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Abstract

Dual-level direct dynamics calculation of the ground-state proton transfer reaction is reported for the 7-azain-

dole(7AI)/carboxylic acid system. The reaction path was calculated and the two-dimensional potential energy surface

scan was performed at various levels of theory. Only one transition state geometry was resolved in the ground state

from the ab initio calculation. The zero-point corrected barrier for the reverse proton transfer was found to be small

(�0.2 kcal/mol). The calculated reverse rate constant (1:45� 1012 s�1) at 300 K is significantly higher than the rate of
tautomer emission (3:8� 108 s�1) from the S01 excited state.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

The excited-state double proton transfer (ES-

DPT) reaction in the 7-azaindole (7AI) dimer has

long been recognized as a prototype to mimic the

photoinduced mutation of the DNA base pair [1].
The large separation (see Fig. 1) between N(1)–H

proton and pyridinic nitrogen (N(7)) in 7AI pro-

hibits the intramolecular single-proton-transfer

process. Accordingly, proton transfer takes place

through the assistance of guest molecules pos-

sessing bifunctional properties. For 7AI/guest hy-

drogen-bonded (HB) complexes, the energetics

and structures of the proton-bridged relay as well

as the reaction dynamics through the proton

conduit have received considerable attention. Re-

cently, femtosecond techniques have actively par-
ticipated in studying the dynamics of ESDPT in

the 7AI dimer [2–6]. Although the interpretation is

somewhat scattered in terms of a one-step [2–4,7,8]

versus two-step [5,6,9] mechanism, kinetic isotope

effects on the rate of ESDPT are clearly resolved

and a small energy barrier has been deduced. In

another approach, in contrast to the prohibition of

excited-state proton transfer for the isolated 1:1
and 1:2 7AI/H2O complexes in the cold beam

[10,11], the remarkable excited-state proton-
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transfer tautomerism for 7AI in bulk protic sol-
vents [1,12–15] implies that solvation stabilizations

play a key role in proton transfer dynamics. In the

gas phase, Chaban and Gordon [16] calculated

that the presence of one water molecule signifi-

cantly reduces the excited-state proton transfer

barrier to 66 kcal/mol. The addition of more than

one water molecule should result in a further

lowering of the activation energy. Siebrand and
co-workers [17] shared the same viewpoint and

suggested that model studies involving more sol-

vent molecules are needed before reaching a basic

understanding of the proton transfer process in

bulk water. Further direct dynamic approaches to

the water catalyzed proton transfer in 7AI have

been reported with a modified instanton method
[18], in which the multidimensional trajectory

along the reaction potential energy surface (PES)

has been systematically simplified. In another ap-

proach, a molecular dynamic simulation in bulk

water performed by Mente and Maroncelli [19] led

to a conclusion in favor of the slow ESDPT re-

action dynamics (�a few hundreds ps) from the

entire 7AI solvated species that exists predomi-
nantly as a 1:2 (7AI=H2O) �neighbor-bonded�
structure. This viewpoint was recently supported

by analyzing both the rise and decay dynamics of

the dual emission for a 7AI analogue, 3-cyano-7-

azaindole, in H2O [20].

An equally important approach is to gain de-

tailed insights into the dynamics of ground-state

proton transfer, which might provide the funda-
mental basis for the biological process where ex-

ternal HB bridges are necessary for the proton

transfer reaction. Unfortunately, except for the

7AI dimer, to our knowledge, dynamic approaches

of the ground-state reverse proton transfer

(GSRPT) for 7AI/guest systems have not yet been

reported. The lack of real time GSRPT dynamics

makes theoretical approaches intriguing and sig-
nificant. In this study, both experimental and

theoretical attempts have been made to investigate

the ground-state proton transfer dynamics on the

7AI/carboxylic acid HB system. The 7AI/carbox-

ylic acid dual HB complex offers several advanta-

ges over the 7AI dimer [21] or other corresponding

hydrogen-bonded complexes [16–18] with respect

to theoretical approaches. In comparison to the
7AI dimeric system, the relatively small molecular

framework in, e.g., the 7AI/formic or acetic acid

complex allows a more accurate dynamic ap-

proach based on higher levels of theory. Con-

versely, unlike 7AI=H2O or 7AI/alcohol complexes

requiring the aforementioned second-shell solvent

stabilization for the transition state (TS) or inter-

mediate [16–18], the formation of a 1:1 7AI/acetic
acid complex has been reported to undergo a fast

rate of ESDPT in nonpolar solvents [22]. One thus

Fig. 1. The structures of the reactant complex, the product

complex, and the double proton transfer transition state for the

7AI/formic acid system calculated at B3LYP/6-31G(d0,p0) level.

The bond lengths are in angstroms.
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expects similar ground-state proton transfer dy-

namics free from solvent perturbations, simplify-

ing the theoretical approaches. Furthermore, the

dissociation of the 7AI(T) dimer (hereafter (T)

denotes the proton-transfer tautomer) in the ex-

cited state has been reported, giving rise to the
7AI(T) monomer species that undergoes slow

GSRPT dynamics (vide infra) [23]. This compli-

cation can be avoided in the 7AI/acetic acid system

due to its large association constant [22].

2. Experimental section

2.1. Theoretical methods

Note that formic acid instead of acetic acid was

applied as the guest molecule in the theoretical

approach in order to reduce the computational

demand. Such a replacement should make only

small differences in the results due to the similarity

in the two molecular structures, in particular the
carboxylic functional group.

The structures of the reactant complex, the

product complex, and the double proton-transfer

transition state in the electronic ground state

were calculated using the PM3 semiempirical

method and the Hartree–Fock and B3LYP hy-

brid density functional theory with a 6-31G(d0,p0)

basis set. We also calculated two dimensional
potential energy maps by varying the N–H and

O–H bond distances involved in the hydrogen

transfer in a relaxed scan calculation at both the

PM3 and HF/6-31G(d0,p0) levels. Single point

energy calculations were performed at the MP2/

6-31+G(d0,p0) and QCISD/6-31G(d0,p0) levels

at the B3LYP/6-31G(d0,p0) stationary point

geometries.
In the dynamics modeling, we performed dual-

level variational transition state theory (VTST)

[24,25] calculations at the canonical variational

theory (CVT) [24] level. The minimum energy

paths (MEP) [24] of the reaction and the deuter-

ated reaction (only the two hydrogen atoms being

transferred are deuterated) were calculated at

B3LYP/6-31G(d0,p0) levels of theory with gradient
and hessian steps of 0.005 and 0.025 bohr, re-

spectively. The scaling mass was set to 1 amu. The

MEP was calculated from )1.2 to 1.8 bohr. The
MEP of the perprotic reaction was also calculated

at the HF/6-31G(d0,p0) level for comparison. The

barrier width was calibrated using the SIL-2

scheme [26] based on the energy profile calculated

at the MP2/6-31 +G(d0,p0) level along the B3LYP/
6-31G(d0,p0) reaction path. The QCISD/6-31G

(d0,p0) single-point results were used for the high-

level energies in the dual-level VTST calculation.

Tunneling effects were considered by applying the

microcanonical optimized multidimensional tun-

neling (lOMT) approximation [27]. The electronic
structure calculation was performed using the

GAUSSIANAUSSIAN 98 program [28] and the VTST calcu-
lation was performed using the GAUSSRATEAUSSRATE 8.2

program [29].

2.2. Measurements

The nanosecond transient absorption was re-

corded with a laser flash photolysis system (Ed-

inburgh LP920), in which the 4th harmonic (266
nm) of an Nd:YAG laser (266 nm) and a white-

light square pulse were used as pump and probe

beams, respectively. These two pulses were cros-

sed at a 90� angle with an overlapping distance of
�10 mm. The temporal resolution was limited by
the excitation pulse duration of �6 ns. The tran-
sient absorption system has been optimized by

studying GSRPT of 7-hydxoyquinoline (7HQ) in
methanol. Upon excitation 7HQ undergoes a

solvent (e.g., methanol) catalyzed proton transfer,

giving rise to a keto-tautomer species. The ground

state keto-tautomer is long-lived (s � 4:2 ls) with
a transient absorption maximized at 430 nm [30].

Using 7HQ as a standard reference, a transient

absorbance as low as �1:0� 10�3 could be

achieved in the current system with an average of
100 laser shots.

The setup of two-step laser induced fluorescence

(TSLIF) measurements has been explained in our

previous report [23]. In this study, a 4th harmonic

of the Nd:YAG served as a pump pulse, while an

Nd:YAG laser (355 nm) pumped optical para-

metric oscillator was used as the probe pulse, of

which the wavelengths, after second harmonic
generation, could be tuned in the range of 400–460

nm. Occasionally, a (3rd harmonic (355 nm) of the
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YAG laser was used as a probe pulse. The sample

solution was either aerated or degassed through

three freeze-pump-thaw cycles.

3. Results and discussion

3.1. Experimental approaches

Several excited-state proton transfer mole-

cules such as 7-hydroxyquinoline [30], o-hydroxy-

benzaldehyde [31] undergo fast (�picoseconds)
excited-state proton transfer, while the GSRPT is

relatively much slower (�microseconds). Thus, the
main goal of the experiments in this study is to

search any long-lived ground-state tautomer spe-

cies generated from the excited-state proton

transfer reaction. It is worth noting that in the case

of the 7AI dimer, an unexpectedly slow rate of

GSRPT (�microseconds) was once reported [32].
However, later experiments based on spectral dif-

ferences in the tautomer emission between steady
state and TSLIF measurements concluded that the

long-lived transient species originates from the

7AI(T) monomer generated by the dissociation of

the 7AI(T) dimer during its excited-state life span.

Accordingly, the intrinsic GSRPT in the 7AI(T)

HB dimer is also too fast to be resolved [23]. For

the case of the 7AI/acetic acid HB complex, the

rate constant of tautomer S01 ! S00 transition was
measured to be 3:8� 108 s�1 (sf ¼ 2:63� 10�9 s
[22]). If the rate of S00 ! S0 ground state reverse

proton transfer (GSRPT) is �3:8� 108 s�1, it
would be conventionally irresolvable because the

rate determining step is attributed to the S01 ! S00
relaxation. Thus, the possibility of slow (>few
nanoseconds) GSRPT was first examined by

nanosecond transient absorption experiments. In
this study 7AI (�2:8� 10�4 M) containing

1:0� 10�2 M acetic acid in degassed cyclohexane

was prepared. Knowing the association constant

of �1:8� 104 M�1 [22], �98% of 7AI was calcu-

lated to be in the form of 7AI/acetic acid complex.

The absorbance at the excitation wavelength of

266 nm was measured to be �1.2.
Under the system limit of 10�3 in absorbance

(see experimental section) we however were un-

able to resolve any transient spectra for the 7AI/

acetic acid system in both degassed and aerated

cyclohexane. The lack of any transient absorp-

tion in the degassed solution also indicates either

negligible population efficiency or fast relaxation

time (�system response of 6 ns) for the 7AI(T)

triplet state at 298 K. The dynamics of GSRPT
in the 7AI/acetic acid system was also investi-

gated by TSLIF, in which the probe wavelength

was tuned throughout 400–460 nm (see experi-

mental section). Similarly, no TSLIF signal, i.e.,

the transient tautomer emission maximum at

�490 nm, was resolved at a pump–probe delay
time of >6 ns. Note that in the TSLIF experi-

ment the prompt tautomer fluorescence generated
by the pump pulse has been subtracted. Sum-

marizing the experimental results, both transient

absorption and TSLIF measurements indicated

that the rate constant of GSRPT is much greater

than that of the 7AI(T)/acetic acid emission of

3:8� 108 s�1.

3.2. Theoretical approaches

Table 1 lists the calculated energies of reaction,

DE, and barrier heights, DV 6¼, at various levels of

theory. The forward double proton-transfer reac-

tion, i.e., 7AI(N)/formic acid! 7AI(T)/formic

acid, is endoergic in the electronic ground state.

Table 1

Calculated energiesa of reaction and barrier heights (in kcal/

mol) for the 7AI/formic acid system at various levels

DV 6¼ Erxn

PM3 24.1, 29.3b 11.5

HF/6-31G(d0,p0)c 16.7 (13.6) 10.9 (11.0)

B3LYP/6-31G(d0,p0)// 7.8 (4.8) 7.0 (6.6)

MP2/6-31+G(d0,p0)//B3LYP/

6-31G(d0,p0)

9.3 8.0

QCISD/6-31G(d0,p0)//B3LYP/

6-31G(d0,p0)

11.8 9.2

a Born–Oppenheimer energies; values in parentheses include

zero-point energy correction calculated at the same level of

theory.
b These values are for the energies of the first and second

transition state (TS), respectively. The energy of the complex

between the two TS is 20.9 kcal/mol.
c 6-31G(d0,p0) is a modified version of the 6-31G(d, p) basis

set developed by Petersson and coworkers, defined as part of

the Complete Basis Set methods. See G.A. Petersson, M.A.

Al-Laham, J. Chem. Phys. 94 (1991) 6081.
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The reaction energy calculated at our highest-level

calculation [QCISD/6-31G(d0,p0)] was 9.2 kcal/

mol. Using the PM3 semiempirical method we

were able to locate two distinct transition states

with barrier heights of 24.1 and 29.3 kcal/mol.

However, Hartree–Fock and B3LYP calculations
showed only one transition state with barriers of

16.7 and 7.8 kcal/mol, respectively. The barriers of

the reverse reaction were predicted to be very low

(0.8–2.6 kcal/mol) by calculations that explicitly

include correlation energy. When the vibrational

zero-point energies calculated at the B3LYP/

6-31G(d0,p0) level are included, the reverse barrier

disappears at the B3LYP and MP2 levels and it
becomes only 0.2 kcal/mol at the QCISD level.

The calculated structures of the reactant, TS,

and product at B3LYP/6-31G(d0,p0) level are

shown in Fig. 1. All optimized geometries are in

the planar configuration. As shown in Fig. 1, the

N7–H15 distance changes drastically from 1.67 �AA
in the reactant to 1.07 �AA in TS, indicating that at
TS, the first hydrogen transfer from the acidic
hydrogen (H15) of the formic acid is nearly com-

plete, while the other hydrogen (H16) being

transferred is only at the midway point. The hy-

drogen bond distances of H15–O19 and N1–H16

in the product are on average 0.13 �AA shorter than
those in the reactant (i.e., H16–O17 and N7–H15).

The result correlates with the calculated 7AI-for-
mic acid association (Born–Oppenheimer) energies

of 16 kcal/mol for the normal (7AI) form and 21

kcal/mol for the tautomer (7AI(T)) form at

B3LYP/6-31G(d0,p0) level.

Figs. 2 and 3 show the contour plots obtained

by two-dimensional relaxed PES scans via PM3

and HF/6-31G(d0,p0) methods, respectively. The

reaction paths calculated by the HF/6-31G(d0,p0)
and B3LYP/6-31G(d0,p0) methods were also map-

ped in Fig. 3. As shown in Fig. 2, at the PM3 level

the first TS corresponds to the first proton transfer

process from the formic acid to 7AI. The reaction

path then passes through an intermediate 3 kcal/

mol lower than the first TS in energy before

passing a sharp turn leading to the second TS.

However, at the HF/6-31G(d0,p0) level, as shown in
Fig. 3, the reaction path only has a rather flat

Fig. 2. Two dimensional potential energy map of the ground-state double proton transfer reaction in the 7AI/formic acid system

calculated at PM3 level. The energies (in kcal/mol) are relative to that of the reactant.
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region, which corresponds to the first proton

transfer process before the sharp turn leading to

the only TS. The B3LYP/6-31G(d0,p0) reaction

path lies on the lower-right side of the HF/

6-31G(d0,p0) reaction path (see Fig. 3), indicating

that the molecular geometry on the reaction path
at the B3LYP level has longer H16–N1 and

shorter H15–O19 bond distances.

The calculated ground-state forward reaction

energy barrier (8–12 kcal/mol, depending on the

levels of theory) of the current system is not high.

Thus, the reaction should proceed readily at room

temperature. However, due to its negligibly small

energy barrier, the rate of reverse reaction is sev-
eral orders of magnitude faster than that of the

forward reaction. The calculated unimolecular

forward and reverse rate constants on the ground

electronic state and the corresponding deuterium

kinetic isotope effects are listed in Table 2. As

clearly shown in Table 2, the rate constant of the

reverse reaction at, e.g., 300 K is larger than that

of the forward reaction by more than six orders of

magnitude. Variational effects [24] are strong in

the current system, decreasing the TST rate con-

stants by a factor of 2.4 at 300 K. Conversely, the

tunneling effects are found to be less important at

room temperature, increasing the CVT rate con-

stant by 55% at 300 K. The relatively small tun-
neling effects are mainly due to the very low

tunneling barrier since the energy of the TS is only

slightly higher than that of the product (i.e., the

7AI(T)/formic acid complex). The small energy

barrier also rationalizes the small temperature

dependence in the reverse rate constants shown in

Table 2. At the CVT/lOMT level, the deuterium
kinetic isotope effects at 300 K were calculated to
be 2.2 and 1.7 for the forward and reverse reac-

tions, respectively. The reverse rate constant at 300

K was estimated to be 1:45� 1012 s�1 at the CVT/
lOMT level, which is �three orders of magnitude
larger than the lower limit of 3:8� 108 s�1 [22]
deduced from the decay rate of the 7AI(T)/acetic

acid emission following the excited-state proton

transfer process.

Fig. 3. Two dimensional potential energy maps at HF/6-31G(d0,p0) level. The solid circles and triangles denotes the calculated reaction

paths at HF6-31G(d0,p0) and B3LYP/6-31G(d0,p0) levels, respectively. The energies (in kcal/mol) are relative to that of the reactant. The

s values are reaction coordinates in mass-scaled bohrs.
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4. Conclusion

In conclusion, we have made theoretical ap-

proaches to mimic the PES as well as dynamics of

the ground-state double proton transfer in the 7AI/

formic acid system. At the ab initio Hartree–Fock

level or upon incorporating electron correlation,

we find only one reaction energy barrier, indicating
a concerted, asynchronous double proton transfer

reaction in which the reverse barrier is almost

negligible. Temperature dependent multidimen-

sional proton transfer rate constants were obtained

using dual-level direct dynamics methods [25,26].

The rate constant of GSRPT was estimated to be

on the order of 1011 s�1 at a temperature as low as

77 K, which might experimentally be resolvable
through the picosecond transient absorption in-

corporating stimulated emission-pumping tech-

nique [33]. It is however very difficult to achieve the

1:1 7HQ/guest dual HB complex formation in this

type of cryogenic condition without interferences

from aggregation [34]. Alternatively, an integrated

system intrinsically composed of 7AI and a car-

boxylic group is proposed so that the intramolec-

ular dual hydrogen bonds should serve as a

prototype for the experimental approach. Focus on

this is currently in progress.
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