Kinetic shift in chlorobenzene ion fragmentation and the

heat of formation of the phenyl ion

Henry M. Rosenstock and Roger Stockbauer

National Bureau of Standards, National Measurement Laboratory, Washington, D.C. 20234

Albert C. Parr®

Department of Physics and Astronomy, University of Alabama, University, Alabama 35486

(Received 25 June 1979; accepted 20 July 1979)

The fragmentation of chlorobenzene ion has been studied by photoelectron—photoion coincidence
techniques. By varying the residence time it is possible to obtain breakdown curves as a function of
residence time. The parent—daughter transition region shifts to lower energies as the residence time is
increased (kinetic shift). The shift is of the order of 0.4 eV in going from 0.7 to 8.9 us. A systematic
analysis of the breakdown curves and residence time effects has been carried out using quasiequilibrium
theory. The experimental results and analysis lead to AHf‘:)(phenyI ion) = 27541 kcal/mol (1151+4
kJ/mol). The systematic analysis shows that this experiment leads to a quite accurate rate-energy curve in
the range of 10°-10°s~!. The sensitivity of the QET model has been studied, and the limitations to the
determination of activated complex parameters is critically discussed. The parameters obtained in this
work are rather similar to those of an analogous neutral process, i.e., thermal decomposition of

bromobenzene.

I. INTRODUCTION

The existence of a kinetic shift in ion fragmentation
threshold measurements was pointed out many years
ago.!? More recently a number of experimental ap-
proaches of increasing sophistication have been used to
study this effect.3"*® The problem of deducing a “thresh-
old” from an ion yield vs energy experiment is of course
equivalent to deducing the activation energy of the ion
fragmentation process.

A different class of experiments, photoelectron—photo-
ion coincidence experiments'*™'® and charge exchange
experiments’®!” in which the energy content of the ion
can be more sharply defined and varied in a controlled
manner provides more direct experimental information
on the rate-energy dependence from which the activation
energy and entropy may be deduced. It must be noted,
however, that this rate-energy information can only be
effectively extracted after careful definition of the appa-
ratus function and appropriate folding or unfolding of the
available and desired information. Further, it is neces-
sary to take into account the thermal vibrational and ro-
tational energy distribution of the molecule. '*!* The ef-
fect of these distributions is to produce a distribution of
unimolecular decomposition rates. This distribution
produces some smearing out in all experiments where
the energy input is otherwise sharply defined.

The purpose of the present study is to apply the re-
cently developed technique® of photoelectron—photoion
coincidence mass spectrometry with variable residence
time to a study of the positive ion fragmentation of chloro-
benzene, forming the phenyl ion and a chlorine atom,

The process is one which is expected to exhibit a signif~
icant kinetic shift and, in contrast to allene fragmenta-
tion studied previously,!® should represent a truly simple

2 Intergovernmental Personnel Act Appointee at the National
Bureau of Standards, 1978-1979.
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bond breaking process. Analysis of the time dependent
parent-daughter breakdown curves in a manner analo-
gous to the allene analysis should yield accurate kinetic
parameters for the unimolecular decomposition and an
accurate AH}’0 for the phenyl ion. In addition the results
afford an interesting comparison with an earlier study

of this molecule by Baer and co-workers, ?® using a
somewhat different electron-ion coincidence apparatus
and different mode of data analysis appropriate to their
experiment. Bouchoux®! carefully analyzed the time de-
pendence of the electron impact appearance potential and
was able to deduce a kinetic shift and an activation
energy for the same process.

II. EXPERIMENTAL

The kinetic shift data were obtained with the threshold
photoelectron—-photoion coincidence mass spectrometer
described previously.? The method uses monochroma-
tized photons to photoionize a gaseous sample. The elec-
trons from the reaction CgH;Cl +hy — CgH; +Cl +¢ are
filtered so only those having zero initial kinetic energy
(threshold photoelectrons) are detected, This insures
that the parent ions have a known excitation energy im-
parted in the ionization process. The ion from the reac-
tion is time-of-flight (TOF) mass analyzed and detected
in coincidence with the threshold photoelectron. The
TOF mass analyzer operates in the pulsed mode, using
the detection of a threshold photoelectron as the trigger.
This drawout pulse can be externally delayed so that the
time between the production of the ion and its detection
can be varied.'® Since this time is known precisely and
is variable in the experiments, the kinetic shift, i.e.,
the change in the breakdown curve as a function of frag-
mentation time can be determined accurately,

Two TOF coincidence mass spectra are shown in
Fig. 1. Both were obtained at the same photon energy
but with different drawout pulse delay times, 0.7 and
5.7 us, respectively. As expected, at the longer ion
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residence time, the parent ion intensity (right-hand peak)
has decreased while the fragment ion intensity (left-hand
peak) has increased.

Also there are a large number of ion counts distributed
throughout the TOF region between the two peaks.
These are metastable ions, i.e., those ions which frag-
ment in the acceleration region. They are more promi-
nent in the upper of the two spectra shown in Fig. 1,

Due to the large metastable ion contribution; the ex-
traction of the breakdown curve from this data is not as
straightforward as in our previous work' where the
metastable ion intensity was negligible. Neglect of the
metastable ions in the present case would introduce some
error in the parent—daughter ratios required for con-
struction of the experimental breakdown curve. How-
ever, the large metastable ion intensity allows us to ex-
tract two sets of breakdown curves from each drawout
pulse delay setting as discussed below.

The metastable ions are those ions which fragment
after the drawout pulse is applied but before they reach
the end of the acceleration region. Hence, by adding the
metastable ion intensity to the parent peak, we obtain
the amount of fragmentation occurring before the draw-
out pulse is applied. Alternatively, by adding the meta-
stable intensity to the fragment peak we obtain the
amount of fragmentation occurring before the parent ions

reach the end of the acceleration period.

This treatment of the TOF spectra gives us two inde-
pendent breakdown curves whose effective ion residence
time differs by the time the ions spend in traversing the
acceleration region. The TOF spectra were taken at two
delay times so a total of four breakdown curves were ob-
tained,

The residence time for the first set of breakdown
curves is the time between the formation of the electron—
ion pair and the application of the in drawout pulse.

This is the sum of the electron flight time which is cal-
culated from the acceleration potentials and distances
and the drawout pulse delay time which is measured. It
is known to within + 50 ns, the uncertainty arising pri-
marily from uncertainty in the electron flight time, The
resulting breakdown curves obtained with 0.7 and 5.7 us
residence times are displayed in Fig. 2 along with the
calculated “best fit” breakdown curves,

The effective residence time for the second set of
breakdown curves is obtained by adding the parent ion
acceleration time to the residence time defined above.
Thus the total fragmentation time is the sum of the elec-
tron flight time, drawout pulse delay time, and parent
ion acceleration time. This ion acceleration time is
calculated from the fields and distances used in the TOF
analyzer. It is calculated tobe 3.2+0.2 us where again
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FIG. 2. Breakdown curves for chlorobenzene for 0.7 and

5.7 us effective residence times. Experimental points: (0),
(4) C¢HsCl* parent; (@), (a) C;Hj fragment; (—) best fit calcu-
lations; (---) calculations using parameters of Baer et al. 20
Arrow indicates thermochemical threshold.

the uncertainty is due to uncertainty in the true poten-
tials and distances involved. The second set of break-
down curves for 3.9 and 8.9 us effective residence time
(3.2 us added to the previous 0.7 and 5.7 us times) are
shown in Fig, 3 along with calculated best fit breakdown
curves. This data is not as precise as the shorter time
data due to the relatively large uncertainty in the calcu-
lated ion flight time.

Hi. ANALYSIS OF THE DATA

The data were analyzed in the same general manner
as was done for allene.'® Briefly, a rate-energy curve
(actually a table at 0.005 eV intervals) was calculated
using a set of reactant ion and activated complex fre-
quencies and an assumed activation energy. The rates
were calculated using the full Laplace transform meth-
0d?*~% and numerical inversion of the Laplace transform
to give the reactant and activated complex density of
states. A fragmentation time was then chosen and a
breakdown curve calculated. The breakdown curve was
then convoluted with the ion energy sampling function of
the apparatus, i.e., the mirror image of the electron
energy analyzer transmission function. This experi-
mentally determined apparatus function also contains a
contribution from the finite resolution of the photon
monochromator. Following this, two more convolutions
were carried out to allow for a room-temperature three-
dimensional classical rotor energy distribution and the
room temperature vibrational population for the chloro-
benzene molecule. The apparatus and rotor functions
are identical to those shown in the allene study’® and the
vibrational population distribution was only slightly
broader than that shown for allene.

For our initial calculations the reactant ionfrequencies
were assumed to be the same as those of the neutral
chlorobenzene molecule as determined by Whiffen, 26
The activated complex frequencies were chosen by sim-
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ply reducing all the frequencies (except the one trans-
formed into the reaction coordinate) by a fixed percen-
tage following the earlier work of Baer et al.?

The initial value of the activation energy (which was
subsequently iterated) was determined as follows:

Rodgers, Golden, and Benson®” have studied the
kinetics of the reaction of iodobenzene and hydrogen
iodide. From their results they conclude that AH‘;298
(CeHs, £)=80.0=1 kcal/mol and AH%g, (CeHy;—H) =112, 3
kcal/mol. Thus we have for the process C¢Hg (benzene)
~ C¢H; (phenyl) + H AHpge=112.3 +1 keal/mol.

This datum can be reduced to absolute zero by stand-
ard translational, rotational, and vibrational heat capa-
city arguments, With the assumption that the vibrational
heat capacity function of phenyl radical is the same as
that of benzene (the missing CH stretch and two bends
make no significant contribution below room temperature)
one obtains AH; (CeHs)=84.2+1 kcal/mol, Using the
Sergeev et al.®® measurement of the pheny! radical joni-
zation potential, 8.1+0.1 eV, we obtain AH,‘; (CeH?)
=271 x3 keal/mol.

The remaining quantity needed for calculation of AH,
is AH; (CgHsCl). This is determined from AHg,
(CeH5C1) =12. 26 + 0. 16 kcal/mole.?® The heat capacity
correction was made using the vibrational frequencies
given by Whiffen, 2® along with other tabulated values,
giving AH}(C¢H;Cl) = 15. 74+ 0. 16 keal/mol.

Finally we have for the process
CHsCl—~ CgH; +Cl
15.74+0.16 271+ 3 28.681 0.1 kcal/mol
AH} =284. 0= 3 keal/mol
=12.31+0.15 eV.

And using L P, (CgH;C1) =9, 07+ 0.02 eV?® we have a
AH, for the reaction of 3.24+ 0, 16 eV which we equate
to the activation energy of the process.
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FIG. 3. Breakdown curves for chlorobenzene for 3.9 and 8. 9

us effective ion residence time. Experimental points: (o) (4)
CgHiCl parent; (®), {(a) C¢H; fragment; (—) best fit calculations.
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FIG. 4. (—) Calculated breakdown curves showing sensitivity

to ion residence time. Experimental points: (0) C4H;Cl* parent,

(®) C,H; fragment.

IV. RESULTS

In Fig. 2 are shown the best fit breakdown curves
(solid lines) calculated at 0.7 and 5.7 us residence time
along with the experimental points. The activated com-
plex parameters were an activation energy of 3.26 eV
and a frequency reduction of 23% in all activated com-
plex modes. The fit is very good. Also shown is the
thermochemical 0 K threshold indicated by a vertical
arrow. Clearly there is a large kinetic shift, of the
order of (0.7-1.1 eV) depending on the residence time.
Also as shown in Fig. 3, for the somewhat less precise
experimental data for 3.9 and 8.9 us residence times,
the calculations (solid lines) and experiments are in
reasonably good agreement except for one pair of points.

V. DISCUSSION

The activation energy of 3.26 eV deduced from our
experimental results is in rather good agreement with
the AHj of 3.24+ 0.15 eV which was calculated above
from independent thermochemical information. Never-
theiess, a number of points must be more closely
scrutinized: the sensitivity of the calculations, the
meaningfulness of the activated complex models and
parameters, and comparison of our results with the
earlier results obtained by Baer ef 1. Also a com-
parison of the kinetic parameters deduced here with
those for the analogous thermal decomposition reaction
of neutral bromobenzene is instructive. Unfortunately,
data on chlorobenzene are unavailable.

A. Sensitivity analysis 3

As mentioned above, the time delay in the drawout
pulse is known only to + 50 ns. This uncertainty will
have the greatest effect on the breakdown curves cal-
culated for the shortest residence time, i.e., 0.7 us.
To observe what effect the 50 ns uncertainty had on the
curves, calculations were carried out for 0. 65 and 0.75
us as well. The comparison with the experimental

3

points is shown in Fig. 4. As expected, there is some
shift in the calculated breakdown curves. We take these
results as indicating that the given choice of activated
complex parameters fit the experimental results to
within the accuracy of our knowledge of the delay time.
The calculated breakdown curves for the longer resi-
dence times are even less sensitive to this uncertainty.

In carrying out these rate calculations we adopted an
activated complex model similar to that adopted by
Baer ef al.?® The looseness of the activated complex was
represented by lowering the frequencies of all the nor-
mal modes by a given percentage. One can test the
sensitivity of the results to the assumed activation ener-
gy and extent of frequency lowering by constructing a
so-called crossover sensitivity plot.'® For the two most
accurate sets of data points, 0.7 and 5.7 us fragmenta-
tion time we can determine the point on the photon ener-
gy scale at which 50% fragmentation occurs. This de-
fines a crossover energy for 5.7 us and a crossover
shift, i,e., the additional energy necessary to achieve
50% fragmentation in the shorter 0.7 us fragmentation
time. As expected, a larger activation energy produces
a larger crossover energy and a larger crossover shift
since the rate-energy dependence is less steep for larg-
er activation energy. On the other hand, a looser
activated complex (more positive entropy of activation)
will have just the opposite effect. So, the two experi-
mental observables, crossover energy and crossover
shift, can be tested against two calculational param-
eters, activation energy and activation entropy.

The entropy of activation is calculated for a hypo-
thetical thermal unimolecular decomposition, using
standard methods of statistical thermodynamics, at an
arbitrarily chosen temperature of 1000 K (see further
discussion below). The change in crossover energy and
crossover shift for different activation energies and
activation entropies is shown in Fig. 5. The figure
clearly exhibits the energy~entropy tradeoff discussed

above. Also shown is the crossover energy and cross-
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FIG. 5. Sensitivity of the calculated chlorobenzene breakdown
curves to activation energy, E,.;, and activation entropy. The
curves show the change in the crossover energy (energy at the
50% point in the long time parent-fragment curves) and the
change in the crossover shift (energy difference between the
crossover points of the breakdown curves obtained at two dif-
ferent times). (®) Crossover energy and shift obtained from
Fig. 2. (0) Activated complex parameters used by Baer ef gl. %
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TABLE I. Kinetic parameters determined from crossover
sensitivity analysis.

Model  E,q, eV ASfhee, €U Aggogs 87 Aclassical

1 3.26+0.02 9.71%0.4 6.62x10'%  4,12x10%®
i 3.37+0.02  9.90+0.4 1.31x10'%  7.82x10%%
IOI . 3.43+0.02 10,00£0.4  1.92x10'  6.00x10%

over shift determined from our experiment (black point).
Our results indicate that for this model the activation
energy is 3.26+ 0.2 eV and the equivalent 1000 K en-
tropy is 9.71+0. 4 eu.

B. The activated complex model

The model used in the present calculations to this
point allows for looseness by lowering all activated
complex frequencies by some percentage. The spec-
troscopic analysis of Whiffen?® shows that of the thirty
normal modes of chlorobenzene only six involve the
force constants of the carbon-halogen bond. Thus, the
activated complex parameters adopted so far (Model I)
are not particularly plausible.

In order to investigate this, two additional models
were studied. In one (Model II) only the five halogen
sensitive modes (1085, 416, 297, 467, 196 cm™) other
than the one becoming the reaction coordinate (702 cm™)
were set equal and numerical values of this set of equal
frequencies were varied. In the other (Model III) model
only the two modes corresponding most closely to in-
plane and out-of-plane halogen bending (297 and 196 cm?)
were decreased by varying percentages. Following the
crossover sensitivity analysis outlined above it was
possible to establish kinetic parameters which fit the
crossover energy and shift. The results for all three
models are compared in Table I. These results reveal
some of the limitations which are encountered in the
analysis of this type of information, and there are close
parallels to the limitations encountered in thermal uni-
molecular kinetics.

Digressing for a moment to thermal kinetics, it is
evident that from one rate at one temperature one can-
not deduce separately an energy and an entropy of acti-
vation. Information on rates over a range of tempera-
ture permits one to determine an experimental activa-
tion energy and entropy via an Arrhenius plot, and
many sets of activated complex properties can account
for the experimental activation entropy. Rate informa-
tion over an extremely wide temperature range begins
to reveal curvature in Arrhenius plots, * permitting one
to detect the temperature dependence of the activation
entropy and, consequently, imposing some limitations
on the choice of activated complex properties.

In the present experiments we gain implicit informa-
tion about decomposition rate constants in a range of
values dictated by the range of decomposition time and
apparatus sensitivity. This range is roughly 1x10*-
3x 10°® s}, corresponding to roughly 10% fragmentation
at 8.9 us and 90% fragmentation at 0.7 ps. It is in-
structive to compare the rate-energy dependence for
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this range as calculated from the three sets of best fit
activated complex parameters. The results are shown
in Fig. 6 for Model I (solid line) Model II (0), and
Moadel III (@). The three curves are extremely close
but not totally identical (as indeed they cannot be).

Thus the experiment leads in this instance to a quite
reliable specification of the rate-energy dependence for
a broad range of activated complex models. In effect,
the experiment can only be accounted for by a small
range of rate energy curves in this time interval (~ 10™-
10"" s). In passing, it should be mentioned that although
we worked only with the crossover energy and shift to
specify the parameters, the entire calculated break-
down curves for all three models fit all data points

as well as was shown for Model I in Fig. 2,

If we now proceed to the limit of high energy—the
classical limit—the rate approaches

b (E—E )s—l
- E

Bl et

I~
I

and the limiting rate is just the ratio of the product of
the frequencies. The three models give limiting rates
which differ by a factor of seven, shown in Table I
under A j,..1ca1e Lhis, of course reflects the limitation
of the accessible range of rates on the specification of
the activated complex parameters.
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FIG. 6. Rate energy curves calculated for the three models

discussed in the text, The activated complex parameters are
those which reproduce the data in Fig. 2 and are summarized
for each model in Table I. (—) Model I, (0) Model II, (®)
Model III.
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At the reaction threshold, the rate is given by
1/hp(E,.), and it is seen, again from Table I, that the
threshold rate is different for the three models because
the activation energies differ. The model with the high-~
est classical limit has the lowest threshold rate.

On the basis of this discussion we conclude that the
most likely value of the activation energy is 3.40+ 0.05
eV and the equivalent 1000 K activation entropy is
9.995+ 0.4 eu. (The activated complex implied by
Model I is too implausible). This energy may be com-
pared to the thermochemical value 3.24+ 0.15 eV dis-
cussed earlier. Our results lead to AH}’(7 (CeH3)
=275+ 1 keal/mol.

This value may be compared to the ion heat of forma-
tion determined by Beauchamp® from the pheny! fluoride
heterolytic bond dissociation energy. They reported a
value of 270 +4 kcal/mol. This value refers presumably
to an ICR equilibrium measurement at or near room
temperature. Assuming the C.H; heat capacity is the
same as CgH; and CgH, the value should be about 4 keal/
mol higher than the zero Kelvin value. The other re-
ported value® is based on a carefully calibrated non-
monoenergetic appearance potential measurement on
benzene. The apparatus was modified to provide long
residence times in the ion source (107 s) to overcome
kinetic shift. The measured appearance potential is
several tenths of an eV below the thermochemical
threshold for

CsHs"CGH§+H+ e

computed from AHj, (CgH}) =275 keal/mol. Part of the
deviation is due to the nonnegligible population of vibra-
tionally excited benzene molecules. At room tempera-
ture, the population extends out significantly past 0.1
eV’ and at the ion source temperature of the apparatus
it may well extend further,

C. Comparison with the results of Baer et a/.2°
and Bouchoux?

Several years ago Baer and co-workers studied the
same fragmentation process in their coincidence appa-
ratus, % They determined time of flight distributions
of the parent—metastable~daughter ions at different ex-
citation energies. The excitation energies were deter-
mined by the photon energy and by restriction to events
in coincidence with photoelectrons near zero energy, in
a manner very similar to the present experiment, For
each energy the entire time of flight distribution was fit
by a single ion lifetime and suitably folded into their
apparatus function, From this they determined a set of
rate constants at different energies and fit their rate-
energy data to a calculated rate-energy curve. For
activated complex parameters they used an activation
energy of 2, 86 eV and adjusted all activated complex
frequencies (the same frequency adjustment as was
used in our Model I calculation), With that activation
energy, they found that an 8% decrease in frequencies
gave the best fit to the experimental rate-energy data.

We have carried out calculations with these param-~
eters as well. They are shown as the dashed lines in

3713

Fig. 2. As can be seen they do not fit our results at all.
The breakdown curves (calculated with our apparatus
function) lie at too low an energy. Also, the sensitivity
plot of crossover energy vs crossover shift shows that
the discrepancy can not be removed by a small change
in parameters {see Fig. 5, circle). It is clear that
part of the difficulty lies in their choice of activation
energy, 2.8 eV, which was based in part on the above
mentioned electron impact experiment.® This would
lead to an underestimate of the activation energy.

There is more serious disagreement between the
rate-energy dependence deduced by them and the one
deduced in the present study. We calculated a rate
energy curve using their parameters and in Fig, 7
compared the results to a set of values taken from their
best-fit curve.®® OQur curve fits their values, indicating
that this is not due to the difference in computational
procedure (Laplace transform®=?% v symmetric func-
tion theory®®), In Fig. 7 is also shown the rate energy
curve deduced here; it differs from theirs by nearly an
order of magnitude. Part of this is due to their appar-
ent neglect of thermal rotational and vibrational energy.
A crude estimate indicates that this produces an over-
estimate of at least a factor of 2 in the true rate. The
rest remains unexplained, It would be interesting to
see how well our present rate-energy results properly
combined with the necessary thermal distributions,
would reproduce the actual time of flight distribution
measured by Baer ef al.?
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FIG. 7. Rate enérgy curves. (~—) present calculations with

activated complex parameters which reproduce the data in
Fig. 2. (---) present calculations with activated complex
parameters used by Baer ef al.?® (e) calculated by Baer ef af. 2
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The careful electron impact appearance potential
analysis carried out by Bouchoux?®! led to an estimated
activation energy of 3.09-3.19 eV, in somewhat better
agreement with our results.

D. Comparison with thermal reactions

The activation energy for the chlorobenzene ion frag-
mentation, 3.40+0,05 eV, is equivalent to a 0 K bond
energy. This can be compared to the corresponding
bond energy of the neutral which can be calculated from
the thermochemistry given earlier. The result is 4,2
eV. Thus the bond in the ion is ~ 0.8 eV weaker. If
we imagine a hypothetical thermal decomposition of the
chlorobenzene ion at 1000 K we can calculate an Arr-
henius A factor from the activated complex properties.
Depending on the model the results range from 6.6
%10 to 1,9x10'%, This may be compared to the pre-
ferred value of about 4x 10! for the thermal decomposi-
tion of bromobenzene at about 1000 K, *® which should
be similar in magnitude.

Vi. CONCLUSIONS

The fragmentation of chlorobenzene ion in the 0, 7-
8.9 us time range is accompanied by a large kinetic
shift (0.4 eV for these times measured at the crossover
point). A systematic analysis of the time dependent
breakdown curves can be carried out leading to an acti-
vation energy of 3.40 0,05 eV and an equivalent 1000
K entropy of activation of 9.95+0.4 eu. The activation
entropy is indicative of a loose activated complex, and
is similar in magnitude to the analogous thermal de-
composition of bromobenzene at about 1000 K. The re-
sults lead to AHZ, {CgH;) =275 +1 keal/mol and
AHG (CeH;) =279 21 kcal/mole. The systematic analy-
sis of the data reveals energy—entropy compensation
effects and clarifies the limits within which kinetic
parameters and activated complex parameters can be
established, Further, it is shown that the experiment
and analysis lead to a quite accurate determination of
the rate-energy curve in the range of 10 —10° s,
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