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Abstract. A method applying ab initio direct dynamics
has been utilized in studying the hydrogen abstraction
reaction HCN + OH — CN + H,0. The geometries
of the reactants, products, and the transition state have
been optimized at the QCISD/6-311G(d, p) level. Single-
point energies were further evaluated at the QCISD(T)/
6-311+G(2df, 2p)//QCISD/6-311G(d, p) level. The
barrier heights for the forward and reverse reactions
were predicted to be 15.95 and 7.51 kcal mol™" at the
QCISD(T)/6-311 + G(2df, 2p)//QCISD/6-311G(d, p)
level, respectively. The reaction rate constants were
calculated in the temperature range from 298 to 4,000 K
using the canonical variational transition-state theory
with a small-curvature tunneling correction. The results
of the calculation show that the theoretical rate con-
stants are in good agreement with experimental data
over the measured temperature range of 400-2,600 K.

Key words: Ab initio direct dynamics — Canonical
variational transition-state theory — Small-curvature
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1 Introduction

HCN is one of the main products of the decomposition
process of nitramine propellants. Its subsequent oxida-
tion, primarily by OH, is the initiator of the chemical
reactions that ultimately govern the performance pa-
rameters of these propellants, such as the ignition delay
and burning rates [1]. HCN has also been identified
in fuel-rich hydrocarbon—air flames [I, 2, 3] and in
hydrogen and hydrocarbon flames seeded with a variety
of fuel-nitrogen compounds. Research results indicate
that the oxidation of HCN by OH is an important path
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in the conversion of fuel-bound nitrogen to NO, in
hydrocarbon flames [3]. In the reaction zone, fuel
nitrogen is rapidly converted to HCN [4, 5, 6, 7], while
HCN is subsequently partially converted to CN. Since
fuel-NO can be formed with either HCN or CN [6], it is
important to know the rate constants of interconversion
between HCN and CN. There is evidence that HCN is
also a product of the biomass reaction, and after it is
emitted into the troposphere and stratosphere [8], HCN
keeps on reacting with many organic substances, such as
CH,O and CH3;OH, and is further changed to other
harmful substances [9].

The rate constants for the reaction of HCN with OH
have previously been investigated experimentally using
different methods [10, 11, 12]. Woolgridge et al. [12] gave
the rate constant expression of the forward reaction to
be ki =3.90 x 10°7"33exp(=5,179/T) cm® mol™' 57!
= 6.48 x 107 "87"83%exp(=5,179/T) cm? molecule™ s7',
in the temperature range from 500 to 2,000 K, by ap-
plying the narrow-line laser absorption technique. Jacobs
et al. [11] obtained the forward and reverse reaction rate
constant expressions to be ki = g7.7 + 1) x 10"%exp
[-(34.6 + 1) kJ/RT] ecm® mol™ s7' = (1.3 + 0.2) x
107" exp[—(4,163.66 + 120.34)/T] cm® molecule™' s™" and
ki =80 + 08)x10?  exp[-(31.2 + 0.6)kJ/RT] cm®
mol™' s7' = (1.3 £ 0.1) x 107" exp[—(3,754.5 + 72.2)/T]
cm® molecule™ s7', respectively, within the temperature
range from 518 to 1,027 K, with the laser-photolysis—
laser-induced fluorescence technique. Szekely and et al. [10]
determined the forward rate constant expression to be
K., =241 x10""exp (~5,500/T) cm’® molecule™' s™" in
the temperature range from 850 to 2,600 K, and the reverse
reaction rate constant expression to be k_; = 3.82 x 107"
exp (—6,700/T) cm® molecule™ s™" in the temperature range
from 850 to 2,600 K, with several experimental methods.

To our knowledge, however, only a few theoretical
studies have been reported on the title reaction so far.
Miller and Melius [13] studied the reaction potential
surface of the reaction of HCN with OH at the
BAC-MP4 level. Lin et al. [14] investigated the kinetic
mechanisms of the reactions HCN +OH, HCN + O, and
HCN + H. They gave the reaction path at the BAC-MP4
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level. Xu et al. [15] calculated the theoretical rate con-
stants for the hydrogen abstraction reaction of HCN
with OH. They optimized the geometric parameters of
the stationary points at the UHF/6-31G(d, p) level, and
refined the single-point energies at the UMP2/6-31G(d, p)
level. The minimum energy path (MEP) was obtained
using intrinsic coordinates at the UHF/6-31G(d, p) level
in the GAMESS program. They used the POLYRATE
program to calculate the rate constants using the vari-
ational transition-state theory (TST) incorporating a
tunneling correction. Their calculated rate constants
were in agreement with the experimental rate constants
obtained by Wooldbridge et al. [12] acquired in the
temperature range from 1,312 to 1,491 K. In the present
work, we investigated theoretically the dynamic prop-
erties of the hydrogen abstraction reaction with the more
accurate theoretical method QCISD, in order to obtain
the rate constants covering the temperature range of all
known experimental results, 518-2,600 K.

2 Computational methods

2.1 Electronic calculations

The geometries of the reactants (HCN and OH), the transition
state, and the products (CN and H20) were optimized at the
QCISD/6-311G(d, p) level. The gradients and Hessians of the
stationary points were predicted at the same level. The energies of
stationary points were refined at the QCISD(T)/6-311 + G(2df,
2p) level with the QCISD/6-311G(d, p) geometries. The MEP was
obtained by the intrinsic reaction coordinate method with a gra-
dient step size of 0.03 amu'/? bohr at the QCISD/6-311G(d, p)
level. Then, at selected points along the MEP, the gradients and
Hessians were calculated at the QCISD/6-311G(d, p) level. Because
the shape of the potential surface near the transition state is very
important for the computation of the rate constant, energies for the
selected points along the MEP were also refined at the QCISD(T)/
6-311 + G(2df, 2p) level.

2.2 Rate constants

The thermal rate constants at various temperatures were calculated
using conventional TST and canonical variational TST (CVT) as
implemented in the POLYRATE 8.2 program [16]. The CVT
thermal rate constant for a gas-phase bimolecular reaction was
determined by varying the location of the dividing surface along

the reaction coordinate, s, to minimize the generalized TST rate
constants, k°T(T,s) [17, 18, 19, 20]. Thus, the CVT thermal rate
constant, k<¢'7, at temperature T is given by

KVY(T) = min{k°(T,s)}

. kg T OST(T,s
= mm{a%%exp[— VMEP(S)/kBT]} ,

where QT is the internal partition function of the generalized
transition state; QR is the reactant partition function per unit volume;
o is the symmetry factor, which is 1 for the forward and 2 for the
reverse direction of the HCN + OH — CN + H,O reaction, and
kg and & are Boltzmann’s and Plank’s constants, respectively. QT
and QR are approximated as the products of electronic, rotational,
and vibrational partition functions. For QT, the relative transla-
tional partition function is also included. Translational and rota-
tional partition functions were evaluated classically, whereas the
vibrational partition functions were calculated quantum mechani-
cally within the harmonic approximation.

Furthermore, the CVT rate constants were corrected with the
small-curvature tunneling (SCT) [18, 19, 20, 21] transmission
coefficient. The SCT transmission coefficients, which include the
reaction-path curvature effect on the transmission probability, were
based on the centrifugal-dominant small curvature semiclassical
adiabatic ground-state approximation. In particular, the transmis-
sion probability at energy FE is given by

1
PE=—
(E) {1 +exp[—20(E)]}
where O(F) is the imaginary action integral evaluated along the
reaction coordinate,

05) =2 [\ o) |E = s |

and where the integration limits s; and s, are the reaction coordinate
classical turning points. The effect of the reaction-path curvature
on the tunneling probability is included in the effective reduced
mass, .

3 Results and discussion
3.1 Stationary points

The optimized geometric parameters of the reactants
(HCN and OH), products (CN and H,0), and their
transition state are shown in Fig. 1. It is clearly seen that
the computed geometric parameters of the reactants and

1772 1379 1084
1.169 179.1* 136" 1_(16:’1'{1
1.159 (1.0657) 17743 1423 @ 1.056
— ~-. 09579
"Tﬁ'gjm] . (0.9584)
6. 2 102.7
1564 1032 2.
; 15712° JIMTFJ’ 0.968 (103:49)
+ 1.169 LAl 216 y :
—- 1.180° 0.976 i
0.969 1,126 X 0949"  ——=
WAL Tazz=—142.1 1.175
o TH_\]JSS.T
Reactants TS Products

Fig. 1. Geometric parameters (in angstroms and degrees) of the
stationary points at the QCISD/6-311G(d, p) level. The values in
parentheses show experimental data [17]. =: dihedral angle. The

superscripts ¢ and b indicate values from Ref. [21] and Ref. [22],
respectively



products are in good agreement with the experimental
data (given in parentheses) [22, 23]. The calculated
structure of the transition state involved has C; symme-
try. The bond angle of O-H’—C in the transition state is
144.8°. The C-H’ bond, which will to be broken as the
reaction proceeds, is 0.31 A longer than that in the free
reactant HCN (Fig. 1). Simultaneously, the O-H’ bond,
which will be formed as the reaction proceeds, is 0.132 A
longer than that in the free product H,O. These values
are in agreement with the results reported by Shapley
and Bacskay [24] at the CASSCF(11/11)/cc-pVDZ level
of theory, and Palma et al. [25] at the UHF/(TZ + P)
level of theory except for the C—H-O bond angle. In
view of these structural characteristics, the transition
state is seen to be more product-like. In fact, the
experimental [26] and theoretical values of the reaction
enthalpies are 6.18 + 4.81 kcal mol™" at 298 K and
8.44 kcalmol™" at 0K with the QCISD(T)/
6-311 + G(2df, 2p)//QCISD/6-311G(d, p) method,
respectively. This is reflected in the transition-state
parameter L, defined as the ratio of the increase in the
length of the C—H’ bond on breaking and the elongation
of the O-H’ bond on its formation, each with respect to
their equilibrium value in the reactant (HCN) and the
product (H,O) [27], respectively. L = 2.35 indicates that
this reaction is an endothermic reaction.

The harmonic vibrational frequencies and zero-point
energies of the reactants, products, and their transition
state are listed in Table 1. It shows that the maximum
error of the computed frequencies of the reactants and
products is within 7% of the experimental values [28, 29,
30]. It can also be seen that the transition state possesses
a large absolute value of the imaginary frequency
(1,853 cm™"), an result of the narrow barrier height and
significant tunneling correction in the calculations of
the rate constants. The calculated barrier heights are
listed in Table 2. The theoretical barrier heights at the
QCISD(T)/6-311 + G(2df, 2p)//QCISD/6-311G(d, p)
level with zero-point energy corrections are 15.95
and 7.51 kcal mol™", respectively, for the forward and
reverse reactions.

3.2 Reaction-path properties

The MEP was computed using the intrinsic reaction
coordinate from the transition state to the reactants or to
the products. The geometries, gradients and Hessians at
selected points along the MEP were obtained at the
QCISD/6-311G(d, p) level. The energies of selected points
along the MEP were refined at the QCISD(T)/
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6-311 + G(2df, 2p) level to obtain more reasonable
values.

The changes of the bond lengths of the species in the
title reaction along the MEP are shown in Fig. 2. It is
seen that the lengths of the C-H’ and O-H’ bonds
change significantly near the transition state and that the
lengths of other bonds change only slightly. As the
reaction proceeds to products, the C-H’ bond length
remains practically invariant until the intrinsic reaction
coordinate reaches —0.75 amu'/? bohr, where it starts
increasing almost linearly with increasing s. At the same
time, the O-H’ bond length decreases almost linearly
until the intrinsic reaction coordinate reaches 0.25 amu
12 bohr. During this process, the C-H’ bond breaks,

Table 2. Forward and reverse reaction potential barriers, Ej,
with and without ZPE correction (kcal mol™")

QCISD/
6-311G(d, p)

QCISD(T)/
6-311+G(2df,2p)

E, E,+ZPE E, E,+ZPE

20.23 18.98 17.20 15.95
11.79 9.41 8.76 6.38

Forward
Reverse

aRef. [10]
P Ref. [11]
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Fig. 2. Changes of bond lengths as functions of s at the QCISD/
6-311G(d, p) level

Table 1. Harmonic vibrational

frequencies and zero-point Frequencies (cm™") ZPE .
energies (ZPE) at the QCISD/ A B (kcal mol™)
6-311G(d, p) level Theoretical Experimental
HCN 3,476 2,149 766 766 3,445 2,109 7,25° 10.23
OH 3,789 3,650° 5.42
CN 2154 2,260° 3.08
, H,0 3,996 3,902 1,687 3,650 3,650 1,475° 13.70
;Ref. [23] Transition state 3,825 2,221 1,553 1,141 14.40
Ref. [24] 624 362 187 158 1,853i

¢Ref. [25]
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while the O-H’ bond gradually forms. Figure 2 shows
that the geometric change mainly takes place in the
region from about s = —0.75 to s = 0.50 amu'/? bohr.
The harmonic vibrational frequencies along the MEP
are shown in Fig. 3. For the reactants (s = —o0),
HCN + OH, only five vibrational modes are nonzero.
Of these, modes 1 and 3 are the O-H and C-N
stretching vibrations, which do not change throughout
the whole reaction process. Mode 4 changes from the
H’-C-N bend vibrational mode in the reactant HCN to
the H'-O-H bend vibrational mode in the product H,O.
Mode 5 changes from the H-C-N bend vibrational
mode in the reactant to that of free rotation and its
frequencies tend to be zero in the product. The lowest
three frequencies, 6, 7, and 8, are the free rotation or
translation modes. Their frequencies tend to be zero at
the reactants or products and reach their maximum in
the transition -tate zone. Mode 2, in which the fre-
quencies dropped dramatically near the transition state,
must be directly related to the reaction process. When
s < 0, it is related to the C—H’ stretching mode, and
when s > 0, it is related to the O-H’ stretching mode.
This is called the “‘reactive mode”. The region where the
frequencies change dramatically is also shown in Fig. 2.
Curves for the classical potential energy, Vyep, and
the ground state vibrationally adiabatic potential ener-
gy, V.S, along the MEP are shown in Fig. 4 as functions
of the 1ntr1ns1c reaction coordinate. The curves for Vygp
and V.S are actually very similar in shape, and the po-
sitions of the maximum value on the curves lie at nearly
the same location at s = 0 amu '/? bohr. This indicates
that the variational effect is shght in our computation
of the rate constant. The rl)eaks on both curves are
rather sharp near s = 0 amu '~ bohr, and this indicates
that the tunneling effect on the theoretical rate constants
should be large. In order to further investigate the
variational effect, the dynamical bottleneck properties of
the reaction are listed in Table 3. This table shows that

Frequencies (cm™)

L
-1.5 -1.0 -0.5 0.0 05 1.0 1.5

s ((amu)”2 bohr)

Fig. 3. Change of vibration frequency as functions of s at the
QCISD/6-311G(d, p) level
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Fig. 4. Classical potential energy, Vmgp, and ground-state
vibrationally adiabatic potential energy, VS, as functions of s
at the QCISD/6-311G(d, p) level

Table 3. Bottleneck properties determined using the transition-
state theory (TST) and canonical variational TST (CVT) method

T (K) s (bohr) Vamep (keal) VS (keal)
Saddle point® 0.000 15.95 30.35
0.00 -0.008 15.98 30.41
298.00 -0.008 15.98 30.41
400.00 -0.009 15.98 30.41
500.00 -0.009 15.98 30.41
600.00 -0.009 15.98 30.41
700.00 -0.009 15.98 30.41
1,000.00 -0.009 15.98 30.41
1,500.00 -0.010 15.98 30.41
2,000.00 -0.010 15.98 30.41
2,500.00 -0.010 15.98 30.41
3,000.00 -0.010 15.98 30.41
4,000.00 -0.010 15.98 30.41

#Conventional TST (other rows correspond to CVT)

the positions of the variational transition state at various
temperatures deviate from the saddle point at
s =0 amu'’? bohr. The largest deviation is at 4,000 K,
where s = 0. 0100 amu'’? bohr, and the correspondrng
Vaep and V. are 15.98 and 30.41 kcal mol™, respec-
tively. Since, for the conventlonal transition state
(s=0), Vmep and VS take the values 15.95 and
30.35 keal mol ™", respectlvely, the largest devmtlons
VMEP (S = —0010) VMEP (S‘ = 0)— 0.03 kcal mOl
and V.E (s=-0.010)-V.E (s=0.0)= 0.06 kcal mol™",
remain very small. This means that the variational
corrections in the calculations of the rate constant are
also very small.

3.3 Reaction rate constants

Curves of the TST, CVT, and CVT/SCT rate constants
for the forward and reverse reaction as well as the



experimental values are plotted against the reciprocal of
temperature in Fig. 5. Curves 1, 2, and 3 give the TST,
CVT, and CVT/SCT rate constants, and curves 4, 5, and
6 give the experimental values. For the forward reaction
in Fig. 5a, it can be seen that curve 3 is higher than
curve 6, and it is lower than curves 4 and 5 in the whole
temperature range. Curves 1 and 2 are far lower than
curves 4 and 5, and they are closer to curve 6 in the
whole temperature range. For the reverse reaction in
Fig. 5b, curve 3 is always higher than curves 4 and 5,
and about an order higher than the curve 4. So the
difference of curve 3 from curve 4 is very large. From
the two curves 4 in Fig. 5a and b, corresponding to the
expressions [10] k., = 2.41 x 107" x exp(=5,500/T)
and ko, =3.82 x 107" x exp(=6,700/T) cm® mole-
cule™ s7!, respectively, it can be seen that the rate
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Fig. 5. a Forward reaction rate constants, k, as functions of the
reciprocal of the temperature over the temperature range 500-
4,000 K. b Reverse reaction rate constants as functions of the
reciprocal of the temperature over the temperature range 500-
4,000 K. Curves 1, 2, and 3 are transition-state theory (TST),
canonical variational TST (CVT) and CVT/small-curvature tun-
neling (SCT) rate constants, and curves 4, 5 and 6 are experimental
values, respectively
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constants of the forward reaction are larger than those
of the reverse reaction, and that the effective activation
energy of the forward reaction is less than that of the
reverse reaction. However, since it is an endothermic
reaction, it can be inferred that the rate constants of the
forward reaction should be less than those of the reverse
reaction. The results, however, are not in agreement, and
our calculated results appear to be contrary to the
expressions of the rate constants reported by Szekely
et al. In addition, Table 4, which lists the theoretical
and experimental reaction activation energies and rate
constants, points further to this unexpected result.

It can also be observed in Fig. 5 that the TST and
CVT rate constants (curves 1 and 2) are always very
close to each other, indicating that the variational effect
is very small in the calculation of the rate constant.
Curves 1 and 2 are lower than curve 3 in the whole
temperature range, and curves 1 and 2 have a different
curvature from curve 3. This implies that the SCT cor-
rections are necessary in the calculation of the reaction
rate constant of this reaction. From the previous
discussions, it can be predicted that the theoretical
CVT/SCT rate constants might be more reliable.

Table 4. Forward and reverse reaction rate constants (cm’® mole-
cule™ s7") at the QCISD(T)/6-311 + G(2df, 2p)//QCISD/6-311G
(d, p) level in the temperature range 295-3,000 K

T TST CVT CVT/ Experiment
small-curvature
tunneling

Forward reaction rate constants
298 6.98x 1072 5.80 x 1072* 1.14 x 107
400  4.93x107%° 422 x 1072 8.67 x 107'*
500 2.49x107'% 2.17x 107'® 1.22x 1071°
600  3.64x 10717 3.20 x 107" 7.75 x 107'¢ 1.24 x 10714
700 2.60 x 1071° 2.30 x 1071 3.07 x 1071°  3.34 x 107!
850 2.23x 1071 198 x 107"° 1.43x107* 592 x 10714
1,000 1.07 x 107'* 9.54 x 107'° 4.54 x 1074 1.56 x 10713®
1,250 6.90 x 107 6.20 x 107" 1.88 x 10713 4.69 x 10713°
1,500 2.59x 107" 234 x 107 533 x 107" 9.77 x 10713®
1,730 6.57 x 107"% 5.94 x 1073 1.13 x 1072 1.59 x 107120
2,000 1.56x 1072 1.41 x 1072 233 x 10712 2.44 x 107'2°
2,250 2.98 x 1072 2.70 x 107'% 4.06 x 10712 3.32 x 107"
2,500 5.13x 107'2 4.65%x 1072 6.51 x 10712 4.23 x 107!?°
3,000 1.22x 107" 1.11 x 107" 1.41 x 107"
3,500 2.38 x 10711 2.17 x 107! 2.59 x 107!
4,000 4.09 x 107" 3.73 x 107" 4.28 x 107!

Reverse reaction rate constants
298  3.62x 1077 3.01 x 107'7 5.89 x 1074
400  6.30x 107!% 539 %1071 1.11 x 10713
500 5.70 x 1071 5.15 x 107'° 2.96 x 10714
600 2.80x 1071 254 x 1071 6.25x 107 2.55x 10714
700 9.33x 1071 851 x 1071 1.15x 10713 6.22 x 107148
850  3.66x 1071 336 x 107 245 x 107 9.09 x 107"
1,000 1.03 x 10713 9.51 x 107!* 4.56 x 1073 2.97 x 10714
1,250 3.79 x 10713 3.54 x 107'* 1.08 x 107!2 1.14 x 10713
1,500 1.00 x 1072 9.35 x 1073 2.14 x 1072 2,77 x 10713®
1,730 2.04x 1072 1.91 x 1072 3.65% 1072 5.01 x 10713®
2,000 4.04x 1072 3.78 x 107'% 6.26 x 107!2 8.45x 10713
2,250 6.85% 1072 6.42 x 107" 9.66 x 107'2 1.23 x 107'%®
2,500 1.08 x 107" 1.01 x 107" 1.42 x 107! 1.65 x 10712b

aRef. [11]

PRef. [10]
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4 Summary

The geometric structures of the reactants (HCN and
OH), products (CN and H,0), and transition state of the
title reaction have been optimized at the QCISD/6-
311G(d, p) level, and the MEP taken was also calculated
at the same level. The energies of the all stationary
points and selected points along the MEP were refined
at the QCISD(T)/6-311+ G(2df, 2p) level with the
QCISD/6-311G(d, p) geometries. The dynamics of the
hydrogen abstraction reaction were investigated using
the POLYRATE 8.2 program. The forward and reverse
rate constants were calculated on the basis of conven-
tional TST and CVT with SCT corrections. The
theoretical barriers of the forward and reverse reaction
are 15.95 and 7.51 kcal mol™, respectively. The reaction
enthalpy calculated with the QCISD(T)/6-311 + G(2df,
2p)//QCISD/6-311G(d, p) method is 8.44 kcal mol™" at
0 K. Comparison of the theoretical rate constants with
the experimental data shows that the CVT/SCT rate
constants are reliable. The variational effect on the
calculated rate constants is very small for this reaction.
The SCT corrections play a very important role for the
calculation of rate constants in the whole temperature
region. These results imply that, in the low temperature
range, the reaction HCN + OH — CN + H,O is in-
significant, but in the combustion process, this reaction
becomes very important.
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