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A Theoretical Study on the Two Reactions of Acetonitrile with Atomic Chlorine and

Bromine

1. Introduction

Experimental observations of positive ions in the stratosphere
have shown the presence of acetonitrile §CN)*6 coming
mainly from various combustion procesgésncluding biomass
burning, internal combustion engines burning and so orGDH
then diffuses into the stratosphere in which it is progressively
destroyed through chemical reactiénEarly studies showed
that the main loss of acetonitrile in the stratosphere is attributed
to its reaction with hydroxyl radicals. Later studies showed that

the possibility

reaction with the chlorine atchmay become significant at high
altitudes, because it is known that radicals of chlorine and
bromine also exist in the atmosphere.

The reaction between acetonitrile and atomic chlorine has
been studied experimentally by several autiérs® Olbregts
et al19 conducted a competitive chlorination experiment at 37
and 413 K, using chloroform as the reference gas. Poulet e

Qian Shu Li**and Chao Yang Wang

School of Chemical Engineering & Materials Science, Beijing Institute of Technology,
Beijing 100081, P. R. China, and Institute of Theoretical Chemistry, State Key Laboratory
of Theoretical and Computational Chemistry, Jilin Weisity, Changchun 130023, P. R. China

Receied: December 10, 2001; In Final Form: June 28, 2002

The two reactions of acetonitrile with atomic chlorine and bromine have been studied using the density
functional theory method. By comparing with the available experimental data and quadratic configuration
interaction results, the combination of the hybrid Becke’s half-and-half method for nonlocal exchange and
the Lee-Yang—Parr nonlocal correlation functional method (BH&HLYP) with the 6-311G(d, p) basis set is
settled on the minimum energy paths calculations for the two reactions. Barrier heights for the two forward
reactions are predicted theoretically to be 5.36 and 13.03 kcat‘rabthe BH&HLYP/6-311-+G(3df, 2p)//
BH&HLYP/6-311G(d, p) level, respectively. The canonical variational transition state theory incorporating
the zero-curvature tunneling and small-curvature tunneling corrections using the general polyatomic rate constant
code Polyrate-8.2 was used to predict the rate constants of the two reactions. The calculated rate constants
and the activation energies for the reaction of acetonitrile with chlorine atom are in satisfactory agreement
with the experimental data in the temperature range from 250 to 723 K.

to date. An aim of the present paper is to study theoretically
the dynamic properties of the reactions of acetonitrile with
atomic chlorine and bromine.

Former studie)¥—18 suggested that density functional theory
(DFT), particularly the BH&HLYP approach can provide
sufficient accurate potential energy surface information for rate
calculations. BH&HLYP here denotes a combination of the
hybrid Becke’s half-and-half (BH&HY method for nonlocal
exchange and the Le¢&rang—Parr (LYP¥° nonlocal correlation
functional. Its computational advantage would allow the ap-
plication of the direct dynamics method in the study of reactions
involving large polyatomic molecules.

In the present article, a direct dynamics study for the two
titled reactions is performed with use of the BH&HLYP/6-
311G(d, p) method. The calculated rate constants and the
o activation energies for the reaction of acetonitrile with chlorine
tatom are also compared with the available experimental data.

of a supplementary acetonitrile destruction

alll measured absolute values of the rate constants between _
295 and 723 K using a discharge flow tube, with chlorine atoms 2. Calculation Methods

in excess, and performed mass spectroscopic detection of
acetonitrile. The experimental results of Poulet et al. showed a
curved Arrhenius plot, with effective activation energies of 6
kcal mol! at 723 K and 3 kcal moft at 295 K. The rate
constant determined at room temperatureis B0-% cm® mol~!

s L Kurylo et al? obtained an upper limit of the rate constant
of 2 x 10715 cm?® molecule s71 at 298 K using flash photolysis
with resonance fluorescence detection of chlorine atoms. Tyndal
et all® measured the rate constant as (1:1%.20) x 10~

cm® mol~1 s71 at 296+ 2 K using laser flash photolysis with
the atomic resonance fluorescence technique. But the reaction
between acetonitrile and atomic bromine has not been reported

In the present study, the geometric parameters, energies, and
vibrational frequencies of all stationary points for the two titled
reactions were computed using the BH&HLYP approach with
the 6-3H-G(d, p) and 6-311G(d, p) basis sets. MP2 and QCISD
methods were also used to calculate the stationary point
properties of the reaction GBN-+CI for a comparison. MP2
(here denotes the second-order MgtiBiesset perturbatigh??
theory, and QCISD denotes the quadratic configuration interac-
tion® method. The minimum energy paths (MEPs) were
calculated at the BH&HLYP/6-311G(d, p) level by the internal
reaction coordinate with a gradient step size of 0.01 (ark@)
bohr, computing 150 points in the reactant channels [down to

* Corresponding author: gsli@mbh.bit.edu.cn.
T Beijing Institute of Technology.

s= —1.50 (amu¥2 bohr] and 150 points in the product channels
[up tos = +1.50 (amu¥? bohr]. Along with the MEPs of each

*Jilin University. reaction, the intrinsic reaction coordinagas defined as the
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TABLE 1: Optimized and Experimental Geometrical Parameters (distance in A, Angle in Degrees) at the Stationary Points

geometrical BH&HLYP MP2 QCISD
species parameters 6-311G(d,p) 6-31+G(d, p) 6-311G(d, p) 6-3tG(d, p) 6-311G(d, p) exptl
CH:CN r(C-H% 1.084 1.085 1.092 1.088 1.093 1.694
Cs, A1 r(C-C? 1.453 1.457 1.462 1.463 1.471 1.462
rC2-N2 1.139 1.147 1.173 1.181 1.160 1.256
O(HACC?) 110.0 109.9 110.0 109.9 109.8 109.7
O(C*C?N?) 180.0 180.0 180.0 180.0 180.0 180.0
CH,CN r(C*-H% 1.073 1.075 1.079 1.076 1.083 1.089
Cy, By r(C-C? 1.377 1.381 1.415 1.416 1.400 1.368
r(C?Ng) 1.154 1.163 1.142 1.149 1.175 1.992
O(HCC?) 119.9 119.9 119.5 119.5 119.8
HCI r(CI*-H®) 1.276 1.274 1.273 1.270 1.276 1.275
HBr r(Br’-H®) 1.414 1.407 1.412 1.435 1.416 1.415
NC,H,—H—CI r(C-H% 1.079 1.081 1.086 1.083 1.089
Cs?A’ r(C-C?) 1.416 1.419 1.446 1.447 1.439
r(C?>-N?) 1.144 1.152 1.139 1.145 1.165
r(Cl—H9) 1.337 1.345 1.392 1.404 1.335
r(CI"'—H9) 1.497 1.490 1.423 1.418 1.487
d(HCC?) 115.3 115.3 115.1 115.0 114.9
0(C?CH9) 106.7 106.8 105.0 105.0 106.3
O(H*CH®) 115.3 115.4 115.9 116.0 1151
O(C'C?N?) 179.1 179.0 179.3 180.0 178.9
O(CHsCI™) 174.2 1771 177.3 178.6 174.0
7(H3C'C?H%) 138.3 138.4 138.7 139.9 136.9
7(CI"HeC C?) 180.0 180.0 180.0 180.0 180.0

2 Calculated geometies at the BH&HLYP/6-311G(d, p) level for the transition state NGEH-Br: r(C-C? = 1.405;r(C?-N8) = 1.147,
r(C-H3) = 1.078;r(C++H®) = 1.482;r(H¢---Br”) = 1.559; (H*C'C?) = 116.7;0(C'H®Br") = 173.3. b ref 34.¢ref 35.4 ref 36.

signed distance from the saddle point, wétkx O referring to discrepancies between calculated geometries at different levels
the reactant side. At each selected point along the MEPs, thewere found at the transition state NgE4---H8---Cl.” For the
forces and Hessians were obtained at the BH&HLYP/6- predicted active &--H6 and H---CI” bond distances, the largest
311G(d,p) level. The single-point energy calculations for all discrepancies were both 0.069 A at the MP2 level with respect
stationary points and the selected points along the MEPs wereto those at the QCISD, whereas the BH&HLYP gave a
performed at the BH&HLYP/6-31t+G(3df, 2p) level for the difference of only 0.01 A. The angle between the active €°

two reactions. For the reaction of acetonitrile with the chlorine and H-:--CI” bonds, &:--H8---Cl,” calculated at the BH&HLYP/
atom, the single-point energy calculations for stationary points 6-311G(d, p) level was close to that of the QCISD/6-311G(d,
were also done at the QCISD(T)/6-311G(d, p)//MP2/6-311G(d, p) level only with a difference of 0°2whereas the BH&HLYP/

p), QCISD/6-31#+G(d, p)//MP2/6-311G(d, p), and CCSD(T)/  6-314+-G(d, p), MP2/6-3%G(d, p), and MP2/6-311G(d, p)
cc-pVTZ/IQCISD/6-311G(d, p) levels, and were performed results were all different from that at the QCISD level by up to
using the G2 scheme. Note that the G2 calculations were here3.1°. Therefore, by comparing with the more accurate ab initio
made with the MP2/6-311G(d, p) geometries and frequencies, results from the QCISD/6-311G(d, p), it is found that the
respectively. All the calculations above were performed using geometries calculated at the BH&HLYP/6-311G(d, P) level are
the Gaussian 98 program suieElectronic structural informa-  more reasonable than those of MP2.

tion was further used to compute the theoretical rate constants. e reaction energies and barrier heights of the two reactions
The rate constants and activation energies at various temperaye Jisted in Table 2. In comparison with the experimental
tures were calculated using the conventional transition state rgaction enthalpif of —8.31 + 8.97 kcal mot?, for the reac-
theory (TST) and canonical variational transition state theory 4, CH:CN-+CI, it can be seen that the BH&HLYP/6-

(CV'_I') in the_P_oI_yrate 8.2 prograf®.The CVT was basegl ON 3114+ G(3df, 2p)//BH&HLYP/6-311G(d, p) value{7.26 kcal
varying the dividing surface along a reference path to minimize mol-?) is the closest to the experimental data. However, it is

the rate constant. Furthermore, the CVT rate constants aréaher syrprising that the MP2 completely fails to even predict

corrected with the zero-curvature tunneling (ZCT) and the small- 4, sign of the reaction enthalpy, which are 9.23 kcal That

curvature tunneling (SC#932 transmission coefficient. the MP2/6-3%G(d, p) level and 6.47 kcal mot at the MP2/
6-311G(d, p) level, for this reaction. The reaction energies
3. Results and Discussion calculated at the BH&HLYP/6-311G(d, p) and BH&HLYP/6-

31+G(d, p) levels were-1.15 and 0.15 kcal mot, which were
A. Stationary Points. Geometric parameters for the reactant close to 0.27 kcal mot at the QCISD/6-311G(d, p) level.

(CHsCN), products (CHCN, HCI and HBr), and the transition ~ However, the values 9.41 and 12.21 kcal nidrom MP2/6-
states obtained from different theoretical methods are listed in 311G(d, p) and MP2/6-3#G(d, p) are much higher than that
Table 1, along with their experimental valu&s3® The corre- from QCISD/6-311G(d, p). The BH&HLYP/6-3H+G(3df,
sponding structures are displayed in Figure 1. For the reactant2p)//BH&HLYP/6-311G(d, p) result was-2.05 kcal mof?
and product structures, namely, &N, CH,CN, HCI, and HBr, more exothermic than the CCSD(T)/cc-pVTZ//QCISD/6-
these methods yielded results in excellent agreement with the311G(d, p) value. As shown in Table 2, the calculated barrier
experimental data. Geometries of XN and CHCN also heights are quite scattered for different methods. The barrier
showed good agreement with the theoretical results obtainedheights calculated using BH&HLYP/6-33H-G(3df, 2p)//
by Wang et af” at the B3LYP/6-31%+G(2d, 2p) level and  BH&HLYP/6-311G(d, p) method is 5.36 kcal md| which is
Gutsev et aP® at the CASSCF/GENCAS level. The largest close to that using CCSD(T)/cc-PVTD//QCISD/6-311G(d, p)



CH3CN Reacts with Atomic Chlorine and Bromine J. Phys. Chem. A, Vol. 106, No. 38, 2002385

Figure 1. Optimized geometric structures of the reactants, products, and transition states.

TABLE 2: Reaction Energies and Barrier Heights (in kcal mol~1) of the CH;CN + Cl and CH3;CN + Br Reactions®

methods AE AHOKO AHzggKO \/1t VaG*

CH3;CN+CI=CH,CN+HCI?

BH&HLYP/6-311G(d, p) -1.18 —6.18 —5.57 10.80 6.29

BH&HLYP/6-31+G(d, p) 0.15 —4.82 -4.21 11.82 7.34

MP2/6-311G(d, p) 9.41 5.89 6.47 18.82 15.85

MP2/6-3HG(d, p) 12.21 8.68 9.23 21.71 18.82

QCISD/6-311G(d, p) 0.27 —4.57 -3.95 13.76 9.32

Single-point energy calculations

BH&HLYP/6-311++G(3df, 2p)// —2.87 —7.88 —7.26 9.87 5.36

BH&HLYP/6-311G(d, p)

QCISD/6-311+G(d, p)// 0.71 —2.81 —2.23 12.81 9.93

MP2/6-311G(d, p)

QCISD(T)/6-311G(d, p)// 1.83 —1.70 -1.12 13.11 10.14

MP2/6-311G(d, p)

CCSD(T)/cc-pVTZIl —0.83 —5.68 —5.05 10.32 5.88

QCISD/6-311G(d, p)

G2//IMP2/6-311G(d, p) —7.41 —6.83 6.65
CH;CN+Br=CH,CN+HBr®

BH&HLYP/6-311G(d, p) 11.27 6.05 6.41 18.62 13.63

Single-point energy calculations

BH&HLYP/6-311++G(3df , 2p) 10.30 4.87 5.23 16.32 11.33

/IBH&HLYP/6-311G(d, p)

G2 6.84 6.83 13.05

a Standard reaction enthalp#&s—8.31+ 8.97 kcal mot?; 7.314 8.97 kcal mot!. Experimental activation energies:6.0 kcal mot?in 370.5-
413 K%, 5.52 kcal mot? in 478-713 K% >3.97 kcal mot? at 298 K3, 4.24 kcal mot?! in 274.5-345.5 K1° AE: Reaction energyAHo «-:
Calculated standard reaction enthalpy at 0,08 «: Calculated standard reaction enthalpy at 298VK; Classical barrier heighty,6: V*
corrected with the zero-point energy.

method (5.88 kcal mal). In the next section, we will show The harmonic vibrational frequencies and the zero-point
that the fitted activation energies from ICVT/SCT rate constants energies (ZPE) for the reactant (gEN), products (CECN,
using these values are close to the experimental data. HoweverHCI), and the transition state (NG&!-+-H®:--CI7) calculated

the barrier heights calculated using MP2 method and thoseby different theoretical methods along with some available
calculated based on MP2 geometries are generally overestimatesexperimental daté&*1are listed in Table 3. For G3&N, CH,CN,

So the reaction energies and barrier heights predicated at theand HCI species, the calculated frequencies agree well with the
BH&HLYP/6-311++G(3df, 2p)//BH&HLYP/6-311G(d, p) level experimental data except for the stretching mode\€ (2266

of theory are deemed to be reasonable for the reactions discussedm™) and bending modeaC?-N2 (362 cn?). In the transition
here. state NCHC!---H8---ClI,” the calculated real frequencies at the
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TABLE 3: Calculated and Experimental Frequencies (in cnt!) and ZPE (in kcal mol~?) at the Stationary Points

BH&HLYP MP2 QCISD
6-311G(d, p) 6-31G(d, p) 6-311G(d,p) 6-3£G(d, p) 6-311G(d, p) exptl
CH,CN 3217 3217 3195 3245 3166 3009
3140 3140 3101 3143 3082 2954
2489 2489 2218 2218 2343 2266
1527 1527 1501 1522 1503 1448
1466 1466 1428 1455 1436 1381
1104 1104 1073 1082 1078 1041
959 959 936 938 930 920
407 399 367 334 374 362
ZPE 29.40 29.47 28.53 28.76 28.63
CH,CN 3354 3388 3374 3429 3310 3301
3252 3276 3246 3297 3196
2209 2209 2754 2757 2133 2156
1494 1503 1471 1499 1470
1079 1084 1076 1095 1046 1124
1073 1075 1020 1030 1034 1041
683 687 576 564 607 680
459 445 452 444 424 487
408 400 429 421 377 367
ZPE 20.05 20.11 20.59 20.78 19.44
HCl 3043 3068 3088 3112 3045 2991
ZPE 4.35 4.39 4.41 4.45 4.35
NC;Hg++H-++ Cl 3204 3317 3288 3359 3239
3201 3220 3185 3241 3146
2379 2375 3105 3006 2264
1492 1497 1467 1489 1467
1230 1232 1195 1212 1209
1141 1142 1107 1105 1118
1021 1024 989 1001 1001
1011 1019 932 785 983
931 935 861 771 914
449 450 480 474 421
414 416 461 433 382
396 360 419 411 375
350 306 303 319 315
08 99 82 70 90
1524 1562 1570 1003 1669
ZPE 24.89 24.99 25.55 25.88 24.20

aref 40.°ref 41. Calculated frequencies at the BH&HLYP/6-311G(d, p) level of theory: HBr: 2723HNEH---Br: 3317 3216 2336 1492
1192 1106 1029 878 840 442 409 387 343 84 118PE=24.42 kcal mot'; HBr: 2721. ZPE=3.89 kcal mot™.

BH&HLYP level differ from the QCISD/6-311G(d, p) results  height and reaction enthalpy refined at the BH&HLYP/6-
by at most 10% with the difference of 9 ch However, the 311++G(3df, 2p)//BH&HLYP/6-311G(d, p) level of theory are
MP?2 results differ from QCISD/6-311G(d, p) results by 27% in satisfactory agreement with the higher level of theory results.
with the difference of 841 cm¥. This is encouraging because Thus, in the present work, the BH&HLYP/6-311G(d, p)
the BH&HLYP method is computationally much less expensive approach is used to calculate the geometries and frequencies
than the MP2 and QCISD methods. The most noticeable along the MEPs and a series of single-point BH&HLYP/6-
discrepancy in the transition state frequencies calculated at311++G(3df, 2p) calculations is performed to correct the
different levels is the appearance of imaginary values. The energies. The reaction GAN + Br is similar to CHCN +
imaginary values of vibrational frequencies depend strongly Cl, and we might expect that the geometries, frequencies, and
on the barrier heigh® The BH&HLYP/6-311G(d, p) and barrier heights could have the similar accuracy for the BH&HLYP
BH&HLYP/6-31+G(d, p) imaginary frequencies are 145 and method.
107 cnt!less than the QCISD/6-311G(d, p) value, respectively.  B. Reaction Path Properties.Changes of bond distances
This may be because BH&HLYP/6-311G(d, p) and BH&HLYP/ along the MEPs of the reactions @EN + Cl and CHCN +
6-31+G(d, p) classical barrier heights are 3.03 and 1.98 kcal Br are shown, respectively, in Figure 2a,b, which displays the
mol~! lower than the QCISD/6-311G(d, p) value. It can be seen C---H® and H---CI"/H6---Br” bond distances changing dramati-
that the imaginary values obtained using the MP2/6-311G(d, cally as functions of the intrinsic reaction coordinatén Figure
p) and MP2/6-33+G(d, p) methods are 99 and 666 cthiess 2a, as the reaction proceeds toward the productsgiceanges
than that of QCISD. However, the MP2/6-311G(d, p) and MP2/ from —oo to +o), the C++-H® bond distance remains practically
6-31+G(d, p) barrier heights are 5.06 and 7.95 kcal Thbigher invariant until the reaction coordinat®reaches about-0.4
than the QCISD/6-311G(d, p) results. So, for the frequencies (amu)2 bohr, where it starts to elongate almost linearly véith
calculated, the BH&HLYP method is seen to be more reasonableincreasing, and the%+-Cl” bond distance also starts to shorten
than the MP2 method. synchronously, and almost linearly, urgiteaches about0.5
From the discussion above, although some errors still remain (amu}’2 bohr. Whenrs > +0.5, the H--CI” bond distance only
in calculating the enthalpy of reaction and barrier height for experiences a small change. The points where these marked
the reaction CHCN + Cl = CH,CN + HCI, the BH&HLYP/ changes take place show that the beginning of the dissociation
6-311G(d, p) method predicts more accurate geometries andof the C---H® bond and the end of the formation of+tCl’
frequencies for the stationary points. Furthermore, the barrier bond, respectively. It can be seen that the geometric changes
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Figure 2. Changes of the bond distances (in A) as functionss of
(amu}’2 bohr at the BH&HLYP/6-311G(d, p) level. (a) The GEN
+ Cl reaction; (b) the CECN + Br reaction.

take place mainly in the region from ab@st= —0.40 to+0.50
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311G(d, p) level. (a) The CGN+ Cl reaction; (b) the CECN + Br
reaction.
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(amu}2 bohr. The characters of the bond distance changed in decrease of the rocking GHgroup also has impact on the

Figure 2b are similar to those in Figure 2a. The main region of
sthat the bond (&--H®) and (H---Br7) distances change sharply
lies at about—0.75 to+0.25 (amu¥? bohr.

At the BH&HLYP/6-311G(d, p) level, the curves of the

calculations of the rate constadt.The vibrational mode
y(C1e++H8:--ClI") and the rocking Cklcould lower the barrier
and thus would significantly enhance the reaction rate constants.
In Figure 3b, the/(C1---H®---Br7) “reaction mode” has a similar

generalized frequencies along the MEPs for the two reactionscharacter to the vibrational modgC:--H®-+-CI7).

are plotted in Figure 3a,b. Whesi = —o, the vibrational
frequencies correspond to the reactant {CN), and whens

= +oo, the vibrational frequencies correspond to the products
(CH,CN and HCI in Figure 3a and GIEN and HBr in Figure
3b). Figure 3 shows obviously that the vibrational frequenices
y(Cte++H8---CI") and v(C!---H5:--Br”) change dramatically in
almost the same regions sfs Figure 2, namely, from0.40

to +0.50 (amu¥? bohr for reaction CBCN + CI, and from
—0.75 to+0.60 (amu}? bohr for reaction CECN + Br. In
Figure 3a, whers < 0 (amu}2 bohr, the vibrational mode
y(CL++H5:--CI") is related to the stretching vibrational mode of
the C-+--H® bond that would be broken; however, wher 0
(amu?) bohr, the vibrational mode(C?:--H®---Cl’) is related

to the stretching vibrational mode of the®*HCI” bond that
would be formed. This characterization indicates that the
vibrational modey(C!---HS:--ClI") is related closely to the

The classical potential enerduep (s) and the ground-state
adiabatic potential energy,°(s) as functions of the intrinsic
reaction coordinats are plotted in Figure 4. In Figure 4a, the
curve V€ looks slightly different from the curveyegp in shape.
There is a local maximum value nes= —0.40 (amu}2 bohr
in the curveV,°. A two-barrier shape o¥/,°, which was also
found for CH; + Dy, CHs + HC, and CHF + Cl reactiongt?:43
implies that the variational effect may be significant on the
calculations of the rate constants of the reactionCRi+ ClI.

In Figure 4b, the shapes of the curvé§ and Vyep are very
similar to those for the reaction GAN + Br, which implies
that the variational effect on the calculations of the rate constants
are not significant. To understand deeply the variational effect,
the dynamic bottleneck properties of the two reactions based
on the canonical variational transition state (CVT) approach are
listed in Table 4, which shows the positisrof the variational

hydrogen abstraction reaction, so that the vibrational mode transition state at various temperatures is shifted from the saddle

y(C---H5---ClI") can be referred to as “reaction mode”. The rapid

points = 0. For the reaction C§CN + Cl, the maximum of
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Figure 4. Classical potential energieg\er) and ground-state adiabatic
potential energiesvi®) (in kcal mol) as functions of (amu}/2 bohr
at the BH&HLYP/6-311+G(3df, 2p)//BH&HLYP/6-311G(d, p) level.
(a) The CHCN + Cl reaction; (b) the CECN + Br reaction.

TABLE 4: Bottleneck Properties of the Reactions Based on
the CVT Method

Li and Wang

T (K) s (bohr) Vmep (kcal) V. (kcal)
CHsCN + CI=CH,CN + HCI
S.P. 0.000 9.87 34.76
250 —0.077 9.86 34.95
298 —0.076 9.87 34.95
500 —0.070 9.87 34.94
1000 —0.061 9.87 34.92
1500 —0.056 9.87 34.91
2000 —0.054 9.87 34.91
2500 —0.053 9.87 34.90
CHCN + Br=CH,CN + HBr
S.P 0.000 16.32 40.74
250 —0.049 16.42 40.92
298 —0.048 16.42 40.92
500 —0.047 16.42 40.92
1000 —0.047 16.42 40.92
1500 —0.048 16.42 40.92
2000 —0.049 16.42 40.92
2500 —0.050 16.42 40.92

shiftedsis —0.077 (amuy2 bohr at 250 K, where the values of
the Vuep(—0.077) andV,5(—0.077) are 9.86 and 34.95 kcal
mol~1, respectively. The difference$/uep(s = —0.077) —
Vmep(s = 0) = —0.01 kcal mot?, andV.8(s= —0.077)— V(s
= 0) = 0.19 kcal mot?, are small. For the reaction GEIN +
Br, the corresponding maximum value of shifteis —0.050
(amu}’2 bohr, and the difference¥yep(s = —0.050)— Vuep(s
= 0) = 0.01 kcal mot?, andV (s = —0.050)— V. 8(s = 0) =
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Figure 5. Forward reaction rate constarkgin cm® molecule® s™1)
as functions of the reciprocal of the temperatureljin the temperature
range of 256-1500 K. (a) The reaction of G}&N with CI; (b) the
reaction of CHCN with Br.

0.18 kcal mot?, are also small. This indicates that the variational
effect on the rate constant calculations in the two reactions is
not significant.

C. Rate ConstantsCalculated rate constants for the reactions
CH3CN + Cl and CHCN + Br are summarized in Table 5,
along with some available experimental rate constants. The
corresponding Arrhenius plots for the theoretical and experi-
mental rate constants are shown in Figure 5. As shown in Figure
5a, TST and CVT rate constants are quite close to each other
in the whole temperature range, again indicating that the
variational effect is insignificant in the calculations of the rate
constant. The TST, CVT, CVT/ZCT, and CVT/SCT rate
constants are in good agreement with the experimental values
at temperatures up to 500 K. And the CVT/SCT rate constants
are in good agreement with the experimental values measured
by Poulet et at! and Olbregts et dP in the temperature range
of 360-723 K. The TST, CVT, and CVT/ZCT rate constants
deviate substantially from the experimental values at temper-
atures lower than 500 K. In particular, the CVT/ZCT rate
constants are obviously smaller than the CVT/SCT rate con-
stants, indicating that the ZCT correction underestimates the
tunneling contribution. From Table 5, it can be seen that Wigner
tunneling corrections are comparable with the small-curvature
tunneling correction results. To obtain better accuracy, it is
necessary to perform large-curvature tunneling (LCT) calcula-
tions, which need to compute information of the global potential
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TABLE 5: Calculated and Experimental Forward Rate Constants (in cn? Molecule™! s71) for the Two Reactions

T (K) TST TSTIW CVvT CVT/ZCT CVT/SCT exptl
CH3CN + CI=CH,CN + HCI

250.0 1.72E-16 7.23E-16 1.13E-16 3.39E-16 2.10E-15 4.90E-16*
273.0 4.59E-16 1.69E-15 3.12E-16 7.83E-16 3.14E-15 1.30E-1%
274.5 4.87E-16 1.78E-15 3.32E-16 8.24E-16 3.22E-15 7.00E-15°
298.0 1.03E15 3.72E-15 7.22E-16 1.59E-15 4.70E-15
336.0 1.14E15 1.00E-14 8.02E-16 1.74E-15 4.98E-15 3.49E-14°
345.5 3.61E-15 1.25E-14 2.65E-15 4.88E-15 1.01E-14 3.49E-14°
363.0 4.65E-15 1.82E-14 3.44E-15 6.14E-15 1.20E-14 2.11E-14°
370.5 8.59E-15 2.11E-14 6.47E-15 1.07E-14 1.86E-14 1.30E-14
400.0 1.62E14 3.66E-14 1.25E-14 1.92E-14 3.01E-14 5.10E-14*
478.0 6.34E-14 1.19E-13 5.04E-14 6.82E-14 9.10E-14 1.01E1%
723.0 8.98E-13 1.24E-12 7.52E-13 8.53E-13 9.57E-13 7.25E-13
800.0 1.58E12 2.07E-12 1.33E-12 1.47E-12 1.61E-12

1000.0 4.94E12 5.93E-12 4.23E-12 4.48E-12 4.75E-12

CH3CN + Br=CH,CN + HBr

250.0 9.75E-22 2.85E-21 6.61E-22 2.15E-21 5.94E-21

298.0 4.58E-20 1.08E-19 3.30E-20 7.55E-20 1.60E-19

400.0 8.85E-18 1.55E-17 6.88E-18 1.09E-17 1.71E-17

500.0 2.21E16 3.27E-16 1.79E-16 2.41E-16 3.26E-16

600.0 2.08E-15 2.78E-15 1.73E-15 2.13E-15 2.64E-15

700.0 1.11E14 1.38E-14 9.41E-15 1.09E-14 1.29E-14

800.0 4.09E-14 4.86E-14 3.52E-14 3.95E-14 4.48E-14

1000.0 2.81E13 3.15E-13 2.47E-13 2.65E-13 2.88E-13

aref 11.°ref 10.¢ref 12.

TABLE 6: Fitted Forward Activation Energies (in kcal + HBr. It was found that the BH&HLYP method with the
mol~) for the Two Reactions 6-311G(d, p) basis set yields geometries and frequencies at the
lowT  highT  TST CVT  CVT/ZCT  CVT/SCT stationary points of comparable accuracy to those of the more

CH:CN + CI=CH,CN + HCI computationally expensive QCISD/6-311G(d, p) level. There-
250.0 363.0 5.97 6.17 526 4.89 fore, in the present paper, the BH&HLYP/6-311G(d, p) method
2745 345.5 5.99 6.21 5.33 4.97 is settled on the calculation of the geometries and frequencies
295.0 478.0 6.31 6.50 5.76 5.43 along withthe MEPs for the two titled reactions. More accurate
g?g-g ng-g 2'4718 g-gg g-gg g-gg barrier heights predicted at the BH&HLYP/6-313G(3df,
478.0 7230 743 758 708 6.83 2p)//BH&HLYP/6-311G(d, p) level are 5.36 kcal ndlfor the
800.0 1500.0 9.99  10.07 9.80 9.64 reaction CHCN + Cl and 13.03 kcal motf* for the reaction
1500.0 2500.0 13.58 13.63 13.50 13.41 CH3CN + Br, respectively.
CH3CN + Br=CH,CN + HBr By analyzing changes in the geometies and frequencies along
250.0 363.0 12.00 12.19 11.19 10.42 the MEPs, it was found that the reaction regions are from about
2745 3455 1204 1222 11.26 10.52 —0.40 to+0.50 (amu¥? bohr for the reaction CECN + Cl
295.0 4780 1238 1255 1175 11.09 and about-0.75 to+0.25 (amu¥2 bohr for the reaction CK¥CN
295.0 723.0 12.80 12.97 12.28 11.67 . . . -
3705 413.0 1247 1265 11.90 11.26 + Br, including the breaking of &:-H® and the forming of
4780 7230 1359 13.75 13.24 12.74 ClI7++-H®/Br’++-H.5
800.0  1500.0 ~ 16.26  16.40 16.11 15.81 The rate constants and the activation energies were calculated
1500.0 2500.0 19.93 20.05 19.90 19.72

in the temperature range of 26@500 K by using the canonical
surface. Obviously, this deserves to be studied further. For thevariational transition-state theory incorporating zero-curvature
reaction CHCN + Br, although no experimental data are tunneling and small-curvature tunneling corrections. For the
available for comparison, the rate constants might be predictedreaction CHCN + Cl, the calculated forward reaction rate
to have accuracy similar to the reaction §CHN + CI. constants are in satisfactory agreement with the experimental
The calculated Arrhenius average activation energies of the values in the measured temperature range, and the fitted
two reactions for several temperature ranges are listed in Tableactivation energies are in reasonable agreement with the
6. The experimental activation energies of the reactiog@\H corresponding experimental data. Calculations of the rate
+ Cl at various temperatures have been reported by severalconstants indicate that the variational effect on the rate constants

authors. They are 3.97 kcal mot? at 298 K12 6.0 kcal mof? is very small, and that the tunneling corrections are very
at 413 K10 4.24 kcal mot! in the range 2745345 K3 3.0 important for the rate constant calculations in the low-temper-
kcal moi* at 300 K and 6.0 kcal mot at 723 K1 Obviously, ature range. The rate constants are also predicted for the reaction
the fitted activation energies for the reaction &M + Cl are CH:CN + Br at the same level. From these calculated rate

in reasonable agreement with the experimental values in theconstants, it can be ascertained that the reactiogOBHt- Cl
measured temperature range of 25@3 K. In any of the plays a more important role than the reactionsCN + Br for
temperature ranges, the fitted activation energies for the reactionthe diminishment of CkCN in the stratosphere.

CH3CN + Br are all notably higher than that for the reaction
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