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transfer in the 7AI–(EtOH)2 complex and had little effect 
on the 7AI–(EtOH) complex.
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1  Introduction

Excited-state proton/hydrogen-atom transfer (ESPT/HAT) 
reaction has received considerable attention in recent years 
since it exists in a wide variety of biological and chemi-
cal processes [1–8]. In biological systems, proton/hydro-
gen-atom transfer usually takes place over a long distance 
across hydrogen-bonded chains between donors and accep-
tors which can provide an effective pathway for the rapid 
migration protons/hydrogen-atoms. The mechanism of 
ESPT, which relates to the strength of a hydrogen bond 
and dynamics of proton motion, provides much valuable 
information on the basic of chemical reaction in biological 
systems. Thus, it is fundamentally and practically impor-
tant to understand the details of such long-range proton 
transfer processes. However, it is extremely hard to observe 
this long-range proton transfer process along a proton wire 
experimentally at the atomic level due to the structural 
complexity and massiveness of protein [4–7]. Therefore, 
it is necessary to establish a simplified model in order to 
simulate the proton transfer process.

Among numerous ESPT molecules, 7-azaindole (7AI) 
molecule is a very important model system to study the 
proton transfer process since it is similar to the molecule 
with the DNA base pair [9]. 7AI contains one proton-donor 
nitrogen atom in the five-member ring and one proton-
acceptor nitrogen atom in the six-member ring and there-
fore shows simple hydrogen-bonding structures upon 
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multireference perturbation theory (MRPT2) to consider 
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ble-proton transfer in 7AI–EtOH occurs in a concerted but 
asynchronous mechanism. Similarly, such paths are also 
found in the two transition states during the excited-state 
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is that the proton from the pyrrole ring moved first to eth-
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first to pyridine ring. The CASSCF level with the MRPT2 
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dimerization and complexation with polar solvents. Then, 
the excited-state proton transfer takes place through form-
ing a cyclic hydrogen-bonding complex. Compared to the 
isolated 7AI, the energy barrier of tautomerization in 7AI 
was dramatically reduced by the complexation with one 
water molecule when the dynamic electron correlation was 
considered [10]. Detailed studies of intermolecular excited-
state proton transfer (ESPT) in given media have increased 
dramatically for understanding the basic proton transfer 
dynamics [10–14]. One fundamental interest regarding 
the proton transfer is in whether the mechanism incorpo-
rates the concerted or stepwise pattern. In the concerted 
mechanism, multiple protons transferred simultaneously 
in a single step, while in the stepwise mechanism, multiple 
protons transferred sequentially with more than one step, 
where a stable intermediate compound was formed on the 
way. Another basic interest on the proton transfer process is 
the order of migration proton, namely which proton moves 
first to trigger the proton transfer process. If the direct pro-
ton relay from an acid to a base is not considered, there are 
two possible reaction paths in the solvent-mediated pro-
ton transfer process named protolysis path and solvolysis 
path [2, 15], respectively. This two reaction paths are cor-
responding to the different order of migration proton. The 
solvolysis path is the path that proton transfers from a sol-
vent molecule to a base followed by deprotonation of an 
acid by the solvent molecule. On the contrary, if the proton 
transfers from an acid to a solvent molecule with subse-
quent proton scavenging by a base, this path is the protoly-
sis path.

Recently, Sakota et  al. [16] investigated the excited-
state multiple-proton/hydrogen-atom transfer reactions 
in the 7-azaindole ethanol clusters, 7-azaindole–(EtOH)n 
(n = 1–3), in the gas phase by combining electronic spec-
troscopy and quantum chemical calculations. They found 
that the geometry of 7AI–(EtOH)2 is very similar to the 
7AI–(CH3OH)2 geometry; the solvent molecules bridge 
the heteroaromatic N atom and the NH group in the five-
member ring by intermolecular hydrogen bonds, forming a 
cyclic structure. The multiple-proton transfer is solvent and 
cluster-size selective and the excited-state tautomerization 
was observed only when n =  2 in the gas phase, and no 
clear evidence for the existence of excited-state double-
proton transfer (ESDPT) and the excited-state quadruple-
proton transfer (ESQPT) has been obtained. However, the 
detailed ESPT mechanism has not been clarified for    7AI–
(EtOH)n clusters.

Kwon et  al. [17] found that the rate constants of 7AI–
alcohol complexes were dependent on the acidity of the 
alcohol in heptane; thus, they proposed that the proton 
transfer of 7AI was triggered by initial transfer of a proton 
from the alcohol to the pyridine nitrogen of 7AI, forming a 
cationic 7AI intermediate species, and was completed by 

rapid proton transfer from the pyrrole nitrogen of the inter-
mediate to the transient alkoxide. We reported high-level 
calculations of potential energy surfaces for the ESPT pro-
cesses in the 7AI–(CH3OH)n (n = 1, 2) cluster successfully 
using complete active space self-consistent field (CASSCF) 
method with the second-order multireference perturbation 
theory (MRPT2) as well as the time-dependent density 
functional theory (TDDFT) with long-range correction 
[18–20]. The theoretical results made us conclude that the 
concerted mechanism is more favorable in these clusters 
and that the two/three protons transfer asynchronously. The 
proton moved first from the N–H group in pyrrole ring of 
7AI to methanol with subsequent proton scavenging by the 
N atom in pyridine ring, which indicates the opposite pro-
ton transfer pathway compared to the Kwon’s observations 
[17].

Either excited-state proton transfer or hydrogen-atom 
transfer process occurs depending on the energy order of 
the Sππ* and Sπσ* in the target systems. These states are 
very important to confirm the nature of the excited-state 
reactions. Proton transfer is along the Sππ* state, while 
hydrogen-atom transfer is along the Sπσ* state [21–24]. Par-
ticularly, it has been reported by investigating the energy 
paths that the Sπσ* state lies well above the Sππ* state with-
out intersections [25, 26].

Until now, the multiple-proton transfer reactions are 
reported for very limited molecular systems in the gas 
phase, and further information is necessary to investigate 
the proton transfer mechanism. Thus, the investigation of 
the multiple-proton transfer in 7AI–(EtOH)n clusters in the 
gas phase will throw light on obtaining detailed information 
about the solvent-assisted multiple-proton transfer, which 
is useful to reveal the proton transfer dynamics in compli-
cated molecular systems such as enzymes and proteins. The 
purpose of this work is to perform a systematic study of 
tautomerization in the biologically interesting complexes: 
7AI–EtOH and 7AI–(EtOH)2. One goal is to illustrate the 
excited-state multiple-proton transfer mechanisms. The 
other interest is to prove whether the substitution of the 
ethyl group for the methyl group in the 7AI–(MeOH)n 
(n = 1, 2) complex has any effect on the geometric struc-
tures and the ESPT dynamics, i.e., barrier height, proton 
transfer mechanism (concerted or stepwise, synchronous or 
asynchronous).

2 � Computational details

The geometries of the reactant, product and transition 
state (TS) of the excited-state tautomerization in the 7AI–
(EtOH)n (n = 1, 2) complexes were fully optimized at the 
CASSCF level with 6-31G(d,p) and 6-311G(d,p) basis sets 
using the Gaussian 09 program [27] in the gas phase. To 



Theor Chem Acc (2015) 134:142	

1 3

Page 3 of 10  142

carry out the CASSCF calculation, the crucial step is to 
select the proper active space. For the ESPT process in the 
7AI–(EtOH)n (n =  1, 2) complexes, the single electronic 
state Sππ* was considered. Therefore, the obvious choice 
for an active space in 7AI complexes would include four 
π bonds, four corresponding antibonding orbitals, and one 
nitrogen π lone pair. This results in the active space of 10 
electrons in 9 orbitals and is denoted CASSCF(10, 9). The 
active orbitals of TS in the 7AI–(EtOH)n (n = 1, 2) com-
plexes are shown in Figure SI–SIII in the Supporting Infor-
mation. Optimized structures were verified by calculating 
the vibrational frequencies and establishing that there are 
no imaginary frequency for the reactant and product and 
only one imaginary frequency for the TS. Single-point 
energy calculations were also performed using the second-
order multireference perturbation theory (MRPT2) [28–33] 
for stationary points. The general theoretical background 
[29] is as follows.

The state-specific Rayleigh–Schrödinger perturbation 
theory based on the unperturbed eigenvalue equation

leads to the first few E(k)
I  as

V is a perturbation, R is the resolvent operator

where Q = 1 − P, P is defined as an active space, and the 
remaining part of Hilbert space is called the orthogonal 
space Q.

E
(0)
I  is given in terms of orbital energies as

and the orbital energies are defined as

with

where Dij is the one-electron density matrix. The MCSCF 
orbitals are resolved to make the Fij matrix as diagonal 
as possible. The definition of an active space, the choices 
of active orbitals and the specification of the zeroth-order 
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Hamiltonian completely determine the perturbation 
approximation. When a CASSCF wave function is used as 
the reference, the zeroth- plus first-order energy is equal to 
the CASSCF energy. The lowest non-trivial order is there-
fore the second order. Let the reference function 
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 be a 
CASSCF wave function,

The energy up to the second order is given by

where {|I�} is the set of all singly and doubly excited con-
figurations from the reference configurations in CAS-
SCF. All MRPT2 calculations were performed using the 
GAMESS program [34].

3 � Results and discussion

3.1 � 7AI–EtOH complex

The structures of the reactant, TS and product in 1:1 
7AI:EtOH complex were obtained by means of CASSCF 
methods with 6-31G(d,p) and 6-311G(d,p) basis sets. The 
optimized structures of reactant and product were con-
firmed by the vibrational frequency calculations. Structures 
of the stationary points in the 7AI–EtOH complex opti-
mized at the CASSCF(10,9)/6-311G(d,p) level are shown 
in Fig.  1. For the 7AI–EtOH complex, the H-bond dis-
tances, H10–O16, H17–N6 in the reactant and N1–H10, O16–
H17 in the product at the CASSCF level using 6-31G(d,p) 
basis set were 2.147, 2.117, 2.189 and 2.176  Å, respec-
tively (Table 1). When the larger 6-311G(d,p) basis set was 
used, all H-bond distances became larger. The shorter the 
H-bond length, the higher the H-bond energy; therefore, the 
6-31G(d,p) basis set predicted strong H-bonds compared to 
the 6-311G(d,p) basis set. 

TS structures for the excited-state proton transfer reac-
tion in 7AI–EtOH were fully optimized and confirmed by 
frequency calculations and the intrinsic reaction coordinate 
(IRC) calculations, and some of the geometric parameters 
are listed in Table 1. In the TS at the CASSCF/6-31G(d,p) 
level, the H10 atom moved more than halfway along the 
reaction coordinate toward O16 (Fig.  1), whereas the H17 
atom rarely moved. In this double-proton transfer, the H10 
atom moved first followed by the H17 atom. This double-
proton transfer process has occurred in a typical concerted 
but asynchronous protolysis path. When the 6-311G(d,p) 
basis set was applied, CASSCF method predicted a similar 
TS structure, in which the H10 atom moved about 0.30 Å 
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from N1 to O16 along the reaction coordinate, whereas the 
H17 atom rarely moved.

A correlation plot between the hydrogen bond length 
and the proton transfer coordinate is shown in Fig.  2. 
Hydrogen bond coordinates q1  =  (1/2)(rAH  −  rBH) and 
q2  =  rAH  +  rBH were used to represent the correlation 
between rAH and rBH in many hydrogen-bonded complexes 
(A–H…B) [35, 36]. In the A–H…B complexes, the rAH and 
rBH distances depend on each other, leading to allowing rAH 
and rBH values based on the following Pauling equations 
under the assumption that the sum of two bond orders is 
conserved, nAH + nBH = 1:

(10)nAH = exp
{

−

(

rAH − r0AH

)

/bAH

}

(11)nBH = exp
{

−

(

rBH − r0BH

)

/bBH

}

where r0
AH and r0

BH are the equilibrium lengths of the free 
AH and BH bonds, and bAH and bBH are the parameters 
describing the decrease in the AH and the HB unit bond 
valences with the corresponding distances. When the sym-
metric hydrogen bonds are OHO and NHN, b are 0.37 
and 0.404  Å, respectively [35, 36]. For a linear H-bond, 
q1 represents the distance of H from the H-bond center 
and q2 represents the distance between atoms A and B. A 
strong H-bond results in short rBH and slightly elongated 
rAH distances. Bond distance depends on bond energy and 
bond order. This type of correlation, i.e., the “bond energy 
bond order method,” has been used for many years to study 
hydrogen-atom transfer. When H is transferred from A to 
B in the A–H…B complex, q1 increases from negative to 
positive values and q2 goes through a minimum, which is 
located at q1 =  0. Limbach et  al. [35, 36] suggested that 
both proton transfer and hydrogen-bonding coordinates 
could be combined into the same correlation. It is a good 

Fig. 1   Reactant, product 
and the transition state of 
the ESDPT in the 7AI–
C2H5OH complex at the 
CASSCF(10,9)/6-311G(d,p) 
level

Table 1   Geometric parameters 
(Å) of reactant, product and 
transition states for excited-state 
proton transfer in 7AI–alcohol 
complexes

a  The results from Ref. [18]

7AI–C2H5OH Reactant Product

r(H10–O16) r(H17–N6) r(N1–H10) r(O16–H17)

CASSCF(10,9)/6-31G(d,p) 2.147 2.117 2.189 2.176

CASSCF(10,9)/6-311G(d,p) 2.161 2.129 2.202 2.190

Transition state

r(N1–H10) r(H10–O16) r(O16–H17) r(H17–N6)

CASSCF(10,9)/6-31G(d,p) 1.292 1.184 1.029 1.578

CASSCF(10,9)/6-311G(d,p) 1.301 1.173 1.014 1.623

7AI–CH3OHa Reactant Product

r(H10–O16) r(H17–N6) r(N1–H10) r(O16–H17)

CASSCF(10,9)/6-311G(d,p) 2.154 2.127 2.199 2.187

Transition state

r(N1–H10) r(H10–O16) r(O16–H17) r(H17–N6)

CASSCF(10,9)/6-311G(d,p) 1.299 1.174 1.019 1.605
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choice to use this correlation to study the characteris-
tics of transition state, such as earliness or lateness, bond 
order and synchronicity. The q1 value of TS is negative or 
positive when the TS is either early or late, respectively. In 
addition, the two q1 values for the double-proton transfer in 
TS should be very similar and different in the synchronous 
and asynchronous mechanism, respectively.

The correlations between N1–H10 and H10–O16 distances 
(H10 transfer), and N6–H17 and H17–O16 distances (H17 
transfer) for the 7AI–EtOH complex at the CASSCF/6-
311G(d,p) level are shown in Fig. 2. It is interesting to note 
that all points for the reactant, product and TS were very 
close to the black line, which suggests that the sum of bond 
order at all stationary points was approximately conserved. 
In the proton transfer process, two q1 values for two pro-
ton transfers in the TS should be approximately the same. 

These q1 values of H10 and H17 transfer at the TS were a lit-
tle positive and very negative, respectively, which resulted 
in a highly asynchronous TS (slightly late and very early 
TS in terms of H10 and H17 transfers, respectively).

3.2 � 7AI–(EtOH)2 complex

The excited-state tautomerization of 7AI in alcohols [17, 37, 
38] has been discussed as a two-step process. The first step 
is the solvent reorganization to form cyclic hydrogen-bonded 
7AI–alcohol complexes, and the second step is an intrinsic 
proton transfer. If the solvent motion was rate limiting, no 
significant kinetic isotope effect (KIE) would be expected. 
However, KIEs for excited-state tautomerization have been 
observed in 7AI complexes with various alcohols, and Moogs 
and Maroncelli [37] suggested that both solvent reorganiza-
tion and the intrinsic proton transfer step could determine 
the reaction rate. Since the ESPT is very fast, the hydrogen-
bonded complexes, either cyclic or non-cyclic, should be pre-
sent before excitation. Therefore, it is necessary to investigate 
what kind of hydrogen-bonded complex is most likely to be 
formed. Sakota et al. [16] reported that four structural isomers 
of 7AI–(EtOH)2 complex have been identified by RE2PI 
spectra. DFT calculations have predicted four different con-
formations for 7AI–(EtOH)2 in the ground state, in good 
agreement with the observation of the four structural isomers 
in the RE2PI spectra. The differences in the binding energies 
between the four isomers are very small. The most stable 
cyclic hydrogen-bonded structure of 7AI–(EtOH)2 complex 
[16] is energetically more favorable in the gas phase and has 
been chosen as the target structure to study the ESTPT pro-
cess. In the 7AI–(EtOH)2 complex, one C–C bond of ethanol 
is almost parallel and the other C–C bond of ethanol is nearly 
perpendicular to the long axis of 7AI.

Optimized structural parameters of the reactant, prod-
uct and TS for the 7AI–(EtOH)2 complexes are listed in 
Table 2, and structures at the CASSCF(10,9)/6-311G(d,p) 
level are depicted in Fig.  3. All H-bond distances in the 
reactant and product in the 7AI–(EtOH)2 complexes were 
smaller than those in 7AI–EtOH complex. The H-bonds 
in 7AI–(EtOH)2 complexes were more linear and shorter 
than those of the 7AI–EtOH complexes. Geometry of the 
TS was fully optimized at the CASSCF(10,9) level and was 
confirmed by frequency calculations and the intrinsic reac-
tion coordinate (IRC) calculations. It was interesting that 
two TS structures were found (see Fig. 3). In the first TS 
(denoted as TS1), the H10 moved more than halfway from 
N1 toward the O16 atom with the H17 and H23 rarely mov-
ing, which generated a EtOH2

+-like moiety in a portion 
of the TS (at O16). However, in the second TS (denoted to 
TS2), the H23 moved more than halfway from the O22 to 
N6 atom, but the H10 and H17 rarely moved, resulting in a 
EtO−-like moiety in a portion of the TS (at O22). This two 

Fig. 2   Correlation of the H-bond distances, q2 =  r1 +  r2, with the 
proton transfer coordinate, q1 = (1/2)(r1 − r2), for the 7AI–C2H5OH 
and 7AI–CH3OH complexes in the gas phase. All points are for the 
transition states in S1 optimized at the CASSCF/6-311G(d,p) level. 
The solid lines designate the correlation that satisfies conservation of 
the bond order. The parameters for Pauling equations were from the 
literature [35]. The structural parameters of the 7AI–CH3OH complex 
were from Ref. [18]. The region above and below the black line is 
where the sum of bond order is smaller and larger than unity, respec-
tively
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proton transfer paths found in TS1 and TS2 are exactly cor-
responding to the protolysis and solvolysis path, respec-
tively. Because of the fact that only one proton moved sub-
stantially, while the other two protons moved, a stepwise 
mechanism with a possible intermediate was predicted. 
However, all calculations to find the intermediate end up 
either the reactant or the product. These results show that 
concerted but asynchronous processes exist in the ESTPT. 

The correlation between q1 and q2 for the ESTPT in the 
7AI–(EtOH)2 complex at the CASSCF/6-311G(d,p) level is 
depicted in Fig. 4. For the TS1 in the 7AI–(EtOH)2 com-
plex, the q1 values of H10 transfer and H23 transfer were 
very positive and negative, respectively, whereas those 
for the TS2 were opposite. These results indicate that the 
asynchronousity of the two processes is opposite in terms 
of the order of H10 and H23 transfers. It is interesting to 
note that the correlation points for both TSs were under the 
solid line, which suggests that the total bond order at TS 
is increased. The formation of EtOH2

+-like moieties at TS 
and EtO−-like moiety at TS2 might induce coulomb inter-
actions to increase the bond order.

3.3 � The energetics of ESPT

Barrier heights (ΔV) and excited-state tautomerization ener-
gies (ΔE) for the 7AI–EtOH and 7AI–(EtOH)2 complexes 
are listed in Table  3. We used the CASSCF(10,9) method 

Table 2   Geometric parameters (Å) of reactant, product and transition states for excited-state proton transfer in 7AI–(alcohol)2 complexes

a  The results from Ref. [18]

7AI–(C2H5OH)2 Reactant Product

r(H10–O16) r(O22–H17) r(H23–N6) r(N1–H10) r(O16–H17) r(O22–H23)

CASSCF(10,9)/6-31G(d,p) 1.974 1.897 2.008 2.073 1.921 2.027

CASSCF(10,9)/6-311G(d,p) 1.983 1.912 2.021 2.082 1.938 2.056

Transition state

r(N1–H10) r(H10–O16) r(O16–H17) r(H17–O22) r(O22–H23) r(H23–N6)

CASSCF(10,9)/6-31G(d,p)TS1 1.522 1.038 1.035 1.419 1.010 1.608

CASSCF(10,9)/6-311G(d,p)TS1 1.587 1.016 1.047 1.382 1.010 1.599

CASSCF(10,9)/6-31G(d,p)TS2 1.066 1.536 1.023 1.447 1.388 1.117

CASSCF(10,9)/6-311G(d,p)TS2 1.060 1.553 1.010 1.477 1.418 1.102

7AI–(CH3OH)2
a Reactant Product

r(H10–O16) r(O22–H17) r(H23–N6) r(N1–H10) r(O16–H17) r(O22–H23)

CASSCF(10,9)/6-311G(d,p) 1.789 1.827 1.896 2.079 1.931 2.021

Transition state

r(N1–H10) r(H10–O16) r(O16–H17) r(H17–O22) r(O22–H23) r(H23–N6)

CASSCF(10,9)/6-311G(d,p)TS1 1.548 1.027 1.045 1.385 1.009 1.599

CASSCF(10,9)/6-311G(d,p)TS2 1.067 1.526 1.018 1.451 1.416 1.103

Fig. 3   Reactant, product and two transition states (TS1 and TS2) of 
the ESTPT in the 7AI–(C2H5OH)2 complex at the CASSCF(10,9)/6-
311G(d,p) level
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with 6-31G(d,p) and 6-311G(d,p) basis set followed by a 
single-point MRPT2 correction to calculate the energet-
ics of the ESPT in the 7AI–EtOH and 7AI–(EtOH)2 com-
plexes. Tautomerization energies and barrier heights depend 
much on the dynamic electron correlation and basis set. The 

tautomerization energies of the 7AI–EtOH complex at the 
MRPT2/6-311G(d,p) level were −18.7 and −17.0  kcal/
mol with and without the ZPE corrections, respectively. 
The ΔE values of the 7AI–(EtOH)2 complex were −17.6 
and −17.0 kcal/mol using the 6-31G(d,p) and 6-311G(d,p) 
basis sets, respectively, with the ZPE corrections. The tau-
tomerization energies predicted for the 7AI–EtOH and 7AI–
(EtOH)2 complexes were within 2 kcal/mol.

The MRPT2 barrier height of the ESDPT in the 7AI–
EtOH complex was 8.8 and 8.1  kcal/mol using the 
6-31G(d,p) and 6-311G(d,p) basis sets without ZPE correc-
tion, respectively. For the triple-proton transfer in the 7AI–
(EtOH)2 complex, two transition states were predicted at 
the CASSCF level, and the barrier heights of TS1 and TS2 
with the MRPT2 correction were 7.4 and 9.3 kcal/mol with 
the 6-31G(d,p) basis set. TS2 was 1.9 kcal/mol and higher 
than TS1 in barrier height. These results suggest that the 
triple-proton transfer in the excited state occurred prefer-
ably via TS1. When the ZPE correction was included using 
the frequencies calculated at the CASSCF/6-311G(d,p) 
level, the MRPT2 barrier height of 7AI–EtOH complex was 
5.3  kcal/mol. According to the transition-state theory, the 
rate constant of ESPT in the 7AI–EtOH complex was cal-
culated. Kwon et al. [17] reported that the rate constant kHH 
in heptane was 1.05 × 1010 s−1. The rate constant obtained 
in this work in the gas phase was 10 times smaller than the 
experimental value due to overestimated barrier height by 
about 1.5 kcal/mol. Considering the lack of solvent effect 
and tunneling effect in this work, the agreement between 
our calculations and experiment is very good. At the same 
time, the ZPE-corrected MRPT2 barrier height of TS1 and 
TS2 in the 7AI–(EtOH)2 complex were 5.4 and 5.5  kcal/
mol with the 6-31G(d,p) basis set. No obvious difference 
was found between the ΔV values of TS1 and TS2 with the 
6-31G(d,p) basis set. When using 6-311G(d,p) basis set, the 
ZPE-corrected ΔV values of TS1 and TS2 with the MRPT2 
correction were 4.3 and 8.2 kcal/mol, respectively. The TS2 
barrier height was 3.9 kcal/mol and higher in energy than 
TS1. The difference in the ZPE-corrected barrier height 
between the 7AI–EtOH and 7AI–(EtOH)2 complexes was 
1.0 kcal/mol, using the 6-311G(d,p) basis set at the MRPT2 
level.

Sakota et al. [16] reported the vibrational-mode specific 
nature of the ESTPT; the excitation of 154, 166, 167 and 
170  cm−1 vibrational modes, which belong to four struc-
tural isomers, accelerated the reaction rate. We have found 
a similar vibrational mode to this specific vibrational mode, 
116  cm−1 at the CASSCF(10,9)/6-311G(d,p) level. This 
mode is a heavy-atom breathing motion without hydro-
genic motions, which brings two oxygen atoms and nitro-
gen atoms of 7AI closer, and shortens the reaction path to 
reach the transition state and hence to speed up the reac-
tion. These results are consistent with the vibrational-mode 

Fig. 4   Correlation of the H-bond distances, q2  =  r1  +  r2, with 
the proton transfer coordinate, q1  =  (1/2)(r1  −  r2), for the 7AI–
(C2H5OH)2 and 7AI–(CH3OH)2 complexes in the gas phase. All 
points are for the transition states in S1 optimized at the CASSCF/6-
311G(d,p) level. The solid lines designate the correlation that satisfies 
conservation of the bond order. The parameters for Pauling equations 
were from the literature [35]. The structure parameters of the 7AI–
(CH3OH)2 complex were from Ref. [18]. The region above and below 
the black line is where the sum of bond order is smaller and larger 
than unity, respectively
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specific nature of the ESTPT. The normal mode of vibra-
tion with 116  cm−1 of frequency in 7AI–(EtOH)2 was 
shown in Figure SIV in the Supporting Information.

The excited-state protropic tautomerization for 7AI in 
bulk solvents [9, 37, 39–41] implies that solvation plays 
a key role in proton transfer dynamics. According to our 
previous results, the solvent effects reduced barrier height 
of 7AI–(Solvent)n (solvent: H2O, MeOH, n  =  1, 2) by 
3–5  kcal/mol. Whereas the mechanism of proton transfer 
process in solution was same as in gas phase. However, the 
simulation discussed here for the 7AI–(EtOH)2 complex is 
limited in the gas phase due to the expensive costs (more 
than 5 days for the frequency calculations on a 8 cores).

3.4 � The effect of ethyl group substitution

By comparing the results on 7AI–(EtOH)n (n = 1, 2) with 
those on 7AI–(MeOH)n (n = 1, 2) reported preciously [18], 
some similarities of excited-state multiple-proton transfer 
(ESMPT) processes in these complexes can be found. The 
multiple-proton transfer reaction has been observed in both 
the 7AI–alcohol 1:1 and 1:2 clusters. For the 1:1 cluster, a 
concerted but asynchronous protolysis path has been found. 
Such concerted reaction paths are also found in the two 
transition states during the excited-state triple-proton trans-
fer (ESTPT) in the 7AI–alcohol 1:2 clusters. The protolysis 
and solvolysis ESTPT paths are by means of TS1 and TS2, 
respectively. The last feature is the specific vibrational-
mode of the ESTPT obtained in the 1:2 7AI–alcohol clus-
ters. This mode shows that the excitation of this vibrational 
mode shortens the reaction path to reach the transition state 

and hence to speed up the reaction. Additionally, some 
differences of ESMPT processes in the 7AI–alcohol 1:n 
(n = 1, 2) clusters existed and discussed as follows.

At first, the geometric structures in the 7AI–(EtOH)n 
(n =  1, 2) and 7AI–(MeOH)n (n =  1, 2) complexes [18] 
are compared at the CASSCF/6-311G(d,p) level. When 
the methyl group in the 7AI–CH3OH complex has been 
replaced by ethyl group, the structural parameters changed 
little. The H-bond distances, H10–O16, H17–N6 in the reac-
tant and N1–H10, O16–H17 in the product in the 7AI–EtOH 
complex were only 0.007, 0.002, 0.003 and 0.003 Å longer 
than those in the 7AI–MeOH complex, respectively. For 
the 7AI–ROH (R: – CH3, – C2H5) complex, one TS has 
been found, in which the proton from the NH group in the 
pyrrole ring of 7AI moved first to alcohol. The alcohol 
molecule accepts proton first from the 7AI molecule, which 
means that the basicity of mediating ROH has the effect 
on the geometry and energy of the 7AI–ROH (R: – CH3, 
– C2H5) complex. Compared to the corresponding geomet-
ric parameters of TS in the 7AI–MeOH complex, the N1–
H10 and N6–H17 distances of TS in the 7AI–EtOH complex 
were increased 0.002 and 0.016  Å, respectively, whereas 
the H10–O16 and O16–H17 distances decreased 0.001 and 
0.005  Å, respectively. These geometrical changes in TS 
were probably attributed to the electron-donating ethyl 
group that made the basicity (gas-phase proton affinity) of 
ethanol bigger than that of methanol [42, 43]. These small 
changes on the structural parameters resulted in few differ-
ences which can be seen in the correlation plot. As shown 
in Fig.  2, q2 and q1 values of H10 and H17 transfer at the 
reactant and product in the 7AI–MeOH and 7AI–EtOH 

Table 3   Tautomerization 
energies and barrier heights for 
excited-state proton transfer 
in 7AI–(alcohol)n (n = 1, 2) 
complexes

The numbers in parentheses include zero-point energies. Energies are in kcal/mol
a  TS1
b  TS2
c  The results from Ref. [18]

Computational method 7AI–C2H5OH 7AI–(C2H5OH)2

ΔV ΔE ΔV ΔE

CASSCF(10,9)/6-31G(d,p) 17.1 (13.8) −31.9 (−31.2) 14.7 (12.7)a

15.7 (11.9)b
−31.1 (−30.4)

CASSCF(10,9)/6-311G(d,p) 16.5 (13.7) −32.3 (−31.5) 14.0 (12.2)a

15.8 (12.7)b
−28.1 (−27.4)

MRPT2/CASSCF(10,9)/6-31G(d,p) 8.79 (5.43) −19.2 (−18.6) 7.42 (5.44)a

9.29 (5.48)b
−17.6 (−16.9)

MRPT2/CASSCF(10,9)/6-311G(d,p) 8.11 (5.26) −18.7 (−17.9) 6.08 (4.29)a

11.3 (8.15)b
−17.0 (−16.2)

7AI–CH3OHc 7AI–(CH3OH)2
c

ΔV ΔE ΔV ΔE

MRPT2/CASSCF(10,9)/6-311G(d,p) 7.90 (4.97) −18.6 (−17.9) 3.98 (1.81)a

10.2 (6.55)b
−18.9 (−18.5)
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complexes were almost identical. In the TS, the H17 corre-
lation point in the 7AI–EtOH complex moved a little to the 
upper-left side along the black line, while the H10 correla-
tion point was moved little. Positions of the TS on the H17 
transfer reaction coordinates became a bit late.

For the 7AI–(EtOH)2 complex, H-bond H10–O16, 
H17–O20 and H19–N6 distances in the reactant are 0.194, 
0.085 and 0.125  Å longer than the corresponding val-
ues in the 7AI–(MeOH)2 complex, respectively. In the 
product, the H-bond distances N1–H10, O16–H17 and 
O20–H19 in the 7AI–(EtOH)2 complexes are only 0.003, 
0.007 and 0.035  Å longer than the corresponding val-
ues in the 7AI–(MeOH)2 complex, respectively. For the 
7AI–(ROH)2 (R: – CH3, – C2H5) complex, two TSs have 
been obtained at the CASSCF level. ESTPT in TS1 is 
the path that the proton from the pyrrole ring of 7AI 
moved first to alcohol, while ESTPT in TS2 is the path 
that the proton from the alcohol moved first to pyridine 
ring of 7AI. Therefore, the basicity of mediating alco-
hol will affect the structural parameters and the bar-
rier height in TS1, and the acidity of alcohol will affect 
the structural parameters and the barrier height in TS2. 
When the TS1 structural parameters in 7AI–(EtOH)2 
were compared to those in 7AI–(MeOH)2, the N1–H10 
and O16–H10 distances were increased by 0.039  Å and 
decreased by 0.011  Å, respectively. These results are 
consistent with larger proton affinity (larger basicity) of 
EtOH than MeOH. And the protolytic pathway in ESPT 
would be favored if methyl is substituted by ethyl in the 
ROH molecule. When the TS2 structural parameters in 
7AI–(EtOH)2 were compared to those in 7AI–(MeOH)2, 
the O22–H23 and N6–H23 distances were almost the 
same although ethanol has a little larger gas-phase 
acidity than the corresponding value in methanol. The 
structural changes in the 7AI–(EtOH)2 complex led to 
the changes in the correlation plot (Fig. 4). Comparing 
the correlation H10 and H23 points in the 7AI–(EtOH)2 
complex to those points in the 7AI–(MeOH)2 complex, 
the q1 values of H10 transfer in TS1 and TS2 were more 
positive and negative, respectively. However, the q1 val-
ues of H23 transfer in TS1 and TS2 were unchanged. 
These results mean that the asynchronousity of proton 
transfer was increased because of the substitution the 
methyl group with the ethyl group.

Otherwise, the barrier height was affected since the 
methyl group was replaced by ethyl group. We found that 
the ZPE-corrected barrier height of the ESDPT in the 7AI–
EtOH has slightly larger tautomerization barrier than that in 
the 7AI–MeOH complex at the MRPT2/6-311G(d,p) level. 
For the 7AI–(EtOH)2 complex, the TS1 and TS2 barrier 
heights with ZPE correction at the MRPT2/6-311G(d,p) 
level are 2.5 and 1.6 kcal/mol higher than those values in 
the 7AI–(MeOH)2 complex.

4 � Conclusions

In the present work, systematic studies of the excited-state 
proton transfer reactions in the gas phase were performed 
on 7AI–(EtOH)n (n  =  1, 2) complexes using CASSCF 
method. The energetics of the excited-state tautomeriza-
tion depends on the dynamic electron correction. For the 
7AI–(EtOH)2 complex, CASSCF levels predicted two con-
certed but asynchronous paths of ESTPT: one where the 
proton moved first from the pyrrole ring of 7AI to ethanol 
and the other where the ethanol proton moved first to the 
pyridine ring. No obvious difference was found between 
the barrier heights of the two paths without considering 
the dynamic electron correlation. However, the MRPT2 
correction clearly showed that the former path was much 
referable to the latter. The tautomerization barrier of the 
7AI–(EtOH)2 complex was 4.3  kcal/mol at the MRPT2/
CASSCF(10,9)/6-311G(d,p) level, which is lower than that 
of the 7AI–EtOH complex.

The effect of the substitution of ethyl group for the 
methyl group in the bridge methanol molecule in the 7AI–
MeOH complex has been discussed. Some similarities 
and differences of excited-state multiple-proton transfer 
(ESMPT) processes in these complexes were found. For 
the one ethanol complex, the ethyl group in the complex 
had little effect on the structures and the dynamic mecha-
nism. However, for the two ethanol complex, the substitu-
tion of ethyl group for the methyl group led to the higher 
barrier height, increased the asynchronousity of proton 
transfer and changed the geometric parameters obviously.
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