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On the Stereochemistry of the Decay-Induced Gas-Phase Halogen Exchange in

Diastereomeric 2,3-Dichlorobutanesl

Samuel H. Daniel, Hans J. Ache,*

Department of Chemistry. Virginia Polytechnic Institute and State University. Blacksburg. Virginia 24061

and Gerhard Stocklin

Institut fur Nuktearchemic. Kerntorschungsanlage Jilich. Julich. West Germany {Received January 18. 1974)

The stereochemistry of halogen-for-halogen substitution at asymmetric carbon atoms by decay-produced
bromine and iodine species was studied in diastereomeric alkyl halide molecules such as d.I- and meso-
2,3-dichlorobutane. Energetic 80Br ions were generated via the :onBr(IT)8Br nuclear process using
CFss°mBr as source and allowed to react with the substrate molecules while still possessing excess kinet-
ic energy or after having become thermalized in collisions with argon atoms. 125l ions were produced via
the EC decay of 125 Xe. In unmoderated systems a predominance of retention of configuration is generally
observed. In the presence of excess argon, however, the degree of stereospecificity of the reaction varies
with the type of diastereomer used as substrate. In the case of the thermodynamically less stable d.I sys-
tem the stereospecificity decreases from about 2.5 (as expressed by the ratio of retention to inversion) in
the absence of Ar moderator to 0.4 at high Ar concentrations whereas, under the same conditions, only
small changes in the stereospecificity are observed if the meso diastereomer is the substrate. The results
are explained on the basis of an electrophilic substitution involving a front-side attack of a positive halo-
gen ion. In the case of the d.l system the initially formed halocarbocation can then undergo two compet-
ing processes: excitation racemization or CI* transfer, which, depending on the environment, can be
kinetically or thermodynamically controlled.

Introduction

Previous work bv several investigators has suggested
that a considerable fraction of the halogen species gener-
ated by nuclear processes involving inner shell vacancies
such as somBr(IT)80Br or 125 Xe(EC)1251 reacts as ther-
mal ionic species with organic substrate molecules in the
gas phase.2 1

The isomeric transition (IT) of 80mBr incorporated in
alkyl bromides gives rise to vacancy cascades following in-
ternal conversion and eventually to a substantial fragmen-
tation of the molecule via Coulomb explosion leading to
80Br ions with multiple positive charges.:s Similarly, the
electron capture decay (EC) of 125Xe results in the forma-
tion of multiply charged positive 125l ions.

If these processes occur in the presence of a large excess
of a rare gas having an ionization potential intermediate
between the first and second ionization potential of Br or
| the charge of the 80Br or 125l ions will be rapidly reduced

to unity by charge transfer processes :s while the excess
kinetic energy of some electron volts resulting from the
Coulomb explosion or neutrino emission, respectively, is
removed from the ions in unreactive collisions. The result-
ing thermal soBr* or 125U ions can subsequently undergo
electrophilic reactions with organic substrate molecules.
This is quite different from the hot homolvtic substitu-
tion reactions of nucleogenic tritium and halogen atoms
resulting from neutron-induced nuclear reactions, where
the recoil species have very high initial Kkinetic energies
and lose their possible charge very quickly while slowing
down to the chemical energy range where they react pre-
dominantly as neutral atoms.s Thus, it seems that the
study of the reactions of decay-induced halogen species
could significantly contribute to our knowledge of the de-
tailed reaction mechanisms and parameters involved in
electrophilic substitution reactions of simple hydrocarbons
in the gas phase. It appears that this technigue can be of
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special importance in cases where other methods such as
ion cyclotron resonance or high-pressure mass spectrome-
try cannot provide the necessary information, i.e., in cases
where one wishes to study the stereochemistry of the reac-
tion or where several isomers may result from the substi-
tution. An interesting application of this technique is the
recent investigation by Cacace and Stocklin: in which
they studied the isomer distribution following the electro-
philic attack of halogen in various benzene derivatives.

In the present study we tried to assess the stereochemi-
cal course of the decay-induced halogen for halogen sub-
stitution following somBr(IT)80Br and ::5Xe(EC)125l in
meso- and d,/-2,3-dichlorobutane in the gas phase under
various experimental conditions. An attempt will be made
to explain the observed results in terms of a mechanism
which involves an electrophilic (front side) attack of the
halogen ion at the asymmetric carbon atom leading to the
formation of a relatively long-lived complex which may
undergo subsequently racemization. This mechanism is
similar to the mechanism recently proposed by Cacace::
for the gas-phase electrophilic attack of gaseous BrOnsted
acids such as s HeT+ at asymmetric carbon atoms.

Experimental Section

Materials. CF:Br, CH:=CH-CH=CH2, Cl2. and 0:
were obtained from Matheson Chemical Co. with a stated
purity level greater than 99.0%. Argon and xenon with a
stated purity level of 99.999% were purchased from Air
Reduction Co. and used without further purification. The
meso and d,I forms of 2,3-dichlorobutane were prepared
by stereospecific addition of Cl. to trans- and c/.s-2-bu-
tene, respectively.is

The products were purified by gas chromatography,
using 4-m glass columns (5 mm i.d.) with 20% DEGS on
Chromosorb W, 60-80 mesh at 80° and 100 cc of He/min.
Similarly, the diastereomers of I-bromo-2,3-dichlorobu-
tanes and the diastereomers of 2-bromo-2,3-dichlorobu-
tanes were obtained by stereospecific addition of Cl. to
cis- and trans-1- and -2 -bromo-: -butene (purchased from
K & K). respectively. Purification was achieved by gas
chromatography on the columns described above at 110 °.

erythro- and threo-2-bromo-3-chlorobutane and 2-iodo-
3-chlorobutane which were used in small amounts as car-
riers were prepared following procedures described in the
literatureis-21 and subsequently gas chromatographically
purified...

Preparation of sOBr Source. CF3Br was preferentially
used as the 80Br source because of its ionization potential
of 12.3 eV, which lies above that of Br+ and thus would
not interfere with the Br+ reaction by charge transfer.

A few milligrams of CF3Br were sealed in a quartz cap-
illary and irradiated in the VPI and SU nuclear reactor at
a neutron flux density of about 1012n cm.. sec.: for 30
min at 40°. After the reactor irradiation the contents of
the quartz ampoule were subjected to gas chromatograph-
ic purification on a 2-m Poropak Q column. The CF3Br
fraction, containing somBr-, s0 Br-, and 82Br labeled CF3Br
formed during the irradiation, was trapped and trans-
ferred to the reaction vessel:s The other radioisotopes of
bromine produced do not impose any problems, since they
lead to stable daughters not giving rise to any relevant
products.

Preparation of 125X e. About 15 ml of Xe at 5 atm were
sealed in quartz ampoules and neutron irradiated in the
FRJ.: nuclear reactor of the Nuclear Research Center
«Juelich at neutron flux density of s X :0:2 cm-2 sec : for
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a period of 75 min. Aliquots of about 2 ml (STP) were
subsequently transferred into the reaction vessel. The
other radioisotopes of Xe produced during neutron irra-
diation do not interfere since the EC decay of 127Xe leads
to the stable (nondetectable) 1271 and the neutron rich
isotopes of Xe decay by 3 emission to Cs isotopes.

Preparation of Reaction Mixture. The reaction was car-
ried out in a spherical, specifically designed, Pyrex glass
vessel with a total volume of 500 ml. In- and outlet valves
were Kontes' greaseless high vacuum values. The vessel
was filled by standard vacuum line technique with the
desired amounts of reactants and additives.

In the case of the Br+ investigation the reaction mix-
ture was allowed to stand (in the dark, at room tempera-
ture) for 100 min to permit the 80Br to attain equilibrium
with the 89mBr while in the reaction vessel.

In the case of the :251* experiments the exposure time
was 70 min at room temperature.

Sample Analysis. At the end of the reaction the 80Br or
1251 labeled products were collected in traps at liquid ni-
trogen temperature and appropriate amount of carriers
dissolved in CH:CL added. The resulting solution was
washed first with aqueous (dilute) Na.SO0s solution then
with distilled water and dried. The analysis of the 80Br or
1251 labeled products was accomplished by a discontin-
uous radio-gas chromatographic technique s 2

Columns used were either a 4-m glass column (5 mm
i.d.) with 20% DEGS on Chromosorb W 60-80 mesh, tem-
perature programmed, or a s -m glass column (5 mm i.d.)
15% SF-96 on Chromosorb W, 60-80 mesh operated at 80°.
The latter column was used for the separation of the dia-
stereomeric 2-iodo-3-chlorobutanes.

Radioactivity Assay. The separated radioactive prod-
ucts were directly trapped from the effluent gas stream by
bubbling the effluent gas from the gas chromatograph
through toluene solutions containing liquid scintillation
fluors. More than 99% of all the reaction products identi-
fied in this investigation were retained in the solution,
with the exception of CF:Br, for which calibration runs
were carried out and appropriate corrections made.:s

The s0Br-counting was done by liquid scintillation spec-
trometry applying appropriate energy discrimination.

Alternatively the 125l labeled fractions were adsorbed on
charcoal tubes:: and counted in a well type scintillation
counter. Radionuclidic purity was checked by y spectrom-
etry in the case of 80Br by using the 665-keV line.:s

The radiochemical yields of the products, i.e., the ratio
of the 80Br activity present at the end of the reaction in
each individual product to the total 80Br activity (at end
of the reaction) were computed by using the well-known
equations for radioactive decay and growth. In the case of
1251 Ui. = 60 days) decay corrections were not necessary
due to the long half-life and the radiochemical yields were
obtained by comparing the activity of the individual frac-
tions with that of the total activity directly measured on
an aliquot.

Results and Discussion

Several series of experiments were carried out to identi-
fy the products resulting from the reaction of 80Br and
1251 species generated in the nuclear decay of 80mBr or
125Xe with meso- and d,/-2,3-dichlorobutane as substrate
in the gas phase and to determine their relative radio-
chemical yields.

Of particular interest for this study were the 80Br or 125l
substitution products derived from the two diastereomers
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of the 2,3-dichlorobutane substrate molecules, which in-
clude in the case of meso-2,3-dichlorobutane the following
products as shown schematically

H H

Br H
1
CH,— C—C—CH, C
1 1
cl cl
Cl H

1ICH,—C—C—CH, D

b> 1
Br ClI

(<0 01%)

CH—C—C— CH, CH— C— C— CH,
D I I 1
H Br Cl
(2%
B A
(numbers in parentheses are the radiochemical yields in
per cent of total 80Br formed in reaction mixture): (1) the
eo't/iro-2-bromo-3-chlorobutane as a result of so¢Br-for-Cl
substitution under retention of configuration (A); (2) the
t/veo-2-bromo-3-chlorobutane as a result of soBr-for-Cl
substitution under inversion of configuration; (3) the two
diastereomers resulting from soBr-for-H substitution (with
(C) or without (D) retention of configuration); (4) the
products formed as a result of soBr-for-H substitution in
one of the methyl group (E and F) (the product was the
diastereomers of I-bromo-2,3-dichlorobutane). (Corre-
sponding products are formed following 80Br substitution
in the d,1 form of 2,3-dichlorobutane.)

Previous 80Br substitution experiments:;s with substrate
molecules such as CH:Cl or CH:Cl. have already indicat-
ed that the probability of s0Br-for-H substitution in mole-
cules where the 80Br is given a choice to substitute either
a H or Cl (attached to the same carbon atom) is very
small compared with so Br-for-Cl substitution.

A similar trend was observed in the present study where
the radiochemical yields of the 2-bromo-2,3-dichlorobu-
tane were found to be too small (<o .1%) to allow a rea-
sonable quantitative determination of the two diastereo-
mers.

As expected soBr-for-H substitution at the methyl group
leading to the I-bromo-2,3-dichlorobutanes proceeds with
a relatively good radiochemical yield (about :-:%) and
leads almost exclusively to the product which has retained
its original configuration.

Thus in the following only the relative yields of the
products resulting from halogen for halogen substitution
will be reported and discussed.

In the first series of experiments the effect of Ar moder-
ator on the stereochemical course of the soBr-for-Cl sub-
stitution in meso- and cU-dichlorobutane was studied in
the gas phase. The reaction was carried out in a 500-ml
Pyrex vessel containing 12 Torr of the substrate, 15 Torr
of CFssomBr, which served as the source of s0Br, and 20
Torr of O: as scavenger. Various amounts of argon were
added to this mixture; the reaction time was 100 min. The
results are shown in Figure 1, where the ratio of retention
to inversion, i.., the ratio of 80Br found in the
2-bromo-3-chlorobutane molecule formed under retention
and inversion of configuration, respectively, is plotted as a
function of the mole per cent argon present and the total
pressure of the system. The results clearly suggest that
when meso-2,3-dichlorobutane is the substrate argon addi-
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50 100 200 1000
TOTAL PRESSURE (TORR)

Figure 1. Ratio of 80Br for ClI substitution product formed via re-
tention to that formed via inversion of configuration .plotted as a
function of argon concentration and total pressure of the reac-
tion mixture following 80mBr(IT)80Br in meso- and d.1-2,3-di-
chlorobutane system (The reaction products are erythro- and
threo-2rbromo-3-chlorobutane, respectively.): substrate pres-
sure: 12 Torr; CF3 80mBr, 15 Torr; 02. 20 Torr; reaction volume
500 ml, exposure time 100 min, room temperature.

fives have only a small effect on the stereochemical course
of the substitution, i.e., on the relative yields of 80Br la-
beled erythro- and ihreo-2-bromo-3-chlorobutane, whereas
when the d,I form is the substrate under the same experi-
mental conditions a drastic reduction of this ratio from
2.5 to 0.4 representing the ratio of relative yields of 80Br
labeled threo- to eryf/iro-2-bromo-3-chlorobutane can be
observed.

Since in this series of experiments the moderator con-
centration was increased by adding additional argon to
the reaction mixture which was consistently made up of
about 12 Torr of substrate, 20 Torr of CFsBr. and 20 Torr
of O: the total pressure of the system increased simulta-
neously from about 50 to 1000 Torr. Thus the observed ef-
fect could be due to either one of the two parameters: in-
creased total pressure or increased argon concentration or
both.

The effect of total pressure within the above range on
the stereochemistry of the halogen exchange was tested in
a second series of experiments, where the composition of
the reaction mixture which included over 94 mol % mod-
erator was kept constant, while the total pressure was
changed. The fact that within the pressure range under
investigation no change in the retention to inversion ratio
was observed (Figure 2) clearly indicates that under these
experimental conditions the system is insensitive to an
about tenfold change in total pressure:s The variations in
the retention to inversion ratio found in the s:0Br-d,/-2,3-
dichlorobutane system (Figure 1) must therefore be asso-
ciated with the presence of increasing amounts of argon.

Similarly, moderator experiments have also been car-
ried out for I-for-Cl substitution at constant pressure (15
Torr) in d,(-2,3-dichlorobutane using the ::sXe(EC)125l
process. The halogen-for-halogen substitution products
were now the diastereomers of 2-chloro-3-iodobutane. In-
active xenon was also used as moderator. The trend dis-

The Journal of Physical Chemistry. Voi. 78. No. 11. 1974
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PRESSURE DEPENDENCE
OF X FOR Cl EXCHANGE

| 80Br, d,1 DCB

H 1251, d.t DCB
m 80Br, meso DCB

0 200 400 600 800 1000

TOTAL PRESSURE (TORR)

Figure 2. Ratio of halogen for Cl substitution product formed via
retention to that formed via inversion of configuration plotted as
function of total pressure. (1) 80mB r(IT)80Br in c(./-2,3-dichloro-
butane; retention, fhreo-2-bromo-3-chlorobutane; inversion,
eryfbro-2-bromo-3-chlorobutane; composition of reaction mix-
ture DCB 1.4%, CF3 80mBr 1.8%, 02 2.5%, and Ar 94.3; reac-
tion volume 500 ml. exposure time 100 min, room temperature.
(1) 125Xe(EC) 1251 in d./-2,3-dichlorobutane; retention, threo-
2,iodo-3-chlorobutane; inversion, eryfbro-2-iodo-3-chlorobutane;
Xe 96% :
ume 500 ml, exposure time 70 min, room temperature. (IlI)

SOrrIB r(1T)80Br in meso-2,3-dichlorobutane; retention, erylhro-2-

composition of reaction mixture DCB 4%. reaction vol-

bromo-3-chlorobutane; inversion. fbreo-2-bromo-3-chlorobutane;

composition of reaction mixture and experimental conditions

same as in |.

played by the results shown in Figure 3 (for experimental
conditions see legend of figure) is very similar to that ob-
served in the corresponding substitution reactions with
80Br as the reactant, although the absolute radiochemical
yields are somewhat lower (o ..% vs. :1-2% in the case of
Br substitution). It seems that the retention to inversion
ratio again approaches a limiting value of about O0.5.
which (within the experimental error) is identical with the
corresponding value (0.4) found for 80Br substitution.

The results may then be summarized as follows. (1) The
ratio retention/inversion is not pressure dependent in the
range from 50 to 1000 Torr. (2) The ratio retention/inver-
sion is affected by the addition of moderator only to a
small extent if meso-DCB is the substrate and approaches
a limiting value of approximately 3.2. (3) The ratio reten-
tion/inversion decreases drastically with increasing mod-
erator concentration if d,/-DCB is the substrate, ap-
proaching a value of about 0.4-0.5. This effect seems to be
independent of the type of halogen; (somBr(1T)80Br or
125 Xe(EC)iz251) and the nature of the rare gas (Ar or Xe)
used as moderator.

These findings clearly indicate that the stereochemical
course of the nuclear decay-induced halogen-for-halogen
substitution leads to results considerably different from
those observed with the same substrates when the substi-
tuting halogen species are neutral, hot :sCl or 35 Cl pro
duced via the 37 Cl(n,s )38Cl or :0Ar(r ,p)39CIl nuclear pro-
cesses2 725 Where 35 C1l (or 39 Cl) for Cl substitution in the
gas phase results predominantly (>90%) in the formation
of products obtained under retention of configuration.
Furthermore, the stereochemical course in hot homolytic
substitution is not influenced by the addition of modera-
tors.28ab

As mentioned in the Introduction, the basic difference
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Figure 3. Ratio of ,251 for Cl substitution products formed via re-
tention to that formed via inversion of configuration plotted as
function of mole per cent xenon present, following
125X e (EC),251 in cf./-2,3-dichlorobutane: retention, fbreo-2-iodo-

3-chlorobutane; inversion, eryfbro-2-iodo-3-chlorobutane; total

pressure of reaction mixture 15 Torr; reaction volume 500 ml,
exposure time 70 min room temperature.

between the halogen species produced via (n, ) or other
nuclear reactions and via a nuclear decay is that in the
former case the initially charged halogen ion undergoes a
sufficiently large number of collisions with the surround-
ing matter to lose its charge long before it reacts chemi-
cally, which will be true also in the presence of excess rare
gases.:s On the other hand, the halogen, generated in the
nuclear decay, is also formed as a highly charged
species,:s however, it usually acquires much less kinetic
energy (as a consequence of the nuclear decay process)
and is more likely to reach thermal energies before it be-
comes completely neutralized,s this even more so if the
surrounding matter, such as argon or xenon, has an ion-
ization potential which lies between the first and second
ionization potential of the bromine (or iodine).

Thus, it can be safely assumed that in the present
study, especially in the presence of argon or xenon moder-
ator, the reacting species is a singly charged Br+ or I+.
The possible contribution of radical species leading to
halogen-for-halogen substitution in the diastereomeric
2,3-dichlorobutane was examined by adding 1,3-butadiene
as scavenger, which was found to be very efficient to sup-
press radical reactions in the Rowland and Wai study.:s
The results, as summarized in Table I, do not show any
significant effect of the added 1,3-butadiene on the prod-
uct ratio and therefore do not support the presence of rad-
ical recombination mechanisms contributing to the overall
substitution under these experimental conditions.

Thus in analogy with previous studies: 2: 25 on the elec-
trophilic reactions of decay produced Br+, one can postu-
late a mechanism in which :0Br+ ions attack the sub-
strate yielding excited halocarbocation (:). that can either
decompose (2), or become stabilized (3) followed bv elimi-
nation of a proton or halide ion, most likely by transfer to
another substrate molecule, yielding the final reaction
product.

If one adopts this reaction sequence the observed results
can then be explained by the following mechanism. In
both systems the halogen species makes its attack prefer-
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“Br+ + CH— CHCl— CHCl— CH,

[CH— CHCl— CHCI— CH!" " Br]+v

entially (>70%) from the front side resulting in a three-
centered bond structure: 230

Cl Cl---Br

\ V/
CH,C— C—C—CH,
1
H H
thus yielding a substitution product which retains the
original configuration.

To account for the considerable amount of “inversion”
which occurred in the case of the d,I form upon addition
of moderator, one would have to postulate that the result-
ing complex survives immediate decomposition, i.e., its
energy contents is not exceedingly high, however, the
complex has sufficient energy for racemization to occur
during the lifetime of the complex leading to the observed
ratio of erythro to threo product which at high Ar concen-
trations is close to the thermodynamic equilibrium con-
centration of the two diastereomers. On the other hand,
only a slight increase in the stereospecificity of the substi-
tution reaction occurs when meso-2,3-dichlorobutane is
the substrate. The initial attack by the electrophile pre-
dominantly leads to the erythro form (retention), but the
threo product is also formed (possibly by back-side at-
tack). Excitation racemization, if it occurs, will not lead
to drastic changes since the two diastereomers are present
in yields close to their thermodynamic equilibrium. The
thermodynamically less stable threo form will be predom-
inantly affected by excitation racemization giving rise to
the erythro form. Indeed, the ratio erythro to threo is seen
to slightly increase with increasing moderator concentra-
tion.

In order to further test this excitation racemization
mechanism one would have to add very efficient energy
sinks, which would quickly remove any excess energy from
the complex, or strong (gaseous) Bransted bases to initiate
a quick Ci1+ transfer, i.e., to reduce the possibility for ra-
cemization either by deactivation of the complex or by
shortening the lifetime of the complex.

A preliminary experiment in this direction was done by
adding small amounts of methanol (vapor), which is
known to be a good energy sink and a relatively strong
Bransted base, to the system. The results, listed in Table
I, show a drastic increase in retention of the original con-
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- [CH— CHCl— CHCI— CH," Br] x a
decomposition
................. “m fragments
[CH,— CHCl— CHCI— CH] ©)
™Br

figuration if d,/-2,3-dichlorobutane is the substrate and
Br+ the electrophile, whereas only a slight change in the
stereospecificity is observed when meso-2,3-dichlorobu-
tane is the substrate.

The fact that only the d,I system is affected by the ad-
dition of methanol is in the agreement with the assump-
tions made above and the findings demonstrated in Fig-
ures 1, 3, and 4. Obviously, the postulated “excitation ra-
cemization” occurs to a significant extent only in the
thermodynamically less stable d,I system. In the meso
form racemization plays a minor role since a front-side at-
tack of the halogen ion leads preferentially to the thermo-
dynamically stable erythro form whereas in the d,I system
mostly the thermodynamically less stable erythro diast-
ereomer is initially formed. In this latter case racemiza-
tion is either kinetically or thermodynamically controlled,
depending on the environment:: The assumption of two
competing processes occurring after the formation of the
halocarbocation in the d,I system, namely, racemization
and Cl+ transfer (see eq 4) would then explain the trends
observed in Figures 1, 3, and 4. As the Ar concentration
increases, racemization also increases due to the lacking
possibility for Cl+ transfer to substrate molecules. In the
presence of methanol the stereospecificity increases, since
Cl+ transfer to this molecule is more effective than to
substrate molecules.

ci*
front-side attack .
d,1 form---—-----omemeeeee « [halocarbocation]*
+ acceptor
racemization quick
a  transfer
[halocarbocation]* [erythro product] (4)

+ RX | Cl+ transfer

[erythro + threo products]

Additional studies using different Brpnsted bases and
other good energy sinks which would change the rate of
energy and Cl+ or proton transfer and thus affect the life-
time of the postulated complex are presently carried out
to test the proposed mechanism.

TABLE |: &Br Found in Each of the Two Diastereomers of 2-Bromo-3-chlorobutane (BCB)° Following

nB(IT&Br in meso- or d,/-2,3-Dichlorobutanes (DCB)

Under Various Experimental Conditions

Additives, Torré % s»Br in BCBC
Substrate
(12 Torr) ol Ar CH2CH-CH==CHi CH:OH Erythro Threo
meso-DCB 2D 760 78.2 21,8
20 760 20 75.4 24.6
20 760 10 80.2 19.8
d,/-DCB 20 760 70.0 30.0
20 760 20 62.1 37.9
20 760 10 8.5 91.5
aln % of 8Br incorporated into BCB erythro + threo = 100%. bEach sample contains 20 Torr of CF&mBr. Experiments were carried out in a 500-m

Pyrex vessel; reaction time was 100 min at room temperature. c Quoted values are the average of four to five experiments.
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Figure 4. Ratio of 80Br labeled erythro- to threo-2-bromo-3-chlo-
robutane vs. mole per cent argon present in reaction mixture
following 80mBr(IT)80Br in MES0- and d,/-2,3-dichlorobutane.
Experimental condition same as described in Figure 1.
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The spectra and decay kinetics of Cs Hs (Cs H:o represents cyclopentane) and Cs Hs O: radicals have been
studied. These radicals were generated in aqueous solutions containing cyclopentane and N:O in the
presence and in the absence of O:. The optical absorption of Cs HsO: has a peak at 270 nm. t 1450 + 150
M.: cm-1. The following reaction rate constants have been measured: fe(CsHso: + CsHsO:2) = (1.2 %

0.15) X 10 M -1sec“1, k(C5Hg + CsH9) = (1.0 £ 0.2) x 10s M-
1 sec-1, and fe(OH + CsHio) = (4.9 £ 0.7) X 10® M .: sec-1. Neither CsH: nor Cs Hs O: transfer

100 M-

. sec", A(CsHs + 02) = (4.9 = 0.6) X

electrons to tetranitromethane. Cs Hs O: does not decompose to produce & ~=

Introduction

The existence of O:- radicals in living systems:: has
greatly contributed toward renewed interest in the chem-
istry and Kkinetics of various peroxy radicals. Many organic
peroxy radicals can also, in principle, participate in cellu-
lar metabolism either directly or uia undesirable side
reactions. For most of the organic peroxy radicals direct or
indirect decomposition to & ~ can theoretically take place
and in fact in the esr flow experiments::: only the latter
one could be seen at longer times. On the other hand,
considerable evidence is accumulating for the existence of
various organic peroxy radicals in aqueous solutions: s at
least in the early stages following the reaction of their pre-
cursors with oxygen. In view of those uncertainties com-
prehensive investigation of the reaction of O. with various
classes of organic radicals in agueous solutions is desir-
able. In this work, reactions of cyclopentane radicals with
0. and the formation of peroxy radicals and their ulti-
mate fate were investigated. Cyclopentane was chosen on
the basis of its considerable solubility in water, and the
formation of only one type of radical through its reaction
with OH.

BExperimental Section

Unless otherwise stated, the linear accelerator at the
Hahn-Meitner-Institute was used, at 10 MeV and 10-A
current. Pulse duration ranged from 5 to 50 nsec. A Tek-
tronix 549 memory scope was used. The light source was
450-W Xe-Hg lamp. Carl Zeiss M4QIIl prism monochro-
mator was employed. No scattered light could be observed
under our measuring conditions. A flow system composed
of Pyrex glass and polyethylene tubing was used to fill
and empty the 4-cm long irradiation cell. The cell was
emptied and refilled after each pulse. All solutions con-
tained mixtures of N.O-O:, except in a few cases where
N:O only was used. The same gas mixtures were used to
push the irradiated solutions away from the irradiation
cell, to push the solutions to the cell, and to saturate the
solutions.

Cyclopentane was added in excess (the maximum gas
phase volume above the solutions taken into account) and
vigorously stirred with the solutions for at least 30 min.
The temperature was 22.5 * 0.5°. The vapor pressure of
cyclopentane at 22.5° is 285 mm.

Materials. Water was first deionized with the aid of an
ion exchanger, and then triply distilled. All other materi-
als were of high purity grade and used as received except
tetranitromethane, which was washed with water until all
yellow materials disappeared. Solutions of tetranitro-
methane were prepared within 1 hr before use. They were
protected from photolysis by means of a glass filter (320-
nm cutoff) and a shutter between the lamp and irradia-
tion cell which was opened : sec before pulsing.

Results and Discussion

C5//9 radicals. An aqueous solution saturated with cy-
clopentane, and equilibrated with N:O, is expected to un-
dergo the following reactions upon pulse irradiation

H.0 --emommomees * eaf, H OH, HA. H, H1O+, OH* 6
e, + NX) —* N2+ OH + OH" @
OH + GHHIl — » C\R, + HX) ?3)

The H atoms may either recombine or react with cyclo-
pentane according to

H + OAo —»H, + GH 4

Since our solutions were buffered, we expect excess of
HsO+ and OH- to decay to their equilibrium concentra-
tions. Thus, within less than 0.5 psec, Cs Hs is expected to
form with a yield G(CsHg) = G(e) + G(OH). A fraction of
the H atoms probably reacts with the cyclopentane at a
slower rate. The spectrum of CsHs radicals is given in
Figure la. The peak must be at 235 nm or lower in the uv.
The extinction coefficient of CsHs at 248 nm, f.45(CsH9)
480 M _: cm-1, was calculated by the comparison of the
CsHs absorption to the o . " absorption observed in a »
mM formate solution saturated with a N.O-O: gas mix-
ture (ratio 2:1). Dosimetry with a similar solution of 0.1
M formate gave exactly the same <:s(CsH9) when the
yield in the dosimeter was taken 4% higher (due to scav-
enging from spurs by 0.1 m formate), and a small correc-
tion (—5%) was made for recombination of OH in compe-
tition with reaction 4 under the conditions of the mea-
surements. H atoms (G(H)/[G(OH) + G(e)] = 0.1) were
assumed not to react quickly with cyclopentane. The
Cs H, radicals decay away according to

: GHy — » CoHIS ()

The Journal of Physical Chemistry. Vol. 78. No. 77. 797&
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Figure 1. Absorption spectra of C5H9, C5H902. and 02" radi-
cals: 2.5 m cyclopentane (saturated solution) at pH 7 (10' 3 ™
NaH2P04 + 10“3 m Na2HPO04). (a) The solution was equilibrat-
ed with N20; [C5H9] = 1.30 x 10'5 M. (b) The solution was
equilibrated with N20 -0 2 gas mixture (4:1 in volume); [02] =
1.7 x 10" 4wm, [CsH902) = 1.28 x 10'5m. The line represents
the extinction coefficient, e corrected?7 for 14% 02' which was
present together with C5H90 2. The crosses represent the experi-
mental optical densities, when the t scale is multiplied by 5.1 x
10 '5. (c) The absorption spectrum of 0 2“ (from ref 7).

and/or

—* Cll + (H

A relatively small (about 10%) residual absorption re-
mains. An average value 2k5 = (2.0 = 0.4) x 10 M-
sec 1 was calculated at various initial concentrations of
C5H9 radicals ranging from 1.6 x 10“: to3 x 10's M.

When O: is also present, it reacts with the CsHs ac-
cording to

CH. + O C.11,0 (6)

As a result, a different absorption spectrum is observed
(Figure Ib) with a broad peak at 268 nm. The formation
of CBHOO2 was followed at 270 nm as a function of Q2
concentration. The results are presented in Table I.
Spectrum and Decay of C5HgO:. The absorption spec-
trum of CsHsO: is presented in Figure Ib. Under our con-
ditions. 14% of the primary radicals (including practically
all H atoms, as well as a small fraction of eaq') reacted
directly with O.. At pH 7, this resulted in the formation
of some O: ~, according to reactions 7 and s, and equilib-
rium 9. The occurrence of these reactions, and the frac-
tion of O:“ was concluded from the known G values of the
primary radicals, and the reaction rate constants of eaq'
with O. and with N:O. It was also confirmed by conduc-
tivity and by electron transfer to tetranitromethane mea-
surements, as will be discussed later. Corrections of the
spectrum have been carried out for this effect, as well as
for about 3% of the C5H9 radicals that escape reaction 6,
under the conditions of Figure Ib. The extinction coeffi-
cient of CsH,O. at 270 nm was measured by the compari-
son of the absorbance obtained in cyclopentane O:-N.O
solutions to the absorbance of O:' in formate solutions
(i24s 2000 M- : cm : used) and to the absorbance of ni-
troform (isso 14,800 A -1 cm-1) in tetranitromethane
(TNM) solutions which were irradiated with the same
dose using the same gas mixture. We found that in 0.1 m
formate, the yield of radicals was 4% higher compared to
2 mm formate. In 1.8 x 10« M TNM the yield was 6%
higher than in 5 x 10 s M TNM. An average value
£:10(CsHs02) = (1450 + 150) M : cm': was obtained
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TABLE I Reactivity of C3HnRadicals toward Oy

(0.1, M 10-9 X kr, M _I sec-1
6.0 X 10°'5 5.bh
1.6 X 10'4 5.1b
2.5 X 10 4 .5 "
3.7 X 10 4.0"
4.1 X 10*“4 4 .5b

AV 4.9 : 0.6

"pH 7.0 (phosphate buffer 10“3 M NaH.POi + 10~3 M Na.-HPOO,
2.5 mM cyclopentane (a saturated solution, vapor pressure 0.375 atm),

N.O present at a partial pressure of (0.625 — 740([0-*]) atm. Each value
represents an average of 3-4 experiments. A small correction for reaction 5
(5ar) was carried out. f Initial [CsH9] = 1.2 X 10 5 M. c Initial [C =

2.5 X 10-s M.

TABLE 1I: Measurements of ko at 270 nm*

Initial [0~ ] X 10f, 2k X 10-',
M M sec-1

18.0 21

10.0 27

3.0 25

nEach value in the table is an average of three determinations. Solutions
contained 1.4 X 10 M 0>and 2.5 mM cyclopentane, and were equili-
brated with 0.52 atm of N.O.

after corrections for variation of yields with the concentra-
tions of solutes, recombination of radicals, and formation
of some 02" in the cyclopentane solutions. Each of these
corrections was always less then 5%.

H+ 0, — HO02 7
ey + 02 —* O,- (s)
HO, H+ + 0,“ pK = 4.867 9)

The decay of the absorbance of CsHs O: was found to be
second order. Measurements at 270 nm are presented in
Table Il. An average rate constant ftio = (1.2 £ 0.15) «x
100 M- sec: was obtained. This value was confirmed by
measurements at several other wavelengths and [O:].

2CTLO, —* (CHD,h (10)

Very little, if any, absorbance due to the products of
reaction 10 could be observed. A tetroxide, the most likely
product of reaction :0, is not expected to have a large ab-
sorption in the wavelength region >240 nm. It most likely
decomposes in one or more steps to cyclopentanone, cyclo-
pentanol, and O: .

Transfer to TNM. It has been concluded from the fol-
lowing experiments that neither C5H9 nor C5HOO2 trans-
fer electrons to tetranitromethane. When solutions con-
taining ¢ x 10 s to 10-« M TNM, cyclopentane (saturat-
ed). O:. and N20 were pulse irradiated, nitroform (NF')
was formed with a yield that corresponded to G(H) plus
the fraction of eaq'" which was expected to react either
with O: or with TNM. The rate of NF*“ formation in such
solutions agreed with k@G>~ + TNM) = 2 x 10® M-,
sec'l. This is in agreement with the knowns value for this
rate constant, and supports our suggestion that O:'
(formed mainly by reaction 7 and equilibrium 9) is re-
sponsible for the major part of NF'. The NF' yield was
always less than 18% of the total yield of radicals. Similar
experiments in the absence of 0. showed that the NF'
formation (~:0% of the total yield) could be accounted
by the reaction of TNM with H and eaq' in competition
with N: O.

Conductivity

Measurements. Conductivity measure-
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ments in solution containing cyclopentane (saturated) and
N20-O2 mixtures were carried out at both pH 55
(HCIO4) and 9.3 (NaOH). The yield of conducting species
assumed to be H+ and O:", measured from the increase
in conductivity at pH 5.5 and the decrease in conductivity
at pH 9.3 as a result of an electron pulse. At both pH’'s we
found that the yield of conducting species, assumed to be
H+ + 02", was about 15% of the total radical yield, and
could be accounted for by reactions 7-9, in competition
with reaction : . These experiments are in agreement with
the TNM tests, showing (a) a small fraction of the radi-
cals forms conducting species, H+ + 02", as expected,
and (b) C5HOO2 does not decompose to give O2-. The low
conductivity at pH 9.3 remained unchanged for at least
0.5 sec decaying to about 50% at 2.5 sec. During that time
C5HIO2 decayed away. (Initial [CBHOOZ] was :+ x 10 ¢
M.) No indications were found for the formation of hydro-
tetroxide which at that pH should be in the ROOOO"
form and contribute to the conductivity with G s 3.
Competition Experiments for the Determination of k3.
We took advantage of the fact that O2" reduces TNM
while C5HI0O2 does not to discriminate between the two
peroxy radicals. In a TNM solution, equilibrated with
N20-02 gas mixture, and containing both formate and
TNM, any OH radicals which react according to (3) will
not lead to NF" formation, while OH radicals that react
according to (11) lead to NF" formation by the reactions

OH + HCOr —» HO + C02~ (11)

12-14. The effect of [formate] on the yield of NF" can be
COT + 0: —»CO, + Or (:2)

cor + TNM —» CO, + NF" + NO, (13

Of + TNM —* O, + NF" + NO, (14)

used in order to calculate k3/fen ratios, according to

k-Jkn = ([formate]/[cyclopentane])LZ)KNF_) —
D(NF"]/[D(NF") - Ocp(NF")] (15)

where DF(NF") is the absorbance of NF" at 350 nm,
when all OH radicals react according to (11), D(NF ) is the
absorbance of NF at 350 nm under competition condi-
tions, and DCP(NF ) is the optical density at 350 nm
when cyclopentane but no formate is present. The results,
given in Table Ill, give an average kz/kxx = 14 % o ..
Using fen = 35 x 10® M- : sec-:.s we obtain k3 = (4.9 +
0.7) X 10®M " Jsec-1. (The error limits do not include the
error in fen.)

Conclusions

In the reactions of O. and hydrocarbon radicals, such as
CsHq, hydrocarbon peroxy radicals are formed rather than
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TABLE I111: Competition between HCO,* and
Cyclopentane for OH Radicals"

[Formate],
mM 102X HNF ) 102X /r'(NF-) kzlku
5.6 32.7
0.50 9.2 32.7 1.30
1.30 13.5 32.7 1.26
2.54 17.2 32.7 1.37
5.25 21.5 32.7 1.48
11.2 26 .4 32.7 1.36
3.2 18.5
2.0 7.7 18.5 1.92
4.0 10.8 18.5 1.60
64 17.7 18.5 1.44

NMeasured at 350 nm, 1 mM NaHiPOt 4- 1 MM Na>HPOI buffer;
10_I M TNM; [cyclopentane] = 2.5 X 10 ~AM (saturated solution). Each
value in the table is an average of two runs.

0:". On the basis of conductivity measurements and the
lack of electron transfer processes in TNM solutions, we
may exclude spontaneous decay of CsH.:O: radicals to
O:" (at t < 1 sec). Formation of a hydrotetroxide
CsH:O«H could not be observed either. In that respect its
chemistry is comparable to that of non a peroxy radicals,
e.g., t-BuOH peroxy radicals which show neither acid-
base properties (pH 3-13.6)10 nor subsequent formation of
hydrotetroxides..: This sharply contrasts the behavior of
a-hydroxy peroxy radicals.::
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The radiolysis of aqueous solutions of cyclopentane and cyclopentene containing 10-2 M N20 or 10-3 M
H- has been studied in considerable detail using 14C radio-gas chromatographic methods. In the studies
on cyclopentane the initial yields for production of cyclopentene and dicyclopentyl were found to be, re-
spectively, 1.75 and 1.23 for acidic solutions (where eaq is converted to H) and 1.95 and 1.36 for those
containing N20 (where eag- is converted to OH). The yields for attack on cyclopentane, 6.0 and 6.7, re-
spectively, for the acidic and N20 containing solutions, agree quite well with the total yields of primary
radicals (6.3 and 6.6) so that the material balance is excellent. From the relative yields the dispropor-
tionation to combination ratio for reaction between two cyclopentyl radicals in aqueous solution is 1.4
(£0.1). The studies on cyclopentene solutions give a similar ratio for reaction between cyclopentyl and
cyclopentyl-2-ol radicals. The product distribution from cyclopentene solutions containing N20 indicates
that 23% of the OH radicals attack cyclopentene by abstraction of an allylic H atom and pulse radiolytic
studies give a value for this abstraction ~28%. Auxiliary studies on the rates of the radical reactions and
on the esr and optical spectroscopic properties of the intermediate radicals are reported. The optical
studies show that cyclopentyl radical absorbs only weakly with the absorption decreasing monotonically
with increase in wavelength above 215 nm («15 ~1000M-1 c¢cm-1, (300 ~100M-1 cm-1). Cyclopentenyl
radical, however, exhibits an intense well-defined absorption band at 242 nm («42 >8000 M~ 1 cm-1;
width at half maximum = 20 nm). In the radiolysis of saturated aqueous solutions of cyclopentane (2.5 x
10- 3 M) secondary reactions of H and OH with product cyclopentene become extremely important at
doses >1018 eV/g (>3% conversion). For the acidic solutions the cyclopentene reaches a plateau of 3 x
10- 5 M, in accord with expectations from the measured disproportionation-to-combination ratio and the
high selectivity (a factor ~60) for addition of H to this product. For the N20 containing solutions the cy-
clopentene reaches a higher level (9 x 10“5 M) because of the dominant importance of the less selective
OH radicals. In general there is very good agreement between the experimental observations on the
course of the radiolysis of cyclopentane and predictions based on the yields of radicals produced from the
water and the relative rate constants for the different competing reactions which are known either from

absolute rate measurements or from the studies on cyclopentene solutions.

Introduction

Except for the recent study of Stevens, Clarke, and
Hart3 on the radiolysis of aqueous solutions of methane
there has been no report of a detailed examination of
product formation in the radiolysis of aqueous solutions of
saturated aliphatic hydrocarbons. Appropriate studies on
solutions of this simplest class of organic solutes are, of
course, difficult because of their limited solubility al-
though the results of such studies should be of consider-
able interest to general discussions of the initial and sec-
ondary reactions that occur with more complicated sub-
strates. Of particular importance is the fact that direct
reaction of hydrated electrons with the aliphatic hydro-
carbons does not occur. The lower molecular weight hy-
drocarbons are sufficiently soluble, and sufficiently sensi-
tive analytical methods are currently available so that sig-
nificant studies can be carried out. Among liquid saturat-
ed hydrocarbons the most suitable choice for such studies
would seem to be cyclopentane both because it is the
most soluble (2.5 x 10- 3 M) and because its radical
chemistry is expected to be relatively simple since all H
atoms are chemically equivalent. We have examined the
products formed in the radiolysis of aqueous solutions of
cyclopentane by radio-gas chromatographic methods and
report the results here. In particular, attention has been
focused on the relative importance of the combination and
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disproportionation reactions of the cyclopentyl radicals
produced by the attack of H atoms and OH radicals on
the solute. During the initial studies it soon became evi-
dent that secondary radical reactions involving product
cyclopentene were of considerable importance in deter-
mining the overall course of the reaction even at conver-
sions of a few per cent so that an auxiliary study on the
radiolysis of aqueous solutions of cyclopentene has also
been carried out. It is shown here that information ob-
tained from these latter studies makes it possible to pre-
dict the course of the radiolysis of cyclopentane solutions
up to doses ~1019 eV/g quite accurately. While these
studies do not, in retrospect, provide any results that
could not have been anticipated reasonably well from ap-
propriate knowledge of the primary yields and the rate
constants for the various competing abstraction, combina-
tion, and disproportionation reactions, they do serve to
point up the various factors which must be considered in
obtaining a reasonably complete description for even such
a simple system.

Experimental Section

Materials. A 73.8-mg sample of cyclopentane-14C (spe-
fic activity 1.9 Ci/mol) was obtained from New England
Nuclear Co. This material was purified gas chromatographi-
cally and the resultant sample shown to be free of detect-
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able traces of radiation-produced product. It was stored
on a vacuum line in a vessel sealed with a metallic bel-
lows sealed valve.

Cyclopentene-14C (which was not available commercial-
ly) was prepared by dehydrating cyclopentanol-14C (spe-
cific activity 1.9 Ci/mol) also obtained from New England
Nuclear Co. Dehydration was accomplished by passing
the cyclopentanol sample through a 1-m column of acti-
vated alumina at 350° together with helium carrier gas at
a flow rate of 50 cc/min. These conditions were optimized
by studies with inactive cyclopentanol and such that 98%
dehydration occurred within the contact period of 2 min.
The cyclopentene-14C (20 mg) was then purified chroma-
tographically and stored as above.

Nonradioactive hydrocarbons were Phillips Research
Grade. The cyclopentane used in the optical pulse radiol-
ysis studies was chromatographed through silica gel in
order to eliminate unsaturated impurities then extracted
a number of times with water. The cyclopentene used in
the pulse experiments was extracted 5-10 times, first with
water and then with strong base, in order to remove im-
purities which otherwise absorbed strongly at short wave-
lengths. After extraction, saturated cyclopentene solutions
were transparent down to a wavelength of 220 nm. Car-
boxylic acid derivatives were obtained from Frinton Labo-
ratories. Bromocyclopentane was from K and K Laborato-
ries and cyclopentanol from Matheson Coleman and Bell.
Chlorocyclopentane and the reference compounds cyclo-
pentylcyclopentane, 2-cyclopentylcyclopentanol, and 3-
cyclopentylcyclopentene were obtained from Chemical
Samples Corp. Other chemicals were of the reagent grades
usually used in studies such as these.

Sample Preparation and Irradiation. A 0.3-cc sample of
triply distilled water (containing 10" 3 M H2SO4 for stud-
ies at pH 3) was outgassed on a vacuum line and trans-
ferred into a Pyrex irradiation cell 3 cm long and 0.5 cm
i.d. The desired amounts of 14C labeled hydrocarbon and
N20 were metered out on the vacuum line, transferred to
the irradiation cell, and the cell was sealed. The vapor
volume within the cell (0.1-0.2 cc) was noted and the
fraction of hydrocarbon in the solution phase calculated
from Henry's law as described below. The sample was
shaken on a mechanical shaker for at least 1 hr before ir-
radiation. 7 -lrradiations were carried out inside 60Co
sources at dose rates determined by Fricke dosimetry to
be 7.6 x 1016 or 9.7 x 1017 eV g" 1 min-1. Irradiations
were normally from 1 to 10 min and absorbed doses in the
range 4 x 1017-2 x 1019eV/g.

Radio-Gas Chromatographic Analysis. The radio-gas
chromatographic apparatus used was similar to that de-
scribed by Warman and Rzad.4 The column effluent, after
being examined by a thermal conductivity detector, was
oxidized in a CuO furnace at 750°, passed through a dehy-
drite train to absorb water, and counted in a flow propor-
tional counter having an internal volume of ~50 cc. Heli-
um was used as the eluting gas and methane added to
provide a suitable counting mixture. Residence time of
the sample within the counter was ~30 sec so that for a
specific activity of 2 Ci/mol an activity level equal to the
background rate (~200 cpm) corresponded to ~ 10-10
mol. Both the integral count and counting rate were mon-
itored. The response of the counting equipment was cali-
brated during the course of the various experiments using
known volumes of toluene-14C of low specific activity. The
specific activities of the different samples were intercom-
pared on a liquid scintillation counter.
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After irradiation the total sample was introduced into
the chromatographic apparatus by breaking the ampoule
in the eluting stream as described by Warman and Rzad.4
This approach (in contrast to using a syringe technique
merely to sample the liquid phase) was used because it
was desired to obtain total transfer of the sample for a
measurement of the hydrocarbon content. The high vola-
tility of the hydrocarbons used makes it difficult to sam-
ple the aqueous phase of the irradiated samples accurate-
Iv-
yThe radiolysis products were separated from the large
volume of water by using Porapak R (Waters Associates
Inc.) as the second stage of a two stage column. A prelim-
inary separation of the water, cyclopentane, and cyclopen-
tene from the other products was carried out on the first
stage (a 2-m column packed with 25% on 30-60 mesh
Chromosorb silicone grease operated at 60°) and these
substances were trapped on the Porapak column held at
25°. The Porapak column was replaced by a second sili-
cone grease column and the elution of the remaining prod-
ucts continued by appropriate temperature programming.
The cyclopentene and cyclopentane were then eluted from
the Porapak column at 150° and separated on a silica gel
column at 50°. A typical chromatogram of an irradiated
cyclopentene solution is shown in Figure 1 (available on
microfilm, see paragraph at end of text regarding supple-
mentary material). In this case the product cyclopentane
appears as a very nicely resolved peak in front of the cy-
clopentene and is readily measurable with high accuracy
even at the level of 10" 6 M. The oxygenated products (cy-
clopentanone, cyclopentanol, 3(cyclopentyl-2-ol)cyclopen-
tene, and 2-cyclopentylcyclopentanol) exhibit less well-
defined peaks and because of tailing their yields are
subject to more uncertainty. Cyclopenten-3-ol, which is
expected to be produced in the studies of cyclopentene,
was missed because it eluted from the first column in 8
min and could not be separated from the water. The cyc-
lopentyl-2-ol  dimer  (2-cyclopentyl-2-ol-cyclopentanol)
eluted at a long time and had a poorly defined peak. In
studies of cyclopentane solutions, the product cyclopen-
tene appears on the tail of the cyclopentane so that the
background is somewhat higher and measurable levels are
in the range upward of 10"5 M. In this case the dimers
(mostly cyclopentylcyclopentane, 3(cyclopentyl)cyclopen-
tene, and 2-cyclopentylcyclopentanol) were not resolved
and the total activity was measured as a unit. The yields,
as measured by the activity level, are in terms of mole-
cules of cyclopentene incorporated into the product. The
fact that specific activity of the dimers was twice that of
the starting material was taken into account in stating
these yields.

Examination of Intermediates. The radical intermedi-
ates present in the cyclopentane and cyclopentene solu-
tions were examined both by the in situ radiolysis-esr
technique of Eiben and Fessenden5 and by the optical
pulse radiolysis methods developed by Patterson and
Lilie.6 The latter provides signal averaging capability
which is extremely useful for studying the hydrocarbon
solutions. Flow systems were used in both cases. For the
esr experiments a continuous beam of 2.8-MeV electrons
from a Van de Graaff accelerator was used at an absorbed
dose rate ~1020 eV g" 1sec"l The residence time of the
sample within the irradiation volume was ~25 msec so
that the sample received a dose sufficient to consume
~0.5 mM hydrocarbon. In the pulse radiolysis experi-
ments, exposures (also with 2.8-MeV electrons) were of
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~l-/nsec duration at currents up to 50 mA for absorbed
doses of up to 6 x 1017 eV/g. The samples were changed
between pulses. For wavelengths below 260 nm a correc-
tion for scattered light of wavelength longer than 290 nm
was made from measurements of the intensity of light
transmitted by a 2-mm Pyrex 053 filter (290-nm cutoff).
The level of scattered light was essentially constant but
the total light level decreased continuously with decreas-
ing wavelength so that this correction became important
for wavelengths below 250 /nm (for transparent samples
the scattered light of long wavelength was ~ 10% of the
incident light at 230 nm and ~20% at 220 nm).

Rate Constant Measurements. Second-order rate con-
stants for attack of H atoms on cyclopentane, cyclopen-
tene, and a number of related substances were determined
by competitive measurements using the reaction between
H atoms and deuterioisopropyl alcohol as the reference
reaction (see Neta, Holdren, and Schuler).7 The rate con-
stant for the latter reaction was taken as 1.05 x 107 M- 1
sec- 1 with the latter based on the absolute measurement
of 1.0 x 109 M- 1sec- 1 for addition of H atoms to benzoic
acid.8

Rate constants for OH reactions were determined in
competitive pulse radiolysis experiments using the loss of
intermediate from the reaction of OH with SON- (k = 1.1
x 1010 M- 1 sec- )9 or with p-nitrobenzoate anion (k =
2.6 x 109 M- 1sec- 1)10as the indicator.

Absolute second-order rate constants for loss of cyclo-
pentyl and cyclopentenyl radicals were determined by
measuring the median lifetimes of the radicals produced
at known concentrations in pulse experiments. The total
initial radical concentrations were determined by mea-
surement of the absorption of (SCN)2- produced by an
equivalent dose. The latter was assumed to be produced
in N20 saturated solutions with a yield of 6.0 and to have
€475 = 7600 M~ 1 cm-1.11 Doses were intercompared via a
secondary emission monitor.

Results and Discussion

The solubilities of the hydrocarbons in water are of crit-
ical importance in the analysis of the kinetic data ob-
tained in these studies. This situation is true even below
the solubility limit because the high vapor pressure of the
hydrocarbons results in an appreciable fraction of the hy-
drocarbon being present in the vapor phase. There is, in
fact, relatively little reliable information on the solubili-
ties of liquid hydrocarbons with the most comprehensive
summary being the 1966 report by McAuliffe.12 Other
data, where it exists, frequently differ considerably.13 In
the case of cyclohexane, for example, a value a factor of 3
higher than McAuliffe’s solubility has been reported.13a It
was therefore considered desirable to make our own inde-
pendent determinations. Solutions were saturated with
the hydrocarbon in closed vessels, shaken vigorously and,
after they had been allowed to stand for 1 day, 0.5-cc por-
tions were withdrawn directly from the aqueous phase
into gas-tight syringes through a septum in direct contact
with the aqueous phase. The hypodermic needle was not
allowed to come into contact with the hydrocarbon phase.
These samples were then analyzed by gas chromatograph-
ic methods. The sensitivity of the thermal conductivity
detector for the individual hydrocarbons was determined
by examining known solutions of the hydrocarbons in no-
nane. The solubilities determined in this work are in quite
good agreement with those reported by McAuliffe, as is
indicated in Table I. Values for cyclohexane (determined
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TABLE I: Solubilities of Hydrocarbons
in Water at 23°

Solubility, mM

McAuliffe" Present results
Cyclopentane 2.2 2.5
Cyclohexane 0.65b 0.68
Cyclopentene 7.9 8.2
Cyclohexene 2.6 2.6
Pentane 0.53c
Hexane 0.10r
Heptane 0.03
Octane 0.008
1-Pentene 2.1
2-Pentene 2.9
1-Hexene 0.59

aReference 12 bValues of 0.75 and 1.70 have also been reported (ref
13a and b). ¢ Values of 0.54 and 0.21 for pentane and hexare, respectively,
have been reported in ref 1.
by a related radiochemical method) and cyclohexene were
also measured in the present study and these values are
reported in Table | along with literature values on the C5
and Cg straight chain hydrocarbons which illustrate the
trends of solubility with structure. It is seen that the cy-
clic compounds are a factor of 4-5 more soluble than their
straight chain analogs and that the solubility drops off
rapidly with increased size. In general the olefins are a
factor of 3-4 more soluble than the corresponding alkanes.
Of the liquid hydrocarbons cyclopentane and cyclopentene
are, from the solubility point of view, obviously the best
choices for the present type of study.

In the following it is assumed that below the solubility
limit the solutions are ideal and that the hydrocarbon
concentration is controlled by Henry's law. Accordingly
the fraction of the amount of solute in solution was taken
as (L + P°VK/RT Sijwd ) 1where P° is the vapor pressure
of the hydrocarbon, Vt and Vg are the liquid and vapor
volumes, Snyd is the solubility of the hydrocarbon in
water, and R and T are the usual gas constant and abso-
lute temperature. For cells having 50% vapor volume
these fractions are only 0.13 and 0.28, respectively, for cy-
clopentane and cyclopentene. It is seen that even where
the amount of solute added to the system is below the sol-
ubility limit the problem of knowing the exact concentra-
tion is, indeed, very severe if there is any vapor volume
remaining in the irradiation cell. Detailed kinetic studies
on hydrocarbon solutions are made extremely difficult be-
cause of uncertainty about the concentration in solution.
Because the irradiation periods were short (<10 min) it is
assumed in the following kinetic treatments that volatile
products did not escape from solution during the period of
the irradiation.

Rate Constants for the Reactions of the Primary Radi-
cals. Hydrated electrons should not react with either cy-
clopentane or cyclopentene so that in the absence of an
electron scavenger the hydrated electrons produced from
the water presumably will react with H+ ion to form hy-
drogen atoms. In the presence of N20 they will be rapidly
converted to OH radicals. If an electron scavenger is not
intentionally added to the system it is possible that hy-
drated electrons might interfere somewhat by reacting
with certain radiation produced products such as cyclo-
pentanone.

While the rate constants for reaction of H atoms with
both cyclopentane and cyclohexane have previously been
measured by an esr method, the values reported (3 x 107
M- 1 sec- 1 in both cases) represent the results of single
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experiments on saturated solutions and are subject to con-
siderable uncertainty.14 A pulse radiolytic determination
of 4 x 107 m 1 sec-1 for reaction of H with cyclohexane
in aqueous solution has also been reported by Sauer and
Mani.15 Both measurements on cyclohexane are, however,
based on a solubility of 1.7 mM and need to be corrected
upward to 8 and 10 X 107 M-1 sec-1 by virtue of the
lower solubility indicated in Table I. Because of these sol-
ubility problems it was also decided to examine the sim-
ple carboxylic acid derivatives where the rate constants
should be similar to (but slightly lower than) those for the
hydrocarbonsi16 and solutions of known concentrations can
be prepared more readily. The H2 and HD yields from so-
lutions containing both isopropyl alcohol-c® and the vari-
ous solutes of interest here are given in Table Il (available
on microfilm). In these experiments the vapor volume
represented only ~20% of the cell volume so that -37
and ~e0% of the cyclopentane and cyclopentene added
would be in solution and errors in determining these fac-
tors should not affect the results in more than a relatively
minor way. The total rate constants for the reaction of H
atoms with these solutes relative to the abstraction of H
from isopropyl alcohol-d6 were calculated according to the
methods described by Neta, Holdren, and Schuler7 and
are given in the final column. The absolute rate constants
obtained on the basis of an assumed value for the refer-
ence reaction of 1.05 x 107 M 1sec-1 are given in Table
HI. For the saturated compounds some loss of H atoms by
addition to product olefin is evident from the fact that the
observed total hydrogen yield is only 2.8-3.2. Since the
relative rates are calculated from the observed H2 and HD
yields, such a loss has no effect on the rate constant deter-
minations. For the unsaturated compounds the addition
reactions dominate as expected but abstraction also oc-
curs to an important extent, as is manifested by the fact
that the H2 yields are 0.3-0.4 units above the molecular
yield (see the entry for acrylic acid). The fraction of H
atoms which abstract from the cycloolefins are given in
the second column of Table Il and the partial rates for
the abstraction and addition reactions in the final two
columns.

The rate constants given in Table Ill for cyclopentane
and cyclohexane are very reasonable in view of the values
of ~5 x 107 M~ 1 sec-1 measured for the carboxylic acids
since carboxyl groups are known to decrease H atom ab-
straction rate constants by a factor of between 1 and 2.16
The value for cyclohexane agrees well with the previous
values obtained in the esrl4 and pulse radiolysis15 experi-
ments after corrections have been made as indicated
above. The esr value for reaction with cyclopentane,
which after correction has been made to the solubility of
Table I is 20 x 107 M-1 sec-1, appears to be unquestion-
ably too high and probably reflects secondary reactions
with product cyclopentene at the dose rates employed.

Rate constants for reaction of H atoms with the cyclo-
olefins have not previously been reported but the values are
expected to be in the range of 1-5 x 109 M- 1 sec- 1 typi-
cal for addition to unsaturated systems.17 The values
given in Table Ill appear to be reasonable but may be
somewhat high in view of the lower values for addition to
the unsaturated acids. The ratio of the rate constant for
addition to cyclopentene to that for abstraction from cy-
clopentane is ~60 and in agreement with the ratio for the
corresponding carboxylic acid. This value of the ratio will
be used in the following kinetic treatment. The partial
rate constant for abstraction from the cycloolefins is con-
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TABLE Ill: H Atom Reaction Rates with
Aliphatic Hydrocarbons
kiotalh khl 0
x 10-;. x lo-;, x 10-;,
M - wi-r M “1
Hydrocarbon /HabX cm 1 cm-] cm1l
Cyclopentane 10 10
Cyclopentanecarboxylic acid 4.8 4.8
Cyclohexane 7 7
Cyelohexanecarboxylic acid 5.0 5.0
Acrylic acid 0.00 210 <5 210
Cyclopentene 0.08 580 50 530
Cyclopentene-1-carboxylic 0.06 330 20 310
acid
Cyclohexene 0.09 610 50 560
Cyclohexene-1 -carboxylic 0.07 310 20 290
acid
Cyclohexene-4-carboxylic 0.07 280 20 260
acid

aFraction of H atons undergoing abstraction reactions calculated on the

ion that the nolecular 11 yield in these solutions is 0411. 4Based on

a rate constant of 1.05 X 10' M-1 sec' 1for the abstraction of D from
(CD"CDOH.

siderably higher than that for abstraction from saturated
systems and indicates that abstraction occurs predomi-
nantly at the allylic positions. For cyclopentene the par-
tial rate per allylic H atom (~1 x 108 M~1 sec-1) is
about a factor of 10 greater than the comparable rate for
abstraction from cyclopentane, in agreement with the
general conclusions of Witter and Netal8 from studies on
other unsaturated systems. Abstraction from the CH2 po-
sition of cyclopentene should have a partial rate similar to
that of cyclopentane and account for less than 1% of the
total H atom chemistry.

The rate constants for the reactions of OH with cyclo-
pentane and cyclopentene were determined by measuring
the diminution of the absorption of the transient produced
by OH attack on p-nitrobenzoic acid (for cyclopentane) or
thiocyanate (for cyclopentene) upon saturating a given so-
lution with the hydrocarbon. Values of 3.0 and 7.0 x 109
M- 1sec- \ respectively, were obtained. Both values are of
the magnitude expected from information on the rates of
abstraction from and addition to other saturated and un-
saturated systems of similar size.17 In particular Anbar,
Meyerstein, and Netal9 have reported a value of 4 x 109
M ~1 sec- 1 (corrected, see ref 19b) for reaction of OH with
cyclopentanecarboxylic acid. It is seen that there is very
little selectivity in the reaction of OH radicals. While OH
is, of course, expected mainly to add to cyclopentene, H
abstraction will also be important. The partial rate con-
stant for abstraction from the allylic positions should be
>1.2 x 109 M-1 sec-1 so that 2-cyclopentenyl radical (re-
ferred to subsequently as cyclopentenyl) should be an im-
portant intermediate. For purposes of making preliminary
estimates of the product distribution we will assume that
20% of the OH abstracts H from the 3 position and, as we
will see below, a value of this magnitude is borne out by
the analysis of the product distribution. Abstraction of H
from the 4 position should have a partial rate constant
~0.6 x 109 M- 1 sec- 1so that the 3-cyclopentenyl radical
should account for ~ 8% of the chemistry.

Radical Intermediates. Esr Studies. If secondary reac-
tions involving product are unimportant, cyclopentyl radi-
cal should be the only radical produced from the solute in
the case of cyclopentane. This radical is readily identified
from its 10 “line" esr pattern where each “line” should
have further observable structure resulting from splitting
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F|gure 2. Partial esr spectrum of cyclopentenyl radical produced
in the irradiation of N20 saturated aqueous solution of cyclopen-
tene at pH 13.5. The total spectrum consists of 30 "lines' de-
scribed by the parameters aH(tv*) = 14.19 G (two equivalent
protons), aH(«) = 2.81 G (one proton), au(3) = 22.74 G (four
equivalent protons), and g = 2.00265. The second-order pat-
terns of (a) the 16th “line" and (b) the 21st and 22nd “lines"
(counting from low to high field) are illustrated. The 2.81-G
splitting by the unique proton is illustrated by the separation be-
tween “lines" 21 and 22. The hyperfine constants correspond to
spin densities of 0.57 at the starred (extreme) and —0.11 at the
unstarred (central) position of the allylic system. The observed
3-hyperfine constant (22.74 G) is somewhat larger than the
value of 20.0 G predicted by multiplying the 35.1-G 3 hyperfine
constant of cyclopentyl radical by the spin density of 0.57 on the
adjacent cv-carbon atcm. If the contributions to the wave func-
tion add constructively a spin density of only ~0.02 on the ad-
jacent /3-carbon atom is sufficient to explain this difference.

by the y protons and by second-order effects,20 This radi-
cal is, in fact, the only one distinguishable during in situ
esr experiments on neutral solutions (phosphate buffered)
saturated both with N20 (to convert ear~ to OH) and
with cyclopentane. The lines are weak but are readily ob-
servable on the high-field side since they are somewhat
enhanced by CIDEP effects.2l The esr parameters in
aqueous solution at room temperature are oH(«) = 20.85
+ 0.10, aH(3) = 35.11 + 0.03 (four equivalent protons),
and aH(7) = 0.50 + 0.03 G (four equivalent protons) with
g = 2.00256 + 0.00003 and the observed line width is 0.14
G. The hyperfine constant of the a proton is somewhat
lower than the value of 21.48 G reported in liquid cyclo-
pentane at -40°20 but the 3 and y constants are essential-
ly identical with the respective values of 35.16 and 0.53 G
previously found. Since a-proton hyperfine constants are
expected to decrease with increase in temperature22-23 the
difference between the two studies reflects, to a certain
extent, the temperature difference between the measure-
ments. Fischer24 gives a value of aH(0) = 21.05 G for cyc-
lopentyl radical in ether solution at room temperature.
Studies similar to the above on a neutral N20 saturated
cyclopentene solution gave only a very weak esr spectrum.
The most intense lines were those of the cyclopentenyl
radical (see below) indicating that abstraction of the allyl-
ic hydrogen atoms by -OH is a reasonably major process.
A large number of weaker lines were also present but the
patterns were not sufficiently defined for a detailed as-
signment. Presumably these lines are attributable to the
radical cyclopentyl-2-ol which is expected to be the pre-
dominant species present in this case. Cyclopentene was
also examined at pH 13.5 where OH is converted to 0 “
and H atom abstraction by the O~ becomes a very impor-
tant reaction.25 The principal radical observed was the
cyclopentenyl produced by abstraction of H from the al-
lylic positions of the cyclopentene. This radical has a 30-
line esr spectrum (two equivalent a protons at the ex-
tremities and one unique a proton at the central position
of an allylic system and four equivalent 3 protons) so that
the individual lines are weak as is illustrated in Figure 2.
From the observed intensities one can conclude that com-
parable concentrations of radicals are present at steady
state in the respective experiments on solutions of cvclo-
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Flgure 3. Absorption spectrum of cyclopentyl radical. Measure-
ments were made 3 Msec after a 1 Msec pulse. Each point rep-
resents the average of four experiments carried out on N20-sat-
urated cyclopentane-saturgted aqueous solutions. Doses were
~3 X 1017 eV/g (30 ﬁcyclopentyl radical) and samples
were changed between pulses. Appropriate corrections for scat-
tered light have been made and extinction coefficients have
been calculated from the dosimetry as described in the text. The
absorption spectrum of cyclopentene is given by the dashed
curve and that for the cyclopentane lies much further into the
uv.28a

pentane and cyclopentene. The esr parameters of cyclo-
pentenyl in this study are aH{a*) = 14.19 (two equivalent
protons), aH(a) = 2.81 and aH(/3) = 22.74 G (four equiva-
lent protons), and g = 2.00265. Only a qualitative esr
spectrum of cyclopentenyl radical produced in the radiol-
ysis of liquid cyclopentene has previously been reported26
although unpublished independent measurements by Fes-
senden and Ogawa in hydrocarbon solutions27 have given
parameters comparable to those observed here. The quan-
tity 2aH«*) —aH@) = 25.57 G can be compared with the
related value of 25.60 G obtained for the assignment of the
14.83 and 13.93 G constants in allyl radical,20 respective-
ly, to the protons cis and trans to the unique proton in
allyl radical. Krusic and Kochi have previously28 come to
the same assignment from an intercomparison of the hyper-
fine constants of the cis- and trans- 1-methyl allyl radicals.

Radical Intermediates. Pulse Radiolysis Studies. Pulse
radiolysis experiments on cyclopentane solutions at pH 10
(N20 saturated) gave the absorption spectrum of Figure 3
3 /isec after a 1-Msec pulse. In these experiments the peri-
od for OH attack is 0.1 Msec and for H atom attack 3 Msec
so that effectively all of the OH and 50% of the H atoms
should have been converted to cyclopentyl radicals at the
time of observation. From the dosimetry the total initial
radical concentration is 30 gM. The correction for loss of
radicals by recombination at 3 Msec is estimated from the
kinetic results described below to be ~15% so that the
yield of radicals present at the time of observation is ex-
pected to be 5.4. There will be no important loss of these
radicals by reaction with products because the products
are formed on a time scale one to two orders of magnitude
greater than the initial abstraction reactions. The extinc-
tion coefficients given in Figure 3 are based on this yield
together with a comparison of the incremental absorban-
ces observed in the cyclopentane solutions with those
found at identical doses with SCN~ (G(SCN)2~ = 6.0;
i40(SCN)2- = 7600 lcm- M.2Ba

The spectrum of Figure 3 should be attributable to eye-
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lopentyl radical. Sauer and Manil5 have, however, re-
ported an absorption spectrum for cyclohexyl radical in
aqueous solution with a maximum at 240 nm and an ex-
tinction coefficient at that wavelength of 1500 M 1cm- 1
Since one expects that cyclopentyl and cyclohexyl radicals
will have more or less similar absorption spectra the pres-
ent results appear to be at variance with this previous re-
port. Pulse radiolysis studies on solutions saturated with
cyclopentyl bromide or chloride containing terf-butyl al-
cohol to remove OH also gave a component to the absorp-
tion assignable to cyclopentyl radical formed by eag- at-
tack on the halide which was essentially identical with
that indicated in Figure 3. Studies on 10 mM cyclopenta-
nol solutions saturated with N20 showed some complica-
tions at long wavelengths and long times but there was no
component at short times which contributed to the ab-
sorption in the region of 230-260 nm significantly in ex-
cess of that of Figure 3. We conclude that the spectrum of
Figure 3 represents cyclopentyl radical and that the ab-
sorption increases monotonically with decrease in wave-
length. There is no manifestation of any maximum at 240
nm. Cyclopentane itself does not absorb significantly
above 200 nm (t2io <0.1 M~1cm-1) and cyclopentene ab-
sorbs only weakly (t210 ~ 100 M- 1cm- a).

The spectrum indicated by the crosses in Figure 4 was
observed in the pulse irradiation of N20 saturated solu-
tions of cyclopentene at pH 10.5. The radicals formed in
the addition reactions are expectec to exhibit spectra sim-
ilar to that of Figure 3 so that it would appear that the
maximum at ~240 nm can be ascribed largely to cyclo-
pentenyl radicals produced by abstraction of an allylic hy-
drogen atom. That this is the case is shown by the spec-
trum at pH 14 (the circles in Figure 4) where a narrow (20
nm at half-maximum) well-defined and moderately in-
tense Gaussian shaped absorption band is observed at 242
nm. The esr studies clearly show that cyclopentenyl is ex-
tremely important at this pH and there is little question
but that this absorption band can be assigned to cyclo-
pentenyl radical. The growth period of this band is <0.5
Msec for a solution saturated with cyclopentene. Taking
the solubility to be <0.008 M the rate constant for O" at-
tack on the cyclopentene is >2 x 108 M-1 sec-1. At pH
13 where the ratio of [O ]:;[OH] is —10:1 the absorption at
242 nm has risen by one-half of the difference between its
values at pH 10.5 and 14 so that a rate constant ~7 X 108
M~ 1sec- 1is indicated for the reaction of O- . The contri-
bution of OH at pH 14 is, accordingly, only ~10%. Since
the rate constant for addition of O- to aromatic systems
is low24 we have assumed that addition to cyclopentene
and other side reactions of O- are important and have
calculated the extinction coefficients on the basis of a cy-
clopentenyl yield of 6.0 at pH 14. The values in Figure 4
are, therefore, lower limits with the actual values proba-
bly being ~ 20% larger and somewhat dependent on the
relative frequency for abstraction of hydrogen from the 4
position of cyclopentene.

The spectrum observed at pH 10.5 is more complex
than that found at higher pH ar.d obviously has a contrib-
uting absorption that is somewhat more intense than that
of cyclopentyl radical. From the figure a background
~1300 cm-1 per OH at the cyclopentenyl maximum is
reasonable and if we subtract this background from the
observed value of 4100 cm-1 per OH and divide by an ex-
tinction coefficient of 10,000 M~ 1 cm- 1 we obtain a value
of 28% for the fraction of OH which abstracts an allylic hy-
drogen atom from cyclopentene. Because of background
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F|gure 4, Absorption spectrum of cyclopentenyl radical (O) as
observed in the pulse radiolysis of aqueous solutions of cyclo-
pentene at pH 14 (N20 saturated). Observations are 2 Msec
after a 1-Msec pulse which produced an initial concentration
~10-5 M. Results represent the average of four experiments.
Extinction coefficients are determined on the assumption of a
yield of 6.0. Data at pH 10.5 (X), taken under similar condi-
tions, show that cyclopentenyl is produced at the lower pH in
reduced yield and that an additional intermediate contributes an
underlying absorption in the region immediately above 200 nm.
The dashed curve is the spectrum of cyclopentyl radical from
Figure 3.

from other radicals and uncertainty in the extinction coef-
ficient this value is regarded as somewhat less reliable
than the value of 23% indicated by the chemical measure-
ments described below.

Rate Constants for the Radical-Radical Reactions.
Since first-order reactions of the radicals are not expected
to compete with the radical-radical reactions even at the
lowest dose rates used here, the absolute rates for the sec-
ond-order processes do not come into the Kinetic treat-
ment of product formation in any direct way as long as
only one type of radical is present. Where reaction be-
tween different types is important, some knowledge of the
rate constants for the different combination reactions is
useful. Data on the disappearance of cyclopentyl and cy-
clopentenyl radicals are given in Figures 5 and 6 (avail-
able on microfilm). Rate constants for radical disappear-
ance (2ku where ku is specified for the reaction R + R —a
products) were determined from the initial total radical
concentration [R]o, as given by the dosimetry, and the
observed median lifetime fm, i.e., the period required for
loss of 50% of the radicals (ku = (2[R]Jofm)~J). Values of
2.0 and 15 x 109 M~1 sec-1 were obtained for, respec-
tively, cyclopentyl and cyclopentenyl. In both cases the
decay follows good second-order kinetics out of 90% decay
as is illustrated in the figures. In the experiment on cyclo-
pentene at pH 10.5 the decay is more complex and there
is a residual absorption which amounts to about 10% of
the initial signal. If one corrects for this then the median
lifetime of the species absorbing at 242 nm is similar to
that at pH 14. It seems likely that this residual may be
caused by product cyclopentadiene which has an extinc-
tion coefficient ~3000 M- 1cm- 1 at this wavelength. If so
the yield of cyclopentadiene is ~0.3 and it is indeed sur-
prising that a larger residual is not observed in the experi-
ment at pH 14 since cyclopentadiene should be even a
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TABLE 1V: Yields of Products Formed in the
=-Radiolysis of AqQueous Solutions of Cyclopentene
Containing 10 2M N.O

Product G(produet)”
Cyclopentanone ~0.55
Cyclopentanol 0.96
3(Cyclopentyl-2-ol)cyclopentene 0.56 X 2 =1.12'
2-Cyclopentylcyclopentanol 0.21 X 2 =0.42"
Cyclopentane 0.31
T otal observed 3.36"

nAll of the solutions were saturated with C-14 labeled cyclopentene.
" Yields are taken from the lirear indicated in Fgure 4. ' Given
in units of cyclopentene incorporated in the product. The yields of these
dinmers are one-half the values quoted in the last columm. " In addition an
approximate yield of 1.0 was observed for 2(cyclopentyl-2-ol)cyclopentanol
and ayield (i.7 must be included in the naterial balance considerations
to account for the reformation of cyclopentene. The principal Nissing
product appears to be eyclof>erten+3-ol which elutes with the water.

more important product there. The second-order rate con-
stants, as measured in these pulse experiments, show that
in spite of its conjugation cyclopentenyl reacts nearly as
rapidly as does cyclopentyl so that in the steady-state
studies there should be relatively little selectivity between
the various possible radical-radical reactions.

Radiolysis of Cyclopentene Solutions. In aqueous solu-
tions of cyclopentene the radiolysis products are, to a
large extent, protected from secondary attack by the high
reactivity of the cyclopentene so that product formation is
expected to be very nearly linearly dependent on dose. As
a result, the yields observed at reasonable doses should
directly reflect the relative importance of both the differ-
ent initial reactions and the various competing termina-
tion processes. This system will be discussed first since
the information obtained is useful in the discussion of the
cyclopentane system to follow.

(a) Studies in the Presence of N20O. The principal prod-
ucts observed in the radiolysis of cyclopentene solutions
were, as has been already indicated in the chromatogram
of Figure 1, cyclopentane, cyclopentanone, cyclopentanol,
3(cyclopentyl-2-ol)cyclopentene, and 2-cyclopentylcyclo-
pentanol. For solutions ~8 mM in cyclopentene and 20
mM in N20 the yields of all products except cyclopenta-
none increased linearly with dose up to doses of ~6 X
1018 eV/g, as is illustrated in Figure 7 (available in micro-
film). The vyield of cyclopentanone, which is the stable
tautomeric form of the cyclopentene-l-ol expected to be
produced in the disproportionation of cyclopentyl-2-ol
radicals, appears to decrease as the dose increases. Since
the cyclopentanone concentration does not rise to the
point where the reaction with eag- will compete signifi-
cantly with scavenging by N20 we must assume that the
apparent drop of its yield results from secondary reactions
such as electron transfer. The yields indicated by Figure 7
are summarized in Table IV. From the mechanism dis-
cussed below one also expects an appreciable yield of both
2(cyclopentyl-2-ol)cyclopentanol and cyclopentene-3-ol
and minor yields of cyclopentadiene and the three dimeric
products produced from the combination of cyclopentyl
and cyclopentenyl radicals. The latter, which from the re-
tention time of cyclopentylcyclopentane should appear
just before the 2-cyclopentylcyclopentanol, were produced
in such small yields that they were lost in the back-
ground. In the chromatographic procedure used, the cy-
clopentene-3-ol was not observed since it eluted from the
silicone grease column along with the water. The dimer
2(cyclopentyl-2-ol)cyclopentanol had such a broad peak
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that it could not be measured accurately but was pro-
duced with a G ~ 0.5. A careful examination, which
should have detected a yield of even a few tenths, showed
no observable cyclopentadiene. While the net yield of this
product is certainly low, some should be formed and it
seems likely that cyclopentadiene is sufficiently reactive
that it is consumed as it is formed by secondary reactions
of the radicals.

It is expected that at normal pH values (i . e <12) the
H atoms and OH radicals produced from the water2 will
for the most part add to cyclopentene to give cyclopentyl
and cyclopentyl-2-ol radicals although, as indicated
above, a significant yield of cyclopentenyl radicals should
also be produced by abstraction of hydrogen atoms from
the allylic positions. The radicals produced by OH ab-
straction of hydrogen from the 4 position will give prod-
ucts similar to those of cyclopentenyl and will not be ex-
plicitly treated here. As mentioned in the Introduction,
reaction of hydrated electrons with hydrocarbons does not
occur so that in the presence of N20 they should be quan-
titatively converted to OH radicals. If /absH and /absOH are
the fractions of the reactions of H and OH where abstrac-
tion occurs, then the initial chemical reactions can be de-
scribed by

H+ cCHs - - eCIL- @
£,
--------- rC,H?-+ H (1A)
1 f,°H
OH + oCH, - cCHOH- @

[
—Ir—*rOll «++ HO (2A)

From the rate studies reported above /absH can be taken
as 0.08 and /absoH as ~0.2. In the case of neutral N20-sat-
urated solutions GH = 0.6 and Goh = 6.029 so that the
yields for cyclopentyl, cyclopentyl-2-ol, and cyclopentenyl
radicals produced by reactions 1 and 2 can be estimated
to be ~0.56, 4.8, and 1.24, respectively. One of the prime
objectives of the analysis of the chemical results is to de-
termine more accurately the yields of the latter two radi-
cals. It can readily be seen that the yield of cyclopentyl
radicals must be at least equal to the sum of the yields of
cyclopentane and 2-cyclopentylcyclopentanol (i.e., >0.52)
and the vyield of cyclopentenyl radical must be greater
than that of 3(cyclopentyl-2-ol)cyclopentene (>0.56).
Given that the ratio between disproportionation and com-
bination of cyclopentenyl and cyclopentyl-2-ol radicals is
~1 the latter yield is more realistically greater than 1.1 so
that the above estimates seem very reasonable.

The three radicals produced by these reactions will un-
dergo six sets of combination and disproportionation reac-
tions

cQH + ¢C.Hm—m CuHis 30
-» CcCHo + cCHs (3D)
¢-C,HOH- + cCHHsOH- — CioHISOHb 40

— oGH,OH + eGsHOH<cC:H,0) (4D)

rCiH- + ¢cCH7- — CHiHu (50

— rCH. + cCH. (5D)

eGH- + cCHOH — CioHIOH (60
— cGCsHy + ¢-C3HDH(cGH,,0) (6D)

— C-QHs + ¢GE,OH (6 D)
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¢C HOH-+ cT-H;- — CIHIB0H e
— oCH, + (-C HOHU-CH.0) (7D)

— rCH * ¢cCH.OH (TDD

cCll. £ cC 11/ - C, HIS <80

- c-QH, + <CH. <8D)

~m cC,Hs + cCHQ (8D>

with the disproportionation involved in reactions 6-8 pro-
ceeding in two possible directions. The mechanism is fur-
ther complicated by the fact that disproportionation reac-
tions 4D, 6D, and 7D give either cyclopentene-3-ol or cy-
clopentanone depending on the site from which the H
atom is transferred. At the dose rates of these experiments
the radical production rates are 1.2 X 107 and 1.6 x
106 M/sec and from the measured rate constants the
mean radical lifetimes are calculated to be 60 and 15
msec. In saturated solutions, addition of the radicals to
the cyclopentene will be important if the rate constants
for these addition reactions are greater than ~102 M~ 1
sec” 1. Rate constants approaching this magnitude seem
likely30 so that addition undoubtedly occurs to at least a
small extent and one can expect a loss of radicals by addi-
tion reactions at dose rates not too much lower than those
employed here. There is, however, no obvious loss of mo-
nomeric products nor any apparent dose rate dependence
(see Figure 7). In particular the cyclopentyl radicals can-
not be adding to cyclopentene significantly since their
yield is essentially completely accounted for by the ob-
served cyclopentane and 2-cyclopentylcyclopentanol. Sec-
ondary abstraction reactions of the radicals are at least
somewhat slower3l and not expected to be of importance
at the solute concentrations of these experiments.

In treating the data it is useful to begin by considering
as a first approximation the relative importance of the
different reactions as indicated by the above estimates of
the individual radical yields. The measured rate constants
show that in all cases the radicals disappear at rates ap-
proaching the diffusion-controlled limit so that the rela-
tive frequency of the competing reactions should be con-
trolled by the encounter rates and not be very far from
statistical. For N20 saturated solutions the reactions of
cyclopentenyl radical with itself and with cyclopentyl
should be of only minor importance and, because cyclo-
pentyl radicals represent only ~ 10% of the radicals pro-
duced, reaction 3 should account for only ~1% of the
total chemistry. The yields for reactions 3-8 should be in
the approximate ratios of 1:49:4:14:28:4. It is seen that
each of the three sets of reactions involving cyclopentyl-
2-ol radicals are important and, in particular, that the
reaction between this radical and cyclopentenyl is expect-
ed to contribute very significantly. This expectation is
borne out by the very high yield observed for the combi-
nation product of this reaction.

A more complete description of the scheme represented
by reactions 3-8 requires knowledge of the relative rates of
disproportionation to combination for each of the reac-
tions and this information must basically be derived from
the measured product yields. The disproportionation-
combination ratio for reaction between cyclohexvl radicals
produced by the photolysis of diphenylmercury in cyclo-
hexane has been determined by Cramer to be 1.1 + 0.1
and a value of this magnitude can be taken as reasonably
typical for reactions between radicals resulting from the
loss of a secondary hydrogen atom from a saturated sys-
tem.33 Analysis of the data is complicated by the fact that
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reactions 6-8 undergo two different disproportionation
reactions. From the relationship given by Holroyd and
Klein,33 which empirically relates the observed relative
rates of disproportionation and combination to the entro-
py difference between the disproportionation products and
the dimer of the radical, one can show that the relative
importance of reactions 8D and 8D" is

log k jk, = 0131AS® 9)

where AS° is the difference between the standard en-
tropies of the two sets of disproportionation products. The
standard entropies of formation of cyclopentane and cy-
clopentene are, respectively, 70.0 and 69.2 cal deg“1
mol-1.34 The entropy of cvclopentadiene is not available
in the API tables but can be estimated as 63.9 cal deg” 1
mol“ 1 by subtracting the entropy difference34 of 5.3 cal
deg“ 1 mol“ 1 between 2-pentene and ci's-pentadiene from
that of cyclopentene. If Holroyd and Klein's generaliza-
tion is at all applicable to the present case it can be esti-
mated from the resultant difference of 4.5 cal deg“1l
mol“ 1 that reaction 8D should be favored over reaction
8D' by a factor of ~4 and it seems likely that reaction 7D
will be similarly favored over 7D".

The high yield of cyclopentane observed here shows that
more than 50% of the cyclopentyl radicals undergo dispro-
portionation processes with the principal contribution
being from reaction 6D. The only other sources of cyclo-
pentane are reactions 3D and 8D' each of which, from the
above, should contribute yields of only ~0.015. The yield
for reaction 6D can, therefore, be accurately given as 0.28
(£0.02). Since 2-cyclopentylcyclopentanol is produced
only by reaction 6C one obtains a ratio for (%d/"6c of
0.28/0.21 = 1.35 (+0.1). This ratio is in reasonable accord
with Cramer’s value of 1.1 for disproportionation of cyclo-
hexyl radicals. The contribution of reactions 6C and D to
the overall chemistry corresponds to a yield of 2(0.31) +
0.42 = 1.04 or 16% of the total (compared with the 14% a
priori estimate given above). A cyclopentyl yield of 0.49 is
involved in these reactions so that, together with an addi-
tional yield ~0.06 from reaction 3, essentially all of the
expected cyclopentyl radicals are accounted for. Reaction
8 must occur to some extent but there is obviously very
little room for any major contribution.

Both cyclopentyl and cyclopentenyl radicals will disap-
pear mostly by reaction with cyclopentyl-2-ol radicals so
that the ratio of 2.6 observed between the products 3(cy-
clopentyl-2-ol)cyclopentene and 2-cyclopentylcyclopentanol
should give an approximate measure of the relative yields
of these two radicals. The disproportionation-combination
ratio involved in the reactions of cyclopentenyl radicals
may be somewhat lower than the value of 1.35 given
above3 so that the observed product ratio should be cor-
rected downward. Taking kD/k¢ as 1, the relative yield for
the two radicals is 2.3 from which one can estimate the
yield for the cyclopentenyl radicals as 1.4, i.e., 21% of the
total radicals. Of this only ~0.05 is ascribed to abstrac-
tion of the allylic hydrogens by H and the remainder
(1.35) to abstraction by OH. The fractional attack on the
allylic hydrogen atoms, /absOH, is from these chemical re-
sults ~0.23. The pulse radiolysis studies discussed above
show that the abstraction cannot be more than 50% great-
er. Taking the total rate for the OH reaction as 7.0 X 109
M” 1 sec-1 the partial rate constant for abstraction from
the allylic position is 1.6 X 109 M“ 1 sec-1. Michael and
Hart36 estimate that 30 and 45% of OH abstracts hydro-
gen from 1.3- and 1,4-cyclohexadiene and that the partial
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rate constants are, respectively, 2.9 and 3.4 X 109 M~1
sec- 1

Cvclopentanol is produced principally by reaction 4D
and to a lesser extent by reactions 6D' and 7D'. A reason-
able contribution for the latter two reactions is ~ 0.10
leaving a yield of 0.86 to be assigned to reaction 4D. Ifwe
assume a disproportionation-combination ratio of 1.35 for
reaction 4 then the total yield for this reaction is 3.0.
Adding to this value yields of 0.49 for reaction 6 and 1.12
for reaction 7, the cyclopentenyl-2-ol radical yield is 4.6.
Together with the yield of 1.35 for cyclopentenyl produc-
tion by H abstraction the total yield for OH attack on the
cvclopentene is 5.95 so that the reactions of all of the OH
initially produced appear to be accounted for quite well.

As far as the yields indicated in Table IV are concerned
an additional yield of ~0.7 should be included for the cy-
clopentene produced from the disproportionation reactions
3D, 5D, 6Dr, and particularly 7D. The remaining yields
required for material balance are largely attributed to the
oxygenated products  2(cyclopentyl-2-ol)cyclopentanol
(measured to be ~2 X 0.5 and, taking kn/k¢. as 1.35, esti-
mated from the above scheme to be 1.3) and cyclopen-
tene-3-ol (estimated by difference as 1.1). It is clear that
the latter must be large since reactions 4D, 6D, and 7D
should account for 40-50% of the radical combination
reactions and the cyclopentanone observed represents less
than \2 of the product CsHsO. This estimate of the cvclo-
pentene-3-ol indicates that transfer of H from the CH2
position of the radical occurs twice as often as transfer
from the CH(OH) position, i.e., there is little selectivity
in this transfer. The unmeasured products from reactions
3, 5, and 8 should not contribute more than 0.2 units so
that a total radical yield of ~6.7 is accounted for by the
above. There is no evidence in the above yields of any sig-
nificant addition of organic radicals to the cyclopentene.

(b) Studies at pH 3. At pH 3 the yields of H atoms and
OH radicals are, respectively, ~3.5 and 2.829 so that,
from the above measurements of /absH and /absOH, the ini-
tial yields of the organic radicals should be 3.2 for cyclo-
pentyl, 2.15 for cyclopentyl-2-ol, and 0.95 for cyclopenten-
yl. All reactions except 5 are important and the product
distribution becomes qualitatively different and much
more complex than that for the N20 solutions. At this pH
cyclopentane is expected to be a major product and since
it is measurable with reasonable accuracy attention was
focused on its production. The buildup of cyclopentane
was found to be linear to a dose of 1019 eV/g with the
yield being 0.93. Assuming again that reactions 3-8 occur
statistically, their relative frequency should be
26:12:2:35:10:15. The cyclopentane yield can be estimated
as the sum of contributions from reaction 3D [(1/2) (1.35/
2.35)(0.26)(6.3) = 0.47], from reaction 6D (0.80(1.35/
2.35)(0.35)(6.3) = 051) and from reaction 8D'
(0.20(0.10)1.0/2.0(6.3) = 0.06) for a total of 1.04. The
agreement with the observed yield seems reasonably satis-
factory. The principal sources of cvclopentane are reac-
tions 3 and 6 which should represent ~60% of the total
chemistry or a yield ~3.8. Again it is clear from the high
yield of cyclopentane that disproportionation must be an
extremely important fate of the cyclopentyl radicals, i.e.,
that the observed cyclopentane can be accounted for only
ifkD/kr > 1.

Radiolysis of Cyclopentane Solutions. In its early stag-
es. the radiolvsis of cyclopentane solutions should be very
simple in that only cyclopentyl radicals will be produced
by the abstraction reactions
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H+c¢cCHR — rCIL-+ H, 10

OH + cCHP —) cCiH- + 11,0 1w

Initially the only important radical-radical reactions will
be 3C and 3D so that cyclopentene and cyclopentyl-cyclo-
pentane should be the only observed products. Their ini-
tial yields should be, respectively, [(Gh + Goh)/2][&d/
& /(1 + KjjZkg,)] and [(Gh + GOh)/2][1/1 + KD/kg)]. Tak-
ing ko/kg as 1.35 from the above, it is estimated from the
primary radical yields that the initial cyclopentene and
dimer yields should be 1.80 and 1.35 for solutions at pH 3
and 1.90 and 140 for N20 containing solutions. Both
cases have been studied for solutions saturated with cyclo-
pentane. It is found that within experimental error the
total dimers build up linearly with dose (to a dose of 1019
eV/g) with the yield for the acidic solutions (1.23) being
slightly lower than that (1.35) for the N20 solutions. Sub-
traction of these values from one-half the expected total
radical yields suggests that the disproportionation prod-
ucts have yields of 1.9 and 2.0, respectively, and that
kn/ki- for reaction between cyclopentyl radicals is ~1.5.

The above argument involves an estimate of the impor-
tance of disproportionation from the observed absolute
yield of dimer and it is obviously much better to compare
directly the disproportionation and combination products.
It is, however, seen in Figure 8 that the rate of cyclopen-
tene production decreases so rapidly with dose that it is
difficult to determine accurately the initial yields of this
product. Measurements in the region ~5 X 1017 eV/g give
yields ~1.8 and 1.2 for the N20 containing and pH 3 so-
lutions but these values are already somewhat lower than
the true initial yields. The cyclopentene content of the
samples levels off for doses >5 X 1019 eV/g and it is ob-
vious from this fact that the high reactivity of the cyclo-
pentene toward the radicals produced from the water re-
sults in a situation where the rate of cyclopentene con-
sumption by reactions 1 and 2 balances its rate of forma-
tion.

While reactions 1-8 must, in principle, be considered in
addition to reactions 10 and 11 such a general treatment
is difficult and it is convenient to proceed to the interme-
diate stage where one is principally interested in the re-
moval of cyclopentene via reactions 1 and 2. Since H
atoms are considerably more selective in their reactions
with cyclopentene (kI/k9 ~ 60) than are OH radicals
(k2/k10 ~ 2) reaction 1comes into play first and is of con-
siderable importance even when cyclopentene is present
at the ~ 1% level, i.e.. ~3 x 10-5 M. The considerably
greater dose dependence for cyclopentene production at
pH 3 than for the N20 containing solutions is readily un-
derstood in terms of the relatively greater contribution
from H atom reactions in the first instance. We will now
attempt to describe the course of the cyclopentene radiol-
ysis in terms of the parameters derived from the kinetic
measurements and from the observations on the cyclopen-
tene system.

One can first consider the region below 1018 eV/g where
the concentration of product cyclopentene is less than 3 X
10- 8 M and interference by reaction 2 is only of minor im-
portance, i.e., >90% of the OH reactions are with cyclo-
pentane. At these doses the consumption of cyclopentane
is <4% so that loss of starting material is not a serious
complication. Since cvclopentyl radicals are for the most
part re-formed in reaction 1, as a reasonable approxima-
tion we can take their yield to be constant and equal to
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Figure 8. Production of cyclopentene in the radiolysis of cyclo-
pentane solutions (A ,¥) at pH 3 and (¢.+) containing 0.02 M
N20. Flagged points are at a dose rate of 9.8 X 10" eV g“1
min-1; others at a dose rate of 7.6 X 1016. Curves A are calcu-
lated by integration of eq 12 which takes into account removal
of cyclopentene only by the reaction of H atoms (k-,//<10 = 60).
Curves B are calculated by integration of eq 13 and include
both a decreased rate of production of cyclopentyl radical as
the irradiation progresses and removal of cyclopentene by H
and OH (k2/k11 = 2.3). The solid curves C represent a similar
calculation without the correction for the decreased rate of cy-
clopentyl production and with k2/ku taken as 5. The open points
(O,A) represent correction of the data at the particular doses
by factors relating the solid curves to the initial slope in the lat-
ter calculation. The linear dependences (dotted lines) represent
initial yields of 1.75 and 1.95.

G(H) + G(OH). The rate for production of cyclopentene
then becomes

de-CHQ _ 10 1 Pk
ap - LG H) + GOH) L ke
A [c-CHHY

G(H) (12)

Ajc-CHJI + A, [c-C-H
Integration of eq 12 with kD/kc = 1.35 and k/kg = 60
gives the dashed curves A of Figure 8 for the solutions at pH
3 (G(H) = 3.5; G(OH) = 2.8) and those containing N20
(G(H) = 0.6; G(OH) = 6.0). With kD/kc = 1.35 one cal-
culates that only 29% of the cyclopentyl radicals are con-
verted to cyclopentene in reaction 3. Since H atoms repre-
sent 56% of the initial radicals at pH 3 the rate of cyclo-
pentene production by cyclopentyl disproportionation is
balanced by its consumption in reaction 1 when cyclopen-
tene reaches a concentration of 3-4 x 10“5 M (where
~50% of the H atoms react with the cyclopentene). At
such a concentration only ~3% of the OH radicals will
react with the cyclopentene and contribute a yield of only
~0.1 to its consumption. At doses <1018 eV/g we can use
calculations based on eq 12 to correct the observations for
the loss of cyclopentene via reaction 1 to get a better esti-
mate of the initial production rate. Correction of the data
by factors obtained from a trial integration of eq 12 shows
a linear dependence with a slope corresponding to an ini-
tial yield of 1.7. The corrections are, however, appreciable
(~60% at 1018 eV/g) and a substantial error is possible.
For N20 containing solutions the H atoms are only 9% of
the total so that this simplified model predicts that cyclo-
pentene should continue to be produced even when all of
the H atoms react with the cyclopentene. Below 1018 eV/g
the correction factors are small (<15%) and reasonable
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well known for the N20 containing solutions. The data
appropriately corrected gives an initial slope correspond-
ing to a yield of 1.9. These values indicate a dispropor-
tionation to combination ratio of ~1.4.

Considerations on the N20 containing solutions at high-
er doses are somewhat more problematical since the reac-
tion of OH with the cyclopentene both reduces the yield
of cyclopentyl radicals and also changes the nature of the
terminating radical-radical reactions. The H atoms will
mainly add to cyclopentene and continue to give cyclo-
pentyl radicals but OH abstraction from the dimer prod-
uct becomes important and results in a decrease in the
cyclopentyl yield. A reasonable (but still approximate)
description of the rate for cyclopentene production is

d(c-C3H8) _ 10
b N GH + GOH) x
[c-CAJlic-CA,]l.___ ' 1 kDV/kc
1+ (AZc-CEHY/AJc-QHI0. 2 1+ kDr/ke

ftdtrCsHj/feioic-QHj,,

G(H
(H) 1+ (R,[c-CsHs]/™Mo[c-C;HL,],,)
AcC,Hs]l/A,[K:,H,0n 13
1+ (A~cQHJI/AJcQHhJ« =
The initial cyclopentane concentration, [c-CsHiolo, is

taken as representative of the total saturated hydrocarbon
since cyclopentene represents less than 4% of the total.
The factor multiplying G(OH) in the first term of eq 13
has been introduced to take into account the decreased
importance of OH abstraction from cyclopentane as the
irradiation progresses. The last two terms represent the
loss of cyclopentene by secondary reactions of H and OH.
Integration of eq 13 with kD/k¢ taken as 1.4, as 60
and A2/A11 as 2.3 gives the curves labeled B in Figure 8
([C-C5H10] was evaluated as [cC5HiO] - [c-C5HE] -
(G(H) + G(OH))/(I + kD/kc)). The correction for a de-
crease in the production of cyclopentyl radicals results in
the negative slope at high doses. Since such is not, in fact,
observed this correction appears to be somewhat overesti-
mated. The solid curves in the figure are results of inte-
grations of an expression similar to eq 13 but with k2/ku
taken as 5 and without the term correcting for a decreased
cyclopentyl production. It is seen that these calculations
empirically fit the data extremely well and are used below
to extrapolate the data to the initial slope.

For the acidic solutions the terms added to eq 12 serve
to correct for the perturbing influence of the OH reactions
with a very high degree of accuracy since the concentra-
tion of cyclopentene is maintained below 4 x 10"5 M
where reaction 2 represents little of the OH chemistry
(<3%). Trial integrations of eq 13 shows that the concen-
tration level reached by the cyclopentene is insensitive to
the choice of A2/A10 but extremely sensitive to the choice
of both kn/kc and Aj/Ag, i.e., an increased rate of produc-
tion by the disproportionation reactions will be compen-
sated for if the relative rate of reaction 1 is, in fact, high-
er. Given that ki/Zk9 is close to 60 then Ad/Ac must, in
fact, be close to the value of 1.4 used in calculating the
curves of Figure 1 (and vice versa). Equation 13 also de-
scribes the cyclopentene production from N20 containing
solutions up to doses ~3 X 1018 eV/g but breaks down
somewhat at higher doses since the additional complica-
tions resulting from the introduction of other secondary
processes become important. In particular in the region of
5 x 1018 eV/g cyclopentene is produced with a net yield
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if fe2/
fen is as low as 2.3. The apriori calculations also predict
the N 20

somewhat lower than can readily be accounted for
solutions the
10"4 M

~25%

that in
should

eV/g) whereas the actual plateau is

containing
~1.1 x

cyciopentene
(at a dose ~ 1019
The dif-

reach a level

lower.
ferences are, small

however, and correspond to a cycio-

pentene yield which is low bv about 0.1

1019 eV/g where ~25%

in the region of
of the cyciopentene has been con-
sumed. It is seen in Figure 8 that the agreement is excel-
if fe2/&11 can be taken as is difficult
to see how fe2 can be much greater or fen much smaller

the

lent large as 5 but it

than absolute values given above. It seems likely,

therefore, that some minor secondary processes are remov-
ing 5-10% more cyciopentene than accounted for by the
above mechanism.

Trial integrations of eq 13 can be used to obtain the
factors by which the observed cyciopentene yields should
be multiplied to correct them to the initial values. Data
up to 3 X 1018 eV /g, so corrected, are illustrated

initial yields of 1.75 and 1.95 for the acidic and

in Figure
8 and give
N 20 containing solutions, respectively. The ratios of these
yields to those of the dimer (1.23 and 1.36) give values for
feo/fec of 1.42 and 1.43. (Correcting the N 20 results ac-
cording to curve B gives an initial yield of 1.85 and kD/kc
of 1.36.1 The disproportionation to combination ratio for

the reaction between two cyclopentyl radicals, as deter-

from
1.4 and

mined these studies on cyclopentane solutions, is,

therefore, is regarded as having a very high level

of reliability (better than 10%) since it in effect depends

only on the measurement of the relative activities in the

cyclopentyl-cyclopentane and cyciopentene fractions as

extrapolated to zero dose and is not subject to the abso-

lute calibrations in the of other

The total

implicit interpretation
studies.

of the

radical yields should be twice the sum
initial yields of cyciopentene and dimer and are re-
spectively 6.0 and 6.6 for the acidic and N 20 saturated
solutions (compared with the expected yields of 6.3 and
6.6) so that the material seen to be ex-

balance is, in fact,

cellent.
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