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Reflected Shock Tube Studies of High-Temperature Rate Constants for OH- CH, — CH3
+ H,0 and CH3z + NO, — CH30 + NO

N. K. Srinivasan, M.-C. Su, J. W. Sutherland and J. V. Michael*
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Receied: October 25, 2004

The reflected shock tube technique with multipass absorption spectrometric detection of OH radicals at 308
nm has been used to study the reactions-©8H; — CH; + H,O and CH + NO, — CHzO + NO. Over

the temperature range 840025 K, the rate constants for the first reaction can be represented by the Arrhenius
expressiork = (9.52 + 1.62) x 107! exp[(—4134+ 222 K)/T] cm® molecule® s1. Since this reaction is
important in both combustion and atmospheric chemistry, there have been many prior investigations with a
variety of techniques. The present results extend the temperature range by 500 K and have been combined
with the most accurate earlier studies to derive an evaluation over the extended temperature ra2§23.95

K. A three-parameter expression describes the rate behavior over this temperature+afigé6 x 101812182
exp[(—1231 K)/T] cm® molecule! s, Previous theoretical studies are discussed, and the present evaluation
is compared to earlier theoretical estimates. Sincg @Hicals are a product of the reaction and could cause
secondary perturbations in rate constant determinations, the second reaction was studied by OH radical
production from the fast reactions @8 — CH,O + H and H+ NO, — OH + NO. The measured rate
constant is 2.26< 10 cm?® molecule® s~ and is not dependent on temperature from 233 to 1700 K within
experimental error.

Introduction Ernst et al. (11461505 K)13the most recent and reliable direct
measurements are those of Felder and Madrorietno studied
reaction 1 over a temperature range of 23812 K using the
flash photolysis-resonance fluorescence (FRF) technique.
Bott and Cohel? later supplied a direct shock tube measurement

received a great deal of attention because they destroy organicbm only ata single temperature, 1200 K. Felder and Madronich

. - ompared their results with other existing data from Jeong and
molecules with abstractable hydrogens in the troposphere and’ 6 .
are important chain carriers in combustiohThe reaction of Kaufman (268-473 K)'® and Tully and Ravishankara (298

7 . = .
OH radicals with the simplest hydrocarbon, methane 1021 K)” and developed a combined rate coefficient evaluation

(cm?® molecule’t s7b):
OH + CH, — CH, + H,0 (1)

Experimental measurements of absolute rate constants for
radicak-molecule reactions play an important role in under-
standing atmosphefi@and combustion chemistAin particular,
reactions involving the highly reactive hydroxyl radical have

_ —18,—-1.96 =
is of continuing importance since it is the most significant Ky =(9.50x 10 8)T exp[(-1328 K)TT] (2)

depletion channel for atmospheric methane at low temperatures
and is also a propagation reaction in methane combustion at
high temperature$.Because of atmospheric and combustion
interest, there are 91 studies of reaction 1 listed in the current
NIST databaseé.Several of these are direct measurements of
thermal rate constants at temperatures below 1000 K using stati
reactor or flow tube methods. Dunlop and TWllyho studied
reaction 1 over the temperature and pressure ranges of 293
800 K and 106-300 Torr, have reported particularly accurate
values. Their results are in excellent agreement with other low-
temperature values from Ravishankara and co-worké&is;-
layson-Pitts et af,Mellouki et al.? Saunders et alS Bonard
et al.1* and Bryukov et al?

Direct high-temperatureT( > 1000 K) experimental rate
determinations are more limited. Following the early work of

All other previously reported high-temperature measurements
were deduced from flame studi€s?® where perturbations due
to secondary reactions can interfere with the primary reaction.
The lack of direct measurements at temperatures ab@%€0
d< supplies the motivation for the present study. We described
earlier a long absorption path multipass optical system for OH
radical detection in the reflected shock regéend used it to
measure high-temperature rate constéhiis this work we have
increased the path length for absorption by using 20 and 32
passes (corresponding to 1.749 and 2.798 m, respectively) as
compared to 12 passes (1.049 m) in our earlier vibitence,
high sensitivity for OH radical detection is possible, thereby
minimizing the effects of secondary reaction perturbations;
however, one potential interfering reaction could be

CH, + NO,— CH,0 + NO ®)
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NO. These are the first such measurements on reaction 3 atMatheson Gas Products were all further purified by bulb-to-

high temperatures. bulb distillations, with the middle thirds being retainedrt-
Butyl hydroperoxide (TBH; 90%), used as a thermal source of
Experimental Section OH radicals between-850 and 1300 K, was obtained from

Sigma Aldrich Chemical Co. and was used as received. This
compound is unstable, and therefore, an NMR analysis was
carried out, giving an actual purity level of 55%. ¢kas

The present experiments were performed with the shock tube
technique using OH radical electronic absorption detection. The

method and the. apég;ratus currently. being u.se_d have beerynained as scientific grade from Phillips Hydrocarbons and was
previously described" and only a brief description of the 1, ,jified by bulb-to-bulb distillation, retaining only the middle

experiment will be presented here. . _ third. HNO;, used as a thermal source of OHTat ~1250 K,

The shock tube is constructed from 304 stainless steel in threey a5 prepared and cold stored as a distillate from fuming nitric
sections. The first 10.2 cm o.d. cylindrical section is separated a¢ig and concentrated sulfuric acid. Test gas mixtures were
from the He driver chamberyba 4 mil unscored 1100-H18  accyrately prepared from pressure measurements using a Bara-
aluminum diaphragm. A 0.25 m transition section then cONnects ron capacitance manometer and were stored in an all-glass
the first and third sections. The third section is of rounded corner y3cyum line. Once HNQwas incorporated into the reaction
(radius 1.71 cm) square design and is fabricated from flat stock mixtures, the mixtures were stable as judged from the level of
(3 mm) with a mirror finish. Two sets of flat fused silica  [oH], produced in successive experiments. However, it is
windows (3.81 c¢cm) with broad-band antireflection (BB AR) ifficult to prepare highly purified HN@from a single bulb-

coating for uv light are mounted on the tube across from one (o _phyih distillation, and therefore, the mixtures undoubtedly
another at a distance of 6 cm from the end plate. The path lengtheontained small amounts of N@nd HO.

between the windows is 8.745 cm. The incident shock velocity
is measured with eight fast pressure transducers (PCB Pi-Results
ezotronics, Inc., model 113A21) mounted along the third portion . . i o .
of the shock tube, and temperature and density in the reflected  SINce the multipass optical system used in this work is new,
shock wave regime are calculated from this velocity and include € curve-of-growth for OH radicals was determined under
corrections for boundary layer perturbatiGis®® The tube is conditions similar to those of the ar_1t|C|pated kinetics experi-
routinely pumped between experiments<d0-8 Torr by an ments. The same method used previotfsiyas e_mplsoyed. OH
Edwards Vacuum Products model CR100P packaged pumping'@dicals were generated by the H NO; reactior?® Known
system. A 4094C Nicolet digital oscilloscope was used to record concentrations of H a3t2°m3 are obtained from the thermal
both the velocity and absorption signals. decomposition of €Hsl.

The optical configuration consists of an OH resonance

lamp2425multipass reflectors, an interference filter at 308 nm, CoHsl (M) = CHs + 1 (+M) (4)
and a photomultiplier tube (1P28), all mounted external to the

shock tube as described previoudhy?>31The OH lamp was CHsl (+M) = CH, + HI (+M) ()
constructed from a 6.4 mm o.d. Pyrex tube. High-purity Ar at

atmospheric pressure was bubbled through distilled water in a C,Hs (+M) — C,H, + H (+M) (6)
glass trap, and the mixture was then introduced through a needle

valve into the low-pressure~25 Torr) lamp. The microwave H+ NO,— OH+ NO @)

discharge was operated at 70 W. At the entrance to the multipass
cell, the resultant OH resonance radiation was collimated with Reaction 6 is so fast compared to reactions 4 and 5 that the
a set of lenses and was focused onto the reflector on the oppositehermal decomposition of £isl controls the rate of formation
side of the shock tube through two AR-coated windows that of H. Thus, by using relatively high concentrations of e
were flush mounted to the inside of the shock tube. The rate for reaction 7 can be adjusted to be sufficiently high that
reflectors and windows were obtained from the CVI Laser Corp. a concentration pulse of OH radicals is produced over very short
These reflectors were attached to adjustable mounts, and th@imes compared to that of the kinetics experiment. The nearly
center points of the windows and mirrors were all in a coaxial instantaneous level of measured absorbance, (A8 [1¢/1;]
position. With this new configuration, we were able to obtain = [OH]oloon, Was then correlated with [Okijas determined
either 20 or 32 passes giving total path lengths of 1.749 or 2.798from the mechanism in reactions—Z for known initial
m, respectively, thereby amplifying the measured absorbances.concentrations of sl and NQ. Thirty-five experiments,
Thus, a substantially better sensitivity (at least a factor of 2) is ranging from 1100 to 2000 K, were carried out with varying
achieved for OH radical detection than in the previous vi6#R. initial reactant concentrations, and the absorption cross-section,
Gases.High-purity He (99.995%), used as the driver gas, oon, Was determined for each experiment with the measured
was from AGA Gases. Scientific grade Kr (99.999%), the path length used with multipass operation. The results are plotted
diluent gas in reactant mixtures, was from Spectra Gases, Inc.in Figure 1 as solid blue circles. In addition, the branched chain
The~10 ppm impurities (M, 2 ppm; Q, 0.5 ppm; Ar, 2 ppm; oxidation of H, was employed to obtainoy values at higher
CO;, 0.5 ppm; H, 0.5 ppm; CH, 0.5 ppm; HO, 0.5 ppm; Xe, temperatures, up to 3000 K, again with multipass operation.
5 ppm; Ch, 0.5 ppm) are all either inert or in sufficiently low  The level of [OH] produced at long times in these latter
concentration so as to not perturb OH radical profiles. Distilled experiments was calculated from appropriate chemical simula-
water, evaporated at 1 atm into ultra-high-purity grade Ar tions of the branched chaintD, system. This concentration
(99.999%) from AGA Gases, was used-a25 Torr pressure is determined totally by equilibrium constants for the propaga-
in the resonance lamp. Scientific grade (99.9999%) and © tion reactions, and as shown receriflyhe long time prediction
(99.999%), for reaction mixtures, were obtained from MG is now in complete agreement with the new heat of formation
Industries and were used without additional purification. of OH radical*that was incorporated into our simulations. We
Analytical grade CH (99%) and GHsl (99%), both from carried out 23 of these experiments, and these results are also
Aldrich Chemical Co. Inc., and technical grade N®om shown in Figure 1 as solid squares. The temperature dependence
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35 already been measured in this laborat®rgut CH; + NO, has
; never been directly measured at high temperature. Since this is

-.: 30+ a potentially complicating reaction, we determined the rate
E constants by using GiHas a thermal source of GHn the
= 25| presence of an excess of BlO'he conditions for and results
E of these experiments are given in Table 2. In this case, OH is
E 20 1 produced from
Bl CH, + NO, — CH,0 + NO 3)
g 0=4.516-0.00118 T
¥ 10} CH;O (+M) — CH,O + H (+M) 9

g3 H+ NO,— OH+ NO @)

e e S i Since reactions 9 and 7 are effectively instantaneous on the time

TIK) scale of the experiment, the time dependence of [OH] formation
) ) ) ) gives a reliable value for the rate-controlling step, reaction 3.
glo%:)reqll—i m(s)org)t('ogr%zsnst'ss_e‘?'g“/’g*)e‘f Lerir:‘npeer:f‘;“;eﬁe(fgc:"ﬁr?é“i‘; [OH]; was measured and fitted with kinetics simulations,
the Iinearsleastz-sqlﬁ)ares restjlt, eq28,2WhiE):h includes all data points. yielding the values listed in Table 2 and plotted in Figure 4.
Between 1360 and 1695 K, the rate constants are temperature-
independent within experimental error, givikg= (2.4 + 0.7)
x 10711 cm® molecule® s Applying both rate constants,
reactions 3 and 7, in simulations to the data in Table 1 with
initial NO, being present shows that perturbations due to these
secondary reactions are negligible if the fits are weighted toward
and the values determined from eq 8 agree with an earlier single-initial times; that is, to times less than 300800us. We adopted
pass determination from this laboratéryusing the same this criterion for the rate constant analyses given in Table 1.
technique for preparing OH, namely, reactions74 Data for the OHt+ CH, reaction were also obtained at lower
Determining absolute [OH] with eq 8, kinetics eXperimentS temperatures usinmrt_but)” hydroperoxide (TBH), (Cb’3_
for OH + CH atT > 1223 K were carried out using HN@s COOH, as the source of OH radicafsThis molecule is so
the thermal source of OH radicals. Table 1 gives the conditions, ynstable that it decomposes almost instantaneously (eliminating
and in these experiments, 20 optical passes were used. Becaus@e possibility of observing [OH] rise times) abowe800 K,
of the difficulties in delivering known quantities of HNOthe giving (CHs),CO, OH, and CHS5 Because 800 K is exceeded
values given for the mole fraction of nitric acid in the table are in the incident shock regime, for shock strengths that give 1370
estimated and are based on the zero time extrapolation ta[OH] K in the reflected shock regime, these experiments were limited
Atypical OH profile is shown in Figure 2, where three chemical to T < ~1300 K. In this set of experiments, the optical detection
Slmu|atI0nS are dISplayed as ||nes In a” experiments, ﬁrst'order System was further improved by employing 32 Optical passes_
analysis was initially used to obtain an approximate value for a typical profile is shown in Figure 5, where the solid line
k]_. The final values fokl were obtained from simulation studies represents the best fit of simulations obtained with Varying
that employed a 38-step mechanism (solid line in the figure), values fork;, but with fixed rate constants for GHF CHg,36
and this mechanism with rate constants and references ispH 4+ OH 2637 and CH + OH.S38 Besides the thermal
available as Supporting Information. The values obtained and decomposition rate for TBH, these are the only important
tabulated in Table 1 are predominately determined by the OH rocesses that affect [OHFor the initial [OHb used here (that
+ CHs reaction, and therefore, these results can be considereds, [TBH],), the self-combinations are too slow to appreciably
to be essentially direct measurements. This was corroboratedperturb the profile; however, the cross-combination rate constant,
with a linear SensitiVity anaIySiS as shown in Figure 3, where recenﬂy measured in this |aboratc§r‘ydoes contribute to OH
the dominant reaction, particularly during the initial stages, is decay. This is shown in Figure 5 as the dashed line, where the
reaction 1. The dashed line simulation in Figure 2 is obtained decrease in [OH}Nﬂh [CH4] = 0 is almost entire|y due to the
with k; = 0 and shows a slight [Ofdincrease due to the thermal  cH, + OH reaction. This perturbation typically amounted to
decomposition of N@followed by O+ CH; — OH + CH. only ~20% of the total decay with added GHand therefore,
The third simulation in Figure 2 was carried out with the same the dominant reaction that affects the decay is reaction 1. Hence,
ki value but with a reduced mechanism consisting of the siX the rate constants given in Table 1 for this reaction can be
most sensitive reactions shown in Figure 3 as the inset. considered to be essentially direct.
As stated in the Experimental Section, small amounts of both
NO; and HO were present in the reactant mixtures. The possible piscyssion
implications of these contaminants were investigated using
chemical simulations in which varying amounts of both Since reaction 3 might perturb the results for reaction 1, we
molecules were initially present. The reactions e®Hvith CHg, consider it first in the discussion.
H, and O are far too slow to affect our conclusions. However, = CHj3; + NO,. The CH; + NO; reaction has been studied
the reactions of N@with these species are more problematic previously by Glaenzer and Tré&Yamada et al*? Biggs et
since OH can be formed from # NO, and CH, + NO,. Both al.** Glarborg et al%? and Wollenhaupt and Crowléy.In the
reactions result in re-formation of OH at long reaction times, earlier studies, the reported values were 2.16 (313M0 K)3°
generating profiles that gradually tail out and in some cases 2.52 (295 K)° and 2.31 (298 K} all in units of 1071 cm?
appear to approach steady state+HNO, rate constants have  molecule! s™1, suggesting temperature independence over the

of the combined sets is given by the linear equation

0o = (4.516— 0.00118) x 10 " cn? molecule™  (8)
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TABLE 1: High-Temperature Rate Data for OH + CH, — CH3 + H,0

P;L/ psb/ st/ P]_/ psb/ st/

Torr Mg (108 cm3) K ki€ Torr Mg (108 cm3) K ki€
XHN03 ~ 6.852x 1076 X(;H4 =1.972x 104 XHNO3 ~ 6.852x 1076 XCHd =1.972x 104
15.92 2.412 2.921 1449 6.5012) 16.00 2.641 3.222 1697 9.0012)
15.94 2.469 2.993 1511 7.6012) 15.84 2.476 3.004 1509 7.712)
15.98 2.506 3.044 1553 6.4712) 15.84 2.468 2.994 1500 6.2412)
15.94 2.560 3.099 1615 7.9712) 10.91 2.685 2.239 1756 8.3012)
15.94 2.528 3.062 1578 7.2612) 10.94 2.668 2.232 1736 7.5002)
Xunos &~ 1.435% 1075 Xcn, = 1.873x 1074 Xunos &~ 1.435x 1075 Xcn, = 1.873x 1074
10.91 2.631 2.199 1692 9.1512) 10.89 2.507 2.099 1549 7.6012)
10.87 2.433 2.034 1467 5.5012) 10.90 2.667 2.223 1734 7.6012)
10.95 2.686 2.248 1757 7.5012)
Xiinos & 7.121x 1076 Xor, = 3.955x 1074 Xiinos & 7.121x 1076 Xor, = 3.955% 1074
15.94 2.332 2.832 1358 4.3712) 10.93 2.315 1.936 1346  5.66(2)
10.93 2.430 2.035 1468 5.4012) 10.89 2.458 2.051 1499 7.59(2)
10.91 2.327 1.943 1359  5.3412) 15.93 2.393 2.909 1424  5.82(2)
10.97 2.278 1.909 1308 4.9112) 16.00 2.296 2.796 1321 4.5112)
10.88 2.452 2.045 1493 6.6912) 15.91 2.199 2.648 1223 3.4712)
10.95 2.218 1.850 1247 3.1912) 15.84 2.279 2.736 1308 3.8012)
10.91 2.359 1.971 1392 5.95(2) 15.78 2.324 2.794 1350  4.85[2)
10.97 2.396 2.014 1432 6.6412)
Xiino, & 8.700x 1076 Xor, = 1.388x 1074 Xiino, & 8.700x 1076 Xon, = 1.388x 1074
10.90 2.548 2.104 1618 6.4012) 15.91 1.701 3.230 1791 8.712)
10.97 2.765 2.284 1872 9.4012) 15.99 2.816 3.369 1931 1.1011)
10.84 2.716 2.220 1815 1.2411) 16.00 2.842 3.395 1964 1.2011)
10.85 2.638 2.166 1720 7.7012) 15.93 2.663 3.204 1738 6.6012)
10.92 2.788 2.290 1902 9.1012) 15.89 2.750 3.276 1851 7.9412)
10.98 2.739 2.276 1834 9.1012) 15.86 2.705 3.230 1793 7.5012)
10.94 2.884 2.357 2025 1.3011) 15.94 2.805 3.341 1920 9.9512)
15.97 2.576 3.113 1639  6.50(2)

X(enfbquHp =1.630x 105 X(;H4 =6.113x l(T“ XtenfbutyIfHP =1.630x l(Ts XCH4 =6.113x 104
10.98 2.024 1.638 1071 1.5012) 15.93 1.882 2.135 947 9.0013)
10.83 2.094 1.686 1142 3.0012) 15.94 1.753 1.926 840  7.06(3)
10.92 2.109 1.716 1157 2.5012) 15.92 1.870 2.115 937 1.1012)
11.02 2.195 1.824 1235 3.5012) 15.85 1.972 2.281 1020 1.7002)
10.89 2.076 1.684 1122 2.3012) 15.88 2.059 2.417 1101 3.1012)
10.98 1.975 1.587 1031 1.2012) 15.96 2.170 2.588 1206 3.26(2)
10.95 1.888 1.489 954 1.2012) 15.94 1.823 2.055 891 8.0013)
10.92 1.845 1.432 920 1.10(02) 15.94 2.100 2.486 1139 2.66[2)
10.92 1.857 1.446 931 1.0002) 15.93 2.141 2.544 1179 3.4012)
15.88 1.952 2.240 1010  1.80(2) 14.57 2.233 2.447 1271 3.8012)

2The error in measuring the Mach numbBfs, is typically 0.5-1.0% at the 1 standard deviation leveQuantities with the subscript 5 refer
to the thermodynamic state of the gas in the reflected shock regRate constants in units of dmolecule® s~%. ¢ Parentheses denote the power
of 10.

4.0x10" vl
4 i t 4  HNO3->OH+NOD2
3.5x10" - k{CH,+OH)=0 Ts ®  CH4+OH->CH3+H20
L& = 034 v NO2->NO+0
= 4 j Ji = CH4+0->CH3+0H
% 3.0x10" 024 T=1872K +  CH3+OH->CH2+H20
3 = < H+NO2->OH+NO
3 ] c 14 - OH+OH->0+H20
8 25x10° - g 014, e
o | T 4 a ;- w W = L] = 3
.E. 2.0x10™ 4 O 0.0 -#:; . e TR | g —
T 20x o! "20000 © 400.0u - 600.0y - 8000W ©  1.0m
1.5x10" - = Iy time (us)
| 0.2 % -
1.0x10" + 1 . o 8
| 0.3 e s *
5.0x10” - 1 =8 WIS
] 0.4
0.0 T T T T i T T 1 05 ]
0 200 400 600 800 -3 =
timel ps Figure 3. OH radical sensitivity analysis for the profile shown in Figure

) i . . . 2 using the full reaction mechanism scheme and the final fitted values
Figure 2. Sample temporal profile of OH absorption: solid red line, of k, = 9.4 x 10712 cnm® molecule® s The seven most sensitive
fit with the full reaction mechanism; green dashed line, simulation with  regctions are shown.
ki = 0. The solid green line is a simulation with only six reactions

(see the text)P; = 10.97 TorrMs = 2.765,Ts = 1872 K, ps = 2.284 NO, and, including the loweT determinationg?4! concluded
x 10' molecules cm?, [HNO3]o ~ 3.4 x 10" molecules cm?, and thatks = (6.6 x 1019)T-92 cm® molecule? s1

— 4 3
[CHdo = 3.170x 10" molecules cm®. Yamaguchi et até have carried out electronic structure
range 295-1400 K. However, Glarborg et &f.reinvestigated calculations on the CkH NO, interaction and have shown that
the existing dat®44450on the thermal decomposition of GH there are two possible reaction pathways, one through ni-
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TABLE 2: High-Temperature Rate Data for CH 3 + NO, — 3.0x10" -
CH30 + NO |
P/ s Ts/ 2.5x10" -}
Torr Mg (10 cm3) K ka® e
Xcrg = 1.048x 10°5 Xno, = 1.256% 1074 = 4
15.95 2.443 2.944 1493  3.00(1y 2 2hdu
10.98 2.590 2.152 1666  1.70(1) 3
10.99 2.582 2.148 1657  2.20(1) g st
10.91 2.402 1.988 1454  3.5011) =
10.98 2.574 2.154 1637 2.0011) o,
10.95 2536 2112 1599  3.00(1) ol
10.95 2.322 1.932 1363 3.0011) ’
10.92 2.618 2.169 1694 1.4011) 1
10.89 2.447 2.029 1498  1.90(1) s0x10%
10.93 2.434 2.025 1484 2.0011)
10.95 2.488 2.073 1544 1.7011) 1
10.89 2.391 1.981 1436 2.20(1) 0.0 S | - .,
10.89 2.419 2.005 1467 2.9011) 0 200 400 600 800 1000

2The error in measuring the Mach numbfs, is typically 0.5~ time/ us

1.0% at the 1 standard deviation leveQuantities with the subscript Figure 5. Sample temporal profile of OH absorption at IGwsing

5 refer to the thermodynamic state of the gas in the reflected shock TBH, (CHs)sCOOH, as the source for OH radicals: solid red line, see

region.¢ Rate constants in units of émolecule® s. ¢ Parentheses  the text; blue dashed line, simulation with [gH{= 0. P, = 10.98

denote the power of 10. Torr, Ms = 2.024,Ts = 1071 K, ps = 1.638 x 108 molecules cmd,
[(CH3)sCOOH) = 2.670x 10 molecules cm?, and [CH], = 1.001

X100 —————————————————, x 101 molecules cm®.
i [ ]
‘O 1E-11 -
3 $ PE— :
8 _’ o " ] P 1
o ° & 4
£ 11 ‘©
"’E 1x107 ' ] =
S C 1E10 ] 8
\8 | [ i mg
H L] e | ] §
3 L b ‘o o.. o 1 | S
o P ) a2
X - ¢ 1
1B p s 1E12 5
12 L L L L L L L L L L L
x1o 4 8 12 16 20 24 28 32 36 40 44 1
10000 K/T i g 53 :
Figure 4. Arrhenius plot of the data for CfH+ NO, from Table 2:
(®) present work (13601695 K); @) ref 40; (a) ref 41; ©) ref 39; 10000 K/T
(solid line) average value (see the text); (dotted line) ref 43. Figure 6. Arrhenius plot of the data from Table 1. The red line is the

linear least-squares result, eq 10, which includes all of the present data
tromethane and the other through nitrosomethane. There is apoints. Also shown are data from (blue triangles) ref 13 and (green
cyclic transition state connecting the two isomeric paths; squares) ref 14.
however, it is 9 kcal moi® higher lying than the reactants. The o . o )
products CHO + NO lie 17 kcal mot? below the reactants on  find ~20% contribution. However, this conclusion is not firm
the nitrosomethane surface. Hence, these products are associatéince the extrapolation is long~@00-1700 K), the fitting
with nitrosomethane, and the rate constants for this addition Procedure is approximate, and an invari&gs value is used
elimination reaction are the high-pressure limit for this pathway. in the model. Hence, we conclude that the present and earlier
The nitromethane pathway can only give stabilizeds86, results along with the Iow-pressurg vglue from Wollenhaupt and
and will therefore be pressure dependent. Crowley are measurements laf Within experimental error, a

Using LIF detection of CHO, the pathway through ni-  Strong temperature dependence between 233 and 1700 K is not
tromethane has recently been studied by Wollenhaupt andindicated, and we therefore, recommend the average value from
Crowley?® who measured the pressure and temperature de-the present and all previotis®® studies,ks = 2.26 x 1071t
pendences of the rate constants over the range2a® Torr ~ CM° molecule s™%, as shown in Figure 4. Use of this value in
and 233-356 K. They found it necessary to invoke a temper- the mechanism fok; determination shows that it is negligibly
ature-independent low-pressure rate constant of .9aD-11 slow as seen in the sensitivity analysis of Figure 3.
cm? molecule® s7L, to be associated with the nitrosomethane ~ OH + CHa. The rate constant results of Table 1 are plotted
addition—elimination path, reaction 3. in Figure 6 in Arrhenius form. The data can be represented in

The question arises as to whether the pressure-dependeng™ molecule™ st with a 2 standard deviation error by the
nitromethane path contributes to the overall rate in both the linear least-squares expression
present and earlier work. Wollenhaupt and Crowadijted their
data with an empirical Troe model and then applied it to the k; = (9.52+ 1.62) x 10 ** exp[(—4134-+ 222 K)T] (10)
previous low-temperature and -pressure results. We have also
applied their model for the conditions shown in Table 2 and Equation 10 is plotted as the solid line in the figure and is
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1E-10 the ab initio electronic structure methods, but there is substantial
variability in both force fields and energié%.%° To illustrate
this point, Truong and Truhlar, Melissas and Truhlar, Dobbs et
al., and Schwartz et al. report low-valued transition-state
frequencies and imaginary frequencies (éras 57, 223, 340,
827, and 16173240, 316, 356, 756, and 1838i20, 335, 339,
797, and 17243 and 43, 343, 347, 495, and 1084irespec-
tively. All agree that there is one low frequency that correlates
to an essentially free rotor, but the scaled zero-point-corrected
AEg* values, which are moderately successful in explaining the
magnitude ofk;, are 6.6, 5.9, 5.2, and 6.5 kcal md|
respectively. The energy scaled values are also dependent on
both the magnitude of the imaginary frequency (ranging from
1084i to 1830i cm?) and the method used to calculate the
] =7 [0 B P YRR EOSPR (oo (NP NPT (PR (NS | (L 1SS SO tunneling factors. Hence, the “successful” calculations are
= b &M e e W e s balanced among all these factors.

) ) 10000 kT With a clear understanding of the issues raised above,
Figure 7. A]‘c”lﬁerzgjseﬁli’rt.;ﬁr I(e:g :refol';: (t()(lj)eprneseer?é th(r)'g(r;m (I%rse)err;fG Espinosa-Garcia and Corch&faalibrated these factors to
squares) ref 14; i ; (blue inv i ; : . . :

(c()qpen st?ars) ref 7; (golid orar?ge stars) ref 7; (green crosses)gref 9; (openObtam_ agree_r_nent Wlth expe_rlrr_]ental dat?.‘ They carried .OUt
squares) ref 8; (solid blue triangles) ref 12; (solid orange pentagons) ¢@nonical unified statistical variational transition-state theoretical
ref 11; (black solid line) eq 11; (blue dashed line) eq 12 (see the text). calculations with microcanonical OptlleEd multidimensional
tunneling factors included. They constructed a reaction pathway,
applicable over the temperature range 82025 K. Therefore,  force field, and energetics that fitted existing experimental data
the database for reaction 1 has been increased3f0 K over quite accurately. The low-valued transition-state frequencies and
that attained by Ernst et &8 and Madronich and Feldétwhose imaginary frequency (cmi) from this procedure are 34, 432,
results are~9—12% lower and~12—60% higher than eq 10, 440, 630, and 1703P and the zero-point-correctetEg* is 4.9
respectively, as seen in Figure 6. kcal mol L. Over the temperature range 262000 K, their
The present results are compared to earlier data in Figure 7.computed results can be represented to witk%o by the three-
In addition to the two high-temperature studié$?particularly parameter expression
accurate lower temperature studies are also included in the o724
figure $-91112 An evaluation fork; that gives equal weight to k, = (2.52x 10 ) T*"*exp[(-905 K)T]  (12)

each stgdy was carried out using the reporteq rate ConSIamEquation 12 is plotted as the dashed line in Figure 7, where the
expressions from each of the studies to determine a database,

Over equal increments dt-L. five point lculated f agreement between the present evaluation, eq 11, and eq 12 is
q - ' points were calculated from  goq 16 pe excellent. These two equations are wittif% of

each expression, but only over tlfig¢ange of the given study. ne another over the range 258000 K, with eq 12 diverging

Including the present result, eq 10, the database then consiste nly at 195 K to a value 40% higher lthan that of eq 11.

of 45 points, and a three-parameter nonlinear least-squares

. . Despite the excellent agreement noted above, it would be
expression of the forrk = AT" exp(-B/T) was derived. Over remature to presume that theory is complete on this reaction
the T range 195-2025 K we obtain P P y b '

New higher level calculations of the potential energy surface
are clearly needed. Masgrau etfahave both increased the
level of electronic structure calculations and have extended the
VTST methods in an attempt to calculate isotope effects, but
with only moderate success. It is probable that the differences
are due to the various methods adopted for tunneling corrections.
It may be that direct quantum scattering calculations might give
a more realistic description of tunneling. Nyman and Clary
have already carried out such calculations kerusing ap-
proximate potential energy surfaces. One of the surfaces gave
results that agreed relatively well with experiment. Using a more
accurate potential energy surface fortHCH,, Kerkeni and
Claryf® have recently described a new procedure for performing
guantum-dynamical calculations that agreed well with existing
experiments. With a more accurate ab initio potential energy
surface for OH+ CH,, it would be interesting to test whether
such an approach would give a superior theoretical description
k.

1E-11

1E-12

1E-13

k (cm’molecule’’s™)

1E-14

1E-15

k, = (1.66x 10 ") T*"*exp[(—-1231 K)T]  (11)

This expression is plotted as the solid line in Figure 7, where it
is seen to be an excellent representation of the experimental
data. All data sets lie withi=12% of this expression, with the
exception of the present values at 840 and 2025 K, where the
discrepancy is~+20%, and with the values of Madronich and
Felder between 298 and 750 K, where their values (as reflected
in their evaluation, eq 2) are20—25% higher than eq 11.
There have been at least 14 prior theoretical investigations
of reaction 147-6° Cohen used a thermochemical kinetics model
to estimatek;.*” However, most of these studies were primarily
concerned with calculating the potential energy of interaction
using ab initio methods. Given a potential energy surface, all
methods for treating the dynamics (that is, conventional (CTST)
or variational (VTST) transition-state theory, quasi-classical
trajectory theory (QCT), or quantum scattering theory) generally

predict similar nonlinear Arrhenius plots as explicitly shown Acknowledgment. This work was supported by the U.S.
Using VTST in ref 60. Hence, nonlinearity is not a result of the Department of Energy’ Office of Basic Energy ScienceS'

chosen dynamics method. Rather, for a given barrier height, pivision of Chemical Sciences, Geosciences and Biosciences,
the dominant causes are three or four low-valued bending ynder Contract No. W-31-109-Eng-38.

frequencies in the transition states (including those that correlate

with hindered rotations) and tunneling factors, which all strongly ~ Supporting Information Available: Table of mechanism
contribute to theA factor temperature dependence. For reaction for fitting [OH] profiles for CH, + OH. This material is

1, the transition-state geometry is about the same using any ofavailable free of charge via the Internet at http://pubs.acs.org.
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