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Theoretical Study of Potential Energy Surface and Thermal Rate Constants for the
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The potential energy surface for theHg—H; system has been calculated with a modified Gaussian-2 method
(G2M). The system includes the reactiongHg + H, = CgHg + H (1) and H+ CgHg = CeH7 (2). The
computed molecular parameters and energetics are employed to calculate the thermal rate constants for these
reactions. For the direct abstraction reaction (1), the energy barrier was found to be 8.8 kcal/mol at our best
G2M(rcc,MP2) level of theory, with the tunneling corrected transition-state-theory rate cokista®t48 x

107207243 exp(—3159M) cm®(molecule s) covering 3665000 K. This result is consistent with scattered
kinetic data available in the literature. For the addition reaction (2), the barrier was found to be 8.9 kcal/mol.
The rate constant calculated by solving the master equation, with tunneling corrections based on the RRKM
theory, gavek, = 5.27 x 107! exp(—~1605T) cm?¥/(molecule s) at the high-pressure limit and 30T <

1000 K. In this temperature regime, where most addition kinetics have been measured, the calculated results
between 1 and 100 Torr encompass all experimental datsvas found to be strongly pressure dependent
above room temperature. Additionally, the effects of isotope substitution and possible secondary reactions
on reported experimental data have been discussed.

I. Introduction For the related H+ CgHg — CgH7 addition reaction (2),
numerous kinetic measurements have been conducted using
several techniques under varying experimental condifiyria,
Since the rate constant for the addition process is pressure

0?Iependent, these results will be discussed later by comparing

with the calculated values at different pressures.

In this investigation, we calculated the thermal rate constants
for both of the title reactions, using the potential energy surface
data computed with a modified Gaussian-2 metfod’hese
theoretical results are compared with the existing kinetic data
for both processes summarized above, including the effects of
isotope substitutions.

CeHs radicals play an important role in hydrocarbon combus-
tion chemistry, especially in relation to soot formation in its
incipient stagé:? In studies by the cavity ring-down (CRD)
technique, we have measured the absolute rate constants
phenyl reactions with many molecules relevant to hydrocarbon
combustion processés® Most of these reactions occur with
rate constants greater than~1®cm?®(molecule s) above room
temperature which are amenable with the CRD method. For
reactions such as¢ls + H,, we have not yet been able to
reliably measure its reaction rates below 600 K, the upper limit
of the temperature range employed in our CRD studies due to
the detrimental effect of temperature broadening @H#
absorptior?—8

For the GHs + Hp — CeHs + H reaction (1), there have The geometries of the reactants, products, and transition states
been kinetic measurements by conventional methods. Fieldinghave been optimized using two different methods, MP2/6-31G*
and Pritcharll measured its rate constant at low temperatures and the hybrid density functional B3LYP method, i.e., Becke’s
by a relative rate method using the recombination @H{  three-parameter nonlocal-exchange functi#haith the non-
radicals as a reference process. Fujii and Aséifgao and  |ocal correlation functional of Lee, Yang, and P#riyith the
Skinner}! and Kieferet al.*2 estimated the rate constant for the  6-31G** basis set® Vibrational frequencies, calculated at the
abstraction process by kinetic modeling of the rates of #i#C ~ B3LYP/6-31G** level, have been used for characterization of
decomposition reaction at high temperatures in shock waves.stationary points and zero-point energy (ZPE) corrections as
At the latest International Symposium on Combustion, Troe and well as transition-state-theory (TST) and RidRamsperger
co-worker$? reported the Arrhenius expressitn, = 6.6 x Kasset-Markus (RRKM) computations of the rate constafsts.
1071273970 cm¥(molecule s), obtained by UV absorption All the stationary points have been positively identified for
spectroscopy using shock-heated mixtures efadd various  minima (number of imaginary frequencies NIMAG 0) or
CeHs precursors. In a similar study at low temperatures by FTIR transition states (NIMAG= 1). All the energies quoted and
spectrometry, we have also determined the kinetics of the discussed in the present paper include the ZPE correction.
abstraction reaction. Kinetic modeling of the measurgdeC In order to obtain more reliable energies, we used higher
yields in the temperature range 556850 K gave rise t0 &  |evels of theory including perturbation theory to the fourth
preliminary set of data which will be compared with the ordep? (spin-projected PUMP4), quadratic configuration inter-
calculated result later. action (QCISD and QCISD(T)) method&&testricted open-shell

T Present address: Institute of Atomic and Molecular Sciences, Academia coupI(_ed cluster -(RC-CS-D a-nd RCCSP(T)) methéiiand the
Sinica, P.O. Box 23.166, Taipei 10764, Taiwan, ' equation-of-motion ionization potentla_ll (EOMIP-CCSD) ap-

proach3® The most accurate energetics is calculated by the
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TABLE 1: Relative Energies (kcal/mol) of Reactants, Products, and Transition States for the s + H, — C¢Hg + H Reaction
at Various Levels of Theory at the MP2/6-31G(d) Optimized Geometries

CoHs + Ha? CeHs + H TS1 CeHr TS2
[F(UHF) 1.26 0.75 1.26 1.15 1.33
ZPp
UHF/6-31G* (0.89) 57.0 60.1
UMP2/6-31G* (0.95) 61.3 60.0 57.0 66.5 63.4
B3LYP/6-31G** (1) 61.2 63.1 61.8 68.3 64.1
E.e (W B3LYP ZPE)
UMP2/6-31G** —231.945 28 —34.7 9.7 —33.3 —2.2
PUMP2/6-31G** —231.968 02 —20.4 8.3 —32.9 —5.8
PUMP4/6-31G** —232.053 25 —14.9 9.2 —-34.1 —4.7
PUMP4/6-311G** —232.129 54 —15.0 8.2 —33.8 —6.1
QCISD(T)/6-31G** —232.055 15 —13.3 11.3 —315 21
RCCSD(T)/6-31G** —232.056 68 —-11.9 10.4 —29.8 —-1.4
RCCSD(T)/VDzZ -232.071 96 —-10.4 12.9 —28.4 +0.3
G2M(rcc,MP2) —232.256 56 —-11.1 8.8 —28.9 —2.2
RCCSD(T)/6-311G** —232.141 98 -11.8
G2M(RCC,MP2) —232.270 38 —10.8
EOMIP/6-31G** —232.016 092 —-14.1 10.2 —33.7 21
RCCSD/6-31G** —232.021 029 —11.0 11.3 —30.6 -0.1
QCISD/6-31G** —232.019 428 —-12.9 11.1 —34.3 —-25
B3LYP//MP2 —232.743 95 —-7.2 5.3 —30.1 —4.2
B3LYP//B3LYP —232.747 79 —4.8 5.0 —28.3 -16
experiment -8.7+0.¢

aTotal energies are given in hartrees; all other energies given are relativgi§0+CH,. ® Zero-point energies in kcal/mol. Scaling factor for
each approximation is given in parenthesegPE is included in the total energyComputed on the basis of the experimental strengths of the
C—H bond in GHs (ref 35) and the HH bond in H (ref 36).

ian-2 (G2) approach by Pople and co-work&rand the total
energy is calculated as follov#s:

E[G2M(rcc,MP2)]= E[PUMP4/6-311G(d,p)}-
AE(RCC)+ AE(+3df2p)+ AE(HLC) + ZPE

where

AE(RCC)= E[RCCSD(T)/6-31G(d,p)}-
AE(+3df2p)= E[UMP2/6-31HG(3df,2p)] —

AE(HLC) = —4.931; — 0.1%, mhartree

wheren, andng are the numbers af andg valence electrons,

respectively.

GAUSSIAN 92/DF P2 and MOLPRO 9% programs were
employed for the potential energy surface computations. Figure
1 shows optimized geometries of the reactants, products, and
transition states. The energies of all species involved calculated
at various levels of theory are summarized in Table 1.

Ill. Results
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Figure 1. Geometries (bond lengths in angstroms, bond angles in
degrees) of the reactants, products, and transition states offthetC

H, and GHe + H reactions, optimized at the MP2/6-31G* and B3LYP/
6-31G** (in brackets) levels of theory.

1. Potential Energy Surface of the GHs + H, Reaction.

The reaction of the phenyl radical with,Hbroceeds by the
hydrogen abstraction mechanism to forgHg + H. Another
possibility, the insertion of gHs to molecular hydrogen leading
to GeH7, will be discussed and ruled out latefS1 is the
transition state for the abstraction of a hydrogen atogiisC-
H, — CeHg + H. TS1is found to haveC,, symmetry; the

CHH fragment is collinear.

is almost the same as the geometry of the phenyl radical. Itis
worth noting that the structure of the CHH fragmenfli&1 is
similar to that in the transition state for thet; + H, — CoH4

+ H abstraction reactioff, suggesting that the reaction of the
vinyl radical with H, can serve as a good model for the
corresponding reaction of the phenyl radical. Geometries of
The reaction is exothermic; CgHs, CsHgs, andTS1 optimized at the MP2/6-31G* and B3LYP/

therefore, the transition state exhibits an early character. The6-31G** levels are similar; the differences in the bond lengths
breaking H-H bond is elongated by about 0.1 A as compared do not exceed 0.020.03 A.

to that in the free Himolecule. The €&H distance, 1.481.49
A, in the transition state is still longer by0.4 A than a regular
CH bond length. The geometry of theld; fragment inTS1

Before discussing the barrier height, let us consider the
reaction exothermicity calculated at various levels of theory, in
comparison to the experimental value. The heat of tésG-
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U e In Figure 2, we compare potential energy surfaces of g C
’ + H, — C¢Hs + H and GH3 + H, — C,H4 + H reactions.

207 The former is somewhat more exothermic than the latter,

o+ . resulting in the lowering of the abstraction barrier. Hence, one
88 ; . |
Loo /\ \ canI exlpec;[] tgat the rr]Jhenlyqll rgdl(ial (IjS rrrore reactive toward
CeHotH, molecular hydrogen than the vinyl radical.

The insertion reaction ¢ls + H, — CgH7 is symmetry
forbidden. Within C,, symmetry, the reactants hav#;
electronic state, while the electronic state @His 2B;. We
searched for a TS for insertion without symmetry constraints.
30 289 However, all our calculations converge to eith€s1 for

abstraction offS2 for the hydrogen addition to ¢Els, which
will be discussed in the next section. Thus, no insertion
transition state was located. For theHz + H; reaction, we
T .. showed* that no TS for insertion leading to.Hs exists.
S et Therefore, we concluded that the reaction gHEwith H, can
10+ RPZTIN take place only by the abstraction mechanism, and the only
00 7 products are benzene and the H atom.
CyHy+H, Calculated vibrational frequencies ogds, CsHes, and TS1
are shown in Table 2. The B3LYP method has been shown to
be successful in reproducing experimental frequencies of various
molecules and radicafd. This is also the case for benzéfe
and the phenyl radical. For the latter, recent infrared absorption
spectroscopy measureméeftshowed good agreement between
experiment and the calculated B3LYP frequencies. On this
-40.5 basis, we expect the frequencies of the transition state to be
Figure 2. Profiles of potential energy surfaces for the reactiogidsC reliable. ForTS1, the imaginary frequency is 905i cry
+ H, and GHs + H as well as GH; + H, and GH4 + H, calculated implicating that quantum-mechanical tunneling would affect the
at the G2M(rcc,MP2) level. reaction rate constant.
2. Potential Energy Surface of the GHg + H Reaction.
Hz> — CeHe + H reaction is determined by the strengths of the The GHs + H reaction can proceed by two mechanisms:
H—H bond in K and the G-H bond in benzene. The latter, hydrogen abstraction leading toglds + H, and hydrogen
112.0+ 0.6 kcal/mol from the recent experiment of Davigb  addition giving GH;. The first channel has a high barrier, 19.9
al.,* is difficult to reproduce byab initio calculations. The  kcal/mol according to the G2M(rcc,MP2) calculations. If one
phenyl radical has high spin contamination of the UHF wave corrects the heat of the reaction to the experimental value of
function; the[¥0value is 1.26, much higher than 0.75 for a 8.7 kcal/mol, the barrier height decreases to 17.5 kcal/mol. This
pure doublet. As a result, the perturbation theory calculations value is still much higher than the calculated barrier for the
do not give a reliable value for the strength of the i€ bond addition channel, 8.9 kcal/mol at the G2M(rcc,MP2) level. While
in CeHe. Coupled cluster [RCCSD and RCCSD(T)], quadratic the GHg + H — CgHs + H, abstraction reaction is endothermic,
Cl [QCISD and QCISD(T)], and EOMIP results with the the addition channel is exothermic. The computed enthalpy of
6-31G** basis set are more accurate; the calculateti®ond the reaction at room temperature is 18.9 kcal/mol, which is 2.7
strength is in the 110:6113.7 kcal/mol range. On the other kcal/mol lower than the experimental value of 21.6 kcal/fol.
hand, all these methods significantly underestimate th&dH  The GHe + H — CgH addition reaction is significantly less
bond strength in B giving 99.6 kcal/mol vs the experimental  exothermic than gH, + H — C,Hs with AH of 33.3 kcal/mol.
value 103.3 kcal/moi® A balanced treatment of the &2 or Accordingly, the calculated barrier for the H atom addition to
CBS*" type is needed to better reproduce the experimental heatCgHg, 8.9 kcal/mol, is almost twice as high as the barrier for H
of the abstraction reaction. FaH, the G2M(rcc,MP2) and  addition to GH,, 4.7 kcal/moB4
G2M(RCC,MP2¥? methods give 11.1 and 10.8 kcal/mol,  TS2is the transition state for hydrogen addition. According
respectively, only about 2 kcal/mol higher than the experimental to its geometryTS2 has an early character; the forming-&
value of 8.7+ 0.6 kcal/mol. The deviation results from the bond is long, 1.76-1.88 A, and the bond alteration in the, C
overestimate of-3 kcal/mol for the C-H bond strength in gHs ring is small. The MP2 and B3LYP methods give quite different
by the G2M methods. The B3LYP/6-31G** approach under- values for the critical €H bond length. Similarly to the 14
estimatesAH by a few kcal/mol. + H addition TS, the origin of the deviation is the flatness of

At our best level, G2M(rcc,MP2), the barrier for the hydrogen  the potential energy surface. While the-8 distance increases

abstraction by €Hs from H, is calculated to be 8.8 kcal/mol.  from 1.70 to 1.88 A, the energy changes by less than 1 kcal/

-101

=20+

405

207

-10r

This is lower than the barrier for the;8s + H, — CHg + H mol. The imaginary frequency iTS2, 765i cnt?, is lower
reaction by 1.6 kcal/mol, calculated earlier by4sith a similar than that in the abstractioRS1.
method. For the reaction of the vinyl radical with,Hecent 3. Rate Constant Calculations. The bimolecular rate

experimental measurements of Knyaetal 38 showed that our constants for the abstraction reactions
calculated barrier has to be reduced only by 1.4 kcal/mol in

order to reach a close agreement between the theoretical and CegHs +H,— CgHg +H (1)
experimental rate constants. A similar level of accuracy can
be expected for the calculated barrier height for thel{Ct+ Hy CHs+D,—CH;D+D 8

reaction. Interestingly, recent CASPT2 calculations of Logan
and Chef® showed that the barrier for hydrogen abstraction were calculated with the conventional TST including tunneling
from methanol by @Hs is 8.0 kcal/mol. corrections. Using the molecular and TS data summarized in
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TABLE 2: Molecular and Transition-State Parameters of the Reactants, Products and Transition States of the 615 + H, and
CeHe + H Reactions, Calculated at the B3LYP/6-31G** Level

species i I (104°g cn?) v (cm™?)
CeHs A 134.8 401, 428, 601, 619, 672, 722, 815, 890, 958, 986
B 151.0 988, 1023, 1058, 1081, 1182, 1183, 1313, 1342
C 285.7 1473, 1485, 1592, 1646, 3173, 3179, 3192, 3194
3205
TS1 A 150.3 905i, 190, 234, 403, 427, 602, 612, 684, 725, 833,
B 171.9 896, 960, 960, 969, 994, 1022, 1055, 1063, 1111
C 322.2 1186, 1188, 1328, 1346, 1479, 1492, 1603, 1645
2269, 3174, 3180, 3191, 3195, 3205
TS1 A 150.3 664i, 149, 176, 403, 422, 589, 611, 657, 694, 746
(CeHs + D) B 206.4 776, 832,902, 954, 959, 993, 1021, 1053, 1089
C 356.7 1185, 1188, 1325, 1345, 1472, 1477, 1586, 1645
1672, 3174, 3180, 3191, 3195, 3205
CeHs A 148.0 412,412, 623, 623, 687, 723, 861, 861, 980, 980
B 148.0 1014, 1016, 1023, 1061, 1061, 1175, 1198, 1198
C 296.1 1336, 1382, 1513, 1513, 1638, 1638, 3155, 3165
3165, 3180, 3180, 3191
CgHsD A 148.0 391, 412, 616, 618, 620, 717, 791, 861, 872, 938
B 158.2 980, 1001, 1006, 1020, 1057, 1105, 1183, 1198
C 306.3 1330, 1356, 1484, 1507, 1631, 1633, 2346, 3158
3165, 3173, 3180, 3188
CsDsH A 168.6 358, 373, 521, 597, 600, 626, 670, 719, 799, 829
B 179.1 833, 834, 855, 875, 938, 971, 993, 1001, 1195,
C 347.6 1325, 1371, 1425, 1601, 1606, 2327, 2336, 2345
2355, 2364, 3173
CsDs A 179.1 358, 358, 504, 594, 594, 613, 670, 670, 799, 799
B 179.1 826, 826, 838, 847, 875, 875, 966, 983, 1075
Cc 358.1 1324, 1362, 1362, 1595, 1595, 2324, 2336, 2336,
2355, 2355, 2367
TS2 A 155.3 765i, 294, 363, 422, 473, 617, 618, 697, 732, 849
B 160.8 890, 970, 988, 1002, 1012, 1041, 1054, 1064
C 305.1 1179, 1194, 1202, 1349, 1379, 1510, 1520, 1621
1636, 3177, 3186, 3187, 3201, 3202, 3211
TS2 A 160.1 588i, 230, 272, 412, 440, 617, 617, 692, 725, 847
(C¢Hs + D) B 172.4 885, 970, 974, 996, 1009, 1025, 1054, 1064
C 311.9 1179, 1194, 1202, 1349, 1379, 1509, 1520, 1621
1634, 3177, 3186, 3187, 3201, 3202, 3211
TS2 A 155.4 753i, 286, 362, 422, 468, 611, 614, 683, 703, 808,
(CeHsD + H) B 170.8 844, 868, 927, 970, 987, 997, 1014, 1052, 1115
C 315.1 1187, 1202, 1334, 1360, 1489, 1505, 1616, 1632
2359, 3179, 3186, 3196, 3202, 3209
TS2 A 186.7 752i, 276, 341, 386, 426, 530, 587, 588, 626, 664,
(CeDs + H) B 191.9 704, 788, 806, 825, 828, 841, 842, 875, 878, 960
C 367.4 976, 1073, 1332, 1351, 1376, 1574, 1591, 2341
2351, 2352, 2369, 2371, 2382
TS2 A 191.5 588i, 224, 268, 359, 396, 531, 592, 593, 625, 663
(CsDsH + D) B 193.4 731, 788, 822, 827, 838, 859, 878, 959, 963, 996
C 364.1 999, 1186, 1341, 1357, 1430, 1584, 1592, 2342
2351, 2362, 2372, 2379, 3193
TS2 A 191.7 582i, 223, 268, 359, 391, 525, 587, 588, 618, 663
(CéDs + D) B 203.6 691, 786, 787, 822, 828, 829, 841, 875, 878, 956
C 374.1 976, 1073, 1332, 1349, 1376, 1574, 1588, 2341
2351, 2352, 2369, 2371, 2382
CeH7 A 158.4 177, 381, 525, 566, 593, 638, 722, 770, 875, 937
B 161.4 963, 972, 973, 993, 997, 1120, 1175, 1179, 1203
C 314.7 1320, 1372, 1426, 1448, 1466, 1559, 1625, 2919
2928, 3167, 3169, 3187, 3188, 3210
CeHsD2 A 160.9 159, 378, 492, 555, 591, 635, 695, 757, 798, 850
B 179.2 853, 890, 968, 975, 985, 996, 1071, 1098, 1148
C 330.0 1205,1277, 1343, 1406, 1463, 1555, 1618, 2129
2156, 3166, 3168, 3186, 3187, 3209
CsHsD A 159.5 168, 380, 505, 561, 592, 637, 707, 763, 837, 851
B 170.4 889, 966, 975, 991, 997, 1049, 1123, 1175, 1202
C 3225 1294, 1312, 1357, 1413, 1464, 1556, 1620, 2143
2921, 3166, 3168, 3186, 3187, 3209
CsDgH A 191.3 155, 337, 442, 474, 544, 556, 569, 626, 759, 760
B 191.7 771, 804, 840, 848, 850, 857, 912, 960, 1013
C 375.5 1138, 1269, 1278, 1290, 1355, 1478, 1577, 2144
2333, 2334, 2356, 2360, 2377, 2923
CsD7 A 193.0 147, 336, 429, 474, 539, 549, 568, 625, 759, 759
B 200.4 762, 769, 828, 838, 850, 857, 875, 895, 956
C 383.3 1070, 1072, 1239, 1269, 1325, 1476, 1575, 2130

2157, 2333, 2334, 2356, 2360, 2377
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Tables 1 and 2, we obtained the following rate expressions for
1o 3 the temperature range 366000 K in units of crd/(molecule
"o 10" [ s):
TE 107 i —20-2.43
3 10| k, = 9.48 x 10 2°T**exp(—3159)
?E) 107 .- —20-2.40
w0 | k, = 8.85x 10 °T>*°exp(—3570)
S qov |
~ 1078 These results are graphically presented in Figure 3a,b. The
10 3 ‘ l l 1 ‘ result of the H reaction will be compared with experimental

data later.
For the addition process, a variety of isotopically labeled
reactions have been calculated for comparison with experiments:

o

L
0.5 1 1.5 2
1000/T (K"

H + CgHg — CeH,' —~ CH,

D + CgHg— CgHsD' — C4HsD + H

X~ +M
c C6H6D
P }
H + CyDg— C;DgH' — C,D:H + D
45 +M
— C;DH
-65 : : + tM
0.00 0.10 0.20 0.30 D + CsDg — CsD, — C¢D,
10°T where “t” represents vibrational excitation and M denotes a
Figure 3. (a, top) Arrhenius plots of rate constahtsandk;' for the third body which collisionally deactivates the excited adducts.
abstraction reactions ¢85 + H, and GHs + D, respectively. (b, Because of the existence of well-defined TS's in these

bottom) Comparison of experimental rate constants for the abstraction reactions. we carried out conventional RRKM calculations by

reaction GHs + H, — CsHg + H with the calculated one. Experimental : P . . )
data: (1) ref 9; (2) upper limit, ref 20; (3) ref 45: (4) ref 10: (5) ref 12; solving the |nd_|V|duaI master equations using Fhe steady-state
approach of Diau and L for tunneling corrections.

(6) ref 13; see text for explanation. Long curve: theory.
The computed rate constant for H CgHg — CgH7 as a

-20 function of temperature is shown in Figure 4a for several
25 - 1020 torr pressures, and the effect of pressure for 700 and 1500 K is
illustrated in Figure 4b.
ser * For isotopically labeled addition reactions, Timmons and co-
s~ -35 F100 torr workers? reported in 1973 both absolute and relatike/kp)
5 Ll WIO Tunneling values of their rate constants obtained under H and D excess
conditions. In Figure 5, we present the calculatgtks ratios
45 | for the reaction pairs H- CsHg/CsDs and D+ CgHe/CeDs as
sl functions of temperature at 1 Torr pressure, for which the
experimental study was performed. A comparison of theory
-88 : ‘ : and experiment will be made later.
0.00 0.10 0.20 0.30 0.40 . . .
At high pressures, the theoretical rate constants for the various
10%/T isotopic combinations can be summarized as follows in units
. of cm¥(molecule s) for the 3081000 K temperature range:
of Keic, = 5:27 x 10 exp(~1605T)
z Ko, = 1.29% 107 exp(-2574M)
= o 700K
5 _ —11
st Kitcp, = 1.89x 10 ™" exp(—2234T)
20 .~ 1500K o
Kpicp, = 2-97x 10~ exp(—2540M)

25 oo+ttt s
10* 10° 102 10" 10° 10’ 10% 10° 10* 10° 10%0" 10" 10 . .
IV. Discussion
P (torr)

Figure 4. Rate constants for the reactiopHg + H — CgH7 calculated . . .
for various pressures on the basis of the RRKM theory with tunneling Calcul_ated rate cons_tant_ for the fabs;ractlon reaction with
corrections. (a, top) Temperature dependence: curves are calculate®XPerimental data. Fielding and Pritchardeasured the rate

values for the indicated pressure: { - —) ref 18; (— —) ref 17; (- - -) of CgHg formation relative to that of GHio (biphenyl) produced
ref 20; () ref 46. (b, bottom) Pressure dependence. by the recombination of phenyl radicals in the photolysis of

1. C¢Hs + H, Reaction. In Figure 3b, we compare the
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(a) exp(5073r), based on the theoretical molecular parameters and

2 the experimental exothermicity, 8.7 kcal/mol at 0 K.

In a similar study on the §Hg decomposition reaction, Kiefer
et al? arrived at the following expression for the rate constant
of the H+ CgHe — H> + CgHs reaction: k-y = 4.2 x 10710
exp(8052mM)cm?/(molecule s). Combination of this result with
the equilibrium constant givdg = 6.9 x 1012 exp(—3553M)
cm®/(molecule s). As shown in Figure 3b, the result that is

Ln (ku/ko)

ar H + C,H,JC,D, represented by line 5 appears to be in close agreement with our
ae b p =1 torr predicted value. We have also included the result estimated
with the H 4+ CgHe abstraction reactiork—; = 5.0 x 10712
.22 : : . exp(—4076mM) cm?/(molecule s), by Nicovich and Ravishan-
0.00 0-10 0.20 0-30 040 karg® on the basis of their observed H atom decay kinetics
(®) above 650 K, assuming no activation energy for the forward
22 CeHs + Hs reaction (line 2). The deviation of these converted
D + C,H,/C,D, estimates from our predicted value, except that of Kiefer étal.,
7k p =1 torr is generally quite large and unreliable.

In Appendix A, we have illustrated that, under the experi-
mental conditions employed by Nicovich and RavishanKéra,
the H-+ CgHg abstraction reaction is too slow to be measured
because of its large endothermicity (8.7 kcal/mol) and the
existence of the reaction barrier for its reverse process, 8.8 kcal/
mol. The observed H atom decay rates at all temperatures of
their study may be affected by secondary reactions involving
) ) the radical and molecular products from theHHCsHg addition
.00 0.10 0.20 0.30 0.40 reaction.

10T 2. H + CgHg Addition Reaction. The computed rate

) ) ) ) constant for the addition process
Figure 5. Comparison of the calculatég/kp ratios with the measured
values by Timmons and co-workers (ref 17) for (a)tHCsHs and .
CeDs and (b) D+ CeHs and GDe. H + CgHg — CeH; (2)

122 r

Ln (ku/ko)

biphenyl mercury in the presence of an excess amountaftH s presented in Figures 4a,b to illustrate the effects of temper-
453 < T < 623 K. The combination of their relative rate ature and pressure. In Figure 4a, the results obtained for 1,

constantky/k2 = 1.2 x 10~8e~3270T [cm3/(molecule s)}?with 100, and 18 Torr are plotted as functions of temperature. All
the recombination rate constant recently determined by Parkreported experimental values, typically determined between 1
and Lin and 100 Torr, lie within the theoretical values computed with
tunneling corrections. To demonstrate the effect of tunneling,
k =2.3x 10 Me*" cm¥(molecule s) we display the curve obtained at®0rorr without correction.
A similar calculation with the conventional TST equation for
gives rise to the addition process at< 1000 K without tunneling correction
gave essentially the same as that obtained by solving the master
k = 5.8 x 10~ 14g—3300T Cm3/(molecule s) equation. Figure 4b depicts the effect of pressuré,dor the

two temperatures, 700 and 1500 K, with tunneling corrections.
The result reveals the strong dependency on pressure above 1000

For practical applications, we recommend the following
expression for the addition reaction at 1 atm He covering-700
3000 K:

The result, labeled as line 1, is lower than our predicted value
within their temperature range studied as indicated in Figure
3b.

Recently, we measurdd in a similar temperature range by

rolyzing mixtures of GHsNO and B with and without added _
Rlyo gy Fgl'IR spectrometr§® From the rate of formation of k,=3.1x 10T *“exp(-41165T) cm’/(molecule s)
CsHg and the decay of &1sNO, we kinetically modeled the
rate constant for the abstraction reaction. Our preliminary data, In order to compare the theoretical results with ikh&p ratios
included in the figure by open circles, agree closely with the reported by Timmons and co-workéfdor the reaction pairs
predicted value. We have also carried out a parallel study of H + C¢He/CsDs and D+ CgHs/CsDg, additional frequency and
the reaction with the pulsed laser photolysis/mass spectrometryRRKM calculations were carried out. The predictedks for
system* employing GHsCOCH; as the phenyl source. The these reaction pairs at 300 K and 1 Torr pressure, as shown in
result of this preliminary study, given by filled circles in the Figure 5, differ noticeably from the experimental results obtained
figure, also agrees quantitatively with the predicted value. under [H] or [D] excess conditions. In the experiment by

In a study at higher temperatures with a shock tube, Troe Timmons and co-workersS,who measured the disappearance
and co-worker$ measured; by UV absorption. Their result,  of C¢Hg or GsDg by mass spectrometry, the [atom]/[benzene]
presented in Figure 3b by line 6, also agrees with the computedratios employed were typically in the range-1®4. Under these
result. In the same figure, we also compare the high-temperatureconditions, many secondary reactions involving the atomic
value of Asaba and Fulfi (line 4) from their kinetically modeled  species and radical or molecular adducts including isotopic
rate constant for the reverse-HCgHg — CgHs + Ha reaction. exchanges may take place as was recognized by these authors.
In converting the reverse rate constant, we used the equilibriumIn the H+ CgHg reaction, for example, the following reactions
constant for @Hs + Hy = CeHg + H, Keqg = 9.20 x 107570636 may occur:
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H + C4Hg = C4H; (cyclohexadienyl) various programs and computing facilities. A.M.M., M.C.L.,
and T.Y. acknowledge the support received from the Department

H+ CH,—H, + C;H, of Energy, Office of Basic Energy Sciences, Division of
Chemical Sciences, through Contract DE-FGO5-91ER14191.
H + CgH, — C;H; (cyclohexadiene) A part of the calculation has been performed on the supercom-
puter Cray C90 in the Pittsburgh Supercomputing Center

H + C¢Hg = CH, (cyclohexanyl) through Grant CHE940026P.
H + CiHy — H, + CgHg, etc. Appendix A. Modeling of H Atom Decay Rates under

Nicovich and Ravishankara’s Conditions

These reactions, as illustrated in Appendix B, significantly alter  Nicovich and Ravishankat&measured the decay of H atoms
the decay kinetics of s or H atoms, depending on which by atomic resonance fluorescence undegHg{ >> [H]
reactant was monitored in the individual experiments. conditions with [H]= 1 x 10—5 x 10! molecules cm3.

For theku/kp ratio determined for the H- CgHs and H+ We attempted to model the effect of secondary reactions on H
CeDs reaction pair, the measured rate ofHg decay in the  atom decays using the mechanism summarized in Table 3. The
presence of an excess amount of H is expected to be contamiresults of our modeling, using the conditions given in their
nated to a lesser extent by the secondary reactions under lowigure 2 and [H]= 1 x 10 molecules cm® with one
pressure conditions than that of[@ decay, because the latter secondary reaction (3) and with the full mechanism given in
system can undergo additional consumption reactions by isotopiCTable 3, are presented in Figure 6a and b, respectively. At 415

exchanges: K, the calculated pseudo-first-order decay constants are 88 and
H+ CDg— CeDsHT — CgDH + D TABLE 3: Mechanism for the H + CgHg Reactior?

reaction A B C remarks

H + CeDgH — CsDsH + HD, etc. 1.H+CeHe=H,+CeHs 1.0x 1075 180 8230 this work
2. H+ C¢He — CgH7 6.7x 100 0.0 2164 b
These additional side reactions will result in a larggrthan i- &TSHCGHGJ :‘ oH 18 x 182 8-8 16715) b
theoretically expected. The calculatlgky = 1.74 at 300 K : o7 2T eTe LU ¢
. 5. H+ CgH7 — CgHs 1.2x 10° 0.0 0 c
and 1 Torr pressure is thus much greater than the reportedg 1 ciHg — CoHo 22%102 00 0 ¢
values, 0.55k 0.0417 Similarly, the theoretical valuky/kp = 7.H+ CHg— CeHg + H, 1.0x 100 0.0 0 c
0.116 is considerably smaller than the experimental result of 8. H+ CsHy— CsHio 1.2x107% 0.0 0 c

1.46+ 0.03 for the reaction pair B- CeHs and D+ CgDs, in aThe rate constants are given ky= AT® &< in units of cnf,

which additional isotopic exchange processes apparently led tomolecule, and £k, is pressure-dependent; the value is given for 100
a much largetky and thus the expected reversal of the first Torr of Ar (ref 20).c Assumed.

reaction pair. These isotopic exchange reactions are also

expected to become faster at higher temperatures, at which the (a)

rate constants for the H CgHg and D + CgDg reactions
decrease dramatically due to the rapid increase in their reverse 199 ¢ D 800K

rates with temperature (see Figure 4a for 1 Torr pressure). The - C 626K
combined effects result in the predicted sharp drof@p in [
Figure 5a and the concomitant sharp increade/kp in Figure
5b at high temperatures.

The large deviation between our predicted and the reported £
ky/kp ratios by Timmons and co-workéfsesulted from a poor
choice of the experimental method rather than the poor state of A 415K
the theory.

B 515K

arbitrary units

10

V. Conclusions
(b)

In this study, we have theoretically investigated the potential
energy surface of the g8s + H, system. The molecular
parameters and energies computed for the reactighs €
H, — Ce¢Hs + H and H+ CgHg — CeH7 have been employed
to calculate their rate constants with tunneling corrections using
TST and RRKM theories, respectively. The predicted rate
constants agree reasonably well with literature values.

Our calculated kinetic isotope effects, expressed in terms of £
the rate constant ratidsy/kp for the reaction pairs H- CsHe/

CsDs and D+ CgHg/CsDg deviate significantly from reported
values. This large discrepancy, however, can be readily

100

D 800K
C 826K

arbitrary units

B 515K

: ) . . .
accounted for by the presence of secondary reactions whose ° 10 20 30 40

effects grow worse for H+ C¢Dg and D + CgHg, in which TIME, ms
additional isotopic exchange processes accelerate the decay rat
of CsDg and GHg measured mass spectrometrically.

q—slgure 6. Kinetic modeling of decays of H atoms at various
temperatures. Reactant concentrations: HJ x 10 atoms crdand
[CeHs] = 8.0 x 10" molecules cradiluted to 100 Torr with Ar. (a)

Acknowledgment. The authors are thankful to the Cherry  Result of modeling with reactions=B given in Table 3. (b) Result of
L. Emerson Center for Scientific Computation for the use of modeling with the full mechanism given in Table 3.
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