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Synthesis of Fusible Branched Polyphenylenes

NORMAN BILOW and LEROY ]J. MILLER

HUGHES AIRCRAFT COMPANY,
CULVER CITY, CALIFORNIA

Synopsis

Fusible polyphenylenes with molecular weights approaching 3000 have
been prepared by the cationic oxidative polymerization of m-terphenyl,
o-terphenyl,1,3,5-triphenylbenzene, or mixtures of the terphenyls with
biphenyl and with benzene. Polymerizations were carried out in the molten
state with either aluminum chloride catalyst and cupric chloride as oxi-
dizer or the much less efficient ferric chloride, which served both functions.
Fusible polymer fractions were isolated by aseries of continuous extractions
with hot aromatic solvents. Polymers in the 2000-to-3000 molecular-weight
range generally melted between 300 and 400°C. The polymer chains are
presumed to have phenyl branches besides some fused ring structures,
evidence of the latter being their carbon-to-hydrogen ratios of up to 1.67.

During the course of an investigation on ablative polymers
suitable for use in erosive hyperthermal environments a study
was made of polyphenylenes (1) and their methods of synthesis.
From theoretical considerations it was anticipated that these mate-
rials not only would resist degradation up to 500°C but also would
produce exceptionally strong chars upon pyrolysis, liberating hy-
drogen, which because of its high volume-to-weight ratio would
efficiently serve to dissipate heat.

The objective of this research was to prepare a thermosetting
polyphenylene resin suitable for fabrication of composite struc-
tures. To achieve this objective it was essential that the poly-

° This research was supported by the United States Air Force, Nonmetallics
Materials Division, Air Force Materials Laboratory, Research and Technology
Division, Wright-Patterson Air Force Base, Ohio, under USAF Contract AF-33(657)-
9176.
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phenylenes be fusible and preferable that they be soluble in appro-
priate solvents. A principal objective, therefore, was to obtain
polymers of high molecular weight without sacrificing fusibility.

BACKGROUND

A number of approaches to the synthesis of polyphenylenes have
been described in the literature. Goldfinger (2) prepared polymers
from p-dichlorobenzene, utilizing the Wurtz-Fittig reaction with
sodium or a sodium-potassium alloy. The soluble products had
an average molecular weight of 2700 to 2800 but failed to melt at
temperatures up to 550°C. Extensive work in our laboratories (3)
has revealed that polymers of this type are partially reduced, and
their thermal stability never approaches that of a completely
aromatic polymer. Polyphenylenes have also been prepared by
making the mono-Grignard reagent of dibromoarenes react with
cobaltous chloride (4), but in our experience (5) this reaction has
afforded soluble products with molecular weights below 1000. The
solubility of the polyphenylenes described by Berlin and Parini
(6) and by Claesson et al. (7) may also be attributed to nonaromatic
moieties.

The highest-molecular-weight polyphenylenes that have been
attained, probably in the range of 5000 to 10,000, were reported
by Marvel and co-workers (8) and Kovacic and co-workers (9). In
the work of Marvel para polymers were prepared by the poly-
merization of 1,3-cyclohexadiene with Ziegler-Natta catalysts
followed by halogenation and dehydrohalogenation. Those prod-
ucts which were soluble retained a considerable number of re-
duced rings, while those which closely approached the polyphen-
ylene structure were insoluble and infusible. In the work of Kovacic
polyphenylenes were obtained from the cationic oxidative poly-
merization of benzene with a Lewis acid as catalyst, water as
co-catalyst, and various oxidizing agents. When the catalyst was
aluminum chloride and the oxidizing agent was cupric chloride,
the polymerization appeared to proceed according to the following
reactions:

+ -
AIClz+ H0 ——— H [AICI3 (0H)]
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These polymers were also para oriented and, as is typical of the
poly-p-phenylenes, were infusible and intractable.

The properties of polyphenylenes reported in the literature
indicate that irregularities in the molecular structure tend to lower
the melting point and enhance solubility. These irregularities
include an irregular or random arrangement of ortho, meta, and
para linkages within the polymer chain, preferably with a small
percentage of para linkages. Also effective in reducing melting
points is a high degree of branching, especially when the branches
have dissimilar lengths and are attached at irregular intervals.
Such structural features reduce the crystallinity by preventing
close association of the molecules in the solid state and minimize
the attractive forces between them. These intermolecular forces
consequently can be more readily overcome by heat or solvation.

DISCUSSION

Cationic oxidative polymerizations appeared to be an attractive
method of synthesis, because in the polymerization of benzene it
yielded fully aromatic polymers with relatively high molecular
weights. It was anticipated that this process could be adapted to
the preparation of more tractable polyphenylenes by utilizing
angular monomers, such as o-terphenyl and m-terphenyl. These
monomers were expected to produce branched polyphenylenes
with a low degree of crystallinity.

Soluble and fusible polymers have, indeed, been obtained by
such cationic oxidative polymerization, not only from the mono-
mers o-terphenyl and m-terphenyl, but also from biphenyl, from
1,3,5-triphenylbenzene, and from various mixtures of these mono-
mers, some of which also included benzene. Fractionation by sol-
vent extraction techniques has yielded fusible polymers with
molecular weights approaching 3000. Pertinent data for a number
of representative preparations are presented in Table 1.



N. BILOW AND L. J. MILLER

186

- 901 9
81 5T 88 0676 0L ad 1Me-#8 € 4} [Auoydig
g Ne0Z 805981  9¢ T  SF00L - 09 €7 o1 fAusydiof-w g
- 0L - 8T
IS°T 65T 06 8LT6 ao1 a0 oce00ge 91 01 [Auaydig
a0 NE03 £61-L81 9% 91 ST¢8 - (157 o1 0t tAuaydiag-w
— 0L - L
g0l qaq L3688 S 01 Kuoydiag-w
ad NEO0T SCT-0ST 8T ¢ SFOII - (14 [ o1 fAuaydiajo g
- qq gle< 4
ad q QLE<—OFT L suazuaq
q W e O € 7871961 - g0 g0 L10  -Mueyduyrger g
¥S1 868 £hP 898 — [:ie} - o1
%1 %69 68F €88 g0L q4 orote St
dad q 05361 ¥
4 W - Fa 9 081-701 - 007 9600 160 fAuoydig ¥
- a0l oce< i
0L 4 00383 3
q W BI-00T €1 WS OLI-LFI - 6T 180 180 Husydiay-o ¢
- 401 - o1
a0l ad ceecoe T 1094
ad NG o15¢81 6 sapomg  — - 0z [Koaydrayw 3z
- DL — 8
T 0T 95 0068 g01 40 - ¥
6T YO0 8LV 016 €0 NH03 - % 91  SF 001 - 0% LT 001 Auoydiojw |
(O+HD © H D2 ) “) Da % 1 D Sweuedwod pny OV SO0 aureN ‘ON
0 HID _ - ‘a8ues ‘PRI ‘owmn ‘aBuex EClieTs) SOOI  S9JOW uny
Wsired Jusajos uonoenxy Jutod mor -dway, SIQUICUON
sasA[eue [Quawaly Suppow 10
Buruayog

spapoid

$U0qIEd0IPAH SNEWOIY JO UONEZIAWAOJ SANEPIX() druone)) Ay Aq sausjduaydLiog Jo uonerederg oy uo ere(y

1102 Alenuer Gz TS:TT

1 Ngvi

v pspeo jumog



187

SYNTHESIS OF FUSIBLE BRANCHED POLYPHENYLENES

28T

91

9’1

o'l

191
a9l
971
81

(L

e

881

022

GL’o
68’1
3T
s

L 4

wr

8LY

70 4

88'¥
9Ly
SLV
%6y

9626

68°¢6
¥a'¥#6
88°36
00'¥6
16'36

65v1

q9O.L

o
Elmﬁ

] =
=R 13

q40L
a0

NEOT

gOL
40

q0.L
490

ga0.L
a0

4oL
j:te]

a0L
4D

a0

q0L
e

NH53
401
qa4

Nest

a4

04
a0

Ndot
HD
4oL
a0
NH0E
q0.L
g0
N40z
0L

N40zZ
q0.L

NH03
4oL
4D
N80z
40
b £:
N0z

815—¢61
002-0L1

%

ki 4

91

91

91

9l

9l

¥e

1102 Alenuer sz 1S

991 -

FETIN
051001

1oEm
091001

08BT—¢ET -

IT W p8peo |[umog

Q—OE [}

09

0's

W gz'0  STI'T

o't

el

SL'o

051
050
001

0z°0
0z°0
oSt
[L51]
001
050
00
0s0
sLo
etal]
0sn
<To
00°%
00z

audzuag
Huaydig
[Auaydiag -w

suazuag
[Auaydrg
huaydia fw
suszuag
1Auoydig
Kusydia g -w

[Auoydig
[Auaydiay-o

jAusydig
[Auaydiay-w

Ausydrg
(Auaydsa I -w

huandig
Auaydia y -w

1Auaydig
(Auaydia 1 -u

{huoydig
jAuaydiap-w

[Auaydig
Auaydia g -w

8T

Al

91

St

¥

44

ol

1t

0t



N. BILOW AND L. J. MILLER

188

Jusiradxa SUfl Ul Pasn J0U 3i0M SIFWOUCH 4

‘BUDfAX XX yopko D [0} I, ‘ouszuaq g l[ousjiaws N Buszuaq
-0IO[YI-HZT DL q qad * qoro[yd 40 Y 10 equydeu ur suszusq 9,0z NA0F ‘eyiydeu ut suazuaq %07 NAOT epyden ui ouszuaq %gI NAST
(Jusafos) Juonere
— qad 092-8¢% bod suazudq -daxd Surpaooaxd
T €I'9 @6'% SL'88 009 a4 q SE5—602 9€ -010[Ya1p-0 ap woy unpord
L 41 00Z-081 %€ ¥z 98> Mooz 0030 0020 - jo wopoeyy sy 0g
bt - (Juaajos)
— X — 9t sudzudq 06270 suszudy
— 4 -010[y2Ip-0 0050 [Auaydig
AX HO 98%6-C16 62 L W Iwos  0LZ 02T SEI0 Wooydsap-w 61
(D+HD 1D H o R (+ =) De % q o 8 sjwouodwos  HHRD IV O[O JureN ON
0 HiD TNy ———— ‘oBuex ‘PRI ‘own  ‘afuer helinTe) SO[ON  SI[OI uny
ysued juaajos uonoenxy yurod roy  dutay SIQUIOUON
sosf[eue [muswalq Junpau 10
Sauayog

spuposg

(panunuo)) | Mavil

1102 Alenuer Gz TS:TT

v pspeo jumog



11: 51 25 January 2011

Downl oaded At:

SYNTHESIS OF FUSIBLE BRANCHED POLYPHENYLENES 189

The polymerization procedure was analogous to that utilized by
Kovacic for the polymerization of benzene into intractable poly-
p-phenylene but differed markedly in the work-up in that the
fusible polymers of this report had to be isolated by a series of
continuous extractions. In nearly all cases aluminum chloride was
used as catalyst and cupric chloride was used as oxidant, although
in a few experiments both were replaced with ferric chloride,
which served as both catalyst and oxidant. Any order of combina-
tion of the three reactants was found to be adequate, the reaction
being controlled by the rate of addition of the last reactant. The
rate of reaction was apparent from the rate of evolution of hydrogen
chloride.

Catalytic quantities of aluminum chloride were sufficient to
induce extensive polymerization. This observation contrasts with
that of Kovacic and Oziomek (9f), who noted that polymerization
ceased when the number of moles of cuprous chloride which
formed equaled the number of moles of aluminum chloride. The
explanation lay in the formation of an unreactive benzene-alumi-
num chloride-cuprous chloride complex. With the monomers
and temperatures employed in the terphenyl-biphenyl polymeriza-
tions no such limitation was operative.

Reaction temperatures ranged from near ambient to over 200°.
Above 170°, however, chlorination occurs at a significant rate, as
evidenced by the evolution of hydrogen chloride at this tempera-
ture (without the formation of polymer) from a mixture containing
only m-terphenyl and cupric chloride.

The reaction was customarily conducted in the molten monomer
at temperatures of 100 to 160°C. As the reaction progressed, the
viscosity increased, until stirring was virtually impossible, although
the reaction continued in the unstirred mass. The imposing prob-
lem of mixing makes large-scale preparations extremely difficult
and undoubtedly limits both the yields and the molecular weights.

Room-temperature polymerizations were conducted in slurries
in o-dichlorobenzene; however, the products of these reactions
were light yellow in color instead of the usual brown and had
rather low molecular weights. The melting ranges, on the other
hand, tended to be somewhat higher than that of polymers of com-
parable solubility obtained from solvent-free polymerizations.
Apparently, the slurry polymerization led to the formation of a
product with a high degree of crystallinity.
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Continuous extraction with methanol, benzene, or benzene-
petroleum naphtha mixtures was employed to remove unreacted
monomers and polymers with excessively low molecular weights.
The desired higher fractions were then extracted with appropriate
aromatic solvents, the choice of solvent depending upon the
melting range and the molecular weight desired.

The various polymer fractions were characterized by means
of their melting ranges, molecular weights, elemental analyses,
and thermogravimetric analyses. Molecular weights were deter-
mined ebullioscopically in o-dichlorobenzene (10).

Although the monomers and the reaction conditions were varied
substantially, some general observations can nevertheless be
made. Yields of polymers which were extractable with boiling
1,2,4-trichlorobenzene and nonextractable with a mixture of ben-
zene (20%) in petroleum naphtha ranged from about 10 to 50%
and averaged about 20 to 35%. Usually 5 to 20% of trichloro-
benzene-insoluble polymer was also formed. High reaction
temperatures, as might be expected, favored the formation of
more intractable products. Low yields of both soluble and insoluble
polymer were obtained with ferric chloride.

Although most of the polymerizations were carried out with
mixtures, particularly mixtures of biphenyl and terphenyls, in-
dividual monomers were studied in many cases. Biphenyl unex-
pectedly yielded 29% of benzene-insoluble, trichlorobenzene-
soluble polymer. The bromobenzene-soluble, benzene-insoluble
fraction of the product had an average molecular weight of 2200.
Kovacic and Lange (9g) reported p-sexiphenyl as the predominant
product of a cationic oxidative polymerization of biphenyl under
somewhat different conditions, with only small amounts of p-
quaterphenyl and higher polymers. The completely para-linked
nature of their identified products would lead one to believe that
para linkages also predominated in their unidentified products and
that therefore these products would have extremely low solubility.
Their results thus appear to differ from the results of our inves-
tigation.

Benzene, on the other hand, produced only insoluble polymer,
which is in agreement with the observations of Kovacic. To deter-
mine whether higher temperatures could induce benzene to poly-
merize in a more random manner one experiment was carried
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out in which the temperature was allowed to rise gradually to 160°C
as the reaction progressed. Even under these conditions no sig-
nificant quantity of soluble polymer was obtained, although a sub-
stantial yield of intractable product was produced.

As previously noted, most of the syntheses were carried out
with mixtures of m-terphenyl and biphenyl as monomers. As
can be seen from runs 12, 13, and 14 in Table 1, wide variations
in the ratio of these monomers seem to have little effect on the
yields. Of this series the 1:1 biphenyl-m-terphenyl mixture was
polymerized more than twenty-five times.

Several attempts were made to polymerize further the low-
molecular-weight products isolated from other reactions by using
them as starting materials for subsequent preparations. The yield
of polymer with higher molecular weights (as indicated by de-
creased solubility) was very poor. Apparently, these low-molec-
ular-weight products were relatively unreactive.

As a general rule, the melting range of the extracted material
increased with an increase in the boiling point of the extracting
aromatic solvent. Figure 1 is a plot of the mean melting points
versus the mean boiling points of the solvent pairs used for isolat-
ing fractions. The general relationship is apparent, although there

200
o T T T T 7
s 90 L BIPHENYL —z” A
« 180 '_—¢Br-¢CI3 -
P-4
@ 20 [ #CI-#Cl3  BIPHENYL:M-TERPHENYL: 4
£ BENZENE=1:2:3 / .
ol =
o] =e.
8 150 F_‘¢C|'¢B' 4
w 140 F-#H-¢Ciy / -
2 130 = // ) -
4 -
5 ‘20 r:ﬁ'ﬂ%; cl / BENZENE:BIPHENYL: —
& oL i D 7° TERPHENYL=3:LI .
2 oo en-sCi .
3 BIPHENYL M=TERPHENYL =3!1
8 90 = pchy-ChyoH ) A : ' ]
z gol| .
g oH-¢H0 7
¥ 70 ECHIOH-$HO i | L n
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MEAN MELTING POINT OF POLYMER °C

FIG. 1. Relationship of mean melting points to mean boiling points of sol-
vent pair.
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are a number of deviations from the trend. It must be remembered,
of course, that these data were derived for polymers prepared from
a number of different monomers and under widely varying condi-
tions. The quantity of low-melting material present also varied,
since the solvent in which the fractions were insoluble was not
the same. This low-melting material depressed the upper limit of
the melting range to some extent.

Polymer of the desired molecular weight can be extracted from
the crude polymerization mixtures by selecting the appropriate
solvent pair for its isolation. The molecular weight of the extracted
polyphenylene tends to increase with the boiling point of the
aromatic solvents used in its isolation. This is illustrated as a
general relationship in Fig. 2. The lower boiling of each pair of

220 . — : .
Ly
2
Ze 180

P-4
© a
£5 a0
=}
=
8>

o
2 0
. 100
=0

60 i - | S i
500 1000 1500 2000 2500 3000

EBULL.JOSCOPIC MOLECULAR WEIGHT

FIG. 2. Relationship of molecular weight to mean boiling point of extraction
solvent pair (method of least-squares plot).

solvents is the solvent used for eliminating products with a lower
molecular weight; the higher boiling solvent is the one in which
the fraction was soluble. Again the deviations from the rule are
not unexpected in light of the wide variations in the method of
preparation.

Polyphenylenes with a molecular weight of about 2000 or above
exhibit a 1-t0-2% weight loss at 500° and about a 25% weight loss
at 900° when heated in an inertatmosphere ata programmed heating
rate of 360° per hour. Typical thermograms are presented in Fig. 3.
Polymers with a lower molecular weight can have similar stability
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FIG. 3. Thermograms of branched polyphenylenes in nitrogen with a heat-

ing rate of 360%hr.

at 500° but suffer greater weight loss on further heating. The poly-
mers derived from biphenyl alone also were somewhat less stable.

Most of the polymers contained between 1% and 2.5% chlorine,
which appeared to be about 1 chlorine atom per molecule. As was
noted above, cupric chloride can function as a halogenating agent
above 170°, and undoubtedly a small amount of chlorination occurs
at lower temperatures as well. Higher percentages of chlorine were
introduced when the ratio of aluminum chloride to cupric chloride
was kept very low. These conditions would favor chlorination
in a competition with polymerization. It is quite possible that the

Ar Ar
H H H
OO o {00
Cl
n n

2CuCl
2 O O Cl + 2CuCl + 2HC1
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chain-terminating step is a reaction between the cationic polymer
chain and a chloride ion.

Polyphenylenes prepared in o-dichlorobenzene also had a higher
than usual chlorine content, probably because of reaction of the
solvent with the growing polymer chain.

Elemental analyses provided a measure of the extent of cycli-
zation that occurred during polymerization. The C/H ratio, or
C/(H + Cl) ratio when chlorine is present, would be 1.50 for a
linear polyphenylene of infinite length. Since most of the C/
(H + CI) ratios exceed this value, it is at once apparent that sub-
stantial intramolecular cyclization occurs. The extent of cyclization
may be calculated from the elemental analysis and the molecular
weight by means of the following formulas:

Percent of theoretical __ 100 [(H + C1)/Clieor — [(H + C1)/Clexpu
hydrogen lost due [(H + CI)/Clineor
to cyclization

where [(H + C1)/C]lipeor 1S

[(%C) (M.W. of polymer) (%)1/[100 (at. wt. of C)] + 2
[(%C) (M.W. of polymer)]/[100 (at. wt. of C)]

If one uses the average value for the C/(H + Cl) ratio (1.58)
and assumes an average molecular weight of 2000, one can calcu-
late that about 7% of the hydrogen is lost by cyclization.

The most likely form of cyclization would produce triphenylene
nuclei in the polymer chain by the same type of reaction mecha-
nislm that produces the polymer. This cyclization is illustrated
below.

AT A TN S8
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An alternative explanation would be that at elevated tem-
peratures and with the monomers employed chain progagation
can proceed through the ortho position. This type of propagation
was proposed by Kovacic and Wu (9a) for the reaction of benzene
with ferric chloride.

A
Ar Ar @ '
H

H
OO D= OO —
H

The formation of fused-ring aromatic nuclei may also occur
incidentally when a growing polymer chain includes another poly-
mer molecule as part of its structure. This is illustrated on page 196.
Whatever the mechanism and structures may be, the products can
properly be called polyphenylenes.

Research on procedures for curing these polymers has also been
carried out and will be reported in subsequent publications.
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An ebullioscopic constant of 6.32 was determined for o-dichlorobenzene using
m-terphenyl and anthracene as standards. Essentially the same value was ob-
tained for several bottles of solvent.
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