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Kinetics of Reactions of H Atoms With Ethane and Chlorinated Ethanes
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The reactions of H atoms with ethane and three chlorinated ethandsQiC1,2-GH4Cl,, and CHCCl)

have been studied experimentally using the Discharge Flow/Resonance Fluorescence technique over wide
ranges of temperatures. The rate constants were obtained in direct experiments as functions of temperature.
Literature data on the reactions of H atoms with ethane and chloroethane are analyzed and compared with the
results of the current investigation. A transition-state-theory model of the reaction of H atoms with ethane
was created on the basis of ab initio calculations and analysis of the experimental data and was used to
extrapolate the latter to temperatures outside of the experimental ranges.

I. Introduction discharge flow reactor coupled to a quadrupole mass spectrom-
Widespread use of incineration as a treatment of hazardousEter to obtain the rate constant of reaction 2_ at room temperature
industrial wastes, including chlorinated hydrocarbons (CHCs), @nd & pressure of 3 Torr. In contrast, the kinetics of reaction 1,
has stimulated the development of research directed at mechathat of H atoms with ethane, has been studied experimentally
nistic and kinetic modeling of chlorinated hydrocarbon combus- by numerous groups over the past four decades. Reviews of
tion. Fundamental knowledge of mechanisms, specific pathways, itérature can be found in refs $79. However, only in four

. . . iad0—23 i i
and rate constants of important elementary reactions is of keyStudies® 2* was the rate of reaction 1 measured by direct
importance to the success of such modeling. Among the mostexperlmental methods. Furthermore, only in the work of Jones,

important and sensitive reactions involved in the currently used Morgan, and Pume# was reaction 1 sufficiently isolated from
mechanisms of combustion of chlorinated hydrocarbons are thecomplicating side reactions, so that no stoichiometric corrections
reactions of Cl and H atoms with the main compounds that are 1 the measured reaction rate had to be applied.

being burned:® In CHC/O, and CHC/hydrocarbon/Jlames, The experimental technique used in the current work,
reactions of Cl and H atoms with CHCs together with unimo- discharge flow reactor with resonance fluorescence detection
lecular decomposition are the major channels of consumption 0f H atoms, has an excellent sensitivity to hydrogen atoms
of CHCs!-57-14 The results of numerical simulations demon- (detection limit of <10° atoms cm®). This sensitivity enables

strate that the rates of CHC destruction and concentrations oféxperiments with very low initial H concentrations 10" atoms

active species are highly sensitive to the rates offOCHC cm9), thus ensuring the absence of any complications due to
and H+ CHC reactions. potential fast secondary reactions.
In a recent articlé®> we reported our experimental and The current article is organized as follows. Section | (current)

computational study of the reactions of H atoms with methane is an introduction. The experimental method, procedures, and
and four chlorinated methanes. Here, we present the results ofresults are reported in section Il. In section Ill, a transition state
our experimental investigation of the reactions of H atoms with theory model of reaction 1 is presented. The results are discussed
ethane and three chlorinated ethanes conducted over wide rangds section IV.
of temperatures

II. Experimental Section

H+CH;—H,+CH 467-826 K 1 .

26 T2 ( ) @ Rate constant measurements were conducted in a heatable

H + C,H:Cl — products (483826 K) (2) tubular flow reactor under pseudo-first-order conditions with a
large excess of molecular substrate. H atoms were detected by

H+1,2-CH,Cl, — products (483826 K)  (3) resonance fluorescence and their decay measured as a function

H + CH,CCl,— products (358850 K)  (4) of contact time over a wide range of experimental conditions.

I1.1. Experimental Apparatus. Details of the experimental
) o . apparatus have been described previotishnd thus, only a
Numbers in parentheses indicate the experimental temperaturg, jef description is given here. H atoms were generated in the
ranges of the current work. sidearm of a heated tubular quartz or Pyrex reactor by a 2.45
Of all reactions of H atoms with chlorinated ethanes, only GHz microwave discharge in ahte mixture. Hydrogen atoms
reaction 2 has been studied previously. Triebert & aked @ formed in the discharge area were carried through the reactor
by a flow of helium and their concentration was monitored by

*Tg whom correspondence should be addressed. E-mail: knyazev@ yegonance fluorescence in the detection zone located down-
cua.edu.

" Because of different methods of transliteration from the Cyrilic Stréam. The molecular substratef£Cly) was introduced
alphabet, this name has also been spelleilikbail G. Briouka. through a quartz movable injector.

10.1021/jp0106505 CCC: $20.00 © 2001 American Chemical Society
Published on Web 06/20/2001



H Atoms With Ethane and Chlorinated Ethanes J. Phys. Chem. A, Vol. 105, No. 28, 2003901

Pressure in the reactor was monitored through outlets Molecular substrates ¢EICly) were stored undiluted in Pyrex
positioned at the ends of the heated zone. The viscous pressureeservoirs. Flows of these reagents into the reactor were
drop in the heated zone of the reactor was obtained by measuringdetermined by measuring the pressure drop in a calibrated
the difference in pressure values obtained upstream andvolume over time. That the measured flows were independent
downstream of the heated zone and by subsequent interpolationof the surface-to-volume ratio of the calibrated volume was
The range of typical values of the viscous pressure drop in the verified to ensure the absence of interference from heteroge-
working part of the heated zone was 0:G815 Torr. The neous absorption and desorption processes on the walls of
uniformity of the temperature profiles in this region (280 vacuum manifold. Flows of molecular hydrogen to the atom-
cm in length) was at leas5 K (maximum temperature  producing discharge were measured in a similar way. It was
differences wez 5 K at thehighest temperature used and less found that the typical dissociation efficiency of the discharge
at lower temperatures). was~20%. This resulted in the concentrations of undissociated

Various aspects of the discharge flow technique of measuring Hz in the reactor being approximately a factor of 2 to 3 higher
rate constants of gas phase chemical reactions have beefhan the initial H atom concentrations.
extensively discussed in the literatdfe?” These discussions Il.2. Reaction Rate Measurements.All experiments to
are not repeated here. Care was taken to ensure that, under alneasure the rate constants of reactiorst Were conducted
experimental conditions used in the current work, the plug-flow under conditions of a large excess of molecular substrate (195
approximation was valid. The only exception to the plug flow = [C2HCLJ/[H]o < 1.6 x 10°). Initial concentrations of H atoms
approximation was the minor, although nonnegligible, contribu- in the detection zone were in the range (2.8.4) x 10'°atoms
tion of axial diffusion of H atoms. Corrections for axial and ¢ > (These values of [H]should be understood as upper limits

radial diffusion were introduced into the experimentally obtained t0 the actual concentrations of hydrogen atoms because the
atom decay rates (vide infra). calibration procedure underestimated the calibration coefficient

Iyalues, as described in subsection 11.1.) Exact knowledge of
the H atom concentrations is not needed for the determination
with i.d. = 4.66 cm. The reactor surface, the surface of the of ratg c?nsttan(tjs becalfjs_? all e>_<rpher|m?nts fvvk(]arte conducted ulnder
movable injector, and the inside of the discharge tube were pfseHu to- Irs -orther colrll : |fotr}11$. et rate (cj)the erogir;egqs toss
treated to reduce heterogeneous loss of H atoms first by soakinq(l)v a omls oln €wa sdo ) t(;reat;: or an f N rlnovzlal € IEJetC (t)r
in a 5% aqueous solution of ammonium bifluoride for 30 min | etrhe regularly measurte t(r:n i ea ?enc? Ot B‘not\:\elcu a:hsu HS r? €).
and then by the method of Sepehrad é€dlhe resultant values n n ers? rgtiar?f#redrrerrl] sr’ € rllg]?ho v(\:/olrll a\; ?/ r(iaednb € h ioinms
of the first-order wall loss rate constaky, were always below tghee ?I(?wevelociti/ (s;: rieg:nz of S\?vitc?wiﬁg &Se :Ilo:/av ofyhceliirr? 9
r | to 20 st Typical val were~4 s1 for th . . :
or equal to 20's. Typical values ofk, were S " for the carrier gas between a fixed inlet located near the H atom source

Pyrex reactor and 1220 s for the quartz reactor. Reactors - h . .
of different diameters were used to rule out potential contribu- and the r'?o"ab'e Injector at various positions of the Iatter) W.'th
o alterations of the conditions in the discharge and monitoring

tions of heterogeneous reactions to the rate constant value he resultant changes in the sianal of H atoms in the detection
obtained in the experiments (vide infra). 9 9 .
zone. The H atom wall loss rate constants were in the range
H atom resonance fluorescence (Lymani21.6 nm) was 4-20 s,
induced by light from a discharge flow resonance |&hipand
detected by a solar blind photomultiplier (EMR model 542-G-

Two reactors were used in these experiments: a quartz reacto
with an internal diameter (i.d.) of 1.93 cm and a Pyrex reactor

The time of contact between the molecular substrate and H

- . ; atoms was varied by changing the position of the movable
09). A molecular oxygen optical filter (140 Torr ofxJoptical injector. Under the experimental conditions used, plug flow

path length 3 cnf} effectively cut off radiation at all wave- .o itions are satisfied (except for a required correction for axial
lengths in the range corresponding to the peak of the photo- yis,sion. vide infra) and increments of contact time can be

multiplier sensitivity (115-170 nm) except for the four narrow  jpiainaq by dividing the corresponding changes in the length
gaps in the spectrum of Gbetween 115 and 122 nm), one Of ¢ the contact zone by the bulk flow velocity, The tip of the

which coincides with the Lyman-hydrogen atom line (121.6 oy aple injector was always kept within the heated working

nm) 30 zone of the reactor.

The sensitivity of the atom detection system to H atoms was  The total signal (counts$) detected by the photomultiplier
determined by titration with N&(rate constant of the H NO, consisted of three components: fluorescence of H at@ws (
reaction is 1.4 x 1071° cm® molecule! s71).32 Typical the photomultiplier dark current (less than 1 count)sand
concentrations at which the fluorescence signal was equal tothe scattered light originating from the resonance lamp and
the scattered light from the discharge flow lamp weEP atom reflected by the walls of the detection system (typicathg0

cm™3. The sensitivity limit (defined by unity signal-to-noise counts s). The contributions from the dark current and the
ratio) was <10° atom cn73. In the titration experiments,  scattered light were measured directly in the absence of H atoms
relatively high concentrations of H atoms had to be uset{? but with the molecular substrate present (to account for possible
atoms cnm®). Such concentrations caused some degree of self- apsorption of the scattered light) and later subtracted from the
absorption of light at the Lymaa-line, resulting in a nonlinear  total signal to obtairs,.

dependence (saturation) of the resonance fluorescence signal The effective first-order rate constant valudggs, were

on the atom concentration. Thus, the calibration of the H atom gbtained from least-squares-fits of the H atom fluorescence
signal based on measuring the decrease in fluorescence signalignal S; to the equation

upon addition of a small flow of N@to the reactor yielded

underestimated values of sensitivity coefficients (defined as the In(S,) = constant- Kyggx V' m

ratio of signal to H concentration). Therefore, the values of the

initial concentrations of H atoms used in the experiments to wherex is the distance between the tip of the movable injector
determine the rate constants of reactiorst(listed in Table and the detection zone andis the bulk flow velocity in the

1) are somewhat overestimated and should be understood aseactor. Examples of experimentally obtainedSp)(vs x
upper limits to [H}. dependences are presented in Figure 1. The observed values of
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TABLE 1: Conditions and Results of the Experiments to Measure Rate Constants of the Reactions of H Atoms with Ethane
and Chlorinated Ethanes

[CH,CI;] range/ [H]o/10% k/10714
no?  T/K P/Torr 10*2 molecule cm?® ko/s™1¢ Vicmstd  molecule cm®  (kygsD/V¥max  CM®moleculet ste
H+ CQHG_’ H+ C2H5
1-1 467 8.018.03 1056-4340 —-0.9+25 861-891 3.4 0.026 1.040.10
1-2* 491 2.66-2.86 996-4390 2.0+ 4.6 738-763 2.7 0.127 1.420.16
1-3* 534 1.90-2.01 109-2790 2.3+ 4.6 740-769 6.8 0.241 2.86- 0.29
1-4* 586 3.85-3.98 274-2520 5.4+ 5.6 931949 8.4 0.185 5.450.43
1-5 612 6.076.15 426-2070 -3.4+82 2113-2180 6.9 0.037 7.88 0.59
1-6* 637 3.69-3.76 74.5-1340 24+ 28 10011021 4.6 0.195 10.8 04
1-7 693 2.03-2.06 99.2-1110 10+ 13 1788-1858 6.6 0.215 22220
1-8 705 5.846.03 86.9-934 11+ 14 1746-1803 5.9 0.065 17523
1-9* 748 1.92-1.93 74.1-249 1.5+3.1 10371060 2.3 0.203 25919
1-10 776 1.972.02 88.7484 7.6+ 15 1826-1878 3.6 0.226 448 5.0
1-11 796 2.08-2.13 78.9-394 0.6+ 11 2075-2173 3.0 0.145 445 4.1
1-12 826 2.042.07 56.6-386 11+ 15 2269-2296 7.2 0.160 53.67.2
1-13 826 1.96-2.00 56.3-787 10+ 16 2870-3008 6.0 0.185 49.% 3.5
H + C,HsCl — products
2—-1* 483  3.94-4.09 549-1980 —0.5+1.6 763-775 6.7 0.079 2.640.12
2-2 512 8.06-8.10 422-1580 14+ 4.4 512-518 25 0.021 3.72 0.40
2—3* 534  3.94-4.03 502-1410 —0.2+3.6 845-858 25 0.103 4.98 0.39
2—4* 586 3.48-3.53 265-1150 25+4.0 901916 3.9 0.171 9.0% 0.68
2—5* 637 4.014.07 77.3-708 0.6+4.1 10171042 4.5 0.157 17.2 1.0
2—6* 687 3.92-3.97 133-619 2.8£9.0 1082-1097 7.7 0.207 26.22.5
2—7 713 6.056.07 164-526 7+ 14 1683-1700 2.2 0.077 35%44
2—8* 748  3.96-3.96 21.9-382 4.3+ 45 1180-1195 7.1 0.186 38321
2-9 796 2.05-2.08 59-260 5.2+ 6.8 2429-2484 3.0 0.121 70.5 4.2
2—10 826 1.921.94 43.1-228 57+ 4.8 3156-3181 6.9 0.100 95.5% 3.9
2—-11 826 1.96-1.98 77.6-337 4+ 23 2273-2325 6.7 0.232 88.4£10.3
H + 1,2-GH4Cl, — products
3—1* 483 3.86-4.05 546-1640 0.4+ 25 628-766 3.9 0.082 2.0%0.21
3-2 511 8.0%8.05 299-1210 1.7£23 884-901 25 0.030 3.76:0.30
3—-3* 534 1.83-1.91 3471550 1.1+ 31 700-740 5.0 0.242 3.96: 0.30
3—4* 586 3.82-4.07 31+1160 —1.0+3.3 917927 4.1 0.158 9.72 0.52
3—-5* 637 3.8+3.92 207744 3.1+ 4.4 1004-1013 7.9 0.170 16.32 0.91
3—6* 687 3.873.96 126-616 1.0+8.8 1073-1095 6.8 0.231 27+ 2.4
3—7* 748 3.83-3.87 54.6-371 —4.6+5.1 11711187 6.4 0.231 49.4 2.3
3-8 796 1.95-1.98 91.6-371 —44+10 2178-2236 2.3 0.206 71.24.6
3-9 826 1.96-1.98 51.2-302 0+ 10 21312187 7.3 0.210 78.%6.1
3—-10 826 1.951.99 50.2-310 —-8+17 2944-3005 6.6 0.126 77.+ 8.6
H + CH3CCl; — products
4-1 358 7.93-8.03 548-2950" 1.7+22 663-670 3.1 0.126 1.2%£0.13
4-2 371 5.86-6.00 4573710 2.2+4.0 708-733 4.7 0.211 1.56 0.20
4-3 384 3.00-3.05 196-2790f 1.9+25 1252-1272 5.2 0.128 1.650.13
4—4* 399 3.95-4.03 533-2020 —06+24 632-641 7.9 0.088 2.96:0.18
4—5* 437 3.64-3.74 534-2060 3.0+3.2 678-696 6.1 0.126 4.280.24
4—6* 437 3.64-3.72 292-1420 3.5+4.2 840-859 6.6 0.087 5.04 0.53
4-7 452 5.976.02 133-1320 6.1+ 4.7 856-874 34 0.138 6.45 0.65
4—8* 483 4.04-4.12 3971350 —3.5+6.5 756-764 51 0.118 9.8% 0.75
4-9 510 3.03-3.05 66.4-721 -1.7+3.7 1842-1886 6.6 0.126 18.7% 0.96
4-10* 534 4.07#4.10 85.8-564 0.0+ 6.1 846-861 6.1 0.211 17.86 1.8
4—-11* 586 3.64-4.02 106-435 —4.8+5.0 912-950 6.0 0.128 32618
4-12* 637 3.82-3.87 80.7306 —2.3+9.0 994-1021 6.2 0.088 53.65.0
4-13 682 2.96-2.99 32.4-205f 3.2+6.2 1894-1946 2.2 0.126 106.£ 5.5
4—14 727 4.054.10 15.3-192 13+ 10 1518-1567 3.2 0.087 162 11
4—15* 748 4.23-4.26 15. 7122 —0.6+9.0 1182-1205 4.5 0.138 14% 11
4-16 778 5.98-6.09 15.3-96.4 4.5£9.9 1830-1867 6.5 0.118 21218
4-17 805 3.98-4.28 17.3-191 23+ 32 3422-3487 3.4 0.126 223 32
4-18 826 1.951.96 16.4-64.4f 4+12 20512094 2.6 0.211 29@- 30
4-19 850 2.9%2.96 9.35-87.7 11+ 11 2068-2188 4.8 0.128 329 23
4-20 850 2.96-2.92 19.1+83.4 9+ 12 2795-2827 6.4 0.088 334 25

a Experiment number. A Pyrex reactor with internal diameter (i.d.) 4.66 cm was used in experiments marked with * and a quartz reactor with
i.d. = 1.93 cm was used in unmarked experimehtdinor variations in pressure are due to changes in flow conditions upon addition of large
flows of molecular substrate ¢8,Cly). ¢ Zero-abscissa intercept on thkevs [CHCly] dependence (see discussion of formula IV in the text).
dBulk flow velocity range. Minor variations in flow velocity are due to changes in flow conditions upon addition of large flows of molecular
substrate (eHxCly). © Error limits represent statistical uncertainties and are reported.ag@imum estimated systematic uncertainties are 8% of
the rate constant value (see text:H;CCl; sample obtained from I. C. I. Chemicals and Polymers, Ltd. was usegCClgisample obtained from
Aldrich was used in all other experiments on reaction 4 (see discussion of impurities in section II).
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x/om [C,Hg] / 10" molecules cm™
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Figure 1. Examples of experimentally obtained $j vs x depend- 1 1 1 | 1
ences. Data from experiments-13 and 4-1 (see Table 1). Numbers 0.0 0.5 1.0 15 20
in parentheses are the flow velocities and concentrationsldfQd,
substrate (in 18 molecules crm?). [C,HsCl] / 1075 molecules cm

Figure 2. Examples of experimentally obtainétvs [C;H¢] (a) and

kogs Were corrected for axial and radial diffusion of H atoms k' vs [C:HsCI] (b) dependences. Experimental temperatures are indicated

via the formuld#:26.33

on the plots.
k = k'OBS(]' + kaSD + kOBSRz) (”) C2H4C|2, 99.8%; CHCC|3, 99.5%), and Matheson éEe,
2 48D 99.999%; Q > 99.6%). An additional sample of GBCl; was
also obtained from I. C. I. Chemicals and Polymers, Ltd. Gas
whereD is the diffusion coefficient of H atoms in He alis chromatographic analysis (subsection 11.3) of this sample
the reactor radius. The values Bfwere taken from the indicated a purity of 99.96%. All gases except helium were

177 2 1 purified by vacuum distillation prior to use. Helium was purified
D=1.790 /273 K)"""cm’s ~(P=1atm) (Il by passing through liquid nitrogen cooled traps. A discussion
of impurities and their potential influence on the experimental
results is given in the next subsection (11.3).

I1.3. Results. Conditions and results of experiments to
determine the values of the rate constants of reactierdre
presented in Table 1. The rate constants demonstrate no
dependence on pressure or initial concentration of H atoms
within the experimental ranges. The observed pressure inde-
pendence is anticipated because the mechanisms of reactions

K =k [CszC|y] + Ky (V) 1—-4 are expected to be those of atom abstraction. The fact that

the rate constants are independent of the initial H atom

Here,k; is the bimolecular rate constant of the reaction under concentration indicates the absence of any influence of potential
study { = 1—4) andkg is the zero-abscissa intercept of tkie secondary reactions on the kinetics of H atoms, as can be
vs [C:HCly] dependence. Thiy intercept appears due to the expected due to the low values of jH]sed ([H} = (2.2-8.4)
nonnegligible losses of H atoms on the surfaces of the reactorx 10 atoms cn3).
and the movable injector and can acquire both positive and Heterogeneous reactions of H atoms with theHCI,
negative value$® The values ok obtained in the current study  substrate adsorbed on the reactor wall could potentially influence
were minor compared with the first term in eq IV (see Table 1) the observed rate of H atom dec#y,If adsorption of substrate

dependence derived by Krasnoperov ét&lased on the results
of experiments and calculations reported in refs 35, 36, and 37.
This correction for axial diffusion never exceeded 20% of the
final value ofk'.

The bimolecular rate constants of reactions41 were
obtained from the slopes of the linear dependencés afi the
concentration of substrate, {8,Cl,]

and uncertainties irkg were comparable with th&, values. is saturated, this effect would be manifested only by positive
Examples of experimentally obtainétlvs [C:H,Cl,] depend- values ofky and the obtained; values would not be affected.
ences are presented in Figures 2 and 3. If, however, the adsorption is not saturated but increases with

Gases used in the experiments were obtained from MG the concentration of substrate, the contribution of such a
Industries (He,>99.999%), Aldrich (GHsCl, > 99.7%; 1,2- heterogeneous reaction can influence the slope & tre[CHy-
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linearly with its gas-phase concentration, the obserdeds
[CoH,CI,] dependences are expected to be linear, as in the case
0.0 0.5 1.0 15 of a purely gas-phase reaction.

T T T T To ensure that the measured rates of H atom decay in the

748 K presence of gHCl, represent the homogeneous reactiond 1

200 - 687 K a) 7 experiments were conducted with reactors of different internal
diameters (1.934.66 cm) possessing different surface-to-
volume ratios. The experimentally obtained values of the rate
constants were independent of the reactor used (Table 1). This
independence, as well as the linearity of the obseleds
[CoHXCly] dependences, indicates the absence of any significant
effects of heterogeneous reactions on the values of the rate
constants.

The rate constants of reactions-4 exhibit positive temper-
483K ature dependences (Figure 4) that can be represented with
Arrhenius expressions within their corresponding experimental
! T ' ' ! ! ' temperature ranges

300 -
b) k, = (9.5+ 3.7) x 10 “exp(-4316-+ 212 K/T)

cm® molecule s (467-826 K) (V)

[1,2-C,H,Cl,] / 10'® molecules cm™

637 K

K/s"

100

200 | | 748K i

586 K 483 K k, = (1.21+ 0.60) x 10 %exp(~4146-+ 258 K/T)
cm® molecule s * (483-826 K) (VI)

k'/s"

100
ks = (1.45+ 0.48) x 10 %exp(—4290+ 183 K/T)

cm® molecule® s (483-826 K) (VII)

l l I l ' : : k, = (1.83+ 0.62) x 10*1°exp(—3552:|: 153 K/T)
0.0 0.5 1.0 1.5 2.0 25 3.0 it et (358850 K) (VI
cm’ molecule s
[CH5CCl5] / 10"° molecules cm™ ( ) (V)
Figure 3. Examples of experimentally obtainddivs [1,2-GH4Cly] The temperature dependence of the rate constant of reaction 4

(a) andk' vs [CH,CCl3] (b) dependences. Experimental temperatures Can also be represented with a modified Arrhenius expression

are indicated on the plots.
k, = 5.94x 10 %' T**3exp(—1249 KIT)

cm® molecule s * (358-850 K) (IX)

1.5 -
which reflects the curvature observed in the lay(vs 1/T

. dependence. However, the power of thgparameter (4.23-

1.72) has a rather large uncertainty, which prevents any certain
conclusion regarding the extent of the curvature. The error limits

of the parameters in expressions-\ represent uncertainties

of the fits only and are reported as.2Error limits of the
“preexponential factor” and “activation energy” parameters in
expression IX are not presented here as these parameters bear
no physical meaning.

The lowest temperatures used were determined by the
impracticality of measuring rate constants that are lower than
10~ cm? molecule! s™1. The upper limits of the experimental
temperature ranges for reactions 1, 2, and 4 were determined
by the onset of thermal decomposition of radical products. These
decomposition reactions resulted in the regeneration of H atoms

-12.0 -

-12.5 -

-13.0 -

-13.5 |

log(k / cm® molecule™ s°)

140 |-

1.0 1.5 2.0 25 3.0
1000K/T

Figure 4. Experimental temperature dependences of the rate constantsand consequent nonlinearity of the $j vs x kinetic depend-

of reactions 4. Symbols are experimental data points: filled circles,

reaction 1; open circles, reaction 2; open squares, reaction 3; filed €NCeS (see formula ). _
squares, reaction 4. Solid lines are Arrhenius fits of data obtained in ~ The sources of error in the measured experimental parameters

the current work, formulas ¥VIII. Dashed line is the modified such as temperature, pressure, flow rate, signal count, and so
Arrhenius fit given by formula IX. forth were subdivided into statistical and systematic. Statistical
uncertainties were estimated for parameters statistical in physical
Cly] dependence. In this case, there are two possibilities. First, nature (for example, signal count). The estimate of possible
the dependence of the surface density of substrate on itssystematic errors was based on the finite accuracy of the
concentration in the gas phase is nonlinear and thus anyequipment and on the uncertainty in the H atom diffusion
hypothetical heterogeneous component to the observed H atoncoefficient3* The uncertainties of the measured experimental
decay rate would exhibit a nonlinear dependence oHl{Cly]. parameters were propagated to the final values of the rate
Alternatively, if the density of the adsorbed substrate increasesconstants using different mathematical procedures for propagat-
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ing systematic and statistical uncertainfiéghe error limits adjustment of the six frequencies representing the bending
of the experimentally obtained values reported in this work deformations of the CkCH,:--H---H transitional structure and
(Table 1) represent@statistical uncertainty. Maximum esti-  of the reaction barrier height was performed to reproduce the
mated systematic uncertainty is 8% of rate constant value.  experimental temperature dependence of the rate constant.
To verify that no potential impurities in the chlorinated Experimental values ok; obtained in this work and those
ethanes could affect the measured rate constants, these gasésported by Jones, Morgan, and Purttellsee section I,
were analyzed for potential contaminants by gas chromatogra-“Discussion”) were used in the fitting of the model parameters.
phy. A Shimadzu GC-9A gas chromatograph was used in theseAdjustment of frequencies was performed by a multiplication
analyses. It was found that, after purification by vacuum by a uniform factor.
distillation, the purity of all chloroethanes £8sCl, >99.98%; Tunneling can be expected to play a significant role in
1,2-GH4Cly, >99.99%; CHCCls, >99.997% (sample obtained  reaction 1 at low temperatures. Therefore, extrapolation to low
from Aldrich)) significantly exceeded the specifications provided temperatures must be accompanied by estimates of the uncer-
by the manufacturers. The impurities that are most likely to be tainties associated with the contribution of tunneling. Computa-
found in the chloroethanes are the corresponding chlorinatedtion of the quantum tunneling correction performed in this work
ethylenes (for example,8:Cl as an impurity in GHsCl). The was based on the knowledge of the barrier “width” param-
rate constants of the reactions of H atoms with chlorinated eter’>4243The shape of the reaction potential energy barrier
ethylenes can be expected to be lower than16m® molecule was determined using the method of reaction path following
s 1. For example, the temperature dependence of the high-(intrinsic reaction coordinate, IRE€YSin mass-weighted internal
pressure-limit rate constant obtained by Knyazev étial their coordinates. The resultant barrier potential energy profiles were
experiment-based modeling of the H C,H3Cl <= CH3;CHCI fitted with the Eckart functioff
reaction results in a rate constant of %8012 cm® molecule AE BE
s at 483 K, the lowest experimental temperature used in the V= + L E= XF(@() (X)
current study of the H- C,HsCl reaction. This value is further 1+ @+ 5)2’ [
reduced to 1.7 102 cm® molecule s? by falloff effects at _ _ _ _
the experimental pressure of 4 Torr. Thus, a 0.02% impurity of to determine the “width” parametérwhich was used in the
vinyl chloride in chloroethane will result in a contribution of ~ Calculation of the tunneling correction. The method of computing
3.4 x 10-16 cm? molecule s to the measured rate constant of the tunneling probabilities based on the determination of the
reaction 2, or 1.3% at this temperature. The potential effects of barrier “width” parameter from quantum chemical calculations
impurities are expected to decrease with temperature since thg€sults in the decoupling of the width and the height of the
activation energies of the reactions of addition to a double bond feaction barrier. When the latter is adjusted in the fitting of
are less than those of H or Cl atom abstraction. Therefore, experimental data, the barrier curvature and the associated
impurity effects on the values of the rate constants obtained in imaginary frequency changes accordingly. This makes the
the current study are negligible compared to the experimental current method more accurate than the often used approach
uncertainties. where the imaginary frequency is obtained from ab initio

The sample of CKCCl; obtained from Aldrich was stabilized calculations but its change due to further barrier adjustment is
with a minor fraction of low alkyl epoxides, as stated by the neglected. Reference 15 can be consulted for details of the

manufacturer. To ensure that the presence of the stabilizer incomputational approach. _

the sample had no influence on the determined rate constants, S€veral computational methods of quantum chemistry were
additional experiments were conducted with a sample of-CH USed in the IRC calculations: UMP2/6-31G(d,p), BSLYP with
CCl; obtained from I. C. I. Chemicals and Polymers, Ltd., which the 6-311G(2d,2p) and 6-3315(2d,2p) basis sets, and G2 and
did not contain the stabilizer. Gas chromatographic analysis of QCISP(T)/6-31%G(2d,2p) single-point energy calculations
this second sample of 1,1, 1-trichloroethane revealed the presencd/ong the IRC computed at the UMP2/6-31G(d,p) level. Ref
of ~0.03% of impurity. The experimental rate constant values 47 ¢an be consulted for the description of the methods and the
of reaction 4 did not vary with the source of GECl; (Table 1), basis sets used. The G2 calculations resulted in an unrealistic

thus indicating the absence of any measurable impurity effects. Potential energy profile characterized by two maxima instead
of one, which was discarded as an artifact. IRC calculations

performed with other methods resulted in barrier shapes which
could not be well fitted with the Eckart function. Considering
Although the rate constants of reactions4lwere obtained that it is the top part of the barrier that plays the most significant
experimentally over wide temperature ranges, accurate extraporole in the tunneling effect, it is more important to describe
lation to lower and higher temperatures is still needed. The this upper portion with the Eckart equation than the barrier as
reactions of H atoms with chlorinated ethanes can proceeda whole. Thus, we limited the fitting attempts to the top one-
through the abstraction of both chlorine and hydrogen atoms third and the top one tenth of the barrier, where the quality of
and the relative importance of these two types of processes isfits was acceptable. Although the computed barrier heights
unknown. Thus, modeling-based extrapolation of experimental (relative to H+ C,He) differ from method to method (87 kJ
rate constants is restricted here to reaction 3{B,Hg) where mol~! at the UMP2/6-31G(d,p) level, 52 kJ mélat the QCISD-
only the hydrogen atom abstraction is possible. (T)/6-3114+-G(2d,2p)//[UMP2/6-31G(d,p) level, and 28 and 29
Modeling is performed using the approach applied by us kJ mol?! at the B3LYP/6-313+G(2d,2p) and the B3LYP/6-
earlier to the reactions of H atoms with methane and chlorinated 311G(2d,2p) levels, respectively), the “width” parameter values
methaned?® Initial approximation to the properties of the reaction obtained with different methods are remarkably similar. Table
transition state (geometry and vibrational frequencies) was 2 lists the values of the barrier “width” parameteasbtained in
obtained in ab initio calculations using the UMP2/6-31G(d,p) the calculations. The observed very weak dependence of the
method. Vibrational frequencies were scaled by a factor of barrier “width” parameter on the computational level is in
0.94274° Rate constant values were calculated using the classicalagreement with similar findings of earlier studie®*3where
transition state theory formula (see, for example, ref 41). A final the barrier width-based method of accounting for tunneling was

Ill. Transition State Theory Model of Reaction 1
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TABLE 2: Values of the Reaction “Barrier Width” Parameter ( |) for the H + C,Hg < H, + C,Hs Reaction Obtained in the
IRC Following Calculations

l/amu2 A
method barrier height AE® top 1/3' top 1/16
UMP2/6-31G(d,p) 86.7 26.6 1.328 1.200
QCISD(T)/6-311G(2d,2p)//lUMP2/6-31G(d, ) 52.3 -35 1.341 1.278
B3LYP/6-31H-G(2d,2p) 28.5 —15.7 1.287 1.208
B3LYP/6-311G(2d,2p) 28.8 -12.6 1.297 1.195
1.313 1.220

average

a Computational method used in IRC followingBarrier height relative to reactants. Units are kJ Thol Energy of products minus energy of
reactants. Units are kJ m@l ¢ Values of thd barrier “width” parameter obtained in fitting of the top one-third of the barrier (relative to the higher
of the energies of reactants or products, depending on the computational méMaldles of the barrier “width” parameter obtained in fitting of
the top one tenth of the barrier (relative to the higher of the energies of reactants or products, depending on the computationalArsettiesl).
of single-point QCISD(T)/6-311G(2d,2p) energy calculations performed for structures along the UMP2/6-31G(d,p)-level IRC.

T T T range cannot be described with one modified Arrhenius expres-
sion. The percentage values given in parentheses indicate the
2 ) - maximum deviations between the calculated values and the
This work expressions Xl and XIl. The same model results in a temperature
sk | dependence of the rate constant of the reverse reactibiy, C
le' +H2_’H+C2He
] TST model and
2 4l uncertainties of | 90243
g 77 [ Jones, Morgan, 7 extrapolation k_(T) =2.27x 10 “"T="exp(—4444 KIT)
E and Purnell (1977) . 3 T P I T 0
S sl ] cm’molecule” s, T=300-3000 K (3%) (XIII)
< Azatyan and Filippov (1969) N B
S | (wide white line) NNA k_o(T) = 1.19x 10 **T®%exp(—2267 KI)
1e Lede and Villermaux (1978) N cm® molecule* s, T = 200-400 K (2%) (XIV)
A7 - Jones and Ma (1986) — The differences between tHevalues obtained with different
. L L computational methods are smaller than the differences between
1 2 3 the results of fitting the top one-third and the top one tenth of
1000 K/ T

the barrier (Table 2). Uncertainties of the model associated with

Figure 5. Plot of the rate constants of reaction 1 {HC;He—H> + the description of tunneling were estimated by repeating the

C:Hs). Experimental data: (filled circled}; values obtained in the
current study; (open squardg)values of Jones, Morgan, and Purrtéll;
(wide white line) ky vs T dependence reported by Azatyan and
Filippov;?° (open circlesk; from Lede and Villermauxt (filled triangle)
room-temperatur; value reported by Jones and KfaReferences to

modeling (including the fitting of experimental rate constant
data) with thel parameter incremented in both the “plus” and
the “minus” directions by twice the difference between the “one-
third” and “one-tenth” valuesiyin = 1.127 andmax = 1.499

the two experimental determinations free of influences from secondary amu-? A

reactions (no stoichiometric corrections were needed) are underlined. An additional uncertainty of the model is due to the

Solid thin line: extrapolation of the experimental data obtained in the experimental uncertainties of the rate constant values. The

current study and in ref 22 with the transition state theory model. Dotted \,caainty arising from the experimental data scatter was

lines: uncertainties of extrapolation arising from the scatter of the timated by extr lating th mbined set ofiéi®) val

experimental data and from the treatment of tunneling. estimated by extrapolating the combined set ofi{®) values
obtained in the current study and in the work of Jones, Morgan,

used. Such a virtual absence of dependence upon the compu@nd Purnef? from the “center of mass” of the experimental
tational method is expected becalisg, essentially, a geomet- tempgrature intervallg = 558 K) apd calculating th_e.dewatlons
rical parameter and, as such, can be expected to be determineffSulting from the use of the maximum and the minimum values
with reasonable accuracy by relatively low-level ab initio (C€ntral valuex 20) of the activation energy and the rate
methods. In the transition state theory model of reaction 1, the constant al = Tc. The overall uncertainties of the model (dotted

average of thé values obtained from fitting the top one-third
of the barrier was used € 1.313 am&2 A) and uncertainties
in the determination of were taken into account (vide infra).

lines in Figure 5) were obtained by multiplying the tunneling
and the experimental extrapolation uncertainty factors. Thus,
the estimated overall uncertainty factor reaches the values of 6

The above model of reaction 1 results in a temperature (UPPer limit) and 4(lower limit) at 200 K, 1.7 at 300 K, 1.2 at
dependence of the rate constant that can be represented by th#00 and 1000 K, 1.5 at 2000 K, and 1.6 at 3000 K.

following expressions (solid line in Figure 5)

k (T) = 4.45x 10 T %%xp(-3183 KI)
cm® molecule® s, T = 300-3000 K (8%) (XI)

k(T) = 3.72x 10 *°T°*%exp(—467 KIT)
cm® molecule® s, T = 200-400 K (7%) (XII)

Different formulas are provided for the low and the high-
temperature regions since the whole 23000 K temperature

The results of the ab initio calculations, the shapes of the
reaction barrier, and the fitted Eckart function parameters are
presented in the Supplement. The details of the final model of
reaction 1 are given in Table 3.

IV. Discussion

The current study provides the first direct determination of
the temperature dependences of the rate constants of reactions
2—4. Reaction 1, that of H atoms with ethane, has been studied
before by numerous groups. Reviews of literature can be found
elsewheré’~19 However, only in four studies was the rate of
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TABLE 3: Properties of Molecules and the Transition State Used in the Models of Reaction 1
vibrational frequencies and degeneracies®m

CoHg:5° 2953.7 (1), 1388.4 (1), 994.8 (1), 2895.8 (1), 1379.2 (1), 2985.4 (2), 1471.4 (2), 821.6 (2), 2968.7 (2), 1468.1 (2), 1190 (2)
CoHs:2 3114, 3036, 2987, 2920, 2844, 1442, 1442, 1383, 1369, 1133, 1185, 1025, 783, 532
H,:5 4162

H--H-CoHs® 645 [561], 975 [848], 1358 [1181], 1366 [1187], 345 [300], 1389 [1208], 809, 1009, 1096, 1377, 1444, 1464, 1465, 1720,
2943, 3014, 3024, 3046, 3105

rotational constants (cm), symmetry no.s, and torsional barrier:

CoHg:%0 overall rotation: B = 1.0550 o=6
internal rotation: B=10.684 o=3 Vo= 1024 cm!
CoHs: overall rotation: B=1.2256 o=1
internal rotation: B=15.187 0=6
Ha: B =59.3444 o=2
Hee+H+-CyHs:¢ overall rotation: B =0.7999 o=1
internal rotation: B=7.550 c=3 Vo =907 cnrt

reaction energy barriers:
E; = 38.27 kJ mot? E ;= 53.83 kJ mot?

imaginary frequency (crt): 4
vi=1206 cm!

a Properties of @Hs are a combination of the experimental data of Chettur and Sriélaod the ab initio results of Quelch et%l” Vibrational
frequencies of the transition state were obtained in UMP2/6-31G(d,p)-level ab initio calculations antf bydde@427. Frequencies of six transitional
modes were adjusted via multiplication by a uniform factor (see text, section Ill). Numbers in square brackets are the original (unadjusted) scaled
ab initio values® Geometry of the transition state and the torsional barrier (which includes ZPVE correction) were calculated at the UMP2/6-
31G(d,p) leveld The imaginary frequency was obtained from the barrier “width” parameterl(313 ami&/2 A) and the fitted value of the barrier
height.

reaction 1 measured directly by monitoring kinetics of at least  The only previous experimental study of reaction 1 where
one of the reactanf8.23 Each of these four studies utilized the no stoichiometric correction was required was that of Jones,
discharge flow technique. Azatyan and Filippbused ESR Morgan, and Purnef? These authors conducted experiments
detection of hydrogen atoms and determined the rate constanin an excess of H atoms oveplds (pseudo-first-order conditions
of reaction 1 in the 296579 K temperature range. Lede and for C;Hg) and monitored the kinetics of the disappearance of
Villermaux?! applied the H atom detection method based on the latter to obtain the values ki. Additional experiments were
the reaction of H with HJO and subsequent spectrophotometric performed in an excess of,Bs and comparison of the results
detection of Hg product at 253.7 nm. These authors reportedwith those obtained under the conditions of excess of H yielded
the rate constants of reaction 1 between 281 and 347 K. Jonesthe values of the stoichiometric correction factor as a function
Morgan, and Purnéf used mass spectrometry to detect H atoms of temperature. It was found that this factor changed from 3.7
and GHg and obtained values &f at T = 385—-544 K. Finally, at 385 K to 1.8 at 540 K, which challenges the validity of the
Jones and M used ESR to detect H atoms and reportéd a  other groups’ use of the assumed universal value of four.
value at room temperature. The valueskgpfeported by these  Therefore, the work of Jones, Morgan, and PufAdlthe only
four groups are presented in Figure 5 together with the resultsone among previous studies of the H C;Hg reaction that

of the current study. provided accurate values kf, free of uncertainties associated
H atom concentrations used in these four studies of reactionwith the contributions from secondary chemistry.
1 were relatively high, [H] ~ 10'2—10' molecules cm3. As Figure 5 displays the experimental temperature dependence

a result, more than one atom of hydrogen was consumed perof k; obtained in this work in comparison with earlier

each act of the H- C,Hg reaction. The authors of refs 20 and  determinationd®22 The results of the current study (obtained

21 divided the apparent values of the rate constant obtainedunder conditions where secondary reactions are negligible) are

from their experiments by the assumed stoichiometric factor of in agreement with those of ref 22. A combined set of ki(&)

4, which was derived from the following sequence of reactions values obtained in the current study and in the work of Jones,
Morgan, and Purné® results in the following Arrhenius

H+ CHg— H, + C,Hg 1) dependence
H+ CH;—2CH, (5)  ky(T)=(1.04+ 0.4) x 10 %exp((~4357+ 191 K)IT)
cm® molecule* s (XV)
H + CH, — CH, ©)

(Error limits are 2 and represent the statistical uncertainties
Jones and M& did not apply any stoichiometric factor to their  of the fit only).
results, although the high initial concentrations of H atoms used  Extrapolation to lower temperatures via the model described
(10'2—10"8 molecules cm?, estimated here on the basis of the in section Il (solid thin line) yields rate constant values that are
values of gas flows and calibration data reported in ref 28) larger than the experimental values of Azatyan and Filigpov
warranted such a correction for the fast secondary reactions 5and Lede and Villermau® The lower limit of the estimated
and 6. Thus, the agreement between their reported rate constanincertainties is still approximately a factor of +.8.0 higher
value at room temperature and those of other groups (Figure 5)than these experimental d&f#1 This deviation can be explained
is rather superficial. if one supposes that the factor of 4 stoichiometric correction
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used by these grouff®! was somewhat overestimated. If the T T 7
values of refs 20 and 21 are combined with the results of ref
22 and those of the current study, the resulta(if) Arrhenius

plot becomes linear. Such linearity, however, does not appear

to be realistic since some low-temperature curvature can be }»
expected due to tunneling. 2 _
The sequence of reactions 1, 5, and 6 which led the authors §
of refs 20 and 21 to use the universal stoichiometric correction g
factor of 4 neglects the potential influence of reaction ”g .
C,Hy + CH; — n-C;Hq @) o
o
° i
—C,H,+ CH,

The rate constant of reaction 7 (the sum of the two channels) at
room temperature is 9.& 1071, as measured recently by
Knyazev and Slaglet Reaction 7 will compete with reactions

5 and 6 and thus will reduce the effective stoichiometric factor. 1000K/T

The value of the stoichiometric factor can be expected to dependFigure 6. Temperature dependence of the rate constant of reaction 2
on pressure (due to the pressure dependence of the rate constafliy + ¢,H.Cl—products). Filled circles, experimental data obtained in
of reaction 6), the initial concentrations of H angHg, and on the current study. Open circle, the room-temperature value of Triebert
the heterogeneous wall losses of radicals. These radical wallet al*® Line: Arrhenius extrapolation of the rate constants obtained in
losses are, most likely, negligible under the conditions of ref the current study.

21 due to the high pressure (9803 Torr) and slow diffusion

but could be a factor under the conditions of ref 20 (pressure by Triebert et al® by the discharge flow method with mass
of 4 Torr). Kinetic modeling performed in the current work for ~ spectrometric detection of,8:Cl. Experiments were conducted
the typical conditions of ref 21T(= 300 K, [H]o = 6 x 10" in an excess of H atoms. Thereported in ref 16 is significantly
atom cn18, [C,Hg] = 3.8 x 107 molecules cms, P = 300 higher than the value obtained by an Arrhenius extrapolation
Torr, reaction time 3680 ms) with reactions 1, 5, 6, and 7, as  of the results of the current study to lower temperatures (Figure
well as the recombination of GHhcluded in the model resulted ~ 6). The difference reaches an order of magnitude, which makes
in the stoichiometric factor of 3.1. In these calculations, the @ potential explanation by non-Arrhenius curvature due to

following values of the rate constants were uség= 3.5 x tunneling unlikely. It should be noted that in the work of Triebert

107Y, ks = 6 x 1071117 kg = 1.35 x 10710 (estimated from et al. the concentration of H atoms was affected by a significant
the plot of pressure dependence in ref &)= 9.8 x 1071154 wall decay. The unknown rate constant of this decay was used
kK(2CH;—C,Hg) = 6 x 1071 cm® molecule! s 117 The by the authors as an additional adjustable parameter in the fitting

calculation of the stoichiometric factor for the conditions of of kinetic curves.

Azatyan and Filippo¥ is complicated due to the absence of H atom attack on chlorinated ethanes can result in the
data on the initial concentrations of H. The values of 3.9 and abstraction of both Cl and H atoms. In our recent study of the
3.4 are obtained for room-temperature conditions using the reactions of H atoms with methane and chlorinated methanes,
values of [Hp = 10" and 1632 atom cn13, respectively. transition-state-theory modeling, an ab initio study of the
Moreover, at the upper end of the experimental temperature properties of transition states, and the Marcus forffulascrib-
range of ref 20 (579 K) the estimated stoichiometric factor ing the correlation between heats of reaction and reaction
becomes 1.4 (in reasonable agreement with the value of 1.8 atbarriers were used to estimate the relative importance of
540 K determined in ref 22) instead of the value of 4.0 used by the H- and the Cl-abstraction routes. In that study, unambiguous
Azatyan and Filippot® and thus the agreement between the cases of abstraction of only H and only Cl atoms were provided
high-temperature results of ref 20 and those of ref 22 and the by the reactions of H atoms with methane and £@spec-

current work disappears. tively. The rate constants of Cl abstraction were obtained by
The above discussion serves to emphasize the uncertaintiesubtracting the estimated H-abstraction contributions from the
associated with the experimental valuekpt low tempera- overall rates of the reactions of H atoms with chloromethanes.

tures. On the other hand, the extrapolation of the results of the The resultant activation energies of the Cl abstraction reaction
current study and ref 22 to lower temperatures is also character-routes demonstrated a correlation with the reaction thermo-
ized by significant uncertainties, as discussed in section Ill. In chemistry that can be described with the Marcus formtila.
particular, the treatment of tunneling is based on a one- The systems considered in the current work, the reactions of H
dimensional Eckart approximation, the validity of which has atoms with ethane and chlorinated ethanes, present a more
not been established in any rigorous way for chemical reactionscomplicated situation. More than one site of abstraction can
of polyatomic species. The reliability of the extrapolation also be present in substituted ethanes (e.g., abstraction of an H atom
depends on the accuracy of tkevalues reported in both the in the primary vs secondary positions inHzCl). No experi-
current experimental study and that of Jones, Morgan, and mental thermochemical data are available on the radical products
Purnell?2 These additional factors contributing to uncertainty of the H abstraction channels in reactions 3 and 4, and the
are not easily quantified and thus are not included in the existing data on the heat of formation of &I, (product of
estimates of the uncertainty of extrapolation in section Ill. The the Cl-abstracting channel in reaction 4) is rather unceffain.
only conclusion that can be reached on the basis of this For these reasons, and considering the absence of experimental
discussion is that the low-temperature values of the rate constantate data for the reactions of H atoms with other chlorinated
of reaction 1 remain uncertain. ethanes, we do not attempt here a computational analysis

The only previous measurement of the rate constant of directed at separation of the H and Cl abstraction routes in
reaction 2, that of H atom with chloroethane, was performed reactions 2-4.
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