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Double proton transfers in formic acid dimer and formamidine dimer were studied as prototypes of multiple
proton transfer. The potential energy surface (PES) for the double proton transfer was studied usingab initio
quantum mechanical methods. The solvent effect on the PES was also included using the Onsager self-
consistent reaction field model. In the gas phase, the transition state for the double proton transfer in the
formic acid dimer complex hasD2h symmetry, but in water it is changed to aC2V structure, when the Hartree-
Fock (HF) level of theory is used. When the density functional theory is used, the transition state hasD2h

symmetry with and without solvent. However the barrier height depends very much on the electron correlation.
The double proton transfer occurs synchronously in all the cases. For the formamidine dimer complex, the
transition state hasC2V symmetry in the gas phase, and it changes toCs symmetry in water at the HF level
of theory. TheC2V structure becomes an intermediate in water, which means that double proton transfer
occurs asynchronously. In the density functional theory for the gas phase, the transition state hasD2h symmetry,
and it changes toC2V structure in solution. However the double proton transfer occurs synchronously in both
cases. These results suggest that the correlation is very important to the PES for double proton transfer, not
only in the gas phase but also in solution.

Introduction

Proton transfer is one of the simplest and the most funda-
mental reactions in chemistry, and it is important in oxidation-
reduction reactions in many chemical and biological reactions,
so it has been studied extensively.1,2 However most of the
studies of proton transfer have been done for a single proton
transfer, in which one proton is transferred during the reaction.
Multiproton transfers, in which more than one proton is
transferred, either synchronously or asynchronously, have not
been extensively studied. There are many examples of multi-
proton transfer such as proton relay systems in enzymes, certain
proton transfers in hydrogen-bonded water complexes, and
proton transfers in prototropic tautomerisms.3 A proton relay
is thought to account for the high mobility of the proton in water.
Limbach et al. have studied the double proton transfer in
prototropic tautomerisms for many formamidine systems and
porphyrins using the dynamic NMR technique.4-8 They
reported rates and the kinetic isotope effects for both concerted7,8

and stepwise4-6 double proton transfers. However there is little
theoretical work on the dynamics of multiproton transfers. To
study the dynamics of such systems, one must have detailed
information about potential energy surfaces near the transition
state and the critical configuration. This paper presents such
information for the formic acid and formamidine dimers.
Formic acid dimer (FAD) is one of most extensively studied

systems both experimentally and theoretically since it forms
strong hydrogen bonds, so it is fairly easy to measure its IR
and Raman frequencies.9,10 It is also one of the simplest
examples of a multiproton transfer system in which the
constituents are held together by two hydrogen bonds, so it can
be used as a model of many chemically and biologically
important multiproton transfers. Recently we have reported a

direct dynamics study for the double proton transfer in FAD.11

Amidine compounds are important to many medical and
biochemical processes.12 They play a crucial role in the
biosynthesis of imidazole and purines and the catabolism of
histidine. Formamidine has been studied experimentally and
theoretically as a prototype of this class of compounds. In
addition to serving as a model for hydrogen transfer reactions
in bases of nucleic acids, formamidine has been extensively
studied theoretically since it forms homodimers and hydrogen
bonds with water. Intramolecular and intermolecular hydrogen
transfer have been studied theoretically for various formamidine
systems.4,5,13-16 Proton transfers in formamidine dimer can be
considered a prototype of multiproton transfer. They can also
provide information about hydrogen bonding, as well as the
proton relay mechanism in enzymes.3

Because of the small mass of the proton, quantum mechanical
tunneling is often very important in this reaction. The shape
of the potential energy surface (PES) near the transition state
and the critical configuration has influence on the tunneling
probability. Most of the earlier theoretical studies have focused
on the geometric change on dimerization, and the energetic
stabilization due to the hydrogen bonds in the gas phase.16 The
characteristics of the PES, such as the dimerization energy and
the barrier for the double proton transfer, strongly depend on
the level of the theoretical calculation, the size of the basis set,
and the inclusion of correlation energy.14,16 However most
proton transfers occur in solution, so the characteristics of the
PES will vary with the properties of the solvent. Therefore it
is necessary to understand how solvation processes influence
the PES. In this study we investigated the solvent effect on
the PES for the double proton transfer in formic acid dimer
and in formamidine dimer, using the Hartree-Fock (HF) level
of ab initio quantum mechanical calculation, including the self-
consistent Onsager reaction field. Since electron correlation
plays an important role in determining the characteristics of the
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PES for the proton transfer reaction in the gas phase,16,18 it is
necessary to consider the correlation effect in solution too. The
density functional theory has been successfully applied to the
proton transfer reactions, and it agrees well with other methods
including high-level electron correlation.19 Recently Ruiz-Lo´pez
et al. have studied solvent effects on the proton transfer using
density function theory including the self-consistent Onsager
reaction field, and they showed that the solute’s correlation
energy could be greatly modified in the solvation process.20We
have performed density functional theory calculations to inves-
tigate the change in the PES, compared with the HF calculation
without the correlation effect, in the gas phase and in solution.

Calculations

All electronic structure calculations were done using the
GAUSSIAN 94 quantum mechanical packages.21 Geometries
for formic acid (FA), formamidine (FD), stable formic acid
dimer (FAD), formamidine dimer (FDD), and the transition
states for the double proton transfer in formic acid dimer and
formamidine dimer were optimized at the Hartree-Fock (HF)
level of theory using the 6-31G(d,p) basis set. Density
functional theory calculations were also performed. Becke’s
three-parameter22 gradient-corrected exchange with the Lee-
Yang-Parr23 gradient-corrected correlation (B3LYP) using the
6-31G(d,p) basis set was employed.
The self-consistent Onsager reaction field model24 was used

to optimize structures and to calculate energies for various
dielectric constants. Frequencies were calculated for all bound
and transition state structures. The imaginary frequency at the
transition state has been monitored with the variation of the
dielectric constant. In the Onsager reaction field theory,24 the
solute in a spherical cavity is surrounded by a polarizable
medium with a dielectric constantε. A dipole in the solute
induces a dipole in the medium, and the electric field applied
to the solute by the solvent dipole will interact with the solute
dipole to produce net stabilization. In the quantum mechanical
theory, the solvent effect is taken as a perturbation term,H1, in
the Hamiltonian of the isolated solute,H0:25,26

The perturbation term (H1) represents the coupling between the
reaction field vector,RB and the electric dipole moment operator,
µb:

The reaction field,RB, is proportional to the electric dipole
moment,µb:

The proportionality constant,g, is the Onsager factor, which
determines the strength of the reaction field. It depends on the
dielectric constant of the medium,ε, and on the radius of the
cavity, a0:

The effect of the reaction field by the solvent perturbation is
incorporated as an additional term in the Fock equation:

The energy is given by

whereΨ is the full wave function of the molecule. These self-
consistent reaction field (SCRF) equations are solved iteratively.
The cavity radius is the only adjustable parameters in a

solvent effect calculation, and the choice of the radius has been
discussed extensively.25-28 The simplest method to obtain the
radius is to calculate it from the solute molar volume (Vm):

in which Vm is given by experiment andNA is Avogadro’s
number. When the experimental molar volume is not available,
the molecular greatest dimension could be used to estimate the
radius.26 In this approach, the diameter of the molecule is
calculated from the largest internuclear distance by adding the
van der Waals radii of the two end atoms involved. Then, the
radius obtained by this approach is increased by 0.5 Å to account
for the van der Waals radii of the surrounding solvent molecules.
In this study, the radius was calculated from the molecular
volume of the optimized structure in the gas phase, on the
assumption that the structure is spherical, and increased by 0.5
Å to consider the surrounding solvent molecules. This method
is implemented in the GAUSSIAN 94ab initio quantum
mechanical package21 that was used for all electronic geometry
calculations.
The dimerization energies for the hydrogen-bonded com-

plexes were calculated from the difference in energies between
the dimer and two monomers. The basis set superposition error
(BSSE) may be important in the calculation of the dimerization
energies.29 The BSSE was corrected by the Boys and Bernardi
counterpoise correction scheme,15,30

whereEm(M) andEd(M′) are the energies of the monomer in
its own basis set and in the basis set of the dimer, respectively,
and M and M′ denote the optimized geometry of monomer and
the geometry of the monomer in the optimized dimer, respec-
tively. The reorganization energy (Ereorg), i.e., the energy
associated with the transition from the optimized geometry of
monomer to the geometry that the monomer has in the dimer,
should also be included in the correction of the BSSE. The
corrected dimerization energy is determined as follows:

whereE(D) is the energy of dimer.

Results and Discussion

Formic Acid Dimer. The geometries for FA, FAD, and the
transition state (FADTS) for the double proton transfer were
optimized at the HF level of theory and at the B3LYP density
functional level. They are shown in Figure 1. FAD hasC2h

symmetry in the gas phase with two hydrogen bonds. The O-H
bond length in FAD is 0.014 Å longer than the O-H bond
length in FA due to the hydrogen bond at the HF level of theory.
The same bond length at the B3LYP level of theory is 0.124 Å
longer than that in FA. The bond distance for the hydrogen
bond in the density functional theory is 1.643 Å, which is about
0.2 Å shorter than that at the HF level of theory. The
experimental distance for the hydrogen bond is 1.663 Å,17which
agrees very well with the B3LYP results. The density functional
theory predicts slightly larger bond lengths for all bonds except
the hydrogen bond in FAD. A transition state structure with

a0
3 ) 3Vm/4πNA (8)

BSSE) 2[Em(M) - Ed(M′)] + Ereorg (9)

Ereorg) 2[Em(M′) - Em(M)] (10)

Ed(corr)) E(D) - 2Em(M) + BSSE (11)

) E(D) - 2Ed(M′) + Ereorg

H ) H0 + H1 (1)

H1 ) -µb‚RB (2)

RB ) -g‚µb (3)

g)
2(ε - 1)

(2ε + 1)a0
3

(4)

F ) F0 - gµb‚〈µb〉 (5)

E) 〈Ψ|H0|Ψ〉 - 0.5µb‚RB (6)
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D2h symmetry is obtained at both the HF and the B3LYP level
of theories in the gas phase. This result suggests that the double
proton transfer proceeds through a concerted mechanism in the
gas phase. The geometries from the B3LYP method for FA,
FAD, and FADTS agree better than those from the HF
calculation with the experimental17 and high-levelab initio
results including electron correlation.11

Dimerization energies, barrier heights, and imaginary fre-
quencies are listed in Table 1 for the gas phase. Dimerization
energies and barrier heights are changed very much with the
level of theory and the size of the basis sets.31 Electron
correlation is very important in determining dimerization
energies and barrier heights. Adding diffuse functions to the
basis set does not improve the results at the HF level of theory.
The calculated dimerization energies, without any zero-point
energy correction, are-15.3 and-19.6 kcal mol-1, from the
HF and the B3LYP methods, respectively. They are-13.3 and
-17.8 kcal mol-1, from the HF and the B3LYP methods,
respectively, with zero-point energy correction. The experi-
mental enthalpy of dimerization for FAD is about-14.4 kcal
mol-1.32 Scheiner has reported that the basis set superposition
errors (BSSEs) may be important in the determination of the
dimerization energy for hydrogen-bonded complexes.29 There

may be the BSSEs involved in the dimerization energies in Table
1, which make the dimerization energies less negative. The
counterpoise procedure was performed to correct the BSSE for
the dimerization energies in the gas phase. The BSSEs from
the HF and the B3LYP methods are 2.19 and 4.08 kcal mol-1,
respectively. From eq 11, the corrected dimerization energies
from the HF and the B3LYP methods are-11.1 and-13.7
kcal mol-1, respectively, with zero-point energy correction. The
corrected dimerization energy from the B3LYP method agrees
very well with the experimental value. The barrier heights were
calculated from the difference in energies between FADTS with
D2h symmetry and FAD. The calculated barrier heights from
the HF and the B3LYP methods are 16.6 and 5.42 kcal mol-1,
respectively. The value from the HF method is larger, but that
from the B3LYP method is smaller than the barrier height from
the G2* level of theory,11 which is 8.94 kcal mol-1. The
B3LYP method slightly underestimates the barrier height, but
the value from the B3LYP method agrees with the G2* values
better.
The geometries of FA, FAD, and FADTS withD2h symmetry

have been optimized in solution at various dielectric constants.
Dimerization energies and frequencies are listed in Table 2 for
solutions with various dielectric constants. The calculated
dimerization energy becomes less negative as the dielectric
constant increases. The global dipole moment of FAD is zero
because it hasC2h symmetry, and this gives zero reaction field
in eq 3. Therefore there is no stabilization in energy for FAD
by the Onsager self-consistent reaction field method (eqs 1-6).
The change in the dimerization energy is due to the stabilization
of the monomer in solution, which makes the dimerization
energy less negative. However the change is not large: only
about 1.6 kcal mol-1 at the HF level of theory, and 2.3 kcal
mol-1 at the B3LYP level of theory. These results suggest that
the strong hydrogen bonds in FAD are not weakened very much
even in a very polar solvent. However this does not take more
specific interactions into account. For example, formic acid
does not dimerize in dilute aqueous solution. Therefore these
results are meaningful in solutions such that solvent provides a
polar dielectric medium to solute without specific interactions.
The calculated imaginary reaction coordinate frequency with

B3g symmetry is insensitive to the dielectric constant, but the
frequency with B1u symmetry is very sensitive; in particular
the B1u frequency from the HF method becomes imaginary
between dielectric constants of 5 and 10. These results indicate
that the FADTS withD2h symmetry is not a real transition state,

Figure 1. Geometries for FA, FAD, and FADTS. Numbers in
parentheses are from the geometries obtained at the density functional
theory (B3LYP). The unparenthesized numbers are from the HF
calculation. FA: r1 ) 1.182(1.230), r2 ) 1.322(1.346), r3 )
1.085(1.100),r4 ) 0.949(0.974). FAD: r1 ) 1.196(1.227),r2 )
1.298(1.310),r3 ) 1.084(1.007),r4 ) 0.963(1.098);r5 ) 1.831(1.643),
θ ) 173.5(178.9). FDDTS:r1 ) 1.242(1.264),r2 ) 1.118(1.210),r3
) 1.084(1.098),θ ) 179.1(178.6). Experimental bond lengths and
angles are as follows.17 FA: r1 ) 1.202,r2 ) 1.343,r3 ) 1.097,r4 )
0.972. FAD: r1 ) 1.217, r2) 1.320, r3 ) 1.079, r4 ) 1.033, r5 )
1.663,θ ) 180° (assumed). Bond lengths are in angstroms, angles in
degrees.

TABLE 1: Dimerization Energies, Barrier Heights for the
Double Proton Transfer in FAD, and Imaginary Frequencies
of FADTS(D2h) at Various Levels of Theory in the Gas
Phasea

Edb Eqc νqd ref

HF/STO-3G -15.2 5.2 1078i 31c
HF/6-31G -19.1 15.6 1743i 31c
HF/6-31+G -13.6 17.1 1760i 31c
MP2/6-31G(d,p) -18.4 8.0 1341i 31c
HF/DZ -19.3(-16.8) 14.2 1663i 31a
HF/DZ+P -14.3(-12.3) 15.6 1695i 31a
HF/6-31+G(d,p) -13.6 17.1 11
HF/6-311G(d,p) -14.4 18.0 11
HF/6-311+G(d,p) -12.9 18.4 11
B3LYP/cc-pVDZ -20.8 5.2 11
B3LYP/AUG-cc-pVDZ -15.7 6.3 11
G2* -16.2(-14.2) 8.94(5.20) 11
MCPF -16.2(-13.9) 12.0 31b
HF/6-31G(d,p) -15.3(-11.1e) 16.6(11.2) 1756i this study
B3LYP/6-31G(d,p) -19.6(-13.7e) 5.4(1.51) 1195i this study
expt -14.4 32

aNumbers in parentheses are with zero-point energy.bRelative
energies of FAD with respect to the energies of two FA in kcal mol-1.
cRelative energies of FADTS with respect to the energies of FAD in
kcal mol-1. dReaction coordinate frequency in cm-1. eThe BSSEs are
corrected in addition to zero-point energy.

TABLE 2: Dimerization Energies for the Double Proton
Transfer in FAD, and Frequencies of FADTS(D2h) at the HF
and B3LYP Level of Theories with the Onsager Reaction
Field Model at Various Dielectric Constantsa

ε Edb νq(B3g)c ν(B1u)d

gas -15.3(-19.6) 1756i (1195i) 768 (1362)
2 -14.6(-19.2) 1756i (1195i) 565 (1282)
5 -13.7(-18.8) 1756i (1195i) 120 (1170)
10 -13.7(-18.6) 1756i (1195i) 348i (1117)
20 -13.7(-18.5) 1756i (1195i) 444i (1075)
40 -13.7(-18.4) 1756i (1195i) 487i (1069)
78.4 -13.7(-18.4) 1756i (1195i) 509i (1060)

aNumbers in parentheses are from the B3LYP method. The barrier
heights for the double proton transfer in FAD at the HF and B3LYP
levels of theory are 16.6 and 5.4 kcal mol-1, respectively, and these
values are not changed by solvent effect. The cavity radii for FA, FAD,
and FADTS(D2h) are 3.05, 3.69, and 3.49 Å, respectively, for the HF
method, and 3.04, 3.58, and 3.47 Å, respectively, for the B3LYP
method.bRelative energies of FAD with respect to the energies of two
FA in kcal mol-1. The BSSEs are not corrected.cReaction coordinate
frequency in cm-1. d The normal mode frequency most sensitive to the
solvent polarity. Other frequencies are almost insensitive to the solvent
polarity.

Double Proton Transfer in Formic Acid Dimer J. Phys. Chem. A, Vol. 101, No. 12, 19972235



but just a stationary point on the PES, in highly polar solvents
at the HF level of theory. The eigenvectors for the B3g and
B1u frequencies are shown in Figure 2. The B3g normal mode
of the reaction coordinate does not change the dipole moment
of the FADTS. However the B1u normal mode vibration
changes the dipole moment of FADTS greatly. The large
change in the dipole moment due to this vibrational motion
influences the reaction field; therefore the B1u frequency is
sensitive to the strength of reaction field, which is related to
the dielectric constant. The frequency becomes imaginary
because the potential curve for the B1u vibrational motion is
inverted in a polar solvent. This is not surprising since the B1u

mode induces a large dipole moment at the turning point of
vibration, where the total energy can be reduced by solvation.
The real transition state structure in a medium with the water
dielectric constant was calculated at the HF level of theory. It
has C2V symmetry, as shown in Figure 3. The reaction
coordinate frequency is 1276i cm-1 and this is the only
imaginary frequency. The eigenvector for the reaction coor-
dinate is also shown in Figure 3. The barrier heights, dipole
moments, and the reaction coordinate frequencies for theC2V
FADTS at various dielectric constants are listed in Table 3. The
positions of the two protons in flight are shifted continuously
toward one formate residue as the dielectric constant is
increased. The dipole moment is increased at the same time.
The barrier height in the high permittivity fluid is reduced by
only 0.1 kcal mol-1 compared with the barrier in the gas phase,
which suggests that the solvation process does not have a big
influence on the barrier height. The energies of theC2V structure

at ε ) 2 and 5 are slightly larger than those in the gas phase.
These results mean that the reaction path via aC2V FADTS
structure is not a minimum energy path atε ) 2 and 5, so the
real transition state in these cases is the structure withD2h

symmetry. This is consistent with the fact that the B1u

frequencies in theD2h structure do not become imaginary until
ε ) 10, as shown in Table 2.
The solvent effect on the PES for the double proton transfer

in FAD at the HF level of theory is schematically shown in
Figure 4. The reaction coordinate variable,x, and the variable
that represents a normal mode with B1u symmetry,y, can be
defined approximately as eqs. 12 and 13,

where r’s are bond distances as defined in Figure 4 andrd’s

Figure 2. Normal mode eigenvectors for FADTS(D2h) optimized at
the HF level of theory using the Onsager reaction field model for water.
(A) Normal mode eigenvector for the reaction coordinate frequency
(B3g). (B) Normal mode eigenvector for the frequency with B1u

symmetry, which is sensitive to the strength of the reaction field.

Figure 3. C2V transition state structure optimized at the HF level of
theory using the Onsager self-consistent reaction field model for water
and the eigenvectors for the reaction coordinate frequency.

TABLE 3: Barrier Heights and Reaction Coordinate
Frequencies of FADTS(C2W) at the HF Level of Theory with
the Onsager Reaction Field Model at Various Dielectric
Constantsa

ε Eqb νq(B2)c ν(A1)d ∆re µf

gasg 16.638 1756i 768 0.0 0.00
2 16.641 1748i 530 0.020 0.21
5 16.639 1747i 189 0.020 0.23
10 16.616 1510i 981 0.140 1.60
20 16.582 1280i 1204 0.192 2.21
40 16.552 1279i 1193 0.192 2.22
78.4 16.537 1276i 1189 0.193 2.24

a The structures of FADTS(C2V) were optimized at each dielectric
constant with the cavity radius of 3.49 Å.bRelative energies of
FADTS(C2V) with respect to the energies of FAD in kcal mol-1.
cReaction coordinate frequency in cm-1. d Frequencies that are similar
to the normal mode vibration as the B1u mode in FADTS withD2h

symmetry.eThe difference between two O-H bond lengths (r1 - r2
in fig. 4) in FADTS(C2V) in angstroms.f Dipole moments in debyes.
g In the gas phase, FADTS hasD2h symmetry.

Figure 4. Schematic three-dimensional diagram for the solvent effect
on the PES for the double proton transfer in FAD at the HF level of
theory. R and P represent the structures for the FAD complex, and M
and N represent the FADTS(C2V) structures in water. The “x” represents
the reaction coordinate connecting R and P, and the “y” represents the
coordinate for the normal mode vibration with B1u symmetry perpen-
dicular to the reaction coordinate connecting M and N. The variables
“x” and “y” are defined in the text. The lines “A”, “B”, and “C” are
schematic potential curves for the normal mode vibration with B1u

symmetry in the gas phase, in an intermediately polar solvent, and in
water, respectively. The left half of the curve “C” is not shown. The
minimum energy reaction coordinate in water is along the line
connecting R, TS2, and P.

x)
(r1 + r4) - (r2 + r3)

(r1
d + r4

d) - (r2
d + r3

d)
(12)

y)
(r1 + r3) - (r2 + r4)

(r1
w + r3

w) - (r2
w + r4

w)
(13)
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and rw’s are the corresponding distances in the FAD complex
and theC2V structure of FADTS, respectively, in water, which
are given in Figures 1 and 3A. The ideal potential curve, A, in
Figure 4, for the normal mode vibration (B1u) perpendicular to
the reaction coordinate becomes inverted in a polar solvent, as
shown in the potential curves, B and C. This changes the
minimum energy reaction coordinate from the path via TS(D2h)
in the gas phase to the path via TS2(C2V) in water. TheC2V
structure in water is not an intermediate. It is the transition
state with an imaginary frequency, which means that the double
proton transfer occurs synchronously.
In the density functional theory the B1u frequency is larger

than that from the HF level of theory, which means that the
potential curve for the B1u vibrational motion is steeper. It is
not inverted even in water, even though the frequency becomes
smaller with increasing the dielectric constants. This means
that the potential curve for the B1u mode from the B3LYP
method is fairly stiff. TheD2h structure for FADTS has only
one imaginary frequency in all cases, as shown in Table 2. The
fact that the imaginary frequency is not varied with solvation
indicates that the minimum energy reaction path for the double
proton transfer is not changed with the permittivity of the
medium. This result can be understood since the double proton
transfer, as shown in Figure 2A, does not change the dipole
moment of reaction and the strength of the reaction field. The
reaction occurs through aD2h transition state both in the gas
phase and in solution. The solvent effect on the PES from the
density functional theory (B3LYP) is quite different from that
predicted by the HF level of theory. This difference originates
probably from the fact that the HF level of MO theory does
not include electron correlation. Therefore electron correlation
is very important in determining the reaction coordinate for the
double proton transfer in solution.
Formamidine Dimer. The geometries for FD, FDD, and

the transition state for the double proton transfer (FDDTS) are
optimized at the HF level of theory, and the geometric
parameters are shown in Figure 5. The optimized structure of
FDD hasCi symmetry. Truhlar and co-workers have reported
a slightly different optimized structure for FDD (aC2 structure),16a

but the difference between the energies of these structures is
less than 0.1 kcal mol-1, and the geometries of two conformers
are very similar. It is not necessary to consider all structures
for a solvent effect study, so we used only theCi structure for
the solvent effect calculation.
The D2h structure of FDDTS from the HF level of theory

has two imaginary frequencies both in the gas phase and in
solution, which means that this structure is not a real transition
state for the double proton transfer. Ahlberg and co-workers
have reported that theC2V structure is an intermediate at the
HF level of theory using the 6-31G(d) basis sets.16b However,
the C2V structure in this study is a transition state with one
imaginary frequency in the gas phase. The dimerization
energies, barrier heights, transition state symmetries, and
imaginary frequencies, at the various level of theories in the
gas phase, are listed in Table 4. Not only the dimerization
energies and the barrier heights but also the symmetry of the
transition state are changed very much with the level of theories
and the size of the basis sets. The BSSEs in the dimerization
energies were corrected from the HF and B3LYP methods using
eq 9, and they are 1.72 and 3.54 kcal mol-1, respectively. The
corrected dimerization energies including the BSSEs and zero-
point energies from the HF and B3LYP methods are-8.14 and
-12.1 kcal mol-1, respectively. The dimerization energy and
the barrier height from the B3LYP method agree very well with
those from the high-levelab initio calculations including electron
correlation. Electron correlation changes the transition state

symmetries as well as the dimerization energies and the barrier
heights. These results suggest that electron correlation should
be considered in the calculation of the PES for the double proton
transfer in FDD, not only in the gas phase but also in solution.
The dimerization energies, the barrier heights, and the reaction

coordinate frequencies in media of various dielectric constants
at the HF level of theory are listed in Table 5. The dimerization
energies are reduced about 3.3 kcal mol-1 by solvation, because
the energy of FD is lowered by solvation, but that of FDD is
not, because of its zero dipole moment. TheC2V structure of
FDDTS becomes an intermediate in solution, because the
imaginary frequency disappears in a solvent withε ) 2.0, as
shown in Table 5. This result means that the double proton
transfer in solution occurs via a stepwise mechanism, with an
intermediate ofC2V symmetry, at the HF level of theory. Since
the positions of the two protons are already shifted toward the
nitrogens of one monomer unit in the gas phase, the dipole
moment of the transition state is fairly large, about 4.6 D. As
the dielectric constants are increased, the bridging protons are
shifted further; therefore the dipole moment of theC2V inter-
mediate that is formed by a single proton transfer becomes even
larger, as listed in Table 5. This stabilizes the FDDTS(C2V)
and reduces the barrier height about 4.1 kcal mol-1. Since the
C2V structure is an intermediate and the proton transfer occurs
stepwise, there must exist two transition states for each step of
the reaction. The transition state for the single proton transfer
at the HF level of theory was calculated in water, and it hasCs

symmetry, as shown in Figure 5. The other transition state is
just the mirror image of this structure, and the barrier height is
20.391 kcal mol-1 in water. TheC2V intermediate in water is
only 0.672 kcal mol-1 lower in energy than theCs transition
state. The concerted double proton transfer in the gas phase
has switched to stepwise in water with about 3.4 kcal mol-1 of

Figure 5. Geometries for FD, FDD, and FDDTS(D2h) optimized at
the HF and B3LYP level of theory in the gas phase. Numbers in
parentheses are from the B3LYP results. Bond lengths are in angstroms
and angles in degrees. FD:r1 ) 1.255(1.277),r2 ) 1.368(1.376),r3 )
0.993(1.009),r4 ) 1.085(1.099),r5 ) 1.001(1.020),r6 ) 0.995(1.012).
FDD: r1 ) 1.266(1.292),r2 ) 1.345(1.347),r3 ) 0.991(1.005),r4 )
1.086(1.098),r5 ) 1.001(1.017),r6 ) 1.006(1.035),r7 ) 2.103(1.894),
θ ) 175.6(174.5). FDDTS(D2h): r1 ) 1.302(1.318),r2 ) 1.277(1.288),
r3 ) 0.996(1.011),r4 ) 1.086(1.098),θ ) 174.0(174.2). The geometries
for FDDTS(C2V) are optimized at the HF level of theory in the gas
phase and at the B3LYP level of theory in water. The geometry for
FDDTS(Cs) is optimized at the HF level of theory in water. FDDTS-
(C2V): r1 ) 1.305(1.321),r2 ) 1.297(1.315),r3 ) 1.572(1.520),r4 )
1.090(1.129),r5 ) 0.999(1.014),r6 ) 0.993(1.010),θ ) 174.1(174.0).
FDDTS(CS): r1 ) 1.288, r2 ) 1.309, r3 ) 0.992, r4 ) 1.079, r5 )
0.995,r6 ) 1.029,r7 ) 1.831,r8 ) 1.295,r9 ) 1.313,r10 ) 1.000,r11
) 1.096, r12 ) 0.998, r13 ) 1.441, r14 ) 1.152,θ1 ) 170.3,θ2 )
177.1.
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advantage in energy by solvation. The bond distances,r14 and
r13 in FDDTS(Cs) of Figure 5, are 1.152 and 1.441 Å,
respectively, which suggest that theCs structure is more similar
to theC2V intermediate than to FDD(Ci).
The geometries for FD, FDD, and FDDTS, optimized at the

B3LYP level of theory, are also shown in Figure 5. The
hydrogen bond length in FDD,r7, is about 0.21 Å shorter than
that from the HF method. This indicates that the hydrogen
bonds from the B3LYP method are stronger. This result is
consistent with the results for the FAD, in which the dimer-
ization energy obtained from the B3LYP method is more
negative than that from the HF method, as shown in Table 2.
The geometry for the FDDTS in the gas phase hasD2h

symmetry, with an imaginary frequency as shown in Figure 5.
The barrier height and the dimerization energy in the gas phase
are 11.69 and-16.64 kcal mol-1, respectively, which agree
very well with previous high-levelab initio calculation including
the electron correlation.16a There are two imaginary frequencies
for the FDDTS(D2h) in solution for all dielectric constants of 2
and above, which shows that FDDTS(D2h) is not a real transition
state. The transition state given by the B3LYP calculation for
the double proton transfer in solution hasC2V symmetry, and
this structure is also shown in Figure 5. The barrier heights
and imaginary frequencies at various dielectric constants are
shown in Table 6. The dimerization energy is less negative by
about 2.8 kcal mol-1. This occurs because only the energy of
FD is lowered by solvation, as mentioned before. The imaginary
frequency of the FDDTS(C2V) in solution becomes much smaller
with increasing dielectric constant, but it still remains imaginary
in water. This means that FDDTS(C2V) is not an intermediate
even in water, and it is a real transition state for the concerted
double proton transfer. The barrier height is reduced by about
0.82 kcal mol-1 in a medium with the water dielectric constant

compared with that in the gas phase, which suggests that
dielectric solvation does not have much influence on the barrier
height in the density functional theory. Limbachet al. have
measured Arrhenius activation energy for the double proton
transfer inN,N′-bis(p-fluorophenyl)formamidine dimer in THF,
which is 4.52 kcal mol-1.7 The calculated thermal energies for
FDD and FDDTS(C2V) at the B3LYP level of theory in a
medium of ε ) 10, including vibrational, rotational, and
translational energies, are 79.77 and 73.54 kcal mol-1, respec-
tively, at 298 K. The enthalpy of activation, estimated from
the thermal energies and the barrier height, is 4.95 kcal mol-1,
which agrees very well with the experimental value.
A schematic diagram of the potential energy surface for the

double proton transfer in formamidine dimer is shown in Figure
6. Imaginable reaction paths for the double proton transfer are
from R(Ci) to P(Ci) via either TS(D2h), TS(C2V), or I(C2V). At
the HF level of theory in the gas phase, the double proton
transfer occurs synchronously via TS(C2V); however in solution,
the proton transfer occurs asynchronously via I(C2V). There are
two transition states, both withCs symmetry, at the top of the
dashed lines in Figure 6. These two transition states have a
mirror image relation. At the density functional level of theory,
in the gas phase, the double proton transfer occurs synchronously
via TS(D2h). In solution, it occurs synchronously too, but via
TS(C2V). TheC2V structure is not an intermediate in this case.
The two theories (HF and B3LYP) produce quite different
results both in the gas phase and in solution. Most importantly,
the HF method predicts a stepwise reaction path for the double

TABLE 4: Dimerization Energies, Barrier Heights, Transition State Symmetry, and Imaginary Frequencies for the Double
Proton Transfer in FDD in the Gas Phasea

Edb Eqc TS symm νqd ref

HF/STO-3G -11.7 9.0 C2V 1311i 16b
HF/3-21G -19.9 16.0 C2V 1494i 16b
HF/6-31G -14.3 19.4 C2V 432i 16b
HF/6-31+G -12.8 19.4 C2V 146i 16b
HF/6-31G(d) -11.2(-9.6) 25.4(23.0) Cs 328i 16a
MP2/6-31G(d,p)//HF/6-31G(d,p) -15.4(-13.9) 13.8(8.1) D2h 16a
SAC2/6-31G(d,p)//HF/6-31G(d,p) 11.0(5.3) D2h 16a
HF/6-31G(d,p) -11.4(-8.14e) 23.8(21.5) C2V 231i this study
B3LYP/6-31G(d,p) -16.6(-12.1e) 11.7(6.78) D2h 1462i this study

aNumbers in parentheses are with zero-point energy.bRelative energies of FDD with respect to the energies of two FD in kcal mol-1. cRelative
energies of FDDTS with respect to the energies of FDD in kcal mol-1. dReaction coordinate frequency in cm-1. eThe BSSEs are corrected in
addition to zero-point energy.

TABLE 5: Dimerization Energies, Barrier Heights for the
Double Proton Transfer in FDD, and Frequencies of
FDDTS(C2W) at the HF Level of Theory with the Onsager
Reaction Field Model at Various Dielectric Constantsa

ε Edb Eqc ν(B2)d ∆re µf

gas -11.444 23.825 231i 0.482 4.65
2 -10.215 22.564 105 0.550 5.54
5 -9.090 21.147 186 0.612 6.39
10 -8.611 20.458 196 0.640 6.78
20 -8.346 20.053 200 0.654 6.99
40 -8.205 19.832 203 0.665 7.13
78.4 -8.134 19.719 203 0.668 7.18

a The cavity radii for FD, FDD, and FDDTS(C2V) are 3.40, 3.99,
and 3.89 Å, respectively.bRelative energies of FDD with respect to
the energies of two FD in kcal mol-1. The BSSEs are not corrected.
cRelative energies of FDDTS(C2V) with respect to the energies of FDD
in kcal mol-1. dReaction coordinate frequency in cm-1. This becomes
nonimaginary in solution.eThe difference between two N-H bond
lengths (r3 - r4 in FDDTS(C2V) of Figure 5) in angstroms.f Dipole
moments in debyes.

TABLE 6: Dimerization Energies, Barrier Heights for the
Double Proton Transfer in FDD, and Frequencies of FDDTS
at the B3LYP Level of Theory with the Onsager Reaction
Field Model at Various Dielectric Constantsa

D2h C2V

ε Edb ν(B3g)c ν(B1u)
d Eqe ν(B2)f

gas -16.637 1462i 446 g g
2 -15.605 1462i 107i 11.683 1366i
5 -14.652 1462i 464i 11.426 743i
10 -14.242 1462i 553i 11.190 478i
20 -14.014 1462i 597i 11.022 349i
40 -13.893 1462i 620i 10.923 287i
78.4 -13.832 1462i 631i 10.869 285i

a The cavity radii for FD, FDD, FDDTS(D2h), and FDDTS(C2V) are
3.40, 3.88, 3.84(D2h), and 3.67(C2V) Å, respectively. The barrier height,
which is the relative energy of FDDTS(D2h) with respect to the energy
of FDD, is 11.69 kcal mol-1, and this is not changed with dielectric
constants.bRelative energies of FDD with respect to the energies of
two FD in kcal mol-1. The BSSEs are not corrected.cReaction
coordinate frequency of FDDTS(D2h) in cm-1. d The normal mode
frequency of FDDTS(D2h) most sensitive to the solvent polarity. Other
frequencies are almost insensitive to the solvent polarity.eRelative
energies of FDDTS(C2V) with respect to the energies of FDD in kcal
mol-1. f Reaction coordinate frequency of FDDTS(C2V) in cm-1. g In
the gas phase, the transition state hasD2h symmetry.
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proton transfer in solution, but the B3LYP method predicts a
concerted path. These differences are probably due to the fact
that the HF level of MO theory does not include electron
correlation; therefore these results suggest that the electron
correlation is very important in calculating the PES for the
double proton transfer, not only in the gas phase but also in
solution. Since very many important proton transfer reactions
occur in solution, it is crucial to understand how the PES is
modified by a polar solvent. This study shows that correlation
should be included in estimating the PES for double proton
transfer in solution.

Concluding Remarks

The PESs for the double proton transfer in formic acid dimer
and in formamidine dimer have been studied at the HF and the
density functional levels of theory, with and without a medium
effect. The double proton transfer in formic acid dimer occurs
synchronously with aD2h transition state both in the gas phase
and in solution at the B3LYP level of theory. At the HF level
of theory, however, the transition state is changed from aD2h

structure in the gas phase to aC2V structure in solution, even
though the double proton transfer occurs synchronously.
The double proton transfer in formamidine dimer occurs via

a concerted mechanism through aD2h transition state in the gas
phase, and aC2V transition state in solution in the density
functional theory. At the HF level of theory, however, the
mechanism of the double proton transfer changes with solvent.
In the gas phase, the double proton transfer occurs via a
concerted mechanism through aC2V transition state, but in
solution it occurs via a stepwise mechanism through aCs

transition state and aC2V intermediate. The solvent effect on
the PES for double proton transfer is very important. Correla-
tion turns out to be crucial to the PES for the double proton
transfer in the gas phase and also in solution. Density functional

theory with the SCRF method can be used to study the medium
effect successfully.
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Figure 6. Schematic three-dimensional diagram for the solvent effect
on the PES for the double proton transfer in FDD. R and P represent
the structures for the FDD complex, and M and N represent theC2V
structures in water. The “x” represents the reaction coordinate con-
necting R and P, and the “y” represents the coordinate for the normal
mode vibration with B1u symmetry perpendicular to the reaction
coordinate connecting M and N. The variables “x” and “y” are defined
in the text. The lines “A”, “B”, and “C” are schematic potential curves
for the normal mode vibration with B1u symmetry in the gas phase-
(B3LYP), in a polar solvent(B3LYP), and in water(HF), respectively.
The left half of the curve “C” is not shown. The minimum energy
reaction coordinate from the HF method in water is along the dashed
line connecting R, I, and P.
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