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CHAPTER

INTRODUCTION

An energy crisis and environmental concerns about global warming, as well as
the need to reduce CO, emissions, have provided strong motivation to seek ways of
improving energy conversion technology. Proton exchange membrane fuel cell
(PEMFC) has received much attention as one of the most promising energy suppliers
for the future world (Koppel, 1999; Larminie and Dicks, 2001; Vincent and Scrosati,
1997). The polymer electrolyte membrane which has been widely used in PEMFC is
Naﬁ0n®, introduced by Dupont in-1967 (Kreuer, Paddison, Spohr and Schuster,
2004).

Nafion” is a perfluorinated polymer consisting of fluorocarbon backbones
(Teflon™) and pendant polyether side chains. The side chains of Nafion® are
terminated by trifluoromethanesulfonic (triflic) acid which is known to be one of the
strongest acids in aqueous solutions (Gierke, Munn and Wilson, 1981). Experiments
have shown that the triflic acid groups (-CF,SO3;H) are preferentially hydrated,
resulting in large interconnected hydrophilic domains which play important roles in
proton transfer reactions (Hinatsu, Mizuhata and Takenaka, 1994). A possible
structure of Nafion® is shown in Figure 1.1. Due to the extreme difference in the
polarity of the fluorocarbon backbones and the sulfonic acid functional groups
(-SOsH), Nafion® membrane is quite well separated into hydrophilic and hydrophobic

domains. Theoretical and experimental evidences have shown that strong and



extensive hydrogen bond (H-bond) networks in the hydrophilic domains facilitate and
mediate proton conductions in Nafion®. This implies that PEMFC is not feasible to

use at the temperature above 373 K, since the membrane would dry.

CF [ CF
A 2 2
LI %:TF/ y

O—<CF, 4,0 CF, 0
Sl T N2 @
| §/ on
CF,

Figure 1.1 Primary structure of Nafion”, a-fluorocarbon backbones (A) and triflic

acid group (-CF,SO;H)(B).

Therefore, a complete understanding of the elementary reactions in proton
transfer processes in Nafion®, especially at low-hydration level, is required for the

development and improvement of PEMFC.

Although some basic information has been accumulated in the past decades,
mechanisms of proton transfer reactions in Nafion®, especially at the molecular level,
are not well understood (Kreuer, 1996; Kreuer, Paddison, Spohr and Schuster, 2004;
Paddison, 2003; Paddison and Zawodzinski, 1998). Some theoretical and

experimental results pertinent to the present work will be summarized as follows.



Three basic molecular fragments, potentially involved in proton transfer

reactions at the hydrophilic side chains in Nafion® are — (CF,0CF,)—, — CF,SO;H

and -CF,SO;. density functional theory (DFT) at B3LYP/6-31G(d,p) level

(Paddison, Pratt and Zawodzinski, 1999; Paddison and Zawodzinski, 1998) suggested

that, the H-bond between CF,OCF, and H,O is rather weak, due to the strong
electron withdrawing effects from the two CF, groups. Therefore, —(CF,OCF,)—

might not be directly involved in proton fransfer reactions in Nafion®, which is in
accordance with IR experiment (Laporta, Pegoraro and Zanderighi, 1999) and
molecular dynamic (MD) simulations (Buzzoni, Bordiga, Ricchiardi, Spoto and
Zecchina, 1995; Paddisen, Bender, Kreuer, Nicoloso and Zawodzinski, 2000;
Zecchina et al., 1996). Experimental evidence has shown that, when sufficiently

hydrated, the — CE;SO,H groups in Nafion” are highly dissociated (Buzzoni,

Bordiga, Ricchiardi, Spoto-and Zecchina, 1995;Zecchina et al., 1996). Spectroscopic
measurements, in which the assignment and comparison of IR and Raman spectra of

individual species in Nafion® were made, revealed that — CF,SO,H could be

completely dissociated depending upon experimental conditions. Dielectric
spectroscopy (Paddison, Bender, Kreuer, Nicoloso and Zawodzinski, 2000) also
showed a strong dependence of the dielectric constant and the specific conductivity of
Nafion™ with water content. Whereas '’F NMR experiment (Boyle, McBrierty and
Eisenberg, 1983) indicated that, there is a range of temperature over which the

— CF,SO,H groups in Nafion® go from being fully dissociated to being fully

associated upon cooling.



Attempts have been made to probe the acidity of CF,SO,H, as well as to

determine the transition state of ion-pair complex formed from CF,SO; and H;O" in

the gas phase (Paddison, Pratt, Zawodzinski and Reagor, 1998). It was reported that,
with the inclusion of electrostatic | free energy, the activation energy for the

deprotonation of CF,SO,H amounts to 19.6 kJ/mol, implying that the ion-pair
complex are not stable in the gas phase and some water molecules are required to
stabilize both CF,SO; and H,0": Mechanisms of proton dissociation from
CF,SO,H were examined by Paddison ef a/: (Paddison, 2001; Paddison, Pratt and

Zawodzinski, 2001), by performing a series of B3LYP/6-31G(d,p) calculations on the

CF,SO,H - (H,0), complexes, 1. < n < 6. Paddison et al. reported that, no proton

dissociation was observed until three-water molecules were included, and H,O0"
could be stabilized through the formation of H-bonds with two water molecules and

one oxygen atom of CF,SO;.-This -H-bond complex could represent one of the
precursors for proton dissociation from — CF,SO,H . Interesting results were obtained
when up to five water molecules were added, with H,O" located progressively
further away from CF,SO;, and when six water molecules were added, a complete

separation of H,O" from CF,SO; was observed. The results (Paddison, 2001;

Paddison, Pratt and Zawodzinski, 2001) suggested a possible scenario for proton

dissociation and showed how H,O" moves away from CF,SO;.

Proton transfer reactions in minimally hydrated PEM were studied by

molecular dynamic (MD) simulations on triflic acid monohydrate solid



((CF,SO,H,0"),) (Eikerling, Paddison, Pratt and Zawodzinski, 2003). The MD
results showed a relay-type mechanism, with a proton defect representing an
intermediate state in the proton transfer pathway. The proton defect involves

formation of the Zundel complex (H;O,) and the reorganization of the neighboring

—SO; groups which share a proton between the oxygen atoms of the anionic sites.
The proposed mechanism revealed a possibility of proton transfer along the

hydrophilic groups, —SO,H and —SO;.

A similar theoretical study was reported on short-side-chain perfluorosulfonic
acids, in which large scale DET ecalculations were conducted on fragments of Nafion®,
with and without water molecules and - with distinct pendant chain separations
(Paddison and Elliott, 2005; Paddison and Elliott, 2006; Paddison, Kreuer and Maier,
2006). B3LYP/6-311G(d,p)_calculations _revealed a possibility for proton transfer
between two adjacent hydrophilic groups, along the H-bond networks of water
connecting them. The proposed proton transfer pathway is mediated by formation of

the -S-0..H"..0-H H-bond and H,0; (Paddison and Elliott, 2005). It was concluded

that, the number of water molecules required to promote proton dissociation could be

reduced when the —SO,H groups are brought closer to each other, through

conformational changes in the backbone (Paddison and Elliott, 2006; Paddison,

Kreuer and Maier, 2006).

The number of water molecules required to promote proton dissociation at the

—SO,H group was investigated, using the H-bond complexes formed from



CF,CF,SO,H and nH;O, 1 < n < 4 (Glezakou, Dupuis and Mundy, 2007).

Quantum chemical calculations and MD simulations revealed that, the neutral and
ion-pair complexes for n = 3 are close in energy and are accessible in the fluctuation
dynamics of proton transport. Whereas for n < 2, the only relevant complex is the

neutral form. Most importantly, it was concluded based on the free energy surfaces of

proton exchange that the CF,CF,SO,H; —H,O and CF,CF,SO,H-H,0" complexes

are nearly isoenergetic and CF,CF,SO,H, could play important roles in proton

transfer reactions at low hydrationlevels (Glezakou, Dupuis and Mundy, 2007).

Since one of the most important evidence of the H-bond formation in aqueous
solution is the red shift of the high-frequency hydroxyl (O-H) stretching mode,
accompanied by its_intensity increase and band broadening (Asbury, Steinel and
Fayer, 2004; Jiang, Chaudhuri, Lee and Chang, 2002; Wu, Chaudhuri, Jiang, Lee and
H.C. Chang, 2004), attempt was made to correlate the O-H stretching frequency with
the tendency of proton transfer in H-bonds (Buzzoni, Bordiga, Ricchiardi, Spoto and
Zecchina, 1995; Iftimie, Thomas, Plessis, Marchand and Ayotte, 2008; Wu,
Chaudhuri, Jiang, Lee and Chang, 2004). The broad and intense IR absorption bands
ranging from 1000 to 3000 cm™ were interpreted as spectral signatures of protonated
water networks (Iftimie, Thomas, Plessis, Marchand and Ayotte, 2008), whereas the

tendency of proton transfer was measured from strong red shift of the asymmetric O-

H stretching frequency (v°"), compared with the corresponding “free” or “non-H-
bonded” one (Wu, Chaudhuri, Jiang, Lee and Chang, 2004). The red shift cannot be

determined easily in experiment due to the coupling and overlapping of various



vibrational modes, as well as the detection limit of IR equipment (Okumura, Yeh,
Myers and Lee, 1990; Termath and Sauer, 1977; Wu, Jiang, Boo, Lin, Lee and Chang,
2000). Analyses of IR and Raman spectra of pure and concentrated solutions (H,O/H"
= 3 - 4) of H,SO,4, HCI and CF3;SO;H (Buzzoni, Bordiga, Ricchiardi, Spoto and
Zecchina, 1995) and FTIR study of water in cast Nafion® films (Ludvigsson,
Lindgren and Tegenfeld, 2000) revealed that the fingerprint of proton transfer from
the undissociated CF;SO;H to water at 1040 cm™ could be masked by the strong C-F
stretching bands at 1200 - 1300 cm™, as well as the stretching bands in the —SO;H
group at 910 and 1410 cm™. It was suggested that the classical interpretations of IR
frequencies for concentrated acid solutions could be employed as criteria to roughly
estimate the tendency' of proton transfer (Pimentel and McClellan, 1960); the
stretching frequencies for the H-bond proton are divided into three groups namely, the
internal (1300 - 2200 ¢m '), external (2500 - 3200 cm') and outerlayer groups (3300 -
3400 cm™). The H-bond proton in the internal group is considered to be susceptible to

proton transfer.

Characteristic IR frequencies of proton transfer in protonated water clusters
were investigated using theoretical methods (Lao-ngam, Asawakun, Wannarat and
Sagarik, 2011). DFT calculations revealed that the intermediate states in proton
transfer pathways consist of the Zundel complex, with the threshold asymmetric O-H
stretching frequencies (v°"") in the gas phase and aqueous solution at v = 1984
and 1881 cm™, respectively. Born-Oppenheimer MD (BOMD) simulations predicted

slightly lower threshold frequencies, v°""MP= 1917 and 1736 cm™, respectively, with

two characteristic asymmetric O-H stretching frequencies (v°™"") being the IR



spectral signatures of proton transfer. The lower-frequency band (at v$™™") could be
associated with the “oscillatory shuttling motion”, whereas the higher-frequency band
(at v3™MP) with the “structural diffusion motion” (Lao-ngam, Asawakun, Wannarat

and Sagarik, 2011).

Although some important structural and dynamic results on the proton transfer
reactions at the —SOs;H group of Nafion® have been reported, several fundamental
questions have to be answered, before the studies in condensed phases can be
proceeded, as examples; (1) how to effectively monitor proton transfer reactions in
condensed phases, both in theories and experiments; (2) according to IR spectral
analyses (Lao-ngam, . Asawakun, Wannarat “and Sagarik, 2011; Sagarik,
Chaiwongwattana, Vchirawongkwin and -Prueksaaroon, 2010), what are the
characteristic and threshold frequencies of proton transfers in Nafion®; (3) what are
the basic intermediate states in the proton transfer pathways and how to estimate the
activation energies of proton transfers at and in the vicinities of the —SOs;H group; (4)
how the proton transfer reactions can be facilitated or mediated by the —SOs;H group
etc. The answers to these questions are important since they could be used as

guidelines for the studies in condensed phases and IR experiments.

In order to answer these questions, proton transfer reactions at the —SOsH
group of Nafion® were investigated in the present study, using the complexes formed
from CF3SO;zH, H;0" and nH,O, 1 < n < 3, as model systems. The present work

was divided into two parts. The first part (Part I) emphasized on how -CFSO,H

facilitates or mediates transportation of an excess proton. Special attention was on



precursors and transition states, as well as dynamics in elementary reactions. In the
second part (Part II), since the dynamics of proton transfer can be characterized by
vibrational behavior of the transferring proton, attempt was made to correlate the
tendency and population of proton transfer with the characteristic IR frequencies in
H-bond (Benoit and Marx, 2005; Sagarik, Chaiwongwattana, Vchirawongkwin and
Prueksaaroon, 2010). Based on the theoretical results in the gas phase and continuum
aqueous solutions, the dynamics and mechanisms, as well as the IR spectral
signatures, of proton transfer in the model systems were analyzed and discussed in
comparison with available theoretical and experimental data of the same and similar

systems.



CHAPTER 11

COMPUTATIONAL METHODOLOGY

Since mechanisms of proton conduction in Nafion” are complicated, care must
be exercised in selecting model molecules and theoretical methods. Previous
experience on strong H-bond clusters (Deeying and Sagarik, 2007; Sagarik,
Chaiwongwattana and Sisot, 2004; Sagarik and Chaiyapongs, 2005; Sagarik and
Dokmaisrijan, 2005; Sagarik and’ Rode, 2000) showed that, some structural and
energetic information in the gas phase could provide bases for the discussion in
aqueous solutions. Therefore, it was the strategy of the present work to explore proton
transfer reactions at low hydration levels. Due to the fact that, superacid characters of
Nafion® are localized at — CF;SO,H , the present study concentrated only on reactions
among -CF3;SO;H, H;0" and nH,O, using the complexes formed from -CF;SO;H,
H;0" and #nH,O as model systems. For hydration of a single proton, according to
experimental and theoretical investigations (Botti, Bruni, Imberti, Ricci and Soper,

2005; Hermida-Ramoén and Karlstrom, 2004), there are at least three important
H-bond structures involved in proton transfer reactions namely, H;O", H,O; and the
Eigen complex (H,0;). Based on neutron diffraction experiment, with hydrogen
isotope substitutions and Monte Carlo (MC) simulations (Botti, Bruni, Imberti, Ricci

and Soper, 2005), the first hydration shell of H,O" consists of four water molecules

and only three of them strongly H-bond to the hydrogen atoms of H,O". Ab initio
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calculations (Newton, 1978) showed that the fourth water molecule, initially attached
to the oxygen atom of H,O", eventually moves away to the second hydration shell.
These findings and the fact that the size of the model systems must be reasonable and
manageable by available computer resources, the CF,SO,H-H,O0"-H,01:1 :n

complexes, | < n < 3, were adopted in the theoretical investigations. It should be

added that, previous theoretical investigations considered —CF,SO,H as a primary

source of proton, from which H,0" and —CF,SO; are generated. Therefore, proton

transfer reactions among -CF;SO;H, H;0" and nH,O have not been emphasized.

Literature survey showed that reactions ‘and dynamics of proton transfer
processes can be studied reasonably well using small model systems and the
following three basic steps; (1) searching for all important equilibrium structures and
intermediate states in the proton transfer pathways using the Test-particle model
(T-model) potentials (Sagarik, 1999; Sagarik and Asawakun, 1997; Sagarik,
Chaiwongwattana and Sisot, 2004; Sagarik and Chaiyapongs, 2005; Sagarik and
Dokmaisrijan, 2005; Sagarik and Rode, 2000; Sagarik and Spohr, 1995; Sagarik and
Ahlrichs, 1987; Sagarik, Pongpituk, Chaiyapongs and Sisot, 1991); (2) refining of the
computed structures using the DFT method; (3) BOMD simulations starting from the
refined structures. The three basic steps were adopted in the present investigations and

summarized in Figure 2.1.
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Figure 2.1 Basic steps employed the investigation of elementary reactions and

dynamics of proton transfer in H-bond.

2.1 The T-model potentials

Since proton transfer reactions have been pointed out to be sensitive to the
structures and dynamics in H-bond (Schmitt and Voth, 1999), all important H-bond
structures in the model systems had to be identified, characterized and analyzed.

Attention was focused on the H-bond structures, which could be precursors or
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transition states in the proton transfer pathways. In order to effectively and
systematically scan the potential energy surfaces, the T-model potentials were
constructed and employed in the calculations of the equilibrium structures of the
H,O0" -H,0 and CF;S0sH,-H;0"-nH,0 complexes, 1 < n < 3. Since the T-model
had been already discussed in details (Sagarik, 1999; Sagarik and Asawakun, 1997;
Sagarik, Chaiwongwattana, and Sisot, 2004; Sagarik and Chaiyapongs, 2005; Sagarik
and Rode, 2000; Sagarik and Spohr, 1995; Sagarik and Ahlrichs, 1987; Sagarik,
Pongpituk, Chaiyapongs, and Sisot, 1991). Only some important aspects relevant to
the geometry optimizations will be briefly summarized, using the Eigen complex as

an example.

Experimental geometries (Giguere, 11979) of .H,O0" and H,O were kept
constant in the T-model geometry optimizations. For the Eigen complex, a rigid

H,0" was placed at the origin of the Cartesian coordinate system. The coordinates of

H,0 molecules were randomly generated in the vicinities of H,0". Based on the
T-model potentials, equilibrium structures of the Eigen complex were searched using
a minimization technique. For each H-bond complex, fifty configurations were
generated randomly and employed as starting configurations in the T-model geometry
optimizations. Similar methods were applied on the CF3803H,-H30+-nH20

complexes, in which CF,SO,H was placed at the origin of the Cartesian coordinate

system, and the positions and orientations of H,O" and nH,O were randomly

assigned in its vicinities. For each H-bond complex, one hundred starting

configurations were generated and employed as starting configurations in the T-model
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geometry optimizations. The construction of the T-model potential is shown

schematically in Figure 2.2.
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Figure 2.2 Construction of T-model potential (Deeying, 2005).
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2.2 Geometry refinement
Part I: B3LYP/6-31G(d,p) calculations

Since the T-model potentials are based on rigid molecules, in which
cooperative effects are neglected, further structural refinements had to be made using
appropriate quantum chemical methods. As it is known in general that, sophisticated
theoretical methods require more computer resources, and especially in the present
case, MD simulations with thousands of time steps must be performed, it was
necessary to compromise between the accuracy of theoretical methods and available
computer resources. Literature survey showed that the DFT methods have been
frequently chosen due to the ability to treat molecules of relatively large sizes with
reasonable degree of accuracies, compared to other nonempirical methods. Especially
for similar H-bond systems (Paddison, 2001; Paddison, 2003; Paddison and Elliott,
2005; Paddison, Pratt-and Zawodzinski Jr., 1999; Paddison, Pratt and Zawodzinski,
2001; Paddison and ZawodzinskiJr, 1998), the DFT method at B3LYP/6-31G(d,p)
level represents one of the most popular choice. Therefore, it was adopted as a
primary candidate in the refinements of the T-model results. It should be noted that,
although the DFT methods have been frequently chosen due to their ability to predict
the effects of electron correlations with reasonable degree of accuracy and
computational efforts, the performance of the DFT methods can be poor or fairly
good, depending upon the chemical systems considered; the DFT methods tend to
underestimate the interaction energies in van der Waals systems. Outstanding
examples are the T-shaped and parallel-displaced (PD) structures of the phenol-
benzene complex, from which the interplay between the electrostatic and dispersion

interactions has been frequently studied (Kwac, Lee, Jung and Han, 2006); the



16

stability of the former is determined by the electrostatic interactions, whereas the
latter by the dispersion interactions. B3LYP/6-311++G(d,p) calculations predicted
that the PD structure is unstable, with a positive interaction energy ( AE ), whereas
AE of the T-shaped structure (with the O-H...m H-bond) is -8.4 kJ/mol. This is
considerably higher than the experimental value of -16.7 kJ/mol (AE of the cresol-
benzene complex obtained from the picosecond photofragment spectroscopy) (Knee,
Knundkar and Zewail, 1985). In Part [, a systematic comparison among B3LYP/6-
31G(d,p), HF/6-311++G(d,p) and MP2/6-311++G(d,p) were conducted. The results
on strong H-bond systems (Sagarik, 1999; Sagarik and Chaiyapongs, 2005; Sagarik
and Rode, 2000) suggested that, ‘ab initio calculations at MP2/6-311++G(d,p) or

MP2/6-311++G(2d,2p) level could serve asbenchmarks in this case.

The absolute -and some local minimum energy geometries of the H-bond
complexes, predicted from 'the T-model -potentials, were employed as starting
configurations in the DFT and ab initio geometry optimizations. Both partial and full
geometry optimizations were performed, using the Berny algorithm included in
Gaussian 03 (Frisch et al., 2005). In partial geometry optimizations, monomer
geometries were kept constant and only the intermolecular geometrical parameters
were optimized. The purpose of the partial geometry optimizations was to verify the
T-model optimized geometries, whereas the full geometry optimizations were aimed
at structural refinements. In the present study, the partial and full geometry

optimizations were denoted by OPT1 and OPT2, respectively.
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Since the forces in MD simulations are computed from energy gradients,
which are determined by structures of potential energy surface, and in order to
compare the performance among candidate theoretical methods, potential energy
profiles for single proton transfer event were constructed for selected H-bond
complexes, using both DFT and ab initio calculations; by moving proton within a
fixed H-bond distance. In this case, B3LYP/6-31G(d,p), HF/6-311++G(d,p) and
MP2/6-311++G(d,p) calculations were employed in the calculations of the potential
energy profiles. For the DFT method, additional calculations at B3LYP/6-31+G(d,p)

level were made to examine the effects of diffuse functions.

It turned out that the size-and shape of the potential energy surfaces for proton
transfers in small protonated water clusters and the CF3SO;H-H;0™-H,0 1 : 1 : 1
complexes, obtained from B3LYP/6-31G(d,p) and MP2/6-311++G(d,p) calculations,
were quite similar, whereas HF/6-311++G(d,p) calculations yielded different results;
minima were observed at shorter distances and a double-well potential appeared for
the cyclic H-bonds in the protonated water cluster. Since the forces in BOMD
simulations are computed from energy gradients, which are determined by the
structures of potential energy surfaces, the DFT method with the B3LYP functional
was adopted in all successive studies. The choice is justified by BOMD simulations
on similar systems, in which spectroscopic and dynamic results are compared well

with experiments (Termath and Sauer, 1997).
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Part II: B3LYP/TZVP calculations

As the electric field introduced by polar solvent can determine the potential
energy surface, on which the transferring proton moves, a continuum model must be
included in the model calculations. To account for the effects of the extended H-bond
networks of water, a conductor-like screening model (COSMO), with the dielectric
constant (&) of 78, was employed in Part I[I. COSMO is a continuum solvent model
(Ahlrichs, Bér, Héaser, Horn and Kdolmel, 1989; Treutler and Ahlrichs, 1995) in which
solute molecule forms a cavity within a dielectric continuum solvent. The charge
distribution of the solute molecule polarizes the dielectric solvent and the response of
the solvent is described by the generation of screening charges on the cavity surface
computed from atomic radii. Since the screening charges are updated in every cycle
and the potential generated by these charges. is included into the Hamiltonian, the
variational principle 1s applied on both the molecular orbitals and the screening
charges, allowing the gradients-to. be computed in the presence of the continuum
fields of solvent. The continuum fields are therefore varied in the course of BOMD
simulations. Since the surrounding solvent medium does not have explicit solvent

molecules, our BOMD simulations do not require periodic boundary conditions.

The equilibrium structures of the H-bond complexes formed from CF;SOsH,
H;0" and nH,O obtained from the T-model potentials, were reoptimized using the
DFT method, both in the gas phase and continuum aqueous solutions. In order to
obtain reliable spectroscopic results, a tight SCF energy convergence criterion (less
than 10 au), with the maximum norm of Cartesian gradients less than 10 au, was

adopted in the DFT geometry optimizations. DFT calculations were performed using



19

the B3LYP hybrid functional (Becke, 1993; Lee, Yang and Parr, 1988), with the
triple-zeta valence basis sets augmented by polarization functions (TZVP) (Schaefer,
Huber and Ahlrichs, 1994). The performance of B3LYP calculations and the TZVP
basis sets on similar systems was discussed in details (Santambrogio, Bruemmer,
Woeste, Doebler, Sierka, Sauer, Meijer and Asmis, 2008; Termath and Sauer, 1997).
In the present work, B3LYP/TZVP calculations were performed using TURBOMOLE
6.0 software package (Ahlrichs, Bar, Haser, Horn and Kolmel, 1989; Treutler and

Abhlrichs, 1995).

The interaction energies (AE) of the H-bond complexes (Lao-ngam,

Asawakun, Wannarat and Sagarik; 2011), were computed as

AE = E(CESO,H —H,0" - nH,0) = [E(CFSO,H) + E(H,0") + nE(H,0)] (2.1)

where E(CESO,H -H,0" —nH,0) are'the total energies of the H-bond complexes;

E(CESO,H), E(H,0") and E(H,O) the total energies of the isolated molecules at
their optimized structures. The energetic effects of the continuum aqueous solvent

(COSMO with & = 78) were estimated from the solvation energy ( AE*")

AE*' = E(CESO,H -H,0" - nH,0)°° - E(CESO,H -H,0" - nH,0)  (2.2)

where E(CESO,H -H,0" —nH,0)“**¥*and E(CESO,H -H,0" —nH,0) are the total
energies of the H-bond complexes, obtained from B3LYP/TZVP calculations with

and without COSMO, respectively.
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Characteristics of proton transfer in H-bond

In order to discuss the tendency of proton transfer through the structural
diffusion mechanism, the asymmetric stretching coordinate (Ad,,) (Benoit and

Marx, 2005; Sagarik, Chaiwongwattana, Vchirawongkwin and Prueksaaroon, 2010)
and a concept of the “most active” H-bond were used (Marx, Tuckerman, Hutter and
Parrinello, 1999). The H-bond susceptible to proton transfer can be alternatively
characterized by low to nonexistence energy barrier along the proton transfer

coordinate. This is manifested by a broad IR band with the asymmetric O-H stretching

frequency (v°") lower than a threshold frequency (v°"") (Lao-ngam, Asawakun,
Wannarat and Sagarik, 2011). In the present work, based on the well-optimized
H-bond structures, harmonic IR frequencies were derived from numerical second
derivatives, from which analyses of normal -modes in terms of internal coordinates
were made. NUMFORCE and AOFORCE programs,-included in TURBOMOLE 6.0
software package (Ahlrichs, Bir, Héser, Horn and Kolmel, 1989; Treutler and
Ahlrichs, 1995), were employed in the calculations of the second derivatives and the
normal mode analyses, respectively. Since the vibrational frequencies obtained from
quantum chemical calculations are generally overestimated compared to experiments,
a scaling factor, which partially accounts for the anharmonicities and systematic
errors, had to be applied; a scaling factor of 0.9614 (Scott and Radom, 1996) was
shown to be appropriate for B3LYP/TZVP calculations (Lao-ngam, Asawakun,
Wannarat and Sagarik, 2011; Sagarik, Chaiwongwattana, Vchirawongkwin and

Prueksaaroon, 2010). In order to quantitatively discuss the tendency of proton transfer
in H-bond, v°" were plotted as a function of Ro.o and v°™" were determined from the

plot of v®" and Ad,, (Lao-ngam, Asawakun, Wannarat and Sagarik, 2011).
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2.3 Born-Oppenheimer MD simulations

Dynamics of rapid covalent and H-bond formations and cleavages could be
studied reasonably well using quantum MD simulations (Balbuena and Seminario,
1999), among which BOMD simulations have been widely used in recent years

(Cramer, 2002; Young, 2001).

In the present work, the precursors and transition states in the proton transfer

processes at —CF,SO,H were studied using Born-Oppenheimer MD (BOMD)

simulations (Barnett and ‘Landman, 1993; Jing, Troullier, Dean, Binggeli,
Chelikowsky, Wu and Saad, 1994). Within the framework of BOMD simulations,
classical equations of ‘motions-of nucler-on the. Born-Oppenheimer surfaces are
integrated, whereas forces on nuclei are calculated in each MD step from quantum
energy gradients, with the. molecular orbitals (MO) updated by solving Schroedinger
equations in the Born-Oppenheimer approximation. This makes BOMD simulations
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. It should be noted that the high
mobility of excess proton was initially attributed to QM tunneling (Leach, 1996). This
has been challenged, for examples, by the results obtained from ab initio BOMD
simulations (Schmitt and Voth, 1999) and conductivity measurements (Conway,
Bockris and Linton, 1956), which showed that proton transfer reaction mechanisms
could be explained reasonably well without assuming the proton tunneling to be the

important pathways. The basics steps in MD simulations are illustrated in Figure 2.3.
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Part I: NVE BOMD simulations

Since proton conduction, especially in aqueous solutions, involves dynamic
processes with different timescales (Agmon, 1995; Giguere, 1979; Kreuer, 2000), the
complexity of proton transfer reactions could be reduced using various approaches.
The observation that the actual proton transfer occurs in femtosecond (fs) timescale
(Giguere, 1979), which is in general faster than solvent reorganization (Agmon,
1995), made it reasonable to perform BOMD simulations by focusing only on short-
lived phenomena, which take place before or after major H-bond structure
reorganizations. To ensure that all important dynamics was taken into account, several

BOMD trajectories were generated at 298 K, starting from the equilibrium structures
of the H,O0" -H,0 and CF,SO,H-H,0" -H,0O complexes computed in the previous

sections. Since in aqueous solutions, rapid interconversion between the Zundel and
Eigen complexes happens within about 100 fs (107'°+s) (Kreuer, 2000), the timestep
used in solving dynamic equations was set'to 0.5 fs. In each BOMD simulations, 500
fs was spent on equilibration, after which 2000 fs was devoted to property

calculations.
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Molecular dynamic (MD) simulations of
N-particle system

Starting configurations for N particles

A\ 4

Calculations of force from quantum gradients

About 1,000 steps for equilibration
and 10,000 steps for properties
calculations

v

Integration of the equation of motion for
t+At, At =1.01s

l

New coordinates; velocities and forces written out

l

MD trajectories

l

Calculations of thermodynamic, structural
and time dependent properties

Figure 2.3 MD simulations of N-particle system (Deeying, 2005).
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Proton transfer profiles

Since correlation exists between proton conductivity and H-bond structure
(Kreuer, 2000), Jmol was employed to visualize molecular motions in the course of
BOMD simulations. In addition, BOMD trajectories were analyzed in details by
monitoring fluctuations and changes in the H-bond structures; some characteristic
H-bond distances were plotted with MD simulation time. For example, the Oh..Ow,
Ow-Hw and Oh-Hh distances were plotted with MD simulation time to study the
dynamics in the Zundel and Eigen complexes; h = hydronium ion and w = water. The
plots were regarded as proton transfer profiles in the present work. In combination
with the molecular motions displayed by Jmol, precursors, transition states and the
elementary reactions in proton transfer processes were analyzed and categorized. The
average life times of the precursors, transition states and products were roughly

estimated from the proton transfer profiles and further analyzed in details.

Part II: NVT BOMD simulations

BOMD simulations with the DFT method represent an appropriate
combination due to the optimal accuracy versus CPU times (Lao-ngam, Asawakun,
Wannarat and Sagarik, 2011; Sagarik, Chaiwongwattana, Vchirawongkwin and
Prueksaaroon, 2010). Therefore, BOMD simulations with the B3LYP/TZVP

calculations were adopted in the present investigations.

All the equilibrium structures, including the intermediate states, obtained from
the B3ALYP/TZVP geometry optimizations, were employed as starting configurations

in BOMD simulations at 350 K, an operating temperature in PEMFC. Canonical



25

(NVT) ensemble was employed in BOMD simulations, with a Nosé¢-Hoover chain
thermostat, applied to each degree of freedom in the model system. Since, in aqueous
solution, rapid interconversion between the Zundel and Eigen complexes takes place
within 100 fs (Kreuer, 2000), the timestep used in solving dynamic equations was set
to 1.0 fs. This choice is justified by the proton transfer profiles for the Zundel and the
CF;SO;H-H;0™-H,O 1 : 1 : 1 complexes, in which the vibrations of normal O-H

covalent bonds and those susceptible to proton transfers are clearly distinguished.

In each BOMD simulation, 1000 fs were spent on equilibration, after which
about 10 ps were devoted to property calculations. The choices are justified by
BOMD simulations on'H;0, and H,O; (Termath and Sauer, 1997), from which
insights into fast dynamic processes “in H-bonds (e.g. H-bond structures and IR
spectra) could be obtained from relatively short BOMD trajectories (~ 2 ps). All
BOMD simulations were  “petformed - using FROG program included in
TURBOMOLE 6.0 (Ahlrichs, Bar, Haser, Horn and Kolmel, 1989; Treutler and
Ahlrichs, 1995); FROG program employs the Leapfrog Verlet algorithm to turn the

electronic potential energy gradients into new atomic positions and velocities.

It should be noted that the applicability and performance of NVE and NVT
BOMD simulations in the studies of proton transfer reactions in small H-bond
systems were investigated and discussed in details (Sadeghi and Cheng, 1999). Since
the energy released during the proton transfer process can be absorbed by the Nosé-
Hoover thermostat bath, allowing the H-bond structure and the local temperature to

maintain for a longer time (2-5 ps), NVT BOMD simulations were used in the present
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investigations. The Nosé-Hoover thermostats were applied every twenty BOMD
steps; for the most active H-bond structure, the average temperature was 349 K, with
the standard deviation of 67 K, and the average total energy of -1191.7278058 au.,

with the standard deviation of 0.005439 au.

IR spectra

Since proton transfers in H-bond are coupled with various degrees of freedom
(Cheng and Krause, 1997; Kreuer, 1996; Sagarik, Chaiwongwattana,
Vchirawongkwin and Prueksaaroon, 2010), attention was focused on the symmetric
and asymmetric O-H stretching frequencies of the transferring protons, as well as the
O-O vibrations. Definitions of the symmetric and asymmetric O-H stretching modes,
as well as the O-O vibration are shown in Figure 2.4. In the present study, IR spectra
of the transferring protons were computed from BOMD simulations, by Fourier
transformations of the velocity autocorrelation function (VACF) (Bopp, 1986). This
approach is appropriate as it allows the coupled vibrations to be distinguished,
characterized and analyzed separately. Fourier transformations of VACF were made
within a short time limit of about 1000 fs. This is supported by the observation that
the average lifetime of the most important intermediate state, the Zundel complex, is

about 100 fs (Kreuer, 2000).
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A

<——><——>7’

’- 0 Symmetric O-H stretching

A

<——L>—>V

-‘ Asymmetric O-H stretching

>

;— -‘ O-0O vibration

W

Figure 2.4 Definitions of the symmetric and asymmetric O-H stretching modes, as
well as the O-O vibration (Kritsana Sagarik, Sermsiri Chaiwongwattana, Viwat

Vchirawongkwin and Supakit Prucksaaroon, 2010):

Diffusion coefficients

The diffusion coefficients (D) of the transferring protons were computed from
BOMD simulations using the Einstein relation (Haile, 1997; Rapaport, 1995), for
which D are determined from the slope of the mean-square displacements (MSD).
Because the transferring proton is confined in a short H-bond distance, care must be
exercised in selecting the time interval in which MSD are computed (Rapaport, 1995).
Our experience showed that linear relationship between MSD and the simulation time
could be obtained although the time intervals are not larger than 0.5 ps (Lao-ngam,
Asawakun, Wannarat and Sagarik, 2011; Sagarik, Chaiwongwattana,

Vchirawongkwin and Prueksaaroon, 2010).



CHAPTER III

RESULTS AND DISCUSSION

In this chapter, all important results are discussed in comparison with available
theoretical and experimental data. In Part I, the transition states and the elementary
reactions in proton transfer processes were analyzed and categorized. The average life
times of the precursors, transition states and products were estimated from the proton
transfer profiles and analyzed in details. In Part II, the static results obtained from
B3LYP/TZVP calculations were analyzed and wused as guidelines for the
interpretations of the BOMD results:The-emphases were on the effects of the -SO;H
group on the H-bond structures, energetic and dynamics of proton transfer in the
adjacent Zundel complex, as well as the tendency of protonation and deprotonation at

the -SOsH group.

3.1 Part1

3.1.1 Static results
Structures and energetic
The absolute and some lowest-lying minimum energy geometries of
the H-bond complexes obtained from the T-model, DFT and ab initio calculations,
together with the corresponding interaction energies and characteristic H-bond

distances, are reported in the following subsections.
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The H;0"-nH,0 complexes
For the H;O" -H,0 1 : ncomplex, 1 < n < 3, T-model, DFT and ab initio
geometry optimizations suggested only one predominant H-bond structure;

H,0" acts as proton donor towards H,O, structures a, b and ¢ in Table 3.1.

DFT and ab initio calculations with partial geometry optimizations predicted
the same structures as T-model. The Zundel complex, in which a hydrogen atom is
equally shared between two water molecules and considered as a defect in H-bond
network (Eikerling, Paddison, Pratt and Zawodzinski, 2003), was obtained when DFT
and Ab initio calculations with. full geometry optimizations were applied. The
Oh..H..Ow and Oh..H distances derived from B3LYP-OPT2 and MP2-OPT2 are
almost the same, about 2.4 and 1.2 A, respectively. The extraordinary short H-bond
distance, as in the case of the Zundel complex, could be related to high possibility for

proton transfer and, therefore, used as a criterion to monitor proton transfer reactions

(Kreuer, 2000).

Similar trends were observed in the H,O"-H,0 1 : 2 complexes. T-model,
DFT and Ab initio calculations with partial geometry optimizations predicted the
structure with two equivalent linear Oh-Hh..Ow H-bonds to be the most stable. Only
slightly shorter Oh-Hh..Ow H-bond distances were observed when MP2-OPT2 and
B3LYP-OPT2 were applied on the T-model results. All theoretical methods predicted
longer Oh-Hh..Ow H-bond distances, when the number of water molecule was

gradually increased from one to three. For the H,0" -H,O 1 : 3 complex, T-model
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suggested the Oh-Hh..Ow H-bond distance to be 2.58 A, whereas the values obtained
from MP2-OPT1 and B3LYP-OPTI are 2.57 and 2.54 A, respectively. MP2-OPT2

and B3LYP-OPT2 showed the same trend, with slightly shorter Oh-Hh covalent

bonds in H,0" .

As mentioned earlier that, H-bonds in the H,O" -H,O complexes have been

extensively studied using both -experimental and theoretical treatments. It was
generally concluded that, the introduction of an extra proton to cluster of water

molecules in the gas phase or liquid water results in contraction of H-bonds, through

the formation of proton defect which invelves H,O, (Kreuer, 2000). The isolated

H,O; was reported to possess-very short H-bond distance, approximately 2.4 A

(Duan and Scheiner; 1992; Giguere, 1979; Schmitt ‘and Voth, 1999). This is

confirmed by all theoretical results obtained here. Both experiments and theories

suggested the same trends when water molecules are added to H,O, namely, the

central H-bond in H,O; is weaken to some extent, leading to relaxation of H-bonds.

The H-bond distance in the Eigen complex was reported to be about 2.6 A (Giguere,
1979; Kreuer, 2000; Schmitt and Voth, 1999), which is in excellent agreement with

the present results.
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Table 3.1 Structures of the H;O™-H,O complexes, obtained from the T-model, DFT
and ab initio geometry optimizations. (a) H;O'-H,O 1:1 complex. (b) H;0"-H,O 1:2

complex. (c) H;O"-H,0 1:3 complex.

Structure Method AE/k] mol"  Oh-Hh..Ow/A Oh-Hh-Ow/°
2) T-model 17,5 2.51 151.0
i MP2-OPTI [135.5 2.46 175.9
7 wrroPR2 i 2.39° 174.0
B3LYP-OPT1 ' £160.7 2.43 174.5
B3LYP-OPT2 . 2.40° 174.2
b) T-model 229.9 2.52 152.6
?m{ MP2-OPT1 D445 2.52 1743
Og MP2:QPT2 : 2.50 175.5
B3LYP-OPTI = -287.6 2.49 174.0
B3LYP-OPT2 . 2.47 174.6
0 T-model -334.4 2.58 171.7
J;O MP2-OPT1 -334.0 2.57 175.6
O\’yﬁ MP2-OPT2 - 2.57 175.9
® B3LYP-OPTI  -388.4 2.54 176.7
B3LYP-OPT2 - 2.55 175.5

“ The Zundel complex; an excess proton equally shared between two water molecules.
MP2-OPT1 = MP2/6-311++G(2d,2p) with partial geometry optimizations, MP2-
OPT2 = MP2/6-311++G(2d,2p) with full geometry optimizations, B3LYP-OPT1 =
B3LYP/6-31G(d,p) with partial geometry optimizations, B3ALYP-OPT2 = B3LYP/6-

31G(d,p) with full geometry optimizations.
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The CF3;SO;H-H,0 and CF;SO;H-H;0" complexes

For the CF,SO,;H-H,0 1 : 1 complex, T-model, MP2-OPT1 and B3LYP-
OPT2 predicted a cyclic H-bond structure, in which CF;SO,H acts simultaneously as
proton donor and acceptor, to be the global minimum energy geometry, structure a in
Table 3.2; whereas other cyclic H-bond structures, in which CF,SO,H acts only as

proton acceptor, structures b and e, possess considerably lower stability. For the

CF,SO,H-H,0" 1 : I complex, both T-model and MP2-OPT1 predicted H,O" to

be stronger proton donor than CF,SO,H, structure d in Table 3.2.

The linear H-bond in structure d did not change substantially when B3LYP-
OPT2 was applied. However, small but not negligible change was observed at the
Oh-Hh..O H-bond. It-becomes shorter and comparable with the Ow..H..Ow H-bond
distance in the Zundel complex. The decrease in the H-bond distance is accompanied

by an increase in the Oh-Hh covalent bond distance. This reflects a tendency for

proton transfer from H,O0" to CF,SO,H, leading to a Zundel-like structure

(CF,SO,H; -H,0 ) (Glezakou, Dupuis and Mundy, 2007).



33

Table 3.2 Structures of the CF,SO,H-H,0 and CF,SO,H-H,0" 1: 1 complexes,
obtained from T-model, DFT and ab initio geometry optimizations. a) - c)

CF,SO,H-H,O 1:1 complexes. d) CF,SO,H-H,0" 1:1 complex.

Structure Method AFE/kJ mol" H-bond Distance/A Angle/°

a) &Q T-model -51.9 1) 2.71 158.4
1) ) 2) 2.79 111.6

' MP2-OPT} 251.9 1) 2.68 166.2

2) 2.93 133.3

B3LYP-QPT2 - 1) 2.60 166.4

2) 2.84 127.2

b) T-model -15.7 1) 2.95 122.8
1)/% 2) 3.05 127.6

/2 MP2-OPT1 -132 1) 3.18 134.5

2) 3.20 136.3

B3LYP-OPT2 ! 1) 3.01 138.9

2) 3.22 102.3

c) T-model -15.7 1) 2.95 122.8
2) 3.05 127.6

SR MP2-OPT1 -13.9 1) 3.21 127.5

b VO 2) 3.24 123.6
B3LYP-OPT2 - 1) 3.10 120.7

2) 3.08 120.1

d) T-model -68.1 1) 2.60 1413
fi “y%%@ MP2-OPT1 -114.6 1) 2.48 177.3
B3LYP-OPT2 - 1) 2.40 177.4

MP2-OPT1 = MP2/6-311++G(d,p) with partial geometry optimizations. B3LYP-

OPT2 = B3LYP/6-31G(d,p) with full geometry optimizations.
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The CF3SO;H-H;0"-nH,0 complexes

For the CF,SO,H-H,0" -H,0 1: 1 : 1 complexes, T-model generated three
important minimum energy geometries namely, structures a, b and ¢ in Table 3.3. All
of them adopt compact cyclic H-bond structures. The most stable one, structure a,

consists of three H-bonds; H,O" and H,O act as proton donors towards two oxygen
atoms of CF,SO;H. The stability of structure b is slightly lower than structure a, and
structure ¢ is quite different from structures a and b. In structure ¢, CF,;SO,H forms
two separate cyclic H-bonds with H;O"and H,O. Both are located on the opposite
side of -SO;H. Some H-bonds in structures b and ¢ were disrupted when MP2-OPT1

and B3LYP-OPT1 were applied on the T-model results, leading to linear H-bond
structures. Comparison of the MP2-OPT1 and MP2-OPT2 results in details reveals
the important trend; full geometry optimizations lead to shorter H-bond distances,
especially where proton transfer could take place, e.g. the Oh-Hh..Ow H-bonds in

structures a and b, as well as the Oh-Hh..O H-bonds in structures b and ¢. The latter

reflect the possibility for proton transfer from H,0" to -SO,H, forming the

previously proposed CF,SO,H; transition state. Starting from the T-model results,

B3LYP-OPT2 did not bring about significant change in the H-bond structures.
However, the possibilities for proton transfer in structures a, b and ¢ become more
evident. Compared with B3LYP-OPT]1, all the H-bonds susceptible to proton transfer

are systematically shorter, with hydrogen atoms located nearer to the centers.
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Table 3.3 Equilibrium structures of the CF,SO,H-H,0" -H,0 1: 1 : 1 complexes

a) - ¢), obtained from T-model, DFT and ab initio geometry optimizations. Interaction

energy in kJ/mol, angle in degree and distance in A.

Structure Method AE/kJ mol™! H-bond Distance/A

a) B3LYP-OPT2 - 1) Ow-Hw..Ow  2.71
2) Ow-Hw..O 2.78
3) Ow-H..Ow 2.41

A
T-model 2293 1) Oh-Hh..O 2.54
2) Ow-Hw.0  2.96

% i) 3) Oh-Hh..Ow 2.51

Y MP2-OPT!1 -228.8 ~1) Oh-Hh..O 2.61
° 2) Ow-Hw..O 3.04
n/ 3) Oh-Hh.Ow  2.48
&j ."'2)
3 4 B3LYP-OPTI  -257.8 1) Oh-Hh..O 2.60
f 2) Ow-Hw.0  2.99
3) Oh-Hh.Ow  2.46
v
- MP2-OPT2 - 1) Oh-Hh..O 2.64
e 2) Ow-Hw..O 2.87
AR 3) Oh-Hh.Ow 242
8. ‘:.-‘21
b g

MP2-OPT1 = MP2/6-311++G(d,p) with partial geometry optimizations, MP2-OPT2 =
MP2/6-311++G(d,p) with full geometry optimizations, B3LYP-OPT1 = B3LYP/6-
31G(d,p) with partial geometry optimizations, B3LYP-OPT2 = B3LYP/6-31G(d,p)

with full geometry optimizations.
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Structure Method AE/kJ mol™! H-bond Distance/A
b) ege.n B3LYP-OPT2 - 1) Ow.H.Ow  2.44

1! | ) -
¢ f %4° 2) Ow-Hw.O0  3.07
O.m).,% Y 3) Ow-Hw..O 2.60

A
T-model -226.4 1) Oh-Hh..Ow 2.50
L2 2) Ow-Hw..O  3.05
i@ 3) Oh-Hh..O 2.53

3.

v
MP2-OPT! 2293 1) Oh-Hh.Ow  2.49
3) Oh-Hh..O 2.56

& -

?mi{.qo*’ B3LYP-OPT1  -254.7 ~1) Oh-Hh.Ow 248
; o 3) Oh-Hh..O 2.56
1

v
MP2-OPT2 - 1) Oh-Hh.Ow 247
3) Oh-Hh..O 2.53
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Table 3.3 (Continued).

Structure Method AE/kJ mol H-bond Distance/A
¢) B3LYP-OPT2 - 1) Ow..H..O 2.43
2) O-H..Ow 2.46
\2)
e,
A
o8 T-model 1659 1) Oh-Hh.O 257
s 2) Oh-Hh..O 2.75

3) Ow-Hw.0  2.80
4) Oh-H..Ow 261

MP2-OPTI .~ -1947 1) Oh-Hh.O 245

,)§ 4) O-H.Ow 2.58
&i&%ﬂg

0 B3LYP-OPTI  -2124-" 1) Oh-Hh.O  2.45

> 4) O-H..Ow 2.56

T ] MP2-OPT2 i 1) Ow.H..0 2.39

0.H 1.14

Ow.H 1.25

9 4) O-H..Ow 2.48
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Since important information on theoretical methods had already been
obtained, it was reasonable to investigate the CF,SO,H-H,0"-H,O0 1 : 1 : 2

complex using only T-model, MP2-OPT2 and B3LYP-OPT2. T-model predicted four

important cyclic H-bond structures in ‘Table 3.4. The most stable one consists of a

basic unit similar to structure a in the CF,SO,H-H,0" -H,O 1:1: 1 complex, with
the second water molecule hydrating at H,O". The stability of structure b is slightly
lower than structure a. In structure b, both CF,SO,H and H,0" act as proton donors

towards water molecules, and the second water molecule hydrating directly at H,O".
The stability of structures a ‘and b seems to result from a complete H-bond formation
at H,O". Structures ¢ ‘and d are quite different from structures a and b; only two
Oh-Hh covalent bonds in H;O' are H-bonded. Comparison of interaction energies

(AE;_, ) suggested that.the formation of a large cyclic H-bond tends to reduce the

stability of the CF;SO,H-H,0" -H,O 1 : 1 : 2 complexes. The T-model results did

not change significantly, when B3LYP-OPT2 and MP2-OPT2 were applied; except

for structures ¢ and d, B3LYP-OPT2 showed higher possibility for the Zundel
complex formation. In summary for the CF,SO,H-H,0" -H,O 1 : 1 : 2 complexes,

structures a, b and d reveal possibilities for proton transfer along the H-bond

networks connecting the oxygen atoms of -SO,H, whereas structure ¢ shows a
possibility for proton transfer through -SO,H, e.g. a protonation at one oxygen atom

followed by a deprotonation at the O-H group, or vice versa. This direct involvement

of -SO,H in proton transfer is similar to the Grotthuss mechanism (Grotthuss, 1806).

In the present case, a relay-type mechanism, in which proton hops across -SO;H,
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could take place through the formation of either -SO,H; or -SO;. It should be noted
that, although limited number of H-bond structures was considered (Glezakou, Dupuis

and Mundy, 2007), -SO;H; was recognized in ab initio calculations and MD

simulations, and pointed out to play important roles in proton transfer at low

hydration levels. This was further investigated in MD simulations in the next sections.
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Table 3.4 Equilibrium structures of the CF,SO,H-H,0" -H,0 1 : 1 : 2 complexes

a) — d), obtained from T-model, DFT and ab initio calculations. Interaction energy in

kJ/mol and distance in A.

Structure Method AE/kJ mol! H-bond Distance/A
B3LYP-OPT2 - 1) Ow-Hw.0  2.86
2) Oh-Hh..O 2.75
3) Oh-Hh.Ow  2.49
>-. @, 4) Oh-Hh..Ow  2.53
T-model 2955 1) Ow-Hw.O 291
| 2) Oh-Hh..O 2.62
? o 3) Oh-Hh.Ow  2.57
’? 3% 4) Oh-Hh.Ow  2.56

5
v

MP2-OPT2 ; 1) Ow-Hw.0 291
o-g 2) Oh-Hh..O 2.70
¢ 2 3) Oh-Hh..Ow 2.51
ni % 4) Oh-Hh..Ow 2.54

MP2-OPT2 = MP2/6-311++G(d,p) with full geometry optimizations, B3LYP-OPT2 =

B3LYP/6-31G(d,p) with full geometry optimizations.
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Structure Method AE/kJ mol™! H-bond Distance/A
b) g B3LYP-OPT2 - 1) Oh-Hh.O 253
N 2) O-H..Ow 2.81
}? @.@ 3) Oh-Hh.Ow  2.70
> > 4) Oh-Hh.Ow  2.50
A
. & T-model 2855 1) Oh-Hh..O 2.49
P ‘ 2) O-H..Ow 2.88
®&n 3) Oh-Hh.Ow 261
3 .\(:\/’: 4) Oh-Hh..Ow 2.53
O/‘z)o‘
v MP2-OPT2 \ 1) Oh-Hh..O 2.53
e, 2) 0-H.Ow 2.86
C}?Q"“OVP 3) Oh-Hh.Ow  2.72
A ﬂ@ 4) Oh-Hh.Ow  2.50
2
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Structure Method AE/kJ mol H-bond Distance/A
c) )oﬁ sz B3LYP-OPT2 - 1) Ow-Hw.Ow  2.59
) Py 2) Ow-Hw..O 2.85
3) Ow-H..Ow 2.42
Lo 4) O-H..Ow 2.50
é
& T-model 2524 1) Oh-Hh..O 2.57
3
o f 2) Ow-Hw.O  2.96
3) Oh-Hh.Ow  2.54
Y 4) Ow-Hw.O  2.86
) ¢ 5) O-H..Ow 2.68
4)\\0%::)
v
MP2-OPT2 - 1) Oh-Hh..O 2.58
2) Ow-Hw.0  2.84
3) Oh-Hh.Ow  2.43
4) O-H..Ow 2.52
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Structure Method AE/kJ mol™! H-bond Distance/A
d) Y B3LYP-OPT2 - 1) Ow-Hw..O 2.60
o & 2) O-H..Ow 2.71
(W Ve 3) Ow-Hw.Ow 277
O ®ed 4) Ow-H.Ow  2.43
A
T-model -246.5 1) Oh-Hh..O 2.61
@ 2) O-H..Ow 2.74
s 3) Ow-Hw.Ow  3.11
?> 4) Oh-Hh.Ow  2.52
5@y
MP2-OPT2 - 1) Oh-Hh..O 2.45
) @) 2) O-H..Ow 2.74
' \%ﬁ 3) Ow-Hw..Ow  2.89
fa 4) Oh-Hh..Ow 245

)
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Structure Method AE/kJ mol™! H-bond Distance/A

©) I),Of&Q s B3LYP-OPT2 - 1) Oh-Hh..O 2.54
e 2) Ow-Hw.O  2.70
= 3) Oh-Hh.Ow  2.43
9 4) Oh-Hh..O 242

A
T-model -282.1 1) Oh-Hh..O 2.53
2) Ow-Hw..O 2.85
3) Oh-Hh.Ow  2.45
4) O-H..Ow 2.44
5) Ow-Hw..Ow  2.70

;
MP2-OPT?2 E 1) Oh-Hh..O 2.55

3)

N r 2) Ow-Hw..O 2.70
3) Oh-Hh.Ow  2.42
" 4) Oh-Hh..O 243
d}) 5) Oh-Hh..Ow  2.52




45

For the CF,SO,H-H,0" -H,0 1 : 1 : 3 complex, both linear and cyclic H-

bonds were found in the optimized geometry, structure e in Figure 3.5. T-model,
MP2-OPT2 and B3LYP-OPT2 predicted a similar trend namely, all H-bonds

susceptible for proton transfer possess short H-bond distances. MP2-OPT2 and

B3LYP-OPT?2 also showed a possibility to form -SO;, H,;O"and H,O; within the
CF,SO,H-H,0" -H,0 1 :1:3 complex. The appearance of -SO; and the ion-pair

complex when n = 3 is in good agreement with the theoretical results in (Glezakou,

Dupuis and Mundy, 2007).

Potential energy profiles

Comparison of the size and shape of the potential energy profiles for proton
transfer in Figures-3.1a to 3.1d revealed that, B3LYP/6-31G(d,p), B3LYP/6-
31+G(d,p) and MP2/6-311++G(d,p) yield similar trends; whereas HF/6-311++G(d,p)
shows different results, e.g. minima are seen systematically at shorter distances. The
discrepancies are quite obvious in Figures 3.1b to 3.1e; double-well potential is seen

in the case of large cyclic H-bond of water; shoulders are seen in the case of

CF,SO,H-H,0" -H,0 1 :1:1 complexes. Based on the above discussions and the

fact that DFT requires lowest computational resources, one can conclude that

B3LYP/6-31G(d,p) is the most appropriate choice for MD simulations.
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Figure 3.1 Potential energy profiles for single proton transfer, obtained from various

theoretical methods. Interaction energy in kJ/mol and distance in A. All minima on

the potential energy curves were moved to zero for comparisons. a)H,0" -H,0 1: 3

complex. b) H,O" -H,O 1 : 4 complex. ¢) - ¢) CF,SSO,H-H,0"-H,O 1:1:1

complexes.
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3.1.2 Dynamic results

Proton transfer profiles and elementary reactions

The H;0"-H,0 complexes

Since H-bond structures can vary in a quite wide range, care must be exercised
in the discussion of proton transfer profiles. In order to study dynamics and
elementary reactions in proton transfer processes, some characteristic structures in

proton transfer profiles have to be interpreted, using BOMD results on the

H,0" -H,O 1: 1 complex in Figures 3.2 and 3.3 as examples. It appeared in general

that proton transfer in H,O, depends strongly on the Oh-Hh..Ow H-bond distance, as

well as its vibrational amplitude. Examples of two- extreme cases namely, large- and
small-amplitude vibrations, are shown in Figures:3.2a and 3.2b, respectively. In order
to simplify the discussion, the proton transfer profiles are divided into panels, labeled

with P1, P2, Ps,..., Pn, respectively.

For large-amplitude vibration, the Oh-Hh..Ow H-bond distance (O1-O2 in
Figure 3.2a varies in a quite wide range, from its equilibrium to about 3 A. A periodic
series, consisting of a quasi-dynamic equilibrium followed by an actual proton
transfer, was observed in the course of BOMD simulations and could be considered as

a part of proton transfer reaction mechanism. For H,O;, the quasi-dynamic

equilibrium is characterized by a proton shuttling back and forth in a narrow range
within H-bond, before the actual proton transfer takes place, either in the forward or
reverse direction. In Figure 3.2a, for example, a quasi-dynamic equilibrium is seen in

panel P2, preceding the actual proton transfer in the forward direction at t; = 2341 fs.
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The actual proton transfers are also seen at t; = 2228 fs, t, = 2317 fs and t4 = 2419 fs.

I,ABC

1,08 ) could be approximated from

The life time of the quasi-dynamic equilibrium (t

the width of panel P2, and the life times of H,O", tl}fo; and T‘}’I’:‘O; , from panels P1

and P3, respectively; the former is 24 fs and latter are 89 and 78 fs, respectively. The

Y and it represent the H-bond structures in Figure

superscripts A and C in Thor Al

LABC

3.2¢, and I, the elementary reaction in Figure 3.3. The superscript ABC in 7

denotes the quasi-dynamic equilibrium established among structures A, B and C.

LA

1,0 and

Similar notations will be applied in the forthcoming discussions. Since T

ILC
Ty Aare longer than

LLABC

oo o the, life  times of. the precursor H,O0" could be

approximated as the rate-determining step  for.proton transfer reaction via large

amplitude vibration in. H,O;.

For small-amplitude vibration, the Oh-Hh..Ow H-bond distance (O1-O2 in
Figure 3.2b) varies in a narrow range near its equilibrium, between 2.3 and 2.7 A. In

this case, proton exchange between two water molecules takes place more often and

. . . LA I,C
quite randomly. For example, in Figure 3.2b, Tos and Tyop Vary from 19 to 39 fs,

and up to three actual proton transfers occur between t; and t4. Interestingly, the O1-

O2 vibration starts to damp at t; = 1941 fs, until a quasi-dynamic equilibrium, with

B¢ = 23 f5, is reached at ts = 2046 fs; followed by a proton transfer at t¢ = 2069 fs.

H50;

It should be noted that, although the life times of the precursor H,O" (1" .) for

H;03

ILABC

no; are quite similar.

large- and small-amplitude vibrations are somewhat different, t
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Figure 3.2 Examples of characteristic proton transfer profiles for the H,0" -H,0

1 : 1 complex, with snapshots of H-bond structures obtained in the course of BOMD.
a) Large-amplitude vibrations. b) Small-amplitude vibrations. ¢) Snapshots of

H-bond structures.
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It could be recognized that, proton transfers in H,O} are activated, when the

Oh-Hh..Ow H-bond distance (O1-O2 in Figures 3.2a and 3.2b is close to its
equilibrium, shorter than 2.4 A, and only one actual proton transfer takes place for

each large-amplitude vibration cycle. Therefore, maximum proton transfer cycle time

(II}’IPZ‘T*) could be defined from large-amplitude vibration; from the time intervals

between successive minima of the Oh-Hh..Ow H-bond distance. The proton transfer
profiles in Figures 3.2a and 3.2b also revealed that. For the large-amplitude vibration,
the O1-0O2 and Ol—Hl* motions in panel P1, as well as the O1-O2 and O2-H;* motions
in panel P3, are correlated, except during the quasi-dynamic equilibrium in P2;
whereas, for small-amplitude vibtation, for which proton vibrates with higher
frequency, such correlation is missing. Since the abnormal proton mobility in water
has been pointed out to relate to incoherent effects (Agmon, 1995), it is reasonable to
approximate the degree of coherence in H-bond. Similar to statistics and
electromagnetic waves, the degree of coherence in the present study should measure

the extent of correlation between vibrational motions in H-bonds, e.g. between the

LA LPT,..
’ and 1 are

O-0O and O-H vibrations. Since for large-amplitude vibration, Tof H,08

LA / T LPT,

nearly the same, Tho:/ T

could be adopted as a criteria to measure the degree of

coherence (gL o: )- Therefore, in Figure 3.2a, gL o: & 1 1s attributed to the highest

degree of coherence; whereas in Figure 3.2b, the short life times of the precursor

LA I,C LPT,,
H,0" (1,7, and ;" .) compared to t; " reflect lower degree of coherence and
52 5V2 52

higher frequency of proton transfer.



52

- 3 -® 0
......... — é \\O\\ \‘\~}
A B C
LA _ LAB _
<TH505 > =124 <TH505 > = 20.5
LC i LBC _ _
<TH50§ > =10.7 <TH505 > =194
<Pl 52699 <hABCS — 155
Hs0} H,03
I _ Lforw _
B0 | - o._z PiT = 0.9
I ;‘ .} ----- o <o @}Qo *f)
A B C
<gibASS T 2 7780 AR — 125
H503 H703
<allC > = 160<xtBCS —118
H,03} H,03%
<P s 81] < MABC S 152
H,03 H,0;
i _ 1I,forw _
Suii,, 0BG = 02
111 V pee }
- k{ [ ?\%IO e~ *?/y
A B C
<tMA 5 = 682 <t™ABS - 142
Hy04 HyO4
<tM™C 5 =293 <¢M™BCS - 113
Hy0y HyO4
<t P me 5 21220 <t ABC 5 = 220
Hy04 HoOy
Jitl HLforw
Eho: 06 PUeM = 04
Figure 3.3 Important elementary reactions in proton transfer in the

H,0" -H,Ocomplexes obtained from BOMD simulations. The symbols are

explained in the text.
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Proton transfer elementary reactions in the H,O" -H,O 1 : n complexes,

1 < n < 3, are listed in Figure 3.3. BOMD simulations predicted the average life

times of the quasi-dynamic equilibriums in H,O0] ,< 1:;‘:3; >, < ’Eifg; > and
< rl}’IAgf >, to be 20.5, 19.4 and 15.5 fs, respectively. Whereas the average life times

of the precursor and product H,0", < thA(y > and < Tlﬁco+ >, are nearly the same,
5Y2 5%2

12.4 and 10.7 fs, respectively. The average maximum proton transfer cycle time

bPluc ) in this case amounts to 69.9 fs, with g;_o+ = 0.2. This confirms that, on

(< Yol

average, small-amplitude vibration with low degree of coherence dominates in H;O; .

Due to the fact that, BOMD. simulations were: started from minimum energy
geometries, it was not straight forward to predict the preferential proton transfer

directions. However, for each proton transfer elementary reaction, the probability for

proton transfer in the forward direction ( P;{_fgi”) could be conceivably associated with

the average life time of product, which becomes a precursor in the next proton

LC > /<t™ > Since the

Lforw
transfer step. Therefore, PHS H,01 1,03

o: Was approximated as <1
2

product and precursor are the same in H,0, P]I{:‘(’)‘Z” = 1 represents the upper limit of

the relative probability for the proton transfer in the forward direction.

Characteristics of the proton transfer profiles for the H,O"-H,O0 1 : 2
complex (H,03 ) are not substantially different from H;O;. The presence of another

strong Oh-Hh..Ow H-bond in H,O; tends to increase the stability of the central

H,O". Since BOMD results in Figure 3.3 suggested that, < rg’:); > and < rgf(l >
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are comparable, one could conclude that, elementary reaction II favors large-

ILPT,
T > and

amplitude vibration, with glrluo; ~ 1, compared to 0.2 in H,O;; < Ty o

< Tg’:)g > are 81.1 and 77.8 fs, respectively. In this case, the relative probability for
proton transfer in the forward direction (P:’/& =< ’EE% >/ < IE”} > = 0.2) is

considerably lower than H,O;. The increase in the stability of the central H,O" is

accompanied by shorter average life times of the quasi-dynamic equilibrium;

LAB o ond < ¢/bBC

<
T 01 H,0!

> are 12.5and 11.8 fs, respectively.

Due to couple motions among the three strong Oh-Hh..Ow H-bonds, as well as

some H-bond structure reorganizations, proton transfer profiles for the H;O" -H,O 1
: 3 complex are more complicated than H;O; and H,O; . Although the central H,0"

in the Eigen complex (H,0,) is-more stabilized than in H,Oj7, the fluctuations of

surrounding water dipoles seem to help promote proton transfer reactions; similar to
an extended local dynamic disorder which leads to a compression and breaking of H-

bonds, as discussed (Kreuer, 1997). BOMD results suggested two important
precursors for proton transfer elementary reactions in the H,O" -H,O 1 : 3 complex

namely, the Eigen complex and a linear H-bond structure. Since proton transfer

profiles for the linear H-bond structure are similar to those in H,Oj, attention was

focused on the Eigen complex. For elementary reaction III in Figure 3.3, both large-
and small-amplitude vibrations were observed in the course of BOMD simulations.

Analyses of proton transfer profiles revealed that, due to the couple vibrational
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IILA

motions, the average life time of the central H,0" (<t .
Uy

>) is shorter than in

H,O; (<t*, >), but still considerably longer than H,O} (<1"*  >), 68.2, 77.8

H,0% H;03

and 12.4 fs respectively. For the Eigen complex, the average maximum proton

III’PTITAHX

transfer cycle time (< Tho0

> = 122.0 fs) is nearly twice longer than the average

LA

life time of the precursor (< Thof

> = 68.2 fs). This implies that, on average, the

probabilities for proton transfers through small- and large-amplitude vibrations are

111, LA :
comparable; gﬁioX = 0.6 and Pﬁgé‘;‘” =< ‘cl;g’gz >/< Tho: > = 0.4. The former is lower

than H,O; , but still higher than H,07, whereas the latter could support the previous
investigation that, the proton transfer rate is about-one order of magnitude lower than
the O-O vibration rate (Kreuer,1997)." Since small-amplitude vibration is a
characteristic of the Zundel complex, one could conclude that, due to the thermal
energy fluctuation and-the couple motions -among H-bonds, a quasi-dynamic
equilibrium between the Eigen and Zundel complexes could be established in the
course of BOMD simulations, and considered as the most fundamental elementary

reaction in proton transfer process.

The most important property of H,O", which could be obtained from
experiments, is the average life time. Based on approximate Eigen’s relationship, the
average life time of H,O" was demonstrated to be sensitive to the concentration of

acid (Eigen and Maeyer, 1958); as the concentration of the acid increases, so does the
average lifetime. This could be one of the reasons, why the average life time of H,0"

reported in literatures varies in a quite wide range (Giguere, 1979). For examples,
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through the measurements of proton conductance (Conway, Bockris and Linton,
1956), the average life time was estimated to be 240 fs, whereas a higher value, by
about one order of magnitude, was derived from dielectric relaxation data (Eigen,

1963). While the measurement of the low frequency (1200 cm™) in the vibrational
spectrum of H,O" requires a minimum life time of only 30 fs (Giguere, 1979), the
one obtained from the measurement of '’O-induced proton relaxation in water and
very dilute acids amounts to 2.2 ps (Glick and Tewari, 1966; Rabideau and Hetch,
1967). In the present study, the average life time of H,O" in the Eigen complex is
within this range. It should be added that, in our model systems, the lack of
continuous H-bond network connecting the first and second hydration shells could

restrict the mobility of proton, whereas the inclusion of strong interaction between

proton and polar environment could lead to a retardation of proton transfer events

(Kreuer, 1997). Our <z > =682 fs is, however, closer to the lowest limit,

estimated from the low-frequency vibrational spectroscopy (Giguere, 1979).

The CF3SO3;H- H;0"-nH,0 complexes

Figure 3.4 shows examples of proton transfer profiles for the
CE,SO;H-H,0"-H,0 1 : 1 : 1 complex, with snapshots of H-bond structures
observed in the course of BOMD simulations. Three important elementary reactions
were extracted from BOMD results and illustrated in Figure 3.5 with all other results.

For the CF,SO,H-H,0" -H,0 1: 1 : 1 complexes, both large- and small-amplitude

vibrations exist in the proton transfer profiles.
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Figure 3.4 Examples of proton transfer profiles for the CF,SO,H-H,0" -H,0O

1:1: 1 complexes, with snapshots H-bond structures observed in the course of
BOMD.a) — b) BOMD starting from structure ain Figure 3.1. ¢) — d) Snapshots

of H-bond structures.
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In Figure 3.4b, large-amplitude vibrations are seen, for example, between
t; = 27 fs and t; = 420 fs, within which quasi-dynamic equilibriums followed by
actual proton transfers in the reverse direction are seen in general. Small-amplitude
vibrations are, for example, from t; = 420 fs to t; = 647 fs. Starting from structure a in
Table 3.3, the H-bond proton (H, in Figure 3.4c) moved in the course of BOMD
simulations from O2 to O3, resulting in structure A in Figure 3.4c. The proton transfer
profile in Figure 3.4a and the snapshots in Figure 3.4c reveal an example of the
H-bond structure reorganization from cyclic to linear. At ts = 750 fs, H6* forms

H-bond with an oxygen atom of -SO,H, then structure C changes to structure D.
Structures D, E and F show a possibility for proton transfer away from -SO.H,
whereas structure G for proton transfer in the reverse direction; forming -SO,H;
between  tg = 1335 fs and ty = 1416 fs. The probability for proton transfer through
the formation of -SO;H, is higher for structure ¢ in Figure 3.1. Starting from
structure ¢, -SO,H, was generated right at the beginning of BOMD simulations.
Snapshots in Figure 3.4d reveal that, structure A acts as a precursor and proton
transfer could be mediated by -SO,H; in both directions; from structures A to B to
C, as well as from structures A to D to E. Since there is no water molecule to stabilize

the product (H,0"), both structures C and E return to structure A, as also recognized

in the case of H,O; .
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Figure 3.5 Important elementary reactions in proton transfer in the

CF,SO,H-H,0" -H,0 1:1: 1 complexes, obtained from BOMD. The symbols are

explained in details in the text.
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The results in Figure 3.5 show that, due to limited number of water molecule,

the products in elementary reactions I and II were observed in short times. < 15, >

and <1, > are 10.1 and 9.3 fs, respectively, compared to the life times of the

precursors, < 1,5, > and < 1,7, >, of 51.0 and 54.6 fs, respectively. For elementary

reaction I, the quasi-dynamic equilibrium between the precursor and the transition

state (< 1,7 >) is 38.8 fs, with the average maximum proton transfer cycle time

(<1 > of 79.9 fs; whereas those of elementary reaction II are 25.3 and 95.8 fs,

respectively. The values of g, and P'*", as well as g, and P*™ in Figure 3.5,

indicate that, the degree of coherence in elementary reactions I and II are comparable

with H,0; , with lower probability.for proton transfer in the forward direction; P51

and P\™ are only 0.2. Elementary reaction I in Figure 3.5 involves proton transfer

through -SO,H; . Although elementary reaction HF possesses the highest degree of

coherence, g\, = 0.8, the probability for proton transfer from -SO,H} and the life

time of the product are the highest; P = 0.4 and <15 > = 23.9 fs. These

confirm the possibility that -SO,H, could represent an effective transition state in

proton transfer pathway at low hydration levels (Glezakou, Dupuis and Mundy,

2007).
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Figure 3.6 Important elementary reactions in proton transfer in the

CF,SO,H-H,0" -H,0 1:1:2 complexes, obtained from BOMD. The symbols are

explained in details in the text.
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For the CF,SO,H-H,0"-H,0 1 : 1 : 2 complexes, five important proton
transfer elementary reactions could be extracted from BOMD results. The extension
of the H-bond network in the vicinities of -SO,H could bring about both stabilization
and destabilization effects to H,0", depending upon the H-bond structures.
Comparison of the results in Figures 3.5 and 3.6 shows that, for elementary reaction I,

the average life times of the precursor (<1}, >), as well as the quasi-dynamic
equilibrium (< t;}%° >), are increased when H,O" is triply H-bonded; the former is
73.7 fs, and the latter is 29.0 fs. These are aceompanied by an increase in the degree
of coherence and a decrease in the average life time of the product, g;.,., = 0.8 and

<15, > = 7.8 fs, as well as a decrease in the probability for proton transfer in the

forward direction, P”y = 0.1.

Elementary reactions II, III and IV in Figure 3.6 represent three possibilities

for proton transfers along the linear H-bonds at -SO,H. For elementary II, the
extension of the H-bond network, through the formation of the O-H..Ow H-bond,
brings about higher stability to H,O". This makes it difficult for H,O" to transfer
proton to the adjacent water. Comparison of P/ and P/ in Figures 3.5 and 3.6
shows that, due to an increase in the stability of H,O" in elementary reaction II, the
probability for proton transfer away from -SO,H is considerably decreased; structure

C which is the product was rarely found in the course of BOMD simulations.

Comparison of elementary reaction III in Figures 3.5 and 3.6 reveals a similar trend



65

namely, the probability for H,O" to protonate at -SO,H is reduced upon the
Oh-Hh..Ow H-bond formation, with a shorter average life time of -SO,H}, <1/, >
= 11.7 fs, compared to < 1,7 > = 66.2 fs. Elementary reaction IV shows a small
probability to detect - SO; in the course of BOMD simulations, with P5™=0.03. In
this case, large-amplitude vibration with g,"., ~ 1.0, dominates and the charged
product possesses very short average life time, <1, > = 4.7 fs. The stability of
H,0"and the degree of coherence in H-bond are substantially reduced upon larger

cyclic H-bond network formation; <,", > and g/’ ., for elementary reaction V are

10.2 fs and 0.14, respectively. The values are close to those in H,O;. Since the

average life times of both precursor and-the product are small, the probability for

proton transfer in. the forward direction is .~ the highest among the

CF,SO,H-H,0" -H,0 17 1.: 2 complexes, with P, = 0.6.
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Figure 3.7 Important elementary reactions in proton transfer in the

CF,SO,H-H,0" -H,0 1:1: 3 complexes, obtained from BOMD. The symbols are

explained in details in the text.
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Due to high degree of freedom in the CF,SO,H-H,O0"-H,O01 :1 :3

complexes, only linear H-bonds were observed in the course of BOMD simulations.
Elementary reactions I, IT and III in Figure 3.7 represent three possibilities for proton

transfer along the H-bond network: passing through -SO,H. Large-amplitude

vibrations seem to dominate in elementary reactions I and II, with g, and g, of
0.8. Elementary reactions I and II show that, when the H-bond network is well

connected on both sides of -SO,H, the stability of H,O" is increased. This tends to
reduce the probability for the proton transfers from H,O" to H,O, as well as from
H,0" to -SO,H; both P/3*and/P/Y"™ are only about 0.1. The former reflects the
possibility for proton transfer away from - SO;H ,-and the latter for the formation of
-SO,H; . Elementary reaction III reveals-a quite high possibility for proton transfer

through the formation of - SO;, through an ion-pair'complex similar to structure e in

Table 3.5. The results in Figure 3.7 indicate further that, for elementary reaction III,

large-amplitude vibration dominates, with g\ ;= 0.9, and the probability for proton

transfer in the forward direction is the highest among the CF,SO,H-H,0"-H,O

1:1:3 complexes, with P"-™ = 0.7. The latter is slightly higher than PY;5™ .
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3.2 Part I1

3.2.1 Static results
Structures and energetic
The equilibrium  structures, AE and  AE®  of the

CF,SO,H-H,0" —nH,0 complexes, 1 < n < 3, in the gas phase and continuum
aqueous solution are shown in Table 3.5, together with Adp, and v®'. The trends

of AE and AE*™ with respect to the number of water molecules are presented in

Figure 3.8.

It appeared that the refined structures are the same as those obtained from
B3LYP/6-31G(d,p) calculations (Table 3.4). The trends of AE with respect to the
number of water molecules in the gas phase and continuum aqueous solution are
similar, with smaller variations in continuum aqueous solution. The destabilization

effects caused by the continuum aqueous solvent are quite large, ranging from 120
kJ/mol in the complex to 235 kJ/mol in the CF,SO,H-H,0" -3H,0 complex; for

the H-bond complexes with the same number of water molecules, the H-bonds inside
the clusters experience comparable uniform electric field (COSMO). Figure 3.8 also
revealed that AE*™ are not substantially different. The environmental effects on the
stabilities of charged H-bonds were investigated using ab initio SCRF (self-consistent
reaction field) calculations at the Hartree-Fock level, from which the dependence of
AE on a wide range of dielectric constant (&) was established (Chen, McAllister, Lee

and Houk, 1998). It was demonstrated that small increases in € from the gas-phase
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value (eg=1) rapidly reduce the stabilities of the charged H-bonds, which is in

accordance with the present results.

The results in Table 3.5 anticipated three CF,SO,H-H,0" -H,0 complexes

as the most basic intermediate states in proton transfer pathways.

Structures A and B are represented by the Zundel complex H-bonding at two
oxygen atoms of the —SO3;H group. In structure C, —SOsH separates H;O" and H,O.
The H-bonding features in structures A, B and C suggested two important structural
diffusion mechanisms at the —SO;H group. Since the —SOs;H group in structure C
could be protonated or deprotonated and directly involved in proton transfer, one
could regard the structural diffusion through structure C as the “pass-through”
mechanism. Likewise, since the energetic and dynamics of the proton in the Zundel
complex can be affected by the —SO3;H group, one could consider the proton transfer

through structures A and B as the “pass-by”” mechanism.
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Table 3.5 Energies of the CF;S0O;H-H;0"-nH,0 complexes, 1 < n < 3, obtained
from B3LYP/TZVP calculations, both in the gas phase and continuum aqueous

solution. Energies are in kJ mol ™,

Gas COSMQ AE AE*!
AIG % :(6 AIC f&%j_ﬁ) -241.7(-63.5) 2723
J ‘ 9
(1) AN,
LS Ve
’ ) )
A2G-[1] A2C-[1] -316.9(-109.0) -276.3
,‘ ) *
@3 e 4
/ ’ DRy ;
Q)] .“‘21(2) "‘/J( )
A2G-[2] A2C-|2] -308.0(-115.6) -291.9
“).8, . “) ‘_.."/.__._(3)
p rJ . i *; ’) ¢r
: ‘o @
\)f“}'.(l)}‘( ) © ")‘.(1-3.._ e [
A3G-[1] /('5’)3 A3C-[1] (5‘)1’ -398.3(-155.6) -275.3
§' ::_(: § @ ¥
= ~.(3) e {-.(3)
(1).':) 5 2 (1;"-.) / N 5)
A3G-[2] A3C-|2] § -380.3(-146.1) -283.8
®) 7 )
(4)‘)(3) (4)3,,‘-.,,{(3)

2 \ 'y
Gf‘l:&J “j @ Qf‘gm ) ‘j(z)

AE = interaction energy; AE™ = solution energy. (..) = continuum aqueous solution

(COSMO).



Table 3.5 (Continued).

Gas COSMO AE AE®!
B1G { B1C ; ( -239.8(-60.4) 271.1
\‘)-0..‘_,‘_9) ‘)4(3)
gty R
B2G (4){&’ B2C (4)}‘4 -327.6(-117.0) -273.6
‘)‘f) : e
A .
) o %{2
B3G %o B3C (4)3,-(23 -398.7(-162.9) -282.2
@ . * =)
4 T
Wy M N )
r(2) o
C1G rv" €1C oy 225/5(-59.7) 2847
m(z) §}!4<2)
e »
J 9
I, - - -
C2G . = C2C o 323.8(-111.7) 272.1
My
)
A
’ g:‘ P
?) J
C3G .o C3C L, 0.0, -387.1(-159.7) -290.6
5(3)
9 (1)_:..
Ay ¢
*fo o
() ¥ Q
3 (5)
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Figure 3.8 The trends of the interaction.(AE) and solvation energies (AE™") with

respect to the number of water molecules, obtained from B3LYP/TZVP calculations:

- A- = AE in the gas phase; -A- = AE in continuum aqueous solution; -W- = AE™.
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In order to simplify the discussion, the H-bond structures in Table 3.5 are
labeled with three or four-character code; according to the basic intermediate states
(A, B or C); the number of water molecules (n); in the gas phase (G) or continuum
aqueous solution (C). Different H-bond structures with the same basic intermediate
state and number of water molecule are distinguished by [m]. As examples, based on
the four-character code, A2G-[1] and A2G-|2] represent different H-bond structures
([1] and [2]) with the same intermediate state and number of water molecules (A2) in
the gas phase (G), whereas A2G-[1] and A2C-[1], the same H-bond structure with
two water molecules (A2 and [1]) in the gas phase (G) and continuum aqueous

solution (C), respectively.

Harmonic IR frequencies

H-bond distances (Ro.p), asymmetric stretching coordinates (Adpa)
and O-H stretching frequency o) are presented in Table 3.6. Attempt was made to
distinguish between normal and strong H-bonds in the protonated water clusters (Lao-

ngam, Asawakun, Wannarat and Sagarik, 2011). B3LYP/TZVP calculations showed

that the “critical distance” (R, ), the H-bond distance at which symmetric double-

well potential with a barrier at the center is transformed into single-well potential
without barrier, and the threshold asymmetric O-H stretching frequencies for proton

" and

transfers (v®"") could be approximated from the plots of Ad,, and Roo, v
Roo, and v®and Ad,,. The relationship between Ad,,and Roo could be

represented by a linear function, v and Ro.o by an exponential function similar to

the integrated rate expression for the first order reaction, and v°"and Adg, by an
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exponential function resembling the normal distribution function. For the protonated

water clusters (Lao-ngam, Asawakun, Wannarat and Sagarik, 2011) calculations of

the second derivatives of the plots of v*" and Ad,, gave two inflection points, in the
gas phase at Adp,,= 0.33 A and in continuum aqueous solution at Ad,,= 0.36 A. The

values correspond to v*""= 1984 and 1881 cm™, respectively.
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Table 3.6 H-bond distances, asymmetric stretching coordinates (Adps) and O-H

stretching frequencies of the CF53S0;H-H;0"-nH,0 complexes, 1 < n < 3,

obtained from B3LYP/TZVP calculations. They are in A, A and cm™, respectively.

Gas

COSMO

AlG .J,‘

()
@ 0
-
’ J
J.

H-bond Ro_o AdD A VOH

(1) 2.55 _0.52 | 2788
2) 247 036 2218
3) - - -

AlC

H-bond
(1)

)
3)

- ()

OF

)

Ro.o Adpa VOH

2.75 0.83 3347
243 020 1223°
3.05 1.26 3577

Ro.0 = H-bond distance; Adpa = asymmetric stretching coordinate; VO = asymmetric

O-H stretching frequency; = = H-bond susceptible to proton transfer.
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Gas COSMO
A2G-[1 ; A2C-[1
[1] @ [1]
’u . (3) (3)
o
._... 1 .
') v
H-bond Ro_o AdDA VOH H-bond Ro_o AdDA VOH
(1) 2.59 062 3029 (1) 272 0.79 3320
) 244 027 -1893" 2) 243 0210 1230
(3) 2.89 101 3490 @) 2.96 1.09 3525
(4) 2.54 . 0.47 2498 (4) 241 0.06 905"
A2G-[2] A2C-[2]
.8, 3 ) ‘?(3)
! ([: Soo | dg™e.. @)
(1) (1) 2
H-bond Ro_o AdDA VOH H-bond Ro_o AdDA VOH
(1) 254 0.56 2873 (1) 2.69  0.84 3422
) 245 0.30 1985 ) 241 007 823"
(3) 2.85  0.90 3396 (3) 279 084 3292
(4) 279 0.83 3233 (4) 257 051 2509
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Gas COSMO
A3G-[1] A3C-[1]
8 AL
(5) ¢ (5)
4)
i@
O§ ~..3) o0, 3
) 2
(D lb ) 1 5
| e 1) (2)
)
H-bond Ro_o AdDA VOH H-bond Ro_o AdDA VOH
(1) 2.54 . 050 2645 (1) 263 0.66 3071
) 244 7027 1848 ) 244 025 1345
(3) 274 0.84 3353 (3) 2.86 096 3449
4) 243 027 1877 4) 262 061 2876
(5) 2.54 048 2659 (5) 244 0260 1735
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Gas COSMO
A3G-[2] A3C-[2]
J
(5;" (;')
) (4)‘-,.‘ 3)

(1) ‘/(2)

H-bond Roo  Adpa
(1) 2.56 . 0.58
) 243 7021
(3) 273 0.75
4) 270 0.71
(5) 265  0.65

OH
v

2940

1335°

3211
2997
3077

H-bond Ro_o AdD A VOH
(1) 281 090 3460
) 244 024" 1374
3) 2,62 0.61 2910
(4) 2.56 048 2373

(5) 260 058 2731
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Gas

COSMO

B1G {
=% (3)
%
J
H-bond Ro_o AdDA VOH
(1) 270 0.76 3239
) 242 014" 1100
(3) 2.80  0.96 3454
B2G )'J
@ i
r‘.'-....._(.%)
g
A%
H-bond Ro_o AdDA VOH
(1) 2.62  0.65 3026
) 243 0200 1333
(3) 2.80 091 3422
(4) 2.53 045 2434

B1C

H-bond
(1)

)
3)

B2C

H-bond

()
2)
)
(4)

@
Roo Adpy v
281 093 3439
243 018 11347
3.01  1.16 3537

>
4

<1)'"""<¥.}
@)
]

Roo Adpy v
269 0.73 3163
243 017 1068
281 091 3417
245 0307 18437
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Gas COSMO
’ﬁ(S)
B3G (5) B3C @); 4?
4 A . o
- §? G
03)
‘ 'ﬂ) (1) )
O 2
L_P)
J
H-bond Ro_o AdDA VOH H-bond Ro_o AdDA VOH
(1) 2.55 051 2691 (1) 2.65 0.68 3085
) 244 025 1407 2) 243 022" 1276
(3) 274 083 3334 3) 281 091 3416
(4) 243 026 1526 (4) 266  0.69 3109
(5) 2.54 050 2679 (5) 243 0210 12217
(6) - - : (6) 281 090 3399
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Gas

COSMO

C1G (1)/‘J CiC (l)j
e e
. f 14 ?
| ‘}*4(2) ‘).."-..(2)
* »
H-bond Ro-o AdDA VOH H-bond Ro-o AdDA VOH
(1) 244 023 11724 (1) 247 033 1970
) 249 037 2196 (2) 246 035 2076
€26 ‘o c2C A
(3)./ (3)p
<
) B
“02) “(j)
® )
.
H-bond Roo  Adpsa V" H-bond Roo Adpy V"
(1) 249 041 2324 (1) 261 061 2967
) 255  0.49 2599 ) 243 0210 1413
(3) 250  0.42 2516 (3) 245 0270 1717




Table 3.6 (Continued).
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Gas COSMO
C3G 2 : C3C L 3.0,
a§3)
| (1)~
a0 5
oY 1
¢ 0
(2
® ) (5)1*.}
Ay (4
H-bond Ro_o AdDA VOH H-bond Ro_o AdDA VOH
(1) 244 0247 1809 (1) 259 057 2876
() 243 022 1708 2) 265 0.66 3032
(3) 255 051 2715 (3) 245 029" 1805
4) 2.55 . 0.52 2760 4 243 0200 1201
(5) - : - (5) 278 0.88 3390
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In the present study, to estimate Vo Ad,, and Ro.o, v®and Ro.o and

v?and Ad,, for the pass-through mechanism were plotted and shown in Figure 3.9a

to 2c, respectively, whereas for the pass-by mechanism in Fig. 2d to 2f, respectively.
The agreements between the fitted: functions and the values obtained from

B3LYP/TZVP calculations are shown in Figure 3.9. For the pass-through mechanism
in the gas phase, the inflection point is seen in Figure 3.9¢ at v°"" = 2162 cm™ and
Ad;, =0.36 A, and in continuum aqueous solution at v = 2001 cm™ and Ad;,, =
0.36 A. For the pass-by mechanism, Figure 3.9f shows the inflection points in the gas

phase at v°""= 1829 cm™ and'Ad},, =0.29 A, and in continuum aqueous solution at

v = 1714 em”  and "Adp, = 0.30 A Gomparison of v for the pass-by
mechanism and those of the “protonated water clusters (Lao-ngam, Asawakun,
Wannarat and Sagarik, 2011) suggested red-shifts of about 200 cm” due to the
presence of the -SOs;H group. It should be emphasized that the present work focused
only on the asymmetric O-H stretching frequencies (v°" ) which are directly related

to the proton transfer processes. As v®' cannot be identified accurately in IR
experiments, rigorous comparison cannot be made. One could however conclude that
the asymmetric O-H stretching frequencies of the transferring protons in Table 3.6 are
in good agreement with experiments (Buzzoni, Bordiga, Ricchiardi, Spoto and

Zecchina, 1995; Ludvigsson, Lindgren and Tegenfeld, 2000).
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Figure 3.9 Static results of the CF3;SO;H-H30'-nH,0 complexes obtained from
B3LYP/TZVP calculations in the gas phase and continuum aqueous solution. a) Plot
of Adpa and Ro.o for the pass-through mechanism. b) Plot of v® and Ro.o for the
pass-through mechanism. c) Plot of v°" and Adp, for the pass-through mechanism.
d) Plot of Adpa and Ro.o for the pass-by mechanism. e) Plot of v°®" and Ro.o for
the pass-by mechanism. f) Plot of v®" and Adp, for the pass-by mechanism. (Adpa

= asymmetric stretching coordinate; Roo = O-H..O H-bond distance; v =

asymmetric O-H stretching frequency)
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Although the H-bond structures in the gas phase and continuum aqueous

solution are approximately the same, the trends of proton transfers are quite different.
Adpa and v in Table 3.6 revealed that the -SOsH group is not preferentially

dissociated in the gas phase, whereas in continuum aqueous solution, -SO3H tends to

deprotonate, resulting in -SO; in close contact with H;O", with the highest tendency

of proton dissociation in structure A2C-[1] (Adp, = 0.06 A and v =905 cm™).

Adpa and v also indicated that, in continuum aqueous solution, structure A2C-[2]
possesses the highest tendency of proton transfer through the pass-by mechanism

Adpa=0.07 A and v°" =823 cm™).
DA

Classifications of H-bonds

As in‘the case of IR experiments (Asbury, Steinel and Fayer, 2004;
Jiang, Chaudhuri, Lee and Chang, 2002; Wu, Chaudhuri, Jiang, Lee and H.C. Chang,
2004) Table 3.6 showed that v®" can vary in a quite wide range; in the gas phase
from 1100 to 3500 cm™, in continuum aqueous solution from 820 to 3600 cm™. To
resolve these broad IR bands, the H-bonds in Table 1 were divided into two groups;
the H-bonds connecting directly to the -SOs;H or -SOj;™ group belong to Group 1
(potentially involved in the protonation or deprotonation at the -SOs;H group, as well
as the pass-through mechanism) and the H-bonds in the adjacent H;O'-H,O or Zundel
complex to Group 2 (potentially involved in the pass-by mechanism). Investigation
of the H-bond structures in Table 3.6 in details, allowed Group 1 and 2 to be further
divided into four subgroups. The definitions of the groups and subgroups are

summarized as follows:



Group 1

Subgroup (1)

Subgroup (II)

Group 2

Subgroup (III)

Subgroup (IV)
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H-bonds connecting directly to the -SOs;H or -SO3” group.

Cyclic H-bonds between the Zundel complex or H,05"

and the two oxygen atoms of -SO;H or -SOs’, e.g. H-bonds (1)
and (3) in structures A1C and B1C, and H-bonds (1) and (4)

in structures A2GJ[2] and A2CJ2].

Linear H-bond between an oxygen atom of the -SOs;H or
-SO;” group and'H;0", HzO? or H,0, e.g. H-bonds (1) and (2)

in structures C1C and C2C, as well as H-bond (1) in structure C3C.

H-bonds in the adjacent Zundel complex.

H-bond-in the H3O'= H>O contact structure

or the Zundel complex in the structure with Subgroup (II),
e.g. H-bond (3) in structure C2G and C2C, respectively.
H-bond of the Zundel complex in the structure with

Subgroup (1), e.g. H-bond (2) in structures A1C and B1C.

The domains of v for the H-bond protons in Group 1 (Subgroup (I) and

(IT)) and Group 2 (Subgroup (III) to (IV)), in the gas phase and continuum aqueous

solution, are shown in Figure 3.10.
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Figure 3.10 The domains of v®" for, the H-bond protons in Group 1 and 2, as well as

Subgroup (I) to (IV). a) gas phase. b) continuum aqueous solution.
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Comparison of Figure 3.10a and 3.10b revealed that the electric field
introduced by the continuum aqueous solvent brings about significant shifts of v°"
especially for the pass-by mechanism, in which all the H-bonds in Subgroup (IV) are
red shifted to v® lower than v°" . For the pass-through mechanism, only some
linear H-bonds in Subgroup (II) are red shifted tov®" lower than v°""". The cyclic
H-bonds between the two oxygen atoms of -SO;H and the Zundel complex
(Subgroup (I)) tend to be destabilized in continuum aqueous solution, leading to blue
shifts of v®" above 3000 cm’. The red shifts reflect higher tendency for the

deprotonation of the -SO;H group, as well as the pass-through mechanism, in

continuum aqueous solution.
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3.2.2 Dynamic results
The neglect of extensive H-bond networks of water in the vicinities of the

solute (CF,SO;H), as well as the thermal energy fluctuations in BOMD simulations,

made it difficult to analyze the dynamics in the CF,SO,H-H,0"-H,O complexes.

Therefore, attention was focused on the H-bond protons in the intermediate states.

Average H-bond structures and IR spectra

Before the dynamics in the CF »SO;H-H;0"-nH,0 complexes are
discussed, the characteristic vibrations in the protonated water clusters will be
analyzed (Lao-ngam, Asawakun, Wannarat-and Sagarik, 2011). The IR spectra of the
H-bond proton in the Zundel complex obtained from BOMD simulations at 350 K are

given in Figure 3.11a and 3.11b, in the gas phase and continuum aqueous solution,

respectively. For the transferring proton (v°" < v®"), the static proton transfer
potential (B3LYP/TZVP calculations) predicted only one asymmetric O-H stretching
band, whereas BOMD simulations showed in addition a higher frequency band. The

two IR bands are labeled with A and B in Figure 3.11a and 3.11b. Since the lower

frequency band (at v{""™") could be associated with the oscillatory shuttling motion

and the higher frequency band (at vy "™") with the structural diffusion motion (Lao-

ngam, Asawakun, Wannarat and Sagarik, 2011), the vibrational energy for the

interconversion between the two dynamic states (Avpy”) can be approximated from

the difference between v ™™ and v3"“", and the relative probability of finding

these characteristic vibrations in the course of BOMD simulations could be estimated

from the ratio of the IR intensities at B (Ig) and A (I,) (Lao-ngam, Asawakun,
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Wannarat and Sagarik, 2011); the lower I/l the higher the relative probability of
finding the oscillatory shuttling motion. It should be noted that the discussion on

Avp M and I/l is meaningful only when the H-bond considered is susceptible to

OH,MD OH* MD
proton transfer, v, < v,

The intensities of the IR bands at A and B in Figure 3.11a and 3.11b showed
that the oscillatory shuttling motion dominates in the Zundel complex, especially in
continuum aqueous solution; in the gas phase, Ig/Ix = 0.5, whereas in continuum

aqueous solution, Ig/Ix = 0.17 The trend of Ig/Ix in the gas phase and continuum

aqueous solution can be explained using Avg.""; in the gas phase, Avy,™M’= 724

cm’, and in continuum aqueous. solution, AvS: = 808 cm™. The latter reflects a
higher vibrational energy for the interconversion between the oscillatory shuttling and
structural diffusion motions, resulting in a higher population of the oscillatory
shuttling motion for the Zundel complex in continuum aqueous solution. It should be
augmented that, due to a short BOMD simulation length, Ig/I4 may not be determined
precisely. Therefore, attempt was made to alternatively estimate the relative
population of the oscillatory shuttling and structural diffusion motions from Avgy™".
For the protonated water clusters, an interesting relationship was observed when
AvM? and <Ad,, > were plotted. Together with the plot of the standard deviations

of the O-H distances (o )and <Ad, >, energetic aspects of the two characteristic

vibrations in the protonated water cluster could be studied.
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Figure 3.11 BOMD results on the Zundel complex at 350 K. a) — b) IR spectra of the

transferring proton in the gas phase and continuum aqueous solution, respectively. c)

Plot of o, ot and <Adpa>. d) Plot of Avg}AI’MD and <Adpa>. e) Plot of Pg/P, and
<Adpp>. Oron — standard deviations of the O-H distances; <Adpa> = average

asymmetric stretching coordinate; Pg/Po = probability of finding the structural
diffusion motion relative to the oscillatory shuttling motion (Lao-ngam, Asawakun,

Wannarat and Sagarik, 2011).
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The plots of o, and <Adp,> and AvpMPand <Ad,, > are shown in

Figures 3.11c and 3.11d, respectively. The former could be represented by an
exponential decay function, whereas the latter by a reflected normal distribution

function. Due to the thermal energy (fluctuations and dynamics, o, as well as

AvgMP | in the gas phase and continuum aqueous solution are not well separated.
Therefore, the discussion on the relative population of the oscillatory shuttling and
structural diffusion will be made based on a combined data set. It appeared that, for
the protonated water clusters, oy~ decreases exponentially with <Ad, >, reflecting
characteristics of the oscillatory shuttling and structural diffusion motions; the
oscillatory shuttling motion dominates in the H-bond with small <Ad,, >. Avpa™?
decreases exponentially with < Ady;;>and reaches a minimum at <Ad,, > = 0.28 A
(<Ryo> = 246 A), corresponding to the lowest vibrational energy for the
interconversion between the oscillatory shuttling and the structural diffusion motions,
AVE'MP = 473 ¢m™ or 5.7 kJ/mol. Since the probability of finding a physical system

in a certain energy state is proportional to the Boltzmann factor, the probability of

finding the structural diffusion motion relative to the oscillatory shuttling motion

_AyOHMD
(Pg/P,) is proportional to e MBa" T For the protonated water clusters, Pg/Ps and

<Ad,, > is plotted and shown in Figure 3.11e. Pg/P4 could be expressed in terms of
<Adp,> using a normal distribution function. The agreement between the fitted

function and the values obtained from BOMD simulations is included in Figure 3.11e.
The fitted function suggested the maximum probability of finding the structural

diffusion motion relative to the oscillatory shuttling motion, Pg/Po = 0.17 at <Ad,,, >
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= 0.27 A. At larger <Ad,, >, the H-bond becomes weaker and Pp/P, decreases,

especially when vQ™"MP > Qb

For the CF;SO;H-H;0"-nH,0 complexes, the average H-bond structures,

<R,,> and <Ad, >, obtained from BOMD simulations at 350 K, are summarized

in Table 3.7, together with, v vJ"™”and the proton diffusion coefficients (D).
The H-bonds susceptible to proton transfers are designated by asterisks. The plots
between <Ad,, > and <Ro.0> v{"Mand <Rpo>, and v{""Pand <Ad, > for the
pass-through mechanism are shown in Figures 3.12a to 3.12c, respectively, and for
the pass-by mechanism_in Figures 3.12d to 3:12f, respectively. The same types of
functions, as in the case of the B3LYP/TZVP. calculations in Figure 3.12, were
employed to represent the relationships in Figure 3.12. The agreements between the

fitted functions and the wvalues obtained from BOMD simulations are illustrated in

Figure 3.12.
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Table 3.7 Dynamic results of the CF3S0;H-H;0"-nH,0 complexes, 1 < n < 3,
obtained from BOMD simulations at 350 K. Distances, IR frequencies and proton

. . . . -1 2 1 .
diffusion coefficients are in A, cm™ and cm”s™ respectively.

QGas COSMO

AlG ?)) AlIC
| -.0)
" (1)
@0 R 0

J.
’ J J
)

H-bond  <Roo> o - <Adpa> 080 e Ps/P» D (107)
(1) 26 001 056 1750 2693 943  0.02  4.58
Q) 2.5 0.03 03671515 2154 673 0.06 248

(2.4)  (0.05) (0.17)" (1043)" (1700) (657) (0.07) (1.69)
3) - - - - - - - -

<Rp.0 > = average H-bond distance; © Ry standard diviation of the O-H distance;

OH,MD
A

OH,MD

and v,

< Adpa > = average asymmetric stretching coordinate; %
asymmetric O-H stretching frequencies;  Avj,"” = vibarational energy for the
interconversion between the oscillatory shuttling and structural diffusion motions;
Pp/P4 = relative probability of finding the oscillatory shuttling motion; D = proton

diffusion coefficient; (..) = continuum aqueous solution (COSMO); " = H-bond

susceptible to proton transfer.
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Table 3.7 (Continued).

Gas COSMO

A2G-[1] @) A2C[1]

H-bond <Rg.o> GRO—H <Adppa> Y OHMD yOHMD Ang,MD Pg/P, D(lO'S)

A B

(1) 26  0.02 065 733 2962 1229 001  5.06
2.7)  (0.01) ~0.91). (1683) (3501) (1818) (0.00) (5.02)

() 24 70.05 028 1498 2053 555  0.10 245
2.4)  (0.08) 7 (0:21) - (959)" “(1683)  (724)  (0.05)  (2.56)

3)

4) 25 0.02  0.55 1818 2693 875  0.03 2.46

(2.4)  (0.12) (021" (948)° (1717) (769) (0.04) (2.67)
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Gas

COSMO

A2G-[2]

%

. 0’ o

A2C-[2]

(2)

(1)’ (1) )
H-bond <Ro.o> Op,, /<Adpy> v("™ 0 vO"™ Ay Pg/Py D (107)
(1) 25 002 058 71599 - 3046 1447  0.00  1.52
) 2.5 0.08 026 -1531"" 1969. 438 0.17 177
(2.4)  (0.09) (0.15)° (875)" (1834) (959) (0.02) (2.91)

3)
(2.8)  (0.01) (0.94) (1666) (3366) (1700) (0.00) (7.42)

4)
(2.6)  (0.01) (0.54) (1296) (2592) (1296) (0.00) (2.91)
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Gas

COSMO

A3G-[1]

A3C[1]

{(4)

1 @ o i@
(1)-..“‘ / J 1 2

(2) (1) (2)
H-bond <Ro.o> Opy, <Adpa> A0 O™ AV Pg/Py D (107)
(1) 25 0.02 053 1919 25587 639 007 298
(2.6) (0.01) (0.70) " (1717) . (3030) (1313) (0.00) (3.01)

) 24 006 027 7171363° 1935 572 0.10  1.65
(24)  (0.06) (025" (1313)" (1834) (521) (0.12) (4.43)

3) 2.7 001  0.90 1548 3450 1902 0.00 251
4) 2.4 0.09 025  1010° 1750 740  0.05 438
(2.6) (0.01) (0.66) (1515) (3080) (1565) (0.00) (5.20)

(5) 2.5 002 053 1801 2727 926  0.02 451
(2.4)  (0.07) (0.26) (1313)° (1733) (420) (0.18) (3.29)
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Gas COSMO
A3G-[2] A3C-[2]
- J
o ')

(4) ‘ (3)

(2)
(1) nHH
H-bond <Ro.o> Opyy <Adpa> AW O™ Ave™  Pp/Py D (107)
(1) 26 002 064 1582 3013 1431 0.00 574
Q) 24 008 020777710947 1717 623  0.08  2.00
(24)  (0.06) (0.25)° (1397)° (1952) (555) (0.10)  (5.03)
(3) 27 001 080 1801 3349 1548 0.00  3.79
(2.6)  (0.01) (0.66) (1599) (3063) (1464) (0.00) (6.17)
(4) 27 001 075 1279 3232 1953  0.00  3.59
(2.7)  (0.02) (0.53) (1178) (2659) (1481) (0.00) (2.81)
() 27 001 071 1885 3299 1414  0.00  3.55
(2.6)  (0.01) (0.64) (2323) (3046) (1060) (0.01)  (4.10)
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Gas COSMO

B1G

075 .J(?);) (1"
J

) e

5
@
H-bond <RO-O> GRofu <AdDA> VZH’MD VgH‘MD AVQK’MD PB/PA D ( 1 0-5)
(1) 2.7 0.01 -~ 0.80 1599 3400 1801  0.00 3.48
) 2.4 007 <044 1077 1750. 673  0.06 2.18

(2.4)  (0.07) (0.16)° (993)" (1700) (707) (0.05)  (2.52)

T T At o
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Table 3.7 (Continued).

Gas COSMO

B2G > B2C ) SN
- e

| Jf"-.....,,@) g{” 0
1y o M W‘r{%
) 9

H-bond <Ro.o> Op,, /<Adpy> vO™ 0 v Ay Py/Py D (107)

(D
2.7) (00D (0.79). (1666) (3400) (1734) (0.00) (3.32)
) 24 008 020 -1066"" 1868, 802  0.04 257

(2.4)  (0.09) (0.18)° (976)° (1700) (724) (0.03) (2.12)
3)

4) 2.5 001 049 1447 2609 1162  0.01 1.17
(2.5)  (0.12) (0.28)" (1380)" (1902) (522) (0.12) (3.91)
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QGas COSMO
g (5)
B3G (5) B3C (4)4.‘f
(4) §
0—;1 ‘ (3)
I *.}
(1)
(1)J )
. J
H-bond <Roo> Op  /<Adpy>  yOIMPLT - OIMD A 0IND - Py/Py D(10”)
(1) 2.6 002 054\ 1733+ 2592 859 003 3.36
2.7  (0.0D) (0.01) (1666) (3501) (1835) (0.00) (4.32)
) 24 007 026 13137 1952 639  0.07  3.27
(2.4)  (0.09) (020)° (1077)" (1666) (589) (0.09) (3.07)
3) 27 0017-.092 15653484 1919 000 5.6
(2.8) (0.01) (1.00) (1548) (3535) (1987) (0.00) (2.64)
4 24 009 022 976" 1751 775  0.04 220
2.7  (0.01) (0.77) (1599) (3282) (1683) (0.00) (7.09)
) 25 002 052 1851 2760 909  0.02 246
(2.4)  (0.08) (0.20) (1066)° (1717) (651) (0.07) (4.58)

(6)
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Gas

COSMO

CIG (1)/j“ C1C (1)}
e g
? ? ?
nm ‘)..“-.@)
° »
)

H-bond  <Ro.o> Op @ <Adpp>  yO™P 1 000 A 0md - pp/Py D(107)
(1) 2.4 0.06 - 0.26° 71499 2003 504  0.13 1.33
(2.5)  (0.04) " (0.37) (1767) (2323) (556) (0.15) (3.46)
) 2.5 0.05 ~ 037 - 1902 2306. 404  0.19 1.46
(2.5)  (0.08) (0.33) (1851) (2356) (505) (0.13) (3.15)
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Gas COSMO
)\
C2G ‘o C2C %
3) ¢ (3)1
J
v
(1) B D5
O'?J'Q ’ § &
é 0 &@
® o
)

H-bond <Rp.0> GRO—H <Adpa> V(/z”’MD V(;H’MD Avg:[’MD Pgp/Pa D(IO_S)
(1) 2.5 0.02 0.44 2272 2592 320 0.18 1.91
(2) 2.6 0.02 0.52 1582 2592 1010 0.06 2.27

24) (0.13) (0.24)* (1161)* (2070) (909) (0.02) (3.15)
3) 2.5 0.04 0.43 2171 2525 556 0.10 3.65
(2.5)  (0.07) (0.27)° (1414)" (1750) (336) (0.25) (3.01)
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Gas COSMO
C3G ‘@ C3C ).,
1(3)
b0 07
_ oY x*
! ¢ 2) f ~(2)
L0 (5')""‘*\.}
SO0 (4
H-bond <Ro.o> O, /(<Adpy> yO™PLT O A 0D pa/py D(107)
(1) 24 011 026 1228 ‘1868 640  0.07  2.74
(2.6) (0.01) (0.63). (1868) (3063) (1195) (0.01) (4.39)
) 24 011 ~022 . 1117 2003 88  0.03  3.05
(2.7)  (€0.01) (0.73) (1834) (3181) (1347) (0.00) (6.82)
A3)
(2.5)  (0.04) (0.30)° (1498)" (1868) (370) (0.22) (3.07)
(4) 26 002 057 1548 2895 1347  0.00 4.5
(2.4)  (0.08) (0.19)° (1127)° (1700) (573) (0.09) (4.24)

©)
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Figure 3.12 The BOMD results on the CF;SO;H-H;0"-nH,0 complexes at 350 K. a)
Plot of <Adpa> and <Ro.o> for the pass-through mechanism. b) Plot of v and <Ro.
o> for the pass-through mechanism. ¢) Plot of v®" and <Adpa> for the pass-through
mechanism. d) Plot of <Adpa> and <Rp.o> for the pass-by mechanism. e) Plot of voH

and <Ro.o> for the pass-by mechanism. f) Plot of v

and <Adpa> for the pass-by
mechanism. <Adppa> = average asymmetric stretching coordinate; <Rp.o> = average

O-H..O H-bond distance; v®"' = asymmetric O-H stretching frequency.



C) 4500

4000 -
3500
3000

2500

OHMD, 1

A%

2000
J1684

1500 1656
1000 -

500

A,

0.33

4 QGas
A COSMO

0.0

0.2

T
0.4

T
0.6

<Ad, >IA

0.8

1.0 1.2

d) 2

1.0+
0.8

0.6

<Ad, >/A

0.4

0.2 1

0.0 .

A QGas
A COSMO|

24

Figure 3.12 (Continued).

25

2.6

R, 7IA

2.7

2.8 2.9

109



110

e) 4500 —

4000 — o COSMO
3500
3000

£ 2500+

~

H,MD

2000

(o)

1500

1000

500

2.6 2.7 2.8 29
<R, /A

A Qas
A COSMO

1741
150041734

0.31::0.33
T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

<Ad, /A

Figure 3.12 (Continued).
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Since BOMD simulations were conducted in a short time, the average H-bond
structures are not substantially different from the B3LYP/TZVP results. Comparison
of v{""" in Table 3.7 with v°"" in Table 1 showed a general trend. The inclusion of
the thermal energy fluctuations and dynamics in the model calculations brought about
red shifts of the oscillatory shuttling bands both in the gas phase and continuum
aqueous solution, except for structures A2C-[1] and A2C-[2] in continuum aqueous
solution; B3LYP/TZVP calculations predicted the H-bonds (4) and (2) in structures
A2C-[1] and A2C-|2] to possess the highest tendencies of proton transfer through the
pass-through and pass-by mechanisms, respectively, and coupling among various
modes of vibrations in BOMD simulations led to blue shifts of about 43 and 52 cm'l,

respectively.

As in the case of protonated water clusters, according to the thermal energy
fluctuations and dynamics, the results in the gas phase and continuum aqueous

solution are not well separated. Figure 3.12 showed the inflection points for the pass-

through mechanism at v{""™° = 1656 and 1684 cm™', respectively, and for the pass-by

mechanism at v{""M° = 1733 and 1741 cm’, respectively. The latter are 290 and 104

cm” lower than the corresponding values for the protonated water clusters (Lao-
ngam, Asawakun, Wannarat and Sagarik, 2011). The red shifts represent energetic

evidences for the promotion of proton transfer by the -SOs;H group.
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AvpMPand Pp/Ps for the H-bond protons in the CFSO,H-H,0"-H,0

complexes are included in Table 3.7. Examples of the characteristic asymmetric O-H
stretching bands for the pass-through and pass-by mechanisms, obtained from BOMD

simulations at 350 K, are shown in Figures 3.13a and 3.13e, respectively. For the

pass-through mechanism, the plots of ¢, and <Ad, >, AvMPand <Ad,,, >, and

Pg/P4 and <Ad,, > are illustrated in Figures 6b to 6d, respectively, and for the pass-

by mechanism in Figures 3.13f to 3.13h, respectively.
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Figure 3.13 The BOMD results of the CF5SO;H-H;0 "-nH,0 complexes at 350 K. a)
Example of the IR spectra of the transferring proton in the pass-through mechanism.

b) Plot of o, . and <Adps>for the pass-through mechanism. c) Plot of Avgy™ and

<Adpp> for the pass-through mechanism.. d) Plot of Pg/Ps and <Adps> for the pass-
through mechanism. e) Example of the IR spectra of the transferring proton in the
pass-by mechanism. f) Plot of 6, and <Adpa> for the pass-by mechanism. g) Plot
of Ang’MD and <Adpa> for the pass-by mechanism. h) Plot of Pg/P, and <Adps> for

the pass-by mechanism. o, = standard deviations of the O-H distances; <Adpa> =

average asymmetric stretching coordinate; Pg/P, = probability of finding the

structural diffusion motion relative to the oscillatory shuttling motion.



A QGas
T A A A COSMO)
0.12-
0.10
0.08-
<
& 0.06-
0.04
0.02-
0.00 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12
<Ad; >/A
C) 2500
A QGas
] A COSMO
2000 -
5 1500
% ]
<
o,
2 1000
500
0 T T T T T T
0.0 02 0.4 0.6 0.8 1.0 12
<Ad, >/A

Figure 3.13 (Continued).

114



d) 030

0.25]
0.20
&: 0.15-
0.10
0.05

0.00

A QGas
A COSMO|

0.0

1.2

Ny
g

Arbitrary unit

A

etk

0 500

Figure 3.13 (Continued).

U
1000

1500 2000 2500
Frequency/ cm’

symmetric

—— asymimetric

—— O-O vibration

3000 3500 4000

115



116

4 (Qas
A COSMO

i) 0.14

0.12
0.10

0.08

1A

-H

g 0.06-
0.04 -

0.02

0.00 v T v T u T v T v T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

£) 250

s Gas
A COSMO)
2000
E 1500 -
2
o>§
4 1000
500
0 T T T T T T T T T T T
0.0 02 04 0.6 0.8 1.0 12

Figure 3.13 (Continued).



117

h) 0.30

4 Gas
A COSMO
0.25 A
0.20]
<
£ 0.5
A
0.10
0.05
0.00 AT
T Y T T
0.0 0.8 1.0 12

Figure 3.13 (Continued).



118

All the outstanding features discussed in the protonated water clusters were
observed in the CF3;SO;H-H;0"-nH,0 complexes. The same types of functions, as in

the case of the protonated water clusters in Figure 3.11, represent the relationships in

Figure 3.13 quite well. For the pass-through mechanism, Avpa™ in Figure 3.13c

decreases exponentially with <Ad ,, > and reaches a minimum at AvO™” =469 cm™,

corresponding to the maximum probability of finding the structural diffusion motion
(Pp/PA) of 0.17; the H-bonds in the vicinities of the maximum are, for examples, H-
bond (1) in structures C1G and C1C, and H-bond (2) in structure C2G. For the pass-
by mechanism, due to the presence of the -SOsH group, the vibrational energy for the
interconversion between the oscillatory shuttling and the structural diffusion motions

are decreased, from AvOLM’ =473 em’ inthe protonated water clusters to AvoiMP =

398 c¢cm’! in the CE;SOs;H-H;0 -2H,0 complexes. The values correspond to an
increase in the relative probability of” finding the structural diffusion motion, from
Pg/PA = 0.17 in the protonated water clusters to 0.21 in the CF5SO;H-H;0"-nH,0
complexes. The H-bonds in the vicinities of maximum Pg/P4 are, for examples, H-

bond (3) in structures C2C and C3C, and H-bond (5) in structure A3G-[1].
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Diffusion coefficients
To discuss the dynamics of proton transfer in the CF;SO;H-H;0"-

nH,O complexes, the distributions of the proton diffusion coefficients (D) for the H-

. * .
bonds susceptible to proton transfer (v M < v were computed and shown in

Figure 3.14. It appeared that D can vary in a quite wide range, with maxima at
2.5x107and 3.2x10°cm’ s, in the gas phase and continuum aqueous solution,
respectively; the latter is represented by the H-bonds in Group 2 (pass-by
mechanism) and could be used in the discussion of the effects of the —SOs;H group, by
comparison with the results in the protonated water clusters (Lao-ngam, Asawakun,
Wannarat and Sagarik, 2011). It should be noted that the proton diffusion coefficients
computed in the present work are comparable with the self-diffusion coefficient of
liquid water (2.3x107° cm” s™'); but considerably lower than those in the protonated

water clusters (Lao-ngam; Asawakun, Wannarat and Sagarik, 2011; Wu, Chen, Wang,

Paesani and G.A. Voth, 2008).
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Figure 3.14 Distributions of the diffusion coefficients (D) of the transferring proton
in the CF3SO;H-H;0"-nH,0 complexes, obtained from BOMD simulations at 350 K.

a) gas phase. b) continuum aqueous solution.
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In order to obtain additional kinetics information from BOMD simulations, the
lifetimes (1) of the H-bonds with high relative probability of finding the structural
diffusion motion (Pg/P,) were computed from VACF of the O-O vibrations (Bopp,
1986); based on the observation that the relaxation behavior of the envelope of VACF
can be approximated by an exponential function and the shared-proton structures
possess shorter life times than the contact structures (O-H'..0) (Kreuer, 2000). The
classical first-order rate constants (k) for the interconversion between these two
limiting structures were approximated from the lifetimes. In the present study, the
lifetimes of H-bond (1) in structure C1C and H-bond (3) in structure C2C are given
as examples; T =90 and 114 fs, respectively, and corresponding to k = 15.4 and 12.1
ps”, respectively. The lifetimes are shorter and the first-order rate constants are larger
than those obtained for the protonated water cluster (Lao-ngam, Asawakun, Wannarat
and Sagarik, 2011); in continuum aqueous solution, the shared-proton structure with
the highest Pg/P4 possesses T =233 fs.and k = 6.0 ps'. The values reflected a higher
rate for the interconversion between the shared-proton and contact structures in the

presence of the -SO3H group.

Remarks should be made on the dynamics and kinetics in the presence of the
—SOsH group. Comparison of the most probable proton diffusion coefficient in the
CF;SO;H-H;0"-nH,0 complexes (D = 3.2x107° cm’ s"l, in continuum aqueous
solution) and the corresponding value in the protonated water clusters (Lao-ngam,
Asawakun, Wannarat and Sagarik, 2011) leads to an important conclusion; the

transferring proton in the protonated water cluster with an extended H-bond network

possesses D = 8.9x10° and 8.2x10°cm’ s, in the gas phase and continuum
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aqueous solution, respectively. The values suggested that the —SO3;H group suppresses
the mobility of the transferring proton in the intermediate state, which could be
explained by an increase of the electrostatic effect in the shared-proton structure. This
result in lower proton diffusion coefficients in the CF;SO;H-H;0"-nH,0 complexes

compared to the protonated water clusters. The increase of the electrostatic effect is

accompanied by a decrease of Avjy " and an increase in the relative probability of

finding the structural diffusion motion (Pg/P,) in the shared-proton structure, leading
eventually to higher first-order rate constants (k) in the CF5SO;H-H;0"-nH,0
complexes. One could therefore conclude that the —SOsH groups in Nafion® act as
active binding sites which provide appropriate structural, energetic and dynamic
conditions for effective structural diffusion processes in the intermediate states of

proton transfer reactions.



CHAPTER IV

CONCLUSION

Proton transfer reactions at the sulfonic acid groups in Nafion® were
theoretically studied using complexes formed from triflic acid (CF3SO3H), H30" and
H,0, as model systems. The investigations began with searching for potential
precursors and transition states at low hydration levels using the Test-particle model
(T-Model), density functional theory (DFT) and ab initio calculations. They were
employed as starting ‘configurations in ‘Born-Oppenheimer molecular dynamics
(BOMD) simulations at 298 and 350 K, from which elementary reactions were

analyzed and categorized.

Attempt has been made in Part [ to study proton transfer reactions at a
hydrophilic functional group in model Nafion®, using a theoretical method which

takes into account dynamics of formation and cleavage of covalent and H-bonds.
Complexes formed from CF,SO,H, H,0" and nH,O were employed as model
systems, from which dynamics of an excess proton and proton defects at and in the
vicinities of -SO,H were systematically studied, with the emphasis on how -SO,H

facilitates or mediates proton transfer reactions at low hydration levels. It was found

in general that all characteristic H-bond structures and trends of proton transfer in the

H,0"-H,0 1 : nand CF,SO;H-H,0"-H,0 1:1:n complexes, | < n < 3,
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could be predicted reasonably well by T-model, B3LYP/6-31G(d,p) and MP2/6-
311++G(d,p) calculations. The theoretical results revealed possibilities for proton

transfer along the H-bond network of water connecting the oxygen atoms of -SO;H,
as well as by relay-type mechanisms, in-which proton hops across -SO,H through the

formations of the - SO,H; and -SO; transition states.

A series of BOMD simulations at 298 K was performed based on B3LYP/6-
31G(d,p) calculations. Attention was focused on the precursors and transition states
with H-bonds susceptible to proton transfers. Since the Zundel and Eigen complexes
play the most important role in proton transfer reactions in aqueous solutions, their

basic dynamic behavior was initially studied. It appeared that, proton transfer in
H,O, depends strongly on the Oh-Hh..Ow H-bond 'separation, as well as its

vibrational amplitude. Two extreme cases. namely, large- and small-amplitude
vibrations, were analyzed and discussed in details based on proton transfer profiles.
The BOMD results showed that, due to the thermal energy fluctuation and couple
motions among H-bonds, a quasi-dynamic equilibrium between the Eigen and Zundel
complexes could be established and considered to be one of the most important
elementary reactions in the proton transfer process. Although the model systems lack

of continuous H-bond network connecting the first and second hydration shells, the
average life time of H,O" in the Eigen complex is in reasonable agreement with the

lowest limit estimated from low-frequency vibrational spectroscopy.
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For the CF,SO,H-H,0" -H,O complexes, various temporary proton defects
in H-bond structures were observed in the course of BOMD simulations. Due to the
thermal energy fluctuation and dynamics at 298 K, proton transfer reactions at
-SO,H seem to comprise of various elementary reactions in quasi-dynamic
equilibriums. These prohibit proton transfer reactions from being concerted, and
confirm the observations that, the proton motion is too fast to be rate-determining
step. Due to large- and small-amplitude vibrations in H-bond separations, the internal
conversions between covalent and H-bonds, similar to the Grotthuss mechanism, were
concluded to form general basis for proton transfer processes at - SO;H. Attempt was
also made to describe these proton-telay type mechanisms in terms of coherence and
incoherence effects. BOMD. simulations- showed that, the proton-relay type

mechanisms could take place among -SO,H, H,O"and H,O, providing some
effective proton transfer pathways, through the formations of the -SO, , -SO,H;

and H,O; transition states. The analyses of the average life times of the precursors
and elementary reactions suggested that, when the H-bond structures are right, in
order that -SO,H could effectively function as a mediator in proton transfer
reactions, the probabilities for the elementary reactions to proceed in the forward and

reverse directions should be somewhat equivalent, otherwise proton would be trapped

at -SO,H.

It should be emphasized that, the present BOMD simulations focused on

proton transfer processes at and in the vicinities of a single -SO,H group, and within
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a narrow timescale. Therefore, H-bond structure reorganizations and molecular
diffusions, which could contribute to proton conduction in different timescales, were
not taken into account. It should also be added that, the present theoretical
investigations were performed at low hydration levels, in which the H-bond networks
are not as extensive as in aqueous solutions, and strong interaction between proton
and the polar environment could lead to a retardation of proton transfer. Therefore,
direct comparisons between our model calculations and experiments seem not
appropriate. However, some important insights, especially the interplays between
local H-bond structures and dynamics, as well as the potential precursors and the
proton transfer elementary reactions in an excess proton condition, could be obtained.
The present BOMD results also iterated that, equilibrium structures and energetic
obtained from MM or ab initio geometry optimizations could not provide complete
information on chemical reactions, especially the reaction pathways. It appeared that
the theoretical methods and the-analyses adopted in the present work could provide

practical bases for the study of proton transfer reactions in larger H-bond systems.

In Part II, proton transfer reactions and dynamics at a hydrophilic group of
Nafion” were investigated at low hydration levels using the complexes formed from
CF;SOs;H, H;0" and nH,O, 1 < n < 3, as model systems. Following the strategies

in Part I, the H-bond structures, asymmetric stretching coordinates (Adp, ) and

asymmetric O-H stretching frequencies (v°') obtained from B3LYP/TZVP
calculations were analyzed and categorized. The B3LYP/TZVP results suggested two
types of structural diffusion mechanisms namely, the pass-through mechanism,

involving the protonation and deprotonation at the —SO3;H group, and the pass-by
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mechanism, the proton transfer in the adjacent Zundel complex. The plots of v and
Adp, predicted the threshold frequencies (v°"") for the proton transfer through the

pass-through mechanism at 2162 and 2001 cm™, in the gas phase and continuum
aqueous solution, respectively, whereas for the pass-by mechanism at 1829 and 1714
cm’™, respectively. The latter are about 200 cm™ lower than those in the protonated
water clusters and, therefore, represent a spectroscopic evidence for the promotion of

proton transfer in the intermediate states (the shared-proton complexes) by the —SOs;H

group.

Inclusion of the thermal energy fluctuations and dynamics in the model
calculations made it difficult to differentiate the results in the gas phase and

continuum aqueous solution. For the pass-by mechanism, BOMD simulations at 350

K predicted similar characteristic asymmetric O-H_stretching frequencies (v$™™"),

with slightly lower threshold frequencies for proton transfer, vQ""™ = 1733 and

1740 cm’', respectively. Additionally, BOMD simulations showed second asymmetric

O-H stretching band at a higher frequency (v9™™"). As in the case of protonated

water clusters, vy "™ and vi"M"could be associated with the oscillatory shuttling

and structural diffusion motions, respectively; the characteristic motions of the

transferring proton in H-bond. The analyses of v{""™” and vj"™" suggested the

lowest vibrational energies for the interconversion between the oscillatory shuttling
OH,MD

and structural diffusion motions (Av,, " ), for the pass-through and pass-by

mechanisms of 469 and 398 cm™', respectively. The latter is about 75 cm™ lower than

the protonated water clusters; an indication of a decrease of the vibrational energy for
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the interconversion between the oscillatory shuttling and structural diffusion motions

in the presence of the —SOsH group.

Comparison of the proton diffusion coefficients obtained in the present work
and those in the protonated water clusters indicated that the -SOs;H group suppresses
the mobility of the transferring proton in the intermediate states, by introducing strong
electrostatic effect at the shared-proton structures. These are however accompanied by
a decrease of the vibrational energy for the interconversion between the oscillatory
shuttling and structural diffusion motions and a higher relative probability of finding
the structural diffusion motion in the CF3SO3;H-H;0"-nH,0 complexes, compared to
those in the protonated water clusters. One could, therefore, conclude that the —SO;H
groups in Nafion® act as active binding sites. which provide appropriate structural,
energetic and dynamic, conditions for effective structural diffusion processes in the
intermediate states of proton transfer. reactions. The present results confirmed that,
due to the coupling among various vibrational modes in H-bonds, 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, has been proved to be the most appropriate theoretical approaches.
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Proton transfer reactions at the sulfonic acid groups in Nafion™ were theoretically studied, using
complexes formed from triflic acid (CF380:H), H:O" and H50, as model systems. The
investigations began with searching for potential precursors and transition states at low hydration
levels, using the test-particle model (T-model), density functional theory (DFT) and ab initio
calculations. They were employed as starting configurations in Born-Oppenheimer molecular
dynamics (BOMD) simulations at 298 K, from which clementary reactions were analyzed and
categorized. For the HyO*~H-0O complexes, BOMD simulations suggested that a quasi-dynamic
equilibrium could be established between the Eigen and Zundel complexes, and that was

considered to be one of the most important elementary reactions in the proton transfer process.
The average lifetime of H;O" obtained from BOMD simulations is close to the lowest limit,
estimaled from low-frequency vibrational spectroscopy. It was demonstrated that proton transfer
reactions at —-SOsH are not concerted, due to the thermal energy fluctuation and the existence of
various quasi-dynamic equilibria, and —-SO;H could directly and indirectly mediate proton
transfer reactions through the formation of proton defcets, as well as the —SO;~ and -SO;H>"

transition states.

1. Introduction

An energy crisis and environmental concerns about global
warming, as well as the need to.reduce CO, emissions, have
provided strong motivation to seek ways of improving energy
conversion technology. The proton exehange membrane fuel
cell (PEMFC) has received much attention.as one of the most
promising energy suppliers for the future world.">* The poly=
mer electrolyte membrane which has been widely used in
PEMFCs is Nafion®, introduced by Dupont in 1967.°
Nafion™ is a perfluorinated polymer with hydrophobic Teflon
backbone and randomly attached hydrophilic side chains. The
backbones and the side chains of Nafion® are terminated by
trifluoromethanesulfonic (triflic) acid, which is known to be
one of the strongest acids. The triflic acid functional groups
(—CF;80;H) are preferentially hydrated and play important
roles in proton transfer reactions in PEMFCs. Experiments
have shown that hydrated —CF,S0;H form aggregates,
resulting in large interconnected hydrophilic domains.* Since
the hydrophilic and hydrophobic domains are quite well
separated,™® theoretical and experimental investigations could
emphasize only the hydrophilic domains, in which proton
conduction takes place. It was observed in general that
the degree of hydration at —CF,SO3H, the morphology of
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PEM and the size of the hydrophilic domains are directly
related to the efficiency of proton conduction in Nafion ™. %7
Although some theoretical and experimental information has
been accumulated, the complete mechanisms of proton con-
duction in Nafion™ seem not available, especially at the
molecular
level. " Since basic chemistry of Nafion™ has been discussed
in details in many review articles, only some information
relevant to the present study will be briefly summarized.
Three basic molecular fragments, potentially involved in
proton transfer reactions at the hydrophilic side chains in
Nafion®, are —(CF,OCF,;)—, —CF-SO;H and —CF-S0;".
Density functional theory (DFT) at B3LYP/6-31G(d.p)
level'™!! suggested that, the hydrogen-bond (H-bond) between
CF3;0CF; and H,O is rather weak, due to the strong electron
withdrawing effects from the two CF; groups. Therefore,
—~(CF,0CF,)- might not be directly involved in proton trans-
fer reactions in Nafion™, which is in accordance with IR
experimen['2 and molecular dynamic (MD) simulations."”
Experimental evidence has shown that when sufficiently
hydrated, the —CF,SO;H groups in Nafion®™ are highly
dissociated.'*'® Spectroscopic measurements in which the
assignment and comparison of IR and Raman spectra of
individual species in Nafion®™ were made''® revealed that
—CF,SO;H could be completely dissociated, depending upon
the experimental conditions. Diclectric spectroscopy'® also
showed a strong dependence of the dielectric constant and
the specific conductivity of Nafion™ with water content.
Whereas 'F NMR experiment'” indicated that there is a
range of temperatures over which the —CF-SO;H groups in
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Nafion®™ go from being fully dissociated to being fully asso-
ciated upon cooling.

Attempts have been made to probe the acidity of CF;SO;H,
as well as to determine the transition state ion-pair complex
formed from CFs80;~ and H;O" in the gas phase.'8 It was
reported that, with the inclusion of electrostatic free energy,
the activation energy for the deprotonation of CF;SO;H
amounts to 19.6 kJmol™", implying that, the ion-pair complex
are not stable in the gas phase and some water molecules are
required to stabilize both CF3SO5~ and HyO". Mechanisms of
proton dissociation from CF3SO;H were examined by Paddi-
son et al.,'® by performing a series of B3LYP/6-31G(d.p)
calculations on clusters of the CF;SO:H-(H»0), complexes, |
< n < 6. Paddison et al. reported that, no proton dissociation
was observed until three water molecules were included, and
H;0" could be stabilized through the formation of H-bonds
with two water molecules and one oxygen atom of CF350;5.
This H-bond complex could represent one of the precursors
for proton dissociation from CF;SO;H. Interesting resulls
were obtained when up to five water molecules were added,
with H;O™" located progressively further away from CF:SOz .
and when six water molecules were added, a complete separa-
tion of HyO" from CF;S0;~ was observed. The results in ref.
19 and 20 suggested a possible scenario for proton dissociation
and showed how H;O0" moves away from CF;SO; ™.

Mechanisms of proton dissociation at —CF,SO;H 1n
minimally hydrated PEM were proposed.. based on
DFT-MD simulations on triflic acid menchydrate solid
((CF3803; H30%),).2' DFT-MD simulations suggested a re-
lay-type mechanism, in which a proton defect represents an
intermediate state; the defect involves formation of the Zundel
complex (HsO,") and the reorganization of the neighboring
—CF,80; groups, which share a proton between the oxygen
atoms of the anionic sites. The proposed mechanism also
revealed a possibility for proton conduction along the hydro-
philic head groups, —CF,SO;H and =<CF,SO,™. The results in
ref. 21 are in good agreement with the activation energy for
proton transfer in minimally hydrated Nafion™ reported in
ref. 22.

Similar theoretical studies were carried out on short-side-
chain perfluorosulfonic acids, in which large scale DFT geo-
metry optimizations were conducted on fragments of
Nafion®, with and without water molecules and with distinct
pendant chain separations.” ** B3LYP/6-311G(d,p) revealed
a possibility for proton transfer between two adjacent hydro-
philic groups, along the H-bond networks of water connecting
them. The proposed proton transfer pathway is mediated by
the formations of the -S-O-.-H.--O-H H-bond, as well as
Hs0-".% It was suggested in ref. 24 and 25 that the number of
water molecules required to promote proton dissociation
could be reduced when the —CF-SO;H groups are brought
closer to each other through conformational change in the
backbone. These show the importance of side chain flexibility
and backbone conformation in proton transfer in short-side-
chain perfluorosulfonic acid membranes at low water content.

Ab initio calculations and MD simulations on the complexes
formed from CF;CF-SO;H and nH-0, | < n < 4, available to
us after the manuscript has been completed, indicated that for
n = 3, the neutral and ion-pair complexes are close in energy

and are accessible in the fluctuation dynamics of proton
transport,”® whereas for # < 2, the only relevant complex is
the neutral form. Most importantly, it was suggested in ref. 26
that, based on the free energy surface for proton exchange, the
CF;CF>S0:H>"-H-0 and CF;CF>-SOsH-H;O0" complexes
are nearly isoenergetic, and CF3CF-SOsH,™ could play im-
portant roles in proton conduction at low hydration levels.
In the present study, a theoretical method which takes into
account the dynamics of formation and cleavage of covalent
and H-bonds was employed in the study of proton transfer
reactions at a hydrophilic functional group in model Nafion™.
While the other theoretical investigations'®2" focused on
conditions and mechanisms of proton dissociation from
CF,SO;H, as well as proton conduction from the dissociated
species (—CF,S0; ), the present study emphasized on how
CF,SOH facilitates or mediates transportation of an excess
proton. Special attention was given to precursors and transi-
tion states, as well as dynamics in elementary reactions. The
complexes formed from CF;SO;H, H;O" and H>OQ were
employed as model systems, from which dynamics of an excess
proton and proton defects at and in the vicinity of ~CF,SO;H
wa§ systematically studied. In order to obtain information
specifically at ~CF,SO;H, as well as to reduce complexity of
H-bonds in the model systems, the present investigations were
restricted to reactions at low hydration levels and at short
time. Since H3;O" plays the most important tole in proton
transfer reactions in aqueous solutions, its basic dynamic
information was obtained based on the same approaches,
using the eomplexes formed from H;O0" and H-O as model
systems. ‘Characteristic proton transfer reactions in the
H-O " ~H,0 complexes were described and used in the discus-
sions of the CF,SO;H-H,0"-H,0 complexes.

2. Computational methods

For hydration of a single proton, according to experimental
and. theoretical in\;csligﬂtions,nZR there are at least three
important H-bond structures involved in proton transfer
reactions, namely, H;0", HsO," and the Eigen complex
(HoO4 7). Based on a neutron diffraction experiment, with
hydrogen isotope substitutions and Monte Carlo simulations
(MC),®® the first hydration shell of H;O" consists of four
water molecules and only three of them strongly H-bond to
the hydrogen atoms of H3O . 4b initio caleulations in ref. 29
showed that the fourth water molecule, initially attached to the
oxygen atom of H;O", eventually moves away to the second
hydration shell. Therefore, in the present study, up to three
water molecules were considered in the investigation of basic
elementary reactions in the proton transfer process at HyO ™.

Since mechanisms of proton conduction in Nafion™ are
complicated, care must be exercised in selecting model mole-
cules and theoretical methods. Our previous experience on
strong H-bond clusters**>* showed that some structural and
energetic information in the gas phase could provide the basis
for discussion in aqueous solutions. Therefore, it was our
strategy to explore proton transfer reactions at low hydration
levels. Due to the fact that, superacid characters of Nafion™
are localized at ~CF,SO;H, the present study concentrated
only on reactions among —-CF,SO;H, H;0" and H,0, using
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the complexes formed from CF3;SO;H, H;0" and H-O as
model systems; including H3O" in the model systems could
promote proton transfer reactions by creating proton defect
which involves the formation of HsO,", as in the case of
water” and triflic acid monohydrate solid.?' Because the size
of the model systems must be reasonable and manageable by
our computer resources, the CF;SO;H-H;0"-H,O 1 :1:n
complexes, 1 < n < 3, were adopted. It should be added that
previous theoretical investigations considered ~CF,SO;H,as a
primary source of proton, from which H;O" and ~CF,805~
are generated. Therefore, proton transfer reactions among
—~CF,S0;H, H;0™ and H,0 have not been emphasized.

2.1 T-model

Since proton transfer reactions have been pointed out to be
sensitive to structures and dynamics of the H-bond,® all
important H-bond structures in the model systems had to be
identified, characterized and analyzed. Attention was focused
on H-bond structures, which could be precursors ortransition
states in proton transfer pathways. In order to effectively and
systematically scan the potential energy surfaces, T-model
potentials were constructed and employed in the calculations
of the equilibrium structures of the HzO'-H,O and
CF;S0;H-H;0"-H,0 complexes. Since the T-model had
been discussed in details in our previous studies, ™ 3™ only
some important aspects of geometry optimizations will be
briefly summarized.

For the H3;0"—H,0 complexes, atigid H30 _was placed at
the origin of the Cartesian coordinate systen. The coordinates
of water molecules were randomly generated m the vicinity of
H;0". Based on the T-model potentials. equilibrium sirue-
tures of the H;0"-H-O complexes were searched. using.a
minimization technique. Similar methods were applied on the
CF3S03H-H;0"-H,O complexes, in which CF3S8O;H was
placed at the origin of the Cartesian coordinate system, and
the positions and orientations of HyO " and H,O were ran-
domly assigned in its vicinity. For each H-bond complex, one-
hundred starting configurations were generated and employed
as starting configurations in the T-model geometry optimiza-
tions.

2.2 DFT and ab intio calculations

Since the T-model potentials are based on rigid molecules, in
which cooperative effects are neglected, further structural
refinements had to be made using appropriate quantum
chemical methods. As it is known in general that sophisticated
theoretical methods require more computer resources, and
especially in the present case, MD simulations with thousands
of timesteps must be performed. it was necessary to compro-
mise between the accuracy of theoretical methods and the
available computer resources. A literature survey showed that
DFT methods have been frequently chosen due to the ability
to treat molecules of relatively large sizes with a reasonable
degree of accuracy, compared to other nonempirical methods.
Especially for similar H-bond systems,”!%!"19:20-2 the DFT
method at B3LYP/6-31G(d,p) level represents one of the most
popular choices. Therefore, it was adopted as a primary
candidate in the refinement of the T-model results. It should

be noted, however, that the performance of DFT methods can
be poor or fairly good, depending upon the chemical systems
considered. As in the present case, the existence of three
fluorine atoms in CF;SO;H could bring about strong electron
correlation effects, and thus made it necessary to examine the
applicability of B3LYP/6-31G(d,p) in details. Our experience
on strong H-bond systems™ > suggested that ab initio
calculations at MP2/6-3114++G(d.p) or MP2/6-311++-
G(2d.2p) level could serve as a benchmark in this case.

The absolute and some local minimum energy geometries of
the H-bond complexes, predicted from the T-model potentials,
were employed as starting configurations in DFT and ab initio
geometry optimizations. Both partial and full geometry opti-
mizations were performed, using the Berny algorithm in
Gaussian 03.* In partial geometry optimizations, monomer
geometries were kept constant and only the intermolecular
geometrical parameters were optimized. The purpose of the
partial geometry optimizations was to verify the T-model
optimized geometries, whereas the full geometry optimizations
were aimed at structural refinements. In the present study, the
partial and full geometry optimizations were denoted by OPT1
and OPT2, respectively. Since forces in MD simulations are
computed from energy gradients, which are determined by
structures of potential energy surface, and in order to compare
the performance among candidate theoretical methods, the
potential energy profiles for a single proton transfer event were
constructed for selected H-bond complexes, using both DFT
and ab initio calculations; by moving a proton within a fixed
H-bond distance. In the present case, BILYP/6-31G(d,p),
HF/6-31 14+ G(d.p) and MP2/6-311++G(d.p) calculations
were employed in the calculations of the potential energy
profiles. For the DFT method, additional calculations at
B3LYP/6-31+G(d,p) level were made to examine the effects
of diffuse functions:

2.3  MDssimulations

The dynamics of rapid covalent and H-bond formation and
cleavage could be studied reasonably well using theoretical
approaches that incorporate quantum chemical methods into
MD simulations,** among which DFT-MD simulations have
been widely used in recent years.***

In the present work, the precursors and transition states, as
well as elementary reactions, in proton transfer processes at
—CF;80;H were studied using Born-Oppenheimer MD
(BOMD) simulations.***” Within the framework of BOMD
simulations, classical equations of motions of nuclei on the
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 Schroedinger equations in the Born-Oppenheimer
approximation. This makes BOMD simulations more accu-
rate, 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. Tt should be noted that the high mobility of the
excess proton was initially attributed to QM tunneling.*® This
has been challenged, for example, by the results obtained
from ab iniic BOMD simulations® and conductivity
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measurements,* which showed that proton transfer reaction
mechanisms could be explained reasonably well without as-
suming the proton tunneling to be the important pathway.
Since proton conduction, especially in aqueous solutions,
involves dynamic processes with different timescales,™*! 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 reorganization,™ made it reason-
able to perform BOMD simulations by focusing only on short-
lived phenomena which take place before or after major
H-bond structure reorganizations. To ensure that all impor-
tant dynamics was taken into account, several BOMD trajec-
tories were generated at 298 K, starting from the equilibrium
structures of the H;O"—H,0 and CF;80,H-H,0"-H,0 com-
plexes computed in the previous sections. Since in aqueous
solutions, rapid interconversion between the Zundel and Eigen
complexes happens within about 100 fs (10 "% 5).* the time-
step used in solving dynamic equations was set to 0.5 fs. In
each BOMD simulation, 500 fs was spent on equilibration.
after which 2000 fs was devoled to property calculations.
Since correlation exists between proton condugtivity and H-
bond structure,®> IMOL™ was employed to visualize molecu-
lar motions in the course of BOMD simulations. In addition,
BOMD ftrajectories were analyzed in details by monitoring
fluctuations and changes in H-bond structures; some charac-
teristic H-bond distances were plotted with MD._simulation
time. For example, the Oh---Ow, Ow=Hw and Oh-Hh dis-
tances were plotted with MD simulation time to study the
dynamics in the Zundel and Eigen complexes; h = hydronium
ion and w = water. The plots were regarded as proton transfer
profiles in the present work. In combination with the mole-
cular motions displayed by JMOL. precursors; transition
states and the elementary reactions in proton transfer pro-

Table 1
complex. (b) H;O"-H,0 1 : 2 complex. (¢) H3O'=H-0 1: 3 complex

cesses were analyzed and categorized. The average lifetimes of
the precursors, transition states and products were roughly
estimated from the proton transfer profiles and further ana-
lyzed in details. The analyses of the proton transfer profiles
will be discussed in the forthcoming sections.

3. Results and discussion
3.1 Structures and energetic

The absolute and some lowest-lying minimum energy geome-
tries of the H-bond complexes, together with corresponding
interaction energies and characteristic H-bond distances, are
displayed in Tables | and 2, as well as Fig. 1 and 2.

3.1.1 The H;O"-H,0 complexes. For the H;0™-H,0
l:n complex, | < n < 3, T-model, DFT and ab initio
geometry optimizations suggested only one predominant H-
bond structure; HsO" acts as proton donor towards H-O,
structures a, b and ¢ in Table 1. DFT and ab initio calculations
with partial geometry optimizations predicted the same struc-
tures as the T-model. The Zundel complex, in which a hydro-
gen atom is equally shared between two water molecules and
considered as a defect in the H-bond network,>! was obtained
when DFT and ab initio calculations with full geometry
optimizations being applied. The Oh-.-H.-.Ow and Oh---H
distances derived from B3LYP-OPT2 and MP2-OPT2 are
almost the same. about 2.4 and 1.2 A, respectively. The
extraprdinary short H-bond distance, as in the case of the
Zundel complex, could be related to a high possibility for
proton transfer and, therefore, used as a criterion to monitor
proton transfer reactions.®

Similar trends were observed in the H;O"-H,O 1 : 2 com-
plexes. T-model, DET and ab initio calculations with partial
geometry optimizations predicted the structure with two

Structures of the H;0 *~H,0 complexes, obtained from the T-model, DFT and ab initio geomelry optimizations. (a) H;O"-H,0 1 : 1

Method AE[kImol ™! Oh-Hh: - -Ow/A Oh-Hh-Ow/"
(a) T-model —117.5 2.51 151.0
" MP2-OPT1 —1355 2.46 175.9
. MP2-OPT2 _ 2.39% 1740
r B3LYP-OPTI ~160.7 2.43 174.5
B3LYP-OPT2 2.40° 1742
() ; * T-model 2299 2.5 1526
MP2-OPT1 2445 252 1743
.? MP2-OPT2 2.50 175.5
B3LYP-OPTI _2876 2.49 1740
B3LYP-OPT2 — 247 174.6
© s.,,.rr { T-model —3344 2.58 1717
MP2-OPT1 3340 2.57 175.6
MP2-OPT2 — 2.57 175.9
? B3LYP-OPTI 3884 2.54 176.7
B3LYP-OPT2 2.55 175.5

“ The Zundel complex; an excess proton equally shared between two water molecules. MP2-OPT1 = MP2/6-311++G(2d.2p) with partial geometry
optimizations. MP2-OPT2 = MP2/6-311++G(2d.2p) with full geometry optimizations. BJLYP-OPT1 = B3LYP/6-31G(d.p) with partial
geometry optimizations. B3LYP-OPT2 = B3LYP/6-31G(d.p) with full geometry optimizations.
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Table 2 Structures of the CF380;H-H-0 and CF;SO;H-H,0" 1:1 complexes, obtained from the T-model, DFT and ab initio geometry
optimizations. (a)-(c) CF3SO;H-H,0 1 : 1 complexes. (d) CF3SO;H-H;0" 1 : 1 complex

Method AE/kImol ™! H-bond Dislanoe;‘.& Angle/”

(a) T-model —51.9 (1) O-H---Ow 2.71 158.4

" (2) Ow-Hw---O 2.79 111.6

i MP2-OPT1 —51.9 2.68 166.2

12) 2,93 1333

B3LYP-OPT2 — 2.60 166.4

U%‘ 2.84 127.2
0 2

(b) ik T-model —15.7 (1) Ow-Hw- -0 2.95 122.8

(2) Ow-Hw:--O 3.05 127.6

MP2-OPT1 -13.2 318 134.5

3.20 136.3

B3LYP-OPT2 — 3.01 138.9

3.22 102.3

(c) % T-model —15.7 (1) Ow-Hw- --O 2.95 122.8

Vg (2) Ow-Hw:--O 3.05 127.6

Hny ! MP2-OPT1 —13.2 3.1 127.5

| Vg 3.24 123.6

B3LYP-OPT2 L - 3.10 120.7

3.08 120.1

(d) T-model —68.1 Oh-Hh---0 2.60 141.3

4 MP2-OPT1 146 2.48 177.3

?ﬁ' B3LYP-OPT2 — 2.40 177.4

MP2-OPT1 = MP2/6-311++G(d.p) with partial geometry optimizations. B3LYP-OPT2 = B3LYP/6-31G(d.p) with full geometry optimizations.

equivalent linear Oh-Hh- - -Ow H-bonds to be the most stable.
Only slightly shorter Oh-Hh---Ow H-bond distances were
observed when MP2-OPT2 and B3LYP-OPT2 were applied
on the T-model results. All theoretical methods predicted longer
Oh-Hh---Ow H-bond distances when the number of water
molecule was gradually increased from one to three. For the
H30+—H20 1:3 complex, the T-model suggested the
Oh—Hh- - -Ow H-bond distance to be 2.58 15\, whereas the values
obtained from MP2-OPT1 and B3LYP-OPTI are 2.57 and 2.54
A, tespectively. MP2-OPT2 and B3LY P-OPT?2 showed the same
trend, with slightly shorter Oh—Hh covalent bonds in H:O ™.

As mentioned earlier, H-bonds in the H;0™-H,O com-
plexes have been extensively studied using both experimental
and theoretical treatments. It was generally concluded that the
introduction of an extra proton to the cluster of water
molecules in the gas phase or liquid water results in contrac-
tion of H-bonds, through the formation of proton defect
which involves Hs0," .3 The isolated HsO," was reported
to possess a very short H-bond distance, approximately 2.4
A 38515354 Thig is confirmed by all theoretical results obtained
here. Both experiments and theories suggested the same trends
when water molecules are added to HsO, ", namely, the central
H-bond in HsO," is weakened to some extent, leading to
relaxation of H-bonds. The H-bond distance in the Eigen
complex was reported to be about 2.6 A,*¥*3! which is in
excellent agreement with the present results.

3.1.2 The CFySOH-H,0 and CF:SO;H-H;0" com-
plexes. For the CF;SO;H-H,O 1:1 complex, T-model,
MP2-OPTL and B3LYP-OPT2 predicted a cyclic H-bond
structure m which CF3SO3H acts simultaneously as proton
donor and acceptor, to be the global minimum energy geo-
metry, structure a in Table 2; whereas other cyclic H-bond
structures, in which CF;S80:;H acts only as proton acceptor,
structures b and ¢, possess considerably lower stability. For the
CF;SO;H-H;0" 1:1 complex, both the T-model and MP2-
OPT1 predicted H;O to be a stronger proton donor than
CF3SO;H, structure d in Table 2. The linear H-bond in
structure d did not change substantially when B3LYP-OPT2
was applied. However, small but not negligible change was
observed at the Oh-Hh- --O H-bond. It becomes shorter and
comparable with the Ow---H---Ow H-bond distance in the
Zundel complex. The decrease in the H-bond distance is
accompanied by an increase in the Oh-Hh covalent bond
distance. This reflects a tendency for proton transfer from
H;0" to CF;SO;H, leading to a Zundel-like structure
(CF1S05H,"-H,0) as proposed in ref. 26.

3.1.3 CFSO;H-H;0"™-H,0  complexes. For  the
CF3SO;H-H 0"-H-0 1 : | : | complexes, the T-model gen-
erated three important minimum energy geometries, namely,
structures a, b and ¢ in Fig. 1. All of them adopt compact
cyclic H-bond structures. The most stable one, structure a,

2102 | Phys. Chem. Chem. Phys., 2008, 10, 2098-2112
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1 Ovetin. 0 = 271
2 Ou-IN.O = 178
3) Ow. HLOw = 2.4

1) O H.Ow = 244
2) Db, 00 = 307
3 Oy 0 = 180

B3LYP-OPT2

Fig. 1

DOWHLO = 264
2)Ouetin. 0 = 287
BOLHLOV= 241

Ay

o 1) Oh-Hh v
1)OA-HA.Ow HOhHAD =
3) 08 HAO

T

= 293 1234.7)
14 5]

’ !

MP2-OPT1 [B3LYP-OPTI] MP2-OPT2

Equilibrium structures of the CF;SO;H-H-0"'-H-0 1:1: 1 complexes, obtained from the T-model, DFT and ab initio geometry

optimizations. Tnteraction energy is given in kImok™!, angle in degrees and distance in A, MP2-OPT1 = MP2/6-311++G(d,p) with partial
geometry optimizations. MP2-OPT2 = MP2/6-3114++G(d.p) with full geometry optimizations. B3LYP-OPT1 = B3LYP/6-31G(d,p) with partial
geomelry optimizations. BALYP-OPT2 = B3LYP/6-31G(d.p) with full geometry optimizations. [..] = Values obtained from B3LYP-OPTI.

consists of three H-bonds: H;O" and H,O, act as proton
donors towards two oxygen atoms of CF,SO4H. The stability
of structure b is slightly lower than structure a and structure ¢
is quite different from structures a and b, Tn structure c;
CFsSO;H forms two separate cvelic H-bonds with H,O*
and H,0. Both are located on the opposite sides of —SOH.
Some H-bonds in structures b and ¢ were disrupted when
MP2-OPT1 and B3LYP-OPT1 were applied on the T-model
results, leading to linear H-bond structurcs. The comparison
of the MP2-OPT 1 and MP2-OPT2 results in details reveals the
important trend; full geometry optimizatiens lead to shorter
H-bond distances, especially where proton transfer could take
place, e.g. the Oh-Hh- - -Ow H-bonds in structures a and b, as
well as the Oh-Hh---O H-bonds in structures b and ¢. The
latter reflect the possibility for proton transfer from H;OV to
—-S0sH, forming the previously proposed CF3SOsH," transi-
tion state. Starting from the T-model results, BALYP-OPT2
did not bring about a significant change in the H-bond
structures. However, the possibilities for proton transfer in
structures a, b and ¢ become more evident. Compared with
B3LYP-OPTI, all the H-bonds susceptible to proton transfer
are systematically shorter, with hydrogen atoms located nearer
to the centers.

Since important information on theoretical methods had
already been obtained, it was reasonable to investigate the
CF3SO;H-H;0"-H,0 1:1:2 complex using only the
T-model, MP2-OPT2 and B3LYP-OPT2. The T-model pre-
dicted four important cyclic H-bond structures in Fig. 2. The
most stable one consists of a basic unit similar to structure a in
the CF3SOsH-H;0™-H,0 1:1: 1 complex, with the second
water molecule hydrates at H;O". The stability of structure b
is slightly lower than that in structure a. In structure b, both
CF,S0;H and H;O" act as proton donors towards water

molecules, and the second water molecule hydrates directly at
H,0". The stability of structures a and b seems to result from
a complete H-bond formation at H3O . Structures ¢ and d are
quite different from structures a and b; only two Oh-Hh
covalent bouds in H;O" are H-bonded. Comparison of inter-
actien energies (AL .40 suggested that the formation of a
large cyclic H-bond tends to reduce the stability of the
CF3SO:H H;0"=H,0 1:1: 2 complexes. The T-model re-
sults ‘did not change significantly when B3LYP-OPT2 and
MP2-OPT2 were applied, except for structures ¢ and d,
B3LYP-OPT2 showed a higher possibility for the Zundel
complex formation. In summary, for the CFSO;H-H;0"—
H,0 1 :1: 2 complexes, structures a, b and d reveal possibi-
lities for proton transfer along the H-bond networks connect-
ing the oxygen atoms of ~SO;H, whereas structure ¢ shows a
possibility for proton transfer through -SOs;H, e.g., a proto-
nation at one oxygen atom followed by a deprotonation at the
O-H group, or vice versa. This direct involvement of -SO5;H in
proton transfer is similar to the Grotthuss mechanism.> In the
present case, a relay-type mechanism, in which a proton hops
across —SO3H, could take place through the formation of
cither —-SO3H>" or —~SO5~. It should be noted that, although
a limited number of H-bond structures was considered in ref.
26, -SO3H," was recognized in ab initio calculations and MD
simulations, and pointed out to play important roles in proton
transfer at low hydration levels. This was further investigated
in our MD simulations in the next sections.

For the CF:8O;H-H;0"-H,0 1: 1 : 3 complex, both lin-
ear and cyclic H-bonds were found in the optimized geometry,
structure e in Fig. 2. The T-model, MP2-OPT2 and B3LYP-
OPT2 predicted a similar trend, namely, all H-bonds suscep-
tible for proton transfer possess short H-bond distances. MP2-
OPT2 and B3LYP-OPT2 also showed a possibility to form
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optimizations.

-S0;~, H;0" and Hs0," within the CF;SO;H-H;0"-
H-0 1:1:3 complex. The appearance of —-SO;~ and the
ion-pair complex when n = 3 is in good agreement with the
theoretical results in ref. 26.

Comparison of the size and shape of the potential energy
profiles for proton transfer in Fig. 3a to 3d revealed that
B3LYP/6-31G(d.p), BALYP/6-31+G(d,p) and MP2/6-311+-+-
G(d,p) yield similar trends; whereas HF/6-311++G(d,p)
shows different results, e.g. the minima are seen systematically
at shorter distances. The discrepancies are quite obvious in
Fig. 3b to 3¢; double-well potential is seen in the case of large
cyclic H-bond of water; shoulders are seen in the case of
CF;SO;H-H;0"-H,O 1:1:1 complexes. Based on the
above discussions and the fact that DFT requires

lowest computational resources, we concluded that
B3LYP/6-31G(d,p) is the most appropriate choice for our
MD simulations.

3.2 Dynamics and elementary reactions

3.2.1 The HyO -H,O complexes. Since H-bond structures
can vary in a rather wide range, care must be exercised in the
discussion of proton transfer profiles. In order to study
dynamics and elementary reactions in proton transfer pro-
cesses, some characteristic structures in proton transfer pro-
files have to be interpreted, using BOMD results on the
Hi0"-H,0 1 :1 complex in Fig. 4 and 5 as examples. It
appeared, in general, that the proton transfer in HO,"
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depends strongly on the Oh-Hh.--Ow H-bond distance, as
well as its vibrational amplitude. Examples of two extreme
cases, namely, large- and small-amplitude vibrations, are
shown in Fig. 4a and 4b, respectively. In order to simplify
the discussion, the proton transfer profiles are divided into
panels, labeled as Py, P,, Ps... ., P, respectively.

For large-amplitude vibration, the Oh-Hh-..Ow H-bond
distance (01-02 in Fig. 4a) varies in quite a wide range, from
its equilibrium to about 3 A A periodic series, consisting of a
quasi-dynamic equilibrium followed by an actual proton trans-
fer, was observed in the course of BOMD simulations and could
be considered as a part of proton transfer reaction mechanism.
For H;0,™, the quasi-dynamic equilibrium is characterized by a
proton shuttling back and forth in a narrow range within the H-
bond, before the actual proton transfer takes place, either in the
forward or reverse direction. In Fig. 4a, for example, a quasi-
dynamic equilibrium is seen in panel P, preceding the actual
proton transfer in the forward direction at 13 = 2341 fs. The
actual proton transfers are also seen at 1, = 2228 (s, > = 2317 fs
and 1y = 2419 fs. The lifetime of the quasi-dynamic equilibrium
(rHSO;"ABC) could be approximated from the width of panel P5,
and the lifetimes of Hy0™, 1y 2" and 14 ", from panels P,
and Ps, respectively: the former is 24 fs and the latter are 89 and
78 fs, respectively. The superscripts A and C in 1y o:"C and
'[Hi(-”-]'A represent the H-bond structures in Fig. 4, and 1, the
elementary reaction in Fig. 5. The superscript ABC in 14 o2'*"¢
denotes the quasi-dynamic equilibrium established among_struc-
tures A, B and C. Similar notations will be applied in the
forthcoming discussions. Since yy 0" and 7y o' are longer
than 7y o€, the lifetimes of the precursor HyO™ could be
approximz_lted as the rate-determining step for a proton transfer
reaction via large amplitude vibration in H;0,".

For small-amplitude vibration, the Oh-Hh-..Ow H-bond
distance (O1-02 in Fig. 4b) varies in a narrow range near its
equilibrium, between 2.3 and 2.7 A. In this case, proton
exchange between two water molecules takes place more often
and quite randomly. For example, in Fig. 4b, THSO:"A and
rHsml'C vary from 19 to 39 fs, and up to three actual proton
transfers occur between t; and t4. Interestingly, the O1-02
vibration starts to damp at 1, = 1941 fs, until a quasi-dynamic
equilibrium, with 7y 6% = 23 fs, is reached at 15 = 2046 fs;
followed by a proton transfer at 75 = 2069 fs. It should be
noted that, although the lifetimes of the precursor HiO™
(rHso;"A) for large- and small-amplitude vibrations are some-
what different, 7y o-"** are quite similar.

It could be recoghized that proton transfers in Hs0," are
activated, when the Oh-Hh- - -Ow H-bond distance (O1-02 in
Fig. 4a and 4b) is close to its equilibrium, shorter than 2.4 A,
and only one actual proton transfer takes place for each large-
amplitude vibration cycle. Therefore, maximum proton trans-
fer cycle time (tio: " ™) could be defined from large-
amplitude vibration; from the time intervals between succes-
sive minima of the Oh—Hh- - -Ow H-bond distance. The proton
transfer profiles in Fig. 4a and 4b also revealed that, for large-
amplitude vibration, the O1-02 and O1-H,* motions in panel
Py, as well as the O1-02 and O2-H,* motions in panel Ps, are
correlated, except during the quasi-dynamic equilibrium in Py;
whereas, for small-amplitude vibration, for which proton
vibrates with higher frequency, such correlation seems miss-
ing. Since the abnormal proton mobility in water has been
pointed out to relate to incoherent effects,’ it is reasonable to
approximate the degree of coherence in the H-bond. Similar to
statistics and electromagnetic waves, the degree of coherence
in the present study should measure the extent of correlation
between vibrational motions in the H-bonds, e.g. between the
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0-0O and O-H vibrations. Since, for large-amplitude vibra-
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rHio;l'AfrHio; could be adopted as a criterium to
measure the degree of coherence (gHEO:"l)- Therefore, in
Fig. 4a, gHsO;‘ ~ 1 is attributed to the highest degree of
coherence; whereas in Fig. 4b, the short lifetimes of the
precursor H;0" (tpo:"* and 1y o) compared to
rHsO;l'y mex reflect a lower degree of coherence and higher
frequency of proton transfer.

Proton transfer elementary reactions in the H3O'-H-0
l:n complexes, | < n < 3, are listed in Fig. 5. BOMD
simulations predicted the average lifetimes of the quasi-

dynamic equilibria in Hi0," (tyy,0:"*"), (ty,0:""¢) and
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explained in details in the text.

obtained from BOMD simulations. The symbols are
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for proton transfer in the forward direction (PHS.-N”‘”“') could
be conceivably associated with the average lifetime of the
product, which becomes a precursor in the next proton
transfer step. Therefore, P,_,s(,:“-“rw was approximated as
{zHim"C),f{rHi.-n"A). Since the product and precursor are
the same in HsO5 ™, PHsml'ﬁ”w = 1 represents the upper limit
of the relative probability for proton transfer in the forward
direction.

The characteristics of proton transfer profiles for the
H,0*-H.0 1:2 complex (H703+) are not substantially dif-
ferent from HsO,'. The presence of another strong
Oh-Hh- - -Ow H-bond in H,O;™ tends to increase the stability
of the central H;O™. Since BOMD results in Fig. 5 suggested
that (ty o:'"*) and (ry o'"""™) are comparable, one could
conclude that the elementary reaction II favors large-ampli-
tude vibration, with gy o:'' & 1, compared to 0.2 in H;0,";
{IH]D;“'P’I."'“} and (rHjn;“'A} are 81.1 and 77.8 fs, respec-
tively. In this case, the relative probability for proton transfer
in the forward direction (Pyy o2+ = (1y1,0:") /(10" =
0.2) is considerably lower than HsO,". The increase in the
stability of the central H3O" is accompanied by shorter

average lifetimes of the quasi-dynamic equilibrium;
(0" and (1yy 0"} are 12,5 and 11.8 f5, respectively.
Due to coupled motions among the three strong

Oh-Hh- --Ow H-bonds, as well as some H-bond structure
reorganizations, proton transfer profiles for the H;0"-H-0
1 : 3 complex are more complicated than HsQ," and H,0;".
Although the central H;O™" in the Eigen complex (HoO, ") is
more stabilized than in H,03", the fluctuations of the sur-
rounding water dipoles seem to help promote proton transfer
reactions; similar to an extended local dynamic disorder which
leads to a compression and breaking of H-bonds, as discussed
in ref. 56. BOMD results suggested two important precursors
for proton transfer elementary reactions in the H;O"~H,O
1 : 3 complex, namely, the Eigen complex and a linear H-bond
structure. Since the proton transfer profiles for the linecar H-
bond structure are similar to those in H,03™, attention was
focused on the Eigen complex. For elementary reaction I1I in
Fig. 5, both large- and small-amplitude vibrations were ob-
served in the course of BOMD simulations. Analyses of
proton transfer profiles revealed that, due to the coupled
vibrational motions, the average lifetime of the central
H,0" ({IHOOI”LA)) is shorter than in H,0;" ({IHTO;“'A»,
but still considerably longer than Hs0, " ((rHio;"’\}), 68.2,
77.8 and 124 fs, respectively. For the Eigen complex, the
average maximum proton transfer cycle time ({tp p:'""™)
= 122.0 fs) is nearly twice longer than the average lifetime of
the precursor ((rHo(Jr”"A} = 68.2 f5). This implies that, on
average, the probabilitics for proton transfers through small-
and large-amplitude vibrations are comparable: gy o' = 0.6
and Py o™ = (143,01 /(144,0+ ™) = 0.4. The former
is lower than H;03™, but still higher than Hs0> ", whereas the
latter could support the previous investigation that the proton
transfer rate is about one order of magnitude lower than the
0-O vibration rate.’® Since small-amplitude vibration is a
characteristic of the Zundel complex, one could conclude that,
due to the thermal energy fluctuation and the coupled motions
among H-bonds, a quasi-dynamic equilibrium between the
Eigen and Zundel complexes could be established in the course

of BOMD simulations, and considered as the most funda-
mental elementary reaction in proton transfer process.

The most important property of H;O", which could be
obtained from experiments, is the average lifetime. Based on
an approximate Eigen’s relationship, the average lifetime of
H:O" was demonstrated to be sensitive to the concentration
of acid;’” as the concentration of the acid increases, so does the
average lifetime. This could be one of the reasons why the
average lifetime of H;O" reported in literatures varies in a
rather wide range.’' For example, through the measurements
of proton conductance,*® the average lifetime was estimated to
be 240 fs, whereas a higher value, by about one order of
magnitude, was derived from diclectric relaxation data.”®
While the measurement of the low frequency (1200 em ') in
the vibrational spectrum of H;O" requires a minimum lifetime
of only 30 fs,”' the one obtained from the measurement of '’O-
induced proton relaxation in water and very dilute acids
amounts to 2.2 ps.”*% In the present study, the average
lifetime of H;O" in the Eigen complex is within this range.
It should be added that, in our model systems, the lack of
continuous H-bond network connecting the first and second
hydration shells could restrict the mobility of proton, whereas
the inclusion of strong interaction between proton and polar
environment could lead to a retardation of proton transfer
events. ™ Our (ty,0:""*) = 68.2 fs is, however, closer to the
lowest limit, estimated from the low-frequency vibrational
spectroscopy.”’

3.2.2  The CF3SO:H-H;0"-H,0 complexes. Fig. 6 shows
examples of proton  transfer profiles for  the
CF;80;H-H,0"-H,0 1:1 : 1 complex, with snapshots of
H-bond structures observed in the course of BOMD simula-
tions. Three important elementary reactions were extracted
from BOMD results and illustrated in Fig. 7 with all other
results. For the CF;SO,H-H;0"-H,O 1:1:1 complexes,
both large- and small-amplitude vibrations exist in the proton
transfer profiles. In Fig. 6b, large-amplitude vibrations are
seen, for example, between f; = 27 fs and 13 = 420 fs, within
which quasi-dynamic equilibria, followed by actual proton
transfers in the reverse direction are seen in general. Small-
amplitude vibrations are, for example, from 3 = 420 fs to 14 =
647 fs. Starting from structure a in Fig. 1, the H-bond proton
(H>* in Fig. 6¢) moved in the course of BOMD simulations
from O2 to O3, resulting in structure A in Fig. 6¢. The proton
transfer profile in Fig. 6a and the snapshots in Fig. 6¢ reveal an
example of the H-bond structure reorganization from cyclic to
linear. At t5 = 750 fs, Hg* forms H-bond with an oxygen atom
of =S03H, then structure C changes to structure D. Structures
D, E and F show a possibility for proton transfer away from
~SO;H; whereas structure G for proton transfer in the reverse
direction; forming —~SO;H," between g = 1335 fs and 1, =
1416 fs. The probability for proton transfer through the
formation of ~SOsH," is higher for structure ¢ in Fig. 3.
Starting from structure ¢, -SO;H, " was generated right at the
beginning of BOMD simulations. Snapshots in Fig. 6d reveal
that structure A acts as a precursor and the proton transfer
could be mediated by ~-SOsH," in both directions; from
structures A to B to C, as well as from structures A to D to
E. Since there is no water molecule to stabilize the product
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(H;07), both structures C and E return to structure A, as also
recognized in the case of H,05".

The results in Fig. 7 show that, due to a limited number of
water molecules, the products in elementary reactions I and 11
were observed in short times. (z}, . ) and (115 . ) are 10.1
and 9.3 fs, respectively, compared to the lifetimes of the
precursors, (t¥%.;) and (1 .)), of 51.0 and 54.6 fs,
respectively. For clementary reaction I, the quasi-dynamic
equilibrium between the precursor and the transition state
((t',":\?: 1)) is 38.8 fs, with the average maximum proton
transfer cycle time ((z}71™5)) of 79.9 fs; whereas those of
elementary reaction II are 25.3 and 95.8 fs, respectively. The
valuesof g ., ., and P | aswellas ¢! | ; and PN in

Fig. 7, indicate that the degrees of coherence in elementary
reactions I and II are comparable with HyO4t, with a lower
probability for proton transfer in the forward direction;
PO and PMS™ are only 0.2. Elementary reaction 1 in
Fig. 7 involves proton transfer through -SOsH,". Although
elementary reaction III possesses the highest degree of coher-
ence, gi!, ., = 0.8, the probability for proton transfer from
—-SO.H," and the lifetime of the product are the highest;
P — 0.4 and (r',“f 1) = 23.9 fs. These confirm the
possibility that —-SOsH," could represent an effective transi-
tion state in proton transfer pathway at low hydration levels.2®

For the CF;SO;H-H;0"-H,O 1:1:2 complexes, five
important proton transfer elementary reactions could be ex-
tracted from BOMD results. The extension of the H-bond
network in the vicinity of ~SO;H could bring about both
stabilization and destabilization effects to H;O", depending
upon the H-bond structures. Comparison of the results in
Fig. 7 and 8 shows that, for elementary reaction I, the average
lifetimes of the precursor ((r'f’?‘, .»)), as well as the quasi-
dynamic equilibrium ((z}*5%,)), are increased when H;0" is
triply H-bonded; the former is 73.7 fs, and the latter is 29.0 fs.
These are accompanied by an increase in the degree of
coherence and a decrease in the average lifetime of the
product, g} . ., = 0.8 and (z}%,.,) = 7.8 fs, as well as a
decrease in the probability for proton transfer in the forward
direction, PH°[Y > = 0.1,

Elementary reactions II, III and IV in Fig. 8 represent three
possibilities for proton transfers along the linear H-bonds at
~SO3H. For elementary reaction II, the extension of the
H-bond network, through the formation of the O-H---Ow
H-bond, brings about higher stability to H;O". This makes it
difficult for HyO™" to transfer a proton to the adjacent water.
Comparison of P and PIf9™, in Fig. 7 and 8 shows that,
due to an increase in the stability of H;O" in elementary
reaction II, the probability for proton transfer away from
-SO;H is considerably decreased; structure C which is the
product was rarely found in the course of BOMD simulations.
Comparison of elementary reaction Il in Fig. 7 and 8 reveals a
similar trend, namely, the probability for H;O ™ to protonate at
~SO;H is reduced upon the Oh-Hh. - -Ow H-bond formation,
with a shorter average lifetime of -SO3H, ", (11", 5) = 11.7 s,
compared to {tI'". ) = 66.2 fs. The elementary reaction IV
shows a small probability to detect ~SO;~ in the course of
BOMD simulations, with P¥"F™ = 0.03. In this case, large-
amplitude vibration with gi%,.» ~ 1.0, dominates and the
charged product possesses very short average lifetime, (11%$. 5)
— 4.7 fs. The stability of H;O" and the degree of coherence in
the H-bond are substantially reduced upon larger cyclic
H-bond network formation; {1} . ) and g\ ; . » for elemen-
tary reaction V are 10.2 fs and 0.14, respectively. The values are
close to those in HyO,". Since the average lifetimes of both
precursor and product are small, the probability for proton
transfer in the forward direction is the highest among the
CF,SO;H-H;0"-H,0 1 : 1 : 2 complexes, with P}, = 0.6.

Due to a high degree of freedom in the
CF3SO;H-H:O™-H,O 1:1:3 complexes, only linear
H-bonds were observed in the course of BOMD simulations.
The elementary reactions I, IT and III in Fig. 9 represent three
possibilities for proton transfer along the H-bond network
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Fig. 7 Important elementary reactions in proton transfer in the CF380;:H-H;0"-H>0 1 : 1 : 1 complexes, obtained from BOMD simulations.

The symbols are explained in details in the text.

passing through ~SO;H. Large-amplitude vibrations seem
to dominate in elementary reactions I and II, with g} ..
and gi'. | .3 of 0.8. Elementary reactions I and Il show that
when the H-bond network is well connected on both sides of
~SO;H, the stability of H;O™" is increased. This tends to reduce
the probability for the proton transfers from H;O™" to H-0, as
well as from HyO" to -SO;H; both P4, and PN, are
only about 0.1. The former reflects the possibility for proton
transfer away from —SO;H, and the latter for the formation
of ~SO;H,". Elementary reaction Il reveals a quite high
possibility for proton transfer through the formation of
~S0O;7, through an ion-pair complex similar to structure e in
Fig. 2. The results in Fig. 9 indicate further that, for elemen-
tary reaction III, large-amplitude vibration dominates, with
gy .5 = 09, and the probability for proton transfer in
the forward direction is the Thighest among the
CF,SO;H-H;0"-H,0 1:1: 3 complexes, with Pi'-ery —
0.7. The latter is slightly higher than P}"5™,.

4. Conclusions
Attempt has been made in the present work to study proton
transfer reactions at a hydrophilic functional group in model
Nafion®, using a theoretical method which takes into account
the dynamics of formation and cleavage of covalent and H-
bonds. Complexes formed from CF;SO;H, H;0" and H,O
were employed as model systems, from which the dynamics of
an excess proton and proton defects at and in the vicinity of
~SO;H were systematically studied, with the emphasis on how
~SO;H facilitates or mediates proton transfer reactions at low
hydration levels.

It was found in general that all characteristic H-bond
structures and trends of proton transfer in the HyO™-H,0

1 :mand CF;SO;H-H;0"-H,O 1 : 1 : ncomplexes, 1 <n <
3, could be predicted reasonably well by T-model, B3LYP/6-
31G(d,p) and MP2/6-311++G(d,p) calculations. The theore-
tical results revealed possibilities for proton transfer along the
H-bond network of water connecting the oxygen atoms of
~SO;H, as well as by relay-type mechanisms, in which proton
hops across ~SO3;H through the formations of the ~SOsH,™
and -SO;™ transition states.

A series of BOMD simulations at 298 K was performed
based on B3LYP/6-31G(d.p) calculations. Attention was fo-
cused on the precursors and transition states with H-bonds
susceptible to proton transfers. Since the Zundel and Eigen
complexes play the most important role in proton transfer
reactions in aqueous solutions, their basic dynamic behavior
was initially studied. Tt appeared that proton transfer in
Hs0-" depends strongly on the Oh-Hh- - -Ow H-bond separa-
tion, as well as its vibrational amplitude. Two extreme cases,
namely, large- and small-amplitude vibrations, were analyzed
and discussed in details based on proton transfer profiles.
BOMD results showed that, due to the thermal energy fluctua-
tion and coupled motions among H-bonds, a quasi-dynamic
equilibrium between the Eigen and Zundel complexes could be
established and considered to be one of the most important
elementary reactions in the proton transfer process. Although
our model systems lack of continuous H-bond network con-
necting the first and second hydration shells, the average
lifetime of H;O" in the Eigen complex is in reasonable
agreement with the lowest limit estimated from low-frequency
vibrational spectroscopy.

For the CF;80;H-H;0"-H-0 complexes, various tempor-
ary proton defects in H-bond structures were observed in the
course of BOMD simulations. Due to the thermal energy
fluctuation and dynamics at 298 K. proton transfer reactions
at —-SOs;H seem to comprise various clementary reactions in
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quasi-dynamic equilibria. These prohibit proton transfer reac-
tions from being concerted, and confirm the observations that
the proton motion is too fast to be a rate-determining step.
Due to large- and small-amplitude vibrations in H-bond
separations, the internal conversions between covalent and
H-bonds, similar to the Grotthuss mechanism, were concluded
to form the general basis for proton transfer processes at
-S0OsH. Attempt was also made to describe these proton-relay
type mechanisms in terms of coherence and incoherence
effects. BOMD simulations showed that the proton-relay type
mechanisms could take place among ~SOsH, H;0" and H-0,
providing some effective proton transfer pathways, through
the formations of the -SO;~, -SO,H,™ and Hs0Q," transition
states. The analyses of the average lifetimes of the precursors
and elementary reactions suggested that when the H-bond
structures are right, in order that ~SO;H could effectively
function as a mediator in proton transfer reactions, the
probabilities for the elementary reactions to proceed in the

forward and reverse directions should be somewhat equiva-
lent, otherwise the proton would be trapped at —~SO;H.
Finally, it should be emphasized that the present BOMD
simulations focused on proton transfer processes at and in the
proximity of a single ~SO3H group, and within a narrow
timescale. Therefore, H-bond structure reorganizations and
molecular diffusions, which could contribute to proton con-
duction in different timescales, were not taken into account. It
should be also added that the present theoretical investigations
were performed at low hydration levels, in which the H-bond
networks are not as extensive as in aqueous solutions, and
strong interaction between proton and the polar environment
could lead to a retardation of proton transfer. Therefore,
direct comparisons between our model calculations and ex-
periments seem not appropriate. However, some important
insights, especially the interplays between local H-bond struc-
tures and dynamics, as well as the potential precursors and the
proton transfer elementary reactions in an excess proton

2110 | Phys. Chem. Chem. Phys., 2008, 10, 2098-2112

This journal is © the Owner Societies 2008



158

1 n

(R
W T S T
= .
A B

n
i
m
5 @ .

<tidi> =587 <tlils = 163
> = 68 <tf5> = 119
>=T779 <tiiaC>=246

= 08 PLb = o1

2)
u *.“ ‘; <Tia> =533 <> =117
a e _ IBC _
s> = 1] <153 > =136
Ton = 64,9 <7IARC = 275

> ng) e, = 08 PphRv - g

Mo <Tlis =593 <l - 169
. W, ,’: ctilCs =435 <05 = 18D

<Pl = 658 <7MABC L - 265

}”; gl PIE™ = 07
<
&

= 09

Fig. 9
The symbols are explained in details in the text.

condition, could be obtained. The present BOMD results also
iterated that the equilibrium structures and energetic obtained
from MM or ab initio geometry optimizations could not
provide complete information on chemical reactions, espe-
cially the reaction pathways. It appeared that the theoretical
methods and the analyses adopted in the present work could
provide the practical basis for study of proton transfer reac-
tions in larger H-bond systems. Based on similar approaches,
progress has been made in our laboratory to include more
hydrophilic functional groups and appropriate solvent effects
in model systems of Nafion®.
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Proton transfer reactions and dynamics of the hydrophilic group (-SO;H) in Nafion™ were
studied at low hydration levels using the complexes formed from CF3SO;H, H;0" and nH-0,
1 < n < 3, as model systems. The equilibrium structures obtained from DFT calculations
suggested at least two structural diffusion pathways at the -SOs;H group namely, the
“pass-through™ and “pass-by” mechanisms. The former involves the protonation and

deprotonation at the —SO3;H group, whereas the latter the proton transfer in the adjacent Zundel
complex. Analyses of the asymmetric O-H stretching frequencies (+°™) of the hydrogen bond

(H-bond) protons showed the threshold frequencies (v°1"

) of proton transfer in the range of

1700 to 2200 cm ™. Born-Oppenheimer Molecular Dynamics (BOMD) simulations at 350 K

. . e . OH* MD
anticipated slightly lower threshold frequencies (17,

), with two characteristic asymmetric

O-H stretching frequencies being the spectral signatures of proton transfer in the H-bond

complexes. The lower frequency (/51-MP)

the higher frequency (v5-MP

is associated with the oscillatory shuttling motion and
) the structural diffusion motion. Comparison of the present results

with BOMD simulations on protonated water clusters indicated that the -SO;H group facilitates
proton transfer by reducing the vibrational energy for the interconversion between the two

dynamic states (Avhi-MP

), resulting in a higher population of the H-bonds with the structural

diffusion motion. One could therefore conclude that the ~SOsH groups in Nafion™ act as active
binding sites which provide appropriate structural, energetic and dynamic conditions for effective
structural diffusion processes in a proton exchange membrane fuel cell (PEMFC). The present

results suggested for the first time a possibility to discuss the tendency of proton transfer in

OHMD

H-bond using Avgs
proton transfer reactions in theory and experiment.

1. Introduction

Polymer electrolyte membrane widely used in proton exchange
membrane fuel cells (PEMFC) is Nafion™.'? Nafion®™ consists
of Teflon™ backbones and randomly attached hydrophilic side
chains. The backbone and side chains of Nafion™ are terminated
by trifluoromethanesulfonic (triflic) acid groups. Experiments
have shown that the triflic acid groups (-CF;SOsH) are
preferentially hydrated, resulting in large interconnected
hydrophilic domains which play important roles in proton
transfer reactions.” Although some basic information has been
accumulated in the past decades, mechanisms of proton
transfer reactions in Nafion™, especially at the molecular level,

Schaol of Chemistry, Institute of Science, Suranaree University of
Technology, Nakhon Ratchasima 30000, Thailand.

E-mail: kritsana@sut.ac.th; Fax: (6644) 224635, Tel: (6644) 224635
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10.1039/clep20469f

and provided theoretical bases and guidelines for the investigations of

are not well understood.* 7 Some theoretical and experimental
results pertinent to the present work will be summarized as
follows.

Proton transfer reactions at the -SOsH group of Nafion®
were investigated at low hydration levels, using the complexes
formed from CF;SO:;H, H;O0" and nH-0, 1 < n < 3, as
model systems.® With the emphasis on how —SO-H facilitates
or mediates transportation of an excess proton, a series of
BOMD simulations was conducted at 298 K, from which the
intermediate states in the proton transfer pathways were
identified, analyzed and categorized. It was observed that the
proton transfer reactions at ~-SO;H are not concerted due
to the thermal energy fluctuations and the quasi-dynamic
equilibriums among the Zundel complex, the Eigen complex
and the —-SOsH group could directly and indirectly mediate the
proton transfer reactions through the formation of the proton
defects, as well as the -SO;” and -SO;H," groups. It
was concluded that static proton transfer potentials cannot
provide complete description of the structural diffusion

This journal is © the Owner Societies 2011
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processes in H-bonds and it is necessary to incorporate
thermal energy fluctuations and dynamics in the model
calculations.®®

Since one of the most important evidence of the H-bond
formation in aqueous solution is the red shift of the high-
frequency hydroxyl (O-H) stretching mode, accompanied by
its intensity increase and band broadening,'’ '? attempt was
made to correlate the O-H stretching frequency with the
tendency of proton transfer in H-bonds;'>'* the broad and
intense IR absorption bands ranging from 1000 to 3000 cm ™'
were interpreted as spectral signatures of protonated water
networks,'* whereas the tendency of proton transfer was
measured from the strong red shift of the asymmetric O-H
stretching frequency (™), compared with the corresponding
“free” or “non-H-bonded” one.'? The red shift cannot be
determined easily in experiment due to the coupling and
overlapping of wvarious vibrational modes, as well as the
detection limit of IR equipment;'>'® analyses of IR and Raman
spectra of pure and concentrated solutions (H-O/H " = 3-4) of
H,80,. HCI and CF3SO;H." and FTIR study of water in
cast Nafion™ films'’ revealed that the fingerprint of proton
transfer from the undissociated CF-SO-H to water at 1040 cm ™'
could be masked by the strong C-F stretching bands at
1200-1300 cm ", as well as the stretching bands in the -SO;H
group at 910 and 1410 cm ™' It was suggested that the classical
interpretations of IR frequencies for concentrated acid
solutions could be employed as criteria to roughly estimate
the tendency of proton transfer;' the stretching frequencies
for the H-bond proton are divided into three groups, namely
the internal (1300-2200 cm™'), external (2500-3200 cm™"),
and outerlayer groups (3300-3400 cm™'). The H-bond proton
in the internal group is considered to be susceptible to proton
transfer.

In our previous study, characteristic IR frequencies of
proton transfer in protonated water clusters were investigated
using theoretical methods.'"” DFT calculations revealed that
the intermediate states in proton transfer pathways consist of
the Zundel complex. with the threshold asymmetric O-H
stretching frequencies (¥°"") in the gas phase and aqueous
solution at »“" = 1984 and 1881 om ', respectively.
Born—-Oppenheimer MD (BOMD) simulations predicted
slightly lower threshold frequencies, v*"'"MP = 1917 and
1736 ¢cm ', respectively, with two characteristic asymmelric
O-H stretching frequencies (v°"MP) being the IR spectral
signatures of proton transfer. The lower-frequency band
(at pAMD) could be associated with the “oscillatory shuttling
motion™, whereas the higher-frequency band (at v5""™") with
the “*structural diffusion motion™."

Although some important structural and dynamic results on
the proton transfer reactions at the ~SO3H group of Nafion®
have been reported in our previous work.” several fundamental
questions have to be answered, before the studies in condensed
phases can proceed; as examples: (1) how to effectively
monitor proton transfer reactions in condensed phases, both
in theory and experiment; (2) according to our IR spectral
analyses,'® what are the characteristic and threshold
frequencies of proton transfers in Nafion™; (3) what are the
basic intermediate states in the proton transfer pathways and
how to estimate the activation energies of proton transfers at

and in the vicinities of the -SOs;H group; (4) how the proton
transfer reactions can be facilitated or mediated by the -SO;H
group, efe. The answers to these questions are important since
they could be used as guidelines for the studies in condensed
phases and IR experiments.

In order to answer these questions, proton transfer reactions
at the —-SOsH group of Nafion™ were further investigated in
the present study, using the complexes formed from
CFsSO:H, H;0" and #H>0, 1 < n < 3, as model systems.®
Since the dynamics of proton transfer can be characterized by
vibrational behavior of the transferring proton, an attempt
was made to correlate the tendency and population of proton
transfer with the characteristic IR frequencies in H-bonds.”*"
Based on the theoretical results in the gas phase and continuum
aqueous solution, the dynamics and mechanisms, as well as the
IR spectral signatures, of proton transfer in the model systems
were analyzed and discussed, in comparison with available
theoretical and experimental data of the same and similar
systems.

2.  Computational methods

Since proton transfer reactions are complex, care must be
exercised in selecting model systems and theoretical methods.
Our previous experience showed that reactions and dynamics
of proton transfer processes can be studied reasonably well
using small model systems and the following three basic steps:*
(1) searching for all important equilibrium structures and
intermediate states in the proton transfer pathways using
the test-particle model (T-model) potentials;*' > (2) refining
of the computed structures using the DFT method; (3)
BOMD simulations starting from the refined structures. These
three basic steps were also adopted in the present
investigations.

It should be noted that, although the DFT methods have
been frequently chosen due to their ability to predict the effects
of electron correlations with a reasonable degree of accuracy
and computational effort, the performance of the DFT
methods can be poor or fairly good, depending upon the
chemical systems considered; the DFT methods tend to under-
estimate the interaction energies in van der Waals systems.
Outstanding examples are the T-shaped and parallel-displaced
(PD) structures of the phenol-benzene complex, from which
the interplay between the electrostatic and dispersion interactions
has been frequently studied;*” the stability of the former is
determined by the electrostatic interactions, whereas the latter
by the dispersion interactions. B3LYP/6-311++G(d,p)
calculations predicted that the PD structure is unstable, with
a positive interaction energy (AE), whereas AE of the T-shaped
structure (with the O-H-..m H-bond) is —8.4 kJ mol L
This is considerably higher than the experimental value of
—16.7 kJ mol™' (AE of the cresol-benzene complex obtained
from the picosecond photofragment spectroscopy).”’ We are
aware of this problem and therefore conducted a systematic
comparison among B3LYP/6-31G(d.p), HF/6-311 ++ G(d.p)
and MP2/6-311 ++ G(d.p) right at the beginning of this series of
studies.® It turned out that the size and shape of the potential
energy surfaces for proton transfers in small protonated water
clusters and the CF;SO;H H;0"-H,O 1:1:1 complexes,
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obtained from B3LYP/6-31G(d.p) and MP2/6-311 ++G(d.p)
calculations, were quite similar, whereas HF/6-311 ++G(d.p)
calculations yielded different results; minima were observed
at shorter distances and a double-well potential appeared
for the cyclic H-bonds in the protonated water cluster. Since
forces in BOMD simulations are computed from energy
gradients, which are determined by the structures of potential
energy surfaces, we therefore adopted the DFT method with the
B3LYP functional in all successive studies. The choice is
justified by BOMD simulations on similar systems, in which
spectroscopic and dynamic results are compared well with
experiments. ™

As the electric field introduced by polar solvent can determine
the potential energy surface, on which the transferring proton
moves, a continuum model must be included in the model
calculations. To account for the effects of the extended
H-bond networks of water, a conductor-like screening model
(COSMO), with the dielectric constant (¢) of 78, was employed
in the present work. COSMO is a continuum solvent
model,** in which the solute molecule forms a cavity within
a dielectric continuum solvent. The charge distribution of the
solute molecule polarizes the dielectric solvent and the
response of the solvent is described by the generation of
screening charges on the cavity surface computed from atomic
radii. Since the screening charges are updated in every cycle
and the potential generated by these charges is included into
the Hamiltonian, the variational principle is applied on both
the molecular orbitals and screening charges, allowing the
gradients to be computed in the presence of the continuum
fields of solvent. The continuum fields are therefore varied in
the course of BOMD simulations. As in the case of QM/MM
methods, the solute within the cavity surface could be
considered as the quantum mechanical (QM) system. Since
the surrounding solvent medium does not have explicit solvent
molecules, our BOMD simulations do not require periodic
boundary conditions.

Static properties

Equilibrium structures and IR spectra. The equilibrium
structures of the H-bond complexes formed from CF;S0;H,
H.0" and H.O.® obtained from the T-model potentials, were
reoptimized using the DFT method, both in the gas phase and
continuum aqueous solution. In order to obtain reliable
spectroscopic results, a tight SCF energy convergence criterion
(less than 10* au), with the maximum norm of Cartesian
gradients less than 10™* au, was adopted in the DFT geometry
optimizations. DFT calculations were performed using the
B3LYP hybrid functional,™ *® with the triple-zeta valence
basis sets augmented by polarization functions (TZVP)."’
The performance of B3LYP calculations and the TZVP basis
sets on similar systems was discussed in detail. > In the
present work, B3LYP/TZVP calculations were performed
using TURBOMOLE 6.0 software package.***

The interaction energies (AE) of the H-bond complexes were
computed from AE = E(CF;SO;:H-H;0"-nH,0) -
[E(CFsSOH) + EH;0") + »aEMH,0):"  where
E(CF3S0;H-H;0 " -nH,0) are the total energies of the
H-bond complexes; E(CF3SO:H), E(H;0") and E(H,0) the

total energies of the isolated molecules at their optimized
structures. The energetic effects of the continuum aqueous
solvent (COSMO with ¢ = 78) were estimated from the solvation
energy (AE®"); AE® = E(CF;SO;H-H;0 " -1nH,0)"05MO
— E(CF;SO;H-H;0"-nH,0); where E(CF;SO;H-H;0"
“nH,0)OSMO and E(CF.SO3H-H;0 " -nH,0) are the total
energies of the H-bond complexes, obtained from B3LYP/
TZVP calculations with and without COSMO. respectively.

In order to discuss the tendency of proton transfer through
the structural diffusion mechanism, the asymmetric stretching
coordinate (Adpa)”™ and a concept of the “most active”
H-bond were used.” The H-bond susceptible to proton
transfer can be alternatively characterized by low to nonexistence
energy barrier along the proton transfer coordinate. This is
manifested by a broad IR band with the asymmetric O-H
stretching frequency (v°1) lower than a threshold frequency
(2°H*)." In the present work, based on the well-optimized
H-bond structures, harmonic IR frequencies were derived
from numerical second derivatives, from which analyses of
normal modes in terms of internal coordinates were made.
NUMFORCE and AOFORCE programs, included in
TURBOMOLE 6.0 software package,** were employed in
the calculations of the second derivatives and the normal mode
analyses, respectively. Since the vibrational frequencies
obtained from quantum chemical calculations are generally
overestimated compared to experiments, a scaling factor,
which partially accounts for anharmonicities and systematic
errors, had to be applied; the scaling factor of 0.9614*
was shown to be appropriate for B3LYP/TZVP calcula-
tions.*'” In order to quantitatively discuss the tendency
of proton transfer in H-bond, ¢°" were plotted as a function
of Ro o and v°"" were determined from the plot of »°F
and Adpa."?

Dynamic properties

Quantum MD simulations. Elementary reactions and
dynamics of rapid covalent bond formation and cleavage
can be studied reasonably well using theoretical approaches
that incorporate quantum chemical methods into MD
simulations,*' among which BOMD simulations have been
widely used.®**'*** Within the framework of BOMD
simulations, classical equations of motions of nuclei on the
Born-Oppenheimer (BO) surfaces are integrated, whereas
forces on nuclei are calculated in each MD step from quantum
energy gradients, with the molecular orbitals (MO) updated by
solving Schroedinger equations in the BO approximation; the
nuclei thus undergo classical Newtonian dynamics on quantum
potential hypersurface. BOMD simulations are therefore
more accurate, as well as considerably CPU time consuming,
compared to classical MD simulations, in which forces on
nuclei are determined from predefined empirical or quantum
pair potentials. Our experience showed that BOMD simulations
with the DFT method represent an appropriate combination,
due to the optimal accuracy versus CPU times ®*'? Therefore,
BOMD simulations with the B3LYP/TZVP calculations were
adopted in the present investigations.

Since proton transfer reactions especially in aqueous solution
involve dynamic processes with different timescales,** ¢ the
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complexity of proton transfer processes could be reduced by
selecting an appropriate timestep, from which the classical
dynamic equations are solved. The observation that the actual
proton transfer takes place in femtosecond (fs) timescale,*’
which is generally faster than solvent structure reorganization,™
makes it reasonable to perform MD simulations by focusing
only on short-lived phenomena. Our previous BOMD results
showed that, for small H-bond clusters, only few structure
reorganization took place within the simulation length of
1-2 ps.®?

All the equilibrium structures, including intermediate states,
obtained from the B3LYP/TZVP geometry optimizations,
were employed as starting configurations in  BOMD
simulations at 350 K, an operation temperature in PEMFC.
Canonical ensemble (NVT) was employed in BOMD
simulations, with a Nosé-Hoover chain thermostat applied
to each degree of freedom in the model system. Since, in
aqueous solution, rapid interconversion between the Zundel
and Eigen complexes takes place within 100 fs,* the timestep
used in solving dynamic equations was set to 1.0 fs. This choice
is justified by the proton transfer profiles for the Zundel
and the CF380;H-H:0"-H,0 1:1:1 complexes, in which
the vibrations of normal O-H covalent bonds and those
susceptible to proton transfers are clearly distinguished.”

In each BOMD simulation, 1000 fs were spent on equilibration,
after which about 10 ps were devoted to property calculations.
The choices are justified by BOMD simulations on HsO, " and
H,0;*,*? from which nsights into fast dynamic processes in
H-bonds (e.g. H-bond structures and IR spectra) could be
obtained from relatively short BOMD trajectories (~2 ps).
All BOMD simulations were performed using FROG
program included in TURBOMOLE 6.0;**** FROG program
employs the Leapfrog Verlet algorithm to turn the electronic
potential energy gradients into new atomic positions and
velocities.

The applicability and performance of NVE and NVT
BOMD simulations in the studies of proton transfer reactions
in small H-bond systems were investigated and discussed in
details.*’” Since the energy released during the proton transfer
process can be absorbed by the Nosé-Hoover thermostat bath,
allowing the H-bond structure and the local temperature to
maintain for a longer time (2-5 ps), NVT BOMD simulations
were used in the present investigations. The Nose-Hoover
thermostats were applied every twenty BOMD steps; for
the most active H-bond structure (structure A2C-[1] in
Table 2), the average temperature was 349 K, with the
standard deviation of 67 K, and the average total energy
of —1191.7278058 au, with the standard deviation of
0.005439 au.

IR spectra and diffusion coefficients. Since proton transfers in
H-bond are coupled with various degrees of freedom, 4
attention was focused on the symmetric and asymmetric
O-H stretching frequencies of the transferring protons, as well
as the O-O vibrations. In the present study, IR spectra of the
transferring protons were computed from BOMD simulations,
by Fourier transformations of the velocity autocorrelation
function (VACF).® This approach is appropriate as it allows
the coupled vibrations to be distinguished, characterized and

analyzed separately. Fourier transformations of VACF were
made within a short time limit of about 1000 fs. This is
supported by the observation that the average lifetime of the
most important intermediate state, the Zundel complex, is
about 100 fs.*¢

The diffusion coefficients (D) of the transferring protons
were computed from BOMD simulations using the Einstein
relation,™ ' for which D are determined from the slope
of the mean-square displacements (MSD). Because the
transferring proton is confined in a short H-bond distance,
care must be exercised in selecting the time interval in which
MSD are computed.”’ Our experience showed that linear
relationship between MSD and the simulation time could
be obtained although the time intervals are not larger than
0.5 ps. >

3. Results and discussion

In this section, all important results are discussed in compar-
ison with available theoretical and experimental data. The
static results obtained from B3LYP/TZVP calculations are
analyzed and used as guidelines for the interpretations of the
BOMD results. The emphases are on the effects of the -SOsH
group on the H-bond structures, energetic and dynamics of
proton transfer in the adjacent Zundel complex, as well
as the tendency of protonation and deprotonation at the
—SO;H group.

Static results

Equilibrium structures, energetic and IR spectra. The equili-
brium  structures, AE, AE' and Rpo of the
CF;S80;H-H;0 " —uH>0 complexes, 1 < n < 3. in the gas
phase and continuum aqueous solution are shown in Table 1,
together with Adp, and v“". The trends of AE and AE* with
respect to the number of water molecules are presented in
Fig. 1.

It appeared that the refined structures are the same as those
obtained from B3LYP/6-31G(d,p) calculations.” The trends of
AE with respect to the number of water molecules in the
gas phase and continuum aqueous solution are similar,
with smaller variations in continuum aqueous solution. The
destabilization effects caused by the continuum aqueous
solvent are quite large, ranging from 120 kJ mol ™' in the
CF;SO;H-H;0 " complex to 235 kl mol ' in the
CF;SO;H-H;0 " -3H,0 complex; for the H-bond complexes
with the same number of water molecules, the H-bonds
inside the clusters experience comparable uniform electric field
(COSMO). Fig. 1 also revealed that AE*' are not substantially
different. The environmental effects on the stabilities of charged
H-bonds were investigated using ab initio SCRF (self-consistent
reaction field) calculations at the Hartree-Fock level, from
which the dependence of AE on a wide range of dielectric
constant (¢) was established.™ It was demonstrated that small
increases in & from the gas-phase value (¢ = 1) rapidly reduce
the stabilities of the charged H-bonds, which is in accordance
with the present results.

The results in Table 1 anticipated three CF3;SO;H-
H;0"—H,0 complexes as the most basic intermediate states
in proton transfer pathways.
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Table 1 Static results of the gF;S();H-H;O*’-nHZ() complexes, n = 1-3, obtained from B3LYP/TZVP calculations. Energies, distances and IR

frequencies are in kJ mol™', A and em™", respectively

Gas COSMO AE AE H-bond R, Adpya oM
AIG ’ AIC > 241.7 (—63.5) 2723 (1) 2.55(275)  0.52(0.83) 2788 (3347)
.r%‘../. J;' ) (2) 247(243) 036 (0.20)* 2218(1223)*
L I I 2 (3) (3.05) (1.26) (3577)
o 'I‘."‘JI?
Lo '
A2G-(1] A2C-[1] 316.9 (—109.0) 2763 (1) 259(272)  0.62(0.79) 3029 (3320)
® ! 2 244(243)  027*(021)*  1893* (1230)*
4 ° “g (3) 2.89(296)  1.01 (1.09) 3490 (3525)
3 ' 4, (4) 2.54(241) 047 (0.06)* 2498 (905)%
- W @
A2G-2] A2C-2] 308.0 (—115.6) 2919 (1) 2.54(2.69)  0.56 (0.84) 2873 (3422
ol < (2) 245(241)  0.30 (0.07y* 1985 (823)*
B OB (3) 2.85(2.79)  0.90 (0.84) 3396 (3292)
- mf r (4 2.79(257)  0.83(0.51) 3233 (2509)
Jo .)“ &3]
1y b )y e,
A3GH[1] A3C1] 398.3 (—155.6) 2753 (1) 2.54(263)  0.50 (0.66) 2645(3071)
% (2 244 (244)  0.27% (0.25)*  1848% (1345)*
e (3) 2.74(286)  0.84 (0.96) 3353 (3449)
< (4 243(262)  0.27*(0.61) 1877* (2876)
:" -0 (5) 2.54(244) 048 (0.26)* 2639 (1735)*
m'a =
[#3] hy
y 3
A3G-[2] A3CR2] 380.3 (—146.1) 2838 (1) 2.56 (2.81)  0.58 (0.90) 2940 (3460)
s ‘o 2 243(244)  021%(024)F 1335 (1374)%
@ 3 0 ©) (3) 2.73(2.62)  0.75(0.61) 3211 (2910)
r,J' <4 4,80 4 2.70(2.56)  0.71 (0.48) 2997 (2373)
-,.F ol T | o (5) 265(260)  0.65(0.58) 3077 (2731)
X S(2) 2(2)
.)‘u'iJ‘ ‘)‘I\]]-.
5
BIG ) BIC 239.8 (—60.4) 2711 (1) 270 (281)  0.76(0.93) 3239 (3439)
L { § 1/ 2 242(243)  0.14% (0.I8)* 11007 (1134)%
'~‘)‘"-.e,=3 ./ ®. (3) 280 (3.01) 096 (1.16) 3454 (3537)
I‘I\\-J g ”.‘"a -]
4 = th
B2G “»- B2C a 327.6 (—117.0) 2736 (1) 262(269)  0.65(0.73) 3026 (3163)
@ mf 2 243(243)  0.20% (0.17)*  1333% (1068)*
E ¢ ' (3) 280 (281) 091 (0.91) 3422 (3417)
'-{‘\;‘sy 3-;- 2. 4 2.53(245)  0.45(0.30)* 2434 (1843)*
[0)! ) * ¥
o t“"«.,ﬁ
(2)
-
B3G B3C 398.7 (—162.9) 2822 (1) 2.55(265)  0.51 (0.68) 2691 (3085)
¥ . (2 244(243) 025%(022)*  1407* (1276)*
, » H,fﬁ" (3) 274 (281)  0.83(0.91) 3334 (3416)
s { (4 243(266)  0.26% (0.69) 1526* (3109)
f/ ?H.-' ® (5) 2.54(243)  0.50 (0.21)* 2679 (1221)*
"'H\m (6) (2.81) (0.90) (3399)
() t"?:

[Ji"-_,rl,Q
2)

9
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Table 1 (continwed)
Gas COSMO AE AE™ H-bond R, Adpa 2O
L [U cic 1 225.5 (-39.7) 284.7 (D) 244 (247 0.23% (0.33) 1724% (1970)
16 ri ?‘,.',7.«‘; (2) 249 (246)  0.37 (0.35) 2196 (2076)
nw d 2.
i e ; e
¥ »
J
Q26 '.’ 2 PeTe g 3238 (~11L.7) 272.1 (1) 2,49 (2.61) 0.41 (0.61) 2324 (2967)
(37 ®% (2 2.55(2.43) 049 (0.21)* 2599 (1413)*
1y ’) y (3) 2.50 (2.45) 0.42 (0.27)* 2516 (1717)*
, f \d 4 ?
- e
nm é o
) s,
?J
L= . ac G 387.1 (—=139.7) 290.6 (1) 2.44 (2.59) 0.24* (0.57) 1809* (2876)
".:“ e 2 243(265  0.22% (0.66) 1708* (3032)
3 e (3) 2.55(245) 0.51 (0.29)* 2715 (1805)*
?“‘ , (4) 2.55(243)  0.52(0.20)* 2760 (1201)*
‘&f '.'\(2! (5) (2.78) (0.88) (3390)
d l;:: . %
(5)%, »
L iy
AE = interaction energy: AE*' = solution energy; R, , = H-bond distance; Adj;, = asymmetric stretching coordinate; v*" = asymmetric

frequency: (..) = continuum aqueous solution (COSMO); * = H-bond susceptible to proton transfer.
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Fig. 1 The trends of the interaction (AE) and solvation energies

(AE*"y with respect to the number of water molecules, obtained from
B3LYP/TZVP calculations: -A- = AE in the gas phase; - A~ = AEin
continuum aqueous solution: -[ll- = AE®.

”?"‘\, &}a\ L 4 o
"\‘7 'ﬁ \J':rIJ *f. H:‘

¥] )

Structures A and B are represented by the Zundel complex
H-bonding at two oxygen atoms of the ~-SO;H group. In
structure C, —SO;H separates H;0 * and H-O. The H-bonding

features in structures A, B and C suggested two important
structural diffusion mechanisms at the -SOs;H group. Since
the -SO;H group in structure C could be protonated or
deprotonated and directly involved in proton transfer, one
could regard the structural diffusion through structure C as
the “pass-through™ mechanism. Likewise, since the energetic
and dynamics of the proton in the Zundel complex can be
affected by the —-SO;H group. one could consider the proton
transfer through structures A and B as the “pass-by”
mechanism.

In order to simplify the discussion, the H-bond structures in
Table 1 are labeled with a three or four-character code;
according to the basic intermediate states (A, B or C): the
number of water molecules (u); in the gas phase (G) or
continuum aqueous solution (C). Different H-bond structures
with the same basic intermediate state and number of water
molecule are distinguished by [m]. As examples, based on the
four-character code, A2G-[1] and A2G-|2] represent different
H-bond structures ([1] and [2]) with the same intermediate
state and number of water molecules (A2) in the gas phase (G),
whereas A2G-|1] and A2C-[1], the same H-bond structure with
two water molecules (A2 and [1]) in the gas phase (G) and
continuum aqueous solution (C), respectively.

Attempt was made to distinguish between normal and
strong H-bonds in the protonated water clusters.'"® B3LYP/
TZVP calculations showed that the “critical distance™ (R§_g).
the H-bond distance at which symmetric double-well potential
with a barrier at the center is transformed into single-well
potential without barrier, and the threshold asymmetric O-H
stretching frequencies for proton transfers (4°") could be
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approximated from the plots of Adps and Rg o, vOF

and Ro o. and “" and Adpa. The relationship between
Adpa and Rg o could be represented by a linear function,
v“" and Ro o by an exponential function similar to the
integrated rate expression for the first order reaction, and
" and Adps by an exponential function resembling the
normal distribution function. For the protonated water
clusters,”” calculations of the second derivatives of the plots
of v°" and Adp gave two inflection points, in the gas phase
at Adh, =033 A and in continuum aqueous solution at
Ads,, = 0.36 A. The values correspond to +“%* = 1984 and
1881 cm ', respectively.

In the present study. to estimate v°"", Adpa and Ro o.
and Rg o and ™ and Adj,, for the pass-through mechanism
were plotted and shown in Fig. 2a—c, respectively, whereas for
the pass-by mechanism in Fig. 2d-{, respectively. The agreements
between the fitted functions and the values obtained from
B3LYP/TZVP calculations are shown in Fig. 2. For the
pass-through mechanism in the gas phase, the inflection point
is seen in Fig. 2c at v™ = 2162 ecm™' and Ady, = 0.36 A,
and in continuum aqueous solution at v°"" = 2001 cm ™! and
Adp,, =0.36 A. For the pass-by mechanism, Fig. 2f shows the
inflection points in the gas phase at PR = 1829 em ! and
Adp, =029A, and in continuum aqueous solution at
O = 1714 em ! and Adfy, = 0.30 A, Comparison of 21
for the pass-by mechanism and those of the protonated water
clusters'” suggested red-shifts of about 200 cm™' due to the
presence of the —SO3;H group. It should be emphasized that the
present work focused only on the asymmetric O-H stretching
frequencies (UOH] which are directly related to the proton
transfer processes. As 1O cannot be identified accurately in
IR experiments, rigorous comparison cannot be made. One
could however conclude that the asymmetric O-H stretching
frequencies of the transferring protons in Table 1 are in good
agreement with experiments.'*!”

Although the H-bond structures in the gas phase and
continuum aqueous solution are approximately the same, the
trends of proton transfers are quite different. Adp, and +°™ in
Table 1 revealed that the —SO;H group is not preferentially
dissociated in the gas phase, whereas in continuum aqueous
solution, -SO;H tends to deprotonate, resulting in —-SO3™ in
close contact with H;O 7, with the highest tendency of proton
dissociation in structure A2C-[1] (Adpa = 0.06 A and °% =
905 em "), Adpaand ' also indicated that, in continuum
aqueous solution, structure A2C-|2] possesses the highest
tendency of proton transfer through the pass-by mechanism
(Adpsy = 0.07 A and " = 823 em™ ).

As in the case of IR experiments,'® '? Table 1 showed that
v can vary in a quite wide range; in the gas phase from
1100 to 3500 em ™', in continuum aqueous solution from
820 to 3600 cm'. To resolve these broad TR bands, the
H-bonds in Table 1 were divided into two groups; the H-bonds
connecting directly to the —SOsH or —SO;~ group belong to
Group 1 (potentially involved in the protonation or deproto-
nation at the —-SO;H group, as well as the pass-through
mechanism) and the H-bonds in the adjacent H:0 "-H-0 or
Zundel complex to Group 2 (potentially involved in the
pass-by mechanism). Investigation of the H-bond structures
in Table 1 in details, allowed Group 1 and 2 to be further

VO H

divided into four subgroups. The definitions of the groups and
subgroups are summarized as follows:

Group 1: H-bonds connecting directly to the -SO;H or
-S0O5" group.

Subgroup (I): Cyclic H-bonds between the Zundel complex
or H,0; " and the two oxygen atoms of -SO3H or -S0;, e.g.
H-bonds (1) and (3) in structures A1C and B1C, and H-bonds
(1) and (4) in structures A2G|2] and A2C|2].

Subgroup (II): Linear H-bond between an oxygen atom of
the =SO;H or -SO; "~ group and H;0 ", Hs0," or H,0, e.g.
H-bonds (1) and (2) in structures C1C and C2C, as well as
H-bond (1) in structure C3C.

Group 2: H-bonds in the adjacent Zundel complex.

Subgroup (III): H-bond in the H 0" -H,O contact
structure or the Zundel complex in the structure with
Subgroup (II), e.g. H-bond (3) in structure C2G and C2C,
respectively.

Subgroup (IV): H-bond of the Zundel complex in the
structure with Subgroup (I). e.g. H-bond (2) in structures
AlLC and B1C.

The domains of »°" for the H-bond protons in Group 1
(Subgroup (I) and (I1)) and Group 2 (Subgroup (IIT) to (IV)),
in the gas phase and continuum aqueous solution, are shown
in Fig. 3. Comparison of Fig. 3a and b revealed that the electric
field introduced by the continuum aqueous solvent brings about
significant shifts of v”", espedially for the pass-by mechanism,
in which all the H-bonds in Subgroup (IV) are red shifted to .
lower than ¢“"". For the pass-through mechanism, only some
linear H-bonds in Subgroup (II) are red shifted to v°" lower
than °"". The cyclic H-bonds between the two oxygen atoms
of —SO;H and the Zundel complex (Subgroup (I)) tend to be
destabilized in continuum aqueous solution, leading to blue
shifts of °Y above 3000 cm™'. The red shifts reflect higher
tendency for the deprotonation of the -SOsH group, as well as
the pass-through mechanism, in continuum aqueous solution.

Dynamic results

In the present work, the neglect of extensive H-bond networks
of water in the vicinities of the solute (CF3SO;H), as well as
the thermal energy fluctuations in BOMD simulations, made it
difficult to analyze the dynamics in the CF3SO;H-H;0 "-H,0
complexes. Therefore, attention was focused on the H-bond
protons in the intermediate states.

Average H-bond structures and IR spectra. Before the
dynamics in the CF3SO;H-H;0 ' -H,O complexes are
discussed, the characteristic vibrations in the protonated water
clusters will be analyzed.w The IR spectra of the H-bond
proton in the Zundel complex obtained from BOMD simulations
at 350 K are given in Fig. 4a and b, in the gas phase and
continuum aqueous solution, respectively. For the transferring
proton (" < M%), the static proton transfer potential
(B3LYP/TZVP calculations) predicted only one asymmetric
O-H stretching band, whereas BOMD simulations showed in
addition a higher frequency band. The two IR bands are
labeled with A and B in Fig. 4a and b. Since the lower
frequency band (at S™MP) could be associated with the
oscillatory shuttling motion and the higher frequency band
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" = asymmetric O-H stretching frequency).

(at v MP) with the structural diffusion motion," the vibra-
tional energy for the interconversion between the two
dynamic states (Avga™P) can be approximated from the
difference between v4""MP and 9"MP, and the relative
probability of finding these characteristic vibrations in the
course of BOMD simulations could be estimated from the
ratio of the IR intensities at B (Iy) and A (IA];lg the lower
Ig/ly the higher the relative probability of finding the
oscillatory shuttling motion. It should be noted that the
discussion on At§HMP and I/l is meaningful only when

the H-bond considered is susceptible to proton transfer,
LOHMD _ OH"MD
A A

The intensities of the IR bands at A and B in Fig. 4a and b
showed that the oscillatory shuttling motion dominates in the
Zundel complex, especially in continuum aqueous solution; in
the gas phase, lg/ly = 0.5, whereas in continuum aqueous
solution, ly/ly = 0.1. The trend of ly/l, in the gas phase and
continuum aqueous solution can be explained using AvgA-MP;
in the gas phase, Aviar™” = 724 ¢m ', and in continuum
aqueous solution, AvRA"™MP = 808 cm™'. The latter reflects a
higher vibrational energy for the interconversion between the
oscillatory shuttling and structural diffusion motions, resulting
in a higher population of the oscillatory shuttling motion for

the Zundel complex in continuum aqueous solution. It should

Phys. Chem. Chem. Phys.
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be noted that, due to a short BOMD simulation length,
Ig/l, may not be determined precisely. Therefore, attempt
was made to alternatively estimate the relative population of
the oscillatory shuttling and structural diffusion motions from
AVPIMD For the protonated water clusters, an interesting
relationship was observed when AZGRMP and (Adps) were
plotted. Together with the plot of the standard deviations of
the O-H distances (cp_ ) and {Adp, ), energetic aspects of the
two characteristic vibrations in the protonated water cluster
could be studied.

The plots of 6, and (Adpa) and AUREMD and (Adp ) are
shown in Fig. 4c and d, respectively. The former could be
represented by an exponential decay function, whereas the
latter by a reflected normal distribution function. Due to the
thermal energy fluctuations and dynamics, og_ , as well as
AvRRMD in the gas phase and continuum aqueous solution
are not well separated. Therefore, the discussion on the
relative population of the oscillatory shuttling and structural
diffusion motions will be made based on a combined data set.
It appeared that, for the protonated water clusters, g,
decreases exponentially with (Adpa ), reflecting characteristics
of the oscillatory shuttling and structural diffusion motions;
the oscillatory shuttling motion dominates in the H-bond with
small (Adpa). AvREMP decreases exponentially with (Adpa)
and reaches a minimum at {Adp,) = 0.28 A ((Ro o) = 246 A),
corresponding to the lowest vibrational energy for the inter-
conversion between the oscillatory shuttling and the structural
diffusion motions, Avgi™MP = 473 em ™! or 5.7 kJ mol .
Since the probability of finding a physical system in a certain
energy state is proportional to the Boltzmann factor, the
probability of finding the structural diffusion motion relative
to lhneH S%Cillalory shuttling motion (Py/I?4) is proportional to
/RT For the protonated water clusters, Py/P, and
(Adpa) is plotted and shown in Fig. de. Pg/P, could be
expressed in terms of (Adp,) using a normal distribution
function. The agreement between the fitted function and the
values obtained from BOMD simulations is included in
Fig. de. The fitted function suggested the maximum probability
of finding the structural diffusion motion relative to the

e—AVEA

oscillatory shuttling motion, Pg/Py = 0.17 at (Adpa) =
027 A. At larger (Adp,), the H-bond becomes weaker and
Py/P, decreases, especially when uf\)H'MD >I!2H)'MD.

For the CF;SO;H-H;0"-H,O complexes, the average
H-bond structures, (Ro o) and (Adpa), obtained from
BOMD simulations at 350 K, are summarized in Table 2,
together with, JSHMPOHMD 4nd the proton diffusion
coefficients (D). The H-bonds susceptible to proton transfers
are designated by asterisks. The plots between (Adp,) and
(Ro o), v2HMP and (Rq o), and 18%MP and (Adp,) for the
pass-through mechanism are shown in Fig. 5a—c, respectively,
and for the pass-by mechanism in Fig. 5d—f, respectively. The
same types of functions, as in the case of the BILYP/TZVP
calculations in Fig. 2, were employed to represent the relation-
ships in Fig. 5. The agreements between the fitted functions
and the values obtained from BOMD simulations are illustrated
in Fig. 5.

Since BOMD simulations were conducted in a short time,
the average H-bond structures are not substantially different
from the B3LYP/TZVP results. Comparison of VRH‘MD in
Table 2 with +°™ in Table 1 showed a general trend. The
inclusion of the thermal energy fluctuations and dynamics in
the model calculations brought about red shifts of the oscillatory
shuttling bands both in the gas phase and continuum
aqueous solution, except for structures A2C-[1] and A2C-[2]
in continuum aqueous solution; BILYP/TZVP calculations
predicted the H-bonds (4) and (2) in structures A2C-[1] and
A2C-|2] to possess the highest tendencies of proton transfer
through the pass-through and pass-by mechanisms. respectively,
and coupling among various modes of vibrations in BOMD
simulations led to blue shifts of about 43 and 52 cm™',
respectively.

Asin the case of protonated water clusters, according to the
thermal energy fluctuations and dynamics, the results in the
gas phase and continuum aqueous solution are not well
separated. Fig. 5 showed the inflection points for the
pass-through mechanism at r/f\’H"MD = 1656 and 1684 cm ',
respectively, and for the pass-by mechanism at
ng"MD = 1733 and 1741 cm™', respectively. The latter are
290 and 104 cm™' lower than the corresponding values for
the protonated water clusters."® The red shifts represent
energetic evidences for the promotion of proton transfer by
the —-SOsH group.

AVENMP and Py/P, for the H-bond protons in the
CF3SO;H-H;0 " -H-O complexes are included in Table 2.
Examples of the characteristic asymmetric O-H stretching
bands for the pass-through and pass-by mechanisms, obtained
from BOMD simulations at 350 K, are shown in Fig. 6a and e,
respectively. For the pass-through mechanism, the plots of
Or,,, and (Adpa). AVERMD and (Adpy). and Py/P, and
{Adp,s) are illustrated in Fig. 6b to d, respectively, and for
the pass-by mechanism in Fig. 6f to h, respectively.

All the outstanding features discussed in the protonated
water clusters were observed in the CF;SO;H-H;0 " -H>0
complexes. The same types of functions, as in the case of the
protonated water clusters in Fig. 4, represent the relationships
in Fig. 6 quite well. For the pass-through mechanism, Avgh-MP in
Fig. 6¢c decreases exponentially with (Adp,) and reaches a
minimum at AJQEMP = 469 ecm™!, corresponding to the
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maximum probability of finding the structural diffusion
motion (Pg/Ps) of 0.17; the H-bonds in the vicinities of the
maximum are, for example, H-bond (1) in structures C1G and
C1C, and H-bond (2) in structure C2G. For the pass-by
mechanism, due to the presence of the -SOsH group, the
vibrational energy for the interconversion between the
oscillatory shuttling and the structural diffusion motions
are decreased, from AsgH-MP = 473 em ! in the protonated
water clusters to Avg\MP = 398 em™! in the CF3SO;H—
H30 "—H.0 complexes. The values correspond to an increase
in the relative probability of finding the structural diffusion
motion, from Py/P, = 0.17 in the protonated water clusters
t0 0.21 in the CF380;H-H:0 " —H,0 complexes. The H-bonds
in the vicinities of maximum Py/P, are, for examples, H-bond

(3) in structures C2C and C3C, and H-bond (5) in structure
A3G1].

Dynamics of proton transfer and diffusion coeflicients. To
discuss the dynamics of proton transfer in the
CF3SO;H-H3;0 "-H,O complexes, the distributions of the
proton diffusion coefficients (D) for the H-bonds susceptible
to proton transfer (ugH'MD<r/f\’H"MD] were computed and
shown in Fig. 7. It appeared that D can vary in a quite wide
range, with maxima at 2.5 x 107" and 3.2 x 10> cm® s, in
the gas phase and continuum aqueous solution, respectively;
the latter is represented by the H-bonds in Group 2 (pass-by
mechanism) and could be used in the discussion of the effects
of the -=SO;H group. by comparison with the results in the

Phys. Chem. Chem. Phys.
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H-bond susceptible to proton transfer.

continuum agqueous solution (COSMOY); *

proton diffusion coefficient; (..)

motion; D

protonated water clusters.'® It should be noted that the proton
diffusion coefficients computed in the present work are
comparable with the self-diffusion coefficient of liquid water
(2.3 % 107° cm® s~ 1), but considerably lower than those in the
protonated water clusters.'®**

In order to obtain additional kinetics information from
BOMD simulations, the lifetimes (1) of the H-bonds with high
relative probability of finding the structural diffusion motion
(Py/P4) were computed from VACF of the 0-O vibrations;*
based on the observation that the relaxation behavior of the
envelope of VACF can be approximated by an exponential
function and the shared-proton structures possess shorter
lifetimes than the contact structures (O-H'...0).* The
classical first-order rate constants (k) for the interconversion
between these two limiting structures were approximated from
the lifetimes. In the present study, the lifetimes of H-bond (1)
in structure C1C and H-bond (3) in structure C2C are given as
examples; 7 = 90 and 114 fs, respectively, and corresponding to
k= 154 and 12.1 ps™ ", respectively. The lifetimes are shorter
and the first-order rate constants are larger than those obtained
for the protonated water cluster:'” in continuum aqueous
solution, the shared-proton structure with the highest Py/Py
possesses T = 233 fs and k = 6.0 ps~ . The values reflected a
higher rate for the interconversion between the shared-proton
and contact structures in the presence of the -SOsH group.

Remarks should be made on the dynamics and kinetics in
the presence of the -SO;H group. Comparison of the
most probable proton diffusion coefficient in the
CF380;H H;0 " -H,0 complexes (D = 3.2 x 10 Sem’s !,
in continuum aqueous solution) and the corresponding value
in the protonated water clusters'® leads to an important
conclusion; the transferring proton in the protonated water
cluster with an extended H-bond network possesses D = 8.9 x
107 and 8.2 x 1073 cm?s ™!, in the gas phase and continuum
aqueous solution, respectively. The values suggested that the
—SOsH group suppresses the mobility of the transferring
proton in the intermediate state, which could be explained
by an increase of the electrostatic effect in the shared-proton
structure. This results in lower proton diffusion coefficients in
the CF:8O,H-H;0 -H.0O complexes compared to the
protonated water clusters. The increase of the electrostatic
effect is accompanied by a decrease of Avfi™P and an
increase in the relative probability of finding the structural
diffusion motion (Py/P,) in the shared-proton structure,
leading eventually to higher first-order rate constants (k) in
the CF:S0O;H-H;0" -H,0 complexes. One could therefore
conclude that the ~SOsH groups in Nafion™ act as active
binding sites which provide appropriate structural, energetic
and dynamic conditions for effective structural diffusion
processes in the intermediate states of proton transfer reactions.

4. Conclusion

Proton transfer reactions and dynamics at a hydrophilic group
of Nafion™ were investigated at low hydration levels using the
complexes formed from CF380;H, H;0" and nH0, 1 < n < 3,
as model systems. The theoretical investigations began with
calculations of the equilibrium structures and interaction
energies of the model systems in the gas phase and continuum
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(Adpa) = average asymmetric stretching coordinate; (R o) = average O-H- - -0 H-bond distance; ¢

aqueous solution, using the DFT method at B3LYP/TZVP
level of accuracy. The H-bond structures, asymmetric
stretching coordinates (Adpa) and asymmetric O-H stretching
frequencies (°') obtained from B3LYP/TZVP calculations
were analyzed and categorized. The B3LYP/TZVP results
suggested two types of structural diffusion mechanisms,
namely the pass-through mechanism, involving the protonation
and deprotonation at the -SOs;H group, and the pass-by
mechanism, the proton transfer in the adjacent Zundel
complex. The plots of v°" and Adps predicted the
threshold frequencies (°"'°) for the proton transfer through
the pass-through mechanism at 2162 and 2001 cm ', in the gas

and {Rg o) for the pass-by mechanism. (f) Plot of +/

and (Adpa) for the pass-through mechanism. (d) Plot of {Adpa} and
O and (Adp) for the pass-by mechanism.

O = asymmetric O-H stretching frequency.

phase and continuum aqueous solution, respectively,
whereas for the pass-by mechanism at 1829 and 1714 cm ™',
respectively. The latter are about 200 cm ™' lower than those in
the protonated water clusters and, therefore, represent a
spectroscopic evidence for the promotion of proton transfer
in the intermediate states (the shared-proton complexes) by the
—SO;H group.

Inclusion of the thermal energy fluctuations and dynamics
in the model calculations made it difficult to differentiate the
results in the gas phase and continuum aqueous solution.
For the pass-by mechanism, BOMD simulations at 350 K
predicted similar characteristic asymmetric O-H stretching

Phys. Chem. Chem. Phys.
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OH.MD and
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mechanism. (d) Plot of Pg/P4 and (Adpa) for the pass-through mechanism. (e) Example of the IR spectra of the transferring proton in the pass-by

mechanism. (f) Plot of o, and (Ady,s ) for the pass-by mechanism. (g) Plotof As

and (Adp, ) for the pass-by mechanism o =

OH . MD
YBA

standard deviations of the O-H distances: (Adpa)

Py/P, = probability of finding the structural diffusion motion relative to the oscillatory shuttling motion.

and (Adp ) for the pass-by mechanism. (h) Plot of Py/P4
= average asymmetric stretching coordinate;
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Fig. 7 Distributions of the diffusion coefficients (D) of the transferring
proton in the CF380;H-H:0 ~H:0 complexes, obtained from
BOMD simulations at 350 K. (a) gas phase. (b) continuum aqueous
solution.

frequencies (/4 M), with slightly lower threshold frequencies
for proton transfer, :/2“ MD _ 1733 and 1740 cm™!, respectively.
Additionally, BOMD simulations showed a second asymmetric

O-H stretching band at a higher frequency (257"M"). Asin the

case of protonated water clusters, 25 M and v§™MP could
be associated with the oscillatory shuttling and structural
diffusion motions, respectively; the characteristic motions
of the transferring proton in H-bond. The analyses of
VAHME and JgHMD supgested the lowest vibrational energies
for the interconversion between the oscillatory shuttling and
structural diffusion motions (Avga-MP), for the pass-through
and pass-by mechanisms of 469 and 398 cm ™', respectively.
The latter is about 75 cm ™' lower than the protonated water
clusters; an indication of a decrease of the vibrational energy
for the interconversion between the oscillatory shuttling and
structural diffusion motions in the presence of the —-SOH
group.

Comparison of the proton diffusion coefficients obtained in
the present work and those in the protonated water clusters
indicated that the -SO;H group suppresses the mobility of the
transferring proton in the intermediate states, by introducing
strong electrostatic effect at the shared-proton structures.
These are however accompanied by a decrease of the
vibrational energy for the interconversion between the oscillatory
shuttling and structural diffusion motions and a higher relative
probability of finding the structural diffusion motion in the
CF580;H-H;0 " -H,0 complexes, compared to those in the
protonated water clusters. One could, therefore, conclude that
the ~SO.H groups in Nafion®™ act as active binding sites which
provide appropriate structural, energetic and dynamic conditions
for effective structural diffusion processes in the intermediate
states of proton transfer reactions. The present results
confirmed that. due to the coupling among various vibrational
modes in H-bonds, 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.
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