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1. INTRODUCTION

The polymerlzation of acetylenic compounds has
recelved continulng interest. In principle, the polymer-
izatlion of acetylenlc monomers through additlon of the
triple bond will give polymers with conjugated double
bonds, known as polyenes. The polyenes are an interesting
class of material., A characterlstic feature of the
polyenes ls the great degree of delocallzatlon of the
TT -electrons possible in the macromolecule. The delocal-
ization gives rise to a decrease of the lnternal energy of
the system and a decrease of the energy of electronic
excltation resulting from the decrease in the energy
difference between the highest fllled electronic level and
the lowest unfilled 1eve1.1 The decrease in internal
energy results in a molecular structure of greater thermo-
dynamlc stabillty. The decrease in the energy of excil-
tation 1s reflected 1ln semliconducting, magnetic,and color
properties. In fact, many polyenes are semiconductors.2
Nevertheless, Dewar has pointed out that the single and the
double bonds in polyenes can be treated as locallzed to
explain the collectlve propertles of the polyenes as a
linear functlon of the bond properties.3 In this sense,
the bonds 1in the polyenes are "localized" even i1f there
are slgnificant interactions between the single and the
double bonds, so long as the interactlons between two
ad Jacent bonds are the same in different polyenes.

It 1s well known that polyenes are very sensltive
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to air, oxygen, light, and heat."l Divinylacetylene 1is

notoriously difficult to héndle. Some naturally occurring
acetylenes decompose violently on melting. A search in
the open lliterature reveals that the polymerization of
acetylenlc compounds 1s rather 1ll-defined. It almost
always involves a solvent~-soluble and a solvent-lnsoluble
fraction,5 and the conditions of the polymer isolation
and recovery have seldom been specified in terms of the
elements to which the polyenes are sensitive.

It 1s the objective of this work to prepare
polymers of acetylenlc compounds under very carefully
controlled conditions by various techniques and to see if
the chemical and physlcal propertles of the products
formed are distinct from those prepared by other means,
The specilfic monomers are phenylacetylene, diphenyl-

acetylene, diphenyldlacetylene, and 2-ethynylnaphthalene.
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2. HISTORY
The polymerizatlon of acetylene has been studied

much less than ethylene. There has been a tremendous
amount of llterature concerning the polymerizatlon of
ethylene, the high pressure process which employed oxygen
or peroxide to glve low denslty polyethylene and the low
pressure process which employed transltion metals or
organometallics to glve high density polyethylene.6 The
reason 1ls perhaps one of economlcs since at present the
price of ethylene 1s 5 to 8 cents per pound while for
acetylene, 1t 1s 20 to 25 cents per pound.7 On the other
hand, the polymerization of acetylene ylelds a range of
products; benzene, cyclooctatetraene, polyacetylene, and
an intractable cuprene. Cuprene is a dark brown powder
that shows practically no crystallinity, and 1s believed
to be formed by the actlon of oxygen on polyacetylene into
a three-dimensional structure.8 The process of polymer-
izing a triple bond may be more complicated than that for
a double bond, A more complex array of products would be
expected from phenylacetylene than styrene.

The earliest reported polymerization of acetylene
dates back to 1866 when Berthelot trimerized acetylene to
benzene thermally.9 Subsequently, Reppe and his co-
workerslo made the startling discovery that acetylene
may be polymerized in the presence of nickel salts to a
mixture of cyclopolyalkenes, the major portion of which 1s

cyclooctatetraene-1,3,5,7.
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Ni(CN), solvent .
80° - 95°  ° 70%

The flrst observatlon of a llnear polymerization of

4 HC=CH

acetylene was made by Nieuwland.11 He found that
when acetylene 18 passed into a saturated solution of
sodium or ammonium chlorlde and cuprous chloride,
vinylacetylene, and divinylacetylene are obtalned.
CuClo
NH;Cl
CHECH" + OHZCH ——»  HCEC-CH=CH,

CHZICH' + HCEC-CH=CHy —> CH,=CH-CZC-CH=CH,

CHZCH cHscn™

The manufacture of vinylacetylene 1s an
industrially lmportant process that led to the flrst
commerclially successful synthetle rubber, neoprene,
poly(2-chloro-1,3-butadiene), by hydrohalogenation of
vinylacetylene to chloroprene, 2-chloro-1,3-butadlene,
Divinylacetylene 1s used for preparation of drying olls
of unusual properties, and ls an lmportant raw material,
It 1s very unstable and decomposes wlth violence,

2.1 Thermal Polymerization of Acetylenes

The most characterlstic product of the thermal
polymerization of acetylene 1s benzene which forms a
majJor part of the liquid product from 20-90 percent.
Between 400-6000, Pease12 found that the reactlon 1is
second order., Schlapfer and Brunner independently

arrived at the same conclusion.13 Two bimolecular
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reactlons accompanied by ring closure constitute a more
probable mechanlsm for benzene formatlon especlally in
the vapor state than the simultaneous union of three
acetylene molecules. In additlon to benzene, other
aromatic products have been detected including styrene,
naphthalene, anthr'acene;ll‘l toluene, diphenyl, fluorene,
pyrene, chrysene;15 acenaphthene, phenanthrene;16

m- and p-xylene, 1,4-dimethylnaphthalene, tetrahydro-
naphthalene;17 o-xylene, pseudocumene, mesitylene,
hydrindene, fluoranthene,18 and higher hydrocarbons of
undetermined structures. 1In brief, 1t may be stated that
the thermal polymerizatlon of acetylene leads primarily

to aromatic products, princlpally benzene. The formation
of higher aromatic hydrocarbons may be accounted for by
assuming elther substitution in the resulting benzene ring
or cyclization of allphatlc chains containing more than
slx carbon atoms.

Experimental data on the thermal polymerlzation
of acetylene showed that the compositlon of the end
products varles wlidely with changes 1n conditions of
reaction, For example, the course and extent of polymer-
1zatlon depend on the temperature, the pressure, the time
of heating, the dilution of acetylene, the catalytic effect
of deposlted carbon due to decomposition, or added metals.

Early workers have stressed the importance of

the reaction temperature, Berthelot first observed that a

complex mixture of aromatlc hydrocarbons was formed on
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heating acetylene for half-hour at the softening point of
glass, but as the temperature of the glass became bright
red, hydrogen and decomposed carbon predominated.9
Walker reported slow condensatlion of acetylene to a
1iquid hydrocarbon mixture at 400-450°, but more rapid at
5500.19 Bone and Coward found that polymerizatlon
reached a maximum at 600-700°, and above 800°, decompo-
sition and methane formation became the princlpal
reaction.go In contradiction, Kovache found that the
optimum temperature for acetylene polymerization was
950°.21 It appears that no rellable conclusion can be
drawn concerning the effect of temperature on acetylene
polymerization unless the length of the heatlng period,
the purlty and the pressure are also speclfied,

Results of diluting the acetylene wilth other
gases depend on the nature of the diluent. Inert diluents
would be expected to retard the blmolecular reactions of
polymerizatlion. Pease has reported a decrease 1n the rate
of polymerization of acetylene diluted by nitrogen in the
temperature range 400-6500.12 Fischer, Bangert and
Pichler noted that a higher temperature was necessary to
obtaln the same liquld hydrocarbons from acetylene dililuted
with nine tlmes l1ts volume of methane or hydrogen.22
Hydrogen, which has been most frequently used as a diluent,
undoubtedly reacts with acetylene and 1its polymer as well
as produclng the effects ascribed to added inert gases,

Berl and Hoffman obtained the highest recorded yleld,

6
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98.8% of 1liquid products by passing acetylene mixed with
15% of steam at 740° through a glass tube packed with
porcelailn beads.23 Fischer and hls co-workers found that
the dilutlon of acetylene with carbon dioxide before
heating resulted in raising the proportions of "light oils"
in the product.22 It should be remembered that traces

of water and also hydrogen from decomposition reactions

are probably present in nearly all the experiments on
thermal polymerization of acetylene.

Changes in the course of acetylene polymerlzatlon
induced by varlation 1n the pressure of the gas have been
little studled, but theoretically lincreased pressures
would be expected to promote the process. Fischer and
his group found no observable effect by reduclng the
pressure from 750 to 200 mm, Hg. Dangerous explosions
result on increasling the pressure of acetylene much above
one atmosphere at the same temperatur'e.22 A patent,
however, clalms that acetylene may be polymerized to give
a very high yield of llquid hydrocarbons whlle dlssolved
in an inert oll under a pressure of 10-200 atmospheres 1n
the presence of finely dlvided iron or magnesium bromide
as a catalyst.eu The effect 1s not very clear since a
metal catalyst was used.

Acetylene 1s known to polymerize wlth free
radicals generated by peroxides., Landers polymerized
acetylene with methyl radicals generated by di-t-butyl
peroxide.25 The rate of polymerization was proportional

7
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to the first power of acetylene and to the square root

of the peroxlde concentration. This 1s exactly requlred

by the conventional free radical polymerization mechanism,

and he suggested unimolecular decomposition of peroxide

into free radicals, propagation by radical addition to

the triple bond, and termination by radical combinatilon,.
Substituted acetylenes also thermally polymerize

wilith more or less ease, depending on the structure of

the monomer., Besldes polymers, some of the products are

substituted benzenes and as 1n the acetylene case,

4 and 8 member cyclic rings can also form. Coming back

to the speciflic monomers here studied, the literature on

the thermal polymerization of phenylacetylene was very

much less than that of acetylene. Korshak reported

polymerization of phenylacetylene in low yileld (3-60%)

in presence of peroxides under 1-6000 atmospheres pressure

from 70-2000.26 The structure was unknown but the polymer

was a brittle orange solid which became a yellow powder

on preclpltation from benzene. Berlin has reported

polymerizing phenylacetylene thermally to a yellow solid

with high thermal stability.27 The assumed structure

was that of a conjugated polyvinylene. Shantarovich,28

found that thermal polymerization of phenylacetylene was

a second order reactlon like that reported for acetylene

by Pease. He obtained a polymer containing 6-17 monomeric

units, and some 1,3,5-triphenylbenzene., Okamoto studled
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the solvent effect of thermal polymerization of phenyl-
acetylene 1n 1961.29 A remarkable feature was that no
cyclization occurred when polymerizatlon was conducted
in solvents and only 1% of 1,3,5-triphenylbenzene was
obtained when polymerization was done in bulk (no solvent).
Hls results are reproduced 1n Table 1.

He asslgned a conjugated structure of —%?:CH}E

Ph

in mostly trans configuration. Barkalov studlied the rate
of polymerization of phenylacetylene in the presence of
benzoyl peroxide at 60-80°C., and found that the rate
increased linearly with the concentratlons of peroxlde
and phenylacetylene.3O He obtalned an apparent acti-
vatlon energy of 21 Kcal/hol. Higashiura,31 reported
that the inltlal rate of thermal polymerlzation of
phenylacetylene in benzene between 130-170° increased
with 2.32 power of phenylacetylene concentration, having
an apparent activation energy of 23,9 Kecal/mol. Finally,
the structures of thermally polymerized phenylacetylene
have been studled by Berlin,32 who found by infrared,
X-ray measurements to be a linear molecular with trans
conflguration in agreement with Okamoto, by Ehrlich,33
who by X-ray diffraction pattern and electron spiln
reasnance slgnal found 1t to be an amorphous polymer, wlth
termination by chain transfer to the monomer, and by

Kern,34 who by infrared spectroscopy studied the lsomer-

ization of polyphenylacetylene and found the polymer
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Table 1 Polymerization Conditions and Physical Properties of Phenylacetylene 9

Reflux Reaction m.p. of Crude
Temp. Time Polymers Average Found
Solvent (°c.) (hrs.) (°c.) M.W. % C % H
Decalin 175-195 22 188-195 550 93.32 6.29
Xylene 140-160 65 100-135 485 93.82 6.35
Diglyme 165-180 65 100-115 482 90.78 6.48
Chlorobenzene 130-145 48 145-150 1020 93.95 6.04
None 145-160 18 195-205 973 93.58 5.90




conslisting of cis and trans units with respect to the
chaln backbone, and not malnly trans as others reported,

There has been no English llterature recorded
to date on the thermal polymerizations of diphenyl-
acetylene and diphenyldlacetylene. Only two references
appeared in Russian so far. In 1967, Berlin and his
school reported a thermal polymerization of diphenyl-
acetylene in bulk at 300-400° for 3-10 hours.35 They
dissolved the polymer in benzene and precipitated in
methanol. The molecular welghts were 940-1200. The heat
stabllity was greater than the corresponding polyphenyl-
acetylene, with a softening temperature of 160-2150,

The earllest reported thermal polymerilization of
diphenyldiacetylene was in 1965 by Davydov.36 He found
the thermal polymer was very stable to heat, not decom-
posing even at 5000, Irrespective of the time and temper-
ature of polymerization, the molecular welght 1s always
1100. In 1967, Berlin,37 reported the thermal polymer-
i1zatlon of diphenyldlacetylene without solvent under
argon at 80-400°, At U400°, diphenyldilacetylene exploded.
So he employed a two-stage process by first heating the
system at 195° and then heating it to 400°. He proposes

- C
7|
a structure of ? at low temperature of
C
Phfl "
C

l
g

polymerization which cyclized to a ladder-like structure

11
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on heating to a higher temperature.

g g
|
| n
g #
No literature concerning the thermal polymer-

1zatlon of naphthylacetylene can be found to date.
2.2 Polymerizatlion of Metal Catalysts

Much more information on the catalytic polymer-
lzation of acetylene 1s avallable than on the thermal
polymerization. Most of the catalysts are transition
metal compounds which could complex with the acetylene
molecule. These metal-acetylene complexes are ilnvolved
in the catalytic additlon of the acetylene in cyclizatlon,
oligomerization and polymerizing reactlons. Much interest
has been generated in the chemistry of these complexes,
both in their molecular geometry and in the products they
help to catalyze. Consequently, transition metal complexes
involving acetylene can be classlifled according to

Rutledge as:38

12
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1. Nast products in which the metal-acetylene bonds
are normal ¢~ bondss2 as in Kg [ Ni(CEC-¢)8 ] .

2. Complexes in which the trilple bond 1s unchanged as

in (PtCl, * t-BuCECt-Bu),."C

3., Complexes in which acetylene 1s a chelating ligand
as in platinum complexes in which one acetylenlc
compound can replace another ligand 1n a solutlon

at room temperature.u1
Pt(Pﬂé)gac + ac! — Pt(Pﬁé)Qac' + ac

where ac and ac' are different acetylenes,

L4, Complexes in which acetylene forms cyclic
structures as in benzene,uz cyc:lobutad:tene,br3

cyclooctatetraene.lo

5. Complexes in which acetylene forms lilnear
structures with conjugated double bonds which

Ly

lead to lilnear ollgomers and high polymers.l45

It 1s the complexes under the last heading that
are of interest here, although the same complex can
catalyze elther linear polymerizatlon or cyclization
depending on conditions, or both reactions occurring
simultaneously. Donda and Morettli have compared the
activity of Ziegler catalyst and Luttinger catalyst

under the same conditions and the two catalysts can

13
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cyclotrimerize acetylenes as well as polymerizing ‘chem.46

The polymerization of acetylene to a high
molecular weight linear polyene of predominantly trans
structure was flrst described by Natta.47 In heptane
at -30 to +80°, Et3A1-Ti(OPr)u gave 90-95% of dark
crystalline polymer, completely insoluble. At Al:T1 ratio
of 2.5, 98.5% of the acetylene is polymerized. Similarly,
Zlegler catalysts polymerize other acetylenic hydro-
carbons.48 The first systematic study of Zlegler
catalysts for the polymerization of acetylene and
l-alkynes was made by Watson.49 He determined the
optimum ratio of organometalllic to transition metal halide,
A1(:1-Bu)3:Ti014 = 2,0-2.5; BuLi:TiCly, = 4.0;

ZnEtQ:T1014 = 2,5-3,0, As the reactlon temperature
Increases, more acetylene polymerizes and the percentage
of soluble polymer increases. The ratio of soluble to
insoluble polymer 1s a linear function of the catalyst
concentratlion, and increases with increasing catalyst,
At about the same time, Lutz found that reaction of
acetylene with Zlegler catalysts also gave benzene
besldes linear polyacetylene.so He concluded that both
the high polymerizatlon and the cyclotrimerlzation of
acetylene took place wlthout the breaking of the metal-
carbon bonds of the catalyst. Ikeda made the important
discovery that one end group of the polyacetylene molecules
comes from the groups belongling to the organometallilc

catalyst; the alkyl group of the product alkylbenzenes

14
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comes from the groups also belonging to the organometallic

catalyst; and using 140 organometalllic catalyst, the

product benzene also contalns radioactive 140.51’52
He suggested a mechanism for acetylene cyclization,
ollgomerization and polymerization as follows,.

For cycllzation to benzene and alkyl benzene:

/ Cat/-R + CHECH > /[ Cat/-CH=CH-R
/ Cat/-CH=CH-R + CHCH ——>  / Cat/-CH=CH-CH=CH-R

R
/ Cat/-CH=CH-CH=CH-R + CHZCH —> [/ Cat/-H + @

/ Cat/-H + CHZCH > [ Cat/-CH=CH,
[/ Cat/-CH=CH, + CHSCH ————>  / Cat/-CH=CH-CH=CH,

/[ Cat/-CH=CH-CH=CH, + CHSCH —>  / Cat/-H + @

For oligomerization and high polymerization:
/ Cat/-R+CHZICH  ———> / Cat/-CH=CH-R
/ Cat/A~CH=CH-R+nCHZCH —> /[ Cat/~( CH=CH-)-EE R

/ CatA~( CH=CH-).mR+CHECH 2> [ Ca_§7—H+C6H5-(CH=CH9;_—1- R

If n i1s low, 1t 18 an oligomer, if n is large, it 1s a
high polymer and if n 1s 1, we have alkylbenzene. When R
1s a hydrogen, 1t 1s benzene. The mechanism is the same
as those advanced for the polymerilzatlion of l-olefins with
insertion of monomers into a coordinated complex with one
important difference, that 1ls, the aromatization of one

end group 1in fhe polyacetylene chain. Another important
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feature 1s that aromatization, oligomerizstlion and
polymerization have the same mechanism, same inlitlation,
propagatlion and termination through transfer with the
monomer, (not recombination or disproportionation).

In addltion to the well-known Ziegler catalyst,
there are other catalysts which polymerize acetylene as
well, especlally the transition metal complexes of
GroupFVIII elements., In 1960 Luttinger reported a new
system for the high polymerization of acetylenes.53
The system conslsts of an hydridic reducing agent like
sodium borohydride plus a salt of a Group VIII metal
like nickel chloride. The polymer obtained 1ls like the
one Natta obtalned with Zlegler catalyst. When a Group
VIII complex like bis(tri-n-butylphosphine) nickel
dichloride, (n-Bu3P)2Ni(Cl)2 was used, one mole of catalyst
can polymerize several thousand moles of l-alkynes 1n a
few minutes, We should, however, recall that Reppe also
used nickel carbonyltrialkylphosphine complexes
(R3P)2Ni(CO)2 to prepare a number of aromatic products
from acetylene and monosubstituted acetylenes.42 What
Luttinger did was to add a co-catalyst, the hydridic
reducing agent, to the same complex, and he obtalned both
cyclization and polymerization., Green independently
reported a simllar system. The phosphine complexes of
nickel or cobalt salt, (R3P)2MX2 reduced with NaBHy in
tetrahydrofuran.4 The catalyst (Pr3P)2N1012 shows well-

defined proton resonance absorption characteristic of
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hydrogen bound directly to transition metals, indicating
that the actlve catalyst 1s a specles with metal-hydrogen
bonds, in support of Ikeda's mechanism. Daniels found
that nlckel halide-tertlary phosphine complexes alone

are catalysts for acetylene polymerization with lodide
better than bromlde better than chloride. Yet, cobalt,
and palladium complexes, also of Group VIII metal,

are completely lnactive as a polymerlzation catalyst.54
The reason 1s not clear, The resultant polyacetylene
always contalns nickel and halogen. Whlle nickel can be
removed by washing with HCl, the halogen 1s not removable,
indicating that nickel and halogen are present as end
groups of the chaln, the former as lablle organometalllc
and the latter as alkyl hallide. The 1lnltlal step 1ln

the polymerization 1s a dlsplacement of one or more
phosphine ligands by acetylene, to form a translent

Tl -complexed acetylene intermediate which leads to

polymer by a cycle of ligand insertion and monomer

complexatilon.
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HC&CH + R3P —> Ni-Br|— R3P + R3P > N|i-BI‘

_ Br J i Br |
(1)

[ H H l

||
(1) — |[RgP —> N'i-C=C-Br
Br

i i

(2)
(‘ HC=CH ]

(2) +HCECH — |RgP —> Ni - CH=CH-Br

e J

(3)

(3) — [R3P-——) Nﬁ - CH=CH-CH=CH-Br ] —> ete,
Br

An alternative reaction path lles in direct
acetylene complexation to form a pentacoordinate T]-complex

in which nickel has attained the Kr configuration, which

can lead to polymer in the same way as (1).
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HC=CH
R3P\‘ s - Br
R3P//7 ™~ Br

Usling Reppe's catalyst, Merlwether and his co-
workers,55 have worked out a detalled scheme for the
linear polymerization and aromatlc cyclizatlon of acetylene
by nickel dicarbonyl-diphosphine complexes, Ni(CO)Q(PR3)2,
the activity varylng with the substituent R 1n a general
way, CoH;ON CgH >H > 002H5> n-alkyl >> 0CgH; A C1.

The reactlon mechanism 1s glven as follows:

Rl
R,P Cco R,.P c
3 N1~ _Q= 3Ny
/)Ni\ + R'-C=CH —-v._——_—_‘ 2C0 + /-,Ni\" —
R3P Cco R3P C\
H
(1)
R!
ng
R3P c”
\)-Ni/
N\
R3P H
(2)

The acetylene (R'=H) repiaces all the CO ligands. Complex
(1) 1s initilally formed, but converted to (2) readily which
1s the actlve catalyst for both polymerization and
cyclization, In analogy to the Zlegler catalyst, a metal-
hydrogen bond 1is present. (1) And (2) are planar
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complexes of nickel (II) that has a vacant P, orbital,

avallable to‘TT-bonding wlth a second acetylene molecule,

\ ! )
RgP :/PR3 R3P\: PR3
] N
(2) + R'-CZC-H — /Ni\ —) Ni
1 ]
H I Cy H/' \c
1 N ] \
1 R' 1 R'
! !
R'C=C-H H-CSC-R! |
(2a)

(2) Reacts with acetylene monomer to (2a) involving
—T-complex formation between the triple bond and the
nickel p, orbltal such that the z axls goes through the
center of C=C bond with the acetylene moiecule lying
roughly parallel to the plane of the complex., The
symmetry of the PZ orbital glves rise to stereospecific
orlentations of the linear acetylene relative to Px and Py
axls, or relative to the —PR3 and -C=C-R' groups, If
R'X H, four reactions are possible, namely, cis insertion
of the monomer between the nickel and acetylide carbon
atoms such that (a) R!' group 1s adJjacent to the C=C bond,
(b) to the nickel atom, (c) hydrogen exchange between the
TTcomplexed acetylene and the acetylide, and (d) dis-
sociation of the T|-complex. All four reactions can

proceed from dlfferent conformations of the TT-complex.
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(2a) EE% \NNi

(3)

The two nickel-vinylacetylene complexes (3) resulting from
insertion of an acetylene molecule can formiT‘-complexes
(3a) with another molecule of monomer,

|
R3P

Ry :'
(3) + RICSC-H &= \' / H(R') = \‘b'm/ H(R')
J H/ \ \
iy \:f y
H'CZCH HC=CR
CR'(H) CR'(H)
/
r° R 7"

(3a)

Again, four reactions are possible for (3a), hydrogen
transfer from the acetylene to the 2,4-disubstituted
vinylacetylene group to give the vinylidene dimer,
regenerating (2); hydrogen transfer from the acetylene
to the 1,4-disubstituted vinylacetylene to glve the
trans dimer and (2); cis insertion of the acetylene
molecule between the nlckel and the vinyl carbon atom

of the dilsubstituted vinylacetylene complexes such that
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the R' group of the acetylene 1s adjacent to the central
double bond; to the nickel atom. The latter two
reactlions lead to higher homolog.

H _R!

(3a) — H/C=C\csc—R' + (2)

L

(4)
(4) Forms agailn a 1] -complex with a new monomer molecule,
reacts in like fashion to produce two 11neér trimers and
(2), and the nickel tetramer complex. This sequence 1s
repeated for polymerization. Of course, when R'= H,
there 1s no geometric trans or cis isomer, so that only
1l dimer, 1 trimer, etc., are formed. Assumlng that there
is a favored conformation of (4) in which the 1 and 6
carbon atoms of the butadienyl-acetylene group can
approach bonding distance, a concerted hydrogen transfer

and ring closure would account for aromatic products.
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Finally, other Group VIII metallic catalysts
that polymerize acetylene include rhodium chloride and

56

palladium chloride, Although copper 1s not a

transition metal, CuO is known to polymerize acetylene
at 180-350° to form cuprene.57

Literature on the polymerization of phenyl-
acetylene 1s not so extenselve as acetylene but all the
metal catalysts dlscussed so far can also polymerize
phenylacetylene. Natta reported the polymerization of
phenylacetylene by Ziegler catalyst in a Belgium Patent.58
The polymer conslsts of acetone soluble and acetone
insoluble fractions, at AlEt3:T1013 ratio of 1.9 in
benzene. Later, Berlin employed the same catalyst in
benzene and found that a maximum yield of polymer (96.3%)
occurred at AlEt3:T1013 ratio of 1.1.59 Increasing the
Al:T1 ratio causes a decrease in yield and an increase in
insoluble products. The molecular weight (Mh.= 5,000)
1s higher than those formed by thermal or free radical
polymerization (M, = 800-1,200). In addition, some cyclic
product, 1,3,5-triphenylbenzene was also formed together
wlth the linear polymer. Higashiura observed that with
the Zlegler catalyst A1Et3:T1014 in benzene the maximum
yleld occurred between the Al:Ti1 ratio of 7--10.60 When
the ratio 1s less than 5, the polymer 1s all soluble in
benzene whereas 1f the ratio is larger than 5, it 1s partly
insoluble. The molecular weilght increases from 280 to

1,000 as the ratio 1ncreases. The cyclic trimer,
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1,3,5-triphenylbenzene was formed at a Al:T1 ratio of 0.5.
Bantsyrev added in the AlEt3-T1013 system, the cycllc
trimer 1s 1,2,4-tripheny1benzene.61 Thls 1s only formed
in heptane solution, and not formed in benzene solution,
The transition metal complexes of Group VIII
elements are also known catalysts. The Luttinger catalyst,
diphosphine complex of nlckel and hydridic reducing agent
(BusP)eNiCIE—NaBHu, gave dimer, trimer and tetramer, most
of which are the cycllic 1,3,5-triphenylbenzene and
1,2,4-tripheny1benzene.53 Without the hydridic reducing
agent, Danlels succeeded in polymerizing phenylacetylene
Into linear trans polyene, by a tertlary phosphine complex
of nickel, (PhBP)zNiBr2.5” In the case of nickel
dicarbonylphosphine complexes, Meriwether found that
linear trimerization 1s favored by the cyanoethylphosphine
complex, Z—(CQHMCN)3P_7'2N1(CO)2 while cyclic trimer is
favored by triphenylphosphine complex, ZfPh3§7éNi(CO)2.55
Ehrlich obtained a highly crystalline polyphenylacetylene
(80% crystallinity by XRD pattern) with rhodium chloride-
11thiumborohydride.33  Palladium complex, PACl,:(PhCN),

gave a polymer together with 1,2,4-triphenylbenzene and
56

1,3,5~-triphenylhexa-2,5~-dien~1-yne. Platinum-tertiary
phosphine complex,62 and ferric acetylacetonate-
dillsobutylaluminum hydride c:omplex?’l4 are reported to

glve polyphenylacetylene, Of all the Group VIII metals

only three elements are left out which have not been
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reported for the polymerlzation of phenylacetylene. They
are ruthenium (Ru), osmium (0s), and iridium (Ir), and we
can predict that they too may be catalysts for acetylene
polymerization.

A few catalysts other than Group VIII metals have
also been recorded. Among them are the catlonic catalysts

63,6k metal alkyl-metal

like BF3, SnCl2 or CF3COOH;
66

dimethylglyoximate;65 and cupric oxide.

The first polymerization of diphenylacetylene
with Zliegler type catalyst was by Franzus.67 He found
that diphenylacetylene could be trimerized into hexa-
phenylbenzene with (LBu)3Al-Ti01u at Al:Ti1 ratios of 1-3,
Outslide these limlts, the yleld of hexaphenylbenzene was
zero, and polymerization could occur., A completely

general reaction of the followlng type was proposed.

R
R R

3R-C2C-R + Ziegler catalyst —>
R

Any symmetrical dlalkyl or dlarylacetylene will trimerize
at the proper catalyst ratlo. Drefahl treated benzene
solution of dlphenylacetylene wilth Et3Al—T101u.68 The
major product was hexaphenylbenzene, maximum yleld at a
A1:Ti1 ratio of 2, At 1:1 ratio, he obtained 4% of a
tetramer of diphenylacetylene, octaphenyltricyclooctadlene,

the structure of which had been originally determined by
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Freedman,69 and Tsutsui.7o

ﬂh Ph Ph Ph

Ph Ph Ph Ph

Luttinger reported that the nickel complex-
hydridic reducing agent system falled to polymerize at
room temperature, but at 78°, 1% of hexaphenylbenzene
was recovered.53 Merliwether suggested a mechanlism for
the aromatizatlon of dlphenylacetylene with the nickel
dicarbonyl-diphosphine complex.55

Rl

PP 2 L Risczorr = 3P 1~ + 200

R3P/’ ~co R3P/7 ~N¢C
\R'

(1)
Complex (1) reacts wilth a second acetylene molecule
(R'=phenyl) probably by way of a diphosphine-nickel-cyclo-
butadiene (2) to form the planar complex (3) in which
nickel and the two acetylene group formed a five-membered

ring.
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F R! |
!
R3P R
(1) + R'CSCR! ——= Ni......
Rl
| RF R ]
(2)
+ R' R!
R3P R B
! C=C
2
R,P E\\C==C
3 A
R' R!

(3)

Complex (3) has a vacant P, orbltal for coordination of
a third acetylene. The resulting J] -complex (4) can

then collapse to form the aromatic product.

(3) + R'CECR' —— Ni
R3P C=
R! \\R'

R! (4)

R! R!
+ (R3P)2Ni

R! R

Rl

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Agaln, this type of reactlon 1s perfectly general for
dlacetylene, Maitlls cyclotrimerlized diphenylacetylene
into hexaphenylbenzene in the presence of bis(benzonitrile)
palladium chloride, Some bis(cyclobutadiene) complex was
also observed.71

Other catalysts have been found effectlve for the
polymerization of diphenylacetylene. Tsutsul ldentified
a trimer and tetramer with a Grignard reagent, phenyl-
magnesium bromide. Leavitt dimerized diphenylacetylene
into tetraphenylbutadiene derivative and 1,2,3-triphenyl-
naphthélene ﬁith lithium metal.72 Finally, some Russilan
workers supposedly syntheslzed polydiphenylacetylene with
dilithlo-tetraphenylbutadiene-1,3 with metal halide.73
Although the monomer was tetraphenylbutadlene-1,3, it was
related to diphenylacetylene through a dimerizatlon in
1lithlum, The resultant products composed a soluble and
an insoluble fraction as usual.

The only recorded polymerizatlon of diphenyl-
diacetylene by metal catalyst was that of Teyssie74 in
1964, He used the Zlegler-type catalyst, (i-Bu)3A1-T1014.
Maximum yleld of the polymer was observed at a AL:T1 ratilo
of 2.7 and further increase of the ratlo decreases the
yvleld rapidly. More polymers were formed at higher
temperatures but thls did not affect the molecular welght
appreciably, (M, = 1078 - 1250). The polymer so obtained
was treated elther thermally at 400° under argon or with

antimony pentachloride, and had very good heat resistance
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with a softening point around 480°, Both the treated
and the untreated polymers had narrow electron paramagnetic
resonance signal, and showed a low conductivity
(10_14 mho/cm.). They also gave indicatilon of photo-
conductivity. However, a year later, Davydov prepared
polydiphenyldliacetylene wlth triethylaluminum and vanadyl
acetylacetonate, and found no photoconductivity.36
Literature on the polymerization of naphthyl-
acetylene 18 scarce, About the only polymerization of
naphthylacetylene 1s that of Kambara'® 1in 1967. He
polymerized l-ethynylnaphthalene with a Zlegler-type
catalyst and obtalned a colored product. Based on infrared
measurement, he assigned a conjugated structure to the

polymer,
2.3 Polymerlzatlon of Acetylenes by Other Methods

There are other types of reactions 1n which the
triple bond of acetylene becomes a double bond by the
additlon of non-metallic elements other than carbon.

The substances capable of addltlon to acetylene include
hydrogen, halogen, oxygen, sulfur, nltrogen, water,
hydroxyls, etc., but they do not necessarlily lead to
polymerizatlion through chaln processes., On the other hand,
polymerization of acetylene may be initiated by purely
physical means like radiation, ultrasonlecs, shock waves, etc.

The hydrogenation of acetylene by molecular
hydrogen in.the presence of catalyst gave the expected

products, ethylene, ethane and some polymers.76 Wijnen
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has reported a chlorine atom Induced polymerization of
acetylene by photolyzing phosgene.77 Carbon monoxide,
vinyl chloride, l-chloro-l,3-butadlene, benzene and
polymer are believed to form in the 1lnitlial stages of the
chlorine atom inltlated polymerization.

Photopolymerization of acetylene, sensitlzed by
mercury vapor, gave benzene, polymer and hydrogen as the
reactlon products.78 Polymerization by alpha rays from
radon’9 and beta rays from 1 Mev. Van de Graaff
generator8o have been noted in the literature. Feibush
found that in the beta irradiation of acetylene by Kr-85,
oxygen must be rigorously excluded in order for polymer-
izatlon to occur.81 Yashlro studled the gamma irradiation
of acetylene under pressure of 5-10 kg./’cm.2 from 10-150°,
and obtained as the major product a yellow insoluble,
infusible powder simlilar to cuprene.82 A small amount
of benzene was also detected, At low temperatures, Tabata
observed in the gamma irradiation of acetylene that the
rate of polymerlzatlon is proportional to the first power
of dose rate and concluded that polymerization proceeds
by an lonic mechanism.83 Yanko lrradlated elghteen
acetylenes by Co-60 and found that the G value 1s between
10 to 200, Indicatlve of a chaln process.84 Phenylacetylene
was polymerized by gamma rays with a G value of 11.85
Diphenylacetylene when subjected to compresslon by shock
86

waves was reported to polymerlze by a radlcal mechanism,

The yleld, though small, depends on the reaction pressure
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and compresslon time. Other methods for the polymerization
of diphenyldlacetylene and naphthylacetylene have not

been found to date.
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3. EXPERIMENTAL

3.1 Material

Diphenyldiacetylene (DPDA) was supplied by
Farchan Research Laboratories. Diphenylacetylene (DPA)
and phenylacetylene (PA) were supplied by Aldrich Chemical
Company. 2-Acetonaphthone was supplied by Fisher
Scientific Company.

Diphenyldlacetylene 50 g. was recrystallized in
750 ml, of reagent grade methanol twlce. Large needle
crystals, 45.1 g. was obtailned, yleld 90.2%, m.p. 86-87.5°
(uncorrected). Diphenylacetylene 27 g. was also crystal-
lized in 160 ml. of methanol twice. Large plate crystals,
19.5 g. was obtained, yield 73.9%, m.p. 62-64,5°
(uncorrected). Phenylacetylene was purified by the pro-
cedure of Isfendiyaroglu.87 Yellow phenylacetylene,
46.5 g. was distilled under vacuum with prepurified
nitrogen (oxygen content <:8 ppm.) bubbling. At 10 mm. Hg.,
the constant boiling fraction 44-50° was collected, and
dried over CaCl,. A second distlllatlon over CaCl, under
vacuum gave 29 g. of colorless liquid, yleld 62%, fraction
of 50-58° at 10 mm. Hg. This was stored under nitrogen at
-159, 2-Acetonaphthone was used as received, Reagent
grade benzene was dried over sodium metal chips, and re-
distllled over sodlum under atmospheric pressure with
protectlon from C_aCl2 tubes, Carbon tetrachloride and
N,N'-dimethylformamide were spectrograde, and used

wlthout purifilcation,.
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3.2 Polymerizations

3.2.1 Gamma Radiation Polymerization

A 100 ml. polymerization tube was cleansed in
concentrated nitric acld and dried. To obtaln an oxygen-
free atmosphere in whlch monomers dould be lrradiated, a
high vacuum system conslsting of a 3-stage mercury
diffusion pump was set up as shown in Flgure 1. The
system has been monitored during pump-down period to
better than 10'6 mm., Hg. A McLeod gauge and a cold
cathode gauge were used to determine the vacuum, The
system was flushed with argon of analyzed purity (oxygen
certified less than 1 ppm.) before the diffusion pump was
turned on. The manifold allows degassing of the samples.
The polymerlzatlion tube was evacuated for 10 minutes,
stopcocked, and transferred into a polyethylene glove box
whilch has been evacuated and flushed with argon gas.
Diphenyldiacetylene, or diphenylacetylene, and solvent then
were added, stopcocked and agaln connected to the high
vacuum system. The mlxture was degassed by freezing and
thawing three times, evacuated at -78° for two hours and
sealed under vacuum, The tube was 1lrradliated at a dose
rate of 0.102 - 0.035 Mrad/hr. to a total dose of
10-29 Mrads. The solvent was evaporated under vacuum, and
the sollds were dissolved in benzene. The benzene soluble
but methanol insoluble fraction was taken as the polymer,

and the molecular weight as well as the other physilcal

properties were determined.
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3.2.2 Polymerization by Thermal or Peroxide Method

Into a 100 ml. polymerization tube, 1.4 g. of
diphenyldlacetylene was 1lntroduced. Benzoyl peroxide
(0.5% based on welght of monomer) was then added when
necessary. Benzene, 1.5 ml, was plpetted into the polymer-
ization tube which was then connected to the vacuum
manifold. The system was flushed with prepurlfied niltrogen
three times at -78°, subjected to three cycles of freezing
and thawing, and finally evacuated for two hours at -78°
before sealing under vacuum, The tube was submerged into
a constant oll temperature bath, controlled to tO.5°
throughout the range of 120 - 140°, At the end of the
polymerization period, the tube was cooled in running tap
water and kept at -15°9, otherwlse 1t was at once broken
open In the polyethylene glove box under nltrogen atmos-
phere., The content was poured into 150 ml. of methanol,
filtered, redlssolved in a minimum amount of benzene, and
precipitated dropwlse into 150 ml. of methanol. After
filtering, the polymer was drled In a vacuum oven at 50°
for 16 hours. It should be emphasized that throughout the
experiment, all handling was under dry nitrogen atmosphere.
The percent converslon was determined gravimetrically.
When the percent converslon was plotted agalnst reactlon
time, there was usually an inductlon period. The 1initial
rate of polymerization was taken as the 1inltlal slope on

the time-converslon curve., If the final product is all
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soluble 1n methanol, as with the monouner, it 1s assumed
that no polymerization has taken place., In the study of
the effect of concentration of the monomer on the rate of
polymerization, the amount of benzene added 1s adjusted to
the proper concentrations, other conditions belng the same.

3.2.3 Polymerization by Ziegler-Type Catalyst

A 5-neck flask, fltted with a thermometer, a
droppling funnel, a nltrogen capillary inlet, a rubber cap,
and a condenser protected with a calclum chloride tube at
the end, was subjected to a vacuum with stirring by a
magnetic stirrer. The system was flamed with an oxygen
burner to get rid of molsture for about 10 minutes. It
was then let cool wlth nlitrogen slowly bubbling through.
Benzene, 30 ml. was qulckly introduced, and nitrogen was
allowed tc bubble at least for one half-hour period before
titanlium tetrachloride was injected through the rubber cap
by a gas-tlight syringe. Aluminum trlalkyl was next
injected. Thils order was suggested by Kennedy rather than
aluminum and then titanium.88 The initial and final
welghts of the catalyst were determined by an analytical
balance to the nearest milligram. Monomer, 2 g. dlssolved
in 20 ml. of benzene was added dropwise through the funnel,
after which it was heated to reflux for 1 hour. Excess
methanol was added, and the mixture was filtered through
a sintered glass filter. HCl, 5% in methanol was used as

the washing solutlion to remove any remalning catalyst. The
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solld was dissolved in benzene and precipitated twice in
excess methanol. 1In diphenylacetylene, two fractions were
found, one benzene soluble and one benzene insoluble.

They were separated and the polymer was dried in a vacuum
oven., For phenylacetylene, the 1solatlion was done
according to Berlin,59 except under nltrogen environment
in the present study. After monomer addition, the mixture
was heated to reflux and cooled. Fifty ml. of 10% HC1l in
methanol was added, and the benzene layer was washed with
delonized water three times to remove any chloride ion.
The benzene layer was precipltated ln methanol twlce and
the polymer was dried in the vacuum oven as usual and
stored under nitrogen.

3.2.4 Synthesis of 2-Ethynylnaphthalene

The synthesls was done after Robin's
procedure.89 2~Acetonaphthone was treated with phospho-
rus pentachloride and then dehydrohalogenated with
potassium metal and alcohol. The monomer obtained this
way was not pure. Infrared spectrum showed In addition to
the expected C = C - H and C Z C stretchings, an
aliphatic C - H stretching vibration at 2800 - 2950 cm, "L
Elemental analysls was also in poor agreement wlith the
calculated composition:

Anal, Calcd. for CypHg: C, 94.73; H, 5.26
Found: C, 80.36; H, 5.41

The procedure was modifiled. Potassium hydroxide and
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absolute ethanol were used for the dehydrohalogenation
step. Both the Infrared spectrum and the elemental

analysls agree with the monomer structure, (see

Section 4.1).
The Modified Procedure - Into a 3-neck flask

fitted with a thermometer, a dropplng funnel and a
condenser, 94 g. of phosphorus pentachloride (0.45 mole)
was Introduced under a nitrogen atmosphere in a glove box.
2-Acetonaphthone (68 g., 0.40 mole) was dissolved in

100 ml. of benzene and added dropwise with magnetilc
stirring. The temperature was kept below 30° by

occasional lce cooling. After additlon was completed in
about one hour, it was allowed to stand overnight. The
mixture was vacuum distilled, collecting the fractilon
between 34-40° at 1 mm., Hg. Yellow solid, 52 g. was
obtained, and 27 g. of this solid 1s added to 40.5 g. of
potassium hydroxide in 154 ml., of absolute ethanol. The
mixture was heated at 90° in an oill bath for 5 hours at

the end of which 100 ml. of water was added, and the system
was extracted with ether three times, The ether extract
was dried over CaClp. After flltering, the ether was

first distilled off, and the residue was vacuum dlstllled
at 0.75 mm. Hg., collecting the fraction 80-96°, 2-Ethynyl-
naphthalene, 8.4 g. was obtained, yileld 10.7%. It was
vacuum distilled agalin Just before use. Elemental analysils

shows good agreement between the calculated and found

values,
38
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Anal, Caled. for CypHg: C, 94.73; H, 5.26
Found: C, 94,46; H, 5.12

3.2,5 Preparation of Charge-Transfer Complexes

The procedure used is that of Higgins.90 About
0.4 g. of the polymer (donor) was dlssolved in 5 ml. of
benzene in a 50-ml. flask fltted with a nitrogen capillary
inlet and a condenser with CaClp tube. Resublimated
iodine crystals, 0.6 g. was then added. The mixture was
gently heated at 55° for three hours with nitrogen
bubbling. After the mixture was cooled, 1t was freeze-
dried into fluffy solids. n-Hexane, 30 ml., was added to
wash off the unreacted 1lodine crystals, followed by
washing with methanol and n-hexane agaln until on the
sintered glass fllter, no yellow color appeared in the
filtrate. The complex was dried in a vacuum oven at 40°
for 16 hours and stored under nitrogen, protected from
light by totally wrappling 1t in aluminum foll. When the
acceptor was not lodine, as for example, antimony
trichloride, niobiumpentachloride, etc., a saturated
solutlon of the acceptor was used lnstead of pure crystals.
The mixture was heated at 55° as above.

3.3 Measurements

3.3.1 Molecular Welght

The number average molecular welght was
measured by cryoscopic method. A 2% solution of polymer
in benzene was introduced into a test tube fitted with a

Beckman thermometer and a stirring coill. The thermometer
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was graduated in 0,01 of a degree. The test tube was
Jacketed into a large tube as a wmeans of insulation. The
whole system was submerged into an ice-salt bath, the
temperature of which was constant at -21°, The temperature
was recorded as a functlon of time wlth stirring. The
stopwatch was graduated in 0.01 of a second. A typlcal
cooling curve i1s shown in Flgure 2. The freezing point
was read off by extrapolating to where the two curves
intersect. The freezling point was also calculated by an
Olivettl electronic desk computer with the least square
program for a straight line, y=ax+b. The two curves gilve
two equations which are solved simultaneously to get y

the freezing temperature. Agreement between the graphical
and the least square methods 1s very good. The difference
in freezing point AT was obtalned by subtraction and the
molecular welght was calculated by the expression.

Sample (g.) x 5100
MW = Benzene (g.) x AT (°C.)

Since T can be read to 0.01° and AT 1s of the magnitude

of 0.1°, the molecular weight should be accurate to t10%.
Some molecular welght was measured osmometrically by
Schwarzkopf Analytlical Laboratory with a claimed accuracy
of tlS%. In the molecular weight range dealt here, the
agreement between these two methods was falr., For example,
the cryoscopic molecular weight of a thermal polymer of

diphenyldlacetylene was determined to be 913, whereas the

4o
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osmometrlic molecular welght of the same sample was
determined to be 721. The lower figure of 913 is 822

and the higher filgure of 721 1s 829 so that the two values
are within the experimental error. It seems then the
osmometric molecular welght 1s lower than the cryoscople
molecular weight. The molecular welghts reported in the
following tables are indicated (0S) for osmometric and
(CR) for cryoscopic.

3.3.2 Spectral Measurements

Infrared spectra were recorded elther as a
KBr pellet or in solutlon wlth a Perkin-Elmer IR 21 or
Perkin-Elmer T700. Raman spectra were taken wilth a
saturated solution of the sample in a caplllary tube by
Spec 1401 double beam spectrometer with a He-Ne laser,
Spectra Physics Model 125, The spectrum was obtalned by
scanning the region of Interest, from 2100 to 2300 cm.'1
where the C = C bond stretches,

NMR spectra were recorded in carbon tetra-
chloride solution with a Varilan 60 Mhz nuclear magnetic
resonance spectrometer. A sample solution of 10-20% was
made and was scanned wlth a sweep wldth of 1000 Hz., After
being sure that nothing absorbs higher than 500 Hz, the
normal NMR spectrum of 500 Hz sweep wldth was taken at
room temperature. A sealed tube of tetramethylsilane
was used as the external standard for T= 10 ppm.

Ultraviolet and vislble spectra were taken with

ho
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a Cary 1l spectrophotometer. The concentration had to be
adjJusted to fit the recorder scale by proper dilution,
about 1070 M.

Electron paramagnetic resonance (EPR) spectra
were measured with a Varian V4502-15 spectrométer equlpped
wlth a Fleldlal magnetic fleld regulator, operating in a
high power mode. The three quantities wmeasured are the
position of the llnes, the shape of the lines and the
intenslty of the lines,

The posltion of the line where the resonance
occurs can be read off from the spectrum when 1t 1s
compared to the resonance line of a standard whlch has been
measured in an absolute way. In the present case, the
strong pltch 1n potasslium chloride as supplied by the
Varian Assoclates was used as a standard (EPR sample
90445-01). The g value can then be calculated from the
equation

h V = gBH
where h is Planck's constant, ¥ the resonance frequency,

B the magnetic moment of the electron or the Bohr magneton,
H the magnetic fleld where resonance occurs and g is the
spectroscopic splitting factor or the Lande factor, a
measure of the contribution of the spin and orbltal motlon
of the electron to its total angular momentum, If gg and Hs
of the standard is known, the 8y value of the unknown

sample can be calculated 1f H, 1s known by the expression
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guHu = gsHs
The lines shapes are of two kinds, a Lorentzlan or a
Gausslan line. The line shape can provide many useful
information but 1lts measurement requires the line width
also to be known. The line width AH 1s just the distance
from the peak maximum to the peak minimum along the time or
x axis. If a is one-half A H, then a Lorentzian and a

Gaussian line91 can be wriltten as

_ (8/3)a

£(x) 5 (Lorentzian)

3a2

=
f(x) = 1.65 a e % /éaa (Gaussian)

The determination of the line shape of an experimental
curve then lnvolves drawing a basellne, findlng a, and
dividing the x axlis In unilts of a, and comparing the values
for a Lorentzlan or Gausslan line in a table. This is
1llustrated in Figure 3 which shows the EPR curves of a
polymer of phenylacetylene prepared by thermally heating

at 130° and by Ziegler catalyst initiation. Comparison
wlth Table 2 indicates that both lines are Gausslian in

shape.

by
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Table 2 Determination of Line Shapes by Comparison of
Calculated Values

- Experi- Experi-

Helght of Lorentzilan Gaussian mental mental
Curve Posgition Pogition 1300 Catalyst
(% Maximum) (a) (a) (a (a)

100 1.00 1.0 1.0 1.0

80 1.65 1.5 1.5 1.5

60 2.10 1.8 1.8 1.8

bo 2.75 2.1 2.2 2.2

20 3.80 2.5 2.6 2.5

10 5.00 2.8 3.0 3.1

The most dlfficult job is to measure the
absolute values of the integrated line intensitles or the
spln concentratlon of a sample. Here, we made use of the
comparison method. Since the spln concentrations of the
strong pltch in KCl has been determined by Varian to be
3x1015 spins per centimeter of sample tube, a comparison
of the area under the curve affords the spln concentration
of the unknown sample to be calculated provided that the
line width and the spin concentration of the unknown are
close to that of the standard., Thls method of comparing
the area under the curve to calculate spin concentration
is after that of Hatano.92

Differential thermal analysis was performed with
a DuPont Differential Thermal Analyzer. One set of

experiments involves introduction of the sample Iinto a

small flat-bottom glass tube, and sealed 1t In air. The
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other set involves introduction of the sample into a small
aluminum cup which has a cover under nitrogen, trans-
ferring 1t to a hand press, and sealed, Filne glass beads

were used as a reference. The thermogram was obtalned

under nltrogen atmosphere,

b7
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b, RESULTS AND DISCUSSION
4,1 Synthesis of Monomer, 2-Ethynylnaphthalene

The rationale for using a naphthylacetylene
arises from the theoretical calculation that the naphtha-
lene group may function as the polarizable side chain in
Little's superconductor mode1.93’94 As such, 2-ethynyl-
naphthalene was not commercially avallable. Its synthesis
was flrst reported by Robin.89 However, we found 1t
necessary to modify the dehydrohalogenation procedure to
get pure monomer. The synthesls ilnvolves reactlon of
2-~acetonaphthone with phosphorus pentachloride, then
treating the chloro-derivative with potassium hydroxide

in ethanol according to the equation.

PC1 KOH =
-C-CH 5 C CH C=CH
I “’@:) 3 htOH’ Q

The infrared spectra of 2-ethynylnaphthalene by (a) our
modified procedure and by (b) Robin's method are glven
in Figure 4, In both cases, the appearance of the bands
at 3300 and 2100 cm. * indicates that the group CSC-H

is present. The disappearance of the 1680 em.”t band due
to the carbonyl group of the starting materlal lndlcates
reaction has taken place. An obvious difference 1s the
bands at 2860-2950 cm._l in (b) suggesting aliphatic CH

stretchings that should not be present in the pure monomer.

The assignments are taken from a standard reference.95
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3300 em, ™1 2C-H stretching

3050 aromatic C-H stretching

2100 CZC stretching

200-1660 absorption of ortho and 1,2,4-trisubsti-
tuted phenyl

1600~-1460 phenyl nucleus

1225-950 in plane bending of aromatic C-H

880 1 isolated H in phenyl out-of-plane bending

840,800 2 adjacent H

730 L adjacent H

If has A,B, ring, there are 1 and 2 adjacent

hydrogens in B ring and 4 adjacent hydrogens in the A ring.
The major bands can be explalned satlsfactorlly except
the bands at 1360 and 1260 cm.’1 which may be overtones
of the 730-650 cm.'1 bands, The NMR spectrum of the pure
monomer has two absorptions, one broad peak centering
around 2.6 T corresponding to naphthyl protons and
aromatic protons, and one small band at 7.1 T corresponding
to the terminal acetylenic protons.96 As expected, there
is no spin-spln splltting for the acetylenlic proton, while
it 1s very complex for the aromatic region, the splitting
of which cannot be analyzed in a simple way. It 1s
important the protons all fall into the chemlcal shifts
expected, and other protons not consistent with the pure
monomer are absent. Finally, the calculated composition,

Anal. Caled. for C  Hg: C, 94.73; H, 5.26

Found: C, 94.46; H, 5.12
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agrees very well with the composltion found by elemental

analysils.

4,2 Polymerizations

In order to obtain polymers different from
those reported in tﬁe literature, great care was exer-
clsed in preparing and 1solating the polymers under inert
and dry atmosphere for which the polyenes are known to be
sensltive. The resultant polymers were also stored under
nitrogen and protected from light by covering with aluminum
foll. Three techniques of polymerization were evaluated.
The Zlegler-type catalyst 1s known to glve stereospecific
vinyl polymers, Natta,47 and watson,49 have described
the Zlegler-type catalysts as effective for stereospecific
polymerization of acetylene and 1its derivatlives. The
thermal polymerlzatlion should glve polymer structures free
from the contaminations by metalllic catalysts and oxygen
end groups from peroxldes. Finally, polymerizatlon by
lonlizing radiatlons could‘yield polymers also free from
contamlinations, and high-temperature side reactions since
the 1rradiation can be done at low temperatures,

4,2,1 Polymerization of Diphenyldiacetylene

Polymerization of diphenyldlacetylene by the
Ziegler-type catalyst under inert and dry atmosphere gave
polymers consistently higher in molecular weight than those
obtalned by Teyssie.74 Thermal polymerization in the
absence of any catalyst 1s a second order reaction., From

the kinetlc dependence of the molecular welghts on the
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monomer concentrations, 1t was concluded that mecha-
nistically polymerization involves a bimolecular iniltlation
step and a bimolecular terminatlon step. Kinetic studies
show that benzoyl peroxide added in the thermal polymer-
ization does not function as an inltiator, Gamma i1rradi-
ation of diphenyldiacetylene gave only dimers at best.

a. Zlegler-Type Catalyst - Results of polymer-
izing diphenyldilacetylene by trilsobutylalumlinum-titanlum
tetrachloride are given in Table 3, and triethylalumlnum-
titanium tetrachloride in Table 4, As indicated in
Table 3, the yleld of the polymer depends on the molar
ratlo of the organometalllc to the transltion metal halilde.
Keeplng the latter constant, and increasing the amount of
the former, the polymer conversion increases up to a
maximum and then falls off on further increase. Such an
optimum ratlo of organometallic to transitlon metal 1s
qulte characterlstlc of the Ziegler-type catalyst system,97
which is related to the optimum number of active sites on
the surfaces of the complex., This 1s shown in Figure 5.
The optimum ratio 1s around 3.2. Up to thls ratio,
Increasing the total concentration of the catalysts
increases the yleld of the polymer. In the triethyl-
aluminum-TiCl, system, as shown in Table L4, the total
volume of catalysts added 1s held constant. Changlng the
volume ratio and, hence, also changling the molar ratio
of Al:Ti similarly brings about an optimum yield of polymer.

The optimum ratio occurs around 2.5 from Figure 6.
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Table 4 Polymerization of Diphenyldiacetylene by AlEt3-T1014.

Temperature 259, then Reflux

Initial Reaction

Expt. Monomer TiCly AlEt3 gg%ig Xg%gge ggégger M (CR) %gig?ning
No. (mole/1.) (mole/1.) (moles/1.) (A1/T1i) (a1/T1) (%) n (0¢.)
18-1b  0.10 2.8x1072  7.7x1072 2.83 3.0 n2 .3 - 280-290
18-2b  0.10 2.8x10"2  7.7x1072 2,83 3.0 42,5 1255 280-290
18-3b  0.10 5.4x1072  5,1x107% 0.94 1.0 14.1 1454 270-290
18-4b  0.10 8.4x1072  2.6x1072 0.31 0.33 22.1 2000 285-300
18-5b  0.10 2.8x107°  7.7x10°2 2.83 3.0 55.1 2278 270-280
18-6b  0.10 1.8x1072  8.5x1072 4.61 5.0 55.9 816 290-300
143 0.10 0.8x10™2  7.9x10"2  10.58  10.0 18.2 - 280-290
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Teyssie,7u who first studled the polymerization of
diphenyldlacetylene, reported an optimum yleld at a ratio
of Al:T1 around 2.7. However, our polymers consistently
show a higher molecular weight than his. For example, one
of the highest number average molecular welght in our
experiment is 3067, corresponding to a number average
degree of polymerization (DP,) of 15. The highest number
average molecular weight found by Teyssle was 1270, wilth

a E?h = 6, The higher molecular welght of the polymer can
be explained by the careful excluslon of oxygen and moisture,
both during and after polymerlzation, the recovery and the
storage under nitrogen. Duncan and Forbes have presented
evidence that polyacetylenes degrade rapldly in oxygen

and only by rigorously excluding oxygen durlng the polymer-
1zation and recovery of the polymer can oxidative degra-

dation be avoided.98

b. Thermal Polymerization - 1In hils paper about
the first polymerization of diphenyldlacetylene, Teyssie
reported that Ziegler type catalysts are the only catalysts
active enough to polymerize diphenyldiacetylene, and radical
type catalysts llke azobislsobutyronitrile or anionic
catalysts lilke biphenyl sodlum did not polymerize diphenyl-
diacetylene. It has been shown in this study that
diphenyldlacetylene can be polymerized by heat alone or
by heat together wlth a radical catalyst llke benzoyl
peroxlde. Because thermal polymers are free from catalyst

contaminants, they are valuable in the study of thelr
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semlconducting propertles or superconductor models,
Preliminary experiments of polymerlzing dlphenyldlacetylene
by only heat lndicated 1t to be a possibility. Results of
the experiments in N,N'-dimethylformamide (DMF) are listed
in Table 5.

It seems that there 1s no thermal polymerization
below 107°., Furthermore, it seems that the molecular
welght decreases as the temperature lncreases, an effect
usually observed in vinyl polymerization.99 It 1s
suspected that the solvent N,N'-dimethylformamide could

CH3
decompose into °N ol or CH3- radicals, but elemental
3
analysis falled to show any nitrogen present in the polymer,
On the other hand, there was no carbonyl absorption from
infrared spectra. The only inltlatlon must come from the
monomer itself,

To avold the compllcations of a solvent that

may decompose, the rate of thermal polymerlizatlion of

diphenyldiacetylene was done in benzene. Results are

given 1n Table 6,

The percent polymer converslion increases as the
time Increases and levels off at long reaction time as
clearly indicated at 140°. It also increases as the
temperature of polymerization lincreases. The conversion-
time relationship curves are shown in Figure 7. There 1s
an induction period the length of which depends on the

polymerization temperature. Increasing the temperature
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Table 5 Thermal Polymerization of Diphenyldiacetylene in N,N'-dimethylformamide

Reaction Polymer Percent
Expt. Monomer Temperature Time Yield ﬁh (0s) Nitrogen
No. (mole/1.) (°c.) (hrs.) (%) in Polymer
46 9.85 80 94.5 0] - -
20 9.85 100 8.5 0 - -
48 9.85 107 123 0.92 1286 0
Wl 9.85 120 4.5 10.6 924 o
69 9.85 140 67.8 22.9 Lhs o]
38 9.85 150 15.3 6.3 - -




Table 6 Rate Studies of Thermal Polymerization of
Diphenyldiacetylene 1n Benzene

Reaction Polymer

Expt. Temp. Monomer Time Yield (0S)
No. (°c.) (mole/1.) (hrs.) (%) "
97 120 4,62 17.0 0.04
25,0 2.15
4o,o0 8.28
hr,7 15,50
65.0 21,54
79.3 24,02
Q0.4 30.55 811
137 130 4,62 8.0 0.50
16.0 4,17
24,0 7.91
2,0 25,20
6.0 33.90
63.3 38,94 721
913
90 140 4,62 5,0 6.43
15,0 16.54 1410
23.7 23.42 1240
38.0 16.88 632
46,5 48,84 1268
89.2 60.74 1493
117.0 60.64
60
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shortens the inductlion period. The inltlal part of the
curves are linear so that the initlal slope of the curve m
glves the iniltlal rate of polymerization V. The slope

and the rate of polymerization, calculated by the least
square method are given in Table 7.

Table 7 Initlal Rate of Thermal Polymerization of
Diphenyldiacetylene 1in Benzene

m A\
Slope of Rate of
Temp, 1/ Curve Polymerizatlon
(°c.) (°k) (%-hr.-1) (mole/1,-sec,) Log V
120 2,55%x10"3 0.416 5.34x10~ -3.2715
130 2, 48x10"3 0.755 9.69x10‘LL -3,0137
140  2.42x10°3 1.099 14, 10x10~} -2,8508

The order of thermal polymerilzation at 140° was
determined by varylng the concentrations of diphenyl-
dlacetylene according to the following equation.

Rate of Polymerization = V = k / DPDA_/ 8
Results are given in Table 8, where both the temperature
and reactlon time parameters were kept constant.

If we plot log / M_/ versus log V, we should
get a stralght line wlth the slope equal to the order of
reaction, and the lntercept equal to reactlon rate
constant k. Such a plot is 1llustrated in Figure 8. The
slope being 1.92 and the intercept 5.96x10-6. The
uncatalyzed thermal polymerization of diphenyldlacetylene
then depends approximately on the second power of the

monomer concentration. It is known that the thermal

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-uolssiwiad noyym pauqiyosd uononposdal Jayung "Isumo wBuAdoo sy o uoissiuad Yypm paonpoiday

€9

Table 8 Studies on the Order of Reaction of Diphenyldiacetylene Thermal Polymerization

Monomer v
Polymer Rate of _
e T, G e mmmam L,
140 15 2.27 7.76 3.26x107° -4 4867 1740
140 15 4,62 16.54 14,15x1072 -3.8483 1410
140 15 5.90 16.60 18.14x107° -3.741%F 1450
140 15 9.67 29.35 52,48x107° -3.2800 1303
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polymerization of styrene was proportional to the second
to third power of monomer concentration, but the mechanism
1s not yet clearly understood.99 A kinetic analysis of
the reaction mechanism of thermal polymerization of
diphenyldlacetylene shows that the dependence of the rate
of polymerization on the second power of monomer concen-
tration is consistent with a bimolecular initiation and

a blmolecular termination mechanlism., The molecular weight
of the polymer should be independent of monomer concen-
tration. Flory has shown that in thermal polymerization,
chaln initlation cannot be first order in the absence of
catalyst, but can be elther second or third order.loo

For thermal polymerization involving a bimolecular
initlatlon but unimolecular termingtion, the polymerlzatlion
rate should depend on the third power of monomer concen-
tration and the molecular welght depends on the flrst
power of monomer. A termolecular inltlatlion with
bimolecular terminatlon should give a rate dependence on
the five-halves power of monomer concentration and the
molecular welght depends inversely on the square root of
monomer concentration. A termolecular initiation with

a unlmolecular termination should gilve a rate dependence
on the fourth power of monomer, and the molecular welght
depends on the first power of monomer (see Appendix),
Since the rate of thermal polymerizatlion of diphenyldi-

acetylene depends on the second power of monomer concen-

tration and the molecular weight of the polymer appears
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to be 1independent of monomer concentration, we conclude
that the polymerizatlon involves a bimolecular initilation
and bimolecular termination,

The apparent activation energy of the thermal
polymerizatlon of diphenyldiacetylene was obtailned from
the slope of a plot of the logarithm of the rate of
polymerization V against 1/T, The plot is shown in
Figure 9, The apparent activation energy is 6.4 Kcal/hole.
The value 1s quite low as compared to that of styrene,
22,1 Kcal/hole, but low apparent actlvation energy has
been reported in the literature. Flory has obtained an
apparent activation energy for the thermal polymerization

of methyl methacrylate of 10.3 Kcal/hole.loo

c. Peroxide Catalysts - Prelimlnary results
using varlous peroxides 1ln different solvents for the
polymerization of dliphenyldlacetylene are listed 1n

Table 9,

The three peroxides used have very different
half-llves. From the half-life-temperature curve,101
t-butyl hydroperoxlide has a half-llfe of 1 hour, cumene
hydroperoxide‘SS hours, and benzoyl peroxide less than
one minute at 140°, However, it seems a bit surprising
that all three have approximately the same percent
conversion. The molecular welght data suggested a dimer
to tetramer, There seems to have been some solvent effect

on the rate of polymerization. In a good solvent like

toluene, the yield 1s 62.8%, while in a poor solvent like
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Table 9 Peroxlde Initiated Polymerization of Diphenyldiacetylene at 140°

Initiator Monomer

Conc. Conc. Time Yield ﬁh(CR)
Solvent Initiator (mole/1.) (mole/1.) (hrs.) (%)
Toluene  t-butyl hydroperoxide 0.35 L .62 50.2 59.1 600
Toluene cumene hydroperoxide 0.28 4,62 50.2 59.2 573
Toluene benzoyl peroxide 0.051 L.62 67.7 62.8 798
Methanol benzoyl peroxide 0.047 L.62 67.7 25.3
DMF benzoyl peroxide o.o4h L .62 43.0 50.5




methanol the yleld is 25.3%. In a good solvent where the
polymer 1s soluble, the chain radical can keep on
propagating by added with the monomer whereas in a poor
solvent, the chaln radical precilpiltates out from the
solution, and kept away from the monomer. N,N'-dimethyl-
formamide seems also to be a good solvent.

Rate studies of the polymerization of diphenyl-
diacetylene were performed at three different temperatures
with benzene as the solvent. Benzoyl peroxide, 0.5%,
based on the welght of the monomer was used, Results are
given In Table 10, The percent polymer converslon
increases with time and temperature. Figure 10 shows such
a relatlonship. Again, there 1s an induction period which
is unexpected for benzoyl peroxlde at this temperature.
The curves are very slmllar to the curves of thermal
polymerization, Such an inductlon period would suggest
that perhaps thermal polymerization stlll predominates in
splte of the added peroxlde, The inltial part of the
curve 1s linear, the slope of which gives the initlal
rate of polymerization., The rates are glven in Table 11
from which the apparent activation energy of polymerlzation
1s calculated. The Arrhenius plot 1s depilcted in
Figure 11, The apparent activation energy 1s 10.36 Kcal/

mole, somewhat higher than that of uncatalyzed thermal

polymerization,
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Table 10 Rate Studies of Diphenyldlacetylene in Benzene
with 0,5% Benzoyl Peroxide

Benzoyl

~Reaction Polymer

Temp, Monomer Peroxide Time Yield ﬁh (08)
(°¢.) (mole/1.) (mole/1.) (hrs.) (%)
120 4,62 0.21 11.20 0

4,62 0.21 27.80 1,09

4,62 0.21 50,50 8.66

4,62 0.21 64,00 11.01

4,62 0.21 89,00 25,01 660
130 4,62 0.21 5.60 0

4,62 0.21 15,25 9,15

4 .62 0.21 27.33 21,96

4,62 0.21 U6.75 8.13 639.2

4,62 0.21 70.75 7.92 808
140 4,62 0.21 1.00 0

4,62 0.21 2.00 0

4,62 0.21 4,00 0

4,62 0.21 7.75 1,18

4,62 0.21 13.00 9.07

4 .62 0.21 16.00 22,41

4,62 0.21 21,33 14,54 1870

4,62 0.21 26 .45 35.27

4 .62 0.21 32,00 47,22
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Table 11 1Inltial Rate of Polymerization of Diphenyl-
diacetylene in 0.5% Benzoyl Peroxide

m Vv
Slope of Rate of
Temp . L/p Curve Polymerization
(°¢.) (%K) (%-hr.”1)  (mole/1.-sec.) Log V
120 2,55x10"3  0.382 4.90x10~ % -3.3098
130 2.48x10"3  0.932 11.9 x10-% -2.9245
140 2.42x1073  1.800 23,1 x10~% -2.6364

The kinetic order of the benzoyl peroxide
initiated polymerization could not be determined with good
accuracy; the points were qulte scattered in the Log V
versus Log M curve, and the slope which glves the order
of the reaction is approximately 3.18 or third order.
Definltely, the bénzoyl peroxlde was not functioning as
a catalyst in the present system for which the rate would
be expected to depend on the first power of the monomer
concentration,

d. Gamma Radlatlon - Diphenyldlacetylene was
lrradlated in the crystalline state, in benzene solutilon,
and in DMF solution which was frozen into a solld at
-78°. Preliminary results are shown in Table 12. Both
the melting point and molecular welght Indicated the
irradiated product to be a monomer of at most a dimer,.
Thls approach was not pursued further,

h,2,2 Polymerization of Dlphenylacetylene

The same three technlques for the polymerizatlon
of dlphenyldiacetylene were applied to diphenylacetylene.

T2
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Table 12 Gamma Irradiation of Diphenyldiacetylene

Radil-
atlion Total _ Melting
Monomer Temp. Dose Rate Dose Polymer Yield M, (CR) Point
Solvent (mole/1.) (°C.) (Mrad/hr.) (Mrads) (%) (ocC.)
Benzene 0.37 25 0.0148 L. uh 53.0 225,336 87.5-89.5
DMFE 4 95 -78 0.0148 1.79 MeOH soluble 86.0-88.0
None - 25 0.0148 1.79 MeOH soluble 86.0-88.0




The results are qulte different, In spite of preparing
and lsolating the polymer under carefully dry and inert
atmosphere, the polymers obtained by Zlegler type catalyst
gilve a high melting and colorless product, the infrared
spectrum of which was ldentical to that of hexaphenyl-
benzene. The polymerization was then cyclotrimerization.
There was no thermal or peroxide inltilated polymerization
of diphenylacetylene. Gamma irradlation gave only a

dimer in very low yleld,

a. Zlegler-Type Catalyst - Results of polymer-
1zing diphenylacetylene by triethylaluminum—TiClu in
benzene are given in Table 13, From Figure 12, 1t can be
seen that there 1s an optimum Al:T1 ratlo that glves a
maximum yleld of product which consists of two fractlons,
one benzene soluble fraction and one benzene insoluble
fraction. Molecular ﬁeight measurement on the soluble
fraction roughly indicates them to be a trimer to pentamer.
They all have very high melting polnts. As compared to
polydiphenyldliacetylene, the polydiphenylacetylene has a
lower molecular welght, higher melting point and absence
of color, a fact together with infrared spectra suggests
1t to be a cyclic compound.

b. Thermal and Peroxide Initlation - In contrast
to diphenyldiacetylene, diphenylacetylene did not give any
polymer under the same conditions for both uncatalyzed
thermal and peroxide inltiated polymerizations., The

resulting product ls always soluble in methanol, and
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Table 13 Polymerization of Diphenylacetylene by Ziegler-Type Catalyst, AlEt

3-TiCL.
Initial Temperature 25°, then Reflux
Volume Molar  Polymer _ Softening
Expt. Monomer  IiCly ALES, Ratio ~ Ratio  Yield M (CR) Temp,
No. (mole/1.) (mole/1.) (mole/1.) (a1/71) (A1/T1) (%) (°c.)
18-1a 0.23 9.0x10~2 8.6x1072 1 0.96  22.0 > 450
o > 2.6% 597 > 150
18-2a 0.23 7.2x10" 6.9x10 1 0.96 13.3 7450
o o 1.7: 466 2450
18-3a 0.23 6.3x10~ 3.6x10" 0.5 0.56 3.6 - »h50
18-4a  0.23 2.7x10°°  11.Lx1072 4.3 4,19 26.6 > 1450
_2 2 3 -O* - >Ll'50
18-5a 0.23 3.6x10 11.0x10” 3.2 3.03 3t.2, Y450
o - 3.3 859 >150
122 0.17 0.9x10 4 .5x10 9.0 h.o1 10.9, 7450
1.3 - > 450

*Benzene-soluble fraction
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colorless, Meltling point and spectra ldentify 1t to be
the monomer,

c. Gamma Radlatlion - Diphenylacetylene was
irradlated in the crystalline state, in benzene solution
and in frozen benzene solution at -78°, Results are
shown in Table 14, Gamma radiation of diphenylacetylene
gave very little product less than 0.2% of methanol
insoluble fraction, the molecular weight of which 1s a
dimer. Both the melting polnt and ultraviolet spectra
are similar to that of the dlphenylacetylene monomer,

In this respect, the gamma radiatlon behavior of diphenyl-
acetylene closely resembles the ultraviolet counterpart.
Buchl has found dimerizatlon occurring upon UV irradlation
of diphenylacetylene in low yield.lo2

4,2.3 Polymerization of Phenylacetylene

Polymerlzations of phenylacetylene were carried
out by Zlegler catalyst and thermal methods, Polymer yleld
obtalned with the Zlegler catalyst was comparatively lower
than diphenyldlacetylene and dilphenylacetylene, and with
the increase of Al:Tl1 ratio, a red insoluble fraction
appears, No insoluble fractlon was observed in thermal
polymerization., The thermally initiated polyphenyl-
acetylene has a higher degree of polymerization than the
other acetylenic polymers, having a degree of polymer-
izatlon of 27, This can be explained by the free valence
index (Section 4,3.1) calculated from the bond order and

sterlc effect since phenylacetylene has a larger free
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Table 14 Gamma Radiation of Diphenylacetylene

Total Product

Monomer Temp. Dose Rate Dose Yield ﬁh (CR) Melting Point
Solvent  (mole/1.) (°C.) (Mrad/hr.) (Mrads) (%) (oc.)
Benzene 0.50 25 0.0175 5.23 0.2 - -
Benzene 0.62 " 25 0.0363 10.31 trace 356 -
None - 25 0.0213 8.95 0.1 356 -
Benzene 0.62 ~-78 0.0136 5.73 trace - -
Benzene 0.71 25 0.102 29.2 " - 57-59
Heptane 0.62 25 0.102 29.2 " - 55-59
Heptane 0.62 25 0.036 10.3 " - 58-59




valence, and 1is less crowded sterically.

a., Zlegler-Type Catalyst - Results of polymer-
1zing phenylacetylene are glven in Table 15. Agailn, the
trend of having an optimum Al:Ti ratio in the percent
polymer conversion-catalyst composition curve 1s evident in
Figure 13. The maximum yield is only 21.1% at a ratio of
Al:T1 = 1.,7.

However, 1t was observed that increasing the
Al:Ti ratio beyond 1ts optimum range causes a red ilnsoluble
fraction to appear in the product, and the yleld of polymer
decreases. We were unable to verlfy the results of
Berlin,59 even under our strictly lnert conditlons, who
reports that the optimum Al:Ti ratlo of one, the polymer
yield was 96.3% with a molecular weight of 5000. This was
one of the hlghest molecular welghts so far obtalned for
arylacetylenes. Most published values are much lower,103
about 280-1000 for phenylacetylene.6o

b. Thermal Polymerization - Results of thermal
polymerization of phenylacetylene in benzene are glven in
Table 16 and are illustrated in Figure 14, There is an
induction period which varies with the temperature of
polymerization. The higher the temperature, the shorter
is the inductlon period. The percent of polymer conversion
increases linearly with time up to 80 hours, and also
increases with temperature. The 1nlitlal slope of the
curves calculated by the least square method is gilven in

Table 17 from which the apparent energy of activation of

80
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Table 15 Polymerization of Phenylacetylene by Al(i-Bu)

3-TICI

Initial Temperature 250, then Reflux 4
Expt. Monomer TiCly A1(1-Bu)3 %géig Polymer Yield M, (0s)
No. (mole/1.) (mole/1.) (mole/1.) (A1/T1) %)
42 0.975 1.8x1072 3.1x1072 1.7 21.1 622
50 0.975 1.7x1072 2.4x1072 1.4 17.4
117 0.975 1.7x10-2 1.4x107°  0.82 7.60 1507
139 0.975 1.5x1072 5.2x1072 3.5 14.29 1770
140 0.975 1.7x10-2 8.9x10™2 5.2 1%18%
9.84*

¥ Benzene-insoluble fraction
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Table 16 Thermal Polymerization of Phenylacetylene

Tempera-~ - Reactilon Polymer  _
Expt. ture Monomer Time Yield M, (08)
No, (ocC.) (mole/1.) (hrs.) (%)
99 120 2.75 20.00 0.60
120 2.75 4o,00 1.79 1860
120 2.75 52.00 2.49
120 2.75 64.55 4,09
120 2.75 89.00 7.
103 130 2.75 10.50 0
130 2.75 25.00 5.89
130 2.75 37.50 5.03
130 2.75 50.50 11.66
130 2.75 52.00 15,20 1080
130 2.75 5.50 16.21
107 140 2.75 10.00 2.01
140 2,75 30.00 13.04 2747
140 2.75 50,00 25,48
140 2.75 81.00 41,84

Table 17 Inltlal Rates of Thermal Polymerization of

Phenylacetylene
m Vv

Tempera- 1/T Slope of Rate of Polymer-
ture Curve 1 1zatlon
(°¢C.) (oK) (%-hr.”™) (mole/l.-sec.) ILog V
120 2.55x10"3  0.072k 5.53x10"° L. 2573
130 2.48x1073  o0.211 1.61x10~% -3.7927
140 2.42x10"3  0.521 3.98x10~ % -3.4001
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the thermal polymerization of phenylacetylene 1s calculated
to be 13.09 Kcal/mole. The Arrhenius plot is depicted

in Flgure 15.
4,24 Polymerilzation of 2-Ethynylnaphthalene

Polymerization of 2-ethynylnaphthalene was
carrled out with Zlegler-type catalyst. Results are listed
in Table 18, This is the first reported polymerization of
the monomer 2-ethynylnaphthalene in the literature. Under
our experimental conditions to exclude alr, oxygen,
moisture, the yleld of the new polymer depends on the
molar ratlo of the organometalllc to the transition metal
halide., The maximum yileld, 44,1% was obtalned with an
A1:T1 ratio of 2.8. The conversion-catalyst composition
curve 1s gilven in Figure 16. Also shown are the number
average molécular welght determined osmometrically.
Coincildentally, the molecular welght appears to depend on
the catalyst composition. The highest molecular welght,
2091 happens to occur at a catalyst ratio where the polymer
yleld was a maximum., Decreaslng the Al:Tl ratlo to 0.9
gave only 4.,9% polymer the molecular weight of which was
only 495. Increasing the ratio to 4.9 reduces the polymer
yleld to 31.0% the molecular weight of which was inter-
medliate, 1050. The color of the polymer ranges from red
to brown.

Summary: Diphenyldlacetylene was polymerilzed
by Zlegler-type catalyst. Wlth careful control of alr,

oxygen and molsture during polymerizatlion and after
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polymer recovery, the resultant polymers consistently
show a higher molecular weight than those reported in the
literature, Thermal polymerizatlon of diphenyldiacetylene
in the absence of catalyst 1s also successful, contrary
to the literature finding. It 1s a second order reaction,
wlth the rate varying as the square of monomer concen-
tration. .This together wlth the fact that the molecular
welght of the polymer 1s independent of the monomer
concentration, is interpreted as involving a bimolecular
initiation and a bimolecular termination step during
polymerization. Gamma irradlation of diphenyldliacetylene
gave a dimer only.

Diphenylacetylene was polymerized by Zlegler-
type catalyst into possibly a cyclic trimer., There was
no thermal polymerization up to 140°, Gamma irradiation
also ylelds a dimer in very low yleld,

Phenylacetylene was polymerized by the Zlegler-
type catalyst under careful conditions. The molecular
welght 1s higher than generally reported, wlith the
exceptlon of Berlin's result. Thermal polymerization is
also successful, At 1U40°, a degree of polymerization of
27 was obtained.

2-Ethynylnaphthalene was polymerized for the
first time 1n the present studies. Its molecular weight

also falls Into the same pattern for agrylacetylene

n4103 range.
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4,3 Characterizations

The monomers are characterized by theilr physical
and chemical properties. The polymers are characterized
by their molecular welghts, melting points, and spectral
properties, The conjugated double bond system was
supported by chemical color formation with antimony
trichloride, ultraviolet and infrared spectra.

h,3,1 Characterization of the Monomers

The propertles of the monomers are llsted in
Table 19, Diphenyldlacetylene and diphenylacetylene are
colorless, crystalline sollds. Phenylacetylene is a
colorless liquid, but becomes yellow on standing.
2-Ethynylnaphthalene 1s a colorless liquld. There 1s a
good relationship between the amount of conjugation in
the molecule and their ultraviolet, infrared and nuclear
maghetlic resonance spectra. From Table 19 there is a
bathochromic shift to longer wave length ( A max.) in the
UV and a decrease in chemical shift (T value) in the NMR
spectra as we go from phenylacetylene, dlphenylacetylene
to diphenyldiacetylene. The bathochromlic shift is
expecﬁed. The longer the conjugated double bond system,
the more 1s the delocalization of the Tr-electrons s0
that the energy required for the TT-—-—_;TT*'transition
1s less, resulting in a shift of absorption towards longer
wave lengths. The decrease in chemlcal shift can be
explalned by the dlamagnetlc shielding of a triple bond.

Whereas the Tr-electrons of a double bond have the electron
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Table 19 Properties of the Monomers

Phenyl- Diphenyl- Diphenyl- 2-Ethynyl-
acetylene acetylene diacetylene naphthalene

Molecular weight 102.13 178.22 202.26 152.20
Crystalline form, colorless colorless colorless colorless
color liquid plates needles liquid
Melting Point, °C. -40 to -48 62 - 64.5 86 - 87.5 80-96 at 0.75 mm.
Boiling Point, ©C. 143 - - -
Group classification 02v D2h or sz D2h or C2v 02v
UV (group of bands) 220-250 mu 270-305 mu 280-340 mu 277-298 mu
IR (C=C) 2100 em.-1 - 2150, 2215 ecm.”t 2100 cm.”
Raman (CZC) 2109 em.”l 2220 cm.7! 2219 em.”!
NMR (phenyl protons) 3.3 T 2.8 T 2,6 T 2.6 T
EPR signal None None None None




distribution above and below the ¢~ bond, the TT—electrons
of a triple bond so coalesce to glve the electron distri-
butlion cylindrically symmetric about the ¢~ bond. When the
acetylenlc bond 1s orlented parallel to the appliled
magnetic fileld, the electronic circulatlions within the
cylindrical T| -electron cloud induces a diamagnetic
shleldling at the protons connected to the acetylenlec bond.
Thus, acetylenic protons are brought into resonance at
higher magnetic field (more shielding and higher T values),
than vinyl and aromatic protons, approaching the protons

of alkanes. Since phenylacetylene has only one triple
bond, the phenyl protons are more shielded, The phenyl
protons of diphenylacetylene, and diphenyldlacetylene

are less shlelded because the acetylenic bond has less

triple bond character due to resonance of the conjugated

system as below.

{ :}———JJEEEE(%———-H

@ ..... C=—= c---._c__c-_--.@

For the infrared and Raman spectra, although
diphenylacetylene and diphenyldlacetylene have less
triple bond character so that the C3C stretch should shift
to lower frequency, the substituents at the triple bond
exert an lmportant effect. Thus, the C=C stretch of

terminal acetylenes absorbs at a lower frequency
92
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(2140-2100 cm.-1l, medium) than non-terminal acetylenes
(2260-2190 cm,~!, weak).95 The spectral properties are
what might be expected.

Finally, the free valence index Fi was calculated
from the avallable bond order data as to provide some
insight into the reactivity of the carbon atoms in the
triple bond towards neutral molecules and free radicals.,

Coulson defines the free valence index from atom 1 as

follows.104

Fi = maximum Bondlng power - i;pid
where 2:pij 1s the sum of the bond orders of all bonds

for the ith atom, and the theoretical maximum bonding
power 1is shown to be 4,732, The mobile T| bond order
(1in brackets) for phenylacetylene, diphenylacetylene and

diphenyldiacetylene are glven below.los’106

<§§>(o.29o) f (1.956) .

(0.307) (1.909) (0.307)
@=L =222 22065

(o.247) (1.899) (0.532) (1.899) (0.247)
e . ©)

2 3

(0.00)

- Q

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4,732~/ 1+1+0.290+1.956/=0. 486
b,732-/"1+1+ O +1.956/=0.T76

It

Phenylacetylene Fq
Fo

Diphenylacetylene F1=F2=4.732-[ 1+1+0,307+1.909/=0,516

Diphenyldiacetylene Fy=F)=4,732-/"1+1+0.247+1.899/=0.586
Fp=Fo=4.732-/71+1+0,532+1.899/=0,301

The larger the value of Fy, the more reactive 1is
the 1th atom since they are not much bonded compared to the
maximum., We see at once that carbon 2 in phenylacetylene
1s more reactive than carbon 1l; carbons 1l and 2 are
identlcally reactlive for diphenylacetylene; and carbons 1
and 4 are more reactive than carbons 2 and 3 in diphenyl-
diacetylene. The physical reason is conslstent with the
chemlcal reactivity since attack on carbon 2 of phenyl-
acetylene by a radlcal R: gilves a resonance stabllized
structure whereas attack on carbon 2 does not glve such

a resonance stablllzed structure. The same 1s true for

diphenyldlacetylene,

1 2 ~
{H-¢ - CH .C>=C=,C-H — @:C:C,!-H >
R R R

4.3,2 Characterization of the Polymers

That the polymers of diphenyldlacetylene,
phenylacetylene and 2-ethynylnaphthalene are conJjugated
polyenes was confirmed by the color test with antlmony

trichloride in chlorof‘orm.59’107 The same color test

ok
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has been used for testing vitamin A and /3--ca]."o‘ceno:lds,108

which are known to contain a conjugated double bond system.
The monomers do not glve any coloration. Moreover, the
infrared band at 1600 ecm.~l has been assigned to indicate
fully conjugated double bonds, while the band at 1665 em. L
assigned to lsolated double bonds.55’98 Although all our
monomers also show a weak band at 1600 cm.‘l, this band
increases in Intenslty after polymerization, suggesting
that the length of conjugated double bond system increases.
If we now compare the 1600 cm.~l band intensity with
another band that has not been asslgned with conjugatilon,

a semlquantitatlve estimate of conjugatlion can be calcu-
lated., For instance, the ratio of absorption intensilties
of the band 1595 cm.‘1 to 1459 cm."1 in the phenylacetylene
monomer (Al595/A1495) was 0.466, After it was polymerized
to a molecular welght of 1507, the ratlio has increased to
0.720. The ratlo decreases to 0.635 in a polymer with a
molecular weight of 1080, indicating a decrease in the
length of conjugation. The use of intensity comparison
agalnst an internal standard in infrared spectroscopy

has been doct.lmented.log’110 Finally, the electron
paramagnetlic resonance measurements establishing that the
polymers are all paramagnetic whereas the monomer does

not seem to support a chaln of conjugated double bonds

which could stabllize free radicals.
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h,3.2.1 Molecular Welghts and Stereochemistry of the
Polymers

The molecular welghts have been llsted in the

tables given for the polymerizations. The ranges of the
molecular welghts of the polymers are summarized in
Table 20. Apparently, there is no direct relationship
between the molecular weight and the amount or the ratio
of the Zlegler-type batalyst. This is also true in the
thermal polymerizatlion, Gamma radlation ylelds a dimer
for dlphenylacetylene and diphenyldlacetylene. A character-
istic feature 1s that they all are comparatively low
molecular welight materlials as compared to thelr vinyl
counterparts., The reason probably 1s threefold, steric
factor, loss of activity of the propagating specles by
resonance stabllization and cyclization, Steric factors
governing the stereolsomerism of the molecular chain
(chain configuration) are important in polymerization,
The baslc unit in the polyacetylenes 1is the group

R
—L é:CH J— in which R can be a hydrogen or an aryl
group. The repeating unit can be jolned either head-to-
head, tall-to-tall or head-to-tail. The configuration
about each double bond can be either cis or trans. It 1is
known that polyolefins produced by the Zlegler-type catalyst
possess a structure 1In which the monomer units are Jjolned
head-to-—tail.l11 By analogy, i1t 1s reasonable to assume
that the polyalkynes may also possess a head-to-tail
structure., The sterlc configuration of a polymer chain
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Table 20 Ranges of Molecular Weight of the Pclymers

Ziegler Peroxide Gamma
Catalyst Thermal Catalyst Radiation
Diphenyldiacetylene 816-3067 632-1740 640-1870 225-336
Diphenylacetylene L66-859 - - 356
Phenylacetylene 622-1770 1080-2747 - -
2-Ethynylnaphthalene 459-2091 - -




can be represented by a convention popularized by Natta.l12

The atoms of the chain backbone lle in a plane and form
the zig-zag corresponding to the maximum chain extension
compatible with the bond angles. Of course, the polymer
chaln can assume numerous conformations by rotation
around the single bonds, none of which 1s of special
importance except those extremes corresponding to energy
maximum or minimum., Analysls of the structure of the
diphenylacetylene polymer reveals that the polymerized

product can have elther the cis or the trans chain

conflgurations,

N / \
/ SC=C 0=C
p-cc- ¢
\ C/
= /
Ne=C. g
/ N
C:C\ /
/ C=C /
7 No=¢C
/ N\

The chain conformation of the structure which has all its
conjugated double bonds in the cls position has the trans
(t)-gauche (g) sequence in the chain backbone., This

conformatlion of tg sequence 1s the same expected from

113

1sotactlc polypropylene, polystyrene, etc. However,

a simplified analysis indicates that the all cis structure
98
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may be prohlbited since the two nearest phenyl groups
may cross each other. We have assumed the benzene group
is planar, and has a 3,04 X distance between the 1,4
carbons, The bond lengths of C-C is 1,54 ﬂ, of C=C 1s
1.33 X and a valence angle of 109°28' between the

C C
No” bonds.114

The chain conformation of the structure which
has all its conjugated double bonds in the trans position
has the trans-trans sequence in the chain backbone, This
tt sequence 1s the same expected from syndlotactic poly-
propylene.113 A simpliflied analysls indicates this may
be allowed, since no nearest phenyl groups will cross
each other. The perpendlcular distance between two
phenyl groups which have the planes parallel 1s about
2.2 X that 1s just a blt larger than the Van der Waal
radius or the half-thickness of the benzene ring,

14

o]
1.85 A.1 Although not prohibitive, it represents a

sltuation of extreme high steric strailn. This crowding

can be relieved by spiralling into a hellx through

99
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internal rotation around the C-C bond slightly over or

below 180° value. However, spiralling into a helix

necessarily destroys the coplanarlty of the molecular
chaln so that conJjugatlon wlll not be continuous, The
other possibility 1s when the chain conformation having
the double bonds in the c¢ls~trans position willl have the

trans-trans, trans-gauche tttg sequence.
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Agaln, when the double bonds are in the cls
positions, the phenyl substituents wlll cross each other.
Since the major product of polymerizing diphenylacetylene
1s hexaphenylbenzene, the followlng cis-trans structure

must be very lmportant.

<‘e P cz 2 %_ﬁ

\

o~ C"@ o g —9®"° 9
o A0 TOR —
/ \,/ AR ®’ N

b

2-s-cis,4-s-trans 2,4-d1-s-cis product

The 1nablllty of most 1,2-disubstlituted vinyl
monomers like stllbene, malelc anhydrlde, etc., to polymer-
ize 1s also caused by sterlc Inhibltion, due to the sterlc
interaction between one of the two substituents on the
olefin and the ﬂ—substituent of the end group radical
on the polymer chain.115 This Interactlon hinders the

H

’
I

C—aR

\/

CHR Hf:fllH — H

/ + RR H’ ,R‘ QZEZZZZZE)"

—CHR \<¢/C @EZQZQZD \§>

\

L)
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approach of one molecule to the other, and subsequently,

also 1lmposes a strain on the bonds being established in

the transition state.

The exlistence of such steric

interaction 1s supported by the fact that all 1,2-di-

substituted olefins which do not homopolymerize will

easlly copolymerlze with 1l,l-disubstituted olefins.

For diphenyldlacetylene, if additlon involves

the 1,2 position, the acetylenlc side group can cyclize.

34

12
n ¢g-C=C-C=C-g —> —]

LT
N0 TTINE O
3é é — 3é é

4 ™
I Ng i
u<|3 cI: }; g
g 7| i |

If, on the other hand, addition involves the 1,4 position,

in analogy to the butadiene polymerization, a linear

structure would be formed, with one acetylenic bond

alternating between two double bonds,

P71
C
n

== C-CzC-C=C

The 1,4 addition polymer can have the double bonds all in

the cls position or all in the trans posltion. The all

cls configuration has the tg tg conformatlion sequence,
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o}
However, the two nearest phenyl groups are now about 2.1 A
apart whlch is too close to the half-thickness of benzene,

o}
1.85 A, In analogy to the all cis structure of polydi-

phenylacetylene, the structure below is highly crowded.

The all trans configuration of polydiphenyl-

dlacetylene which has the tt conformatlion sequence is
less sterlcally hindered than the all cils conflguration,

and would be the more favorable structure.
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For phenylacetylene, it is analogous to diphenyl-
acetylene except a hydrogen now replaces a phenyl group,
and the steric conditions are more favorable than those
of diphenylacetylene. An limportant difference between
all-trans and all-cls conjugated chailns becomes apparent
from rotation about single bonds in the chain. A trans-
transold form converts to a trans-cisoid (and vice versa)

by allowing 180° rotation about the C-C single bonds

of the chain.
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A different siltuation exists for the cis
polymers. A sequence of three double bonds 1ln cis-clsold
relation forms a slx-membered ring. This may explain
the formation of very small amount of trisubstituted
benzene 1n the polymerization. In a chain of alternating
cls double bonds, thls limits the rotation about the C-C

bond, and the consequence ls helix formation.

g
Ne”

cls-transold

Simllarly, 2-ethynylnaphthalene would be
expected to have the same conformation lilke polyphenyl-

acetylene,
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Another reason why polymerlzatlon failled to glve
high molecular welght materlal may be due to the fact that
during the polymerization step, the reactivity of the
propagating radical (or ion) of the main chain decreases
as the length of the conJugation double bond system
increases. The decrease in reactivity of the macro-radical
(or ion) which i1s the propagatlng species can be due to
stabilization by resonance. It ls well known that the
styrene radical is much less reactive than the vinyl
acetate radical because of resonance stabilization.
Wallach has done some quantum mechanlcal calculations on
the decrease of activity of a living anion to lnitlate
polymerization as the length (or molecular weilght) of the

103

living anlon increases. The diphenylacetylene radlcal

or ion can be stabillzed by resonance as follows:

Q-0 — O-t0=0D e O-b0=0-

Finally, cycllization of the monomers will always
yleld a lower molecular weilght than the linear polymers.
Phenylacetylene can cyclize lnto a trimer of trisubstituted
benzene, while dilphenylacetylene can cyclize to hexaphenyl-
benzene. Cyclization after the linear polymer was formed
will not affect the molecular welght llke the 1,2 additlon
polymer of diphenyldiacetylene, but 1f cyclization
predominates before the llnear polymer was formed, low

molecular welght 1s expected.
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4,3.2,2 Spectral Properties of the Polymers

A, Diphenyldlacetylene. Since the polymers are
a mixture of many stereolsomers and molecular welght,
the ultraviolet and NMR spectra would be very diffuse.
The Infrared spectra, on the other hand, give valuable
Information. The infrared spectra of diphenyldlacetylene
monomer, a polymer by Zlegler-type catalyst, and a
polymer by thermal initilatlon were shown in Flgure 17.
The 2215 cm.”! band of the CZC bond of the monomer dis-
appeared, and the 1600 cm.~l band of the C3C conjugated
bond increases ln intensity, suggesting that polymerization
1s taking place. Moreover, the higher the molecular
weight, the more intense 1s the 1600 cm.~! band as seen
in the ratio of band intensities of 1600 cm.-1l to
1495 em.~l in Table 21. The spectra of two polymers
prepared by two different Zlegler catalysts are identical
suggesting changlng the organometalllic does not change the
polymer structure. The infrared spectra lndicate no cyclic
structure because the vibrations and substitution patterns
of the following cyclic products are absent, The monomer
spectrum in figure 17 was recorded with a Perkin Elmer IR521 |

was a llnear wave number scale. The scale 1s not linear with

the other spectra.
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FIG, 17 INFRARED SPECTRA OF POLYDIPHENYLDIACETYLENE
(a) Monomer (CCly)
(b) Polymer, Catalyst Initiated (KBr)
(¢) Polymer, Thermally Initiated (KBr)
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Table 21 Ratio of Absorption Band Intensities of the 1600 em.” L to 1495 em.~1

of the Polymers

Ziegler

¥n

Monomer Catalyst Thermal "n
Diphenyldiacetylene 0.72 (€Cly)  0.97 (CCLy) 3067 0.77 (CCly) 747
0.86 (KBr) 3067 0.70 (KBr) ThT
Diphenylacetylene 0.91 (XBr) 0.95 (KBr) Insoluble
| 1.00 (KBr) 596
Phenylacetylene 0.46 (Neat) 0.72 (CCIA) 1507 0.64 (0014) 1080
0.55 (KBr) 1507 0.65 (KBr) 1080
2-Ethynylnaphthalene 0.90 (Neat) 1.11 (XBr) 1050
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The filrst one resulting from intramolecular cyclization
of the 1,4 additlion polymer should have a 1,2 disubsti-

1

tuted pattern from 2000-1650 cm, ~ and the out-of-plane

deformation for four adJacent hydrogens at 750 em, 1

In addition, there should be a band due to a trisubstituted

R H

ethylene )c:c: around 840-800 cm.~! which was not seen
R

R

in NMR as well, The second one from 1,2 additlon polymer
should have one lsolated hydrogen in the benzene ring
besides the 1,2 disubstituted ring, and the band occurs
at 860-900 cm.'1 They are not observed, There 1s some
difference between the Zlegler catalyst inltiated and
thermally initiated diphenyldlacetylene. In the former
case, there 1s a band at 2920 cm,~l due to aliphatic C-H
stretching, 1380 cm.~l and 1250 cm.-l possibly due to
aliphatic C-H bending, otherwlse they are identilcal. The
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presence of allphatlic groups in the Ziegler catalyst
initlated polymer is consistent with the polymerization
mechanlsm which requires that one end group of the polymer
comes from the alkyl group of the organometallic catalyst.
Such an aliphatic group in the polymer chaln was also
indicated by NMR spectra, Figure 18 gives the NMR spectra
of the diphenyldiacetylene monomer, a polymer prepared by
Zlegler catalyst and one prepared by heating only. As
seen, the NMR spectra are qulte diffuse, and rather
featureless except for the phenyl proton region, centering
around 2,9 T . This 1s expected from the polymer structure
because the monomer contains only phenyl protons, The
polymer from Zlegler catalyst has a small singlet at

9.9 T , which was a highly shielded aliphatic proton.

Like the infrared spectra, the thermally prepared polymer
has no aliphatic protons. According to the Zlegler-Natta
mechanism, one end group in the polymer chain should be an
alkyl group from the original organometallic compound whilch
in the present case 1s an lsobutyl group shown for a 1,2
addition., The other end group 1in the polymer chaln depends
on how 1t 1s terminated for which there are several
competing processes like transfer wlth catalyst to get

the same alkyl group, or transfer with actlive hydrogen
compound like water, HCl to get an unsaturated end group.
We do not see any unsaturated group in infrared and NMR,
but we do see an allphatic group in infrared. The T value

of the aliphatic group in NMR 1s too high as well as the
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FIG, 18 NMR SPECTRA OF POLYDIPHENYLDIACETYLENE
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splitting pattern of the isobutyl group‘was not observed,
The nature of thls small singlet is not understood.

The ultraviolet and visible spectra of the
diphenyldiacetylene monomer, a polymer from Zlegler catalyst
and one from thermal inltlatlon are given in Figure 19.
There are three sharp peaks for the monomer at 290, 309
and 330 mu. The polymers have no discrete maxlima in the
curve, Instead, they have a broad absorption around 255
to 290 mu, There 1s a continuous absorption from UV into
the visible region in the form of a gradual slope.
Intenslity 1s stronger at short wave lengths. Such a curve
can be attributed to polymers in which there are a number
of chromophores each having different absorption maxima,

It can come about in a polymer that has conjugated
unsaturation with increasing number of double bonds in the
conjugated sequence. Such a curve would appear as a smooth
integration of all absorptlion maxima, and no maximum should
appear separately unless one particular chromophore
dominated the structure of the polymer. As the conjugated
system grows, the length of each single and double bond
will converge to an lntermediate value,116 and greater
delocalization of the TT—electrons will occur. Kuhn

showed that the energy separation between the ground state
and the first excited state of a conjugated double bond

system can be calculated quantum mechanically.
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FIG, 19 ELECTRONIC SPECTRA OF POLYDIPHENYL DIACETYLENE

a) Monomer
b) Polymer, Catalyst Initlated
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AE - oy (5 8 L
= Bmd (2n+1>+0‘3 2n) Y

where h 1s the Planck's constant, m the mass of an
electron, n the number of double bonds 1n a length d, and
Vo = 2.46 eV 1s the amplitude of a sine function to
approximate the varlatlion of the potential energy along
the chain. Good agreement between the theoretical and
the experimental band positions was reported for poly-
methines, cyanlnes, polyenes, porphyrlnes, and oxanole
dyes. Using the above equatlon, and correctlion for the
effect of a phenyl group adjacent to each double bond
(one phenyl group has the effect of 11 double bond),117
the flrst excltation energy for phenylacetylene monomer
was calculated, This glves a value of 4,92 eV which
corresponds to the longest wave length absorptlon at

252 mu., (cf. styrene A max, 248 mu.,) Our experimental
value of phenylacetylene has an absorption range of
220-250 mu, The calculated values for the monomers and
thelr nth-mers are glven in Table 22. It 1s seen that

as n the number of double bonds increases, the absorption
band converges to around 620 mu, The calculated value
for n=1 and the found value agree pretty well for phenyl-
acetylene and diphenylacetylene, but not for diphenyl-
dlacetylene, probably because diphenyldiacetylene has two
triple bonds in the monomer instead of one. The experi-

mental values of the absorption band of the monomers
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Table 22 Calculated Electronic Absorption Bands for the Longest Wavelength Maxima

of the Monomers and nth—mers

n=1 n=2 n=4 n=5 n=10
Observed Nmax. (mu) (mu) (mu) (mu) (mu)
220-250 mu
Phenylacetylene & =2.7x106 252 614 636 635 622
(styrene) 248 mu
270-305 mu
Diphenylacetylene &=5.1x10° 311 611 626 624 617
(trans-stilbene) 296 mu
280-340 mu
Diphenyldiacetylene* & =1.5x10° (380) 612 627 625 618
(diphenylbutadiene) 328 mu

*Shown for 1,2 addition from n=2 to n=10.

2
n=1 was calculated by AE = i calll (2n+1)
8md2



come very close to that of the vinyl analogue. As shown

in Figure 19, for the molecular weights we are dealing
with, the predicted absorption maxima for the polymers
occurred at much longer wave length than those observed
experimentally. If the calculatlon has even semiquanti-
tative significance, the data implles that the effective
conjugation length 1ls less than the actual chaln length.
This could come about by partlal rotation at one of the
formal single bonds, breaking the TT-electron delocalizatlon
at that point. The polymer chaln then functions as a
connected group of smaller conjugated sequence. For this
reason, we favor the structure resulting from 1,2 addltion
of diphenyldiacetylene., For the 1,4 addition glves a
triple bond alternating between two double bonds that
makes the structure planar and this ylelds the best
condition for TT—electron delocalization, and it should
absorb around 620 mu. Moreover, the 1,4 addition mecha-
nistically will involve the allene-acetylene isomerizatilon,
and infrared spectra did not show a 1950 cm.”! band,

characterlistic of the allene stretching.

7] g
- al » \ - N .
g-czc-cic-g _Rey ' So=t'¥ £coic-p Se=c-C-b-g
Although sterlcally crowded, the 1,2 addition
structure could rotate or spiral to rellieve the sterlc
straln, breaking the extended conjugation, and causing

the absorption band to appear at much shorter wave length.
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Flnally, the differentlal thermograms of poly-
diphenyldlacetylene prepared by Zlegler catalyst and
thermal initilation are given in Flgure 20. The former
shows a contlinuous baseline shift to the exothermic
direction, 1ndicating a continuous lncrease in thermal
conductlvity or a decrease 1ln the heat capaclty of the
sample, whlle the latter shows a broad exotherm at about
270°., The data may mean the onset of decomposition with
partial loss of the sample or some exothermlc reaction
1s taking place like cyclization. Silnce decompositilon
usually 1s accompanled by an increase 1n nolse level,
1t may lndlcate that cyclicatlon is taking place in
support of the 1,2 addition structure that can cyclize
easlly., Polyacrylonitrile 1s known to cyclize on heating.

H
|  _CH C CH
\?/ 2\?H/ He\?H/ 2\?}1/
heat
C Cu C\ Ca _
Sy SN N NN

I CH CH CH

Qualitatively, cyclizatlion should be exothermic to the
extent of about 22 Kcal/hole since we are breaklng a triple
bond (210 Kecal/mole) to form a double bond and a single
bond (148 + 84 = 232 Kcal/mole).
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.FIG. 20 DIFFERENTIAL THERMOGRAMS OF POLYDIPHENYLDIACETYLENE

a) Thermal Initlation
b) Catalyst Initlation
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B. Diphenylacetylene. For one thing, poly-
diphenylacetylene prepared by Zlegler-type catalyst 1s
colorless, does not glve a positive color test with
antimony trichlorlide, and shows no EPR slgnal,

The infrared spectra of the polymer and the
monomer are shown in Figure 21, A group of new bands,
not seen in the monomer, appear in the polymer at 1400,
820, 780 and 725 cm.”! while the band at 750 cm.~l in
the monomer dlsappeared., Shown also in Flgure 21 is the
spectrum of hexaphenylbenzene, whilch has the same bands
of the polymer. This 1s highly deducive that the
structure of the polymer and hexaphenylbenzene must be
very similar, If the electronlc spectrum of the polymer
1s compared with the spectrum of hexaphenylbenzene, which
is shown in PFlgure 22, they are quite similar and it is
concluded here that thelr structures must be very similar.

However, the differential thermogram of the
polymer reveals some lnteresting information, that the
ma jor portion of the polymer 1s hexaphenylbenzene, melting
around 460° with a major endotherm. There 1s a fraction
melting at 325° and also very small endotherms at 445°,
as shown in Flgure 23, It is known that ultraviolet
irradiation of diphenylacetylene gave trace amounts of
1,2,3-triphenylnaphthalene, m.p. 152°; 1,2,3-triphenyl-
azulene, m,p. 217°; octaphenylcuban, m.p. 4290.102 The
other traces in the thermogram would represent products

not yet identifled for diphenylacetylene,
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FIG, 21 INFRARED SPECTRA OF POLYDIPHENYLACETYLENE

a) Monomer
b) Catalyst Initiation
c) Hexaphenylbenzene
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C. Phenylacetylene., Polyphenylacetylene show;‘
a positive color test with antimony trichloride, a big
intensity lncrease in the iInfrared band at 1595 cm.'l,

a contlnuous absorptlon from ultravliolet into the visible
region and an EPR signal.

The infrared spectra of the monomer and the
thermally and catalyst polymerized polymer are shown in
Figure 24, The bands at 3240 and 2100 cm.~! of the monomer
are absent 1n the polymer, showing polymerization has
taken place., The polymer by the Zliegler catalyst has new
bands at 2940, aliphatic C-H stretching, increase in
Intensity at 1595, more conjugatlion and a small absorption
at 890 cm.‘l, indicating a 1,3,5-trisubstlituted benzene
ring.107 The thermal polymer also shows some absorption
at 2900, increase 1n intensity at 1595, 1380 and a small
absorption at 840 cm.“l; the latter band 1is 1ndicative of
a 1,2,4-trisubstituted benzene ring. Although the aliphatic
group in the polymer by Zlegler catalyst can be explained
as coming from the organometallic in the form of a chain
end, the aliphatic group in the thermal polymer may come
from the chain transfer with the monomer to glve a
>C=CH2 terminal group or 1t can polymerlze once more into
a saturated -CHo- group. There 1s no evidence from the
ultraviolet data for the existence of a long sequence of

planar conjugation as explained 1in Table 22.
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a) Monomer
b) Catalyst Initlatlon
¢) Thermal Initlation
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D. 2-Ethynylnaphthalene. Poly(2-ethynyl-
naphthalene) 1s a new member in the polyacetylene family.
The polymer prepared under the above experimental
conditions gilves a positive color test with antimony
trichloride, has an enhanced intenslty at the 1600 em, -1
band in infrared, has no dlstinet absorption maximum in
the electronic spectrum but a continuous absorption from
ultraviolet into the visilble, and shows an electron
paramagnetic resonance signal.

The infrared spectra of the monomer and the
polymer are glven in Flgure 25, The 3300 and 2100 cm.'1
absorption of the monomer are absent in the polymer. The
aliphatic group 2930 em. "t 1s present, The band at
1600 cm.~1 can be agssigned to the stretching of conjugated
double bonds in _40H=CR;H , while the bands at 885
(1 isolated hydrogen), 850, 810 (2 adjacent hydrogens),
and 745 cm,”1 (4 adjacent hydrogens) are due to the out-of-
plane vibrations of hydrogens 1ln the naphthyl group.
However, we are unable to determline any cyclic structures
l1ike the 1,3,5-triphenylbenzene (890 cm.~l) and the
1,2,4-triphenylvenzene (840 em.~1) in polyphenylacetylene
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FIG, 25 INFRARED SPECTRA OF POLY(2~ETHYNYLNAPHTHALENE)
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since 1n the present case, the naphthyl group also

absorbs in thls reglon. Nevertheless, 1t ié reasonable

to expect poly(2-ethynylnaphthalene) will closely resemble
the properties of poly(ethynylbenzene).

The electronic spectrum of the monomer and the
polymer is shown in Figure 26, There are three major
peaks in the monomer, 277, 286 and 298 mu with three very
weak peaks at 315, 325 and 336 mu. The polymer has no
discrete maxima llke the monomer. Instead, 1t shows a
contlinuous absorption from ultraviolet into the visible
reglon, 1n the form of a gradual slope. Intensity 1is
stronger at short wave length than at long wave length.
This 1is indicative of double bond conjugation although

not necessarlily planar conjugated.

The melting range of the polymers 1s between
190 to 230°,

E. Summary. To sum up, polydiphenyldlacetylene
may have the 1,2 additlon structure based on ultraviolet
and infrared consideration although the 1,4 addition
structure seems to be less sterically hindered on model,
Polydiphenylacetylene has a cyclic structure similar to
hexaphenylbehzene as the major product with perhaps trace
amounts of many other products not yet ldentifiled.
Polyphenylacetylene contains some 1,3,5-triphenylbenzene
when polymerized with the Ziegler-type catalyst and some
l,2,4-triphenylbenzeﬁe with thermal initiation, besides the
polymer. Poly(2-ethynylnaphthalene) 1s expected to behave
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FIG, 26 ELECTRONIC SPECTRA OF POLY(2-ETHYNYLNAPHTHALENE)
a) Monomer
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like polyphenylacetylene.
4,3.2.3 Charge-Transfer Complex Formation

It has been shown that a number of charge-
transfer complexes can be prepared t'rom the polymer which
were made and characterized above, A weak charge-transfer
band was observed 1n the electronlc spectra for the color
complexes of polydiphenyldlacetylene, polyphenylacetylene
and ﬁ-carotene, a naturally occurring polyene with
eleven conjugated double bonds, The spectra are shown
in Figure 27, Antimony trichlorlde has an absorption
around 240 mu, the polymers have a broad absorption around
300 mu, B -carotene around 462-490 mu and none of them
has an absorption band at 600 mu, The new band was
called a "charge-transfer band", and has been thoroughly
discussed by Mulliken,118 as characteristic of the
charge~transfer complex.

Charge-transfer complexes are known to possess
enhanced electrlical conductivity over the parent compounds
from whlch they are formed.llg’120 From a quantum theo-
retical point of view, strong concerted lntermolecular
mixing of the electronic molecular orbitals between the

donor and the acceptor molecules wlll be requlred for the

occurrence of enhanced electronilc properties.119 Molecules

possessing a structure that permlt a maximum orbltal
interlap between neighboring molecules favor high carrier
mobllitlies and high carrier concentrations to glve a high

conductivity., There are two factors that tend to lncrease
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FIG, 27 ELECTRONIC SPECTRA OF POLYMER CHARGE-TRANSFER

COMPLEXES
a; B -Carotene
b) B -Carotene/SbClB Complex
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orbltal interlap, coulomblc and exchange effects. The
coulomblc effect may be thought of in terms of donor-
acceptor action, like a charge-transfer complex. The
exchange effect can be thought of 1n terms of mlxing of
states and energy band broadening, like the hypochromicity
of the DNA molecular spectrum where strong'Tr-electron
interaction occurs among the planes of the base palrs.

The former is intermolecular and depends on the donor-
acceptor sites, while the latter 1s lntramolecular and
depends strongly on distance.

The polymers, belng WT-electron donors should be
able to form a series of complexes wlth transitlon metals
that can function as an acceptor, intermolecularly.
Antimony has the followlng electronic confilguration:
Sb(2z=51); 1s22822p03523p03010Us2UpOUa105425,3
sb3*+  ;  18P2522p®3523p03310s2up0ua105525,0
Stannous chloride 1s lsoelectronic with antimony trichlorilde
and should form a color complex in the same way:
sn(z=50); 1s22822p03523p03d10452Up6ugl05425,2
sn2+ ; 1522322p63s23p63d104324p64dlOSSQSpO
Niobium pentachloride has a completely empty d orbital
and i1t does form a color complex with the polymer and
/3 ~-carotene, Table 23 summarizes the results of the
preparatlion of charge-transfer complexes of the polymers
and varlous acceptors. The line width, line shape and the
number of paramagnetic particles In the complexes as

measured by electron paramagnetlc resonance spectra are
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Table 23 Results of EPR Measurement on Polymers and Their Charge-Transfer Complexes

Line Width g Spins Concentration
Complex aH, gauss Line Shape Value spins/g.
DPDA (Ziegler) - 4.8 Lorentzian 2.034 1.30 x 1018
t ST Nbe1 3.8 u 2.034 6.21 x 1017
" ; + Io 5 1.8 " 2.033 8.50 x 1017
" " 4 SbClg 4.9 " 2.033 2.35 x 1018
" " + SnC13 6.3 " 2.033 4.10 x 1017
DPDA (thermal) - 13.6 Lorentzian  2.034 3.10 x 1017
n " + NbC1 1.8 n 2.035 8.41 x 1017
n ; +Ip ° 6.0 n 2.03L 7.98 x 1018
, ; + SbCl4 5.6 " 2.03k 1.08 x 1012
" n + SnCl13 7.5 " 2,034 3.60 x 101
DPA (Ziegler) No signal
7
PA (Ziegler) - 9.5 Gaussian 2.034 2.55 x 101'
H i + NbClsg 6.9 y 2.033 1.54 x 1017
" " + Ip 7.9 m 2.033 1.88 x 1017
" " + SbCls3 9.5 y 2.033 1.20 x 1017
" " + SnCl; 12.5 " 2.033 1.45 x 1017
PA (thermal) - 13.4 Gaussian 2.034 i.uo x 107}
Y 1 D gy wmxog
" " + SbClg 10.1 " 2.033 1.70 x 10
" " + SDC].e - - - -
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Table 23 (Continued)

Line Width Spins Concentration

Complex aH, gauss Line Shape Value spins/g.
B -Carotene - 22.0 Gaussian 2.033 6.80 x 10{2

n + NbCls 13.0 " 2.033 7.60 x 101

" + Io 11.7 " 2.033 3.10 x 101f

" + SbCl3 12.7 " 2.033 9.90 x 10 6

" + SnCl3 21.8 " 2.033 0.83 x 10!
2-Ethynylnaphthalene (Ziegler) 12 - 21 Gaussian 2.033 1.1-8.1 x 10]'6




also included, The EPR spectra showed no resolved
hyperfine structure, but a singlet and a g value of
2.033, very similar to that of a free electron. From
Table 23 we see that the monomers are not paramagnetic,
but polydiphenyldlacetylene and polyphenylacetylene are.
The line wildth of the EPR signal is always narrower for
the Ziegler catalyst prepared polymer than the thermal
polymer. The line shape of the EPR curve 1s Lorentzlan
for polydiphenyldlacetylene and Gaussian for polyphenyl-
acétylene and ﬁS-carotene. The line shape of the charge-
transfer complex 1s governed by the llne shape of the
polymer. If the polymer has a Gausslan line, then the
complexes also have a Gausslan line., At least for the
polymer, the narrower the line wldth, the larger 1s the
number of paramagnetic partlcles per gram in the sample.
The line width of the complexes lncreases gradually in the
order of Sn) Sb) Ig>>Nb. With lodine crystal and antlmony
trichloride, complex formation leads to an increase in the
number of unpaired electrons per gram in the sample. This
increase in paramagnetic properties and, hence, electrical
conductivity properties 1s probably the result of the
increased ease of the mixing of the lonlc states that is
caused by decrease of the excltation energy from the
ground state to the exclted states due to orbital delocal-
izatilon.

It has been shown that 1f the EPR line is

Lorentzian, the spin-spin relaxation time Tp, a measure of
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the mean life-time of a particular configuration is
related to the line width A H by
1
1.52 x 10T A H
Since the range of A H values for polydiphenyldiacetylene

Ty =

1s about 4 to 15 gauss, the range of the spin-spin relax-
ation time is from 1.6 to 0.5 x 10-8 sec,, and the specific
duration of the radical state cannot be shorter than this.
To for polyphenylacetylene calculated this way 1s

0.8 to 0.5 x 10'8 sec., and that for poly(2-ethynyl-

naphthalene) 1s 0.6 to 0.3 x 10’8 sec,
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5, CONCLUSIONS

The polymerlization of diphenyldiacetylene,
diphenylacetylene, phenylacetylene, and 2-ethynyl-
naphthalene was studled under very carefully controlled
conditions to exclude oxygen, moisture and light to which
the resultling polyenes may be sensitlive. The polymers
thus prepared showed properties different from those
prepared by other means, They have a higher molecular
welght and form charge-transfer complexes with sultable
T[ -electron acceptors. Poly(2-ethynylnaphthalene) is a
new polymer, Thelr structures and stereochemlstry are
discussed,

Polymerization of diphenyldiacetylene by the
stereospecific Ziegler-type catalyst wlth carefully
controlled inert atmosphere glves conslistently a higher
molecular welght than reported in the literature. The
structure 1s probably of the 1,2 addlitlion type, wlth
spilralling to relieve steric crowding. A structure of the
1,4 addition type that has a long sequence of planar
conJugated double bonds 1is less likely, based on electronic
spectral considerations. Thermal polymerizatlon in the
absence of catalyst 1s a second order reaction. The rate
of polymerization 1s proportional to the square of the
monomer concentration and the molecular welght of the
polymer appears to be lndependent of the monomer concen-
tration. It 1s concluded that thermal polymerization

involves a bimolecular initlation and termination step.

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Polydiphenyldiacetylene obtained this way 1is always
soluble in aromatic solvents so that a three-dimensional
crosslinked structure can be precludéa; The softening
temperature 1s 270-300° although no sharp endotherm 1s
observed in differentlal thermal analysis. They are
dark-brown in color, have an electron paramagnetic
resonance signal wilthout hyperfine structures and the
spin c¢rncentration lncreases upon formatlion of charge-
transfer complexes. Gamma irradlation with cobalt-60
ylelds a dimer,

Polymerizatlion of diphenylacetylene by the
stereospeciflic Zlegler-type catalyst glves mostly
colorless trimer and some polymer. A benzene soluble
polymer (ﬁn 466-859) can be separated from the benzene
insoluble trimer which 1s hexaphenylbenzene. Based on
infrared and ultraviolet measurements, the structure of
the polymer must be also very similar to that of hexa-
phenylbenzene. However, differential thermal analysils
reveals that trace amounts of many other products are
present. Polydlphenylacetylene obtained thls way has
two fractions, about 10% benzene soluble fraction and
about 90% benzene insoluble fraction. Both fractions
do not react with antimony trichloride to give a positive
color test for a conjugated double bond system and do not
give an EPR signal. Thelr melting polnts are greater
than 4500, There was no thermal polymerization up to

140° under our experimental conditions, Gamma irradiation
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gave a dimer in very low yleld.

Phenylacetylene could be polymerized thermally
or catalytically. Thermally prepared polyphenylacetylene
contailns a small amount of 1,2,4-triphenylbenzene and
Zlegler-type catalyst lnitlated polymer contains some
1,3,5-triphenylbenzene, besldes the expected polymer as
detected by infrared spectra. Thermally prepared polymers
are soluble in aromatic solvents. The catalyst prepared
polymer becomes insoluble as the Al:T1 ratlo increases.
The presence of a long planar conjugated sequence is
unlikely on the basls of ultraviolet data. Polyphenyl-
acetylene obtalned this way 1ls orange colored, wilth a
softening temperature of 160-200°, an EPR signal without
hyperfine structures and forms charge-transfer complexes
with sultable T[-electron acceptors,

Poly(e-ethynylnaphtha1ene) was prepared by the
Zlegler-type catalyst. It 1ls the first polymerization of
this monomer which was prepared in a pure form by a
modifled Robin's procedure. The highest number average
molecular weight of the polymer is 2091, corresponding to
a degree of polymerization of 14 monomer units. The polymer
1s reddish colored, soluble in aromatlc solvents and has a
softening temperature slightly higher than polyphenyl-
acetylene, at 190-230°, Poly(2-ethynylnaphthalene), like
polyphenylacetylene, ls paramagnetlc, has an EPR signal

without resolved hyperfine structures. Infrared spectra
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and color test indicated a conjugated double bond system,

However, long planar conjugated sequence is unlikely.
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6. APPENDIX
In the thermal polymerlzation of diphenyldi-

acetylene, the following reaction scheme can be visualized.

ky *
Lo My + M =y 2N Vy =2/ M/
* kp * *
2, My + M S M+ v, = ko M7/ M/
k
* tr * *
3. My + M Ty M M Vep =k [ M7/ M/
k
* * to #
hom + Mo — M HMoor M., Vte = 2kt2[ M/
kK
5. My + L1y, p vy = W

where M 1s the monomer, M* the chaln radical, k and V are
the rate constant and the rate of reaction. Reactions 2)
the propagation and 4) bimolecular termination must be
second order processes. Reaction 1) chain initiation
cannot be first order (in the absence of catalyst) because
Floryloo has shown that the energy requirement for such a
process 1s too great. It can be elther second or third
order. Reaction 5), a unimolecular termination indicates
that the chain radical somehow loses 1ts activity to
polymerize and goes to product itself., Reaction 3) 1s a
chain transfer reactlon, and 1s also second order. We
want to show the rate dependence on monomer concentration,
a. Bimolecular initiation and Blmolecular
termination. Applylng the steady-state condition, the

rate of inltiation equals the rate of termination,
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v 3
Kinetic chain length =) = . =k tki>
Vt |Y
2
In this case, the rate depends on second power of / M/
and the molecular weight independent of / M/,

b, Bimolecular inltliation and Unimolecular

termination.

=V
i tl

2kpk
Rate & V, = kpzflfsafjg7 = kz 1 sz73

Vp k

Chain length =y = 7

e &
2

£

In this case, the rate depends on the third power of / M/,
and molecular weight depends on the first power of / M/.
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¢. Termolecular initlation and Bimolecular

terminatlion.
Vi = vt2
* 3
7 +( 22) [17
t
Rate = V, =kp[Mf7[g7=kp (%{‘1)5[&75/2
t

% %
Chain length =y = P = Xp <‘_‘L) /M7
2
In this case the rate depends on the five-half power of

/ M/ and the molecular weight depends inversely on the

square root of / M/.
d. Termolecular initliatlon and unimolecular

termination,
VvV, =V
1= Vg
3k
L7 2 3
kg
Rate =V_ = k_/ M*7/ M7 = ¥p3K1 [M74
V. k
- Chain length =y= P ="p /M/
Vfl kt

In thls case, the rate dependsvon the fourth power of

/ M/, and the molecular weight depends on the first

power of / M/.
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