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Anharmonic and harmonic rate constants of the reactions have been calculated with the Rice–Ramsperger–Kassel–Marcus
theory, and the anharmonic results are higher than the harmonic ones. The anharmonic effect and isotopic effect on the
decomposition reactions have also been examined. The anharmonic effect in all the four reactions is obvious, especially
at the high temperatures or energies. Relatively, the anharmonic effect on the reaction trans-acetic acid → TS2 radical is
the least obvious among the four reactions. In the microcanonical system, the difference of the rate constants between the
deuterated results and the non-deuterated results is not negligible; in other words, the isotopic effect is obvious in all the four
reactions. Among these reactions, three of the deuterated results (d, d3 and d4) have a big difference.

Keywords: anharmonic effect; unimolecular reaction; rate constant; RRKM method; isotopic effect

1. Introduction

Acetic acid is a very important material of organic synthe-
sis, which is often used for the synthesis to produce vinyl
acetate and acetic anhydride. There are two reaction mech-
anisms for the gas-phase unimolecular decomposition of
acetic acid: the dehydration process leading to water and
ketene, and the decarboxylation, leading to methane and
carbon dioxide,

CH3COOH → H2O + CH2CO, (1)

CH3COOH → CH4 + CO2. (2)

Bamford and Dewar measured the activation energies
in a flow system for both the two channels at 1068–1218 K
and got activation energies of 67.5 kcal mol−1 for dehy-
dration and 62.0 kcal mol−1 for decarboxylation [1]. Blake
and Jackson studied these reactions in both batch and flow
system and concluded that the decomposition was of the
first order when temperature was above 1000 K [2,3], and
the activation energy was 64.9 kcal mol−1 for this process.
All these authors considered that a possible reason from
a bimolecular mechanism might cause an artificially low
activation energy in the unimolecular process and thus sug-
gested that the 67.5 kcal mol−1 activation energy measured
by Bamford and Dewar should be more realistic [4]. Blake
and Jackson got an activation energy of 58.5 kcal mol−1

in a batch system for decarboxylation reaction and an ac-
tivation energy of 69.8 kcal mol−1 measured in a flow

∗
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system [2,3]. Mackie and Doolan surveyed this decom-
position reaction at 1300–1950 K in a shock tube and they
got the same result. This decomposition occurred via two
competing unimolecular channels (reactions 1 and 2), and
both of the activation energies were 72.7 kcal mol−1 [5].
Thus, activation energies for reaction 1 were in the range
67.5–72.7 kcal mol−1, while for reaction 2, the activation
energies were in the range 64.9–72.7 kcal mol−1 [4].

However, the activation energies which were given by
theoretical studies were higher than experimental ones
[6–9]. Decarboxylation (reaction 2) was predicted to have a
higher activation energy than that for dehydration [4]. The
reaction barrier of the decarboxylation process was 89.3
kcal mol−1, which was proceeded with the MP4/6-31G∗

and HF/6-31G∗ methods [6]. With the MP4/6-31G∗ and
HF/6-31G∗ methods, the calculations for the dehydration
process obtained an activation barrier of 81.3 kcal mol−1

and an activation barrier of 80.6 kcal mol−1 for a two-step
dehydration process: isomerisation to an enediol via hydro-
gen transfer as Equation (3), followed by water elimination
via a four-centre transition state as Equation (4) [4,9],

CH3COOH → CH2C(OH)2, (3)

CH2C(OH) → H2O + CH2CO. (4)

This paper mainly studies activation energies, and rate
constants for the title reactions, the anharmonic effect and
isotopic effect have also been discussed. Many chemists

C© 2014 Taylor & Francis
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Table 1. The energetic parameters of the reactant and transition states, obtained from MP2/6-311 ++ G (3df,2p) calculations.

Cis-acetic acid Enediol Trans-acetic acid TS1 TS2 TS3 TS4

Zero-point energy (MP2) H 0.06232 0.06124 0.06209 0.05431 0.05409 0.05660 0.05583
(Hartree) d 0.05886 0.05791 0.05865 0.05111 0.05223 0.05313 0.05369

d3 0.05267 0.05169 0.05244 0.04610 0.04475 0.04843 0.04630
d4 0.04920 0.04835 0.04900 0.04289 0.04288 0.04496 0.04415

Imaginary frequencies H – – – –1811 –1980 –2113 –1629
d –1808 –1525 –2113 –1221
d3 –1337 –1960 –1553 –1628
d4 –1334 –1503 –1553 –1220

Single-point energy (CCSD(t)) H –228.7505 –228.7057 –228.7423 –228.6228 –228.6284 –228.6290 –228.6288
(Hartree) d

d3
d4

Barrier (kcal mol−1) H – – – 75.19 66.42 72.64 44.73
d 75.24 67.39 72.60 45.62
d3 76.05 66.58 73.61 44.87
d4 76.18 67.65 73.61 45.59

had observed that the anharmonic effect was consider-
able in molecular systems, especially in those of molecules
and clusters with highly flexible transition states [10]. In
1962, Schlag and Sandsmark discovered that anharmonic-
ity corrections might be significant in practice [11]. Then,
Haarhoff considered the anharmonic corrections about the
density of vibrational energy levels were for a system of
simple Morse oscillators [12]. At present, many chemists
have also observed that anharmonic effects are quite event-
ful in many dissociation of clusters and molecular systems
[13–17]. It is recognised that the characteristic features
of the anharmonic effect contain an increase in the bond
lengths and distance of bond dissociation, and a decrease
in vibrational bond-stretching frequencies [13–17]. Several
authors have concentrated on the requirement for the anhar-
monic correction to previous reaction rate theories [18–20].
For this reason, using experimental thermodynamic data,
Troe presented a simple empirical method for generating
anharmonic vibrational densities of states [21]. Recently, a
method proposed by Yao and Lin (YL) [22] could carry out
the first principle calculations about the rate constants of
molecular reactions within the framework of the transition
state theory proposed. With this method, the anharmonic ef-
fect that was on the dissociation of molecular reaction had
been examined. The results suggested that the YL method
was appropriate to calculate rate constants of the unimolec-
ular reaction and investigating the anharmonic effect of rate
constant.

To our knowledge, although many efforts have
been made to research the unimolecular dissociation of
CX3COOX (X = H, D), the study of the rate constant
and the anharmonic effect on the reaction is still very rare.
The purpose of this paper is to calculate the harmonic and

anharmonic rate constants of the unimolecular dissociation
of CX3COOX (X = H, D) and investigate the anharmonic
effect on the reactions using YL method. In addition, in
this paper, isotopic effect is also given which is divided
into three aspects, deuterated out on the methyl hydrogens
(d3), on the carboxyl hydrogens (d) and on all the hydro-
gens in acetic acid molecule (d4). The energetic parameters
of the reactant and the transition are in accordance with
the theoretical results given in Ref. [4]. The computational
methods will be described in detail in Section 2. Section
3 concludes numerical results and detailed discussions. Fi-
nally, concluding remarks and a summary of this work are
presented in Section 4.

2. Computational methods

2.1. Ab initio calculations

This article contains four unimolecular dissociations
included in Equations (5)–(7), as following:

cis-acetic acid → TS1 → CH2CO + H2O, (5)

trans-acetic acid → TS2 → CH4 + CO2, (6)

cis-acetic acid → TS3 → enediol → TS4

→ CH2CO + H2O. (7)

The geometry optimisations of the reactant CH3COOH
and transition states have been accomplished by the MP2
method with 6−311 ++ G(3df,2p) basis set. The charac-
terisation of stationary points, zero-point energy (ZPE) cor-
rections, as well as the calculations of reaction rate constant
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within the framework of the transition state theory (TST)
and the Rice–Ramsperger–Kassel–Marcus (RRKM) theory
are performed by the vibrational harmonic and anharmonic
frequencies. All stationary points have been positively iden-
tified as local minima or transition states. The Gaussian 03
program is utilised for all ab initio calculations [23].

For the microcanonical system with energy E, in the
RRKM theory, the unimolecular reaction rate constant can
be expressed as [24]

k(E) = σ

h

W �=(E − E �=)

ρ(E)
, (8)

where σ is the symmetry factor (here, we set σ = 1), h
is Planck’s constant, ρ (E) stands for the density of the
state of the reactant, W �= (E) represents the total number
of states for the transition state, and E and E �= are the total
energy and the activation energy in the microcanonical case,
respectively. From the definition of W (E) and ρ (E), we can
obtain [25–27]

W (E) =
∑

i

H (E − Ei), (9)

ρ(E) = dW (E)

dE
, (10)

where H (E − Ei) denotes Heaviside function, Ei , are en-
ergy levels.

The Laplace transformation is employed for W (E) and
ρ (E) , we obtain [25–27]

∫ ∞

0
dEe−βEW (E) = Q(β)

β
= L[W (E)], (11)

∫ ∞

0
dEe−βEρ(E) = Q(β) = L[ρ(E)], (12)

where β = 1
/
kT , k is Boltzmann’s constant, T is the tem-

perature of the system and Q (β) is the partition function
of the system. That is, approximate W (E) and ρ (E) can
be determined by Equations (11) and (12) by applying the
inverse Laplace transformation after Q (β) are given.

For a canonical system, the rate constant k (T ) for uni-
molecular reaction can be expressed as [25,27–29]

k(T ) = kT

h

Q �=(T )

Q(T )
e− E �=

kT , (13)

where Q (T ) and Q �= (T ) are the partition functions of the
reactant and the activated complex, respectively. In this
case, we get

Q �=(T ) =
N−1∏

i

q
�=
i (T ), (14)
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2856 L. Zhang et al.

Figure 1. The canonical and microcanonical rate constants for cis-acetic (H) acid to TS1 (H). The unit of rate constant is s−1.

Q(T ) =
N∏
i

qi(T ), (15)

where N is the number of the vibrational modes of the reac-
tant, q

�=
i (T ) and qi(T ) are the vibrational partition function

of the transition state and the reactant for each mode.
The discussions above show that the partition func-

tion is considerable in the calculation of k (E) and k (T ).
Recently, the quantum chemical calculations can provide
the information of cubic and quartic anharmonic poten-
tial functions not only for polyatomic molecules but also
for clusters. We have applied these anharmonic potential
functions to treat the intramolecular vibrational redistribu-
tions (or relaxations) of polyatomic molecules and clusters
and solved the corresponding Schrödinger equations per-
turbatively to the second-order approximations which give
us the same accuracy as given by Equation (16). This ap-
proach has been employed in this paper for the calculation
of W �= (E − E0) and ρ (E) in Ref. [30]. In this work, to
calculate the partition function, Morse Oscillator (MO) is
often used:

Eni
=

(
ni + 1

2

)
�ωi − xi

(
ni + 1

2

)2

�ωi, (16)

where xi is the MO parameter, and it can be expressed as
xi = �ωi

4Die
, in which Die represents the well depth of MO.

In our study, xi is obtained from anharmonic frequency
calculations in Gaussian 03. ωi is the frequency of the ith
vibrational mode, and ni is the vibration quantum num-
ber of the vibrational mode. The maximum value of ni is

represented by nmax
i . In this paper, we will discuss the an-

harmonic rate constant of the concerted exchange reaction
in the CH3COOH and its isomer.

In the calculation of the density of states, E =
−

[
∂ ln Q

∂β

]
, harmonic and anharmonic degrees of freedom

of the reactant are 18 (3N – 6, N = 8). To calculate the total
number of states W (E), harmonic and anharmonic imagi-
nary frequencies are excluded and the degrees of freedom
of the transition state are 17.

3. Results and discussions

The energetic parameters of the reactant and transition
states about the unimolecular dissociation of the acetic acid
are collected in Table 1. The data are obtained with the
MP2/6-311 ++ G (3df,2p) method. To obtain high accu-
racy and reliability, we recompute the single-point ener-
gies at CCSD(T)/6-311G(d,p) level, and then get the values
of the energy barrier 75.19, 72.64, 44.73 and 66.42 kcal
mol−1, which are in accordance with the values obtained by
Michael Page [4]. The results calculated with CCSD(T)/6-
311 ++ G(d,p) are used in the rate constants calculation.

3.1. Unimolecular dissociation of the cis-acetic
acid radical (the channel which includes
the TS1)

For this dissociation, the anharmonic and harmonic rate
constants (H) for canonical case are presented in Table 2,
with temperatures ranging from 1000 to 4000 K. From
Table 2, it is clear that both the harmonic and anharmonic
rate constants increase with the temperatures increasing.
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Table 3. The rate constants from cis-acetic acid (H) to TS1 (H) at different energies for the microcanonical system. The unit of rate
constant is s−1.

Temperature (K) 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
Energy (kcal mol−1) 78.36 81.74 85.13 88.53 91.94 95.36 98.79 102.22 105.66 109.11
Correspond (cm−1) 27,406.41 28,588.57 29,774.22 30,963.37 32,156.02 33,352.16 34,551.80 35,751.45 36,954.59 38,161.22
Anharmonic rate

constant (s−1)
2.67 × 103 3.29 × 104 2.11 × 105 9.34 × 105 3.23 × 106 9.38 × 106 2.39 × 107 5.47 × 107 1.15 × 108 2.27 × 108

Harmonic rate
constant (s−1)

1.49 × 103 1.56 × 104 8.80 × 104 3.50 × 105 1.10 × 106 2.95 × 106 6.97 × 106 1.49 × 107 2.93 × 107 5.42 × 107

Table 4. The rate constants from cis-acetic acid-D to TS1-D at different temperatures for the canonical system. The unit of rate constant
is s−1.

Temperature
(K)

1000 1500 2000 2500 2800 3000 3200 3400 3600 3800 4000

d Anharmonic
rate
Constant
(s−1)

1.18 × 10−3 8.99 × 103 9.22 × 105 6.27 × 107 3.85 × 108 1.05 × 109 2.54 × 109 5.49 × 109 1.09 × 1010 1.98 × 1010 3.41 × 1010

Harmonic rate
constant
(s−1)

4.96 × 10−4 2.28 × 102 1.62 × 105 8.47 × 106 4.64 × 107 1.19 × 108 2.73 × 108 5.68 × 108 1.09 × 109 1.95 × 109 3.29 × 109

d3 Anharmonic
rate constant
(s−1)

5.84 × 10−4 4.91 × 102 5.30 × 105 3.80 × 107 2.42 × 108 6.79 × 108 1.68 × 109 3.73 × 109 7.58 × 109 1.43 × 1010 2.51 × 1010

Harmonic rate
constant
(s−1)

2.87 × 10−4 1.51 × 102 1.13 × 105 6.10 × 106 3.38 × 107 8.74 × 107 2.01 × 108 4.19 × 108 8.06 × 108 1.45 × 109 2.45 × 109

d4 Anharmonic
rate constant
(s−1)

6.21 × 10−4 5.55 × 102 6.19 × 105 4.41 × 107 2.76 × 108 7.64 × 108 1.85 × 109 4.04 × 109 8.04 × 109 1.48 × 1010 2.54 × 1010

Harmonic rate
constant
(s−1)

2.82 × 10−4 1.50 × 102 1.13 × 105 6.07 × 106 3.36 × 107 8.70 × 107 2.00 × 108 4.17 × 108 8.02 × 108 1.44 × 109 2.44 × 109

Table 5. The rate constants from cis-acetic acid-D to TS1-D at different energies for the microcanonical system. The unit of rate constant
is s−1.

d Energy (kcal
mol−1)

76.36 79.75 83.15 86.56 89.98 93.41 96.84 100.29 103.74 107.19 110.65

Correspond
(cm−1)

26,706.91 27,892.56 29,081.71 30,274.36 31,470.51 32,670.15 33,869.79 35,076.43 36,283.07 37,489.70 38,699.84

Anharmonic
rate constant
(s−1)

1.88 × 102 5.86 × 103 5.59 × 104 3.15 × 105 1.29 × 106 4.27 × 106 1.20 × 107 2.98 × 107 6.72 × 107 1.39 × 108 2.71 × 108

Harmonic rate
constant (s−1)

1.10 × 102 2.77 × 103 2.31 × 104 1.16 × 105 4.31 × 105 1.30 × 106 3.36 × 106 7.74 × 106 1.62 × 107 3.16 × 107 5.76 × 107

d3 Energy (kcal
mol−1)

79.12 82.54 85.97 89.42 92.86 96.32 99.78 103.25 106.72 110.2 113.68

Correspond
(cm−1)

27,672.22 28,868.37 30,068.01 31,274.65 32,477.79 33,687.92 34,898.06 36,111.69 37,325.32 38,542.45 39,759.58

Anharmonic
rate constant
(s−1)

4.06 × 102 6.70 × 103 5.21 × 104 2.67 × 105 1.03 × 106 3.28 × 106 8.98 × 106 2.18 × 107 4.85 × 107 9.97 × 107 1.92 × 108

Harmonic rate
constant (s−1)

2.21 × 102 3.06 × 103 2.08 × 104 9.55 × 104 3.36 × 105 9.87 × 105 2.51 × 106 5.74 × 106 1.20 × 107 2.32 × 107 4.23 × 107

d4 Energy (kcal
mol−1)

77.04 80.48 83.93 87.38 90.84 94.31 97.79 101.27 104.75 108.24 111.73

Correspond
(cm−1)

26,944.74 28,147.88 29,354.52 30,561.16 31,771.29 32,984.92 34,202.05 35,419.18 36,636.31 37,856.94 39,077.57

Anharmonic
rate constant
(s−1)

1.39 × 101 7.37 × 102 9.37 × 103 6.41 × 104 3.04 × 105 1.13 × 106 3.50 × 106 9.44 × 106 2.28 × 107 5.05 × 107 1.04 × 108

Harmonic rate
constant (s−1)

9.91 4.08 × 102 4.47 × 103 2.70 × 104 1.15 × 105 3.88 × 105 1.10 × 106 2.74 × 106 6.14 × 106 1.27 × 107 2.43 × 107
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Figure 2. The canonical and microcanonical rate constants (anharmonic) for cis-acetic-D acid to TS1-D. The unit of rate constant is s−1.

Corresponding to Table 2, the rate constants (H) for the
reaction are plotted in Figure 1. With the temperatures
increasing from 1000 to 4000 K, the harmonic rate
constants change from 4.84 × 10−4 to 3.27 × 109 s−1,
while the anharmonic rate constants are in the range from
1.09 × 10−3 to 3.93 × 1010 s−1. The gap between anhar-
monic rate constants and harmonic ones changes with the
increasing temperatures. When the temperature is 1000 K,
the anharmonic rate constant (1.09 × 10−3 s−1) is 55.6%

higher than the harmonic rate constant (4.84 × 10−4 s−1),
and the anharmonic rate constant (3.93 × 1010 s−1) is 91.7%
higher than the harmonic rate constant (3.27 × 109 s−1)
at 4000 K. It is worth noting the first six energy data in
Table 2, as they are all lower than the calculated activation
energy 75.19 kcal mol−1. Hence, we have to calculate
the rate constants in the microcanonical system at higher
energy.

Figure 3. The canonical and microcanonical rate constants (harmonic) for cis-acetic-D acid to TS1-D. The unit of rate constant is s−1.
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Table 6. The rate constants from cis-acetic acid (H) to TS3 (H) at different temperatures for the canonical system. The unit of rate
constant is s−1.

Temperature (K) 1000 1500 2000 2500 2800 3000 3200 3400 3600 3800 4000
Energy (kcal

mol−1)
13.62 27.11 42.29 58.37 68.30 74.99 81.74 88.53 95.36 102.22 109.11

Correspond
(cm−1)

4763.60 9481.72 14,790.93 20,414.91 23,887.93 26,227.75 28,588.57 30,963.37 33,352.16 35,751.45 38,161.22

Anharmonic rate
constant (s−1)

8.96 × 10−4 3.15 × 102 2.15 × 105 1.17 × 107 6.70 × 107 1.78 × 108 4.20 × 108 9.04 × 108 1.79 × 109 3.33 × 109 5.82 × 109

Harmonic rate
constant (s−1)

5.99 × 10−4 1.50 × 102 7.79 × 104 3.37 × 106 1.70 × 107 4.18 × 107 9.21 × 107 1.84 × 108 3.43 × 108 5.97 × 108 9.84 × 108

Figure 4. The canonical and microcanonical rate constants for cis-acetic (H) acid to TS3 (H). The unit of rate constant is s−1.

To calculate the energy corresponding to the above tem-
peratures, we employ the relation between the total energy
of a microcanonical system and the temperatures of a canon-
ical system by

E = −
[
∂ ln Q

∂β

]
(17)

with Equation (17), and the energy in the microcanoni-
cal system can be obtained. Then the total energies are

27,406.41 to 38,161.22 cm−1, corresponding to the tem-
peratures of 3100 to 4000 K, respectively, for this channel.
Table 3 shows the harmonic and anharmonic rate constants
(H) of the title reaction obtained with the YL method for
microcanonical case.

From Table 3 and Figure 1, we can see that for the mi-
crocanonical system, the harmonic and anharmonic rate
constants increase with the increasing of the total en-
ergies. With the energies increasing from 27,406.41 to
38,161.22 cm−1, the harmonic rate constants increase from

Table 7. The rate constant from cis-acetic acid (H) to TS3(H) at different energies for the microcanonical system. The unit of rate
constant is s−1.

Energy (kcal
mol−1)

74.99 78.36 81.74 85.13 88.53 91.94 95.36 98.79 102.22 105.66 109.11

Correspond
(cm−1)

26,227.75 27,406.41 28,588.57 29,774.22 30,963.37 32,156.02 33,352.16 34,551.80 35,751.45 36,954.59 38,161.22

Anharmonic
rate constant
(s−1)

9.60 × 102 1.05 × 104 6.00 × 104 2.40 × 105 7.60 × 105 2.05 × 106 4.86 × 106 1.05 × 107 2.09 × 107 3.90 × 107 6.89 × 107

Harmonic rate
constant
(s−1)

6.24 × 102 6.22 × 103 3.35 × 104 1.28 × 105 3.91 × 105 1.02 × 106 2.34 × 106 4.88 × 106 9.42 × 106 1.71 × 107 2.93 × 107
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1.49 × 103 to 5.42 × 107 s−1, while the anharmonic rate
constants are in the range from 2.67 × 103 to 2.27 × 108 s−1.
The values of harmonic rate constants and the anhar-
monic ones increase with the increasing energies. When
the total energy is 27,406.41 cm−1, the anharmonic rate
constant (2.67 × 103 s−1) is 44.2% higher than the har-
monic rate constant (1.49 × 103 s−1), while the anharmonic
rate constant (2.27 × 108 s−1) is 76.1% higher than the
harmonic rate constant (5.42 × 107 s−1) at total energy
38,161.22 cm−1.

In Table 4 and 5, isotopic effect results of this reaction
are also given. The rate constants of the isotopic effect cases
are illustrated in Figures 2 and 3. In the canonical case, as
a whole, the isotopic effect is not obvious, and the result
of the deuterated anharmonic rate constants by size is H >

d > d4 > d3 (at the temperatures higher than 2000 K),
for example, when temperature is 2000 K, the anhar-
monic rate constant for CH3COOH case is 9.31 × 105 s−1,
the anharmonic rate constant for CH3COOD case is
9.22 × 105 s−1, for CD3COOD case is 6.19 × 105 s−1 and
for CD3COOH case is 5.30 × 105 s−1. The deuterated har-
monic rate constants by size is d > H > d3 > d4, when tem-
perature is 1000 K, the harmonic rate constant for d case is
4.96 × 10−4 s−1, the harmonic rate constant for CH3COOH
case is 4.84 × 10−4 s−1, for CD3COOH case is 2.87 ×
10−4 s−1 and for CD3COOD case is 2.82 × 10−4 s−1. In the
microcanonical system, the isotopic effect is obvious, both
the result of the deuterated harmonic rate constants and the
result of the deuterated harmonic rate constants by size are
H > d > d3 > d4, which can be reached from Figures 2
and 3 specifically.

3.2. Unimolecular dissociation of the cis-acetic
acid radical (the channel includes the TS3)

For this reaction, the anharmonic and harmonic rate con-
stants (H) for canonical case are presented in Table 6, with
temperatures ranging from 1000 to 4000 K. Corresponding
to Table 6, the rate constants (H) for this reaction are
plotted in Figure 4. From Table 6, it is clear that both
the harmonic and anharmonic rate constants increase
with temperatures increasing from 1000 to 4000 K. The
harmonic rate constants increase from 5.99 × 10−4 to
9.84 × 108 s−1, while the anharmonic rate constants
are in the range from 8.96 × 10−4 to 5.82 × 109 s−1 in
Table 6. The anharmonic rate constants are higher than the
harmonic ones at all the temperatures we calculated. When
the temperature is 1000 K, the harmonic rate constant
(5.99 × 10−4 s−1) is 33.1% lower than the anharmonic rate
constant (8.96 × 10−4 s−1), while the harmonic rate con-
stant (9.84 × 108 s−1) is 83.1% lower than the anharmonic
rate constant (5.82 × 109 s−1) at temperature 4000 K.
The first several energies are worth noting in Table 6 as
they are all lower than the calculated activation energy of

72.64 kcal mol−1 . Hence, we have to calculate the rate
constants in the microcanonical system at higher energies.

The total energies are 26,227.75–38,161.22 cm−1, cor-
responding to the temperatures of 3000–4000 K using
Equation (17), respectively. Table 7 shows the harmonic
and anharmonic rate constants (H) of the reaction obtained
from the YL method for the microcanonical case. The rate
constants of the microcanonical total energies are also il-
lustrated in Figure 4.

From Table 7 and Figure 4, we can see that in the micro-
canonical system the harmonic and anharmonic rate con-
stants increase with the increasing of the total energies. With
the energies increasing from 26,227.75 to 38,161.22 cm−1,
the harmonic rate constants increase from 6.24 × 102 to
2.93 × 107 s−1, while the anharmonic rate constants are in
the range from 9.60 × 102 to 6.89 × 107 s−1. The anhar-
monic rate constants are higher than the harmonic ones at
all ranges of energy. When total energy is 26,227.75 cm−1,
the harmonic rate constant (6.24 × 102 s−1) is 35.0%
lower than the anharmonic rate constant (9.60 × 102 s−1),
while the harmonic rate constant (2.93 × 107 s−1) is 57.5%
lower than the anharmonic rate constant (6.89 × 107 s−1) at
total energy 38,161.22 cm−1.

In Table 8 and 9, the isotopic effect results of this reac-
tion are also given. The rate constants for the isotopic effect
cases are illustrated in Figures 5 and 6. In the canonical case,
as a whole, the isotopic effect is not obvious and the result
of the deuterated anharmonic rate constants by size is d >

H > d3 > d4 (the temperatures are higher than 2000 K).
For example, when temperature is 2000 K, the anhar-
monic rate constant for CH3COOD case is 2.47 × 105 s−1,
the anharmonic rate constant for CH3COOH case is
2.15 × 105 s−1, for CD3COOH case is 1.41 × 105 s−1 and
for CD3COOD case is 1.38 × 105 s−1; the result of the
deuterated harmonic rate constants by size is d > H > d3 >

d4, when temperature is 2000 K, the harmonic rate con-
stant for CH3COOD case is 7.86 × 104 s−1, the harmonic
rate constant for CH3COOH case is 7.79 × 10−4 s−1, for
CD3COOH case is 5.30 × 10−4 s−1 and for CD3COOD
case is 5.29 × 10−4 s−1. In the microcanonical system, the
isotopic effect is obvious and both the results of the deuter-
ated harmonic rate constants and the results of the deuter-
ated harmonic rate constants by size are H > d > d3 > d4,
which can be reached from Figures 5 and 6 specifically.

3.3. Unimolecular dissociation of the enediol
radical (the channel includes the TS4)

For this reaction, the anharmonic and harmonic rate
constants for canonical case are presented in Table 10, with
temperatures ranging from 2100 to 3000 K. Corresponding
to Table 10, the rate constants for the title reaction are
plotted in Figure 7. From Table 10, it is clear that both
the harmonic and anharmonic rate constants increase
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Figure 5. The canonical and microcanonical rate constants (anharmonic) for cis-acetic-D acid to TS3-D. The unit of rate constant is s−1.

with temperatures increasing from 2100 to 3000 K. The
harmonic rate constants increase from 1.82 × 108 to
5.21 × 109 s−1, while the anharmonic rate constants are in
the range from 6.17 × 108 to 2.93 × 1010 s−1. The anhar-
monic rate constants are higher than the harmonic ones at
all range of temperatures. When the temperature is 2100 K,
the harmonic rate constant (1.82 × 108 s−1) is 70.5% lower
than the harmonic rate constant (6.17 × 108 s−1), while the
harmonic rate constant (5.21 × 109 s−1) is 82.2% lower
than the anharmonic rate constant (2.93 × 1010 s−1) at the
temperature 3000 K.

The total energies are 16,284.36–26,588.00 cm−1, cor-
responding to the temperatures of 2100–3000 K using

Equation (17). Table 11 shows the harmonic and anhar-
monic rate constants of the title reaction obtained with the
YL method for microcanonical case. The rate constants
of the microcanonical total energies are also illustrated in
Figure 7.

From Table 11 and Figure 7, we can see that for the
microcanonical system the harmonic and anharmonic rate
constants increase with the increase in total energy. With
the energy increasing from 16,284.36 to 26,588.00 cm−1,
the harmonic rate constants increase from 5.20 × 104 to
6.39 × 108 s−1, while the anharmonic rate constants are
in the range from 7.13 × 104 to 1.50 × 109 s−1. The anhar-
monic rate constants are higher than the harmonic ones at all

Figure 6. The canonical and microcanonical rate constants (harmonic) for cis-acetic-D acid to TS3-D. The unit of rate constant is s−1.

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

3:
08

 2
1 

Ju
ly

 2
01

5 
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Figure 7. The canonical and microcanonical rate constants for enediol (H) to TS4 (H). The unit of rate constant is s−1.

range of energy. When the total energy is 16,284.36 cm−1,
the harmonic rate constant (5.20 × 104 s−1) is 27.1%
lower than the anharmonic rate constant (7.13 × 104 s−1),
while the harmonic rate constant (6.39 × 108 s−1) is 57.4%
lower than the anharmonic rate constant (1.50 × 109 s−1) at
total energy 26,588.00 cm−1.

In Table 12 and 13, isotopic effect results of this effect
are also given. The rate constants for the isotopic effect
cases are illustrated in Figures 8 and 9. For the canonical
case, the isotopic effect is obvious, and it is supposed that C–
O bond scission has an effect on it. The result of the deuter-
ated anharmonic rate constants by size is d3 > H > d4 >

d. However, compared with the results of H, there is little

difference among the results of CD3COOD; however, the
difference between the results of CH3COOH and the results
of CH3COOD is in the range from 13.79% to 15.02%, and
the results of H are about 43.16% to 44.63% lower than the
deuterated results of CD3COOH case. For example, when
the temperature is 2100 K, the anharmonic rate constant
for CD3COOH case is 1.06 × 109 s−1, and the anharmonic
rate constant for CH3COOH case is 6.17 × 108 s−1, for
CD3COOD case is 6.07 × 108 s−1 and for CH3COOD case
is 5.22 × 108 s−1, The result of the deuterated harmonic rate
constants by size is H > d3 > d > d4; there is little difference
among the results of the harmonic rate constants between
the results of CH3COOH and CD3COOH case, nevertheless

Figure 8. The canonical and microcanonical rate constants (anharmonic) for enediol-D to TS4-D. The unit of rate constant is s−1.
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Figure 9. The canonical and microcanonical rate constants (harmonic) for enediol-D to TS4-D. The unit of rate constant is s−1.

the difference between the results of CH3COOH case and
CH3COOD case is in the range from 28.41% to 31.78%,
The results of CH3COOH and the deuterated results of
CD3COOD case is in the range from 28.41% to 31.35%.
For example, when the temperature is 2100 K, the harmonic
rate constant for CH3COOH is 1.82 × 108 s−1, and the har-
monic rate constant for CD3COOH case is 1.76 × 108 s−1,
for CH3COOD case is 1.24 × 10−4 s−1 and for CD3COOD
case is 1.24 × 10−4 s−1. In the microcanonical system, both
the result of the deuterated harmonic rate constants and the
result of the deuterated harmonic rate constants by size are
H > d3 > d > d4, this conclusion can be reached from
Figures 8 and 9 specifically.

3.4. Unimolecular dissociation of the trans-acetic
acid radical (the channel includes the TS2)

This reaction, the anharmonic and harmonic rate constants
for canonical case are presented in Table 14, with tem-
peratures ranging from 1000 to 4000 K. Corresponding
to Table 14, the rate constants for the title reaction are
plotted in Figure 10. From Table 14, it is clear that both the
harmonic and anharmonic rate constants increase with the
increasing temperatures. With the temperatures increasing
from 1000 to 4000 K, the harmonic rate constants increase
from 0.43 × 10−2 to 8.91 × 109 s−1, while the anharmonic
rate constants are in the range from 0.52 × 10−2 to
1.66 × 1010 s−1. The anharmonic rate constants are higher

Figure 10. The canonical and microcanonical rate constants for trans-acetic acid (H) to TS2 (H). The unit of rate constant is s−1.
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Figure 11. The canonical and microcanonical rate constants (anharmonic) for trans-acetic acid-D to TS2-D. The unit of rate constant is
s−1.

than the harmonic ones at all range of temperatures. When
the temperature is 1000 K, the harmonic rate constant
(0.43 × 10−2 s−1) is 17.3% lower than the harmonic rate
constant (0.52 × 10−2 s−1), while the harmonic rate con-
stant (8.91 × 109 s−1) is 46.3% lower than the anharmonic
rate constant (1.66 × 1010 s−1) at the temperature 4000 K.
The first several energies are worth noting in Table 14 as
they are all lower than the calculated activation energy
of 66.42 kcal mol−1. Hence, we have to calculate the
rate constants in the microcanonical system at higher
energies.

The total energies are 23,940.39–37,007.05 cm−1, cor-
responding to the temperatures from 2800 to 3900 K,
respectively, using Equation (17). Table 15 shows the har-
monic and anharmonic rate constants of the title reaction
obtained with the YL method for microcanonical case. The
rate constants of the microcanonical total energies are also
illustrated in Figure 10.

From Table 15 and Figure 10, for the microcanonical
system, we can see that the harmonic and anharmonic rate
constants increase with the increasing total energies. With

Figure 12. The canonical and microcanonical rate constants (harmonic) for trans-acetic acid-D to TS2-D. The unit of rate constant is
s−1.
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the energies increasing from 23,940.39 to 37,007.05 cm−1,
the harmonic rate constants increase from 2.66 × 103 to
3.36 × 108 s−1, while the anharmonic rate constants are in
the range from 2.35 × 103 to 5.28 × 108 s−1. The anhar-
monic rate constants are higher than the harmonic ones
except when the energy is 23,940.39 cm−1. When to-
tal energy is 25,108.55 cm−1, the harmonic rate constant
(3.44 × 104 s−1) is 3.1% lower than the anharmonic rate
constant (3.55 × 104 s−1), while the harmonic rate constant
(3.36 × 108 s−1) is 36.4% lower than the anharmonic rate
constant (5.28 × 108 s−1) at total energy 37,007.05 cm−1. It
can be seen that, the anharmonic effect is not obvious at the
first several energies, but in the case of high energies that
it is not negligible. In other words, the anharmonic effect is
not such obvious as the other Three.

In Table 16 and 17, isotopic effect results of this re-
action are also given. The rate constants for the isotopic
effect cases are illustrated in Figures 11 and 12. For the
canonical case, the isotopic effect is not obvious and the
d4’s result of the deuterate anharmonic rate constants is
the smallest among the four values, but the other three
data have no regular size. The result of the deuterated har-
monic rate constants by size is H > d3 > d > d4, for
example, when temperature is 4000 K, the harmonic rate
constant for CH3COOH case is 8.91 × 109 s−1, the har-
monic rate constant for CD3COOH case is 8.84 × 109 s−1,
for CH3COOD case is 6.89 × 109 s−1 and for CD3COOD
case is 6.72 × 10−4 s−1. In the microcanonical system, both
the result of the deuterated harmonic rate constants and the
result of the deuterated harmonic rate constants by size are
H > d > d3 > d4, and this conclusion can be reached from
Figures 11 and 12 specifically.

For all the four unimolecular reactions, for the results
of CH3COOH or the deuterated results, we can see that the
harmonic and anharmonic rate constants increase with the
temperatures and total energies increasing in the canonical
or the microcanonical system. In other words, the anhar-
monic effect becomes more significant with the tempera-
tures and energies increasing, which cannot be neglected,
while the anharmonic effect on the reaction trans-acetic
acid → TS2 radical is the smallest one. The rate constants
of the deuterated results are smaller than the results of H
for all the four reactions. In the results of the CH3COOH
and the deuterated ones, the anharmonic effect becomes
manifest along with the increase of temperatures or total
energies. In the microcanonical system, the results of H are
always the biggest ones among the deuterated rate constants
of the four reactions.

Various systems and reactions give different results. We
can find lots of examples in our previous papers [22]. The
increasing ratio of total number of states W (E) and density
of state ρ (E) are different. For anharmonic rate constants
and harmonic rate constants, we cannot expect which one
is higher than the other one.

4. Conclusions

In this paper, the anharmonic and harmonic rate constants
have been calculated for canonical and microcanonical case
of the four reactions with the YL method. The anharmonic
effect on the decomposition reactions has been examined at
MP2/6-311 ++ G(3df,2p) level. All the values of barrier
height (H) coincide with the earlier theoretical work [4]
very well.

For the reaction cis-acetic acid → TS1, we obtain the
barrier height (H) 75.19 kcal mol−1, which is in accordance
with the earlier theoretical (76.4 kcal mol−1)work by Page
[4]. In both canonical and microcanonical cases, the rate
constants increase with the total energies or the tempera-
tures increasing basically. However, the difference between
the two kinds of rate constants is notable. Therefore, we
can draw the conclusion that the anharmonic effect is obvi-
ous in either canonical or microcanonical system, and the
deuterated results are also like this.

For the reaction cis-acetic acid → TS3, we obtain the
barrier height (H) 72.64 kcal/mol, which is in great agree-
ment with the earlier theoretical (73.1 kcal mol−1) work by
Page [4]. In both canonical and microcanonical cases, the
rate constants increase with the total energies increasing
basically. The harmonic and anharmonic rate constants are
different at all the temperatures and energies. What is more,
the difference increases with the total energies increasing.
Therefore, we can draw conclusion that the anharmonic ef-
fect is so significant that it cannot be neglected in either
canonical or microcanonical system, also the CH3COOH
results and the deuterated results.

For the reaction enediol → TS4, we obtain the barrier
height (H) 44.73 kcal mol−1, which is in reasonable agree-
ment with the earlier theoretical (44.8 kcal mol−1) work in
Ref. 4. In both canonical and microcanonical cases, the rate
constants increase with the total energies increasing basi-
cally, and the anharmonic rate constants are higher than
those for harmonic cases, especially in the case of high
total energies and temperatures, which indicates that the
anharmonic effect of this reaction is significant. Therefore,
we can draw a conclusion that the anharmonic effect is so
significant that it cannot be neglected in either canonical or
microcanonical system.

For the reaction trans-acetic acid → TS2, we obtain the
barrier height (H) 66.42 kcal mol−1, which is in reasonable
agreement with the earlier theoretical (66.9 kcal mol−1)
results in Ref. 4. In both canonical and microcanonical
cases, the rate constants increase with the total energies in-
creasing basically. However, the harmonic and anharmonic
rate constants (H) produce similar results when the tem-
peratures and energies are low, and the difference between
the two kinds of rate constants is obvious at high energies
and temperatures. What is more, the difference gradually
becomes more and more obvious with the total energies
increasing. Therefore, we can draw a conclusion that the
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anharmonic effect is so significant that it is not negligi-
ble in either canonical or microcanonical system, also the
non-deuterated results.

For all the four reactions, compared with the non-
deuterated results, the deuterated results differ from each
other in the microcanonical system, and for the canonical
system, except the reaction enediol → TS4, the isotopic
effect of the four reactions is not obvious. As the C–H bond
scission in each reaction is different, the three deuterated
results on the different positions would result in the differ-
ent deuterated results. Moreover, at different temperatures,
the deuterated results for each reaction are also different.

Funding
This work was supported by the National Natural Science
Foundation of China [grant number 11304028], [grant number
11304027]; the Natural Science Foundation of Liaoning Province
[grant number 201102016]; the Fundamental Research Funds for
the Central Universities [grant number 3132013102].

References
[1] C.H. Bamford and M.J.S. Dewar, J. Chem. Soc. 2877 (1949).
[2] P.G. Blake and G.E. Jackson, J. Chem. Soc. B 1153 (1968).
[3] P.G. Blake and G.E. Jackson, J. Chem. Soc. B 94 (1969).
[4] X.F. Duan and M. Page, J. Am. Chem. Soc. 117, 5115

(1995).
[5] J.C. Mackie and K.R. Doolan, Int. J. Chem. Kinet. 16, 525

(1984).
[6] P. Ruelle, Chem. Phys. 110, 263 (1986).
[7] M.T. Nguyen and P. Ruelle, Chem. Phys. Lett. 138, 486

(1987).
[8] J.F. Xie, J.G. Yu, W.L. Feng, and R.Z. Liu, J. Mol. Struct.

(Theochem) 201, 249 (1989).
[9] P.N. Skancke, J. Phys. Chem. 96, 8065 (1992).

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

[11] E.W. Schlag and R.A. Sandsmark, J. Chem. Phys. 37, 168
(1962).

[12] P.C. Haarhoff, Mol. Phys. 7, 101 (1964).
[13] R. Krems and S. Nordholm, Z. Phys. Chem. 214, 1467

(2000); D. Shen and H.O. Pritchard, J. Chem. Soc. Faraday
Trans. 92, 1297 (1996).

[14] G.H. Peslherbe and W.L. Hase, J. Chem. Phys. 105, 7432
(1996).

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

[16] P. Hobza and Z. Havlas, Chem. Rev. 100, 4253
(2000).

[17] K. Song and W.L. Hase, J. Chem. Phys. 110, 6198 (1999).
[18] W.L. Hase, Acc. Chem. Res. 31, 659 (1998).
[19] V.N. Bagratashvilli, V.S. Letokhov, A.A. Makarov, and E.A.

Ryabov, Laser. Chem. 1, 211 (1983).
[20] S.S. Mitra and S.S. Bhattacharyya, J. Phys. B: At. Mol. Opt.

Phys. 27, 1773 (1994).
[21] J. Troe, J. Chem. Phys. 66, 4758 (1977); Chem. Phys. 190,

381 (1995); J. Phys. Chem. 83, 114 (1979); J. Chem. Phys.
79, 6017 (1983); D. Romanini and K.K. Lehmann, ibid.98,
6437 (1993).

[22] L. Yao, A.M. Mebel, H.F. Lu, H.J. Neusser, and S.H. Lin,
J. Phys. Chem. A 111, 6722 (2007); L. Yao and S.H. Lin,
Mod. Phys. Lett. B 22, 3043 (2008); Sci. China Ser. B 51,
1146 (2008); L. Yao, R.X. He, A.M. Mebel, and S.H. Lin,
Chem. Phys. Lett. 470, 210 (2009); Y. Shao, L. Yao, and
S.H. Lin, ibid. 478, 277 (2009); L. Yao, A.M. Mebel, and
S.H. Lin, J. Phys. Chem. A 113, 14664 (2009). Y. Shao, L.
Yao, Y.C. Mao, and J.J. Zhong, Chem. Phys. Lett. 501, 134
(2010); L.Zh. Gu, L. Yao, Y. Shao, K. Yung, and J.J. Zhong,
J. Theor. Comput. Chem. 9, 813 (2010); L.Z. Gu, L. Yao,
Y. Shao, W. Liu, and H. Gao, Mol. Phys. 1, 12 (2011); Q.
Li, W.W. Xia, L. Yao, and Y. Shao, Can. J. Chem. 90, 186
(2012); Q. Li, L. Yao, and Y. Shao, CheM. 2, 1 (2012).

[23] M.J. Frisch, G.W. Trucks, H.B. Schlegel Gaussian 03, revi-
sion C. 02 (Gaussian, Inc.: Wallingford, CT, 2004).

[24] J.I. Steinfeld, J.S. Francisco, W.L. Hase, Chemical Kinetics
and Dynamics (Prentice-Hall, Englewood·Cliffs, NJ, 1989).

[25] W. Forst and Z.J. Prasil, Chem. Phys. 53, 3065 (1970);
W. Forst, Chem. Rev. 71, 339 (1971); W. Forst, Theory
of Unimolecular Reactions (Academic Press, New York,
1973).

[26] M.R. Hoare and Th.W. Ruijgrok, J. Chem. Phys. 52, 113
(1970).

[27] H. Eyring, S.H. Lin, and S.M. Lin, Basic Chemical Kinetics
(A Wiley-Interscience Publication, New York, 1980).

[28] T. Baer and W.L. Hase, Unimolecular Reaction Dynamics:
Theory and Experiments (Oxford University Press, New
York, 1996).

[29] R.G. Gilbert and S.C. Smith, Theory of Unimolecular and
Recombination Reactions (Blackwell, Oxford, 1990).

[30] Y.L. Niu, R. Pang, C.Y. Zhu, M. Hayashi, Y. Fujimura,
S.H. Lin, and Y.R. Shen, Chem. Phys. Lett. 586, 153
(2013).

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

3:
08

 2
1 

Ju
ly

 2
01

5 


	Abstract
	1. Introduction
	2. Computational methods
	2.1. Ab initio calculations

	3. Results and discussions
	3.1. Unimolecular dissociation of the cis-acetic acid radical (the channel which includes the TS1)
	3.2. Unimolecular dissociation of the cis-acetic acid radical (the channel includes the TS3)
	3.3. Unimolecular dissociation of the enediol radical (the channel includes the TS4)
	3.4. Unimolecular dissociation of the trans-acetic acid radical (the channel includes the TS2)

	4. Conclusions
	Funding
	References



