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The rate constants for concerted exchange reaction of the small cyclic water clusters (H,0),(3,4) were
calculated with the YL method. The anharmonic effect on the concerted hydrogen exchange reaction
was examined. For the trimer water, at temperature 300K, the anharmonic rate constant is
k=4.70x10"*s"1, and for the tetramer water, the value is 0.55 s~!. The tunneling effect is very small

for this two concerted hydrogen exchange reactions and can be neglected in the two reactions. The
results are in reasonable agreement with the value given by Loerting et al. Besides that, the anharmonic
effect is not significant for the concerted hydrogen exchange reaction of (H,0),(3,4).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recent studies indicate that the anharmonic effect becomes
very important in molecular and clusters [1]. In molecule reaction,
according to the RRKM theory, the total number of states and the
density of states play important roles in the calculations of rate
constant. In general, to describe the anharmonic effect, the Morse
oscillators (MOs) are commonly used. Some vibrational modes in
molecules or clusters correspond to relatively weak bonds, in this
case, the Morse potential can be used to fit the potential energy
surface and to simulate the bonding. The characteristic features
of the anharmonic effect include a decrease in vibrational bond-
stretching frequencies, and an increase in the bond lengths and
distance of bond dissociation. The requirement for anharmonic
correction to existing reaction rate theories has been emphasized
by several authors [2-5]. Our authors (Yao and Lin) have present
a new method (below, YL method) [6], which can carry out the first
principle calculations about the rate constants of molecular reac-
tions within the framework of the transition state theory (TST).
Yao et al. apply this method to examine the anharmonic effect
on the dissociation of molecular reaction [6]. The mentioned re-
sults indicated that the YL method is suitable for calculating the
rate constants of unimolecular reactions.

Due to the ubiquity of water clusters in nature, the water clus-
ter kinetics has been a focus of extensive researches. The neutral,

cyclic water clusters (H,0), are important molecular species for
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the understanding of condensation process and the nature of
hydrogen bonded networks [7-10]. For (H,0),, with all three water
molecules acting as both hydrogen bond donors and acceptors, it is
the global minimum. While, for (H,0),, the achiral ring structure
with solely donor/acceptor oxygen atoms is also found to be the
global minimum. These findings have been confirmed both theo-
retically and experimentally. The transition states to the concerted
exchange of bridging hydrogens have higher symmetry because
that the hydrogen atoms are exactly in the middle of the shortened
00 distances. On the other hand, many chemists observed signifi-
cant anharmonic effects in dissociation of clusters and molecular
systems [11-21].

In 1991, Garrect and Melius pointed out that the reaction rate
constant of trimer water, with small curvature tunneling effect
(SCT), is k(300 K) = 107 s-1 [22]. However, their result was in
disagreement with the one given by Loerting et al. [23]. Loerting
et al. found that the rate constant with large curvature tunneling
effect (LCT) k(300K) =3.4 x 10~* s~ and k(300 K) = 0.44 5! for
trimer and tetramer water, respectively. The purpose of this let-
ter is to compute rate constant for the concerted hydrogen ex-
change reaction of the small cyclic water clusters (H,0), (n =
3,4) as a function of energy. Therefore, we will use the YL meth-
od to examine the anharmonic effect upon the concerted hydro-
gen exchange reaction in the present Letter. Whereas the
tunneling is very important for the reactants involving the mo-
tion of hydrogen atoms [24], then the tunneling effect is
also considered in the Letter. The details of computational meth-
ods in Section 2. Numerical results and detailed discussions are
given in Section 3. Section 4 contains the main conclusion of this
work.
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2. Computational methods
2.1. Ab initio calculations

The geometries of the reactant and transition state have been
optimized, with 6-311++G"" basis set, by the MP2 method and
the B3LYP method, respectively. The vibrational harmonic and
anharmonic frequencies, calculated at the same level, are used
for characterization of stationary points, zero-point-energy correc-
tions, as well as for the calculations of reaction rate constant with-
in the framework of the TST and the RRKM theory, respectively. All
stationary points have been positively identified as local minima or
transition states. The Gaussian 03 program was utilized for all
ab initio calculations [25].

2.2. RRKM and anharmonic effect

For a microcanonical system, using the RRKM theory, the uni-
molecular reaction rate constant for the system with energy E is gi-
ven by [26]

_1W7(E-E)
“h o

where h is Planck’s constant, p(E) is the density of the states of the
reactant, and W”(E — E] ) is the total number of states of the acti-
vated complex. Here, E and E, represent the total energy given to
the system and the activation energy, respectively. Thus, in essence,
as is expected in a statistical treatment, the RRKM theory simply
states that the rate constant is proportional to the fraction of mol-
ecules having an internal energy E that are apt to react irrespective
of the way that the molecule has been activated to that energy
[27,28]. It should be emphasized that conventionally W™ (E — E)
and p(E) have been evaluated in the Morse oscillator potential. No-
tice that, in general, from the definition of W(E), the total number of
states can be expressed as

W(E) = 3" H(E-E), 2)

ku(E) (1)

where H(E — E;) denotes the Heaviside function. In this case, energy
levels E; are calculated explicitly and W(E) can then be obtained by
direct counting of those states, which are below or equal to E. By
applying the Laplace transformation to Eq. (2), we obtain

| aee wie -2 - ywe), 3)
0

where g = 1/kT, k is Boltzmann'’s constant, T is the temperature of
the system and Q(p) is the partition function of the system. Simi-
larly, we obtain

That is, Eqs. (3) and (4) denote the Laplace transformations of W(E)
and p(E), respectively. In other words, W(E) and p(E) can be ob-
tained from Eqgs. (3) and (4) by the inverse Laplace transformation.
The detail of derivation can be found in Ref. [6].

For a canonical system, according to the TST, the unimolecular
rate constant is given by

_KTQUM) 5
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where Q(T) and Q™ (T) represent the partition functions for the
reactant and activated complex, respectively. In this case, we have

ke (T) (5)

N-1
Q*(T) = 1 7 (T).
. (6)

where N is the number of the vibrational modes of the reactant,
q7(T) and gq;(T) are the vibrational partition functions for the acti-
vated complex and the reactant for each mode, respectively.

The above discussion notes that the partition function plays a
very important role in calculating the total number of states, the
density of states and the rate constant. To investigate the anhar-
monic effect on a unimolecular reaction, the anharmonic number
and the density of states for a system of coupled MOs take a simple
form. For the MO, we have

E, = n-+l how; — x; n-+l 2ha)- (7)
n — i 2 i i i 2 is

where x; is the Morse parameter, w; is the frequency of the ith
vibrational mode, and n; is the vibration quantum number of the
vibrational mode. The maximum value of n; is represented by
n"*. In other words, the anharmonic effect has two features: One
is that the energy spacings are not equal, and the other is the exis-
tence of a maximum quantum number n*®, It should be noted the
anharmonic constant x; for various molecules can be determined by
ab initio calculation. In this Letter, we shall discuss the anharmonic
rate constant of the concerted exchange reaction in the cyclic trimer
and tetramer water.

3. Discussion of results

For the concerted exchange reaction of trimer and tetramer
water, the geometric and the energetic parameters of the reactant
and transition state are collected in Tables 1 and 2, respectively,
including apparent activation energies (total energy barrier), rela-
tive energies of the transition states with respect to the reactant.
The information was obtained with the MP2/6-311++G" method,
which is based on the much cheaper B3LYP/6-311++G"™ method.

o0
—BE . .
/ dEe ™™ p(E) = Q(B) = L[p(E)]. (4) It need to point out that the results given by two methods are
0 close.
Table 1
Water trimer. Energies in kcal/mol, frequencies in cm ™', bond lengths in A, and angles in degrees. H, corresponds to a ‘bridged’, and H; to a ‘free’ hydrogen atom.
E MP2/6-311++G " B3LYP/6-311++G
Minimum TS Minimum TS
Zero-point-energy (Hartree) 0.072566 0.063168 0.073143 0.066243
Imaginary frequencies - 1470.9i - 1737.8i
Total energies (Hartree) —228.52638 —228.48349 —229.29827 —229.25526
H,O distance 0.986 1.229 0.984 1.229
H¢O distance 0.968 0.966 0.968 0.969
Angle (OH,0) 1445 148.0 148.6 152.0
Angle (H,OHg) 113.2 122.8 106.6 112.7
Barrier (kcal/mol) 21.01 22.66
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Table 2
Water tetramer. Energies in kcal/mol, frequencies in cm~, bond lengths in A, and angles in degrees. H,, corresponds to a ‘bridged’, and H; to a ‘free’ hydrogen atom.
E MP2/6-311++G" B3LYP/6-311++G
Minimum TS Minimum TS
Zero-point-energy (Hartree) 0.099865 0.089806 0.098940 0.089027
Imaginary frequencies - 1100.4i - 1463.9i
Total energies (Hartree) —305.34326 —305.30615 —305.88314 —305.70746
H, 0 distance 0.994 1.214 0.992 1.216
H;O distance 0.968 0.967 0.969 0.970
Angle (OH,0) 162.1 163.9 167.1 168.1
Angle (H,OHy) 112.8 120.0 106.3 110.7
Barrier (kcal/mol) 16.98 16.80
Table 3
The rate constant of the trimer at different temperatures for the canonical system.
Temperature (K) 100.0 150.0 200.0 250.0 300.0 400.0 600.0 1000.0
Total energy (kcal/mol) 0.222 0.632 1.210 1918 2.727 4.572 8.908 19.325
Anharmonic rate constant 146 x 10>*  290x 10"  123x10°'"  443x107 470x10* 275 164 x10*  1.93 x 10’
of canonical case (s')
Harmonic rate constant 183x10* 325x107"°  117x10""  361x107 335x10*% 159 7.09 x 10> 6.50 x 10°
of canonical case (s~!)
Temperature (K) 1200.0 1300.0 1400.0 1500.0 1600.0 1700.0 1800.0 1900.0 2000.0
Total energy (kcal/mol) 25.221 28315 31.494 34,755 38.087 41.485 44943 48.455 52.015
Anharmonic rate constant 1,16 x 10° 232 % 108 420 x 108 7.04 x 10 1.11 x 10° 165x10°  235x10° 323x10°  4.30x10°
of canonical case (s!)
Harmonic rate constant 3.80 x 107 7.59 x 107 1.38 x 10 233 x 108 3.71 x 108 560x10%  811x10® 113x10° 1.53x10°
of canonical case (s™!)
3.1. Trimer
10+ _0-0-D-0-0-0-0-0 The anharmonic and the harmonic canonical rate constants cal-
L = culated are presented in Table 3, at temperatures from 0
O/O/O lated ted in Table 3, at t tures from 100 t
N 0 o/ 2000 K for a canonical system. Corresponding to Table 3, the rate
2 ) . .o .
< O/ — m— anharmonic constaqt for the water trimer are plotted in Fig. 1. lq the earlier
& r 3 — o— harmonic theoretical work [23], the rate constant was predicted to be
€ -10F o/ k(300K) = 3.4 x 10*s~!, which is reasonable agreement with
2 L / our results (k(300K)=4.70x10"*s"! and k(300K)=3.35x
é ool © 107* s~1 are anharmonic and harmonic rate constant, respectively).
° Table 3 shows that the energies for 100-1000 K are lower than the
g r calculated activation energy of 21.01 kcal/mol. Hence, we have to
-30+ calculate the microcanonical rate constant at higher total energies.
L Q The relationship between the total energy of a microcanonical
) . ) . ) . ) system and the temperature of a canonical system is the following

1
0 500 1000 1500 2000 [6]

Temperature (K) P olnQ g

Fig. 1. The canonical rate constant versus temperature for the water trimer. [ op } ( )

Table 4

The rate constant of the trimer at different energies for the microcanonical system.

Total energy 19.325 21.050 22.222 25.221 28315 31.494 34,755 38.087 41.485 44,943 48.455 52.015
(kcal/mol)

Anharmonic = 1.00 5.19 1.75x10° 233 x10° 197 x10* 125x10° 648 x10° 2.88 x10° 1.13 x 10’ 4.04 x 10" 1.33 x 10®
W(E) of TS

Anharmonic p(E) of = 1.16 x 10° 1.80x 10° 5.06 x 10° 1.33 x 10’ 333 x 10’ 7.90 x 10’ 1.79 x 10® 3.90 x 10° 8.18 x 10° 1.66 x 10° 3.26 x 10°
reactant (1/cm™")

Anharmonic rate = 257 x 10* 8.66 x 10* 1.01 x 10° 520 x 10° 1.78 x 107 0.48 x 10° 1.08 x 10®° 2.21 x 108 4.15x 108 7.30x 10® 1.22 x 10°
constant of
microcanonical
case(s™1)

Harmonic W(E) of TS - 1.08 4.49 1.77 x 10> 273 x 10> 2.64 x 10* 1.90 x 10° 1.11 x 10° 5.48 x 10° 239 x 10’ 9.38 x 10’ 3.36 x 10°

Harmonic p(E) of = 8.84 x 10° 1.46 x 10° 4.90 x 10° 1.55 x 10’ 4.65 x 107 1.33 x 10° 3.64 x 10° 9.60 x 10° 2.43 x 10° 595 x 10° 1.41 x 10'°
reactant (1/cm™)

Harmonic rate constant - 3.68 x 10* 9.20x 10* 1.08 x 10° 528 x10° 1.70 x 107 427 x 10’ 9.08 x 107 1.71 x 108 2.95 x 108 4.73 x 10®° 7.16 x 10®

of microcanonical
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Table 4 shows the anharmonic and harmonic rate constants of tri- 1ok
mer water for the microcanonical system. The data are also illus-
trated in Fig. 2. . 3
From Table 3, Fig. 1 and Table 4, Fig. 2, it is concluded that with- "o
in both the canonical approach and the microcanonical one, the x 0r —a&— anharmonic
harmonic and the anharmonic calculations give close results. That g L —0— harmonic
is, the anharmonic effect is very small for the concerted exchange ‘g
reaction of the small cyclic water clusters (H,0),. Moreover, as ‘g 10
seen in Tables 3 and 4, the rate constant is insensitive to the higher 8 |
energies for the microcanonical case, while it is very sensitive to o
the lower temperature for the canonical case. The rate constant in- g 20+
creases with increasing energy.
3.2. Tetramer . 1 . 1 . 1 . 1
0 400 800 1200 1600
Referring to the trimer water, the anharmonic and the harmonic Temperature (K)
rate constants are presented in Table 5, at temperatures from 100 . )
. A Fig. 3. The same as Fig. 1 but for the water tetramer.
to 1500 K for a canonical system. Corresponding to Table 5, the rate
9r —n -
) 9
—~ T /5/ r
2 o ~
‘0 8 N O/ 'Tm 8 -
< /O/ x |
(2] r .
2 . —m— anharmonic g7+ *— anharmonic
8 —o— harmonic s o7 — harmonic
2 r S 6l
o c
O 6
pY (&)
2 L o 5
(] -—
o |
5+ [
f 4~
e e e e PR TN N T R R SRS R
20 25 T30 - 35 k40|/ |45 50 55 15 20 25 30 35 40 45 50 55
otal Energy (kcal/mol) Total Energy (kcal/mol)
Fig. 2. The microcanonical rate constant versus total energies for the water trimer. Fig. 4. The same as Fig. 2 but for the water tetramer.
Table 5
The rate constant of the tetramer at different temperatures for the canonical system.
Temperature (K) 100.0 150.0 200.0 250.0 300.0 350.0 400.0 600.0
Total energy (kcal/mol) 0.347 0.951 1.796 2.820 3.985 5.265 6.645 12.934
Anharmonic rate constant of canonical case (s™') 116x102° 271x10 "3 3.96x10"7 194x103 0.55 3.01 x 10 6.19 x 10? 5.49 x 10°
Harmonic rate constant of canonical case (s~!) 117x10°%° 252x101® 317x1077 132x103 033 1.61 x 10 208 x 102 2.70 x 10°
Temperature (K) 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0
Total energy (kcal/mol) 20.166 24.070 28.145 32.378 36.756 41.267 45.900 50.642
Anharmonic rate constant of canonical case (s™')  1.21 x 107 3.07 x 107 6.15 x 107 1.04 x 108 157 x 105  215x10° 277 x10% 3.38 x 10°
Harmonic rate constant of canonical case (s™') 8.77 x 108 2.90 x 107 7.68 x 107 1.73 x 10 346x10°  629x10° 1.06x10° 1.67 x 10°
Table 6
The rate constant of the tetramer at different energies for the microcanonical system.
Total energy (kcal/mol) 16.448  16.993 20.166 24.070 28.145 32378 36.756 41.267 45.900 50.642
Anharmonic W(E) of TS = 1.00 225x10° 522x10° 277x10° 665x10° 957x10° 9.64x10"° 749 x10" 476 x 10"
Anharmonlic p(E) of reactant - 849 x 10" 6.87x10° 681x10° 575x10"° 422x10" 273x102 158x10" 828x10"® 3.95x10™
(1/em™7)
Anharmonic rate constant of - 352x10° 9.81x10* 230x10° 145x10" 473x10° 1.05x10®° 1.83x10® 271x10® 3.61x10°%
microcanonical case (s~1)
Harmonic W(E) of TS = 10.6 229%x10° 1.88x10° 657x10° 140x10% 214x10° 255x10"° 248 x10'"" 204 x 10"
Harmoniclp(b") of reactant - 1.75x 107 126x10® 1.11x10° 850x10° 578x10° 355x10'"" 199x10 1.03x102 492 x10"
(1/em™7)
Harmonic rate constant of - 1.82x10* 543x10° 507x10° 232x107 729x10" 1.81x10° 384x10® 723x10®° 1.25x10°

microcanonical case (s~)
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Table 7

The tunneling probabilities for the trimer and the tetramer, respectively.

Total energies (kcal/mol) 10.0 11.0 12.0
Probabilities 2.08 x 1077 112 x10°° 5.57 x 10°°
Total energies (kcal/mol) 17.0 18.0 19.0
Probabilities 7.25 x 1072 2.61x 1072 8.69 x 102
Total energies (kcal/mol) 5.0 6.0 7.0
Probabilities 1.71 x 107° 1.70 x 1078 1.41 x 1077
Total energies (kcal/mol) 13.0 14.0 15.0
Probabilities 435x 1072 1.86 x 1072 723 x 1072

13.0 14.0 15.0 16.0
2.60 x 107° 1.15x 1074 479 x 107 191 x 1073

20.0 21.0 22.0 23.0

246 x 107! 0.52 0.78 0.92

8.0 9.0 10.0 11.0 12.0

1.01 x 1076 6.41 x10°° 3.68 x 107 1.94x 1074 951 x 1074
16.0 17.0 18.0 19.0 20.0

234 %x 10! 0.54 0.81 0.94 0.98

constants for the water tetramer are plotted in Fig. 3. The anhar-
monic and the harmonic rate constants are k(300 K) = 0.55s!
and 0.33 s~1, respectively, which are in reasonable agreement with
the earlier theoretical work (k(300 K) = 0.44 s~1) [23]. Table 5 sug-
gests that the energies for 100-600 K are lower than the calculated
activation energy of 16.98 kcal/mol. Hence, we have to calculate
the microcanonical rate constant at higher total energies. Table 6
shows that the anharmonic and the harmonic rate constants of tet-
ramer water for the microcanonical system. The data are also illus-
trated in Fig. 4.

The results show that within both canonical and microcanonical
approaches, the harmonic and the anharmonic calculations give
very close results. That is, the anharmonic effect is not very pro-
nounced for the concerted exchange reaction of the small cyclic
water clusters (H,0),. The rate constant increases with increasing
energy. Moreover, as seen from Tables 5 and 6, the rate constant is
insensitive to the higher energies for the microcanonical case, but,
it is very sensitive to the lower temperature for the canonical case.

Figs. 1-4 and Tables 3-6 show that the difference of the har-
monic and the anharmonic rate constants is rather small for the
canonical case, while it is quite large for the microcanonical case.
The difference increases with increasing molecular numbers and
increasing total energy. For a system, the more the molecular num-
bers, the more vibrational mode. Thus we conclude that the anhar-
monic effect becomes obvious with increasing molecular numbers.

Furthermore, we use the following formulism to obtain the tun-
neling probabilities for trimer and tetramer in Table 7 [24],

sinh(a) sinh(b)

P(E,) = : 9
1) = G (%2) + cosh?(c) ®)
where
4r ~1/2 ~12\ 7!
a:h—%\/El+V0<VO +vi?)
4 a
b— hTZ VE VI (Vv
c=2m V0V12 b
(hwy)* 16

Here, w), is the magnitude of the imaginary frequency, V is the bar-
rier height relative to reactants, and V is the barrier height relative
to products. V; — Vj is the exoergicity of the reactions (neglecting
the zero-point-energies).

Table 7 shows that the tunneling probabilities increase with
increasing of the total energy. The values are about 0.5 for trimer
in the barrier of 21.0 kcal/mol, and for tetramer in the barrier of
17.0 kcal/mol, respectively. It notes that the tunneling effect is very
small for the concerted hydrogen exchange reaction of
(H20), (n=3,4).

4. Conclusions

In this Letter, we have calculated the anharmonic and the har-
monic rate constants of the concerted hydrogen exchange reaction

in the cyclic trimer and tetramer water with the YL method. For the
trimer water, the calculated rate constant is k(300 K) = 4.70x
107* s~ for the anharmonic case, and k(300 K) = 3.35 x 107 s-1
for the harmonic case. While, for the tetramer water, the anhar-
monic and the harmonic rate constants are k(300 K) = 0.55s~!
and k(300K) =0.33s"!, respectively. Our results are in good
agreement with the values (k(300K)=3.4x10"*s! and
0.44 s~1) given by Loerting et al. Moreover, we observed that with-
in both canonical and microcanonical approaches, the harmonic
and the anharmonic calculations give close results, i.e., the anhar-
monic effect is not very pronounced for the concerted exchange
reaction of the small cyclic water clusters. At the same time, the re-
sults show that the difference between the harmonic rate constant
and the anharmonic one is rather small for the canonical case,
while it is quite significant for the microcanonical case. The differ-
ence of rate constant increases with increasing of molecular num-
ber and increasing of total energy, i.e., the anharmonic effect
becomes obvious with increasing molecular number. Furthermore,
the rate constants increase with increasing total energy. The rate
constants are very sensitive to the lower energies for the canonical
case, while it is insensitive to the higher energies for the microca-
nonical case. The tunneling effect is very small for the concerted
hydrogen exchange reaction of (H,0), (n=3,4) and can be ne-
glected in the two reactions. Hence, the present results indicate
that the YL method is suitable for studying the rate constant of
such small cyclic water clusters.

Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (Grant Nos. 10704012, 10747111), NSC (Taiwan),
Academia Sinica and the Natural Science Foundation of Liaoning
Province (Grant Nos. 2006Z064, 20082140), Young Foundation of
Dalian Maritime University (DLMU-ZL-200813, 200816).

References

[1] S.A.C. McDowwell, J. Mol. Struct. Theochem. 770 (2006) 119;
L.B. Bhuiyan, W.L. Hase, J. Chem. Phys. 78 (1983) 5052;
G.H. Peslherbe, W.L. Hase, ]J. Chem. Phys. 105 (1996) 7432.

[2] W.L. Hase, Acc. Chem. Res. 31 (1998) 659.

[3] V.N. Bagratashvilli et al., Laser Chem. 1 (1983) 211.

[4] K. Song, W.L. Hase, ]. Chem. Phys. 110 (1999) 6198.

[5] S.S. Mitra, S.S. Bhattacharyya, J. Phys. B: At. Mol. Opt. Phys. 27 (1994)
1773.

[6] Li Yao, AM. Mebel, H.F. Lu, H.J. Neusser, S.H. Lin, J. Phys. Chem. A 111 (2007)
6722;
Li Yao, S.H. Lin, Mod. Phys. Lett. B 22 (2008) 3043;
Li Yao, S.H. Lin, Sci. China Ser. B 51 (2008) 1146;
Li Yao, R.X. He, AM. Mebel, S.H. Lin, Chem. Phys. Lett. 470 (2009) 210.

[7] G.A. Jeffrey, W. Saenger, Hydrogen Bonding in Biological structures, Springer-
Verlag, Berlin, 1991.

[8] T. Bountis (Ed.), Proton Transfer in Hydrogen-Bonded Systems, NATO ASI
Series, vol. 291, Plenum, New York, 1992.

[9] RJ. Saykally, G.A. Blake, Science 259 (1993) 1570.

[10] K. Liu, ].D. Cruzan, RJ. Saykally, Science 271 (1996) 929.
[11] R. Krems, S. Nordholm, Z. Phys. Chem. 214 (2000) 1467;

D. Shen, H.O. Pritchard, J. Chem. Soc., Faraday Trans. 92 (1996) 1297;
P. Hobza, Z. Havlas, Chem. Rev. 100 (2000) 4253.



282 Y. Shao et al./ Chemical Physics Letters 478 (2009) 277-282

[12] J. C Tou, S.H. Lin, J. Chem. Phys. 49 (1968) 4187;
S.H. Lin, H. Eyring, ]. Chem. Phys. 39 (1963) 1577;
S.H. Lin, H. Eyring, J. Chem. Phys. 43 (1964) 2153.
[13] S.A.C. McDowell, J. Mol. Struct. Theochem. 770 (2006) 119;
L.B. Bhuiyan, W.L. Hase, J. Chem. Phys. 78 (1983) 5052.
[14] G.H. Peslherbe, W.L. Hase, ]. Chem. Phys. 105 (1996) 7432.
[15] S.E. Stein, B.S. Rabinovitch, J. Chem. Phys. 58 (1973) 2438;
T. Beyer, D.F. Swinehart, Comm. Assoc. Comput. Mach. 16 (1973) 379;
E.W. Schlag, R.A. Sandsmark, ]J. Chem. Phys. 37 (1962) 168.
[16] Kihyung Song, W. Hase, J. Chem. Phys. 110 (1999) 6198.
[17] V.N. Bagratashvilli, V.S. Letokhov, A.A. Makarov, E.A. Ryabov, Laser Chem. 1
(1983) 211.
[18] S.S. Mitra, S.S. Bhattacharyya, J. Phys. B: Atom. Mol. Opt. Phys. 27 (1994) 1773.
[19] ]J. Troe, Chem. Phys. 190 (1995) 381;
J. Troe, J. Phys. Chem. 83 (1979) 114;
J. Troe, J. Chem. Phys. 79 (1983) 6017;
D. Romanini, K.K. Lehmann, J. Chem. Phys. 98 (1993) 6437.
[20] M.R. Hoare, Th.W. Ruijgrok, J. Chem. Phys. 52 (1970) 113.
[21] B.C. Garrett, D.G. Truhlar, J. Am. Chem. Soc. 101 (1979) 4534.
[22] B.C. Garrett, C.F. Melius, in: S.J. Formosinho et al. (Eds.), Theoretical and
Computational Models for Organic Chemistry, NATO ASI Series C 339, Kluwer
Academic, Netherlands, 1991, p. 35.

[23] T. Loerting, K.R. Liedl, B.M. Rode, J. Chem. Phys. 109 (1998) 2672.

[24] W.H. Miller, ]. Am. Chem. Soc. 101 (1979) 6810.

[25] M. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, ].R. Cheeseman,
J.A. Montgomery, T. Vreven, N.K. Kudin, J.C. Burant, .M. Millam, S.S. Lyengar, J.
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A.
Petersson, H. Nakatsuji, M. Hasa, M. Ehara, K. Toyota, R. Fukuda, ].
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X.
Li, J.E. Knox, H.P. Hratchian, J.B. Cross, V. Bakken, C. Adamo, ]. Jaramillo, R.
Gomperts, R.E. Stratmann, O. Yazyev, AJ. Austin, R. Cammi, C. Pomelli, J.W.
Ochterski, P.Y. Ayala, K. Morokuma, G.A. Voth, P. Salvador, ].J. Dannenberg, V.G.
Zakrzewshi, S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D.
Rabuck, K. Raghavachari, J.B. Foresman, J.V. Ortiz, O. Cui, A.G. Baboul, S.
Clifford, ]J. Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A.
Nanayakkara, M. Challacombe, P.M.W. Gill,B. Johnson, W. Chen, M.W. Wong,
C. Gonzalez, J.A. Pople, Gauss 03, revision C.02, Gaussian Inc., Wallingford, CT,
2004.

[26] H. Eyring, ]. Chem. Phys. 3 (1935) 107.

[27] D.G. Truhlar, W.L. Hase, ].T. Hynes, J. Phys. Chem. 87 (1983) 2664.

[28] H. Eyring, S.H. Lin, S.M. Lin, Basic Chemical Kinetics, Wiley Interscience
Publication, New York, 1991.



	On the calculation of rate constants of the small cyclic water cluster by anharmonic RRKM theory
	Introduction
	Computational methods
	Ab initio calculations
	RRKM and anharmonic effect

	Discussion of results
	Trimer
	Tetramer

	Conclusions
	Acknowledgements
	References


