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PROTON TRANSFER REACTIONS/ PROTONATED WATER CLUSTERS/

NAFION® TRIFLATE ION/ BOMD SIMULATIONS/ VIBRATIONAL SPECTRA

Proton transfer reactions and dynamics were theoretically studied using the

protonated water clusters and the hydrogen-bond (H-bond) complexes formed from
CF,SO,, H,0" and nH,0, n =1 — 4, as model systems. For the protonated water
clusters, Density Functional Theory (DFT) method at the B3LYP/TZVP level
revealed the threshold asymmetric O-H stretching frequencies (v°'") for the proton
transfer in the Zundel complex (H,0;) in the gas phase and continuum aqueous

solution at 1984 and 1881 cm™, respectively. Born-Oppenheimer Molecular

Dynamics (BOMD) simulations at 350 K suggested lower threshold frequencies

vO¥ M = 1917 and 1736 cm™, respectively), with two characteristic v°* ™ being

A

OH, MD

the IR spectral signatures of the transferring protons. The low-frequency band (v,;" ")
could be associated with the “oscillatory shuttling motion” and the high-frequency
band (vg™ ") with the “structural diffusion motion”. These can be regarded as the
spectroscopic evidences of the formations of the shared-proton (O..H"..0) and

H,0' -H,0 contact (O-H"..O) structures, respectively. The vibrational energy for

the interconversion between the two dynamic states (Av o, ") can be approximated



v

from the difference between v3™*" and vo™" "™ ; for the protonated water clusters,

B A

Av 9™ =473 cm™ or 5.7 kd/mol.

For proton transfer reactions in the CF,SO,-H,0" -nH,O

2
complexes, n = 1 — 4, the equilibrium structures obtained from DFT calculations
suggested at least two structural diffusion pathways at the — SO ; group namely, the
“pass-through” and “pass-by” mechanisms. The former involves the protonation and
deprotonation at the —so , group, whereas the latter the proton transfer in the

adjacent Zundel complex. Analyses of v°" of the H-bond protons showed v°"" in the

range of 1921 to 2239 cm™. BOMD simulations at 350 K anticipated slightly lower
threshold frequencies (v " ), with v and vo™" being the spectral signatures

of proton transfer in the H-bond complexes. Comparison of the results on the

CF,SO, —-H,0" —nH,0 complexes, n = 1 — 4, with the protonated water clusters

OH, MD
BA !

indicated that the - SO, group facilitates proton transfer by reducing Av
resulting in a higher population of the H-bonds with the structural diffusion motion.
One could therefore conclude that the - SO ; group acts as active binding site, which

provides appropriate structural, energetic and dynamic conditions for effective

structural diffusion processes.
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CHAPTER I

INTRODUCTION

Energy crisis and environmental concerns about global warming, as well as to
reduce CO, emissions, have provided strong motivation to seek ways of improving
energy conversion technology. The proton exchange membrane fuel cell (PEMFC)
has received much attention as one of the most promising energy suppliers for the
future world (Gierke, Munn, and Wilson, 1981; Kreuer, 1996; Kreuer, Paddison,
Spohr, and Schuster, 2004; Larminie and Dicks, 2001; Mauritz and Moore, 2004;
Paddison, 2003; Smitha, Sridhar, and Khan, 2005). Polymer electrolyte membrane
which has been widely used in PEMFCs is Nafion®, introduced by Dupont in 1967
(Gierke, Munn, and Wilson, 1981; Larminie and Dicks, 2001). The main features of
Nafion® are highly chemical resistance and mechanical strength. Moreover, Nafion®
is acidic polymer materials; it is able to absorb large quantity of water and conduct
protons (Gierke, Munn, and Wilson, 1981). This type of PEM has become an
industrial standard for PEMFC, and has been developed and used until today (Mauritz

and Moore, 2004).



Nafion® is a perfluorinated polymer, which consists of the high
hydrophobicity of Teflon® backbone, with the side chains terminated by
trifluoromethanesulfonic (triflic) acid (CF3SOsH) (Kreuer, 1996; Kreuer, Paddison,
Spohr, and Schuster, 2004). A possible structure of sulfonated fluoroethylene is

shown in Figure 1.1.
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Figure 1.1 Example structure of sulfonated fluoroethylene (Mauritz and Moore,

2004).

Owing to the - SO ;H groups at the end of the side chains, Nafion® is very

polar and highly hydrophilic; the ionization of the — SO ;H group in aqueous solution

produces — SO ; and H3O" or proton (Gierke, Munn, and Wilson, 1981; Larminie and

Dicks, 2001; Mauritz and Moore, 2004). The most important consequence is that the

water molecules at the side chains form clusters within Nafion®, with the shortest
distance between the adjacent —so 5 groups of about 6 — 8 A (Mauritz and Moore,
2004). Most importantly, within these hydrated regions, protons are relatively weakly

attracted to the — SO ;H and - SO ; groups and, therefore, ready to move (Larminie



and Dicks, 2001). Figure 1.2 shows a possible hydration structure of Nafion® type

membrane materials.

Figure 1.2 An example of hydration structure of Nafion®. Hydrated regions are

shown around the sulfonate side chains (Mauritz and Moore, 2004).

As the basic knowledge at the molecular level is important for the
improvement of the efficiency of PEMFC and experimental approaches are rather
restricted due to the amorphous structures in PEM (Kreuer, Paddison, Spohr, and
Schuster, 2004; Larminie and Dicks, 2001; Mauritz and Moore, 2004), theoretical
methods could provide deeper insights into various aspects of the proton conduction
in Nafion®. To establish molecular scale information necessary for molecular
modeling of structures, thermodynamics and dynamics of proton in Nafion®, basic
knowledge of the hydration structures and dynamic behavior of proton in liquid water

and at the side chains in Nafion® represents important information (Gierke, Munn,



and Wilson, 1981; Kreuer, 1996; Kreuer, Paddison, Spohr, and Schuster, 2004;
Larminie and Dicks, 2001; Mauritz and Moore, 2004).

Proton transfer reaction in water has been of interest especially in connection
with the understanding of elementary reactions in electrochemical and biological
systems (Kreuer, 1996; Larminie and Dicks, 2001; Tuckerman, Laasonen, Sprik, and
Parrinello, 1995). The unusually high mobility of proton relative to other cations such
as sodium (Na") and potassium (K") cations (Agmon, 1995; Han, Zhou, and Liu,
2006; Kornyshev, Kuznetsov, Spohr, and Ulstrup, 2003) has motivated the
investigation of transport mechanisms both in aqueous solutions and condensed
phases. It has been proposed based on experimental and theoretical studies (Cappa,
Smith, Messer, Cohen, and Saykally, 2005; Marx, Tuckerman, Hutter, and Parrinello,

1999) that there are three basic structures involved in proton transfer reactions in

aqueous solution namely, the hydronium ion (H,0 "), the Eigen complex (H,0;), in
which the H,0"core is strongly H-bonded to three water molecules and the

dihydrated cation known as the Zundel (H .0 ) complex. The latter is represented by

an excess proton equally shared between two neutral water molecules. The mobility
of proton depends upon the size of its solvated structure, indicating that the transport
involves a mechanism rather than ionic diffusion (Agmon, 1995; Tuckerman,
Laasonen, Sprik, and Parrinello, 1995). Explanations for the anomalously high
mobility of protons in liquid water began with Grotthus’s idea of “structural
diffusion”, the diffusion of the H-bond structure in which an excess proton is shuttling
back and forth, represents an important elementary reaction in proton transfer

processes (Agmon, 1995; Cappa, Smith, Messer, Cohen, and Saykally, 2005; Han,



Zhou, and Liu, 2006; Kornyshev, Kuznetsov, Spohr, and Ulstrup, 2003; Mar,
Tuckerman, Hutter, and Parrinello, 1999). Subsequent explanation has refined this
concept by invoking thermal hopping, proton tunneling and salvation effects (Bernal
and Fowler, 1933; Han, Zhou, and Liu, 2006; Stearn and Eyring, 1937).

Based on a combination of neutron diffraction experiment with hydrogen

isotope substitutions and MC simulations (Botti, Bruni, Imberti, Ricci, and Soper,
2005), it was found that the first hydration shell of H,0 " consists of four water
molecules; three of them H-bond directly to the hydrogen atoms and one of them
locates in the vicinity of the oxygen atom of H,0 ". Moreover, the analyses of atom-
atom pair correlation functions (g(R)) and spatial distribution functions (SDF) of
H,O0 " in water, obtained from MC simulations, revealed that water molecules in the
vicinity of the oxygen atom shows strong orientational correlation with respect to
H,0". The hydration structures of H,O "were confirmed by combined quantum

mechanical and molecular mechanical (QM/MM) calculations with polarizable

potentials (Hermida-Ramon and Karlstrém, 2004), which suggested that the hydrated

excess proton in the forms of H,O; and H,0, is a part of the H-bond networks in

the first hydration shell of H,0 " (Hermida-Ramon and Karlstrom, 2004).
There has been a debate on the nature of hydration structures of proton and the
extent to which species containing an excess proton, H.,O, or H,0,; (Kreuer,

Paddison, Spohr, and Schuster, 2004), in acidic aqueous solutions. The controversy
was partly resolved by ab initio molecular dynamics (MD) simulations (Tuckerman,
Laasonen, Sprik, and Parrinello, 1995; Tuckerman, Marx, Klein, and Parrinello,

1997). According to the results of MD simulations, a single proton in H-bond
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network, regarded as “proton defect”, could belong to H,0, or H,O;, with the

center of the area with the excess proton coincides with the center of symmetry of the
H-bond structure. It was demonstrated that, changes in these H-bond structures and
those in the vicinities through H-bond breaking and forming processes displace the
center of symmetry in space and also the center of the excess charge (Tuckerman,

Laasonen, Sprik, and Parrinello, 1995; Tuckerman, Marx, Klein, and Parrinello,
1997). In this way, H.O, can be converted to H,0, and, therefore, termed

“structural diffusion”. The proposed mechanism for the diffusion of an excess proton
in water was supported by NMR data (Agmon, 1995).

One of the most powerful experimental techniques in H-bond research is
vibrational spectroscopy. The most evident effects of H-bond formations in aqueous
solution are 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 Chang, 2003). 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). The correlation between the
O-H stretching frequency and the probability of proton transfer in H-bond has been
discussed in details (Buzzoni, Bordiga, Ricchiardi, Spoto, and Zecchina, 1995;
Iftimie, Thomas, Plessis, Marchand, and Ayotte, 2008; Wu, Chaudhuri, Jiang, Lee,
and Chang, 2003); the probability of proton transfer could be related to a 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,

2003). The red shift cannot be detected 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, 1997; Wu,
Jiang, Boo, Lin, Lee, and Chang, 2000); whereas, the harmonic approximation

employed in conventional ab initio calculations seems to be inadequate to predict
accurately the asymmetric O-H stretching frequency of the active proton in H,O;

(Asmis, Pivonka, Santambrogio, Brummer, Kaposta, Neumark, and Woste, 2003;
Termath and Sauer, 1997; Wu, Jiang, Boo, Lin, Lee, and Chang, 2000).

Theories (Cheng and Krause, 1997) and experiments (Fridgen, McMahon,
MacAleese, Lemaire, and Maitre, 2004; Okumura, Yeh, Myers, and Lee, 1990)
proposed that IR spectra of protonated water clusters in the gas phase and aqueous
solution could be divided into three distinct regions. Born-Oppenheimer MD
(BOMD) simulations at 225 and 360 K (Cheng and Krause, 1997) proposed that the
vibrational frequencies above 3000 cm™ are associated with the symmetric and
asymmetric O-H stretching modes of individual water molecules, whereas those
between 1000 and 2000 cm™ are the characteristic vibrational frequencies of the

transferring proton (Schmitt and Voth, 1999). The IR multiple photon dissociation
(IRMPD) spectra of the H_ 0, ion were measured in the gas-phase (Asmis, Pivonka,

Santambrogio, Brummer, Kaposta, Neumark, and Woste, 2003; Fridgen, McMahon,
MacAleese, Lemaire, and Maitre, 2004), from which two possible assignments of the
observed IR bands were discussed. The IRMPD spectra suggested a characteristic
asymmetric O-H stretching frequency at 990 cm™, which is in good agreement with
B3LYP/6-31+G** calculations based on harmonic approximation (Fridgen,

McMahon, MacAleese, Lemaire, and Maitre, 2004). Moreover, an additional IR band



was observed at 1756 cm™. It was assigned to the H,O bending mode (Asmis,
Pivonka, Santambrogio, Brummer, Kaposta, Neumark, and Woste, 2003).

Since water and proton are confined in hydrophilic domains of Nafion®
(Mauritz and Moore, 2004), its structure and dynamical properties are quite different
from bulk water, and the dynamics of water seem to have direct effects on the
transport properties of protons within the membrane. Ab initio calculation at Hartree-
Fock (HF) and second-order Mgller-Plesset perturbation (MP2) (Gejji, Hermansson,
and Lindgren, 1994) and Density Functional Theory (DFT) at B3LYP/6-31G (d,p)

(Paddison, 2003) reported that three water molecules are sufficient to yield a lowest

energy structure, in which proton resides on the water cluster side of the complex
creating a contact ion pair between —CF,sO, group and the solvated HzO".
Interesting results were obtained when six water molecules were added namely, a
complete separation of HsO" from CF,SO , was observed. This suggested that with
sufficient water, the proton is shielded from direct electrostatic interaction with the

- SO, anion by an intermediate layer of water molecules (Paddison, 2003). Thus the

first hydration shell of the - SO, anions in these membranes consists of five water

molecules.

Extensive calculations on proton mobility in Nafion® were presented (Spohr,
Commer, and Kornyshev, 2002), in which MD simulations were applied in the
calculations of the diffusion coefficients of water and all important solvated proton.
The results indicated that the diffusion coefficient increases with increasing hydration
level. The mobility of the side chains of the model Nafion® membrane was also taken

into accounts in MD simulations (Spohr, Commer, and Kornyshev, 2002). The



authors concluded that proton mobility increases with the increase of the
delocalization of the counter charges, which are distributed on the polymer side
chains. And with the increasing charge delocalization, protons are less-strongly
located in the vicinity of the charge center. Decreasing spatial localization was
attributed to a higher propensity for symmetric Zundel ion-like configurations.

Furthermore, the authors also added that the motion of the — SO ; groups could lead
to a higher mobility of proton (Spohr, Commer, and Kornyshev, 2002).

Ab initio MD simulations (Eikerling, Paddison, Pratt, and Zawodzinski, 2003)
showed that proton transfer in the minimally hydrated Nafion® involves formation of
the Zundel complex and the reorganization of the neighboring - so ; groups. On the
other hand, ab initio DFT calculations showed that the proton transfer accompanied
by a water molecule occurs via the formation of H,0" (Tsuda, Arboleda Jr, and
Kasai, 2006).

In order to understand proton transfer processes in condensed phase, MD
simulations on triflic acid monohydrate solid ((CF,SO,-H.,0")s) (Eikerling,

Paddison, Pratt, and Zawodzinski, 2003) were performed at 300 K, using DFT method
at PWO91 level of accuracy. The results suggested a relay-type mechanism, in which a

proton defect represents an intermediate state; the defect involves formation of the
Zundel complex (H .0 ) and the reorganization of the neighboring - CF,SO , 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 hydrophilic

head groups, - CF,SO ,H and - CF,SO ;. The results are in good agreement with the
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activation energy for proton transfer in minimally hydrated Nafion®, obtained from
impedance spectroscopy study (Cappadonia, Erning, Niaki, and Stimming, 1995).
From the above literature survey, an important remark could be made on the
theoretical treatments of proton transport in PEM. Previous theoretical investigations
(Cui, Liu, Selvan, Keffer, Edwards, and Steele, 2007; Glezakou, Dupuis, and Mundy,
2007; Kreuer, Paddison, Spohr, and Schuster, 2004; Paddison and Elliott, 2005, 2006;

Paddison, Pratt, Zawodzinski, and Reagor, 1998; Vishnyakov and Neimark, 2001)

focused on conditions and mechanisms of proton dissociation from -CF,SO ,H, as

well as proton conduction from the dissociated species (- CF,SO ), and seem to pay
little attention on the detail information on the intermediate state of proton transfer,
especially in the first hydration shell of the side chain - SO ;.

Recently, proton transfer reactions at a hydrophilic group of Nafion® were
studied using the H-bond complexes formed from triflic acid (CF,SO ,H ), H,O0 " and
H,0 (Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik, 2011; Sagarik,
Phonyiem, Lao-ngam, and Chaiwongwattana, 2008), as model systems. For the most
basic unit in aqueous solution, the H,0™ - H,0 complexes, BOMD simulations at

350 K revealed that a quasi-dynamic equilibrium is established between the Eigen and
Zundel complexes and considered to be the most important elementary reaction in
proton transfer process (Sagarik, Phonyiem, Lao-ngam, and Chaiwongwattana, 2008).
It was demonstrated that proton transfer reactions are not concerted due to the thermal

energy fluctuations and dynamics. The BOMD results and IR spectra of the

transferring protons revealed that, for the protonated CF,SOH - H,O clusters, the

— SO 4H group could be directly and indirectly involved in proton transfer reactions,
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through the formation of proton defects, as well as -so, and -so . H, (Sagarik,

Phonyiem, Lao-ngam, and Chaiwongwattana, 2008). It was concluded that, due to the
coupling among various modes of vibrations, the discussions on proton transfer
reactions cannot be made based only on static proton transfer potentials and it is
necessary to incorporate thermal energy fluctuation and dynamics in the model
calculations (Sagarik, Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010;
Sagarik, Phonyiem, Lao-ngam, and Chaiwongwattana, 2008).

In order to provide additional fundamental information for further
investigations on the proton transfer reactions at a hydrophilic group of Nafion®,

characteristics of the transferring protons in protonated water and the
CF,SO, -H,0" -H,0 (triflate-hydronium-water) clusters were studied in the

present work. The investigations began with searching for the equilibrium structures
of the shared-proton structures which could be important in the proton transfer
pathways using pair potentials. The computed equilibrium structures were refined
using the DFT method, and employed as starting configurations in BOMD
simulations at 350 K, the optimal operation temperature in PEMFC. As proton
transfer reactions are governed by various modes of vibrations, IR spectra of the H-
bond protons susceptible to proton transfers were computed from DFT calculations
and BOMD simulations. Characteristic IR frequencies and dynamics of the
transferring protons in the gas phase and continuum aqueous solutions, obtained from
BOMD simulations, were analyzed, discussed and compared with available

theoretical and experimental data.



CHAPTER Il

RESEARCH METHODOLOGY

The present theoretical study concentrated on elementary reactions and

dynamics of proton transfer in the protonated water clusters (the H,O0" - nH,O

complexes) and the complexes formed from CF,sO;, H,0"and nH,0,n=1 -4,

These model systems represent H-bond complexes at low hydration levels. In this
work, attention was focused on the H-bond structures, which could be precursors or
transition states in the proton transfer pathways. Three basic steps (Sagarik,
Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010; Sagarik, Phonyiem,
Lao-ngam, and Chaiwongwattana, 2008) were employed in investigation of
elementary reactions and dynamics of proton transfer in H-bond; (1) searching for the
H-bond structures which could be intermediate states in the dynamic proton transfer
pathways using pair potentials; (2) refining the computed structures using an accurate
guantum chemical method; (3) BOMD simulations using the refined structures as the

starting configurations. These basic steps are shown in Figure 2.1.
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Since proton transfer reactions involve formation and cleavage of covalent
bonds, inclusion of too many water molecules in the model systems could lead to
difficulties in the analyses of the elementary reactions and dynamics (Sagarik,
Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010; Sagarik, Phonyiem,
Lao-ngam, and Chaiwongwattana, 2008; Termath and Sauer, 1997). Therefore, the

strategy of the present work was to restrict the number of water molecules. For the
H,0"-H,0 and CF,SO,-H,0 -H,0 complexes, the maximum number of

water molecules were four; according to a 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,0" consists of four
water molecules and only three of them strongly H-bond to the hydrogen atoms of
H,0".

As the electric field introduced by polar solvent could determine the potential
energy surface, on which the transferring proton in H-bond moves (Chen, McAllister,
Lee, and Houk, 1998; Rospenk, Fritsch, and Zundel, 1984; Sagarik,
Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010; Zundel and Fritsch,
1984), a continuum solvent model had to be included in the model calculations. To
approximate the solvent effects, a conductor-like screening model (COSMO) was
proved to be applicable on similar H-bond systems (Rejnek, Hanus, Kabelac,
Ryjacek, and Hobza, 2005; Sagarik, Chaiwongwattana, Vchirawongkwin, and
Prueksaaroon, 2010). Therefore, to partially account for the effects of the extended

H-bond networks of water, COSMO with the dielectric constant (e) of 78 was

employed in the present quantum chemical calculations and BOMD simulations.
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2.1 Static calculations

2.1.1 Searching for potential precursors and transition state complexes

In the present investigation, attention was focused on the H-bond structures
which could be involved in proton transfer processes. The T-model potentials for
CF,SO,, H,0" , and H,0 were taken from (Sagarik, Phonyiem, Lao-ngam and
Chaiwongwattana 2008) and employed in the calculations of the equilibrium
structures of the H,0" -nH,0 - complexes, and CF,SO,-H,0" -nH,O
complexes, n=1-4.

The T-model had been discussed in details in the previous studies (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).
Some important aspects relevant to the geometry optimizations will be briefly
summarized using the Eigen complex as an example. Experimental geometries

(Giguere, 1979) of H,0" 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. The derivation of the

T-model potential is shown schematically in Figure 2.2.
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2.1.2 Structural refinements

Because the T-model is based on rigid molecules, in which the cooperative
effects are neglected, further structural refinements had to be made using an
appropriate quantum chemical method. For H-bond system, literature survey showed
that, the DFT methods have been frequently chosen due to the ability to treat
molecules of relatively large sizes with reasonable accuracies compared to other
nonempirical methods (Paddison, 2001; Paddison and Elliott, 2005; Paddison, Pratt,
and Zawodzinski, 1999; Paddison, Pratt, and Zawodzinski, 2001; Paddison and
Zawodzinski, 1998). Especially, in the present case, calculations of IR spectra and
BOMD simulations with thousands of time steps had to be made, it was necessary to
compromise between the accuracy of theoretical methods and available computer
resources. According to the DFT methods, the ground-state electronic energy (Eo) and
other ground-state molecular properties are determined by the ground-state electron
density (po). In order to achieve all the objectives, DFT calculations were made using
the B3LYP hybrid functional (Becke, 1993; Lee, Yang, and Parr, 1988), with the
triple-zeta valence basis sets augmented by polarization functions (TZVP). The TZVP
basis sets were developed and tested by Ahlrichs and coworkers (Schafer, Huber, and
Ahlrichs, 1994). The applicability of the TZVP basis sets in DFT calculations of
H-bond structures and IR spectra was discussed in details (Santambrogio, Brummer,
Woste, Dobler, Sierka, Sauer, Meijer, and Asmis, 2008). It was concluded that the
TZVP basis sets are sufficient for the systems with and without occupied d-states, and
could be applied in the calculations of equilibrium structures and interaction energies,
as well as IR spectra, of such systems (Santambrogio, Brummer, Woste, Dobler,

Sierka, Sauer, Meijer, and Asmis, 2008). The applicability of B3LYP calculations on
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protonated water clusters was also systematically analyzed and discussed in details
(Termath and Sauer, 1997).

The absolute and local minimum energy geometries of the protonated water
clusters obtained from the T-model potentials were employed as starting
configurations in the B3LYP/TZVP geometry optimizations. In order to ensure that
the optimized structures were at the stationary points and to obtain reasonable IR
frequencies, a tight SCF energy convergence criterion (less than 10 au), with the
maximum norm of Cartesian gradients less than 10™ au, was employed in the
B3LYP/TZVP geometry optimizations. All qguantum chemical calculations were made
using TURBOMOLE 6.0 (Ahlrichs, Bér, Haser, Horn, and Kolmel, 1989; Treutler

and Ahlrichs, 1995).

2.1.3 Interaction energies and asymmetric stretching coordinates

The interaction energies (AE )  of the equilibrium structures of the

H,0" - nH,0 complexes, n =1 -4, were computed as

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

where E(H ,0" -nH,0) is the total energy of the optimized structures of the
H,0" -nH,0 complexes; E(H,0") and E(H,0) are the total energies of the

isolated H,0"and H,O at their optimized structures, respectively. The energetic
effects due to the continuum aqueous solvent (COSMO with ¢ = 78) were estimated

from the solvation energy (AE™ ), approximate as
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AE® = EH ,0" —nH,0) ™ _EH ,0" —-nH,0) (2.2)

E(H ,0" - nH,0) ™ and E(H ,0" —nH,0) are the total energies of the optimized

structures, obtained from B3LYP/TZVP calculations with and without COSMO,

respectively. The interaction energies between the central charged species and the
surrounding water molecules (AE*, X = H,0"or H.O,) were computed with and

without the continuum agueous solvent as

X

AE" = E(X =nH,0)~ [E(X) + E(nH,0)] (2.3)

E(X —nH,0) is the total energy of the optimized structures; E(X) and E(nH,0) are

the total energies obtained by removing water molecules and the central charged
species from the optimized structures, respectively. In order to test the reliability of

the energetic results obtained from B3LYP/TZVP calculations, the basis set
superposition errors (BSSE) were estimated for AE* using the counterpoise
correction (Boys and Bernardi, 1970). For CF,SO, —H.,O0" —nH,0 complexes, n =

1 — 4, the interaction energies ( AE ) of the H-bond complexes were computed from

AE = E(CF,SO, —H,0" - nH,0) - [E(CF ,SO ;) + E(H,0") + nE(H,0)] (2.4)
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where E(CF,SO, -H,0" - nH,0) are the total energies of the H-bond complexes;
E(CF ,SO ), E(H,0") and E(H,0) the total energies of the isolated molecules at

their optimized structures. The solvation energy (AE* ) is calculated from;

AE*' = E(CF ,SO, ~H,0" —nH,0)®" - ECF,SO, -H,0" —-nH,0) (2.5)

where E(CF,SO, -H,0" —nH,0)™" and E(CF.,SO,-H,0" -nH,0) are the
total energies of the H-bond complexes, obtained from B3LYP/TZVP calculations
with and without COSMO, respectively.

Attempt was made to anticipate tendency of proton transfer in H-bond using
the asymmetric stretching coordinate (Adp, ) (Benoit and Marx, 2005; Sagarik,

Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010), for which a concept
of the “most active” H-bond (Marx, Tuckerman, Hutter, and Parrinello, 1999) was
employed in the discussion of the Grotthuss mechanism. Within the framework of the

most active H-bond, Ad, of a H-bond donor (D) - acceptor (A) pair is defined by
Adgy =d,y —dgy | (2.6)

where dan and dg n are the A-H and B..H distances in the A-H..B H-bond,

respectively. The H-bond with small Ad, is considered to be susceptible to proton

transfer (Sagarik, Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010);

“active” with respect to proton transfer when Ady, < 0.1 A, and “inactive” when

Ad . > 0.4 A (Morrone, Haslinger, and Tuckerman, 2006).
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2.1.4 Infrared spectra and normal mode analyses

Being associated with the dynamics of proton transfer in H-bonds, asymmetric
O-H stretching frequencies (v°) were of primarily interest. Based on the optimized
H-bond structures obtained in the previous subsection, harmonic IR frequencies were
computed from the numerical second derivatives of the B3LYP/TZVP total energies.
The calculations of the second derivatives and the analyses of the normal modes in
terms of internal coordinates were performed using NUMFORCE and AOFORCE
programs, respectively. They were incorporated in TURBOMOLE 6.0 software
package (Ahlrichs, Bar, Haser, Horn, and Kolmel, 1989; Treutler and Ahlrichs, 1995).
v derived from the static proton transfer potentials (B3LYP/TZVP calculations)
were used to estimate the tendencies of proton transfers in the protonated water
clusters.

It should be mentioned that the vibrational frequencies derived from quantum
chemical calculations are in general larger than those from experiments. Therefore, a
scaling factor, which partially accounts for the anharmonicities and systematic errors,
is required. Although in the present study, only the changes in the O-H stretching
frequencies due to different H-bond environments were of interest, a scaling factor
was used throughout; a scaling factor of 0.9614 (Scott and Radom, 1996) was proved
to be appropriate for B3LYP/TZVP calculations with comparable basis sets (Scott and

Radom, 1996; Xenides, Randolf, and Rode, 2005).



22

2.2 Dynamic calculations

2.2.1 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
(Barnett and Landman, 1993; Cramer, 2002; Huisken, Mohammad-Pooran, and
Werhahn, 1998; Hunter and Lias, 1998; Jing, Troullier, Dean, Binggeli, Chelikowsky,
Wu, and Saad, 1994; Lobaugh and Voth, 1995). 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
Schrédinger 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. It should be mentioned that, although the high
mobility of excess proton was initially attributed to quantum mechanical (QM)
tunneling (Leach, 1996), the results of BOMD simulations (Schmitt and VVoth, 1999)
and conductivity measurements (Conway, Bockris, and Linton, 1956) indicated that
mechanisms of proton transfers could be explained reasonably well without assuming
the proton tunneling as an important pathway. As proton transfers in aqueous solution
involve 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
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femtosecond (fs) timescale (Giguere, 1979), which is faster than solvent structure
reorganization (Agmon, 1995), made it possible to perform BOMD simulations by
focusing on short-lived phenomena taking place before the H-bond structure
reorganization.

In order to obtained insights into the dynamic behavior of H-bonds in
H,0" -nH,0 complexes, n = 1 - 4, BOMD simulation was performed in a

canonical (NVT) ensemble at 350 K. The temperature was kept constant by applying
the Nosé-Hoover chain thermostat to each degree of freedom in the system. In order
to ensure that all important dynamics in the gas phase and continuum aqueous
solution (COSMO) were taken into account, the shared-proton complexes predicted in
the previous subsection were used as the starting configurations. Since in aqueous
solution, the rapid interconversion between the Zundel and Eigen complexes takes
place within 100 fs (107 s) (Kreuer, 2000), the time step used in solving dynamic
equations was set to 0.24 fs. In each BOMD simulations, 2000 steps were devoted to
equilibration, after which 10,000 steps to property calculations, corresponding to

about 2.4 ps.

For the CF,SO, -H,O0" -nH,Ocomplexes, n = 1 — 4, the BOMD
simulations were also performed with canonical (NVT) ensemble at 350 K, by
applying a Nosé-Hoover chain thermostat to each degree of freedom in the system.
Only the H-bond structures which could be susceptible to proton transfer, Adp, <
0.4 A, were chosen as starting configuration in BOMD simulations. In this case, the

size of time step was set to 0.96 fs. The system was initially equilibrated for 2000

time steps, after which the simulations were continued for 10,000 steps for properties
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calculations. All BOMD simulations were performed using FROG program, included
in TURBOMOLE 6.0 (Ahlrichs, Béar, Haser, Horn, and Kolmel, 1989; Treutler and
Ahlrichs, 1995); the MD program employs the Leapfrog Verlet algorithm to turn the
electronic potential energy gradients into new atomic positions and velocities. The
basics steps in MD simulations are illustrated in Figure 2.3.

Remarks should be made on the ensemble and simulation length chosen in the
present study. The applicability and performance of NVE and NVT BOMD
simulations on small H-bond chains were investigated and discussed in details
(Sadeghi and Cheng, 1999). For NVE BOMD simulations, it was demonstrated that
the potential energy of the system decreases quite rapidly in the course of BOMD
simulations. Once the proton stays at the center of the H-bond, the potential energy is
at the lowest point and the proton is trapped in the minimum; no proton transfer can
be observed in the later timesteps. Since NVE BOMD simulations are conducted at
constant energy, a decrease in the potential energy is accompanied by an increase in
the kinetic energy, as well as temperature, leading to the H-bond structure
reorganization and fragmentation. For NVT BOMD simulations, the energy released
during the proton transfer processes can be absorbed by the thermostat bath, allowing
the H-bond structure and local temperature to be maintained for a longer time (2 — 5
ps), depending upon the size and the complexity of the H-bond structure. Thus, NVT

BOMD simulations are more appropriate for the present investigations.
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Molecular dynamic (MD) simulations of
N-particle system

Starting configurations for N particles

\4
Calculations of force from quantum gradients

About 2,000 steps for equilibration
and 10,000 steps for properties
calculations

v

Integration of the equation of motion for
t+AL, At ~0.24 fs

l

New coordinates, velocities and forces written out

l

MD trajectories

l

Calculations of thermodynamic, structural
and time dependent properties

Figure 2.3 Basic steps in MD simulations of N-particle system (Deeying, 2005).
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2.2.2 Infrared spectra and diffusion coefficients

Since proton transfer reactions in H-bonds are strongly coupled with various
degrees of freedom, especially the O-O vibration (Cheng and Krause, 1997; Kreuer,
1996; Sagarik, Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010),
attention was focused on the symmetric and asymmetric O-H stretching modes, 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
work, the IR spectra of the transferring protons were computed from BOMD
simulations by Fourier transformations of the wvelocity 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 100 fs. This choice
is justified by the observation that the average lifetime of the most important shared-
proton complex, the Zundel complex, is about 100 fs (Kreuer, 2000; Tuckerman,
Laasonen, Sprik, and Parrinello, 1995). The diffusion coefficients (D) of the
transferring protons were computed from BOMD simulations using the Einstein
relation (Allen and Tildesley, 1987; Haile, 1997), by which D were determined from
the slopes 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 is computed (Rapaport, 1995). The previous (Sagarik,
Chaiwongwattana, VVchirawongkwin, and Prueksaaroon, 2010) and present experience
showed that, linear relationship between MSD and simulation time could be obtained

when the time intervals are not larger than 0.5 ps.
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e e >

H Symmetric O-H stretching

i
- . -@ Asymmetric O-H stretching

;' Jj‘/ O-0 vibration

Figure 2.4 Definitions of the symmetric and asymmetric O-H stretching modes, as

well as the O-O vibration (Sagarik, Chaiwongwattana, Vchirawongkwin, and

Prueksaaroon, 2010).



CHAPTER Il

RESULTS AND DISCUSSION

In this chapter, all important results are presented, with the emphasis on the
H-bonds in the shared-proton complexes. The discussions are made primarily on the
static results obtained from B3LYP/TZVP calculations, both in the gas phase and
continuum aqueous solution. Then, the BOMD results are analyzed and discussed in
comparison with the B3LYP/TZVP results, with special emphases on the
relationships among the H-bond structures, characteristic IR frequencies and

dynamics in connection with the mechanisms of proton transfer reactions.

3.1 The H30" — nH,O complexes, n=1-4
3.1.1 Static results

Structures and energetic of the shared-proton complexes

Table 3.1 shows the refined equilibrium structures, interaction energies
(AE and AE*, X = H,07or H.,0;) and solvation energies (AE™) of the
H,0" -nH,0 complexes, n = 1 — 4, in the gas phase and continuum aqueous
solution, together with characteristic H-bond distances (R, _, and R _,,). In order to

simplify the discussion, the H-bonds in Table 3.1 are labeled with numbers in

parentheses. The trends of AE, AE™ and AE* with respect to the number of water

molecules are compared in Figures 3.1 and 3.2.
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The equilibrium structures, AE and AE* obtained from B3LYP/TZVP
calculations agree in general with the results in literatures (Fridgen, McMahon,
MacAleese, Lemaire, and Maitre, 2004; Park, Shin, Singh, and Kim, 2007;
Parthasarathi, Subramanian, and Sathyamurthy, 2007; Termath and Sauer, 1997; Wu,
Chen, Wang, Paesani, and Voth, 2007). The Zundel complex with C, symmetry

(structure a in Table 3.1) represents the absolute minimum energy geometry of the

H,0" -H,0 1:1complex, both in the gas phase and continuum aqueous solution.

The equilibrium structure of the H,0™ = H,0 1 : 2 complex (structure b in Table 3.1)
consists of two symmetric O-H..O H-bonds at HsO", with Ro_o about 0.2 A shorter
than the Zundel complex. For the H,0" - H,0 1 : 3 complex, three equilibrium
structures were predicted by B3LYP/TZVP calculations (structures ¢, d and e in Table
3.1). With a complete water coordination at HzO", AE of the Eigen complex

(structure c) is about 13 kJ/mol more stable than the structures with the Zundel
complex as the central charged species (structures d and e). Structures f, g and h are
three important equilibrium structures of the H,0" - H,0 1 : 4 complex. Having the
Eigen complex as the central charged species, structure g in the gas phase is about 14
kJ/mol more stable than structures f and h, whereas in the continuum agueous solvent

(COSMO), structure h is about 2 kJ/mol more stable than structure g. The

stabilization effects at the central charged species can be confirmed by the values of
AE*, X = H,0"0or H,O,. It appeared that, for the same number of water
coordination, HsO" can be more effectively stabilized by water molecules compared

H30™"

to the Zundel complex; as an example, AE of structure b in the gas phase is

-290.7 kJ/mol, whereas AE 192 of structures d and e are -191.7 kJ/mol.
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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
reported that small increases in ¢ from the gas-phase value (¢ = 1) rapidly reduce the
stabilities of the charged H-bonds. In the present work, although the equilibrium
structures in the gas phase and continuum aqueous solution are almost the same, AE
and AE™ are considerably higher (less negative) in continuum aqueous solution (see
Figures 3.1 and 3.2).

The destabilization effects caused by the continuum aqueous solvent

are in good agreement with the previous theoretical results (Chen, McAllister, Lee,
and Houk, 1998). Figures 3.1 and 3.2 illustrates the trends of AE, AE* and AE™
with respect to the number of water molecules. The trends of AE , as well as AE™, in
the gas phase and continuum agueous solution are quite similar, with smaller
variations in continuum aqueous solution. The solvent effects can be directly observed
in Figure 3.1, in which AE® are not substantially different for structures c to h. This
suggested that, when the number of water molecules is the same, the H-bonds inside
the protonated water clusters experience comparable uniform electric field (COSMO),
with the asymptotic AE in continuum aqueous solution =~ -149 kJ/mol and AE® =
-266 kJ/mol. Figure 3.2 revealed that the trends of the interaction energies (AE™)

remain the same when the counterpoise corrections were applied; the BSSE

contributes only about 3% of AE™ .
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Table 3.1 H-bond distances and energies of the protonated water cluster obtained

from B3LYP/TZVP calculations, both in the gas phase and continuum aqueous

solution (values in parenthesis). They are in A and kJ/mol, respectively.

Structure Ry o R, AE AE® AE®
a) j._ gl 240 (2.40) 1.20(1.20) -158.8 -316.4
(-58.2)
b) /‘ 1) 2.49 (2.50) 1.04 (1.05) 265.7  -280.3  -290.7
1 J\?)
Bd ®°  2)249(250) 1.04(105) (-95.2) (-121.7)
c) »d - 1256(255) 102(102) -3537 -260.2 -3797
a0 '
o " ) 2) 2.56 (2.55) 1.01 (1.02)" (129.3) (-159.8)
¢ 3) 2.56 (2.54) 1.02 (1.02)
d) . 1) 2.58 (2.64) 1.01(1.00) -340.6 -260.6  -191.7
3 @
2)_‘;’ 2) 2.40 (2.43) 1.20 (1.11) (-116.7) (-70.3)
; 7 3)2.58(254) 1.01(1.03)

R, and R,_, = H-bond distances; AE = interaction energy in the protonated water

clusters; AE® = solvation energy; AE* = interaction energy between the central

charge species (X = H,0" and H,O, ) and water molecules.
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Structure Ry o Ry, AE  AE® AES
€)
2
3 59 (2. 01(1. -340.5 -261.8 -191.7
| >« . 1)2.59(2.64) 1.01(1.00) -340.5 -261.8 -19
1) & <
» @ 2)239(243) 120(L11) (-117.7) (-74.5)
J
3) 2.59 (2.54) ' 1.01 (1.03)
N
) J 1) 2.66 (2.67) 0.99 (1.00) -403.2 -253.2  -434.9
“\\2) 2) 2.45 (2.47) 1.07.(1.07) (-138.0) (-171.5)
3),' 3) 2.46 (2.47) 1.07 (1.07)
Qw) 4) 2.66 (2.67) 0.99/(1.00)
' N
9) 1) 259 (257) 1.01(1.02) -4165 -249.7 -4153
) ,‘J.,f‘) 2) 2.47 (2.50) 1.05(1.05) (-147.9) (-155.2)
D $ . 3250257 1.01(102)
e 2 2.3)
? L. 4) 2.68 (2.69) 0.99 (0.99)
J
h) 1) 2.41(2.46) 1.12(1.09) -402.0 -2659 -233.1
3)/‘\%) 2) 253 (2.51) 1.03 (1.05) (-149.5) (-151.0)
P Q
? '; 3) 2.85(2.75) 0.98 (0.99)
! {5
d 4
» ¢ 4)2.91(2.81) 0.97 (0.98)
J 1)
5) 2.61(2.64) 1.00 (1.00)
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Figure 3.1 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; -m- = AE™.
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Figure 3.2 Trends of the interaction energies between the central charged species and

water molecules (AE”, X = H,0° or H.0;) with respect to the number of water
molecules, obtained from B3LYP/TZVP calculations: - A- = H,0" in the gas phase;
-A- = H,0" in continuum aqueous solution; -m- = H.O, in the gas phase; -o- =
H.O, in continuum aqueous solution. __ = calculations without the counterpoise

correction. ------ = calculations with the counterpoise correction.
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Asymmetric stretching coordinates and infrared spectra
of transferring protons

Asymmetric stretching coordinate (Ad,, ), asymmetric stretching
frequency (v°") and frequency shifts -due to continuum aqueous solvent (Av°®") are
displayed in Table 3.2. The trends of Ad_, and v with respect to the H-bond
distances (R ,_, ) are shown in Figures 3.3a and 33b, respectively.

Ad _, oObtained from static proton transfer potentials could be used to

DA
measure the tendency of proton transfer, as well as the strength of H-bond (Morrone,
Haslinger, and Tuckerman, 2006; Sagarik, Chaiwongwattana, Vchirawongkwin, and

Prueksaaroon, 2010). Ad ., in Table 3.2 suggested that the H-bonds in structures a, d,

e, fand h are susceptible to proton transfers in the gas phase, with 0 < Ad_, <0.32;

DA —
whereas the continuum aqueous solvent (COSMO) destabilizes the protonated water
clusters, resulting in shifts of the H-bond protons away from the centers, especially

for structures d, e and h.

Based on the results of IR and Raman spectra (Buzzoni, Bordiga,

Ricchiardi, Spoto, and Zecchina, 1995), the H-bond distance (R, _, ) in concentrated

HCI solution can be divided into three groups namely, the internal, external and
solvation groups. The H-bonds linking directly to protons belong to the internal

group, with Ro.o in the range of 2.45 — 2.57 A, whereas R, , in the external and
solvation groups are in the ranges of 2.60 — 2.70 A and longer than 2.70 A,
respectively. Figure 3.3a shows linear relationships between Ad ., and R, ., witha
separation between the internal and external H-bonds at R, , =~ 2.5 A, in good

agreement with experiment (Buzzoni, Bordiga, Ricchiardi, Spoto, and Zecchina,
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1995). The linear relationships for the internal and external H-bonds can be

represented by equations (3.1) and (3.2), respectively.

Internal H-bonds: Ad ., =357xR, , —8.50 (3.1)

External H-bonds: Ady, =134xR,, —290 (3.2)

Theoretical and experimental results on vibrational spectra of the
transferring proton in the Zundel complex were presented in the past decades (Asmis,
Pivonka, Santambrogio, Brummer, Kaposta, Neumark, and Woste, 2003; Iftimie,
Thomas, Plessis, Marchand, and Ayotte, 2008; Termath and Sauer, 1997), from which
the flatness of the potential energy surface was concluded by ab initio calculations at
different levels to be the most outstanding feature of the transferring proton (Termath

and Sauer, 1997). For the Zundel complex in the gas phase (Ad,, = 0), B3LYP/TZVP

H

calculations predicted v°" =961 cm™, whereas in continuum aqueous solution v =
677 cm™. The former is in reasonable agreement with the theoretical results at the
same levels of accuracy (Fridgen, McMahon, MacAleese, Lemaire, and Maitre, 2004;
Park, Shin, Singh, and Kim, 2007) and IRMPD experiment (Fridgen, McMahon,

MacAleese, Lemaire, and Maitre, 2004; Hammer, Diken, Roscioli, Johnson,

Myshakin, Jordan, McCoy, Huang, Bowman, and Carter, 2005). Good agreement
between theoretical and experimental data was also found for H,0 . In the gas phase,

B3LYP/TZVP calculations predicted v = 2304 cm™, compared with

B3LYP/T(O)DZP calculations of 2402 cm™ (Termath and Sauer, 1997) and
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experiment between 2200 and 2300 cm™ (Schwarz, 1977). These v°" could be
associated with the H-bond protons in the H,0" - H,0 contact structure. For larger
protonated water clusters, the structures with the Zundel complex as the central
charged species exhibit higher = tendencies of proton transfers, with
1000 < v < 1450 cm™, whereas the structures with HsO" as the central charged
species possess 1900 < v < 2760 cm™.

Due to the asymptotic behavior at large R the relationships

0-0?
between v*" and R, . in Figure 3.3b cannot be approximated by linear functions; at

large R o converges to the asymmetric O-H stretching frequency of the free or

o001V
non-H-bonded proton in H,0 ™. After several trial fittings, an exponential function
similar to the integrated rate expression for the first order reaction was found to be the
most appropriate, with the asymptotic values in the gas phase and continuum aqueous
solution fixed at v" = 3521 and 3566 cm™, respectively. The agreements between

v obtained from B3LYP/TZVP calculations and the fitted values are included in
Figure 3b. The fitted functions in the gas phase and continuum aqueous solution are

given in equations (3.3) and (3.4), respectively.

Gas phase: v = 1,67 x10Me R00/ 3501 (3.3)

Continuum aqueous solution: v = —5.15x10"e "0-0/*** | 3566 (3.4)

Attempt has been made to distinguish between normal and strong

H-bonds, however without a concrete result. It was found in general that, when
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H-bond is shorter, it becomes stronger, with the strongest attractive interaction at the
shortest H-bond distance (Chen, McAllister, Lee, and Houk, 1998; Hibbert and
Emsley, 1991). According to the analyses of the H-bond energies with the H-bond
distances in crystal structures, the experimental H-bond energies change dramatically
at the H-bond distance of 2.45 A (Hibbert and Emsley, 1991). It was concluded that
2.45 A is the threshold distance for very strong H-bonds. Theoretical studies, on the
other hand, revealed smooth linear relationships between the H-bond energies and the
H-bond distances, with no dramatic change when the H-bond distance is between 2.45
and 2.80 A, a reflection of similar electronic structures of the H-bond complexes
within this range (Chen, McAllister, Lee, and Houk, 1998). A similar linear
correlation was obtained when the differences between the proton affinities of donor-
acceptor pairs (APA ) and the H-bond energies were plotted, with no significant
deviation in the H-bond energy at APA = 0, at which a low-barrier proton transfer
potential was anticipated (Chen, McAllister, Lee, and Houk, 1998).

Since strong H-bonds are susceptible to proton transfers, normal and

strong H-bonds could be distinguished using IR frequencies of the transferring

OH

protons. In the present work, v®" and Ad_, were plotted and illustrated in Figure

OH

3.3c, in which an interesting correlation was observed; v°' could be expressed in
terms of Ad,, using an exponential function resembling the normal distribution

function. The fitted functions for the protonated water clusters in the gas phase and

continuum aqueous solution are given in equations (3.5) and (3.6), respectively.
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6354 _,5a 2
e DA

Gas phase: v = 3521 — (3.5)
\2n
: : 6964 :
Continuum aqueous solution: v = 3566 - ———e o (3.6)

Jon

The agreements between v°" obtained from B3LYP/TZVP calculations and the fitted
values are also included in Figure 3.3c. Two inflection points are seen in Figure 3.3c,
in the gas phase at Ad_, = 0.33 and in continuum aqueous solution at Ad_,, = 0.36
A. These correspond to v = 1984 and 1881 cm™, respectively. It should be
mentioned that, for the Zundel complex in the gas phase, the term “critical distance”

was used to describe R at which symmetric double-well potential with high

0-0

barrier at the center is transformed into single-well potential without barrier (Benoit

and Marx, 2005; Komatsuzaki.and Ohmine, 1994). In Figure 3.3a, Ad,, = 0.33 and
0.36 A correspond to R, , = 2.47 and 2.48 A, respectively, slightly longer than the
critical distance of R, , = 2.43 A (Benoit and Marx, 2005). Therefore, the inflection
points in Figure 3.3c could be associated with the “threshold” asymmetric stretching
coordinates (Ad,, ) and frequencies (v°'") for proton transfer, and could be used to

distinguish between normal and strong H-bonds in the protonated water clusters.
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Table 3.2 Asymmetric stretching coordinates (Ad,, ) and asymmetric O-H stretching

frequencies (v°') of the protonated water clusters, obtained from B3LYP/TZVP
calculations, both in the gas phase and continuum aqueous solution (values in

parenthesis). They are in A and cm™, respectively.

Structures

OH

OH

Ad v Av
a) ,
R 0.00 (0.00) 961 (677) -284
b) b /,6, 2) 1) 0.41 (0.40) 2304 (2120) -184
By Y 0)0.41 (0.40) ~ 2304 (2120) 184
c) Gl 1)052(0.51) 2763 (2531) -232
) T
- " ) 2) 0.54 (0.51) "~ 2759 (2552) -207
¢ 3)0.52(0.50) 2764 (2531) -232
d) 9% 1)056(064) 2895 (2985) 89
2) P
, 2) 0.00 (0.21) 998(1240) 242
? 3) 0.56 (0.48) 2921 (2525) -395
e) 2 1) 0.57 (0.64) 2943 (2995) 52
o &
Val 23 2) 0.00 (0.21) 1002 (1263) 261
2 d @
d ’ 3)0.58 (0.49) 2910 (2537) 377
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Structures Ad,, v AV
f) ¥
1/ 1) 0.67 (0.68) 3176 (3088) -88
) 2)
9 2)0.32(0.33) 1915 (1778) 137
3)
? 3) 0.32 (0.34) 1915 (1778) -137
2 4)0.68(0.68) 3170 (3085) 85
a
1) 0.58 (0.53) 2927 (2748) -179
9) & o
2 . 2) 0.37 (0-40) 2230 (2186) -44
y & P
9 .3 3).0.58 (0.53) 2979 (2623) -356
J
Y
’ 4) 0.70 (0.71) 3230 (3153) =77
1) 0.18 (0.28) 1298 (1458) 160
h) ,
3) ‘ 1 2) 0.47 (0.41) 2587 (2229) -358
’)’/ \_J
. | " 3) 0.90 (0.78) 3425 (3252) -173
2) i { 5)
*’_ 5 _‘J 4) 0.99 (0.86) 3516 (3376) -140
J 1) J
5) 0.63 (0.65) 3072 (2971) -100
Av®" is the frequency shifts due to continuum aqueous solvent. The red shifts are

designated by negative values of Av™" .
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Figure 3.3 a) Plot of the asymmetric stretching coordinates (Ad ,, ) and the O-H..O

H-bond distances (R, ), obtained from B3LYP/TZVP calculations. b) Plot of the

asymmetric O-H stretching frequencies (v ) and the O-H..O H-bond distances

(R, ), obtained from B3LYP/TZVP calculations. c) Plot of the asymmetric O-H

stretching frequencies (v®') and the asymmetric stretching coordinates (Ad,, ),

obtained from B3LYP/TZVP calculations.
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3.1.2 Dynamic results

All the shared-proton complexes obtained in the previous subsection were
investigated in BOMD simulations at 350 K; except structure h, for which the cyclic
H-bonds were transformed into linear (similar to structure f) in the course of BOMD
simulations. As pointed out in the previous subsection, the stabilities of the protonated
water clusters were substantially decreased in continuum aqueous solution. This and
the fact that the model systems did not take into account the H-bond networks of
water in the vicinities of the protonated water clusters, especially in the presence of
strong thermal energy fluctuations in BOMD simulations, made it difficult to discuss
the energetic results. Therefore, only the H-bond structures and IR spectra were used

to explain the vibrational behaviors and dynamics of the proton transfer processes.

Average H-bond structures and IR spectra

The average H-bond distances (<R, ,> and<R,, >) and

asymmetric stretching coordinates (< Ad,, >) of the shared-proton complexes
obtained from BOMD simulations are listed in Table 3.3. The characteristic

asymmetric O-H stretching frequencies (v°'™ ) of the protons in the shared-proton
complexes are included in Table 3.4. Examples of symmetric and asymmetric O-H
stretching bands, as well as the O-O vibration band, are shown in Figure 3.4.

Linear relationships between <Ad_, > and <R,_, > were also obtained

o
from BOMD simulations. They are illustrated in Figure 3.5a. The fitted functions for
the internal and external H-bonds are represented by equations (3.7) and (3.8),

respectively.
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Internal H-bonds: <Ad_, > =2.74x <R, , > —6.47 (3.7)

DA O

External H-bonds: <Ad,, > =159x <R, , > —357 (3.8)

(0]

BOMD simulations at 350 K predicted the separation between the

internal and external H-bonds at <R, > = 25 A, the same as that from

B3LYP/TZVP calculations.

In order to discuss the dynamics of the structural diffusion mechanism,
IR spectra of the transferring protons were analyzed in details, using the Zundel
complex as an example. They are broad in general, especially in continuum aqueous
solution. The BOMD results in Figures 3.4a to 3.4d show two characteristic

asymmetric O-H stretching bands, labeled with A and B, for the Zundel complex in

the gas phase (in Figure 3.4a) at v¢"" = 1128 and vo"™ = 1852 cm™, and in

A

continuum aqueous solution (in Figure 3.4b) at v =943 and vo"'" = 1751

A

cm™. The low-frequency bands at A, slightly higher frequencies than those from

B3LYP/TZVP calculations, are associated with the asymmetric O-H stretching mode,

OH, MD

for which proton shuttles back and forth at the center of the H-bond. v, agree

well with the IRMPD experiment (Fridgen, McMahon, MacAleese, Lemaire, and
Maitre, 2004) and BOMD simulations at 80 and 270 K (Termath and Sauer, 1997).
The higher-frequency bands at B, not obtainable from single-well static proton
transfer potentials with harmonic approximation, represent the vibrational motion
with the center of vibration slightly shifted towards an oxygen atom (Sagarik,

Chaiwongwattana, VVchirawongkwin, and Prueksaaroon, 2010). Both characteristic IR



46

bands could be regarded as spectral signatures of proton transfer reactions (Sagarik,
Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010; Sagarik, Phonyiem,
Lao-ngam, and Chaiwongwattana, 2008); the former reflects the extent of the shared-
proton complex formation and the latter the product formation. They are comparable
with the “oscillatory shuttling motion” and the “Grotthuss shuttling motion” (or
“structural diffusion motion”), respectively (Wu, Chen, Wang, Paesani, and Voth,
2007).

A review on the state-of-the-art methods for the calculations of
vibrational energies of polyatomic molecules using quantum mechanical,
variationally-based approaches was presented (Bowman, Carrington, and Meyer,
2008), in which accurate IR spectra of ionic species in the gas phase were discussed in
comparison with experiment (Hammer, Diken, Roscioli, Johnson, Myshakin, Jordan,
McCoy, Huang, Bowman, and Carter, 2005). One of the emphases was on the
analyses of the middle spectral region (800 - 2000 cm™) which can be directly related
to the proton transfer in the Zundel complex; experiment (Hammer, Diken, Roscioli,
Johnson, Myshakin, Jordan, McCoy, Huang, Bowman, and Carter, 2005) showed a
doublet centered at 1000 cm™ as the most characteristic feature, with the low-energy
component at 928 cm™ and the high-energy component at 1047 cm™. Based on the
multiconfiguration time-dependent Hartree (MCTDH) method, the most intense band
was concluded to be the proton transfer fundamental band (asymmetric O-H
stretching mode) and the doublet was attributed to the coupling among the low-
frequency water-wagging modes, water-water stretching motion and the proton
transfer motion. Additionally, the MCTDH method predicted a water bending state

which couples strongly with the proton transfer motion at 1741 cm™, compared with
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the experiment at 1763 cm™ (Hammer, Diken, Roscioli, Johnson, Myshakin, Jordan,
McCoy, Huang, Bowman, and Carter, 2005). The present BOMD simulations
predicted the proton transfer fundamental frequency in the gas phase close to the
MCTDH method and the experiment (Hammer, Diken, Roscioli, Johnson, Myshakin,
Jordan, McCoy, Huang, Bowman, and Carter, 2005) (1128 cm™ at 350 K, compared
with 1047 cm™ at 275 K). Since one of the main objectives of the present work is to
search for an appropriate theoretical method to monitor proton transfer processes in
BOMD simulations on larger H-bond systems and it is sufficient to employ the
fundamental asymmetric O-H stretching frequencies, the low-frequency band of the
doublet was not investigated in details.

Threshold frequencies and relative probability of proton transfer

OH, MD

Figure 3.5b shows the relationships between v} (the oscillatory

shuttling frequencies) and <R, , >. Similar to B3LYP/TZVP calculations, the

exponential functions in equations (3.9) and (3.10) can well represent v9™™ in the
gas phase and continuum aqueous solution, respectively.

Gas phase: vORMP = 247 x10" e Roo”® 4 3501 (3.9)
Continuum aqueous solution: v§*™ = —9.14 x10%e “Foo""® 3566 (3.10)

As in the case of B3LYP/TZVP calculations, the relationships between vo™™ and

A

<Ad,, > in Figure 3.6c were used to approximate the threshold frequencies for
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proton transfers in BOMD simulations. They are represented by equations (3.11) and

(3.12), in the gas phase and continuum aqueous solution, respectively.

6630 ;i o2
Gas phase: vorMP 3501 e H7<Mon (3.11)

A \/g

1 H 7563 _ < 52
Continuum aqueous solution: vo™" "™ = 3566 - —e “¥m

(3.12)
A \/g
The calculations of the second derivatives of the functions in equation (3.11) and

(3.12) yielded two inflection points at <Ad_, > = 0.32 A, corresponding to the

threshold frequencies at v°™ ™ = 1917 and 1736 cm™, in the gas phase and

continuum aqueous solution, respectively. The values are slightly lower than those
obtained from B3LYP/TZVP calculations, due to the inclusion of the thermal energy
fluctuations and dynamics in BOMD simulations.

As the proton transfer in H-bond couples with the O-O vibration
(Sagarik, Phonyiem, Lao-ngam, and Chaiwongwattana, 2008), the relative probability

or the extent of the shared-proton complex formation in BOMD simulations could be
approximated from the ratio between the intensity of v3™"“° and the intensity of the
0O-O vibration (lo.0) (Sagarik, Chaiwongwattana, Vchirawongkwin, and
Prueksaaroon, 2010). In Table 3.4, 1a/lo-o for the Zundel complex in the gas phase

and continuum aqueous solution are 0.6 and 0.7, respectively, indicating that, in

BOMD simulations in the gas phase, about 60 % of the H,0" - H,0 1: 1 complex

are in the form of the Zundel complex, whereas in continuum aqueous solution about
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70 %. The values of 1a/lo-o in Table 3.4 also suggest that the extent of the oscillatory
shuttling motion is decreased when the number of water molecule increased;

indicating a higher probability of proton transfer in extended H-bond network.

The observation that the proton transfer process in the H,0" - H,0
1 : 1 complex involves two consecutive steps namely, a quasi-dynamic equilibrium
between the precursor (the H,0"—~H,0 1 : 1 complex) and the shared-proton

complex (the Zundel complex), followed by the actual proton transfer (Sagarik,
Phonyiem, Lao-ngam, and Chaiwongwattana, 2008), made it possible to establish a
criterion to measure the extent or the efficiency of proton transfer from IR spectra; the
quasi-dynamic equilibrium prevents proton transfer reaction from being concerted and
is considered to be the rate-determining step (Sagarik, Chaiwongwattana,
Vchirawongkwin, and Prueksaaroon, 2010; Sagarik, Phonyiem, Lao-ngam, and
Chaiwongwattana, 2008). Hence, an effective proton transfer process should take the
reaction path with the shortest lifetime of the quasi-dynamic equilibrium. Therefore,
in order to achieve an “ideal” maximum efficiency, according to the transition-state
theory, the populations of the shared-proton complex and the product must be the
same. In other words, every shared-proton complex formation should lead to the
actual proton transfer. This is possible only when the O-O distance undergoes large-
amplitude vibration, for which the O-H and O-O vibrations are coherent (Sagarik,
Phonyiem, Lao-ngam, and Chaiwongwattana, 2008). It should be emphasized that,
since the present model systems involved only the O..H*..O H-bonds, the product
becomes precursor for the successive proton transfer event.

As the populations of the shared-proton complex and the precursor in

BOMD simulations could be approximated from the intensities of the oscillatory
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shuttling (A) and structural diffusion (B) bands, the efficiency of proton transfer could
be approximated from the ratio between Ig/la (Ig/la = 1 for the ideal maximum
efficiency). Table 3.4 reveals that, for the Zundel complex in the gas phase, Ig/la is
about 0.5 (half of the ideal maximum efficiency), whereas in continuum aqueous
solution Ig/la < 0.1, a dominance of the oscillatory shuttling motion (shared-proton
complex). It turned out that, based on this criterion, the most extended H-bond
structure with incomplete hydration at HszO" (structure f) possesses the highest

efficiency for proton transfer.
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Table 3.3 Average H-bond distances (<R, , > and <R, , >) and asymmetric

o H

stretching coordinates < Ad,, > of the shared-proton complexes, derived from

BOMD simulations at 350 K, both in the gas phase and continuum aqueous solution

(values in parenthesis). Distances are in A.

Structure <R/, > <Rg > <Ad,, >
a) )
o> -a 242(243)  121(L20)  0.18 (0.20)
d) 3 /,,‘) 1)2.64 (2.64)  1.01(1.00) 0.65 (0.69)
2)

2) 2.42. 2. 21 (1. 0.21 (0.3
y * < ) 2.42/(2.48) ~ 1.21 (1.15) 1(0.35)
y 3) 2.62(2.54)  1.01 (1.03) 0.63 (0.52)
e) »- 2 <« 1) 2.63 (2.64) - 1.00 (1.00) 0.65 (0.69)
vl 1 2)2.42 (2.44)  1.21 (1.18) 0.19 (0.22)
3)2.62(254)  1.02 (1.02) 0.53 (0.54)
f) 1)2.71(2.73)  1.00 (1.00) 0.75 (0.75)
k- & 2 ‘ o 2247(255)  111(L10) 0.32 (0.44)
VR \”Q\ Y ) 3)2.49 (2.55)  1.07 (1.17) 0.36 (0.47)
4)2.71(270)  0.99 (1.01) 0.74 (0.71)
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Table 3.4 IR frequencies (cm™) of the shared-proton complexes, obtained from
BOMD simulations at 350 K, both in the gas phase and continuum aqueous solution

(values in parenthesis).

Structure VZH’ MD v SH' MD Iallo-o Is/la
a) , :
> 1128 (943) 1852 (1751) 0.57 (0.69)  0.51 (0.09)
|
d) 1178/(1448) 1768 (2003) 0.48 (0.14)  0.19 (0.55)
S—
e 1263 (1263) 1784 (1650) _*(0.29)  0.45 (0.23)
24 e
f)
5 > 1515 (1734) 2053 (2592) 0.28 (0.17)  0.63 (0.79)
Y J ' J ‘\"/

Ia = intensity of the oscillatory shuttling band; Ig = intensity of the structural diffusion

OH, MD OH, MD

band; lo-o = intensity of the O-O stretching band; v and v, = characteristic

asymmetric O-H stretching frequencies of the transferring proton.
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Figure 3.4 Symmetric and asymmetric O-H stretching bands of the transferring
protons in the shared-proton complexes, together with the O-O vibration band,
obtained from BOMD simulations at 350 K. a) The Zundel complex (structure a) in
the gas phase; b) The Zundel complex (structure a) in continuum agueous solution, ¢)
The H,0" -H,0 1:4 complex (structure f) in the gas phase; d) The H,0" -H,0

1 : 4 complex (structure f) in continuum aqueous solution.
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Figure 3.5 a) Plot of the average asymmetric stretching coordinates (< Ad,, >) and
the average O-H..O H-bond distances (<R ,_, > ), obtained from BOMD simulations
at 350 K. b). Plot of the asymmetric O-H stretching frequencies (v°*™ ) and the
average O-H..O H-bond distances (< R, >), obtained from BOMD simulations at

350 K. c¢) Plot of the asymmetric O-H stretching frequencies (v°**°) and the

asymmetric stretching coordinates (< Ad,, >), obtained from BOMD simulations at

350 K.
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Vibration energy for proton transfer reaction
As reported in the previous section, 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 Figures 3.7a

and 3.7b. Since the lower frequency band (at v™"" ) could be associated with the

oscillatory shuttling motion and. the higher frequency band (at vo™"“" ) with the
structural diffusion motion, the vibrational energy for the interconversion between the

two dynamic states (Av .. ) can be approximated from the difference between

BA

vo*Mand  vO* ™ shown in Table 3.5. It should be noted that the discussion on

B A
Av 2™ and 1g/la is meaningful only when the H-bond considered is susceptible to

BA

OH, MD OH*, MD
<

proton transfer, v v
The trend of Ig/la in the gas phase and continuum aqueous solution

can be explained using Av 2™ in Table 3.5; in the gas phase, av %*"° = 724 cm™,

BA
and in continuum aqueous solution, Av 2**° = 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
added that, due to a short BOMD simulation length, Ig/ln may not be determined

precisely. Therefore, attempt was made to alternatively estimate the relative

OH, MD

population of the oscillatory shuttling and structural diffusion motions from, Av .,

For the protonated water clusters, an interesting relationship was observed when
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Av g™ and <ad ,, > were plotted. Together with the plot of the standard deviations

BA

of the O-H distances (s, ) and <ad,, >, energetic aspects of the two characteristic
vibrations in the protonated water cluster could be studied. The plots of 5, and

<Ad,, >and Av g, " and <Ad_, > are shown in Figures 3.6a and 3.6b, respectively.

The former could be represented by an exponential decay function, whereas the later
by a reflected normal distribution function. They are shown in equations (3.13) and

(3.14), respectively.

Cg,, = 03184 ~2BEL 10,0300 (3.13)
X7 Co5f <Adpa >-0.2808 2
Avgr™ = 13390 - ————ee  ¥® (3.14)
* 0.1291 +/2x

Due to the thermal energy fluctuations and dynamics, o, ~ and

Av o™ 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, o, 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,, >.

Whereas Av o™ decreases exponentially with <Ad_, > and reaches a minimum at

BA

<Ad,, >=0.28 A (<R 00> = 2.46.R), corresponding to the lowest vibrational energy
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for the interconversion between the oscillatory shuttling and the structural diffusion

motions, Av "™ = 473 cm™ or 5.7 kd/mol. Since the probability of finding a

BA

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

OH, MD

shuttling motion (Pg/P,) is proportional to e ™= ™ . For the protonated water
clusters, the plot of Pg/Pa and <Ad_, >, shown in Figure 3.6c, suggested the
maximum probability of finding the structural diffusion motion relative to the

oscillatory shuttling motion, Pg/Pa = 0.17 at <Ad_, > = 0.27 A. At larger <ad, >,

OH, MD OH*, MD
>

the H-bond becomes weaker and Pg/Pa decreases, especially when v v
The relationship between Pg/Pa and <ad,, > could be represented by normal

distribution function. The fitted function for the probability of finding the structural

diffusion motion relative to the oscillatory shuttling motion can be written as

2
<Ad p, >~0.2693
0.0225 70‘5{ DOA.0564 J

P,/P, = 00110 + ———————e
o 0.0564 /2

(3.15)
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Table 3.5 The vibrational energy for the interconversion between the oscillatory

shuttling and structural diffusion motions (av o' ), the probability of finding the

BA
structural diffusion motion relative to the oscillatory shuttling motion (Pg/P) and the
proton diffusion coefficient (D) obtained from BOMD simulations at 350 K, both in
the gas phase and continuum aqueous solution (values in parenthesis). They are in

cm? and cm?s™.

Structure A, oW Ps/Pa D(107)
a) ,
> 724(808) 0.051(0.036)  10.26 (9.16)
‘;
d) 589(557) - 0,089 (0.102)  10.89 (10.54)
> d
-
) >« 522 (471)  0.117 (0.144)  11.09 (12.95)
e
0 o . 539(859)  0.109 (0.029)  8.89 (8.20)
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Figure 3.6 a) Plot of standard deviations of the O-H distances (o, ) and the

asymmetric stretching coordinates (< Ad,, >), obtained from BOMD simulations at
350 K. b) Plot of the wvibrational energy for the interconversion between the

OH, MD

oscillatory shuttling and structural diffusion motions (Av ., ™ ) and the asymmetric
stretching coordinates (< Ad,, >), obtained from BOMD simulations at 350 K. c)
Plot of probability of finding the structural diffusion motion relative to the oscillatory
shuttling motion (Ps/Pa) and the asymmetric stretching coordinates (< Ad,, >),

obtained from BOMD simulations at 350 K.
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Dynamics of proton transfer and diffusion coefficients

The diffusion coefficients (D) of the transferring protons in the shared-
proton complexes are listed in Table 3.5. The diffusion coefficients of the Zundel
complex in the gas phase and continuum aqueous solution, obtained from BOMD
simulations at 350 K, are 10.3x 10° and 9.2 x 10° cm? s, respectively. Based on the
same approach, BOMD simulations predicted the diffusion coefficient at 298 K to be
5.0x10° cm? s (Sagarik, Chaiwongwattana, Vchirawongkwin, and Prueksaaroon,
2010), slightly lower than the NMR result (Agmon, 1995); in NMR experiment, the
diffusion coefficient of a proton moving across a single water molecule was estimated

from the NMR hopping time (t,) and the Einstein relation (D = I*/6<,) to be
7.0 x 10° cm? s™; where | is the hopping length or the H-bond distance (2.5 A) and T,

= 1.5 ps. It should be added that, the reported diffusion coefficient (Agmon, 1995)
was derived by subtracting the water self-diffusion coefficient (2.3x 10° cm? s?)
from the proton diffusion coefficient (9.3x 10° cm? s™). The deviation of about 28%
from the experimental value (Agmon, 1995) could be attributed to the neglect of the
H-bond networks connecting the hydration shells of the Zundel complex (Sagarik,
Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010). For larger protonated
water clusters, the shared-proton complex with an extended H-bond network,
structure f, possess D = 8.9x10” and 8.2x10° cm® s*, in the gas phase and
continuum aqueous solution, respectively. The values are lower than those of the
Zundel complex. These support the conclusion that the oscillatory shuttling motion is

slightly more important in the H,0" - H,0 1:1 complex, compared to the extended

H-bond structures.
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Kinetics of proton transfer in protonated water clusters

In order to assess the reliability of the dynamic results obtained from
BOMD simulations, the lifetimes (t) of the shared-proton structures were computed
from VACF of the O-O vibrations (Bopp, 1986). VACF of the O-O vibrations in the
Zundel complex and structure f, the structure with the highest efficiency of proton
transfer in this series, are shown as examples in Figure 3.7. It appeared that an
asymptotic exponential relaxation behavior of the envelope of VACF could be
approximated, except for the Zundel complex in continuum aqueous solution (Figure
3.7b), for which the envelope of the O-O vibration at short time cannot be fitted with
an exponential function. For the Zundel complex in the gas phase, BOMD simulations

at 350 K predicted t to be 270 fs, corresponding to the classical first-order rate

constant (k) for the interconversion between the shared-proton (H,0,) and
H,0" —H,0 contact structures of 5.1 ps™. The shared-proton structure in structure f

possesses shorter lifetimes, © = 241 and 233 fs, in the gas phase and continuum
aqueous solution, respectively. The values correspond to k = 5.8 and 6.0 ps™,
respectively. The lifetimes of the shared-proton structures are in reasonable agreement
with the result obtained from the multistate empirical valence bond (MS-EVB)
calculations at 280 K, t = 370 fs (Lapid, Agmon, Petersen, and Voth, 2005), whereas
the rate constants are in accordance with the O-O vibration rate, obtained from
quantum MD simulations at 300 K, k = 5.0 ps™ (Tuckerman, Laasonen, Sprik, and
Parrinello, 1995).

Finally, in order to ensure that the dynamics and IR results discussed

above are reliable, attempt was made to perform NVT BOMD simulations with longer
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simulation time. This was successful only for the Zundel complex in the gas phase,
and not longer than 5 ps; all the other shared-proton complexes became fragmented
after 2.5 ps. It appeared that, for the IR spectra, the oscillatory shuttling and structural
diffusion frequencies remain the same (see Figure 3.8), with slight decreases of the
intensities, Ig/la = 0.49 compared with 0.51. The diffusion coefficient in the gas
phase is slightly decreased, from 10.3x 10®° to 9.5x10° cm? s™. This leads to a
conclusion that, although for small H-bond complexes, the IR spectra obtained from
short BOMD simulations show some fine structures, meaningful and reasonable
interpretations could be made, especially for all the H-bond complexes investigated

here; a similar conclusion was presented by Termath and Sauer (1997) based on a
series of BOMD simulations on H.0, and H,O,, from which insights into fast

dynamic processes in H-bonds (e.g. H-bond structures and IR spectra) were obtained

from relatively short BOMD trajectories (about 2 ps).
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Figure 3.7 Examples of velocity autocorrelation functions (VACF) of the O-O
vibrations in the shared-proton structures, obtained from BOMD simulations at 350

K. a) the Zundel complex in the gas phase; b) the Zundel complex in continuum

aqueous solution. c¢) the #,0" - H,0 1 :4 complex (structure f) in the gas phase. d)

the H,0" - H,0 1:4 complex (structure f) in continuum aqueous solution.
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Figure 3.8 Symmetric and asymmetric O-H stretching bands of the transferring
protons in Zundel complex (structure &) in the gas phase, together with the O-O
vibration band, obtained from BOMD simulations at 350 K with the simulation length

of 2.4 and 4.8 ps.
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3.2 The CF3;S05; — H30" — nH,0 complexes, n =1 -4
3.2.1 Static results

Structures and energetic of the shared-proton complexes

Refined equilibrium structures, characteristic H-bond distances and
interaction energies (AE ) of the H-bond complexes in the gas phase and continuum
aqueous solution are presented in Table 3.6. In order to simplify the discussion, the
H-bonds in Table 3.6 are labeled with numbers in parentheses. The trends of AE with
respect to the number of water molecules in the gas phase and continuum aqueous

solution are shown in Figure 3.9.
For the CF,s0, ~-H,0" —-H,0 1:1:1complexes in the gas phase

and continuum aqueous solution, BSLYP/TZVP calculations predicted two important

minimum energy geometries, namely structures a and b in Table 3.6. The most stable
one, structure a, adopts a compact cyclic H-bond structure in which H,0" and
H,O act as proton donors toward two oxygen atoms of CF,SO ;. Structure a is

about 42 and 35 kJ/mol more stable than structure b, in the gas phase and continuum

aqueous solutions, respectively. Equilibrium structures of the
CF,SO,-H,0"-H,0 1:1:1complexes in Table 3.6 showed that the H-bond
proton (H-bond (1)) tends to protonate at CF,SO; (structure a and b) in the gas
phase, forming a neutral complex. This agrees well with B3LYP/6-31G**
calculations (Paddison, 2003). For structure a, the H-bond between CF,sO; and
H,0" (H-bond (1)), (R, , = 2.54 A), becomes weaker (R, , = 2.59 A) in the

aqueous solvent. Whereas, H,0" and H,O in structure a form strong H-bond
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(H-bond (2)), with a considerably shorter distance, with R, , =244 Aand R, =

1.10 A.

The absolute and some lowest-lying minimum energy geometries of
the CF,sO,-H,0"-H,0 1 :1 :2and 1 :1: 3 complexes obtained from

B3LYP/TZVP calculations were included in Table 3.6. Energetic results suggested
that cyclic H-bond structures are slightly more stable than linear H-bond structures,

both in the gas phase and continuum aqueous solution; for example for the
CF,SO, -H,0"-H,0 1:1:2complex, structure c is more stable than structure g

about 72 and 45 kJ/mol, in the gas phase and continuum aqueous solution,

respectively. It was also observed both in the gas phase and continuum aqueous
solution, with completion of coordination at H,0 *, the H-bond structure c, d, h and i,
form a solvated CF,SO; -H,O0" pair. The results are in accordance with the

observation that, at least three water molecules are sufficient to yield lowest energy

structure, in which proton resides on the water cluster side of the complex, creating a
contact ion pair between CF,SO; group and the solvated H,0" (Paddison, 2003).

B3LYP/TZVP calculations also revealed that, when the forth water molecules were
added, H30" becomes more hydrated, resulting in the structures capable of forming

contact ion pair, a necessary step in structural diffusion For the H-bond structures

with incomplete coordination at H,0 ", especially in the gas phase (see structure a, b,

e, f, g and k), the H-bond protons (see H-bond (1)) tend to protonate at CF,SO 3

group, and therefore form neutral complexes. Moreover, the results in Table 3.6

revealed that, in the continuum aqueous solution, the charged species, H,O0" and
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H,O, can be more stabilized in continuum aqueous solution compare to the gas

phase.

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 606.3 kJ/mol in the

CF,SO,-H,0"-H,0 1 : 1 : 1 complex to 668.6 kJmol in the

CF,SO, -H,0" —H,0 1:1:4 complex. Figure 3.9 also revealed that AE*' are not

substantially different for the H-bond complexes with the same number of water
molecules; when the number of water molecules is the same, the H-bonds inside the
clusters experience comparable uniform  electric field (COSMO) (Phonyiem,

Chaiwongwattana, Lao-ngam, and Sagarik, 2011).
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Table 3.6 H-bond distances and energies of the CF, SO, - H.,0" —nH,0 complexes,
n =1 — 4, obtained from B3LYP/TZVP calculations, both in the gas phase and

continuum aqueous solution. They are in A and ki/mol, respectively.

Gas Cosmo
1 1
’ D ¢ 5 2 X J’"") "1?’
Fea 25 LAY
Rooo Ron AE Rooo Roow AE AE™
1) 2.54 1.04 -678.6 1) 2.59 1.01 -97.7 -72.3
2) 2.67 0.99 2) 2.44 1.10
3) 2.83 0.97 3)2.77 0.98
b)
LA yf{' .
* o
R.. R, . AE Ro., R, AE AE™
1) 2.62 1.01 -636.3 1) 2.47 1.08 -62.4 -79.3
2) 3.02 0.97 2) 2.95 0.97
R,, and R,, = H-bond distances; AE = interaction energy in the

CF,SO; -H,0" - H,0 clusters; AE® = solvation energy.
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Gas Cosmo
c) Y i)
Ppe @ J}f ‘g’
\)f 3 2) ., 31‘ 2)
A 2 b
Roo Roon AE Rioso Row AE AE*
1) 2.75 0.98 -736.3 1) 2.87 0.98 -123.0 -73.7
2) 2.56 1.03 2) 2.52 1.04
3) 2.55 1.03 3) 2.72 0.99
4) 2.55 1.03 4) 2.52 1.05
5) 2.75 0.98 5) 2.87 0.98
d) 2
e QZ) ;.2)
?‘I\S)’;g) ‘ r—'l")"j )<3>
R Y‘A‘@,‘ >
R, R, . AE Ro o R, . AE AE™
1) 2.51 1.05 -724.3 1) 2.61 1.01 -129.0 -91.7
2) 2.57 1.02 2) 2.54 1.03
3) 2.58 1.01 3) 2.51 1.04
4) 2.80 0.98 4) 2.80 0.98

5)2.81 0.98
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Gas Cosmo
) ‘ ,.1")’ A2 1) P 2)
ﬂ ’ J}{ o oy
§og .rjv»;)., g
Ro., R, AE Roo R, AE AE™
1) 2.49 1.06 7244 | 1)2.72 0.99 -130.2 -92.8
2) 2.64 1.00 2) 2.49 1.06
3) 2.70 0.99 3) 2.48 1.06
4) 2.83 0.97 4)2.72 0.99
f)
1 N\, D *”
P p.S s
y o oo Se e
R, R, . AE Ro o R, . AE AE™
1) 2.84 0.97 -693.4 1) 2.77 0.98 -104.8 -98.5
2) 2.66 0.99 2) 2.44 1.10
3) 2.52 1.05 3) 2.60 1.01
4) 3.01 0.97 4) 2.90 0.97




Table 3.6 (Continued).
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Gas Cosmo
9) ‘,
p &
» 1) \
3)’,/ 2) )I) f .
Sy g W'

Roo R, AE Ros R, AE AE™
1) 2.62 1.01 -664.2 1) 2.47 1.08 -77.4 -100.2
2) 3.00 0.97 2)2.91 0.97
3) 2.87 0.97 3) 2.80 0.98

h)
1) ‘GJ
L) 3
& 3
(Y 9 S P
9 C i

R 0-0 R O-H AE R 0-0 R O-H AE AESOI
1) 2.68 0.99 -802.7 1) 2.75 0.98 -159.0 -77.1
2) 2.54 1.03 2) 2.53 1.03
3) 2.54 1.03 3) 2.57 1.02
4) 2.54 1.03 4) 2.53 1.04
5) 2.69 0.99 5) 2.74 0.98

6) 2.69 0.99
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Gas Cosmo
RN p S0P
‘)“?) * ) ‘Jﬁ. "
6)‘\.“ ) 5} f
?"4) )~ Y;) g
Roo Roon AE Rioso Row AE AE*
1) 2.77 0.98 -797.4 1) 2.72 0.98 -149.3 -72.7
2) 2.65 1.00 2) 2.52 1.04
3) 2.53 1.04 3) 244 1.10
4) 2.56 1.02 4) 2.62 1.00
5) 2.55 1.03 5) 2.77 0.98

6) 2.72 0.99
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Gas

Cosmo

K)

R AE

1) 2.52 1.05 -723.9

4) 2.94 0.97

5) 2.86 0.97

0.97

0.98

AE

-118.5

AESO|

-115.4
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Figure 3.9 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; -m- = AE™.
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The results in Table 3.6 anticipated two CF,SO,-H,0" -H,O

complexes as the most basic intermediate states in the proton transfer pathways.

S

‘ S 2
P %4 P o

A B

Structures A'is represented by the Zundel complex H-bonding at two
oxygen atoms of the - SO, group, forming a contact ion pair. In structure B, - SO
separates H;O" and H,O. The H-bonding features in structures A and B suggested two
important structural diffusion mechanisms at the - SO, group. Since the -SO,

group in structure B could be protonated and directly involved in proton transfer, one
could regard the structural diffusion through structure B as the “pass-through”
mechanism. Likewise, since the energetic and dynamics of the proton in the Zundel
complex can be affected by the - SO ; group, one could consider the proton transfer

through structures A as the “pass-by” mechanism (Phonyiem, Chaiwongwattana, Lao-

ngam, and Sagarik, 2011).
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Asymmetric stretching coordinates and IR spectra

of transferring protons

Asymmetric  stretching coordinate (Adpa) and O-H stretching
frequency (v°™) are presented in Table 3.7. 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. The H-bond distances (Ro-o) in Table 3.6 and

OH

Adp, and v°" in Table 3.7 suggested that the —so, group is preferentially
protonated, forming neutral H-bond complexes (structure a, b, f, g, i and k). Whereas
in continuum aqueous solution, - SO, — H,0" contact structures dominate (structure

a, f, i and k), with the highest tendency of proton transfer through the pass-by

mechanism (Ad, = 0.24 A and v°" =1331to 1389 cm™).
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Table 3.7 Asymmetric stretching coordinate (Adpa) and O-H stretching frequency

(v°") of the cF,s0;-H,0" —nH,0 complexes, n = 1 — 4, obtained from

B3LYP/TZVP calculations, both in the gas phase and continuum aqueous solution.

They are in A and cm™, respectively.

Gas Cosmo
1) 1
a) D ¢ Bt Y%
")‘3) (J‘”ér)’" )
Adpa voH Adpa vor
1) 0.46 2396 1) 0.58 2801
2)0.71 3194 2) 0.24 1389
3) 0.96 3528 3) 0.85 3360
b)
p \
(.)\‘ J 1) ‘ﬂq)‘, >
? > e
Adpa Vo Adpa voH
1) 0.62 2898 1) 0.31 1800
2)1.11 3620 2)1.01 3570
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Gas Cosmo
Jf) 93 ? ﬁ 3)‘%;)
5) Ayg 5) @
L 4B A
AdDA VOH AdDA VOH
1) 0.83 3326 1) 0.98 3455
2) 0.52 2584 2) 0.45 -
3) 0.51 2465 3)0.81 3196
4) 0.52 - 4) 0.43 2191
5) 0.83 3307 5) 0.98 3459
d)
1) _.2) ;.2)
( r J-" ) 1)
o ¥ 9 &P() p
J'J /J‘ J

AdDA VOH AdDA VOH
1) 0.42 2265 1) 0.60 2906
2) 0.57 2761 2) 0.49 2562
3) 0.60 2911 3) 0.44 2260
4) 0.96 3442 4) 0.99 3415
5)0.94 3421
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Gas Cosmo
e) )
oas 82 n 8.2
B Py
AdDA VOH AdDA VOH
1) 0.40 2099 1) 0.75 3270
2) 0.65 3060.8 2) 0.40 1908
3)0.74 3271 3) 0.36 -
4) 0.91 3498 4) 0.75 3284
f)
DA, ) )_4
LA LA
3) N
> Y A~ ‘A‘ 3)
AdDA VOH AdDA VOH
1) 0.88 3540 1) 0.87 3371
2)0.71 3174 2) 0.24 1331
3)0.43 2295 3) 0.60 2873
4) 1.09 3619 4) 0.96 3529




Table 3.7 (Continued).

86

Gas Cosmo
9) A
p .
J‘ 1) ‘j 2
, 95 Jr
) B
= fcr 1>
AdDA VOH AdDA VOH
1) 0.61 2874 1) 0.31 1795
2) 1.07 3607 2) 0.97 3544
3) 0.93 3504 3)0.84 3373
h)
aatie’ & 4; |
‘f’ "2) b~ 29
I ) 1
S K J}() P
iy et
AdDA VOH AdDA VOH
1) 0.72 3199 1) 0.79 3330
2) 0.49 2457 2) 0.47 2314
3) 0.49 - 3) 0.53 2728
4) 0.49 2463 4) 0.45 2450
5)0.72 3110 5)0.78 3315

6) 0.72 -
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Gas Cosmo
1
) Jf f"l? ‘/2) J‘frz )
J MEIYy 1
‘ ‘5) ’ 5)\\\\ A'vﬂz)
6)\‘  / " i3) "1 !‘J
& g
AdDA VOH AdDA VOH
1) 0.82 3365 1) 0.77 3300
2) 0.65 3056 2) 0.43 2313
3) 0.46 2403 3)0.24 1333
4) 0.54 2796 4) 0.62 2924
5) 0.50 2577 5) 0.82 3376

6) 0.77 3290




Table 3.7 (Continued).
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Gas Cosmo
K) V&’ ‘ Y. f‘j 2)
A, o Py P
5 . ', Ay P () L
LA e
/"5)
=

AdDA VOH AdDA VOH
1) 0.42 2263 1) 0.61 2906
2)0.71 3174 2) 0.24 1335
3) 0.98 3538 3) 0.85 3367
4) 1.00 3586 4) 0.83 3499
5) 0.92 3488 5) 0.85 3369

(ad,,) and frequencies (v°""), ad,,and R, ., v°"and R, ., and v

In order to estimate the “threshold” asymmetric stretching coordinates

and

Ad, for the pass-through mechanism were plotted and shown in Figures 3.10a to

3.10c, respectively, whereas for the pass-by mechanism in Figures 3.10d to 3.10f,

respectively. The trends in Figures 3.10a and 3.10d suggest a separation between the

internal and external H-bonds at R, =2.59 A for pass-through mechanism and 2.53

A for pass-by mechanism. For the pass-through mechanism, the linear relationships

for the internal and external H-bonds in the gas phase and continuum agueous

solution could be represented by equations (3.15) and (3.16), respectively.
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Internal H-bonds: Ad,, =239x R, , —559 (3.15)

External H-bonds: Ad,, =131xR, , —2.79 (3.16)

For the pass-by mechanism, they are shown in equations (3.17) and (3.18),

respectively.

Internal H-bonds: Ad,, =262xR, , —6.14 (3.17)

External H-bonds: Ad,, =150xR, . —3.32 (3.18)

Figure 3.10b and 3.10e show the relationships between v and R,

represented by the exponential functions in equations (3.19) to (3.22).

Pass-through mechanism

Gas phase: v = 180 x10°%e Reo® L3722 (3.19)
Continuum aqueous solution: v = —1.78 x10%e "o | 3681 (3.20)
Pass-by mechanism

Gas phase: v = 230 x10°e Roo | 3625 (3.21)

Continuum aqueous solution: v = —3.15 x10"e "o | 3566 (3.22)
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The relationship between v°"and Ad,, for the pass-through
mechanism and the pass-by mechanism in the gas phase and continuum aqueous
solution are depicted in Figures 3.10c and 3.10f. They are represented by exponential
functions resembling the normal distribution function and shown in equations (3.23)

to (3.26).

Pass-through mechanism

6128 g p . o2
Gas phase: votMe i Z 3722 - g 20<tdo (3.23)

Jor

: . 6347  4yp .t
Continuum aqueous solution: v = 3681 — g t<Mon (3.24)

Vom

Pass-by mechanism

6120 :
Gas phase: vOtMP— 351 - e AIm (3.25)
\2%
: . 6798 :
Continuum aqueous solution: v = 3566 - g 0<hm> (3.26)

Jor

Calculations of the second derivatives of the functions in equations

(3.23), (3.24), (3.25) and (3.26) yielded inflection points at the threshold frequencies
for proton transfer (v°""), for the pass-through mechanism in the gas phase at v°"" =

2239 cm™ and Ad, = 0.42 A, and in continuum aqueous solution at v = 2145

cm® and Ad,, = 0.40 A. For the pass-by mechanism, Figure 3.10f shows the
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inflection points in the gas phase at v°"" = 2040 cm™ and Ad., = 0.36 A, and in
continuum aqueous solution at v = 1921 cm™ and ad}, = 0.36 A. Comparison of
v for the pass-through mechanism and those in the CF,SO.,H -H,0" - nH,O
complexes, n = 1 — 3, (Phonyiem, Chalwongwattana, Lao-ngam, and Sagarik, 2011)
suggested blue-shifts of about 77 cm™ in the gas phase and 145 cm™ in continuum
aqueous solution, whereas for the pass-by mechanism in the gas phase of 111 cm™
and in continuum aqueous solution of 207 cm™. Comparison of v°"* for the pass-by
mechanism and those of the protonated water clusters (Lao-ngam, Asawakun,
Wannarat, and Sagarik, 2011) also suggested blue-shifts due to the presence of the

~s0, group of about 56 and 40 cm™, in the gas phase and continuum aqueous

solution, respectively.
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Figure 3.10 Static results of the CF,SO; -H,0 - nH,0 complexes, n =1 — 4,
obtained from B3LYP/TZVP calculations. a) Plot of the asymmetric stretching

coordinates (Ad ., ) and the O-H..O H-bond distances (R,_,) for the pass-through

mechanism. b) Plot of the asymmetric O-H stretching frequencies (v°') and the

O -H.0 H-bond distances (R, _, ) for the pass-through mechanism. c) Plot of the

asymmetric O-H stretching frequencies (v°") and the asymmetric stretching
coordinates (Ad ., ) for the pass-through mechanism. d) Plot of the asymmetric
stretching coordinates (Ad ,, ) and the O-H..O H-bond distances (R ,_, ) for the pass-

by mechanism. e) Plot of the asymmetric O-H stretching frequencies (v ) and the

O -H.0 H-bond distances (R, _,) for the pass-by mechanism. f) Plot of the

asymmetric O-H stretching frequencies (v°") and the asymmetric stretching

coordinates (Ad , ) for the pass-by mechanism.
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Table 3.7 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 3.7 were divided into two

groups (Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik, 2011); the H-bonds

connecting directly to the —SO,H or —sO, group belong to Group 1 (potentially
involved in the protonation or deprotonation 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 3.7 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:
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Group 1 H-bonds connecting directly to the — SO ; group.
Subgroup (I); Cyclic H-bonds between the Zundel complex or H,0 |

and the two oxygen atoms of - SO ., e.g. H-bonds (1) and (3) in structures a, f and K,
H-bonds (1), (3) and (5) in structure ¢, H-bonds (1), (4) and (5) in structures d and e,
as well as H-bonds (1), (5) and ( 6) in structures h and i

Subgroup (I1); Linear H-bond between an oxygen atom of the - SO ;

group and, H,0" H,0, or H,0 , e.g. H-bonds (1) and (2) in structures b and g and
H-bond (4) in structures f and k.
Group 2 H-bonds in the adjacent Zundel complex.

Subgroup (I11); H-bond inthe H,0" - H,0 contact structure or the
Zundel complex in the structure with Subgroup (Il), €.g. H-bond (2) in structure d in
continuum aqueous solution, H-bond (3) in structures g and h and H-bond (5) in k.

Subgroup (IV); H-bond of the Zundel complex in the structure with
Subgroup (1), e.g. H-bond (2) in structures a, ¢, d (in the gas phase), e, f, h, i and k,
H-bond (3) in structures d, e, and i and H-bond (4) in structures c, h and i.

The domains of v°" for the H-bond protons in Group 1 (Subgroups
() and (11)) and Group 2 (Subgroups (111) to (1V)), in the gas phase and continuum
aqueous solution, are shown in Figure 3.11. Comparison of Figure 3.11a and 3.11b
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 most

of the H-bonds in Subgroup (1V) are red shifted to v°" lower than v°"" . For the pass-

through mechanism, only some linear H-bonds in Subgroup (1) are red shifted to v°"
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lower than v°™". The cyclic H-bonds between the two oxygen atoms of - so ; and
the Zundel complex (Subgroup (1)) tend to be destabilized in continuum aqueous
solution, leading to blue shifts of v°" above 2800 cm™.

From the static results, asymmetric stretching coordinate (Ad_, ) and
O-H stretching frequency (v°") suggested higher tendency for proton transfer in the
continuum aqueous solution. For the pass-through mechanism in the gas phase, Ad,
was predicted to be 0.42 A, greater than that the criteria for proton transfer (Morrone,
Haslinger, and Tuckerman, 2006), as well as v°"" to be 2239 cm™. This observation
is in good agreement with the previous study on the CF,SO ,H -H,0" - H,0 clusters
(Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik, 2011); the —-SO ,H group is
not preferentially dissociated in the gas phase, whereas in continuum agueous
solution, — SO ,H tends to deprotonate, resulting in — so , in close contact with H;O™.

Therefore, the discussion in the next section will be focused on the H-bond structures,

with high tendency of proton transfer through the pass-by mechanism.



98

H Group 2
v 0 0 OO P
S VM= 2040 [
S [ | . Group 1
£l Wiz20zg A LN P
I AA AAMA A A0
T T B T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500
b)
: Group 2
v 0m . 06 0T0 P
S Wiz, HIE W EEE
5 o~ TLSI \\7, IZN = Group 1
S AN JANN P
I Wiz 15 - ANMA AR

500 ' 10'00 15I00 20IOO 25|00 . 30IOO 35100 ' 40100 ' 4500
Figure 3.11 The domains of v°" for the H-bond protons in Group 1 and 2, as well as

Subgroup (1) to (1V). a) gas phase. b) continuum aqueous solution.
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3.2.2 Dynamic results

In the present work, the neglect of extensive H-bond networks of water in the
vicinities of the solute (CF,s0;), as well as the thermal energy fluctuations in
BOMD simulations, made it difficult to analyze the dynamics in the
CF,SO, -H,0" -nH,0 complexes, n = 1 — 4. Since the static result showed high
tendency for proton transfer in continuum aqueous solution, attention was focused on

the H-bond protons in the intermediate states in continuum aqueous solution, in which

protons are susceptible to proton transfer through the pass-by mechanism.

Average H-bond structures and IR spectra
For the CF,SO, =H_,0" —nH,0 complexes, n = 1 — 4, the average

H-bond structures, <R, , > and < Ad,, >, obtained from BOMD simulations at 350

K, are summarized in Table 3.8, together with,  v{"" , v5*" and the proton

A

diffusion coefficients (D). Plots between <ad_, > and <R, >, va'* and

A

OH, MD

<Ry, >,and v,"* and < Ad,, > for the pass-by mechanism are shown in Figure

3.12a to 3.12c. The linear relationships between <ad,, > and <R, ., > are
represented in equation (3.27) and (3.28).
Internal H-bonds: <Ad,, > =2.73x <R, ,>—-641 (3.27)

External H-bonds: <Ad,, > =168x <R, ,>—-373 (3.28)
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Equation (3.29) shows the relationships between v™"* and <R _

A

> and equation

(0]

(3.30) the relationships between v¢™*" and < Ad_, >.

A

vOrRMP 384 x10% e "o oM 3566 (3.29)
7215 ppg. 2

vitMP — 3566 - re 42580 on (3.30)
27

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 3.8 with v°" 'in Table 3.7 showed a general trend.
Figure 3.12c showed the inflection point for the pass-by mechanism in the continuum

aqueous solvent at < Ad., > = 0.34 Aand vo™ " = 1820 cm™. The latter is higher
than the corresponding value for the CF,SO,H-H.,0" -nH,O0 complexes, n =

1 — 3, (Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik, 2011) and the
protonated water clusters (Lao-ngam, Asawakun, Wannarat, and Sagarik, 2011),

respectively.

OH, MD
A

V o and Pg/Pa for the H-bond protons in the
CF,SO, -H,0" -nH,0 complexes, n =1 — 4, are included in Table 3.8. Examples

of the characteristic asymmetric O-H stretching bands for the pass-by mechanisms,

obtained from BOMD simulations at 350 K, are shown in Figure 3.12d. Plots of

OH, MD

og,, and <Ad, >, Avy"and <Ad,, >, and Ps/Paand < Ad,, > are illustrated

in Figure 3.12e to 3.12g, respectively.
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All the outstanding features discussed in the protonated water clusters
were observed in the CF,SO,; —H,0" - nH,0 complexes, n =1 — 4. The same types

of functions, as in the case of protonated water cluster in Figure 3.6a to 3.6c, could be

employed to represent the relationships in Figure 3.12e to 3.12g.

URO_H = -0.4444e —<Adp, >/0.11792 .+ 0.00827 (331)
380 —0,5[M]z
AvOPMP 1470 - ——— — @ 0.1347 .32
0.1347 \J2n
0.0481 —O.S[M]z
PB/PA = 0.0036 : 3 = (333)

0.0699 +2m

Equation (3.31) shows the relationships between o, ~ and <ad,, >, equation

(3.32), Av ™ and < Ad

BA

>, and equation (3.33), Pe/Paand < Ad,, >.

DA

For the pass-by mechanism, due to the presence of the CF,SO;

group, the vibrational energy for the interconversion between the oscillatory shuttling

OH, MD

and the structural diffusion motions (Av ., ™ in Figure 3.12f) decreases exponentially

OH, MD

with < Ad,, >. Comparison of Av ., *” and Pg/Pa in the protonated water clusters

and the CF,SO, -H,0" —nH,0 complexes, n = 1 — 4, revealed an increase in the

relative probability of finding the structural diffusion motion, from Pg/Pa = 0.17 to
0.28, respectively. The H-bonds in the vicinities of maximum Pg/Pa are, for
examples, H-bond (2) in structures a, k and o, H-bond (3) in structures i and I, and H-

bond (4) in structures m and n.
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Table 3.8 Dynamic results of the CF,SO, -H,0" —nH,0 complexes, n =1 — 4,

obtained from BOMD simulation at 350 K in continuum aqueous solution. Distances

and IR frequencies are in A and cm™, respectively

a)
1
Jf’ ‘ 2)
b
<Rgo> <Ady >  yoMOL [ gohwo o, onup Pe/Pa D (107)
1) 2.77 0.95
2) 2.44 0.26 1431 1835 404 0.19 3.03
3) 2.59 0.60
f) \
)‘?/, 12)
. “4‘;(1 03
<Rgo> <Ady > oW yORMD a0 Ps/Pa D (107)
1) 2.77 0.95
2) 2.44 0.24 1336 1863 527 0.11 2.93
3) 2.60 0.65

4) 2.90 2.02
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1.96

0.65

0.23

0.48

1.83

1728

1263

1504

3198

1683

2525

1470

421

1021

Ps/Pa

0.00
0.18

0.01

D (10®)

5.70
6.12

6.10
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K)

0.64

0.24

0.93

1.10

2.23

v
;) 5)
=
OH, MD OH, MD
A v B
1420 1829

OH, MD
A BA

409

Ps/Pa

0.19

D (10®)

4.65
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< Ad

1.96

0.54

0.37

0.69

0.84

0.75

1.03

OH, MD

1689

1582

2110

OH, MD

2665

1930

3165

OH, MD

Av ¢a

976

348

1055

Ps/Pa

0.02
0.24

0.01

D (10®)

6.70
4.85

9.03
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m)

1.66

2.20

0.48

0.32

0.87

1.43

1504

1521

<2

2407

1852

| RN

L 4)

AvOUe PglPa
903 0.01
331 0.26

D (10®)

7.46

10.49
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n)

1.26

0.84

0.48

0.25

0.69

0.91

1616

1369

1751

2576

1728

3199

Av

OH, MD
BA

960

359

1448

Ps/Pa

0.02
0.23

0.00

D (10®)

8.85
13.60

6.56
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0)

<R, > <Ad,, >
1) 2.76 0.93
2) 2.43 0.21
3) 2.61 0.65
4) 2.85 1.19
5) 2.76 0.92

6) 2.79 0.94

1) .
5) f »
‘)4)‘ 9 ;)
R
@6 O
v ZH, MD v gH, MD Av (;:‘ MD PB/PA
1251 1661 410 0.19

D (10®)
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Figure 3.12 The results of the CF,SO, - H,0" =nH,0 complexes, n =1 — 4, in

continuum aqueous solution, obtained from BOMD simulations at 350 K. a) Plot of

the average asymmetric stretching coordinates (< Ad ., >) and the average O-H..O H-
bond distances (< R, , >). b) Plot of the asymmetric O-H stretching frequencies
(v°*™) and the average O-H..O H-bond distances (<R, , >). ) Plot of the

asymmetric O-H stretching frequencies (v°*'") and the asymmetric stretching
coordinates (< Ad,, >). d) Symmetric, asymmetric O-H stretching and O-O vibration
bands of the CF,sO,-H,0"-H,0 1:1:4 complex (structure k). e) Plot of

standard deviations of the O-H distances (o, ) and the asymmetric stretching

coordinates (< Ad_, >). f) Plot of av "™ and the asymmetric stretching coordinates

(< Ad,, >). ) Plot of probability of finding the structural diffusion motion relative to
the oscillatory shuttling motion (Ps/Pa) and the asymmetric stretching coordinates

(<Ad,, >).



b)
4000
3500
3000
S 2500
D\
2.
5 2000
><
1500
1000
500
C
) 4000
3500
3000
5 2500
D\
2
5 2000
<
>
1500
1000
500

Figure 3.12 (Continued).

1.2

T T T T T T
23 2.4 25 2.6 27 2.8 2.9 3.0
<R, 5>IA
T T T T T
0.0 0.2 04 06 08 1.0
<ad,, >/A

110



111

d) 4
30 ]

symmetric

20
10—-
40-
301 B
20 - A

asymmetric

10 4

Arbitrary unit

40
30
- —— O-O vibration
20
104
0 T -
0 500 1000 1500 2000 2500 3000 3500

Frequency/ cm™

0.08

0.06

1A

H

0.04

0.02

0.00 , . , . , . : .
0.2 0.4 06 08 1.0

Figure 3.12 (Continued).



112

f)

1800
1600 —
1400 —
1200 —

1000

BA

800 4

Av. °"MP em?

600

400

200

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

<AdDA>/A

9

0.4

0.3+

0.2 4

Po/P,

0.1+

0.0 +——
00 01

0.7 0.8

<AdDA>/A

Figure 3.12 (Continued).



113

Dynamics of proton transfer and diffusion coefficients

To discuss the dynamics of proton transfer in the

CF,SO, -H,0" -nH,0 complexes, n = 1 — 4, the distributions of the proton

diffusion coefficients (D) for the H-bonds susceptible to proton transfer (vo*' <

A

OH*, MD

v, ) were computed and shown in Figure 3.13. It appeared that D can vary in a

quite wide range, with a maximum at 6.7x 10 cm” s in continuum aqueous

solution; represented by the H-bonds in Group 2 (pass-by mechanism). This could be
used in the discussion of the effects of the CF, SO ; group, by comparison with the
results in the CF,SO.H-H,0" —nH,O0 complexes, n = 1 — 3, (Phonyiem,
Chaiwongwattana, Lao-ngam, and Sagarik, 2011) and the protonated water clusters
(Lao-ngam, Asawakun, Wannarat, and Sagarik, 2011). It should be noted that the
most populated proton diffusion coefficient computed in the present work is higher
than that in the CF,SO ,H -H,0 —nH,O complexes, n = 1 — 3, (3.2x10° cm? s™?),
but considerably lower than those in the protonated water clusters.

In order to obtain additional kinetics information from BOMD
simulations, the lifetimes (t) of the H-bonds with high relative probability of finding
the structural diffusion motion (Pg/Pa) 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 lifetimes 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 (4) in structure k was computed as an
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examples; © = 146 fs, corresponding to k = 9.5 ps™. The lifetimes are shorter and the
first-order rate constants are larger than those obtained from the protonated water
cluster (Lao-ngam, Asawakun, Wannarat, and Sagarik, 2011). For the protonated
water cluster in continuum aqueous solution, the shared-proton structure with the
highest Pg/Pa possesses t = 233 fs and k = 6.0 ps™. The values reflect a higher rate
for the interconversion between the shared-proton and contact structures in the
presence of the CF, SO ; group.

Remarks should be made on the dynamics and kinetics in the presence

of the CF,SO; group. Comparison of the most probable proton diffusion coefficient

in the CF,SO, -H,0°-H,0 1 :1: 4 complexes (D = 6.2x10° cm® s?, 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 = 8.2 x 10° cm’ s, in the continuum aqueous solution.
The values suggested that the CF,SO; group suppresses the mobility of the

transferring proton in the intermediate state. This results in lower proton diffusion

coefficients in the CF,SO, -H,0" - nH,0 complexes, n = 1 — 4, compared to the

protonated water clusters. However, the presence of the — SO, group results in a

OH, MD

decrease of Av g, "™ and increases the relative probability of finding the structural
diffusion motion (Pg/PA) in the shared-proton structure, leading eventually to higher

first-order rate constants (k) in the CF,SO, -H,0" - nH,0 complexes, n = 1 — 4.

One could therefore conclude that the CF,SO; groups in Nafion® act as active
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binding sites which provide appropriate structural, energetic and dynamic conditions
for effective structural diffusion processes in the intermediate states of proton transfer

reactions.

12
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Figure 3.13 Distributions of the diffusion coefficients (D) of the transferring proton
in the CF,SO, -H,0" -nH,0 complexes, n = 1 — 4, for pass-by mechanism,

obtained from BOMD simulations at 350 K.



CHAPTER IV

CONCLUSION

Attempt has been made in the present work to study proton transfer reactions
at a hydrophilic functional group in model Nafion®, using theoretical methods which

take into account the dynamics of formation and cleavage of covalent and H-bonds.
The H-bond complexes formed from CF,s0 3, HsO" and nH2O, n = 1 — 4, were

employed as model systems, from which the dynamics of an excess proton and proton

defects at and in the vicinity of —so ; were systematically studied, with the emphasis

on how - so ; facilitate or mediates proton transfer reactions at low hydration levels.

In order to provide fundamental information for the investigations on the proton
transfer reactions at a hydrophic group of Nafion, characteristics of the transferring
protons in protonated water clusters were studied. The theoretical investigations
began with searching for the H-bond complexes which could be important in the
dynamic proton transfer pathways, as well as characteristic H-bond structures and IR
spectra of the transferring protons, both in the gas phase and continuum aqueous
solution using the DFT method at the B3LYP/TZVP level of accuracy. A series of
BOMD simulations at 350 K was performed based on B3LYP/TZVP calculations.
Attention was focused on the precursors and transition states with H-bonds

susceptible to proton transfers.
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DFT calculations at the B3LYP/TZVP level revealed that the potential H-bond

structures consist of the Zundel complex, with the characteristic asymmetric O-H
stretching frequencies (v°") < 1000 cm™ and the threshold frequencies for proton

transfers in the gas phase and continuum aqueous solution at v°"" = 1984 and 1881
cm™, respectively. According to the results obtained from the static proton transfer
potentials, the trends of the interaction energies with respect to the number of water
molecules in the gas phase and continuum aqueous solution are quite similar. The
destabilization effects caused by the continuum aqueous solvent bring about smaller
variation of the interaction energies with respect to the number of water molecules
compared to the gas phase. The destabilization effects also lead to shifts of the
transferring protons away from the centers, especially for the H-bond complexes with
the Zundel complex as the central charged species. The trend of the solvation energies
revealed that, when the number of water molecules is the same, the H-bonds inside
the protonated water clusters experience comparable uniform electric field.

BOMD simulations at 350 K predicted the characteristic asymmetric O-H
stretching frequencies in a quite wide range, from 940 to 1740 cm™. Most
importantly, BOMD simulations suggested additional characteristic asymmetric O-H
stretching bands at higher frequencies. They are in the range of 1640 and 2600 cm™.
The low-frequency bands are regarded as the “oscillatory shuttling band” and the
high-frequency bands the “structural diffusion band”. The latter cannot be determined
easily from static proton transfer potentials, due to the anharmonic and dynamic
behaviors of the vibrational motions of the transferring protons. The oscillatory

shuttling and structural diffusion bands could be considered as the spectroscopic



118

evidences for the shared-proton complex and product (or precursor) formations,
respectively.

The analyses of the H-bond structures and v°*'“® vyielded the threshold

OH*, MD
A

frequencies (v ) for the proton transfers in the gas phase and continuum aqueous

solution at vo™ ™ = 1917 and 1736 cm™, respectively. Because the quasi-dynamic

equilibrium between the Zundel and Eigen complexes was suggested to be the rate-
determining step, in order to achieve an “ideal” maximum efficiency, a concerted
proton transfer pathway should be taken. The present results anticipated that the
effective interconversion between the two proton states, the Zundel-like and
hydronium-like structures, could be reflected from comparable intensities of the

oscillatory shuttling and structural diffusion bands. The vibrational energy for the

OH, MD

interconversion between the two dynamic states (Av .. ) can be approximated from

OH, MD
B

OH, MD
A

OH, MD

and v BA

the difference between v , for the protonated water clusters , Av

= 473 cm™ or 5.7 kJ/mol. 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 (Pg/Pp) is

OH, Mi
“Avga

proportional to e "R the plot of Pg/Pa and <Ad_, > suggested the maximum

probability of finding the structural diffusion motion relative to the oscillatory

shuttling motion, Pg/Pa = 0.17 at <Ad_, > = 0.27 A. At larger <Ad, >, the H-bond

becomes weaker and Pg/Pa decreases, especially when v&*" > oM These

A A

pieces of information could provide an appropriate IR spectroscopic method to

investigate proton transfer reactions in larger model systems, and iterated the
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necessity to incorporate the thermal energy fluctuations and dynamics in the model
calculations.

For proton transfer reactions and dynamics at a hydrophilic group of Nafion® ,
the B3LYP/TZVP results suggested two types of structural diffusion mechanisms

namely, the pass-through mechanism, involving the protonation and deprotonation at
the —-so . group, and the pass-by mechanism, the proton transfer in the adjacent
Zundel complex. From the static results, asymmetric stretching coordinate (Ad,, )
and O-H stretching frequency (v ) suggested higher tendency for proton transfer in
the continuum aqueous solution with Ad;, =0.36 A v =1921 cm™.

BOMD simulations at 350 K predicted slightly lower threshold frequencies for

proton transfer, v "°. = 1820 cm™, compared to those in B3LYP/TZVP results. The

OH, MD OH, MD OH, MD

analyses of v, and v, suggested the lowest Av g, ™ for pass-by mechanisms
of 318 cm™ This is about 80 and 155 cm™ lower than those observed in
CF,SO,H-H,0" -nH,0,n=1-3 and 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 — SO ; group.

The proton diffusion coefficients obtained in the CF,SO, -H,0" - nH,0

2

complexes, n = 1 — 4, was slightly predicted higher than those in the

CF,SO.,H -H,0" —nH,0complexes, n = 1 — 3, but lower than those in the

protonated water clusters, indicated that the — SO , 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
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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 CF,SO, -H,0" - nH,0 complexes, n =1 — 4, compared to
those in the protonated water clusters. One could, therefore, conclude that the - so ;

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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APPENDIX A
SUPLEMENTARY RESULTS
FOR THE CF3;S0O5; = H;0" — nH,0O complexes,

n=1-4
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Table A.1 Static results of the CF,SO, -H,0" - nH,0 complexes, n = 1 — 4,

obtained from B3LYP/TZVP calculations, both in the gas phase and continuum

aqueous solution. Distances and energies are in A and kJ/mol, respectively

Gas Cosmo
! Y P4 )
(A‘, .\2) 3) 1) @
s a . g o’
5)" 2)
T L) .4)
$o »

R 0-0 R O-H AE R 0-0 R O-H AE AESOI
1) 2.45 1.10 -259.9 1) 2.47 1.08 -100.9 -40.7
2) 2.60 1.01 2) 2.92 0.97
3) 2.67 0.99 3) 2.77 0.98
4)2.72 0.99 4)2.78 0.98
5) 2.83 0.98

R,, and R, ., = H-bond distances; AE = interaction energy in the

CF.SO.-H.0" —H,0 clusters;: AE®' = solvation energy.
3 3 3 2



Table A.1 (Continued).
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Gas Cosmo
1) 1) f“) 2) 9‘" "‘ 2)
Fhao Ry
"J".’Q ‘(\\3) ‘J""'f 23)
0 | A _J’ ’
P og® $og?

Roo Roon AE Rioso Row AE AE*
1) 2.71 0.99 -876.5 1) 2.83 0.98 -209.0 -88.9
2) 2.56 1.02 2) 2.55 1.03
3) 2.55 1.02 3) 248 1.07
4) 2.51 1.04 4) 2.64 1.00
5) 2.62 1.00 5) 2.74 0.99
6) 2.68 0.99 6) 2.65 1.00
7)2.77 0.98 7) 2.84 0.98




Table A.1 (Continued).
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Gas Cosmo
X Q
m) 2)}. 3) I ) 3)
S 9
U999 )
. ’ 0 L 4
6) 5 ¢ T 4)
e T ; G
'/ (4
9
Roo R, AE Roo R, , AE AE™
1) 2.68 0.99 -863.4 1) 2.74 0.99 -205.12 -79.79
2) 2.84 0.97 2)2.91 0.97
3)2.71 0.98 3) 2.54 1.03
4) 2.75 0.98 4) 2.45 1.08
5) 2.46 1.09 5) 2.72 0.99
6) 2.55 1.02 6)2.89 0.97

7)2.61 1.00

8) 2.82 0.97
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Gas Cosmo
"oy w27
. 3)
e T e X3
R 6) | v
- § L
J 7 5) ,4'_, Z‘J
Roo R, AE Roo R, , AE AE™
1) 2.95 0.97 -296.16 1) 2.87 0.97 -202.06 -117.4
2) 2.81 0.97 2)2.74 0.98
3) 2.66 1.00 3) 2.52 1.04
4) 2.91 0.97 4) 2.44 1.11
5) 2.91 0.97 5) 2.63 1.00
6) 2.76 0.98 6)2.79 0.98
7) 2.58 1.02
8) 2.45 1.10
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Gas Cosmo
0)
| ;,),4,.,:3) RS
.‘,)‘ 2 5). ﬂ/‘
) 1‘4) ‘ 4) 3)
'J—JJ‘S)/ 6)

Ro., R, AE R, . R, AE AE™
1) 3.01 0.97 23214 | 1)276  (0.98)  -17560 -107.39
2) 2.66 0.99 2)2.43  (1.12)

3) 2.51 1.05 3)261 = (1.01)
4) 2.83 0.97 4)285  (0.97)
5) 2.79 0.98 5)2.76. - (0.98)
6) 2.74 0.98 6)279  (0.98)

7)2.83 0.97
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Table A.2 Asymmetric stretching coordinate (Adpa) and O-H stretching frequency
(v°") of the cF,s0;-H,0" —nH,0 complexes, n = 1 — 4, obtained from

B3LYP/TZVP calculations, both in the gas phase and continuum aqueous solution.

They are in A and cm™, respectively.

Gas Cosmo
) ‘ : ‘
f(fvl)’ 2 ) 3) yl)f )@
, [} Lo 2h o
5)". *4) 2)

\ 2 ‘ 3) |

P »
AdDA VOH AdDA VOH
0.24 1537 0.31 1773
0.58 2903 0.99 3548
0.69 3156 0.81 3297
0.75 3286 0.82 3350
0.88 3481




Table A.2 (Continued).
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Gas Cosmo
) _.1,)—'- J '. 2) D/" 2)
? ‘LG) -C Jﬁf{.fi),ﬂ‘
13) " 4 43)
7)\\1' . ’ ) 7)\\‘ 1 ’ J
MO R R B
AdDA VOH AdDA VOH

0.76 3287 0.91 3437
0.54 2807 0.50 2542
0.51 2606 0.35 1927
0.43 2358 0.65 2980
0.62 2976 0.76 3234
0.70 3199 0.67 3072
0.81 3398 0.89 3452
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Gas Cosmo
, Q
m ) 12)
) 2) . 3) '/ 3)
V9.4 e
WL o 0 S
‘(&' : ¢ 5
8) \ 17) 6) i
e
AdDA VOH AdDA VOH
0.72 3243 0.77 3294
1.02 3507 0.97 3504
0.85 3342 0.49 2495
0.88 3383 0.29 1786
0.27 1771 0.75 3255
0.57 2795 0.95 3514
0.72 3154
1.09 3516
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Gas Cosmo
n) o 1) ) . ;JO
’Q\E—)) '4) 6 "
8) D /6y ) )
bo® N
Adpa voH Adpa vor
1.04 3507 0.93 3504
1.02 3503 0.78 3328
0.69 3081 0.44 2364
1.10 3596 0.22 1308
1.11 3603 0.63 2929
0.81 3325 0.83 3391
0.56 2785
0.25 1682




Table A.2 (Continued).
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Gas Cosmo
0) 3
Q}KJ, é os” "
¥ X
) i4) ‘ 4) 3)
'J—w‘s)/ &5 o
Adpa voH Adpa Vo
1.17 3653 0.85 3356
0.70 3174 0.20 1214
0.42 2261 0.61 2919
1.01 3496 0.90 3477
0.91 3417 0.80 3279
0.84 3326 0.83 3347
1.01 3494
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Table A.3 Dynamic results of the CF,sO, -H,0" —nH,0 complexes, n =1 — 4,
obtained from B3LYP/TZVP calculations, both in the gas phase and continuum
aqueous solution (the values in parenthesis). Distances and energies are in A and

kJ/mol, respectively

9 ®)
1) A
- '3)
, ) 2
4 e
<R, ,> <Ad,, > s i v o Ve Av oM Pe/Pa D (10”)
1) 2.61 0.66
2) 2.54 0.54 1509.6 2457.8 948.3 0.02 3.93
3) 2.51 0.47 1554.3 2328.7 774.4 0.04 6.02

4) 2.80 1.56
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Table A.3 (Continued).

e) D, .2)
’?t’ 4 |
/'13

1"‘%4) o)
<R,o > <Ad,, > v O M v o M Av o MP Pa/Pa D (107)
1) 2.72 0.83
2) 2.49 0.40 1537.5 2311.9 774.3 0.04 6.70
3) 2.48 0.38 1548.7 2351.2 802.4 0.03 6.42

4)2.72 0.83
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Proton transfer reactions and dynamics were theoretically studied using the hydrogen-bond
(H-bond) complexes formed from H;0 " and nH,0, n = 1-4. as model systems.

The investigations began with searching for charaeteristics of transferring protons in the gas
phase and continuum aqueous solution using DFT method at the BILYP/TZVP level, followed
by Born—-Oppenheimer molecular dynamics (BOMD) simulations at 350 K. B3LYP/TZVP

calculations revealed the threshold asymmetric O-H stretching frequencies (v

OH%) for the proton

transfers in the Zundel complex (HsO, ) in the gas phase and continuum aqueous solution at

1984 and 1881 cm

!, respectively. BOMD simulations suggested lower threshold frequencies

(@°"MP% = 1917 and 1736 cm ', respectively), with two characteristic »®*M” being the IR
spectral signatures of the transferring protons. The low-frequency band could be associated

with the “oscillatory shuttling motion™ and the high-frequency band with the “structural
diffusion motion™. These can be regarded as the spectroscopic evidences of the formations

of the shared-proton structure (O- ~-H".-.0) and the HgO+ ~H,0 contact strueture (O-H - -0),
respectively. Since the quasi-dynamic equilibrium between the Zundel and Eigen complexes was
suggested to be the rate-determining step, in order to achieve an “‘ideal” maximum efliciency of
proton transfer, a concerted reaction pathway should be taken. The most effective interconversion
between the two proton states, the shared-proton structure and the H:O " —H,O contact
structure, can be reflected from comparable intensities of the oscillatory shutiling and

structural diffusion bands. The present results iterated the previous conclusions that static
proton transfer potentials cannot provide complete deseription of the structural diffusion

process and it is essential to incorporate thermal energy fluctuations and dynamics in the

model calculations.

Introduction

Proton transfer reactions have been of interest especially in
connection with the understanding of elementary reactions in
electrochemical and biological systems.'® Although some
theoretical and experimental information has been accumulated
in the past decades,” ' precise mechanisms of proton transfer
reactions in liquids and solids are not completely known.
Because some basic chemistry of proton transfer processes
has been discussed in detail in many review articles.*>’ only
the theoretical and experimental information pertinent to the
present work will be briefly summarized.

“School 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

b School of Mathematics, Institute of Science, Suranaree University of
Technology, Nakhon Ratchasima 30000, Thailand

“ National Electronics and Computer Technology Center (NECTEC ),
National Science and Technology Development Agency (NSTDA ),
Pathumihani 12120, Thailand

According to experimental and theoretical studies,>” there
are three basic structures involved in proton transfer reactions
in aqueous solution namely, the hydronium ion (H;O "), the
Eigen complex (HgOy4 ) and the dihydrated cation known as
the Zundel (HsO5" ) complex. The latter is represented by an
excess proton equally shared between two neutral water
molecules. Various concepts have been proposed to explain
the unusually high mobility of protons in aqueous solution.”® "'
Apart from the diffusion of hydrated proton through the so
called “vehicle mechanism™, by which protons bound with a
fraction of water molecules travel through the electrolyte
via mutual diffusion, Eigen and De Maeyer'' demonstrated
that the “‘structural diffusion™, the diffusion of the H-bond
structure in which an excess proton is shuttling back and forth,
represents an important elementary reaction in the proton
transfer processes.

There has been a controversy as to whether the species
containing an excess proton could be described as HoO, or
Hs05 .° The controversy was partly resolved by Tuckerman
et al.'>"? According to the results of quantum molecular

4562 | Phys. Chem. Chem. Phys., 2011, 13, 4562-4575
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dynamics (MD) simulations, a single proton in H-bond
network, regarded as “proton defect”’, could belong to either
Hs05 or HyO;. with the center of the area having the
excess proton coinciding with the center of symmetry of the
H-bond structure. It was demonstrated that, changes in
these H-bond structures and those in the vicinities through
the H-bond breaking and forming processes displace the
center of symmetry in space and also the center of the excess
charge.'>'* In this way, H;05" can be converted to HyOJ and,
therefore, regarded as structural diffusion. The proposed
mechanism for the diffusion of an excess proton in water
was supported by Agmon,'” based on the interpretation of
NMR data.

One of the most powerful experimental techniques in
H-bond research is vibrational spectroscopy. The most evident
effects of H-bond formations in aqueous solution are the red
shift of the high-frequency hydroxyl (O-H) stretching mode,
accompanied by its intensity increase and band broadening.'* '
The broad and intense IR absorption bands ranging from 1000
to 3000 ecm™' were interpreted as spectral signatures of
protonated water networks.'” The correlation between the
O-H stretching frequency and the probability of proton
transfer in H-bond has been discussed in detail:'®'® the
probability of proton transfer could be related to a strong
red shift of the asymmetric O H stretching frequency (#°M),
compared to the corresponding “free” or “non-H-bonded™
one.'® The red shift cannot be detected easily in experiments
due to the coupling and overlapping of various vibrational
modes, as well as the detection limit of IR equipment;'® ™'
whereas, the harmonic approximation emploved in conven-
tional ab initio calculations is inadequate to predict accurately
the asymmetric O—-H stretching frequency of the active proton
in H5Oz’ lzo‘zz

Theories”™ and experiments'®”* indicated that the IR
spectra of protonated water clusters in the gas phase and
aqueous solution could be divided inte three distinct regions.
Born—Oppenheimer molecular dynamics (BOMD)simulations
at 225 and 360 K> suggested that the vibrational frequencies
above 3000 cm ' are associated with the symmetric and
asymmetric O-H stretching modes of individual water molecules,
whereas those between 1000 and 2000 cm™' are the charac-
teristic vibrational frequencies of the transferring protons.®’
The IR multiple photon dissociation (IRMPD) spectra of
HsO; were measured in the gas phase,”>* from which two
different possible assignments of the observed IR bands were
discussed. The IRMPD spectra showed a characteristic
asymmetric O-H stretching frequency at 990 cm™', in good
agreement with B3ALYP/6-31 + G** calculations with harmonic
approximalion.”

In our previous work, proton transfer reactions at a hydrophilic
group of Nafion™, a widely used polymer electrolyte membrane
in fuel cells (PEMFC), were studied using the H-bond com-
plexes formed from methanol (CH;0H), H;O ™ and H.0.®
and from triflic acid (CF3S0;H), H;O " and H,0.%" as model
systems. For the most basic unit in aqueous solution, the
H;0"—H50 complexes, BOMD simulations at 350 K revealed
that a quasi-dynamic equilibrium is established between the
Eigen and Zundel complexes and considered to be the most
important elementary reaction in the proton transfer process.”’

It was demonstrated that proton transfer reactions are not
concerted due to the thermal energy fluctuations and dynamics.
The BOMD results and IR spectra of the transferring protons
also revealed that, the proton transfer processes in the proto-
nated CH;OH-H,O clusters involve the CH;OH-H;0 "—H-0
1:1:1 complex as the most effective mediator;*® whereas for
the protonated CF3;SO;H-H-O clusters, the —-SO;H group
could be directly and indirectly involved in proton transfer
reactions, through the formation of proton defects, as well as
—S0O; and -SO;H5 .** It was concluded that, due to the
coupling among various modes of vibrations, the discussions
on proton transfer reactions cannot be made based only on
static proton transfer potentials. >®>?

In order to provide fundamental information for further
investigations on the proton transfer reactions at a hydrophilic
group of Nafion™, characteristics of the transferring protons
in protonated water clusters were studied in the present work.
The investigations began with searching for the equilibrium
structures of the protonated water clusters which could be
important in proton transfer pathways using pair potentials.
The computed equilibrium structures were refined using a
density functional theory (DFT) method, and employed as
starting configurations in BOMD simulations at 350 K,
an operation temperature in PEMFC. As proton transfer
reactions are governed by various modes of vibrations, IR
spectra of the H-bond protons susceptible to proton transfers
were computed from DFT calculations and BOMD simula-
tions. The characteristic IR frequencies and dynamics of the
transferring protons, obtained from BOMD simulations, were
analyzed, discussed and compared with available theoretical
and experimental data.

Computational methods

Our experience™>’ revealed that elementary reactions and

dynamics of proton transfer in H-bond could be studied
reasonably well by taking the following three basic steps
namely: (1) searching for the H-bond structures which could
be intermediate states in the dynamic proton transfer pathways
using pair potentials; (2) refining the computed structures
using an accurate quantum chemical method; (3) BOMD
simulations using the refined structures as the starting con-
figurations. These basic steps were adopted in the present work
to investigate proton transfer reactions in the protonated
water clusters.

Since proton transfer reactions involve formation and
cleavage of covalent bonds, inclusion of too many water
molecules in the model systems could lead to difficulties in
the analyses of the elementary reactions and dynamics.m‘zf"z?
It was, therefore, the strategy of the previous®®*” and present
works to restrict the number of water molecules to not more
than four; according to a neutron diffraction experiment
with hydrogen isotope substitutions and Monte Carlo (MC)
simulations,” 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 . As the electric field introduced
by polar solvent could determine the potential energy surface,
on which the transferring proton in H-bond moves, > 31 3
continuum solvent model had to be included in the model
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calculations. To approximate the solvent effects, a conductor-
like screening model (COSMO) was proved to be applicable
on similar H-bond systems.**? Therefore, to partially account
for the effects of the extended H-bond networks of water,
COSMO with the dielectric constant (&) of 78 was employed in
the present quantum chemical calculations and BOMD
simulations.

Static calculations

Equilibrium structures and asymmetric stretching coordinates.
In the present investigation, attention was focused on the
H-bond structures which could be involved in proton transfer
processes. The T-model potentials for H;O " and H,O were
taken from ref. 26 and employed in the calculations of
the equilibrium structures of the H;O -»nH.O complexes,
n = 1-4. Because the T-model had been discussed in details in
the previous studies,™ *' only some important aspects relevant to
the geometry optimizations will be briefly summarized using the
Eigen complex as an example. The experimental t__ﬂ:eome:tricas42 of
H;0" and H,O were kept constant in the T-model geometry
optimizations. For the Eigen complex, a rigid H;Q" was placed
at the origin of the Cartesian coordinate system. The coordinates
of H50 molecules were randomly generated in the vicinities of
H,0". Based on the T-model potentials, equilibrium siructures
of the Eigen complex were searched using a minimization
technique. Fifty configurations were generated randomly and
employed as starting configurations in the T-model geometry
optimizations.

Because the T-model is based on rigid molecules, in which
the cooperative effects are neglected, further structural refine-
ments had to be made using an appropriate quantum chemical
method. Literature survey showed that, DFT methods have
been frequently chosen due to the ability to treat molecules of
relatively large sizes with reasonable accuracies compared to
other non-empirical methods.* ' Especially in the present
case, calculations of IR spectra and BOMD simulations with
thousands of time steps had to be made, it was necessary to
compromise between the accuracy of theoretical methods and
available computer resources. In order to achieve all the
objectives, DFT calculations were made using the B3LYP
hybrid functional,®* with the triple-zeta valence basis sets
augmented by polarization functions (TZVP). The TZVP basis
sets were developed and tested by Ahlrichs and coworkers.”
The applicability of the TZVP basis sets in DFT calculations
on structures and IR spectra was discussed.”' It was concluded
that the TZVP basis sets are sufficient for the systems with and
without occupied d-states, and could be applied well in the
calculations of equilibrium structures and interaction energies,
as well as IR spectra, of such systems.”" The applicability of
B3LYP calculations on protonated water clusters was also
analyzed and discussed in details,

In the present work, all quantum chemical calculations were
made using TURBOMOLE 6.0.">%* The absolute and local
minimum energy geometries of the protonated water clusters
obtained from the T-model potentials were employed as starting
configurations in the B3LYP/TZVP geometry optimizations.
In order to ensure that the optimized structures were at the
stationary points and to obtain reasonable IR frequencies, a

tight SCF energy convergence criterion (less than 10~ ® au), with
the maximum norm of Cartesian gradients less than 10 au,
was employed in the BALYP/TZVP geometry optimizations.

The interaction energies (AE) of the optimized structures
were computed as AE = E(H;0 " -nH;0) — [E(H;0) +
nE(H,0)]; £(H;0 " -nH,0) is the total energy of the optimized
structures of the H3;O -nH,O complexes; E(H:0") and
E(H,0) are the total energies of the isolated H;O" and H,O
al their optimized structures, respectively. The energetic effects
due to the continuum aqueous solvent (COSMO with ¢ = 78)
were estimated from the solvation energy (AE®), approxi-
mated as AE* = E(H,0 " -nH,0) MO _ E(H,0"-nH,0);
E(H;0 " —nH-0)""MO and EH;0 " —nH,0) are the total energies
of the optimized structures, obtained from B3LYP/TZVP
calculations with and without COSMO. respectively. The
interaction energies between the central charged species and
the surrounding water molecules (ALY, X = H,;0" or Hs05)
were computed with and without the continuum aqueous solvent
as AE® = E(X-nH-0) — [E(X)+ EnH,0)]: E(X-nH-0) is the
total energy of the optimized structures; E(X) and E(nH-0) are
the total energies obtained by removing water molecules and
the central charged species from the optimized structures,
respectively. In order to test the reliability of the energetic results
obtained from B3LYP/TZVP calculations, the basis set super-
position errors (BSSE) were estimated for AE™ using the counter-
poise correction.™

An attempt was made to anticipate the tendency of proton
transfer in H-bond using the asymmetric stretching coordinate
(Adys4).”%* for which a concept of the “most active™ H-bond™®
was employed in the discussion of the Grotthuss mecha-
nism. Within the framework of the most active H-bond,
Adpa of a H-bond donor (D)-acceptor (A) pair is defined by
Adpa = | do gy — dg .y |: where da y and dy. .y are the A-H
and B- - ‘H distances in the A-H. - -B H-bond, respectively. The
H-bond with small Adp, is considered to be susceptible to
proton transfer;”® “active” with respect to proton transfer
when Ady,, < 0.1 A, and “inactive” when Adp, > 0.4 A%

Infrared spectra and normal mode analyses. Because the theo-
retical results on the IR spectra of the CH;OH-H,0 " -H-0
complexes’® revealed interesting correlations between the
asymmetric O-H stretching frequencies (+°™) and the H-bond
distances (Ro o). " of the H-bond protons in the protonated
water clusters were investigated in detail. Using the optimized
H-bond structures obtained in the previous subsection, harmonic
IR frequencies were computed from the numerical second
derivatives of the B3ILYP/TZVP total energies. The calcula-
tions of the second derivatives and the analyses of the normal
modes in terms of internal coordinates were performed
using NUMFORCE and AOFORCE programs, respectively.
They were incorporated in TURBOMOLE 6.0 software
package.ﬂ‘ﬂ P derived from the static proton transfer
potentials (B3LYP/TZVP calculations) were used to estimate
the tendencies of proton transfers in the protonated water
clusters.

It should be mentioned that the vibrational frequencies
derived from quantum chemical calculations are in general
larger than those from experiments. Therefore, a scaling factor
which partially account for the anharmonicities and systematic
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errors is required. Although in the present study, only the
changes in the O-H stretching frequencies due to different
H-bond environments were of interest, a scaling factor was
used throughout; a scaling factor of 0.9614™ was proved to be
appropriate for BILYP/TZVP calculations with comparable
basis sets. =

Dynamic calculations

Born—Oppenheimer MD  simulations. Dynamics of rapid
covalent and H-bond formations and cleavages could be
studied reasonably well using quantum MD simulations,”
among which BOMD simulations have been widely used
in recent years.®! °® Within the framework of BOMD simula-
tions, 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 Schrodinger 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. It should be mentioned that,
although the high mobility of excess proton was initially
attributed to quantum mechanical (QM) tunneling.”’ the
results of BOMD simulations™ and conductivity measurements®
indicated that mechanisms of proton transfers could be explained
reasonably well without assuming the proton tunneling as an
important pathway.

As proton transfers in aqueous solution inyolve 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 in femtosecond (fs) timescale,” which is faster than
solvent structure reorganization,'” made it possible to perform
BOMD simulations by focusing on short-lived phenomena
taking place before the H-bond structure reorganization. The
present BOMD simulations were performed with canonical
(NVT) ensemble at 350 K, by applying a Nose-Hoover chain
thermostat to each degree of freedom in the system. In order to
ensure that all important dynamics in the gas phase and
continuum aqueous solution (COSMO) were taken into account,
the shared-proton complexes predicted in the previous sub-
section were used as the starting configurations. Since in
aqueous solution, the rapid interconversion between the Zundel
and Eigen complexes takes place within 100 fs (10 5).% the
timestep used in solving dynamic equations was set to 0.24 fs.
In each BOMD simulations, 2000 steps were devoted to
equilibration, after which 10000 steps to property calculations,
corresponding to about 2.4 ps. All BOMD simulations were
performed using FROG program included in TURBOMOLE
6.07°>% the MD program employs the Leapfrog Verlet algorithm
to turn the electronic potential energy gradients into new atomic
positions and velocities.

Remarks should be made on the ensemble and simulation
length chosen in the present study. The applicability and
performance of NVE and NVT BOMD simulations on small

H-bond chains were investigated and discussed in detail.”” For
NVE BOMD simulations, it was demonstrated that the
potential energy of the system decreases quite rapidly in
the course of BOMD simulations. Once the proton stays at
the center of the H-bond, the potential energy is at the lowest
point and the proton is trapped in the minimum; no proton
transfer can be observed in the later timesteps. Since NVE
BOMD simulations are conducted at constant energy. a
decrease in the potential energy is accompanied by an increase
in the kinetic energy. as well as temperature, leading to the
H-bond structure reorganization and fragmentation. For
NVT BOMD simulations, the energy released during the
proton transfer processes can be absorbed by the thermostat
bath, allowing the H-bond structure and local temperature to
be maintained for a longer time (2-5 ps), depending upon the
size and the complexity of the H-bond structure. Thus, NVT
BOMD simulations are more appropriate for the present
investigations.

Additional comments should be made on BOMD simula-
tions, in comparison with another theoretical method. In order
to obtain a quantitative description of reaction path networks,
special algorithms,”" such as “discrete path sampling (DPS)”
method, have been (:1eve101;3e::1.72 The DPS method is based on
path sampling using information about stationary points on
the potential energy surface. Thermodynamics and dynamic
properties (rate constants) could be computed from model
density of state (e.g. employing classical pair potentials or
databases of local minima and transition states). The method
1s therefore suitable for the reactions, in which the pathways
consist of sequences of local minima and transition states. The
DPS method can also be applied on the dynamic properties
with large samples of minima, e.g. the rates of isomerization of
water clusters.”? One of the problems of the DPS method is the
number of local minima on the potential energy surface which
can grow exponentially with the system size. Since we focused
attention on the motions of individual protons in small
H-bond clusters, not many local energy minima and pathways
had to be considered: the quasi-dynamic equilibria between
the two limiting structures, the Zundel and H;0"-H,O
complexes, in various H-bond environments are the most
important issues, as they can determine the dynamic behaviors
of proton transfers in aqueous solution. BOMD simulations
are therefore the most appropriate choice in this case.

Infrared spectra and diffusion coeflicients. Since proton
transfer reactions in H-bonds are strongly coupled with various
degrees of freedom, especially the OO vibration ,***¢ atten-
tion was focused on the symmetric and asymmetric O-H
stretching modes, as well as the O-O vibrations. In the present
work, the IR spectra of the transferring protons were com-
puted 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 100 fs. This choice is justified by the observation
that the average lifetime of the most important shared-proton
complex, the Zundel complex, is about 100 fs.'** The diffu-
sion coefficients (D) of the transferring protons were computed
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Table 1 Static results of the protonated water clusters obtained from B3LYP/TZVP calculations. Distances, energies and IR frequencies are in A,

kJ/mol and em™", respectively”

Structure Roo Rowu  Adpy  AE AE AEX OH
Gas 2.40 120 0.00 158.8 3164 961.3
> oo
a ., Cosmo 240 120 0.00 58.2 676.8
Gas 2.49 104 041 265.7 2803 2007 (-283.2) 23045
b ? ', Cosmo 250 1.05 0.40 95.2 1217 (~1183) 21201
Gas 2.56 1.02 0.52 353.7 260.2 379.7 (-369.7)  2759.7
)
. g
\, 2 Cosmo 255 L.02 0.51 129.3 159.8 (~1547) 25314
4
Gas 2.40 1.20 0.00 340.6 260.6 1917 (—1854)  997.9
¢
d g ? Cosmo 243 111 0.21 116.7 70.3 (~68.5) 1240.4
o
Gas 239 1.20 0.00 340.5 2618 1917 (~1853) 10019
o ]
¢ ), P Cosmo™ 243 111 0.21 117.7 74.5 (~73.2) 1263.6
J >
Gas 245 107 032 403.2 2532 4349 (-4242) 19147
2
Py S ‘
e S R
: ? B 4 ) [ Cosmo 247 1.07 0 0.33 138.0 1715 (~166.1)  1778.0
J
Gas 247 105 0.37 416.5 249.7 4153 (-4064) 22296
‘J
/‘) " 4
g - - y 25 5 552 (~15 2185
= 3 _\ Cosmo 250 1.03 0.40 147.9 1552 (~1509)  2185.8
i ?
3
Gas 241 L1208 402.0 265.9 2331 (-226.1)  1296.8
 §
-"" \\\
J.‘) ‘J.J
h Cosmo 246 1.09 0.8 149.5 1510 (—1484)  1457.7

i

“Rooand Ro iy = H-bond distances: Adp, = asymmetric stretching coordinate; AE
AE*' = solution energy: AEY interaction energy between the central charged species (X
parentheses computed with the counterpoise corrections): W

H

interaction energy in the protonated water clusters;
H40" or H;O5 ) and water molecules (the values in
= asymmetric O-H stretching frequency.
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from BOMD simulations using the Einstein relation,”*” by
which D were determined from the slopes 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 is computed.”® Our
previous® and present experience showed that, linear relation-
ship between MSD and simulation time could be obtained
when the time intervals are not larger than 0.5 ps.

Results and discussion

In this section, all important results are presented. with the
emphasis on the H-bonds in the shared-proton complexes. The
discussions are made primarily on the static results obtained
from B3LYP/TZVP calculations, both in the gas phase and
continuum aqueous solution. Then, the BOMD results are
analyzed and discussed in comparison with the B3LYP/TZVP
results, with special attentions on the relationships among the
H-bond structures, characteristic IR frequencies and dynamics
in connection with the mechanisms of proton transfer reactions.

Static results

Shared-proton complexes and infrared spectra of transferring
protons. Equilibrium structures, interaction energies (A£ and
AEX, X = H;0"or Hs03) and solvation energies (AE*)
of the H:O"—nH,O complexes, n = 1-4, obtained from
B3LYP/TZVP calculations are summarized in Table 1. The
characteristic H-bond distances (R o and Rg_py), asymmetric
stretching coordinates (Adp, ) and asymmetric O-H stretching
frequencies (1°") of the transferring protons are included in
Table 1. The trends of AE, AE™ and AE™ with respect (o the
number of water molecules are compared in Fig. 1.

The equilibrium structures, AE and AE® obtained from
B3LYP/TZVP calculations agree in general with the results
in the literature.™>*”” ™ The Zundel complex with C, symmetry
(structure a in Table 1) represents the absolute minimum
energy geometry of the H:O —H-0O 1:1 complex, both in
the gas phase and continuum aqueous solution. The equilibrium
structure of the H;O —H>0 1:2 complex (structure b in
Table 1) consists of two symmetric O-H-.-O H-bonds at
H;0", with R g about 0.2 A shorter than the Zundel
complex. For the Hy;0 "—H,0 1:3 complex, three equilibrium
structures were predicted by B3LYP/TZVP calculations
(structures ¢, d and e in Table 1). With a complete water
coordination at H;O ", AE of the Eigen complex (structure c)
is about 13 kJ/mol more stable than the structures with the
Zundel complex as the central charged species (structures d
and e). Structures f, g and h are three important equilibrium
structures of the H;O " -H>0 1:4 complex. Having the Eigen
complex as the central charged species. structure g in the gas
phase is about 14 kJ/mol more stable than structures f and h,
whereas in the continuum aqueous solvent (COSMO) struc-
ture h is about 2 kJ/mol more stable than structure g. The
stabilization effects at the central charged species can be
confirmed by the values of AE®, X = H;0" or H;05 . It
appeared that, for the same number of water coordination,
H:0" can be more effectively stabilized by water molecules
compared to the Zundel complex; as an example, AE™©  of

structure b in the gas phase is —290.7 kJ/mol, whereas AEH01
of structures d and e are —191.7 kJ/mol.

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.”® Tt was reported that small
increases in ¢ from the gas-phase value (¢ = 1) rapidly reduce
the stabilities of the charged H-bonds. In the present work,
although the equilibrium structures in the gas phase and
continuum aqueous solution are almost the same, AE and
AE™ are considerably higher (less negative) in continuum
aqueous solution (see Fig. 1). The destabilization effects
caused by the continuum aqueous solvent are in good agree-
ment with ref. 28. Fig. 1 also illustrates the trends of AE,
AE™ and AE™' with respect to the number of water molecules.
The trends of AE, as well as AE™, in the gas phase and continuum
agueous solution are quite similar, with smaller variations in
continuum aqueous solution. The solvent effects can be directly
observed in Fig. 1a, in which AE® are not substantially different
for structures ¢ to h. This suggested that, when the number of
water molecules is the same, the H-bonds inside the protonated
walter clusters experience comparable uniform electric field
(COSMO), with the asymptotic AE in continuum aqueous
solution ~—149 kJ/mol and AE® ~ —266 kI/mol. Fig. 1b
revealed that the trends of the interaction energies (AE™) remain
the same when the counterpoise corrections were applied; the
BSSE contributes only about 3% of AE™,

As coneluded in the previous work, 2" Adpy 4 obtained from
static proton transfer potentials could be used to measure the
tendeney of proton transfer, as well as the strength of H-bond.
Based on the criteria in ref. 57 and Adp, in Table 1, The
H-bonds in structures a. d, e, f and h are susceptible to proton
transfers in the gas phase, with 0 < Adpa < 0.32; whereas the
continuum agueous solvent (COSMQ) destabilizes the proto-
nated walter clusters, resulting in shifts of the H-bond protons
away from the centers, especially for structures d. e and h.

As reported in ref. 18, the H-bond distance (Rp o) in
concentrated HCI solution can be divided into three groups
namely, the internal, external and solvation groups. The
H-bonds linking directly to protons belong to the internal
group, with R o in the range of 2.45-2.57 A, whereas Rg o in
the external and solvation groups are in the ranges of
2.60-2.70 A and longer than 2.70 A, respectively. Fig. 2a
shows linear relationships between Adpa and Rg o, with a
separation between the internal and external H-bonds at
Roo ~ 25 A, in good agreement with ref. 18. The linear
relationships for the internal and external H-bonds can be
represented by eqn (1) and (2), respectively.

Internal H-bonds: Adp, = 3.57 x Rg o — 8.50 (1)
External H-bonds: Adpy = 1.34 x Rg o —2.90 (2)

Theoretical and experimental results on vibrational spectra of the
transferring proton in the Zundel complex were presented in the
past decades,'’?**? from which the flatness of the potential
energy surface was concluded by ab initio calculations at
different levels to be the most outstanding feature of the H-bond
proton.”® For the Zundel complex in the gas phase (Adps = 0),
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Fig. 1 (a) Trends of the interaction (AE) and solvation energies

(AE®") with respect to the number of water molecules, obtained from
B3LYP/TZVP calculations: -A- = AFE in the gas phase; -A__ = AE in
continuum aqueous solution; - [fj- = AE™. (b) Trends of the inter-
action energies between the central charged species and water molecules
(AEY, X = H;0" or H;05) with respect to the number of water
molecules, obtained from B3LYP/TZVP calculations: -A- = Hy0  in

the gas phase; - A- = H;0" in the continuum aqueous solution:
-M- = Hs05 in the gas phase; - ]- = Hs0s in continuum aqueous
solution. = calculations without the counterpoise correction.

------ = calculations with the counterpoise correction.

B3LYP/TZVP calculations predicted »°"' = 961 cm ™', whereas
in continuum aqueous solution 1°" = 677 cm™". The former is
in reasonable agreement with the theoretical results at the same
levels of accuracy’™” and IRMPD experiment >+

Good agreement between theoretical and experimental data
was also found for H;O; . In the gas phase, BALYP/TZVP
calculations predicted +°" = 2304 em !, compared with
B3LYP/T(0)DZP calculations of 2402 ecm "> and experiment
between 2200 and 2300 cm~".*! These »°" could be associated
with the H-bond protons in the H;O " ~H,O contact structure.
For larger protonated water clusters, the structures with the
Zundel complex as the central charged species exhibit higher
tendencies of proton transfers, with 1000 < v°" < 1450 em ™!,
whereas the structures with H;O" as the central charged
species possess 1000 < °% < 2760 cm ™.

Due to the asymptotic behavior at large R ¢, the relationships
between M and Ry o in Fig. 2b cannot be approximated by

a) 1s
A Gas
1.24 S Cosmo
us 0.9+
H
=+
=
0.6+
A
0.3 A
Al
0.0 T T T T T T
2.3 24 2.5 26 2.7 2.8 29 3.0

R(O-0)A

b) 4000
3500 4
3000

2500

OH,
v [ cm

2000

1500 4

1000 4

00 T T T T T T
23 24 2.5 2.6 2.7 2.8 28 3.0

R(0-O)/A

C) 4000

3500

3000

A Gas
2 Cosmo

2500

/em

OH,

> 2000

1500 4

Ady A

Fig. 2 (a) Plot of the asymmetric stretching coordinates (Adpa) and
the O-H- --O H-bond distances (R ), obtained from B3LYP/TZVP
calculations. (b) Plot of the asymmetric O-H stretching frequencies
[UOH) and the O-H---O H-bond distances (Ro_p). obtained from
B3LYP/TZVP calculations. (¢) Plot of the asymmetric O-H stretching
frequencies (¢°") and the asymmetric stretching coordinates (Adpa ).
obtained from B3ILYP/TZVP calculations.

linear functions; at large R, ¢, v°! converges to the asymmetric
O-H stretching frequency of the free or non-H-bonded proton
in HyO ", After several trial fittings, an exponential function
similar to the integrated rate expression for the first order
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reaction was found to be the most appropriate, with the
asymptotic values in the gas phase and continuum aqueous
solution fixed at "' = 3521 and 3566 cm ™', respectively. The
agreements between 1”™ obtained from B3LYP/TZVP calcula-
tions and the fitted values are included in Fig. 2b. The fitted
functions in the gas phase and continuum aqueous solution
are given in eqn (3) and (4), respectively.

Gas phase: 71 = —1.67 x 10!1e Roo/01331 4 3571 (3)

COSMO: °H

—5.15 % 100 Ro00188 4 3566 (4)

An attempt has been made to distinguish between normal and
strong H-bonds, however without a concrete result. It was
found in general that, when the H-bond is shorter, it becomes
stronger, with the strongest attractive interaction at the shortest
H-bond distance.”®*? According to the analyses of the H-bond
energies with the H-bond distances in crystal structures.
Hibbert and Emsley revealed that the experimental H-bond
energies change dramatically at the H-bond distance of 2.45 A%
They concluded that 2.45 A is the threshold distance for very
strong H-bonds. Theoretical studies, on the other hand.
revealed smooth linear relationships between the H-bond
energies and the H-bond distances, with no dramatic change
when the H-bond distance is between 2.45 and 2.80 A, a
reflection of similar electronic structures of the H-bond com-
plexes within this ramge.zg A similar linear correlation was

obtained when the differences between the proton affinities of
donor—acceptor pairs (APA) and the H-bond energies were
plotted, with no significant deviation in the H-bond energy at
APA = 0, at which a low-barrier proton transfer potential was
anticipated.”®

Since strong H-bonds are susceptible to proton transfers,
normal and strong H-bonds could be distinguished using IR
frequencies of the transferring protons. In the present work,
% and Adys a are plotted and illustrated in Fig. 2¢c, in which
an interesting correlation was observed; +°! could be expressed
in terms of Adpa using an exponential function resembling the
normal distribution function. The fitted functions for the
protonated water clusters in the gas phase and continuum
aqueous solution are given in eqn (5) and (6), respectively.

6354 :
Gas phase : v = 3521 — Ee*‘-wm (5)

COSMO : /%" = 3566 —

6964 g4
—— e 77D 6
= (6)

vid

The agreements between v°™ obtained from B3LYP/TZVP
caleulations and the fitted values are also included in Fig. 2c.
Two inflection points are seen in Fig. 2¢, in the gas phase at
Adpa = 0.33 and in continuum aqueous solution at Adps =
0.36 A, These correspond to ™ = 1984 and 1881 cm ™',
respectively. It should be mentioned that, for the Zundel

Table 2 Dynamic results of the shared-proton complexes obtained from BOMD simulations at 350 K. Distances, energies and IR frequencies are

in A, kJ/mol and cm '

. respectively. Proton diffusion coefficient (D) is in em? s,

1 a

OH . MD
v
Structure (Roo) (AdpR) A B La/lo-o Ig/la D107
, Gas 2,42 0.18 1127.8 1851.7 0.57 0.51 10.26
» o
» =
a J. "J Cosmo 243 020 942.7 1750.7 0.69 0.09 9.16
Gas 242 0.21 1178.3 1767.5 0.48 0.19 10.89
d
‘J
d ’ < Cosmo 248 033 14477 2003.3 0.14 0.55 10.54
J
Gas 243 0.19 1262.5 1784.4 b 045 11.09
J 2
¢ )r o Cosmo 2.44 022 1178.3 1649.7 0.29 0.23 12.95
”
Gas 2.46 032 1515.0 2053.2 0.28 0.63 8.89
r ,J,‘\ A
? 2, a I ‘rj Cosmo 2.47 0.44 1733.9 25924 0.17 0.79 8.20
- |
OHMD

“(Roo) = average H-bond distance; (Adpa) = average asymmetric stretching coordinate; v/

= asymmetric O-H stretching frequency;

I, = intensity of the oscillatory shuttling band; Iy = intensity of the structural diffusion band; lo_5 = intensity of the O-O stretching band;
D = proton diffusion coefficient. * Not obtainable due to H-bond structure reorganization in the course of BOMD simulations.
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complex in the gas phase, the term “critical distance™ was used
to describe Ry o at which symmetric double-well potential
with high barrier at the center is transformed into single-well
potential without barrier.”>* In Fig. 2a, Adps = 0.33 and
0.36 A correspond to Rp o = 2.47 and 248 A, respectively,
slightly longer than the critical distance of R o = 2.43 A%
Therefore, the inflection points in Fig. 2c could be associated
with the “threshold’* asymmetric stretching coordinates (Adp»)
and frequencies (°7'*) for proton transfer. and could be used
to distinguish between normal and strong H-bonds in the
protonated water clusters.

Dynamic results

All the shared-proton complexes obtained in the previous
subsection were investigated in BOMD simulations at 350 K;
except structure h, for which the cyclic H-bonds were trans-
formed into linear (similar to structure f) in the course of
BOMD simulations. As pointed out in the previous subsection,
the stabilities of the protonated water clusters are substantially
decreased in continuum aqueous solution. This and the fact
that our model systems did not take into account the H-bond
networks of water in the vicinities of the protonated water
clusters, especially in the presence of strong thermal energy
fluctuations in BOMD simulations, made it difficult to discuss
the energetic results. Therefore. the focuses are on the H-bond
structures and IR spectra, from which the characteristic IR
frequencies were used to explain the vibrational behaviors and
dynamics of the proton transfer processes.

Average H-bond structures of shared-proton complexes. The
average H-bond distances ({Rg o)) and asymmetric stretching
coordinates ({Adpa)) of the shared-proton complexes obtained
from BOMD simulations are listed in Table 2. Linear relation-
ships between (Adps) and (Rg.o) were also obtained from
BOMD simulations. They are illustrated in Fig. 3a. The fitted
functions for the internal and external H-bonds are represented
by eqn (7) and (&), respectively.

Internal H-bonds: (Adps) = 2.74 x (Rp o) — 647 (7)
External H-bonds: (Adpys) = 1.59 x (Rpo) —3.57  (8)

BOMD simulations at 350 K predicted the separation between
the internal and external H-bonds at (R, o) = 2.5 A, the
same as that from B3LYP/TZVP calculations.

Asymmetric O-H stretching frequencies and proton transfer
pathways. The characteristic asymmetric O-H stretching
frequencies (#°™MP) of the protons in the shared-proton
complexes are included in Table 2. Examples of symmetric
and asymmetric O-H stretching bands, as well as the O-O
vibration band, are shown in Fig. 4.

In order to discuss the dynamics of the structural diffusion
mechanism, the IR spectra of the transferring protons were
analyzed in details, using the Zundel complex as an example.
The IR spectra of the transferring protons are broad in
general, especially in continuum aqueous solution. The
BOMD results in Fig. 4 show two characteristic asymmetric
O-H stretching bands, labeled with A and B; for the Zundel
complex in the gas phase (in Fig. 4a) at »°™™MP = 1128 and
1852 cm ™', respectively, and in continuum agueous solution

(in Fig. 4b) at °"MD = 943 and 1751 cm ™!, respectively. The
low-frequency bands at A, appearing at t”"*™P slightly higher
than those from B3LYP/TZVP calculations, are associated
with the asymmetric O-H stretching mode, for which proton
shuttles back and forth at the center of the H-bond. v°™-MP at
A agree well with the IRMPD experiment® and BOMD
simulations at 80 and 270 K.*” The higher-frequency bands
at B, not obtainable from single-well static proton transfer
potentials with harmonic approximation, represent the vibrational
mode with the center of vibration slightly shifted towards an
oxygen atom.”” Both characteristic IR bands could be regarded
as spectral signatures of proton transfer reactions;”®>7 the former
reflects the extent of the shared-proton complex formation and
the latter the product formation. They are comparable with the
“oscillatory shuttling motion” and the “Grotthuss shuttling
motion” (or “structural diffusion motion™), respectively.”

A review on state-of-the-art methods for the calculations of
vibrational energies of polyatomic molecules using quantum
mechanical, variationally-based approaches was presented,**
in which accurate IR spectra of ionic species in the gas phase
were discussed in comparison with experiment.* One of the
emphases was on the analyses of the middle spectral region
(800-2000 cm ") which can be directly related to the proton
transfer in the Zundel complex: the experiment™ showed a
doublet centered at 1000 cm ' as the most characteristic
feature, with the low-energy component at 928 cm™ ' and the
high-energy component at 1047 ¢cm™'. Based on the multi-
configuration time-dependent Hartree (MCTDH) method, the
most intense band was concluded to be the proton transfer
fundamental band (asymmetric O-H stretching mode) and the
doublet was attributed to the coupling among the low-frequency
waler-wagging modes, water-water stretching motion and the
proton transfer motion. Additionally, the MCTDH method
predicted a water bending state which couples strongly with
the proton transfer motion at 1741 cm ™!, compared with the
experiment at 1763 cm™ "™ The present BOMD simulations
predicted the proton transfer fundamental frequency in the gas
phase close to the MCTDH method and the experiment®
(1128 cm ' at 350 K, compared with 1047 cm ' at 275 K).
Since one of the main objectives of the present work is to
search for an appropriate theoretical method to monitor
proton transfer processes in BOMD simulations on larger
H-bond systems and it is sufficient to employ the funda-
mental asymmetric O-H stretching frequencies, the low-
frequency band of the doublet was not investigated in
details.

As the proton transfer in H-bond depends strongly on the
0-0 vibration,?” the relative probability or the extent of the
shared-proton complex formation in BOMD simulations
could be approximated from the ratio between the intensity
of PHMD at A (I,) and the intensity of the O—-O vibration
(lo U].zf’ In Table 2, 14/l for the Zundel complex in the gas
phase and continuum aqueous solution are 0.6 and 0.7,
respectively. indicating that, in BOMD simulations in the
gas phase, about 60% of the H;O"-H,0 1:1 complex are
in the form of the Zundel complex, whereas in continuum
aqueous solution about 70%. The values of 14/l ¢ in Table 2
also suggest that the extent of the oscillatory shuttling motion
is decreased when the number of water molecule increased:
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Fig. 3 (a) Plot of the average asymmetric stretching coordinates
({Adpa)) and the average O-H- --O H-bond distances ({Ro_o}), obtained
from BOMD simulations at 350 K. (b) Plot of the asymmetric O-H
stretching frequencies (1°7MP) and the average O-H---O H-bond
distances ({Rp_o)). obtained from BOMD simulations at 350 K. (c) Plot
of the asymmetric O-H stretching frequencies (:“""™MP) and the
asymmetric stretching coordinates ((Adp)). obtained from BOMD
simulations at 350 K.

indicating a higher efficiency of proton transfer in extended
H-bond network.

The observation that the proton transfer process in the
H3;0 -H-0 1:1 complex consists of two consecutive steps

namely, a quasi-dynamic equilibrium between the precursor
(the H;0"—H,0 1:1 complex) and the shared-proton complex
(the Zundel complex), followed by the actual proton transfer,?’
made it possible to establish a criterion to measure the extent
or the efficiency of proton transfer from IR spectra; the quasi-
dynamic equilibrium prevents proton transfer reaction from
being concerted and is considered to be the rate-determining
step.”27 Hence, an effective proton transfer process should
take the reaction path with the shortest lifetime of the quasi-
dynamic equilibrium. Therefore, in order to achieve an “ideal”™
maximum efficiency, according to the transition-state theory,
the populations of the shared-proton complex and the product
must be the same. In other words, every shared-proton
complex formation should lead to the actual proton transfer.
This is possible only when the O-O distance undergoes
large-amplitude vibration, for which the O-H and O-0O vibra-
tions are coherent.”’ It should be emphasized that, since the
present model systems involved only the O---H"---O
H-bonds. the product becomes precursor for the successive
proton transfer event.

As the populations of the shared-proton complex and
the precursor in BOMD simulations could be approximated
from the intensities of the oscillatory shuttling band (A) and
the structural diffusion band (B), the efficiency of proton
transfer could be approximated from the ratio between Ig/l
(Ig/ly = 1 for the ideal maximum efficiency). Table 2 reveals
that, for the Zundel complex in the gas phase, I/l is about
0.5 (half of the ideal maximum efficiency), whereas in continuum
aqueous solution Ig/l, < 0.1, a dominance of the oscillatory
shuttling motion (shared-proton complex). It turned out that,
based on this criterion, the most extended H-bond structure with
incomplete hydration at H;O ™" (structure I) possesses the highest
efficiency for proton transfer.

Fig. 3b shows the relationships between p°™MP ap A
(the oscillatory shuttling frequencies) and (Ro o). Similar to
B3LYP/TZVP calculations, the exponential functions in
eqn (9) and (10) can well represent v°F-MP in the gas phase
and continuum aqueous solution, respectively.

Gas phase: 1"HMP = _2.47 ¢ 10V Re0l/01051 4 3591 (9)

COSMO: oMM — 9 14 x 1013 (Ro-0l01105 4 3566
(10)

As in the case of the BALYP/TZVP calculations, the relationships
between v2MP and (Adpa) in Fig. 3¢ were used to approxi-
mate the threshold frequencies for proton transfers in BOMD
simulations. They are represented by eqn (11) and (12), in the
gas phase and continuum aqueous solution, respectively.

Gas phase : vOFMD — 3521 7%(,—4,7';‘3@93}: ()

COSMO : VOHMD _ o~ 49(Adna ) (12)

3566 — 7563
Jon

n

The calculations of the second derivatives of the functions in
eqn (11) and (12) yielded two inflection points at {Adps) =
032 A, corresponding to the threshold frequencies at
pOUMP% = 1917 and 1736 cm ™', in the gas phase and con-
tinuum aqueous solution, respectively. The values are slightly
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simulations with the simulation length of 5 ps. (b) The Zundel complex (siructure a) in continuum aqueous solution. (¢) The H;O*-H,0 1:4
complex (structure f) in the gas phase. (d) The HyO ™ ~H,0 1 :4 complex (structure f) in continuum aqueous solution.

lower than those obtained from B3LYP/TZVP calculations,
due to the inclusion of the thermal energy fluctuations and
dynamics in BOMD simulations.

Dynamiecs of structural diffusion. The diffusion coeflicients
(D) of the transferring protons in the shared-proton complexes
are listed in Table 2. The diffusion coefficients of the Zundel
complex in the gas phase and continuum aqueous solution,
obtained from BOMD simulations at 350 K, are 10.3 x 107°
and 9.2 x 107° cm? s, respectively. Based on the same
approach, BOMD simulations predicted the diffusion coefficient
at 298 K to be 5.0 x 10 em” s~ ' slightly lower than the
NMR result;'” in NMR experiments, the diffusion coefficient
of a proton moving across a single water molecule was
estimated from the NMR hopping time (t,) and the Einstein
relation (D = 1*/6z,) to be 7.0 x 1077 cmzws ': where 1 is the
hopping length or the H-bond distance (2.5 A)and t, = 1.5ps.
It should be added that, the diffusion coefficient reported in
ref. 10 was derived by subtracting the water self-diffusion
coefficient (2.3 x 107 em® s ") from the proton diffusion
coefficient (9.3 x 107~ cm? s™"). The deviation of about 28%
from the experimental value'" could be attributed to the
neglect of the H-bond networks connecting the hydration
shells of the Zundel complex.”® For larger protonated water
clusters, the shared-proton complex with an extended H-bond

network, structure f, possesses D = 8.9 x 1077 and 8.2 x
10°° cm® s~ in the gas phase and continuum aqueous
solution, respectively. The values are lower than those of the
Zundel complex. These support the conclusion that the oscilla-
tory shuttling motion is slightly more important in the
H;0"-H>0 1:1 complex, compared to the extended H-bond
structures.

In order to further assess the reliability of the dynamic
results obtained from BOMD simulations, the lifetimes (1) of
the shared-proton structures were computed from VACF of
the O-O vibrations.” VACF of the O-O vibrations in the
Zundel complex and structure f, the structure with the highest
efficiency of proton transfer in this series, are shown as
examples in Fig. 5. It appeared that an asymplotic exponential
relaxation behavior of the envelope of VACF could be
approximated, except for the Zundel complex in continuum
aqueous solution (Fig. 5b), for which the envelope of the O-O
vibration at short time cannot fit an exponential function. For
the Zundel complex in the gas phase, BOMD simulations at
350 K predicted t to be 270 fs, corresponding to the classical
first-order rate constant (k) for the interconversion between
the shared-proton structure (HsOs) and the H;0"-H,0
contact structure of 5.1 ps~'. The shared-proton structure in
structure I possesses shorter lifetimes, T = 241 and 233 fs, in
the gas phase and continuum agqueous solution, respectively.
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The values correspond to k = 5.8 and 6.0 ps_'. respectively.
The latter reflect higher efficiencies of proton transfer in an
extended H-bond network. The lifetimes of the shared-proton
structures are in reasonable agreement with the result obtained
from the multistate empirical valence bond (MS-EVB) calcula-
tions at 280 K, t = 370 f5,*° whereas the rate constants are in
accordance with the O—0 vibration rate, obtained from quantum
MD simulations at 300 K. k = 50 ps .12

Finally, in order to ensure that the dynamics and IR results
discussed above are reliable, an attempt was made to perform
NVT BOMD simulations with longer simulation times. This
was successful only for the Zundel complex in the gas phase,
and not longer than 5 ps; all the other shared-proton complexes
became fragmented after 2.5 ps. It appeared that, for the IR
spectra, the oscillatory shuttling and structural diffusion
frequencies remain the same (see Fig. 4a), with slight decreases
of the intensities, lg/l, = 0.49 compared with 0.51. The diffu-
sion coefficient in the gas phase is slightly decreased, from
103 x 10 10 9.5 x 107 ° cm® s~ . This leads to a conclusion
that, although for small H-bond complexes, the IR spectra
obtained from short BOMD simulations show some fine
structures, meaningful and reasonable interpretations could
be made, especially for all the H-bond complexes investigated

here; a similar conclusion was presented by Termath and
Saver”” based on a series of BOMD simulations on HsO3
and H-0s . from which insights into fast dynamic processes
in H-bonds (e.g. H-bond structures and IR spectra) were
obtained from relatively short BOMD trajectories (about 2 ps).

Conclusion

Proton transfer reactions and dynamics in protonated water
clusters were systematically studied using the H-bond complexes
formed from H;0" and nH,0, n = 1-4, as model systems.
The theoretical investigations began with searching for the
H-bond complexes which could be important in the dynamic
proton transfer pathways, as well as characteristic H-bond
structures and IR spectra of the transferring protons, both in
the gas phase and continuum aqueous solution. DFT calcula-
tions at the B3LYP/TZVP level revealed that the potential
H-bond structures consist of the Zundel complex, with
the characteristic asymmetric O-H stretching frequencies
(") < 1000 cm ™! and the threshold frequencies for proton
transfers in the gas phase and continuum aqueous solution at
vOH% = 1084 and 1881 cm ™!, respectively. According to the
results obtained from the static proton transfer potentials, the
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trends of the interaction energies with respect to the number of
water molecules in the gas phase and continuum aqueous
solution are quite similar. The destabilization effects caused
by the continuum aqueous solvent bring about smaller varia-
tion of the interaction energies with respect to the number of
water molecules compared to the gas phase. The destabiliza-
tion effects also lead to shifts of the transferring protons
away from the centers, especially for the H-bond complexes
with the Zundel complex as the central charged species.
The trend of the solvation energies revealed that, when the
number of water molecules is the same, the H-bonds inside the
protonated water clusters experience comparable uniform
electric field.

BOMD simulations at 350 K predicted the characteristic
asymmetric O-H stretching frequencies in a quite wide range,
from 940 to 1740 cm ™', Most importantly, BOM D simulations
suggested additional characteristic asymmetric O-H stretching
bands at higher frequencies. They are in the range of 1640 and
2600 cm ', The low-frequency bands are regarded as the
“oscillatory shuttling band™ and the high-frequency bands
the “structural diffusion band™. The latter cannot be determimed
easily from static proton transfer potentials, due to the anharmonic
and dynamic behaviors of the vibrational motions of the trans-
ferring protons. The oscillatory shuttling and structural diffusion
bands could be considered as the spectroscopic evidences for the
shared-proton complex and product (or precursor) formations,
respectively.

The analyses of the H-bond structares and "M yielded
the threshold frequencies (£°7-MP#) for the proton transfers in
the gas phase and contimmm aqueous solution at /2™*MP* = 1917
and 1736 cm™ !, respectively. Because the quasi-dynamic
equilibrium between the Zundel and Eigen complexes was
suggested to be the rate-determining step, in order to achieve
an “ideal” maximum efficiency. a concerted proton transfer
pathway should be taken. The present results anticipated that
the effective interconversion between the two proton states, the
Zundel-like and hydronium-like structures, could be reflected
from comparable intensities of the oscillatory shuttling and
structural diffusion bands. These pieces of information could
provide an appropriate IR spectroscopic method to investigate
proton transfer reactions in larger model systems, and iterated
the necessity to incorporate the thermal energy fluctuations
and dynamics in the model calculations.
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