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Different levels of ab initio theory are used to calculate geometries, vibrational frequencies, and energies for
stationary points on the H C,H, == C,Hs potential energy surface. Frequencies and geometries calculated
for C;H,4 at the QCISD/6-311G** and MRCl/cc-pVDZ levels of theory are in very good agreement with
experiment. The ab initio normal modes for the H- ;Hg transition state are similar to those fost, and

ratios between the £, experimental anharmonic frequencies and ab initio harmonic frequencies are used to
estimate anharmonic frequencies for the transition state. Nine of the 10 frequencies assigneld fone
experiment are consistent with the ab initio calculations. The CC stretch was apparently misassigned and
reassigned here. The ab initio calculations do not give definitive values for theQH, — C,Hs barrier

height and heat of reaction. Using these two energy terms as adjustable parameters in concert with the above
stationary point geometries and frequencies, transition state theory (TST) rate constants are calculated for H
+ C;H4 — C;Hs recombination and s — H + C,H,4 dissociation in the high-pressure limit. AH C;H,4

— C;Hs barrier height of 3.6-3.1 kcal/mol gives TST recombination rate constants in excellent agreement
with experiment. Because of the uncertainty in the experimentdd € H + C;H, rate constant, a definitive

value could not be deduced for the dissociation barrier from the TST fits to the experimental dissociation rate
constants. Some of the experimentally determined dissociatfantors are more than an order of magnitude
smaller than the TST value.

I. Introduction H

There have been extensive experiméntabnd theoreticat22
studies of the kinetics of the,8s = H + C,H, reactive system. Re
One of the goals of this work is to determine whether the reac- H A%, os R, H
tion can be adequately interpreted by the RRKM and transition 62 ' R,
state theories. It is important to know whether these theories figyre 1. Coordinates used to define the geometry efi€and the
are adequate for reactions as elementary and important&s C  transition state.
dissociation and H- C,H4 recombination (i.e., Figure 1).

_The experimental data for the;@s == H + CoHy system  gedyced as by HS; i.e., the same transition state structure was
include the rate constant forBs dissociation versus temper- ;saq and values of 34.8 and 2.2 kcal/mol were adopted for the
ature and pressufe}and high-pressure H CoH, recombina- heat of reaction and H+- C;H4 threshold, respectively. A
tion rate constant versus temperatére,and the pressure different conclusion was reached in the second stédyhough

dependenpe Of.th's regomblnatlon rate consltaﬁherg has been .. the same @Hs dissociation threshold of 38.0 kcal/mol was used
an extensive discussion in the literature concerning the ability ~ . ; . - N -
as in the first study, it was concluded that a “tighter” transition

of RRKM and transition state theory to simultaneously fit these . ; .
y y state is required than that used by HS. In particular, the two

rates in a consistent fashiéh. Using the results of ab initio - . _ .
calculations, Hase and Schlegel (HS) proposed a transition statd?~ - “C=C bending frequencies about the rupturing bond were

model for GHs = H + C,Ha,2° which appeared to give an  Proposed to be 500 and 700 thinstead of the values of 369
acceptable fit to all the available experimental data. This model @nd 399 cm* proposed by HS.

required the “high” value of 28.8- 1.0 kcal/mol for the 300 K Because of the questions concerning the proper transition state
C,Hs heat of formatior?? to give a 0 K hgat of reaction of 35.5 gnd energies for thes8ls = H + C,H,4 system, more definitive
+ 1.0 kcal/mol. The @Hs dissociation and H+ CpHa4 analyses of the reaction kinetics are in order. In this paper high-

association thresholds were 38.0 and 2.5 kcal/mol, respectively,jevel ab initio calculations are reported of the transition state
and quantum mechanical tunneling was included via the Wigner g cture and reaction energetics. This information is then used

correction. The use of the above “high” value fiif206(CoHs) iy ransition state theory calculations of the high-pressukdsC
has been supported by more recent experiments, and a weighte ecomposition and H- C,H, recombination rate constants

average of all the higher values AHs206(CoHs) gives 28.44+ versus temperature. Since the proper treatment of rotational

5
0.1 keal/mor: angular momentum is critical for calculating either of these rate

Two recent articles!?have reassessed the kinetics of thel$ . .
—H + CHa system. In oné similar reaction parameters were constants at intermediate and low presst&and the correct
treatment is currently unknown, the rate constant analyses

® Abstract published irAdvance ACS Abstractdarch 1, 1996. presented here are restricted to the high-pressure limit.
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TABLE 1: Ab Initio Minimum-Energy Geometries 2

6-31G* 6-311G** 6-311G(2df,p)
coord HF MP2 QCISD MP2 QCISD MP2 CASSCF/DzZP MRCl/cc-pvDZ
CoH4C
Rce 1.317 1.335 1.338 1.336 1.339 1.329 1.3645 1.346
Rch 1.076 1.085 1.088 1.085 1.087 1.083 1.077 1.093
Prce 121.8 121.7 121.8 121.4 121.6 1215 121.5 121.6
TS
Rce 1.358 1.339 1.358 1.333 1.353 1.327 1.370 1.362
Ry 2.003 1.834 1.903 1.867 1.976 1.842 1.885 1.939
Rz 1.075 1.084 1.088 1.084 1.087 1.082 1.076 1.092
Rs 1.075 1.084 1.088 1.084 1.087 1.081 1.076 1.092
P1 106.3 107.5 107.4 107.2 106.7 107.1 108.7 107.2
b2 121.2 121.1 121.1 121.1 121.1 121.2 120.5 1211
b3 121.5 121.6 121.6 121.4 121.4 121.5 121.2 121.4
0, 116.5 116.0 116.2 116.6 116.8 116.5 116.5 116.6
03 117.0 116.6 116.7 117.1 117.1 116.9 117.3 1171
a3 177.4 176.9 176.7 177.3 177.2 177.6 174.8 176.8
CzHs
Rce 1.498 1.498 1.495 1.492 1.499 1.482 —d -
Ry 1.091 1.100 1.104 1.099 1.103 1.097 - -
R 1.086 1.093 1.097 1.093 1.096 1.091 - -
Rs 1.075 1.082 1.087 1.082 1.086 1.079 - -
b1 111.7 111.9 111.9 111.6 111.6 111.7 - -
b2 111.3 111.4 111.4 111.4 111.3 111.7 - -
b3 120.4 120.7 120.8 120.5 120.5 120.9 - -
0, 108.0 108.1 108.1 108.2 108.3 108.1 - -
03 117.3 117.2 117.3 117.5 117.6 117.5 - -
a3 166.4 168.3 169.7 168.1 169.0 171.5 - -

aDistances are in angstroms and angles are in degt@é® coordinates are defined in FigurecThe experimental geometry for,B, is Rec
= 1.339 A,Rcyy = 1.085 A, andpycc = 121.7.37 ¢ (—) means the geometry was not calculated.

Il. Ab Initio Calculations (MRCI) calculations to include the effects of dynamical electron
orrelation. For all of the MRCI calculations reported here,
e 1s core orbitals on both carbon atoms are restricted to be

doubly occupied, and no excitations are included into the two

highest energy virtual orbitals. Other than this restriction, the

MRCI calculations include all spin-adapted configurations

Two separate approaches were employed to calculate feature
of the potential energy surface for theHs == H + C;H4
reactive system, to strengthen the validity of the conclusions
of the study. In the first approach single reference determinant
calculations were used with large basis sets and high levels of .
theory. The 6-31G(d), 6-311G(d,p), and 6-313(2df,p) basis generated as single- or double-.electr.on replacements from any
sets were usetl. Energies were calculated by spin unrestricted of the CASSCF reference configurations.
second-order MgllerPlesset perturbation theory (MPZ)spin Four basis sets are used for the CASSCF and MRCI
projected fourth-order MgllerPlesset perturbation theory —calculations, denoted DZP, cc-pVDZ, TZ2P, and T2 The
(PMP4)20 quadratic configuration interaction (QCISD), and DZP basis set is the standard Dunning 4s/2p contrattioh
quadratic configuration interaction with perturbative correction the 9s/5p primitive set of Huzina$faon carbon and the
for triplet excitations (QCISD(T))° Geometries were optimized ~ corresponding unscaled 4s to 2s contraction on hydrogen,
atthe MP2 and QCISD levels of theory. Vibrational frequencies augmented with a set of d functions on carbon and a set of p
were computed from analytic second derivatives at the MP2 functions on hydrogen both with exponents of 0.75. The three
level and from numerical second derivatives at the QCISD level. Other basis sets are based on Dunning’s correlation consistent
These calculations were carried out with the Gaussian 92 seriedasis setd> The cc-pVDZ basis set consists of a (9s5pld)
of programsi primitive set contracted to [3s2pld] for carbon and a (4s)

In the second approach spin restricted complete active spacePfimitive set contracted to [2s] augmented with a (1p) for
multiconfiguration SCF (CASSCF) and multireference config- hydrogen. The TZ2P basis set is obtained by removing the f
uration interaction (MRC|) calculations were emp|0yed_ The function and the d function from hydl’ogen from the correlation
simplest qualitatively correct complete active space (CAS&CF) consistent polarized valence triple-zeta (cc-pVTZ) basis sets of
reference description for the title reaction includes three electronsDunning® These are composed of a (10s5p2d1f) primitive set
distributed among three molecular orbitals. AtHC,H, these  contracted to [4s3p2d1f] for carbon and a (5s) set contracted to
three orbitals include the -€C z-bonding and antibonding  [3s] and augmented by a (2p1d) polarization set for hydrogen.
orbitals as well as the radical orbital on the hydrogen atom. At The TZ2P+F basis set consists of the cc-pVTZ excluding only
C2Hs, they include the methylene carbon atom radical orbital the d functions on hydrogen. All CASSCF and MRCI calcula-
as well as ther-bonding and antibonding orbitals for the-El tions have been carried out using the MESAystem of
bond adjacent to the radical. The resulting 3-in-3 CASSCF Programs.
reference wave function includes eight doublet configurations. A. Geometries. As shown in Table 1, there is very good
Calculations were also performed with a larger active space thatagreement between all the levels of theory for the changes in
includes the GC o-bonding and antibonding orbitals. The geometry on going from reactants to the transition state to
resulting 5-in-5 CASSCF reference wave function includes 75 products. The calculated geometry of ethylene is in very good
doublet configurations. agreement with the experimental structuRed = 1.339 ARy

The molecular orbitals generated at the reference CASSCF= 1.085 A, ¢pncc = 121.1 A)37 For ethyl radical we see the
level are used in large-scale multireference configuration same shortening of the CC andCH bonds and lengthening of
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TABLE 2: Ab Initio Vibrational Frequencies 2

6-31G* 6-311G** 6-311-G(2df,p)
HF MP2 QCISD MP2 QCISD MP2 QCISD CASSCF/DZP MRCl/cc-pvDZ
CoHg2

897.0 850.8 846.2 827.6 830.2 831.9 834.5 856.0 837.6
1095.0 942.1 935.3 915.5 921.6 969.1 975.2 879.3 910.9
1099.4 990.3 977.2 970.8 967.5 985.5 982.2 931.5 957.6
1154.9 1085.3 1057.1 1073.5 1053.7 1073.0 1053.2 1077.0 1049.4
1352.5 1265.8 1258.9 1235.7 1240.9 1248.2 1253.3 1329.0 1257.9
1496.9 1415.4 1401.7 1384.9 1381.3 1385.4 1381.8 1422.1 1378.0
1610.2 1521.0 1509.8 1480.5 1485.6 1482.9 1488.1 1581.3 1482.3
1856.2 1720.7 1716.7 1683.1 1690.7 1685.0 1692.6 1749.8 1692.8
3320.9 3213.7 3168.6 3183.3 3152.3 3180.6 3149.6 3304.8 3214.2
3344.2 3231.0 3187.8 3201.0 31715 3196.9 3167.4 3323.9 3222.7
3394.6 3300.4 3245.6 3273.3 3233.8 3269.6 3230.0 3392.5 3301.2
3420.6 3323.0 3268.7 3299.5 3259.7 3295.9 3256.1 3418.5 3320.8

TS

657.9i 1212.7i 968.1i 1157.5i 822.5i 1195.0i 860.0i 1187.7i 900.2i

414.0 501.0 445.2 443.6 373.9 460.7 391.0 469.3 404.3

445.4 527.1 473.7 472.0 405.9 498.0 431.9 501.1 427.7

881.1 857.2 840.7 838.5 827.6 839.3 828.6 838.0 831.6

929.5 987.4 901.2 996.7 907.6 1026.3 937.1 868.2 882.3
1026.0 1106.0 1022.9 1067.8 982.8 1106.8 1021.9 1024.2 973.1
1037.8 1125.4 1045.7 1118.6 1036.6 1132.0 1050.0 1054.9 1030.6
1320.7 1282.1 1260.6 1253.9 1242.3 1261.9 1250.4 1327.0 1255.7
1340.0 1384.6 1352.8 1374.2 1345.6 1379.2 1350.6 1344.5 1342.5
1600.2 1527.8 1506.2 1490.4 1483.9 1491.2 1484.7 1576.7 1480.6
1693.0 1677.4 1643.8 1664.4 1632.1 1672.0 1639.8 1686.1 1633.1
3326.9 3228.8 3177.6 3197.7 3159.0 3195.5 3156.8 3311.7 3223.8
3339.4 3240.1 3190.2 3209.7 3172.8 3206.8 3169.9 3323.4 32254
3406.6 3316.3 3257.3 3288.4 3243.1 3284.4 3239.0 3401.5 3308.4
34315 3340.0 3279.7 3314.6 3267.7 3311.2 3264.3 3426.2 3327.1

C;Hs

168.7 156.8 146.0 161.3 149.8 133.1 121.7 - -

460.3 461.4 456.8 463.4 454.9 481.6 473.0 - -

871.2 837.8 831.3 821.1 815.5 821.4 815.7 - -
1083.4 1027.7 1023.1 1000.0 1001.7 993.4 995.2 - -
1112.9 1086.3 1093.1 1094.3 1076.8 1093.5 1076.0 - -
1309.3 1244.9 1233.4 1218.4 1214.2 1212.0 1207.8 - -
1552.6 1467.8 1457.5 1422.0 1425.1 1418.9 1421.9 - -
1608.8 1535.9 1517.2 1496.1 1492.0 1495.7 1491.6 - -
1629.9 1551.1 1533.8 1509.9 1506.1 1509.1 1505.2 - -
1635.1 1558.6 1540.3 1511.2 1508.5 1510.3 1507.6 - -
3159.5 3068.7 3014.0 3044.2 3033.4 3037.3 2996.5 - -
3228.5 3154.2 3093.9 3128.6 3082.2 3121.9 3075.5 - -
3263.4 3199.1 3135.9 3174.0 3124.6 3169.0 3119.6 - -
33135 3244.4 3184.8 32135 3165.2 3217.2 3168.9 - -
34115 3353.1 3283.6 33245 3268.3 3328.2 3272.1 — -

aThe frequencies are in units of cf The experiment&! harmonic frequencies for8, are listed in section 11.B? These QCISD frequencies
are estimated by using the frequencies from QCISD/6-311:61MP2/6-31HG(2df,p) — MP2/6-311G**]. ¢ (—) means the frequencies was not
calculated.

the anti CH bond as noted by Pacansky and Dugisn the Anharmonic vibrational frequencies have been meadfired
transition state, the £, moiety resembles ethylene. At the and tentatively assignédfor C,Hs. These frequencies are
QCI and MRCI levelsRcc is only ca. 0.015 A longer than in discussed and compared with the ab initigigfrequencies in
ethylene, and the tricoordinate carbon is still nearly planar. The the next section, where the ab initio frequencies for the transition
distance for the attacking/departing hydrog@p,is ca. 1.95 A state are also discussed.
at the highest levels of theory (QCI and MRCI); the MP2 and  C. Reaction Energies. The ab initio reaction energies are
CASSCF methods seem to underestimate this distance by abousummarized in Tables 3 and 4. With the ab initio molecular
0.1 A. The bond angles are quite consistent across all levelsorbital methods used in the present work, accurate heats of
of theory considered. reaction and barrier heights are more difficult to calculate
B. Vibrational Frequencies. The calculated vibrational  directly than geometries or vibrational frequencies. With the
frequencies for gH,, the transition state, and,Bs are listed PMP4/6-31#G(2df,p) and QCISD(T)/6-3G(2df,p) levels
in Table 2. Experimental harmonic frequencies have been of theory the 0 K heat of reaction is 33 kcal/mol, ca=2kcal/
reported for GHy4, by applying Dennison’s correction to the mol less than the best experimental estim&f@g° Methods
measured anharmonic frequencigs.These harmonic fre- that estimate the effects of larger basis sets and correct for higher
guencies, in ascending order, are 842.9, 958.8, 968.7, 1043.9)evel electron correlation effects could narrow this gap.
1244.9, 1369.6, 1473.0, 1654.9, 3146.9, 3152.5, 3231.9, and The barrier height for H+ C;H, addition is surprisingly
3234.3 cml. The ab initio harmonic frequencies forid, difficult to calculate accurately. For the transition state, spin
calculated at the highest levels of theory (QCI and MRCI), are unrestricted MgllerPlesset perturbation theory suffers from
in very good agreement with the experimental harmonic serious spin contamination problems, and the barrier is about
frequencies. 10 kcal/mol higher than it should be. Much of this problem
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TABLE 3: HF, MP2, and QCISD ab Initio Energies
6-31G* 6-311G** 6-311-G(2df,p)
HF MP2 QCISD MP2 QCISD MP2 PMP4 QCISD(T)

Total Electronic Energiés
H + CHq4 —0.529948 —-0.792516 —0.811582 —0.881393 —0.872720 —0.925117 —0.923980 —0.924 864

TS —0.525323 -—-0.772966 —0.803026 —0.864751 —0.866987 —0.908650 —0.919508 —0.919 277
CoHs —0.597 148 —0.844615 —0.869044 —0.940344 —0.938260 —0.981105 —0.985106 —0.985532
Reaction Energids

classicél
Eor 45.07 44.96 41.43 47.44 44.72 45.47 41.16 41.58
Eo, 2.90 12.27 5.37 10.44 3.60 10.33 2.81 351
AHy 42.17 32.69 36.06 36.99 41.13 35.13 38.36 38.07
quanturd
Eoy 39.90 40.89 36.93 43.36 40.14 41.64 36.83 37.24
Eor 3.12 14.04 6.55 12.16 4.59 12.14 3.88 4.58
AHg 36.78 26.85 30.38 31.20 35.55 29.50 32.95 32.66

aThe total electronic energies are relative-t88.000 000 hartree8.The reaction energies are in kcal/mdlhe classical energies do not include
zero-point energies. The quantum energies include zero-point energies determined from the harmonic frequencies in Table 2. The QCISD estimated
frequencies were used to calculate the PMP4 quantum energies.

TABLE 4: CASSCF and MRCI ab Initio Energies? accurate geometries and give a similar geometry for the
transition state. For the calculations reported here, the transition
state’s principal moments of inertia were determined from the

total electronic energiés quantuni

H+ CoHa TS Eor
CASSCEF 3-in-3/DzZP —0.576 241 —0.563 906 8.77 QCISD/6-311G™ geomeltry.
CASSCF 5-in-5/DZP ~0592156 —0.582228  7.26 The QCISD/6-311G™*, MRCl/cc-pVDZ, and estimated QCIS-
MRCI/DZP —0.835356 —0.827 755  5.80 D(T)/6-311+G(2df,p) calculations give similar harmonic fre-
MRCI/TZP —0.878 450 —0.872904  4.61 quencies for the transition state. Reference harmonic frequen-
MRCI/TZP+F —0.900237 —0.894373  4.81 cies were assumed to be these QCISD(T) values. Anharmonic

MRCI/TZP//MRCl/cc-pvDZ —0.878 169 —~0.872339  4.69 frequencies for the transition state were then estimated by
3The CASSCF and MRCI energies are calculated at the CASSCF multiplying the harmonic frequency for each mode of the
and MRCI geometries in Table 1.The total electronic energies are  transition state by an anharmonic correction factor assumed to
with respect to—78.000 000 hartree8.The difference of the TS and be the ratio of the experimental anharmonic frequency and

C;H, zero-point energies determined from the harmonic frequencies . .
at the MRCl/cc-pVDZ level of theory (i.., 1.03 kcal/mol) was used to  €Stimated QCISD(T)/6-3FG(2df,p) harmonic frequency for

calculate the quantui,,. The harmonic frequencies, at the CASSCF/ the same type of mode in ethylene. The two modes of the
DZP level of theory, give 1.21 kcal/mol for this zero-point energy transition state for which there are no analogies iH{are the
difference. H- - -C=C bends about the rupturing bond. Their scale factor
was assumed to be the same as the average of the scale factors
can be solved by using an approximate spin projection tech- for the four CH rocking and bending modes in ethylene.
nique?® which lowers the barrier by about-B kcal/mol. The Because of this scaling, the use of the estimated QCISD(T)/6-
QCISD calculations are much less affected by spin comtami- 311+G(2df,p) harmonic frequencies instead of either the
natiorf® and yield a barrier of 4.6 kcal/mol. The problem of QCISD/6-311G** or MRCl/cc-pVDZ harmonic frequencies has
spin contamination can be avoided entirely by using spin no significant effect on the final anharmonic frequencies. The
restricted multiconfiguration methods. With the basis sets used, two anharmonic H- - -&-C bend frequencies are 382 and 422
the MRCI barrier is similar to the one calculated by QCISD- ¢m-1 upon scaling the estimated QCISD(T)/6-3G(2df,p)
(T). Both approaches give estimates of the barrier that are ca.harmonic frequencies. These anharmonic frequencies become
2 kcal/mol too hight:!22° Hence, the barrier height and the 367 and 398 cmt and 395 and 417 cmt when the QCISD/
heat of reaction are taken as adjustable parameters in fittingg-311G** and MRCl/cc-pVDZ harmonic frequencies are scaled,

the experimental rates. respectively. The anharmonic vibrational frequencies and the
- ) principal moments of inertia for the transition state are sum-
lll. Transition State Theory Calculations marized in Table 5. The vibrational frequencies for the

A. Molecular and Transition State Geometries and transition state are similar to those proposed previously by°HS.
Frequencies. Calculating the transition state theory rate ~ The equilibrium geometry of £1s is not known from
constants for gHs decomposition and H- C,H4 recombination experiment. The most accurate geometry calculated here (see
requires equilibrium geometries as well as anharmonic vibra- Table 1) is that from the QCISD/6-311G** calculation, which

tional frequencies for &s, the transition state, and,84, as is used to determine the;8s principal moments of inertia. Ten
well as the 0 K thresholds. Of these properties, only the of the 15 vibrational frequencies of the ethyl radical have been
equilibrium geometr§? and vibrational frequenciésfor C,H,4 measuretf and tentatively assigned. Nine of these frequencies

are known in total from experiment. The experimentaHg and assignments are consistent with the QCISD calculations.
anharmonic vibrational frequencies are used in the transition The five experimental CH anharmonic stretch frequencies are
state theory calculations, and they are listed in Table 5 along 3112, 3033, 2987, 2920, and 2842 ¢m The ratios between
with the GH, principal moments of inertia calculated from the these anharmonic frequencies and their analogous QCISD/6-
experimental geometr/. 311G** harmonic frequencies vary from 0.9464 to 0.9583 with
The ab initio calculations are used to determine the equilib- an average scale factor of 0.9520. Such a factor is expétted.
rium geometry and anharmonic vibrational frequencies for the The three experimental anharmonic frequencies at 1440, 1366,
transition state. The high-level QCISD/6-311G** and MRCI/ and 1175 cml, assigned here as GHbending (A"), CHs
cc-pVDZ calculations in the previous section give the most bending (A), and CH rocking (A"), are consistent with their
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TABLE 5: Parameters for the Transition State Theory 1494, 1002, and 815 crh respectively. These frequencies were
Calculations® scaled, by the above factor 0.9605, to give the following
ethyl transition estimated anharmonic frequencies: 1447, 1433, 962, and 783
radical state ethylene cm™L. The principal moments of inertia and anharmonic
frequencies, cmt 3112 (&) 3113 (A") 3105 (Bw) vibrational frequencies used for the ethyl radical are listed in
3033 (A) 3111 (A') 3103 (By Table 5. They are similar to those proposed previously byHS.
2987 (A') 3029 (A) 3026 (Ay) B. H+ C;H4 Recombination Rate Constant. In this work,
ggig Eﬁg fg%g &ﬁg iggé Sij;) the high-pressure H- C;H, recombination rate constant is fit
1447 (A) 1440 (A) 1444 (B,) by varying the quantgm recombination barr&'arr ina transmon.
1440 (A)  1312(K) 1342 (&) state theory calculation. The electronic structure calculations
1433 (AK) 1217 (A’) 1220 (By reported here do not give a barrier of quantitative accufacy.
1366 (A) 1020 (A") 1023 (A) The anharmonic vibrational frequencies and principal moments
1175(A") 988 (A) 949 (By) of inertia, given in Table 5 for ethylene and the transition state,
égg‘t 'gﬁ‘) ggg gﬁ,?) g‘z‘g ggjgg are used in the calculation. Both the Eckadnd Wignef®
783 (A") 422 (A") § corrections were use_d to account for quantum mechanical
540 (&) 382 (A) tunneling. The latter is given by
710i (A)
internal rotation 1.12 1+ [hikgT|%24
mom’ggt of inertia,
amu _ The Eckart tunneling correction depends on three parameters,
exﬁgnn‘iﬂeﬁtgmlm a 24'4%332'5’ 2264 ’7332'2’ 20'34’4?'9’ i.e., the reaction exothermicity, the barrier height, and the second
amuA2 ’ ' ' ' derivative of the vibrationally adiabatic potential at the barrier
symmetry number 6 1 4 with the respect to the reaction coordinate. The last parameter
0 K quantum barriers, is similar to the second derivative of the ab initio potential at
keal/mol the barrier, which gives the imaginary frequency, except zero-

H+ C2H4‘> Csz 3.05

Che 4 CH. 37.4-401 point energy for the modes orthogonal to the reaction coordinate
215 214 . .

. . are included in the vibrationally adiabatic potential. For the
aThe frequencies are anharmonic values, and those for the ethyl Eckart tunneling correction made here, the experimental 0 K
radical and the transition state were determined by scalinglihieitio exothermicity of 35.0 kcal/mol is used, while the remaining two

frequencies; see text. The ethylene anharmonic frequencies are the,, o meters were determined from the ab initio calculations
experimental value¥.® The moments of inertia were calculated from :

theab initio QCISD/6-311G** geometry¢ The ethylene experimental In analyzmg the ab initio bamer_ he'ghts _and curvatures
geometry, footnote of Table 1, was used to calculate the ethylene reported here, it was found that a straight line with zero intercept
moments of inertia. results when the square of the barrier imaginary frequency is
plotted versus the classical barrier height for the different ab
QCISD harmonic values, i.e., 1508, 1425, and 1214%crfhe initio calculations. The barriers (kcal/mol) and imaginary

average experimental anharmonic/QCISD harmonic scale factorfrequencies (cmt) for this plot are as follows: 3.5, 860.0
for these three modes is 0.9605 and is in accord with previous [QCISD/6-31HG(2df,p)]; 3.6, 822.5 (QCISD/6-311G**); 4.8,
analysed? The CH umbrella (A) mode has an experimental 900.2 (MRCI/DZP); 5.4, 968.1 (QCISD/6-31G*); 6.2, 1176.9
anharmonic frequency of 530 crh which is larger than the ~ (CASSCF 5-in-5/DZP); and 7.8, 1187.7 (CASSCF 3-in-3/DZP).
QCISD harmonic frequency of 455 cth This type of Since the ab initio values for the barrier height are too large,
difference is consistent with the expected quartic nature of the this plot was used to estimate central barrier curvatures for

umbrella potentiat> barrier heights smaller than the ab initio values. The barrier
The ab initio calculations reported here show that the torsional height was then varied in a transition state theory calculation
frequency is low, i.e., in the range 12060 cnT. A previous including the Eckart tunneling correction, until the experimental

ab initio calculatio?® indicated the internal rotational barrieris H + C,Hs — C,H,4 experimental rate constants were fit. The
on the order of 0.5 kcal/mol. These results are consistent with resulting classical barrier height and associated imaginary
an experimental stud§suggesting the torsional motion under- frequency which fit experiment are 2.00 kcal/mol and 710igm
goes free internal rotation. Thus, at the high temperatures ( respectively. The resulting vibrationally adiabatic quantum
> 700 K) used to study §Hs decomposition, it seems clear the  barrierEy is 3.05 kcal/mol. Figure 2 shows there is very good
C.Hs torsion is a free rotor. This is the model used here. agreement with the rate constants calculated here and the
The experimental &5 anharmonic frequency of 1138 cih experimental rate constants of Lee et2aSugawara et af,
and tentatively assignétas the C-C stretch (A) is inconsistent Lightfoot and Pilling? and Hanning-Lee et &l.Also plotted in
with the QCISD G-C stretch harmonic frequency of 1077 thn Figure 3 are the rate constants calculated using the estimated
The anharmonic frequency is expected to be lower, and the QCISD(T)/6-31H#G(2df,p) barrier of 4.58 kcal/mol fdg . The
experimental anharmonic/QCISD harmonic frequency ratio is Wigner tunneling correction calculated with the 710i @m
expected to be in the ranged.95-0.96 as given above for the  imaginary frequency and the Eckart tunneling correction are
C—H stretch and Cklrocking and bending modes. For this compared in Figure 3.
work, the QCISD G-C stretch frequency has been scaled by  The quantum barrier of 3.05 kcal/mol deduced here for H
0.9605 (the CH bending and rocking scale factor) to give a C,Hs — C;Hs association is slightly larger than the value of
C—C stretch anharmonic frequency of 1034¢mIn assigning 2.5 kcal/mol deduced by HS. This is because the transition
the experimental €C stretch frequency, it was pointed out that state used here is gives rise to more tunneling than the transition

the assignment is tentative and uncertain. state used by HS. The former has a classical imaginary
The four remaining €Hs frequencies, which have not been frequency of 710i cmt, while for the TS of HS the frequency

measured or assigned experimentally, are the lgding (A), is 546i cnTl,

CHs; bending (A), CHs rocking (A), and CH rocking (A"), C. C,Hs Dissociation Rate Constant. As recently discussed

for which the QCISD/6-311G** harmonic frequencies are 1506, by Feng et al'? a consistent set of rate constants has not been
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In(k,)

1000/T(K)

Figure 2. Comparison of calculated and experimental rate constants
for H + C,H,4 association at high pressure. Experime@t:Lee et al.
(1978);0, Sugawara et al. (19811, Lightfoot and Pilling (1987)(1,
Hanning-Lee et al. (1992). The solid and dashed lines are the
calculated rate constants with and without tunneling, respectively. The
rate constants are in units of émolecule* s2.

4

Tunneling Correction

2 3
1000/T(K)

Figure 3. Tunneling corrections used for # C,H; — C;Hs.

measured for the high-pressure unimolecular dissociation of
C.Hs. Instead of attempting to weight the relative accuracy of
the different experiments, each of the different sets of experi-
mental rate constants is fit here. This is done by taking the
unimolecular barrierEqs as an adjustable parameter. The
anharmonic vibrational frequencies and principal moments of
inertia, given in Table 5, for the ethyl radical and transition
state are used in the transition state theory calculations.
Quantum mechanical tunneling is not important at the high
temperatures for s decomposition and was not included in
the calculations.

Listed in Table 6 are the rate constants at the lowest, highest,
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TABLE 6: Fits to Experimental C ,Hs Dissociation Rate
Constants

fitted Eo,@ K (s
ref (kcal/mol) T (K) expt TST
Lin and BacK 38.2 823 2.2 1* 2.0x 1C°
868 7.3x 10° 7.3x 10®
913 2.2x 100 2.3 x 10
Loucks and Laidler 37.8 673 1.0x 10 1.1x 10
723 8.4x 10" 8.4 x 10
773 5.3x 107 5.1x 17
Simon et aP 38.8 793 5.4x 1* 5.3x 17
803 7.3x 1®* 7.3x 1
813 9.7x 1¢* 10.0x 1®?
Trenwith'© 40.1 841 1.2 1¢° 1.1x1C
877 3.0x10®° 3.0x 10
913 7.1x 1¢® 7.9x 1C°
Feng et abP 38.1 600 3.4x 10 2.4x 101!
800 1.0x 1® 1.0x 10°
1000 1.3x 1® 1.7x10°
Pacey and Wimalasetta 37.4 902 2.7 10* 2.7x 10

2 Eo ¢ is the quantum mechanical vibrationally adiabatic barfidhe
experimental rate constants are calculated fkf = 1.11 x 101072037
exp(=18504T) s, which is recommended for the 260100 K
temperature range.

TABLE 7: Calculated and Experimental A Factors

T (K) Afactor (s%) ref
Calculated

400 3.4x 10 this work
500 5.0x 103

600 6.7x 1013

700 8.6x 103

800 1.1x 10
1000 1.4x 10¢

Experimental

823-913 2.7x 1013 Lin and BacK
673-773 1.9x 10 Loucks and Laidléer
793-813 1.6x 1013 Simon et aP
841-913 8.9x 10%? Trenwith'©
600 2.5x 1013 Feng et ab.2
800 3.4x 10 Feng et aP.
1000 4.3x 10% Feng et aF.

2The A factors are calculated froi(T) = 1.11 x 10T*%%" exp(—~
18504T), which is recommended for the 262100 K temperature
range.

by Lin and Back, Simon et al., and Trenwith, but smaller than
that reported by Loucks and Laidler. The calculatefhctors
are approximately 3 times larger than those determined from

and median temperature of each experimental study. (TheK(T) expression recommended by Feng et alhe A factors
median temperature is nearly the same as the temperature foun§@iculated here vary from 1.3 to 1.8 times smaller, for the-400

from the median T, except for the study of Feng et3l.These

1000 K temperature range, than the values reported previously

rate constants were calculated from the experimental ArrheniusPY HS2° This is because the vibrational frequencies used here

parameters, which are listed in Table 3 of ref 5, and figm)

= 1.11x 10'0T1.037exp(—18504T) s~ recommended by Feng
et al. A value forEys was chosen to fit the experimental rate
constant at the median temperature with TST. THjg was

for the ethyl radical and transition state are somewhat lower
and higher, respectively, than those used by HS.

Overall, the transition state theory calculations give a
consistent fit to the data of Lin and Back, Loucks and Laidler,

then used to determine TST rate constants at the lowest andand Pacey and Wimalasena with a valueBgk which only

highest temperatures. Except for the experiments of Tre#with
and thek(T) of Feng et al3 there is good agreement between

varies from 37.4 to 38.2 kcal/mol. A larger value fB§; is
required to fit the rates of Simon et al., and a substantially larger

the calculated TST and experimental temperature-dependent ratealue is required to fit the rates of Trenwith. A value &y

constants. Feng et al. recommend tiéir) expression for the
200-1100 K temperature range. Here, tk(§) expression is

in the range 37.438.2 kcal/mol is consistent with tHg , value
determined here of 3.05 kcal/mol and the “high” v&lo€28.4

compared with TST calculations for temperatures between 600Kkcal/mol for AHz 205(CoHs). This is a weighted average of the

and 1000 K. These two limiting temperatures are approximately
100 K lower and higher, respectively, than the temperatures
studied in the actual experimefits! of C,Hs decomposition.
The experimental and calculatédfactors are compared in
Table 7. The calculated factors are larger than those reported

“higher” values for the @Hs heat of formatiorf. Taking this
value and the 298 K heats of formation for &hd GH,, which
are 52.103 and 12.496 kcal/mol, respectivi8lgives 36.2 kcal/
mol for the 298 K heat of reaction. Correcting for thermal
enthalpies yields a 0 K heat of reaction of 35.1 kcal/mol.
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Combining this value witheg, of 3.05 kcal/mol gives 38.15  constants. A consistent set of rate constants have been measured
kcal/mol for Ep . for H + C,H,4 recombination, which can be fit near quantitatively
In comparing the calculated and experimerafactors, it with transition state theory using the transition state properties
should be noted that a dissociation rate is not measured directlyderived here and a recombination barigr of 3.0—3.1 kcal/
in the experiments of Lin and Batknd Loucks and Laidl€r. mol. This barrier is nearly the same as that previously deduced
What is measured is the ratio of the rate constant for ethyl radical by HS2°
dissociation to the square root of the ethyl radical high-pressure 5. A consistent set of experimental rate constants has not
recombination rate constant. In their analysis, Feng €tused been determined for £is dissociation. The transition state
the temperature-independent vatef 1.8 x 10711 cmd derived here, with a dissociation barrky; in the range 37 4
molecule! s7! for this recombination rate to deduce the 38.2 kcal/mol, gives transition state theory rate constants which
experimental factors in Table 7. H® used the slightly higher  fit the data of Lin and Back,Loucks and Laidlef,and Pacey
value of 2.5 x 107! cm® molecule® st The use of a  and Wimalsend! This Eq;is smaller than those which fit the

temperature-independent rate constant fost2C— C4Hyp is data of Simon et dland Trenwith'®© An Egin the range 374

consistent with recent calculations of rate constants for alkyl 38.2 kcal/mol, combined witlEy, of 3.0—3.1 kcal/mol, is

radical associatiob?—° consistent with the higher values for the ethyl radical heat of
formation.

IV. Summary The analysis reported here emphasizes the need for an

. . ... accurate calculation of the;Bs == H + C,H, reaction energetics
The following conclusions can be drawn from the ab initio o initio methods and a consistent set of experimentdsC
and transmpn state theory ca.lc'ullatlons reportgd here. . dissociation rate constants. This information will allow a

_1. The highest levels of ab initio theory considered here give gefinitive test of the accuracy of transition state theory fgfe
similar equilibrium geometries and vibrational frequencies. For . 1y CoHa.
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