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ABSTRACT,

The effect of gamma radiation on the rates of chlorin=-
ation of mesitylene and naphthalene has beén studied at a con=
stant dose rate and at'different teinperatures° Rate data are
presented for both the irradiated'énd non irradiated reactions
and the results of product analyses are described.

The 'very rapid reaction of chlorine with mesitylene
was found t0 be essentially unaffected by radiation under the
éonditipns used and therefore, G values of zero were obtained
both for the substitution and addition reactions., It was noted
that the irradiated runs appeared to yield slightly different
chlorinated products from the non irradiatéd runs.

The rate of chlorination of naphthalene was found to
be greatly influenced by gamma radiation. Based on chlorine,
maximum-averagé G values of 566,000 for ‘substitution and 6éo,ooo
for addition were obtained,

Several factors which affect the calculation of G
values were presented and a néw notation was used for the chlor=-

»inétion'datao The current G values were calculated for consecuw
>tive time intervals throughout the reaction from the kinetic

datao
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INTRODUCTION

In the operation of nuclear reactors large amounts of
radioactive fission produéfs are obtained, In 1951 the Univer-
sity of Michigan initiated a broad program to diécovér uses for
these.fission products, Since one of the most prédominant»
forms of fadiatioh:occurring in the fission products is gamma
radiation, this laboratory has béen cdncerned_with the effect of
this type of radiation on chemical reactions, The gamma radla=
tion was obtained from cobalt=-60 sources,

Of - the many.fypes éf chemical reactions available, the
polymerization and‘chlorination reactions were found to give
appreciable jields of product in the presence of gamma radiation.

The influence of gamma radiation on the reaction of
chlorine with aromatic compounds has been extensilvely s%udied
in this laboratory. Benzene and toluene were among the first
compounds to be chlorinated in the presence of gamma radiation,
(1,2) Some déta on the chlorinatibn‘of xylene, ethyl benzene,
mesitylene, and naphthalene have also been reported (5,4)o How=
ever, the work on mesitylene and naphthalene waé not comprehen-
sive and this study presents new rate data, radiation yields,
and product analyses for the chlorination of these two compounds,

It is known that mesitylene reacts readily with chlor-
ine and that the chlorine content of the products varies propor-

tionately with the length of time of the reaction,
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Chlorine has been reported to react by substitution on the side
chain, on the nucleus, or on both positions. No references to
the addition reaction are generally made.,

As many as twelve chlorine atoms have been substituted
onto a mesitylene molecule by carrying out the reaction for
approximately 340 hours at ovér 60°C (5), However, complete
chlorination of the side chains often causes fission of the
moleéule with the formation of benzene hexachloride (6) s Vapor
phase chlorination (7) and photochemical liquid phase chlorina=-
tion (6,8) favor direct substitution on the side chain, The
latter methods employed ordinary light bulbs and diffuse light
as the energy sources. The direct iiquid phase chlorination
of mesityléne with np control of the amount of heat or light
has been_shown to prbduce ring substituted products (9) o
Chlorinations usiqg iron carrier with the exclusion of light
have also yielded substitution on the ring (5)., Often carbon
tetrachloride was used as a solvent when relatively large amounts
of the solid di-= and trichloromesitylenes were desired,

Chlorine may'react with naphthalene to form both
addition (10) énd substitution (11) products, However, the
addition productsllose hydrogen chloride upon heating to form
substitution products. Thus, it is to be expected that the
polychloro addition products will contain varying amounts of
chloro substitution products depending on the conditions of

preparation and purification,
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Generally direct chlorination of solid naphthalene,
molten naphthalene, or a solution of naphthalene in an approp=-
riate solvent yields a mixtufe such as the l-chloro,2-chloro,
1, 4-dichloro, tetrachloro, and octachloro derivatives. Chlor-
inetion studies on naphthalene with iodine or iron filings as
carriers and chlorobenzene or benzene as solvents have reported
optimum yields of l=chloronapthalene (12,13,14)0. The 2-chloro
isomer can be prepafed directly:fPOm naphthalene by chlorination
in the vapor phase (15).

Many dichloro and trichloro substitutiqn_products of
naphthalene are known, but some of these derivatives cannot be
prepared in goed yield by dinect-chlorination, The chlorine
atoms can eccur in both rings;

The use of carbon tetrachloride as a solvent for
naphthalene diminished theiamount of naphthalene reacting but
gave an increase in the yield of the higher chloro derivatives,

No significant data on the photochemical chlerinetion
of naphthalene has been repbr’eedo An spparatus for the photo-
chemical chlorination of naphthalene has been described but
no data were presented (16)., Ultraviolet radiation for this
process was supplled by a mercury lamp.

Pelychloronaphthalenes eontaining five or more chlorine
atoms are generally referred to as halowaxes and are usually
prepared as e mixture of isomers. These compounds have aroused
industrial interest as.possible dielectric materials, ingre-

dients in protective cbatings, and constituents of plastics,
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These applications have resulted in extensive studles on the
halowaxes (17g18,19,20)° A comprehen31ve study of the exhaus-
tive chlorination of naphthalene has shown the catalytic effect
of inorganie chloride carriers on the preparation of octachloro-

naphthale_n_e'(zi)o
EXPERIMENTAL PROCEDURE

A'schematic diagram of the equipment used'in'this study
is presented in Fignre 1, This equipment is a modlfied form
of.that'uSed by Harmer (2), The main features of the present
technique are: (a) The chlorine 1n1et rate was ma;ntained as
constant as possible for a given series:ef runs; (b) The pres=
sures in the system were carefully balanced -such that a varila=-
‘tion of'less'than 5 mn ﬁg occurred on'switching from the bypass
system togsample absorption; (c¢c) Longer sample absorption times
were used to decrease the errors from instantaneous?pressure
fluotuations; @) Anelytical procedures were held to a high
ﬁrecision;i(e) A large capaclty cooling system was used and the
reaetor cooling jacket was increased in_veiumeo Prior to etery
run the entire system was suecessively evacugted and filled with
pure nitrogen gas three times in‘order to remove any exygenvéas
presento At the conclusion of each run, pure oxygen gas was
introduced into the system to quench the reaction and to remove
the dissolved chlorine gas in the reaction mixture.

The chlorine inlet gas flow rate was measured by a
rotameter-type flow meter, This»rotameterlwas calibrated with

chlorine;géqusing both chemical absorption and titration and

5
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measurement of gas volumes. The inlet gas temperature was
measured with a thermocouple;

The-reactqr was placed in one standard position with
respect to the gamma source for ali'funs in this study. An
1,800 curie cobalt-60 gamma source was used for all the experi-
ments.

The 'exit gases from the reactor were absorbed through
a fritted-glass dispersion tube in 0,2 N sodium arsenité in
3N potassium hydroxide solution. The_abéorption vessel was
flushed with nitrogen gas before and after a sample was taken.
The nitrogen gas was'vented directly to the atmosphere to‘mini-
mize pressure flﬁctuations in the reacting system, The sampiing
time was usually 3 or 4 minutes.

The reaction time was measured from the instant the
gamma source was raised from the well to the midpoint of the
exit gas absorption period,

The amount of free chlorine was determined indirectly
by titration of an acidified aliquot of the arsenite solution
with ceric sulfate. The amount of chloride lon was determined
by the Volhard titration method using a second aliquot.of the
same arsenite solution,

Temperature control of the reacting system was main-
tained by a thérmdcouple recorder-controllef; The thermocoupie'
was calibfated with an ice bath pfior to each run. Generally
the variati on in temperature was t 1°C throughout the whole run
and in many cases the control was much closer to the set point,

The radiation dose rate was detérmined by ferrous

7
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sulfate dosimetry (22). The conditions for dosimetry were exact-
ly the same as those for an experimental run with the dosimetric
solution replacing the aromatic in the reactor tube. The rates
of’ chlorination of mesitylene and naphthalene were calculated
bj an overall chlorine material balance on the reacting system.

The reac tion products were distilled in a simple
vacuum distillation unit employing a Vigreaux type column.
Samples from each of the resultant distillate fractions were
decomposed with sodium diphenyl reagent and subsequently titra-
ted for total chlorlide by the Volhard method. 1In this way the
total chlorine content was determined for eéch fraction.

RESULTS |

Details of the Mesitylene Reaction

In all runs the reactor was charged with 60 ml (0.43
mole) of pure mesitylene. Because of the vigorous nature of
the reaction it was not possible to saturate the mesitylene
with chlorine. Runs conducted with a one minute sample absorp-
tion time were found to give large scatter of data points. An
increase in the sample time to 3 or 4 minutes gave satisfactory
results. The experimental conditions used are summarized in
Table I and particular emphasis is placed on the constant chlor-
ine inlet rate. An unusual temperature effect was observed

during the reaction and is discussed later.
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TABLE I Summary of experimental conditions used in the
chlorination of mesitylene.

Run Reactbn Dose Rate Sample Time Run Time Chlorine Inlet

No. Temp.M°C Krep/hr. min. min. Rate mM/min.
1. -5 none 4 53 22.6 - 22.9
2 -5 none 3 58 21.5 - 21.8
3 -5 none 3 53 22.0 - 22.3
4 -5 13.2 3 53 22.4 - 23.1
5 -5 13.2 3 29 22.0 - 22.1
6 20 none Y 65 22.3 - 22.5
7 20 13.2 3 53 22.3 - 22.4

The Substitution Reaction

Kinetic data for the substitution reaction at -5°C are
presented in Figures 2 and 3. Separate plots were made to
illustrate the degree of duplication of the experimental method,
Comparison of these two figures shows that there is no apparent
effect of gamma radiation on the reaction rate.

Figure U4 presents the rates of substiﬁution for irradiated
and non irradiated runs at 20°C. The curves were drawn separately
and then superimposed to obtain the plot shown. Again the curves
may be considered identical within the limits of experimental
error,

All curves were graphically integrated to obtain the
amount of chlorine reacted in ten minute intervals and these
values appear in Table II. Examination of these data confirms
the fact that radiation has no effect on the substitution reaction

at the temperaturesstudied.
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TABLE II Millimoles of chlorine reacted by substitution
in successive time intervals during the chlor-
ination of mesitylene,

' Reaction Dose Rate _Millimoles of Chlorine _
Temp, °C  Krep/hr, Time Intervals, minutes

Total

0-10 10-20 20-30 30-40 40-50 -

=5 none 192 183 180 170 61 786

-5 13,2 190 183 179 170 62 784

20 none 182 179 = 176 151 . 88 776

20 13.2 ‘196 181 176 153 = 77 | 783

The Addition Reaction

Rate data for the addition reaction at =5°C and 20°C

are shown in Figures 5,,69 and 7, All durves indicate an in=
| dﬁctive effect for the additioﬁ reaction. In each curve the

reaction}rate is seen to increase to a maximum and then diminish,
At both temperatures the Qurves;of'the ifradiated runs show a
slightly steeper initiél}slope than the curves of the correspond-
ihg non irradiated i’unso However9>the integration data of Table
III show that the totallamount'of chlbrine reacted is not in-

fluenced by the radiation at either temperature.

Temperature Effects

Examination of the mesitylene data shown that the
substitution reaction is unaffected by a 25 degree change in
températureo_.ThiS»same témperatﬁré*increase for the addition
reaction resulted in a 22 péfceht increase in the total amount

of chlorine reacted,

12
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TABLE ITI Millimoles of chlorine reacted by addition
in successive time intervals during the chlor-
ination of mesitylene,

‘Reaction Dose Rate Millimales of Chlorine

Temp, °C  Krep/hr, ) Timé Intervals, minutes
. ;. A Total
0-10 10-20 20-30 30-40 40-50
=5 none  |29,5 37,5 42,0 38,8 24,5 172.3
-5 13,2 |31.4 39,5 44.8 40,5 20,3 | 17645
20 none 37,0 45,0 49,0 48,5 36.5 | 216.0 .
20 13,2  |33,0 42,0 50,5 54,5 35,0 | 215,0

A peculiarity in temperature control was experienced
'In every mesitylene run. After a gértain time the temperature
of the reactor could no longer bé controlled. This time was
alﬁost identical in runs at a given temperatﬁre, Table IV shows
that after*ﬁ4 minutes the*temperature could not be prevented
from rising in the runs conducted aﬁ 55°£;"These times were
somewhat longef'for the runs at 20°C; .The large amount of-heat
released from the reaction could nof be rembved Quickly enough
even with.thé maximum cooling_cépacity of the temperature con=
trol system° Figure 8 wésfcomposed to illustrate the position
of this heat evolution with respect to the feactions taking
place., It can’be seen that.thé temperaturé‘rise corresponds to &
decrease in the rété of the substitufién reaction while the

~addition rate is still at the maximum value. An identical

situation existed for all runs completed., -

15
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TABLE IV Time'after.which the rising temperature in the
reactor could not be controlled during the

mesitylene runs.

Run Number Reaction Time of
Temperature Temperature Rise

°C__ ‘ min,

'l =5 34

2 =5 35

3 =5 35

4 ;5 34

5 -5 kS

6 20 37

7 20 37

%% PRun discontinued prior to temperature rise

The reproducibility of this temperature effect indicatés
that an explanatiOnAmay lie in the nature of the two competing
reactions. If it is assumed that the substitution reaction is
endothermic in nature and the'addition reaction is exothermic,
then.a tempéfature balance can exist between thesé reactions
dufing the first part of the chlorination. However, a rise
in the reaction temperature would be‘expected if the rate 6f
substitution should decrease while the rate of addition remained

nearly constant,

Product Analyses

All reaction mixtures from the chlorination of mesity-
lene were distilled under 0e3 = 1,6 mm. Hg pressure, Ether was

used to ald the transfer of the reaction mixtures and was easily

17
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removed under vacuum. The resultant distillate fractions were
similar for all runs and no unreacted mesitylene was collected.
The fractions consisted of colorless liquids and white solids

or semi-solids. In a few cases a pale yellow‘color was observed.
Totél chloride analyses showed that the most abundant fractiono
were those analyzing for the mono-, di-, and tetrachloro deri-
vatives. Some typical data are presented in Table V. It may

be pointed out that the range in the theoretical percent chloride
column of Table V is due to the possible formation of either
substitution or addition products.

The majority of the still pot residues were dark
orange 1in coior and generally yielded higher total chloride
content thén any of the collected fractiorfs. Also a strong odor
of HCl was present in these residues. This would indicate that
decomposition by dehydrohalogenatlon was occurring during the
distillation. ‘Thus 1t 1s reasonable to assume that the reaction
mixtures initially contained higher chloro derivatives than those
isolated.

With the exception of run 5, all runs at -5°C gave
major distillate fractions which corresponded to the dichloro
derivative. Colorless liquid fractions and white solid fractions
dorrespbnding to the mono- and teﬁrachloro derivatives respect-
ively were next In abundance. No distinct fractions related to
the trichloro derivative were obtaihed from the,distillations;
However, when a distillation was completed in the usual manner,

some material usually. solidified in the column and when isolated

18
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gave an indication of being a trichloro derivative. Distillation
of the reaction mixtures from the runs conducted at 20°C gave
similar results.

It was noted that the irradiated runs gave larger
yields of the higher chloro derivatives than the non irradiated
runs. Alsb distillates from the irradiated runs were more clearly
defined in boiling point range. It 1is possible that radiation
may promote a selective type of chlorination but evidence for

this 1is not conclusive.

Details of the Naphthalene Reaction

A solution of naphthalene-in carbon tetrachloride was
used in each of the experimental runs. This solution contained
10 grams of naphthalene and 90 gréms of carbon tetrachloride.
When the reactor was at the desired temperature chlorine gas was
introduced at a rapid rate in order to saturate the carbon
tetrachloride solution. After saturation was completed and the
temperature was steady the gamma source was raised and chlorine
gas was introduced at a predetermined rate. This was taken as
zero time,

The reaction was studied at two temperatures, -5°C and
59C, Irradiated runs at 20°C and 21°C were made to indicate the
effect of temperature on the reaction rates. A summary of the

experimental conditions is glven in Table VI,
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|
TABLE VI Summary of experimental conditions used
- in the chlorination of naphthalene.
Run Reaction Dose Rate Sample Run Time Chlorine
Number Temp. °C Krep/hr Time min, Inlet Rate
y min. mM/min.
8 -5 none 3 49 15.5-15.,6
9 -5 13.2 3 49 15.0-15.1
10 5 none 3 49 15.3
11 5 none 3 49 15.0-15.,2
12 5 13.2 3 49 15,2-15.5
13 20 13.2 3 49 14.,9-15.0
14 21 13.2 3 36 15.0-15.4

The Substitution Reaction

Figures 9 and 10 show the effect of gamma radiation
on the substitution reaction at -5°C and 5°C. At both tempera-
tures an increase in reaction rate was demonstrated.

Table VII contains values from the graphical integration
of the substitution curves in Figures 9 and 10. Also included
in this table are values obtained at 20-21°C. At -5°C it can
be seen that radiation effects a doubling of the total amount

of chlorine reacted, and at 5°C, this amount is almost tripled.

The Addition Reaction

The effect of radiation on the rate of addition of
chlorine to naphthalene is illustrated in Figures 11 and 12, An
increase in reaction ‘rate was observed for the irradiated runs

at -5°C and 5°C. As in the case of mesitylene, the addition

21
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reaction again shows a period of induction during which the reac-
tion rate increases to a maximum,

Values from the graphical integration of each curve
shown in Figures 11 and 12 appear in Table VIII, Similar values
obtained from irradiated experiments at ZO-ZLbC are élso given.
For the overall reaction at -§°C and 5°C the amount of chlorine
reacted is seen fo increase about 1.5 and 2.5 times respectively

when gamma radiation was employed,

TABLE VII  Millimoles of chlorine reacted by sub-
stitution in successive time intervals
during the chlorination of naphthalene,

| Reaction Dose Rate Millimoles of Chlorine
Témp. °C Krep/hr. Time Intervals, minutes
Total
0-10 10-20 30-30 30-40 40-50

=5 none 15,8 8,4 4,9 2,4 1.1 | 32.6

=5 13,2 19,5 14,9 11,5 8,8 604 61,2

5 none 12,3 8,5 6,0 4,3 3.1 34,2

5 13,2 | 38.1 21,5 14,3 11,2 9,5 94,6
20=21 1302 16.8 11,3 8,2 6,1 505 47.9

TABLE VIII Millimoles of chlorine reacted by addition
' in successive time intervals during the
chlorination of naphthalene.

Reaction Dose Rate Millimoles of Chlorine
Temp, °C Krep/hr, Time Intervals, minutes ~ Total
N 0-10_10-20 20-30 50-40 40-50]
-5 none  [36.2 38,8 17,8 0.7 0,0 | 93.5
-5 13,2 73,0 66,0 22,9 1.8 0.0 |163.7
5 none 12,0 2163 8,7 1,5 0,0 | 43.5
5 1'502 2200 *4500 3103 1004 704 11601
20=21 13,2 6.9 15,4 11,0 3.5 2,0 | 38.8
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Temperature Effects

In the chlorination of naphthalene, temperature was
observed to have a large effect on the reaction rate. Over the
temperature range studied, an increase in temperature resulted
in a decrease in the rate of the addition reaction, whilée the
substitution reaction rate was shown to reach a maximum value.

For the substitution reaction, the amount of chlorine
reacted in the non irradiated runs was unaffected by a 10 degree
change in temperature. On the contrary, for the irradiated runs
the amount. of chlorine reacted at -5°C increased by over 50
percent when the reaction temperature was raised to 5°C., Exam-
ination of PFigure 13 reveals that the rate of substitution reaches
a maximum at 5°C. It can be seen frbm Table VII that the total
amounts of chlorine reacted by substitution at -5°C, 5°C, and
20.5° are in the ratio of 1.3:2:1.

For the addition reaction, the total amounts of chlorine
reacted in the non irradiated runs was shown to change by a
factor of two when the temperature changed from -5°C to 5°C. Then
for the irradiated runs these amounté decreased by almost 30
percent for the same temperature change. Figure 14 shows the
rates of addltion at three different temperatures. It can be
seen that this rate decreases markedly with increasing reaction
temperature. Reference to Table VIII will show that the total
amounts of' chlorine reacted at -5°C, 5°%, and 20.5°C are in the

ratio of 4.2:;3:1,
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FIGURE 13. EFFECT OF TEMPERATURE ON THE RATE OF CHLORINE
SUBSTITUTION ON NAPHTHALENE UNDER IRRADIATION.
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FIGURE 14. EFFECT OF TEMPERATURE ON THE RATE OF CHLORINE
ADDITION TO NAPHTHALENE UNDER IRRADIATION.

26




The University of Michigan « Engineering Research Institute E——

The first points for the 20.5°C addition curve of
Figure 14 are seen to be unusually high. A §im£iar tendency
is noted for the §orresponding substitﬁtion éﬁrve of Figure 13,
It is believed thét, at a low reaction rate, the reacting system
takés a long time to reach stable equilibrium conditions. Hence
more scatter may be expected during the first portion of the reac-
tion and this is reflected in data for both the substitution and
addition reactions.

Product Analyses

The reaction mixtures from the chlorination of
naphthalene were distilled under vacuum. The carbon_tetrachloride
solvent was removed at about 3-6 mm Hgi pressure, Thereafter
the distillations were continued at a pressure of about 1 mm. Hg.
An assortment of distillate fractlons resulﬁed from each run and
no unreacted naphthalene was isolated., Some typilcal data are
presented in Table IX, The range in the theoretical percent
chloride in this table is due to the possible formation of
either substitution or addition products.

Although the results indicated nothing higher than a
tetrachloro derivative, it is probable that higher polychloro
deriﬁativeé were formed since the odor of HCl was detected in
some of the residues obtained from the distillation?; Again

decomposition by dehydrohalogenation was indicated.
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The runs at =5°C and 5°C gave distillate:fractions of
similar appearance, No monochlbfd derivatives were obtained and
no fractions were obtained above 144°C° At both temperatures
fractions analyzing for the di-, tri-;, and tetrachloro derivatives
were obtained. The irradiated run at -5°C showed a higher yield
of the tri- and tetrachloro derivatives than the non irradiated
run., However, at 5°C, the irradiated run showed a predominance
of the trichloro derivative.

Fractions analyzing for the di- and_tfichloro deri=-
ivatives were coloredo‘ When freéhly distilled, white solids or
colorless liquids were obtained. Upon standing a shorﬁ while
a change to pink solids and mauve liquids was observéda Recry-
stallization of the solid fractlions established that the pink
solid was in reality a mixture of a whité solid and a pink to
mauve liquid. Total chloride analyses indicated that these were
the di- and trichloro derivatives respectively.

The runs at 20°C and 21°C gave distillate fractions
quite different in appearance from those at the other tempera-
tures. Again similar chloro derivatives were obtained. Run 13
gave evidence of a monochloro derivative but this was the only
case, Light green and orange distillate fractions were obtained
but these color effects were not investigated further,

Radiation Yields

Examination of Tables II and III shows that there was
no radiation yield for the chlorination of mesitylene., Within

the limits of experimental error G values of zero were obtained
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for both the substitution and addition reactions. This does not
mean that the radiation was without effect because the irradiated
runs appeared to yield slightly different chlorinated products
-from the non irradiated runs. It would appear that under our
experimental conditions, the reaction was so rapid in the absence
of radiation that we could not detect a quantitative difference
in chlorine uptake when radiation was employed.

The radiation yields for the chlorination of naph-
thalene are expressed in terms Qf G values based on chlorine
and t hese appear in Table X, ;The calculation of these G values
for specific time intervals makes possible seversal intéresting
.observations, The G values for substitution are almost constant
throughout the run at -5°C but show a comparatively high valﬁe
during the early stages of the reaction at 5°C., For addition,
the G vélues are highest during the first 30 minutes of the
reaction. The addition reaction at -5°C is virtually unaffected
by radiation after 40 minutes, The overall or average radiation

yield for additlion 1is almost 1ldentical at both t{emperatures.

Ratios of Addition Yields to Substitution Yields

It has been of interest to examine the ratios of the
addition yields to the substitutidn yields for the reactions
studied. These ratios have been calculated for mesitylene and
naphthalene and are shown in Table XI., Examination of this
table shows that under our experimental conditions the ratio of

the total amount of chlorine reacted by addition to that reacted
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by substitutlon was not affected by radiation. For mesitylene,
this ratlo was 1little affected by a 25 degree rise in reaction
temperature, However, for naphthalene, this ratio was decreased
.by g factor of two with a 10 degree rise in the reaction tempera-=-

ture.

TABLE XI Ratios of addition yields to substitution
yields at various temperatures obtained
from the chlorination of mesitylene and
naphthalene for a 50 minute reaction time,

Aromatic Reaction Ratios of Addition Yields
Compound Temp o to Substitution Yields
Chlorinated °¢ Non Irradiated Irradiated
Mesitylene =5 0,22 0623
Mesitylene 20 0,28 0028
Naphthalene -5 2,9 2,7
Naphthalene 5 163 1.2
DISCUSSION

It 1s customary to report the yields of radiation
reactions in terms of "G" values (molecules reaéted per 100
electron Volts of radiation absorbed).,. '?he G valﬁes calculated
fof the chlorination of benzgne and toluene were based on the-
actual number of moles of chloro products obtained per kilogram
of reactants (1,2). 'These G values were calculated for reactions
in which a product of known chemical composition}waé'formed and
in which little or no product formation was observed without

radiation.
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In this report a different approach to the presentation
of radiation yieids has been adopted, Although it is important
not to overemphasiie the G value, we felt it necessary to point
out the importance of thé time factor in its calculation. Also,
in any given reaction, the G vélue calculation may be based
either on the formation of a product of known chemical composition
or on the disappearance of one of the reactants, The current
calculations were based on the amount of chlorine reactant used
during the various experimental runs.

For the chlorination of mesitylene and naphthalens,
it was not possible to determine all of the actual products
that were formed., Several different products were forﬁed, prob-
ably simultaneously and at different rates, Hence, the G values
‘presented were based on the net amount of chlorine gas which
reacted under the influence of gamma radiation. Thls net amount
of chlorine was obtained by subtracting the rates of the non
irradiated runs from the rates of the irradiated runs whén said
runs were conducted under otherwlise identical conditionse, These
é V&}ues based bn chlorine are largef than those calculated for
the'formation of afdefinite'chioro compound. For example, the
G values ﬁresented for naphthalene would be diminished by the
mole ratio of chlorine to néphﬁhalene involved in the reaction.
If the ultimate yleld on complete chlorination resulted in 2 moles
of chlorine adding and 4 moles of chlorine substituting per mole

of nephthalene, then the corresponding G values based on chlorine
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would be reduced by a factor of 2 and 4 respectively., Further-
more, it is thought that the calculation of G values for small

time intervals would present more ﬁseful information and would

enable one to properly evaluate other G values reported in the

literature,

Inspection of the naphthalene data showed that it is
desirable to be explicit in the quotation of a G value. it is
possible that the calculation of an average G value can be mis-
leading. For thié reason it 1s suggested that a G value should
have certain descriptive information attached to it. The follow=

"ing notation 1is designed for the current calculations but could

have general application:

Gy (addition, =5°C) = 1,720,000
Gyg.po (addition, =5°C) = 1,270,000
and Gso (addition, =-5°C) = 658,000

The subscript refers to the time over whig¢h the calculation
was made or the‘spécific time interval., The brackets contain
‘the type of reaction and the temperature,

These data illustrate that the overall G value for
50 minutes (Ggg) does not show that the maximum radiation yield
was obtained auring the first 10 minutes of thé reaction. Also,
an overall or average G value may vary depending on the partice-
ular time used in the calculations., In order to make valild
comparisons among G values found in the 1iterature; it would
appear that several factors pertaining to the actual calculation

should be specified in conjunction with the reported G value.
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Earlier G values for the chlorination of mesitylene
and naphthalene, which are not in agreement with the present
data, have been reported from this laboratory (3,4). This
discrepancy arises from several factors. First, correctlon for
the rate of the non irradiated reaction was not included in the
earlier calculations. Second, the earlier calculations were not
made for comparable time intervals. Last, the naphthalene values
were based on 100 grams of reactant rather than 1000 grams.

For these reasoﬁS'the present data are believed to be superior.

In previous Wcrk,‘reacﬁion products were not isolated
and generalizations on the nature of the reactions which had
occurfed were based on the benzene and toluene reactions (3,4).
Hence, it was reported that addition of six chlorine atoms and
alkyl substitution appeared to be the primary reactions with
mesitylene and that the ratio of the addition reaction yield
"to the substitution reaction yield appeared to be increased by
radiation and decreaséd by increasing temperature. Ih the
present work,'hexaéhloro addition compounds were not 1solated
in the case of mesitylene and no conclusions could be drawn
regarding their possible férmation. Also our study shows that
the above ratio 1is not affected by radiation under the experimenta
conditions employed but in the case of naphthalene, this ratib

does appear to be decreased by'increasing temperature.
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SUMMARY

1. An experimental method has been established which gives
reproducible results and detects small changes in reaction rates
during the continuous chlorination of an aromatic compound.

2, The rates of chlorination of mesitylene and naphthalene have
beenrmeasured under irradiated and non irradiated conditions.

3. For the chlorination of mesitylene and‘naphthalene, kinetic
data show that reaction occurs both by substitution and by
addition.

4, Gamma radiation was found to show no effect on the rate of
chlorination of mesitylene under the experimental conditions used,
but it appears,to show a small effect on the type of chlorinated
product formed. |

5. The rate of chlorination of naphthalene was found to be
greatly affected by gamma radiation.

6. The effect of temperature on the rate of chlorine addition

to naphthalene was determined. In par@icular, the addition
reaction was favored by low temperaturé\and therefore, it appears
that the reaction rate is a function of the chlorine concentration
in the reaction mixture.

7. All present experiments show that the ratio of the addition

yields to the substitution ylelds was not affected by radiation,
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8. Radlation yields expressed as G values based on chlorine

have been calcﬁlated for the reactions studled., In the case of
mesityleﬁe, G values of zero were obtained both for the substitu-
tion‘and addition reactions. For naphthalene, maximum average

G vaiues of 5669000.for substitution and 680,000 for addition
were obtainéda

"9. Several factors affecting the calculation of the G value

have been discussed. Results from this study show that quotation
of an average G value may be misleading because it 1s dependent

on the time over which the measurements are made,
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