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The isomerization of xylene was studied as a three-compound equilibration involving six rate constants.
tions of four xylene isomer distributions in toluene were isomerized at 50° with aluminum chloride.

Dilute solu-
In each case samples

were taken periodically, analyzed for o-xylene by vapor phase chromatography and for m- and p-xylene by differential infra-

red analysis.

The isomer distributions obtained are consistent with the following relative rate constants and equilibrium
percentages: kop = kpo = 0, Bom = 3.6, Bmo = 1.0, kpm = 6.0, kmp = 2.1, 0% = 17, M* = 62, P* = 21.

This work shows

that 0- and p-xylene do not directly interconvert and therefore that the isomerization of xylene proceeds by an intramolecular

1,2-shift.

Introduction

It has been shown? that for certain three-com-
pound equilibrations involving six rate constants,
as

the integrated rate expressions are
O(t) = O* + Ae~ar 4 Be pr (1)
P(t) = P* 4+ Ce~ar 4+ De~p7

where O(f) is the concentration of the ortho-
isomer at time ¢, O* is the equilibrium concentra-
tion of ortho- isomer, A and B are determined from
the starting concentrations, « and 8 from the rate
constant set, and r is some function of time. The
use of this scheme for the study of the isomerization
of cymenes has been reported,? and we now have
applied it to the isomerization of xylenes.

The isomerization of xylenes has been studied
by Norris using AlCl;,? by Pitzer using AlBr;* and
by Baddeley using AlBr;® Baddeley proposed
that since the isomerization was accompanied by
very little disproportionation to toluene and tri-
methylbenzenes, the isomerization of xylenes pro-
ceeds by an intramolecular 1,2-shift. McCaulay
and Lien, using HF-BF;, confirmed this mecha-
nism by showing that the isomerization of xylenes is
first order in the starting xylene and that p-xylene
isomerizes to m-xylene without the forma-
tion of o-xylene, and o-xylene isomerizes to m-
xylene without the formation of p-xylene. They
also showed that p-xylene isomerizes five times as
fast as o-xylene at 0°% Brown and Jungk also
studied the isomerization of xylenes.’

In the last two works above. molar quantities
of catalyst were used to ensure having a homo-
geneous reaction and to prevent the decomposition
of the m-xylene formed back to the starting ma-
terials. In the present work the relative rate con-
stants for the decomposition of m-xylene were to be
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determined. Therefore it was desirable that the
isomerizations proceed to the thermodynamic equi-
librium of isomers rather than to pure m-xylene.
This condition restricted us to the use of small
quantities of catalyst and therefore to heterogeneous
reattion conditions. For the sake of convenience we
chose to use aluminum chloride as the catalyst.
Various xylene compositions were first isomerized
without using a diluent. This had been done by
McCaulay and Lien,® Baddeley® and Norris.?
The trajectories of isomer compositions obtained
could not be fitted by the equations described
above. Since disproportionation was observed in

TABLE I

ISOMERIZATION DATA FOR XYLENE IN TOLUENE SoLuTIioN®
Isomer composition,

Time, mole 9,
Rx. no. hr, o- m- p-
1 0.0 99.9 0.0 0.1
0.5 95.0 4.8 0.2
1.0 84.6 14.8 0.6
2.0 73.8 24,1 2.1
3.0 63.2 32.8 4.0
7.0 43 .4 47.8 8.8
20.0 19.0 63.2 17.8
25.0 17.5 62.7 19.8
44 .0 18.7 60.2 21.1
2 0.0 0.5 98.6 0.9
1.0 0.6 97.3 2.1
2.0 2.6 93.3 4.1
3.0 2.0 91.8 6.2
5.0 4.6 86.0 9.4
8.0 8.9 76.8 14.3
12.0 11.4 70.9 17.7
22.0 14 .4 64.7 20.9
46.0 17.4 60.9 21.7
3 0.0 0.1 0.5 99.3
1.0 0.9 30.7 68.4
1.5 2.7 38.9 58.4
2.5 2.8 47.6 49.6
4.0 3.8 55.8 40.4
8.0 10.3 62.8 26.9
20.0 15.1 62.8 22.1
28.0 17.2 61.2 21.5
4 0.5 47.7 9.0 43.4
1.0 44.1 15.6 40.2
2.0 37.2 29.5 33.3
3.0 33.1 40.1 28.8
5.0 27.8 50.5 21.7
7.0 25.0 54.7 20.3
23.0 17.7 61.7 20.6

¢ The data from Table I are plotted on Fig. 1.
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the above reactions, the isomerizations were then
run in toluene solution in order to suppress dis-
proportionation.

Xylene Isomerization in Toluene

The xylene isomer compositions were obtained
by treating stirred 10 mole 9, solutions of xylenes
in toluene at 50° with 5 mole 9 AlCl; in the
presence of HCl. Infrared analysis of the xylenes
in toluene solution proved impractical, due to the
serious interference of the toluene absorption with
the o-xylene absorption. Removal of the toluene
by distillation proved impractical, since distilla-
tion invariably removed some of the xylene. The
method of analysis finally used was a combination
of vapor phase chromatography and infrared
absorption. The toluene solutions were first
analyzed for o-xylene using vapor phase chromatog-
raphy and then analyzed for m- and p-xylenes
by differential infrared analysis. The results ob-
tained are given in Table I.

Calculation of the relative rate constant set
from Fig. 1 was carried out in the following way.
The most outstanding feature of Fig. 1 is the fact

ORTHO

PARA
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kpo =0 kom = 3.6 kmp =21

Eop = 0 Emo = 1.0 Eom = 6.0

o =17 M* = 62 P* =21
These rate constants generate the integrated

rate expressions

For 1009, o-xylene
0 = 17 + 78.1e~4127 4 4,9¢-858r
P =21 — 40.4¢~4127 4 19 48587

For 1009, m-xylene
0 = 17 — 10.3e~4127 — 6,7¢ 886
P =21 + 58e~t13 — 26.8pt.sbr
For 1009, p-xylene
0 = 17 — 82.7¢7413, 4+ 15.7¢ 8587
P 21 + 17.6¢4%12 + 61.4¢8.587
For 509, o-xylene, 509, p-xylene
0 = 17 + 22.7¢~4127 4 10.3¢~8.587
P 21 — 11.5¢~4127 4 40.5¢ ~8-587

It was mentioned above that with HF.BE;,
p-xylene isomerized five times as rapidly as o-
xylene.! In that study, sufficient catalyst was
used to complex all the xylene. In the present
study the AL,Cls amounted to only 25 mole 9, of the

xylenes, so the xylenes had to compete for
the catalyst. Under these conditions, Zpm/kom
would be expected to be about one-third that
found in the previous study, since o-xylene
is three times as basic as p-xylene® Thus
kom/kom would be expected to be equal to 5/3,
which is fairly close to the value obtained in
the present work. The accuracy of this cal-
culation is questionable, especially since the
basicity of the xylene toward HF -BF; rather
than AICl; was used. But the calculation
indicates that the results of the present kinetic
study are consistent with the previous kinetic
study.

Xylene Isomer Equilibrium.—In addition to
permitting the estimation of the relative rate
constants involved in the isomerization of xy-
lenes, the present kinetic scheme offers a rather
elegant technique for establishing the equilib-
rium concentration of xylene isomers with

wre great accuracy. On Fig. 1 are shown two

Fig. 1.—Xylene compositions obtained by AlCl; isomerization.

that the p-xylene trajectory starts asymptot-
ically to the 09, o-xylene side, and the o-xylene
trajectory starts asymptotically to the 09, p-
xylene side. This feature shows that %y, and kg,
are essentially equal to zero, as indicated by pre-
vious authors.5=7  Of the six possible rate constants,
two are equal to zero, and a third may be taken as
equal to 1.0, since relative rate constants are being
determined. Thus only three further parameters
are needed to establish the complete set of relative
rate constants. The equilibrium concentrations
of the three isomers provide two parameters

EomO* = EmoM*
EymP* = kppM*

I

and the shape of the isomerization trajectories
provides the third parameter. The best set
of relative rate constants and equilibrium mole
percentages is

straight lines intersecting at the equilibrium
point determined in this work. The inte-
grated kinetic expressions derived predict that
any composition lying on these lines will iso-
merize in a straight line trajectory of compositions
to the equilibrium point. Experimentally these
should sufficiently approximate straight lines so
that the isomerization of four xylene isomer distri-
butions would permit a measure of the equilibrium
distribution that is limited only by the accuracy of
the analyses and not by the necessitv of obtaining
complete equilibrium. FEssentially this was done
with cymenes? and should be possible to do with any
three-compound equilibration that involves rate
steps that are first order, pseudo-first order or of the
type described in the previous paper of this series.?
We had expected that the xvlene isomer equi-
librium we obtained would be higher in m-xylene
than the thermodynamic equilibrium, due to
selective complexing of the m-xylene by the

(8) D. A. McCaulay and A. P. Lien, THIS JOURNAL, 73, 2013 (1951),
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TasLE I1
Temp., Catgyst/ Mole % xylene
°C. Catalyst m xylene 0 m 4 Ref,
50 Al,Clg HCI 0.50 15 68 17 3
50 AlLBre HBr .05 13 71 16 4
82 HF-BF; .09 15 64 22 6
100 HF:BF; .08 19 61 20 6
121 HF BF; .13 18 60 21 6
27 16 60 24 9
50 Al CIHCl .25 17 62 21 loc. cit.
AlCl; used. In Table II, comparison of our equi-

librium to those previously reported provides no
evidence for selective complexing. Thus, al-
though the selectivity of AlCl; for m-xylene at 0°
has been reported,®® no such selectivity is evident
at 50°.

Mechanism of Xylene Isomerization.—The fact
that ko = kop = O for the isomerization in toluene
solution confirms the postulated intramolecular
1,2-shift mechanism for the isomerization of
xylenes.

Most carbonium ion type rearrangements are
believed to involve the shift of an alkyl group with
its pair of electrons. The Friedel-Crafts isomeri-
zation of alkylbenzenes, on the other hand, is
pictured to involve an alkyl group shifting with-
out its pair of electrons, 4.e., a carbonium ion shift-
ing. The carbonium ion shift is postulated for
two reasons. First, the alkyl group mobility in
the Friedel-Crafts reaction parallels the carbonium
ion stability. Second, the mechanism for the dis-
proportionation of alkyl benzenes most likely in-
volves a nucleophilic attack by an aromatic ring
on an electron deficient alkyl group.

The carbonium ion shift mechanism recently has
received support in a cymene isomerization study.?
Since it was shown that %,,50 and %,,3%0 in the iso-
merization of cymenes, the isopropyl group must dis-
sociate appreciably from the aromatic ring during
the isomerization. Dissociation of the isopropyl
group asa carbonium ion appears the most plausible.

The kinetics of xylene isomerization, on the
other hand, indicate that the methyl group never
dissociates appreciably from the aromatic ring
during the isomerization. This fact and the fact
that the isomerization of xylenes proceeds much
more readily than the disproportionation of
xylenes®# ! suggests that the activated complex
for isomerization differs significantly from that
for disproportionation. These considerations sug-
gest that the isomerization of xylenes may well
proceed by the more common mechanism for a
carbonium ion type rearrangement, the shift of
the methyl group with its pair of electrons.

Xylene Isomerization Absolute Rates.—It has
been shown that when a dilute solution of cymenes
is isomerized with AICls;, neither first-order nor
pseudo-first-order kinetics is followed.? Indeed,
since the interaction of AICl;HCl with alkyl-
aromatics generally forms an insoluble oily phase of
a complicated nature, and sampling the reaction

(9) W. J. Taylor, et al., J. Research Natl. Bur. Standards, 87, 95
(1946).

(10) J. H. Waals, ¢t al., U. S. Patent 2,842,604 (1958).

(11) A. P. Lien and D. A, McCaulay, THiS Journar, 75, 2407
(1953).
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mixture would be expected to change the catalyst—
hydrocarbon ratio, clean cut absolute rates are
not expected. Therefore it is rather surprising
that the xylene isomerizations reported above are
pseudo-first order. The significance of this result
is being studied and will be reported on in a future
paper.
Xylene Isomerization without Solvent

The xylene isomer compositions were obtained
by treating stirred xylenes at 50° with 25 mole 9
AlCl; in the presence of HCIl. The infrared

analyses for these compositions are plotted as the
open circles on Fig. 2. The combination vapor
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Fig. 2.—Xylene compositions obtained by AlCl; isomeriza-
tion.

phase chromatography:infrared absorption analy-
ses are plotted as the closed circles. The lines are
reproductions of the theoretical curves obtained
from the xylene isomerizations in toluene solution.
The fact that three out of four trajectories fit the
theoretical curves for at least the first half of the
reactions is further evidence that toluene did not
appreciably affect the previous isomerizations.
The reason that the p-xylene isomerization
compositions deviate seriously from the theoretical
curve is evident from consideration of Fig. 3,'2
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(12) The per cent. equilibrated for disproportionation was taken as
the mole % toluene divided by 0.25; K. 8. Pitzer and D. W, Scott,
ibid., 65, 803 (1943).
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p-xylene disproportionates far more readily than
either 0- or m-xylene. The three-compound ki-
netic equations presented earlier are not valid
when disproportionation occurs.

Although the p-xylene trajectory deviates seri-
ously when no diluent is used, the fact that &,, =
0 in toluene solution indicates that the isomeriza-
tion of p-xylene in toluene solution is intramolecu-
lar. If p-xylene alkylated toluene, it is doubtful
that k,, would equal zero. The postulate that p-
xylene will readily alkylate itself, but not toluene,
is consistent with the fact that toluene is less
susceptible to electrophilic substitution than p-
xylene.!?

The agreement of the o-xylene—p-xylene iso-
merization compositions with the theoretical tra-
jectory in spite of extensive disproportionation
suggests that the disproportionation reaction is
largely the alkylation of the o-xylene by the p-
xylene.

The dramatically higher ratio of disproportion
rate to isomerization rate for p-xylene as compared
to o-xylene or m-xylene is quite surprising since p-
xylene is the least readily substituted isomer.
Thus, p-xylene appears to have a great tendency
to act as an alkylating agent.

(13) F. E, Condon, THis JourNaL, T4, 2528 (1952); H. C. Brown
and J. D. Brady, ¢bid., T4, 3570 (1952).
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Experimental

To a solution of 663 g. (7.2 moles) of toluene and 85 g.
(0.8 mole) of xylene maintained at 50° in 2-1. 3-necked
creased flask, equipped with a gas inlet tube, a thermometer,
a stirrer and a CaCl, drying tube, was added 53 g. (0.4 mole)
of Baker and Adams resublimed anhydrous AICl;. Hydro-
gen chloride was passed through the stirred reaction mixture
for 10 minutes. At specific times 50-ml. samples were with-
drawn from the reaction mixture, washed with water and
dried over CaSO,. The samples were then analvzed by
vapor phase chromatography!* using a 10 ft. column at 90°
packed with 309 di-(2-ethylhexvl) sebacate and 709, 30-60
mesh Celite. The V.P.C. unit was connected through a
Brown Recorder to an Instron two counter automatic inte-
grator. One area for m- and p-xylenes and one area for o-
xylene were obtained. The analyses were repeated until
analyses differing no greater than 19, were obtained. Since
an equivalent amount of p-xylene produced an area 1.053
times that for o-xylene and an equivalent amount of m-
xylene produced an area 1.022 times that for o-xylene, it was
necessary to use the differential infrared analvses for m-
and p-xylene to adjust the m-, p-xylene areas so that the o-
xvlene analyses could be calculated.

The isomerizations of xvlene without toluene were carried
out as above, except that 424 g. (4.0 moles) of xvlene and 133
g. (1.0 moles) of AlCl, were added to a one-l. flask, and only
10-ml, samples were taken. The samples were analyzed by
infrared analysis.

Acknowledgment.—The authors are indebted to
D. S. Erley of the Dow Spectroscopy Department
for the infrared data.

(14) R. 8. Gohlke, Anal. Chem., 29, 1723 (1957).
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The conductivities of long-chain lithium, sodium, potassium and tetramethylammonium polyphosphate samples were
measured in 0.2 A solutions of the bromides of the corresponding cations at 0°. The equivalent conductance of each poly-
phosphate was independent of the polyphosphate concentration. By combining the equivalent conductance data with the
corresponding electrophoretic mobilities, the degree of ionization, 2, of each of the polvphosphates was calculated by means
of the Kohlrausch equation. The resulting values of ¢ were proportional to the values of the electrophoretic mobility.
These experimental results are consistent with the interpretation that the polyphosphate chains are free draining, that re-
laxation effects are negligible and that the friction coefficient of the polymer is not affected by the nature of the bound

counterion within the range of counterion sizes employed in this investigation.

In several recent papers, theories concerning
the electrophoretic mobility?? and the electrical
conductivity? of polyelectrolytes in solutions con-
taining a simple electrolyte have been developed.
Experimental results conforming qualitatively to
the electrophoresis theory have also been reported.’
If the polyelectrolyte chains are free-draining, u,
the electrophoretic mobility, is given by the expres-

(1) ‘This investigation was supported by a grant from the United
States Atomic Energy Commission under Contract AT(30-1)1018.
The results presented in this paper will be contained in a thesis to
be presented by S. Bluestone to Rutgers, The State University, in par-
tial fulfillment of the requirements for the Ph.D. degree.

(2) J. Th. G. Overbeek and D. Stigter, Rec. trav. chim., T8, 543
(1956).

(3) J. J. Hermans and H. Fujita, Koninkl. Ned. Akad. Wetenshap,
Proc., B88, 182 (1935).

(4) H. Fujita and J. J. Hermans, ibid., B58, 188 (1055).

(53) N. Nagasawa, A. Soda and 1. Kagawa, J. Polymer Sci., 81, 439
(1958).

sion
uw = eff (1)

where e and f are the effective charge and friction
constant, respectively, of a monomer unit.??
This result has been used in the first paper of this
series to estimate the degree of ionization of
polyphosphates in solutions of tetramethylam-
monium (TMA™*) and alkali metal bromides.®
The validity of eq. 1 depends on the absence of
relaxation effects. Such relaxation effects have
been considered insignificant both on theoretical®
and experimental® grounds. On the other hand,
Longworth and Hermans’ have theorized relaxation
effects to explain qualitatively observed deviations
of their experimental conductivity results from the

(6) U. P. Strauss, D. Woodside and P. Wineman, J. Phys. Chem., 61,

1353 (1957).
(7} R. Longworth and J. J. Hermans, J. Polymer Sci., 26, 47 (1957).



