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Abstract

A systematic study on the effect of extra hydrogen bonding (H-bonding) and water chain on ground-state multiple proton
transfer (GSMPT) in 2-aminopyridine (2AP) complexes bonded with 1-3 water molecules was explored at the M06-2X/6-
311+G(d, p) level. In 2AP-(H,0),,,, (n = 1-3, m = 1) complexes, n and m represented the number of water molecules
which involved in PT process and formed an extra H-bonding with 2AP-(H,0),_;, respectively. The analyses of structural
parameter and correlation plot indicated that the H-bonded chain did not influence the GSPT mechanism, but affected the
barrier height of GSPT. The H-bonded chain composed of water dimer in 2AP complex is more favorable to PT process
than that of one water or water trimer. However, the extra H-bonding formed at different region had different effects on
GSPT process. Evidently, when the extra H-bonding is formed in the proton donating and proton accepting regions, the
concerted but asynchronous solvolysis pathway is not changed, but the asynchronicity of proton transfer is enlarged. When
the extra H-bonding is formed at the bridging water region, 2AP-(H,0); maintains the concerted but asynchronous solvolysis
pathway to occur GSPT, while 2AP-H,0O undergo GSPT process in a concerted but asynchronous protolysis pathway. In
addition, the extra H-bond formed in the proton accepting region is favorable to GSPT process. The GSPT mechanisms in
2AP-(H)0),, gy and 2AP-(H,0),, gy in water change from protolysis pattern to solvolysis pattern. The solvation effect

augments the asynchronicity of the concerted pathway and decreases the barrier height of GSPT.
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Introduction

Proton transfer (PT) occurring in the bifunctional organic
compounds with proton donating group and accepting group
is broadly existed in life and chemical processes [1-5].
The structure of bifunctional compound itself determines
the type of PT process (intramolecular or intermolecular
PT). The intramolecular PT (IntraPT) can take place along
the strong intramolecular hydrogen bonding (H-bonding)
formed between proton donor and proton acceptor within
one compound. The intermolecular PT (InterPT) usually
occurs with the assistance of bridging molecule such as
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protic solvent (e.g., H,0, CH;0H, NHj, etc.) which can con-
nect the proton donor and proton acceptor by intermolecu-
lar H-bonding [6-9]. The solvent-mediated InterPT process
has aroused great interest and been widely investigated on
the reaction mechanism which may give more useful infor-
mation to interpret and control the chemical and biological
processes [10-16].

2-Aminopyridine (2AP) is a suitable example to study proton
transfer reaction, which has a proton donor (N-H) and a proton
acceptor (aromatic N) and can be used as structural minic of
pyrimidine bases. And its dimer has been used as model for
investigating the hydrogen-bonded (H-bonded) DNA base pairs
[17-24]. Hager and Wallace [25, 26] investigated the complexes
of 2AP with H,0 and NH; by using multiphoton ionization and
photoionization spectroscopy. Wu et al. have studied the clusters
of 2AP with one and two water molecules by R2PI and IR/R2PI
spectroscopy, as well as ab initio calculation [27]. They reported
that one water molecule forms a very strong H-bond with the
aromatic nitrogen and a second H-bond with the amino group.
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While two water molecules form a H-bonded water dimer bridge
between amino N and the aromatic N. Both the complexes 2AP-
(H,0),, displayed cyclic H-bonded structures at very low tem-
peratures. And the H-bond to the aromatic N atom is stronger in
the 2AP-(H,0), than in the 2AP-H,0O complex. Wu et al. also
investigated the electronic and vibrational spectra of 2AP-NH,
complex experimentally and theoretically [28].

However, solvent-mediated ground state multiple proton
transfer (GSMPT) process and the effect of the extra hydro-
gen bonding (H-bonding) which is not directly involved in PT
process in 2AP molecule have not been investigated. Based
on this, we studied the GSMPT process in the 2AP com-
plexes with 1-3 water molecule(s) by using density func-
tional theory (DFT) method. Since the proton donating (N-H)
and accepting (aromatic N) groups in the 2AP molecule are
too far, protic water molecule is chosen as the bridging mol-
ecule to form an H-bonded chain between proton donor and
proton acceptor, and to participate in proton transfer process.
The structures of 2AP with 1-3 bridging water molecules
are stable. If the H-bonded chain is formed by more than
three bridging molecules, the H-bonded chain will be too
flexible to maintain the chain-like structure which would be
favorable to proton transfer process. Furthermore, in order to
study the effect of the extra H-bonding on GSPT process, the
fourth water molecule is introduced by the extra H-bonding
(see Fig. 1). The main goal in this work is to demonstrate the
effect of water chain and extra H-bonding on the structure,
GSMPT mechanism and activation energy in water-mediated
2AP complexes. We hope our theoretical studies may provide
much useful information for the development and utilization
of compounds with PT features in the future.

Fig.1 The possible regions to form extra H-bonding between the
fourth water and 2AP-(H,0), (n = 1-3). D: proton donating region;
A: proton accepting region; B: bridged water region
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Computational details

All the studies were carried out by using M06-2X [29] func-
tional and 6-3114G (d,p) basis set in Gaussian 09 program
[30]. The ground-state structures of the stationary points
(reactant (R), transition state (TS), and product (P)) along
the proton transfer potential curve in the 2AP-(H,0),, ., (n
= 1-3, m = 1) clusters were completed optimized. The opti-
mized structures of all the stationary points were verified
by frequency calculations at the same computational level.
Both reactant and product have no imaginary frequency,
and the TS structure has only one imaginary frequency. All
the TS structures were confirmed by intrinsic reaction coor-
dinate (IRC) calculations. We also performed polarizable
continuum model calculations by using the integral equation
formalism (IEFPCM) [31-33] to study the solvent effect on
GSPT process in water.

The TS property during proton transfer process can be
well presented by the correlation plot between the proton
transfer coordinate and the H-bond distance. In the X-H' 'Y
complex, under the assumption that the sum of bond orders
is conserved (nyxy + nyy = 1), the distances of rxy and ryy
correlate with each other, and are in accordance with Pauling
equations [34]:

nxu = exp{—(rxy — rxu’)/bxu (n

nyy = exp{—(ryy — rYHO)/bYH )

where ry;;"/ry° is the bond distance in the free XH/YH, and
bxy/byy 18 the parameter denoting to the decreasing bond
valence. The relationship between ryy and ryy in X-H Y
complex can be described by the H-bond coordinates ¢,
= 1/2(ryy-ryy) and g, = rxy + ryy [35, 36]. For a linear
H-bond, ¢, is the distance from H to the H-bonding center,
and g, is the distance from X to Y.

Results and discussion

In this work, the complex between 2AP and water molecule
is denoted as 2AP-(H,0), ., (n = 1-3, m = 1), where n
represents the number of bridging water molecule involv-
ing in PT process, and m represents the number of water
molecule forming the extra H-bonding between H,O and
2AP-(H,0),,. As shown in Fig. 1, the extra H-bonding can be
formed in three regions (D/A/B), where D, A, and B denote
to the proton donating region, proton accepting region and
bridged water region, respectively. In order to clearly mark
the position where the additional H-bond is formed, D/A/B
is labeled in parenthesis (e.g., 2AP-(H,0), ) 2AP-
(H,0)44m(a) and 2AP-(H,0), 1))
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Fig.2 The optimized TS structures of GSDPT in the 2AP-H,0 and 2AP-(H,0),,, complexes in the gas phase. Bond distances are in A

GSDPT mechanism in 2AP-H,0 and 2AP-(H,0), ,,

At first, we investigated the ground state double proton transfer
process (GSDPT) in the 2AP-H,0 and 2AP-(H,0),,, com-
plexes. For the 2AP-H,O and 2AP-(H,0),,; complexes, the
bridging water molecule connects the proton donor (amino
N-H) and proton acceptor (aromatic N atom) of 2AP via
intermolecular H-bond, and forms a cyclic six-membered
H-bonded ring structure. Except the bridging water mol-
ecule, 2AP-(H,0),,; complex has an extra H-bonding
forming between the second water and 2AP-H,0. Two sta-
ble 2AP-(H,0),,, complexes are obtained and denoted as
2AP-(H,0),4(p) and 2AP-(H,0), ), respectively. In the
2AP-(H,0),4p) and 2AP-(H,0), ;) complexes, the extra
H-bonding is formed between water and another N;-H group,
and bridging water in 2AP-H,0, respectively. The extra
H-bond distances of the reactants and products in the opti-
mized 2AP-(H,0), +10D) and 2AP-(H,0), ) complexes are
2.047 A and 1.940 A, which are displayed in Supporting Infor-
mation (Figs. S1 and S2). The fully optimized TS structures
of 2AP-H,0 and 2AP-(H,0),,, were shown in Fig. 2, and

some structural parameters involving in proton transfer process
were listed in Table 1. For the 2AP-H,0, 2AP-(H,0),,p,
and 2AP-(H,0), g, complexes, there is only one TS but no
intermediate obtained during the GSDPT process.

For the 2AP-H,O cluster, N;-H,, H,-O,, O,-H, and H)-N,
distances in TS are 1.234 A, 1.262 A, 1.357 A, and 1.167
A, respectively. N;-H, distance is 0.123 A shorter than the
0O,-H, distance, which indicates that H, proton starts the
GSDPT process via transferring more than halfway from O,
to N,. At the same time, N;-H; distance is 0.028 A shorter
than H;-O, distance, and O,-H, distance is 0.190 A longer
than H,-N, distance, which means that H; moves less than
halfway from N, to O, and generates an OH-like portion at
O;. A concerted but asynchronous GSDPT process in 2AP-
H,O occurs in a solvolysis [37, 38] pattern, in which proton
moves firstly from the bridging water molecule to the aro-
matic N, afterwards the bridging water molecule obtains the
proton by deprotonation of N-H group. The Mulliken charge
of the OH -like moiety of the TS in 2AP-H,0 (see Table 1)
is — 0.526, which proves the asynchronous solvolysis path-
way in 2AP-H,0.

Table 1 The bond lengths

2AP-H,O 2AP-(H,0 2AP-(H,O
(A) and bond angles (°) of 2 H )HI(D) (H )lH(B)
reactant (R), product (P), R TS P R TS P R TS P
and transition state (TS) and
Mulliken charges of OH/H,;0* N,-H, 1.014  1.234 1.844 1.012 1.217 1.813 1.016 1.345 1.940
for ground-state proton transfer H;-O, 2.038 1.262  0.983 2.093 1.285 0.988 1.974 1.166  0.977
in 2AP-H,0, 2AP-(H,0),,1p), 0,-H, 0976 1357 1928 0978 1410 1950 0971 1230 1.861
and 2AP-(H,0), g, complexes
in the gas phase H,-N, 1.924  1.167 1.022 1.897  1.138 1.021 2.003 1.268 1.026
8(N;-H;-0)) 144.6 1517 149.0 1435 1521 151.5 147.2 151.2 145.2
8(0;-H,-N,) 151.5 150.8 146.2 155.0 149.8 144.9 146.8 152.3 149.7
OH™ -0.526 —0.575
H,0" 0.619
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For the 2AP-(H,0),,(p), the N;-H,, H;-O,, O;-H,, and
H,-N, distances in the TS are 1.217 A, 1.285 A, 1.410 A, and
1.138 A, respectively. N;-H, distance is 0.193 A shorter than
the O,-H, distance, which indicates that H, proton moves
first via transferring more than halfway from O, to N,, and
H; moves less than halfway from N, to O,, and generates an
OH-like portion at O,. GSDPT process in 2AP-(H,0), . (p,
also takes place in a concerted but asynchronous solvolysis [37,
38] pattern. However, GSDPT process in 2AP-(H,0), ) pre-
fers to occur in a concerted but asynchronous protolysis [37,
38] pattern, in which the proton shifts from N-H group to the
bridging water molecule firstly, following the aromatic N atom
obtains a proton from the bridging water. As shown in the TS
of 2AP-(H,0), H(B),oNl—Hl, HOI—OI, Ol—}-l2 and H2—N2°distances
inthe TS are 1.345 A, 1.166 A, 1.230 A, and 1.268 A, respec-
tively. N,-H, distance is 0.179 A longer than H,-O, distance,
and O,-H, distance is 0.038 A shorter than H,-N, distance,
which indicates that H; proton moves first via transferring more
than halfway from N, to O,, H, moves less than halfway from
0, to N,, and produces a H;0™-like portion at O,. The Mulliken

3.2

= 2AP-(H,0)
* 2AP-(H,0),

A 2AP-(H,0)
Pauling Eqs

1+1(D)
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Fig.3 Correlation of the H-bond distances, ¢, = r; + r,, with the
proton transfer coordinate, g,= 1/2(r,-r,), for the 2AP-H,0O and 2AP-
(H,0),,,complexes in the gas phase (a) and in water (b). Top: H,
transfer; bottom: H, transfer. All points are for the reactant (R), tran-
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charges of the OH -like and H;O*-like moiety of the TS (see
Table 1) in the 2AP-(H,0),,, ) and 2AP-(H,0),,,, are
—0.575 and 0.619, respectively, which proves the asynchronous
solvolysis and protolysis pathway in 2AP-(H,0), ;) and 2AP-
(Hy0),41(g), respectively. It is obvious that the extra H-bonding
formed in the different position can adjust the GDSPT process.

We can figure out the property of TS, such as earliness or
lateness, synchronicity and bond order during PT process,
in the correlation plot between the proton transfer coordinate
and the H-bond distance. When H transfers from X to Y in
the X-H. . .Y complex, g, changes from negative to positive
and g, positions at g;=0 after going through a minimum. A
positive or negative g, value means a late or an early TS,
respectively. For the multiple proton transfer process, the
multiple similar or different g, values of TS mean the syn-
chronous or asynchronous mechanism. For the 2AP-H,0,
2AP-(H,0),,p) and 2AP-(H,0), (5, complexes, the cor-
relations between N;-H,; and H;-O, distances (H, transfer),
and O,-H, and H,-N, distances (H, transfer) are showed in
Fig. 3. The reactant (R), transition state (TS) and product
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32l 1+1(B)
_ * 2AP-(H,0),
30| R r1 rz 4
N,--H-20, 4
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N i if ‘ 1
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sition state (TS) and product (P) at the M06-2X/6-3114+G(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]
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(P) of 2AP-H,0, 2AP-(H,0),,p, and 2AP-(H,0), (5, are
all at or near to the Pauling line, which demonstrates that
the total bond orders at all stationary points are conserved.
As shown in Fig. 3, the g, values of H; and H, transfer at
the TS in the 2AP-H,0, 2AP-(H,0),,,p, are very close to
zero and a little positive, respectively, which indicates that
H, is almost in the center between N; and O, and H, is
close to N,. For 2AP-(H,0), (), the g, values of H, and
H, transfer at the TS are a little positive and very close to
zero, respectively, which indicates that H, is close to O,, and
H, is almost in the center between O, and N,. These results
prove that GSDPT in the 2AP-H,0, 2AP-(H,0), ), and
2AP-(H,0), () occur in a highly asynchronously concerted
pattern.

The barrier heights (AV) and ground state tautomeriza-
tion energies (AE) of the GSDPT in the 2AP-H,0, 2AP-
(H,0)141(p) and 2AP-(H,0), ) complexes were listed
in Table 2. The tautomerization energies of the 2AP-H,0O
complexe are in the range of 10.8~12.6 and 11.2~12.8 kcal/
mol without and with zero-point energy (ZPE) correction,
respectively. The GSDPT reaction for the 2AP-H,O complex
is endothermic. The barrier heights of GSDPT in the 2AP-
H,0O complex are in the range of 21.5~22.3 and 17.9~18.6
kcal/mol without and with zero-point energy (ZPE) correc-
tion, respectively.

GSTPT mechanism in 2AP-(H,0), and 2AP-(H,0),

The structures of 2AP-(H,0), and 2AP-(H,0),,, are fully
optimized at the M06-2X/6-311+G(d,p) level. In the 2AP-
(H,0), complex, an eight-memberred cyclic H-bonded
structure was formed, and triple proton can transfer along
the H-bonded water dimer chain. In addition, two extra
H-bondings can be formed between 2AP-(H,0), and the

Table2 Barrier heights (AV, in kcal/mol) and tautomerization
energies (AE, in kcal/mol) for ground-state proton transfer in 2AP-

(H,0), 1 (n = 1-3, m = 1) complexes in the gas phase. The numbers
in parentheses include zero-point energies

Complex AV AE
2AP-H,0 21.5(17.9) 10.8(11.2)
2AP-(H,0)14 ) 22.3(18.6) 12.6 (12.8)
2AP-(H,0)y 4By 22.0(18.2) 10.9 (11.4)
2AP-(H,0), 18.6(13.9) 9.21(9.46)
2AP-(H,0),4 ) 17.0 (14.8) 12.3 (12.4)
2AP-(H,0),41a) 14.9 (11.3) 7.57 (7.90)
2AP-(H,0)p4 181y 18.8(14.3) 6.49(7.02)
2AP-(H,0)4 152 18.7 (14.7) 11.3 (11.7)
2AP-(H,0); 21.0(16.2) 8.49(8.58)
2AP-(H,0)3, ) 20.2 (15.7) 9.88 (9.71)
2AP-(H,0)3,a) 17.8 (13.6) 7.90 (8.19)
2AP-(H,0)34 1By 19.2 (15.9) 9.08 (9.45)

third water molecule, and four stable 2AP-(H,0),,; com-
plexes are obtained and denoted to 2AP-(H,0), ), 2AP-
(Hy0)41(a) 2AP-(H,0),1 451y and 2AP-(H,0),, | 2)- Their
fully optimized TS structures were shown in Fig. 4, and
some primary structural parameters were listed in Tables 3
and 4. The extra H-bond distances of the reactants and prod-
ucts in the optimized 2AP-(H,0),,py, 2AP-(Hy0)p4 1)
2AP-(H)0)y,4 51y and 2AP-(H,0),, (s, are displayed in
Supporting Information (Figs. S1 and S2). For the 2AP-
(H,0)41(p) complex, one extra H-bonding between the
third water and another N,-H group is 2.408 A the other
extra H-bonding between the third water and O, atom is
1.807 A. For the 2AP- (H,0),, 1(A) complex, the two extra
H-bonds are 2.198 A and 1.761 A, respectively, which forms
between the third water molecule and the C-H group next to
aromatic N, and between the third water molecule and the
O, atom, respectively. For the 2AP-(H,0),,,;, complex,
one extra H-bonding between the third water and N, atom is
2.018 A, the other extra H-bonding between the third water
and the O,-H group of bridging water is 1.974 A. For the
2AP-(H,0),, g,y complex, the two extra H-bonds formed
between the third water and the two bridging water mol-
ecules are 2.006 A and 1.872 A, respectively. For the 2AP-
(H,0), and 2AP-(H,0),, | complexes, there is only one TS
structure obtained and confirmed by IRC calculation. The
ground state triple proton transfer (GSTPT) mechanism of
2AP-(H,0), and 2AP-(H,0),, can be explored by analyz-
ing the structural parameters of TS.

For the 2AP-(H,0), complex, N,-H;, H, 01, 0,-H,,
H,- 0,, O,- -H;, and H;-N, distances in TS are 1.186 A, 1.310
A, 1244 A, 1.159 A, 1.380 A, and 1.141 A, respectively.
N,-H, distance is 0.194 A shorter than the 0,-H; distance,
which indicates that H; proton starts the GSTPT process via
transferring more than halfway from O, to N,. At the same
time, N-H, distance is 0.124 A shorter than H 1-O, distance,
0,-H, distance is 0.085 A longer than H,-0, distance, O,-H;
distance is 0.239 A longer than H;-N, distance. These results
indicate that H; moves less than halfway from N, to O, H,
moves more than halfway from O, to O,, and H; moves
much more than halfway from O, to N,, which generates an
OH™-like portion at O, atom. GSTPT process in 2AP-(H,0),
occurs in a concerted but asynchronous solvolysis [37, 38]
pathway.

For the 2AP-(H,0),, () cluster, N;-H;, H;-O,, O,-H,,
H,-0,, O,-H;, and H;-N, distances in the TS are 1.123 A,
1.418 A, 1.395 A, 1.068 A, 1.537 A, and 1.077 A, respec-
tively. N-H, distance is 0.295 A shorter than H;-0O, dis-
tance, O,-H, distance is 0.327 A longer than H,-O, distance,
0,-H; distance is 0.460 A longer than H;-N, distance. It
is obvious that Hj transfers firstly and moves much more
than halfway from N, to O,, and H, and H, moves subse-
quently, which generates an OH™-like portion at O, atom.
A concerted but highly asynchronous GSTPT process in

@ Springer
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Fig.4 The optimized TS structures of GSDPT in the 2AP-(H,0), and 2AP-(H,0),, , complexes in the gas phase. Bond distances are in A

2AP-(H,0),, (p) occurs in a solvolysis manner. The GSTPT ~ pathway. As shown in Table 3, N,-H, distance in the TS
process occurring in the 2AP-(H,0),,, complex also  is 0.167 A shorter than H,-O, distance, O,-H, distance is
prefers in a concertedly asynchronous solvolysis [37, 38]  0.051 A longer than H,-O, distance, O,-H; distance is 0.538

Table 3 The bond lengths

5 2AP-(H,0 2AP-(H,0 2AP-(H,0

(A) and bond angles (°) of (H0 (H, )2+1<D) (Hy )ZH(A)

reactant (R), product (P), R TS P R TS P R TS P

and transition state (TS) and

Mulliken charges of OH™ for N;-H, 1.019 1.186  1.744 1.010  1.123 1.600 1.018  1.167 1.690

ground-state proton transfer in H,-0, 1.924 1310  0.996 2209 1418 1.022 1.944 1334  1.004

2AP-(Hy0),, 2AP-(H,0),,1(p) 0O,-H, 0976 1244 1733 0979 1.395 1.774 0973 1225  1.661

and 2AP-(H,0),, (4, complexes

in the gas phase H,-0, 1792 1.159  0.982 1.758  1.068  0.980 1.838  1.174  0.989
0,-H; 0987 1380  1.829 0990  1.537 1.848 1.005 1.603  2.025
H;-N, 1.800  1.141 1.027 1.791 1.077 1.027 1.691 1.065 1.021

8(N;-H;-0,) 178.8 173.9 171.8 157.2 174.9 174.6 176.7 173.9 172.7
8(0,-H,-0,) 157.4 166.1 159.2 164.4 166.1 158.6 155.0 167.1 162.6
8(0,-H3-N,) 177.3 177.0  173.0 169.6 176.9 175.6 175.3 178.8 172.7
OH™ -0.544 —0.695 —-0.555

@ Springer
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Table 4 The bond lengths
S 2AP-(H,0 2AP-(H,0O

(A) and bond angles (°) of (HoOh181) (Hy0)24182)

reactant (R), product (P), R TS P R TS P

and transition state (TS) and

Mulliken charges of OH™/ N,-H, 1.025 1.336 1.826 1.022 1.282 1.793

H,0™ for ground-state proton H,-0O, 1.901 1.159 0.986 1.870 1.198 0.989

transfer in 2AP-(H,0), g and o g 0.981 1.304 1.965 0.966 1.150 1.626

2AP-(H;0), (2 complexes in

the gas phase H,-0, 1.762 1.120 0.970 2.081 1.261 1.000
O,-H, 0.974 1.111 1.741 0.993 1.508 1.899
H;-N, 1.953 1.410 1.038 1.760 1.087 1.022
8(N,-H,;-0,) 165.9 169.4 167.2 178.4 174.1 168.6
8(0,-H,-0,) 158.2 162.9 141.7 134.5 165.3 159.9
8(0,-H;-N,) 163.3 172.1 177.0 1753 176.8 172.0
OH~ -0.647
H,05* 0.724

A longer than H;-N, distance. This result indicates that Hy
starts the PT process and a OH™-like moiety at O, atom as
part of TS appears, which proves the concertedly asynchro-
nous solvolysis mechanism exists in the 2AP-(H,0),,,,
complex. The Mulliken charges of the OH -like moiety at
O, atom in 2AP-(H,0),, 2AP-(H,0),., (), 2AP-(Hy0)p41(a)
(see Table 3) is — 0.544, — 0.695, and — 0.555, respectively,
which proves the asynchronous solvolysis pathway in the
above complexes.

When the third water molecule is connected to the bridg-
ing water, the GSTPT process in the two complexes 2AP-
(Hy0),4 182y and 2AP-(H,0),, (s take place in a highly
concertedly asynchronous solvolysis and provolysis [37, 38]
pathway, respectively. For the 2AP-(H,0),,,,, complex,
N,-H,, H;-0,, O,-H,, H,-0,, O,-H;, and H;-N, distances
in the TS are 1.282 A, 1.198 A, 1.150 A, 1.261 A, 1.508 A,
and 1.087 A, respectively. N,-H, distance is 0.084 A longer
than H,-O, distance, O,-H, distance is 0.111 A shorter
than H,-O, distance, O,-H; distance is 0.421 A longer than
H;-N, distance. Hj; starts the GSTPT process and a OH -like
moiety at O, appears, which means a concerted but highly
asynchronous solvolysis pathway exists in 2AP-(H,0),g,)-
However, for the 2AP-(H,0), g1, complex, N;-H;, H;-Oy,
0O,-H,, H,-0,, 0,-H; and H;-N, distances in the TS are
1.336 A, 1.159 A, 1.304 A, 1.120 A, 1.111 A and 1.410 A,
respectively. N|-H, distance is 0.225 A longer than 0,-H;
distance, which indicates that H, triggers the PT process
and moves more than halfway from N; to O, and gener-
ates a H;O,™-like moiety as part of TS. GSTPT process in
2AP-(H,0),, sy obviously occurs in a concerted but highly
asynchronous protolysis manner. The Mulliken charges of
the OH™-like moiety at O, atom in 2AP-(H,0),, g, and
H,05"-like moiety as the part of TS in 2AP-(H,0),, )
are —0.647 and 0.724, respectively, which provides an evi-
dence that the GSTPT processes in 2AP-(H,0),, g, and
2AP-(H,0),(s1y undergo in an asynchronous solvolysis and
protolysis pathway, respectively.

The correlation between g; and g, for the GSTPT in
2AP-(H,0),, 2AP-(H,0)y, 1 (p), 2AP-(Hy0)51(a)> 2AP-
(H;0)241(81y and 2AP-(H,0), (5, complexes are presented
in Fig. 5. The reactant, TS and product of 2AP-(H,0),, 2AP-
(H,0)54 10y 2AP-(Hy0)p11 (), 2AP-(H,0), 51y and 2AP-
(H,0),,1(82) are all at or near the Pauling line, which dem-
onstrates that the total bond orders at all stationary points are
conserved. As shown in Fig. 5, the g, values of H,, H, and
H; transfer at the TS in the 2AP-(H,0),, 2AP-(H,0),, ;)
and 2AP-(H,0),, ) are a little negative, near zero/a little
positive and much positive, respectively, which indicates that
H, is close to N, H, is almost in the center between N, and
O, or near O,, and Hj is close to N,. For 2AP-(H,0),, ;g2).
the g, values of H,, H, and Hj; at the TS are near zero, a lit-
tle negative and much positive, respectively, which means
that H, and H, are close to O,, and Hj is close to N,. For
2AP-(Hy)0),(1), the g, values of both H, and H, at the TS
are a little positive and much positive, respectively, and the
g, values of H; transfer are much negative, which indicates
that H; is close to O, H, is close to O,, and H; is also close
to O,. These results prove that GSTPT in the 2AP-(H,0),,
2AP-(H,0)p4p)s 2AP-(Hy0), 4 4(a)» 2AP-(H,0),, 51, and
2AP-(H,0),, sy occur in a highly asynchronously con-
certed manner.

The barrier heights (AV) and ground state tautomeri-
zation energies (AE) of the GSTPT in the 2AP-(H,0),,
2AP-(Hy)0),, 1 (py 2AP-(Hy0)5.4 1 (a)» 2AP-(H,0)p4(51), and
2AP-(H,0),,(p2) complexes were listed in Table 2. The
tautomerization energies of the 2AP-(H,0), and 2AP-
(H,0),,, complexes are in the range of 6.49~12.3 and
7.02~12.4 kcal/mol without and with zero-point energy
(ZPE) correction, respectively. The GSTPT reaction for
the 2AP-(H,0), and 2AP-(H,0),,, complexes are endo-
thermic. The barrier heights of GSTPT in these com-
plexes are in the range of 14.9~18.8 and 11.3~14.8 kcal/
mol without and with zero-point energy (ZPE) correction,
respectively.
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Fig.5 Correlation of the H-bond distances, g, = r| + r,, with the pro-
ton transfer coordinate, q,= 1/2(r,-r,), for the 2AP-(H,0), and 2AP-
(H,0),, ,complexes in the gas phase (a) and in water (b). Top: H;
transfer; bottom: H, transfer. All points are for the reactant (R), tran-

GSQPT mechanism in 2AP-(H,0); and 2AP-(H,0);,,

A H-bonded bridge consisting of three water molecules
was formed to connect proton donor and proton acceptor of
2AP, which produced a 10-membered cyclic 2AP-(H,0),
complex. The fully optimized TS structures were shown in
Fig. 6, and some primary structural parameters were listed in

@ Springer

q,A

(b)

sition state (TS) and product (P) at the M06-2X/6-311+G(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]

Table 5. In the 2AP-(H,0); complex, with the help of bridg-
ing water trimer chain, quadruple proton transfer may occur.
In the TS, N,-H;, H,-O,, O,-H,, H,-O,, O,-H;, H;-O5, O5-H,
and H,-N, distances are 1.130 A, 1.396 A, 1.169 A, 1.227 A,
1317 A, 1.102 A, 1.460 A, and 1.104 A, respectively. N,-H,
distance is 0.266 A shorter than H,-0O, distance, O,-H, dis-
tance is 0.058 A shorter than H,-0, distance, O,-H; distance
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Fig.6 The optimized TS
structures of GSDPT in the
2AP-(H,0); and 2AP-(H,0);, |
complexes in the gas phase.
Bond distances are in A

J
1.390,

> 7
1.225@1.316

2AP-(Hy0)3+1(a)

is 0.215 A longer than H;-O; distance, O;-H, distance is
0.356 A longer than H,-N, distance. At the same time,
N,-H, distance is 0.330 A shorter than 0O;-H, distance. All
these results indicate that H, moves firstly from O; to N,
and triggers the whole proton transfer process, subsequently
H;, H,, and H, transfer, and generates a OH -like moiety at
O, atom. GSQPT process in the 2AP-(H,0), complex takes
place in a concerted but asynchronous solvolysis [37, 38]
pattern. The Mulliken charges of the OH-like moiety of
the TS (see Table 5) in 2AP-(H,0); is — 0.616. This result
verifies that the GSQPT process in 2AP-(H,0); occur in a
asynchronous solvolysis pathway.

2AP-(H,0); can form an extra H-bonding with the fouth
water molecule via another N;-H group, C-H group next to aro-
matic N and bridging water molecules, then 2AP-(H,0)5,(p),
2AP-(H,0)5,1(a) and 2AP-(H,0)5 ;5 complexes are obtained.

o @

2AP-(H20)3+1(m)

The extra H-bond distance of the reactant in the optimized
2AP-(H)0)3y(py 2AP-(H,0)3, () and 2AP-(H,0);, 5, are
displayed in Supporting Information (Fig. S1). In the TS of
2AP-(Hy0)3(p) and 2AP-(H,0);, (5 and 2AP-(H,0);,
complexes, N;-H, distance is average 0.491 A shorter than
05-H, distance, which means that GSQPT process in the above
complexes occur in a concerted but highly asynchronous sol-
volysis [37, 38] pathway. H, Proton triggers the GSQPT pro-
cess, the other protons shift successively. In the TS of 2AP-
(H,0)3, () complex, N,-H, distance is 0.456 A and 0.444
A shorter than O,-H; and O5-H, distances, respectively. This
result means that GSQPT process in 2AP-(H,0); ) occur
in a concerted but highly asynchronous solvolysis pathway,
which is triggered by H; proton, and H,, H, and H, protons
moves subsequently. For 2AP-(H,0)5, 1 p), 2AP-(H,0)3, 4,
and 2AP-(H,0),(), OH -like moieties at O, atom as part
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of TS appear. The Mulliken charges of OH -like moiety of
2AP-(H,0)54(p) 2AP-(H,0)3, (5, and 2AP-(H,0)5 ;5 have
proved their GSPT mechanism.

For the GSQPT processes of 2AP-(H,0);, 2AP-(H,0)5, 1 ),
2AP-(H)0)3,4(a) and 2AP-(H,0);,, ) complexes, the corre-
lation between g, and g, are showed in Fig. 7. The reactants,
TSs and products of 2AP-(H,0);, 2AP-(H,0);3,(p), 2AP-
(Hy0)34 1) and 2AP-(H,0); 5, are all at or near to the Pauling
line, which demonstrates that the total bond orders at all station-
ary points are conserved. As shown in Fig. 7, the g, values of
H,;, H,, H; and H, transfer at the TS in the above complexes are
a little negative, very close to zero, a little positive and much
positive, respectively, which indicates that H; is near to N, H,
is close to O}, H; is close to O; and H, is N,. These results
prove that GSQPT in the 2AP-(H,0)3, 2AP-(H,0)5 ), 2AP-
(Hy0)3.1(a) and 2AP-(H,0)5 5, complexes occur in a highly
asynchronously concerted pattern.

The barrier heights (AV) and ground state tautomeri-
zation energies (AE) of the GSQPT in the 2AP-(H,0);,
2AP-(H)0)3,41(py, 2AP-(H,0)5,(a) and 2AP-(H,0); (5,
complexes were listed in Table 2. The tautomerization
energies of these complexes are in the range of 7.90~9.88
and 8.19~9.71 kcal/mol without and with zero-point energy
(ZPE) correction, respectively. The GSQPT reactions for the
2AP-(H,0); and 2AP-(H,0); | complexes are endothermic.
The barrier heights of GSQPT in these complexes are in the
range of 17.8~21.0 and 13.6~16.2 kcal/mol without and with
zero-point energy (ZPE) correction, respectively.

The effect of H-bonded water chain on GSPT

Since the proton donor (N-H) and proton acceptor (aromatic
N) of 2AP is not close enough, a H-bonded bridge composed

Fig.7 Correlation of the H-bond distances, g, = r; + r,, with the pro-»
ton transfer coordinate, ¢,= 1/2(r-r,), for the 2AP-(H,0); and 2AP-
(H,0);,,complexes in the gas phase (a) and in water (b). Top: H; trans-
fer; bottom: H, transfer. All points are for the reactant (R), transition state
(TS), and product (P) at the M06-2X/6-311+4+G(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]

of 1-3 water molecules is necessary to 2AP to occur GSPT
process. Hence, 2AP-(H,0),_; complexes with cyclic
H-bonded structure were obtained. For these complexes, the
length of H-bonded chain would affect the GSPT process.
After comparing the results of GSPT in the 2AP-(H,0),_;
complexes, it can be found that the GSPT processes in the
2AP-(H,0),_; complexes all prefer to occur in a concerted
but asynchronous solvolysis pathway. In addition, some dif-
ferences of GSPT processes in the 2AP-(H,0),_; complexes
are discovered. Obviously, the H-bond parameters in the
2AP-(H,0),_; complexes are influenced by the H-bonded
water chain. For the 2AP-H,0 complex, the H-bond dis-
tances are 2.038 A and 1.924 A for H,-O, and H,-N, in the
reactant, respectively. The H-bond N;-H,...0, and O,-H,...
N, bond angles are 144.6° and 151.5°, respectively. When
the H-bonded chain is composed of water dimer, the H-bond
H,-0,, H,-0, and H;-N, distances of 2AP-(H,0), in the
reactant are 1.924 A, 1.792 A and 1.800 A, respectively. The
corresponding H-bond N;-H;,...0,, O;-H,...0,, and O,-H;...
N, bond angles are 178.8°, 157.4°, and 177.3°, respectively.
For the 2AP-(H,0); complex with the H-bonded chain con-
sisted of water trimer, the H-bond H,-O,, H,-O,, H;-O;, and
H,-N, distances in the reactant are 1.918 A 1779 A, 1.744
A, and 1.781 A, respectively. The corresponding H-bond
N,-H,...0,, O,;-H,...0,, O,-H;...05, and O5-H,...N, bond

Table5 The bond lengths (A) and bond angles (°) of reactant (R), product (P), and transition state (TS) and Mulliken charges of OH™ for
ground-state proton transfer in 2AP-(H,0);, 2AP-(H,0); .y p), 2AP-(H,0)3,(a), and 2AP-(H,0); |5, complexes in the gas phase

2AP-(H,0), 2AP-(H,0)3,p) 2AP-(H,0)3, (s 2AP-(H,0)3, )
R TS P R TS R TS P R TS P

N,-H, 1.019 1130 1.709 1017 1106 1674 1018 1132  1.698 1020 1146 1.725
H,-0, 1918 1.396  1.000 1955 1447  1.007 1930 1390 1.002 1.885 1361 0.997
0,-H, 0976 1169 1705 0976 1175 1693 0975 1170 1676 0967  1.125  1.645
H,-0, 1779 1227 0983 1786 1222 0.985 1790 1225 098 2023 1295  0.995
0,-H, 0979 1317 1748 0980 1362 1751 0977 1316 1693 0989 1602 1971
H;-0, 1744 1102 0979 1733 1078 0979 1784 1104 0.986 1692 1.005  0.969
O4-H, 0989 1460 1953 0992 1545 1965 1006 1675 1956 098 1590  1.856
H,N, 1781 1104 1.021 1757 1077 1020  1.688 1052  1.022 1798 1.066  1.026
8(N,;-H,-0,) 1632 1733 1777 1626 1742 1783 1641 1740 1764 1731 1777 177.0
8(0,-H,-0,) 1662 1719 1706 1660 1724  171.3 1643 1719  167.1 1447 1671 160.1
8(0,-H;-05) 1670 1702 1634 1682  169.7  163.5 1650 1702 1670 1576 1560  144.8
8(05-H,-N,) 169.0 1624 1404 1697 1581 1410 1699 1593 1613 1688 1572 1525
OH" -0.616 -0.847 -0.613 -0.719
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angles are 163.2°, 166.2°, 167.0°, and 169.0°, respectively.
It is interesting to note that the H-bond angles in the 2AP-
(H,0O), are almost linear, those in the 2AP-H,0 complex
are much more bent, and those in 2AP-(H,0); are in the
middle. Linear H-bonds are generally stronger than bent
H-bonds, which would be more prone to GSPT process.
Hence, the GSPT process would be easier for 2AP-(H,0),
than 2AP-H,0 and 2AP-(H,0);, which have been proved
by their barrier heights. As shown in Table 2, the GSPT
barrier height with ZPE correction in 2AP-(H,0), is 4.00
kcal/mol and 2.30 kcal/mol lower than those in 2AP-H,0
and 2AP-(H,0);, which indicates that the H-bonded chain
formed with water dimer in 2AP complex is more favorable
to PT process than that with one water or water trimer.

The effect of extra H-bonding on GSPT

The dynamics of GSPT process are influenced by the
H-bonding strength. Adding an extra H-bonding in the cyclic
2AP-(H,0),_; complex can adjust the H-bonding strength,
and then have an effect on the GSPT process. The effect of
an extra H-bonding at different position in the 2AP-(H,0), 3
complexes on GSPT process can be obtained by comparing
the results in the 2AP-(H,0),_; complexes to those com-
plexes without extra H-bonding.

For the 2AP-H,0 complex, the extra H-bonding in
2AP-(H,0), (s, can change the GSPT mechanism from
solvolysis pattern to protolysis pattern, while the extra
H-bonding in 2AP-(H,0), ., maintains the GSPT pro-
cess to occur in a solvolysis pathway, but a little enlarges
the asynchronicity of proton transfer. As shown in the
correlation plot (see Fig. 3), the g, values of H, trans-
fer at the TS in the 2AP-H,0 and 2AP-(H,0),,,p, are
very close to zero, but the corresponding ¢, values of H,
transfer in 2AP-(H,0), ., is more positive than that in
2AP-H,0. These differences existing in the correlation
plot come from the changes on the TS structures due
to the extra H-bonding, and expand the asynchronicity
of GSDPT process. Furthermore, the barrier height of
GSDPT process was also affected by the extra H-bonding.
The ZPE-corrected barrier heights of 2AP-(H,0),,p,
and 2AP-(H,0); ) are 0.70 kcal/mol and 0.30 kcal/mol
higher than that of 2AP-H,0, respectively. Both the extra
H-bondings with another N;-H group and bridging water
are not favorable to GSPT process.

For the 2AP-(H,0), complex, the extra H-bonding
in 2AP-(H,0),,(py and 2AP-(H,0),, 4, can not affect
the GSPT mechanism, but enlarge the asynchronicity
of proton transfer. As shown in Fig. 5, the g, values of
H, and H; transfer at the TS in the 2AP-(H,0),,,p, and
2AP-(H,0),, 1(a) are more negative and positive, respec-
tively, with the comparison to those corresponding values
in 2AP-(H,0),, which means that the asynchronicity of
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GSTPT is expanded. When the extra H-bonding formed
with the two bridging water molecules, the 2AP-(H,0)
2+1(2) complex is obtained, and its GSTPT process occurs
in a solvolysis pattern. When the extra H-bonding formed
with the bridging water and the N,-H group, 2AP-(H,0)
24181y complex is generated, and the GSTPT process in
this complex takes place in a protolysis manner. Further-
more, the extra H-bonding also adjusts the barrier height
of GSTPT process. The ZPE-corrected barrier height
of 2AP-(H,0),,(a) is 2.60 kcal/mol lower than that of
2AP-(H,0),, and those values of 2AP-(H,0),p), 2AP-
(H,0)241(82) and 2AP-(H,0),, ;) are 0.90 kcal/mol,
0.80 kcal/mol and 0.40 kcal/mol higher than that of 2AP-
(H,0O),. These results indicate that the extra H-bond in the
proton accepting region would promote GSTPT process in
2AP-(H,0),.

For the 2AP-(H,0); complex, by forming an extra
H-bonding at the proton donating region, proton accept-
ing region and bridging water region, respectively, three
new complexes 2AP-(H,0);, ), 2AP-(H,0);3,(4), and
2AP-(H,0);, s, are obtained. The extra H-bonding can
not affect the GSQPT mechanism of 2AP-(H,0); com-
plex. The 2AP-(H,0)5,p), 2AP-(H,0)5,(a), and 2AP-
(H,0);, g all take place proton transfer in a solvolysis
pattern. But the asynchronicity of GSQPT in 2AP-(H,0);
is also enlarged by the extra H-bonding. As shown in
Fig. 7, the H,; and H, correlation points for TS in the
2AP-(H,0);,, are close to each other and move more
to the upper-right side, respectively, with the compari-
son to those corresponding values in 2AP-(H,0),. This
result indicates that the asynchronicity of GSQPT pro-
cess in 2AP-(H,0);,, is enlarged due to the changes on
TS structures. In addition, the extra H-bonding also can
alter the barrier height of GSQPT in 2AP-(H,0);. For the
2AP-(H,0);3, 1y 2AP-(H,0)3, 5y and 2AP-(H,0);, (g,
complexes, the GSQPT barrier height is 0.5 kcal/mol, 2.6
kcal/mol, and 0.3 kcal/mol lower than that in 2AP-(H,0)s,
respectively. It is obvious that all the extra H-bondings
formed in the 2AP-(H,0); complex help to accelerate the
proton transfer process.

The effect of solvation

In order to consider solvent effect on the mechanism of PT
process, we carried out IEFPCM calculations for the reac-
tant, TS and product in water. The optimized structures of all
the stationary points were also confirmed by the frequency
calculations. Some optimized structural parameters for 2AP-
(H,0),ym (n = 1-3, m = 1) complexes in water are listed in
Tables S2, S3 and S4, respectively, and the corresponding
structures of reactant and product are shown in Figs. S3 and
S4 in the Supporting Information. The optimized TS struc-
tures are displayed in Fig. 8. For the 2AP-(H,0),,,, (n = 1-3,
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Fig.8 The optimized TS structures of GSPT in the 2AP-(H,0), . (n = 1-3, m = 1) complexes in water. Bond distances are in A

m = 1) complexes, their structures of reactant and product in
water are similar to those in the gas phase. Only one TS but no
intermediate in 2AP-(H,0), ., (n = 1-3, m = 1) are obtained
in water during GSPT process. All the GSPT processes in

2AP-(H,0),,, (n = 1-3, m = 1) occur in a concerted but
asynchronous solvolysis manner, which are the same to those
in gas except the GSPT mechanisms in 2AP-(H,0),,,
and 2AP-(H,0),, ). The solvent effect changes the GSPT
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Table 6 Barrier heights (AV, in kcal/mol) and tautomerization
energies (AFE, in kcal/mol) for ground-state proton transfer in 2AP-

(H,0),1n (n = 1-3, m = 1) complexes in water. The numbers in
parentheses include zero-point energies

Complex AV AE
2AP-H,0 19.9 (17.2) 10.7 (11.2)
2AP-(H,0)14 ) 20.0 (17.6) 12.0 (12.5)
2AP-(H,0)y 4 1By 21.9 (18.4) 10.8 (11.2)
2AP-(H,0), 16.0 (13.4) 9.65(9.71)
2AP-(H,0),4a) 14.2 (11.6) 8.77 (9.17)
2AP-(H,0)p4 181y 18.8 (14.7) 15.9(12.3)
2AP-(H,0), 16.7 (13.1) 9.00 (9.09)
2AP-(H,0)34 ) 15.9 (12.8) 10.2 (10.2)
2AP-(H,0)3,a) 15.7 (12.4) 8.74 (9.18)

mechanisms in 2AP-(H,0), s, and 2AP-(H,0),, 5, from
protolysis pattern to solvolysis pattern. The correlations
between ¢, and g, for proton transfer in the 2AP-(H,0), ., (n
= 1-3, m = 1) complexes are displayed in Figs. 3b, 5b, and
7b, respectively. It is useful to deeply understand the solva-
tion effect on the structures after comparing Figs. 3b, 5b, and
7b with Figs. 3a, 5a, and 7a, respectively. It is evident that
the correlation points at the TS rely greatly on the solvent
effect. For 2AP-H,0 and 2AP-(H,0),,, complexes, the cor-
relation points at the TS of H,; and H, move a little to the
right and left side along the Pauling equation line in water,
respectively, as shown in Fig. 3b. This result means that the
solvent effect increases the asynchronicity of the concerted
GSPT mechanism in 2AP-H,O and 2AP-(H,0), . ; complexes.
The enlarged asynchronicity of the concerted GSPT mecha-
nism are also found in 2AP-(H,0), ;, 2AP-(H,0),,, and
2AP-(H,0);,, complexes. Furthermore, the barrier heights
depend on the solvent effect (Table 6). As shown in Table 6,
the barrier heights in water were a little smaller than those
in the gas phase. With ZPE-correction, the barrier heights in
2AP-(H,0), 3, 2AP-(H,0), 4y (p), 2AP-(H,0)3,(p), and 2AP-
(H,0)3,1(a) are lower than the corresponding values in the
gas phase. For 2AP-(H,0), ), 2AP-(H,0),(51), and 2AP-
(H,0),,1a)- their barrier heights are 0.2~0.4 kcal/mol higher
than those in the gas phase. The effect of extra H-bonding on
the GSPT barrier in water is the same to that in the gas phase.
The extra H-bonding formed in the proton accepting region
and in the bridged water region will promote and hinder the
GSPT process in water, respectively.

Conclusions
In the present study, the effect of extra H-bonding and

water chain on ground-state multiple proton transfer
in 2AP complex have been investigated in detail at the

@ Springer

MO06-2X/6-311+G(d, p) level. The results from the structural
parameters and correlation plots showed that the H-bonded
water chain did not influence the GSPT mechanism, but
affected the barrier height of GSPT. For the 2AP-(H,0),_;
complexes, proton transfer occurred in a concerted but asyn-
chronous solvolysis pathway. However, the H-bonded chain
composed of water dimer in 2AP complex is more favora-
ble to PT process than that of one water or water trimer.
When the extra H-bonding is formed in different regions in
the 2AP-(H,0),_; complexes, the GSPT process would be
totally similar or different with comparison to 2AP-(H,0),_;.
Apparently, when the extra H-bonding is formed in the pro-
ton donating and proton accepting regions, the concerted
but asynchronous solvolysis pathway in 2AP-(H,0),_; is
not changed, but the asynchronicity of proton transfer is
enlarged. When the extra H-bonding is formed in the bridg-
ing water region, 2AP-(H,0); still undergos GSPT process
in a concerted but asynchronous solvolysis pathway, whereas
2AP-H,O0 takes place GSPT process in a concertedly asyn-
chronous protolysis pathway. In addition, the barrier height
of GSPT process is altered by the extra H-bond. For 2AP-
H,0, 2AP-(H,0),, and 2AP-(H,0);, the extra H-bonding
in the proton donating region and bridged water region
made the corresponding barrier height of GSPT increase
or decrease a little. While the extra H-bond formed in the
proton accepting region is benefical for the GSPT process in
2AP-(H,0),_;. The GSPT mechanisms in 2AP-(H,0), .,
and 2AP-(H,0),, ;) in water change from protolysis pat-
tern to solvolysis pattern. The solvation effect augments the
asynchronicity of the concerted pathway and decreases the
barrier height of GSPT. The effect of extra H-bonding on the
GSPT barrier in water is the same to that in the gas phase.
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