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The rates of the reactions of ethyl radicals with HE#) @nd with Br atomskg) have been measured in the
temperature range 22868 K at millitorr pressures using the very low pressure reactor (VLPR) technique.
The Arrhenius function for the H atom abstraction reaction is found tk;le (1.43 4+ 0.06) x 102 exp-
[—(444 + 26)RT] cm¥(molecule s), while the ethyl radical disproportionation with Br atom shows no
temperature dependence. Its average value over the entire temperature kargdgisl8+ 0.05) x 107!
cm¥/(molecule s). Reaction 7 is significantly slower than has been reported in the only other two direct
measurements, both finding a negative activation energ¥;fof from —1.0 to—1.1 kcal/mol. The small
positive activation energy found in this work florfits standard models for H atom metathesis. Combination
with all known kinetic information for ethane bromination gives an average reaction enthalplylef=

13.0 £ 0.2 kcal/mol using both the second- and third-law thermochemical calculations. It sets the heat of
ethyl radical formation ta\H°(C;Hs) = 28.40+ 0.25 kcal/mol and the bond dissociation enthalpyq°-
(CHs—H) = 100.5+ 0.3 kcal/mol.

Introduction recombinatiof

Important complex chemical processes, like combustion, R—R’éR—i— R

petroleum refining, and hydrocarbon cracking, as well as

atmospheric chemistry, like smog formation, ozone layer and the decomposition of alkyl radicals
stability, and chemical vapor deposition, are made up of a large c

number of elementary steps involving radieahdical and/or R = olefin + CH,y/H
radicak-molecule interactions which usually determine the
overall rates or dynamics of these processes. The interpretatio
and modeling of these complex processes require a reliable dat

base of kinetic parameters for the elementary steps involved, . > e .
that is, a large, accurate set of rate constants and alsoeXPerimental conditions were used to minimize the influence

thermochemical parameters for the reactants, products, and?' Side reactions and pressure dependence, it was propised
intermediates. While such a data base is well established forceck the zero backward activation energy assumption for the
molecular thermochemistry and has been reviewed recéntly, halogen.atlon equilibrium by direct measurements of reaction
the thermochemical data base for intermediates, even for simple 2 USing @ powerful UV laser flash of 193, 248, or 266 nm
organic radicals, is still somewhat elusive in spite of extensive to decomposc_a Suitable radlqal precursors, the kinetics of the
experimental and theoretical effort for the past few decades. "€Verse reaction-a was studied in rapid, time-resolved flow

The lack of broad consensus is mainly related to the very real tube explerlmentt)ﬁ Inves't|gat|ons were carried out ”:j a
experimental difficulties in realizing equilibrium for reversible ~SyStematic way by generating GHCzHs, i-CsHz, S-C4Hg, an

chemical reactions involving these short-lived intermediates. ["CaHo radicals, and the rate constants and their temperature

Traditionally, the halogen (X) atorrhydrogen halide chemi- dependence for the radical consumption rates were measured
cal equilibria in reactions with HBF® and with HI? The results were

surprising as all 10 reactions have shown very fast rates
a enhanced by negative activation energies of fretn3 to—1.9
X+ RH=HX+R kcal/mol. Except in the case efC4Hy, these activation energies
have been studidmost extensively and provided the first —are slightly more negative for R- HBr than for R+ HI
systematic set of data on the standard heat of formations ofreactions. It was proposed that, unlike the forward reaaion

rvielded higher values fotsH°(R) by 13 kcal/mol. Although
4he three different types of equilibria are much more complicated
than the simplified schemes b,andc suggestand appropriate

radicals, AiH°(R), and bond dissociation enthalpiB$i°(R— the reverse reaction is not an H metathesis, but a two-step
H). From these early studies of the kinetics of bromination chemical activation process. . .
and iodination (X= Br or I), AH°(R) was calculated assuming Without any proof for this two-step mechanism, it was

thatE— is very smaft (0—3 kcal/mol) and within the scatter ~ incorporated into equilibria, leading to an excessively high
of the reported values of the activation energy of the forward Vvalue ofAH®, when combined with known thermal bromination

reaction. rate measuremenis?4 for the forward reactiora, which in
Some controversy arose when other chemical equilibrium terms of AiH°(R) actually overshot the targets set by Ts&ng.
studies at higher temperatures such as bond fissiadical Therefore, the forward bromination reactions were reinvestigated
using laser flash generation of Br atof#zand it was found
® Abstract published irAdvance ACS Abstract#ugust 1, 1997. that the forward reaction rates are also faster, mainly due to
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lower activation energies by about 1 kcal/mol. Equilitaiaere in which the 298 K investigations were carried étitlt has
then described by faster rates in both directions and new “direct” been described in a series of our kinetic stuéfe¥® However,
values forAsH°(R) and DH°(R—H) presentet as free from the temperature control, system parameters, experimental se-
earlier zero or low positive activation energy assumptions for quence, and data handling are briefly summarized in the
the reverse reactiornna. These new values have been compiled following.
as critical data in recent editions GRC Handbook of Chemistry The thin-Teflon-coated cylindrical reactor cell\¢f= 217.5
and Physicq74—76th eds. of 19931996). cm® has a heating/cooling glass jacket connected to a thermostat
Apart from the thermochemical consequences derived from path circulator. A HAAKE FS2 type circulator was used at
new K, values of faster opposing reaction rates, the proposed 333 and 368 K, but it was replaced by a Neslab ULT-80DD
two-step transition state mechanism for the backward reaction refrigerated bath circulator for the 265 and 228 K runs. Two
—ais of special interest by itself. It makes a sharp break with thermocouples are mounted in the heating/cooling jacket, one
our conventional understanding of an entire class of H abstrac-at the bottom, the other at the top of the reactor cell, and the
tion reactions, and so far, this new concept has not beencijrculation speed of the bath fluid is adjusted to eliminate any
subjected to a thorough experimental or theoretical testing. A measurable temperature difference between the two thermo-
few recent studies, which found positive activation energies, couples. A heat-insulating cover is also applied to the outer
either did not explore the controversy, like the competitive syrface of the reactor jacket to assist the uniform temperature
bromination of RCI specieS,or arrived at a vague, conciliatory  setting and to protect the glass surface from ice deposition at
conclusion, like the combinedb initio calculation of CH + low temperatures. This keeps the reactor temperature within
HBr reactiort® and the two-channel RRKM calculatione€4Hg +0.1 °C over the entire temperature range.
+ Hl reaction!® The latter was misinterpreted as a support for The reactor cell operates in the Knudsen flow regime. The

the two-step mechanisthfor that reaction. reactor base is sealed to a Teflon-coated, rapidly adjustable slide
Almost all earlier studies of the relative rate constants for o hanisr#f having three interchangeable escape orifices with
diameters of 0.193, 0.277, and 0.485 cm. They change the gas
escape unimolecular ratksy, which permits the variation of
R+ X d RX & X the reactor residg_nce ti_me b_y a f_actor of 5in t_hree steps. T_he
2 use of these orifice sizes in different experimental runs is
have shown thaE_, — Ey = 0, but in recent investigations, it  indicated asp,, ¢s, ¢s, respectively, in Tables 1 and 2, and are
is found only for R= CHs in both cases when X CI[2045 or marked with different symbols in Figures 2 and 3. With our
Br.”21 In all other cases of radicals fromy8s to CsHg and of reactor volumeV,, the first-order escape rate constant for any
X = Br, E.; — Eq4 < 0, ranging from—0.27 for R= C,Hs to gas component of masd is given bykem = a,(T/M)¥2 s7%,
—0.90 kcal/mol for thetert-butyl radical’2123as Eq is less ~ WhereT is the absolute temperature angl = 0.258 for ¢,

R+HX —RH+H

negative tharE_,. It is difficult to imagine why reactiord 0.546 for ¢s, and 1.321 forgs orifices? All escape rate
would have any restriction on proceeding by a direct metathesis constants appearing in eqs @ were calculated with the above
path. formula at different temperatures.

Another difficulty not addressed occurs in the case of the  The reactor discharge is an effusive molecular beam through
reaction of H atoms with RX (%= Br, 1)* where the products  the selected exit orifice. The beam is chopped by a tuning fork
are uniguely R+ HX. The two-step mechanisitwould predict chopper and further collimated by two pinholes at the entrances
the more stable RH- X product channel. of two successive, differentially pumped chambers to reduce

In our preceding papé?,we reported on the investigation of  the background mass signals. This beam is sampled with the
the GHs + HBr reaction rate at 298 K carried out in the very off-axis mass analyzer of a BALZERS QMG 511 quadrupole
low pressure reactor (VLPR) system, using as a thermal ethyl mass spectrometer. Its mass signal is fed to a phase sensitive
radical source the £ + CI reaction. This experimental lock-in amplifier tuned to the chopping frequency. Mass ranges
technique for the first time permits the measurement of all of kinetic interest are repeatedly scanned, usually ZDtimes
reaction rates both first and second orders. No side reactionto give a good statistical average, and the mass intensities are
can escape undetected over the detection limit of our sensitiverecorded for data acquisition. Each mass signal is corrected
mass spectrometric analytical method. Simultaneous measurefor its small background value recorded prior to start-up of
ments ofall reactant and product concentrations give excellent reaction and remeasured at the end.

mass balances for all species to 28% accuracy. _ Gas inlets are affixed on the top of the reactor cell for separate
Our rate constant valéiéfor k; was found to be 14 times  inlet flows of reactants. They are preceded by resistive capillary
smaller than those reported over the past 6 yé&rahich flow subsystems calibrated for regulating the fluxes of initial

employed laser flash photolysis for radical generation. When gas componenté with the use of Validyne transducers. The
our low rate constant value fdg; is combined with known  flow of a Cl/He mixture traverses a phosphoric acid coated
thermal rate constant valués!* of forward reactiona (k-7) quartz discharge tube centered in the Opthos microwave
for the “third law” determination ofAtH°(C;Hs), it agrees well  generator cavity of a McCarrol antenna before joining at the
with currently accepted thermochemistry of the ethyl radi¢al.  tapered capillary inlet of the reactor cell. This strictly controlled
Although the VLPR study of the Cl4E1¢/HBr three-component  gas inlet and outlet dynamics establish the well-defined steady
system is quite labor consuming when all the system parametersstate conditions in the reactor. Back-diffusion from the reactor
are employed, we undertook this task to measure the temperaturgo upstream gases is prevented by the use of very small

rate coefficients for the title reactions and to search for the conductance inlet capillaries relative to the conductance of the
possible source of fundamental disparities between experimentalexit apertures.

techniques. In typical operation, the chlorine flow is started first using a

4.5% Clb/He gas mixture (both are Matheson research-grade

gases), and the signal intensities of, @hass isotopes are
The VLPR system used for current measurements at differentrepeatedly scanned using 20 V electron energy in the mass range

temperatures is the same three-stage, all-turbo-pumped systerof m/e= 70—74 for checking the instrumental reproducibility

Experimental Section
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TABLE 1: Initial and Steady State Concentrations® of Reactants and Ethyl Radical Formed before Introducing HBr into the
System

no./¢x |°(;|/|°c| + IOHCI x 10 [Cl]o [CgHe]o |°(;|/|°c| + IHCI x 107 [Cl] [C 2H6] [C2H5] Zpib
T=368K
1ips 52.72 3.50 4.17 11.04 0.732 2.11 1.62 0.26
2lps 52.52 4.10 5.33 9.20 0.718 2.70 2.09 0.31
3lgs 53.55 4.85 5.92 8.75 0.792 2.92 2.29 0.35
A3 51.21 12.02 9.42 3.80 0.892 2.64 3.49 0.70
53 48.75 10.67 8.78 3.63 0.794 2.67 3.29 0.65
6/p3 50.66 9.55 7.85 4.19 0.790 2.38 2.99 0.57
o 45.75 19.23 11.19 2.31 0.971 1.81 3.30 1.06
8l 48.06 21.90 13.36 2.10 0.946 2.25 3.80 1.18
T=333K
1/ps 54.28 4.45 5.92 8.35 0.685 3.06 2.21 0.30
2lps 54.89 4.86 6.42 8.05 0.712 3.29 2.39 0.32
3lps 45.89 7.73 7.93 3.02 0.509 3.17 2.87 0.49
4lps 40.91 8.11 8.90 2.27 0.450 3.87 3.03 0.56
Slps 39.12 8.37 9.91 1.85 0.396 4.66 3.13 0.62
6/, 41.15 18.18 11.76 1.68 0.742 2.46 3.63 1.01
T=265K
1/ps 57.64 4.89 7.13 7.18 0.610 3.83 2.44 0.27
2lps 58.66 5.39 7.51 6.90 0.634 3.98 2.55 0.29
3lps 59.11 13.32 10.91 3.53 0.785 3.20 3.70 0.52
4p3 49.37 11.84 11.30 2.40 0.576 412 3.71 0.55
53 50.23 13.95 10.15 2.96 0.765 3.02 3.47 0.52
T=228K
1/ps 69.03 6.32 7.56 8.74 0.800 3.55 2.79 0.25
2lp3 52.67 10.72 8. 83 3.64 0.741 2.65 3.07 0.39
3lps 47.65 13.64 10.75 2.37 0.569 3.94 3.51 0.46
Alp3 62.82 13.90 10. 36 4.31 0.954 2.59 3.48 0.44
5l 51.32 23.61 14. 89 1.91 0.877 2.50 3.73 0.77
6/, 51.16 27.31 16. 26 2.05 1.094 2.23 3.83 0.88

a All concentrations are in units of particles/cri.

of mass spectral efficienayci,. Then the microwave generator  products of surface recombination. No detectable signal
is turned on and its power is adjusted to 100% dissociation of increase of these masses over the background values was ever
Cly, controlled by observing the complete disappearance of Cl found.

mass signals. They are replaced with Cl atom and HCI signals

in the mass range 388. HClis produced in Cl atom reaction ~ Treatment of Data and Results

with HsPQ, wall coating of the discharge tube. It may constitute  The measured mass signal intensity, after corrections for its

35-60% of the overall Cl content (see column 2 of Table 1), packground signal and fragmentation, is proportional to the

but it is constant during an experimental run. After the Cland steady state concentration of a given substance in the reactor.

HCI signals have reached steady values, the mass range 35 This strictly linear proportionality is established by measuring

38 is repeatedly scanned using 20 eV to record the mass signathe given mass signal intensitl] as a function of the specific

intensities of Cl atom isotopes at/e= 35 and 37 and those of  flux F(M) according to the relationshipky = amF(M), where

HCl at m/e= 36 and 38. ay is the mass spectral sensitivity for an ion peak of mass M
Next, the flow of ethane is started using 5%-g/He mixture and F(M) = (flux)/V; in molecule/(cr s) units. The steady

(both are Matheson research-grade gases), and its flow rate isstate concentration of the gas component M can then be

increased gradually until the mass 35 Cl signal drops te-0.2 calculated from the relation: [M{ F(M)/kem, molecule/cra.

0.04 of its original value. The mass range of- @B is scanned  These formulas are universally applied to convert the measured

again to record the new signal intensities of Cl and HCl with mass signal intensities of CI, HCI,-Bs, Br, and HBr into

20 eV mass spectrometry. The mass range @b is also  concentrations given in Tables 1 and 2.

scanned to record £ and GHs signals and the distribution Our mass analyzer is quite sensitive for the specific flux of
of their fragments using 20 eV first and then the more sensitive €&ch component in the range used. In absolute values they are
40 eV mass Spectrometry. Ocl = OHcl = (2.69:l': 0.06) X 10_11, ORH = (l.24i 0.03) X

11 i i i
As a last step, the flow of pure HBr (Matheson 99.8% purity, 10~11 at the parent mass intensity, where index RH stands for

- L ) CoHg, andoypr = (8.13+£ 0.18) x 10712, all with 20 eV mass
furthgr purified by trap-to-trgp vacuum distillation) is s’Farted spectrometry. Using 40 V electron energy the last twooasie
and increased gradually until some increase of mass signal 30_ (3.91+ 0.04) x 107! and o, = (2.41+ 0.02) x 10710
— . . r — . . .

(and some decrease in mass signal 29) is observed. Mass rangeg,e stability ofF(M) depends on the upstream pressure reading
of 35-38, 25-30, and 79-82 are scanned to record the mass \hich is done with0.1 Torr accuracy. lts error contribution

signal intensities for the calculation of Cl/HCI2Ke/CHs, and is included in the scatter a@fy values. Such precision permits

Br/HBr distributions, respectively, in this three-component accyrate measurements in flow rate changes with very small

reaction system using 20 eV mass spectrometry. Then the masgjyctuations. The application of theegs values to our complex

ranges of 2530 and 79-82 are also scanned using the more  gystem is shown below.

sensitive 40 V electron energy. It is found experimentally thali) + Inc = constant within
Mass ranges of 114118 and 158162 were also checked  +2%. This allows the calculation of CI/HCI distributions given

regularly for possible traces of BrCl and Bside reaction in columns 2 and 5 of Table 1 and in column 3 of Table 2.
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TABLE 2: Steady State Concentration$ of Reactants after Introducing the Initial Concentration of [HBr] ¢ into the Cl + C;Hsg
Reaction System

no./g [HBr]o x 10712 1°g/I°c + 1°uc x 10% [CI] x 10711 [CoHg] x 10711 [CoHs] x 1071t Igdlgr + lugr x 107 [HBr] x 10712 [Br] x 1071t yPP

T=368K
l/es 0.80 4.53 0.300 3.02 0.906 6.920.14 0.74 0.55 0.29
la/a 1.45 3.95 0.262 3.17 0.737 6.370.14 1.36 0.92 0.31
2/ 1.65 3.51 0.274 4.05 0.908 6.850.26 1.54 1.07 0.37
2alg 2.79 2.90 0.226 4.30 0.650 5.470.11 2.64 1.52 0.41
3les 4.22 3.00 0.272 4.64 0.712 6.920.08 3.94 2.73 0.51
3a/a 5.57 2.29 0.203 5.01 0.504 5.400.18 5.27 2.97 0.56
4z 8.04 0.50 0.118 7.60 0.404 6.200.35 7.50 5.35 1.00
5/@s 4.73 0.94 0.205 5.95 0.714 9.280.16 4.29 4.36 0.83
5a/a 6.43 0.80 0.175 6.33 0.525 8.700.05 5.87 5.56 0.89
6/23 6.74 1.08 0.203 5.34 0.474 9.800.34 6.08 6.56 0.83
6a/a 9.45 0.73 0.138 6.08 0.315 7.860.24 8.73 7.19 0.93
7o 3.07 1.65 0.694 2.26 0.715 27.890.77 2.21 8.50 1.18
Tal® 4.73 111 0.467 3.20 0.518 24.100.40 3.59 11.33 1.24
8/2 4.37 1.14 0.514 3.58 0.698 23.410.87 3.35 10.17 1.35
8a/® 6.74 0.91 0.410 4.09 0.461 22.130.05 5.21 15.22 1.44
T=333K
l/es 1.63 3.84 0.315 4.29 1.129 6.680.24 1.52 1.08 0.36
la/a 2.80 3.00 0.246 4.66 0.812 5.450.10 2.64 1.60 0.40
2/ 4.11 3.18 0.282 4.94 0.801 6.310.19 3.85 2.58 0.47
2a/% 5.48 2.55 0.226 5.24 0.617 5.370.13 5.19 2.93 0.51
3z 4.18 2.06 0.347 4.32 0.763 12.430.35 3.66 5.16 0.63
3a/a 6.14 1.38 0.233 5.08 0.546 10.820.27 5.52 6.11 0.70
4/zs 7.08 111 0.220 5.74 0.507 9.670.11 6.44 6.39 0.81
4alg 9.94 0.64 0.127 7.13 0.391 7.300.15 9.21 7.21 0.90
5/@3 8.45 0.82 0.175 6.87 0.541 8.180.32 7.76 6.87 0.91
S5a/a 12.81 0.65 0.140 7.67 0.325 7.410.23 11.86 9.43 1.06
6/® 2.92 1.30 0.576 2.87 0.969 20.650.42 2.32 5.99 111
6a/® 4.59 0.79 0.350 4.39 0.684 16.810.31 3.82 7.68 1.17
T=265K
l/e 1.94 5.26 0.447 4.49 1.573 7.650.18 1.80 1.36 0.32
la/a 3.60 4.40 0.376 4.94 1.124 6.5940.07 3.36 2.34 0.37
2/es 4.26 5.34 0.491 4.75 1.210 7.870.07 3.92 3.33 0.40
2alg 5.74 5.27 0.485 4.73 1.095 8.240.06 5.27 4.70 0.44
3lz, 3.62 2.96 0.658 3.71 1.311 14.200.15 3.10 5.10 0.62
3a/a 6.54 1.73 0.384 5.27 0.817 11.240.22 5.81 7.29 0.70
4/zs 8.69 1.47 0.353 5.71 0.649 11.350.54 7.72 9.63 0.79
dala 12.02 0.94 0.225 7.22 0.458 8.960.26 10.99 10.22 0.88
5/z 10.71 1.12 0.290 5.86 0.527 8.5940.31 9.79 9.09 0.82
5a/® 12.93 0.84 0.217 6.69 0.421 7.210.29 11.10 9.26 0.88
T=228K
1/ 2.92 8.20 0.751 3.86 1.696 8.620.08 2.67 2.50 0.32
la/a 4.59 5.76 0.527 4.61 1.277 6.980.09 4.27 3.18 0.36
2/es 3.69 3.50 0.712 2.76 1.052 13.950.37 3.17 5.11 0.48
2a/® 6.35 2.39 0.487 3.62 0.697 11.920.13 5.59 7.52 0.54
3lz 10.21 0.97 0.233 6.74 0.553 7.380.35 9.46 7.49 0.71
3a/a 14.96 0.79 0.190 7.34 0.375 6.#10.21 13.96 9.97 0.82
4/zs 12.01 2.15 0.476 4.29 0.434 13.230.21 10.42 15.78 0.72
5/% 3.90 1.52 0.699 2.87 0.952 17.280.15 3.23 6.69 0.87
5a/® 5.55 1.02 0.469 3.99 0.906 15.640.75 4.68 8.64 0.90
6/2 5.20 1.52 0.811 2.67 0.681 22.330.17 4.04 11.53 1.00
6a/® 8.56 0.80 0.430 4.66 0.420 15.680.45 7.22 13.34 1.08

a All concentrations are in units of particles/cm.3 For data at 298 K see réfPR. is the total pressure in mTorr units of the system calculated
from steady state concentrations of all species including HCI and He.

Since the HCI fragmentation into Clis only 0.24% at 20 V with 20 eV mass spectrometry, and

ionizing electron energ$/ 2’ corrections are made when the Cl

ratio drops below 6%. With total decomposition of,Clhe 1°55:1° 5611 °57:1° g1 ° 591 °50 = 0.36:7.72:15.4:48.7:11.8:16.1
steady state Cl concentration can be calculated as FCl]
2F(Cl)lcl(lc + luc)kec These CI concentration values are
given in columns following the data entries of CI/HCI distribu-
tions in Tables 1 and 2.

with 40 eV mass spectrometry, where the subscript$°f
denote the mass numbers of fragment signals and the upper
index indicates that no chemical reaction is taking place in the
. system. Thé°sgratio is directly proportional t&(C,Hg)o, that

The mass spectrometry of,8s involves a complex mass g 0so = agy, according to the relationship 0.1l =
fragmentation processwhich reduces thewgy value for the oruF(RH) Wil'h 40 eV and 0.33§1°y = o’ruF(RH)o with 20
parent mass intensity measurement. Distributions,bls@ass eV mass spectrometry. Of course values for mass fragments
fragments in the mass range of-230 are well studied in our 5 gis0 be calculated with the same type of relationships from
systen?227 With the two ionizing electron energies used in \yhich 026, calculated as 8.05 10725 1°w/F(RH)o = o' 20 With
our mass spectral analysis, they are in percentage 20 eV and 0.118I°w/F(RH)y = oz with 40 eV mass

spectrometry, will be used for the derivation of the ethyl radical
1°56:1%57 15611 %50 °5 = 0.12:0.52:58.3:8.05:33.0 mass spectral sensitivityg.
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n K, fragment signal contribution from RH; that i8l,g = lp9 —
I30020/0rH,28 and the mass spectral sensitivity of the ethyl radical
can be obtained asr = Al2¢/[R]ker. Thesenr values averaged
-25.61 for all experimental runs of Table 1 aogy(V1=20eV)= (0.860

+ 0.042) x 107! and ag(V1=40eV) = (1.320 + 0.045) x
10711, about the same as we reported eaftetSince they are
derived from signal intensity differences, the scatter is about
-25.8 twice the scatter ofyy values for other substances.

We note that the data set of Table 1, besides providing [CI]
and [RH}], concentrations, mainly serve for precise checking of
our system operation and for the exact calibratiorngffor
each run. Accurate ethyl radical concentration measurement
depends on an accurate measurement of the parent mass signal
intensity (30) for the ethane concentration. The most sensitive
fragment signall ;g cannot be used for this purpose, as it is
composed of contributions from fragmentations of RH and R,
as well as of GH,4 product signal.

When pure HBr is introduced into the system with varied

26.4 K . i flow rates, which correspond to [HBrtoncentrations given in
3 4 5 column 2 of Table 2, the CI, £is, and HBr mass signal
1031, k-1 intensities decrease, while HCI s, and GH, signals increase,
Figure 1. Arrhenius plot of rate constants of reaction 6. and Br signal appears in excess over the HBr fragmentation.
These changes in mass signal intensities arise from the following
new reactions:

-26.01

-26.2-

In the Cl + C,Hg two-component system, the following
elementary reactions are taking place in the millitorr pressure
range given in the last column of Table 1: 6
. Cl + HBr—HCI + Br
Cl+ C,Hg— HCI + C,Hg

, C,H + HBr - C,H + Br
Cl+ C,H;—~ HCI+ C,H,

3 Br + C,Hg - HBr + C,H,
2C,Hg - CyHg + C,H,

Usually two different (HBry flow rates are used for each CI/

4

Cl+ CH, = HCl + CHy C,Hs two-component runs. The second one is marked with “a”
5 in the run numbering in column 1 of Table 2.

Cl+ C,H;— HCIl + CH, The new CI/HCI distributions and the Cl concentrations are

] . calculated from the corresponding signal intensities in the same
This reaction system has been well explored and all rate yway as was done for the two-component case. These data are
constants involved, as well as their temperature dependenciesgiVen in columns 3 and 4, respectively, of Table 2. Ethane
are known from our earlier wofk?” using the same VLPR g ethyl radical concentrations are calculated from the recorded
system. o 30 and theAlyg signal intensities usingry and ag values

When the ethane flow is introduced at rates corresponding qetermined in their preceding two-component run. These

to [CzHelo concentrations given in column 4 of Table 1, the  ;oncentrations are listed in columns 5 and 6 of Table 2.
I°30 signal decreases 1go, while the intensities of other lower

mass number signals, especially thosé,gfandl,s, increase.
The new steady state concentration of ethane can be calculate
as [GHg] = l3g/arnkern using both 20 and 40 eV mass spectral
signal measurements. Since the concentrations calculated fro
the two electron voltage measurements are well within the
statistical scatter of thésg signal, the averages are given in

Mass fragmentation of HBr was investigateds a function
&)f applied electron voltages between 17 and 65 eV. At the two
electron voltages used in the present mass spectral analysis, the
n{—iBr fragmentation ratid® are 16179/(179 + Isg) = 0.304 0.08
with 20 eV and 25.64+ 0.19 with 40 eV electron energies,
and they are the same for the 81/82 isotope mass combination.

column 7 of Table 1. Correcting the measured mass signal intensities of mass range
From the steady state kinetic equations eHgand GHs, 7_9—82 for the above fragmentat_ion ratios, the steady state
the ethyl radical concentration can be derRfeas distribution of Br/HBr due to reactions-8 can be calculated.
With two isotope compositions’Br and81Br) and with two
2A[RH]k gy — K [RH][CI] different electron energy measurements, four Br/HBr distribution
[R] = K[Cl] + keg (1) data are obtained for each run. Their average is given in column

7 of Table 2. With the known inlet flow rate of HBr, the steady
where A[RH] = [RH]o — [RH]. Using the known rate  Staté concentration of Br atom can be obtained as [Br]
constant® of k; = (8.204 0.12) x 10~ exp[~(170 % 20)/ F(HBr)olg/(Igr + lher)Kesr _(co_lum_n 9 of Table_2), Whl!e the use
RT] andk, = (1.20+ 0.08) x 10~1 cn¥/(molecule s), as well  Of the complementary distribution factor witne: gives the
as the tabulated concentrations of [RH] and [CI] of Table 1, eq Steady state HBr concentration (column 8 of Table 2).

1 can be solved for [R]. Their values are given in column 8 of  Data of Table 2, together with [Glland [GHée]o values of
Table 1. In turn, these ethyl radical concentrations are Table 1, provide the detailed numerical data base for kinetic
proportional to the excess ihg signal intensities over the calculations. All three initial components and the reactor
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A[RH]keRH + A[HBr]Kena - ke[HBI][C!] _
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{k2[Cl] + k3[R] + ker}

b) T=333K

k7 = (7.46 + 0.08)x10-13, cm3/(molecule s)
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A[RH]kean + A[HBrlkens: - ks[HBr}[Cl] _
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d) T=228K

©)

k7 = (56.35 £ 0.10)x10-13, cm3/(molecule s)
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Figure 2. Dependence of HBr consumption and formation rates on the steady state concentration of HBr according to eq 3 at different temperatures.
Slopes givek; directly. Symbols indicating the orifices used for given data pa®@s»2; A, ¢3; [, ¢5.

residence time (escape orifice size change) are varied toconsumption is varied between 5.5 and 27.9%, and it is
accomplish a multiparametric kinetic study. The overall HBr measured tat2.5%.
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Dobis and Benson
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Figure 3. Dependence of Br atom formation and consumption rates on the steady state concentration of Br according to eq 4 at different temperatures.
The slope givess directly. Symbols of orifices are the same as in Figure 2.

Combinations of steady state equations derived for each for the ethyl radical concentration and for the HBr mass balance
substance in the reaction system lead to algebraic equations thain an explicit way. Detailed steady state algebraic treatment
are first order in all rate constants. They may also be solved of this multicomponent kinetic system is given in our preceeding
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paper?2 The derived equations are
for the ethyl radical steady state concentration:

[R] = 2A[RH]Kgry — Ky[RH][CI]
" k[CI] — k,[HBr] + kg[Br] + kg

@)

where [R] is measured directly (column 6 of Table 2),
for HBr consumption kinetics:

A[RH]Kery + A[HBI] Kgpig, — K[HBI][CI] _
[R]
{kICI] + K5[R] + kert (3)

k,[HBr] =

for Br atom kinetics:

ke[Br] =
SA[RH]kery + A[HBrkopg, — {ky[RH] + ks[HBI]}[CI]
[R]
{2K[Cl] + ke[R] + 2kt (4)

for the mass balance of HBr conversion:

A[HBIKepg, = [Br] ke, (5)

whereA[RH] and A[HBr] represent the difference between the
initial [RH]o or [HBr]p and the steady state concentration of
[RH] or [HBTr], respectively. The last two are measured in the
three-component system (Table 2).

Equations 2-5 are all exact, derived directly from the steady
state condition.

Equations 3 and 4 are of primary interest for obtaining rate
constantsk; and ks. For their solution, all concentrations
involved are measured and given in Tables 1 and 2. Kror
andk; values are given above in connection with eq 1, knd
= (2.00 £ 0.06) x 10712 cm®¥/(molecule s) is taken from our
earlier VLPR stud$ of Cl + C,Hg reaction. ks comes from
our recent stud¥ of reaction 6 in the same system.

The kinetics of reaction 6 was investigated in parallel with
the present work using the CI/HBr two-component variant. It
is a simple kinetic system where only the single reactior-Cl
HBr takes place, leading to the steady state equation for both
the Cl atom consumption and the Br atom formation rates as

A[CT]

_[Br]
ﬁke(:l

- ﬁkeBr = kg[HBI]

(6)
Measurements of both rates were carried out simultaneously in
the same temperature range with the same temperature steps
the present study. The Arrhenius plot of measuggdalues is
presented in Figure 1. The linear fit of these data corresponds
to the Arrhenius equation

ks = (1.99+ 0.10) x 10 exp[-(710+ 29)RT]
cm®/(molecule s)

which is in good agreement with the results obtained by laser
flash time-resolved Cl atom fluorescence measurenfénts.
Having all the necessary input data, eq 3 can be solved for
k; at each temperature run. Plots of the left side of eq 3 vs
[HBr] are presented in Figure 2al for four different temper-

ature measurements, where the slopes give the rate constants

of reaction 7 directly. Their values obtained with linear
regression are shown in each part of the figure.
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Reaction 6 is about 10 times faster than reaction 7. Even at
low CI concentration its rate is still high enough to produce Br
atoms in considerable concentrations. Thus the rate of reaction
8 becomes comparable with that of reaction 7 in competition
for ethyl radical consumption with a significant feedback of
HBr. It can be evaluated by solving eq 4 f@rin a way similar
to the solution of eq 3. Plots of the left side of eq 4 vs [Br] are
presented in Figure 3a for four different temperature
measurements, where the slopes give the rate constants
directly. Their values calculated with linear regression are
shown in each part of the figure.

All eight linear plots in Figures 2 and 3 have zero intercepts,
and all data of different residence times fit well on each straight
line. This indicates the absence of any side reaction outside
the given mechanism. If there were any wall loss of atoms or
radicals, it would have introduced nonzero intercepts and
produced differenk values with the data taken using different
residence times. With the reactor surface area of 222 cm
depending on the escape orifice size used, wall collisions are
generally 18to 1 times more frequent than reactive collisions
in the reactor cell. But the reactor surface is made inert by the
thin Teflon coating. That is why we have excellent mass
balances for Cl and HCI, as well as for Br and HBr, under all
reaction conditions at pressures given in the last columns of
Tables 1 and 2. It is not surprising, since the Teflon surface
has a very low sticking coefficieny (= reaction/wall collision)
for Cl atom3? ycy = 5 x 1078, and for Br aton®? yg = 5.3 x
1075, These would contribute negligibly to wall removal of X
atoms compared to the escape rate condtant

With the knowledge ok; andkg, the ethyl radical concentra-
tion in the three-component system can now be calculated
according to eq 2 and checked against the radical concentrations
measured directly for each run. This comparison is presented
in Figure 4, where the data for the abscissa are taken from
column 6 of Table 2. Independent of the temperature and
residence time (orifice size) variations, measuregHgl values
are in excellent conformity with calculated ethyl radical
concentrations, resulting in a slope of 1.810.03. This test
of the entire mechanism indicates that the experimental recovery
of ethyl radical is established within 3% accuracy, leaving no
room for significant wall removal of radicals.

The observed values & show normal behavior, increasing
with increasing temperature. This is presented as an Arrhenius
plot in Figure 5 with circles. The straight line fitted to these
data is represented by the Arrhenius equation

k, = (1.43+ 0.06) x 10 exp [-(444+ 26)RT]
cm?/(molecule s)

The precision of both thé-factor and the activation energy is

as

around 5%, which is consistent with the low scatter of rate
constant measurements-1.5%) at each temperature. The
reported results of Seakims al.” (hexagons with full line) and
Nicovich et al.23 (squares with broken line) are also shown in
Figure 5. The disagreement with our results is striking.

Discussion

Rate constanks shows no temperature dependence which
would exceed the scatter of measurements. The average of five
different temperature measurements, between 368 and 228 K,
including the value reported earlféifor 298 K, gives

ks = (1.18= 0.05) x 10 ** cm*(molecule s)

which is slightly less thark, of Cl| + C,Hs reaction. Both
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2A1RHIk,RE - ky[RHHCI 4 g-11 In ks
ko (Cl] -ks{ HBr] + kg( Br| + k.R
2.01
-25.51
o}
1.57
-26.51
1.01
o}
o
o o -27.51
i o)
0.5 S0
O—g
=
o
-28.5 5 - 3, =
1. 2.5 .5 4.5
0.0 - T - .
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[CaHs]x10-11, radicals/cm3 Figure 5. Arrhenius plot of rate constants. Circles show present

results taken from Figure fa and the 298 K data from ref 22.
Hexagons with solid line represent the data of ref 7. Squares with broken
line display the data of ref 23.

Figure 4. Comparison of ethyl radical concentrations calculated
according to eq 2 with measuredH concentrations given in column
6 of Table 2 (abscissa).

. ) ) . o kinetic data for the forward (7) and reverse?) reactions to
reactions are |nterpreted as proceedlng via a I‘eCOI’T‘IbInatIOFI todenve the enthalpy Of reactloanoI and the heat Of formatlon
form an excited singlet (€1sX)* molecule. Note that the  of the ethyl radicalAiH°(CoHs).
singlet restriction reduces its rate of formation by a factor of 8 Rate parameters known for the forward reaction 7 are
from collision frequencies. Its formation is followed by a rapid  symmarized in Table 3. Since the measured rate constant values
four-center elimination to produce HX. The average lifetime of Seakinst al” and Nicovichet al2® have a reasonable overlap
of the excited molecule is estimated to bd0~" s, which is i their common temperature range (Figure 5), we put their data
about 300-fold shorter than the time elapse between collisionsintg one unified Arrhenius function (line 3a of Table 3), which

in our low-pressure reactor cell. This large time difference resuyited in lower scatter for both tiefactor and the activation

precludes the formation of any measurable aténradical energy.

recombination product. _ ) Similarly, the known rate parameters for the reverse reaction
Our measured rate constdatis about 14 times less at 298 (=7) are collected in Table 4. There is one earlier stidy

K than those reportéd® by works with laser flash generation  the direct photobromination of ethane in the 3G®3 K

of ethyl radical. In order for our rate constant to be in error by temperature range from which only the activation enegy

a factor of 14, our value of steady-statgHg radical concentra- = 13.6+ 0.5 kcal/mol could be extracted. Its inclusion into

tion would have to be 14 times smaller than we have reported. the second law thermochemical calculation would alvel°;

Since the steady stateids radical concentration varies from  jndistinguishable from those obtained frdn; of lines 3b and

25 to 35% of total G species, such a gross error would destroy 4h (Table 4). We note that the uncertaintyEn; in line 1b

the very good mass balances (3%) we have found (Figure 4)exceeds our measured activation enegy(line 4a of Table

for the steady state Bs and GHs concentrations, the major  3)  while all the rest are about half of that. Since our

Cz species along with s, . experimental investigation & has no temperature overlap with
This gross discrepancy is mainly accounted for by the temperature ranges of the reverse reaction stuldiesat 298

difference of activation energies as vividly presented in Figure K js calculated outside the experimental temperature range using
5, while theAz-factors are roughly within the reported scatters the modified Arrhenius equatih

(see Table 3). A similar situation can be found for thHeyHg
+ HI reactior?3 and for the comparison of the original k., =A"_(T,/298) exp(—E _,/RT) (7
(uncorrectedpb initio calculatiot® and experimentélidata of
CHz + HBr reaction. In both cases thA-factors show whereE'-7 = E-7 — nRTy andA' -7 = Arm (T/298) ™. T is

approximate agreements, but positive activation enéfgiein the mean temperature of experimental measurements calculated

contrast with negative activation energies were rep8rfed from the 1T function andAm, is the A-factor atT,, temperature

both reactions. calculated from the two-parametric Arrhenius equation using
It is of interest to see how the variations of measured negative E'_;. They are given in columns57 of Table 4. n = [ACp'lIR

or positive activation energiés; would affect the thermochem- = 1.5 sincelACp'= 3.0 cal/(mol K) calculated with a tight

istry of reaction 7. Calculations are made using all available transition state modé&F
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TABLE 3: Rate Parameter of Forward Reaction 7

J. Phys. Chem. A, Vol. 101, No. 34, 199039

temperature A7 x 1012 k,(298) x 103 k/(530) x 1012
no. range [K] [cm3/(molecules s] E7 [cal/mol] [cm3/(molecule s)] [cm3/(molecules)] ref and notes
la 297-530 1.70+ 0.55 —1000+ 278 91.63+ 29.65 4.38+1.42 7
2a 259-427 1.33+0.33 —1078+ 156 81.20+ 20.15 23
3a 259-530 1.69+ 0.20 —969+ 82 85.90+ 10.17 4.22+ 0.50 average: la,2a
da 228-368 1.43+ 0.06 444+ 26 6.79+ 0.28 1.20+ 0.0% this work

a Calculated using the modified Arrhenius equation 7 fittedto= 282 K with Al; = 3.47 x 10" cm® (molecule s) andE*

TABLE 4: Rate Parameters of Reverse Reaction-7

= —402 cal/mol.

temperature A7 x 1010 E_; Tm A_7x 101 E_; k-7(298) x 10%°
no. range [K] [cm3/(molecule s)] [kcal/mol] K] [cm¥/(molecule s)] [kcal/mol] [cm3/(molecule s)] ref
1b 473-621 2.35+1.12 12.74+ 0.50 537 21#1.03 11.13+ 0.50 16.8%+ 8.05 7
2b 494-592 6.61+ 1.70 14.00+ 0.24 539 6.12+ 1.58 12.38+ 0.24 5.80+ 1.49 11
3b 332-472 1.23+ 0.20 13.39+ 0.27 390 1.83t 0.30 12.22+ 0.27 2.2+ 0.37 14
4b 312-483 2.26+ 0.32 13.67H40.14 379 3.52+ 0.50 12.53+ 0.14 2.59+ 0.37 34
5b 308-363 13.6+ 0.5 333 36

TABLE 5: AsH° Ethyl Radical Calculated from Different Combinations of Equilibrium Reactions 7 and —7 at 298 K

combination —AH°®7, 3rd law —AfH°(CzHs), 3rd law —AH®, 2nd law —AfH°(CzHs), 2nd law

no./no. K7(298) x 10’ (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

3a/lb 5.09+ 2.50 13.68+ 0.49 29.10+ 0.49 12.99+ 0.51 28.39+ 0.51
3a/2b 14.8H 4.19 14.314+0.29 29.71+ 0.29 14.25+ 0.25 29.65+ 0.25
3a/3b 37.84+ 7.62 14.8H4 0.23 30.27+£ 0.23 14.08+ 0.28 29.48+ 0.28
3al/4b 33.1A 6.15 14.79+0.22 30.19+ 0.22 14.40+ 0.16 29.80+ 0.16
4a/lb 0.40+ 0.19 12.16+ 0.47 27.56t 0.47 11.58+ 0.50 26.98t 0.50
4al2b 1174031 12.80+ 0.27 28.20+ 0.27 12.84+0.24 28.24+ 0.24
4a/3b 2.99% 0.50 13.36+ 0.21 28.76t 0.21 12.67+ 0.27 28.04 0.27
4al4b 2.62+0.39 13.28+ 0.20 28.68+ 0.20 12.99+0.14 28.39+ 0.14

A combination of data of Tables 3 and 4 is used for obtaining

equilibrium study of reaction 7. It sets the bond dissociation

the standard enthalpy change of equilibrium 7 according to both enthalpy toDH°(C,Hs—H) = 100.5+ 0.3 kcal/mol. It is in

the
third law:  AH°, =298(AS’; — RInK,)
second law: AH°,=E,—E_;—nR298—-T,)

whereK7 = ks/k—7. AS’; = 10.4+ 0.5 cal/(mol K), where the
uncertainty arises from the entropy of the ethyl radf@%-
(CoHs) = 59.6 £ 0.5 cal/(mol K). This contributes an extra
+0.15 kcal/mol uncertainty to the third law calculationAdfi®;.
<ACp;> is small and negligibR® in the temperature range
298-600 K. From the reaction enthalpy change, the heat of
ethyl radical formation is then calculated in the usual way,

AH(CHs) = AH®, — AH°(HBr) + AH°(Br) +
AH(CHe)

taking A{H° values of HBr, Br, and gHs from JANAF tables.
All the details of the above calculations are summarized in

Table 5, where the first column shows the sequence of data

combinations taken from Tables 3 and 4. The first line of Table
5 givesAiH°(C;Hs) = 28.8+ 0.5 kcal/mol for the average of

excellent agreement with results extracted from shock-tube
decomposition ofn-butané and from the reversible thermal
decomposition of ethyl radic# isolated from the high-
temperature pyrolysis of ethane, where the first kinetic method
corresponds to equilibriurh, while the second one to equilib-
rium c given in the Introduction. Both studies report the same
value of A{H°(C;Hs) = 28.5+ 0.5 kcal/mol. Thisc variant of

the H+ CyH4 = CyHs equilibrium was also studied in a direct
time-resolved system using 193 nm laser flash photodecompo-
sition of GH4 as an H atom sourcd. This system results in
AsH°(C;Hs) = 28.4 + 0.4 kcal/mol, or 28.74 0.2 kcal/mol
with high-pressure limiting adjustment for the forward reactfon.

The above survey indicates that the derived thermochemistry
of ethyl radical using positive activation energies in both
directions is in excellent agreement with the thermochemistry
of bond fission and radical decomposition processes. This heat
of formation of ethyl radical and bond dissociation energy of
ethane are also in good agreement with the values suggested
by Walker et al*! on the bases of general trends found in
oxidation of i-C3H7 and t-C4Hq radicals, as well as with the
value of Miyokawaet all” derived from competitive photo-

the second and third law calculations. the same value asPromination results of ethane and monohalogenated ethane

recommended by Berkovitt al.l® But the same average with
the next three combinations from 3a/2b to 3a/4b resultsHii;
—14.45+ 0.30 kcal/mol, and consequently in a higher value
of AfH°(C,Hs) = 29.85+ 0.29 kcal/mol, reflecting the negative

derivatives. The laser flash systéseems to fall in a separate
class. Only the result of flastflash combination (3a/1b of
Table 5) is in line with present values where the reported
negative activation energy fdg; is compensated by a lower

activation energy used for the forward reaction 7. On the other E-7 activation energy.
hand, our measured rate parameters in the combination 4a/1b There are only two absolute rate measurements of reaction

of Table 5 give the average afiH°(C,Hs) = 27.3+ 0.5 kcal/
mol due to the lower activation ener@y in line 1b of Table
4. But the last three combinations from 4a/2b to 4a/4b give
AH°7 = —12.96+ 0.22 kcal/mol and\¢H°(C;Hs) = 28.40+

—7. One of them uses the experimental technique of laser flash
photolysis of CEBr, for bromine atom source coupled with
time-resolved resonance fluorescence measurement of Br atom
depletiorf upon reaction with ethane on about a2 ms

0.25 kcal/mol, which we recommend as our updated value for reaction time scale. The other uses the conventional thermal

the heat of formation of ethyl radical obtained from chemical

bromination of ethan&. They report different rate parameters,
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TABLE 6: A{H°(C;Hs) Values ofk; and k—_; at 530 K

Dobis and Benson

combination —AH°®7 3rd law —AfH°(CzHs), 3rd law —AH°®7, 2nd law —AfH°(CzHs), 2nd law

no./no. K7(530) x 10° (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
3a/lb 2.9H 1.47 14.04f 0.57 29.44+ 0.57 14.37+ 0.51 29.77+£ 0.51
3al/2b 3.43£ 0.98 14.19+ 0.35 29.59t 0.35 1411+ 0.25 29.514+ 0.25
4a/1b 0.85+ 0.40 12.71+ 0.50 28.114+ 0.50 12.83t 0.50 28.23+ 0.50
4a/2b 0.98+ 0.26 12.86+ 0.28 28.26+ 0.28 12.91+ 0.24 28.31+0.24

as shown in lines 1b and 2b, respectively, of Table 4. Over ties in the form of

this temperature range, however, their absolute values agree to

within 20%. At 530 K,k—7 = (1.42+ 0.68) x 1075 of the (E.,—12)

flash systerhand (1.23+ 0.32) x 10715 cm®(molecule s) of In[Ak 7] = = — g7 103+ InA, (8)

the thermal systet differ by only 7.2%. Combining these
values with forward rate constant data at 530 K given in Table

3, the obtained reaction enthalpies (corrected to 298 K using

the very smallfACpCcorrectio?) and heats of ethyl radical
formation are summarized in Table 6. A comparison of data

in Tables 5 and 6 indicates that while the combinations of 3a/
2b and 4a/2b remain practically unchanged, the new high-
temperature rate combinations of 3a/1b and 4a/lb in Table 6

are in complete agreement with their respective other-@f)
combinations in Table 5. It also reveals that only the calculation
with 3a/lb combination given in Table 5 agrees with the
enthalpy data reported by Seakétsl.,” where no combinations
with other known back-reaction rates were made.

The disparity between the two absolute rate measurefiénts
of reaction—7 is significant, as it can compensate for the
negative activation energy measutdor the forward reaction

7. We note that the flash photolysis/Br atom resonance .
fluorescence system has no radical-scavenging process like th

R + Br; reaction in the thermal systeth. Therefore, [Br}
concentration must be kept low to avoid significant Br atom

consumption in the fast reaction 8. From the ethane concentra-

tions given in Table Il of ref 7, we estimate that [Bghould
be kept below 2x 10 atom/cn? in the experimental runs.
Another experimental problem is the diffusion loss of Br atoms

out of the monitoring zone and its temperature dependence.

According to the original reportthis diffusion is only a “minor
loss term” of the Br atom removal; therefore kg data are
provided in Table IIl of ref 7. However, ikq is as high as
measured directly (2573 at 298 K) in the same experimental
system2 it may constitute from 30 to 86% of the first order
rate decay of Br atom fluorescence signal in the 4831 K

range. Inaccurate corrections might lead to higher rate constan

values ofk_; and lower temperature dependence. No data for
such details are reportédyut the marked concave curvature of
the Arrhenius plot in Figure 2 of ref 7 indicates the influence
of some side processes.

A comparison of the two absolute rate measureniéhtsf
reaction—7 is presented as Arrhenius plots of reported data in
Figure 6a. The first four data of laser flash experiménts
between 473 and 546 K give an Arrhenius functiorkof =
(7.9 + 4.3) x 10710 exp[-(13.99 & 0.80) x 1C¥/RT] cm¥
(molecule s). Although thé-factor is somewhat high, it is in
fair agreement with the result of the thermal systefoompare
with line 2b of Table 4). Rate constants of the upper
temperature regidrbetween 523 and 621 K can be described
by an Arrhenius function dk-7 = (0.60+ 0.20) x 10719 exp-
[—(11.21+ 0.19 x 1C)RT. Because of the high activation
energyE_7, the importance of the 2.78 kcal/mol energy change
in the slope of Figure 6a is not very marked. Although both
functions give the samke-; = 1.75 x 10715 cm®¥/(molecule s)
at Ty, = 537 K, the rate constants at 298 K calculated using the
modified forms of the above Arrhenius equations are different
by a factor of 8. However, using what we called a reduced
Arrhenius ploti® which emphasizes the experimental uncertain-

presented in Figure 6b, the disparity becomes very clear. While
the results of the conventional bromination kinetletill retain

a good linear Arrhenius relationship within the scatter, the laser
flash brominatiofAresults display a systematic error that breaks
the Arrhenius function into two parts. The laser flash data
represented by squares in Figure 6b would permit lines of any
slope within the extremes of the two dashed lines shown to be
drawn through them. Thus the experimental points of ref 7
could equally be represented by activation energies varying from
14 to 11.2 kcal/mol. TheiA-factor would, of course, vary
appropriately. This error justifies dropping the results of the
4a/1b combination from the 4a series in Table 5. It also shows
that the agreement of the 3a/1b combination in Table 5 with
our thermochemical results is accidental.

From the data of tables 5 and 6, it is seen that the difference

dn the heat of formation of ethyl radical between our derived

value and that of Seakiret al.” is 1.4 kcal/mol, which is equal

to the difference in activation energiEg given in Table 3. Our
small positive activation energy is plausible on the basis of H
atom metathesis. There is no explanation or precedent for a
negative activation energy for what should be a direct metathesis
reaction. Interms of H atom metathesis, it cannot be negative,
and even the application of a contact transition state mecha-
nisnf? (representing the highest rate for a bimolecular H atom
transfer) would result in a rate constdatthat is about 1 order

of magnitude less than reported by Seakitsal” Some of

our reservations concerning the techniques that have been
employed have been discussed in earlier pafefsi®and we
shall not consider them here.

t .
Conclusion

The improved VLPR system is well suited for the measure-
ment of temperature coefficients of theHg + HBr reaction 7
in the temperature range 22868 K. This experimental system
permits a broad kinetic investigation by allowing concentration
variations of both reactants and of the reactor residence time.
The simultaneous measurement of reactant consumptions and
product formations gives an excellent mass balance for all
species witht-3% accuracy. This is a powerful check for the
overall reaction mechanism taking place in the VLPR system.
Such a versatility is not provided by presently existing alterna-
tive techniques, which usually measure either the loss of a single
reactant or the appearance of a single product in time, then fitting
the obtained data to a proposed mechanism by making correc-
tions for the observed extra radical loss such as the wall reaction
of radicalé with no product identification in the laser flash/
tube flow system or the unidentified “ghost” reacti®in the
laser flash/Br atom fluorescence system.

Rate constants measured at different temperatures are well
described by an Arrhenius equatidfi= (1.434 0.06) x 10712
exp[—(4444 26)]/RTcm?/(molecule s), where the small positive
activation energy is in complete accordance with earlier as-
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In k¢ and with the proposéfl mechanism of a two-step chemical
activation process for H atom abstraction.

When our results are combined with all known kinetic
datall-14.34except with that of the laser flash brominafiosf
ethane, for the reverse reactietv, the heat of ethyl radical
formation deduced from both the second and third law is
obtained as\{H°(C,Hs) = 28.40+ 0.25 kcal/mol, which sets
the bond dissociation enthalpy BiH°(C,Hs—H) = 100.5+ 0.3
kcal/mol. These thermochemical values agree well with those
obtained from high-temperature bond fission/radical recombina-
tion* and the reversible thermal decompositiéhof the ethyl
radical. The results of these three different chemical equilibria
provide the currently accepted thermochemistry of the ethyl
radical in a remarkable conformity.

The kinetic investigation of the laser flash brominafiaf
ethane involves a systematic error as disclosed in Figure 6a,b.
Its low activation energ¥—7 compensates for the the negative
activation energy of the forward reaction, which leads to an
apparent agreement with our thermochemical values. This
agreement is actually an accidental outcome. All other com-
binations of reported kinetic data for the thermal bromination
\ of ethané1434with those of laser flash initiated reaction 7 give

\E higher thermochemical values, reflecting the activation energy
\ difference for reaction 7 between our valie and those of
-36 - " : Seakinset al.” and Nicovichet al.?
1.5 1.7 1.9 2.1 The general trend in the reportédnegative activation
103/T, k-1 energies for R HX (or Xy) type reactions seems, we believe,
to arise from some still undisclosed artifacts of the laser flash
In Ak experimental system. We are of the opinion that this problem
b may arise from the energy sensitive cross section for near
threshold photoionization of “hot” radicdfand their quenching
by HBr and HI.

Rate constants obtained for the reaction 8 gfi&+ Br show
no measurable temperature dependence. Their average gives
ks = (1.184 0.05) x 10~ cm?/(molecule s), which is slightly
less than the rate constaig)(for the simillar reaction gHs +
Cl. Its value is consistent with the proposed mechanism of atom
+ radical disproportionation.
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