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This thesis studied the dynamics and mechanisms of proton dissociation and
transfer in phosphoric acid-hydronium ion-water complexes based on the concept of
presolvation using the H3PO,~H30 —nH,0 complexes (n = 1-3) as the model systems
and ab initio calculations and Born—Oppenheimer molecular dynamics (BOMD)
simulations at the RIMP2/TZVP level as model calculations. The static results
showed that the smallest, most stable intermediate complex for proton dissociation
(n=1) is formed in a low local-dielectric constant environment (e.g., € = 1), whereas
proton transfer from the first to the second hydration shell is driven by fluctuations in
the number of water molecules in a high local-dielectric constant environment
(e.g., € = 78) through the Zundel complex in a linear H-bond chain (n = 3).
The two-dimensional potential energy surfaces (2D-PES) of the intermediate complex
(n = 1) suggested three characteristic vibrational and "H NMR frequencies associated
with a proton moving on the oscillatory shuttling and structural diffusion paths, which
can be used to monitor the dynamics of proton dissociation in the H-bond clusters.
The BOMD simulations over the temperature range of 298430 K validated the

proposed proton dissociation and transfer mechanisms by showing that good
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agreement between the theoretical and experimental data can be achieved with the
proposed rate-determining processes. The theoretical results suggest the roles played
by the polar solvent and iterate that insights into the dynamics and mechanisms of
proton transfer in the protonated H-bond clusters can be obtained from intermediate
complexes provided that an appropriate presolvation model is selected and that all of

the important rate-determining processes are included in the model calculations.
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CHAPTER I

INTRODUCTION

1.1 Literature reviews

Fuel cell is a promising energy technology that generates electricity at high
efficiency without emission of both greenhouse gas CO, and environmental pollutants
such as NOy and SOy (Ahmed and Foger, 2010). The efficiency of fuel cell depends
on transportation of protons (H') generated at the anode across liquid electrolyte or
solid proton exchange membrane (PEM) to the cathode (Larminie, Dicks, Larminie,
and Dicks, 2013). The majority of commercially available proton exchange membrane
fuel cells (PEMFC) use Nafion®”, a polymer electrolyte membrane introduced by
DuPont in 1967 (Vincent and Scrosati, 1997). However, PEMFC is too expensive to
be competitive or economically-feasible and when operated at high temperature
(e.g. above 353 K), the porous polymer membrane dehydrates, leading to a significant
drop in the performance (Jayashree, Mitchell, Natarajan, Markoski, and Kenis, 2007).
For these reasons, the development of alternative proton conducting materials for high
temperature fuel cells has been of interest in the past decades (Sundmacher, 2010;

Sharaf and Orhan, 2014).



As an acid with proton solvating ability and self-ionization property,
concentrated phosphoric acid (H3PO4) has been employed effectively in fuel cells
(Schuster and Meyer, 2003; Sundmacher, 2010). Through the three hydrogen atoms,
H3;PO4 can form extensive hydrogen-bond (H-bond) network in the liquid state,
leading to high efficiency of phosphoric acid fuel cells (PAFC). The self-ionization
property and high intrinsic-proton concentration allow the proton transfer process in
liquid H3sPO4 to be nearly exclusively through the structural diffusion mechanism,
which is regarded as the protonic-chain conduction mechanism (Greenwood and
Thompson, 1959). However, the introduction of an ionizing solute other than water
into liquid H3PO4 breaks the protonated H-bond chains, resulting in a decrease in its
proton conductivity in the liquid state (Munson and Lazarus, 1967). Although
theoretical and experimental results on proton transfer reactions have been
accumulated, the structural diffusion mechanisms in concentrated and hydrated H;PO4
are not completely understood. Since the basic chemistry of H3;PO4 has been
discussed in details in many review articles, only some important theoretical and
experimental results relevant to the present study will be briefly summarized.

Dry H3;PO4 and phosphonic acid (H3POs) were studied in the temperature
range of 343-433 K, using 'H PFG NMR (proton pulse magnetic field gradient
nuclear magnetic resonance) and impedance spectroscopy (Schuster, Kreuer,
Steininger, and Maier, 2008). The high intrinsic proton conductivity was reported to
be due to the fast structural diffusion of proton defects which exist at high
concentration and with high self-diffusion coefficient (D). The proton transfer
reactions in H;PO; are similar to H3;POy4, with a slightly higher number of water

molecules per phosphonic acid molecule (A = 2.5 compared to = 1.5). The lower rate



of structural diffusion compared to vehicle diffusion (about 90% for H;POs compared
to about 98% for H3;PO4) was concluded to be a consequence of weaker H-bond
network formed from H3;PO; compared to HsPOy. It was proposed that, H;PO; could
be immobilized to organic structure by forming stable P-C covalent bonds, leading to
a new type of effective polymeric proton conducting materials applicable in PEMFC.

Structures and energetic of proton transfer in H;POy4 clusters were studied
using quantum chemical calculations at the B3LYP/6-311G** level and two to six
H3;PO4 molecules as model systems (Vilciauskas, Paddison, and Kreuer, 2009).
The interaction energies of the H3POs clusters were found to correlate with the
number and type of H-bonds in the clusters, with the stabilities increasing up to and
including (H3PO4)s. B3LYP/6-311G** calculations revealed how H;PO4 molecules in
the clusters facilitate proton transfer, whereas the calculations of the partial atomic
charges both before and after proton transfers indicated a higher degree of charge
delocalization in larger clusters.

Microscopic mechanism of proton transfer in neat liquid H;PO4 was discussed
based on the results of Car-Parrinello molecular dynamics (CPMD) simulations on
54 H3;PO4 molecules (Vilc¢iauskas, Tuckerman, Bester, Paddison, and Kreuer, 2012),
in which the fast proton transfer was suggested to involve a structural diffusion which
is driven by specific H-bond rearrangements in the surrounding environment. It was
concluded that, in neat liquid H3POy, strong, polarizable H-bonds produce coupled-
proton motion, and a pronounced protic dielectric response of the medium, which lead
to the formation of extended, polarized H-bond chain, whereas in aqueous media,
proton can only be displaced over short distances, and the transportation of excess

charge defects is driven by “local H-bond rearrangement” (Vil¢iauskas, Tuckerman,



Bester, Paddison, and Kreuer, 2012). The extent of the H-bond network of water
affected in the presence of proton was studied (Tielrooij, Timmer, Bakker, and Bonn,
2009), in which structure dynamics of the proton in liquid water were investigated
using terahertz time-domain spectroscopy and polarization-resolved femtosecond mid
infrared pump-probe spectroscopy, and the number of affected water molecules
around protons were reported. In contrast to the conclusion in Vil€iauskas et al., it
was found that “addition of protons results in a very strong decrease of the dielectric
response of liquid water that corresponds to 1962 water molecules per dissolved
proton. The depolarization results from water molecules (about 4) that are
irrotationally bound to the proton and from the motion of water (corresponding to the
response of about 15 water molecules) involved in the transfer of the proton charge.”
Small and multivalent cations have stronger hydration, and larger depolarization
effects, for example, only about 10 water molecules are affected by addition of larger
cations such as Mg”".

In aqueous solution, self-diffusion coefficients of mobile species in 85 wt%
(14.6 M) of H;POy in the temperature range of 293-353 K were studied using 'H and
3P pulsed gradient Hahn spin-echo (PGSE) techniques (Chung, Bajue, and
Greenbaum, 2000). The values of the self-diffusion coefficients (D) showed that
proton diffuses much faster than the phosphorus carrying species. Most importantly,
the dynamic information obtained from both nuclear species revealed a linear
relationship of the Arrhenius plot, with the activation energies of 25 and 36 kJ/mol for
'H and *'P species, respectively. Based on the temperature dependence of D x 1,
water-mediated proton transfer between phosphate groups was proposed.

Chung et al. (2000) suggested that two approaches were applied in the calculations of



the activation energies namely, from the slope of the linewidth-temperature
dependence (the full width at half-maxima or FWHM), and from a simple Arrhenius-
type equation. It was reported that the activation energies obtained from the
conventional 'H NMR (FWHM) and 'H PGSE NMR techniques (Arrhenius-type
equation) are not the same due to different time and length scales probed by each
technique; the conventional '"H NMR probes microscopic dynamics, whereas the
"H NMR PGSE is sensitive to macroscopic motions (Chung, Bajue, and Greenbaum,
2000). Analyses of the results obtained from these two 'H NMR techniques yielded
the activation energies of 11 and 25 kJ/mol, respectively. Because the conventional 'H
NMR peaks showed motional narrowing at elevated temperatures, this thesis
anticipated that the smaller activation energy (11 kJ/mol) is associated with the local
motions such as rotations.

At Computational Chemistry Research Laboratory, School of Chemistry,
Suranaree University of Technology, the characteristic vibrational and '"H NMR
spectra of the transferring protons in protonated water clusters were studied through
theoretical methods using the H'(H,0), complexes (n = 2—5) as model systems and
ab initio calculations at the RIMP2/TZVP level and Born—Oppenheimer molecular
dynamics (BOMD) simulations as the model calculations (Lao-ngam, Phonyiem,
Chaiwongwattana, Kawazoe, and Sagarik, 2013). The theoretical investigations were
based on the concept of presolvation (Vil¢iauskas, Tuckerman, Bester, Paddison, and
Kreuer, 2012), and a presolvation model was selected and used in the static and
dynamic calculations. The two-dimensional potential energy surface (2D-PES) of the
proton (Figure 1.1) in the smallest, most stable intermediate complex (the Zundel

complex, HsO,") was constructed as a function of the H-bond distance (Ro.o) and the



asymmetric stretching coordinate (Adpa), and this information was used to identify
and characterize the low-interaction energy path (structural diffusion path) and the
path with Adpp = 0 A (oscillatory shuttling path). For these strong, protonated
H-bonds, the ab initio gauge including atomic orbital (GIAO) method showed that the
"H NMR shielding constant (o) of the proton moving on the oscillatory shuttling
path varies over a narrow range and is sensitive only to the H-bond distances (Ro.o

and Rop) and not to the water coordination number and the local chemical

corr

environment. In contrast, the o+ of a proton moving on the structural diffusion path

varies exponentially with Ro.y. The BOMD simulations over the temperature range
350430 K revealed that the activation energies for proton exchange in the smallest,
most stable intermediate complex, which were obtained from the first-order rate
constants (k), vibrational spectra, and a simple 'H NMR line-shape analysis, are
consistent and in good agreement with the experimental results. The theoretical results
suggested guidelines and possibilities, as well as a complementary method, for the
study of the structural diffusion processes in strong, protonated H-bonds using

vibrational and 'H NMR spectra.
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Figure 1.1 Two-dimensional potential energy surface as a function of Ro_o and Adpa
of the Zundel complex, obtained from RIMP2/TZVP calculations. a) and b) Single-
well potential at C. c) Double-well potential at E and F. Ro_o = H-bond distance;

R:)-o = threshold H-bond distance; Adpan = asymmetric stretching coordinate;

Adl*j A= threshold asymmetric stretching coordinate. both positive and negative values

of Adpa were used in the plot (Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe,

and Sagarik, 2013).



To acquire fundamental information on proton conduction in PAFC, the
dynamics and mechanisms of proton dissociation and transfer in hydrated H;POq4
clusters under excess proton conditions were studied in this work. The theoretical
study emphasized the dynamics and H-bond arrangements in a short-time scale which
could promote intermediate complex formation, and showed how H;0" and Hs0,"
facilitate and mediate proton dissociation and transfer in the hydrated H;POj, clusters,
as well as the roles played by the local dielectric environment. Insights into the proton
dissociation and transfer processes were obtained from analyses of the characteristic
vibrational and "H NMR spectra of the transferring protons, which were derived from
BOMD simulations over the temperature range of 298-430 K. The static and dynamic
results were discussed in comparison with available theoretical and experimental data

on the same and similar systems.
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CHAPTER 11

COMPUTATIONAL METHODOLOGY

2.1 Presolvation model

Because proton transfers in H-bonds are complicated, care must be exercised
in selecting the model systems. In this work, the concept of presolvation (Greenwood
and Thompson, 1959) was applied in the study of proton dissociation and transfer in
hydrated H;PO, clusters; “the local energy fluctuations and dynamics in aqueous
solution lead to the weakening or breaking of some H-bonds in the first and second
hydration shells, resulting in a reduction in the water coordination number such that
the proton accepting species possesses a hydration structure corresponding to the
species into which it will be transformed to complete the structural diffusion process”
(Chaiwongwattana, Lao-ngam, Phonyiem, Vchirawongkwin, and Sagarik, submitted).
Because some H-bonds in the first and second hydration shells are instantaneously
disrupted, the presolvation state can be resolved, and the dynamics of the structural
diffusion process can be studied using an appropriate presolvation model.
The formation of the presolvation state generally requires removal of some solvent
environment, and takes place through the protonic-chain conduction mechanism
(Greenwood and Thompson, 1959; Glezakou, Dupuis, and Mundy, 2007; Sagarik,
Phonyiem, Lao-ngam, and Chaiwongwattana, 2008; Phonyiem, Chaiwongwattana,
Lao-ngam, and Sagarik, 2011; Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe,

and Sagarik, 2013). The concept of presolvation is supported by the observation that,
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due to the local geometrical requirements, H-bonds in aqueous solution can be
considered as “forming” or “breaking”; experiments based on thermochemistry and
vibrational spectroscopy have shown that 10-70% of H-bonds in water can be
considered as broken within the temperature range of 273-299 K (Watts and McGee,
1976). Although the proton dissociation and transfer processes in hydrated H3;PO4
clusters are the main interest, some fundamental information on concentrated H;PO4
solutions can be used as guidelines to construct the presolvation model as follows.
According to experiments (Munson and Lazarus, 1967), the equilibriums in

concentrated H;PO, solution at 16.8 M can be represented by

2H;PO, == H,PO; + H,PO4 2.1
2H;PO, == H;0" + H3P,0; (2.2)
4H;PO, == H,PO, + H,PO, + H;O0" + H3P,07 (2.3)

and the fast proton transfer involves the self-dissociation and dehydration reactions in
equations (2.1) and (2.2), respectively. Based on the equilibrium constants at 298 K,
Chung et al. suggested that the dominant species in 85 wt.% (14.6 M) H3PO4 solution
is undissociated H3PO4 (97.6%), the presence of condensed phosphates can be
neglected, and the mechanism for anion (H,PO;™ ) transport is vehicular type (Chung,
Bajue, and Greenbaum, 2000). These findings are supplemented by the experimental
results in Munson ef al., in which H;PO,4, H4PO4", and H;0" were concluded to play
the most important roles in the structural diffusion in the liquid and concentrated
solution (Munson and Lazarus, 1967). Therefore, the presolvation models for proton
dissociation and transfer consist of H3PO., H,O, HsPO4" , and H;O"; the protonated

forms must be included to represent the acid conditions. The size of the presolvation
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model was determined based on the theoretical study in VilCiauskas, in which the
extent of the Grotthuss chains in equimolar mixture of H;PO4 and H,O (1:1 molar
ratio) was examined using CPMD simulations. It appeared that the properties of the
H-bonds in this system are virtually identical to those of pure H3PO4 (no resemblance
to liquid water), and the weak solvent coupling and sufficient degree of
configurational disorder result in fast proton transport. Based on the proton coupling
correlation function as a function of H-bond connectivity, the probability of two
quasicoherent proton transfer events within two neighboring H-bonds is about 4%
when the relaxation of the H-bond network, t,.s = 0 fs, about two times lower than in
neat liquid H3POs. As the relay time parameter increased to tT.s = 50 fs, the
probabilities to form chains of three and four consecutive H-bonds are about 18 and
2%, respectively. Because the probability to form four consecutive H-bonds is
significantly lower than that in neat liquid H3;PO4 (about 10%), the authors concluded
that the presence of water opposes the formation of extensive Grotthuss chains
(Vilciauskas, 2012; Vil¢iauskas, Tuckerman, Bester, Paddison, and Kreuer, 2012),
and one could anticipate that four consecutive H-bonds are sufficient to take into
account the quasicoherent proton transfer events in the hydrated H;PO, systems.
Additionally, because the dynamics in short time and short length scales are of
interest, and the cation in the present system is a protonated H3;PO4, which is
considerably larger than proton and Mg”>" (Tielrooij, Timmer, Bakker, and Bonn,
2009), it is reasonable to anticipate that the number of affected water molecules are
much less than these two cations. Based on the above discussions, and because the
dynamics of protons in the intermediate complexes in a short-time scale are of

interest, to implement the concept of presolvation, the H-bond clusters formed from
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H;PO,, H;0", and nH,0 (n = 1-3) were proposed as a candidate presolvation model.
The proposed presolvation model was confirmed by static and dynamic calculations,
which revealed that the intermediate complexes of proton dissociation and transfer
(with shared-proton structures) are formed only in the H-bond clusters with n < 3.
In this study, H4PO,  and H3PO, are considered the protonated and deprotonated

forms, respectively.

2.2 Quantum chemical methods

Three basic steps that were applied successfully in the previous investigations
were used in this work (Bohm and Ahlrichs, 1985; Sagarik, 1999; Sagarik and
Dokmaisrijan, 2005): (1) searching for the intermediate complexes in the proton
transfer pathway using the Test-particle model (T-model) potentials (Bohm and
Ahlrichs, 1982; Bohm and Ahlrichs, 1985; Sagarik and Ahlrichs, 1987; Sagarik,
Pongpituk, Chaiyapongs, and Sisot, 1991; Sagarik and Spohr, 1995; Sagarik and
Asawakun, 1997; Sagarik, 1999; Sagarik and Rode, 2000; Sagarik, Chaiwongwattana,
and Sisot, 2004; Sagarik and Chaiyapongs, 2005; Sagarik and Dokmaisrijan, 2005);
(2) refining the T-model-optimized structures using an accurate quantum chemical
method; and (3) performing BOMD simulations on the candidate intermediate
complexes using the refined structures as the starting configurations. Because the
effects of electron correlations may play important roles in the present model systems,
the quantum chemical calculations were performed using the second-order
Moller—Plesset perturbation theory (MP2) with the resolution of the identity (RI)
approximation and the TZVP basis set (this process is abbreviated RIMP2/TZVP

calculations) (Weigend and Haiser, 1997). Additionally, due to the potential
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applications of the density functional theory (DFT) methods in the study of proton
transfer in larger H-bond systems and the fact that the previous theoretical results
were reported based on B3LYP/TZVP calculations (Sagarik, Chaiwongwattana,
Vchirawongkwin, and Prueksaaroon, 2010; Lao-ngam, Asawakun, Wannarat, and
Sagarik, 2011; Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik, 2011), quantum
chemical calculations were also conducted at this level of theory. The applicability
and performance of RIMP2/TZVP and B3LYP/TZVP calculations were compared
and discussed. Additionally, to study the effects of a polar solvent on proton
dissociation and transfer, a continuum aqueous solvent was included in the model
calculations. Because the conductor-like screening model (COSMO) (Klamt and
Schuurmann, 1993) was applied successfully in similar H-bond systems (Sagarik,
Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010; Lao-ngam, Asawakun,
Wannarat, and Sagarik, 2011; Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik,
2011), the proton dissociation and transfer were studied both in the gas phase and in
COSMO with ¢ = 78. All of the theoretical calculations were performed using

TURBOMOLE 6.4.
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2.3 Static calculations

2.3.1 Structures and energies
The absolute and local minimum energy geometries of the
H;PO,~H;0"—nH,0 complexes (n = 1-3), which were obtained from the T-model
potentials, were refined using both B3LYP/TZVP and RIMP2/TZVP geometry
optimizations. The tendency of proton dissociation and transfer, as well as the
structure of the smallest, most stable intermediate complex, in the presolvation model
were primarily anticipated from the asymmetric stretching coordinate (Adpa), which

was computed from

AdDA 3 |dA—H -y dBmH|, (24)

where da_pg and dg..y are the A-H and B---H distances in the A-H---B H-bond,
respectively. The interaction energies (AE) of the H-bond complexes were computed

from

AE = E(H;PO4~H;0'-nH,0) — [E(H;PO,) + E(H;0") + nE(H,0)],  (2.5)

where E(H3PO,~H;0 —nH,0) is the total energy of the optimized structure of the
H;PO,~H3;0"—nH,O complex; E(H3PO,4), and E(H;0") and E(H,O) are the total
energies of the optimized structures of the isolated species (Lao-ngam, Asawakun,
Wannarat, and Sagarik, 2011; Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik,

2011). The solvation energies (COSMO with ¢ = 78) were approximated by



17

AESOI — E(H3PO4—H3O+—HH20)COSMO — E(H3PO4—H3O+—HH20)3 (26)

where E(H;PO4~H;0"—nH,0)“*M° and E(H;PO,~H;0 —nH,0) are the total energies
of the optimized structures obtained with and without COSMO, respectively (Lao-
ngam, Asawakun, Wannarat, and Sagarik, 2011; Phonyiem, Chaiwongwattana, Lao-
ngam, and Sagarik, 2011). Because the dynamics of a proton are governed by the
potential energy surface on which the transferring proton moves and the O-O and
O-H" vibrations in the O—H"---O H-bond are coupled (Sagarik, Phonyiem, Lao-ngam,
and Chaiwongwattana, 2008), to provide energetic information for the discussion of
the structural diffusion process, two-dimensional potential energy surfaces (2D-PES)
of the transferring proton in the smallest, most stable intermediate complex were
constructed both in the gas phase and in COSMO through the calculation of AE at
various Ro.o and Royy distances (Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe,
and Sagarik, 2013). Two sets of equally spaced grid points were generated from AE
and 2D-PES and plotted as a function of Ro.o and Adpa using the SURFER program
(“SURFER for Window,” 1997). The interaction energy path connecting the single-
and double-well potentials, as well as the path with the highest energy barriers, were
identified and studied in detail.
2.3.2 Vibrational and NMR spectra

To obtain vibrational signatures of the transferring protons which can
be used as guidelines for the discussion of the dynamic results, the harmonic
vibrational frequencies of molecules in the presolvation model were computed from
the numerical second derivatives of the B3LYP/TZVP and RIMP2/TZVP total

energies, from which analyses of the normal modes in terms of the internal
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coordinates were made using the NUMFORCE and AOFORCE programs,
respectively (TURBOMOLE Tutorial 6.4). The programs are included in
TURBOMOLE 6.4 (TURBOMOLE Tutorial 6.4; Ahlrichs, Bir, Haser, Horn, and
Kolmel, 1989; Treutler and Ahlrichs, 1995). Only the asymmetric O-H stretching
frequencies of the H-bond protons (vO") were analyzed and discussed in detail
(Sagarik, Phonyiem, Lao-ngam, and Chaiwongwattana, 2008; Sagarik,
Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010; Lao-ngam, Asawakun,
Wannarat, and Sagarik, 2011; Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik,
2011). The threshold asymmetric O-H stretching frequencies of proton dissociation
from HyPO," (vO'") were estimated from the plots of v°"' and Adpa (Lao-ngam,
Asawakun, Wannarat, and Sagarik, 2011; Phonyiem, Chaiwongwattana, Lao-ngam,
and Sagarik, 2011). The relationships between v° and Adpa were represented by the
reflected normal distribution functions, the second derivatives of which are equal to
zero at vO = O (Lao-ngam, Asawakun, Wannarat, and Sagarik, 2011; Phonyiem,
Chaiwongwattana, Lao-ngam, and Sagarik, 2011). For the B3LYP/TZVP and
RIMP2/TZVP calculations, the scaling factors of 0.9614 (Scott and Radom, 1996) and
0.9434 (TURBOMOLE Tutorial 6.4) were used in the calculations of the vibrational
frequencies, respectively. Since proton transfers in H-bond are coupled with various
degrees of freedom.

As an effective probe for H-bond formation (Konrat, Tollinger,
Kontaxis, and Krautler, 1999), isotropic shielding constants were computed at both
the RIMP2/TZVP and the B3LYP/TZVP levels (Taubert, Konschin, and Sundholm,

2005) using the GIAO method (Ditchfield, 1974; Ditchfield, 1976). The 'H NMR
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shielding constants at the RIMP2/TZVP level (oi+') were derived from (Chesnut,

H+
1995)
o = ot + 230N — o), (2.7)
where cgf and GEILMPZ are the isotropic shielding constants obtained at the

Hartree—Fock and RIMP2 levels, respectively. The '"H NMR chemical shifts of the

corr

H-bond protons (87") were derived from o with respect to tetramethylsilane

(Harris et al., 2008), which was computed at the MP2/TZVP level to be 31.97 ppm
(Taubert, Konschin, and Sundholm, 2005). Based on the observation that the isotropic
shielding constants of protons in strong, protonated H-bonds depend only on the
H-bond distance (Ro.0) and not the neighboring water molecules (Chesnut and
Rusiloski, 1994) and the conclusion that the effects of a continuum solvent (reaction
field) on the H-bond structures are small (Chesnut and Rusiloski, 1994; Chesnut,
2005; Taubert, Konschin, and Sundholm, 2005), it is reasonable to discuss only the
'"H NMR shielding constants of the smallest, most stable intermediate complex in the
gas phase (Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe, and Sagarik, 2013).
To correlate the 'H NMR shielding constants with the structures of 2D-PES, the O
of the proton on the structural diffusion (the low-interaction energy path connecting
the single- and double-well potentials) and oscillatory shuttling paths (the path with
Adpa = 0 A) were computed and plotted as a function Ry (Lao-ngam, Phonyiem,

Chaiwongwattana, Kawazoe, and Sagarik, 2013)



20

2.4 Dynamic calculations

2.4.1 BOMD simulations

The equilibrium structures of the model systems obtained from the
RIMP2/TZVP calculations were used as the starting configurations in BOMD
simulations. In the previous work (Lao-ngam, Asawakun, Wannarat, and Sagarik,
2011;  Phonyiem, Chaiwongwattana, Lao-ngam, and  Sagarik, 2011;
Chaiwongwattana, Phonyiem, Vchirawongkwin, Prueksaaroon, and Sagarik, 2012),
the applicability and performance of the NVT ensemble for the study of the dynamics
of proton transfer were examined in detail. Because the energy released and absorbed
during the proton transfer process can be managed by a thermostat bath, the local
temperature can be maintained throughout the course of the NVT-BOMD simulations
provided that an appropriate thermostat relaxation time is chosen. In the previous and
present work, a Nosé-Hoover chain thermostat (Nosé and Klein, 1983; Nosé, 1984;
Hoover, 1985; Shuichi, 1991) was applied to each degree of freedom in the model
systems, and a thermostat relaxation that was 20-fold larger than the time step was
proven to be appropriate for the generation of reasonable local-energy fluctuations
(Sagarik, Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010; Lao-ngam,
Asawakun, Wannarat, and Sagarik, 2011; Phonyiem, Chaiwongwattana, Lao-ngam,
and Sagarik, 2011; Chaiwongwattana, Phonyiem, Vchirawongkwin, Prueksaaroon,
and Sagarik, 2012; Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe, and Sagarik,
2013). As an example (Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe, and
Sagarik, 2013), the NVT-BOMD simulations of the Zundel complex at 350 K yielded
local energy fluctuation of only approximately 0.4 kJ/mol/degree of freedom

compared with the activation energy obtained from the 'H NMR measurements of
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approximately 10 kJ/mol (Luz and Meiboom, 1964). Additionally, to confirm that the
energetics and dynamics are well represented, energy conservation and mean-square
displacements (MSD) plots were constructed (Chaiwongwattana, Phonyiem,
Vchirawongkwin, Prueksaaroon, and Sagarik, 2012). Because the trend of the energy
conservation plot showed no systematic drift and the correct linear relationship was
obtained for the MSD plot, one can conclude that the dynamics of the transferring
proton, which were obtained under the present NVT-BOMD simulations conditions,
including the Nosé-Hoover thermostat, are reasonable and very well represented,
especially in the case in which the structures of the model systems are at equilibrium
and not substantially changed in the BOMD simulations. In this work, 2000 and
20000 BOMD steps of 1 fs were devoted to the equilibration and the property
calculations, corresponding to 2 and 20 ps, respectively. The activation energies
(AE*’A”) of proton dissociation and transfer from the first hydration shell were
determined from the Arrhenius equation by performing BOMD simulations over the
temperature range of 298-430 K. The first-order rate constants (k) for the exchange
between the shared-proton (O--H'---O) and close-contact (O—H"---O) structures were
approximated from the exponential relaxation behavior of the envelopes of the
velocity autocorrelation functions (VACF) of the O-O vibrations (Lao-ngam,
Asawakun, Wannarat, and Sagarik, 2011; Phonyiem, Chaiwongwattana, Lao-ngam,
and Sagarik, 2011; Chaiwongwattana, Phonyiem, Vchirawongkwin, Prueksaaroon,
and Sagarik, 2012; Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe, and Sagarik,

2013) and the AE**" from the linear relationship between In (k) and 1000/T.
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2.4.2 Vibrational and NMR spectra

Because the harmonic approximation yields reliable vibrational
frequencies only at stationary points on the total energy surface, to completely
understand the vibrational behaviors of the transferring protons, especially in
distorted H-bond structures, BOMD simulations must be performed, from which the
vibrational spectra were determined by Fourier transformation of the VACEF.
Because conventional vibrational analysis of the VACF of atoms cannot not yield the
information on the types of motions associated with the frequencies of interest,
attempt was made in Bopp (1986) to describe vibrational modes using an appropriate
correlation function technique. In this approach, the velocity vectors associated with
the vibrational modes were defined and used in the calculations of the VACF, from
which the vibrational spectra and the lifetimes of the motions were computed.
In the previous work (Lao-ngam, Asawakun, Wannarat, and Sagarik, 2011;
Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik, 2011; Chaiwongwattana,
Phonyiem, Vchirawongkwin, Prueksaaroon, and Sagarik, 2012; Lao-ngam,
Phonyiem, Chaiwongwattana, Kawazoe, and Sagarik, 2013), the symmetric and
asymmetric O-H stretching frequencies, as well as the O-O vibrational frequencies,

were computed using the predefined-velocity vectors in Figure 2.1. (Bopp, 1986)
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>
v " Symmetric O-H stretching
e ——) >
B -‘ Asymmetric O-H stretching
- @ 00 vibration

Figure 2.1 Definitions of the velocity vectors used in the calculations of the
symmetric and asymmetric O-H stretching frequencies, as well as the O-O vibrational

frequencies (Sagarik, Chaiwongwattana, Vchirawongkwin, and Prueksaaroon, 2010).

As the definitions of the velocity vectors were different, the symmetric
and asymmetric O-H stretching peaks were quite well separated (Figure 3.21).
It should be noted that, due to similar definitions of the velocity vectors of the
symmetric O-H stretching and the O-O vibration, some interferences (mixings)
between these two modes can be observed. Due to the previous studies have shown
(Lao-ngam, Asawakun, Wannarat, and Sagarik, 2011; Phonyiem, Chaiwongwattana,
Lao-ngam, and Sagarik, 2011; Chaiwongwattana, Phonyiem, Vchirawongkwin,
Prueksaaroon, and Sagarik, 2012; Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe,
and Sagarik, 2013) that the characteristic vibrational motions of the transferring
protons discussed based on the asymmetric O-H stretching frequencies were very
reasonable, the same approach was used in this work. Remarks should be made on the

computational aspects of the vibrational spectra reported in this work, and the
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absorption IR spectra obtained from ultrafast vibrational spectroscopy, for example,
transient-hole burning, and vibrational echo techniques (Schmidt, Corcelli, and
Skinner, 2005). In this work, vibrational spectra were computed from the Fourier
transformation of the VACF, whereas the ultrafast absorption vibrational spectra can
be obtained theoretically based on the Fourier transformation of the quantum dipole
time-correlation function and response functions. Therefore, these two approaches do
not yield exactly the same vibrational properties; the former are associated with the
local vibrational modes, whereas the latter are connected to the vibrational transition
frequencies of local oscillators. Because, in this study, the vibrational frequencies
were used in the discussion of the characteristic vibrational motions of the transferring
protons, and it was not the intention to calculate the absorption IR spectra per se, the
Fourier transformation of the VACF was used. It should be added that, for strong
H-bond systems such as liquid water, the ultrafast absorption IR spectra are
complicated due to the pronounced non-Condon effects, defined as “the dependence
of the vibrational transition dipole moment of a particular molecule on the rotational
and translational coordinates of all the molecules in the liquid,” and conventional
theoretical methods to calculate absorption IR spectra do not take into account these
effects (Schmidt, Corcelli, and Skinner, 2005). It was demonstrated that inclusion of
the non-Condon effects in the model calculations is important for an accurate
calculation of the homodyned and heterodyned three-pulse echoes, which are not the

objectives of this study. The vibrational energies for the interconversion between the

oscillatory shuttling and structural diffusion motions (AV(B)E’MD) were approximated

from the difference between the structural diffusion (V(B)H’MD) and oscillatory shuttling

(ng’MD) frequencies (Phonyiem, Chaiwongwattana, Lao-ngam, and Sagarik, 2011).
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In this study, the dynamics of the protons were also discussed using the '"H NMR
chemical shift spectra (8;*") obtained from the BOMD simulations over the
temperature range of 298-430 K (Lee et al., 2007; Brunklaus et al, 2009).
In the calculations of the 'H NMR chemical shift spectra, a statistical sampling of the
structures of the smallest, most stable intermediate complex was performed every five
BOMD steps (Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe, and Sagarik,

2013), and two thousand five hundred H-bond structures were used in the calculations
of the instantancous 'H NMR shielding constants (G;OF’MD) using the ab initio GIAO

method at the RIMP2/TZVP level. The 'H NMR chemical shift spectra were
represented by Lorentzian peak functions (Murakhtina, Heuft, Meijer, and Sebastiani,

2006), from which the activation energies (AE™"*

) for the exchange between the
shared-proton and close-contact structures were obtained through a simple line shape
analysis. Based on the assumption that the change in the 'H NMR line width

(ASET ’MD) as a function of temperature is correlated with the exchange rate, which

can be used to determine AE""MR

through the Arrhenius equation (Lee et al., 2007),
ASE’IT MD wyas approximated as the FWHM of the '"H NMR chemical shift spectra
(Narayanan, Yen, Liu, and Greenbaum, 2006). In this study, the effective transverse
grmMP

relaxation times (T;) were calculated from A using

T, = 1/(nA8™P) (2.8)

and the AE™™® from the plots of In (T5) and 1000/T (Lee et al., 2007).
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CHAPTER III

RESULTS AND DISCUSSION

In order to simplify the discussion, the H-bond structures were labelled with a
three-character code, the Gn-[m] or Cn-[m]: G = H-bond structure in the gas phase,
and the C = H-bond structure in continuum aqueous solution, where n is the number
of water molecules. Different H-bond structures with the same number of water
molecules are distinguished by [m]. For example, according to the three-character
code, G3-[1] and G3-|2] are different H-bond structures ([1] and [2], respectively)
with the same number of water molecules (n = 3) in the gas phase (G). In contrast,
G2-[1] and C2-[1] are the same H-bond structure (n = 2, m = 1) in the gas phase (G)

and continuum aqueous solution (C), respectively.

3.1 Static results

3.1.1 B3LYP and RIMP2 calculations
Tables 3.1 and 3.2 show the static results obtained from the
B3LYP/TZVP and RIMP2/TZVP calculations, respectively. The equilibrium
structures that may be involved in proton dissociation and transfer, which were
obtained from the RIMP2/TZVP calculations in the gas phase and continuum aqueous

solution, are shown in Figure 3.1, with the dipole moment ().
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Table 3.1 Static results of the H;PO,~H;0 —nH,0 complexes, n = 1-3, obtained from
B3LYP/TZVP calculations, both in the gas phase and continuum aqueous solution.
Energies, distances and vibrational frequencies are in kJ/mol, A and cm'l,

respectively. '"H NMR shielding constants and chemical shift are in ppm.

Gl1 C1
), & (1)‘"‘,‘“
AE AE™' AE
-97.7 -278.9 -43.3
H-bond Ro.o Adpa v Oyt Syt
0 2.50 0.44 2306 16.67 15.25
(2.406) (0.33) (1862) (15.54) (16.38)
AE = interaction energy; AE*®! = solvation energy; Roo = H-bond distance;
Adps = asymmetric stretching coordinate; v°"' = asymmetric O-H stretching

frequency; o+ = isotropic shielding constant; o+ = '"H NMR chemical shift;

(..) = continuum aqueous solvent.



Table 3.1 (Continued).
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G2-[1) C2-[1]
"/J y
() : .LJ
: ‘ @
J Jd
AE AE®! AE
-171.5 278.2 -80.6
H-bond Ro.o Adpa voH Oyt Syt
0 2.41 0.22 1792 14.34 17.58
(2.49) (0.41) (2350) (17.01) (5.67)
. 2.55 0.51 2749 19.05 12.87
(2.50) (0.39) (2106) (16.61) (5.53)
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G2-2) C2-2]
S MO ».0
; (z)ﬁj E 0@
J ’ ) ¥
AE AE™ AE
-186.1 -266.1 -83.1
H-bond Ro.o Adpa voH Oyt Syt
0 2.54 0.49 2573 18.43 13.49
(2.50) (0.42) (2243) (17.19) (5.73)
. 2.54 0.48 2640 18.33 13.59
(2.49) (0.39) (2115) (16.79) (5.59)
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Table 3.1 (Continued).

G3-[1] C3-[1]
4(2) e
1 1
'f&‘”‘:w """" A‘J 6)
'Y s
AE AE™ AE
-250.2 -260.5 -107.9
H-bond Ro-o Adpa voH Oyt Syt
0 2.43 0.23 1735 14.09 17.83
(2.47) (0.35) (1987) (15.91) (16.01)
o 2.57 0.53 2747 19.32 12.60
(2.57) (0.53) (2617) (19.51) (12.41)
G 2.65 0.67 3155 22.69 9.23

(2.52) (0.44) (2357) (17.54) (14.38)




Table 3.1 (Continued).
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G3-[2] C3-2]
./ ®) ‘
“3) '
: 2 L
: ’..f,z) 10 R { o)
o ?J
AE AE™ AE
-263.0 -259.2 -119.4
H-bond Ro-o Adpa voH Oyt Syt
0 2.58 0.55 2842 19.66 12.26
(2.53) (0.47) (2455) (18.35) (13.57)
2 2.57 0.53 2758 19.50 12.42
(2.52) (0.44) (2318) (17.95) (13.97)
G 2.58 0.55 2778 19.69 12.23
(2.53) (0.45) (2368) (17.95) (13.83)




38

Table 3.1 (Continued).

G4-[1]

(2) ) 2 ’(2) .

C4-[1]

AE AE™! AE
-305.3 -265.1 -133.8
H-bond Ro.o Adpa Vo Oyt Syt
0 2.41 0.19 1694 13.84 18.08
(2.51) (0.45) (2439) (17.68) (14.24)
o 2.61 0.60 2938 20.63 11.29
(2.58) (0.54) (2691) (19.94) (11.98)
G 2.49 0.41 2430 17.16 14.76
(2.44) (0.24) (1673) (14.10) (17.82)
@ 2.69 0.72 3270 23.89 8.03
(2.66) (0.66) (3016) (22.49) (9.43)
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G4-[2]

C4-2]

:'4
£ (3)
% (2)

'Jx.m
4 “.4)

e
AE AE™ AE
-309.4 -260.2 -133.0
H-bond Ro.o Adpa voH Oyt Syt

0 2.46 0.32 2062 15.46 16.46

(2.49) (0.39) (2088) (16.90) (15.02)
o 2.46 0.33 1971 15.59 16.33

(2.51) (0.43) (2225) (17.14) (14.78)
G 2.68 0.70 3232 23.52 8.40

(2.69) (0.71) (3145) (23.69) (8.23)
@ 2.68 0.70 3230 23.47 8.45

(2.50) (0.41) (2319) (16.89) (15.03)
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G4-[3] C4-[3]
%
", e
0 g’ ® GR o0
AE AE™ AE
-320.0 -267.6 -150.9
H-bond Ro.o Adpa voH Oyt Syt
0 2.58 0.56 2795 19.84 12.08
(2.53) (0.47) (2428) (18.45) (13.47)
. 2.58 0.56 2856 19.81 12.11
(2.50) (0.41) (2187) (17.28) (14.64)
G 2.54 0.50 2648 18.78 13.14
(2.48) (0.37) (1991) (16.61) (15.31)
@ 2.88 0.94 3464 26.79 5.13
(2.76) (0.80) (3254) (25.55) (6.37)
) 2.84 0.92 3464 26.51 5.41
(2.73) (0.78) (3254) (25.33) (6.59)
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G4-[4] C4-[4]
5.2 3.0
Dl }.9)(
OF ® )] &
1t < T
AE AE™! AE
-321.0 -258.0 -142.4
H-bond Ro.o Adpa Vo Oyt Syt
0 2.48 0.36 2167 16.27 15.65
(2.46) (0.30) (1741) (15.32) (16.60)
. 2.59 0.57 2856 20.21 11.71
(2.54) (0.48) (2426) (18.63) (13.29)
G 2.59 0.57 2856 20.23 11.69
(2.54) (0.48) (2426) (18.63) (13.29)
@ 2.69 0.72 3264 23.87 8.05
(2.67) (0.67) (3067) (22.97) (8.95)




Table 3.1 (Continued).

42

G4-[5] C4-[5]
® 0 @ OF o
@) "-./ (4)’7 J
4 1(2) {(2)
/? AAAA 3) .: ? """ ( 43) ‘J
AE AE®! AE
-331.7 -257.8 -152.9
H-bond Ro.o Adpa Vo Oyt Syt
" 2.61 0.59 2911 20.60 11.32
(2.55) (0.51) (2515) (19.22) (12.70)
2 2.61 0.59 2914 20.63 11.29
(2.55) (0.51) (2480) (19.02) (12.90)
) 2.61 0.59 2905 20.60 11.32
(2.54) (0.51) (2467) (18.89) (13.30)
@ 2.60 0.59 2914 20.60 11.32
(2.55) (0.51) (2480) (18.95) (12.97)
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Table 3.2 Static results of the H;PO,~H;0 " —nH,0 complexes, n = 1-3, obtained from
RIMP2/TZVP calculations, both in the gas phase and continuum aqueous solution.
Energies, distances and vibrational frequencies are in kJ/mol, A and cm'l,

respectively. '"H NMR shielding constants and chemical shift are in ppm.

G1 C1
n& Ur's
AE AE™ AE
-100.6 -282.1 -44.9
H-bond Roo Adpa voH G?{OIT Sg)f
0 2.49 0.41 2363 16.33 15.63
(2.45) (0.32) (1866) (14.85) (17.11)
AE = interaction energy; AE*®! = solvation energy; Roo = H-bond distance;
Adps = asymmetric stretching coordinate; v°"' = asymmetric O-H stretching
frequency; oi" = isotropic shielding constant; 87" = 'H NMR chemical shift;

(..) = continuum aqueous solvent.
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G2-[1] C2-[1]
@ ’) 2) ! ‘
(‘L‘d m/j
2 E } E ’
AE AE®! AE
-174.0 -279.2 -81.1
H-bond Ro.o Adpa Vo ci?ff Sig*rr
0 2.40 0.20 1746 13.01 18.95
(2.49) (0.43) (2424) (16.55) (15.41)
2 2.55 0.53 2832 18.98 12.98
( (2.48) (0.40) (2192) (15.97) (15.99)




Table 3.2 (Continued).

G2-[2] C2-2]
2 MU » . ()
l o i 0%
AE AE®! AE
-188.7 -266.9 -83.5
H-bond Ro.o Adpa Vo ci?ff Sig*rr

0 2.53 0.49 2682 18.19 13.77

(2.50) (0.42) (2319) (16.89) (15.07)

2.53 0.49 2618 18.03 13.93

2

(2.49) (0.40) (2198) (16.49) (15.47)
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G3-[1] C3-[1]
ol )
NG v,
(@) (1
S : "'4:(3) ‘Jé /‘:_(3>
. -
AE AE®! AE
252.0 -267.9 -113.6
H-bond Roo Adpa yon ot St
0 2.43 0.25 1784 13.56 18.40
(2.47) (0.37) (2151) (15.49) (16.47)
o 2.55 0.53 2777 19.03 12.93
(2.56) (0.52) (2680) (19.45) (12.51)
5 2.65 0.68 3206 22.66 9.30
(2.49) (0.42) (2369) (16.45) (15.51)
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G3-[2] C3-2]
& @
3) )
R X)) ) ;
> () ? 2
LS [
AE AE®! AE
-267.9 -259.3 -121.0
H-bond Ro.o Adpa voH ot St
0 2.57 0.55 2810 19.45 12.51
(2.52) (0.46) (2504) (18.02) (13.94)
) 2.56 0.54 2794 19.27 12.69
(2.51) (0.45) (2379) (17.67) (14.29)
3) 2.56 0.54 2868 19.38 12.69
(2.51) (0.45) (2420) (17.71) (14.25)
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Table 3.2 (Continued).

G4-[1] C4-[1]
‘*«&2) é )
(1)
e g
€ o,
2(4) @
. . ol
AE AE™ AE
-306.0 -267.3 -132.9
H-bond Roo Adpa yoH Oyt S
0 2.41 0.21 1757 13.28 18.68
(2.50) (0.45) (2527) (17.31) (14.65)
o 2.60 0.60 2979 20.52 11.44
(2.57) (0.55) (2738) (19.74) (13.75)
5 2.48 0.41 2447 16.39 15.57
(2.43) (0.26) (1703) (13.28) (18.68)
" 2.69 0.72 3295 23.71 8.25
(2.65) (0.67) (3094) (22.44) (9.52)
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G4-[2] C4-2]
i é
13 )
@ -4 )
(&) )
'/%‘ ‘j (4) "&’ ) ((4)
e, e
AE AE®! AE
-310.4 -258.6 -128.6
H-bond Roo Adpa yoH Ot St
0 2.45 0.34 2043 15.03 16.93
(2.43) (0.25) (1616) (13.68) (18.28)
) 2.46 0.34 2124 15.11 16.85
(2.43) (0.27) (1669) (14.03) (17.93)
3) 2.68 0.71 3274 23.66 8.30
(2.65) (0.67) (3089) (22.44) (9.52)
@ 2.68 0.70 3268 23.37 8.59
(2.64) (0.66) (3076) (22.16) (9.80)




Table 3.2 (Continued).
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G4-[3] C4-[3]
; ) & @ @
)’ 1) o é ‘()“u (2/)‘ . ",
/) "f‘“(l) ' (5)
J 3
AE AE®! AE
-323.4 -266.8 -149.8
H-bond Ro.o Adpa voH ot St
0 2.57 0.55 2880 19.54 12.42
(2.52) (0.47) (2485) (18.18) (13.78)
) 2.57 0.55 2824 19.60 12.36
(2.49) (0.42) (2247) (16.96) (15.00)
3) 2.53 0.49 2659 18.36 13.60
(2.46) (0.35) (1960) (15.73) (16.23)
@ 2.88 0.95 3476 26.69 3.37
(2.74) (0.80) (3286) (25.35) (6.61)
) 2.82 0.92 3502 26.33 5.63
(2.72) (0.78) (3522) (25.06) (6.90)




Table 3.2 (Continued).
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G4-[4] C4-[4]
C)) ® @
M 3 (1),f‘;(4)
3) J - 3) J &J
o] -~
AE AE®! AE
-325.2 -258.5 -143.2
H-bond Ro.o Adpa voH ot St
0 2.47 0.37 2208 15.75 16.21
(2.45) (0.31) (1840) (14.92) (17.04)
2 2.58 0.57 2885 19.96 12.01
(2.52) (0.47) (2466) (18.22) (13.74)
3) 2.58 0.57 2927 20.00 11.96
(2.53) (0.47) (2525) (18.28) (13.68)
@ 2.69 0.72 3294 23.70 8.26
(2.66) (0.68) (3128) (22.84) 9.12)




Table 3.2 (Continued).
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G4-[5] C4-|5]
3 (1) @ . () @
@ I 4) E/E i
3(2) — 7(2)
23 q.5 2o a
AE AE®! AE
-339.3 -257.9 -156.7
H-bond Ro.o Adpa voH ot St
0 2.59 0.59 2931 20.32 11.64
(2.54) (0.50) (2559) (18.87) (13.09)
) 2.59 0.59 2932 20.34 11.63
(2.53) (0.49) (2520) (18.69) (13.27)
3) 2.59 0.59 2931 20.34 11.62
(2.53) (0.49) (2520) (18.61) (13.35)
@ 2.59 0.59 2932 20.34 11.63
(2.53) (0.49) (2531) (18.67) (13.29)
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Figure 3.1 Linear H-bond structures of the H;PO,~H;0"—nH,0 complexes (n = 1-3)
potentially involved in proton dissociation and transfer. These were obtained from the

RIMP2/TZVP calculations in the gas phase and continuum aqueous solvent.

" = H-bond susceptible to proton transfer; p = dipole moment.
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The correlations between the RIMP2/TZVP and B3LYP/TZVP results
are shown in Figures 3.2-3.6. These are represented by linear functions with R*
values in the range of 0.986 to 0.999, reflecting excellent agreement between the two
methods, e.g., R = 0.999 for the interaction (AE) and solvation energies (AESOI).
The investigation of the protonated H-bond structures in Tables 3.1 and 3.2 showed
that the equilibrium structures obtained from both methods are generally the same and
that the AE obtained from the RIMP2/TZVP calculations are slightly lower (more
negative) than those obtained from the B3LYP/TZVP calculations, indicating a better

representation of the effects of electron correlation through the RIMP2/TZVP method.
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Figure 3.2 Correlations between the results obtained from the RIMP2/TZVP and
B3LYP/TZVP calculations. AE and AE* are interaction and solvation energies,

respectively; Gas = gas phase; COSMO = continuum aqueous solvent.
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Figure 3.3 Correlations between the results obtained from the RIMP2/TZVP and

B3LYP/TZVP calculations. Ro.o = H-bond distances; Gas = gas phase;

COSMO = continuum aqueous solvent.
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Figure 3.4 Correlations between the results obtained from the RIMP2/TZVP and
B3LYP/TZVP calculations. Adps = asymmetric stretching coordinates;

Gas = gas phase; COSMO = continuum aqueous solvent.
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Figure 3.5 Correlations between the results obtained from the RIMP2/TZVP and
B3LYP/TZVP calculations. v°" = asymmetric O-H stretching frequencies;

Gas = gas phase; COSMO = continuum aqueous solvent.



59

30

§

SMO

C

O

[
™
|

(RIMP2)/ ppm
Is
|

corr

Gll'

ot
™h
1

R?=10.9933

10
30

(5]
h

T
20
O'H.(B3L YP)/ ppm

h |

10 1

Figure 3.6 Correlations between the results obtained from the RIMP2/TZVP and

B3LYP/TZVP calculations. o, = "H NMR shielding constants; Gas = gas phase;

COSMO = continuum aqueous solvent.
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The trends of the vibrational and NMR results are quite similar at both
levels of theory. For the RIMP2/TZVP calculations, the plots of v°" and Adpa shown
in Figure 3.7 yielded threshold asymmetric O-H stretching frequencies (VOH*) for
deprotonation in H-bond (1) at 2295 cm™ in the gas phase and at 2078 cm™ in
continuum aqueous solution. These values are slightly lower than those obtained from
the B3LYP/TZVP calculations: v®"" = 2306 and 2136 cm’, respectively.
The 'H NMR shielding constants obtained from the RIMP2/TZVP calculations (o
are slightly smaller than those obtained from the B3LYP/TZVP calculations (oy+),
confirming that more associated H-bond complexes are obtained with the
RIMP2/TZVP method. The plots of o, and Adpa and of v and oy shown in
Figures 3.8-3.9 yielded threshold 'H NMR shielding constant (cﬁ’fr*) for
deprotonation in H-bond (1) of 16 ppm in the gas phase, whereas the protonated

forms (H4PO," and H30") in the linear H-bond chains possess ojr values in the

ranges of 15 to 17 ppm and of 13 to 14 ppm, respectively, corresponding to '"H NMR

corr

chemical shifts (o,;+') of 17 to 15 ppm and of 19 to 18 ppm, respectively.

Because the RIMP2/TZVP and B3LYP/TZVP calculations yielded the
same trends in the structural, energetic, and spectroscopic properties, the present study
concluded that, in the case of restricted computational resources, the B3LYP/TZVP
method can be applied in the study of hydrated H;PO, under excess proton conditions.
However, because the sizes of the model systems considered here are moderate,

BOMD simulations can be performed based on the RIMP2/TZVP calculations.
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Figure 3.7 Plots of the asymmetric O-H stretching frequency (v°") as a function of
the asymmetric stretching coordinate (Adpa) in the gas phase and continuum aqueous

solvent.
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3.1.2 Structures and solvent effects

The equilibrium structures of the H;PO,~H;0"—nH,0 complexes
(n = 1-3) shown in Tables 3.1 and 3.2 can be divided into two groups, namely linear
H-bond chains, e.g., structures G1, C1, G2-[1], C2-[1], G4-[1], and C4-[1], and
embedded H,PO," clusters, e.g., structures G3-[2], C3-[2], G4-[4], and C4-[4].
According to the asymmetric O-H stretching frequencies (v°"), linear H-bond chains
with asymmetric hydration at H4PO,", as shown in Figure 3.2, are potentially
involved in proton dissociation and transfer (v < v°""), and this finding supports the
protonic-chain conduction mechanism, as in the case of liquid phosphoric acid
(Greenwood and Thompson, 1959; Munson and Lazarus, 1967) and methanol
(Chaiwongwattana, Phonyiem, Vchirawongkwin, Prueksaaroon, and Sagarik, 2012).
The values of v°" in Table 3.2 and the H-bond structures in Figure 3.1 also suggest
that the shared-proton structures, in which protons stay almost at the centre of the
H-bond (1), are favorable in the gas phase, e.g., structures G2-[1], G4-[1], and
G3-[1], and that structure G2-[1] may represent the smallest, most stable intermediate
complex in the proton dissociation pathway (Adpa = 0.20 A). Most importantly, in the
gas phase, the extension of the linear H-bond chains does not increase the tendency of
proton transfer from the first to the second hydration shell, e.g., protons in the H-bond
(2) of structure G2-[1] and the H-bond (3) of structures G3-[1] and G4-[1] exhibit

OH

H*
vOH > O,
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Figure 3.10 Effects of extension of the linear H-bond chains in the gas phase.
vo" = asymmetric O-H stretching frequencies; Adpa = asymmetric stretching

coordinates.

The RIMP2/TZVP results shown in Table 3.2 demonstrate that the v°"
of protons in H-bond (1) of the protonated forms (H;PO," and H3;O") are in the range
of 2040 (linear H-bond structure, structure G4-[2]) to 2940 cm™ (fully hydrated
H,PO,", structure G4-[5]) and of 1740 (structure G2-[1]) to 1790 cm™ (structure
G3-[1]), respectively. These characteristic vibrational frequencies could be used to
differentiate between the protonated and deprotonated forms in BOMD simulations.
The comparison of the structures of the linear H-bond chains and the dipole moments
in the gas phase and continuum aqueous solvent shown in Figure 3.1, e.g., structures
G2-[1] (0= 9.2 D) and C2-[1] (n = 11.8 D), revealed prominent effects of solvent
polarity on proton dissociation. In the present case, an increase in solvent polarity
from ¢ = 1 to ¢ = 78 leads to strong charge redistributions (observed from an increase

in the dipole moment), more effective interaction with the electrostatic field of the
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solvent, and the shift in the proton in the H-bond (1) toward H,O. The influence of
solvent polarity on proton dissociation is in accordance with the localised-charge
solvation (LCS) concept, in which “a polar solvent solvates species with localised
charges more efficiently than species with more delocalised charges” (Koeppe, Guo,
Tolstoy, Denisov, and Limbach, 2013). Therefore, in this case, the protonated forms
(H;0"), e.g., structures C2-[1] and C3-[1], are more favourable than the shared-proton
forms (e.g., structures G2-[1] and G3-[1]) in continuum aqueous solvent. Based on
the localised-charge solvation concept, the possibility of proton transfer from the first
hydration shell could be envisaged from structures G4-[1] (n = 22.7 D) and C4-[1]
(n=25.9 D); when COSMO is switched on, the dipole moment of the linear H-bond
chain increases, and the shared-proton structure is moved from H-bond (1) to (3),
generating a Zundel complex attached to H;PO, with a v lower than the v°™'" of the
protonated water clusters (1703 and 1987 cm™, respectively) (Lao-ngam, Phonyiem,
Chaiwongwattana, Kawazoe, and Sagarik, 2013). Therefore, structure C4-[1] maybe
an intermediate complex for proton transfer from the first to the second hydration

shell and should be further studied in BOMD simulations.
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Figure 3.11 Effects of extension of the linear H-bond chains in continuum aqueous
solvent. v = asymmetric O-H stretching frequencies; Adps = asymmetric stretching

coordinates.

Because the linear H-bond chains in a low local-dielectric constant
environment (¢ = 1) represent effective intermediate complexes in the proton
dissociation process, e.g., structures G2-[1] and G4-[1], because structure C4-[1] in a
high local-dielectric constant environment (¢ = 78) is the intermediate complex for
proton transfer from the first to the second hydration shell, and because H;O" and
Hs0,", are stabilized in COSMO, one could anticipate that fluctuations in the number
of water molecules and the local-dielectric constant play essential roles in the proton
dissociation and transfer processes, and the elementary steps could be formulated
from the H-bond structures shown in Figure 3.1. Examples of the proposed
elementary steps are shown schematically in Figure 3.12. In this scheme, structures
G2-[1] and G3-[1] in a low local-dielectric constant environment (¢ = 1) are the

intermediate complexes of proton dissociation and are produced through elementary
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steps (I) and (II), respectively. In addition, for proton transfer from the first to the
second hydration shell, structure C4-[1] in a high local-dielectric constant
environment (¢ = 78) is the most stable intermediate complex and is produced through
elementary step (III). All of the proposed elementary steps were verified and studied

in detail through BOMD simulations.
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Figure 3.12 Examples of the elementary steps of proton dissociation (I and IT) and

transfer (III) in H3PO,~H30 —nH,0 complexes (n = 1-3). These steps involve

fluctuations in the number of water molecules and in the local-dielectric constant.

u = dipole moment.
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3.1.3 Two-dimensional potential energy surfaces

The two-dimensional potential energy surfaces (2D-PES) for proton
exchange in the smallest, most stable intermediate complexes in the gas phase and
continuum aqueous solvent are illustrated in Figures 3.13 and 3.14, the protons in
H-bond (1) of structures G2-[1] and C2-[1], respectively. Figure 3.13 shows that the
absolute minimum on the 2D-PES of structure G2-[1] is represented by an
asymmetric single-well potential at Ro.o = 2.4 A and Adpa =~ 0.1 A. At a longer Ro.o
distance, a double-well potential appears with an increase in the energy barrier
(AE*’RIMPZ/TZVP) as Ro.o increases. Two low-interaction energy paths (‘“energy
valleys”) connecting the single- and double-well potentials span from A to C and

from A to B, whereas the path with the highest AE-RMPYTZVP

(“energy crest”
at Adpy = 0 A) is from D to E. The low-interaction energy paths are regarded
hereafter as the structural diffusion paths (also denoted paths AC and AB), and the

+,RIMP2/TZVP

path with the highest AE is regarded as the transition state path (also
denoted path DE). The cross-sectional plots of the 2D-PES in Figure 3.13 suggest that
the structural diffusion path AC is preferred compared with AB. Due to the presence
of continuum aqueous solvent, the detailed 2D-PES of structure C2-[1] is different
from that of structure G2-[1]. In a high local-dielectric constant environment, such as
COSMO with ¢ = 78, the single-well potential becomes more asymmetrical and shifts
even closer to H,O, confirming the previously discussed effects of continuum aqueous
solvent, namely increases in the solvent polarity and in the length of the H-bond chain
that induce proton displacement from the solute. The shapes of the single-well

potentials of structures G2-[1] and C2-[1] are consistent with the asymmetric O-H

stretching frequencies (vV°") and the '"H NMR shielding constants (o) listed in
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Table 3.2; v°" of H-bond (1) in the gas phase is 1746 cm™, whereas in continuum

aqueous solution, v°*! blue shifts to 2424 cm™, and oy is 13.0 ppm in the gas phase

and increases to 16.6 ppm in continuum aqueous solvent. These values reflect the
slightly higher covalent bond character and shielding of a proton in continuum

aqueous solvent, which results in the proton staying closer to H,O.
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Figure 3.13 Two-dimensional potential energy surface (2D-PES) of a proton in

H-bond (1) of structure G2-[1] as a function of H-bond distances (Ro.0) and

asymmetric O-H stretching frequencies (Adpa).
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Figure 3.14 Two-dimensional potential energy surface (2D-PES) of a proton in H-
bond (1) of structure C2-[1] as a function of H-bond distances (Ro.0) and asymmetric

O-H stretching frequencies (Adpa).
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3.1.4 Characteristic NMR spectra on 2D-PES

To study the dynamics of proton dissociation through BOMD

corr

simulations, the '"H NMR shielding constants (o ) of a proton on the preferential

structural diffusion path (path AC) and the transition state path (path DE) in the gas
phase and continuum aqueous solvent were computed and plotted as a function of

Ro.r in Figure 3.15-3.16. The o} of the H-bond protons in the H;PO,~H;0"—nH,0

complexes (n = 1-3) were also included in Figure 3.15-3.16 for comparison.

corr

It appears that the trends of 6+ in the gas phase and continuum aqueous solvent are

corr

similar; on the energy crest, o+ varies over a narrow range (almost constant at

approximately 12 ppm), whereas in the energy valley, o' changes exponentially
with Roy (from 14 ppm to 12 ppm as Roy is increased from 1.10 A to 1.15 A).

The latter correspond to 'H NMR chemical shifts (87) of 18 and 20 ppm,

respectively.
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Figure 3.15 Plots of the 'H NMR shielding constant (of+) and Roy of a proton on

the low-interaction energy path (structural diffusion path, AC) and on the path with
the highest AERIMP2/TZVE (transition state path, DE), obtained from the RIMP2/TZVP

calculations in the gas phase.
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Figure 3.16 Plots of the 'H NMR shielding constant (oj) and Ror of a proton on
the low-interaction energy path (structural diffusion path, AC) and on the path with
the highest AERIMP2TZVP (transition state path, DE), obtained from the RIMP2/TZVP

calculations in continuum aqueous solvent.
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3.2 Dynamic results

3.2.1 Structures and energies

The BOMD simulations confirmed that only the linear H-bond chains
with asymmetric hydration at H4PO," are susceptible to proton dissociation and
transfer and that the structures G2-[1] and C4-[1] are the most stable intermediate
complexes in these processes, respectively. To further study the effects of a polar
solvent and verify the proposed elementary steps shown in Figure 3.12, the proton
transfer profiles (Sagarik, Phonyiem, Lao-ngam, and Chaiwongwattana, 2008) of
H-bonds (1) and (2) in structures G2-[1] and C2-[1] and H-bonds (1) and (3) in
structures G4-[1] and C4-[1] at 298 K were constructed and are shown in
Figures 3.17 (a) and (b) and 3.18 (a) and (b), respectively.

For proton dissociation in H-bond (1), the oscillatory shuttling motion,
which is a characteristic of the intermediate complex and determines the rate of
proton dissociation, was observed only in structures G2-[1] and G4-[1] (see panel (II)
of Figures 3.17 (a) and 3.18 (a), respectively). Because the oscillatory shuttling
vibrational frequencies of a proton in H-bond (1) of structure G2-[1],
which were obtained from both static and dynamic calculations, are lower than those
obtained for structure G4-[1], structure G2-[1] was confirmed to be the smallest,
most stable intermediate complex. In continuum aqueous solvent, the proton transfer
profiles of H-bond (1) in structures C2-[1] and C4-[1] (see panel (II) of
Figures 3.17 (b) and 3.18 (b)) indicated that a proton prefers to stay close to H,O,
which rules out the possibility that both structures are intermediate complexes in the
proton dissociation process. The proton transfer profile in panel (VI) of

Figure 3.18 (b) confirmed that structure C4-[1] is the intermediate complex for proton
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transfer from the first to the second hydration shell, which implies that continuum
aqueous solvent is required to induce and stabilize the shared-proton structure in

H-bond (3).
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Figure 3.17 Variations in the Rp.o and Royy distances in H-bonds determined through
BOMD simulations at 298 K. (a) and (b) Structures G2-[1] and C2-[1], respectively.
Panels (I) and (II) are the Rp.o and Ro.y of H-bond (1). Panels (IIT) and (IV) are the

Ro.0 and Rp.y of H-bond (2).
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Figure 3.18 Variations in the Ro.o and Ro. distances in H-bonds determined through
BOMD simulations at 298 K. (a) and (b) Structures G4-[1] and C4-[1], respectively.
Panels (I) and (II) are the Ro.o and Ro.y of H-bond (1). Panels (V) and (VI) are the

Ro.0 and Rp.y of H-bond (3).
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3.2.2 Activation energies of proton dissociation and transfer

The activation energies (AE**™)

of the rate-determining processes in
proton dissociation and transfer in the HsPO,~H;0 —nH,0 complexes (n = 1-3) were
obtained from BOMD simulations of the most stable intermediate complexes over the
temperature range of 298 to 430 K. The Arrhenius plot in Figure 3.19 yielded an
AE"MT of proton dissociation for H-bond (1) of structure G2-[1] of 13.1 kJ/mol,
whereas the Arrhenius plot of H-bond (3) in structure C4-[1], which is shown in
Figure 3.20, suggests an AE"*™ of proton transfer from the first to the second
hydration shell of 9.9 kJ/mol. The latter is slightly lower than the AE™™ of proton
exchange in the Zundel complex of 10.2 kJ/mol (Lao-ngam, Phonyiem,
Chaiwongwattana, Kawazoe, and Sagarik, 2013) and is compatible with the activation
energies obtained from ion conductivity measurements of 85-100 wt.% H3;PO,
solutions at 293 K, which were reported to be in the range of 7.8 to 14 kJ/mol (He, L1,
Xiao, and Bjerrum, 2003), and "H NMR line width analyses over the temperature
range of 293 to 353 K of 11 kJ/mol (Chung, Bajue, and Greenbaum, 2000).
Therefore, the activation energies obtained from the BOMD simulations confirmed
elementary step (IIT) in Figure 3.12, in which structure C4-[1] is proposed to be the
most stable intermediate complex for proton transfer from the first to the second

hydration shell.



81

3.6

AT __
32 AE"™ =13.1 kJ/mol

2.8 1

2.4-

In (K)

2.0

1.6 -

1.2 . , . , . , .
2.0 2.4 2.8 32 3.6

1000/T /K

Figure 3.19 Arrhenius plots obtained from the BOMD simulations over the
temperature range of 298-430 K for proton dissociation in H-bond (1) of structure

G2-[1].
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Figure 3.20 Arrhenius plots obtained from the BOMD simulations over the

temperature range of 298-430 K for proton transfer in H-bond (3) of structure C4-[1].
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3.2.3 Vibrational and NMR spectra

Before the vibrational spectra of proton dissociation and transfer are
discussed, remarks should be made on the characteristic vibrational motions in
protonated H-bonds. For a symmetric donor-acceptor pair, such as in the Zundel
complex, the dynamics of the transferring proton are characterized by two vibrational
modes, namely the oscillatory shuttling motion, in which the proton shuttles at the
centre of the H-bond (proton moves in a symmetric single-well potential), and the
structural diffusion motion, in which the centre of the vibration is slightly shifted
toward an oxygen atom (proton moves on the structural diffusion path). However, for
an asymmetric donor-acceptor pair, such as in H-bond (1) of structure G2-[1], the
cross-sectional plots in Figure 3.13 suggested three different modes of vibration,
namely a vibrational mode associated with the proton moving in an asymmetric
single-well potential or shuttling near the centre of H-bond (1) and two vibrational
modes for the proton moving in an asymmetric double-well potential with centres of
vibration close to H;PO4 and H,O. Therefore, in the present work, three characteristic
vibrational frequencies were employed in the analyses of the dynamics of proton
dissociation.

Examples of the vibrational spectra of proton dissociation in
H-bond (1) of structure G2-[1], which were obtained from BOMD simulations at 298,
315, and 350 K, are shown in Figure 3.21. Only the results at 298 K are discussed in

detail. The three characteristic peaks, labelled A, B, and C, are outstanding at

vartMP = 1052 em™, v PMP = 1378 em™, and vo M = 1877 em ™,
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Figure 3.21 Vibrational spectra of a proton in H-bond (1) of structure G2-[1]

obtained from BOMD simulations at (a) 298 K, (b) 315 K, and (¢) 350 K.
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Based on the structures of the cross-sectional plots in Figure 3.13 and
the v°" values shown in Table 3.2, peak A can be assigned to the oscillatory shuttling
motion, whereas peaks B and C are the structural diffusion motions in the protonated
forms (H4PO," and H30"), which correspond to the proton moving on paths AB and
AC in Figure 3.13, respectively. It should be stressed that the RIMP2/TZVP
calculations with the harmonic approximation did not yield the vibrational frequencies
of the structural diffusion motions because the absolute minimum energy geometry of
H-bond (1) in structure G2-[1] is characterized by a proton in an asymmetric single-
well potential. Therefore, to obtain complete information on the motion of a proton in
an H-bond, the local-energy fluctuations and dynamics must be included in the model
calculations. The quasi-dynamic equilibriums between the three limiting forms are

therefore written as
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t,vib
AEGA
[HsPO;" - H,0 - H,0] [H3POy4 - H' - H,0 - H,0] (3.1
3.9 kJ/mol
protonated form shared-proton form
(peak B) (peak A)
#,vib
AE¢ A
[H3POy4 - H' - H,0 - H,0] [H3PO, - H;0" - H,0]  (3.2)
9.9 kJ/mol
shared-proton form deprotonated form
(peak A) (peak C)

From the characteristic vibrational frequencies, the vibrational energies
for the interconversion between the protonated (H4PO,", peak B) and shared-proton
(peak A) structures shown in equation (3.1), and the protonated (H;O", peak C) and

shared-proton (peak A) structures shown in equation (3.2) can be approximated at

298 K as Ang’MD =326 and AVSE’MD = 825 cm’!, which correspond to AEEV;b =39

and AE*C’V;b = 9.9 kJ/mol, respectively (Phonyiem, Chaiwongwattana, Lao-ngam, and

Sagarik, 2011).
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The trends in the characteristic vibrational frequencies (ng’MD,

ng’MD, and VgH’MD) with respect to temperature are illustrated in Figure 3.22;

these show uniform changes in the vibrational frequencies of proton dissociation over
the entire temperature range: as the temperature increases from 298 to 430 K,
the oscillatory shuttling peak (peak A) red shifts, reflecting more polarization in
H-bond (1), whereas the structural diffusion peaks (peaks B and C) blue shift,
indicating larger proton displacement at elevated temperatures. Due to the vibrational
interference effects, the vibrational spectra of a proton in H-bond (3) of structure
C4-[1] are complicated, especially at elevated temperatures. Therefore, only the
vibrational spectra at 298 K, which is shown in Figure 3.23, were analyzed.

These are characterized by a characteristic oscillatory shuttling peak (peak A) at

vatMP = 893 ¢m™! and a structural diffusion peak (peak B) at vy >, = 1515 cm’,

which results in Ang’MD = 622 cm’ and AEE‘gb = 7.4 kl/mol. The AEEV/ib is
lower than that of the Zundel complex in continuum aqueous solvent at 350 K,
which was found to be 8.9 kJ/mol (Lao-ngam, Phonyiem, Chaiwongwattana,
Kawazoe, and Sagarik, 2013), confirming the slightly higher efficiency of proton

transfer in the presence of the solute.
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Figure 3.22 Trends in the characteristic oscillatory shuttling (peak A) and structural
diffusion (peaks B and C) frequencies of proton dissociation in H-bond (1) of

structure G2-[1] obtained from BOMD simulations over the temperature range of

298-430 K.
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Additional information on the dynamics of proton dissociation can be
obtained from the '"H NMR chemical shift spectra of H-bond (1) in structure G2-[1],
which were obtained from the BOMD simulations over the temperature range of 350
to 430K. These are shown as examples in Figure 3.24. The '"H NMR chemical shift
spectra at 350 K are characterized by two well-defined peaks at 20.3 and 19.5 ppm
and a broad peak at 18.0 ppm (labelled A, C, and B in panel (I) of Figure 3.24 (a),
respectively). According to the static results, peak A is associated with a proton at the
centre of H-bond (1), whereas peaks C and B are the protonated forms, H;O" and
H,PO,", respectively. Because peaks A and C overlap, the '"H NMR line width
analyses had to be made using two Lorentzian peak functions, namely peaks A and B
in panel (II) of Figure 3.24. The slope of the plot of In T, and 1000/T in Figure 3.25,
which was obtained from the analysis of peak A, yielded an activation energy
(AE™R) of deprotonation along path AC of 10.8 kJ/mol, which is in excellent
agreement with the AE*C’Qb value obtained for the same path (see equation (3.2)) and
the '"H NMR line width measurement over the temperature range of 293 to 353 K of
11 kJ/mol (Chung, Bajue, and Greenbaum, 2000). As the same motional narrowing
was observed at elevated temperatures with almost the same activation energies, and
the "H NMR chemical shifts of protonated H-bonds were shown in the previous work
(Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe, and Sagarik, 2013) to be
sensitive only to the H-bond distances, one can conclude that the "H NMR line width
measurement reflected the characteristic local-vibrational motions of the transferring
proton, not the local-rotational motions as anticipated in Chung et a/. (Chung, Bajue,
and Greenbaum, 2000); the previous work of 'H NMR line width analyses revealed

that the chemical shifts of the shared-protons in protonated water clusters are not
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sensitive to the rotational motions, for example, for H+(H20),,, n = 4, the chemical
shifts of protons in the cis and trans H-bond structures are almost the same, 20.93 and
20.99 ppm, respectively (Lao-ngam, Phonyiem, Chaiwongwattana, Kawazoe, and
Sagarik, 2013), and those for the planar and perpendicular structures of the protonated
imidazole dimers (H'(Im);) are 21.18 and 21.63 ppm, respectively. The microscopic
dynamics probed by the "H NMR line width analyses are, therefore, the characteristic

local-vibrational motions of the transferring protons in H-bonds.



92

30
(a) ] A
o] D C
] B
= 10+
E
530 T T T T T T T T T T T
Z A
2] (ID
A
10
010 " w4 16 18 20  on
ppm
30 Y
(b) 1
L1 @ .
Z 104 B
=
;;:30- ———— —
| I
10 B
010 2 14 16 18 2 0m
ppm
30
(c) -
o] D C
£.10 B /\
E 30 y T T N T T IA
E 20 (II)
104 B

Figure 3.24 Examples of the "H NMR chemical shift spectra of proton dissociation in
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$NMR

The analysis of peak B yielded an AE value on path AB of

8.9 kJ/mol, which is considerably higher than the corresponding AEEXb of 3.9 kJ/mol.
The difference is because the oxygen atom in H3PO4 possesses a higher electron
density than that of H,O, resulting in a higher shielding effects at the H-bond proton,
which is sensitive to not only its position, but also vibrational interferences and
environment, for example, the H-bond protons in H-bond (1) in structures G2-[2] and

corr

G2-[1] possess o+ of 18.2 and 13.0 ppm, respectively.
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CHAPTER 1V

CONCLUSION

The dynamics and mechanisms of proton dissociation and transfer in hydrated
H3PO4 clusters under excess proton conditions were studied using RIMP2/TZVP
calculations and BOMD simulations over the temperature range of 298—430 K in both
low (¢ = 1) and high local-dielectric constant (¢ = 78) environments. The theoretical
study emphasized the dynamics and H-bond arrangements in a short-time scale which
could promote intermediate complex formation, and the roles played by the
local-dielectric environment. The theoretical investigations were based on the concept
of presolvation, and the H;PO,~H30 —nH,0 complexes (n = 1-3) were demonstrated
to be effective presolvation models. The static results obtained from the
RIMP2/TZVP calculations revealed that only the linear H-bond chains with
asymmetric hydration at H4PO4" are susceptible to proton dissociation and transfer
and that the structure with » = 1 in a low local-dielectric constant environment
(structures G2-[1]) represents the smallest, most stable intermediate complex for
proton dissociation. The RIMP2/TZVP calculations revealed that a proton can transfer
from the first to the second hydration shell through the linear H-bond chain with n =3
(structure C4-[1]), through the Zundel complex which connects the first and the
second hydration shells, and a high local-dielectric constant environment is required

to induce and stabilize the intermediate complex. These findings are in accordance
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with the LCS concept. Therefore, fluctuations in the number of water molecules and
the local-dielectric constant were concluded to play essential roles and were included
in the proposed proton dissociation and transfer mechanisms. The two-dimensional
potential energy surface (2D-PES) of the transferring proton in the smallest, most
stable intermediate complex (structure G2-[1]) showed an asymmetric single well
potential at the equilibrium Ro.o distance, and an asymmetric double-well potential
was found at longer Ro.o. The cross-sectional plots of the 2D-PES suggested three
vibrational modes for proton dissociation from H4PO," : one for the oscillatory
shuttling motion and two for the structural diffusion motions. Because ab initio
calculations with the harmonic approximation yield reliable vibrational frequencies

only for the minimum energy geometry (the oscillatory shuttling frequency),

corr

the isotropic shielding constants (o,;+) on the 2D-PES were computed to obtain

additional information for the interpretation of the BOMD results. The ab initio GIAO

method suggested that a proton moving on the structural diffusion path is

corr

characterized by a oy value that varies exponentially with Ro.n, whereas a proton on

corr

the transition state path (energy crest, Adpa = 0 A ) exhibits a o value that varies

over a narrow range (nearly constant at approximately 12 ppm). The BOMD
simulations confirmed that only the linear H-bond chains with asymmetric hydration
at H4PO," are susceptible to proton dissociation and transfer, which is in accordance
with the protonic-chain conduction mechanism. The proton transfer profiles obtained
from the BOMD simulations indicated that structures G2-[1] and C4-[1] are indeed
the most stable intermediate complexes in the proton dissociation and transfer

pathways, respectively. The activation energies (AE*’A”) of proton dissociation and
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transfer, which were obtained from the Arrhenius plots in the temperature range of
298-430 K, are 13.1 and 9.9 kJ/mol, respectively. These values are in good agreement
with the experimental activation energies obtained by probing microscopic dynamics,
such as the ion-conductivity and conventional 'H NMR measurements. For proton
transfer from the first to the second hydration shell, the vibrational frequencies
associated with a proton moving on the oscillatory shuttling and structural diffusion
paths, which cannot be obtained through ab initio calculations with the harmonic
approximation, predicted the vibrational energy for the interconversion between the
shared-proton and close contact structures in Hs50," attached to H3PO, to be slightly
lower than that of the Zundel complex. This suggests a slightly higher efficiency of
proton transfer in the presence of the H3PO4 solute and the roles played by H;O" and
HsO,". The three characteristic vibrational motions on the proton dissociation
pathway, which were suggested by the 2D-PES and vibrational spectra, were also
observed in the "H NMR chemical shift spectra, and the line-width analyses suggested
that the activation energy for proton dissociation is comparable with the '"H NMR
experimental results. Finally, it is not the intention of this work to claim that all the
condensed-phase properties of the mixture of H;PO4 and H,O can be studied based on
the proposed presolvation models. Instead, the results show specifically how the
dynamics of protons in the intermediate complexes can be studied, and related to the
rate determining processes in the local proton-transfer mechanisms, which in general
consist of the intermediate complex formation and the actual transfer. The present
theoretical results, therefore, provide insights into the roles played by a polar solvent

and iterate that the dynamics and mechanisms of proton transfer in H-bond clusters
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can be obtained from intermediate complexes provided that an appropriate
presolvation model is selected and that all of the important rate-determining processes

are included in the model calculations.
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The dynamics and mechanisms of proton dissociation and
transfer in hydrated phosphoric acid (HsPO,) clusters under
excess proton conditions were studied based on the concept
of presolvation using the H;PO,~H;0"-nH,0 complexes
(n=1-3) as the model systems and ab initio calculations and
Born-Oppenheimer molecular dynamics (BOMD) simulations at
the RIMP2/TZVP level as model calculations. The static results
showed that the smallest, most stable intermediate complex
for proton dissociation (n=1) is formed in a low local-
dielectric constant environment (e.g.,, ¢=1), whereas proton
transfer from the first to the second hydration shell is driven
by fluctuations in the number of water molecules in a high
local-dielectric constant environment (e.g., ¢ = 78) through the
Zundel complex in a linear H-bond chain (n=3). The two-
dimensional potential energy surfaces (2D-PES) of the interme-
diate complex (n = 1) suggested three characteristic vibrational
and '"H NMR frequencies associated with a proton moving on

Introduction

Proton transfer reactions have been considered important
processes in electrochemical devices, such as fuel cells,!'
because the efficiency of fuel cells depends on the transporta-
tion of protons (H") generated at the anode across the liquid
electrolyte or solid proton exchange membrane to the cath-
ode. The majority of commercially available proton exchange
membrane fuel cells use Nafion”, which is a polymer electro-
lyte membrane that was introduced by DuPont in 1967.®) The
efficiency of proton transfer in Nafion® depends strongly on
the hydration of the hydrophilic domains, which are exten-
sively interconnected in the polymer membrane.”’ This implies
that Nafion"-based fuel cells are not applicable at tempera-
tures higher than the boiling point of water. This limitation
has stimulated < the development of alternative proton-
conducting materials in the past decades.””’ As an acid with a
high proton-solvating ability and self-ionization property, phos-
phoric acid (HsPO,) has been used effectively in fuel cells
(PAFCs).>®! Although theoretical and experimental studies on
proton transfer in PAFCs have been reported,"”"? the local
dynamics and mechanisms in hydrated H;PO, clusters are not
well understood, especially at the molecular level. Because the
basic chemistry of H3PO, has been discussed in detail in
review articles,**'” only the theoretical and experimental
information relevant to this study will be summarized.

Because all hydrogen atoms in H3;PO, can form extensive
hydrogen-bond (H-bond) networks in the liquid state, the effi-
ciency of proton transfer in PAFCs is high.”) The self-ionization

International Journal of Quantum Chemistry 2015, 115, 486-501

the oscillatory shuttling and structural diffusion paths, which
can be used to monitor the dynamics of proton dissociation in
the H-bond clusters. The BOMD simulations over the tempera-
ture range of 298-430 K validated the proposed proton disso-
ciation and transfer mechanisms by showing that good
agreement between the theoretical and experimental data can
be achieved with the proposed rate-determining processes.
The theoretical results suggest the roles played by the polar
solvent and iterate that insights into the dynamics and mecha-
nisms of proton transfer in the protonated H-bond clusters
can be obtained from intermediate complexes provided that
an appropriate presolvation model is selected and that all of
the important rate-determining processes are included in the
model calculations. © 2015 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24873

property and high intrinsic-proton concentration allow the
proton transfer process in liquid H;PO, to be nearly exclusively
through the structural diffusion mechanism, which is regarded
as the protonic-chain conduction mechanism."""’ However, the
introduction of an ionizing solute other than water into liquid
H;PO, breaks the protonated H-bond chains, resulting in a
decrease in its proton conductivity in the liquid state'? To
study the dynamics of mobile species in 85 wt.% (14.6 M)
HsPO, solution, 'H and *'P pulsed gradient spin-echo (PGSE)
NMR measurements were conducted over the temperature
range of 293-353 K."*! The self-diffusion coefficients (D) calcu-
lated from the attenuation of the echo amplitude suggested
that a proton diffuses much faster than a phosphorus-carrying
species, with the activation energies of 25 and 36 kJ/mol for
the "H and *'P species, respectively. Based on the temperature
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dependence of D X 1, water-mediated proton transfer
between phosphate groups was proposed. In Ref. 13, two
approaches were applied in the calculations of the activation
energies namely, from the slope of the linewidth-temperature
dependence (the full width at half-maxima or FWHM), and
from a simple Arrhenius-type equation. It was reported that
the activation energies obtained from the conventional 'H
NMR (FWHM) and 'H PGSE NMR techniques (Arrhenius-type
equation) are not the same due to different time and length
scales probed by each technique; the conventional 'H NMR
probes microscopic dynamics, whereas the 'H NMR PGSE is
sensitive to macroscopic motions.">! Analyses of the results
obtained from these two 'H NMR techniques yielded the acti-
vation energies of 11 and 25 kJ/mol, respectively. Because the
conventional '"H NMR peaks showed motional narrowing at
elevated temperatures, the authors anticipated that the smaller
activation energy (11 kJ/mol) is associated with the local
motions such as rotations.

Microscopic mechanism of proton transfer in neat liquid
H3PO, was discussed based on the results of Car-Parrinello
molecular dynamics (CPMD) simulations on 54 H3;PO, mole-
cules," in which the fast proton transfer was suggested to
involve a structural diffusion which is driven by specific H-bond
rearrangements in the surrounding environment. It was con-
cluded that, in neat liquid H3PO,, strong, polarizable H-bonds
produce coupled-proton motion, and a pronounced protic
dielectric response of the medium, which lead to the formation
of extended, polarized H-bond chain, whereas in aqueous
media, proton can only be displaced over short distances, and
the transportation of excess charge defects is driven by “local H-
bond rearrangement.”'* The extent of the H-bond network of
water affected in the presence of proton was studied,™ in
which structure dynamics of the proton in liquid water were
investigated using terahertz time-domain spectroscopy and
polarization-resolved femtosecond midinfrared pump-probe
spectroscopy, and the number of affected water molecules
around protons were reported. In contrast to the conclusion in
Ref. [14], it was found that “addition of protons results in a very
strong decrease of the dielectric response of liquid water that
corresponds to 19 =2 water molecules per dissolved proton.
The depolarization results from water molecules (about 4) that
are irrotationally bound to the proton and from the motion of
water (corresponding to the response of about 15 water mole-
cules) involved in the transfer of the proton charge.” Small and
multivalent cations have stronger hydration, and larger depolari-
zation effects, for example, only about 10 water molecules are
affected by addition of larger cations such as Mg**.

In our previous work,'® the characteristic vibrational and 'H
NMR spectra of the transferring protons in protonated water
clusters were studied through theoretical methods using the
H"(H,0), complexes (n = 2-5) as model systems and ab initio
calculations at the RIMP2/TZVP level and Born-Oppenheimer
molecular dynamics (BOMD) simulations as the model calcula-
tions. The theoretical investigations were based on the con-
cept of presolvation,”"* and a presolvation model was selected
and used in the static and dynamic calculations. The two-
dimensional potential energy surface (2D-PES) of the proton in
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the smallest, most stable intermediate complex (the Zundel
complex, H"(H,0),) was constructed as a function of the
H-bond distance (Ro—o) and the asymmetric stretching coordi-
nate (Adpa), and this information was used to identify and
characterize the low-interaction energy path (structural diffu-
sion path) and the path with Adpa =0 A (oscillatory shuttling
path). For these strong, protonated H-bonds, the ab initio
gauge including atomic orbital (GIAO) method showed that
the "H NMR shielding constant (a17") of the proton moving on
the oscillatory shuttling path varies over a narrow range and is
sensitive only to the H-bond distances (Ro—o and Ro—y) and
not to the water coordination number and the local chemical
environment. In contrast, the o' of a proton moving on the
structural diffusion path varies exponentially with Ro—y. The
BOMD simulations over the temperature range of 350-430 K
revealed that the activation energies for proton exchange in
the smallest, most stable intermediate complex, which were
obtained from the first-order rate constants (k), vibrational
spectra, and a simple 'H NMR line-shape analysis, are consist-
ent and in good agreement with the experimental results. The
theoretical results suggested guidelines and possibilities, as
well as a complementary method, for the study of the struc-
tural diffusion processes in strong, protonated H-bonds using
vibrational and "H NMR spectra.

To continue our series of studies on proton transfer reac-
tions,""72” the dynamics and mechanisms of proton dissocia-
tion and transfer in hydrated H;PO, clusters under excess
proton conditions were studied in this work. The theoretical
study emphasized the dynamics and H-bond arrangements in
a short-time scale which could promote intermediate complex
formation, and showed how H;O" and HsO; facilitate and
mediate proton dissociation and transfer in the hydrated
H3PO, clusters, as well as the roles played by the local-
dielectric environment. Insights into the proton dissociation
and transfer processes were obtained from analyses of the
characteristic vibrational and '"H NMR spectra of the transfer-
ring protons, which were derived from BOMD simulations over
the temperature range of 298-430 K. The static and dynamic
results were discussed in comparison with available theoretical
and experimental data on the same and similar systems.

Computational Methods
Presolvation model

Because proton transfers in H-bonds are complicated, care
must be exercised in selecting the model systems. In this
work, the concept of presolvation"" was applied in the study
of proton dissociation and transfer in hydrated HsPO, clusters;
“the local energy fluctuations and dynamics in aqueous solu-
tion lead to the weakening or breaking of some H-bonds in
the first and second hydration shells, resulting in a reduction
in the water coordination number such that the proton-
accepting species possesses a hydration structure correspond-
ing to the species into which it will be transformed to com-
plete the structural diffusion process.”®" Because some H-
bonds in the first and second hydration shells are
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instantaneously disrupted, the presolvation state can be
resolved, and the dynamics of the structural diffusion process
can be studied using an appropriate presolvation model. The
formation of the presolvation state generally requires removal
of some solvent environment, and takes place through the
protonic-chain conduction mechanism.!"""'%'82022) The con-
cept of presolvation is supported by the observation that, due
to the local geometrical requirements, H-bonds in aqueous
solution can be considered as “forming” or “breaking”; experi-
ments based on thermochemistry and vibrational spectroscopy
have shown that 10-70% of H-bonds in water can be consid-
ered as broken within the temperature range of 273-299 K.?*!
Although the proton dissociation and transfer processes in
hydrated H;PO, clusters are our main interest, some funda-
mental information on concentrated H3PO, solutions can be
used as guidelines to construct the presolvation model as
follows.

According to experiments,'? the equilibriums in concen-
trated H3PO, solution at 16.8 M can be represented by

2H3PO,4= H4PO; +H,PO, (1)
2H3;P0,= H;0" +H;P,0; ()
4H3P0,=H;PO, +H,PO, +H;0" +H3P,0; 3)

and the fast proton transfer involves the self-dissociation and
dehydration reactions in Egs. (1) and (2), respectively. Based on
the equilibrium constants at 298 K, Chung et al."* suggested
that the dominant species in 85 wt.% (14.6 M) H3PO, solution is
undissociated H;PO, (97.6%), the presence of condensed phos-
phates can be neglected, and the mechanism for anion (H,PO,)
transport is vehicular type. These findings are supplemented by
the experimental results in Ref. 12, in which H3PO,, H4PO, , and
H;0" were concluded to play the most important roles in the
structural diffusion in the liquid and concentrated solution.
Therefore, our presolvation models for proton dissociation and
transfer consist of H3PO,, H,0, HsPO,, and H;O™; the proto-
nated forms must be included to represent the acid conditions.
The size of the presolvation model was determined based
on the theoretical study in Ref. 24, in which the extent of the
Grotthuss chains in equimolar mixture of H3PO, and H,0O (1:1
molar ratio) was examined using CPMD simulations. It
appeared that the properties of the H-bonds in this system
are virtually identical to those of pure H3PO, (no resemblance
to liquid water), and the weak solvent coupling and sufficient
degree of configurational disorder result in fast proton trans-
port. Based on the proton coupling correlation function as a
function of H-bond connectivity, the probability of two quasi-
coherent proton transfer events within two neighboring H-
bonds is about 4% when the relaxation of the H-bond net-
work, T, =0 fs, about two times lower than in neat liquid
H3PO,. As the relay time parameter increased to 7. = 50 fs,
the probabilities to form chains of three and four consecutive
H-bonds are about 18 and 2%, respectively. Because the prob-
ability to form four consecutive H-bonds is significantly lower
than that in neat liquid H3PO, (about 10%), the authors con-
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cluded that the presence of water opposes the formation of
extensive Grotthuss chains,*?¥ and one could anticipate that
four consecutive H-bonds are sufficient to take into account
the quasicoherent proton transfer events in the hydrated
H;PO, systems. Additionally, because the dynamics in short-
time and -length scales are of interest, and the cation in the
present system is a protonated H3;PO, which is considerably
larger than proton and Mg?*,"! it is reasonable to anticipate
that the number of affected water molecules are much less
than these two cations.

Based on the above discussions, and because the dynamics
of protons in the intermediate complexes in a short-time
scale are of interest, to implement the concept of presolva-
tion, the H-bond clusters formed from H;PO, H;O", and
nH,O (n=1-3) were proposed as a candidate presolvation
model. The proposed presolvation model was confirmed by
our static and dynamic calculations, which revealed that the
intermediate complexes of proton dissociation and transfer
(with shared-proton structures) are formed only in the
H-bond clusters with n<3. In this study, H4PO; and H;PO,
are considered the protonated and deprotonated forms,
respectively.

Quantum chemical methods

Three basic steps that were applied successfully in our previous
investigations were used in this work!>*~2”: (1) searching for the
intermediate complexes in the proton transfer pathway using
the Test-particle model (T-model) potentials;?>~*! (2) refining
the T-model-optimized structures using an accurate quantum
chemical method; and (3) performing BOMD simulations on the
candidate intermediate complexes using the refined structures
as the starting configurations. Because the effects of electron
correlations may play important roles in the present model sys-
tems, the quantum chemical calculations were performed using
the second-order Moller-Plesset perturbation theory (MP2) with
the resolution of the identity (RI) approximation®*® and the
TZVP basis set (this process is abbreviated RIMP2/TZVP calcula-
tions).*®’ Additionally, due to the potential applications of the
density functional theory (DFT) methods in the study of proton
transfer in larger H-bond systems and the fact that our previous
theoretical results were reported based on B3LYP/TZVP calcula-
tions,"”"'¥ quantum chemical calculations were also conducted
at this level of theory. The applicability and performance of
RIMP2/TZVP and B3LYP/TZVP calculations were compared and
discussed. Additionally, to study the effects of a polar solvent
on proton dissociation and transfer, a continuum aqueous sol-
vent was included in the model calculations. Because the
conductor-like screening model (COSMO)"*”! was applied suc-
cessfully in similar H-bond systems,!'”""¥ the proton dissocia-
tion and transfer were studied both in the gas phase and in
COSMO with ¢ = 78. All of the theoretical calculations were per-
formed using TURBOMOLE 6.4.38-40)

Static calculations

Structures and energies. The absolute and local minimum
energy geometries of the H3PO,~H;0"-nH,0 complexes
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(n=1-3), which were obtained from the T-model potentials,
were refined using both B3LYP/TZVP and RIMP2/TZVP geome-
try optimizations. The tendency of proton dissociation and
transfer, as well as the structure of the smallest, most stable
intermediate complex, in the presolvation model were primar-
ily anticipated from the asymmetric stretching coordinate
(Adpp), which was computed from Adpa = |da—y — dg- -,
where da—y and dg- - -y are the A—H and B---H distances in
the A—H---B H—bond, respectively. The interaction energies
(AE) of the H-bond complexes were computed from
AE = E(H3PO4~H30 " -nH,0) — [E(H3PO,) + E(H30 ") + nE(H,0)],
where E(H;P0O,~H;0"-nH,0) is the total energy of the opti-
mized structure of the H3PO,~H;0"-nH,0 complex; E(H;PO,),
and E(H;07) and E(H,0) are the total energies of the opti-
mized structures of the isolated species."”'® The solvation
energies (COSMO with &= 78) were approximated by AE*®' =
E(H3PO,4~H;0" -nH,0)“°°MO — E(H;P0O,~H;0 " -nH,0),  where
E(H3PO4-H30"-nH,0)“**™° and E(H;P0O,-H;0"-nH,0) are the
total energies of the optimized structures obtained with and
without COSMO, respectively.!"”'#)

Because the dynamics of a proton are governed by the
potential energy surface on which the transferring proton
moves and the O—0 and O—H" vibrations in the O—H"-..0
H-bond are coupled,”® to provide energetic information for
the discussion of the structural diffusion process, two-
dimensional potential energy surfaces (2D-PES) of the transfer-
ring proton in the smallest, most stable intermediate complex
were constructed both in the gas phase and in COSMO
through the calculation of AE at various Ro—o and Ro—y dis-
tances."® Two sets of equally spaced grid points were gener-
ated from AE and 2D-PES and plotted as a function of Ro—o
and Adps using the SURFER program.*"’ The interaction
energy path connecting the single- and double-well potentials,
as well as the path with the highest energy barriers, were
identified and studied in detail.

Vibrational and NMR spectra. To obtain vibrational signatures
of the transferring protons which can be used as guidelines for
the discussion of the dynamic results, the harmonic vibrational
frequencies of molecules in the presolvation model were com-
puted from the numerical second derivatives of the B3LYP/TZVP
and RIMP2/TZVP total energies, from which analyses of the nor-
mal modes in terms of the internal coordinates were made
using the NUMFORCE and AOFORCE programs, respectively.*®
The programs are included in TURBOMOLE 6.4.°%*% Only the
asymmetric O—H stretching frequencies of the H-bond protons
(v°") were analyzed and discussed in detail."’"2%' The threshold
asymmetric O—H stretching frequencies of proton dissociation
from HsPO; (v°"'*) were estimated from the plots of v°" and
Adpal""® The relationships between v°" and Adpa were repre-
sented by the reflected normal distribution functions, the sec-
ond derivatives of which are equal to zero at vOH = ©Hx [17.18]
For the B3LYP/TZVP and RIMP2/TZVP calculations, the scaling
factors of 0.9614? and 0.9434°® were used in the calculations
of the vibrational frequencies, respectively.

As an effective probe for H-bond formation, ™ isotropic
shielding constants were computed at both the RIMP2/TZVP

[43]
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and the B3LYP/TZVP levels™” using the GIAO method."*>“!
The 'H NMR shielding constants at the RIMP2/TZVP level (aff.")
were derived from™’!

o =gtf +2/3(cfMP2—gHF ) (4)

where off and i are the isotropic shielding constants
obtained at the Hartree-Fock and RIMP2 levels, respectively.
The 'H NMR chemical shifts of the H-bond protons (5;2") were
derived from of"with respect to tetramethylsilane,*® which
was computed at the MP2/TZVP level to be 31.97 ppm."*¥
Based on the observation that the isotropic shielding con-
stants of protons in strong, protonated H-bonds depend only
on the H-bond distance (Ro—o) and not the neighboring water
molecules'*® and the conclusion that the effects of a contin-
uum solvent (reaction field) on the H-bond structures are
small,***%>1 it is reasonable to discuss only the 'H NMR
shielding constants of the smallest, most stable intermediate
complex in the gas phase."® To correlate the '"H NMR shield-
ing constants with the structures of 2D-PES, the o{P"of the
proton on the structural diffusion (the low-interaction energy
path connecting the single- and double-well potentials) and
oscillatory shuttling paths (the path with Adpp ~ 0 A) were
computed and plotted as a function Ro_y.['®

Dynamic calculations

BOMD simulations. The equilibrium structures of the model
systems obtained from the RIMP2/TZVP calculations were used
as the starting configurations in BOMD simulations. In our pre-
vious work,'®%%3) the applicability and performance of the
NVT ensemble for the study of the dynamics of proton transfer
were examined in detail. Because the energy released and
absorbed during the proton transfer process can be managed
by a thermostat bath, the local temperature can be main-
tained throughout the course of the NVT-BOMD simulations
provided that an appropriate thermostat relaxation time is
chosen. In the previous and present work, a Nosé-Hoover
chain thermostat®®*>”! was applied to each degree of freedom
in the model systems, and a thermostat relaxation that was
20-fold larger than the time step was proven to be appropri-
ate for the generation of reasonable local-energy fluctua-
tions.16181952531  Ac an " example*® the NVT-BOMD
simulations of the Zundel complex at 350 K yielded local-
energy fluctuation of only approximately 0.4 kJ/mol/degree of
freedom compared with the activation energy obtained from
the 'H NMR measurements of approximately 10 kJ/mol.*”
Additionally, to confirm that the energetics and dynamics are
well represented, energy conservation and MSD plots were
constructed.”*! Because the trend of the energy conservation
plot showed no systematic drift and the correct linear relation-
ship was obtained for the MSD plot, one can conclude that
the dynamics of the transferring proton, which were obtained
under the present NVT-BOMD simulations conditions, including
the Nosé-Hoover thermostat, are reasonable and very well rep-
resented, especially in the case in which the structures of the
model systems are at equilibrium and not substantially
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changed in the BOMD simulations. In this work, 2000 and
20000 BOMD steps of 1 fs were devoted to the equilibration
and the property calculations, corresponding to 2 and 20 ps,
respectively.

The activation energies (AE"A™) of proton dissociation and
transfer from the first hydration shell were determined from
the Arrhenius equation by performing BOMD simulations over
the temperature range of 298-430 K. The first-order rate con-
stants (k) for the exchange between the shared-proton
(O---H"---0) and close-contact (O—H"---0) structures were
approximated from the exponential relaxation behavior of the
envelopes of the velocity autocorrelation functions (VACF) of
the 0O—O vibrations'®'®253 and the AE*A" from the linear
relationship between In (k) and 1000/T.

Vibrational and NMR spectra. Because the harmonic approxi-
mation yields reliable vibrational frequencies only at stationary
points on the total energy surface, to completely understand
the vibrational behaviors of the transferring protons, especially
in distorted H-bond structures, BOMD simulations must be
performed, from which the vibrational spectra were deter-
mined by Fourier transformation of the VACF. Because conven-
tional vibrational analysis of the VACF of atoms cannot not
yield the information on the types of motions associated with
the frequencies of interest, attempt was made in Ref. 60 to
describe vibrational modes using an appropriate correlation
function technique. In this approach, the velocity vectors asso-
ciated with the vibrational modes were defined and used in
the calculations of the VACF, from which the vibrational spec-
tra and the lifetimes of the motions were computed. In our
previous work,['®***86") the symmetric and asymmetric O—H
stretching frequencies, as well as the O—O vibrational frequen-
cies, were computed using the predefined-velocity vectors in
Figure 1a.°” As the definitions of the velocity vectors were dif-
ferent, the symmetric and asymmetric O—H stretching peaks
were quite well separated (Fig. 8). It should be noted that, due
to similar definitions of the velocity vectors of the symmetric
O—H stretching and the O—O vibration, some interferences
(mixings) between these two modes can be observed. Because
we have shown in our previous studies!'®°*°86") that the char-
acteristic vibrational motions of the transferring protons dis-
cussed based on the asymmetric O—H stretching frequencies
were very reasonable, the same approach was used in this
work.

Remarks should be made on the computational aspects of
the vibrational spectra reported in this work, and the absorp-
tion IR spectra obtained from ultrafast vibrational spectros-
copy, for example, transient-hole burning, and vibrational-
echo techniques.®” Our vibrational spectra were computed
from the Fourier transformation of the VACF, whereas the
ultrafast absorption vibrational spectra can be obtained theo-
retically based on the Fourier transformation of the quantum
dipole time-correlation function and response functions.
Therefore, these two approaches do not yield exactly the
same vibrational properties; the former are associated with
the local vibrational modes, whereas the latter are connected
to the vibrational transition frequencies of local oscillators.
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Figure 1. (a) Definitions of the velocity vectors used in the calculations of
the symmetric and asymmetric O—H stretching frequencies, as well as the
O—O vibrational frequencies. (b) Linear H-bond structures of the H;PO,-
H;0"-nH,0 complexes (n = 1-3) potentially involved in proton dissociation
and transfer. These were obtained from the RIMP2/TZVP calculations in the
gas phase and continuum aqueous solvent. * = H-bond susceptible to pro-
ton transfer; p = dipole moment.
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Because, in this study, the vibrational frequencies were used
in the discussion of the characteristic vibrational motions of
the transferring protons, and it was not our intention to cal-
culate the absorption IR spectra per se, the Fourier transfor-
mation of the VACF was used. It should be added that, for
strong H-bond systems such as liquid water, the ultrafast
absorption IR spectra are complicated due to the pronounced
non-Condon effects, defined as “the dependence of the vibra-
tional transition dipole moment of a particular molecule on
the rotational and translational coordinates of all the mole-
cules in the liquid,” and conventional theoretical methods to
calculate absorption IR spectra do not take into account
these effects.®” It was demonstrated that inclusion of the
non-Condon effects in the model calculations is important for
an accurate calculation of the homodyned and heterodyned
three-pulse echoes, which are not the objectives of this
study.

The vibrational energies for the interconversion between the
oscillatory shuttling and structural diffusion motions (A\SE'MD)
were approximated from the difference between the structural
diffusion (\"B’H‘MD) and oscillatory shuttling (\'(ZH'MD) frequen-
cies."® In this study, the dynamics of the protons were also dis-
cussed using the 'H NMR chemical shift spectra (5" MP)
obtained from the BOMD simulations over the temperature
range of 298-430 K.®*** |n the calculations of the 'H NMR
chemical shift spectra, a statistical sampling of the structures of
the smallest, most stable intermediate complex was performed
every five BOMD steps,'® and two thousand five hundred H-
bond structures were used in the calculations of the instantane-
ous 'H NMR shielding constants (" MP) using the ab initio
GIAO method at the RIMP2/TZVP level. The 'H NMR chemical
shift spectra were represented by Lorentzian peak functions,®®!
from which the activation energies (AE""™?) for the exchange
between the shared-proton and close-contact structures were
obtained through a simple line shape analysis. Based on the
assumption that the change in the 'HNMR line width
(As" MP) as a function of temperature is correlated with the
exchange rate, which can be used to determine AE""™® through
the Arrhenius equation,* AJ;"™ M was approximated as the
FWHM of the "H NMR chemical shift spectra.®® In this study, the
effective transverse relaxation times (T;) were calculated from
AG" Y0 using T; = WaAS" MP) and the AE*NMR from the
plots of In (T;) and 1000/7*

Results and Discussions
Static results

All of the static results obtained from the RIMP2/TZVP and
B3LYP/TZVP calculations are given in Tables S1 and S2,
respectively. The equilibrium structures that may be involved
in proton dissociation and transfer, which were obtained
from the RIMP2/TZVP calculations in the gas phase and con-
tinuum aqueous solution, are shown in Figure 1b, with the
dipole moment (u). To simplify the discussion, the H-bond
structures were labelled with a three-character code, the Gn-
[m] or Cn-[m]: G =H-bond structure in the gas phase, and
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Figure 2. Analyses of the static results of the H3PO4-H;0"-nH,O com-
plexes (n=1-3) obtained from the RIMP2/TZVP calculations. The dashed
lines separate the protons that are susceptible from those that are not
susceptible to dissociation. (a) Plots of the asymmetric O—H stretching
frequency (+*") as a function of the asymmetric stretching coordinate
(Adpa) in the gas phase and continuum aqueous solvent. (b) Plot of "H
NMR  shielding constant (o) and asymmetric stretching coordinate
(Adps) in the gas phase. (c) Correlation between the asymmetric O—H
stretching frequency (v*") and the 'H NMR shielding constant (o) in
the gas phase.

the C=H-bond structure in continuum aqueous solution,
where n is the number of water molecules. Different H-bond
structures with the same number of water molecules are dis-
tinguished by [m]. For example, according to the three-
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Scheme 1. Effects of extension of the linear H-bond chains in the gas phase.

character code, G3-[1] and G3-[2] are different H-bond struc-
tures ([1] and [2], respectively) with the same number of
water molecules (n = 3) in the gas phase (G). In contrast, G2-
[1] and C2-[1] are the same H-bond structure (n=2, m=1)
in the gas phase (G) and continuum aqueous solution (C),
respectively.

DFT and RIMP2 calculations. The correlations between the
RIMP2/TZVP and B3LYP/TZVP results are shown in Figure S1 in
the Supporting Information. These are represented by linear
functions with R? values in the range of 0.986-0.999, reflecting
excellent agreement between the two methods, for example,
R*=0.999 for the interaction (AF) and solvation energies
(AE*®)). The investigation of the protonated H-bond structures
in Supporting Information Tables S1 and S2 showed that the
equilibrium structures obtained from both methods are gener-
ally the same and that the AE obtained from the RIMP2/TZVP
calculations are slightly lower (more negative) than those
obtained from the B3LYP/TZVP calculations, indicating a better
representation of the effects of electron correlation through
the RIMP2/TZVP method.

The trends of the vibrational and NMR results are quite simi-
lar at both levels of theory. For the RIMP2/TZVP calculations,
the plots of v°" and Adpa shown in Figure 2 yielded threshold
asymmetric O-H stretching frequencies (v°"'*) for deprotona-
tion in H-bond (1) at 2295 cm ™' in the gas phase and at
2078 cm ' in continuum aqueous solution. These values are
slightly lower than those obtained from the B3LYP/TZVP calcu-
lations: v°"'* = 2306 and 2136 cm ', respectively. The 'H NMR
shielding constants obtained from the RIMP2/TZVP calculations
(rr:f,") are slightly smaller than those obtained from the B3LYP/
TZVP calculations (oy-), confirming that more associated H-
bond complexes are obtained with the RIMP2/TZVP method.
The plots of v*" and o and of o and Adpa shown in Fig-
ure 2 yielded threshold 'H NMR shielding constant (a™) for
deprotonation in H-bond (1) of 16 ppm in the gas phase,
whereas the protonated forms (H4PO4* and H;0™) in the linear
H-bond chains possess o' values in the ranges of 15-17
ppm and of 13-14 ppm, respectively, corresponding to 'H
NMR chemical shifts (5;") of 17-15 ppm and of 19-18 ppm,
respectively.

Because the RIMP2/TZVP and B3LYP/TZVP calculations
yielded the same trends in the structural, energetic, and
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spectroscopic properties, this study concluded that, in the
case of restricted computational resources, the B3LYP/TZVP
method can be applied in the study of hydrated H3PO, under
excess proton conditions. However, because the sizes of the
model systems considered here are moderate, BOMD simula-
tions can be performed based on the RIMP2/TZVP calculations.

Structures and solvent effects. The equilibrium structures of
the H3PO,-H30"-nH,O complexes (n=1-3) shown in Sup-
porting Information, Tables S1 and S2 can be divided into two
groups, namely linear H-bond chains, for example, structures
G1, C1, G2-[1], C2-[1], G4-[1], and C4-[1], and embedded H,
PO, clusters, for example, structures G3[2], C3-[2], G4-[4], and
C4-[4). According to the asymmetric O—H stretching frequen-
cies (v°"), linear H-bond chains with asymmetric hydration at
H4PO; , as shown in Figure 1b, are potentially involved in pro-
ton dissociation and transfer (v < v°"*), and this finding sup-
ports the protonic-chain conduction mechanism, as in the
case of liquid phosphoric acid!"'? and methanol.”® The val-
ues of v in Supporting Information Table S1 and the H-bond
structures in Figure 1b also suggest that the shared-proton
structures, in which protons stay almost at the center of the
H-bond (1), are favorable in the gas phase, for example, struc-
tures G2-[1], G4-[1], and G3-[1], and that structure G2-[1]
may represent the smallest, most stable intermediate complex
in the proton dissociation pathway (Adpa = 0.20 A). Most
importantly, in the gas phase, the extension of the linear H-
bond chains does not increase the tendency of proton transfer
from the first to the second hydration shell, for example, pro-
tons in the H-bond (2) of structure G2-[1] and the H-bond (3)
of structures G3-[1] and G4-[1] exhibit v°" > °"* Scheme 1.

The RIMP2/TZVP results shown in Supporting Information
Table $1 demonstrate that the v of protons in H-bond (1) of
the protonated forms (HsPO; and H;0") are in the range of
2040 (linear H-bond structure, structure G4-[2]) to 2940 cm ™'
(fully hydrated H4PO;, structure G4-[5]) and of 1740 (structure
G2-[1]) to 1790 cm~' (structure G3-[1]), respectively. These
characteristic vibrational frequencies could be used to differen-
tiate between the protonated and deprotonated forms in
BOMD simulations.

The comparison of the structures of the linear H-bond
chains and the dipole moments in the gas phase and
continuum aqueous solvent shown in Figure 1b, for example,
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Figure 3. Examples of the elementary steps of proton dissociation (I and 1)
and transfer () in H3PO4-H;0"-nH,0O complexes (n=1-3). These steps
involve fluctuations in the number of water molecules and in the local-
dielectric constant.

structures G2-[1] (n=9.2 D) and €2-[1] (n = 11.8 D), revealed
prominent effects of solvent polarity on proton dissociation. In
the present case, an increase in solvent polarity from ¢ =1 to
&¢=178 leads to strong charge redistributions (observed from
an increase in the dipole moment), more effective interaction
with the electrostatic field of the solvent, and the shift in the
proton in the H-bond (1) toward H,O. The influence of solvent
polarity on proton dissociation is in accordance with the

& & 7

localized-charge solvation (LCS) concept, in which “a polar sol-
vent solvates species with localized charges more efficiently
than species with more delocalized charges.”®”’ Therefore, in
this case, the protonated forms (H;O ™), for example, structures
C2-[1] and C3-[1], are more favorable than the shared-proton
forms (e.g., structures G2-[1] and G3-[1]) in continuum aque-
ous solvent. Based on the LCS concept, the possibility of pro-
ton transfer from the first hydration shell could be envisaged
from structures G4-[1] (u=22.7 D) and C4-[1] (un =259 D);
when COSMO is switched on, the dipole moment of the linear
H-bond chain increases, and the shared-proton structure is
moved from from H-bond (1) to H-bond (3), generating a
Zundel complex attached to HsPO, with a v°"' lower than the
vOM% of the protonated water clusters (1703 and 1987 cm ™',
respectively).'®  Therefore, structure C4-[11 may be an
intermediate complex for proton transfer from the first to the
second hydration shell and should be further studied in BOMD
simulations.

Because the linear H-bond chains in a low local-dielectric con-
stant environment (¢ = 1) represent effective intermediate com-
plexes in the proton dissociation process, for example,
structures G2-[1] and G4-[1], because structure C4-[1] in a high
local-dielectric constant environment (¢ = 78) is the intermedi-
ate complex for proton transfer from the first to the second
hydration shell, and because H;0" and HsO; are stabilized in
COSMO, one could anticipate that fluctuations in the number of
water molecules and the local-dielectric constant play essential
roles in the proton dissociation and transfer processes, and the
elementary steps could be formulated from the H-bond struc-
tures shown in Figure 1b. Examples of the proposed elementary
steps are shown schematically in Figure 3. In this scheme, struc-
tures G2-[1] and G3-[1] in a low local-dielectric constant envi-
ronment (¢=1) are the intermediate complexes of proton
dissociation and are produced through elementary steps (I) and
(I1), respectively. In addition, for proton transfer from the first to
the second hydration shell, structure C4-[1] in a high local-
dielectric constant environment (¢ =78, in Scheme 2) is the
most active intermediate complex and is produced through ele-
mentary step (lll). All of the proposed elementary steps were
verified and studied in detail through BOMD simulations.

Two-dimensional  potential ~energy surfaces. The
dimensional potential energy surfaces (2D-PES) for proton

two-

¢

.2
@ 3@ .2
Adpy =045 A

(l) ? @ VI =2527 em?

Adpy = 043 A N 037 A J(3) 4] ( l.)

VO = 2424 e’ O o1t om &7 A, ¢
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Scheme 2. Effects of extension of the linear H-bond chains in continuum aqueous solvent.
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exchange in the smallest, most stable intermediate complexes
in the gas phase and continuum aqueous solvent are included
in Figure 4, the protons in H-bond (1) of structures G2-[1] and
C2-[1], respectively. Figure 4a shows that the absolute mini-
mum on the 2D-PES of structure G2-[1] is represented by an
asymmetric single-well potential at Ro—o ~ 2.4 A and Adpp ~
0.1 A At a longer Ro—o distance, a double-well potential
appears with an increase in the energy barrier (AE*RMP2/TZV7)
as Ro—o increases. Two low-interaction energy paths (energy
valleys) connecting the single- and double-well potentials span
from A to C and from A to B, whereas the path with the high-
est AEPRIMP2/TZVP (ianergy crest” at Adps =~ 0 A) is from D to E.
The low-interaction energy paths are regarded hereafter as the
structural diffusion paths (also denoted paths AC and AB), and
the path with the highest AEFRMPZTZVP s regarded as the
transition state path (also denoted path DE). The cross-
sectional plots of the 2D-PES in Figure 4a suggest that the
structural diffusion path AC is preferred compared with AB.
Due to the presence of continuum aqueous solvent, the
detailed 2D-PES of structure C2-[1] is different from that of
structure G2-[1]. In a high-local dielectric constant environ-
ment, such as COSMO with ¢= 78, the single-well potential
becomes more asymmetrical and shifts even closer to H,0O,
confirming the previously discussed effects of continuum

International Journal of Quantum Chemistry 2015, 115, 486-501

aqueous solvent, namely increases in the solvent polarity and
in the length of the H-bond chain that induce proton displace-
ment from the solute. The shapes of the single-well potentials
of structures G2-[1] and C2-[1] are consistent with the asym-
metric O—H stretching frequencies (v*") and the 'H NMR
shielding constants ({") listed in Supporting Information,
Table S1; v°" of H-bond (1) in the gas phase is 1746 cm ',
whereas in continuum aqueous solution, v°"' blue shifts to
2424 cm™', and o is 13.0 ppm in the gas phase and
increases to 16.6 ppm in continuum aqueous solvent. These
values reflect the slightly higher covalent bond character and
shielding of a proton in continuum aqueous solvent, which
results in the proton staying closer to H,0.

Characteristic NMR spectra on 2D-PES. To study the dynamics
of proton dissociation through BOMD simulations, the 'H NMR
shielding constants (a{") of a proton on the preferential struc-
tural diffusion path (path AC) and the transition state path (path
DE) in the gas phase and continuum aqueous solvent were
computed and plotted as a function of Ro—y in Figure 5. The
a;" of the H-bond protons in the H3PO4-H;0 " -nH,0 complexes
(n=1-3) were also included in Figure 5 for comparison. It
appears that the trends of (2" in the gas phase and continuum
aqueous solvent are similar; on the energy crest, o" varies over
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These were obtained from the RIMP2/TZVP calculations. (a) Gas phase. (b)
Continuum aqueous solvent.

a narrow range (almost constant at approximately 12 ppm),
whereas in the energy valley, ;" changes exponentially with
Ro— (from 14 to 12 ppm as Ro—y is increased from 1.10 to 1.15
A). The latter correspond to 'H NMR chemical shifts (3") of 18

and 20 ppm, respectively.

Dynamic results

Structures and energy. The BOMD simulations confirmed that
only the linear H-bond chains with asymmetric hydration at Hy
PO, are susceptible to proton dissociation and transfer and
that the structures G2-[1] and C4-[1] are the most stable inter-
mediate complexes in these processes, respectively. To further
study the effects of a polar solvent and verify the proposed
elementary steps shown in Figure 3, the proton transfer pro-
files”” of H-bonds (1) and (2) in structures G2-[1] and C2-[1]
and H-bonds (1) and (3) in structures G4-[1] and C4-[1] at
298 K were constructed and are shown in Figure 6. For proton
dissociation in H-bond (1), the oscillatory shuttling motion,
which is a characteristic of the intermediate complex and

Wiley Online Library

determines the rate of proton dissociation, was observed only
in structures G2-[1] and G4-[1] (see panel (ll) of Figures 6a
and 6c, respectively). Because the oscillatory shuttling vibra-
tional frequencies of a proton in H-bond (1) of structure G2-
[1], which were obtained from both static and dynamic calcu-
lations, are lower than those obtained for structure G4-[1],
structure G2-[1] was confirmed to be the smallest, most stable
intermediate complex. In continuum aqueous solvent, the pro-
ton transfer profiles of H-bond (1) in structures C2-[1] and C4-
[1] [see panel (Il) of Figures 6b and 6d] indicated that a pro-
ton prefers to stay close to H,0, which rules out the possibility
that both structures are intermediate complexes in the proton
dissociation process. The proton transfer profile in panel (VI)
of Figure 6d confirmed that structure C4-[1] is the intermedi-
ate complex for proton transfer from the first to the second
hydration shell, which implies that continuum aqueous solvent
is required to induce and stabilize the shared-proton structure
in H-bond (3).

Activation energies of proton dissociation and transfer. The
activation energies (AE"A"™) of the rate-determining processes
in proton dissociation and transfer in the H3PO4-H;0"-nH,0
complexes (n = 1-3) were obtained from BOMD simulations of
the most stable intermediate complexes over the temperature
range of 298-430 K. The Arrhenius plot in Figure 7a yielded an
AE*A™ of proton dissociation for H-bond (1) of structure G2-
[1] of 13.1 kJ/mol, whereas the Arrhenius plot of H-bond (3) in
structure C4-[1], which is shown in Figure 7b, suggests an
AE*A" of proton transfer from the first to the second hydra-
tion shell of 9.9 kJ/mol. The latter is slightly lower than the
AE*A of proton exchange in the Zundel complex of 10.2 kJ/
mol"® and is compatible with the activation energies
obtained from ion conductivity measurements of 85-100 wt.%
H3PO, solutions at 293 K, which were reported to be in the
range of 7.8-14 kJ/mol,®® and 'H NMR line width analyses
over the temperature range of 293-353 K of 11 kJ/mol."*
Therefore, the activation energies obtained from the BOMD
simulations confirmed elementary step (Ill) in Figure 3, in
which structure C4-[1] is proposed to be the most stable inter-
mediate complex for proton transfer from the first to the sec-
ond hydration shell.

Vibrational and NMR spectra. Before the vibrational spectra
of proton dissociation and transfer are discussed, remarks
should be made on the characteristic vibrational motions in
protonated H-bonds. For a symmetric donor-acceptor pair,
such as in the Zundel complex, the dynamics of the transfer-
ring proton are characterized by two vibrational modes,
namely the oscillatory shuttling motion, in which the proton
shuttles at the center of the H-bond (proton moves in a sym-
metric single-well potential), and the structural diffusion
motion, in which the center of the vibration is slightly shifted
toward an oxygen atom (proton moves on the structural dif-
fusion path)."® However, for an asymmetric donor-acceptor
pair, such as in H-bond (1) of structure G2-[1], the cross-
sectional plots in Figure 4 suggested three different modes
of vibration, namely a vibrational mode associated with the
proton moving in an asymmetric single-well potential or
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shuttling near the center of H-bond (1) and two vibrational
modes for the proton moving in an asymmetric double-well
potential with centers of vibration close to H;PO,; and H,O0.
Therefore, in this work, three characteristic vibrational fre-
quencies were used in the analyses of the dynamics of pro-
ton dissociation.

Examples of the vibrational spectra of proton dissociation in
H-bond (1) of structure G2-[1], which were obtained from
BOMD simulations at 298, 315, and 350 K, are shown in Figure
8. Only the results at 298 K are discussed in detail. The three
characteristic peaks, labelled A, B, and C, are outstanding at
VoM = 1052 cm ™!, WHMP =378 cm !, and MO =
1877 cm™ . Based on the structures of the cross-sectional plots
in Figure 4 and the VO values shown in Supporting Informa-
tion, Table S1, peak A can be assigned to the oscillatory shut-
tling motion, whereas peaks B and C are the structural
diffusion motions in the protonated forms (H4PO, and H;0"),
which correspond to the proton moving on paths AB and AC
in Figure 4, respectively. It should be stressed that the RIMP2/
TZVP calculations with the harmonic approximation did not
yield the vibrational frequencies of the structural diffusion
motions because the absolute minimum energy geometry of
H-bond (1) in structure G2-[1] is characterized by a proton in
an asymmetric single-well potential. Therefore, to obtain com-
plete information on the motion of a proton in an H-bond, the

International Journal of Quantum Chemistry 2015, 115, 486-501

local-energy fluctuations and dynamics must be included in
the model calculations. The quasidynamic equilibriums
between the three limiting forms are, therefore, written as

+ib
[HiPO; - -Hy0---H,0] "7 [H;PO4---H* ---Hy0---H,0)
3.9 kJ/mol
protonated form shared-proton form
(peak B) (peakA)
(5)
s
[HsPO; ' - -Hp0n- H50]  “E"  [H;PO, - Hs0" - Hy0)
9.9 kJ/mol

shared-proton form

(peak A)

deprotonated form
(peakC)
(6)

From the characteristic vibrational frequencies, the vibrational
energies for the interconversion between the protonated
(H4PO; , peak B) and shared-proton (peak A) structures shown
in Eq. (5), and the protonated (H;0 ", peak C) and shared-proton
(peak A) structures shown in Eq. (6) can be approximated at
298 K as Avgr™® =326 and AvZiMP = 825 cm !, which corre-
spond to AEgy® = 3.9 and AEE™® = 9.9 ki/mol, respectively."®!

The trends in the characteristic vibrational frequencies

(YHMPyOHMD and v2HMP) with respect to temperature are

o o o
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illustrated in Figure 8d; these show uniform changes in the
vibrational frequencies of proton dissociation over the entire
temperature range: as the temperature increases from 298 to
430 K, the oscillatory shuttling peak (peak A) red shifts, reflect-
ing more polarization in H-bond (1), whereas the structural dif-
fusion peaks (peaks B and C) blue shift, indicating larger
proton displacement at elevated temperatures. Due to the
vibrational interference effects, the vibrational spectra of a pro-
ton in H-bond (3) of structure C4-[1] are complicated, espe-
cially at elevated temperatures. Therefore, only the vibrational
spectra at 298 K, which is shown in Figure 8e, were analyzed.
These are characterized by a characteristic oscillatory shuttling
peak (peak A) at ng‘MD =893 cm ' and a structural diffusion
peak (peak B) at ng’MD =1515 cm ', which results in
AP =622 cm™! and AER® =7.4 K/mol. The AE™® is
lower than that of the Zundel complex in continuum aqueous
solvent at 350 K, which was found to be 8.9 kJ/mol,*® con-
firming the slightly higher efficiency of proton transfer in the
presence of the solute.

Additional information on the dynamics of proton dissocia-
tion can be obtained from the 'H NMR chemical shift spectra
of H-bond (1) in structure G2-[1], which were obtained from
the BOMD simulations over the temperature range of 350-

Wiley Online Library

430 K. These are shown as examples in Figure 9. The '"H NMR
chemical shift spectra at 350 K are characterized by two well-
defined peaks at 20.3 and 19.5 ppm and a broad peak at 18.0
ppm (labelled A, C, and B in panel (1) of Fig. 9a, respectively).
According to the static results, peak A is associated with a pro-
ton at the center of H-bond (1), whereas peaks C and B are
the protonated forms, H;0" and H,PO;, respectively. Because
peaks A and C overlap, the 'H NMR line width analyses had to
be made using two Lorentzian peak functions, namely peaks A
and B in panel (ll) of Figure 9. The slope of the plot of In T}
and 1000/T in Figure 9d, which was obtained from the analysis
of peak A, yielded an activation energy (AE"N“®) of deprotona-
tion along path AC of 10.8 kJ/mol, which is in excellent agree-
ment with the AE;X’"’ value obtained for the same path (Eq.
(5)) and the 'H NMR line width measurement over the temper-
ature range of 293-353 K of 11 kJ/mol"¥ As the same
motional narrowing was observed at elevated temperatures
with almost the same activation energies, and the 'H NMR
chemical shifts of protonated H-bonds were shown in our
previous work!'® to be sensitive only to the H-bond distan-
ces, one can conclude that the '"H NMR line width measure-
ment reflected the characteristic local-vibrational motions of
the transferring proton, not the local-rotational motions as
anticipated in Ref. 13; our 'H NMR line width analyses revealed
that the chemical shifts of the shared-protons in protonated
water clusters are not sensitive to the rotational motions, for
example, for H' (H,0),, n =4, the chemical shifts of protons in
the cis and trans H-bond structures are almost the same, 20.93
and 20.99 ppm,"® respectively, and those for the planar and
perpendicular structures of the protonated imidazole dimers
(H"(Im),) are 21.18 and 21.63 ppm, respectively. The micro-
scopic dynamics probed by the 'H NMR line width analyses
are, therefore, the characteristic local-vibrational motions of the
transferring protons in H-bonds.

The analysis of peak B yielded an AE*YR value on path
AB of 8.9 kJ/mol, which is considerably higher than the cor-
responding AE;Y™ of 3.9 kl/mol. The difference is because
the oxygen atom in H3PO, possesses a higher electron den-
sity than that of H,0, resulting in a higher shielding effects
at the H-bond proton, which is sensitive to not only its posi-
tion, but also vibrational interferences and environment, for
example, the H-bond protons in H-bond (1) in structures G2-
[2] and G2-[1] possess o of 182 and 13.0 ppm,
respectively.

Finally, to assess the proposed presolvation models and the
proton dissociation and transfer mechanisms, extensive quan-
tum mechanical force field (QMCF) calculations, consisting of
one H4PO; and 2000 water molecules, were performed at
298 K, in which the theoretical results reported in this work
played important roles in the analyses of the dynamic data.
Although some of the reported dynamic properties (e.g., the
vibrational frequencies of the transferring protons) cannot be
directly calculated due to the complexity in the aqueous solu-
tion, the QMCF results confirmed the applicability of the pre-
solvation models, especially in the calculations of local-
dynamic properties in short-time scale, for example, the vibra-
tional patterns of the oscillatory shuttling and structural
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Figure 8. (a)-(c) vibrational spectra of a proton in H-bond (1) of structure G2-[1] obtained from BOMD simulations at 298, 315, and 350 K, respectively. (d)
Trends in the characteristic oscillatory shuttling (peak A) and structural diffusion (peaks B and C) frequencies of proton dissociation in H-bond (1) of struc-
ture G2-[1] obtained from BOMD simulations over the temperature range of 298-430 K. (e) Vibrational spectra of proton transfer in H-bond (3) of structure

C4-[1] obtained from BOMD simulations at 298 K.

diffusion motions, the '"H NMR spectra, and the lifetimes of
the shared-proton intermediate complexes.

Conclusion

The dynamics and mechanisms of proton dissociation and
transfer in hydrated HsPO, clusters under excess proton condi-

International Journal of Quantum Chemistry 2015, 115, 486-501

tions were studied using RIMP2/TZVP calculations and BOMD
simulations over the temperature range of 298-430 K in both
low (¢ =1) and high local-dielectric constant (¢ = 78) environ-
ments. The theoretical study emphasized the dynamics and H-
bond arrangements in a short-time scale which could promote
intermediate complex formation, and the roles played by the
local-dielectric environment. The theoretical investigations
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at 350, 380, and 400 K, respectively. (d) Plots of the natural log of the effective transverse relaxation time (T;) as a function of 1000/T for peaks A and B.
Peaks A and B/C are associated with protons moving in single- and double-well potentials, respectively.

were based on the concept of presolvation, and the H;PO,-
H3;0"-nH,0 complexes (n=1-3) were demonstrated to be
effective presolvation models. The static results obtained from
the RIMP2/TZVP calculations revealed that only the linear H-
bond chains with asymmetric hydration at HsPO, are suscep-
tible to proton dissociation and transfer and that the structure
with n=1 in a low local-dielectric constant environment
(structures G2-[1]) represents the smallest, most stable inter-
mediate complex for proton dissociation. The RIMP2/TZVP cal-
culations revealed that a proton can transfer from the first to
the second hydration shell through the linear H-bond chain
with n=3 (structure C4-[1]), through the Zundel complex
which connects the first and the second hydration shells, and
a high local-dielectric constant environment is required to
induce and stabilize the intermediate complex. These findings
are in accordance with the LCS concept. Therefore, fluctua-
tions in the number of water molecules and the local-
dielectric constant were concluded to play essential roles and
were included in the proposed proton dissociation and trans-
fer mechanisms.

The two-dimensional potential energy surface (2D-PES) of
the transferring proton in the smallest, most stable intermedi-

Wiley Online Library

ate complex (structure G2-[1]) showed an asymmetric single-
well potential at the equilibrium Ro—o distance, and an asym-
metric double-well potential was found at longer Ro—o. The
cross-sectional plots of the 2D-PES suggested three vibrational
modes for proton dissociation from H4PO; : one for the oscilla-
tory shuttling motion and two for the structural diffusion
motions. Because ab initio calculations with the harmonic
approximation yield reliable vibrational frequencies only for
the minimum energy geometry (the oscillatory shuttling fre-
quency), the isotropic shielding constants (a{2") on the 2D-PES
were computed to obtain additional information for the inter-
pretation of the BOMD results. The ab initio GIAO method sug-
gested that a proton moving on the structural diffusion path
is characterized by a o value that varies exponentially with
Ro—n, Whereas a proton on the transition state path (energy
crest, Adpa ~ 0 A) exhibits a ay" value that varies over a nar-
row range (nearly constant at approximately 12 ppm).

The BOMD simulations confirmed that only the linear
H-bond chains with asymmetric hydration at Hs;PO; are sus-
ceptible to proton dissociation and transfer, which is in accord-
ance with the protonic-chain conduction mechanism. The
proton transfer profiles obtained from the BOMD simulations
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indicated that structures G2-[1] and C4-[1] are indeed the
most stable intermediate complexes in the proton dissociation
and transfer pathways, respectively. The activation energies
(AE¥ ™ of proton dissociation and transfer, which were
obtained from the Arrhenius plots in the temperature range of
298-430 K, are 13.1 and 9.9 kJ/mol, respectively. These values
are in good agreement with the experimental activation ener-
gies obtained by probing microscopic dynamics, such as the
jon-conductivity and conventional '"H NMR measurements. For
proton transfer from the first to the second hydration shell,
the vibrational frequencies associated with a proton moving
on the oscillatory shuttling and structural diffusion paths,
which cannot be obtained through ab initio calculations with
the harmonic approximation, predicted the vibrational energy
for the interconversion between the shared-proton and close-
contact structures in HsO; attached to H3PO, to be slightly
lower than that of the Zundel complex. This suggests a slightly
higher efficiency of proton transfer in the presence of the
H3PO, solute and the roles played by H;0" and HsO;. The
three characteristic vibrational motions on the proton dissocia-
tion pathway, which were suggested by the 2D-PES and vibra-
tional spectra, were also observed in the 'H NMR chemical
shift spectra, and the line-width analyses suggested that the
activation energy for proton dissociation is comparable with
the "H NMR experimental results.

Finally, we would like to stress that it is not our intention
to claim that all the condensed-phase properties of the mix-
ture of H3PO, and H,O can be studied based on the pro-
posed presolvation models. Instead, we would only like to
show specifically how the dynamics of protons in the inter-
mediate complexes can be studied, and related to the rate-
determining processes in the local proton-transfer mecha-
nisms, which in general consist of the intermediate complex
formation and the actual transfer. The present theoretical
results, therefore, provide insights into the roles played by a
polar solvent and iterate that the dynamics and mechanisms
of proton transfer in H-bond clusters can be obtained from
intermediate complexes provided that an appropriate presol-
vation model is selected and that all of the important rate-

determining  processes are included in the model
calculations.
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