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Project Code: BRG/21/2544

Project Title: A Study of Electronic Structures of Molecular Devices by Organic Thin Film
Examination and Computer Modeling

Investigator : Asst.Prof. Tanakorn Osotchan Asst.Prof. Teerakiat Kerdcharoen

Asst.Prof. Toemsak Srikirin, Dr. Udom Robkob

Capability Building Unit for NanoScience and Nanotechnology, Mahidol University
E-mail Address: sctos@mahidol.ac.th
Project Period: 15 June 2001 to 30 November 2010

In this research project, the electronic structure of molecular devices for carbon
nanotube was investigated by molecular computer simulation. The effect of end of nanotube
was evaluated. Hydrogen bonds were added in case of open end while the half sphere surface
similar to that in C60 molecule was used at the end of capped nanotube. The carbon bond
lengths in these open and capped carbon nanotubes were modified depending on the chiral
vector index (n,m). In order to understand the application of carbon nanotube in high efficiency
lithium ion battery, the interactions between a lithium ion or lithium atom and carbon nanotube
was examined by placing the lithium ion or atom at various positions both inside and outside
carbon nanotube. It was found that along the radius direction there are some particular
positions which exhibit relatively low energy. This position can probably be the place for
trapping the lithium ion with carbon nanotube. By varying the position along the nanotube axis,
it indicates the possibility of transfer the lithium ion or atom in and out carbon nantube.

This research project was also studied the electronic structure of highly molecular order
thin film which prepared by LB technique. The highly molecular order can be achieved by the
hydrophobic and hydrophilic behaviors at each end of the molecule. However in order to
achieve the applicable thin film fabrication process and applicable products, the electrical
conduction in conjugated polymer molecules was investigated for their potential application in
new marketing of plastic electronics. The thin film was prepared by spin coating technique
which can be applied to the mass production in the industrial scale. Polyphenelene-vinylene,
polyfluorene and its copolymer were conjugate polymer molecules used in this study. During
the current pass through these polymer layers, the red and blue light can emit from these
polymer molecules, respectively. The calculated electronic structure of conjugated polymer can
be used to determine the wavelength of emitted light. The molecular modeling can also be
used to indicate the stability of these polymer molecules.

Keywords: Electronic structure, Molecular Device, Organic thin film
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Abstract

We have performed first principles calculations of Li and Li* adsorbed on the sidewall of carbon nanotubes. Density functional
theory based on the B3LYP functional and all-electron basis set centered on atoms was employed. Carbon nanotubes were modeled
by varying the diameter ranging from the chiral vector (6,0) to (12,0), and by varying the tubule length for the nanotubes having
chiral vector (9,0) from 1 to 3 unit cells. Based on the study of potential energy surface, it was found that the Li atom and cation
prefer to localize near the carbon nanotube sidewall and that surface diffusion of Li/Li* can easily take place along the internal side-
wall, while being hindered for the external sidewall. Binding energies tend to depend on the configuration, i.e., on being odd or even
for the chiral vector (m,0), rather than on the diameter size. In addition, they depend on the tubule length but converge rapidly after
3 unit cells. The atomic net charge (natural bond orbital and Mulliken population analysis) on the lithium inside carbon nanotube
does not depend on whether the Li-CNT is neutral or charged. The results of this study may be helpful for understanding the fun-

damentals of how the Li-ion carbon nanotube battery works.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

After its discovery by lijima [1] in 1991, research on
carbon nanotube (CNT) reaches a critical mass in many
areas of physics and chemistry. Synthesis methods have
been rapidly improved, making it possible to produce
large amount of size-controlled CNT for commercial
applications [2]. CNT has two types of structure: (1)
the single-walled carbon nanotube (SWNT) which is a
single rolled graphene sheet; (2) the multi-walled carbon
nanotube (MWNT) in which each CNT is encapsulated
by the others based on the Russian-Doll model. Carbon
nanotube can adsorb a number of atomic and molecular
species, e.g., alkali metals (i.e., Li [3], K [4], Rb [5] and
Cs [6]) and hydrogen [7], nitrogen [8], oxygen [9] and

* Corresponding author. Fax: +66 2 2015843,
E-mail address. sctkc@mahidol.ac.th (T. Kerdcharoen).

0009-2614/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
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methane [10] gases. The adsorption properties provide
the opportunities for applications such as hydrogen
and other gases storage [11], gas sensor [12], catalyst
[13] and Li-ion batteries [14].

Recently, nano-structured materials for anode has
drawn interest from the battery industry since the engi-
neering limit has been reached using conventional elec-
trodes such as carbonaceous materials and metal
oxides [15]. The hope is that the optimization of the
device performance, i.e., charge-discharge cycles and
reversibility, can be achieved on the basis of the CNT.
The CNT is a prospect candidate for uses in Li-ion bat-
teries since the large numbers of nanoscale sites for inter-
calant atoms on the CNT exceed those found on the
commonly used graphite electrode, LiCs. As a replace-
ment for the graphite on the negative electrodes of the
Li-ion batteries, the CNT will release the intercalant Li
as Li" into the electrolytic medium. The metal ions will
later accept electron and deposit at vacant position on
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the positive electrode (i.e., Li,CoO,). Theoretical studies
on interactions between Li and Li* with CNT will there-
fore be helpful in understanding the fundamentals of
how such a battery will work.

In this Letter, we have studied the interaction
between Li and Li* with the CNT as a function of dis-
tance of the metal from the CNT, as well as the variation
of the CNT’s diameter for the nanotubes having chiral
vector ranging from (6,0) to (12,0). Tubule length of
the CNT is also varied on some specific structures in
order to study the effect of length on the potential energy
surface.

2. Methodology

Since a typical CNT is very large molecule, a compro-
mise between the level of method and the details of the
molecular model has to be made. In principles, one can
employ either a low level of calculation (e.g., semi-
empirical methods) with the largest possible molecular
system [16-18] (e.g., cluster or periodic nanotube), or a
high level of calculation (e.g., correlated methods) with
the smallest molecular model [19,20] (e.g., benzene).
The availability of methods with small scaling law such
as DFT allows reasonable accuracy for sufficiently large
model system. For examples, Zhao et al. [21] has per-
formed SCF pseudopotential plane-wave calculation
based on local density approximation (LDA) on a peri-
odic LisCyy system that represents Li-intercalated CNT
ropes. Yang and co-workers employed LDA calcula-
tions using an electron core potential to study Li>Cj,,
Li,Cy3, and Li,C;,0H;, that model the Li intercalation
in open, closed and H-saturated CNTs, respectively. In
the present work, we employed a generalized gradient
approximation (GGA) method based on B3LYP param-
eterization to study Li and Li" intercalation in CNT. A
standard all-electron basis set (6-31G) was chosen for
our calculations.

All of the SWNT employed in this study is of the zig-
zag type, which are denoted by the chiral vector (m,0),
where m = 6-12. Since the CNTs in this study are
finite-sized, hydrogen atoms are used to cap the dangling
carbon atoms at the two open ends of the nanotube. All
CNTs, except for (9,0), are modeled by one unit-cell cyl-
inder (1UC, see Fig. 1 for definition) and have the cor-
responding chemical formula Cg4,H,,,. This type of
carbon nanotube model, called ‘cyclacene’, has been the-
oretically well studied within the perspectives of organic
chemistry [22-24]. In our previous study, we have found
that modeling the finite-length CNT by extending the
radius and length of cyclacene structures can be very
useful [25]. The geometric parameters were also found
to be dependent on how the terminal end is capped (ful-
lerene capping or hydrogen capping), though exponen-
tially converged with increasing tubule length.

Fig. 1. Definition of (a) C, and Cj trajectories of Li/Li*, (b) 1UC, and
(c) 2UC carbon nanotube models.

For the (9,0), the length is varied from 1 to 3 unit
cells (1UC-3UCQ), in order to study the effect of tubule
length. The largest system studied in this work is
Li"C ogH1,. Our previous study, based on AMI1 semi-
empirical method has found that the capping hydrogen
atoms affect both the geometric structure and the elec-
tronic structure. This effect rapidly converges when the
tubule length extends beyond 6 unit cells. In that study,
it was also found that the open (H-capped) and the
closed carbon nanotubes have similar HOMO-LUMO
energy gap after the removal of the defected states
caused by the capping hydrogen.

The potential energy surface (PES) of the M—-CNT
system (where M = Li and Li", respectively) is investi-
gated by inserting a metal into the CNT from the side-
wall and plotting the binding energy as a function of
the distance along the cross-section. The structures of
the model CNT obtained by geometry optimization
are kept fixed after the insertion of Li/Li*. Penetration
of Li/Li" through the nanotube sidewall has been done
on the basis of two trajectories: C, for which the ion
penetrates through C-C bond and Cg where the metal
pass through the middle of the hexagon (see Fig. 1).

3. Results and discussion

Potential energy surfaces for Li-CNT and Li*~CNT
were investigated for model SWNT by varying the diam-
eters from (6,0) to (12,0), as illustrated in Fig. 2a—b. The
cluster model of these nanotubes has only 1 unit cell
length (1UC). The binding energies and distances
from the Li and Li* to the centers of the C—C bond
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Fig. 2. Potential energy surface of Li/Li*—~CNT: (a) overall trajectory and (b)

represent C, and Cg trajectories (see Fig. 1), respectively.

(G, trajectory) and hexagon (Cg trajectory) at the energy
minima are tabulated in Table 1.

Li atom and cation can be adsorbed on both the inte-
rior and exterior of the nanotube’s sidewall. The PES
has double-well shape inside the tube, except for the
(6,0) and (7,0) structures, because both the Li and Li*
prefer to bind to the side of the nanotube. The diameter
of the (6,0) tube (~4.7 A) is so small that the energy
minimum is located at the center of the tube. The bind-

Table 1
Binding energies (eV) for Li/Li*—
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zoom-in trajectory inside CNT. The positive and negative x axes

ing site requires Li and Li" to separate by about 2 A
from the sidewall, which will be discussed later. It is
not clear whether the double-well PES starts to develop
in the (7,0) nanotube as the potential well is rather flat.
Detailed evaluation of the energy minimum has found
that the potential barrier height separating the two min-
ima is less than 0.01 eV, below the marginal accuracy of
the method employed. For the (8,0)—(12,0), the barrier
heights inside the tube are 0.28/0.25, 0.78/0.52,

CNT (1 unit cell model) at the local minima calculated for trajectories C, and Cg (see Fig. 1)

Structure C, direction Cg direction
Internal wall External wall Internal wall External wall
(6,0) 0.89/1.90 0.69/2.11 0.89/1.90 1.21/2.36
(1.95)/(2.02) (1.75)/(1.78)
(7,0) 0.87/1.66 0.61/1.55 0.87/1.66 1.09/1.83
(2.06)/(2.04) (1.66)/(1.71)
(8,0) 1.14/1.99 0.83/2.12 1.15/2.00 1.26/2.34
(2.13)/(2.18) (1.97)/(2.01) (2.05)/(2.18) (1.74)/(1.82)
9,0) 1.20/1.83 0.91/1.77 1.24/1.86 1.33/1.93
(2.12)/(2.13) (1.98)/(2.08) (2.02)/(2.06) (1.68)/(1.75)
(10,0) 1.17/2.10 0.96/2.22 1.22/2.16 1.32/2.43
(2.01)/(2.02) (1.99)/(1.99) (2.02)/(2.05) (1.66)/(1.76)
(11,0) 1.14/2.05 0.93/1.90 1.21/2.08 1.31/2.08
(2.01)/(2.11) (1.99)/(2.09) (1.91)/(2.03) (1.69)/(1.87)
(12,0) 1.26/2.05 1.06/2.13 1.34/2.12 1.41/2.37
(2.09)/(2.08) (2.00)/(2.04) (1.90)/(1.92) (1.72)/(1.76)

Distances (A) between Li/Li* to the center of C-C bond and C4 hexagon are in parentheses.
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0.99/0.88, 1.32/0.88 and 1.50/1.33 eV, respectively, for
Li/Li*. They are high enough to define the double-well
shape. As the tubule diameter increases, Li/Li" is more
likely to be located near the tubule wall rather than at
the center.

In this study, two types of binding sites have been
investigated, C-C bond (C,) and hexagon (Cg). From
Table 1, we could see that Li/Li" prefer to be adsorbed
at Cg than C, sites even if the binding energies between
these two sites in the tube’s interior differ only slightly
(0.00/0.00, 0.00/0.00, 0.01/0.01, 0.04/0.03, 0.05/0.05,
0.07/0.04 and 0.08/0.07 eV for the structure (6,0)-
(12,0), respectively). Preferential adsorption of Li/Li*
on the Cg site has more contrast for the exterior of the
tubes (differences are 0.52/0.25, 0.48/0.27, 0.43/0.22,
0.42/0.16, 0.36/0.21, 0.38/0.18 and 0.35/0.23 eV for the
structure (6,0)—(12,0), respectively). To elucidate visu-
ally, single cylindrical potential well is formed along
the internal sidewall, whereas a cluster of local minima
covers the external sidewall with each minimum being
separated from other minima by six saddle points (C,
sites) with a barrier of around 0.4-0.5 eV for Li and
0.2-0.3 eV for Li". Although the barrier between C,
and Cg binding sites for Li is higher than Li" indicating
that Li" has higher mobility than Li along the external
tubule wall, the binding energies for Li* are larger.
(1.09-1.41 eV for Li and 1.83-2.43 eV for Li").

Surface diffusion may easily take place along the
internal sidewall, while it is hindered for the external
sidewall. Frontera and co-workers [26] studied molecu-
lar interaction potential between Li* and small-diameter
arm-chair SWNT based on ab initio wave function, thus
observing a channel that would allow ion mobility inside
the nanotube. Visually, if we fill a CNT by Li or Li*, it is
expected that the atom or ions will tend to localize on
the hexagons along the nanotube’s external sidewall,
while freely moving along the sidewall for the inside.
For rechargeable Li-ion battery, nanotubes can be made
open allowing for the intercalated Li/Li* to migrate into
and out of the tubes. A first principles calculation by
Yang et al. [27] suggests that there is no insertion barrier
for Li* into the nanotube’s terminal end if the opening
carbons are saturated with hydrogen atoms. Since the
Li atom and cation prefer to localize near the carbon
nanotube sidewall, small-diameter carbon nanotubes
may be better advantageous than the larger ones for
use as batteries.

Adsorption on the external wall is more stabilized
than on the internal wall for all nanotubes. The reason
for this is that the external pi orbitals are pointing away
from each others, as opposed to the internal ones.
Therefore, the orbital interactions between Li/Li* and
CNT would be more efficient for the external adsorp-
tion. Dubot and Cenedese [16] have studied Li atom
adsorption on CNT by semi-empirical AM1 method
and found that there is preferential adsorption on the

external sidewall. Liu et al. [28] also observed similar
trend on arm-chair SWNT using LDA density func-
tional method. The equilibrium metal-C4 hexagon dis-
tances are also shorter for the external adsorptions
(~1.7-1.9 versus 1.9-2.2 A). Binding energies for (m,0)
when m is even are always higher than those for odd
m’s. For instances, the binding energies at the external
adsorption sites for the even m’s will be about 0.4 eV lar-
ger than the odd m’s. Such behavior can be attributed to
the orbital symmetry, being enhanced in the even cases.

Interaction energies upon variation of tubule length
for (9,0) nanotube are plotted in Fig. 3. For Li, the
internal binding energy increases from 1.24 to 1.77 eV
and the external binding energy increases from 1.33 to
1.88 eV, as the tubule length increases from 1UC to
3UC (43% and 41% change, respectively). For Li*, the
internal binding energy increases from 1.86 to 2.44 eV
and the external binding energy increases from 1.93 to
2.58 eV, as the tubule length increases from 1UC to
3UC (31% and 34% change, respectively). As can be
seen, the finite-length effect has a stronger influence on
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Fig. 3. Dependence of potential energy surface on the tubule length of
(a) Li-CNT and (b) Li*-CNT.



A. Udomvech et al. | Chemical Physics Letters 406 (2005) 161-166 165

Li than that on Li*. Our study on smaller system such as
(6,0) nanotube indicates that the binding energies be-
tween Li/Li" with the tube is likely to converge when
the tube is 5 unit-cell long [29]. The same study also re-
vealed that the finite-length effect is stronger for the Li
than for the Li* intercalated system.

Penetration of the Li/Li" through the C¢ hexagon of all
structure (1UC models of (6,0)—(12,0)) requires energies
averaging 9.0/9.6 eV. Previous study found that the en-
ergy barrier for Li" penetration through the center of a
benzene ring ranges from 11 to 15 eV, as determined by
various levels of calculations (HF, DFT, MP2) and basis
functions (e.g., STO3G, 6-31G*, 6-311++G**) [20]. The
larger energy barrier for the case of benzene arises from
higher electron density which is gained from six hydrogen
atoms as electron donor. The lower electron density of the
nanotube cylinder considered in our study comes from the
fact that there are only two hydrogen atoms per Cq hexa-
gon. Increase of the tubule length in case of (9,0) nano-
tube from 1UC to 3UC leads to the reduction of this
effect. This results in a lower energy barrier (from 10.13/
9.62 t0 9.58/9.32 eV for Li/Li* as shown in Fig. 3). Such
behavior is also seen in case of (6,0) tube. Therein, the en-
ergy barrier is reduced from 9.49 to 8.57 eV upon the
increasing length from 1UC to 4UC [29].

Dependence of the atomic net charge of Li/Li* on
tubule diameter and length have been investigated based
on the natural bond orbital (NBO) and Mulliken popu-
lation analysis, as illustrated in Fig. 4. Atomic net
charge value on the intercalant lithium does not depend
on whether it is a neutral atom or an ion. For instances,
the NBO atomic net charge on Li/Li" when they are loca
ted at the center of the (6,0)—(12,0) 1UC tube is equal to
0.89/0.88, 0.87/0.87, 0.87/0.88, 0.92/0.92, 0.95/0.95, 0.97/
0.97 and 0.98/0.98, respectively. Mulliken atomic net
charge also follows the similar trend. The Mulliken
charge on Li/Li" when they are located at the center
of the (6,0)—(12,0) 1UC tube is equal to 0.41/0.43,
0.57/0.58, 0.70/0.69, 0.79/0.78, 0.83/0.82, 0.86/0.86 and
0.90/0.88, respectively. The atomic net charge (both
NBO and Mulliken) for Li atom as it moves far away
from the CNT approaches zero, in contrast to singly po-
sitive charge in case of Li*. This indicates that the lith-
ium atom and cation always have a positive charge
when they are intercalated inside the negative electrode
(CNT) in the Li-ion batteries. During the discharge pro-
cess, carbon nanotube negative electrode will release the
intercalant Li as Li" into the electrolytic medium. The
metal ions will later accept electrons and deposit at
the vacant positions on the positive electrode (i.e., Li,
Co0,). Since lithium always remains positive when it
is deposited in the matrix of positive electrode (i.e., Li,
Co0,), when it is in the electrolytic medium, or when
it is intercalated in the negative electrode (CNT), all of
which renders high mobility to the Li*, it is unbeaten
as a electrical conducting material in battery.
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Fig. 4. Dependence of natural bond orbital (NBO) atomic net charge
of (a) Li and (b) Li* on the tubule diameter. Mulliken charges are also
provided for comparison in the inset.

During the intercalation in CNT, the atomic charge
of Li/Li" is maximized (positive charge) when the inter-
calant is located at the center of the tube. In case of
longer tube (3UC), the excessive negative charge that
CNT gains from the intercalant is locally distributed
over the carbons on the circumference only. As the
Li/Li" moves from the center of nanotube to the side-
wall, the negative charge tends to localize at the carbon
atoms in close proximity to the intercalant, where as the
other carbon atoms have their charges neutralized. The
atomic charges of all C atoms, however, shift slightly to
a lesser negative value in the case of intercalated Li",
due to the surplus positive charge from the ion.

4. Conclusion

This work has suggested an assumption on adsorp-
tion mechanism of Li/Li" onto the carbon nanotube
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(CNT) surface. It was found that the intercalated Li/Li*
prefers to localize near the carbon nanotube sidewall,
instead of being located at the tubule center. There-
fore, larger carbon nanotubes which have useless space
inside will be at a disadvantage compared with the
small-diameter ones when used as batteries. Some char-
acteristics of charge—discharge mechanism for Li-CNT
batteries could be conjectured as follows.

1. Lithium (Li/Li*) always preserves positive charge
(close to +1) when it locates inside and close to the
outside wall of CNT. Since CNT is used as the nega-
tive electrode, it is presumed that only Li" will be
released to the electrolyte.

2. Surface diffusion of Li/Li" can easily take place along
the internal sidewall. The potential energy surface
forms a tube-shaped transporter path inside the
CNT. In contrast, Li/Li" preferred to localize at Cg
sites on the external surface. Therefore, storage of
Li/Li" inside the CNT can be facilitated by opening
the terminal ends and/or the sidewall since Li/Li"
can move inward as more Li/Li" are added into the
tube.

The above-mentioned hypotheses are doubtlessly based
on quite limited models employed in this study, i.e.,
the finite CNT with single intercalant model. Further
investigation which extends this model to a higher level
is being conveyed.
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The effects of tubule length and terminal capping on the geometrical and electronic prop-
erties of finite-sized zig-zag (9, 0) single-walled carbon nanotubes (SWNT), which length
varying from 2 up to 12 unit cells (~50 A), were investigated using molecular mechan-
ics, semi-empirical methods (AM1 and EHMO) and density functional theory (B3LYP).
AM1 method indicates how the nanotube ends are capped affects strongly the tubule
geometric parameters. Although these effects seem to decrease exponentially as the tube
gets longer, the converging values for C-C bond length in the open- and closed-end struc-
tures are slightly different. It was learned that combination of low-level methods like
AM1 and EHMO (which tend to overestimate and underestimate the HOMO-LUMO
energy gap, respectively) together with high-level method such as DFT is efficient to
estimate band gap for finite-sized nanostructures. The HOMO-LUMO energy gaps ob-
tained from semi-empirical and DFT methods decrease as the tubule length increases.
Terminal capping also affects strongly the electronic structure of finite-sized nanotube.
Thus, closing the terminal ends by fullerene hemisphere broadens the energy gap of
the hydrogen-saturated open-end nanotube. Although the open-end SWNT has much
lower AM1 HOMO-LUMO energy gap than the closed-end SWNT, these orbitals un-
fortunately are localized near the capping hydrogen, thereby do not provide conducting
channels for electrons. By comparing only the delocalized frontier orbitals, both struc-
tures yield closer energy gap. Analysis of the energy gap based on EHMO, AM1 and
DFT results suggests that both open- and closed-end finite-sized SWNT are semicon-
ductor, in agreement with recent scanning tunneling experiment. It was found that the
slight accumulated negative charges are likely to locate at the nanotube’s fullerene tips.

Keywords: Carbon nanotube; finite-sized effects; computational nanotechnology.
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1. Introduction

After its discovery by Iijima in 1991,! carbon nanotubes (CNT) have become a
central issue in nanoscience and nanotechnology. For practical applications to be
realized, efforts have been made to improve synthesis methods so that large amount
of size-controlled CNT can be produced.?”* CNT can be classified into two groups:
(1) multiwalled carbon nanotube (MWNT) in which each nanotube is wrapped by
and/or contains other tubes based on the Russian-Doll model; (2) single-walled
carbon nanotube® (SWNT) which is a rolled graphene sheet. MWNT is a good
candidate to replace bulk carbon materials in some conventional applications, i.e.,
high-capacity battery® and hydrogen storage’ for fuel cells. For more advanced
applications such as nanoelectronics and nanosensors, SWNT is more appropri-
ate since its synthesis and manipulation can be better controlled at nanoscale
precision.

In general, most production processes produce CNT of micrometer length with
diameters ranging from 1 to 20 nm.® Therefore, most theoretical studies of CNT
have been done in the infinite limit based on a quasi-one-dimensional model. Re-
cently, cutting tools®!? have become available for shortening the length of CNT to
the nanometer scale, thus opening up future nanoscale mechanics and electronics
applications. It is therefore necessary to gain better understanding of the char-
acteristics of finite-length CNT. At such nanoscale regime, computational mod-
eling becomes very important whereas simple analytical theory!! can be quite
nonrealistic.

A lot of theoretical work has been done on investigating the electronic
12,13 chemisorption,'4'® mechanical properties, 17 18,19 and
switching properties2®:2! of CNT. Most of the studies were done using periodic
boundary condition. Otherwise they have to employ cluster model to estimate the
bulk properties. Among the theoretical works on finite-length CNT with small di-
ameter, Tiirker???3 has published several papers from the perspectives of organic
chemistry where finite-sized CNTs are made of many “cyclacene” rings undergoing
intermolecular unification process. This cyclacene tube is consequently open-end
and saturated by hydrogen at both ends. Although it is still unclear how such hy-
drogenated open CNT generally form in most production process, theoretical works
on this kind of CNT has nevertheless been very useful.

On one hand, for open-end CNT it is natural to think that dangling carbon
atoms at the mouth of CNT undergo passivation by hydrogen atoms or other func-
tional groups, depending on the controlled experimental conditions. Experimental
encapsulation?® of alkali metals into CNT cavity implies the diffusion of metals
through the opening terminals or side-wall structural defects rather than penetrat-
ing through the closed wall. A theoretical study?® even shows that the metals prefer
to enter the hydrogen-capped terminal rather than a dangling open-valence one. On
the other hand, for closed-end CNT opening it is possible by available cutting tools
as noted earlier. Despite unsuccessful attempts to synthesis cyclacene tubules from

structure, conductivity
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the bottom—up, rapid improvement in nanoprecision strategy will make this possible
one day. For that reason, it is worthwhile to study properties of this candidate for
possible future electronics application.

In the present work, we investigate the dependence of geometry and electronic
structure on the length of finite-sized SWNT based on molecular mechanics and
semi-empirical modeling. The effect of the terminal, for whether it is open or closed,
is also included. Although the system size in this study prohibits full quantum me-
chanical methods to be employed in geometry optimization, single point calculations
are carried out where possible.

2. Models and Computational Details

In the present study, finite-sized SWNT of the type denoted by chiral vector (9, 0)
are considered. This so-called zigzag SWNT included in this study covers both open-
and closed-end structures with variation of length from two unit cells (denoted by
2UC) up to 12 unit cells (denoted by 12UC). Definition of the unit cell, open-end
and closed-end structures are exhibited in Fig. 1. For the open-end nanotubes,
hydrogen atoms are used to saturate the dangling bonds at the terminal ends.
To make a closed-end nanotube, Cgy is bisected at its equator and the resulting
two half spheres are attached to each end of the tube. The stoichiometry for the
open- and closed-end nanotubes are CsgnyHig and Csgnyq2, respectively, where
N is the number of unit cells. Consequently, the largest structures used in this
study are Cy32H1g for the open-end nanotube and Cy74 for closed-end nanotube,
corresponding to a length of around 40-50 A.

(a)

H H H H
H H H H
H H H H
H H H H

end-cyl i nder
m ddl e-cyl i nder

(b)

be axis

|<—2——|\ /|<—4

unit cells Ful | erene unit cells
cap

Fig. 1. Definition of (9, 0) SWNT viewed by the sidewall; (a) open-ended and (b) closed-end
structures.
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The geometry of the nanotubes is investigated by molecular mechanics method
based on the MM3 parameterization?® whereas both geometric and electronic
properties are studied by semi-empirical quantum mechanics based on the AM1
Hamiltonian.?” Full geometry optimizations are performed without symmetry con-
straint. To verify the quality of the AM1 method, results from ab initio Hartree—
Fock and density functional theory (DFT) calculations on a single cyclacene ring
(one unit-cell nanotube) are compared. DFT calculations are also employed to in-
vestigate electronic properties of short nanotubes with length up to three unit cells.
Extended Hiickel Molecular Orbital (EHMO) method is also performed for com-
parison of the electronic properties obtained from AM1 and DFT methods.

For a combination of methods, for instances Hartree-Fock single-point calcu-
lation based on 6-31G basis following a geometry optimization by semi-empirical
AM1 method, a notation of HF/6-31G//AMI is used.

3. Results and Discussion
3.1. Geometry

In practice, computational models of CNT depend on a set of atomic coordinates
calculated by molecular mechanics methods or obtained from the bulk graphite be-
cause first principles optimized structure of practical system size is impossible.28730
Accordingly, all C—C bonds of CNT in these studies are assumed to have isotropic
bond-length. In this study, we distinguish between C-C bond that lie in parallel
with the tube axis (C2-C3) from those lying on the circumference (C1-C2), as de-
picted in Fig. 1. For comparison with high-level methods, optimized geometries of
a single cyclacene ring (1UC) are given in Table 1. Table 2 compares two types of
C—C bond lengths for the optimized structures obtained from MM3 and AM1.
From Table 1, one observes that the semi-empirical AM1 structure is in agree-
ment with HF/6-31G* within 0.01 A resolution. Both semi-empirical and first prin-
ciples methods show the differences between two types of C—C bond within a range
of 0.04-0.06 A, whereas MM3 almost overlooks this. Such differences are due to
small disturbance of hydrogen atoms to the electron distribution of the aromatic
rings. Although replacing the full basis set (6-31G*) with effective core potential

Table 1. Comparison of the bond-length, atomic net charges (on C1 and C2), HOMO, LUMO and
HOMO-LUMO energy gap of the 1UC structure as obtained from computation at different level
of theory (see definition in Fig. 1).

MM3 AM1 HF/6-31G* HF/CEP-31G B3LYP/6-31G* B3LYP/CEP-31G

Cc1-C2 (A) 1.402 1.408 1.403 1.422 1.410 1.436
C2-C3 (A) 1.399 1.452 1.462 1.477 1.470 1.493
C1 charge (au) — —0.103 —0.167 —0.348 —0.252 —0.499
C2 charge (au) — —0.035 —0.033 0.0797 0.121 0.194
HOMO (eV) — —6.820 —4.808 —4.834 —3.923 —4.198
LUMO (eV) — —-2.117 —0.163 —0.658 —2.790 —3.100
SE (eV) — 4.703 4.645 4.176 1.133 1.098
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Table 2. Dependence of C1-C2 (in { }) and C2-C3 (in [ ]) bond-lengths on the length of open-
and closed-end SWNT(9, 0) as obtained from geometry optimization using MM3 and AM1
techniques (see definition in Fig. 1).

Open-end Closed-end

MM3 AM1 MM3 AM1

Cells Terminal Middle Terminal Middle Terminal Middle Terminal  Middle

2 [1.398]  [1.400]  [1.440]  [1.431]  [1.399]  [1.399]  [1.423]  [1.421]
{1.402} {1407} {1411}  {1.420} {1.400}  {1.405} {1.434}  {1.432}

4 [1.398]  [1.397]  [1.439]  [1.426] [1.399]  [1.397]  [1.423]  [1.420]
{1.402}  {1.399} {1.411}  {1.425} {1.400}  {1.399} {1.435}  {1.428}

6  [1.398]  [1.397]  [1.439]  [1.425] [1.399]  [1.397]  [1.423]  [1.420]
{1.402}  {1.399} {1.411}  {1.425} {1.400}  {1.399} {1.435}  {1.428}

8  [1.398]  [1.397]  [1.439]  [1.425]  [1.398]  [1.398]  [1.423]  [1.420]
{1.402}  {1.399} {1.411}  {1.425} {1.400}  {1.399} {1.435}  {1.428}

10 [1.398]  [1.397]  [1.439]  [1.425]  [1.398]  [1.398]  [1.423]  [1.420]
{1.402}  {1.399} {1.412}  {1.425} {1.402}  {1.400} {1.435}  {1.428}

12 [1.398]  [1.397]  [1.439]  [1.425]  [1.399]  [1.397]  [1.423]  [1.420]

{1.402}  {1.399} {1.412}  {1.425} {1.402}  {1.399} {1.435}  {1.428}

basis (CEP-31G) in the first principles calculations exaggerates the C—C bond
lengths, the relative difference between two C—C types is still maintained. From
this observation, the use of AM1 method (which also neglect effects of the core
electrons) to investigate relative difference in two types of the C—C bonds in longer
CNT will be useful.

Dependence of the C1-C2 and C2-C3 bond lengths upon the increasing tubule
length is listed in Table 2. Molecular mechanics does not take into account the in-
creasing length effect for both open- and closed-end SWNTs. This method produces
also almost identical C—C bond length located at the middle and terminal rings,
which is independent on how the tube is capped. A relatively small variation (less
than 0.005 A) around the average value C-C of 1.40 A is due to the tight quadratic
nature of the MM3 potential energy surface.

In contrast, AM1 calculations yield different bond-length for C1-C2 and C2-
C3 and is sensitive to the boundary effect on the tube geometry. Thus, the C-C
bonds located at the terminal ends and at the middle cylinder are calculated to
have different bond-length values. These values depend on how the tube is capped,
namely whether they are open or closed. For instances, C1-C2 and C2-C3 bond-
lengths located at the terminal cylinder are 1.411 and 1.439 A in the open-end
structures, whereas they are 1.435 and 1.423 A in the closed-end structures. The
C—C bond-lengths located at the terminal cylinder are not dependent on the tubule
length, in contrast to the ones located at the middle cylinder, which have converging
values when the nanotubes grow beyond four unit cells. If the SWNT is long enough,
one may expect that the C-C bond located at the middle cylinder should not
depend on how the terminal ends are capped. As for the open-end 12UC structure,
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Fig. 2. Variation of C2—C3 bond length as its location changes from the middle cylinder to the
tubule’s end of the open-end (- - -) and closed-end (—) structures as the nanotube grows from
1UC to 12UC.

the middle cylinder have identical C~C bond length of 1.425 A for both C1-C2
and C2-C3. For the closed-end 12UC structure, the C—C bond lying parallel to
the tube axis is 0.008 A shorter than those lying along the cylinder curve (1.420 A
versus 1.428 A for C2-C3 and C1-C2, respectively). The experimental average C—C
bond-length in bulk graphite and SWNT is 1.42 A.

Figure 2 shows the variation of C2—C3 bond length as its location changes from
the middle cylinder to the tubule’s end. For both structures, the C2-C3 bond tends
to be elongated when it is located near the tube’s end. This effect is more elaborated
in the case of open-end structures (up to 0.014 A) than in the case of the closed-
end ones (up to 0.003 A only). This is probably caused by the electronegativity
difference between C and H for the open-end structures, which does not exist in
the closed-end SWNT. It can be seen that the terminal caps, either by hydrogen or
fullerene, strongly affect the geometry only at the nearest C—C bond. For examples,
the difference of the C2-C3 bond lengths between the middle cylinder (bond number
1) and the terminal cylinder (bond number 10) is 0.014 A for the 10UC SWNT.
This difference is exponentially reduced to only 0.003 A when the terminal C2-C3
bond is just one bond into the tube (bond number 9). Thus, the boundary effect
to the geometry of SWNT appears to be short-range.

3.2. Electronic properties

AM1 method is quite successful in providing structural information of carbon sys-
tems, compared to more expensive ab initio methods. For electronic properties, it
has been however well-known that semi-empirical AM1 and ab initio Hartree—Fock
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methods are poor in describing unoccupied molecular orbitals, leading to overesti-
mated HOMO-LUMO energy gap. Therefore, the HOMO and LUMO from AM1
calculations will be used only for qualitative purpose, i.e., comparing electronic
properties between the open- and closed-end structures. As seen from Table 1, AM1
method yields Mulliken charge and HOMO-LUMO gap in agreement with Hartree—
Fock calculation for a cyclacene ring (1UC open-end SWNT). It is expected that
AM1 method will give qualities comparable to Hartree-Fock method for longer
nanotubes. Thus, dependence of the electronic properties on tubule length between
open- and closed-end structures can be compared.

Figures 3(a) and 3(b) shows that the HOMO-LUMO energy gap is smaller as
the tubule length increases for both open-end and closed-end structures, as simi-
larly observed in finite-length conductive polymer.3! For the closed-end structure,
HOMO has higher binding energy and becomes less stabilized when the tube be-
comes longer. HOMO in the open-end structures contrarily has lower binding energy
and becomes more stabilized when the tubule length increases. However, the de-
pendence of LUMO energy on the tubule length is quantitatively similar for both
structures; namely, it becomes more stabilized with increasing length. The HOMO-
LUMO energy gap for closed-end structure is higher than that of the open-end
structure. Because of the overestimated HOMO-LUMO gap obtained from the AM1
method, it is not possible to know whether the HOMO-LUMO energy gap implies
metallic or semi-conducting state. To solve this problem, we employ the Extended
Hiickel Molecular Orbital (EHMO) method, which is known to underestimate the
molecular orbital energy. Thus, the real HOMO-LUMO energy gap is expected to
locate between extreme values obtained from AM1 and EHMO methods.

From Fig. 3(b), the closed-end SWNTs have EHMO HOMO-LUMO energy gap
less than 2.0 eV, with the energy gap almost vanishing (less than 0.25 eV) when the
tubule length reaches 12 unit cells (50 A long). It can also be seen that EHMO the-
ory predicts vanishing HOMO-LUMO gap for finite-sized open-end SWNT (longer
than 1UC). To estimate the real value of the HOMO-LUMO gap for the finite-sized
SWNT, density functional theory (especially hybrid functionals), which is known to
give HOMO-LUMO gap close to experimental values for conductive polymers,3? is
employed for 1UC-3UC structures. The energy gap of 1.7 and 0.3 eV (see Fig. 3(b))
are found for 3UC closed-end and open-end structures, respectively, which agrees
with the above assumption that the practical HOMO-LUMO gap value should be
between the ones yielded from AM1 and EHMO method. Thus, we can use AM1
and EHMO methods together to estimate HOMO-LUMO gap for longer structures
that are impractical for DFT.

If we assume that the HOMO-LUMO energy gap is equivalent to the band gap
concept in solid-state physics, the above results would suggest that finite-sized (9, 0)
SWNTs do not have metallic states as their counterpart does in the infinite range.
Recent scanning tunneling spectroscopy also measures a band gap of 0.08 eV for
nanosized (9, 0) SWNTSs, as opposed to simple analytical theory.>® Although the
open-end SWNTs show smaller HOMO-LUMO gap, which may mean that they
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have more metallic behavior than the closed-end structures, orbital analyses show
that HOMO and LUMO are localized at the terminal ends in the case of the open-
end structures instead of the delocalized states for the case of closed-end structures.
To compare the frontier orbital energy gap in the sense of solid-state physics, the
delocalized states, HOMO-1 and LUMO+1, are chosen for the open-end structures.
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Fig. 4. Density of states for the 4UC and 10UC open- and closed-end structures based on
(a) EHMO and (b) AM1 methods.
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Figure 3(c) shows that delocalized HOMO-LUMO gap for closed-end SWNT and
delocalized (HOMO-1)-(LUMO+1) gap have comparable value, which means that
the conducting channel of SWNT is not affected by the boundary state.

Densities of states (DOS) based on EHMO and AM1 methods for 4UC and
10UC SWNTs are plotted in Figs. 4(a) and 4(b). It can be seen that the DOS
pattern for open- and closed-end SWNTs differ only around the frontier states.
Both methods illustrate that the boundary condition (whether SWNT is open or
closed) does not influence the energy states below the frontier level. For examples,
looking at the AM1 DOS of open- and closed-end 10UC SWNT's, we see that both
structures have three bands for the occupied states (binding energy between 8-
12, 12-14 and 14-20 eV). Increasing the tubule length adds more states into the
level below the frontier states, but only slightly changes the pattern of the DOS
and does not modify the population of the frontier states. It becomes clear that
HOMO, LUMO and a few states around them can be regarded as defect states
caused by the boundary condition. Based on this idea, the real energy band gap
will be somewhat larger and thereby supporting the semiconducting behavior of
the finite SWNT.

Table 3 displays the net atomic charge summed on a carbon cylinder located at
the middle and at the terminal of SWNT. Due to the boundary effect, it can be seen
that the net atomic charge inside the open-end structures is negative, as opposed to
the closed-end ones where it is positive. In the case of open-end structures, carbon
atoms at the terminal draw electrons from hydrogen atoms into the tube. These
excessive electronic charges are shared among the other carbons in the tube. For the
closed-end structures, it is surprising to observe slightly positive charge accumulated
inside the nanotube. This implies that the fullerene caps draw electrons from the
tube. To confirm this assumption, total net atomic charge on the fullerene caps are
summed. The fullerene cap demonstrates a capability to draw electron out of the
tube: it draws 0.029 electron from the two unit-cell long tube and as the tubule
length increases more electronic charge is drawn out to reach maximum capacity at
0.054 electron. In a recent LDA calculation of a model (9, 0) nanotube, the charge
accumulation on the nanotube’s cap is related to the sharpness of the tip.3*

Table 3. Mulliken atomic net charge summed over all carbon atoms located at the
terminal cylinder and middle cylinder. For the closed-end structures, summation over
all carbons located in the fullerene cap is also shown.

Open-end structure Closed-end structure
No. CNT's unit cells Terminal Middle Terminal Middle Fullerene cap
2 —1.268 —0.234 0.03 0.084 —0.029
4 —1.21 —0.055 0.021 0.032 —0.045
6 —1.211 —0.036 0.006 0.02 —0.054
8 —1.206 —0.025 0.006 0.006 —0.054
10 —1.201 —0.02 0.006 0.006 —0.054
12 —1.199 —0.018 0.006 0.005 —0.054
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4. Summary

The geometrical and electronic properties of (9, 0) single-walled carbon nanotube
having open-end and closed-end structure are investigated using molecular mechan-
ics (MM3), semi-empirical AM1 method and density functional theory (B3LYP).
MM3 overlooks the length of the nanotube and how it is capped at the ends by
producing almost identical C—C bond-length values. Semi-empirical AM1 method
is rather sensitive to the boundary conditions, though the effect is only short-range.
Although these effects seem to exponentially decrease as the tube gets longer, the
converging values for C—C bond length in the open- and closed-end structures are
slightly different (1.425 versus 1.420 A). Tt was learned from this work that combina-
tion of low-level methods like AM1 and EHMO (which tend to overestimate and un-
derestimate the HOMO-LUMO energy gap, respectively) together with high-level
method such as DFT is efficient to estimate band gap and other electronic prop-
erties for finite-sized nanoscale structures, which is important for nanocircuit de-
sign. Terminal capping strongly affects the electronic structure of finite-sized nano-
tube. Closing the terminal ends by fullerene hemisphere broadens the energy gap
of the hydrogen-saturated open-end nanotube. Although the open-end SWNT has
much lower HOMO-LUMO energy gap than the closed-end SWNT (2.28 versus
3.34 eV for 12 unit-cell), these orbitals unfortunately are localized near the capping
hydrogen, thereby not providing conducting channels for electrons. Comparing only
the delocalized frontier orbitals, both structures yield comparable energy gap (2.78
versus 3.34 eV for 12 unit-cell). Based on the band theory model, finite-sized (9, 0)
SWNT having either open or closed ends are semiconductor. Therefore, these struc-
tures are appropriate for devices (i.e., switch), not conducting wire, for nanoscale
circuits.
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Abstract

The energetic and structural properties of two Li-intercalated 4 A single-walled
carbon nanotubes (SWCNTS) have been studied based on the density functional theory.
The (3,3), (4,2), and (5,0) SWCNTs are used in this work. Our calculation employed the
hybrid functional B3LYP and various all electrons basis set models. The binding
energies indicated that Li atoms can be draw from exterior into interior of an ultra-small
nanotube, while zigzag (5,0) tube has energy barrier at the open-mount. The energy
profiles along the longitudinal axis of two Li inside the zigzag (5,0) and armchair (3,3)
are slightly fluctuating, whereas it is rather flat for the chiral (4,2) nanotube. Zigzag (5,0)
nanotube has been shown explicitly Li-Li localized near the tube-center. It probably
formed a Li cluster inside the zigzag nanotube. Oppositely, each Li is located at each
tube-mount of the armchair (3,3) tube. In case of (4,2) tube, no preferential location is
found for two Li atoms, as described by flat potential energy profile. The intercalated
atoms affect the geometric parameter of the central region structure more than the rest
of the ultra-small nanotube. The structural properties of zigzag (5,0) nanotube is more
sensitive to the intercalated atoms than the armchair (3,3) and chiral (4,2) structures,
respectively. Both results could be used to verify the strong chiralities dependence of
the ultra-small nanotubes.

1 Introduction

Since the discovery by lijima in 1991, carbon nanotube (CNT) [1,2] have
attracted much attention as a potential candidate for nanoscale devices. Particularly,
single-walled carbon nanotubes (SWCNTs) [2] have more the subject of intense
experimental and theoretical investigation. Therefore their unique properties are small
diameter, high tensile strength [3], high chemical and thermal stabilities, heat
conduction [4], and remarkable electronics [5,6,7,8], etc. An individual SWCNT can be
thought of as a rolled perfect graphite single layer (or graphene). Depending on the way
of rolling up graphene, various SWCNTSs with different chiralities and diameters can be
theoretically studied to obtain various properties and novel applications. Recently,
SWCNTSs are now routinely being fabricated in experiments. Especially, SWCNTSs with
ultra-small diameter were fabricated inside the microporous channels of zeolite AIPO4.5
(AFI) single crystal.[9,10,11] These carbon nanotubes have a very small diameter of ~ 4
A and are perfectly arranged in a close-packed hexagonal lattice.

In the present study, we have studied the intercalation of Li atoms through the
opening mount of ultra-small diameter (~4A) SWCNTSs to investigate its possibility of
confinement guess atoms and structural effects of 4A SWCNTSs due to Li intercalation.
Li atoms inserted into different chiralities of SWCNT as a function of distance along
tube axis, since the curvature effect is very strong, were examined. There are three
chiralities of SWCNTSs, i.e., the armchair (3,3), zigzag (5,0), and chiral (4,2).
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(3.3)

R
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Fig.1. Model of 2Li atoms intercalated along tube-axis inside the ultra-small diameter
SWCNTSs

2 Computational Details and Modeling

The calculations are based on role of self-consistent field approach using density
functional theory. Hybrid-functional of B3LYP [12,13] in generalized gradient
approximation (GGA) was chosen. The 6-31G(d) basis set that includes a set of d-like
wave functions is used in calculation of the 2Li-SWCNT rigid model. Rigid structures
of SWCNT real-space cluster model are obtained from relaxed primarily SWCNT
structure by B3LYP and split-valence 3-21G basis set (B3LYP/3-21G). The fully
relaxation of two Li-SWCNT models are employed notation of B3LYP/3-
21G/IB3LYP/3-21G for observation the optimized parameters and interaction energies
to verify potential surface compare with rigid model. The optimal energy of relaxed two
Li-SWCNTs rigid structures are also carried out with notation of B3LYP/6-
31G(d)//B3LYP/3-21G. All models are calculation on each atom, i.e., C, H, and Li
atoms. The unrestricted spin wave functions are used, i.e., different orbital is played for
different spins.

The finite-length SWCNTSs are choose to model (see in figure 1) each type with
nominal formulas CgsH12, C72H12, and CgoHip for ultra-small diameter (3,3), (4,2), and
(5,0) respectively. In calculation, lithium atoms are constrained movement in the
distance along tube-axis. Two Li atoms are positioned to penetrate symmetrically, one
on each end of the nanotube. The rims of all finite nanotube structures were saturated by
hydrogen. The interaction energy of the system is defined by subtracting the sum of the
total energy of undoped nanotube and the energies of the isolated Li atoms from the
total energy of the complex system.

3 Results and Discussion

Practically, using the chirality effect for the energetic of Li atoms inside the
ultra-small diameter nanotubes, we consider whether the alkali atoms can overcome the
barrier of insertion and the ability of atoms are inside nanotube. Our previous work [14]
revealed that Li atom favorably located at the center of small diameter (6,0) nanotube.
We referred the longitudinal direction along nanotube-axis as a pathway for moving 2-
Li atoms through the open-mount and along longitudinal direction of ultra-small
diameter nanotubes.
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Fig.2. The interaction energies as a function of the distance measured from the
geometric center of the finite-length [a] (3,3), [b] (4,2), and [c] (5,0) nanotubes. The
dot-circle line is binding energy from rigid model, solid-square line is interaction energy
form the model of fully optimization of two Li-SWCNTSs, and triangle-blue line is
interaction energy from B3LYP/6-31G(d)//B3LYP/3-21G model. The vertical solid line
marks the position of the nanotube edge.

The binding energy of all models is demonstrated in Figure 2. They
demonstrated the binding energy compare with the distance along half tube-axis. All
models are shown the energy change as 2-Li penetrated through each open-mount of
SWCNTSs. It referred Li atoms have lower binding energy inside than outside. These
results could confirm that Li can be draw from exterior into interior of an ultra-small
nanotube. However, it appeared energy barrier at the open-mount of (5,0) chirality for
non-relaxed rigid B3LYP/6-31G(d) (black-dot line) and relaxed rigid B3LYP/6-
31G(d)//B3LYP/3-21G (blue line) models (see figure 2c). Even though both rigid
models are not so well with (5,0) tube at open-mount, though the energy profile of rigid
models are still satisfy the energy profile of fully relaxation (B3LYP/3-21G//B3LYP/3-
21G) model. Because of rigid B3LYP/6-31G(d)//B3LYP/3-21G model has given the
binding energy behind fully relaxation model, the quantitative binding energy exhibited
deeper than non-relaxed rigid model about 22%. However, it implied that the rigid
model could qualitatively used to describe the potential curve of Li atoms intercalation
the ultra-small SWCNTSs. For fully relaxation model (black line), the energy profile
inside the fully relaxed 2-Li intercalated shortly (3,3) and (5,0) nanotubes have a
slightly energy barrier fluctuation. Particularly (3,3) chirality (figure 2a), It has shown
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deeper binding energy (~5 eV) when Li atoms located at each open-mount than the rest.
Oppositely, (5,0) tube shown the binding energy (~5.5 eV) when Li-Li closed to
nanotube center. It revealed deeper binding energy than it is located near the open-
mount (see figure 2c). For (4,2) chirality has rather flat energy curve if Li atoms located
inside nanotubes (see figure 2b).

The Li-Li interaction inside (3,3) has a rather long-range Coulomb repulsion
than the others tubes. For (3,3) tube, the interaction shows Li atoms has strongly
repulsive even though both Li atoms are as long as possible a distance inside nanotube.
It would ensure that Li can not easily movement inside (3,3) structure. However, (5,0)
nanotube has been shown explicitly difference of Li-Li interaction with (3,3) and (4,2)
tubes. It was exhibited more attractive energy inside nanotube when two Li atoms
closed together. Then, it probably formed a Li cluster at tube-center of (5,0) nanotube.
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Fig.3. The binding energies per C atom as a function of the distance measured along
cross-section of the finite-length (3,3), (4,2), and (5,0) nanotubes. The B3LYP/6-31G(d)
energies obtained from 2-Li atom into SWCNT relaxed structures by B3LYP/3-21G

In order to determine the chirality dependence of Li-intercalated ultra-small
diameter SWCNTSs, the binding energies per C atom as a function of the distance
measured along cross-section of the finite-length (3,3), (4,2), and (5,0) nanotubes are
investigated in figure 3. In radial direction, we calculated binding energy by rigid
B3LYP/6-31G(d) model in which SWCNT structures were relaxed B3LYP/3-21G
technique. Li atom is moved from tube-axis in left side (or minus sign (-)) toward the
center of hexagon and toward the C-C bond of opposite sidewall. It exhibited lowest
energy at center of all tubes. However, the energy curve of all tubes shown a few
different when Li toward the sidewall. The energy curve nearly the center of hexagon of
(3,3) and (4,2) tubes almost coincide with each other, while that of (5,0) has a lower
energy. Even so it has manifested the coincidence between (4,2) and (5,0) tubes if Li
toward the C-C bond, while (3,3) has a higher energy. This emphasizes the interaction
in radial direction of ultra-small diameter SWCNTSs belief that strong curvature has
affect Li-Li interaction. Both radial and longitudinal directions, there has shown strong
dependence of Li-Li binding energy on the chirality of ultra-small diameter nanotubes.

Initially, the finite-length geometry of ultra-small diameter SWCNTs are
obtained from the bulk graphite. All bonding have isotropic. These structures are fully
relaxed by B3LYP/3-21G method. In complex systems, we optimized those structures
with the same methods to obtain the bond length. To analyze the changing of bond
length from pristine to 2Li-intercalated nanotube system, we divided the structure of
nanotubes as section of cylinders (see figure 1). Each section is denoted by S1, S2, S3,
and so on. The average C-C bond length (bly) of pristine nanotubes by 3-21G is
demonstrated in Table 1.
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Table 1. The average C-C bond length (bla) of pristine (3,3), (4,2), and (5,0) nanotubes.
S1, S2, S3, and S4 indicated each section of nanotube along tube-axis (see
model in figure 1)

Chirality of blay (A) from
SWCNTs bla (A) LDA calculation
S1 S2 S3 S4 Ref?  Ref’?
Pristine (3,3) 1.435 1.445 1.426 1.422 1.435
Pristine (4,2) 1.435 1.438 1.430 1.425 1.430
Pristine (5,0) 1.440 1.441 1.438 1.438 1.419 1.425

%The structure of the 4 A-diameter SWCNTSs inside the AFI single crystal.”®
®The structure of the isolated 4 A-diameter SWCNTs. 1

[c]
Figure 5 The C-C bond length difference (blgit) is the average C-C bond length (bl,y) of
the intercalation 2Li atoms inside SWCNTSs are relatively change to bl,, of pristine [a]
(3,3), [b] (4,2), and [c] (5,0) nanotubes, respectively.

From Table 1, we compared the bl,, on each section with LDA results from
Yanga [15] and Liu.[16] Our bl,, has rather more resolution than bl,, of 4 A-diameter
SWCNTSs inside the AFI system. However, a periodically LDA calculation of isolated 4
A-diameter SWCNTSs is in agreement with our bl,, within a range of 0.01-0.02 A. Such
differences are due to hybrid B3LYP functional and the full basis set (3-21G). Each
section and each type of chiralities is no identical bl,,. For each section, the explicitly
different S2>S1>S3 of bl,, are found for all nanotubes. The bond length at terminal (or
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S3, S4) is shortest bond length and S2 is largest bond length. For middle (or S1), bond
length is the same for (3,3) and (4,2) tubes. Even so it has shown different from (5,0)
tube. This is similarity with the LDA calculations that bl,, of (3,3) and (4,2) almost
equivalence.

For intercalation system, the bond-length difference (blgisr) of 2Li-intercalated
ultra-small diameter SWCNTs are shown in figure 5. These blgs are measured
comparison with pristine nanotubes in Table 1. All figures are plotted in 3D to perform
the changing of nanotube structure when Li-Li distance is located on each configuration
along tube-axis. For all nanotubes, blgis at S1 is most disturbances since Li-Li distance
closed together. S2 is smallest disturbance for armchair tube (figure 5a) whereas Li-Li
distance about 4-6 A. For (4,2) tube (figure 5b), blgir of S1 and S3 is smaller disturbed
than (3,3) tube. However S2 is a few more than (3,3) tube. Particularly, (5,0) tube is
shown some explicitly structural effects due to Li-Li interaction (see figure 5c). All
sections are strongly disturbed more than others.

4 Conclusion

In summary, Li atoms can overcome the nanotube mounts into the interior of an
ultra-small nanotube, while zigzag (5,0) tube has energy barrier at the open-mount. The
energy profiles along the tube-axis of two Li inside the zigzag (5,0) and armchair (3,3)
has occurs slightly fluctuating, whereas it is rather flat for the chiral (4,2) nanotube.
Zigzag (5,0) nanotube has been shown explicitly Li-Li localized near the tube-center. It
probably formed a Li cluster inside the zigzag nanotube. Oppositely, each Li is located
at each tube-mount of the armchair (3,3) tube. In case of (4,2) tube, no preferential
location is found for two Li atoms, as described by flat potential energy profile. The
intercalated atoms affect the geometric parameter of the central region structure more
than the rest of the ultra-small nanotube. The structural properties of zigzag (5,0)
nanotube is more sensitive to the intercalated atoms than the armchair (3,3) and chiral
(4,2) structures, respectively. Both results could be used to verify the strong chiralities
dependence of the ultra-small nanotubes.
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ABSTRACT: Theoretical investigations on single-walled carbon nanotubes (SWNTSs) have been
performed using first-principles total energy calculations to explore feasibility of doping Li atoms
through the open-end of nanotubes. Our previous work has shown that Li@tube systems could
enhance the capacity of lithium batteries by using both interiors and exteriors of nanotubes. The
insertion of Li atoms into (6,0) single-walled carbon nanotubes have shown no insertion barrier in
which the tube’ s mouth is passivated. The diffusion barrier is small inside the hanotube and Li atoms
prefer to reside aong the tube axis. For the different diameter tube, (9,0), it has shown different
interaction characteritic if lithium islocated at tube axis.

KEYWORDS: carbon nanotubes, single-walled, first-principle, DFT, Li, alkali-metal
1. INTRODUCTION

At the moment, carbon nanotubes have attracted much attention as materials for nanoscale
applications. Therefore, they can be both metallic and semiconductor depend on their chirality (Saito
1998). The other unique properties of carbon nanotubes are high tensile strength (Tu et al 2002), high
chemical, thermal stability and remarkable electronic conduction (Baughman et al 2002, Y oon et al
2002, Fargjian et al 2003). They have hollow inside which can be used as storage of atoms and ions
for batteries applications. Carbon nanotube can adsorb a number of atomic and molecular species, for
instances alkali metals (Bendiab et al 2001, Claye et al 2000, Rao et al 1997, Wadhawan et al 2001)
and hydrogen, nitrogen, oxygen, and methane gases. The adsorption properties provide the
opportunities for applications such as hydrogen and other gases storage (Dillon et al 2001), gas
sensor (Peng et al 2000), catalyst (Nisha et al 2000) and Li-ion batteries (Tarascon et al 2001).

In our research, we have studied the insertion of alkali-metal atoms through the opening mount
of single-walled carbon nanotubes as a function of distance along tube-axis, as well as variation of
nanotubes length. The nanotube diameter is also studied in some specific structures to investigate
the effects on potential energy.

2.METHOD AND DETAILSOF CALCULATIONS

In our work, the calculations have been carried out in the density functional formalism with a
self-consistent manner. The insertion process is performed using a real-space cluster scheme with
Becke's 3-parameter hybrid functional (Becke 1993) where the correlation functions is provided by
the functional of Lee-Yang-Parr, which includes both local and non-local terms (Lee et al 1988,
Miehlich et al 1989). We use a standard all-electron basis set of 6-31G to represent orbitals of C, H,
and Li atomsin all calculations. Spin-unrestricted wave functions are employed for different orbitals
and spins.

All the SWNT structures employed in this study are the zigzag type represented by a
chirality of vector (m,0) (Saito 1998). The SWNT in this study are finite-sized by varying unit-cell
cylinder along tube-axis and hydrogen atoms are used to cap the dangling carbon atoms at the two
open-ends of the nanotube. The structure of nanotubes have been non-relaxing atomic coordinate, in
order to save computational effort with point group symmetry of D6H and C2V for (6,0) and (9,0)
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nanotubes respectively. Penetration of Li through the two open-ends of nanotube has been done
based on tube-axis trajectory.

3. RESULTS AND DISCUSSIONS

Our previous work on the potential energy surface of Li atom inside (6,0) SWNT has
demonstrated that Li atom prefers energy minima located at the center of nanotube (Udomvech et al
(unpublished)) as depicted in Figure 1. From this point, the present works used the direction of (6,0)
nanotube center as a reference path for moving Li atoms through the open-mount of nanotube. The
binding energy profile of the system was defined by subtracting the total energy of the whole from
the sum of the total energy of SWNTSs and the energies of the isolated Li atoms.

14 T T T T T T T T T T T
—ao— (6,0) 1UC
121 —s—(6,0) 2uC
—=— (6,00 3UC &

10 F f/a@
7\
v/ \t
J\

Interaction Energy (eV)

Distance to the center (Angstrom)

Figure 1. Demonstration of potential energy surface of Li atom and (6,0) nanotube
interaction on cross section direction

With theoretical investigation using density functional approach, we found that the insertion
of two Li atomsinto (6,0) single-walled carbon nanotubes has no insertion barrier in which the tube
mouth is passivated by H as depicted in Figure 2. The dot, dash and dot-dash lines indicated the rim
of nanotubes of different lengths. The Li atoms have lower energy inside the nanotube than outside
the nanotubes. For two Li atom-SWNT (Figure 2a), all structures exhibit small diffusion barrier
inside the nanotube, which suggested that Li atoms prefer to reside along the tube axis and not freely
moving. Particularly, the interaction of 2 Li atoms inside nanotube 3UC (~7 A) is similar to the
results of Liu and co-worker (Liu et al 2003). The binding energy curves for Li-C are rather smooth
for nanotube length 5UC (~11 A). These results show different binding energy from LDA approach
by Yang and co-worker which suggests there is no energy barrier to docking Li atoms inside
nanotubes (Yang et al 2001). The binding energy curves give the screened Li-Li interaction when the
two Li atoms are close to each other. The Li-Li interaction is weakly repulsive at long distance of
two Li atoms that will possibly push other Li atomsinto the interior nanotube.
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Figure 2. Binding energy as afunction of the distance from the Geometric center of
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Figure 3. (a) Demonstration potential energy surface of Li atom and (9,0) nanotube interaction
on cross section direction (b) Binding energy as a function of the distance from the
geometric center of the (9,0) SWNT of finitelength 3UC

Figure 2b shows that if 3 Li atoms are inserted into nanotubes, the binding energy will be
deeper than insertion of 2 Li atoms. However, it shows unsatisfied result for lithium located far away
from nanotube-mount for the reason that Kohn-Sham orbitals could not represent local electron at
very far distances. For the larger diameter nanotube, (9,0), previous work revealed double-well
potential shape as depicted in Figure 3a (Udomvech et al (unpublished)). Up to this point, we
suggested (9,0) nanotube could be used as host material for storage number of atoms and ions more
and better than (6,0) one. However, the insertion of Li atoms on tube-axis direction is important. It
shows different binding energy if lithium atoms |located at the tube axis as depicted in Figure 3b.

The interaction curve reveals that Li atoms do not prefer to located aong the tube-axis
direction of (9,0) nanotubes. The hinding energy of the Li atoms are different from (6,0) nanotube
both inside and outside. We are pursuing study of Li atoms moving in other direction, e.g. off tube-
axis direction close the sidewall of nanotube.

4. CONCLUSIONS

We have found that Li atoms prefer to locate at sites along the tube-axisin (6,0) nanotube but
not in (9,0). The insertions of Li atoms to SWNT have energy barrier when the open-mount are
passivated. The diffusion barrier is small inside the nanotube indicating that Li atoms prefer to reside
along the tube axis and not freely moving. The Li atoms have lower energy inside the nanotube than
outside the nanotubes. In larger diameter of nanotube, the interaction curve shows that Li atoms do
not prefer to locate at the tube-axis direction.
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Abstract

Computations of Li-intercalation into ultra-small single walled carbon nanotubes have been
carried out within the framework of the first principles density functional calculation. The
energetic and structural properties of two Li atoms as a function of distance along the
longitudinal axis of (3,3), (4,2) and (5,0) nanotubes have been calculated. It was found that Li
atoms can be easily pulled into the interior of (3,3) and (4,2) nanotubes, whereas there exists a
small energy barrier at the open-mount of (5,0) tube. Thus, the energy profiles along the
longitudinal axis inside the zigzag (5,0) and armchair (3,3) are slightly fluctuating, whereas it
is rather flat for the chiral (4,2) nanotube. The zigzag (5,0) nanotube allows Li-Li to localize
near the tube center, which would probably form a Li, cluster inside the nanotube. In contrast,
Li atoms prefer to locate near the open mounts of the armchair (3,3) tube. In case of (4,2)
nanotube, no preferential location is found as described by the flat potential energy profile.
The intercalated atoms affect the geometric parameters at the central region structure more
than the rest of the nanotube. The structural properties of zigzag (5,0) nanotube is more
responsive to the intercalated atoms than the armchair (3,3) and the chiral (4,2) structures,
respectively. These results support an evidence that chirality plays a crucial role in Li-tube
interactions, especially for the ultra-small nanotubes. The study also suggests that appropriate
tubule chiralities are needed for using as efficient anode materials in Li battery.

Keywords: carbon nanotube, Li-battery, computational modeling, chirality

I. INTRODUCTION

Carbon nanotube (CNT) [1] has attracted much attention as a potential candidate for
nanoscale devices. Particularly, single-walled carbon nanotubes (SWCNTs) have become
ones of the most studied materials due to their unique properties. [2-5] An individual SWCNT
can be thought of as a rolling up a flat graphene sheet. [6] Recently, SWCNTs with precise
diameter and length can be synthesized and fabricated. [7-9] These carbon nanotubes have a
diameter of ~ 4 A and are perfectly arranged in a closely packed hexagonal lattice. [10-12]
The adsorption property of CNTs provides the opportunities for applications such as hydrogen

and gas storage [13], gas sensor [14], catalyst [15], and Li-ion batteries. [16] In case of Li-ion
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battery, the key important role to increasing the stored energy density lies in improving the
electrode materials. CNT is a prospect candidate for uses in Li-ion batteries because the large
numbers of nanoscale sites available for intercalant atoms on the CNT exceed those found on
the commonly used graphite electrode, LiCs. [17] For instances, higher lithium capacity up to
Li; 6Ce and Li,7Cs has been achieved in SWCNT [18]. A theoretical capacity is predicted
with enhanced lithium density up to LiC; [19].

In the present work, we have studied the intercalation of two lithium atoms inside the
ultra-small diameter SWCNT. Intuitively, the ultra-small diameter SWCNTSs are ideal anode
materials for Li-ion battery. The unusually high surface-volume aspect ratio could extend the
storage capacity beyond presently known anode materials. The ultra-small 4-A diameter
carbon nanotubes have three possible chiralities such as the armchair (3,3), zigzag (5,0), and
chiral (4,2). As a result, investigation of lithium intercalation into these structures is necessary
to understand effects from chirality. The first principles density functional calculation was
chosen to investigate the energetic and structural properties.

Il. COMPUTATIONAL DETAILS

In the present work, Kohn-Sham density functional theory was used. The generalized
gradient approximation of Beck’s three-exchange parameters (B3) [20] and Lee-Yang-Parr
local and non-local correlation potentials (LYP) [21] were chosen using 6-31G(d) and 3-21G
Gaussian basis sets. To investigate the potential energy profile of inserting two Li atoms into
the nanotubes, three models of the Li,@SWCNT structures were proposed. The first model is
denoted by “rigid Li,@SWCNT/6-31G(d)”, of which interaction energies were calculated at
the 6-31G(d) level based on the Li-free SWCNT geometry optimized at the 3-21G level. This
model could save a lot of computational power because it neglects geometrical relaxation of
the nanotubes upon Li’s insertion. The second model, as denoted by *“B3LYP/3-
21G//B3LYP/3-21G”, represents the interaction energies calculated at 3-21G level based on
the optimized Li,-tube geometry obtained at the same level of theory. The third model, as
denoted by “B3LYP/6-31G(d)//B3LYP/3-21G”, is similar to the second model, for which the
energy profile is calculated at 6-31G(d) but using the optimized structure obtained at the 3-
21G level. Usage of various types of model would reveal dependency of the results on the

computational models.

* Corresponding Author: teerakiat@yahoo.com
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In principles, Li intercalation is referred to adsorption of Li atoms or ions in the
interior and/or at the exterior side-walls of CNTSs. In the present work, we are interested in the
intercalation process that brings two Lithium atoms into the nanotube’s interior. For such
small diameter nanotubes, Li atom is assumed to locate at the center of the tube, as also
suggested by our previous study of (6,0) nanotube [22]. Fig. 1 defines the pathway for moving
two Li atoms along the longitudinal axis of the nanotubes. In the calculations, two Li atoms
were moved symmetrically along this path from each end of the nanotube into the interior.
The high symmetry of Li, intercalation helps reduce computation time. The finite-length
models (see Fig. 1) with the nominal formulas CgsHi2, C72H12 and CgoHio Were chosen to
represent the (3,3), (4,2) and (5,0) ultra-small diameter SWCNTSs, respectively. The rims of
all nanotubes were saturated by hydrogen atoms. The unrestricted spin wave functions were
used. The interaction energy, AE, of the system is defined by subtracting the sum of the total
energy of Li-free nanotube and the energies of the isolated Li atoms from the total energy of

the whole complex.

I11. RESULTS AND DISCUSSION

A. Energetic Properties

The potential energy profiles obtained from DFT/B3LYP calculation of all models are
shown in Fig. 2, which demonstrates the energy change as two Li atoms move through each
open-mount of SWCNTs. All models predict that Li atoms are stabilized inside carbon
nanotubes, although some models exhibit potential barrier at the entrance of the tube’s mount
due to the repulsion with the hydrogen atoms capped at the tubule ends, i.e., the fixed-
2LI@SWCNT model and the B3LYP/6-31G(d)//B3LYP/3-21G model of (4,2) and (5,0)
nanotubes. In general, all models reproduce the same potential energy shape, although the 3-
21G overestimates the potential energy. The compatibility of the potential curves generated
from the “rigid Li,@SWCNT/6-31G(d)” and the B3LYP/6-31G(d)//B3LYP/3-21G models
suggests that rigid structural model, instead of the relaxed ones, can be used to reproduce the
potential energy surface for Li-intercalated nanotubes, in order to minimize the computational
resources.

In case of the fully optimized B3LYP/6-31G(d)//B3LYP/3-21G model, the potential
energy of the full relaxation models (circle-solid line) has an analogous shape with that of
Liu. [23] The energy profile inside the fully relaxed (3,3) and (5,0) nanotubes have a slight
energy fluctuation. For the (3,3) tube (Fig. 2a), there is a potential well when Li atoms are

located near each open-mount. In contrast, the (5,0) tube (see Fig. 2c) reveals a preferential
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binding energy when Li-Li is closed to the nanotube center. The intercalated (4,2) nanotube
(Fig. 2b) has a rather flat energy curve, in which the potential well does not exist at the
mount, contrary to Liu’s result that the potential well was found. Such contradiction may arise
from the PW91 functional employed in Liu’s case.

Since the Li-Li interaction inside the (3,3) tube has a rather long-range Coulomb
repulsion than the others tubes, such chirality might not be a good candidate for Li host
because Li atoms can reside with less packing. In contrast, the (5,0) nanotube has shown the
formation of Li cluster inside the tube. Each Li binds strongly when it is facing to the
hexagonal ring with Li-Li distance about 4 A. Such potential energy shape (Fig. 2c) is useful
for drawing Li atoms into the tube, allowing more packing than the (3,3) chirality. The
charge-screening effect from nanotube allows Li atoms to come closely together more than
bare Li atoms [24].

The above-mentioned results provide good reasons for the utilization of the ultra-small
diameter nanotube as anode materials of Li battery as follows: (i) (3,3) nanotube may not be
suitable because Li prefer to localize near tube-mounts, (ii) (5,0) tube may be used as host
material in battery or to make single atomic chain (or nanowire) due to highly-packed cluster
formation, and (iii) Li would followed charge-discharge cycle and reversibility very well in
(4,2) more than other two nanotubes due to the flat potential inside the nanotube.

B. Structural Properties

In this section shall we discuss the structural properties of the bare and Li,-intercalated
nanotubes. For convenience, we divide the structure of nanotubes into different sections (S1-
S4) as depicted in Fig. 1. Table I compares the average C-C bond lengths (bl,) with LDA
results from Yanga [25] and Liu [26]. The periodic LDA calculation of isolated 4 A-diameter
SWCNTSs is in agreement with our results within a range of 0.01-0.02 A. Each section has
different bl,, values with a relationship S2>S1>S3 for all types of nanotubes. The average C-
C bond length of the pristine tubes obtained by the 6-31G(d) basis set is in agreement with the
3-21G within 0.002 A resolutions. Therefore, 3-21G basis set should be sufficient for
describing geometry and this should justify our nanotube models employed in this work.

To demonstrate the effects of Li-intercalation on the nanotube geometry, the bond-
length difference (blgirr) between the intercalated and pristine tubes is plotted in Fig. 3. The
plot shows that the nanotubes expand their geometry slightly in the proximity of the Li’s
location. For instances, Li will cause a strain at the terminal section when it starts to enter the

tube and this strain moves together with the Li, as shown by the diagonal ridge of the 3-D plot
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where Li is located. Thus, such geometrical distortion is more expressed in the (5,0) than the
(4,2) and (3,3) chiralities (see Fig. 3(a-c)). This could be the reason that the Li,-intercalated
(5,0) nanotube has a quite fluctuating potential profile (Fig. 2). Again, the (4,2) chirality has

shown its advantage for Li host over other types of ultra-small diameter SWNTSs.

IV. CONCLUSION

This study supports a notion that chirality plays a crucial role in Li-tube interactions,
especially for the ultra-small nanotubes, which affects the suitability of each kind of chirality
as anode material in Li-battery. The results bring a conclusion that the (4,2) nanotube is the
most suitable candidate among all chiralities as an efficient anode materials, based on the
special characteristics as follows:

(1) If we consider the energy profile inside the nanotubes, Li could bind with the (4,2)

nanotubes more strongly than the (5,0) and (3,3) chiralities. The flat potential
energy curve inside the (4,2) nanotube would allow loading and de-loading of Li
atoms during the charge-discharge process to happen easily. In contrast, the local
minima existing in the (5,0) and (3,3) chiralities are a disadvantage for
reversibility.

(2) Loading of Li atoms into carbon nanotubes can cause strain to the nanotubes’
geometry. It was found that the (4,2) and (3,3) nanotubes have less geometrical
distortion than the (5,0) nanotube.

It must be noted, however, that the above-mention hypotheses are based on limitation
posed by the intercalation model that involves with only two Li atoms. Further investigation

which extends this model to a higher level is in progress.

ACKNOWLEDGMENT

This work was financially supported via a Networked Laboratory grant from the
National Nanotechnology Center. Career Development Grants from the Thailand Research
Fund in cooperation with the Commission on Higher Education given to T.K. (RMU4880008)
are acknowledged. The authors express gratitude to Prof. I. M. Tang for High Performance
Computing and reading the manuscript.

References

[1] S. lijima, Nature (London) 354 (1991) 56.
[2] Z. Tu, Ou-Yang, Phys. Rev. B 65 (2002) 233407.



[3] M. Meyyappan, Carbon Nanotubes Science and Applications. CRC Press, Florida,
2005.
[4] A.A. Farajian, B.l. Yakobson, H. Mizuseki, Y. Kawazoe, Phys. Rev. B 67 (2003) 205423.
[5] P. Avouris, Chem. Phys. 281 (2002) 429-445.
[6] R. Saito, G. Dresselhaus, M.S. Dresselhaus, Physical Properties of Carbon Nanotubes.
Imperial College Press, London, 1999.
[7] Z.K. Tang, H.D. Sun, J. Wang, J. Chen, G. Li, Appl. Phys. Lett. 73 (1998) 2287.
[8] H. Shimoda, B. Gao, X.P. Tang, A. Kleinhammes, L. Fleming, Y. Wu, O. Zhou, Phys.
Rev. Lett. 88 (2002) 015502.
[9] Z. M. Li, J. P. Zhai, H. J. Liu, I. L. Li, C. T. Chan, P. Sheng, Z. K. Tang, Appl. Phys. Lett.
85 (2004) 1253.
[10] C. Marin, M.D. Serran, N. Ya, A.G. Ostrogorsky, Nanotechnology 14 (2003) L4-Lb5.
[11] M. Hulman, R. Pfeiffer, H. Kuzmany, 2004, New J. Phys. 6 (2004) 1.
[12] Y.F. Mei, G.G. Siu, Ricky K.Y. Fu, P.K. Chu, Z.M. Li, J.P. Zhai, H.J. Liu, Z.K. Tang,
C.W. Lai, H.C. Ong, Appl. Phys. Lett. 87 (2005) 213114.
[13] A.C. Dillon, M.J. Heben, Appl. Phys. A. 72 (2001) 133.
[14] S. Peng, K. Cho, Nanotechnology 11 (2000) 57.
[15] J.A. Nisha, M. Yudasaka, S. Bandow, F. Kokai, K. Takahashi, S. lijima, Chem. Phys.
Lett. 328 (2000) Issue 4-6 381.
[16] J.-M. Tarascon, M. Armand, Nature 414 (2000) 359.
[17] N. Li, C.R. Martin, B. Scrosati, J. Power Source 97-98 (2001) 240.
[18] M. Winter, J.O. Besenhard, M.E. Spahr, P. Novah, Adv. Mater. (Weinheim, Ger.) 10
(1998) 725.
[19] J. Zhao, A. Buldum, J. Han, J.P. Liu, Phys. Rev. Lett. 85 (2000) 1706.
[20] A.D. Beck, J. Chem. Phys. 98 (1993) 5648.
[21] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B. 38 (1998) 785.
[22] A. Udomvech, T. Kerdcharoen, T. Osotchan, Chem. Phys. Lett. 406 (2005) 161.
[23] H.J. Liu, C.T. Chan, Solid State Comm. 125 (2003) 77-82.
[24] Unpublished data in which bare Li-Li interaction given by B3LYP/6-31G(d) calculation.
[25] X.P. Yanga, H.M. Weng, J. Dong, Eur. Phys. J. B 32 (2003) 345.
[26] H.J. Liu, C.T. Chan, Phys. Rev. B 66 (2002) 115416.

Table I: The average C-C bond length (bl,,) of pristine (3,3), (4,2), and (5,0) nanotubes was
calculated by B3LYP/3-21G level. S1, S2, S3, and S4 indicated each section of nanotube
along tube-axis (see model in figure 1). The average C-C bond length (bl,,) obtained from
B3LYP/6-31G(d) calculation, is shown in [...]

bla (A) from
blay (A) LDA
S1 S2 S3 S4 ref 2 ref P

(33) 1435 1445  1.426 1422 1435
[1.431] [1.443] [1.426]
(42) 1435 1438  1.430 1425  1.430



[1.436] [1.436] [1.428]
(50) 1440 1441 1438 1438 1419  1.425
[1.439] [1.440] [1.437] [1.428]

®The structure of the 4 A-diameter SWCNTSs inside the AFI single crystal.34
PThe structure of the isolated 4 A-diameter SWCNTs.®
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Fig. 1. Model of two Li atoms intercalated along longitudinal-axis inside the ultra-small
diameter SWCNTSs.
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Fig. 2. Demonstration the potential energy curve of Li,@SWCNT, [a] (3,3), [b] (4,2), and [c]
(5,0) nanotubes. The square-dot line, circle-solid line and black-white triangle line represents
the rigid-2LI@SWCNT, B3LYP/3-21G//B3LYP/3-21G and B3LYP/6-31G(d)//B3LYP/3-21G

model, respectively. The vertical dash line marks the nanotube edge.
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[c]

Fig. 3. The C-C bond length difference (blaifr) of the intercalation two Li atoms inside
SWCNTSs are relatively change to the average C-C bond length (bla) of pristine [a] (3,3), [b]
(4,2), and [c] (5,0) nanotubes, respectively.
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Abstract

Copolymerization of 9,9- Di (2° - ethylhexyl) 2,7 dibromofluorene (BEH-PF) and
dibromo (anthracene) can be applied as an emitting layer of the organic light emitting devices
(OLED). In order to investigate the effect of anthracene composition to the electronic structure of
the copolymer, geometry optimization of oligomer were performed at the AM1 level. The
electronic structures of the oligomer ground state were investigated at B3LYP/6-31G* level. The
energy gaps between LUMO and HOMO of the oligomers was extrapolated to the case for
infinite chain length. For studying the monomer ordering effect, the same composition oligomer
with different ordering were optimized and calculated the energy at the same level before. The
energy gap results obtained from the ground state structure show that both the anthracene
composition and the monomer ordering affect the electronic structure of the copolymer.

1. Introduction

Since organic light emitting device (OLED) was first demonstrated [1], a humber of
organic molecules and conjugated polymers have been fabricated for organic layer OLED. The
chemical structure of conjugated polymer can be controlled, hence the emitting color are easily
adjusted [2]. The color tuning is one of the advantages of organic over inorganic LED. Another
advantage of the polymer light emitting devices is the case of fabrication by spin-coating
deposition with polymer solution over the large areas, applied to the application on the flat panel
display [3].

Polyfluorene is an interest polymer for emissive layer in OLED because of its high
luminescence intensity in the blue region [4]. In order to improve the efficiency and stability of
the luminescence from this polymer, the copolymerization of polyfluorene with the low band gap
monomer was proposed by copolymerization with anthracene [5]. Additional, the flexible
copolymerization process may lead to the color tuning of the emitting spectra due to the change
of conjugation length in the polymer chain [6].

In this paper we investigated the electronic structure of the copolymerization of
copolymer of 9, 9- Di (2 - ethylhexyl) 2, 7 dibromofluorene (BEH-PF) and dibromo(anthracene).
The effects of anthracene composition to the electronic structure of the copolymer can be
demonstrated by theoretical study and compared with the experimental results. Then the effects
of the monomer ordering to the electronic structure and the conformation of the copolymer were
also investigated.
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Fig. 1 Oligomer structure of modeled PF (a), 33.3% anthracene (b) and 50% anthracene (c)
used in the investigation of the anthracene composition effect to the electronic structure of the
copolymer.

2. Methodology

The molecular structures of the BEH-PF were modified by replacing the ethly group at
the 9 position to reduce the calculation time. The oligomer geometries were optimized at the
AML1 level and the ground-state energy were performed by using B3LYP/6-31G* level. The
energy gap between HOMO and LUMO of the polymer were obtained by plotting the enery gap
of monomer through tetramer against inverse chain lengths and extrapolating to the infinite chain
length.

3. Results and discussions

In order to investigate the effect of monomer composition to the electronic structure, the
monomer chemical structure with 0, 33.3 and 50 percent of anthraceneare are used in calculation
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as shown in figure 1. The optimization geometry of the 6 oligomer units obtained by AM1 level
is displayed in table 1. The dihedral angle between the PF (BB) is about 41.2 degree for oligomer

Dihedral angle
Percentage of ELumo-Homo
(degree)

anthracene (%) (eV)
BB BA

0 41.2 - 3.54

33.3 41.2 71.2 3.37

50 - 55.7 3.05

Tablel. Average optimized dihedral angle and energy difference of the 6 oligomer units with
different percent of anthracene. A represents Anthracene and B represents BEH-PF.

with all anthracene percentage. And the dihedral angle between PF and anthracene (BA) is about
71.2 and 55.7 degree for 33.3% and 50% of anthracene composition, respectively.

The energy difference between LUMO and HOMO levels (ELumo-Homo) Of the copolymer
at various percent of anthracene was plotted as a function of inverse of number of repeating units
and demonstrated in figure 2. The extrapolated energy gaps for the infinite chain length of the
oligomer are about 3.2, 3.1 and 2.8 eV for 0% 33.3% and 50% of anthracene, respectively.
Therefore, it indicates that the E; umo-nomo 1S decrease as percent of anthracene increases.

@ 50% Anthracene
M 33.3% Antracene
0% Anthracene

A
3]

E(Lumo-Homo (eV)

w
w (&)} e
I I I

N
(&
\

N

0.2 0.4 0.6 0.8 1
1L

o

Fig 2 Energy difference between LUMO and HOMO levels of copolymer with various
anthracene composition as a function of the inverse of number of repeating units
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In order to study the effect of monomer ordering, the 25% anthracene oligomers with the
ordering molecular arrangements of BBBABBBA, BBBAABBB and ABBBBBBA were
calculated the optimum molecular structure and energy as indicated in table 2. For the optimized

structure at AM1 level, the inter-ring distance between the monomer units is about 1.46 angstrom.

The dihedral angle between PF rings (BB), between PF and anthracene ring (AB) and between
anthracene (AA) are about 41.2, 70 and 90 degree, respectively. Additional, the total energy of
the oligomer are the same for all of the oligomer ordering. The dipole moment in the symmetry
molecule has less value than that in the asymmetry molecule. The electronic structure of 25%
anthracene oligomer exhibits the low E_umo-Homo in the case that anthracene is normal disperse
along the polymer chain. For the cases of the oligomer have an anthracene cluster in the middle
of chain the E_uwmo-Homo is high as well as that for anthracenes are separated.

25% Anthracene BBBABBBA | BBBAABBB | ABBBBBBA
Inter-ring B-B 1.46 1.46 1.46
o A-B 1.46 1.46 1.46
distance( A) AN - 147 :
_ BB 41.2 41.2 41.2
Dihedral
les(d ) AB 71.2 70.7 69.8
angles(degree
AA - 90.0 -
Total energy
) -3.15x10° | -3.15x10° | —3.15x10°
(Kcal mol™)
Dipole moment (D) 0.94 0.25 0.17
ELUMO_HQMQ(BV) 3.37 3.43 3.44

Table2. Average optimized structural parameters of the 25% anthracene oligomer with
different monomer ordering. A represents Anthracene and B represents BEH-PF.

The ordering effect in 33.3% anthracene copolymers also demonstrated the similar
properties, as listed table 3, as that in 25% anthracene copolymer. The inter-ring distance
between the monomer units is about 1.46 angstrom. The dihedral between the PF rings (BB),
between PF and anthracene rings (BA) and between the anthracene monomer (AA) are 41.2, 70
and 90 degree, respectively. For 33.3% anthracene copolymer, the oligomer with anthracene
normal disperse along the polymer chain has lower E_ymo-Homo than that for the cases of the
oligomer have a cluster anthacene in the middle of molecule.
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33.3% Anthracene BBAABB BBABBA ABBBBA
Inter-ring BB 1.46 1.46 1.46
o AB 1.46 1.46 1.47
distance( A) AA 147 - -
) BB 41.2 41.2 41.2
Dihedral
AB 70.8 71.2 69.7
angles(degree)
AA 90.3 - -

Total energy
—-2.32x10° | -2.32x10° | —2.32x10°

(Kcal mol™)
Dipole moment (D) 0.53 0.59 0.06
ELUMO_HQMQ(BV) 3.44 3.38 3.24

Table3. Average optimized structural parameters of the 33.3% anthracene copolymer with
different monomer ordering. A represents Anthracene and B represents BEH-PF.

Thus it can be indicated that the monomer ordering does not affect the molecule
conformation but this affects the electronic structure of oligomer. For more understanding in this
effect the molecular orbitals on the oligomer molecule are visualized near HOMO and LUMO
states as displayed in Fig. 3. When anthracenes cluster in the center of chain, most electrons
localize only around the anthracene rings and do not localize along the oligomer chain.
Additional, the large twisting out of the plane between the anthracene rings (90 degree) is
effectively interrupt the =- orbital overlap along the backbone. Thus this results in the poor
electronic delocalization over the molecule. However for the case those anthracenes are dispersed
along the polymer chain, electron can localize along the oligomer chain well.

It can be indicated that the dispersion of anthracene in the polymer chain leads to more
localized electron along the chain and affects the long conjugation length and smaller energy gap
of the copolymer. The results of 25 % anthracene copolymer are consistent with the 33.3%
anthracene copolymer except for the case that anthracene is seperated far away as 6 units. This
case may be due to the large distance between anthracene on the chain so the electrons localize
only on the anthracene unit. The E_ymo-Homo Value is close to that from the case that anthracene
cluster in the center of the chain.
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BBAABB
ABBABB
HOMO HOMO
LUMO LUMO
LUMO+1 LUMO+1

Figure 3. Molecular orbital at HOMO, LUMO and LUMO+1 levels for the 33.3% anthracene
copolyemer with the ordering of ABBABB and BBAABB

4. Conclusions

The optimized molecular structures of the oligomer by AM1 level exibit that niether the
anthracene composition nor monomer ordering affect the conformation of copolymer chain. The
anthracene monomers play the role in decreasing the LUMO and HOMO energy difference of
the copolymer. Electrons localize well between the anthracene ring and the copolymer that have
disperse anthracene monomer along the chain exhibits the lower energy difference than that in
the case of the polymer that have the anthracene cluster in the middle of molecule.
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Abstract

Fluorene is one of the important polymers that can be used as emitting layer on
the light emitting diode (LED). Full geometrical optimization of Fluorene dimer was
performed based on semiempirica AM1 method, and ab initio at the HF/3-21G* and
HF/6-31G* levds. It is found that the Structure shows syndiotactic conformation with
the torsion angle of the dimer equals to 40 and 49 degrees. Moreover, ground-state
structures and properties of fluorene oligomer and its derivatives, R = methyl, hexyl and
2-ethylhexyl, up to pentamer, were investigated a the B3LY P/6-31G*//HF/3-21G*
level. Structura parameters of Fluorene are in quditative agreement with X-ray
crystalographic data. Chain length dependence of excitation energies of fluorene and
its derivatives was then studied employing the time-dependent density functional theory
a the TDB3LYP/6-31G*//[HF/3-21G* leve. Energy band gaps and effective
conjugation lengths of the corresponding polymers were predicted by extrapolating
vertical excitation energy of dimer through pentamer to infinite chain length. The
obtained results indicated that larger subgtituent size from methyl to hexyl groups
decreases the energy band gap as demonstrated by Eg = 2.75 and 2.55 eV, respectively.
However, the limitation of the substituent size as found by R = 2-ethylhexyl group
might be occurred as strong steric interaction effects to the eectronic delocdization of
the polymer and then, increases the energy band gap to 2.63 eV.

1. Introduction

The discovery of electroluminescence in conjugated polymers gave an impetus
to the development of light-emitting devices (LEDs) for display technology.
Luminescent polymers offer considerable processing adventages over the well-
established inorganic electroluninescent materials and organic dye molecules as they
can be deposited via spin-coating over large areas. Another important benefit of
conjugated polymers is that the color and emission efficiency can be figured by
manipulation of the chemical structure.

Fluorene derivatives present an interesting aternative to blue-light-emitting
materials. Indeed, fluorenes and fluorene oligomers are well known as higly
fluorescent compounds. These molecules contain arigidly planar biphenyl structure
in the fluorene monomer unit with facile functionalization at the C-9 position
offering the prospect of controlling the polymer solubility and other physical
properties. Moreover, the remote substitution at C-9 does not induce steric effects

* Corresponding author



with adjacent aromatic rings. In this regard, various fully conjugated polyfluorenes
have been studied for LED applications.

Derivatives polyfluorene have been synthesized by replacing atom hydrogen
on methylene bridge by aiphatic substituents such as methyl group, hexyl group
and 2-ethylhexyl group (Figure 1), leading to increasing both their solubility and
stability. Thus, the unique structure of the polyfluorene derivative yields an
attractivecombination of electronic and mechanical properties that represent
promising materials from an engineering viewpoint.

H H

HaC

CHa

17 3 17 N I
| — | | — _In
polyfluorene poly-(9,9-dimethylfluorene)
B CgHia  CeHpa ]
7N \_/ i 7\
— — n

poly-(9,9-dihexlyfluorene) poly-[9.9-di-(2-ethylhexylfluorene)]

Figure 1. lllustration of chemical structure of polyfluorene and its derivatives.

There ae seved expeimenta Sudies of polyfluorene, poly-(9,9-
dimethylfluorene), poly-(9,9-dihexlyfluorene) and poly-[9,9-di-(2-ethylhexylfluorene)]
aswell astheoretica studies a various leve of theory. Severa theoretica works can be
used to investigate physica and chemica properties of these materids. Theoretica
quantity for direct comparison with experimental band gap is the excitation energy
from the ground date to the first dipole-allowed excited state. The implicit assumption
underlying this gpproximation is that the lowest singlet excited state can be described
by only one singly excited configuration in which an eectron is promoted from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). In addition, the orbital energy difference between HOMO and LUMO is till
an gpproximate to the trandtion energy since the trandtion energy aso contains
significant contributions from some two-electron integras. However, the red Situation
is that an accurate description of the lowest singlet excited state requires a linear
combination of a number of excited configurations, athough the one mentioned above
often plays adominant role.

The calculated HOMO-LUMO gap agrees fairly well with the experimental
band gap in many cases [4]; it may probably due to the error cancellations. Hence,
it is desirable to obtain more rigorous information on the nature of the lowest



singlet excited state by employing other elaborate theoretical methods. There exist
a variety of theoretical approaches for evauating this quantity for oligomers as
well as infinite polymers. The crudest estimate is orbital energy difference
between the HOMO and LUMO obtain from density functional theory (DFT)
calculations. Among those theories, Hartree-Fock (HF)-based methods such as
configuration interaction singles (CIS) and the random phase approximation
usually only provide the qualitative or semiqualitative descriptions for the low-
lying excited states. Time-dependent density functional theory (TDDFT) is
recently developed method for calculating excitation energies. A significant
quantitative improvement in the excitation energies from TDDFT over those from
HF-based methods has been demonstrated, but a roughly comparable
computational cost.

In this study, effect of substituent size on the geometrical structures and
electronic properties of fluorene derivetives were investigated by ab initio and
density functional theory methods. Approximate band gaps were obtained by
plotting excitation energies versus inverse chain length and extrapolating to zero.

2. Methods of Calculation

Conformationa anaysis of fluorene dimers and 9,9-dimethylfluorene dimers
were investigated using semiempirica method Austin Model 1 (AM1) and ab initio
caculations at the HF/3-21G* and HF/6-31G* levels. All calculations were performed
by Gaussian 98 running on PC 2.4 GHz. The potential energy around the torsion angle
between monomer units was also andysed. The ground-state geometries of fluorene
and polyfluorene oligomers and its derivative were fully optimized at HF/3-21G* levd.

TDDFT (B3LYP/6-31G*) calculations of the excitation energies were then
performed at the optimized geometries of the ground states and approximate
excitation energies by HOMO-LUMO differences at the B3LY P/6-31G* level. Band
gaps of polymers were obtained by plotting the vertical excitation energies for the
first dipole-allowed excitation energies of dimers through tetramers or pentamers
against reciprocal chain lengths and extrapolating to infinite chain length.

3. Resultsand Discussion
3.1 Conformational analysis

Potential energy of fluorene dimers and 9,9-dimethylfluorene dimers were
performed by AM1, HF/3-21G* and HF/6-31G* calculations as shown in Figure
2. It isfound that the structure of fluorene and 9,9-dimethylfluorene dimers shows
syndiotactic conformation with the torsion angle of the dimers equals to 49
degrees in AM1 level and equals to 40 degrees at the HF/3-21G* and HF/6-31G*
levels. Based of the obtained results it is indicated that methyl group do not effect
to the for conformation structure of fluorene dimers.
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Figure 2. Potential energy curves of polyfluorene(a) R=H (b) R=CH3

For the conformationa analysis of poly-(9,9-dihexylfluorene), we found that
the conformation structure seems to be isotactic conformation with the torsion angle
of the dimer equalsto 41 degree (as shown in Figure 3).
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Figure 3. Potential energy curves of poly-(9,9-dihexylfluorene).

3.2 Geometries

The fluorene molecule is consdered as C, symmetry in the gas phase
caculations. Atomic numbering is depicted in Figure 4. Optimized bond lengths and
angles of fluorene molecule caculated with the ab initio HF/3-21G* level were
displayed in Table 1. Those from MP/6-31G*, quantum chemical force field/x eectron
(QCFF/PI) and X-ray study are aso included for comparison.

X-ray
HF/3-21G*
MP2/6-31G*

Figure 4. Comparison of the calculated and X-ray structural parameters of fluorene.



The results obtained by HF/3-21G* are very close to the corresponding MP2
ones and are in good agreement with the reported X-ray data. The calculated bond
angles are smilarly accurate to within a few tenths of a degree, except the QCFF/PI
method, which underestimates the C,,-Cy-C13 angle in particular. In the X-ray
Structure, Co-Cyo bond length is unusually shorter than the optimized values. The
origin of this difference may be the crystal packing force.

Table 1. Equilibrium Geometrical Parameters of Fluorenein the Ground State®

parameter | HF/3-21G* | MP2/6-31G* | QCFF/PI® | X-ray®
Bond length
Ci-C 1.400 1.399 1.413 1.38
C1-Cyo 1.390 1.393 1.396 1.43
C-Cs 1.399 1.401 1.411 1.38
Cs-Cy 1.396 1.396 1.411 1.40
Cs-Cny 1.397 1.397 1.401 1.41
Co-Cyo 1.516 1.511 1.520 1.47
Ci10-C11 1.411 1.409 1.419 1.41
Cu-Ci2 1.470 1.465 1.469 1.48
C;-H 1.088 1.089
CxH 1.087 1.088
Cs-H 1.087 1.088
Cs-H 1.087 1.089
Co-H 1.099 1.098
Bond Angle
C-Cs-Cy 120.5 120.6 120.9 120.59
C1-Ci0-C11 120.4 120.5 120.5 118.50
C-Cs-Cy 120.6 120.7 120.8 122.14
C>-C1-Coo 119.1 118.9 118.5 119.24
Cs-C4-Cpa 118.9 118.6 117.9 116.47
C4-C11-Cyo 120.4 120.7 121.5 122.30
Cs-C11-Cy2 131.0 130.8 131.0 109.35
Co-Ci0-C11 110.0 110.1 112.6 105.38
C10-Co-Ciy3 102.8 102.7 99.8 107.34
C10-C11-C12 108.6 108.5 107.5
C11-C4-H 120.8 121.0
C»-Ci-H 120.2 120.2
Cs-Cy-H 119.7 119.6
C4-Cs-H 119.7 119.7
H-Cy-H 106.3 106.8
& Bond lengths in angstroms, and bond angle in degrees.

® Reference 1.
¢ Reference 2 ; standard deviation for X-ray parameters is 0.02 angstrom.



3.3 Electronic properties of polyfluorene and its derivetives

Extrapolated band gaps are obtained by excitation energies or HOMO-LUMO
differences for B3LYP/6-31G*//HF/3-21G* from dimers throught pentamers of
polyfluorene and its derivatives against inverse chain length and extrapolated to
infinity as shown in Figure 5. Excitation energies, calculated by the TDDFT
(B3LYP/6-31G*) level are presented in Table 2. We used the first excited state with
significant oscillator strength (a n-n* transition), which was aso the lowest excited
state for all oligomers.

Table2. Caculated Excitation energies (in €V) of polyfluorene and its derivatives
at the various computational levels.

R=H | R=methyl | R=hexyls | R =2-ethylhexyl
TDDFT//HF/3-21G* 2.92 2.75 2.58 2.63
B3LY P/6-31G*//HF/3-21G* 3.38 3.36 3.21 331
Eq (Expt.)? 3.13 2.98 2.65 2.74
? Reference 8.

The excitation energies are extrapolated against the reciproca number of units,
which show excellent linearity. The energies obtained from extrapolated HOMO-
LUMO defferences from B3LY P/6-31G* levels are higher than the experimental band
gaps (see Figure 5). The excitation energies obtained from TDDFT a B3LY P/6-31G*
level is good agreement with experiment band gaps for fluorene oligomers and its
derivatives. It is found that the results from TDDFT, the energy band gap of fluorene
oligomers can be predicted within the range of available experimentd data

It is important to note that electronic properties of polyfluorene and its
derivative strongly depend on the aliphatic substituted side chain. The energy gap
values decrease and the energy band gap becomes lower in the order of
polyfluorene > poly-(9,9-dimethyfluorene) > poly-[9,9-di-(2-ethylhexylfluorene)] >
poly-(9,9-dihexlyfluorene). Energy band gap results indicate that derivatives of
polyfluorene can be easily internally doped to vary high electrical conductivity.
However, the limitation of the substituent size as found by 2-ethylhexyl group might
be occurred as strong steric interaction effects to the electronic delocalization of the
polymer and then, increases the energy band gap of polymer.




excitation energies (eV)

**7  m  B3LYP/6-31G*//HF/3-21G* 71w B3LYPI6-31GH/HF/3-21G*
42 ® TDDFT//HF/3-21G* = 424 e TDDFT//HF/3-21G* =
404 _— 404 _—
] A E a
= 384 - "~ 384 —
3 o ,, 3 e _—
B 364 - _— B 364 - g
5, i & o)) 4 _— g -
T 344 e T 344 -
o . o
.5 3.2 - .5 3.2 - . ~e
E 3.0 4 E 3.0 -
3] < | )
I G 284
2.6—- 2.6—-
2.4 T T T T T T T T 2.4 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Un Un
(@ (b)
4.4 4 4.4 -
m  B3LYP/6-31G*//HF/3-21G* m  B3LYP/6-31G*//HF/3-21G*
424 e TDDFT//HF/3-21G* 42- e TDDFT//HF/3-21G* -
- /[ —~ - _—
4.0 4.0 - s -
3.8 1 = g P 9 3.8 _- //’/./
E _— L ] ) ] L 5 //‘/
3.6 - " E 3.6 ~ //J/ —
4 — - S | ) — P -
3.4 4 _— ./ % 3.4 4 IS —
3.2-_/ i / § 321 . —
3.0-_ s g 3.0_- = P
2.8 _ S 4] _—
- — |l
2.6 —/// 2.6 -
2.4 T T T T T T T T 2.4 ] T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 01 0.2 0.3 0.4 0.5
1/n 1/n
(©) (d)
Figure5. Plots of calculated energy band gaps versus invese chain length in oligomer units and

extrapolating to infinite number of unitsfor (a) polyfluorene (b) poly-(9,9-dimethylfluorene)
(c) poly-(9,9-dihexylfluorene) and (d) poly-[9,9-(2-ethylhexylfluorene)].



4. Conclusions

Structural conformations and electronic properties of polyfluorene and its
derivative were performed, based on quantum calculations. A conformational study of
polyfluorene dimers by AM1, HF/3-21G* and HF/6-31G* calculations demonstrated
that the structure shows syndiotactic conformation due to repulsion between the
aromatic ring and methylene bridge of polyfluorene. The energy band gaps of
polyfluorene and its derivative were evaluated by the extrapolation of excitation
energies calculated by TDDFT (B3LYP/6-31G*) level of theory. For the
polyfluorene and its derivative, the energy band gap can be pridicted within the
range of available experimental data. The results indicated that larger substituent
size from methyl to hexyl groups decreases the energy band gap as demonstrated by
Eg = 2.75 and 2.55 eV, respectively. However, the limitation of the substituent size
as found by R = 2-ethylhexyl group might be occurred as strong steric interaction
effects to the electronic delocalization of the polymer and then, increases the energy
band gap to 2.63 eV.
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ABSTRACT

The molecular electronic devices have gained
large-scale interest in recent years, especially for future
nanoscale electronic devices. The monolayer Langmuir-
Blodgett films of a side chain liquid crystal copolymer
with an 11-methylene spacer and a composition of 50%
nitrobiphenyl and 50% methoxy ethoxy methoxy
biphenyl were prepared from the air water interface.

The current-voltage characteristics of this
molecule films were characterized by using scanning

tunnelling  microscope and  computerized |-V
measurement setup in vacuum with aluminium
electrodes. The local molecular conduction was

investigated by comparing the tunnelling current in
silicon substrate, hydrophobic treated substrate, and one
to four monolayer films. The tunnelling current and
surface morphology for three monolayer films were also
studied in the case of annealing at 100 °C for 5 minutes. It
was found that the annealed surface is smoother and
lower conductive due to the molecular rearrangement.

With aluminium electrodes, the electrical
resistance systematically increases as number of
monolayer increase from three to fifteen monolayer films
as demonstrated by the linear increase of the electrical
current as a function of inverse film thickness. This result
shows the evidence of the main contribution in electrical
conduction originated by the molecular monolayer. This
result is not a consequence of the metal contact effect
since the contact for all devices are equivalence. The
asymmetric current-voltage relation can be observed for
forward and reverse bias probably due to asymmetric of
molecular structure.

Keywords: Molecular electronic devices, Scanning
tunneling microscope, Monolayer films.

1. INTRODUCTION

One of the first idea of molecular electronics
came from Ari Arivam and Mark A. Ratner [1] in 1974
who proposed D-c-A molecule that construct with a
donor (D) and an acceptor (A) connected with o-bond,
where D, A and ¢ are TTF, TCNQ and bycylooctance,
respectively. The molecule aligns between metal
electrodes. When potential is applied to the system,
electrons flow through the molecule, resulting in a
molecular rectifier (MR). For high quality MR
characteristic, the sharp threshold voltage, large
breakdown voltage, large current rectification ratios and
large operating current are required. In theoretical

analysis of D-oc-A mechanism, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are confined in two different
parts of the D and A, respectively. The o-bond prevents
the orbital from spilling off the other part [2]. For applied
positive potential, the Fermi level of electrode on A side
aligns with the LUMO, while that on D side aligns with
HOMO. At this voltage, the current increases sharply
because the electrons can be loaded on the LUMO, then
tunnel inelasticity [1] through the ¢ bond, the HOMO and
pass into the second electrode. In the opposite direction, a
similar process does not occur until a much higher
negative voltage applied to system.

The different mechanism of a molecular
rectification was described by Ellenbogen and Love [3].
The mechanism based on energy mismatch between two
conducting levels localized on different parts of the
molecule within the D-c-A system. Under applied
external potential, the energy levels of molecule shift
with electric field. For positive applied potential the
conducting level (LUMO) aligns and resonant transport
of electrons between the electrodes occurs at some
voltage. For negative applied potential the LUMO shifted
away from each other and the current remains small.
Therefore molecular rectification can exhibit.

The current rectification of Langmuir-Blodgett
(LB) film of y-hexadecylquinolinium tricyanoquino-
dimethanide (C1sH33Q - 3CNQ) was studied theoretically
by Krzeminski al et [4]. The active parts of this molecule
(Q-3CNQ) are composed of donor and acceptor with the
long insulating tail (CysH33) added to help form good LB
films. The Q-3CNQ is a D-n-A molecule, the analysis
confirmed that the n-bond does not sufficiently separated
D and A parts and the orbital were delocalized over the
Q-3NCNZ part. The rectification can be observed by
asymmetric position of HOMO and LUMO with respect
to Fermi levels of metal electrodes.

The numerical study of the suggested family
molecules of HS-(CH,),-CeH4-(CH,),-SH was reported
by P.E. Kornilovitch al et [5]. It was based on the spatial
asymmetric of the molecule and require only on resonant
conducting molecular level (LUMO) of =m-orbital. The
highest rectification achieved at m = 2 and n = 10.

In experimental, the electrical properties of MR
have been mostly studied in LB film configuration which
was confined between two thermally evaporated metal
The electrodes can be either the same or dissimilar metals
thus the devices have the structure of metal/organic LB
film/metal planar structure.



Molecular devices based on Q-3CNQ with
symmetric metal electrode were shown rectifying
behaviour [6]. These initial studies showed that although
the molecule existed in a charged zwitterionic [7] ground
state, it was believed that the conduction occurs via an
uncharged excited state. This high polar molecule was,
however only assembled in multilayer system. The
rectification can be observed in a monolayer of Q-3CNQ
between two aluminium electrodes. The rectification
ratios of 26 at + 1.5V were discovered with no
temperature dependence. It has been showed that the
rectification is derived from the molecular monolayer
although the oxide layer usually forms on aluminium
electrode. In order to verify, the aluminium electrode was
replaced by gold which is free oxide metal. The
deposition of top electrode was employed by cold gold
evaporation [8]. The use of gold led to the increase in
rectifying behaviours for most cases. It has been pointed
out that there is a loss of rectification over multiple cycles
of measurement [9].

Ashwell et al [10] confirmed that z-type 30 layer
film of Q-3CNQ exhibited the rectification between gold
electrodes. The thermal evaporation of the gold electrode
may have destroyed 20 of the 30 layers, as monitored by
a decreased absorbance. The current for the multilayer
was three orders of magnitude smaller than that in
monolayer [11], either because of inefficient electron
transport between adjacent layers or current contributions
from gold filaments within the LB monolayer.

The other methods are observe the electrical
conduction of molecule can be performed by scanning
tunnelling microscope (STM) [12-14] or the of atomic
force microscope (AFM) with conductive tip [15].

The electrical resistance for the monolayer of
cast film of a kind of binuclear cobalt phthalocyanic-
sulphonate deposited on highly oriented pyrolytic
graphite substrate demonstrated smaller value than that
for the double layer [12]. The rectification of the
monolayer is better than that in double layer. The STM
experiments indicated that the asymmetry for current-
voltage curves arise from material asymmetry. The STM
was also used to studied electrical properties of complex
layer of 3-marcaptopropionic acid and 3-aminopropyltri
ethoxysilane [13]. The strong asymmetric of the current-
voltage characteristic has been found.

The measured current-voltage characteristics of
pentacosadyinoic acid deposited on flat gold substrates
were correlated and discussed with gold Fermi level of
the substrate, Pt/Ir Fermi level of the tip and the
HOMO/LUMO energy level of the polydiacetylene
molecule [14]. The conductance of a single molecule
connected to two gold electrodes has been measured by
using conductive tip of AFM [15]. Thousands of gold-
molecule-gold junctions were formed repeatedly.
Conductance histograms revealed well defined peaks at
integer multiples of a fundamental conductance value,
which was used to identify the conductance of a single
molecule.

In this paper the current voltage characteristic of
molecular film was investigated by using tips of STM as

a top electrode. These alternative methods give the
possibility of measuring electrical characteristics of
individual molecules through the atomic resolution. The
symmetric aluminium electrode on top and bottom of the
monolayer film was also investigated to study the
rectifying properties of cop11 molecular film.

2. MATERIALS AND METHODS

The monolayer of the side chain liquid
crystalline copolymer, copll, as shown in the insert of

Fig.1, was prepared by LB technique. A multi-monolayer
film was transferred onto the silicon substrate via the
horizontal deposition technique. The LB monolayer was
prepared from a 150 pl of solution of 0.3 mg/ml copll in
chloroform. Surface pressure as a function of area per
molecule, isotherm, of copll as shown in Fig.1, exhibits
a relatively steep rise, which demonstrates a close
packing of the molecules. After spreading, the film was
compressed at a speed of 10 mm/s until the surface
pressure of 25 mN/m achieved then kept at this pressure
for 1,500 second. The surface of silicon wafer was
washed by acetone, methanol and chloroform in
ultrasonic bath sequentially. Then cleaned silicon wafer
was treated in hexamethyldisiloxane saturated vapour for
24 hours in desiccators. The monolayer LB film was
deposited on hydrophobic silicon wafer substrate by
horizontal dipping.

In this study multilayer films of copll were
fabricated and characterized by X-ray diffraction
technique. Before 1-V characteristics were measured by
STM, the surface morphology of cop1l1 was measured by
AFM in dynamic mode. For I-V measurement with STM,
an area of 100 x 100 nm? was scanned with bias voltage
of 0.5 V at tunnelling current of 0.1 nA. The three layer
film was then annealed at 100 °C for 5 minutes and then
surface morphology was scanned by AFM. Then the |-V
characteristic was measured by STM with the same bias
voltage. The cop 11 film with 3, 5, 7, 10, 12 and 15
monolayers, were prepared between two aluminium
coated electrodes prior to an electrical investigation. The
current measurement was performed in vacuum system
by applying a forward and reverse bias voltage of +1.5 to
-15V.

Surface pressure [mMN/m]
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Fig. 1. Surface pressure as a function of area per
molecule, isotherm, of copl1, as shown chemical structure
in insert.



3. RESULTS AND DISCUSSION

The steeply inclining part of the isotherm curve
as shown in Fig.1 corresponds to the formation of a solid
monolayer of cop11 molecules on the water surface. The
high colapse surface pressure of 55 mN/m indicates of the
good film-forming behavior of the copll molecule
monolayer.The isotherm showed mean molecular area of
23 A?’/molecule estimated by the x-intersection of the
linear part of the isotherm.The phase transition of LB film
occur at surface pressure between 4.2 and 45.3 mN/m.

Fig. 2. X-ray diffraction pattern of 20 monolayer copll LB
film.

Two x-ray diffraction peaks were obtained at 2.61 and
5.12 degree for 20 monolayer copll films on
hydrophobic glass slide as illustrated in Fig. 2. These
values were used to estimate the d spacing of 33.87 A the
d-spacing of cop1l molecule.

(b)

Fig. 3. Surface morphology of three layer cop11
film on silicon substrate before (a) and after (b)
annealing at 100 °C for 5 minutes measured by
AFM in dynamic mode for 1000x1000 nm?

The 1x1 um* AFM image of bare hydrophobic
silicon is very smooth and flat. The surface of three layer
copll LB film on silicon show some cracks probably due
to the rigid film of copll liquid crystal film. The crack
may be occurred during film transfer to the substrate.

The 1-V characteristics measured by STM of
bare silicon wafer, hydrophobic silicon wafer, one to four
monolayer, and three monolayer annealed cop11 LB film
on silicon substrates are displayed in Fig. 4.
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Fig. 4. 1-V characteristic of bare silicon wafer,
hydrophobic silicon wafer, one to four monolayer, and
three monolayer annealed copll LB film on silicon
substrates measured by STM.

Since the STM tip was set at the distance with
the value of tunnelling current of 0.1 nA at 0.5 V, most of
the curves pass through this point. However the current at
1.5V for one to four monolayer films become decrease as
the number of monolayer increases. It indicated that the
resistance of copll LB film is increase with the number
of layers. The current in annealed film has low value
while the bare silicon substrate has the lowest value.
These also exhibit for those in the reverse bias cases.

The surface becomes smooth for annealed film
as shown in Fig. 3. The crack propagation of annealed
film is decreased. It indicated that thermal annealing
affects rearrange of molecular in the film. The tunnelling
current for three layer film on silicon substrate is decrease
after anneal at 100 °C for 5 minutes due to molecular
rearrangement.

Aluminum electrode

Copll LB film

/

y ]
V77 )
Glass substrate

R

Fig. 5. I-V characteristic of 3, 5, 7, 10, 12 and 15
monolayer copll between aluminum electrodes.



The electrical characteristics of copll
monolayer with aluminium metal electrodes displayed in
Fig. 5, with the number of monolayer of 3, 5, 7, 10, 12,
and 15. It is hard to prepare the electrode on a few
monolayer film because of the pin hole and the heat
damage during thermal metal evaporation. The result
indicated that the current decreases when the number of
layers increases with number of layers increase.

Fig. 6. Measured current at fixed apply voltage as a
function of inverse of layer number.

In order to investigate the variation of current as
a function of layer number, the model of simple
resistance were employed. The resistance should linearly
increase as the thickness increases. Therefore the
measured currents at fixed apply voltage were plotted as a
function of inverse of layer number as demonstrated in
Fig. 6 for the case of 1.0 V.

Fig. 7. Calculation result of perpendicular resistivity of
molecular film as a function of applied voltage

The slope of the graph was used to estimate the
perpendicular resistivity. The derived resistivity at some
other apply voltages were also obtained and displays in
Fig. 7. The resistivity of the film was modified by apply
voltage and exhibited the decreasing value when the
apply voltage increases.

4. CONCLUSSION

The side chain liquid crystal copolymer, cop 11,
can form the monolayer LB films at air water interface.
The conduction of this molecule films were characterized
by using scanning tunnelling microscope and
computerized 1-V measurement setup in vacuum with
aluminium electrodes. The local molecular conduction
was investigated by comparing the tunnelling current in
silicon substrate, hydrophobic treated substrate, and one
to four monolayer films.

The tunnelling current and surface morphology
for three monolayer films were also studied in the case of
annealing at 100 °C for 5 minutes. It was found that the
annealed surface is smoother and lower conductive due to
the molecular rearrangement. With aluminium electrodes,
the electrical resistance systematically increases as
number of monolayer increase from three to fifteen
monolayer films as demonstrated by the linear increase of
the electrical current as a function of inverse film
thickness. This result shows the evidence of the main
contribution in electrical conduction originated by the
molecular monolayer. This should not result of the metal
contact effect since the contact for all devices are
equivalence.
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Abstract

The favorite materials, carbon nanotubes, are applied to several
novel applications. In our study, we focus on the single-walled
carbon nanotubes (SWNTSs) used as anode material for storage of
alkali-metal atoms. The first-principle density functional methods
are utilized to explore interaction between different diameters
ranging from (6,0) to (12,0). The interaction potential energy
change from single-well to double-well curve when SWNTs
diameter become larger. Charge transfer from alkali metals to
SWNTsis found when metal bind to the side SWNTSs.

Introduction

After the discovery by lijima[1] in 1991, research on carbon nanotube (CNT) reach a
critical mass in many areas of physics and chemistry. Synthesis methods have been
rapidly improved to produce large amount of size-controlled CNT for commercial
applications [2, 3, 4]. CNT has two types of structure: (1) single walled carbon
nanotube [5] (SWNT) which isasingle rolled graphene sheet; (2) multi-walled carbon
nanotube (MWNT) in which each CNT is encapsulated by the others based on the
Russian-Doll model. Carbon nanotube can adsorb a number of atomic and molecular
species, for instances alkali metals (i.e. Li [6], K [7], Rb [8] and Cs[9]) and hydrogen
[10], nitrogen [11], oxygen [12] and methane [13] gases. The adsorption properties
provide the opportunities for applications such as hydrogen and other gases storage
[14, 15], gas sensor [16], catalyst [17] and Li-ion batteries.

Binding of atoms and molecules to the sidewall of carbon nanotube modifies the
conductivity of the nanotube. For instances, oxygen [18] and fluorine decrease the
conductivity, whereas alkali metals do the opposite. Field emission property is also
affected by the adsorption. Oxygen gas is found to degrade the field emission of
carbon nanotube, whereas hydrogen helps to clean the defects on the nanotube [19].
Doping carbon nanotube with Cs atoms was found to reduce the work function from
4.8 to 2.4 eV [20]. Wadhawan et al. found that deposition of Cs on the single-walled
carbon nanotube (SWNT) bundles dramatically improve the field emission efficiency

[9].

Recently, nano-structured materials for anode has drawn interest from the battery
industry because engineering limit has been reached for the conventional materials

ANSCSEG 2002
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such as carbonaceous materials and metal oxides.>** The idea is that optimization of

the device performance, i.e. charge-discharge cycles and reversibility, based on
nanoscale properties could bring the development process out of the trial-and-error
cycles. Carbon nanotube becomes a prospect candidate for uses in Li-ion batteries
because it can provide large numbers of nanoscale sites for intercalant atoms that
exceed the ideal capacity of commonly used graphite electrode of LiCs.

In this work, we have investigated Li*-doped CNT by first principles calculations
(B3LYP/6-31G). All of CNT employed in this study is of the zigzag type, denoted by
the chiral vector (m,0). Since the CNTs in this study are finite-sized, hydrogen atoms
are used to cap the dangling carbon atoms at the open ends of a nanotube. The
potential energy surface of Li*-SWNT system is investigated by insertion of Li* into
CNT from the sidewall and plotting the binding energy as a function of distance along
the cross section.

The shape of Li*-SWNT potential energy surface was investigated for model SWNT
varying diameters from (6,0) to (12,0), asillustrated in Figure 1. The cluster model of
these nanotubes has only 1 unit cell length (1UC). For small diameter SWNTSs such as
(6,0) and (7,0), the potential energy surface has single minimum inside the nanotube.
As the tube's diameter becomes larger, as found for (8,0) and up, the double-welled
shape is developed inside the nanotube. The binding energy depends on the tubule
diameter slightly, having values between 1.7-2.2 €V. It was found that Li* tends to
bind to both internal and external of SWNT sidewalls, whereas binding at the exterior
is slightly stronger. For instances, binding energies to the interior and exterior of
nanotube are —1.9 and —2.1 eV for SWNT(6,0) and —1.9 and —2.0 eV for SWNT(9,0),
respectively.

Li*@CNTs{1 UC}//B3LYP(6-31G)

‘w 1 ! w‘ SWNT(6,0) | SWNT(7,0) 9
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Figure 1 Potential energy profile of the Li*-CNT systems based on 1 unit-cell cluster
model. Li* is placed along the cross section of the CNT. For the SWNT(m,0) and mis
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the even number, Li* passes through C-C bonds on both sides, whereas it passes
through hexagon (Cs) center on the left side when mis odd number.

From the above results, one can conclude that CNT provides adsorption site for Li*
and the adsorption strength originates from local interaction between Li* and the
adsorption site. It is still not clear whether local adsorption site is the bond (Cy), the
trigonal (Cs) or the hexagon (Ce). We examined the Li*-C, and Li*-Cs PES minima
located at the external wall of SWNT(7,0) and SWNT(9,0) and found that binding of
Li* at the Cs hexagon (1.83 eV and 2.04 eV respectively) is preferred over the C,
bond (1.49 eV and 1.76 eV respectively).

It is necessary to investigate whether the 1UC cluster model is sufficient to represent
Li-CNT PES. SWNT(6,0) and SWNT(9,0) were extended up to 4UC and 3 UC
structures, respectively. It was found that the PES obtained from the longer nanotube
retains the same shape of the shorter one but has deeper energy minimum. In the
SWNT(6,0), the energy minimain the interior of CNT are—1.9, -1.9, -2.6 and —2.7 eV
for 1UC, 2UC, 3UC and 4UC structures, respectively. Likewise, these minima are —
1.86, -2.34 and —2.34 eV in the case of SWNT(9,0).

Mulliken population analysis has been done for Li*-CNT systems and the charge on
Li isdisplayed in Figure 3. It is clear that when the metal ion is far away from CNT,
the charge reaches the ideal value of +1. As the ion gets closer to the nanotube, its
positive charge becomes smaller due to the electron transfer to the metal, even to the
extent that the metal becomes negatively charged when the metal is too close to
nanotube (i.e. when it passed through the sidewall, charge on Li is between -0.4 to —
0.5). When Li ion locates inside the nanotube, its positive charge reach maximum
when it locates at the center. The charge maximum increases when the tube's
diameter islarger, i.e. from +0.43 in SWNT(6,0) to +0.88 in SWNT (12,0).

Li"@SWNTs(6,0) Li"@SWNTs (9,0)
10 T T T T T T T

16

T T T
—*— SWNT601
—*— SWNT602 -
— — SWNT603 A
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1
Interaction Energy (eV)

A M o M O » o ®
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Figure 2 Potential energy profile of the Li*™-CNT systems upon increasing tubule
length, (@) SWNT(6,0) and (b) SWNT(9,0).
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Figure 3 Mulliken charge on the Li ion versus the distance from the center of 1UC

cluster model of CNT.

This study reveals that Li* can adsorb to both internal and external sidewalls of CNT.
Binding energy is dominated by local interaction of the metal ion with the Cs-hexagon
of the CNT. Electron transfer from CNT to Li* is observed, which means the
interaction is not purely electrostatic. The “ion-pi” interaction (or bonding) may
explain why a short CNT can be used to model the PES of longer or infinite CNT

since thisinteractionis“loca” in nature.
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Abstract

Electron transport in one dimensional nanoscale n™* - n* - n™
system is simulated by non-equilibrium Green's function
formalism. The total length of the device used in the calculation is
only 30 nm, in which the quantum mechanics is needed for fully
implementation. Therefore Schrédinger and Poisson equations are
required to be solved self consistently. However in order to equip
the open boundary at the contacts and Fermi energy difference
between two contacts, the non-equilibrium Green's function
formalism with self-energy matrix is used to solve Schrddinger
equation in this system. In equilibrium condition the comparisons
between using the Green's function formalism and directly solving
Schrodinger equation with fix boundary are examined in term of
the accuracy and speed of computation. Using the directly solve
solution for the initial guess of self-consistence is proposed for an
effective transport simulation for this nanoel ectronic systems.

I ntroduction

Progress in semiconductor fabrication technology has led to smaller and faster
electronic devices. The theoretical description of transport in these devices has
become more complex. The active length of those devicesis probably comparable to a
mean-free path. Therefore the simple drift-diffusion approach is not valid any more. It
is clear that quantitative simulation tool for such devices require atomic level quantum
mechanical models[1].

In this paper the electrical property of n"* - n* - n™* nanoscale device structure was
simulated with the n™*, n* and n™* region length of 4.5, 21.0 and 4.5 nm, respectively.
The total length of the device is only 30.0 nm, so the full implementation of quantum
mechanic is needed. Our propose is to illustrate some of the unusual issues that arise
in the numerical procedure of this device smulation. The non-equilibrium Green's
function (NEGF) formalism was used to handle the open boundary at contacts with
the concept of self-energy matrix [1-3]. The applied voltage at both contacts leads the
system to non-equilibrium condition with different Fermi energy. Only coherent case
was considered in this study, therefore the scattering term in the Hamiltonian was
ignored. The quantum electron transport was considered only along the structure (x
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direction) while electrons freely move in transverse direction (y and z directions)
under periodic boundary condition. This device structure is uniform over the cross
section area therefore this structure can be accounted as a quantum electron transport
in one-dimensional device structure.

Calculation

The main task in our calculation is to calculate the density matrix p from which
various quantities can be obtained. In equilibrium condition the density matrix is
simply the Fermi function of the Hamiltonian matrix but it cannot be used in non-
equilibrium case. Therefore in order to derive the non-equilibrium condition, the
density matrix can be calculated in NEGF scheme by the defined Green’'s function

= [El —H - 31 - 35]™. Here H is the longitudinal Hamiltonian matrix of the isolated
device, 21 and 2, are the self-energy matrices representing the coupling between the
device and left and right reservoirs respectively, and E and | refer to electron energy
and identity matrix [1-3].

When bias voltage is applied, the two contacts will have different Fermi level p; and
u2. The density matrix can be calculated by assuming the ‘reflectionless contacts at
both ends [3]. Electrons from the device can enter into the reservoir without suffering
reflection. Therefore the +k and —k states are occupied only by electron originating in
the left and right contacts, respectively. For non-equilibrium transport the density
matrix can be given by

0
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where Fq is summation of Fermi function of states in the transverse modes. From EQq.
1 electrons fill up proportionaly to the left and right spectral function A; and A,
according to the Fermi function in the left and right contacts, respectively. These
spectral functions can be transformed by Ay > = G771,G" whereI1, =i (21,-21,) [3].

The description of our device can then be obtained by calculating electron density n(x)
and potential U(x) self-consistently. The electron density can be obtained from the
diagonal element of the density matrix in discrete real space representation,  n(X) =
pii [3]. The potential relates to the charge distribution by Poisson equation

du (x)

Gl REICNCEUCE @
where Np(X) is the doping concentration profile. In order to solve the differentia
equations, the boundary conditions must be imposed both to the Hamiltonian matrix
and Poisson equations. In the latter case, the zero field boundary condition would be
implemented on both ends. However, to avoid the singular matrix, the zero-field
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condition was applied only at one end while the varied potential at the other end can
be obtain from the electrical neutralize condition.

For the finite difference implementation of Hamiltonian matrix, the boundary
condition can be obtained from the self-energy matrix which representing the
coupling between the device and the reservoirs. Since there is no reflection along the
longitudinal direction, the continuity of plane wave at both contacts was assumed to
derive the value of self-energy.

In order to achieve |-V characteristic, the current density through the device length L
can be calculated by the relation J = -q Trace (pJop) Where the current operator Jop in
the real space representation can be written in the following form [3]

0O -i O
1= h o |+i 0 —i
P 2 |0 41 0

3)

Calculated results

In the calculation we use the numerical integration to evaluate density matrix and
finite difference scheme to solve Poisson equation numerically. The device structure
was divided into 100 discrete sections. The following parameters were used in our
calculation, m = 0.25mo, € = 10eo, Np = 1x10%° m™ in n++ regions with 4.5 nm long
and Np = 5x10%° m™ in n+ region with 21.0 nm long.

1 Equilibrium case

When there is no voltage applied to the structure, the device isin equilibrium with the
same Fermi energy levels on both sides of the contact. In this case the spectra
functions on both sides are also identical since the wave vectors of the plane wave in
both reservoirs are determined by the same relative energy. The total spectral function
was proven to be equal the sum of the left and right spectral functions. By ssimplify
Eq.1, the density matrix can be derived by the total spectral function.

In the self-consistent calculation the potential relative to the Fermi energy was
initially guessed by the asymptotic values derived from the doping concentration of
two regions of n* and n"". The potential as a function of distance was initialy
estimated by these values. The potential was used in Hamiltonian to calculate density
matrix and electron density. Then the result electron density was substituted in
Poisson Equation and new potential profile can be obtained. In order to prevent the
divergence of the iteration, the weight factor was employed to multiple the result
potential before used in the next iteration.
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The electron density n(x) and potential U(x) was numerically solved self-consistently
and the calculated profiles are presented in Figurel. In equilibrium the Fermi level as
indicated by dashed line is constant over the entire structure and the value relative to
potential equals 0.31 and 0.29 eV in the n™" and n* regions, respectively. The
depletion regions of about 4.0 nm extended equally into both sides from the n* / n™
junctions. The values of the relative potential and electron density at the interface
equal half of deviation valuei.e. 0.06eV and 7.5x10% m, respectively.

The electron density in equilibrium condition was aso directly solved from
Schrodinger equation with periodic boundary conditions to examine the accuracy and
speed of computation. It was found that both methods achieved the same rate of
convergence and give the identical result if the energy division used in the numerical
integration is sufficient. This is due to the delta function like feature of spectral
function at energy around the relative Fermi energy. Therefore the computational time
for direct solved Schrédinger equation method is very much shorter. The numbers of
the floating-point operations per iteration for direct Schrodinger-Poisson solver and
NEGF method are 4.71x10° and 1.04x10™ flops, respectively. When solving on the
same machine, the computational time per iteration for the NEGF scheme is about 70
times longer than that for directly solving Schrodinger equation. However this direct
method cannot be employed for the non-equilibrium case.

2 Non-equilibrium cases

In non-equilibrium case the spectral functions on the left and right sides are different
since the relative electron energy, used in determining the self-energy and wave
vector, is shifted by bias voltage. The fixed-point boundary condition used in solving
Poisson Equation on the left side was varied after the convergence of both functions
in order to ensure that the electron concentration at the left edge is equal to the doping
concentration. It is found that after adjusting the left relative potential value, the
electron density at the right edge also approximately equals the doping concentration
on the right region. Since the iteration is very sensitive to the initial function, the
small step of the applied voltage was employed until it reaches the desired voltage.

The calculation results of potential profile and electron density for an applied bias
voltage of 0.20 V are presented in Figure 2(a) and (b) respectively. The electron
density dlightly changes under the bias voltage. The carrier concentration on the left
end of the n* region is slight lower with the deviation value of 1.18x10” m™, while
the carrier density on the right end is slightly increase so that the depletion region in
the right hand side is wider.

Under applied bias of 0.20 V the relative potential at the left contact is pulled down
with the value of 0.043 eV while the right potential is pulled up of about 0.035 eV.
Thus the Fermi energy relative to the potential at the left and right side is extend to
0.355 and 0.277eV. The potential difference between the left and right is 0.122 V that
is less than the value of applied voltage by 0.078 V. Therefore there is the voltage
value of 0.043 V and0.035 V dropped at the left and right contact respectively.
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The dropped voltage between the structure and at the left and right contacts as a
function of applied voltage was calculated and showed in Figure 3(a). The dropped
voltage is approximately linear dependent to the applied voltage. The current density
was calculated from density matrix including diagonal and off-diagonal elements. In
order to obtain the |-V characteristic the current density was examined as a function
of bias voltage and the results is shown in Figure 3(b). The I-V characteristic is
approximately linear with the conductance value of 7.6x 10° ! at the device area of 1
mm?©.

Since there is the voltages dropped at left and right contacts, we calculated the
conductance of the device by the only part of the voltage dropped at the device and
the conductance value of 12.6x10° Q*'was obtained. The contact conductance was
calculated from the voltages dropped at the left and the right contacts and the
conductance values of 36.3 x10°and 39.7x10° ™ were obtained respectively.

Potential Electron density
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Figure 1 Calculated profiles of (a) equilibrium potential and (b) electron density in the
n"™" - n" - n" nano-structure by direct solving Scrhodinger equation (solid line) and
NEGF methods (square). Dash lines in (&) and (b) indicate the Fermi energy level and
doping profile, respectively.
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Figure 2 Calculated profiles of (a) potential and (b) electron density at applied voltage
of 0.20 V (solid line) and equilibrium case (dash line) in the n™* - n* - n** nano-
structure. The Fermi energy levels (u; and ) are displayed at the left and right side
in the potential profile.
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Figure 3 Calculated values of (a) relative potential drop on the left (square) and right
(triangle) contacts and potential difference (circle) and (b) current density as a
function of applied voltage. The solid lines are drawn by linear least square fit.
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Conclusions

In this paper the NEGF formalism was employed to simulate the transport properties
of aone-dimensional ™" - n* - n™* ballistic resistor to corporate the quantum transport
that arise in the simulation of this nanoscale device. The self-consistent potential
profile inside the structure tends to flat in the interior layer, indicating that the voltage
drop is primarily at the interface. A significant fraction of the voltage is dropped at
both contacts and can be associated with the contact resistance [3, 4].

This computing procedure for self-consistent solutions of NEGF and Poisson equation
should be able to capture the essential physics of quantum transport in some other
nano-structure for example nanotube and molecular wire. However, the scattering
process may occur in the device and leads to the non-coherent transport. The quantum
transport including the scattering can be evaluated by adding self-energy terms inside
the device and further development will be conducted.
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AbStract

Carbon nanotubes are seamlessly rolled single shells of graphene sheet, only a few nanometer
across. This research focuses on single-wall carbon nanotubes (SWNTs) that have a zigzag
shape. Geometry and electronic structure of open- and closed-ended (9,0) zigzag nanotubes
were studied. The consequence of geometrical stability, the HOMO-LUMO gaps and charge
distribution on the SWNTs were investigated using several ab-initio and semiempirical
quantum computational techniques. It was found that geometry of SWNTs is effected by how
the tube ends is capped. The characteristic transition of a zero-dimension (0-D) to that
characteristic of a delocalized one-dimensional (1-D) for geometry takes place when the
length of the tube increases up to 40 A. Calculation shows that the electronic charge density
accumulated at the two-end cap of closed SWNTs.

1. Introduction

A cylindrical carbon nanotubes, so called “buckytube”, are chosen as a nanostructured
system being investigated. The nanotubes structure proceeds its strength from the carbon-
carbon bonds. The carbon atoms are bonded in hexagonal arrays as a §raphene sheet.
Nanotubes derive unique properties from their dimension and topology." A single-wall
nanotube (SWNT) can be considered as resulting from rolling up 2 single shell of graphite to
cylindrical form. The tube’s orientation is denoted by a roll-up a chiral vector:

C= na+mb =(n, m)

where a and b are the unit vectors of the hexagonal arrays and n and m are intege:rs.2 These
orientation can bulid three type of SWNTs, are armchair, zigzag and chiral nanotubes
respectively. ‘
Zigzag nanotubes are formed when either n or m are zero and the chiral angle is 0°.
Armchair nanotubes are formed when n = m and the chiral angle is 30°. All other nanotubes,
~with chiral angles intermediate between 0° to 30°, are known as chiral nanotubes. The
theoritical prediction, the (n,0) zigzag tubes are expected to be metallic by n/3 is an integer
and semiconducting otherwise. While the resulting of the (n,m) tubes are chiral, are expected
to be metallic if (2n+m)/3 is an intger. Otherwise, they are semiconductors. But all the
armchair tubes are metallic. The theory predicts that individual SWNT can considered as a
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quantum wires.*” The prediction assume nanotubes as a semi-infinitely long tube that
correspondmg with STM studied electronic structure of nanotubes several microns in length.*

7 Then, it’s very nessecities to study a confinement behaviour in finite long tubes. The
electronic structure of finite length armchair nanotube has been studied.® The additional
confinement of the electrons along the tube axis leads to the opening of a band-gap in short
armchair tubes. Moreover, when the tube length increase they found the transition from 0-D
structure (quantum dot) to 1-D structure (quanturn wire). Even so the zigzag tube have not
studied. Because of it can be both the metallic and semiconductor and geometrical differ
clearly from armchair tube. Currently, little is known about the effect of finite length on the
properties of (n,0) zigzag tube. Understanding quantum size effect in carbon nanotubes is
essential in device application of nanoelectronic devices.

We determined geomerty and electronic structure calculation on different-length (9,0)
zigzag nanotubes that have open-end and closed-end by one-half bucky ball. The quantum
chemical calculation are used to learn about HOMO-LUMO energy level and energy gap as
function of the length of the tube unit cell and charge distribution on nanotube. Resulting
found that geometry of SWNTs is effected by how the tube ends is capped. The characteristic
transition of a zero-dimension (0-D) to that characteristic of a delocalized one-dimensional (1-
D) for geometry takes place when the length of the tube increases up to 40 A. Calculation
shows that the electronic charge density accumulated at the two-end cap of closed SWNTs.

(b)
Fig.1. The initial geometry structures of (9,0) zigzag shape SWNTs with Molecular
Mechanic calculation. (a) (9,0) open-end shape with 2-unit cells. (b) (9,0) closed-end

or fullerene capped.
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2. Computational Details

In order to study the geometry and electronic structure of nanoscale systems, we
needed useful quantum chemical calculations’, molecular modeling'® and computational
nanotechnolgy'' to be solved. Molecular mechanics, that have perform the calculation by
employing the HyperChem 6.0 package, is used to generated all primary tubes fixed diameter
with increase nanotubes length along the tubes axis. (9,0) zigzag tubes are generated (Fig.1),
we denoted the increasing length of tubes by adding various cyclacene to increase length
along the tube axis. We have been considered theoritically by performing the semiempirical
AM1 (Austin Model)*'° to obtain geometrical stability and electronic behaviour of zigzag
tubes. In the study the (9,0) zigzag sigle-wall open- and closed-end models are investigated.
The first principle calculation (Hartree-Fock: HF)*'? and Density Functional approximation
(DFT) are useful applied to be comparison the difference of the resulting of another level of
theory. In the Hartree-Fock and semiempirical calculation, we employed a GAMESS program
in which 6-31G* basis set and by Gaussian 98 program'? are performed HF in which ECP
basis set and DFT/B3LYP functional which ECP basis.

All calculations were performed by optimizing the initial open- and closed-capped
structures in which open-capped mean that the both end-sides are added hydrogen atoms for
close shell system. Closed-end are capped both sides with one-half of fullerene Cgo.2 The
diameter was fixed at ~0.7 nm and vary the length along tubes axis to ~40 A. The energy gap
was obtained as the difference between the HOMO and LUMO energies, while the fermi
energy (Er =0 eV) was taken as the mean energy between HOMO and LUMO.

3. Results and Discussion

To evaluate the influence of finite length on the geometrical and electronical
properties of the zigzag shape nanotubes, we optimized to test the quality of the geometry
structure and electronic structure of a cyclacene (Fig.2). The result is demonstrated in Table 1.
Semipmpirical method are shown in which the geometry and electronic structure of nanotubes
satisfied when compared with first principle (HF) method. Thus the different-length of (9,0)
nanotubes are calculated by semiempirical method that sufficiently optimization several
atoms on SWNTs. The calculations shown the optimization all structures that achieved to a
length ~40-~45 A or about 10-unit cells as show in table 2. The Table 2 and 3 shown the
differene bond lengths between structures open- and closed-end by quantum calculation
(AM1) and molecular mechanic (MM2). We found that the middle cyclacene-rings and left-
right end-rings are completely converged the bond length by 4-unit cells. The comparison of
molecular machanical model with semiempirical model demonstrate explicitly different-bond
length value. Molecular mechanic, shown crude result between capped and uncapped
structure, demonstrated bond lengths as well. Semiempirical displayed different-bond value
of open- and closed-end structures. Therefore closed-end are capped with one-half fullerene
but open-end are added by hydrogen atoms. The left-right end-rings in Table 3, the MM2
calculation shown bond structure to be similar to middle-ring, while the AM1 calculation
demonstrated unlikely bond values both uncapped and capped structure when compare by
middle-ring. The calculation from MM?2 displayed all structure of nanotubes have been bond
values as well, but AM1 shown the structrues that each unit cell have differentiate bond
values.

The electronic structure calculation are performed by AM1-RHF type semiempirical
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Table 2 comparison of geometry’s closed- and opened-end with change numbers of unit cell
located middle cyclacene ring. By AM1//AM1 method

By
3 Ci-Cy ={ }
C, y Co-C3 =[]
Unit Opened-end Closed-end
Cells MM?2 AMI1 MM?2 AM1
2 {1.407} {1.420} {1.422} {1.432}
[1.400] [1.431] [1.399] [1.421]
4 {1.399} {1.425} {1.399} {1.428}
[1.397] [1.426] [1.397] [1.420]
6 {1.399} {1.425} {1.399} {1.428}
[1.397] [1.425] [1.397] [1.420]
8 {1.399} {1.425} {1.399} {1.428}
[1.397] [1.425] [1.398] [1.420]
10 {1.399} {1.425} {1.400} {1.428}
[1.397] [1.425] [1.398] [1.420]
) -
3 wwe § u e
5 ) T g . . = :;23,:§:- . :
% ¢ — U N — g :‘E_ ]
g’ i
TN e L SR areras arasasasasar !
Number of unit cells

@ | ®

Fig.3 Demonstrate the variation of the HOMO-LUMO levels of a (9,0) nanotubes
as function of its number of unit cells (a) open-end structures and (b) closed-end
structures.
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Fig.4 Show the variation of energy gap of (9, 0) nanotube compare by inversion of a
number of unit cells.

molecular orbital calculations. We found the electronic structure of a variation length along a
tube axis of (9,0) nanotubes are convergence pattern, as Figure 3 shows. The Fig. 3a is open-
end (9,0) nanotubes shape that demonstrated HOMO-LUMO energy of a variation unit cells
along tube axis. The energy reveled the HOMO-LUMO state of nanotubes are slowly
narrowed parallel. The convergence scheme are pattern of exopentlal both HOMO and
LUMO. The Fig. 3b shown HOMO-LUMO level of closed-end structure by vary unit cells as
well open-end structures. We found the HOMO level as exponentially inversion with open-
end structures, but LUMO level is as well. This result, we can predict the transition of a zero-
dimension (0-D) to that characteristic of a delocalized one-dimensional (1-D) for geometry
takes place when the length of the tube increases up. We found that the energy gap, E,, of the
both shapes should concentrated to constant value for infinite-long length structure, as Figure
4 shows.

Table 3 a) Total charge density for optimized open-end (9,0) nanotubes

No. CNTs Total Charge density ~

unit cells Left-ring middle-ring Right-ring
2 -1.268 -0.234 -1.268
4 -1.220 -0.055 -1.222
6 -1.211 -0.036 -1.211
8 -1.205 -0.025 -1.206
10 -1.201 -0.020 -1.201
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b) Total charge density for optimized closed-end (9,0) nanotubes

No.CNTs | __Total Charge density

unitcells | . Leftring middle-ring |  Right-ring
2 ~.0.030 0.084 : 0.030
4 S 0.021 0.032 E 0.021
6 0006 0020 | 0006
8 0.006 0.006 . 0.006
10 0.006 0,006 | 0.006

The electronic total charge distribution on nanotubes are also considered, as the
average charge located middle-cyclacene ring, including left- and rigth-end ring . There are
demonstrated by open-end negative charge density ‘while closed-end are positive charge, as
shown Table 3. We found each ring decreasingly accumulated charge density when including
unit cells length. Otherwise, the capped of closed-end shape are accumulated charge density
negatively, we can predlcted the one-half of fullerene as capped have like to accumulate
charge density more than all cyclacene tubes. ,
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Abstract

The ground state of Fe; molecule ("A,) was calculated using multiconfiguration self-
consistent-field (MCSCF) and multireference configuration interaction (MRCI) methods
with various basis sets. The equilibrium nuclear distance (R,) of 4.27 and 4.14 Bohr
and the zero-point frequency (w.) of 212.0 and 309.7 cm™! were obtained at MRCI level
with ANO’s [17512p9d4f]/(4s3p2d1f) and [17s12p9d]/(8s7p7d) basis, compared to the
experimental value of 3.53 - 3.82 Bohr for R, and 299.6 cm™! for w,. The f functions seems
to weaken the bond in Fey. Furthermore, adding the Davidson’s correction (Q) to the CI
energy, the calculated bond distance is shorten to 4.01 Bohr for [17512p9d4 ]/ (4s3p2d1f)
basis and 3.99 Bohr for [17512p9d]/(8s7p7d) basis while increasing the w, to 324.5 and
406.6 cm~! for both basis respectively. This implies the considerable error caused by
the lack of size-extensivity of the CI method to the bond distance. For the electronic
structure, our calculations yielded the natural occupations of 3d7-°4s%% which is different
from the previous study of 3d"4s* (Tomonari’s).

1. Introduction

The interesting property of transition metal dimers is the equlibrium nuclear distance,
since it is shorter than the internuclear distance between the nearest neighbors in the
corresponding metal. In solid Fe metal, the internuclear distance is 4.69 Bohr [1]. For Fe,
dimer, the nuclear distance (R,) was found to be 3.54 Bohr in argon matrix [2] and 3.82
Bohr in neon matrix [3]. The isomer shift of Mdssbauer spectroscopy [4, 5, 6] indicates
a smaller number of 4s electrons, 4s>~%, and larger number of 3d electron, 3d°®*® in Fe,,
as compared to 3d®4s% in Fe. The resonance Raman spectrum shows a fundamental
frequency for ground state of 299.6 cm™! [4, 7). :

The smaller 4s population of Fe, was discovered by Shim and Gingerich [8]. They
performed ab initio SCF and configuration interaction (CI) calculations and reported the
R, of 4.54 Bohr which is too long and "A, state for the ground state. Later, Harris and
Jones [9] using DFT and LSD approximation found the shorter R, of 3.97 Bohr and the
ground state is 7A,. Tomonari and Tatewaki [10] using SCF and CI calculations gave the
best R, result of 3.82 Bohr which agrees within experimental error. All previous calcula-.
tions suggested that the Fe-Fe bond is dominated by electrons in 4s orbital. Because there
exists many low-lying electronic states for Fey; dimer, using a single-determinantal method
might not be suitable for describing the electronic state of Fey system. Here, the multi-
configuration self-consistent field (MCSCF) method together with multi-reference config-
uration interaction (MRCI) were suggested to investigate the electronic ground state, R.,
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QUANTUM TRANSPORT THROUGH SINGLE MOLECULE WITH
N-ELECTRON MODEL
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Abstract

Calculation of current flow through a single molecule in three-terminal field effect transistor device was
expanded from two-electron transport to N-electron picture. For self-consistent method the number of electron in
the iterative procedure was modified and the current can be derived by non-equilibrium Green’s function
formalism. This current-voltage result was compared with that using master equation. The number of electron
states in the channel was increased to 2" states and then the current was calculated by the probability rate
between these states. With two approaches, the current-voltage curves have small difference when the level-
splitting energy is less than 0.05 eV. In addition, the higher splitting energy causes explicitly N steps in the
current-voltage curves obtained by the master equation. Moreover, the relative energy level with respective to
the electrode Fermi energy determines the threshold voltage of saturate current. The fraction of gate voltage is
also shifted this relative energy levels and gains the similar feature of the drain current. The saturate current
calculated by both techniques exhibit the same values as a result of the equal probability for all state-transitions.

Keyword:
Master equation, |-V characteristics

1. INTRODUCTION

Currently there are many studies on the conduction
of single molecule not only to understand the system
in atomic level, but also to implement future device
unctionalities. Since 30 years ago, the experimental
efforts have been improved in techniques of
measuring current-voltage characteristics of molecules
[1-3]. The images of single molecule can be
investigated by scanning tunneling microscope
including that for organic molecule on a metal contact
[4-5]. The current-voltage of metal-molecule(s)-metal
junction was measured by different techniques, such
as mechanically controllable break junction [6],
contact to self-assembled monolayers [7-9] and
molecule-bridged gold nanoparticle dimmers [10].

There are a number of theoretical approaches to
describe these measured |-V characteristics [11-12].
The fundamental theorem is normaly base on quantum
mechanics or statistical mechanics. The system can be
described by the molecule coupled with the metal
contacts. The metal performs as a reservoir of
electrons for passing through molecular states. Thus,
electron transport through molecule can be prospected
as the open systems which described by non-
equilibrium Green's function (NEGF) in term of

*

Corresponding author. Email: taperl_7@hotmail.com

Quantum transport, Molecular conduction, Self-consistent method,

density of state (DOS) [13-17]. Furthermore, the other
effort is to model molecular conduction with weakly
coupled molecules by using the probabilities at
different discrete states [18-19]. The results of these
calculations exhibited the step feature in I-V curve
[18, 20, 21].

In this work, there are two approaches used in
calculation of |-V characteristics for single molecule
in device with three terminal contacts. The first
method is base on self-consistent procedure for
finding the self-consistent potential with NEGF
formalism [22-23]. The channel (molecule) potential
is modified by the density of electron in the molecule
and also relatively adjusted by gate voltage.
Moreover, the other technique is used master equation
to calculate in term of probability between energy
states and extended this model to multielectron case
[24-26]. The current is derived by a rate constant of
electron comes in and out together with the
probabilities of such states.

2. CALCULATION DETAIL

2.1 Self-consistent method with NEGF
General formalism of NEGFF normally used in
molecular conduction [27] can be generated by
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molecular Hamiltonian matrix together with the self-
energy matrices. These self-energy matrices are
derived from the coupling between source and drain
contacts. Actually in one-energy level molecule, the
matrix formulas can be simplified by pure constant.

The coupling between the molecule energy level &
and metal contacts can cause the broadening of energy
level. Broadening factor is defined the sum of the
strength of coupling parameters of source (y;) and
drain (y,) contacts as y=y;+v,. In this work, the
symmetry contacts are assumed thus y, =y, The DOS
for the single broaden level can be written as

D(E—¢)= _rlew

(E-&)*+(r12)?°

The electron density at energy E in middle channel
can be calculated from the product of DOS and Fermi
functions of incoming electron from the source and
outgoing electron to the drain contacts. Thus the total
electron density can be calculated by

n= J‘ dE-D, (E-U) nfi(E)+7,f,(E) 7
s 71t72
where U is the relative potential of the molecule. The
applied voltage across drain and source adjusts this
relative potential. In addition the applied gate voltage
is shifted this potential with the factor evaluated from
the capacitance of each terminal.

This relative potential has to be modified after new
electron density obtained according to Possion
equation. Thus the electron density is calculated
iteratively with the Possion equation until the self
consistently potential can be achieved.

In this approach, the electron transport for N-
electron model can be approximated by considering
them independent with equal DOS but the effect of
potential on the increase of the number of electron is
taken into account. Therefore the current can be
approximated by the N times of one-electron current.

1000 0100 0010
0000

0001

Fig. 1. Diagram of current through the N-electron
single molecule with an example of N=4. All possible
states are 2"=16 with five energy levels according to
the number of electron occupying in that state. Six
states at the neural level are placed in the middle with
No=2 and x=0. The x=1 and x=2 are the case of
number of occupied electron N,=3 (1110, 1011, ...)
and N,=4 (1111), respectively. The arrows present a
possible adding and removing electron from that
state.

2.2 Master equation

The electron current through single molecule can be
resolved under consideration of the discrete electron
states. The energy levels of multielectron states
depend on the electron configuration in that state. The
state in the configuration with equal number has the
same energy level while the configuration state with
large number of electron has higher energy level.

Fig. 2. Calculated drain current as a function of
applied drain voltage by SCF technique for N-electron
model with N=4 with relative energy of a) 0.2 and 0.4
eV, applied gate voltage of b) 0.2 and 0.4 eV and
broadening value of ¢) 0.005 and 0.01 eV.

For N electron model, the number of all possible
configuration state equals 2" states. The energy levels
of these configuration states are separated into N+1
levels. For even number of N, the number of occupied
electron in the neural state corresponds to the one half
of N and defined as No. In two degenerate states with
spin up and down and either be filled or empty, the
electron-electron interaction energy for a collection of
N electrons can be described by the proportional to the
number of distinct pairs as

N _
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where Uy is the interaction energy per pair. The
corresponding one-electron level can be defined by

the bare energy (£ ) plus the self-consistent potential:

8:5+[6U9e} :§+[UONO—$}
Ny, 2

After the neural state of N-electron level defined, the
higher energy state level can be determined by
considering the affinity potential. The affinity
potential can be derived from the interaction energy
difference between the case of number of occupied
electron equal N,+1 and that for N, by

UAf'finity :Uee(Nx +1) _Uee(Nx)
:UONX

Thus, energy difference for the next higher state can
be written as

Ei —Ei=¢ +UAffinity

:g+U—2°+U0(NX -N,)

:g+$+uox
2

Where the index x is used for defining the energy
levels relative to the neural level by —N/2, -N/2+1, ...,
-1, 0, 1, ..., N/2 as shown for example case of 4-
electron model in Fig. 1.

In the case of determine the lower energy state, the
ionization energy can be derived by the interaction
energy difference between the case of number of
occupied electron equal N, and that for N,-1 by

U =U_(N,)-U.,(N, -1
:UO(NX _1)

So, the energy different for lower energy level can be
written as

lonization

-~ U
Ext —Exi =—¢ —Uonization =€ +TO_UOX

The rate of change for occupation probability of the
given multielectron state can be determined by the
probability rate of in coming to this state and the rate
of out going from those states. Each probability can be
solved using the rate-equation by treating the
probability for each N-electron state as an independent
variable. The time evolution of the probability of
arbitrary state is given by master equation

dpP,
dt = Zﬂ: R/?—)a P/? - Ra—»ﬂ Pa

where the rate constant R can be derived by the
coupling constant and the electron occupation for that
energy state with Fermi function. The rate constant of
incoming electron is accounted for occupied state of
Fermi function while the outgoing rate is defined for
vacant states.

Fig. 3. Calculated drain current as a function of
applied drain voltage by master equation for N-
electron model with N=4 with relative energy of a) 0.2
and 0.4 eV, applied gate voltage of b) 0.2 and 0.4 eV
and broadening value of ¢) 0.005 and 0.01 eV.

In steady-state system, the evolution rate of the
occupation probability of state equals zero. The exact
value of N-electron state probabilities can be solved
by using linear algebra to these 2" system equations.
The trivial solution can be defined with constrain of
the total summation of all probabilities equal one. For
steady-state, the tunneling current through the left
source equals to that to the right drain contact and the
contribute current from only one side (source) can be
evaluated by the summation of all N-electron state
probability rates as

L =e) (D7FP, .
a,p
3. RESULT AND DISCUSSION

The conduction of single molecule can be illustrated
by calculated 1-V characteristics of single molecule
device between two metal electrodes as a source and
drain with varying the controlled gate voltage. For
each drain voltage bias, the current was calculated by
self-consistent method with NEGF formalism. At low
applied voltage, the energy level is relatively far from
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Fermi levels of the metal contact therefore in energy
space there is only small intercept part of DOS and
Fermi distribution. This leads to small current and the
current increases as the bias voltage increases due to
the shift of relative energy level as indicated in Fig. 2.
The current rapidly increases at the applied voltage in
which Fermi level aligns close to energy level of the
molecule. At higher than this threshold voltage, the
current becomes saturated due to the energy level lies
above Fermi level.

Fig. 4 Calculated drain current as a function of
applied drain voltage by SCF and master equation for
N-electron model with N=4 with relative energy of 0.4
eV and charging energy of 0.0175 eV and b) 0.2 eV.

The threshold voltage is strongly depend on the
relative position of energy level to the Fermi level
which determined by parameter €. The higher ¢ gives
the higher threshold voltage as shown in Fig. 2a.
Actually this relative energy can also be modified by
gate voltage with the factor derived from the
capacitance on each terminal. The applied gate
voltage makes the entire 1V curve shift to higher
voltage. This results in the asymmetric of IV curve as
illustrated in Fig. 2b. The higher gate voltage also
modifies the IV curve no equally for the forward and
reverse bias cases.

The broadening parameters are used to determine
the strength of coupling with two contacts and the
higher broadening factor leads to higher saturated
current as seen in Fig. 2c. This is due to high electron
flow rate across the barrier between molecule and
contact. Since the coupling factor is also determined
the broadening of the energy level, the slope of the 1V
curve is slightly change.

The N-electron current was also calculated by the
master equation and the calculated results for N=4 are

shown in Fig. 3. Since the sixteen energy levels for
N=4 can have in five energy levels, the calculated IV
curve present the four current steps for forward and
reverse bias. By setting the pair interaction energy of
0.2 eV, the IV curve for relative energy level ¢ of 0.6
and 0.8 eV are compared in Fig. 3a. These result in
the difference of the threshold voltage for the first
step. For N-electron transport through the device, the
theoretical result shows N current steps maximum and
less number of steps can be observed in the case of
large electron charging energy exceeding the value of
energy level €. The width of each step satisfies the
splitting energy between the levels of electron state.

The gate voltage is modified the relative energy
and provides the asymmetric 1V curve as illustrated in
Fig. 3b. This also affects the slope of 1V step. While
the coupling factor enhances the magnitude of
calculated current as shown in Fig. 3c.

In order to compare the calculated result from two
methods, the small pair interaction energy of 0.0175
eV (comparing to the relative energy level of 0.4 eV)
was used to calculate the current from the master
equation. This current as illustrated in Fig. 4 indicates
no step like due to relative small charging energy and
has about the same feature as that from the SCF
calculation. The saturated current from both method
exhibits the same value. However as the pair energy
increases, the IV curve shows step like current and
deviates form that calculated by SCF.

4. CONCLUSION

Two approaches including self-consistent procedure
and master equation approach were used to calculate
the current through the single molecule device with N-
electron model. Both approaches provide the same
maximum current but the latter approach presents the
current steps in the I-V characteristics because of
discrete electron states. However this step behavior is
reduced as the pair interaction energy becomes
relative small comparing to the difference between the
energy level and Fermi level of contact.

The gate voltage can shift the energy level of the
molecule and make an asymmetric IV characteristic.
The coupling constant determines the broadening of
the molecular level and the flow of current. So higher
coupling constant leads to the higher saturated current.
The threshold voltage is a result of the alignment of
molecular energy level and Fermi level which derived
by this relative energy level. The N-electron model
can be extended by considering the variation of
coupling strength to these multielelctron states.
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Abstract: Theoretical investigations on single-walled carbon nanotubes (SWNTs) have been
performed using first-principles total energy calculations to explore feasibility of doping Li*/Li
through the sidewall and open-end of nanotubes. The first model elucidates the potential energy
surface between Li*/Li and SWNTSs as function of distance along a cross section by inserting Li*/Li
through the nanotube’s sidewall. These investigations have revealed that Li*/Li@tube systems
could enhance the capacity of lithium batteries by using both interiors and exteriors of nanotubes.
Second model, the insertion of Li atoms pass through opening mount of (6,0) single-walled carbon
nanotubes have shown no insertion barrier in which the tube's mouth is passivated by hydrogen.
The diffusion barrier is small inside the nanotube and Li atoms prefer to reside along the tube axis.
For the larger diameter tube, (9,0), it has shown different interaction characteristic if lithium is
located at tube axis.

Methodology: In this study, the calculations have been carried out using the density functional
formalism with a self-consistent manner. The insertion process is performed using a real-space
cluster scheme with Becke's 3-parameter hybrid functional where the correlation functions is
provided by the functional of Lee-Yang-Parr, which includes both local and non-local terms. We
use a standard all-electron basis set of 6-31G to represent orbitals of C, H, and Li atoms and ion in
all calculations. Spin-unrestricted wave functions are employed for different orbitals and spins. All
of SWNT structures employed in this study are of the zigzag type with chiral vector (m,0). The
study of Li*/Li inserted sidewall of SWNT using structure in which m = 6-12 and plotting the
potential energy surface as a function of distance along the cross section. Penetration of Li*/Li
through the nanotube sidewall has been done based on two trajectories: C2 for which the metal/ion
penetrates through C-C bond and C6 where the metal/ion passes through the middle of the hexagon.



The SWNT in this study are finite-sized by varying unit-cell cylinder along the tube-axis and
hydrogen atoms are used to cap the dangling carbon atoms at the two open-ends of the nanotube.
The structures of nanotube have employed non-relaxing atomic coordinates, in order to save
computational effort with point group symmetry. For Li clusters, the symmetry properties have also
played in which Dg, and C,, of (6,0) and (9,0) nanotubes, respectively. Penetration of Li atoms
through the two open-ends of nanotube has been done in tube-axis trajectory. The binding energy
profile of the system was defined by subtracting the total energy of the whole from the sum of the
total energy of nanotube structures and the energies of the isolated Li atoms.

Results, Discussion and Conclusion: We have found that, for single Li*/Li insertion, the energy
minimum locates at the center of small diameter (6,0) nanotube and PES of (7,0) nanotube is not
clear whether it is double-well or flat. For (8,0) to (12,0), the barrier height inside tube has emerged
clearly enough to identify the double-well PES. The adsorption of Li*/Li at C6 and C2 sites in the
tube's interior differ only slightly, while preferential adsorption on C6 site gains more contrast for
the exterior of the nanotube as depicted in Figure 1.
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Figure 1. The potential energy surface of Li*/Li and zigzag SWNT, (m,0) in which m=6-12, as a
function of distance along the cross section direction. [a] Li"@SWNT [b] LI@SWNT.

Single cylindrical potential well is formed along the internal sidewall, whereas a cluster of
local minima covers the external sidewall and each minimum is separated from other minima by C2
sites. It could be visually elucidated that surface diffusion can easily take place along the internal
wall, while being hindered for the external. SWNT doped by Li or Li* can be expected that the atom
or ions will localize on the hexagons along the nanotube's external wall, while freely moving along
the sidewall for the inside. For rechargeable Li-ion battery, nanotubes can be made opened to allow
intercalation of Li*/Li to migrate into and out of the tubes.

For more concentration, Li atoms prefer to locate at situations along the tube-axis in (6,0)
nanotube but not in (9,0) as shown in Figure 2. The insertions of Li atoms to SWNT have no energy
barrier when the open-mount is passivated by hydrogen atoms. The diffusion barrier is small inside
the nanotube indicating that Li atoms prefer to reside along the tube axis. The Li atoms have lower
energy inside the nanotube than outside the nanotubes. In larger diameter of nanotube, the
interaction curve shows that Li atoms do not prefer to locate at the tube-axis direction.
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Figure 2. The binding energy as a function of the distance from the geometric center of the (6,0) and
(9,0) SWNT of finite-size structures. [a] 2 Li atoms-(6,0) [b] 2 Li atoms-(9,0).
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Abstract: A molecular rectifier, followed a prediction by Aviram and Ratner(Ref.1), is a molecule which
allows the current to flow in a specific direction.  This organic molecule behavesin asimilar manner as the
p-njunction in diode. The molecule consists of an electron donor (D) connected to an electron acceptor (A)
through ar bridge (). Thisis categorized asa“D-n-A” molecular rectifier. A polar monolayer of aside
chain liquid crystal polymer containing the “D-n-A” rectifier component on the side chain was prepared at
the gas-water interface. Thisfilm was subsequently being transferred onto a metal electrode was by
horizontal deposition. X-ray reflectivity technique was revealed that the film was successfully transferred.
Our preliminary study shows an asymmetry characteristic I-V curve

+
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o
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Fig 1. Molecule structure of employed copolymer.



Methodology: The monolayer of the side chain liquid crystalline polymer, copll, was prepared by
Lagmuir — Blodgett (LB) technique. The film was transferred onto the substrate via the horizontal
deposition technique. A sandwiched film of cop11 with avery thickness, 5-20 layers, was prepared between
two aluminum coated el ectrodes prior to an electrical investigation. The measurement was performed by
applying aforward bias form 0 to 0.900 Volt and a reverse bias from 0.900 to —0.900 Volt with 0 0.001
Volt/step while the current passes through the polymer film was recorded.

0.010 4

0.008
0.006 )
oo ] Reversebias
E 0.002 4 <+—
£ 7
3 00024 —>
oo Forward bias
{I.DDE-:
-1‘.0 -(.':.8 -CI\E . -0‘.4 -(.':.2 0:0 0:2 0:4 0:6 0.‘8 1:0
Voltage (Voit)

Fig 2. Typical measured current and applied
voltage of Al |copll|Al structure.

Results, Discussion and Conclusion: The measured current through the polymer film are increased linearly
when applied forward biasisincreased. The current is constantly decreased during the decrease forward bias
with about the same rate and almost constant current exhibited for reversed bias. This probably duesto
asymmetry of the molecular structure since the same metal contacts were used for electrical electrodes.
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2. RM. Metzger, Mat. Sci and Eng C3, 277(1995).
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Electrical characteristic of monolayer film of a side chain liquid crystal copolymersstudied by
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Abstract: The monolayer Langmuir-Blodgett (LB) films of a side chain liquid crystal copolymer (copll)
with an 11-methylene spacer and a composition of 50% nitrobiphenyl (NBP) and 50% methoxy ethoxy
methoxy biphenyl (MEMBP) were prepared from the gas water interface. This film was subsequently being
transferred onto a hydrophobic silicon wafer substrate by horizontal deposition technique. The surface
morphology of monolayer film was imaged by atomic force microscope (AFM) in dynamic mode. The
current-voltage (I-V) characteristics of monolayer and double layers films were characterized by using
scanning tunneling microscope (STM). It should be noticed that the STM tip stays with small distance on the
film surface. The electric resistance for the monolayer is smaller than that for the double layer. For measuring
the conductance by AFM, the AFM tip has to contact to the film surface. Then the conductive tip was biased
by external voltage and current through the tip was measured to extract |-V characteristics from molecules at
the local area of the surface. The electric characteristic for the 5 layer film by using conductive AFM exhibits
the antisymmetric current between forward and reverse bias.

Methodology: The monolayer of the side chain liquid crystalline copolymer, copll as shown in Fig.1., was
prepared by LB technique. A multilayer film was transferred onto the substrate via the horizontal deposition
technique. The LB monolayer was spread from a solution of 0.3 mg/ml copl1l in chloroform. Isotherm of
copll as shown in Fig.2. , exhibits a relatively steep rise, which demonstrates a close packing of the
molecules. The mean molecular area of 23 nm? was estimated. After spreading the film was compressed at a
speed of 10 mm/s until the surface pressure of 25 mN/m achieved then kept at this pressure for 1500 second.
The surface of silicon wafer was washed with acetone, methanol and chloroform in ultrasonic bath
respectively, and then cleaned silicon wafer was treated in hexamethyldisiloxane saturated vapor for 24 hours
in desicators. The monolayer LB film was deposited on hydrophobic silicon wafer substrate by horizontal
dipping. Before |-V characteristics were measured by AFM, the surface morphology of copll was measured
in the area of 100x100 nm?. The |-V characteristics were measured at each point on the film surface with
gold coated conductive tip. For I-V measurement with STM, an area of 100 x 100 nm? was scanned with bias
voltage of 0.5 V and tunneling current of 0.1 nA. The electrical properties of the copll LB films can
examined with conductive AFM tip. The applied voltage can be varied form -10 to +10 volt and the
measured current has been limited at £100 nA.
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Fig.1. Chemical structure of copll. Figure.2. Surface pressure — area per molecule
of copll at the air-water interface on water
(150 pl of 0.30 mg/ml in chloroform with pure
Results, Discussion and Conclusion: Water Subphase).

The surface morphology of monolayer copll LB film compared with hydrophobic silicon wafer were

showed in Fig.3. and Fig.4. For hydrophobic silicon wafer there are small valleys. The morphology of bare
silicon issimilar to that of hydrophobic silicon wafer.

Fig.3. AFM images of hydrophaobic Fig.4. AFM images of am monolayer LB film
silicon wafer substrate. of copl1 deposited on hydrophobic silicon
wafer substrate.

In isotherm of copll on pure water as shown in Fig.2. , the steeply inclining part of the curve
corresponds to the formation of a solid monolayer of copll molecules on the water surface. The isoterm

showed area per molecule about 23 nm? and phase transition of LB film occur at surface pressure of 4.2 and
45.3 mN/m.

The 1-V characteristics of bare silicon wafer, hydrophobic silicon wafer, copll LB film monolayer
and copll LB film 2 layers showed in Fig.5. For applied voltage of +1 volt the measured current through
bare silicon wafer, hydrophobic silicon wafer, copll LB film monolayer and copll LB film 2 layers, are

0.174, 0.925, 1.81, 0.529 nA, respectively. For STM measurement the electrical resistance for the monolayer
issmaller than that for the double layers.



- Hydrophobic silicon wafer

Bare silicon wafer— COP11 monolayer
copll 2 layers
-
Bare silicon wafer
-

Fig.5. 1-V plot for bare silicon wafer, hydrophobic
silicon wafer, cop11 LB film monolayer and copll
LB film 2 layers, respectively, measured by STM .

copll’5 layers

’/Ez?sjlioonwafer

Fig.6. |-V characteristic of copll1 5 layersand bare silicon
wafer measured by using conductive tip of AFM.

By using conductive AFM tip the |-V characteristics of bare silicon wafer and 5 layers copl1l1 LB film
showed in Fig.6. . The current at +7.5 volt are 4.84, 21.8 nA for bare silicon wafer and copll 5 layer film,

respectively. The conductive AFM tip measurement indicates the strong asymmetric for the 1-V curve of
copll LB film.
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CONFORMATION AND ELECTRONIC STRUCTURE RELATE EMISSION
SPECTRA FOR POLYFLUORENE AND ANTHRACENE COPOLYMER
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Abstract: The conformation and the ground-state electronic structure of 9, 9- Di (2 -

ethylhexyl) 2, 7 dibromofluorene (BEH-PF) and copolymer of BEH-PF and dibromo(anthracene)

were studied by semiempirical and ab initio a various levels of caculation. The
conformational analysis results show that the copolymer chain are more twisting than in the
case of homopolymer due to the out of plane of anthracene unit. This leads to the reducing of
excimer emission from the copolymer. The calculated eectronic structure of the copolymer by
density functional theory shows that the increasing of anthracene composition leads to the
lowering of energy gap which is consistent with the experimental results.

Introduction: Polyfluoreneis one of the interesting polymer for its gpplication in organic light
emitting devices (OLED) because of its high luminescence intensity in the blue region [1].
However, the important drawback for this polymer is the long wavelength emission at about
500 nm upon heating or passing the current. These long wavelength emissions were defined as
an excimer emission which is the result of the polymer chain packing [2]. Copolymerization of
polyfluorene with anthracene is one approach that can be used to suppress these excimer
emissions and to improve the stability and emission color [3]. By-product of copolymerization
process may lead to the color tuning of the emitting spectra due to the change of conjugation
length in the polymer chain [4].

In this paper we investigated conformation of 9, 9- Di (2 - ethylhexyl) 2, 7
dibromofluorene (BEH-PF) and copolymer of BEH-PF and dibromo(anthracene). The relation
of the conformation and the emission spectra from the experimental results were compared.
The electronic structure of the polymer were examined and also compared with the
experimental results.
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Methodology: The molecular structures of the BEH-PF were modified by replacing the ethyl
group a the 9 position to reduce the calculation time. Conformational analysis of PF dimers
and BEH-PF-co-ANT was obtained by using semiempirical Austin Model 1 (AM1) and ab
initio calculation at HF/3-21G* and HF/6-31G* levels. The AM1 optimized structure were
used to find the ground-state energy by using B3LYP/6-31G* level. The energy gap between
HOMO and LUMO of the polymer were obtained by plotting the LUMO-HOMO energies of
monomer through tetramer against inverse chain lengths and extrapolating to energy gap a the
infinite chain length. All the calculations were performed by using Gaussian 98 program.

Results and discussions: The conformational analysis of PF dimers from fig.1 shows the
suitable conformation with the torsion angle of the dimer equal to 42 degreesin AM1 level and
equals to 50 and 45 degrees at HF/3-21G* and HF/6-31G* levels, respectively. For PF-co-
ANT the preferable torsion angle between PF and ANT at AM1 levelsisintherange 60-115
degrees and equal to 90 degrees at the HF/3-21G* and HF/6-31G* levels. The conformational
analysis indicates that when anthracene is incorporated to the polyfluorene chain it tends to lie
in the out of plane structure. Therefore, with comparing to the homopolymer chain, the packing
of the neighbour copolymer chain is more difficult. Comparing this caculated result with the
emission spectra from the spin cast film, it shows that the excimer peaks from the  PF-co-
ANT are located at the shorter wavelength compare with the PF spectra. These can be infered
that the out of plane of anthracene unit encourage the reduction of the excimer emission. The
electronic structure obtained by B3LYP/6-31G*//AM1 shows that the increasing anthracene
composition leads to the lowering of energy gap as shown in table 1. This result is consistent
with the experimental red shift emission of the PF-co-ANT.
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Fig.1 Potential energy curves of (a) PF and (bf®PF-co-Anthracene at AM1 and ab initio with
HF/3-21G* and HF/6-31G* basis sets
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% Anthracene | Extraporated energy gap (€V) | | e enission (SOIUtION) excimer emission (11M)
0 3.4 415 nm 500
30 3.37 443 nm 490
50 3.05 - -
60 - 443 nm 490

Table 1 Extraporated calculated energy gap and measured emisson spectra for BEH-PF and
dibromo(anthracene) copolymer

Reference:
1. M. Kreyenschmidt, G. Klaerner, T. Fuhrer, J. Ashenhurst, S. Karg, W.D. Chen, V.Y. Leg,

J.C. Scott and R.D. Miller, Macromolecules, 1998, 31, 1099

2. Do-Hoon Hwang, Nam Sung Cho, Byung-Jun Jung, Hong-Ku Shim, Jeong-1k Lee, Lee-Mi
Do, Taehyoung Zyung , Optical Materials, 2002, 21, 199

3. G. Klaerner, M.H. Davey, W.D. Chen, J.C. Scott and R.D. Miller, Adv. Mater, 1998, 10,
993

4. Wei Yang, Qiong Hou, Chuanzhen Liu, Yuhua Niu, Jian Huang, Rengiang Yang and
Yong Cao, J. Mater. Chem,, 2003, 13, 1351
Keywords: Polyfluorene, OLED, conformational analysis

Acknowledgement: The research has been supported by National Metal and Materials
Technology Center (MTEC).

31st Congress on Science and Technology of Thailand at Suranaree University of Technology, 18 — 20 October 2005



http://www.pdffactory.com

	1.pdf
	2.pdf
	3.pdf
	4.pdf
	First principles study of Li and Li+ adsorbed on carbon nanotube: Variation of tubule diameter and length
	Introduction
	Methodology
	Results and discussion
	Conclusion
	Acknowledgments
	References


	5.pdf
	6.pdf
	7.pdf
	8.pdf
	9.pdf
	10.pdf
	1. Introduction
	Acknowledgement

	11.pdf
	12.pdf
	Abstract
	Introduction
	Acknowledgements
	References


	13.pdf
	Abstract
	Introduction
	Calculated results

	14.pdf
	15.pdf
	16.pdf
	17.pdf
	18.pdf
	19.pdf



