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Theoretical analysis of co-solvent effect on the proton transfer reaction
of glycine in a water–acetonitrile mixture
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The co-solvent effect on the proton transfer reaction of glycine in a water–acetonitrile mixture was
examined using the reference interaction-site model self-consistent field theory. The free energy
profiles of the proton transfer reaction of glycine between the carboxyl oxygen and amino nitrogen
were computed in a water–acetonitrile mixture solvent at various molar fractions. Two types of
reactions, the intramolecular proton transfer and water-mediated proton transfer, were considered.
In both types of the reactions, a similar tendency was observed. In the pure water solvent, the
zwitterionic form, where the carboxyl oxygen is deprotonated while the amino nitrogen is protonated,
is more stable than the neutral form. The reaction free energy is −10.6 kcal mol−1. On the other
hand, in the pure acetonitrile solvent, glycine takes only the neutral form. The reaction free energy
from the neutral to zwitterionic form gradually increases with increasing acetonitrile concentration,
and in an equally mixed solvent, the zwitterionic and neutral forms are almost isoenergetic, with
a difference of only 0.3 kcal mol−1. The free energy component analysis based on the thermo-
dynamic cycle of the reaction also revealed that the free energy change of the neutral form is
insensitive to the change of solvent environment but the zwitterionic form shows drastic changes.
In particular, the excess chemical potential, one of the components of the solvation free energy,
is dominant and contributes to the stabilization of the zwitterionic form. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4921432]

I. INTRODUCTION

The co-solvent effect on chemical reactions has attracted a
lot of attention in the field of chemistry, physics, and biochem-
istry. Most chemical reactions occurring in solution show
drastic changes in character depending on the solvent environ-
ment. The solvent environment can be controlled by adding a
co-solvent. Thus, binary mixtures, such as dimethylsulfoxide-
water, methanol-water, and acetonitrile-water, have been
explored as a reaction field or an analogue of the bio-
logical environment in both experimental and theoretical
studies.1–6

The proton transfer in binary mixtures has been of partic-
ular interest in biochemistry, because various proton trans-
fers in biological systems usually occur in the heterogeneous
medium.6–9 The zwitterionic-neutral (ZW-NE) proton transfer
of glycine is a good probe to examine the co-solvent effect
on the reaction (Scheme 1). The equilibrium of proton trans-
fer reactions shifts depending on the ratio of the mixture. In
the gas phase, glycine takes the NE form but not the ZW
form.10–12 On the other hand, glycine takes ZW in polar sol-
vents, such as water. By using the titration method, it has
been clarified that the ZW of glycine is more stable than NE
in water by 7.3 kcal mol−1 in free energy.13 This is because
the highly polarized ZW is unstable in the gas phase but is

a)Author to whom correspondence should be addressed. Electronic mail:
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strongly stabilized by the solute–solvent interaction in polar
solvents.

To consider the co-solvent effect in binary mixtures on the
proton transfer reaction, a useful tool is the reference inter-
action site model self-consistent field (RISM-SCF) method,
which is a hybrid method of the quantum mechanics electronic
structure theory and the statistical mechanics integral equation
theory of molecular liquids.14–16 This method can treat the
solvent effect on chemical reactions in solution at the molec-
ular level by using RISM.17 The RISM-SCF and its extended
version, the RISM-SCF spatial electron density distribution
(RISM-SCF-SEDD), have been successfully applied to inves-
tigate various chemical and biological processes in mixtures of
solvents. Hayaki et al. applied the RISM-SCF-SEDD method
to a Diels-Alder reaction in ionic liquids18 and an SN2 reaction
in ionic liquids.19 They also applied this method to investi-
gate the excited-state intramolecular proton transfer of 4′-N,N-
diethlamino-3-hydroxyflavine in ionic liquids.20 The free en-
ergy surface features of a proton transfer reaction obtained by
their calculation were consistent with the experimental obser-
vations, and the computed absorption and emission energies
also showed quantitative agreement with the experiments.21–23

The salt effect on chemical reactions has also been investigated
by the RISM-SCF method with the concentration dependence
of a Diels-Alder reaction in a LiCl solution. The concentration
dependence on the activation barrier was in good agreement
with that estimated experimentally.24 Recently, we have re-
ported an intramolecular proton transfer in a NaCl aqueous
solution for a wide range of concentrations.25 These studies
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SCHEME 1. Scheme of intramolecular proton transfer between neutral and
zwitterionic forms.

demonstrate the validity of the RISM-SCF method to investi-
gate the co-solvent effect on the chemical processes in mixture
solvents.

In the present study, we investigated the co-solvent effect
on the intramolecular proton transfer reaction of glycine be-
tween NE and ZW in a water–acetonitrile mixture at various
molar fractions. Two types of reaction are considered. One is
the direct transfer of protons from carboxyl oxygen to amino
nitrogen. The other is the solvent-mediated proton transfer
reaction, where a solvent, water, mediates the reaction as both
a proton donor and acceptor. We only examined one of the
simplest cases of the solvent-mediated reaction proposed by
Jensen and Gordon.10 In this case, only a single water mole-
cule, which is located between the carboxyl oxygen and amino
nitrogen, participates in the reaction.

We take the intrinsic reaction coordinate (IRC) as reac-
tion coordinates of the proton transfer reactions in the solu-
tion. Along the reaction coordinates, the optimum structures
of ZW and NE as well as the transition state (TS) structure
are searched by using the analytical free energy gradient for-
mula.16 The free energy change due to the change in the molar
fraction of the mixture solvent is examined by free energy
component analysis. The solvation structures of ZW and NE
are also investigated to clarify the origin of the co-solvent
effect.

II. METHOD

A. Brief overview of the method

We employed the RISM-SCF method for the free energy
and geometry optimization calculations in solution.14–16 In the
present study, we assume an infinite dilution of glycine into the
water–acetonitrile mixture. With this assumption, the solute
glycine is treated by quantum mechanics, and the surrounding
solvent molecules, water and acetonitrile, are treated by the
RISM method.

The Helmholtz energy A of the system is given by

A = Esolute + ∆µ, (1)

where Esolute is the solute electronic energy and ∆µ is the
excess chemical potential due to the solvation. Esolute is
computed from a quantum chemical electronic structure calcu-
lation,

Esolute = ⟨Ψ| H0 |Ψ⟩ , (2)

where H0 and Ψ are the electronic Hamiltonian of an isolated
molecule and wave function of a solute molecule, respectively.
In the RISM-SCF method, the excess chemical potential is
given by

∆µ = 4π

Solvent
spices
v

ρvkBT

Solute
site
α

Solvent
site
γ


dr

×


1
2
(hαγ(r))2θ(hαγ(r)) − cαγ(r) − 1

2
hαγ(r)cαγ(r)


r2.

(3)

Here, kB, T , ρv, and θ are the Boltzmann constant, the absolute
temperature, the number density of the solvent species v , and
the Heaviside step function, respectively. The summation of v
in right hand side is running over all solvent species, while the
summation of γ is running over the solvent site belonging to the
species v . hαγ and cαγ are the site–site total and direct corre-
lation functions, respectively. To derive Eq. (3), we employed
the Kovalenko-Hirata (KH) closure,26,27

hαγ(r) =



exp
�
dαγ(r)	 − 1 for dαγ(r) < 0

dαγ(r) for dαγ(r) ≥ 0
,

dαγ(r) = − 1
kBT

uαγ(r) + hαγ(r) − cαγ(r),
(4)

where uαγ is the interaction potential between the solute site α
and solvent site γ,

uαγ(r) = qαqγ
r
+ 4ϵαγ

(σαγ

r

)12
−
(σαγ

r

)6
, (5)

where qα and qγ denote the effective point charge on solute site
α and solvent site γ, and ϵαγ and σαγ are the Lennard-Jones
parameter with usual meanings. The total and direct correlation
functions are determined by solving Eq. (4) with the RISM
equation,

hαγ = ωαα′ ∗ cα′γ′ ∗ ωγ′γ + ργ′ωαα′ ∗ cα′γ′ ∗ hγ′γ, (6)

where ωαα′ is the intramolecular correlation function and *
denotes the convolution integral.

B. Computational details

The density functional theory with the M06-2X and
B3LYP exchange-correlation functionals28 was employed for
the electronic structure calculation of solute glycine at 6-31G,
6-31+G(d), and 6-31++G(d,p) levels.

The RISM calculations were performed in the water–
acetonitrile mixture at 298 K. The molar fractions of aceto-
nitrile to the mixture solvent were selected as 0.00, 0.27, 0.50,
0.76, and 1.00. The number density of the components of the
solution was determined computationally, where we assumed
that the volumes of water and acetonitrile molecules were
identical to those for the saturated solution. The Lennard-
Jones parameters for solute amino acid and acetonitrile were
taken from the all-atom optimized potential for liquid simu-
lations (OPLS-AA) parameter set.29 The simple point charge
(SPC) model parameter set for the geometrical and potential
parameters for the solvent water was employed with modified
hydrogen parameters (σ = 1.0 Å and ϵ = 0.056 kcal mol−1).
The grid points in the RISM-SCF calculation were 2048 with
a spacing of 0.01 Å.

In order to determine the effective point charge on solute
site α, qα, we employed the restraint electrostatic potential
(RESP) method with the geodesic point selection scheme.30,31

The restraint parameter for the harmonic penalty function was
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TABLE I. The functional and basis set dependence of the reaction free
energy in pure water (in kcal mol−1).

Functional Basis set ∆A ∆A‡

M06-2X 6-31G −10.50 0.12
6-31+G(d) −12.93 2.08
6-31++G(d,p) −10.62 1.22

B3LYP 6-31G −10.58 0.06
6-31+G(d) −15.23 1.31
6-31++G(d,p) −13.23 0.93

CPMD12 −11.2 1.5
QM/MM-MD11 −13.9 1.8
Experiment13 −7.27 NA

chosen as 0.003. For the point selection, the scale factor for
the first shell of van der Waals spheres, the increment for
successive shells, and number of layers of points were cho-
sen as 1.2, 0.1, and 10, respectively. With these parameters,
approximately 2600 points were selected for RESP fitting.

The free energy calculations were conducted along the
reaction coordinates determined by the IRC method in solu-
tion.

All the calculations were performed with a modified
version of the GAMESS program package,32 where the RISM-
SCF method and its energy gradient method have been imple-
mented.33,34

III. RESULTS AND DISCUSSION

We examined two types of reaction paths of a glycine pro-
ton transfer from NE to ZW in the water–acetonitrile mixture.
One is the intramolecular proton transfer. In this type, the
proton transfers directly from the carboxyl oxygen to the amino
nitrogen. The other is the water-mediated proton transfer. This
type comprises two simultaneous proton transfers, where a
solvent water gets a proton from the carboxyl oxygen and
simultaneously gives another proton to the amino nitrogen of
glycine.

A. Assessment of the exchange-correlation functional
and basis functions

We first examined the functional and basis function depen-
dencies of the reaction free energy and the activation free
energy of the intramolecular proton transfer reaction from NE
to ZW in pure water. In Table I, the computed reaction free

FIG. 1. The free energy changes from NE to ZW. Insets of the figure, M ,
denote the molar fraction of acetonitrile in the solvent.

energy and the activation free energy are summarized. The
reaction free energy ∆A is defined as follows:

∆A = AZW − ANE, (7)

where AZW and ANE are the free energies at ZW and NE.
Similarly, the activation free energy ∆A‡ is defined by

∆A‡ = ATS − ANE, (8)

where ATS is the free energy at TS.
As can be seen in the table, both the free energies strongly

depend on the basis functions whereas the functional depen-
dence is relatively small, which is in accord with the results
reported by Kido et al.35 Although the computed reaction
free energies are overestimated to the experimental value,
−7.27 kcal mol−1, M06-2X/6-31++G(d,p) calculation shows
comparable values with the experiment. The reaction free
energy and the activation free energy are also in good agree-
ment with those by Car-Parrinello molecular dynamics re-
sults by Leung and Rempe.12 Most recently, Takenaka et al.
applied quantum mechanics/molecular mechanics molecular

TABLE II. The reaction free energy, the activation free energy, and key bond lengths. The units of free energy and bond length are kcal mol−1 and Å,
respectively.

ZW TS NE

Molar fraction R(N–H) R(O–H) R(N–H) R(O–H) R(N–H) R(O–H) ∆A ∆A‡

M = 0.00 (water) 1.04 2.01 1.34 1.18 1.84 1.00 −10.62 1.29
M = 0.27 1.04 1.96 1.29 1.23 1.85 1.00 −4.70 2.61
M = 0.50 1.04 1.88 1.24 1.28 1.85 0.99 −0.29 3.91
M = 0.76 1.06 1.77 1.19 1.35 1.86 0.99 4.18 5.70
M = 1.00 . . . . . . . . . . . . 1.87 0.99 . . . . . .
Gas . . . . . . . . . . . . 1.94 0.98 . . . . . .
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FIG. 2. The optimized structures of
glycine for NE, TS, and ZW in M
= 0.00, 0.50, and 0.76.

TABLE III. The free energy components of the reaction (in kcal mol−1).

Molar fraction ∆A ∆EZW-NE
gas ∆EZW

dist ∆ENE
dist ∆µZW ∆µNE

M = 0.00 (water) −10.62 27.18 24.80 8.95 −61.65 −7.99
M = 0.27 −4.70 25.96 15.32 5.23 −47.48 −6.73
M = 0.50 −0.29 24.49 10.11 6.21 −36.41 −4.93
M = 0.76 4.18 22.75 6.01 2.01 −25.45 −2.88
M = 1.00 . . . . . . . . . 1.11 . . . −1.14

TABLE IV. The atomic components of excess chemical potential difference between NE and ZW (in kcal mol−1).

M = 0.00 M = 0.27 M = 0.50 M = 0.76

Solute atom x ∆∆µZW-NE
x,H2O ∆∆µZW-NE

x,CH3CN ∆∆µZW-NE
x,H2O ∆∆µZW-NE

x,CH3CN ∆∆µZW-NE
x,H2O ∆∆µZW-NE

x,CH3CN ∆∆µZW-NE
x,H2O ∆∆µZW-NE

x,CH3CN

N1 4.5 . . . 1.8 −3.8 0.6 −3.4 0.2 −4.7
H2 −5.3 . . . −3.1 −0.6 −1.3 −1.5 −0.3 −1.6
H3 −6.1 . . . −3.1 −0.5 −1.9 −1.9 −0.7 −2.3
H4 −5.9 . . . −3.0 −0.5 −1.9 −1.8 −0.7 −2.3
C5 −2.3 . . . −0.8 −0.2 −0.5 0.7 −0.3 1.3
C6 18.9 . . . 10.4 0.7 7.9 1.2 3.9 2.2
O7 −25.1 . . . −15.7 −0.9 −11.1 −2.0 −5.3 −3.3
O8 −33.3 . . . −20.2 −0.1 −13.5 −0.8 −6.2 −2.1
H9 0.4 . . . 0.2 0.0 0.2 −0.3 0.1 −0.4
H10 0.4 . . . 0.2 0.0 0.2 −0.3 0.1 −0.4

dynamics simulation with MP2/6-31+G(d).11 Their results are
similar to the M06-2X/6-31+G(d) results of the present study.

Hereafter, we only employ M06-2X/6-31++G(d,p) for
detailed analysis from its validity.

B. Free energy profile for the intramolecular proton
transfer

We examined the free energy profile of the intramolecu-
lar proton transfer reaction from NE to ZW in the water–

acetonitrile mixture. The computed molar fraction of acetoni-
trile in the mixture solvent was 0.00, 0.27, 0.50, 0.76, and
1.00. We also made a profile in the gas phase for com-
parison.

In Figure 1, the free energy changes are depicted along the
reaction coordinate from NE to ZW. The reaction free energy
and the activation free energy are summarized in Table II.
We have selected the difference of the N–H and O–H bond
lengths, R(N–H)−R(O–H), as the reaction coordinate R, where
R(N–H) and R(O–H) are the distances between the amino
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FIG. 3. Numbering for the solute atoms.

nitrogen and proton and between the carboxyl oxygen and
proton, respectively.

In the gas phase, TS and ZW were not located; the free
energy increases monotonically from NE. This is because
the localized electron distribution destabilizes ZW in the gas
phase. On the other hand, in the pure water solvent, M
= 0.00, ZW is more stable than NE, with both ZW and NE
located as locally stable structures. The free energy of ZW
is 10.6 kcal mol−1 lower than that of NE, and the activa-
tion free energy is 1.3 kcal mol−1. As the molar fraction of
acetonitrile in the mixture solvent increases, the reaction free

FIG. 4. Relative coordination number from NE to ZW of (a) solvent water hydrogen Hw for solute carbonyl oxygen O7, (b) Hw for O7, (c) solvent acetonitrile
methyl group Me for O8, (d) acetonitrile cyanocarbon C for O8, and (e) cyanonitrogen N for O8.
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FIG. 5. Free energy change from NE to ZW for the one-water-mediated pro-
ton transfer. Insets of the figure, M , denote the molar fraction of acetonitrile
of the solvent.

energy increases, namely, −4.70, −0.29, and 4.18 kcal mol−1

for a molar fraction of 0.27, 0.50, and 0.76, respectively.
In an equally mixed solvent, ZW and NE become almost
isoenergetic with the difference being only 0.3 kcal mol−1.
ZW does not have a locally stable structure in pure acetonitrile
solvent, M = 1.00, and the profile exhibited a similar behavior
to that in the gas phase. In accordance with the behavior of the
reaction free energy, the activation free energy of the reaction
increases as the molar fraction increases, namely, 2.61, 3.91,
and 5.70 kcal mol−1 for a molar fraction of 0.27, 0.50, and 0.76,
respectively.

The optimized structures of NE, TS, and ZW are shown
in Figure 2, and R(N–H) and R(O–H) of each structure are
summarized in Table II. For NE and ZW, R(N–H) becomes
longer as the molar fraction of acetonitrile increases whereas
R(O–H) gets shorter. It means that the structures of NE and ZW
come close to the NE structure in the gas phase when increasing
the molar fraction of acetonitrile. The R(N–H) decreases whilst
R(O–H) increases with increasing acetonitrile molar fraction
at TS. Thus, the structural features of TS come close to ZW.

FIG. 6. Transition state structure with the numbering of atoms for the one-
water-mediated proton transfer reaction.

These features are also seen in Figure 1. The position of TS on
the reaction coordinate shifts to the ZW side when increasing
the acetonitrile molar fraction.

In order to elucidate the origin of the behavior, we per-
formed a solvation free energy decomposition analysis. By
taking a thermodynamic cycle of the reaction, the change of
the Helmholtz energy A from the reactant, ∆A, given in Eq. (7),
can be rewritten as

∆A = ∆EZW-NE
gas + ∆EZW

dist − ∆ENE
dist + ∆µ

ZW − ∆µNE. (9)

Here, ∆EZW-NE
gas is the reaction energy in the gas phase. ∆Edist

is the electronic distortion energy by solvation, defined as
follows:

∆Edist = Esolute − Egas, (10)

where Egas is the gas phase energy of glycine with its geometry
optimized in solution. In Table III, the free energy compo-
nents present in Eq. (9) are summarized. The reaction en-
ergy in the gas phase, ∆EZW-NE

gas , decreases with increasing
the acetonitrile molar fraction. As seen in Figures 1 and 2,
ZW comes close to NE on the reaction coordinate. Those
smaller structural changes may contribute to smaller changes
in ∆EZW-NE

gas . Both in NE and ZW, the electronic distortion
energy decreases and the excess chemical potential increases
when increasing the acetonitrile molar fraction. These results
indicate that the solute–solvent interaction becomes weaker by
addition of acetonitrile. In the case of NE, the excess chemi-
cal potential and the electronic distortion energy compensate
each other, which makes the sum of these values around zero,�
∆ENE

dist − ∆µ
NE� < 1.5 kcal mol−1 for all the molar fractions. On

TABLE V. Key bond lengths, reaction free energy, and activation free energy for the one-water-mediated proton transfer reaction. The units of bond length and
free energy are kcal mol−1 and Å, respectively.

ZW TS NE

Molar fraction R(N–H2) R(O–H2) R(O–H13) R(N–H2) R(O–H2) R(O–H13) R(N–H2) R(O–H2) R(O–H13) ∆A ∆A‡

M = 0.00 1.06 2.26 2.25 1.46 2.53 1.22 1.67 2.62 1.03 −10.65 1.26
M = 0.27 1.05 2.43 2.16 1.38 2.53 1.27 1.71 2.65 1.02 −5.78 2.82
M = 0.50 1.05 2.52 1.96 1.32 2.53 1.28 1.74 2.67 1.01 −2.06 4.85
M = 0.76 1.05 2.54 1.86 1.28 2.52 1.27 1.76 2.70 1.01 1.19 5.94
M = 1.00 1.05 2.56 1.78 1.23 2.53 1.28 1.78 2.72 1.00 4.73 7.64
Gas . . . . . . . . . . . . . . . . . . 1.86 2.81 0.99 . . . . . .
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the other hand, ZW shows remarkable changes in excess chem-
ical potential and electronic distortion energy. In particular,
the excess chemical potential is dominant and largely contrib-
utes to the stabilization of ZW. This means that the strong
solute–solvent electronic interactions give a negative excess
chemical potential, and the electronic structural changes due to
the solute–solvent interaction cause positive distortion energy.

From these results, we can say that the major factor of
stabilizing ZW is the excess chemical potential rather than the
electronic distortion energy. To then get microscopic infor-
mation on the solvation structure, we examined the atomic
components of excess chemical potential. The excess chemical
potential, Eq. (3), can be decomposed into the contribution
from the solute atoms, ∆µx, v,

∆µ =

solvent
v

solute atom
x

∆µx, v, (11)

from which we can see how each atom contributes to the
stabilization or destabilization by solvation. The difference of
the atomic components of excess chemical potential between
NE and ZW, ∆∆µZW-NE

x, v = ∆µZW
x, v − ∆µNE

x, v, is summarized in
Table IV, where ∆µZW

x, v and ∆µNE
x, v denote the atomic compo-

nents of excess chemical potential of solute atom x coming
from solvent v at ZW and NE, respectively. The labels of
the solute atoms are defined in Figure 3. In pure water, M
= 0.00, the components of two carboxyl oxygen atoms, O7 and
O8, contribute to the stabilization of ZW, whereas the amino
nitrogen and the carboxyl carbon destabilize ZW. Increasing
the acetonitrile molar fraction, the solvent effect of water dras-
tically weakens whereas that of acetonitrile gets marginally
stronger. For instance, ∆∆µZW-NE

O8,H2O changes by 27.1 kcal mol−1

from M = 0.0 to 0.76, but ∆∆µZW-NE
O8,CH3CN changes by only

−2.1 kcal mol−1. Thus, the contribution from the water domi-
nates the solvent effect on the proton transfer reaction.

The change of the excess chemical potential is related to
the solvation structural changes from NE to ZW. To see the
solvation structural changes, we defined the relative coordina-
tion numbers (RCNs),

∆Cαγ(r) = CZW
αγ (r) − CNE

αγ (r), (12)

where Cαγ(r) is the running coordination number of solvent
site γ around solute site α, defined by

Cαγ(r) = 4πργ

r
0

s2gαγ(s)ds. (13)

RCNs indicate the degree of change in number of solvent
atoms around a solute atom from NE to ZW.

In Figures 4(a) and 4(b), the RCNs of solvent water
hydrogen Hw for solute carboxyl oxygen O7 and O8, namely,
∆CO7Hw and ∆CO8Hw, in various mixture ratios are depicted.
Charges on O7 and O8 are induced by the polarization due to
proton transfer. For instance, in pure water, the point charge on
O7 and O8 changes from NE −0.84 and −0.57 to ZW −1.02
and −0.97, respectively. As a consequence, the attractive force
between the solute carboxyl oxygen and solvent hydrogens is
induced, and hence the RCNs show positive value. For both
O7 and O8, the height of RCNs decreases when decreasing
the molar fraction of water. In the case of O8, the conspicuous
peaks at around 2 Å are observed whereas the corresponding
peaks are small for O7. Because the protonated state of the
O8 changes due to proton transfer, the coordination number of
water hydrogen shows a drastic change. In Figures 4(c)–4(e),
the RCN of solvent acetonitrile for O8 is shown. Because the
cyanocarbon is located at the center of the solvent molecule,

FIG. 7. The optimized structures of
glycine-water complex for NE, TS, and
ZW in M = 0.00, 0.50, and 1.00.
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FIG. 8. The radial distribution functions between (a) solute O8 of ZW form and solvent and (b) solute H13 of ZW form and solvent.

the solvation structure is insensitive to the change of the solute
form; hence, why the 1st peaks of RCNs are small. The RCNs
of the methyl group and the cyanonitrogen show opposite
behavior because the point charges on the cyanonitrogen and
the methyl group have an opposite sign. ∆CO8Me is enhanced
positively but ∆CO8N is enhanced negatively by increasing
the acetonitrile concentration. The peak height of RCNs of
acetonitrile is smaller and the position of the 1st peak is
more departed from the solute atom, compared with those of
water. This is because the contribution from acetonitrile to the
stabilization is smaller than that from water.

C. Free energy profile for the one-water-mediated
proton transfer

In the proton transfer reaction in aqueous solution, the
solvent water is expected to mediate the reaction as a proton
donor and acceptor. We examined the free energy profile of
the water-mediated reaction in water–acetonitrile mixtures at
various molar fractions of acetonitrile. It is noted that the molar
fractions used in this subsection are not exactly the same as
those in Subsection III B because one extra water exists in the
system as a solute. The reaction path of the water-mediated
proton transfer is highly complicated, because one or more
solvent waters can participate in the reaction. In the present
study, we only examined the simplest case of the reaction as
proposed by Jensen and Gordon.28 In this case, only a single
water molecule is located between the carboxyl oxygen and
amino nitrogen and participates in the reaction.

The free energy changes along the reaction coordinate
are depicted in Figure 5. Similar trends to those in the in-
tramolecular reaction are observed. When comparing the same
molar fractions as the intramolecular reaction, the one-water-
mediated reaction has a slightly larger magnitude of reaction
free energy, ∆A, and activation free energy, ∆A‡, in most cases.
The differences in activation free energy and reaction free
energy from the case of the intramolecular proton transfer
become larger when increasing the acetonitrile concentration.
For instance, the difference of reaction free energy in pure
water is only 0.03 kcal mol−1 but is 2.99 kcal mol−1 in M
= 0.76 solution. In the pure acetonitrile solution, M = 1.00,
the stable structure of ZW is located, which is not observed in

the case of intramolecular proton transfer. This indicates that
only one water is enough to stabilize ZW in the acetonitrile.

Some key bond lengths are summarized in Table V. The la-
bels of hydrogen atoms in the table are defined in Figure 6. The
structural parameters of ZW strongly depend on the acetoni-
trile concentration, whereas those of NE do not, showing only
small changes. The change in R(O–H13) of ZW is −0.47 Å
from M = 0.00 to M = 1.00. In Figure 7, some selected struc-
tures of the glycine–water complex are shown. Although NE
shows close structures in M = 0.00 and M = 1.00, the ZW
structure in M = 0.00 and M = 1.00 shows different hydrogen-
bond networks between glycine and the “mediating water.” In
Figures 8(a) and 8(b), the radial distribution functions (RDFs)
of the solvent atoms for O8 and H13 are depicted, respectively.
The RDF for solute O8 shows a conspicuous peak of a water
hydrogen at around 1.8 Å, while the peak of the acetonitrile
methyl group at around 3 Å is low. This indicates that O8 forms
a hydrogen bond with the solvent water hydrogen in M = 0.00.
However, O8 forms it with the mediating water in M = 1.00
because no hydrogen donor exists in the solvent. Figure 8(b)
indicates that one of the hydrogens of the mediating water,
H13, orients to the bulk and forms a hydrogen bond with a
solvent water in M = 0.00 and acetonitrile M = 1.00.

IV. CONCLUSION

We have investigated the co-solvent effect on the proton
transfer reaction of glycine in a water–acetonitrile mixture
using RISM-SCF theory.

We first examined the intramolecular proton transfer reac-
tion. The free energy profiles were computed at various ratios
of acetonitrile molar fractions and were analyzed in detail. The
set of profiles clearly showed that, with increasing concentra-
tions of acetonitrile, ZW destabilizes and the activation free
energy of the reaction heightens. From the energy decom-
position analysis of the free energy of solvation, we found
that a major factor stabilizing ZW is the strong solute–solvent
electronic interactions rather than the energy of the structural
change. From the RDFs, we also found that as the acetonitrile
concentration increases, the hydrogen bond between the amino
oxygen and solvent hydrogen becomes weak whilst ZW be-
comes unstable.
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We also considered the one-water-mediated intermolec-
ular proton transfer reaction. The molar fraction dependence of
the free energy profile was similar to that of the intramolecular
reaction. The free energy change and the activation energy
of the reaction were slightly larger, and the structures and
the solvent distribution were almost the same as those of the
intramolecular reaction. The position of the mediating water
in ZW was quite different from that in pure water and in pure
acetonitrile. The carboxyl oxygen forms hydrogen bonds with
a solvent water in pure water whereas it forms with the mediat-
ing water in pure acetonitrile because no hydrogen donor that
exists is in pure acetonitrile solvent.

The detailed analysis of the co-solvent effect on the proton
transfer reaction presented here should be indispensable for
a deeper understanding of the solvation of amino acids in
heterogeneous environments.
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