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Radiation-Induced Solid-Stale Polymerization of
Trioxane under High Pressure

YUZO YAMAZAWA, TADASHI IWAI, AKIHIKO ITO, and
KOICHIRO HAYASHI, Takasaki Radiation Chemistry Research
Establishment, Japan Atomic Energy Research Institute,
Takasaki, Gunma, Japan

Synopsis

The in-source polymerization of trioxane in the solid state was investigated over a
wide range of temperature and pressure, i.e., from 30 to 140°C and up to 7000 kg/cm2
respectively. In the polymerization that was carried out slightly below the melting
point under pressure, the higher the pressure, the higher the rate of polymerization. It
was confirmed that the maximum rate of solid-state polymerization of trioxane occurs
near the melting points, even under elevated pressure. The rate of polymerization de-
creased with increasing pressure at constant temperature. The shape of the time-
conversion curves may be classified into two types, i.e., one which is typical of high
pressure and low temperature, and the other which is typical of low pressure and high
temperature. Changes in the shape of the conversion-intrinsic viscosity curves occurred
coincidentally. Thus, three regions for the different “polymerization characteristic”
were determined as functions of polymerization temperature and pressure. Explanations
are given for the above-mentioned polymerization characteristic.

Introduction

Two papers have been published on the radiation-induced solid-state
polymerization of trioxane under high pressure,12but the polymerization
temperatures were kept in the range in which trioxane is solid under at-
mospheric pressure, i.e., 45 and 55°C. It was reported that the radiation-
induced polymerization of trioxane and some other cyclic ethers and esters
can be accomplished only in the solid state and that the maximum conver-
sion rate occurs at a temperature slightly below the melting point.3-6
Since the melting point may be raised considerably as the pressure increases,
it was of interest to examine the polymerization of trioxane under high
pressure. In the present study, melting points of trioxane under various
pressures were measured, and the in-source polymerization in the solid state
was investigated over a comparatively wide range of temperature and pres-
sure.

Experimental

The polymerization of trioxane was carried out in a cylinder to which
pressures up to 15,000 kg/cm2could be applied by a piston. The pressure

© 1971 by John Wiley & Sons, Inc.



258 YAMAZAWA, 1WAI, ITO, AND HAYASHI

calibration was made by observing transitions for benzene,7 n-octane,8
n-decane,8and chloroform.9 The following method was used. Transition
pressures were determined by measuring the volume change of the standard
materials which were pressurized at the constant temperatures. The
temperature of the apparatus was regulated by circulating through a jacket
water of known temperature, or by controlling the current through a heating
mantle. The temperature of the cylinder was measured-with a thermister
which was inserted into the wall.

Trioxane contained 24 ppm of water, 21 ppm of formaldehyde, and 47
ppm of formic acid. It was subjected to 7-ray irradiation from a Co®
source of 9000 Ci placed under the cylinder. The irradiation dose rate was
always 5.6 X 104 R/hr, determined by ferrous sulfate dosimetry. The
trioxane was placed directly in the cylinder kept at a given temperature and
irradiated after pressurization for 10-30 min. The polymer was washed
with methanol or acetone, and the percentage conversion was determined
after drying in vacuo. The intrinsic viscosities of the polymers were mea-
sured at 60°C after the polymer samples had been dissolved in p-chloro-
phenol containing 2% a-pinene at 115°C for 20 min.

Results and Discussion

The melting points of trioxane under high pressure (Fig. 1) were deter-
mined by observing the volume change as mentioned above. It was
reported that the radiation-induced polymerization of trioxane and some
other cyclic ethers and esters such as 3,3-bis(chloromethyl)cycloxabutane,
/3-propiolactone can be accomplished only in the solid state and that the

| 1 1 1 1 —
0 1 2 3 A 5
Pressure 103 kg.'cm2

Fig. 1. Melting point of trioxane.
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Fig. 2. Radiation-induced polymerization of trioxane at temperatures slightly below
melting points under various pressures: (¢) 1kg/cm2 55°C; (O) 1000 kg/cm2 70°C;
(9) 2000 kg/cm2 100°C; (®) 2500 kg/cm2 115°C; (C) 3500 kg/cm2 140°C.

60 r

Polymerization time ( hr.)

Fig. 3. Radiation-induced polymerization of trioxane under various pressures at
70°C: (O) 1000 kg/cm2; () 2000 kg/cm2; (<J) 3500 kg/cm2; (®) 5000 kg/cm2; (O)
7000 kg/cm2

maximum conversion rate occurs at a temperature slightly below the melt-
ing point. Therefore, it is interesting to examine if the relationship be-
tween the polymerization temperature and the rate under high pressures is
similar to that under atmospheric pressure and whether the above mentioned
maximum conversion rate increases or decreases when the pressure is in-
creased. Figure 2 shows the results of polymerization that was carried out
at temperatures slightly below the melting points under various pressures.
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The higher the pressure, the higher the rate of the polymerization. This
fact may indicate that the effect of temperature that activates the motion of
monomer molecules predominates over the effect of pressure that suppresses
the motion. Trioxane was scarcely polymerized without irradiation under

Fig. 4. Relationship between conversion and intrinsic viscosity of polyoxymethylene
obtained by radiation-induced polymerization of trioxane at 70°C under various pres-
sures: (O) 1000 kg/cm2; () 2000 kg/cm2; (3) 3500 kg/cm2; (®) 5000 kg/cm2; (O)
7000 kg/cm2

Polymerization time ( hr.)

Fig. 5. Radiation-induced polymerization of trioxane under 5000 kg/cm2 pressure at
various temperatures: (O) 55°C; (3) 70°C; (*) 105°C.
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0 10 20 30 AO 50 60
Conversion (7,)

Fig. G Relationship between conversion and intrinsic viscosity of polyoxymethylene
obtained by radiation-induced polymerization of trioxane under 5000 kg/cm2 pressure
atvarious temperatures: (0)55°C; (3)70°C; () 105°C.

these conditions.  Attempts to polymerize trioxane in the liquid state under
high pressure, e.g., 2000 kg/cm2 at 140°C were unsuccessful. Thus, it is
confirmed that the maximum rate of the solid-state polymerization occurs
near the melting point even under high pressure.

The in-source polymerization of trioxane was also investigated at
constant temperature, 70°C, on varying the pressure in the range between
1000 and 7000 kg/cm2 As shown in Figure 3, the rate of polymerization
was decreased by increasing pressure. This decrease is attributed to the
elevation of the melting point due to the pressure, i.e., the pressure sup-
presses the motion of monomer molecules that is essential for the polymer-
ization reaction.

However, it should be noted that the shape of the curve changed as the
pressure was varied. The curves were S-shaped under low pressures, i.e.,
1000 and 2000 kg/cm2, similar to the curve obtained at atmospheric pres-
sure.  On the other hand, at high pressures, i.e., 5000 and 7000 kg/cm2, the
initial rates of polymerization were high and gradually leveled off. The
intrinsic viscosities of the polymers were almost independent of conversion
under low pressure, whereas under high pressure the intrinsic viscosities
were extremely high at low conversion and fell off rapidly with increasing
conversion (Fig. 4). This change coincides with the variation in the shape
of time-conversion curves. The rapid decrease in the intrinsic viscosity
cannot be explained by degradation due to irradiation alone, since the
maximum dose was only 2.2 X 1051l. In fact, the intrinsic viscosity was
almost constant in the case of polymerization near the melting point.

Similarly, plots of percentage conversion versus the polymerization time
(Fig. 5) and of conversion versus intrinsic viscosity (Fig. 6) at various
temperatures under constant pressure, 5000 kg/cm2 were obtained. The
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Pressure 103 kg/cm2

Fig. 7. Diagram of polymerization characteristic as a function of temperature and
pressure in the radiation-induced polymerization of trioxane: (O) the time-conversion
curve was S-shaped and reached high conversion; (¢) the time-conversion curve at-
tained saturation at low conversion; (9) the intermediate between the above two cases;
(X) no polymerization took place; (O) intrinsic viscosity of the polymer was almost
constant over the whole conversion range; (m) the intrinsic viscosity of the polymer was
extremely high at low conversion and fell off rapidly with increasing conversion; (Cl)
the intermediate between the above two cases, i.e., the intrinsic viscosity passed through
a maximum.

rate increased with increasing temperature, and the variation in the shape of
the time-conversion curves and the viscosity-conversion curves was
similar to those in Figures 3 and 4, respectively. In other words, the
polymerization characteristic under high pressure at constant temperature
corresponds to that at low temperature under constant pressure and that
under low pressure corresponds to that at high temperature.

From these results we may distinguish a region | near the melting point
where the time-conversion curves are S-shaped and the intrinsic viscosities
are independent of conversion, and region Il with temperatures at some
distance from the melting points where the initial rates of polymerization
are high but attain saturation at low conversion and the intrinsic viscosities
rapidly decrease with increasing conversion. Finally, there is a region |11
where polymerization of trioxane cannot take place, since little polymer was
obtained at 30°C, 3500 kg/cm2and 55°C, 7000 kg/cm2 These three re-
gions with different “polymerization characteristics” are illustrated in
Figure 7.

The initial polymerization rate was higher in region Il than in region I,
e.g., in Figure 3 the conversion at 5000 kg/cm2was higher than that at 3500
kg/cm2or 2000 kg/cm2up to 1 hr. The results are explained as follows.
(I) The crystalline state of region 11 is originally favorable to polymeriza-
tion. As polymerization proceeds, however, the polymer formed disorders
the crystal lattice and the polymerization rate falls rapidly, since rearrange-



POLYMERIZATION OF TR10XANE 263

ment of the monomer molecules (annealing) hardly occurs in this region.
Alternatively, there are two parts in the crystal, a well-ordered part where
polymerization proceeds easily and a disorder part where polymerization
is very slow. (2) It is probable that a crystal transition occurs between
region | and I, and this should be clarified by further study.

Rao and Ballantinelpressurized trioxane prior to irradiation and carried
out in-source polymerization at 45 or 55°C. They found that the yield and
the intrinsic viscosity was increased by pre-pressurization. Their results
are, however, inconsistent with their contention that pressure inhibits
initiation by removing defect sites, but that the order imposed favors the
propagation of the chains before termination. This interpretation can
better be applied to the present results.

The authors should like to express cordial thanks to Prof. S. Okamura of Kyoto
University for his encouragement of this work. They are also grateful to Mr. N. Mori-
shita for his assistance in measuring intrinsic viscosity of the polymer. A part of this
work was presented before the 17th annual meeting of the Society of Polymer Science,
Tokyo, May, 1968.
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Cationic Copolymerization of Tetrahydrofuran with
Epoxides. 1. Polymerization Mechanism in the
Presence of a Glycol

J. M. HAMMOND, J. F. HOOPER, and W. G. P. ROBERTSON,
Australian Defence Scientific Service, Department of Supply,
Weapons Research Establishment, Salisbury, South Australia

Synopsis

Polymerization of several epoxides and their copolymerization with tetrahydrofuran
have been studied. The polymerizations were carried out by use of BL, ®(CTL,)-j as
catalyst in the presence of 1,4-butanediol. Variations of catalyst and 1,4-butanediol
ratio and concentration affect polymerization rate, molecular weight, and the formation
of cyclic oligomers. The latter is also influenced by monomer feed ratio in the case of
the copolymerizations. These effects are discussed, and some observations are made
concerning the mechanism, particularly with respect to the role of the 1,4-butanediol.
Mayo-Lewis monomer reactivity ratios were determined. The ratios found differed
from previously published figures.

INTRODUCTION

Polymerizations and copolymerizations of epoxides and other cyclic
oxides catalyzed by BF3’0 (CH52 have been studied fairly extensively.1‘8
While there may be some doubt about the precise steps involved in the
initiation, it is generally accepted that the propagating species involves an
oxonium ion.46& 13

Arising from the use of polyether glycols for the formulation of castable
rubbers there has been a particular interest in copolymerizations of this
type carried out in the presence of small amounts of a low molecular
weight glycol.1*51014 The use of this glycol facilitates control of polymer
molecular weight, particularly where fairly low molecular weight is de-
sired, while maintaining the formation of dihydroxyl-terminated polymer.
It seems to be generally agreed that the glycol becomes incorporated in the
polymer but some statements which have been made concerning the
mechanism of glycol incorporation appear to be erroneous.15

Initially we were interested simply in determining reactivity ratios for
the monomer pairs propylene oxide (IT)) -tetrahydrofuran (THF), 1,2-
butylene oxide (I,2-BO)-THF, and n-propyl glycidyl ether (n-PGE)-THF
in connection with the synthesis of copolymers for possible use in the
formulation of castable polyurethane rubbers. During the course of

265
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preliminary experiments to determine suitable polymerization conditions
concentrations of catalyst, glycol [1,4-butanediol (1,4-BD)], and monomers
were varied fairly widely. Several effects of these variations on the course
of the polymerizations were noted which seemed to have a significant
bearing on the mechanism and to warrant further examination.

In these polymerizations the formation of polymer is attended by the
formation of low molecular weight nonhydroxylic cyclic by-products. In
addition to controlling molecular weight, the inclusion of the glycol in the
polymerization mixture substantially reduces the formation of cyclic
by-products. The molecular weight of the polymer formed depends upon
the concentration of initial glycol and the monomer conversion.

EXPERIMENTAL

Reagents

PO. Commercial reagent was refluxed over potassium hydroxide pellets
for 6 hr., decanted and dried over calcium hydride overnight. The purified
monomer was obtained by fractionation through a small column as a
middle cut, bp 34-34.5°C.

1,2-BO. Commercial reagent was purified by the same procedure used
for PO giving the monomer as a fraction, bp 63-63.5°C.

THF. Commercial reagent was refluxed over sodium hydroxide pellets
for 6 hr, dried overnight over lithium aluminum hydride, and distilled,
yielding the purified monomer as a fraction, bp 65-65.5°C.

n-PGE. «-Propanol and epichlorohydrin were condensed in the
presence of sulfuric acid as catalyst to give I-propoxy-2-hydroxy-3-chloro-
propane, bp 96-99°C/20 mm (yield 52%), which was subsequently treated
with sodium hydroxide in ether giving n-PGE, bp 72-73°C/55 mm (yield
68%), as previously described by Flores-Gallardo and Pollard. 6

BF3-0(CHH2 The commercial reagent was distilled in a dry nitrogen
atmosphere, bp 126-127°C. The catalyst discolors on standing and was
freshly prepared for each polymerization.

1,4-BD. Laboratory grade reagent was dried over Linde Molecular
Sieve No. 5A and distilled, bp 82-84°C/0.25 mm.

«-Butanol. Laboratory-grade reagent was dried over Linde Molecular
Sieve No. 5A and distilled through a small column, bp 117.5-11S°C.

Ethylene Dichloride. Analytical grade reagent was refluxed over
phosphorus pentoxide for 6 hr and distilled through a small fractionating
column, bp 83.5-84°C.

Polymerization Procedure

The polymerizations were carried out in a 50-ml three-necked flask
fitted with a stirrer, thermometer, gas inlet, and self-sealing rubber septum
for reagent addition. The reagents were measured out in a dry box by
use of Hamilton gas-tight syringes previously calibrated for each reagent.
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The apparatus was assembled in the dry box, which was continually
flushed with a stream of dry nitrogen, and the flask was charged with the
monomer mixture, 1,4-BD, and ethylene dichloride. The apparatus, with
gas inlet closed, was then removed from the dry box and connected to the
dry nitrogen supply. The gas inlet was opened and a continual stream of
nitrogen admitted to the flask to maintain a slight positive pressure and
exclude moisture. The flask was immersed in a cooling bath and the
temperature of the stirred mixture cooled to 0°C. BF3-OIThHoh dissolved
in ethylene dichloride (2 ml) was added slowly (5 min) through the rubber
septum from a Hamilton gas-tight syringe. The polymerization mixture
was stirred and maintained at 0°C throughout the polymerization.

Polymerization was stopped by quenching with water. The contents
of the flask together with more ethylene dichloride (20 ml) used to rinse
the flask were shaken vigorously with water for several minutes and then
separated. The organic layer was washed twice with water (10 ml) to
remove all traces of catalyst. Solvent and unreacted monomers were
removed under reduced pressure in a rotating evaporator and the product
finally dried by heating at 55°C/1 mm for 4 hr.

The polymers were obtained as clear, colorless liquids. Their infrared
spectra showed strong hydroxyl absorption and indicated that they were
substantially free from the unsaturation encountered in some commercial
polyether glycols.® This was confirmed by analysis for unsaturation by
the mercuric acetate method (ASTM D1638-61T), where, for example, a
PO-THF copolymer having a molecular weight of approximately 2000
gave a result of 0.002 meq/g, compared with 0.020 meg/g for a commercial
polyoxypropylene glycol of similar molecular weight (Union Carbide Niax
Diol PPG 2000).

For the determinations of reactivity ratios polymerizations were carried
out at nine monomer mole ratios, viz., 9:1, 8:2, 7:3, 6:4, 1:1, 4:6, 3:7, 2:8
and 1:9, for each of the three monomer pairs. The reactions were stopped
at 7-8% conversion, appropriate reaction times having been established
by preliminary runs in each case. The proportions of reactants and solvent
used in all the reactivity ratio runs were as follows: total monomers, 0.40
mole; 1,4-BD, 0.0064 mole (1.60 mole-% with respect to total monomers);
BF3-0 (CH32 0.00032 mole (0.08 mole-% with respect to total monomers);
ethylene dichloride, 20 ml.

Molecular Weight Determination

Number-average molecular weights by vapor pressure osmometry,
Mn (VPO), were determined with a Mechrolab Model 302 vapor pressure
osmometer with benzene as solvent at 37°C.

Mn (OH) was determined from endgroup analysis, by acetylation with
acetic anhydride in pyridine assuming 100% bifunctionality, perchloric
acid being used as catalyst. 7

Neither of these figures represents number-average molecular weight of
the linear polymer. Since all the polymer samples were found to contain
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some nonhydroxylic cyclic oligomer, Mn (VPO) is lower than and Mn (OH)
higher than the Mn of the linear polymer present. In the absence of
cyclic oligomer, Mn (VPO) and Mn (OH) should be equal. If one could
determine accurately the proportions of polymer and oligomer, one could
calculate Mn values for these two species from Mr (OH) and Mn (VPO).
However, their molecular weight ranges frequently overlap, and volatility,
solubility, and other characteristics are similar, so that complete separation
has not been achieved. We were able to isolate only the cyclic tetramers
quantitatively.

Polymer Analysis

From NMR spectra one may determine the amount of 1,4-BD incor-
porated in an epoxide homopolymer and the epoxide/THF ratio in co-
polymers.

The NMR spectra of the copolymers had a characteristic absorption at
T8.46 which increased with increasing THF content. The 1,4-BD residue
(oxybutylene) present in the polymers is the same as the THF unit in the
copolymers. The NMR spectra of commercial polyoxypropylene glycols
do not have an absorption peak at r 8.46 (C—CH2, but the NMR spectra
of homopolymers of PO produced by using BF3+0 (CH52 as catalyst in the
presence of 1,4-BD do have a small absorption peak at r 8.46, thus con-
firming that 1,4-BD is incorporated in the polymer.

Polymer analyses also indicated that all the 1,4-BD present initially
in the reaction mixture becomes incorporated into the polymer at fairly
low conversion. For example, in one particular case of PO homopolvm-
erization the amount of 1,4-BD present initially was 0.0064 mole, and at
27.3% conversion the yield of polymer was 6.5 g. From the NMR spec-
trum the mole ratio of PO/I,4-BD [given by (C—CH33)/(C—CH,/4)]
was 14.9/1. If y is the number of moles of 1,4-BD incorporated in the
polymer and the molecular weights of PO and 1,4-BD are 58.08 and 90.12,
respectively, we have

Polymer yield = 149y (58.08) + y (90.12) = 6.5
whence
y = 0.0068

In the monomer reactivity ratio determinations, accurate determination
of the mole ratio of THF/epoxide in the polymers is necessary. From
NMR the mole ratio of (THF + [,4-BD)/epoxide is obtained. Correction
for the mole ratio of 1,4-BD/epoxide is achieved independently from a
knowledge of the hydroxyl content of the polymer (by endgroup analysis)
and the assumption that each polymer chain contains one 1,4-BD unit.

The infrared spectra of the PO = THF copolymers were very similar to
those of low molecular weight commercial PO homopolymers, except for a
peak at 1200 cm” 1which is attributed to the presence of the THF unit.181
The BFS0 (CH6E2 = 1,4-BD system will not initiate the homopolymeriza-
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tion of THF, thus the THF units in the copolymerization products must be
present as copolymer. Solubility characteristics confirmed the absence
of epoxide homopolymer in the copolymerization products. For example,
PO-THF copolymers are insoluble in cold water, whereas polyoxypropyl-
enes of molecular weight below 1000 are soluble. In a specific instance, a
PO = THF copolymer of molecular weight of about 1000 was prepared.
This polymer was found to contain PO units, which must have been present
as copolymer rather than as homopolymer which, being of molecular weight
less than 1000, would have been water-soluble and would have been re-
moved during polymer workup. No polymer was recovered from the
aqueous washings.

Infrared and NMR Spectra

Infrared spectra were recorded on a Perkin-Elmer grating spectropho-
tometer, Model 521, with films of polymer between rock-salt plates. NMR
spectra were determined with solutions of polymer in carbon tetrachloride
on a Varian HA-60 NMR spectrometer.

RESULTS

Initially a series of polymerizations was run at various concentrations
and proportions of reactants in order to determine conditions suitable for
reactivity ratio determination and the formation of polymer of the mo-
lecular weight required for castable rubber preparation. Details of these
experiments are summarized in Table I. From the results of these experi-
ments a number of conclusions may be drawn.

Under the conditions used, the three epoxides will each homopolymemo
(Table I, runs 2, 4, 5, 11, 12, and 13) and each will copolymerize with THF
(Table I, runs 26, 27, 29).

THF does not homopolymerize under the conditions used in this work
(Table I, run 14). Homopolymerization of THF by BF3requires much
higher concentrations of initiator. With the addition of small amounts
of PO, polymerization starts under the influence of BF3-0 (C2H6?2 in the
presence of excess 1,4-BD but stops at low conversion when all the PO has
been used. The polymerization can be reinitiated by the addition of a
further portion of PO but again terminates after consumption of the PO
added (Table I, runs 14-18). From this it follows that at high THF/
epoxide feed ratios copolymer yields are limited to low conversion.

All the 1,4-BD becomes incorporated in the polymer at conversions above
about 30%. This is shown by the absence of 1,4-BD from the aqueous
washings obtained during work-up and, in the case of epoxide liomopoly-
mer, by the NMR spectrum of the polymer.

Nonhydroxylic cyclic oligomers are formed during these polymeriza-
tions. They are discussed in greater detail in Part 11.2L Cyclic oligomers
(mainly tetramer but also pentamer and hexamer) are formed during both
the homopolymerizations and the copolymerizations and may under certain

muoYdJWiw'5



HAMMOND, HOOPER, AND ROBERTSON

270

UOISIBAUOD 9%6T 1B sdols uonoeay

=,

2 =0- Oo®Syl,, -

T .-

S=

F=o. © Jao

lis Bn
>

- - +

+

hJhphp
HsHH H H

O0C
0
(] (]
f9n

P
- 22 . sz 2 w‘ﬂm ¥ ool
T . s . o
. (- s . Z ¥T O2

Lo

05 CO

LCCON X ©



271

CATIONIC COPOLYMERIZATION.

§
[4]
]
'
'
0
¢
0
"

- el Loz _-= s o= T = - = DBMiu .oz . fhwnnr.:u)\.Mu

L}

0
cu
cu

)

b

i
b
'y
<
i
9

b

s
i

'

£l

>

X

H:«

Y]

L'
'

o’

o

]
]
0
0
X
]
th ot th K TR “IH T4
]
[
CHH,
y
tH

Qo2 e} -7 . == - = - - - - - -z

[}
0
i
>
T
o
o
]
=1
]
o
]
[N}
0
]
0
]
'
]
]
P
XX
o
111

bt el el == == e o . o= = D e =
2o=7 22 . - B = = B . . .T .-
- oL - = = —_ = [ o SR

o0
8= ¢] o
UOISIBAUO0D S3|gnop 4y g Jsuye (Od %-8jow

Od jo uonJod puodss jo UORIPPY 0191 SL°0 99°0 8€ V¢ +v¢ 9800 S9'T Gz + d4HL



272 HAMMOND, HOOI'EH, AND ROBERTSON

conditions predominate in the product. The reaction of BI<KVO(CH6?2
with PO in the absence of any added glycol has been reported2 as a pre-
parative method for the cyclic tetramer of PO, while an earlier referenceZ
states that as many as five cyclic oligomers, ranging from dimer to hexamer,
may be isolated from the products of this reaction.

It seems that this report, which is not mentioned in Chemical Abstracts,
has been frequently overlooked as no other reference to it appears in sub-
sequent published literature.

In copolymerizations carried out in the presence or absence of 1,4-BD
at the higher ratios of THF to epoxide co-oligomers containing both alkyl-
ene oxide and THF units are formed. The co-oligomers were found
(NMR) to be mixtures of cotetramers of epoxide and THF with each
cotetramer containing at least two epoxide units. Tetramers containing
three or four THF units were not detected. At the same time increasing
THF in the monomer feed ratio increasingly suppresses the extent of cyclic
tetramer formation during polymerization (see Table I1).

TABLE 11
Effect of Tetrahydrofuran on Cyclic Tetramer Formationz
Yield, %
Cyclic

Monomer feed Conversion, % Polymer tetramer
PO 50 29 21
PO/THF (1:1) 88 83
POITIIF (1:4) 84 83 1
THF 0 0 0

a 1,4-BD concentration = 0; BF3-CKCaHsh concentration = 1mole-%.

The presence of 1,4-BD in the reaction mixture reduces the amount of
cyclic oligomers formed and the suppression of cyclic oligomer formation
increases as 1,4-BD/catalyst ratio increases. Cyclic oligomer is formed
early in the reaction. It is present in low conversion products (e.g. Table
I, runs 26, 28) and the ratio of linear polymer to cyclic oligomer (by gel-
permeation chromatography?2)) is not a function of conversion.

In general the hydroxyl content of the polymerization products (as
isolated) remains constant for conversions between 30% and 90% at a level
about 10% higher than that present in the initial reactants as 1,4-BD
(Fig. 1). At least part of this increase may be attributed to the traces of
water present in the initial mixture of solvents and monomers (0.009% w/w
by Karl Fischer). This water content is equivalent to 0.07 mole % of 1.4-
BD in the units of Table I. Some additional hydroxyl must also be intro-
duced in the final quenching. The low hydroxyl content in the low-con-
version products results from the fact that during these earlier stages of
reaction not all of the glycol lias been incorporated into the polymer prod-
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Fig. 1 Plot of [OH]p/[Oll]i vs. conversion for (e, m) PO polymerizations and
(O, A, V, O) PO TLIP copolymerizations at various |,4-butanediol/BF3-0(C2H52 ratios:
(+,0)20:1; (A)10:1; (V)2:1; i) 1:1.

uct. In these cases of low conversion, unreacted 1,4-BD was removed
during polymer workup and found to be present in the aqueous washings.
Adherence to this behavior was best at high 1,4-BD/catalyst ratios (20:1).
Two cases of marked departure were homopolymerizations of PO at 1:1
ratios of 1,4-BD to catalyst (Table I, runs 4, 5). In one case (run 5) the
initial 1,4-BD concentration was very low, and the discrepancy is presum-
ably due to the combined effects of traces of water in the reaction mixture
and the final water quenching predominating in determining the hydroxyl
content of the product. In the other case (run 4) a satisfactory explana-
tion of the discrepancy is not so readily apparent. At the low glycol/-
catalyst ratio (1:1) it might be expected that the final water quenching
should contribute as much to the hydroxyl content of the product as does
the glycol. However the results indicate a factor of 4 rather than 2. It is
also puzzling why in run 3 the ratio of product hydroxyl to initial hydroxyl
should be less than 1.5 instead of about 2

The difficulty of separating the ever-present cyclic tetramers and higher
oligomers quantitatively from these relatively low molecular weight poly-
mers and copolymers makes it difficult to determine with certainty the
molecular weights of the latter. Nevertheless the available evidence



274 HAMMOND, HOOPER, AND ROBERTSON

strongly suggests that, at a given catalyst concentration, increasing the
1,4-BD content proportionately decreases polymer molecular weight (e.g.,
runs 19, 20, 21, 22) and that, for the same initial 1,4-BD concentration,
polymer molecular weight increases with conversion. Moreover the sys-
tem remains alive until deliberately quenched, and increased conversion
(and molecular weight) may be achieved by stepwise addition of further
portions of monomer when the previous portion is exhausted.

When 1,4-BD is replaced by n-butanol in the copolymerization of PO and
THF, monohydroxyl-terminated copolymer is formed, as indicated by
hydroxyl analysis (c.f. runs 19 and 23 in Table ).

DISCUSSION

Polymerization Mechanism

A previous postulation13 of dication propagation to give diliydroxyl
terminated polymers seems to be quite erroneous. In particular it does not
account for the facts that complete incorporation of glycol (1,4-BD) into
the polymer is achieved at 30% conversion even at glycol/catalyst ratios
of 20:1 whilst at the same time molecular weight is a function of conversion.

In our view a mechanism, as outlined below, in which the essential fea-
tures are (a) preinitiation, (b) initiation, (c) propagation, (d) intramolecular
transfer to polymer (cyclic oligomer formation), (e) transfer to hydroxyl
(transfer to initial glycol and repetitive transfer to polymer glycol), is more
plausible and accounts for the known experimental facts. The scheme
should be applicable with slight modifications to similar polymerizations
carried out in the presence of alcohols and polyols.

Preinitiation.
chb hor\
0:BF3+ HOROII 0:BF3+ (C215D (1)
/ /
C2H5 1
HOR\
0:BF3+ HOROIl  [IIOROHZ+ [BFROROH]_ 2)
HOR\
0:BF3+ (CHr)Dvi [CA.OH1+ [BFsOROH]- (3)
/ T

H

Either reaction (2) or (3) or both may occur. Water (HOH) or polymer
glycol may replace HOROH, which represents a glycol such as 1,4-BD.
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Initiation.
[BF3OROH]"
+ HOROH
lorll + O<Lr- — hoC]l_r/ + or 4
(CAW
[bFjOron]’

HOROH
I or I+ OQ_ HO | + or (5)
CnHD

Propagation. The possible initial reactions are:

R’
HOCH/TI—0 < L r, (6)
Ho>G+ Q (7
R
HOG_ R, + 0Q —» HOCHLH—O ~j (©)]
HOG +<U » HOCHZCH2CHCH2—0<]_r/ 9)
followed bj*
HO 0d_R, + 0~ R — HO— O<LrT, (10)
HO— OCA R/ + 0Q —- HO— O *j (11)
HO— S Q + 0Q — HO—o0Q (12)
HO— cT] + °CLr, — HO (G R (13)

Cyclic Oligomer Formation by Intramolecular Transfer. There are two
possibilities, reaction with oxygen atoms in the body of the polymer chain
(14), or at the end of the polymer chain (15).

depoly » cyclic

HO— 0— HO G 14
(9] oligomer 0t (14)
[BF,OROHr
i cyclic
HO— O jL R, HBF30ROH (15)

oligomer
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followed by
[BF30ROH]*

HBFOROH + oCI_R — h&1l e,

Transfer to Hydroxyl. This may occur with hydroxyl attached to the
glycol which is initially present or with polymer hydroxyl end group.

[BF:OROH]’
HO--0d R, + HOR'OH — HO— OR'OH + HBFDROH (16)

where HOIt" OH may be original glycol or polymer glycol of the types
HO-OROH and HO-ORO-OH.

The full sequence of reactions (1) to (16) describes the copolymerization
of epoxides with THF. Epoxide homopolymerization is described by
reactions (1)-(4), (6), (10), (14), (15), and (16).

The reactions postulated for preinitiation, initiation and propagation
are based on the work of othersl0-121424 and we have not attempted to
prove them. Other preinitiation steps are feasible and possible8but those
suggested here are likely to predominate with high glycol/catalyst ratios.
In this scheme incorporation of glycol into polymer does not stem from
glycol participation in these initiating steps.

Cyclic oligomer formation could occur either by intramolecular transfer
attack on the initial hydroxyl of a (short) growing polymer chain [eq. (15)]
or by intramolecular transfer to ether oxygen a few units back from the
oxonium ion [eq. (14)] Substantial amounts of cyclic oligomer are formed
in the early stages of polymerization and there is no evidence of intcrmo-
lecular chain transfer with ether oxygen in another molecule at least in the
case of systems containing THF, PO, 1,2-BO, and n-PGE although it can
occur with the ether oxygen atoms of polyethylene oxide (see part 1112%.
It is believed therefore that intramolecular transfer to hydroxyl is the pre-
ferred process for cyclic oligomer formation.

The transfer to hydroxyl reaction (16) leads to incorporation of initial
glycol into polymer and to increasing polymer molecular weight with
conversion by repetitive intermolecular transfer to polymer hydroxyl.
From this it follows that at high 1,4-BD/catalyst ratios the amount of
1,4-BD will predominantly control the number of hydroxyl groups present
in the polymer.

With w-butanol instead of 1,4-BD as transfer agent, similar transfer to
hydroxyl reactions will occur, but the polymers formed will be terminated
at one end with —0(CR>)3CH3 Dreyfuss and Dreyfuss in their review®
on polytetrahydrofuran have suggested that alcohol in small amounts
would behave like water as a transfer agent and lead to polymers with
—OR endgroups. It appeared to them also that the ethylene glycol used
by Murbach and Adicoff2in their copolymerization of THF and ethylene
oxide functions as a transfer agent and not merely as a cocatalyst.
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Since experimental results show that all the initial glycol becomes in-
corporated in the polymer it is necessary to postulate a means whereby the
initial glycol does not remain locked up in the counterion in reactions (2)-
(5). One possibility is an exchange reaction:

HO— OH + [BFROROH]" *#*= [BF:0— OH]' + HOROH 17

Another possibility is that counterions may participate equally well in
intermolecular transfer to hydroxyl |eg. (16)] as initial glycol and polymer
glycol. Probably both of these reactions occur. They imply that the
size of the counter ion increases as polymerization proceeds.

Since glycol begins to be incorporated into the polymer at quite low
conversion and since the presence of glycol suppresses cyclic oligomer
formation it follows that the transfer reactions leading to glycol incorpora-
tion and cyclic oligomer formation are competitive processes in the early
stages of the polymerization and that suppression of cyclic oligomer forma-
tion should be most effective at high 1,4-BD/catalyst ratios as was found
experimentally.

There is no termination step. If the conversion of monomer proceeds
to completion active end groups remain and polymerization will proceed
further on the addition of more monomer. The reaction is stopped by
quenching with excess water which destroys the catalyst and deactivates
chain ends by conversion to hydroxyl-containing endgroups:

Ho HO— OH
“ > ecl b, HBFOH + or (18)

HO— OH
HO— OBF3

Failure of reaction (7) to proceed is a more likely reason than failure of
reaction (5) for the failure of THF to homopolymerize under the conditions
used in this work.  Cyclic oligomers are formed in THF copolymerizations
but the amounts formed are smaller than in the case of epoxide homopoly-
merization and decrease as the proportion of THF in the monomer feed
increases. This is consistent with the observation that cyclic co-oligomers
always contain at least two epoxide units implying cyclization reactions
cannot take place where THF units predominate in the chain.

Reactivity Ratio Determinations

Table 111 gives the reactivity ratios obtained during the early part of our
work. The reactivity ratios were determined at low conversion (ca. 5%)
by using both the Fineman-RossZ and Mayo-Lewis2l equations. Copoly-
mer composition analyses (Fig. 2) were corrected for 1,4-BD content in
every case.2-4

The ratios given in Table 111 differ from those previously published.23
The differences arise from the 1,4-BD correction which is quite large for
these low molecular weight polymers. Murbach and Adicoff2 in their
determination of reactivity ratios for the ethylene oxide- THF monomer
pair used elemental analysis to determine copolymer composition and made
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TABLE 111
Monomer Reactivity Ratios
PO/THF 1,2-BO/THF n-PGE/THF
A r2 n A A A
Fineman-Ross 0.29 0.57 0.58 0.56 0.24 0.42
Mayo-Lewis 0.34 £+ 0.63 £ 058 + 0.58 + 0.27 + 0.46 =
0.05 0.05 0.02 0.02 0.03 0.03

no correction for the ethylene glycol (employed as “cocatalyst”) content.
Maine and Levesque3saw the need to correct for the 1,4-BD “cocatalyst”
content in their work but were unable to do so in every case. Thus their
so called “corrected” values are not fully corrected.

MOLE FRACTION OF THF IN MONOMER MIXTURE

Fig. 2. Copolymer composition curves for (X ) PO-THF, (A) 1,2-BO-THF, (O) re-PGE-
THF systems.
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While these reactivity ratios may be meaningful as a reflection of rela-
tionships between monomer feed ratio and copolymer composition one
must conclude that in view of the complications arising from facile and
repetitive chain transfer processes their significance, in terms of the original
Mayo-Lewis concept and derivation of the copolymerization equation, is
obscure.

The authors wish to thank Dr. R. G. Gillis and Dr. A. G. Moritz, of Defence Stan-
dards Laboratories, Melbourne, for determining the NMR spectra, and Mr. P. E. Rogaseh
of Weapons Research Establishment, for recording the infrared spectra.
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Cationic Copolymerization of Tetrahydrofuran
with Epoxides. 1l. Characterization and
Gel-Permeation Chromatography of By-Products
Formed during Polymerization

J. M. HAMMOND, J. F. HOOPER, and W. G. P. ROBERTSON,
Australian Defence Scientific Service, Department of Supply, Weapons
Research Establishment, Salisbury, South Australia

Synopsis

The cyclic oligomers formed as by-products in the polymerization of propylene oxide,
1,2-butylene oxide, and »-propyl glycidyl ether, and in the copolymerization of these
monomers with tetrahydrofuran have been studied by gel-permeation chromatography
and otherwise and their structures have been determined. Some of the physical proper-
ties of the cyclic oligomers are described.

INTRODUCTION

The homopolymerization of propylene oxide (PO), 1,2-butylene oxide
(1,2-BO), and n-propyl glycidyl ether (n-PGE), and the copolymerization
of these monomers with tetrahydrofuran (THF), were described in Part
1.1 Thin-layer chromatography, gel-permeation chromatography (GPC),
and molecular weight measurements of the products of these polymeriza-
tions have shown that the linear polymer formed is accompanied by low
molecular weight nonhydroxylic by-products. It seems likely that these
by-products are cyclic oligomers, with the cyclic tetramer predominating.

This paper describes the detection of these by-products in the products
of polymerization by gel-permeation chromatography and the preparation
and isolation of some of them. The nature of the cyclic oligomers formed
from mixed monomer feeds is also discussed.

EXPERIMENTAL

Isolation of Cyclic Oligomers
Purification of the reactants and identification of the products were car-
ried out as previously described. 1
Cyclic Tetramer of PO

Method a. The tetramer was prepared according to the procedure of
Down and co-workers2 by refluxing 100 g (1.72 mole) of PO with 2.55 g
281
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(0.018 mole) of BF3-0 (CH§2 The tetramer, 105 g (11% vyield), was
obtained as a clear, colorless liquid, bp 116-11S°C/4 mm (lit.2bp, 104.8-
105.5°C/5 mm). The molecular weight, determined by vapor-pressure
osmometry (VPO), was 242; n?? = 1.4440; rirex 2965, 2925, 2860, 1450,
1370, 1340 and (triplet) 1150-1075cm™1 The NMR spectrum showed the
following resonances: doublet r 9.03 (12) C—CH3; r 6.63 (12) O0—CH and
O—CH2protons.

The bulk of the product in this reaction was linear homopolymer of PO,
yield 31%. The infrared spectrum resembled that of the tetramer except
for vmex 3450 and (singlet) 1100 cm-1.

Method b. The tetramer was prepared at 0°C by using a modification
of the method of Down and coworkers. To 100 g of dry PO at 0°C was
added dropwise 2.55 g of BF3-0(02145)2. Additiontook 2 hr.  The mixture
was stirred at 0°C for a further 1 hr, and then unreacted monomer and
ether were removed under vacuum at 0°C. The BF3in the crude product
was neutralized by stirring it at 0°C with a solution of 3.41 g of sodium
hydroxide in 23 ml of water for 1 hr. The reaction mixture was brought
to room temperature and the product then separated, and washed twice
with 15 ml of water. The product was dried at room temperature in
a rotating evaporator under reduced pressure. The middle fraction boiling
at 63-72°C/0.12 mm was collected and redistilled to give 21.2 g (21%) of
pure cyclic tetramer of PO, bp 115-118°C/4 mm. M,,(VPO) was241.

The fraction boiling at 84-99°C/0.12 mm, which totalled 4.7 g, was re-
distilled and shown to be cyclic pentamer of PO, bp 80-S6°C/0.05 mm.

Anal. Calcd for (CH®)6: C, 62.04%; H, 10.41%,; MW, 290. Found: C, 62.01%;
H, 10.27%; Mn (VPO), 272.

The 20 g of residue obtained was presumably linear polymer of PO.

Cyclic Tetramer of 1,2-BO

The cyclic tetramer of 1,2-BO was similarly prepared (method b) from
124 g of 1,2-BO and 2.55 g of BF3-0(C2H52 The fraction boiling at 116-
126°C/0.6 mm was collected and redistilled to afford 16.5 g (13%) of cyclic
tetramer of 1,2-BO, bp 118-120°C/0.7 mm; = 1.4477; rmnax 2955,
2920, 2870, 1455, 1340, and (doublet) 1120-1080 cm-1. The NMR spec-
trum showed the following resonances: triplet r 9.11 (12) C—CH3; r 8.67
(8) C—CHZ2 . 6.62 (12) 0—CH and 0—CHz2protons.

Anal. Calcdfor (CH®)4: C, 66.64%; H, 11.19%; MW, 288. Found: C, 66.43%;
H, 11.14%; Mn (VPO), 305.

The 20 g of residue obtained was linear polymer of 1,2-BO, rmex 3450
and (singlet) 1100 cm-1.

Cyclic Dimer of n-PGE

This dimer was similarly prepared (method b) from 43 g of n-PGE and
0.66 g of BF3-0(CHH2 Fractionation of the dried reaction product af-
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forded 2 g (5%) of cyclic n-PGE dimer, as the only volatile product, at
a head temperature of SS°C/0.45 nun (bath 220°0), itu = 1.4330. Fur-
ther fractionation under high vacuum (10~4nun) failed to yield any other
product.

Anal. Calcdfor (CEHID 2)2:C, 61.95%; H, 10.41%.; MW, 232. Found: C, 61.22%;
H, 10.51%; Mn (VPO), 227.

Some 20 g of residue was obtained, which was linear polymer of n-PGE,
»1ex 3450 and 1250 cm* 1

Cyclic Cotelramers of PO and THF

Method a. A 1:1 mixture of 50 g of PO and 62 g of THF was treated
with 2.55 g of BF3-0(C2Hs)2 according to the method b described above.
In working up the product, 50 ml of ethylene dichloride was added to the
reaction mixture to ease the separation. The ethylene dichloride was sub-
sequently removed from the washed product by distillation under vacuum.
The crude product boiling at 81-90°C/0.05 mm was collected and redis-
tilled to give 6 g (5%) of cyclic cotetramer of PO and THF, bp 71-73°C/
0.04 mm; rff = 1.4510. The infrared spectrum resembled that of cyclic
tetramer of PO except for band at rmax 1200 and (singlet) 1100 cm-1. The
NMR determination of the mole ratio of PO to THF was 2.72:1.

Anal. Calcd for (CTBO”.CaRO: C, 63.4%; IL, 10.6%; MW, 246. Found: C,
63.46%; H, 10.48%; Mn (VPO), 264.

The bulk of the product in this reaction was highly viscous PO-THF
copolymer rmmx 3450 and 1200 cm* 1

Method b. A 1:4 mixture of 20 g of PO and 99 g of THF was treated
similarly with 2.55 g of BF3-0(C2H52 Distillation of the dried reaction
product gave only one product, namely, cyclic cotetramer of PO and THF,
at a head temperature of 84°C/0.03 mm (bath 220°C). The yield was 0.5
g (<1%); Mi = 14515 The infrared spectrum was almost identical
with that of the cotetramer, prepared above. NMR determination of the
mole ratio of PO to THF was 1.36:1.

The 100 g of residue obtained was again PO -THF copolymer.

Gel-Permeation Chromatography

The samples examined by GPC, were of four types.

Type 1 comprised copolymers produced during reactivity ratio deter-
minations,1in which the degree of conversion was less than 10%; type 2
were copolymers with THF,lin which the degree of conversion ranged up
to 95%. These samples were subjected to GPC examination several
months after their preparation.

Type 3included volatile fractions and residues obtained during the prepa-
ration of (a) cyclic tetramers of PO and of 1,2-BO, (b) cyclic dimer of
n-PGE, and (c) cyclic cotetramers of PO and THF. The preparation of
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these samples is described above. They were examined by GPC a few
weeks after their preparation.

Type 4 comprised products from the preparation of block copolymers by
polymerization of (a) PO in the presence of poly(oxyethylene glycol) and (b)
1,2-BO in the presence of poly(oxypropylene glycol). These materials
were prepared as described in Part 111 of this series.3 They were examined
by GPC a few days after their preparation.

The instrument used was a Water gel-permeation chromatograph, Model
200, operated at a flow rate of 1 ml/min with THF as solvent. Two sets
of columns were used: Set I, 104 103 250, 00 A, operated at room tem-
perature (about 20°C), plate count 870/ft; Set 11, 103 250, 102 60A, op-
erated at 40°C, plate count 890/ft.  Set Il had greater resolution in the
molecular size range of interest (see Figs. 3 and 4).

The detector fitted to the instrument is a differential refractometer, so
that the chromatogram produced on the recorder chart paper is a plot of
elution volume against a refractive index difference. This means that the
height of the chromatogram at any point is determined by the concentra-
tion of the sample and its refractive index.

The elution volume (in milliliters) equals elution volume in counts multi-
plied by 5.0.

DISCUSSION OF CYCLIC OLIGOMER PREPARATIONS

The cyclic tetramer of PO (1) was prepared in 11% vyield by the method
of Down and co-workers.2 The preparation repeated at 0°C to simulate the
normal conditions used in the present polymerization studies resulted in a
21% vyield of I; the overall conversion remained effectively constant the
major product formed in both cases being normal linear homopolymer.
In addition, a small amount of cyclic pentamer was isolated. Holden4

ch3ch2ch2o-<ch?
q_chr-chZ—q_
1 1 CH-CH,
c_l_h2 ghr
1 1 o D
GHR GH, 1 1
! 1 CH,-CH
och2chr-o 1
I, R=CH3 ch2och2ch,ch3
ii,r =ch2ch3 11

has reported the formation of as many as five cyclic oligomers in the poly-
merization of PO by BF3 the tetramer being formed in highest yield. This
information appears to have been completely overlooked by workers in
this field as no other reference to this work appears in subsequent published
literature. If any dimer or trimer was formed in the present preparation
it would have been lost in the polymer work-up and drying process.

The tetramer (1) showed unusual solubility characteristics; it was readily
soluble in cold water but insoluble in hot water. It was also insoluble in
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cold sodium hydroxide solution. The infrared spectrum resembled that of
the linear homopolymer of PO, except that in the former the band at 3450
cm-1 (0—H) was absent and there was a splitting of the band at 1100 cm-1
(C—0—C). Other examples of C—0—C splitting have been reported5-7
but the cause is unknown. Bellamy8 in his review on aliphatic ethers
suggested that steric hindrance might be a possible cause.

Cyclic tetramer of 1,2-BO (Il) was similarly prepared in 13% vyield.
It was insoluble in both hot and cold water. The tetramer showed a dou-
blet at 1080-1120 cm-1 in the infrared spectrum compared with a broad
singlet at 1100 cm-1 for the 1,2-BO homopolymer.

The attempted preparation of cyclic tetramer of n-PGE resulted in cyclic
dimer (I11) being formed, in 5% yield, as the only volatile product. The
bulk of the reaction product was normal homopolymer. It is possible, how-
ever, that cyclic tetramer was formed, but its boiling point was such that
it would not distil over under the conditions employed. The GPC studies
suggest, in fact, that cyclic tetramer is formed. In addition, the GPC re-
sults indicate that cyclic pentamers and cyclic hexamers are also formed,
but to a much lesser extent, in these and the other polymerizations studied.

THF in the presence of BF3+0 (C2H52failed to react.

The nature of the cyclic oligomers prepared from mixed monomer feeds
at 0°C was also examined. The two cases studied were those in which
the initial mole ratio of PO to THF was 1:1 and 1:4. The yield of cyclic
product varied from 5% in the former to less than 1% in the latter case,
while the overall conversion remained effectively constant. The bulk of
the product in these reactions was normal copolymer. These cyclic com-
pounds contained both PO and THF units and were mixtures of cyclic
cotetramers of PO and THF. NMR and molecular weight measurements
indicated that cotetramer contained at least two PO units. These mix-
tures were sparingly soluble in cold water but insoluble in hot water. The
infrared spectra were similar to that of the cyclic tetramer of PO except for
the band at 1200 cm-1 which was attributed to the presence of THF.

The cyclic oligomers are presumably all formed in the same way by attack
on the oxonium ion at the end of a growing chain of oxygen atoms further
back in the chain. The mode of formation of these cyclic oligomers and
the effect of mixed monomer feed on cyclic oligomer formation has been
discussed in Part | of this series.1

DISCUSSION OF GPC OF POLYMERS AND OLIGOMERS
Copolymers of 1,2-BO and THF

Nine reaction products remaining from the reactivity ratio determina-
tions with these two monomers in which the initial mole ratio of monomers
varied from 9:1 to 1:9 (1,2-BO/THF), were examined by GPC by using
column set I. A bimodal distribution was obtained in every case. Three
of the chromatograms obtained are shown in Figure 1
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The smaller, sharper peak is attributed to the presence of the cyclic
tetramer of 12-BO (a tetraethyl-1,4,7,10-tetraoxacvclododecane).
The broad peak is, of course, due to the linear copolymer. The chromato-
grams show that as the monomer feed ratio increases from 9:1 to 2:8 (i.e,,
as THF content increases) the smaller peak decreases in height and its peak
volume increases slightly. At the same time the larger peak changes its
shape and its leading edge moves in the direction of greater molecular size
(to the right).

30

Fig. 1. Chromatograms of 1,2-BO-TIIF copolymers at various initial mole ratio of
monomers: (A) 9:1, (B) 1:1, (C) 2:8; and various conversions (monomer to polymer):
(A) 9.2%, (B) 5.8%, (C) 5.4%. Column Set I.

The GPC analyses show that in every case the formation of cyclic oligo-
mer occurs and that the amount formed decreases steadily from about 25%
of total polymerization product at low THF content in the monomer feed
to about 5% at high THF content. The oligomer peak count drifts slowly
and steadily to higher elution volume (smaller molecular size) with increas-
ing THF content. This may indicate the formation of mixed cyclic co-
tetramers containing both 1,2-BO and THF monomer units. It is difficult
to say how the replacement of a 1,2-BO unit in the oligomer ring by a THF
unit would affect the volume of the tetramer molecule in solution. The
presence of one THF unit would expand the ring from 12 to 14 atoms but
an ethyl side-chain would be lost. The peak count, drift to higher elution
volumes may indicate that the volume in solution is decreased by incorpora-
tion of THF in the cotetramer.
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Since our primary concern was to verify the existance of cyclic oligomers
by GPC, no detailed interpretation (e.g., molecular weight calculation) of
the copolymer peak was attempted. Such interpretation would be com-
plicated by the fact that the oligomer peak and the linear polymer peak are
not fully resolved and also by the fact (see Experimental Section) that the
height of the chromatogram at any particular point is a function of both
polymer concentration and copolymer refractive index, which is a function
of the copolymer composition. In the present case, increase in the THF
content of the copolymer leads to an increase in refractive index so that the
shape of the broad copolymer peak changes with THF content of the co-
polymer (Fig. 1).

Copolymers of PO and THF

Seven of the nine copolymer samples prepared during reactivity ratio
determinationslwere examined by using column set I. The general fea-
tures of the chromatograms obtained were similar to those of the 1,2-BO-
THF copolymers just discussed. In this case, however, the peak ascribed
to cyclic tetramer varied only very slightly in position with THF content,
and this slight variation was in the opposite direction, towards greater
molecular size.

Figure 2 shows the chromatogram of a sample of PO-THF copolymer,
monomer-polymer conversion 25%, before and after removal of volatiles
under a moderately high vacuum. The peak at 30.9 counts is assigned to

Fig. 2. Chromatograms of PO—F¥HF copolymers: (A) sample before removal of cyclic
tetramer by distillation. (B) sample after removal of cyclic tetramer. Initial mole
ratio of monomers, 9:1; conversion (monomer to polymer), 25.2%; column set I.
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cyclic tetramer of PO (a tetramethyl-l,4,7,10-tetraoxacyclododecane).
It is apparent from Figure 2 that there is another component, with a peak
near 30.0 counts, and possibly a third, with a peak in the vicinity of 29.2
counts. The compounds responsible for these peaks are probably the
cyclic pentamer of PO (a pentamethyl 1,4,7,10,13-pentaoxacyclopenta-
decane), and the cyclic hexamer (hexamethyl-1,4,7,10,13,16-hexaoxacyclo-
octadecane).

Copolymers of n-PGE and THF

Six of the nine copolymer samples prepared during reactivity ratio deter-
minations,1in which monomer to polymer conversion was about 5%, were
examined, together with a homopolymer of n-PGE, conversion 15.8%.
The chromatograms obtained were all similar to one another in general
appearance, but, in contrast to the results involving 1,2-BO and PO, do
not have two separately defined peaks. A typical chromatogram is shown
in Figure 3 and shows a characteristic crinkled appearance on the left-hand
side of the peak indicating the presence of a possible four components in
addition to linear polymer. The same sample run at higher resolution,
shown in Figure 4, confirms this suspicion. The peak near count 30 in
Figure 4 is an artifact caused by solvent impurity. Figure 5 shows the
chromatogram of a sample of the homopolymer of n-PGE, where two peaks
are noticeable, one near 30 counts and another near 28 counts. The first

Fig. 3. Chromatogram of n-PGE-TIIF copolymer. Initial mole ratio of monomers
6:4; conversion (monomer to polymer), 5.0%; column set I.

Fig. 4. Chromatogram of n-PGE-THF copolymer. Same sample as in Figure 3; col-
umn set 1.
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Fig. 5. Chromatogram of homopolymer of n-PGE. Conversion (monomer to polymer),
15.8%; column set I.

of these can be removed by vacuum distillation and is the cyclic dimer of
ra-PGE (dipropoxymethvl-l,4-dioxane), while the second is thought to be
due to the cyclic tetramer (tetrapropoxymethyl-1,4,7,10-tetraoxacyclo-
dodecane). A peak at count 24.3 in Figure 4 is probably cyclic pentamer.

Cyclic Oligomers

It has been shown above that low molecular weight by-products are
formed during the cationic polymerizations considered, and indications
were that there was more than one such product. Chromatography of the
volatile fractions obtained during large-scale preparative runs designed to
make the cyclic tetramers of 1,2-BO and of PO and the cyclic dimer of n-
PGE was carried out and resulted in the resolution of the cyclic tetramer,
pentamer and hexamer of PO, the cyclic tetramer, pentamer, and hexamer
of 1,2-BO and the cyclic dimer, trimer, and tetramer of n-PGE.

Oligomers of PO

In Figure 6 are shown the chromatograms, from a preparation of cyclic
tetramer, of three volatile fractions and a residue obtained from this prepa-
ration.

Fractions 1 and 2 consist largely of cyclic tetramer with a small amount
of the pentamer appearing in fraction 2. Fraction 3 consists largely of the
cyclic pentamer, with a little tetramer remaining, together with a small
amount of higher molecular weight material which appears to consist of two
further compounds together with some linear polymer mechanically carried
over during distillation. This last component is represented by the broad
low peak on the right-hand side of the chromatogram of fraction 3. The
chromatogram of the residue shows a peak at about 26 counts which is at-
tributed to cyclic hexamer. The shape of this peak, however, suggests that
it may represent two components imperfectly resolved. The identity of
the main components in fractions 1and 2 as cyclic tetramers, and of that of
fraction 3 as cyclic pentamer, was independently established above.
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The identity of the material represented by the left-hand peak in the
chromatogram of the residue as cyclic hexamer was not directly established.
However, the cyclic oligomers of PO, up to the hexamer, were described in

Fig. 6. Chromatograms of cyclic oligomers of PO from reaction product of PO and
BF3-0(CH52 (A) volatile fraction 1 (cyclic tetramer of PO); (B) volatile fraction 2
(cyclic tetramer of PO); (C) volatile fraction 3 (main component, cyclic pentamer of

PO); (D) still-pot residue (contains linear polymer and cyclic hexamer of PO). Column
set Il
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1952 by Holden;4 these compounds, with the exception of the hexamer,
are not recorded in Chemical Abstracts.

Recently Blanchard and Baijal published9a paper on PO-THF copoly-
merization initiated by BF3e in which they described the detection
by GPC of a low molecular weight by-product which they provisionally con-
cluded to be dimethyldioxane, the cyclic dimer of PO. It is perhaps worth
pointing out that, aside from any other evidence, our product cannot be
dimethyldioxane, since this molecule would certainly have too high a peak
count, as may be seen by inspection of Table I. Consideration of the re-

TABLE 1|
Molecular Dimensions and Elution Volumes
Peak count . .
Dimension,
Compound Column set I  Column set 11 A

Toluene 35.3 32.6 7.8
Dioxane 34.75 5.8
Dimethyldioxane 33» 8.5
Trioxane 33.9 5.8
Cyclic tetramer of PO 31.3 28.45 11.8
Cyclic pentamer of PO 27.4 12,5
Cyclic hexamer of PO 26.6 13.7
Cyclic tetramer of 1,2-BO 30.7 27.35 13.8
Cyclic pentamer of 1,2-BO 26 35 14.2
Cyclic hexamer of 1,2-BO 250+ 04 15.8
Dimer of re-PGE 27.9
Trimer of re-PGE 26.3
Tetramer of n-PGE 25.0
Pentamer of re-PGE 24.2

»Estimated value.

suits of Blanchard and Baijal in their Table | suggests that the molecule
observed by them is in fact larger than dimethyldioxane; it is very likely
largely cyclic tetramer.

Oligomers of 1,2-BO

Chromatograms of materials from 1,2-BO cyclic tetramer preparation
clearly show peaks attributable to cyclic tetramer and cyclic pentamer.
Chromatograms of fractions 4 and the still-pot residue appear in Figure 7.
The tetramer was isolated and independently characterized. The penta-
mer peak was assigned from the observation that the distance between it
and the tetramer peak was comparable with the distance between the peaks
for the tetramer and pentamer of PO (see Table I). The cyclic hexamer is
barely resolved in the chromatograms, but the shape of the curve in the
vicinity of count 25 is considered to give a probable indication of its pres-
ence. On the basis of the figures in Table I, cyclic tetramer of 1,2-BO
would be expected to peak between 25.0 and 25.5.
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Oligomers of n-PGE

Four components are discernible in material from the reaction of n-PGE
with BF3-0(CH52 Very small amount of volatile matter was obtained.
Chromatograms of fraction 2 and still-pot residue appear in Figure 8.
The peak at count 30 is a solvent impurity peak. The sharp peak in the

Fig. 7. Chromatograms of cyclic oligomers of 1,2-BO from reaction product of 1,2-BO
and BFj-OfC-ifEh: (A) volatile fraction 4 (cyclic tetramer and cyclic pentamer of 1,2-
BO); (13) still-pot residue (maiidy linear polymer and cyclic pentamer of 1,2-BO).
Column set I1.

Fig. 8. Chromatograms of cyclic oligomers of n-PGE from reaction product of n-
PGE and BF3-0(C2H6)2: (A) volatile fraction 2 (cyclic dimer and trirner of n-PGE);

(B) still-pot residue (consisting of linear polymer and cyclic tetramer of n-PGE). Col-
umn set 1.
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chromatogram of fraction 2 arises from the presence of cyclic dimer, which
was isolated and independently characterized. The smaller peak is attrib-
uted to cyclic trimer of n-PGE. The chromatogram of the residue shows
a well defined peak at 25.0 counts; this is assigned to cyclic tetramer of
n-PGE. The shoulder at count 24.2 may represent cyclic pentamer (cf.
Fig. 4). The tetramer peak at 25 counts probably corresponds to the peak
at 28 counts in the chromatogram of the homopolymer of n-PGE (Fig. 5).
In this case, it can be seen from Figure 5 that the cyclic tetramer is produced
in larger amounts than the dimer and trimer. This is in agreement with
experience for PO and 1,2-BO.

Cyclic Co-olicjomers of PO and TIIF

As was shown above, cyclic oligomers containing both PO and THF units
are formed. Figure 9 shows the chromatogram of a total product of the
copolymerization of PO and THF, where the linear polymer is of sufficiently
high molecular weight to be well separated from the cyclic oligomers, which
stand out as three small peaks corresponding to tetramer, pentamer, and
hexamer.

The cyclic cotetramers which were isolated during the preparative part
of this work are apparently mixtures of cyclic entities containing 0, 1, and
2 THF units, and these were not resolved during detailed GPC study of the
isolated mixtures. The molecular volume of the possible compounds pres-
ent is very close, for, while replacement in the ring of a PO unit by a THF
unit expands the ring, at the same time a methyl side chain is lost.

In summary, these GPC studies have detected and isolated cyclic oligo-
mers of epoxides from their polymerization products. In particular, cyclic
tetramers, pentamers, and hexamers of both PO and 1,2-BO, and also cyclic

20

Fig. 9. Chromatogram of PO THF copolymer containing cyclic by-products. Column
set Il
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dimer, trimer, tetramer, and pentamer of n-PGE, have been detected and
isolated. The cyclic tetramer and pentamer of PO and the cyclic tetramer
of 1,2-BO have been isolated and characterized.

Cyclic cotetramers containing both PO and THF monomer units have
also been isolated. These materials are probably mixtures of molecules
containing up to two tetrahydrofuran units. The existence of similar co-
oligomers containing 1,2-BO or n-PGE and THF monomer units is prob-
able.
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Cationic Copolymerization of Tetrahydrofuran with
Epoxides. Ill. Synthesis of Block Copolymers

J. M. HAMMOND, J. F. HOOPER, and W. G. P. ROBERTSON,
Australian Defence Scientific Service, Department of Supply, Wcapons
Research Establishment, Salisbury, South Australia

Synopsis

Polymerization of various cyclic ethers by BF3-0(C2H52in the presence of polymeric
glycol leads to the formation of hydroxyl terminated block copolymers. Where poly-
(oxyethylene glycol) is used as the polymeric glycol, fission of the poly(oxyethylene
glycol) chain occurs, and block copolymers containing shorter ethylene oxide unit se-
quences are obtained. With poly(oxypropylene glycol), on the other hand, the polymer
chain remains intact. This may be due to the steric influence of the pendant methyl
groups. The cyclic oligomers formed as by-products in the polymerizations are easily
removed.

INTRODUCTION

According to the mechanism proposed in Part | of this series,1 BF3-0-
(CoHijR-mitiated growing polyether chains undergo facile transfer with 1,4-
butanediol (1,4-BD) to give hydroxyl-terminated polymers. It seemed
that a novel method of preparing block copolymers might be to carry out
these polymerizations in the presence of polymeric glycols.

This paper describes such attempts by use of poly(oxyethylene glycol)
(PEG) and poly(oxypropylene glycol) (PPG) as polymeric glycol with
propylene oxide (PO), 1,2-butylene oxide (1,2-BO), and tetrahydrofuran
(THF) as monomers.

EXPERIMENTAL

Reagents

PEG 636 and PPG 1011, both commercial grade reagents, were dried in a
rotating evaporator prior to use. The numbers 636, 1011 refer to the
molecular weights as determined by endgroup analysis. Other reagents
were purified as described previously.1

Polymer Syntheses

The polymerizations were carried out according to the polymerization
procedure described previously.1 In the present polymerizations, however,
polymeric glycols were used in place of the 1,4-BD.

295
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The product was worked tip as described previously;1 the process in-
volved extraction with water.  In addition to isolating the product from the
organic layer, a check was made on the aqueous layer for the presence of any
unreacted polyol or other products. Water and unreacted monomers were
removed under vacuum in a rotating evaporator at room temperature.

The products were analyzed by NMR and GPC. Molecular weights
were determined by endgroup analysis [ilfn(OH)] and vapor pressure os-
mometry [7If,,(VPO) ]

RESULTS AND DISCUSSION

Results of the polymerizations are outlined in Table I.  In the polymer-
ization of PO and copolymerization of PO with THF, block copolymers were
isolated from both the organic and aqueous phases. Separation of the
block copolymer products into oil-soluble and water-soluble portions re-
flects varying solubility characteristics depending on poly PO/poly(ethyl-
ene oxide) (poly EO) and poly (PO + THF)/poly EO ratios. The block
copolymers isolated from the organic phase were shown to be contaminated
with cyclic tetramers and cyclic pentamers by GPC. These cyclic oli-
gomers were easily removed by distillation under vacuum onto a cold finger.
GPC of the polymer products in each case failed to detect the presence of
any unreacted PEG 636.

According to the previously proposed mechanismltransfer of the PEG
636 to the growing polymer chain would proceed as shown in egs. (1) and

(2):

[BF:OROH]"
HO— OC]_R + HO-—OH —» HO— 0-——-OH + HBFDROH (1)
(PEG 636)
[BFsOROHU
HBFsOROH + 0C]_R,  HOCI R, @)

Once formed, the polyether glycol could undergo further transfer [eq. (3)],
[BF;, OROH]_

HO— 0C]_R, + HO— 0— OH - - HO— 0— 0— OH + HBF30ROH

©)

followed by reaction (2). Theoretically, each block copolymer chain would
then contain one PEG 636 fragment.

In the case of PO polymerization, block copolymers were obtained having
molecular weights of 672 and 664. If each polymer chain contained one
PEG 636 molecule, as the theory suggests, there would be room for possibly
only one PO unit giving a mole ratio for EO/PO of 14:1. In fact, the
EO/PO ratios (Table I) were considerably lower, indicating that the PEG
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636 chain has been split. In the case of PO-THF polymerization the
differences between the theoretical and observed ratios were not so great.

Fission of the PEG chain can occur as a result of attack on the oxonium
ion at flie end of a growing chain by ether oxygen atoms of a PEG chain in a
neighboring molecule, according to the reactions (4).

OH o OH
HO- + mof' HO— O f
t>Uu ‘OH "OH

Such an attack would result in a redistribution of monomer sequences.
However, the number of polymer molecules formed would remain un-
altered.

The formation of cyclic oligomers in the polymerizations takes place
according to the mechanism proposed for cyclic oligomer formation in Part |
of this series.1

The 1,2-BO polymerization, on the other hand, is rather different.
The product isolated from the organic phase was a mixture of block co-
polymer and cyclic oligomers (Table I). GPC of the products failed to
detect the presence of any unreacted PPG 1011. The mole ratio of PO to
1,2-BO in the block copolymer was 3.18:1, which is comparable with a
theoretical value of 5.15:1 for a copolymer of molecular weight 1250. This
result infers that the PPG 1011 chain in the copolymer is intact. Probably
the PPG 1011 chain does not undergo fission because its pendent methyl
groups hinder interaction between ether oxygen atoms in the PPG chain and
neighboring oxonium ions.
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Orientation of Polymer Molecules during Melt
Spinning. I. Estimation of Degree of
Orientation By Retraction above T

JUNJI FURUKAWA, Faculty of Engineering, Kyoto University Yoshida,
Kyoto, Japan, and TOSHIO KITAO, SHINZO YAMASHITA, and
SEIGO OHYA, Kyoto University of Industrial Arts and Textile Fibers,
Matsugasaki, Kyoto, Japan

Synopsis

The elastic deformation ratio by spin-stretching was estimated by means of thermal
retraction technique, data for a melt-spun filament from a crystalline polymer were
compared with those from an amoiphous one. The necessary conditions for equilibrium
retraction were determined as 7 min at 170°C for amorphous polystyrene and 30 min at
180°C for high-density polyethylene. The effects of molecular weight and melt draw
ratio on the retraction behavior were discussed and concluded to be negligible. The
apparent activation energies of viscous flow weére calculated from the temperature de-
pendence of the retraction curves. The activation energy for polystyrene decreases with
increasing temperature of retraction, as predicted by the WLF equation, and that of
polyethylene obeys Arrhenius law (about 12 kcal/mole). This may be attributed to the
difference in glass transition temperatures of the two polymers. By measuring the effec-
tive melt draw ratio of the resultant filaments of different melt draw ratio, it was made
clear that the elastic deformation increases with increasing apparent melt draw ratio.
Finally, the optical anisotropy of the filaments was related to the deformation ratio.
It was concluded that Kuhn and Grun’s equation may be applicable for polystyrene but
not for polyethylene.

INTRODUCTION

When polymeric substances, which are a kind of viscoelastic body, are
subjected to such deformations as stretching, shearing, and compression,
configurational changes take place in the polymer molecules of which they
are composed, accompanied by a considerable amount of intermolecular
slippage. Elastic deformation, caused by the configurational change of the
polymer, results in an increase of anisotropy of optical and tensile properties
of the substance. To the contrary, viscous flow does not affect the proper-
ties and merely decreases the cross-sectional area of the specimen. There-
fore, it seems to be of interest to separate the elastic contribution from total
deformation, from both a theoretical and practical point of view.

There are many methods for determining quantitatively the anisotropy
of polymeric substances, e.g., infrared dichroism for whole polymer, x-ray
diffraction for the crystalline phase, fluorescence for the amorphous phase.
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Measurement of birefringence is one of the most useful technique for esti-
mation of degree of orientation. Kuhn and Griinlhave theoretically de-
rived an equation concerned with the relation between deformation ratio
and the birefringence for ideal rubbers. In spite of this development in the
science and engineering for linear polymers, no theoretical approach to the
relation has been established, because of the complicated behavior of crys-
talline deformation and the optical and stress relaxation during deforma-
tion.

Cleermann, Karn, and Williams2and Andrews3have tried to divide the
apparent draw ratio into the elastic deformation ratio and the viscous flow
ratio components by heat treatment of polystyrene monofilaments above
its glass transition temperature and obtained some interesting results.

In this paper, the procedure is applied to one amorphous polystyrene and
three high-density polyethylene filaments which have been oriented by
melt drawing. The objectives of this paper are to confirm the availability
of the retraction technique for crystalline polymers and to elucidate the
relation between the apparent draw ratio and the elastic deformation ratio.

EXPERIMENTAL

Materials and Preparation of Specimens

The polymers used in this study and the spinning conditions of their
preparation are summarized in Table I.

TABLE |
Summary of Polymer Properties and Spinning Temperature
Molecular Density, Spinning
Polymer weight glcc temp, °C
Polystyrene 185,000 - 240
Polyethylene 1 40,000 0.960 170
Polyethylene 2 70,000 0.955 170
Polyethylene 3 120,000 0.955 170

Filaments were spun with a research spinning machine which was made
up of a 20 mm extruder, a pair of take-up devices, and a wander. Melt
drawing was carried out by taking up the resultant filament at a rate faster
than the velocity of extrusion of the molten polymer stream through the
spinneret of the spinning machine. The polymer stream was cooled and
solidified in the atmosphere.

Heat Treatment (Thermal Retraction) of Melt-Drawn Filaments

Filaments, put in a small cage made of 100-mesh stainless steel net, were
immersed into a bath which was filledwith PEG 400 [a poly (ethylene glycol)
whose molecular weight is about 400] or silicone oil, for polystyrene or poly-
ethylene, respectively, at various temperatures for some specified periods.
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After treatment, the filaments were removed from the bath and cooled to
room temperature. The retraction ratio was determined from the lengths
of the specimens before and after heat treatment.  The processing variables
for polystyrene were temperatures of 100, 105, 110, 115, 120, 125, 130,
140, 150, 160, and 170°C for times of 1.5, 2.0, 3.0, 4.0, 6.0, 7.0, 10, 15, 20,
30, 40, or 60 min. For high-density polyethylene, the variables were 135,
150, 160, 170, 180, 190, and 195°C; 3.0, 4.25, 6.0, 6.5, 9.0, 13, 15, 20, and
30 min. At 95°C, polystyrene filaments did not show any detectable
retraction. At highest temperature, i.e., 170°C, the shape of the specimen
was retained. This implies that the effects of swelling by PEG and inter-
facial tension between the filament and PEG can be regarded as negligible.
Certainly, the weight of a specimen was not changed by the treatment.

The same procedure was carried out to study the interaction of silicone
with polyethylene.

Results and Discussion

Retraction of Polystyrene Monofilaments

The retraction curves for polystyrene filaments whose melt draw ratio is
180 are shown in Figure 1; they show a marked temperature dependence
as expected. The ordinate of this graph is the logarithm of the length of
the specimen treated for a time t relative to the initial length; the abscissa is
the treatment time. Fox and Flory4found that the glass transition tem-
perature of polystyrene is a function of its degree of polymerization: Ta =
100 —1.8 X 10-5M-1, where M is the molecular weight of the polymer and
Tgisin degrees centigrade. From this relation and the result in Figure 1, it
seems that Tgof the polymer examined is a few degrees lower than 100°C.

Fig. 1. Temperature dependence of retraction curves for polystyrene monofilament.
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On selecting an appropriate shift factor aTadoption of the time-tempera-
ture superposition principle leads to Figure 2. In this case, data were re-
duced to170°C.

Figure 3 shows the relation between aT and the bath temperature T.
Since the apparent activation energy of viscoelastic relaxation AH is given
by AH = 2.303 Rd log aT/d (\/T), it can be calculated from the tangent of

10
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Fig. 2. Master curve for polystyrene reduced to 170°C.

Fig. 3. Relation between logarithm of shift factor and retraction temperature.

the plot of log aT versus reciprocal temperature. Results are shown in
Figure 4. As expected, the plots do not lie on a straight line within the
temperature range covered. For comparison, the data from stress relaxa-
tion for an unfractionated polystyrene, measured by Fujita and Ninomiya,5
were superimposed on the figure. As was pointed out by Andrews,3 the
activation energies obtained by the retraction technique are rather larger
than those from others. Since further discussion must be based on the
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Fig. 4. Change in activation energy with temperature. Also shown are data from stress
relaxation measured by Fujita and Ninomiya.

characteristic properties of the polymer, for instance molecular weight, Tg
etc., we shall not discuss the activation energies further.
It may be concluded that equilibrium retraction requires 7 min at 170°C.

Retraction of High-Density Polyethylene

The same procedure as mentioned in the preceding section was used for
crystalline polymer. Though Ts of polyethylene is at —110°C, the exis-
tence of crystallites conserves the shape of the filament from retraction up to
its melting point Tn»about 130°C.  (However, cold-drawn filament shrinks
below Tm) The effects of melt draw ratio and molecular weight were
examined concurrently.

Polyethylene of MW = 40,000. Curves of retraction with time are
shown in Figure 5. The curves at 180 and 190°C overlap that at 170°C.
This may suggest that the critical molecular weight of polyethylene is larger
than 20,000 above 180°C. A master curve, as is shown in Figure 6, is ob-
tained by sliding the data along the horizontal axis without the data at 180
and 190°C. A plot of log aT versus reciprocal temperature gives the ap-
parent activation energy of flow. Contrary to the case of polystyrene, as is
shown in Figure 7, it obeys the Arrhenius law, and AH is calculated as 11.9
kcal/mole.

As was pointed out by Ferry and co-workers6 and Bueche,7 the WLF
equation is applicable below TO+ 120°C and the relation between aT and
reciprocal temperature agrees with Arrhenius’ formula above it.  Since the
rate of retraction of polyethylene filament is much faster than that of
polystyrene even at the lowest temperature of treatment (135°C) the
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Fig. 5. Retraction curves for high-density polyethylene monofilament. (Molecular
weight is 40,000; melt draw ratio is 500.)

Fig. 0. Master curve for polyethylene (MW = 40,000) reduced to 170°C.

master curve can cover only a narrow region of time. It is, however, suf-
ficient to estimate the time required for the equilibrium retraction and the
elastic deformation ratio in the course of melt spinning. From these re-
sults, it is evident that 30 min or longer is required to separate the elastic
contribution from that of the apparent melt draw ratio.

Polyethylene of MW = 120,000. Data on the retraction of this filament
are shown in Figures 8-10. In these figures there are no irregular plots as
found in Figure 5. The tangent to the curve in Figure 10 gives the ap-
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Fig. 7. Plot of logarithm of shift factor ar against reciprocal temperature. (MW =
40,000; AH = 11.9 kcal/mole.)
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Fig. 8. Retraction curves for polyethylene monofilament. (Molecular weight is 120,000;
melt draw ratio is 500.)

2 3 5 7 10 20 A0
Time (min)
Fig. 9. Master curve for polyethylene (MW = 120,000) reduced to 170°C.
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195 180 170 ISO 150 °C

Fig. 10. Arrhenius plot of shift factor. MW = 120,000; AH = 11.5 kcal/mole.

Fig. 11. Effect of melt draw ratio on retraction behavior of polyethylene (MW = 70,000)
at various melt draw ratios: (O) 80; (*) 500.

Fig. 12. Master curves of polyethylene monofilaments (MW = 70,000) reduced to
170°C: (O) melt draw ratios, 80; () melt draw ratio, 500.
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Fig. 13. Arrhenius plot of shift factor for polyethylene (MW = 70,000) at melt draw
ratios of 80 (top) and 500 (bottom). AH = 11.5 kcal/mole.

parent activation energy as 11.5 kcal/mole. The equilibrium retraction
requires at least 30 min at 170°C.

Effect of Melt Draw Ratio. 1t may be expected that the elastic deforma-
tion ratio of polymer molecules increases monotonically with increasing
melt draw ratio of the resultant filament. Two polyethylene filaments of
molecular weight 70,000 and of different melt draw ratios, were subjected
to retraction  In spite of the expection, no difference was observed (Figs.
11-13) in the retraction behavior. This may be due to the narrowness of
the treatment time range. If we could study the very short-time region
with sufficient precision, the effect of melt draw ratio on the activation
energy could be made clear.

Separation of Elastic Deforma ion Ratio from Total Melt Draw Ratio

The conditions for the equilibrium retraction as obtained from the above
results are summarized in Table II.

Filaments of different melt draw ratio were subjected to retraction under
these processing variables and their effective stretch ratios estimated.
Results are shown in Figure 14. The ordinate of this figure is the logarithm
of the elastic deformation ratio, abscissa being the logarithm of the ap-
parent melt draw ratio; hence the difference between the dotted straight
line and the curve obtained from experiments gives the logarithm of the

TABLE 11
Temperature and Time for Reaching Equilibrium Retraction
Polymer Temperature, °C Time, min
Polystyrene 170 7
160 30

Polyethylene 180 30
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Fig. 14. Relation between melt draw ratio a and elastic deformation ratio ae: (0)
polystyrene; (O) polyethylenes, MW = 40,000; (O) polyethylene, MW = 70,000;
(A) polyethylene, MW = 120,000.

viscous flow ratio. The apparent melt draw ratio is generally calculated as
the ratio of the velocity of extrusion through the spinneret to that of wind-
ing. In this paper, in order to evaluate the orientation in the spinning
machine, the cross-sectional area of the resultant filament was compared
with that of a filament that was freely exlruded, swollen, and allowed to
retract.

The elastic deformation ratio increases with increasing apparent melt
draw ratio. And also, it is evident (hat the viscous flow and/or elastic
deformation are functions of molecular weight of polymer.

Change in Birefringence with Melt Draw Ratio

The birefringence A? of as-spun filaments was measured at room tem-
perature by using a polarizing microscope equipped with a Bereck compen-
sator. Results are shown in Figures 15 and 16 for polystyrene and poly-
ethylene, respectively. The abscissa of Figure 15 is (ae2 — a” ) for
comparison with the theoretical equation of Kuhn and Griin, An = k(ae2—
ae~l). The birefringence of polystyrene, having a negative sign, increases
monotonically with increasing elastic deformation ratio and seems to satisfy
qualitatively the requirements of the theory.

On the other hand, the birefringence of polyethylene was measured for
two as-spun filaments having different molecular weights, 40,000 and
120,000. Figure 16 shows that the birefringence of these filaments depends
markedly upon molecular weight. Though this may be explained in terms
of the density of the free end chain, more precise information is required for
further discussion. It is also clear that the relation for polyethylene does
not obey the theory. This may be caused by the fact that when poly-
ethylene crystallizes from its melt the crystallizing behavior is governed not
only by the extent of molecular stretching but also by cooling conditions.
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Fig. 15. Change in birefringence nf polystyrene filament with elastic deformation ratio
estimated by applying retraction technique.

Fig. 16. Change in birefringence of polyethylene filament with elastic deformation ratio:
(©) MW = 40,000; (¢) MW = 120,000.

For instance, Keller6has pointed out that melt-spun polyethylene filaments
have an unusual orientation of crystallites, (“raw orientation”). Also,
Judge and Stein7 have investigated the crystallization of a slightly cross-
linked polyethylene and concluded that the o-axis orientation of folded
crystals was predominant in specimens stretched 200% or less, whereas
single pass type crystals were aligned along the stretching direction in
specimens stretched 200% or more.

Though it is of interest to clarify the morphology of crystalline region, the
change in birefringence of perfectly amorphous polyethylene must be as-
certained in order to determine a quantitative expression for the relation in
Figure 16. It is, however, difficult to estimate this, because of its rapid
relaxation.
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Retraction of Other Filaments

The retraction technique was applied to some filaments of nylon 6 and
polyethylene terephthalate). Unfortunately, it was very difficult to
estimate the equilibrium retraction because of the following reasons: (1)
we could not find any suitable retraction medium, having a specific gravity
similar to that of these polymers, as polyethylene glycol) for polystyrene
and silicone for polyethylene, at elevated temperature; (2) the melt vis-
cosity was so small that the shape of specimen was not retained during heat
treatment; (3) restriction to the applicable temperature range makes the
exact estimation difficult.

CONCLUSIONS

The apparent melt draw ratio may be divided by use of the retraction
technique into two elemental deformation ratios, i.e., an elastic deformation
ratio and a viscous flow ratio.

The rate of retraction is dependent mainly upon the treating tempera-
ture. The application of the time-temperature superposition principle to
the retraction data gives a reasonable shift factor and the activation energy
of flow for both amorphous and crystalline polymers.

On comparing birefringence data with retraction data for some as-spun
fibers, it is clear that the degree of orientation of an amorphous polystyrene
can be estimated only from its optical anisotropy, whereas the birefringence
of polyethylene filament does not reflect the accurate deformation ratio of
the molecules because of the complex behavior of crystallization. Hence,
the extent of molecular stretching in an as-spun fiber must be determined
not by an optical method but by a method such as the retraction technique.

It must be noticed that the elastic deformation ratio increases with in-
creasing apparent melt draw ratio and that the polymer molecules in a
highly stretched filament are extended along the fiber axis beyond expection.
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Transient Analysis of a Viscoelastic Torsion
Pendulum: Error Analysis

R. D. GLAUZ, Department of Mathematics
University of California, Davis, California 95616

Synopsis

The error analysis for (he transient torsion pendulum test is developed based on a
linearized approximation. Tables are given for the efficient utilization of the equations
in evaluating the accuracy range of the test data.

Introduction

The analysis of the transient torsion pendulum has been developed
in a previous paper.1 This continuation of that work consists of an error-
analysis for use in evaluating the accuracy range of test data. The physi-
cal measurements inherent in the testing process introduce small experi-
mental errors which have varying effects on the final computed physical
parameters of the material. It is assumed that under precise laboratory
conditions the errors will be sufficiently small that a linearized error anal-
ysis is applicable. By using the resulting analysis either a range of error,
or standard deviation of error can then be obtained.

Analysis

The method of differentials2will be used in the linearized analysis of small
errors. From the previous paperlthe following equations are obtained:

a cos fsin =0 1)

«= (plj/h) 1+ @zipiz.r |WA] ©
Gi= @2- Al,«In2 @3)

Gi = 2aiXllia/xp"K )

The symbols and units are summarized in Table I.
Taking the logarithmic derivative of egs. (1)—4) yields

df ( sin cos'p
p + sin  cos i
311

© 1971 by John Wiley & Sons, Inc.



312 R. D. GLAUZ

TABLE |
Nomenclature
Symbol Definition Units
a b Half dimensions of rectangular cross section in.
Gi, G2 Complex shear modulus components Ib/in.2
u Mass moment of inertia of pendulum bob in.-Ib-sec2
g Polar moment of inertia of cross section in.4
i Length of pendulum in.
r Radius of circular cross section in.
a Intermediate variable (inertia ratio)
K Torsional constant in.4
X Damping factor I./sec
o Density Ib-sec?in.4
D Torsion function in.2
Eigenvalue —
© Frequency of vibration rad/sec
da dp 1 dip (- fiyai_ dh
a p @a+filp @a+r} | li
2fi  dip h dh
@+h) P @+ fih
dGi 202 do 2X2 d\ dl dIL da 2dip du
cT @—X) o (@—X) X | li a ip X
d® do H d dll 2#
ft © T+77 a T %
with
S, = ¢ P2
ko =f @A
Combining equations to eliminate differentials of a, ipyields
dGj 2002 doo 2X2  dX dx @+ /1) d
~Gi = @@- X7 ~ @@- X 7T ~ 17 + (1 + Jfi)
@~ /1) dix (i + /U2 dp fi dip fifj dlv
1+ /42) di 1+ /d2) P 1+ /12 dp @Q + fifi) Iv
dGi do dX
— = % - + terms as m eq. (10) (I
Gi ® X
With
~ip—sin pcos ip
fi 2+ sinipcosip a2+ iR+ a
(1

N 19 571
945 2835 42525

D

2)
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Circular Cross Section

For a circular cross-section of radius r

pipl
X = Ip = ir722 (13)
P=0
Simplification of egs. (10) and (11) yields
dG\ 202 o) 2X2 d\ dr
Gj m@—X) o @ —X) X r

0+ fi)f + (i-fiyy +fid (19

dGi_d\N+ d\ 4(1 /’)drh(1+/‘d|

ki) © -y I)I_

+d-u"!'+ JAf m
11 ]

Rectangular Cross Section
For the rectangular cross section of dimensions 2a, 2b (b < a) the basic

equations are:

IP = S
AP (16)
1ei = AAVQ[L + (bra)zy
_ 7
i = 16 /by /6\4/_4\5 i tanh (2n + Diro
3 \a a] \ir/ ji=0(2n + 1)5 2b
Ilv = f @A = a«/,,
14 16 "6y 1024 fb\ ¢ 1
1o vo 0 \a «7 n=0(2n + 1)6
@n + D7ro N (2n £ D7ra
tanh IS
X tanh 2b \a/ 7r@@n + 1) an ~2> (1)
Hence
dip/lp = 4(dala) + [(rf6/fe) - (rfa/a)] (19)
= 1+ 3(b/a)2
N 20
6L | + (b/a)2 (0)
(21)

dx/x = 4(dala) + r2[(do/b) — (dala)]
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o e . 1@+ Vira
xm = T W R B+ D)5 2
6V/4Y " 1 @+ Dxa
«<AW 26 e
cUpli* = 6(da/a) + g3[(f6/6) - (da/a)] 23)
as 1/4 36
Eids —3\4 Eoirn + 1)7\a
n@n+ hira 1 /85
Xtanh=—z=—=h o ¢ hewa
- <* ro
X [5 tanh 2% 3 sech2 <*» -56 1)

I)xa (2n + I)xa
h-

@ + 1)5 5V tanh 2V 2% sec %
Combining equations yields the final differential forms for the rectangular

cross section:

(24)

dGi _ 20or fa _  2\2 dX @ +/i) dI (1-/Q dz
E - “ W2- x) o (o2- x) x+ (i+fjoyi+ (I+/4D77
(i + 112 | 14~ g)i+ G—4+ 2+ g2—03)/i/a] da
(1+/10 P @-/..b) a
, gl ~ @+ (fs - gAfilg] d6
@+ /) -~ 6
d(2 do . dX
i |--—x—-+ terms as m eq. (25) (26)
To aid in the computation of egs. (25) and (26), g2 g3 | w ZH are tabulated
for various b/a ratios in Tables Il and Ill. If upper bounds are needed,

the function g3is bounded by —4.0 < g3~ 3.0.

TABLE Il
b/a a 8 I Ip.
1.00 2.000000 3.000000 0.008602 2.666667
0.99 2.009351 2.005367 0.008388 2.613732
0.98 2.018795 1.031369 0.008260 2.561589
0.97 2.028331 1.072067 0.008213 2.510231
0.96 2.037960 -0.741959 0.008240 2.459648
0.95 2.047681 -1.497078 0.008338 2.409833
0.94 2.057493 -2.146235 0.008501 2.360779
0.93 2.067396 -2.684602 0.008725 2.312476
0.92 2.077389 -3.113527 0.009004 2.264917
0.91 2.087472 -3.439134 0.009333 2.218095

0.90 2.097644 -3.670761 0.009707 2.172000
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TABLE 11

b/a n J@

1.0 2.000000 3.000000 0.008602 2.666667
0.9 2.097644 —8.670701 0.009707 2.172000
0.8 2.203989 -3.118332 0.014958 1.749333
0.7 2.317496 -1.402180 0.020140 1.390667
0.6 2.435304 -0.032956 0.022317 1.088000
0.5 2.553060 0.978712 0.020323 0.833333
0.4 2.665316 1.731283 0.014912 0.618667
0.3 2.766995 2.286468 0.008299 0.436000
0.2 2.855771 2.675480 0.003003 0.277333
0.1 2.932736 2.914004 0.000425 0.134667

Equations (10), (11) or (14), (15) or (25), (26) give the relative error
of Git (hi in terms of relative errors in the measured quantities Aw, I, h, p,
etc. If the standard deviations of the relative errors of the measured
quantities <r(clVA), o(d«u>), .. are measured, then the standard devia-
tion of the relative errors of Gi, G2are readily obtained under the assumption
of linearity. For example, for the circular cross section, eq. (14) becomes

4oj't aM 21dA\ ]
(OF - A)2 @- @2 Val 160 /i)2
X + @ +/i)V + (- li)V2 (27)

Similar equations can be obtained for the other cases, on noting that for the
linear case

adz/z) = Q2adx/x) + Q2adyly) (28)
if
d_z = d_)_(___b le (29)
y
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Thermal Reactions of
N,N* Bis(/>nitrophenyl)sulfamide and
jp-Benzoquinone Dioxime—Acid Mixtures

S. R. RICCITIELLO, G. M. FOHLEN, and J. A. PARKER, National
Aeronautics and Space Administration, Ames Research Center,
Moffett Field, California 94035

Synopsis

v .« - Bis(jo-nitrophenyl)sulfamide and p-benzoquinone dioxime-acid mixtures were
found to undergo an abrupt reaction when heated to give a black polymeric material.
These polymeric materials exhibited thermal stability (TGA in Nj) up to 500°C and
were insoluble in all solvents including hot concentrated sulfuric acid. From analytical
data, structural formulae have been assigned to the polymeric materials that are logically
derivable from the starting materials.

INTRODUCTION

It is known that nitroaniline compounds when heated in the presence of
concentrated sulfuric acid undergo an abrupt reaction to give voluminous
amounts of a black material and gases.1-3

The amount of acid required to promote the reaction varies over a wide
range of percentages.45 The temperature of reaction and yield of black
material for this reaction, as measured by TGA at 3°C/min under nitrogen,
seemed to be independent of the amount of acid used.6

We wish to report that p-benzoquinone dioxime, when heated in the
presence of concentrated sulfuric or phosphoric acid, and N,N' bis-
(p-nitrophenyl)sulfamide, when heated without acid, react in a similar way
to give low-density black material and gases.

DISCUSSION

The dehydration and self-condensation of benzoquinone dioxime (1)
by acid can lead to a ladder polymer (I11). The N,N" bis(p-nitrophenyl)-
sulfamide (I11) on thermal dissociation with condensation can also lead to
a similar type ladder polymer (I1).

The benzoquinone dioxime-acid reaction was carried out over a range
of compositions (Table 1). The yield of black material and temperature
of reaction, as measured by thermogravimetric analysis at 3°C/min under
nitrogen, was independent of the amount of acid except when a large

317
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NOH

excess of sulfuric acid was used (sample J-6). Here a resinous material
formed without a voluminous expansion or abrupt weight change on
the TGA. The reaction temperatures, listed in Table I, are taken as the
temperatures at which an abrupt weight change occurs during the thermo-
gravimetric analyses (Fig. 1). The reaction temperature for all cases was
approximately 110°C except for sample J-I, which reacted at 138°C.

TABLE |
Thermogravimetric Analysis (Ns atmosphere, 3°C/min)

Mixture composition

Fe(est),
Sample* Material wt, g Tact, °C %
F-1 a 180 48
16 i Dioxime 1.38
) Sulfuric acid 3.92 - -
3 \Dioxime 1.38
| Sulfuric acid 1.96 138 72
32 \Dioxime 1.38
(Sulfuric acid 0.98 111 52
Ib "Dioxime 1.38
(Sulfuric acid 0.66 108 49
34 \Dioxime 1.38
(Sulfuric acid 0.51 110 50
35 i Dioxinre 1.38
(Sulfuric acid 0.392 111 50
p-i jDioxime 1.38
| Phosphoric acid 4.62 110 80
P2 \ Dioxime 1.38
1Phosphoric acid 2.31 105 76
p-3 \ Dioxinre 1.38
1Phosphoric acid 1.15 115 67

°F refers to N,N' bis(p-nitrophenyl)sulfamide, J to benzoquinone dioxime-sulfuric
acid mixtures, P to benzoquinone dioxime-phosphoric acid mixtures.
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The material yield at the end of reaction was approximately 50% in all
the sulfuric acid mixtures except for sample J-1 (Table I), which yielded
72%. The phosphoric acid mixtures gave higher yields of material after
reaction (Table I) than those with sulfuric acid. The reaction temperature
for the N,N' bis(p-nitrophenyl)sulfamide was higher than that of the ben-

Fig. 1. Thermogram of sample J-3.

Fig. 2. Thermogram of sample J-3IH.



320

Sample
F-11

J-61
J-11
J-21
J-3l
J-4l
J-61
J-3IH
P1l
P-21
P-31

RICCITIELLO, FOHLEN, AND PARKER

Originb

TABLE 11
Elemental Analyses for Self-Condensation Polymers*

N,N" Bis(p-nitrophenyl)-

sulfamide

3.92 g HB04 +
1.96 g HBO0, +
1.98 g HB04 +
0.66 g HBS04 +
051 g HB04 +
0.39 g H2S04 +

J-3l, heated

4.62 g HPO4+
231 g HP 04+

1.38 g QD
1.38 g QD
1.38 g QD
1.38 g QD
1.38 g QD
1.38 g QD

1389 QD
138 gQD

1159 HPO04+ 1.38g QD

c, % H, %
62.49 1.94

57.61 1.97
5430 2.17
54.08 2.43
55.89 2.60
56.56 2.58
58.55 2.54
61.78 1.48
61.81 2.43
62.52 251
62.15 2.39

0, %
12.50

22.63
21.15
20.46
18.92
17.61
15.38
9.04
17.08°
14.57°
11.52°

N, % s, % P. %

20.95 3.07

1441 312 —
16.25 584 —

1719 6.32
17.86 5.57
19.35 4.72
19.15 4.64
25.70 0.92

1787 — 081
1965 — 0.75
2161 — 233

aAnalyses done by Huffman Laboratories, Wheatridge, Colorado.
b QD denotes p-benzoquinone dioxime.

¢ Oxj'gen analysis by difference.

J-1

J-21

J-3l

J-41

J-51

P-11

P-21

P-31

J-3IH

Found:
Caled:
Found:
Caled:
Found:
Caled:
Found:
Caled:
Found:
Caled:
Found:
Caled:
Found:
Caled:
Found:
Caled:
Found:
Caled:
Found:
Caled:
Found:
Caled:

c, %

69.45
68.9
62.65
62.5
63.8
63.9
64.0
64.3
64.2
64.3
63.55
63.9
66.0
66.2
63.4
63.8
63.99
64.3
66.9
66.6
63.9
65.4

TABLE 1l
Corrected Analytical Data and Empirical Formulas for the
Self-Condensation Polymers

H, %

1.82
1.82
2.14
2.16
2.55
2.56
2.76
2.70
3.00
2.98
2.90
2.90
2.86
2.75
2.49
2.46
2.57
2.61
2.57
2.59
1.53
1.63

Elemental analysis

0, %

7.88
7.65
19.5
19.45
14.6
14.2
13.0
12.84
12.15
11.9
11.72
11.0
9.39
9.78
15.8
15.8
13.33
12.86
7.23
7.4
7.92
7.25

N, %

21.13
21.6
15.69
15.8
19.1
19.3
20.3
20.2
20.50
20.9
21.74
22.2
21.6
21.4
18.3
17.9
20.11
20.19
23.27
23.4
26.6
25.4

Calculation
for
polymer unit

C6olInOcNi6,
MW = 1045.7
CeoH 201N 13,
MW = 1151.8
CmHMON u,
MW = 1014.7
C6,Hs,0NJB
MW = 11209
C36H2,0aN 10
MW = 672.4
CsaH2007N 16,
MW = 1015.83
CHHD N5
MW = 327.2
CoaH25010N 13,
MW = 1015.8
CeoH2009N 16,
MW = 1120.0
Cga1280d\ i
MW = 1080.0
CHDNR

Type
Y
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zoquinone dioxime-acid admixture (180°C). The vyield for this reaction
was approximately 50%, the same as for the dioxime-sulfuric acid case.

The thermal stability of these classes of residues is illustrated in Figure 2
(TGA under nitrogen at 3°C/min). The residue shows little weight loss
up to a temperature of 500°C. The weight loss at 100°C was attributed
to absorbed water on the material and not a thermal degradation of the
material. The residues exhibit great hygroscopicity, undoubtedly due to
the large surface area.

The insolubility of the residues obtained in these reactions precludes the
use of all usual techniques for structural verification. Elemental analysis
of the residue material was obtained and is listed in Table Il. Empirical
formulas were calculated for the residues after the thermal reaction the
material being assumed to be polymeric in nature. The analytical data
used to establish the empirical formulas were corrected for the pendant
groups which were not considered a part of the repeating units in the
ladder polymer (IlI). These pendant groups were -S03, -PO4, and
CeHgNaChS—-corresponding to either the sulfur or phosphorus content in
the elemental analyses. The corrected analytical data, with empirical
formulas and molecular weights, are listed in Table IIl. Molecular
structures for the polymer backbones were assembled by using the cor-
rected analytical data and empirical formulas by using the recurring units
IV-YIII.

X
I’olyphenoxazines
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These units are derivable from the starting materials by condensation,
dehydration, rearrangement, and ring closure to varying degrees. The
actual structure probably is a combination of open and closed ring struc-
tures as shown in V. Assuming that complete ring closure did not occur
at the relatively low activation temperatures (to 170°C), a sample, J-3l,
was heated under vacuum at 400°C to obtain further ring closure. Ele-
mental analysis of this material shows a decrease in oxygen and hydrogen
and an empirical formula close to that of structure VI (sample J-3IH).
However, complete ring structure did not occur. Another possibility
which can occur under these conditions is that of hydrolysis of some of the
oxime groups to give ladder polymers containing intermittent nitrogen-
oxygen bridge structures as in 1X and X (polyphenoxazines).67

EXPERIMENTAL

Preparation of N,N' Bis(p-nitrophenyl)sulfamide

This compound was prepared by reacting p-nitroaniline and sulfuryl
chloride in pyridine solution at —10°C to +10°C according to the method
of Parnell.8 The melting point was 197-198°C (literature mp, 195-197°C).
An infrared spectrum was obtained and supported the assigned structure.

p-Benzoquinone Dioxime-Sulfuric Acid Admixtures (J1-J6)

To 1.38 g of p-benzoquinone dioxime was added slowly, while stirring,
concentrated sulfuric acid in the weighed amount as indicated in Table I.
The admixtures ranged in physical appearance from powders, for low acid
weight, to a paste as the amount of acid was increased. Care must be
exercised in adding the sulfuric acid in order to prevent premature exother-
mic reaction.

p-Benzoquinone Dioxime-Phosphoric Acid Admixtures (P1-P3)

To 1.38 g of p-benzoquinone dioxime was added slowly, while stirring,
85 percent phosphoric acid in the weighed amounts as indicated in Table I.
The admixtures were dark viscous pastes.

Polymers

Self-Condensation of N,N" Bis(p-nitrophenyl)sulfamide. The
monomer was placed in a glass beaker and heated to a temperature of
about 200°C on a hot plate. Abrupt reaction occurs with evolution of
copious amounts of gases and black polymer residue. The black polymer
is placed in an oven at 175-185°C for a period of 1 hr to insure complete re-
action. The polymer is then removed from the beaker, ground, and dis-
persed in dilute sodium hydroxide. The residue is filtered, washed with
approximately 500 ml of dilute sodium hydroxide, neutralized with dilute
hydrochloric acid, water-washed, and finally acetone-washed. The residue
is then dried for 24 hr at 120°C under vacuum prior to analysis.
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Self-Condensation of p-Benzoquinone Dioxime-Sulfuric Acid Mixture.
The same procedure was followed as that for the N,N" bis(p-nitrophenyl)-
sulfamide, except that the initial temperature on the hot plate was ap-
proximately 150°C to initiate polymerization and gaseous evolution.

Heating of Polymer with Uncyclized Units to Get Ring Closure. In a
sublimation unit, 2 g of the J-31 polymer was heated under vacuum
(0.5-5 mm Hg). In the first hour the temperature was raised to 250°C, in
the second hour to 380-390°C, and then for the next 3 hr was maintained
at 390°C (sample J-31H).
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Al(Cap)3as Initiator in the Anionic Polymerization
of e-Caprolactam at High Temperature

T. KONOMI, Kata Research Institute, Toyo Spinning
Company, Ltd., Katata, Shiga, Japan, and
H. TANI, Department of Polymer Science, Faculty of
Science, Osaka University, Toyonaka, Osaka, Japan

Synopsis

Mechanism for polymerization of e-caprolactam in the presence of both sodium and
aluminum caprolactamate was investigated at 171°C. The role of Al(Cap)3 as an
initiator was revealed. The apparent rate constant of propagation reaction decreased
with the increase in the concentration of Al(Cap)3 as the two different metal salts
interact, even at 171°C. The activation energy of the overall polymerization reaction
with this catalyst system was estimated to be 41.18 kcal/mole.

INTRODUCTION

The peculiar catalytic behavior of MAIEt4 and of MOAIEt2-AIEt3
(where M denotes alkali metal) observed in the high-temperature poly-
merization of e-caprolactam was reported in the preceding paper.1 Catalyst
systems containing both alkali metal and aluminum caprolactamates can
polymerize e-caprolactam at a temperature lower than that required for the
alkali metal caprolactamate catalyst and form m-cresol-insoluble polymers,
in contrast to the latter catalyst.

In the anionic polymerization of a lower homolog, a-pyrrolidone, the
role of A-acyl-a-pyrrolidone as an initiator has been clarified by Mura-
hashi et al.2 Independently, it was postulated by Hall3and Sebenda et. al.4
that the A-acyl-lactam moiety is the active center of the propagation reac-
tion. It was reported also that some compounds such as A-(2-pyridyl)-e-
caprolactam enter into the initiation by tautomerization.5

In this paper, the positive role of Al(Cap)3as initiator in the interaction
between these two different metal lactamates is clarified.

EXPERIMENTAL

Measurement of Temperature Change in the System

Temperature change of the polymerization system in the course of
polymerization was measured in the same manner as reported in the pre-
vious paper,lexcept for the use of a chromel-alumel thermocouple instead
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of a thermometer inserted in the center of the polymerizing e-caprolactam.
The polymerization vessel used has an inside diameter of 15 mm and a wall
thickness of ca. 1mm and contains 4.168 g of monomer.

Polymerization

Water content in e-caprolactam used for polymerization was 0.007 wt-%
by the Karl Fisher method.

NaAlEtj was synthesized following the method reported in the previous
paper.1

In the preparation of the solution of a definite concentration of Al(Cap)s
in a monomer, a solution of AIEt3in THF[AIEt3:THF = l:4(v/v)], the
concentration of which had been previously determined by gasometrv
and back-titration, was added stepwise to molten e-caprolactam at 70-
75°C with stirring in a stream of a dry nitrogen and removed under a re-
duced pressure of 5-10 mm Hg.1 In this reaction, one mole of ethane per
mole of AIEt3was immediately evolved, and another mole of ethane was
evolved over period of 20-30 min. The reaction between AIEt3and e
caprolactam was completed by maintaining the system at 110-120°C under
10 mm Hg for 30 min. The complete isolation and the determination of
purity of the aluminum salt were not carried out.

A solution of a definite amount of NaAl(Cap} in e-caprolactam was
prepared by mixing the catalyst solution in the molten e-caprolactam at
S0°C with stirring in dry nitrogen atmosphere and treating the mixture at
120°C under 4-10 mm Hg for 30 min.

The e-caprolactam solution containing various molar ratios of Al(Cap)3
to Na(Cap) was prepared by mixing the appropriate amount of the catalyst
solutions [NaAl(Cap)4and Al(Cap)3]prepared above.

The polymerization reactions were terminated with methanol in order to
limit the conversion in the range of 20%. The viscosity of the polymer
solution was measured in a solution prepared from 0.5 g of polymer and 100
ml of ??i-cresol at 25°C.

RESULTS

The overall polymerization rate catalyzed by sodium caprolactamate is
reported to be very low in the temperature range of 140-170°C.67

Temperatures changes in the course of the reaction of a polymerizing
system immersed in a constant temperature vapor bath (butyl cellosolve,
171°C) were studied, in order to get some information concerning the
mechanism of polymerization of t-caprolactam by the catalyst composed of
sodium and aluminum caprolactamates (Fig. 1, Table ). Two peaks of
temperature were observed (Fig. 1): at the first peak (point a) the poly-
merization system containing polymer appeared transparent gellike, and at
the second peak (point b) opaque. It is reasonable to conclude that the
former peak is due to the heat of polymerization and the latter one to the
heat of crystallization. The time intervals tp (between the point 0 at
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Fig. 1. Effect of catalyst concentration [NaAl(Lac)] on temperature change in the
polymerization system during polymerization at 171°C: (----) 0.25 mole-%; (------ ) 0.50
mole-%; (------ ) 1.0 mole-%; (—+—) 2.0 mole-%; (—H ) 3.0 mole-%; (4+T) 4.0
mole-%.

which the system attained 171°C and point a) and t0 (between points a and
b) depend on the catalyst concentration. The rate of polymerization in-
creased with the increase in the catalyst [Na(Cap)] concentration, while
the plot of tcversus catalyst concentration is V-shaped, tc having a mini-
mum at 2 mole-% of catalyst. This behavior of tcis considered to be due
to the increase of branching sites in the polymer as a result of the coopera-
tive action of aluminum atom as an initiator: the molecular weight of
polymerbecomes smallerjmd the number of the branching sites larger

TABLE |
Temperature Changes on Polymerizing Systems due to Heats of Polymerization
and of Crystallization in the Course of Polymerization at 171°Ca

Catalyst concn, tp, tc)
mole-%b minc mind
0.25 38.5 50.4
0.50 31.2 33.6
1.00 21.6 28.8
2.00 20.9 17.8
3.00 19.2 23.1
4.00 19.2 61.0

a Amount of monomer charged, 0.0922 mole; vapor bath, butyl cellosolve.

b Based on NaAl(Lac)4

c tp; time elapsed from the start of polymerization (the time at which the polymerized
system reaches 170-171°C) to the peak of temperature by heat of polymerization.

dtg time elapsed from the peak of temperature by heat of polymerization to the
one by heat of crystallization.
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with increasing the aluminum concentration. A balance between these
two factors causes the appearance of the minimum in tc value. This
interpretation is consistent with the fact that the polymer become insoluble
in ?n-cresol with increasing polymerization time and aluminum concentra-
tion.

It is important to note that at a catalyst concentration lower than C.25
mole-% the height of the two peaks a and b become very low. This iact
means that at a sufficiently low catalyst concentration the polymerizing
system can be treated practically as a constant-temperature system. In
this low catalyst concentration range, the time-conversion relationdhp
was studied at various ratios of Al(Cap)3to Na(Cap); the results obtained
are shown in Table II.

TABLE 11
Examination of the Action of Al(Lac)3as Initiator in
the Polymerization in the Presence of Na(Lac)*

Na(Lac), Al(Lac)3 Polymerization
mole-% mole-%b time, min ([Mo] — [M])/'MO
0.125 0.125 15 0.0113
20 0.0281
25 0.0482
30 0.0628
35 0.0810
40 0.1217
45 0.1413
0.125 0.250 15 0.0131
20 0.0371
25 0.0550
30 0.0705
35 0.0920
40 0.1401
45 0.1641
0.125 0.375 15 0.0181
20 0.0460
25 0.0708
30 0.0919
35 0.1250
40 0.1638
45 0.1869

“Polymerization temperature, 171°C.
b The values were represented as three times ihe amount based on Al(Lac)3

The polymerization reaction is composed of the elementary reactions,
(1) and (3), in the case of Na caprolactamate. It was reported that N-
ethyldibutyramide was consumed in the reaction system containing N-
ethylbutyramide and its sodium salt at 80°C,8and the content of imide
groups in the polymer was always lower than at the start of the reaction.9
In studying the role of Al(Cap)3as an initiator, the following two assmrp-
tions were made; the catalyst concentration [Na(Cap) and Al(Cap)3] was
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constant in the first stage of polymerization, and the depolymerization of
polymer by lactam and polymer anion is very small at this temperature.

The latter assumption is reasonable, because the polymerization reaction
was at a very low conversion and the cleavage of amide group of polymer
by the attack of amide anion was small.

ki(0), LacH ' ~ _CNn
“Nit. | + Lac9 0

Cs

A

0]
Al(Lac)3+ N Lach Al(Lac)NH An-  + Lac9 (2)

ac
0O O Q OH O 0
Polymer-liN—H + N—C—O Polymer-HIN  CN—fl + Lac0 3)
LacH

If Al(Cap)3acts as an initiator and Ip = /d(ad, the rate of consumption
of monomer is given by eq. (4):

—d[LacH]/df = k,,[Lac][Al] [LacH] 4

where, k,,, (Lac), (Al), (LacH)Q and (LacH) indicate the rate constant of
propagation reaction, the concentrations of dissociated lactam anion,
Al(Cap)3initiator, monomer charged, and remaining monomer at time t,
respectively. Anplot of log ([MQ]/[M]) versus t plot was linear for an in-

itial period less than 40 min (Fig. 2). This linearity implies that Al(Cap)3
acts as an initiator.

Fig. 2. Plot of log ([Mo]/ [M]) vs. polymerization time at various concentrations
of Al(Lac)3 [represented as 3 Al(Lac)3: (¢) 0.375 mole-%; (O) 0.750 mole-%; (O)
1.125 mole-%. Concentration of Na(Lac), 0,125 mole-%.
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The deviation from linearity is considered to be due to the acceleration of
polymerization reaction either by the increase in the degree of dissociation
of Na(Cap) caused by increase in the concentration of diacylimide or by a
small rise of temperature in the system as a result of the heat of poly-
merization.

The relative amount of amide anion of lactam and of polymer, [Lac] and
[Poly], in the polymerization system depends on the relative acidity Ah of
monomer and polymer,1012 the concentration of monomer [LacH] and
amide group in polymer [PolyH], and the dissociation constant X2 be-
tween salts [LacM] and [PolyM] and anions [Lac] and [Poly] according to
the scheme (5):

LacM PolyM
{| LacH 11
Lac + M < , Poly + M (5)
PolyH
where:

[Lac]/[Poly] = Kt[LacH]/[PolyH] 16)
[Co] = [Lac] + [Poly] + [LacM] + [PolyMI @)
[Lac] [M] Lac-[Poly] [M]Poly 8
[LacM] *[PolyM] 2 ®)

where [CQ] is the initial catalyst concentration. The dissociation of
Na(Lac) is extremely small.B
If PolyH is neglected in the first stage of polymerization,

[Co] = [LacM] + [PolyM] = [LacM] ©)
[Lac] [M] [Lac]2

[LacM] (o] 2 10

[Lac] = A2°5[CJ06 (ID

According to egs. (4) and (11), kpk/05instead of kr was estimated against
the concentration of Al(Lac)s (see Table 111). The value of kv was not
constant and decreased with increasing concentration of Al(Lac)3 This
result is due to the decrease in contribution of Na(Lac) for the propagation
reaction, because there is some interaction between Na(Lac) and Al(Lac)3
even at 171°C. Indeed, the depression of polymerization rate and of the
reactivity of MAIEt4towards lactam caused by the interaction of the two

TABLE 111
Estimation of the Apparent Propagation Reaction Constant8
Al(Lac)3 Ay f2»'MCo]>s[Al], KR A\
mole/kgb min-1 mole —ri-kg’A-mij, - 1
0.0332 0.00155 0.980
0.0664 0.00179 0.566
0.0996 0.00233 0.491

8Polymerization temperature, 171°C; Na(Lac) (= [C(]), 0.01105 mole/kg.
b Represented as 3-[Al(Lac)3, mole/kg.
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metal salts has been observed by us in the polymerization of a-pvrrolidone,
a-piperidone, and e-caprolactam at low temperature and in the reaction of
MAIEt4with lactams. 045

DISCUSSION

The formation of AT-acyl-e-caprolactam by the reaction between lactam
and lactam anion is reported by Sittler and Sebenda to be an prerequisite
for the propagation reaction in the anionic polymerization of e-caprolactam
activated by alkali metal caprolactamate. The concentration of an active
lactam anion which takes part effectively in the iV-acyl-e-caprolactam
formation and the transamidation reaction depends on the temperature
and the other conditions of the system.13 Indeed, for the polymerization
of e-caprolactam activated by Na caprolactamate, the overall activation
energy 51.3 kcal/mole7falls to 17.5 kcal/mole in the presence of an initiator
iV.AfjN'jN'-tetraacetylhexamethylenediamine.6

In the case of the catalyst system containing both Na(Cap) and Al(Cap)3
the overall activation energy was estimated to be 41.18 kcal/mole from the
dependency of polymerizability on the temperature (Fig. 3). This result
implies the initiation act of Al(Cap)3 Another phenomenon caused by
the effect of the initiation by Al(Cap)3is observed in the crystallization
behavior of the polymer specially prepared in the presence of a compara-
tively high concentration of Al(Cap)s. As shown in Table IV, in systems
A and C, the resulting polymer formed a crystalline opaque material

Fig. 3. Temperature dependence of polymerization activated with NaAl(Lac)4 system.
Catalyst concentration, 0.250 mole-%.
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after cooling or in the course of polymerization, while in system B an ap-
parently noncrystalline transparent, and glasslike polymer was obtained.
The insoluble polymer formed only in system B; in this case, the cross-
linking in resulting polymer occurs even at the initiation stage. These
results suggest a diffeient role for Al(Cap)3in these three systems: Al(Cap)3
acts as a catalyst in system A, as an initiator in system B, and preferentially
as a catalyst due to the presence of an initiator in system C.

On the other hand, the amounts of remaining AL were nearly the same in
these systems, in spite of the difference in polymer solubility and in the role
of Al(Cap)3 This fact, suggests a difference in the bonding nature of
aluminum which is dependent on the polymerization temperature.
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Syntheses and Properties of Photochromie Polymers
of the Mercury Thiocarbazonate Series

HIROYOSHI KAMOGAWA, Research Institute fur Polymers
and Textiles, Kanagawa, Yokohama, Japan

Synopsis

Photochromie vinyl polymers of the mercuric thiocarbazonate series were synthesized
via the three sequences: (1) synthesis of j»-(meth)acrylamidophenyl mercuric acetate(l1)
by the reaction of (meth)acrylyl chloride with p-aminophenyl mercuric acetate, followed
by polymerization to afford corresponding polymers(l11) and subsequent reaction with
diphenyl- or di-/3-naphthyl-thiocarbazone, (2) alternative preparation of 111 by the reac-
tion of (meth)acrylyl chloride polymers with p-aminophenyl mercuric acetate, and (3)
reaction of A'-hydroxymethyl (meth)acrylamide polymers with p-amidophenyl mercuric
thiocarbazonates. The photochromie behavior of these polymers was investigated to
provide data which might indicate the effect of steric conditions on the isomerization of
the photochromie components in polymers both under illumination and in dark recovery.

lit preceding papers,12 we reported the syntheses and photochromie
behavior of a number of azobenzene and thionine polymers.

In the meantime, Vandewijer and Smets3also reported the results of the
examinations of the photochromie behavior of spiropyran copolymers
prepared by radical copolymerization of 5-methacrylamino-3,3'-dimethyl-
G'-nitrobenzthiazolinospiropyran with different vinyl monomers.

This paper reports the results of investigations of the syntheses and prop-
erties of photochromie vinyl polymers of the mercury thiocarbazonate
series.

Thiocarbazones, especially diphenylthiocarbazone (dithizone), have
long been used as reagents for the colorimetric analysis of trace metals.4
Around 190, Irving et al.5and Webb et al.6reported independently that
the mercury(Il) complex of diphenylthiocarbazone is photochromie.
Later, Meriwether et al.78 followed up this photochromie behavior and
reported a detailed study of this system, which led to the discovery of a
number of photochromie metal dithizonates and a better understanding of
the photochromie behavior of these complexes.

Foster and Kazan also synthesized a photochromie mercury dithizonate
containing a fiber-reactive dichloro-s-triazynyl group and examined its ap-
plication to nylon fabrics.9

In this report will be described three methods of preparing vinyl poly-
mers containing a mercury thiocarbazonate group as side chain. Thus,
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to prepare p-(meth)acrylamidophenyl mercury thiocarbazonate polymers,
the reaction secjuences (1) and (2) were employed.

H.N HgoOC—
— CH— C—
c=0
v
®
'HgOOC— CH;
N
S=C\.NHNH_ R,
lit N=N—R
(2)
N— NH— R2
Hg—S—C
N=N—R,
R
-CH—C— NH R
' | HN—f / Hg—S—C.

c.=0 "NEN—R

|

NH

|

CH.OH

\Vii
R
— CH2—C—
c=0
Nil
| N— NH—R.
CH.NH f Hg—S—C\ 3
N=N—R. ®

VII
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To prepare p-(meth)acrylamidomethylaminophenyl mercury thiocar-
bazonate polymers, the reaction sequence (3) was employed, starting with
Af-hydroxymethyl(meth)acrylamide polymers, where Ri and R2represent
H or methyl and phenyl, /3-naphthyl, or their nuclear substitution product,
respectively.

EXPERIMENTAL

p-Methacrylamidophenyl Mercuric Acetate (1)

A 3.5-g portion of p-aminophenyl mercuric acetate (I), 0.3 g of liydro-
quinone, and 1.5 ml of anhydrous ethylamine were dissolved in 20 ml of
anhydrous Ar,N-dimethylacetamide. To this solution was added dropwise
under ice cooling 10 ml of a A)Af-dimethylacetamide solution containing
15 ml of methacrylyl chloride, followed by stirring for 2 hr.  Acetic acid
(20 ml) was then added to the reaction mixture, and the resulting solution
was poured into a large quantity of water to afford white precipitates.
Recrystallization from a dimethylformamide (DMF)-water combination
gave 2.8 g of white crystals of mp 224-226°C (with polymerization), which
corresponds to 80% yield.

Anal. Calcd for CiiHiiNOJIg: C, 34.36%; H, 3.11%,; N, 3.33%; Ilg, 47.72%.
Found: C, 33.08%; H, 3.02%; N, 3.00%; Hg, 48.99%.

The infrared spectrum by KBr method indicated characteristic absorp-
tions close to those of the reference compound, p-acetamido-phenyl mer-
curic acetate, including those at 1650 and 910 cm-1 which are attributable
to the amido group and the methacrylic double bond, respectively, thereby
denoting that the compound Il was obtained.

p-Acrylamidophenyl mercuric acetate (I11') was also synthesized in 86%
yield by the same procedure; mp 208-210°C (with polymerization).

Anal. Calcd for CuH,NO,Hg: C, 30.76%; H, 2.79%; N, 3.06%; Hg, 50.75%.
Found: C, 31.85%; H, 2.65%; N, 3.62%; Hg, 48.91%.

The infrared spectrum by KBr method also indicated characteristic
absorptions close to those of p-acetamidophenyl mercuric acetate, including
those at 1650 and 990 cm-1 which are attributable to the amido group and
the acrylic double bond, respectively, ihereby denoting that the desired
compound was obtained.

p-Methacrylamidophenyl Mercuric Acetate Polymer (I11)

The monomers 11 and I1' were polymerized in sealed ampoules under
vacuum with a a'-azobisisobutyronitrile as initiator. The polymerization
conditions and the intrinsic viscosities [2] of the polymers thus obtained
are summarized in Table 1.

A typical example is as follows. A solution of 0.1 g of monomer II',
0.9 g of styrene, 5.7 g of dioxane, and 0.01 g of a,a’-azobisisobutyronitrile
was put into a Pyrex glass ampoule, which was then evacuated and sealed
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TABLE |
Polymerization Conditions for Acryl amidophenyl or
Methacrylamidophenyl Mercuric Acetate*

Con-

version, bh

Sample Monomer Solvent % dl/gb
1 1 Dimethylformamide 65 0.181*

2 ll-styrene (1:9)d Dioxange 89 0.356

(@] I1-methyl acrylate U 82 0.301

(1:9)d
4 I11"-styrene (1:9)d 84 0.359

“Polymerization was carried out in 15% total monomer concentrations for 72 hr at
80°C.

b At 2()°C in dioxane unless otherwise noted.

0At 20°C, in DMF.

dWeight ratio.

off. Upon standing 72 hr at SO0°C, a viscous colorless solution resulted.
It was poured into benzene to separate out a small amount of precipitates
produced, followed by precipitation into ethanol. The polymer was
redissolved in dioxane and reprecipitated into ethanol, followed by freeze-
drying from dioxane to afford a white powder in 84% yield (Sample 4).

An alternate procedure for preparation of polymer I11 or its acryl equiva-
lent 111" consists of the use of methacrylyl or acrylyl chloride polymers,
instead of the respective monomers, for the reaction with compound I.
Thus, in a typical example, a solution of 0.1 ml of freshly distilled acrylyl
chloride, 0.9 ml of styrene, 4 ml of anhydrous dioxane, and 0.01 g of a,a-
azobisisobutyronitrile in a sealed ampoule was polymerized with exclusion
of air for 30 hr at 80°C. The viscous solution thus obtained (intrinsic
viscosity at 20°C, 0.511 dl/g) was diluted with 10 ml of anhydrous dioxane,
followed by dropwise addition to a solution of 0.7 g of p-aminophenyl
mercuric acetate in 30 ml dioxane containing 0.4 g of triethylamine under
water cooling. Stirring was continued further for 2 hr, 10 ml of glacial
acetic acid added, and the polymer I11" was isolated by adding a large
amount of ethanol. Analysis for mercury indicated that 75% of the acyl
portion of the polymer reacted.

p-Methacrylamidophenyl Mercuric Thiocarbazonate Polymer (1V)

Polymer 111 and I11" were converted into thiocarbazonates with di-
phenyl or di-d-naphthyl thiocarbazones in the presence of sodium bi-
carbonate. A typical example is as follows.

To a solution of 1 g of a 11'-styrene copolymer (Sample 4) in 20 ml di-
oxane was added 5 g of sodium bicarbonate; the mixture was stirred vigo-
rously at ambient temperature, and 0.5 g of diphenyl thiocarbazone (di-
thizone) was added in small portions, followed by 30 min stirring. The
resulting red-orange solution was poured into a large amount of ethanol.
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The orange precipitates thus produced were collected by filtration, rinsed
thoroughly with ethanol, and freeze-dried from dioxane to afford an orange
powder. Sulfur analysis gave 81.2% conversion to thiocarbazonate
based on the acrylic component in the polymer.

fi-Acrylamidomethylaminophenyl Mercuric Thiocarbazonate
Polymers (VII)

In a typical example, a solution of 0.1 g of N-hydroxymethy erylamide,
0.45 g of methyl methacrylate, 0.45 g of butyl acrylate, and 0.01 g of a,a'-
azobisisobutyronitrile in 4 ml of dioxane was put into a Pyrex glass ampoule,
which was then evacuated and sealed off. Polymerization was carried out
at 80°C for 72 hr to afford a viscous solution ([17] = 0.405 dl/g). To 1ml
of the polymer solution diluted with 10 ml of dioxane was added in small
portions 0.1 g of p-amino-phenyl mercuric di-/3-naphthy Ithiocarbazonate,
prepared by the reaction of p-aminophenyl mercuric acetate with di-/3-
naphthylthiocarbazone in the presence of sodium bicarbonate. Stirring
was continued at 40°C for 10 hr in the dark. The red reaction mixture
was then poured into water to precipitate the polymer. Dissolution in
dioxane and reprecipitation into water was repeated at least three times,
followed by freeze-drying from dioxane to afford a red powder. Sulfur
analysis gave 45.1% conversion to thiocarbazonate.

Preparation of Sample

The polymer films were prepared by drying dioxane solutions spread
over glass plates at ambient temperatures to ca. 0.05 mm thickness. At
least a week elapsed before measurements of photochromism.

Measuring Instrument

A Hitachi rapid-scan spectrophotometer (Model RSP-2) with a scanning
time of ca. 0.15 sec from 220 to 700 m” and fitted with a 150-W xenon lamp
as radiation source, was employed for the investigation of photochromic
behavior.

RESULTS AND DISCUSSION
Spectral Change During Irradiation

Figure lindicates a typical spectral change of a mercury thiocarbazonate
polymer film during irradiation.

As in the case of low molecular mercuric dithizonates, an absorption
peak around 500 mg causing an orange to red color decreases its intensity
with irradiation, whereas a new peak appears around 000 mx (blue), pre-
sumably due to the photoinduced isomerization.8
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The first-order rate constant ki can be determined by using log EQE
versus t relationships, where EO and E, denote absorbances before and
during irradiation, respectively, and t is irradiation time. Some examples
are shown in Figure 2, where the effect of wavelength of irradiation is also
clearly recognized. Thus, the B-filter having the maximum transmittance
at 460 mg, which is the closest of the three to the dark absorption peak (485
mg) of the polymer, provided the highest value of kh as expected. This
wavelength dependence of the rate of spectral change under illumination
is in a marked contrast with that in the photochromie polymers of the
thionine series having the dark absorption peak above 600 mg, where the
R-filter gives the highest rate, as indicated in Figure 3.

In Table Il are summarized the results of the investigations of the spec-
tral changes of the mercury thiocarbazonate polymers during irradiation.

As generally observed in photochromie polymers as well as in polymer
blends with photochromies, the rates of spectral change both during

100r

0 1 1 1
400 500 600 700

WAE LENGTH, ©da
Fig. 1 Spectral change of p-mcthacrylamidophenyl mercuric diphenylthioear-

bazonate-styrene (1:9 by weight) copolymer film with irradiation at 15°C. Figures in
the diagram denote irradiation times in seconds.
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TABLE 1l
Spectral Change during Irradiation*
Absorp-
tion
maxi- New
mum  peak
before by
irrad. irrad. 7n/EnD
), (1), (time to
No. Polymerb State mn mX Fil/”iilc  max, sec)
101 APDT Solnd 480 580 0.338 3.57(5)
102 APDT C2H4CI2 Soin 480 575 0.060 0.175/0(10)
103 APDT In Pst film 485 575 0.322 1.93(5)
104 PACDT-ST-1 Solnd 480 580 0.234 6.00(5)
105 PACDT-ST-1 Film 480 575 0.278 6.95(100)
106 PACDT-ST-2 Solnd 480 580 0.257 5.40(5)
107 PACDT-ST-2 Film 490 580 0.578 5.92(100)
108 PMACDT-ST-1 Solnd 485 575 0.189 6.90(5)
109 PMACDT-ST-1 Film 480 580 0.343 6.67(100)
110 PACDT-MA-2 Solnd 485 575 0.114 10.7(5)
11 PACDT-MA-2 Film 480 580 0.422 8.46(100)
112 PAMADT-ST Solnd 480 580 0.376 2.42(5)
113 PAMADT-ST Film 490 575 0.480 2.27(100)
114 PAMADT-MA Solnd 480 575 0.384 1.70(5)
115 PAMADT-MA Film 510 — 0.731 —
116 PACNT-MA Soind 500 600 0.368 5.77(100)
117 PACNT-MA Film 500 800 0.432  11.2(100)

alrradiation was continued for 100 sec at 15°C.

bAPDT: p-acetamidophenyl mercuric diphenylthiocarbazonate; PACDT-ST-1,
PACDT-ST-2: p-acrylamidophenyl mercuric diphenylthiocarbazonate-styrene (1:9) by
weight) copolymer, prepared according to the reaction sequences (1) and (2), respec-
tively; PAMCDT-ST-1: p-methacrylamidophenyl mercuric diphenylthiocarbazonate-
styrene (1:9 by weight) copolymer, prepared according to the reaction sequence (1);
PACDT-MA-2 : p-acrylamidophenyl mercuric diphenylthiocarbazonate-methyl acrylate
(1:9 by weight) copolymer, prepared according to the reaction sequence (2); PAMADT-
ST and PAMADT-MA: j»-acrylamidomethylaminophenyl mercuric diphenyl! thiocar-
bazonate-styrene and -methyl acrylate (each 1:9 by weight) copolymers, prepared
according to the reaction sequence (3); PACNT-MA: p-aerylamidophenyl mercuric
di-/?-naphthylthiocarbazonate-methyl acrylate (1:9 by weight) copolymer prepared ac-
cording to the reaction sequence (1).

cl?rl/-EiD Eul/EiiID: ratios of the absorbance under illumination to that in dark at
absorption maxima | and 11, respectively.

dDioxane solution.

illumination and in recovery prefer the solution state. It is interesting
to note here that, in the case of polymer films, the intensity of the new
absorption peak (I1) increases with increasing irradiation time finally to
reach an equilibrium, whereas in polymer solutions and in blends of matrix
polymers with mercury thiocarbazonates (e.g., No. 103, with polystyrene
as matrix), the new peak appears and then essentially disappears again
with the progress of irradiation. Values other than 100 in the parentheses
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in the last column of Table Il indicate that Eu”/EnD passes a maximum
value with increasing irradiation time. This might be due to the steric in-
hibition of further unnecessary structural changes in the photochromic
component, which might strongly appear in the case of polymer films.

Fig. 2. Relationships between log EJE and | at 15°C for p-acrylamidophenyl mer-
curic diphenylthiocarbazonate-methyl acrylate (1:9 by weight) copolymer film. B,
G, and R denote Toshiba blue (transmission peak, 460 m”), green (530 m/x), and red
(700 nip) filters, respectively.

Fig. 3. Decrease of the absorbance at absorption peak (630 m/x) with irradiation time
for acrylamidomethyl trimethylthionine chloride polymer film prepared with poly(vinyl
alcohol) and 10% of papain.

Intensity of the new peak was the highest with a corresponding progressive
increase of the value in dioxane solution under the same conditions in the
case of the film (No. 117) made of a p-acrylamidophenyl mercuric di-0-
naphthyl thiocarbazonate polymer, in which the steric requirements for
further structural changes might be the most severe, presumably denoting
the effect of steric conditions,
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Recovery in the Dark

Since the spectral recovery in the dark or under a diminished light
intensity is of thermal nature, this reverse reaction takes place rather slowly
in the solid state such as film at ordinary temperatures, due to steric hin-
drances against the isomerization of the photochromic component as de-
scribed above.

Table 111 indicates the first-order rate constant k, and time for half-
change bR2as determined with the new absorption peak (Il) caused by the
photoisomerization product.

TABLE 111
Spectral Recovery in the Dark™

Abs.

peak

(ID, h X 103 12,
No. Polymer State mz sec-1 sec
101 APDT Solnb 580 18.8 37
102 APDT C2H4CI2 soin 575 18.4 38
103 APDT In PST film 575 0.21 3300
104 PACDT-ST-1 Soln"> 580 4.45 156
106 PACDT-ST-2 Solnb 580 5.09 136
108 PMACDT-ST-1 Solnb 575 1.86 373
110 PACDT-MA-2 Solnb 575 77.1 9
111 PACHT MA-2 Film 580 0.88 788
112 PAMADT-ST Solnb 580 11.0 63
114 PAMADT-MA Solnb 575 1.75 396
116 PACNTMA Solnb 600 5.76 120
117 PACNT-MA Film 600 — 3600

aAfter 20 sec irradiation at 15°C.
b Dioxane solution.

It is readily recognized, in this case too, that, the rates of the reverse
reaction are advantageous for the solution state. Effect of temperature
upon ¢(I2is given in Table IV. The rate of recovery in the solid state also
appears to depend upon the kind of comonomer employed: e.g., copoly-
mers with styrene which are more stiff and have higher glass transition

TABLE IV
Effect of Temperature upon the Time for Half-Recovery
(fi/2) in the Film

Tempera- Abs. peak

No. Polymer ture, °C (1, mm fi/2, sec

m PACDT-MA-2 15 580 788
“ 65 580 63

117 PACNT-MA 15 600 3600
U 40 600 750

U 65 600 64
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temperatures provided considerably larger values of (12 as compared with
copolymers with methyl acrylate which are more flexible, thereby denoting
the importance of steric condition here too.
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Reduction of Composite NMR Spectra
by Using an Analog Computer*

V. D. MOCHEL and W. E. CLAXTON, Central Research Laboratories,
The Firestone Tire and Rubber Company, Akron, Ohio 44317

Synopsis

An analog computer program has been devised to resolve complex composite curves
such as might be encountered in various forms of spectroscopy or chromatography.
Seven Gaussian or Lorentzian curves, or any combination of seven curves, can be used
and displayed simultaneously to resolve the composite curves. Various degrees of skew
and truncation, as well as slanted and curved baselines, can be introduced. The peak
amplitude, width and position can be determined from potentiometer settings. The inte-
grated relative area of each of the peaks is read out on a digital voltmeter with a repro-
ducibility of about £0.1%. The utility of the technique is demonstrated by resolving
highly overlapped peaks in NMR spectra of butadiene-styrene copolymers. It is neces-
sary to use as many as eight curves to resolve the styrene aromatic proton resonance.
This analysis yields styrene-centered distributions and styrene sequence distributions
from the NMR spectra of butadiene-styrene copolymers. In addition, it is shown that a
distinction can be made between short styrene sequences, which contain two and three
styrene units, and long styrene sequences, which include all sequences longer than three
units.

INTRODUCTION

The separation of a complex composite curve into its components is a
problem frequently encountered in various forms of spectroscopy or chro-
matography. In the polymer industry important details of polymer struc-
ture and composition can be revealed by tire resolution of curves in nuclear
magnetic resonance (NMR) spectroscopy, infrared spectroscopy, gel per-
meation chromatography, gas chromotography and other instruments. A
commercial analog instrument for curve resolving is available (DuPont
curve analyzer, Model 310), and other special instruments have been built
for this purpose.12 Digital computer programs have also been written to
decompose overlapping distributions,3-6 but it is believed that analog com-
puters are better suited for this type of problem because the scientist can
interact with the solution more conveniently.

High-resolution NMR has become an important tool in the study of se-
quence distributions in copolymers since Ferguson6first demonstrated this

* Paper presented to the American Chemical Society, Division of Rubber Chemistry,
Symposium on Use of Computers in the Rubber Industry, Washington, D. C., May 5-8,
1970.

345
© 1971 by John Wiley & Sons, Inc.



346 MOCHEL AND CLAXTON

application. Several investigators7-10 used NMR to study sequence dis-
tributions of styrene-methyl methacrylate copolymers. Recently Har-
wood and co-workersl extended the NMR study of styrene-methacrylo-
nitrile copolymers. Data based on assignment of methine and a-methyl
proton resonances to various triad and pentad distributions agreed well with
calculated results.

In butadiene-styrene copolymers, monomer sequence information from
NMR is practically nonexistent because of overlapping of pertinent reso-
nances. From the aromatic proton resonance of the styrene units in buta-
diene-styrene copolymers, Mochel® obtained “block styrene” values in
close agreement with those from the chemical methodBwhich uses osmium
tetroxide for chain degradation. More recently, it was shown# that mo-
nomer sequence distribution information could be derived from the over-
lapped aromatic proton resonance of butadiene-styrene copolymers.

This paper describes the reduction of data obtained by using an analog
computer to resolve overlapped peaks of the styrene aromatic proton reso-
nance of butadiene-styrene copolymers. It is demonstrated how this data
is used to determine the styrene triad distributions and the styrene se-
quence distribution in these copolymers.

EXPERIMENTAL

Thirty-six emulsion copolymers and 57 n-BuLi-catalyzed butadiene-
styrene copolymers were used in this study. All were polymerized in
bottles at 50°C. A common recipe was used for the emulsion polymers,
and the n-BuLi polymers were prepared in hexane or in heptane.

The 60 MHz NMR spectra were obtained at 2S°C with a Yarian Model
DA-60-1L spectrometer. Copolymer compositions were determined by in-
tegrating the NMR spectra with a Yarian Model V-3521A Integrator/De-
coupler. The copolymer solution concentration for NMR measurements
was 10% (w/v) in CCh, CS2 or hexachlorobutadiene. A small amount of
tetramethylsilane (TMS) was added as internal reference.

The curve analysis was accomplished with an E.A.l. TR-48 analog com-
puter which was programmed by Claxton, Clarke, and Breeden.’5 Seven
Gaussian or Lorentzian, or any combination of seven peaks, can be used
simultaneously to resolve the overlapped peaks. The integrated relative
areas of these peaks are read out on a digital voltmeter with a reproducibil-
ity of about 0.1%, which is a small error compared to the precision of the
curve analysis.

PROGRAMMING CONSIDERATIONS

One of the most important features of this analog computer program is
that the X axis of the trace is generated by a single integrator as a linear
ramp. This axis is common to all channels and is connected to the hori-
zontal axis of an X -Y plotter. The wiring diagram of this portion is shown
in Figure 1. The initial condition (IC) at this integrator determines the
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starting position of the X axis. The rate at which the computer will sweep
the X axis is controlled by the input rate potentiometer setting at the inte-
grator.

Another important feature of this program is that variable diode func-
tion generators (VDFG) are used to generate the distributions. In this
work, Gaussian functions and Lorentzian functions are used; however,
other distributions could be set up with VDFG cards for special cases. Ex-
amples of the Gaussian and the Lorentzian distributions are shown in
Figure 2 along with the appropriate equations. In the Lorentz equation, b
is the width at half height (half width), but in the Gauss equation b' is a mea-
sure of the standard deviation. The Gaussian half width is (2.61) b' and is
thus 2.61 times as wide as the Lorentzian half width. A is the maximum
amplitude of the distribution.

There are advantages in using VDFG’s to generate these distributions.
(1) Since both distributions involve the common term (Ax/b)"1and since
this is always positive, a single distribution requires only the plus or minus
card of a VDFG. (2) The distribution function can be programmed from
a tabulation of |Ar/6'] for the Gaussian and of |Ax/6| for the Lorentzian
function, eliminating the need for a squaring circuit. This is important
since it eliminates the need for an expensive multiplier to generate each
function. (3) Since jAr/6'| and |Ax/6[ cover similar ranges, a channel
can be switched from Gaussian or Lorentzian merely by inserting the ap-

R

Fig. 2. Comparison of Gaussian and Lorentzian distributions.
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propriate VDFG card. Any combination of functions can be obtained
without changing the patch panel. Figure 3 shows the part of the wiring
scheme which includes the VDFG. Amplitude potentiometers are used at
the output of the VDFG’s to vary the maximum amplitude of each function
independently.

The complete curve analyzer schematic diagram is shown in Figure 4.
Other important features of this program are that the peak amplitude, the
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Fig- 5 Gaussian distribution with skew to the right (------ ). This can be fit with skewed
baseline or with two symmetrical Gaussian distributions (—).

Fig. 6. Composite distribution fitted with a curved baseline.

width and the position can be independently varied and determined from
potentiometer settings. The integrated relative area of each of the peaks
is read out on a digital voltmeter with a reproducibility of about +0.1%.

Various degrees of skew and truncation, as well as slanted and curved
baselines, can also be introduced. Figure 5 shows a typical skewed dis-
tribution (solid line). With the form of baseline skewing as shown in
Figure 4, the Y value as a function of time has been left unchanged; hence,
the area readout is the same with or without baseline skewing. The prin-
cipal use of this feature would be in providing a quick match to an ob-
viously nonsymmetrical distribution, after which, with baseline skew
omitted, the symmetrical part could be separately displayed or plotted.
The difference would then be obtained by setting up another peak in the
problem to account for the difference. This is shown by the dashed lines in
Figure 5. The result of overlapping two Gaussian and two Lorentzian
distributions and superimposing these on a curved baseline can be seen in
Figure (L The ability to easily slant or curve the baseline is especially im-
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portant in analyzing infrared spectra and many other analytical instru-
ment outputs where baseline drift occurs.

CURVE ANALYSIS

The curve analysis is accomplished by first taping a Polaroid transpar-
ency of the composite curve on the face of the oscilloscope and then intro-
ducing an appropriate number and type of curves until a good match is ob-
tained. For greatest accuracy fine adjustments of the various parameters
can be made by fitting the curves directly to the original experimental
curve onan X -Y plotter. Seven curves can be displayed simultaneously or
individually on the oscilloscope or on an X -Y plotter. The area under the
composite curve is integrated and adjusted to give a 100% reading on a
digital voltmeter. Then each of the curves contributing to the composite
is integrated individually. Thus, the area of each of the peaks is read out
directly as the percentage of the total composite curve area.

RESULTS AND DISCUSSION

Monomer Sequence Distributions

The basis for this NMR curve analysis method lies in the fact that the
aromatic proton resonance of polystyrene consists of two well-resolved
peaks with an integrated intensity ratio of 3 to 2 as shown in Figure 7.
Bovey, Tiers, and Filipovich®Battributed the resonance at 3.0 . to the para
and the two meta protons and that at 3.5 r to the two ortho protons. Both
peaks are shifted upheld (to higher r values) from the aromatic resonance of
a single styrene unit or a model compound such as toluene (2.S6 r), but the
ortho proton peak experiences the greater shift. These chemical shifts re-
sult from a “ring current” effect and an overlapping of the phenyl rings of
neighboring styrene units.

From the relative intensity of the shifted ortho proton resonance com-
pared to the total styrene aromatic resonance, the NMR “block styrene”
value can be determined in copolymers. Also something can be learned of
the sequence distribution, especially with n-BuLi copolymers. If the se-
guence lengths are large, determining the relative area of the ortho proton

Fig. 7. Aromatic proton resonance of atactic polystyrene in CCl4at 28°C.
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resonance is simple because the peaks are well separated. However, if the
styrene sequences are short, this resonance appears merely as a broadening
or a shoulder on the main aromatic resonance. Resolving these curves by
eye or with an electronic integrator with any reasonable accuracy is prac-
tically impossible. Curve analysis with the analog computer accomplishes
the task quite well.

Emulsion Copolymers

Bovey and co-workersBstudied emulsion butadiene styrene copolymers
and estimated that the styrene sequence length must, be 8-10 units before
the shoulder appears in the main aromatic peak. In the 60 MHz NMR
spectra of the emulsion copolymers we observed the progressive formation
of a shoulder, a gradual shifting to higher field and finally the formation of a
resolved peak in the aromatic resonance as ms, the average styrene se-
quence length, increased. This trend is shown in Figure 8 in which ms is
listed for each polymer. It is not until an msof 5.45 (or a copolymer com-
position of 90% styrene) is reached that the ortho proton peak becomes re-
solved. An NMR spectrometer with a higher field strength would effect a
separation at a lower ms, of couise. ms was calculated with eq. (1),

ms = 2S/R

mnhere S is mole per cent styrene in the copolymer and R is the run number. 7

As an approximation, there should be three peaks under the aromatic
resonance envelope: two for the block styrene and one for the nonblock
styrene. We used the analog computer for curve analysis to resolve these
peaks. Since the two peaks in polystyrene are fitted very nicely by Gaus-
sian curves, these functions were chosen for “block styrene” peaks. Simi-

Fig. 8. Aromatic resonance of emulsion butadiene styrene copolymers. Shows forma-
tion of shoulder as inaincreases.
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Fig. 9. Curve analysis of expanded aromatic resonance of a copolymer. Numbers under
the peaks are integrated relative areas. Solid, smooth curve is calculated envelope.

larly, a Lorentzian function was chosen for the nonblock styrene portion
because the low-styrene copolymer resonance best approximates it. The
most physically meaningful solutions were obtained with this combination.

A typical solution is shown in Figure 9. The resolved peaks from left to
right are due to nonblock styrene, block styrene meta and para protons, and
block styrene ortho protons. The numbers corresponding to each of the
curves are relative areas compared to the total area of the composite en-
velope. The smooth, solid line is the computed envelope, and the jagged
envelope is the experimental curve.

Since the ratio of the areas of the two block styrene peaks should be 3:2,
an attempt was made to impose this restriction on all solutions. With this
restriction, which is sometimes difficult to achieve, the solutions are quite
unique.

n-Butyllithium Copolymers

Polymerization data and copolymer compositions of 20 n-BuLi copoly-
mers are shown in Table 1. The styrene content in the feed ranges from
about 10 to 90 mole-%.

Calculated values of copolymer styrene resulted from the set of reactivity
ratios,¥rep = 15.0 + 14andfs = 0.025 = 0.080. The standard deviation
between calculated and NMR copolymer styrene is 2.4%. This good
agreement is important because it shows that the terminal model used in the
calculation and the reactivity ratios are valid for this system. It also gives
confidence in the calculated sequence distribution and the calculated values
for block styrene which will be described. Copolymer styrene values in the
fourth column of Table | were calculated with Harwood’s sequence distribu-
tion computer program.B
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TABLE |
n-BuLi Butadiene-Styrene Copolymers

Styrene - 0
in feed, Conversion, Styrene in copolymer, wt-%
Copolymer mole-% wt-% Calcd» NMR
22 9.98 39.1 1.83 1.81
23 19.2 2.46 2.97 3.09
24 33.9 8.46 6.50 7.53
25 33.9 34.0 9.30 9.36
26 49.7 374 20.0 21.6
27 60.0 27.4 24.7 24.1
28 60.0 35.0 30.6 30.2
29 60.0 44.3 42.0 43.9
30 70.0 10.4 255 23.4
31 70.0 22.8 33.6 315
32 70.0 46.2 60.6 53.4
33 80.2 2.4 324 31.8
34 80.0 6.1 34.5 33.3
35 80.0 16.8 43.9 45.2
36 80.0 20.3 48.1 48.2
37 80.0 22.4 50.9 50.3
38 80.0 42.8 73.1 72.4
39 90.0 11.6 60.5 55.5
40 90.0 20.9 74.0 69.4
41 90.0 65.3 91.6 90.9

""Calculated assuming mD = 15.0, rs = 0.025. Standard deviation (57 polymers) =
2.4%.

Curve analysis of the aromatic resonance of n-BuLi copolymers is more
complicated but also more fruitful than that of emulsion copolymers. The
complexity of resolving these curves is illustrated by Figure 10 which is the
aromatic resonance of copolymer 23 in Table I. Again, the jagged line is
the experimental curve and the smooth one is the calculated envelope which
is the sum of the broken-line peaks. Eight peaks—four Lorentzian and
four Gaussian—were used for this solution. This is the minimum number
of peaks necessary for an adequate fit to the experimental curve, especially
for copolymers with short styrene sequences. Although only seven peaks
can be displayed simultaneously with the curve analyzer, more than seven
can be used by first fitting the composite curve on one side and then moving
two or three peaks to the other side to complete the fit. As long as the area
integrator gain is not changed, the areas of the reused peaks will still be pro-
portional to the total area. The only restriction is that the new peaks can
not overlap with those in the first locations because this would change the
total area. The curve in Figure 10 is characteristic of the aromatic
resonance of the isolated styrene unit in a copolymer prepared by n-BuLi
initiation.

The two low-intensity dashed peaks at about 3.0 and 3.1 r in Figure 10
are in the positions which we assign to the meIn and para and to the ortho
proton peaks, respectively, of short sequences (blocks) of styrene. These
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Fig. 10. Curve analysis of aromatic resonance of isolated styrene unit in n-BuLi
copolymer, copolymer 24: (------ ) calculated envelope; (--) positions of short styrene
sequences; (smm) unassigned.

Fig. 11. Curve analysis of copolymer 34. Dashed curves at about 3.0 r and 3.1 r
are due to short sequences. Comparison of these curves with those in Fig. 10 shows in-
crease as number of short sequences increase.

Fig. 12. Aromatic resonance of copolymers 35, 37, and 38. Illustrates formation and
growth of ortho proton resonance at 3.5 r due to long styrene sequences.
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peaks increase as the number of short sequences increase.  This is shown in
Figure 11 which is copolymer 35 of Table I.  Again, the two dashed curves
are due to the short styrene sequences.

Figure 12 illustrates an important and striking difference between emul-
sion and ra-BuLi butadiene styrene aromatic proton resonances. The
spectra resulted from copolymers 35, 37, and 38. All are derived from
monomer feed compositions containing 80% styrene but different conver-
sions, which are shown above the curves. The lowest spectrum includes the
dashed peaks as shown in Figure 11. At about 22.4% conversion a weak,
broad resonance starts to appear at about 3.5 r, and this (and the resonance
at 3.0 ) increases as conversion increases. The two dashed curves, due to
the short sequences, remain in the same positions but also increase. Curve
analysis of the aromatic resonance of n-BuLi copolymers permits a rather
clear separation between “short” and “long” styrene sequences.

Recall from Figure 8 that the shoulder in the aromatic resonance shifts
gradually to the right as the styrene sequence lengths increase. This
difference in aromatic resonance between emulsion and n-BuLi copolymers
is less apparent for the long styrene sequences because the ortho peak in
emulsion copolymers eventually shifts to 3.5 talso. We believe this differ-
ence arises from differences in tacticity of styrene sequences. An isotactic
structure is expected to cause a greater overlapping of phenyl rings and
hence a larger shift to high field than a syndiotactic structure. Thus, it is
presumed the n-BuLi system generates more nearly isotactic styrene se-
quences than the emulsion system.

Table Il shows the curve analysis results of most of the n-BuLi copoly-
mers of Table I. NMR-curve analysis results are divided into short
sequences, long sequences, and total for block styrene values. The total
values are not the sums of columns 2 and 3 but are obtained by summing
both ortho resonances and the meta and para resonances of short and long
sequences. These values should be the most, accurate for total sequences.

The “NMR direct” values are obtained directly from the spectrum by a
method described previously.2 This method can be used only if the ortho
peak is at least partially resolved.

One of the outputs of the sequence distribution computer program is the
weight fraction of the total polymer of A or B sequences containing 1to 10
monomer units.  Sequence lengths over 10 units are lumped into one figure.
It is from the styrene sequence fractions that the calculated block styrene
figures are obtained. Since the NMR,-curve analysis method does not
distinguish between the individual styrene sequences but includes the total
of all sequences over a certain minimum length in the block styrene figure,
we can sum the calculated styrene sequences from the longest to shorter
ones until the accumulated total corresponds to the NMR value.  This will
demonstrate the lower limit of the NMR method.

The last four columns [ACWP(n) Jof Table Il list the accumulated weight
percentages of all styrene sequences of length n and greater. | or example,
the sixth column [JACWP (2)]is the sum of the weight percentages of all
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TABLE I
Curve Analysis of n-BuLi Copolymers

Block styrene, wt-%

Curve anal. (NiMH) Calculated
Copoly- Short Long NMR ACWP ACWP ACWP ACWP

mer seq. seq. Total Direct )] ?3) O] (5)
22 0. 05 0.05 0.01 0. 00 0. 00 0.00
24 0,45 0,45 0.18 0..00 0.00 0. 00
26 3,4 0.4 2,5 0..29 0..04 0.01
27 3,1 3.1 6 0..48 0..06 0. 0L
28 8.5 3.5 10.4 1.2 7.5 2,1 0.63 0.21
29 20 .4 17.2 21..8 15.5 12..7 11. 1
31 7.6 7.6 7.6 1.6 0,33 0. 07
32 8.3 33.0 41,3 43.,5 37.0 34.0 32.2
33 8.0 8.0 6.0 0.86 0.11 0,01
34 75 7.5 7.1 1.1 0.17 0..02
35 13.6 13.6 145 4.3 13 0..40
36 16,0 16,0 19 .8 8.1 35 16
37 16 .9 5.4 25,5 24..0 12.0 6.5 3.8
38 54.3 61,7 49.1 58 .6 51.7 48 .2 46 .0
39 27 .5 27,5 33.5 16.9 8.5 4.4
40 26.7 52.0 27.0 57.2 455 38.3 335
41 77.7 85,5 77.0 82.7 76..5 2.7 70.2

styrene sequences two units in length and longer, i.e., it includes all but the
isolated styrene units. Similarly, the seventh column includes all styrene
sequences longer than two units, etc.

From these columns it is seen that copolymers 22 and 24 (Fig. 10)
essentially contain only isolated styrene units. For the copolymers which
have only short sequences, the short sequence values agree very closely to
ACWP (2), indicating a sequence length of two units is the lower limit for
the curve analysis method. Copolymers 28, 32, and 37 have values for
both short and long sequences. The long sequence values correlate closely
with ACWP (3) and ACWP (4), as do the “direct” NMR results. In these
copolymers there is also good agreement between the short sequence values
and [ACWP (2)-ACWP (4)]. There are short and long styrene sequences
in copolymers 29, 38, 40, and 41 also, but unique curve fitting is difficult for
the short sequences because of overlap.

From these data we conclude the “short” sequences consist of two and
three styrene units, and the “long” sequences include all sequences longer
than three units. Also, the NMR *“direct” method measures the long
sequences in both n-BuLi and emulsion copolymers.

The ortho proton resonance for the short styrene sequences correspond to
the ortho protons of styrene units centered in the triads (BSS + SSB), and
the ortho proton resonance of the long styrene sequences correspond to those
of the styrene units centered in SSS triads. In support of this, Kinstle and
Harwood®have shown by a study of 3,4,5-trideuteriostyrene homopolymers
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and copolymers with methyl methacrylate that the resonance of ortho
protons centered in (MSS + SSM) and SSS triads occur at 3.2 and 3.5 «,
in agreement with our assumptions. From these resonances the corre-
sponding styrene-centered triad fractions can be calculated. The fraction,
/ bshj is determined by difference since the sum of the three fractions equals
unity.

Table 111 compares calculated and observed styrene-centered distribu-
tions for n-BuLi copolymers. The agreement is excellent between calcu-
lated and observed values for/BB-  In general it is not quite as good for the
other fractions. However, copolymers 33-38 show especially good agree-
ment for the other fractions as well. In some cases the sum of two frac-
tions, but not the individual fractions, could be observed. These are listed
in the last four columns. Agreement between calculated and observed is
again good.

Calculated styrene sequence weight distributions, WD(n), are listed in
Table IV for copolymers having only short sequences (n = 2, 3). These are

TABLE IV
Styrene Sequence Weight Distributions in «-BuLi Copolymers
Caled WD(n) (WD(2) + WI)(3)]|
Copolymer WD(2) WD(3) Calod Obs
22 0.007 0.000 0.007 0.03
24 0.026 0.001 0.027 0.07
26 0.109 0.013 0.122 0.16
27 0.128 0.017 0.145 0.13
2s 0.179 0.046 0.225 0.28
31 0.180 0.037 0.217 0.24
33 0.158 0.023 0.181 0.25
34 0.172 0.028 0.200 0.23
35 0.232 0.069 0.301 0.28
36 0.243 0.095 0.338 0.33
37 0.237 0.106 0.343 0.34
39 0.273 0.139 0.412 0.50

the fractions of styrene units which are in sequences of length 2 and 3. In
this case, WD(2) + WD(3) should equal the observed fraction of styrene in
short sequences. The last two columns show close agreement between
calculated and experimental results for this quantity.

The data of Tables 111 and IV demonstrate that styrene-centered triad
fractions and some sequence weight distribution information can be
determined experimentally for n-BuLi butadiene styrene copolymers.
Each of these quantities (or a combination) can be related to a run num-
ber, 7R, from which all other sequence-related quantities can be calculated
since penultimate effects are apparently not important for this system.
For example,

WD(1) = /bsb = RV 4S2 )
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where R is the run number and S is the mole percentage of copolymer sty-
rene. Such quantities are quite accurate for low conversion copolymers.
Complications can be encountered for high conversion copolymers because
of nonhomogeneity of the composition; however, calculations show that
this is still a good approximation for these copolymers.

Comparison with Perfectly Random Copolymers

A convenient and useful way to display the results of the NMR curve
analysis is shown in Figures 13 and 14. The smooth curves in both figures
show how the styrene sequences of length n vary with the copolymer com-
position for “perfectly random” butadiene styrene copolymers. A per-
fectly random copolymer as defined by WallD (u = r2 = 1) is an “ideal”
copolymer in which the composition and the sequence distribution are

Fig. 13. Styrene sequence distribution for perfectly random butadiene-styrene copoly-
mers.

Fig. 14. Comparison of styrene sequence distributions of experimental and perfectly
random butadiene-styrene copolymers.
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uniform over the entire length of the polymer chain, i.e., they are inde-
pendent of the conversion. The curves in Figures 13 and 14 also are valid
for all other cases of “ideal” copolymers Ov2 = 1) at any given copolymer
composition; however, the sequence distribution does vary along the chain
for all other cases. The perfectly random copolymer represents a standard
by which all other real copolymers can be compared. Since much effort is
expended in trying to “randomize” copolymers, these curves provide a con-
venient visual comparison to show the effectiveness of the randomization
process.

The three curves in Figure 13 correspond to the mole percent styrene in
the copolymer in sequence lengths of 1unit, 2 and 3 units, and greater than
3units, respectively. These curves correspond to the “boxes” or categories
into which the NMR-curve analysis results fall.

Figure 14 is essentially the same plot, except the sequence distribution is
reported on a weight-per cent basis and the scale is expanded to allow a more
detailed inspection of the most useful range of copolymer composition.
This form of reporting the data might be more useful to polymer chemists,
since they tend to think in terms of weight per cent. The styrene-centered
triad distributions could also be plotted and compared with that of ideal
copolymers, but sequence distributions are probably more easily visualized
than triad distributions.

Experimental points resulting from the NMR curve analysis of some
butadiene styrene copolymers are plotted in Figure 14 for easy comparison
with perfectly random copolymers. There are three points for each experi-
mental polymer. The open symbols represent the isolated styrene units
(n = 1), the cross-hatched symbols represent sequences of two and three
units, and the solid symbols correspond to the sum of all styrene sequences
longer than 3 units (n > 4). It is easily seen that samples 22 and 1 have
measured sequence distributions which are very close to “perfectly ran-
dom.” Samples 2, 3, and 37 have more of the isolated styrene units than
perfectly random copolymers of the same composition. This is shown by
the open symbols lying above the n = 1curve (dashed line). Sample 3 has
more of the longer sequences and less of the short sequences than expected
from a perfectly random copolymer. It should be pointed out that the sum
of the values represented by the three symbols for each polymer equals the
total styrene in the copolymer. The long sequences and the short se-
quences are measured, but the isolated styrene units are obtained by
difference. Therefore, if one symbol lies off the appropriate curve, there
must be a compensating deviation by at least one other symbol.

It is important to note that this method of measuring and displaying
styrene sequence distributions does not depend upon how the copolymer
was made nor its history. Conversely, the method of NMR curve analysis
will not reveal the history of the polymer but measures the end result. If
the polymer contains long styrene sequences, these would be detected, but it
would not be possible to determine when during the polymerization they
entered the chain. It is a useful means of measuring the sequence distribu-
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tion of a copolymer and comparing it with that expected for a perfectly
random copolymer.

CONCLUSIONS

A method is described for determining styrene sequence distribution in
butadiene-styrene copolymers. An analog computer is used to resolve
overlapped peaks in the styrene aromatic proton NMR spectrum. Two
important features of this analog computer program are: (1) the X-axis is
common to all channels and is generated by a single integrator and (2)
variable diode function generators are used to generate the distributions.

Seven Gaussian or seven Lorentzian, or any combination of seven curves,
can be displayed simultaneously or individually on the oscilloscope or on
an X -F plotter. Various degrees of skew and truncation, as well as slanted
and curved baselines, can be introduced. The amplitude, width and posi-
tion of each peak can be varied independently. The relative area of each
peak can be read out on a digital voltmeter with a reproducibility of about
+0.1%.

In n-BuLi copolymers a quite quantitative distinction can be made
between short blocks, which contain two and three styrene units, and long
blocks, which include styrene sequences four units and longer. The reso-
nance attributed to long blocks appears as a separate peak at 3.5 r at the
start of formation of styrene sequences longer than three units. However,
the ortho proton resonance of emulsion copolymers gradually shifts to higher
fields as styrene sequence length increases until it, too, reaches 3.5 . This
difference might be due to a greater isotactic character of n-BuLi copoly-
mers. The direct NMR method for block styrene includes all sequences
greater than three units in length.

Styrene-centered triad distributions in butadiene-styrene copolymers can
be determined experimentally from the aromatic proton resonance. Agree-
ment between calculated and NMR curve analysis results is good, especially
for n-BuL.i copolymers.  For copolymers with only short styrene sequences,
styrene sequence weight distribution information can also be obtained from
the spectrum. From either of these experimental quantities one can
calculate all other sequence-related properties for any copolymer. Thus it
is now possible to determine approximate styrene-centered distributions
and styrene sequence distributions from butadiene-styrene copolymers.

A useful way to display the results of the NMR curve analysis is to
plot them on a graph which shows the variation of styrene sequence
distribution as a function of copolymer composition for perfectly random
copolymers. The deviations in sequence distribution between the experi-
mental and the perfectly random copolymers are quickly and easily seen.

We wish to thank Mr. R. E. Clarke and Mr. L. E. Breeden for their help in program -
ming the analog computer for curve analysis. We also gratefully acknowledge the many
helpful suggestions of Prof. It. J. Harwood and Dr. B. L. Johnson. The permission of
The Firestone Tire and Rubber Co. to publish this paper is appreciated.
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Irradiation-Grafted Polymeric Films.
I. Preparation and Properties of
Acrylic Acid-Grafted Polyethylene Films

H. F. HAMIL, L. M. ADAMS, W. W. MARLOWE, JR., and E. C.
MARTIN, Soullures/ Research. Institute, San Antonio, Texas 78228

Synopsis

Graft copolymers of low-density polyethylene film and acrylic acid have been prepared
by the direct grafting technique. The properties of 27.4, 33.9, 41.2, and 46.4 wt-%
poly(acrylic acid) graft copolymer films have been compared. Measurements include
degree and uniformity of grafting, gel water content, degree of swelling on wetting, tensile
strength, elongation, ion-exchange capacity, water-vapor transmission, and water flux
and solute rejection under reverse osmosis conditions. These properties were found to
vary as the composition of the graft copolymer changed; mostproperties were found to
be a linear function of the degree of grafting.

INTRODUCTION

The radiation-induced graft polymerization of monomers to solid polymer
films has been studied with a wide variety of monomers and polymers.1-3
Two general techniques for radiation-induced grafting can be employed;
the preirradiation method, where a polymer is “activated” by irradiation,
either in the presence or absence of oxygen, and subsequently allowed to
react with a monomer,45and the direct method, where a polymer is dis-
solved or immersed in a monomer and the mixture irradiated.6

The direct grafting method was utilized in this study to prepare a graded
series of polyethylene-poly (acrylic acid) graft copolymers. The ease with
which reaction parameters such as grafting solution composition, irradiation
dose rate, and total dose can be varied to give specific copolymers makes the
direct grafting method particularly suitable for such astudy. After prepa-
ration of the copolymer films, some physical and chemical properties of the
films were measured in order to determine the effect of the added poly-
(acrylic acid).

EXPERIMENTAL

Materials

Glacial acrylic acid (Rohm and Haas Company) stabilized with 200 ppm
MEHQ was used without further purification.
363
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Benzene (Texas Solvents and Chemical Company) was nitration grade
material and was used as received.

Carbon tetrachloride (ACS grade, Matheson Scientific Company) was
used as a chain transfer agent in the grafting reaction.

Polyethylene (Dow Chemical Company) was a nominal 1-mil thickness
film, designated Dow 400 film. This film was fabricated from low-density
polyethylene (0.921 g/cc) and was additive-free except for 1000 ppm
CaCCR

Cheesecloth used as interleaving material in the rolls of polyethylene film
during grafting was designated Chicopee 2S X 24 and was obtained from
Chicopee Mills, Inc., New York, N. Y.

Equipment

Radiation Facility. The irradiation grafting was conducted in Southwest
Research Institute’s Radiation Effects Facility. The source used consisted
of approximately 10,000 Ci of high specific activity 8Co. The individual
@Co sources are individually encapsulated in stainless steel tapes, \&> X 2
X ‘s in.  To provide a uniform radiation field, wide enough for eight
samples and high enough to cover the large rolls used in the grafting step, the
individual 8o tapes are evenly spaced on the centerline of a vertical semi-
parabolic holder which is mounted on a remotely controlled dolly.

Detailed dosimetry by use of Bausch and Bomb cobalt glass chip tech-
nique was performed on the irradiation tables and irradiation vessels. The
entire assembly was adjusted, in position or source strength, until it was
determined that the incident dose rates were those desired for each of the
eight turntable positions, within the error of the dosimetry system. The
target incident dose rate was 12,000 Rads/hr.  Higher or lower dose rates
could then be obtained by decreasing or increasing the target to source
distance. Dosimetry at one or two points in the target array would then be
sufficient, since the irradiation field was symmetrical and uniform.

Reverse Osmosis Test Module. Reverse osmosis data on the graft co-
polymer films was obtained by using 2-in. diam stainless steel reverse os-
mosis cells similar in design to that described by Manjikian.7

The reverse osmosis test loops were pressurized to the desired pressure
using compressed air. Feed solution was circulated from a surge tank
through the reverse osmosis cells by a peristaltic type pump installed in a
pressure housing. Feed flow in the test cells was 25 cm/sec at the periphery
of the cell and increased to ca. 200 cm/sec at the central exit port of the cell.

Analysis of the feed and product water was by electrical conductivity, by
use of Leeds and Northrup Company Model No. 4866 bridge.

Procedures

Grafting Procedure. Polyethylene film, in 25-ft lengths, was backed
with cheesecloth as an interleaving material and rolled onto '/.j-in. aluminum
pipes, which were capped at one end. During the process of preparing the



IRRADIATION-GRAFTED POLYMERIC FILMS. |1 365

film rolls, small sections were cut from the polyethylene film at 5-ft inter-
vals, weighed and the weight recorded, and replaced in the rolls. The rolls
of film and backing material were placed in hydrometer jars (75 mm X 550
mm), and the jars sealed with rubber stoppers fitted with inlet and outlet
tubes. The aluminum pipes protruded through the stoppers and served as
thermocouple wells, allowing temperatures to be monitored during grafting.

The sealed hydrometer jars were connected to a vacuum system and
evacuated to ca. 2mm Hg.  After backflushing with nitrogen, the jars were
again evacuated and the grafting solution drawn into the jars. The filled
jars were alternatively evacuated and backflushed with nitrogen several
times before sealing the inlet and outlet tubes. The filled tubes were
allowed to stand at least 24 hr to provide time for the film to equilibrate
with the grafting solution. Grafting solution compositions for the four
films reported here were benzene solutions containing 10, 15, 20, and 25
wt-% glacial acrylic acid. Carbon tetrachloride, which functions as a
chain transfer agent was added in a weight ratio of one part carbon tetra-
chloride to five parts acrylic acid.

The hydrometer jars were placed on motor-driven turntables in the ir-
radiation facility and irradiated at a dose rate of 0.012 Mrad/hr until a total
dose of 0.815 Mrad had been applied. The hydrometer jars were rotated
during the irradiation period in order to apply a uniform radiation dose to
the film.

After completion of the irradiation period, the jars were removed from the
irradiation facility and allowed to stand for 24 hr in order to permit reaction
of any remaining active sites.

The films were removed from the jars, separated from the backing
material, and washed in 5 wt-% potassium hydroxide at 95-98°C for 1 hr.
The film was washed further with water at 95-98°C to remove soluble
homopolymer and excess potassium hydroxide. The small samples were
removed from each roll, washed as above, and then treated with hot 5 wt-%
HC1 to convert them to the free acid form. These samples were vacuum-
dried to constant weight and the weight recorded. From the weight gain of
the samples, the uniformity and degree of grafting along each roll was cal-
culated.

Gel Water Content. The gel water content of the copolymer films was
determined by taking samples of the films as their potassium salts and soak-
ing them overnight in deionized water. The samples were blotted dry,
then placed in weighing vials, and their wet weight recorded. After
drying to constant weight at 105°C, their weight was redetermined. Gel
water content was calculated from the dry weight of film and the water
content as determined by weight loss on drying.

Degree of Swelling on Wetting. Samples of film in the potassium salt
form were cut by usinga 1 x 2 in. die. Film thicknesses were determined
by using a Starrett No. 657-617 thickness gauge. Length and width mea-
surements were made with a steel rule graduated in 0.01-in. increments.
After the dry dimensions were determined, the film samples were soaked
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overnight in deionized water, blotted dry of surface water on absorbent
paper, and the dimensions remeasured.

Tensile Strength and Elongation at Yield. Tensile strength and elonga-
tion at yield were determined by means of a Gardner tensile apparatus.
Films were as the potassium salts, and determinations were made on both
wet and dry samples. Tensile strips (0.38 X 6.0 in.) were cut by use of a
die, care being taken to avoid nicks or tears on the edges of the strips.

Water Vapor Transmission. Water vapor transmission measurements
were made in accordance with the appropriate A.S.T.M. method.8

lon-Exchange Capacity. Samples were prepared, and total cation ex-
change capacities of the copolymer films were determined in accordance
with Method 502.1 in the Office of Saline Water Test Manual (Tentative)
or Permselective Membranes,9

RESULTS AND DISCUSSION

Composition of the Graft Copolymers

It was found that the composition of the graft copolymer produced was a
function of the acrylic acid concentration in the grafting solution, over an
acrylic acid concentration range of 10-25 wt-%. The data obtained on
analysis of the four copolymers from this study are presented in Table I.
Under the reaction conditions used, the direct grafting technique produces
quite uniform copolymer films. The variation in the weight percent
poly(acrylic acid) in the copolymers over the 25-ft length of the films was
less than 1%, compared with the average value, with the exception of film
S-82, which showed a maximum variation of 2.1% compared with the aver-
age value. Similarly, the grafting efficiency was uniform along the film
length and was essentially the same for all four films, indicating that the
efficiency of monomer utilization is independent of the monomer concentra-
tion in the grafting solution.

In Figure 1, the degree of grafting, defined as the grams of poly(acrylic
acid) formed in the copolymer per gram of starting polyethylene, is depicted
as a function of the acrylic acid concentration in the grafting solution. It
was found that the degree of grafting was a linear function of the acrylic
acid concentration.

In a previous study,101-mil polyethylene film was grafted with a 25 wt-%
acrylic acid, 5wt-% carbon tetrachloride, 70 wt-% benzene solution. The
irradiation dose rates were varied from 0.0125 to 0.021 Mrad/hr, and the
total dose was varied from 0.671 to 1.700 Mrad. Over this range of dose
rates and total doses, composition of the copolymer produced did not vary
significantly.

According to Odian,1l the rate of graft polymerization is given by the
equation

[m Jr: /%
(2%)15
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Fig. 1. Effect of acrylic acid concentration in the grafting solution on the degree of
grafting of the copolymer films.

where Rv is the rate of grafting, in moles of monomer grafted per liter of
monomer-solvent-amorphous polyethylene, per second; [M] is the mono-
mer concentration, in moles of monomer per liter of monomer-solvent-
amorphous polyethylene; R (is the initiation rate, in moles of amorphous
polyethylene free radicals per liter of monomer-solvent-amorphous poly-
ethylene per second; Ig, k, are the propagation and bimolecular termi-
nation rate constants, respectively. Since the ratio kv/(2k,)1sis a constant
for a given monomer-polymer-solvent system, the rate of graft polymeriza-
tion RPshould be controlled by the concentration of the monomer and the
concentration of free radicals in the polymer. For the acrylic acid-
polyethylene-benzene system, we found that the total amount of poly-
(acrylic acid) in the copolymer was independent of radiation intensity at
uniform irradiation periods and independent of total dose.) Since dose
rate and total dose control the rate of production of radicals and the total
number of radicals produced, this implies that R, is not a controlling factor
in the rate of graft polymerization with this system within the limits of dose
rates and total dose described above. Conversely, maintaining a constant
rate of production of polyethylene radicals, as in the present study, and
varying the monomer concentration in the grafting solution gives a series of
copolymers in which the poly(acrylic acid) content is a linear function of
acrylic acid concentration.

In the present study, it would appear that at the irradiation dose rates
used, sufficient polyethylene radicals are produced to utilize all available
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monomer in the film. Since the acrylic acid concentration in the poly-
ethylene film will be controlled by the external concentration of acrylic acid
and by the diffusion coefficient of acrylic acid in polyethylene, for this sys-
tem one lias a diffusion-controlled process, and the composition of the
copolymer can be controlled by control of the acrylic acid concentration in
the grafting solution.

From the data in Table I, it can be seen that copolymer films containing
relatively large amounts (46.4 wt-%) of poly (acrylic acid) can be prepared
by the direct grafting technique, at ambient temperatures. By contrast,
polyethylene-poly (acrylic acid) graft copolymers prepared by the preirradi-
ation techniqueX contained a maximum of 20.3 wt-% poly (acrylic acid),
with the graft polymerization step run at 120-140°C. Radiation doses
were nominally the same in both cases.

Effect of Copolymer Composition on Film Properties

Gel Water Content. The graft copolymers in the potassium salt form
are hydrophilic and readily imbibe water on wetting From the data pre-
sented in Table 11, it can be seen that the gel water content of the films in-
creases from S-84, which has the lowest poly (potassium acrylate) content,
to S-81, which has the highest poly(potassium acrylate) content. These
data are depicted graphically in Figure 2, where it can be seen that a linear
relationship exists between poly(potassium acrylate) content and the gel
water content of the saturated films.

Fig. 2. Effect of polyfacrylic acid) content (potassium salt form) of the graft copolymer
on water absorption. (* Films as potassium salts.)
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Degree of Swelling. Upon wetting, the films, in the salt form, all un-
dergo dimensional changes. For the two more highly grafted films (S-81
and S-82), the dimensional changes are essentially uniform in all three di-
mensions (Table I1), while for the remaining two films (S-83 and S-84) there
was a greater relative change in thickness than in width or length. Com-
parison of the four films shows that the degree of swelling is a function of
the degree of grafting, with the largest dimensional changes occurring in
the most highly grafted film, and decreasing as the degree of grafting de-
creases.

Tensile Strength. The tensile strength at the yield point was deter-
mined for the copolymer films in the salt form. Measurements were made
on both wet and dry tensile strips.  Tensile strengths for the dry specimens
were higher than for the original ungrafted polyethylene, which had a ten-
sile strength of 1850 psi, except for the most highly grafted film, S-81 (Table
I1). When the films were saturated with water, there was a considerable
loss of tensile strength. The tensile strength decreased by a factor of
about 3 to 5, depending on the film being measured. There was no linear
correlation between either wet or dry tensile strength and copolymer com-
position, but the general trend in both cases was a decrease in tensile
strength with increasing poly (potassium acrylate) content of the copolymer.

Elongation. The elongation at the yieldpoint was determined for wet
and dry films in the potassium salt form (Table I1). For all four films,
elongations of greater than 100% were obtained on the dry samples.
For the wet samples, elongations in the range of 45-84% were observed,
but again no correlation with copolymer composition could be made.

lon-Exchange Capacity. Since the polyethylene-poly (acrylic acid)
graft copolymers contain relatively high concentrations of carboxylic acid
groups, they should function as weak cation exchange materials. Based
on the poly(acrylic acid) content of the copolymers, ion-exchange capacities
for the four materials were calculated. Experimental values for the ion ex-
change capacities were determined and compared with the calculated val-
ues (Table I111). Excellent agreement between the calculated and experi-
mental values for all four films was obtained. Presumably due to the rela-
tively large amounts of water imbibed by the grafted films, an open struc-

TABLE Il
lon-Exchange Capacity of Acrylic Acid-Grafted Polyethylene Films

lon-exchange capacity,

meq./dry g
Calculated from
Film no. Degree of grafting degree of grafting Experimental
S-81 0.87 =+ 0.02 6.35 + 0.06 6.40
S-82 0.70 + 0.03 5.64 = 0.14 5.67
S-83 0.52 £ 0.01 4.64 £ 0.07 4.71
S-84 0.38 £+ 0.01 3.77 =+ 0.06 3.83
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TABLE IV
W ater Vapor Transmission of Acrylic Acid-Grafted Polyethylene Films»
W ater vapor Equilibrium, Film thickness
transmission, water content, (wet),
Film no. g-cm/m 224 hr wt-% mils
S-81 9.10 37.2 1.6
S-82 7.10 38.1 1.5
S-83 5.46 35.2 1.2
S-84 5.11 35.0 1.1

aFilms as potassium salts.

ture its obtained in the swollen polymer, and essentially all the carboxyl
groups are available for ion exchange.

Water Vapor Transmission. Water vapor transmission through the graft
copolymer films, in the potassium salt form, was measured in conformance
with the appropriate A.S.T.M. method.8

It is found that the water vapor transmission increased as the degree of
grafting increased (Table 1V). When the water vapor transmission was
plotted as a function of the degree of grafting, the linear plot shown in

Fig. 3. Effect of poly(acrylic acid) content in die copolymer film on water vapor trans-
mission.
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Figure 3 was obtained. The value for the water vapor transmission for
low-density polyethylene was obtained from published data.B

The equilibrium water concentration of the films under the test, condi-
tions (100% RH, 50% RH) was also determined, and was found to increase
as the degree of grafting increased, except that the value for film S-81 was
lower than expected.

Reverse Osmosis Studies. The water flux and salt rejection for these
membranes were determined at 400 psig with 0.25-wt% saline feed. Asthe
amount of poly(potassium acrylate) in the film decreased, the water flux
decreased, and the salt, rejection increased. Examination of the data
presented in Table V suggested that the decreasing flux observed with de-
creasing poly (potassium acrylate) content might be explained by the de-
creasing gel water content in the graft copolymer shown in Table I1.  Ifitis
accepted that water transport through poly (potassium acrylate)-grafted
membranes is a direct function of the amount of imbibed water in the
membrane, and the demonstrated facts of strongly coupled water-salt flows
along with very high equilibrium water contents are considered, then the
following mechanism of transport through these membranes can be pro-
posed.

In the wet state the films contain large amounts of imbibed water and are
in a swollen gellike state. The water in interstitial spaces between the
polymer chains provides a medium for ionization of the potassium poly-
acrylate, which results in mobile potassium ions in the interstitial spaces and
fixed carboxyl ions on the polymer chains. Woater transport through the
membrane under hydraulic pressure would occur by viscous flow through
the interstitial spaces and would increase with increasing degree of hydra-
tion, since the cross-sectional areabetweenthe polymer chains would increase
as the polymer chains were forced farther apart by the larger volume of im-
bibed water. Salt rejection in the solution moving through the interstitial
space would be due to simple ion exclusion and would decrease as the degree
of hydration increases, since the average charge density in the interstitial
spaces due to the fixed carboxyl ions on the polymer chains would decrease
as the polymer chains occupy a decreasing percent of the hydrated volume
of the swollen film.

Where the salt rejection is due to ion exclusion, divalent coions should be
more selectively rejected than monovalent coions due to their larger diam-
eter and greater charge density.

Reverse osmosis runs with 0.028 M sodium sulfate and 0.028 M dibasic
sodium phosphate were conducted. It was assumed that, with larger
polyvalent anions, the effective repulsion due to the fixed negative charge on
the polymer carboxyl groups would be greater, and higher rejections of these
salts would be obtained. As can be seen from the data shown in Table V,
rejections of 90% or better were obtained in both cases for four different
films with varying amounts of poly(acrylic acid) in the film.  With sodium
sulfate, the rejection was essentially constant at 91%, while water flux
appeared to decrease with decreasing degree of grafting except for sample
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S-S2, which has a slightly higher flux than S-81.  This decrease in water flux
parallels that observed in reverse osmosis experiments on this series of films
with sodium chloride. However, the water fluxes were slightly higher with
the sodium sulfate feed, than with the sodium chloride feed.

When dibasic sodium phosphate was utilized as feed, salt rejections were
90% or better, and water fluxes were comparable to those obtained with the
other solutes. With the phosphate feed, a trend of decreasing flux and
increasing rejection with decreasing degree of grafting is seen, except for
sample S-S3, which shows a higher than expected flux with a lower rejection.

These results bear out the postulate that salt rejection is due to simple ion
exclusion, as would be expected for ion-exchange membranes.

CONCLUSIONS

We have prepared a series of acrylic acid grafted polyethylene films by the
direct grafting technique. Under the reaction conditions employed, we
found the grafting step to be diffusion-controlled, which allows ready con-
trol of the final copolymer composition by controlling the concentration of
acrylic acid in the grafting solution.

Determination of some physical properties and transport coefficients for
the graft copolymer films indicated that these properties of the copolymer
films change with the graft copolymer composition. Further, it was found
that the properties of these films were a linear function of the amount of
poly(acrylic acid) in the graft copolymer.

We believe that this work indicates that the direct grafting technique is a
convenient route to graft copolymers, and that the ease with which copoly-
mers of desired composition can be obtained makes this method valuable in
that polymers can be readily tailored to give specified properties.

We wish to thank the Office of Saline Water, United States Department of the In-
terior, for support of a portion of this work under Contract No. 14-01-0001-2129.
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Structure of Polymers Obtained from Sulfur
Monochloride and Olefins Containing
Sulfonium Salt Structures

F. LAUTENSCHUAEGER, Duvlop Research Centre, Sheridan Park,
Ontaria, Canada

Synopsis

Reactions of sulfur monochloride with diolefins lead to polymeric products which can
be reduced to diepisulfides in low yield. In reactions with cyclic triolefins, polymers con-
taining tricyclic sulfonium structures are obtained as a result of transannular additions
and subsequent transannular displacements. Due to the insolubility and reactivity of
these ionic structures, only incomplete structural assignments could be made, but the re-
actions are studied on similar cyclic structures which provide model systems.

RESULTS AND DISCUSSION

During investigations of the reactions of sulfur monochloride with ole-
fins1-3 it was observed that reactions with diolefins lead to oligomeric or
polymeric products. In several instances, these products were reduced to
unsaturated episulfides.3 The generality of this addition reaction has
been demonstrated14 However, contrary to earlier reports concerning
the nature of such reactions,56 it was assumed that the addition of sulfur
monochloride leads to disulfide polymersl2 exclusively. More recent
results support the complexity of that addition reaction37 which is essen-
tially a result of a disproportionation of | into sulfur dichloride and

2 SXI2—SCh + SXI2
I

trisulfur dichloride. We consider the recently reported polymerization of
sulfur chlorides with diolefins not as novell?2 since the major product
(>98%) of a reaction of | with 2,3-dimethylbutadiene-1,3 had been re-
ported to be polymeric in an earlier investigation.8 We have independently
investigated the addition of | to diolefins and obtained polymeric products
from the diolefins 11-1l. The presence of the disulfide linkage in these
addition products can be demonstrated by their reduction to the diepisul-
fides VIII and IX in low yields (~ 10%) by means of aluminum amalgam
according to a recently disclosed procedure.3
37

© 1971 by John Wiley & Sons, Inc.
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Vi,n=2 VI, «=2
Vil,n=4 IX,n—4

An attempted extension of this reaction to the cyclic triolefins X and XI
has led to the formation of products which are insoluble in aprotic sol-
vents. Therefore, an investigation of their structure was initiated. In

general, the presence of an additional double bond and the use of a medium-
size ring system in this addition reaction may lead to several secondary
reactions. For example, it is conceivable that after the formation of the
initial addition product XII, displacement of a chloride ion in this
sterically crowded ring system might lead to a bicyclic sulfonium salt such
as structure XIII. The transannular addition of alkylsulfenyl chlorides
to cyclooctadiene-1,5 provides a recent example for this type of sulfonium
salt formation.9 However, a uniform structure would not be anticipated
because of the tendency of disproportionation of I, which would result in the
formation of mono-, di- and trisulfide links in the addition product XII.
Furthermore, geometric isomers might result since addition of | to two
olefinic sites in X or X1 may occur by a random approach, placing carbon-
sulfur and carbon-chlorine bonds in various nonequivalent positions. An
added complication could arise from the possibility that the formation of
X1 might involve the displacment of a chloride ion by mono-, di- or
even trisulfide groups. Since it was uncertain whether both di- and
trisulfide links can participate in the formation of sulfonium salts, transan-
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nular interactions in these bicyclic ring systems were investigated and var-
ious additions were studied.

We have observed that from the reaction of X with equimolar amounts
of I in methylene chloride as reaction medium, 12% of the product sep-
arates as insoluble powder, another 37% separates on dilution with diethyl
ether whereas 51% remains as a soluble polymer. When this reaction was
carried out in hexane, an insoluble product was obtained in nearly quan-
titative yield. For the identification of these structures, spectroscopic
data were inconclusive except for either the presence or absence of both cis
and trans unsaturation in the infrared and nuclear magnetic resonance
spectra. The nuclear magnetic resonance spectra of all products showed
extremely poor resolution and permit no structural assignments. How-
ever, the structures of the transannular addition product of sulfur di-
chloride to both X and XI, which were shown to be XIV and XV,Dwere
considered to be closely related systems and were chosen for studying trans-
annular reactions.

We have observed that transannular reactions proceed readily. The
addition of chlorine to XIV and XV leads to nonidentical sulfonium salts,

XIVe, XVe

for which structures XIVb and XVb are assigned. The nonidentity of
XIVDb and XVb is evident from nuclear magnetic resonance and infrared
spectra, as well as differences in their thermal stability. The saltlike
character is evident from their solubility in water and insolubility in aprotic
solvents. It is suggested that the formation of XIVb and XVb proceeds
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via the sulfonium intermediates X1Va and XVa. Although these struc-
tures could be defined on the basis of an assumption that a direct transan-
nular reaction occurs, rearrangement of the carbon-sulfur skeleton in that
tricyclic structure is conceivable. Such a rearrangement could proceed
via an equilibrium between sulfonium salt and the tetrachlorosulfides X1Vc
and XVc or XIVd and XVd.

It was observed that transannular addition was not restricted to the
addition of chlorine. In a surprising novel reaction, addition of sulfur
dichloride to XV leads to an intramolecular 1:1 addition product in a yield
of 75%. Nuclear magnetic resonance and infrared spectra indicate the
absence of olefinic unsaturation, and the insolubility of the product in
aprotic solvents again suggests the formation of a sulfonium salt.  Struc-
ture XVI is assigned for that product, which would represent a sulfonium

XV
—
a '+ ca y D~ ©
LA
a SSR
XVI R = C,jH 18C1352
XVII

ion where the positive charge is located on a disulfide linkage. It is of
interest to speculate on the nature of the sulfur-sulfur bond, which could
be represented by the tautomeric structures XVIa-XVIc. Tautomerism
between XVIb and XVIc would provide a mechanism for the rearrange-
ment of

S
1+ + +
C—S—C Vi C—S—S—C Vi c—s—s—cC
! | |
C C C
XVla XVIb XVlc

the tricyclic structure into a thermodynamically more preferred ring struc-
ture. Such a rearrangement could also proceed via the nonionic tetra-
chlorides analogous to the monosulfide XVd.

In contrast to the formation of an intramolecular 1:1 addition product
from sulfur dichloride and XV, addition of sulfur monochloride to XV leads
to a 1:2 intermolecular addition product in a yield of 86%. The infrared
spectrum of this sulfonium salt indicates the absence of unsaturation and
the structure X V11 is postulated for that addition product.

In summary, the reaction of the bicyclic olefinic sulfide XV with chlo-
rine, sulfur dichloride or sulfur monochloride may lead to intramolecular
or intermolecular additions, depending on the nature of the electrophile.
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X Villa XV Illb

X = Cl+;C1s+;C IS/

It may bo assumed, that addition of the electrophile proceeds to give the
intermediate XV Illa or XVIllb, whereby the steric requirements of X
determine whether insertion into the ring system by an endocyclic ap-
proach, XVIlla, or by an exocyclic approach (XVlIb) occugrs. It appears

asif theJlrJicycIic ring system XV readily accommodates the —S2—group, but

that —S3— is not incorporated into that ring system since a predominantly
2:1 addition of XV and | is observed.

It can therefore be concluded that polymers obtained from | and the
cyclododecatrienes X and X1 consist at least partially of structural units
containing sulfonium salt structures. Crosslinking would proceed via
addition of | to the remaining olefinic site in initial addition products.
The possibility for the formation of polymer XIII with both mono- and
disulfide linkages participating in the formation of sulfonium structures is
conceivable on the basis of the synthesis of the model compound XVI.
The reactivity of these polymeric systems deserve further attention,
particularly with respect to the anticipated case of displacement of the
chlorine atom in /3-position to the sulfur atom.

EXPERIMENTAL

Satisfactory analyses were obtained from the addition products of | to the
diolefins I1-V11.

Aluminum amalgam was prepared according to the procedure of Vogel.1l
Sulfur monochloride was obtained from the Hooker Chemical Co. Both
isomers of 1,5,9-cyclododecatriene were purified by fractional distillation.

The reaction of sulfur monochloride with exo-dicyclopentadiene(ll),
cyclohexadiene-1,4(111), cyclooctadiene-1,5(1V), vinylcyclohexene-4(V),
hexadiene-1,5(V1), and octadiene-1,7 (\VII) were carried out by gradual ad-
dition of sulfur monochloride to equimolar amounts of the diolefin in the
absence of solvent between 25°C and 60°C. Highly viscous to semisolid
products are obtained. In case of the olefins 1V-VII, cyclic or bicyclic
chlorosulfides, corresponding to the sulfur dichloride addition product to
these diolefins, could be isolated.

Reduction of Sulfur Monochloride Addition Product
of VI and VII with Aluminum Amalgam

To solutions of the polymers obtained from sulfur monochloride and
diolefin in tetrahydrofuran was added aluminum amalgam in the amount of
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100 g for that amount of addition product which was obtained from 135 g
(1 mole) of sulfur monochloride and 1 mole of diolefin.  Water (100 ml) whs
added over a period of 1 hr with rapid mechanical stirring.  After comple-
tion of that addition, the slurry was vacuum filtered, the residue washed
with tetrahydrofurane and the combined filtrates were partially evaporated
on a rotary evaporator. After dilution with three times its volume of
diethyl ether, the organic layer was washed repeatedly with water, dried
with magnesium sulfate and distilled to give the diepisulfides VIII and IX,
respectively, in yields from 8 to 15%.

The diepisulfide VI is characterized by its bp 116°C/10 mm; nf, —
1. 5420.

Anal. Calcd for C6Hi0S> C, 49.32%; H, 6.85%; 8,43.85%. Found: C, 49.59%;
I, 6.89%; S, 43.80%.

The diepisulfide of octadiene-1,7 (9) is characterized by its bp 74°C/0.3
mm Hg and mp 41.5-43°C after recrystallization at —20°C from pentane
and subsequent sublimation.

Anal. Calcd for C8Hi452: C, 55.17%; H, 8.05%; S, 36.78%. Found C, 55.26%;
I, 8.03%; S. 36.80%.

The products are further identified by their desulfurization with tri-
phenylphosphine to the corresponding diolefins in carbon disulfide and their
infrared absorption spectra by comparison with authentic samples.

Reaction of Sulfur Monochloride with trans,trans,cis-
Cyclododecatriene-1,5,9 to Give XlII and XIlI

To a solution of 35.64 g (0.22 mole) of cyclododecatriene X in 150 ml of
hexane was added 27 g (0.2 mole) of sulfur monochloride over a period of 24
hr. A white precipitate formed during that period. A negative test with
potassium iodide was obtained after stirring the suspension for another 12 hr
at ambient temperature.  After filtration and washing the product with hot
hexane, 59 g (99%) of crude product was obtained.

Anal. Calcd for Ci2l118C152: C, 48.62%; 11, 6.09%; Cl, 23.87%; 8, 21.56%.
Found: C, 48.41%,; 11,6.25%; CIl, 23.70%; 8,21.70% .

The product is insoluble in carbon tetrachloride, chlorobenzene, ethyl
acetate but soluble in hot nitromethane. The infrared spectrum shows
generally poor resolution but major absorption peaks in the region of 2000 -
650 cm-1 are observed at 1440, 1220 (wide), 980, and 773 cm-1.

To a solution of 3.245 g (0.02 mole) of cyclododecatriene-1,5,9 (trans,-
trans,cis) in 50 ml of methylene chloride was added 2.700 g (0.02 mole) of
freshly distilled sulfur monochloride in 50 ml of methylene chloride. The
solution was stirred at 30°C for 8 hr, after which a negative test with po-
tassium iodide was obtained. The clear solution was decanted from 0.72 g
(12%) of a polymeric product, A, which was deposited on the wall of the
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reaction vessel.  On dilution with 100 ml of anhydrous diethyl ether, 2.233
g (37%) of material, B, was filtered off. On standing of the solution for 64
hr only traces of insoluble product separated. Evaporation of the solution
on a rotary evaporator gave 3.0 g (51%) of resinous material, C, which was
soluble in chloroform and benzene.

Anal. Calcd for CiH 8CI1252: C, 48.62%; H, 6.09%; CI, 23.87%; S, 21.56%.
Found: (A) C, 40.43%; H, 5.55%; Cl, 32.43%; S, 19.44%. (B) C, 45.15%; H,
6.17%; Cl, 25.48%; S, 21.26%. (C)C, 52.14%; II, 6.93%; Cl, 20.56%; S, 20.98%.

The infrared spectrum of A is poorly resolved, it shows major absorption
bands (IvBr) at 3410, 2920, 1615, and 1440 cm-1 but only very weak indica-
tion for the presence of trans unsaturation at 980 cm-1. The spectrum of B
shows increased absorption for trans unsaturation, whereas product C shows
both trans and cis unsaturation at 980 and 710 cm-1, respectively.

The reaction of sulfur monochloride with trans,trans,irans-cyclododeca-
triene-1,5,9 (XI) was carried out in methylene chloride as solvent as de-
scribed for its isomer X.  Three fractions which were distinguished by their
solubilities show the following elemental analyses.

Anal. Calcd for C12H,8C152: C, 48.62%; H, 6.09%; Cl, 23.87%; 8, 21.56%.
Found: A, 0.7 g (11% yield): C, 50.19%; H, 550%; CI, 33.60%; S, 18.86%. B,
1.75 g (29% yield): C, 43.39%; H, 5.54%; CI, 26.55%; S, 20.48%. C, 3.56 g (60%
yield): C, 48.92%; Il, 6.53%; CI, 18.02%; S, 20.72%.

Formation of Cyclic /Ld'-Dichlorosuliides

From the reactions of the diolefins 1V, V, VI, and VII with sulfur mono-
chloride up to 15% of lhe products were found lo be cyclic sulfides identical
with the sulfur dichloride addition products of these diolefins.

Reaction of Chlorine with XV

To a solution of 6.0 g (0.023 mole) of XV in 100 ml of methylene chloride
was added chlorine at —20°C with stirring until a positive test with potas-
sium iodide was obtained. The crystalline precipitate was suction filtered
and air-dried to give 7.28 g (96%) of XVb, mp 170.5-171°C (dec). The
product is soluble in water and methanol, but insoluble in carbon tetra-
chloride, acetonitrile, and dimethylformamide. Recrystallization from
water provided an analytical sample.

Anal. Calcd for Ci2HI8C14S: C, 42.19%; IT, 5.39%; S, 9.53%; Cl, 42.17%.
Found: C,42.41%; H,5.44%; 8,9.56%; Cl, 42.69%.

The infrared spectrum of XVb shows the following absorption bands
which are not observed in the isomeric structure XI1Vb: 1372, 1295, 1284,
1237, 1222, 1195, 1146, 1046, 1009, and 734cm-1

The sulfonium salt can be recovered unchanged from a solution in acetic
acid/dioxane (1:3) as evidenced by the infrared spectrum of the recovered
sample.



381 F. LAUTENSCHLAEGER

Reaction of Chlorine with XIV

Under conditions identical as described in the formation of XVb, the
product XIVb was obtained in a yield of 79%, mp 227-235°C (dec).
Recrystallization from water (40°C) left the product unaffected.

Anal. Calcd fur C«HhCUS: C, 42.19%; H, 5.39%; S, 9.53%; Cl, 42.17%.
Found: C, 42.20%; H, 5.24%; S, 9.38%; ClI, 42.69%.

The nonidentity of XIVb and XVb is shown by the infrared spectrum of
XIVb, which shows the following absorption peaks (potassium bromide
pellet) which are not observed in XVb: 1180, 1027, S70, 745, 625, 579, 453,
399 cm-1.

Reaction of 2,9-Dichloro-13-thiabicyclo[8.2.1]-5-tridecene (tram) (XV)
with Sulfur Dichloride to Give XVI

Into a solution of 5.3 g (0.02 mole) of XV in 100 ml of methylene chloride
was added 2.06 g (0.02 mole) of sulfur dichloride at an internal temperature
of —20°C. Discolorat ion of the solution was complete after 30 min, when a
negative test with potassium iodide was obtained. The precipitated prod-
uct was filtered off and washed with methylene chloride to give 5.5 g (75%)
of XVI, mp 80-120°C (dec).

Anal. Calcd for CisHmChSs: C, 39.14%:;: H, 4.93%. Found: C, 39.79%; H,
5.43%.

The product is infinitely soluble in methanol, partially soluble in cold
acetic acid and water, but insoluble in common aprotic organic solvents.
The infrared spectrum (KBr pellet) shows major absorption bands at 1289
and 1206 cm-1 which are not present in the sulfonium salt XVb. Further-
more, absorption bands in XVI at 1295, 1254, 1211, 916, 908, 906, and 783
are not observed in XVb. The infrared spectrum in Nujol is essentially
identical with that in potassium bromide.

A nuclear magnetic resonance spectrum of a solution of XVIb in deu-
terated methanol (prepared and recorded at —30°C) shows a wide peak for
CH2protons at 2.0 ppm and an unresolved wide peak for the remaining
CHX-protons between 3.5 and 5.0 ppm. If this solution is prepared and
recorded at —70°C, only further widening of these bands is observed. A
solution of XV1 in deuterated water, prepared and recorded at 5°C, shows
essentially the same spectrum as in deuterated methanol.

Reaction of 2,9-Dichloro-1,3-thiabicyclo[8.2.1j-5-tridecene (trans) with
Sulfur Monochloride to Give XVII

Into a solution of 5.3 g (0.02 mole) of XV in 50 ml of methylene chloride
was added 2.7 g (0.02 mole) of freshly distilled sulfur monochloride dropwise
with stirring at an internal temperature of —20°C. Immediate precipita-
tion occurred but a positive test for sulfur chloride was obtained with
potassium iodide. The addition of another 5.3 g (0.02 mole) of XVI1 was
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required to completely consume all sulfenyl halide. Filtration and washing
of the colorless powder with methylene chloride gave 11.7 g (86.7%) of
product, mp 146-149°C (dec). Further purification of this sample could
not be achieved and the presence of XVI must be assumed as the result of
the decomposition of sulfur monochloride in sulfur dichloride and dichloro-
trisulfane.

Anal. Calcd for CmH,C1S,: C, 43.31%,; |II, 5.4;)%; S, 19.27%; CI, 31.90%.
Found: 0,41.9.)%; 11,3.42%; S, 19.96%; 01,33.43%.

The infrared spectrum is characterized by strong absorption peaks at 684
and 1438 cm-1.

The author is grateful to Mr. Derek Johnson for technical assistance, to the National
Research Council of Canada for financial support and to Prof. J. K. Stille for supplying
the low-temperature nuclear magnetic resonance spectra.
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Sequence Distribution of
Poly (ether)urethane Elastomer

HAJIME SUZUKI, Kalala Research Institute, Toyobo Company Ltd.,
Otsu, Shiga, Japan

Synopsis

Poly (ether)urethane elastomers (PEUE) having different sequence distributions can
be synthesized by the reaction of p-phenylene diisocyanate, poly (oxytetramethylene
glycol), and hydrazine by four different routes. The degree of the sequence distribution
of PEUE was determined by high-resolution NMR spectroscopy. The sequence
distribution of PEUE synthesized by the prepolymer method in solvent (method 1)
was found to coincide with the sequence distribution calculated from the reactivity
ratio of two isocyanate groups in p-phenylene diisocyanate. On the other hand, the
sequence distribution of PEUE obtained by the prepolymer method without solvent
(method 2) was found to deviate from that expected from the reactivity ratio. The
degree of the distribution of monomers in PEUE having the same composition ratio cor-
responded to the infrared absorbance ratio at 1720 and 1700 cm-1.

INTRODUCTION

Poly (ether)urethane elastomers (PEUE) prepared from p-phenylene di-
isocyanate(PDI), poly (oxytetramethylene glycol) (PTG), and hydrazine
(HD) can be obtained by many methods. PEUE having the same or
different composition ratio and different degree of sequence distribution
were synthesized by four different methods. The determination of the
sequence distribution of PEUE by NMR has been described in a prelimi-
nary report.1 The present paper is a detailed report of the sequence distri-
bution of PEUE prepared by the following four methods.

Method 1 is a prepolymer method or two-step polymerization method.
In this method PTG was treated with PDI in solvent in order to prepare
a prepolymer with terminal isocyanate groups. The prepolymer thus ob-
tained was then dissolved in dimethylacetamide(DMAC) and extended to
PEUE by the reaction with a molar equivalent of HD.

In method 2, PTG was treated with PDI without solvent in order to
prepare the prepolymer with terminal isocyanate groups, and after the pre-
polymer reaction PEUE was obtained by the same method as method 1

Method 3 is a so-called semipolymer or three-step polymerization method.
In this method PTG was treated with PDI without solvent in order
to prepare semipolymer with terminal hydroxyl groups. This semipoly-
mer was then treated with PD1 without solvent or in solvents in order to
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prepare the prepolymer with terminal isocyanate groups, and the pre-
polymer with terminal isocyanate groups was extended to PEUE by the
reaction with a molar equivalent of HD.

In method 4, PTG was treated wdth PD | without solvent in order to
prepare prepolymer with terminal isocyanate groups. After the pre-
polvmer reaction, PDI was added to the prepolymer with terminal iso-
cyanate groups, and the mixture of the prepolymer and PDI was extended
to PEUE by the reaction with a molar equivalent amount of HD.

The structures of the PEUE obtained by the above methods can be ex-
pressed by the following equation:

141K d -fi-p l—~ATm I-r 1)
| = CONH<M>NHCO,

E = —0-fCHXHSCHXHD-h A = NHNIL

In the above formula TT-E-)-nis the so-called “soft” segment or poly(ether)-
urethane segment, and ~CI-AP.,,,, is the so-called “hard” segment or urea seg-
ment. The number-average sequence lengths of the  I-E*T unit (n = L,,ie)
and the -fl-AT- unit (in = L,,ia) are given by egs. (2) and (3):

(Pei-ar2) + P e-i-e

Lnig — (Pe-i-a/2)

)

(-PEH1-a/2) + Pai-a
(P e-i-al2)

LA = (3)
Where P e-i-e, P a-i-a, and P e-i-a represent the proportion of the integrated
intensities of E-I-E, A-I-A, and E-I-A signals, respectively, to the total
intensities of the diisocyanate residues. These three kinds of PDI residues,
E-I-E, A-I-A, and E-I-A, were identified at 7.42, 7.28 and 7.35 ppm as a
benzene signal,1respectively, in DM AC containing 5% lithium chloride.
Furthermore the degree of sequence distribution of PEUE may be defined
by the above terms:2

B = (1L/L ,ie) + (1/L ,ia) )

If B <1, these units tend to cluster in blocks of each unit, and finally B =
0 in a homopolymer mixture, whereas if B >1, the sequence length be-
comes shorter, and B = 2 in an alternating copolymer.

For the PEUE polymers obtained in this experiment of a given composi-
tion,

m L nia
= constant (5)

and consequently as L,,m increases, L,,iAmust increase to satisfy the above
expression. In other words, while m/n remains constant, the repeating
sequences of I-E units and I-A units in the chain of PEUE are each be-
coming longer.
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EXPERIMENTAL

Reagents

Benzene, toluene, cyclohexane and DMAC were purified by the usual
method. PDI was purified by sublimation. Commercial PTG with an
average molecular weight of 807 was used without further purification.

Polymers

Methods 1 and 2. In method 1 the prepolymer was prepared by re-
acting 0.02 mole of PTG with 0.04 mole of PDI in 100 ml of solvent at
30°C for 3 hr. The completeness of the prepolymer reaction was ascer-
tained by the n-dibutylamine titration method reported by Stagg.3 The
PEUE polymers were prepared from the prepolymers and 0.02 mole of
HD as a chain extender.

In the case of method 2 the prepolymer was prepared by reacting PTG
with PD1 without solvent at 75°C for 3 hr. The molar ratios of the mono-
mers and other procedure were the same as in method 1 after the prepoly-
mer reaction.

Method 3. Semipolymer with terminal hydroxy groups was prepared
by reacting PTG with PDI without solvent at 75°C for L.5hr. The various
molar ratios of PTG and PDI are listed in Table I. The prepolymer was
prepared by reacting the semipolymer and 1 mole of PDI without solvent.
The prepolymer with terminal isocyanate groups was reacted with 0.5 mole
of HD as a chain extender in DMAC.

Method 4. In this method PEUE polymers having the same com-
position ratio and different degree of sequence distribution were syn-
thesized by the following procedure. The prepolymers were prepared by

TABLE |
Molar Ratios of Semipolymers

No. PTG, mole PDI, mole

1 1.5 1.0

2 1.3 0.S

3 1.1 0.6

4 1.0 0.5
TABLE Il

Preparation of PEUE

PDI, mole
No. Prepolymer After the prepolymer
1 0.040 0.000
2 0.035 0.005
3 0.030 0.010
4 0.025 0.015
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reacting 0.020 mole of PTG and PDI (0.040-0.025 mole as seen in Table
I1) without solvent at 75°C for 2 hr.  After the prepolymer reaction, PDI
(0.00-0.015 mole as seen in Table Il) was added to the prepolymer, and the
mixtures of the prepolymer and PD1 were reacted with 0.020 mole of HD
as a chain extender in DMAC at 7°C for 1hr.

Measurement of NMR Spectra

XML1! spectra were obtained with a Varian A-60 Spectrometer operating
at 60 McPs. The solutions containing 15% (w/v) PEUE and tetramethyl-
silane as an internal reference in DMAC containing 5% lithium chloride
were run at 70°C.

Measurement of Infrared Spectra

Infrared spectra of PEUE were obtained with a Hitach: EPI-S2 type
infrared spectrophotometer and with the use of thin films cast on a glass
plate from the DMAC solution. The samples were heat-treated at 100°C
for 10 min for evaporation of solvent.

RESULTS AND DISCUSSION

As shown in the experimental section, PEUE can be synthesized by four
different methods.

Method 1 and Method 2

In these methods the distribution of monomers in PEUE may be decided
by the apparent reactivity ratio of the two isocyanate groups in PDI.
In the prepolymerization, the following reaction scheme may hold:

OCN—I—NCO + HO—E—OH Il0—E—OCONH—I—NCO (6)
OCN—I—NHCOO— + HO—E—OH » HO—E—OCONH—I—NHCOO (7)
OCN—I—NCO + HO—E—OCONH  OCN—I—NHCOO—E—0CONH— (S)
OCN—I—NHCOO + HO—E—OCONH— " —OCONH—I—NHCOO— (9)

where OCN-I-NCO and PIO-E-OH denote PDI and PTG, respectively,
and where k denotes a rate constant. Assuming that kn = M = Ayand
that kn = h 2= KI, the reactivity ratio of the two isocyanate groups in PDI
isgiven by:

A =h/h
Thus, the rate of the reaction may be expressed by egs. (10)-(P2):
d[h/dt = —2A1, ][E] (10
d1.)/di = h [L][E] - h [1Z[E] 01)

d[E}/di = -ML][EI - MIZ[E] 12)
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where [li], [12], and [E] are the concentrations of isocyanate group in
PDI and in OCN-I-NHCOO- and PTG, respectively. From egs. (10)
and (11),

dihvdlh] = @2/0)([12/[1i]) - 1/2 (13)

In the case of A ~ 2, the integration of eq. (13) from time 0 to T, which
is the time for prepolymer reaction, gives the following result:4

Similarly, forA = 2:

Pale 1 (15)
P AA P At-A

The intensities of the three kinds of linkages or sequences (A-I-A, A-1-E,
and E-1-E) were measured by NMR. The measured results of molar frac-
tions of three structural units of PEUE obtained by method 1 and 2 are
listed in Table Il1l1. By inserting the values of p a-i-a and P Ai-e into eq.
(14), the reactivity ratio A can be calculated. The results are shown in
Table I1l. The degree of block character B is listed in the last column.
Bailey et al.5reported that the reactivity ratio of PDI was about 0.28.
This result is nearly equal to the results of method 1 Therefore the se-
quence distribution of PEUE synthesized by method 1 can be assumed
from the reactivity ratio (A = kVYl-q) of the two isocyanate groups. The
sequence length of the hard segment of PEUE synthesized by method 2
was longer than that assumed by the reactivity ratio. The difference be-
tween methods 1and 2 may be due to the difference in extent of homogene-
ous and heterogeneous reaction in the prepolymer reaction. When there is
solvent in the prepolymer reaction, the reaction may be a homogeneous re-
action. When there is no solvent in the prepolymer reaction, the reaction
between PTG and PDI occurs through the solvation of PDI into PTG.
Therefore the reaction rate of PDI with PTG may be affected by viscosity
and agitation. The greater block character of sample 5 (method 2) in
comparison with samples 1-4 (method 1) may be due to the heterogeneous
reaction.

TABLE II1
Molar Fraction of Three Structural Units, Block Character, and
Reactivity Ratio of PEUE Synthesized by Methods 1 and 2

Solvent in
No. prepolymer reaction Pai.a +F-ie Padi.e A B
1 Toluene 0.155 0.155 0.690 0.339 1.38
2 Benzene 0.160 0.160 0.680 0.359 1.36
3 DMAC 0.163 0.163 0.674 0.376 1.35
4 Cyclohexane 0.174 0.174 0.652 0.435 1.30
5 None (method 2) 0.197 0.197 0.606 0.562 1.21
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Method 3

Table 1V shows the sequence distributions of PEUE samples obtained by
method 3. In this method PEUE with the almost equal sequence lengths
of hard segment and different sequence lengths of soft segment could be ob-
tained.

TABLE IV
Molar Fraction of Three Structural Units, Block Character, and
Sequence Lengths of Soft Segments and Hard Segments

[urethane] /

No. [urea] Pa-ua PE-I-E Pa-ie B BnlA L nig
1 3/1 0.086 0.586 0.328 0.87 1.52 4.57
2 2.6/1 0.086 0.531 0.383 0.95 1.45 3.77
3 2.2/1 0.087 0.462 0.451 1.05 1.39 3.05
4 2/1 0.089 0.422 0.489 1.10 1.36 2.73

Method 4

PEUEs, which had the same composition ratio but a different degree of
block character, were synthesized by this method. Table V shows the re-
sults. Although the PEUE samples in Table V have the same composi-

TABLE V
Molar Fraction of Three Structural Units, Block Character, and
Sequence Lengths of Soft Segments and Hard Segments

No. Pa.i.a Pe-i-e -Pa-i-e B P71IA PnlE
1 0.197 0.197 0.606 1.21 1.65 1.65
2 0.256 0.256 0.489 0.98 2.04 2.04
3 0.329 0.329 0.342 0.68 2.92 2.92
4 0.387 0.387 0.225 0.45 4.44 4.44

tion ratio, the sequence lengths of soft and hard segments are different.
The sequence length of hard segment corresponds to the amount of PDI
used between the prepolymer reaction and the chain extender reaction in
Table II, therefore a sample 4 had the longest sequence length of hard seg-
ment in Table V. The ratio of PTG and HD in Table V is unity, therefore
the sequence length of hard segment was the same as that of soft segment.
Figure 1 shows the relationship between the absorbance ratio at 1720
and 1700 cm-1 and the block character parameter B. From Figure 1, it is
evident there is a relation between the block character and the absorbance
ratio at 1720 and 1700 cm-1. Therefore these peaks are assumed to be
assignable to the urethane linkage for two different states, such as the para-
crystalline part6of a hard segment and a liquidlike state of a soft segment.
The absorbance at 1720 cm-1 is assumed to be assigned to the C=0
stretching vibration of the urethane linkage (E-I-E) in a soft segment and the
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Fig. 1. Relation between the absorbance ratio at 1720 and 1700 cm-1 and the degree
of block character.

1700 cm-1 absorbance may be assigned to the C=0 stretching vibration
of the urethane linkage (E-I-H) at the end of the hard segment with a hy-
drogen bond for the paracrystalline state.6

These studies will be very useful for the elucidation of the relationship
between the structure and the physical properties of the elastomers. Some
of these relationships have been reported in another paper.7
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Some Studies on a Polymer from Urea

PRANAB C. BANDYOPADHYAY and ASOKE K. DAS,
Department of Chemistry, Indian Institute of Technology,
Kharagpur, West Bengal, India

Synopsis

A polymer having the structure of guanidinopolyhydroxynitrile has been produced
by heating an equimolar mixture of urea and anhydrous ZnCU in nitrogen at 300°C
and 27 atm. The structure has been established from elemental analysis, percentage
of nitrogen as primary amine, and ultraviolet and infrared spectra of the polymer and
its derivatives. A mechanism of the polymerization based on some experimental
evidence has been suggested. Its physical properties have been attributed to its skeletal
structure and ring closure by hydrogen bonding. Thermograms reveal that it is stable
to 150°C, after which it decomposes slowly till a 75% weight residue is obtained at
575°C with a constant weight plateau extended to 680°C. In acid solvents, protonation
occurs at the —NH2group or the azomethine nitrogen atoms, producing polycations.
The polyelectrolytic character in acids has been confirmed by viscometric and osmotic
studies and the molecules tend to be both coiled up and associated in solutions, [t]
in anhydrous formic acid is 0.3636 dl/g. The molecular weights of the polymer and
its various fractions range between 39,500 and 25,900. Dielectric constants, dielectric
losses, and conductivities of the polymer have also been measured as functions of fre-
quency and temperature and it has been proved that the dispersion is due to dipole
polarization. The average energy of the dipole is 1.73 X 10-2 eV/°K, the intrinsic,
activation energy for conduction is 0.186 eV, the conductivities being of the order of
2 X 10-6 to 7 X 10-7 mho-cm*“'. The polymer is therefore a semiconductor. The
number of charge carriers is 2.12 X 10X6cm3 which agrees reasonably well with the
value, 6.66 X 1016 obtained from spin-density calculations from ESR. signals.

INTRODUCTION
Synthesis of some linear polymers consisting of recurring conjugated

azomethine (—C=N—) bonds has recently been reported.1-3 Polymeric
systems containing conjugated double bonds behave usually as semi-
conductors and are also quite thermorésistant. As only a very small
amount of information is so far available regarding the physicochemical
properties of these new materials, preparation of a related polymer under
higher pressures has been attempted, and a systematic study of the physico-
chemical properties of the substance has been carried out to characterize
it. The present paper reports the results of these investigations.
395
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EXPERIMENTAL

Preparation and Fractionation of the Polymer

Urea (C.P. grade) was finely powdered, dried at 40-4f)°C under vacuum
(30 mm Hg) and mixed intimately with an equimolar quantity of pure
anhydrous zinc chloride (dried at 180°C for 5-6 hr under vacuum). The
mixture was then heated for 3-6 hr in a high-pressure stainless steel reactor
at 300-450°C in an atmosphere of nitrogen under 11-42 atm. The solid
product, along with much ammonia gas, was taken out, washed with 25%
NH.iOH and then water to remove all soluble matter, and dissolved in an
excess of warm 85% formic acid. The product was reprecipitated by
adding water, centrifuged, dialyzed against water, and dried at 40-45°C
under vacuum to a constant weight. It was found free from zinc by the
usual tests.

The color of the substance varies from cream to light brown, depending
on the temperature, pressure, and the duration of heating at the time of its
formation. It neither melts nor softens and is insoluble in all common
organic solvents, but dissolves partly in an excess of warm, concentrated
acids. Although the material does not swell in water even on standing,
it may be separated from the acid solution on gradual dilution with water
or ammonium hydroxide as a highly swollen, gellike mass with an enormous
rise in the viscosity of the solution. Fractionation of the polymer into a
number of fractions is thus possible.

A 2.0-g portion of the polymer (A) (produced at 300°C and 27 atm from
an equimolar mixture of urea and anhydrous zinc chloride by heating for 6
hr) was dissolved in 100 ml of warm 98-100% formic acid, filtered from a
small amount of residue, and cooled; 4N NELOH was added portionwise
with centrifugation and frequent shaking to yield a precipitate each time.
Al fractions obtained were washed with water, dried, and stored in vacuum.

Preparation of Derivatives of A

Methylation (Quaternization). To a suspension of 1.0 g of A in 10 ml
of dimethylformamide, heating to 90°C, was added dropwise over a period
of 20 min 5 g of dimethyl sulfate with constant stirring. The temperature
rose to 140-145°C. Refluxing and stirring were continued at 145°C for
an additional 100 min. The resulting clear solution was cooled and
poured into 20 ml of methanol. Addition of concentrated NFLOH till
the pH of the solution rose to 8 yielded heavy yellow-colored solid. This
solid (B), suspected to be the methylated product, was filtered, washed
several times with hot methanol and dried at 50°C under vacuum for
6 hr. The yield was 0.8 g.

Acetylation. A mixture of 0.5 g of A, 25 ml of acetic anhydride, and
5 drops of concentrated HZCh was refluxed for 5 min.  The brown solution
was cooled and neutralized with solid NaZZ03when a dark brown solid
separated. The acetylated derivative (C) was washed with water to
remove traces of sulfates and dried. The yield was 0.10 g.
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Estimation of Nitrogen Present as —NH2in A.  The normal micro-
chemical methods of estimating nitrogen including the one applied by
Bircumshaw, Taylor and Whiffen4 for analysis of paracyanogen proved
unsatisfactory for all three compounds A, B, and C. The percentage of
nitrogen only in A, present as —NH2 was determined by the method and
apparatus described by Pregl.6 The polymer A was diazotized in 50%
acetic acid and in 4TV HC1 and the diazo compound formed was subse-
quently decomposed by heating to give off nitrogen, which was measured
over alkaline potassium permanganate solution in a microaudiometer.

Viscosity Measurements

All viscosity measurements were done on the unfractionated polymer A
at 35 + 0.01°C by use of two Ostwald capillary viscometers, one having
flow times of 173.2 and 259.2 sec for water and anhydrous formic acid,
respectively, and the other having flow times of 84.35 and 126.2 sec for
water and 84.2% formic acid, respectively. The difference in the pycno-
metric densities at 35°C between the solution and the solvent, though
slight in the concentration range chosen for study (0.06-0.95 g/100 ml),
was not ignored, but kinetic energy correction, which was small for such
flow time, was not done. Solvents used were anhydrous formic acid,
84.2% formic acid, and 0164717, 0.224717, and 0589717 sodium formate
solutions in anhydrous formic acid.

Anhydrous formic acid (bp 100.5°C and mp 8.2°C) was prepared from
crystallizable A.R. 98-100% formic acid by repeated distillation over
phthalic anhydride at 34-35°C/60 mm Hg. Titration with a standard
base showed that the distillate contained 99.98% formic acid. The sodium
formate was of reagent grade. Concentration of the polymer, in the most
concentrated solution in each series of the solvents, was determined from
the difference between the constant weight of the residue, after evaporating
a known volume of the solution and that from the solvent. Other solu-
tions were prepared by dilution with the corresponding solvent so that
the polymer concentrations in them could be directly known.

Osmometry

Osmotic pressures of dilute solutions of the untreated polymer A as well
as its different fractions were measured at 35 £ 0.01°C by a Zimm-Meyer-
son osmometer with the use of Ultracella Filter membranes (obtained by
courtesy of M/s Sartorius Membranfilter, Gottingen, West Germany) after
proper conditioning. Solvents used were 47V formic acid and various
sodium formate solutions (3.912 X 10-2M, 4.809 X 10~2M, 6.792 X
10 2717, 2573 X 10-1717, and 3.518 X 10 17!/ in 47V formic acid. The
blocks, packing nuts, and the screws of the osmometer were made of
stainless steel. Blank experiments were performed to ensure that the
material of the osmometer was resistant to acids. Polymer concentrations
in the solutions and their densities were determined as described in the
viscosity section.
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Thermogravimetry

Thermogravimetric analysis of A was done as usual in nitrogen and in
air. Temperature was increased at a constant rate of 12.5°C/min.

Dielectric Measurements

Dielectric constants, dielectric losses, and dielectric conductivities were
measured as functions of frequency and temperature.

The substance A was finely powdered and compressed into a thin cir-
cular pellet (diameter 1.32 cm and thickness 0.303 cm) by means of an oil
press. Colloidal silver paint was applied on both surfaces of the pellet to
ensure good electrical contact with the condenser plates. The dielectric
measurements on the pellet were then taken by a Marconi circuit magnifi-
cation meter type, TF 329G in the frequency range 1055 X 10pHz at room
temperature and for a definite frequency of 106Hz at temperatures between
34 and 154°C by using the resonance curve principle.6 Measurements at
temperatures higher than that of the room were done by placing the test
pellet in a sample holder of known capacitance fitted with a heating coil
and a thermocouple.

RESULTS AND DISCUSSION

Characterization of the Polymer

Table | shows the relative yields of the polymer A in weight per cent
on the basis of the equation (1):

. N N-
3aCONH22 ~ “2"H@.-"NHj (1

It is not possible to establish any optimum condition for maximum
yield of the polymer from these data. It is, however, clear that as the
reactor is heated until a desired constant temperature is reached, the extent
of dissociation and of dehydration of urea, under the superincumbent pres-
sure and the subsequent reactions between the simpler gaseous and solid
products definitely increase, causing a gradual rise in the pressure of the
system. The maximum pressure that develops within the reactor at
the equilibrium temperature depends not only on the temperature and the
initial nitrogen pressure at the time of setting, but also on the quantity
of urea (at a constant urea: ZnCl2molar ratio). This pressure does not
change further during the period of heating. A higher temperature and a
greater pressure increase the yield, the effect of reaction time being maxi-
mum at 5 hr.
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TABLE |
Effect of Temperature, Pressure, and Duration of Heating
on Yield at Urea: ZnCL Molar Ratio of 1:1

Tem- Duration,

perature, of heating, Pressure, Yield,
°C hr psi wt-%
300 6 620 34.7
300 6 400 29.5
320 6 400 34.9
350 6 400 60.2
400 0 400 62.4
450 €} 400 65.3
300 5 160 315
300 5 400 49.6
350 5 400 66.0
400 5 400 68.0
450 5 400 72.0
450 4 400 68.4
450 3 400 60.2

The mechanism shown in egs. (2)—6) may be suggested for the poly-
merization. Urea, on dry distillation in presence of anhydrous zinc chlo-
ride, yields ammonia and cyanuric acid, which subsequently decomposes
into cyanic acid vapor. Urea is partly dehydrated to cyanamide. The
cyanamide and cyanic acid then copolymerize in the presence of zinc
chloride to give an addition polymer as an intermediate product. This
ultimately undergoes a condensation reaction with guanidine produced
from cyanic acid and ammonia to form the final polymer, which is a guani-
dino derivative of polyhydroxynitrile.

H,N
\i= 0 N =C— NR,
H,N/
OH
OH
-:SNHj
3— N =C —
N R HO— .C— OH
3HO—C=N (3)
RN— C=N + NR, —) RN-—C=NH (4)
N H
OH N H OH N H
1 ! |
< 1 Tm — -
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-C=N—C=N-
-C=N—C—N—
OH  NH, :
+ -Nil OH N "
NH |
[ Q
/Q HN  NH
HN  NH,

Alternatively, cyananiide may melt and dimerize to dicyanodiamide, which
then copolymerizes with cyanic acid to give the polymer [eq. (7) ]

mC=N—C=N—
TN . OH N
OH
[ Q
HN — NH,

These mechanisms are supported by positive evidences that the same
polymer could be effectively formed by heating mixtures of the stable
intermediates in requisite proportions under identical conditions.

The thermogram of the polymer (Fig. 1) in nitrogen shows that it is
stable up to about, 150°C, after which it slowly decomposes till 75% weight
residue is obtained at 575°C. It remains stable to 680°C, above which
thermal degradation occurs comparatively fast. The thermogram in air
is also similar in appearance except beyond 580°C, where there is no such
constant residue plateau and it probably undergoes oxidative degradation
rapidly. The 50% weight residue is obtained at 750°C. However, the
thermograms corroborate the fact that the substance loses both water and
ammonia perceptibly when heated above 200°C in air to form probably a
more thermostable compound having ring-structured segments [eq. (8)].

-C=N—C=N-

OH N O

! | -NH, \ (8)
‘N

The resistance of the polymer to solvents and its infusibility may be

attributed to the —C—N— skeleton and ring closure due to hydrogen
bonding.
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In acid media, protonation at the strongly basic guanidinium group to
give a conjugate acid followed by attainment of a stabler structure due to

resonance occurs according to the scheme of eq. (9).

N
V (t=N------ " -C=N—C=N—
0 x ..N OL lrﬂIIH
' &
h%h nh2 A n
H,N Nil,
-c" N C—:N_ _C/\umr\l = n-
0 NH 0. NH
AR ,
ILN  @NH2 H,,l\{©\ NH,

Méthylation of the polymer may proceed as in egs. (10) and (11).

*N-
0=N-—- AC=N-
| 1 -
N (cyclization favored HNn
'k' V by DMF)
[\ I
HN  NH2 NH,
: N
CA ri=N- X1=N-
N + (CH3,S04
HN: A (CH3 HCNK N
‘NH,, :N.(CH32
Exhaustive
CH, méthylation
_______ Cc =] [ —

(CH3NO© ©ON(CH3,2504

®N(CH,)3
Acetylation occurs according to eg. (12)

mC=N—C=N-

1 1

BCANAC =N - 0 N

0. N O A A
H HiC 0-NH NH

[\
HN NH, 0=¢ c=o0
1 1

©)

(10

(11
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Table Il shows the results of elemental analysis and estimation of
nitrogen as primary amine.

The ultraviolet spectrum of solid A taken in KBr (Fig. 2) shows a
medium absorption peak at 210 mx attributable to t —mua* transitions in the

Fig. "2 Ultraviolet spectrum of the polymer: (----- ¢) solid polymer in KBr; (— polymer
in O.liv MCI.



403

POLYMER FROM UREA

ts

el

oc
»0

=80

© »0 Tt< 00
©

© ©

2,

@ Qo

W8

[

©

b

T 7
T T
gL o §.yw4 ,yo\oX
Il _
T o
_
N o
o 18
B o
o.ﬂ On Xo
|
=<0
~
-
] W o
D_l —

auIWY Arewiad se juasald UsBoJlN JO uonewIIsT pue sisAfeuy [eluswa|3

319vL



404 BANDYOPADIIYAY AND DAS

ABSORBANCE

Fig. 3. Infrared spectra of polymer A.

Fig. 4. Infrared spectra of polymer A, its methyl derivative B, and its acetyl derivative
C in KBr in the region 1200-1800 cnrl

—C =N— systems of the polymer. This band which should lie ordinarily
in the far ultraviolet around 190 nip for simple imines reveals a batho-
cliromic shift due to polyconjugation.

The ultraviolet spectrum of A in 0.1A HC1 solution taken in the region
320-430 van and presented along with the solid-state spectrum in the same
figure shows a strong absorption at 350 mg. This may be accounted for
by the superimposition of the tr-mit* and the two possible n —air* transi-
tions.
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Fig. 5. Infrared spectra of polymer A, its methyl derivative B, and its acetyl derivative
C in KBr in the region 3000-3500 cm-1.

Fig. 6. Infrared spectra of the methyl derivative B and the acetyl derivative C of the
polymer.

The infrared spectrum of A in KBr pellet (Figs. 3-5) shows an intense
absorption band in the 1620 cm-1 region, corresponding to the C=N
stretching vibrations of the conjugated azomethines and the guanidine
residues. The band at 1420 cm-1 is due to the bending frequency of the
hydrogen bonded C—OH group. The bands at 1325, 1365, and 1260 cm-1
are characteristic of the C-N stretching, and the weak absorption at 1025
cm-1 is due to some restricted C-0 stretching. The bands at 800, 780,
and 600 cm-1 correspond to the different N—H deformation vibrations.
The two wide bands in the 3150 and 3340 cm-1 regions are due to over-
lapping of the N—H stretching vibrations and the O—H stretching vibra-
tions somewhat modified by intramolecular hydrogen bonding.

The infrared spectrum of B in KBr (Figs. 4-6) exhibits similar features
with the O—H bands totally absent. The band in the region 1300-1600
cm-1 is slightly broader, probably due to the hetero-ring structure besides
the conjugated C=N skeleton. In addition there is a sharp peak at 1105
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cm-1 due to C—N stretching in the substituted guanidine group (alkyl-
amines).

The infrared spectrum of C in KBr (Figs. 4-6) reveals a small suppressed
peak at 1025 cm-1 due to C—0 stretching and an intensely sharp peak at
1425 cm-1 due to coupling of C—0—C bending frequency with an amide
band. Polyconjugation in the chain and hydrogen bonding between
oxygen of the esteric carbonyl and the N-substituted-amido hydrogen are
probably responsible for a shift in the carbonyl stretching assignment
towards smaller frequencies and overlapping with the main broad band.

Viscosity Characteristics

From Figure 7, it is evident that the reduced viscosity (gsv ¢ in pure
anhydrous formic acid rises very sharply with diminishing concentration ¢
and at fairly low c rapidly drops, imparting to the curve a humplike ap-
pearance. The rates of rise and of subsequent fall of ijgyc with diminishing
cin anhydrous formic acid containing a small proportion of sodium formate
are slow, and the hump consequently flattens out, As the amount of
sodium formate is increased, the UHc of the polymer A not only linearly

CONCENTRATION OF POLYMER IN GMS/IOOmI.

Fig. 7. Reduced viscosity 7s,/c of the polymer in formic acid solutions: (1) in an-
hydrous formic acid only; (£) in 0.164M Na formate in anhydrous formic acid; (3)
in 0.22M Na formate in anhydrous formic acid; (4) in 0.589M Na formate in anhydrous
formic acid; (5) in 84.2% formic acid.
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increases with increasing ¢, but also diminishes with increase of the
concentration of sodium formate. A similar effect is also produced by
addition of water. Such a behavior of the polymer may be explained by
the polyelectrolytic concept of Fuoss.

When the polymer A is dissolved in anhydrous formic acid, it is proto-
nated on the strongly basic —NH2 groups or the azomethine nitrogen
atoms belonging to the guanidino groups, producing polycations and
formate ions.

INs.
A X =N e mC* VC=\-
| |
Os NH S\ N + HCOCT  (13)
H O\ B
[V
H.N NH, HN  NH,

The polyion with a large number of positive charges along its dimension
attracts the formate ions. As a result, the formate ions cluster around the
positive centers forming ion-aggregates, deprotonate the polyion in some
segments, or just move about in the solvent phase. This decreases the
effective charge density of the polyion. However, such polyions carrying
different amounts of charges are in reversible equilibrium with one another
in the solution. Hence when such a solution is gradually diluted with
anhydrous formic acid, the extent of protonation is enhanced and the ion-
clusters also disintegrate, r/splc, therefore, increases due to increase in
the intermolecular and intramolecular coulombic repulsion and the conse-
quent increase in the degree of uncoiling of the flexible polyion chains.
The drop in flsv/c at low polymer concentrations may be attributed partly
to an effect of dilution on the highly stretched polyion chains which are
practically nonextensible and partly to a possible absorption of a small
quantity of moisture by the solution leading to increased formate ion
concentration and partial neutralization of charges.

The addition of sodium formate helps to shield the polyion-charges,
by formation of opposite ion-atmospheres or by counterion association,
thereby reducing the electrostatic repulsion between the polyion charges.

When the concentration of sodium formate is sufficient to suppress the
polyelectrolytic character through ion association, ijS/c plot becomes
linear with positive slope. Any further increase in the concentration of
sodium formate reduces rev/c.  This is corroborated from the values of
intrinsic viscosities of the polymer in anhydrous formic acid at different
concentrations of added sodium formate, as given in Table I11. Intrinsic
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TABLE 11
Intrinsic Viscosities in Formic Acid at Various
Concentrations of Sodium Formate

Sodium Intrinsic
formate viscosity [)],
concn, M dl/g
0 0.3636
0.164 0.1818
0.224 0.0530
0.589 0.0500

viscosities [I7] were found by extrapolating the linear nsvW/c versus c plots
(Fig. 7) to infinite dilution, or from the linear plots of reciprocal <gyc
against ¢"2 on assuming the Fuoss relation7to hold.

The effect of water on viscosity may be interpreted in terms of a reversal
of the equilibrium between the polyions of varying charge densities.8 Al-
though the polymer is a stronger base than water in formic acid, a sub-
stantial part of the protons associated with the polyion is made available
to water for formation of oxonium ions, because the concentration of the
polymer in the solution is much smaller than that of water. Hence, due
to a shift of the equilibrium towards deprotonation, the polymer loses its
polyelectrolytic character and Asv/c decreases. The intrinsic viscosity of
the polymer in aqueous 84.2% formic acid is 0.051.

Osmotic Behavior

Table 1V is a summary of the results of osmotic pressure (t) measure-
ments on the untreated polymer and its various fractions. The solvent
used for osmotic pressure measurement was 4V formic acid in presence of
3.912 X 10-2 M sodium formate.

Figure 8 shows a plot of t/ cversus cplot of the untreated polymer in 4V
formic acid. The sharp rise of ir/c with diminishing c is due to escape of

TABLE IV
Osmotic Molecular Weight of the Polymer Fractions
Weight Osmotic
Fraction fraction, molecular
no.a % weight (Mn)
1 13.3 39,500
2 7.7 36,370
3 11.6 33,260
4 38.4 31,010
5 15.2 29,580
6 2.4 27,630
7 6.7 25,920
Unfrac- 33,700
tionated

Insoluble part = 4.7 wt-%.
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counterions from the polymer coil so that the reduction in the number of
particles responsible for osmotic pressure upon dilution is more than com-
pensated for by the liberation of counterions from the polymer coil. By
adding a large quantity of sodium formate in equal concentrations to the
solvent and the solution chambers, the association of counterions with the
polyions is so great that the polyelectrolyte remains practically undissoci-

0 0.5 1.0 15 2.0 25 3.0
CONC. OF POLYMER IN GMS.LITER X 10%* -meeemeeen »

Fig. 8. Plot of rfc vs. ¢ of unfractionated polymer in 4N formic acid.

Fig. 9. Plot of x/c vs. c of unfractionated polymer in 4iV formic acid solutions in pres-
ence of electrolytes: (1) 3.912 X 1 0 Na formate; (3) 6.792 X 10~2V Na formate;
(3)2.573 X 10_1M Na formate; (4)3.518 X 10-1Hi Na formate.
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concentratration of polymer in gms/ liter

Fig. 10. Plot of x/c vs. c for the different fractions of the polymer in 4Arformic acid solu-
tions in the presence of 3.912 X I0~iM Na formate.

ated. Hence the plots (Figs. 9-11) of x/c versus c of the polymer and its
fractions are linear, and an extrapolation of the plots provides molecular
weights. It should be noted that the slope of the plot is negative, which
may be explained as follows.9

The intermolecular polymer-polymer attraction probably exceeds the
polymer-solvent interaction, so that the heat of dilution is positive and
fairly large. Therefore the polymer molecules tend to be coiled up or
associated. If the effect is due to only coiling of the linear chains, the
intercept on the x/c axis of the plots should be the same, although the
slope will increase with increase of concentration of sodium formate. On
the contrary, if the effect is due to association of the molecules only, the
values of the intercepts will be less; i.e., the molecular weight should in-
crease with increasing concentration of sodium formate.

It should be noted that the plots of x/c versus c¢ of any two randomly
chosen fractions of the polymer (fractions 1 and 4) converge to the same
points on the x/c axis for two different concentrations of sodium formate
(0.03912M and 0.04809Ai), and the same is also true for the untreated
polymer at sodium formate concentrations of 0.03912 and 0.06792M. But
at a still larger ionic strength, when the degree of association becomes more
prominent, the plots for the untreated polymer do not give the same inter-
cept and hence the molecular weight varies.
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Fig. 11. Plot of ir/c vs. c for different, polymer fractions in 4iV formic acid: (¢) frac-
tion 1in presence of 4.809 X 10~2M Na formate; ( @ ) fraction 1in presence of 3.912
X 10~2M Na formate; (O) fraction 4 in presence of 3.912 X 10~2V formate Na; (0)
fraction 4 in presence of 4.809 X 10_2M Na formate.

It is clear, therefore, that both random coiling and association occur in
the solutions of the neutral undissociated polymer.

Dielectric Properties

The dielectric constant K', dielectric loss K" and the dielectric specific
conductivity (<) of the polymer, the latter of which is actually @K"K'Q
where wis the frequency and K'o the dielectric constant of the substance in
vacuum, are shown as functions of frequency at room temperature in
Figure 12

The variation of K1and K" with temperature at a frequency of 106
Hz is presented in Figure 13 and the plot of log a versus the reciprocal
absolute temperature 1/ T is given in Figure 14.

It is known that K' depends on electronic, ionic, dipole-orientational,
and interfacial polarizations. The latter arises out of heterogeneity of the
sample due to conducting impurities, molecular weight distribution, or
crystal defects, and exerts its influence only at low frequencies. In the
frequency region studied, the contribution of the last factor is nonoperative.
However, the manner in which K" decreases beyond 106 Hz and then as-
sumes a value almost independent of frequency is suggestive of the presence
of dipoles in the solid polymer, the orientability of which lags the applied ac
voltage resulting in energy loss. The maximum loss factor K"nmex at
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Fig. 12. Effect of frequency on dielectric constant, loss factor, and specific conductance.
Frequency is plotted on log scale.

room temperature is given by K"nax = 0.14(A™S — K'a), where K's is
the highest K' and K'a the lowest K' equal to K' at a hypothetical in-
finite frequency in the region of dielectric absorption. This shows that
there is a band of relaxation times r of the dipoles distributed about a
most probable value, rQ which is responsible for a slight broadening of the
loss factor peak without changing the magnitude of the dispersion.

That the anomalous dispersion is due to dipole polarization is also evident
from the influence of temperature on K', K", and tr, and from the slight
decrease in the factor from 0.14 to 0.11 with the rise of temperature. On
assuming that K'aremains unaffected by change of temperature, because
it consists of electronic and ionic polarizations only, J("mu at 82°C =
0.11(/Os —K'a).  The initial increase in K" with increase of T may be
due to the space-charge contribution becoming more prominent at higher
temperatures and becoming a maximum at 82°C. K" at room temperature
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Fig. 13. Effect of temperature on dielectric constant and loss factor.

attains a maximum at a frequency of 8 X 10~sHz, and K" at 106Hz attains
a maximum at 82°C. Hence, the average energy E associated with the
dipole, calculated from the relation, r = roeE/kt, where k is Boltzmann
constant, is 1.73 X 10-2eV/°K.

The intrinsic activation energy AE for conduction calculated by the
extrapolation method from the descending portion of the log <versus I/T
plot, assuming from quasilinearity the validity of the relation, a = oA/ \ji,
is 0.186 eV, and the frequency-dependent conductivities in the temperature
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region 34-154°C are of the order of 2 X 10-6-7 X 10~7mho-cnr . The
relative ease with which the conduction can be thermally excited may,
therefore, be regarded as a justification for classifying the substance as a
semiconducting polymer.

The number of charge carriers, nt, per cubic centimeter of the substance
calculated from the formula nt = n@®~AE/K2, is found to be 2.12 X 108
whereas the result of spin density measurement on the sample from its ESR
signal shows that- the value of ntis 6.66 X 10ldcm3 This is a fair agree-
ment, on considering the higher molecular weight of the associated polymer
used for calculation of nQ

The average dipole moment p of the polymer molecule calculated from
the positive slope of the plot of (K' — 1)/{K"' + 2) versus 1/T, which is
equal to 44224k, where k is Boltzmann constant and n = Nd/M, d being
the density of the polymer with respect to water, based on the assumption
that the Debye equation holds good, is 24.16 D, which is admittedly too
high for a stable simple molecule to possess. But it is interesting to note
that the resultant dipole moment no of each repeating unit, calculated Dfrom
p = noZ !, where Z is the number of such units in a molecule, is just 1.5 D,
the moment of a single —NH2group. This relation is valid only when the
polymer molecule is flexible and its dipoles are free to rotate in all directions
with respect to one another.
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Partial Ladder Polymers with Anthraquinone Units.
Reaction of 1,2,5,6-Tetraaminoanthraquinone with
p-Benzoquinone Derivatives

J. SZITA* and C. S. MARVEL, Department of Chemistry,
The University of Arizona, Tucson, Arizona 85721

Synopsis

1,2,5,6-Tetraaminoanthraquinone has been condensed with 2,5-diaminobenzoquinone,
2,5-diaminobenzoquinone diimide, and 2,5-diaminohydroquinone to give partial ladder
polymers which are only slightly soluble in sulfuric acid and do not produce soluble prod-
ucts on reduction with sodium dithionite in alkaline media.

Previous work has shown that tetraamines condense with 2,5-diamino-
benzoquinone, 2,5-diaminobenzoquinonediimide, and 2,5-diaminohydro-
quinone to give partial ladder structures which are quite thermally stable
and very intractable.1 Since it has been found that certain polymers with
anthraquinone recurring units are soluble in aqueous-organic solvent mix-
tures on reduction with sodium dithionite,2 it was thought worthwhile to
treat 1,2,5,6-tetraaminoanthraquinone with these hydroquinone deriva-
tives.

Preliminary experiments with model compounds and polymerization
reaction indicated that the anthraquinone derivatives could be condensed
in polyphosphoric acid to give good yields of products. Thus, 1,2-diamino-
anthraquinone and either 2,5-diaminobenzoquinone or 2,5-diaminobenzo-
quinonediimide in polyphosphoric acid at 150-200°C gave a 75-90% vyield
of the expected model compound 1.

*Present address: Fibers Division, American Cyanamid Company, Stamford,
Conn. 06904.
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When 2,5-diaminohydroquinone was treated with this tetraamine in poly-
phosphoric acid at 150°C, the product was not the expected completely
cyclized product but appeared to be the open-chain product (I1).

In polymerization experiments with 1,2,5,6-tetraaminoanthraquinone, the
same general results were obtained. Polymers were obtained in poly-
phosphoric acid at 170°C but all were of low molecular weight, soluble in

sulfuric acid, and had inherent viscosities in the range of 0.04-0.19. Anal-

yses and infrared data indicated they were primarily uncyclized condensa-
tion products (111).
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X = =0 or = NH
Heating these products further at 390°C gave products which indicated
partial ring closure (or crosslinking) but all were extremely insoluble in
sulfuric acid and in base after they were reduced with sodium dithionite.
A typical TGA curve (HP-28, Table I) is shown in Figure 1. The first
drop in weight is obviously due to elimination of water; decomposition sub-
sequently sets in at about 518°C.

EXPERIMENTAL

Monomers

1,2-Diaminoanthraquinone (DAA) was purchased from Aldrich Chemical
Company and purified by recrystallization from nitrobenzene.

Anair. Calcd for CuHINjO2: C, 70.59%; H, 423%; N, 11.76%; 0, 13.42%.
Found: C, 70.03%; H, 3.88%; N, 12.05%; 0,14.17%.

1,2,5,6-Tetraamiiioanthraquinone (TAA) and the benzoquinone deriva-
tives (DAB. DBI and DAH) were prepared as described earlier.12

Model Compounds

Condensation of 1,%-Diaminoanthraquinone (DAA) with 2,5-Diamino-
\)-benzoquinone (DAB)

A mixture of 1.192 g (0.005 mole) of DAA (recrystallized from nitro-
benzene) and 0.346 g (0.0025 mole) of DAB was dissolved in 24 g of
PPA (82.5%) (Matheson Coleman and Bell) and heated to 160°C under
vacuum for 30 min and held a further 30 min at this temperature. In the
next 60 min, the temperature was raised to 200°C under nitrogen atmo-
sphere and maintained for 60 min. The cooled black solution was precipi-
tated by pouring it into 1.5 liter of distilled water and then kept over night.
After filtration the black precipitate was neutralized with diluted ammo-
nium carbonate, washed with water until neutral and extracted with water
for 4 days. Drying in vacuum oven at 70°C gave a yield of 1.263 g (93%).

The infrared spectrum of the product shows three weak broad bands in
the range of 1600 -1200 cm-1 (1580, 1430, and 1250 cm-1, and very weak
shoulders at 1620 anti 1630 cm-1 (C6H5NH2.

Anal. Calcd for CAHI.NiO,: C, 75.00%; II, 2.96%; N, 10.30%. Found: C,
74.45%; H, 2.98%; N, 11.36%.
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Condensation of 1,2-Diaminoanthraquinone (DAA) with 2,5-Diamino-
p-benzoquinonediimide (DBI)

Method 1. In 24 g of PPA were dissolved 1.192 g (0.005 mole) of DAA
(recrystallized) and 0.3404 g (0.0025 mole) of DBI (recrystallized from
DMAC) and the solution heated at 150-170°C under vacuum for 60 min.
In the next 30 min the temperature was raised to 200°C and kept for 60
min (N2atmosphere). The black highly viscous solution was treated as
described in the previous experiment. The yield was 1.155 g (85%).

The infrared spectrum (KBr pellet) showed broad bands (m) at 1580,
1450 and 1260 cm”land shoulders at 1620 and 1640 cm-1.

Anal. Calcd for CIHIBND 4: C, 75.00%; H, 2.96%; N, 10.30%. Found: C,
74.13%; Id, 3.18%; N, 12.88%.

Method 2. A mixture of 1.1920 g (0.005 mole) of DAA and 0.3404 g
(0.0025 mole) of DBI were suspended in 30 g of PPA (82.5%) and heated
to 150°C slowly during 3 hr under a nitrogen atmosphere and maintained
for 2 hr. After cooling the dark solution was precipitated in 800 ml of
distilled water and the product collected by filtration, neutralized with
ammonium carbonate, washed, and extracted with water for 4 days. After
drying in a vacuum oven at 80-90°C, the yield was 0.985 g (74%).

Anal. Calcd for CIHZN® 4. C, 70.59%; H, 3.83%; N, 14.53%. Found: C,
70.82%; H, 3.62%; N, 13.19%.

In a glass tube 400 mg of the above product was heated under reduced
pressure. The temperature was raised slowly to 240°C in 4 hr and kept for
1hr.

Infrared bands appeared at 1580 (m), 1550(m), 1540(m), 1485(s), 1320(m),
1260-1290(m) cm-1; broad shoulder: 1620-1660 cm-1.

Anal. Calcd for CIHIND 4: C, 72.74%; H, 3.41%; N, 12.46%,. Found: C,
72.72%; 11, 3.24%; N, 12.97%.

Condensation of 1,2-Diaminoanthraquinone (DAA) with 2,5-Diamino-\)-
hydroquinone dihydrochloride (DAH)

DAA (2.383 g, 0.01 mole) and DAH (1.066 g, 0.005 mole) were dissolved
at room temperature in 50 g of PPA (82.5%). The brown solution was
heated under vacuum to 170°C in 40 min (intensive gas evolution, HC1)
and kept at that temperature for 50 min.  In the next 30 min the tempera-
ture was raised to 200°C under N2atmosphere and maintained for 1.5 hr.
After cooling the black viscous solution was treated as described before.
The yield was 2.461 g (90%).

Anal. Calcd for CAIIND4: C, 7473%ij H, 3.32%; N, 10.25%, Found: C,
74.79%; H, 2.99%, N, 12.34%.
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Polymers

Condensation of 1,2,5,6-Tetraaminoanthraquinone (TAA) and
2,5-Diarnino-p-benzoquinone (DAB)

Method 1. In 30 g of PPA (82.5%) was dissolved 0 691 g (0.005 mole)
of DAB and 1.341 g (0.005 mole) of TAA and the solution heated to 160°C
in 20 min under vacuum and kept for 30 min. In the next 10 min the
temperature was raised to 200°C and maintained (nitrogen atmosphere)
for 90 min, when the highly viscous solution turned to a black rubbery
mass. After cooling it was put into 1 liter of distilled water and kept
over night. The black polymer thus obtained was filtered, neutralized
with ammonium carbonate solution, washed and extracted with water for
5 days. The yield was 1.682 g. The part soluble in concentrated sulfuric
acid comprised 23%, rfirh0.04 (determined in concentrated sulfuric acid at
30°C).

The infrared spectrum showed two broad weak absorptions at 1490-1410
cm-1 and 1370-1300 cm-1 and a broad weak shoulder at 1640-1500 cm-1.

In a glass tube 600 mg of the above polymer was heated under reduced
pressure. The temperature was raised in the first hour to 300°C, then to
330°C in the second hour, and for the next 3 hr was kept at 360-370°C.
After heating, the polymer became insoluble.

Elemental analysis of the above and of the following polymers are shown
in Table I. In the infrared spectrum after heating no considerable change
was observed (the shoulder at 1640 cm-“1became less).

Method 2. In 25 g of PPA were placed 0.671 g (0.0025 mole) of TAA
and 0.3455 g (0.0025 mole) of DAB and the mixture heated under reduced
pressure (50-70 mm Hg) to 80°C in 60 min, to 110°C in the next 60 min,
and in the next 5 hr slowly to 170°C. After cooling, the dark viscous
solution was precipitated in 1 liter of distilled water. The precipitate was
collected by filtration, neutralized with ammonium carbonate, washed and
extracted with water for 4 days and dried in vacuum at 80-90°C. The
yield was 0.684 g. The black polymer thus obtained was completely
soluble in concentrated HZO,i. The infrared spectrum showed two strong
bands at 1530 and 1250 cm-1 and two broad shoulders at 1640-1550 cm-1
and 1500-1420 cm* 1

Method 3. The reaction was carried out with the same amount of
starting materials as the above but under different conditions. Instead of
25 g, 21 g of PPA was used as solvent. The temperature was raised during
the reaction as follows: from room temperature to 110°C in 2 hr; from
110°C to 140°C in further 2 hr; to 170°C in the next 3 hr; inthe last 4.5 hr
to 195°C. The yield was 0.959 g and 25% of the polymer was soluble in
concentrated HZ04after 24 hr at 110°C. The infrared spectrum showed a
weak broad band at 1460-1400 cm-1 and weak broad shoulders at 1040-
1500 and 1380-1200 cm*“1

Both of the above products were heated in the solid state under reduced
pressure (1-2 mm Hg) as follows: the temperature was raised in 1.5 hr
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to 350°C and kept 350-360°C for 4 hr. After heating, the products were
only slightly soluble (< 1%) in concentrated sulfuric acid.

After heating, the infrared spectrum of the second polymer showed a
decrease of the band at 1530 cm-1 and of the shoulder at 1640 cm-1.

Condensation of TAA and 2,5-Diamino-p-benzoquinotiediimide (DBI)

In 25 g of PPA were suspended 0.671 g (0.0025 mole) of TAA and 0.3404 ¢
(0.0025 mole) of DBI and the mixture was heated under reduced pressure
(60-70 mm Hg) to 100°C in 1 hr and in the next 6 hr slowly to 170°C.
The dark viscous solution thus obtained was treated as described before.
The yield was 0.59 g. The dark brown product was completely soluble in
concentrated sulfuric acid, m,h = 0.07 (determined in concentrated HZS04
at 30°C; ¢ = 0.5 ¢g/100 ml). Infrared bands were at 1640-1570(m),
1540(m), 1510-1420(m), 1250(s) cm-1.

The product was heated in the solid state as described for P-34. After
heating, 10% of HP-33 was soluble in concentrated sulfuric acid.

After heating, all of the above bands in the infrared spectrum decreased
in intensity.

Condensation of TAA and 2,5-Diamino-p-hydroquinone dihydrochloride
(DA 1)

Method 1. A mixture of 0.671 g (0.0025 mole) of TAA and 0.533 g
(0.0025 mole) of DAH was heated in 30 g of PPA under vacuum (70-80
mm Hg) to 100°C in 30 min then slowly to 170°C in 2 hr and kept at this
temperature for the next 4 hr. The reaction mixture was treated as
described before. The yield was 0.587 g. The black polymer thus obtained
was completely soluble in concentrated sulfuric acid, jinh = 0.11 (deter-
mined in concentrated HS04at 30°C, ¢ = 0.5 g/100 ml). The infrared
spectrum showed a weak shoulder at 1635 cm-1, a broad one at 1280-1200
cm”] and weak bands at 1580 and 1480-1380 cm-1.

Method 2. The same amount of the starting materials as above were
reacted in 25 g of PPA. After heating under N2atmosphere for 11.5 hr
(from 25°C to 110°C in 2 hr, from 110°C to 160°C in 4 hr, and to 190°C
in the last 5.5 hr) the yield was 0.824 g of a black polymer.  The part soluble
in concentrated HZ04 was only 8% with an inherent viscosity of 0.19
(30°C).

We are indebted to Dr. G. F. L. Elders, Air Force Materials Laboratory, Wright-Pat-

terson Air Force Base, for the thermogravimetric curve.
This work was supported by the Air Force Materials Laboratory, Air Force Systems
Command, Wright-Patterson Air Force Base, Ohio.
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Chemorlieological Treatment of Crosslinked EPT

KENKICHI MURAKAMI and SABURO TAMURA, Chemical
Research Institute of Non-aqueous Solutions, Tohoku University,
Sendai, Japan

Synopsis

Stress relaxation mechanisms were investigated on three types of (EPT) ethylene-
propylene terpolymers in air at 109°C. These polymers differ only by the structure of
the crosslinkage in which there is a carbon-carbon bond, a polysulfide linkage (—Sx—)
or a monosulfide linkage (—S—). All the stress relaxation of peroxide-cured EPT poly-
mer was not due to the oxygen-induced cleavage of the main chain but to a physical
flow. In the case of sulfur-cured EPT polymer, the relaxation curve is divided into
three straight lines when the procedure X is used and log }{t)/}{0) is plotted linearly
with time. It was concluded that this graph was in agreement with an interchange reac-
tion of the polysulfide linkage by an oxidative cleavage of the monosulfide linkage. On
the other hand, a TT-cured EPT polymer gave a plot with a straight line. This stress
relaxation could be explained by an oxidative cleavage of the monosulfide linkage.

Introduction

Tobolsky et al.1lpreviously investigated the mechanism dealing with the
reactivities of cross linkages in ethylene-propylene rubber (EPDM) con-
taining nonconjugated diene compounds as the third component. The
main chain of EPDM was more stable to oxygen-induced cleavage com-
pared with that of the polyisoprene rubber.

In this paper, we wish to report some additional results obtained under
similar experiments in recent studies.

Materials and Experiments

Ethylene-propylene terpolymer (EPT, Royalene 301, Sumitomo Chem-
ical Industry Ltd.) was used as material in this experiment. The cross-
linked polymer was prepared by using the crosslinking agents and the
methods of cross-linking described in Table I.

Three kinds of EPT polymer (Nos. 1, 2, and 3), differing only in the
structure of the crosslinkage, were prepared. It is evident that the cross-
linking site, in these samples, consists of a carbon-carbon bond, a poly-
sulfide linkage (—Sx—) and a monosulfide linkage (—S—) for types 1, 2, and
3, respectively. The samples were all extracted with acetone for 72 hr and
dried in vacuo.

423
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TABLE |
Preparation of Cured KPT Polymers

Sample 1 Sample 2

Rubber 100 100
Sulfur 2
Zinc oxide 5
Stearic acid 2
Tetramethylthiuram disulfide (TT) i
Mereaptobenzothiazole (MBT) 0.5
Dicumyl peroxide (DCP) 2

Curing time, min.* 30 20

“ Curing temperature, 150°C.

Results and Discussion

Sample 3
100

Tlte stress relaxation of dicumyl peroxide-cured EPT (sample 1) was
measured at 109°C in air, in nitrogen, and in air containing a proper amount
of antioxidant. These stress relaxation curves [relative stress 0)
versus time log t] are shown in Figure 1. From this figure, we can see that
the descending curves show almost the same slope in the three samples.

Fig. 1. Stress relaxation of dicumyl peroxide-cured EPT (sample 1) in air, under nitro-
gen, and in air containing a proper amount of antioxidant at 109°C.

t (hr)

100

Fig. 2. Stress relaxation of samples 1, 2 (sulfur-cured EPT), and 3 (TT-cured EPT)

in air at ]09°C.
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Fig. 3. Stress relaxation of three groups of samples 1 and 2 having the same value of
n(0) in air at 109°C.

Fig. 4. Pure chemical stress relaxation of samples 2 and 3 obtained from Fig. 2.

When we consider both the chemical structure of sample 1 and the experi-
mental conditions, it seems very reasonable to assume that the relaxation
mechanism of the sample is due to a physical relaxation, that is, a physical
flow of the polymer chains.

Also, the stress relaxation of type 1 samples having an initial chain
density n(0) of 0.53 X 10~4and 145 X 10~4 mole/ml, samples 2 and 3
having n(0) of 1.39 X 10-4 and 0.62 mole/ml, respectively, were measured
in air at 109°C. The relation of relative stress versus time is shown in
Figure 2. Because Figures 1 and 2 were obtained under the same condi-
tions, the superposed portions of the curves for samples 2 and 3 with that
of sample 1 are considered to be due to a physical relaxation. From
Figure 2 it was found that the stress decay due to a physical relaxation at
the initial stages is independent of the kind of crosslink if the crosslinking
density of these polymers is equivalent. For further identification, we have
carried out the following experiments. Materials with different kinds of
crosslinks and with identical initial densities n{0) were prepared. In these
materials, the crosslinks are C-C bond and polysulfide linkage (—Sr—),
and n(0) of the samples have the same density, 0.78 X 10~4, 1.39 X 10~4
and 2.26 X 10~4 mole/ml. The stress relaxation curves obtained from
these samples are shown in Figure 3. From Figure 3 it is clear that with
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Fig. 6. Replot as log f(t)/f(0) versus time of two chemical stress relaxation curves in
Fig. 4.

a nearly equal value of n(0), the physical relaxations in the initial stage are
the same and they overlap, regardless of the kind of crosslink.

In order to discuss the mechanisms of the chemical relaxation in detail,
the portions of the stress decay based upon physical flow were reduced from
the original stress relaxation curves of EPT polymers; for samples cured
with TT (sample 3, Figure 2) and with sulfur (sample 2, Figs. 2 and 3)
and their pure chemical stress relaxation curves were replotted (Figs. 4 and
5). It can be easily assumed from Figures 4 and 5 that few cleavages occur
at the crosslink in sample 3 and the interchange reactions mostly occur
at the crosslinking sites in sample 2.
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Fig. 7. Replot as log f(t)/f(Q) versus time of three chemical stress relaxation curves in
Fig. 5.

Then when the two chemical stress relaxation curves in Figure 4 were
replotted as log /(f)//(0) versus time, Figure 6 was obtained. From such
a plot, a fine straight line was obtained for sample 3. Because there still
remained a curved portion of the plot in the short-time region for sample 2
as shown in the figure, we used our suggested procedure23‘and repeated it
until we obtained a straight line in the whole time scale region.

When the three curves of Figure 5 were replotted as log f(t)/f(0) versus
time, as in Figure 6, three straight lines having the same slope in the long-
time side region were obt ained as shown in Figure 7.

The stress relaxation curve for sample 2 is divided into three fine straight
lines by using procedure X as shown in Figure 6. Moreover, in Figure 6,
both slopes of a straight line for sample 3 and the uppermost straight line
of the three for sample 2 are identical. Further, in Figure 7, all the slopes
of three straight lines for sample 2 are independent of chain density, n(0).

The chemical stress relaxation curves of sample 2 under previously de-
scribed conditions, that is, at 109°C in both air and nitrogen are shown in
Figure 8. If these stress decays were based only on the interchange re-
action of polysulfide crosslinks, it would be independent of the surroundings;
however on the long-time side, it decreases somewhat more sharply in air
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than in nitrogen. We may consider that in sample 2, in addition to the
interchange reaction of the polysulfide linkages, an oxygen-induced cleavage
of mono- and disulfide linkages in the air could explain this behavior.

Generally, scission occurs only at a crosslink in chains of the polymer
network. If we represent the number of initial crosslinkages by (7(0), the
number of scissions after time t by q(t) and the proportionality constant by
k, the following equation will be established.

da(t)/dt = k[C(0) - oft)} (1)
On solving eg. (1), eg. (2) is obtained:
at) = (O - e-*) )

I1f/(()//(0) is the relative stress and n(0) the initial chain density if scission
occurs only at the crosslinks, then eq. (3) is valid:

m/m = i - [2g{t)/nm (©)]
In an ideal network of chains, eq. (4) is obtained:
210) = 70) (@)

Therefore eq. (5) is deduced:
m/m = e«

When scission occurs only at the crosslink in crosslinked polymer, it is
obvious from eq. (0) that the stress relaxation curve is expressed by a
Alaxwellian decay.

On the other hand, from recent studies,45it has been ascertained that the
stress relaxation mechanism of crosslinked polymers which undergo an
interchange reaction can be expressed by the sum of two exponential terms.

Now, in the case of the sulfur-cured EPT polymer (sample 2), it is
assumed from the various experimental results described above that the
crosslinking sites of this sample consist of polysulfide, monosulfide, and
disulfide linkages. We can deduce for sample 2, that two reactions occur
simultaneously at the crosslinkage: typical interchange and cleavage.
Therefore it is considered from the above reactions that the relationship
between relative stress and time be expressed by eq. (6):

«

The first two terms in the right-hand side of eq. (6) are due to the mech-
anisms of typical interchange reaction and the third term refers to cleavage
at the crosslinkage.

For question of why all the slopes of the first straight line in the sample 2
and the ones in the sample 3 equal independent of n(0) may now be an-
swered on the basis of eq. (5) or the third term in eq. (6). According to
Tobolsky et, al.3f in the case when scission occurs only at crosslinkage in
the crosslinked polymer, it is recognized that the decay curves of /(f)//(0)
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versus time are identical and independent of the chain density n(0). There-
fore the value of k of eq. (5) or the third term in eq. (6) is usually a universal
constant and is independent of n(0).

As for the question of why for sample 2 there are three straight lines, it is
easy to understand that for one straight line there is one term in eq. (6).
So, because there are three terms in eq. (6) for sample 2, there are three
straight lines.

We are pleased to acknowledge the partial support of Chang Yun-llo in our labora-
tory.
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Hydrogen-Transfer Polymerization of
cis- and frans-Crotonamides

YOSHIAKI KOBUKE, KATSUMI HANJI, and
JUNJI FURUKAWA, Department of Synthetic Chemistry,
Kyoto University, Yoshida Kyoto, Japan, and TAKAYUKIFUENO, Faculty
of Engineering Science, Osaka University, Toyonaka, Osaka, Japan

Synopsis

cis- and Irans-Crotonamides were polymerized in the presence of sodium terf-butoxide
in pyridine. It was found that both monomers undergo concurrent geometrical isom-
erization as well as polymerization. Polymers resulting from these isomeric monomers
had identical microstructures. The rates of both polymerization and isomerization
were evaluated from Kinetic measurements. Kinetic investigations have also shown
that the specific first-order rate coefficient was independent of the isomer compositions
and was identical for cis and trails monomers. The activation enthalpy was evaluated
to be 15.0 kcal/mole.

INTRODUCTION

In a previous paper,1we investigated the relative polymerizabilities of
the cis and trans isomer pairs in the vinyl polymerization of alkyl crotonate
and crotononitrile in the presence of anionic and coordinated anionic type
catalysts. It was proposed that specific interactions of catalyst with
polymer end and/or monomer govern the relative reactivities of these a,j3
disubstituted olefins.

Much work has been conducted on the hydrogen-transfer polymeriza-
tion since Breslow et al.2 obtained poly (/3-amino acid) from acrylamide
and related compounds. However, there has been reported no systematic
investigation concerning the effect of geometrical isomerism on the relative
polymerizability as well as on the resulting polymer structure.

In the present study, we will report the results of the hydrogen-transfer
polymerization of cis- and frans-crotonamides. Specific aims of this work
are to gain insights into the relative polymerizabilities of these isomeric
monomers and to examine structures of the polymers resulting from the
respective isomers.

Ri = CLL; 11, = 1l
Ri = H; R2= CLL
431
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EXPERIMENTAL

Materials

Commercial iraws-crotonamide was recrystallized twice from benzene,
mp 159-160°C (lit.3 mp 159-160°C). According to the gas-chromato-
graphic analysis, this was free from cis isomer and other impurities. The
cis isomer of crotonamide was obtained by the hydration of cfs-crotono-
nitrile catalyzed by concentrated sulfuric acid. The cfs-crotononitrile was
obtained by the fractional distillation of the commercial cis-trans mixture
through a Taika Kogyo spinning band column model TS-SBi, cis, bp 108°C
(lit.4 bp 108°C). This was 99-100% pure, contaminated with 0-1% of
trans isomer. The resulting ds-crotonamide was recrystallized twice
from benzene; mp 101°C (lit.3mp 100-101°C). This was only 85% pure;
15% of trans isomer was inevitably formed by the cis-trans isomerization
during the hydration.

Pyridine was distilled over potassium hydroxide and redistilled once
more over calcium hydride under nitrogen. A middle fraction was col-
lected. Xylene was distilled in the presence of sodium benzophenone
ketyl under nitrogen.

Analysis of the Polymer Structure

The infrared spectra of the polymer were measured on KBr pellets. A
Nihon Bunko infrared spectrometer model 402G was used. The NMIi
spectra (a 10% solution in formic acid) were recorded on a Japanese Elec-
tron Optics spectrometer model C-GOH. The x-ray diffraction of powder
samples of the polymer was analyzed by Gu Ka by use of a Shimadzu
Seisakusho x-ray dilfractiometer.

Kinetic Measurements

In a glass-stoppered flask of ca. 50 ml capacity with a side arm for nitro-
gen inlet was placed a 10-ml portion of monomer solution in pyridine con-
taining Tetralin as internal standard for VPC analysis. The initial con-
centration of monomer was 0.20 mole/1., and the amount of Tetralin used
was G vol% with respect to monomer. After the mixture was thermo-
statted at the specified temperature, an 0.125-ml portion of sodium tert-
butoxide or n-butyllithium in pyridine was introduced under magnetic
stirring. The concentration of catalyst was 3% (relative to the initial
monomer concentration).

At specified intervals of time, aliquots of the reaction mixture were taken
with a syringe, and a small amount of methanolic hydrochloric acid was
added in order to stop the reaction. The residual monomers, both cis
and trans, were determined by VPC. A Yanagimoto gas chromatograph,
model GCG 550T, was used. A 2.25 m X 3 mm column packed with 30%
polyethylene glycol) 20A on Celite 545 (80-100 mesh) was operated at
180°C with helium as carrier gas. The peak integration was carried out by
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using a Kimura Denslii electronic integrator model E-2A. It was found by
calibration that the internal standard method fully sufficed for linearly
correlating the obtained peak areas to the isomer concentrations.

RESULTS

Polymer Structure

The homopolymerization of each of the cis and trans isomers of croton-
amide was conducted in pyridine or xylene, sodium tert-butoxide or n-
butyllithium being used as catalyst. The results are shown in Table I.

TABLE |
Polymerization of Each cis- and hons-Crotonamide"*
Run
no. Catalyst Monomer Solvent Temp, °C  Yield, %
i ieri-BuONa cis Pyridine 100 30.4
2 ieri-BuONa trans Pyridine 100 32.0
3 n-BuLi cis Xylene 100 30.4
4b n-BuL.i trans Xylene 100 23.3
5 «-BuLi cis Xylene 130 334
6 «-BuLi trans Xylene 130 44.0

a[Monomer]J« = 5.0 X 10~3 mole; [ieri-BuONa] = 8.3 X 10~5 mole; [n-BuLi
= 7.5 X 10 £mole; time, 24 hr.
bMonomer was only partially soluble in this run.

The infrared spectra of the resulting polymers are shown in Figure 1

In a given catalyst-solvent system almost identical polymers resulted from
the cis and trans isomers, while the structural differences are distinct on
comparing the polymers obtained by the two different types of catalyst-
solvent systems.

Analogous trends were observed in both the X.MR spectra and the x-ray
diffraction patterns of the same samples. Figures 2 and 3 show representa-
tive NMR spectra and x-ray diffraction patterns of tire polymers resulting
from the trans isomer.

These results imply that the polymer structures resulting from the cis
and trans monomers be identical with regard to the stereoregularity of the
/3-carbon.

Kinetic Measurements

Illustrated in Figure 4 is the reaction course of the trans-crotonamide in
pyridine at 100°C in the presence of sodium feri-butoxide as catalyst.
It was found that both geometrical isomerization and polymerization
occurred concurrently with comparable rates. Despite the complex nature
of the reaction, the polymerization reaction was found to fit the first-order
Kinetic law with respect to the total isomer concentration, [cfs + tram].
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Fig. 2. NMII spectra of poly(fraras-crotonamide).  (A) ¢erl-BuONa, pyridine, 100°C;
(B) re-BuLi, xylene, 130°C.

(A) (B)

Fig. 3. X-Ray diffraction patterns of poly(ircms-crotoilamide): (A ) to'i-BuONa, pyridine,
100°C; (B) rt-BuLi, xylene, 130°C.
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05 10 15 20 25 30

Reaction Time (hrs.)

Fig. 4. Reaction of iraras-crotonamide with ierf-BuONa in pyridine at 100°C: ()
calculated; (O, O, ©, ) experimental. [Monomer|0 = 2.0 X 10-1 mole/l.; [terl-
BuONa] = 6.0 X 10~3mole/1.

Reaction Time (hrs.)

Fig. 5. Reaction of as-rich crotonamide with ferf-BuONa in pyridine at 100°C:
(------ ) calculated; (O, O, O, *) experimental. Starting isomer composition, 68% cis,
32% trans; [Monomer]0 = 2.0 X 10-1 mole/1.; [ieri-BuONa] = 6.0 X 10-3 mole/1.

The first-order decay of the monomer is shown by a semilogarithmic plot in
Figure 4. The apparent first-order rate constant k, defined as

H{C + T)dt = k(C + T) (1)

was evaluated to be 3.4 X 10-:ii min. 1

A similar situation was noticed in another run conducted at 100°C with
the use of a starting isomer mixture of 70% cis and 30% trans, as is de-
picted in Figure 5. The isomerization of the cis to trans isomer was much
faster than the reverse, so that the isomer composition changed to trans-
rich at later stages of the reaction. The first-order rate constant for the
disappearance of monomer was evaluated to be 3.4 X 10-3 min-1, in per-



HYDROGEN-TRANSFER POLYMERIZATION 437

Fig. 6. First-order plots of the system, erotonamide, ieri-BuONa, pyridine. Starting
isomer: (O) trans; (O) cis.

Fig. 7. Reaction of fraras-rieh erotonamide with n-Bul.i in pyridine at 90°C. Starting
isomer composition, 3% cis, 97% trans; [Monomer]» = 2.0 X 10_1 mole/1.; [n-BuLi] =
6.0 X H)*3mole/l.

feet agreement with the value obtained with the use of pure trans isomer as
the starting feed monomer.

The findings that the first-order law of the form of eq. (1) holds and that
the observed first-order rate constants are independent of the isomer com-
position strongly suggest that the specific rate constants for polymerization
of the cis and trans monomers are the same under identical reaction condi-
tions.

The first-order plots at different temperatures in Figure 6 were found
to be satisfactorily good within certain experimental errors involved. The
activation enthalpy was evaluated to be 15.0 kcal/mole for this polymeriza-
tion system.  This value is to be compared with 9.2 kcal/mole reported for
the polymerization of acrylamide by the same catalyst-solvent system.5
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A further Kkinetic approach was attempted by use of n-butyllithium as
catalyst. Unfortunately, however, the deactivation of catalyst seems to be
serious in this case, as may be seen in Figure 7. The situation has pre-
vented us from gaining additional insights into the effects of the catalyst

on the relative polymerizabilities.
DISCUSSION

To elucidate a possible mechanism pertinent to the kinetic results, we

assume the following scheme of elementary processes:

GizT

c—p
T P
The rate expressions pertinent to the scheme (2)-(4) are as follows:
-d[C]/dt = (h + h)[C] - fc[T]
—d[T]/dt = (f2+ kt)[T] - h[C]

Solutions of the rate egs. (5) and (6) are expressed as follows:

[C] 1 I (¢
[Co] + [T A—x "7 T o)
[To] o [Co
el + m @ =R m
oy ol Y
[Co] + [Tq]
[7] [T,
[Co] + [TO] U + h ~ XD[c: [To]
. [C,,] . - _D—n] —
+ kI[Oo] + [T e Xi+ [(ki + k3— Aa[C,,] + [To
+ i—PL—
[Col + [T.]
where
Ai = a -f- yla~ — 13
A=a—-\/—3
with

a= (ki + ki + /39-h)/2
0 = kks  Kkjcn + Kjci

(2)

(3)

4

©)
©

®)

©)
(10)

(ID
(12)
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Before examining the reaction courses by the aid of egs. (7) and (S), we
sum up the egs. (5) and (6) to obtain:

AT = mycy+ mm) (19
The condition necessary to assure the first-order decay of the total mono-
mer concentration, eg. (1) is as follows:

8 —M—A (14)

The rate constant A (and hence the values of and Aj at 100°C has been
obtained from the plots of log ([C] + [T]) versust, as has already been
shown in Figures 4 and 5. With the values of A3and Ajat hand, we may
obtain the best set of Ayand A values at the same temperature by fitting
egs. (7) and (8) to the experimental points in Figures 4 and 5. The best
fit resulted when the following set of rate constants were used:

A= 25.0 X 10-3 min-1 (15)
h = 25 X 10“3min-1 (16)
AR = A= 34 X 10-3 min-1 (17)

Those curves shown in Figures 4 and 5 are the isomer compositions cal-
culated from egs. (7) and (8) with the above set of rate constants. The
experimental data of the isomer compositions accommodated in these figures
are in fair agreement with calculated curves. This agreement seems to
ensure the validity of the kinetic scheme here proposed. The isomeriza-
tion equilibrium constant is thus roughly evaluated as ki/kt = 10.0, in-
dicating the prevalence in concentration of the trans isomer over the other
at equilibrium at 100°C.

Hydrogen-transfer polymerization of cis- and trans-crotonamides may
proceed as shown in egs. (18) and (19).

VCON-H CH3 H ch3 x +
\ 4
CH—CH
X + H CONH2  VCONH CONHz
CH3\ X +
} CH—CH-.\ 08)
—CONH CONH-
MCON“H  H H WCONH X +
\ i
+ \ c=c/ CH—CH- -*
/ \ / \
X+ ch3 conir CH3 CONH2
*~CONH\ XH
CH—CH2 09)

CH3 CONH-
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As has already been described, the spectral data imply that the polymer
structures resulting from cis and trans monomers are identical with regard
to the stereoregularity of the /3-carbon. This interpretation is based on
the fact that no difference is observable between the spectra of polymers
formed from cis and trans isomers, while distinct difference can be observed
when comparisons are made between the spectra of the polymers obtained
by use of the two different types of catalyst-solvent systems. However,
these are of no concern whether the opening mode of the a,/3-disubstituted
olefin is regular or not, because the hydrogen transfer to the a-carbon makes
it impossible to elucidate the opening mode of the a,/3-disubstituted olefins.
The concurrent isomerization reaction may be expressed as in eq. (20).

ch3 H CHs ]
\ / I / .
A- + / C=C\ Vi A—C--—--C~\ Vi
|
H CONH, H C()NH2
H 1
\ /
A+ c=C (20)
/ \
CH3 CONH,

It is, however, an open question whether A~ is an ion derived from catalyst
employed or polymer end itself, or other totally different mechanisms are
involved.

The kinetic investigations described above strongly suggest that the cis-
and irans-crotonamides have identical polymerizabilities for the tert-Bu-
ONa-pvridine system. This result is quite characteristic of the present
polymerization. This might give a denial to the hypothetical higher poly-
merizability of the transient cis-crotonamide which was assumed to be
formed in the polymerization of vinylacetamide by similar catalyst-solvent
systems.6 The nearly equal polymerizabilities of cis- and trans-croton-
amides under the present conditions are compatible with the statementl
that the cis and trans isomers of nitriles show approximately the same re-
activities in the anionic polymerizations by the nonstereospecific catalyst-
solvent systems.
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y-Radiation-Induced lonic Polymerization
of Pure Liquid Styrene. [1II.
Effect of Temperature

R. C. POTTER* and D. J. METZ, Brookhaven Notional Laboratory,
Upton, New York 11973

Synopsis

We have extended our previously reported studies on the radiation-induced ionic poly-
merization of styrene to higher dose rates and have covered a temperature range between
0 and 50°C. The data at 0°C are in striking agreement (up to 106 rad/hr) with the
mechanism proposed by Williams, Okamura, et al.; on the other hand, styrene of the
highest purity exhibits a very complex behavior with temperature variations, which
does not agree with this mechanism. These apparent anomalies are presented and
discussed. Data are also presented on the effects of adding dry oxygen or degassed
water to pure styrene.

INTRODUCTION

The initial communicationlin this series pointed out that exhaustively
purified styrene exhibits novel kinetic behavior under the influence of @Co
ey-radiation. Very high rates of polymerization (e.g., Rp = 400%/hr at
0°C, 1 Mrad/hr), a linear dependence of Rp on dose rate, and molecular
weights independent of dose rate led to the conclusion that ionic propagat-
ing species had, in some manner, been stabilized as a consequence of ultra-
purification. This somewhat precipitous departure from classical radical
Kinetics was marred, however, by a high degree of irreproducibility of the
rates of polymerization. The second paper2 of the series removed this
difficulty by describing a modified purification technique which so suffi-
ciently enhanced sample purity that reproducible kinetic results were ob-
tained. Rates of polymerization reached a limiting level far above the
values previously observed (e.g., R,, = 940%/hr at 0°C, 1 Mrad/hr), while
the dose rate dependence decreased to 0.70.

Preliminary results from temperature studies2 exhibited bewildering
complexity. It is the purpose of the present communication to report
further on these temperature phenomena.  Also, studies have been made on
the effect of deliberately added impurities and the dependence of molecular
weight upon temperature and dose rate.

* Present address: Shell Development Co., Modesto, California 95352.
441

© 1971 by John Wiley & Sons, Inc.



442 POTTER AND METZ

EXPERIMENTAL PROCEDURE

The inherently clean nature of a vacuum is relied upon throughout the
course of monomer purification and, consequently, the monomer sample is
constantly maintained in a vacuum environment. In essence, the scheme
for monomer purification comprises four fundamental operations: vacuum
distillation, vacuum bake-out of glassware, degassing, and contacting of
monomer with activated silica gel (the second and fourth steps being
particularly effective in eliminating traces of water). The details of this
preparative procedure have already been described.2

Temperature studies relied upon the same type of dilatometer as that
used previously.2 However, the deliberate addition of impurities required
a new dilatometer design (Fig. 1). The preparation of a sample in such a

Fig. 1 Diagram of dilatometer modified to allow addition of impurity.
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dilatometer requires a slight departure from the purification scheme. For
the addition of oxygen, a small amount of silica gel is placed in the side-arm
bulb.  (Note that the sintered glass disk in Figure lacts as a retaining plug.
Thus, when the break-seal is opened for an experiment, the silica gel is
confined to the addition bulb.) By means of a length of glass tubing, the
loading tube is connected directly to (lie high vacuum manifold. After
bake-out and sealing at a point past the attachment of the loading tube,
oxygen (99.6% purity) is bled into the manifold through a venting port in
the vacuum system. The side-arm bulb, containing oxygen and the drying
agent, is then isolated by flame-sealing the loading tube. Finally, the
manifold is evacuated and rebaked with heater tape. The normal sequence
in the preparative scheme is then resumed. (See Part I12for complete de-
tails on manifold, baking procedures, etc.)

In the case of water addition, it is not necessary to modify the standard
procedure. The empty side-arm bulb is left exposed to the atmosphere
during bake-out. After filling and sealing off the dilatometer, the loading
tube of the side-arm is connected to the manifold. An ampoule of distilled
water is attached to the manifold through a side-arm containing a break-
seal. Upon the conclusion of a manifold bake-out, the break-seal is opened
and the water is degassed. Water is then distilled into the addition bulb
and the apparatus is sealed off.

Molecular weight data were obtained from eleven batch-irradiation
samples. These ampoules, each shaped like a dilatometer bulb, were pre-
pared simultaneously by the normal procedure.

Determination of molecular weight, calculation of rates of polymerization
(gravimetric and dilatometric), method of irradiation, and dosimetry have
all been described elsewhere.1 Total conversions were generally kept below
10%.

RESULTS

Figure 2 shows data obtained from five dilatometers and two ampoules
irradiated at 0°C. It isreadily evident that over three orders of magnitude
of dose rate and within fairly narrow limits of reproducibility, the relation-
ship between the polymerization rate Rvand dose rate I can be expressed as

Rv ¢ 716

The behavior of these same samples at several temperatures is shown in
Figure 3. The dilatometer on which the three highest dose rates were
investigated at 0°C was not investigated at the higher temperatures.
Figure 3d is a composite of the observed temperature behavior, in which
each line is drawn between the dose rates over which the data were actually
obtained. Instead of the parallel Arrhenius arrangement which one might
expect, there is a definite skewed pattern. The 0°C and 50°C isotherms
are approximately parallel, as are the 25°C and 40°C isotherms.
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LOG I (rad/ hr)

Fig. 2. Rate of polymerization of highest purity styrene at 0°C as a function of dose
rate.

We have already indicated2that, the preparation scheme does not, always
yield the maximum rates of polymerization. Presumably this occurs when
a trace contaminant (such as water) is present which, ideally, should be
reduced to the same level of concentration in each preparation. Thus, the
rates shown in Figures 2 and 3 should be regarded as the “ceiling” rates
attainable with our present, method of monomer purification.

When the observed rates of polymerization do fall below the ceiling
values, quite another picture of the temperature behavior develops.
Figure 4 shows the results obtained from two slightly impure, independently
prepared samples. It is immediately obvious that in each case the iso-
therms conform more closely to an Arrhenius temperature behavior and
that the polymerization rate varies inversely with temperature. In addi-
tion, it can be observed that the greater the deviation from the ceiling rates,
the more closely the isotherms are spaced and, further, that there is a
corresponding increase in dose rate dependence.



7-RADIA'ITON-INDUCED IONIC POLYMERIZATION. Il 445

Fig. 3. Rate of polymerization of highest purity styrene as a function of dose rate at:
(a) 25°C, (b) 40°C, (c) 50°C, and (d) composite of data at four temperatures.

The series of experiments involving deliberately added impurities were
carried out to determine the effect of adding saturation quantities of either
dry oxygen or degassed water to ultrapure styrene. The oxygen addition
dilatometer contained 0.4 atm of oxygen in the side-arm bulb. This
amounts to a threefold excess, based on the solubility of oxygen in styrene
at room temperature.4 Prior to the addition of oxygen, the dilatometer was
irradiated at 0°C and a dose rate of 3800 rad/hr.  Asillustrated in Figure 5,
the resultant rate of polymerization was close to the ceiling rate.

Having established a base rate, the break-seal on the addition dilatometer
was opened. The gas was distributed throughout the monomer by alter-
nately freezing and thawing the dilatometer bulb. Upon irradiation at
0°C, the oxygen-saturated styrene exhibited a continuous decrease in rate of
polymerization. Thus, at a dose rate of 3800 rad/hr, RPdecreased from
3%/hr to 0.7%/hr in 43 min. On changing to a higher dose rate (07,500
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rad/hr), Rv decreased from 7.7 to 5.2%/hr in 35 min. On returning to a
dose rate of 3800 rad/hr, the rate of reaction was 0.3%/hr.

At this point, the rate of decrease of R pwas low enough so that a dose rate
dependence could be obtained. Figure 5 shows that this dependence (0.87)
has increased above the ceiling value (0.65). Finally, the styrene was

DOSE RATE (rad/hr)

Fig. 4. Rate of polymerization of two slightly impure samples of styrene as a function of
dose rate at several temperatures.
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mixed further with the remaining oxygen which, at 67,500 rad/hr, resulted

in a rate of polymerization which was about three times the classical value.
The effect of deliberately adding water to the reaction system was in-

vestigated with another, independently prepared impurity-addition

(% /hr)

RATE OF POLYMERIZATION

DOSE RATE (rad/hr)

Fig. 5. Effect of adding either dry oxygen or degassed water to styrene which exhibits
ionic kinetics before addition of impurity.
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dilatometer. Again, base rates were established before the addition of the
impurity. In Figure 5 it is seen that the rates of the original sample are
considerably below the maximum rates, yet clearly within the range where
the principal propagating species must be ions. After opening the glass
break-seal, a small amount of water was distilled into the dilatometer
capillary by the condensing effect of water flowing through the dilatometer
cooling jacket. The dilatometer bulb was frozen; then the side-arm bulb
was frozen and sealed. The amount of water transferred was estimated by
the difference in meniscus height of the thermally equilibrated (0°C) dila-
tometer before and after addition. Thus, the sample contained 0.2% water
(by weight), which is ten times the saturation value at 0°C.4 The water
was thoroughly mixed with the styrene by several freeze-thaw cycles. The
excess water, in the form of a small immiscible bead, was easily visible.
When the sample was reirradiated at 67,500 rad/hr, the experimental rate
of reaction coincided with the classical free-radical rate as shown in Figure 5.

The molecular weight data for the eleven ampoules are presented in Table
I.  The rates of polymerization of these samples, calculated as the ratio of

TABLE |
M Values of Polystyrene at Several Dose Rates and Temperatures
M at various |

4100 18,700 29,200 73,800
T, °C rad/hr rad, ‘hr rad/hr rad/hr
0 85,000 86,000 91,000 90,000

25 88,000 - 82,000 -

40 80,000 - 71,000 -
50 71,000 — 68,000 67,000

total conversion to time, fall on the ceiling rate curves displayed in Figures 2
and 3 at the four different temperatures.

DISCUSSION

Comparison with Theory

Sufficient evidence has been presented127-12 to demonstrate conclusively
that the radiation-induced polymerization of pure liquid styrene proceeds
by an ionic mechanism at temperatures below, at, and above room
temperature. The condition which must be met is the reduction of
impurities (in most cases water) to levels far below direct analytical
detection. Under these conditions the normal free radical polymerization,
which may or may not be interfered with by the ionic processes, con-
stitutes an almost negligible contribution to the net results. Thus the
process can be described as an ionic polymerization.

Williams et al.13have provided a rather successful quantitative descrip-
tion of the process for styrene, isobutyl vinyl ether, and a-methylstyrene,
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which, in principle, should also be applicable to other monomers which show
similar behavior. The assumed kinetic mechanism and the several physical
assumptions are reproduced here, with the use of their nomenclature,3for
the reader’s convenience.

For a pure monomer (Al) which is absorbing energy from a radiation field
at the rate of 7(eVV/cm3sec) and producing free (separated) ions with a
yield of Gtions per 100 eV energy absorbed, the mechanism of egs. (1)-(11)
is written.

Initiation:
Monomer — Nli+” + M;“- 1)
Rt=iGt/m
kc
A+ + A Al - AL +HAIZD )
Mr- + M Al - M-(M2) ©)]

Propagation and transfer:

Al,+ + A 'Z Aln#+ )
Al,++ Al »Mm+ Al+ )
. ke
Mti- + Al —»MnH_ (6)
Al,-+ M Al. + M- ©)

Tcrmination by impurity:

Al»++ X F Al + X+ )]

(Al,-+ Z Z Al + Z-) ©)
Termination by recombination:

Al,++ V- 5- Products (10)

(Al,- + AA —/.J-Products) (11)

In this scheme the nature of Al and Alm+or M.~ is obvious, X (and 2)
represent impurities, and [Y~] represents the total concentration of all
negative species (while [W+] represents the total concentration of all posi-
tive species). Reactions (9) and (10) are absent from the original scheme
and are included here only for generality. They, and several other reac-
tions, are neglected on the basis of assumptions incorporated in the original
scheme.B3
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Reaction (5) and its counterpart reaction (7) are included because, unless
there is a great amount of chain transfer to monomer, abnormally high
values of (Pmare calculated. For instance, in styrene at 0°C and at a dose
rate | = 3 X 10BeV/cm3sec, the measured rate of polymerization is
14.5%/hr.2 This yields a value of (/'(-monomer) (monomer molecules dis-
appearing per 100 eV absorbed) of 610,000. Since the average DP is of the
order of 103 (see Table 1), in the absence of chain transfer a value of Gt =
103would result. Such values cannot be reconciled with any known ion
yields in either the gaseous state or condensed phases, requiring that the
origin of most molecular chains is regenerative chain transfer rather than
direct initiation by radiation.

On accepting the frequent occurrence of chain transfer to monomer in
styrene and the demonstrated inhibitory effects of water,12,10-12 ammonia, 4
and amines,}4 and the apparent relationship between proton affinity and
efficiency of retardation, ¥ it is postulated that the mechanism can be
further simplified by assuming that reactions (6), (7), (9), and (11) represent
processes of negligible importance, i.e., the principal propagating species is
the carbonium ion, Mm+. Invoking steady-state kinetics, assuming that
rate constants are not a function of the size of the reacting species and im-
posing the condition of electrical charge neutrality on the system, Williams
et al.isshow, in a simple and elegant fashion, that the rate of polymerization
Rv can be expressed as a function of several kinetic parameters, viz.,

Rtkp[M]
12
R (w A+ MX] 9

where loshas replaced k.

It is interesting to investigate briefly the asymptotic behavior predicted
by eg. (12). Under those conditions where the impurity level is quite high
but still allows for predominating ionic propagation,

MX] » (/M)
and
Rpc Rt el

At the other end of the range of behavior, where the impurity level is in-
significant

@Rtk,)A» M X]
Rp ¢ Rt/ « /m>
In general, then, it is to be expected that
Rp « /" 05<n<1

depending on the importance of impurity termination (and hence impurity
concentration) relative to ion-ion recombination. This range of behavior
as a function of purity has been reported by us previously.12
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Fig. 6. Plots of calculated [eq. (12)] values of log Rpvs. log/ at two values of impurity
concentration [X], Points are experimental values shown in Figure 2.

On returning to the quantitative use of eq. (12), Williams et a!.Bhave
shown that, assuming the following values of rate constants

kl
kix

2 X 10n 1/mole-sec  (conductivity measurements)1l

IX 10D 1/mole-sec (diffusion controlled)

and assuming Gt = 0.10, measured rates of polymerization at 15°C¥4and
0°C2yield values of the rate constant for propagation of the order

kp « (2.5-3.5) X 10° 1/mole-sec
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Since this value is low because of a small contribution from impurity
termination, these authorsBBsuggest a slightly larger approximate value:

Ip ~ 5 X 10c 1/mole-sec

The data presented in Figure 2 have been replotted in Figure G In the
former instance, a straight line of slope 0.65 had been drawn through the
data points; in Figure G a smooth curve has been drawn through these
same data points calculated from eq. (12) and by using the following values
of the rate constants, (t{ impurity concentration, and the known density of
styrene at 0°C:4

Gt = 0.10
p = 0.924 at 0°C
k, = 1.0 X 101L1./nrole-sec

kix = 1.0 X 10D 1/mole-sec
kp = 5.0 X 106 1/mole-sec
[X] = 8 X 1(DDmole/1.

In addition, the limiting square-root dependence line ([X] = 0) is also
indicated in Figure 6.

It is immediately apparent that, over three orders of magnitude of dose
rate, the experimental data are remarkably well represented by the curve
calculated from eq. (12) if a slight downward adjustment of k, from the
suggestedB value of 2 X 10u/mole-sec to 1 X 101l 1/mole-sec is made.
(Although, it is really not justified to imply that any of these rate con-
stants are known to within the accuracy implied by this adjustment,
manipulation of the values was necessary so that the three experimental
points at the highest dose rates would not fall above the calculated limiting
square root line.  Trial and error indicated that this adjustment of ktwould
give the best fit over the entire range of the measured variables.) This
agreement is striking confirmation of the qualitative and quantitative pre-
dictions of Williams et al.BB

A question which may properly be asked is “Do all the data on styrene fit
the proposed mechanism?” Unfortunately, the answer is in the negative.
The two sets of data that do not fit into the scheme involve the following set
of observations: (a) the inability, so far, for any workers to obtain a
square-root dependence of li,, on/ for styrene, under any conditions of pur-
ity achieved, and (b) the apparent anomalous temperature behavior of
styrene when it is very pure.

Dose Rate Dependence of Itp

Let us look at the first question. Although at least one monomer®bhas
been observed to attain a square-root behavior (Rp a | = under conditions
of very rigorous purification, the most careful work by Ueno et al.1l and
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ourselves,2including the present data, have failed to achieve this condition
for styrene. Williams et al.13have ascribed their dose rate dependence of
0.62 (at 15°C) to the fact that, even at the highest dose rates of approxi-
mately 1 X 105rad/hr, the impurity termination reaction is not negligible.
On a straight-line plot (see Fig. 2), we have extended the range of dose rate
by an additional order of magnitude, and have still failed to observe the
expected diminution of the impurity termination reaction.

In addition, we have also measuredba “rate of polymerization” dilato-
metrically in a very high instantaneous dose rate situation, i.e., under pulsed
radiolysis. A sample of styrene was manually given several sets of 10
pulses (1 yusec/pulse, interpulse interval «0.1 sec) and thermally equili-
brated after each set of 10 pulses. The instantaneous dose rate (dose per
pulse) was 8.5 X 10Rrad/hr.9 Since the ionic lifetimes should be of the
order of only a few microseconds, based on either Hayashi’s calculationlor
our own observations,9we believe it to be justified to assume that the reac-
tion initiated in each single pulse was essentially terminated before the next-
pulse arrived at the sample. On this basis we calculate a rate of polymeri-
zation, Rv, of approximately 3 X 103mole/l.-sec at 8.5 X 10Rrad/hr.

If one uses eq. (12) with the assumed values of the rate constants, one
would calculate Rp ~ 7 X 101mole/l.-sec, or approximately 40 times lower
than the observed value. On the other hand, if one extrapolates the
straight-line correlation of the experimental data (see Fig. 2), a value of
Rp~ 2 X 103mole/l.-sec at the same dose rate results. Any adjustment of
the specific rate constants in eg. (12) to bring that expression into closer
agreement with the observed value at this very highest dose rate would ad-
versely affect the good agreement achieved at the lower dose rates.

An alternative is to assume that an unidentified terminating agent, W, is
produced during irradiation in such a fashion that its steady-state concen-
tration is proportional to the dose rate, and that it acts in much the same
fashion as X, e.g.

kw
Mm++ W - Mm+ W+ (13)
ke
W+ + Y-~ —* Products (14
Equation (12) would then become
RiK [M]
P (Rik)11+ leIX[X] + kiiW] (15)
or, assuming, in the steady state,
W] = al (16)
RiK [M] 17)

v  (Rik) + ktx[X] + akml

The speculative nature of this suggestion is obvious, especially since no
identification of this inhibiting species has been made or attempted. De-
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pending on the values of the parameters a and k,w, however, it would supply
a phenomenological explanation of the data.

Temperature Dependence of It,,

With respect to the other question, by far the more serious one, eq. (12)
would not predict the anomalous temperature behavior reported in our
previous communication,2reported also by Ueno et al.¥4and further con-
firmed by data presented here. Ueno et al.4report observing a maximum
polymerization rate in the vicinity of 35°C at a dose rate of 1.4 X 104rad/
hr. Our data indicate that a maximum value of R,, occurs at approxi-
mately the same temperature but at a dose rate of about 4 X 103rad/hr.
This slight quantitative discrepancy does not detract from the documenta-
tion of the existence of the phenomenon and may be traced to the slightly
higher rates of polymerization which we have observed at a given dose rate
and temperature.

In commenting on their observation of this phenomenon, Ueno et al.}4
have suggested that it may be related to a temperature-dependent associa-
tion of water in the hydrocarbon medium. For any given total water
content, the effective concentration of water available for terminating
growing chains would increase with temperature, leading to a decrease in the
overall polymerization rate. We will reserve further comment on this until
after a crude examination of the combined dose rate-temperature-iij, be-
havior shown in Figure 3.

Although it is difficult to extract an exact expression for the overall
temperature coefficient for the polymerization rate from eq. (12), an ap-
proximate expression can be considered. Thus

(18)

where Etand Evare the temperature coefficients for initiation and propaga-
tion, respectively, and E," is meant to express the temperature coefficient
for the combined processes of chain termination by impurity and by charge
neutralization. In either extreme circumstance, E/ would be unambigu-
ously defined. Moreover, the value of b could be assigned the value of 1 or
Y2for termination by impurity or by charge neutralization, respectively.

Although the free ion yields of several irradiated hydrocarbons have
been found by Schmidt and AllenTto be slightly temperature-dependent,
the effect is small, and it will be assumed here that E (is essentially zero.
Regarding Ep, the temperature coefficient for a styryl carbanion has been
determinedBto be 5-6 kcal/mole in several solvents, and the coefficient for
the styryl carbonium ion has been estimated®to be 3-4 kcal/mole. Thus,
to a reasonable approximation, the temperature coefficient for the ionic
propagation of styrene under irradiation can be given by

Etod ~ 3 —bE/ (19)

the lower estimate for Ev being chosen arbitrarily.
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Fig. 7. Plots of log Rpvs. I/T for highest purity styrene at several dose rates.

Figure 7 is based on the experimental data shown in Figure 3 and repre-
sents a plot of Rpversus I/T at several chosen dose rates, within the range of
the experimental data. From these plots, two-point approximations of the
overall temperature coefficients can be made. These approximations,
along with values of bE," calculated with eg. (19), are tabulated in Table II.
The values in this table are to be viewed merely as indicative of general
trends, and not firmly established values of temperature coefficients. With
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this in mind, it appears that the contribution of the chain termination
processes varies between 1and 9 kcal/mole, depending on both the tempera-
ture range and the dose rate.

Both of the chain termination processes considered so far—charge
recombination and reaction with impurity—have been considered to be
diffusion controlled processes with rate constants k, ~ 10111/mole-sec and
ktx ~ 10D L/mole-sec, respectively. If k, and ktx are both diffusion-
controlled, it would be expected that their temperature coefficients, in the
absence of any specific ion-ion or ion-dipole effects, would be of the order of
magnitude of the temperature coefficient of the viscosity of the medium.

TABLE 11
Approximate Overall Temperature Coefficients

Temperature coefficients, kcal/mole

0-25°C 25-40°C 40-50"°C

Dose rate,

rad/hr EtotiX bEt' E total bEt' total bEt*
1.6 X 103 +2 + 1 — — — —
4.1 X 10s +1 +2 -6 +9 -6 +9
6.9 X 103 0 +3 -6 +9 —5 +8
2.5X 10* -1 +4 -6 +9 2 +5
2.9 X 104 -1.5 +4.5 -6 +9 - +4

For styrene, the activation energy of viscosity, between 10 and 50°C, is 2.1
kcal/mole.4 Thus the activation energies of both chain termination
processes are expected to be approximately 2 kcal/mole.

The question then arises whether the large values of the temperature
dependence of the chain-terminating processes can be ascribed to the
temperature dependence of the degree of association of water in this system.
An empirical investigation of this may be made on the basis of the data
presented in Figure 86. This sample displayed a dose rate dependence of
approximately 0.9, indicating termination principally by reaction with
impurity.  For this sample, eq. (12) can be simplified to,

Rp = Rikp\M]/ktx[X] (20)
and
Etotall = Ep  EIX (21)

Since the observed overall temperature coefficient for this sample is ap-
proximately —L1.5 kcal/mole, Etx~ 4.5 kcal/mole, which value will include
not only the temperature dependence of the actual reaction with impurity,
but also the temperature dependence of the assumed degree of association of
water in styrene. Comparison of this value with some of the entries in
Table 11 leads to the conclusion that there must be a more temperature-
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dependent termination process to account for bEt' values in excess of 4-5
kcal/mole.

Moreover, in Figure 3, the data at 25°C and 40°C both correspond to a
square-root dependence of rate on dose rate. The mechanism under con-
sideration would predict

Rp = R\ [M](kp'kt)lh

Fig. 8. Plots of log Rpvs. 1/7” for two slightly impure styrene samples at several dose
rates.
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and
Atotal = Ep [Th 1
=3 - VsEt

The value of A+tai between 25 and 40°C given in Table Il would then lead
to the startling result that Et ~ 18 kcal/mole for ion-ion recombination.
Thus, although the square-root dependence of Rv on | would appear to
demonstrate termination solely by ion-ion recombination, these data seem
to indicate the presence of some other termination process with a higher
temperature coefficient.

Although we are not in a position to offer a mechanistic interpretation of
the temperature-dose rate behavior as a function of impurity, we would like
to make the following phenomenological observations. At the very highest
rates of polymerization, and hence lowest impurity levels, the temperature
behavior is quite anomalous114 and indicates overall temperature coeffi-
cients as low as —6 kcal/mole. As the impurity' level increases, the dose
rate dependence increases, and the temperature coefficient (more well
defined here than at. the maximum rates) increases through values of —4
and —1.5 kcal/mole, as indicated in Figure 8. Ueno et al.Dindicate that
for even lower absolute rates of polymerization (and hence higher impurity
concentration) the temperature coefficient is essentially zero.

More recently, Huang and Westlake@ have reported an overall tempera-
ture coefficient of +3.1 kcal/mole for higher impurity concentrations,
where the contributions of ionic and free-radical propagation are com-
parable. Finally, when the styrene is water-saturated and the propagation
is exclusively by free radicals, the temperature coefficient rises to +7.15
kcal/mole.5

Nature of the Propagating Species

As will be recalled, there is a preponderance of evidence to suggest that
the principal propagating species in the system under discussion is a car-
bonium ion, either normal or radical. What, then is the nature and the role
of the negatively charged species?

It appears reasonable to assume that some fraction of the ejected elec-
trons will become captured (solvated) by styrene when they become
thermalized. Moreover, carbanions can be formed by heterolytic scission of
an excited molecule, yielding a carbanion radical in the process. Thus, the
occurrence of carbanion radicals seems assured. Do these contribute sig-
nificantly to the overall polymerization process other than as chain-
terminating agents?

Hayashi et al.1Lhave assumed that the contribution of a styryl anion, in
the presence of styryl cation, is negligible. This is based on two lines of
evidence. Firstly, Hayashi et al.1Lhave indicated that the upper limit of kv
for the bare styryl cation is of the order of 8 X 10s 1/mole-sec based on
scavenger studies, and the lower limit is approximately 5 X 1061/mole-sec
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based on conductivity measurements. Since the value of k,, for the styryl
anion has been measured as 6.5 X 104 1/mole-sec2Land 1.3 X 1051/mole-
sec, 2 it would appear to follow that the above assumption is correct by
several orders of magnitude. However, the values of k,, for the styryl anion
adding to styrene monomer were measured in THF solution.2,2 Since the
ion-induced dipole force between the styryl anion and the styrene molecule
should be about four times higher in bulk styrene (dielectric constant « 2)
than it is in THF (dielectric constant « S), it might be expected that the
values of kv “corrected” for the dielectric constant would lie between 2 X
101and 5 X 1051/mole-sec. The upper value of this “corrected” k,, for the
styryl anion is approximately l/w of the lower limit of /g, for the styryl
cation as given by Hayashi et al. 1L

The second line of evidence considered by Hayashi et, al.1lis based on a
comparison of the experimentally determined average value of the sum of
the ionic mobilities in irradiated styrene compared to the equivalent
average mobility in irradiated cyclohexane. For styrene, the average value
of the total ionic mobilities is estimated to be at the order of 4 X 10-4
cm2V-sec. This is to be compared with the same authors’1l computed
average mobility of a growing styryl cation, estimated to be of the order of
4 X 10~5cm2V-sec, on the basis of the published value of the diffusion
coefficient for a “living” polystyrene dianion (DP = 25) in THF.23 This
would seem to imply that the average growing anion is of the order of ¥w
the size of the average growing cation.

Thus, on the basis of both the relative values of the propagation rate
constants and ionic mobilities, it appears that the propagation of anionic
species may account for approximately 10% of the conversion of monomer
to polymer in this system.

In a related study, Katayama et al.24 have recently reported that the
anionic and cationic mobilities in irradiated a-methylstyrene are, respec-
tively, 1.5 X 10~4and 5.0 X 10~4cm2V-sec. It is not surprising that the
two mobilities should be closer in value in this system than in styrene since
the average degree of polymerization in a-methylstyrene is known to be at
least an order of magnitude less than in styrene. The principal determining
factor of this parameter, for the carbonium ions, is chain transfer to mo-
nomer.

At the present, the theory of ion-ion and ion-molecule reactions in con-
densed systems is not sufficiently advanced to explain the apparent incon-
sistencies between the experimental data and the Kinetic scheme proposed
by Williams et al.13 At first thought, it might be argued that the inclusion
of propagating carbanions might introduce sufficient parameters to account
for the anomalous temperature behavior, much of which appears to reside
in the termination process (es).

Amis and Jaffe,5in considering the reaction between an ion and a dipolar
molecule, derived an expression for the variation of the specific rate constant
with dielectric constant.  According to their predictions, the rate constant
for a reaction involving a positive ion would decrease with increasing di-
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electric constant, whereas the opposite behavior was predicted for a nega-
tive ion. A modified form of their equation was later given by Quinlan and
Amis,Bfor solutions of zero ionic strength, and is

Ink = fcb_ 0 -f (zeno/DKTro2) (22)
= m

where Iéx=0 is the specific rate constant for the reaction at zero ionic
strength in a medium of infinite dielectric constant (a reference state), z is
the algebraic value of the valence of the attacking ion, e the electronic
charge, no the dipole moment of the molecule, D the dielectric constant of
the medium and rothe distance of closest approach of the ion to the molecule
in the activated complex. The important feature of this treatment is that
the valence of the ion appears to the first power, and the equation predicts a
dependency on the independent variable D (or T) according to the valence
sign of the ion.  This behavior has been observed in a number of systems.Z

It should be pointed out, however, that Laidler and EyringBhave offered
an alternative treatment of the same general process. The difference in the
resulting equation which is most pertinent to this discussion is that the
latter workers develop a correction similar to that of Amis et al.5% but
containing the square of the ionic valence. Interestingly enough, there are
data that fit the Quinlan-Amis equation, and there are data on other systems
that fit the Laidler-Eyring equation. This confusing state of affairs is a
reflection of the paucity of sound experimental and theoretical work in this
branch of physical chemistry.

Taking the Quinlan-Amis equation, and considering the quantity

z €/if|A7av /D | 0"

as the contribution of electrostatic interactions to the overall temperature
coefficient of the rate constant, a value of 8 kcal/mole results from assuming
no = 2 X 10~18su (for a water molecule), D = 2 (for styrene), andr0= 3 A
This “electrostatic” activation energy will be added to the activation energy
corresponding to kx=0 in the case of a negative ion, and subtracted from

d=<

the analogous quantity in the case of a positive ion-dipole reaction. More-
over, no should really be replaced by the “external” dipole moment, which
depends on the dielectric constant of the medium and its polarizability, as
given by Onsager,@ and the entire term should be multiplied by cos 8 to
account for the directionality of the reaction coordinate with respect to the
dipole axis. Obviously the numerical value of this correction will vary
with so many parameters whose numerical values are unknown that it is not
possible to actually compute it from first principles.

The important thing, however, is that the temperature coefficient for an
ion-dipole reaction in solution, even at zero ionic strength, may be a com-
posite quantity. According to the above arguments, the temperature
coefficient for a positive ion-dipole reaction might even be negative. In the
system presently under discussion, ion-dipole (or ion-induced dipole) reac-
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tions are involved in the propagation, transfer to monomer, and impurity
termination steps, and the entire temperature behavior may be expected to
be quite complex.

Summarizing our thinking on the matter of which ion or ions are responsi-
ble for the propagation, we feel that, although the mechanism of Williams
et al. Bprovides a remarkably good quantitative description of the data at a
fixed temperature, it fails to explain the temperature variations of the rate
of polymerization as reported by Ueno et al. 4and Potter et al.2and further
extended in this study. Awe do not feel that the data presently available
warrant the omission of anionic propagation in the treatment of Williams
et al.B A more detailed set of data is necessary to settle this question
quantitatively.

Effect of Water and Oxygen

In all of our previous work on styrenel2,7-9 we have attributed to water
the major, if not exclusive, role in obscuring ionic propagation in the radia-
tion polymerization of the pure degassed monomer. The reasoning was of a
negative nature, in that increasingly higher rates of polymerization were
obtained as the drying technique used in sample preparation was improved.
In the present study, it has been clearly demonstrated that the addition of
degassed water, sufficient to saturate the sample, will cause the complete
elimination of the ionic propagation previously observed in the same sample
when dry.

The effect of adding dry oxygen to a previously dry, degassed sample of
styrene is apparently quite complex. A number of years ago, Collinson
et al., 9 observed oxygen inhibition in the radiation-induced ionic poly-
merization of isobutene. Their explanation of this effect was that ho-
mogenously distributed oxygen could capture near-thermal electrons and
prevent their stabilization on the vessel walls or an adventitiously present
dirt. This would lead to a more rapid neutralization of positively charged,
growing ions and thus inhibit the reaction.

In the present study with styrene, we observed a large initial decrease
in the rate of polymerization upon addition of oxygen. The reaction rate
continued to decrease with increased total dose (and, presumably consump-
tion of oxygen). Further addition of oxygen suppressed the rate even
further. Our observations were terminated at the point where the final
rate of polymerization, in the presence of oxygen, was about threefold that
which would be expected of the pure, free-radical process and two orders of
magnitude lower than that for the ionic process, before oxygen addition.

Since oxygen alone did not appear to have any marked effect on the
formation of the styryl radical ion in our previously reported pulse radioly-
sis investigation,9we suspect that the observed inhibition by oxygen in the
steady-state irradiation is due to the rather rapid formation of oxygenated
inhibitors (alcohols, aldehydes, etc.) in the oxygen-saturated irradiated
styrene.
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Molecular Weights

Although it is quite tempting to point out several apparent parallels
between molecular weight trends with temperature and rates of polymeriza-
tion at the two dose rates more extensively studied, we recognize that a
detailed analysis of the tabulated molecular weights would imply a higher
degree of confidence in their absolute values than is warranted.

All of the values in Table | point to an average degree of polymerization
of between 700 and 900. On taking 800 as an overall average and con-
sidering that it is likely that chain transfer to monomer by the growing
carbonium ion is the major contributing factor to this value, it appears that

kp/kfc ~ S00

as a first approximation.
A more detailed study of molecular weight distributions is presently in
progress and will be reported in a future communication.

CONCLUSIONS

The rate of polymerization of styrene is a complex function of the tem-
perature, dose rate and purity of the sample. The behavior is consistent
with an ionic mechanism. Independent studies by othersi4have indicated
that the ions responsible for the propagation are predominantly carbonium
ions. A kinetic scheme has been proposed by Williams et al.3based on a
single propagating species and assuming reasonable values of rate constants
for several diffusion controlled steps in the process. Our data at 0°C show
a remarkably good fit to the calculated rate of polymerization versus dose
rate curve, and to that extent, tend to confirm the validity of the approach,
as well as the assumed and derived rate constant values.

On the other hand, the scheme does not account for the observed maxi-
mum in the rate of polymerization with temperature, in certain dose rate
regions. Nor does it account for the apparent failure of the rate of poly-
merization to achieve a square-root dependence on dose rate at very high
dose rates, in the temperature range where the data fit the theoretical curve
at lower dose rates.

We believe that the process is much more complicated, and that further
studies are needed to more clearly establish the role played by all the reac-
tive intermediates present. Several areas of investigation suggest them-
selves, namely, pulse radiolysis, electrical conductivity (mobility), molecu-
lar weight distributions, and careful kinetic studies in several solvents. In
such studies, however, one must not be satisfied with data obtained at only
one or perhaps two temperatures.
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Radiation-Induced Polymerization of Tetraoxane in
the Solid Stale*
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and KOICHIRO HAYASHI, Takasaki Radiation Chemistry Research
Establishment, Japan Atomic Energy Research Institute,
Takasaki, Gumma, Japan

Synopsis

The radiation-induced polymerization of tetraoxane in the solid state has been in-
vestigated in air and in vacuo. The polymerization rate was higher in air than in vacuo,
whereas the molecular weight of the polymer obtained at high conversion in air was con-
siderably lower than that in vacuo. A large decrease in the molecular weight with in-
creasing polymer yield observed in air may be explained mainly by degradation during
polymerization.

Two papers on the radiation-induced polymerization of tetraoxane, the
cyclic tetramer of formaldehyde, have been published. Hayashi et al.1
first reported the radiation-induced polymerization, and Cannavo et al.2
reported the electron microscopic observation of the polymerization. On
the other hand, many papers on the radiation-induced polymerization of
trioxane, the cyclic trimer of formaldehyde, have appeared. It was re-
ported that the post-polymerization rate is higher in air than in vacuo and
that peroxides are formed by the pre-irradiation in air.3 The molecular
weight of the polymer increases with the polymer yield both in air45and
in vacuo.6

Similarly, in the case of tetraoxane, we observed a higher post-polymeri-
zation rate in air than in vacuo. In the present study, however, we found a
distinct effect of oxygen on the molecular weight of polyoxymethylene ob-
tained, i.e., the molecular weight of the polymer was reduced remarkably
when the polymerization of tetraoxane was carried out in air.7

A 1-g sample of tetraoxane purified by sublimation was placed in a glass
ampoule of Smm inside diameter and irradiated with 7-rays from a 126,000
Cir@Co source after the ampoule was sealed at a given pressure of air.

Figure 1 shows the relationship between the pressure of air and the re-
duced viscosity of polymers obtained in both in-source and post-poly-
merization of tetraoxane. The reduced viscosity was taken as a measure

*Paper presented at the 23rd Annual Meeting of the Chemical Society of Japan,
Tokyo, April 1970.
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Fig. 1. Relationship between pressure of air and i?p/c of polymers obtained in the
radiation-induced polymerization of tetraoxane: (O) post-polymerization, irradiation
1 X 106rad, —78°C, polymerization at 105°C, 2 hr (polymer yields were 33% and not
affected by the pressure within this polymerization time); (¢) in-source polymerization.
3 X 104rad/hr, 105°C, 3 hr (polymer yields were 77% and not affected by the pressure).

Post-polymerization time (hr)

Fig. 2. Post-polymerization of tetraoxane: (a) polymerization time-yield curve and
(6) polymerization time-reduced viscosity curve for polymerization (O) in vacuo and
() in air. Pre-irradiation, 1 X 105rad, —7S°C; polymerization, 105°C.

of the molecular weights of the polymers. The solution viscosity was
measured as a 0.3% solution of p-chlorophenol containing 2% a-pinene.

The molecular weight of polymers seems to be reduced when the pressure
exceeds 10-2 mm Hg. Figure 2 shows results of the post-polymerization
of tetraoxane in detail.

On polymerization in vacuo, the molecular weight of the polymers in-
creased monotonically with the increase in the polymer yield, and both
curves of polymer yield and 23/c, indicated as open circles in Figure 2, are
similar to those for trioxane. On the other hand, the molecular weight of
the polymers obtained in air is sharply reduced after attaining a maximum
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Fig. 3. Effect of air introduced in the course of post-polymerization of tetraoxane (l):
pre-irradiation, 1 X 106rad, —7S°C in vacuo; polymerization, 105°C, (O) in vaduo; (*)
in air; (9) air introduced 1 hr after the start of polymerization so that the pressure
attained atmospheric pressure.

Post-polymerization time (hr)

Fig. 4. Effect of air introduced in the course of the post-polymerization of tetraoxane
(I1):  pre-irradiation, 1 X 10“ rad, —78°C in vacuo: polymerization (O) 105°C in
vacuo; (¢) 110°C inair; (9) air introduced 24 hr after the start of polymerization so that
the pressure attained 1 atm and polymerization was continued at 110°C for 24 hr; (C)
polymer isolated before the introduction of air was maintained at 110°C for 24 hr.

value as the polymer vyield increased. This tendency was not observed
previously in the post-polymerization of trioxane. In the post-polymeri-
zation under a nitrogen atmosphere, results similar to those in vacuo were
obtained. A decrease in the molecular weight of the polymer was ob-
served after a long polymerization period, even at a polymerization tem-
perature of 55°C, when a large pre-irradiation dose was applied. A similar
tendency was found when trioxane was post-polymerized at 55°C.
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It was also observed that tendencies relating to the polymer yield and
the molecular weight, when tetraoxane was irradiated in air and post-
polymerized in vacuo, were similar to those obtained when both irradiation
and post-polymerization were conducted in vacuo, and that the tendencies
observed when tetraoxane was irradiated in vacuo and post-polymerized in
air were similar to those obtained when both irradiation and post-polymeri-
zation were conducted in air. Therefore, the atmosphere during the poly-
merization seems to affect the molecular weight of the polymer.

Furthermore, when air was introduced in the course of the post-poly-
merization in vacuo, a decrease in the molecular weight of the polymers was
observed just after the introduction of air, while the polymer yield in-
creased to a value similar to that attained when the polymerization was
carried out in air for the whole period, as shown in Figure 3.

Figure 4 shows that only a small increase in polymer yield was obtained
when air was introduced and the polymerization was continued at 110°C
after the polymerization was conducted at 105°C in vacuo and the polymer
yield almost reached its limiting value. In this case, the decrease in the
molecular weight of the polymer was as small as that which occurred when
the polymer isolated before the introduction of air was maintained at
110°C in air. The above facts indicate that a marked decrease in the
molecular weight takes place only when an appreciable polymerization of
tetraoxane takes place in the presence of oxygen.

It is not clear at present whether the decrease in the molecular weight is
due to the degradation of the polymer formed before the introduction of
air into the polymerization system to low molecular weight polymer or due
to the formation of low molecular weight polymer after the introduction of
air. However, as seen in Figure 3, the drastic decrease in the reduced
viscosity may be explained mainly by the occurrence of degradation of
polymers formed before the introduction of air, since, at the polymeriza-
tion time of 9 hr, the reduced viscosity was decreased to about one fifth,
whereas the polymer yield increased twofold compared with that just be-
fore the introduction of air. Fractionation of the polymers which would
clarify this point is in progress.

It was suggested that there coexist two different mechanisms in the post-
polymerization of trioxane in air.3 It is likely that there is an active
species which participates in both the polymerization and the degradation
of the polymer only in the presence of oxygen, and another kind of active
species which participates in the polymerization either in the presence or
absence of oxygen.

We believe that further studies on the effect of oxygen will elucidate
the mechanism of the radiation-induced polymerization of cyclic oligomers
of formaldehyde.

The authors wish to express thanks to Professor S. Okamura, Kyoto University, and
Dr. T. Ilwai and Dr. I. Kuriyama, JAERI, Takasaki, for their encouragement through-
out this work.
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Copolymerization of Propylene with Acrylate
by a Ziegler-Natta Type Catalyst

KIICHIRO MATSUMURA and OSAMU FUKUMOTO,*
Kawasaki Plant, Toray Industries Inc.,
Ukishima Kawasaki, Japan

Synopsis

Propylene was polymerized by using a Ziegler-Natta type catalyst in the presence of
ethylchloroaluminum acrylate, which was formed by the reaction of diethylaluminum
chloride with acrylic acid. The polymer obtained contained acrylic units which were
proved to be copolymerized with propylene units by solvent extraction, infrared spec-
trum, and NMR spectrum. The copolymer showed much improved properties com-
pared with the polypropylene homopolymer.

INTRODUCTION

Polypropylene has several shortcomings, most of which are due to lack
of a polar group in its molecule. The most fundamental method of many
to improve the shortcomings is copolymerization of propylene with a polar
monomer. Polar monomers, however, are generally known to deactivate
Ziegler-Natta type catalysts commonly used for the polymerization of ole-
finic hydrocarbons,1although there are some exceptions.2-6 This may be
due to the deactivation of the active center or catalyst components by the
polar group.

One of the ideas to suppress the deactivation reaction is to mask the
polar group of the comonomers, tert-Butyl acrylate with a bulky tert-
butyl group effective to mask the polar group is reported to be homopoly-
merized2 and even to be copolymerized3with ethylene by a Ziegler-type
catalyst comprising n-butyllithium and titanium tetrachloride. Copoly-
merization of propylene with acrylate, however, has not been reported so
far. This is because that the polymerization of propylene is much more
difficult compared with the polymerization of ethylene.

In this paper, the copolymerization of propylene with an acrylate, ethyl-
chloroaluminum acrylate, by a Ziegler-Natta type catalyst is reported.
The copolymer thus obtained shows much improved properties.

*Present address: Head Office, Toray Industries Inc., Nihonbashi, Muromachi,
Tokyo, Japan.
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RESULTS AND DISCUSSION
Effect of Some Polar Monomers on TiCl, -(CaUjiALSO, System

The effect of methyl acrylate (MAC), 2-methyl-5-viny]pyridine (MVP),
acrylic acid (AA), and methacrylic acid (MAA) on the polymerization
activity of propylene with the TiCla-iCiHs"AI"Oi system was investi-
gated, and the results are shown in Figure 1L Even a small amount of
MVP or MAC deactivates the catalyst completely, while MAA or AA de-
activates catalyst only gradually, and 40 mmole of AA is necessary to de-
activate the catalyst completely. This 40 mmole of AA coincides with
the amount of ethyl group of "H*AhSCL in the polymerization system.

The experimental findings that only small amount of MVP or MAC is
sufficient to deactivate the catalyst completely indicates that these polar
monomers react directly with the active center and deactivate it. On the
contrary, the mechanism of the deactivation by MAA or AA seems to be
somewhat different from that by MVP or MAC, judging from the gradual
decrease of the activity with increasing addition of MAA or AA. Since
AA and MAA have active hydrogens in the molecule, the most probable re-
action between them and catalyst is that as shown in eqg. (1), which will be
discussed in the next section.

CHZCHCOOH + (CzHspAL2S04 -* CH2=CHCO00(CH)AIS04+ CH6 (1)

AMOUNT OF ADDITIVE

Fig. 1. Effect of acrylic acid (AA), methacrylic acid (MAA), methyl acrylate (MAC),
and 2-methyl-5-vinylpyridine (MVP) on polymerization activity of propylene. Polym-
erization conditions: TiCls, 2 mmole; (CH54A1504 10 mmole; n-heptane, 50 mil;
60°C; time, 3.5 hr; initial propylene pressure, 3 atm.
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Bis(diethylaluminum) sulfate reacts with AA or AIAA successively as long
as the ethyl group is present in the molecule. Hence 1 mole of bis(diethyl-
aluminum) sulfate can react with 4 moles of AA or AIAA.  The final re-
action product may not be effective as a catalyst component since it does
not contain an ethyl group in the molecule. This is the reason why the
addition of a fourfold quantity of AA to bis(diethylaluminum) sulfate de-
activates the catalyst completely. Although the reaction product of bis-
(diethylaluminum) sulfate with AA or AIAA may also be a catalyst poison,
this seems to have a less powerful influence than AIAC or AIVP on the cata-
lyst activity. The best explanation for this difference is that the reaction
product of bis(diethylaluminum) sulfate with AA or AIAA has an alkyl-
aluminum residue with larger masking effect than that of methyl group.

These experimental findings induced authors to carry out the copoly-
merization of propylene with acrylic acid by a Ziegler-Natta type catalyst,
using the reaction product between acrylic acid and an alkylaluminum
compound as comonomers.

Reaction of Diethylaluminum Chloride with Acrylic Acid

Various kinds of alkylaluminum compounds can be used to synthesize
alkylaluminum acrylates which will be used as comonomers. After pre-
liminary experiments, diethylaluminum chloride was selected, since the re-
action product between diethylaluminum chloride and acrylic acid was the
most simple.

An equimolar amount of acrylic acid was added gradually to a benzene
solution of diethylaluminum chloride under nitrogen with cooling and
stirring.  The reaction proceeded with evolution of heat and a gas which
proved to be ethane. The reaction product was a clear solution without
any precipitate. It was subjected to analysis, and the results are shown in
Table I. The infrared spectrum of the product was also obtained and is
shown in Figure 2.

Chemical analysis in Table | shows that the ratios CSHAL, CI/Al, and
CH2=CHCOO/AI are all unity. Absorption bands of the infrared spec-
trum at around 920, 990, 12S0, and 1420 cm-1 indicate the presence of a
vinyl group, while bands at around 620 and 1580 cm-1 can be assigned to
the carboxyl group of a salt.

TABLE |
Analysis of the Reaction Product of Diethylaluminum Chloride with Acrylic Acida
CHi= chZ Molec-
Al,  CH5 Cl, CHCOO, CTL Cl CHCOO  ylar
No. wt-% wt-% wt-% wt-% Al Al Al weight
1 432 4.37 5.68 10.7 0.94 1.00 0.94 306
2 4.30 4.31 5.61 11.2 0.93 0.99 0.98 314

“Reaction conditions: nitrogen atmosphere; 16.66 g (0.138 mole) of diethylalu-
minum chloride was dissolved in 63.9 g of benzene, and 10.75 g (0.149 mole) of acrylic
acid was added dropwise to this solution with stirring at room temperature.



474 MATSUMURA AND FUKUMOTO

FREQUENCY (CM-1)

Fig. 2. Infrared spectrum of the reaction product of diethylaluminum chloride with
acrylic acid (benzene solution).

11

10

Lo

MMOL
ETHYLCHLOROALUMINTIM ACRYLATE

Fig. 3. Effect of ethylchloroaluminum acrylate on polymerization. Polymerization
conditions: TiCI3 2 mmole; (CsHs™Al, 2 mmole; benzene, 50 ml; 60°C; time, 3 hr;
initial propylene pressure, 3 atm. Anw/A<m denotes an intense ratio of infrared bands at
1700 and 980 cm-1.
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Addition of excess acrylic acid over an equimolar amount of diethyl-
aluminum chloride resulted in the formation of a white precipitate, which
proved on chemical analysis to be chloroaluminum diacrylate. These
findings indicate that acrylic acid reacts selectively with the ethyl group of
diethylaluminum chloride to form ethylchloroaluminum acrylate.

Cryoscopic measurements (Table 1) show ethylchloroaluminum acrylate
is in the dimeric form.

Copolymerization of Propylene with Ethylchloroaluminum Acrylate

Polymerization of propylene with various amounts of ethylchloroalu-
minum acrylate was carried out in beverage bottles, and the reaction results

A-46 Polymer, 2 g

Treatment overnight with
100 ml boiling cone HC1

Insoluble polymer
A-46-2, 46 wt-%

Soluble
A-46-t, 54 wt-%

A-46-2 Polymer, 0.5 g

Treatment overnight with
100 ml of boiling 1% NaOH (aq)

Soluble polymer Insoluble polymer

A-46-3, 83 wt-% relative A-46-4, 17 wt-% relative to
to A-46-2, 38 wt-%, relative A-46-2, 8 wt-% relative to
to A-46 A-46

Neutralization
with 11CI

Soluble polymer

A-46-5, 27 wt-% relative
to A-46-2, 12 wt-%
relative to A-46

Fig. 4. Treatment of copolymer with HC1 and aqueous NaOH. Polymerization

conditions for A-46; TiCfi, 2 mmole; (CZH5?2AICL, 2 mmole; toluene, 40 ml; 60°C;

Insoluble polymer

A-46-6 56 wt-% relative

to A-46-2, 26 wt-% relative
to A-46

initial pressure, 3 atm; CJTCIAIOOCCH =CH,, 65 mmole; yield, 13 g.
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Fig. 5. Infrared spectrum of A-46-6 polymer in Fig. 4.

are shown in Figure 3. With increasing amount of ethylchloroaluminum
acrylate, the yield of polymer decreases gradually, while the intrinsie vis-
cosity increases. The infrared spectra of molded films of the polymer ex-
hibit distinet absorption in the 1700 em—! region which is assigned to acid
carbonyl groups. This clearly indicates that acrylate is polymerized with
a Ziegler-Natta type ecatalyst. The ratio of absorption bands at 1700
em~! (carbonyl group) and 980 em~! (polypropylene) increases with in-
creasing amount of ethylchloroaluminum acrylate.

In order to clarify whether or not acrylate is copolymerized with propyl-
ene, the polymer obtained was treated successively with hydrochloric acid
and aqueous sodium hydroxide as shown in Figure 4. Of the original
polymer A-46, 549, dissolved in hydrochloric acid. The soluble part is
considered to contain both aluminum from ethylehloroaluminum acrylate
and some soluble polymer comprising mainly poly(acrylic acid). Only a
trace of aluminum was detected in the insoluble polymer, A-46-2, by chem-
ical analysis. This indicates that all acrylic unit in the A-46-2 polymer is
converted into the acid form during hydrochloric acid treatment. The
polymer insoluble in hydrochloric acid, A-46-2, was treated overnight with
aqueous sodium hydroxide at boiling temperature. Of the A-46-2 polymer,
839, that is, 38.2 wt-9, relative to the original polymer (A-46), was dis-
solved in aqueous sodium hydroxide. The content of acrylate in the orig-
inal polymers (A-46) was calculated on assuming that all acrylate added
to the polymerization system was polymerized and that the acrylic unit in
the polymer was in the form of CH;OCIAIOOCCH=CHy,, which is formed
during the treatment of the polymer with methanol after the polymeriza-
tion. The result of the calculation is that the content of acrylic unit in the
polymer A-46 is no more than 82 wt-%, and at least 18 wt-9% of A-46
polymer must be propylene units. The total amount of the polymer sol-
uble in hydrochloric acid or aqueous sodium hydroxide is 92.2 wt-9, rela-
tive to A-46 polymer. This figure is higher than that of the calculated
acrylic unit content in polymer A-46 and indicates that some propylene
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unit in the polymer dissolved in hydrochloric acid and or in aqueous sodium
hydroxide. Since, solid polypropylene is not, soluble either in hydrochloric
acid or in aqueous sodium hydroxide, propylene unit soluble in aqueous
sodium hydroxide or in hydrochloric acid must be copolymerized with
acrylic unit.

Neutralization of the sodium hydroxide solution by hydrochloric acid
precipitated the polymer which amounts 56 wt-% relative to A-46-2 and
25.8 wt-% relative to original A-46 polymer. The precipitated polymer
was molded into a transparent thin film. The infrared spectrum of the
film is shown in Figure 5. There can be found clear differences between
infrared spectrum of the precipitated polymer A-46-6 and that of poly-
merylie acid) (Sadtler Standard chart). The most significant difference
is the presence of an absorption band at around 1380 cm% which is as-
signed to methyl group, in the spectrum of the precipitated polymer A-46-6.
This clearly indicates the presence of a propylene unit in this precipitated
polymer. This is further evidence for the copolymerization of propylene
with acrylate.

The A-46-6 fraction shown in Figure 4 was dissolved in heavy water con-
taining sodium hydroxide and NMR spectrum was recorded. On the spec-
trum shown in Figure 6, there can be observed three broad peaks at around
r = 9.1 ppm, 8.6 ppm, and 7.6 ppm. The peak at around 9.1 ppm can
certainly be assigned to the methyl proton and the peak at around 8.6
ppm can be assigned to methylene and methyne proton judging from a
standard spectrum of polypropylene (high-resolution NMR spectra,
Japanese Electron Optics Laboratory Co., Ltd.). The peak at around 7.6
ppm may be assigned to The met hyl proton of the acrylic unit, judging from a
NMR spectrum of poly(methvl acrylate), although this assignment is not
explicit. The clear presence of methyl group in the fraction soluble in
aqueous sodium hydroxide indicates that propylene is copolymerized with
the acrylic units.
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FREQUENCY (CM'1)

Fig. 7. Infrared spectra of A-46-4 copolymer shown in Fig. 4: (1) A-46-4 film; (1) after
NaOH treatment of I, (111) after HC1 treatment of II.

The polymer (A-46-4) insoluble in aqueous sodium hydroxide was molded
into a thin film between sheets of aluminum foil and the aluminum foil was
dissolved by hydrochloric acid. The transparent thin film thus obtained
was treated successively with aqueous sodium hydroxide and hydrochloric
acid. The infrared spectra of the film after each treatment were obtained
and are shown in Figure 7. Absorption bands at around 1580 and 1700
cm-1 indicate clearly the presence of carboxyl group, which are reversibly
interconvertible between acid and salt type by treatment with hydrochloric
acid and aqueous sodium hydroxide. The presence of acrylic units in
polymer which has been treated repeatedly with hydrochloric acid and
aqueous sodium hydroxide is also evidence of the copolymerization of
acrylate with propylene, since the poly(acrylic acid) is thought to be soluble
in both hydrochloric acid and sodium hydroxide.

Polymer Characterization

Copolymerization of propylene with ethylchloroaluminum acrylate by
TiCh-"H”"AhSCh system was carried out in an autoclave. The poly-
merization and purification conditions are detailed in Table Il and the
experimental section. The infrared spectrum of the copolymer before
HCI-MeOH purification is shown in Figure 8. The absorptions at 620 and
1580 cm-1 indicate the presence of carbonyl group of salt type, and the
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TABLE 1l
Copolymerization of Propylene with Ethylchloroaluminum Acrylate (AC-2)

Polymerization conditions

Heptane, ml .100
TiCh(AA), mmole 10
(CH54A1504 mmole 5
CHEC1A100CCH=CH2in

benzene, mmole/ml 400/510
H2 ml NTP 300
Temperature, °C 00
Pressure, atm 6
Time, hr 0

Yield (after 3 hr
purification with boiling

HCI-CH3OH) g 120
Polymer characterization

Acrylic unit content, mole-%* 2

Tearing strength, gwt/cmb 60-100

Contact angle of water0 60-70°

aDetermined from elemental analyses of oxygen.
b Determined for the film pasted with Arlon-S.
O0Determined by a goniometer.

absorption in the region of 3400 cm-1 indicates a methoxy group bound to
the copolymer through aluminum, the methoxy group being from the meth-
anol used to deactivate the catalyst. The infrared spectrum of the polymer
after having been purified with methanol containing hydrochloric acid is
shown in Figure 9. A sharp absorption at 1720 cm-1 appeared which can
be assigned to ester carbonyl formed by an esterification reaction during
purification of the crude polymer, while the absorptions at around 620,
1580, and 3400 cm-1 disappeared. These findings indicate that the car-
boxylic salt in the copolymer is easily converted to an ester carbonyl. The
esterified copolymer was found to contain 1.4 wt-% of oxygen, which corre-
sponds to 2 mole-% of acrylic units.

The tear off strength of the pasted film of the copolymer was measured
to be 60-100 gwt/cm, which is more than five times the tear strength of the

FREQUENCY  (CM 1)

Fig. S. Infrared spectrum of copolymer.
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homopolymer. The contact angle of water on the copolymer film, which
is a measure of the affinity of film to water was found to be 60-70°. This is
almost the same value as that for polyamide or poly(vinyl acetate). The
dyeing test on the copolymer (Table IT) with the disperse dye Amacron
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Fig. 9. Infrared spectrum of copolymer treated with CH;OH-HCI.
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Fig. 10. Absorption spectra of polymer film (180 u) dyed with Amacron Red FB.

Red FB was carried out, and the absorption spectrum of the film is shown
in Figure 10. The figure indicates that the copolymer uptake of disperse
dye is much greater than that of homopolymer. These experimental find-
ings indicate that many shortcomings of the homopolymer due to the lack
of polar groups are improved by copolymerization to a small extent with
acrylate. In addition, it is worthy of mention that the copolymer contain-
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mg 2 mole-% of acrylic units can be molded into a thin film of high trans-
parency.

EXPERIMENTAL

Materials

Propylene was obtained from Mitsubishi Petrochemical Co. Analytical
results showed that it contains 99.8% propylene, 0-2% propane, 5-6 ppm
oxygen, and 10-20 ppm water. It was used without further purification.

Benzene and heptane were obtained commercially. They were shaken
with sulfuric acid, washed with water, and dried by refluxing over sodium.
They were carefully distilled at atmospheric pressure.

Diethylaluminum chloride was obtained from Ethyl Corp. and distilled
under reduced pressure.

Bis(diethylaluminum) sulfate was synthesized by the reaction between
diethylaluminum chloride and sodium sulfate.7

Titanium(l11) chloride(AA) was obtained from Stauffer Chemical Co.

Methyl acrylate, 2-methyl-f>-vinylpyridine, acrylic acid, and metluicrylic
acid were commercial products. They were dried over silica gel and dis-
tilled under reduced pressure.

Polymerization Procedure

Bottle Polymerization. The beverage bottle was baked overnight at
110-120°C and purged with nitrogen while hot. Solvent and titanium-
(111) chloride were added under a nitrogen atmosphere, and the bottle
was capped immediately with the use of a nitrile rubber cap liner. After
the bottle had been purged with propylene, alkylaluminun of the catalyst
component and additive were added through a hypodermic needle. Pro-
pylene was then introduced up to the initial polymerization pressure. Poly-
merization was carried out by tumbling the bottle in a bath at suitable
temperature. The catalyst was inactivated by adding methanol into the
polymer suspension. After several minutes, the polymer was filtered off.
Further purification was carried out by using hydrochloric acid when de-
sired.

Autoclave Polymerization. A backed autoclave was purged with nitro-
gen. Heptane, titanium(ll) chloride, bis(diethvlaluminum) sulfate, and
benzene solution of ethylchloroaluminum acrylate were added in that
order to the autoclave under a nitrogen stream. The autoclave was closed
and nitrogen was replaced with propylene. Hydrogen and then propylene
were added to the polymerization pressure. Stirring was started and the
temperature was raised to the desired temperature. The polymerization
was carried out at constant pressure and temperature. Methanol was
added to deactivate the catalyst and the reaction mixture was refluxed
several hours. The slurry thus obtained was filtered and reslurried in the
methanol containing hydrochloric acid and refluxed 3 hr at its boiling tem-
perature, then filtered; the polymer obtained was dried.
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Polymer Characterization

Il Index. |l index was taken as weight per cent of polymer which was
not soluble in boiling «-heptane in 24 hr extraction with a Kumagawa
extractor.

Intrinsic Viscosity. Measurements were made in tetralin containing
1% of Swanox [2,5-di-(teri-butyl)-3-methyl phenol] as antioxidant at
135°C with the use of a Fitz-Simons solution viscometer. The Huggins
constant of 0.38 was used to calculate the intrinsic viscosity.8 No kinetic
energy correction was applied.

Infrared Spectrum. The copolymer was molded into a thin film and the
infrared spectrum of this film was run using Nihon Bunko spectrometer
Model DS-402G and Shimazu Model IR-27. A 1M benzene solution of
ethylchloroaluminum acrylate was loaded into a KBr cell under nitrogen
atmosphere and the spectrum was run immediately with the use of a Nihon
Bunko Model DS-402G.

NMR Spectrum. A 6-mg portion of fraction A-46-6 was dissolved in
0.25 ml of heavy water containing sodium hydroxide. The NMR spec-
trum of this solution was obtained at room temperature with a Varian A-60
instrument, tetramethylsilane (TMS) being used as reference.

Ultraviolet Spectrum of the Dyed Polymer. A dye solution was prepared
from 200 ml of distilled water, 0.2 g Amacron Red FB, and 0.16 g Nonipol
(a nonionic detergent). The molded 1SO i film of the polymer was sus-
pended in this solution, and the solution was stirred at 120°C in the auto-
clave for 2 lir. The film was separated from the dye solution and resus-
pended in a 1% aqueous solution of Nonipol and stirred at 60°C for 10
min. The ultraviolet spectrum of the dyed polymer thus obtained was
obtained by use of a Hitachi spectrophotometer, Model EPS-2.

Tearing Strength of the Pasted Film. The polymer was molded into
200-300 xthick film, and the film was cut into pieces 50 mm long and 10
mm wide. An Arlon-S, paste coating, comprising acrylic resin in toluene,
was applied to a thickness of 0.1 mm on the film, and the film was dried
at 80°C for 10 min. This film coated with paste was put on another film
which was not coated with paste and the two films were pressed at 100°C
by 30 kg/cm2weight for 10 min, allowed to stand at a room temperature
overnight with 30 kg/cm2weight, and then further allowed to stand at a
room temperature overnight without weight. The tearing strength of the
pasted film was measured by using a Tensilon instrument at a tearing speed
of 20 mm/min.

Contact Angle of Water on the Film. The contact angle of water on
film is a measure of affinity of film to water. The polymer was molded
into a thin film and one drop of water was placed on the film. The contact
angle of the drop of water to film was measured with a goniometer.

Analyses of Ethylchloroaluminum Acrylate

The Ethyl group was determined by measuring ethane evolved by the
react ion of flic sample with water.
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Chlorine was determined by conventional Mohr titration, after the
sample had been decomposed with nitric acid.

Aluminum was determined by an EDTA method with the case of stan-
dard iron solution and salicylic acid as an indicator.

Acrylic group was determined from bromine number of the sample.

Molecular weight of ethylchloroaluminum acrylate was determined from
cryoscopic measurements.
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Polymerization of Propylene by the Three-Component
System Comprising Titanium(l11) Chloride,
Ethylaluminum Sesquichloride, and Sodium Sulfate

KIICHIRO MATSUMURA, YUJI ATARASHI,* and
OSAMU FUKUMOTO.t
Kaicasaki Plant, Toray Industries Inc., Kaivasaki, Japan

Synopsis

Sodium sulfate increases the polymerization activity of the titanium(l11) chloride
(AA)-ethylaluminum sesquichloride system for the polymerization of propylene. The
reaction of ethylaluminum sesquichloride with sodium sulfate at mild conditions isolates
diethylaluminum chloride, which is responsible for the polymerization activity. The
reaction of these components at severe conditions forms an organometallie compound
containing sulfate, (C"FUhALSOIi, and this compound is a powerful activator for tita-
nium(I11) chloride.

INTRODUCTION

Catalysts showing a great stereospecificity in the polymerization of pro-
pylene to solid polymer are the crystalline halides of transition metals,
especially titanium(l11) chloride and organometallie compound such as
the trialkylaluminum or dialkylaluminum halides.12 Alkylaluminum
sesquihalides in combination with titanium(Ill) chloride are scarcely ef-
fective for the polymerization of propylene to solid polymer. However,
highly stereospecific catalysts for the polymerization of propylene can be
obtained by using a suitable amount of a third component in combination
with alkylaluminum sesquihalides and titanium (111) chloride.3

Ikegami and his co-workers4 studied some three-component systems
containing di-n-butyl ether or pyridine as a third component and thought
that diethylaluminum chloride formed from ethylaluminum sesquichloride
by the action of the third component is responsible for the polymerization
activity.

The present authors also investigated many kinds of inorganic third
components and concluded that alkali metal sulfates are the most effective
for increasing the polymerization activity of the ethylaluminum sesqui-
chloride-titanium(l11) chloride system. The present investigation was

* Present address: Basic Research Laboratories, Toray Industries Inc., Tebiro,

Kamakura, Japan.
t Present address: Head Office, Toray Industries Inc., Muromachi, Nihonbashi,

Tokyo, Japan.
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undertaken to elucidate the three-component system containing sodium
sulfate as a third component. No three-component system containing
sodium sulfate has, to our knowledge, been reported.

EXPERIMENTAL

Materials

Propylene was obtained from Mitsubishi Petrochemical Co.  Analytical
results showed that it contained 99.8% propylene, 0.2% propane, .5-6 ppm
oxygen, and 10-20 ppm water. It was used without furt her purification.

Titanium (111) chloride (AA) was obtained from Stauffer Chemical Co.

Sodium sulfate(G.R.) was obtained commercially and was pulverized.
Powder of 350 Tyler mesh pass was calcined at 500°C for 2 hr and was
stored over calcium chloride.

n-Heptane was a commercial product which was shaken with sulfuric
acid, washed with water, and dried by refluxing over sodium. It was care-
fully distilled at. atmospheric pressure.

Ethylaluminum sesquichloride, diethylaluminum chloride, and ethylalu-
minum dichloride were obtained from Texas Alkyls Co.

Polymerization

A typical polymerization was carried out as follows: n-Heptane, tita-
nium(I11) chloride, ethylaluminum sesquichloride, and sodium sulfate were
added to an autoclave under nitrogen atmosphere in this order. The auto-
clave was closed and nitrogen was replaced with propylene. Stirring was
started and the temperature was raised to the polymerization temperature,
then propylene was charged. The polymerization was carried out at a
constant pressure of propylene and constant temperature. Methanol was
added to deactivate the catalyst, and the slurry thus obtained was refluxed
for several hours, cooled to room temperature, and filtered. The polymer
was dried at 60°C for 24 hr in vacuo.

Analyses

Aluminum. A sample was dissolved in aqueous hydrochloric acid and
the solution was heated with excess EDTA at pH 6 to form a complex.
The excess EDTA was then titrated with standard iron solution by using-
salicylic acid as an indicator.

Ethyl Group. A sample was introduced with a hypodermic syringe into
a reactor containing a moist alundum shell suspended from the tip of a
buret. Water vapor from the alundum shell decomposed the sample
slowly with moderate evolution of the ethane. Dilute hydrochloric acid
was added through the buret to complete the reaction. The gas evolved
was measured in calibrated buret and the ethyl group content was calcu-
lated.

Chlorine. A sample was decomposed with water. Dilute nitric acid
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was then added to dissolve the aluminum. The chlorine was determined
by a conventional method (Mobhr titration).

Sulfate. After the decomposition of a sample with dilute hydrochloric
acid, the sulfate was determined as barium sulfate.

Sodium. Sodium was determined by the uranyl acetate method.

Insolubles. The insolubles content was taken as the weight per cent of
polymer which was not soluble in boiling n-heptane in a Kumagawa extrac-
tor in a 24-hr extraction period.

Intrinsic Viscosity of the Polymer

Measurements were made in tetralin containing 1% Swanox (2,5-di-ierf-
butyl-3-methylphenol) as an antioxidant at 135°C by using Fitz-Simons
solution viscometer. The Huggins relation was applied to calculate the
intrinsic viscosity.

Ngo—o8

Eom GNT

Fig. 1 Effect of sodium sulfate on polymerization activity. Polymerization con-
ditions: n-heptane 130 ml; TiCLfAA) 4 mmole, (CsHshAhCIs 3.8 mmole, pressure 6
atm; f>0°C; 60 min.
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RESULTS

Effect of Sodium Sulfate

Polymerization of propylene was carried out to investigate the effect
of sodium sulfate on the TiCL-"Hs*AUCh system. The results are
shown in Figures 1and 2. The polymerization activity is very low in the
absence of sodium sulfate, but it increases with increasing amount of sodium
sulfate and then levels out at a (CaHs"AbCh/NaoSOi molar ratio of about
2. The effect of sodium sulfate is very remarkable.

When the concentration of ethylaluminum sesquichloride is varied,
keeping concentration of .sodium sulfate constant, the activity increases
rapidly, passes through maximum at a (G>H53AloCI¥Na'.SO.i molar ratio
of about 2, and decreases gradually with increasing amount of ethylalu-
minum sesquichloride. This shows that excess ethylaluminum sesquichlo-
ride decreases the activity. The molar ratio (C-iHsisAbCh/NaiSCL of about
2 is critical.

40

(C2H5)3A12C13

Fig. 2. Effect of molar ratio (CjHshAlaCk/NaiSih on polymerization activity.
Polymerization conditions: n-heptane 130 ml; TiCktAA) 3 mmole, NaZS04 1.5 mmole,
~HbhAKCh 1.5-15 mmole, pressure 11 atm; 00°C; 60 min.
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The heptane-insoluble portion of the polymer remains at about 96%
over the whole range of sodium sulfate concentrations; this value is almost
equal to that usually observed for TiCb-"H”AICI system. The intrin-
sic viscosity of the polymer ranges between 7 and 6 and decreases with in-
creasing amount of ethylaluminum sesquichloride.

The marked effect of sodium sulfate on the TiCh-CCoEUsAbCIs system
seems to indicate that some reactions between sodium sulfate and ethyl-
aluminum sesquichloride occur and that the reaction product activates
titanium(I11) chloride. Direct reaction between sodium sulfate and ti-
tanium(l11) chloride is not probable because both components are solid.

Polymerizations with Titanium (I11) Chloride and Reaction Product of
Ethylaluminum Sesquichloride with Sodium Sulfate

The polymerization of propylene was carried out by using titanium(l11)
chloride and the reaction product of ethylaluminum sesquichloride with
sodium sulfate, because it was suggested that reaction product from these
components is responsible for activation of titanium(Ill) chloride. After
addition of 40 mmole of sodium sulfate, the flask was purged with nitrogen
and was sealed by a serum stopper. A 100-ml portion of heptane solution
of ethylaluminum sesquichloride (1 nrole/1000 ml) was added to the flask

REACTION TIME (hr)

Fig. 3. Effect of reaction time of ethylaluminum sesquichloride with sodium sulfate
on polymerization activity. Polymerization conditions: n-heptane 100 ml; TiCL(AA)
2 mmole; reaction product of ethylaluminum sesquichloride with sodium sulfate (Al/
S04 = 5) 5 ml; pressure 9 atm; 60°C; 90 min. The figures in parentheses mean per
cent insoluble.
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by means of a syringe. The mixture was allowed to stand for a predeter-
mined time at a given temperature. The polymerization of propylene was
carried out by using 5 ml of the reaction product (liquid phase) thus ob-
tained and 2 mmole of titanium (111) chloride. The activity and per cent
insoluble of the polymer (in parentheses) are shown in Figure 3.

The polymerization activity increases with increasing reaction time of
sodium sulfate and ethylaluminum sesquichloride and levels out at about
10 hr reaction time. The activity also increases with increasing reaction
temperature of the two components. When a reaction temperature of
60°C is adopted, the activity is almost the same as, or slightly higher than
that for the three-component system (TiCh-EtsAbCh-NasSO,!) at G0°C.
The per cent insoluble of the polymer obtained by using the reaction prod-
uct at 60°C is very similar to or slightly lower than that for polymers
obtained with the three-component system and with the "IDoAICI-TiCh
system at 60°C. These results show that in the three-component system,
sodium sulfate and ethylaluminum sesquichloride first react, and the re-
action product thus obtained activates titanium(I11) chloride.

The polymerization activity is very high, even higher than that for the
diethylaluminum chloride-titanium(l11) chloride system, when the reaction
product at 100°C is used with titanium(l11) chloride. The per cent in-
soluble of the polymer obtained by using the reaction product obtained at
100°C is lower than that of the polymer formed with the three-component
system and/or with the product reacted at 60°C. These results are enough
to suggest that the high-temperature product is different from the low-
temperature product. A very powerful activator for titanium(l1l) chlo-
ride must be formed by the reaction of ethylaluminum sesquichloride with
sodium sulfate at higher temperature.

Analysis of the Reaction Product of Ethylaluminum Sesquichloride with
Sodium Sulfate

The reaction product of ethylaluminum sesquichloride with sodium
sulfate seems to activate titanium(lll) chloride, as already mentioned.
Hence, experiments were initiated to obtain some information on the re-
action of these two components.

A 100-ml portion of a 1 M solution of ethylaluminum sesquichloride and
60 mmole of sodium sulfate were reacted under nitrogen at 25, 60, and
100°C for a predetermined time. Sodium sulfate was agglomerated with
evolution of heat immediately after the reactants were mixed. The liquid
phase of the reaction product was removed with a syringe and was sub-
mitted to analysis. The analytical results are shown in Table I. With
increasing reaction temperature and time, (1) concentrations of aluminum,
ethyl group, and especially chlorine decrease; (2) sulfate appears in the
liquid phase and its concentration increases gradually; (3) the CoHj/Al
ratio increases and reaches 2; (4) on the contrary, the CI/Al ratio decreases,
and becomes less than 1; (5) sodium is not detected in the liquid phase; (6)
(CH5+ CI + 2S04/Al is always 3. The analyses in Table | suggest a
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replacement reaction of chlorine with sulfate, and also the formation of
heptane-insoluble compound. In order to clarify these points, reactions of
sodium sulfate with diethylaluminum chloride and ethylaluminum dichlo-
ride were carried out as in the same way for ethylaluminum sesquichloride,
since ethylaluminum sesquichloride can be regarded as an equimolar mix-
ture of these two components.

The analytical results are shown in Table Il.  The decrease of aluminum
concentration in the liquid phase in the course of the reaction is marked
when ethylaluminum dichloride is used; on the contrary, the change in the
aluminum concentration is slight for the reaction of diethylaluminum
chloride. These findings suggest that tlie decrease of aluminum concentra-
tion in the course of the reaction of ethylaluminum sesquichloride with
sodium sulfate is due mainly to the reaction between ethylaluminum di-
chloride and sodium sulfate. Ethylaluminum dichloride but not diethyl-
aluminum chloride forms a heptane-insoluble complex with sodium chlo-
ride, as already reported by Ziegler et al.56 Ethylaluminum dichloride
seems to react with sodium sulfate in the same way as with sodium chlo-
ride.

When diethylaluminum chloride is used as a reactant, sulfate appears in
the liquid phase up to nearly half of the aluminum concentration, while
chlorine decreases and C2H5/Al ratio remains constant. These results
indicate that diethylaluminum chloride exchanges chlorine for sulfate with
sodium sulfate.

With ethylaluminum dichloride, in addition to the remarkable decrease
of aluminum from the heptane phase, C:Hs/Al increases, CI/Al decreases,
and SO4 also appears. These results suggest a dismutation reaction of
ethylaluminum dichloride to diethylaluminum chloride,7 and also some
displacement reaction between sulfate and probably chlorine of the diethyl-
aluminum chloride formed. The extent of these reactions must be small,
and 90% of ethylaluminum dichloride is fixed by sodium sulfate, on the
basis of the results shown in Table I1.

Two reactions can be suggested as the main reactions between ethyl-
aluminum sesquichloride and sodium sulfate, on the basis of these experi-
mental results:

2(C2102A1C1 + NaXl04 — (CH54A1504 + NaCl (1)
CHAICI2 -)- NaS 04 —»insoluble product 2

Reaction (2) seems to be faster than reaction (1), judging from the data in
Table | indicating that the C.Hs/Al ratio increases even at mild reaction
conditions, while sulfate can only appear at more severe reaction condi-
tions.

The reaction product of ethylaluminum sesquichloride with sodium
sulfate at 100°C for longer than about 5 hr shows very high activity for
the polymerization of propylene, when used with titanium(l11) chloride.
Chemical analyses (Table 1) indicate that the distinguished feature of the
reaction product at 100°C is its higher content of sulfate and lower content
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of chlorine compared with the reaction product at 60°C or 25°C, which can
only give moderate activity. That is, when sulfate content is higher, the
catalyst has the higher activity. This higher activity could be attributed
to the compound containing sulfate (CH54ALS04, which is formed by
reaction (1).

Infrared Spectrum of the Reaction Product of
Ethylaluminum Sesquichloride and Sodium Sulfate

A 100-ml portion of a 1 M solution of ethylaluminum sesquichloride in
«-heptane and 60 mmole of sodium sulfate were reacted under nitrogen
atmosphere at 100°C for 24 hr. The reaction product was loaded into a
KRS-5 cell (0.1 mm thickness of solution) under nitrogen atmosphere and
the spectrum was run immediately by use of a Nihon Bunko Model DS-
402G instrument. The spectrum is shown in Figure 4. The 1150-1200
cm-1 broad band can be assigned to sulfate,8and the other bands are very
similar to that of diethylaluminum chloride.9 This result indicates the
presence of a heptane-soluble alkylaluminum compound having sulfate in
its molecule.

DISCUSSION

The effect of sodium sulfate on the (CaHuhAbCh-TiCh system can best
be explained by assuming two main reactions, (1) and (2), mentioned al-
ready, between sodium sulfate and ethylaluminum sesquichloride. It is
also assumed that the reaction (2) is faster than the reaction (1) and that
the reaction product (Cblls) iAZSOjis a powerful activator for TiClj.

Addition of ethylaluminum dichloride into the catalyst system consisting
of diethylaluminum chloride and titanium(I11) chloride, decreases the
polymerization activity.D This indicates that ethylaluminum dichloride
is a catalyst poison. Hence, increase of the polymerization activity can
be expected when ethylaluminum dichloride is removed from the (CH93
AhCh-TiCh system, since ethylaluminum sesquichloride can be regarded
as the equimolar mixture of ethylaluminum dichloride and diethylaluminum
chloride. In the three-component system used at about 60°C, reaction
(2) takes place predominantly, and ethylaluminum dichloride, a catalyst
poison, is removed, to yield diethylaluminum chloride. The polymeriza-
tion activity is attributable to the diethylaluminum chloride thus formed.
The similarity of per cent insolubles and intrinsic viscosity of the polymer
obtained by three-component system to these of the polymer obtained
with the TiCl3(C2H§?2AICI system lends some support to this explanation.

One mole of sodium sulfate seems to be able to fix only two moles of
ethylaluminum dichloride under the experimental conditions, judging from
the fact that a (CH53AIZCIIN aZS04 ratio of about 2 is critical, as shown in
Figures 1land 2. Addition of ethylaluminum sesquichloride in excess, over a
(CHHAIXIINaS04 ratio of about 2, leads to free ethylaluminum di-
chloride in the liquid phase, and this ethylaluminum dichloride acts as a
catalyst poison, and hence the polymerization activity is lower. Excess
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addition ofsodium sulfate,on the other hand, does not affectthe polymeriza-
tion activity because sodium sulfate is not a catalyst poison.

When ethylaluminum sesquichloride is reacted with sodium sulfate at
100°C for longer than about 5 hr, reaction (1) proceeds to a considerable
extent to form (*"Hg"AbSCb, which is a powerful activator for the poly-
merization of propylene The higher polymerization activity of the system
comprising the reaction product at 100°C and the lower content of heptane-
insoluble material of the polymer obtained can both be explained by a new
activator containing sulfate, (CTRMALSOI, which was first found in this
study by the present authors.

When the temperature of reaction of ethylaluminum sesquichloride with
sodium sulfate is 60 or 25°C, reaction (1) proceeds only to a lesser extent,
hence the concentration of organometallic compound containing sulfate in
the liquid phase is low. The main activator of the system comprising the
reaction product at 00 and 25°C is diethylaluminum chloride. This is the
reason why only a low activity can be shown by this catalyst system.

The authors wish to thank Toray Industries Inc. for permission to publish this paper
and Dr. li. Kobayashi, the director of Basic Research Laboratories, and Dr. K. Nuku-
shina, the former director of Central Research Laboratories, for their encouragement
and support. The authors also wish to thank Mr. T. Nakae and Mr. M. Koike for their
skillful assistance.
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Thermoplastic Elastomers via Radical
Polymerization. 1l

EMMANUEL J. ZAGANIARIS,* Frick Chemical Laboratory,
Princeton University, Princeton, New Jersey 08540

Synopsis

Simple models are used to study the formation of thermoplastic elastomers using a
method for preparation of block copolymers introduced by Tobolsky and Rembaum.
It was found that a small excess of isocyanate groups produce branched block copoly-
mers with significantly reduced fractions of AB and B type molecules.

Introduction

Some time ago, Tobolsky and RembaumZlintroduced a new method to
prepare block copolymers.  The reaction scheme is:

HO-vQH + OCN—R—NCO = OCN—NCO
OCN-vNCO + II'OOH — U'OOCONIWXIICOOOR®

R'OOCONHWNHCOOOR' —* -OCONH—NHCOO- + 2-OR’

The free radicals initiate polymerization of a vinyl monomer. Further
modification of this method2 employes a bishydroxyl peroxide instead of
the hydroperoxide, thus eliminating the vinyl homopolymer from the final
product.

It was a challenge lo try to use this method to synthesize thermoplastic
elastomers, that is, block copolymers of ABA type, where A is a thermo-
plastic glassy material and B is an elastomer, in view of the attractive
properties that this type of material possesses.3 Thus, a hydroxy-termi-
nated polyester or polyether was chain-extended with a diisocyanate to
form a high molecular weight polyurethane which was subsequently capped
with a hydroperoxide. This polymeric peroxycarbamate was used,
under dead-end conditions4 to ensure highest possible block molecules
formation, as initiator for vinyl polymerization.

However experimental evidence as well as theoretical predictions suggest
that there are two critical factors that limit the use of this method for
preparation of thermoplastic elastomers. One is the efficiency of the
peroxycarbamate as initiator of vinyl polymerization and another is
the extent of the condensation reaction. Because of these two factors,
the product contained high fractions of polyester homopolymer and AB

* Present address: Rohm and Haas Company, Spring House, Pa. 19477.
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type blocks along with the desired ABA.  Since the strength of the thermo-
plastic elastomers decreases with even small portions of the above by-
products, two approaches were employed to use this method.

One was to use aromatic diisocyanates so that the aromatic groups form
blocks within the middle-block, thus capping both ends with vinyl polymer
is no longer critical (see part 1).6 The second approach was to use a
branched middle block so that even if the extent of the reaction or the
efficiency of the initiator is not 100% the reactions of AB and B type mole-
cules are significantly decreased, a concept arrived at by discussion with
Professor A. V. Tobolsky and P. C. Lue.

Branched polymeric peroxycarbamates were made by using excess of
isocyanate groups and a small amount of water molecules to create urea
groups. The branches were formed through biuret links.

RNCO + 2HD — RCNHCR + CO02

RCNHCR + R'NCO m RC—N—CR

6 4 514
c=0
R’

Linear Middle Block

In order to have most of the ends capped with peroxide, exactly equiva-
lent amounts of OH and NCO groups was used. Since the allophanate
formation goes much slower than the extension reaction,8 we neglect
branching for low degrees of polymerization. So, starting, for example,
with polyester glycol of rhn about 3000, hexamethylene diisocyanate
(HDI), cumene hydroperoxide (CHP), and T-S catalyst, we describe this
case by the system

A—A, B—B, C

where A = OH, B = NCO, and C = OOH groups.
Let Na, Nh, and Nc be the moles of these reactants originally mixed
together in proportions so that

Ne/Na = p 1)
If equivalent amounts are used, we also have
2Na + Nc = 2Nb @)
The number of units Aois
No = Na+ NB+ Nc
= Na(4 + 3p)/2 3

The number of ends N e except unreacted C, will be
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N, —iVAR(l —a) + 2+ p)(I —RB) — py]

where a, /3 and y are the fractions of A, B, and C groups reacted. But
we also have

2aNA+ yNc = 2/3AB @
2a+ py = (2+ pB3
or
py —2d —p3 = —2a
Substituting, we obtain
Ne = Na(d —4a + p) ©)
The number of molecules will be half the number of ends plus the number
of unreacted C.

N=~ [4—232+ p + dp] )

The number-average degree of polymerization, P,,, is given by

P,, = number of units
number of molecules

= @4+ dp)/d - 232+ p) + dp] )

From yNc peroxy endgroups, only a fraction / will be able to initiate
vinyl polymerization. If dead-end conditions are employed, then all
peroxy endgroups will decompose before the vinyl monomer is used up.
The number of ends attached to vinyl polymer is then Ncyf. The chance,
therefore, of attachment of an end to a vinyl segment is

AoT7/I[ATA(4 —4a + p)]
pyfi{4 —4a + p) )

Since each molecule has two ends, the probability that n ends of the two
are attached to vinyl polymer is

X

Pn (2) Xn(l - X)2- ©)

n'(2 - n)

The relationship between a and y is found by considering the kinetic scheme
of the parallel reactions:

"
A+ B ---'—>products
and

C+ B products
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The result is that7
(- a=@0- ykk

When fd = kg, then a = y and from eq. (4), a = 3 In that case Pncan
be obtained from8

Pn = 1/[1 - (pfn/2)} (10)
where

f. = EAI/I/EA, (ID
ft being the functionality of species i and p the extent of the reaction.

Branched Middle Block

If an excess of isocyanate groups is used, then except in the extension
reaction, additional side reaction will take place, particularly allophanate
or biuret formation. Assuming again side reactions to be much slower
than extention reaction, we can use the following system to describe the
case

A—na, C a-pa, B—B
A*

C, A and A* react with B; A* reacts after A has reacted; C = OOH,
A = OH, A* = carbamate, and B = NCO. A¥* is ecjual to the excess of
B groups.

A similar situation arises when an isocyanate of functionality greater
than two is used. Then the system can be described by

C, A—A, B—B, By B
B*

C and A react with B and B*; C = OOH, A = OH, B = B* = NCO.
We use this system to estimate the properties of the resulting polymer as
follows.
Let A., A.. AV, Ac be the moles of A—A, B—B, ByB, and C initially
B*
mixed together. From the condition of equivalent initial concentrations
we have

Ac + 2Aa = 2Ah + 3Ab* (12)
Let
Ac/Aa = p (13a)
and
Ab/An* = % (13b)

The number of units AQis
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NO—Na Nb ®sNh*T-Nc
= NA{l + p+ [(w+ 12+ p/ Q%+ 3]} (14)

The gel point for such a system has been presented by Case.9
The number of ends, except unreacted C, is

Ne —2AMa(l —a) + 2iVii(l —0) + -Nr*(1 —8) + A1 —/?) + Ncy
B

where a, i3 (3% and y are the fractions of A—A, B—B, B— , and C,

B*
respectively, reacted. By using egs. (13) and (14) this becomes:

Ne= NA 21 - «) + 2» @- w
+2(2+p) I~R) + : (L - B*) + P7
u+ FUTE) T o+ 3 )
= NA 24 _«) + 2(Tfoxl) 28 t- (1—A
, @+ p &t :
+ '(_QuITW a-»
We also have
2NAa T yNc —2Nwid T 2Nn*B -j- N R
or
2(p + 2)(w+ 1) @+ p) e —
Qu+ 3 7t (@x+ 3 mEx (15
On substituting, we obtain for Ne
NB= Wa(4 - 4a + p) (16)

We have also that the number of ends is equal to twice the number of
molecules plus the number of trifunctional units. Therefore the number
of molecules N is

N [(AC- AV)/2] + (1 - y)Nc

Na . (2+ p)Na .
5 (4 —4a + p) 22w+ 3) + (1 —y)pNa
= Na 22T 5 2per y (-
3P 2+ p

= Na 2- 2 yp (17)

2 22T+ 3).

The degree of polymerization is
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P,, = NON

JVA[l + P+ [(it+ 1) + p)/Q2r+ 3)]}
Naf2 - 2a- Tp+ (Bp/2) - [ + p)2Rw+ 3)]}

1 + P+ [(e+ 1)(2 + p)@2-n-+ 3)]
2 —2a — tp + (3p/2) + [(2 + P)/22uw+ 3)]

(18)

When the reactivities are equal, Pnis again also given by egs. (10) and
(12).

The relationship between a and 7 and between 3and /3= is found from
the kinetics of the parallel reactions:79

ki
A+ B- products
c+B-*“ products
ki2
A+ B* products

c+ B* “ products

If ku/kn = hz/fai, then

kukn
@ H=0-=7

and
@T- @ = @ —13%huku (19)

When the reactivities of the different groups are the same, then since we
also have equivalent initial concentrations, using eq. (8) obtain

a=a=.i3=17
In that case, the gel point occurs when
«2= (2x + 3)(p + 2)/4(x + 3) (20)
The number of ends becomes
Ne = Va4 - 4« + ) (21)
The number of molecules is
N = Aa{2 + (p/2) —2a — [(2 + p)l22ir + 3)] + p(l —a)] (22
and

Pn = No 1+ P)(2r+ 3)+ (w+ 1)2 + p
" N 4irf 5+ 4p —4ap —6a —2xpa (23)
We now have the number of peroxy endgroups as well as the total number
of ends. We still need to know the fraction of molecules with 0, 1, 2, ...,
trifunctional units, that is with 2, 3, 4, ..., ends. To find this we use
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the so-called complexity distribution, which gives the number of mole-
cules with n number of branch units irrespective of the number of the
other monomer units. To derive this, one could sum over all mt and rij
in Stockmayer’s distribution formula,1l for example. However another
approach was used here, based on a similar derivation by FloryD with
minor modification to account for the monofunctional units, the equivalent
amounts of A and B groups, and the different reactivities of the groups.

Let a be the probability of a branch unit to be connected through a
sequence of two or more A—B bonds to another branch unit. Let also
a* be the probability of an unreacted A or B group or a reacted C group
which leads to a branch unit through 0 or more A—B bonds. The prob-
ability of an unreacted A or B group or a reacted C group is part of a
molecule with n branch units is

Pn= wa*an (1 —aj(/-2)n-! 1> 0
and
Po=1- o* n=0 (29
where
fn - n)\
on ( )

(fn —2n+ D!n!

The number of molecules with n branch units is

Na*_ - 4a + pjcoma*an-\1 - a)fn- 2n~| >0
n fn - 2n+ 2 "
#,=0= Na(l - a*)[2- 2a + (p/2)] n=0 (25)

The mole fraction is obtained by dividing N,, by the total number of
molecules N.

(4 —4a + pu,a*an (1 —a)" "1

Xn= 3p 2+ p) ©o
(fn —2n £2) "2 —2a —py -~ 2021 + 3)
. @- a)[2-2a+ (p/2)] 1 =0
n_O_Z—Za— +@— @+ n
py 2 2(2x + 3) (26)

The derivation of this complexity distribution is found in the Appendix.
To each fraction with a certain number of ends we distribute the vinyl
end-blocks as before, using binomial distribution. The number of vinyl
end blocks is yNcf, where/ is the efficiency of initiation of vinyl polymer-
ization. The chance of an end to be attached to a vinyl segment is

_ __Pif__
X= 4 —4a+ p @)
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The probability that out of (n + 2) ends there are k ends attached to
vinyl segments is

k\(n(n++22.)!k)\ X*( - x)n+2~k (28)

The final composition of the product will be
X, = £P*(n + 2)X,

Pk(n + 2)

where « is the number of vinyl endblocks, x, is given by eq. (26), and
Pk(n + 2) by eq. (28).

Furthermore, from eq. (26) we can estimate the number of mid-chains
in the physical network formed. Each B or AB type block molecule
contributes nothing, each ABA contributes one, each ABaa contrib-
utes three, etc. chains. The modulus of the polymer would then be®2

G = nRT (29)

where n is the number of moles of network chains. G must be corrected
for the filler effect of the vinyl polymer phasel3

G= G, + 250 + 14.10) (30)

where €is the volume fraction of the vinyl polymer and Go the modulus
of the unfilled material. A further correction must be applied for the
entanglements in the polyester phase. This number of chains must also
be corrected for the dilution after the vinyl polymerization step.

At the second stage of vinyl polymerization, there are again several
mechanisms involved. Of interest here is the termination mechanisms
that can be either by disproportionation or by combination. Since we
have dead-end conditions, the initiator is consumed up before the monomer.

We consider here two cases: that of PMMA where ktd  ktc and that
of PS where ktc » k.

In the first case the final product is described by the equations already
derived. In the case of PS we can visualize the peroxycarbamates as
monomer units for condensation: AB type are monofunctional units,
BA bifunctional, etc. In order that no gelation takes place it must be7

U <2
where
/» = 'ENifM'Lth

and Nt denotes the number of molecules with functionality /j. Since the
properties of the final product do not depend on the number of blocks per
molecule, no further consideration is required.

Experimental

The experimental conditions were the same as already described in
part 1;6 hexamethylene diisocyanate (HDI) was used as diisocyanate
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and dibutvltin di(2-ethylhexoate), commercially known as T-S, was used
as catalyst.

Mnwas measured with a Mechrolab vapor pressure osmometer (Model
301A).

Results

The Mn of some polymeric peroxycarbamates are given in Table I,
along with the values calculated by using eq. (7) or (18). There is a
fair agreement, although the range of the molecular weights is rather small.

TABLE |
Mn

7 R 1S Calcd Exptl

00 0.2 0.97 17,000 15,000

© 0.13 0.96 18,000 15,000

© 0.08 0.96 20,000 20,000 (+5,000)
23 0.5 0.97 10,000 8,100

120 0.1 0.97 20,000 25,000 (+5,000)

The comparison of experimental with calculated modulus however was
possible only in a very approximate degree.

The polyester phase is semicrystalline with melting temperature
around 30-40°C. There is thus only limited temperature range remain-
ing to the Tgof the glassy phase (about 100°C). In addition, there is
no equilibrium modulus in this temperature region; possibly due to a
certain degree of compatibility between the rubbery and the glassy phase,
the modulus was continuously decreasing.

Qualitatively, however, the experimental values agree with those pre-
dicted (Table I1). Linear block copolymers with p < 0.2 show no struc-
ture after the melting point of the rubbery phase; they flow at 30-40°C.

Linear block copolymers with p > 0.2 showed some structure but low
modulus after 40°C. Branched block copolymers showed moduli in the
40 so°C region to increase in a predictable way, and those were samples
with improved strength.

APPENDIX

Derivation of the Complexity Distribution
We have the system

A—A B—B,BTB, C
B*
where A and C react with B and B*. Originally NA NB BB* and Nc
moles of the above reactants were mixed together in such proportions that

Nd/Na =P
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and
Ns/Nn* = T (A-1)
Equivalent amounts of 8 and A + c groups were employed, so that
2Na + Nc = 2Nb + 3Nti* (A-2)

We also use the following notation:
Nc/(Ac + 2Na) = p/(2 + p) = n
B/(B + B*) = 2w+ 2)/(2x + 3) = f
B (of Ab*)/B (total) = /(w+ 1) = v

a, i3 j3% vy are the fractions of A—A, B—B, ByB, and c reacted, respec-
B*
tively.
The probability of a branch unit to be connected to another branch
unit through (i + 1) A—A and i B—B molecules is:

a=E [a3(1 - mA - ML - + 31 - 7032

M1 - m¥iv+ 1 - 9]}2
1—o31—m@l —V)

The probability of an unreacted A or B group or a reacted C group to be
connected with a branch unit is found as follows. Starting with an
unreacted A group:

ax = Z0 30 - M- NI - QL - + 351 - )]

Starting with an unreacted B group:

a* =2 301 —m(1 ~ ] =R - V)
1=0
X B+ 3*1- P+ @- fit+ (1~ 13
Starting with a reacted C group:

@ = Z a3 —m(L —VIypl3 + 31—

The total probability is:
ar =
o(l - riz\pv+ 321 - I - o) -n+ @~ B2 - v)+ yp]
3L —0B31 —/i)(I — )]
+ 1- 0+ 1- /391 - 9
The probability that an unreacted A or B group or a reacted C group is
part of a molecule having n branch units is:
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Pn = a*an~\l - a)in~2n~wn n>0
and
P0O=1- a* n==~0 (A-3)
where

_ (fn - n)!
“ (fn - 2n + Dl

We also have from the definition of Pn

ends on a molecule with n branches

total ends
NJJn —2n + 2)
total ends (A-4)
where Nnis the number of molecules with n branches.
From egs. (A-3) and (A-4) we obtain, using also eq. (I(i)
- *an- -
N, NA4 -4 a + pea*an-\I C s o
fn + 2n + 2
Nn=0= (1 —a*)NA[2 —2a + (p/2)] n=20 (A-5)

The author is indebted to Professor A. V. Tobolsky for his constructive discussions
during this work.
The partial assistance of the Army Research Office (Durham) is also appreciated.
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Polymerization of Asymmetric Polyfunctional
Monomers. Ill. lonic Polymerization of Acrylic and
Methacrylic Esters of 2-Allylphenol

0. F. SOLOMON, Laboratory of Macromolecular Chemistry,
Polytechnic Institute, Bucharest, Rumania, M. COItCIOVEI,
Petrochim Institute, Ploiesti, Rumania, I. GABE,

Petru Pont Institute, lasi, Rumania, and E. BERAL, Laboratory of
Macromolecular Chemistry, Polytechnic Institute, Bucharest, Rumania

Synopsis

The polymerization of acrylic and methacrylic esters of 2-allylphenol with different
anionic, cationic and coordination catalysts was studied. The polymerization occurs
exclusively or predominantly through (meth (acrylic C=C double bonds in all the studied
cases. With anionic catalysts the allylic groups are not polymerizable and the polymers
have linear structure. Polymerization with catalysts based on dialkylaluminum chloride
(alone or associated with some metal salts) yields soluble or partially crosslinked poly-
mers, depending on the reaction conditions. The crosslinking is due to the participation of
allylic groups in the polymerization reactions. Copolymers of acrylic and methacrylic
esters of 2-allylphenol with styrene, acrylonitrile, methyl methacrylate, A-vinylearbazole
and 1,3-pentadiene were synthesized by copolymerization in the presence of anionic cata-
lysts and of systems based on dialkylaluminum chloride.

Compounds containing two or more polymerizable groups which are
different by their structure and reactivity were defined by Alfrey as poly-
functional asymmetric monomers.1 Such monomers are the allylacrylic
derivatives like acrylic and methacrylic esters of allyl alcohol, allylacryl-
amide, allylmethacrylamide, the acrylate and methacrylate of 2-allylphenol,
etc.

The radical polymerization of allylacrylic monomers is usually accom-
panied by gelation at relatively low conversions.2-7 As an exception, it is
possible to obtain soluble polymers by radical polymerization of allyl
acrylate and allyl methacrylate in solvents like diallyl ether, which are able
to hinder the polymerization of allylic groups.8 This was verified with
satisfactory results in the case of 2-allyl phenylacrylate.

Anionic polymerization of allylacrylic monomers yields only linear poly-
mers as a consequence of the high reactivity of acrylic and methacrylic
groups and of the unreactivity of allylic groups in this system. This is the
case with the n-butyllithium,9- 111,1-diphenyl-n-hexyllithium, Dor naphtha-
lenesodium1l polymerization of allyl acrylate and allyl methacrylate.
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Syntheses of linear copolymers of allyl acrylate and allyl methacrylate
with styrene, acrylonitrile, and methyl methacrylate by anionic copoly-
merization have already been reported. 1l

Attempts to polymerize allyl acrylate and allyl methacrylate using
cationic catalysts lead to entirely crosslinked polymers. 1

In a previous paper we presented the possibility of obtaining soluble
polymers, by polymerizing acrylic and methacrylic esters of 2-allylphenol
with different ionic catalyst systems.22

In this paper we want to present some new results obtained by ionic
polymerization of these two tetrafunctional asymmetric allylacrylic mono-
mers and the attempts to synthesize some of their copolymers.

Experimental

2-Allylphenyl acrylate (AOAF), 2-allylphenyl methacrylate (MOAF)
and 2,6-diallylphenyl acrylate (ADAF) were synthesized according to
methods already described.6713%4 Finally they were washed with dilute
NaOH solution, washed with distilled water, and dried over CaH2 They
were vacuum-distilled before use under an inert atmosphere without inhibi-
tors.

Physical constants of the monomers were AOAF, bp 88-90°C/0.9 mm
Hg, nl° 1.5225; MOAF, bp 101-102°C/1.5 mm, ng? 1.5205; ADAF, bp 124-
a0 126°C/1.5 mm, 1.5379. The purity of the monomers was checked by
chromatography.

The catalysts were stored in glass ampoules in the dark or in stainless
steel cylinders. For use in the reaction, they were introduced in dried,
argon-filled glass bulbs.

The solvents were refluxed over metallic Na or over CaH2, fractionated,
and finally distilled under an inert atmosphere and stored over 4 Aor 5 A
molecular sieves.

The polymerization and copolymerization experiments were carried out in
glass ampoules or three-necked flasks equipped with a mechanical stirrer.
The components were introduced in the following order: monomer, solvent,
catalyst. When cocatalysts were used, they were weighed directly into
the polymerization ampoules or flasks, before the other components were
introduced.

All polymerization were carried out under a dry, inert atmosphere
(argon).

The reactions were stopped by adding small amounts of methyl alcohol;
the polymers were precipitated in methyl alcohol or petroleum ether,
washed, dried in vacuo, and weighed.

Some AOAF and MOAF polymerization reactions with A1(CHOZACL
and AL(CHHZCL + Me*+ catalysts were studied dilatometrically, by using
a relatively simple dilatometer (Fig. 1) which permitted fairly good re-
producibility. The final conversions were checked gravimetrically.

A special experimental method, which permitted a comparison of the
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activities of AOAF and \IOAF by polymerization with A1(CH32C1 and
AL(CH3IZXL + Me,+, respectively, in different solvents (dichloroethane,
toluene, and dimethylformamide), was employed. In this method, the com-
ponents were introduced by molecular distillation into a previously dried,
argon-purged glass apparatus; the whole system was then evacuated by
repeated cycles of freezing—evacuating—thawing under argon. Finally the
apparatus was sealed under vacuum (10~6mm Hg). The components were
then mixed in this closed system, thermostatted at 0°C. The polymeriza-
tion yields were determined gravimetrically after a certain reaction time.

In order to establish the structure of the polymers, various methods,

TABLE |
Total C=C Allylic double bonds/mole
double
Monomer bonds/mole Theoretical Found
AOAF 2 1 0.99
MOAF 2 1 0.99-1.00

ADAF 0 2 2.02
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like chemical analysis of the residual allyl groups,4 infrared spectroscopy
(Unicam SP-100 and SP-200 spectrographs) and nuclear magnetic resonance
(with a JEOL JNM-C-60 HL spectrograph), were used. The selectivity of
the analytical method for determination of allyl double bonds was verified
by applying it to the monomers (Table 1).

The softening temperatures, viscosities of 5% solutions in CHC13CCLi
(1:1) at 20°C, and molecular weights of the polymers were determined by
usual methods.

The compositions of some AOAF and MOAF copolymers were determined
by elementary analysis.

Results and Discussion

AOAF and MOAF polymerize in the presence of several different cata-
lysts, such as n-CJUL. (in aliphatic or aromatic hydrocarbons, in the pres-
ence or absence of tetrahydrofuran), CaZn(CH§4 AL(CHH3 + HAD,
AL(CHHZL, AL(CHEZXL + Co3+, AL(CHHZXL + Co2+ AL(CHH,CI +
Cu2+. In Table Il are presented data on ionic polymerization of AOAF
and MOAF.

As can be seen, several catalyst systems permit high conversions to be
reached in relatively short reaction times. The polymers are soluble or
partially crosslinked. The reaction can be directed towards the formation of
soluble polymers by selecting the type of catalyst and the reaction condi-
tions. The catalysts which are specific for anionic polymerization (like
n-CH i) lead to the formation of linear polymers at any concentration of
catalyst and monomer and over a large temperature range. The other
catalysts tried could be also used for the synthesis of entirely soluble AOCAF
and MOAF polymers, but only if the reagent concentrations and the tem-
perature do not exceed certain limits. By using catalytic systems based on
alkylaluminum chloride or trialkylaluminum, the oxygen and moisture can
favor crosslinking. By using diethylaluminum chloride at high monomer
and catalyst concentration, a marked tendency to obtain relatively high
crosslinked polymers was observed. This tendency disappears to a con-
siderable extent if this catalyst is complexed with salts or complexes of
metals like cobalt and copper.

It is difficult to explain the formation of soluble AOAF and MOAF
polymers in the presence of catalysts as AL(CH§3 + HD, AL(CHIZLL,
and AL(CHHZLL + Mel+, because it is well known that (meth)acrylic
groups are not reactive in such conditions and, otherwise, there arc very
few indications of the polymerization of allylic groups with these catalytic
systems. Consequently, we have considered it of great interest to establish
the structure of AOAF and MOAF polymers .(the nature of polymerized
groups). For these polymers different structures could be imagined, but
the most probable are those corresponding to the structures I and 11 and the
copolymer of | and II.
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—CH,—CH-
|
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V 0o —C
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Other structures, for instance the polycyclic one, can not be taken into
consideration because we observed a high residual unsaturation of all
soluble polymers obtained.

In order to distinguish the real structure, the content of residual allylic
groups was determined by a selective method. The results (Table 111)
show that with AOAF and MOAF, linear polymerization occurs exclusively
or predominantly through the (meth)acrylic groups. Consequently, the
structure | seems to be the most likely.

TABLE 111
Allyl groups/
Run no.a Monomer Catalyst structural unitb
1 AOAF 7*CATToL 1.05
4 MOAF MCiHoLl 1.10
6 AOAF Al(CH.,)2C1 0.95
7 MOAF AKCTDsCI 1.00
n MOAF AKCiHOhCI + Cuz+ 0.94
12 MOAF AliOTLA + ITO 1.05

aRun corresponds for number in Table I1.
bIn the cases of partially crosslinked polymers (runs e and 7), the soluble fractions
were analyzed.

As can be seen, the polymers obtained with AL(CH5HZCL as catalyst have
a lower residual allylic unsaturation in comparison with the other polymers.
This could indicate crosslinking through allylic groups, but as differences
between the values lie in the range of experimental error, they could not be
considered as definite proof. In order to verify the role of the allylic groups
in the crosslinking reaction, attempts were made to polymerize 2,6-diallyl-
phenyl acrylate (ADAF), a hexafunctional monomer containing two allylic
groups. The tendency of alivi phenyl ether (AFE) (used as model com-
pound) to polymerize with AL(CH5HZXL catalyst was also studied. The
results of these experiments are presented in Table IV. The tendency of
ADAF to crosslink by polymerization with catalysts based on alkyl-
aluminum derivatives is considerably higher than in the cases of AOAF and
MOAF. This behavior can be attributed to the higher allylic concentra-
tion and confirms the hypothesis of the role of the allylic groups in the
crosslinking reaction. The reactivity of allylic groups in the presence
of organoaluminum compounds is confirmed by results of polymerization of
allyl phenyl ether.
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TABLE IV
Polymer vyield,
%
Cross-
Tem- linked
[Catalyst], pera- (relative
Mono- M1, mole/mole ture, Time, to
mer mole/1. Catalyst monomer  Solvent* °C hr  Total total)
((AL(CHH3 1.76 X
10-1
ADAF 192 94 0.80 X B 20 45 60 15
10-1
ADAF 4.00 Al(CHHL 5.4 X L 20 40 n 100
102
JARGMLACI 136 X T+ L
10-1
ADAF 276 1Co(Cd—I\02)3 0.93 X (1:1) 20 224 33 4
10-3
AFE 3.84 AL(CHHL 5.76 X B+ L
10 -2 25 24 36 0
(1:0.4)
aSee Table II.

Similar to the cases of AOAF and MOAF, in ADAF polymerization one
can observe a marked decrease of the tendency to crosslink when a complex
AL(CHZ1 + Mex+ is employed instead of AL(CHEZCL The weak cross-
linking which however occurs, confirms that the crosslinking reaction is due
to the allvlic groups.

ADAF polymerization with /;-CiliaLi leads to formation of entirely
soluble polymers, confirming the lack of reactivity of allylic C=C double
bonds in the anionic mechanism. For instance, ADAF polymerization in a
mixture of 91% toluene and 9% tetrahydrofuran ([M] = 1.30 mole/1.)
with n-CHLi (4.5 X 10-2 mole/mole ADAF), at —50°C, leads to a soluble
polymer having 1.97 residual allyl groups/structural unit and a softening
temperature of 83-85°C.  The polymer yield reaches 45% in 65 min.

In order to check the conclusion that AOAF and MOAF polymerization
with catalyst systems like AL(CHHZL or AL(CHHZAL + Mex+ occurs
through (meth)acrylic groups and that the soluble polymers have the pre-
ponderant structure I, high resolution infrared spectra and NMR spectra
of the polymers were studied. In Figure 2 are given infrared spectra of
MOAF, its polymers obtained with n-CJI/Li and with AJ(CH5ZC], and of
the same polymer after bromination. As one can see, the methacrylic
groups (3106 cm”J) disappear on polymerization in both cases, while the
allylic groups remain practically unchanged (3080 cm-1). On bromination,
allylic groups disappear too. The NMR spectra (Fig. 3) show a large group
of low intensity signals at a 5value around 8.6 ppm, which indicates that
CH3groups are bonded to quaternary carbon atoms. Consequently, the
structure 1 of AOAF and MOAF polymers synthesized with AJ(CH52C1
catalyst is considered to be demonstrated.
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0 ) a a

Fig. 2. Infrared spectra: (a) monomer; (6) polymer obtained with n-C(HLi; (c)
brominated polymer; (d) polymer obtained with AIfCjHshCI.

The structural identity of AOAF and MAOF polymers synthesized with
anionic catalysts, such as n-CH9.i, with those obtained with A1(CH5H2CL
is a fact which poses a problem regarding the reaction mechanism in the
second case. The data obtained to now do not permit anything to be
ascertained about the mechanism; however, we considered it of interest to
present the results of some experiments carried out to make a comparison
between the activities of the studied monomers, by their polymerization
in different solvents, with catalysts based on AI(CH52ZCL The solvents
used were dimethylformamide (DMF), toluene (T), and dichloroethane
(DCE). These results (Tables V and VI) indicate that in DMF the
reaction is not favored, but the reactivity is high in T and in DCE.

AOAF and MOAF polymerization with n-CHd.i in toluene at tempera-
tures between —60 and +20 °C is a slow reaction. The presence of rela-
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300 20 wo 20 60

Fig. 3. Nuclear magnetic resonance spectra of MOAF polymers: (1) prepared with
n-CAH4i catalyst; (2) prepared with AKUoHsKCI catalyst.

TARLE V
[AL(CHE)2CY], Tempera- Polymer
[AOAF], mole/mole ture, Time, yield,
Solvent mole/1. monomer °C min %
DCE 1.21 3.8 X 10~2 0 195 5
T 1.21 3.8 X 10~2 0 195 4
DMF 121 3.8 X 10“2 0 195 0
TARLE VI
Tem-
[AL(CHHL], [ColCTUOUa], pera- Polymer
[MOAF], mole/mole mole/mole ture, Time, yield,
Solvent mole/1. monomer catalyst °C min %
DCE 1.36 5.1 X 10~2 7.5 X 10%2 0 180 38
T 1.36 5.1 X 10“2 7.5 X 10~2 0 180 82
DMF 1.36 5.1 X 10“2 7.5 X 10“2 0 180 7
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Fig. 4. MOAF and AOAF polymerization with ra-CiHgLi in toluene and tetrahydro-
furan at —50°C: (1) [MOAF] 0.90 mole/l., [catalyst] 0.200 mole/mole monomer,
[THF] 0.79 mole/mole monomer; (3) [AOAF] 0.88 mole/l1., [catalyst] 0.200 mole/mole
monomer, [THF] 0.79 mole/mole monomer; (3) [MOAF] 0.90 mole/1., [catalyst] 0.100
mole/mole monomer, [THF] 0.79 mole/mole monomer; (4) [MOAF] 0.94 mole/1.,
[catalyst] 0.050 mole/mole monomer, [THF] 0.85 mole/mole monomer; (5) [MOAF]
0.91 mole/1., [catalyst] 0.055 mole/mole monomer, [THF] 0.47 mole/mole monomer;
(6) [MOAF] 0.98 mole/l., [catalyst] 0.050 mole/mole monomer, [THF] 0.20 mole/mole
monomer.

tively small amounts of tetrahydrofuran in the reaction mixture strongly
modifies the kinetics, accelerating the process considerably. Very high
conversions can be reached in this way, even in short reaction times (about
60 min), at temperatures between —40 and —60°C. In Figure 4 are pre-
sented the curves of conversion versus reaction time for MOAF and AOAF
polymerization in toluene with various amounts of tetrahydrofuran, cata-
lyzed by n-C[H ,1,iat —50°C. As can be seen, the acrylic ester polymerizes
at a lower rate than the methacrylic one. An increase in the catalyst con-
centration leads to an increase of the reaction rate. The increase of THF
concentration is accompanied by an increase of the reaction rate, but only
in certain ranges (from 0 to 1 mole THF/mole monomer) of THF concen-
tration. At higher concentrations, increasing THF leads to a decrease in
the reaction rate and beginning from certain THF/M values, the reaction
does not occur any more. For instance, under the following conditions no
polymer was formed: [M] = 0.94 mole/1., n-CHLI/M = 10~2 THF/M
= 6, —50°C, 10 hr.

The monomer concentration has a very marked influence on the poly-
merization rate. At concentrations higher than 1.5 mole/l. the rate was
too high, and kinetical measurements were impossible.
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Fig. 5. lonic polymerization of MOAF dilatometric curves for: (1) solvent T +
n-C7 + L (1:0.33:0.2), no cocatalyst; (#) solvent, B + n-C7 + L[(]:0.33:0.2), no co-
catalyst; (3) solvent B + n-C7 + L (1:0.33:0.2), cocatalyst Co2+ naphthenate, 8.1 X
10+5 g/mole catalyst; (4) solvent B + n-C7 + L (1:0.33:0.2), cocatalyst Co3+ acetyl-
acetonate, 8.1 X 10-5 g/mole catalyst. Conditions for all runs 28°C; catalyst Al-
(CjHs™Cl, 6 mole/moleMOAF; [M] =2.15mole/l.

As shown already, AOAF and MOAF polymerize in the presence of
catalysts like AL(CHHZCL and ALC5HHZC1 + Mex+. The dilatometric
study of these reactions showed that in addition to their action to reduce
crosslinking, the metal salts and complexes produce an increase in the
polymerization rate. The curves presented in Figure 5 show that Co3+ has
a more important influence upon the reaction rate than Co2+ The re-
action rate is the same in benzene and in toluene (curves 1 and 2, Fig. 5).

The experimental data allow us to confirm that MOAF is more reactive
than AOAF in the ionic polymerization reactions, which is in agreement
with the conclusions published by other authorsIlabout anionic polymeriza-
tion of allyl acrylate and allyl methacrylate.

Dilute solution viscosities (jgc) of the polymers indicated in Table 1
varies from 0.04 to 0.09 dl/g for those obtained with w-CAH9i and from
0.10to 0.55 dl/g for the others. The low molecular weights of the polymers
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synthesized with anionic catalysts (cryoscopic molecular weights between
2500 and 4000) are due to the secondary reactions between the catalyst and
COO groups. Such reactions were demonstrated for the anionic polymer-
ization of acrylic and methacrylic monomers and even for some allyl-
acrylic compounds.D

MOAF polymers obtained with n-CJLd.i in the presence of THF have
softening temperatures between 70 and 100°C, whereas the catalysts based
on AL(CHH2CLproduce polymers having higher softening points (95-140°C).
Interesting behavior was observed in the case of MOAF polymers syn-
thesized with n-CJFL.i in the absence of electron-donors, which at values of
Vap/c = 0.07 0.0s dl/g have high softening points (150-160°C) in spite of
their low molecular weights.

The polyfunctional asymmetric allylacrylic monomers can be copolymer-
ized with various other monomers under the action of ionic catalytic sys-
tems. D’Alelio and Hoffend1ldescribed the synthesis of allyl acrylate and
allyl methacrylate copolymers with styrene, acrylonitrile, and methyl
methacrylate by anionic catalysis. They determined the copolymers
compositions and calculated some copolymerization ratios.

In Table VII are presented the results of some attempts to synthesize
copolymers of AOAF and MOAF with different monomers, using anionic
catalysts (n-C4H4Li) and catalytic systems based on AL(CHHZXL As can
be seen, AOAF and MOAF anionic copolymerization with styrene leads to
macromolecular compounds composed primarily of only the polyfunctional
monomers (similarly to the copolymerization of allyl acrylate and allyl
methacrylate with styrenell). With A1(CHOZL there were obtained
entirely crosslinked styrene-AOAF and styrene-MOAF copolymers having
a good elasticity and swelling capacity.

Anionic copolymerization of the AOAF-MMA and MOAF-MMA sys-
tems yielded copolymers in whose composition the tetrafunctional monomers
are preponderant.

The monomer ratios in AOAF-acrylonitrile and in MOAF-acrylonitrile
copolymers are not the same; while acrylonitrile has a high reactivity in the
copolymerization with MOAF, in the acrylonitrile-AOAF system the
second monomer has the highest reactivity. These data are in agreement
with those for anionic copolymerization of allyl acrylate and allyl methacry-
late with acrylonitrile. 1L

AOAF and MOAF give copolymers with trans-1,3-pentadiene (pipery-
lene) in the presence of complex catalysts formed from ACH5H2ZC1 and
cobalt salts. These copolymers contain both monomers in considerable
ratios. The reaction rate and copolymer composition are depending on the
order of addition of components to the reaction mixture. The following
order is preferable: solvent, cocatalyst, piperylene, catalyst, and (after 2-4
min) the allylacrylic monomer. In this way copolymers were obtained in
which the majority of pentadienic units have a 1,4-cis structure.

With A1(CHHZCL as catalyst, copolymers of AOAF and MOAF with N-
vinylcarbazole having approximately equimolecular compositions could be
synthesized.
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Polymerization Studies on I-Ferrocenyl-1,3-butadiene

DENNIS C. VAN LANDUYT, Army Propulsion Laboratory and
Center, Research & Engineering Directorate, U.S. Army Missile Command,
Redstone Arsenal, Alabama 35809 and
SAMUEL F. REED, JR., Rohm and Haas Company
Redstone Research Laboratories, Huntsville, Alabama 35807

Synopsis

The polymerization behavior of 1-ferroeenyl-l,3-butadiene has been investigated by
using both free-radical and anionic initiation techniques. Polymerization occurred read-
ily under the promoting action of butyllithium; however, no polymerization occurred
when azobisisobutyronitrile (AIBN) or benzoyl peroxide was employed as initiator.
Copolymerizations were carried out with methyl methacrylate and styrene. The be-
havior of 1-ferrocenyl-1,3-butadiene in the copolymerizations was followed by dilato-
metrie rate measurements, solution viscosity determinations, and elemental analysis.
The major effect observed was a severe reduction in the intrinsic viscosities of the copoly-
mers. An explanation for the observed behavior of 1-ferrocenyl-l,3-butadiene in these
reactions is advanced.

INTRODUCTION

Many polymers containing the ferrocene group have been described in
recent years.1-5 Included in these investigations have been studies involv-
ing the free-radical addition polymerization of alkenylferrocenes such as
vinylferrocene6 and ferrocenylmethyl acrylate and methacrylate.7 With
the rapidly advancing interest in charge-transfer polymers, we wish to re-
port on the polymerization behavior of 1-ferrocenyl-l,3-butadiene (1-FB).

A study of the free-radical initiated polymerization of 1-FB was com-
pleted, azobisisobutyronitrile (AIBN) and benzoyl peroxide being used as
the initiators. In addition, a thermal polymerization of 1-FB at 130°C
was attempted. The anionic polymerization of 1-FB was examined with
butyllithium as the initiator.

Copolymerization reactions of 1-FB with methyl methacrylate (MMA)
and styrene were carried out to determine the effect of 1-FB on these reac-
tions. The behavior of 1-FB in these reactions was determined from dila-
tometrie rate measurements and from solution viscosities and elemental
analyses of the copolymers.

523
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EXPERIMENTAL

Materials

Methyl methacrylate and styrene were distilled just prior to the poly-
merization reactions. All solvents were reagent-grade, distilled materials.
Azobisisobutyronitrile was recrystallized from methanol, mp 102-103°C
with decomposition.

Techniques

Dilatometric polymerization rate determinations have been described
elsewhere.8 Solution viscosities were determined in toluene at 30°C, with
the use of Cannon dilution viscometers. Iron analyses were carried out on
a Perkin-Elmer atomic absorption spectrophotometer, Model 303. The
Mechrolab vapor-pressure osmometer was used for determinations of Mn
with benzene as solvent. A Waters Associates analytical instrument was
employed for all GPC analyses. Degassed tetrahydrofuran flowing at the
rate of 1 ml/min. was the eluting solvent. Four commercial Styragel col-
umns in series (104 103 600, and 100 A mean permeability) were used to
fractionate the polymers for determining A,, and Awvalues.

Polymerization Reactions

Homopolymerization. The free-radical polymerizations of 1-FB were
carried out in degassed toluene solution at 67°C with AIBN as the initiator.
Monomer/initiator mole ratios were varied from 6i to */i; however,
each failed to produce any polymer over extended time periods. The only
change occurring was the formation of a dimeric product in those reactions
conducted with the higher AIBN concentrations.

Attempted free-radical polymerization of 1-FB in toluene using benzoyl
peroxide (1 and 5 mole-%) at 12n-130°C were unsuccessful. Bulk poly-
merization of 1-FB at 130°C (thermal initiation) in the melt stage gave a
polymerlike product which appeared to be a dimer or other very low molec-
ular weight polymer. Molecular weight analysis (VPO) gave an Mnvalue
of 530. This polymer contained 24.2% Fe (calculated 23.53% Fe).

The anionic polymerization of 1-FB was carried out in anhydrous toluene
at ambient temperature. A glass vacuum line was employed to ensure the
total maintenance of anhydrous condition and to avoid contact with the
atmosphere. n-Butyllithium (1.46 M in hexane) was used as the initiator.
A typical reaction may be described as follows: In a 250-ml round-bottomed
flask fitted with magnetic stirrer and side delivery tube (septum covered)
was placed 11.9 g (0.05 mole) of high-purity 1-FB, mp 97-98°C. The
flask was connected to a vacuum manifold and deaerated. Toluene (50
ml) was transferred into the flask via vacuum manifold.* As the mixture

* Toluene used for solvent in the anionic polymerization was purified by distillation
from sodium metal, treated with styrene monomer and n-butyllithium to give colored
solution indicative of growing st.yryl anion, and transferred via vacuum line into the poly-
merization reactor.
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reached ambient temperature, the desired quantity of n-butyllithium was
added via syringe. An exothermic reaction occurred during the first hour
of the reaction. The reaction time was 16 hr, followed by quenching with
methanol.  After thorough washing of the toluene solution with water and
drying, the solvent was removed by evaporation to give a solid polymeric
product. The polymer was redissolved in the minimum of methylene
chloride and reprecipitated with excess hexane to give a yellow powder. All
polymer characterization data were obtained on the purified material.
Experimental and characterization data are shown in Table I.

TABLE 1
Experimental and Characterization Data for Poly-I-FB
Prepared by Anionic Polymerization

Mole Reaction
ratio time,
No. 1-FB/Bu Li hr Mn m MJM n
i 2.8/1 16 2890 0.0305 1.29
2 8.3/1 1 3350 0.0393 1.25
3 16.6/1 16 4010 0.0402 1.18

Copolymerization. All copolymerization reactions of 1-FB with MMA
and styrene were carried out in toluene with AIBN as initiator (0.05 mole/1.)
at 60°C in small-scale dilatometric studies. Reactions wee carried to 10
12% completion and the copolymers isolated by precipitation, purified
by reprecipitation, and each analyzed by solution viscosity and elemental
analysis.

RESULTS
Homopolymerization

This study involving the free-radical polymerization of 1-FB has demon-
strated that this diene monomer is reluctant to undergo polymerization
under stated conditions. The only materials isolated were dimeric products
obtained at high AIBN concentrations.  Their structure will be reported on
at a later time. Thermal initiated bulk polymerization gave a low-molecu-
lar-weight material represented as a probable dimer-trimer mixture (Mn —
530).

It was found that 1-FB could be polymerized by anionic polymerization
to give polymers of relatively low molecular weight in good yields. Molec-
ular weights varied from approximately 2800 to 4000 with corresponding
ranges in intrinsic viscosities of 0.0305-0.0402. A GPC analysis of the
polymers demonstrated that the molecular-weight distribution of each was
quite low (1.2-1.3).

Copolymerization

Copolymerization of MMA and styrene with 1-FB was carried out in
dilatometric reaction rate studies. The comonomer mole ratios (MMA or
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styrene/l-FB) were varied from approximately 45/1 to 7/1 (Table II).
The Rpovalues refer to the MMA or styrene polymerization rate in the ab-
sence of 1-FB with conditions approximating those of copolymerization.
Similarly, the [2]Jovalues are the intrinsic viscosity values for the homopoly-
mers of MMA and styrene.

It is immediately obvious that 1-FB severely retards the rate of the free-
radical polymerization of MMA and styrene as evidenced by the lowRp/R @
values. A greater retardation was observed for MMA than for styrene.
There was also a severe reduction in the intrinsic viscosity of the copoly-
mers. The [?] values decreased as the 1-FB concentration increased within
the two copolymer series. The severity of the reduction in [7] is shown
by the low [7)/[77Jovalues between 0.4 and 0.1. Iron analyses showed that
the copolymers prepared at the higher 1-FB concentrations contained
higher iron contents (Table 111) than were available in the respective co-
monomer mixtures. These results indicated that 1-FB enters the copoly-
mer very readily during the initial stages (first 10%) of the reaction.

TABLE 111
Elemental Analysis
Calculated Found

No. c, % H, % Fe, % Fe, % H, % Fe, %
2 60.53 7.89 1.18 60.9 8.26 1.6
3 61.59 7.68 3.53 76.8 6.88 4.4
4 62.64 7.47 5.88 74.3 6.66 8.3
6 91.22 7.60 1.18 89.4 7.48 3.1
7 89.04 7.42 3.55 88.2 6.97 5.0
8 86.90 7.24 5.86 84.6 6.86 8.6

DISCUSSION

It was found that 1-FB does not polymerize under the influence of free-
radical initiators. The failure of benzoyl peroxide to initiate polymeriza-
tion may be attributed to the loss of the initiator radical via its attack on
the ferrocene group, i.e., conversion of ferrocene to the ferricinium form;
however, the limited success with AIBN is somewhat more difficult to
explain. A brief explanation involving reduced radical activity is sug-
gested. Following the initial decomposition of AIBN [reaction (1)], the
2-cyanoisopropy! radical

CHa
AIBN - 2CH3 « + N2 (1)
5N
CHa CHa
CHaCm+ CH2CH—CH=CHFc— CHaC—CH2-CH—CH=CHFc 2
CN ¢N
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ch3 ch3
CHj—¢(—CHo-CH—CH=CH—Fe<->CH3-i —CH2-CH=CH—CH—Fc 3)

¢N CN
I ]

attacks 1-FB as depicted in reaction (2) (where Fc denotes the ferrocenyl
group) to give radical intermediate | which may undergo an allylic rear-
rangement to intermediate form Il [reaction (3)]. These reactions de-
scribe the initiation step in the polymerization and are known to occur since
at high AIBN concentrations a dimer (111) of 11 has been isolated in high
yield.* Dimerization of well stabilized radicals in preference to monomer
addition has been observedDwith certain radical systems.

CH3 Fc Fec CH,
CUR—C—CH2-CH=CH—¢(H—¢(H—-CH=CH—CHa —CHj

CN CN
11

The lack of polymerization of 1-FB arises from the failure of radical in-
termediates, | <» |1, to react with monomeric 1-FB in the cliain-propagat-
ing step.  The structures of I and 11 are similar to the radical intermediates
formed in the polymerization of allylic compounds when chain transfer of
the active growing chains with monomer molecules occurs.0 This type of
chain transfer leads to termination of the growing chain and also to termina-
tion of the chain reaction, since the newly formed monomer radicals are
stabilized by resonance and are consequently less active, i.e., they have less
tendency to initiate new polymer chains. Such transfer reactions are re-
ferred to as degradative chain transfer reactions.

Hence, the radical intermediates | and Il are the characteristic allylic-
tvpe radicals and possess a reduced activity because of the resonance sta-
bility associated with such systems. In addition, the nature of the ferro-
cene group in the 1-position would likely increase the formation of reso-
nance form Il, and the group would also provide for additional electronic
interactions with the intermediate radicals to further decrease their ac-
tivity toward chain propagation reactions. The low reactivity of the radi-
cals I and Il may also be attributed in part to the higher steric requirement
of the ferrocenyl group for undergoing polymerization.1l

The copolymerization of 1-FB with MMA and styrene exhibited several
interesting points. First, the rate of polymerization was sharply reduced
in both series, and the copolymers were observed to possess lower solution
viscosities [t|\ as the concentration of 1-FB increased in the comonomer
charge. Secondly, the copolymers were noted to contain 1-FB in a ratio
notably higher than was initially present in the comonomer charge. It
must be emphasized again that these copolymers represent the product
formed during the early stages (first 10%) of the reaction.

* Preparation and characterization of the dimer has been completed and will be re-
ported in a later paper.9
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These results of rate retardation and low molecular weight products are
typical of comonomer mixtures containing one monomer that is capable of
undergoing degradative chain transfer, i.e., allylic monomers,D or those
that produce a chain radical of very low reactivity as evidence for 1-FB.
This type of behavior is vividly demonstrated by allyl alcohol, since small
quantities of this monomer inhibit or retard the polymerization of other
monomers in free-radical initiated reactions.

The fact that copolymerization did occur to a limited extent can be at-
tributed to the presence of a high concentration of very reactive monomers
(MMA, styrene, and 1-FB). 1-FB may be considered a reactive monomer
in the copolymerizations because it would certainly enter into reaction with
a chain radical terminated by an MMA or styrene unit. MMA and styrene
apparently are sufficiently reactive to interact with growing polymer
chains terminated by 1-FB units to some extent. These assumptions are
necessary to explain the relatively large ratios of 1-FB found in the co-
polymers.

This study of the polymerization behavior of 1-FB has demonstrated that
this monomer is reluctant to undergo free-radical initiated polymerization
because of the formation of inactive radical intermediates which display a
propensity toward dimerization over monomer addition. 1-FB was found
to polymerize readily by use of butyl lithium. Copolymerization of 1-FB
with MMA and styrene occurred with drastic rate retardation and decrease
in molecular weight of the copolymers. The composition of the copoly-
mers was found to be rich in 1-FB. These results are expected from a sys-
tem containing reactive monomers, an intermediate radical of low reac-
tivity, and aradical with dimerization tendencies.
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Influence of Monomer Concentration on the
Structure of Poly(methyl Méthacrylate) Polymerized
by Butyllilhium

Y. AMERIK,*W. F. REYNOLDS, and J. E. QUILLET,
Department of Chemistry, University of Toronto, Toronto 181,
Ontario, Canada

Synopsis

The polymerization of methyl methacrylate has been studied in toluene and tetra-
hydrofuran solution at —78°C using butyllithium as catalyst. The structure of the
polymer produced was determined by analysis of the a-methyl groups using 100 MHz
NMR. It is shown that in a noneomplexing solvent such as toluene, the number of
isotactic triads increases from 70% to 93% as the monomer concentration during poly-
merization is reduced from 5 mole/L to approximately zero. The value of Pis/Pj,
depends strongly on monomer concentration, and hence any calculations regarding
penultimate effects in such systems should be made at close to zero monomer concen-
tration. In the THF solution the penultimate effect is nearly independent of monomer
concentration, and both Pu/Ps\ and Ps/P,, are close to unity. The results may be
explained in terms of a mechanism of the polymerization process in which toluene does
not complex with the active site, while monomer and THF are weak and strong com-
plexing agents, respectively.

The development of high resolution nuclear magnetic resonance instru-
ments has made it possible to establish to a relatively high degree of ac-
curacy the sequence of monomer configurations along a polymer chain and
in principle one may use these data to test the various theories of stereo-
regular polymerization.1-3 It is well known that in the anionic poly-
merization of methyl methacrylate for example, the degree of stereoregula-
tion depends to a very large extent on both the catalyst and the solvent
used.4

It has also been reported that the degree of stereoregularity depends upon
the percentage conversion of monomer and upon initial monomer concen-
tration.56 The importance of considering these effects has been com-
mented upon7but has largely been ignored by other workers in the field.
In this paper we report the results of a more detailed investigation relating
to the effect of monomer concentration upon the stereoregular polymeriza-
tion of methyl methacrylate with the use of butyllithium as catalyst and
toluene or tetrahydrofuran as solvent.

* Present, address: Topchiev Petrochemical Institute, Academy of Science, Moscow
V-71, USS.R.
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EXPERIMENTAL

Polymerization

The polymerizations were carried out in borosilicate glass vials sealed
under high vacuum at —78°C. In order to obtain samples with relatively
low molecular weight the butyllithium concentration was maintained in the
range of 1.5-2.5%.

For polymerizing methyl methacrylate at approximately zero monomer
concentration, the monomer was sealed into the side arm of a glass tube
containing the catalyst and solvent. The catalyst and solvent were cooled
at —78°C and the monomer allowed to distill slowly (less than 0.25 mole/
I.-hr) into the reaction tube, the monomer reservoir being kept at a tem-
perature around 0°C. Under these conditions, it is estimated that the
monomer concentration did not exceed 0.04 mole/1.

NMR Spectra

The NMR spectra of the polymer samples were determined by use of a
Varian HA 100 Spectrometer at 100 MHz. The polymers were dissolved in
chloroform (10% w/v) containing a small amount of tetramethylsilane as
an internal standard. The structure was determined from the areas under
the three peaks obtained from the methyl (r = 8.8-9.2) resonances and are
reported in terms of the per cent isotactic (I), heterotactic (H), or syndio-
tactic (S) triads in the polymer. Typical spectra for three polymers of dif-
ferent structure are shown in Figure 1

RESULTS AND DISCUSSION

Experiments in Tetrahydrofuran Solutions

Data for the effect of monomer concentration on the stereoregularity of
poly(methyl methacrylate) polymerized in tetrahydrofuran (THF) are
shown in Figure 2. From the data it is clear that the polymer microstruc-
ture does not significantly depend upon initial monomer concentration in
the range 0.6-5.Qil/.

Experiments in Toluene Solution

In this solvent, the polymer microstructure varies significantly with
monomer concentration. Data for the fractional populations of isotactic,
heterotactic, and syndiotactic triads (/, //, and S, respectively) are shown
in Figure 3 and Table I. For complete conversion of monomer to polymer,
I increases from 0.70 to 0.91 as the initial monomer concentration decreases
from 4.75 to 0.3d/. On this basis, the extrapolated value of | at zero
monomer concentration should be approximately 0.925 In order to test,
this extrapolation, a polymer was synthesized at very low monomer con-
centration (see Experimental). The observed value of 0.93 for | represents
the highest isotactic content which has been observed for this monomer-
catalyst pair.
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Fig. 1. Typical NMR spectra for poly (methyl methacrylate) in CDCh solution (500
Hz sweep width, 1000 sec sweep time): (a) polymerized in THF solution (7 = 0.04,
H = 0.34, S = 0.62); (6) polymerized in toluene solution, [M]0 = 3.50 mole/l. (7 =
0.70, 77 = 0.2U, S = 0.08s); (c) polymerized in toluene solution, [M]0<0.04 mole/1.

(7 = 093, H = QQv5, S = 0.015).
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Fig. 2. Triad concentrations for poly(methyl methacrylate) as a function of initial
monomer concentration; polymerized in THF at —78°C with butyllithium as cat-
alyst.

Curves a in Figure 3 correspond to data obtained where polymerization
was allowed to proceed to 100% conversion. During polymerization, the
monomer concentration will decrease continuously from the initial value to
zero. Consequently, one might expect to have a change in stereoregularity
with conversion. A more correct estimate of the effect of monomer con-
centration would then be obtained from polymerization in which only low
conversions are permitted to limit the change in monomer concentration.
Such data are shown in curves b in Figure 3. These data were obtained at
conversions not exceeding 15%. It is obvious that / increases slightly with
conversion. A similar effect has previously been noted by Bywater et
al.66

The bulk polymerization of methyl methacrylate was also carried out
at —25°C. (Data could not be obtained at —78°C since methyl meth-
acrylate freezes at —50°C.) This polymer has a lower value for / (0.645
than those obtained in toluene.

From the values of I, H, and S one may calculate the fractional popula-
tions (i and s) of isotactic and syndiotactic diads and also the relative
probabilities of formation of various types of triads from diads (Pa, /%,
PS, and P ) from the relations8(1)-(6).

i=1+ H/2 (1)
s=S + H/2 )
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(mole/ t)

Fig. 3. Triad concentrations tor poly(methyl methacrylate) as a function of initial
monomer concentration; polymerized in toluene at —78°C with butyllithium as cat-
alyst: (O) at 100% conversion; (A) at 15% conversion.

I = iPii @)
8 = sPs @
Pis = 1_ Pa (5)
Psi = 1 —Ps )

The calculated values are shown in Table I. The values of Pa/Pd and
Pss/Pis characterize the dependence of polymer structure upon penultimate
effects.8 While the value of Pa/Psi is relatively independent of conversion
and monomer concentration, the value of PsyP is changes remarkably from
12 for a polymer produced at low monomer concentration to 3.0 for a
polymer produced by 15% conversion of a 4.75M solution of monomer
(see Table I). This difference is primarily due to an increase in the value
of PiS the probability of syndiotactic addition to an isotactic diod.

The data in Table | have also been used to calculate the persistence ratio
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p, defined by 2 (is/H).7 pis the ratio of the actual mean length of closed
isotactic placements to the mean length one would calculate, assuming the
distribution is Bernoullian. Therefore, one would expect p = 1 for a
Bernoullian sequence distribution.

Finally, one can calculate the mean length of isotactic placements p,
defined by p/sJ p varies from 35 at low monomer concentration to 6 at
high monomer concentration. This is further confirmation of the marked
change in polymer microstructure with monomer concentration.

Possible Mechanism of Polymerization of Methyl Methacrylate

The first and most obvious conclusion which can be drawn from our re-
sults is that any attempt to deduce information about mechanisms of
polymerization from measurements of penultimate effects or penpenulti-
mate effects will be of doubtful reliability if the effect of monomer concen-
tration is not considered. While this point has been made before,7it has
often been ignored by other workers.

The sequence distribution for poly (methyl methacrylate) obtained in
THF is well described by a Bernoullian model at all monomer concentra-
tions investigated. Taking a typical composition of 7 = 0.04, H = 0.34,
and & = 0.62 (see Fig. 2), one obtains values of Pu/Ps;j, Ps/Pis, and p of
0.9, 1.0, and 1.0, respectively. All are in good agreement with the ex-
pected value of 1.0 in each case.

On the other hand, the sequence distribution for poly(methyl meth-
acrylate) obtained in toluene does not fit Bernoullian statistics at any
monomer concentration.  This is in agreement with previously reported re-
sults.66 It is also possible to check our results against the two-parameter
enantiomorphic site (EMS) model for polymerization which has recently
been proposed by Sheldon.9 The equations derived by Sheldon can be
represented on a triangular diagram which represents values of 7, S, and H
for different polymers simultaneously. Such a diagram is shown in Figure
4. On this diagram curve | corresponds to the Bernoullian model in which
only the configuration of the chain end influences the configuration of the
adding unit. The second straight line Il corresponds to a simple EMS
model in which the configuration of monomer addition is influenced only
by the asymmetry of the catalyst sites. Curve Ill represents the lower
limits for 7, H, and S permissible from arithmetic considerations. Points
falling in region 1 indicate that there is a tendency for persistence of con-
figuration between the adding monomer and the chain end. Points falling
in region 2 indicate a tendency for alternation of configuration. All of our
data points lie in the area of region 1 This tendency for persistence of
configuration is also indicated by the fact that p > 1in all cases. The
points lie relatively close to the line corresponding to the simple EMS model
although the deviations at the lowest monomer concentration are con-
siderable and bring the values much closer to the Bernoullian model. The
EMS model predicts a ratio of H/S = 2 which is lower than the experimen-
tal value of 3.7 obtained at the lowest monomer concentration. H/S
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approaches 2 at higher monomer concentrations. While the possible error
in H/S is greatest at low monomer concentration (due to the very large
fraction of isotactic triads), the observed deviations from the EMS model
are believed to be experimentally significant.

We do not have sufficient data to check our results against other
statistical models for polymerization. In order to carry out these com-
parisons it would be necessary to obtain accurate data for fractional popula-
tions of tetrad configurations and, if possible, pentad configurations. We
have recently obtained access to a 220 MHz NMR spectrometer and hope to
obtain the necessary data in the near future. In the mean time we have
drawn certain tentative conclusions based upon the data obtained so far.

On the basis of these results, we favor a two (or higher) site model for
the polymerization in toluene. As noted previously, there is a marked de-
crease in isotacticity with increasing monomer concentration (due pri-

H

Fig. 4. Triangular diagram showing the relations between I, H, and S for experimental
samples and for various statistical models.

marily to an increase in Pis). This suggests that at low monomer con-
centration the main polymerization site favors isotacticity while at high
monomer concentration, a significant proportion of the polymerization
occurs at one or more other sites which favor isotacticity less strongly.
Polymerization at the other site(s), if present, apparently does not follow
Bernoullian statistics, since the values of Pn/Ps\ and p show no obvious
tendency to approach unity at high monomer concentration.

Bywater et alM6 have suggested a two-site mechanism to account for
their results for the microstructure of poly (methyl methacrylate) produced
in toluene with butyllithium. One site was believed to involve a normal
ion pair, while the other site involved complexation of the anion by lithium
methoxide produced by side reaction between butyllithium and monomer.
An alternate explanation is presented below, involving the relative com-
plexing abilities of solvent and monomer. In suggesting this mechanism,
we do not claim to have disproved the mechanism of Bywater et al.66 or
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to have rejected many other possible mechanisms, but simply to have of-
fered another possible explanation.

Our data clearly indicate that in the polymerization of methyl meth-
acrylate in a nonpolar medium the monomer concentration is important,
while in a polar solvent such as tetrahydrofuran the effect of monomer
concentration is insignificant. In order to explain these results, we sug-
gest that in a nonpolar solvent such as toluene, two types of active site
exist. In one of these the lithium counterion is complexed with the
carbonyl of the penultimate methacrylate group in the polymer chain,
and in the other the cation is complexed with a free monomer unit. These
two structures are shown as structures | and II.

CH3 w,
<cy dr_ G \
P-CH~\ . LoV U N
C I rocH ong N
O/CH, a\ h3 | oI
OCHj CHj0O—C—C = CH2
CH,
(1) Intramolecular Complex (H) Intermolecular Complex

Structure | may be considered to involve an intramolecular coordination
with the polymeric anion. Such a structure would be expected to be rela-
tively rigid and to confer upon the catalyst the ability to add in a specific
configuration. When the counterion is coordinated with the monomer
carbonyl group as in structure Il (intermolecular coordination) the transi-
tion state has greater rotational freedom. However, the active site may
still have a preferred configuration leading to stereospecific addition of
monomer, particularly since the most probable monomer to be added is the
complexed monomer. Our results could then be explained if structure |
has a strong tendency to produce isotactic linkages while structure 11 favors
syndiotactic linkages.

The relative concentrations of structures | and Il would depend on
both the concentration of monomer and the relative complexing ability of
monomer and the penultimate unit of the polymer chain. Low monomer
concentration would clearly favor structure |, leading to increased iso-
tacticity. The higher concentration of structure Il at higher monomer
concentration would account for the increased value of Pjs. Addition of
complexed monomer via structure Il would tend to result in the reforma-
tion of an intramolecular complex. This could explain the high observed
ratio of H/S at low monomer concentration since the polymer would tend
to have a structure which may be represented as 111:

where the pair J_’ denotes isotactic diads and denotes syndiotactic
diads.
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The observed increase in isotacticity with conversion and molecular
weight could be due to two factors: a decrease in overall monomer con-
centration with conversion and a decrease in the local concentration of
monomer since monomer may be partially excluded from the random coil
of the polymer as the latter increases in size. Methyl methacrylate mono-
mer appears, from solubility measurements, to be a less powerful solvent
than toluene for isotactic poly(methyl methacrylate).

While both polymer and monomer would be expected to be stronger
solvating agents for the counterion than toluene, this would no longer be
true when the solvent is THF. Therefore, neither structure | or structure
Il would be expected to be present in appreciable concentrations in THF
solutions. This would account for the totally different polymer micro-
structure in this solvent. It has been previously noted that addition of
relatively small amounts of THF to toluene also leads to predominantly
syndiotactic poly(methyl methacryate). 4

CONCLUSIONS

It is important to consider the effect of monomer concentration and
per cent conversion if one wishes to obtain information concerning mecha-
nisms of polymerization from polymer tacticity measurements.

The polymerization of methyl methacrylate in THF with butyllithium
as catalyst obeys Bernoullian statistics, and the polymer microstructure is
independent of monomer concentration in the concentration range in-
vestigated.

The polymerization of methyl methacrylate in toluene with butyl-
lithium as catalyst does not obey Bernoullian statistics, and does not ap-
pear to fit an enantiomorphic site model. The polymer microstructure is
strongly dependent upon monomer concentration.

One possible explanation for the above results involves a model for
polymerization in which toluene does not complex the active site while
monomer and THF are respectively weak and strong solvating agents.

The authors wish to acknowledge the generous financial assistance of the National
Research Council of Canada and the helpful comments of a referee.
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NOTES

Preparation and Characterisation oj a
Pyrasinobisbenzimidasole Polymer

INTRODUCTION

In a search for new, thermally stable polymers, considerable effort has been directed
toward the preparation of novel, aromatic-heterocyclic polymer systems. This note
describes the preparation and characterization of an aromatic-heterocyclic polymer of
the general structure:

The polymer contains a 6/7-13//-pyrazino[12-a:4,.5-a'] bisbenzimidazole-6,13-dione
ring system as the repeating unit in the polymer backbone. This ring system is reported
in the literature as having been prepared by the condensation of 2-carboxybenzimidazole
dihydrate in thionyl chloride.1

C—C—OH A,

*2H,0

lii the course of this investigation, it was shown that this model compound could also
be prepared in high yield and purity by the thermal condensation of 2-carbophenoxy-
benzimidazole. Consequently, it was considered that the desired polymer could be
readily prepared via the reaction scheme (2), shown on page 544.

The requisite monomer is referred to in this note as 2,2'-bis(carbophenoxy)-5,5'-
bibenzimidazole (a), although it also probably exists in the tautomeric forms, 2,2'-bis-
(carbophenoxy)-6,6'-bibenzimidazole (b) and 2,2'-bis(carbophenoxy)-5,6'-bibenzimi-
dazole (c). The polymerization of this monomer could thus lead to a polymer with
isomeric 2,9-, 2,10-, and 3,I-(6//,13//-pyrazino[l,2-a:4,0-a']bisbenzimidazole-6,13-
dione) repeating units in the polymer chain. For this reason, the polymer is represented
as a general structure possessing uncertain stereochemistry. The exact name of a
polymer containing, for example, exclusively the 2,10-isomer as a repeating unit would be

513
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poly(6, 13-dioxo-67f, 13//-pyrazino [1,2-ct:4,5-a"| bisbenzimidazole-2,10-diyl).* Since this
nomenclature is cumbersome, the polymer will be referred to as a pyrazinobisbenzimi-
dazole polymer. The preparation and characterization of this polymer is described
below.

DISCUSSION

Preparation of Polymer

2,2'-Bis(carbophenoxy)-5,5'-bibenzimidazole was subjected to melt polymerization.
Evolution of phenol began below 250°C and became quite vigorous at 300°C with the
formation of a red melt which rapidly resolidified to a bright orange solid. Solid-phase
reactions at 350 and 400°C under reduced pressure yielded orange-brown powders
which were over 95% soluble in cold concentrated sulfuric or methanesulfuric acid.
Inherent viscosities of greater than 0.20 were not obtained.

Subsequent efforts were directed toward the solution polymerization of the monomer
in tetramethylene sulfone. Appreciable reaction did not occur until the reaction tem-
perature reached 270-275°C. After 15-30 min at this temperature, precipitation of
polymer occurred. An inherent viscosity of 0.28 was recorded. Several additional
runs were made under almost identical conditions. In these cases, the molecular-
weights of the polymers were further advanced by secondary solid phase reactions at
350°C. Inherent viscosities of 0.51 and 0.62 were realized.

A summary of the above polymerization reactions is given in Table I.

*Polymer name was provided through the courtesy of Kurt L. Loening, Nomenclature
Director, American Chemical Society, Chemical Abstracts Service.
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TABLE |
Polymerization of 2,2'-Bis(carbophenoxy)-5,5'-bibenzimidazole
Total Maximum
Trial Reaction reaction reaction 1Jiohdl/g
no. medium time, hr temp, °C (solvent)*
1 Melt 15 400 0.15
(H2504)
2 Melt 3.5 350 0.20
(H=S049)
3 TMSb 15 280 0.28
(CH3SOsH)
4 TMSb 6.5° 350 0.62
(CHsS03H)
5 TMSb 8.od 350 0.51
(CHsS03H)

aValues determined at a solution concentration of 0.2 g/dl at 25°C.

b Tetramethjdene sulfone.

o Includes thermal treatment for 3 hr; prepolymer had 2mi = 0.27 (CHsSO03H,
25°C.)

d Includes thermal treatment for 4.5 hr.

Physical Properties of the Polymer

The polymer samples from the various reactions were bright orange to orange-brown
powders which were insoluble in all organic solvents tested. The low molecular weight
samples (»int = 0.20) were almost completely soluble in cold concentrated sulfuric or
methanesulfonic acid. At higher molecular weights, the samples were appreciably
soluble only in methane sulfonic acid with gentle warming (to 60°C) being necessary, in
some cases, to effect solution. The inherent viscosities of all the polymer samples were
determined in concentrated sulfuric or methane sulfonic acid and ranged from 0.15 to
0.62. Since the model compound was somewhat unstable toward warm mineral acid,
there was some concern as to any deleterious effect the acidic solvents might have
upon the degree of polymerization of the polymer samples. The relationship between
the inherent viscosity and the age of a methane sulfonic acid solution of polymer was,
therefore, studied. The polymer sample (No. 4) upon gentle warming in pure methane-
sulfonic acid (mp ~ 20°C) was found to be 80% soluble with an initial inherent viscosity
of 0.60. Aging at 25°C for 3, 6, and 20 hr resulted in solution viscosities of 0.58, 0.55,
and 0.52, respectively. Aging of the solution at 60°C for 3 hr resulted in little change
in solution viscosity. If a slightly wet solvent sample was used, the polymer was 85%
soluble and had an inherent viscosity of 0.62.  After 16 hr at 25°C, the inherent viscosity
had decreased to 0.29. The use of methanesulfonic acid from a bottle which had been
opened for some time and appeared to have a considerable water content resulted in
immediate dissolution of the polymer at room temperature. An initial inherent viscosity
of 0.10 was recorded. These tests pointed out the necessity of using pure methane-
sulfonic acid for the viscosity determinations. The relatively slow rate of decrease of
the inherent viscosity in pure methanesulfonic acid both at 25°C and 60°C would seem
to indicate that only limited hydrolysis of the polymer sample had occurred during
dissolution. The inherent viscosity values obtained would thus appear to be indicative
of the true degree of polymerization of the polymer.

The hydrolytic stability of the polymer in the presence of strong base was also in-
vestigated. A finely ground sample (No. 4) was slurried in IN sodium hydroxide at
both room temperature and 60°C. Dissolution to a light yellow solution occurred
almost immediately at 60°C and over the course of a few minutes at room temperature.
Careful acidification of the solution yielded a white solid which from its infrared spec-
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TABLE 11
Physical Properties of the Pyrazinobisbenzimidazole Polymer
Property
Physical appearance Orange-brown, amorphous powder
Solubility Insoluble in dimethyl sulfoxide, N,N"-
dimethylacetamide, hexamethylphosphoramide,
formic acid, »i-cresol
Slightly soluble in concentrated sulfuric acid
Soluble (82%0) in methanesulfonic acid
Inherent viscosity dl/g 0.62 (0.2 at 25°C)
Elemental analysis
Calcd, % C, 67.12; H, 2.10; N, 19.58; O, 11.19
Found, % C, 66.98; H, 3.11; N, 19.07; O, 10.84*
Thermogravimetric
analysis
In nitrogen Initial breakdown at 475°C

Inversion point of curve at 625°C
Weight loss at 900°C = 32%

In air Initial breakdown at 375°C
Inversion point of curve at 520°C
Weight loss at 900°C = 96%

Softening behavior No softening up to 450°C
Differential thermal
analysis: No transitions noted

“By difference.

trum appeared to be fairly pure 2,2'-bis(carboxy)-5,5'-bibenzimidazole dihydrate.
Base hydrolysis appeared to have been both rapid and complete.

The various polymer samples were, in general, characterized by their elemental
analyses, infrared spectra, and thermogravimetric analyses (TGA). Most of the
polymer characterization, however, centered on the polymer sample from trial 4 which
was used in the above solution stability studies. Its properties are summarized in
Table Il. It was a powdery, orange-brown material which was only slightly soluble in
sulfuric acid but 82% soluble in methanesulfonic acid. It could be reprecipitated
without apparent change if methanesulfonic acid-methanol was used as the solvent-
nonsolvent system. A finely pulverized sample was found to be completely amorphous
by x-ray diff raction techniques and to have a softening point higher than 450°C, the
limiting temperature of the test apparatus.2 No transitions could be detected by
differential thermal analyses. TGA under nitrogen indicated that initial breakdown
begins at 47!i-5000C with 32% weight loss at 900°C. In an air atmosphere, TGA
indicated catastropic breakdown commencing at 375°C with essentially no residue at
900°C. The TGA curves are shown in Figure 1. Little difference was noted in com-
paring these TGA results with those from lower molecular weight samples = 0.20
and 0.28).

The structure of the bisbenzimidazopyrazine polymer was established by elemental
analysis and by comparison of its infrared absorption characteristics with those of the
model compound, OH, 1377-pyrazino[1,2-a:4,5-a']bisbenzimidazole-6,18-dione. The ele-
mental analysis results for the polymer agreed fairly well with the calculated values for
the proposed polymer structure. Despite thorough drying of the analytical samples
at elevated temperatures and reduced pressures, the hydrogen determination yielded
results higher than the theoretical value. Elemental analysis for nitrogen by the
Kjeldahl method gave low and unreproducible results. Ordinary Dumas techniques,
however, proved to be more satisfactory and gave results which compared fairly well
with the theoretical value.
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Fig. 2. Infrared spectrum of the pyrazinobisbenzimidazole polymer (KBr pellet).

Comparison of the polymer infrared spectrum with that of the model compound
disclosed a number of correlations. Both spectra exhibited the expected carbonyl
bands in the 1740-1745 cm“1region.3 Also present in both spectra were prominent
bands at 1530-1535, 1355-1360, 1160-1170, and 1085-1090 cm*] the nature of which is
not fully understood. Absent in both spectra were absorptions at 1200 and 1775 cm*“1
which were present in the spectrum of the monomer, 2,2'-bis(carbophenoxy)-5,5'-
bibenzimidazole. These absorptions are attributable, respectively, to the C—O and
C =0 stretching vibrations of the carbophenoxy group.3 Only the monomer spectrum
exhibited a fairly strong baud at 3400 cm*“1 attributable to the N—H stretching vibra-
tion of the benzimidazole ring. 1t must be noted, however, that mechanical grinding of
the polymer samples with potassium bromide led to atmospheric water contamination
of the potassium bromide pellets. Absorptions due to water thus appeared in the
3300-3700 cm*“1 region and may have masked any other absorptions in this region.
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The infrared spectrum of the polymer can be seen in Figure 2. A comparison of the
infrared spectra of the polymer, model compound, and monomer in the 4000-1000 cm-1
region is shown in Figure 3.

EXPERIMENTAL
Preparation of Solvents and Intermediates

Tetramethylene sulfone was obtained from standard commercial sources and was
purified by vacuum distillation over phosphorus pentoxide. Only the center fraction
was retained. The purified material was stored over freshly dried molecular sieves in
amber colored bottles.

3,3'-Diaminobenzidine was obtained from Burdick and Jackson Laboratories, Inc.
It was used without further purification.

2-Carbophenoxybenzimidazole was prepared by the following procedure. Phenol
(16 g) and phosphorus oxychloride (200 ml) were stirred together at room temperature
to form a clear solution. 2-Carboxybenzimidazole dihydrate (8 g) (as prepared ac-
cording to the method of Bistrzycki and Przeworski4) was added, and the resultant
yellow slurry was warmed to reflux with stirring being maintained. The reaction
mixture gradually cleared and a clear reddish solution resulted. After 90 min, the
excess phosphorus oxychloride was drawn off under reduced pressure and the residue
dissolved in 75 ml of acetone. The insolubles (1 g) were filtered off and the acetone
solution added to 300 ml of ice water which was kept slightly alkaline by the addition
of saturated sodium carbonate solution. The precipitate was isolated by filtration.
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The tan solid was recrystallized once from an ethanol-water solution and twice from a
dioxane-water solution. The yield was 3 g (32%) of white platelets, mp 205-206°C.

Anal. Calcd: C, 70.59%; H, 4.20%; N, 11.76%. Found: C, 70.35, 70.67%;
H, 4.62, 4.66%; N, 11.78, 11.99%.

Preparation of 6H,13H-Pyrazino[l,2-a:4,5-a"]bisbenzimidazole-6,13-dione

From 2-Carboxybenzimidazole Dihydrate and Thionyl Chloride. The procedure of
Copeland and Day was followed. 2-Carboxybenzimidazole dihydrate (10 g) was
powdered and added slowly with stirring to thionyl chloride (60 ml). The yellow
mixture was refluxed with stirring for 3 hr and the excess thionyl chloride drawn off
under reduced pressure. The yellow, powdery residue was slurried in cold water and
then filtered. It was washed on the filter with dilute sodium carbonate solutions,
dried, and then extracted in a Koxhlet, with methanol until the extract was colorless.
About 6.4 g (87% vyield) of a yellow powder was obtained. It started to discolor at
370°C and finally melted with decomposition at 430-440°C. (lit. mp >300°C).

From 2-Carbophenoxybenzimidazole. 2-Carbophenoxybenzimidazole (1.5 g) was
heated under nitrogen in a polymer tube at 300°C for 30 min. A vigorous evolution of
phenol resulted. This phenol was drawn off by further heating at 300°C/0.01 mm for
15 min. The crude product (0.85 g, 91% yield) was recrystallized from NjA'-dimethyl-
acetamide, a few milliliters of water being added to induce crystallization. 1t was iso-
lated by filtration and washed on the filter with hot water and methanol. The dense
yellow crystals started to discolor at 370°C and finally melted with decomposition at
440°C. This product had an infrared spectrum identical to that of the product obtained
from 2-carboxybenzimidazole dihydrate and thionyl chloride.

Anal. Calcd: C, 66.66%; H, 2.78%; N, 19.44%; MW, 288. Found: C, 66.74,
66.46%; H, 2.99, 2.85%; N, 19.20,18.88%; MW 288 (mass spectroscopy).

Preparation of Monomer

2,2'-Bis(<*-hydroxymethyl)-5,5"-bibenzimidazole. 3,3'-Diaminobenzidine (10.70 g,
0.05 mole) and glycolic acid (11.40 g, 0.15 mole) were dissolved with stirring in 200 ml
of hot 4AThydrochloric acid. The resultant clear red solution was refluxed for 3 hr, at
which time it was treated with charcoal and filtered. The warm filtrate was treated
with 50% ammonium hydroxide solution until basic to litmus. The suspension was
stirred for 1 hr, cooled, and filtered. About 12 g (82% yield) of pale orange material
resulted. An analytical sample was recrystallized from a 60-40 dimethyl sulfoxide-
water solution. The fine, pale orange crystals melted at 335-337°C to form a red
liquid which resolidified almost immediately to a reddish-brown solid.

Anal. Calcd: C, 65.30%; H, 4.76%; N, 19.05%. Found: C, 65.38, 65.48%; H,
4.86, 4.93%; N, 19.01, 19.09%.

2,2'-Bis(carboxy)-5,5"-bibenzimidazole Dihydrate. 2,2'-Bis(«-hydroxymethyl)-5,5'-
bibenzimidazole (26.46 g, 0.09 mole) was placed in 450 ml of hot water which was made
basic by the addition of several milliliters of concentrated sodium carbonate solution.
Powdered potassium permanganate (41.72 g, 0.26 mole) (10% excess) was added portion-
wise with stirring so as to avoid excessive boiling and foaming. The resultant brown
suspension was refluxed with stirring for an additional 45 minutes and then filtered hot.
The residue was dried, finely powdered, and boiled with 500 ml of hot water to remove
any product adhering to the manganese dioxide. This suspension was filtered and the
extract added to the original filtrate. The combined solutions were cooled and neutral-
ized with 50% acetic acid. The creamy white precipitate was isolated by filtration,
redissolved in warm sodium carbonate, and again precipitated by the addition of acetic
acid. The product was isolated by filtration, washed with methanol and ether, and
dried for several hours at 70°C in a vacuum oven. About 15 g (46% vyield) of product
with mp 188-191 °C was isolated.

Anal. Calcd for CieHioN”,: C, 59.63%; H, 3.11%; N, 17.39%. Calcd for C,6H1>
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ND42HD: C, 53.63%; H, 3.91%; N, 15.64%. Found: C, 53.01, 53.80%; H,
4.40, 4.00%; N, 15.42, 15.10%.

Alternatively, reduction in volume of the original filtrate by boiling off water until
crystallization was imminent resulted in isolation of the dipotassium salt of 2,2'-bis-
(carboxy)-5,5"-bibenzimidazole as long, white needles, mp >300°C (dec.).

Anar. Calcd for CiIHAND K2 C, 48.24%; |II, 2.01%; N, 14.07%. Found: C,
48.02, 48.02%; H, 2.26, 2.38%; N, 13.88, 13.92%.

2,2'-Bis(carbophenoxy)-5,5'-bibenzimidazole. 2,2'-Bis(carboxy)-5,5"-bibenzimida-
zole dihydrate as isolated by the above procedure (8 g) was slurried in a cooled solution
of phenol (16 g) in phosphorus oxychloride (200 ml). The reaction mixture was satu-
rated with dry hydrogen chloride gas and the temperature then slowly raised to reflux.
After several hours, a clear, light red solution was formed. The excess phosphorus
oxychloride was stripped off under reduced pressure and the gummy residue treated with
cold sodium carbonate solution. The crude product was isolated by filtration and then
refluxed in benzene.  Any occluded water was removed in the benzene-water azeotrope.
The residue was isolated by filtration. It was recrystallized twice from water-ethanol
and three times from dioxane-water (charcoal) to give about 1 g (10% yield) of snow-
white product, mp > 165°C (dec.).

Anar. Caled: C, 70.89%; H, 3.80%; N, 11.81%. Found: C, 70.59, 70.71%;
H, 3.80, 3.99%; N, 11.76, 11.58%.

Preparation of Polymer

The following examples are typical procedures for the polymerization of 2,2'-bis-
(carbophenoxy)-5,5'-bibenzimidazole.

Melt Polymerization. The monomer (1.0 g) was heated at 300°C under nitrogen in a
polymer tube. Evolution of phenol occurred with subsequent solidification of the
polymerization mixture after about 30 min. After 1 hr, the polymer tube was allowed
to cool and the bright orange solid finely crushed. The polymer was placed in a rotating
30-ml flask containing several small ball bearings to facilitate mixing. Heating was
resumed at 350°C/0.1 mm for 1 hr. The final product was an orange-brown powder
which was 95% soluble in cold sulfuric acid and had an inherent viscosity of 0.20 in
that solvent at 25°C.

Anar. Caled: C, 67.13%; H, 2.10%; N, 19.58%. Found: C, 68.34%; H, 2.98%;
N, 20.68%.

Solution Polymerization. The monomer (1.65 g) was dissolved under nitrogen at
80°C in tetramethylene sulfone (70 ml). The temperature of the resultant water-white
solution was gradually increased. At 180°C, a slight yellow color developed which
deepened as the temperature was increased further.  After 30 min at 260°C, the solution
had taken on a deep orange color but no precipitation of polymer had occurred. Pre-
cipitation of an orange solid occurred, however, after 15 min of heating at 270-275°C.
After being heated at 280°C for an additional 3 hr, the polymerization mixture was
cooled and added to a tenfold excess of methanol. The bright orange product (0.76 g,
76% vyield) was isolated by filtration, washed well with methanol, and dried at 150°C
under reduced pressure. It was only partially soluble in cold sulfuric acid. An inherent
viscosity of 0.27 in methane sulfonic acid at 25°C was recorded. The finely powdered
polymer was heated in a rotating flask at 350°C for 3 hr to given an orange-brown
powder which was 82% soluble in methanesulfonic acid. It had an inherent viscosity
in that solvent of 0.62 at 25°C.

Anar. Caled: C, 67.13%; H, 2.10%; N, 19.58%. Found*: C, 66.98%; H, 3.11%;
N, 19.07%.

*Values found for the combined soluble and insoluble portions.
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Synthesis and Study of ( Cr,FiOCHZCII:0-)-,I*

Although perfluoroaromatic polyethers in general have been reported1-6 in the past,
the subject is by no means exhausted.

Polyethers of the type -f-CsFi #D B®CH2¢CH2¢0-)-nwere synthesized in the present work
by what is believed to be the repeated stepwise attack of the anion C&6-CH2-CH2-0 -
at the para-position of a molecule of undissociated alcohol to give the polymer. Al-
though there has been no proof that this reaction proceeds through displacement of the
fluorine atom para- to the functional group, theoretical considerations as well as experi-
mental data26have shown that apart from extreme cases, the position para to the func-
tional group in pentafluorophenyl compounds is the most susceptible towards nucleo-
philic attack.

The general route employed in the synthesis of the polyether can be roughly illustrated
by the following sequence of reactions:

Na, N
HO CTT-CIT-OH-—— - >HO BCH2:CH2:ONa

HO+CH2:CH20Na + CGZG—SORI-&;?C(FS-O-CHZ-CH.-OH + NaF

Na, N2 t°

CiFs-0-CHS-CHi-OH —=-e->C6F 520 *C H 2eC H 200 N @ =--mromomoee- *Polymer + NaF
solvent solvent

The monomer I-hydroxy-2-pentafluorophenoxyethane was a colourless liquid soluble
in most organic solvents and its purity was established by gas-liquid chromatography,
which showed the presence of only one component. The infrared spectrum of this al-
cohol showed the characteristic absorption of the perfluorinated benzene ring at 1510
c¢m-1 and the hydroxyl stretching vibration at 3390 cm-1.

The polymerization of I-hydroxy-2-pentafluorophenoxyethane was studied in two
series of experiments and these are described in the last section. In the first series, the
initial concentration of the monomer was kept constant (ca. 5% w/w) while the reflux-
ing period varied from 80 min to 32 hr.  In the second series, the refluxing time was kept
constant (32 hr) while the initial monomer concentration was varied from 5.3% to 22.6%
wiw.

Information regarding the degree of polymerization was obtained from comparison
of the intensities of the O-H stretching vibration (3340 cm-1) in the infrared spectra of
the polymers.  (Purified samples in CS2solution for the liquid polymers. Mull for the
solid polymer.) Since these reactions were designed to produce polymers with hydroxyl
end-groups, the percentage of -OH present in the polymer chain should decrease as the
degree of polymerization increased.

Polymer | obtained in a 75% yield after a polymerization time of 80 min was a yellow-
liquid whose infrared spectrum indicated a rather low degree of polymerization. A
polymerization time of four hours gave polymer Il (yield 84%) more viscous than the
previous one and with a higher degree of polymerization. The best results were ob-
tained, however, with a reaction time of 32 hr at the end of which two types of polymer
had been produced. Polymer IIl was a very viscous liquid or semisolid (56% yield)
soluble in ether and acetone like the previous ones, yet polymer IV was an amorphous
off-white powder (26% yield) insoluble in all solvents tested, whose infrared spectrum
showed no absorption whatsoever in the region above 3000 cm-1. This polymer would
not melt and it was stable towards acids and alkalies for many days. (See Table I.)

It was thought at this point that the yield of the solid polymer 1V could be improved
at the expense of the liquid one 111 by increasing the initial concentration of the mono-
mer instead of a further increase in the refluxing time. A second series of experiments
was carried out, therefore, under the same experimental conditions as those of the first
series.

* Part of aPh.D. Thesis submitted to the University of Manchester (1965).

© 1971 by John Wiley & Sons, Inc.
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TABLE |
Thermal Decomposition on Thermobalance*
Loss of
Temperature, ° weight, %
305 0.8
355 4.2
390 17.5
485 29.2

“ Rate of temperature increase 6.5°/min.

TABLE 11
Polymerization of I-Hydroxy-2-Pentafluorophenoxyethane in
Various Initial Concentrations"

Over-

I-1lydroxy-2- Iso- Liquid Solid all
pentafluoro- propyl % poly- poly- yield,
phenoxyethane ether, g w/w mer, g % mer, g % %

5.8 g, 25.4 m mole 108 5.3 3.22 60 121 23 83
4.0 g, 17.5m mole 50 7.4 1.10 31 2.12 58 89
4.1 g, 17.6 m mole 26 13.3 0.91 25 2.51 68 93
3.5 g, 15.3 m mole 12 22.6 0.51 13 2.83 77 90

" Experimental conditions as in the section, Synthesis of Polymers.

Four experiments were included in this series, with initial monomer concentrations
of 5.3, 7.4, 13.3, and 22.6%, and the results of these experiments are listed in Table II.
It is important to emphasize that at an initial monomer concentration of 5.3% the ratio
of solid to liquid polymer yields was approximately 1:3. This ratio, however, was more
than reversed at an initial monomer concentration of 22.6%, when it became 6:1.

Although, as already mentioned above, nucleophilic attack on pentafluorophenyl
compounds leads almost invariably to para isomers, attempts were made to cleave the
polymer so that the structure would be verified by the cleavage products. Such at-
tempts, however, employing the use of hydrazine hydrate7 and constant b.p. hydriodic
acid failed to cleave solid polymer IV. More drastic conditions such as heating the
polymer together with 80% sulphuric acid for many hours at temperatures up to 110°
did not prove more fruitful; but when the temperature was raised to 140° for 40 hr,
66% of the polymer was turned to intractable tars. The failure to obtain any small
molecules as products of this cleavage must be due to the extremely drastic conditions
required for the reaction to take place. Indeed, the free electron pairs of the ethereal
oxygen atom must be strongly delocalized by the inductive effect of the perfluorinated
benzene ring as well as by the usual mesomeric interaction with the ring, with the result
that protonation of the ether is very difficult. The difficulty of protonation is further
enhanced by the insolubility of the polyether in the protonation solvent.

EXPERIMENTAL

I-Hydroxy-2-pentafluorophenoxyethane

A solution of hexafluorobenzene (39.0 g, 0.21 mole) in ethylene glycol (50 ml) was
heated under reflux to 85-90°, while a 10% solution of the monosodium derivative of
ethylene glycol (19.5 g, 0.23 mole) in ethylene glycol was added dropwise and the heating
was continued for one hour after the hexafluorobenzene had stopped refluxing (total
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6 hr). The sodium fluoride was then removed by filtration and the filtrate was poured
into water and was left overnight. The oily layer under the water was dissolved in
ether, dried and distilled under reduced pressure to give I-hydroxy-2-pentafluorophen-
oxyethane (25.5 g, 53%) (Found: C, 42.2; H, 2.3%. Calculated for CgHsFsO: C,
42.1; H, 2.2%), b.p. 98°/Il mm. G.L.C. gave only one peak.

Synthesis of Polymers

Sodium (0.50 g, 29.8 m mole) was added in small pieces under nitrogen to asolution of
I-hydroxy-2-pentafluorophenoxyethane (4.8 g, 21.0 m mole) in anhydrous isopropyl
ether and the mixture was heated under reflux for 32 hr. The precipitate formed was
separated by filtration, treated with dilute hydrochloric acid, and repeatedly boiled
with water to remove the inorganic salts; it was then dried in vacuo to leave a powder
characterized as polymer IV (1.1 g, 26%) [Found: C, 46.0; H, 2.5%. (CgF-TECh),, re-
quires: C, 46.1; H, 2-2.4%.] This polymer would not melt up to a temperature of
350°; it was insoluble in organic solvents and was not affected by sodium hydroxide or
hydrochloric acid at room temperature for 15 days. The filtrate (after removal of the
solvent) was treated with 2N sulphuric acid, redissolved in ether, dried, and the solvent
was distilled off to leave a very viscous liquid polymer 11l (2.4 g, 56%) [Found: C,
46.0; H, 2.7%. (C&JI1,02),requires: C, 46.1; H, 2.0-2.4%],

Refluxing periods of 80 min and four hours in other experiments gave only viscous
liquid polymers | and 11, characterized by elemental analysis.

Variation of Monomer Concentration

The results of experiments carried out with different initial monomer concentrations
are listed in Table I1.
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New Polyamides via Ilitter Reaction

The condensation between nitriles and olefins or their derivatives in aqueous acidic
media to form amides has been described by Hitter and co-workers.1 Extension of this
reaction to the preparation of linear polyamides has been achieved by the condensation
of dinitriles with diolefins,2glycols,2diesters,2dihalides,2and formaldehyde;3

acid Tr—N—C—H'—C—N~-
+[R]++ NC—R'—CN ——m-* | I
L i o hl

I
H O

Because the Ritter reaction proceeds by a carbonium ion mechanism, the alkylating
compounds are ordinarily restricted to those which can form a secondary or tertiary car-
bonium ion in an acidic medium. An exception to this trend are the primary systems
of the benzyl4and allyl5type which can be readily A-alkylated under mild Ritter con-
ditions. It has also been shown by Ramp6 that linear polyamides can be obtained by
the condensation of dinitriles with bis(acetoxymethyl)durene in sulfuric acid. However,
his attempts to extend the reaction to other alkylated benzenes failed.

To further study polymeric extensions of the Ritter reaction, a series of new polyamides
wereprepared by the condensation reaction between2,5-dimethyl-1,4-bis(acetoxymethyl)-
benzene (1) with various dinitriles in sulfuric-formic acid mixture.

The diacetate 1 is prepared from 2,5-dimethyl-1,4-bis(chloromethyl)benzene (111) and
silver acetate according to the procedures for preparing bis(aeetoxymethyl)durene by
Rhoad and Flory.7 The dichloro (I111) compound is prepared by a modification of
Braun’s method8 using p-xylene and formaldehyde in hydrogen chloride solution. The
diacetate | is readily soluble in chloroform to form a homogeneous solution with di-
nitriles. The well-dispersed mixture, therefore, can gradually form a high molecular
weight polyamide upon contact with the acidic surface. This has some resemblance to
an interfacial polymerization. The benzyl-type carbonium ion generated in this man-
ner can apparently react readily with dinitriles to form amide before it can rearrange or
decompose or become insolubilized. This is supported experimentally by the finding
that high molecular weight polyamide can not be made from the 2,0-dimethyl-1,4-bis-
(hydroxymethyl)benzene and dinitriles without using an interfacial solvent.

A number of polyamides were prepared from the 2,5-dimethyl-1,4-bis(acetoxymethyl)-
benzene and various dinit.riles as shown in Table I. The structure of these polyamides
were established by elemental analysis and infrared and NMR spectra. The glass
transition temperatures of these polyamides were in the range of 70-225°C as deter-
mined by differential thermal analysis. In most cases, the polymers had good thermal
stability as measured by thermogravimetric analysis (Fig. 1). Weight losses were less
than 5% at a temperature of 350°C. The melting point of the polyamides obtained,
except for that prepared from terephthalonitrile, were lower than 300°C.

© 11)71 by John Wiley & Sons, Inc.
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Fig. 1. TGA thermograms of polyamides based on 2,5-dimethyl-1,4-bis(acetoxymethyl)-
benzene and various dinitriles.

Substituents on the aromatic moiety seem to have an important effect on the poly-
merization. The unsubstituted benzene, |,4-bis(acetoxymethyl)benzene, gave oligomers
only when reacted with dinitriles under Ritter conditions similar to those used to prepare
high polymer from I. The number of methyl groups on the ring also had some effect
on the properties of the resulting polyamides, as shown in Table Il. The trend seems
to indicate that the higher the number of substituents on the ring, the higher the glass
transition temperature and the lower the solubility. The melting point did not show any
effect. This substituent effect on glass transition temperature was previously reported
by McCall and co-authors,9where the polyamides made from the 5-ferf-butyl-m-xylene-
diamine had T,’s 8-48°C higher than the corresponding unsubstituted polymer.

The effect of the acid catalyst system on the resulting polyamide was also investigated.
The following acids, or mixtures of them, were used as the Ritter catalysts—sulfuric
acid, formic acid, acetic acid, phosphoric acid, and polyphosphoric acid. Concentrated
sulfuric acid with formic acid as a diluent was found to be the best catalyst and was used
throughout this study.

EXPERIMENTAL

Preparation of 2,5-Dimethyl-1,4-bis(chloromethyl)benzene (I11)

The modified procedure of Braun8was adopted. p-Xylene (53g, 0.50 mole) was mixed
with 400 ml concentrated IIC1 in a 1-liter, three-necked flask, and then mixed with 39.5 g
of formaldehyde (1.30 mole). The mixture was stirred at 68-72°C for 24 hr. Anhydrous
hydrogen chloride gas was introduced into the solution during this period. After cool-
ing to room temperature, the white solid was filtered and then recrystallized from hot
«-hexane to yield 25 g of white crystals (I11). The «-hexane was cooled to 0°C and
yielded another 13.70 g of I1l.  The oily layer in the reaction vessel was separated from
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TABLE Il
Effect of Substituents on Polyamide Properties
Polyamide TO°0 Fu o Viscosity Solubility

Poly-2,5-dimethyl-p- In m-cresol

xylyleneadipamide 70 283 0-47b at 25°C
Poly-1,2,4,5-tetra-

methyl-p-xylyleneadip- In m-cresol

amidec >300 (7300)d at 50°C
Poly-5-icrf-butyl-m-xylyl-

eneadipamidee 109 179-193 0-641 —
Poly-p-xylyleneadip-

amide8 330-333
Poly-2,5-dimethyl-p- In m-cresol

xylene-|3,/3-oxydi-

propionamide 80 248 0-39b at 25°C

Poly-1,2,4,5-tetra-
methyl-p-xylylene-
/3,/3-oxydipropionamidec 191% 246 0-lb _

“Measured by DTA unless otherwise staled.

b At 0.5% concentration in 98% formic acid at 25°C.

¢ Data obtained by Ramp.6

d The number-average molecular weight was obtained by Ramp6in m-cresol at 110°C
with the use of 55-08 membranes.

OPolymer was prepared by McCall9from salt of 5-fcrf-butyl-m-xylylenediamine and
adipic acid.

fInherent viscosity was determined using a 60/40 phenol/tetrachloroethane mixture
as solvent in 0.23 g/100 ml.

EData obtained by Frunzeet al.D

bData obtained by Ramp6using Dynamic extrusion valve.

the liquid layer and subjected to fractional distillation. After the liquid portion was
removed at 35°C/5 mm and 85°C/5 mm, the white residue was recrystallized from
re-hexane to yield an additional 39 g of 2,5-dimethyl-1,4-bis(chloromethyl)benzene, mp
of the solid is 132-133°C (lit.1133°C). Both infrared and NMR spectra agreed with
the proposed structure I111.  The overall yield is 77.70 g or 77%.

Anar. Caled. for CIHIX12: C, 59.30%; H, 5.92%; CI, 34.78%. Found: C,
59.07%; H, 5.99%; CI, 34.80%.

Preparation of 2,5-Dimethyl-I ,4-bis(acetoxymethyl(benzene (1)

The method of Rhoad and Flory7was used. The 2,5-dimethyl-1,4-bis(chloromethyl)-
benzene (12.0 g, 5.93 mmoles) in 150 ml of glacial acetic acid was added to a stirred slurry
of 27.6 g (16.5 mmole) of silver acetate in 200 ml of glacial acetic acid. The mixture was
refluxed for 3 hr. Purple solids formed gradually during this period. The silver chlo-
ride was removed by filtration from the hot solution. The unreacted silver acetate was
filtered out after the solution was cooled to 70°C. Further cooling to room temperature
gave a white filterable solid which was recrystallized from methanol, dried, and gave
4.70 g of (I). The liquid filtrate was slowly neutralized with dilute sodium carbonate to
yield additional (I) which was also recrystallized from methanol (yield 6.40 g). Total
yield of (1) was 11.10 g or 76%, mp 64-65°C (lit.765°C).

General Procedure for Polyamide Synthesis

The polyamide was synthesized by interfacial method similar to the procedures de-
scribed by Ramp.6 The general procedure can be exemplified by using the reaction of
diacetate with adiponitrile. The 2,5-dimethyl-1,4-bis(acetoxymethyl)benzene (4.40
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g, 17.4 mmole) and adiponitrile (1.89 g, 17.4 mmoles) in 70 ml of chloroform was added
to a stirred solution containing 30 ml of concentrated sulfuric acid (80%) and 8 ml of
formic acid. The solution was kept below 30°C during the addition. After stirring
for a total of 5 hr, the chloroform was removed by separation, and the solvent residue
was removed by vacuum distillation. The aqueous solution was poured into 300 ml of
an ice-water mixture. The white polymer which precipitated was stirred in the aqueous
solution for 1 hr, then filtered, and washed until neutral, then dried to constant weight.
The polymer has a melting point of 283 °C measured by DTA. Infrared and NMR spec-
tra both agreed with the proposed polyamide structure. The inherent viscosity (0.50%
concentration in 95% formic acid) was 0.47 dl/g.

Physical Properties

Infrared measurements were obtained on the Perkin-Elmer Model 21 infrared spec-
trophotometer. Inherent viscosities were determined at 25°C on a 0.5% solution of the
polymer in ?racresol. These values are expressed in units of deciliters/gram. Glass
transition temperatures (Tg) were measured with a differential thermal analyzer (Du-
Pont Model 900), or Perkin-Elmer DSC-1B with the calorimeter attachment. Tg
was taken as the point at which a change in heat capacity was first observed during the
heating cycle, while Tmwas taken as the peak temperature of the endotherm. The anal-
ysis was carried out in N2 at a heating rate of 10°C/min and with 25-mg samples.

Thermogravimetric analysis (TGA) was carried out on the Ainsworth balance in N2
and in air, at a heating rate of 10°C/min and with 10-mg samples.

We wish to acknowledge the contributions of Mrs. E. Turi for obtaining and interpret-
ing the TGA and DTA data and Dr. John Sibilia and Mrs. L. Komarowski for obtaining
and interpreting the IR and NMR spectra.
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Reactivity Ratios in the Cationic Polymerization of Styrene
and lIsoprene

INTRODUCTION

The copolymerization of styrene and isoprene has been investigated by numerous
workers. Reactivity ratios are readily available for the free-radical, anionic, and y-radi-
ation-induced copolymerization.1’2 Quite a bit of work has been done utilizing a cationic
initiator, but to the knowledge of the authors, information suitable for comparison was
not available at 22°C. Workers have obtained interesting results at other temperatures,
finding the product of the monomer reactivity ratios to be abnormally low.3 Kraus-
erova et al.1 have observed the copolymerization in both hexane and benzene at this
temperature, but their conversions were too high to permit accurate calculation of reac-
tivity ratios.

It was further considered of interest to compare the reactivity ratios obtained cat-
ionically to those obtained by using y-radiation. The 7-radiation-induced copolymer-
ization has shown evidence of a free-radical nature, but evidence for an ionic mechanism
in radiation-induced polymerization has been obtained in studies of isoprene5 and
styrene.6

Triethylaluminum-based cationic catalysts have been described in the literature7 and
are usually used in conjunction with one or more cocatalysts. These catalyst composi-
tions proved to be either inactive or overactive for the styrene-isoprene system, so that
it became necessary to develop a suitable catalyst. The conversion of monomer to
polymer was held low so that the monomer feed ratios could be considered constant
throughoutany individual run.

EXPERIMENTAL

The isoprene and styrene were both purified by vacuum distillation and the center cut
retained. The 2-methyl-2-chloropropane, dichloromethane, and re-hexane were ob-
tained from Eastman Chemical Co. and used without further purification. The tri-
ethylaluminum was obtained from Columbia Organic Chemical Co. and used without
further purification. The benzene was spectral grade.

The catalyst blend that proved most effective is shown in Table I.

TABLE |
Catalyst Composition

Reagent Volume, ml
Dichloromethane 5.00
re-Heptane 1.50
Triethylaluminum 2.00
cerf-Butyl chloride 1.56
W ater 0.26

The reactants were added in the following order: re-heptane, dichloromethane, tri-
ethylaluminum, ¢erf-butyl chloride, and water. Both the ;erf-butyl chloride and the
water were added dropwise from a syringe. The ¢erf-butyl chloride was added over a
45-min period, while addition of the water required an additional 30 min. The mixture
was stirred vigorously throughout since the reaction was very exothermic. The tri-
ethylaluminum was transferred from the cylinder to the reaction vessel without permit-
ting it to come in contact with the atmosphere.

After all of the components of the catalyst were added it was necessary to age the

© 1971 by John Wiley & Sons, Inc.
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catalyst for 90 min while stirring continuously in the ice bath. During this time some
of the solid, which was formed when water was added, appeared to dissolve.

The amount of benzene needed to control the rate and prevent a temperature rise
varied from 5 ml for low styrene monomer blends to 13 ml for blends with a high sty ene
content. Quinone (0.002 g) was also added to each run. Reaction times were 3 min
for all runs.

A total of about 1.5 g of monomer was used in each run. The molar feed ratio of
styrene to isoprene varied from 0.4 to 1.9.

A 0.4-ml portion of catalyst was introduced into the diluted monomer blends at room
temperature. The monomers turned a light violet color upon initial contact with the
catalyst, but faded in a few seconds to a grey color. Polymerization was terminated
by the addition of 5 ml of dilute hydrochloric acid. W ater alone would destroy the
catalyst, but would form insoluble aluminum hydroxide in the process.

The samples were then centrifuged and the aqueous layer removed. After washing
twice with 5-ml portions of water the polymer solution was next frozen to the walls of the
centrifuge tube and the solvent removed by freeze-drying. It was not possible to pre-
cipitate the polymer with methanol when even a few drops of dichloromethane were
present. After drying, the polymer was dissolved in 2 ml of benzene and then precipi-
tated with methanol. This was repeated three times, and then the copolymer was frozen
and freeze-dried again.

The copolymer samples were dissolved in a small quantity of benzene, and transferred
to small preweighed rolls of filter paper. The samples were dried in a vacuum oven at
80°C for several hours and then weighed on a Cahn M-10 electrobalance. Sensitivity
of the balance was about 0.01% of the total sample load. After weighing, the paper
cylinders were oxidized in the Fisher combustion train. The vibrating reed electrometer
analyses were performed in a manner similar to that already described.8 The amount of
radioactivity present in the paper itself was found to yield a specific charge per milli-
gram of 0.00402.

Results and Discussion

The conversion of monomer to polymer was held below 12% in all runs. There was
no observable heat effect, the appearance of a solid phase, or any rapid increase in vis-
cosity indicating that gellation had occurred. The data obtained are summarized in
Table Il. Solution of the copolymer equation gives reactivity ratios for styrene and iso-
prene respectively as 0.46 and 0.50.

Other investigators have observed somewhat similar reactivity ratios with these two
monomers.49 The reactivity ratios seem quite dependent on solvent and catalyst. It
has been shown that the addition of isoprene units is not a simple process.9 It has also

TABLE Il
Copolymerization of Styrene and Isoprene in Benzene by Cationic Initiation

Monomer feed ratio Copolymer molar
Run styrenel/isoprene Conversion, % ratio isoprene/styrene
1 4.0760 11.70 0.3996
2 2.3994 6.33 0.5750
3 2.3994 6.33 0.5664
4 1.0733 11.70 1.0054
5 1.0733 11.70 0.9717
6 0.6987 8.78 1.2590
7 0.6987 8.78 1.2615
8 0.4607 6.76 1.8383
9 0.4607 6.76 1.9151
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been observed that phenyl groups from the solvent can be found in the polymer when
benzene is used as solvent.10 A further complication is the possibility of crosslinking
of any isoprene links by a 1,2 or 3,4 mechanism. In spite of these complications, how-
ever, it appears likely that some type of alternation mechanism is present.
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NMR Studies on Terpolyesters

Introduction

Since the development of NM R spectroscopy, sequence distributions of many co-
polymers have been studied.1 Copolyesters are especially suitable for studies of se-
quences by NMR, and the present authors2studied NMR spectra of many copolyesters
and their sequence distributions by NMR.

Terpolymers have received the attention of many investigators and their reactivity
ratios were studied on many systems,3-7 but their sequence distributions have not yet
been found experimentally, although they are quite important in determining the reac-
tivity ratios in terpolymerization. These relationships were found in some binary
copolymers.

In present paper, sequence distributions in some terpolyesters were determined by
N MR spectroscopy.

(b)

Fig. 1. Ethylene glycol proton resonance spectra (60 MHz) of PET/S/F terpolymers in
chloroform at 70°C: (a) 40/40/20; (6) 35/35/30.

© 1971 by John Wiley & Sons, Inc.
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Fig. 2. Ethylene glycol proton resonance spectra (60 MHz) of PET/S/M terpolymers in
chloroform at 70°C: (@) 40/40/20; (6) 35/35/30.

Experimental

Polyethylene terephthalate sebacate fumarate) (PET/S/F), poly(ethylene tereph-
thalate sebacate malonate) (PET/S/M), and poly(ethylene terephthalate sebacate
phthalate) (PET/S/Ph) were obtained from ethylene glycol and dimethyl esters of the
corresponding acids by ordinary melt polycondensation under reduced pressure at
195°C. The corresponding binary copolymers and each homopolyesters were also pre-
pared.

NMR spectra were measured in chloroform solution (0.05 g/ml) at 70°C with a
Varian A-60spectrometer.
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DU r (ppm) bU
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Fig. 3. Ethylene glycol proton resonance spectra (60 MHz) of PET/S/Ph terpolymers in
chloroform at 70°C: (o) 40/40/20; (b) 30/30/40.

Results and Discussion

As found in our previous paper,2ethylene glycol units are sensitive to the linking acid
units, and they have three resonance peaks in the case of binary copolymers. If we take
poly(ethylene terephthalate sebacate) as an example, it has three peaks corresponding to
T-E-T, T-E-S, and S-E-S linkages, where T, S, and E represent terephthalate, sebacate,
and ethylene glycol units, respectively.

In the case of a terpolymer, consisting of A, B, and C monomers, there should be nine
kinds of dyad sequences, A-A, A-B, A-C, B-A, B-B, B-C, C-A, C-B, and C-C. But if we
use ethylene glycol in the terpolyester, A-B, B-C, and C-A linkages have the same
chemical shifts as B-A, C-B, and A-C, respectively, and there are six resonance peaks
of ethylene glycol units.

In Figure 1, NMR spectra of PET/S/F terpolymers are shown. They have six
resonance peaks in the ethylene glycol region. These six peaks coincide with the reso-
nance peaks in the binary copolymers of PET/S, PES/F, and PEF/T, and they can be
assigned to T-E-T, T-E-F, T-E-S, F-E-F, S-E-F, and S-E-S linkages from the low field.
These assignments were confirmed with samples having different feed ratios and 100
MHz spectra.

Figure 2 shows the NMR spectra of PET/S/M terpolymers; they also have six peaks
in ethylene glycol resonance. These peaks can be assigned to T-E-T, T-E-M, T-E-S,



570 NOTES

M-E-M, M-E-S, and S-E-S linkages from the low field, and they coincide with those in
the binary copolymersof PET/S, PES/M, and PEM /T.

Figure 3 shows the NMR spectra of PET/S/Ph terpolymers and (bey also show six
peaks of ethylene glycol units, which are assigned to T-E-T, T-E-Ph, Ph-E-Ph, T-E-R,
S-E-Ph, and S-E-S linkages from the low field.

Itisquite important to measure these sequences in studying the sequence distributions
of terpolymers and reactivity ratios in terpolymerization.

These results will be published in full in the near future.
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Preparation of Some Unsaturated Silanes

In the course of work concerning the synthesis of thermally stable polymers, we had
occasion to synthesize some silicon containing monomers and polymers which we report
here.

Methyldiethoxy-a-styrylsilane(l) was synthesized in 55% yield as shown in eq. (1).

.cab
hx o JCA (1) Mg, THF chz c .
- - Q > e
(2) CH,SI(OCH:>, cH3 Il oca ( )
OCZH5

Compound | is a highly hindered 1,1-disubstituted olefin and as was anticipated did
not homopolymerize with radical or low-temperature cationic initiators. However,
compound I did copolymerize in the presence of benzoyl peroxide with maleic anhydride
to form a nearly 1:1 copolymer (I1).

GHb
WCH— C- — HG— GH—
cH—si—oca 0NV CD
oCA

If one prepared a high molecular weight polysiloxane from |, a partial ladder structure
could possibly be achieved by polymerization of the residual styrvl groups [eq. (2)].2

(2)

Hydrolysis of | with dilute hydrochloric acid in methyl isobutyl ketone resulted in
the formation of largely cyclic tetramer(111).

However, attempted equilibration of 111 by using a number of acidic or basic catalysts
including the base-dimethyl sulfoxide system recently reported to be extremely effectivel
did not result in any significant molecular weight increase.

Bis(dimethyl-o:-styryl) disiloxane (1V) was also synthesized, as indicated, in the hope
that it would®nndergo cyclopolymerization through the styryl units.

© 1971 by John Wiley & Sons, Inc.
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ahs CH~CA
(HMg 1 HCI, HA CH DH

(CHIBIOCH), ¢y _ si— 0C H5
3 1

ch3

111 our hands, however, this compound did not polymerize with radical or cationic
initiators.

In order to determine whether the introduction of an additional methylene group
would enable vinyl polymerization to occur, methyldiethoxy-/3-phenallylsilane (V) was
prepared. Although one might expect the precursor, «-bromomethylstyrene to be
prepared by the radical bromination of «-methylstyrene, it has been shown that this
procedure leads to the formation of a difficultly separable mixture of the desired product
and I-bromo-2-phenylpropene.2 Therefore V was prepared as shown in eq. (4).

,CIL CH2DAC
Se02 1) OH,~HA
CH,=C» CH,=C y
' HOAC : A3 1
AcD cthb 8’
ce15
CH,=C
CH2Br MJ |
Ge=C CH-Si(OC Hila CH, )
cthb
CH3— Si— OCH5
och5
\%

Dropwise addition of a-bromomethylstyrene to magnesium and methyltriethoxysilane
in ether suppressed the normal allylic Grignard coupling reaction and resulted in a 40%
yield of V, which was also quite resistant to homopolymerization.

Experimental

Microanalyses and molecular weight determinations were performed by Micro-Tech
Laboratories, Skokie, Illinois.

Diethoxymethyl-a-styrylsilane (I). a-Bromostyrene2 (26.7 g, 0.146 mole) in 175 ml
of TIIF was added dropwise over a 4-hr period to 3.9 g (0.16 mole) of magnesium turn-
ings in 50 ml of TIIF which was maintained at. 25-30°C according to the procedure of
Normant.3 The mixture was stirred for an additional hour, filtered to remove mag-
nesium and added dropwise over a 90-min period to a stirred solution of triethoxymethyl-
silane (44.5 g, 0.250 mole) in 50 ml of THF under anhydrous conditions and a nitrogen
atmosphere. The resulting solution was stirred for an additional 10 hr, heated at
reflux for 2 hr, filtered after adding acetone to remove magnesium salts, dried with
anhydrous magnesium sulfate, stripped of solvent under reduced pressure and distilled
through a Vigreux column at 75-85°C/0.5 torr to yield 19 g (55%) of I. Redistillation
at 67-71°C/0.3 torr yielded 15 g (44%) of a clear colorless liquid; N2 1.4843. The
NMR spectrum (CC14) showed r2.7 (m, 5, phenyl), 4.0 (d, 1,/ = 3 Hz, vinylidene H Cis
to phenyl), 4.2 (d, 1,/ = 3 Hz, vinylidene H transto phenyl), 6.2 (quartet, 4, J = 7 Hz,
CH2—CH3), 88 (t,6,.7 = 7 Hz, CH3—CH2) and 9.8 (s, 3, methylsilane). The in-

frared spectrum showed absorption at 1605 (vinyl) and 1260 and 763 cm-1 fazethylsilane).
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Anal. Calcd for C,H20Si: C, 66.05%; H, 8.53%; Si, 11.88%. Found: C,
65.75%; H, 8.49%; Si, 11.63%.

Copolymerization of Diethoxymethyl-o-styryl,silane (1) and Maleic Anhydride. A
solution of | (4.0 g, 17 mmole), maleic anhydride (4.0 g, 41 mmole) and azobisisobutyro-
nitrile (0.04 g, 0.2 mmole) was polymerized for 1 day at 55°C, 4 days at 70°C, and 14
days at 85°C. Benzoyl peroxide (0.04 g, 0.2 mmole) was added at the start of the 70°C
period and after 10 hr at 85°. The viscous solution was precipitated from benzene into
anhydrous ether to yield 0.5 g (8%) of I, mnb (30°C, benzene) 0.18. The infrared
spectrum (KBr) showed absorptions at 1860 and 1790 (anhydride carbonyl) and 1265
cm-1 (methylsilane).

Anal. Calcd for CnFWTSi (1:1copolymer): Si, 8.40%. Found: Si, 8.35%.

Preparation of Cyclic Trimers and Tetramers (I11) of Diethoxymethyl-a-styrylsilane
(1). A mixture of (1) (58 g, 0.25 mole), water (5.9 g, 0.35 mole), 0.4 ml of 12N hydro-
chloric acid, and 100 ml of 4-methyl-2-pentanone was heated at reflux for 4 days under
nitrogen. W ater, hydrochloric acid, and 4-methyl-2-pentanone were removed under
reduced pressure to yield 41.0 g (100%) of Il1l. Distillation through a Yigreux column
yielded 34 g (83%), bp 190-270°C/1.5 torr. The NMR spectrum (CCh) showed r2.7
(to, 5, phenyl), 4.1 (m, 1, vinylidene H CiS to phenyl), 4.2 (to, 1, vinylidene H irans to
phenyl) and 9.7, two at 9.8 and 9.9 (s, 3, methyl silanes). The infrared spectrum (neat)
showed absorptions at 1600 (vinyl), 1260 (methylsilane), 1080 broad (tetramer) and
1020 cm-1 shoulder (trimer). The molecular weight by cryoscopy (CCh) was 580 and
685, tetramer (calcd 650), trimer (calcd 490). The ultraviolet maximum (methanol)
was at 242 mp (e, 7600).

Anal. Calcd for CHi00Si: C, 66.60%; H, 6.22%; Si, 17.31%. Found: C,
67.10%; H, 6.30%; si, 17.30%.

Equilibration of Cyclic Trimers and Tetramers (I11) of Diethoxymethylstyrylsilane.
A mixture of Il (10 g, 15 mmole based on tetramer), cesium hydroxide (5.0 mg, 0.034
mmole), and dimethyl sulfoxide (0.2 ml, 3 mmole) was prepared in a nitrogen-filled dry
box, degassed by freeze-thawing, purged with nitrogen, heated to 85°C and ca. '/»-ml
samples removed at various times. The samples were stirred in an ether-water mixture
for ca. 30 min. The ether layer was dried over anhydrous sodium sulfate and ether
was removed under vacuum. Inherent viscosities were determined in 0.5 g/dl benzene
solutions nine times between time zero and 13 hr and were observed not to change from
0.02.

Similar treatment of 11l with cesium hydroxide at 100°C for 45 min and 150°C for
20 min also resulted in a material with an inherent viscosity of 0.03. Treatment of 111
with catalytic amounts of potassium hydroxide at 150°C, silver oxide at 100°C or con-
centrated sulfuric acid at 60°C resulted in material of lower viscosity.

Ethoxydimethyl-a-styrylsllane. a-Bromostyrene (117 g, 0.640 mole) in 120 ml of
anhydrous diethyl ether, magnesium (30.0 g, 1.25 mole) in 125 ml of anhydrous diethyl
ether, and diethoxydimethylsilane (250 g, 1.70 mole) in 100 ml of anhydrous diethyl
ether were allowed to react and worked up as was | to yield 50 g of product (38%) after
distillation at 94-99°C/3.2 torr, 42 g (32%) after redistillation at 70-72°C/1.3 torr, of a
pale yellow liquid; ka5 1.4988. The NMR spectrum (CC14)showed t2.8 ¢s,5, phenyl),
41 (d, 1, = 7 Hz, vinylidene H cCisto phenyl), 4.3 (d, 1, «/ = 3 Hz, vinylidene H trans
to phenyl), 6.4 (quartet, 2, J = 7 Hz, CH2—-CHa), 8.9 (i, 3, / = 7 Hz, CH3—CH?2)
and 9.8 (s, 6, methylsilane). Infrared absorptions (CCh), were at 1603 (vinyl) and
1260, 855, and 800 cm-1 (methylsilane).

Bis(dimethyl-«-styryl)disiloxane (I1V). Ethoxydimethyl-a-styrylsilane (20 g, 0.097
mole), water (7 g, 0.4 mole) containing 1 ml of 2N hydrochloric acid was stirred for
14 hr, extracted with ether, dried with anhydrous magnesium sulfate, stripped of volatile
material under reduced pressure, and distilled through a Vigreux column at 141-145°C/
0.7 torr to yield 10 g (61%) of a yellow liquid; bp 136°C/0.6 torr; nfj 1.5333. The
NMR spectrum (CCh) showed r2.8 (s, 5, phenyl), 4.2 (d, 1, J = 3 Hz, vinylidene H
cis to phenyl), 4.4 (d, 1, J = 3 Hz, vinylidene H irans to phenyl), 9.8 (s, 6, methyl-
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silane). Infrared absorptions (CCh), were at 1600 (vinyl), 1260, 855, and 800 cm 1
(methylsilane).

Anal. Calcd for COH x0Si2: C, 70.94%; H, 7.74%:; Si, 16.59%. Found: C,
70.93%; H, 7.69%; Si, 16.28%.

/3-Phenallyl Bromide. A solution of 3-hydroxy-2-phenylpropene (63.2 g, 0.472 mole),
pyridine (7.5 g, 0.095 mole), and 40 ml of anhydrous ether was added dropwise over a
2-hr period to a solution of phosphorus tribromide (56.0 g, 0.207 mole) and pyridine (9 g,
0.1 mole) in 100 ml of anhydrous ether, which was maintained at —3 to —20°C under
anhydrous conditions and a nitrogen atmosphere. The reaction mixture was allowed
to warm to room temperature over a 1-hr period and stirred for an additional 22 hr.
Volatile material was removed under vacuum, and 79.6 g (85.7%) of /3-phenallyl bromide
was obtained after distillation at 68-74°C/1.5 torr. Redistillation at 65-68°C/1.3
torr produced a pale yellow liquid; n|,7 1.5901. The NMR spectrum (CCU) showed
t2.6 (to, 5, phenyl), 4.5 (d, 1, J = 1Hz, vinylidene H CiSto phenyl), 4.6 (d, 1,J = 1 Hz,
vinylidene H trans to phenyl), and 5.7 (s, 2, methylene).

Anal. Calcd for CH®Br: C, 54.85%; H, 4.60%; Br, 40.55%. Found: C,
54.92%; H, 4.50%; Br, 40.82%.

Diethoxymethyl-/3-phenylallylsilane (V). /3-Phenallyl bromide (102 g, 0.518 mole)
in 800 ml of anhydrous ether was added dropwise at a rate of one drop/3 sec to a mixture
of magnesium turnings (30 g, 1.2 mole) (which had been activated with 0.1 g of iodine),
triethoxymethylsilane (173 g, 0.973 mole) and 160 ml of anhydrous ether under a nitro-
gen purge and anhydrous conditions. The reaction mixture was periodically refluxed
during the addition period. Nextthe mixture was heated at reflux for 5 min and stirred
for an additional 6 hr at room temperature. Anhydrous acetone (50 ml) was added, the
solution filtered and dried over anhydrous sodium sulfate. Volatile material was
removed under vacuum. Distillation through a Vigreux column at 98-117°C/0.5 ton-
yielded 50 g (mainly V). A higher-boiling fraction of 117-190°C/3.5 torr yielded 22 g
(mainly 2,5-diphenyl-1,5-hexadiene). Redistillation through a spinning band column
at 114-115.5°C/2.2 torr at a 10:1 reflux ratio yielded 47.0 g (39%) of combined frac-
tions of V, n%? 1.4930. The NMR (CC14) showed 2.7 (m, 5, phenyl), 48 (d, 1, J = 2
Hz, vinylidene H cisto phenyl), 5.0 (d, 1,/ = 2 Hz, vinylidene H trans to phenyl), 6.4
(quartet, 4,J = 7 Hz, CH2CH3), 8.0 (s, 1, CH.2—Si), 9.0 (f, 6,/ = 7 Hz, CH3—CH2),
and 10.2 (s, 3, methylsilane).

Anal. Calcd for CiddiiChSi: C, 67.15%; H, 8.85%; Si, 11.21%; mol. wt. 250.
Found: C, 67.41%; H, 8.60%; Si, 10.49%; mol. wt. 255.

We wish to acknowledge support of this research by the U.S. Army Research Office,
Durham, under Contract DA-31-124-AR0O-D-232.
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ERRATUM

Four-Center Type Photopolymerization in the Solid State. 1V.
Polymerization of a,a'-Dicyano-p-benzenediacrylic Acid
and Its Derivatives

Fusae Nakanishi and M asaki Hasegawa

[article in J. Polym. Sci. A-l, 8, 2151 (1970)]

In Table I, the yield of re-propyl ester (R=COO-re-C3TI7) was described as “qualita-
tive.” It should be “quantitative.”
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