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Experimental and Theoretical Studies of the Reaction of the Phenyl Radical with Methane
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The kinetics of the metathetical reaction of phenyl radical with methane has been studied theoretically and
experimentally. The rate constants determined by two complementary methods, pyrolysis/Fourier transform
infrared spectrometry and pulsed laser photolysis/mass spectrometry in the temperature rar§ 600

give the Arrhenius equationk; = 101278+ 013 exp[(—6201 4= 225)/T] cm3/(mol s). At the best theoretical

level employed (G2M(CC,MP2)), the barrier for the reactiv® & is E;° = 9.3 kcal/mol. The rate constant

ki calculated from theoretical molecular parameters fits experimental data if the barrier height is increased to
10.5 kcal/mol. The fitted barrier is well within the-B kcal/mol accuracy of the G2M method for the present
open-shell, seven-heavy-atom system. Because of the relatively high reaction barrier and the predicted high
imaginary frequency (1551 cr), tunneling corrections resulted in a significant enhancement in the calculated
rate constant, 150% at 500 K and 7% at 2000 K. The theoretical result also correlates well with recently
reported shock-tube data measured in the temperature range 14950 K by UV absorption spectrometry.
Kinetic analysis of the toluene formation data obtained from the photolysis of acetophenone without and
with added H and CH, gave the rate constant for the recombination of;@Hd GHs, k; = (1.38+ 0.08)

x 10" exp[—(23 & 36)/T] cm®/(mol s) for the temperature range 30880 K.

1. Introduction 2. Experimental Procedure

The phenyl radical plays an important role in the formation ~ The experimental procedures for both P/FTIRS and PLP/MS
of polycyclic aromatic hydrocarbons in the combustion of fossil methods have been described in detail betdrelence, only a
fuels. To provide the combustion community with much needed brief summary of each method is presented below.
rate constants for kinetic modeling of soot formation chemistry,  P/FTIRS. In this technique, §HsNO was used as a phenyl
we have recently carried out a series of studies on the kineticsradical source. gHsNO was pyrolyzed to generate theHg
of CgHs radical reactioris® by the cavity ringdown spectrometry  radical, and its reactivity toward CHvas studied in the 598
(CRDS) techniqué’ which is effective for reactions with 653 K range by FTIRS. Absorption peaks at 673.199 and
bimolecular rate constantg1C® cm®(mol s). For slower 680.915 cm?, properly deconvoluted, were employed for the
metathetical processes, such ablE+ Ho, we have developed  determination of gHg and GHsNO, respectively.

a complementary method based on pulsed laser photolysis/mass Figure 1 shows a typical concentration vs time plot for the
spectrometry (PLP/M3J using the supersonic sampling tech-  formation of GHg and the decay of &1sNO. The corresponding
nique employed by Saalfeld and co-work&t4? In addition, curves represent kinetically modeled values. The rate constants
we have utilized conventional pyrolysis/Fourier transform for the reaction of gHs with CH,, the sole source of ¢l
infrared spectrometry (P/FTIRS), measuring the absolute yield gptained by modeling are summarized in Table 1.

of CgHg in the pyrolysis of nitrosobenzene, with and without PLP/MS. The pulsed photolysis of gElsCOCH; at 193 nm
added NO, in the presence of a large excessa0fFhe results a5 employed as thes8s radical source. The mole fraction of
of thgse two complementary studies (which extendgd the CeHsCOCH; was typically <0.3% and those of He (which
experimental temperafure up to 1000 K from the maximum capried the @Hs radical source into the Saalfeld type quartz
temperature of 523 K by CRDS) foreBs + H, were found t0 - eactor) and Chiwere varied in the range 15985%. The

be in excellent agreement with the shock-tube data of Heckmannygtolytic conversion of acetophenone was in the range 20
et al!? as well as with our theoretically predicted valdés. 45%. To determine the amount ofiG; formed under the present

In this work, we have employed both P/FTIRS and PLP/MS conditions, NO was used as theHG radical scavenger with
techniques for determination of the rate constant for the [NOJ/[Ce¢HsCOCHs] > 200. NO titration revealed that on
analogous metathetical procesgHg + CHs — CeHg + CHg, average 6280% of the dissociated acetophenone produced the
which has been shown to be qualitatively slower than the H CgHs radical in our experimental conditions depending on
reaction? Additionally, we have carried out a comprehensive photolytic laser energy (typically 3640 mJ) and acetophenone
series of ab initio molecular orbital (MO) calculations following  concentration. The reactants and the products of the photoini-
the framework of the G2M methétlemployed in our previous  tiated reaction were supersonically sampled and ionized by
study of the GHs + H reaction. Both theoretical and electron impact ionization.
experimental results will be discussed and compared with the Mechanistically, although the missing 288% of the
existing scarce kinetic data on thgHg + CH, reactiont215 products from the photofragmentation offGCOCH; has not
been quantitatively identified due to mass overlap with the
* Corresponding author. E-mail address: chemmcl@emory.edu. fragment ions of the parent molecule, it is known experimentally
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Figure 1. Time-resolved concentration profiles ofzNO decay [J)
and GHs formation ©) in a P/FTIRS experiment at 653 K. Curves

are the modeled results. Reaction conditions are given in Table 1. All
C¢He yields were enlarged by a factor of 2.

TABLE 1: Experimental Conditions2 and Modeled Rate
Constants in the P/FTIRS Experiment for the Reaction of
Ce¢Hs + CH4 at the Temperatures Studied

temp (K) [GHsNO], [NOJo [CH4o  K1C° (cm¥mol sy
598 0.58 0 749.42 1.820.13
603 0.58 0 749.42 1.490.11
613 0.68 2.12 747.20 1.980.11
623 0.47 1.86 747.67 2.080.19
633 0.68 2.12 747.20 2.3#20.19
643 0.47 1.86 747.67 2./60.14
653 0.68 2.12 747.20 2.460.24

aThe concentrations are given in ToPTypically 3—5 runs were
carried out for each temperature. The uncertainty represents 1

that those fragmentdo not lead to GHg or CsHsCHg in their
subsequent reactions. To fully quantify the amounts gfi{C
and CH radicals formed in the initial fragmentation reaction
in the absence of Ckl we measured the yields of,8s and
CeHsCHs concurrently, which allowed us to quantify Gldnd
CeHs concentrations at the same time. As shown in Table 2,
both GHs and GHsCHjz yields can be quantitatively modeled
and the rate constant forsBs + CHs (k2) thus obtained agrees
with those acquired in the +and CH, added studies.

As mentioned in our earlier paper ot + Hy,° the major
products measured in the photolysis gHgCOCH; were GHs-
CHs, CoHs, and GoHip with a trace amount of §Hgs. Addition
of CH, to the system resulted in a noticeable increase in the
yield of CsHe. Table 2 summarizes the experimental conditions
employed and the yields ofgs and GHsCHs measured in
the PLP/MS experiment. Kinetic modeling of the absolute
concentrations of §Hs and GHsCHgz provided the rate constants
for the following two key reactions:

CgHs + CH,— CHg + CH,
CgHs + CHy — CgHCH,

@)
)

3. Computational Methods

The equilibrium geometries of the reactants, transition state,
and products were found by the hybrid density functional
B3LYP method (Becke’s three parameter nonlocal exchange
functional® with the nonlocal correlation functional of Lee,
Yang and Pa#tr) with the 6-31%+G(d,p) basis s€€ Vibra-
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employed for zero-point energy (ZPE) correction, characteriza-
tion of the nature of stationary points, and canonical transition
state theory (CTSTY calculation of the rate constant. All the
energies herein include ZPE corrections. For a more accurate
evaluation of the energetics of the reaction, higher level single
point calculations were carried out on the optimized geometries.
The two computational schenmiésused in the present study
calculate a series of CCSD(T), MP4(SDTQ), and MP2 energies
with various basis sets to approximate CCSD(T)/6-BGL3df,-
2p)//IB3LYP/6-311+G(d,p) energies with an additional “higher
level correction” (HLC) based on the number of paired and
unpaired valence electrons. The first model G2M(cc,MP2)
calculates the base energyas at the MP4/6-311G(d,p) level

of theory and improves it with the expanded basis set
(AE(+3df2p)) and coupled clusteiAE(cc)) corrections and
HLC:

E[G2M(cc,MP2)]= E, .+ AE(+3df2p)+ AE(cc) +
AE(HLC,cc,MP2)+ ZPE (1)

where

AE(+3df2p) = E[MP2/6-311G(3df,2p)] -
E[MP2/6-311G(d,p)]

AE(cc)= E[CCSD(T)/6-31G(d,p)}- E[PMP4/6-31G(d,p)]
AE(HLC,cc,MP2)= —0.0050%,, — 0.00019, (in Hartree)

wheren, andng are the number ofc and/ valence electrons
(Ne. = np).

The second model G2M(CC,MP2) differs only in the calcula-
tion of the coupled cluster correction and the empirical coef-
ficient for ng in the HLC. The G2M(CC,MP2) model uses
AE(CC) calculated with the triplé-6-311G(d,p) basis set:

AE(CC) = E[CCSD(T)/6-311G(d,p)}- E, .

resulting in the cancelation diyasin eq | to yield the final
expressiore[G2M(CC,MP2)] = E[CCSD(T)/6-311G(d,p)H
AE(+3df2p)+ AE(HLC,CC,MP2)+ ZPE, withAE(HLC,CC,-
MP2) = —0.005301; — 0.0001%,.

We should note that in the reaction studied here the numbers
ne andng are the same for the reactants, transition state, and
products, which results in the cancelation of the HLCs for all
relative energies. Therefore, the calculation of the reaction
barrier and enthalpy does not involve any empirical parameters.

For all the molecular orbital calculations the GAUSSIAN94
program packagé was used.

4. Results and Discussion

A. Experimental Kinetic Data. Evaluation of k and k. As
mentioned in the preceding section, two complementary tech-
niques were employed to measure the rate constant forgthe C
+ CH, reaction using widely different conditions. With the
P/FTIRS technique the absolute yields aHg formed by the
abstraction reaction were measured under atmospheric pressure
conditions as functions of time and temperature using different
CeHsNO and NO mixtures diluted with CHNO was added to
retard the rate of gHsNO decomposition in order to reach
higher temperatures required for the slow reactiongbiavith
CH,. Figure 1 shows a typical set of time-resolve@Hg

formation and @HsNO decay data. Solid curves presented in
the figure correspond to the kinetically modeled values using

tional frequencies calculated at the same level of theory werethe CHEMKIN/SENKIN progrard with the mechanism em-
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TABLE 2: Experimental Conditions,2 Product Yields? and Modeled Rate Constantsin the PLP/MS Experiment at the
Temperatures Studied

[CoHg: [CeHe]t [CeHsCH3J
temp (K) P(Torr) [CeHsCOCHslo [CeHslo [Helo [CH4o expg model exp model ky/1(® exp model ky/10%

303* 3.00 2.56 1.29 2993.6 0.43 0.43 0.33 0.35 1.39
391* 3.00 2.28 0.74 2995.7 0.25 0.23 0.20 0.19 1.28
444% 3.00 2.53 1.02 2994.4 0.33 0.32 0.27 0.27 1.24
587* 3.00 2.25 0.69 2995.7 0.19 0.19 1.23
706* 3.00 2.83 0.92 2994.4 0.30 0.30 1.29
737 3.07 5.95 1.65 440.5 2605.4 0.25 0.24 1.54 0.67 0.65 1.34
785* 3.00 3.01 0.49 2995.5 0.14 0.14 1.41
798 3.06 6.10 1.50 4415 26115 0.31 0.31 2.75 0.65 0.65 1.48
848 3.06 6.19 1.41 439.0 2596.9 0.41 0.40 3.84 0.59 0.58 1.59
907 3.07 5.52 1.78 440.5 2605.8 0.53 0.52 5.91 0.63 0.64 1.30
933 3.05 5.09 1.91 440.6 2606.1 0.58 0.58 7.25 0.67 0.66 1.48
965 3.07 5.65 1.35 442.0 26154 0.54 0.55 8.47 0.47 0.46 1.40
984 3.08 5.32 1.68 442.8 2619.8 0.60 0.60 8.85 0.60 0.60 1.52

a All concentrations are given in mTor? Product yields were measuredtat 5 ms (denoted by *) or 15 ms at their plateaus. Typicaly32
runs were carried out for each temperatui@ units of cn¥/(mol s).9 The yields of GHs decreased rapidly with temperature because of the strong
negativeT dependence and the low-pressure employed.

TABLE 3: Reactions and Rate Constant3d Used in the Modeling of the GHs + CH,4 Reaction in the P/FTIRS Experiment

reactions A n E refc
Key Reactions
1. CeHs + CH; — CgHg + CH3 6.03E+120 0.0 12321 this work
2. C6H5 + CH3 - C5H5CH3 1.38E+13 0.0 46 this work
3. CsHs + CsHs— CyoHip 1.39E+13 0.0 111
4. CHs + CHg (+M) — CzHg (+M) 2.12E+16 -1.0 620
LOWI/1.770E+50 —9.670 6220.00/
TROE/0.5325 151.00 1038.00 4970.00/
CH,4/2.0/ GHg/3.0/ AR/ 0.7/ NO/1.5 @He/3.0 GHsNO/5.0/
5. CsHsNO < CgHs + NO 1.42E+17 0.0 55060
6. CeHs + CsHsNO — C12H10NO 4.90E+12 0.0 —68
Minor Reactions
7. CH; + CeHsCH;— CH,4 + C7H7 5.50E+11 0.0 12000
8. CH7 + CeHs— CyaH1o 1.19E+13 0.0 220 22
9. CH7 + C/H;— CyiHag 2.51E+11 0.4 0 29
10. GH; + NO— C/H/,NO 5.73E+12 0.0 0 30
11. GsHs + CeHsCH3z — CgHg + C7H- 4.15E-03 4.5 —1590 26
12. GoH10NO — CgHsNO + CgHs 5.00E+14 0.0 45000
13. GsHs + C12H10NO — CioHioN + CeHsO 1.00E+12 0.0 0
14. GHs + CeHsNO — Cy2H10 + NO 5.00E+12 0.0 4500
15. GoHioN + NO — CyoH30NNO 1.00E+13 0.0 0

aRate constants are defined ky= AT" exp(—E4/RT) and in units cr4, mol, and s;E, is in units of cal/mol? Read as 6.03% 10'2 ° Reference
9 unless otherwise noted.

ployed for the GHsNO/NO/H, systen® after a minor modifica- (Figure 4b), we used a factor of 2 higher or lower valuek#f
tion by replacing K (x = 1, 2) reactions with CH(y = 3, 4) and obtained a relatively close fitting of thgHg concentration
processes (see Table 3). Table 1 summarizes the modeled raterofile by varying the value ok; by a factor of 0.7 or 1.4,
constant as a function of temperature for the ,QEaction respectively, but we were not able to quantitatively account for
obtained by averaging the kinetically modeled values at different the GHsNO profile. We should emphasize, however, that the
resident times. The Arrhenius plot for the rate constant is given values ofks and k_s have been very well-established in our

in Figure 2. _ o recent kinetic studie®?3 For reaction 3, @Hs + CgHs —
The key reactions occurring in this system are C12H10, Heckmann et a¥2 reported the rate constant as &7
102 cm?/(mol s) near 1000 K, which is 2 times lower than our
CeHs + CH, = CeHg + CHs @) result,ks = 1.39 x 103 exp(—55/T) cm¥/(mol s)& extrapolated
- _ to their temperature region, whereas Horn et*akported for
CeHsNO > CeHs + NO (5.=5) the same temperature regime a value that is twice higher than
CeHs + CeHNO — Cp,H, NO (6) ours. As shown in Figure 4c, the use of the higher or lower

value ofkz affects very little the reactant concentration or the

as illustrated in Figure 3 by the results of sensitivity analyses Product yield. We also examined the sensitivity of the reactant
for the GHsNO/NO/CH; system. The reactions with sensitivity ~and product yields to the valuesif but no significant changes
coefficients less than 0.01 are not included in the figure. Figure Were observed in their yields for the twice higher or lower value
4 shows the sensitivity of the reactant and product concentration©f Ke.

profiles to the different values & (Figure 4a) ands (Figure In the PLP/MS experiment at higher temperaturegi£

4b) by varying them up and down by a factor of 2. As shown COCH; was employed as thesBs radical source as in thesBs

in the figure, the concentration profiles of the reactant and + H, study? The initial concentration of §s produced in the
product are quite sensitive to the valuelaf For reaction 5 present photolysis, as mentioned before, could be reliably
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Figure 2. Arrhenius plot of the rate constant for theHg + CH, LAY ]
reaction: @) ref 12; (a) ref 15 using the rate constant for the L2 -
recombination of €Hs given in ref 8; O) this work by PLP/MS; [0) ol N LA ]
this work by P/FTIRS; (dotted line) ref 12; (dashed curve) our predicted osl N & 1
value with tunneling corrections usirg)® = 10.5 kcal/mol; (solid line) 06l ]
the result of a weighted least-squares analysis for our P/FTIRS and oal A 5 ]
PLP/MS data. Inset: Arrehnius plot of the modeled rate constant for 0'2 A ]
the GHs + CHjs reaction: @) ref 9; (a) this work without CH; (O) 0.0 s
this work with CH, added; (dotted line) the recommended result of ‘ 1 L . . . i
Tsang and Kiefer (ref 25). 0 200 400 600 800 1000 1200
o6 time (sec)
0.5 L@ CH, ' ' o Figure 4. Sensitivities ofk; (a), ks (b), andks (c) to GHsNO decay

(O) and GHe formation ©). (b) We used B (solid curve) or 0.5

04 . (dashed curve) for the modeling and varikd in order to fit to

0.3 ] concentration profiles. (c) Solid curve using duif dashed curve using

02 ks of Horn et al.2* dotted curve usings of Heckmann et al2 All C¢Hg

ol ] yields were enlarged by a factor of 2.
E 0.0 . radical. Since both radicals are expected to be formed with equal
‘5 01 ] concentrations initially, as suggested by our quantitative model-
L.“E 02 ] ing of C;Hg and GHsCHjs yields in the absence of CHsee
8 03 ] Table 2), the concurrent modeling of the yields aHg and
L>), , . ‘ L CsHsCHsz with an excess amount of Gishould provide reliable
E ®) CGHsl\lIo ' ' T rate constants for reactions 1 and 2. The modeled values using
5 03r ] the mechanism given in Table 4 are summarized in Table 2
Z o ] and graphically presented in Figure 2, together with P/FTIRS
3 ol and other existing data>for comparison with the theoretically

1 predicted result (to be discussed later). A weighted least-squares
i analysis of the two sets of experimental data covering—600
980 K givesk; = 1012788013 exp[— (62014 225)/T] cm3(mol
S).
4 Fork, it is reassuring that the values determined in the present
work (shown in the inset of Figure 2) agree closely with those
reported earlier from the ¢Bls + H; study’ as well as with
F— 4(')0 6(')0 8(I)0 . 10'00 Kieferl anq Tsang’s estimation based on thﬁﬁgCHgl dissocia-
. tion kinetics?> A least-squares analysis & obtained from
time (sec) measurements with and withoug ldnd CH, added gaveé, =
Figure 3. Sensitivity analyses for §s (a) and GHsNO (b) at 653 K 101314+ 0.03 exp[—(23 £ 36)/T] cm3(mol s).
in the P/FTIRS experiment. For reaction 1, we have included in Figure 2 two existing
sets of kinetic data reported by Duncan and Trotman-Dicken-
measured by the amount oisNO formed in the presence of  sort5 employing steady-state UV photolysis offsCOCH; in
excess NO as the radical scavenger. the presence of CHand by Heckmann et &?.using the shock-
The measurement of toluene, one of the major products tube/UV absorption spectroscopy carried out in the temperature
formed in the pulsed laser photolysis oHCOCH; in the range 1056-1450 K. The result of Duncan and Trotman-
presence or absence of G li very useful because its formation  Dickensoi® was evaluated with reference to theHs recom-
results solely from the recombination ofgkls with CHa, bination reaction, whose rate constant was assumed ltg be
allowing us to reliably monitor the concentration of thgHg 1 x 10" cm?¥/(mol s), independent of temperature. We rescaled
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TABLE 4: Reactions and Rate Constant3d Used in the Modeling of the GHs + CH,4 Reaction in the PLP/MS Experiment

reactions A n E ref
Key Reactions
1. CeHs + CHy— CgHg + CH3 6.03E+120 0.0 12321 this work
2. CsHs + CH3z — C¢HsCH;3 1.38E+13 0.0 46 this work
3. CeHs + CsHs— CioHig 1.39E+13 0.0 111
4, CH; + CH3(+M) — CoHg (+M) 2.12E+16 -1.0 620
LOW /1.770E+50 —9.670 6220.00/
TROE/0.5325 151.00 1038.00 4970.00/
H./2.00 CH/2.0/ CO/1.5/ GHg/3.0/ He/ 0.7/ GHg/3.0 GHsCOCHy/5.0/
Minor Reactions
7. CHs + CgHsCH3;— CH4 + C;H, 5.50E+11 0.0 12000
8. CH7 + CsHs— Cy3H12 1.19E+13 0.0 220 22
9. C7H7 + C7H7—> C14H]_4 2.51E+11 0.4 0 29
11. GHs + CeHsCHz— CgHg + C7H7 4.15E-03 4.5 —1590 26
16. GHs + CeHsCOCH;— CgHg + CsHsCOCH, 4.15E-03 4.5 —1590 d
17. GHsCO— CgHs + CO 3.98E+-14 0.0 28404
18. CH; + CsHsCOCH;— CH, + C¢HsCOCH, 5.01E+10 0.0 7400
19. GHs + CeHsCOCH,— Cy,H10COCH; 1.00E+12 0.0 4000
20. GHsCOCH, + CH;— C¢HsCOG,Hs 5.00E+12 0.0 0
21. GHsCOCH, + C¢Hs— Cy,H10COCH, 1.19E+13 0.0 220
22. GHsCOCH, + CeHsCOCH,— (CsHsCOCH,), 2.51E+11 0.4 0
23. GHsCOCH,— CgHs + CH,CO 4.00E+14 0.0 29400
24. Gi2H10COCH;— Cy5Hi0 + CH3CO 1.00E+08 0.0 0
25. CH; + CH3;CO— CH3;COCH; 4.04E+15 -0.8 0
26. CHCO (+M) — CHz + CO (+M) 8.74E+42 —8.6 22420
27. GHs + H,— CeHg + H 5.72E+04 2.43 6276
28. 2H+ M — Hz (+M) 1.00E+18 -1.0 0
29. GHs + H— CgHg 7.80E+13 0.0 0
30. CH+H,—CH;+H 2.89E+02 3.12 8710
31. GHsCHz + H— C;H7 + H; 3.98E+02 3.44 3120
32. GHsCHz + H — CgHe + CH3 5.78E+13 0.0 8090

a Rate constants are defined by AT" exp(—E«/RT) and in units cri mol, and sE, is in the units of cal/mol? Read as 6.0% 102 © Reference
9 unless otherwise notelAssumed on the basis of the reaction rate of (11).

their CH, abstraction rate constant by using our reportgd{C
recombination rate constakg = 1.39 x 10' exp(—55/T) cm?/

(mol s)8 It should be mentioned that the same set of data was
also utilized by Heckmann et #.to evaluate the Arrhenius
expression for the reaction using their reportgti§$yecombina-

tion rate, ks = 5.7 x 10%2 cm?/(mol s), which is expected to
result in a slightly greater downward shift from Duncan and
Trotman-Dickenson’s original value. However, the shift was
in fact made in the opposite, upward direction, which resulted
in the final Arrhenius expressidq = 10'23exp(—4330M) cm?/

(mol s) (see the dashed line in Figure 2). The rescaled values
(given by the solid triangles in the figure) deviate significantly
from the present result and Heckmann’s high-temperature data,

[ (b) C4H,CH,

Sensitivity Coefficient

which are qualitatively in reasonable agreement. 06 .
Figure 5 shows the results of sensitivity analyses fgH{C 0al —{2}-

and GHsCHjs products in a PLP/MS experiment at 933 K. The ’ ]

key reactions occurring in this system, aside from the major 02

CeHs + CH4 (1) abstraction process of interest, are the
recombination reactions (8s + CHjz (2), GHs + CgHs (3),
and CH + CHs (4), which has a much smaller effect on the
CeHg and GHsCHs yields). As shown in the figure, the
formation of GHg is most positively affected by reaction 1 and
negatively influenced by its competitive reactions 2 and 3, while
the formation of GHsCHjz is most positively affected by reaction

2 and negatively influenced by its competitive reactions 1 and time (msec)

3. The use of the high&tor lower2values ofk, as referred to o\ o <0 civin analyses @1 (@) and GHeCHs (b) at 933 K in
earlier, increases or lowers the modele(_:i_valudﬁ oy as much the PLP/MS experiment. Conditions are given in Table 2.

as 80% because of the strong competition between reactions 1

and 3. The smalleks of Heckmann et al? would reduce the ~ P/FTIRS kinetic data, which are not affected by the use of
value ofk; by about 80%, resulting in a greater deviation from differentks values, as discussed earlier.

their recommended expressida,= 10123 exp(—4330T) cm?®/ Validity of k1. Complementary to the experimental kinetic
(mol s)!? the smaller values ofk; would also become  data for reaction 1, the rate constant for its reverse process, CH
inconsistent with our theoretically predicted result and the + CgHe — CH4 + CgHs, has been determined by Krech and
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Price2” k_y = 6.3 x 10'% exp(—46801) cm®/(mol s), in a flow 12
tube study employing either dimethylmercury or dimethylcad- L
mium as the Chlradical source. The rate constant was measured
at temperatures 744800 K by a relative rate method using the
recombination of Chlradicals as a reference reaction. Zhang
et al?® obtained a much different rate constant expression,
= 2 x 10% exp(—7580M) cm?/(mol s), from their steady-state
analysis of the Ckiformed in the pyrolysis of gH4 with and
without GeHg added in the temperature range 6500 K at
220380 Torr pressure. These results, particularly that of Krech
and Price” which has a significantly lower activation energy
than our estimated barrier, 18.1 kcal/mobaK (E-1° = E;° —
AHg? using an experimentaAH,’ = —8.8 kcal/mol and the
best theoretical value dE;° = 9.3 kcal/mol), give rise to a
forward rate constant that is about a factor of 10 higher than 06 ]
ours. 05t J
To understand this large deviation, we have attempted to 0al
kinetically model the relative rate constants obtained by Krech 03
and Price based on the yields of C&hd GHg in their pyrolysis
of (CHs3),M (M = Hg or Cd) in the presence of excess amounts o . . . . , . .
of CgHg. The CH, and GHg formed in the system were assumed 0l 00 0l 02 03 04 05 06 07
to have derived exclusively from the reactions [H,V/[CH,]

(a) T=866 K

09
08
07|
06
05|
04
03|
02}
0.1

09|

08|

Concentrations (mTorr)

07 4

02}

CH, + C4Hg — CH, + CiHs (—1) Figure 6. Concentration profiles of &1 (00) and GHsCHs (O) as a
function of [H])/[CH4] at the total pressure of 10 Torr. Reaction
CH, + CH;— C,H, 4) conditions: (a) [GHsCOCH]o = 1.57, [GHs]o = 1.27, [He]= 837.1;

(b) [CeHsCOCHs]o = 1.58, [GHslo = 1.26, [He] = 837.1. All
concentrations are given in mTorr. Solid curves were predicted values
using the mechanism presented in Table 4 and rate constants as given.
K Ren For the dotted curves; was replaced by that reported by Heckmann

—1 4

R S (I et all?
k41/2 [CGHG] RCZHal/Z

whereRy represents the initial rate of formation of the product
X. The relative rate constant given by eq Il can be readily
modeled by using the known kinetics for the decomposition of
(CHg)oM, CH3 + (CHg)oM, and otherC; and C, reactions

relevant to the systef9. The results of our modeling indicated V& have, therefore, concluded that the valuek-af reported

that the reported relative rate constants are consistent with thePY Krech and Pric€ and by Zhang et aff are not reliable and
calculated concentration ratios given by the right-hand side of &/S0 inconsistent with the large reverse barrier predicted by our
eq Il if CHs was produced primarily by reactionl and the ~ Nigh-level ab initio MO calculations. _

k_; value reported by these authors was used. However, if the _Test for the Validity of Our k In view of the noticeable
catalytic effect of GHe (methylcyclohexadienyl) radical, formed ~ difference between our rate constant for theHC+ CH,

by the CH, + CsHs addition reaction, was introduced with our ~ reaction,ky =108 exp(~62011) cn¥®/(mol s), and that of

which gives the relative rate constant:

their suggested reactions leading to the formation of.GHe
C.H,4 system is, perhaps, too complicated for a reliable and clean
determination of the elementary kinetics of an unsaturated
hydrocarbon molecule such agHg, which may undergo many
unknown secondary reactions producing, k= 3 and 4).

theoretically predicted rate constafitfor the reactions Heckmann et al.ky = 1023 exp(~4330M) cm¥(mol s)2 in
the temperature range 36Q000 K, as also graphically shown
CH; + CHg <~ CHq in Figure 2, we have performed two additional sets of experi-

ments employing mixtures containing varying amounts ef H
CH; + C7Hy — CH, + CHg and CH, with the total concentration of the two molecular
C,Hg— CHg + H reactants kept constant.

Figure 6 presents the measured yields of benzene and toluene
the yields of CH and GHg were found to be significantly in comparison with kinetically predicted values. Solid curves,
affected by secondary and tertiary reactions involving HzgCH computed at 757 and 866 K with okt as given in Table 4,
and GHs. In this regard, we have previously pointed out that agree quantitatively with the observed results. The replacement
the apparent rate constant reported for the analogous reactiordf our k; with that of Heckmann et &F. leads to noticeable
H + CgHg — H, + CgHs below 1000 K could be attributed  deviation between the predicted values (shown by the dotted
entirely to the GH,-catalyzed reaction, similar to the one given curves) and the experimental results under the-G¢h condi-

above, H+ CgHg <= CgH7, H + CgH7; — H, + CgHg.13 tion. This clearly suggests that, although the absolute values of

We have also kinetically modeled the production of i theirk; in the 1056-1450 K range agree with our theoretically
the complex GH,4—CgHg system studied by Zhang etZIThe predicted result, the extrapolation of their Arrhenius expression
result of our modeling revealed that the apparent enhancemento T < 1000 K leads to an overestimate of the rate constant.
in the yields of CH upon the addition of gHg to the GH4 B. Ab Initio MO/TST Calculations. Molecular and Transi-

system could not have resulted directly from the assumed tion State Structure§ he geometries of the reactants, transition
reaction (1). In fact, the employment of both ol and state, and products were first optimized at the B3LYP/6-31G-
Zhang'sk—; in the modeling gave essentially the same low,CH (d,p) level and then refined with the 6-3t#G(d,p) basis set.
yields using a reasonable mechanism, which comprised all of The optimized geometries of individual species are presented
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changes in the geometry of the methyl fragment reflect a
transformation of the Sphybridization in methane to 3jn the

methyl radical, though the structure of the methyl fragment
remains sufficiently pyramidal, i.e., closer to the reactants. Thus,

1.082
(1.079)

CH; (D, 2A;"
P the overall structure of the transition state is closer to the
(:zggi) reactgnts, which is in accordance with the exothermicity of the
reaction.
It is also worth noting that the phenyl fragment preserves
C,, local symmetry, and the local symmetry of the methyl group
CoHg gy '415) CH, (T, 'Ap CH4(Cy, %A )

is very close tdCs,. In the preceding discussion we mentioned
that conformational effects in the transition state can be
neglected for the purpose of vibrational frequencies and
energetic parameters calculations. Furthermore, very low ab-
solute values of the torsional frequency (less than 20m
allowed us to neglect conformational effects and consider it as
a free internal rotor for the purpose of the rate constant
evaluation.

Other calculated and available experimental vibrational
frequencies of the reactants, products, and the transition state
are presented in Table 5. In general, B3LYP frequencies
TS1(C,,7A") reproduce the experimental values much better than those of
Figure 7. Optimized (B3LYP/6-313+G(d.p)) and experimental (in HF and MP2. Indeed, when calculated with a sufficiently large

parentheses) geometries (bond length in A, angles in deg) of the specie?alSIS set, B3LYP frequencies agree with experiment so closgly
involved in the GHs + CH, < CgHs + CHj reaction. that they can be used unscaled for the rate constant calculation.

For methane, the calculated frequencies are on average 2.9%
in Figure 7. The calculated geometry of benzene is in excellent higher than the observ&ones; the deviations range from 1.6
agreement with the experimental détabtained by making 0 3.7%, which is reasonable due to considerable anharmonicity
combined use of electron diffraction intensities and rotational Of CH stretching and bending modes. Similar deviations are
constants 1G(C—C) = 1.396 A, ra(C—H) = 1.085 A). seen in the case of the methyl ra_dlé%lexcept for the wagging
Calculated G-H bond lengths reproduce the experimental Mode whose frequency (580 cfis underestimated by 7.6%.
geometry of methane and the methyl radical within the However, th|§ is a much better pred_|ct|on compared to the value
uncertainty of the experimental valu¥For the local minima,  calculated with the 6-31G(d,p) basis set (462 énabout 20%
all vibrational frequencies are real. For the transition state, the lower than the observed frequency) or at the UMP2/6-311G-
fully optimized structure (a first-order saddle point characterized (2d.p) level of theory (419 cnt, about 28% lower}? At the
by only one imaginary frequency) corresponds to the conforma- latter level the mean absolute deviations (5% forsCH.% for
tion where the methyl group is twisted out from tiG- CHj) are also significantly higher than the ones obtained at the
symmetric staggered conformation byl°. To be certain, we ~ B3LYP/6-311-+G(d,p) level (3% for both molecules). For
carried out the geometry optimization with the constrainCef the phenyl radical, limited experimental data are available. Only
Symmetry_ The resumng Stationary point possessed two imagi_ 24 of 27 fundamental modes were observed in the IR Spectrum
nary frequencies: one corresponding to the H-abstraction ©f the phenyl radical trapped in the Ar matfk Definitive
reaction coordinate and the other to the torsional mode. assignments of IR inactive and very weak bands require an
However, the calculated energy difference betweerCthand additional determination by Raman spectroscopy and studies
Cs structures at the B3LYP/6-31G(d,p) was less than 0.01 kcal/ of isotopomers. The mean absolute deviation of the B3LYP/6-
mol and the values of the vibrational frequencies, except that 311++G(d,p) calculated from the experimental frequencies of
of the torsional mode, differed by less than 0.3 @nA nearly CeHs is 2.8%. Only five theoretical frequencies exceed that
stationary potential energy surface along the torsional coordinateassigned from the IR spectrum by more than 3.4%. In fact, one
and a very weak dependence of other vibrational modes on it of them (665 cm?) is predicted to have a medium intensity
allowed us to neglect conformational effects and use the B3LYP/ and lie in the region obscured by G@bsorption, whereas
6-311++G(d,p) optimized staggered conformation for the Radziszewski et &: assigned to it a very weak band 621¢m
calculation of refined vibrational frequencies (with the same The four other frequencies also have very small IR intensities,
basis set) and higher level single point energies. and their assignment is questionable. The experimental vibra-

The reaction of the phenyl radical with methane proceeds tional spectrum of benzeffeagrees closely with the calculated
via an abstraction TS1 with a linear-8-C fragment. Both harmonic frequencies with the mean absolute deviation of 2.2%
the breaking &H bond between the hydrogen atom and the and maximum deviatior~4% for C—H stretching modes.
carbon atom of methyl radical and the forming-8 bond with ~ Overall, the validity of using unscaled B3LYP/6-3&+G(d,p)
the carbon atom of phenyl radical are considerably elongated frequencies is well-supported by their low mean deviations from
by 0.21 and 0.30 A, respectively. The length of the breaking the available experimental data.
bond is shorter than the forming—&1 bond by 0.08 A. The Energetics of the ReactioRl-abstraction reactions by organic
changes of geometrical parameters away from the reaction centeradicals play a pivotal role in the propagation and inhibition
are less significant. The -©C bond lengths in the transition  stages of the chain processes in the hydrocarbon substrates.
state are intermediate between the corresponding values in theSeveral previous studies revealed a general trend in the energetic
phenyl radical and benzene; consequently, theCCbhonds profile of this elementary action. In particular, the reactions of
adjacent to the forming €H bond exhibit the largest change vinyl and phenyl radicals with molecular hydrogen have been
of ~0.01 A going either from the reactant or the product. The already studied theoretically in our laboratdfy®
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TABLE 5: Moments of Inertia 2 (I, g, Ic), Symmetry Numbers (), and Vibrational Frequencies of the Species Involved in the
CeHs + CHy = CgHg + CH3 Reaction

frequenciesi/cm™1)

molecule I, I, Ic/107%° g cn? calculated experimental

CH, 5.36, 5.36, 5.36 A 3024 2917

o=12 E 1558 1534
T2 1340, 3129 1306, 3019

CHs 2.95, 2.95,5.90 A 536, 3103 580, 3002

0=6 E 1402, 3283 1383, 3184

CsHs 134.34,150.48,284.82 A 619,987, 1015, 1049, 1175, 1468, 1571, 3156605, 971, 1011, 1027, 1080 (?), 1441, 1499 (?),

3174, 3187 3052, 3071, 3085
=2 A 398, 812, 962 402, 818, 961
B; 424,665, 718, 892, 984 416, 621 (?), 708, 878, 976
B> 600, 1072, 1176, 1302, 1325, 1461, 1625, 586, 1067, 1086 (?), 1226 (?), 1344, 1433, 1593,
3162, 3177 3060, 3073

CsHs 148.20, 148.20, 296.40 4 1011, 3191 993, 3074

o=12 Ay 1381 1350
Ay, 684 674
By, 1022, 3155 1010, 3057
By 719, 1010 707, 990
Bo, 1175, 1337 1150, 1309
Eyy 861 849
Ei;, 1059, 1511, 3181 1038, 1484, 3057
Exy 622,1198, 1634, 3165 608, 1178, 1610, 3050
E,, 409,979 398, 967

TSI Overall A’ 1551i, 87, 360, 403, 508, 671, 695, 733, 906, 992, 1012,

154.77,508.39, 657.59 1027, 1063, 1186, 1189, 1270, 1444, 1495, 1597, 3052,

3151, 3165, 3177, 3184
A" 90, 398, 531, 619, 841, 967, 1079, 1178, 1301, 1326, 1378,
1448, 1483, 1625, 3155, 3170, 3175
Internaf
0=6 551

a Calculated at the B3LYP/6-34#1+G(d,p) level.? Experimental frequencies are from ref 32 (£hd CH,), 34 (GHs), and 35 (GHe). ¢ —CHs
rotor.

TABLE 6: Total Energies (in Hartree) and ZPE (in kcal/ a wave function that is almost a pure doublet Wi = 0.76.

mol) of the Reactants and Relative Energies (ZPE The B3LYP estimate of the ¢Bls + CHs = CgHg + CHs

Corrected, in kcal/mol) of the TS1 and Products Calculated . - :

at Various Levels of Theory reaction exothermicity{7.5 kcal/mol) is close to the values
obtained by such methods as PMP4, CCSD, and CCSD(T) that

species GHs + CHy  TSE CeHs+ CH4" take into account the higher order correlation effects (Table 6).
[F(UHF/6-311G(d,p)) 1.38 1.38 0.76 The experimental €H bond strengths af@o(CH;—H) = 103.2
[FO(B3LYP) 0.76 0.76 0.75 + 0.3 kcal/mol in metharf and Do(CeHs—H) = 112.0+ 0.6
ZPE (B3LYP/6-31%+G(d.p) 82.50 80.25 81.39 kcal/mol in benzené’ The best agreement with the experimental
B3LYP/6-31G(d,p) —272.09324 726 —6.29 lue Of AH0 — —8 84 0.9 keal/mol is the CCSD(T) val
B3LYP/6-311+G(d,p) —272.156336 8.04 —7.48 value of AHg” = —8.8 & 0.9 kcal/mol is the CCSD(T) values
B3LYP/6-311+G(3df,2p) —272.175468 8.33 —7.35 (9.4 and 9.7 kcal/mol with the double- and trigjebasis sets,
MP2/6-311G(d,p) —271.23509 9.99 —3241 respectively). The fourth-order perturbation calculation (MP4)
MP2/6-31H1-G(3df,2p) —271.40109 929 —32.99 significantly improves the MP2 values, yet the exothermicity
PMP4/6-31G(d,p) —271.28086  9.63 —11.59 of the reaction is still overestimated by3 kcal/mol. The
PMP4/6-311G(d,p) —271.37098  8.13 —12.03 mentalAHO differs b v 15 keal/mol f that
CCSD/6-31G(d,p) —271.24346 12.87 —9.60 experimentalArio” ditters by only 1.5 kcalimol from that
CCSD(T)/6-31G(d,p) —271.28334 1133 —9.41 calculated at the G2M(CC,MP2) level. The difference is similar
CCSD/6-311G(d,p) —271.32758 11.65 —9.93 to that found for the analogous reactionHs + H, = CgHg +
CCSD(T)/6-311G(d,p) —271.37240  9.97  —9.72 H.13 The error results essentially from the overestimate of the
G2M (cc,MP2) —271.50250  9.14 —10.43 C—H bond energy in benzene by the G2M schemes.

G2M (CC, MP2) —271.50594 9.27  —10.30

For the GHs + CH; = CgHg + CHs reaction, we possess

2 Energies relative to the reactamM®B3LYP/6-31G(d,p)//B3LYP/ nearly complete experimental data (vibrational frequencies of
6-31G(d,p). ZPE(B3LYP/6-31G(d,p)) for the reactants, TS1, and the reactants and products, geometries of methane, the methyl
products are 83.13, 80.81, and 81.78 kcal/mol, respectively. radical, and benzene, amxHd? of the reaction) necessary for
the equilibrium constant evaluation. Using calculated moments
of inertia and vibrational frequencies for benzene and the phenyl
radical and experimental values of all other parameters, we
obtained theT dependent Gibbs free energy change in this
reaction and the equilibrium constant. Thus the calculated
equilibrium constant is best expressed in the form

The heat of the H-abstraction reaction is determined by the
strengths of the breaking and forming bonds; in the present study
these are €H bonds in methane and benzene, respectively.
As pointed out by Mebel et al3 the UHF wave function for
the phenyl radical is highly spin contaminated (see Table 6).
Hence, methods not taking into account high-order correlation
energy (UHF, MP2) overestimate the energy of the phenyl K, = (2.85+ 0.42) x
radical and consequently the-E&1 bond energy in benzene. For —20.34+0.02
this reason, the MP2 values for the heat of the H-abstraction 10°T° exp(4438.2+ 16.17T) (Il1)
reactions by @Hs contain a large, but systematic error. On the Because the deviations of our theoretical molecular param-
contrary, the B3LYP calculation of the phenyl radical produces eters from the available experimental ones are very small, the
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equilibrium constant calculated solely from theoretical moments
of inertia and vibrational frequencies and the experimetk&f

of the reaction differs from that given in eq Il by only 14% at
2000 K and by less than 10% in the temperature range-298
1000 K.

In the calculation of the activation barrier height a similar
problem caused by the high spin contamination can be expected,
since the UHF wave function for the transition state [&E=
1.38, much higher than that expected for a proper doublet.
However, this value matches tH&[lvalue for the phenyl
radical. This is not surprising because the formirgl&-H bond
in the transition state is very weak and the structure of the phenyl
fragment resembles the structure of the free phenyl radical. The
implication of this structural similarity between the reactants
and the transition state is the cancelation of errors in the
theoretically predicted barrier height for the forward reaction.
Naturally, the MP2 energies for the transition state relative to
the reactants are consistent with those calculated at higher levels
(Table 6). On the other hand, the barrier for the reverse reaction
should be corrected for the error in the enthalpy of this reaction o -
resulting from the unbalanced accuracy of the calculated Figure 8. Low-frequency bending vibrations of the transition state
energies for the reactants and products. Since the source of errogﬂfx:?t:g a&?@ﬁ%ﬁ;ﬁ?iﬁﬁﬁiﬁ%ilseﬁluglzgmgﬁﬁry' The vectors
is the overestimated energy of the phenyl radical, the correction
is equivalent to the downward shift in the energy of the reactants __ 37457 - o .
and the transition state relative to the energy of the products. ; _ 3.89x 10°T*exp (~2645M) cmr/(mol s), which is valid

. . for the temperature range 36@500 K. The energy barrier that
The calculated barrier height at our best level (G2M(CC,MP2)) fits all the gxperimentagl']J data is well within theg)é kcal/mol
for the forward reaction, 9.3 kcal/mol, is close to the earlier

. i f th i | f .0 kcal/mol.
reported theoretical barriers for theks + H, — CeHg + H accuracy of the predicted best values of-910.0 kcal/mo

(8.8 kcal/mol}3and GHs + Ha — CoHa + H (10.4 kcal/mol§e On the treatment of the two nearly degenerate bending

reactions, both obtained at the G2M(rcc,MP2) level of theory. vibrations, we have also examined its hypothetical (maximal)

The barrier for the reverse reaction corrected to reproduce the.eﬁeCt on the predicted rate constant by considering a 2D free

S internal rotor model. In this treatment, the reduced moment of
enthalpy of the reaction is 18.1 kcal/mol (at the G2M(CC,MP2) . "~ . 40 ! )
level). The activation energies calculated by the B3LYP method inertia of the 2-D rotor (5.8« 10™*g cn¥) was evaluated using

are somewhat lower than the G2M values. We suppose that thethe calculated moments of inerti & Iy) of the GHs and Ch

- I . . - fragments of the TS1. The contribution of the corresponding
stability of the transition state structure is overestimated in .’ ¥ . )
B3LYP calculations. This appears to be a typical error of densit vibrational modes into ZPE~0.25 kcal/mol) was removed

. : pp . P o Y pbefore substituting the calculated activation energy in the CTST
functional methods that they overestimate the stability of weakly ion for th h It of thi lculati
bound systen#§3 despite the ability to generate high-quality b oo o 1F the rate constant. The result of this calculation

" . . : . with the same energy barrieE£ = 10.5 kcal/mol) showed that

geometries. In particular, for the reactions involving a hydrogen the value ofk: increased bv a factor of 6.0 at 500 K and
atom, hybrid DFT methods compute activation energies that decreased b la factor of 1 ilat 2000 K ’
are 2-3 kcal/mol less than the experimental val&&blowever, y ' '
the basis set expansion appears to cause an increase in the .
B3LYP barrier heights, thus, approaching the G2M predictions. >+ €onclusion

Rate Constant Calculationghe bimolecular rate constant In this work we have investigated experimentally and
for the GHs + CHj, reaction was computed with the canonical  theoretically the reaction of the phenyl radical with methane.
transition state theory (CTST) with Eckart quantum mechanical The rate constant for the bimolecular metathetical reaction
tunneling correctior§ (see Appendix 1) using the molecular  measured with the combination of pyrolysis/FTIR spectrometry
parameters and energies presented in Tables 5 and 6, respeeand pulsed laser photolysis/mass spectrometry techniques cover-
tively. The moments of inertia and unscaled harmonic vibrational ing the temperature range 66080 K can be presented by the
frequencies obtained at the B3LYP/6-311G(d,p) level of equation: k; = 101278 exp(—6201M) cm?(mol s). The rate
theory were employed for the rate constant calculation. The constank; calculated from theoretical molecular parameters fits
transition state has three low vibrational frequencies that our experimental data and also the result of the high-temperature
correspond to the methyphenyl torsional mode|¥%| < 20 shock-tube/UV absorption measurement by Heckmann 8t al.
cm~1) and the two nearly degenerate-8—C bending modes if the energy barrieE;® = 10.5 kcal/mol is used. This value is
in and out of the phenyl plane as illustrated in Figure 8. For close toE;° = 9.3 kcal/mol obtained at our highest theoretical
the rate constant calculation, the former was treated as a freelevel, G2M(CC, MP2)//B3LPYP/6-3H+G(d,p). For the pur-
internal rotor, whereas the latter two modes were treated eitherpose of high-temperature kinetic modeling, the expressipn,
as harmonic oscillators or a 2-D hindered rotor. For the 2-D = 3.89 x 10-3T*57 exp (—26451T) cm®/(mol s), obtained from
hindered rotor calculation, we employed the method used by the calculation is recommended for the temperature range 300
Hase and Zhd! The predicted rate constants by the two models 2500 K. From the analysis of the toluene formation data with
agree closely for the temperatures below 2500 K. As shown in and without added {and CH, we have obtained very
Figure 2, all experimental data, except those of Duncan and reproducibly the rate constant for the recombination of @th
Trotman-Dickenso®? could be reasonably accounted for by the CgHs, ko, = (1.38 £ 0.08) x 103 exp[—(23 £ 46)/T] cm®/(mol
theory with the energy barrie,° = 10.5+ 0.5 kcal/mol: k; s) for the temperature range 306980 K.

v=90cm’"
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Appendix I. Eckart Tunneling Correction Calculation

To calculate the tunneling effect correction, the barrier along
the reaction coordinatewas approximated by the unsymmetric
three-parameter Eckart potentfal

e" («/El + \/E_—l)z

V(X) = E—E_ +
) 1+e'\ " ! 1+ ¢

whereu = 2xzx/l. The constantg&; = 10.5 kcal/mol and-; =

19.3 kcal/mol represent the barrier heights relative to reactants

and products, respectively. The third paramétisrchosen to
reproduce the curvature of an ab initio potential at the maximum

V(%) = — 87° ,_ —1» VN2 g2k 2
(X) = |—2 (El + E—l = —4x ulv|

wherev* = i1551 cn1! is the imaginary frequency and is

the reduced mass of the tunneling hydrogen. Solving the
appropriate one-dimensional Sdinger equatiort? we obtain

the tunneling probability for an incident particle of masand
energyE

__cosh[2z(o. + B)] — cosh[2r(a — )]
~ cosh[2r(a + )] + cosh[25]

P(E)

with o = (2ul’E/?)12, B = ([2 u(E — (Ex — E-1))/M)Y?
andd = ((4E.E_1/h|v*|3) — (1/4)}V2 Integration of the energy
specific probability over a MaxweliBoltzmann distribution
yields the tunneling correction for the transition state theory
rate constant

R

1 o E-E
Q=5 /, PE) exp(— 1) dE
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