWNT complexes
which can serve as a gas sensor as well as a catalyst, the interaction between a CO molecule and a metal
atom deposited on the atomic vacancy was also examined. We also found that the adsorption energy per
atom decreases from the metal atom to metal dimers in line with the fact that metal—metal cohesion dominates
over metal —-SWNT interaction. Finally, based on calculated interaction energies, dimerization of adsorbed
atoms on the defect sites is not particularly favored compared to dimerization on the pristine tube except for
that of Ag and Au atoms on the vacancy site.

1. Introduction

Single-walled carbon nanotubes (SWNTs)!? have attracted
a great deal of interest due to their unique structural, electrical,
and mechanical properties.>”” They have been the focus of many
recent studies on sensor materials, optics, catalysts, and nano-
electronic devices.3™!” The electronic properties of the SWNTs
depend on the structure and chirality of the nanotubes, resulting
in a semiconducting or metallic nature. However, these proper-
ties can be modified by metal doping or functionalization of
the nanotubes. Recently, various transition metal atoms have
been doped and decorated on the sidewall of SWNTs to
investigate the reactivity and the characteristic of such
complexes?®~2 as well as to developing novel techniques for
the decoration of SWNTs with metal nanoparticles.?*~** These
are of particular interest as the metal atom and metal-nanopar-
ticle-decorated SWNTs exhibit high sensitivity, being able to
detect the presence of gases at concentrations below the order
of parts per million (ppm), and high reactivity materials. For
example, Rh-decorated SWNTs were found to bind strongly
with the NO, molecule at low temperature (200 K).3! After some
modifications, this material can be considered as a CNT-based
sensor for detecting NO, at room temperature.

*To whom correspondence should be addressed, inntam @ gmail.com.
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The interaction between transition metal atoms and SWNTs
has been investigated through experimental and theoretical
approaches.!>182072232742 Dyroun et al.?? systematically studied
the adsorption of 23 transition metal atoms on the perfect (8,0)
and of 4 transition metal atoms on the perfect (6,6) SWNTs.
They found that the interaction of two species depends on the
hybridization between the p, orbital of carbon and the d orbitals
of transition metals. Also, various kinds of defects found in the
SWNTs, e.g., vacancies, Stone—Wales (SW), dangling bonds,
and rehybridization,**~* can affect the properties of nanotubes
and the nature of transition metal adsorption as reported by Yang
et al.* They studied theoretically the adsorption of the Ni atom
on the perfect and defective (5,5) and (10,0) SWNTs. It was
reported that the presence of defects enhances the interaction
between Ni and SWNTs, especially the single vacancy. Nev-
ertheless, most theoretical studies of SWNTSs and transition
metals have focused either on the pristine tube or neutral metal
atoms. Studies on the interactions of charged metal atoms, both
of cation and anion species, as well as the small metal coinages
have not been reported. The fundamental knowledge based on
the interaction of charged metal species and small metal clusters
on the sidewall of SWNTs is crucial. The results can provide
an in-depth understanding of the nature of transition metal—
nanotube interaction for producing metal nanoparticles with
controlled sizes and shapes as well as for fabricating functional
nanodevices.

In this article, we study systematically the interactions of the
neutral metal atom M, metal M cation, and metal M anion (M
= Cu, Ag, and Au) on the sidewall of (5,5) SWNTs using a
density functional theory at the B3LYP level of calculation. To

10.1021/jp109098q  © 2010 American Chemical Society
Published on Web 11/19/2010
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Figure 1. Sketches of the cluster models of SWNTs: (a) the pristine
SWNTs (CigoHag), (b) the Stone—Wales defect (CjooHag), (c) the
vacancy defect (CooHyy).

elucidate the influence of the defect sites on the adsorption of
such metal species, the metal deposition on the pristine and
intrinsic defective SWNTs, vacancy, and Stone—Wales (SW),
is considered. Also, the adsorption of metal dimers (Cu,, Ag,
and Au,) on such sites is investigated for inspecting the initial
stage of metal deposition on the sidewall of SWNTs. Moreover,
this study can provide us the preferred adsorption site and stable
geometries of deposited metal atoms and metal dimers, the
nature of the metal-SWNTSs bonding, and the propensity of
adsorbed species to aggregate or to form metal dimers in the
presence of vacancy and SW defects on the sidewall of SWNTs.
It is believed that a fundamental understanding obtained by this
work is of particular importance for fabricating hybrid
metal —-SWNT materials and for manufacturing chemical sensors.

2. Computational Details

In this work, the armchair (5,5) SWNTs were employed for
exploring the adsorption of metal atoms and metal dimers. A
quantum cluster model consisting of 100 carbon atoms of the
nanotubes with H atoms capped at the ends of the fragment
were applied to represent the SWNT structure, resulting in a
Ci00Hyo cluster model. These capped H atoms were used to avoid
dangling bonds at the open ends. For the defective SWNTs,
the Stone—Wales (SW) and atomic vacancy defects were
generated by modifying the pristine C;goHyo cluster model as
shown in Figure 1. The SW defect creates a pentagon and

Inntam and Limtrakul

TABLE 1: Calculated Bond Lengths r. (M—M) (pm) and
Dissociation Energies Per Atom D, (kcal mol !/atom) of Free
M, Dimers (M = Cu, Ag, Au)

re M—M) D,
M, symmetry ground state calcd exptl caled exptl
Cu, D..p, >, 202.4 222¢ 256 23.2¢
Ag, D..p, >, 261.6 248,253 174 19.1°
Au, D..p, >, 256.8 247¢ 21.8  26.5¢

“ Reference 51 ” References 52 and 53.

heptagon pair by rotating a C—C bond in a hexagon by 90°.
The atomic vacancy is formed by removing one carbon atom
of the hexagon, consequently yielding a CooHy cluster model.
After geometry optimizations of such cluster models, the stable
complexes were employed for studying the adsorptions of metal
species, metal dimers, and a CO molecule on the sidewall of
SWNTs.

All calculations were performed based on the density
functional theory (DFT), employing Becke’s three-parameter
hybrid exchange functional combined with the Lee, Yang, and
Parr correlation functional (B3LYP)*’*3 method implemented
in a Gaussian 03* program. The basis sets used in the
calculation were 6-31G(d,p) for C, capped H, and Cu atoms.
The relativistic effective core pseudopotential of Hay and Wadt
was employed for Ag and Au atoms.”® Spin-unrestricted
calculations were performed for all open-shell systems.

Adsorption energies, E,, presented in this study were
calculated with respect to the sum of the corresponding spin-
polarized ground-state energy of a free metal species, M; or
M,, in its equilibrium geometry and the energy of the relaxed
cluster models as follows

E, = E[M,—SWNTs] — E[SWNTs] — E[M,] (1)

where E[M,—SWNTs] is the total energy of the metal atom
(M) or dimer (M,) adsorbed on the pristine or defective
SWNTs, E[SWNTs] is the total energy of either pristine C;ooHa
or defective SWNTs, E[M,] is the total energy of the corre-
sponding free metal species, M; or M,. As we focus on the
structural properties of various metal species deposited on the
SWNTs as well as the dimerization of adsorbed metal atoms,
the basis set superposition error (BSSE) was neglected for this
study. All optimized geometries were confirmed by frequency
analyses at the same level of calculation.

3. Results and Discussion

3.1. Metal Dimers. Free metal dimers (Cu,, Agy, and Au,)
with a singlet ground state ('=*,) were characterized by the
density functional theory (DFT) calculation. Their experimental
bond lengths’! are 222, 248 (253%233), and 247 pm for Cu,, Ag,,
and Au,, respectively. The corresponding experimental dis-
sociation energies (D.)! are 23.2, 19.1, and 26.5 kcal mol™!/
atom. Our calculated bond lengths and dissociation energies of
these metal dimers are documented in Table 1. For the Cu,
dimer, the bond length is about 20 pm shorter than the
experimental value and consequently shows the overestimated
dissociation energies. The calculated bond lengths of Ag, and
Au, employing the ECP of Hay and Wadt somewhat overes-
timate the experimental values reflecting the underestimated
dissociation energies.

3.2. Adsorption of Neutral Metal Atoms on the Sidewall
SWNTs. In this study, the adsorptions of neutral Cu, Ag, and
Au atoms on both the pristine and defective SWNTs, Stone—
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TABLE 2: Calculated Parameters (bond lengths in pm, atomic charges ¢ in electrons, and adsorption energies E,4; in kcal
mol ') of Adsorption Complexes Concerning the Neutral Metal Atom M Deposited on the Pristine and Defective SWNTs

pristine SWNTs

defective SWNTs

metal Cl()()Hz() cluster Stone—Wales (Cl()()Hz()) vacancy (ngHz())

r(M—Cyy)? Cu 203.6, 206.2, 210.5 196.7, 199.0 183.2, 185.7, 190.0

Ag 345.3,363.6, 365.4 240.5 212.0, 220.6, 220.8

Au 273.5 218.5 200.6, 204.1, 210.7
am® Cu 0.27 (—0.34, —0.31, 0.09) 0.46 (—0.44, —0.43) 0.48 (—0.23, —0.33, —0.28)

Ag —0.06 (0.01, 0.01) 0.00 (—0.31) 0.29 (—0.20, —0.19, —0.22)

Au —0.22 (—0.14, 0.06, 0.05) —0.10 (—0.46) 0.58 (—0.36, —0.36, —0.34)
Eqqs Cu —40.9 —53.8 —131.3

Ag —0.5 —4.0 —10.8

Au —4.0 —15.0 —26.3

“Distances between the metal atom M and nearby Cg, atoms. ® Charges of the metal atom M. Values in parentheses are the charges of

nearby Cg, atoms.

Wales (SW), and vacancy sites, are investigated. The various
positions of the metal atoms deposited on the sidewall of
SWNTs, cf. Figure 1, were considered for investigating the most
stable geometry. For the atomic vacancy site as shown in Figure
1c, the most stable geometry of the CooHyg cluster was found
to present a pentagon—enneagon defect. This defect was formed
by the recombination of two dangling bonds which were
generated after a removal of a Cg, from the C,ooH,o cluster.
This result agrees very well with previous theoretical studies.”>*
Our calculated parameters concerning the most stable adsorption
complex are summarized in Table 2.

For adsorption on the pristine SWNTs (C;oHa cluster), we
found that the Cu and Ag atoms preferred to adsorb over the
C—C bond tilted to the tube axis (bridge site) while the Au
atom adsorbs directly above the surface carbon atom, Cy,, (on-
top site). The distances of Cu—Cy, (203.6—210.5 pm) are
shorter than those of the Au—Cs, (273.5 pm) and the Ag—Cy,,;
(345.3—365.4 pm). This indicates that the Cu atom interacts
strongly with Cg,, atoms of the hexagon rather than the Ag and
Au atoms. These results correspond with their adsorption
energies, E,q. The calculated adsorption energies of Cu, Ag,
and Au atoms are —40.9, —0.5, and —4.0 kcal mol™, respec-
tively. The different interaction of these three metal atoms can
be explained by the transfer of electron density from the metal
atom to nanotubes. On the basis of the Mulliken population
analysis, the Cu atom exhibits strong positive charges (+0.27
e) while Ag and Au atoms are —0.06 e and —0.22 e,
respectively. This implies that there are more electrons transfer-
ring from the Cu atom to the nanotubes which results in the
stronger interaction. On the other hand, the Pauli repulsion
weakens the interaction between the nanotubes and the metal
atoms, particularly for the 5d metals (Au atom). Recently, the
adsorption of the Cu atom on the armchair (5,5) SWNTs was
studied by Zhang et al.’® using the PBE functional®’ with the
DNP basis set. Their calculated adsorption energy is —28.1 kcal
mol~! for the adsorption on both of the bridge and on-top sites.
However, the most stable adsorption complexes found in this
study were not considered in their work. Therefore, the
differences of Cu—Cy, bonds as well as the functional consid-
ered cause a significant variation of adsorption energy. In
addition, our results are in agreement with the previous periodic
calculation studied by Durgun et al.®® The interaction of the
Au atom on the sidewall of pristine (6,6) SWNTs was reported
to be —6.9 kcal mol™!. Khongpracha et al.** investigated the
Au atom adsorbed on the tip of a single-walled carbon nanohorn
(SWNH) as well as on the tip of single-walled carbon nanotubes
(SWNTs). The calculated adsorption energies with the PBE
functional®’ are —10.8 and —16.2 kcal mol™' for SWNH and

SWNTSs systems, respectively. These values are more stable than
our work due to the different functional and the curvature effect.
The interaction of the metal atoms was found to be even stronger
on the SWNTs with high curvature.”

For the interaction between the metal atoms and the defective
SWNTs, both of the Stone—Wales (SW) and the vacancy site
were found to be the more favorable adsorption site rather than
the pristine SWNTs. On the SW defect, the pyramidalization
angle of the Cy, atom was reported to play an important factor
for governing the interaction with the metal atoms.*® In this
study, the Cu atom bonded to two Cg,, atoms which involved
the highest pyramidalization angles with distances of 196.7 and
199.0 pm (cf. Figure 2). The adsorption energy was calculated
to be —53.8 kcal mol~!. In contrast to the adsorption complex
of Cu, Ag and Au atoms bonded over a C, atom of the
nanotubes. The Ag—Cy,, and Au—Cg,, distances are 240.5 and
218.5 pm, respectively. The corresponding adsorption energies
were estimated to be —4.0 and —15.0 kcal mol ™!, Interestingly,
the atomic adsorption on the vacancy site of SWNTs is even
stronger than that on the SW defect for all metal atoms. We
observed that the metal atoms prefer to be adsorbed above a
position in which a C,, atom was removed and form bonds
with three nearby Cy,, atoms of the nanotubes. These three Cy,;
atoms with dangling bonds are unstable and prefer to bond with
the metal atom. Again, the interaction of the Cu atom on the
vacancy site is stronger than that of the Au and Ag atoms,
respectively. As one can see from Table 2, the Cu—C, distances
are 183.2, 185.7, and 190.0 pm, which are shorter than those
of the Au—C, (200.6, 204.1, and 210.7 pm) and Ag—Cy,
(212.0, 220.6, and 220.8 pm). The estimated adsorption energies
corresponding to Cu (—131.3 kcal mol™!), Au (—26.3 kcal
mol™!), and Ag (—10.8 kcal mol™!) are in accordance with the
metal —Cy,, distances. Our Cu—Cg, distances are similar to the
work of Zhuang et al.?* using the GGA functional in combina-
tion with periodic calculations. However, our calculated adsorp-
tion energy is more stable by ~356 kcal mol™! (~43%). The
formation energy of the vacancy is also different from our result,
being more stable than their result by ~49%. This is probably
due to the difference of the exchange-correlation functional.
They also employed the spin-polarized projector augmented-
wave (PAW) method for describing the electron—ionic core
interaction. The E,q values of the metal atom on the vacancy
site are about twice as strong as those on the SW defect. The
M—C,, distances from the adsorption complex on the vacancy
site are also shorter than those on the SW defect and the pristine
SWNTs. Moreover, the Mulliken population analysis confirms
that the transfer of electron density from the metal atom to
nearby Cg, atoms is greater in the defect sites. Therefore, we
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Figure 2. Adsorption complexes of M (M = Cu, Ag, and Au) species deposited on the SWNTSs: (a) the pristine SWNTs (C;00Hz); (b) the Stone—Wales

defect (C00Ha0); (c) the vacancy defect (CogHyp).

TABLE 3: Calculated Parameters (bond lengths in pm, atomic charges ¢ in electrons, and adsorption energies E,4s in kcal
mol ') of Adsorption Complexes Concerning the Metal Cation M Deposited on the Pristine and Defective SWNTs*

pristine SWNTs

defective SWNTs

metal CiooHy cluster Stone—Wales (C;0oH,0) vacancy (CooHap)
r(M—Cgyp) Cu® 200.5, 202.5, 205.9 196.6, 198.3 183.6, 183.8, 189.9

Ag® 239.5,278.7 229.1 209.4,210.1,217.3

Aut 221.4 214.1 200.7, 201.2, 209.5
qm Cu® 0.65 (—0.35, —0.34, 0.09) 0.58 (—0.45, —0.45) 0.54 (—0.25, —0.26, —0.32)

Ag" 0.30 (—0.34) 0.26 (—0.39) 0.39 (—0.22, —0.28, —0.33)

Aut 0.05 (—0.48) 0.08 (—0.50) 0.68 (—0.36, —0.36, —0.37)
E.qs Cu® —130.8 —154.4 —210.0

Ag" —62.3 —176.0 —-71.3

Aut —102.8 —121.5 —128.4

@ See Table 2 for the definitions.

conclude that the metal atoms prefer to adsorb on the defect
sites, particularly on the vacancy, rather than on the pristine
SWNTs.

3.3. Adsorption of Charged Metal Species on the Sidewall
SWNTs. In order to describe the metal particles aggregation
procedure such as the electroless deposition on the sidewall of
SWNTs, the interactions of metal cation and metal anion species
on the pristine and defective SWNTs were investigated. The
results of these metal species are listed in Table 3 and Table 4.
Most of these adsorption complexes are similar to those obtained
from the neutral metal complexes as shown in Figure 2.

When the interactions of neutral metal atoms are compared,
it is clear that all the metal cations bind quite strongly on the
pristine and defective SWNTs. The strong interaction is in
accordance with the shorter M—C,,, distances as well as the
more positive charges of the metal. For the pristine tube, we
found that the Cu' ion interacts on three Cg, atoms with
distances of 200.5, 202.5, and 205.9 pm, which are shorter than
those of the neutral Cu complex by about 3—4 pm. Therefore,
the interaction of the Cu™ ion and the Cy, bearing negative

charge is stronger than that of the neutral Cu complex system.
This greater electrostatic interaction contributes to the strong
adsorption energy of the Cu® complex, —130.8 kcal mol .
Similar results are also obtained for the adsorption of Ag* and
Au' ions. The Agt and Au" ions interact directly on top of the
Cqur atom with distances of 239.5 and 221.4 pm, respectively.
As expected, the adsorptions of Ag' and Au™ species on the
pristine SWNTs are more favorable than those for the neutral
Ag and Au atoms. The estimated adsorption energies of Ag™®
and Au™ ions are —62.3 and —102.8 kcal mol ™!, respectively.
For the adsorption on the SW defect, the metal cation binds
strongly on the SW defect rather than on the pristine tube. The
adsorption complex of the Cu™ ion corresponds to the deposition
on the bridge site with strong Cu™—Cj,, bonds (196.6 and 198.3
pm) whereas the adsorption complexes of Ag™ and Au™ ions
are similar to those of the pristine SWNT system. The distances
between the metal and Cj,, shorten by about 5, 10, and 7 pm
for the Cu™, Ag™ and Au™ ions, respectively. Consequently,
the adsorption energies are more stable by about 18—22% (Cu™,
—154.4; Ag™, —76.0; Aut, —121.5 kcal mol™!). The interaction
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TABLE 4: Calculated Parameters (bond lengths in pm, atomic charges ¢ in electrons, and adsorption energies E,4; in kcal
mol ') of Adsorption Complexes Concerning the Metal Anion M~ Deposited on the Pristine and Defective SWNTs*

pristine SWNTs

defective SWNTs

metal Cl()()Hz() cluster Stone—Wales (Cl()()Hz()) vacancy (ngHz())
rM—C) Cu~ 195.1, 195.1 196.7, 199.8 181.3, 184.4, 189.9

Ag~ 343.0, 359.0 236.6 211.8,217.2,220.2

Au~ 241.4 222.9 200.5, 203.0, 211.7
q Cu~ 0.18 (—0.28, —0.28) 0.36 (—0.42, —0.41) 0.37 (—0.25, —0.26, —0.32)

Ag~ —0.36 (0.02, 0.02) —0.13 (—0.31) 0.14 (—0.19, —0.20, —0.24)

Au~ —0.48 (—0.26) —0.28 (—0.41) 0.43 (—0.38, —0.33, —0.36)
Eas Cu~ —104.4 —128.2 —209.9

Ag™ ~15.38 —24.4 -39.1

Au” —8.7 —-17.3 —323

“ See Table 2 for the definitions.

of metal cations on the vacancy site becomes even stronger than
that on the SW defect and the pristine tube. The adsorption
energies were calculated to be —210.0, —71.3, and —128.4 kcal
mol~! for Cut, Ag®, and Au", respectively. However, the
adsorption energy of the Ag™ ion on the vacancy site is slightly
less stable than that on the SW defect by 4.7 kcal mol™'.
Compared with the adsorption complexes on the pristine tube,
the M—C,,, distances shorten by 17, 27, and 17 pm for Cu™,
Ag*, and Au™ ions, respectively. It is worth mentioning that in
this case the metal cations are the electron acceptors and the
nanotubes are the electron donors. Thus, the interaction is
substantially enhanced by the electron transfer from the SWNTs
to the metal cations. Accordingly, we can conclude that the
interaction of the metal cations on the SWNTSs, both for the
pristine and defective tubes, is significantly stronger than that
of the neutral metal atom by about 80—100, 60—70, and
100—105 kcal mol ™! for Cu, Ag, and Au species, respectively.

For the metal anion species, we found that the interaction of
the metal anion species is stronger than that of the neutral metal
atoms on the same type of SWNTs but is weaker than that of
the metal cation species. For instance, the estimated adsorption
energies of Cu complexes are —40.9, —104.4, and —130.8 kcal
mol™! for Cu, Cu~, and Cu' species, respectively. Even
distances of Cu™—Cg,, (195.1 and 195.1 pm) are shorter than
that of Cu™—Cy,; the adsorption complex of the Cu™ ion is less
stable than that of the Cu® ion which is due partly to the charge
repulsion between the Cu™ ion and the electron-rich CNT as
well as the electron transfer between the metal and the
nanotubes. For the adsorption of the Ag™ and Au™ species, the
M—Cq,, distances lengthen by 92 and 20 pm and weaker
adsorption energies are obtained (Ag~, —15.8; Au~, —8.7 kcal
mol~!) compared with the interaction of the Ag" and Au®
species. For the adsorption on the SW defect, all metal anion
species bind on this site more preferably than on the pristine
tube. The greater electron transfer provides strong positive
charges of the M species as well as more negative charges of
the C,, atoms as documented in Table 4. The adsorption
energies of the metal anion species on the SW defect were
calculated to be —128.2, —24.4, and —17.3 kcal mol ™! for Cu™,
Ag™, and Au~ species, respectively. For the adsorption on the
vacancy site, a stronger interaction by about 81.7 kcal mol™!
(Cu~ ion), 14.7 kcal mol™! (Ag™ ion), and 15.0 kcal mol™" (Au~
ion) is found with respect to the interaction on the SW defect.
However, the interaction of metal anions is less stable than that
of the metal cations on both the pristine and defective tubes by
about 26, 32—52, and 93—104 kcal mol™! for Cu, Ag, and Au
species, respectively. Note that the estimated adsorption energies
of Cu™ and Cu~ species on the vacancy site are isoenergetic,
about —210 kcal mol ™. This is probably due to the very similar

geometry of these two complexes. Furthermore, the transfer of
electron density and the Pauli repulsion plays a major role in
describing the interaction of these two species on the vacancy
site. The transfer of electron density dominates over the Pauli
repulsion for the vacancy site as compared with the SW defect
and the pristine tube, especially for 3d metal atoms. Thus, the
interaction of the Cu™ ion which provides more electrons toward
the tubes is the same as that of the Cu™ ion on the vacancy site.
3.4. Adsorption of the CO Molecule on M—SWNT Com-
plexes. To explore the reactivity of the M—SWNTs complexes
which can serve as a gas sensor as well as a catalyst, the
interaction between a CO molecule and a metal atom deposited
on the atomic vacancy (M—CyoH,, Figure 2c) was investigated.
The M—CqyHyo complex was chosen as it is the most stable
adsorption complex which can be presented on the sidewall of
nanotubes at room temperature. Therefore, this complex can
be efficiently employed for monitoring the CO molecule. The
adsorptions of the CO molecule through the C atom
(OC“'M_ngHQ()) and the O atom (CO“‘M_ngHzo) on the
Cu—CyoH,y complex (cf. Figure 3) were considered. Then we
applied the most stable geometry obtained from the Cu—CgyoH,,
system to study the adsorption of the CO on Ag—CyH, and
Au—CqH,( complexes. The corresponding geometrical param-
eters of these adsorption complexes are reported in Table 5.
The previous DFT calculations utilizing cluster and slap models
reported that the adsorption of the CO molecule on the SWNTs
was very weak, particularly on the pristine SWNTs,!8:36:60-62
However, the deposition of a transition metal on the sidewall
of SWNTs can stabilize the CO adsorption. A similar result is
obtained from our calculations. For the Cu—CgyH,y complex,
the adsorption of CO through the C atom (OC++*M—CqyH,) is
more energetically favorable than through the O atom
(CO++*M—CgoHyg) by about 22 kcal mol~! (cf. Table 5). This
agrees reasonably well with the shortening of the Cu—C bond
length (186.2 pm) as well as the lengthening of the adsorbed
CO bond length (~1 pm). We also observed a linear CO
adsorption on the Cu atom (Cu—C—O angle ~180°). On the
basis of the estimated adsorption energies, the presence of Cu
as well as Ag and Au atoms stabilizes the adsorption of CO on
the sidewall of SWNTs. The calculated adsorption energies of
CO on the Cu—CyoHyp, Ag—Co9Hsg, and Au—CqoH,y complexes
are —26.3, —18.9, and —26.6 kcal mol™!, respectively. The
corresponding distances of Ag—C and Au—C are 208.9 and
198.4 pm, respectively. Moreover, the adsorption of CO affects
the properties of the M—Cq9Hyy complex. For instance, the
interaction between the Cu atom and CgoH,y weakens signifi-
cantly, as seen from the lengthening of Cu—Cg, (~5—7 pm),
upon the adsorption of CO. This also results in the change of
Cyur atomic charges which are less negative due to the reduction
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Figure 3. Adsorption of the CO molecule on the M—CgHyo (M = Cu, Ag, and Au) complexes: (a) OC+++Cu—CgH,y complex; (b) CO+++ Ag—CgyoH,g

complex; (c) OC+++Ag—CqoH,y complex; (d) OC«++ Au—CoyHyy complex.

TABLE 5: Calculated Parameters (bond lengths in pm, atomic charges ¢ in electrons, and adsorption energies E,4s in kcal
mol ') of Adsorption Complexes Concerning a CO Molecule Attached on the M—CyH,y (M = Cu, Ag, and Au)

X = CU_ngHzo

X = Ag—CoyHyo X = Au—CyHy

X—CO (Figure 3a)

X—0C (Figure 3b)

X—CO (Figure 3c) X—CO (Figure 3d)

HC—0) 114.7 114.1
HM—CO) 186.2 2375

F(M—Cyr)’ 188.6, 193.1, 197.1 185.3, 187.2, 192.7
an 0.23 (0.36, —0.28) 0.45 (0.23, —0.17)
¢t —0.25, —0.22, —0.16 —0.31, —0.26, —0.21
Eos —-26.3 —4.0

114.2 114.9

208.9 198.4

211.9, 226.0, 228.6 202.3, 219.7, 226.9
0.18, (0.29, —0.26) 0.50, (0.13, —0.28)
—0.18, —0.16, —0.15 —0.39, —0.19, —0.11
—18.9 —26.6

“Bond length of CO molecule. ® Distance between the metal atom and the CO molecule. ¢ Distances between the metal atom M and nearby
Cgr atoms. ¢ Charges of the metal atom M. Values in parentheses are charges of the C and O atoms of the CO molecule, respectively.

¢ Charges of Cg, atoms surrounding the metal atom M.

of electron density of the Cu—C bond. Similar results are
obtained from the OC:++Ag—CyH,y and OC-++ Au—CgyH,,
complexes in which the Ag—Cy,, and Au—Cg,, bond lengthens
by as much as 8 and 16 pm due to the adsorption of CO.

The interaction between CO and the supported M metal can
be clearly explained by the classical mechanism known as the
s-back-bonding mechanism.®*** The bonding orbitals were
formed between an occupied CO orbital and an unoccupied
metal orbital and between occupied metal d-orbitals and the
unoccupied sr*-orbital of CO. This interaction is comparable
to the o-donation from the o orbital of CO to sd-hybrid orbitals
of the metal M and s-back-donation from the d-orbitals of the
metal M to sr*-orbital of CO. This o-donation forms a new bond
between the metal and the C atom of the CO molecule whereas
the ;r-back-donation weakens the CO bond due to the nature of
antibonding st* orbitals. This is obvious from the lengthening
of the CO bond in all adsorption complexes. For our work, we
found that the CO bond lengthens by as much as 2.1 pm when
it is adsorbed on the Au—CgyoHyy complex.

3.5. Adsorption of Metal Dimers on the Pristine and
Defective SWNTSs. In this section, we studied the adsorption
of the Cu,, Ag,, and Au, dimers on the pristine and defective
SWNTs, the Stone—Wales, and the vacancy sites. In order to
inspect the most favorable geometry of a metal dimer adsorbed
on the nanotubes, the metal dimers oriented parallel (mode A)
and standing (mode B) to the tube axis were considered as

shown in Figures 4—6. The results concerning the geometric
and energetic properties are listed in Table 6 and Table 7.
Combining these with the results of the metal atoms can provide
us with information concerning a propensity of dimerization
on the various sites of SWNTs, which is expected to be the
beginning step for the nanoparticles deposited on the nanotubes.

On the pristine SWNTs, the adsorption of the Cu, dimer in
parallel orientation (mode A) is more stable than that of the
standing orientation (mode B) as shown in Figure 4a. The
corresponding adsorption energies were calculated to be —35.4
and —26.6 kcal mol~!/atom for mode A and mode B, respec-
tively. The adsorption complex in mode A involves the forming
of three bondings between Cu and Cg, atoms with distances of
192.2,200.6, and 215.6 pm. This interaction is quite strong and
leads to the reduction of electron density of the Cu—Cu bond.
It is clearly seen from the lengthening of this bond (~219.7
pm) compared with the gas phase Cu, (202.4 pm). In contrast
to mode A, only one bonding of Cu and the Cg,, atom is formed
in the adsorption mode B. Consequently, a smaller change in
the distance of Cu—Cu (210.2 pm) is obtained. The Mulliken
population analysis is also consistent with the results above.
Both of the Cu atoms act as electron donors in mode A but
only the Cu atom bound to the Cy,, does so for mode B. For the
Ag, and Au, dimers, however, the results are different. When
adsorbed on the pristine SWNTs, we found that the standing
orientation of the Ag, and Au, dimers is energetically favorable
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Figure 4. Adsorption complexes of the M, (M = Cu, Ag, and Au) dimers deposited on the pristine C;ooH, cluster in adsorption mode A and mode
B: (a) Cu,—CpoHy complex; (b) Ag,—C 00Ho complex; (¢) Au,—CigoH,p complex.

TABLE 6: Calculated Parameters (bond lengths in pm,
atomic charges g in electrons, and adsorption energies E 4
in kecal mol ') of Adsorption Complexes Concerning the
Metal Dimer M, Deposited on the Pristine SWNTs*

pristine C;poHzo

metal mode A mode B

rM—C)>  Cu 192.2,200.6, 215.6 195.0, 198.2
Ag 366.2, 405.9, 415.0, 423.6 276.8, 282.7
Au  343.0, 370.6, 389.4, 398.3 241.3, 246.6

M—M)* Cu 219.7 210.2
Ag 2616 261.9
Au 2577 257.3

g Cu 0.3 (—0.56); 0.46 (—0.57, 0.07);

0.18 (—0.33) —0.34

Ag  —0.04 (0.0); —0.02 (0.0) 0.06 (—0.08, —0.03);
—0.19

Au  —0.07 (0.00,0.01, 0.03); —0.02 (—0.19, —0.10);
—0.07 —0.19
Eus Cu —354 —26.6
Ag —05 -2.0
Au —038 —-6.7

“See Figure 4 for the definition of the adsorption modes.
b Distances between the metal atom M and the nearby Cg, atom.
“Bond length of the metal dimer M,. ¢ Charges of each atom M of
the metal dimer M,. Values in parentheses are the charges of the
C,ur atom close to the metal atom M.

over the parallel orientation (cf. Figure 4b and Figure 4c). These
results can be explained by the Pauli repulsion between the

SWNTs and the metal dimers which is more pronounced than
for the Cu, dimer system. Generally, the Pauli repulsion is less
for small atoms as well as for an orientation of dimer in the
standing mode. However, the interaction of the Au, dimer on
the SWNTs is stronger than that of the Ag, dimer. The estimated
adsorption energies of these complexes in mode B are —6.7
and —2.0 kcal mol !/atom for the Au, and Ag, dimer,
respectively. The Au—Cg,, distances are about 36 pm shorter
than the Ag—Cy,; distances. Moreover, binding on the nanotubes
causes an increase of the metal—metal bond compared to the
corresponding gas phase. Nevertheless, the adsorptions of the
Ag, and Au, dimers on the pristine SWNTSs are less stable than
those on the defective sites (see below).

On the defective SWNTs, the orientations of metal dimers
related to mode A and mode B were continually considered.
Nevertheless, only some stable geometries were obtained as
illustrated in Figure 5 and Figure 6. The adsorption complex of
Cu, on the SW defect was found to be more stable in mode A
than in mode B. The corresponding adsorption energies were
calculated to be —46.0 and —30.7 kcal mol~/atom, respectively.
The reason is due to the bonding between the Cu atom and the
C,,r atoms of SWNTs as explained above. In mode A, two Cu
atoms bind strongly with the Cy,, atoms with distances of 188.3,
196.9, and 213.0 pm. Consequently, the Cu—Cu bond lengthens
by 19.3 pm compared with the gas phase Cu, (202.4 pm). For
mode B, the adsorption of the Cu, dimer is less stable due to
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TABLE 7: Calculated Parameters (bond lengths in pm, atomic charges ¢ in electrons, and adsorption energies E,4s in kcal
mol ') of Adsorption Complexes Concerning the Metal Dimer M, Deposited on the Defective SWNTs*

Stone—Wales C;oHzo

vacancy CgooHpg

metal mode A mode B mode A mode B
r(M—C) Cu 188.3, 196.9, 200.2, 205.9 181.6, 186.2, 198.4
213.0, 219.3 191.7, 217.3, 220.8

Ag 259.4 207.5, 210.1, 229.2, 230.5 220.0

Au 224.0 214.6, 207.1, 208.9, 201.3 202.4
r(M—M) Cu 221.7 211.3 231.2

Ag 262.4 272.0 264.6

Au 259.1 292.0 259.8
q Cu 0.22 (—0.50, —0.21); 0.46 (—0.12, —0.21); —0.28 0.42 (—0.41, 0.10, —0.24);

0.30 (—0.30, —0.13) 0.36 (—0.21, —0.22)

Ag 0.04 (—0.18), —0.20 0.17 (—0.38); 0.26 (—0.23, —0.26) 0.05 (—0.26); —0.23

Au —0.05 (—0.44); —0.20 0.60 (—0.64, —0.36, —0.35); —0.01 0.08 (—0.42); —0.20
Eu Cu —46.0 —30.7 —79.1

Ag —3.8 —0.8 —10.8

Au —10.6 —28.2 —23.5

“See Table 6 for the definitions. ® The absence of E,4 indicates that metal dimers do not bind to the tubes in the corresponding adsorption

mode.

Figure 5. Adsorption complexes of the M, (M = Cu, Ag, and Au) dimers deposited on the Stone—Wales (SW) defect: (a) Cu,—C;ooHao complex
in mode A; (b) Cu,—C;ooHz complex in mode B; (¢) Ag,—CipoHzo complex in mode B; (d) Au,—CjooH,o complex in mode B.

only one Cu atom bonded to the Cy,, atoms. As expected, longer
Cu—Cq,, distances (200.2 and 205.9 pm) are obtained from the
adsorption complex in mode B. In contrast to the adsorption of
the Cu, dimer, the optimized geometries of Ag, and Au,
adsorbed on the SW defect are obtained only by the standing
orientation, although various initial orientations of the dimers
were applied. The strong Pauli repulsion in the parallel
orientation of metal dimers probably destabilizes the adsorptions
complex. As shown in Figure 5, the adsorption complex in mode
B corresponds to the metal atom adsorbed directly on top of
one Cg, atom. The Ag—C,, and Au—Cy,, distances are 259.4
and 224.0 pm, respectively. The corresponding adsorption
energies were estimated to be —3.8 and —10.6 kcal mol~!/atom
for Ag, and Au,. These results are in accordance with the smaller
changes in the metal—metal bond length compared with the gas
phase dimers, 0.8 pm for Ag, and 2.3 pm for Au,.

Table 7 shows the results concerning the metal dimer
adsorption on the vacancy site, CooHy( cluster. We found that

the metal dimers adsorb more strongly on the vacancy site than
on the pristine tube and on the SW defect. The most stable
geometry of Cu, and Au, complexes corresponds to the strong
interaction between one metal atom and the nearby Cg, atoms
as illustrated in Figure 6. The corresponding adsorption energies
of the Cu, and Au, dimers were calculated to be —79.1 and
—28.2 kcal mol~!/atom, respectively. This strong interaction is
in accordance with the change in geometry of the metal dimer.
Compared with the gas phase dimers, distances of Cu—Cu and
Au—Au increase significantly by 28.8 and 45.2 pm, respectively.
As described above, the electron density of such a metal —metal
bond decreases dramatically. For the adsorption complex of Ag,,
the dimer interacts on the Cy,¢ atom in the upright position by
one Ag atom. The corresponding Ag—C,,, and Ag—Ag distances
are 220.0 and 264.6 pm, respectively. The adsorption energy
of Ag, was estimated to be —10.8 kcal mol™~'/atom. This similar
mode of adsorption complex is also found for the Au, dimer,
but it is less stable than the adsorption complex in mode A by
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Figure 6. Adsorption complexes of the M, (M = Cu, Ag, and Au) dimers deposited on the vacancy defect (CogHap): (a) Cu,—CgoH,y complex in
mode A; (b) Ag,—CqoHyo complex in mode A; (¢) Ag,—CgoHyy complex in mode B; (d) Au,—CgoHyy complex in mode A; (e) Au,—CooHyo complex

in mode B.

about 5 kcal mol '/atom. It is worth mentioning that the
orientation of the metal dimer in the upright position (mode B)
diminishes the Pauli repulsion as well as the distortion in
geometry of the metal dimer with respect to the other adsorption
modes. Moreover, the electron transfer from the metal dimers
to the SWNTs appeared from our results as the metal atom in
contact with the Cy,, atom exhibits positive charges while the
charges of nearby Cg, atoms are negative. This implies that the
transfer of electron density and the Pauli repulsion play a crucial
role for determining the most stable adsorption complex.

Finally, we discuss the crucial stage as to whether indeed
defect sites on SWNTs are stronger attractors for nucleation
than the pristine tube. The stability of a dimer M, adsorbed at
any site under inspection (My/SWNTsg,.) with respect to two
adatoms M, one of them bound to this site (M;/SWNTs;.) and
the other attached to the surface of the pristine SWNTs site
(M /SWNTSs,s), is characterized by the following dimer dis-
sociation energy on a surface site (per atom).%>%

Ey, = [E(M/SWNTs,;) + E(M,/SWNTs,) —

E(M,/SWNTs,, ) — E(SWNTs . )1/2 (2)

pn'st)

From Table 8, one sees that on the pristine tube Eg is 17—24
kcal mol~'/atom, slightly larger for Au, than for Cu, and Agy.
These values are close to the gas phase values, D, (Table 1).
The dimer dissociation energies on all sites are not significantly
different except for Ag, and Au, adsorbed on the vacancy site.

TABLE 8: Comparison of Adsorption Energies (E.qs) of the
Neutral Metal Atom and the Metal Dimer (kcal mol '/atom)
on Pristine and Defective SWNTs as Well as the Dissociation
Energies (Eg;s) of Adsorbed Dimers

site metal Dca Eads (Ml)b Eads (MZ)C Edis (MZ)d
pristine tube Cu 25.6 —40.9 —354 20.1
Ag 17.4 —0.5 —2.0 17.5
Au 21.8 —4.0 —6.7 24.5
SW defect Cu 25.6 —53.8 —46.0 20.0
Ag 17.4 —4.0 —3.8 19.0
Au 21.8 —15.0 —10.6 229
vacancy site Cu 25.6 —131.3 —79.1 18.6
Ag 17.4 —10.8 —10.8 22.6
Au 21.8 —26.3 —28.2 349

“Table 1. ®Table 2. “Table 6 and Table 7. ‘Egz = [EM,/
SWN Ispn'wt) + E(M]/s WN Issite) - E(MZ/S WN Issile) - E(S WN Isprisl)]/2~

The stability of the adsorbed Cu, dimer on any sites decreases
as seen from the depressing of Eg, by 5—7 kcal mol~!/atom
with respect to the gas phase value. This can be described by
the strong interaction of the Cu, dimer on the SWNTs which
causes an increase of the Cu—Cu bond length. Different results,
however, are obtained for the adsorption of Ag, and Au, dimers.
They are stabilized on all sites of SWNTs because the Ag, and
Au, dimers which are in upright orientation do not substantially
distort from the gas phase geometry. This is in accordance with
the orientation of the metal dimer present in the most stable
geometry (cf. Figures 4—6). Therefore, the adsorption on the
SWNTs stabilizes the gas phase dimer for Ag, and Au, dimers
but destabilizes for the Cu, dimer with respect to the gas phase
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energies. Thus far, one may speculate that only Ag, and Au,
dimers are stable on the sidewall of SWNTs with respect to
dissociation on the surface and do not dissociate to monatomic
species. In addition, the results demonstrate that the propensity
for dimerization on pristine sites is virtually the same as that
on SW and vacancy sites except for the Ag and Au atoms on
the vacancy site. The calculated dimer dissociation energy shows
that the stability of Ag and Au dimers on the vacancy site is
higher than that on the pristine tube by 5.1 and 10.4 kcal mol ™!,
respectively.

4. Conclusion

The interactions of atomic metal species and metal dimers
on the different surfaces of the SWNTs was studied by means
of DFT combined with the quantum cluster model representing
the nanotube structure. We identified the most favorable
adsorption site and geometry of adsorption complexes as well
as the propensity of dimerization of the adsorbed metal atom.

For the interaction of atomic metal species on the pristine
and defective SWNTSs, we found that the metal cation binds
more strongly than the metal anion and the neutral metal atom,
respectively. The transfer of electron density between the metal
species and the nanotubes as well as the electrostatic attraction,
counteracted by the Pauli repulsion, mainly contributes to such
strong interaction. On the pristine SWNTs, the Cu species
interact strongly with several Cg,, atoms of the nanotubes while
most of the Ag and Au species bind directly on top of a Cg,,
atom. Consequently, the adsorption complexes of Cu species
are more stable than those of the Au and Ag species. Moreover,
the defects presented on the SWNTs affect the structural and
energetic properties of the adsorption complexes. All metal
species are likely to deposit on the defect sites, on the vacancy
site in particular, rather than on the pristine tube. The adsorption
on the vacancy site is notably stronger than that on other sites
for two reasons. The Pauli repulsion between this site and metal
species is lessened and the electron densities of the metal species
as well as that of the vacancy are easier to polarize. The
Mulliken population analysis confirms qualitatively that the
transfer of electron density between the metal species and
the nanotubes induces a positive charge of the metal species
as well as a negative charge of nearby Cg,, atoms. From the
study of CO adsorption on the M—CgyH,, complex, addition-
ally, the metal atom deposited on the atomic vacancy is
potentially used as the hybrid metal —-SWNTs material for
monitoring the CO molecule.

For the adsorption of metal dimers, a similar order of
interaction is obtained for all types of SWNTs: Cu, > Au, >
Ag,. The weakness of the metal dimer bonding during the
adsorption is mainly due to the transfer of electron density from
the bonding of M, to the nanotubes. This results in the increase
of the M—M distance. However, such a M—M bond does not
break down reflecting that the interaction of metal—metal is
stronger than that of metal—SWNTs. The effective adsorption
energy per atom is also found to decrease from the metal atom
to the metal dimer. On various sites of SWNTSs, the adsorption
complexes of the Cu, dimer involve the interaction of two Cu
atoms on the Cg,, atoms and consequently exhibit the strongest
adsorption energy: —35.4 (pristine tube), —46.0 (SW defect),
and —79.1 kcal mol~!/atom (vacancy defect). In contrast to the
Cu, dimer, most of the adsorption complexes of Ag, and Au,
dimers correspond to the upright orientation of the metal dimers
with respect to the tube axis. This orientation reduces the Pauli
repulsion between the metal dimers and the nanotubes. However,
the adsorptions of the Ag, and Au, dimers are weaker than that
of the Cu, dimer for all sites of SWNTs.

Inntam and Limtrakul

On the basis of calculated interaction energies, we conclude
that dimerization of adsorbed atoms on the SW defect is not
particularly favored compared to dimerization on the pristine
tube. However, the dimerization of Ag and Au atoms on the
vacancy site is more stable than that on the pristine tube by 5.1
and 10.4 kcal mol™!, respectively. In general, cluster growth is
a complicated phenomenon; it is significantly affected by the
type of metal as well as the type of sites on the sidewall of
SWNTs involved in the very first stage of the metal nucleation.
Therefore, high-level electronic structure calculations of ad-
equate models are of special importance for providing informa-
tion on the metal dimerization processes.
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ABSTRACT: We propose a new mechanism for the bimole-
cular healing of the vacancy defect in single-walled carbon
nanotubes (SWCNTs). The mechanism is of particular impor-
tance to avoid the errors often encountered in the electronic
properties of carbon nanotubes. Using density functional theory
(DFT) calculations with the Perdew—Burke—Ernzerhof (PBE)
functional, we investigate the reaction mechanism of the healing
process of the monatomic vacancy defect in the (8,0) SWCNT
via carbon monoxide disproportionation. It is found that the
proposed mechanism is theoretically possible and it has the
following advantages: (1) The activation energy is only 9.37
kcal-mol ' for the 4-membered-ring-opening step at high CO

concentrations; (2) no catalyst is needed, and thus no purification step is needed to remove the catalyst; (3) the CO can be used as a
reactant; (4) no oxygen byproduct is found; and (5) there is a high selectivity of CO for vacancy defect sites. Our finding establishes
that a CNT with a vacancy defect, as it is generally obtained from the syntheses or from uses as a nanomaterial device, can be healed
completely and resumes its function as a perfect CNT displaying the original electronic properties.

B INTRODUCTION

Carbon nanotubes (CNTs) have played a crucial role in nano-
material science since the confirmation of the discovery of single-
walled carbon nanotubes (SWCNTSs) by Iijima and Ichihashi'
and Bethune et al.” The structure of a SWCNT can be con-
ceptualized by wrapping a one-atom-thick layer of graphite,
called graphene, into a seamless cylinder represented by a chiral
vector with a pair of indices (1, m). This discovery led to the
categorization of carbon nanotubes into three common types,
which are zigzag, armchair, and chiral. Due to the small electronic
band gap of the semiconducting single-walled carbon nanotubes
(S-SWCNT) that obeys the (n — m) # 3i rule, it is easier there
than in metallic carbon nanotubes to create new impurity states
within the band gap. CNT-based devices such as molecular
sensors”* have been created by use of this unique characteristic.
Many previous studies related to S-SWCNT sensors focused on
the change in the electronic properties or in the band gap after
the adsorption of a molecule on the ideal nondefective pure or
doped carbon nanotube.”®

SWCNTs are usually studied theoretically as if they were
perfectly crystalline wires even though the highest quality tubes
that can be synthesized contain at least one defect per 4 ytm, on
average, with a distribution weighted toward areas of curvature.”
The ozone titration method indicated that SWCNT's contain a
fractional defect level of 5.5% =+ 2.5%, as measured by the
presence of oxidized carbon atoms at these sites.'® Defects such

W ACS Pub”cations (©2011 American Chemical Society

as these can be created at the stage of SWCNT growth, chemical
treatment, or irradiation.'’ The presence of these defects can
degrade the performance and reliability of CNT-based devices.
In addition, the defects can significantly cause two important
errors in the sensing; essentially due to a shift of the band gap of
the defect in the carbon nanotube and an under- or overbinding
between the adsorbed molecule and the defect.

The crystallographic defects in carbon nanotubes can be divided
into three main groups, which are native atomic rearrangements,
impurities or adatoms, and atomic vacancies. This study reviews
the healing techniques for these defects. The well-known atomic
rearrangement defect, the Stone—Wales (SW) defect,” in which
pentagon and heptagon pairs (5—7—7—S5 rings) are observed,
can be healed by a rearrangement that returns the tube back to
pristine. The SW defects can be practically repaired under an
applied current of 2.4 uA-nm ' for thermal electronic exci-
tation."> Impurity defects such as squares, three-atom protru-
sions, or 7—5—5—7 hillocklike defects can shed the extra atoms
spontaneously under high-temperature conditions or by use of an
electron beam.'*'> H, adsorption on the hillocklike defect can
heal it by fetchin§ the adatoms and releasing C,H, with an energy
barrier of 1.26 €V."® O, and CO, molecules can also etch a 7—5—5—7
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defect and an isolated C adatom, respectively, on sufficiently
large CNTs, releasing two CO molecules.

Molecular dynamics simulations were used to investigate
two kinds of large vacancy defects induced by compressive or
torsional buckling of SWCNTs."” It was found that this defect
was reconstructed during unloading of the external carbon
sources or by increasing the temperature, forming nonhex-
agonal rings and SW defects, resulting in a self-healing
process. Dynamic electron microscopy tracking of the healing
process confirmed the closing of multivacancies of up to
approximately 20 missing atoms."> Metallic carbon nanotubes
with a monatomic vacancy (12-membered ring) induced by
illumination can be electronically excited with self-healing abilities,
forming 5- and 9-membered rings.'® The defect healing process
of the sp” carbon cap, which resulted in the removal of the 5—7,
adatom, and monovacancy defects,"”*® occurred via ring iso-
merization during SWCNT growth. These studies demonstrated
the vacancy self-healing ability, but a perfect tube was not reached
at the end. If the vacancy defect has not been healed completely,
even during CNT growth, a foreign carbon atom must be
introduced from external carbon sources in order to repair this
defect.

A new method of SWCNT production has been introduced
that uses a gas-phase catalytic process reaching 79 mol % of
carbon nanotubes.”’ The carbon nanotube is grown by thermal
decomposition of the catalyst, iron pentacarbonyl, in a heated
flow of high-pressure carbon monoxide (known as the HiPco
method). Tubes with diameters as small as 0.7 nm, the same as
that of a fullerene, were produced.

A solid carbon growth mechanism was proposed, involving
CO disproportionation (the Boudouard reaction) with Fe(CO),,
as a catalyst.

CO disproportionation:

CO(g) +CO(g) — C(s) + COx(g)

Ambient CO is used as a carbon source in the commercial
HiPco method. A CO molecule can be detected by deformed
CNTs but not by pristine CNTs. The radial-deformed
SWCNTs change electronic properties, allowing functionali-
zation of the tube surface to detect the presence of CO
molecules.? In addition, metal-decorated carbon nanotubes were
proposed as promising candidates for sensors: titanium-coated
carbon nanotube,” aluminum-doped SWCNTs,** and Au-sup-
ported single-walled carbon nanotube and nanohorn.”® Defect
graphene sheets were also used to detect CO gas with adsorption
energy of —2.33 eV, compared to that of the perfect graphene
sheets of —0.12 eV.>

According to the need for an external carbon source for
vacancy healing, we introduce an alternative mechanism of
bimolecular healing by CO disproportionation without a metal
catalyst, mimicking the HiPco method, in order to leave a carbon
atom filling the vacancy site on the side walls of a SWCNT. In
other words, the defect carbon nanotube acts as a catalyst sup-
porting the disproportionation of two CO molecules and then
heals itself by the carbon atom it produced.

B METHODOLOGY

The model and periodic calculations were chosen following
our recent calibration”” with semiconducting SWCNTSs with
concern to computational efficiency. The (8, 0) SWCNT was
chosen because it is the smallest representative S-SWCNT. Its

Figure 1. Optimized geometries of (a) pSWCNT, (b) symmetrical
dSWCNT, and (c) asymmetrical dSSWCNT labeled systematically
with C1—C12, presenting the 5- and 9-membered rings at the defect
site, and C*, the leaving carbon atom, leading to the defect of
the SWCNT.

geometrical structure was generated in a supercell periodic box of
20 x 20 x 12.78 A%, composed of three repeated unit cells of
SWCNT along the tube axis. The closest distance between two
neighboring SWCNTs was set to be 13.77 A in order to be able to
ignore intertube interactions in the calculations. Since all carbon
atoms in the S-SWCNT have the same topology, the monatomic
vacancy defect in the (8, 0) SWCNT (dSWCNT) was built by
removing one carbon atom (C* as shown in Figure 1a), resulting
in the defect site called bicyclo[7,3,0]dodecane (S- and 9-mem-
bered rings) numbered C1 to C12 (Figure 1b). The distance
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Figure 2. Lowest unoccupied molecular orbital (LUMO, top) and highest occupied molecular orbital (HOMO, bottom) of (a) pSWNCT and (b)

symmetrical ASSWCNT, plotted with an isovalue of £0.03 e-A™>.

between two adjacent defect or reaction sites on the same
carbon nanotube was larger than 10 A, in order to neglect the
intermolecular interactions between defect sites. The periodic
calculations were carried out by the density functional theory
(DFT) method with the Perdew—Burke—Ernzerhof (PBE)
functional®® as implemented in the DMol® package.””*° The
generalized gradient approximation (GGA) and an all-electron
double numerical basis set plus d-functions (DND) were chosen
for these spin-unrestricted computations. The DND basis set
corresponds to a double-{ quality basis set with d-type polariza-
tion functions added to heavier atoms; it is comparable to the
6-31G* Gaussian basis sets. The real-space global cutoff radius
was set to be 3.70 A. The Brillouin zone was sampled by the
Monkhorst—Pack scheme.®" For geometrical optimizations and
orbital analysis, only the I" point was considered in the Brillouin
zone and all atom positions were fully optimized until all the
forces on the atoms were less than 0.05 eV+A™". In order to gain
accuracy, the k points were increased to be 1 X 1 X 10 to
calculate the electronic properties. All possible mechanisms were
searched.

The binding energy (Ey,) of all reaction steps was calculated
from the following equation, where n is the number of CO,
molecules (n =0, 1, or 2; CO, = CO or CO,):

Ey(dSWCNT-nCO,) = [E(dSWCNT) + nE(CO,)]
— E(dSWCNT-nCO,) (1)

B RESULTS AND DISCUSSION

A new mechanism of healing the monatomic vacancy defect in
dSWCNT is proposed here that uses CO disproportionation.
The mechanism pathway is proposed as follows, where the
perfect (8, 0) SWCNT is noted as pSWCNT:

CO adsorption process:
dSWCNT + 2CO — dSWCNT-CO-CO
CO coadsorption process:
dSWCNT-CO + CO — dSWCNT-CO-CO

Healing and desorption processes:
dSWCNT-CO-CO — pSWCNT + CO,

The electronic properties of the pPSWCNT were calculated,
yielding an energy gap (Eg,,) of 0.65 eV, which is close to our
recent work”’ dealing with both experimental and theoretical
data. This energy gap confirms the semiconducting behavior of
the zigzag (8, 0) carbon nanotube, which obeys the (n — m) #
3i rule.

After elimination of the C* atom, the 12-membered ring
remains with different initial distances, C1---C9 of 2.440 A
and C1-++CS and C1--+C9 of 2.467 A. The tube curvature
distorts the 120° hybridization angle of the sp* C*, and the C1—
C*—C9 and C5—C*—C9 angles decreased by 3.15° and 0.31°,
respectively. This leads to a first-aid self-healing process forming
the - and 9-membered rings. These 5—9 rings can be considered
as two optimized configurations: a symmetrical form with the
C1—C9 bond and an asymmetrical form with the C1—CS$ bond
(symmetrically equivalent to the C9—CS bond). The symme-
trical form is favorable due to a shorter initial distance and a lower
relative energy by 29.65 kcal - mol . Therefore, the symmetrical
dSWCNT is chosen in this study.
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Figure 3. Nucleophilic Fukui function plot of symmetrical dSWCNT
plotted with an isovalue of £0.03 e-A ™. The plot was zoomed in and
labeled as shown in the box.

The dSWCNT loses its semiconducting properties®” with a
new, metallic Eg,, of 0.43 eV (33.8% lower than that of the
pSWCNT). This is caused by new energy states of the defect sites
being introduced within the band gap. The defect energy states
are shown clearly in the LUMO level of the SSWCNT (Figure 2),
the electrons of which occupy mostly the defect site. Therefore,
the vacancy defects, even a monatomic vacancy, play an im-
portant role in the electronic properties of carbon nanotubes,
confirming that a healing process is needed in order to maintain
the original properties.

The nucleophilic Fukui function plots of the dSSWCNT are
shown in Figure 3. The strong nucleophilic zones cover mainly
the defect site, particularly at the CS. Its sp hybridization lifts the
CS position away from the tube axis in order to lower its
electronic repulsion with the tube atoms (Figure 4a). The plots
suggest the adsorption mechanism of an incoming CO molecule.
Two adsorption orientations are observed, which are SSWCNT-
CO and dSWCNT-OC. dSWCNT-OC is found to be unfavor-
able due to a repulsive force between the nucleophilic defect site
of the dSSWCNT and the oxygen atom of the CO. Thus, the CO
adsorption is guided by the CS, which is the main active site, and
the dSWCNT-CO direction is preferable for a nucleophilic
attack to the carbon atom (partial positive charge) of the CO
molecule. Fortunately, the CO molecule is much less attracted to
a perfect site [E,(dSWCNT-CO) on the perfect site is 0.50
kcal-mol ~']. This is caused by the low polarity of the perfect

carbon nanotube and the high polarity of the CO molecule.
Therefore, the CO adsorption occurs highly selectively on the
defect site.

Simultaneous adsorption of two CO reactants is considered in
two cases, which correspond to high and low CO concentrations
in the experiment. The calculations lead us to postulate two
different pathways: the associative-coadsorption pathway (ACP)
and the consecutive-coadsorption pathway (CCP).

For the ACP at high CO concentration, two CO molecules
(the first and second are labeled as C'O’ and C"" Q" respectively)
are associatively coadsorbed on each of the two nucleophilic sites
(CS and assisted C1—C9), building a coadsorption (Coads)
structure at CS—C'—0Q’ and C1—C"(—0")—C9. The C'0O"
Coads is doubly assisted by both the C1 and C9, then breaks the
C1—C9 bond in the 5-membered ring, forming a 6-membered-
ring cyclization of C’’—C9—C10—C11—C12—Cl, as shown in
Figure 4b. The C" and CS atoms are then bonded via the
transition state TS_1 (Figure 4c) with activation energy of 2.82
keal-mol ! in order to create two new 6-membered rings, giving
a more stable intermediate (Int_1) with a C’’—CS bond length
of 1.539 A, as shown in Figure 4d. This bonding also induces the
O (partial negative charge) connected to C’ with a bond length
of 1.373 A, bringing about the 4-membered-ring cyclization of
C"—0"—C'—CS. This causes a lengthening of the C"—0",
C'—CS5, and C'—0' bonds to 1.520, 1.556, and 1.198 A, respec-
tively. Next, the C"—0" and CS—C’ bonds are broken with
atomic distances of 2.065 and 1.655 A, respectively, by the
opening of the 4-membered-ring with an activation energy of
9.37 keal-mol ' via TS_2 (Figure 4e). This step is supported by
the strong electron resonance of O —C'—0Q’. The C'—0" bond
is shortened from 1.373 to 1.280 A whereas the C'—O’ bond is
lengthened from 1.198 to 1.215 A in order to symmetrically
balance the dioxide group. Finally, the carbon dioxide molecule
(0"—=C'=0’) as a product leaves both the defect and perfect
sites of the carbon nanotube immediately without any bindinfg
energy [E,(dSWCNT-CO,) are 0.54 and 0.46 kcal-mol ™,
respectively]. The CS-++C’ atomic distance is lengthened to
3.590 A, while the remaining carbon atoms of the dSWCNT,
including C”, reconstructed the pSWCNT with identical car-
bon—carbon bonds of 1.421 A, as shown in Prod (Figure 4f).

Atlow CO concentration, the CCP can be subdivided into two
subpathways called here CCP-1 and CCP-2. The proposed CCP-
1 involves the C5—C'—0’ bond as shown in Ads_1 (Figure 4g).
C'O’ is adsorbed strongly on CS, giving a C'—CS bond length of
1.320 A with an E,, of 48.47 kcal-mol '. Thus, the C'—0’ and
C4—CS (symmetrically the same as C5—C6) bonds are wea-
kened from 1.141 to 1.176 A and from 1.390 to 1.492 A lengths,
respectively. On the other hand, C1 (symmetrically the same as
C9) can assist CS for the adsorption, forming C1—C'(—0’)—
CS bonds and 5—6—7 fused rings, called CCP-2, as shown in
Ads_2 (Figure 4h). This binding energy of the C'O’ adsorption is
lower, with 43.33 kcal-mol ™, than that in CCP-1, resulting in
longer C'—0’ and C'—C5 bond lengths of 1.217 and 1.499 A. The
assisted C'—C1 bond is 1.538 A in length. Even the assistance of C1
is explored; the dually assisted C1 and C9 for the C'O’ adsorption is
not favorable because the C1—C9 bond of the S-membered ring is
hardly broken unless supported by the coadsorption. The C'O’
adsorption site at C5 via CCP-1 is favorable due to: the high
nucleophilic C5 and the unstable sp> hybridization angle of C'—
C1—C9 of 85.31° in the Ads_2 structure of CCP-2.

For CCP-2, no nucleophilic active site remains on the carbon
nanotube defect for another CO adsorption; therefore, a subsequent
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Figure 4. Optimized geometries of reaction steps in the proposed mechanisms (see Figures S and 6): (a) Subs; (b) Coads; (c) TS_1; (d) Int_1; (e)
TS_2; (f) Prod; (g) Ads_1; (h) Ads_2; and (i) TS_3. Selected bond lengths and atomic distances are presented in angstrom units.

coadsorption from this step is impossible. Owing to the weakness
of C1in Ads_2, as described above, the C1—C’ bond is stretched
with a length increasing from 1.538 to 2.061 A. It is then broken
through the transition state TS_3 (Figure 4i) by the 6-membered
ring opening, forming Ads 1 with an activation energy of 14.49
kcal - mol ", In addition, this 6-membered ring opening requires
a higher activation energy than that of the 4-membered ring
opening in the ACP due to the lower stress in the larger ring.
Surprisingly, the bypass CCP-2 merges with CCP-1 at this step.
After the combination of these subpathways, the C” O molecule
is then adsorbed on two remaining nucleophilic sites (C1 and C9),
forming the same Coads structure as that in the ACP. Due to the
repulsive force between the O” and O’ atoms, the C'O’ group
changes its position with a C'-+-O" distance of 2.624 A and
C'’- - - CS distance of 2.024 A. The C'O’ adsorption s also affected
by the bond weakened from 1.320 to 1.372 A. Thus, the reaction of
the CCP continues from Coads to Prod following the ACP.

The energy profiles of the ACP and CCP are illustrated in
Figures 5 and 6, respectively. For high CO concentrations, it is
found that the ACP proceeds with overall activation energy of
9.37 keal-mol ' of the 4-membered ring opening as the rate-
determining step. On the other hand, -1 presents a barrierless CO
adsorption whereas he CCP-2 introduces a new barrier of 14.49
kcal-mol . Although CCP-1 is kinetically controlled, CCP-2
occurs with only 5.14 kcal-mol™' energy difference of the
adsorption step. Therefore, for the lower CO concentration
condition, a higher reaction temperature will be needed. The
CCP process uses the carbon atom (C'’) from the coadsorption
of the second CO (C"”0”) to fill in the vacancy in the healing.
This mechanism thus proposes that a mole of monatomic
vacancies of a SWCNT can be healed by two moles of CO,
giving a mole of CO, as a product. In other words, the vacancy
defect in the CNT's can convert two toxic CO molecules to a CO,
molecule. Additionally, no oxygen molecule will be found as a
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Figure S. Energy profile of the associative-coadsorption pathway (ACP) of the healing process of the monatomic vacancy defect in the (8,0) SWCNT
by carbon monoxide disproportionation, as proposed at high CO concentrations.

Figure 6. Energy profile of the consecutive-coadsorption pathway (CCP) of the healing process of the monatomic vacancy defect in the (8,0) SWCNT
by carbon monoxide disproportionation, as proposed at low CO concentrations. (---) CCP-1; (-« +) CCP-2.

byproduct. Thus, oxidation, oxidative combustion, and ozone
etching of the SWCNT's can be avoided.

B CONCLUSION

DFT calculations with the PBE functional are used to in-
vestigate reaction mechanisms for the healing process of a
monatomic vacancy defect in SWCNT via carbon monoxide
disproportionation. At high CO concentrations, the reaction can
proceed via the associative-coadsorption pathway with a barrier-
less CO coadsorption, while at low concentrations the consecu-
tive-coadsorption pathway introduces a new barrier of 14.49
kcal-mol ", The advantages of the healing process are: low
activation energy of 9.37 kcal-mol ' at the 4-membered ring
opening step at high CO concentrations, no catalyst needed—
thus no purification step is needed to remove the catalyst, the
ambient CO can be used as a reactant, no oxygen byproduct is

found, and there is high selectivity of CO for vacancy defect sites.
Our findings prove that a vacancy defect in CNT, which occurs
from syntheses or other uses as a nanomaterial device, can be
healed to a perfect CNT holding the original electronic properties.
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ABSTRACT

Autonomous microswimmers are of enormous interest not only from an academic point of view, but also
for future practical applications ranging from miniaturized motors to nanomedicine. A key step for the
generation of such objects is their dissymmetric modification with a catalyst particle that activates the
chemical conversion of a fuel molecule, leading ultimately to the propulsion of the object. So far it has
been quite difficult to synthesize such dissymmetric objects and most approaches are based on using
interfaces to break the symmetry. We demonstrate here that a very simple approach based on bipolar
electrochemistry allows the bulk generation of carbon microtubes that are modified selectively at one
end with a Pt cluster. The presence of this metal cluster allows the catalytic decomposition of hydrogen
peroxide and the resulting oxygen bubbles trigger the propulsion of the object. The type of motion can

Carbon tubes

be switched from linear to circular as a function of the exact position of the Pt cluster.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the frame of the intensive current efforts to develop micro-
and nanomotors, one of the most fascinating domains is the
research on autonomous swimmers, able to move in fluids under
the influence of external parameters, like the presence of physical
fields or chemical fuels [1].In the latter case, which s the topic of the
present work, the motion is generated by the conversion of locally
available chemical energy into mechanical energy with the help
of catalysts that are localized on one part of the swimmer. Many
reports have appeared in the literature on the synthesis of hetero-
geneous objects at the micrometer or nanometer scale in order to
carry out catalytic reactions at their different ends [2]. These sys-
tems are of great application potential in the field of nanoscience,
due to their ability to accomplish various tasks at a tiny scale,
inspired for example by natural biomachines such as kinesin (a
linearly progressing motor in the cell) [3] or flagellar motion [4].
The recent research in nanotechnology has focused on a variety of
such micro- and nanomotors, using different design principles and
various catalysts in order to induce and control their motion [5-7].

Generally there are three methods to induce the motion of these
objects:

* Corresponding author. Tel.: +33 5 40 00 65 73; fax: +33 540 00 27 17.
E-mail address: kuhn@enscbp.fr (A. Kuhn).
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0013-4686/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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(1) Biochemical fueling which is based on the functionaliza-
tion of an object with catalytically active enzymes, converting
natural fuel into kinetic energy [8,9]. (2) Physical fueling which
implies applying an external electric [6,10], or magnetic field [4,11].
(3) Chemical fueling for objects of different design, such as gear-
like structures [5], metal nanorods [7,12], nanorotors [13,14] and
millimeter-sized plates [15]. In many of the cases the structure
includes a metallic segment, that acts as the catalytic site for the
decomposition of hydrogen peroxide to water and oxygen gas,
which in turn generates the motion either by interfacial tension
gradients [5,12], or recoil from oxygen bubbles [14,15]. In this
context a key step in the design of the microswimmers is the
dissymmetric placement of the catalyst, which is achieved most
of the time using rather complex methods such as deposition
through the pores of membranes [16] or vapor deposition pro-
cesses [14]. Moreover, because these processes are occurring in
a two-dimensional reaction space, the yield of product is quite
limited and therefore not well-adapted for large-scale produc-
tion.

In this contribution we propose a straightforward single-step
procedure based on bipolar electrochemistry to prepare carbon
microtubes (CMTs) that are modified in a dissymmetric way with
a platinum catalyst. Depending on the exact location of the cata-
lyst cluster this allows subsequently the propulsion of these objects
either on a linear or circular trajectory.

Bipolar electrochemistry occurs when a conducting object is
exposed to an electric field which induces a polarization that is
sufficiently high to allow oxidation and reduction reactions at the
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opposite ends of the object, in the absence of direct contact between
the object and the power supply [17,18].

This principle has found several interesting applications for
pattering surfaces [19,20], sensing [21], generating electrochemi-
luminescence [18,22,23], membrane pore functionalization [24],
establishing electrical contacts [25], propulsing micro objects [6]
and as a powerful bulk procedure for creating dissymmetric objects
(Janus-type particles) such as single point modified carbon micro-
and nanotubes [11,26]. Here we will show that the procedure can
be adapted not only to the selective formation of Pt clusters at one
end of a CMT, but also to influence the orientation of the metal
deposit with respect to the tube axis, which gives the possibility to
generate two types of motion, a linear one and a circular one.

2. Experimental
2.1. Preparation and modification of carbon microtubes

The carbon microtubes used in this study were produced by
chemical vapor deposition using a porous aluminum oxide mem-
brane serving as a template [27]. After an acidic digestion of the
template, the fairly homogeneous tubes were recovered as a pow-
der. The suspension of CMTs was obtained by the addition of CMTs
(0.3 mg) to absolute ethanol (1.25ml). The formation of the sus-
pension was accelerated by sonicating the mixture for a short time
(1min) in order to avoid excessive breaking of the tubes. After
30 min of sedimentation, 0.5 ml of the supernatant was taken and
added to 1.5ml of a freshly prepared 60 mM H,PtClg solution in
ultrapure water (hexachloroplatinic acid hexahydrate, ACS reagent
grade, purchased from Sigma-Aldrich Co.). The suspension was
sonicated for a few seconds to disperse the tubes and directly
employed for the bipolar electrodeposition process analogous to
what has been described previously [11,26]. An electric field of
30kV/m was applied to polarize the CMTs according to the rela-
tionship:

AVmax = E (1)

where AVpax is the maximum potential difference generated
between both sides of the microtube, E is the total electric field
and ! is the length of the CMT.

2.2. Characterization of modified carbon microtubes—observation
of hydrogen peroxide decomposition and CMT motion

The suspension containing the modified carbon tubes was col-
lected after the bipolar electrodeposition experiment and observed
between two glass slides with a transmission optical microscope
(Zeiss, Imager M1). Before the characterization with the scanning
electron microscope (Hitachi, TM-1000), the suspension was dried
on a conductive substrate.

For observing the movement of the modified carbon tubes, one
drop of the suspension was dried on a glass slide and the swimmers
were observed with the transmission optical microscope. 5 .l of a
solution of 30 wt.% hydrogen peroxide in water (purchased from
Sigma-Aldrich Co.) were then added on top of the slide with the
tubes. Videos were recorded using a CCD camera.

3. Results and discussion
3.1. Microswimmer preparation

Let us first consider the two redox reactions that should take
place at each side of the CMT:

Ptlvclszi(aq) +4e — Pto(s) + 6Cl’(aq) E° = +0.73 V/NHE
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2H20(1) <~ 4H+(aq) + OZ(g) +4e~ E° = +1.23 V/NHE

In order to trigger both reactions at the opposite ends of the
tube we assume in a first order approximation that the polarisa-
tion has to generate a potential difference which is at least equal to
the difference of the formal potentials of the two redox couples. In
the present case this difference is 0.5V and, according to Eq. (1), it
is clear that an electric field of at least 25 kV/m must be applied in
order to induce the deposition of platinum onto a 20 p.m-long CMT.

Fig. 1. Transmission optical micrograph (50 times magnification) of (A) unmodi-
fied carbon microtubes (CMTs) and (B) CMTs with either asymmetric (top left) or
symmetric (bottom right) platinum deposits obtained by using bipolar electrodepo-
sition. (C) Scanning electron microscopy image of platinum modified CMTs. Inset:
magnified SEM image of the platinum deposit.
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Fig. 2. Schematic illustration explaining the origin of different deposit locations obtained for CMTs as a function of their orientation in the electric field at the beginning of
the electrodeposition process. (A) Aligned parallel to the electric field and (B) non-aligned with the electric field.

As reported previously, such high electric fields can be achieved
with a capillary electrophoresis set-up [11]. Experimentally, we
applied a slightly larger electric field (30 kV/m) to make sure that
also a majority of shorter CMTs are modified. This corresponds to a
good compromise because the difference of potential (AV)between
both sides of the CMT is higher than the thermodynamic thresh-
old value necessary for the concomitant redox reactions, but still
low enough to avoid bubble formation which would disturb the
experiment and cause detaching of the Pt deposit from the CMTs’
extremity.

3.2. Microswimmer characterization

The major reason for choosing carbon microtubes instead of
carbon nanotubes [26] in this work is the ease of visualization of
the achieved modification and especially of the generated motion
by standard optical microscopy. An optical micrograph of two
unmodified carbon microtubes is given in Fig. 1A. Both tubes are
representative of the sample containing a population of tubes with
a length ranging from 5 to 20 pm. Fig. 1B has been obtained after
exposing the carbon tubes to the electric field in a solution contain-
ing the platinum salt. The experiment shows clear evidence for a
dissymmetric deposition of platinum at one extremity of the tubes
by the bipolar electrochemistry approach. Samples have been pre-
pared at a quite high dilution in order to avoid superposition of
several tubes. Careful examination of the samples highlights two
slightly different topologies. The tube (length ~ 9 wm)located at the
bottom of the right side of the picture is modified in a symmetrical
way with the Pt particle centered on the C2 axis of the tube. On the
other hand, the shorter tube in the top left corner (length ~ 6 jvm)
has been modified in a non-symmetrical fashion as the particle is
positioned slightly off the tube axis.

This difference might be explained on the basis of a mixed
influence of two competing kinetic parameters, which are the elec-
tromechanical alignment time against the kinetic activation of the
bipolar reaction. Indeed, a linear potential sweep is applied in order
to reach the final working potential Ey. Theoretically, this potential
ramp should last for a time long enough to allow an alignment of
the tubes along the direction of the electric field before reaching
the threshold value where the bipolar reaction starts taking place.
In this case the experiment should lead theoretically to the forma-
tion of a symmetric electrodeposit of the Pt (Fig. 2A) with respect

to the tube axis, because the nucleation point is located at the point
of maximum polarization.

But the reality is more complicated because the carbon tubes
of a given sample have a length distribution due to the prepara-
tion mode of the CMTs. Practically, the kinetics of alignment of a
population of microtubes in a given electric field depends of three
main variables: the initial orientation and the length of each tube,
as well as the viscosity of the surrounding environment (the lat-
ter depending on another series of variables: solvent, temperature,
nature and concentration of the supporting electrolyte). The inter-
esting point is that these experimental conditions can be adjusted
in order to tune the electrodeposition morphology (symmetrical
versus non-symmetrical functionalization). The initial orientation
of the tubes is a statistical distribution, but the subsequent align-
ment could be favored by applying an initial potential difference
lower than the threshold value necessary for the bipolar reaction,
followed by a potential step above the threshold value once the
tubes are all aligned. On the other hand, the solvent choice is of
first importance as the timescale of reorientation of the CMT could
be either very short in water or substantially longer by adding a
co-solvent with a higher viscosity. A precise tuning of the mono-
dispersity of the tube length does not seem to be necessary as two
opposite factors influence the alignment: First, the length of the
tube directly influences the polarization between both extremi-
ties of the CMT. All tubes are exposed to the same electric field
(30kV/m)and that means that the polarization of a 20 wm-long car-
bon tube is twice as large as the polarization of a tube of 10 p.m. This
polarization is the driving force of the alignment, but mechanical
counter forces also depend on the tube lengths. Indeed, the longer
CMTs exhibit a bigger surface area in contact with the surround-
ing environment and are, therefore, more affected by the solvent
viscosity contribution, which slows down the alignment. Experi-
mentally we find that these two contributions do not seem to be
of the same magnitude, because the longer CMTs have a higher
tendency to be functionalized in a non-symmetrical fashion, mean-
ing that they need more time to orientate in the electric field and
during this time the deposition already occurs at the point of high-
est polarization, which in this case is not located at the center of
the tube end, but at the edge. Consequently the Pt electrodeposit
resulting from the reduction of H,PtClg directly grows from the
most favorable nucleation site and generates an off-centered plat-
inum/carbon tube hybrid as illustrated in Fig. 2B. One can note that
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Fig. 3. Schematic illustration of the propulsion mechanism of a platinum-modified
carbon tube moving in the opposite direction of the oxygen bubbles generated on
the platinum catalyst.

this scenario is perfectly consistent with the extremely low sur-
face mobility of the Pt atoms (Ds=10"18 cm?s~! determined on
highly oriented pyrolitic graphite, HOPG), which is several orders
of magnitude lower than that of the Ag atoms for example [28].

The modified carbon tubes have also been characterized by SEM
and a representative picture is given in Fig. 1C. Three successfully
functionalized small tubes with alength between 5 and 8 um can be
observed and at high magnification (inset) a typical Pt particle is vis-
ible. Theoretically, the size of the platinum cluster should depend
on the CMT's length, but other considerations have to be taken into
account: a carbon tube which is imperfectly aligned exhibits a high
polarization located at the edge of each extremity instead of the
center, leading to a non-centered nucleation point. In this case the
driving force is not proportional to the overall tube lengths but to
the projection of the tube in the plane of the electric field lines.

Although the present study did not focus on the crystallographic
structure of the Pt deposit, the observation of non-symmetrical
electrodeposits is in favor of a single crystal nucleation and growth,
because the alternative pathway involving several nucleation sites
distributed over the whole extremity of the microtube should gen-
erate a symmetrical Pt topology.

In summary, the described characterization by optical and
electron microscopy clearly demonstrates the successful electrode-
position of platinum at one extremity of the carbon tubes and
therefore the controlled generation of Janus-type microobjects,
which then can be used to generate a movement by applying an
external stimulus.

3.3. Microswimmer propulsion

Platinum metal is a well-known catalyst which has been
extensively used in organic synthesis (for example for catalytic
hydrogenation) as well as in electrocatalysis. We first tested the
ability of the newly prepared material to decompose hydrogen per-
oxide. Dioxygen bubble generation was immediately observed as

Fig. 4. Linear motion of the microswimmer leaving a bubble train behind observed
under the optical microscope.

Fig. 5. Optical micrographs of a counter clockwise rotating microswimmer. Scale
bar 10 pm.
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soon as the Pt/CMT hybrid was in contact with the reactant solution
according to the following dismutation equation:

H,0, — H,0 + 1/202

The bubble production can be tuned by adjusting the hydrogen
peroxide content and concentrated solutions like 30% H, 0, gener-
ated a very high activity. One can note that a control experiment
with pure H,O instead of H,0, did never lead to any bubbles due
to purely mechanical effects.

Fig. 3 gives a schematic representation of the mechanism
responsible for the motion. The ideal situation corresponds to a
CMT functionalized with a perfectly symmetric Pt particle at one
extremity. The O, bubbles will generate a local mechanical pertur-
bation and a subsequent movement of the object in the opposite
direction.

The propulsion of a CMT is experimentally very challenging to
image for several reasons. (1) The generation of a large quantity
of bubbles is necessary to move the microhybrid, but these bub-
bles disturb the optical resolution by changing instantly the nature
of the local environment surrounding the CMT. (2) The propulsion
usually takes place in a three dimension referential (xyz) and the
optical microscope is only able to focus on a single plane (xy). (3)
The rate of bubble formation and the acceleration of the CMT do not
take place at the same timescale and it is therefore very frequent
that the CMT moves out of the focal plane of the microscope. Fig. 4
shows an optical micrograph of a CMT in motion. The four dioxy-
gen bubbles were formed successively from right to left and this
results in an efficient propulsion of the carbon tube towards the
bottom-left corner of the picture. As mentioned previously, this
linear mode of motion is directly linked to the morphology of the
platinum deposit. A Pt particle perfectly centered at the middle of
a CMT extremity results in an isotropic production of O, bubbles
and therefore a linear motion. However a non-symmetric deposit
(for example like in Fig. 1B and C) will generate bubbles anisotrop-
ically with respect to the tube axis. As a result, the mode of motion
does change from a translation to a rotation. Fig. 5 shows a selec-
tion of six high magnification optical images of a CMT performing
one anticlockwise turn. These data are extracted from a large set of
images in which the microhybrid is spinning several times around
the unfunctionalized extremity of the microtube. A time interval
0f 2.01 £0.14 s/turn was estimated from 10 full turns which allows
calculating a speed of 29.94 2.1 rpm (or a frequency of ~0.50 Hz).
The sequence of images in Fig. 5 clearly demonstrates that the driv-
ing force of the rotation is the non-symmetric O, formation, as the
CMT is rotating in the opposite direction with respect to the bubble
evolution. It is noteworthy that this rotating CMT is a particularly
long one (roughly 20 wm), thus confirming that the length of the
microtube seems to be one of the variables influencing the for-
mation of a non-symmetrical Pt electrodeposit. At this stage the
advantage of the present modification approach using bipolar elec-
trochemistry with respect to other experiments, where rotational
motion has been generated on purpose [14], becomes very clear.
By changing the potential ramp and the solvent viscosity during
the deposition experiment it is in principle possible to generate
on purpose objects that can either undergo dominantly linear or
rotational propulsion.

4. Conclusion

A single-step procedure based on the concept of bipolar elec-
trochemistry has been successfully employed to create Janus-type
carbon microtubes with a platinum metal deposit at one end either
in a symmetric or dissymmetric orientation with respect to the
tube’s axis. This bulk process is straightforward and well adapted
to generate microswimmers with a high efficiency, whereas the

Z. Fattah et al. / Electrochimica Acta 56 (2011) 10562-10566

majority of the literature processes are based on the use of
interfaces or surfaces to generate such swimmers. Especially for
rotational motion, sophisticated synthetic procedures have usually
to be employed to generate the appropriate particles. In the present
study, it is possible to generate swimmers that can perform both,
rotational and linear motion as a function of the position of the Pt
cluster with respect to the tube axis, which catalyzes the decompo-
sition of hydrogen peroxide. The generated oxygen bubbles drive
these microobjects either in a linear or a circular motion.

Bipolar electrochemistry can be also applied to generate such
micro- and nanoobjects with a variety of other materials, in order
to adapt the chemistry of the propulsion process for example to
bioelectrochemical mechanisms [9]. Microswimmers elaborated
using this or similar approaches [29] might one day move cargo
in microfluidic devices, deliver pharmaceuticals, or track toxic
molecules [30].
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1. Introduction

Gold ions in non-aqueous solution are known since the early days of
gold mining but increasingly find new applications in modern
technologies. Examples are the processing of electronic scrap [1], the
decoration of nanomaterials with gold [2] and new types of gold clusters
[3], amongst others. Due to the high complexation tendency of gold ions,
bare Au(I) or Au(lll) ions are normally not present in solution. CN™
forms a soluble gold complex, Dicyanoaurate(I) anion (Au(CN)3 ) which
is widely used in industry. This gold complex is very stable and can be
prepared as an alkaline salt, (NaAu(CN), or KAu(CN),) by cyanidation of
gold clusters [4]. However, in general little is known about the
microscopic details of gold complexes in solution. In this work we
study the interactions between Au(CN); and its preferred solvent,
nitromethane, by means of quantum chemical cluster calculations.

2. Methods
2.1. Quantum chemical calculations

We performed Hartree-Fock (HF) calculations with the LANL2DZ
basis set [5] for Au(I) and the D95V basis set [6] for N, O, Cand H.In a
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E-mail address: michael.probst@uibk.ac.at (M. Probst).

0167-7322/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
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previous work [7] it was found that this combination is suitable to
describe such systems in which the intermolecular interactions are
governed by electrostatics. Often, anions require basis sets aug-
mented with diffuse functions. In the case of Au(CN)3, however, the
negative charge of the dicyanoaurate(I) anion is quite evenly
distributed over all atoms. This makes it possible to use a more
compact basis set, at least concerning energetics and geometries,
which are the aim of the present work. It also allows calculations on
larger Au(CN)3 -NM,, clusters which we studied with n up to 10. In
many respects, calculations on the interaction of Au(CN), anion
with solvent molecules are less problematic than with bare Au(I)
because the strong non-additive effects mentioned in [7] are not
present for Au(CN); -NM. All quantum chemical calculations were
carried out with the Gaussian 03 code [8].

3. Results and discussion
3.1. Structure and formation energy of Au(CN)3

Au(CN); itselfis a linear molecule with D.h symmetry in which the
C end of the cyanide group binds to Au. In order to form a Au(CN);
anion, one electron in a carbon sp orbital transfers to the unoccupied 6s
orbital of Au(I). From an analysis of the natural populations (Table 1) it
can be seen that Au(I) gains 0.36e™ from CN™ group group and AuCN-
obtains 0.31e~ from the second CN™ group. Moreover, due to the
strong ligand field of CN—, only one CN™ group can fully participate in
the mixing of the 6s-5d orbital of Au(l). This differs, for example, in
case of bare Au(I) where two nitromethane molecules participate in
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Table 1
Atomic partial charge (NPA) and electronic configurations (NEC) of the atoms in Au(I), CN~, AuCN and Au(CN). See text for details.
Au(I) CN™
NPA NEC NPA NEC
Au 1.00 6s 0.00 5d 10.0 6p 0.00 - -
C - - —0.18 2s 1.56 2p 2.56 3s 0.04
N - - —0.82 2s 1.62 2p 4.19 3s 0.01
AuCN Au(CN)3
NPA NEC NPA NEC
Au 0.64 6s 0.51 5d 9.83 6p 0.02 0.33 6s 0.81 5d 9.73 6p 0.13
C —0.20 2s 1.26 2p 291 3s 0.04 —0.10 2s 1.26 2p 2.77 3s 0.05
N —0.44 2s 1.59 2p 3.84 3s 0.01 —0.57 2s 1.58 2p 3.98 3s 0.05

the mixing [7]. With the quantum-chemical methods described in
2.1, the formation energy between Au(l) cation and the first CN™
group is exothermic by 180.6 kcal/mol. The calculated Au-C and C-N
distances are 1.998 and 1.160 A, respectively. To form the Au(CN)3
anion, the 6s orbital of Au(I) in AuCN obtains 0.31e™ from a sp
orbital of the C atom of the second CN™ ligand. The attachment of
the second cyano group releases 94.2 kcal/mol, about half as
much energy as the first one, and leads to the mixing of the 6s,5d
and 6p orbitals of Au. The structure of Au(CN); can be compared to
S-Au(I)-S complexes which have the same linear D..h - symmetry
[9]. The calculated Au-C and C-N distances in Au(CN)5 are 2.050 and
1.166 A, respectively, in good agreement with X-ray diffraction data
for the crystals Nd[Au(CN),]3-3H,0 and Am[Au(CN),]33H,0 in
which the Au-C distances are 1.984 and 2.064 A, respectively, for Nd
[Au(CN);]3°3H,0 and Am[Au(CN),]5-3H,0. The C-N distances are
1.141 and 1.075 A for Nd[Au(CN);]5* 3H,0 and Am[Au(CN);]5° 3H,0,
respectively [10].

3.2. Electrostatic potential and electron densities

The Au(CN)3 -NM interaction is governed by the interaction of the
high dipole moment (4.6 debye) of NM with the low charge density in
Au(CN)3. We use the electrostatic potentials (ESPs) of both molecules

to quantify this for intermediate distances. The ESP of NM (Fig. 1a) is
divided into a positive half-space (CH; side) and a negative one (NO,
side). The ESP of Au(CN); is negative everywhere except close to the
nuclei (Fig. 1b). Consequently, the interaction of Au(CN); with the NO,
side of NM is repulsive and the one with the CHs side is attractive. The
coordination of NM to Au(CN); is described in more detail in the next
section.

Au(CN); consists formally of the singly positive Au(I) cation and the
two singly negative cyanide ligands. The electron density (p) difference
between Au(CN); constituents was calculated according to:

Ap = Protal — Paut —

PNy, o p(cmh,ﬂ (1)
at the optimized structure of Au(CN);. It reveals that the region
around Au(I) gains electron density (Fig. 2) from the CN™ groups. This
increase of electron density takes place in a ring-shaped region

perpendicular to the axis of the anion.

3.3. Au(CN)z/NM,, (n =1-10) complexes: Geometries and binding
energies

Unlike in the case of the free Au(I) ion [7], the 6s orbital of gold in
Au(CN)3 is nearly fully occupied (Table 1). Therefore, it does not

Fig. 1. Electrostatic potential (upper part) and the surface of near-zero (+ 10~ V)electrostatic potential (lower part) of a) nitromethane and b) Au(CN)3.
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Fig. 2. Electron density difference between Au(CN)> complex and its constituents, Au
(I) and the CN™. Isosurface plot (upper part) and integral of Ap(x,y,z) over y and z
(lower part). The excess density (purple color, at Ap=0.4x107> e/A%) is located
around Au(l) while the CN™ groups lose some electron density. (brown color,
isosurface plotted at Ap= —0.4x 107> e/A%).

change its hybridization when interacting with NM ligands. As a
result, the binding energy per ligand decreases mostly (with the
exception of n =5 to 6) monotonically with the number (n) of ligands
(Fig. 3) when the most stable structure for each n is considered. The
optimized structures of Au(CN); -NM,, with n=1 to 10 are shown in
Fig. 4. When a single NM molecule is added to Au(CN)5, it prefers to be
bound to Au(CN); via end-on direction to form a linear Au(CN); -NM
complex. This end-on structure with a binding energy of —13.43 kcal/
mol is about 5 kcal/mol more stable than the side-on structure with a
T-shaped Au(CN); -NM complex which is also a local minimum on
the energy hypersurface. The energy difference is simply due to the
fact that N in Au(CN)3 has a higher negative partial charge than Au as
is quantitatively shown in Fig. 1b. When a second NM molecule is
added, Au(CN)3(NM), is formed as a linear complex with the NM
molecules rather loosely bound to the anion. This linear form is
3.7 kcal/mol more stable than the one with two NM molecules
binding to the same CN ligand. No local minima with NM coordinating
to Au could be found for n>2 and for n=3 we could locate only a
single stable geometry. For n>3, the NM molecules can in principle
either bind to the N atoms of the anion or form ‘hydrogen-bonds’ (we
use this term simply to denote the C-H O pattern of arrangement
between the highly polar NM molecules) to each other. From n=4 to
7 these two geometrical patterns can be seen most clearly: The NM
molecules can independently cluster on both N-sites or NM molecules
can connect both sites. The respective energies are quite similar. For
n>7, there are enough so that the two N binding sites of the anion are
always bridged. For n=8 and 9 half-ring structures are slightly
preferred over more compact ones. Finally, for n=10, the largest
complex we investigated, a second shell of NM molecules starts to
form.

The possibility of forming NM chains in the larger clusters is also
reflected in the binding energies (Fig. 3). The incremental NM bind-
ing energy in the complexes with n=28-10 is larger than for n=7.
Such a behavior is often found for solutes where solvent-solute
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Fig. 3. (Upper) Total ligand-cation binding energies of the most stable structure
defined as E=E(Au(CN);-NM,)-E(Au(CN)3)-n E(NM) in the Au(CN);-NM,
clusters with 1<n<10. (Lower) Incremental energy defined as AEIN® = EiMc_Eing
where E"® =E(Au(CN)3 -NMy)-E(Au(CN)3 ~NM,_1)-E(NM).

and solvent-solvent binding energies are similar, which is the case
for Au(CN),(NM),. Geometrically it reflects the competition be-
tween surface and interior states. In our system, due to the high
directionality of the NM-NM interactions combined with the
separation of the two N-sites of Au(CN)3, the anion remains in the
center of the complexes, at least until n=10.

4. Conclusions

Our aim was to get an overall picture of dicyanoaurate(I) anion/
nitromethane complexes. Structures and energies of clusters with up
to 10 NM molecules were calculated. If less than 6 NM molecules are
present, NM coordination to the nitrogen atoms at both ends of the
linear is preferred while, for higher values of n, a geometrical pattern
with chains or ring segments of NM molecules becomes competitive.
The first solvation shell contains up to 9 NM molecules. At least for the
cluster sizes we have investigated, no surface states are found with a
central Au(CN); being surrounded by NM molecules.
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ABSTRACT: A bulk procedure based on bipolar electrochemistry is proposed for the
generation of Janus-type carbon tubes. The concept is illustrated with carbon tubes that are
selectively modified at their ends with various metals and conducting polymers. No surface or
interface is required to break the symmetry and therefore this approach could be used for the
mass production of Janus micro- and nano-objects. We show evidence that the technique is
very versatile, allowing the choice of the kind of material that is deposited and whether the end

product is mono- or bifunctionalized.

KEYWORDS: bipolar electrochemistry, carbon tubes, capillary electrophoresis, Janus

particles, dumbbell structures

B INTRODUCTION

Elaboration of functionalized micro- and nanoparticles, espe-
cially dissymmetrical Janus-type objects, is of enormous interest.
These particles have high application potential in many areas
such as sensing, new electronic devices, and catalysis." Never-
theless, most processes, used to achieve the site-selective func-
tionalization of a particle at this scale, require the use of an
interface to break the symmetry.” This makes the preparation
of large quantities rather difficult because the majority of the
techniques usually leads to monolayer equivalents of material,
as the modification occurs in a two-dimensional reaction space.
Thus, there is an increasing interest in developing alternative truly
three-dimensional techniques, allowing a scale-up of the production
of dissymmetrical particles. Examples of such kind of approaches are
based on the generation of charge carriers in semiconductors using
light, or antenna chemistry.* An elegant method reported by Banin
et al. consists of the precipitation of HAuCl, to grow selectively gold
tips on cadmium selenide nanorods.”

In this context, another attractive way to selectively modify
particles in a three-dimensional reaction space is based on the
conceépt of bipolar electrochemistry, described by Fleischmann
et al.” This appealing approach relies on the fact that when a
conducting object is placed in a strong electric field between two
electrodes, a polarization occurs that is proportional to the
electric field and the characteristic dimensions of the object.
When this polarization is strong enough, redox reactions can be
carried out at the opposite ends of the object (Scheme 1a). This
interesting theoretical concept” has recently found applications
as the driving force in electrochemiluminescent reactions,” !
as detection mode in capillary electrophoresis,'> for bipolar
patterning,">'* for membrane pore functionalization,'® as a

W ACS PUb'icationS ©2011 American Chemical Society

mechanism for propelling micro-objects,'® and in the fields of
analytical chemistry and material science in general.""'” The
potential difference between the two ends of a conducting object
under the influence of an external electric field is given by the
equation

AV = Ed (1)

with E being the total external electric field and d the particle size.
To carry out two redox reactions at the opposite sides of the
object, AV has to be in a first-order approximation at least equal
to the difference between the formal potentials of the two redox
reactions. Let us consider as an example for the dissymmetrical
functionalization the formal potential (E°) of the reduction of
Ni'" at one side

Nin<1) +2e — Ni0<s) (2)
and of the oxidation of water at the opposite side
2H,0(;) — 4H' (1) + Oyg) + 4e~ (3)

From Table 1 it immediately follows that in this case the
polarization has to generate a minimum potential difference of
approximately

AVipin = E?\Ii“/NiH - E?—IZO/OZ =15V (4)

This becomes an intrinsic problem of the approach when dealing
with micro- or nanometer sized objects; as in this case E needs to
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Scheme 1. (a) Concept of Bipolar Electrochemistry for the
Generation of Janus-Type Objects; (b) Capillary Electro-
phoresis Set-up Used for the Dissymmetrical
Electrodeposition

Table 1. Formal Potentials of the Redox Couples Used for the
Bipolar Electrodeposition Experiments

redox couple E° [V vs NHE]
[Ad"'CL] /AW +0.99
Cu'/Cu’ +0.52
Ni'"/Ni° —0.26
cu''/Cd' +0.16
0,/H,0 +123

achieve values of up to MV m ' (see Eq 1), conditions that seem
to be incompatible with a normal laboratory environment and
especially with aqueous solutions because of the intrinsic side
reactions accompanied by macroscopic bubble formation at both
electrodes that disturbs the orientation of the objects in the
electric field. Bradley et al. could partly circumvent the problem
by using organic solvents to enlarge the potential window of the
electrolyte and thus it was possible to generate metal depositsin a
dissymmetrical way on different objects in the micrometer and
submicrometer range.lg’19 However, it was also necessary to
immobilize the objects on a surface to prevent them from
rotating, which means that this is again a two-dimensional and
not a bulk process. We could demonstrate that it is possible to get
around these problems by using a capillary electrophoresis setup
to apply the high electric field (Scheme 1b).>° In this case the
bipolar electrodeposition experiment consists of imposing a
strong potential (several tens of kV) between two electrodes
separated by a capillary, generating an electric field in the range of
100 kV m ™ *. Under its influence, the conductive objects become
polarized, and because of the electroosmotic flow through the

capillary, they are moving from the anodic reservoir to the
cathodic one. Electrodeposition is achieved in this way and the
modified substrates are detected at the outlet with a UV—vis
detector. In this work, we describe a generalization of the approach
and we have chosen to illustrate this with micrometer-sized
carbon tubes (CTs) because they can be easily visualized with an
optical microscope. However, the approach can also be used for
nanosized objects, as has been shown for the particular case of
gold deposition on CNTs.** The so-called CABED procedure
(Capillary Assisted Bipolar ElectroDeposition) was restricted so
far to metal deposition, and most importantly, only one side of
the carbon (nano)tubes could be modified.*"**

In the present work we demonstrate that the concept can be
applied not only to a variety of metal deposits but also to the
deposition of conducting polymers. In contrast to what has been
reported in our previous work, we show here that by choosing the
right potential sequence including relaxation times, we can not
only deposit a material selectively on one side of the tubes but
also trigger in a single experiment the deposition at both ends of
the tube, resulting in structures that are either modified on both
sides with the same material or with two different materials. This
is the first time that such symmetric or dissymmetrical dumbbell-
like structures are synthesized by bipolar electrochemistry using a
bulk approach without the need of interfaces or surfaces to break
the symmetry.

B EXPERIMENTAL SECTION

Preparation of Carbon Tube Suspensions. The CTs used in
this study were produced by chemical vapor deposition with a
porous aluminum oxide membrane serving as a template. After
acid digestion of the template, the quite homogeneous tubes
were recovered as a powder. For the suspensions containing Au'"
and Ni", about 0.1 mg of CTs was added to absolute ethanol
(1.5 mL). To accelerate the formation of a suspension, the
mixture was sonicated, but only for a short time (1 min), to avoid
excessive breaking of the tubes. After 3 h of sedimentation,
0.5 mL of the supernatant was taken and added to 0.5 mL of
10 mM NiSO,4 or 10 mM HAuCl, in ultrapure water. The
suspension with Cu' was prepared by adding about 0.1 mg of CTs
to a solution of 10 mM Cul in acetonitrile. Suspensions with Cul
and pyrrole were prepared by adding the same amount of CT's to
a mixture of 10 mM Cul and freshly distilled 50 mM pyrrole in
acetonitrile.

Bipolar Electrodeposition on Carbon Tubes. For electro-
deposition experiments, all solutions or suspensions were intro-
duced into the capillary by filling it manually with a syringe. The
capillary used here is a fused silica capillary with a length of 24 cm
and an inner diameter of 100 #m. The applied voltage was 30 kV
for 5 min and the temperature was maintained at 25 °C. The CE
experiment was first performed by rinsing the capillary with
ultrapure water or acetonitrile. Then the CT suspension was
introduced into the capillary. Because the addition of salt in-
creases the ionic strength, it can result in the aggregation of the
CTs, and therefore the suspensions were sonicated for a short
time in an ultrasound bath before introduction into the capillary.
For such salt concentrations, the typical currents in the electro-
phoresis setup were around 1 uA. The sample leaving the
capillary at the cathodic side was collected directly at the outlet
and transferred onto a TEM grid or another substrate, rinsed, and
dried. The objects were then characterized by optical microscopy
and scanning electron microscopy (SEM).
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Figure 1. SEM images of CTs (a) without modification; modified at
one side with (b) copper, (c) gold, and (d) nickel. Inset: optical
microscope image of the modified CTs; scale bars are:(a), (b), and
(d) 20 um; (c) 10 um.

B RESULTS AND DISCUSSION

The Janus-type CTs are obtained from raw carbon tubes
synthesized by chemical vapor deposition into pores of an alu-
minum oxide membrane. The thickness of the collected tubes is
200 nm and their length is 20—30 xm (Figure 1a). The modified
CTs are collected at the outlet of the capillary after bipolar
electrodeposition. Samples shown in Figure 1b—d were obtained
using carbon tube suspensions in solutions of Cu' (10 mM) in
acetonitrile, Au™ (5 mM) in water, and Ni"" (5 mM) in water,
respectively. Since copper modification was achieved in a non-
aqueous solution, the reactions that occur at the tube ends are

Cu'+e” — Cu’y (S)
at one side and:
Cu' — Cu' +e” (6)

at the opposite side. Using the E° values given in Table 1, one can
easily see that the overall reaction resulting from a combination
of eqs 5 and 6 should occur spontaneously via a dismutation.
However, the Cu' species seem to be sufficiently stabilized
because of the presence of I ions so that a potential difference
is still needed between the two ends of the tube to drive the
reaction.

Gold deposition was carried out in aqueous solution, involving
the following reactions:

[Au"'C14]” +3e” — A’ +4Cl~ (7)
and
2H, 0y — 4HT (1) + Oyg) + 4~ (8)

Table 1 indicates that in this case the combination of eqs 7 and 8
is not a spontaneous reaction and therefore a minimum potential
difference between the two tube ends has to be generated to
achieve dissymmetrical deposition:

AViin = EOAuO/AuCI; - Eglzo/o2 =024V )

Obviously, because the experiments are carried out in far from
standard conditions in terms of pH, concentrations, and partial

gas pressures, deviations from the theoretical values of the
potential threshold are expected. For all these experiments the
same external electric field value E = 125 kV m ™' was applied,
which gives typically for a 30 m objecta AV =3.75 V. This value
is definitely high enough, compared to the theoretical AV,
values previously calculated, to drive all these redox reactions.
Looking at the SEM pictures of CTs collected at the capillary
outlet (Figure 1b—d), it is obvious that the corresponding metal
has been deposited. Because we used the same E, the same
capillary length, and an identical experiment time, the variation in
deposit size can be understood via the different growth kinetics
which depend essentially on (i) the required AV, and (ii) the
salt concentration. Nickel modification, which requires the high-
est driving force (AV g, = 1.5 V), results in the smallest deposit
size because for the given overall electric field the driving force is
smaller and therefore the reaction proceeds more slowly. As
stated above, copper deposition should occur almost sponta-
neously and therefore the required minimum voltage is certainly
the smallest one compared to the other metals. This means that
in this case the external field generates the highest driving force
and leads to the biggest deposit. Another parameter that is
important for the apparent deposit size is the growth morphology
and its density. Copper is growing in a much more ramified
structure, which leads for the same amount of reduced metal to a
much bigger deposit compared to what is obtained for nickel and
gold. This new family of monofunctionalized dissymmetric par-
ticles can be used for the localized functionalization of carbon
tubes with organic molecules, for binding carbon tubes to a sur-
face and for the development of nanodevices such as nanomotors
because the orientation of tubes modified with a ferromagnetic
material can be controlled with a magnetic field,* or a decom-
position reaction can be driven by a catalytically active metal
present at one tube end.*”

During these bipolar electrodeposition runs, the end of the
tube opposite to the one where the metal deposition takes place
is positively polarized and therefore cannot be a site of reduction.
If one wants to modify in a single experiment both ends with the
same metal, polarization has to be reversed after the first depo-
sition step so that the side that was the oxidation site becomes the
reduction site. Since a classic electrophoresis set-up does not
allow reversal of the polarization between the electrodes, we
employed another approach consisting of the introduction of a
relaxation time after the first polarization (without applied poten-
tial) to induce a statistical reversal of the CTs in the capillary. The
optical microscope pictures in Figure 2 were obtained with the
same carbon tube dispersion and the same electric field value as
for the previous dissymmetrical deposition of copper, but with a
regular interruption of the potential. When the potential is
continuously applied or when the relaxation time between the
pulses is short (Figure 2b,d), the CTs do not have the possibility
to turn around in the capillary. Actually, once these anisotropic
objects are polarized in the electric field, it would cost too much
energy for them to flip in the opposite direction. This means that
the tubes are all aligned parallel to the electric field and will not
tumble or turn during their journey through the capillary.
Therefore, this results exclusively in dissymmetrical deposits. In
contrast, when the pulses are sufficiently separated in time
(Figure 2a,c), the tubes are no longer polarized during the
relaxation period without applied field and therefore have time
to statistically change their orientation, thus leading to a sym-
metric deposition. In this case, after the first pulse, only one end
of the tube is modified with Cu’, but during the 5 minutes
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Figure 2. Pulsed bipolar electrodeposition with a suspension of CT's in
10 mM Cul in acetonitrile. The electric signal imposed between the
electrodes is reported at the top and the corresponding optical micro-
scope images of the modified carbon tubes at the bottom. The electric
field was 125 kV-m. Time of potential pulses are 12 s (aand b) and 30's
(c and d); the time between the pulses are 5 min (a and c) and 10 s
(b and d).

without polarization the tubes are allowed to reorientate in the
capillary. Statistically, half of them will do so. Therefore, when
the second pulse is applied, for half of the tubes the end where
previously the oxidation of Cu'into Cu" took place becomes the
reduction site where metal is formed. For these tubes, the coun-
ter reaction, which is the oxidation of Cu' into Cu", now takes
place at the end of the tube that had been already modified with
copper during the first potential pulse. Another possible counter
reaction could be the oxidation of the already present copper
deposit. However, it is more difficult to oxidize Cu® than Cu'
because the oxidation potential is more positive (see Table 1)
and therefore the dominating counter reaction is Cu' — Cd',
thus preserving the already existing metal deposit.

If this long relaxation is repeated many times, statistically all
tubes have turned around several times and consequently are
modified on both sides. Striking evidence for the symmetric
deposition of copper at both ends of the CT is shown in the
SEM image of Figure 3a. The symmetric dumbbell-like func-
tionalization of CTs can be extended to metals other than

Figure 3. SEM pictures of modified dumbbell-like CTs. (a) Symmetric
dumbbell-like object with copper deposits on both sides. (b) Dissym-
metrical dumbbell-like object with one copper end (square 1) and one
polypyrrole end (square 2). (c) EDX spectra recorded for the copper
end (1) and for the polypyrrole end (2).

copper and these new materials can find exciting applications
for self-assembly.

In the above experiments, the oxidation that occurs at the
anodic end of the CT's produces gas or other oxidation products,
but the involved reactions do not lead to a modification. We were
therefore looking for an additional strategy, which would make
use of this oxidation reaction to deposit also a material on the
positively polarized side, concomitant with the reductive metal
deposition on the negatively polarized side. One obvious type of
material that can be obtained by oxidation is a conducting
polymer. Because of their intrinsic reactivity, the metal salt and
the monomer have to be chosen carefully. A mixture of Cu' and
pyrrole was found to be stable in acetonitrile for at least 12 h. For
longer times a brownish color that was due to the spontaneous
polymerization of pyrrole appeared. CTs were added to this
freshly prepared solution and bipolar electrodeposition was
achieved using the same parameters that were applied for the
dissymmetrical deposition of Cu’. A SEM picture of a typical CT
is shown in Figure 3b, the metallic end being clearly visible since
the color contrast between metal and the carbon tube is very
important. The polypyrrole (Ppy) end is less conductive than
copper and thus exhibits a weaker contrast with respect to the
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carbon tube. To make sure that the type of deposit at both ends is
different, we performed, in addition, EDX experiments. The
analysis has been carried out at the two opposite ends of the
carbon tube. Figure 3c shows that the upper left end of the tube is
characterized by a strong Cu signal around 1 keV compared to a
much weaker carbon signal which originates most likely from the
underlying carbon tube and the supporting grid. At the other end
of the tube the carbon signal is much more prominent due to the
presence of the conducting polymer. When both peaks are
compared to the background oxygen signal, it becomes clear
that their ratio is significantly different for the two ends of the
tube, demonstrating the presence of the two different materials.
However, on the Ppy side there is still a small contribution of Cu.
This signal can be assigned to ionic copper species that become
trapped in the polymer matrix during the pyrrole oxidation, it
being known that copper forms stable complexes with polypyr-
role, based on a Cu—N bond.*®

This result opens up the way to a new family of bifunctional
Janus-type materials that can be created by bipolar electro-
deposition. Indeed, one can easily imagine that various metal-
conducting polymer combinations can be deposited, leading
to structures that could show interesting features. The pic-
tures of Figures 1,2, and 3 are representative of the majority of
the tubes reaching the capillary outlet; however, in a more
general sense, not 100% of the tubes are modified. The per-
centage of modified tubes obviously depends on the experi-
mental parameters and there are several possible origins for
a nonquantitative modification. The deposits might for ex-
ample detach from the tube during the collection and rinsing
procedure. Also, the tubes can be more or less conducting
depending on their morphology and defects, which will lead to
differences in polarization. When this kind of problem is
minimized by careful sample handling, quantitative modifica-
tion can be achieved.

B CONCLUSION

In summary, we present the generalization of a new bulk
method based on bipolar electrochemistry that allows the highly
controlled and localized functionalization of CTs. For the first
time we could synthesize with one and the same process Janus-type
carbon tubes that can be divided into three families, as a function
of the used experimental parameters: (i) monofunctionalized
dissymmetrical tubes, (ii) symmetric dumbbell-like tubes,
and (iii) dissymmetrical dumbbell-like tubes. The deposit size
and location can be very easily tuned by changing the strength
and time variations of the electric field. Various materials can be
deposited, assigning localized features to carbon tubes, thus leading
to promising materials in domains such as sensing, electronic
devices, self-assembly, and catalysis. Because this process is a true
bulk process, one can imagine a scale-up of the production.
Although we demonstrated the validity of the approach for the
particular example of carbon tubes, this technique might be
adapted to a large range of other micro- and nanoparticles of
various size and shape.
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Structural and electronic bistability in ZnS single sheets and single-walled nanotubes
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We investigate a single sheet graphene analogue and a single-walled nanotube of ZnS using electronic structure
calculations. Unlike the nearly perfectly flat structures of graphene and graphene analogues of other binary
compounds (e.g., BN, ZnO, SiC), ZnS sheets are predicted to attain higher stability as complex, radically
reconstructed structures. This predisposition to reconstruct also persists when ZnS sheets are rolled up into
single-walled nanotubes. Smooth nanotubes and flat single sheets of ZnS have significantly smaller band
gaps than their reconstructed counterparts, and are found to be metastable minima that are accessible from
the reconstructed structures via external strain. This bistable electromechanical coupling may have significant
technological potential (e.g., nanosensors, optomechanical switches).

DOI: 10.1103/PhysRevB.83.233305

Since the fabrication of atomically thin, nearly perfectly
planar nanosheets of carbon (i.e., graphene1 ), two-dimensional
(2D) materials have attracted huge scientific and technological
interest. The formation of single flat sheets is facilitated
in carbon, and similarly in boron nitride (BN),? by ther-
modynamic driving forces to form quasi-2D bulk crystal
structures consisting of weakly interacting hexagonal ordered
atomic layers (i.e., graphite and h-BN, respectively). Other
technologically important materials, such as SiC, ZnO, and
ZnS, exhibit fourfold-coordinated three-dimensional (3D)
bulk crystal structures (i.e., zincblende or wurtzite), but
these have been predicted to energetically favor layered
phases® analogous to h-BN in thin films, which has been
experimentally confirmed for ZnO.* Calculations have shown
that isolated sheets of SiC,” and ZnO° are most stable as
planar structures, just like for graphene and BN single sheets.
Only for Si and Ge predicted a possible weak instability of
single hexagonal planar sheets to slight puckering theory has
(displacements of +0.22 A [Si]and +0.32 A [Ge] with respect
to the planar sheet).’

Herein, using electronic structure calculations, we consider
single hexagonal sheets of the II-IV semiconductor ZnS.
We predict that 2D ZnS energetically prefers complex, sig-
nificantly reconstructed sheets having out-of-plane displace-
ments of £1.95 A. We find that these large distortions also
persist even after rolling up such sheets into single-walled
nanotubes (SWNTs). We further show that the application of
tension/compression to 2D ZnS sheets and ZnS SWNTs can
induce a structural transition between lower-energy recon-
structed ZnS structures and their metastable planar/smooth
forms. These structural transformations are also found to
induce large band gap changes (>2 eV), showing how the
mechanical and electronic properties of these systems are
strongly coupled. Considering the impressive optoelectronic
properties of current ZnS nanostructures® and the continuing
advances in nanofabrication, the electronic and mechanical
bistability of ZnS nanosheets and SWNTs is of potential
technological importance (e.g., nanosensors, optomechanical
switches).
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PACS number(s): 61.46.Fg, 64.70.Nd, 62.23.Kn, 62.25.—¢g

Structures and properties were calculated using periodic
density functional theory (DFT) as implemented in the Vienna
Ab initio Simulation Package (VASP) code.’ Calculations
used the PW91'" exchange-correlation potential, a plane-
wave kinetic energy cutoff of 500 eV, and the projector
augmented wave method.'' Repeated image interactions were
made negligible by ensuring a 15 A separation between
systems. For the nanosheets, both hexagonal cells of 32 atoms
(a 4 x 4 supercell with respect to (w.r.t) the flat sheet)
and rectangular 4 x 6 cells of 48 atoms (4 x 6 supercell
w.r.t. the flat sheet) were employed, using 7 x 7 x 1 and
5 x 5 x 1 Monkhorst-Pack (MP)'?> meshes of k-points, respec-
tively. In the (12,0) SWNT calculations, 48 atom supercells and
1 x Ix 9 MP k-point meshes were used. In all cases,
the atomic structure of the system was fully relaxed until
the forces were smaller than 0.005 eV/A. To search for
lowest-energy structures, we employed two methods. First,
using a mechanical annealing technique,’? systems were
gradually compressed and stretched (up to £30%) while
optimizing the atomic positions at each stage. Every time
a structural change occurred, the procedure was repeated
around the newly obtained minimum energy configuration
until no structural change occurred. Second, we employed
microcanonical molecular dynamics with classical interatomic
potentials'* using the General Utility Lattice Program (GULP)
code."” Systems were preheated to between 500 and 2000
K, and, during runs of 25-50 ps, sample configurations were
energy-minimized and then further optimised using DFT.

We find that the strict graphene analogue of the ZnS single
sheet has all atoms in a single plane with an optimized Zn-S
bond distance of 2.246 A and a 2D hexagonal supercell
parameter of ¢ = b = 15.562 A. This structure is an
energy minimum, with all vibrational modes having positive
frequencies, and it is resilient to bending (see SWNT results
below) and to small local distortions of its structure. For
the latter, we prepared a number of sheets with randomly
selected atoms displaced above and below the plane of the
sheet, with out-of-plane displacements <0.03 A, and found
that the planar sheet was recovered after re-optimization.

©2011 American Physical Society
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FIG. 1. (Color online) Structures of 2D ZnS systems: (a) flat
sheet, (b) lowest-energy reconstructed sheet, (c) uppermost atoms of
the (1120) surface of wz-ZnS. Shaded areas show atoms in the cubic
(left) and hexagonal (right) supercells. The X-Y axes in (a) relate
to the applied strain directions. Lighter7darker grey balls indicate
sulphur/zinc atom positions respectively.

Using a rectangular supercell (see Fig. 1), we applied strains
perpendicular to in-plane directions and observed that small
strains (less than £5%) applied to the ZnS flat sheet also
increased its energy, which, upon release, relaxed back
to the planar minimum (see Fig 1(a)). Upon application
of out-of-plane atomic distortions larger than 0.03 A, the
sheet re-optimized to a variety of lower-energy reconstructed
geometries. The lowest-energy reconstructed structure found
was 0.08 eV/ZnS lower in energy than the perfectly planar
minimum. The significance of the magnitude of this energy
difference can be appreciated by noting that it is approximately
ten times larger than the calculated energy difference between
zincblende ZnS (zb-ZnS) and wurtzite ZnS (wz-ZnS). This
reconstructed sheet can also be obtained by increasing the
in-plane compressive strain applied to the ZnS flat sheet in
the X direction to beyond 5% (see Fig. 2(a)). The structure
of the new energy minimum retains the bonding topology of
the flat sheet and also exhibits all its Zn atoms in locally

(a) (b)

FIG. 2. (Color online) 2D ZnS flat sheet response to in-plane
strain (%) with respect to: (a) relative total energy (eV/ZnS), and
(b) estimated direct band gap (eV). Surfaces were generated from
~50 a/b-constrained energy minimizations.
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planar bonded configurations. The planes defined by the Zn
centers and their three S nearest neighbors, however, are now
not common to all Zn centers in the sheet, but instead they
vary their inclination according to the alternating positions
of the S atoms above and below the original plane of the
flat sheet. These lateral out-of-plane atomic displacements
involved in the reconstruction (up to +1.95 A) are found
to be an order of magnitude larger than those of the rela-
tively simple concerted buckling predicted for ZnS nanotubes
(£0.1 A)'®? and multilayer nanofilms (+0.265 A),'® with
respect to corresponding perfectly planar systems. The high
complexity of the reconstructed structure is reflected in the 16
atom unit cell (4 x 2) required to describe it, as compared to the
two atoms per unit cell for the flat hexagonal ZnS sheet. The
reconstructed structure (see Fig. 1(b)) has considerably smaller
lattice supercell parameters with respect to the flat sheet (a =
14.542 A, b = 13.971 A), a slightly distorted near-hexagonal
cell angle of 61.3°, and larger Zn-S bond distances, ranging
between 2.264 and 2.278 A. The S sublattice reconstruction
is found to resemble that of the (1120) surface of the wz-ZnS
crystal (see Fig. 1(c)), which is calculated to be the most
energetically stable bulk termination for ZnS.'* The pattern
of relaxation of the (1120) wz-ZnS surface (e.g., a reduction
in the S-Zn-S angles) described by Hamad et al.,'* however,
is much more exaggerated in 2D ZnS due to the absence of
an attached underlying substrate. Other reconstructed single
ZnS sheets found in our searches also resembled other bulk
surfaces, such as the (110) surface of zb-ZnS, but all were
found to be relatively higher in energy.

In both flat and reconstructed sheets, the Bader partitioned
atomic charges are found to be very similar (flat: Qz,s =
£0.92¢, reconstructed: Qz,/s = 0.90e), and, in the latter case,
like those of zb-ZnS (Qz,/s = £0.90e). Thus, although some
limited increase in charge transfer may occur, the main driving
force behind this reconstruction is more likely to come from
other influences. Assuming ZnS to be mainly covalent, we may
envisage the 2D ZnS reconstruction as the result of the known
tendency of S centers for sp® hybridization and an ensuing
preference for tetrahedral coordination environments (as in
“zb-ZnS”-abbreviation introduced at line). Interestingly, the
reluctance of S (and Zn) to adopt more planar sp? hybridized
multiple bonds has also been invoked in other studies to explain
the relatively lower calculated energetic stability of stacks of
planar ZnS sheets,’ and smooth ZnS SWNTSs?! with respect to
analogous structures in other materials (e.g., C, BN, and SiC).
These studies, however, make no suggestion that sheet-based
ZnS structures could thus reconstruct via sp® hybridization
to become nonplanar to lower their energy. In a more
ionic picture, we may consider the considerable mismatch
between the small positive Zn ions and the considerably larger
negative S ions tending to destabilize a regular hexagonal
planar packing. In this picture, large, electron-rich S ions,
by protruding away from the plane of the flat sheet, would
be able to lower their energy through increased out-of-plane
polarization. Classical interionic potentials (IPs) specifically
parameterized to model S and Zn centers in tetrahedrally
coordinated bulk environments in ZnS'* also confirm that
the reconstructed sheet is energetically more stable than the
planar sheet. Here, this indeed occurs due to the classically
incorporated polarizability of the S?~ ions and not via
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FIG. 3. (Color online) ZnS SWNT structures: (a) slightly buckled
(smooth), and (b) reconstructed. Reconstructed SWNT response
to axial strain (%) with respect to: (c) relative total energy, and
(d) estimated direct band gap (exp. wz-ZnS and zb-ZnS band gaps
also shown).

any specific directional parameters designed to promote a
tetrahedral coordination environment of Zn%* ions, showing
that sulfur polarization may also play an important role in
stabilizing reconstructed ZnS nanostructures.

Rolling up flat 2D graphene sheets gives rise to smooth
carbon SWNTs. Previous theoretical studies on ZnS SWNTs
have reported minor concerted atomic displacements, similar
to those found in BN SWNTs,!” whereby all relatively less
electronegative (smaller) ions/atoms move slightly inward
(with respect to the mid-tube axis), and the remaining more
electronegative (larger) ions/atoms move slightly outward (i.e.,
Zn and S respectively, each by <0.1 A).'"*~2! This small con-
certed radial buckling is also predicted to be most pronounced
for small-diameter SWNTs, and to quickly diminish toward
zero with increasing SWNT size.'® In strong contrast to these
reports, we find that slightly radially buckled ZnS SWNTs can,
like the planar ZnS sheets, significantly lower their energy
via radical structural reconstruction. We find that a slightly
radially buckled (12,0) SWNT (see Fig. 3(a)) has a diameter of
1.50 nm, with slightly longer Zn-S bond lengths (2.253-2.258
A) than in the corresponding smooth sheet. Our structural
search approaches both give several more energetically stable
reconstructed configurations, the most stable of which is
shown in Fig. 3(b). This reconstructed (12,0) ZnS SWNT
has very similar Zn-S bond lengths (2.265-2.278 A) to the
reconstructed sheet, and it is 0.04 eV /ZnS lower in energy
than the slightly buckled (12,0) SWNT, with a significantly
reduced diameter (~1.37 nm, taken as an average of maximum
and minimum diameters). Like the reconstructed sheet, the Zn
centers of the reconstructed SWNT lie in almost perfectly
planar environments with respect to their three neighboring

PHYSICAL REVIEW B 83, 233305 (2011)

S atoms protruding, that protrude inwardly and outwardly
(by ~+1.0 A with respect to a cylindrical surface lying
symmetrically between the most inner and outer S atoms).
As for the 2D ZnS sheets, we also find that the application
of strain (parallel to the axis of the tube) can induce an
interconversion between the reconstructed and slightly buckled
SWNTs. Specifically, an axial tensile strain of >9% applied
to the reconstructed SWNT and application of >4% axial
tensile strain to the slightly buckled SWNT lead to the same
strained structure. From this elongated geometry, relaxation,
or application of axial compressive strain, can lead to either of
the two SWNT energy minima (see Fig. 3(c)).

Consistent with the electronic structure of bulk ZnS,
and previous studies of slightly buckled ZnS SWNTs!%?0
and ZnS nanofilms,'® our reconstructed ZnS sheets and
SWNTs both have direct gamma point gaps. Although the
calculated absolute band gaps are underestimated by General-
ized Gradient Approach (GGA) DFT, we use the difference
between the calculated (2.07 eV) and experimental (3.75
eV)??> wz-ZnS band gaps as an approximate corrective shift,
which is applied to all reported gaps. The resulting values
are only intended as a rough guide to actual band gaps
and should in no way be regarded as accurate quantitative
predictions. At their respective minimum energy geometries,
where the band gaps are largest, larger gaps are found for
the reconstructed ZnS sheet (4.70 eV) and (12,0) SWNT
(4.86 eV) as compared to their relatively smooth counterparts
(4.21 eV and 4.28 eV, respectively), i.e., ~0.5 eV difference in
each case. It is thus clear that the (opto)electronic and mechan-
ical degrees of freedom in these systems are strongly coupled.
Considering strain, not only as a means to traverse between
minima, but more generally as an adjustable system variable,
we see that these systems also allow for large continuous and
reversible band gap variation (see Figs. 2(b) and 3(d)). For
example, starting with the reconstructed (12,0) SWNT at its
minimum energy geometry, we may, by increasing the axial
compression continuously up to 18%, decrease its band gapina
near-linear fashion, eventually inducing an overall decrease of
~1.5eV. Based upon our band gap estimates, this mechanically
induced band gap engineering would allow access to a wide
range of UV photon energies (approximately between 3.3
and 4.8 eV), with possible applications in tunable wide-band
optoelectronic devices. We note that similar calculations (e.g.,
C,” BN,** SiC?), and experiments in the case of C,?® on other
(n,0) SWNT systems have also shown strain-induced band gap
variations. Specific to ZnS, however, it is possible to employ
strain to switch between two stable energy minima, each with
a distinctly different gap.

ZnS sheets display a more complex nonlinear electronic
response upon application of perpendicular in-plane tensile
strains. In the rectangular sheet, different strains along the
a and b lattice directions can combine to give a range of
band gap changes with a slightly smaller range of band gap
energies (~3.5-4.5 eV, see Fig. 2(b)) than in the SWNTs.
In experiments, although it is possible to study unsupported
single layers, it is much easier to study monolayers that are
grown on supporting materials. Single wz-ZnS monolayers
are often grown as passivating layers on nanostructures of
other inorganic semiconductors with smaller band gaps (e.g.,
CdSe) in order to improve quantum yields.”” The structures

233305-3



BRIEF REPORTS

of these single layers are, however, strongly bound to the
semiconductor support and are likely to be epitaxially locked
into a structure determined by that of the support.”’ Although
our results suggest that epitaxial growth of ZnS may be
facilitated due to its capacity to adapt its structure to better
match that of a relatively rigid bulk support, once it has been
prepared, this adaptiveness, and thus its elasto-optic response,
will be largely diminished. From experimental and theoretical
studies of single flat hexagonal sheets of BN and ZnO grown
on Ag(111) metal surfaces, the sheet-support interaction seems
to be relatively much weaker.*>*?° For a monolayer of ZnS
grown on a very weakly interacting support (e.g., a suitable
noble metal), we would thus expect to observe significant geo-
metric reconstruction. By varying the sheet-support interaction
strength (e.g., by varying support material, temperature, etc.),
the degree of reconstruction and the electronic response could
be varied. Predictive calculations as to appropriate choices
of support are currently being pursued. A change in the
anion in ZnS by one position in its respective group (i.e.,
S — 0O) is known to give a system (i.e., ZnO) that can only
stably exhibit the flat sheet.>~ Our preliminary calculations for
systems where a cation is exchanged for Cd and/or the anion
is exchanged for Se also appear to exhibit similar bistable
behavior to that found for ZnS, thus illustrating the versatility
and generality of this effect.

PHYSICAL REVIEW B 83, 233305 (2011)

In summary, we predict that the low-energy structures of
hexagonal ordered single sheets of ZnS, and nanostructures
formed thereof, exhibit strongly reconstructed geometries
that are distinct from the relatively smooth structures of
graphene-based systems and analogous systems of other
studied AB materials (e.g., BN, SiC, ZnO). We find that
application of compressive and/or tensile strain allows for
reversibe passage between the reconstructed ZnS systems
and smooth structured higher-lying energy minima. In both
ZnS single sheet graphene analogues and SWNTs, this
energetic and structural bistability is coupled to significant
changes in the direct band gap. This remarkable nanoscale
mechanical-electronic response may have a range of fu-
ture applications, such as optoelectronic devices and sen-
SOrs.
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Formaldehyde Encapsulated in Lithium-Decorated Metal-
Organic Frameworks: A Density Functional Theory Study

Thana Maihom,®” Saowapak Choomwattana,

and Jumras Limtrakul*® "9

The stability of monomeric formaldehyde encapsulated in the
lithium-decorated metal-organic framework Li-MOF-5 was in-
vestigated by means of density functional calculations with the
MO06-L functional and the 6-31G(d,p) basis set. To assess the ef-
ficiency of Li-MOF-5 for formaldehyde preservation, we consid-
er the reaction kinetics and the thermodynamic equilibrium
between formaldehyde and its trimerized product, 1,3,5-triox-
ane. We propose that trimerization of encapsulated formalde-
hyde takes place in a single reaction step with an activation
energy of 34.5 kcalmol™'. This is 17.2 kcalmol™" higher than

1. Introduction

Formaldehyde, a well-known volatile organic compound (VOC),
is widely used as an industrial feedstock for the production of
fine chemicals, resins, and several domestic products such as
paints. Nevertheless, its applicability is limited by its low boil-
ing point of —19.5°C. Moreover, formaldehyde rapidly self-
polymerizes into chain polymers such as paraformaldehyde or
into oligomers such as the cyclic trioxane. Its preservation in
the monomeric form is difficult.

Na—X and Na—Y zeolites have been reported to be capable
of storing formaldehyde. These materials stabilize and also
activate formaldehyde to undergo carbonyl-ene reactions with
a variety of olefins as has also been clarified by theoretical
studies.” In recent years, metal-organic frameworks (MOFs)
were investigated as promising candidates for gas storage (e.g.
CO, and H,)™ because of their flexibility and the possibility to
tune their surface composition and pore structures by chang-
ing the metal center or the organic linker. Computational and
experimental investigations”™' have shown that metal atoms
or cations that either decorate the linkers or are incorporated
into them can enhance the capacity of MOFs for gas storage.
The most frequently used metal is Lithium (Li) because deco-
rating MOF structures with it is especially simple. Li on MOF
linkers forms an accessible open metal site that can interact
well with incoming molecules. It can therefore be expected to
interact with formaldehyde in a way similar to the Na cation in
zeolites, which is known to prevent formaldehyde from self-
polymerizing.

To the best of our knowledge, such a system has not yet
been studied in detail. Therefore, we investigated it herein by
means of density functional theory (DFT) calculations with the
MO06-L functional. We calculated the reaction mechanism and
the corresponding energy profile defined by the structures of
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© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

@bl pipat Khongpracha,® ® < Michael Probst,

the corresponding activation energy in the bare system. In ad-
dition, the reaction energy of the system studied herein is en-
dothermic by 6.1 kcalmol™' and the Gibbs free energy (AG) of
the reaction becomes positive (11.0 kcalmol™"). Consequently,
the predicted reverse rate for the trimerization reaction in the
Li-MOF-5 is significantly faster than the forward rate. The calcu-
lations show that the oligomerization of formaldehyde in Li-
MOF-5 is a reversible reaction, suggesting that such a zeolite
might be a good candidate material for preserving formalde-
hyde in its monomeric form.

the adsorbed starting complex (three formaldehydes coordi-
nated to Li), the transition state and the product trioxane. We
also compared our findings to those obtained for the bare
system.

2. Results and Discussion

2.1. Decoration of MOF-5 with Li and its Subsequent Appli-
cation as Formaldehyde Adsorption Complex

Herein, MOF-5 (also called IRMOF-1) was chosen as host ma-
terial. It consists of Zn,O clusters connected to 1,4-benzenedi-
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Figure 1. Unit cell of MOF-5.

carboxylate (BDC) organic linkers to form a cubic porous net-
work with the unit formula Zn,0(BDC);. The unit cell of MOF-5
is shown in Figure 1. Because of its large size, we used an
abridged representative model to reduce the computational
costs. A model consisting of two Zn,O clusters joined by one
BDC linker is the simplest one that can reasonably mimic the
active site of the MOF-5 linker (Figure 2a). It is comparable to
the models that have been used in previous studies.”” The re-
maining BDC linkers not taken into account were replaced by
hydrogen atoms. The Li ion was placed on top of the benzene
ring (Figure 2b) which has been found“® to be its preferred
position on hexagonal aromatic hydrocarbon structures. The
Li-MOF model has the sum formula Zng0,,C;gH;,Li.

The geometrical parameters of selected geometrical struc-
tures of pure MOF-5 and of Li-MOF-5 are given in Table 1. In

J. Limtrakul et al.

Figure 2. Optimized structures for a) pure MOF-5 (two Zn,O clusters joined
by one 1,4-benzenedicarboxylate organic linker), b) Li-MOF-5 and c) formal-
dehyde adsorbed on Li-MOF (Ads_MOF).

the MOF-5 cluster, the average C—C bond distance (< C—C> )
in the benzene ring and the C—O—C bond angle (< C—0—C>)
are 1.40 A and 124.6°, respectively. These values are in a good
agreement with the experimental results of 1.39 A and 126.4°,
respectively.® For Li-MOF-5, the Li cation coordinates symmet-
rically through a n°type interaction to the hexagonal aromatic
ring of the BDC linker. The aver-
age distance between the C
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Table 1. Optimized geometrical parameters of the species involved in the trimerization of formaldehyde in Li- atoms and Li (<Li-C>) is
MOF-5. 239 A. The adsorption of the
Parameter Isolated  Isolated Formaldehyde Formaldehyde Transition state  Trioxane metal cation causes the average

cluster  Li-MOF-5 cluster ~ adsorption adsorption (TS1_MOF) product C—C bond distance and the O—

(Ads_MOF) (Coads_MOF) (Prod_MOF) |  C—O angle to increase by 0.01 A
Distances [A] and 3.0°, respectively. The natu-
<CC>y, 1.40 1.41 1.40 1.40 141 141 ral atomic population of Li is
<Li-C> - 239 251 3.03 2.53 255 +0.941]e|, which is consistent
O1-Li - - 1.90 1.93 1.82 217 ith th | b
02-Li ~ B N 197 385 218 with the values etyveen +0.5]|
03-Li - - - 198 336 220 e| to +1.0]e| for Li-doped sys-
C1-01 1.20 - 1.22 1.21 1.30 143 tems®. This charge transfer also
€2-02 1.20 - - 121 124 142 explains the abovementioned in-
C3-03 1.20 - - 1.21 1.27 142 in th ical
01-Ca ~ _ B 457 295 142 crease in the geometrical param-
02-C3 - _ _ 3.95 194 143 eters. The calculated adsorption
03-C1 - - - 450 1.61 142 energy (AE) of a Li cation on
Angles ['] MOF-5 is defined as follows in
<0-C-0> 1246 127.6 126.8 1254 126.9 126.7 .
Equation (1):
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AE; = E(Li—MOF)—E(Li)—E(MOF) (1)

where E(Li-MOF), E(Li) and E(MOF) are the total energies of the
clusters of Li-MOF (Li adsorbed), the isolated Li cation and the
pure MOF-5 model, respectively. The adsorption energy of Li*
on MOF-5 is —32.9 kcalmol™'. The difference between this
value and the measured value of —38.543.2 kcalmol™' for the
Li*-C¢Hs complex™ is explainable by a somewhat diminished mt
electron density over the benzene plane caused by the electro-
philic nodes of the Zn,0 clusters.

The adsorption complex of one formaldehyde coordinated
to the Li ion in MOF-5 (Ads_MOF) is depicted in Figure 2c and
its key optimized geometrical parameters are listed in Table 1.
The formaldehyde molecule interacts with the Li ion through
its lone pair electrons. This conformation resembles the ones
found for formaldehyde adsorbed into Na-FAU zeolites” and
coordinated to Cu complexed in the paddlewheels of MOF-
11.”) The lone pair interaction induces the average lengthening
of Li~C distances from 2.39 to 2.51 A. The intermolecular dis-
tance between the oxygen of formaldehyde and the Li ion in
the MOF is 1.90 A. The C—0--Li-MOF angle is 138.4°. In addi-
tion, the electron transfer from O1 to the Li ion results in a
slight elongation of the intramolecular carbon-oxygen bond of
formaldehyde from 1.20 to 1.22 A. The natural population anal-
ysis (NPA) revealed that the positive charge on Li is reduced
from +0.941 to +0.876 |e|. The calculated adsorption energy
of this complex is —28.0 kcalmol ™.

2.2. Reaction Mechanism of Formaldehyde Trimerization

The steric constraints in the MOF cavities prevent the polymer-
ization of formaldehyde into a chain polymer. Therefore, we
only concentrated on the trimerization reaction equilibrium be-
tween formaldehyde and trioxane in Li-MOF-5 at room temper-
ature and compared this to the bare system. Selected geomet-
rical parameters for this reaction step are shown in Table 1.
The trimerization is considered to proceed in a single step
without intermediates. In the bare system, three formaldehyde
molecules align to each other in a twisted hexagonal complex
in which the interaction between a carbon atom and an
oxygen atom of the next molecule causes the inter- and intra-
molecular C—O distances to become almost equal (Figure 3a).
The complexation energy is —7.3 kcalmol™'. In the Li-MOF-5
system, the adsorbed formaldehydes’ arrangement is quite dif-
ferent, mainly due to the effect of the Li ion. Three molecules

Figure 3. Optimized structures of the bare a) trimer (Complex_Bare), b) tran-
sition state (TS_Bare) and c) trioxane (Prod_Bare) for the trimerization reac-
tion of unenclosed formaldehyde.

ChemPhysChem 0000, 00, 1-6
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of formaldehyde coadsorb on the Li ion through coordination
of the lone pair electrons of each formaldehyde oxygen atom
to the Li ion (Figure 4a). The internuclear distances between
the three formaldehyde oxygen atoms and Li* are 1.93, 1.97

Figure 4. Optimized structures of the a) enclosed complex coordinated to Li
(Coads_MOF), b) transition state (TS_MOF) and c) product (Prod_MOF) for
the formaldehyde trimerization in the Li-MOF-5 system.

and 1.98 A, respectively. The coordination to Li* causes a
slight elongation of the C=0 double bonds from 1.20 in the
isolated formaldehyde to 1.21 A. The adsorption complex is ad-
ditionally stabilized through hydrogen bonding from the hy-
drogen atoms of two formaldehyde molecules to the oxygen
atoms of the linker. This causes the Li cation to shift slightly
from the position above the middle of the benzene ring, as
shown in Figure 4a. The total adsorption energy is —66.8 kcal
mol~, indicating a considerable ability to stabilize monomeric
formaldehyde.

The cyclic trioxane product is created by the intermolecular
C—0 bond formation through the transition states shown in
Figures 3b and 4b for the bare and the Li-MOF-5 systems, re-
spectively. At both transition states, the intramolecular C=0
double bonds of the formaldehyde molecules are stretched
and the intermolecular C--O distances contract to form a new
bond (Table 1). The hybridization of the formaldehyde C atoms
changes from planar sp? to tetrahedral sp?, as shown in Figur-
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es 3b and 4b. In the bare system, the C=0 double bonds in-
crease from 1.21 to 1.26 A while the intermolecular C--O dis-
tances decrease by about 0.75 A. The activation barrier in this
system was calculated to be 17.3 kcalmol™'. Normal mode
analysis reveals one imaginary frequency at 226.9i cm™' associ-
ated with the transition state. In contrast to the bare system,
the formaldehyde C=0 double bonds in the MOF system are
unequally increased with distances of 1.30, 1.24 and 1.27 A for
C1=01, C2=02 and C3=03, respectively. This is due to effect of
the Li cation. Additionally, the intramolecular C--O distances
decrease to 2.25, 1.94 and 1.61 A for C2--01, C3-02 and
C1--03, respectively. The transition state was confirmed by one
imaginary frequency at 277.0i cm™'. The calculated activation
energy is 34.5 kcalmol™', which is higher than that of the bare
system. The overall energy of the trioxane product in the bare
reaction with respect to the isolated reactants is —25.3 kcal
mol~" which is in good agreement with a previous calcula-
tion.” For Li-MOF-5, the strong interaction between the oxy-
gens of trioxane and the Li* lead to an adsorption energy of
—60.7 kcalmol ™' (see Figure 4c) with respect to the reactants.

The complete energy profiles for the formaldehyde trimeri-
zation in Li-MOF-5 and in the bare system are shown in
Figure 5. The calculated thermodynamic properties and the

20 -

TS_Bare=10.0
10 - e e e mm——as :
V4 3
0 S E=173 Y
73 ,, l \
............. \
10 - Complex_Bare Y t
AE=-18.0
=20 - \
\253 |
.30 - TS_MOF=-32.4 Prod_Bare

40 -

-50 -

-60.7
Prod_MOF }AE=6.1

-80 -

70 - Coads_MOF
-80 -

Figure 5. Energy profiles for the formaldehyde trimerization: bare system
(----- ) and Li-MOF-5 system (—). The energies are in kcalmol™'.

rate constants (k,) are tabulated in Table 2. In the bare system,
the overall reaction energy (AE) is exothermic by —18.0 kcal
mol~". The Gibbs free reaction energy (AG) with respect to the
isolated reactants is —2.0 kcalmol™' which is close to the ex-
perimentally estimated AG of about —1.8 kcalmol """ The
overall reaction AG value for the trimerization is negative

J. Limtrakul et al.

(—=13.3 kcalmol™), as necessary for a spontaneous reaction in
which the product side is favoured as can also be seen from
the fact that k,© outpaces k,”. In contrast, for the Li-MOF-5
system the reaction is endothermic and the trimerization prod-
uct is thermodynamically less stable than the reactants. The re-
action energy is 6.1 kcalmol™ and the overall AG value is
+11.0 kcal mol™". Therefore, the equilibrium for the Li-MOF-5
system lies strongly on the reactant side and in practice the re-
action will hardly occur.

3. Conclusions

Density functional theory was used to investigate the adsorp-
tion and reaction of formaldehyde encapsulated into Li-deco-
rated metal-organic frameworks by comparing them to the sit-
uation in the bare system. In order to demonstrate the preser-
vation of formaldehyde in Li-MOF-5, the equilibrium between
the adsorbed formaldehyde and trioxane was considered. The
reaction is proposed to proceed in a single step without inter-
mediates. The calculated activation barrier for the conversion
of formaldehyde to trioxane in the Li-MOF-5 system was found
to be 34.5 kcalmol™', which is 17.2 kcalmol™" higher than in
the bare system. The reaction energy and reaction free energy
in the non-encapsulated system are negative, but positive in
the Li-MOF-5 system, due to the higher adsorption energy of
individual formaldehyde molecules compared to trioxane on
Li™ cations. Consequently, the rate constant of the reverse re-
action is also larger than the one for the forward reaction. It
can be suggested that Li-decorated MOF-5 might be a good
candidate material to preserve and stabilize monomeric form-
aldehyde. It might also have a similar effect on other small ke-
tones and on molecules prone to polymerize easily in general.

Computational Methods

The MO06-L density functional™ was used in all calculations. Recent
studies of adsorption and reaction mechanisms in zeolites? and
of H, adsorbed on light and transition metals that were doped on
MOFs organic linkers™ have been used to verify its usability. We
checked this again for our systems. Single-point MP2 and MO06-L
calculations of the adsorption energy of Li" on MOF-5 give BSSE-
corrected energies of —35.0 and 34.0 kcalmol ™', respectively. The
double-C 6-31G(d,p) basis set with polarization functions was em-
ployed for the H, C, O and Li atoms, while the Zn atom was de-
scribed by the LANL2DZ pseudopotential and the corresponding
basis set.™ During geometry optimizations, only the 1,4-benzene-
dicarboxylate linker and the adsorbing molecule were allowed to
relax while the rest of the structure was kept fixed at the crystallo-
graphic positions. Frequency calculations were performed at the
same level of theory to identify the nature of all the stationary

points and to obtain the zero

tion of formaldehyde.

Table 2. Calculated reaction energy, thermodynamic properties and rate constant at 298.15 K for the trimeriza-

point energy (ZPE) corrections.
These calculations were also used
to obtain thermodynamic proper-
rate constants

Systems AE AH AG K+ k- ties. In addition,
[kcalmol ™' [kcalmol™"] [kcalmol™"] s s~ were calculated from the activa-
3 - tion barriers and partition func-
Bare —18.0 —21.5 —13.3 1.86x10 3.10x10 . . . L.
Li-MOF-5 6.1 24 1.0 731x10-"7 8.91 %10~ tions using classical transition-state
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theory (TST) according to Equa-
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tion (2):
k= 9915 o0~ AE, /RT) 2)
h qlnt

where AE, is the activation energy, kg is Boltzmann’s constant,
h is Planck’s constant, T is the absolute temperature, R is the
universal gas constant, and g5 and g,,, are the total partition
functions for the transition state and the adsorption or product
complex, respectively, in which electronic, translational, rota-
tional and vibrational partition functions are included. In the
case of the system with Li-MOF-5, the atoms of the immobile
framework do not contribute to the translational and rotation-
al parts of the partition function. The rate constants were de-
rived for the temperature of 298.15 K. All calculations were
performed with the Gaussian 03 code'™ modified by incorpo-
rating the Minnesota Density Functionals module 3.1 by Zhao
and Truhlar."
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the Li-MOF-5 system (see picture) was
investigated by means of density func-
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ABSTRACT

Full quantum calculations with a newly developed functional,
MO6-L, on the ZSM-5 models of 5T, 12T, 34T, 46T and 128T
were performed to simulate the nanoporous system. Methane and
ethane are chosen to represent saturated hydrocarbons. The
calculated adsorption energies are -7.0 kcal/mol for methane and
-11.1 kcal/mol for ethane, which agree well with the experimental
estimates of -6.7 and -9.1 kcal/mol. The M06-L method is also
applied for the first time to systematically investigate the proton
exchange reactions of methane and ethane within the nano-reactor
of zeolite. The concerted mechanism is proposed for the reaction.
The calculated activation energy of methane is 35.3 kcal/mol,
which is comparable with the experimental data (33.4 kcal/mol),
whereas the energy of ethane is 33.0 kcal/mol. The effect of nano-
quantum confinement of the extended zeolite framework on
adsorption and reaction mechanisms has been clearly
demonstrated not only to better stabilize the adsorption complexes
achieving the observed values but also to lower their activation
energies to approach experimental benchmarking.
Keywords: zeolites, proton exchange reaction, MO06-L
functional, confinement effect, light alkanes

1 INTRODUCTION

In fine-chemical and pharmaceutical manufacture and in
petroleum refining, zeolites, which have a combination of high
stability with their excellent activity in acid-mediated reactions
[1-3], have been applied in the process of heterogeneous catalysis.
Especially, ZSM-5, patented in 1975, is widely used in chemical
industries such as hydrocarbon cracking, isomerization, alkylation
reaction and methanol to olefins (MTO) [4].

To clearly envision the structure, adsorption properties and
chemical reaction mechanism, theoretical study can offer a
practical tool that provides insight to the reaction mechanism
complementing experimental investigations or, in certain cases,
offer an understanding that is not possible by experimental
investigations. Numerous experimental [5-9] and theoretical
[10,11] researches have been devoted to understanding the
chemistry of ZSM-5. Attempts have been made to develop the
computational methodology that can precisely predict the physical

and chemical properties of the zeolite itself and the reaction inside
its nanocavity. The Density Functional Theory (DFT), especially
B3LYP, has been widely used to study the interaction of
hydrocarbons with zeolites. However, the limitation of the DFT
calculations previously employed was that the contribution of
dispersion interactions was not taken into account. This interaction
contribution in the adsorption has been found to be essential in the
chemical adsorptions and reactions inside the zeolite pore
[8,12-17]. To overcome the enormous computational resource
required for a DFT calculation on a large model, the ONIOM
scheme combined with QM/MM calculation [18,19] is applied to
such systems. This provides an acceptable balance between the
accuracy of the results and the computational cost. The ONIOM
scheme provides only an approximation [14,15,18-21] and,
therefore, the quest for a more accurate method continues.
Recently, the newly developed functional called MO06-L was
introduced by Zhao and coworkers [22]. It is recommended for
transition metal thermochemistry, noncovalent interactions and for
when a local functional is required; a local functional has a much
lower cost for large systems [23-25]. With the improved
combination of the computational method and the realistic model,
we hypothesize that this method should be able to represent the
interaction within the zeolite system.

The aim of this work is threefold: first, to present a theoretical
study on the nature of the H-ZSM-5 adsorption complex of
methane and ethane, second, to further describe the proton
exchange reaction of methane and ethane catalyzed by the zeolite
and third, to present, for the first time, the full quantum calculation
application of the ‘noncovalent interaction represented” MO6-L
method on the zeolite framework.

2 METHODOLOGY

ZSM?-5 structure from the XRD data was trimmed down to
become 5T, 12T, 34T, 46T and 128T cluster models (see Fig. 1).
The 5T cluster (AlSi;O4Hy3) is modeled to represent only the
Bransted active site. The T12 position was selected to be Al due to
its being the most energetically favorable [26]. The 12T stands for
the 10-membered-ring window of the zigzag nanochannel of the
porous structure. The model was extended to 34T to cover the
intersection of straight-zigzag channels, including some part of the
zigzag channel. Adopted from our previous publications
[12,13,20], the 46T model is similar to the 34T, but the framework
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is extended surrounding the acid center in the zigzag channel. The
largest model, 128T, envelops the whole model of 46T with
another shell of tetrahedral subunits. The adsorption and reaction
of methane and ethane on different H-ZSM-5 models are fully
quantum calculated with the MO06-L functional [22], along with
the 6-31G(d,p) basis set. During the structure optimization on the
5T, 12T, 34T and 46T systems, the 5T portion of the active site
region (AISi,O4H) and the reacting molecule are allowed to relax
while the rest is fixed at the crystallographic coordinates [27]. The
transition states (TS) of the reaction were characterized by the
existence of a single imaginary frequency. All calculations were
performed using the Gaussian 03 code [28].

&

Figure 1: The evolution of H-ZSM-5 models,
from the 5T unit to 128T clusters.

3 RESULTS AND DISCUSSION

3.1 Molecular Cluster and Nanocluster
Models of H-ZSM-5 catalyst

The evolution of our H-ZSM-5 models, from the 5T unit to
the 128T framework, is illustrated in Fig. 1. Selected structural
parameters of each model are presented in Fig 2.

In the bare zeolite, one can observe the influence of the
framework on the effective Brgnsted acidity. From Figure 2, the
acidity is insignificantly more pronounced in the extended zeolite
framework according to the increased O1-Hz bond length by at
most 0.2 pm. The calculated Al--H distances in the range of
234.9-237.4 pm are close to the experimental report by Klinoski
of 238.0-248.0 pm of H-zeolite [29]. This good agreement
confirms the validation of our models.

96.4 234.9
Qe & 227 4

Figure 2: Optimized structure of various H-ZSM-5 models
calculated with the M06-L/6-31G(d,p) method.
Distance parameters shown in lines 1-4 are for 5T, 12T,
34T and 46T quantum clusters, respectively.

3.2 Adsorption of Light Alkanes on the
Brognsted Acid Site

The adsorption energies of the methane and ethane complexes
with various zeolite models are summarized in Table 1. As an
underestimated value is expected from a small cluster, we found that
the methane is bound by -2.9 kcal/mol to the acid site. This
increases slightly and converges to -6.9 and -7.0 kcal/mol for the
34T and 46T, respectively. From the same zeolite models, ethane is
bound by -10.8 and -11.1 kcal/mol to the acid site. The larger
interaction for ethane than methane is found to agree favorably with
the known adsorption trend as the molecular size increases. We also
found that the adsorption energies are increased due to the presence
of a larger framework effect in larger zeolitt models. The
experimental observation of methane and ethane adsorbed on H-
ZSM-5 are -6.7 and -9.1 kcal/mol, respectively [16,17]. The
calculated energies from the 34T and 46T clusters are therefore
reasonably close to the experimental data.

Model Methane Ethane
5T -2.9 -4.6
12T -5.1 -1.7
34T -6.9 -10.8
46T -7.0 -11.1
128T* -6.9 -10.7
Expt -6.7 -9.1

 The adsorption energies on the 128T cluster were
computed with a single point calculation on the optimized
structure of the 46T cluster.

Table 1: Interaction energies (kcal/mol) calculated at
MO06-L/6-31G(d,p) level of theory for the adsorptions of
methane and ethane on various H-ZSM-5 models.

To determine the model size of the zeolite that can well
represent the adsorption in the real system, the interaction energies
from the single point calculation on the large quantum cluster of
128T on the optimized structure of the 46T are used as the energy
benchmark. The energies are computed to be -6.9 and -10.7
kcal/mol for methane and ethane, respectively. Since the value from
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the 34T model can be considered to be the same as the 128T model,
the 34T and 46T models are assumed to be large enough to include
the effect of the zeolite pore on chosen nonpolar adsorbates.

From our discussion above, it can be concluded that the full
quantum calculation with the M06-L method and the 6-31G(d,p)
basis set on the 34T and 46T models of H-ZSM-5 zeolite is the
minimal requirement to reproduce the adsorption of methane and
ethane within the zeolite pore.

(@ (b)

Figure 3: Optimized structure of (a) methane adsorption

and (b) ethane adsorption on the 34T cluster model of H-

ZSM-5 derived at the M06-L/6-31G(d,p) level of theory.
Distances are in pm.

3.3 Proton Exchange Reaction of Light Alkanes

Reaction energies of the proton exchange reactions of methane
and ethane with various models of H-ZSM-5 zeolite, calculated
with the MO6L/6-31G(d,p) method are documented in Table 2.

As for the small QM cluster of 5T, the actual activation energy
for methane is computed to be 37.2 kcal/mol while the apparent
activation energy is 34.3 kcal/mol. The same reaction studied on
the small zeolite cluster reported the activation energy in the range
of 30-40 kcal/mol [30-36]. Even the activation energies are in
good agreement. The adsorption energies from this small quantum
cluster are underestimated and found to be less than a half of the
experimental data of 6.7 kcal/mol. With a larger zeolite model, the
actual activation energies are 36.8, 35.4 and 35.2 kcal/mol, with
the 12T, 34T and 46T quantum clusters, respectively. Their
corresponding apparent activation energies are 31.7, 285, 28.2
kcal/mol. The reaction energies are considered to be 5.9, 11.0 and
10.3 kcal/mol with the 12T, 34T and 46T quantum cluster,
respectively. The activation energy obtained from both the 34T
and 46T clusters are virtually identical. Similar results are also
derived for the single point calculation of the 128T cluster (the
energy barrier of 35.2 kcal/mol and the apparent activation energy
of 28.3 kcal/mol). Therefore, taking the framework effect into
account improves the calculated result by increasing the
underestimated adsorption energy and lowering the overestimated
activation energy.

With the small quantum cluster (5T), the adsorption energy
is -4.6 kcal/mol. The apparent activation energy is 32.5
kcal/mol whereas the actual one is 37.1 kcal/mol. Even though

there is no experimental data for ethane on H-ZSM-5 zeolite,
the calculated result is reasonable in that the reaction has a
smaller energy barrier and is found to be more endothermic
(about 6.5 kcal/mol). As the framework effect is considered in
the 46T quantum cluster, the adsorption energy is -11.1
kcal/mol, which agrees well with the experimental data of -9.1
kcal/mol. Their corresponding actual and apparent activation
energies are 32.8 and 21.7 kcal/mol, respectively. As expected,
the adsorption and reaction energies calculated at the 128T
model yield similar results (cf Table 2).

Model Methane Ethane

AD TS PR AD TS PR

5T -29 | 343 | 04 -46 | 325 | -1.9
(37.2) (37.1)

12T -51 | 31.7 | -0.8 -7.7 | 28.0 | -2.7
(36.8) (35.7)

34T -69 | 285 | -41 |-108 | 222 | -83
(35.4) (33.0)

46T -7.0 | 282 | -33 |-111 | 217 | -7.7
(35.2) (32.8)

128T* | -6.9 | 28.3 | -2.8 | -10.7 | 22.3 | -10.7
(35.2) (33.0)

& The adsorption energies on the 128T cluster were
computed with a single point calculation on the
optimized structure of the 46T cluster.

Table 2: Reaction energies (kcal/mol) of the proton exchange
reactions of methane and ethane with various models of
H-ZSM-5 zeolite, calculated with the M06L/6-31G(d,p)

method (activation energy in parenthesis).

Figure 4: Energy profile for proton exchange reactions of
methane and ethane on the 46T quantum cluster of
H-ZSM-5, calculated with the M06-L/6-31G(d,p) method.

4 CONCLUSION

The chemical investigation on the adsorption and proton
exchange reaction of methane and ethane with the H-ZSM-5
zeolite were performed with a newly developed density functional
theory, M06-L. Since the dispersion interaction is included in the
method, it can well reproduce the experimental estimate of the
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adsorption and reaction of the nonpolar molecules, and also
predict reliable information for the reactions that have not been
experimentally studied. Based on the experimental report, the
molecules are placed over the active site to proceed the adsorption
and the reaction. With the validated combination of our 46T
model and the MO06L/6-31G(d,p) approach, the calculated
adsorption energies of methane and ethane of -7.0 and -11.1
kcal/mol are in excellent agreement with the experimental
observations of -6.7 and -9.1 kcal/mol, respectively. With the
activation energy for the methane reaction calculated to be 35.2
kcal/mol, the method gives the apparent activation energy of 28.2
kcal/mol, which compares well with the experimental result. The
actual and apparent activation energies for the ethane reaction are
predicted to be 32.8 and 21.7 kcal/mol, respectively. To qualify
our model for the prediction, we compared both adsorption and
reaction results with the single point calculation for the realistic
cluster model of 128T. We found that the 46T model gives
virtually similar results for the reactions of both methane and
ethane. Therefore, the full quantum calculation of the 46T cluster
model with the newly developed functional, M06-L functional, is
a practical and accurate model to systematically study the
adsorption and reaction of hydrocarbons in “nano reactor”
ZSM-5 zeolite.
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ABSTRACT

2,6-Dimethylnaphthalene (DMN) is the key intermediate in the
synthesis of poly(ethylene naphthalate) (PEN), a high-performance
polymer. The detailed reaction mechanism of the catalyzed 1,5- to
2,6- DMN isomerization via 1,6-DMN by acidic beta zeolite is
investigated at the ONIOM(MO06-L/6-31G(d,p):UFF) level of
theory. The M06-L method, a newly developed density functional
theory, is applied for the first time to investigate such reaction within
the nano-reactor of zeolite. The stepwise mechanism is proposed to
proceed with three steps: protonation, methyl shift and proton back-
donation. The methyl shift is the rate-determining step with the
activation energies of 24.0 and 20.8 kcal/mol for 1,5- to 1,6-DMN
and 1,6- to 2,6-DMN steps, respectively. The calculation confirmed
the experiment that the 1,6-DMN formation is kinetically controlled.
The calculated adsorption and activation energies are in good
agreement with experimental data. Our findings demonstrate that
the influence of the pore size of the beta zeolite perfectly fit for the
enhancement of the isomerization of 1,5- into 2,6-DMN.

Keywords: dimethylnaphthalene, isomerization,
density functional theory, zeolite, Beta

1 INTRODUCTION

A high-performance polymeric material, polyethylene
naphthalate (PEN), has many more superior properties than
common polyethylene terephthalate (PET) [1]. The current
production process involves the condensation polymerization of
ethylene glycol and dimethyl 2,6-napthalenedicarboxylate (2,6-
NDC). The 26-NDC is in tun prepared from 26-
dimethylnaphthalene (2,6-DMN) [2]. Its present large-scale
production (30 kton/yr) is manufactured only by BP-Amoco using
their patented process [3], involving four subsequent reactions in
four separate reactors: alkylation, cyclization, dehydrogenation, and
catalytic isomerization from 1,5- to 2,6-DMN [1, 4]. The final step
is thought to be a limiting step which leads to the low availability
and the high cost of 2,6-DMN [5]. The isomerization of 1,5- to 2,6-
DMN occurs via an intramolecular 1,2-methyl shift [8-10]. This
methyl shift is recognized as a key mechanistic step in the

rearrangements of alkylbenzenes [8-9], which can be promoted by
both Lewis and Brgnsted acids.

Zeolite is a unique choice of catalyst for “green chemistry”
industrial processes. Recently, Kraikul ef al. conducted a catalytic
activity test of H-beta, H-mordenite, and H-ZSM-5, on the
isomerization of 1,5- to 2,6-DMN [5]. H-beta zeolite was found to
provide the highest vyield of 26-DMN. From further
thermodynamic analysis, Kraikul ez al. concluded that 1,5- to 1,6-
DMN isomerization is the kinetically limiting step for the 1,5- to
2,6-DMN conversion. From the MD simulation to estimate the
diffusional energy barrier of DMN in zeolites by Millini et al.
[11], the diffusivity of DMN isomer is in the order 2,6-DMN >
1,6-DMN > 1, 5-DMN. However, no chemical kinetics parameter
is deduced from their study. Later, Suld and Stuart studied the
isomerization kinetics of several alkylnapthalenes catalyzed by
BF;-HF [10]. Although there are some reports conceming the
detailed investigation of this limiting step, the information of this
reaction at the molecular level has not, to our knowledge, been
published [1, 5-7], especially for the activation energy catalyzed
by heterogeneous catalysts, zeolite in particular. In addition,
although the isomerization from 1,5- into 2,6-DMN over the
heterogeneous catalysts is known to occur with two methyl shift
steps, the reaction mechanism has not been investigated in detail.

In this work, we report the mechanistic study of 1,5- to 2,6-
DMN isomerization catalyzed by acidic beta zeolite by means of
the hybrid Quantum Mechanics/Molecular Mechanics (QM/MM)
approach, as well as the ONIOM (our-Own-N-layered Integrated
molecular Orbital and molecular Mechanics) method [12-18]. Our
several reports indicate ONIOM’s good performance on the
studies of adsorption and reaction in zeolite [19-29].

2 METHOD

The 120 tetrahedral subunit (120T) cluster, covering the active
region, of the H-beta zeolite is used to represent the Bransted acid
site and the framework. This cluster is taken from the crystal lattice
structures [30-31]. We focus on the 12T ring representing the main
gateway to the intersection of two perpendicular 12T channel
systems, where the reactions normally take place (see Fig. 1). A
silicon atom at a T5 position in the zeolite is substituted by an
aluminum atom. A proton is added to the bridging oxygen bonded
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to the aluminum atom [30], labeled with O1 in this study. In the
ONIOM model, an inner layer consists of a 14T cluster including
the 12T and two adjacent Si atoms and a reacting molecule. An
outer layer consists of the remainder of the extended framework up
to 120T to take the confinement effect of the framework into
account.

The ONIOM scheme consists of the inner layer of the active
region calculated at the M06-L/6-31G(d,p) level and the outer layer
of the framework calculated by the universal force field (UFF).
MO06-L, a DFT method developed by the Minnesota group [32-34].
This functional requires much less computational effort, thus it is
practical for the calculation on large systems [34], such as for the
interactions of the adsorbates with the acid site of zeolite. The UFF
accounts for the van der Waals interaction for the framework [35],
which contributes dominantly in adsorption-desorption mechanisms
in zeolites [35-38]. During optimization, only the 5T region
[(=SiO);Al(OH)Si=] was allowed to relax while the rest was fixed
along the crystallographic coordinates. To obtain more reliable
energies, single-point calculations at the 120T quantum cluster, i.e.
120T MO06-L/6-31G(d,p)//120T ONIOM(MO6-L/6-31G(d,p):UFF)
are also computed. All calculations were performed using the
Gaussian 03 code [39].

Figure 1: 120T model of H-beta zeolite. The oval dashed line
encloses a nanoreactor (an intersection of two perpendicular
12MR channel systems). The 14T active region including the
main gateway to the nanoreactor is shown in ball-and-stick style.

3 RESULTS AND DISCUSSION

3.1 Isomerization of 1,5- to 1,6-DMN

Fig. 2(a) summarizes the reaction mechanism of 1,5- to 1,6-
DMN isomerization in the acidic beta zeolite. In this mechanism,
a 1,5-DMN molecule is first adsorbed at the Bransted acid site.
Then, the adsorbed 1,5-DMN is protonated to form a o-complex
(Int_1), followed by the intramolecular methyl shift between the
C5 and C6 positions. This results in the formation of a new o-
complex (Int_2) which donates proton back to the zeolite yielding
a1,6-DMN (Prod_1).

The adsorption takes place with the C5-C6 double bond
interacting with the acidic proton (H1) (see Fig. 3(a)). The 1,5-
DMN molecule was slightly perturbed by the zeolite cavity upon
the adsorption. The C5-C6 double bond lengthens slightly. The

adsorption energy of 1,5-DMN is computed to be -22.1 kcal/mol.
Even though there is no report of experimental data, this value is
in accord with the data of -20.4 kcal/mol for ethylbenzene in H-Y
zeolites [40]. Next, the protonation in the adsorption complex,
Ads_1, takes place at the C5 position. The protonated molecule is
in the form of a carbenium ion in which the positive charge can
delocalize over the benzene ring. At the transition state, TS 1, the
zeolite proton moves toward the 15-DMN. The
dimethylnaphthalenonium ion (Int_1) is then formed and
stabilized by the resonance of the intact benzenoid nucleus [10].
The energy barrier for the protonation is 11. 7 kcal/mol and the
corresponding reaction is endothermic by 5.8 kcal/mol. From Fig.
3(a), the geometry of the transition state (TS_1) is more similar to
that of Int_1 than to that of Ads_1. Therefore, the reaction tends to
proceed forward to the methyl shift step.

The reversible intramolecular 1,2-methyl shift moves the
methyl group from a-position (C,) to the adjacent position (Cp).
The TS_2 transition structure shows the shifting methyl group
located in-between with C5 and C6 atoms. At this unstable
tricentric transition state, the methyl group is moving toward the
C6 atom. In the Int_2 structure, the Cm-C6 bond is formed. The
calculated binding energy is -15.5 kcal/mol (see Fig. 4(a)). This is
slightly less stable than that of Int 1 by 0.8 kcal/mol. Therefore,
the reaction is almost thermoneutral. This may be attributed to the
reduction of steric hindrance between the methyl group in the
naphthalene ring and the zeolitic pore. The activation energy for
the DMN methyl migration is 25.7 kcal/mol.

The final stage of the 1,5- to 1,6-DMN isomerization involves
the proton (H2) back-donation from the C6 position of Int_2 to the
O1 of the zeolite framework to form adsorbed 1,6-DMN (see Fig.
3(a)). This stage occurs very fast as evidenced by the predicted
energy barrier of 2.6 kcal/mol (see Fig. 4(a)). The reaction is
exothermic by 13.0 kcal/mol. It can be interpreted that the proton
prefers to sit on the zeolite. The back transferred proton forms a
chemical bond with the O1 atom. The C5-C6 bond resembles a
double bond. Finally, 28.4 kcal/mol is required to remove the 1,6-
DMN product from the acid site.

The energy profile of the 1,5- to 1,6-DMN isomerization are in
Fig. 4(a). The methyl shift was found to be the rate-determining
step. It has the highest activation energy of 25.7 kcal/mol compared
with 11.7 and 2.6 kcal/mol for the protonation and the back-
protonation steps. These results are in good agreement with the
experimental observation in which the acid-catalyzed intramolecular
1,2-methyl shift is the rate- determining step for this isomerization
with the activation energy of 20.3 kcal/mol [10].

3.2 Isomerization of 1,6- to 2,6-DMN

The reaction mechanism of 1,6- to 2,6-DMN isomerization
is outlined in Fig. 2(b).
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Figure 2: Reaction mechanism of (a) the 1,5- to 1,6-DMN and (b) the 1,6- to 2,6-DMN isomerization by acidic beta-zeolite.
Schematically they consist of protonation, methy! shift and proton back-donation of the adsorbed species.
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Figure 3: Optimized geometries of adsorbed reactants, transition
states, intermediates and products of (a) 1,5- to 1,6-DMN and (b)
1,6- to 2,6-DMN isomerization over H-beta zeolite (14T/120T).

The energetic profiles for the overall steps of the 1,6- to 2,6-
DMN isomerization are virtually similar to 1,5- to 1,6-DMN
reaction and also summarized in Fig. 4(b). The methyl shift is
found to be the rate-determining step for the isomerization with
the energy barrier of 21.0 kcal/mol.

The isomerization from 1,5- to 2,6-DMN is shown in Fig.
2 in which is depicted the successive reactions from 1,5- to
1,6- and finally to 2,6-DMN. Comparison between the energy
profiles of the 1,5- to 1,6-DMN and 1,6- to 2,6-DMN
isomerizations can be made from Fig. 4. The methyl migration
is the rate determining step in both reactions. The activation
energy of the 1,5- to 1,6-DMN reaction is 25.7 kcal/mol,
which is greater than 21.0 kcal/mol of 1,6- to 2,6-DMN
reaction. This indicates that the former reaction proceeds more
slowly than in the latter. The conclusion is in line with the
thermodynamic observed by Kraikul et afl. that the
isomerization occurs rapidly with a higher isomerization rate
[5] according to the ratio of 2,6-DMN:1,6-DMN of greater
than 1. Our calculation also suggests the same trend. Although
only the 14T cluster representing the active site of
zeolite and the adsorbate are allowed to relax in
MO06-L/6-31G(d,p)//ONIOM(MO06-L/6-31G(d,p):UFF) model,
the information of the reaction such as adsorption and
activation energies, are rational and compared well with the
experimental data reports in the literature [5, 8, 10-11, 40-41].

Figure 4: Overall energy profile of (a) 1,5- to 1,6-DMN and (b) 1,6-t0 2
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MO6-L/6-31G(d,p)//120T ONIOM(MO6-L/6-31G(d,p):UFF). Values in parentheses are calculated at the ONIOM(MO06-L/6-31G(d,p):UFF) method
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4 CONCLUSION

The isomerization of 1,5- into 2,6-DMN over the acidic beta
zeolite is investigated at the molecular level by using the 120T
MO06-L/6-31G(dp)//120T ONIOM(MO06-L/6-31G(d,p):UFF) method.
This reaction involves two consecutive methyl shift processes through
the conversion of 1,5- into 1,6-DMN and of 1,6- into 2,6- DMN,
respectively. The reaction mechanism begins with the adsorption of
the reactant on a Bransted acid site of the zeolite followed by the
protonation, 1,2-methyl shift and proton back-donation steps and the
product desorption. The methyl shift is shown to be the rate-
determining step with the 1,5- to 1,6-DMN isomerization reaction
having a greater activation barrier than the 1,6- to 2,6-DMN reaction
(25.7 vs. 21.0 keal/mol). The predicted activation barriers agree with
the experimental data. Under thermodynamic control, 2,6-DMN is
expected to be the main product of the isomerization.
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ABSTRACT

The conversion of ethanol to ethylene, which is one of the
most important feed stocks for the petrochemical industry, is of
particular commercial interest. Two mechanisms, stepwise and
concerted, of the ethanol dehydration to ethylene in the presence
of water have been investigated by the ONIOM model
(14T/1207T) with B3LYP/6-31g(d,p):UFF method. In the stepwise
mechanism, the coadsorbed water assists the protonation of
ethanol by the acidic zeolite proton to form an ethoxonium ion
(CH;CH,0H,"). After that, the cation is dehydrated to form a
surface ethoxide intermediate. The dehydration is found to be the
rate-determining step with an activation barrier of 41.4 kcal/mol.
The ethoxide is then deprotonated with a water molecule which
results in the formation of the product of ethylene. The activation
energy of the deprotonation is calculated to be 22.2 kcal/mol. The
concerted mechanism differs in that the dehydration and the
deprotonation occur simultaneously without the formation of the
intermediate. In this mechanism, the activation barrier is higher at
547 kcal/mol. Therefore, we conclude that the stepwise
mechanism should be the dominating one in hydrous ethanol
dehydration.

Keywords: dehydration of hydrous ethanol to ethylene,
H-MOR zeolite, confinement effects, ONIOM

1 INTRODUCTION

Petroleum has been and still is debatably the most
important energy resource of the world. It and its derivates
certainly are still needed for transportation (gasoline, diesel,
jet fuel, etc.), and also have an important role in producing
electricity. Of equal importance is its role as a raw material
for many chemical products. Petroleum resources are
inevitably becoming increasingly depleted and more
expensive as consumption still continues to increase. The
certainty of ever increasing scarcity of petroleum has in
recent years resulted in concerted attention, efforts and
research to develop alternative hydrocarbon resources.

Biomass, defined as the biological material of living
organisms such as animals and plants, is becoming one
such increasingly attractive alternative. Conversion of
biomass can produce more valuable chemical compounds.
A significant and important example of this is bio-ethanol,

which is produced through the microbial fermentation of
agricultural feedstock such as corn, sugarcane and cassava.
Bio-ethanol has now become a highly attractive product in
many countries with abundant agricultural resources.

Ethanol, in turn, used not only as a fuel, can be used also to
produce more valuable hydrocarbon compounds, especially
ethylene. This hydrocarbon compound is extremely important
and is used industrially to synthesize a wide range of organic
compounds. More than 200 years ago, acidic solution was used
to be a catalyst for this reaction. Solid acid catalysts such as
silica-alumina (SiO»/Al,O;) and zeolites have also been used
industrially, even before the twentieth century [10]. Zeolite has
the advantage that it is environmentally friendly and can be
reused and reactivated. Mordenite (H-MOR) and H-ZSM5
zeolite types are frequently used in ethanol dehydration
[1,3,5,7,10-12]. Inaba et al. [6] found that H-MOR has a high
selectivity for ethylene formation by intramolecular dehydration
at temperatures of 400 °C, while H-ZSM-5 is effective for the
formation of aromatics, parafins and C3+olefins. These results
would indicate that H-ZSM-5 zeolite with a low Si/Al, ratio is
more suitable to produce higher hydrocarbons from ethanol and,
consequently, H-MOR is a more appropriate zeolite for the
dehydration of ethanol into ethylene [11].

Generally, the dehydration of alcohol over zeolite is
considered to start with the direct interaction of the hydroxyl
group of alcohol with the Bronsted acid sites of zeolite [1-
3,5,8,12]. Density functional theory (DFT) calculations with
small quantum clusters were employed to study this mechanism
and it is reported that ethanol dehydration proceeds via an
intermediate ethoxide surface species [2]. This finding is in line
with recent experimental results which confirm the presence of a
stable ethoxy intermediate in this reaction [1,7]. Here, we use a
120T cluster representing the H-MOR framework and use the
ONIOM (our Own N-layered-Integrated molecular Orbital and
molecular Mechanics) method which recent theorectical studies
[6,9,13] have shown that this method can be efficiently used for
characterizing the reactivity of active sites inside zeolites.

Two different mechanisms for the dehydration of
ethanol into ethylene reaction are considered. One is a
concerted mechanism and the other proceeds in two steps.
Moreover, we propose here that water is allowed to assist
the reaction due to the fact that bio-ethanol or hydrous
ethanol (a mixture of ethanol and water) is almost always
used in industry and it is known from experimental studies
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that water in ethanol feed enhances the catalytic activity
and selectivity for ethylene formation [3,10,12].

2 MODELS AND METHODS

The structure of the 120T cluster was taken from the
lattice of mordenite (H-MOR) zeolite (Figure 1). This cluster
has been previously reported to be a satisfactory model for
the adsorption of hydrocarbon compounds [6,9]. The
ONIOM?2 scheme, in which the whole model is subdivided
into two layers, was adopted for computational efficiency.
The inner layer is a fourteen-tetrahedral (14T) cluster
consisting of the 12-membered-ring (MR) window of the
straight channel of 6.5 A x 7.0 A where a silicon atom can be
substituted by an aluminum atom to form the Bronsted acid
site, which is confirmed by the occurrence of many chemical
reactions in the 12MR channels of H-MOR only [9]. This
layer, together with the reacting molecules, was treated with
the B3LYP/6-31G(d,p) method. The rest of the model was
treated with the Universal Force Field (UFF) to represent the
confinement effect of the zeolite pore structure and to reduce
the required computational time.

All calculations have been performed using the
Gaussian 03 code. Geometry optimizations of all structures
were performed at the ONIOM(B3LYP/6-31G(d,p):UFF)
level of theory and allowing only the active site region 5T,
(H5S10)4Al with the adsorbate to relax. For all transition
states, vibrational spectra were calculated to ensure that
only one imaginary frequency is present.

(@) (b)

Figure 1: ONIOM model of 14T/120T cluster of H-MOR:
(a) front view of the 12MR window of the straight channel
and (b) side view showing the 12MR straight channel. Atoms
belonging to the 14T quantum region are drawn as spheres.

3 RESULTS AND DISCUSSION

The initial step of hydrous ethanol dehydration to
ethylene starts with ethanol and water molecules diffused
into the pore of H-MOR zeolite and coadsorbed on the
acidic and basic sites to form the coadsorption complex.
The calculated adsorption energy is -24.0 kcal mol™. The
value can be roughly compared with the experimental
estimates of the heat of adsorption of ethanol in H-ZSMS5,
which is -31.1 kcal mol” [8]. The ethanol molecule is

protonated by the acidic proton of zeolite to form the
ethoxonium ion (CH;CH20H2+) which does not occur in the
case of ethanol adsorption without water. Due to the
formation of three hydrogen bonds in the coadsorption
complex, the structures of ethanol and the one of the active
site of H-MOR zeolite change considerably. In addition to
the O4-Hz hydrogen bond, H1-O5 and H5-O3 hydrogen
bonds with distances of 1.47 and 1.74 A, respectively, are
formed. The C1-C2 and C1-O4 bond distances of ethanol
are 1.51 and 1.48 A, respectively while, the O2-Hz and O4-
Hz bond distances are 1.48 and 1.04 A, respectively. After
the adsorption process has taken place, the ethoxonium ion
is converted to ethylene via the dehydration process. This
process can proceed through either a concerted or a
stepwise mechanism. In this study, these mechanisms for
the dehydration of ethanol in the presence of coadsorbed
water are investigated.

3.1 Concerted Mechanism

In this mechanism, the reaction is initialized by the
coadsorption complex (RT_C) between ethanol and water
over the Bronsted acid and its adjacent Lewis basic sites of
H-MOR zeolite. Then, the deprotonation and the C-O bond
destruction of the ethanol molecule occur simultaneously to
give the ethylene product (Eq.1):

C,HsOH + H,0 + H-MOR = C,H4 +2H,0 + H-MOR (1)

Figure 2: Calculated energy profile for the concerted
mechanism of ethanol dehydration.

Figure 2 shows the optimized complexes and selected
geometric parameters of the reactant, transition state and
products. The coadsorbed water molecule facilitates the
protonation of the ethanol molecule by the acidic proton of
zeolite to form the ethoxonium ion (CH;CH,OH,"). The

289 NSTI-Nanotech 2009, www.nsti.org, ISBN 978-1-4398-1784-1 Vol. 3, 2009



adsorption energy of this complex is -48.8 kcal mol™. At the
TS _C transition state configuration, the C1-O4 bond of the
ethoxonium ion begins to break to form one water molecule
and the ethyl group. For the formation of the latter, the C2-
H2 bond distance changes from 1.09 to 1.42 A. H2 attaches
to O1 with a bond length of 1.24 A. This transition state has
one imaginary frequency at 1161.0 cm™. The activation
barrier and the apparent activation energy for this step are
calculated to be 54.8 and 5.9 kcal mol™, respectively. After
forming the transition state, the proton (H2) of the ethyl
group transfers completely from C2 to Ol to restore the acid
site of zeolite and a double bond (1.38 A) between C1-C2 is
formed. The ethylene molecule remains adsorbed via the -
interaction while a water dimer is formed on the basic site of
the zeolite (PRD_C). The adsorption energy of this complex
is calculated to be -11.6 kcal mol’. The desorption of
ethylene and one water molecule is an endothermic process
which requires 7.3 kcal mol™.

3.2 Stepwise Mechanism

Alternatively, the dehydration of ethanol to ethylene can
proceed in a stepwise mechanism through the formation of ethoxide
intermediates that have also been observed in experiments [1,7].
The two processes involved are the dehydration of ethanol to
ethoxide and the deprotonation of ethoxide to ethylene.

Figure 3: Calculated energy profile for the stepwise mechanism
in the dehydration of ethanol to the ethoxide process.

The dehydration of ethanol to the ethoxide process: In
this process, the ethanol molecule is dehydrated and an
ethyl group is attached to the basic site of the zeolite. From
there, the surface ethoxy species is formed within the
presence of two water molecules (Eq. 2):

C,Hs;OH + H,0 + H-MOR = C,Hs-MOR +2H,0 (2)

Figure 3 shows the optimized complexes and selected
geometric parameters of the reactant, transition state and
intermediates. The reaction starts with ethanol and water
molecules coadsorbed on the acidic and basic sites of the
zeolite, respectively. The adsorption energy of this complex
is -48.8 kcal mol™. The coadsorbed water molecule facilitates
the protonation of the ethanol molecule by the acidic proton
of zeolite to form the ethoxonium ion (CH;CH,OH,"). At the
TS _SI transition state, the C1-O4 bond of ethoxonium (2.22
A) is breaking to form a water molecule (Hz-O3-H1) while
the ethyl group gets closer to the basic oxygen of zeolite with
an O1-C1 distance of 2.06 A. The 04-C1-O1 bond angle is
154.4°. The imaginary frequency of this transition state is
366.8 cm’'. The activation barrier and the apparent activation
energy for this step are calculated to be 41.5 and -7.7 kcal
mol ™, respectively. After the transition state, the intermediate
of ethoxide and two water molecules (INT_S1) are formed.
Their adsorption energy is -18.1 kcal mol™.

The deprotonation of ethoxide to the ethylene process:
The dehydration process produces ethoxide in agreement
with the experimental finding from IR spectroscopy [1,7]. In
this process, the reaction starts with a surface ethoxy species
and a water molecule. Then, the water-assisted deprotonation
of ethoxide leads to the formation of ethylene. (Eq. 3):

C,Hs-MOR + H,0 = C,H, + H,0 + H-MOR (2)

Figure 4. Calculated energy profile for the stepwise mechanism
in the deprotonation of ethoxide to the ethylene process.

Figure 4 shows the optimized complexes and selected
geometric parameters of the reactant, transition state and
products. The reaction starts with ethoxide and water
(INT_S2). This complex has an adsorption energy of -3.5
kcal mol”. In the transition state (TS_S2), the proton of
ethoxide is transferred to the oxygen of the water molecule
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that is hydrogen-bound to an oxygen atom of zeolite. The
C1-C2 bond distance is slightly shortened by about 0.09 A
and the proton of the water molecule is transferred to the
zeolite regenerating the acidic site (O3-H1 bond). This
transition state has one imaginary frequency at 248.6 cm™.
The calculated energy barrier and the apparent activation
energy are 222 and 18.7 kcal mol”, respectively. The
ethylene product is formed by adsorbing the water molecule
via the m-interaction (PRD_S). The adsorption energy of
this complex is -15.4 kcal mol™. The desorption of ethylene
and water from the pore of H-MOR zeolite requires 37.5
kcal mol”. The overall reaction energy for the stepwise
pathway is endothermic by 22.1 kcal mol™.

4 CONCLUSIONS

The dehydration of ethanol to ethylene over the
mordenite zeolite in the presence of water has been
investigated by using the ONIOM2 method. Two reaction
mechanisms are considered. The stepwise mechanism
occurs through the formation of ethoxide intermediates and
can be separated into the dehydration of ethanol to ethoxide
and the deprotonation of ethoxide to ethylene. The
activation barrier of the first step is 41.5 kcal mol”, which
is much higher than that of the second step (22.2 kcal mol™),
and this is expected to be the rate determining step. For the
concerted mechanism, without an ethoxide intermediate,
the activation barrier is 54.8 kcal mol™. This is considerably
higher than the barrier of the rate determining step of the
stepwise mechanism (41.5 kcal mol™). On the basis of our
calculations it can be concluded, therefore, that the
dehydration of hydrous ethanol to ethylene over H-MOR
zeolite is proceeding via a stepwise mechanism.
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ABSTRACT

The complete detailed reaction mechanism for the
oxidative dehydrogenation of ethane over Fe-ZSM-5 zeolite
has been systematically investigated by means of the
ONIOM(MP2/6-31G(d,p):UFF)/ONIOM(B3LYP/6-31G(d,p):UFF)
scheme. Two types of reaction mechanisms for the oxidative
dehydrogenation of ethane have been suggested: stepwise and
concerted. The concerted mechanism, the concurrent
abstraction of two hydrogen atoms from ethane was found to
be unattainable. Two routes of the stepwise pathway were
proposed. The reaction at the straight channel takes place via
the alkoxide intermediate, while the key intermediate of the
reaction occurring at the sinusoidal channel is an “ethyl
radical” one. The activation energies of the reaction observed
at the straight channel are 12.4 and 54.9 kcal/mol, which is
quantitatively higher than those at the sinusoidal channel (10.3
and 4.8 kcal/mol). The stepwise reaction taking place via the
radical intermediate has been proved to be a dominant step in
generating the ethene molecule.

Keywords: ethene, Fe-ZSM-5 zeolite, ONIOM, oxidative
dehydrogenation, ethane

1 INTRODUCTION

Ethene is one of the most important basic chemicals in the
petrochemical industry as a feedstock for the production of
ethylene oxide, ethylene dichloride, vinyl acetate, ethyl alcohol
and other petrochemical products. Conventionally, ethane is
produced in the petrochemical industry by stream cracking.
This process occurs at a high temperature (750-950 °C) [1].
Since the conventional production of ethylene has a high-
energy consumption, much effort has been devoted to find an
efficient route for the selective production of light olefins.
Currently, the oxidative dehydrogenation of ethane is an
alternative route to produce ethylene. This route carries on at
a low temperature which would essentially reduce the
formation of coke and also extend the lifetime of catalysts.

A range of heterogeneous catalysts have been used in this
reaction for the purpose of achieving energy savings and
increasing productivity. These include: metal oxides [3.,4],
zeolites [5,6], and metal-doped mesoporous materials [7,8].

The iron-modified zeolite of the MFI structure, Fe-ZSM-5,
is proven to be one of the potential catalysts for the
dehydrogenation of ethane. Held et al. [6] found that the ethane
oxidation over the iron-modified zeolites; Y, MOR and ZSM-5
zeolites. They found that Fe-ZSM-5 provided the highest
selectivity towards ethylene formation (in the range of 55% to
87%), whilst the Fe-MOR and Fe-FAU zeolite provides mainly
the complete oxidation process. These results showed that the
zeolite structure plays a key role in the catalytic activity of iron
species for oxidative dehydrogenation reaction. However, the
reaction mechanism of this reaction inside the pore of ZSM-5
zeolite has not been fully investigated.

The purpose of the present study is to analyze the
reaction mechanisms of the oxidative dehydrogenation of
ethane to ethene over Fe-ZSM-5 zeolite by means of the
ONIOM (our-Own-N-layer Integrated molecular Orbital +
molecular Mechanics) method. The results of this study
may be helpful for understanding the fundamentals of how
the oxidative dehydrogenation of ethane over zeolite works.

2 METHOD

The model of ZSM-5 zeolite, the 232T cluster, which
covers the 10T active region and three different channel
structures (the channel intersection, the straight channel, and
the zigzag channel) where the reaction normally takes place, is
taken from the lattice structure of the ZSM-5 zeolite [9]. The
ONIOM2 scheme, in which the whole model is subdivided
into two layers, is adapted. The active region, shown in Figure
1, consists of the 12T cluster, which is considered to be the
smallest unit required for representing the reaction site of
zeolite and the reactive molecules, is treated with the B3LYP
level of theory using the 6-31G(d,p) basis set for H, C, O, Al
and Si atoms and the effective core potential basis of Stuttgart
and Bonn for the Fe atom [10]. In view of there being several
reports that the sextet spin state was the most stable electronic
configuration for the theoretical study on Fe-ZSM-5 [11-12],
the total spin of the system was maintained at this state
throughout all calculations. In order to obtain more reliable
interaction energies, the single-point energy calculations at the
ONIOM(MP2/6-31G(d,p):UFF)/ONIOM(B3LYP/6-31G(d,p):UFF)
level were carried out. The rest of the extended framework is
treated with the less demanding UFF force field [13]. It is
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considered that these selected models for the ZSM-5 zeolites
are large enough to cover all the important framework effects
that act on both the active site and on the adsorbates.

All calculations have been performed using the
Gaussian 03 code [14]. During the structure optimization,
the 5T portion of the active site region and the adsorbate are
allowed to relax while the rest of the active region is fixed
at the crystallographic coordinates.

Figure 1: ONIOM?2 layer of the 232T cluster model of Fe-
ZSM-5. Atoms belonging to the12T quantum cluster are
drawn as balls and sticks.

3 RESULTS AND DISCUSSION

3.1 Stepwise mechanism for ethane oxidative
dehydrogenation

Due to the ZSM-5 zeolite consisting of two different types of
pore: straight channel and sinusoidal channel, it is of interest to
investigate the oxidative dehydrogenation of ethane taking place

20 A TS 5
-

L

CH, +[FeD,Z] 0

in different environments in order to get more insight into the
role of the confinement effect of zeolite on the reaction.

Effect of straight channel within the nanoreactor on
chemical reactions, Stepwise I: The reaction taking place in the
straight channel at the junction of the sinusoidal channel and the
straight one, molecular adsorption of ethane on the a-oxygen of
Fe-ZSM-5, is observed by the mean of the ONIOM2 scheme.
The adsorption complex of ethane (Ads 1) causes the slight
lengthening of Fe-O1 and Fe-O2 bond distances by 0.001 A.
The computed adsorption energy is -8.5 kcal/mol. Dunne et al.
[15] studied the calorimetric heats of adsorption and adsorption
isotherm of methane and ethane on the silicalite which has the
same crystal structure as ZSM-5 zeolite. The heat of adsorption
of methane and ethane on the silicalite zeolite is 5.0 and 7.5
kecal/mol, respectively. This result shows that the difference of
the energy is caused by the confinement effect of the zeolitic
pore. In comparing the adsorption energy for the interaction of
ethane and methane over the Fe-ZSM-5, the difference of values
is 2.4 kcal/mol which is consistent with the difference in the
adsorption from experimental data [15]. It can be concluded that
the adsorption energy of ethane is qualitatively reliable. At the
C-H cleavage transition state (TS 1), the activation energy
required during the process of the (C1-H1 cleavage is 12.4
kcal/mol lower than the activation energy required during the C-
H cleavage of methane over the Fe-ZSM-5 zeolite (15.3
kcal/mol) reported in previous work. The lowering of the
activation energy is consistent with the weakening of the C-H
bond of methane and ethane. The C-H bonding energy of
methane is higher than that of ethane (435 vs. 420 kJ/mol).
Therefore, cleavage of the C-H of ethane is preferable. After this
step, the ethoxide and hydroxyl groups are formed. The alkoxide
intermediate (Ads_2) is located in the intersection space and the
H1-O1 bond also points to the direction of the free space in the
intersection channel. The obtained ethoxide intermediate is
much more stable than the initial state by 75 kcal/mol. The
subsequent migration of hydrogen from the alkoxide group to
the adjacent hydroxyl group (TS 2) leads to the formation of
ethylene and water molecules. These indicate the migrating of
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Figure 3: Compared energy profile for stepwise mechanism in the intersection, sinusoidal channel and concerted mechanism.
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the C-H bond and the formation of the O-H bond, forming the
ethylene and water molecules. This process is exothermic by
59.2 kcal/mol with a high-energy barrier of 54.9 kcal/mol.

Effect of the sinusoidal channel within the nanoreactor on
chemical reactions, Stepwise II: The pathway of the oxidative
dehydrogenation of ethane inside the sinusoidal channel is
similar with that inside the straight channel in general, but their
main differences will be highlighted. The reaction is initiated at
the O2 site pointing toward the sinusoidal channel. The
adsorption energy of ethane (Ads 5) in this channel is -9.6
keal/mol. At the H abstraction transition state (TS _3), the energy
barrier is calculated to be 10.3 kcal/mol, which is slightly lower
than that of the C-H cleavage inside the straight channel.
Variation of pore dimension at the transition state is shown to
affect the direction of the reaction. Obviously, barrier height is
decreased by about 30%. Comparison of the TS 1 in the straight
channel shows that the form of the intermediate complex is
affected by the pore shape. At this channel, the ethyl radical
(Ads _6) is stabilized inside the sinusoidal channel. This
phenomenon is called “intermediate shape selectivity” [16]. The
ethyl radical intermediate is slightly more stable than the initial
state by 7 kcal/mol. The formation of ethylene yields via the
second H-abstraction by migrating one of the C-H bonds at the
methyl site of the ethyl radical to the hydroxyl group bound on
the iron site to form a water molecule. The coadsorption
between water and ethylene molecules (Ads_6) are reached after
the TS 4 requires only 4.8 kcal/mol, which is significantly lower
than the activation energy for the corresponding step in the
straight channel (TS_2). This result reveals that the ethyl radical
is much more active than the alkoxide complex (Ads_2). The
Ads 6 has the lowest energy, having the energy difference of
about 35 kcal/mol with respect to Ads_5. Removal of water and
propene from Ads 6 requires only 11.5 kcal/mol. The rate-
limiting step of the reaction is the first H-abstraction step
yielding the ethyl radical that reacts with the hydroxyl group
attaching to the Fe site (Ads_5).

3.2 Concerted mechanism for ethane
oxidative dehydrogenation

In addition to the stepwise mechanism in the formation of
ethylene, we consider now the reaction pathway through a
cyclic mechanism involving the simultaneous hydrogen
abstraction of two hydrogen atoms from ethane to the iron
oxygen atoms, yielding the Fe(OH), site and the ethylene
molecule. In this hypothesis, the ethane is coordinated on the
a-oxygen atoms by a bidentate complex.

Such a TS is expected to involve double hydrogen
abstractions with the breaking of the C-H bonds and the
making of O-H bonds, leading to the formation of ethylene.
However, in spite of intensive search, we were not able to
locate the related cyclic minimum whilst the corresponding
transition state structure (TS_5) is observed in which two
hydrogen atoms are eliminated from the ethane to the a-
oxygen atoms of the Fe site. In the bidentate complex, the
ethane is twisted into an eclipsed conformation less stable
than the minimum form: the staggered conformation, by

(@
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Figure 2: Optimized structures of adsorbed reactants, transition
structures and products of (a) the stepwise mechanism in the
intersection channel, Stepwise I, (b) the stepwise mechanism
in the sinusoidal, Stepwise II, (c) the concerted mechanism.
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3 kcal/mol [17]. Due mainly to steric hindrance, the
interaction between eclipse-formed ethane and the a-oxygen
atoms does not exist The route via the TS 5 yields ethylene
attached to the Fe(OH), site. The exothermicity of the
reaction is -77.9 kcal/mol. The subsequent desorption of
ethylene is weakly endothermic by 9.3 kcal/mol. These
results suggest that only the single site of Fe is not favorable
to perform the ethylene via a single step by abstracting two
hydrogen atoms from ethane simultaneously. Formation of
ethylene should be carried out via the stepwise mechanism.

4 CONCLUSION

The oxidative dehydrogenation reaction of ethane over Fe-
ZSM-5 zeolite has been investigated using the ONIOM2 model.
Two mechanisms, stepwise and concerted, have been evaluated.
The concerted mechanism was found to be unfavorable. Our
finding reveals that the stepwise mechanism taking place via the
ethyl radical intermediate dominates the overall reaction of the
oxidative dehydrogenation of ethane. However, this process
competes against another plausible stepwise reaction that can
proceed through the “alkoxide intermediate” at the straight
channel. For the stepwise reaction with a radical intermediate
occurring at the sinusoidal channel, it starts with the hydrogen
abstraction of the ethane molecule to form the ethyl radical
complex. The ethylene is generated via the second hydrogen
abstraction in the second step. The activation energy of the first
step is 10.3 kcal/mol, two fold higher than that of the second
step (4.8 kcal/mol). These activation energies are quantitatively
lower than those of the reaction via the alkoxide intermediate
taking place at the straight channel (12.4 and 54.9 kcal/mol for
the first and second H-abstractions, respectively). From
calculated results, the activity of Fe ions is highly affected by the
spaces in the vicinity of the active site. The ethane locating along
the narrow channel would be readily dehydrogenated to ethylene
faster than that on the open channel.
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ABSTRACT

Density-functional theory (B3LYP/6-31G(d,p)) and
ONIOM(B3LYP/6-31G(d,p):UFF) have been employed to
investigate the reaction of the Mukaiyama aldol reaction
and compare the catalytic efficiency between the metal-
organic framework (MOF-505) and Cu-exchanged ZSM-5
zeolite. The Mukaiyama aldol reaction of encapsulated
formaldehyde and silyl enol ether was studied on three model
systems: (1) bare model: O=CHyH;SiOHC=CH,; (2) MOF-505:
MOF-505/0=CHyH;SiOHC=CH,; and (3) Cu-exchanged
zeolite: Cu-ZSM-5/0=CH, /H;SiOHC=CH,. The reaction is
proposed to take place in a single concerted reaction step. It
is found that both catalysts make the carbon atom in
formaldehyde more electrophilic which leads to a lower
energy barrier of the reaction as compared to the bare
model system. For the comparison of the catalytic
efficiency, it is found that Cu-ZSM-5 reduces the activation
energy (6.3 kcal/mol) to be lower than that for MOF-505
(11.0 kcal/mol).

Keywords: Cu-ZSM-5 zeolite, Mukaiyama aldol reaction,
confinement effects, metal-organic framework (MOF-505),
ONIOM

1 INTRODUCTION

The Mukaiyama aldol reaction, an acid-catalyzed aldol
reaction between a silyl enol ether and a carbonyl
compound, has been an important and versatile tool in
organic and biochemical domains [1]. For instance, Takasu
et al. [2] reported the preference reaction on a [2+2]
cycloaddition over the Mukaiyama aldol reaction in their
study of the Lewis acid-catalyzed reactions between silyl
enol ethers and a,B-unsaturated ethers. In the aspect of
organic chemistry, formaldehyde is well known as one of
the most versatile carbon electrophiles. However, its
application is often limited because it rapidly tends to
polymerize to solid paraformaldehyde and trioxane. In
order to obtain formaldehyde monomer, thermal or Lewis
acid pretreatment is therefore used to depolymerize
paraformaldehyde or trioxane. Environmentally friendly
porous materials such as zeolites were found to be
promising candidates for the storage of molecular

formaldehyde. For the reaction with larger molecules,
porous materials like metal-organic frameworks (MOFs)
become more advantageous because of the accessible
variation of freely designed pore dimension and chemistry
inside the cavity. As porous materials, MOFs also find
applications in catalysis [3-7]. We approach the reaction
mechanisms on a molecular level by means of quantum
chemical calculations. Because both zeolites and MOFs are
micro-mesoporous materials, the computational methods
and schemes used for MOFs can be adopted from the ones
used in the study of zeolites. Like in zeolites [8-11], only a
small part of the framework affects the electronic properties
of the reactive site, thus facilitating modeling using
quantum chemical methods. To include the contribution of
the environmental framework on the adsorption of the
reactants, hybrid methods such as embedded cluster or
combined quantum mechanics/ molecular mechanics
(QM/MM) methods [12-19] as well as the ONIOM schemes
are well suited to such systems. In this work, we study the
reaction mechanism of the Mukaiyama aldol reaction
between an encapsulated formaldehyde molecule and silyl
enol ether on MOF-505 and Cu-ZSM-5 zeolite.

2 COMPUTATIONAL METHOD

Both Cu-ZSM-5 and MOF-505 structures are obtained
from the XRD data. In the ONIOM model, the system is
separated into two parts. The inner cluster consists of the
active region, typically modeled in a small cluster
calculated with density functional theory, to account for the
interactions of adsorbates with the porous structure and
their chemical reactions. The outer layer represents the
environmental framework, described by a molecular
mechanics force field, to account for the van der Waals
interactions due to the extended structure. In this study, we
study the reaction mechanism of the Mukaiyama aldol
reaction between encapsulated formaldehyde molecule and
silyl enol ether on MOF-505 and Cu-ZSM-5 zeolite. We
have employed the ONIOM2 (B3LYP/6-31G(d,p):UFF)
method to investigate the reaction on Cu-ZSM-5 and MOF-
505. Since the active paddle wheel unit of MOF-505 is the
effective part of the molecules of the system because
formaldehyde can easily enter between the 3,3°,5,5°-
biphenyltetra-carboxylic
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(a)

(b)

Figure 1: Geometry of (a) MOF-505 and (b) Cu-ZSM-5
where the high layer (DFT region) is represented in ball-bond view and the low layer (UFF) is represented by line view.

acid unit, it is the inner ONIOM layer. The framework
environment constitutes the outer ONIOM layer. For the
ZSM-5 crystal structure (MFI framework), there are 12
symmetrically nonequivalent tetrahedral framework positions
known as T-sites. The active region, consists of the 10T ring,
representing the acidic site of zeolite and that of the reactive
molecules whereas the rest of the framework is included into
the calculation with the universal force field.

3 RESULTS AND DISCUSSION

We separate the topics into sections: 3.1-3.3. In the first
section, we discuss the reaction without any Lewis acid
catalyst. In section 3.2, the existence and reactivity of
encapsulated formaldehyde in the MOF-505 (O=CH,
@MOF-505) is described. We predict the interactions of
MOF-encapsulated formaldehyde with silyl enol ether
(O=CH, @MOF-505/H;SiOHC=CH,). In section 3.3, we
describe the proposed mechanism of the Cu-ZSM-5
catalyzed reaction (O=CH,@MOF-505/H;SiOHC=CH,).
Finally, we make the comparison of the two catalyzed cases
with the reaction without any Lewis acid catalyst.

3.1 The Mukaiyama aldol reaction between
formaldehyde and silyl enol ether without a
Lewis acid catalyst

For the mechanism of the uncatalyzed Mukaiyama aldol
reaction of the parent system, the concerted pathway has
been examined previously by Gung et al. [20] and Denmark
et al. [21]. In agreement with results obtained by Gung et al.,
a boat-shaped six-membered-ring transition state is located
for the concerted pathway. This concerted transition state
involves a simultaneous C-C bond formation and the silicon
group transfer. In the present work the reaction is predicted
to be exothermic, by -26.6 kcal/mol. The reaction coordinate
(the normal mode that has an imaginary frequency) indicates
again the concerted mechanism of the Mukaiyama aldol
reaction. The activation energy is 13.7 kcal/mol.

3.2 MOF encapsulated formaldehyde
(O=CH,@MOF-505) and the Mukaiyama
aldol reaction between MOF-505 encapsulated
formaldehyde and silyl enol ether
(O=CH;@MOF-505/H3SiOHC=CH,

The Cu unit (Cu;-Cu,) is barely changed upon the
adsorption of formaldehyde (0.084 A and 5° for changes in
the Cu;-Cu, bond distance and the O-Cu-O bond angle,
respectively). According to the interaction between the
hydrogen atoms of formaldehyde and the oxygen atoms of
the framework, the corresponding distance between the
formaldehyde oxygen and the Cu atom of MOF-505 active
site is 2.32 A. The carbon-oxygen bond of formaldehyde is
elongated from 1.21 to 1.22 A. For the Mukaiyama aldol
reaction, a concerted mechanism was proposed in which the
bond between the carbon atom of formaldehyde (C) and the
silyl enol ether (Cl) is found and the silicon group
transferred. We suggest the fundamental step of the reaction
as follows:

CH,=0 + MOF-505 — CH,=O@MOF-505 (1)
SiH;0-CH=CH, + CH,=O@MOF-505

—»  O=CHCH,CH,0SiH;@MOF-505 (2)
O=CHCH,CH,0SiH;@MOF-505

—»  O=CHCH,CH,08iH; + MOF-505 (3)

Initially, formaldehyde adsorbs over the paddlewheel
active site of MOF-505 via a lone pair electron interaction
with an adsorption energy of -14.3 kcal/mol. Then, the
encapsulated formaldehyde interacts with silyl enol ether
via a 7w interaction with a coadsorption energy of -23.2
kcal/mol, followed by the chemical reaction in order to
produce 3-silyloxy-propanal. The activation energy is 11.0
kcal/mol. The transition structure of the proposed
concerted pathway is confirmed with its mode of
imaginary frequency which belongs to the C-C bond
formation and the silicon group transfer. The product
formation is exothermic by -46.8 kcal/mol. The adsorbed
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propanal needs 20.2 kcal/mol to desorb from the active
site in the final step (3). From our calculation, we propose
MOF-505 to be a potential catalyst for the Mukaiyama
aldol reaction of formaldehyde and silyl enol ether.

.. ;;) o (b)
(©) (d)

Figure 2: Optimized structures of (a) O=CH,@MOF-505
(b) coadsorption complex (c) transition state and
(d) product adsorption.

3.3 Cu-ZSM-S5 encapsulated Formaldehyde
(0O=CH; @Cu-ZSM-5) and the Mukaiyama
aldol reaction between Cu-ZSM-5
encapsulated formaldehyde and silyl enol
ether (O=CH,@Cu-ZSM-5/H3SiOHC=CH,)

Formaldehyde first interacts with the active Lewis acid
site by its lone pair electron. The carbon-oxygen bond of
formaldehyde is consequently elongated from 1.21 A to
1.22 A. The intermolecular distance, measured between the
formaldehyde oxygen and the Cu atom of zeolite, is 1.89 A
and the corresponding adsorption energy for the complex is
-31.8 kcal/mol. The C-O--Cu-ZSM-5 angle is 138.0°.
We propose the reaction proceeds through the same
mechanism that was previously described in the section 3.2.
The reaction is initiated by the coadsorption of silyl enol
ether on the encapsulated formaldehyde at the active site of
the zeolite. The silyl enol ether molecule diffuses over the
adsorbed formaldehyde on the Cu-ZSM-5 with a
coadsorption energy of -52.7 kcal/mol. The activation

energy is 6.3 kcal/mol. These results demonstrate that the
zeolite framework contributes a larger effect on the
stabilization of the adsorption and transition state than the
one on the MOF structure. The adsorbed 3-silyloxy-
propanal product is exothermic, -66.3 kcal/mol. The
product desorption requires 39.6 kcal/mol in the final step.
Therefore, Cu-ZSM-5 zeolite can be used as a catalyst in
the Mukaiyama aldol reaction.

(@ (b)

(©) (d)

Figure 3: Optimized structures of (a) O=CH,@Cu-ZSM-5
(b) coadsorption complex (c) transition state and
(d) product adsorption.

-66.3

Figure 4: Calculated energy profile (kcal/mol) for the
Mukaiyama aldol reaction between formaldehyde and silyl enol
ether in the MOF-505 system (black solid line), the Cu-ZSM-5
system (red dot line) and the bare system (blue dash line).
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The energy diagram of all three systems, i.e.
uncatalyzed, MOF-505 and Cu-ZSM-5 catalyzed, were
plotted in Fig. 4. For the bare system, the activation energy
of the reaction is 13.7 kcal/mol whereas the barriers of the
MOF-505 and the Cu-ZSM-5 systems are 11.0 and 6.3
kcal/mol, respectively. MOF-505 and Cu-ZSM-5 reduce the
activation energy to be lower than that in the bare system.
Cu in both catalysts induces the oxygen of formaldehyde to
be more electronegative, which can be attacked by carbon
nucleophile such as carbon in silyl enol ether.

4 CONCLUSIONS

Density-functional theory and the ONIOM approach are
used for comparing the catalytic efficiency between the
metal-organic framework (MOF-505) and the zeolite
structure (Cu-ZSM-5) on the Mukaiyama aldol reaction of
formaldehyde and silyl enol ether. The reaction mechanism
is proposed to be intermediate-free concerted, consisting of
the silicon group transfer and carbon-carbon bond
formation. Both MOF-505 and Cu-ZSM-5 contain a Cu ion
which behaves as a Lewis acid. Not only the acid in both
catalysts is predicted to reduce the energy barrier, it was
also found that environmental inclusion of the metal
organic framework and zeolite has an effect on the structure
and energetics of the adsorption complexes. As a
consequence, it leads to a lower energy barrier (AE,, = 11.0
and 6.3 kcal/mol) of the reaction as compared to the bare
model system (13.7 kcal/mol). The results indicate that
Cu-exchanged ZSM-5 and MOF-505 can preserve
formaldehyde in a monomeric form and also act as a Lewis
acid which catalyzes the Mukaiyama aldol reaction of
formaldehyde with olefin without the presence of
potentially harmful acidic chemicals.

ACKNOWLEDGEMENTS

This research was supported by grants from the National
Science and Technology Development Agency (NSTDA),
the Thailand Research Fund (TRF), Kasetsart University
Research and Development Institute (KURDI), the
Commission on Higher Education, Ministry of Education, under
the Postgraduate Education and Research Programs in Petroleum
and Petrochemicals, and Advanced Materials as well as the
Sandwich Program in the Strategic Scholarships Fellowships
Frontier Research Network (CHE-PhD-SW-SUPV to SC). The
Kasetsart ~ University ~ Graduate  School is also
acknowledged.

REFERENCES

[1] (a) R. Mahrwald, “Modern Aldol Reactions”, Wiley-
VCH: New York, 2004. (b) K. Miura and A.
Hosomi, “In Main Group Metals in Organic
Syntheses”, 409-592, 2004.

[2] K. Takasu, M. Ueno, K. Inanaga and M. Thara, J.
Org. Chem. 69, 517, 2004.

[3] S. Hasegawa, S. Horike, R. Matsuda, S. Furukawa,
K. Mochizuki, Y. Kinoshita and S. Kitagawa, J.
Am. Chem. Soc. 129, 2607, 2007.

[4] M. Casarin, C. Corvaja, C. diNicola, D. Falcomer, L.
Franco, M. Monari, L. Pandolfo, C. Pettinari, F.
Piccinelli and P. Tagliatesta, Inorg. Chem. 43,
5865, 2004.

[5] L. Alaerts, E. Seguin, H. Poelman, F. Thibault-
Starzyk, P. A. Jacobs and D. E. De Vos, Chem. Eur
J. 12,7353, 2006.

[6] B. Xiao, H. Hou and Y. Fan, J. Organomet Chem.
692, 2014, 2007.

[7] S. Choomwattana, T. Maihom, P. Khongpracha, M.
Probst and J. Limtrakul, J. Phys. Chem. C. 112,
10855, 2008.

[8]J. Sauer, Chem. Rev. 89, 199, 1989.

[9] J. Sauer, P. Ugliengo, E. Garrone and V. R.
Saunders, Chem. Rev. 94, 2095, 1994.

[10 J. Limtrakul, Chem. Phys. 193, 79, 1995.

[11] J. Limtrakul, P. Treesukol, C. Ebner, R. Sansone
and M. Probst, Chem. Phys. 215, 77, 1997.

[12] J. Limtrakul, S. Jungsuttiwong and P.
Khongpracha, J. Mol. Struct. 525, 153, 2000.

[13] P. E. Sinclair, A. De Vries, P. Sherwood, C. R. A.
Catlow, and R. A. Van Santen, J. Chem. Soc.
Faraday Trans. 3401, 1998.

[14] M. Braendle and J. Sauer, J. Am. Chem. Soc. 120,
1556, 1998.

[15] S. P. Greatbanks, I. H. Hillier, N. A. Burton, P. J.
Sherwood, Chem. Phys. 105, 3770, 1996.

[16] R. Z. Khaliullin, A. T. Bell and V. B. Kazansky, J.
Phys. Chem. A. 105, 10454, 2001.

[17] J. Limtrakul, T. Nanok, S. Jungsuttiwong, P.
Khongpracha and T. N. Truong, Chem. Phys. Lett.
349, 161, 2001.

[18] A. H. De Vries, P. Sherwood, S. J. Collins, A. M.
Rigby, M. Rigutto and G. J. Kramer, J. Phys. Chem.
B. 103, 6133, 1999.

[19] M. Svensson, S. Humbel, R. D. J. Froese, T.
Matsubara, S. Sieber and K. Morokuma, J. Phys.
Chem. 100, 19357, 1996.

[20] B. W. Gung, Z. Zhu and R. A. Fouch, J. Org.
Chem. 60, 2860, 1995.

[21] S. E. Denmark, B. D. Griedel, D. M. Coe and M. E.
Schnute, J. Am. Chem. Soc. 116, 7026, 1994.

311 NSTI-Nanotech 2009, www.nsti.org, ISBN 978-1-4398-1784-1 Vol. 3, 2009



Dissymmetric Metal Deposition on Carbon Nanotubes

C. Warakulwit'3, M.-H. Delville?, V. Ravaine', J. Limtrakul®, A. Kuhn*

'Université Bordeaux 1, ISM, ENSCPB, Pessac, France, kuhn@enscpb.fr
2ICMCB, CNRS, Pessac, France, delville@icmcb-bordeaux.cnrs.fr
*Chemistry Department, Kasetsart University, Bangkok, Thailand, jumras.|@ku.ac.th

ABSTRACT

Dissymmetric nanoobjects are of enormous interest in
many areas ranging from molecular electronics to targeted
drug delivery. So far it has been quite difficult to synthesize
dissymmetric objects at the nanoscale and most approaches
have been based on using interfaces to break the symmetry.
Only a few bulk procedures are known so far to produce
these Janus-type objects. We report here a simple approach
for the bulk generation of dissymmetric nanoobjects,
especially carbon nanotubes (CNTs), based on
electrochemical principles. A stabilized suspension of
nanotubes is introduced in a capillary containing an
aqueous metal salt solution and a high electric field is
applied to orientate and polarize the individual tubes.
During their transport through the capillary under sufficient
polarization each nanotube is the site of water oxidation at
one end, and of metal ion reduction at the other one. The
method can be generalized for very different types of
deposits such as other metals, semiconductors or polymers.
The approach therefore opens up the way to a whole new
family of experiments leading to complex nanoobjects with
an increasingly sophisticated design.

Keywords: Janus particles, bipolar electrochemistry, carbon
nanotubes, capillary electrophoresis

1 INTRODUCTION

Dissymmetric ~ functionalization of micro- and
nanoobjects is of major importance to study, for example,
directed self-assembly, but also for many applications
ranging from electronic paper to sensing and catalysis.
Various approaches to generate dissymmetric particles have
been reported in the recent literature. These Janus-type
particles have been obtained either by
protection/deprotection mechanisms [1], focused laser-
induced reactions [2], co-jetting of parallel polymer
solutions under the influence of an electrical field [3],
anisotropic electroless deposition [4], or with microfluidic
techniques [5]. However, so far most of the methods used
to generate such objects need to break the symmetry by
introducing interfaces like in the case of sputtering [6,7],
stamp coating [8,9], and Langmuir-Blodgett-based
techniques [10]. This makes the preparation of large
quantities rather difficult.

Thus, there is an increasing interest in developing
alternative methods to replace the two-dimensional
approaches by truly three-dimensional techniques allowing
a scale-up of the production of Janus objects to larger
quantities by using bulk procedures [11].

In this context an attractive method that uses the
concept of bipolar electrochemistry [12] has been reported
by Bradley et al. and allows generating metal layers in a
dissymmetric way on different substrates [13,14]. In brief,
when a conducting object is placed in a strong electric field
between two electrodes a polarization occurs that is
proportional to the electric field £ and the characteristic
dimension r of the object.

Figure 1. Polarization of a conducting spherical particle
in an electric field.

The simple equation governing this polarization also
immediately illustrates the practical problems that will arise
when applying this concept to nanoobjects.

Nx=E r cos® €))
With ny being the polarization at a given point x at the
surface of the nanoobject, one can easily calculate that the

maximum potential difference between the two opposite
sides of the object is given by:

AVmax=2Er 2
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In order to carry out two different redox reactions at the
opposite sides of the nanotube (oxidation at the left side and
reduction at the right side) AV has to be at least equal to
the difference of the formal potentials of the two redox
reactions. Two typical redox reactions that could take place
in an aqueous environment might be the following ones:

[AUCI4]"(q)+ 3¢ = Auo(s) +4CI(yq) E°=+0.99V

ZHZO(I) > 4H+(aq) + Oz(g) + 4e” E°=+1.23V

It immediately follows that the polarization has to
generate a potential difference of at least 0.24 V. In order to
achieve this difference on an object with r in the nanometer
range, E reaches values of the order of MV/m. These
conditions seem to be incompatible with a normal
laboratory environment and especially with an aqueous
solution. This might be partly the reason why previous
work has been focused on objects in the micrometer or
submicrometer range and the experiments had to be carried
out in organic solvents [13, 14]. We show in this
contribution that the approach can be extended to
nanoobjects like carbon nanotubes, modified in aqueous
solutions when a capillary electrophoresis set-up is used to
apply the high electric field. This capillary assisted bipolar
electrodeposition (CABED) process represents, therefore,
an original alternative to generate dissymmetric
nanoobjects of various compositions [15].

2 EXPERIMENTAL

2.1. Preparation of the nanotube suspensions

Aqgueous suspensions of CNTs can be produced
analogous to what has been reported for other types of
carbon [16, 17]. The raw sample of carbon nanotubes used
for this study was multi-wall carbon nanotubes produced by
catalytic chemical vapor deposition (ARKEMA). About 0.1
mg of MWNTs was added to a polyoxometalate (POM)
solution (10 mM H3PMo03,040/0.1 M H,SOy). This solution
was prepared from phosphomolybdic acid hydrate,
H3PM012040.XH20 (FLUKA) in 0.1 M H2$O4. The
suspension was sonicated with a high intensity ultrasonic
processor. After 1 hour of sonication a stable suspension of
shortened CNTSs is formed that can be further processed by
fractionated centrifugation in order to select nanotubes with
a quite narrow size distribution [18].

2.2. Bipolar gold deposition on carbon
nanotubes

The starting solution used for the capillary
electrophoresis  (CE) experiment is an aqueous
CNT/HAUCI, (1 mM) suspension. For CE experiments, all
solutions or suspensions were introduced into the capillary
by filling it manually with a syringe. The capillary used
here is a fused silica capillary with a length of 45 cm and an
inner diameter of 100 um. The distance from the capillary
inlet (left side in Figure 2) to the detection window (right
side) in this case was 41 cm. The applied voltage was 30
kV whilst the temperature was maintained at 25°C. The CE
experiment was first performed by rinsing the capillary
with ultrapure water. Then the diluted aqueous suspension
of the shortened, POM-modified carbon nanotubes was
introduced into the capillary. The reason for using a diluted
suspension for the CE experiment is due to the narrow
capillary (100 pm). Introducing suspensions that are too
concentrated leads to clogging of the capillary. The
combination of migration and electroosmotic flow
determines the transport of the CNTs through the capillary.
The flow characteristics were determined by recording the
absorbance variations in the UV detector (254 nm) as a
function of time.

—| High voltage power supply |—

Fused silica capillary

Detector

Buffer vial

Anode Cathode

Figure 2. Schematic illustration of the capillary
electrophoresis set-up.

The bipolar electrochemical gold deposition on CNTSs is
achieved by introducing the CNT/HAuCIl; (1mM)
suspension into the capillary at the anodic side. Because the
addition of acid (HAuCl, here) can result in the aggregation
of the POM-modified CNTSs, the suspension has to be
sonicated for 1 minute in an ultrasound bath in order to
maintain the CNTs being well dispersed before introduction
into the capillary.

The sample leaving the capillary at the cathodic side
was collected directly at the outlet. This collected sample
drop was put on a TEM grid and dried. Because the
suspension still contains the gold salt (AuCly), drying of
the suspension on the grid leads to gold salt crystallization
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which extremely disturbs the further TEM analysis.
Therefore, after the suspension was dropped onto the TEM
grid, the solution still containing HAuCl, was soaked
through the grid by placing a cleaning tissue under the grid.
After that, the remaining particles on the grid were washed
three times with ultrapure water using the same procedure.
The washed particles were then characterized by TEM.

3 RESULTS AND DISCUSSION

The potentials given in the above redox equations are
standard potentials and as the experiment is carried out far
from standard conditions in terms of concentrations and
partial gas pressures, large deviations from the threshold
value of 0.24 V can be expected. This also means that the
calculated electric fields in the MV range might be
different, especially when somewhat longer objects like the
CNTs are used. Using carbon nanotubes for this proof-of-
principle experiment also has the advantage that, due to
their anisotropy the polarization induces at the same time an
orientation parallel to the electric field, that the nanotubes
preserve during their whole journey through the capillary.
Thus, it will be easier to perform such a bipolar
electrochemical deposition with CNTs compared to
spherical objects that might change their orientation during
the experiment and in this way lead to random metal
deposition at the object’s surface.

The experiment has been carried out at the maximum
potential difference that can be delivered by the capillary
electrophoresis set-up, which is 30 kV. When this potential
difference is applied between the two ends of a capillary
with a total length of 45 cm, an electric field of 67 kV/m is
generated in the capillary. The nanotube pieces obtained by
the above mentioned sonication procedure have an average
length of 500 nm [18]. One can therefore easily calculate
that the maximum polarization that can be obtained
between the two ends of a nanotube is of the order of 50
mV. This value is smaller than the minimum potential
difference necessary for driving the two redox reactions
when the calculation is based on the standard potentials
and, therefore, no bipolar electrodeposition should occur
under these conditions. Performing the experiment shows,
however, striking evidence for a dissymmetric deposition of
gold nanoparticles at one end of the nanotubes (see Figure
3). We explain this not only by the conditions that are far
from the standard conditions used to define the E° values,
but most likely the presence of adsorbed polyoxometalate
molecules at the CNT surface has also an influence on the
potential values as they can undergo complexation reactions
with metal ions [19].

The pictures of Figure 3 are representative of the
majority of the nanotubes reaching the capillary outlet;
however, not 100% are modified. There are several possible
origins for a non-quantitative modification. First of all, the

gold deposit can detach from the tube during the collection
and rinsing procedure, as seems to be the case for the small
particles that can be seen in Figure 3A. Second, nanotubes
can be more or less conducting depending on their
morphology and defects. In the extreme case of an isolating
tube, no deposition can occur and even for conducting tubes
the conductivity has to be better than that of the
surrounding electrolyte to induce a sufficient potential
difference. The third reason is that the potential drop scales
with the length of the tube, and therefore shorter tubes
might experience a potential difference between the two
ends that is below the threshold value.

Figure 3. Site selective bipolar electrodeposition of gold at
one end of a carbon nanotube A) TEM image of a selected
nanotube from a very diluted sample B) Magnification of
the modified end of a nanotube, scale bars are 100 and 50
nm respectively.

It is important to note that, in contrast to the former
experiments [13, 14], in this set-up the high voltage is not a
problem, although we don’t use organic solvents but water,
because the electrodes are positioned at the outside of the
capillary. This means that an eventual macroscopic
hydrogen or oxygen evolution at the cathode or anode
respectively doesn’t perturb the experiment as it take place
in the bulk solution and not in the capillary. Furthermore
the currents are in the nA range because there is no
supporting electrolyte present and thus the total amount of
developed gas is rather low.
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4 CONCLUSION

In summary, the concept of bipolar electrochemistry
has been adapted to modify in a dissymmetric way
multiwall carbon nanotubes with a gold cap as illustrated in
Figure 4. The method employed to create these Janus-type
objects is based on a slightly modified capillary
electrophoresis experiment, (i) allowing the application of
the mandatory high voltages (ii) without having to use
organic solvents and (iii) especially avoiding gas bubble
formation in the reaction chamber, which otherwise would
completely prevent the alignment of the nanotubes in the
electric field.

I Al MYJUE I"

Figure 4. Reaction scheme for the site selective generation
of a metal cluster (left) and TEM image of a MWCNT,
modified at one end with a gold cluster(right).

Most importantly, the procedure uses a real bulk-phase
reaction in contrast to most of the literature methods based
on interfaces to break the symmetry. This makes the
method very attractive to scale-up the production of such
dissymmetric objects.

Looking to the future, the CABED process can be
generalized to other types of nanoobjects and also deposits
of a very different nature such as other metals,
semiconductors, or polymers. The approach therefore opens
up the way to a whole new family of experiments leading to
complex nanoobjects with an increasingly sophisticated
design allowing original applications. In addition, the
procedure reported here could also be adapted to sort
conducting, semiconducting, and insulating carbon
nanotubes, as the latter ones will not be modified with
metal, whereas the first two categories of species will
undergo a potential-dependent metal modification.

Acknowledgment. This work is supported by the French
Ministry of Research, CNRS, and ENSCPB. We thank P.
Poulin for various CNT samples. C.W. and J.L. also thank
the National Science and Technology Development Agency
(NSTDA), the Thailand Research Fund (TRF), Commission
on Higher Education, Ministry of Education, the Kasetsart
University Research and Development Institute (KURDI).

REFERENCES

[1] Perro, A.; Reculusa, S.; Pereira, F.; Delville, M.-
H.; Mingotaud, C.; Duguet, E.; Bourgeat-Lami, E.;
Ravaine, S. J. Chem. Soc., Chem. Comm. 2005, 44,
5542.

[2] Hugonnot, E.; Delville, M.-H.; Delville, J.-P.
Appl.Surf.Sci 2005, 248, 470.

[3] Roh, K.-H.; Martin, D. C.; Lahann, J. Nature Mat.
2005, 4, 759.

[4] Cui, J.-Q.; Kretzschmar, I. Langmuir 2006, 22,
8281.

[5] Nisisako, T.; Torii, T.; Takahashi, T.; Takizawa,
Y. Adv.Mater. 2006, 18, 1152.

[6] Takei, H.; Shimizu, N. Langmuir 1997, 13, 1865.
[7]1 Lu, Y.; Xiong, H.; Jiang, X.; Xia, Y.; Prentiss, M.;
Whitesides, G. M. J.Am.Chem.Soc. 2003, 125, 12724.
[8] Cayre, O.; Paunov, V. N.; Velev, O. D.
J.Mater.Chem. 2003, 13, 2445.

[9] Paunov, V. N.; Cayre, O. J. Adv.Mater. 2004, 16,
788.

[10] Fujimoto, K.; Nakahama, K.; Shidara, M.
Kawaguchi, H. Langmuir 1999, 15, 4630.

[11] Hong, L.; Cacciuto, A.; Luijten, E.; Granick, S.
Nano Lett. 2006, 6, 2510.

[12] Fleischmann, M.; Ghoroghchian, J.; Rolison, D.;
Pons, S. J.Phys.Chem. 1986, 90, 6392.

[13] Bradley, J.-C.; Chen, H.-M.; Crawford, J.; Eckert,
J.; Ernazarova, K.; Kurzeja, T.; Lin, M.; McGee, M.;
Nadler, W.; Stephens, S. G. Nature 1997, 389, 268.

[14] Bradley, J.-C.; Zhongming, M.  Angew.
Chem.Int.Ed. 1999, 38, 1663.

[15] Warakulwit, C.; Nguyen, T.; Majimel, J.; Delville,
M.-H.; Lapeyre, V.; Garrigue, P.; Ravaine, V.;
Limtrakul, J. ; Kuhn, A. NanoLett. 2008, 8, 500.

[16] Garrigue, P.; Delville, M.-H.; Labrugere, C.;
Cloutet, E.; Kulesza, P. J.; Morand, J. P.; Kuhn, A.
Chem.Mater. 2004, 16, 2984.

[17] Fattakhova, D.; Kuhn, A. Carbon 2006, 44, 1942.
[18] Warakulwit, C.; Majimel, J.; Delville, M.-H. ;
Garrigue, P.; Limtrakul, J.; Kuhn, A.J.Mater.Chem.
2008, 18, 4056

[19] Martel, D. ; Kuhn, A.; Kulesza, P.J. ; Galkowski,
M.T. ; Malik, M.A. Electrochim.Acta 2001, 46, 4197

NSTI-Nanotech 2009, www.nsti.org, ISBN 978-1-4398-1782-7 Vol. 1, 2009



Electron Hopping Process in SWCNT-Mediated Redox Reaction:
An Evidence Observed by DFT Theory

T. Nongnual®®®, S. Choomwattana®°, S. Nokbin®*°, P. Khongpracha®®, and J. Limtrakul®*"

*Chemistry Department, Faculty of Science, Kasetsart University, Bangkok 10900, Thailand
"NANOTEC Center of Excellence, National Nanotechnology Center, Kasetsart University
¢ Center of Nanotechnology, Kasetsart University Research and Development Institute, Bangkok
*E-mail: jumras.l@ku.ac.th, Tel: +662-562-5555 ext 2169, Fax: +662-562-5555 ext 2176

ABSTRACT

The electron hopping mechanism in SWCNT-mediated
redox reaction of anthraquinonnyl (AQH,-) and 4-
arylhydroxyl amine (4AHA-) groups is systematically
studied by DFT for the first time. It was found that electrons
from the oxidized AQH, group can transfer to the oxidizing
4AHA group at the other end of the nanotube by the hopping
process through the mediating SWCNT confirmed by the
non-localized distribution of the hopping electrons. The
electron density and Hirshfeld partial charges analysis shows
that SWCNT can hold 87% of the extra electron density of
the hypothetical negative intermediate forming by the
oxidation of the AQH, process. Chemical attachments of
these two redox reagents to the SWCNT also caused new
impurity states within the band gap, thereby introducing
more metallic characteristics to the system. These findings
provide a detailed understanding of the electron hopping
process and agree well with the previous experimental study.

Keywords: electron hopping process, SWCNT-mediated
redox reaction, generalized gradient approximation (GGA),
Perdew-Burke-Ernzerhof (PBE) method, carbon nanotube

1 INTRODUCTION

Among all nanoscale morphologies of carbon, multiwalled
carbon nanotubes (MWCNTs) were first observed under
transmission electron microscopy (TEM) by lijima in 1991".
After that, single-walled carbon nanotubes (SWCNTSs) were
produced independently by Ilijima® and Bethune® in 1993.
Since their discoveries of the low-dimensional carbon
nanostructures, carbon nanotubes (CNTs) have attracted much
interest in modern nanoscience and nanotechnology due to
their novel and structure-dependent properties. Over the years,
the physical and chemical properties of CNTs have been well-
documented as the results of more sophisticated methods.
Novel properties of these CNTs endow their nanoscale
applications as nanoelectronic devices®, sensors’, field
emission sources’, and composite materials’, The CNTs also
function as nanowires to transport electrons between the
underlying electrode and electroactive protein chemically
attached on each end of the tube®. The transport distances,
controlling the rate of electron transfer, are greater than 150 nm

from the enzymatic active center to the electrode’.

Reversible oxidation Reduction
2¢, 2H" 2¢,2H", -H,0O
AQ e AQH,  4AHA 4AA
e_
Hbh
2¢, 2H"
SWCNT

Figure 1: Proposed mechanism for the SWCNT-mediated
redox reaction, consisting of the reversible oxidation and
the irreversible reduction reactions. The SWCNT accepts
electrons from the AQH, species and then donates the
electrons to the 4-arylhydroxyl amine.

The chemical functionalization reactions for CNTs are
categorized into three methods, which are: direct attachment to
the graphitic surface, ester linkage, and covalent binding using
diazonium reagents with high selectivity. The diazonium
media method was also developed by Compton’s group to
initiate chemisorptions of aryl diazonium salts by direct
reduction with hypophosphorous acid in the presence of
carbon powder'*"*. The method was further extended to the
application on MWCNTs with anthraquinone-1-diazonium
chloride and 4-nitrobenzenediazonium tetrafluoroborate,
resulting in the synthesis of 1-anthraquinonyl-MWCNTs (AQ-
MWCNTs) and 4-nitrophenyl-MWCNTs (NB-MWCNTs)"?.

Recently, Wong ef al.'* reported a redox reaction on the
same nanovessel MWCNT for the first time. This MWCNT is
functionalized from two redox-active species directly attached
by the diazonium salt method. The 4-arylhydroxyl amine
(4AHA) and AQH, species are generated in the first oxidation
cycle from NO,CHMWCNT and AQ-MWCNT,
respectively. This redox reaction consists of a reversible
oxidation and an irreversible reduction studied by the cyclic
voltammetry technique. They proposed the redox reaction
mechanism, where AQH, is an oxidizing agent while NHOH-
C¢H, is a reducing group.

AQH, - MWCNT - C¢H, — NHOH

—> AQ — MWCNT - C6H4 — NH2 + Hzo
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Hirshfeld charge Ener a Relative ener
Structure Partial charge . Total / g/g b / keal mol‘lgy
pristine SWCNT - - - - 0.62 D -
substrate AQH, = 0.05 SWCNT =-0.07 4AHA = 0.03 0.01 0.00 -
intermediate-1-a AQH =-0.06 SWCNT =-0.91 4AHA =-0.02 -0.99 0.04 D 0.00
intermediate-1-b AQH = -0.16 SWCNT =-0.81 4AHA =-0.02 -0.99 0.04 1 -0.95
intermediate-2 AQ=-0.19 SWCNT =-1.73 4AHA =-0.07 -1.99 0.10 T -
intermediate-3 AQ=-0.07 SWCNT =-0.77 Ph-NH =-0.16 -1.00 0.16 1 -
product AQ=-0.01 SWCNT = -0.03 4AA = 0.05 0.01 0.00 -

Table 1: Hirshfeld partial charge, energy gap (eV), and relative energy (kcal mol™) calculated with the PBE method and DNP
basis set for pristine SWCNT, substrate, intermediate, and product states. (D = direct, | = indirect energy gap)

The mechanistic pathway of electron transfer from AQH, to
the 4-arylhydroxyl amine group is also investigated, to
determine whether it is intermolecular electron tunneling
between reagents or by electron hopping via the CNT.
Nevertheless, the hopping was proposed to be more favorable
because of the shorter distance in the electron transfer. Such
phenomenon is unique for both oxidizing and reducing groups
confined on the same CNT.

Herein, we report the theoretical study on the possibility
and the process of the electron hopping between two redox
reagents that are functionalized on the same CNT. Even
mediating MWCNT in the real system is simplified to the
semiconducting SWCNT for computational efficiency; the
periodic calculations are performed improve the electronic
results so that they are more reasonable. In addition, we focus
only on the redox reaction instead of the chemical attachment
and the preparation steps. Thus, this redox reaction from
AQH,-SWCNT-4AHA terminated at AQ-SWCNT-4AA
is proposed in the reversible oxidation and the irreversible
reduction, where 4AA (4-arylamine) is noted.

Total reaction:

AQH, — SWCNT - 4AHA

— AQ-SWCNT-4AA + H,O

Oxidation:

AQH, - SWCNT - 4AHA

< AQ-SWCNT -4AHA + 2H" + 2¢
Reduction:
AQ-SWCNT —4AHA + 2H  + 2¢

— AQ-SWCNT-4AA + H,0

(a) (b)

2 MODELS AND METHODOLOGY

The periodic calculations were carried out using the density
functional theory (DFT) method as implemented in the DMol3
package'>'. The generalized gradient approximation (GGA) in
the various methods and an all-electron double numerical basis set
with polarized function (DNP) were chosen for the spin-
unrestricted DFT computation. The real space global cutoff radius
was set to be 3.70 A. For geometrical optimization, the forces on
all atoms were optimized to be less than 0.05 eV.A". The
Brillouin zone was sampled using the Monkhorst-Pack scheme'”.

2.1 Diameter calibration of SWCNTs

Zigzag SWCNTs are calibrated in different diameters from
(6,0) to (12,0). Each initial structure is generated in a supercell
periodic box with 20 x 20 x 8.52 A* composed of two unit cells of
SWCNT. The nearest distance between two neighboring
SWCNTs is greater than 10 A for ignoring an intertube
interaction. The calibrations are performed by the GGA in the
Perdew-Burke-Ernzerhof (PBE)", Becke’s exchange and Lee,
Yang, and Parr’s correlation functional (BLYP)'**", and non-local
exchange-correlation functional (PW91)*! with k point 1 x 1 x 40.

2.2 Redox system
An (8,0) SWCNT, the smallest semiconducting zigzag

providing an acceptable energy gap, was chosen to be
functionalized by two redox groups which were more than 12 A

(c) (d) (©

Figure 2: LUMO (top) and HOMO (bottom) plots of subs (a), int-1-b (b), int-2 (¢), int-3 (d), and prod (e).
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distant from each other to neglect an intermolecular interaction
of these two species. A supercell with 40 x 40 x 24.15 A
comprised of six periodic lengths for the zigzag SWCNT was
adopted in the calculation with the PBE function. Each supercell
consists of two redox groups, which are covalently bonded to
the sidewall of the SWCNT. The nearest distance between two
neighboring SWCNTSs is greater than 30 A. Only I point was
considered in the Brillouin zone for the geometric optimization
and orbital analysis but & points 1 x 1 x 10 was sampled to
calculate electronic properties of the redox system. Even though
the individual processes in the overall redox reaction take place
concurrently, we simplify the problem by dividing the redox
pathway into five hypothetical states, which are AQH,-
SWCNT-4AHA (substrate: subs), [AQH-SWCNT-4AHA]'
(intermediate-1), [AQ-SWCNT-4AHA]" (intermediate-2: int-2),
[AQ-SWCNT-Ph-NH]" (intermediate-3: int-3) and AQ-
SWCNT-4AA (product: prod) (AQ = anthraquinonyl, 4AHA =
4-arylhydroxyl amine, 4AA = 4-arylamine, SWCNT = (8,0)
zigzag SWCNT). The intermediate-1 state can be considered in
two configurations, which are intermediate-1-a (int-1-a) and
intermediate-1-b (int-1-b) for Ha and Hb removal, respectively.

3 RESULTS AND DISCUSSION

The diameter of carbon nanotubes and the periodic calculation

(a)-1

(b)-1

(0)-1

with three functionals (PBE, BLYP, and PW91) was calibrated
for searching a zigzag SWCNT suited to our models. Although
all methods of investigating (n,0) zigzag SWCNTs give the
same energy gap results, the PBE functional is chosen in
our calculations following the previous theoretical studies.
Moreover, it was found that the (6,0), (9,0), and (12,0) SWCNTs
obey the n — m = 3i metallic rule with Egap = 0.00, 0.17, and
0.14 eV, respectively. The (7,0) SWCNT presents as a semi-
metallic character with a 0.15 eV energy gap. Fortunately, the
(8,0) SWCNT is the first smallest zigzag carbon nanotube that
provides semiconducting behavior with an acceptable 0.62 eV
energy gap. Therefore, the SWCNT-mediated redox models in
this paper are generated from the (8,0) SWCNT and calculated
by periodic calculations with PBE method.

The electronic properties of the redox system are reported in
Table 1. The results show the difference of relative energy of int-
1, resulting in the int-1-b being more favorable than int-1-a due to
the less steric effect between the hydrogen atom of AQH group
and the nanotube media. Thus, the proposed mechanism pathway
of the redox reaction starts with the subs configuration and
forwards to int-1-b, int-2, int-3, and prod, respectively. Chemical
attachments of these two redox reagents to the SWCNT cause
new impurity states within the band gap, thereby introducing more
metallic characteristics to the system. These properties lead to the
ease of electron delocation among the modified system.

(b)-3

(c)-3

Figure 3: Hirshfeld charge difference of int-1-b (a)-1, int-2 (a)-2, and int-3 (a)-3 where the red color is a negative charge
and the blue color is a positive charge. Electron density difference of int-1-b (b)-1, int-2 (b)-2, and int-3 (b)-3 is plotted for
an isovalue of +0.004 ¢/A*, where the blue and yellow color is represented for the electron accumulation and electron
depression zones, respectively. Nucleophilic Fukui function plot of int-1-b (c)-1, int-2 (¢)-2, and int-3 (c)-3.
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The electron density difference and Hirshfeld partial charges
analyses show that SWCNT can hold 87% of the extra electron
density of the hypothetical negative intermediate forming that
forms by the oxidation of the AQH, process.

The explanation of how an electron transfers from AQH,
to 4AHA via SWCNT is illustrated in Figure 2. First, an
electron ionization and reception occurs at SWCNT, which
can be clearly observed at both the HOMO and LUMO for
the substrate. At the intermediate steps, an electronic
connection between the AQ and the 4AHA molecules on the
SWCNT is shown clearly at the HOMO levels. An electron
in the int-1-b and int-2 that strongly remained at the AQ part
can reversely reduce the AQ to AQH,. Electrons move to the
4AHA side result in a reduction reaction, and the HOMO of
the product shows that the electrons distribute mostly at 4AA
and no longer occupy the AQ side. The opposite trend is
observed for the LUMO of the product.

Hirshfeld charge density difference plots are presented in
Figure 3(a). An electron in the intermediate states has a high
occupation at the AQH, leading to the reverse reduction of AQH
to AQH,. Two electrons in the int-2 step have a high occupation
at the AQ, 4AHA, and the bridge in the nanotube media as
shown in Figure 3(a)-2. Therefore, the AQ and 4AHA groups
can be reduced to AQH, and 4AA, respectively. In Figure 3(b),
the calculations are performed from the difference of the
electron density between the negative-charge structure and its
neutralized geometry, resulting in the density of only the
negative charge. It is clearly presented about the negative charge
from the reducing group connecting to the oxidizing group. The
electron density obviously occupies only the redox molecules
and their junction in the SWCNT media. The nucleophilic Fukui
function plots as demonstrated in Figure 3(c) strongly confirmed
the electron hopping process of the redox reaction via nanotube.
The mechanism starts with high nucleophilic character at AQ
and the connection. Then, the reducing negative behavior at AQ
leads to the increase at 4AHA. Therefore, the electron transfer
between two redox groups can occur apparently by electron
hopping via the SWCNT.

4 CONCLUSIONS

The the PBE functional using the DFT calculation is used to
investigate the reaction mechanism of electron hopping in the
SWCNT-mediated redox reaction of anthraquinonnyl (AQH,-)
and 4-arylhydroxyl amine (4AHA-) groups. Our findings can be
summarized into three main points. First, the electron density
and Hirshfeld partial charges analysis shows that SWCNT
can hold 87% of the extra electron density of the hypothetical
negative intermediate forming by the oxidation of AQH,
process. Second, chemical attachments of these two redox
reagents to the SWCNT also caused new impurity states within
the band gap, thereby introducing more metallic characteristics
to the system. Third, the electrons from the oxidized AQH,
group can transfer to the oxidizing 4AHA group at the other end
of the nanotube by the hopping process through the mediating
SWCNT. The mechanism is confirmed by the non-localized
distribution of the hopping electrons. These findings provide a

detailed understanding of the electron hopping process and agree
well with the previous experimental study. This work is not only
complementing experimental study by giving a fundamental
interpretation but also demonstrating one other promising
application of the CNT materials in the nanotechnology field.
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ABSTRACT

We present state-of-the-art plane wave periodic density
functional (DF) calculations aimed to unravel the structure and
electronic properties of polymorphs of LiF, BeO, BN and C
obtained by assembling LiF},, BeO;,, BN}, and C,4 C;, building
blocks with cage structure. Specifically, a nanoporous analogue
of the sodalite zeolite (SOD) structure can be obtained in this
way. The energy difference between the ground state phases and
the SOD bulk polymorphs (per LiF, BeO, BN or C, unit;
hereafter referred to simply as unit) was found to increase across
the LiF, BeO, BN and C series with AEgop.a = 0.05, 0.17, 0.68
and 1.07 eV/unit, respectively. The different electron distribution
on each cluster is illustrated by the ELF analysis. The electronic
properties results demonstrate that the cage-based polymorphs
of these materials have band gaps significantly different from
those in the most stable state phase, which could be interesting
for nanotechnology applications.

Keywords: nanoclusters, sodalite, first row elements and density
functional theory

1 INTRODUCTION

The appearance of pores in materials leads to a large number
of applications as compared to the more dense bulk phases,
zeolites being a paradigmatic example. Although experiments
are now able to effectively maintain negative pressure
conditions to explore the existence of phases with density lower
than the ground state, this technique does not yet allow one to
investigate a wide class of very low density porous crystalline
materials. Nanoporous materials could be synthesized via a
bottom-up route. Ultra-stable nanoclusters aggregation may
result in various types of nanoporous materials. Hence, low
density materials may possibly be obtained by aggregation of
stable nanoclusters.

Assembling cage clusters, through edge to edge interactions,
results in nanoporous materials similar to zeolites which are
broadly used in industry. Recently, some of us reported on the
prediction of low density nanoporous polymorphs of alkali
halides [1], MgO, ZnO [2] and SiO, [3] based on the assembly
of highly stable nanoclusters. The LiF, BeO, BN and C
compounds formed from first row elements of the periodic table

only provide simple models to expand the study about the
stability of this type of zeolitic-like nanoporous materials.

Rock salt is the ground state phase of highly ionic LiF
whereas BeO crystallizes in a wurtzite structure. Hexagonal
structures are found to be stable in BN and C also appears in the
form of graphite. In the present work, we report DF calculations
aimed to study the geometry and electronic structure of the
LiF;, BeOy,, BN}, and C,4 cage clusters of first row elements
and to explore the stability of the new low density phases
formed by assembling these building blocks relative to the
ground state phase.

2 COMPUTATIONAL DETAILS

Two sets of plane wave density functional calculations have
been carried out to explore the possibility of low density phases
of the binary compounds of the first row elements (LiF, BeO,
BN) and of C. The first one involves the stability of the LiF,,
BeO;, BNy, and Cy cage clusters, whereas the second one
concerns extended bulk systems built from these units. Energies,
structures, and electronic states of cluster isomers and bulk
phases of these compounds were calculated using the PW91
exchange-correlation potential [4-5] and the VASP code [6-8].
The PAW method [9] was used to represent the effect of the
atomic cores and a 415 eV energy cutoff was used for the plane
wave expansion. For the discrete systems, a large enough box
has been constructed so that the distance between repeated
clusters is larger than 1 nm. For the solids, the unit cell is defined
by the crystal structure. The integrations in the reciprocal space
is accomplished by using Monkhorst-Pack grids of special &
points (7x7x7 for rock salt, wz, BN and graphite, 3x3x3 for low
dense phases and I" point for isolated clusters). For bulk phases
the volume versus energy data was fitted using the Birch-
Murnaghan EOS [10].

3 RESULTS & DISCUSSION

3.1 Stability of (AB)1, cage clusters

The main purpose of the present work is to analyze the
possible existence of low density bulk phases of the first
row element binary compounds and their relative stability
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with respect to the ground state phases. First, we analyze
the possible structure of LiF,, BeO;,, BN}, and Cy, cage
clusters consisting of 6 square faces and 8 hexagons. The
geometry of these cage clusters is shown in Figure 1 and
the optimized parameters are reported in Table 1.

Figure 1: Geometry of LiF,, BeO;, and BN, cage clusters.

The geometry of these cage clusters is shown in Figure
1 and the optimized parameters are reported in Table 1.

Parameters LiF BeO BN C
d (sq-hex), A 0.168 0.159 0.149 0.149
d (hex-hex), A 0.163 0.153 0.144 0.138

950 (Li) | 983(Be) | 984(B) | 90.0
849(F) | 80.8(0) | 803(N) | 90.0
122.0 (Li) | 1249 (Be) | 1258 (B) | 120.0
1174 (F) | 1124 (0) | 110.9(N) | 120.0

ZABA (sq),°

ZABA (hex), °

LUMO, eV -0.87 -1.22 -1.48 -3.89
HOMO, eV -7.72 -6.96 -6.46 -5.10
E. Gap, eV 6.85 5.74 4.98 1.21

E./unit, eV -9.28 -13.44 -16.24 -16.28

Table 1: Structural parameters and electronic features of the
LiF,, BeOy,, BN, and C,4 cage clusters.

(a) Lilelz (b) B612012
w w
(¢) BiuNp, (d) Cyy

Figure 2: Electron density map of LiF,,, BeO,,, BN}, and
C,4 cage clusters.

The geometry optimization results in a slight deviation of
the molecular structure from a regular configuration except for
the C24 cluster. These deviations result from charge transfer
and ionicity in the chemical bond of the heteroatomic clusters.
The bond distances increase with increasing ionicity. Bond
angles are slightly different from the expected regular value
because of the inhomogeneous electron localization. The
energy gap, AE, between the HOMO and the LUMO and
energy per unit for all cage clusters decreases from LiF to C.

(@) LijoFp»

(b) Be 201,

(¢) BiuNp2

(d) Ca4

Figure 3: Electron density maps in the three planes passing
through (AB);, cage clusters.

To obtain additional detailed insight into the bonding and
ionic polarization in the cage clusters, we have also analyzed
the changes in the electronic structure upon increasing the
formal cation/anion radii ratio using the Electron Localization
Function (ELF). In the case of the first row element clusters,
the chemical bonding is highly ionic in LiF and decreases
when moving to C. From the ELF maps shown in Figure 2 one
can note that when going from the extremes of LiF to CC,
through BeO and BN as intermediate cases, interesting
changes emerge. The ELF maps for the LiF cluster show
rather spherical ELF basins, which are indicative of a highly
ionic character, and they are increased and noticeably
deformed when going from heteroatomic cages LiF, BeO, BN
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to the case of C. In fact, for the carbon cage cluster the
situation is rather different, the ELF maps are largely deformed
from the symmetric spherical shape, the electron pair are
clearly distributed all around the cluster. This is a clear
indication that, in spite of a similar structure, the chemical
bond between atoms in cage clusters is different, as expected,
from chemical intuition.

A clear difference exists in the chemical bond of the first
row element cage structures, which is further confirmed by the
ELF maps in each plane reported in Figure 3

3.2 Relative stability of the sodalite phase

In order to compare the stability of the sodalite phase to
that of the most stable polymorph and other possible phases,
we explicitly considered other phases and determined the
optimized parameters using the Birch-Murnaghan EOS. From
the optimized parameters reported in Table 3 we find that the
optimized volume per unit of the sodalite phase is larger than
that of the ground state phase of LiF and BeO by 53% and
20%, respectively, whereas for for BN and C the volume of the
most stable phase per unit is larger than that of the sodalite
phase by 38% and 35%, respectively.

Phase-AB EO | AEO| VO BO
RS-LiF (exp) 16.32* | 69.9°
RS-LiF (present work) -9.73 [0.00 [ 16.85 | 68.6
SOD-LiF -9.68 [ 0.05 [ 25.87 [ 417
WZ-BeO (exp)’ -12.73 13.79 [ 212
WZ-BeO (present work) | -14.38 | 0.00 | 14.02 | 2104
SOD-BeO -14.21 | 0.17 | 17.05 | 168.34
HEX-BN (exp)* 36.7
HEX-BN (present work) | -17.67 | 0.00 | 19.37 | 39.82
SOD-BN -1699 | 0.68 | 14.61 | 290.05
Graphite-C (exp)’ 3515 | 42
Graphite-C (exp)" 3512 | 338
Graphite-C (present work) | -18.49 | 0.00 | 18.98 | 39.01
SOD-C -1742 [ 1.07 | 1404 | 32841
“Ref. 11, Ref. 12, © Ref. 13, Y Ref. 14, ¢ Ref. 15, 'Ref. 16

Table 2: Properties for various polymorphs (per unit) of LiF,
BeO, BN and C as calculated from the EOS fits to the GGA-
DFT calculated data: EO is the minimum total energy (eV),
AE, the total energy differences (eV), VO the volume at
minimum energy (A*) and BO the bulk modulus (GPa). VO
and B0 are compared with available experimental values.

In order to find the trend on the stability of the sodalite
phase relative to the other phases considered in the present
work, we plot in Figure 4 the energy difference (per unit)
between the total energy of sodalite and the total energy of the
most stable polymorph. From Figure 4 a clear monotonous
trend is observed which makes it undoubtedly clear that the
stability of the sodalite phase decreases along the LiF, BeO,
BN and C series or that increasing covalent character of the
chemical bond destabilizes the low density polymorph with

respect to the more dense phases corresponding to the most
stable polymorph. These results indicate that the sodalite form
is likely to be easily synthesized from highly ionic compounds
where for the remaining studied systems this will face
increasing difficulties.

3.3 Electronic properties

1.20

1.00 A

0.80 1

0.60 1

0.40 1

Ener gy difference (eV/unit)

0.20 1

LiF BeO BN C

Figure 4: The energy differences between the sodalite phase
and the ground state phase.

In order to investigate the electronic structures of the
different polymorphs of LiF, BeO, BN and C more precisely,
we have calculated the total density of states using the standard
procedure. All band energies are given with respect to the
Fermi energy (Er) and shown in Figure 5. The Fermi energy is
located at the top of the valence bands which is located at the I"
point and is set to zero. The DOS plots for rock salt and
sodalite phases of LiF are presented in Figures 5al and 5a2,
respectively. Below zero, there is a broad range of F states
below the top of the valence band, whereas the conduction
band consists of F and Li states. The difference between the
maximum of the F valence band and the minimum of the Li
conduction band results in a band gap of 8.83 eV and 6.36 eV
for rock salt and sodalite phases, respectively. The band gap
for the rock salt phase is underestimated with respect to the
experimental value of 13.6 eV. This is a well known failure of
the GGA functional. Nevertheless, one expects that the relative
trends are well reproduced. The DOS plots of BeO for wurtzite
and sodalite phases (Figures 5bl and 5b2) display the same
trend, the valence regions are mainly composed of O states
while the conduction bands originate predominantly from Be
states. The calculated energy gaps are 7.22 eV and 5.18 eV for
wurtzite and sodalite phases, respectively. Again the band gap
for wurtzite is underestimated with respect to the experimental
value of 10.6 eV. The DOS for the two polymorphs of BN
phases are reported in Figures 5cl and 5¢2 and also show that
the top and the low energy part of the valence band is
predominantly formed by the states of nitrogen atoms. The
upper conduction band is dominated by contributions from
both B and N states. The calculated band gap for hexagonal
BN is 4.37 eV (experimental value = 5.4 eV) while the
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calculated value for the sodalite phase is 4.38 eV. For the
graphite phase (Figure 5d1), the DOS for the unit cell shows
two groups of peaks with a band gap of 1.43 eV between them.
The Fermi energy is placed at the top of the valence band (VB)
so all states below it have two electrons per orbital, and all
states above it are unoccupied. The energy gap of the sodalite
form of carbon is calculated to be 2.44 eV.

-

-

al rock salt LiF a2 sodalite LiF

bl wurtzite BeO b2 sodalite BeO

]

cl hexagonal BN c2 sodalite BN

d1 graphite C d2 sodalite C
Figure 5: Total density of states of bulk phases of LiF, BeO,
BN and C.

4 CONCLUSION

A bottom up approach and state-of-the-art plane wave
periodic density functional calculations were utilized to
investigate the possible existence of low density phases of the
LiF, BeO, BN first row element binary compounds and of C.
The existence of stable (AB);, or Cy4 cage clusters, where AB=
LiF, BeO, BN, suggest that these could act as building blocks
to form novel nanoporous materials. The calculated HOMO-
LUMO gaps of all clusters decreases along the LiF, BeO, BN,
C series and can be understood from the ELF analysis. In fact,
the ELF analysis of the bare cage clusters explains the

difference in optimized geometry and electron distribution on
each cluster. Bulk materials constructed from the cages may
exhibit a sodalite structure; the total energy difference (per
unit) between the most stable and the sodalite polymorphs was
found to increase when going from LiF to C (AEsop.suy=0.05,
0.17, 0.68, 1.07 eV/unit for LiF, BeO, BN and C,
respectively). The calculated HOMO-LUMO gaps and
electronic structure of all predicted nanoporous phases are
different from those of the corresponding ground state phases.
Merging state of the art density functional calculations and a
bottom-up strategy provides a complementary way to motivate
further synthesis and applications of new predicted nanoporous
phases.
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918 - Propane cracking reaction over different types of nanostructured zeolites: A newly developed DFT approach
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Propane cracking over different types of zeolites was investigated using the realistic nanocluster of 120T performed at the
MO6L/6-31G(d,p)//14T ONIOM(MO6L/6-31G(d,p):UFF) level of theory. The adsorption energies of propane were predicted to be -7.6
and -9.9 kcal/mol for H-FAU and H-MOR, respectively. Using the experimental adsorption energies as the benchmark, our combined
ONIOM scheme is found to represent the interaction of propane with zeolites. After adsorption, the zeolite's proton was inserted into
a C-C bond of a propane molecule and yielded a methane and ethoxide intermediate. The intermediate was then deprotonated to
form the ethylene product. The first step was found to be rate-determining with actual activation energies of 43.7 and 41.3 kcal/mol
for H-FAU and H-MOR, respectively. The activation energies for the second step were 24.7 and 18.5 kcal/mol for H-FAU and H-MOR,
respectively. Our findings suggested that the propane cracking was insensitive to the zeolite structure.
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919 - Adsorption of a basic probe molecule over nanostructured zeolitic catalysts (H-FAU, H-MOR and H-MCM-22 ): A newly
developed density functional MO6-2X study
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The confinement effect on the adsorption of ammonia on different types of zeolite (H-FAU, H-MOR and H-MCM-22) has been studied
with the newly developed Density Functional Theory, M06-2X, with 6-31G(d,p) basis set. The nanoporous zeolites, where chemical
reactions take place, are represented by a small cluster of 14T up to a nanocluster of 120 tetrahedral atoms (T is Si or Al atoms). The
adsorption energies of ammonia on H-FAU, H-MOR and H-MCM-22 are predicted to be -35.0, -41.1 and -41.7 kcal/mol, respectively,
which are in the range of experiment observation of -35.9 kcal/mol for H-FAU and -38.2 kcal/mol of H-MOR. Therefore, the full
quantum calculation with the new density functional theory, M06-2X/6-31G(d,p), is a practical and accurate model to study the
confinement effect on the adsorption of the polar molecule in different pore sizes of zeolites.

Keywords: Confinement effect, Zeolites, Ammonia adsorption, M06-2X functional

Tuesday, March 23, 2010 07:00 PM

Inorganic Catalysts (07:00 PM - 09:00 PM)

Close Window



INOR Tuesday, March 23, 2010

917 - Skeletal isomerization of 1-butene over ferrierite zeolite: A quantum chemical analysis of structures and reaction
mechanisms

Chularat Wattanakit, Bundet Boekfa, Dr. Somkiat Nokbin, Dr. Piboon Pantu, Asst. Prof. Jumras Limtrakul, Prof. Dr. .
Department of Chemistry, Faculty of Science, Kasetsart University Laboratory for Computational & Applied Chemistry, Physical
Chemistry Division Chatuchak Bangkok Thailand, Center of Nanotechnology, Kasetsart University Research and Development
Institute Chatuchak Bangkok Thailand, NANOTEC Center of Nanotechnology, National Nanotechnology Center, Kasetsart
University Chatuchak Bangkok Thailand, Department of Chemistry Faculty of Liberal Art and Science, Kasetsart University
Kamphaeng Saen Campus Nakhon Pathom Thailand

The skeletal isomerization of 1-butene to isobutene has been investigated by a full quantum calculation using MO6L/6-31G(d,p)
method with a 37T H-FER cluster. The adsorption energies for 1-butene and isobutene, respectively, are predicted to be -22.0 and
-16.7 kcal/mol. The monomolecular acid-catalyzed formation of isobutene has been considered. The mechanism starts with the
protonation of the adsorbed 1-butene by an acidic proton to produce a surface secondary alkoxide intermediate and is subsequently
transformed into primary alkoxide via the cyclic transition state. The isobutoxide is then altered to the isobutene product through
tert-butyl cation. The activation barriers are 9.0 and 20.9 kcal/mol for the sequent first and second steps, respectively. For the third
step, the barrier is 30.2 kcal/mol and is considered to be the rate-determining step, which agrees well with experiment,~30 kcal/mol.
The shape selectivity due to the “nano-confinement” effect of the zeolite framework has been clearly demonstrated.
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Introduction

The global energy crisis that has been brought about by
the continuing depletion of petroleum resources and the
increase of environmental problems is acknowledged by
researchers as a serious problem. This has led to the search
for new, alternative and renewable resources. Biodiesel, an
alternative non-toxic and biodegradable diesel fuel, can offer
one alternative energy supply. At the present time, biodiesel
costs are still higher than petroleum-based diesel mainly
because of the cost of raw materials and the large amount of
waste generated within the processes. Therefore, approaches
that can utilize the waste from the processes are of particular
interest. Several researches have been focused on new
approaches for converting this valueless waste derived from
biomass to higher value chemicals.'

Glycerol, a by-product from biodiesel production, has a
relatively low global demand with a low market price which
has a negative impact on biodiesel economics.? Since the
demand for glycerol is outpaced by biodiesel production, a
solution has to be found to increase the value of glycerol.
One solution is to convert it to a more valuable chemical.?
Acrolein or 2-propenal is a value-added chemical readily
prepared from the catalytic dehydration of glycerol under a
mild condition. Acrolein is an essential and versatile starting
intermediate material widely used in the production of
acrylic acid, DL-Methionine, super absorber polymers, and
detergents.* For many years, acrolein has been produced by
the oxidation of propylene over Bi/Mo mixed oxide catalysts,
but the production is limited by the continuously increasing
price of propylene.® Avoiding this route by using alternative
carbon sources from biomass would be a green alternative for
the chemical industry. Moreover, this route could improve
the sustainability in environmental care and also is an
economically attractive one.

Zeolite, with its selective properties, high thermal
stability and intrinsic acidity® is one of the most important
solid acid catalysts widely used in petroleum refinery
industries and for the production of fine chemicals. Several
studies have been conducted describing the dehydration of
glycerol over different solid acids, for example Nb,Os,
heteropoly acids, silica-supported heteropoly acids, and
zeolites.”" H-ZSM-5 zeolite has been found to have high
catalytic activity and selectivity for the dehydration of
glycerol into acrolein.'”> However, the reaction mechanism
is still not clearly understood. Although there have been

some theoretical studies of glycerol dehydration over
homogeneous catalysts™® but, as far we know, there are no
theoretical studies reported about the detailed reaction
mechanism of glycerol dehydration over solid acid, which
may offer a different mechanism from the conventional ones.

In the present work, the full quantum chemical
calculation was employed to study the dehydration of
glycerol over H-ZSM-5 zeolite in order to better understand
its chemistry and further control the industrial operating
conditions.

Methods

The structure of the 128T cluster model taken from the
lattice structure of the ZSM-5 zeolite was employed to study
the reaction mechanism. The cluster covers the straight
channel, the zigzag channel, and the channel intersection.
The intersection of the two channels allows a large space for
the reaction to take place. Previous studies from our group
indicate that the MO06-2X functional developed by the
Minnesota group'* "> show reliable results for the study of the
interaction of organic molecules in the zeolite system.'*'®
Geometry optimizations were done over the 12T cluster at
the M06-2X/6-31G(d,p) level of theory, with only the 5T
cluster of the active site region and the adsorbing molecules
being allowed to relax to reduce the required computational
time. The frequency calculations were performed at the same
level to verify that the transition state structure has only one
imaginary frequency. Single-point calculation of the 128T
cluster was done on the optimized structures to represent the
confinement effect of the zeolite framework and to obtain
more accurate energies. The standard enthalpy (AH) and
Gibbs free energy changes (AG) of all structures in the first
dehydration step were obtained from the frequency
calculations. These data were used to predict the rate
constants and the equilibrium constants. The rate constants
were evaluated over the temperature range of 200-500 °C
with the interval of 50 °C using a simple transition state
theory (TST).” All calculations were performed using the
Gaussian 03 code® incorporated with the Minnesota Density
Functionals module 3.1 by Zhao and Truhlar.

Figure 1. Optimized structures of (a) the side-on and (b) the
end-on glycerol adsorption structures.
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Results and discussion

Glycerol is a highly flexible C; molecule containing
three hydroxyl groups. In the gas phase, it preferably forms a
cyclic structure of intramolecular hydrogen bonds between
three hydroxyl groups termed gG’gg’Gg(yy) as the most
stable conformer.? Therefore, we have chosen this conformer
as a starting geometry for studying its entire reaction in the
H-ZSM-5 zeolite. Prior to the exploration of the reaction
mechanism for glycerol conversion to acrolein, the search for
the adsorption structures leading to acrolein formation has
been established. The protonation at the secondary hydroxyl
group (OH) is placed for the crucial adsorption structures.
Figures la and b show the side-on and end-on adsorption
structures of glycerol adsorbed onto the Brgnsted active site
of H-ZSM-5. Glycerol has a completely different
conformation from that found in the isolated gas phase. The
cyclic intramolecular hydrogen bonding between the three
hydroxyl groups has been separated and liberally stabilized
by the partially negative-charged oxygen atoms of the zeolite
framework. For the side-on structure, the secondary OH
group interacts with the Brgnsted proton via the lone-pair
electron of its oxygen center and the OH group points away
from the lattice oxygens of the zeolite framework. The lateral
hydrogen bonding of the secondary OH group with the basic
lattice oxygen is found, additionally, in the end-on structure.
The adsorption energies for the side-on and end-on structures
are estimated to be exothermic by 52.7 and 51.1 kcal/mol,
respectively. These values are considerably larger than the
experimental measurement for the exothermic methanol
adsorption of 27.5 kcal/mol.?2 The effects of zeolite
confinements and a number of hydrogen bondings
experienced by glycerol are accountable for the highly
exothermic adsorption energy. The strongest hydrogen
bonding between the secondary OH group and the zeolite
Bronsted active site results in the significant elongation of
the O1-Hz zeolite bond distance from 0.97 A to 1.06 and
1.07 A for the side-on and end-on structures, respectively.
The three-centered hydrogen bond angle, O1-Hz-04, is close
to a linear angle (177.2° and 165.0°, for the side-on and end-
on adsorption structures, respectively) and the O1-O4
distance is calculated to be 2.46 A in both cases.

As mentioned above, the selective activation at the
secondary OH group is substantially the initial reaction for
acrolein production. We, thus, follow the schematic diagram
of the reaction mechanisms guided by the previous infrared
spectroscopic (IR) study.' The transformation of glycerol to
acrolein can be consecutively divided into three main steps
as follows:

—HO

ZeOH + CH;CH.CH, =—=——== ZeOH + CH=CH-CH, (1)
OH OH CI)H 1#t dehydration OH OH
ZeOH + CH=CH.CH, ~—or0®Ol, 5 OH+HC-CH.CH,  (2)
dn &y tautomerization (I) cI)H
ZeOH HC-CH,CH, i ZeOH +HC-CH=CH, (3)
y) CIJH 2™ dehydration )

Figure 2. Optimized structures of the transition states and a
stable intermediate (3-hydroxypropanal) along the reaction
pathway for glycerol transformation to acrolein (a)
ts_dehyd_1 (b) ts_alk_1 (c) ts_tauto_1 (d) keto_OH (e)
ts_alk_2 and (f) ts_acrolein.

(1) The first dehydration. The protonation at the
secondary OH group of glycerol is the key step for activating
the first dehydration reaction. This process results in the
weakening of the glycerol C2-O4 bond at the secondary
position and, hence, promoting the OH group to be a good
leaving group. To prevent the reversible proton back
donation to the zeolite, that can occur readily under normal
experimental conditions, we proposed the activated complex
as shown in Figure 2a as the transition state structure,
ts_dehyd_1, for the first dehydration reaction. The
protonated glycerol molecule is oriented to have the
secondary carbon C2 located in the middle, between the
protonated OH group and the zeolite lattice oxygen O2. The
strongly active mode of an imaginary frequency vibration of
the transition state complex resembles the Sy2 mechanism in
which the C2-O2 bond formation and the C2-O4 bond
cleavage occur in the concerted fashion. When considering
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the geometric parameters, it can be seen that a water
molecule is completely developed (C2-0O4 = 2.40 A) during
the formation of an alkoxide (C2-O2 = 2.28 A). Therefore,
this activated complex is considered as the late transition
state complex which requires the activation energy of 41.4
kcal/mol with respect to the side-on adsorption complex.
According to the well-known Hammond-Leffler postulate®,
any reaction that proceeds through the product-like transition
state is likely to be the endothermic reaction. As expected,
the reaction is endothermic by 25.5 kcal/mol. The secondary
surface alkoxide species alk_1 and a water molecule are the
products of this reaction step. To shift the reaction forwards,
it is necessary to desorb the water molecule from the system.
The calculated desorption energy required for the removal of
a water molecule adsorbed nearby the surface alkoxide is
16.4 kcal/mol. After the water molecule is eliminated from
the system, the surface alkoxide can readily undergo the
proton back donation to regenerate the zeolite Brgnsted
active site by returning a proton attached to the primary
carbon C1 back to the basic zeolite oxygen O3 and releasing
1,3-dihydroxypropene hyd_enol_1 as a resulting product.
The reaction proceeds through the transition state ts_alk_1
(see Figure 2b) and requires the activation energy of 25.0
kcal/mol. 1,3-dihydroxypropene has an enol-form structure
and it can strongly adsorb onto the zeolite Brgnsted active
site via the hydrogen bonding interaction using its vinyl
hydroxyl group.

(2) The keto-enol tautomerization. In order to
tautomerize 1,3-dihydroxypropene, an enol form, into its
keto form, the orientation of an adsorbed molecule is
readjusted to interact with the Brgnsted proton via the loosely
bound mn-bonding interaction, pi_emol_1. The mn-bonding
adsorption structure of the enol form can, then, easily
tautomerize to the keto form 3-hydroxypropanal through a
nearly barrierless transition state ts_tauto_1 (see Figure 2c).
The imaginary frequency vibration of the transition state
demonstrates that the acidic proton that attached to the
zeolite O3 transfers to the C2 of glycerol at the same time
that the hydroxyl proton on the glycerol O5 transfers back to
the zeolite 0O2 to regenerate the acidic site. The
tautomerization from the enol to keto form is the exothermic
reaction. The keto-product strongly adsorbs onto the
Brgnsted acid site via the hydrogen bonding using its
carbonyl group, keto_CO.

(3) The second dehydration. The protonation at the
primary OH group of 3-hydroxypropanal is the key activating
process for the second dehydration reaction. Therefore, the
adsorption structure of 3-hydroxypropanal (see Figure 2d)
keto_OH via its OH group with the Brgnsted acid site is
adopted to be the starting geometry of this second
dehydration step. Similar to the first dehydration step, the
OH group is protonated by zeolite and acts as a leaving
group. At the transition state ts_alk_2 (see Figure 2e), the
attack of the 3-hydroxypropanal primary carbon by the basic
zeolite oxygen takes place in concomitance with an
elimination of a water molecule. This step requires an
activation energy of 38.6 kcal/mol. The primary alkoxide

Figure 3. Relative energy profiles of (a) the first
dehydration step and the keto-enol tautomerization and (b)
the second dehydration step. Energies are in kcal/mol.

intermediate alk_2 generated from this step is solvated by a
single water molecule. To remove an adsorbed water
molecule from the alkoxide species, it requires the desorption
energy of 12.8 kcal/mol. The dehydrated alkoxide species
undergoes proton back donation from the secondary carbon
to the basic zeolite oxygen leading to the acrolein product
formation. The transition state ts_acrolein (see Figure 2f) for
acrolein formation requires an activation energy of 25.7 kcal/
mol. Desorbing acrolein from the zeolite surface requires the
desorption energy of 28.2 kcal/mol.

The overall energy profile for glycerol conversion to
acrolein shown in Figures 3a and b indicates that the
production of acrolein from glycerol over H-ZSM-5 is an
endothermic process. The dehydration reaction is considered
as the rate limiting step of the overall reaction because it
requires the highest activation energy to overcome the
reaction barrier. Instead, the hydration reaction which goes in
the opposite direction of the dehydration reaction is found to
be thermodynamically and kinetically favoured. Therefore, in
order to shift the reaction from the left to the right, it is
necessary to introduce a sufficiently high temperature to the
system because the dehydration reaction is generally
favoured at high temperature whereas the hydration reaction
can readily occur at a low temperature.' * Table 1 shows the
calculated rate constants (ki and k.,) and the equilibrium
constants (K) for the first dehydration reaction step over the
temperature range of 200-500 °C. The rate constant increases
with increasing the temperature. This behaviour is in good
accordance with the typical endothermic reaction. Since the
water molecule generated by the dehydration process
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Table 1. Calculated rate constants (kir and ke) and the
equilibrium constants (K) for the first dehydration reaction
step over the temperature range of 200-500 °C.

T (OC) kforward kreverse Keq
200 4.23x10°¢ 4.43x10* 9.55x10™
250 3.72x10* 3.39x10° 1.10x10°
300 1.52x10% 1.83x10° 8.33x10°
350 3.47x10" 7.58x10° 4.58x10®
400 5.01x10° 2.55x107 1.96x107
450 5.03x10' 7.30x107 6.90x107
500 3.77%10? 1.83x10° 2.06x10°

can readily react with the active alkoxide intermediate, the
continuous removal of water from the system is another
crucial point for preventing the backward reaction. From the
overall energy diagram, it can be concluded that 3-
hydroxypropanal is a stable intermediate in acrolein
production. Several works have reported that 3-
hydroxypropanal is able to be dehydrated into acrolein when
the temperature is increased and acrolein can be readily
hydrated into 3-hydroxypropanal at lower temperatures.” 2

Conclusions

The structures and reaction mechanisms of glycerol
dehydration over the H-ZSM-5 zeolite have been
investigated using the newly developed density functional
theory with the MO06-2X functional. Three main reaction
steps have been proposed to take place consecutively. The
selective dehydration of glycerol at the secondary OH group
is proved to be the first important step leading to acrolein
formation. Even though the transition state of this step
requires a relatively high activation energy compared to the
other steps along the reaction pathway, the large amount
energy released by glycerol adsorption could make the
reaction becoming more efficient. Among several
intermediates involved in the reaction, 3-hydroxypropanal is
found to be the most stable intermediate. With respect to the
gas phase glycerol, the acrolein formation is an endothermic
reaction. In addition to increasing the reaction temperature,
the removal of developed water from system could favor the
forward reactions. The rate constants for the first dehydration
over the temperature range of 200-500 °C are provided for
comparing with future available kinetic experiments. Our
findings are important for understanding the chemistry of
glycerol dehydration over acidic zeolites.
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Introduction

Zeolite, aluminosilicate materials with regular pore
structure of molecular dimensions, is one of the most
important  heterogeneous catalysts widely wused for
environmental, pertrochemical and industrial applications.'”’
Their activity and selectivity make them stand out from other
catalysts in petrochemical industries. The aldol condensation
is one of the C-C bond forming organic reactions that are
widely used in the production of solvents and plasticizers,
and in the synthesis of intermediates for perfumes and
pharmaceuticals.>® Acetone tautomerization to enol form is
an important initial step of aldol condensation and C-C
coupling. The activity of tautomerization (also known as
enolization) is found to be dependent on the acidity and the
ionic strength of the reaction media. '**

Theoretical studies on keto-enol tautomerization of
acetaldehyde and acetone over uncatalyzed and zeolite
catalysts have reported that the bifunctional features of
Brensted acid and Lewis basic sites on H-ZSM-5 drastically
reduce the barrier height for the tautomerization of
acetaldehyde and acetone.?? In addition, the interaction
between the zeolite framework and an adsorbed molecule,
which is generally called confinement effect,”® also plays an
important role for the adsorption and reactions on zeolites.'*
2 Therefore, the details of interactions between the reactants
and the active site in the zeolite’s framework and the
influence of the topology close to the active site are
important to completely understand the reaction mechanism
inside zeolite pores. Recently, with the new density
functional M06-2X, the role of the confinement effect on
reactions of unsaturated aliphatic, aromatic and heterocyclic
compounds has been studied by wusing full quantum
calculations.

The aim of this work is to study the confinement effect
of the zeolite framework (H-ZSM-5) on the adsorption and
reaction mechanism of acetone tautomerization using the
MO06-2X density functional. The effect of the quantum cluster
size on the energy profile of the reaction will also be
discussed.

Methodology
Three different clusters were employed to model the H-
ZSM-5 zeolite. First, the 5T cluster, AlSi,O4H;;, was the

smallest cluster used to represent only the Brgnsted acid site
of zeolite. Second, 12T the quantum cluster was used to
include the 10-membered-ring window over the acid site of
the H-ZSM-5. A silicon atom was substituted with an
aluminum atom at the most favorable position (T12). The last
and most realistic model for this study was the 34T quantum
cluster. This model includes the structure of the intersection
cavity where the straight pore channel and the zigzag channel
are crossed (Figure 1). In our previous works, the 34T
quantum cluster was found to be sufficient to cover the non
covalent effect of the zeolite.?*

The MO06-2X density functional was used in all
calculations.*** During geometry optimizations, only the 5T
active region of =SiOHAI(OSi),0Si= and the probe molecule
were allowed to relax while the rest of the structure was kept
fixed at the crystallographic coordinates.®® For geometry
optimizations, the 6-31G(d,p) basis set was used. In order to
get more accurate interaction energies, the single point
calculations with the 6-311+G(2df,2p) basis set were carried
out. Transition state structures were checked to verify that
they had one imaginary frequency corresponding to the
reaction coordinate. All calculations were performed with the
Gaussian 03 code” modified to incorporate the Minnesota
Density Functional module 3.1 by Zhao and Truhlar.

Figure 1. Quantum clusters used for modeling acetone
adsorption and tautomerization on H-ZSM-5 zeolite (a) 5T,
(b) 12T and (c) 34T model.
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Results and Discussion

Nanocluster Models of Zeolite and Adsorption of
Acetone. All cluster models of H-ZSM-5 of zeolite, from the
5T unit to the 34T framework, are shown in Figure 1. The
Brgnsted acid O1-Hz bond lengths are 0.968, 0.970 and
0.970 A, for the 5T, 12T and 34T cluster, respectively. The
acidity is insignificantly changed with the O1-Hz bond length
about 0.002 A. The Al---Hz distances are between 2.33 — 2.36
A, which compares well with the experimental values (2.38 —
2.48 +0.04 A).

The optimized structure of acetone adsorbed on the acid
site at the intersection cavity of H-ZSM-5 zeolite is shown in
Figure 2. An acetone molecule forms a hydrogen bond
between its carbonyl oxygen atom, O3, and the Brgnsted
acidic proton, Hz, of zeolite. A weak interaction between a
methyl hydrogen atom of acetone, Ha, and the adjacent
oxygen atom, O2, is also present. Increasing the cluster sizes
increases the interactions between acetone and the zeolite
framework as evidenced by the increase of the O1-Hz bond
distance from 0.97 A to 1.05, 1.08 and 1.11 A for the 5T,
12T and 34T, respectively and the increase of the C1-O3
double bond distance from 1.21 A to 1.23 A. The O1-Hz--03
angle is near-linear (178.4, 179.1 and 177.6 degrees,
respectively).

The adsorption energy of acetone on H-ZSM-5 was
calculated at the M06-2X/6-311+G(2df,2p)//6-31G(d,p) level
of theory. For the small 5T model, the adsorption energy is
calculated to be -18.9 kcal/mol, which is much lower than
the experimental report of -31.1 kcal/mol.* Increasing the
cluster size results in higher adsorption energy. The
calculated adsorption energies are -23.6 and —28.1 kcal/mol
for the 12T and the 34T model respectively. The more
realistic model, 34T gives the adsorption energy that agrees
well with the experimental result. Solans-Monfort et al.”
used ONIOM(B3LYP:MNDO) and ONIOM(B3LYP:AM1)
approaches to study the interaction and reaction of

Figure 2. Optimized structure of the adsorption complex of
acetone on the 34T cluster model of H-ZSM-5. For clarity
atoms far from the acid site are omitted. Distances are in A.

acetaldehyde in ZSM-5 zeolite and reported the adsorption
energy to be -7.4 and -9.3 kcal/mol, respectively. We also
have tried the ONIOM(B3LYP/6-31G(d,p):UFF) and found
the adsorption energy of acetone on the 12T/128T model of
H-ZSM-5 is -26.3 kcal/mol. Although, the ONIOM model,
with the right combination of high and low level methods,
can give a good estimation of adsorption energy, it cannot
account for all the non covalent effects of the zeolite because
it uses a low level of calculations to represent the zeolite
framework. The MO06-2X, however, can account for all
interactions with the zeolite framework quantum
mechanically and the results show that the larger the
quantum cluster size results the better they agree with the
experimental result.

Tautomerization of Acetone on H-ZSM-5 zeolite. As
discussed in the previous section, acetone is adsorbed on the
active site of H-zeolite by strong hydrogen bonding. The
reaction mechanism occurs concerted in one step in which
the Brgnsted acid proton is transferred to the carbonyl
oxygen atom of acetone and the methyl C-H bond of acetone
is dissociated giving a proton back to the negatively charged
framework oxygen of zeolite, as shown in Figure 3. The enol
product interacts with the zeolite via the m-adsorption
complex. In all models, the transition state structure
resembles the product structure. Figure 3 presents the energy
profiles for the acetone tautomerization for the 34 quantum
cluster of H-ZSM-5 zeolite. Selected geometric parameters
of the intermediates and transition state are tabulated in
Table 2 and are shown in Figures 4 and 5.

In the 34T cluster of ZSM-5 zeolite (Figure 3), the
tautomerization reaction of acetone occurs in the intersection
cavity of the 10T channel. The acetone molecule adsorbs by
forming two hydrogen bonds, O1-Hz --- O3 and C2-Ha -+ O2,
with the zeolite acid site. The reaction proceeds via the
concerted mechanism. The transition state structure (Figure

Figure 3. Potential energy diagram (kcal/mol) of the
tautomerization of acetone on the 34T quantum cluster of H-
ZSM-5.
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4) is closer to the product structure. At the transition state,
the hydroxyl Hz-O3 is already formed and the hydrogen atom
of the methyl group (Ha) is dissociated and the C1-C2 double
bond is formed. On the zeolite active site, the Brgnsted O1-
Hz bond is completely dissociated (O1-Hz distance =1.80 A)
and the O2-Ha bond is forming (O2-Ha distance =1.25 A).
An imaginary frequency at 917i cm™ associated with the
transition state was found. Its vibrational motion corresponds
to the moving of the Brgnsted proton to the O3 of acetone
and the proton Ha at the methyl group of acetone to the O2,
oxygen of zeolite. The enol product (Figure 5) interacted
with zeolite through the hydrogen bond between the Brgnsted
acid (Ha) and the m bond of enol (C1-C2). The
unsymmetrical distances between Ha - C1 (2.25 A) and Ha
-+ C2 (1.76 A) are found indicating a weak 7 interaction.

Figure 4. Optimized structure of the transition state complex
of acetone on the 34T cluster model of H-ZSM-5. Distances
are in A.

Figure 5. Optimized structure of the enol form of acetone on
the 34T cluster model of H-ZSM-5. Distances are in A.

Table 1. Reaction energies (kcal/mol) of the tautomerization
reaction of acetone with various models of H-ZSM-5 zeolite,
calculated with the MO06-2X/6-311+G(2df,2p)//M06-2X/6-
31G(d,p) level of theory (activation energy is in parenthesis).

Model Keto TS Enol

5T -18.9 0.9 -3.9
(19.8)

12T -23.6 -2.6 -6.7
(21.0)

34T -28.1 -7.6 -10.5
(20.5)

Table 2. Structure parameters for the tautomerization
reaction of acetone on the 34T cluster of H-ZSM-5 (distances
are in A and angles are in degrees).

Bare Keto TS Enol

Distance

Si1-01 1.65 1.63 1.59 1.58
Si2-02 1.59 1.57 1.62 1.64
Al -01 1.82 1.78 1.71 1.69
Al -02 1.68 1.69 1.77 1.80
Al-Oavg 1.71 1.71 1.71 1.71
Al---Hz 2.35 2.45 3.19 3.52
O1-Hz 0.97 1.11 1.80 2.08
Hz---03 1.32 0.99 0.97
01---03 2.42 2.74 2.52
03-C1 1.21 1.23 1.31 1.33
C1-C2 1.52 1.49 1.38 1.36
C2-Ha 1.09 1.10 1.43 1.76
Cl1---Ha 2.14 2.10 2.07 2.25
Ha---02 2.67 1.25 1.04
Angle

Al-O1-Si1 130.6 1284 1276 1274
Al-02-Si2 133.3 1358 133.0 133.0
01-Hz-03 177.6  156.8 142.0
01-Al-02 90.4 93.1 93.7 92.4

The calculated activation energy of acetone
tautomerization in ZSM-5 zeolite is 20.5 kcal/mol. Previous
MP2 studies reported that in the gas phase (isolated) acetone
tautomerization required a high activation energy of 64.0 -
69.2 kcal/mol. *"* In the zeolite framework, the activation
energy is greatly reduced. A similar result has been reported
by using the ONIOM calculation.? It is interesting to note
that in this study the activation energy of reverse reaction
(enol to keto form) is also drastically reduced to only 2.9
kcal/mol (in the 34T model). For isolated acetone, the
activation energy for the change from enol to the keto form is
52.4 kcal/mol and with the catalyzing effect of water
molecules this energy is reduced to 20.9 kcal/mol.* The low
activation energy for the enol to keto reaction is due to the
interactions with the framework zeolite that can stabilize the
transition state. This result was not observed in the previous
ONIOM calculations.” Increasing the quantum cluster size
results in the higher stabilization of adsorbed intermediates
and the transition state and, thus, the lower activation energy.
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Conclusions

The effect of the zeolitic confinement on the adsorption
and tautomerization of acetone has been studied by the new
density functional theory, M06-2X. The adsorption energies
are calculated to be -18.9, -23.6 and -28.1 kcal/mol for the
5T, 12T and 34T quantum cluster, respectively. We found
that the extended framework significantly enhances the
stabilities of adsorbed intermediates and the transition state.
The large 34T model results in a better estimation of
adsorption energy that is close to the experimental report of -
31.1 kcal/mol. For the tautomerization of acetone on H-
7ZSM-5 zeolite, activation barriers are calculated to be 19.8,
21.0 and 20.5 kcal/mol, respectively. The reaction energies
are 15.0, 16.9 and 17.6 kcal/mol, respectively. Moreover, the
activation energy for the reverse reaction is also greatly
reduced to 4.8, 4.1, 2.9 kcal/mol, respectively. The results
obtained from this study indicate that the confinement effect
from the large zeolite framework described by MO06-2X
functional is important to account for the interactions with
the zeolite framework that lead to the stabilization of the
transition state of the reaction mechanism.
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Introduction

Acidic-Faujasite (H-FAU), one of the auminosilicate
zeolites containing the protonate sites, has been frequently
used as the heterogeneous acid catalyst for petrochemical
processes, especialy the heavy oil cracking®. Due to its
primitive building unit which is the fusion of two
supercages*®, the large molecules such as heavy oil can be
trapped by forming a strong hydrogen bond between those
guest molecules and Bragnsted bridging hydroxyl groups Si-
OH-Al within the porous intersection of the catalyst before
being reformed to smaller molecules. The catalytic properties
of acidic sites around the area are thus a significant process to
find out the catalytic proficiency of this zealitic ‘ nanoreactor’.

Generally, zeolite acidity can be investigated by the
adsorption of basic probe molecules on the Bransted acidic
site of zeolite using many straightforward methods such as
microcalorimetry,  temperature-programmed  desorption
(TPD), Nuclear Magnetic Resonance Spectroscopy (NMR) or
other appropriate methods®™*. In the aspect of using pyridine
as the probe molecule, these experiments explain that the
pyridinium complex (PYH") first occurred during the
adsorption process and is then stabilized by interacting with
anionic zeolite ~ (Z)%*.

In order to study the hidden agenda of these steps,
theoretical investigation and experimental data have been
combined, since it clearly provides not only the information
on the proton transfer from the zeolite active site to an
adsorbate but also the confinement effect of the framework:
how the physical geometry, excluding the active site with the
long range interaction of zeolite, affect the measured
adsorption enthalpies™®. Several theoretical elucidations
using the quantum cluster calculation of pyridine adsorbed on
zeolites have been reported*?!. Among these studies, there
are some reports of our group related to the adsorption energy
and geometry changes when pyridine adsorbed on different
zeolitic cluster sizes using the enbedded-ONIOM method®#
in which the long-range electrostatic interactions are
represented on the outer layer of the calculated model.
Although the results of this hybrid method are usualy in
agreement with experiments, the imbalance of the van der

Waals interaction represented by the two methods combined
in the ONIOM scheme may create an error, so the accuracy of
system studied for the selected methods must be carefully
checked. In the present study, to avoid the weakness of the
proposed model, we thus employ full quantum methods with
the newly developed hybrid density functiona MO06-2X,
which cover the important weak interactions®®®, for
investigation of the interaction between pyridine and different
model sizes of H-FAU. The effects of the infinite zeolitic
framework on the cluster model are also included by a set of
point charges generated by the embedded nanocluster model.

The goals of this study are to study the confinement
effect from the zeolite on the adsorption properties of
pyridine, and to demonstrate the combined interactions
between the newly developed density functional theory, M06-
2X, and the extended point charge. We will discuss the
behavior of the different sizes of zeolite framework.

Methods

Five different sizes of H-FAU model clusters, 5T, 14T,
38T, 54T and 120T cluster (T represents tetrahedral of Si or
Al atoms) were employed to investigate the adsorption of
pyridine, as shown in Figure 1. The most energeticaly
favored Si position, T1, was replaced by an Al atom and used
in all cluster sizes™ to generate the Bransted acid site. The 5T
quantum cluster, AlSi,O4H13, is considered as the smallest unit
required to represent the Bransted acid site of zeolite. The
larger 14T cluster which covers the 12 membered-ring (12
MR) at the intersection window of the two supercages of H-
FAU is then considered. The model was extended to 38T to
cover the other shell of the Si unit around the 12MR. The

Figure 1. Presentation of H-FAU models in different sizes.
Relaxation atoms are shown in balls, whereas the rest is
symbolized with wireframes.
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Figure 2. Surface charge representation of External

electrostatic potential scheme.

54T issimilar to the 38T, but the framework is more extended.
Considered, in order to account for the important confinement
effect of the zeolite, is that the larger model, 120T, acts as a
nanoscopic reaction vessel which covers the two supercagesin
H-FAU. It can be expected that the largest 120T cluster
represents the entire solid network of H-FAU.

The adsorptions of pyridine on different H-FAU models
are calculated with the M06-2X functional and 6-31G(d,p)
level of theory. Geometry optimizations are carried out for the
5T, 14T and 38T clusters with the criterion that the active
region 5T and the probe molecule are allowed to relax while
the rest remain fixed at the crystallographic positions. To
determine the model size that can best represent the
interaction properties, single-point energy calculations of the
54T and 120T at the M06-2X/6-31G(d,p) level were carried
out to get more accurate energies, including the confinement
effect of H-FAU.

To study the electrostatic contribution of the extended
framework, the Madelung potential from the extended lattice
is reproduced by point charges enclosed around the 54T
cluster, as shown in Figure 2 (seeref. 21 for more details). The
MO06-2X calculation and the optimized electrostatic point
charges method, called “embedded M06-2X approach”, has
been successfully applied to study the adsorption and reaction
mechanism of unsaturated aliphatic, aromatic and heterocyclic
compounds on H-ZSM-5 zeolites™. The calculated adsorption
energies were obtained from the difference between the total
energy of the complex and the isolated species in each system
as described by AEws = Ecompleg - Ezedlitg = Epyricing. All
qguantum cluster calculations were performed by using the
Gaussion 03 program® incorporated with the Minnesota
Density Functionals module 3.1 by Zhao and Truhlar®?,

Results and Discussion

Molecular cluster and adsorption structure of
pyridine on H-FAU zeolite. The selected geometrical
parameters for 5T, 14T and 38T models are shown in Table 1.
The lengthening of the O1-Hz bond, as a function of the
cluster size, from 0.960 A (5T) = 0.970 A (14T) > 0.971 A
(38T) indicates the influence of the zeolite framework on
acidity. The AI-O1-Si1 angle, one of the significant
parameters for considering zeolite acidity, is found to be
slightly increased from the 5T model by 0.4 and 1.7 degrees
for the 14T and the 38T, respectively, demonstrated that the
acidity values were increased as with the larger model. The
caculated Al---Hz distances are measured in the range of
2.450-2.532 A, which agree well with reported experimental
observations by Klinoski of 2.380 - 2.480 A% indicated the
validation of the calculation models.

At the adsorption step, the pyridine adsorptions on H-
FAU are clearly demonstrated the effects of the framework on
the existence of adsorbate/adsorbent speciesin the system. For
the small 5T cluster, we found only a simple hydrogen-bonded
pyridine/zeolite complex in which the pyridine is held over the
Bransted acid site of H-FAU zeolite. The significant
lengthening of the O1-Hz bond compared with the bare zeolite
system can be observed (from 0.960 to 1.320 A). The
intermolecular distance between pyridine and zeolite, N-O1, is
2.489 A. The N-Hz-O1 bond angle is found to be near-linear
(178.6 degree), which describes the quite strong hydrogen
bond interaction in the adsorbing complex. A weaker
interaction between the hydrogen of pyridine, H1, and the
adjacent oxygen, O2, is aso presented. The changes of the
zeolites structures are in accordance with Gutmann’s rules?®®
, i.e., alengthening of the O1-Hz bond, a shortening of the Al-
01 bond and, alengthening of the Al-O2 bond.

Table 1. Geometrical Parameters of Pyridine Adsorbed on
Three Sizes of H-FAU Models. (Distances in A, Angles in
Degrees).

System
Parameter 5T UT 38T
Isolated  Complex Isolated  Complex Isolated  Complex

O1-Hz 0.960 1.320 0.970 1574 0.971 1.634
0O2-Hz 2.692 2.489 2.822 2.864 3.004 3.058
0O2-H1 - 2.196 - 2.162 - 2127
Al-O1 1.926 1.850 1.946 1.812 1.968 1821
Al-02 1.710 1728 1.716 1.758 1724 1774
Al-03 1.709 1.718 1711 1.730 1718 1.737
Al-04 1.700 1711 1.703 1.725 1.710 1731
Al-Hz 2.450 2.525 2.499 2.789 2.532 2.865
N-O1 - 2.489 - 2.649 - 2.685
N-Hz - 1.357 - 1.074 - 1.063
<AlI-01-Si1  130.6 128.3 130.9 128.5 132.3 131.0
<Al-O1-Hz 1113 1135 113.6 110.8 114.6 112.4
<Al-02-H1 - 1204 - 122.0 - 1159
<N-Hz-01 - 178.6 - 179.2 - 175.0
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By enlarging the model to 14T, an ion-pair complex can
be found. Increasing the model cluster was found to enhance
the protonation of the Brensted acidic site of zeolites to
pyridine resulting in the formation of the pyridinium ion pair
complex [PYH"] by increasing of the O1-Hz bond to 1.574 A
corresponds with decreasing the N-Hz bond to 1.074 A. The
ion-pair interaction is aso found on the more redlistic 38T
model, as shown in Figure 3. The longest O1-Hz bond (1.634
A) and the shortest N-Hz bond (1.063 A) indicate a stronger
interaction between pyridine and H-FAU zeolite. The N-O1
intermolecular distances, on the one hand, are found to
increase the model, expanding it from 2.489 A (5T) to 2.685
A (38T) while the O2---H1 distances, on the other hand, are
decreased from 2.196 A (5T) to 2.127 A (38T). These suggest
the greater stability of the adsorption complex in the larger
cluster model. As a result, the interaction between pyridine
and H-FAU is more stable as a function of the cluster size.

@)

(b)
Figure 3. Presentation of the Pyridine interacting with the 38T
model of H-FAU zeolite through the 12MR channel (a) and
the side view (b). All bond lengths are in angstroms.

The energetic of pyridine on H-FAU zeolite. All
calculated pyridine adsorption energies have been summarized
in Table 2. As expected, the interaction energy is stronger if
the ion-pair is more pronounced. In energy features, the small
cluster (5T unit) gives the adsorption energy of -24.9
kcal/mol, which is lower than the experimental data of -43.1
kcal/mol®. This is due to the rather weak interaction of the
hydrogen-bonded configuration of the adsorption complex
existing in the system. As for the 14T and 38T models, the
adsorption energy increases considerably to -41.7 and -42.7
kcal/mol, respectively, resulting from the more stable ion-pair
configuration of [PYH']/[FAU]. The adsorption energy
dlightly changes to -43.5 and -44.1 kcal/mol, respectively, by
increasing the model sizes to 54T and 120T. The adsorption
energy from the 54T model gives virtually the same results as
the 120T model. This indicates that the 54T cluster is a good
compromise between accuracy and the practical computational
time.

Since the ion-pair complex existed in the larger model
studied, the electrostatic potential from the infinite lattice of
zeolite might play a bigger role on the ion-pair interaction of
pyridine on H-FAU. Therefore, the “embedded MO06-2X
method” the combination between the M06-2X functional and
the embedded approach was considered to examine the
electrostatic potential effect. The optimized point charges are
embedded into the quantum cluster 54T as shown in Figure 2.
From Table 2, the adsorption energies from the M06-2X on
38T and the embedded M06-2X on 54T are -42.7 and -44.4
kcal/mol, respectively. The latter value agrees well with both
the largest quantum cluster, 120T (-44.1 kcal/mol) and the
experimental value (-43.1 kcal/moal). This suggests that the
embedded M06-2X is more practical and accurate to study the
adsorption of pyridine on zeolite. The embedding of the
optimized point charges causes the adsorption energy obtained
from the 54T cluster to be nearly identical with those of
thel20T cluster.

Table 2. Comparison of Adsorption Energies (kcal/mol) of
Pyridine on Various Model Sizes of H-FAU.

Model Method A"Esr‘]’;rpé;on
5T@ M06-2X -24.9
1412 M06-2X -41.7
3872 M06-2X 427
54TP MO06-2X -435
120T" M06-2X -44.1
54TP Embedded M 06-2X -44.4
Experimental value -43.1

& Energies calculated from full quantum optimization using the
MO062X/6-31G(d,p) level of theory.

® Energies obtained from single point calculation using
geometries from 38T model clusters treated with the same
method and basis set.
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Conclusions

The effect of the zeolitic nanocage on the adsorption
properties of the important heterocyclic base, pyridine, of
different sizes of H-FAU has been investigated by the M06-
2X density functional with the 6-31G(d,p) basis set. The
zeolitic ‘nanoreactor’ porous intersection, where chemical
reactions take place, is represented by a small cluster of 5T up
to a realistic nanocluster of 120 tetrahedral atoms. The
adsorption energies were calculated to be -24.9, -41.7, -42.7, -
435 and -44.1 kcal/mol for 5T, 14T, 38T, 54T and 120T,
respectively and compare with the experimental value of -43.1
kcal/mol The results demonstrate that the newly developed
hybrid density functional M06-2X is able to cover important
weak interactions, especialy the van der Waals interaction
which is essential for describing the nano-confinement effect
from the zeolite framework. Then, the adsorption energies are
more accurate if the embedded nanocluster model is used. The
effects of the infinite zeolitic framework on the cluster model
are also included by a set of point charges generated by the
embedded nanocluster model. The energy for the adsorption
of pyridine on an embedded nanocluster model is predicted to
be -44.4 kcal/mol, which is very close to experimental
observations. The nano-confinement effect of the extended
zeolite framework has been clearly demonstrated not only to
stabilize the pyridine/zeolite complexes but also to improve
their corresponding adsorption energies to approach the
experimental benchmark. All results, for the model considered
in this study, confirm that the embedded M06-2X method can
be used effectively to study the reaction between the pyridine
molecule and other zeolites for further comparison of the
acidity of various zedlites.
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Introduction

Propene is one of the most important starting materials in
many chemical industry processes, for example, polymer
synthesis processes. With the continuing scarcity of natural
resources, the demand for propene will increase significantly
in the near future. Concerted efforts to find inexpensive ways
to produce propene are now high on research priority lists.
Among those, oxidative dehydrogenation of the lower cost
raw material, propane, is an outstanding method for the
production of propene due to its lower energy consumption,
lower coke and CO, byproducts and high selectivity to the
desired product compared to the conventiona
dehydrogenation process.*®

Vanadia supported catalysts have been proven to be active
and selective for this reaction.*** Silica supported vanadium
oxide catalysts are highly propene selective catalysts because
they do not favor direct combustion of the propane reactant to
CO, species, compared to alumina and titania supports.>**
Zeolites and mesoporous silicas which are  industrially
important catalysts can aso be used as the silica support
catalysts.***® Even though many theoretical studies of the
propane oxidative dehydrogenation over vanadium oxides and
silica supported catalysts were conducted, i.e., gas phase'>%,
cluster®? and periodic®*®® systems, to the best of our
knowledge, porous silica supported vanadia catalysts have
never been studied theoretically for the propane oxidative
dehydrogenation reaction. For studying systems in the
confined space, van der Waals interaction plays an important
role in adsorption and catalysis processes. In our previous
calculations on various reactions in zeolites, ONIOM
(B3LYP:UFF) was found to reproduce the experimental data.
Even due to the compensation between the overestimated
framework confinement effect and the underestimated
interaction in the active region, this method is accurate and
economic in computational cost.** Recently, Zhao and
Truhlar have developed a new type of DFT (MO6-series) in
which the dispersion force was taken into account.® In our
recent studies, this method has been proved to be one of the
useful methods for studying adsorption and reaction
mechanisms of the van der Waals dominant species over
zeolite systems. 3%

To understand the reaction which occurs in a confined
space, a well cdibrated VO,-exchanged-MCM-22 (VO,-

MCM22) model which was recently experimentally studied"’,
was used for studying the propane ODH reaction. In thiswork,
MO6-DFT has been employed to study the reaction
mechanism of the propane oxidative dehydrogenation reaction
over the catalyst. The reaction can be divided into two main
steps, 1) methylene (-CH,-) hydrogen activation and 2)
propene formation. A reoxidation of the catalyst was not
considered because it is not the rate limiting step for the
propane oxidative dehydrogenation reaction.*

M ethods

The structure of the MCM-22 zeolite cluster was obtained
from the crystal structure™, represented by clusters of 14T (T
= tetrahedral of Si or Al atoms). The cluster covers the 12-
membered ring at the intersection of two channels which is
considered to be an appropriate active site of the catalyst (see
Figure 1). An Al atom was located at the T1 position, the most
stable configuration of this model.** The Vanadium oxide
specie [VO,]" is placed at the highly accessible Bransted acid
site. All geometry optimizations were performed by the M06-
L functional using the 6-31G(d,p) level of theory for H, C, O,
Al and Si atoms, while the effective core potentials (ECP) of
Stuttgart and Born® were employed for the V atom. To cover
the confinement effect from the zeolite framework, the model
is extended to a 120T structure. The 120T includes a
supercage of MCM-22 where the adsorbates are trapped
inside. During the optimization, only the active site of the
catalyst (VO,/AISI4,O4) and probe molecule were alowed to
relax, while the rest was kept fixed as the original crystal
structure. Normal mode analysis of the transition states have
only one imaginary frequency whose mode corresponds to the
designated reaction. The total spin was kept constant at the
singlet state which was found to be the most stable state
among the considered reaction steps.’® All calculations were
performed by the Gaussian 03 package™ incorporated with the
Minnesota Density Functionals module 3.1 by Zhao and
Truhlar.

Figure 1. lllustration of the selected structure of VO,-MCM-
22. Balls represent the fully optimized quantum 14T cluster
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