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benzene which enters into reaction appears as
phenyltrichlorosilane and diphenyldichlorosilane
in the approximate molar proportion of one to
three.

Copper also is a catalyst for the reaction of
chlorobenzene with silicon, but is not as effective
as silver in the lower concentrations. In the
form of a 509, copper-silicon alloy disintegrated
by intergranular oxidation, the copper brings
about an acceptable conversion of chlorobenzene
to phenylchlorosilanes at 430°, yielding diphenyl-
dichlorosilane as the principal product. Varia-
tions in yield have been noticed with different
batches of the contact mass, possibly because of
variations in the degree of oxidation and hence in
the extent of disintegration. More investigation
of the metallurgical changes which take place upon
oxidation is necessary before an assured reactivity
toward chlorobenzene can be brought about by a
fixed sequence of operations.

The effect of hydrogen chloride in expediting
the reaction of elementary silicon and chloroben-
zene could not be called catalytic, because the
chlorine appears in the product. The hydrogen
chloride undergoes a simultaneous reaction which
attaches the chlorine to silicon atoms and in some
way facilitates the reaction of the chlorobenzene.
Since its use in effective proportions leads to the
formation of considerable silicon tetrachloride
and phenyltrichlorosilane, hydrogen chloride could
more logically be used in a direct synthesis of sub-
stituted trichlorosilanes, where extra chlorine is
necessary. .

The separation of diphenyldichlorosilane pre-
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pared by direct synthesis is complicated by the
necessity of removing aluminum chloride, which
presumably would not be present in preparations
by other methods. While the use of aluminum-
free silicon would obviate the necessity of such
removal, it seems easier and more economical to
use the commercial grades of silicon and to carry
out the filtration procedure as described. Once
this has been done the phenylchlorosilanes may
be distilled at atmospheric. pressure without de-
composition. In this investigation no evidence
has been found to support the inference that the
phenylchlorosilanes must be distilled at reduced
pressure to maintain their purity.®

Heretofore only the reduced-pressure boiling
points have been given for diphenyldichlorosilane
and triphenylchlorosilane. The normal Loiling
points for all the phenylchlorosilanes, as deter-
mined on the products from these experiments,
are: CgH;SiCl;, 201.5° cor.; (C¢Hjg):SiCly, 305.2
cor.; (CsHs)sSiCl, 378.0 cor.

Summary

The general reaction of hydrocarbon halides
with elementary silicon is applied to the direct
synthesis of diphenyldichlorosilane from chloro-
benzene and commercial silicon. The effects of
various catalysts are described, and conditions
for carrying out the reaction and for separating
the phenylchlorosilanes by distillation at atmos-
pheric pressure are given.

(6) Krause and von Grosse, ”Die Chemie der Metallorganischen
Verbindungen,”’ Borntraeger Geb., Berlin, 1937, pp. 274, 276.
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Copolymerization. III.

Systems Containing More than Two Monomers

By CHEVES WALLING AND EMORENE R. BRrRIGGS

The theory of copolymerization recently de-
veloped by Alfrey and Goldfinger,! Mayo and
Lewis,? and Wall® may be extended to the case of
n monomers and the composition of product ex-
pressed in terms of the initial composition of the
reaction mixture and the n(# — 1) monomer re-
activity ratios? involved. This fact has been
pointed out by Alfrey and Goldfinger, who have
developed the expression for the initial polymer
composition in a system of three monomers.*
This paper contains a discussion of the more
general case of # monomers, and experimental
work on combinations of styrene, methyl meth-
acrylate, acrylonitrile, and vinylidene chloride,
for which the necessary monomer reactivity ratios
are now available.®

(1) Alirey and Goldfinger, J. Chem. Phkys., 12, 205 (1944).
(2) Mayo and Lewis, THIS JoURNAL, 86, 1594 (1944).

(3) Wall, ébid., 66, 2050 (1944).

(4) Alfrey and Goldfinger, J. Chem. Phys., 12, 322 (1944).
(A) T.ewis. Mayo and Hulse, TaIs JourNaL, 67, 1701 (1945).

Differential Equation for Copolymerization of
n Monomers.—If » monomers, A, B, C, ..., N,
are allowed to copolymerize, their rates of dis-
appearance (making the same assumptions as in
the copolymerization of two monomers?) are given
by the system of equations

_SEA] = ko [A)[A] + Ewp[A)[B) 4+ ... + EalA)[N)
(a)
—gt[B] = Euo[B)[A:] + Euo[B[B) + ... + kwa(B)[N']
(1b)
‘gt[N] = kaa[NJ[A'] + kan[N)[B-] 4 ... + kua[N][N']
(1n)
where [A-], [B], . . ., [N-] are concentrations of
growing polymer chains ending in A, B, .. ., N

type radicals, respectively, and k;;, in general, is
the rate constant for reaction of monomer I with
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a J-type radical. —1/v 1/8a 1/7s 1/na
: —(B]/ —([A)/Ba + [C]/Bs + ... [N]/Bd) [B]/ (B ]/
Applying . the - p_ | [c]: e —([%]/v. + 1B+ LN o
co .
t. - e . . i
331‘;%;1‘;‘2;?}1 S rm o = (A ke + Bl + .+ Nl

radical yields the auxiliary equations

koa[A)[A:] + kap[A][B-] + ... + kea[A]IN ,
FulA)A] £ kulBIA) + ...+ kn.[N] [A ] (22)
kua[B][A-] + Run[B] [B: ] + kbn[B][
ku[A][B-] + kws[B][B-] S+ nb[N][B ] (@b)
kn.[N][A ] + kab [N [B ] + o+ kaa [N][N:] =
an [A][N] + fpa[B][N-]
+ knn[N][N] (2n)

etc.? Equation (4) describes the relatlve rates of
polymerization of each monomer (and, hence, the
compos1t1on of polymer formed at any instant)
in terms of monomer concentrations and the
n(n — 1) monomer reactivity ratios.

For the case of three monomers, expansion of
the determinants yields

d[A]

As the left side of each of equations
(2) is identical with the right side

[AT(TA/Bave + [B)/Bave + (C1/Bova) ([A] + [Bl/aw + [Cl/as)

d[B]

of the corresponding equation (1),

[BI({AT/abva + (Bl/avys + [Cl/acrs)(1A1/Bs + (B] + [C1/B9

d[C]

substituting (2a) into (la), factor-
ing out [A:], etc., solving each
equation for —d¢, and equating yields

dfA] _
[A'](ku[A] + kbl[B] + ...+ kna[N]) -
d[B] _
[(B-1(Rab[A] + B [B] + ... + Rap[N])
d[N]

N Gl&T T FmlBl T F FlN)
Equations (2) may be regarded as a series of n
homogeneous equations in # unknowns, [A-],
[B-], . . ., [N-], so that simultaneous solution of all
but one will give the ratios of each unknown to
the others.® This may be accomplished most
conveniently by the method of determinants,’
and the resulting determinants may then be sub-
stituted into equation (3) without evaluation. In
order to use equation (3), it is then necessary to
replace the (at present immeasurable) rate con-
stants by measurable monomer reactivity ratios.?
Let these quantities be defined as follows

koa/kra = ap kaa/kes = a_c o Raa/Ros = an
kyy/Rab = Ba Bob/key = B .. kbb/k b = Ba

nn/kun = Va knn/kcn = Yo ..

Dividing the denominator of each fraction of
equation (3) by kaakobRec . . . £un (by dividing each
column of the determinant by the appropriate k
and the polynomial by the remaining &), and
factoring [A], [B], .., [N] from the successive
determinants, gives the desired equation

nn/kbn =

d[A] -
[AJD. ([A] + (Bl/a» + ... INJ/en)
d[B] o
[BIDy ([A)/Ba+ IB] + ... INJ/Ba)
diN @
[N1D. (A% + (Bl/w + ... N))

where

(6) This statement requires that the n equations are consistent.
As the determinant of their coefficients can be shown to be equal to
zero, this is so.

(7) For a discussion of determinants see, for example, Ch. III,
Sokolnikoff and Sokolnikoff, "’Higher Mathematics for Engineers and
Physicists.” MeGraw-Hill Book Company, Inc., New York, N. Y.,
1941,

[CI([AlasBs + [BYonBe + [Cl/acBe)(1A)/va + [B)/m + [Ch ©

Equation (3) is identical with that of Alfrey and
Goldfinger,* except that the monomer reactivity
ratios in keeping with the usage of Mayo, et al.,? "
are the reciprocals of the constants which Alfrey
and Goldfinger employ. In the case of four or
more monomers, use of equation (4) is simplified
if numerical values are substituted before the
determinants are expanded. ,

Comparison with Experiment.—In Table I
are tabulated results on the copolymerization of
seven three component and one four component
systems of the monomers styrene (S), methyl
methacrylate (M), acrylonitrile (A), and vinyli-
dene chloride (V). For calculation of the poly-
mer compositions by equations (4) or (5) the
monomer reactivity ratios of Mayo, Lewis and
Hulse?® listed below were employed.

Probably the greatest source of error in cal-
culating polymer compositions is in the values of
the monomer reactivity ratios involved, partic-
ularly (as they enter the equations as their re-
ciprocals) when these are very small. Thus, if we
substitute 0.06 for 0.04 and 0.10 for 0.15 for the
monomer reactivity ratios for the acrylonitrile-
type radical with styrene and methyl methacryl-
ate respectively (results which are well within the
possible error of the original determinations®) it
amounts to saying that an acrylonitrile-type radi-
cal, instead of preferring styrene to methyl meth-
acrylate by a factor of 3.5 to 1, prefers it by a
factor of only 1.67 to 1. Recalculation of the
data of expt. 6 with these new values for the re-
activity of the acrylonitrile radical changes the
predicted composition of the polymer from 41.4 to
37.2% styrene, from 22.7 to 27.7%, methyl meth-
acrylate and from 359 to 35.19 acrylonitrile.
These changes, which are within experimental
error, are as large as the discrepancies between
calculated and observed values found in Table I.
In short, agreement between theory and experi-

(8) In order to factor [N] from Dy it is convenient to add all the
rows together giving a sum of the form — [N}/ag — [N}/fn —
[N)/ay —... =[Nl/py. This sum may be used to replace any
row withant altering the vualue of the ileterminant.
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TABLE I
THREE AND Four COMPONENT POLYMERIZATIONS OF
STYRENE (S), METHYL METHACRYLATE (M), ACRYLONI-
TRILE (A) AND VINYLIDENE CHLORIDE (V) AT 60°

Feed Polymer
Mole Mono- Time, Yield, Polymer (mole %)
Expt. % mers hr. wt. % analyses, %  Found Caled.
1 31.24 S 16 18.2 43.4  44.3
31,12 M C, 68.53 68.79 39.4 41.2
37.64 V CL12.01 12.13 17.2 14.5
2 3510 M 12 18.1 50.8 54.3
28.24 A N, 4.60 28.3 29.7
36.66 V CL17.24 17,17 20.9 16.0
3 34.03 S 8 16.5 52.8 52.4
34.49 A N, 6.02 6.12 36.7 40.5
31.48 V Cl, 8.78 8.83 10.5 7.1
4 3592 S 3.5 13.6 44.7 43.6
36.03 M C, 78.35 78.86 26.1 29.2
28.05 A N, 4.67 4.63 290.2 26.2
5 53.23 S 5.75 15,4 C, 80.99 B81.90 52.6 52.9
26.51 M N, 4.22 4.32 20.2 23.2
20.26 A 27.2  23.9
6 28.32 S 4.5 18.4 38.4 41.4
28.24 M C, 77.38 77.46 23.0 22.7
43.44 A N, 6.47 6.48 38.6 33.9
7 27.76 B 5.75 17.2 36.4 36.8
52.06 M , 74.51 74.45 40.6 43.8
20.18 A N, 3.52 3.62 23.0 19.4
8 25.21 S8 85 18,9 C, 73.18 73.27 40.7 41.0
25.48 M N, 4.02 4.01 25.5 27.3
25.40 A Cl, 6.39- 6.39 25.8 24.8
23.91 VvV 8.0 6.9
Monomer
radical S M A v
S . 0.50 0.41 2.00
M 0.50 e 1.20 2.53
A 0.04 0.15 .. 0.91
A% 0.14 0.24 0.37 o

ment is as good as can be hoped for at this time,
and indicates that the theory of copolymerization
can be satisfactorily extended to systems of more
than two monomers.

The ‘‘Azeotropic Copolymer” of »n Com-
ponents.—An '‘azeotropic copolymer’’ has been
defined by Wall® as one in which the polymer
being formed contains the same ratio of monomers
as the feed, and both he and Alfrey and Gold-
finger ;have determined the conditions in two
monosier systems under which such a copolymer
may be formed. It is of interest to determine
whether such a copolymer can occur in multi-
component systems. If Equation (2a) is substi-
tuted into (la), (2b) into (ib), etc., the resulting
set may be solved for [A:], [B:].. .,etc., as ratios
of determinants. Since the condition for the
formation of an azeotropic copolymer is that
dfA] _ d[B] _ _ 4d[N]
[Aldt ~ [Bld: T INJar
finally expressed (after dividing the ith column
of each determinant by k&) in the forin k. [A] =

the results may be

—d[A] _Da d[B]l_)b ,
TN kop [B'] = Bld B etc., where
i1 1/Ba 1/va 1
1 1 1/ve
5‘ ........................... i
Lo o ete.
D ll 1/8a 1/va

{1/ e 1 /7o
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Substituting these values into equations (1) and
(2) yields as the condition for the formation of
an azeotropic copolymer, the system of equations

(- ~) (A] + (Bl/ao + Cl/ee + ... +
[\]/an =0 (63.)
_Ds -
(A1/8, + (1 5) (B]+ [C)/Bo + ... + [N)/Ba = 0
(6b)

As equations (6) are linear, for any set of mono-
mers only one composition is capable of yielding .
an azeotropic copolymer, regardless of the number
of monomers present.” Furthermore, as no con-
centrations or monomer reactivity ratios may be
negative if the result is to have physical signifi-
cance, all determinants must have the same sign.
In the case of a two component system, this re-
duces to the condition, found by Wall, that for an
azeotropic polymer to be possible the two mono-
mer reactivity ratios must both be larger or both
be smaller than unity.! Substitution of the
monomer reactivity ratios of Lewis, Mayo and
Hulse® into the determinants shows that azeo-
tropic copolymers are not possible with any of the
possible three or four component systems of sty-
rene, methyl methacrylate, acrylonitrile or vinyli-
dene chloride as in none of them do all the deter-
minants have the same sign.

Integration of the Copolymerization Equation.
—If polymer compositions in multicomponent
systems are desired at high extents of reaction,
integration of equation (4) is necessary. Al-
though this integration has not been accom-
plished in closed form, a simple approximation
which appears to give quite accurate results is
possible, and any higher degree of precision is
possible by means of series expansion. Let there
be a series of quantities %, v, w, . . . such that =
In[A]/{As], v = In [B]/[Bq), . . ., where subscript
zeros refer to initial concentrations. It follows
that [A] = [AdJe™%, [B] = [Bole™?, ...and du =
d{A]/[A], d&v = d[B}/B, Substituting
these quantities into equation (4) and multiplying
each denominator by e¢*™+*+ ., . . yields

dlt .
Bol ueo o om0y
+ B ¢ )
dy
[Ao] v—yu [CO] V=10
D (p, v + [Bo] + S0 pomup )

(Au]+

(7
where

(9) Excepting the trivial case of two or more monomers having
identical reactivities.

(10) Although no simpler statement of the general condition for
the formation of the »n component "azeotropic’’ copolymer has
been found than the above condition on the sign of the determinants,
a sufficient (but not necessary) condition appears to he that all
monomer reactivity ratios are simultaneonsly greater or less than
ugity.



If it is assumed that # — v, etc., are small, so that
e*~?, etc., 2 1, (5) may be integrated to give

log {A)/[A,) -
Dy, ([Ao) + [Bol/aw + [Colae + ...)

log {B]/[Bo] - ®)
Dy ([A0]/Bs + [BY] + [Col/Bs + ...) 777
where D., = D,, etc.,, with all concentrations
receiving a zero subscript. Equation (8) neces-
sarily gives the correct polymer composition at
the beginning and end of a copolymerization.
How nearly 1t is correct at intermediate points
depends upon how small is the numerical differ-
ence between log [A]/[As] and log [B]/[B.],
etc. In the case of a system of two monomers,
for which the exact integral is known, a determina-
tion of the accuracy of equation (8) is possible.
In this case, equation (8) may be written (using
the nomenclature of Mayo and Lewis?)
o [Se]l/[Me] + 1
(S1/18e) = (IM]/[M,]) # + B/IMl (g

where ¢ and u are the monomer reactivity ratios
for the radicals derived from the monomers S and
M, respectively, and the form chosen is one con-
venient for calculation. The exact expression
may be written as

[81/1Se] = kY18 {([Mo]/[Se] —

putl
£)/(IMa)/[So] — pB)} 1= (10)

where p = (1 — ¢)/(1 — p) and k = [M,][S)/
[Se][M].1  For -calculation, -initial monomer
compositions of 20 mole per cent. styrene-80
mole per cent. methyl methacrylate and 20 mole
per cent. styrene—80 mole per cent, acrylonitrile
were chosen and the monomer reactivity ratios
listed earlier used to calculate integral polymer
compositions during the course of the reaction.
The first system is one showing moderate and the
second a rather extreme difference between the
feed and the composition of the resulting polymer.
Results are plotted in Fig. 1. In the styrene-
methyl methacrylate system, the discrepancy
never exceeds 0.49,. In the extreme styrene-
acrylonitrile case, where the polymer initially
contains over twice as much styrene as the feed,
it is as large as 69,. If higher precision is re-
quired, any degree is possible by setting %, v, w,
etc., equal to power series in ¢ (it will be recalled
that in equation (3) all the fractions are equal to
—df). Using only the first term in such expan-
sions gives equation (8). Higher terms result in
terms of increased complexity.

(11) Equation (10) is equivalent to Mayo and Lewis’ equation (12),
but has been transformed into a more convenient form for the calcu-~

lation of polymer compositions when ¢ and s are known. For use,
values of k aure ch and the corresponding [S}/[Ss], calculated.
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As the experiments in Table I were all carried
out to less than 209, reaction and polymer com-
positions agree with those calculated by the dif-
ferential equation to within experimental error,
application of equation (8) would be expected
to improve the agreement with experiment very

little, For example, the polymer composition in
mole per cent. for experiment (2), calculated by
equation (8) becomes 51.3% methacrylate, 30,49,
acrylonitrile and 18.3%, vinylidene chloride.
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Fig. 1.—Polymer composition vs. 9, reaction for initial
compositions of 20 mole 9, styrene + methyl methacry-
late and 4 acrylonitrile: solid lines, exact equation;
dashed lines, approximate equation.
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Summary

1, A general differential equation has been
developed, predicting the composition of the poly-
mer formed in the copolymerization of #» mono-
mers in terms of monomer concentrations and the
n(n — 1) monomer reactivity ratios for all the
two-component systems.

2. The predicted and observed polymer com-
positions agree within experimental error for
three and four component systems of styrene,
methyl methacrylate, acrylonitrile, and vinyli-
dene chloride.

3. It is shown that for any number of mono-
mers, only one monomer ratio is able to yield an
“azeotropic copolymer”’ in the sense .of Wall
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The cenditions under which such a copolymer is
possible are described.
4. A method of approximating the integral

Lours SCHMERLING

Vol. 67

of the differential copolymerization equation is
described.
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The Mechanism of the Alkylation of Paraffins

By Louis SCHMERLING

The catalytic alkylation of isoparaflins with
olefins has been studied extensively ever since the
reaction was discovered by Ipatieff and Pines!
more than a decade ago. A number of mecha-
nisms,? none of which is completely satisfactory,
were proposed during the succeeding years in
order to explain how the reaction occurs. A
mechanism which appears to have none of the
objectionable features of the previous ones and
which seems to give a truer picture of what occurs
during alkylation was described®in a recent "'Com-
munication to the Editor” of this Journal. The
present paper presents a more complete discussion
of the reaction scheme there outlined.

Previous Mechanisms

The principal difficulty encountered in develop-
ing a paraffin alkylation mechanism is the formula-
tion of a rational explanation for the structure of
the products obtained. As may be seen from
Table I, the products of the alkylation of iso-
butane with ethylene and propene, for example,
are not those which may be obtained by simple

TABLE I
COMPOSITION OF THE PRODUCTS OF THE ALKYLATION OF
IsoBUTANE WITH ETHYLENE AND PROPENE IN THE
PreESENCE OF ALUMINUM CHLORIDE AND HYDROGEN

CHLORIDE
Principal minor

Olefin Major products products®
Ethylene®  2,3-Dimethylbutane  2-Methylpentane
Octanes
Ethane
Isopentane
Propene’® 2,3-Dimethylpentane Trimethylpentanes
2,4-Dimethylpentane Propane
Isopentane

2,3-Dimethylbutane

¢ References given below and unpublished results from
the Research Laboratories of the Universal Oil Products
Company. ® A. V. Grosse and V. N. Ipatieff, J. Org.
Chem., 8, 438 (1943). ¢ H. Pines, A. V. Grosse and V. N.
Ipatieff, THIS JOURNAL 64, 33 (1942).

(1) V. N. Ipatieff, “Catalytic Reactions at High Pressures and
Temperatures,” The Macmillan Co., New York, N, Y., 1936, p. 673.

(2) (a) V. N. Ipatieff and A. V. Grosse, THis JournaL, §7, 1616
(1933); J. Org. Chem., 8, 438 (1943}, Presented at Rochester Meet-
ing of the American Chemical Society, September, 1937; (b} S. F.
Birch and A. E. Dunstan, Trans. Faraday Soc., 88, 1013 (1939);
(c) P. D. Caesar and A. W. Francis, Ind. Eng. Chem., 88, 1426
(1941); (d) S. H. McAllister; J. Anderson, S. A. Ballard and W. E.
Ross, J. Org. Chem., 8, 847 (1941).

(3) L. Sehmerling, THis JournaL, 66, 1423 (1044).

addition of an alkyl group and a hydrogen atom
across the olefinic double bond. A brief discus-
sion of how each of the earlier mechanisms ac-
counted for the products obtained is given below.

Ipatieff and Grosse® postulated that the alkyla-
tion of an isoparaffin proceeds via the addition of
the corresponding f-alkyl group and hydrogen to
the olefin to yield a paraffin containing a quater-
nary carbon atom; this compound is not isolated
but undergoes isomerization to yield the isomeric
products which are actually obtained. Thus, the
alkylation of isobutane with ethylene would yield
2,2-dimethylbutane as the unstable intermediate
and 2,3-dimethylbutane as the final product,
The chief objection to this mechanism is that
neohexane is the predominant hexane in equilib-
rium mixtures of hexanes at temperatures up to
200° and even higher.t Therefore, it would be
expected that a substantial amount of 2,2-di-
methylbutane would be present in the alkylation
product. Another objection to this mechanism is
that in many cases, especially with sulfuric acid
as catalyst, isomerization of the “expected” prod-
uct does not take place under the conditions of
the alkylation,?d

The mechanism offered by Birch and Dunstan?
differs from that of Ipatieff and Grosse in that it
proposes that the alkylation involves a primary
rather than the tertiary carbon atom. Alkylation
of isobutane with propene, for example, would
occur by way of addition of isobutyl and hydrogen
to the double bond to yield 2,4-dimethylpentane.
Isomerization of part of this heptane would then
produce 2,3-dimethylpentane which is also a
major product of the reaction. Birch and Dun-
stan suggest that the isoparaffin is activated (vig
the formation of a complex with the catalyst) and
dissociates into a negative alky! ion (in this ex-
ample, isobutyl) and a proton, the proton coming
from a methyl group. The olefin is activated by
addition of a proton to form a positive alkyl ion
(in this example, isopropyl). Combination of the
carbanion (isobutyl) and the carbonium ion (iso-
propyl) vyields the paraffinic product (2,4-di-
methylpentane). The objections to the mech-
anism of Birch and Dunstan are similar to those
raised against the mechanism of Ipatieffl and
Grosse, 7. e., the postulated isomerization of the
primary product is improbable.?

(4) F. D. Rossini, E. J. R. Prosen and K. S. Pitser, J. Resear h
Nail, Bur, Standards, 27, 530 (1041).



