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Reflected Shock Tube and Theoretical Studies of High-Temperature Rate Constants for OH
+ CF3H = CF3 + H,0 and CF; + OH — Products'
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The reflected shock tube technique with multipass absorption spectrometric detection of OH radicals at 308
nm, using either 36 or 60 optical passes corresponding to total path lengths of 3.25 or 5.25 m, respectively,
has been used to study the bimolecular reactionsO€F~H — CF; + H,O (1) and Ck + H,O — OH +

CFsH (—1), between 995 and 1663 K. During the course of the study, estimates of rate constants-for CF

OH — products (2) could also be determined. Experiments on reactibnwere transformed through
equilibrium constants tky, giving the Arrhenius expressida = (9.7 & 2.1) x 10712 exp(—43984 27K/T)

cm® molecule® s™1. Over the temperature range, 131863 K, the results for reaction 2 were constark.at

= (1.5+ 0.4) x 10 * cm?® molecule! s™1. Reactions 1 ane-1 were also studied with variational transition

state theory (VTST) employing QCISD(T) properties for the transition state. These a priori VTST predictions
were in good agreement with the present experimental results but were too low at the lower temperatures of
earlier experiments, suggesting that either the barrier height was overestimated by about 1.3 kcal/mol or that
the effect of tunneling was greatly underestimated. The present experimental results have been combined
with the most accurate earlier studies to derive an evaluation over the extended temperature range of 252
1663 K. The three parameter expressiprs 2.08 x 1017 T1-5513exp(—1848K/T) cm?® molecule* s™* describes

the rate behavior over this temperature range. Alternatively, the exprdgsion 1.78 x 1023 T340 exp-
(—837K/T) cnm® molecule! s™! obtained from empirically adjusted VTST calculations over the-2&260

K range agrees with the experimental evaluation to within a factor of 1.6. Reaction 2 was also studied with
direct CASPT2 variable reaction coordinate transition state theory. The resulting predictions for the capture
rate are found to be in good agreement with the mean of the experimental results and can be represented by

the expressioky m = 2.42 x 1071 T-00650exp(134K/T) cm?® molecule* s~* over the 2068-2500 K temperature
range. The products of this reaction are predicted to bgOCF HF.

Introduction the present study on the reversible reactions

The reactions of Cfradicals play an important role in the OH + CE.H — CF. + H.O 1
flame retardant properties of halons, particularly ;B3 3 30 @
Because of their ozone depletion potentials in the atmosphere, CF, + H,0— OH -+ CF,H (—1)

these molecules have been banned, and replacement molecules

have been proposéd.Although mechanisms for the destruction ) ) . . )

of the halons, C§Cl and CREBr, and also of CBH and CFRl in We earlier descr.lbed a Iong absorpﬂon path multipass optical
flames, have been propos&d, there are many reaction rate system fo_rOH radical detecthn in the reflected shock re¢fime
constants that are still estimated and not experimentally justi- 21d used it to measure other high-temperature rate constafits.
fied 10 This shortcoming motivated work from this laboratory The method involves measuring absolute [OH] temporal profiles
on the thermal decompositions for three of these moled#ié. and fitting a detailed mechanism to s_lr_nulate the results._ During
CF:H is a byproduct formed in the production of the important the course of the work, we were addmonally able to derive rate
refrigerant, HCFC-22 (CHCH}; however, CEH as an atmo- constant values for the secondary reaction

spheric greenhouse gas has a global warming potential of

11 700, making it necessary to remove this molecule by CF; + OH— products 2
incineration from the HCFC-22 production process. The high-
temperature reactions involved in incineration are not well-  As a supplement to these experimental studies, we have also

known, and this prompted earlier studies from this laboratory performed ab initio based variational transition state theory
on the bimolecular destruction rates of £Fby H and its (TST) studies of the GJH + OH and Ck + OH reactions.
reverse, CE+ Ha.2* It is this prior interest that has motivated The former reaction has been the subject of a few prior
theoretical kinetics studié§.22 The present work proceeds

t Part of the special issue “M. C. Lin Festschrift". beyond these studies by (i) implementing higher level quantum
* Corresponding author. Phone: (630) 252-3171. Fax: (630) 252-4470. chemical estimates, (i) considering the effects of anharmonici-

E-mail: jmichael@anl.gov. : - . - oy .
* Special Term Appointment, Argonne. Permanent address: DepalrtmenttIeS on the transition state partition functions, (iii) including

of Chemistry, Sonoma State University, 1801 E. Cotati Ave., Rohnert Park, Variational treatments, and (iv) considering tunneling through
CA 94928. the vibrationally adiabatic ground state potential.
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The CR + OH reaction does not appear to have been the 2.5x10"
subject of any prior theoretical kinetics study. Here, we first -
consider the potential energy surface for this reaction with G3// .~
B3LYP? calculations. This analysis predicts that the products
are CEO + HF and, furthermore, that the reaction rate should
be governed by the addition rate. To calculate this addition rate,
we implement our direct CASPT2 variable reaction coordinate
transition state theory approag?>

2.0x10" -

1.5x10" -

|OH|/(molecules cm

1.0x10"
Experimental Procedures

The present experiments were performed with the shock tube ~ 5:0x10™
technique using OH radical electronic absorption detection. The
method and the apparatus currently being used have beer 0.0 gL AL AR L
previously describeéf?” and only a brief description of the 0 200 400 600 800 1000
experiment will be presented here.
The shqck twbe qu constructed from :.304 .Stamless. steel InFigure 1. Sample temporal profile of OH absorption. Solid line: fit
three sections. The f'rSt. 10.2 cm o.d. cyllpdrlcal Section Was it fyll reaction mechanism. Dashed line: simulation with= 0. Py
separated from the He driver chambgreb4 mil unscored 1100- = 10.99 Torr,Ms = 2.240,Ts = 1245 K, ps = 1.932x 10 molecules
H18 aluminum diaphragm. A 0.25 m transition section then cm=3, [TBH], = 2.500 x 10" molecules cm?, [H,O]o = 6.016 x
connected the first and third sections. The third section was of 10" and [CEH]o = 1.208 x 10'® molecules cm?.
a rounded corner (radius, 1.71 cm) square design and was

time/ pus

fabricated from flat stock (3 mm) with a mirror finish. Two T =1245 K

flat fused silica windows (3.81 cm) with broadband antireflection e CA4H1002<=>OH+CH3+C3HE0
(BB AR) coatings for UV light were mounted on the tube across 0.4 CE3H+OH<=>CE3+H20

from one another at a distance of 6 cm from the end plate. The +  CH3+OH<=>CH2(S)+H20
path length between the windows was 8.745 cm. The incident 0.3 O CF3H<=>CE2+HF

shock velocity was measured with eight fast pressure transducers X CF2+OH<=>CF20+H

(PCB Piezotronics, Inc., Model 113A21) mounted along the 0.2 4 C3HB0+0OH<=>C3H50+H20

third portion of the shock tube, and the temperature and density£
in the reflected shock wave regime were calculated from this
velocity and included corrections for boundary layer perturba-
tions28-30 The tube was routinely pumped between experiments
to <1078 Torr by an Edwards Vacuum Products Model CR100P g
packaged pumping system. A 4094C Nicolet digital oscilloscope
was used to record the velocities, and an LC334A LeCroy digital
oscilloscope was used to record the absorption signals.

The optical configuration consisted of an OH resonance

lamp > multipass reflectors, an interference filter at 308 nm, _. . o ) .
P P Figure 2. OH radical sensitivity analysis for the 1245 K profile shown

and a photomultiplier t_ube (1P2$) all mounte_d ext(_ernal to the in Figure 1 using the full reaction mechanism scheme and the final
shock tube as described previou&ly!”31 With this new fitted value ofk; = 3.00 x 10-13 cm? molecule™ s-1. The six most

configuration, we were able to obtain multiple passes, thereby sensitive reactions are shown as an inset.
amplifying the measured absorbances.

Gases.High-purity He (99.995%), used as the driver gas, Results
was from AGA Gases. Scientific grade Kr (99.999%), the Experiments. OH + CFsH — CF3 + H,0. OH radicals
diluent gas in reactant mixtures, was from Spectra Gases, InC.; a1 produced from the thermal decompositiont®. The
The ~10 ppm impurities (¥ 2 ppm, Q— 0.5 ppm, AF- 2 experiments were performed with44 ppmtBH solution and
ppm, CQ— 0.5 ppm, H— 0.5 ppm, CH— 0.5 ppm, HO— 6250 ppm CBH between 995 and 1316 K. The lower temper-
0.5 ppm, Xe- 5 ppm, and C— 0.5 ppm) were all either inert  ayre |imit was dictated by a low signal-to-noise ratio while
or in sufficiently low concentrations so as to not perturb the ihe thermal decomposition ®BH in the incident shock wave
OH radical profiles. Distilled water, evaporated at 1 atm into 5t T > 1300 K dictated the upper temperature limit. The
ultrahigh-purity grade Ar (99.999%) from AGA Gases, was used temporal concentration decrease of OH was determined from
at~25 Torr in the resonance lamp. Analytical gradeJ&£99% measured absorbanc&KS; = In[ly/l] = [OH]{oow, through
from AGA Gases) and GF(97% from SynQuest Laboratories,  an earlier determinatidfof the absorption cross-section at 308
Inc.) were further purified by bulb-to-bulb distillations with the  nm (goy = (4.516-1.18 x 103 T) x 10°17 cn? molecule™?).
middle thirds being retained. Triple distilled,8 was also We used 36 optical passes (i.e., path lengt8.15 m). The
purified by bulb-to-bulb vacuum distillation retaining the middle  pressure range was 16371 Torr. A typical result at 1245 K
third. T-HYDRO tert-butylhyroperoxide (70%BH by weight is shown in Figure 1 along with a simulation using the
water solution; i.e., 32 mol %BH and 68 mol % HO) was mechanism of Table 1 whelg is the only rate constant that
obtained from the Aldrich Chemical Co. In tt&H experiments, was varied. Figure 2 shows a sensitivity analysis corresponding
0.45 cn? of the solution was completely evaporated into the to Figure 1, and it is clear that the profile is dominated by
glass vacuum line, and all mixtures were then manometrically reaction 1. The rate constant values from 12 profiles are listed
made from the evaporated sample. in Table 2 along with the conditions for each experiment. In

H sensitivity
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TABLE 1: Mechanism for Fitting [OH] Profiles for OH + CF;H = CF3; + H,0

Srinivasan et al.

reaction rate ref
1 CRl+Kr—CR+I+Kr ki = 2.86 x 107° exp(—15943K/T) 12
2 H+O,—OH+ O ko= 1.62x 107 exp(—7474K/T) 32
3 OH+0O0—0,+H ks =5.42 x 10713 TO-375exp(950K/T) 26, 33, 34
4 O+H,—OH+H k= 8.44 x 10720 T267exp(—3167K/T) 26
5 OH+H—H,+ 0O ks = 3.78 x 10720 T267 exp(—2393K/T) 26, 33,34
6 OH+H,—HO+H ke = 3.56 x 10716 T1-52exp(—~1736K/T) 35
7 H,O+H— OH+ H, k; = 1.56 x 10715 T+52exp(—9083K/T) 26, 33, 34
8 OH+ OH— 0+ H,0 ke =7.19x 10722 T27 exp(917K/T) 26, 33, 34, 36
9 O+ H,O— OH+ OH ko= 7.48x 1022 T27 exp(~7323K/T) 26, 33, 34
10 HCO+ Kr —H + CO+ Kr kio = 6.00x 10~ exp(=7722K/T) 37
11 HO, + Kr — H + O+ Kr ki1 = 7.614x 100 exp(—22520K/T) 38
12 H,CO+ OH— H,0O + HCO ki2 =5.69 x 10715 T118exp(225K/T) 39
13 I+ 0,—10+0 kiz= 7 x 10 exp(—~30977K/T) 40
14 CH; + CH3 - C2H5 k14 = (p,T) 41
15 CH; + CH; — C;H4 + 2H kis = 5.26 x 107 exp(~=7392K/T) 42
16 CH+O0—H,CO+H kig=1.148x 10710 43, 44
17 CHy+ OH—1CH,+ H,0 ki7=181x 10T —-9.13x 10°*? 45
18 o+ CgHe_’ OH+H+ C2H4 klg =1.87x 1010 exp(—3950K/T) 46
19 OH+ CHys—H,O + H + CH; kio = 3.35x 107 exp(—2990K/T) 47
20 1ICHy+ Kr —3CH, + Kr koo=4.0x 1014709 48, 49
21 OH+3CH, —~ CH, O+ H ko1 =1.110x 10710 T0-0166exp(—9.1K/T) 50
22 3CH, + 3CH, — CoH, + 2H koo = 2.395x 10710 T00254exp(—17.1K/T) 50
23 SCH2 4+ CHs— CoHs + H kos = 3.789x 10710 T-0187exp(—8.2K/T) 50
24 SCH, +H—CH+ H, kos=2 x 10710 50
25 HO, + OH— H,O + O, kos = 2.35x 10710 T-021exp(56K/T) 51
26 CH+O—H;+CO+H koe=2.52x 1011 43, 44
27 C4H100,— OH + CH;+ (CH;3),CO ko7 = 2.5 x 10% exp(—21649K/T) 52
28 CRk+ OH— CRO+ HF kog = see text
29 CRH+ O—CRKR+ OH koo = 3.69 x 10718 T238exp(—7294K/T) 53
30 CRH + OH— CFK; + H;0O k3o = see text
31 CRk+ H,O— CRH+ OH ka1 = ka0 (4.125x 10712 T3 — 3.29 x

10°T? - 1.55x 106 T+ 1.381x 1079)

32 CR + CH; — CoHF, + HF ksz=2.1x 10712 54
33 CRH + Kr — CR+ HF kssis interpolated from Figure 5 in ref 55 55
34 CR+ OH— CRO+H kss=2 x 10711 54
35 Ch+Kr—CR+F kss = 4.46 x 1078 exp(—34836K/T) 54
36 F+ H,O— OH+ HF ksg=1.45x 10711 56
37 OH+ (CH3),CO— H,0 + CH,COCH; ks7 = 4.90 x 10 exp(—=2297K/T) 57
38 OH+ Csz—’ Hzo +H+ C2H4 K’;g =2.68x 107187222 exp(—373 K/T) 58

a All rate constants are in chmolecule® s~ except forreaction 27 which is in s%.

all cases, the dominant rate process dictating the profiles ispensated by-25% variations irkp;; however, as seen in Figure
reaction 1. Hence, the derived rate constants are nearly direct3, such variations result in worse fits. The accuracy of the fits
(i.e., almost pseudo-first-order). The fourth column in Table 2 for the entire data set is estimated to be approximat&l9%.
shows the initial fraction ofBH that was necessary to fit the  Hence, the mutual values for bdth; andk;, presented in Table
profiles, and the average value 4630 mol %. The solution 2, represent the best fits to the data and easily reproduce the
from which the mixtures were prepared was 32 mol %, showing experiments to within approximateb5%.
that little if any tBH was lost either in the glass vacuum line Theory. OH + CFsH — CF3 + H»0O. The rovibrational
storage or in the transfer into the shock tube. properties of the stationary points for the £F+ OH
CF3+ H,0 — OH + CF3H. Sixteen experiments on reaction  abstraction reaction were determined from quadratic configu-
—1 were carried out between 1318 and 1663 K over the pressureration interaction calculations with perturbative inclusion of the
range of 283-398 Torr, using 7377 ppm CFEl and 2.6-4.8% triples contribution [QCISD(T employing Dunning’s aug-
H,O. We used 60 optical passes, giving a total path length of mented correlation-consistent polarized valence doQljsez)
5.25 m. The formation of OH was measured, and the profile basis sef® Complete basis set energies, QCISD(T)/CBS, were
fits were also determined using the mechanism of Table 1. estimated by extrapolatiéh 3 of QCISD(T) calculations with
Figure 3 shows simulations for two experiments at 1663 and the related triple and quadruplebasis sets at these QCISD-
1368 K, respectively. The corresponding sensitivity analysis for (T)/adz optimized geometries. Notably, the QCISD(T)/CBS
the higher temperature experiment is presented in Figure 4. Inzero-point corrected abstraction barrier of 6.33 kcal/mol is only
this case, only three reactions contribute to OH sensitivity; 0.1 kcal/mol lower than that obtained with the adz basis set.
however, Ck dissociation (reaction 35 in Table 1) becomes This similarity suggests that the imaginary frequency obtained
increasingly important only when the temperature is high. This from the QCISD(T)/adz calculations should be close to the basis
dissociation limits the upper temperature range over wkigh set limit. Restricted spin wavefunctions were employed in these
can be determined. It becomes negligibl&daecreases. Hence, calculations.
over most of the temperature range, the simulations involve the These QCISD(T)/CBS energies and QCISD(T)/adz vibra-
simultaneous adjustment of two reactions, namely, reactidns  tional frequencies were implemented in standard rigid-rotor
and 2. Since both rate constants exhibit similar sensitivities, harmonic oscillator (RRHO) based TST calculations of the
only with opposite signs to each other, one would expect that abstraction rate. Corrections for variational, anharmonic, and
uncertainties 0f+25% in k—; would be approximately com-  tunneling effects were appended to these RRHO fixed TST
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TABLE 2: High-Temperature Rate Data

Pl (TOrr) Msa Ps (1018 Cmf?’)b T5 (K)b [TBH] Q/[TBH + H20]0 k]_c
OH + CRH — CR + H.O
Xcrn = 6.250x 1073 Xrer+h0 = 4.407x 1075
10.96 2.210 1.897 1217 0.30 2.50(3)
10.99 2.240 1.932 1245 0.29 3.64(3)
10.89 2.312 1.990 1316 0.28 3.143)
10.98 2.187 1.869 1198 0.28 2.40(3)
10.92 2.158 1.835 1166 0.28 2.15(3)
10.90 2.179 1.847 1190 0.27 2.40(3)
10.88 2.134 1.797 1147 0.30 2.40(3)
10.88 2.121 1.782 1134 0.30 2.3(3)
10.88 2.093 1.747 1112 0.29 1.9443)
10.97 2.058 1.722 1080 0.28 1.55(3)
10.97 2.031 1.685 1058 0.27 1.45(3)
10.90 1.957 1586 995 0.27 1.30(3)
CFs + H;0 — OH + CRH and CF + OH— CR,0 + HF

Xcr = 7.715%x 107 X0 = 4.615x 1072 k-1 ko
10.88 2514 2.227 1502 4.125) 1.60€11)
10.98 2.557 2.296 1544 4.8815) 1.80611)
10.94 2.489 2.216 1476 3.1615) 1.63¢11)
10.95 2518 2.246 1507 3.4915) 1.60¢-11)
10.91 2514 2.234 1503 3.5015) 1.90¢11)

Xery = 7.368x 1075 X0 = 4.800x 1072
10.97 2.406 2.153 1383 1.605) 1.00¢11)
10.88 2.387 2.108 1368 1.16(5) 1.00¢11)
10.96 2.337 2.073 1318 7.926) 9.50¢12)
10.96 2.355 2.001 1335 9.44(6) 1.10611)
10.99 2.451 2.193 1433 2.0415) 1.45¢-11)
10.96 2581 2.320 1567 3.81(5) 2.00(-11)

XCF3I =7.298x l(TS XHzO = 2.593x 102
10.94 2.451 2.143 1455 2.42(5) 1.00¢11)
10.96 2538 2.233 1544 3.185) 1.50¢-11)
10.95 2.639 2311 1663 6.04(5) 2.00¢11)
10.98 2.600 2.292 1614 3.9415) 2.00¢11)
10.97 2573 2.267 1584 3.3115) 1.80¢-11)

aError in measuring the Mach numbe,, is typically 0.5-1.0% at the one standard deviation leveQuantities with the subscript 5 refer to
the thermodynamic state of the gas in the reflected shock regiate constants in units dmolecule® s~%. ¢ Parentheses denotes the power of
10.
results. The OH partition function for the reactants was evaluated In addition to the torsion mode, two other modes, the in-
via a direct sum over the rovibronically coupled levels of the and out-of-plane OHC bends, have vibrational frequencies below
2I1y, and 213, states. For the transition state, we assume that 200 cnt!. For such low vibrational frequencies, anharmonic
the spin-orbit coupling is negligible and consider only the effects may be significant. Here, we have implemented one-
lowest electronic state. dimensional semiclassical treatments of the anharmonic effects

The rovibrational properties of the saddle point were also for these modes in analogy with our recent treatment of the
studied with B3LYP* density functional calculations employing  methyl umbrella mod&® The importance of the anharmonicity
the 6-311+G(d,p) basis set and unrestricted spin wavefunc- in these modes for OH abstraction reactions was recently noted
tions8 Although the saddle point geometry does differ some- by Seta and co-workei%in their study of the reactions of
what from the QCISD(T)/adz geometry (the CH and OH benzene and toluene with OH, and our treatment is closely
separations for the abstracting H atom are 0.018 and 0.030 Aanalogous to theirs. The one-dimensional potential for these
smaller and greater, respectively), the QCISD(T)/adz barrier evaluations is obtained from QCISD(T)/adz evaluations.
height at the B3LYP/6-31t+G(d,p) geometry is within 0.02 The minimum energy path was followed in mass weighted
kcal/mol of its fully optimized value. With two exceptions, the Cartesian coordinates with the B3LYP/6-31:£G(d,p) method.
vibrational frequencies from the B3LYP calculations are reason- Then, along this pathway, energies were evaluated at the
ably similar to those from the QCISD(T) ones. The two QCISD(T)/adz level, and projected vibrational frequencies were
exceptions are the imaginary frequency, with QCISD(T) and obtained with the B3LYP/6-3Ht+G(d,p) method. The latter
B3LYP values 0f~2028 and-1207, respectively, and the HO  two evaluations provided the basis for the evaluation of the
--CH torsional frequency, with values of 109 anr®9 for the variational and tunneling corrections. In particular, variational
cis saddlepoint. In reality, the torsional mode has a very flat corrections were obtained from the minimization of E/J resolved
potential, with a QCISD(T)/CBS estimated barrier of about 0.07 RRHO evaluations of the number of states employing the
kcal/mol. Thus, this mode was treated as a free rotor in the QCISD(T)/adz energies and the B3LYP/6-31tG(d,p) pro-
TST kinetics evaluations. For reference purposes, the geometriegected vibrational frequencies. Tunneling corrections were
and vibrational frequencies from both B3LYP/6-31-1G(d,p) obtained from semiclassical evaluations of the transmission
and QCISD(T)/adz evaluations are provided in the Supporting probability through the vibrationally adiabatic ground state,
Information. following the prescription of Garrett and TruhThe vibra-
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time/ us Figure 5. Plot of the minimum energy path potentials for thesBF-
H OH reaction.

Figure 3. Two temporal profiles of OH absorption measured at two

different temperatures. Solid lines: fits with full reaction mechanism tunneling paths such as the MaretGoltrin corner cutting

listed in Table 1. Dashed lines: simulations witt25% changes in 69 . . . . .
k-, andk,. The conditions for the high-temperature profile &e= path®® Such considerations are likely to yield an increased
10.95 Torr,Ms = 2.639,Ts = 1663 K, ps = 2.311 x 10 molecules transmission probability. Truhlar and co-workers have provided

cm 3, [CF3l]o = 1.686x 10 molecules cm?, and [HO]o = 5.992 x various prescriptions for considering such paths? However,

10" molecules cm®. Conditions for the low-temperature profile are  such calculations are considerably more difficult and were
P, = 10.88 T30rr, Ms = 2.387,Ts =01}368 K, ps = 23-108 x 10'® deemed beyond the scope of this work, particularly since here
molecules crm, [CRsl]o = 1.554x 10" molecules cm?, and [HO]o we are primarily interested in the high-temperature regime where

= 1.012 x 10 molecul 3. L . L
012> 107 molecules cm tunneling is unlikely to be significant.

The Q1 diagnostic for the QCISD(T)/qz//QCISD(T)/adz

= CF3+0OH ->CF20+HF calculations, which provides some measure of the extent of
CF3+H20->0H+CF3H multireference character to the wavefunctiénfwas 0.026 at
® CF3+Kr->CF2+F+Kr the saddle point. This value is just large enough to cause some

084 . H+H20->OH+H2

minor concern regarding the suitability of such a single reference
based method. For this reason, equivalent calculations were
performed for the closely related,H- OH abstraction where
other higher level calculations can also be performed. For the
e © o o oo latter reaction, the QCISD(T) calculations were found to be in
IR e gooc_i agreementlwith internally contrac'ged.Davidso_n-corré%tgd
'WQ 400 600 1000 1200 multireference single and double excitation configuration in-
) teraction (MRCI) calculations. In particular, for a full valence
= time/ps active space and the adz basis set, the barrier heights were within
a 0.07 kcal/mol, and the geometries were within 0.001 A.
= 8 Furthermore, full Cl calculations employing the 6-31G* basis
0.8 e P set (at the QCISD(T)/adz optimized geometries) yielded a barrier
height that also agreed with related QCISD(T)/6-31G* calcula-
. tions to within 0.07 kcal/mol. Interestingly, the QCISD(T)/CBS//
_Fig'g_re 4. gH rgdict?]l scfan”sitivitytgnalysisr:or the 166h3 K profilg tSrTO\?{n I QCISD(T)/adz potential barrier height of 5.22 kcal/mol (before
In Figure usin € Tull reaction mechanism scheme an e Tina H i
fittedgvalues oikf?= 6.01x 10718 andk; = 2 x 10 e mc_)leculef1 ier(l)/-pmlnt %QI’I[’]E(?IOI’]) atlsgl)ecliloseéy mla:jtches tf:_(;} \t/_alue of 5:40
s L. The four most sensitive reactions are shown as an inset. calimol, which vang et al."found yields quantitative agree
ment with experiment in their wavepacket study of the-H
OH reaction. Notably, for this reaction, the Q1 diagnostic at
tionally adiabatic ground state (VAG) potential was taken as the saddle point, 0.040, is even greater than for theHCF
the sum of the QCISD(T)/adz//B3LYP/6-31%#G(d,p) energies ~ OH reaction.

o
&

e
(=}

T T

T
800

OH sensitivity
)
T

and the B3LYP/6-31++G(d,p) zero-point energy. For com- The CH, + OH abstraction is another small and closely
parison purposes, the transmission probability was also evaluatedelated system, and it has also been widely studied. Unfortu-
for an asymmetric Eckart potential. nately, in this case, we are unable to do full valence MRCI

A plot of the B3LYP/6-313#+G(d,p), QCISD(T)/adz//  calculations. More limited three electron and three orbital active
B3LYP/6-31H-G(d,p), and VAG minimum energy path poten- space MRCl/adz and CASPT2/adz calculations yield barrier
tials for the trans abstraction pathway is provided in Figure 5. heights that are 1.52 kcal/mol above and 0.84 kcal/mol below
For each of these plots, the reactants are taken as the zero othe QCISD(T)/adz barrier height, respectively. For this reaction,
energy. Notably, the curvature of these potentials is significantly the Q1 diagnostic is 0.032. A fairly recent variational transiton
different, implying quite different transmission probabilities, as state theory study obtains good agreement with experiment
expounded on in the recent study of the OH CHyFs—x for a zero-point corrected barrier of 4.9 kcal/mol, which matches
abstraction reactions by Schwartz e€allhe VAG potential, closely the present QCISD(T)/CBS//QCISD(T)/adz value of 4.73
which is the flattest of the three, provides the more fundamen- kcal/mol.
tally meaningful potential. However, a quantitatively accurate =~ We have also examined the dependence of the vibrational
consideration of tunneling should also consider alternative frequencies on the basis set for the £LHOH and H + OH
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Figure 6. Schematic plot of the G3//B3LYP potential energy surface
for the Cks + OH reaction at 0 K.

systems. QCISD(T) calculations with an augmented triple-
basis set yielded essentially identical vibrational frequencies.
The one exception is the torsional mode in the;,GHOH case,
where the potential is again very flat. Altogether, these
exploratory calculations for closely related systems strongly
indicate that the QCISD(T)/adz method is satisfactory for the
present study of the rovibrational properties of the stationary
points in the CEH + OH system.

CF3 + OH. The potential energy surface for the £+ OH
reaction has been studied with G3//B3L#/lealculations. Both
addition—elimination and direct abstraction paths were consid-
ered in this exploration.

The addition rate constant was evaluated with variable
reaction coordinaté 8 TST employing direct CASPT2/adz
evaluations of the interaction ener¢fy2®> We have recently
applied this direct CASPT2 VRC-TST approach to thesGH
OH addition reactiof! This study demonstrated (i) the impor-
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Figure 7. Arrhenius plot of the data fdt, from Table 2. Red circles:
present work (13181663 K). Thick solid line: theoretical calculation,
eq 3.

be no reverse barrier for this channel. However, it is slightly
endothermic (4.5 kcal/mol) relative to reactants. In contrast, the
CR0O + HF channel has a large reverse barrier but is highly
exothermic.

There are also various abstraction channels, with that leading
to CRH + O being exothermic by 3.4 kcal/mol. However, the
saddle point for this channel lies at 9.3 kcal/mol relative tg CF
+ OH. The other abstraction channels tosOF H and to
CF, + HOF are endothermic by 4.5 and 36.6 kcal/mol,
respectively. Thus, it seems unlikely that any of the abstraction
channels will be significant. The large exothermicity for the
CRO + HF products £107.4 kcal/mol) and saddle point
(—68.1 kcal/mol) implies that they should be the dominant
products, with little possibility even for stabilization in the well.

tance of employing adz basis sets rather than dz basis sets whef "US; this channel is the one that is used in the mechanism of
considering O radicals and (ii) the need to employ state averagedTa le 1.

wave functions when considering radicals such as OH, which
have degenerate orbitals.

The present study follows the procedures described in re
81, including the incorporation of a dynamical correction factor
of 0.85. However, in contrast with the GHadical, the Ck
radical is strongly nonplanar. As a result, the front and back-
side additions are no longer equivalent. Indeed, preliminary

calculations suggested that the contribution from the back-side s .
99 d CASPT2VRC-TST predictions for reaction 2 can be represented

addition is now negligible. Thus, the final analysis focuse
entirely on the front-side addition. For the OH radical, we
considered only center-of-mass pivot points. For the; CF

radicals, we again considered two sets of pivot points: a center-

As far as we are aware, reaction 2 was first proposed by
Biordi et al.®* however, rate constants were not determined.

¢ This reaction was mentioned as being important in later

studies?® but rate constants were only estimated. Hence, the
present determination for reaction 2 is apparently the first
experimental determination, and an Arrhenius plot of the data
is given in Figure 7, showing minimal temperature dependence
within experimental error. The dynamically corrected direct

by

2,th —

of-mass pivot point for large separations and a series of pivot 2.42x 101 T7%%5exp(134K/T) cm® molecule * s * (3)

points displaced along thes, axis for shorter separations. The
Monte Carlo integrations were converged to within 5%.

All the QCISD(T), CASPT2, and MRCI calculations were
performed with MOLPRG? The B3LYP and G3//B3LYP
calculations were performed with Gaussian®d8.

Discussion

The effect of Ck + OH, reaction 2, on the time dependence

Eq 3 is also plotted in Figure 7 over the present temperature
range. These predictions are in remarkably good agreement with
the grand averagéde = (1.5 4 0.4) x 10711 cm?® molecule’?

s 1. The theoretical result, eq 3, suggests values ranging from
3.2 to 1.6x 1071 cm® molecule® s! over the temperature
range 206-2000 K, respectively, indicating a slight temperature
dependence. A contribution from another channel, such as the
abstraction channel, might help explain the apparent rise in the

of the OH concentrations depends on both its rate coefficients experimental rate constant. However, rigid-rotor harmonic

and its product distribution. A schematic plot illustrating the
G3//B3LYP results for ta 0 K CFk; + OH addition—-elimination
potential energy surface is provided in Figure 6. The initial
adduct has a strong CO bond of 113.1 kcal/mol. The raslical
radical nature of the GP + H channel implies that there should

oscillator TST calculations for the lowest abstraction channel
(the triplet abstraction to form GH + O) yield a rate constant
that is less than 5% of the addition rate constant for temperatures
of 1700 K or less. Furthermore, this statement remains true even
when the saddle point barrier is reduced from the G3//B3LYP
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) ) ) Figure 9. Comparison of the present work with recent experimental
Figure 8. Arrhenius plot of the data ffOf_T\ Table 2. Open blue circle:  results fork;. ®: Present work (9951663 K), solid line over the entire
rate constants fok; (995-1316 K); red C|rcles_: rate constants flar temperature range (252663 K): eq 6 evaluation in text. Green
transformed fronk-, (1318-1663 K); and solid line: eq 5. cross: ref 95, dotted line: ref 92, thick dashed line: ref 90, thin dashed
line: ref 93, thick solid line: ref 91, dashediotted line: ref 94, red
value by as much as 3 kcal/mol. Reductions in the barrier height open square: ref 89, and red triangteref 88. Also shown is the

by greater than 3 kcal/mol are highly unlikely. theoretical result of eq 7 in text.

The rate constants from Table 2 for reaction 1 between 995
and 1316 K are plotted in Arrhenius form in Figure 8. The
results for reaction—-1, between 1318 and 1663 K, are also
tabulated in Table 2, and these can be transformedq ifothe
equilibrium constant{_; 1 = k_1/k;, is known. Values foK_ 1
have been obtained from active taSfeand fitted to a third-
order polynomial form between 800 and 1600 K as

describe the results from the five temperature dependent
studies’®%4 a database, over equal intervalsTof, has been
constructed. Six points from each of the five temperature
dependent studies are calculated from the equations but only
over the temperature range of the individual studies. The single
points from Howard and EvensS8ANip et al.8% and Ernst et
al.% are also included. The 28 points from the present study
_ ~12-3 _ 92 (see Table 2) complete the database. Hence, these 61 points
K12 = (4.125x 10 79T = 3.29x 10 717 — 1.55x constitute the database for determining an evaluation from 252
10 6T+ 1.381x 10_3) 4) to 1663 K. The database is then fitted to the modified three

~__ parameter Arrhenius equatiok= AT" exp(—B/T), yielding
Eq 4 accurately reproduces the data used to derive it within

+2.4% over the temperature range and is within 11% of k; =

the 0 K enthalpy corrected values from JANAF table< (1) ~17 +1.5513 = 3 11
= 13.082 as compared to ATcT tables1,1) = 12.430 kcal/ 2.08x 10 T exp(~1848K/T) cm” molecule 36
mol. Hence, values fdf; = k-1/K_1 1 can be obtained from the 6)

Table 2 data, and the results are also plotted in Figure 8. Clearly, The |argest experimental deviation from eq 6 (75% higher)
the two sets of data overlap, within experimental error and, taken js the result of Emst et a5 with all other values agreeing within

together, can be described in Arrhenius form as combined experimental errors. The results of Schmoltner®t al.
B are uniformly 5% higher, those of Medhurst etalbeing
ki=(9.7£2.1)x 0—40% higher, those of Jeong and Kaufrffaheing within

10 2 exp(~4398+ 275K/T) cm® molecule * st (5) +10%, those of Hsu and DeMdfebeing 18% lower, and those
of Chen et aP* being 2-16% higher. The room-temperature
where the errors are at the one standard deviation level and thevalue of Nip et af® is 17% higher, whereas that of Howard
temperature range is 998663 K. The line given by eq 5is  and Evensoff is 31% lower. The points from the present
plotted in Figure 8. determination are within-18% (at the one standard deviation
The present composite data set can then be used along witHevel) of the line determined from eq 6. Hence, the evaluation
other experimental data to describe the title reaction over anis an excellent representation of the present and previous
extended temperature ran®fe?® Most of the lower temperature  determinations on the title reaction. This is illustrated graphically
data have been obtained for use in atmospheric modeling sincein Figure 9 where the lines specified from these earlier studies
CRsH is such a potent greenhouse gas. At low temperatures,are shown over the individual experimental temperature ranges
there are five direct experimental rate constant studies of note,along with the line describing the eq 6 evaluation.
two of which are room-temperature determinatiSi8with the There are three pertinent earlier theoretical investigations on
other three being temperature depend@rf? There are two reactions 1 and-11%-2! of varying degrees of complexity.
additional temperature dependent relative rate constant studiedasteris et al® used the bond energy-bond order (BEBO)
of particular noté3°4 Prior to the present study, there are two method to estimate barrier heights, force fields, and configura-
high-temperature determinations, one at 1350 K by Ernst et al. tions to calculate rate constant values Kog. Their results on
who reportk; = 6.64 x 10713 cm?® molecule® s71,9 and the transformation tc; give predictions that are high by10. Fu
other being a relative study by Bradley et°&lThree of the et al?® used QCISD/6-311G**//MP2/6-311G** ab initio cal-
single temperature determinati§h&-%are plotted along with  culations along with transition state theory (TST) to estimate
the present data in Figure 9. Using the Arrhenius equations thatrate constants between 200 and 500 K. These results are about
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Figure 10. Plot of the temperature dependence of the rate constant and symbols are as in Figure 10

for the CRH + OH reaction. The solid line denotes the present VTST
calculations employing WKB estimates for the tunneling through the predictions for the barrier height is within the general uncertainty

?:Lb;?jﬂe‘;lrg’t‘gg ?g:gagttiigr?sr?ﬁ:\?n(ggeec)t fsitr?eﬁ%e’}ti%' '&Tigo{i‘r?ed;s;‘;‘lslimits for calculations at this level of theory. However, the high
calculations where the WKBVAG transmission coefficients are ~ accuracy of such ab initio predictions for the H OH and
replaced with asymmetric Eckart tunneling probabilities. The dashed CHa + OH reactions, where the errors appear to be less than

dotted lines show the effect of decreasing the saddle point energy by 0.2 kcal/mol (and in opposite direction), argues against an error
1.3 kcal/mol. as large as 1.3 kcal/mol.
The accurate prediction of tunneling probabilities is an

a factor of 3 lower than values from eq 6. Last, Schwartz et jnherently difficult task. The WKB evaluation of the tunneling
al?! also used ab initio theory to estimate configurations and through vibrationally adiabatic barriers is a fundamentally more
force fields. They did calculations on the OH CHF, — meaningful approach than the more standard asymmetric Eckart
CHy-1Fy + H20 reactions using TST with Eckart tunneling  evaluations. However, for the present reaction, the asymmetric
factors derived from the ab initio results for the transition states. Eckart approach (dotted line in Figures 10 and 11) yields a much
They then modified the method used for tunneling for all cases improved agreement with the |ow-tempera’[ure experimenta|
and obtained much better agreement with experiment for four data, due to its higher second derivative for the reactive mode
reactions, OHt- CHs, CHsF, CHyF, and CHE. Their predic-  of the potential. This higher second derivative for the Eckart
tions at low temperatures are in excellent agreement with eq 6 case is not correct, but it does have the effect of increasing the
but then start to diverge &t > ~500 K, becoming 6 times  tynneling probability, just as would the consideration of
larger atT = 1700 K. alternative corner cutting tunneling paths. Thus, the improved

The present theoretical predictions for the temperature agreement is to some degree the result of a fortunate cancellation
dependence of the GH + OH abstraction rate constant are of errors.
illustrated in Figures 10 and 11. The full temperature range is  Ajternatively, the experimental data may be fitted by adjusting
considered in Figure 10, while Figure 11 emphasizes the rangepoth the saddle point energy and the tunneling probability. For
corresponding to the present experimental study. The primary example, we have decreased the barrier height by 0.6 kcal/mol,
theoretical result (solid line), corresponding to the VTST while simultaneously employing an asymmetric Eckart potential
calculations with WKB estimates for tunneling through the pyt with an imaginary frequency of 1500 cfa The resulting
Vibrationa”y adiabatic ground State potential, isin quantitative rate constants agree with the evaluation provided by eq 6 to
agreement with the present experimental measurements. Howyyithin a factor of 1.6 over the range of that evaluation (252
ever, at lower temperatures, these theoretical predictions1663 K). For temperatures 25@250 K, this empirical result
significantly underestimate the rate constant. At 300 K, they fits the expression
are a factor of 10 too low.

This underestimate may be an indication that either the Ky =
calculated barrier is too high or we are underestimating the 1.78x 1023 T3'4°6exp(— 837K/T) cm® moleculets™?
extent of tunneling. Lowering the zero-point corrected saddle @)
point by 1.3 kcal/mol from its QCISD(T)/CBS//QCISD(T)/adz
calculated value of 6.33 kcal/mol yields the dashddtted to within 15%. This result has no particular value for temper-
curve, which is in quantitative agreement with the low- atures in the range of applicability of eq 6 but does serve the
temperature experimental results but overestimates the presenpurpose of providing a meaningful extrapolation to higher
experimental results by about a factor of 1.4. This level of temperatures.
agreement for such a broad temperature range is quite remark- Finally, we note that the displacement of the barrier maximum
able. Furthermore, an error of this magnitude in the ab initio from the electronic maximum to the zero-point corrected
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maximum has a modest effect on the rate constant prediction,

decreasing it by a factor of 0.65 at 250 K. By 2250 K, this
reduction factor is 0.9. Meanwhile, variational effects from the

zero-point corrected barrier are minimal, reducing the rate by

less than 10% for the 252250 K temperature range. The
smallness of this variational correction is fairly typical for

reactions such as this, which have a sharp well-defined barrier.
However, the anharmonicity factor decreases from 0.86 at 250
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