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that are short-lived. Although short-lived and cannot be detected easily by
conventional experimental techniques, the dissociation and association of such
complexes can influence chemical processes, especially reactivity and mechanisms in
biochemical reactions. Therefore, progress is being made in our laboratory to apply
similar theoretical approaches to investigate short-lived phenomena in some

biological systems.
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LIST OF ABBREVIATIONS AND SYMBOLS

T-model = The test-particle model.

n-H-bond = n-hydrogen bond.

PD map = Probability distribution map.

n-PD maps = Solvent probability distribution map.

<PTP s = Highest probability at the labeled contour on the n-PD maps.

MD-[(PhOH), ]3" = MD simulations with the structure of (PhOH), frozen

Benz

at the T-model equilibrium geometries.

MD-[(PhOH)_ 15 = MD simulations with all molecules allowed to move,

Benz

starting from the equilibrated configurations of MD-[(PhOH), 5"

Benz

<Ejlwsolt 5 = Average solute-solute interaction energy.
< Eiplusolv 5 = Average solute-solvent interaction energy.
<ER > = Average potential energies of [(PhOH),]genz.
< E]gmz > = The average potential energy barriers to the solvent exchange
within, as well as between, the first solvation shells.
< E;enz > = The average potential energy barriers to the solvent exchange
between Benz molecules in the first solvation shell and the outside.
g(R) = Atom-atom pair correlation functions.
n(R) = Average running coordination numbers.
FFT = Fast Fourier transformations.
I, = Associative-interchange scheme.
rgh_%}f;Be“Z = Lifetime of the PhOH-Benz 1 : 1 complex.
PB-PD = The average solute-solvent interaction energy PD maps.
BB-PD = The average solvent-solvent interaction energy PD maps.
PB-BB-PD = The average potential energy PD maps.
<AERP > = Lowest-average interaction energies on the PB-PD map
<AEp>?P > = Lowest-average interaction energies on the BB-PD map

<AERPBPD S = Lowest-average interaction energies on the PB-BB-PD map

Benz min
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Equilibrium structures and interaction energies
of the PhOH-Benz 1 : 1 complexes in the gas phase,

computed from the T-model potentials.

Equilibrium structures and interaction energies
of the PhOH-Benz 1 : 2 complexes in the gas phase,

computed from the T-model potentials.

frozen
Benz *

Structural and energetic results obtained from MD-[PhOH]
X-, Y- and Z-axes are in A, energies in kJ/mol.
a) —b) The n-PD, PB-PD and PB-BB-PD maps.
c) —d) Average potential energy landscapes and the cross section plots
computed from longitudinal and transverse profile lines.
_____ PB-BB-PD cross section plot.
————— PB-PD cross section plot.
BB-PD cross section plot.

n-PD contour;: min= 0.0:max = 0.13: interval = 0.01.
PB-PD contour: min =-18.0 : max = -3.0: interval = 2.5.

PB-BB-PD contour: min = -96.0 : max =-75.0: interval = 7.0.

free
Benz *

Structural and dynamic results obtained from MD-[PhOH]
a) —b) g(R); characteristic distances given with n(R) in parentheses.
¢) Example of H-bond exchange diagram.

d) Fourier transformations of the O-H.. = H-bond

and 7.7 distances.

TN P = the lifetime of the PAOH-Benz complex
computed from FFT of the O-H.. © H-bond distance.
TPhOH=Be — - the lifetime of the PhOH-Benz complex

Tpy, .. T

computed from FFT of the m,.. 7 distance.
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frozen

Figure 5 Structural and energetic results obtained from MD-[(PhOH), ]5>-" .

X-, Y- and Z-axes are in A, energies in kJ/mol.

a) —c) The n-PD, PB-PD and PB-BB-PD maps.

d) —e) Average potential energy landscapes and the cross section plots
computed from longitudinal and transverse profile lines.
____ PB-BB-PD cross section plot.
————— PB-PD cross section plot.

BB-PD cross section plot.

Note: n-PD contour: min= 0.0: max = 0.13:interval = 0.01.

PB-PD contour: min =-30.0 : max = -1.0: interval = 4.5.

PB-BB-PD contour: min =-99.0 : max =-70.0: interval = 7.2.
Figure 6  Structural and dynamic results obtained from MD-[(PhOH), |5 .
a) —c) g(R); characteristic distances given with n(R) in parentheses.
d) Snapshots of the PhOH-Benz clusters in [(PhOH), ;.. -
e) — f) Example of H-bond exchange diagram.

Figure 7  g(R) obtained from MD-[(PhOH), 15 . together

with characteristic distances.
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b) AET-model =-13.5 kJ/mol
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a) AET.model = -41.6 kJ/mol

C-H.O (3-1)=33 A
H.O (3-1)=27 A
C-H.mpn (3-1) = 4.0 A
H.mpn 3-1) = 32 A

e 8;3 _ é o (3-1) = 5.0 A
n.n (2-3) = 49 A

b) AET-model =-30.6 kJ/mol

C-H.n (1-3) = 44 A
H.or (1-3) = 34 A

C-H.O (2-1)=33 A
H.O (2-1)=28 A
C-H..mp, 2-1)= 4.0 A
H.mpn 2-1)= 32 A
m..mpy (2-1)= 5.0 A

C-H.O (3-1) = 33 A
H.O (3-1) = 2.6 A

C) AET model = -28.8 kJ/mol

O-H.n (13) =34 A  CHax(23)=38A
H.n (1-3) =25 A H.m (2-3) =29 A
on (1-3) = 5.4 A n.m (2-3) = 50 A

Fig. 2
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Table 1 Energetic results obtained from MD-[(PhOH), ]5o"

and MD-[(PhOH), It ,n =1 — 3. Energies are in kJ/mol.

<ER, > <ERUMsS cEglevs

MD-[PhOH]:" -35.4 - -106.0
MD-[PhOH];. -35.3 - -58.1
MD-[(PhOH), Jp" -35.5 - -101.0
MD-[(PhOH), I5s¢, 355 2.3 -123.4
MD-[(PhOH), ], -35.4 -51.8 -98.0
<ERr,>  =average potential energy.

< B3lu-solu 5 — average solute-solute interaction energy.

Benz

< Elu-solv 5 — average solute-solvent interaction energy.

Benz
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Table 2 The highest probabilities at the labeled contours on the n-PD maps
(<P™P> ., in Fig. 3, together with the corresponding lowest average
interaction energies (< AE}__ > . )obtained from MD-[PhOH]:" .

Benz Benz

Energies are in kJ/mol and X = PB-PD, BB-PD or PB-BB-PD.

<PTC-PD>max <AEPB—PD > <AEBB—PD > < AEPB—BB—PD >

Benz min Benz min Benz min

Z=-05-05A
A 0.104 -17.28 -74.23 -83.65
C 0.042 -7.29 -79.74 -81.41
Z=00-1.0A
A 0.080 -16.10 -78.33 -94.43
C 0.034 -7.53 -77.17 -82.12
Z=10-20A
A 0.033 -16.10 -72.97 -83.14
B 0.031 -10.84 -72.94 -82.91
C 0.024 -7.91 -76.35 -88.18
Z=20-30A
A 0.036 -9.48 -76.87 -91.47
B 0.114 -11.71 -75.00 -86.06

C 0.027 -9.78 -74.777 -82.46
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Table 3 The highest probabilities at the labeled contours on the n-PD maps
(<P™P>_.,) in Fig. 5, together with the corresponding lowest average
interaction energies (< AE}__ > ) obtained from MD-[(PhOH), |12

Benz Benz

Energies are in kJ/mol and X = PB-PD, BB-PD or PB-BB-PD.

<Pﬂ:-PD>max <AEPB—PD > < AEBB—PD > <AEPB—BB—PD >

Benz min Benz min Benz min

Z=-05-05A
A 0.083 -15.11 -79.86 -94.14
B 0.048 -23.67 -65.44 -79.34
C 0.054 -11.66 -76.19 -79.58
E 0.023 -23.89 -71.31 -93.26
Z=00-1.0A
B 0.038 -20.32 -70.17 -89.78
C 0.047 -9.06 -79.95 -82.23
D 0.053 -11.79 -73.16 -84.73
E 0.062 -23.91 -71.35 91.18
Y=-20--1.0A
A 0.133 -22.14 -73.05 -86.50
B 0.056 -7.10 -74.90 -80.76
C 0.035 -10.94 -81.60 -81.30
D 0.037 -20.85 -70.79 -86.51
E 0.039 -8.33 -80.29 -84.28
X=-1.0-0.0A
A 0.047 -13.68 -74.05 -85.53
B 0.043 -18.03 -74.05 -92.08
C 0.106 -9.08 -75.12 -79.62
D 0.091 -26.68 -67.89 -87.73
E 0.040 -15.16 -78.05 -91.64
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Proton transfer reactions and dynamics in Nafion
Kritsana Sagarik

School of Chemistry, Institute of Science, Suranaree University of Technology
Nakhon Ratchasima 30000, THAILAND

Proton transfer reaction in condensed phase represents one of the most important
problems in electrochemistry, especially in connection with the development of alternative
energy sources such as fuel cells (FC). Since the basic operations in fuel cells depend upon
the transportation of protons (H") generated at anode across proton exchange membrane
(PEM) to cathode, it is vital to understand elementary reactions and dynamics of proton
transfer processes in liquid, solid and aqueous solution. Although some theoretical and
experimental information has been accumulated, precise mechanisms of proton transfer in
PEMFC, especially in hydrogen bond (H-bond) complexes, are not completely known. In the
present work, elementary reactions, energetic and dynamics of proton transfer were studied
using three model systems namely, protonated water clusters, CH;OH-H;O0'-H,O and
CF;SO;H-H;0"-H,0 complexes. The H-bond complexes were investigated using quantum
chemical methods and Born-Oppenheimer Molecular Dynamics (BOMD) simulations. The
investigations began with searching for equilibrium structures at low hydration levels using
the DFT method at the B3LYP/TZVP level, from which the H-bonds susceptible to proton
transfer were characterized and analyzed. The analyses of IR spectra showed characteristic
asymmetric O-H stretching frequencies of the transferring proton at vOH & 1000 cm™ and
the threshold frequencies for proton transfer (VOH*) in the range of 1700 and 2200 cm.
However, these cannot be definitive, due to the neglect of the thermal energy fluctuation and
dynamics in B3LYP/TZVP calculations. BOMD simulations at 350 K revealed an additional
vOHat a higher frequency. The low- and high-frequency bands can be associated with the
oscillatory shuttling and structural diffusion motions of the transferring proton in H-bond,
respectively. The present results concluded that, due to coupling among various modes of
vibrations, the discussions on proton transfer reactions cannot be made based on static proton
transfer potentials. In order to study proton transfer reactions, thermal energy fluctuations and
dynamics must be included in the model calculations, as in the case of BOMD simulations.
The present work provided insights into vibrational behaviors of the transferring protons, as
well as suggested theoretical methods and criteria to monitor and improve the efficiency of

proton transfer in more complex systems.
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Proton transfer reactions and dynamics in hydrated complexes formed from CH;OH, H;0 " and

H,O were studied using theoretical methods. The investigations began with searching for
equilibrium structures at low hydration levels using the DFT method, from which active H-bonds
in the gas phase and continuum aqueous solution were characterized and analyzed. Based on the
asymmetric stretching coordinates (Adp,), four H-bond complexes were identified as potential

transition states, in which the most active unit is represented by an excess proton nearly equally
shared between CH30OH and H,O. These cannot be definitive due to the lack of asymmetric O-H
stretching frequencies (#°™) which are spectral signatures of transferring protons.
Born—-Oppenheimer molecular dynamics (BOMD) simulations revealed that, when the thermal
energy fluctuations and dynamics were included in the model calculations, the spectral signatures
at 1°% ~ 1000 cm™! appeared. In continuum aqueous solution, the H-bond complex with
incomplete water coordination at charged species turned out to be the only active transition state.
Based on the assumption that the thermal energy fluctuations and dynamics could temporarily
break the H-bonds linking the transition state complex and water molecules in the second
hydration shell, elementary reactions of proton transfer were proposed. The present study showed

that, due to the coupling among various vibrational modes, the discussions on proton transfer
reactions cannot be made based solely on static proton transfer potentials. Inclusion of thermal
energy fluctuations and dynamics in the model calculations, as in the case of BOMD simulations,
together with systematic IR spectral analyses, have been proved to be the most appropriate

theoretical approaches.

Introduction

Proton transport in condensed phases represents one of the
most important problems in electrochemistry, especially in
connection with the development of alternative energy sources
such as fuel cells (FC)."? Since the basic operations in fuel cells
depend upon the transportation of protons (H ") generated at
the anode across a proton exchange membrane (PEM)—often
made from Nafion®—to the cathode, where they react with
oxygen to produce water,! it is vital to understand elementary
reactions and dynamics of proton transfer processes in liquids,
solid and aqueous solutions. Although some theoretical and
experimental information has been accumulated,®® precise
mechanisms of proton transfer in PEMFC, especially for
those employing methanol (CH3OH) as a direct fuel, are
not completely known. Since some basic chemistry of
proton transfer reactions has been discussed in details in many

“ School of Chemistry, Institute of Science, Suranaree University of
Technology, Nakhon Ratchasima 30000, Thailand.
E-mail: kritsana@sut.ac.th; Fax: (6644) 224635,
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b Department of Chemistry, Faculty of Science, Chulalongkorn
University, Bangkok 10500, Thailand

¢ National Electronics and Computer Technology Center (NECTEC),
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review articles,*® only the theoretical and experimental
information relevant to the present study will be briefly
summarized here.

CH3;O0H has been frequently selected as a model compound
for the investigation of proton transport in hydrogen bonds
(H-bonds).”® The abnormally high mobility of an excess
proton in liquid methanol ([CH;OH];q) has been extensively
studied using ab initio molecular dynamics (MD) simulations,
from which a structural diffusion mechanism of cationic
defects was proposed.'® Having both hydrophobic (CHs)
and hydrophilic (OH) groups in the same molecule makes
the H-bond structures in [CH3OH]jiq different from [H>OJ;q;
one-dimensional linear H-bond chains with occasional
branches seem to be the predominant species from 153 K to
room temperature.'” Due to significant roles played by the
methyloxonium ion (CH3;0H, ") in direct methanol fuel cells
(DMFC),"” delocalization of proton in the H-bond complexes
formed from H;0 ", CH3;0H and H,O has been extensively
studied.'* "¢ In the presence of an excess proton, two H-bond
structures dominate in the CH;0OH-H,O clusters, namely the
fully solvated and open chain structures.'® The excess proton
is preferentially taken by CH3;OH in the open chain
structure.!®> A structural analogue of the Zundel complex
(C,Hy0, ") and CH;0H, " were suggested by density functional
theory (DFT) calculations at the B3LYP/6-31 + G(d) level and
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vibrational predissociation spectroscopy to play important
roles in proton transfer in the mixed H-bond clusters.'>

Proton affinities in the CH;OH-H;O'-H,O 1:1:n
complexes, 1 € n <€ 5, were investigated in the gas phase
using DFT calculations and IR spectroscopy at 170 K.2° DFT
calculations at the B3LYP/6-31G +(d) level revealed that the
excess proton can be either localized close to CH;OH or H,0,
forming CH;0H, " or H;0 ", respectively. The position of the
excess proton is sensitive to the number of water molecules, as
well as the geometry of the H-bond complexes. The IR spectral
signatures determined from the free O—H stretching frequencies
in the range of 2700 and 3900 cm ! indicated that CH;OH, ™
and H;0" possess comparable stability and could be
concurrently detected in the gas phase.?’ Moreover, in the
CH;0H-H;O0"-H,0 1:1:n complexes, the excess proton
could be preferentially captured by CH;0H when » = 1 and
equally shared by CH;0H and H,O when n = 3. The excess
proton could gradually move away from CH;OH when n > 3.
The results in ref. 20 led to the conclusion that the protonated
ions in acidic [CH3O0H],q are quite flexible and can fluctuate
rapidly over CH;0H, ", H;0™ and CHyO5*.

Vibrational spectroscopy has been one of the most powerful
techniques in H-bond research.?! This is due to the fact that
the most evident effects of the A—H- - -B H-bond formation are
the red shifts of the A—H stretching mode, accompanied by its
intensity increase and band broadening.'>'® Analyses of the
A-H stretching frequencies could also lead to valuable infor-
mation on proton transfer reactions in H-bonds.!” As an
example, IR experiments,””> quantum-dynamical calcula-
tions*®> % and Born-Oppenheimer MD (BOMD) simula-
tions>® suggested that the vibrational spectra of the Zundel
complex (HsO,™) in aqueous solutions can be divided into
three distinct regions. The vibrational frequencies above
3000 cm~! correspond to the symmetric and asymmetric
stretching modes of individual water molecules, whereas
those between 1000 and 2000 cm™' are associated with the
characteristic vibrational frequencies of the transferring protons.>
The correlation between the O—H stretching frequency and the
probability of proton transfer in H-bond was investigated and
discussed in detail in ref. 13 and 17. Although the assignments
of all the features of the individual spectra were not made due
to the coupling and overlapping of various vibrational modes,
as well as the detection limit of the IR equipment,?®*!' the
probability of proton transfer could be associated with the
degree of the red shift, by comparison with the corresponding
“free” or “non-H-bonded”” O-H stretching frequency. '

In our previous work,?” elementary reactions of proton
transfer processes at a sulfonic acid group (—SO;H) of
Nafion®™ were studied using the H-bond complexes formed
from triflic acid (CF5SOsH), H;0 " and H,O as model systems.
BOMD simulations at 298 K revealed that a quasi-dynamic
equilibrium could establish between the Eigen (HoO4") and
Zundel complexes, and is considered to be one of the most
important elementary reactions. It was demonstrated that
proton transfer reactions at —SO3;H are not concerted due to
the thermal energy fluctuations, leading to quasi-dynamic
equilibriums among precursors, transition state complexes
and products. Most importantly, —SOzH could directly
and indirectly mediate proton transfer reactions through the

formation of proton defects, as well as the —-SO;~ and —-SO;H, "
transition states.

In order to obtain information for the investigations of
DMFC, elementary reactions and dynamics of proton transfer
in hydrated complexes formed from CH;OH, H;0 " and H,O
were studied in the present work. The H-bond complexes were
systematically investigated using quantum chemical methods
and BOMD simulations, both in the gas phase and continuum
aqueous solution. Since proton transfer reactions could be
characterized by vibrational motions of the active protons,
vibrational frequencies in H-bonds were computed, categorized
and analyzed. Based on the information from quantum
chemical calculations and BOMD simulations, elementary
reactions and dynamics of proton transfer in the model
systems were discussed in comparison with available theoretical
and experimental data of the same and similar systems.

Computational methods

Since proton transfer reactions are complicated, care must be
exercised in selecting appropriate model systems and theoretical
methods. Our experience®’” showed that elementary reactions
and dynamics of proton transfer in H-bonds could be studied
reasonably well by taking the following three basic steps: (1)
searching for all potential precursors and transition state
complexes in proton transfer pathways using pair potentials;
(2) refinements of the computed structures using an accurate
quantum chemical method; (3) BOMD simulations starting
from the refined structures. These three steps were also applied
in the present work.

Our experience also showed that the inclusion of too many
water molecules in the model systems could lead to difficulties
in the analyses of proton transfer reactions.?” Therefore, it was
the strategy of the present work to restrict the number of water
molecules in the model systems. Since the CH;0H, "—CH;0H
complex contributes only 5% to the proton transfer events'*
and the excess proton starts to move away from CH;OH, "
when n 3,20 the CH;OH-H;0"-H,0 1:1:n complexes,
1 < n < 3, were chosen in the present study. Some basic
structural and dynamic properties of the CH;OH-H,O and
CH;0H-H;0" complexes were also investigated.

In order to characterize IR spectra of the transferring proton,
as well as their correlations with the probability of proton
transfer,”® O—H stretching frequencies in H-bonds were computed
and analyzed, using a quantum chemical method and BOMD
simulations. Since the electric field introduced by the polar solvent
could determine the potential energy surface on which the active
proton moves, a continuum solvent model had to be included in
the model calculations. In the present work, the conductor-like
screening model (COSMO), with a dielectric constant (¢) of 78,
was employed to account for the effects of the extended H-bond
networks of water, which were not explicitly included in the
model systems. A literature survey showed that COSMO has
been applied successfully in various H-bond systems.?

Searching for potential precursors and transition state
complexes

All the H-bond complexes which could serve as precursors and
transition state complexes in proton transfer pathways were

This journal is © the Owner Societies 2010
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searched, characterized and analyzed. In order to effectively
scan the intermolecular potential energy surfaces, test-particle
model (T-model) potentials*®>° were constructed and employed
in the calculations of the equilibrium structures and interaction
energies of the hydrated complexes. Since the applicability of
the T-model had been discussed in details in our previous
studies,®®>° only some important aspects relevant to the
geometry optimizations will be briefly summarized using the
CH;OH-H;0"-H,0 1:1:1 complex as an example.

Experimental geometries of CH;0H, H;0" and H,O were
employed® and kept constant in the geometry optimizations.
For the CH;OH-H;0"-H,0 1:1: 1 complex, a rigid CH;OH
was placed at the origin of the Cartesian coordinate system.
The coordinates of H;O™ and H,O were randomly generated
in the vicinities of CH3;OH. Based on the T-model potentials,
equilibrium structures of the complex were searched using a
minimization technique. One hundred starting configurations
were generated and employed as starting configurations in the
geometry optimizations. The same procedures were applied in
the calculations of equilibrium structures and interaction
energies of the hydrated complexes considered here.

Structural refinements and vibrational spectra

Since the T-model potentials are based on rigid molecules, in
which cooperative effects are not taken into account, structural
refinements with full geometry optimizations had to be made
using an appropriate quantum chemical method. A literature
survey showed that DFT methods have been frequently
chosen due to their ability to predict the effects of electron
correlations with a reasonable degree of accuracy, especially
for similar H-bond systems.*' ® Since, in the present
investigations, the calculations of vibrational spectra and
lengthy BOMD simulations had to be performed, it was
necessary to compromise between the accuracy of the
theoretical method and available computer resources. In order
to achieve all the objectives, DFT calculations were performed
using the B3LYP hybrid functional®’ and the triple-zeta valence
basis sets augmented by polarization functions (TZVP).*® The
performance of B3LYP in the calculations of vibrational
spectra of similar systems was examined and discussed in detail
in ref. 49 and 50. It was shown that B3LYP/TZVP calculations
are sufficient for the systems with and without occupied d-states,
and could be applied reasonably well in the calculations of
equilibrium structures and interaction energies, as well as
vibrational spectra, of such systems.*

The absolute and local minimum energy geometries of the
H-bond complexes computed from the T-model potentials
were employed as starting configurations in B3LYP/TZVP
geometry optimizations. In order to ensure that the optimized
geometries are at the stationary points of the potential energy
surfaces, a tight SCF (self consistent field) energy convergence
criterion (less than 107% au) with a maximum norm of
Cartesian gradients of less than 107% au were adopted
in B3LYP/TZVP geometry optimizations. In the present
work, B3LYP/TZVP calculations were made using the
TURBOMOLE 6.0 software package.>!

The experiment in ref. 17 showed that the H-bond distance
(Ro_o) in concentrated HCI solutions could be divided into

three groups, namely the internal, external and solvation
groups. The H-bonds linking directly to proton belong to
the internal group, with Rg o in the range of 2.45-2.57 A,
whereas Ro o in the external and solvation groups are in the
ranges of 2.60-2.70 A and longer than 2.70 A, respectively.
The H-bond protons in the internal group are considered to be
active in proton transfer. In the present work, an attempt was
made to use similar criteria'’ to discuss the tendency of proton
transfer in H-bonds. A concept of the “most active” H-bond*?
was tentatively applied to describe the Grothuss mechanism.>
Within the framework of the most active H-bond, the asymmetric
stretching coordinate of a donor (D)-acceptor (A) pair is
defined by Adpa = |dauy — dp...ul;'* da_n and dg... are
the A-H and B---H distances, respectively. A H-bond is
considered to be “‘active” with respect to proton transfer
when Adpa < 0.1 A, and “inactive” when Adpa > 0.4 A
Therefore, according to Adpa, the H-bond in HsO," is the
most active (Adpa = 0); the H-bond proton is equally shared
by the two water molecules. In the present work, the internal
and external H-bonds were classified using plots between
Adpa and Rg o; appropriate functions were chosen by the
least squares method to represent the relationships in the
internal and external groups.

Assuming no coupling between degrees of freedom, harmonic
vibrational frequencies were computed in the present work from
numerical second derivatives, from which the analyses of
normal modes in terms of internal coordinates were made,
using NUMFORCE and AOFORCE programs,’! respectively.
Being associated with the dynamics of proton transfer in
H-bonds,** asymmetric O—H stretching frequencies (v°") were
of primary interest. It should be noted that vibrational frequencies
derived from quantum chemical calculations are generally
overestimated compared to experimental values, and a scaling
factor which partially accounts for anharmonicities and
systematic errors is required. Although the exact O-H stretching
frequencies were not the main objective, a scaling factor was
applied in the present study; the scaling factor of 0.9614 was
proved to be appropriate for B3LYP calculations.’

In order to measure the activity of H-bond protons in terms
of 1°H, classical interpretations of IR stretching frequencies
for concentrated acid solutions>® were employed as criteria; IR
stretching frequencies of H-bond protons were divided into
three groups, namely the internal (13002200 cm ™), external
(2500-3200 cm™") and outer layer groups (3300-3400 cm™?).
In order to correlate the concept of the most active
H-bond with the classical interpretations of IR stretching
frequencies,*® the H-bonds in the internal and external groups
were distinguished based on the relationship between +°™ and
Ro_o; ¥° and Rg o were plotted and appropriate functions
were chosen using the least squares method.

Quantum MD simulations

Dynamics of rapid covalent bond formation and cleavage
could be studied reasonably well using quantum MD
simulations,’” among which DFT-MD simulations have been
widely used in recent years.’®>® In the present work, proton
transfers in the CH;OH-H;0" and CH3;0H-H;0 "-H,O
complexes were investigated using BOMD simulations®-¢!
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with canonical ensemble (NVT) at 350 K. Within the
framework of BOMD simulations, classical equations of
motion of nuclei on the BO (Born-Oppenheimer) surfaces
are integrated, whereas forces on nuclei are calculated in each
MD step from quantum energy gradients, with the molecular
orbitals (MOs) updated by solving Schrodinger equations.
BOMD simulations are therefore more accurate, as well as
considerably CPU time consuming, compared to conventional
classical MD simulations, in which forces on nuclei are
determined from predefined empirical or quantum pair potentials.
Although the high mobility of protons was initially attributed
to quantum mechanical (QM) tunneling,®* the results of
BOMD simulations®> and conductivity measurements®*
showed that mechanisms of proton transfer could be explained
reasonably well without assuming proton tunneling to be the
important pathways.

In order to ensure that all important dynamics of proton
transfer processes in the CH;OH-H;0 *—H,O complexes were
taken into account, the equilibrium structures computed in the
previous section were used as starting configurations in
BOMD simulations. Since proton transfer in aqueous solutions
involves dynamic processes with different timescales,®> 7 the
complexity of proton transfer reactions could be reduced using
various approaches. The observation that the actual proton
transfer occurs on a femtosecond (fs) timescale,®” which is, in
general, faster than solvent structure reorganization,®® made it
possible to perform BOMD simulations by focusing on
short-lived phenomena taking place before H-bond structure
reorganizations. Since, in aqueous solutions, the rapid inter-
conversion between the Zundel and Eigen complexes happens
within 100 fs (107"% 5),% the timestep used in solving dynamic
equations was set to about 1 fs (0.968 fs 40 au). In each
BOMD simulations, 4000 timesteps were devoted to equilibration
and 10000 timesteps to property calculations, corresponding
to about 10 ps. In order to ensure that, in the course of the
BOMD simulations, the active proton is not trapped in a
minimum, appropriate temperature fluctuations must be
selected, as suggested in ref. 68. This was accomplished in
TURBOMOLE 6.0°" by applying the Nose-Hoover thermostat
at every 30 BOMD steps.

In order to search for spectral signatures of transferring
protons, IR spectra of H-bonds were computed from Fourier
transformations of the velocity autocorrelation function
(VACF);® the approach is appropriate as it allows various
vibrational modes to be computed separately. Since only
the H-bond protons involved in structural diffusion were of
interest and the reorientation of water molecules takes about
1-2 ps,”%"! IR spectra were calculated within a short time limit
of 1 ps. This choice can be justified by the observation that the
average lifetime of the H-bond in CH;OH-H,O solutions is
approximately 1.2 ps.'* Only symmetric and asymmetric O-H
stretching frequencies (1°") of the H-bond protons, as well as
the O-O vibrations, were of interest.

The diffusion coefficient (D) of the active proton could be
computed from BOMD simulations. The Einstein equation’
was employed in the present work, by which the diffusion
coefficient is determined from the slope of the mean square
displacement (MSD). Since the calculations of the diffusion
coefficient of a single particle (H") confined in a short H-bond

distance are not straightforward,“’74 care must be exercised,
especially in selecting the time interval over which MSDs were
computed; the time interval cannot be too large due to the
limitation of the allowed displacement.”* After several test
calculations, linear relationships between MSD and simulation
time could be obtained when the time intervals are not larger
than 0.5 ps.

Results and discussions

Equilibrium structures and vibrational frequencies

Fig. 1 shows the refined equilibrium structures and interaction
energies (AE) of the H-bond complexes in the gas phase and
continuum aqueous solution, together with characteristic
H-bond distances and asymmetric stretching coordinates
(Adpa). Asymmetric O-H stretching frequencies (:°%) of
H-bond protons are given in Fig. 2, together with the
frequency shifts (Av°™) due to the continuum aqueous solvent.
The red shifts are designated by negative values of Av°H. It
appeared that the equilibrium structures in the gas phase and
continuum aqueous solution are the same and agree well with
the theoretical results in ref. 20. Therefore, only Adpa, O
and Av°H, which could be related to the tendencies of proton
transfer in H-bonds, are discussed in details. In order to
simplify the discussion, the H-bonds in Fig. 1 and 2 are labeled
with numbers in parentheses.

For the CH3;0H-H,O complex in the gas phase, B3LYP/
TZVP calculations predicted the structure, in which a water
molecule acts as a proton donor, to be about 1.8 kJ mol™'
more stable than the one as proton acceptor (structures (a) and
(b) in Fig. 1, respectively). The results are in excellent agreement
with microwave’ and IR measurements.’® The stabilities of
structures (a) and (b) are considerably increased in continuum
aqueous solution, with AE = —73.4 and —72.8 kJ mol™',
respectively. Adp and ° do not show a tendency of proton
transfer in structures (a) and (b), both in the gas phase and
continuum aqueous solution.

Interesting results were obtained for the CH;OH-H;0 ™"
complex (structure (c) in Fig. 1). BSLYP/TZVP calculations
revealed that the H-bond proton tends to protonate at
CH;O0H, forming CH3OH, . This is in accordance with the
observation that CH;OH in acid solution possesses a higher
proton affinity than water.”” Adpa shows a slightly higher
tendency of proton transfer in the continuum aqueous solution
compared to the gas phase (0.24 and 0.32 A, respectively). The
trends of Adpa are supported by the asymmetric O—H stretching
frequencies in Fig. 2. The strong IR absorption peaks at
OH = 2086 and 1690 cm ™' appeared to be the characteristics
of the H-bond proton in the CH;OH-H;O " complex in the
gas phase and continuum aqueous solution, respectively, with
AP = 369 em™'. It was reported in ref. 20 that the
asymmetric O—H stretching frequencies cannot be measured
easily in experiments since the energy provided by a single IR
photon is much lower than the minimum energy required to
dissociate this complex via one-photon excitation processes.

Structures (d) and (e) in Fig. 1 are the two minimum energy
geometries of the CH;0H-H;0"-H,O 1:1:1 complex.
For structure (d), the H-bond between CH;0H and H;0™"
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Fig. 1 Refined equilibrium structures, interaction energies (AE) and asymmetric stretching coordinates (Adpa) of the CH;OH-H,O, CH;0H-H;0 "
and CH;OH-H;0 " ~H,O complexes, obtained from B3LYP/TZVP geometry optimizations. H-bond distances are in A and energies in kJ mol~ .. The
values in parentheses are the results in continuum aqueous solution. (a)~(b) CH;OH-H,O complexes. (c) CH;OH-H;O0™ complex. (d)—(e)
CH;0H-H;0"-H,0 1:1:1 complexes. (f)~(g) CH;OH-H;0 "—H,O 1:1:2 complexes. (h)-(j) CH;OH-H;0"~H,O 1:1:3 complexes.
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Fig. 2 Asymmetric O-H stretching frequencies (+°™) of the H-bond protons in the CH;OH-H,0, CH;0H-H;0 " and CH;0H-H;0 "—H,0
complexes, obtained from B3LYP/TZVP calculations. The values in parentheses are the results in continuum aqueous solution. Av°™ are the
frequency shifts in continuum aqueous solution. #°™ and Av°" are in em ™. (a)-(b) CH;OH-H,O complexes. (c) CH;O0H-H;0 " complex. (d)—(e)
CH;OH-H;0"-H,0 1:1:1 complexes. ()~(g) CH;OH-H;0"—H,0 1:1:2 complexes. (h)-(j) CH;OH-H;0"~H,O0 1:1:3 complexes.

(H-bond (1)) shows a higher tendency of proton transfer P2 = 1778 and 1911 cm™!, respectively. The continuum

than H-bond (2). In the gas phase and continuum aqueous aqueous solvent leads to a blue shift in H-bond (1) and a
solution, H-bond (1) possesses Adps = 0.22 and 0.33 A, and red shift in H-bond (2), with APH = 133 and —318 cm ™!,
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respectively. The results are different for structure (e), in
which CH;0H, " is equally stabilized by two adjacent water
molecules, with Adp4 in the gas phase and continuum aqueous
solution of 0.49 and 0.46 1&, respectively, and PH = 2628 and
2277 cm ™!, respectively. These indicated that H-bonds (1) and
(2) in structure (e) are not as active as H-bond (1) in
structure (d).

Based on the above discussions and the results on the larger
hydrated complexes in Fig. 1 and 2, the trends of proton
transfer could be anticipated. It appeared that the incomplete
water coordination at the charged species, CH;OH, " and
H;0" (as in structures (c) and (d), respectively), and the
asymmetric H-bond structure at CH;0H, " (as in structures
(g) and (h)) could help promote structural diffusion. Therefore,
according to Adpa and the criteria in ref. 14, the H-bond
protons in structures (c), (d), (g) and (h) could be active in
proton transfer (Adpa < 0.4 A), with the tendencies decreasing
in the following order:

Gas phase: (d) > (h) > (g) = (o).

Continuum aqueous solution: (¢) > (d) > (g) = (h).

Fig. 3a and b show the relationships between the asym-
metric stretching coordinate (Adpa) and the H-bond distance
(Ro_o), and between +°™ and Ro o, respectively. The trends
in Fig. 3a suggest a separation between the internal and
external H-bonds at Rg_o = 2.55 A, in good agreement with
Roo = 2.57 A in ref. 17. The linear relationships for the
internal and external H-bonds in the gas phase and continuum
aqueous solution could be represented by eqn (1) and (2),
respectively.

Internal H-bonds: Adpa = 2.1464Rg o — 4.9559 (1)

(@)

Due to the asymptotic behavior at large R o, the relationship
between ° and R o in Fig. 3b cannot be approximated
by a linear function; at large Ro o, °F converges to the
asymmetric O-H stretching frequency of a non-H-bonded
proton. After several test fittings, an exponential function
similar to the integrated rate expression for the first order
reaction was found to be the most appropriate. The fitted
functions in the gas phase and continuum aqueous solution
are shown in eqn (3) and (4), respectively.

External H-bonds: Adpa = 1.2936Rp o — 2.7735

Gas phase: 1°% = —1.17 x 10'% Ro-0/0-153 4 35767 (3)

Continuum aqueous solution:

PP = —0.71 x 100 Ro0/01617 4 3583 8 (4)

The agreements between °Y derived from B3LYP/TZVP
calculations and the fitted values are included in Fig. 3b.
Based on the results obtained from the static proton transfer
potentials (B3LYP/TZVP calculations), one could conclude
that, v°" for the H-bond protons in structures (c), (d), (g) and
(h) in the gas phase range from 1778 to 2086 cm ™!, and from
1690 to 2029 cm™" in continuum aqueous solution. According
to the classical interpretations,>® the H-bonds in structures (c),
(d), (g) and (h) belong to the internal group and could be
active in proton transfer reactions. However, these cannot be
definitive due to the lack of the IR spectral signatures at

P < 1000 cm ™!, as in the case of the Zundel (:omplex.77
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Fig. 3 (a) Plot of asymmetric stretching coordinates (Adpas) and
O-H---O H-bond distances (Rp o), obtained from B3LYP/TZVP
calculations. (b) Plot of asymmetric O-H stretching frequencies
@°") and O-H---O H-bond distances (R o), obtained from
B3LYP/TZVP calculations. (c) Plot of average asymmetric stretching
coordinates ((Adps)) and average O-H---O H-bond distances
((Ro_o)) obtained from BOMD simulations at 350 K.

It should be noted that, using the same approaches, °™ for
the Zundel complex in the gas phase and continuum aqueous
solution are 961 and 677 cm™', respectively.”” The former is
comparable with the theoretical result in ref. 78 of 983 cm ™.
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P

TAYA)
\VAY

Average H-bond distances ((Ro o)), average asymmetric stretching coordinates ((Adpa)) and characteristic asymmetric O-H stretching

frequencies (¢°™) of the active protons in the transition state complexes. Ia/lo-o are the relative probabilities of proton transfer in the course of the

BOMD simulations. Distances and 2°™ are in A and cm™, respectively
LOH
(Ro o) (Adpa) A B Ia/Io o
¢) ) Gas 2.47 0.34 2178.9 2558.8 0.09
"‘H COSMO 2.45 0.22 1138.9 1582.4 0.15
2
J
| o
J
d) Gas (1)2.43 0.18 1115.5 1874.5 0.11
(2) 2.57 0.54 2305.3 2695.7 0.11
COSMO (1) 2.50 0.33 977.7 1716.9 0.41
] %) (2) 2.57 0.54 2265.7 2680.1 0.13
} 2
§ = ' s
2
o) Gas (1)2.59 0.59 — — —
‘ (2) 2.47 0.33 1313.5 1613.2 0.03
: (3)2.71 0.77 — — —
y v COSMO (1) 2.60 0.58 — — —
(2) 2.48 0.29 935.0 1590.8 0.08
’ \ (3) 2.75 0.81 — — —
b J-.\:J
’. 2.3
3
J
" 2 Gas (1273 0.78 — — —
) %, (2) 2.65 0.68 . . _
‘ (3) 2.65 0.66 — — —
| ' (4) 2.45 0.22 911.0 1511.3 0.08
3 COSMO (1) 2.74 0.77 — — —
4 (2) 2.65 0.65 — — —
(3) 2.65 0.65 — — —
o L (4) 2.50 0.27 979.7 1590.5 0.05
v ‘ 1)
J

In the gas phase, the experimental O—H stretching frequency
of the transferring proton in the Zundel complex was reported
to be 1085 cm~'.”? Therefore, the asymmetric O—H stretching
frequencies at v°™ < 1000 ecm™! could be regarded as spectral
signatures of proton transfer in H-bonds. In this subsection,
one could also conclude that the incomplete water coordination
at the central charged species (H;0" and CH;0H, "), as well
as the electrostatic effects introduced by the continuum
aqueous solvent, could directly affect the tendency of proton
transfer in H-bonds.

Dynamics and mechanisms of proton transfer reactions

The dynamics and mechanisms of proton transfer reactions in
the CH;OH-H;0 " and CH;OH-H;0 "—H,O complexes are
discussed in this subsection, with the emphasis on structures
(¢), (d), (g) and (h). The average H-bond distances ((Ro o))
and the average asymmetric stretching coordinates ((Adpa))
obtained from BOMD simulations are listed in Table 1,
together with characteristic asymmetric O-H stretching
frequencies (+°™). Similar to the analyses made in the previous

subsection, (Adpa) and (Ro o) were plotted and shown in
Fig. 3c. The power spectra of the symmetric and asymmetric
O-H stretching modes of the H-bond protons in structures (c)
and (d), as well as the O-O stretching modes (+°°), are given
as examples in Fig. 4. The definitions of the three vibrational
modes are also included in Fig. 4.

It appeared in Fig. 3c that linear relationships between
(Adpa) and (Rp o) could also be approximated for the
internal and external H-bonds, with a separation at (Ro o) =
2.55 A, the same as that from B3LYP/TZVP calculations. The
linear functions are shown in eqn (5) and (6), respectively.

Internal H-bonds: (Adpa) = 2.6440(Ro o) — 6.2468 (5)
External H-bonds: (Adpa) = 1.4993(Rp o) — 3.3128 (6)

In order to correlate the probability of proton transfer with
" computed from BOMD simulations, the results on the
Zundel complex”” included in Fig. 4 should be discussed. The
IR spectra of the H-bond proton in the Zundel complex
computed from BOMD simulations at 350 K show two
asymmetric O-H stretching bands, labeled A and B in
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Fig. 4 Symmetric and asymmetric O-H stretching frequencies of the H-bond protons in the HsO, ", CH;0H-H;0 “and CH;0H-H;0 *-H,0
complexes, together with the O—O stretching frequencies, obtained from BOMD simulations at 350 K. (a) HsO, " in the gas phase. (b) HsO, " in
continuum aqueous solution. (¢) CH;OH-H;0™" in the gas phase. (d) CH;OH-H;0 ™ in continuum aqueous solution. (¢) CH;OH-H;0 "~H,0
1:1:1 complex in the gas phase (H-bond (1)). (f) CH;OH-H;0"~H,0 1:1:1 complex in continuum aqueous solution (H-bond (1)). (g)
CH;OH-H;0"-H,0 1:1:1 complex in the gas phase (H-bond (2)). (h) CH;O0H-H;0"—H,0 1:1:1 complex in continuum aqueous solution
(H-bond (2)). (i) Definitions of the symmetric and asymmetric O-H stretching modes, as well as the O-O vibration.

Fig. 4a and b; in the gas phase at 1°% = 1090 and and 1686 cm™', respectively. The low-frequency bands at

1809 cm ™' and in continuum aqueous solution at 1°™ = 875 A are comparable with the characteristic +°™ derived from
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Fig. 5 Elementary reactions consisting of quasi-dynamic equili-
briums for the interconversion between the formation and cleavage
of the H-bonds linking the transition state complex and water
molecules in the second hydration shells. The transition state complex
is inside the boundary line. (a) The excess proton transferring in a
linear H-bond structure. (b) The excess proton transferring in a fully
hydrated transition state complex.

B3LYP/TZVP calculations.”” They could be associated with
the vibration modes, in which a proton shuttles back and forth
at the center of the O-H---O H-bond. For the higher-
frequency bands at B, the centers of vibration are shifted
towards an oxygen atom of water. Therefore, v° at A and B
could be considered as the IR spectral signatures of the
transferring proton in the Zundel complex.

As the proton transfer in the Zundel complex depends
strongly on the O-O stretching mode,*” the relative probability
or the extent of proton transfer in BOMD simulations could
be estimated from the ratio between the intensity of the
asymmetric O—H stretching mode at A (/) and the intensity
of the O-O stretching mode (Io_o); a high I/l o reflects a
high probability of proton transfer in BOMD simulations. For
the Zundel complex in the gas phase and continuum aqueous
solution at 350 K, IA/lp.o amounts to 0.33 and 0.44,
respectively, indicating a higher probability of proton transfer
in continuum aqueous solution. At 298 K, the diffusion
coefficient of the transferring proton in the Zundel complex
is 5 x 107 cm? s™1,77 slightly lower than the experimental
value of 7 x 107> cm? s~ 1;%° the diffusion coefficient of a proton
moving across a single water molecule was approximated from
the NMR hopping time (r,) and the Einstein relation,
D = 12/6rp, where 1 is the hopping length. It should be
mentioned that the value of D in ref. 66 was computed by
subtracting the water self-diffusion coefficient, 2.3 x 107> cm?s ™!,
from the proton diffusion coefficient, 9.3 x 107> cm? s~ The
discrepancy of about 28% could be partly due to the lack of
extensive H-bond networks of water in the model systems.
Based on the information on the Zundel complex, one could
anticipate proton transfer from the following three spectral

No

evidences: (a) the existence of a threshold frequency at 1°% <
1000 cm™'; (b) the appearance of an additional asymmetric
O-H stretching frequency at v°™ between 1600-1800 cm™';
and (c) Ia/lo_o 1s comparable with the Zundel complex.

For structure (c), the broadening of the asymmetric O-H
stretching bands made it difficult to analyze IR spectra. In the
gas phase, the appearance of the low- and high-frequency
bands at 2179 and 2559 cm ™!, respectively, rules out structure
(c) from being an active transition state. Similarly, in continuum
aqueous solution, Ix/Io o = 0.15 indicates a restricted number
of proton transfer events in BOMD simulations. Spectral
evidences of proton transfer are clearly seen for structure
(d), especially in continuum aqueous solution. Fig. 4f reveals
that, H-bond (1) possesses an asymmetric O—-H stretching
frequencies of OPH = 978 and 1717 em™', with Iz/lo o0 =
0.41; In/Io o is slightly smaller than the Zundel complex.”’
The IR spectra of the active protons in structures (g) and (h)
(not shown here) are similar to structure (d), but with 75/l o
smaller than 0.1, indicating a small number of proton transfer
events in BOMD simulations. Thus, one could conclude that,
for the CH;0H-H;0 " -H,O complex, structure (d) is the
most active transition state in proton transfer pathways, with
a proton diffusion coefficient (D) of 1.95 x 107> cm® s~ . Since
the time interval used in the calculations of MSD was
short, the diffusion coefficient could be considered as a pure
structural diffusion constant. Ab initio MD simulations were
employed in the study of proton transfer in CH;OH-H,O
mixtures at 300 K.'* It was reported that the diffusion
coefficient of an excess proton in the mixture, with a
CH;OH mole fraction of 0.5 (16 H,O and 16 CH;0H), is
4.2 x 107 cm?s~'. Based on the approximation in ref. 66 and
the report that the self-diffusion coefficients of [CH3;0H];q at
298 and 340 K are 2.4 x 107> and 4.9 x 107> cm® s7',
respectively,® the proton diffusion coefficient in the
present system could be approximated as 4.35 x 107> and
6.85 x 107> cm? s !, respectively. The values agree well with
the theoretical results in ref. 80.

The conclusion that structure (d) is the most active
transition state complex is supported by the theoretical
results in ref. 14, which showed that the nearest neighbors of
the defect oxygen, the oxygen atom attached to an excess
proton, consist of two water molecules, independent of
whether the defect oxygen is in water or methanol. This
corresponds to structure (d) in the present work. Based on
the assumption that the thermal energy fluctuations could
temporarily break the H-bonds connecting the transition state
complex and water molecules in the second hydration shell,
two potential elementary reactions of proton transfer could be
proposed in Fig. 5: Fig. 5a assumes that the excess proton is
transferred in a linear H-bond structure, whereas Fig. 5b
assumes a fully hydrated transition state complex. The former
was suggested to be more preferential.'® Finally, as in the
case of the Zundel and Eigen complexes,?’ one could
further anticipate that the rate-determining steps could
be determined from the lifetimes of the quasi-dynamic
equilibriums for the interconversion between the formation
and cleavage of the H-bonds linking the first and second
hydration shells, with structure (d) as the only active transition
state complex.

This journal is © the Owner Societies 2010
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Conclusions

The dynamics and mechanisms of proton transfer in hydrated
complexes formed from CH;OH, H;0" and H,O were stu-
died using theoretical methods. The investigations began with
a search for equilibrium structures at low hydration levels
using DFT calculations at the B3LYP/TZVP level. Based on
asymmetric stretching coordinates (Adps) and asymmetric
O-H stretching frequencies (v°Y), four H-bond complexes
were identified as transition states, in which the most active
unit is represented by an excess proton nearly equally shared
between CH;OH and H,O. Linear relationships between
Adpa and the H-bond distance (Ro_o) could be approximated
for both internal and external H-bonds, with a separation at
2.55 A, whereas the relationship between +°"and Ro_o could
be represented by an exponential function similar to the
integral rate expression for the first-order reaction. Based
on the static proton transfer potentials (B3LYP/TZVP
calculations), +°H for the H-bond protons in the transition
state complexes in the gas phase range from 1778 to
2086 cm™', and from 1690 to 2029 cm ' in continuum
aqueous solution. According to the classical interpretations,
all the H-bonds in the transition state complexes belong to the
internal group, and could be active in proton transfer. These,
however, cannot be definitive due to the lack of the IR spectral
signatures at U~ 1000 em ™ using the same theoretical
methods, the Zundel complex possesses Ot 961 and
677 cm™", in the gas phase and continuum aqueous solution,
respectively. Therefore, 1°" ~ 1000 cm ™! or lower could be
considered as an IR spectral signature of the transferring
proton in H-bonds.

More definitive results were obtained from BOMD
simulations. Based on the three spectral evidences obtained
from the Zundel complex, the H-bond structure (structure (d))
with incomplete water coordination at CH;OH, " and H;0 ™"
appeared to be the most active transition state in continuum
aqueous solution, with a characteristic PH 6f 978 cm ™!, This
is in accordance with the observation that the excess proton is
preferentially taken by CH3OH in the open chain structures,
not the fully hydrated structures. Based on the assumption
that the thermal energy fluctuations could temporarily
separate or break the H-bonds connecting the transition state
complex and the water molecules in the second hydration shell,
and the observation that the incomplete water coordination at
the charged species could help promote structural diffusion, as
in the case of the Zundel and Eigen complex, two elementary
reactions of proton transfer were proposed, with structure (d)
as the only transition state complex.

The present theoretical results suggested that, due to the
coupling among various vibrational modes, the discussions on
proton transfer reactions cannot be made based solely on
static proton transfer potentials. In order to study proton
transfer reactions, thermal energy fluctuations and dynamics
must be included in the model calculations. Although the
asymmetric O-H stretching frequencies of the transferring
protons cannot be measured easily in experiment, due to the
limitations of the IR equipment and the difficulties in the
assignment of absorption bands, the present theoretical results
could provide insights into the vibrational behavior of

(8]

transferring protons, as well as suggest theoretical methods
and criteria to monitor proton transfer reactions in more
complex environments. Together with systematic analyses of
IR spectra, it has been shown that BOMD simulations are the
most appropriate theoretical methods for the investigations of
proton transfer reactions.
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Structures and dynamics of phenol clusters ((PhOH),, n = 1-3) in benzene (Benz) solutions ([(PhOH),]genz)
at 298 K were studied using intermolecular potentials derived from the Test-particle model (T-model)
and molecular dynamics (MD) simulations. Although Benz molecules interact weakly among themselves
and with PhOH, the average three-dimensional structures and interaction energy distributions obtained
from MD simulations showed that, they could form well-defined solvent cages in [(PhOH);]gen,. At infi-
nite dilution, some solvent-separated structures, in which a Benz molecule linked between two PhOH
molecules, were observed in [(PhOH);]gen,, Whereas hydrogen bond (H-bond) structures dominated in
[(PhOH)3]genz. Based on the observation that, under thermal equilibrium conditions and at short time,
the exchange dynamics between the associated and dissociated forms involved periodic motions of the
O-H. - .t H-bond, the lifetimes of the PhOH-Benz 1:1 complex were estimated and in reasonable agree-
ment with 2D-IR vibrational echo experiment. Due to high potential energy barriers on the average
potential energy landscapes, solvent exchanges in [(PhOH),]gen, could take place through large-ampli-
tude intermolecular vibrations of molecules in the first solvation shell. In order to provide insights into
structures and dynamics in [(PhOH),]genz it was shown that, explicit solvent molecules have to be
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included in the theoretical models.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Structures and stability of clusters of aromatic compounds in
aqueous and non-aqueous solutions are examples of classical prob-
lems in the area of molecular associations [1-9]. Molecular clusters
formed from aromatic compounds have been of interest, since they
represent interactions between m-systems, which are found in DNA
and side chains of proteins [10]. Therefore, various experimental
and theoretical investigations have been performed in the past
two decades to obtain basic information concerning with the driv-
ing forces responsible for interactions in aromatic systems, espe-
cially among biomolecules [11]. For example, the so-called “m-
hydrogen bond” (m-H-bond) has been put forward due to its
importance in biological systems, e.g. the ability to stabilize o-helix
in proteins [12-14].

The presence of m-electrons enables clusters of aromatic com-
pounds, generated in continuous or pulsed supersonic beams, to
be examined effectively using modern spectroscopic techniques,
such as resonance two photon ionization [15-17], disperse fluores-
cence [18], cluster ion dip spectroscopy [19,20] and ionization-
detected stimulated Raman spectroscopy [21]. Significant advance-
ment in computational chemistry software packages and parallel
computer technology [22] has also allowed ab initio calculations

* Corresponding author. Tel./fax: +66 44 224635.
E-mail address: kritsana@sut.ac.th (K. Sagarik).

0301-0104/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemphys.2008.11.018

that include the effects of electron correlations to study large clus-
ters of aromatic compounds with higher accuracy [23]. It has,
therefore, become a general practice to apply structural models ob-
tained from ab initio calculations for the fitting of spectroscopic
observations [24]. Since a large number of review articles on
molecular associations have been published, only some important
information relevant to the present work will be briefly
summarized.

Clusters of benzene ((Benz),) are considered as prototypes for
the m---w and C-H...m interactions. They have been extensively
studied by theoretical and experimental methods [25-31]. Theo-
retical methods [23,32] predicted at least four equilibrium struc-
tures of (Benz), in the gas phase namely, parallel displaced, T-
shaped, parallel staggered and herringbone structures. The parallel
displaced structure is stabilized solely by the =--.m interaction,
whereas the T-shaped structure mainly by the C-H- - -x interaction.
The former was suggested by ab initio calculations at the highest
level of accuracy [32] to possess the lowest interaction energy
and in good agreement with experiment [31], whereas the latter
was pointed out to represent a low-energy saddle point for the
interconversion between parallel displaced structures.

Fast dynamics of single Benz molecule in the liquid phase
([Benz]jiquia) was studied in femtosecond heterodyne detected
optical Kerr effect (HD-OKE) experiments in a wide temperature
range [25]. The results at short times were interpreted by assuming
that the basic microscopic system consists of a Benz molecule
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Nomenclature

T-model the Test-particle model

n-H-bond m-hydrogen bond

PD map probability distribution map

m-PD maps solvent probability distribution map

(P™PP) .. highest probability at the labeled contour on the ©-PD
maps

MD-[(PhOH), Ji2" VD  simulations with the structure of
(PhOH), frozen at the T-model equilibrium geometries

MD-[(PhOH), ] = MD simulations with all molecules allowed to
move, starting from the equilibrated configurations of
MD-[(PhOH), Jyere"

(Efdlu=soluy * Jyerage solute—solute interaction energy

Benz
(EEZE‘Z‘ solvy - average solute-solvent interaction energy

(EE;’;Z> average potential energies of [(PhOH),]genz
(Egenzy  the average potential energy barriers to the solvent ex-

change within, as well as between, the first solvation
shells

(Egenz> the average potential energy barriers to the solvent ex-
change between Benz molecules in the first solvation
shell and the outside

g(R) atom-atom pair correlation functions

n(R) average running coordination numbers

FFT fast Fourier transformations

I, associative-interchange scheme

Tpholi—Benz [ifetime of the PhOH-Benz 1:1 complex

PB-PD the average solute-solvent interaction energy PD maps

BB-PD the average solvent-solvent interaction energy PD maps

PB-BB-PD the average potential energy PD maps

(AERBTDY . lowest-average interaction energies on the PB-PD
map

(AEEEPDy . lowest-average interaction energies on the BB-PD
map

(AERB-BB-FDy . lowest-average interaction energies on the PB-BB-
PD map

librating and oscillating in a local confinement or solvent “cage”.
The instantaneous cage structures and dynamics in [Benz]iquid
and [Benz]cysta Were studied in details by spectroscopic measure-
ments [26], as well as molecular dynamics (MD) [29] and lattice
dynamics simulations [28]. It was reported in Ref. [29] that, a rem-
iniscence of crystalline structure was evident in [Benz]iquid.
although no preferential orientation was observed in the first coor-
dination shell. Moreover, the cages in [Benz]jquiq are similar in
composition to those in [Benz]cysta, and the majority of the cages
in [Benz]jiquia could live several hundred femtoseconds (fs) or pico-
seconds (ps), depending upon the radius used to define the cage
[29]. Similar solvent cages were observed in our previous theoret-
ical studies [33] to accommodate benzoic acid dimer ((BA),), as
well as BA-H,0 m:n complexes, m and n = 1-2, in Benz solutions.

As the simplest aromatic compound which can form O-H-- -1t
and O-H- - -0 H-bonds, and a prototype for structurally related sub-
units in larger biomolecules, such as tyrosine (Tyr) residue in pro-
teins, phenol (PhOH) has been frequently selected as a model
molecule in both experimental and theoretical investigations
[23,34]. For example, theoretical methods at MP2/6-31G(d) and
B3LYP/6-31G(d) levels were employed in the study of structures
and stabilities of the O-H---O H-bond in (PhOH), and (H,0),,
n=1-4, as well as the PhOH-H,0 m:n complexes, m and n=1-3,
and m+n <4 [35]. MP2/6-31G(d) results showed that (PhOH),
and (H,0), possess similar H-bond patterns, and (PhOH), are
slightly more stable due to the effects of electron correlations.
Moreover, it was shown that, the H-bonds in the PhOH-H,0 m:n
complexes are similar to (H,0),.

The interplay between electrostatic and dispersion interactions
has been frequently studied through the weak interaction between
the O-H group in PhOH and the polarizable m-electron clouds in
Benz [36,37]. For example, in the gas phase, B3LYP/6-31G(d,p) cal-
culations revealed that, the PhOH-Benz 1:1 complex is stabilized
mainly by the O-H---w H-bond, whereas in the 1: 2 complex, the
O-H group of PhOH acts simultaneously as proton donor and
acceptor towards Benz molecules [37]. It should be noted that,
although the density functional theory (DFT) and MP2 have been
frequently employed in the calculations of molecular clusters,
there have been examples in which both methods could not de-
scribe accurately the long-range electron correlation effects;
(Benz), was predicted to be unstable by almost all standard DFT
functionals [32,38], whereas the interaction energy of the PhOH-
Benz 1:1 complex was pointed out to be overestimated at the
MP2 level [39].

Molecular associations of PhOH in Benz solutions were exam-
ined in classical partition experiments, in which distributions of
PhOH between Benz and water were studied at 298 K [40]. The
measurements of partition coefficients revealed that, in Benz, equi-
librium could establish between PhOH and (PhOH);, whereas in
water, PhOH is monomolecular up to at least 0.15M. It was
emphasized in Ref. [40] that, PhOH associates itself in triple mole-
cules and not in double molecules. The existence of the monomer-
trimer equilibrium was also suggested from NMR experiment [41],
in which the equilibrium constant was determined in CCl4 by mea-
suring the hydroxyl NMR frequencies as functions of concentra-
tions. However, Philbrick [4] proposed the existence of (PhOH),
in Benz solutions, by measuring the partition coefficients of PhOH
between Benz and water at the concentrations in the water layer
below 0.1 M. The results were confirmed by isopiestic experiments
in anhydrous solutions [42].

Two-dimensional IR (2D-IR) vibrational echo spectroscopy
[39,43-49], an ultrafast vibrational analog of two-dimensional
NMR [45], has been developed to study fast chemical exchange
in the ground electronic state under thermal equilibrium condi-
tions. For small H-bonded systems, Hochstrasser et al. [48] investi-
gated the H-bond exchange between CH30H and the CN of CH3CN,
using 2D-IR heterodyne echo spectroscopy. The activation energy
for the exchange from the H-bonded state to the free state was re-
ported to be 6.2 kJ/mol. With the enthalpy of formation of about
17 kJ/mol [12], the association and dissociation of the PhOH-Benz
complex in solutions seem too rapid to measure using conven-
tional spectroscopic methods. In Ref. [43], equilibrium dynamics
in the PhOH-Benz complex was studied in a mixed solvent of Benz,
by measuring in real time the appearance of off-diagonal peaks in
the 2D-IR vibrational echo spectra of the PhOH hydroxyl stretching.
The high-frequency hydroxyl stretching was assigned to the free
PhOH, whereas the low-frequency to the PhOH-Benz complex.
According to the analysis of the 2D-IR spectra, the dissociation time
of the PhOH-Benz 1:1 complex was estimated to be about 8 ps.

In our previous work, [PhOH],q [50], [BA].q and [(BA);]aq [51], as
well as [(BA):]genz and small microhydrates of BA in Benz [33],
were studied using intermolecular potentials derived from the
Test-particle model (T-model) and MD simulations at 298 K. It
was shown that, in the gas phase and dilute aqueous solutions,
the strong cyclic H-bonds in (BA), could be disrupted by H-bond-
ing with water. Whereas in Benz, some microhydrates, not partic-
ularly associated in the gas phase and dilute aqueous solutions,
become quite stable in the course of MD simulations. This reflects
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the impact of weak but complicated C-H-- -, O-H---® and 7t-- -7
interactions on structures and stability of H-bond clusters.

In the present study, the effects of weak C-H.-.mt, O-H- - -1 and
- - -7 interactions on structures, energetic and dynamics of H-bond
clusters in non-aqueous environment were further examined using
[(PhOH),]genz 1 = 1-3 as model systems. In order to acquire some
basic information, equilibrium structures and interaction energies
of the PhOH-Benz m:n complexes, m and n = 1-2, in the gas phase,
were investigated using the T-model potentials. Then, NVE-MD
simulations were performed on [(PhOH),]gen, at 298 K. The average
three-dimensional structures and interaction energy distributions
in [(PhOH),]gen, Were visualized and analyzed based on solvent
probability distribution (PD) maps and average solute-solvent
and solvent-solvent interaction energy PD maps, respectively
[52-54]. The dynamics in the first solvation shell of [(PhOH);]gen,
was analyzed and discussed using the average interaction energy
PD maps and their cross section plots [52-54], as well as the H-
bond and solvent exchange diagrams. The results were discussed
in comparison with available theoretical and experimental results
of the same and similar systems.

2. Theoretical methods

The theoretical methods employed in the studies of solutions
fall into two categories [55]. Microscopic methods consider solvent
molecules with solute explicitly, whereas macroscopic methods
take into account solvent as a continuum medium characterized
by a dielectric constant. Although in principle, ab initio calcula-
tions, such as the self-consistent reaction field (SCRF) method
[56], could provide insights into the stability of clusters of mole-
cules in a continuum solvent, it is inappropriate in the present case,
since the average three-dimensional structures and dynamics of
solvent molecules were of primary interest.

2.1. The T-model potentials

Intermolecular potentials employed in the present work were
constructed based on the T-model. Since the T-model has been ex-
plained in details in our previous investigations [33,50-53], only
some important aspects will be briefly summarized here. Within
the framework of the T-model, the interaction energy (AEt-model)
between molecules A and B is written as a sum of the first-order

SCF interaction energy (AES) and a higher-order energy (AE") [57]

AErmodel = AEics + AE". (1)

AEL accounts for the exchange repulsion and electrostatic ener-
gies, and takes the following form:
4q;
+—=. 2

AEsr =Y "> {exp
icA jeB

iandjin Eq. (2) label the sites of molecules A and B, respectively. a;,
pi and q; are the site parameters. R;; is the site-site distance. The
exponential term in Eq. (2) takes into account the sizes and shapes
of the interacting molecules A and B. The point charges q; and g; are
determined to reproduce the electrostatic potentials of the mole-
cules. The higher-order energy, AE" in Eq. (1), represents the disper-
sion and polarization contributions of the T-model potential. AE"
could be determined from both theoretical and experimental data,
and takes the following form:

AE" = =" > CiFy(Ry)R;®, )

icA jeB

—Rij + 0; + 0

Pi+ P

where
F;(Rj) = exp [—(1‘28R3/Rij - 1)2], Ry < 1.28K]

=1, elsewhere

and
3 00t
Co=Cs= el .
! 2 (o/Ni)'"? + (05 /Ny) 2

)

Rg in Eq. (4) is the sum of the van der Waals radii of the interacting
atoms. Eq. (5) is the Slater-Kirkwood relation; o; and N; denote the
atomic polarizability and the number of valence electrons of the
corresponding atom, respectively. F;(R;) in Eq. (4) is a damping
function, introduced to correct the behavior of R;® at short R
distance. Only Cs in Eq. (5) is unknown. Cs could be determined
by a fit of the incomplete potential, including AEs, to the experi-
mental second-virial coefficients (B(T)) [58]. In the present study,
%, P, q; and Cg for PhOH and Benz were taken from Refs. [33,50].
They were applied successfully in MD simulations of H-bond and
aromatic systems, both in aqueous [50] and non-aqueous solutions
[33].

2.2. Equilibrium structures in the gas phase

In this subsection, some important aspects of geometry optimi-
zation will be briefly summarized, using the PhOH-Benz 1:1 com-
plex as an example. The geometries of PhOH and Benz were taken
from Refs. [33,50], respectively. They were kept constant through-
out the calculations. The equilibrium structures and interaction
energies of the PhOH-Benz 1:1 complex were computed by placing
PhOH at the origin of the Cartesian coordinate system. The coordi-
nates of Benz were randomly generated in the vicinities of PhOH.
Based on the T-model potentials [33,50], the absolute and local
minimum energy geometries of the PhOH-Benz 1:1 complex were
searched using a minimization technique [59]. One hundred start-
ing configurations were employed in each geometry optimization.
Similar approaches were applied in the calculations of equilibrium
structures and interaction energies of the PhOH-Benz m:n com-
plexes, m and n=1-2. Some characteristic H-bond distances in
the PhOH-Benz complexes were computed and used in the discus-
sion of [(PhOH),]genz-

2.3. Molecular dynamics simulations

In order to obtain insights into structures, energetic and dynam-
ics in [(PhOH),|genz 1 = 1-3, NVE-MD simulations were performed
at 298 K. MD-[(PhOH),|3o%" and MD-[(PhOH),]i<¢, represent two
scenarios in [(PhOH),]genz. In MD-[(PhOH),, g:,ff“, the structures of
(PhOH), were frozen at the T-model equilibrium geometries [50]
and only Benz molecules were allowed to move. MD-
[(PhOH), " \yas aimed primarily at the average three-dimen-
sional structures and interaction energy distributions of Benz mol-
ecules in [(PhOH),gen,. MD-[(PhOH), ™ represents the situation,
in which all PhOH and Benz molecules were free to move, starting
from the equilibrium configurations of MD-[(PhOH),]5"  MD-
[(PhOH), )t was aimed at the structures and stabilities of solutes,
as well as the dynamics in [(PhOH),]genz-

In both MD-[(PhOH), ™" and MD-[(PhOH),]™ , (PhOH), and
five hundred Benz molecules were put in a cubic box subject to
periodic boundary conditions. The center of mass of (PhOH), was
coincident with the center of the simulation box. The density of
[(PhOH),|gen, Was maintained at the liquid density of 0.87 g cm™>
[60], corresponding to the box length of about 42 A. The cut-off
radius was half of the box length. The long-range Coulomb interac-
tion was taken into account by means of the Ewald summations.
Fifty thousand MD steps of 0.5 fs were devoted to equilibration
and one hundred thousand steps to property calculations. The pri-
mary energetic results of interest were the average solute-solute
((Elu—soluyy and solute-solvent ((E“*°)) interaction energies,

as well as the average potential energies of [(PhOH),]gen:

((ER%)). (Eswsoluy resulted from the average over the number of
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solu—solv
E Benz

MD steps, whereas (
ute molecules.

In order to visualize the average three-dimensional structures
of solvent molecules in [(PhOH),]genz, solvent probability distribu-
tion (n-PD) maps were constructed from MD-[(PhOH),]i°%"; the
center of mass of Benz is denoted by © and that of PhOH by mpy,.
In the calculations of the m-PD maps, molecular plane of a PhOH
molecule was assumed to coincide with the XY plane of the simu-
lation box (Z = 0 A). The volumes above and below the plane were
divided into layers, with the thickness of 1 A. In each layer, a ©-PD
map was constructed from 61 x 61 grid intersections, by following
the trajectories of the center of mass of Benz in the course of MD
simulations. The m-PD maps were represented by contour lines,
computed and displayed using SURFER program [61]. Therefore,
the densities of the contour lines could reflect the probability of
finding Benz in [(PhOH),|gen,. For simplicity, the minimum and
maximum values of the contour lines, as well as the contour inter-
vals, were chosen to be the same for all ©-PD maps. Since the sol-
vent cages in [(PhOH)]gen; and [(PhOH)s3lgen, Were rather
complicated, additional -PD maps were constructed with respect
to XZ and YZ planes.

Based on similar approaches, the average solute-solvent and sol-
vent-solvent interaction energy PD maps, denoted by the PB-PD
and BB-PD maps, respectively, were constructed from MD-
[(PhOH), ] The PB-PD maps were computed from the interaction
energies between Benz at the grid intersections and (PhOH),,
whereas BB-PD maps from the interaction energies between Benz
at the grid intersections and all other Benz molecules. The average
potential energy landscapes in [(PhOH),]gen, Were represented by
the PB-BB-PD maps, computed by combinations of the PB-PD and
BB-PD maps. Because the solvent cages tend to bring about stabiliza-
tion effects in [(PhOH),]gen,, Only negative-energy contour lines
were displayed on the PB-PD, BB-PD and PB-BB-PD maps. It should
be noted that, since the solvent-solvent interaction energies domi-
nate in [(PhOH),]genz, the minimum and maximum values of the
contours, as well as the contour intervals, must be assigned differ-
ently for the PB-PD, BB-PD and PB-BB-PD maps.

Since the dynamics of PhOH and Benz in the first solvation shell
was one of the main objectives, additional MD analyses had to be
made. Our experience in aqueous solutions [52-54] showed that,
although not straightforward, the dynamics of specific solvent
molecules in the first solvation shell could be anticipated at least
qualitatively from the structures of the average potential energy
landscapes. Therefore, the PB-PD, BB-PD and PB-BB-PD maps com-
puted from MD-[(PhOH), ]i°®" were further analyzed in details.
Several cross section plots were generated by taking vertical slices
along the predefined profile lines, through the surfaces of the PB-
BB-PD maps, as well as the PB-PD and BB-PD maps, using the
methods described in Ref. [53]. The cross section plots derived
from the longitudinal profile lines could be associated with the
average potential energy barriers to solvent exchanges within, as
well as between, the first solvation shells ((Ej.,,)). Whereas those
computed from the transverse profile lines are connected to the
average potential energy barriers to the solvent exchanges be-
tween Benz molecules in the first solvation shell and the outside
((Epens))-

Solvation structures, stability and dynamics in [(PhOH),]gen;
were further analyzed based on MD-[(PhOH),]™ = Some atom-
atom pair correlation functions (g(R)) and the corresponding aver-
age running coordination numbers (n(R)) related to the &- - -1 inter-
actions, the C-H---m, O-H---m and O-H---O H-bonds were
computed and employed in the discussion. g(R) represents basic
one-dimensional views on the structures in solutions. Because
large-amplitude intermolecular motions, which could lead to sol-
vent structure reorganization, were pointed out to be one of the
main reasons for the non-rigidity in aromatic van der Waals clus-

) over the number of MD steps and sol-

ters [27], they were also investigated in the present study. Since
under thermal equilibrium conditions, the PhOH-Benz complexes
are repeatedly dissociating and forming, and the O-H.- - and O-
H--.0 H-bonds, as well as 7t-- -1 interactions are responsible for
the molecular associations in [(PhOH),]genz, their periodic motions
at short time could be related to the lifetimes of the complexes. In
the present case, fast Fourier transformations (FFT) [62] were per-
formed on the O-H- - -7 and 7t- - -t distances, from which the large-
amplitude intermolecular vibrational frequencies and the lifetimes
of the complexes were approximated. Additionally, in the present
case, the H-bond exchange diagrams, showing the distance be-
tween the oxygen atom of PhOH and the center of mass of a spe-
cific Benz molecule as a function of MD simulation time, were
constructed.

3. Results and discussion
3.1. The PhOH-Benz m:n complexes

The absolute and some low-lying minimum energy geometries
of the PhOH-Benz complexes, obtained from the T-model poten-
tials, are displayed in Figs. 1 and 2. In Fig. 1, the absolute minimum
energy geometry of the PhOH-Benz 1:1 complex is represented by
structure a, in which the O-H group of PhOH acts as proton donor
towards the m-electron cloud of Benz, with the interaction energy
(AET-moder) Of —19.5 kJ/mol and the O-H-- -t and 7py- - -7 distances
of 3.4 and 5.4 A, respectively. The structure and interaction energy
of structure a are in good agreement with the T-shaped structure
obtained from ab initio calculations [37,39] and the picosecond
photofragment spectroscopy [12]. Structures b and ¢ are two local
minimum energy geometries, with AET ode Of —13.5 and —9.3 K]/
mol, respectively. Structure b shows a possibility for the oxygen
atom and the m-electron cloud of PhOH to act as proton acceptor
towards the C-H groups of Benz, with the C-H.--0 and C-H. - -mtpy,
H-bond distances of 3.4 and 4.0 A, respectively. Structure c is sta-

i a) AE‘I‘—J‘t’lodcl =-19.5 kJ/mol

O-H.m (1-2) = 34A
) H.m (1-2) = 25A
o7 (1-2) = 5.4 A

b) AET-mndc] =-13.5 kJ/mol

C-H.O (2-1) =34 A
H.O (2-1) =26 A
C-H.mpy, (2-1) = 4.0 A
H.mpn (2-1) = 32 A
ey (2-1) = 5.1 A

c) AET.modet = -9.3 kJ/mol

Q

C-H.m (1-2) = 3.8A
H.m (1-2) = 3.0A
Topn.. T (1-2) = 4.9 A

Fig. 1. Equilibrium structures and interaction energies of the PhOH-Benz 1:1
complexes in the gas phase, computed from the T-model potentials.
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2)

O-H.m (1-2) = 34 A
H.m (1-2) = 2.5

a) AE1moqe = -41.6 kJ/mol

: C-H.O (3-1)=33 A
A H.O (3-1) =27 A
e (1-2) = 52 A ol . (3-1) = 40 A
. H.men (3-1) = 32 A
3) =38 A .
A ¥ 31) =50 A
3) = 30 A T..Tpy (3-1)
3) =49 A

C-H.O (2-1)= 33
H.O (2-1)= 28
C*H..T[.ph (2*]) =40
H..T[ph (2-]) =132
n.mpn (2-1)= 5.0

BB oo o
oo o0 o oo B0

c) AET model = -28.8 kJ/mol

O-H.m (1-3) = 3.4 A C-H.m (2-3) = 3.8 A
H. (1-3) = 25 A H.m (2-3) = 29 é
T (1-3) = 5.4 A n.nt (2-3) = 50 A

Fig. 2. Equilibrium structures and interaction energies of the PhOH-Benz 1:2 complexes in the gas phase, computed from the T-model potentials.

bilized solely by the C-H.--m H-bonds, with the C-H-.-m and
Tipn- - -7 distances of 3.8 and 4.9 A, respectively.

A compact H-bond cluster formed from the O-H---w, C-H---O,
C-H.--m and C-H: - -y, H-bonds represents the absolute minimum
energy geometry of the PhOH-Benz 1:2 complex, structure a in
Fig. 2. Structure a possesses AEt el Of —41.6 kJ/mol, with the H-
bond distances similar to the PhOH-Benz 1:1 complexes. Structure
a has more C-H.--n H-bonds compared to that suggested from
supersonic jet spectroscopy [36]. Structure b is about 11 kJ/mol
less stable than structure a. In structure b, the oxygen atom of
PhOH acts as proton acceptor towards two C-H groups of Benz,
with the C-H. - -0 H-bond distances of 3.3 A. The stability of struc-
ture c is comparable to structure b, with AEy_ 04 Of —28.8 kJ/mol
and the O-H---m and C-H.--r H-bond distances of 3.4 and 3.8 A,
respectively. The O-H- - - H-bond in structure c is similar to struc-
ture a of the PhOH-Benz 1:1 complex, whereas the C-H---m H-
bond resembles the T-shaped structure in (Benz), [23].

Since H-bonds in the PhOH-Benz 2:1 and 2:2 complexes are not
substantially different from the PhOH-Benz 1:1 and 1:2 com-
plexes, in which all characteristic H-bond structures were ex-
plained, they are not presented here. Comparison of the results
obtained in this subsection with those from experiments [12,36]
and ab initio calculations [31,45] showed that the T-model poten-
tials [33,50] are accurate enough for further application in MD
simulations.

3.2. MD simulations on [(PhOH ), ]gen,

The T-model potentials applied in the previous subsection were
employed in MD simulations of [(PhOH),]genz, n=1-3, at 298 K.
(ERer,). (Exom,*™) and (Ejon*") obtained from MD-[(PhOH),Jgom"

Benz Benz Benz Benz

and MD-[(PhOH) ™ are summarized in Table 1. In order to limit

nlBenz

the number of figures, only selected g(R), m-PD, PB-PD and PB-BB-
PD maps are displayed. High-density contours on the PD maps are
labeled with capital letters.

The average interaction energies in Table 1 show both expected
and unexpected trends in [(PhOH),]gen,. Due to large number of
Benz molecules, (EX ) are nearly the same for all MD simulations,

Benz

and since the degree of freedom in MD-[PhOH]™ is higher than

Benz

MD-[PhOH]ffezen - (psolu=solvy i ahout a factor two higher, —58.1

Benz * Benz
and —106.0 kJ/mol, respectively. As only one O-H group could
act as proton donor towards Benz molecules in both MD-
[(PhOH), %" and MD-[PhOH]o%", (Esot=s°y are not substantially
different, the former is about 5 kJ/mol higher than the latter. The
energetic results seem to be more complicated in MD-
[(PhOH), ]t " in which (EZ2™~°V) is about 21 kJ/mol lower than

MD-[(PhOH), %" and (El—solty — _2 3 kJ/mol. These represent

Benz * Benz

direct evidences for substantial changes in H-bond structures in

Table 1
Energetic results obtained from MD-[(PhOH),]™*" and MD-[(PhOH),]™, n=1-3.
Energies are in kJ/mol.

<Epot > <E§olu—solu> (EsBolu—solv>
Benz enz enz
MD-[PhOH]ffozen -354 = ~106.0
MD-[PhOH]fTee, -35.3 - -58.1
MD-[(PhOH),|fozen -35.5 - -101.0
MD-[(PhOH), ] e, -355 -23 ~123.4
MD-{(PhOH),]fTee, -35.4 -51.8 -98.0

(ER%' ) = average potential energy.
Eoe-solty = average solute-solute interaction energy.
(Esolu-solvy — ayerage solute-solvent interaction energy.
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MD-[(PhOH), ]t - an increase in solute-solvent interaction is
accompanied by a decrease in solute-solute interaction, leading
to some solvent-separated structures. The situations seem to be
less complicated in MD-[(PhOH),] in which (E2% ") is about
64% of AEr.meger Of (PhOH); in the gas phase [50], and
(Eu=solvy _ _98 0 k]/mol. These indicate that, on average, the
three H-bonds in (PhOH); did not change substantially in the
course of MD-[(PhOH),] . The formations of solvent-separated
structures in [(PhOH);]gen, and close-contact trimers in [(PhOH )3] gen:

will be discussed in detail in the forthcoming sections.

3.2.1. [PhOH|pep,

The average three-dimensional structures and interaction en-
ergy distributions of solvent molecules obtained from MD-
[PhOH];2%" are shown in Fig. 3. The values of the highest probabil-
ities at the labeled contours on the t-PD maps ((P**"),,...

with the corresponding lowest-average interaction energies on the

PB-PD, BB-PB and PB-BB-PD maps, denoted by (AERE’P) . .
(AEREPDy . and (AELZEEBPDY . respectively, are summarized in
Table 2.

The -PD maps in Fig. 3a and b reveal that, at least three Benz
molecules stay in the vicinity the O-H group of PhOH, labeled with
A(Z=-0.5-0.5A),B(Z=2.0-3.0 A)and C (Z=2.0-3.0 A). It is obvi-
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proton acceptor towards the O-H and C-H groups of PhOH, respec-
tively, whereas a C-H group of Benz at C acts as proton donor to-
wards the oxygen atom of PhOH. Table 2 shows that, Benz
molecules at A, B and C possess (AEpi?),.. of —17.3, —11.7 and
—9.8 kJ/mol, respectively. Comparison of AEtede in Fig. 1 and
(AERETDY . suggests a possibility for a C-H group of Benz at B to
act as proton donor towards the oxygen atom of PhOH.

The preferential solvation order according to (P*"P) ., and the

average interaction energy orders based on the absolute values of

(AEgeTPy o (AERETPY - and (AEpc® ™) . in Table 2 can be written
as
(P"™) : B>A>C
(ABgen, Jmin : A>B>C
(AEgeB;[;D>min : C>A>B
), together <AEE§$E-PD>mm . A>C>B

It should be noted that, the preferential solvation order and the
average interaction energy orders in the present case, as well as in
many cases [52-54], are different. This is due to the fact that, the -
PD maps show relative probabilities that, a specific “position” in
the first solvation shell of PhOH is occupied by Benz molecules,
whereas the minima on the average potential energy landscapes,

ous that, the m-electron clouds of Benz molecules at Aand Bactas  such as (AEe2®™P) .. represent “low-lying interaction energy
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Fig. 3. Structural and energetic results obtained from MD-[PhOH]

frozen
Benz

20.0-16.0-12.0 -0 40 0.0 40 80 120 160 20.0

20.0-16.0-12.0 -8.0 4.0 0.0 40 80 120 160 20.0

. X-, Y- and Z-axes are in A, energies in k]/mol. (a) and (b) The 7-PD, PB-PD and PB-BB-PD maps. (c) and

(d) Average potential energy landscapes and the cross section plots computed from longitudinal and transverse profile lines. (
- -) BB-PD cross section plot. Note: m-PD contour: min=0.0: max=0.13: interval = 0.01. PB-PD contour: min= —18.0:
max = —3.0: interval = 2.5. PB-BB-PD contour: min = —96.0: max = —75.0: interval = 7.0. (For interpretation of the references in colour in this figure legend, the reader is

referred to the web version of this article.)

) PB-BB-PD cross section plot.
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Fig. 3 (continued)

states”, probed in the course of MD simulations. In other words,
Benz molecules at the position with the highest (P™"P) ., need
not possess the lowest (AERSBEPP) . Since the occupancies of
the interaction energy states depend upon dynamics of individual
solvent molecules, which could be described by structures of the
average potential energy landscapes, it is necessary to include
the cross section plots in the discussion of [(PhOH),]gen, [52-54].
They show both the average potential energy barriers intercon-
necting interaction the energy states and the average potential en-
ergy wells, in which solvent molecules are confined. The latter
could be related to the “average cage potentials” [26].

Fig. 3c and d shows the examples of the average potential en-
ergy landscapes and the cross section plots obtained from
MD-[PhOH]™*" The cross section plots indicate that, the average
potential energy barriers at A, B and C are quite high, in both lon-
gitudinal and transverse directions, e.g. about 120 kJ/mol at A in
Fig. 3d (I) and (II). On the PB-PD and PB-BB-PD maps in Fig. 3b
(Z=2.0-3.0A), a possibility for the solvent exchange within the
first solvation shell is evident from an interaction energy channel
connecting B and C. All the cross section plots in Fig. 3c and d re-
veal that, the size and shape of the average potential energy wells
are determined nearly exclusively by the average solvent-solvent
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Table 2

The highest probabilities at the labeled contours on the ©-PD maps ((P™"P).x) in
Fig. 3, together with the corresponding lowest average interaction energies
((AEX.)min) Obtained from MD-[PhOH] ", Energies are in kj/mol and X = PB-PD,
BB-PD or PB-BB-PD.

P (AEgons ) min (AEpe ™ min (AEpe® ™) min

Z=-05t005A

A 0.104 ~17.28 —74.23 —83.65
C 0.042 -7.29 —79.74 —81.41
Z=0.0-1.0A

A 0.080 ~16.10 —78.33 —94.43
C 0.034 —7.53 —77.17 —82.12
Z=1.0-2.0A

A 0.033 -16.10 —72.97 -83.14
B 0.031 -10.84 —72.94 —82.91
C 0.024 -7.91 —76.35 -88.18
Z=2.0-3.0A

A 0.036 -9.48 —76.87 —91.47
B 0.114 ~11.71 —75.00 —86.06
C 0.027 -9.78 —74.77 —82.46

interactions. These could restrict translational motion of Benz in
the first solvation shell of PhOH, especially in the transverse direc-
tion. One could, therefore, conclude that, Benz molecules at A, B
and C form a part of a quite well-defined local solvent cage at
the O-H group of PhOH. Our qualitative interpretation of dynamics
of individual solvent molecules in connection to the average poten-
tial energy landscapes is similar to Rabani et al. [63]; molecular
translation in the liquid phase is characterized by average potential
energy landscapes and occurs through jumps between basins sep-
arated by high-energy barriers, and the identity of the solvent cage
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T T T T T T
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8
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time/ ps
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Fig. 4. Structural and dynamic results obtained from MD-[PhOH];,.
diagram. (d) Fourier transformations of the O-H.-.m H-bond and mpy,- -

d 50

should be more related to the multi-minimum basin itself, rather
than to single actual configuration.

It appeared in general that, all structural information obtained
from MD-[PhOH]¢ could be interpreted reasonably well based
on the results of the PhOH-Benz 1:1 and 1:2 complexes in Figs. 1
and 2. g(Ro_n..x) in Fig. 4a shows the main peak at Ro_y..=4.4 A,
with a small shoulder at Ro_y.. =3.5A, and according to
n(Ro_p.x) at the first minimum (Ro_y..x = 5.5 A), about five Benz
molecules are in the first solvation shell of the O-H group. Since
the main peak of g(Rc_y..q,,) in Fig. 4b is seen at Rc_y..o,, = 3.3A,
one could conclude that, the main peak and small shoulder of
g(Ro—_n..x) correspond to structures b and a in Fig. 1, respectively.
The predominance of the C-H- - -Op, H-bond in [PhOH]gen, was also
suggested based on experiments in Ref. [4]. Additionally in Fig. 4a,
n(Ro_p..n) = 2.1 at the first maximum (Ro_p.r = 4.4 A) indicates
that, in [PhOH]ge,, two Benz molecules are in close contact with
the O-H group, with the H-bond structures similar to structures
b and a in Fig. 2. These support the three-dimensional structures
of solvent obtained from the ©-PD maps and the preferential solva-
tion order according to (P™FP) ...

Due to deep average potential energy wells, Benz molecules in
the inner and outer shells of the O-H group seem not exchange
as fast as water solvent [53,54,64]. The H-bond exchange diagram
in Fig. 4c demonstrates the exchange of Benz 65 and Benz 423 in
the course of MD-[PhOHJI,. At t;=18.2 ps, Benz 423 entered
and shared the first solvation shell with Benz 65, until Benz 65 left
at t = 28.3 ps. Therefore, the exchange process, taking place in pa-
nel P1 in Fig. 4c, took about 10 ps. The residence time of Benz 423
could be approximated from the widths of panel P1 and P2 to be
about 23 ps. The same exchange process repeated again in panel
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2.5 ---CH.m,

2.0

g(R)

T T T T T T
o 2 4 6 8 10 12 14 16 18 20 22
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400+ ——O-H.n

300
qPIOH-Benz _ bs

200 o O-H.m e
IOO-L
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300
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200 EE
IOO -k
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(a) and (b) g(R); characteristic distances given with n(R) in parentheses. (c) Example of H-bond exchange
-1t distances. Note: t§'QH-Benz = the lifetime of the PhOH-Benz complex computed from FFT of the O-
H... H-bond distance. ;27" = the lifetime of the PhOH-Benz complex computed from FFT of the myp: -

-t distance.
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P3; at t3 = 41.6 ps, Benz 65 reentered and shared the first solvation
shell with Benz 423, etc.

Although the solvent exchange rates and residence times are
extremely sensitive to the methods employed, some comparisons
could be made using the results on liquid water. Based on MD
simulations with the T-model potentials [52], the longest H-bond
lifetime at the H atom of water was predicted to be 8.7 ps,
whereas that at the O atom was 3.2 ps. These are compared well
with the H-bond residence times of water obtained from NMR
experiment of about 8 ps [65] and MD simulations of 4.5 ps
[66]. Literature survey showed that the mean residence times
of water within the first hydration shell of a single water mole-
cule are ranging from 2.5 to 10 ps [67]. Therefore, the residence
time of Benz in the first solvation shell of PhOH obtained in the
present work is in reasonable agreement with the previous
investigations.

Investigations of the H-bond exchange diagrams in details re-
vealed that, Benz molecules at the O-H group of PhOH exchange
through large-amplitude intermolecular vibrational motions,
which involve periodic displacement of the O-H. - - H-bond as dis-
cussed in Ref. [27]. According to the five-exchange mechanisms
proposed by Langford and Gray [68], the exchanges seem to favor
the associative-interchange (I,) scheme, in which a solvent mole-
cule enters and spends sometime in the first solvation shell before
the other leaves.

Analyses of the time evolutions of the cage structures in
[Benzliiquia [69,70] showed two relaxation components, which
could affect the exchange of Benz molecules constituting the sol-
vent cage; the slow relaxing component is associated with the cage
lifetime, whereas the fast relaxing component with the structural
rearrangements due to molecular vibrations. Since the average
cage potentials or the average potential energy wells are quite
low in [PhOH]gep,, it was reasonable and possible to investigate
the fast component. Based on the assumption that, at short time,
the dynamic equilibrium between the associated and dissociated
forms could be studied from characteristic intermolecular vibra-
tional frequency [41], the lifetime of the PhOH-Benz 1:1 complex
could be approximated. FFT [62] was performed on the O-H.. -1
H-bond distance curve, from which the lifetime of the PhOH-Benz
1:1 complex (TH9—Benz) was approximated from the characteristic
intermolecular vibrational frequency, as half of the association-
dissociation dynamic equilibrium cycle time. Examples of FFT ob-
tained from MD-[PhOH]™ are shown in Fig. 4d, together with

Benz
PhoH-Benz Dye to lower degree of freedom, MD-[PhOH]™*" yielded

Benz
the upper limit of T2'9}-Ben? to be 9.2 ps (not shown here), whereas
MD-[PhOH]®, predicted the lower limit to be 3.1 ps. The values
are in reasonable agreement with the 2D-IR vibrational echo spec-
troscopy of 8 ps [43].

It should be noted that, the present MD simulations estimated
Tphol—Benz djrectly from the intermolecular vibrational frequencies,
whereas the 2D-IR vibrational echo experiment [43] compared the
O-H stretching frequencies in the free PhOH with those in the
PhOH-Benz 1:1 complex. Although efficient coupling of the O-H
stretching with the low-frequency O-H...m H-bond vibrations
could be presumed, the excited O-H stretching could live longer
than 4 ps [21]. It should be augmented that, MD-[PhOH]*¢ was
based on pair-wise additive intermolecular potentials, in which
many-body contributions were not taken into account. One could,
however, expect that the inclusion of the cooperative effects will
lead to slightly more associated PhOH-Benz 1:1 complex and long-
er TH'94-Benz_ In order to obtain a rough estimate of the cooperative
effects, ab initio geometry optimizations were performed on the
PhOH-Benz 1:1 complexes. For this weak O-H---n H-bond, MP2/
6-311G(d,p) predicted the upper limit of the cooperative effects
to be only about 0.6 kJ/mol, corresponding to the red shift of about
50 cm~ . Therefore, the discrepancy between MD-[PhOH]t and

Benz

the 2D-IR vibrational
explainable.

echo experiment is reasonable and

3.2.2. [(PhOH)5]gen,
In order to distinguish H-bonds in [(PhOH);]genz the oxygen
atoms were numbered as follow:

Q

2)

Since the O1-H---02 H-bond was fixed in MD-[(PhOH),]=",
only the 02-H group could act as proton donor towards the nt-elec-
tron cloud of Benz. Structural and energetic results obtained from
MD-[(PhOH),|f%" demonstrated that, the solvent cages in
[(PhOH);]gen are stronger and more complicated than in [PhOH] gep,.
The n-PD maps in Fig. 5a-c, show well-defined solvent structures
in the vicinities of (PhOH),; the preferential solvation positions
are labeled with A to E. It is obvious that, Benz molecules prefer
to stay at the O2-H group, with the highest probability at A
(Z=-2.0-1.0A) in Fig. 5c and (AE[ZEEPPY . in Table 3 of
—86.5 k]/mol. It appeared that, the C-H---m H-bonds between
PhOH and Benz become stronger upon dimer formation. They are
labeled with B, C and D on the n-PD maps. The PB-PD and PB-
BB-PD maps in Fig. 5b show a larger and more well-defined energy
channel in [(PhOH);]genz, compared to [PhOH|gey.. Therefore, a pos-
sibility for the solvent exchange within the first solvation shell of
frozen (PhOH), could be anticipated at E, D and C.

In [(PhOH),]genz the preferential solvation order according to
(P™PP) .« and the average interaction energy orders based on the
absolute values of (AEpetP) .. (AESEPDY . and (AERSEEPDY . in

Benz Benz >nﬂn Benz >nﬂn
Table 3 can be written as

P~y . A>C>D>E>B
(AEPD) . D>E>B>A>C
(AEREy .. C>E>A>B>D
(AEPEBBPDY . ASE>B>D>C

The cross section plots in Fig. 5d and e show high average po-
tential energy barriers for solvent exchanges between the first sol-
vation shell and the outside, up to about 138 k]/mol at A in Fig. 5d
(IV). Since the m-PD, PB-PD and PB-BB-PD maps show high-density
contours in the vicinity of the O1-H- --02 H-bond, one could antic-
ipate its easy access by Benz molecules, and due to additional
entropic effects when (PhOH), are free to move, the H-bond disso-
ciation could be expected, as in the cases of (BA), [51] and the
guanidinium-formate (Gdm*-FmO~) complexes in aqueous solu-
tions [52].

Structures and dynamics in [(PhOH),]gen, Were further exam-
ined in MD-[(PhOH),] in which both PhOH and all Benz mol-
ecules were free to move. As expected, due to weak solute-
solute interaction and the thermal energy fluctuation at 298 K,
the O1-H.--02 H-bond was dissociated in MD-[(PhOH),]® .
g(Roi1—02) in Fig. 6a shows three well-defined peaks at
Roi—o2 = 5.7, 8.1 and 9.4 A, and for 8(Rryy-7pyp )» tWO main peaks
are seen at Ry, ., =6.5 and 9.2 A. Since the latter is more
structured, with two well-defined shoulders at Rq,.n,, = 8.1
and 9.8 A, one could conclude that, the majority of (PhOH), in
MD-[(PhOH), ]t took solvent-separated structures. Comparison

Benz

of g(Ro—u.x) and g(Ry, ..») in Fig. 6b and c with those obtained
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from MD-[PhOH]® in Fig. 4a confirms the dissociation of the
O1-H---02 H-bond and the existence of solvent-separated struc-
tures in MD-[(PhOH),]™ . Investigation of structures of (PhOH),
in the course of MD-[(PhOH),]™ revealed four examples of
close-contact and solvent-separated structures, with Ry, .m,
comparable to the positions of the main peaks and shoulders
of g(Rpy,-mpy,)- They are shown in Fig. 6d, and will be used in

the discussion of the exchange diagrams in Fig. 6e and f. In

structure (I), both PhOH molecules are in close contact, with
Rryy-mtpy = 6.7 A. In structures (II), (I) and (IV), Benz 496 sepa-
rates both PhOH molecules, with R of 8.1, 9.0 and 9.7 A,
respectively.

Fig. 6e and f shows examples of solvent exchange diagrams. In
Fig. 6e, the distances between the center of mass of Benz 496
(Ttgenz496) and those of PhOH molecules (Rr,, . g, 406 and
Rrpn-msen 0s) WeTE plotted as functions of MD simulation time.

Tph1 - Tlph2
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Fig. 5. Structural and energetic results obtained from MD—[(PhOH)Z]g;’,ff". X-, Y- and Z-axes are in A, energies in k]/mol. (a)-(c) The n-PD, PB-PD and PB-BB-PD maps. (d, e)

Average potential energy landscapes and the cross section plots computed from longitudinal and transverse profile lines. (

) PB-BB-PD cross section plot. (- - - - - )

PB-PD cross section plot. (- - - - - ) BB-PD cross section plot. Note: m-PD contour: min=0.0: max=0.13: interval = 0.01. PB-PD contour: min=-30.0: max=-1.0:
interval = 4.5. PB-BB-PD contour: min = —99.0: max = —70.0: interval = 7.2. (For interpretation of the references in colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 5 (continued)

Instantaneous solvent-separated structures could be recognized in
panels P1 and P3, in which Benz 496 stayed between both PhOH
molecules, with comparable Ry, ..ne 406 30d Rrpyy ey 0. PROH2
and PhOH1 could be temporarily separated from Benz 496 in panel
P, and P4, respectively. Finally, at ts5=43.6 ps, Benz 496 moved
away from PhOH1, resulting in close-contact structures similar to
structure (I) in Fig. 6d. Fig. 6f reveals further that, Benz 502 stayed
closer to PhOH2 from t=15-33 ps. A similar solvent separated

structure was proposed from experiment, in which the association
of (PhOH), in water saturated CCl,; was studied [5]; spectroscopic
evidence revealed that, the hydrogen atoms of water are not in-
volved in H-bond. It was presumed that, the dimer owes its stabil-
ity to weak interaction between the hydrogen atoms of the O-H
groups of both PhOH molecules and the oxygen atom of water.
The so called “hemihydrate dimer” was used to describe this
dimer.
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The highest probabilities at the labeled contours on the ©-PD maps ((P™"P).x) in
Fig. 5, together with the corresponding lowest average interaction energies
((AEX..)min) Obtained from MD-[(PhOH),]™*" Energies are in k]/mol and X = PB-PD,

BB-PD or PB-BB-PD.

3.2.3. [(PhOH)3]gen,

Structures and dynamics of (PhOH)3 in Benz solution are dis-
cussed based on MD-[(PhOH),])™ [t appeared that, the cyclic O-
H--.0 H-bonds, similar to the water trimer, could be partially

. free
5 = = = opened in the course of MD-[(PhOH);]g.,, as follow:
P (AEpens™ Ymin (AEBes™ min (AER" ") i 3 Benz
Z=-05t005A
A 0.083 —15.11 —79.86 —94.14
B 0.048 —23.67 —65.44 —79.34
C 0.054 -11.66 ~76.19 —79.58
E 0.023 —23.89 —71.31 —-93.26
Z=00to 1.0A
B 0.038 -20.32 —70.17 -89.78
C 0.047 —-9.06 ~79.95 —82.23
D 0.053 -11.79 —73.16 —84.73
E 0.062 -23.91 —71.35 -91.18
Y=-20to —-1.0A
A 0.133 —22.14 —73.05 —86.50
B 0.056 -7.10 —74.90 -80.76 L L
C 0.035 1094 ~81.60 8130 This is evident from g(Ro_o) in Fig. 7a; g(Ro,-o,) and g(Ro,o,)
D 0.037 -20.85 —70.79 -86.51 are quite similar, with the main peak positions at the average O-
E 0-039A -833 —80.29 —84.28 H---O H-bond distance of 2.8 A [50], whereas g(Ro,—o,) possesses
ﬁ_ =i tg 3;107 e R _mcE different structure, a broad peak with maximum at 4 A. In Fig. 7b
B 0043 1803 7405 9208 and ¢, similar trends were observed for g(Ro,..x,, ), £(Ro, .., ) and
C 0.106 -9.08 ~75.12 ~79.62 &(Ro, mp3 ), as well as for g(Rry,, -y, )» 8(Rrpy -y ) AN (R, )
D 0.091 —26.68 —67.89 —87.73 respectively. Although the average structure is not as compact as
E 0.040 —15.16 —78.05 —91.64
a 50 b 3.0 c 3.0
47 —o0,-0, —OH.n —O,H.n
40 ---m,, n,m 259 i A 259 T T
7 20
304
g 254 g 1.54 g
o0 £ o
204
15 1.04
107 0.5
54
0 T T T T 0.0
0 2 16 18 20 22 0 0 2 4 6 8 100 12 14 16 18 20 22
R/A
d PhOH 1 PhOH 2
Q PhOH 1 f PhOH 1 PhOH 2 PhOH 1
PhOH 2 pﬁ‘ m g o R fk& PhOH 2
q o) " . 0 =
goare” g By, ) o ¥ §
5 [s g v 4 Q R, ©
Benz 502 Qﬂ Benz 496 @_f Benz 496 o
¥ ~ + D
Benz 496 & g
6 Benz 502 Benz 502 Benz 502 ¢
(n (1) (III) (Iv)
R Tph1-ph2 =67 A R“m—mz =81 A R"vhwn: =90 A R"i"-'*l"ﬂ =97 A
22 22
€ o T f 20 T T
18] T e o 18 7 ot
16 16
14 14
8 124 £,=5114=95 6=225 =322 ;=436 & 12 4=516=95 £=225  £,=322 =436
E
SRR TR D ST ) P3 P4 & 10 Pl P P; Py
84 A 1, » 84« e l‘l'r/u
6 -\w/w»*.-v"‘m' U s, B LW N SO . s
4] v W W 'Vw N ‘;,.m‘: 4] v W v A -
2 4 24
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
time/ ps time/ ps

Fig. 6. Structural and dynamic results obtained from MD-[(PhOH),]™

2./Benz*
clusters in [(PhOH), ;... (e, f) Example of H-bond exchange diagram.

(a)-(c) g(R); characteristic distances given with n(R) in parentheses. (d) Snapshots of the PhOH-Benz
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in the gas phase, one could conclude that, (PhOH); forms H-bond
clusters in [(PhOH),l;.,,- Comparison of the solute structures in
the course of MD-[(PhOH),|™¢ and MD-[(PhOH),]™ revealed that,
the O-H---O H-bonds in (PhOH); are more sterically hindered by
the three PhOH molecules, therefore not easily accessible by Benz
molecules. Similar steric effects were observed in our previous
MD-[(BA), k<, in Ref. [33], in which cyclic H-bonds in (BA), were
sterically hindered from Benz molecules, but could be partially
opened by small polar molecule such as water.

As mentioned earlier that, molecular associations of aromatic
compounds in non-aqueous solvents, such as Benz and CCly, repre-
sent classical problems in the area of molecular associations, in
which partition experiments and various spectroscopic methods
have been generally employed in the investigations. For some
H-bonded solutes, the associated forms are sufficiently stable to
be detected in experiments. However, for PhOH, there have been
disagreements as to the most important species in solutions. The
majority of the partition experiments seem to point to the exis-
tence of the PhOH-(PhOH); equilibrium in CCl,, whereas several
spectroscopic results were interpreted in terms of the PhOH-
(PhOH); equilibrium. At infinite dilution and within ps time scale,
the present MD simulations seem to favor instantaneous solvent-
separated structures in [(PhOH);]gen, and H-bond clusters in
[(PhOH)3]gen,. Since it is well accepted that, different experiments
could lead to different results, and the advancement of femtosec-
ond laser technology has allowed experiments to probe instanta-
neous molecular structures and dynamics in weakly associated
systems in smaller time scales, it seems unrealistic to rule out pos-
sibilities of finding various forms of dimers and trimers, as well as
larger clusters in Benz or CCl, solutions. Therefore, we anticipate
that, no single associated form could be representative in solutions,
except in very restricted experimental conditions, such as temper-
ature, concentration and time scale.

free
Benz’

together with characteristic distances.

4. Conclusions

Structures and dynamics of aromatic clusters have been fre-
quently and extensively studied to demonstrate that, cluster
non-rigidity is a general phenomenon in weakly bound systems.
In the present study, the effects of weak C-H-..m, O-H--.m H-
bond and =---m interactions on structures and dynamics of H-
bond clusters in non-aqueous environment, were studied using
[(PhOH),]genz 1 = 1-3, as model systems. In order to acquire some
basic information on equilibrium structures and interaction ener-
gies in the gas phase, the PhOH-Benz m:n complexes, m and
n=1-2, were investigated using the T-model potentials. It ap-
peared that, the H-bond structure, in which the O-H group of
PhOH acts as proton donor towards the m-electrons of Benz, rep-
resents the absolute minimum energy geometry of the PhOH-
Benz 1:1 complex. Although the C-H group is not an effective
proton donor, various possibilities for the C-H---O and C-H-- -
H-bond formations were observed from the T-model results on
larger PhOH-Benz complexes.

Based on the T-model potentials, a series of NVE-MD simula-
tions was performed on [(PhOH),|genz, n=1-3, at 298 K. Insights
on the solvent cage structures and energetic were obtained from
[PhOH]gen, and [(PhOH);]genz. It was observed from the average
three-dimensional structures in [PhOH|gey, that, at least three Benz
molecules solvate at the O-H group, and PhOH could act both as
proton donor and acceptor towards Benz molecules. The average
potential energy landscapes and cross section plots obtained from
MD simulations indicated that, the size and shape of the average
potential energy wells are determined nearly exclusively by the
average solvent-solvent interactions, and the average potential en-
ergy barriers to solvent exchanges at the O-H group are quite high.
Therefore, Benz molecules at the O-H group could from part of a
quite strong local solvent cage. Our interpretation of dynamics of
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solvent molecules in connection to the average potential energy
landscapes is similar to Rabani et al., by which molecular transla-
tion in liquid was proposed to occur through jumps between po-
tential energy wells, separated by high-energy barriers.
Investigation on the H-bond exchange diagrams revealed that,
Benz molecules at the O-H group could exchange through large-
amplitude intermolecular vibrational motions, which involve the
periodic displacement of the O-H- - -t H-bond, and the solvent ex-
changes seem to favor the associative-interchange scheme, in
which a solvent molecule enters and spends sometime in the first
solvation shell before the other leaves. From the characteristic
intermolecular vibrational frequencies of the O-H...m H-bond,
the lifetimes of the PhOH-Benz 1:1 complex were approximated
and in reasonable agreement with 2D-IR vibrational echo
experiment.

Due to weak interaction and the thermal energy fluctuation at
298 K, the O-H- - -0 H-bond in (PhOH), was disrupted in MD sim-
ulations. Instantaneous solvent-separated structures, in which a
Benz molecule separates both PhOH molecules, were observed
in [(PhOH);|genz, Whereas the cyclic H-bonds in (PhOH)3; were par-
tially opened in [(PhOH)s]gen,. A similar water separated dimer
was suggested from experiment, in which spectroscopic evidence
revealed that the hemihydrate (PhOH), owes its stability to weak
interaction between the hydrogen atoms of the O-H groups of
both PhOH molecules and the oxygen atom of water. Comparisons
of the m-PD maps and the dimer and trimer structures in the
course of MD simulations revealed that, the O-H---O H-bonds in
(PhOH); were quite well protected by the three PhOH molecules,
therefore not easily accessible by Benz molecules as in the case of
(PhOH),. This suggests that, the competition between solute-sol-
ute and solute-solvent interactions could be studied only when
explicit solvent molecules are taken into account in the model
calculations.

It should be noted finally that, the MD results reported here
were based on pair-wise additive scheme, in which many-body ef-
fects were not taken into account. Since the interactions among
aromatic compounds are not particularly strong, the inclusion of
the cooperative effects in our model calculations should not lead
to significant change in structures and stability of the complexes
considered here; only slightly more associated complexes with
longer association times could be anticipated. For organic and bio-
logical systems, weak intermolecular interactions could produce
complexes that are short-lived. Although short-lived and cannot
be detected easily by conventional experimental techniques, the
dissociation and association of such complexes can influence
chemical processes, especially reactivity and mechanisms in bio-
chemical reactions. Therefore, progress is being made in our labo-
ratory to apply similar theoretical approaches to investigate short-
lived phenomena in some biological systems.
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