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Abstract; The kinetics of Cl atom reaction with ethane at 298 K were studied with the very low pressure reactor (VLPR).
In the very early stages of reaction, with [Cl] > [C,H,], there is a very fast and irreversible reaction (1), producing HCI +
C,H; followed by a slightly slower reaction (2) of Cl with C,H; to produce HCI + C;H,. An extremely slow reaction (4)
of Cl with C,H, to form HCl + C,Hj can also be seen followed by a2 much faster reaction (5) of Cl with C,H; to form HCI
+ C,H,. After 50% Cl conversion when [Cl] < [C,Hg], only reactions 1 and 3 (the disproportionation of C,H;) are important.
By studying the reaction over large ranges of concentration of both Cl and C,Hg, it is possible to obtain all rate constants
except for (5) with good accuracy (cm?/moleculess X 10'): k, = 6.10 £ 0.11, k, = 1.21 £ 0.04, k3 = 0.227 £ 0,006, k4 =
0.050 £ 0.002. Reaction 2 occurs via an initial recombination that is rate determining and can be described by the recently
modified Gorin model for recombination. Ethyl radical disproportionation (3) is well described by a contact-transition-state
model. From k; and the known ratio for disproportionation to recombination of 0.14 £ 0.01, the rate of recombination of
ethyl radical at 298 K is calculated as k, = (1.62 * 0.14) X 107"! ¢cm3/moleculess = (9.7 £ 0.8) X 10° L/mols.

The reactions of atomic chlorine with hydrocarbons have been
extensively studied for various chemical and theoretical purposes
for many years. Earlier investigations have been confined mainly
to competitive chlorination techniques! and provided reliable
kinetic data. In recent years, a renewed interest has been devoted
to the systematic study of H atom metathesis by Cl atoms at low
concentrations and at reduced pressures. These reactions are
quenching processes in the stratographic ozone Cl chain reaction?
initiated by anthropogenic chemicals. Although Cl reactions with
H, and CH, are considered to be major sinks of Cl, since they
are relatively abundant at stratospheric altitudes, other hydro-
carbons and their halogen derivatives may also compete due to
their much higher reactivity with Cl atom at stratospheric tem-
peratures.

To obtain accurately measured rate constants for use in at-
mospheric models, improved techniques of kinetic measurements
have been used. These include flash photolysis® combined with
flow cell,* discharge flow tube,’ all with time-resolved Cl resonance
fluorescence analysis, as well as low-pressure rapid flow tube
system with alternate mass spectrometry, and resonance
fluorescence analysis.® All those kinetic methods have employed
the pseudo-first-order approximation by measuring either the
time-resolved relative fluorescence decay of Cl emission or the
mass spectrometry signal of the substrate. Their results have been
used as the “best” constants for Cl reaction of such substrates as
Hz, CH4, Clzo, CIOZ, etc.

The use of the pseudo-first-order approximation is only valid
when the substrate concentration (RH) is essentially unchanged
during the course of the reaction and no secondary reactions occur.
This is generally not the case in the reactions of Cl atoms with
C,H, or higher hydrocarbons when very fast bimolecular Cl-
radical processes as well as fast radical-radical reactions can occur,
These can give rise to systematic errors and anomalies that have
been reported. Such anomalies can be found in the slight pressure
dependence of the rate constant of the Cl reaction with ethane
in a flash photolysis system? and, to some lesser extent, as a flow
rate dependence of the same rate constant when compared to the
results obtained with flow cell* and discharge flow tube® kinetic
techniques.

In principle, the interference of secondary reactions of products
and intermediates can optionally be suppressed by reducing the
initial concentration of the component undergoing first-order
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decay. In practice, it is a limited option, since its time-dependent
concentration may quickly be reduced to the detection limit.
Another remedy in fast-flow systems is to decrease the overall
pressure of the system, but these increase the relative error of the
rate constant measurement due to large corrections for radial
diffusion and back-diffusion. It may also create slip flow. In-
creasing the flow rate can be accompanied by large pressure drops
or, in the extreme, with violation of the conditions for Poiseuille
flow.

All of these problems can be avoided by use of the VLPR (very
low pressure reactor). By working in the millitorr pressure regime,
we avoid complexities due to atom-radical and radical-radical
recombination. By working with different orifices and, hence,
different residence times, we can study extremely rapid reactions.

To face the problem of possible side processes outlined above,
we have abandoned the pseudo-first-order approximation and
varied the initial concentrations of both components over wide
ranges. Simultaneous analysis of steady-state concentrations of
both reactants and products was done by mass spectrometry with
direct molecular beam sampling, This real second-order inves-
tigation creates some experimental difficulties in requiring the
proper initial concentrations of reactants such that neither of them
runs out of the well-measurable ranges.

In the Cl/C,H; system, secondary reactions produce stable
molecules C,H, and C,H, as well as HCI and measurable con-
centrations of C,H; radicals. Mass spectrometric observations
at all masses allow us to see all possible products of the reaction
such as C,H;Cl, C4H,o, C,H,Cl,, etc. (none of which were ob-
served), and to do mass balances on all species, thus making it
possible to obtain an absolute mass spectrum of the ethyl radical.

Experimental Section

VLPR system is a versatile kinetic tool for the quantitative study of
elementary fast reactions in the gas phase at low pressure. It is specially
designed to eliminate a number of basic problems arising from viscous
flow, diffusion, and other inhomogeneities of flow tube and non-steady-
state reactors.” It falls into the category of flow cell reactor systems,
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but having no flow velocity profile since it is a well-stirred reactor. This
system has been successfully used for investigations of chlorine atom
reactions and equilibria® earlier.

The system applied to the present study is a “three-chamber” variant;
its technical parameters, use, and escape rate constant calculations are
described in detail elsewhere.” The bottom of a Teflon-coated FEP-120
cylindrical reactor cell of 215.7-cm3 volume is assembled on a quickly
adjustable mechanism of three discharge orifices with diameters of 0.193,
0.277, and 0.485 mm. Further on, they are noted as ¢,, ¢;, and ¢s in
increasing order of sizes. The orifice changeover is executed from outside
without breaking the vacuum, thus changing the steady-state concen-
trations in the reactor cell under fixed inlet conditions. With this reactor
volume, the unimolecular escape rate constant is ko = a,(T/M)V2 (s™'),
where T is the absolute temperature, M is the mass of any individual gas
component present in the reactor cell, and a, = 0.285 for ¢,, 0.546 for
¢3, and 1.321 for ¢ orifices. The heating/cooling jacket of the reactor
cell is connected to a constant-temperature bath circulator (Neslab
RTE-5B), and the reactor temperature was kept at 25 % 0.02 °C during
all runs by monitoring the temperature with thermocouples at the inlet
and outlet ports of the jacket.

A 4.5% Cl,/He mixture was prepared in a storage bulb by prior direct
measurement of the partial pressures of the components (both Matheson
research-grade gases). It was flowed to the reactor cell through a flow
subsystem, consisting of a 586-cm? buffer volume and 100-cm-length
interchangeable capillary resistances of 0.203- and 0.356-mm internal
diameter. Before being allowed enter in the reaction cell, the Cl, content
underwent 100% dissociation in a McCarrol antenna cavity of Opthos
microwave power generator operated at from 25 to 80 W of 2.45-GHz
output. Complete dissociation of Cl, can be well controlled by the mi-
crowave power at up to 5 X 1015 molecules/s flow rate and is checked
by mass spectrometry.

A 4.94% C,H¢/He mixture was prepared in a similar way from
Matheson research-grade ethane and fed in from a buffer volume of 604
cm? through 100-cm-length capillary resistance of 0.229-mm internal
diameter. The upstream pressures of both feed lines were controlled by
Validyne pressure transducers in a range between 10 and 40 Torr and
kept constant during each run.

Results

Preliminary experiments on the Cl atom reaction with ethane
disclosed that the primary step (1) of H atom metathesis is fol-
lowed by two disproportionation steps. This suggests that at least
the following three consecutive steps occur in the given system;

k
C,H, + Cl — HCI + C,H, ()
k
C,H; + Cl — HCI + C,H, )
k
2C,H; — C,H, + C,H, 3)

The considerable influence of reaction 3 can be well observed
experimentally by increasing the residence time at constant inlet
flow condition of the reactants. These tests indicated a clear-cut
orifice dependency of Cl consumption on reaction 3. No traces
of radical-radical or atom-radical combinations were ever found
in our studies, e.g., n-C,H,, or C,H;Cl.

Later on, the fourth step of

k
C,H, + CI == HCI + C,H, (4)

was found necessary to fit the data at longer residence time, In
spite of its slow rate, it can contribute especially at high conversion
rates of ethane when ¢, or ¢, orifices were used to increase the
residence time.

These secondary reactions make the interpretation of the mass
spectra a complex task. Mass 30 can be uniquely assigned to
C,Hg, but both C,Hs and C,H, contribute to mass 29 and also
to mass 28 by fragmentation. To effect accurate assignments for
each species, we made use of spectra measured at different energies
of the ionizing electron beam.
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Figure 1, Percentage of HCI fragmentation (ordinate) as a function of
the ionizing electron energy (abscissa) in the quadrupole mass analyzer
recorded at 1.16 X 10'* cm3/molecule-s specific flow rate of pure HCI.
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Figure 2, Mass spectra of ethane as a function of electron energy (ab-
scissa) in the quadrupole mass analyzer at 1.46 X 10'2 cm®/moleculess
specific flow rate of 4.94% C,Hs/He mixture. Ordinate: percentage of
each peak.

Cl, is easily distinguished from Cl or HCI by the mass peaks
at 70, 72, and 74. Similarly, HCl is easily measured by the parent
peaks at masses 36 and 38, However, it contributes to the mass
peaks at 35 and 37 used to measure Cl atoms, In Figure 1, we
show the contribution of HCI fragmentation to mass 35 as a
function of electron voltage. At 20 eV the fragmentation of HCI
is 0.24%. Its absolute amount is usually much less than chlorine
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atoms consumed by reaction 4 in any of the experiments, For
this reason, 20-¢V electron energies were selected for recording
Cl concentrations. Deviations in chlorine mass balance, [Cl], =
[CI] + [HCI], were found to be less than £2% throughout the
experiments.

Fragmentation of ethane is a more complex process as shown
in Figure 2. At 20 eV, only two fragments at 28 and 30 account
for 91% of the mass peaks. Mass 29 is only 9%, but the ethane
decomposition is a steep function of the mean electron energy at
20 eV. However, if all voltages of the ion source are well op-
timized, so that the ion formation chamber works well within the
oscillation stable area, the fragmentation ratios can be reproduced
accurately with the reset of the ionization voltage. At 40 eV, the
fragmentation of ethane is less sensitive to electron voltage and
the signal is 3 times larger than at 20 eV, but two more fragments
at 26 and 27 appear in the spectrum. To minimize the source
of error due to fragmentation, mass scanning between m/e 26 and
30 was carried out at both ionization voltages, and the kinetic
results obtained are presented with marked symbols in the figures.

Ethane flow rates versus mass spectral signal are presented in
Figure 3a,b where the C,Hs/He mixture prepared for experi-
mentation was used, Each point is the average taken with all three
discharge orifices. C,Hg spectra can be applied to the calculation
of ethane concentrations directly.

By application of the steady-state condition to Cl, C,H¢ (RH),
and C,H;(Et), the following relations can be derived

2k5[Et]? = ky [RH][CI] = (k,[Cl] + k) [Et]  (5)
_ 2A[RH]k. gy — ki [RH][C1]

AT E G
A[CI]k, o — k,[RH][CI] - k,[O1][CI
g - ko KRHIC - kiOCY

where A[RH] = [RH], - [RH], the difference between the initial
and final concentrations of ethane at any fixed flux setting for
reactants. Note that the steady-state concentration of a reactant
(RH) such as C,Hg, in the absence of reaction, is given by [RH],
= &ry/ Vikory Where ®gy is the flux and V, is the reactor volume.

When (Sa) and (5b) were equated, the kinetic equation for the
difference in the relative consumption of chlorine and ethane takes
the form

AfCl) k,(Cl]  A[RH]
[Cl] ¢ “Ky[Q] + kg, [C1] RHT
k,[C1]
kiOl]= k1 - GO + kop, [RH] (6)

Ethylene concentration [O1] can be derived from the steady-
state conditions for C,H, established by reactions 2—4 and by its
escape rate that leads to the relationship

A[Cllkeci = A[RH]k, ry = (2k4[CI] + ke0))[O1]  (7)

k4 is the smallest term in eq 7, of order 10713, so that 2k,[Cl] «
k.o, and the ethylene concentration is given by

A[Cl]ke a~ A[RH]keRH

keOl

[01] = ®)

Figure 4 shows that the approximation of eq 8 fits the data to
better than 96% throughout the entire range of experiments. One
consequence is that eq 7 cannot be used for the direct calculation
of k4 since it is not sensitive enough to k,.

When eq 6 and 8 are combined, the explicit kinetic equation
for the calculation of k, is

A[Cl]k k,[Cl]  A[RH]
[Cl] "9 “h,[C) + ko [Cl] eRHT
A[Cl]kec, — A[RH]k gy _ k,[Cl]
‘ foon =k ‘hmn+hm»Rm

®
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Figure 3. Mass spectra of ethane recorded at various specific flow rates
(abscissa) of 4.94% C,H¢ mixture: (a) at 20-eV ionization energy (1 cm
= 0.15-¢V signal display with beam modulation); (b) at 40-eV ionization
energy.

Concentrations of the reactants are directly measurable
quantities in each run, but the calculation of k, from eq 9 requires
the knowledge of k, and k,. Since there are no reliable direct
relations for the calculation of these rate constants, their real values
can optionally be approached by two separate linear regressions
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Figure 4. Mass balance between the consumption of reactants and
ethylene formation approximated by eq 8. Dotted line shows the exact
relationship by calculation. Orifices used for obtaining the given data
pairs: @, ¢ ¥, ¢3; O, ¢s5. Crossed symbols mark the results obtained
with 20-eV mass ionization potential.

in the following way: the third term at the right side of eq 9 is
small in comparison with the others, and it does not depend on
k, directly. Therefore, it can be left off, and subjecting all con-
centration pairs experienced to linear regression around the ex-
pected value of k. the best fit of results is obtained with k, =
(121 £0.04) X 107" cm?/molecule-s, The sequel of this stepwise
approach is illustrated in the upper part of Figure 5. Presentation
of the kinetic results in Figure 6b, according to the incomplete
form of eq 9, shows that the description of the system would
relatively be poor without reaction step 4.

Repetition of regression according to the complete form of eq
9 with a now fixed value of k, gives k, = (4.98 £ 0.17) x 1073
cm?/molecule-s, as illustrated in the lower part of Figure 5.

With the above values of k, and k,, the rate constant of chlorine
atom reaction with ethane is found to be k, = (6.10 £ 0.11) X
107" em?®/moleculess, as shown in Figure 6a, over a relatively wide
range of concentration variations. A simple comparison of Figure
6a with Figure 6b of the same scale exhibits the improvement in
the reaction scheme by taking reaction step 4 into account. It
is also worth noting that the chlorine atom driven dispropor-
tionation related to the discharge rate and expressed by k-
[C1]/(k,{Cl] + k.g,) was varied between 0.20 and 0,86 in the
experiments.

The solution of eq 5 with the substitution of either eq Sa or 5b
leads to identical functions for the calculation of k, in the
knowledge of ethyl radical concentration. The first variant is the
simplest one expressed in the form

A{RH]k gy = k;[Et)? (10)

The mass spectrum of the ethyl radical registered during the
reaction is not proportional to the radical concentration directly
as it contains contributions from both the ethane and the ethyl
radical fragmentation. There is no direct calibration to the relative
flow rate or concentration of ethyl radicals. However, there is
a good accordance of the ethane-related mass flow balance of pure
fragmentation with combined reaction—fragmentation products,
in spite of the quite different distribution of components in the
two processes. These coincidences, presented in Figure 7a.b,
suggest a reliable vertical unfolding of mass signals by taking

Dobis and Benson
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Figure 5. Sequences of regressions in calculations of k, (a) and k, (b).
r is the coefficient of regression.

advantage of the well-defined fragmentation functions given in
Figure 3a,b. This signal unfolding proceeds as follows: first, the
contributions of ethane fragmentation to each mass signal
downward from m/e = 29 are calculated and subtracted, starting
with the actual specific flow rate signal of C,H, according to the
C,H, signal/flow relation of Figure 3a,b. If there were no re-
actions, the corresponding subtractions would have resulted in zero
values of each signal from C,Hs down to C,H, at 20-eV and to
C,H,; at 40-eV electron energies. The residual signal of ethyl
radical is reduced by its own fragmentation, which can be cal-
culated by a second propagation downward, now starting with the
M, function of Figure 3a,b. In the case of 20-¢V ionization
(Figure 3a), this second reduction is just one step. The whole
procedure can be followed graphically in the figures referred to.
However, an analytical method was used for exact calculations.

To sum up the mass signal spectrum of ethyl radical obtained
with the first and second subtractions, the specific flow rate of
C,H; in relation with ethane flow is established by the mass 29
relation of Figure 3a,b, which when divided by its escape rate
constant, gives the radical concentration. In a similar way,
summation of residual signals of m/e = 26-28 leads to the cal-
culation of ethylene concentrations shown in the abscissa of Figure
4,

Ethyl radical concentrations obtained are plotted according to
eq 10 in Figure 8, resulting in the ethyl radical disproportionation
rate constant of k3 = (2.27 £ 0.06) X 107'2 cm?/molecule:s, The
above method of unfolding can be applied with adequate accuracy
when the residual radical signal obtained from the first subtraction
constitutes at least 10% of the overall mass signal. Below that
percentage, a second subtraction will result in a large scatter.
While the experiments were designed to study the primary step
of H metathesis, that falloff happened in only two runs with
relatively high flow rates of ethane. These results are omitted
from Figure 8.

Discussion
Kinetic investigation of Cl reaction with ethane is a more

complicated task than with methane due to secondary dispro-
portionation processes. Either of them is fast enough to compete
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Figure 6. (a) Dependence of relative consumption rate of reactants on
ethane concentration plotted according to eq 9. Initial and actual con-
centration ranges are [Cl], = (1.70-35.73) x 101, [C,H], =
(0.44-13.17) X 101, [C1] = (0.91-8.34) X 10!\, and [CsH¢] =
(0.29-1.79) X 10" molecules/cm?, Symbols of orifices are the same as
in Figure 4. (b) Same as (a), but without reaction 4 of ethylene formed
in the process.
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Figure 7. Sum of mass peaks (26—30) (abscissa) as a function of ethane
flux (ordinate) observed with different orifices and at various extents of
reaction with Cl. (a) Ionizing energy = 20 eV. © represents the sum
of mass peaks, observed with no reaction. (b) Ionizing energy = 40 eV.

to some extent with the first-order-approximated decay of any
of the two primary reactants used in excess in flow discharge
systems, In low-pressure helium-diluted systems, they are the
thermochemically probable channels for intermediates since the
third-body requirement for recombination makes it very slow. The
static system of flash photolysis® used in the overall pressure range
7-98 Torr found systematic variations in k; = (6,5-7.3) X 1071}
cm?/moleculess, a clear indication of a small interference by some
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Table I. Comparison of Characteristics and Application Conditions of Flow Systems in Cl + C,H, Studies

Dobis and Benson

rapid discharge

rapid discharge

flow cell/fluorescence

flow/mass spectrometry flow/fluorescence emission VLPR
characteristic parameter (ref 6) emission (ref 5) (ref 4) (this work)
2P, Torr 1-2 3 5 (51-580) x 1076
F (conductance), cm?/s (5.9-9.8) X 10° 23 %103 150 (0.36-168) x 10°
@ (flow rate), cm® Torr/s (9.5-19.0) X 10° 6.8 X 10° 750 (1.8-97.5) X 1072
v (linear velocity), cm/s 1200-2000 2000 1.9 20.7-96.8
1 (residence time), s (2.5-40) x 107 0.02 5.7 0.12-0.55
X (mean free path), cm (1.2-7.0) X 1073 47 % 107 1.0 X 107 16-180
w (collision frequency), s™ (9-18) X 168 27 X 108 38 % 10¢ (5-55) x 102
[Cl)o/[C5H4lo (2-3.5) X 10'?/ (2-10) X 10"/ 3% 102/10° (1.7-36) x 1011/
(7.5-38) x 10 (0.7-4.6) X 102 (6.4-13) x 10!
carrier gas He He Ar He
ky X 10" (at 298 K), cm/moleculess 595 +£0.28 40+ 1.2 6.0+ 08 6.10 £0.11
-
A[czr-islkeczH6 x40 H
2
& 14
0 v 1,54
v
8 —
6 @]
v
4+ .
ky= (2,27 £0.06) x 10
® 2n7re \
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er b2} ! ’ ! Figure 9. Configuration of the C;H, + Cl transition-state model.
b3t TV, =20V; VV,=40V
¢s5; BV, =20v; OV, =40V structure can extend to 27° before the Cl atom makes van der
: 12 13 ‘l; | Waals contact with an adjacent atom, Using the methods de-

5
[észjz 123
Figure 8. Square of ethyl radical concentration (abscissa) plotted ac-

cording to eq 10, as a function of change in ethane flux (ordinate).
Symbols of orifices are the same as in Figure 4.

side reaction in the CI concentration decay. Therefore, it is not
the correction of removing the self-absorption loss of Cl
fluorescence intensity,'® since that is a well-known and experi-
mentally established fact,!! but rather an extrapolation to low
pressure that leads to the side reaction free area. From the
extrapolation with the data of 7-15 Torr, k, = 6,15 X 107!
cm?/molecules is obtained in excellent agreement with our result.

Table I summarizes the main gas dynamic characteristics of
some flow systems used in investigations of the Cl reaction with
ethane. The overall collision number is about 10? times less in
the VLPR system than in the other systems. This enabled us to
follow the side processes of intermediates and of ethylene product,
thereby separating the perturbations of all side processes even those
with rate constants 100 times less than that of the primary H-
abstraction process. Our k, values are in excellent agreement with
those reported in ref 3, 4, and 6. The initial concentration ratios
of components set in the experiments of ref 5 are apparently not
adequate for pseudo-first-order approximation of Cl decay.
Furthermore, a flow tube of somewhat larger diameter should have
been used to double, at least, the overall flow conductance of the
system,

The usual tight transition state with a nonlinear Cl-«H:C
structure is shown in Figure 9, The deviation from a linear

(10) Watson, R. T. J. Phys. Chem. Ref. Data 1980, 9, 295.
(11) Braun, W.; Carrington, T. J. Quant. Spectrosc. Radiat. Transfer
1969, 9, 1113.

veloped for such a calculation,!? one calculates an Arrhenius A
factor of 4; = 5.9 X 107" cm*/molecule:s with an uncertainty
of about a factor of 2. This is sufficiently close to the measured
value of the rate constant k, = 6.1 X 107!! to suggest an activation
energy very close to 0 £ 0.4 kcal. Both A factor and activation
energy are in excellent agreement with recent measurements.!?

There are no direct experimental measurements on the dis-
proportionation or recombination of Cl atoms with ethyl radicals,
not even for their ratio. The disproportionation is a relatively fast
process that originates in the process of atom-radical recombi-
nation:

Cl + C;Hy == (C,H Cl)* . HCl + C,H, + 66.7 keal /mol

Under VLPR conditions it can be shown that step b in this
sequence is much faster than step —a (k, > k,) so that step a,
the room-temperature recombination, becomes the rate-deter-
mining step. It is of interest to note that the pyrolysis of C,HsCl
that has been measured experimentally in the range 400-1130
°C has never been observed to produce radicals in competition
with the much lower activation channel forming HCI + C,H !4
The enthalpy change in step a is —84.8 kcal/mol at 298 K while
the energy change is 83,2 kcal/mol. All of this energy would have
to be localized in the C—Cl bond in order for step —a to occur.
In contrast only 56 kcal /mol, the activation energy for step b, need

(12) Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley: New York,
1976.

(13) Baul, B. L.; Cox, R. A.; Hampson, R. F; Kerr, J. A.; Troe, J.;
Watson, R. T. J. Phys. Chem. Ref. Data 1984, 13, 1259.

(14) Benson, S. W.; O’Neal, H. E. Kinetic Data on Gas Phase Unimo-
lecular Reactions; National Standard Reference Data Service (U. S. National
Bureau of Standards 21: Washington, DC, 1970; p 65. Heydtmann, H.; Dill,
B.; Fonas, R. Int. J. Chem. Kinet. 1975, 7, 973.
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be localized in the appropriate bonds for step b to occur, Although
step —a has an estimated A factor of about 10'*? s™ while step
b has an observed A factor of about 10'36 s™! extra entropy in the
transition state of step b arising from R In W, where W is the
number of ways of distributing the excess internal energy, 83.2-56
= 27 kcal/mol, overwhelmingly favors step b over step —a.

An estimate of the rate of step a or step 2 is most easily made
from the modified Gorin model for a loose transition state.!® The
rate is given by

k2 = gew(b‘)zﬁra (l l)

where g, is the ratio of electronic partition functions g.-
(EtC1)*/g.(Cl)g.(Et), b* is the Boltzmann-averaged impact pa-
rameter for the collision,!® 5, is the relative velocity of the colliding
pair, and « is the product of fractional “free areas” contributed
by each of the reactants as their own active surface fractions
occupied by free electron densities.

From the connected result of ref 15 (eq 11)

b*/ry = 1.44(V,/RT)V4 (12)

where ¥, is the potential energy for the dissociation at 0 K,
Correcting the dissociation energy of C—Cl bond to 0 K and adding
zero-point energy differences, ¥ =~ 85 kcal/mol. At 298 K, eq
12 then gives b*/rg = 3.29 with ro = 1.78 A and b* = 5.85 A.
With 0, = 446 X 10 cm/sat T=298 K and g, = 1/8,eq 1
gives & = 0,2 for the product of active surface fractions, By
definition, & = BgBcieBr = 0.42 is deduced from the data on
recombination of ethyl radicals,'® and with 8¢, = 1, since orien-
tation effects of the Cl atom are included in g,, we find k, = 2,5
X 107! ¢m?/moleculess, about a factor of 2 higher than the
experimental result,

From the experimental value of k,, or actually k, for the re-
combination, one can also calculate k_, the rate constant for the
reverse process, the fission of C,HCl. At room temperature the
entropy change in the fission is given by AS®_, = 32.0 eu. Since
by detailed balancing

k
Ka = k—a = eAS°n/Re'AH°n/RT (13)
-a

we see that

ko = ke S +/ReAH\RT (14)

If we use the simple Arrhenius form for k_, = A_e#+/8T and
neglect any small temperature dependence of k, at 298 K, then
E_., = -AH, and A_, = k,e"E+/RT. When corrections are made
to molecules per cubic centimeter standard state, we find that 4_,
= |,1 X 1015 57! and E_, is just the energy change in the fission
process, It is difficult to visualize an experimental method to
measure k., so that this calculated value may never suffer from
comparison with experimental observation.

With the exception of some high-temperature pyrolysis studies,16
there are no direct experimental data for ethyl radical dispro-
portionation; however, the disproportionation—combination ratio
is well studied over a broad temperature range!’ in both the gas
phase and solvent, A mean of recent data, in the range 290-410
K obtained with different kinetic methods and reported by different
authors, gives kq/k. = 0.14 £ 0.01.

(15) Benson, S. W. Can. J. Chem. 1983, 61, 881.

(16) Pacey, P. D.; Wilmalasena, J. H. J. Phys. Chem. 1984, 88, 5657.
Kolke, T.; Gardiner, W. C. J. Phys. Chem. 1980, 84, 2005.

(17) CRC Handbook of Biomolecular and Termolecular Gas Reactions;
Kerr, J. A., Ed.; CRC Press, Inc.. Boco Raton, FF, 1981; Vol. 2, p 80.
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By following the decay of ethyl radicals in the VLPR system
with mass spectrometry measurement, we were able to obtain their
disproportionation rate constant without any interference of other
radical-radical decay processes, such as recombination. This rate
constant is considerably less than k,, but this reaction proceeds
with direct H abstraction from one of the methyl groups through
a “contact” transition-state mechanism. Reference 15 gives a
detailed theoretical model of this reaction, yielding kg = 2.35 X
10712 cm?/moleculess, in excellent agreement with the present
experimental value.

The above kqy/k, ratio can now be used for checking the rate
constant of ethyl radical recombination, current values for which
vary by 2 orders of magnitude!” (from 4,2 X 103 t0 1.3 X 107!}
cm?/molecules). The recalculation gives k. = 1.62 X 107!
cm?/molecule-s, about half the value of the recombination rate
constant for methyl radicals. This value is in comparatively good
accord with k. = 1.4 X 107" cm?/molecule-s reported from
molecular-modulation spectrometry studies of ethyl radical ab-
sorption at 280-nm wavelength!® at room temperature, However,
if the rate constant of disproportionation reported here is used
to correct the sum (k, + ky) given in ref 18, we find k. = 1.7 X
107! ¢m?/molecule-s, an improved agreement.

Our rate constant k, = 5.00 + 0,17 X 107" cm?/molecule:s
is in excellent agreement with the value of 4.87 X 107"° cm?/
molecule-s obtained in a direct study of the Cl + C,H, reaction
at 298 K in VLPR."®

Conclusions

The present study demonstrates that the VLPR system can be
used for the direct investigation of fast bimolecular reactions by
varying the initial concentrations of both reactants. No ap-
proximations are necessary if concentrations are measured, Fast
consecutive side reactions, like atom—radical and radical-radical
disproportionations, cannot be eliminated by reducing the pressure
or the residence time, but they can be well separated and their
rate constants measured with adequate accuracy, Thus, the system
provides kinetic measurement for interesting processes that can
hardly be investigated otherwise. To do so, the residence time
variation with outlet orifice changeover technique and the low-
pressure characteristics of the system proved to be of practical
benefit.

The analysis of boundary concentration conditions of the entire
reaction system reveals that when Cl is used in excess (the case
of resonance fluorescence/discharge technique), reactions 1 and
4 are measurable. Since k, and k, differ by 2 orders of magnitude,
the kinetics of the two processes can be well separated by proper
regulation of the residence time. The use of a large excess of Cl,
which is required for the pseudo-first-order approximation, will
hinder the determination of k, as the factor multiplying the ethane
concentration in eq 9, 1 — k,[C1]/(k,[Cl] + k.g,), tends to zero,
On the other hand, when C,Hg is used in excess (mass spec-
trometry/discharge technique), reactions 1, 3, and 4 will become
the major processes, where reaction 3 is much less separable from
reaction | than reaction 4 by residence time regulation. Moreover,
the determination of k, will depend on the term of k;k,[C,H;]?,
which is usually not a negligible fraction of k,[Cl],.
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