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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 thel Pf)-pyridinimine/acetic acid~ 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;81@(dl B3LYP/6-
31+G(d,p) levels, respectively. The first excited singlet state of the 2AP/acetic acid system possesses a
configuration, in which two transition-state geometries were resolved for the 2AP/acetie-aid H)-
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/6-81d,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. (3. Phys. Chem. R002 106, 2305). Similarities and differences between the theoretical approaches and
the experimental results were discussed.

1. Introduction 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 a#20 nm (in cyclohexane).
Through the analyses of the time-dependent spectral evolution,
Ishikawa et al. were able to extract the cationic-like 2AP
fluorescenceAmax~ 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

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 interest$.Recent prototypes include 7-azaindoles,
lumichrome!* hydroxyquinolines? 2-(2-pyridyl)indoles!®1?
mono- and di-pyrido[2, 3a]carbazol¥s'® -carbolines® 23 and
2-aminopyridineg#~2%in which the excited-state proton-transfer
tautomerism is mediated by either self-association or adding

guest molecules (including solvents) upon forming host/guest complex, led Ishikawa et al. to conclude the existence of an

types of hydrogen-bonding complexes. : ! . . . ;
One of the fundamental interests regarding the host/guest tyloemtermedlate, i.e., a stepwise pattern, during the ESDPT reaction.

f doubl for is in whether th hanism i Accordingly, the resolvable 5 ps rise time of the tautomer
gorac;;s ;ggocfgget:taegso?rslrzg\jvivsvei)tat?értn eAn\:vee?I-I?rrl]ém 'r?]%%rél emission was ascribed to the second_ proton-transfer process,
. ' ; ) . whereas the first-step proton transfer is too fast to be resolved
should be ascribed to 7-azaindole (7Al), in which the excited- by their streak camera detecting system
state double proton transfer (ESDPT) takes place through )

: - - Owing to the relatively simple hydrogen-bonded system, the
forming a precursor of the dual hydrogen-bonding (HB) dimer. . ) - . )
Intensive studies on the 7Al dimer have been performed, and 2AP/acetic acid complex should provide a reliable basis for the

the results have shown certain controversies in experinféntal theoretical approaches on the mechanism of guest/host types

and theoretic&l” approaches from the viewpoint of a concerted of the .ESDPT reaction. Altho'ugh geometries as We" as
versus stepwise mechanism. Recently, picosecond dynamics oifnergetics of the stationary points for both 2AP/acetic acu_j
another host/guest system, the 2-aminopyridine (2AP)/acetic acidnormal and tautomer complexes have been performed via

complex, have been investigated by Ishikawa et®dlipon semlem_plrlcal calculation, to our_know!edge, ab initio
calculations have not been reported, in particular the approaches

regarding the potential energy surface along the proton-transfer

T Part of the special issue “George S. Hammond & Michael Kasha

Festschrift”. reaction. Unlike the 7Al dimer possessing symmetric, dual
:To whom the correspondence should be addressed. hydrogen bonds, the 2AP/acetic acid complex consists of
§“:::822: (H:ﬁijvr\]’ge_'é?]ztr']tgtﬁrﬂLeTres‘i:tC”O'ogy' nonequivalent, dual hydrogen-bonding sites, of which the
Il Fu-Jen Catholic University. ' difference in the HB strength might render different insights
U National Taiwan University. 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 H
ground and excited states have been performed. Comparisons Normal Looo N Lot
have been made between thermodynamic parameters deduced N—y
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 reults.

1.385

1.342

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

o Tautomer
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 E form

sensitivity for the absorption measurement is approximately 5
x 107* in absorbance under constant temperatut6.1°C)
throughout the measurement.

2.2. Theoretical Approaches.The electronic structure cal-
culation was performed using the Gaussian 98 prograhme
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 HartreeFock (HF)282° MP2 theories?3! hybrid
density functional theories (DFT) B3L¥P33 with 6-31G(d,

p') basis set’3*and B3LYP with 6-31%-G(d, p') basis se#®

The geometry of these stationary points on the first electronic

excited statesar*) was also calculated using the CI Singles

(CISY36theory with 6-31G(Hp') and 6-31-G(d,p) basis sets. Z form
Time-dependent (TBY 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 H H

calc.ullation without any scalir}g in_ vibrational frequencies. .In Figure 1. Geometry optimized structures (B3LYP/6-8G(d ) level)
addlt!on, 'Fhe harmonlc approximation was ?PP“ed in evaluating of the 2AP monomer in both normal and tautomer forms at the ground
the vibrational contributions. The HB association enerlyl, electronic state.

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 proceduf& 40 to correct certain inconsistencies
because of the basis-set superposition error (BSSE). Accurat
ab initio or DFT approaches using the SCRF methods (PCM
SCIPCM, etc.) to calculate the solvergiolute interaction for
various complexes are very time-consuming processes on th
basis of our current computing facility. Alternatively, a semi-
empirical PM3-SM4 solvation model developed by Cramer and
Truhlart*2was applied to calculate the solvation energy. The
solvation free energies were obtained with an AMSOL version
5.4 prograrf® and then added to “gas-phase” energies obtained
from the DFT method. This combination method has proven to
reproduce the experimental results reasonably {tell.

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-
Somer, ©)-2(1H)-pyridinimine (see Figure 1), was3 kcal/mol
' less stable than th&)-2(1H)-pyridinimine form and, hence, is
not of particular concern in this study. Hereafter, the abbrevia-
&ion 2PI is used to denote thE)¢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 2Pl/acetic acid complexes at the B3LYP/6-G1d,p)
level of theory. Strong dual hydrogen-bonding formation in
3.1. Approaches in the Ground StateFigure 1 depicts the  the 2AP/acetic acid complex was indicated by the short
optimized geometry of the 2AP monomer in both normal and N(1)- - -H(8) and H(4)- - -O(5) distances of 1.675 and 1.897
tautomer forms at the B3LYP/6-31G(d,p’) level of theory. A, respectively. In comparison to the 2AP monomer (see Figure
Table 1 lists the ground-state thermodynamic parameters forl) significant changes in N(3)C(2) and C(2)-N(3) bond
2AP monomer and 2AP/acetic acid complex in normal and distances of-0.01 and—0.03 A, respectively, were found upon
tautomer states. The proton-transfer tautomer form of the 2AP formation of the 2AP/acetic acid complex. The results correlate

3. Results
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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 2Pl/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
AE¢(BSSE) (kcal/moh —0.66 —0.87
Association EnergyaH,. (kcal/mol)
—12.81 —19.42
Relative Free Energy in the Gas Phase (kcal/mol)
0 14.16 —2.31¢ 5.18
Semiempirical Solvation Free Energy (kcal/mol)
PM3 SM4 (cyclohexane) —6.19 —6.37 -1.10 —5.78 —5.43
Relative Free Energy in Solution (Solverttyclohexane) (kcal/mol)
0 13.98 —0.80' 7.04

a Counterpoise correction has been applied in calculatiig. andAG. ® AHa = H(complex)— H(2AP or 2PI)— H(acetic acid)~ AE.(BSSE).
¢ Relative to free 2APY Relative to free 2AP and acetic acid.

TABLE 2: Critical Bond Distances (in A) of the 2AP/Acetic H
Acid, TS, and 2PI/Acetic Acid Calculated by Various 1.007\
Methods in the $ State N13.£H4~ 1.897
bond normal TS tautomer Normal 7\ /0 e Os
N;—C; 1.352 1.379 1.387
(13528 (1.377) (1.387) '
[1.349F [1.370] [1.383] 67 6~———CH,
Cr—Ns 1.360 1.318 1.312 18T
(1.359) (1.317) (1.308)
[1.376] [1.321] [1.311]
N3—Ha 1.020 1.323 1.537
(1.024) (1.296) (1.543)
[1.019] [1.262] [1.593]
Hs—0Os 1.897 1.178 1.059
(1.882) (1.199) (1.055)
[1.964] [1.217] [1.032]
Os5—Cs 1.220 1.293 1.310
(1.224) (1.287) (1.309)
[1.224] [1.285] [1.313]
Ce— 0Oy 1.320 1.248 1.236
(1.322) (1.249) (1.233)
[1.328] [1.252] [1.233]
O;—Hg 1.010 1.645 1.749
(1.019) (1.598) (1.731)
[1.004] [1.550] [1.748]
Hg—N31 1.675 1.055 1.038
(1.682) (1.064) (1.040)
[1.724] [1.073] [1.036]

a2The numbers are obtained by B3LYP/643%(d,p') method.? The Tautomer  \ 4/ asar

numbers in the parenthesis () are obtained by B3LYP/6-31&Xd
method.c The numbers in the parenthesis [] are obtained by MP2/6-
31G(d,p’) method.

well with the concept of conjugated dual hydrogen bonding
effect3in which the bond distances relevant to thelectron
delocalization are subject to change. As shown in Table 2, the
optimized geometries for both 2AP/acetic and 2Pl/acetic com-
plexes, to a certain extent, are affected by the size of the basis
sets applied, particularly for those bond distances associatedrigure 2. Geometry optimized structures (B3LYP/6-BG(d p) level)

with hydrogen bonds. For example, the B3LYP/6+34(d, p) of 2AP/acetic acid, TS and 2Pl/acetic acid complexes at the ground
method reveals longer H(4)O(5) (Ar ~ 0.015 A Ar is defined electronic states.

as the difference in bond distance between two applied methods)functions, systems such as lone pair electrons in the proton
and shorter H(8YN(1) (Ar ~ 0.007 A) HB distances than those  accepting sites, in which the electrons are relatively far from
calculated at the level of B3LYP/6-31G(jd) for the 2AP/acetic the nucleus, should be affected most significantly. In compari-
acid complex, whereas opposite effects on the HB distancesson, the HB distances calculated at the MP2/6-31@{devel
(N(3)—H(4), O(7y-H(8)) were found for the case of the 2PI/ are all shorter than those calculated by DFT methods. Despite
acetic acid complex. The results indicate the sensible effect uponthe variation in quantity, relative increments (or decrements)
incorporating diffuse functions on the HB association. Because of the crucial bond distances upon complexation listed in Table
diffuse functions are large-size versions of s- and p-type 2 show a similar trend for all three methods.
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Figure 3. Absorption spectra of 2AP (5.2 10~* M in cyclohexane)
as a function of free acetic acid concentrati@j)(of a. 0, b. 1.0x
105 . 25x 105 d. 5.0x 105 e. 7.5x 105, f.1.0x 104, ¢. 2.5
x 104, h.5.0x 1074,i. 7.5 x 104, j. 1.0 x 1073 M. Insert: The plot
of (AJ/A — Ag) at 305 nm as a function of (@) in curves b-j and a
best least-squares fitting curve using eq 1.

At the B3LYP/6-3HG(d,p') level of theory, the enthalpy
and free energy of the HB associatiohH,: and AG, 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 Y¥s absorption
titration in isooctand* However, because the association
constant of 1.2x 10° M~1 (298 K) deduced in isooctaffeis

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

Ka . .
2AP + acetic acid= 2AP/acetic acid
L .
2 acetic acid= (acetic acid)

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

|éKicg+ 1) - YKyt 1
4K,

_ ~0
Cg_Cg

where Cg is the initially prepared acetic acid concentration.
The self-association constat], of acetic acid has been
reported to be 3.% 10* M~1in n-heptane'?® which was used

in the case of cyclohexane because of their similar solvent
polarity. Accordingly, the relationship between the measured
absorbance as a function Gf can be expressed by

A em [ 1
A=A, ey —ec\KGCy

whereey andec in eq 1 denote molar extinction coefficients

+ 1) @)

of 2AP monomer and the hydrogen-bonded complex respec-

tively at a specific wavelength. A straight-line plot @&fo(A —

Ap) as a function of (XZy) 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 deduéggo be (4.5+ 0.3) x 10°
M~1(AG" = —4.98 kcal/mol) at 298 K. Temperature-dependent
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Figure 4. Fluorescence spectra of 2AP (5«010~4 M in cyclohexane)
as a function of the acetic acid concentrati@y)(of a. 0, b. 1.0x
105 . 2.5x 105 d. 5.0x 105 e. 7.5x 105 f. 1.0 x 1074, g. 2.5
x 1074, h.5.0x 1074,i. 7.5 x 1074, j. 1.0 x 1072 M. Insert: The plot
of (Fo/F — Fg) at 420 nm as a function of (@§) in curves b-j and a
best least-squares fitting curve using eq 2.

300

titration experiments were also performed aD °C, andAH;¢
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:

F Dy e
0 MEM [1+1)

F-Fy (P, — Puen)\KCy
whereFo andF denote the measured fluorescence intensity prior
to and after adding acetic acidy and ®, are fluorescence
quantum yields of the monomer and complex, respectiVélye
fluorescence titration spectra as well as the pldEg@fF — Fo)
versus 1€, are depicted in Figure 4, in which the linear behavior
of the plot reconfirms the 1:1 complex formation.kd value
of (4.84 0.2) x 10° M~ 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 dataAd®” ~ —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 of0.80 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"% 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)
— 2Pl (monomer) proton (hydrogen atdthjransfer 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 at®rtransfer

)
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TABLE 3: Proton-Transfer Energetics (kcal/mol) in So, Sya TABLE 4: pK, and pK? Values for Various Functional
States at Various Levels of Theory® Groups in 2AP and Acetic Acid (ACID)
AE”  Em AET B 2AP 2AP ACID ACID
S, State (NHT) — (N@)H2)  (=O("H)  (=O(5)H")
HF/6-31G(d, p) 12.74 NA  17.10 11.06 Ka 6.86 2350 175 6.5
MP2/6-31G(d, p')//HF/6-31G(d, p) 9.36 NA 12.83 11.99 pK: 8.95 ~ 20.20
MP2/6-31G(d, p') NA NA 12.93 11.33 a
B3LYP/6-31G(d, p) NA NA 8.63 7.98 aWeisstuch, A.; Testa, A. d. Phys. Chentl968 72, 1982. Harris,
B3LYP/6-31+G(d, p) NA NA 8.17 71.77 M. G.; Stewart, RCan. J. Chem1977, 55, 3800.¢ Gordon, A. J.; Ford,
S, State R. A. The Chemist’'s Companipdohn Willey & Son: New York, 1972.
o d Calculated by the Fster cycle.
CIS/6-31G(d, p) 8.48 7.63 7.67 —4.91
TD-B3LYP/6-31+G(d, p)// 033 —2.29 —2.07 —7.45 significant changes of H(8N(1) (Ar ~ —0.62 A) and O(7¥
CIS/6-31G(d, p) A di . .
CIS/6-31-G(d, p) 948 846 8.67 —4.20 H(8) (Ar ~ +0.63 A) distances were observed in the TS relative
CIS/6-3H-G(d, p) W/iZPE 6.09 7.12 5.68—3.97 to the 2AP/acetic acid complex. Although the shortening of the
TD-B3LYP/6-31+G(d, p)// —0.29 —3.32 —3.62 —8.35 H(4)—0O(5) bond distanceAr ~ 0.7 A) is also significant, the
CIS/6-3HG(d, p) elongation of the N(3YH(4) distance is relatively smalleA¢
TD-B3LYP/6-31+G(d, p) w/ZPE  —3.69 —4.66 —6.60 —8.12 < 0.3 A) (see Table 2 and Figure 2). This, in combination with

2The energy listed is relative to 2AP/acetic acid, of which the total the fact that only one TS was resolved, led us to conclude that
energy is arbitrarily treated as zero. The zero-point and thermal energiesthe double proton transfer may take place through a concerted,
are not included? AE7, energy barrierEim, energy of_the intermediate; asynchronous pathway in the ground state. At the TS, the
Enn, €nergy of the 2AP/acetic acie¢t 2PI/acetic acid proton-transfer carboxylic hydrogen on the acetic acid has already been
reaction. 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 K, and Ky 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 giéufs.4748
Accordingly, the HB strength is expected to increase as the sum
of pKa + pKp decreases. Table 4 summarizds, palues of
various hydrogen bonding sites for 2AP and acetic acid.
Apparently, the value oflg, (donor)+ pKy (acceptor) (K, =
pKn,0 — pKa (protonated acceptor) wheté,,o is the auto-

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., 2Pl/acetic acid, to
be higher in energy than the normal form by B kcal/mol.
DFT reduces the energy difference in comparison to Hartree
Fock and MP2 methods. The incorporation of diffuse functions protolysis constant of kD) was calculated to be on the order

has a negllglple effect on the reagt.lon thermodynamics. of 2AP(—N(3)—H)/acetic acid€0) > 2AP(—N(1)-)/acetic acid

_As shown in Table 3, two trans'mon states were resolved at (—OH). Such an empirical approach predicts a stronger pyridinic
either the HartreeFock (6-31G(dp) basis set) level or MP2/ piirqgen-carboxylic  OH) hydrogen-bonding strength, which
6-31G(d,p) with geometry optimized at the HartreBock level 5 5156 consistent with its calculated shorter bond distance. It is
(e.9., 6-31G(Up)). However, applying the electron correlation 1,5 reasonable to conclude that the initial stage of reaction
(MP2 or DFT) in the geometry optimization results in only one i,y q|ves proton transfer via the carboxylic hydrogen to the
transition state. The single transition state may be further pyridinic nitrogen, followed by the proton transfer from the
supported by the failure to locate an intermediate along the 5mino hydrogen to the carbony! oxygen.
ground-state potential energy surface (PES) among the various g 5 Approaches in the Excited StatesWith our current
methods appl_ied. The cal_culated classical barrier height of the computing capacity, the converged complete active space-self-
forward reaction, depending on the levels of methods, ranges qgistent field (CASSCF) calculations with extended basis sets
from 8 to 17 kcal/mol. With the same basis set, values of the 5re ot practical in dealing with the 2AP/acetic acid system.
barrier obtained by the B3LYP method are8 and~4 kcal/ Alternatively, the CIS method, which has been proven to be a
mol lower than those predicted at the Hartré®ck and MP2  q|4tively useful method to obtain the approximate wave function
levels, respectively. This discrepancy is believed to be due 10 4 mojecular geometry of electronic excited states, was applied
the different ways of treating (or neglecting) the electron i, ihis study. However, the CIS method usually overestimates
correlation. The correlation energy was treated only semi- \ha energy differences between the excited and ground states
empirically in the hybrid DFT, which is known to underestimate 55 \ve|| as the excited-state barriers. Conversely, although the
the barrier heights of many types of reactions. The diffuse {jme_dependent DFT method currently cannot perform geometry
functions lowered the barrier height only slightly. optimization at the excited states, it has been shown to be able

The energy barrier of reverse proton transfer (i.e., 2Pl/acetic to gain very reliable vertical excitation energies of low-lying
acid — 2AP/acetic acid) was calculated to be 6.04, 1.60, and excited state$® Thus, an attempt at estimating the normal energy
0.65 kcal/mol at HF/6-31G(g), MP2/6-31G(dp), and B3LYP/  gap of absorption has also been made on a vertical excitation
6-31G(d,p) levels, respectively. A similar trend was thus in which the excited-state geometry was taken from the ground-
observed in both forward and reverse proton-transfer reactions,state optimized structure. This has been performed using the
in which the Hartree Fock method overestimates the reaction TD-B3LYP level at B3LYP geometry.
barrier because of the negligence of the electron correlation.  Figure 5 depicts the structures of the two lowest unoccupied
For both MP2 and DFT methods, the calculated barrier is so and two (CIS level) or three (TD-B3LYP level) highest occupied
small that the reaction barrier on the reverse proton-transfer frontier molecular orbitals mainly involved in the transition of
becomes negligible upon addition of the zero-point energy.  Jow-lying excited states using either the CIS//HF/6+Z(d,p)
In consideration of the ground transition-state (TS) geometry, or TD-B3LYP//B3LYP/6-3HG(d,p’) method. Depending on

among the various calculation methods shown in Table 2, levels of theory, the calculations differ slightly in the nature of
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CIS TD-B3LYP
LUMO + 1 %g } .’ }
= J

'
LUMO % } :n

- Qg 3q

HOMO -3

Figure 5. Calculated (CIS//HF/6-31G{(gh') and TD-B3LYP//B3LYP/
6-31G(d,p") methods) frontier molecular orbitals for the 2AP/acetic
acid complex.

the molecular orbitals involved in the predominant excitations.
For example, the Sstate has a contribution from HOM©-
LUMO, LUMO + 1 in the TD-B3LYP calculations versus
HOMO-1, HOMO— LUMO in the CIS computations. How-
ever, both methods predicted a similar trend where thets8e

in the 2AP/acetic acid complex can be well ascribed using an
allowed @@-symmetry)— z* (;7-symmetry) transition (see Table
5). With the use of the TD-B3LYP method incorporating the
B3LYP/6-31H-G(d,p') optimized geometry, the vertical excita-
tion energy from the ground-state normal form to the* state
was calculated to be 101.2 kcal/mol (35 473 @&mwhich is
consistent with the experimentally determiniggy of So— S1
absorption 0f~98.6 kcal/mol (34 482 cmt) for the first zz*
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the 2AP monomet> 2Pl monomer proton-transfer reaction in
the firstlzz* 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 7&d TS were resolved at the
CIS/6-3H-G(d,p') level of theory. The 2AP/acetic aciet TS;
process associates with a classical barrier of 9.48 kcal/mol.
Analyses of the TSgeometry (see Figure 6 and Table 6) reveal
significant proton migration with the N(¥)H(8) distance of
1.180 A relative to that of 1.848 A in the normal complex.
Conversely, Tgis 8.67 kcal/mol higher in energy than the
excited normal (i.e., 2AP/acetic acid) species. The geometry of
TS, shows a nearly complete N(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 A from 78.141 A)

to the tautomer species (1.897 A). At the CIS/6F&(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 T®

We have made an attempt to locate the proton-transfer
reaction pathway in thérz* electronic state via scanning the
PES. Unfortunately, a two-dimensional relaxed scan of the PES
in the Lzr* configuration is extremely time-consuming and
hence is not feasible at this stage. Alternatively, because the
change of bond distance at the=O(5)---H(4)N hydrogen
bonding site is slower than that at the COOH{8)(1) site,
we simply scanned the COOH¢8)N(1) hydrogen-bonding
distance by 0.01 A in each step at the CIS/6-31®(dlevel.
Simultaneously, we allowed a full optimization on the remaining
bond angles and distances in fer* configuration. As shown
in Figure 7, although TSwas resolved through this profile
method, we were not able to locate ;T@nd 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,. TShis
viewpoint will be further discussed in the following sections.
We also performed an alternative attempt, in which the PES
was scanned through theNH(4)- - -O(5=C— reaction coor-
dinate. The result renders a much higher barrier than that through
the COOH(8)- - -N(1) pathway, supporting the asynchronous

singlet excited state (see Figure 3). In addition, the calculated IYP€ ©Of excited-state double proton transfer, in which the

oscillator strengthf, of 0.063 is in agreement with that of 0.065
deduced from the extinction coefficiert 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/6433(d,p’) optimized

hydrogen moves earlier along the COOH(8YI(1) hydrogen-
bonding site.

It should be noted that the CIS method only includes a small
fraction of the correlation enerdy.Higher-level correlation
methods might reduce the energy barrier. We thus performed

geometry for the excited state and, alternatively, performing the the energy profile calculations using the TD-B3LYP method

vertical excitation on the basis of the TD-B3LYP method. The
energy gap betweekrz* and ground state for the 2Pl/acetic
acid complex was calculated to be 76.1 kcal/mol (26 610%m
which is consistent with the experimental value~of5.2 kcal/
mol (26 292 cm?) estimated from the proton-transfer tautomer,

on reactant and TS geometries that were initially optimized at
the CIS/6-31G(dp) level. Although the results at the TD-
B3LYP/CIS/6-3H-G(d,p)//CIS/6-31G(d,p) level revealed the
existence of two transition states, the classical barrier of the
2PA/acetic acid— TS; reaction has been reduced to 0.33 kcal/

i.e., 2Pl/acetic acid complex, emission. The calculated oscillator mol. However, the results incorporating TD-B3LYP for ener-
strength of 0.053 (see Table 5) is also on the same magnitudegetic calculation are sensitive to the choice of basis sets to

as that of 0.031 deduced experimentally by using 7¢’f where
k (2.11x 107 s71) and?p (26 292 cni!) denote radiative decay

optimize the geometry. For example, by applying additional
diffuse functions for the basis set (i.e., 63&(d,p')), both TS

rate constant and fluorescence energy gap of the proton-transfeand TS disappear. In the previous section, it has been

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

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

dominant vertical excitation energy oscillator strength
methods configurationd (kcal/mol) 0]
2AP/Acetic Acid
TD-B3LYP//B3LYP/6-31G(d, p') H—L H—L+1 104.7 0.0589
TD-B3LYP//B3LYP/6-3H-G(d, p') 101.2 0.0628
CIS//HF/6-31G(d p) H-1—L H—L 135.6 0.1567
2PI/Acetic Acic?
TD-B3LYP/6-31G(d, p) H—L 77.9 0.0511
TD-B3LYP/6-31+G(d, p') 76.1 0.0533
CIS/6-3H-G(d, p') H—LH—L+1 122.9 0.0330

aH, HOMO; L, LUMO. " At the CIS/6-33-G(d,p') optimized excited-state geometry.

Normal

TS2

H
TS1 0.995\N1-031 166
3§H4 i

Figure 6. Calculated stationary point geometry at CIS/6+r&(d,p) level for normal, TS and proton-transfer tautomer of the 2AP/acetic acid
complex in the $+ state.

approach is believed to be mainly due to the relative insensitivity might proceed through a negligible barrier. Furthermore, the
upon.the'geometry variation at the energy minimum. In contrast, intermediate could not be trapped upon applying the electron
considering the TS to be much more dynamic, a small correlation such as the CIS-MP2 level on the CIS optimized
energetics. Because DFT and CIS are expected to associate withhe c|s-MP2 level might not be appropriate in dealing with
different TS structures, the approach of TS energetics incorpo-F,ES : - :

. : ; either because the optimized geometry could be quite
rating TD-B3LYP//CIS methods might be subject to a great deal different or the unbalanced treatment of correlation energy in

of uncertainty. h ited dif o5 A . wh .
Among various levels of theoretical approaches, only by using !¢ &xcited state at different geometries. Apparently, when using
the CIS level can one resolve the intermediate. The potential €!S-MP2 or TD-DFT with diffuse functions, the energy of 7S

energy well of the intermediate seems to be very shallow, in i actually lower than that of the intermediate. Consequently,
which the second energy barrier was estimated to be as smalPoth TS and the intermediate cannot be trapped, further
as 0.21 kcal/mol based on the CIS/6-38@,p') level of theory. supporting a rather small energy barrier for the second-step
If one incorporates the zero-point energy (ZPE), the second stepproton-transfer process.
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TABLE 6: Critical Bond Distance (A) of 2AP/Acetic Acid process) plus hydrogen-bonding energy (an exothermic process)
Normal, TS,, Intermediate, TS, and Proton-Transfer reach a minimum value upon complexation, the sacrifice of
g%ult%T;rr)g:?ricglategtg%/egIS/ 6-31G(d',p) and CIS/ certain hydrogen-bonding energy is necessary to avoid increas-
’ i - - ing the strain energy toward planarity. Accordingly, a larger
bond normal  T$ intermediate T tautomer steric effect was even expected in the case of 2AP dimer in
N,—C,  1.365 1.381 1.388 1.392 1.396 which both N(3)-H(4) bonds of two 2AP monomers must be

(1.375)  (1.386) (1.391) (1.393)  (1.399)  adjusted prior to the dimerization. This consequence explains

Co=Ns (i:ggg) &gig) &:gg% &:ggg) &:ggi) the calculated\H, o,f —6.8 kcal/mol for the 2AP dimer at tiie

Na—Hs  1.007 1.031 1.068 1141 1.897 B3LYP/6-31+G(d, p') level of theory (not shown here), which
(1.005)  (1.033) (1.082) (1.123)  (1.870) is less exothermic than that ef11.5 kcal/mol calculated for

H,—Os 1.936  1.686 1.523 1.352 0.966 the 7Al dimet3?in which the planar geometry of 7Al facilitates
(1.929)  (1.667) (1.476) (1.383)  (0.967) the dual HB formation

O:—Ce (i'igg) éég% (i'gg) (1%22) &'282) 4.2. ESDPT Mechanism, Theoretical vs Experimental

Ce—O; 1.305  1.262 1241 1232 1.199 Approaches.As mentioned earlier, in the picosecond dynamic
(1.302) (1.259) (1.237) (1.232)  (1.197) approach, Ishikawa et &. were able to extract a 360 nm

O;—Hs 0971 1.291 1.583 1.663 1.949 transient cationic emission band. The results, in combination

HooN. 1848 1,180 Lo51 1033 1006 i[l;l]lth the deuterium |sotope-depandet1t reaction dynamics, led

(1.802) (1.175) (1.048) (1.039)  (1.005) em.to conclutje a stepW|se acetic acid-catalyzed proton-transfer
reaction. The first step incorporating a COOH(8N(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.

a(), CIS/6-31G(dp).

Excited State One-Dimensional Scan of 2AP/acetic acid

12 Theoretical approaches at the CIS/6+&(d,p’) level of

10 4 theory resolved two transition states during ESDPT in the 2AP/
. acetic acid system. The first TS incorporates the migration of
?E> 81 . the carboxylic proton to the pyridinic nitrogen, whereas the
?\; 6 - . motion of the amino proton is obviously involved in the second
=3 . TS. Regarding the kinetic isotope effect (KIE) for the first step,
3 47 we have also calculated the ZPE differences between the
% 2 . protonated and deuterated reactions. The ZPE-corrected barrier
Q4| : of the deuterated reaction is 1.02 kcal/mol higher at the CIS/
s 6-31+G(d,p) level. Thus, in thermal equilibrium, this would
& 21 . translate to a approximately 5.5 times slower rate constant at

4 4 - 300 K, which is somewhat higher than the experimental report

. of 1.426 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.

Figure 7. Calculated potential energy surface (CIS/6-31(M)) along The stepwise proton transfer reaction in the 2AP/acetic acid

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 system may also be qualitatively rationalized by the significant
A in each step. The rest of bond angles and distances were fully difference in the hydrogen bonding strength. Table 4 listg'p

2.0 1.8 1.6 1.4 1.2 1.0 0.8
Distance of COOH(8)...N(1) hydrogen-bond

optimized. values for the protonated pyridinic nitrogen and amino proton
) ) in the excited state. Because acetic acid is not incorporated in
4. Discussion the excitation chromophore, its ground-staltg palues of+4.75

4.1. Factors Affecting the Association.The association and—6.5 were applied to carboxylic protor-COOH(8)) and
constant of the 2AP/acetic HB formatiorn4.5 x 108 M~Y) is C=O(5)H" sites, respectively. According to Table 4, the sum
apparently smaller than that of the 7Al/acetic acid HB complex Of PKa* + pKy* of 9.8 for the —COOH(8)- - -N(1) pair is
(~2.2 x 10* M~1)13in cyclohexane. Factors such as the steric Significantly smaller than that of40 for the—N(3)H- - -O(5)=
effect may play a key role to fine-tune the stability of various C— pair, indicating a stronger-COOH(8)- - -N(1) hydrogen
2AP hydrogen-bonded species. At the B3LYP/6+F&(d, p) bonding strength in the excited state. The decrease in the
level of theory, the H(4}N(3)—C(2) plane was calculated to hydrogen bonding distance is expected to correspondingly
be 16.3° with respect to the pyridine plane in a geometry reduc_e the barrier height upon executing the proton-transfer
optimized 2AP monomer form, whereas it was calculated to be reaction.

9.9 for the case of the 2AP/acetic acid complex. The result The stepwise ESDPT mechanism for the 2AP/acetic acid
indicates that a sterically hindered rotation of the N{#)bond system seems to be consistent with the experimental approaches.
toward a favorable configuration is necessary prior to the Being the same with regards a two-step mechanism, there
complexation, of which the associated endothermic energy however exist important differences between the theoretical and
compensates for the gain of the stabilization because of the dualexperimental approaches. The barrier for the first proton-transfer
hydrogen-bonding formation. We further truncated the 2AP/ step seems to be significantly larger than that for the second
acetic acid complex by removing the dual hydrogen bond but step. For example, calculations on the CIS level estimated the
holding the structures unchanged. The results indicate that thefirst barrier to be 9.48 kcal/mol (6.09 kcal/mol after adding the
truncated 2AP is~1.5 kcal/mol higher in energy than that of ZPE), whereas the second-step proton transfer is negligibly small
the geometry optimized 2AP monomer. Because a torsional as indicated by the failure to trap the intermediate. Accordingly,
angle of 9.9 is obtained when the strain energy (an endothermic although both experimental and theoretical approaches are in
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agreement on the two-step mechanism, they reveal certainSCHEME 1
discrepancies in terms of the kinetic expression. Experimental
results conclude a fast, nonresolvabies(ps) first step, followed

by a slow, resolvable 45 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 whikh 1*
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 tautomer
and dynamic approaches indicate that the ESDPT reaction in emission
the 2AP/acetic acid system is exergonic and irreversible.
Therefore, the formation and relaxation dynamics Ky 1*,
and T* can thus be expressed as

eq 7. Second, the dynamics of normal emission has to be

d[N¥] rationalized, which should consist of dual components, namely,
e _kpti[N*] 3) the uncomplexed 2AP and 2AP/acetic acid complex, and the
decay of the normal emission of the 2AP/acetic acid complex

d[1*] dominated by the proton-transfer reaction. According to the two-
e Kot [NT — Ko [17] (4) step mechanism depicted in Scheme 1 and eq 6, a decay
component of 5 ps ought to be resolved. This prediction seems

d[T*] contradictory to the observed relaxation dynamics monitored

o Kot [1°] — ke[ T] ) at 325 nm (see Figure 6a in ref 26), in which an irresolvable

rise component was obtained, followed by a long-lived decay
wherekr is the observed decay rate of the tautomer emission, Component ascribed to the free 2AP normal emis%‘f@n one
ko, andkey, denote the rate constants of first- and second- step hand, the result may simply indicate that the originally prepared
proton-transfer reaction, respectively. Note the nonproton- 2AP/acetic acid concentration was relatively small so that the
transfer decay rate of\F] is relatively small and has been 5 ps component attributed to the fast decay of the 2AP/acetic
neglected in (3). Because the barrier of the first proton-transfer acid emission might be buried inside the free 2AP emission.
step is higher in energy than that of the second one, it is However, the corresponding steady-state fluorescence titration
reasonable to assunkg, to be>ky,. Assuming the electronic ~ Spectra (see Figure 2 in ref 26) indicated that more than 15%

excitation with infinitesimal pulse duratiori\f], [ 1*], and [T*] of 2AP/acetic acid should exist in the ground-state equilibrium.
are derived to be Therefore, unless the radiative lifetime of the 2AP/acetic acid
system is much smaller than that of the free 2AP, this

[N*] = [N*] Oe‘kmlt (6) interpretation does not seem quite possible. On the other hand,
owing to the dual hydrogen bonding effect, if the spectra could

kpti be resolved from the time-dependent spectral evolution, its
[I*] = —[N*] Oe_kmlt 7 emission maximum should be red shifted with respect to the

kptz steady-state resolved normal emission of free 2AP. In an extreme

case, the normal hydrogen-bonded complex emission might even
kpt1 _ kptl _ overlap with that of the cationic intermediate significantly.
o kout _ okt (8) . . . .
kK — k.= k. — kp < Certainly, without further experimental details one should not
T kptl T t, L
speculate too much on this issue.

™) =

where N*] o is the instant population of thid* species at =

0. Apparently, both reactant and intermediate undergo identical
decay dynamics dfy,. In the case of the intermediate]] the In conclusion, theoretical approaches to the ground- and
observed decay dynamics actually corresponds to the rate ofexcited-state double proton transfer in the 2-aminopyridine
the first proton-transfer reaction. The reason wheggeappears (2AP)/acetic acid dual HB system have been performed.
in the decay expression df] is simply due to the much faster =~ Comparisons have been made between thermodynamic param-
ko, Which is expressed as an irresolvable rise component. eters deduced from the theoretical approach and those extracted
Conversely, ifky, > kr, which is generally the case, a rise by absorption and fluorescence titration studies. The first excited
dynamics withky, was expected for the tautomer species. Thus, singlet state of the 2AP/acetic acid system possesses*a

the decay dynamics of the intermediate corresponds to the riseconfiguration, in which two transition-state geometries were
dynamics of the tautomer emission, consistent with the experi- resolved for the 2AP/acetic aciet 2(1H)-pyridinimine/acetic
mental results. It thus seems unnecessary to incorporate fastcid double proton transfer at the CIS/6433(d, p') level. The

first step proton-transfer dynamics for interpreting the fast rise sequence of the asynchronous double proton-transfer correlates

5. Conclusion

component of the cationic intermedid&fe. well with the hydrogen-bonding strength. Although both
Nevertheless, cautions still have to be taken from the proposedexperimentaf and theoretical approaches concluded a two-step
mechanism above. First, according to Schemé*] pfight be ESDPT process, differences have been addressed on the rate-

too small an amount to be detectable becaudgw Ky in determining step. However, because the cationic-like intermedi-
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ate may be very sensitive to the solvent-polarity perturbation, (21) (a) Eibeiyman, D; Par%o, A.; Poyato, J. M.JPhys. Cheréﬂ994

; i ; ; 98, 10408. Reyman, D.; Vas, M. H.; Poyato, J. M. L.; Pardo, A.
Fhe theqrethal approach to the excited state, in which t_he solv_entphysl Chem. 41997 101, 768. () Reyman. D.: Vins, M. H.Chem. Phys.
interaction is neglected, may stand in far comparison with | et 1999 301, 551.
respect to the experimental results. Solvent_ poIanza’Flon and/or (22) (a) Balo, M. Mufoz, M. A.; Guardado, P.; Carmona, C.
dynamics have been reported to play crucial roles in ESDPT photochem. Photobiol1996 64, 531. (b) Balm, M.; Carmona, C.;
dynamics for the case of 7-azaindole types of HB compléxs. ~ Guardado, P.; Mz, M. A. Photochem. Photobioll998 67, 414. (c)
A similar trend would be expected in the case of 2AP HB Carmona, C.; Gafg M.; Angulo, G.; Mufoz, M. A.; Guardado, P.; Baig

| Last but not | titis al | ible that th ti IM. Phys. Chem. Chem. Phy&00Q 2, 5076.

compiexes. Last but notieast, itis aiso plausible that Ineoretical ;5 ., b 11y v, 1; Wy, G. R.; Shiao, M. Y.; Yu, W. S.; Cheng,
approaches incorporating higher levels of electron correlation ¢ "chang, c. P). Phys. Chem. 2001, 105 10674.
are necessary to rationalize the experimental results. Neverthe- 54y |hyzuka, K.; Fujimoto, ASpectrochim. Acta986 42A, 929.
less, this study renders atheoreﬂcal paS|s for the host/guest types (25) Konijnenberg, J.; Ekelmans, A. H.; Varma, C. A. G.DChem.
of ESDP systems possessing unequivalent dual hydrogen bondssoc., Faraday Trans. 2989 85, 1539.
Further femtosecoqd dynar_‘nic; as v_veII as solvent/temper_ature- (26) Ishikawa, H.; Iwata, K.; Hamaguchi, H. Phys. Chem. 2002
dependent studies, in combination with higher-level theoretically 106 2305.
approaches (e.g., CASSCF calculatfSpsare required to unveil (27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

more insight into the mechanism of ESDPT in the 2AP/acetic M- A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
acid system Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
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