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The bimolecular reaction C+ C,HsCl — HCI + C,H,CI (1) is studied in the very-low-pressure reactor
(VLPR) system at room temperature. Detailed mass spectrometric analysis of simultaneous reactant consumption
and product formation rates indicates that the overall mechanism also includes two disproportionation
reactions: CH C,H,Cl — HCI 4+ C;HsCl (2) and 2GH4Cl — C,HsCl + C,H3ClI (3). Rate constants obtained

for these reactions arek; = (8.07 £ 0.36) x 1072 k, = (1.184 0.06) x 101, andks = (1.83+ 0.15) x

102 cm?/(molecule-s). The decrease in the reactivity gHECI compared with @Hg reactivity in reaction

type (1) correlates well with the electronegativity of the Cl substituent. The decrease points to a-dipole
dipole repulsion in the transition state. Preliminary measurement of the reactiofgfiCGadical with C

yields a value oks = (1.7 & 1.0) x 1073 cm?/(molecule-s).

Introduction s) for the Cl+ CyHg reference reactiork; = (10.2+ 1.5) x
1012 cm?/(molecule-s) is obtained. A similar competitive rate
measuremefiusing the same s standard, but using infrared
IR) absorption spectral analysis of reactant consumption, gives
1 = (11.64 1.6) x 10712 cm¥/(molecule-s), which is in good
agreement. However, the authors of the latter result reported in
a follow-up publicatiofthat the value may be anomalously high
and gave a new value df = (8.7 & 1.0) x 10712 cm?¥/
(molecule-s), remeasured in the same competitive system.
Photochlorination of @HsCI/CH4 mixtures in a competitive
Cl + C,H,Cl — HCIl + C,H,Cl + 5.7 kcal/mol (1) reaction systefiusing gas chromatographic (GC) analysis of
chlorinated product yields ¢El4Cl, and CHCI) and givesk;
is that it contributes to a secondary chain propagation step in= (3.75+ 0.53) x 10712 cm?/(molecule-s) at room temperature.
the thermal- or photochlorination of,8¢ + Cl,. The dispro- In two subsequent papetshe authors repok = (7.12+ 0.14)
portionation steps x 10712 cm¥/(molecule-s) using a GC detector sensitivity for
CHsCl that was increased by a factor of 2 relative to their former
Cl+ CH,Cl = HCl + CH,C @) work® From a combination of three different relative rate
measurementsa rate constant ratio dd relative to Cl+ CHj,
reference reaction can also be derived, which then leads to an
2C,H,Cl — C,H:Cl + C,H.Cl A3) approximate value df, ~ 9.2 x 1072 cm¥(molecule-s) at 298
K. Although both reference rate constants have well-established
may also contribute to termination in the above chain chlorina- values}? the values ok, derived from these relative measure-
tion process. ments vary by a factor of 1.6.

Competitive photochlorination studies simplify kinetic studies ~ Another example of relative rate measuremerigsprovided
to a relative rate measuremérhat can then give the rate by the photobromination of the two reactantg#Cl and GHe.
constank; relative to a well-known rate constant of a selected In contrast to the photochlorination study of this pair just
reference reaction. However, to achieve an accurate relative ratenentioned, the first and slowest step in the photobromination
measurement, the competitive reaction system must satisfychain is the endothermic abstraction of an H atom by a Br atom.
several condition$®7 such as low conversions to minimize The analogous Ct C,He reaction is exothermic. The bromi-
complications from secondary reactions and long chain lengths, nation study has been used to establish values of the bond
so that termination products can be neglected. To illustrate justdissociation energies of both teeC—H andf-C—H bonds of
the importance of the reference reaction choice, let us examineCzHsCl.
some kinetic data on reaction 1 derived from competitive  An absolute rate measurement has been carried out by laser
measurements. flash photolysis of Gl followed by time-resolved resonance
An early competitive photochlorination study of theHs- fluorescence spectrometry of Cl signal decay in reaction 1 under
Cl/C,He system with measurement of both reactants and pseudo-first-order conditions for,8sCl concentratiort} with
products reporteh/ket = 0.167+ 0.024 at room temperature.  special care to reduce the kinetic interference of consecutive
Using the updatetker = (6.1 4+ 0.1) x 1071 cm?¥/(molecule- reactions. The reportétivalue isk; = (8.04+ 0.57) x 10712

The reaction of chlorinated hydrocarbons with the Cl atom
is an important elementary step of a number of complex
processes, such as the polychlorination of hydrocarbons and th
incineration of hazardous, halogen-containing organic materials.
To model and design both multistep processes on an industrial
scale requires well-known rate constants and thermochemical
quantities for each elementary step as input data.

The importance of the reaction

and
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cm®/(molecule-s) at room temperature. Another flash photolysis described in detail earliérThe experimental sequence, the

system comprising reaction 1 and system parameters, and MS analysis used for data processing
are briefly summarized below.
CH,Cl+ O, CH,CIO; (4) The fundamental part of the system is the thin-Teflon-coated,
C,H,Cl + Cl,— C,H,Cl, + Cl (5) cylindrical, thermostated flow cell reactor of volurde= 217.5

cm® mounted on the top of the main vacuum chamber. Gas inlets

consecutive competitive reactions using time-resolved IR spec-2'€ affixed on the top of this reactor and preceded by resistive
trometry of HCI formation gav& k; = (6.8 + 1.4) x 1012 capillary flow subsystems calibrated for regulating the fluxes
and (7.5+ 0.6) x 1012 cm¥/(molecule-s) in separate sets of of initial gas components with the use of Validyne transducers.
experimentd This system is not a conventional flash system ©One of the inlets is connected through a phosphoric acid-coated
for absolute rate constant measurement because the reporteu@rtz discharge tube centered in the Opthos microwave
exponential growth of HCI product also depends onki€l.]/ generator cavity of a McCarrol antenna before joining at the
kO3] ratio, and the time delay must be long enough to reach tapered capillary inlet of the reactor cell. Th!s feed-'th.rpugh is
the steady-state value of §8.Cl] radical concentration. The ~ used for a 5% GIHe gas mixture flow to provide the initial Cl
authoré? treated the measured HCI data with a single expo- concentration in the reactor when running the microwave
nential growth curve when rigorously it should be treated as a generator. A second_ inlet is .”?‘?d for a 4.8%-CCIHe gas
double exponential growth curve. They assumed that the radicalmixture flow that prPV'des the initial £1Cl reactant concentra-
concentration was in steady state relative to Cl atom concentra-iio" for reaction 1 in the reactor.

tion, an assumption that is only valid after several half-lives of ~ The gas mixture leaves at the bottom of the reactor through
the initial [CI], have elapsed. In principle, the ratigks should an escape orifice of 0.277 cm diameter (margeth our earlier

be pressure dependent. Its value is determined from both theStUd'eg’ 9 in the form of an effusive molecular beam. This
GC analysis and IR absorption spectrometry of productg/as ~ Peam is chopped by a tuning fork and further collimated by
ks = 0.42 + 0.06 for a-chloroethyl and 0.63+ 0.15 for two successive pinholes in the differentially pumped vacuum
B-chloroethyl radicals at 700 Torr pressdfeWith the o/ system to redgce the background signal. The beam is sampled
chloroethyl radical distribution given later, this rate constant With the off-axis mass analyzer of the mass spectrometer, and
ratio is 0.46+ 0.08. Using the assumption of Kaiser et'&l. the mass signals are fed to a phase-sensitive lock-in amplifier
thatks = 9 x 1012 cmd/(molecule-s), the same as for the tuned to the chopping frequency. The measured mass ranges
C,Hs + O, reactiont4 ks = 4.2 x 10-12is obtained. This result are repeatedly scanned, usually-AD times, to give a good

is in excellent agreement with the value kf = (4.37 + statistical average, and the mass intensities are recorded for data
0.69) x 102 cnm¥/(molecule-s) derived from direct photolysis/ ~acquisition. Each mass signal is corrected for its small back-
photoionization mass spectrometry (MS) measureni€tsw- ground value recorded prior to the start-up of mass flow. The

ever, this result is~2 orders of magnitude higher than what chopping and phase-sensitive detection ensures that we are
was estimated for it as a side reaction in the direct flash system Sampling species that have not made collisions after leaving
used for the kinetic study of reaction 1. In ax@ich system, the reactor.

the chain recovery of Cl by reaction 5 would reduce the  With the reactor volum&/, and orifice size just described,
measured Cl consumption rate, although no such effect wasthe first-order escape rate constant for any gas component of
observed when a [)[Cl ] ratio of ~250 was used for control ~ massM is given bykey = 0.546(T/M)¥? s°1, whereT is in
measurements at 100 Torr overall pressure. In contrast, the degrees Kelvin. The strictly controlled gas inlet and outlet
[O2)/[Cl;] ratio was varied between 2 and 10 in the forfder  dynamics establish the well-defined steady-state flow conditions
flash system. The absolute rate constant measurements justn the reactor, which operates in the Knudsen flow regime.

presented show good agreementkinvalues, but with some In addition to the mass analysis of Cl,»Cand HCI, there
unexplained inconsistency in the rate of side reaction 5 that we are three chlorocarbon compounds with considerable fragment
will return to later. interference in their spectra. The resolution of those spectra is
The H atoms in the-CH, group of CHCH,CI are about a fundamental and essential part of our kinetic investigation.
four times more reactive in reaction 1 than those of tf@H; Mass spectral calibration for a given gas component of mass

group. The two isomers of the ;8,Cl radical cannot be M s carried out by measuring the mass signal interigitgts a
measured separately by our MS analysis, but the isomeric radicalfynction of the specific fluxe(M) according to the relationship
ratio is measured in a number of studies by secondary product,, = amF(M), whereay, is the mass spectral efficiency for mass
analysis>~"1213Regardless of the absolute valueskgf they M and F(M) = flux/V; in units of molecules/(cfss). This
report the CHCHCI radical at 81 to 83% of total radical  relationship is strictly linear in the mass flow range used as is
formation, with a good average of 82%. This radical isomer shown in Figures 1 and 3. The steady-state concentration of
distribution was taken into account when CalCUIating the the gas Componemﬂ in the reactor cell can then be calculated
exothermicity of reaction 1. from the relation M] = F(M)/kau.

The inconsistencies in the kinetic measurements of reaction ;i mass spectrometer is very sensitive to halogenated

1 call for further investigation of this subject by altern_ative species including ethyl chloride (RCI) as shown in Figure 1,
methods. Our very-low-pressure reactor (VLPR) system is well ;o0 the  cross-section efficienciess| are (3.528 +

suited to carry out this task by measuring the rate of reaction 1 082) x 10-10 with 40 V and (1.01+ 0.02) x 10-10 with 20
under steady-state conditions that, in turn, also allows the kineticv' ionization energies. The total. ion yiélﬂx incorporates the

study of both reactions 2 and 3. contribution of a large amount of fragmentation of the parent
molecule even at low ionization voltages. These fragments can
be assembled into three groups according to the three possible
The VLPR system used for the current kinetic investigation types of initial break-up of the molecule. The electron energy
is the same®16 three-stage system with all turbo-pumped dependence of these group contributions is shown in Figure 2.
equipment we have used for all previous studies. It has beenThe group distributions (in percentage) at the two electron

Experimental Section
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Figure 1. Sum of ion signals (in arbitrary units) of ethyl chloride (RCI)
recorded from mass 25 to mass 66 at various specific flow rates Figure 3. Sum of mass signals of vinyl chloride recorded from mass
(molecule/crts) of a 4.80% GHsCl/He mixture using 20 and 40 V 25 to mass 64 at various specific flow rates of 4.84%1{Cl/He

ionization energies. mixture using 20 and 40 V ionization energies.
% |52 = 23.4:2.0272.691.88:0.37,|512|5oi|492|481|47 = 22.85:2.34:
100 - 70.094.00:0.72, andglzgly = 49.3843.54:7.08 (with the
1 largest peaks in boldface).
90 - There are no measurable signal intensities over the back-
ground values between these groups. The empty mass range
80 - between mass 35 and 39 indicates that no ionized fragment
zl, (x=60-66) species (Cl, HCI) are found at up to 40 V electron energy. This
701 O a0 ~ finding simplifies the accurate measurement of Cl and HCI
60 - Y = ~ U concentrations because they are free from fragment interference.
* The analysis also reveals that ousHsCl/He mixture is free
50 from C;Hg contamination (no mass 30 signal). Mass sidegl
the 37Cl isotope of GHsCl, was chosen for the ethyl chloride
40 - concentration measurement. It is a compromise on sensitivity
i I, (e=25-28) for a direct, fragment-interference-freeHCl measurement.
30 - O Its cross-section efficiency can be easily obtained from the signal
oo ~ intensity distributions described ags = 0.6627 x 0.2245x
20 - as(V = 40 V) = 5.249 x 1071 and 0.7687x 0.2304 x
5, (x=47-51) as(V=20V)= 1.787x 1071L The increase in (the generally
104 o—-o—o—6O——— small) mass 65 signal intensity due to reactions is then a direct
0 W—v ‘ ‘ measure of the £14Cl radical concentration. The use of isotope
10 20 a0 40 50 60 70 86 mass signal intensities is the most straightforward mass spectral
V. Volt analysis of GHsCl and GH,4CI concentrations compared with

multistep corrections for fragment contributions to resolve the
Figure 2. The three main group ion signal contributions (in percentage) signal intensities of masses 64 and 63.

of total ethyl chloride signals as a function of electron energy measured 3 ; P :
with 1.795x 102 molecule/(crits) specific flow rate of gHsCl. Solid The fifth component of the reaction system is vinyl chloride

circles represent average values of various flow rate measurementsOfmed in both reactions 2 and 3. A calibration procedure,
calculated from the data of Figure 1. similar to that of GHsCI, was carried out for €43Cl mass

spectrometry using a 4.84% ,id;Cl/He gas mixture and
voltages used for kinetic measurements are as follows: For 40recording the signal intensities in the mass range from 25 to

eV, ZIx(X = 25-29)3lx(X = 47-51)ZIx(X = 60—-66) = 64. The total mass signal intensity versus th&l4CI specific
26.70:7.03:66.27, and the individual mass intensity distributions flow rate is presented in Figure 3. The slopes corresponding to
(in percentage) within these groups dggles:ls4:le3162:161:160 the cross-section efficiencies arg = (3.9114 0.038)x 1010

= 22.45:2.3169.732.88:1.12:0.93:0.5851: 1501 49:1 45147 = 21.01: with 40 V and (1.624+ 0.022) x 10710 with 20 V electron
2.6569.105.22:1.90, andyg:l2g:127:126:125 = 34.5129.56:8.47: energies. The fragment signals are found in two groups. The
0.56 (with the largest peaks in boldface). For 20 &(X = electron energy dependence of these group contributions is
27—29)3lx(X = 47-51)Zlx(X = 62—66) = 19.43:3.70:76.87, shown in Figure 4. The group distribution (in percentage) at
and the individual mass intensity distributions &gl es:l64:163: the two electron voltages used for kinetic measurements are as
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% intensities are repeatedly scanned and the CI/HCI distribution

120- as well as the CI concentration are calculated (columns 5 and
6 of Table 1, respectively). The initial BsCl concentration
100 - (column 4 of Table 1) is calculated from the flow of theHg-
% o e Cl/He mixture. Then, the mass spectrometer is set to scan the
- mass range 6666 repeatedly using both 20 and 40 V electron
energies. The &4sCl concentration (column 7 of Table 1) is
calculated from the average of mass 66 intensities measured at
&0~ both voltages. Note that the Cl atom and HCI molecules have
the same spectral sensitivitis.
40,
Results
Th(x=2527)
- e,eeﬁ—e—e—e—e—e—e The overall mass analysis shows no measurable products
outside those of reactions-B. When correcting the mass signal
0 : intensities of masses 60 and 61 for contributions frogHl4ClI
oo N 40 % & V\/70(I)t 80 and GHsCl fragmentation, they are reduced to near zero values.

] ) o ) ) Also, no dichloro products of Cl addition to vinyl chloride,
Figure 4. The two main group contributions (in percentage) of vinyl

chloride fragmentation as a function of electron energy measured with
1.59 x 102 molecule/(cr&-s) specific flow rate of @HsCl. Solid circles

represent average values of various flow rate measurements calculate

from the data of Figure 3.

follows: For 40 eV ZIx(X = 25—-27)ZIx(X = 60—64)= 18.21:
81.79, and the individual mass intensity distributions (in
percentage) within these two groups byl e1:l62: 163164 = 2.72:
4.2468.292.73:22.24 andys:lo6l27 = 5.60:21.8872.62 (with
the largest peaks in boldface). For 20 eNiy(X = 26—27):
Slx(X = 60—-64)= 6.37:93.63, and the individual mass intensity
distributions ardei:ls2:le3:l6s = 0.4372.51:1.83:25.23 andiy:

lo7 = 2.7597.25(withe the largest peaks in boldface).

which would require effective third-body collisions to occur,
are found in the mass range -9000. These observations

dndicate that no further reaction of the Cl atom with vinyl

chloride take place in our millitorr pressure system.
Application of steady-state conditions for that three-reaction
system leads to kinetic equations similar to those we have
derived for the Cl/GDg reaction systef§ earlier.
Combination of the steady-state kinetic equation for ethyl
chloride (RCI) consumption and chloroethyl radical*CR

formation defines the steady-state’@} concentration as

2A[RCI]k gz — ki [RCI[CI]

R =101l + kg

(6)

No measurable signal is found between these groups.
Therefore, the mass spectral analysis of the Cl atom and HClThe radical concentration can also be derived from the
can be carried out with no signal interference fl'OI'ng:l Consumption differences of reactants as
fragments. However, the spectra of the two chlorohydrocarbons
overlap in the mass range 664. They can be resolved for the [R'Cl]K.pc) = 2A[RCIKope — AI[CT Kog

whereA[RCI] = [RCI], — [RCI] and A[CI] = [CI], — [CI].

C,H3Cl + C,HsCl composition using the distributions just
presented to make appropriate corrections.

In the course of experimental measurements, theflGlv Substituting eq 6 into the steady-state kinetic equation for
using a 5% GClHe composition is started first through the Cl atom consumption, the basic kinetic equation for combined
microwave discharge inlet, and mass signal intensities of Cl Cl| atom and RCI consumptions is obtained as
isotopes are repeatedly recorded. This measurement serves for
the check of the mass spectral sensitivity using the known ClI
flow as standard. Then, the microwave generator is turned on
and its power is adjusted to total dissociation of, @hich is
indicated by the disappearance of; @hass signals and their
replacement by Cl atom and HCI signals. From the CI/HCI
signal intensity distribution measured with 20 V electron energy _
(column 2 of Table 1), the initial steady-state Cl concentration 2 K Cl] + Kepcy
is calculated as [C]= 2F(Clp)lc/(Ic) + lhc)kec These values
are given in column 3 of Table 1. Afterward, theHGCl flow Becausek, is not known yet, eq 7 is examined by linear
is then started through the second inlet and gradually increasedregression analysis by floatirkg around its expected value. The
until a sizable decrease of Cl signal (accompanied by a balancedbest solution of eq 7 is obtained wika = 1.18 x 10711 cm?/
increase of HCl signal) is achieved. The new Cl and HCI signal (molecule-s) as shown in Figure 5, where the slope is equal to

(62)

AlCH], ARRC]
[CI] Rect — <12 [CI] PeRCI

1 -1)k[RC  (7)

where
k[Cl] 1

and (l—fz)zm

TABLE 1: Initial and Final Steady-State Concentrations? of Reactants and Products Formed in Reactions 13

[¢]
ICI

ﬁ X 102 L
no. Fer T Phel [Cllo [C2HsCl]o lar t e [cn [C.HsCl] [CoH.CIJP [C2HCI]°
1 45.6 9.23 7.64 14.0 2.83 2.70 1.22 3.66
2 49.4 9.99 9.93 11.8 2.38 3.96 1.65 4.25
3 52.8 10.68 11.36 11.1 2.25 4.74 1.83 4.70
4 52.8 10.68 14.51 8.2 1.65 7.23 2.37 4.85
5 34.8 7.05 13.35 5.2 1.05 8.16 2.12 2.94

a All concentrations are in units of ¥particles/cr ® Calculated according to eq 6Calculated according to eqs 10 and 19&pectral sensitivities
of Cl and HCI are the same.
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Figure 5. Relative consumption rate of reactants as a function of
reduced ethyl chloride (RCI) concentration in the CI/RCI two-
component system plotted according to eq 7. The slope givaisectly.

the rate constarky = (8.07+ 0.36) x 102 cm?/(molecule-s).
With the knowledge of these rate constants, th€lRadical
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A[ClIKec - k([RCIICI]
[RCH

4-

kp = (1.18 £ 0.06)x10™"! em®/(molecute-s)

0 3

[cix1o™
Figure 6. CI + chloroethyl radical (RCI) disproportionation rate

concentrations for each experimental run can also be calculatedreaction 2) in the CI/RCI two-component system plotted according to

according to eq 6. These calculated values are given in column
8 of Table 1.

Knowing k; and the radical concentrations, the dispropor-
tionation rate constant of reaction 2 can be rechecked and its
scatter calculated according to the kinetic equation

A[Cl ke — Ky [RCIJ[CI]
[R°CI]

k,[Cl] = ®)

that is derived from the steady-state condition of Cl atom
consumption. The plot of data according to eq 8 is presented in
Figure 6 where the slope gives the rate constant of reaction 2
directly ask, = (1.18 £ 0.06) x 10~ cm®/(molecule-s).

Applying the steady-state conditions for ethyl chloride
consumption, a kinetic equation for the radical disproportion-
ation is obtained as

kg[R'CI]? = K[RCI[CI] — A[RCl]Kyzey ©
The plot of data according to eq 9 is shown in Figure 7 where
the slope givess = (1.83+ 0.15) x 10712 cm?/(molecule-s).

Because of the £1,4Cl radical formation, a relative increase
of mass 65 intensity (and also of mass 63) is observed in each
run. The increase in théss intensity can be calculated by
subtracting the fragmentation contribution aHsCl (mass 66)
from the measuretks value: Algs = lgs — dgeleg/0es. These
excess intensities are proportional to the chemically generated
F(RCl) flow in each run, from which the mass spectral
efficiency for GH4Cl can be recovered aszci = (0.711+
0.055) x 1071* with 40 V and (0.298+ 0.034) x 10~1! with
20 V electron energy.

Vinyl chloride (VCI) is produced in both reactions 2 and 3.
Its specific flux can be obtained either from the combination
of the steady-state kinetics for Cl andHgCl consumptions
and GHsClI formation as

[VCIl Keye) = A[Cll ke — A[RCl]Keprg (10)

eq 8. The slope givek, directly.

k4[RCH[CH -A[RCl]Kerc

x10")
1.2 i

0.8 -

0.6 -

ks = (1.83 £ 0.15)x10™'2 em®/(molecule-s)
02 -

0 4 5
[RCIPx10%
Figure 7. The chloroethyl radical (&I) disproportionation rate
(reaction 3) in the CI/RCI two-component system plotted according to
eq 9. The slope givels directly.

or from the flow balance of chlorocarbon species as

[VClkevei = AIRCllkepe — [R'Cllkere  (102)
The vinyl chloride concentration values calculated according
to eq 10 are given in column 9 of Table 1.

The appearance of the vinyl chloride product is also indicated
by the increase of mass 62 intensity in the mass spectrum. Direct
spectrometric measurement would, however, require a correction
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of g2 for the GHsCI contribution, which can be done by using These reactivity changes are reflected in the Arrhenius
the GHsCl fragment distribution pattern, and a second correction parameters for reaction 1, where th&; is decreased by a factor
for the GH4CI radical fragment contribution, which is not of 3.5 andE; is increased by 0.45 kcal/mol in comparison with
known. Without that latter correction, th&le, = ayc/F(VCI) the Arrhenius parameters for the @ C,Hg reaction® Such
function gives values fooc that are 15% higher with 40 V' changes can only be interpreted on the basis of the polar
and 10% higher with 20 V electron energies than the mass character of the TS complex with dipetéipole repulsion in
spectral calibration values for vinyl chloride for mass 62 the transition state.
intensity. These deviations point to an appreciable contribution  Metathesis reactions between radicals and molecules are most
of the radical fragmentation to mass 62. easily interpreted as an electrophilic attack of the radical on

Although reaction 5 is not a constituent of our kinetic system, the electrons of the donor bond in the molectlén the case
we have checked its controversial influence in the flash of Cl attack on ethane, the TS is pictured as a 3-electron system:
system&!~14 by introducing a 10% GIHe composition flow
into the last run (no. 5) of Table 1 through a third inlet of the o &
reactor. High flow of G} corresponding to [G], = 2.43 x 10%2 c
molecule/criwas needed to cause observabjel I, product H
signals at masses 98 and 83, whereas the chlorine concentration . 5
dropped to [C]] = (2.35 £ 0.06) x 10'2 molecule/cr only. ~C—CHj5

H\\\\\“[
H

The measured new steady-state concentrations of other com-

ponents are: [gHsCl] = 7.21 x 10, [CoH4CI] = 2.00 x 104,

[Cl] =1.13x 10, and [HCI]= (2.024 0.02) x 102 molecule/

cme. Calculating the rate constant from the, @bnsumption . . . . "

kinetics ass = A[Clo]kec/[CI][R°CI], ks = (1.9 1.4) x 1013 with a partial negative charge on Cl and a partial positive charge

cm®/(molecule-s) is obtained. This rate constant can also be on the attaqked C'_ In the adjacentCH; group, _carbon IS
obtained from the steady-state consumption of Cl atom and HCI electronegative relative to H and thus favors an adjacent positive

; oAt _ harge. The substitution of H by an electronegative Cl atom in
formation kinetics ags = — (A[Cl]keci + A[HCI] kenc)/[Cl2]- en ; ;
[R"CI], which givesks = (1.4 0.7) x 10-13 cri¥/molecule-s), EE!S .metlhy' group t%hanggst.'ttst.po"f"”t.y Ega"off.‘b'Y- Note that
whereA[HCI] = [HCI], — [HCI] is a negative term. An average "> 'S &S0 tru€ it the Substitution 1s in tieeposition.
of the two measurements gives (147 1.0) x 10713 cm?/

(molecule-s). ‘cl S °cl 5
Discussion : H : H

The detailed kinetic investigation of the €IC,HsCl reaction * 5t LI
in the VLPR system discloses that the overall mechanism ~-C—CH,CI ~C—CHj

. . ) \

comprises three elementary steps, reaction8.Irhe overall R 4 H J
reactant and product analysis allows the determination of rate H d
constants for each step.

The measured rate constdqis in excellent agreement with
the value reported by Wine et ak,and a measurement of B a
reaction 5 shows it makes no significant contribution to the
kinetic measurement in the {flash system. Because of small The ground state of £ has an opposing partial negative
concentration changes in our single control measurement in thecharge on the C atom due to its greater electronegativity relative
three-component system, the scattek§ large, but it is well to H. By way of contrast, the ground state ofHgX has some
within the range estimated by Wine et!alOur value ofk; is positive charge on the substituted C atom and some negative

also in good agreement with the results of relative rate charge on the other C atom, which is a more stable configuration
measurements and of the flash/IR spectrometry technidtie  than in GHe.
at low GHsCl concentration measurements, where reactions 4  This model suggests that the rate constant should decrease
and 5 have only a small effect. with increasing electronegativity of the halogen substituent of
Substitution of an H atom by CI in ethane reduces the reactant in the reaction
molecular reactivity of GHsCl to Cl metathesis in comparison
with the reactivity of GHg by a factor 7.6 on molecular basis, Cl 4+ C,H;X —HCI + C,H,X (12)
or by a factor of 6.4 on a per H atom basik{5/6k; = 6.4),
despite reaction 1 being 3.4 kcal/mol more exothermic than the where X= H, Br, Cl, or F atom. Rate constants for reactions
C;Hg + Cl reaction. At the same time, the Cl atom substitution with Brl® and F ator substituted in @HsX are also known:
weakens the €H bond strength of the-CH, group by~1 keter = (14 £ 4) x 1072 and kg = (7.55+ 2.14) x 10713
kcal/mol, but makes no bond energy change for th@Hs; cm®/(molecule-s). Plotting Irkeix versus the electronegativity
group. The change in the reactivity pattern is even more explicit values §p) of halogen or H atom substituents given on the
when the group reactivities are compared. The reactivity of the Pauling scal& results in a good linear relationship, as shown
—CHjs group in GHsCl is reduced by a factor of 21 (k&/ in Figure 8. Figure 8 indicates that the main driving force in
0.18&; = 21.2). A comparative decrease of th€CH, group reaction 11 is rather proportional to the dipole moment of the
reactivity can be derived from the rate constant of {ZH C—X heteroatomic bond than to the bond strength of the
CH; + ClI reaction, whereékpiy = (1.6 £ 0.14) x 10710 cm?/ attacked G-H bond. This is why the EvardPolanyi relationship
(molecule-s) at room temperatureThe partial reactivity of that does not hold for reactions of halogenated compodatisost
—CH, group is reduced by a factor of 15kpn — Kew)/ of other electronegativity scales of X atoms, like the recently
0.8%; = 15.1] by replacing one-CHjz group of propane by a  introduced covalent potentiad,also give formal linear relation-
Cl atom. ships similar to that of Figure 8. Reactivity of polyhalogenated
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Figure 8. The activation free energy change of reaction 11 as a function
of electronegativities of X substituents on the Pauling scale.

hydrocarbons is a more complex problem where internal
contributions from local dipoles have to be taken into ac-
count?0.24

Reaction 2 is an important step of the overall reaction
mechanism because it is responsible for-34% of the total
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enough to calculate a reliabkgvalue using our measured rate
constanks, but suggest it is in the range of»6 10712to 42 x
10712 cm¥/(molecule-s).

Conclusions

The VLPR system offers a well-controlled experimental
technique for the accurate kinetic investigation of the multistep
chemical process Ct C,HsCl at millitorr pressures. Detailed
mass analysis of reactants and products using sensitive mass
spectrometric measurements discloses that the overall mecha-
nism is comprised of three elementary steps, reaction3, 1
which account for~98% mass balance of chemical changes in
the system. Rate constants for each elementary step can be
calculated from the analytical data.

We findk; = (8.074 0.36) x 1012 cm¥/(molecule-s), which
is in excellent agreement with the value reported from the ClI
flash/Cl resonance fluorescence stdélit is also in good
agreement with the results of relative fatend C} flash/IR
spectrometry of HCI product measureméafBhe decrease in
the molecular reactivity of §4sCl compared with that of &g
in H abstraction reaction with Cl atom correlates well with the
electronegativity of the CI substituent arising from a dipole
dipole repulsion in transition state. Such an effect of halogen
substituents in €HsX (X = H, Br, Cl, F) is shown in Figure 8.

The measured rate constant for reaction Ryis= (1.18
0.06) x 10711 cm®/(molecule-s), which is about the same as
obtained earlier for g@4s + Cl or Br reactions:?® This value is
consistent with the proposed mechanism of aténradical
disproportionatior?® Most striking is the absence of any radical
recombination products. Measurements for radicatlical
disproportionation rate giveg = (1.83+ 0.15) x 10712 cm?/
(molecule-s), which is slightly less than that measured for the
2C,Hs disproportionatior. A few measurements of the;B,-

Cl atom consumption. The measured rate constant is about theCl reaction with Cj give a value oks = (1.7 + 1.0) x 10713

same as for the similar £s + CI or Br reactions reported
earlier325 This reaction proceeds via a recombination to form
a vibrationally excited singlet [§H4Clo]*, which is the rate-
determining step, followed by a rapid four-center elimination
to produce HCI. Detailed analysis of such atoradical
disproportionation is described in our earlier wéfk.

The direct mass spectrometric measurement of ti¢,Cl
radical decay in our VLPR system allows us to obtain the
radicat-radical disproportionation rate const&gtwithout any
interference from other radicatadical decay processes such

cm®/(molecule-s) for the rate constant.
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