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Theoretical calculations on the ground and excited state double proton transfer in the 2-aminopyridine (2AP)/
acetic acid dual hydrogen-bonded system have been performed. Comparisons have been made between
thermodynamic parameters deduced from the theoretical approach and those extracted by absorption and
fluorescence titration studies. Incorporating the electron correlation, only one transition geometry was resolved
in the ground state. The barrier for the 2(1H)-pyridinimine/acetic acidf 2AP/acetic acid ground-state reverse
proton transfer was estimated to be as small as 1.60 and 0.40 kcal/mol at MP2/6-31G(d′,p′) and B3LYP/6-
31+G(d′,p′) levels, respectively. The first excited singlet state of the 2AP/acetic acid system possesses aππ*
configuration, in which two transition-state geometries were resolved for the 2AP/acetic acidf 2(1H)-
pyridinimine/acetic acid double proton transfer at the CIS level. The barriers were estimated to be 9.48 and
8.67 kcal/mol (relative to the reactant) using the CIS/6-31+G(d′,p′) method, whereas two barriers merge to
a single, wide barrier upon inclusion of the zero-point energy. In both ground and excited states, the sequence
of the asynchronous double proton transfer correlates with the hydrogen-bonding strength. The results provide
a theoretical basis for picosecond dynamics of the 2AP/acetic acetic system recently reported by Ishikawa et
al. (J. Phys. Chem. A2002, 106, 2305). Similarities and differences between the theoretical approaches and
the experimental results were discussed.

1. Introduction

Spectroscopy and dynamics of the host/guest types of the
excited-state proton-transfer reaction have long received con-
siderable attention owing to their fundamental basis and
biological interests.1 Recent prototypes include 7-azaindoles,2-13

lumichrome,14 hydroxyquinolines,15 2-(2′-pyridyl)indoles,16,17

mono- and di-pyrido[2, 3a]carbazoles,18,19â-carbolines,20-23 and
2-aminopyridines,24-26 in which the excited-state proton-transfer
tautomerism is mediated by either self-association or adding
guest molecules (including solvents) upon forming host/guest
types of hydrogen-bonding complexes.

One of the fundamental interests regarding the host/guest type
of double proton transfer is in whether the mechanism incor-
porates the concerted or stepwise pattern. A well-known model
should be ascribed to 7-azaindole (7AI), in which the excited-
state double proton transfer (ESDPT) takes place through
forming a precursor of the dual hydrogen-bonding (HB) dimer.
Intensive studies on the 7AI dimer have been performed, and
the results have shown certain controversies in experimental4,5

and theoretical6,7 approaches from the viewpoint of a concerted
versus stepwise mechanism. Recently, picosecond dynamics on
another host/guest system, the 2-aminopyridine (2AP)/acetic acid
complex, have been investigated by Ishikawa et al.26 Upon

exciting the dual HB 2AP/acetic acid complex, ESDPT takes
place through the catalysis of acetic acid, resulting in an imine-
like tautomer emission maximum at∼420 nm (in cyclohexane).
Through the analyses of the time-dependent spectral evolution,
Ishikawa et al. were able to extract the cationic-like 2AP
fluorescence (λmax ∼ 360 nm), which is otherwise unobtainable
via the steady-state approach. The 5 ps decay dynamics of the
transient cationic emission is similar to the rise component of
the 420 nm tautomer emission. This, in combination with the
irresolvable (,5 ps) normal emission for the 2AP/acetic acid
complex, led Ishikawa et al. to conclude the existence of an
intermediate, i.e., a stepwise pattern, during the ESDPT reaction.
Accordingly, the resolvable 5 ps rise time of the tautomer
emission was ascribed to the second proton-transfer process,
whereas the first-step proton transfer is too fast to be resolved
by their streak camera detecting system.

Owing to the relatively simple hydrogen-bonded system, the
2AP/acetic acid complex should provide a reliable basis for the
theoretical approaches on the mechanism of guest/host types
of the ESDPT reaction. Although geometries as well as
energetics of the stationary points for both 2AP/acetic acid
normal and tautomer complexes have been performed via
semiempirical calculations,24 to our knowledge, ab initio
calculations have not been reported, in particular the approaches
regarding the potential energy surface along the proton-transfer
reaction. Unlike the 7AI dimer possessing symmetric, dual
hydrogen bonds, the 2AP/acetic acid complex consists of
nonequivalent, dual hydrogen-bonding sites, of which the
difference in the HB strength might render different insights
into the ESDPT dynamics. In this study, ab initio approaches
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to the double proton transfer of the 2AP/acetic acid system in
ground and excited states have been performed. Comparisons
have been made between thermodynamic parameters deduced
from the theoretical approach and those extracted by compre-
hensive absorption and fluorescence titration studies. The results
of ESDPT energetics in the excited state provide a theoretical
basis to compare with recent picosecond dynamic results.26

2. Experimental Section

2.1. Measurements.Steady-state absorption and emission
spectra were recorded by a Hitachi (U-3310) spectrophotometer
and an Edinburgh (FS920) fluorimeter, respectively. Both
wavelength-dependent excitation and emission response of the
fluorimeter have been calibrated. To obtain the thermodynamic
parameters of the HB association, we have carefully performed
absorption and fluorescence titration studies where each data
point was taken by averaging three to five measurements. The
sensitivity for the absorption measurement is approximately 5
× 10-4 in absorbance under constant temperature ((0.1°C)
throughout the measurement.

2.2. Theoretical Approaches.The electronic structure cal-
culation was performed using the Gaussian 98 program.27 The
geometry optimization was performed on the 2AP/acetic acid
complex, transition state (TS), and the corresponding proton-
transfer tautomer was preformed on the electronic ground state
using the Hartree-Fock (HF),28,29 MP2 theories,30,31 hybrid
density functional theories (DFT) B3LYP32,33 with 6-31G(d′,
p′) basis set,27,34 and B3LYP with 6-31+G(d′, p′) basis set.35

The geometry of these stationary points on the first electronic
excited states (ππ*) was also calculated using the CI Singles
(CIS)29b,36theory with 6-31G(d′,p′) and 6-31+G(d′,p′) basis sets.
Time-dependent (TD)37 B3LYP was also used to calculate the
excited-state energies at the calculated stationary point geometry
in the ground and the excited states. For comparison, the
geometry and energetics of the 2AP monomer, its proton-transfer
TS, and the tautomer were also calculated.

The enthalpy and free energy in the gas-phase was calculated
from the thermodynamic data listed in the output of the Gaussian
calculation without any scaling in vibrational frequencies. In
addition, the harmonic approximation was applied in evaluating
the vibrational contributions. The HB association energy,∆Hac,
in the ground state was calculated as the change in the total
molecular enthalpy for the conversion of the isolated monomers
into the complex, which then incorporated with a counterpoise
correction procedure38-40 to correct certain inconsistencies
because of the basis-set superposition error (BSSE). Accurate
ab initio or DFT approaches using the SCRF methods (PCM,
SCIPCM, etc.) to calculate the solvent-solute interaction for
various complexes are very time-consuming processes on the
basis of our current computing facility. Alternatively, a semi-
empirical PM3-SM4 solvation model developed by Cramer and
Truhlar41,42 was applied to calculate the solvation energy. The
solvation free energies were obtained with an AMSOL version
5.4 program43 and then added to “gas-phase” energies obtained
from the DFT method. This combination method has proven to
reproduce the experimental results reasonably well.44

3. Results

3.1. Approaches in the Ground State.Figure 1 depicts the
optimized geometry of the 2AP monomer in both normal and
tautomer forms at the B3LYP/6-31+G(d′,p′) level of theory.
Table 1 lists the ground-state thermodynamic parameters for
2AP monomer and 2AP/acetic acid complex in normal and
tautomer states. The proton-transfer tautomer form of the 2AP

monomer, i.e., (E)-2(1H)-pyridinimine (see Figure 1), was
calculated to be 14.06 kcal/mol higher in energy than the normal
form. Another possible conformer of the proton-transfer tau-
tomer, (Z)-2(1H)-pyridinimine (see Figure 1), was∼3 kcal/mol
less stable than the (E)-2(1H)-pyridinimine form and, hence, is
not of particular concern in this study. Hereafter, the abbrevia-
tion 2PI is used to denote the (E)-2(1H)-pyridinimine structure,
whereas 2AP stands for the normal amino form throughout the
text. The inclusion of a solvation free energy based on the PM3-
SM4 model results in similar relative energies, in which 2AP
is more stable than 2PI by 13.98 kcal/mol in cyclohexane.

Table 2 specifies several critical bond lengths at the optimized
stationary-point geometries at various theoretical levels. Figure
2 depicts the geometry-optimized structure of the 2AP/acetic
acid and 2PI/acetic acid complexes at the B3LYP/6-31+G(d′,p′)
level of theory. Strong dual hydrogen-bonding formation in
the 2AP/acetic acid complex was indicated by the short
N(1)- - -H(8) and H(4)- - -O(5) distances of 1.675 and 1.897
Å, respectively. In comparison to the 2AP monomer (see Figure
1) significant changes in N(1)-C(2) and C(2)-N(3) bond
distances of+0.01 and-0.03 Å, respectively, were found upon
formation of the 2AP/acetic acid complex. The results correlate

Figure 1. Geometry optimized structures (B3LYP/6-31+G(d′,p′) level)
of the 2AP monomer in both normal and tautomer forms at the ground
electronic state.
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well with the concept of conjugated dual hydrogen bonding
effect,13 in which the bond distances relevant to theπ-electron
delocalization are subject to change. As shown in Table 2, the
optimized geometries for both 2AP/acetic and 2PI/acetic com-
plexes, to a certain extent, are affected by the size of the basis
sets applied, particularly for those bond distances associated
with hydrogen bonds. For example, the B3LYP/6-31+G(d′, p′)
method reveals longer H(4)-O(5) (∆r ∼ 0.015 Å,∆r is defined
as the difference in bond distance between two applied methods)
and shorter H(8)-N(1) (∆r ∼ 0.007 Å) HB distances than those
calculated at the level of B3LYP/6-31G(d′,p′) for the 2AP/acetic
acid complex, whereas opposite effects on the HB distances
(N(3)-H(4), O(7)-H(8)) were found for the case of the 2PI/
acetic acid complex. The results indicate the sensible effect upon
incorporating diffuse functions on the HB association. Because
diffuse functions are large-size versions of s- and p-type

functions, systems such as lone pair electrons in the proton
accepting sites, in which the electrons are relatively far from
the nucleus, should be affected most significantly. In compari-
son, the HB distances calculated at the MP2/6-31G(d′,p′) level
are all shorter than those calculated by DFT methods. Despite
the variation in quantity, relative increments (or decrements)
of the crucial bond distances upon complexation listed in Table
2 show a similar trend for all three methods.

TABLE 1: Ground-State Thermodynamic Parameters of 2AP Monomers and 2AP/Acetic Acid Complex Calculated by the
B3LYP/6-31+G(d′,p′) Level of Theory at 298 K (in the Gas Phase) in Combination with the PM3-SM4 Method (in
Cyclohexane)

monomer complex

2AP 2PI acetic acid 2AP/acetic 2PI/acetic

enthalpy (hartree) -303.56281 -303.54032 -229.04035 -532.62463 -532.61301
free energy (hartree) -303.59845 -303.57588 -229.07327 -532.67645 -532.66485
4Ecp(BSSE) (kcal/mol)a -0.66 -0.87

Association Energyb 4Hac (kcal/mol)
-12.81 -19.42

Relative Free Energy in the Gas Phase (kcal/mol)
0 14.16c -2.31d 5.18d

Semiempirical Solvation Free Energy (kcal/mol)
PM3 SM4 (cyclohexane) -6.19 -6.37 -1.10 -5.78 -5.43

Relative Free Energy in Solution (Solvent)cyclohexane) (kcal/mol)
0 13.98c -0.80d 7.04d

a Counterpoise correction has been applied in calculating4Hac and4G. b ∆Hac ) H(complex)- H(2AP or 2PI)- H(acetic acid)- 4Ecp(BSSE).
c Relative to free 2AP.d Relative to free 2AP and acetic acid.

TABLE 2: Critical Bond Distances (in Å) of the 2AP/Acetic
Acid, TS, and 2PI/Acetic Acid Calculated by Various
Methods in the S0 State

bond normal TS tautomer

N1-C2 1.352a 1.379 1.387
(1.352)b (1.377) (1.387)
[1.349]c [1.370] [1.383]

C2-N3 1.360 1.318 1.312
(1.359) (1.317) (1.308)
[1.376] [1.321] [1.311]

N3-H4 1.020 1.323 1.537
(1.024) (1.296) (1.543)
[1.019] [1.262] [1.593]

H4-O5 1.897 1.178 1.059
(1.882) (1.199) (1.055)
[1.964] [1.217] [1.032]

O5-C6 1.220 1.293 1.310
(1.224) (1.287) (1.309)
[1.224] [1.285] [1.313]

C6-O7 1.320 1.248 1.236
(1.322) (1.249) (1.233)
[1.328] [1.252] [1.233]

O7-H8 1.010 1.645 1.749
(1.019) (1.598) (1.731)
[1.004] [1.550] [1.748]

H8-N1 1.675 1.055 1.038
(1.682) (1.064) (1.040)
[1.724] [1.073] [1.036]

a The numbers are obtained by B3LYP/6-31+G(d′,p′) method.b The
numbers in the parenthesis () are obtained by B3LYP/6-31G(d′,p′)
method.c The numbers in the parenthesis [] are obtained by MP2/6-
31G(d′,p′) method.

Figure 2. Geometry optimized structures (B3LYP/6-31+G(d′,p′) level)
of 2AP/acetic acid, TS and 2PI/acetic acid complexes at the ground
electronic states.
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At the B3LYP/6-31+G(d′,p′) level of theory, the enthalpy
and free energy of the HB association,∆Hac and ∆G, were
estimated to be-12.81 and-2.31 kcal/mol, respectively (see
Table 1). Experimentally, thermodynamics of the 2AP/acetic
acid formation have been studied via the UV-vis absorption
titration in isooctane.24 However, because the association
constant of 1.2× 103 M-1 (298 K) deduced in isooctane24 is
relatively small, care has to be taken to consider the competing
self-dimerization of acetic acid. In this study, we have carefully
performed the UV-vis titration in cyclohexane and derived the
thermodynamic parameters on the basis of the competitive
equilibrium expressed as

Based on the negligible consumption of acetic acid upon forming
the 2AP/acetic acid complex, the concentration of the free acid,
Cg, can be deduced independently by the self-association
equation of acetic acid; namely

where Cg
0 is the initially prepared acetic acid concentration.

The self-association constantK′a of acetic acid has been
reported to be 3.7× 104 M-1 in n-heptane,45 which was used
in the case of cyclohexane because of their similar solvent
polarity. Accordingly, the relationship between the measured
absorbance as a function ofCg can be expressed by

whereεM andεC in eq 1 denote molar extinction coefficients
of 2AP monomer and the hydrogen-bonded complex respec-
tively at a specific wavelength. A straight-line plot of (A0/A -
A0) as a function of (1/Cg) at a selected wavelength of 290 nm
(see Figure 3) supports the validity of the assumption of a 1:1
2AP/acetic acid complex formation. Consequently, a best linear
least-squares fit using eq 1 deducesKa to be (4.5( 0.3)× 103

M-1 (∆G° ) -4.98 kcal/mol) at 298 K. Temperature-dependent

titration experiments were also performed at 7-40°C, and∆Hac

was deduced to be-7.8 kcal/mol.
The association constant can also be obtained from the free

acetic acid concentration and the measured emission intensity
at a selected wavelength expressed in eq 2:

whereF0 andF denote the measured fluorescence intensity prior
to and after adding acetic acid.ΦM and Φp are fluorescence
quantum yields of the monomer and complex, respectively.9 The
fluorescence titration spectra as well as the plot ofF0/(F - F0)
versus 1/Cg are depicted in Figure 4, in which the linear behavior
of the plot reconfirms the 1:1 complex formation. AKa value
of (4.8( 0.2)× 103 M-1 was extracted from a best linear least-
squares fit, which within experimental error is consistent with
that deduced from the absorption titration study.

In comparison to the experimental data of∆G° ∼ -5.0 kcal/
mol, the B3LYP/6-31G+(d′,p′) approach underestimates the
strength of the complexation reaction. Incorporating the solva-
tion free energy via the PM3-SM4 solvation model renders a
more endergonic value of-0.80 kcal/mol. This may not be
surprising because the solvation model is based on the con-
tinuum dielectric perturbation and may not accurately describe
the 2AP/acetic acid HB system in solution. Another possibility
for the discrepancy may be a result of the concentration effect.
The intermolecular forces and the solvation effects usually make
the free energy different in solution than in the gas-phase, and
the extent depends on the concentration and the type of the
solvent. The calculated enthalpy and entropy in the DFT
approach is for the ideal gas in the standard state, i.e., 1 atm.,
which is very different from the experimental concentration of
10-5-10-3 M. In addition, the entropy loss in solution upon
complexation is not as important as that in the gas phase. Thus,
the free energy of complexation is expected to be more negative
in solution, consistent with our current results.

In the ground state, the energy barrier for the 2AP(monomer)
f 2PI (monomer) proton (hydrogen atom)46 transfer tautom-
erism was estimated to be as large as 48.4 kcal/mol at the
B3LYP/6-31+G(d′,p′) level. The result can be rationalized by
a four-member-ring conformation between hydrogen donor
(pyridinic nitrogen) and acceptor (amino proton) sites in 2AP
so that the intramolecular proton (or hydrogen atom45) transfer

Figure 3. Absorption spectra of 2AP (5.0× 10-4 M in cyclohexane)
as a function of free acetic acid concentration (Cg

0) of a. 0, b. 1.0×
10-5, c. 2.5× 10-5, d. 5.0× 10-5, e. 7.5× 10-5, f. 1.0× 10-4, g. 2.5
× 10-4, h. 5.0× 10-4, i. 7.5× 10-4, j. 1.0× 10-3 M. Insert: The plot
of (A0/A - A0) at 305 nm as a function of (1/Cg) in curves b-j and a
best least-squares fitting curve using eq 1.

2AP + acetic acidy\z
Ka

2AP/acetic acid

2 acetic acidy\z
K′a

(acetic acid)2

Cg ) Cg
0 - [(4K′aCg

0 + 1) - x8K′aCg
0 + 1

4K′a ]

A0

A - A0
)

εM

εM - εC
( 1
KaCg

+ 1) (1)

Figure 4. Fluorescence spectra of 2AP (5.0× 10-4 M in cyclohexane)
as a function of the acetic acid concentration (Cg

0) of a. 0, b. 1.0×
10-5, c. 2.5× 10-5, d. 5.0× 10-5, e. 7.5× 10-5, f. 1.0× 10-4, g. 2.5
× 10-4, h. 5.0× 10-4, i. 7.5× 10-4, j. 1.0× 10-3 M. Insert: The plot
of (F0/F - F0) at 420 nm as a function of (1/Cg) in curves b-j and a
best least-squares fitting curve using eq 2.

F0

F - F0
)

ΦMεM

(Φpεp - ΦMεM)( 1
KaCg
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reaction is expected to be associated with enormously high strain
energy. Upon forming the 2AP/acetic acid complex, the proton-
transfer energy barrier is drastically reduced through the catalysis
of acetic acid. Table 3 shows the proton-transfer energetics in
the ground state at various levels of theory, in which the energy
listed is relative to that of the 2AP/acetic acid. All calculations
predicted the proton-transfer tautomer, i.e., 2PI/acetic acid, to
be higher in energy than the normal form by 8-12 kcal/mol.
DFT reduces the energy difference in comparison to Hartree-
Fock and MP2 methods. The incorporation of diffuse functions
has a negligible effect on the reaction thermodynamics.

As shown in Table 3, two transition states were resolved at
either the Hartree-Fock (6-31G(d′,p′) basis set) level or MP2/
6-31G(d′,p′) with geometry optimized at the Hartree-Fock level
(e.g., 6-31G(d′,p′)). However, applying the electron correlation
(MP2 or DFT) in the geometry optimization results in only one
transition state. The single transition state may be further
supported by the failure to locate an intermediate along the
ground-state potential energy surface (PES) among the various
methods applied. The calculated classical barrier height of the
forward reaction, depending on the levels of methods, ranges
from 8 to 17 kcal/mol. With the same basis set, values of the
barrier obtained by the B3LYP method are∼8 and∼4 kcal/
mol lower than those predicted at the Hartree-Fock and MP2
levels, respectively. This discrepancy is believed to be due to
the different ways of treating (or neglecting) the electron
correlation. The correlation energy was treated only semi-
empirically in the hybrid DFT, which is known to underestimate
the barrier heights of many types of reactions. The diffuse
functions lowered the barrier height only slightly.

The energy barrier of reverse proton transfer (i.e., 2PI/acetic
acid f 2AP/acetic acid) was calculated to be 6.04, 1.60, and
0.65 kcal/mol at HF/6-31G(d′,p′), MP2/6-31G(d′,p′), and B3LYP/
6-31G(d′,p′) levels, respectively. A similar trend was thus
observed in both forward and reverse proton-transfer reactions,
in which the Hartree-Fock method overestimates the reaction
barrier because of the negligence of the electron correlation.
For both MP2 and DFT methods, the calculated barrier is so
small that the reaction barrier on the reverse proton-transfer
becomes negligible upon addition of the zero-point energy.

In consideration of the ground transition-state (TS) geometry,
among the various calculation methods shown in Table 2,

significant changes of H(8)-N(1) (∆r ∼ -0.62 Å) and O(7)-
H(8) (∆r ∼ +0.63 Å) distances were observed in the TS relative
to the 2AP/acetic acid complex. Although the shortening of the
H(4)-O(5) bond distance (∆r ∼ 0.7 Å) is also significant, the
elongation of the N(3)-H(4) distance is relatively smaller (∆r
< 0.3 Å) (see Table 2 and Figure 2). This, in combination with
the fact that only one TS was resolved, led us to conclude that
the double proton transfer may take place through a concerted,
asynchronous pathway in the ground state. At the TS, the
carboxylic hydrogen on the acetic acid has already been
transferred to the pyridinic nitrogen, whereas the amino
hydrogen has just begun to move toward the carbonyl oxygen
of acetic acid. Empirically, the hydrogen-bond strength cor-
relates with the pKa and pKb of the proton donor and acceptor,
respectively, in the ground state. It increases with the acidity
of the donor atom and the basicity of the acceptor group.15a,23,47,48

Accordingly, the HB strength is expected to increase as the sum
of pKa + pKb decreases. Table 4 summarizes pKa values of
various hydrogen bonding sites for 2AP and acetic acid.
Apparently, the value of pKa (donor)+ pKb (acceptor) (pKb )
pKH2O - pKa (protonated acceptor) whereKH2O is the auto-
protolysis constant of H2O) was calculated to be on the order
of 2AP(-N(3)-H)/acetic acid (dO) . 2AP(-N(1)-)/acetic acid
(-OH). Such an empirical approach predicts a stronger pyridinic
nitrogen-carboxylic (-OH) hydrogen-bonding strength, which
is also consistent with its calculated shorter bond distance. It is
thus reasonable to conclude that the initial stage of reaction
involves proton transfer via the carboxylic hydrogen to the
pyridinic nitrogen, followed by the proton transfer from the
amino hydrogen to the carbonyl oxygen.

3.2. Approaches in the Excited States.With our current
computing capacity, the converged complete active space-self-
consistent field (CASSCF) calculations with extended basis sets
are not practical in dealing with the 2AP/acetic acid system.
Alternatively, the CIS method, which has been proven to be a
relatively useful method to obtain the approximate wave function
and molecular geometry of electronic excited states, was applied
in this study. However, the CIS method usually overestimates
the energy differences between the excited and ground states
as well as the excited-state barriers. Conversely, although the
time-dependent DFT method currently cannot perform geometry
optimization at the excited states, it has been shown to be able
to gain very reliable vertical excitation energies of low-lying
excited states.49 Thus, an attempt at estimating the normal energy
gap of absorption has also been made on a vertical excitation
in which the excited-state geometry was taken from the ground-
state optimized structure. This has been performed using the
TD-B3LYP level at B3LYP geometry.

Figure 5 depicts the structures of the two lowest unoccupied
and two (CIS level) or three (TD-B3LYP level) highest occupied
frontier molecular orbitals mainly involved in the transition of
low-lying excited states using either the CIS//HF/6-31+G(d′,p′)
or TD-B3LYP//B3LYP/6-31+G(d′,p′) method. Depending on
levels of theory, the calculations differ slightly in the nature of

TABLE 3: Proton-Transfer Energetics (kcal/mol) in S0, Sππ*
States at Various Levels of Theorya,b

4E1
* Eint 4E2

* Erxn

So State
HF/6-31G(d′, p′) 12.74 NA 17.10 11.06
MP2/6-31G(d′, p′)//HF/6-31G(d′, p′) 9.36 NA 12.83 11.99
MP2/6-31G(d′, p′) NA NA 12.93 11.33
B3LYP/6-31G(d′, p′) NA NA 8.63 7.98
B3LYP/6-31+G(d′, p′) NA NA 8.17 7.77

Sππ* State
CIS/6-31G(d′, p′) 8.48 7.63 7.67 -4.91
TD-B3LYP/6-31+G(d′, p′)//

CIS/6-31G(d′, p′)
0.33 -2.29 -2.07 -7.45

CIS/6-31+G(d′, p′) 9.48 8.46 8.67 -4.20
CIS/6-31+G(d′, p′) w/ZPE 6.09 7.12 5.68-3.97
TD-B3LYP/6-31+G(d′, p′)//

CIS/6-31+G(d′, p′)
-0.29 -3.32 -3.62 -8.35

TD-B3LYP/6-31+G(d′, p′) w/ZPE -3.69 -4.66 -6.60 -8.12

a The energy listed is relative to 2AP/acetic acid, of which the total
energy is arbitrarily treated as zero. The zero-point and thermal energies
are not included.b ∆E*, energy barrier;Eint, energy of the intermediate;
Erxn, energy of the 2AP/acetic acidf 2PI/acetic acid proton-transfer
reaction.

TABLE 4: p Ka and pKa
/ Values for Various Functional

Groups in 2AP and Acetic Acid (ACID)

2AP
(N(1)H+)

2AP
(N(3)H2)

ACID
(-O(7)H)

ACID
(dO(5)H+)

pKa 6.86a 23.50b 4.75c -6.5c

pKa
/ 8.95a ∼ 20.20d

a Weisstuch, A.; Testa, A. C.J. Phys. Chem.1968, 72, 1982.b Harris,
M. G.; Stewart, R.Can. J. Chem.1977, 55, 3800.c Gordon, A. J.; Ford,
R. A. The Chemist’s Companion; John Willey & Son: New York, 1972.
d Calculated by the Fo¨rster cycle.
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the molecular orbitals involved in the predominant excitations.
For example, the S1 state has a contribution from HOMOf
LUMO, LUMO + 1 in the TD-B3LYP calculations versus
HOMO-1, HOMO f LUMO in the CIS computations. How-
ever, both methods predicted a similar trend where the S1 state
in the 2AP/acetic acid complex can be well ascribed using an
allowed (π-symmetry)f π* (π-symmetry) transition (see Table
5). With the use of the TD-B3LYP method incorporating the
B3LYP/6-31+G(d′,p′) optimized geometry, the vertical excita-
tion energy from the ground-state normal form to the1ππ* state
was calculated to be 101.2 kcal/mol (35 473 cm-1), which is
consistent with the experimentally determinedλmax of S0 f S1

absorption of∼98.6 kcal/mol (34 482 cm-1) for the first ππ*
singlet excited state (see Figure 3). In addition, the calculated
oscillator strength,f, of 0.063 is in agreement with that of 0.065
deduced from the extinction coefficientε of absorption. In
consideration of the excitation energetics of the proton-transfer
tautomer, a better comparison with spectroscopic (i.e., fluores-
cence) data would be using the CIS/6-31+G(d′,p′) optimized
geometry for the excited state and, alternatively, performing the
vertical excitation on the basis of the TD-B3LYP method. The
energy gap between1ππ* and ground state for the 2PI/acetic
acid complex was calculated to be 76.1 kcal/mol (26 610 cm-1),
which is consistent with the experimental value of∼75.2 kcal/
mol (26 292 cm-1) estimated from the proton-transfer tautomer,
i.e., 2PI/acetic acid complex, emission. The calculated oscillator
strength of 0.053 (see Table 5) is also on the same magnitude
as that of 0.031 deduced experimentally by usingkr ∼ Ṽ0

2f where
kr (2.11× 107 s-1) andṼ0 (26 292 cm-1) denote radiative decay
rate constant and fluorescence energy gap of the proton-transfer
tautomer, respectively.

Based on the CIS/6-31+G(d′,p′) level of theory, an enor-
mously high energy barrier of 41.5 kcal/mol was obtained for

the 2AP monomerf 2PI monomer proton-transfer reaction in
the first1ππ* excited state, albeit the reaction is thermodynami-
cally favorable by 5.3 kcal/mol. Similar to the aforementioned
ground-state proton transfer reaction, the high energy barrier
resulting from the strain energy can be drastically reduced upon
the catalysis of acetic acid. However, unlike the single TS
calculated in the ground-state proton-transfer reaction, two
transition states specified as TS1 and TS2 were resolved at the
CIS/6-31+G(d′,p′) level of theory. The 2AP/acetic acidf TS1

process associates with a classical barrier of 9.48 kcal/mol.
Analyses of the TS1 geometry (see Figure 6 and Table 6) reveal
significant proton migration with the N(1)-H(8) distance of
1.180 Å relative to that of 1.848 Å in the normal complex.
Conversely, TS2 is 8.67 kcal/mol higher in energy than the
excited normal (i.e., 2AP/acetic acid) species. The geometry of
TS2 shows a nearly complete N(1)-H(8) covalent bonding
formation, whereas the migration of the N(3)H(4) proton
becomes appreciable, as indicated by the drastic elongation of
the N(3)H(4) bonding distance of 0.75 Å from TS2 (1.141 Å)
to the tautomer species (1.897 Å). At the CIS/6-31+G(d′, p′)
level of theory, we were also able to locate an intermediate.
However, the energy of the intermediate is only 0.21 kcal/mol
lower than that of TS2.

We have made an attempt to locate the proton-transfer
reaction pathway in the1ππ* electronic state via scanning the
PES. Unfortunately, a two-dimensional relaxed scan of the PES
in the 1ππ* configuration is extremely time-consuming and
hence is not feasible at this stage. Alternatively, because the
change of bond distance at the CdO(5)‚‚‚H(4)N hydrogen
bonding site is slower than that at the COOH(8)‚‚‚N(1) site,
we simply scanned the COOH(8)‚‚‚N(1) hydrogen-bonding
distance by 0.01 Å in each step at the CIS/6-31G(d′,p′) level.
Simultaneously, we allowed a full optimization on the remaining
bond angles and distances in the1ππ* configuration. As shown
in Figure 7, although TS1 was resolved through this profile
method, we were not able to locate TS2 and hence an
intermediate. The difference between the direct optimization
(two TS) and the profile method (one TS) clearly indicates a
very shallow PES nearby the intermediate and TS2. This
viewpoint will be further discussed in the following sections.
We also performed an alternative attempt, in which the PES
was scanned through thesNH(4)- - -O(5)dCs reaction coor-
dinate. The result renders a much higher barrier than that through
the COOH(8)- - -N(1)- pathway, supporting the asynchronous
type of excited-state double proton transfer, in which the
hydrogen moves earlier along the COOH(8)‚‚‚N(1) hydrogen-
bonding site.

It should be noted that the CIS method only includes a small
fraction of the correlation energy.27 Higher-level correlation
methods might reduce the energy barrier. We thus performed
the energy profile calculations using the TD-B3LYP method
on reactant and TS geometries that were initially optimized at
the CIS/6-31G(d′,p′) level. Although the results at the TD-
B3LYP/CIS/6-31+G(d′,p′)//CIS/6-31G(d′,p′) level revealed the
existence of two transition states, the classical barrier of the
2PA/acetic acidf TS1 reaction has been reduced to 0.33 kcal/
mol. However, the results incorporating TD-B3LYP for ener-
getic calculation are sensitive to the choice of basis sets to
optimize the geometry. For example, by applying additional
diffuse functions for the basis set (i.e., 6-31+G(d′,p′)), both TS1

and TS2 disappear. In the previous section, it has been
demonstrated that calculations of the energy gap between the
ground and first excited states seem reliable for both normal
and tautomer forms at the stationary points. The validity of this

Figure 5. Calculated (CIS//HF/6-31G(d′,p′) and TD-B3LYP//B3LYP/
6-31G(d′,p′) methods) frontier molecular orbitals for the 2AP/acetic
acid complex.
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approach is believed to be mainly due to the relative insensitivity
upon the geometry variation at the energy minimum. In contrast,
considering the TS to be much more dynamic, a small
adjustment of the geometry might lead to qualitatively different
energetics. Because DFT and CIS are expected to associate with
different TS structures, the approach of TS energetics incorpo-
rating TD-B3LYP//CIS methods might be subject to a great deal
of uncertainty.

Among various levels of theoretical approaches, only by using
the CIS level can one resolve the intermediate. The potential
energy well of the intermediate seems to be very shallow, in
which the second energy barrier was estimated to be as small
as 0.21 kcal/mol based on the CIS/6-31G+(d′,p′) level of theory.
If one incorporates the zero-point energy (ZPE), the second step

might proceed through a negligible barrier. Furthermore, the
intermediate could not be trapped upon applying the electron
correlation such as the CIS-MP2 level on the CIS optimized
geometries of the intermediate and TS. One may consider that
the CIS-MP2 level might not be appropriate in dealing with
PES either because the optimized geometry could be quite
different or the unbalanced treatment of correlation energy in
the excited state at different geometries. Apparently, when using
CIS-MP2 or TD-DFT with diffuse functions, the energy of TS2

is actually lower than that of the intermediate. Consequently,
both TS2 and the intermediate cannot be trapped, further
supporting a rather small energy barrier for the second-step
proton-transfer process.

TABLE 5: Low-Lying Singlet Electronic Transitions (S ππ*) of 2AP/Acetic Acid and 2PI/Acetic Acid Calculated via TD-B3LYP
and CIS Methods

methods
dominant

configurationsa
vertical excitation energy

(kcal/mol)
oscillator strength

(f)

2AP/Acetic Acid
TD-B3LYP//B3LYP/6-31G(d′, p′) H f L; H f L+1 104.7 0.0589
TD-B3LYP//B3LYP/6-31+G(d′, p′) 101.2 0.0628
CIS//HF/6-31G(d′, p′) H-1 f L; H f L 135.6 0.1567

2PI/Acetic Acidb

TD-B3LYP/6-31G(d′, p′) H f L 77.9 0.0511
TD-B3LYP/6-31+G(d′, p′) 76.1 0.0533
CIS/6-31+G(d′, p′) H f L; H f L+1 122.9 0.0330

a H, HOMO; L, LUMO. b At the CIS/6-31+G(d′,p′) optimized excited-state geometry.

Figure 6. Calculated stationary point geometry at CIS/6-31+G(d′,p′) level for normal, TS and proton-transfer tautomer of the 2AP/acetic acid
complex in the Sππ* state.
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4. Discussion

4.1. Factors Affecting the Association.The association
constant of the 2AP/acetic HB formation (∼4.5× 103 M-1) is
apparently smaller than that of the 7AI/acetic acid HB complex
(∼2.2× 104 M-1)13b in cyclohexane. Factors such as the steric
effect may play a key role to fine-tune the stability of various
2AP hydrogen-bonded species. At the B3LYP/6-31+G(d′, p′)
level of theory, the H(4)-N(3)-C(2) plane was calculated to
be 16.3° with respect to the pyridine plane in a geometry
optimized 2AP monomer form, whereas it was calculated to be
9.9° for the case of the 2AP/acetic acid complex. The result
indicates that a sterically hindered rotation of the N(1)-H bond
toward a favorable configuration is necessary prior to the
complexation, of which the associated endothermic energy
compensates for the gain of the stabilization because of the dual
hydrogen-bonding formation. We further truncated the 2AP/
acetic acid complex by removing the dual hydrogen bond but
holding the structures unchanged. The results indicate that the
truncated 2AP is∼1.5 kcal/mol higher in energy than that of
the geometry optimized 2AP monomer. Because a torsional
angle of 9.9° is obtained when the strain energy (an endothermic

process) plus hydrogen-bonding energy (an exothermic process)
reach a minimum value upon complexation, the sacrifice of
certain hydrogen-bonding energy is necessary to avoid increas-
ing the strain energy toward planarity. Accordingly, a larger
steric effect was even expected in the case of 2AP dimer in
which both N(3)-H(4) bonds of two 2AP monomers must be
adjusted prior to the dimerization. This consequence explains
the calculated∆Hac of -6.8 kcal/mol for the 2AP dimer at the
B3LYP/6-31+G(d′, p′) level of theory (not shown here), which
is less exothermic than that of-11.5 kcal/mol calculated for
the 7AI dimer13b in which the planar geometry of 7AI facilitates
the dual HB formation

4.2. ESDPT Mechanism, Theoretical vs Experimental
Approaches.As mentioned earlier, in the picosecond dynamic
approach, Ishikawa et al.26 were able to extract a 360 nm
transient cationic emission band. The results, in combination
with the deuterium isotope-dependent reaction dynamics, led
them to conclude a stepwise acetic acid-catalyzed proton-transfer
reaction. The first step incorporating a COOH(8)f N(1) proton
transfer is too fast to be resolved, forming a zwitterionic type
of intermediate, followed by the second proton-transfer step from
the amino proton back to the carboxylate ion.

Theoretical approaches at the CIS/6-31+G(d′,p′) level of
theory resolved two transition states during ESDPT in the 2AP/
acetic acid system. The first TS incorporates the migration of
the carboxylic proton to the pyridinic nitrogen, whereas the
motion of the amino proton is obviously involved in the second
TS. Regarding the kinetic isotope effect (KIE) for the first step,
we have also calculated the ZPE differences between the
protonated and deuterated reactions. The ZPE-corrected barrier
of the deuterated reaction is 1.02 kcal/mol higher at the CIS/
6-31+G(d′,p′) level. Thus, in thermal equilibrium, this would
translate to a approximately 5.5 times slower rate constant at
300 K, which is somewhat higher than the experimental report
of 1.4.26 Because there are perhaps significant populations at
higher vibronic energy levels in the excited state, the KIE may
not be as significant as that derived simply from the ZPE
difference in the theoretical approach.

The stepwise proton transfer reaction in the 2AP/acetic acid
system may also be qualitatively rationalized by the significant
difference in the hydrogen bonding strength. Table 4 lists pKa*
values for the protonated pyridinic nitrogen and amino proton
in the excited state. Because acetic acid is not incorporated in
the excitation chromophore, its ground-state pKa values of+4.75
and-6.5 were applied to carboxylic proton (-COOH(8)) and
CdO(5)H+ sites, respectively. According to Table 4, the sum
of pKa* + pKb* of 9.8 for the -COOH(8)- - -N(1) pair is
significantly smaller than that of∼40 for the-N(3)H- - -O(5)d
C- pair, indicating a stronger-COOH(8)- - -N(1) hydrogen
bonding strength in the excited state. The decrease in the
hydrogen bonding distance is expected to correspondingly
reduce the barrier height upon executing the proton-transfer
reaction.

The stepwise ESDPT mechanism for the 2AP/acetic acid
system seems to be consistent with the experimental approaches.
Being the same with regards a two-step mechanism, there
however exist important differences between the theoretical and
experimental approaches. The barrier for the first proton-transfer
step seems to be significantly larger than that for the second
step. For example, calculations on the CIS level estimated the
first barrier to be 9.48 kcal/mol (6.09 kcal/mol after adding the
ZPE), whereas the second-step proton transfer is negligibly small
as indicated by the failure to trap the intermediate. Accordingly,
although both experimental and theoretical approaches are in

TABLE 6: Critical Bond Distance (Å) of 2AP/Acetic Acid
Normal, TS1, Intermediate, TS2, and Proton-Transfer
Tautomer Calculated by CIS/6-31+G(d′,p′) and CIS/
6-31G(d′,p′) in Sππ* Statesa

bond normal TS1 intermediate TS2 tautomer

N1-C2 1.365 1.381 1.388 1.392 1.396
(1.375) (1.386) (1.391) (1.393) (1.399)

C2-N3 1.320 1.312 1.303 1.300 1.291
(1.323) (1.313) (1.305) (1.302) (1.291)

N3-H4 1.007 1.031 1.068 1.141 1.897
(1.005) (1.033) (1.082) (1.123) (1.870)

H4-O5 1.936 1.686 1.523 1.352 0.966
(1.929) (1.667) (1.476) (1.383) (0.967)

O5-C6 1.199 1.228 1.247 1.257 1.307
(1.198) (1.227) (1.247) (1.253) (1.306)

C6-O7 1.305 1.262 1.241 1.232 1.199
(1.302) (1.259) (1.237) (1.232) (1.197)

O7-H8 0.971 1.291 1.583 1.663 1.949
(0.975) (1.295) (1.583) (1.627) (1.948)

H8-N1 1.848 1.180 1.051 1.033 1.006
(1.802) (1.175) (1.048) (1.039) (1.005)

a (), CIS/6-31G(d′,p′).

Figure 7. Calculated potential energy surface (CIS/6-31G(d′,p′)) along
the proton-transfer reaction in the first excited singlet state, in which
the COOH(8)‚‚‚N(1) hydrogen-bonding distance was scanned by 0.01
Å in each step. The rest of bond angles and distances were fully
optimized.
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agreement on the two-step mechanism, they reveal certain
discrepancies in terms of the kinetic expression. Experimental
results conclude a fast, nonresolvable (,5 ps) first step, followed
by a slow, resolvable (∼5 ps) second step, whereas the
theoretical approaches seem to favor the slow first-step with
fast second-step rates of the ESDPT reaction.

Is it possible to rationalize the experimental results alterna-
tively from the theoretical basis? To answer this question, we
have thus made an attempt to deduce the reaction kinetics based
on the theoretical approach. Scheme 1 qualitatively depicts the
PES of acetic acid-catalyzed ESDPT in 2AP, in whichN*, I*
and T* denote normal form, intermediate, and tautomer,
respectively, in the excited state. In accordance with the
theoretical results, the reaction incorporates a slow first-step
and fast second-step proton-transfer process. Both steady state
and dynamic approaches indicate that the ESDPT reaction in
the 2AP/acetic acid system is exergonic and irreversible.
Therefore, the formation and relaxation dynamics forN*, I*,
andT* can thus be expressed as

wherekT is the observed decay rate of the tautomer emission,
kpt1 andkpt2 denote the rate constants of first- and second- step
proton-transfer reaction, respectively. Note the nonproton-
transfer decay rate of [N*] is relatively small and has been
neglected in (3). Because the barrier of the first proton-transfer
step is higher in energy than that of the second one, it is
reasonable to assumekpt2 to be.kpt1. Assuming the electronic
excitation with infinitesimal pulse duration, [N*], [ I*], and [T*]
are derived to be

where [N*] 0 is the instant population of theN* species att )
0. Apparently, both reactant and intermediate undergo identical
decay dynamics ofkpt1. In the case of the intermediate [I*], the
observed decay dynamics actually corresponds to the rate of
the first proton-transfer reaction. The reason wherekpt1 appears
in the decay expression of [I*] is simply due to the much faster
kpt2 which is expressed as an irresolvable rise component.
Conversely, ifkpt1 > kT, which is generally the case, a rise
dynamics withkpt1 was expected for the tautomer species. Thus,
the decay dynamics of the intermediate corresponds to the rise
dynamics of the tautomer emission, consistent with the experi-
mental results. It thus seems unnecessary to incorporate fast
first step proton-transfer dynamics for interpreting the fast rise
component of the cationic intermediate.26

Nevertheless, cautions still have to be taken from the proposed
mechanism above. First, according to Scheme 1, [I*] might be
too small an amount to be detectable because ofkpt2 . kpt1 in

eq 7. Second, the dynamics of normal emission has to be
rationalized, which should consist of dual components, namely,
the uncomplexed 2AP and 2AP/acetic acid complex, and the
decay of the normal emission of the 2AP/acetic acid complex
dominated by the proton-transfer reaction. According to the two-
step mechanism depicted in Scheme 1 and eq 6, a decay
component of 5 ps ought to be resolved. This prediction seems
contradictory to the observed relaxation dynamics monitored
at 325 nm (see Figure 6a in ref 26), in which an irresolvable
rise component was obtained, followed by a long-lived decay
component ascribed to the free 2AP normal emission.26 On one
hand, the result may simply indicate that the originally prepared
2AP/acetic acid concentration was relatively small so that the
5 ps component attributed to the fast decay of the 2AP/acetic
acid emission might be buried inside the free 2AP emission.
However, the corresponding steady-state fluorescence titration
spectra (see Figure 2 in ref 26) indicated that more than 15%
of 2AP/acetic acid should exist in the ground-state equilibrium.
Therefore, unless the radiative lifetime of the 2AP/acetic acid
system is much smaller than that of the free 2AP, this
interpretation does not seem quite possible. On the other hand,
owing to the dual hydrogen bonding effect, if the spectra could
be resolved from the time-dependent spectral evolution, its
emission maximum should be red shifted with respect to the
steady-state resolved normal emission of free 2AP. In an extreme
case, the normal hydrogen-bonded complex emission might even
overlap with that of the cationic intermediate significantly.
Certainly, without further experimental details one should not
speculate too much on this issue.

5. Conclusion

In conclusion, theoretical approaches to the ground- and
excited-state double proton transfer in the 2-aminopyridine
(2AP)/acetic acid dual HB system have been performed.
Comparisons have been made between thermodynamic param-
eters deduced from the theoretical approach and those extracted
by absorption and fluorescence titration studies. The first excited
singlet state of the 2AP/acetic acid system possesses aππ*
configuration, in which two transition-state geometries were
resolved for the 2AP/acetic acidf 2(1H)-pyridinimine/acetic
acid double proton transfer at the CIS/6-31+G(d′, p′) level. The
sequence of the asynchronous double proton-transfer correlates
well with the hydrogen-bonding strength. Although both
experimental26 and theoretical approaches concluded a two-step
ESDPT process, differences have been addressed on the rate-
determining step. However, because the cationic-like intermedi-

d[N*]
dt

) -kpt1
[N*] (3)

d[I*]
dt

) kpt1
[N*] - kpt2

[I*] (4)

d[T*]
dt

) kpt2
[I*] - kT[T*] (5)

[N*] ) [N*] 0e
-kpt1t (6)

[I*] )
kpt1

kpt2

[N*] 0e
-kpt1t (7)

[T*] )
kpt1

kT - kpt1

e-kpt1t -
kpt1

kT - kpt1

e-kTt (8)

SCHEME 1
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ate may be very sensitive to the solvent-polarity perturbation,
the theoretical approach to the excited state, in which the solvent
interaction is neglected, may stand in far comparison with
respect to the experimental results. Solvent polarization and/or
dynamics have been reported to play crucial roles in ESDPT
dynamics for the case of 7-azaindole types of HB complexes.8-13

A similar trend would be expected in the case of 2AP HB
complexes. Last but not least, it is also plausible that theoretical
approaches incorporating higher levels of electron correlation
are necessary to rationalize the experimental results. Neverthe-
less, this study renders a theoretical basis for the host/guest types
of ESDP systems possessing unequivalent dual hydrogen bonds.
Further femtosecond dynamics as well as solvent/temperature-
dependent studies, in combination with higher-level theoretically
approaches (e.g., CASSCF calculations50), are required to unveil
more insight into the mechanism of ESDPT in the 2AP/acetic
acid system.
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