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EDITORIAL

The first issue of a new year is perhaps the most propitious time for
a publication to take stock of itself and to inform readers of any major
plans in the offing. Certainly one of the notable developments of the
past few years, as far as the Journal of Polymer Science is concerned, has
been the great success we have achieved in attracting an increasing number
of papers in the area of polymer physics. In the April, 1964, issue of the
Journal we indicated editorially our plan to give stronger identification to
the growing field of polymer physics. This plan was underscored at that
time by the appointment of Dr. Richard S. Stein as one of the Journal’s
Editors (a post later taken by Dr. Thomas G Fox, assisted by Dr. E. F.
Casassa and Dr. H. Markovitz). Since then the influx of manuscripts in
polymer physics has gained such momentum that the Editors and publisher
of the Journal decided that the physical separation of such papers from
the bulk of the material was both practical and desirable.

To implement this decision, we are undertaking a major change in the
organization of the Journal: Commencing this year, Part A of the
Journal (General Papers) is being divided into two separately published
sections.

Part A-l1 will comprise papers in polymer chemistry and will continue
on a monthly basis.

Part A-2 will contain papers in polymer physics and polymer chemical
physics and will be published on a bimonthly schedule.

The papers published in the chemistry section of the Journal (Part A-1)
will deal with the synthesis of polymers, reaction mechanisms, kinetics, and
other areas of the organic and physical organic chemistry of macromole-
cules. The physics section of the Journal (Part A-2) will include those
papers dealing with macromolecules in solid state and solution.  Spe-
cifically, they will deal with such topics as crystallization and crystallinity;
polymer morphology; crystal physics; mechanical, optical, and other
physical properties; molecular conformation; thermodynamics; and sta-
tistical thermodynamics.

Overall policy for the Journal will be the responsibility of a Board of
Editors composed of Drs. Il. Mark, C. G. Overberger, and T. G Fox.
R. M. Fuoss, .T. J. Hermans, Il. W. Melville, and G. Smets will serve
as Advisory Editors. Dr. Overberger will act as the Editor for Part A-I,
assisted by Dr. Eli Pearce of the J T. Baker Company, Phillipsburg,
New Jersey. Dr. Fox will act as the Editor for Part A-2, assisted by
Drs. Casassa and Markovitz. A separate Advisory Board, representing
all areas of polymer physics, will be appointed for Part A-2.
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Publication Time-Lag Reduced

The Editors are also pleased to report that although the influx of
manuscripts to Part A of the Journal has steadily increased during
the 1964-1965 period, the time lag between receipt of manuscripts and
actual publication has been substantially reduced. Whereas many
articles appearing in the April, 1964, issue of the Journal had been re-
ceived by the Editors 13 months previously, most manuscripts in the
December, 1965, issue had been received only five months before. Be-
cause we are aware of the importance of speed in publication of scientific
papers, both the Editors and the publisher give constant attention to this
aspect of the Journal.

Editorial Policy

At a number of meetings of the Journal’'s Editorial Board the Editors
have reviewed and discussed the overall editorial policy that guides them
in evaluating manuscripts submitted for publication. It will undoubtedly
be helpful to prospective authors to reiterate that policy here.

Naturally, the Journal of Polymer Science will at all times be selective
in accepting contributions on the basis of merit and originality. The
Journal is not intended as a repository for unevaluated data. Preference
will be given to papers that contribute new concepts, new or more compre-
hensive interpretations, or novel experimental approaches and results.

When preparing a manuscript, please consider critically the following
questions for they embody the criteria by which the Editors and referees
will judge contributions.

Are the scientific problems clearly stated; are they significant?

Is the development of theoretical ideas logical and lucid? Are all quantities and
symbols defined explicitly? Are all assumptions explicitly identified?

Are experimental data of an accuracy commensurate with the present development
of technique, and do they elucidate the scientific problem? Are the experimental pro-
cedures and data given in sufficient detail to permit the reader to form a judgment of
the work?

Are interpretations sound, and are the conclusions borne out by the evidence? Are
tentative or speculative interpretations clearly labelled as such? Has full account been
taken of pertinent earlier investigations?

Is the presentation clear, concise, and grammatical? Is the synopsis adequate;
does it emphasize the important aspects of the problem, results, and conclusions?

In addition to meeting standards for excellence and significance, manu-
scripts for Part B (Polymer Letters) should exhibit a degree of novelty
and timeliness that warrants speedy publication, even in preliminary form.
Short communications, however meritorious, that do not meet this test
can be considered for “Notes” in Parts A. The Notes are generally to be
regarded as complete publications of limited scope, while Letters may
sometimes deal with important material to be elaborated later in a full-
length paper.
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INFORMATION FOR CONTRIRUTORS

Manuscripts should be submitted to H. Mark, Polytechnic Institute of Brooklyn,
333 Jay Street, Brooklyn, New York 11201. In Europe, manuscripts may be
submitted to Professor G. Smets, University of Louvain, Louvain, Belgium; and in
the United Kingdom to Sir Harry W. Melville, Department of Scientific and In-
dustrial Research, 5-11 Regent Street, London, S.W.l, England. Address all
other correspondence to Periodicals Division, Intersc.ience Publishers, John Wiley &
Sons, Inc., 605 Third Avenue, New York, New York 10016.

It is the preference of the Editors that papers be published in the English language.
However, if the author desires that his paper be published in French or German, it is
necessary that a particularly complete and comprehensive synopsis be furnished.
Manuscripts should be submitted in triplicate (one original, two carbon copies),
typed double space throughout and on one side of each sheet only, on a heavy grade
of paper with margins of at least one inch on all sides.

A short synopsis (maximum length 200 words) is required for papers in Parts A.
No synopsis is published for Part B or for “Notes” in Parts A. This synopsis should
be carefully prepared, for it will appear in English, in French, and in German, and
is automatically the source of most abstracts. The Synopsis should be a summary
of the entire paper; not the conclusions alone.

. The paper should be reasonably subdivided into sections and, if necessary, subsec-

tions. Please refer to any issue of this Journal for examples.

. The references should be numbered consecutively in the order of their appearance and

should be complete, including authors’ initials and— for unpublished lectures or
symposia— the title of the paper, the date, and the name of the sponsoring society.
Please compile references on a separate sheet at the end of the manuscript. Ab-
breviations of journal titles should conform to the practices of Chemical Abstracts.

. Please supply numbers and titles for all tables. All table columns should have an

explanatory heading.

. It is particularly important that all figures be submitted in a form suitable for repro-

duction. Good glossy photographs are required for halftone reproductions. For
line drawings (graphs, etc.), the figures must be drawn clearly with India ink on
heavy white paper, Bristol board, drawing linen, or coordinate paper with a very
light blue background. The India ink lettering of graphs must be large, clear, and
“open” so that letters and numbers do not fill in when reduced for publication. It
is the usual practice to submit drawings that are twice the size of the final engravings;
the maximum final size of figures for this Journal is 4j/®@ X 7V2 inches.

It is the author’s responsibility to obtain written permission to reproduce material
which has appeared in another publication.

If in doubt, about the preparation of illustrations suitable for reproduction, please
consult the publisher at the address given above in paragraph 1 and ask for a sample
drawing.

Please supply legends for all figures and compile these on a separate sheet.

Authors are cautioned to type— wherever possible— all mathematical and chemical
symbols, equations, and formulas. |If these must be handwritten, please print
clearly and leave ample space above and below for printer’'s marks; please use only
ink. All Greek or unusual symbols should be identified in the margin the first time
they are used. Please distinguish in the margins of the manuscript between capital
and small letters of the alphabet wherever confusion may arise (e.g.,, k, K, k).
Please underline with a wavy line all vector quantities. Use fractional exponents to
avoid root signs.

The nomenclature sponsored by the International Union of Chemistry is requested
for chemical compounds. Chemical bonds should be correctly placed, and double
bonds clearly indicated. Valence is to be indicated by superscript plus and minus
signs.
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11. Authors will receive 50 reprints of their articles without charge. Additional reprints
can be ordered and purchased by filling out the form attached to the galley proof.
Page proofs will not be supplied.

12. No manuscript will be returned following publication unless a request for return is

made when the manuscript is originally submitted.

Manuscripts and illustrations not conforming to the style of the Journal will be re-
turned to the author for reworking, thus delaying their appearance.



JOURNAL OF POLYMER SCIENCE PART A‘l VOL. 4, 5-28 (1066)

Polymerization of Aromatic Nuclei. VIII.
Molecular Weight Control in Benzene Polymerization

PETER KOVACIC and LI-CHEN HSU, Department nf Chemistry, Case
Institute nf Technology, Cleveland, Ohio

Synopsis

The molecular weight of p-polyphenyl prepared from benzene-aluminum chloride-
cupric chloride, was affected by solvent, concentration, and temperature. Relative
molecular weights were measured by polymer solubility in chloroform, and positions of
the infrared para band and ultraviolet reflectance Xnex. The order of effectiveness of the
solvents in reducing molecular weightwas: o-CjHiCla > 1,2,4-C6H3CI3 > SnClj ~ CSj >
ICeH»]. Degradative oxidation revealed that o-dichlorobenzene solvent was incorpo-
rated as an endgroup to only a minor extent. In general, the molecular weight of p-poly-
phenyl decreased with increasing temperature and with decreasing concentration. The
theoretical aspects are treated.

Recently, a new polymerization method was developed in this laboratory
whereby aromatic nuclei may be transformed in one step to honropolymers.
For example, benzene was converted to p-polyphenyl under mild conditions
on treatment with aluminum chloride- cupric chloride,12 molybdenum
pentachloride,3 or ferric chloride.4 Aluminum chloride functions as the
catalyst, and cupric chloride as the oxidant. The other metal halides
apparently assume the dual role of catalyst and oxidant. An oxidative
cationic mechanism has been postulated for this novel polymerization
method.2"4 Unfortunately, extreme insolubility of the polymer precludes
molecular weight determination by conventional solution methods. Pre-
vious work5revealed that the polymers prepared from benzene-aluminum
chloride by use of nitrogen oxides and p-quinones possessed relatively low
molecular weights as evidenced by infrared spectroscopy. The results
indicated that these oxidants also function as chain terminating agents.

Attention has been drawn to the similarities between the benzene trans-
formation and the cationic polymerization of olefins.257 The literature
contains a considerable number of reports dealing with molecular weight
control in olefin polymerization by use of additives8-16 and variation in
temperature8 or concentration.8% Included among the diverse types of
terminating agents are aromatic compounds89 and various oxygen-con-
taining substances.81010

The objective of this study was to effect molecular weight control in the
polymerization of benzene to p-polyphenyl by varying the solvent, con-
centration, and temperature. Further elucidation of the mechanistic
aspects was also desired.



6 P. KOVACIC AND L. HSTI

RESULTS AND DISCUSSION
Analytical Methods

The molecular weight of /(-polyphenyl prepared by reaction of benzene
with aluminum chloride-cupric chloride in different kinds of solvents was
found to vary with the nature of the solvent, concentration of the solution,
and reaction temperature. Relative molecular weight data for the poly-
mers were obtained primarily by use of the following techniques: solubility
in chloroform, reflectance, and infrared spectroscopy. In certain cases it
was possible to ascertain the molecular weight. Some insight concerning
the structure was also gained from the elemental analyses.

Theoretically, the data from elemental analyses can provide information
pertinent to the molecular weight problem. The C/H atomic ratio varies
from 1.285 for p-terphenyl to a limiting value of 1.5 for an infinitely long p-
polyphenyl chain. Practically, however, one finds that this approach has
serious limitations, considering that a polyphenyl of quite low molecular
weight (n = 20) possesses a C/H value, 1.46, which is experimentally in-
distinguishable from the limiting value. Since all of the polymers contained
chlorine, usually in small amounts, the C/H ratio for the parent hydrocar-
bon was obtained from the expression, C/(H + CI). Inherent is the reason-
able assumption that the chlorine is introduced by replacement of hydro-
gen.

Fractional extraction with media of varying solvent power has been
employed to determine the molecular weight distribution of linear poly-
mers.88 For comparing p-polyphenyls of greatly different molecular weights,
chloroform was found to function as a useful solvent.

When ultraviolet transmittance measurements are extremely difficult or
impossible to obtain, as in this case, because of strong sample absorption,
the reflectance technique provides a possible alternative.1920 The reliabil-
ity was ascertained by examining anthracene and lower p-polyphenyls and
then comparing the results with the published spectra obtained in solution
(Table 1).242

The peak positions determined by the two methods were found to be in
satisfactory agreement. It is apparent that the Arex of p-polyphenyls
shifts to a shorter wavelength as the molecular weight is decreased.

TABLE 1
Ultraviolet Spectroscopy by Solution and Reflectance Techniques

Amaxj TIf,

Compound Solution Reflectance
Anthracene 253,339,356,374 251,336,350,370
p-Terphenyl 380 286
p-Quaterphenyl 300 308
p-Quinquephenyl 310 317

p-Sexiphenyl 317.5 321



MOLECULAR WEIGHT CONTROL 7

1l 12 13 14 15 16

Fig. 1. Infrared spectra of p-potyphenyl: (top) before dechlorination; (bottom) after
dechlorination. (Table I11.)

The relation between the ultraviolet spectrum and molecular weight of p-
polyphenyls has been discussed from the quantum mechanical viewpoint
by DewarZand Davydov.24 Conjugation results in a bathochromic, shift,
with Xrex increasing asymptotically to a limiting value as the number of
aromatic nuclei increases.5 From calculations based on Davydov's
equation and Xmexvalues (in solution) for the lower p-polyphenyls, Suzukis
reported 339 mp as the peak position when n is infinity. In marked con-
trast, Xmex experimental figures as high as 395 nip have been obtained for
p-polyphenyl prepared from neat benzene and in carbon disulfide. Al-
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12 13 14 15 16

Fig. 2. Infrared spectra of p-polyphenyl: (top) before chlorination; (bottom) after
chlorination (31% CI, Table I1I).

though the correction factor is unknown, it appears unlikely that the dis-
crepancy arises entirely from differences in the method of obtaining the
spectra. Perhaps p-quinoid type linkages are present to some extent in the
chains.

A shift of the infrared para band position to a lower wave number with
increasing molecular weight in the p-polyphenyl series has been observed.3D
Since the magnitude of the shift decreases with increasing molecular weight,
the method is most applicable to lower molecular weight polymers and for
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comparison of p-polyphenyls which differ widely in molecular weight.
Valuable information was provided by this analytical approach.

The two mono bands, situated at 770-730 cm.-1 and 710-690 cm,"1
are derived from the terminal groups (Figs. 1 and 2). It is also evident
that the ratio of the logarithm of the para band intensity to that of the sum-
mation of mono band intensities increases with increasing molecular weight.5
This technique then constitutes a type of endgroup analysis. Unfortu-
nately, serious problems were encountered which severely limit the useful-
ness of this method. Of greatest concern was the presence of small quan-
tities of chlorine in the polymer. Obviously, substitution of a halogen into
a terminal phenyl nucleus would alter the infrared spectral pattern of the
endgroup. As described in the subsequent section, efforts to resolve this
difficulty were only partially successful.

In addition, in order to strive for completeness of critical evaluation, one
should consider the question of the presence of small numbers of non-
aromatic units in the polymer chains. Perhaps irregular structures of this
type might be introduced by disproportionation of labile intermediates
(cyclohexadiene units) during polymerization. Interruption of conjuga-
tion in this manner could have an important influence on the spectral
analyses. At present, there is no definitive answer to this question.

Effect of Chlorine Content on Validity of the Analyses

Since the chlorine content of the polymers prepared in this study varied
somewhat (2.3-14.8%), a series of experiments was carried out with the
aim of determining the effect of change in per cent chlorine on solubility
and ultraviolet and infrared analyses. Two methods of attack were used:
(I) chlorination of p-polyphenyl after polymerization so as to provide
polymers differing widely in halogen content; (2) dechlorination aimed at
conversion to polymers completely devoid of substituents.

In the chlorination studies a relatively high molecular weight p-poly-
phenyl, prepared from neat benzene, was halogenated to various degrees

TABLE 11
Effect of Chlorine Content on Polymer Properties

Infrared
C/(H + CIl), Solubil- paraband Reflect-
Cl, Benzene atomic ity in position, ance
% units/ClI Color ratio CHCL, % cm.-1 ~maxj mli
1.9¢ 20 Brown 1.52 3.5 803 386
6.9b 6 Dark — 3.6 803 383
brown
31.0b 1 Brown- 1.49 7.6 804 362
black

aPrepared from neat benzene, CtHe/AICIs/CuCk = 12/1/0.5 (molar ratio) at 32-35°C.
for 2 hr.
bFrom p-polyphenyl and antimony pentachloride (see Experimental).
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by treatment with antimony pentachloride®in antimony trichloride (Table
I1). Increasing the chlorine content resulted in a darker color, but in no
significant change in C/(H + CI).

An increase in chlorine from 1.9 to 6.9% produced essentially no change
in chloroform solubility. A more drastic increase to 31% resulted in dis-
solution to the extent of 7.6%. Therefore the conclusion may be drawn
that for this molecular weight level large variation in the per cent chlorine
has relatively little effect on solubility. 11 might well be that for polymers
possessing relatively short chains, solubility would be more drastically
altered by similar changes in chlorine content. Kern and WirthZ made
fairly extensive studies of the effect of substituents in p-polyphenyls on
physical properties. The derivatives exhibited lower melting points and
considerably enhanced solubility in comparison with the parent compounds.

The prior literature reveals, in general, a shift to longer wavelengths
(bathoehromic effect) in the ultraviolet Xmex on introduction of a chlorine
substituent into the aromatic nucleus. Also, compare biphenyl (Amex
246 mn) with 4,4'-dichlorobiphenyl (Xmex 260 m”). The bathoehromic
effect presumably arises from the presence of an atom or group which do-
nates electrons so as to increase the degree of conjugation.8 In contrast,
increase in the chlorine content of p-polyphenyl induced a shift to shorter
wavelengths (Table I1). The incremental change is about 0.8 m/t for each
per cent increase in chlorine content. Perhaps the substituent on the
polymer backbone sterically decreases the degree of coplanarity of the rings,
thereby reducing resonance interaction of the aromatic nuclei. Support
for this hypothesis is provided by spectral data reported for methylated
biphenyls.2l o-Methylbiphenyl demonstrates a hypsochromic effect (Xmmx
2.37 npt vs. Xmax 246 npu for biphenyl), whereas p,p'-dimethybipheny1falls
in the bathoehromic category (Xmex 257 mijt).

In relation to infrared analysis, the para band position remained essen-
tially unchanged in the range, 1.9-31% chlorine (Table 11). Therefore, the
appears to constitute a valid criterion of molecular weight in the case of
chlorinated p-polyphenyls. The mono substitution bands decreased and
the isolated hydrogen band (860-900 cm.-1) increased in intensity as tire
level of chlorination by antimony pentachloride increased (Fig. 2).

The pathway leading to chlorination of p-polyphenyl during polymeriza-
tion remains to be elucidated. It seems reasonable to designate cupric
chloride as the active species. Although this metal halide is a weak halo-
genating agent, aluminum chloride is known to exert a catalytic effect.
Furthermore, a small amount of the observed halogen might be incorporated
by a termination reaction.

The principal objective of the dechlorination studies was to obtain the
corresponding parent p-polyphenyl hydrocarbon to permit a valid end-
group analysis. Sodium was used as the reagent at 160°C. with high-speed
stirring.  In most cases, less than 1% chlorine remained after treatment for

5 hr. Analytical data for the resultant polymers are summarized in Table
1.
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There was little or no change in para band position, reflectance Amex
solubility, and color. However, there occurred a marked decrease in
intensity or complete loss of the band in the 860 cm.-1 region characteristic
of an isolated hydrogen. This reflects the removal of backbone halogen.
In addition, there was a considerable increase in mono band absorption,
pointing to the loss of terminal chlorine (Fig. 1).

TABLE 111
Comparison of Polymers Before and After Dechlorination

Infrared
band
Solu- Infrared intensi-
C/(H Dbility para ties, log Reflect-

+ C1), in band (para) ance

Cl, atomic CHC13 position, log (2 Xmet,

Polymer % Color ratio % cm.-1 mono) m/x

Prepared in 6.1 Dark 1.55 10 803.5 1.75 378
o-CJRCL1 brown

Same, after de- 0 Dark 1.50 9 804 1.57 375
chlorination brown

Prepared in 13.6 Black 1.87 11 804 1.97 380

1,2,4-CEHILID
Same, after de- 0.7 Black 1.53 12 804 1.36 375

chlorination

‘o-C@H4c12Cc eH6 = 6, 80°C., 18 min.
b1,2,4-CEH31ICEHE6 = 12, 80°C., 18 min.

Regrettably two obstacles remained to obstruct the use of this technique.
In some cases it was difficult to effect complete removal of halogen. Also
dechlorination of a relatively low molecular weight polymer was apparently
accompanied by reduction of aromatic nuclei as evidenced by a significant
decrease in para band intensity.

Relative Molecular Weight

Solvent Effect. After establishing the validity and degree of applica-
bility of the analytical methods for determining relative molecular weights
we proceeded with a more detailed investigation of various solvents. Both
inorganic and organic types were used, including carbon disulfide, stannic
chloride, titanium tetrachloride, o- and p-dichlorobenzene, and 1,2,4-tri-
chlorobenzene.

For each solvent, a control run was made under the most drastic poly-
merization conditions. With o- and p-dichlorobenzene, 1,2,4-trichloro-
benzene, and carbon disulfide, benzene was not added. In the case of
titanium tetrachloride and stannic chloride, aluminum chloride was omitted.
No significant amount of solid organic product was obtained in any of these
experiments. With the di- and trichlorobenzenes the reaction mixture
after hydrolysis was also analyzed by gas chromatography and infrared
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spectroscopy for possible isomerization and disproportionation. There
was no evidence for the occurrence of such side reactions.

First, a comparison of the polymers prepared in the various solvents will
be made based on the principal analytical methods. When the reactions
were carried out at 35-40°C. for 18 min. at a solvent/benzene ratio of 12,
products were obtained which displayed C/(H + CI) ratios near 1.5 and
low chlorine content (about 4%). Under these conditions no polymeriza-
tion occurred in titanium tetrachloride, and p-dichlorobenzene was not
investigated. The data (Table 1V) point to the following order of effective-
ness of the solvents in reducing molecular weight: oC&H4C12> 1,2,4-Ce-
H313> SnCh — CS2> (C.H,).

TABLE 1V
Solvent Effect in the Polymerization of Benzene at 35-40°C.a

Infrared
C/(H + CI), Solubility para band
Cl, atomic in CHCDb, position, Reflectance
Solvent % ratio % cmV1 Amax) niju
o-CelbCh 4.1 1.46 20 804 385
1,2,4-CfiHaCh 3.6 1 30 10 804 388
SnCL 4.0 1.50 2.2 801 392
CS2 3.6 1.47 2.4 801.5 392
Cells 2.4 1.40 2.5 801.5 395

*Solvent/CeHj/AlICla/CuCh = 12/1/1/0.5 (molar), 18 min.

There is good agreement among the solubility, infrared, and reflectance
analyses in relation to the relative changes in molecular weight. The
following extremes were noted: solubility in chloroform (2.2-20%),
infrared para band position (801-804 cm.-1) and reflectance \mex (395-385
m/i).

The same solvent order pertained to the studies carried out at 80°C.
(Table V). It is interesting that similar results were obtained with the
polymers prepared at the different temperatures, even though the products
formed at 80°C. possessed somewhat greater structural irregularity. That
is, the chlorine content was higher (4.1-13.6%) and with 1,2,4-trichloro-
benzene and stannic chloride the C/(H + CI) ratios were relatively high
(1.78 and 1.86). This leads to the conclusion that these differences do not
seriously affect the investigated properties. Titanium tetrachloride falls
in a unique category since results from the three analytical methods were
not in agreement. We surmise that in this case the infrared data con-
stitute the most valid criterion of molecular weight. On this assumption,
the following order of effectiveness in reducing molecular weight would
pertain, 0-CeHACI2> 1,2,4-CE8H 313> p-CAHALI2> TiCh > SnCl4> (C&H6.
The high C/(H + CI) value, 1.95, for titanium tetrachloride points to the
presence of polynuclear structures in appreciable amounts.6 Presumably
this accounts for the unexpected Amex figure, 370 ni/t, since diffuse reflee-
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TABLE Y
Solvent Effect in the Polymerization of Benzene at 80°C.a

Infrared
C/(H + CI) Solubility moara band
Cl, atomic in CHCla, position, Reflectance
Solvent % ratio % : cm._1 ~maxj Hju
o-Ce8H4Ch 8.0 1.58 26 806 366
1,2,4-C6H 313 13.6 1.78 11 804 375
p-cth 4ci2 8.4 1.62 3 804 377
TiCl4 6.6 1.95 2 802.5 370
SnCl4 5.5 1.86 2.6 801.5 385
(CéHe) 4.1 1.48 2 801.5 388

“Solvent/CeHe/AICL/CuCL = 12/1/1/0.5 (molar), 18 min.

tance cannot be measured accurately if the sample fluoresces,® as would be
expected for polynuclear structures.

A polymer prepared in o-dichlorobenzene was fractionated and subjected
to infrared analysis. The chloroform soluble portion exhibited strong
mono bands and enhanced absorption derived from 1,2,4-trisubstitution
(backbone halogen). In contrast, the reverse was true of the insoluble
portion in comparison with the unfractionated material.

Degradative oxidation of several benzene polymers was carried out with
chromic anhydride in order to obtain information concerning endgroup
structure and chain regularity. After oxidation of a polymer prepared in
o-dichlorobenzene, the product was esterified with diazomethane and
analyzed by gas chromatography. The following components were identi-
fied: methyl benzoate, methyl p-chlorobenzoate, methyl 3,4-dichloroben-
zoate, and dimethyl terephthalate. The qualitative and quantitative
evidence points to the presence of three types of terminal structure in the
indicated order of abundance, p-chlorophenyl > phenyl > 3,4-dichlorophenyl.
Since the susceptibility to gross oxidation involving ring cleavage is in the
order of phenyl > p-chlorophenyl > 3,4-dichlorophenyl, the actual ratio of
the phenyl endgroup in the polymer would be greater than that found.

On the unlikely premise that the 3,4-dichlorophenyl endgroup arose
from chlorination in situ of the p-chlorophenyl entity, oxidation of a
polymer formed in another solvent (1,2,4-trichlorobenzene) was investi-
gated in a similar manner. The following acids were detected, benzoic, p-
chlorobenzoic, and terephthalic, but no 3,4-dichlorobenzoic. Therefore,
confirmatory evidence is provided for covalent attachment of o-dichloro-
benzene to the propagating species. These studies aid in the clarification
of the problem concerning endgroup structure. Several conclusions may
be put forth: (1) a principal mode of termination involves phenyl end-
group formation, apparently by loss of a proton from the propagating
carbonium ion; however, this same terminal structure could result from
initiation; (K) the p-chlorophenyl structure might arise by chlorination
of the phenyl group; alternatively, there might be interaction of chloride
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ion with the growing carbonium ion followed by oxidation with cupric
chloride, (8) o-dichlorobenzene is incorporated as an endgroup to only a
minor extent through the covalent attachment of o-dichlorobenzene to the
propagating species.

An analogous situation relative to solvent effect is known to exist in
polar polymerization of olefins. There is good evidence indicating in-
corporation of aromatic solvent as an endgroup.89810 Interestingly,
Overberger and Endres8found that this was not the exclusive termination
route for styrene in the presence of various aromatic species.

20 Yo 6o (S4) 10 10

Temperature, °C

Fig. 3. Polymer solubility in chloroform vs. reaction temperature. Polymerization at
solvent/CéH6 = 12 for 18 min.

In our studies there was no evidence for the presence of benzenedicar-
boxylic acids other than the para one. This provides additional support
for the conclusion that the polymers possess essentially the para configura-
tion. There may be small amounts of other structures (side chains, cross-
links, and meta linkages), particularly in the polymers prepared under more
drastic conditions.

There are detailed treatments dealing with the effect of physical prop-
erties of the medium on ionic polymerization of olefins.3L It is instructive
to compare the solvent effect in benzene polymerization with the dielectric
constant32-34 of the diluent, r (20°C.): o-dichlorobenzene, 7.5; 1,2/4-
trichlorobenzene, 3.98; stannic chloride, 2.87; carbon disulfide, 2.G4;
benzene, 2.28. As cited earlier for the polymerization at 35-40°C., the
solvents demonstrated the following order of effectiveness in reducing
molecular weight, 0-CelECb > 1,2,4-CEHXI3> SnCl4~ CS2> (C8H6. Thus,
a good correlation exists between increasing dielectric constant and in-
creasing effectiveness of the solvent in decreasing molecular weight.
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Temperaturef °C

Fig. 4. Polymer reflectance vs. reaction temperature. Polymerization at solvent/C6H6
= 12 for 18 min.

Let us attempt a further rationalization of the effect of aromatic solvent
on polymerization, x- and «-complexes®might so deactivate the growing
end that the rate of propagation decreases and termination by proton loss
assumes a more favored status.

The physical nature of the reaction medium in the benzene reactions
should be borne in mind relative to theoretical considerations. A hetero-
geneous system is involved with metal halides and p-polyphenyl constitut-
ing the insoluble, solid phase.

Temperature Effect. studies were usually carried out in the 35-T15°C.
range in order to determine the effect of temperature on relative molecular
weights in the various solvent systems. Polymerizations were performed
under the following conditions: solvent/benzene = 12 for 18 min. The re-
sults from the analyses are summarized in Figure 3 (solubility), Figure 4
(reflectance), and Figure 5 (infrared). In the case of o-dichlorobenzene,
1,2,4-trichlorobenzene, and stannic chloride, a decrease in molecular weight
with increasing temperature is indicated by the reflectance technique which
appears to be the most sensitive of the three methods. In addition,
solubility and infrared data lead to a similar correlation with o-dichloro-
benzene solvent. However, these two techniques were not of sufficient
sensitivity to detect the changes in molecular weight effected with the
other media. In general, at the different temperatures investigated,
molecular weight decreased in the order, 0-CsHiCb > 1,2,4-C6H3C13> SnCl4
Since the polymer from titanium tetrachloride exhibits an erratic nature as
mentioned earlier, no rationalizations were made in this case. W.ith carbon
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TABLE VI
Polymerization of Benzene in Carbon Disulfide

Ccs2 C/(H + Solubil- Infrared Reflect-
cth g Cl), ity in paraband ance
molar Temp., Time, Yield, Cl, atomic CHCL, position, Xrmex,
ratio °C. min. (o} % ratio % cm.-1 mp
6 35-40 1S 20 3.4 1.68 3.2 801 5 395
12 35-40 18 10 3.6 1.47 2.4 SOl 5 392
24 35-40 18 0 3.0 1.45 — SOl 5 390
12 35-40 120 30 3.8 1.62 2.8 801.5 395
12 10-15 120 5 2.5 1.50 — 801.5 395

disulfide solvent, polymerization could be conveniently effected only over
it narrow temperature range (10-40°C.). It is not surprising to find no
detectable change in molecular weight with such a small change in tem-
perature (Table VI).

Data for p-polyphenyl prepared iron neat benzene (C/He/AICh/CuCL =
13/1/0.5) are included in the figures for comparison. Whereas reflectance
measurements showed that the highest molecular weights were attained
in the undiluted system, the other two analytical methods could not dif-
ferentiate between the products formed neat and those prepared in stannic
chloride solvent.

In relation to the cationic polymerization of olefins, Pepper8states that
the most important single factor affecting the molecular weight is un-
doubtedly the reaction temperature.3lbdr.® The theoretical aspects of the
temperature effect have received attention in the prior literature.833%

7 10 60 0 10 120

Temperature, °C

Fig. 5. Infrared para band position of the polymer vs. reaction temperature. Poly-
merization at solvent/Coll6 = 12 for 18 min.
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Fig. 6. Polymer solubility in chloroform vs. benzene concentration. Polymerization at
80°C. for 18 min.

Since our work concerns an aromatic monomer, it is reasonable to expect
that the temperature-dependent reactions which compete with propagation
may differ somewhat from those involved in the olefin systems. The de-
crease in molecular weight at higher temperatures in the benzene polymeriza-
tion may be due to the increased importance of one or more of the following
factors: (1) depropagation; (2) proton loss from the propagating car-
bonium ion; (S) termination by interaction of the growing end with a Lewis
base, e.g., the solvent or chloride; (/) hydride abstraction involving the
growing carbonium ion and an intermediate nonaromatic (e.g., cyclohexa-
diene) structure.

Concentration Effect. in the investigation of this variable, polymeriza-
tions were run at 80°C. for 18 min. at solvent/benzene ratios varying from 6
to 24 (occasionally 120). In general, with the various diluents there was a
decrease in molecular weight with decreasing benzene concentration
(Figs. 6-8). Usually the curves leveled out asymptotically. At the dif-
ferent concentration levels, the solvent effectiveness in decreasing the
molecular weight was, 0-CEH4ACI2> 1,2,4-C6H3T13> p-CelLCL > SnCfi. There
was comparatively little change in molecular weight when the ratio was
altered from 12 to 24 in the p-dichlorobenzene and 1,2,4-trichlorobenzene
systems, in contrast with the other solvents. It is interesting that the
polymers prepared in carbon disulfide displayed only a comparatively slight
decrease in molecular weight over the dilution range studied at 35-40°C.
(Table VI). The titanium tetrachloride data, although included, were
not interpreted.

Since the polymer prepared at high dilution in o-dichlorobenzene (o-
CEHACI2C EHFAICI3CuCIl2= 120/1/1/0.5 at 80°C. for 18 min.) demon-
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Fig. 7. Polymer reflectance vs. benzene concentration. Polymerization at 80°C. for 18
min.

Fig. 8. Infrared para band position of the polymer vs. benzene concentration. Poly-
merization at 80°C. for 18 min.

strated high solubility (77% in chloroform at room temperature), molec-
ular weight determinations were carried out by vapor pressure osmometry.
An average value of about 460 was obtained, corresponding to the presence
of 5-6 benzene units per chain.
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Fig. 9. Chlorine content of the polymer vs. reaction temperature. Polymerization at
solvent/C6H6 = 12 for 18 min.

Rather extensive studies on the subject of variation in degree of olefin
polymerization with concentration indicate that the situation is com-
plex.8b.38 .

Effect of Time. The effect of time on relative molecular weight was
studied in the undiluted system at 80°C. (Table VII), and in carbon di-
sulfide at 35-40°C. (Table VI). In both cases, a slight increase in molecu-
lar weight with increasing time was indicated by the reflectance technique,
while essentially no change with time was observed by solubility and in-
frared measurements.

TABLE VII
Polymerization of Benzene Neat at 80°C.a

Infrared
C/(H + CI), para band
Time, Yield, ClI, atomic Solubility position, Reflectance
min. % % ratio CHCh, % cm."1 ~Nrex) m/g
3.5 61 4.1 1.46 1.6 801 385
9 73 — 1.45 2 801 386
18 81 4.1 1.48 2 801.5 388
60 82 4.2 1.46 2 801 390

aCeHe/AICb/CuCb = 13/1/0.5 (molar).

Chlorine Content

In general the chlorine content of the polymers increased with tempera-
ture (Fig. 9). The chlorination reaction, presumably effected by CuCl2
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Concentration, Bolvent/CgH” (molar ratio)

Fig. 10. Chlorine content of the polymer vs. benzene concentration. Polymerization at
80°C., for 18 min.

A1C13 is relatively sluggish and strongly temperature-dependent. At
about 40°C., the halogen content was uniformly low (2-4% in all cases).
Extent of halogénation at higher temperatures was influenced by solvent
in the following order: 1,2,4-C6H313> 0-CeFFCb > TiCU > SI1CI4

The degree of chlorination also increased with decreasing concentration of
benzene in the polymerization at 80°C. (Fig. 10). The effect of the medium
decreased in the order: ., ,.-CsH3.3> 0- and p-CeEFCh > TiCU > SlIICl4.
On the other hand, in carbon disulfide at 36-40°C., there was essentially
no change with changing concentration (Table VI).

Since molecular weight decreases with decrease in benzene concentration
and increase in temperature, apparently the shorter chains are more sus-
ceptible to chlorination. If halogen is incorporated during termination,
then chlorine content would rise with decrease in molecular weight. The
propagating carbonium ion could conceivably interact with chloride or the
haloaromatic.

C/(H + Cl) Atomic Ratio

As mentioned previously, the limiting value of C/(FI + CI) for chlorine-
containing p-polyphenyl is 1.5. It was observed that certain conditions
led to the formation of polymers possessing ratios appreciably higher than
15. The nature of the solvent has an important bearing. C/(H + CI)
ratios increased according to the following order of the solvents, TiCl, >
SnCh > CSo > 1,2,4-CJECI:, > 0-CAHACI2> (CH,) (Tables IV and V). It
should be emphasized that the aromatic solvents are most effective in
providing relatively low ratios, with neat benzene being the best.
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Fig. 11. (C/H + CI) ratio of the polymer vs. reaction temperature. Polymerization at
solvent/CoHe = 12 for 18 min.

Fig. 12. C/(H + CI) ratio of the polymer vs. benzene concentration. Polymerization at
80°C. for 18 min.

In addition, the C/(H + CI) ratio increased with increasing temperature
(Fig. 11). In all systems at low temperatures, values close to theory, 1.5,
were obtained. For the polymerizations carried out at 80°C., in general
there was an increase in the ratio with decreasing concentration (Fig. 12).
Use of o-dichlorobenzene resulted in the smallest deviation from theory with
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change in concentration. For some unknown reason, the effect of carbon
disulfide (Table VI) was opposite to that of the other solvents.

In studies carried out in carbon disulfide, the C/(H + CI) ratio increased
with increasing time (Table VI). However, there was essentially no
change with time in the neat benzene system (Table VII).

Unexpectedly high C/(P1 + CI) ratios for benzene polymers have been
observed previously. It is known that the nature of the metal halides
used in the polymerization has an important influence.2-4 Although the
exact cause of the high ratios is not known, it would appear that the in-
crease results from the formation of polynuclear structures. Apparently
p-polyphenyl is generated initially, and then polynuclear formation follows
under the appropriate conditions.67 There is a limited amount of evidence
indicating that the subsequent reaction involves benzene and p-poly-
phenyl.4

Color

The color of the polymers varied from brown to black. In general,
polymers prepared at higher reaction temperatures were darker in color.
A correlation exists between color darkening, increasing C/(FI + CI), and
chlorine content. It is noteworthy that polynuclear structures are stronger
ohromophores than polyphenyls. Apparently, the presence of chlorine
contributes to the dark color.

Yield

The yield values, adjusted for the chlorine present, refer to the parent
hydrocarbon polymers. Yields increased with increase in temperature

Fig. 13. Polymer yield vs. reaction temperature. Polymerization at solvent/C846 = 12
for 18 min.
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Fig. 14. Polymer yield vs. benzene concentration. Polymerization at 80°C. for 18
min.

(Fig. 13) and time (Tables VI and VII). The nature of the solvent cor-
related with yield as follows: (CBHe) > CS2> 0-CeHACI2> SnCl4> TiCl4>
1,2,4-C6H3X13 Interesting results were obtained from the investigation
of concentration (Fig. 14, Table VI). In certain cases (p-CeFFC-F, 1,2,4-
C6H3C13 and CS2), yield decreased with decreasing concentration which is
characteristic of a reaction proceeding according to second- or higher-order
kinetics.® On the other hand, yield increased with decreasing concentra-
tion in o-dichlorobenzene. The curves passed through a maximum in the
case of stannic chloride and titanium tetrachloride.

The shapes of some of the curves, particularly for o-dichlorobenzene,
may be artifacts due to the method of calculating yield. Data were ob-
tained based on the following stoichiometry:

Aicn

nCaH6+ 2nCuCF-------—-- >-KV,H4-K+ 2nCuCl + 2nHCI (1)

However, the stoichiometry changes with alteration in molecular weight.
As is evident, the yield base is quite different in the case of a low molecular
weight p-polyphenyl, such as, p-sexiphenyl.
A3
3Biphenyl + 4CuCl2--------- * p-Sexiphenyl + 4CuCl + 4HC1 (2)

EXPERIMENTAL

Materials

Reagent grade, thiophene-free benzene (Mallinckrodt) and mesitylene
(Eastman) were dried over sodium and redistilled. o-Dichlorobenzene and
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1,2,4-trichlorobenzene (Eastman) were distilled over calcium hydride before
use. Anthracene (Aldrich) was purified by co-distillation from ethylene
glycol. p-Quinquephenyl (K & K) was sublimed and then crystallized
from pyridine. p-SexiphenylDwas sublimed and crystallized from 1,2,4-
trichlorobenzene, m.p. 464-467°C.

General Procedure for PoIKme_rization of Benzene in Solvent by Aluminum
Chloride-Cupric Chlorice

The apparatus consisted of a three-necked flask fitted with paddle stirrer,
condenser, thermometer, and gas-inlet tube. A solution of benzene (0.25
mole) and solvent (3 moles) was placed under an atmosphere of dry nitro-
gen. Anhydrous aluminum chloride (0.25 mole) was quickly weighed
and added with stirring. The temperature was then raised to 80°C. and
the flow of nitrogen adjusted to about 200 ml./min. After the anhydrous
cupric chloride (0.125 mole) was introduced, time was followed with a
stopwatch and the evolved hydrogen chloride titrated with standard base.
After 18 min., the greenish-black mixture was quickly stirred with 500 ml.
of ice-cooled 18% hydrochloric acid, and then steam-distilled. With
titanium tetrachloride as solvent, the reaction mixture was boiled with
concentrated hydrochloric acid (500 ml.) and filtered. The residue from
either procedure was pulverized briefly with water in a blender and tri-
turated with concentrated hydrochloric acid until the filtrate was colorless.
In the case of stannic chloride, the residue was also heated at the boil with
10% caustic for 10-15 min. followed by treatment with 18% hydrochloric
acid. In all cases final washings were made with boiling water until the
test for chloride was negative.

The crude product, usually a brown to black powder, was dried overnight
at 110-120°C. Yield is based on cupric chloride and calculated as pure
polyphenyl (adjustment for chlorine content).

Analytical Procedures

Elemental An&'yses. Carbon, hydrogen and chlorine analyses were per-
formed in duplicate by Drs. Weiler and Strauss, Oxford, England or by
Schwarzkopf Laboratory, Woodside, New York. Usually no residue was
found upon combustion of the polymer.

Infrared Analyses. The potassium bromide technique was used.
Usually only the region of interest (900-650 cm.-1) was scanned with a
Beckman IR-8 spectrophotometer.

Reflectance Measurements

The pellets were made by mixing (usually more than four times) 10 mg.
of polymer with 1 g. of magnesium oxide in a Wig-L-Bug amalgamator
followed by pressing the powder in a die of 1 in. diameter under 1500-2000
psi for several minutes. Both the particle size and homogeneity are im-
portant variables. The diffuse reflectance spectrum was obtained with a
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Beckman DK-2 spectrophotometer. A deuterium lamp was used for the
220-360 nift region and a tungsten lamp for the 360-460 mg range.

Molecular Weight Determinations

The molecular weight of the chloroform soluble (at room temperature)
fraction of the polymer was determined with a Mechrolab 301A vapor
pressure osmometer in various solvents. The soluble portion of the poly-
mer prepared in o-dichlorobenzene (0-CrdLCL/CeH,; = 120, 80°C., 18 min.)
gave molecular weights of 450 in benzene and 475 in tetrahydrofuran,
corresponding to an average of 5.3-5.6 benzene units per chain. Adjust-
ment was made for the chlorine content in calculation of the average number
of benzene units per chain.

Soluility in Chloroform

About 1 g. of the finely powdered polymer was weighed (three significant
figures) into a predried, fritted, Pyrex thimble of known weight. After
exposure to chloroform for 13 hr. in a Soxhlet extractor, the residue and
thimble were dried first in air and then overnight at 110-120°C. The
weight of the chloroform-insoluble portion was then calculated. After
distillation of the chloroform from the extract, the residue was dried over-
night at 110-120°C. and weighed as the chloroform-soluble fraction. The
handling loss was usually 2-5%. In some cases the solubility was measured
at room temperature.

Dechlorination with Sodium

In a three-necked, 125-nil. flask fitted with a 20,000 cpm Labline Stir-O-
Vac stirrer, thermometer, and calcium chloride drying tube, a mixture of
polymer (2 g.), sodium (2-0 g.) and mesitylene (50 ml.) was heated to gentle
reflux (160°C.) while stirring was gradually increased to the rated speed.
After 5 hr. the mixture was cooled, treated with an excess of isopropyl
alcohol, neutralized with dilute hydrochloric acid and steam distilled.
The residue, after treatment with boiling water, was dried overnight at
110-120°C.

Chlorination with Antimony Pentachloride

The apparatus consisted of a three-necked, 500-ml. flask equipped with
paddle stirrer, thermometer, and condenser. A mixture of polymer (0.65
mole), antimony pentachloride (0.65 mole), and antimony trichloride
(200 g.) was heated with stirring at 75°C. for 5 hr., then cooled and treated
with concentrated hydrochloric acid. The residue was filtered, washed
with water, and dried overnight at 110-120°C.; yield 96% (based on poly-
mer). With 0.15 mole of antimony pentachloride the yield was 91%.

Oxidation with Chromic Anhydride

Polymer prepared in o-dichlorobenzene (o-CeHjCL/CeHG = 12, 80°C.,
18 min.) was oxidized. A solution of chromic anhydride (30 g.) in 40%
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acetic acid (30 ml.) was added to the polymer (3 g.) suspended in glacial
acetic acid (170 ml.). The mixture was stirred at reflux (107°C.) for 3 hr.,
cooled, and diluted with 40 ml. of 18% hydrochloric acid. The precipitated
acids were Altered, washed with 5% hydrochloric acid (30 ml.), and suction-
dried; vyield, 0.32 g. After esterification with diazomethane, the solid
residue (0.23 g.) of methyl esters was removed by filtration. An ethereal
solution of the residue was analyzed with an Aerograph A-90-P2 gas chro-
matograph, with a5 ft X ‘A in. copper column packed with 20% GE-SF-96
on 60/80 firebrick, with a helium flow rate of 100 ml./min. at 195°C. The
indicated fractions were collected and identified by comparison of their
retention times and infrared spectra with those of the authentic materials
(component, retention time, relative peak areas): methyl p-chlorobenzoate,
2.2 min., 1: dimethyl terephthalate, 5.2 min., 24.4.

The combined filtrate and washings of the oxidation product were ex-
tracted with three, 100-ml. aliquots of ligroin (30-60°C.). After the ex-
tract was dried over anhydrous sodium sulfate, evaporation gave slightly
yellow crystals, 0.07 g. Esterification and gas chromatographic analysis
gave the following esters (component, retention time, relative peak areas):
methyl benzoate, 1.2 min., 8; methyl p-chlorobenzoate, 2.2 min., 13.5;
methyl 3,4-dichlorobenzoate, 4.4 min., 1

Polymer prepared in 1,2,4-trichlorobenzene (1,2,4-C6H313C6H6 = 12,
80°C., 18 min.) was oxidized. A similar procedure yielded 0.9 g. of
ligroin-insoluble and 0.4 g. of ligroin-soluble acids. Esterification and
identification of the products were carried out as described in the preceding
section. Methyl benzoate, methyl p-chlorobenzoate, and dimethyl tereph-
thalate were identified. Four unknown esters with retention times at
3.2, 4.2, 6.2, and 7.4 min. were collected. The retention times and in-
frared spectra of the esters did not correspond to those of methyl 3,4-di-
chlorobenzoate.

We are grateful to the Petroleum Research Fund, administered by the American
Chemical Society, for support of this work, and to Professor J. Reid Shelton for help-
ful suggestions and discussions.

This paper is abstracted from the Ph.D. thesis of Li-Chen Hsu, Case Institute of
Technology, 1965.
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Résumé
Le poids moléculaire de p-polyphényle préparé a partir de benzéne-chlorure d’alum-
inium-chlorure de cuivre, était influencé par le solvant, la concentration et la tempéra-
ture. On a mesuré les poids moléculaires relatifs au moyen de la solubilité du polymére
dans le chloroforme et par mesure infarouge de la bande para et la réflectance Xm,xx, dans
la lumiere ultraviolette. L’ordre d’efficacité des solvants du point de vue de la diminu-
tion du poids moléculaire est o-CrJLCL > 1,2,4-C8H3CI3 > SNnCL ~CS2> (CéHe). Une

oxydation dégradante révele hue I'o-dichlorobenzéene comme solvant était incorporé
comme groupe terminal uniquement a un faible degré. En général, le poids molécu-



28 P. KOVACIC A\D L M

luire du p-polyphénvle, décroit avec une augmentation de température et une diminu-
tion de la concentration. On considére également les aspects théoriques.

Zusammenfassung

Das Molekulargewicht von p-Polyphenyl aus Benzol-Aluminiumehlorid-Kupfer-
chlorid wurde durch Lésungsmittel, Konzentration und Temperatur beeinflusst. Rela-
tive Molekulargewichte wurden durch die Polymerléslichkeit in Chloroform sowie durch
die Lage der Infrarot-para-Bande und des X,,,* des Ultraviolettreflexionsvermogens be-
stimmt. Die Reihenfolge der Lésungsmittelwirksamkeit bei der Herabsetzung des Mo-
lekulargewichts war: o-CidLCL > 124C@83X 13> SnCU ~ CSs > (CelL). Der oxyda-
tive Abbau zeigte, dass o-l)ichlorbenzol nur zu einem geringen Ausmass als Endgruppe
eingebaut wurde. Im allgemeinen nahm das Molekulargewicht von p-Polyphenyl mit
steigender Temperatur und fallender Konzentration ab. Die theoretischen Aspekte wer-
den diskutiert.
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Co® 7-Radiation-Induced Copolymerization of
Ethylene and Carbon Monoxide

P. COLOMBO, L. E. KUIVACKA, J. PONTAXA, R. N. CHAPMAN,
and M. STEINBERG, Brookhaven National Laboratory, Upton, L.
New York

Synopsis

The 7-radiation-mduced free-radical copolymerization of ethylene and CO has been
investigated over a wide range of pressure, initial gas composition, radiation intensity,
and temperature. At 20°C., concentrations of CO up to 1% retard the polymerization
of ethylene. Above this concentration the rate reaches a maximum between 27.5 and
39.2% CO and then decreases. The copolymer composition increases only from 40 to
50% CO when the gas mixture is varied from 5 to 90% CO. A relatively constant re-
activity ratio is obtained at 20°C., indicating that CO adds 23.6 times as fast as an ethyl-
ene monomer to an ethylene free-radical chain eiid. For a 50% CO gas mixture, the
above value of 23.6 and the copolymerization rate decrease with increasing temperature
to 200°C. The kinetic data indicate a temperature-dependent depropagation reac-
tion. Infrared examination of copolymers indicates a polyketone structure containing
— CH2- CIL— and — CO— units. The crystalline melting point increases rapidly from
111 to 242°C., as the CO concentration in the copolymer increases from 27 to 50%.
Molecular weight of copolymer formed at 20°C. increased with increasing CO, indicating
Mn values >20,000. Increasing reaction temperature results in decreasing molecular
weight. Onset of decomposition for a 50% CO copolymer was measured at ~250°C.

INTRODUCTION

An extensive study of Co® y-radiation-induced copolymerization re-
actions involving ethylene and other monomersl indicated that a more
detailed study of the ethylene-CO system would be of interest. The
peroxide-initiated copolymerization of ethylene and CO has been re-
ported.23 The y-radiation-induced copolymerization of ethylene and
CO has been investigated over a limited range of conditions.4-7 In a
previous paper8a brief report was made of the monomer reactivity for this
system at 20°C. The present paper presents an experimental investiga-
tion, an interpretation of the copolymerization rates over a wide range of
pressure, temperature, and radiation intensity, and an evaluation of some
of the properties of the copolymers formed.

EXPERIMENTAL

The polymerizations were carried out in 1-in. 1.D., 100-cc. internal
volume, high-pressure, stainless steel reaction vessels. The reaction
29



kl

TABLE |

Co®7-Radiation Copolymerization of Ethylene and CO.

COLOMBO, KUKACKA, FONTANA, CHAPMAN, STEINBERG

Summary of Experimental Conditions and Calculated Results

oh

b o

*d

o

>

™ t-
© M Tji

™

00
€0 ©

0
0J

t» 90 ?

A
uo 00

© o-

(@]
gg e
3 x<©
® e ©
X <O©
Q <X
=

0l

o
=
o
=

050 0 MO

© © ©
» 0 ™
o 1I- © §

ol

=<®
g0 o

(@)
=9
(@)

® @
@@
® @
® @

g
CM Ol CM CM CM

@)

®o
(@ole)
(@@)e)

(©]@)

°0¢g
co
:m%

co
co

H©2©©MH X©g©©x©
e M B Mo 20 % e
Th X © HH i< X | X
o © e © X 0 I © © uo
©© 00 MMMX O Ho 'cwax
05 X 05 © © X cox MO
.g?%&cmm 0 CO 00 oMo ol
010 © X (MH ¢ ¢ >0 X ©
X © © THOM © © oH?H
00 © © X X
§ 9 ¥ x oo X OE
X © X, 0 0 0 <o ot
0l X 10|CM0|©%

Y xe b8 M8

EXO0 m em @y
BB B & Sx e %1

H L o FHcoon

o

ol 9 8w 8l or M B B o

e
® @
< @
-l:©

CRbbe O RBER

©00©kI-1 h . r- I
™H H
Ol CM CM CM OM M O CM CM CM OM CM Ol

X X c0x X ©0 © x X

x%k—lxrd X

c ©0
06
600

co
co
co

co |O
oo

co n:"LlA
co
co 25
€O
€O
co 30
co @
©0
om%ﬂ

680



31

RIZATION

~
4

Co%y-RADIATION-INDUCED COPOLYMI

(panuruoo)
0€L°1 €'g 1'c ¢ 01 882 Y9 9% Ty &4 089 L1'¢ ¥ 61 9%-00
0L ¢0 10 €0 - — 0°¢ 0g 089 FARNé ¥ 61 S¥-00
0 0°0 0°0 00 - — g1 02 089 JARNE ¥ 6l ¥7-00
006 ‘€2 ¥ EL 9°8¢ ¢ 691 9281 ¥9° 9% 0°¢ 02 089 L1'% LT €%-00
0oL se ¥06 1°6¢ G 6¥C 9621 6¢° ¥ 0°9 0g 089 FARNE ¢ Lc c¥-00
002 ‘13 ¥'¥9 v 1¢ 6811 I1°¢y (4581 4 0y 12 089 L1°2 ¢ L2 %-0D
006 8'¢C G0 9°¢C 2929 16°'8% 0°¢ 02 089 L1'¢ G¢'LT 0%-0D
006 ‘€3 803 019 0808 6% 71 oLy 9o 11 0g 0ve 9.0 ¢ 68 66-0D
001 ‘81 9%y (K44 G'1€2 28 LT 6Ly Gz'11 12 0ve L1 G 68 86-00
008 ‘9¢ ¢TI 069 0°6L8 89°.8 ¥9°8% §¢ 1T 0% 089 L1'¢ ¢ 68 L&-0D
00T ‘€T 6°0¢ 008 8'8FI 6€°0¢ 9L°8% GG 11 02 0ve 98¢ C 68 9€-00
68T ¥y 80 (U4 GLT €6°T 86T 0c 089 AN T §6-00
086°g 08 0T 8'v 8% 09 9L°68 0e'1T i44 089 L1°¢ L'e ¥¢-00
009°¢ g I1 T 9'¢ ¢ v¥ VL 8¢ 60°1 &a 089 112 L€ £€6-00
STI‘T 6'¢C 80 9°¢ g6 98 '¥¢ ¥¢'C gel 0Ly €02 801 2e-00
6%% ¢'1 ¢0 80 G921 86°1¢ (4] Gel 9L¥ €0'¢C 1'¢ 1€-00
T'¢c 200 70 LT — - 0709 02 089 Ly'8 0°00T 82-00
0€ 0 9°0 0¢ —_ ¥¢ 99 GGl 02 089 112 286 L2-00D
L 200 €0 €1 — ¢0°09 0°0¥%I 44 089 FARNE 886 §¢-00
091°2 89 01 c'g 10°€9 A4S 91 12 089 FARNY 1'¢ Y¥2-00
0152 0’8 c'I €9 €% '¢6 9T €% LT 02 089 LT'G g€ ¥3-00
€18 S'T 9'¢ 001 121 GG 98 ¢TI 002 9L¥ €0'¢G 009 62-0D
912V T°01 G'&l 9°6¥ 9¢°¢ 186Gy 001 9€1 86% €0'¢c 009 6%-00
0.8°¢ L'8 €01 6'8¢ cq L 88 9% €16 78 1447 €0'C 0°0¢ 87-0D
0209 voer L°€T 0'cs 29’8 92" Ly 982 99 90¥ €0°¢ 0°0¢ L¥-0D
097 ‘¥ 8'6 9°%1 0'%¢ 29°¢ 88°¢ ¢'I1 Ger 669 €0'% 0°0¢ £€6-00
09¢‘g 8L 9'T1 0°€¥ 0001 09°L% ¢'11 00T 0Ly €03 0°0¢ cc-0D
00% ‘g €'¢ 8L 0°62 0g'¢ 8T'¢¥ ¢'I1 28T 0¢s €02 0°0¢ 12-00
0%9°‘9 ¢yl 9'1% 0°08 oy 61 EL°8Y ¢ 1T 8¢ ove €06 0°0¢ 02-00



COLOMBO, KUKACKA, FONTANA, CHAPMAN, STEINBERG

>§ oItoocpo0o~X O 1o
e 0 OO MNMDh i> LOH D; (N M r-
'IGF;Ji 03 CD Ol fH ol o cD ol
0 to CD 0l co T to X
6 ¢ o o™ d
H Gto t— oi cd cC
>' Tf co co co ol A~ -
0

—i %8 »0 88 50 5{‘5 X }0 3(0 DC]_EB 60

KOG DX G X 0 R0

g ¢
: cj f—
£ e olFB8x 0w m_ @
g pPL,Z;?- CHe RTODAEH w
w
-
o WA X C0X X X X X 60X
< 98 owpxopriliii P>
X
X6 g o~ 0
e fgol ~ ol ol ol Aol ol ol
H i
@p
1 ; )
5 ColBLABBIIE
£ &

o - BOCEBRBHBR
£ oo 1

D CD to03 D30 0Ol X o H
Y, ro 18 10 D — .
AT F] B

00
=R
>3



Co«VK/VDIFVTK)\-I\D(JCED COPOLYMERIZATION 33

temperature was measured by using a thermocouple located in a well that
extended into the center of the vessel. Pressure measurements were
made with a strain gauge. The monomers were premixed in gas cylinders.
High purity ethylene, supplied by Phillips Petroleum Co., contained, by
volume, 99.9% CZH4 QO ppm Ci-C4 saturated hydrocarbons, and <5
ppm 02 The prepurified CO supplied by Air Products and Chemicals
Inc., contained 60 ppm 02 225 ppm X-, 70 ppm H> <1 ppm HD, and
425 ppm CO-2

A gas chromatographic analysis of the initial mixture was made prior to
each run to determine gas composition and oxygen concentration. For
ambient temperature experiments, the reaction vessel was placed directly
in water in a pool-type 7 facility with the Co@®sources in a retracted posi-
tion. The vessel was evacuated through a tube connected to the vessel
and then charged with a gas mixture to the desired pressure by means of a
stainless steel diaphragm compressor. The reaction was initiated by
moving Co&sources into predetermined positions surrounding the vessel.
Most of the experiments were carried out under constant pressure con-
ditions maintained by a compressor feeding makeup gas during the course
of the reaction. The induction periods for some experiments were deter-
mined by isolating the vessel from the compressor. The start of poly-
merization was noted by the initial decrease in pressure as indicated by the
pressure gauge. Experiments at elevated temperatures were performed by
placing a thermocouple-controlled resistance furnace around the vessel
and inserting the entire assembly into a duct leading into the Co® pool
source. The vessels were heated to the desired temperature prior to
initiating the reaction.

The radiation energy absorbed by the mass of gas inside the reaction
vessel was measured by using a Fricke dosimeter and secondary standard
solar cells. The polymer, in the form of a solid white mass, was recovered
from the vessel at the end of the experiment and weighed for determination
of yield. Copolymer composition was based on elemental analyses for
C, H, and 0, from which mass balances for ethylene and CO were calcu-
lated. No homopolymer was found to be present in this series of experi-
ments, as determined by infrared and calorimetric techniques.

RESULTS AND DISCUSSION

The results are discussed in terms of the kinetics of copolymerization
followed by air evaluation of the properties of the copolymers formed.
A summary of the experimental conditions and the calculated results for
yield, rate, and G value are given in Table I. Care was taken in correlat-
ing the data to select those experiments in which only small changes in the
initial gas mixture occurred during the reaction. The experiments in
Table I that indicate high conversions were performed by using gas mix-
tures containing ethylene and CO in proportions such that the ratio of the
two gases, as previously determined 8did not appreciably change during
the reaction time. Experiments at the higher conversions were conducted,
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where possible, to obtain sufficient amounts of material for property evalua-
tion.

Effect of Gas Composition on Copolymer Yield and Rate

For a constant gas composition and at constant conditions of tempera-
ture, pressure, and radiation intensity, increasing the irradiation time in
successive experiments gives typical yield curves, shown in Figure 1
The data indicate that for a given irradiation time an increase in the CO
concentration from 19.4 to 39.2% results in an increase in yield. Above
this concentration to 81.3% CO the yield decreases. It should be noted
that the induction periods decreased with increasing CO concentration
between 19.4 and 39.2% and increased thereafter. From experience with
the radiation-induced homopolymerization of ethylene,9 the O2 concen-
tration was kept below 60 ppm to minimize the length of the induction
period. For this reason ethylene gas containing <O ppm 02and CO con-
taining 60 ppm of 02were used. In a low-temperature free-radical poly-
merization reaction, 02 is known to be influential in determining the in-
duction period. Therefore, as the CO concentration is successively in-
creased, as indicated in Figure 1, the induction period should increase pro-

Fig. 1. Co“ 7-copolymerization of etilylene and CO. Polymer yield vs. irradiation
time.
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portionally. The experimental results indicate that for variable 02
concentrations, in the range of compositions used, the simple relationship
between 0 2concentration and induction period does not hold. Induction
periods decreased from 3.90 X 103 rads for the 19.4% CO to 1.75 X 103
rads for 39.2% CO and subsequently increased to 8.2 X 103rads at 81.4%
CO for the conditions shown in Figure 1

The effect of gas composition, varying from 100% ethylene to 100% CO,
on the differential copolymerization rate is shown in Figure 2. The
differential rates in this figure were determined from the slopes of the
typical yield curves shown in Figure 1

At a pressure of 680 atm., temperature of 20°C., and radiation intensity
of 2.17 X 105rads/hr., the rate of polymerization of ethylene is «184
g./l.-hr.  Addition of —1% CO resulted in a marked decrease in poly-
merization rate to a value of 7.5 g./l.-hr. Further addition of CO up to a
concentration of 39.2% increased the rate to a maximum of 133 g./l.-hr.,
corresponding to a G value of 42,000. Subsequent addition of CO re-
sulted in a reduction in rate. A small, overall rate of 0.02 g./l.-hr and a G
value of 2.1 were obtained for 100% CO gas. Similar effects based on
fewer data were observed at 340 and 170 atm., as indicated in Figure 2.
The dotted lines in the figure merely show trends in the data.

Fig. 2. Co®7-copolymerization of ethylene and CO. Differential rate vs. CO concentra-
tion in initial gas mixture.

Copolymerization Kinetics

Previous studies28on the copolymerization of ethylene and CO initiated
by peroxide-type catalysts gave evidence that the reaction could proceed
by a free-radical mechanism. It appeared that the radiation-induced
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copolynierization of ethylene and CO could be interpreted in terms of a
general mechanism developed for free-radical-initiated copolymerization
reactions. However, the change in rate with gas composition noted under
experimental conditions indicates more complicated Kinetics than those
suggested by classical free-radical copolymerization schemes. It is also
important to note the complexities involved in the kinetics of static,
heterogeneous-type, two-component gas-phase reactions. Adsorption of
monomers by the polymer and trapping or occlusion of radicals in the
precipitating polymer can strongly influence the mechanism. Because of
the difficulties involved in the Kinetic interpretation of heterogeneous
systems, it was found convenient to assume, as a first approximation, a
kinetic model based on homogeneous conditions. This model was used
in an attempt to correlate the experimental data and to show where devia-
tions from the model occur.

Denoting A as ethylene monomer, A- as an ethylene free radical, B as
CO monomer, and B- as a CO free radical, the reactions (I)-(9) and cor-
responding rate equations can be considered.

Initiation: A+ y—>Anm Rate = Gil [A] Q)
B+ y-—=mBe <V[B] 2
Propagation : A- + A A- Rate = fcaJA- ][A] ?3)
A- + B Be rcab [A=][B] (4)
B- + A-*- A- [B-1[A]  (5)
B- + B—Be /eb[B <] [B] (6)
Termination: A- + Be=-> AB Rate = &[AH]|[B-] 7
A- +A--* A A <][A]  (8)
B- + B- -aB f5[B-1[B-] 9

In egs. (1)—9), the k’s are the reaction rate constants, and the concen-
trations (in brackets) are expressed in the usual molar concentration of
reactant per unit volume. The rate constants for the radiation-initiated
reactions are given in terms of the product of the G value for radical forma-
tion and the radiation intensity, 1. In the initiation steps, the production
of free radicals resulting from the interaction of gamma radiation with
monomer proceeds with zero activation energy and is independent of the
type of monomer. Therefore the rate constant for initiation, kit is tem-
perature-independent and dependent only on the first power of intensity,
i.e, ki = GJ, when Gtis the G value for radical formation. In considering
a kinetic scheme of the type given, the following simplifying assumptions
are usually made: (1) the chains are long, and therefore the monomer is
consumed almost entirely in the propagation steps; (£) the rate constants
are independent of radical size; (3) the concentration of each radical type
remains constant during polymerization; (4) the rates of initiation and
termination are equal.

With the above assumptions, the following kinetic equations have been
derived for expressing the overall copolymerization ratel"ll and the in-
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stantaneous copolymer composition, given as egs. (10) and (11), respec-
tively.

Copolymer rate equation:

-d([A] + [B]) = Or[A]2+ 2[A][B] + r2[B]2> *
dt (W [A ]2+ 2°5BXI2[A]fB] + 5V [B 12! }

where

Vi = initial rate = GJ[A + B]

A tal~ab
TI = fcbb/"ba
Si2 = W”"aa2
522 = fc5/fcbb2
42 = h 2/kih

Copolymer composition equation:

dla] = /1AIN fn[A] + [B]\

d[b]  \[Bl/ \r2[B] + [Al/ (1D

where rx and r2 are the reactivity ratios, [a]/[b] is mole ratio of ethylene
to CO in the copolymer, and [A]/[B] is mole ratio of ethylene to CO in
the initial monomer mixture.

From the experimental data it is noted that the homopolymerization of
CO is negligibly small compared to that of ethylene. It thus can be
assumed that fdb ~0 and therefore r2approaches zero.

With the above assumption and substituting a = (1/Vi) = (kttYka in
egs. (10) and (11), the following expressions are obtained

d[cop]/dt = G;hl'hK.X\k] + [B])/!(JA] + 2a[B])/(2fcH\2 (12)
and
[al/[b] = (1/a)([AV/[B]) + 1 (13)

It is convenient to express the gas concentrations in terms of the meas-.
ured pressure. However, because of the nonideality of the gases at the
experimental pressures and temperatures used, the compressibility of the
gas mixture must be taken into account. If the assumption is made that
the compressibility can be expressed as the sum of the product of concen-
tration and compressibility of each gas, then

([A] + [B]) = P/ZRT (14)
and
Z = C\ZA + CbZb (15)

where C is the concentration expressed in mole fraction, Z is the compres-
sibility, R is the gas constant, and T is the absolute temperature. It
should be noted that the molecular weights of ethylene and of CO are
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equal, and therefore the mole fraction and weight fraction are equal.
Collecting all independent constants into one constant, K, and inserting
egs. (14) and (15) into eq. (12), one obtains

dlcop]/dt = KkuJ°-&F ZRT)15CA + 2aCB) (16)

The effect of temperature on the rate constants can be expressed in the
form of the Arrhenius equation. Therefore,

fb = Aiexp {—E~/RT] a7
fea = A2exp {—Eau/RT} (18)

where A% Ao are pre-exponential constants and S aaand Ea are activation
energies.

a can then be expressed as a function of the activation energy of propa-
gation.

a = A3exp {(I7aa — E™)/RT\ = Ai exp (AE/RT) (19

On substituting the above expressions for fcaea and a into eq. (16), the
following expression can be obtained.

d[cop]/dt = KA2exp (—Ea&/RT)lai(P/ZRT)Ii

X (CA+ 2CbA, exp {(AE/RT)}) (20)

Fig. 3. Cof7-copolymerization of ethylene and CO. % CO in copolymer vs. % CO in
initial gas mixture.
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Effect of Initial Monomer Mixtures on the Copolymer Composition

Figure 3 is a plot of the concentration of CO in the copolymer as a func-
tion of the CO concentration in the initial monomer gas mixture over the
entire range of gas compositions. These data were obtained for constant
conditions of temperature, pressure, and radiation intensity. When more
than one experiment was performed with the same gas composition the
average point is shown. The curve indicates that as the CO concentration
in the gas mixture is initially increased from 1to 5%, the CO concentration
in the copolymer increases very rapidly. Between 5 and 95% CO the
copolymer CO concentration increases very slowly from 40 to 52%. The
curve also indicates that at an initial gas composition of 87% CO, the CO
concentration in the copolymer is 50% and [a]/[b] = 1. Above 87% CO,
the copolymer contains more than 50% CO. The 45° line in the plot
intersects the curve at the azeotropic composition of 48.5%. It is inter-
esting to note that ethylene-CO copolymers containing more than 50%
CO have not been reported previously. However, there has been some
evidence reported for CO polymer formation in a radiation field.15

Experimental Determination of the a Value

Values for a were determined by use of eq. (13) for experiments listed
in Table I in which the initial monomer concentrations and the corre-
sponding copolymer compositions were measured. Figure 4 shows a plot

T T T

90 0 BRUBAKER et al (Catalytic)
PRESSURE 136 otm
TEMPERATURE 135°C

80 A COFFMAN et al (Catalytic)
PRESSURE 850 to 1000 atm
TEMPERATURE 120 to 130°C

70 THIS WORK BNL [y~ IRRADIATION)
PRESSURE 170 to 680 otm
o TEMPERATURE 20°C
60 + TEMPERATURE 135°C

RADIATION INTENSITY 2.17 x 105 rads /hr

RADIATION DOSE (1.3 to 11.25)x 105 rads
50

30

20

0 10 20 30 40 50 60 70 80 90 100
100 CB INITIAL CO CONCENTRATION-%

Fig. 4. Co® 7-copolymerization of ethylene and CO. a value vs. CO concentration in
initial gas mixture.
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Fig. 5. Co® Y-copolymerization of ethylene and CO. Final polymer molar ratio vs. in-
itial monomer molar ratio.

of a as a function of the CO concentration. The a value decreases
rapidly for small (1 to 8%) increases in CO concentration. Between 8
and 39% CO it remains essentially constant at an average value of 23.6 *
6.9. Average a values were plotted when more than one experiment with
the same initial gas mixture was used.

The validity of eq. (13) for this system is shown in Figure 5, where
[a]/[b] is plotted as a function of [A]/[B] from 15 to 12. The slope
of the line is 1/a and the extrapolated intercept has a value of 1 as pre-
dicted by eq. (13). A value for a calculated from the reciprocal of the
slope is 23.6. The “copolymer composition equation” in the range indicated
is expressed as follows.

[a]/[b] = 1/23.6 ([A]/[B]) + 1 (1)

The avalue of 23.6 was found to be independent of pressure and radiation
intensity between 170 and 680 atm. and 0.76 X 105to 3.85 X 1O’ rads/hr.
All experiments for deriving this a value were performed at room tempera-
ture. The fact that a begins to change rapidly below an initial ethylene
to CO molar ratio of 1.5 indicates that the kinetic model outlined above
is no longer valid below this concentration. By definition, the value for a
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means that CO adds 23.(5 times as fast as an ethylene monomer to an
ethylene free-radical chain end. Since the kinetic treatment is based on
the assumption that CO does not readily add to a CO free-radical chain
end and that r2, (Abbffcha), approaches zero, the rate of addition of ethylene
to a CO free-radical chain end cannot be determined. From the Kinetic
model, the a value should be independent of pressure and intensity and
should remain constant at a constant temperature over a range of gas
compositions.

Values for a were also calculated from experimental data presented by
Brubaker et al.2 and by Coffman et aid on the ethylene--CO system with
the use of conventional peroxide catalysts. Straight-line correlations
were obt ained for these data, intercepting the [a]/[b] axis at 1 as predicted
by eq. (13). An a value of 2.0 was calculated from Brubaker’'s data for
experiments carried out in cyclohexane at 136 atm. and 135°C. From
Coffman’s data for experiments at pressures in the range of 850-1000 atm.
and temperatures of 120 -130°C., in the absence of solvent, an a value of
6.8 was calculated. These data are shown in Figures 4 and 5.

A calculation for the copolymerization parameters Q and e for this system
has been attempted by assuming a small finite value for r2 This value is
based on the low rate of formation of CO polymer, shown in Table I,
compared to the rate of ethylene-CO copolymer formation in the range
where i\ is essentially constant. Values of @> = +0.10 and e2 = +3.76
were obtained based on values of Qi = +0.010 and e\ = —0.21 for ethyl-
ene.2l

Effect of Temperature on the a Value

The effect on the a value of increasing temperature from 20 to 200°C.
is shown on a log a versus /T plot in Figure 6. These experiments were
performed with a gas mixture containing 50% CO. Although the data
exhibited considerable scatter, a straight line was fitted by using the method
of least squares. The slope of this line represents the difference in activa-
tion energies for the two chain-propagating reactions (3) and (4), given by
eq. (19). The equation for the straight line in Figure 6 is

a = 0.069 exp {+34Q0/RT} (22)

The copolymers formed over the temperature range 20-157°C. were in
the solid-state form. The measured melting points for the copolymers
obtained under these conditions were considerably higher than the reaction
temperatures at which they were formed. A change in slope is indicated
by an experiment conducted at 200°C. in which the copolymer was formed
above the melting point. This break in the curve occurring between 157
and 200°C. may be due to a change in reaction mechanism between the two
phases. Further investigation, however, is needed to substantiate this
effect. The data indicate that the a value decreases from 23.6 to 3.2
with increasing temperature from 23 to 157°C. The data also indicate
that the a values obtained at 135°C. in this work closely approximate
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io3/t

Fig. 6. Co™ 7-copolymerization of ethylene and CO. avs. temperature.

those obtained by Coffman in the same temperature range. The trends
appear similar for both the peroxide- and the radiation-induced synthesis.
A significant conclusion, however, is that unless the reaction is initiated at
low temperatures it may be difficult to obtain a copolymer approaching
50% CO. It is of interest to note that Coffman determined a AE = 8600
cal./mole over a temperature range of 200 to 260°C. with a gas mixture
containing 20% CO, i.e., [A]J/[B] = 4. An azeotrope for this mixture was
predicted at 240°C.

Effect of Temperature on Rate

The effect of temperature between 20 and 200°C. on the differential
polymerization rate for a gas mixture containing 50% CO is shown in
Figure 7. All experiments were performed at a constant mass concen-
tration by initially charging the reaction vessel to 340 atm. at 20°C. and
then heating to the desired temperature before initiating the reaction.
As a result experiments were carried out at pressures varying from 340 to
550 atm. To express the data in terms of constant pressure, the experi-
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Fig. 7. Co®7-copolymerization of ethylene and CO. Differential rate vs. temperature.

mental points were corrected to 680 atm. based on the concentration effect
predicted by eq. (16).

Q = Qiim/zys/iPi/z» (23)

where Q = the differential rate in g./l.-hr.

Values for the compressibility Z were obtained from Figure 8 which gives
Z as a function of pressure, P, for the pure gases over a range of constant
temperature conditions.16

The data in Figure 7 shows a decrease in rate with increasing temperature
for experiments conducted at constant concentration and for the corrected
values. The linear extrapolation of the experimental data appears to
indicate that the rate approaches zero at =240°C.

Effect of Pressure on Rate

The effect of pressure on rate was determined by a series of experiments
at 20°C. in which the pressure was varied between 170 and 680 atm., as
shown in Figure 9. Because of the relatively few data obtained, it was
possible to give only a semiquantitative indication of the pressure de-
pendence. Pressure dependencies of 1.33, 0.83, and 0.68 were obtained for
gas mixtures containing 39.2, 50.0, and 81.4% CO, respectively. The
predicted pressure dependence may be calculated for each gas mixture from
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PRESSURE-atm
Fig. 8. Co®7-copolymerization of ethylene and CO. Compressibility vs. pressure.

the compressibility curves shown in Figure 8 and the term (P/ZRT)16
from eq. (16). For a 50% CO composition, Z varies with the 0.56 power
of the pressure, and therefore the theoretical rate equation predicts a
pressure dependence of POM  In alike manner PO%and P are predicted
for compositions of 39.2 and 81.4% CO, respectively. The discrepancy is
probably due to the nonideality of the gas mixture and the inaccuracy
arising from using functions of pressure, compressibility, and mole fraction
to represent a concentration term for each monomer in the kinetic equation.

Effect of Intensity on Rate

The effect of radiation intensity on the differential rate of copolymeriza-
tion between dose rates of 0.76 X 10" to 3.85 X 105rads/hr. is shown in
Figure 10. For these experiments, gas mixtures containing 39.2, 50.0, and
81.4% CO were used at constant pressure and temperature, as indicated
in Figure 10. The relatively few data indicate an average 0.60 power
dependence of rate on intensity. The fact that this power is <1.0 and
closer to 0.5 indicates a free-radical mechanism in which the growing chains
are terminated predominately by a biradical chain process in accordance
with the copolymerization rate equation [eq. (10)].
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9. Co( 7-copolymerization of ethylene and CO. Differential rate vs. pressure.

10. Co®) 7-copolymerization of ethylene and CO. Differential rate vs. radiation
intensity.
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Experimental Copolymerization Rate Equation

The experimental data were fitted to eq. (16) to test the kinetic model
and obtain expressions of the rates over ranges of concentration, tempera-
ture, pressure, and intensity. The value of the product of the constant
term Kkaa in eq. (16) was found to be 0.75 + 0.19 under the following
conditions: constant temperature t = 20°C.; a value = 23.6; radiation
intensity 1 = 0.76 X 1053.85 X 105 rads/hr.; concentrations (mole
fraction): ethylene; C\ = 0.60-0.92, CO, Cb = 0.08-0.40; pressure
P = 170-680 atm.

The differential rate dQ in grams,liter-hour can therefore be represented
within 95% confidence limits of £+25% by the following equation:

dQ = 0.75/(UP/582Z)150.032Ca + 1.52CB (24)

Substituting Ca = (1 — Cb), and collecting terms, another form of the
equation is

dQ = 5.32 X 10-5/°-6[P/Z]50.032 + 1.49CB) (24a)

The fact that the equation predicts an increase in rate in the region from
8 to 40% CO, as shown in Figure 2, and the relatively small deviation of
the constant term lends some credence to the kinetic model chosen.

The data on the effect of temperature on rate were also fitted to eq.
(16). Since feeaais a variable, it is necessary to insert a value for Pag the
activation energy for the addition of ethylene monomer to an ethylene
free-radical chain end into eq. (16). A review by ChapiroI7 of the rate of
7-induced polymerization of ethylene as a function of temperature has
indicated that Paa = 2000 cal./mole for reaction temperatures below the
melting point of polyethylene. Polymerizations above the melting point
gave Pa = 13,000 cal./mole. The value of 2000 cal./mole was adopted
because AE, determined from data in Figure 6, was obtained for conditions
below the melting point of the copolymers. Since

AE = Pa K/,
then

Eab = +2000 - 3400 = -1400 cal./mole

This value for P & should be the activation energy of the addition of CO
to an ethylene free-radical chain end. The value is negative and therefore
cannot represent the activation energy of a reacting species. Since the
exponent in the first concentration term in eq. (20) is negative, a positive
exponent is needed in the second concentration term to allow the equation
to predict the decrease in rate with increasing temperature as experimen-
tally observed. This requirement is satisfied, since P &is negative.

It is evident from the above considerations that the adopted model does
not describe the data correctly. However, the rate equation derived with
the use of the activation energy predicts the rate with +30% at a 95%
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confidence limit for the following experimental conditions: gas composi-
tion = 50% ethylene, 50% CO; pressure P = 170-680 atm.; tempera-
ture t, = 20-155°C.; radiation intensity I = 0.76 X 1063.85 X 105
rads/hr.

dQ = 0.33 I°BP/ZRT)190.5 exp{ —2000/RT} +
0.069 exp{ +1400/727'}) (25)

Figure 7 shows the rate as a function of temperature predicted by eq.
(25). The rate equation does not extrapolate to a finite temperature for a
zero rate but decreases asymptotically as the temperature increases.

Several interpretations can be made regarding the decrease in rate and in
reactivity ratio (a) with increasing temperature. One consideration stems
from the difference in the activation energies of the propagation rate con-
stants fcea and feab as described above. The implication here is that these
rate constants are temperature dependent but that /caa increases more
rapidly than /cab with increasing temperature. In this case a tends to
approach unity, and the propagation rate constants must be defined at all
temperatures.

Another consideration arises from the negative activation energy calcu-
lated for Az Since this does not represent a propagating species, the
negative value may be the sum of one or more depropagation reactions
occurring simultaneously. The effect of depropagation on the reactivity
ratio can be explained in terms of the stability of the bond between a
— CO— and an ethylene —C—C— unit. From theoretical considerations
the weakest bond in a polyketone structure of this type is the bond adjacent
to the —CO— unit. Depropagation would therefore occur at this point
rather than at the ethylene carbon-carbon bond. Since the copolymer
formed at these temperatures is not equimolar, complete depropagation
cannot occur, and therefore no ceiling temperature can be reached. In
considering the mechanics involved in a simple depropagation reaction, an
ethylene-radical chain end with a CO penultimate unit can be assumed.
Depropagation of the ethylene radical will result in a terminal CO unit
which is prone to depropagate to the adjacent unit. In this case it must
be an ethylene unit, since CO does not add to CO. This stepwise reaction
can occur until two or more adjacent ethylene units are reached or until
an ethylene radical reacts with another ethylene molecule. Kinetic
expressions for this reaction must therefore contain rate constants for the
propagation and depropagation steps over the entire range of temperatures.

It is also possible to consider the reacting species to be ethylene and a
complex composed of an ethylene and a CO molecule, as proposed by
Barb.18 As the reaction temperature is increased the equilibrium concen-
tration of the ethylene-CO complex may favor ethylene and CO formation.
This would result in a decrease in concentration of the propagating com-
plex species and a subsequent increase in ethylene concentration which
could account for the decrease in the a value with increasing temperature.
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POLYMER CHARACTERIZATION

Crystallinity

X-ray diffraction patterns for ethylene-CO copolymers containing
43.5 and 56.2% CO are shown in Figure 11. Previous studies2!® have
shown that ethylene-CO copolymers containing up to 50% CO are crystal-
line. The data in Figure 11 indicate that copolymer containing more than
50% CO is also crystalline. Although no attempt was made to determine

Fig. 11. Co®7-copolymerization of ethylene and CO. Typical x-ray diffraction patterns
of copolymers.

the jier cent crystallinity, a comparison of the relative peak heights for
copolymers containing 43.5 and 56.2% CO indicates that the degree of
crystallinity decreases with increasing CO composition. Crystallinity
could not be detected for material resulting from the irradiation of pure
CO gas.

Sample specimens were prepared by carefully pressing powdered polymer
into y 4in. diameter 2S Al holders which were then mounted and measured
on a Phillips x-ray diffractometer.
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Infrared Analysis

An infrared scan made on a Perkin-Elmer 221 spectrophotometer of ail
othylene-CO copolymer containing 38.8% CO is shown in Figure 12.
The only absorption bands in the copolymer similar to those of polyethylene
were the carbon-hydrogen stretch band at 3.4 p and the carbon-hydrogen
bending vibration at 6.8 p. A strong carbonyl band at 5.8 mwith a har-
monic at 2.95 Mindicates a polyketone structure. The absorption bands
at 7.1 and 7.3 p have been assigned as methylene structures adjacent to a
carbonyl since they are characteristic of a-hydrogen structures. It was
generally noted that as the CO concentration in the polymer was increased,
the carbon-hydrogen bending vibration band at 6.8 ~ decreased with an

FREQUENCY (cm-1)

Fig. 12. Co“ 7-copolymerization of ethylene and CO. Infrared spectrum of an ethyl-
ene-CO polymer containing 38.8% CO.

increase in absorption at 7.1 and 7.3 p. The doublet at 13.7 and 13.9 n,
indicating four or more carbons in a chain, was found to decrease in in-
tensity with increasing CO concentration. As the ratio of polyethylene to
carbon monoxide approaches 1, the doublet is reduced to a singlet at 13.7 A
For this study, a 0.5-mil film was prepared on a Carver press at a pressure
of 1360 atm. and a temperature of 177°C. Exposure of the film to the
atmosphere at temperatures above the melting point of the copolymer re-
sulted in ayellowish discoloration. To minimize this effect, the specimens
were cooled to room temperature prior to removal from the mold.

Density

The effect of composition on density for copolymers containing 31.05
to 49.85% CO is shown in Figure 13. As the CO concentration is increased,
in the range given, the density increases linearly from 1.076 to 1.254 g./cc.
The density in g./cc. is expressed as a linear function of the CO concen-
tration in mole fraction, Ch by the relationship

d = 0.958 Cb + 0.776 (26)

The equation is applicable to CO concentrations in the copolymer from
30 to 50%.
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100C,, -CO CONCENTRATION IN COPOLYMER - %

Fig. 13. Co®7-copolymerization of ethylene and CO. Density vs. CO concentration in
copolymer.

The copolymers were formed under a variety of experimental conditions
(see Table I1). Initial pressures ranged from 170 to G80 atm. at intensities
of 0.76 X 1052.17 X 10®rads/hr. and doses of 1.09 X 1062.0 X 106rads.
All polymerizations were performed at room temperature (20°C.). The
wide variation in pressure, intensity, and total dose shows the density to be
dependent entirely on composition over the range of conditions used.
Copolymer density was measured by the density gradient method de-
scribed by WileyD A precision of +0.001 g./cc. was obtained with
solutions of carbon tetrachloride and toluene at 23°C.

Melting Points

First-order transition temperatures were determined with a I'erkin-
Elmer differential scanning calorimeter (DSC), calibrated for a scan speed
of 20°C./min. Figure 14 shows typical melting and crystallization thermo-
grams for copolymers containing 38.8 and 50.0% CO. These copolymers
were formed at 20°C. and were not subjected to thermal treatment prior
to measurement. The temperature at the onset of melting was measured
at the point of deflection from the base line, and the crystalline melting-
point temperature was taken at the point at which the curve returns to the
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Fig. 14. Co® 7-copolymerization of ethylene and CO. Typical (DSC) melting and
crystallization thermograms for ethylene-CO copolymers.

base line. Peak maximum indicates the temperature and time at which
the transition is proceeding at the maximum rate.

A plot of melting point versus per cent CO in the copolymer is shown in
Figure 15. Copolymers used in determining melting points were formed
at pressures of 400-680 atm. and temperatures of 20-135°C. (Table I1).
Irradiation doses ranged from 1.1 X 10sto 2.54 X 106rads at intensities
from 1.56 X 105to 2.17 X 105rads/hr. A large linear depression in the
melting point of the copolymer results from a small decrease in CO con-
centration in the composition range from 49.85 to 38.74% CO. In this
range, the melting point appears to be independent of the reaction tem-
perature used to form the copolymer. It should be noted that these co-
polymers were formed at temperatures below their respective melting
points, as indicated in Figure 15. At 38.74% CO a sharp break in the
curve occurs, followed by a smaller melting-point depression to 27.41%
CO. Copolymers obtained at the lower range of CO concentration and at
135°C. indicate slightly lower melting points than those obtained for
copolymer formed at 20°C. The copolymers in this range of composition,
however, were formed above their melting points. Extrapolation of the
melting-point curve at the higher temperature gives an intercept at the
same concentration point as that for the polymer formed at 20°C.

The crystalline melting points for polyethylene formed at room tem-
perature and under the same experimental conditionsZ2shown in Figure 15
are in the same range as the melting points for copolymers containing 35
to 40% CO. An interesting effect is the increase in melting point of the
copolymer with increasing amounts of the noncrystallizable —CO— unit.
It is also interesting to note that Chatani®®found the unit cell dimension
for the repeating structural unit, (—CH2-CH2-CO—),,, in a 50% CO
copolymer to be different from that of pure polyethylene. A significant
change in unit cell dimension, however, was found to occur rather abruptly
at 47% CO. Below this concentration the unit cell dimensions were the
same as those for polyethylene. The effect noted by Chatani was not
reflected in the melting-point data in Figure 15. The break in the curve
occurring at —40% CO corresponds to an ethylene:CO molar ratio of
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Fig. 15. Co@®7-copolymerization of ethylene and CO. Crj'stalline melting points vs. CO
concentration in copolymer.

1.5:1. Below «40% CO the linear crystalline melting-point behavior is
probably influenced by the varying ethylene sequences in the chain lengths.
Above «40% CO the rapid increase in crystalline melting point is probably
due to a new repeat sequence.

Solubility

The copolymers in the range of concentrations shown in Table 111 were
found to be insoluble in hot benzene, xylene, Decalin, carbon tetrachloride,
and dimethylformamide. Two solvents found to be effective were a-
chloronaphthalene and o-dichlorobenzene at 130°C. Copolymers contain-
ing up to 43% CO were found to be readily soluble in these solvents. From
43 to 48% CO, they were only partially soluble. Above 48% CO they
were completely insoluble, even at the boiling point temperatures of the
solvents, with no indication of gel formation. The inference can be made
that the incomplete solubility of copolymer above 43% CO may be due to
the chain units becoming involved in intermolecular crosslinkages. How-
ever, such a conclusion is not entirely justifiable on the basis of solubility
alone. Consideration must also be given to the efficiency of the solvent
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TABLE 111
Effect of Composition and Temperature on the Molecular Weight of Ethylene-CO
Copolymers

CcoO M
concentration Reaction Initial (o-dichloro-
in polymer, temperature, pressure, benzene,

% °C. atm. 130°C.) Mn
35.12 20 680 0.368 5,100
38.75 20 680 0.505 -
39.76 20 680 0.485 9,950
40.65 20 680 0.546 14,550
43.16 20 680 - > 20,000
36.21 65 340 0.227 3,750
33.74 155 340 0.150 2,900
35.25 200 340 0.078 1,800

at the higher CO concentrations. Some evidence for this is given in
Table 111, which shows an increase in molecular weight with increasing CO
in the copolymer. The soluble fraction obtained for copolymers containing
>43% CO is probably the lower molecular weight fraction of the sample.
It may also be mentioned that if crosslinking occurred above 43% CO, it
would probably alter the linearity of the melting-point curve in Figure 15.

Molecular Weights

The dilute solution viscosity for copolymers containing from 35.12 to
40.65% CO, formed at reaction temperatures ranging from 20 to 200°C.,
was measured in a modified Ubbelohde viscometer at 130°C. with o-
dichlorobenzene used as the solvent. Number-average molecular weights,
Mn, were also determined for the same samples on a Mechrolab Model 302
vapor pressure osmometer at 130°C. in o-dichlorobenzene. The values
given in Table 111 for copolymers formed at 20°C. and 680 atm. indicate
that the intrinsic viscosity [jj] and the number-average molecular weight
increase with increasing CO concentration in the copolymer. Samples
formed at 20°C., containing >«41% CO, indicate Mn values >20,000.
However, they could not be accurately measured because of the limitation
of the instrument.

The effect of temperature on the molecular weight of copolymer formed
at an initial pressure of 340 atm. and temperatures between 65 and 200°C.
is also shown in Table Il1l. Increasing the reaction temperature results in
a decrease in molecular weight. These measurements were made for
copolymers containing 33.74 to 36.21% CO.

The decrease in molecular weight with increasing temperature was found
to be in agreement with the results of Brubaker et al.2and Coffman et al .3
The molecular weights for radiation-produced ethylene-CO copolymer
over the range of conditions used in this study were found to be consider-
ably higher than those reported by the above authors.
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Preliminary measurements of the weight-average molecular weight Mw
indicate values ranging from 455,000 to 1,330,000 for samples containing
27-43% CO.

Thermal Decomposition

Measurements of rates of decomposition were made by the loss-of-weight
method with the differential scanning calorimeter. Copolymers containing
40 and 50% CO were studied in the temperature range of 257-327°C.
The lower temperature represents a point slightly above the onset of
decomposition («250°C.) of a copolymer containing 50% CO. Weighed
samples were heated in an inert atmosphere at the rate of 80°C./min. to a
predetermined temperature which was maintained for 30 min. The
temperature was then decreased at the rate of 80°C./min., and the samples
were reweighed at room temperature. Data on rates of thermal decom-
position of the copolymer are given in Table IV.

Figure 16 shows an Arrhenius-type plot of the copolymer decomposition
data from which activation energies for thermal decomposition were cal-
culated. Energies of 5.4 and 8.9 kcal./mole were obtained for polymers
containing 40 and 50% CO, respectively. The data indicate that the
rate of decomposition increases with increasing CO concentration in the
copolymer. This behavior is not surprising, since the weakest link in a
polyketone structure containing both = CH2-CH2— and — CO— units is
the bond adjacent to the CO.

The products of thermal decomposition were qualitatively analyzed for a
copolymer containing 50% CO with a pyrolysis unit attached to a gas
chromatograph. The sample was pyrolyzed at 350°C. and the liberated
gases were swept into the chromatograph using a molecular sieve column
and helium as the carrier gas. The volatile products were identified as
CO, CH4 CH ;, and H2 with the first two products predominating. This

TABLE 1Y
Thermal Decomposition of Ethylene-CO Copolymers

(efe]

Initial concen- Decomposition Weight Per cent

Sample sample tration, temperature, loss, weight
no. wt., mg. % °C. mg.a loss
CO-K-12 29.61 50 267 2.32 7.84
u 25.59 50 277 2.37 9.26
u 22.28 50 297 2.91 13.11

< 21.05 50 307 2.69 12.78

u 21.18 50 317 3.33 15.72

“ 26.26 50 327 4.36 17.97
CO-K-34 13.60 40 257 0.93 6.84
i'l 12.71 40 277 1.05 8.26

L 12.69 40 297 1.26 9.93
12.15 40 317 1.41 11.60

“In 30 min. at temperature given.
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Fig. 16. Co@ 7-copolymerization of ethylene and CO. Arrhenius plot for the thermal
decomposition of et.hylene-CO copolymer.

indicates that a 50% CO copolymer decomposes to give essentially the
initial monomeric units.

This work was performed under the auspices of the Division of Isotope Development,
U. S. Atomic Energy Commission.

References

1. Steinberg, M., and P. Colombo, in Industrial Uses of Large Radiation Sources
(Proc. IAEA Con}., Salzburg, Austria, Alay, 1963), Vol. 1, IAEA, Vienna, 1963, pp.
121-50.

2. Brubaker, M. M., D. D. Coffman, and Il. H. Hoehn, J. Am. Chem. Soc., 74, 1509
(1952).

3. Coffman, D. D., P. S. Pinkney, F. T. Wall, W. H. Wood, and H. S. Young, J. Am.
Chem. SoC., 75, 3391 (1952).

4. Tanimoto, T., Y. Nishimura, T. Takizawa, and S. Murahashi, Ann. Rept. Textile
Inst., Osaka Univ., 13, 117 (1960).

5. Buckley, G. D., and L. Seed (assigned to Imperial Chemical Industries, Ltd.), Brit-
Pat. 714,843 (1954).

6. Roberts, R., and S. J. Skinner (assigned to Monsanto Chemicals, Ltd.), Brit. Pat-
778,225 (1957).

7. Brando, E. E., and A. I. Dintses, Neftekhimiya, 4, No. 1, 68 (1964).

8. Colombo, P., M. Steinberg, and J. Fontana, J. Polymer Sci., B I, 447 (1963).

9. Steinberg, M., P. Colombo, L. E. Kukacka, R. N. Chapman, and G. Adler,
Proc. Intern. Symp. Radiation-Induced Polymerization and Graft Copolymerization, Battelle
Memorial Inst., Columbus, Ohio, Nov. 1962, 70-106, TID-7643, Nov., 1962.

10. Melville, H. W., B. Noble, and W. F. Watson, J. Polymer Sci., 2, 229 (1947).

11. Walling, C., J. Am. Chem. Soc., 71, 1930 (1949).

12. Alfrey, T., Jr., and G. Goldfinger, J. Chem. Phys., 12, 205 (1944).

13. Mayo, F. R., and F. M. Lewis, J. Am. Chem. Soc., 66,1594 (1944).

14. Wall, F. T., 3. Am. Chem. Soc., 66, 2050 (1944).

15. Smith, R. N., D. A. Young, E. N. Smith, and C. C. Carter, Inorg. Chem,, 2, 829-
38 (1963).

16. Chemical Engineer’s Handbook, J. H. Perry, Ed., McGraw-Hill, New York, 1960,
pp. 207-208.

17. Chapiro, A., Radiation Chemistry of Polymeric Systems, Interscience, New York,
1962, pp. 233-235.



Co" y-RADIATION-INDUCED copolymerization

18. Barb, W. G., 3. Am. Chan. Soc., 75,224 (1953).

19. Chatani, Y., T. Takizawa, S. Murahashi, Y. Sakuta, and Y. Nishimura, J. Poly-
mer Sei., 55,511 (1961); Y. Chatani, T. Takizawa, S. Murahashi, ibid., 62, 527 (1962).

20. Wiley, R. E., Plastics Technol., 8, No. 3, 31 (1962).

21. Young, L. J., J. Polymer Sei., 54, 411 (1961).

22. Colombo, P., J. Fontana, L. E. Kukacka, and M. Steinberg, Characterizahon Stud-
iesfor Polyethylene Formed by Co®Gamma Radiation Under Constant Conditions in a Non-
flow System, Informai Report, BNL 9043, March, 1965.

Résumé

On a étudié la copolymérisation radicalaire induite par irradiation-y de mélanges
éthyléne-oxyde de carbone sur une large gamme de pression, de composition initiale du
mélange gazeux, d’'intensité de radiation et de la température. A 20°C des concentra-
tions de CO jusqu’a 1% retardent la polymérisation de I'éthyléne. Au-dessus de cette
concentration la vitesse atteint un maximum entre 27.5 et 39.2% de CO pour diminuer
ensuite. La composition du copolymeére augmente uniquement a partir de 40 a 50% de
CO, lorsque le mélange des gaz varie de 5 a 90% de CO. On obtient un rapport de ré-
activité relativement constant a 20°C, qui indique que le CO s’additionne 23.6 fois plus
rapidement que I'éthyléne a un radical terminal éthylénique. Pour un mélange de gaz a
50% de CO, la valeur mentionnée ci-(dessus de 23.6 et vitesse de copolymérisation dim-
inue lorsque la température augmente a 200°C. Les résultats cinétiques indiquent une
réaction de dépropagation qui dépend de la température. L’étude infrarouge des co-
polymeres indique une structure de polycétone contenant des unités — CLL— CEE— et
—CO—. Le point de fusion cristalline croit rapidement de 111° a 242°C, lorsque la
concentration de CO dans le copolymére monte de 27 a 50%. Le poids moléculaire du
copolymeére formé a 20°C. augmente lorsque la concentration en CO augmente, les val-
eurs M,, étant supériseures a 20.000. Une augmentation de la température de réaction
entraine une diminution de poids moléculaire. Un début de décomposition a été mesuré
dans le cas d'un copolymére a 50% CO & une température de 250°C environ.

Zusammenfassung

Die y-strahlungsinduzierte radikalische Copolymerisation von Athylen und CO wurde
in einem weiten Druck-, Ausgangsgaszusammensetzungs-, Strahlungsintensitéats, und
Temperaturbereiche untersucht. Bei 20°C verzégern CO-Konzent.rationen bis yu 1%
die Athylenpolymerisation. Oberhalb dieser Konzentration erreicht die Geschwindig-
keit zwischen 27,5 und 39,2% CO ein Maximum und nimmt dann ab. Die Copolymer-
zusammensetzung nimmt bei einer Variierung der Gasmischung von 5 auf 90% CO nur
von 40 auf 50% CO zu. Bei 20°C wird ein verhaltnisméassig konstantes Reaktivitats-
verhaltnis erhalten, CO addiert sich hier 23,6 mal so rasch an ein radikalisches Athylen-
kettenende als das Monomere Athylen. Fur eine Gasmischung mit 50% CO nehmen
der obige Wert von 23,6 sowie die Copolymerisationsgeschwindigkeit mit zunehmender
Temperatur bis zu 200°C ab. Die kinetischen Daten sprechen fiir eine temperaturab-
hangige Depropagierungsreaktion. Die Infrarotuntersuchung der Copolymeren lasst
eine Polyketonstruktur mit —CIL—CEL— und — CO— m Einheiten erkennen. Mit
Zunahme der CO-Konzentration im Polymeren von 27 auf 50% steigt der Kristalline
Schmelzpunkt rasch von 111 auf 242°C an. Das Molekulargesicht des bei 2U°C ge-
bildeten Copolymeren nahm mit steigendem CO-Gehalt zu und entsprach M nWerten
>20.000. Steigende Reaktionstemperatur fihr zu einer Abnahme des Molekularge-
wichts. Fur ein Copolymeres mit 50% CO wurdeder Beginn der Zersetzung bei s=250°C
beobachtet.

Receivecl November 4, 1964

Révisée! June 5, 1960
Prod. No. 4780A
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Polybenzoylenebenzimidazoles

1 G. COLSON,* R. H. MICHEL, and R. M. PAUFLER,
Film Department, E. I. du Pant de Nemours de Company, Inc.,
Buffalo, New York

Synopsis

A polyamide amino acid was prepared by the solution condensation of 3,3'-diamino-
benzidine and pyromellitio dianhydride. This polymer was castas a film and converted to
a polybenzoylenebenzimidazole. The gross conversion path was elucidated by spec-
troscopy and was substantiated by model compound studies. A novel ladder polymer
was prepared from 1,2,4,5-tetraaminobenzene and pyromellitic dianhydride.

INTRODUCTION

We have studied the formation of benzoylenebenzimidazole polymers
[I11, egs. (1)] from aromatic tetraamines and pyromellitic dianhydride
because of the high thermal stability of such related heterocyclic polymers
as the polybenzimidazolesl and polyimides2 Furthermore, polybenzoyl-
enebenzimidazoles presented the possibility of preparing ladder polymers
which may give organic materials of exceptional thermal stability .34

RESULTS AND DISCUSSION
Model Compounds

A soluble polymer thought to be a polyamide amino acid was prepared
by condensing 3,3'-diaminobenzidine with pyromellitic dianhydride
(PMDA) in an aprotic hydrogen bonding solvent at room temperature or
below. Films cast from this solution were dried and converted to a poly-
benzoylenebenzimidazole on heating. Neither the structure of the soluble
polymer nor the path of cyclization (through polyimide amine Il or poly-
benzimidazolecarboxylic acid I11A) was known. Initial experiments
showed that after the polymers, especially those exhibiting high inherent
viscosities (1.0-1.5), reached 120-140°C., they became insoluble in com-
mon organic solvents. This precluded nuclear magnetic resonance (NMR)
and ultraviolet studies on high molecular weight polymer. Infrared
examination showed broad carbonyl absorptions. The situation was
further complicated by the fact that three of the structures of interest
absorbed over a small wavelength range (5.65-5.85 ff)- In order to study

* Present address: Hooker Chemical Corp., Buffalo, N. Y.
59
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the chemistry of this system more closely, model compounds were prepared
and investigated.

The initial condensation product of 1,2-diaminobenzenc and phthalic
anhydride in ANTV-dimethylacetamide (DMAc) under polymerization
conditions was proved by infrared and nuclear magnetic resonance to be
A-(o-aminophenyl)phthalamic acid [IV, egs. (2)].

The condensation of 1,2-diaminobenzene with pyromellitic dianhydride
[eas. (3)] gave the corresponding amino acid amide VIII, probably a
mixture of two isomers, having spectral characteristics similar to the
amino acid amide 1V.

The amino acid amide 1V was heated at 140-160°C. for J2hr., either
V-(o-aminophenyl)phthalimide (V). This structure was proved by
XMIt, infrared, and comparison to literature melting point. Mechanis-
tically it is important that this product was the imide and not the benz-
imidazolecarboxylic acid VI. To further substantiate the predominance
of an imide intermediate, a 25% DMAc solution of the amino acid amide
IV was heated to 160°C. for y 2hr. The solvent was removed and the
resulting product was crystallized. Three crops of crystals comprising
94% of the total weight were identified as the pure imide amine V.
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The amide amino acid from 1,2-diaminobenzene anti pyromellitic di-
anhydride was converted similarly to the symmetrical bisimide. Infra-
red and NMR data resembled those for imide V.

The imide V, as a solid, was converted to 1,2-benzoylenebenzimidazole
(VI1) in ¥2hr. at 200-210°C. Melting point and infrared and ultra-
violet spectra corresponded to the expected structure. On the other
hand, the benzoylenebenzimidazole could not be formed from 2-(o-car-
boxyphenyl)benzimidazole (V1) below 240-250°C. This is additional
evidence against the benzimidazole path of ring closure.

The bisimide from 1,2-diaminobenzene and pyromellitic dianhydride,
behaved similarly to V. However, it should be noted that in this case
both cis and trans lactam structures (1X) could be formed.

In summary, the initial condensation product is an amino acid amide.

NHa— HOOC

NHt mmm HOOC

Fig. 1. Nuclear magnetic resonance spectra of polyamide amino acid and model com-
pound.
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WAVELENGTH (MICRONS)

Fig. 2. Infrared spectra of polyamide amino acid and model compounds: (A) poly-
amide amino acid (film on BaF2); (B) model compound VIII (smear of uncrystallized
compound); (C) model compound IV (Nujol mull).

This converts to an imide amine. No benzimidazolecarboxylic acid is
observed. The imide amine converts easily to the desired benzoylene-
benzimidazole at 200°C., while the benzimidazolecarboxylic acid does not
convert until 250°C.

Polymers
Polymer from 3,3'-Diaminobenziding and Pyromellitic Dianhydride.

The condensation of 3,3'-diaminobenzidine and pyromellitic dianhydride
must be carried out under carefully controlled conditions to obtain a high
inherent viscosity polymer. The anhydride is added in iV,./\V/'-dimethylacet-
amide (DMACc) solution slowly in order to avoid gelation. The stoichiom-
etry must be adhered to strictly. Experiments have shown that as little as
0.5% excess anhydride can cause gelation and as little as 0.5% excess amine
can result in inherent viscosities below 1.0. Unless extreme care is taken
with polymerization conditions, purity of reagents and solvents, high poly-
mer is not obtained.
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The above-mentioned condensation results in a polymer solution ex-
hibiting inherent viscosities of 1.0-1.5. The solution is concentrated to
15% solids and cast on a glass plate. Solvent is removed further in a
vacuum oven at 45°C. to give a yellow film which is easily removed from
the plate. Physical measurements on this film vary, since it is plasticized
with a time-temperature-dependent amount of solvent. A nuclear
magnetic resonance spectrum of this film in DAIAc is identical to that of
the original solution polymer and is similar to that of model amino acid
amide (Fig. 1).

3 4 5 6 7
WAVELENGTH (MICRONS)

Fig. 3. Infrared spectra of polyimide amine and model compound: (.1) polyimide amine
film; (B) model compound V (Nujol mull).

The infrared spectra of the polyamide amino acid and of two model
compounds are shown in Figure 2. The simple amino acid IV is not
strictly comparable; the bis model VIII is. The change in appearance
of the carbonyl region may be accounted for by variation in zwitterion
character.

The film is converted to the polyimide amine Il at 130-150°C. An
infrared spectrum shows imide absorption at 5.85 ji. Characteristic car-
boxyl absorptions are absent. Again, model compound and polymer
have similar infrared spectra (Fig. 3).
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3 4 5 6 7

WAVELENGTH (microns)

Fig. 4. Infrared spectra of polybenzoylenebenzimidazole and model compound: (A)
polymer from 3,3'-diaminobenzidine and pyromellitic dianhydride (film); (B) model
compound I X (Nujol mull).

Differential thermal analysis of the polyamide amino acid shows an
endotherm at 135°C., and thermogravimetric analysis shows a weight
loss at 132°C., substantiating the temperature at which the rate of imide
formation becomes significant. This correlates well with the thermal
behavior of the model compounds.

The polyimide film is converted to the desired polybenzoylenebenz-
imidazole film at 225-250°C. Most of the conversion can be accomplished
at 200°C., but it is not complete until a higher temperature is used. This
may either be as a result of an entropy effect (chain stiffening) in the final
stages or due to the presence of the more difficult to convert benzimidazole-
carboxylic acid (I1A). This latter structure could result from the back
hydrolysis of the benzoylenebenzimidazole by water eliminated in the
cyclization. The final film’s infrared spectrum (Fig. 4.4) does not have a
sharp carbonyl absorption, probably due to cis-lrans isomerism analogous
to that postulated for the bislactam model in eq. (3). The infrared
spectrum of the model (Fig. 4R) is basically similar but has a relatively
small 0.8 p shoulder on the carbonyl band at 5.7 p. The model, as pre-
pared and purified here, may be predominantly one of the two possible
isomers. However, further work must be done to clarify this point.
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Fig. 5. Tliermogravimetric analysis in dry air of polybenzoylenebenzimidazole from 3,3'-
diaminobenzidine and pyromellitio anhydride.

Even after heating to 500°C. there are still X-H absorptions (centered
at 3 ;U in the polymer spectrum. These are believed to come from benz-
imidazole structures left by the decarboxylation of benzimidazolecarboxylic
[2-(o-Carboxyphenyl)benzimidazole has been shown to decarboxylate
rapidly at 280°C.6].

The deep red film is flexible and has the following tensile properties:
modulus, 700,000 psi; tenacity, 11,000 psi; elongation, 2%. Differential
thermal analysis shows no exotherm below (i00°C., the limit of our instru-
ment. Thermogravimetric analysis in dry air shows no significant weight
loss until 550-600°C. (Fig

Polymer from 1,2,4,5- Tetraamlnobenzene and Pyromelltic Dianhydride.
Basically, the condensation of 1,2,4,5-tetraaminobenzene and pyromellitic
dianhydride is similar to the above. However, additional precautions were
taken to prevent oxidation of the sensitive tetraamine. The dianhydride
addition was even more carefully controlled to avoid gelation. Dimethyl
sulfoxide was used as solvent because the amine has limited solubility in
DMAc. Only low inherent viscosity polymer was obtained (; = 0.2-0.3),
and cast film could not be removed from the glass plate until the film had
been heated to 250°C. At this time the black film was flexible but not ereas-
able. The attenuated total reflectance spectrum was essentially that of a
polybenzoylenebenzimidazole. It showed a broad carbonyl at 56 m
Absorption was still apparent in the 3 ~ region.

EXPERIMENTAL
Monomers and Solvents

3,3'-Diamin0ben2idine. 3,3-Diaminobenzidine was prepared by the
method of Vogel and Marvel6as an off-white powder, m. p. 179-179.5°C.



POLYBENZOYLENEBENZ1M1DAZOLES 67

(reported 178-179°C.)- Neither sublimation at 185°C./0.08 mm. nor
recrystallization from methanol improved the quality of polymer prepared
from it. . ) _

Pyromellltlc Dlanhydrlde. Pyromellitic dianhydride was supplied by
E. 1. du Pont de Nemours & Co., Inc., as a white powder, m.p. 284-286°C.,
and was sublimed twice at 0.1 mm. before use.

1,2-D|am|n0benzene. 1,2-Diaminobenzene (Eastman) was crystallized
from ether giving white crystals, m.p. 102-103°C.

AyV-Dlmethy?aCCtaml(fé. NgV-Diniethylacet,amide (Du Pont) was dis-
tilled at 65°/0.1 mm. and passed through an alumina column (Merck acid-
washed) in a dry box just before use. Karl Fischer titrimetry indicated
8-10 ppm water.

Dlmethyl Sulfoxide. Dimethyl sulfoxide (Baker) was distilled at 75°C./
0.5 mm. and passed through an alumina column in a dry box just before
use. Karl Fischer titrimetry indicated 10-14 ppm water.

1,2,4,5-TetraamInobenzene. 1,2,4,5-Tetraaminobenzene was prepared
by nitration of 1,3-dichlorobenzene and subsequent ammonolysisZ The
resulting dinitrodiaminobenzene was catalytically reduced by using 10%
palladium-on-charcoal in an ethanol-hydrochloric acid mixture. The re-
sulting tetraaminobenzene tetrahydrochloride was purified by crystalliza-
tion from water. The tetraamine was liberated by neutralization of the
hydrochloride in boiling water with 40% aqueous sodium hydroxide. The
precipitate was collected under nitrogen, washed with cold ethanol, and
dried to constant weight at 75°C./1 mm.

Model Compounds
A'-(0-Aminophenyl)phthalamic Acid (V). A solution of 14.8 g. phthalic

anhydride in 200 ml. chloroform was added to a stirring solution of 10.8 g.
1,2-diaminobenzene in chloroform. After stirring overnight, the precipi-
tate was collected and washed with refluxing chloroform. It melted at
151-152°C. and exhibited carbonyl absorptions at 5.9, 6.02, and 6.12 p
and X-H stretching at 3-4 p (Fig. 2). A nuclear magnetic resonance
spectrum (Fig. 1) in A/iV-dimethylacetamide showed peaks at 0.60 r
(amide NH) and at 2.83 r (aromatic) in a ratio of 1/11. Note that the
exchange peak due to — COOPI ee=<\NH2— appeared under the aromatic
protons.

Anal . Calculated for CMHL2ON2: C, 65.62%; H, 4.72%; N, 10.93%. Found:
C, 65.17%; H, 4.46%; N, 10.16%.

Products prepared in DM Ac, were identical to the above.

Al(o-AmlnophenyI phtha“mlde (V) A 10% DMAC solution of the above
amino acid amide IV was heated at 140°C. for I/i hr. The solvent was
removed on a rotary evaporator, leaving a yellow solid which on crystalliza-
tion from chloroform melted at 194-195°C. (reported8 m.p. 193°C.).
The infrared spectrum (Fig. 3) showed peaks at 5.80 p (imide) and at 2.95
p (amino). An NMIt spectrum substantiated the structure.
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This imide amine V was also prepared on heating the amino acid amide
IV at 160°C. for 1I/s hr. However, an insoluble residue (~10 -15%)
remained when this method was used

1.2- Ben20y|en9ben2|m|daZO|e (V”) A nitrobenzene solution containing
2.6 g. of 1,2-diaminobenzene and 3.3 g. of phthalic anhydride was refluxed
for I«/>hr. The yellow solid was collected and crystallized from acetic
anhydride to give yellow crystals, m.p. 214-215°C. (reported9m.p. 212°C.).

1.2- Benzoylenebenzimidazole was also prepared directly by heating
amlno acid amide IV at 210°C. for 2 h

(0 Carboxypheny|)ben2|mIdaZO|e (Vl) This compound was prepared
according to Arient9by the reaction of 1,2-diaminobenzene and phthalic
anhydride in_dilute hydrochlgric acid at reflux.

Condensation Products of 1,2-Diaminobenzene and Pyromellitic Di-
anhydrlde (Vl” and |X) To a stirring solution of 6.48 g. 1,2-diaminoben-
zene in 80 ml. DM Ac was added 6.74 g. of solid pyromellitic anhydride over
a period of 20 min. The solution was stirred 1 hr. under nitrogen. The
solvent was then removed on the rotary evaporator at 0.5 mm. The
gummy residue was crystallized to a yellow solid by washing with acetone.
The solid was dried at room temperature under vacuum. The infrared
spectrum showed a complex carbonyl region and X-H stretching at 3-4 /r
indicative of amino acid amide (Fig. 2). The NMR spectrum in DMAc
was similar to that of the simple amino acid amide IV. No further puri-
fication was attempted on this product which was probably a mixture of
the isomeric amino acid amides VIIl. Heating this material at 240°C.
for 2 hr. and recrystallization from VjV'-dimethylformamide gave an
orange-red compound whose infrared spectrum was identical to that of
authentic bislactam 1X prepared according to the literatureD (see Fig. 4
for spectrum). The recrystallized bis lactam prepared by us, like the
authentic sample, had a fairly sharp carbonyl band at 5.7 y. with only a
small 5.8 4 shoulder.

The amino acid amide V111 could be converted also to the imide amine
by heating at lower temperatures (140-160°C.), but attempts to purify
the product by recrystallization were unsuccessful.

Polymer

A four-necked round-bottomed flask was fitted with an overhead stirrer,
condenser, dropping funnel, a serum cap, and connections for a continuous
nitrogen flow. The entire apparatus was flamed and cooled under dried
(sulfuric acid) nitrogen. The tip of the dropping funnel was so fashioned
that drops were introduced directly into the solution. Solutions of
PMDA were prepared by placing a weighed amount of material into a
dried serum bottle. The requisite volume of solvent was added and the
PMDA dissolved. The solution was injected into the dropping funnel.
The amine was placed in the flask and dried DMAc added. The flask was
externally cooled with ice water during the polymerization. A typical
polymerization required about 4-5 hr.
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Condensation of 3,3'-Diaminobenzidine and Pyromellitic Dianhydride.
In the apparatus described above a solution containing 2.181 g. of pyro-
mellitic dianhydride in 25 nil. of DM Ac was added slowly to a stirring
solution of 2.143 g. of 3,3'-dianiinobenzidine in 25 ml. of DIJMAc at a rate
of 20-25 drops/min. After the addition was completed, an aliquot was
removed and diluted to 0.5% with dry DM Ac, and the inherent viscosity
was determined at 30°C. These viscosities were usually between 1.0 and
1.6. Slight deviation from stoichiometry caused low viscosity (0.25-0.35),
gross gelation, or gel particles.

Film CaStlng and Conversion. This solution was concentrated to
10-15% solids under vacuum (0.01 mm.) at room temperature and then the
barely pourable mixture was cast on a glass plate in a nitrogen dry bag.
The plate was heated to 45°C. in a vacuum oven at 1 mm. overnight.

The film could be removed easily (especially when cast from higher
viscosity polymer). This was a tough yellow film, soluble in DMAc.
An infrared spectrum showed a complex carbonyl centered at 6.1 n and
X-H stretching at 3-4 n, not unlike the initial condensation product of
a 1,2-diaminobenzene and pyromellitic dianhydride. A nuclear magnetic
resonance spectrum in DM Ac showed amide NH at 0.68 r and aromatic
hydrogen at 2.83 «. The relative area ratios were 1/ 11.

The above film, on heating at 150°C. for 5-8 hr., converted to a yellow-
brown film exhibiting a carbonyl vibration at 5.85 ti-

It was then heated at 225°C. overnight and then to 400°C. for 10 min.
At this time the carbonyl frequency at 5.65 n had sharpened considerably
and there was little X-H stretching at 3fi. The dark red film was creasable.

Condensation of 1,2,4,5-Tetraaminobenzene and Pyromellitic Dianhy-
drlde This polymerization required essentially the same apparatus as the
above system except that dimethyl sulfoxide (DMSQO) was used as the sol-
vent, due to limited solubility of the amine in DMAc. It was necessary to
take some additional precautions. All solvent was sparged with dry nitro-
gen for 2 hr. and passed through a short alumina column just before use. If
this was not done oxidation of the tetraamine occurred quickly. The initial
50% of pyromellitic dianhydride was added during a 20-min. period, but the
remainder was slowly added over a 5-hr. period. = The inherent viscosity
reached a maximum 1 hr. after complete addition. The solution was
concentrated quickly under vacuum to 10% solids and cast without delay to
avoid gelation.

To a solution containing 1.382 g. (0.01 mole) of 1,2,4,5-tetraamino-
benzene in 35 ml. of dimethyl sulfoxide was added 2.181 g. (0.01 mole)
of pyromellitic dianhydride in 25 ml. of DMSO as indicated above. In
this case external cooling was carefully monitored so that the solution
would not freeze. The dark solution was concentrated on the rotary
evaporator at 0.1 mm. to 10% solids. The inherent viscosity was 0.25.

The concentrate was then poured and cast on a glass plate. After re-
moving gross solvent overnight at room temperature under 1 mm., the
film on the glass plate was heated to 150°C. for 3 hr. at 5 mm., then at
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250°C. for 8 hr. At this time, in contrast to the initial drying stage, the
film could be lifted from the plate.

Instruments

Infrared spectra were recorded on the Perkin-Elmer Model 137 spec-
trometer, a 6-min. scan time being used.

Nuclear magnetic resonance spectra were obtained on the Varian DP
60 instrument and were calibrated by the side-band technique.

Differential thermal analyses were made with the Du Pont 900 differen-
tial thermal analyzer using a 20°C./min. temperature program.

Thermogravimetric analysis was obtained with the Aminco Thermo-
Grav.

We wish to acknowledge numerous helpful discussions concerning the preparation of
these polymers and their chemistry with Dr. A. H. Frazer, Textile Fibers Department,
E. 1. du Pont de Nemours & Co., Inc.
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Résumé

On a préparé un acide polyamide-aminé au moyen de la condensation en solution de
3.3' diaminobenzidine et du dianhydride pyromellitique. On a coulé ce polymére sous
forme de film et transformé en un polybenzoylénebenzimidazole. On a élucidé en grande
partie la transformation qui a lieu au moyen de spectroscopie et on I'a confirmée au
moyen d’études sur des substances-modéles. Un nouveau polymére en échelle a été
préparé a partir de 1,2,4,5-tétraaminobenzene et de dianhydride pyromellitique.

Zusammenfassung

Eine Polyamidaminosaure wurde durch Kondensation von 3,3'-Diaminobenzidin und
Pyromellitsduredianhydrid in Loésung dargestellt. Aus diesen Polymeren wurde ein Film
gegossen und dieser in ein Polybenzoylenbenzimidazol umgewandelt. Der Umwand-
lungsweg wurde spektroskopisch aufgeklart und durch Untersuchungen an Modellver-
bindungen bestatigt. Aus 1,2,4,5-Tetraaminobenzol und Pyromellitsduredianhydrid
wurde ein neues Leiterpolymeres dargestellt.

Received March 23, 1965
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Kinetics of Styrene Homogeneous Polymerization
to Atactic Polypropylene

R. A. WALLACE and K. L. HADLEY,* Department of Chemical Engineer-
ing, University of California, Berkeley, California

Synopsis

The rate of polymerization of styrene initiated by hydroperoxidized atactic polypropyl-
ene in a homogeneous toluene solution has been measured at 60 and 70°C. The reaction
is first-order with respect to styrene concentration and independent of the polymeric
hydroperoxide concentration above 2 X 10-6iV hydroperoxide. The individual rate
constants, length and frequency of the grafted polystyrene chains along the polypropyl-
ene backbone have been calculated and their significance discussed. The initiation rate
constant compares closely with values reported for the analogous ¢erf-butyl hydroper-
oxide-initiated polymerization. The rate constant for the chain transfer termination
elementary step at 70°C., however, is 18 times the value reported for the  erf-butyl
hydroperoxide-initiated polymerization of styrene. This high constant accounts for the
relatively low rates of polymerization observed and high termination rates. Chain
deactivation ispresumably accelerated by increased collisions between growing styrene
chains and inactive propylene hydroperoxide and polystyrene molecules. Distribution
of polystyrene grafts on polypropylene is estimated from knowledge of effects of styrene
concentration, polymeric hydroperoxide concentration, and temperature upon the rate
of polymerization.

I. INTRODUCTION

The molecular structure of polypropylene provides a convenient back-
bone to create active polymeric radical sites. One half of the carbon
atoms of the main propylene chain are attached to electron-releasing
methyl groups. Oxidation occurs readily at the tertiary carbons of the
main chain, with formation of polymeric hydroperoxides. These hydro-
peroxides may be decomposed into free radicals capable of initiating
polymerization when heated in the presence of a vinyl monomer. Poly-
propylene can be hydroperoxidized by (1) direct oxidation with air or
oxygen at elevated temperatures,l (2) pre-irradiation with 7-rays in the
presence of oxygen 2and (S) oxidation of dissolved or swollen polymer in a
solution of cumene3or tetralin4dby air or oxygen.

Divergent Kkinetic results have been reported for graft poly-
merizations to hydroperoxidized poly-a-olefins.  Tor instance, in the
heterogeneous grafting of methyl methacrylate to peroxidized polypropyl-
ene, Geleji and Odor2 report that the rate of grafting strongly increases

* Present address: Humble Oil Company, Baytown, Texas.
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with increasing oxygen content of the backbone. On the other hand.
Xatta et al 3note in the surface grafting of several poly-a-olcfins that the
rate of polymerization remains virtually constant even when the oxygen
concentration in the backbone increases by three orders of magnitude.
Knowledge of the velocity coefficients of the individual steps of initiation,
propagation, and termination are needed to understand first the detailed
kinetics of graft polymerization processes and then to estimate the dis-
tribution of grafted polystyrene chains along the polypropylene backbone.

Kinetic interpretation for heterogeneous polypropylene grafting is
plagued, however, by polymerization rates which are often controlled by the
rate of diffusion of monomer to active sites of the polymer backbone and
by the Trommsdorff effect resulting from the increased viscosity within the
swollen propylene matrix. Treatment of kinetic data, on the other hand,
for the more uniform, homogeneous grafting to dissolved polymers is more
rewarding and informative.

In this paper a kinetic analysis of homogeneous grafting of styrene to
atactic, soluble polypropylene hydroperoxide is presented. Individual
rate constants for this polymerization are given and interpreted. From
these kinetic results the length and frequency of polystyrene chains grafted
to polypropylene are estimated and related to several polymerization
parameters.

Polymerization Kinetic Equations

The rate of purely thermal autodecomposition of hydroperoxide groups
on oxidized polypropylene islow 5 Only in the presence of a vinyl monomer
or other reactive species, such as growing chains, with which the initiator
polymeric hydroperoxide may react, does the induced decomposition rate
of hydroperoxides become appreciable. An explanation of this behavior is
the “cage” effect proposed by Matheson 6

Assumption of a steady-state concentration of the caged radical pairs
([2R-]) leads to

([2R-1) = kad\I}/{kr + fc,[M]) 1)

where kd is the velocity coefficient for the decomposition of polymeric
hydroperoxide | in the initiation elementary step, kr is the velocity coef-
ficient for the recombination of the two caged radicals, and ktis the velocity
coefficient for the reaction of monomer M with the caged radical pair.
Substitution of eq. (1) into the expression for the rate of initiation yields:

Rl = 2¢(kMimT)/(kr+ ij[M]) (2)

The term 2/ is the number of polymer chains initiated by each hydro-
peroxide disappearing in the initiation step; / may have a value between
0.5 and 1.0. When fcf[M] is much larger than kn the equation simplifies to

(Rth = 2/M1] (3

The mode of decomposition of the hydroperoxide may involve the
splitting of either —0—0— or —0—H bonds. In the former case
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two growing chains—one graft attached to the polypropylene backbone,
one unattached homopolymer—are initiated by each decomposing peroxide.
In the latter case only the homopolymer chain is created; the peroxy
radical, —O—O0 -, remaining on the backbone would react with styrene
slowly.

In 1954 Walling and Chang7initiated the polymerization of styrene with
cumene and ferf-butyl hydroperoxides and concluded that the splitting of
the —0—H bond is more likely. Their conclusion, if extended to the
initiation of polymerization with hydroperoxidized polymers, excludes the
formation of grafts. In the light of the fact that true graft copolymers
have been produced since the work of Walling and Chang, it appears that
considerable initiation must occur by cleavage at the —O—0— position.
Other work buttresses this conclusion 8

Walling and Chang also conclude that a hydrogen atom is extracted in
the chain transfer step to the hydroperoxide. If this is the case, the
relatively inert peroxy radical, —0— O < is created, and the chain transfer
step effectively Kills the reactivity of the radical. The rate of termination
by transfer may be expressed as a bimolecular reaction between the growing
polymer chain (RM-) and the hydroperoxide (I).

(Rdi = *<fI][RM-] (4)

where ktris the velocity coefficient of the chain transfer step.

At high polymeric hydroperoxide concentrations, the rates of initiation
and termination by the hydroperoxide may be equated by invoking the
steady-state assumption.

2JkdN\I] = fc,[I]I[RM-] (5)

Solving for [RAI s] and substituting into the rate of polymerization equation
yields

R, = Xkckw/Kkir (6)

At low polymeric hydroperoxide concentrations, in addition to the rate
of termination by chain transfer to the hydroperoxide, the rate of term-
ination by bimolecular combination of the growing polymer chains must be
considered. Similarly, two reactions contribute significantly to the
initiation of growing polymer chains. At low polymeric hydroperoxide
concentrations the rate of the hydroperoxide-induced initiation, (RU)i,
is sufficiently low that “thermal” initiation rate, (7f,)o, is also important.
This latter reaction, whose rate is dependent upon the monomer concen-
tration, is complex and not completely understood.

Invoking the steady-state assumption for the case of low polymeric
hydroperoxide concentrations and equating the sum of the rates of hydro-
peroxide- and thermal-induced initiation with the sum of the rates of
termination gives the following:

(Rd,,+ (ROi =K,[R\I-Y T MIKRM-] @)
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The following relationships are developed for substituting into eq. (7):
The radical concentration [RM <] may be replaced by

[RM-] = RI/(kP[M]) €©))
At zero polymeric hydroperoxide concentration, the steady-state assump-

tion leads to _
(M)o=

= )15, *[M]¥) )
where the subscript zero indicates values for the purely thermally initiated

polymerization. At high polymeric hydroperoxide concentrations, equat-
ing the rate of initiation to the rate of termination yields

2ok, = ktr(R,)i/(/UM]) (10)

Substituting egs. (8), (9), and (10) into eq. (7) modifies the latter equa-
tion to a more usable form.

. (Mo2 , . CogMi] W in

C kpn M Y + T kp[M] kp[M] + Ltk/\MY

Solving this equation for ktr gives a result useful for calculating the chain
transfer velocity coefficient from experimental polymerization data:

(ﬂp)02 _ (RvP)
kt fc,[M] fc..[M] (12)

T UMim Rp — R )

Il. EXPERIMENTAL

Materials

Freshly distilled styrene (Dow Chemical Company) was prepared by
washing with 10% sodium hydroxide solution and distilled water, followed
by vacuum distillation. Analytical grade toluene was refluxed under a
nitrogen blanket for at least 24 hr. to remove dissolved air.

Unstabilized powdered polypropylene (Avisun Company), having
a density of 0.857 g./cm 3 and a viscosity-average molecular weight of
about 140,000, was used as the backbone polymer. (The viscosity-
average molecular weight may be converted to the number-average
molecular weight (Mn) of about 100,000 by applying the factor of 0.72 of
Overberger et al.9 A completely atactic fraction soluble in styrene-
toluene solutions was prepared by partially dissolving the polymer in
heptane at room temperature, filtering the solution through glass wool,
and recovering the soluble polymer from the filtrate by precipitation in
methanol.

Analytical grade chemicals were used in the determination of the peroxide
content of the hydroperoxidized atactic polypropylene. liydriodic acid
(Merck) was treated by adding 10% hypophosphorous acid to remove
excess amounts of iodine. Hydriodic acid containing a small amount of
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iodine was distilled in darkness with the fraction distilling at 126 -127°C.
collected.

Cumene and cumene hydroperoxide (Eastman Organic Chemicals)
used in the hydroperoxidation step were of technical grade.

Apparatus

Hydroperoxidation of atactic polypropylene was carried out in 100-ml.
test tubes with oxygen supplied through a sintered glass dispersion tube.
Hydroperoxide content was analyzed in the apparatus as described by
Sully D Dilatometers were constructed of 15-20 ml. test tubes with
ground-glass tops fitted with capillary tubes of about 0.4 mm. bore. The
volumes of the dilatometer and capillary were calibrated with mercury.
All reactions were conducted in a Sargent viscometric bath controlled
to £0.01°C. Capillary liquid levels were observed to 0.01 cm. with a
Gaertner cathetometer.

Procedure
Hydroperoxidation of Atactic Polypropylene. The technique for hydro-

peroxidizing poly-a-olefins in cumene solution has been previously described
by Natta et al.3 Polypropylene (2-3 g.) was dissolved in 50 ml. of cumene.
Oxygen was dispersed through this mixture maintained at 60°C. for 24
hr. The resulting hydroperoxidized polymer was precipitated in an excess
of methanol. The polypropylene was purified by redissolving in heptane
and reprecipitating in methanol twice.

Polypropylene Hydroperoxide Content. The total peroxidic oxygen
analysis described by Beat!lwas utilized. The polymer sample (0.1-0.2 g.)
and several pieces of Dry Ice were placed in a 100-ml. round-bottomed flask
connected to the condensor tube and heated to reflux temperature. A 1-ml.
portion of freshly distilled hydriodic acid was introduced into the flask.
After 30 min. the flask rvas cooled, and the liberated iodine was titrated
with 0.005A sodium thiosulfate solution using a starch indicator.

The determination was done in duplicate together with two blanks
containing no polypropylene. A value of 0.0431 wt.-% oxygen with an
average deviation of 3% was measured. (This concentration of hydro-
peroxides is equivalent to one hydroperoxide group every 2000 propylene
monomeric units.)

Attempts to measure reproducible hydroperoxide contents exclusive of
other peroxides by the reaction with potassium iodide in chloroform-
acetic acidIl were unsuccessful. It rvas found that the determination was
dependent upon the solvent ratio and the time of refluxing. The maximum
results obtained in these determinations, however, approximated those
obtained in the total peroxidic hydriodic acid method. Therefore it was
assumed that virtually all of the oxygen in the polypropylene was in the
hydro- rather than in the di-peroxide form.

Polymerlzatlon. Hydroperoxidized polypropylene was dissolved in de-
gassed toluene under an inert atmosphere of nitrogen. Freshly distilled
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Fig. 1. Course of (he polymerization of 2.26ilf styrene in toluene with polypropylene
hydroperoxide initiator at 70°C.

styrene was added to the reaction mixture, and the solution was transferred
rapidly to the dilatometer. The dilatometer was placed in a mineral oil
bath at either 60-70°C. The lack of an induction period before the poly-
merization reaction indicated that negligible amounts of inhibiting oxygen
were absorbed in the transfer step.

As polymerization takes place in the dilatometer, the liquid level in the
capillary falls due to the difference in the specific volumes of styrene and
polystyrene. The capillary liquid height was recorded every 2-5 min. for a
total period of 350-500 min. The best straight line, whose slope is pro-
portional to the rate of polymerization, was drawn through these data. A
plot of a typical experiment with the capillary height change converted
to percentage of polymerization is given in Figure 1. The sinusoidallike
fluctuations are a reflection of the regular changes of temperature in the
oil bath, since the dilatometer also acts as a highly sensitive thermometer.

A 1-g. polymerization sample of grafted poly(styrene-propylene hydro-
peroxide) dissolved in 50 ml. benzene at 40°C.; ungrafted hydroperoxidized
atactic polypropylene remained insoluble in boiling benzene. This
indicates that polystyrene is chemically bonded to atactic polypropylene
in a sufficient amount to alter its solubility properties in benzene. Also,
this buttresses the assumption made in the kinetic analysis that a con-
siderable amount of initiation must occur by —0—O— cleavage, resulting-
in one graft chain for every homopolymer chain, rather than by the splitting
of the —OH— grouping yielding only homopolymer.

Dilatometer 8a||brat|0n. Relating the observed rate of change in the
dilatometer capillary liquid height with the rate of polymerization requires
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a knowledge of the difference in the density of styrene and the apparent
density of polystyrene dissolved in styrene and toluene. The difference
between the specific volumes of styrene and polystyrene dissolved in the
reaction solution, Fstyrae — Fpoiystyrene, is termed the dilatometric constant.
Density values for styrene and polystyrene dissolved in pure styrene
reported by Matheson2were used to calculate values of 0.205 and 0.231
cm.3g. for the dilatometric constant at 60 and 70°C.

If the specific volume of polystyrene in toluene is the same as the value
for polystyrene dissolved in styrene, the same dilatometric constants can
be used for any styrene-toluene reaction solution. The density of toluene
and the density of a solution of toluene containing 1.5 wt.-% polystyrene
were determined by using a type of Westphal balance. A weighted hollow
glass bulb of about 10 cm 3was suspended from a Cahn electrobalance in
solutions of toluene, styrene, and toluene-polystyrene. The apparent
weight of the bulb in each of these solutions was noted. Based upon the
density of styrene reported by Matheson 12 the density of polystyrene in
toluene was calculated. Values of 1.060 g./cm 3 at 60 g. and 0.949 g./
cm 3at 70°C. were obtained. These values agree closely with the values
reported by Matheson for polystyrene dissolved in pure styrene.

Since the apparent density of polystyrene is approximately the same in
solutions of styrene and toluene, and since the volumes of styrene and
toluene are additive,* the same dilatometric constants were used for all
styrene-toluene ratios.

I1l. RESULTS AND DISCUSSION

Effect of Monomer Concentration

As seen in Figure 2, the rate of polymerization is linear with respect to
the monomer concentration. This same first-order dependence has been
reported with cumene and ieri-butyl hydroperoxide-initiated polymeri-
zations by Johnson and TobolskyI3and by Haward and Simpson 4

The experimental observation of the first-order effect justifies the
assumption that fcJM] » kr made in developing eq. (3). Thus, the
reactivity of the monomer molecule with the caged radical pair is so large
that few of the pairs recombine. Therefore, the rate of decomposition of
the polymeric hydroperoxide into the two caged radicals is the rate-
controlling step of the initiation reaction. Even though the reaction is
much more complicated, the initiation step can be treated as the simpler
case of autodecomposition of the hydroperoxide into radicals capable of
initiating the growth of polymer chains.

Effect of Polypropylene Hydroperoxide Concentration

The concentration of polypropylene hydroperoxides in the polymerization
solution was changed by varying the concentration of peroxidized poly-

* A plot of liquid solution specific volume of styrene-toluene mixtures versus the mole

fraction styrene is linear.
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STYRENE CONCENTRATION, M moles/litffr

Fig. 2. Dependence of polymerization rate to hydroperoxidized polypropylene in toluene
on the concentration of styrene.

POLYPROPYLENE HYDROPEROXIDE CONCENTRATION, I, equivalents/liter x105

Fig. 3. Effect of polypropylene hydroperoxide concentration on the polymerization rate
with monomer concentrations of 2.46117 at 60°C. and 2.26A7 at 70°C.

propylene containing 0.0431 wt.-% oxygen (equivalent to one hydro-
peroxide group every 2000 propylene monomeric units).. Curves of
Figure 3 illustrate the polymerization rate to be independent of the hydro-
peroxide concentration above about 2 eq./l. At lower polymeric hydro-
peroxide concentrations, the rate increases with decreasing hydroperoxide
content to a maximum at zero.

These results are in agreement with the equations developed in this
paper. Differentiating eq. (11) gives
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dRp (Rp)i - (Rp)
o] 2k,(Rp) (13)
MM]

The term of the numerator of eq. (13) has a maximum absolute value
for zero hydroperoxide concentration. As the polymeric hydroperoxide
concentration increases, {Rp) approaches (RPji, and their difference
approaches zero. The slopes of the curves of Figure 3, the rate of po-
lymerization versus the polymeric hydroperoxide concentration, agree with
the behavior of the derivative dRF/dPI] as given by eq. (13).

The assumptions made in deriving the kinetic equations are borne out:
(1) at high polymeric hydroperoxide concentrations, only the hydroper-
oxide-induced initiation and termination rates are significant; (2) at low
hydroperoxide concentrations, thermal initiation and biomolecular radical
termination by coupling must also be considered.

Effect of Temperature

The rate of polymerization in the region of high polymeric hydroperoxide
concentrations increases by a factor of 2.11 + 0.35 when the temperature
increases from 60 to 70°C. On applying reaction rate theory to the graft-
ing process, one can calculate an experimental activation energy of 18.6
+ 4.2 kcal./mole. The error of 4.2 is the negative deviation for the cal-
culated activation energy with uncertainties in the reported values of
2fkdc/ ktr.

Polymerization Rate Constants

The ratio of individual rate constants 2tkdkp/kfT is evaluated from the
experiments conducted with a polymeric hydroperoxide concentration
greater than 2 X 10-5eq. 11 Rate constant results are summarized in
Table I. The chain transfer velocity coefficient kir has been estimated
from data with less than 2 X 10~6eqg. 1 polymeric hydroperoxides. At
greater than this hydroperoxide concentration, the rate is largely controlled
by initiation and termination by the polymeric hydroperoxides. Below
this concentration, however, thermal initiation and the bimolecular radical
termination by combination of the growing polymer chains must also be
considered. Values of kir have been computed by using eq. (12) and the
values of k,, and ktreported by Matheson 2

The chain transfer constant k,/lcv relates the number-average molecular

TABLE 1
Evaluation of Individual Polymerization Rate Constants for Styrene Grafting to Atactic
Polypropylene Hydroperoxide

2tkdkp/kir X 107 ht,
Temp., °C. sec.-1 1./mole-sec. Ci
60 1.60 + 0.11 178 + 27 1.01 £+ 0.15
70 3.39 + 0.24 275 £ 75 1.14 + 0.30
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weight of the grafted polystyrene chains with the polymerization param-
eters. Calculated values, again based upon the k, of Matheson ,2are also
shown in Table I.

The closeness of the two values of Ci at 60°C. and 70°C. points out that
(1) the activation energy of the propagation step (7.8 kcal./mole, according
to Matheson1) is approximately equal to that of the chain transfer step;
and (2) the chain length of the grafted polystyrene is relatively unaffected
over this polymerization temperature range. Increasing the temperature
of the polymerization from 60 to 70°C. decreases the length of the grafts
by about 10%.

The chain transfer constant at 73°C. is 280 1/mole-sec., 18 times the
chain transfer constant of 0.06 reported by (Walling and Chang9for the
cerf-butyl hydroperoxide-initiated polymerization of styrene. This high
constant accounts for the relatively low rates of polymerization observed.
Walling and Chang also report that the rate of polymerization is propor-
tional to the 0.-21 power of the hydroperoxide concentration in the range
between 0.01 and 0.1M hydroperoxide. For termination by bimolecular
radical combination only, one would expect the rate of polymerization to
be proportional to the 0.5 power of the hydroperoxide concentration; for
termination by chain transfer only, the rate of polymerization would be
proportional to the zero power of the hydroperoxide concentration. There
it appears that under the reaction conditions of Walling and Chang, both
forms of termination occur to a significant extent. However with the
hydroperoxidized polypropylene system, termination by chain transfer, as
shown by the zero-order effect of the polymeric hydroperoxide, is rate-con-
trolling at polypropylene hydroperoxide concentrations as low as 2 X
10-w .

The initiation rate constant, 2 is approximated for comparison with
the erf-butyl hydroperoxide system. One calculates values of 2fkd of
(161 + 0.35) X 10-7 1/mole-sec. at 60°C. and (3.87 + 1.35) X 10-7
1/mole-sec. at 70°C. The value at 60°C. is just slightly lower than the
mean of two values, 2.11 and 1.39 X 10-7, estimated from the data of
cerf-butyl hydroperoxide-initiated polymerization of styrene at the same
temperature. The activation energy of polypropylene hydroper-
oxide-induced initiation, estimated to be 22 + 2 kcal./mole, is comparable
with the reported value of 24 kcal./mole for the analogous ¢erf-butyl hydro-
peroxide system M Apparently then, the decomposition of both hydro-
peroxide initiators are similar.

Length and Frequency of Grafted Polystyrene Chains

Inspection of calculated humber-average molecular weight data indicates
that the length of polystyrene graft chains is directly proportional to the
styrene concentration, inversely proportional to the polypropylene hydro-
peroxide concentration, and slightly affected by polymerization tempera-
ture. As noted previously, the validity of this conclusion is dependent
upon a negligible amount of —O—O— bond cleavage in the chain transfer
step.
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Fig. 4. Frequency of polystyrene grafts per 100,000 monomeric units of the polypro-
pylene backbone as a function of the polypropylene hydroperoxide concentration and the
polymerization time at 70°C. Polypropylene concentration: 1g./l.

The average number of polystyrene graft chains per 100,000 backbone
propylene monomeric units F is linearly proportional to both polymeriza-
tion time and the weight percentage of oxygen in the hydroperoxidized
polypropylene backbone. Figure 4 presents a semiempirical correlation
relating the frequency of polystyrene chains on polypropylene to poly-
propylene hydroperoxide concentration and polymerization time at 70° C.
Increasing the temperature of the polymerization from 60 to 70°C. in-
creases the frequency of polystyrene grafts by a factor of 2.4. The length
of graft chains is relatively unaffected by the temperature in this tempera-
ture range, so the increased rate of polymerization at the higher tempera-
ture goes into creating more rather than longer polystyrene chains.

The Office of Saline Water under grant 14-01-0001-439 and the Water Resources
Center of the University of California at Berkeley jointly supported this work. The
authors wish to express their thanks to Profs. H. P. Gregor and G. Oster, Polytechnic
Institute of Brooklyn, for their technical advice.
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Résumé

On a mesuré la vitesse de polymérisation a 00 et 70°C du styréne initiée par du poly-
propyléne atactique hydroperoxyde en solution homogéne dans le toluéne. La réaction
est de premier ordre par rapport a la concentration en styréne et indépendante de la con-
centration eh hydroperoxyde polymérique aux teneurs en hydroperoxyde supérieurs a
2 X 10~6N. On a calculé les constantes de vitesse individuelles, la longueur et la fré-
quence des chaines greffées de polystyréne le long du squellete de polypropyléne et on a
discuté leur signification. La constante de vitesse d’initiation est trés voisine des valeurs
rapportées pour la polymérisation analogue initiée par I'hydroperoxyde de f-butyle. La
constante de vitesse pour I'étape élémentaire de terminaision par transfert de chaines a
70°C est cependant 18 fois supérieure a la valeur rapportée par la polymérisation du sty-
réne initiée par I’hydroperoxyde de tert-butyle. Cette constante élevée est responsable
des vitesses de polymérisation relativement faibles et des vitesses élevées de la terminai-
son; La désactivation des chaines est vraisemblablement accélérée par un accroissement
du nombre de collisions entre les chaines du polystyréne en croissance et les molécule
inactives d’hydroperoxyde de propyléne et de polystyréne. On estime la distribution des
greffons de polystyréne sur le polypropyléne au départ de la connaissance des effets de
concentration du styréne, de la concentration en hydroperoxyde polymérique et de la
température sur la vitesse de polymérisation.

Zusammenfassung

Die Geschwindigkeit der durch hydroperoxydiertes ataktisches Polypropylen in homo-
gener Toluollésung gestarteten Styrolpolymerisation wurde bei 60 und 70°C gemessen.
Die Reaktion ist bezuglich der Styrolkonzentration von erster Ordnung und oberhalb
2.10-5iV Hydroperoxy von der Konzentration des polymeren Hydroperoxyds unabhéan-
gig. Die individuellen Geschwindigkeitskonstanten, Lange und Haufigkeit der auf die
Polypropylenhauptkette aufgepfropften Polystyrolketten werden berechnet und ihre
Bedeutung diskutiert, Die Startgeschwindigkeitskonstante ist mit ddn fur die analoge
feri-Butylhydroperoxydestartete Polymerisation gut vergleichbar. Die Geschwindig-
keitskonstante des Elementarschritts des KettenlUbertragungsabbruchs bei 70°C besitzt
besitzt jedoch den 18 fachen Werre der fur die ieri-butylhydroperoxygestartetn Poly-
merisation von Styrol bekannten Grosse. Dieser hohe Werte ist fur die beobachtete
verhéaltnismassig niedrige Polymerisationsgeschwindigkeit und die hohe Abbruchgesch-
windigkeit verantwortlich. Die Kettendesaktivierung wird vermutlich durch eine er-
hohte Zahl von Zusammenstdossen zwischen wachsenden Styrolketten und inaktivem
Propylenhydroperoxyd sowie Polyst.yrolmolékulen beschleunigt. Die Verteilung der
Polystyrolaufpfropfungen auf Polypropylen wird aus der Kenntnis des Einflusses der
Styrolkonzentration, der Konzentration des polymeren Hydroperoxyds und der Tem-
peratur auf die Polymerisation abgeschatzt.
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Effects of Concentration of Urethane Linkage,
Crosslinking Density, and Swelling upon the
Viscoelastic Properties of Polyurethanes

KYOICHI SHIBAYAMA and MINEKAZU KODAMA, The Central Re-
search Laboratories, Mitsubishi Electric Corporation, Arnagasaki, Japan

Synopsis

Viscoelastic properties of unswollen and swollen specimens of homologous series of
polyurethanes were studied in the glass-to-rubber transition region. In the case of un-
swollen specimens, a large discrepancy was found to exist between the thermal expansion
coefficient of specific volume and that of free volume derived by comparing the WLF
equation with Doolittle’s equation in which the parameter B was assumed to be unity.
As apossible way to account for this discrepancy, B is assumed to be a decreasing function
of temperature supposing that the thermal dissociation of secondary linkage between po-
lar groups may have a decreasing effect on the size of elemental unit of molecular motion.
In the case of swollen specimens, this discrepancy was found to disappear. Differences
between specimens swollen in ethyl acetate and re-propanol were observed in the spread of
the array of relaxation modulus versus temperature curves in a homologous series. As a
cause of this phenomenon it is suggested that the mechanisms of imparting free volume
to the system are different for ethyl acetate and n-propanol because of characteristic
interactions between swelling agents and polymers.

INTRODUCTION

Polyurethanes are widely used for various purposes as foams, elastomers,
paints, adhesives, and so on. Investigations on the relation between
structure and properties of polyurethanes have been made by several
workers. For elastomers, the dependences of glass temperature, tensile
strength, and degree of swelling upon the polymer constitution have been
studied 12 For rigid polyurethanes, the relation between dynamic me-
chanical properties and the type of cliol used as a constituent has been
studied .3 Dependences of glass temperature and logarithmic decrement
upon the types of polyesters and polyisocyanates used as constituents
have been studied for films of polyurethane paints 4

At the present, it seems to be necessary to separate and clarify the effect
of each polar group and crosslinking density upon the properties so as to
get a full understanding. Further, the internal structure of a polar polymer
may be affected by interactions with solvents. Thus, the study of me-
chanical properties of swollen polymer will be useful for understanding not
only the nature of interaction of polymer with solvent but also the relation
between structure and properties of polymer itself.
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In this investigation, rigid polyurethanes have been prepared from
glycol, triol, tolylene diisocyanate, and water so as to get homologous
series of polymers with respect to the concentration of urethane linkage
and crosslinking density, and viscoelastic properties of unswollen and
swollen specimens have been studied in the glass-to-rubber transition
region.

EXPERIMENTAL
Composition of Sample

Homologous series of polymers with respect to concentrations of polar
groups and crosslinking density were prepared by adjusting the composi-
tion of ingredients: tolylene diisocyanate, dipropylene glycol, polypropyl-
ene glycol, triol, and water. These ingredients will be abbreviated as
TDI, UPG, PPG, Tr, and HD, respectively. Polymers prepared by
mixing these five ingredients can contain urethane, urea, biuret, and allo-
phanate linkages in the chain. Biuret and allophanate linkages are tri-
functional groups and can act as crosslinking units. According to the
chemistry of polyurethane formation, concentrations of functional groups
in polymers can be calculated by egs. (1) and (2), assuming that the con-
version of each reactant is complete and the rate of formation of biuret
linkage is greater than that of allophanate linkage 5

) - (OH) - 2(HD)J:

(OH)
W
g = 30D + (ovv) - (NCO)
(XCO) - (OH) - 2(HD) (D
[B] = w
0
[Tr] + [B]
) - (OH) - 2(HD)j
_ (OH)
[U] - W
[Url=0
_ (HD)
e = )
A = (XCO) - (OH) - 3(HD)

w

] = [Tr] + 1B] + [A]
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where NCO, OH, U, Ur, B, A, p, and W represent isocyanate group, hy-
droxyl group, urethane linkage, urea linkage, biuret linkage, allophanate
linkage, crosslinking density, and total weight, respectively. Brackets and
parentheses represent mole in one gram sample and gram equivalent, re-

spectively.
Compositions of samples and calculated values of functional group con-
centrations are given in Tables |-+l where series I, Il, and Ill are ho-

mologous series of polymers with respect to concentration of urethane link-
age, crosslinking density, and concentration of allophanate linkage, respec-
tively.

Materials and Sample Preparation

TDI(2,4-80%, 2,6-20%) was distilled at 105-108°C. under the pressure
of 5 mm. Hg. PPG (molecular weight 400), DPG, and Tr (addition
product of propylene oxide to glycerine, molecular weight 400) were dried
for 3 hr. at 75°C. under the pressure of 2-3 mm. Hg. The water content
of the polyol mixture was determined by the method of Karl Fischer im-
mediately before mixing polyols and TDI. Curing of the mixture of
polyols and TDI was conducted between two glass plates covered by
Teflon film first at 40°C. for 3 hr., then at 60°C. for 48 hr., and finally at
100°C. for 3 hr.

X-Ray Diffraction

Intensity curves of x-ray diffraction were determined at room tempera-
ture for selected samples by use of an x-ray diffractometer (FeKa radia-
tion 35 k.v., 10 ma., Mn filter).

Determination of Specific Volume of Unswollen and Swollen Specimens

Specific volume versus temperature curves of unswollen samples were
derived by measuring weight changes of a specimen immersed in a silicone
oil (10 cstokes, KF 96, supplied by Shinetsu Chem. Co.) at various tem-
perature. For swollen samples, the specific volume was derived by measur-
ing weight of a specimen immersed in swelling agent at 30°C. Itodlike
specimens of 2 to 3 g. were used in both cases.

Viscoelastic Properties and Thermal Expansion Coefficient

Relaxation moduli of specimens from 1 to 10 sec. were calculated from
the slopes of stress-strain curves derived from constant rate extension
experiments by means of an Instron-type apparatus at various tempera-
ture. Maximum extensions were less then 1%, in which the linearity of
viscoelastic behavior held satisfactorily. In the case of swollen specimens,
extension experiments were carried out in an immersion set-up. Equi-
librium swelling of the specimens had been attained in an auxiliary vessel
prior to their being placed in the immersion equipment.

It had been reported in earlier papers6,/that the temperature dependence
of X which is the time derivative of the relaxation modulus, can be ex-



VISCOELASTIC PROPERTIES OF POLYURETHANES 87

pressed as eq. (3) when the relaxation modulus versus time curve is fitted
by an empirical eq. (4) which has been proposed by Tobolsky5 and is
readily transcribed into a form of temperature dependence by using the
WLF equation:

HT) vV * . El "hCAT -
~Y hiQg% exP c2+ T ®3)
log E (f) = y2{log EiE2+ log (Ei/Ei erf [hlog (t/k)]} (4)

where Ej and E2 are upper and lower equilibrium values of the relaxation
modulus, h is a parameter representing steepness of transition, Ci and C2
are constants appeared in the WLF equation, Tmis the temperature at
which X exhibits its maximum value, and K is time when log E(t) equals
Vs log EiE2

It is possible to evaluate Ci, C2 and h from the measurement of relaxa-
tion moduli for a short time, at various temperatures, which is necessary
to evaluate X Equations (5) and (6), derived from eq. (3), can be used
conveniently for this purpose,

h = 2X(Tm/\/V log (Ei/Ei) )
hCHT - Tm/(Ct+ T - Tm = [InX(Tm)/X(T)]1! (6)

Advantages of this method of analyzing results of viscoelastic measure-
ments, over the standard method of the so-called time-temperature super-
position, are its simplicity and greater accuracy in estimating values of the
WLF constants because errors of superposing the relaxation curves can be
avoided.

Master relaxation curves were constructed by the time-temperature
superposition technique to examine the applicability of eq. (4) to the
present system. Validity of eq. (3) was then examined directly by plotting
(T — Tm)/[In X(TmM/X(T) ]/ against T — Tmand, further, by comparing
values of the WLF constants thus obtained with those derived from the
temperature dependence of the shift factor.

For some swollen specimens, the thermal expansion coefficient was deter-
mined by measuring the linear expansion.

Swelling Agents and Adjustment of Degree of Swelling

Ethyl acetate and w-propanol were selected as swelling agents because
the degree of swelling can be varied widely by both of them and further-
more they are believed to differ in nature of swelling action.

Adjustment of degree of swelling was made by mixing the swelling agent
with an appropriate amount of silicone oil (10 cstokes, KF 96). It was
verified that silicone oil was not absorbed in the specimen from the facts
that the weight of deswollen specimen, obtained by evaporating the swelling-
agent near its boiling temperature, was the same as that of the unswollen
specimen and the amount of extractable materials in a swollen specimen
was less than 0.5%.
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The degree of swelling was expressed as weight fraction of polymer, 1T2
which was determined gravimetrically from the difference of weight be-
tween unswollen and swollen specimen.

RESULTS
X-Ray Diffraction

In Figure 1, intensity curves of x-ray diffraction are shown for specimens
13, 24, and 33 at room temperature. These results indicate that the poly-
mers obtained here have no crystalline region at all.

Fig. 1. X-ray intensity curves.

Specific Volume

Specific volume versus temperature curves of unswollen specimens for
series I, 11, and 111 are shown in Figure 2. In series | and 11, curves shift
toward higher temperatures when the concentration of urethane linkage
or crosslinking density increases. In series 111, curves above glass tem-
perature overlap each other and those below glass temperature change

TABLE IV
Values of Characteristic Parameters Representing Temperature Dependence of Specific
Volume for Unswollen Specimens

Series No. TO, °C. V,, cc./g. a, X 104 m X 104
11 54 0.815 5.00 1.97
12 45 0.824 6.11 1.58
13 35 0.831 6.76 1.57
14 24 0.841 7.43 1.57
15 17 0.852 7.48 1.58
21 47 0.826 5.81 1.21
22 37 0.827 5.93 1.21
23 33 0.831 6.52 1.08
24 24 0.832 6.61 0.96
11 31 42 0.820 7.05 0.84
32 44 0.824 6.44 0.85
33 46 0.825 6.32 0.73
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Fig. 2. Specific volume vs. temperature curves for unswollen specimens.

Specific volume vs. temperature curves for swollen specimens. Degree of
swelling is tabulated in Table VI.
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TABLE V

Values of Characteristic Parameters Representing Temperature Dependence of Specific
Volume for Selected Swollen Specimens

Symbol*

33-E4
11E
15E
21E
24E

33-P4
1P
15P
21P
24P

m

op

Lmsj

44
-4
-25
<10
-9
-14
-13
-45
17
-34

I'm °c.

-63
24
-43
=29
-28
-33
-34
-60
-35
-54

aThe meaning of symbols is shown in Table V1.

Specific Volume of Swollen Specimen in Ethyl Acetate and n-Propanol at

Symbol

HE
12E
13E
14E
15E

21E
22E
23E
24E

1P
12P
13P
14P
15P

21P
22P
23P
23P

33-El
33-E2
33-E3
33-E4

33-PI

33-P2
33P-3
33-P4

Sample
no.

H

12
13
14
15

21
22
23
24

11
12
13
14
15

21
22

TABLE VI

Swelling
agent

Ethyl
acetate

Ethyl
acetate

n-Propanol

n-Propanol

Ethyl

acetate

?i-Propanol

O O o O o o O © O O O o o o

o O O © o O o o

O o o o

«a. X 104

w2

826
832
818
820
822

822
825
825
820

749
757
751
748
742

767
756
742
749

810
752
701
662

878
855
820
792

o o o0 h O NN OO

48
02
27
91
72
56

.00
.00
.53
.10

»>

cc./g.

o O o o

_OOOOO

© o oo o O O o © ©o o oo

© o o o

.851
.861
877

891
905

.866
.868
.870
872

.890
.904
.931

961

.983

889
918
938
956

871

.902
.920
.940

880
887
890

.902

oibs X 104

[ e = S S N ey S e

.22
.28
.23

59

.50
.32
.50
.50

50
72

30°C.

cc./g.

O O O o o © o o o © ©o o o o

© o oo o o o o

o © ©o o

875
881
893
904
915

888
889
891
897

948
959
968
977
990

956
963
969
896

893
909
923
948

916
929
944
953
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their positions regularly. Characteristic parameters representing glass
transition are listed in Table 1V, where vgis the specific volume at Tgand
auand aaare thermal expansion coefficients above and below T,, respec-
tively.

Figure 3 shows specific volume versus temperature curves for selected
cases of swollen specimens calculated from the results of linear expansion
measurements assuming isotropic expansions. Glass temperature Tss and
thermal expansion coefficients aass and afts obtained from the results of
Figure 3 are listed in Table V.

Specific volumes of swollen specimens in ethyl acetate and n-propanol

Fig. 4. Relaxation modulus vs. time curves at various temperatures. Curve (1)
No. 24; (2) No. 21; (3) No. 31; (4) No. 11.
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at 30°C. are listed in Table V, where v is the observed value and vc is
the value calculated assuming additivity between the volumes of polymer
and swelling agent. It is apparent from the comparison of v with vc that
the additivity between the volumes of polymer and swelling agent does not
hold in these systems.

Fig. 5. Probability paper plots of master relaxation curves constructed from the results
of Fig. 4 for a reference temperature of 50°C.

Fig. G. Shift factor vs. temperature curves.
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Viscoelastic Properties

Figure 4 shows typical examples of relaxation modulus curves measured
at various temperatures. Master relaxation curves, which are derived by
the time-temperature superposition technique and plotted on the prob-
ability paper, yield straight lines as shown in Figure 5 for selected speci-
mens. Applicability of eq. (4) is thus verified. Shift factor versus tem-
perature curves are shown in Figure 6, from which values of C\ and C2, the
WLF constants referred to glass temperature, are obtained as listed in
Table VII.

Fig. 7. Relaxation modulus and X vs. temperature curves for unswollen specimens.

Relaxation modulus and X versus temperature curves of unswollen
specimens are shown in Figure 7. In series I, the transition region is
shifted toward higher temperature, the X versus temperature curve is
broadened, and the peak height of Xis lowered with increasing [U],. The
rubbery modulus shows nearly constant values for all specimens in series
I. In series Il, the transition region is shifted toward higher temperatures,
the Xversus temperature curves are broadened, and the peak height of Xis
lowered with increasing [p]c. In series 111, relaxation modulus versus
temperature curves in the transition region overlap, while rubbery modulus
increases with decreasing [A]c.

TABLE VII
Parameters in the WLF Equation Calculated from Shift Factors

No. c» a»
1 17.7 37.4
21 15.2 29.0
24 12.0 26.1

31 15.0 42.0



94 K. SHIBAYAMA AND M. KODAMA

Fig. 8. Plots of temperature dependence of X according to eq. (6).

Fig. 9. Relaxation modulus and X vs. temperature curves for specimens of sample 33
at varying degree of swelling. Degree of swelling is tabulated in Table VI.

Plots of (T — Tm/In[\(TmM/\{T)]'h against T — Tm according to eq.
(6), yield straight lines, as shown in Figure 8 which includes a few ex-
amples. Characteristic parameters representing viscoelastic properties are
listed in Table VIII, where a/ and  which are calculated from Ci and C°
assuming that the parameter B in Doolittle’s equation is unity, are thermal
expansion coefficients of free volume and fractional free volume at Tg The
crosslinking density [p]eis calculated from the rubbery modulus Mi by the
familiar relation B = 3d[p]eRT, where d is the density of the polymer.
From the comparison of Table VII with Table V111 it is apparent that the
agreement between both methods for derivation of Ci and (7/ is fairly good.
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TARLE VIII
Values of Characteristic Parameters Representing Viscoelastic Properties for Unswollen
Specimens
Tm Me CE[

Series No. °C. X104 mole/g. h cVv cy X 104 fa
1 11 72 2.88 0.257 22.2 36.5 5.35 0.0196
12 58 2.80 0.263 21.4 30.6 6.63 0.0203
13 47 2.90 0.282 19.9 29.9 7.31 0.0218
14 36 2.88 0.315 18.8 29.8 7.75 0.0231
15 29 2.88 0.338 18.0 29.4 s.21 0.0242
11 21 62 7.85 0.308 16.0 31.5 8.60 0.0272
22 49 4.49 0.361 15.8 25.9 11.30 0.0274
23 45 3.48 0.371 13.8 25.2 12.50 0.0314
24 36 1.72 0.401 12.2 24.8 14.40 0.0354
11 31 62 4.48 0.294 13.5 42.8 7.53 0.0321
32 62 7.80 0.297 13.1 45.8 7.21 0.0311
33 63 8.26 0.313 13.0 48.1 6.95 0.0333

Relaxation modulus and X versus temperature curves are shown for
specimens of sample 33 at varying degrees of swelling in ethyl acetate and
n-propanol in Figure 9. For specimens swollen in ethyl acetate, the re-
laxation modulus and X versus temperature curves are shifted toward
lower temperatures, their shapes are flattened, and rubbery moduli are
lowered with increasing degree of swelling. For specimens swollen in n-
propanol, although the degree of swelling is somewhat smaller than in the
case of swelling in ethyl acetate, relaxation modulus, and Xversus tempera-
ture curves hardly change their positions on the temperature axis with in-
creasing degree of swelling.

Characteristic parameters representing viscoelastic properties derived
from the results of Figure 9 are listed in Table IX. The crosslinking
density [p]s per unit weight of polymer in swollen system is calculated by
the relation B4 = 3dv2l/dp]RT, where V2is volume fraction of polymer.

TABLE 1IX
Values of Characteristic Parameters Representing Viscoelastic Properties for Sw'ollen
Specimens at Varying Degree of Swelling

[p]-
X 104 T ms> 1 08j oi/s

Symbol mole/g. °c. °c. h o cy X 10-4 fa*

33-El 7.29 -6 -25 0.281 22.0 35.0 5.64 0.0197
33-E2 7.23 -33 .52 0.257 22.8 38.0 5.05 0.0191
33-E3 6.80 -40 -59 0.245 23.0 42.3 4.48 0.0189
33-E4 6.46 -44 -63 0.215 23.6 40.8 4.55 0.0184
33-PI 5.11 -12 -31 0.280 33.0 29.7 4.45 0.0132
33-P2 5.19 -12 -31 0.273 8%.% 33.8 3.87 0.0131
33-P3 5.29 .13 -32 0.280 36.0 44,7 2.70 0.0121
33-P4 5.27 -14 -33 0.265 39.0 44.8 2.67 0.0120
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Fig. 10. Relaxation modulus and X vs. temperature curves for swollen specimens of
series I. Degree of swelling is tabulated in Table VI.

Fig. 11. Relaxation modulus and X vs. temperature curves for swollen specimens of
series I11. Degree of swelling is tabulated in Table V1.

Relaxation modulus and Xversus temperature curves for series | and 11
swollen in ethyl acetate and «-propanol at nearly constant degree of swelling
are shown in Figures 10 and 11. Relaxation modulus and X versus tem-
perature curves for a homologous series form a regular array of lines in the
transition region as is seen from Figures 7, 10, and 11, from which one can
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see that the spread of the array is reduced by swelling. This effect is more
marked in series Il than in series | and is more in the case of swelling in
ethyl acetate than inn-propanol.

Characteristic parameters representing viscoelastic properties of swollen
specimens for series | and Il are listed in Table X. The glass temperature
of swollen polymers, T,s, for specimens other than those cited in Table V
are calculated according to the relation Tgs = Tns — a, which holds for
selected specimens, as is seen from Table V. The constant a is assumed
here to have the same value as in the case of the selected specimens, that is,
19.

TABLE X
Values of Characteristic Parameters Representing Viscoelastic Properties for Swollen
Specimens at Constant Degree of Swelling

[Pl
X 10,4 41y «l*

Symbol mole/g. °c. °C. h CcP Gi" X 104 fos
HE 2.21 - 4 -24 0.226 27.4 36.5 4.35 0.0159
P2E 1.94 -9 -28 0.228 30.6 27.7 5.10 0.0142
13E 2.40 -12 -31 0.249 30.4 25.8 5.53 0.0143
14E 2.44 -19 -38 0.270 32.2 24.7 5.47 0.0136
15E 2.60 -25 -4 3 0.276 28.4 26.1 5.85 0.0153
1P 2.16 -13 -34 0.233 35.2 40.5 3.06 0.0124
12P 2.09 -17 -36 0.237 37.0 32.7 3.61 0.0118
13P 2.53 -27 -46 0.259 36.8 32.9 3.60 0.0118
14P 2.43 -34 -53 0.283 35.4 31.8 3.87 0.0123
15P 2.70 -45 -60 0.291 34.5 31.5 3.99 0.0126
21E 6.09 ‘10 29 0.277 27.6 25.4 6.21 0.0157
22E 3.68 - s -27 0.303 32.8 17.9 7.00 0.0132
23E 2.50 - 8 -27 0.288 33.1 17.4 7.58 0.0132
24E 1.60 -9 -28 0.295 32.3 16.9 7.93 0.0135
21P 6.66 17 -35 0.285 35.9 26.4 4.61 0.0121
22P 3.22 -23 -42 0.321 38.1 22.4 5.08 0.0114
23P 2.09 -30 -49 - .300 36.4 22.2 5.37 0.0119
24P 1.08 -34 -54 0.301 34.7 22.3 5.65 0.0125

DISCUSSION
Crosslinking Density

The rate of formation of allophanate linkage is reported to be appreciably
smaller than that of other polar linkages; relative rates of formation of
allophanate, biuret, urea, and urethane linkage are 1, 100, 400, and 400,
respectively 9 It is, therefore, possible that the concentrations of allophan-
ate linkages are overestimated in Tables I 11l when polyurethanes are
synthesized by the one-step method as practiced here.

Comparison of calculated values of crosslinking density with observed
rubbery modulus may serve as a guide to the extent of allophanate linkage
formation because the formation of allophanate linkage contributes to an
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Fig. 12. Correlation among crosslinking densities [ple [p}c and [p]c.

increase in the crosslinking density and then rubbery modulus. Figure 12
shows correlation among [ple, [p]lc, and [p]/. The last is defined by the
relation, [p]/ = [p]lc — [Al., excluding the possibility of allophanate link-
age formation. Although [p]c and [p]lc' are generally larger than [p]e
[pleis closer in magnitude to [p]</ than to [p]c. This trend is especially
marked for polymers which have large [A], value.

The allophanate linkage is reported to dissociate gradually at elevated
temperatures (110-130°C.).D Since the polymers prepared here show
rubberlike elasticity below 100°C., it is considered that thermal dissocia-
tion of allophanate linkage hardly occurs in the temperature range in-
vestigated here. It is, therefore, concluded that even though the forma-
tion of allophanate linkage can not be ignored completely, the concentra-
tion of allophanate linkage present in the polymer is negligibly small as
compared with tire concentration of other linkages.

In subsequent descriptions, the value of crosslinking density is expressed
by [ple and the concentration of polar groups is expressed by the value
listed in Tables I+11, except for [A]c, which is equated to zero.

Viscoelastic Properties of Unswollen Polymers

Series | can be regarded as a homologous series with respect to the con-
centration of urethane linkage [U], since [B]cis small and nearly constant
compared with [U], as is seen from Tables I-4ll. Parameters which
characterize properties in the transition region for series | are plotted
against [U]cin Figure 13. When [U], is increased, Tgincreases regularly,
and the glass-to-rubber transition becomes less steep, as is seen from the
value of h.  The effect of [U]con TOcan be attributed to both the rigidity
of the phenyl ring in TD1 and the cohesive energy density of the urethane
linkage 1 The high packing density of molecular chains is considered to be
realized by increasing [U]c as exemplified by the fact that the occupied
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volume WO which was estimated by v0 = vg (1 —},), decreases with in-
creasing [U]c. Series | can be termed an iso-free volume series since fgis
nearly constant in the series. The thermal expansion coefficient of specific
volume and free volume, aa and af, respectively decrease with increasing
[Ulce. Values of a} and aa — abshould be similar in magnitude from the
usual point of view that the thermal expansion above Tgis composed of an
increase in free volume and a lattice expansion. This requirement is not
satisfied, af being always larger than aa — ab. Discussion of this dis-
crepancy will be presented in the next section, since the same trend is
found in other series.

Fig. 13. Values of characteristic parameters representing viscoelastic properties vs.
urethane group concentration for unswollen specimens of series I.

Parameters which characterize properties in the transition region for
series Il are plotted against crosslinking density in Figure Il. T, in-
creases linearly with the logarithm of [p],. This can be explained by a con-
cept reported in an earlier paper1l The value of fg decreases with in-
creasing [ple while the occupied volume V0 remains at a nearly constant
value. Thus, series Il can be considered an iso-occupied volume series in
the same way as with other crosslinked systems12 The dependences of
h, af, and aaon [p]eare qualitatively similar to those on [XJ]c as described

for series I. However, the discrepancy between af and aa — abis much
larger than that in series I.
il Series 111 is considered to be a series with varying crosslinking density

and the concentration of some unknown polar groups formed by reactions
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Fig. 14. Values of characteristic parameters representing viscoelastic properties vs.
crosslinking density for unswollen specimens of series I1.

UOe, (XIO'WA)

Fig. 15. Values of characteristic parameters representing viscoelastic properties vs.
crosslinking density for unswollen specimens of series 111.



VISCOELASTIC PROPERTIES OF POLYURETHANES 10].

of Hie isocyanate group with moisture or else, as the formation of allopha-
natc linkage is considered to be negligibly small.

Characteristic parameters representing viscoelastic properties arc plotted
against [pl in Figure 15, from which we can see that aa and a, decrease
with increasing [plc, T and j,, have nearly constant values irrespective of
varying crosslinking density, and v, and h increase with [p]le. These
tendencies are considered to arise from the combined effects of concentra-
tions of unknown polar groups and crosslinking density and cannot be dis-
cussed in detail at the present.

Dependence of Free Volume on Temperature

It is natural to consider the secondary linkages between polar groups
dissociate gradually with increasing temperature for a polymer, such as
polyurethane, which has polar groups capable of causing interactions of
various levels between molecular chains. It may be possible to explain
the discrepancy between af and aa — abby considering that the dissocia-
tion of secondary linkage is accompanied by the creation of free volume
which was a part of the occupied volume prior to the dissociation.

However, it seems difficult to explain the cause of such a large dis-
crepancy between arand aa - a, as encountered in series Il in this way.
As an alternative, it will be better to examine the value of parameter B
appearing in Doolittle’s equation, which was assumed to be unity. Wil-
liams1Band Saito¥ have made af agree with aaor aa — abby assuming
appropriate values for the parameter B. According to Hiraiband Cohen
and Turnbull ,6the parameter B is considered to be related to the size of
hole necessary for the motion of a chain segment. It can be assumed
further that the parameter B is not a constant but a decreasing function of
temperature when the size of the elemental unit of molecular motion is to be
reduced by the thermal dissociation of intermolecular linkages. On rep-
resenting the functional form of B simply as eq. (7), the WLF equation
may be transcribed into the form of eq. (8).

B = 1/(1 + HAT) 7)
where AT = T — Tgand A is afactor.

(I {AT + [A</I(All + al)]JAP}

—2.303 log aT
[/1HI(AT1l + a/)] + AT + [A«/I(All + «/)]JAT3

®)

Values of // and A calculated by eq. (8) and by using the value of aa — a*
for a/ are listed in Table X1. Though eq. (8) differs in its form from the
WLF equation, the numerical relation between aT and AT, derived by eq.
(8) for the values of A and// listed in Table X1, can be fitted closely by
the WLF equation, as is seen from apparent linearities of usual WLF plots
shown in Figure 16. Careful inquiry is, therefore, necessary to avoid
erroneous conclusions drawn from the meaning of the WLF constants.
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TABLE XI
Parameters in Modified WLF Equation [eq. (8)].

Series No. A

| 11 0.013 0.0222
12 0.013 0.0223

13 0.014 0.0246

14 0.013 0.0255

15 0.013 0.0270

11 21 0.020 0.0310
22 0.025 0.0310

23 0.027 0.0352

24 0.029 0.0396

1 31 0.010 0.0372
32 0.010 0.0385

33 0.010 0.0392

10 30 30
aT

Fig. 16. WLF plots of modified eq. (8).

Assumption of the temperature dependence in B thus provides a possible
way to explain the discrepancy between ar and aa — ab.  Values of // in
Table X1 have the same trend with those listed in Table VIII. Further in-
vestigations seem to be needed to discuss the values of A which differ con-
siderably among the three series, as is seen from Table XI.

Effects of Swelling upon the Viscoelastic Properties

Characteristic parameters representing viscoelastic properties listed in
Table X are plotted against concentration of functional groups in Figures
17 and 18. Decreases in h, fg, and crosslinking density and agreement of
aj with aa — abare commonly observed in cases of swelling in both ethyl
acetate and n-propanol. The decrease in crosslinking density by swelling
is largely attributed to dissociations of secondary linkages which have been
evaluated as crosslinkages in unswollen specimens, since values of cross-
linking density of deswollen specimens coincide with those of corresponding
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Fig. 17. Characteristic parameters representing viscoelastic properties vs. concen-
tration of urethane group for (— ) unswollen specimens and (--—— ) swollen specimens:
(left) swollen in ethyl acetate; (right) swollen in n-propanol.

unswollen specimens. The decrease in h, namely broadening of visco-
elastic transition, has been often observed for polymer-diluent systems.
As an explanation for this phenomenon, we can consider that an inhom-
ogeneity of segmental mobility is caused by solvation of swelling agent
molecule, according to a concept reported earlier / The most marked
effect of swelling is the disappearance of the discrepancy between af and
aa — ab. This is considered to be caused by dissociation of secondary
linkages by the action of swelling agent and can be regarded to substantiate
the assumption, made in the preceding section, that thermal dissociation of
a secondary linkage would be responsible for the apparent discrepancy
between ar and aa — a,. A decrease in fgon swelling has been reported
for the poly(vinyl chloride)-dioctyl phthalate system from the measure-
ment of dielectric relaxation 4 According to Gibbs and Dimarzio, 8 who
define glass temperature as the temperature at which configurational en-
tropy becomes zero, the decrease in fg means that the configurational en-
tropy has a nonvanishing value until the free volume of the system is re-
duced to a smaller value when diluent molecules coexist. This statement
seems to be reasonable. Dependences of /,, on concentration of urethane
linkage and crosslinking density are found to be suppressed by swelling.
Differences between the effects of ethyl acetate and n-propanol are ob-
served in the spread of the array of relaxation modulus versus temperature
curves for a series of specimens homologous with respect to concentration
of urethane linkage, crosslinking density, or degree of swelling, as illus-
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Fig. 18. Characteristic parameters representing viscoelastic properties vs. cross-
linking density for (— ) unswollen specimens and (--——-- ) swollen specimens: (left)
swollen in ethyl acetate; (right) swollen in n-propanol.

trated in Figures 9-1.1. These differences are thought to arise from de-
tailed mechanisms of free volume-imparting actions of the swelling agents.
It seems to be a reasonable course to explore the volume change accom-
panied by swelling in order to elucidate the effects of swelling agents men-
tioned above. For this purpose, the calculated occupied volume v,,c and
calculated free volume vfx, which are obtained from occupied and free
volumes of swelling agent and polymer wi, \®, vfh and v#, respectively,
assuming additivity, are compared with observed occupied volume VO and
observed free volume vf which are obtained from specific volume of swollen
specimen v tabulated in Table VI. These volumes are calculated accord-
ing to egs. (9)—16). The subscripts 1 and 2 represent swelling agent and
polymer, respectively.

Voi — VI{I — fgl — aa\(T — Tagl) } (9)
= »2{l —fa — (oia — ab(T — Ta0} (10)
voc = yol(1 —wi) + v,Iw2 (ID

VIl = VI\Q\ + aa\(T — Tgl)} (12
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I - R (13)
,= Old - HO) + Vw2 (14)
< e —Q (15)
{fas + oifT — Tg9} (16)

In egs. (9) to (16), f,iis assumed to be 0.025 for the both swelling agents,
and aai for ethyl acetate and n-propanol are assumed to be 1.1 X 10~3and
0.8 X 10-3, respectively 19 T,i for ethyl acetate and n-propanol are cal-
culated as 160 and 120°K., respectively, according to Bueche’s theory 2D
Values of fgand au — a, are taken from Tables IV and VI, and those of
als, fos, and T are taken from Tables I1X and X. Occupied and free
volumes thus derived are tabulated in Table X11.

The additivity between specific volume of swelling agent and that of
polymer does not hold for the system investigated here, as pointed out al-
ready. It has been reported2l?2 for several cases that the volume of
polymer diluent systems is smaller than that calculated assuming the

TABLE XIlI
Calculatedland Observed Values of Occupied and Free Volumes for Swollen Specimens at
30°C.

\VotC Vi.c

Symbol Vote Vo Vfc Vo vf
HE 0.818 0.817 0.048 0.034 1.000 1.412
12E 0.524 0.821 0.048 0.040 1.004 1.200
13E 0.830 0.832 0.052 0.045 0.998 1.156
14E 0.839 0.843 0.052 0.048 0.996 1.083
15E 0.847 0.849 0.053 0.056 0.997 0.946
21E 0.822 0.818 0.053 0.048 1.005 1.100
22E 0.821 0.817 0.054 0.051 1.005 1.059
23E 0.821 0.816 0.056 0.054 1.006 1.037
24E 0.822 0.818 0.060 0.060 1.005 1.000
1P 0.857 0.865 0.066 0.030 0.991 2.200
12P 0.862 0.870 0.065 0.034 0.991 1.912
13P 0.885 0.890 0.067 0.039 0.994 1.718
14P 0.909 0.916 0.069 0.045 0.992 1.533
15P 0.925 0.933 0.071 0.050 0.992 1.420
21P 0.850 0.850 0.066 0.039 1000 1.692
22P 0.859 0.871 0.069 0.047 0.986 1.46S
23P 0.870 0.884 0.074 0.054 0.984 1.370
24P 0.896 0.895 0.076 0.061 1001 1.246
33-El 0.818 0.826 0.060 0.045 0.990 1.333
33-E2 0.824 0.846 0.071 0.052 0.974 1.378
33-E3 0.835 0.865 0.079 0.055 0.966 1.436
33-E4 0.844 0.882 0.086 0.061 0.957 1.420
33-PI 0.826 0.844 0.050 0.036 0979 1389
33-P2 0.832 0.854 0.054 0.033 0.974 1.636
33-P3 0.839 0.864 0.060 0.026 0.971 2.308
33-P4 0.846 0.872 0.065 0.025 0.970 2.600
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simple additivity. As a cause of this phenomenon, a more compressed
state of diluent molecules in the polymer network is suggested than in the
state of bulk diluent.

Additivity is considered to hold for the occupied volume, as the ratio
VOcA0 is nearly unity in all cases, as seen from Table XII. This result
is compatible with the meaning of occupied volume and provides a basis
for discussing the mechanism of swelling agent action in terms of free
volume. From Table X1, we can see the ratio vuJdv, is always larger
than unity, and the decrease in volume on swelling is due to collapse of
free volume. This phenomenon will be referred as “overlap of free volume,
since it cannot be distinguished in principle whether the collapsed free
volume has so far belonged to polymer or swelling agent. The degree of
overlap of free volume is measured by the rato vtJvf, for which following
trends are seen from Table X11.

(@) Generally, vfJvf for specimens swollen in ?i-propanol is larger
than in ethyl acetate.

(b) The concentration of urethane linkage has the effect of increasing
the overlap of free volume, irrespective of the kind of swelling agent. The
magnitude of this effect is larger for «.-propanol than for ethyl acetate.

(c) For the series of polymers homologous with respect to crosslinking
density, vf,/vf remains at a nearly constant value in the case of ethyl
acetate, while it increases with increasing crosslinking density in the case
of n-propanol.

(d) For specimens of varying degree of swelling, vf.&/Vvf remains at a
nearly constant value in the case of ethyl acetate, but increases with in-
creasing degree of swelling in the case of n-propanol.

Relation between the above statements and behaviors of modulus curves
shown in Figures 9-11 is apparent, considering that the shift of modulus
curves along the temperature axis by swelling is caused by an increase in
the amount of free volume of the system and this increment is governed by
the degree of overlap of free volume. The overlap of free volume must be
caused by a specific attraction between molecules of polymers and swelling
agents. This attraction may be a kind of solvation. The solvated mole-
cule of swelling agent is thought to be less effective in increasing the free
volume of the system. As a possible explanation for the differences be-
tween actions of ethyl acetate and n-propanol, it can be inferred that (1)
the solvation of the ethyl acetate molecule occurs at some selected parts
of the polymer chain, i.e., urethane linkage, while (2) the solvation of the
n-propanol molecule occurs over a wider range, e.g., both urethane and
ether linkages, and, further, (3) a stronger or multimolecular solvation of
the n-propanol molecule occurs at some selected parts of the polymer chain,
i.e., urethane linkage.

From inferences (1) and (3), the overlap of free volume is expected to
increase with increasing concentration of urethane linkage with both ethyl
acetate and n-propanol. This can be met with the statement (b) men-
tioned above. The statement (d) is similarly explained by combining the
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inferences (1) and (2). For the case of ethyl acetate in the statement (c),
the inference (1) provides an explanation. For the case of ti-propanol in
the statement (c), a possible explanation is that overlap of free volume is
enhanced by the presence of crosslinkages when solvation occurs over the
entire contour of polymer chain because of the inference (2). The state-
ment (a) is apparent from the inferences (1) and (2).
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Résume

On a étudié les propriétés viscoélastiques de spécimens gonflés et non gonflés de
séries homologues de polyuréthanes dans la région de transition verre/Caoutchouc. On
a trouvé que dans le cas de spécimens non gonflés, une grande différence existe entre le
coefficient d’expansion thermique du volume spécifique et celui du volume libre obtenu
en comparant I'équation WLF avec I'’équation de Doolittle dans laquelle on suppose que
le paramétre B est I'unité. 1l est possible d’expliquer cette différence en décrivant B
comme une fonction décroissante de la température. On suppose alors que la dissocia-
tion thermique du lien secondaire entre groupes polaires peut avoir un effet décroissant
sur la grandeur de I'unité élémentaire du mouvement moléculaire. On a trouvé que dans
le cas d’échantillons gonflés, cette différence disparaissait. On a observé des différences
entre les échantillons gonflés dans I'acétate d’éthyle et le n-propanol en ce qui concerne
la largeur de I'étalement des courbes du module de relaxation en fonction de la tempéra-
ture pour une série homologue. Pour cause de ce phénoméne, on suggére que les méca-
nismes de répartition du volume libre au systéeme sont différents pour I'acétate d’éthyle
et pour le n-propanol a cause des interactions caractéristiques entre les agents gonflants

et les polymeres.

Zusammenfassung

Die viskoelastischen Eigenschaften ungequollener und gequollener Proben ans homo-
logen Polyurethanreihen wurden im Glas-Kautschukumwandlungsbereich untersucht.
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Im Falle ungequollener Proben wurde eine grosse Diskrepanz zwischen dem thermischen
Ausdehnungskoeffizienten des spezifieshen Nolumens und demjenigen des freien Volu-
mens, welcher aus einem Vergleich der WLF-Gleichung mit der Gleichung von Doolittle
unter Annahme des Wertes eins fur den Parameter B abgeleitet worden war, aufgedeckt.
Als mogliche Erklarung fur diese Diskrepanz wird angenommen, dass B eine abnehmende
Funktion der Temperatur ist, was auf die thermische Dissoziation der sekundaren Bin-
dungen zwischen polymeren Gruppen und deren herabsetzenden Einfluss auf die Grosse
der Elementareinheit der Molekulbewegung zuriickgefuhrt, wird. Im Falle gequollener
Proben verschwindet diese Diskrepanz. In der Streuungsbriete der Abhangigkeit des
Relaxationsmoduls von der Temperatur bei einer honologen Reihe wurden Unter-
schiede zwischen in athylacetat und n-Propanol gequollenen Proben beobachtet. Als
Ursache dieser Erscheinung wird angenommen, dass der Mechanismus der Bildung des
freien Volumens im System fur athylacetat und n-Propanol wegen der charakteristischen
Wechselwirkung zwischen Quellungsmittel und Polymeren verschieden ist.
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Epoxy Compounds. VIII. Stereoregular and
Stereorandom Polymerization of Phenyl Glycidyl
Ether with Tertiary Amines, and Infrared Spectra

of Poly(phenyl Glycidyl Ether)*

YOSHIO TANAKA and HIROSHI KAKIUCHI, Department of Applied
Chemistry, Faculty of Engineering, Yokohama National University,
Yokohama, Japan

Synopsis

Crystalline and amorphous polymers have been obtained from the polymerization of
phenyl glycidyl ether in the presence of tertiary amines. The crystalline fraction is high
melting and insoluble at room temperature. The amorphous fractions are soluble at
room temperature and their molecular weights are found to be ~950 in benzene at 30°C.
The yields of the crystalline fraction and the amorphous paste fraction decreased consid-
erably with increasing the catalyst concentration and reaction temperature above 50°C.
The yield of the liquid fraction, however, increased with increasing concentration of the
catalyst and the reaction temperature. The x-ray diffraction analysis of the crystalline
fraction shows that the fraction has 47-50% crystallinity and that its diffraction pattern
is similar to that of poly(phenyl glycidyl ether) obtained by Noshay and Price. The in-
frared spectra of these fractions have been obtained in the region of 650-4000 cm.-1.
These data are compared with those of polystyrene and poly(styrene oxide) and are used
to make an assignment of the normal modes of the poly(phenyl glycidyl ether) molecule.
On the basis of analyses of polystyrene and poly(styrene oxide), and a study of the com-
bination bands, it has been possible to make a fairly satisfactory assignment of all of the
benzene ring fundamentals of the CH2 CH, and skeletal modes.

INTRODUCTION

Several workers have investigated the polymerization of phenyl glycidyl
ether. Earlier work 2with the use of sodium or potassium hydroxide as
catalysts, has been reported to produce brown, transparent resins of low
molecular weight. Trialkylaluminum,3 such as AIEt3 or AIl(f-PrO)3
ZnCl2 lead to amorphous polymers or low yield of crystalline polymers of
low molecular weight. The catalyst systems, ZnEtZH2D or AIEt3
HoO A4Binduce the polymerization of phenyl glycidyl ether to polymers of
high molecular weight. In recent publications, Takahashi and Kambara67
reported a number of systems from AIEt3 and transition-metal chelate
compounds to catalyze polymerization of phenyl glycidyl ether to crys-
talline polymers of high molecular weight. On the other hand, Staudinger8

* For Part VIl see Kakiuchi and Tanaka.1l
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reported that ethylene oxide was polymerized to low molecular weight
polymer with number-average degree of polymerization of 50 by using 5%
trimethylamine at 20°C. for 1-2 weeks.

Although the use of various organometallic compounds for the stereo-
specific polymerization of epoxides has received an increasing amount of
attention in the recent literature, relatively little attention has been paid
to epoxides other than ethylene oxide and propylene oxide. In addition,
very little work has appeared concerning the use of various amines for the
polymerization of phenyl glycidyl ether.

In the present paper, the polymerization of phenyl glycidyl ether by
various tertiary amines and infrared spectra of the resulting polymers were
investigated.

EXPERIMENTAL
Reagents

Reagent grade phenyl glycidyl ether (PGE) was dried over calcium hy-
dride for several days and distilled under reduced pressure. The distillate
at 109-110°C./5 mm. Hg was used for the polymerization. The thus
purified monomer was found to be more than 99.8% pure by gas chro-
matography on a 1-m. column packed with polydiethylene glycol adipate at
180°C.

Reagent grade tertiary amines were used after distillation under reduced
pressure.

Polymerization Procedure

A sample of PGE, together with the catalyst, was degassed in vacuo,
sealed (sealed system) or not sealed (open system) in a test tube after the
test tube had been flushed with dry nitrogen, and placed in a constant
temperature bath. At the end of the reaction time the tube was cooled
and opened. The reaction mixture was dissolved into a small amount of
tetrahydrofuran (THE) and poured into a methanol-HCI solution to re-
move the catalyst. The methanol-insoluble polymer was dissolved again
in THE and the solution was added to acetone. The insoluble material
was collected and washed successively with cooled acetone and methanol.
A white powder (fraction 1) was reprecipitated from THE solution by
adding acetone.

Acetone-THF solution separated from the fraction | was added dropwise
with stirring to a large volume of methanol. A pasty mass separated out
of solution in all cases. The precipitate was further fractionated by wash-
ing with methanol in which it was partly soluble. The insoluble fraction
(fraction I1) was reprecipitated from acetone solution with methanol.

The acetone-methanol solution separated from fraction 11 and methanol
washing of fraction Il, were combined, concentrated to a small volume,
and poured into a large excess of water, then centrifuged to give the third
fraction, fraction 111, which was a viscous transparent resin.
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Infrared Absorption Spectra

The infrared absorption spectra in the region of 650-4000 cm .-1 were
measured for the polymers obtained with tertiary amines and BF3etherate
by a Hitachi Model EPI-2 infrared spectrophotometer equipped with a
NaCl prism.

X-Ray Diffraction

The x-ray diffraction pattern of the powdered polymer was taken by a
Rigakudenki x-ray diffractometer, using Ni-filtered CuKa radiation.

RESULTS AND DISCUSSION
Polymerization in Sealed Tube

The results of the polymerization of phenyl glycidyl ether (PGE)
(6.38 X 10-2 mole) with various tertiary amines (6.7 X 10-3 mole)
at 70°C. for 58 hr. (Table 1) show that yields of the fractions of | and Il
are related to the basicities of the tertiary amines. Tertiary amines with
small acidic dissociation constants pKa such as NjN-dimethyl aniline and
pyridine, produced no crystalline polymer (fraction I) but yielded viscous
transparent resins under these conditions.

In order to determine the effect of reaction temperatures on conversion,
the polymerization of PGE by dimethylhexadecylamine (10 rnole-% to
monomer) was carried out at various temperatures. The results are
illustrated in Table Il. It shows that the total conversion reached an
equilibrium; however, the yield of the fraction I or Il had a maximum value
at 50°C. These results seem to show that a chain transfer reaction occurs
more markedly at 70°C. or more. There are no differences in infrared
spectra and in carbon and hydrogen contents of fractions | obtained at
various temperatures.

In succeeding experiments the effect of reaction time was investigated.
The polymerization of PGE (6.38 X 10~2 mole) was carried out at
70°C. by using dimethylhexadecylamine (6.7 X 10"3mole). The effects
of reaction temperature and time are shown in Figures 1 and 2, respectively.
The total yield reached about 99.5-99.7% in all cases but was 70% at 2
days, as shown in Table Ill. The fractions of | and Il increase with in-
creasing reaction time and reach an equilibrium after 20 days, but the
fraction 111 reaches a maximum value at about 10 days and reaches
equilibrium after 20 days, as shown in Figure 2. In Figure 2, the points
(triangles) on the right ordinate are the results for the open system poly-
merization of PGE under the same conditions. There are significant dif-
ferences in the yields of the three fractions between the open and closed
system polymerizations of PGE. The total yield or conversion of PGE
does not change about after 10 days, and the increase of the fractions of I
and Il corresponds to the decrease of the fraction I11.
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TABLE 11
Effect of Temperature on Polymerization of PGE (C.38 X 10~2mole) with Dimethyl-
hexadeeylamine (6.7 X 10~3mole)

Fraction Fraction
Fraction | 1 i

Total

Temp.. Time Yield, Yield, Yield, Yield,
°C. days + hr. % C, % H, % % - %" % b
25 11 7.1 71.63 7.70 54.2 38.7 97
50 9 + 7 7.6 70.17 7.84 57.5 35.0 95
70 11 3.8 72.09 7.83 14.1 82.1 97
90 10 +10 0.8 — — 9.s 89.4 99
110 1 +10 0.0 — — 2.8 97.2 96

aRatio in polymerization product.
b Ratio to monomer.
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Fig. 1. Effect of temperature on polymerization of PGE (6.38 X 10“2 mole)
with dimethylhexadeeylamine (6.7 X 10 3 mole): (O) fraction I s fraction I1I;
(=) fraction I11.

TABLE 111
Effect of Time on Polymerization of PGE (6.38 X 10 2mole) w th
Dimethylhexadeeylamine (6.7 X 10“3moles) at 70cC.

Total Fraction | Fraction 11 Eraction 111
Time, yield, Yield, Yield, Yield
days %a n g Hga g8 cou  H %
2 70% 0.6 71.63 7.70 is 71.06 7 .43 51.4
9 98.9 2.6 72.02 7.81 22 72.19 7 .62 74.3
11 99.0 3.6 71.78 7.68 21 72.34 7 .53 72.0
20 99.8 9.6 71.72 7.83 31 71.86 7.39 59.2
30 — 10.0 71.80 7.73 36 71.67 7.75 53.6

aRatio to monomer.



114 Y. TANAKA AND 1. KAKIUCHI

The effect of catalyst concentrations on conversion is illustrated in
Table IV and in Figures3and 4. Varying amounts of dimethylhexadecyl-
amine and tributylamine from 1.3 X 10~3to 9.75 X 10-3 moles were
used with 6.38 X 10-2 mole PGE at 25°C. for 11 days. As might be
expected, the increasing catalyst concentration resulted in increasing-
conversion and the maximum yields of the fractions of | and Il are reached

Fig. 2. Effect of time on polymerization of PGE (6.38 X 10-2 mole): (O) fraction
I; (3) fraction Il; (=) fraction 111; (A) fraction I, open system; (A) fraction Il, open
system; (A) fraction Il1, open system.

10

Fig. 3. Effect of concentration of dimethylhexadecylamine on polymerization of

PGE (6.37 X 10-2 mole) at 25°C. for 11 days: (O) fraction I; (3) fraction 11; (<)
fraction 111.
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Fig. 4. Effect of concentration of tributylainine (pKa = 10.89) on polymerization
of PGE (6.37 X 10~2 mole) at 25°C. for 11 days: (O) fraction I; (CJ) fraction I1I;
(=) fraction I11.

at about a concentration of 3 X 10~3mole in the case of dimethylhexadec-
ylamine. The melting point and the intrinsic viscosity in cyclohexanone
at 25°C. of fraction | are, respectively, 124-130°C. and 0.05-0.06 dl./g.
for the closed system and 109-111°C. and 0.02-0.04 dl./g. for the open
system in all cases. The suitable concentration of the catalyst seems to
be dependent on the reaction temperature and the characteristics of the
tertiary amine. The difference in catalytic effects between dimethyl-
hexadecylamine and tributylamine cannot be explained reasonably by the
basicity only, shown by pKa but is also a function of steric effects of the
tertiary amine. There is observed a large difference between the open and
closed systems in yields of the fractions of | and I1I.

Lidarik et al Dstudied the polymerization of PGE with tributylamine
and found that the polymerization rate and molecular weight of polymer
increased with addition of water. Our results, shown in Tables I-V are

TABLE 1V
Effect of Concentration of Dimethylhexadecylamine on Polymerization of PGE
(6.37 X 10“2mole) at 25°C. for 11 Days

Concentration of Yield, g.
of amine, Fraction Fraction Fraction
mole X 103 1 1 11

1.3 0.559 3.32 6.00
2.6 0.977 4.38 6.01
3.9 0.954 3.70 7.02
6.5 0.697 2.65 8.50

9.8 0.494 0.65 10.0
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Fig. 5. X-ray diffraction of the crystalline poly(phenyl glycidyl ether).

1. KAKIUCIII

somewhat different from Lidarik’'s results, D and more detailed kinetic
studies are now in progress and will be reported elsewhere.

Concentration,

mole
Amine X 103
Dimethylhexadecyl-
amine 6.7
u 6.7
Tributylamine 2.6
U 2.6

Ratio of product to monomer.

TABLE V
Sealed and Open System Polymerizations of PGE (6.38 X
with Tertiary Amines

Temp., Time,
System °C. days
Sealed 70 30
Open 70 30
Sealed 25 11
Open 25 11
TABLE VI

10-2 mole)

Yield, %»
Frac- Frac- Frac-
tion I timi Il tion 11

9.9 36 54
6.5 14 79
0.5 11 74
1.6 27 54

X-Ray Diffraction of Powdered Crystalline Poly(PGE)

d spacing, A.

8.00
6.32
5.47
4.95
4.67
4.29
4.09
3.81
3.57
3.35

Relative intensity

m
vw
S
vw
S
s
vw
Vs
vw
m
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The molecular weights of fractions Il and 11l in benzene, and fraction
I in THF at 30°C. were 850-950, 700-800, and 1300-1600, respectively,
as determined with a Mechrolab vapor-pressure, Model 301 A osmometer.

lop QM 10D ey €] IS D 1D H00)) ao am

oo 300 30 1nm ISD MD 130 1000 10 Qa
Fig. 6. Infrared spectra of the fractions of PPGE-A.
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TABLE VII
Infrared Spectra of Polyfphenyl Glyeidyl Ether) and Vibrational Assignments

PSt, PSTO, PPGE-A,
cm.-1* cm.-1* cm.-1 Assignmentl Note
698 697 689 (693) n or v4(B2)d f
758 755 750 VittB(Bi), or vu(B 2)d
— 782 780 - e
839 843 815, 830 0a(-42) f
(815)"
— — 860 (862)' — f
903 S72, 912 880, 916 pit(” 2 or Rlb(-~2)d e, f
(915)"
939 940, 948 940 (939)" + MOARD f
961 972 977 A7a(-"2)
978 981 995
1024 1023 1020 (1018)" Plga(-~i) f
1067 — 1080 Pl (M i), p(CC)
1105 — 1105, 1125 NI(~2) + MGA{RO)
— 1030-1140 1040-1140 dcoc) f
1150 1150 1143, 1153 risfBi) f
1177 1172, 1176 1175 (1172) VHB2 + A611("2) f
1190 1195 1210 PIBA(A i) e (1185
cm.-1)
1240 1247 1250 PIOA(A0) PJ6A(A0)
1287 1285 1298 (1290)" e (1297
cm.-1), f
1307 1307 1306 n(Bt) e (1314
cm.-1)
1323 1324 1339—1333s VUiBXx)
1376 1344, 13S5 1340-1350, 5(011), 5(CI11), vIB«) + e (1364
1390-1410 PIGA(-42) cm.-1)
1447 1445 1455 Plo(-Si) or PAB?) +
Plib(” 2)
— 1468 1473 5(CH2, wu(B2 + G(B2 f
(continued)

The x-ray diffraction pattern of a powdered polymer, fraction I, was
observed, and the results are shown in Figure 5 and Table VI. Fraction
I was found to have a crystallinity of about 47-50% by the method of
Hermans and Weidinger I/ The x-ray pattern of fraction | shown in Table
V1 is similar to that of the polymer | obtained with aluminum isopropoxide-
zinc chloride catalyst by Noshay and Price .3

Infrared Spectra of Poly(phenyl Glyeidyl Ether)

The infrared spectra of the poly (PGE) obtained with a tertiary amine
and with BF3etherate (denoted as PPGE-A and PPGE-B, respectively)
are shown in Figures 6 and 7. The samples used in the present study were
in the form of a KBr disk for fraction | of PPGE-A, and in the form of thin
liquid films for fractions Il and Il1l of PPGE-A and PPGE-B. The fre-
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TABLE Y11 (continued,)

PSt, PSTO, PPGE-A,
cm.-1¢ cm.-1¢ cm._1 Assignment,b Note
1489 1490 1500 AOA(-A), +
YNANAZ)
1531 1532 1570 -f- VINAWA)
1579 1579 1590
1595 1590 1610 Vu{B\)
1660 1640, 1670 1645, 1685 Wh{Bz) + Vitf&(BI)
1731 1715, 1745 1713 NTb("2) + iTOAINW
1795 1800 1785 JONA0) + Wh(Ao
— 1810 1825 VB2 + ~NM0a(~2)
1855 1855 vire,(.B?) -f- v*Bz), or
ViIB'B2) -f- JhaC-)*1
1870 1877 — i'nB(Bi) + vn\{Ai)
— 1885 1945 Wb(B*) + V/Bi)
1935 1945 1945, 1985 VO(B2) + VvN\{A2)
— 1958 2060 2 X n(.B)
2845 2850 2870-2920h «-.(CHs) f
2921 2890 2920-2970h L(CH)) f
3019 3019 3040-3080F a(A]) f
3052 3045 3080-31101 V'i{AI) f
3072 3070 3140
— 3450 3450-3540h KOH) f

aData of Kawasaki et al. 11

bAccording to Liang and Krimm .12
cData of Takahashi and Kambara.7

d According to Whiffen13and Kakiuchi.®4

e Data connected with the bands found in the spectra of a crystalline isotactic polysty-
rene.

f Data concerned with the crystallinity of poly(phenyl glycidyl ether).

BData of Noshay and Price.3

hThe bands at the higher wave number are found in fractions Il and 111 of PPGE-A
and in PPGE-B.

guency of each band is listed in Table YIl. The assignments given in
Table V11 will be discussed in detail in the succeeding sections.

The spectrum of Fraction | of PPGE-A shown in Figure 6 is in essential
agreement with spectra of the crystalline polymers obtained by Takahashi
and Kambara7 (PPGE-C), and by Noshay and Price3 (PPGE-D). The
only significant difference is that PPGE-C has no absorption band due to an
intermolecular hydrogen bond, i<(011), of the OH group of a polymer, while
PPGE-A, PPGE-B, and PPGE-D show the corresponding absorption
band about at 3500 cm.-1. The absorption bands of fraction | of PPGE-A
at 1140-1050 cm -1 are different from those of the other fractions of
PPGE-A, PPGE-B, and polystyrene oxide), PStO, obtained by Kawasaki
etalll

Takahashi and Kambara,/who studied the temperature dependence of
infrared spectra of PPGE-C, showed that absorption bands at 1471, 1290,
1172, 1036, 1018, 939, 883, 862, 815, and 693 cm -1 decrease when the
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measuring temperature is high and decrease substantially or disappear near
the melting point of the specimen, and they have considered that absorption
at 1290,1036, 883, and 815 cm -1 are the most crystalline-sensitive bands.

In PPGE-A, the corresponding absorption bands are 1470, 1290, 1175,
1040, 1020, 940, 917, 885, 860, 814, and 688 cm.-1. The absorption bands
which fraction I of PPGE-A shows but which the other fractions of
PPGE-A and PPGE-B lack are those at 1470, 1345,1306, 1155, 1125, 1105,
1065, 916, and 860 cm.-1.

The absorption bands of PPGE appearing in the region of infrared seem
to arise almost from the vibrations of the benzene ring in the polymer as
those of polystyrene (PSt)12-14 and polystyrene oxide).ll In fraction |
of PPGE-A, the orientation of the CBHSOCH2group seems to be regular,
since the x-ray diffraction study indicates that the polymer is crystalline.
The chain of crystalline PPGE is probably stiffened somewhat as a result
of the interference between neighboring CeHsOCIT groups, and there is
some indication7 that a regularity exists along the polymer backbone.
In the other fractions of PPGE-A and PPGE-B, however, the polymers are
completely amorphous. This implies that, for spectroscopic purposes, no
specific interactions exist between monomeric units in the chain. It
should, therefore, be a good first approximation to consider separately the
normal vibrations of the phenyl, CH2 and CH groups, and to interpret the
spectrum as essentially a linear superposition of the contributions of these
parts.

Absorption Bands Arising from Vibrations of the Benzene Ring

ASSIgnment of a- and e, Fundamentals. As Liang and Ivrimm1
have noted, the three A2vibrations derived from Ei, and Eiu modes of ben-
zene are not expected to be active in the infrared absorption, but as a result
of our not having such strictly C2,symmetry these modes might be expected
to be weakly active. The absorption band of PPGE-A and PPGE-B at
689 cm -1 corresponds to the band of PPGE-C at 693 cm.,-1 of PPGE-D
at 14.45-14.50 ju(692-689 cm.-1), of PStO at 697 cm.-1, and of PSt at
698 cm.-1. In the case of PSt, Liang and KrimmZX2assigned it to the out-
of-plane hydrogen-deformation mode, m (P2, and Whiffen,13to the out-
of-plane skeletal-deformation mode, v~Bf), of benzene. The band at
750 cm -1 agrees with the band at 13.35-13.43 /x(749-745 cm.-1) of
PPGE-D and corresponds to the bands of PSt and PStO at 758 and 755
cm.-1, respectively. In the case of PSt, Liang and KrimmZXassigned this
band to the out-of-plane hydrogen-deformation mode, noB(Bf), and Whiffen13
and Kakiuchi¥ assigned it to the m(Bf) mode. In the case of PStO,
Kawasaki et al 1l considered that, since the absorption bands at 755 and
697 cm -1 are active for polarized infrared radiation, both assignments of
these vibration bands by Krimm and Liang,2and Whiffen13or KakiuchiX4
lead us to the conclusion that a plane of benzene in the polymer is parallel
to a stretching direction. Takahashi and Kambara7 showed that the
corresponding absorption bands of PPGE-C are crystallinity-sensitive.
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These results seem to suggest that a plane of benzene in poly(PGE) is
ordered similarly as in PStO.

The band with a weak shoulder at 780 cm,“ 1is not observed in PPGE-D
but is found in PPGE-C. The corresponding band is found at 782 cm.-1
and has not been assigned for PStO. The corresponding absorption band
is not observed in infrared spectra of noncrystalline isotactic PSt, but is
seen in that of crystalline isotactic PSt. This shoulder has been observed
in infrared spectra of all fractions of PPGE-A and in PPGE-B.

Comparison of infrared spectra of fraction | of PPGE-A with those of
the other fractions of PPGE-A and of PPGE-B, shown in Figures 6 and 7,
shows that the band at 860 cm.-1 is related to the crystallinity of the
polymer. This agrees with the fact, shown by Takahashi and Kambara,7
that this band in PPGE-C is crystallinity-sensitive. The fraction | of
PPGE-D has the corresponding band at 11.63 (859.8 cm.-1).

The bands at 830 and 814 cm.-1 are considered from its frequency and
strength to correspond to a band in PSt at 839 cm.-1, in PStO at 843 cm.-1
and to be here to the out-of-plane hydrogen-deformation mode, rioA(A2),
as are those of PSt and PStO. This band is shifted to a smaller wave
number than that of PStO. The same shoulder as that of PPGE-A is found
at 815 and 830 cm.-1 in PPGE-C. A band at 12.35 ju(809.7 cm.-1) is
found in the infrared spectra of fractions I and Il of PPGE-D, and no
corresponding band at 830 cm.-1 is found in those of all fractions of
PPGE-D.

The band which appears at 903 cm.-1 in the spectra of an amorphous
PSt splits into two bands at 920 (<) and 898 (ir) cm.-1 in those of a crys-
talline isotactic PSt. The dichroism is not clear for the bands at 912 and
872 cm.-1 in the spectra of PStO. Kawasaki et al.1l suggested that the
bands of PStO at 912 and 872 cm.-1 correspond to the bands of PSt at
920 and 898 cm.-1. Fraction | of PPGE-A is found to have the correspond-
ing bands at 877-885 and 916 cm.-1, fraction Il of PPGE-A has the band
at 880 cm.-1 and a broad shoulder at 915-918 cm.-1, and fraction |1l has
the bands at 880 and 935 cm.-1. The corresponding bands are found
at 880 and 935 cm.-1 in the spectra of PPGE-B. Therefore,
the band at 880 cm.-1 in the spectra of noncrystalline PPGE splits
into two bands at 877-885 and 915 cm.-1 in those of crystalline PPGE.
There are observed the corresponding bands at 883 and 915 cm.-1 for
PPGE-C, at 11.35-11.37 M881.1-879.5 cm.-1) for fraction 111 (in CC19 of
PPGE-D, and at 11.35 M(881.1 cm.-1) and 10.80 ~ (925.9 cm.-1) for frac-
tions 1 and Il of PPGE-D. The band at 880 cm.-1 in the spectra of
PPGE-A might be assigned to the skeletal deformation mode, 5 (COC), as
that of PStO at 872 cm.-1.

Liang and Krimm12 assigned the band of PSt at 903 cm." 1to the out-
of-plane hydrogen-deformation mode, vnn(Bi), and Whiffen13and Kakiuchi}4
assigned it to noB”).

The band at 977 cm.-1 found in the spectra of PPGE-A, PPGE-B,
PPGE-C, and of fraction 11l of PPGE-D, corresponds to the band of
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PSt at 961 cm.-1 and of PStO at 972 cm.-1, and is assigned to the out-of-
plane hydrogen deformation mode, wa (A2.

The band of PPGE-A and PPGE-B at 995 cm,"1lis also observed for
fraction 111 of PPGE-D, but is not found for the other fractions of
PPGE-D and for PPGE-C. This corresponds to the band of PSt at 978
cm.-1 and of PStO at 981 cm.-1, and is assigned to the out-of-plane hy-
drogen-deformation mode, v-r,(Bi).

These results show that the absorption bands which are found in the
infrared spectra of PPGE and can be assigned to the bands arising from the
vibrations of the out-of-plane hydrogen-deformation modes of the benzene
ring in polymer shift to the higher wave number regions, compared with
the corresponding absorption bands of PSt and PStO as shown in Table
VII.

Assignment of Ai and BtFundamentals. The bands, which are found in
the spectra of fractions of I, Il, and IlIl of PPGE-A and of PPGE-B, at
1020-1015 cm.-1, correspond to the bands of PSt at 1024 cm.-1 and of
PStO at 1023 cm.-1, and can be assigned to the in-plane hydrogen-de-
formation mode, IBA(Ai). The corresponding bands are found at 1018
cm.-1 for PPGE-C, at 9.70-9.80 ¢¢{(1031-1020 cm.-1) for fraction I of
PPGE-D, and at 9.77 {¢(1024 cm.-1) for fraction 111 of PPGE-D.

The band corresponding to the band of PSt at 1067 cm.-1 and assigned
to the in-plane hydrogen-deformation mode, vim(Bi), is found at 1068
cm.-1 in the spectra of fraction | of PPGE-A. No such band, however, can
be observed in the spectra of the other fractions of PPGE-A and of
PPGE-B, because of the broad bands of j;(COC). This is the case of the
spectra of PStO or PPGE-D.

The band which corresponds to the band of PSt at 1150 cm.-1 and can be
assigned to the in-plane hydrogen-deformation mode, ri@B(Bi), is found at
1150 cm.-1 shoulder for fractions Il and Ill of PPGE-A and for PPGE-B,
and splits into two bands at 1143 and 1153 cm.-1 in the spectra of fraction
| of PPGE-A. PPGE-D has no such corresponding band in this region,
but PPGE-C has the band at 1150 cm.-1.

The band at 1180 cm.-1 found in the spectra of both PPGE-A and
PPGE-B corresponds to the bands of PSt at 1190 cm.-1 and of PStO at
1195 cm.-1 and can be assigned to the in-plane hydrogen-deformation mode,
vidga(Ai). The corresponding band is found at 8.53-8.55 :(1172-1170
cm.-1) for PPGE-D and at 1172 cm.-1 of PPGE-C whose band is related to
the crystallinity of the polymer. As Tadokoro et al.155have noted in the
case of the infrared spectra of isotactic PSt, this absorption band may
include the bands arising from the vibrations of CH2 CH, and CC of
polymer chain.

The band which corresponds to the bands of PSt at 1297 cm.-1 and of
PStO at 1285 cm.-1 is found at 1298 cm.-1 for PPGE-A and PPGE-B,
at 7.75 ¢¢(1290 cm.-1) for fraction 11l of PPGE-D and at 1290 cm.-1 for
PPGE-C. Thisband of PPGE-C iscrystallinity sensitive,7and the band of
fraction | of PPGE-A is deeper than that of the other fractions of PPGE-A.
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These results suggest that this band seems to include the absorption band
arising from the vibrations which are sensitive to the conformation of the
main chain in PPGE as Tadokoro et al B pointed out in the case of the
spectra of isotactic PSt.

The band found at 1306 cm .1 in the spectra of PPGE-A is considered
to correspond to the band of PSt or PStO at 1307 cm.-1, and can be as-
signed to the in-plane hydrogen-deformation mode, The cor-
responding band is observed at 7.70-7.76 /;(1299-1289 c¢m.-1) for PPGE-D,
but no such band is found in the spectra of PPGE-C. The ratio of the
absorption strength of the band at 1298 cm -1 to that at 1306 cm .-1 is
found to be different from the ratio of the absorption strength of the band
at 1285 cm -1 to that at 1307 cm -1 in the spectra of PStO.

PPGE-A, -B, and -C have no band corresponding to that of PSt at
1323 cm ~1 and to that of PStO at 1324 cm.-1, but PPGE-D has a shoulder
at 7.50-7.47 ~(1333-1339 cm.-1) in the spectra of all fractions. This band
may be assigned to the skeletal stretching vibration, vuCBi).

The band found at 1455 cm -1 in the spectra of PPGE-A seems to cor-
respond to the band of PSt at 1447 cm -1 and of PStO at 1445 cm.-1.
The corresponding band is found at 6.84 or at 6.85 ;u(1462 or 1460 cm.-1)
for the fractions of PPGE-D. PPGE-C has a shoulder at 1470 cm.-1.
In the case of the spectra of PSt, Liang and Krimm22have assigned this
band to the 5(CH2 vibration and the skeletal stretching mode, d 3(-Bi),
or the combinations of vii(B2 + dob(B2 and r452 + db(B2.

vh(B2) (689 cm.-1) + dob(B2 (750 cm.-1) = 1439 cm -1

The band at 1475-1471 cm -1 for fraction | of PPGE-A and at 6.78-
6.80 /x(1475-1471 cm.-1) for PPGE-C and PPGE-D corresponds to the
weak band at 1468 cm ~1 in the spectra of PStO. No such band is ob-
served in the spectra of PSt. This band is stronger than that of PStO,
and can be assigned to the 5(CH2 vibration or the combination of di(B2 +
pob(B2.

The band which is found at 1500 cm -1 for PPGE-A and at 6.68 /;(1497
cm.-1) for PPGE-C and PPGE-D corresponds to the bands at 1468 cm -1
for PSt and at 1490 cm -1 for PStO, and can be assigned to the skeletal
stretching vibration, dsa(Ai), and the combination of B2 + D7a(A2.

(B2 (689 cm.-1) + d7a(Ad (977 cm.-1) = 1666 cm.-1

The bands found at 1410, and 1390 cm -1 in the spectra of fraction |
of PPGE-A may be assigned to the combination of di(B9 + dob(62)m
This band becomes a broad one about at 1390 cm ~1 in the spectra of the
other fractions of PPGE-A and of PPGE-B. The fraction | of PPGE-D
has the corresponding bands at 7.13-7.15 ;A1403 1399 cm.-1), and fraction
Il of PPGE-D has a weak band at 7.20 m(1389 cm.-1).

The band which corresponds to the bands at 1579 ¢cm -1 for PSt and at
1579 ¢cm -1 PStO and is assigned to the skeletal stretching vibration,
da(Ai) is found at 1590 cm -1 in the spectra of PPGE-A and PPGE-B,
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and at 6.27 and 6.28 ¢, (1595-1592 cm.-1) for PPGE-D. No such bands are
observed for PPGE-C.

The band found at 1610 cm .-1 for PPGE-A and at 6.24-6.23 ;;(1603-
1608 cm.-1) for PPGE-D and PPGE-C corresponds to the band at 1595
cm ~1for PSt and at 1596 cm -1 for PStO and can be assigned to the skeletal
stretching vibration, vm(By).

The bands at 3080, 3110, and 3140-3160 cm ~1in the spectra of PPGE-A
correspond to the bands at 3019, 3045, and 3073 cm -1 for PSt, and at
3019, 3045, and 3070 cm -1 for PStO, and can be assigned to the hydrogen
stretching vibrations, WAb(Bi), \2 {Ai), and pma'C"i).

The bands found in the infrared spectra of PPGE and assigned to the
bands arising from the vibrations of the A\ and Bi modes of the benzene
ring in polymer shift to the higher wave number regions compared with
those of PSt and of PStO.

Assignment of Overtone and Combination Bands. Liang and Krimm2
have assigned the band at 939 cm -1 for PSt to the combination of the
two out-of-plane skeletal-deformation modes, 1482) + ji&a(42. The
corresponding bands are found at 940 or 948 cm -1 as a very weak shoulder
in the spectra of PStO, at 940 or 918 cm -1 for fraction | of PPGE-A, and
at 940 cm -1 for PPGE-B and the other fractions of PPGE-A. These
bands are also observed at 915 and 939 cm -1 for PPGE-C and at 10.80
$6(925.9 cm.-1) for fraction 111 of PPGE-D.

The band which corresponds to the band at 1105 cm -1 in the spectra of
PSt and is assigned to the combination, vn{B2 + ri6A(A2, is found at
1105 and 1125 cm -1 for fraction | of PPGE-A. No such bands can be
observed in the spectra of the other fractions of PPGE-A and of PPGE-B
because of a strong broad band arising from r(COC) vibration. The
corresponding band is found at 8.95 ;¢(1117 cm.-1) for the fraction | of
PPGE-D and at 1105 and 1125 cm -1 for PPGE-C.

No corresponding band, which is observed at 1177 ¢cm -1 in the spectra
of PSt and at 1172 and 1176 cm .-1 in those of PStO, is found for PPGE-A,
-B, -C, and -D. This band of PSt is assigned to the combination of the
out-of-plane skeletal-deformation modes, Ww{B2 + vi&(B2.

The band which corresponds to the band at 1240 cm -1 for PSt and at
1247 cm ~1for PStO can be assigned to the combination of the out-of-plane
skeletal-deformation modes W>\{A2 + //«a(A2. This band is stronger
than that of PST or PStO, and is found at 8.05 ;¢(1242 cm.-1) for PPGE-D
and at 8/(1250 cm.-1) for PPGE-C.

The band found at 1350 cm -1 for fraction | of PPGE-A or at 1340
cm -1 for PPGE-B and the other fractions of PPGE-A corresponds to the
band at 1365 cm -1 for PSt, at 1344 cm -1 for PStO, and at 7.50-7.47
$6(1333-1339 cm.-1) for PPGE-D. In the case of PSt, Liang and Krimm12
assigned this band to the (S(CH) vibration and the combination of the VB2
and ViGA(AJ, and Tadokoro et al Hshowed that this band is related to the
conformation of the main chain of PSt. The borad band which is found
at 1390 cm -1 in the spectra of PPGE-B and fraction Il and 111 of PPGE-A
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splits into two bands at .1415 and 1392 cm -1 for fraction | of PPGE-A
and corresponds to the bands at 7.13-7.20 ”(1403-1389 cm.-1) for
PPGE-D. - This band can be assigned to the combination of the r552 and
riGA(G2 vibrations.

The shoulder at 1570-1560 cm .-l in the spectra of PPGE-A and
PPGE-B corresponds to the band at 1532 cm ~1for PStO and at 1531 cm -1
and can be assigned to the combination®of the vn(B2 and wa(A2 vibra-
tions or to the combination13of the Vi(B2 and rioA(A2 vibrations.

Vi(B2 (689 cm.-1) + NGx(A2 (814 cm.-1) = 1504 cm -1
or
Vi(B2 (689 cm.-1) + noA(Ad (830 cm.-1) = 1519 cm -1

The bands found at 1645 and 1680 cm .-1 for PPGE-A correspond to the
band at 1660 cm .-1 for PSt and at 1645 and 1680 cm .-1 for PStO and are
assigned to the combination2of the vilb(B2 and vnB(B2 vibrations or the
combination3 of the wvn(B2 and ww (B2 vibrations. No such bands are
found in the spectra of PPGE-C and PPGE-D. The fact that the two
absorption bands are observed in this region of the spectra of PPGE-A
can be explained by the fact that the band which corresponds to the band
at 903 cm -1 and is assigned to the ms(B2 or noB(-S2 vibration splits into
two bands at 880 and 916 cm -1 for PPGE-A as two bands at 912 and
872 cm .-l for PStO. No such bands are observed in the spectra of
PPGE-B and fraction | of PPGE-A, but a stronger band is found at 1640
cm -1 in the spectra of the other fractions of PPGE-A.

Fractions 1l and 111 of PPGE-A have been found to have much carbon-
carbon double-bond unsaturation in the polymer chain, and the band at
1640 cm -1 in the spectra of these fractions disappears after hydrogenation
of the polymer. This result seems to show that the band at 1640 cm .-1
in the spectra of PStO and PPGE does not arise from the combination of

roB(B2 and r1B(59 vibrations or the combination of the vn(B2 and noB-
(B2 vibrations.

rioB(B2 (750 cm.-1) + wyib{B2 (880 cm.-1) 1630 cm .-1

or
wb(B2 (750 cm.-1) + r]B(B2 (916 cm.-1) = 1666 cm -1

The above calculation seems to show that the band at 916 cm -1 is more
suitable than that at 880 cm.-1 to be assigned to the Wb{B2 vibration.
Let us consider the combination of the rms(B2 and vioa(A2 vibrations.
The combination is calculated as:

wib{B2 (880 cm.-1) + cica(A2 (830 cm.-1) = 1710 cm -1
vub(B2 (916 cm.-1) + noA(A2 (830 cm.-1) = 1746 cm .-l
mB(B2 (880 cm.-1) + VW\{A2 (815 cm.-1) = 1695 cm -1
vob{B2 (916 cm.-1) + vik(A2 (815 cm.-1) =1731 cm -1
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The corresponding observed bands are at 1713 and 1(185 cm.-1. There-
fore, the bands at 916 and 880 cm .-1 seem to correspond to the bands at
903 c¢cm -1 for PSt and at 912 and 872 cm -1 for PStO. The bands which
correspond to the bands at 1715 and 1745 cm .-1 for PStO are found for
PPGE-C, but no such bands are observed in the spectra of PPGE-D. No
band is found at 1685 cm -1 for PPGE-B.

The band which corresponds to the bands at 1795 cm -1 for PSt and at
1800 c¢cm -1 for PStO and is assigned to the combination of the rioA™Na)
and Bt/a(A2 vibrations is found at 7185 cm .-1lin the spectra of PPGE-A,
PPGE-B, and PPGE-C.

doa(A2 (815 cm.-1) + *A(A2 (977 cm.-1) 1792 cm -1

or
doa(A2 (830 cm. * + vnA(A2 (977 cm.-1) = 1807 cm.-1

The band found at 1945 c¢cm -1 for PPGE-A and PPGE-B corresponds
to the bands at 1870 cm -1 for PSt and at 1877 cm -1 for PStO and is
assigned to the combination of the vns(B2 and W6(S2 vibrationsX2 or to
the combination of the vir&B2 and vnA(A2 vibrations 134 According to
Liang's assignment,2the combination can be calculated as:

riB(B2 (880 cm.-1) + vs(B (995 cm.-1) = 1875 cm -1
or
Nb(B2 (916 cm. *) + HAHB2 (995 cm.-1) = 1911 cm -1

The combination, however, is calculated, according to Whiffen's,13 or
Kakiuchi’s assignment , 44

Db(B2 (880 cm.-1) + VnA(A2 (977 cm.-1) = 1857 cm -1

or
Dhb@i) (916 cm.-1) + rnA(Ai) (977 cm.-1) = 1893 cm -1

The observed bands in this region are at 1945, 1855 cm.-1 and at 1825
cm .""1 (shoulder).

Kakiuchi¥ has assigned the shoulder which is found at 1885 cm.-1 in
the spectra of PSt to the combination of the virais~) and vb(B 2 vibrations.
According to this assignment, the bands found at 1945 and 1855 cm.-1,
therefore, can be assigned to the combination of the vnB(B2 and vO(B2
vibrations, and the band found at 1855 cm -1 and the shoulder at 1825
cm.“1 may be assigned to the combination of the w\re{82 and vna(A2
vibrations. This assignment can explain the strength of the absorption
bands in this region of the spectra of PPGE.

The band which corresponds to the bands at 1935 c¢cm -1 for PSt and
at 1945 cm .-1 for PStO and is assigned to the combination of the VO(B2
and vn\(T 2 vibrations, is found at 1985 cm -1 in the spectra of PPGE.

vs(Bi) (995 cm.-1) + rIA(A2 (977 cm.-1) = 1972 cm .-l
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The band found at 1825 cm .“1corresponds to the band at 1810 cm.”“1
in the spectra of PStO and may be assigned to the combination of the
V&(Bf) and rioA™a).

n(-Bv) (995 cm. + pmaC”) (815 cm. = 1810 cm.“1
VF,(Bi) (995 cm.-1) + vidais) (830 cm.“1) = 1825 cm -1

The band found at 2060 cm .“1corresponds to the band at 1958 cm 1
in the spectra of PStO, and can be assigned to the overtone of the v/Bf),
according to Kakiuchi's assignment 4

2 X r@.B2 (995 cm.“1l) = 1990 cm .“1

Assignment of the Other Vibration Modes

The CPp modes of the poly(phenyl glycidyl ether) chain can be readily
identified on the basis of studies on polystyrenelZ‘¥4 and poly(styrene
oxide).1l The stretching modes rs(CH2 and r,(CH2, which are found in
PSt at 2845 and 2921 cm.“land in PStO at 2850 and 2890 cm.-1, respec-
tively, are unambiguously identified with the bands at 2870 and 2920
cm -1 in the spectra of fraction | of PPGE-A. These bands are found in
fractions 11 and 11l of PPGE-A at 2890 and 2930 cm .-1 and at 2920 and
2970 cm.-1, respectively, and in PPGE-B at 2910 and 2960 cm.“1 The
corresponding absorption bands are found in PPGE-C and at 3.40-3.45
16(2941-2899 cm.“ 1) in the spectra of PPGE-D.

The bending mode, 5(CH2, which is found in PSt at 1450 cm ““land in
PStO at 1447 cm.-1, is undoubtedly the main component of the PPGE
band at 1455-1460 cm.-1. The fact that its intensity is greater than that
expected seems to be reason to believe that it represents a superposition of
bands, one of which is a ring frequency, ri®B(Pi).

The CHZ2 wagging mode is not observed in PSt because of extreme
weakness of its intensity. It is unlikely that it appears in the spectrum of
PPGE as in that of PStO.

The CHo rocking mode seems to occur at higher frequencies, and is
generally much weaker than the comparable band in polyethylene. It
has been identified in the spectra of PSt and of PStO and we therefore only
nominally assign to it part of the weak band at 977-980 cm.“ 1

The stretching mode of the lone CH group is generally too weak to be
clearly identified ,Band is not observed in PSt and PStO 1l

The band arising from the CH bending mode, 5(CH), is not observed in
PStRand in PStO. Liang and Krimm22only tentatively suggested that
this mode might be contributing to the band at 1376 cm -1 in PSt. The
corresponding band is found at 1390 cm -1 in PPGE and at 1385 cm ‘1
in PStO. Such modes might also mix with some of the ring vibrations and
result in frequency shifts anil intensity changes.

The band which corresponds to the band at 3450 cm ““1in PStO and is
assigned to the r(OH) vibration is found at 3450-3460 Cm.“lin fraction
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I of PPGE-A and at 3500-3540 cm r lin the other fractions of PPGE-A.
The corresponding weak band is found in the spectra of PPGE-C and at
2.89-2.90 /*(3400-3448 cm .-1) in PPGE-D.

The skeletal modes of a planar zigzag C—0—C chain have not been
considered in detail in present paper. We only assign part of the medium
intensity band at 1080 cm ““1to a skeletal chain stretching mode and the
bands at 1040-1140 c. 1 roughly to the r(COC). These assignments are,
of course, speculative, and must always be considered in the light of pos-
sible mixing with benzene ring vibrations. These results are collected in
Table VII.

The authors are grateful to Dr. Minoru Hirota for his discussion on the assignments
of the infrared spectra of polyfphenyl glycidyl ether). We also wish to acknowledge the
assistance of Mr. K. Kosuge in carrying out many of the experiments.
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Résumé

On a obtenu des polymeres cristallins et amorphes en polymérisant I'éther de phényl-
glycidyle en présence d’amines tertiaires. La partie cristalline a un haut point de fusion
et est insoluble a température de chambre. Les fractions amorphes sont solubles a
température de chambre et leur poid moléculaire est voisin de 950 dans le benzéne a
30°C. Si on augmente la concentration et la température de réaction au-dessus de 50°C,
on diminue considérablement la fraction cristalline et la fraction amorphe pateuse;
par contre, dans ces mémes conditions, la fraction liquide augmente. La diffraction des
rayons-X montre que le taux de cristallinitd est voisin de 47-50% (pour la fraction cris-
talline). Son spectre est similaire au spectre de I'éther de poly(phényl-glycidyle)
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obtenu p;ir Nosliay et Price. On a déterminé le spectre infra-rouge de ces fractions dans
la région de 650 cm-1 a 4000 cm-1. On compare ces spectres a ceux du polystyréene et
du poly(styrene-oxyde) pour attribuer les bandes de la molécule d’éther polyfphényl-
glycidyle). En se basant sur I’analyse des spectres du polystyréne et du poly(styréne-
oxyde) et sur I'’étude de la combinaison des bandes, on a pu identifier de maniéere tres
satisfaisante les vibrations fondamentales du noyau benzénique des groupements CIP,
CH et du squelette.

Zusammenfassung

Kristalline und amorphe Polymere wurden durch Polymerisation von Phenylglyeidyl-
ather in Gegenwart tertarer Amine erhalten. Die kristalline Fraktion besitzt einen ho-
hen Schmelzpunkt und ist bei Raumtemperatur unléslich. Die amorphen Fraktionen
sind bei Raumtemperatur I6slich und ihr Molekulargewicht wurde in Benzol zu ~950 bei
30°C. bestimmt. Die Ausbeute an kristalliner Fraktion nahm mit steigender Katalysa-
torkonzentration und Reaktionstemperatur orberhalb 50°C. stark ab. Die Ausbeute an
flussiger Fraktion nahm jedoch mit steigender Katalysatorkonzentration und Reaktions-
temperatur zu. Die Roentgen beugungsanalyse der kristallinen Fraktion zeigt, dass sie
47-50% Kristallinitat besitzt und dass ihr Rontgendiagrammdemjenigen des von
Noshay und Price erhaltenen Polyphenylglycidylathers &hnlich ist. Die Infrarotspek-
tren wurden an diesen Fraktionen im Bereich von 650 bis 4000 cm-1 aufgenommen. Die
Ergebnisse werden mit denjenigen fur Polystyrol und Polystyroloxyd verglichen und zur
Identifizierung der Normalschwingungen des Polyphenylglycidylathermolektls benutzt.
Auf der Grundlage der Polystyrol- und Polystyroloxydanalyse und einer Untersuchung
der Kombinationsbanden war eine recht befriedigende lIdentifizierung aller Grund-
schwingungen des Benzolrings und der CH2—, CH—, und Skelettschwingungen méglich.

Received April 6, 1965
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Polymers and Telomers of Perfluoro-l,4-pentadiene

JAMES E. EEARN, DANIEL W. BROWN, and LEO A. WALL, National
Bureau of Standards, Washington. D. C.

Synopsis

Perfluoro-l,4-pentadiene was prepared by pyrolysis of sodium 3,5,6-trichloroper-
fluorohexanoate and subsequent dehalogenation. The monomer was polymerized
under a number of conditions of temperature and pressure using various periods and
various dose rates of 7-ray initiation. The compound was found to undergo double-
bond migration producing perfluoro-l,3-pentadiene. The polymer samples, some of
them rubbery, others grainy, are assumed to be copolymers of the 1,4-pentadiene and
the 1,3 pentadiene, the 1,4-diene polymerizing according to a cyclic mechanism and the
1,3-diene undergoing the 1,4-addition that is characteristic of butadienes under certain
conditions. Infrared and nuclear magnetic resonance studies tend to support these
assumptions. Under polymerization conditions the monomer also produced four dis-
tinct dimers and traces of two monomeric substances.

INTRODUCTION

What is sometimes termed inter-intramolecular polymerization was ap-
parently first observed during an investigationlof the polymerization of
allyl ammonium salts. When quaternary salts containing two allyl groups
are polymerized, soluble polymers result, whereas the presence of more
than two allyl groups leads to the formation of insoluble polymers. A con-
siderable number of studies have demonstrated that this type of polymer-
ization often occurs1-17with unconjugated hydrocarbon dienes.

These polymerizations, in which soluble polymers are produced from
dienes, have been explained67by a mechanism involving an intermolecular
radical attack on one of the olefinic groups in a molecule, followed by intra-
molecular attack by the resulting radical on the other olefinic linkage in the
molecule, thus effecting cyclization. The reaction continues by the attack
of the cyclic radical on another molecule of monomer.

Repetition results in the production of a polymer chain. Phosphorus may
be substituted for the nitrogen atom of the quaternary salt and, again,
soluble polymers are obtained89 It has been demonstrated that the
pimelates10 and methacrylic anhydrides2polymerize in the same fashion.
On dehydrogenation, the polymers contain, in some cases, phenylene
groups,I2 thus supporting the cyclic mechanism. Studies13 of the poly-
merization of allyltrimethylsilane and diallyldimethylsilane showed large
differences between the activation energies for polymerization of the two
monomers. It is difficult to ascribe the much greater activation energy (50
kcal./mole) of the diallyl compound (against 35 kcai./mole of the monoallyl

131
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CH2 CH2

R- + HX=C-H CH R--ch2xxch

h2” ,ch?2

I\ OH- ;I\ Of
CH2
[\

R-CH-CH hoc-
h 2 ch?2
AN
compound) to differences in the propagation reaction. With Ziegler cata-
lysts, the diallyl monomer also gives soluble polymers 145 In the solid
state, the polymerization of IV,./V-diallylmelaniine® also appears to occur
by an inter-intramolecular mechanism. That the cyclic mechanism in
polymerization is not restricted to dienes is demonstrated by the reportI/of

the preparation of linear polyglutaraldehyde. This polymer is believed to
have an internal-external ether structure as in the repeating unit:

OH

O/\

An earlier investigation in this laboratoryBdemonstrated that 4-chloro-
perfluoro-1,6-heptadiene also polymerizes readily by a cyclic mechanism,
since soluble polymers were obtained whose infrared patterns showed no
absorption between 5 and 6 fi. 4-Chloroperfluoro-1,6-heptadiene was pre-
pared, in three steps, from 3,5,7,8-tetrachloroperfluorooetanoic acid. The
monomer, a clear liquid boiling at 112°C./7")9 mm. and with njl 1.3311, was
telomerized with bromine, chlorine, and dibromodifluoromethane, yielding
telomers in each case. The absorption bands in the spectrum of the mono-
mer between 5 and 6 ji, due to double bonds, were absent in the spectra of
the products, indicating that, in all likelihood, cyclic telomers had been
formed. Elemental analysis supported this conclusion. This diene also
reacts to form a brittle polymer at low pressures and radiation doses, and a
slightly rubbery material at very high pressures and lower doses of radia-
tion. Infrared studies of films of these polymer samples indicated an
absence of carbon-carbon double bonds in the polymer, just as in the
telomers.

The work reported here involves the preparation of, and polymerization
studies on, perfluoro-l,4-pentadiene. This material was prepared, in three
steps, from 3,5,6-trichlorooctafluorohexanoic acid (Kel-F acid 683) obtained
from Minnesota Mining and Manufacturing Company. Perfluoro-1,4-
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pentadiene is a clear, colorless liquid with a pleasant odor when freshly dis-
tilled, but it becomes acid and sometimes cloudy on long standing. It boils
at 36°C. and has nju 1.2950 (interpolated). It was polymerized and telom-
erized in the manner described below. Certain by-products were also
identified and studied.

EXPERIMENTAL
Preparation of Sodium 3,5,6-Trichlorooctafluorohexanoate

In a 4-liter beaker, 320 g. (8 mol.) of sodium hydroxide was dissolved in 2
liters of water. The solution was vigorously stirred and 2915 g. (8 mol.) of
3,5,6-trichlorooctafluorohexanocic acid was added. The solution became
very viscous, but there was no precipitate. Chilling produced no precipi-
tate, so the solution was poured into a clean vacuum desiccator and evapo-
rated to near dryness by using an infrared lamp and an aspirator. The salt
became syrupy, buttery, and then waxy, but did not crystallize. The salt
was then dried at 10-2mm. (Dry Ice-acetone trap) for three days. Water
(500 ml.) was removed, and the wax became a white, crystalline material.
Drying was continued for two more days, with removal of water (200 ml.),
and the crystals became a fine, apparently amorphous, rather hygroscopic
powder.

Pyrolysis of Sodium 3,5,6-Trichlorooctafluorohexanoate

3,5,6-Trichlorooctafluorohexanoate (2.2 kg.) was pyrolyzed under reduced
pressure in a stainless-steel tube connected, through adapters, to a series of
cooled traps (Dry lce-acetone and heated to approximately 350°C. in a
furnace controlled by two 10-amp., variable transformers. Pyrolysis took
place smoothly, yielding 1520 g. of products (theoretical yield, 1600 g.).
This was 95% based on the salt. The product was carefully distilled
through a 10-in. glass column packed with glass helices. A fraction boiling
at 91°C. was collected as the desired product. It amounted to 1360 g.
(85%, based on the acid salt).

Anal . Calcd. for C&C1FS C, 21.2%; CIl, 25.1%; F, 53.7%. Found: C, 21.0%;
Cl, 24.8%.

In the same distillation, a second fraction was obtained, boiling at 120°C.
This amounted to 145 g. (9%, based on the acid salt). The remaining
material would not distill at atmospheric pressure, and was assumed to be a
coupling product. No further effort was made to characterize it. The
120°C. fraction showed three peaks on a gas-liquid chromatogram, and a
deep, split band between 5 and 6 /r in its infrared spectrum. This appeared
to be a mixture of the isomers of trichloroheptaf.uoropentene. This was
supported by the elemental analysis and by conversion into a mixture of a
three monochloroheptafluoropentadienes.

Anal. Calcd. for C&C!,F7: C, 20.3%; CI, 35.2%. Found: C, 20.1%; CI, 34.9%,.
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Dechlorination of 4,5-Dichlorooctafluoro-I-pentene

Dechlorination was effected by a slight variation of the method of Park
and Lacher.® In a beaker, 130 g. (2.0 moles) of powdered zinc was sus-
pended in acetone, and 100 ml. of concentrated hydrochloric acid was added
slowly with stirring. Stirring was continued for 30 min. The zinc was
filtered off with suction, washed thoroughly with acetone, dried briefly in
air, and then overnight inavacuum oven at 70°C. This activated zinc was
placed in a 500-ml., three-necked flask (equipped with an efficient stirrer, a
dropping funnel, and a 6-in. glass column packed with glass helices and
topped by a still-head) and 200 ml. of bis[2-(2-methoxyethoxy)ethyl] ether
was added. Stirring was commenced, and the flask was heated (Thermo-
well heater) to 70°C. 4,5-Dichlorooctafluoro-lI-pentene (284 g., 1 mole)
was added in small portions until the reaction started, and then dropwise
until addition was complete. Perfluoropentadiene distilled out of the
column at about the same rate as the pentene was added. The rate of
addition of the pentene and the heat applied to the flask were so controlled
that the temperature of the distillate never exceeded 40°C. The yield of
crude pentadiene was 194 g. (91%); this was distilled through a 10-in.
glass column, packed with glass helices, yielding a pure product, boiling at
36°C., that showed one major peak (and two minor peaks with 1% and
0.3% of the area of the major peak) on an analytical gas-liquid chromato-
gram. Theyield of pure compound was 160 g. (89%). Recovered starting
material (34 g.) was recycled. Its infrared spectrum showed a single band
at 5.6 wy the band being somewhat broader and deeper than that of the
parent compound. Elemental analysis confirmed the composition of the
diene.

Anal . Calcd. for CrFs: C, 28.3%; F, 71.7%. Found: C, 28.1%; F, 70.9%.

Dechlorination of Trichloroheptafluoropentene Fraction

The dechlorination procedure described for the preparation of perfluoro-
1,4-pentadiene was repeated. A 60-g. (0.2 mole) portion of the trichloro-
heptafluoropentene fraction was added to the flask containing the high-
boiling ether and activated zinc. During the dechlorination, the distillate
came over below 70°C. The crude yield was 42 g. or 92%. Upon careful
distillation at 65°C., 39 g. of a mixture of monochloroheptafluoropenta-
dienes was obtained, which was 85% based on the pentene; 5 g. of starting
material was recovered and recycled.

Anal . Calcd. for C5C1F7: C, 26.3%; CI, 155%; F, 58.2%. Found: C, 26.6%;
Cl, 15.2%; F, 58.1%.

Polymerization of Perfluoro-1.4-pentadiene

Perfluoro-l,4-pentadiene (11 g., 0.05 mole) was placed in a glass tube
attached to a vacuum line, thoroughly degassed, and the tube sealed. It
was maintained at a temperature of 157°C. and subjected to a radiation
dose of 0.3 Mrad/hr. from a Co@source for 233.5 hr. The tube was then
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opened and the contents, a viscous oil, was poured into xylene. The oil
separated from the xylene, becoming more viscous in the process. This oil
was vacuum dried to remove as much xylene as possible, dissolved in hexa-
fluorobenzene, and freeze-dried. The yield was 4.5 g. (21% conversion) of
a brown, extremely viscous oil that would not distil at 0.1 mm. Some
starting material was recovered by carefully distilling the xylene solution.
A series of polymerizations of perfluoro-1,4-pentadiene at 11,300 atm.
was carried out by means of a procedure previously described 2 The con-
ditions of these experiments and the data obtained are given in Table I.

TABLE 1
Polymerization of Perfluoro-l,4-pent,adiene at 110°C. and 11,300 Atm.

Content after reaction, % of

original“
X 10% Dose X 1,4- 1,3- Type of Polymer,
rad/hr. 10~3 rad Diene Diene Dimer polymer %
0.00 0.00 98 1.1 0.00 Powder 0.12
7.20 14.30 98 1.6 —0.00 Powder 000
0.99 0.99 98 1.5 <0.20 Powder 0.22
2.05 4.10 96 3.2 0.46 Powder 0.34
7.16 14.30 75 6.7 17.00 Rubber 2.17
205.00 490.00 68 6.8 15.00 Rubber 10.30

“ The monomer originally contained 1.1% of 1,3-diene and no dimer.
bThis experiment was performed at autogenous pressure, i.e., about 3 atm.

Reaction oi Perfluoro-l,4-pentadiene with Bromine

Perfluoro-1,4-pentadiene (22 g., 0.1 mole) and bromine (32 g., 0.2 mole)
were placed in a thick-walled glass tube and thoroughly degassed. Upon
warming to the melting point of bromine (—7.3°C.), reaction began, with
considerable evolution of heat, and was moderated in an ice bath. After
2 hr., the contents of the tube was clear and colorless. The tube was
opened, and the liquid removed and shaken with dilute, aqueous sodium
bisulfite. Distillation under reduced pressure produced 50 g. of a clear,
colorless, oily liquid which boiled at 120°C./30 mm. (92% based, on the
pentadiene).

Anax, Calcd. for C8Br48: C, 11.3%; Br, 60.1%; F, 28.3%. Found: C, 11.5%;
Br, 59.9%,; F, 28.3%.

DISCUSSION

The pyrolysis of the sodium salt of 3,5,6-trichlorooctafluorohexanoic acid
produced the expected 4,5-dichlorooctafluoro-l-pentene in 84% yield and,
in addition, a by-product collected as a fraction boiling at 120°C. Ele-
mental analysis of this material was that of a trichloroheptafluoropentene.
On careful chromatography, the substance showed three peaks and is ap-
parently a mixture of isomers. LovelaceZ asserts that “in the pyrolysis of
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the sodium salts of carboxylic acids which contain fluorine and chlorine in
the IS position, sodium chloride is preferentially eliminated.” It is con-
ceivable, however, that, to some small extent, sodium fluoride is eliminated,
and this result may be detected if the reaction is run on a sufficiently large
scale, but, in that case only, a single trichloropentene would be produced.
The trichloropentene fraction was dehalogenated to a mixture of chloro-
heptafluoropentadienes, also confirmed by elemental analyses and infrared
studies. The isomers were not isolated or further characterized. An
explanation for the presence of more than one trichloroheptafluoropentene
could involve migration of the double bond due to the presence of fluoride
ion or could be due to the presence of impurities in the acid used as starting
material. The former explanation is unlikely, because the dichloropentene
formed as the major product was about 99% pure. The acid is prepared by
telomerizing CCLlFZCl1lFlI and CF2CC1F. Some CFACClF or an
occasional head-to-head addition (instead of the usual head-to-lail addition)
would yield acid salts which, on pyrolysis and dechlorination, could yield
chloropentadienes of various configurations.

The dechlorination of 4,5-dichlorooctafluoro-l-pentene to perfluoro-1,4-
pentadiene went smoothly, producing a monomer containing about 1.3% of
impurities. The 1% of impurity was identified as the 1,3-diene by boiling
point (28°C.) and infrared absorption (5.8, 5.6 .2 The 1,3-diene could
arise if traces of 4,5-dichlorooctafluoro-2-pentene are formed by a shift of
the double bond of the 1-pentene. From the work of ATiller et al ., 2,2 this
phenomenon is known to occur in the presence of fluoride ion. Apparently,
it is also caused by chloride ion 21 The impurity present to the extent of
0.3% is probably perfluoro-2,3-pentadiene. Gas-liquid chromatography
indicated the presence of a compound with a lower retention time and,
accordingly, a lower boiling point than the other two compounds present.
This is consistent with the findings of Miller et al 2 that migration of the
double bond continues toward the center of the molecule. The impurity
present would indicate that at least some migration takes place in the
dechlorination step.

TABLE 11

Unsaturation in Polvperfluoro-l,4-pentadiene Samples

. s Molar ratio
Polymerization conditions e

A 8 ~5N 8
Tempera- Pressure X Character Portion of
ture, °C. 10-3, atm. of polymer sample used CF,=CF— —CF=CF
125 11.5 Rubber Whole polymer 50 )
125 11 Rubber 1st fraction 31% 210 (0]
125 11 Rubber 2nd fraction 44% 250 4
125 1 Rubber 3rd fraction 10% 170 5
202 8-10 Liquid Dimer 35 5
53 11.5 Powder Whole polymer 10 20

125 11.5 Rubber Made in CF ¥ 20 6
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Attempts to prepare a telomer comprising one molecule of bromine and
one monomer unit of perfluoro-l,4-pentadiene resulted in 1,2,4,5-tetra-
bromooctafluoropentane; thus, cyclization did not occur. However, the
oily polymer formed under autogenous pressure showed small peaks at 5.6
and 5.8 iuin its infrared spectrum. Calculations made from the magnitude
of their absorption coefficients indicated the presence of less than one double
bond per monomer unit. The presence of two peaks in this region indicates
unsaturation other than that due to vinyl groups, and accordingly, indicates
double-bond migration.

At 8000-11,500 atm. and at 53-202°C., various polymer samples were
produced. These are shown in Table Il. Some were rubbery, but others
were powdery or brittle. All showed the same two absorption peaks in the
infrared at 5-6 {x Absorption at 5.6 n is characteristic of perfluorovinyl
groups in the materials under discussion; that at 5.8 n is characteristic of
— CF=CF— groups in fluorohydrocarbon molecules.

Calculations of the numbers of both types of double bond were made by
using the absorption coefficients of perfluoro-lI-heptene and perffuoro-2-
butene. The results are given in Table Il. The rubbery polymers contain
3-5 monomer units per internal double bond and 20 or more monomer units
per perfluorovinyl group. Fractions of the rubbery polymer contained as
many as 250 molecules per perfluorovinyl group. A sample of powder con-
tained about 20 monomer units per internal double bond and 10 monomer
units per perfluorovinyl group. The monomer recovered from the poly-
merizations in which rubbery polymer formed contained considerably more
perfluoro-1,3-pentadiene than the starting pentadiene. Thus, it is inferred
that the internal double bonds in the polymers come from incorporation of
1.3- pentadiene units in the polymer. If such units are present in large
enough proportion (20-30% of the monomer units), the copolymer appears
rubbery. When only 5% of the polymer consists of 1,3-pentadiene units,
the material is glassy at room temperature.

The high ratio of monomer units to perfluorovinyl groups shows that the
1.4- units entering the polymer cyclize between additions of either monomer;
otherwise, the ratio would be about 1.2- 1.3, if allowance is made for the
presence of the 1,3-units. All samples are soluble in hexafluorobenzene,
showing that crosslinking has not increased the ratio markedly. The rela-
tively low value of this ratio for the powder probably is due to its lower
molecular weight. Powdery samples dissolve much more quickly than the
rubbery ones, indicating that different molecular weights are formed.

The quantitative infrared determinations were made on the Perkin-Elmer
221 instrument. Other infrared studies were made on the Perkin-Elmer 137
instrument, sodium chloride optics being used in all cases.

Fluorine nuclear magnetic resonance spectra were obtained in an effort to
check the structures postulated. Photographs of the superimposed spectra
are shown in Figure 1. From the area under the absorption peaks in the
appropriate regions, it is concluded that the rubber contains about three
times as many CF3groups and one-third as many CF2groups as the glass.
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From the infrared absorptions, which are due to internal double bonds, the
corresponding ratios were calculated to be 6 and 0.6, respectively. It is
felt this constitutes reasonable agreement since a homopolymer of the 1,4-
diene would have no CF3groups. The presence of multiple peaks due to
CF3in each spectrum shows that another structure containing this group is
present. These may be due to the next monomer unit being one or the
other of the dienes or to some 1,2-addition of the 1,3-diene.

Thus, it is believed that the average structure of the polymers can be
shown as:

CF2CF=CFCF

CF,

In the powders, [(r + y)/y] is approximately 20; in the rubbers, it is 3-5.
The 1,3-units are thought to enter by 1,4-addition, because a sample of
polyperfluorobutadiene made at high pressure contains many more internal
double bonds than terminal double bonds.

The dimers obtained in these investigations were clear, colorless liquids.
They were separated from dissolved or suspended polymer by distillation
at 40°C./5 mm. Vapor-phase chromatography indicated the presence of
at least three, and sometimes four, substances. Elemental analysis of the
mixture confirmed the supposed empirical formula, and the boiling points
and infrared pattern leave little doubt as to the composition of the material.
These data suggest that the dimers obtained have the same structure as
those advanced by Miller and co-workers223 in th:
1,4-pentadiene and cesium fluoride.

FCx .CF~ >
CF— CF3 f- CF— 'CF3
CF-C. CF3 Cl: = CF3
£ n N CF3
X xfn FC\ CFs
%F-Cl CF3 f- EtrF—c CF3
FXv ~C— CF FaO. U A.
~CF CF3 x F2 CF3

The authors acknowledge with gratitude the elemental analyses by Robert J. Hall and
are singularly grateful to Dr. Ronald F. Dehl for the nuclear magnetic resonance spectra
and for his assistance in their interpretation.
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Résumé

On a préparé le perfluoropentadiene 1-4, par pyrolyse du 3,56-trichloroperfluoro-
caproate de sodium suivie d'une déshalogénation. La polymérisation du monomére a
été opérée dans des conditions variées de température et de pression, I'initiation étant
provoquée par des doses variées de rayons Y. 11 s’est avéré que ce composé subissait une
migration de la double liaison engendrant du perfluoropentadiéne 1-3. On admet que
les échantillons polymériques, les uns caoutchouteux, les autres granuleux, sont des
copolymeéres des pentadiénes 1-3 et 1-4, le diéne 1-4 polymérisant suivant un mécanisme
cyclique et le diéne 1-3 subissant I'addition 1-4, ce qui est caractéristique des but.a-
diénes dans certaines conditions. Des études infrarouges et de résonance magnétique
nucléaire semblent soutenir ces hypothéses. Dans les conditions de polymérisation, le
monomeére produit aussi quatre dimeéres distincts et deux substances monomériques a
I’état de traces.

Zusammenfassung

Perfluor-l,4-pentadien wurde durch Pyrolyse von Natrium-3,56-triehlorperfluor-
caproat und darauffolgende Dehalogenierung dargestellt. Das Monomere wurde unter
verschiedenen Temperatur- und Drcuckbedingungen mit y-Strahlen bei variierter
Bestrahlungsdauer und Dosisleistung polymerisiert. Es trat eine Wanderung der
Doppelbindung unter Bildung von Perfluor-1,3-pentadien auf. Es wird angenommen,
dass die Polymeren, die zum Teil kautschukartig, zum Teil kérnig sind, Copolymere aus
dem 1,4-Pentadien und dem 1,3-Pentadien sind, wobei das 1,4-Dien nach einem zyklis-
chen Mechanismus polymerisiert, und das 1,3-Dien die fur Butadien unter gewissen
Bedingungen charakteristische 1,4-Addition eingeht. Infrarot- und kernmagnetische
Resonanzuntersuchungen bilden eine Stiitze fur diese Annahme. Unter Polymerisations-
bedingungen entstehen aus den Monomeren auch vier verschiedene Dimere sowie Spuren
zweier monomerer Substanzen.
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Effect of Metal Salts on Polymerization. Part I.
Polymerization of Vinylpyridine Initiated with
Cupric Acetate

SHIGEO TAZUKE and SEIZO OKAMURA, Department of Polymer
Chemistry, Kyoto University, Kyoto, Japan

Synopsis

The polymerization of vinylpyridine initiated by cupric acetate has been studied.
The rate of polymerization was greatly affected by the nature of the solvent. In general
polar solvents increased the rate of polymerization. Polymerization was particularly
rapid in water, acetone, and methanol. The initial rate of polymerization of 4-vinyl-
pyridine (4-VP) in a methanol-pyridine mixture at 50°C. is Rp= 6.95 X 10-6[Cun]‘/2
[4-YP]21l/mole-sec. The activation energy of initiation by cupric acetate is 5.4 + 1.6
keal./mole. Polymerization of 2-vinylpyridine and 2-methyl-5-vinylpyridine with the
same initiator was much slower than that of 4-VP. Dependence of Rpon monomer
structure and solvent is discussed. Kinetic and spectroscopic studies led to the conclusion
that the polymerization of 4-VP is initiated by one electron transfer from the monomer to
cupric acetate in a complex having the structure, (4rVP)jCu(CHjCOO)s.

INTRODUCTION

The effect of inorganic salts on polymerization may be divided into the
following three categories. The first category is retardation or inhibition
of radical polymerization by metal salts. This is the most intensively
studied field among the effects of metal salts. Retardation of polymeriza-
tion has been attributed to oxidation or reduction of the growing polymer
radical by metal salts. The redox reaction may proceed either by electron
transferlor by ligand transfer 2 depending upon the redox pair. The
second category is acceleration of radical polymerization. This occurs
when metal salts interact with the growing active endgroup, without redox
reaction taking place. The effect of lithium chloride on radical polymeriza-
tion of acrylonitrile3is an example of this category. Another explanation
for the accelerating effect of metal salts on polymerization is complex
formation of monomer with metal salts affecting the reactivity of monomer.
Examples are effect of zinc chloride on the polymerization of acrylonitrile4
and methyl methacrylate 5 However, the most essential point, why mon-
omer complexes polymerize faster than free monomer, has not yet been
elucidated. The formation of a coordination bond between monomer and
metal salts will certainly affect the electronic configuration of the whole
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molecule, which could bring about spontaneous initiation of polymeriza-
tion.

The third category involves two possible mechanisms for the initiation
of polymerization by metal salts. One is direct activation of ethylenic
double bonds by Tr-type complex formation. The rhodium chloride-ini-
tiated polymerization of butadiene6is an example. The other mechanism
involves a redox reaction between metal salt and monomer. This mecha-
nism is similar to the well-known redox initiator system, i.e., peroxide-fer-
rous salt, with the difference that the monomer is an integral part of the
initiator. Examples have not been presented until recently 7

The present authors have reported that cupric acetate could initiate
radical polymerization when the salt is complex with 4-vinylpyridine (4-
VP).8 The present publication represents a detailed study on the nature
of polymerization of vinylpyridine initiated by cupric salts.

EXPERIMENTAL

Materials

4-Vinylpyridine (4-VP) and 2-vinylpyridine (2-VP) (Yuki Gosei Kogyo
Co., Ltd.) and 2-methyl-5-vinylpyridine (MVP) (Tokyo Kasei Kogyo Co.,
Ltd.) were refluxed over potassium hydroxide pellets and distilled in a
stream of nitrogen under reduced pressure at 6 mm. Hg.

Cupric acetate monohydrate (G.R. grade) was used without further
purification.

All solvents used for polymerization were purified by accepted pro-
cedures.

Shrinkage Factors

Shrinkage factors used for rate measurements were determined from the
density difference between the monomer and the polymer in the tempera-
ture range of 50-70°C. The densities of monomer and monomer solution
containing a known amount of polyvinylpyridine were measured by a
pycnometer at different temperatures. Shrinkage factors thus calculated
were averaged graphically by plotting the shrinkage factors against tem-
perature. The values are shown in Table I.

Shrinkage factors at temperatures other than those given in Table |
were estimated by interpolation or extrapolation.

TABLE 1
Shrinkage Factors of Vinylpyridines

Volume contraction at 100%
conversion to polymer, %

Monomer 50.0°C. 60.0°C. 70.0°C.
4-Vinylpyridine (4-VP) 18.9 19.4 19.9
2-Methyl-5-vinylpyridine (MVP) 18.8 19.2 19.6

2-Vinylpyridine (2-VP) 18.5 19.1 20.0
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Polymerization

A solution containing the metal salt and the monomer was degassed by
repeated freezing and thawing at reduced pressure of 10 3 mm. Hg. The
degassed solution was then transferred into a dilatometer (capacity: 5
ml.) equipped with a capillary of 0.5 or 1.0 mm. diameter. Polymerization
was followed dilatometrically. The polymerization mixture was precipi-
tated by pouring it into a large excess of petroleum ether. The polymer
was dissolved in 5% sulfuric acid and reprecipitated by pouring it into a
large amount of dilute ammonia solution containing ammonium chloride.
Metal salts incorporated in the polymer were thoroughly removed by this
procedure.

Kinetic measurements were always carried out at less than 5% con-
version.

Electronic Absorption Spectra

Electronic absorption spectra were measured by Hitachi automatic
recording spectrophotometer using a cell having an optical length of 1
cm.

Molecular Weight of Poly 4-vinylpyridine

Molecular weights of poly 4-vinylpyridine were determined by viscosity
measurements at 25°C. in pyridine solution by using the equation 9

to] = 3.055 X 10~6M 1D

RESULTS

Effect of Solvent on the Rate of PoAIynt1etrization of 4-VP Initiated by Cupric
Cetate

The dependence of rate of polymerization on solvent is shown in Table

TABLE 11
Solution Polymerization of 4-YP Initiated by Cupric Acetate Monohydrate at 50°C.a

Dielectric
R,, X 105 constant of solvent

Solvent mole/l.-see. at 25°C.
Bulk polymerization 3.29 ~12
Pyridine 0.715 12.3
Acetone 15.9 20.7
Methanol 15.5 32.6
Ethanol 2.76 24.3
n-Butanol 0.503 17.1
Dimethylformamide 1.06
Benzene 0.0 2.3
Ethylene chloride ~0 10.4

[Cull] = 1.0 X 10_2mole/l.; 4-VP/solvent = 1/1 by volume.
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Fig. 1. Plot of log RV vs. reciprocal of dielectric constant D. |lp measured for the
system, 4-VP/alcohol = 1/1 by volume at 5()°C.; D = arithmetic average of the
dielectric constants for the alcohols and pyridine (Upyridine ~ -D4vp is assumed).

Fig. 2. Dependence of the rate of polymerization on monomer concentration in various
media with cupric acetate as an initiator: () in 30% aqueous methanol at 30°C.,
[Cull] = 9.09 X 10 2mole/l.j (O) in methanol, (4-VP + pyridine)/methanol, [Cull]
= 1.0 X 10-2 mole/l. at 50°C.; (©) in pyridine, [Cull] = 1.0 X 10-2 mole/l. at 50°C .;
(B) [Cun(4VP)Z assumed as initiator; (13) [Cun(4VP)2] and [Cull(4VP)(Py)] are
assumed as initiators.
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The rate of polymerization Rp could not be determined in water because
the reaction is too fast and the system is heterogeneous. Although polar
solvents seem to increase the rate of polymerization, the dielectric constant
D alone is not rate-determining since, for example, the polymerization is
faster in acetone (D = 20.7) than in methanol (D = 32.6) or in ethanol
(2 = 24.3). However, for any series of alcohols, the rate of polymeriza-
tion increases with the dielectric constant of the solvent. Figure 1shows
the plot of log Rp vs. reciprocal dielectric constant of the system. A
straight line was obtained, indicating the importance of polar effect.

Dependence of = » on Monomer Concentration

Dependence of Rvon monomer concentration in various solvent systems
is shown in Figure 2. The slopes in Figure 2 are 1.2 for the 4-VP-30%
aqueous methanol system, 1.9 for the 4-VP-pyridine system, and 2.1 for
the methanol-pyridine-4-VP system [(4VP + pyridine)/methanol = 1/1
by volume].

Dependence of =, on Cupric Acetate Concentration

Dependence of Rvon cupric acetate concentration is shown in Figure 3.
The rates of polymerizations in methanol and in 30% aqueous methanol
are nearly proportional to the square root of the cupric salt concentration.
This finding suggests that the cupric salt behaves just like an ordinary rad-
ical initiator and that termination of growing polymer radicals is by bi-
molecular recombination.

Fig. 3. Dependence of A, on cupric acetate concentration: (O) [4-VP] = 4.67
mole/l. in methanol at o()°C.; (®) [4-YP] = 0.87 inole/l. in 30% aqueous methanol

at 30°C.
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Dependence of Molecular Weight of Poly-4-VP on Monomer and Cupric
Acetate Conceritration

Figure 4 shows plots of viscosity-average molecular weights versus
monomer and initiator concentrations. Molecular weights are propor-
tional to monomer concentration and almost independent of initiator con-
centration. This could be explained by assuming that the chain length
of the polymer is determined by solvent chain transfer and the cupric salt
does not take part in the termination step.

ICulx 102 mole/l

Fig. 4. Dependence of molecular weight of polymer on monomer and cupric acetate
concentrations in polymerization at 50°C.: (0)17, vs. [4VP], [Cuu] = 1.0 X 10-2
mole/l.; (®)Af,vs. [Cull], [4-VP] = 4.67mole/l.

Fig. 5. Dilatometrie measurements of time-conversion curves for the polymeriza-
tion of 4-vinylpyridine initiated by cupric acetate at different temperatures. [4-VP]
= 4.67 mole/l.,, [Cull] = 1.0 X 10-2 mole/l. in methanol. (Sizes of dilatometers are
not the same.)
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Dependence of RVon Temperature

Since the dead-end nature of the 4-VP polymerization has been observed,
Rp was measured at relatively low temperatures. Typical time-conver-
sion curves are shown in Figure 5. Deviation from linearity is observed
for the run at 56.9°C. This deviation cannot be due to a decrease in
monomer concentration during rate measurement, since the conversion is
less than 5% when the deviation occurs.

Figure 6 shows Arrhenius plots of initial rates obtained with cupric ace-
tate and azobisisobutyronitrile catalysts. The overall activation energies
for cupric acetate- and AIBN-initiated polymerization of 4-VP are 14.3
+ 0.3 and 26.9 + 0.5 kcal./mole, respectively.

I/T°Kx 103
29 3.0 31

Fig. 6. Arrhenius plots of polymerization of 4-vinylpyridine: (=) initiated by cupric
acetate; (O) initiated by azobisisobutyronitrile. Solvent: methanol; [4-VP] = 4.67
mole/l.; [Cull] = 1.0 X 10_2mole/l.; [AIBN] = 4.9 X 10_3molell,

Comparison of Cupric Acetate-lniti&t\e/% Polymerization of 4-VP, 2-VP, and

2-VP and MVP can also be polymerized by cupric acetate. Values of
R, measured at different temperatures are shown in Table I11.

The remarkable difference in Rv in the polymerization of 4-VP, MVP,
and 2-VP could be attributed to different rates of initiation, since the rates
of polymerizations of these three vinylpyridines are about equal with
azobisisobutyronitrile initiator.

Accurate measurement of Rvfor 2-VP is difficult. As will be mentioned
in the following section, the fast reduction of cupric to cuprous species by
2-VP hinders rate measurement. Initiator efficiency of cupric acetate-
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Polymerization
temperature,
°C.

35
42
50
55
56
60
65
70
80.0

© oo w©oowo

“Monomer/methanol =
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4-vp

0.603 X

1.07
1.55

X
X

TABLE
Rate of Polymerization of 4-VP, MVP, and 2-VP Initiated by Cupric Acetate*

10~4
10“4
10~4

1074

1/1 by volume;

Rp molel/l.-sec.

[Cul'!

MVP

0.334 X
0.556 X

0.760 X

1.11 X
1.21 X

= 1.0 X

2-VP

10-4
10- 4
104 - U5
10%4
10-4

10 2molell.

initiated polymerization of 2-VP seems to be much smaller than that of

MVP or 4-VP.

Although Rpof 2-VP is quite small, initiation by cupric

acetate is obvious, since the rate of thermal polymerization of 2-VP under
the same conditions is less than 5 X 10-7 mole/l.-sec. at 80°C.

Electronic Spectra of the Vinylpyridine Cupric Acetate System

Complex formation between the pyridine ring and metal salts has often

been studied.1011"

A (mp>

However, vinylpyridine complexes have not yet been

Fig. 7. Electronic absorption spectra of cupric acetate in mixture of vinylpyridine
and methanol (1/1 by volume), arbitrary concentration:
methanol); (® MVP/methanol; (3) 4-VP/methanol; (/) 2-VP/methanol.

(1) blank (cupric acetate in
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Fig. 8. Visible absorption spectra of 2-vinylpyridine-methanol-cupric acetate
system: (1) before reaction; (#) after reaction in vacuo at 50°C. for 160 min.; (3)
after reaction in vacuo at 55°C. for 160 min.; (/) after reaction in vacuo at 65°C. for
160 min.; (5) after reaction in vacuo at 80°C. for 93 min.; (6) after reaction in vacuo
at 70°C. for 160 min.; (7) after reaction in vacuo at 80°C. for 160 min. 2-VP/methanol
= 1/1 by volume; [Cull] = 1.0 X 10“2mole/l.

studied. Figure 7 shows complex formation between vinylpyridines and
cupric acetate in methanol.

The absorptions due to vinylpyridine-cupric acetate complexes decrease
with polymerization time. Among the three vinylpyridine complexes,
the MVP complex is the most stable, and the spectrum shows only a slight
decrease at its maximum after 150 min. of polymerization at 65°C. In
contrast, the bright green-blue color of 4-VP and 2-VP complexes changes
to dark brown through brownish green, and the spectra also change. Fig-
ure 8 shows the absorption spectra of the 2-VP-cupric acetate system be-
fore and after polymerization. An absorption at 700 mp decreases with
reaction time, and the rate is faster at elevated temperatures. A new
broad peak at 490-530 mp, probably due to oxidation of 2-VP by cupric
acetate, increases in intensity with reaction time and with reaction tem-
perature. The fact that the optical density-wavelength curves cross at a
point near 570 mu may indicate that a stoichiometric relationship exists
between the concentration of species having an absorption at 490-530
niyu and the decreased concentration of 2-VP-cupr:c acetate complex.

It has been found that the 2-VP-cupric acetate system after polymeriza-
tion is readily oxidized by air when the reaction mixture is exposed to the
atmosphere. Figure 9 shows the change in the spectrum due to oxidation
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by air. Reproduction of cupric species is evident on comparing curve 2
with curve 3, and curve 4 with curves 5 and 6. On the other hand, the
intensity of the broad peak at 490-530 npi does not decrease. If cuprous
species were responsible for the broad absorption, increased intensity at

Fig. 9, Change in visible absorption spectra of 2-vinylpyridine-methanol-cupric
acetate system when the reaction mixture is exposed to air: (1) before reaction; (#)
after reaction in vacuo at 80°C. for 93 min.; (3) 3 exposed to air at room temperature
for 25 min.; (4) after reaction in vacuo at 80°C. for 160 min.; (5) 4 exposed to air at
room temperature for 10 min.; (6) 4 exposed to air at room temperature for 30 min.
2YP/methanol = 1/1 by volume; [Cun]o= 1.0 X 10~! mole/l.

700 njlLt would result in a decreased intensity of the broad peak. Optical
density-wavelength curves in Figure 9 do not cross each other, indicating
that the species responsible for the two absorptions are not convertible.

DISCUSSION
Kinetics

The reactions considered are shown in eq. (1)-(6),

Cull + wM - > [Complex] D

[Complex] + Cul 2
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Riet M —ooeee >R2e 3
R + M >H,;.,1
kt
“H APwa PnH Pa (4)
R + QUL—" P, + QUL (s)
ktr
R R — >PK+ Se ©)

Possibility of competition between reactions (4) and (5) is unlikely,
since Rv is proportional to [Cull] t Considering therefore eq. (4) as
representing the termination process, the Kinetic equation, eq. (7) is
derived from stationary kinetic treatment.

Rp = f /kd/Kj.kt_U![complex]1[M] @)

The fact that Rv is proportional to [Cun]1z indicates that the complex
should be mononuclear. Two forms of complexes between cupric acetate
and pyridine have been discussed12-14 One is a distorted octahedral
mononuclear complex Cu(CH300)2y2 (1) and the other is a binuclear
one (I1).

Py

Complex | is favored in polar solvent. Formation of the mononuclear
complex in water and of the binuclear complex in ethanol and dioxane has
been suggested on the basis of electronic spectra of pyridine-cupric car-
boxylate complex 4 Though no published data are available for vinyl-
pyridine complexes, a crystalline complex of 4-VP with cupric acetate was
isolated from a saturated methanol solution of the salt added with 4-VP,
of which analytical data agree with the mononuclear complex [Calculated
value of Cu content for Cu(CI13CO0)24VP)2. 16.2%; found: 16.2%].
Together with the kinetic data, this indicates that cupric acetate exists as
a mononuclear complex in the 4-VP-methanol mixture.

The solvent affects the dependence of Rp on monomer concentration.
When the polymerization proceeds in pyridine or in pyridine-methanol
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Fig. 10. Linear relationship between Rp and [Cun]l/2[4-VP]2 for the polymeriza-
tion of 4-vinylpyridine initiated by cuprie acetate at 50°C. (4-VP + pyridine)/methanol
= 1/1 by volume.

mixture [(4-VP + Py)/methanol = constant] Rpis nearly proportional
to [4-VP]2 Since the stability constant of pyridine-cupric ion complex is
large (log /2 = 4.33 in water at 25°C.,n where /R is the overall stability
constant of CullPy? and the stability constant is rather insensitive to
substituents introduced to the pyridine ring,nb cupric acetate may be as-
sumed to be completely in the complex form. Consequently, the sta-
bility constant of the 4-VP-cupric acetate complex could be assumed to be
reasonably close to the value given for the pyridine complex.

In a mixture of 4VP and pyridine, cupric species will exist as [Cull
(4-VP)2] [Cun(Py)(4-VP)], and [Cun(Py)2]. Assuming the same sta-
bility for these three species, the fraction of [Cun(4-VP)Z] is given by eq.
).

/2[Cun][4-VP R
[2[Cuit][4-VPR + 2&[Cull][4-VP][Py] + &[Cun][PyR

(14-vP] + [PyD2
If Cu (CHX00)Z4-VP)2alone is involved in initiation, Rv can be ex-
pressed by eq. (9), which is in agreement with the experimental results.

Rp = A[Cun]/I[MP 9)

Figure 2 shows the dependence of Rv on monomer concentration cal-
culated by assuming that Cu(CH300)24-VP)(Py) is also an initiating
species. This does not agree with the results.

Validity of the rate expression, eq. (9), is shown in Figure 10.
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The monomer concentration dependence of Rp is nearly unity in .30%
aqueous methanol. In this case, the concentration of the complex is
almost equal to total cupric acetate, since ft is very much larger than unity
and 4-VP is added in large excess of cupric acetate. Consequently, the
initiator concentration is independent of 4-VP and the rate is expressed
by eq. (10).

Rp = K'[Cu(CHZOO)2M[AI] [10]

An unusual monomer exponent as in eq. (9) has been observed also in
the polymerization of methyl methacrylate initiated by ethylsilver b
The rate of polymerization is proportional to [M]Vi[Ag]lIA, and complex
formation between the monomer and the initiator has been suggested.

On the other hand, silver nitrate-initiated polymerization of acryloni-
trileBfollows Rv = [AgNOJ'/![M]. No evidence of complex formation
between the monomer and silver nitrate has been obtained either by elec-
tronic or infrared spectroscopy. Both examples are thought to be radical
polymerizations, but the mechanism of initiation would depend largely on
the combination between metal compound and monomer.

Effect of Solvent

In general, the solvents listed in Table Il are unlikely to affect strongly
the rate of radical polymerization. The polymerization is faster in alcohols
having large chain transfer constants than in bulk, and it does not proceed
in benzene at all which is a good solvent for radical polymerization. These
solvent effects are therefore due to changes in the initiation process.

Among other things the solvent may effect coordination and polarity.
Coordination depends on the individual system and cannot be treated
guantitatively, polarity may be estimated by the dielectric constant.
The solvent effect in Table Il represents the combination of these two in-
fluences, and a unified explanation cannot be given at the present time. The
solvent effect of a series of monofunctional alcohols could be studied by
the polar effect as shown in Figure 1. This relation has been derived by
Laidler and LandskroenerI7and is applicable to reactions when electrostatic
interaction is more important than nonelectrostatic interaction, i.e., ion-
ion, ion-dipole, or dipole-dipole reactions. Since propagation and ter-
mination processes will be independent of polar effect, the origin of the
solvent effect is probably due to monomer-metal salt interactions.

Spectroscopic evidence for the reduction of cupric species indicates that
the oxidation of 4-VP by cupric acetate through coordination is important
during initiation. For example, Laidler’'s equation can be applied to the
redox reaction between an organic compound and a metal ion such as the
reaction of 2,2,-diphenyl-l-picrylhydrazyl (DPPH) with reducing metal
ions in aqueous methanol .B

Mechanism of Initiation

The above results and considerations might indicate that polymerization
initiation occurs by the spontaneous (unimolecular) decomposition of 4-
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VP-cupric acetate complex involving the reduction of cupric to cuprous
species. There is no doubt that the polymerization proceeds by radical
mechanism. Therefore the problem is the manner of radical formation
by oxidative decomposition of the complex.

Two mechanisms have been proposed to elucidate the redox reaction,
particularly in connection with isotope exchange reactions. One mecha-
nism involves electron transfer mechanism and the other material transfer.
Characteristics of the former mechanism®are small activation energies and
a small frequency factor. True electron transfer is thought to proceed
with little interaction between reactants, and the requirement for con-
figurational rearrangement for the formation of activated complexes is
small. Since the distances are large, the probability for electron transfer
will be small. However, some electron transfer reactions require the close
approach of reactants and the formation of compact activated complexes;
then the energy requirement for electron transfer may be as large as for
material transfer. Consequently a small activation energy is good evi-
dence for an electron transfer mechanism, but the converse is not true.

The activation energy of initiation by cupric acetate (EiQu*) can be
calculated from the Arrhenius plot in Figure 6. From the Kkinetics of this
polymerization the total activation energy of 14.3 + 0.3 kcal./mole for
4VP is known to correspond to /JEiQU + E, — VYZEt When azobisiso-
butyronitrile is used as initiator, the total activation energy, 1 4?iAIBN
+ Ep— V~",, is26.9 £ 0.5 kcal./mole. Since the activation energy for
thermal decomposition of AIBN is 31.3 kcal./mole 0 EtQ0l becomes 5.4
+1.6 kcal./mole. This is a very small activation energy for initiation
and may be an indication for electron transfer mechanism.

Another factor in favor of electron transfer mechanism is the close cor-
relation between polymerizability and conjugation from nitrogen to vinyl
group of the monomer. 4-VP will assume resonance structures during
electron transfer such as those shown in eq. (11). A similar structure is
not expected for MVP. Conductivity of ligand is certainly larger for
4-VP than for MVP, and this is reflected in the polymerizabilities of 4-VP

and MVP. The slow rate of a polymerization initiation of MVP may be
attributed to the absence of suitable conjugation through which an elec-
tron can migrate from the vinyl group to the cupric salt.

The behavior of 2-VP derivatives are complicated by steric effects.
Ease of electron transfer from the vinyl group of 2-VP to cupric acetate
through nitrogen is comparable to that with 4-VP. In fact, reduction of
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cupric to cuprous species by 2-VP is faster than by MVP. However,
polymerization initiation seems to be a different matter. The slow initia-
tion, even slower than with MVP, could be explained by stericinterference
of cupric acetate coordinated to the nitrogen atom adjacent to the vinyl
group. The vinyl group of 2-VP will therefore be out of the plane of the
conjugated pyridine ring, and the active intermediate may be unstable so
that it will be unable to initiate polymerization. The problem of initiator
efficiency will be discussed elsewhere, together with the dead-end nature of
the polymerization.

These effects of monomer structure of Rpcould not be reconciled with a
material transfer mechanism.

Several reports support the above explanation. The double-bond char-
acter of coordination bonds between nitrogen and metal ion has been men-
tioned for metal-pyridine complexes2l A good example of electron
transfer through the pyridine ring was investigated by Taube and Gould 2
These authors demonstrated the reduction of pyridine carboxylate penta-
amminecobalt (111) with Cr(l1) to proceed via acidic and basic mechanisms.
While the former mechanism involves Coni-LH, where LH indicates the
acid form of pyridinecarboxylato, in the second mechanism the conjugate
base, Coni-L -, is the reacting species. Cr(ll) coordinates to the nitrogen
of the pyridine ring in the basic path and the rate of electron transfer is
determined by the conductivity between carboxylato and the nitrogen.
Therefore this basic path prevails in pyridine-2-carboxylato and pyridine-
4-carboxylato complexes, but not in the 3-isomer. These results are good
evidence for electron transfer through conjugated ligands. The importance
of conjugated ligands during electron transfer was also discussed in con-
nection with the oxidation of polyacrylamide radical by Fem complexed
with bidentate nitrogen containing heterocyclic compounds.l The reac-
tion was explained by assuming that an electron released from the radical
is transferred through conjugated heterocyclic ligands. The rate of elec-
tron transfer was found to increase with increasing conjugation of the
ligand.

According to Marcus’s viewdon the theory of electron transfer reaction,
the present redox initiation system may be visualized as shown in eq. (12).

,CH=CH;

12)

CH=CH;
1l
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t
VP
\%
ki
Ve > initiation of polymerization or deactivation (14)

v and V are in an energy-matched state which allows an electron to be
transferred without conformational change in both IV and V. Building-
up of IV from 11l requires energy. Since IV should have conformation
intermediate between 111 and the inactivated form of V in which the CuFN
bond is thought to be very much weakened, the Cun-N bond in IV would
be partially dissociated or stretched. The dielectric constant of the sys-
tem would therefore affect reaction (12). The stabilization of pyridine
complexes in less polar solvents has been reported1l§ and this is certainly
disadvantageous for the formation of IV also.

CONCLUSION

Cupric acetate acts as an oxidant of the one-electron transfer type in
combination with vinylpyridine. This mechanism requires the formation
of radical-cations as intermediates of polymerization initiation. It is
theoretically possible to initiate both radical and cationic polymerizations
by a radical-cation. However, the inertness of vinylpyridine toward
cationic initiation might be the reason that a radical mechanism is pre-
ferred to a cationic mechanism. Evidence indicating cationic mechanism
has been obtained for the polymerization of N-vinylcarbazole with cupric
salts 24

It is possible to envision that simple redox systems could function as
cationic and/or free-radical initiators depending on the nature of the
monomer and perhaps reaction conditions. These initiator systems are
amphoteric initiators.
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Résumé

On a étudié I'initiation de la polymérisation de la vinylpyridine par I'acétate cuivrique
comme catalyseur. La vitesse de polymérisation dépend fortement de la nature du sol-
vant. Les solvants polaires accroissent en général, la vitesse de polymérisation, la poly-
mérisation étant particulierement rapide dans I'’eau, I’acétone et le méthanol. La vitesse
initiale de polymérisation de la 4-vinylpyridine (4-VP) dans un mélange méthanol-pyri-
dine 4 50°C est donnée par: Rv = 6.95 X 10-6 [Cuu]lP2[4-VP]2/mole/sec. L’énergie
d’activation de I’initiation par I'acétate cuivrique est de 5,4 + 1,6 Kcal/mole. La poly-
mérisation de la 2-vinylpyridine et de-la 2-méthyl-5-vinylpyridine avec le méme initia-
teur étaient plus lentes que celle de la 4-VP. On discute de la relation qui existe entre la
structure du monomeére et la nature du solvant d’une part et la vitesse de polymérisation
d’autre part. La cinétique et des études spectroscopiques permettent de conclure que la
polymérisation de la 4-VP est initiée par un transfer monoélectronique du monomere a
I'acétate de cuivre formant un complexe de structure (4-VP)2Cu(CH3C0O0)2.

Zusammenfassung

Die Polymerisationsanregung von Vinylpyridin mit Kupferacetat als Katalysator
wurde untersucht. Die Polymerisationsgeschwindigkeit wurde stark durch die Natur des
Losungsmittels beeinflusst. Im allgemeinen steigerten polare Lésungsmittel die Poly-
merisationsgeschwindigkeit. Die Polymerisation war besonders rasch in Wasser, Ace-
ton und Methanol. Die Anfangsgeschwindigkeit der Polymerisation von 4-Vinylpyridin
(4-VP) in einer Methanol-Pyridinmischung bei 50°C ist Rp = 6,95- 10~6[Cun]l/2[4VP]2
I/Mol.-sec. Die Aktivierungsenergie der Anregung durch Kupferacetat betragt 5,4
+ 1,6 kcal/Mol. Die Polymerisation von 2-Vinylpyridin und 2-Methyl-5-vinylpyridin
mit dem gleichen Starter war viel langsamer als diejenige von 4-VP. Die Abhangigkeit
von Rp von der Monomerstruktur und vom Losungsmittel wird diskutiert. Kinetische
und spektroskopische Untersuchungen fuhren zu dem Schluss, dass die Polymerisation
von 4-VP durch einen Einelektroneniibergang vom Monomeren zum Kupferacetat in
einem Komplex mit der Struktur (IVPLCufCILCOO hangeregt wird.
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Polyaddition Reactions of Bisethyleneureas and
1,1,3,3-Diethyleneurea with Polymethylene
Dimercaptans in LiCl-Dimethylformamide

YOSHIO IWAKURA, MUNENORI SAKAMOTO,* and MICHIO
YONEYAMA, The Department of Synthetic Chemistry, Faculty of
Engineering, The University of Tokyo, Bunkyo-ku, Tokyo, Japan

Synopsis

Polyaddition reactions of I,I'-tetramethylenebis(3,3-ethyleneurea) (lla), I,I'-octa-
methylenebis(3,3-ethyleneurea) (lib), I,I'-p-phenylenebis(3,3-ethyleneurea) (lie), 1,1'-
(4,4-diphenylmethane)bis(3,3-ethyleneurea) (lid) and 1,1,3,3-diethyleneurea (111) with
polymethylene dimercaptans were investigated. 1,1'-Polymethylenebis(3,3-ethylene-
ureas) and polymethylene dimercaptans successfully reacted at 80-95°C. in the presence
of triethylamine to give poly(urea sulfides) with intrinsic viscosities up to 1.1 in about
90% vyield when dimethylformamide, dimethylacetamide, or A-methyl-2-pyrrolidone
containing lithium chloride as a solvent were used. The other ethyleneureas, however,
failed to give high molecular weight polymers.

In preceding papers of this series on polyaddition reactionlit has been
reported that high molecular weight, linear poly(urethane sulfides) were
obtained by the reactions of bis-A,A-ethyleneurethanes (I) with poly-
methylene dimercaptans 23

CH2
R—OCN( + HS(CH2), SH -meeemee >

A ch?2
(1)
-fCH2CH2NHK—R—OAVHCHZCHS(CHZ‘;,St,

The present work is concerned with the polyaddition reactions of bis-3,3-
ethyleneureas (Il) and 1,1,3,3-diethyleneurea (l11) with polymethvlene
dimercaptans and the properties of the poly(urea sulfides) obtained by these
reactions.

Basic catalysts such as tertiary amines induce self-polymerization of
0-butyl-A,A-ethyleneurethane 4 and are very effective in promoting the
polyaddition reactions of | with polymethylene dimercaptans to give poly-

* Present address: The Department of Textile Engineering, Tokyo Institute of
Technology, Meguro-ku, Tokyo, Japan.
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(urethane sulfides).2 It lias been considered that this is because tertiary
amines increase the nucleophilic reactivity of mercaptan so much that the
polyaddition reaction proceeds exclusively, suppressing the competitive
self-polymerization of I. Basic catalysts are expected to be also effective in
the polyaddition reactions of Il and Ill with polymethylene dimercaptans
due to the similarity of the molecular structures of the reactants.

CHZz ch?2
p>NCNH—R—NHCN< + HS(CH2),SH -
CH, O (0] CH,
Q)
[ CHSCHaNHCNH— It— NHCNHCU2CHZXS(CHj)nS— 1*
o o
av)

where Ila:R=— (CH24—, IIb:R=— (CH28— , lIc:R

ch?2 ch,
JNCN< + HS(CH2m H —m >
[ 1\
CHsO CH2
(H1)
[FCHXHNHCNHCHXHXS(CH2,S—1*
1
0
V)
EXPERIMENTAL
Materials
I,I'-Tetramethylenebis(3,3-ethyleneurea) (Ha), I,I'-octamethylenebis-

(3,3-ethyleneurea) (lib), II'-p-phenylenebis(3,3-ethyleneurea) (lie), and
I, I'-(44'-diphenylmethane)bis(3,3-ethyleneurea) (lid) were prepared from
corresponding diisocyanates and ethylenimine by the method of Bestian 5
lla, lib, and lid were purified by recrystallization from acetone: Ha, m.p.
114-116°C. (lit6 122°C.), lib, m.p. 103-105°C. (lit6 104°C.), and lid,
m. p. 166-169°C. (sinter) (lit5168-169°C. sinter). As lie could not be
purified by recrystallization, it was always freshly prepared just before use,
m.p. ca. 325°C. (decomp.) (lit 6322-234°C. decomp.)

1,1,3,3-Diethyleneurea (I11) was prepared according to the method
reported§ m.p. 37-39°C. (lit.6.39 -41°C.).

Reaction of 1-Phenyl-3,3-ethyleneurea with Butyl Mercaptan

A solution of 1.6 g. of I-phenyl-3,3-ethyleneurea and 1.0 g. of butyl mer-
captan in 1 ml. of dioxanc was treated with one drop of triethylamine at
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room temperatures. |-Phenyl-3-/3-butylthioethylurea was obtained in
87% yield. It melted at 8G.0-86.5°C. after repeated recrystallization from
ethanol.

Anal. Calcd. for CBHIZOMWXS: N, 11.1%. Found: N, 11.4%.

Polyaddition Reaction

In a typical run, a solution of 2.12 g. (7.5 mmole) of I,I'-octamethylene-
bis(3,3-ethyleneurea), 1.02 g. (7.5 mmole) of pentamethylene dimercaptan
and 0.15 g. (1.5 mmole) of triethylamine in 15.0 ml. of dimethylformamide
containing 5% of lithium chloride was placed in a 20-ml. glass tube, and the
tube was sealed under an atmosphere of nitrogen. The solution was kept at
95°C. No precipitates were observed. After 24 hr. the tube was opened,
and the resulting hot viscous solution was poured into 500 ml. of pure water
with stirring. The precipitated white polymer was collected by filtration
and dried in vacuo at 60°C. for about 20 hr.

Measurements of Physical Properties

Intrinsic or inherent viscosities were calculated from the viscosities
measured in m-cresol or in dimethylformamide containing 5% lithium
chloride at 30.0°C.

Melting points were measured on a metal block. Temperatures at which
the polymers became transparent or decomposed were recorded.

Infrared absorption spectra were recorded with a Hitachi infrared spec-
trometer, Model EPI-S2.

RESULTS AND DISCUSSION
Catalyst and Solvent

It has been reported that bis-N,N-ethyleneurethanes react with butyl
mercaptan in the absence of catalyst to give addition products, bis-N-/3-
butylthioethylurethanes7 On the other hand, when 1-phenyl-3,3-ethyl-
eneurea was treated with butyl mercaptan in boiling ethyl acetate, only a
polymeric substance was obtained 8 With the aid of a basic catalyst this
reaction was observed to produce an addition product, I-phenyl-3-/3-
butylthioethylurea (see Experimental). Thus, base catalysis would be
essential to the preparation of the poly (urea sulfides) by the polyaddition
reactions of bis-3,3-ethyleneureas with dimercaptans.

According to this consideration, polyaddition reaction of I,I'-tetra-
methylenebis(3,3-ethyleneurea) (Ha) with tetramethylene dimercaptan
was carried out under such conditions as employed in the polyaddition
reactions of bis-N,N-ethyleneurethanes (I) with dimercaptans58 Reac-
tion product, however, precipitated during the reaction, and no high molec-
ular weight poly (urea sulfide) was obtained.  This was likely to be due to
the poorer solubility of the poly(urea sulfide). Dimethylformamide, di-
methylacetamide, A-methyl-2-pyrrolidone, or dimethyl sulfoxide contain-
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Concentration of LiCl (%)

Fig. 1. Effect of concentration of lithium chloride on the solubility of dimethyl-
formamide. In a test tube were placed 50 mg. of the poly(urea sulfide) prepared from
Ila and tetramethylene dimercaptan, and 1.0 ml. of dimethylformamide containing
lithium chloride. The temperature where the mixture became homogeneous on heating
was recorded, which was plotted versus the concentration of lithium chloride.

ing an inorganic salt such as lithium chloride has been found to be a good
solvent for polyamide, polyurethane, or polyurea9 Dimethylformamide
containing lithium chloride was also found to be a good solvent for the

TABLE |1
Polyaddition Reaction of I|,I'“Tetramethylenebis(3,3-ethyleneurea) (lla) with
Tetramethylene Dimercaptan

Reaction conditions Results
Molar
ratio of
Sol- LiCl, la, Cata- catalyst Tempera- Time, Yield,
vent“ g./dl. mole/1. lystB to lla ture, °C. hr. %
A 0 0.50 E 0.40 23 24 75 0.16
B 0 1.0 F 0.09 60 17 67 0.21
B 4 0.50 F 0.20 80 24 90 1.03
B 4 0.33 F 0.30 80 24 89 0.94
C 4 0.33 F 0.30 80 24 91 0.84
D 4 0.33 F 0.30 80 24 91 1.0
“Solvents: A = methanol, B = dimethylformamide, C = dimethylacetamide, D =
A-methyl-2-pyrrolidone.
bE = sodium methoxide, F = triethylamine.

OMeasured in m-cresol at 30.0°C.
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TABLE 11
Polyaddition Reactions of Bis-3,3-ethyleneureas (Il1) and 1,1,3,3-Diethyleueurea (II1)
with Polymethylene Dimercaptans

Reaction conditions Results
Molar
ratio

Poly- 1l or of cata- Tem- Melt-
(urea III, lyst to pera- C, ing
sul- mole/ Il or ture, Time, Yield, Vis- N, %«* H, point,
fide)“ - - °C. hr. % cosity Calcd. Found o d °C.
IVa2 0.50 0.20 80 24 84 0.45” 17.5 17.8 238

IVa3 0.50 0.20 80 24 88 0.58” 16.8 17.9 220

IVa4 0.50 0.20 80 24 90 1.03” 16.1 16.0 f 225

Iva5 0.50 0.20 SO 24 90 0.69” 15.5 15.4 207

Va6 0.50 0.20 80 24 89 0.99” 14.9 15.0 215

IVb2 0.43 0.23 95 24 90 0.49” 14.9 14.8 220

IVb3 0.43 0.23 95 24 93 0.79* 14.4 14.7 177

IVb4 0.43 0.23 95 24 93 0.82~ 13.9 13.8 g 194

IVb5 0.50 0.20 95 24 93 1.07» 13.4 13.5 172

IVb6 0.43 0.23 80 24 95 0.46~ 13.0 12.7 174

IVc2 0.18 1.7 100 63 83 0.11¢ 16.5 16.0 245 (dec.)
1Yc3 0.18 1.7 100 63 86 0.19h 15.8 15.5 240 (dec.)
IVc4  0.19 1.0 100 63 83 0.10¢ 15.2 15.3 i 225 (dec.)
Ives5 0.14 1.7 100 63 97 0.15h 14.7 13.9 235 (dec.)
IVc6 0.18 1.7 100 63 94 0.12h 14.1 13.6 235 (dec.)
Ivd2 0.33 0.30 80 48 86 0.25h 1S.0 12.4 265 (dec.)
1Vvd3 0.33 0.30 80 48 97 0.18¢ 12.6 11.6 195 (dec.)
Ivd4 0.33 0.30 95 40 85 0.26“ 12.2 12.0 j 250 (dec.)
Ivd5 0.33 0.30 80 48 88 0.27¢ 11.9 11.1 220 (dec.)
IVdé 0.33 0.30 80 48 87 0.25* 11.5 10.8 230 (dec.)
V2 0.58 0.71 100 76 80 0 .18k 1S.6 13.1 185

V3 0.58 0.71 100 76 79 0.27k 12.7 12.4 120

V4 0.71 2.4 100 69 79 0.26k 12.0 11.1 1 105

V5 0.58 0.71 100 76 86 0.27k 11.3 11.1 112

V6 1.2 0.71 100 40 85 0.26k 10.7 10.3 108

“ Code: IVan, poly(urea sulfide) prepared from Ha; IVbn, from lib; IVera, from lie;
IVdre, from lid; and Yn, from 111, respectively, wherein n is the number of methylene
groups in a polymethylene dimercaptan. Thus, IVa2 means poly(urea sulfide) obtained
by the reaction of Ha with ethylene dimercaptan.

b Dimethylformamide solution containing 4-6% LiCl was used as solvent.

OTriethylamine was used as catalyst.

d Some of these analyses are somewhat different from theoretical values. This seems
to be due to incompleteness of purification; Some polymers gave improved analytical
values after being reprecipitated.

elntrinsic viscosity measured in m-cresol at 30.0°C.

fCalcd.; C, 48.3%; H, 8.1%. Found: C,47.0%; H, 8.5%.

sCalcd.: C, 53.4%; H, 9.0%. Found: C, 53.0%;H, 9.2%.

h Inherent viscosity measured on a solution of 0.20 g. polymer in 100 ml. of dimethyl-
formamide containing 5% of LiCl at 30.0°C.

mCalcd.: C, 52.2%; H, 6.6%. Found: C,51.6%;H, 7.1%.

1Calcd.: C, 60.3%; Il, 6.6%. Found: C, 59.9%; H, 6.8%.
klInherent viscosity measured on a solution of 0.20 g. polymer in 100 ml. of m-cresol
at 30.0°C.

mCalcd.: C, 46.1%; H, 7.8%. Found: C, 45.6%; H, 8.5%.
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poly(urea sulfides) obtained here. Effect of concentration of lithium
chloride on the solubility is shown in Figure 1. By the use of dimethyl-
formamide containing lithium chloride as a reaction medium, linear poly-
(urea sulfide) of high intrinsic viscosity was obtained under mild conditions.
Similarly, dimethylacetamide or IV-methyl-2-pyrrolidone in combination
with lithium chloride, was also effective as the solvent. These results are
summarized in Table 1.

Polyaddition reactions of Il and 11l with polymethylene dimercaptans
were then carried out under the conditions mentioned above. Results are
collected in Table Il. I,I'-Polymethylenebis(3,3-ethyleneureas) (Ha and
lib) gave products of high molecular weight, whereas aromatic bis-3,3-
ethyleneureas (He and lid) and 1,1,3,3-dietliyleneurea (111) gave lower
molecular weight poly (urea sulfides).

Properties of Poly(urea Sulfides)

The poly (urea sulfides) were stable at room temperatures except those
obtained from lid, which discolored upon a prolonged storage. The poly-
(urea sulfides) obtained had higher melting points than the corresponding
poly(urethane sulfides).2 However, the poly(urea sulfides) were unstable
on heating; aliphatic ones melted to decompose gradually, whereas aro-
matic ones decomposed without melting (Table I1).

TABLE 111
Solubilities of Poly(urea Sulfides)
Solubility of poly(urea sulfides)“>bic

Solvent IYa4d 1 Yb4 1vd4 1vda V4

Acetic acid anhydride 0 0 0 0 2
wr-Cresol 4 4 2 2 4
Dichloroacetic acid 4 4 4 4 4
Dimethylacetamide 3 3 2 3 3
Dimethylformamide 2 2 @ 3 3
Dimethylformamide containing LiCl 4 4 4 4 4
Dimethy! sulfoxide 3 ® 3 8 3
Dioxane 0 0 0 0 3
Formic acid 3 3 0 0 3
Pyridine 0 0 0 0 3

1 1 0 0 1

Tetrachloroethane

8 Code: See footnote a in Table I1.

bNone soluble in carbon tetrachloride, chloroform, ethyl acetate, or methylene chlo-
ride.

cCode: 0 = insoluble; 1 = swollen; 2 = soluble at boiling temperature; 3 = soluble
with mild heating; 4 = soluble at room temperatures.

Solubilities of the poly(urea sulfides) are listed in Table I11. All the poly-
(urea sulfides) obtained were soluble in dichloroacetic acid and in dimethyl-
formamide containing lithium chloride. Aliphatic poly(urea sulfides) were
soluble also in m-cresol, whereas aromatic ones were insoluble in the solvent
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at. room temperature*. The aliphatic poly(urea sulfides) (IVa, 1Vb) could
he cast from »t-cresol solutions.

Data on the characteristic bands of the infrared absorption of the mono-
mers and the polymers are given in Table IV with those of 1-phenyl-3,3-
ethyleneurea and its derivative for comparison. The C =0 stretching-
vibration bands shifted slightly to the lower numbers when ethylenimine
rings were cleaved. It. has been reported that an absorption band of
ethylenimine at 838 cm. -1 is assigned to the ring deformationD The
absorption bands of monomers at 880-810 cm -1 region were not seen in the
spectra of the polymers. A N—H stretching vibration band at 3350 cm -1
and an amide Il band at 1570 cm -1 were not observed in 111, but in V4.

TABLE IV
Infrared Absorption Bands of Poly(urea Sulfides) and their Monomers

cC=0 c=0

stretching Absorption bands at stretching

3,3-Ethylene- vibration, 880-810 cm.-1 region, vibration,
urea cm.-1 cm.-1 Poly(urea sulfide)* cm.-1
lia 1650(s) 836(w), 816(w) 1Va4 1622(s)
Ib 1647(s) 841(w), 823(w) 1Yb4 1621(s)
lle 1665(s) 876(w)b 1Vca 1639(s)
Id 1663(s) 873(w)b 1vd4 1643(s)
11 1695(s) 851(w), 836(w), 813(w) V4 1626(s)

1-Phenyl- 1-Phenyl-
3,3-ethyleneurea 1672(s) S68(w)b 3-/3-butylthioeth}d-  1630(s)
urea

“ Code: See footnote a in Table II.
bThe absorption bands at 860-810 cm.-1 region could not lie detected because of the
overlap of the C— H out-of-plane bending bands of phenyl or phenylene group.
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Résumé

On a étudié les réactions de polyaddition de polyméthyléne dimercaptans avec le 1,1'-
tétraméthyléne-bis(3-3-éthylene-urée) (Ha), le 1,1'-octaméthyléne-bis(3,3-éthyléne-
urée) (Ilb) le L I'-p-phényléne-bis(3,3-éthyléne-urée) (lle), la 1,1'-(4,4-diphényl-
méthane)bis(3,3-ét,hylene-urée) (11d) et le 1,1,3,3-diéthyléne-nrée. Le 1,1'-polyméthyl-
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ene-bis(3,3-éthyléne-urée) et les polyméthyléne-dimercaptans réagissent & 80-95°C. en
présence de triéthylamine et donnent des sulfures de polyurée avec des viscosités in-
trinséques de 1,1 avec environ 90% de rendement lorsqu’on utilise comme solvant le
diméthylformamide, le diméthylacétamide ou la Ar-méthyl-2-pyrrolidone contenant du
chlorure de lithium. Toutefois les autres éthylene-urées n’ont pas fourni de polymeéres de
haut poids moléculaire.

Zusammenfassung

Die Polyadditionsreaktionen von I,I'-Tetramethylen-bis(3,3-athylenharnstoff) (Ha),
1,1'-Octamethylen-bis(3,3-athylenharnstoff) (11b), I,I'-p-Phenylen-bis(3,3-athylenharn-
stoff) (11c), 1,1'-(4,4'-Diphenylmethan)bis(3,3-athylenharnstoff) (11d) und 1,1,3,3-Di-
athylenharnstoff (111) mit Polymethylendimercaptanen wurden untersucht. Bei Ver-
wendung von Dimethylformamid, Dimethylacetamid oder JV-Methyl-2-pyrrolidon mit
einem Gehalt an Lithiumchlorid als Lésungsmittel reagierten I,I'-Polymethylen-bis
(3,3-athylenharnstoffe) und Polymethylendimercaptane in Gegenwart von Triathylamin
bei 80-95°C. erfolgreich unter Bildung von Polyharnstoffsulfiden mit Yiskositatszahlen
bis zu 1,1 mit etwa 90% igem Umsatz. Die anderen Athylenharnstoffe leiferten jedoch
keine hochmolekularen Polymeren.

Received November 17, 1964
Revised July 23, 1965
Prod. No. 4816A
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Gel Permeation Chromatography.
I1l. Molecular Shape versus Elution

J. G. HENDRICKSON and J. C. MOORE, Texas Basic. Research,
The Dow Chemical Company, Freeport, Texas

Synopsis

Rules were evolved to predict elution of linear, branched, and polar compounds in
GPC, based on testing of 130 compounds. With these rules and in tetrahydrofuran
solvent, data for all but a few compounds correlated onto a single calibration line.
With small molecules, elution often changed, due to hydrogen bonding to the solvent;
this occurred with alcohols, acids, and some chlorinated compounds, but not with mer-
captans. Branched and linear isomers usually eluted at about the same point. One
may conclude that structural elements were additive in their effect on elution volume in
this study.

Introduction

Gel permeation chromatography (GPC) is a new and basic analytical
tool that measures the size of molecules and polymers 14 It is based on
elution of the solute through a bed of crosslinked polymer gel, which
presents a gradation of size barriers to the molecules. Hence, the smaller
molecules penetrate the furthest into the gel, so that they elute last. With
polymers, a close approach to the true molecular weight distribution is
obtained by using long columns having appropriate permeability and high
plate count.

Tetrahydrofuran (THE) is a preferred solvent for many GPC separations,
because of its low refractive index and viscosity and its high swelling
of the gel. Also, it will dissolve a wide range of polymers; these include
polystyrene, poly (vinyl chloride), and poly(propyleue oxide). With these
products, the correlation of elution with molecular chain length shows that
chain substituents sometimes cause deviations. The chain length cal-
culations also depart from the observed results with some small molecules,
i.e., chain substituents appear to add differently to molecular bulk in dif-
ferent series. Hence, rules were sought that would explain these phe-
nomena and show the effective dimensions of molecules.

There are five basic forces that one would expect to modify the elution
volume of a compound in GPC. These are as follows;

(1) Changes in the width of the network openings in the beads. With
the samejsolvent this remains constant, but it changes with the solvent
as_a function of gel swelling 5
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(2) Solvent-solute association. For example, the hydrogen bonding of
OH compounds to ethers is well known 09 The complete bonding of the
solvent and solute often occurs, and then the size of a solute molecule is
increased by an amount equal to the size of the solvent.

(3) Dimerization, etc. For example, acetic acid and other organic
acids in CC14do form the dimer, as judged by NMR and other measure-
ments.a<kh In contrast, the dimer is not formed in water, where the hy-
drogen bonding of the acid’s OH to the oxygen of the water predominates.
An aggregation of molecules would look two or more times as long as their
normal chain length in GPC.

(4) Intramolecular bonding. This is the formation of a ring structure
when the groups that one might expect to form a solvent-solute associa-
tion are located within the same molecule. Reportedly, an ether solvent
such as dioxane will break up intermolecular bonding but not intramolec-
ular bonding 0

(5) Adsorption onto the gel surface or into it. Solute-solvent interac-
tion should be strong enough to suppress any tendency for the solute to be
adsorbed to the gel. Since the gels used did not exhibit any strong elec-
tron-accepting or -donating groups, any active hydrogen, or any strong
dipoles, this should be easy to achieve. If it occurs, adsorption is detected
by tailing and/or elution later than would normally occur.

Becker8 showed that the equilibrium constant for ROH complexed to
dioxane was about 1.0 at 25°C. At 15M dioxane, only y %of the ROH
molecules would be in the uncomplexed form. This would support the
concept that alcohols are more than 90% complexed with THF as the sol-
vent. At least 25 different physical and spectral tests are useful to detect
and measure hydrogen bonding 9 In general, the various methods give
good agreement as to the heat of hydrogen bonding, the types of groups
that participate, etc. However, there are few if any techniques that meas-
ure the aggregate size of molecules that are loosely bonded together in the
liquid state.

It is generally agreed that a volume measurement governs elution of
large molecules in water-swellable gels ;I however, the most effective meas-
ure of this factor is in doubt 2 This report offers a useful correlation of
the elution volumes of a wide variety of small molecules. The additivity
of equivalent structural elements in demonstrated, and a basis is provided
for comparing their relative sizes in the gel-permeation context. To ac-
complish this, compounds were compared to the w-alkane series, to deter-
mine an equivalent chain length. Then these equivalent lengths were
added and subtracted to observe the effect of the component parts.

Experimental

A crosslinked styrene gel (Sx8) prepared by the suspension polymeriza-
tion of a 92% st,yrene-8% divinyl benzene mixture was obtained from The
Dow Chemical Company, Midland, Michigan. It was the same type of
bead used to make ion exchange resins, just prior to sulfonation. The
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gel was further size-separated, and a 25-50 n diameter bead fraction was
selected.

The GPC runs were made by using a Waters Associates machine with a
16-ft. column consisting of four 4-ft. X Vs-m. sections packed with the
Sx8 gel. The column feed pressure was about 70 Ib./sqg. in., temperature
25°C., and the flow was THE at 1 ml./min. Samples were injected every
20 min. with the use of sequences designed to avoid misinterpretation.
Either homologs were studied in succession of descending order of number
of carbon atoms, or compounds of about the same size were injected so as
to alternate a compound having a refractive index (R1) higher than THE
with one whose RI was lower. The compounds eluted from the column
over arather small number of milliliters (called milliliters base in the tables).
The position of the highest point of the peak-shaped curve was called the

TABLE |
t allies Used As Effective Chain Length of Various Atoms
Radius, A. Chain length
van der #C
Atom  Covalent Waal Group Bond angle3  Basis A.
c 0.77 c 109.5° 1.0 1.25
C C
0 0.66 o} 105° 0.67 0.84
C R
N 0.70 N 109.5° 0.91 1.14
C R
S 1.04 S 104° 1.00 1.25
C R
F 0.60 1.35 C 0.27 1.84
Cl 0.99 1.80A C 1.09 2.60
Cl
Br 1.14 1.95 1.32 2.88
Br
1 1.36 2.05 1.54 3.15
1
H 0.30 1.00a C 0.0 1.25
H
O 0.51 1.60 c=0 120- 0.61 2.00

Based on Godfrey models.
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elution volume. The milliliter base value was used to calculate the theo-
retical plates per foot (TPF) as previously done 2

Before polar compounds could be studied, a basis was needed for comput-
ing their equivalent chain lengths. Since the C—C bond distance is con-
venient and fairly accurate, this basis was used in this report. Calcula-
tions were needed to measure the chain length contribution of the hetero-
atom on both the angstrom length and the equivalent C—C bond length
basis. The chain length per carbon atom in a normal alkane was the C—C
bond (1.54 A.) times the sine of half the C—C—C angle (109.5°) or 1.25 A.
To the number of carbon atoms present (#C), one must add the length of
hydrogen on the methyl groups at the ends of the chain. For each end,
this value is the sum of the van der Waal's radius for hydrogen (1.0 A.
and the contribution of the covalent radius of hydrogen (0.30 A. X sine
(109.5°/2) = 0.25 A.). Therefore, the two measures of chain length are
related by the equation

Angstrom chain length = 2.5 + 1.25 (#C) 1)

In the same manner, the corresponding lengths of other groups were cal-
culated, and they are given in Table I.

Discussion
The Sx8 gels were calibrated by using a series of n-alkanes, n-alkenes, and
di-n-alkyl ethers. They gave the elution times given in Table Il and

Fig. 1. GPC of straight-chain compounds. (X) »-alkanes; f, »-alkenes; (O) di-
n-alkyl ethers, 0 = 0.67 C; (I) n-alkyl iodide, I = 1.54 C; (I—1) n-alkyl chlorides,
Cl = 1.09 C; (*) n-alkyl bromides, Rr = 1.32 C; (S) di-n-alkyl sulfides, S = 1.0 C;
(N) di-n-alkyl amines, N = 0.91 C; (C) carbonyl compounds, O = 0.61 C.
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plotted in Figure 1. The data looked sufficiently linear to permit an
equation to be derived for the line, and this took the form

elution volume = 187 — 73 log (#C) 2)

where 187 is the elution volume extrapolated to #C = 1 and (187 — 73) is
the volume at jfC = 10. This equation was tested again by using the
observed volumes to calculate the number of carbon atoms expected from
the experimental results. These are then compared under the column
headed by Dj in Table Il. The agreement up to CZwas within 0.5 carbon
atoms in all cases, and the average deviation was 0.18 carbon atoms.

After about 130 compounds were studied, another several dozen pure
compounds were studied with another Sx8 packed column. The purpose
was to prepare another calibration curve, to test reproducibility, and to
measure other examples of solvent-solute associations. Unfortunately,
the plate count of the 16-ft. Sx8 research column had been ruined, but an
8-ft. column having a lower plate count per foot was available and it was
used. The calibration compounds gave a curve from which was derived
the equation

elution volume = 945 — 35.8 log (#C) 3

When this equation was applied to the observed results, all the calculated
#C atoms of these compounds agreed with the theory within 0.5 carbon
atoms, and the average deviation was 0.2 units. These and subsequent
results with the 8-ft. column are listed under Elution in parenthesis in
Tables 11-X11.

Many polar, straight-chain compounds were compared to their straight-
chain hydrocarbon analogs, by using eq. (2) and the equivalent bond lengths
given in Table 1. These compounds contained organic sulfides, halides,
dihalides, carbonyl compounds, and others. The results are shown in
Table I'11; there was good agreement between the theoretical and calculated
values, as summarized in Table X11l. In these and other cases, the results
were predicted with an average deviation of 0.25 carbon atoms.

The apparent length of a phenyl group was explored. A benzene mole-
cule should have a diameter equal in length to 3.55 #C units, and this was
the effective length of benzene in our work. However, a phenyl group in
other compounds had an effective length that was less than this; so, the
elution of simple compounds was used to calibrate the effect of such a group.
The results showed that a phenyl group equaled a 2.85 carbon atom chain
length, or a 0.70 #C unit correction. Similarly, 2.4 #C units appeared to be
the effective chain length of a phenylene group. The observed fact that
benzene, pyridine, and cyclohexane eluted close to each other and to the
predicted times showed that partition is not a major factor in this process.

With a fused ring compound, like naphthalene, the effective length was
only about four carbon atoms. Equivalent chain lengths of the poly-
nuclear aromatics are being studied further.
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TABLE VIII
GPC with Sxs Gel of Alcohols'

GEL PERMEATION
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TABLE XI11
Deviation of Predicted GPC Elutions
lleviation,
wfC units*
i No. ocotmpounds
Table Compound Maxi-
no. type Correction mum Average Studied Misfits
ii  Straight chain None 0.53 0.20 13 0
Straight chains  None 0.44 0.20 ©) 0
in Polar linear None 0.66 0.28 13 0
IV Aromatics CcH, = 2.85 #C 0.50 0.16 16 0
V  Methylated CHs3 = 1.0 #C 0.54 0.21 10 0
VI Carbonyl 0=0 = 0.8 #C 0.40 0.27 8 1
VIl Cyclic — 0.53 0..17 7 0
VIl Alcohols H bonding 0.41 0.30 17 2
IX Polar aromatics v 0.45 0.26 10 0
X  Chlorinated H bonding and CI = 0.55 0.40 11 0

0.44 #C

=Omits the values in parenthesis in the tables which reflect a doubtful degree of hy-
drogen bonding or cyclization; these are listed as misfits.
bData for 8-ft. column.

Elution times for a series of carbocyclic compounds were also studied;
they have good agreement with the values predicted from the theoretical
chain length (see Table VI1).

The effect of methyl group branching on GPC elution volume was studied
with a series of 16 branched chain compounds. Then the elution volumes
were compared to the straight chain analogs. For example, isooctane
eluted at about the same time as octene-1, a typical C8straight chain com-
pound; further, 2,3-dimethylpentane came out very closely to the time
observed with both heptene-1 and n-heptane. Also, with the xylenes, p-
xylene served quite well as a model for predicting elution for the other two
isomers. From these and the rest of the data, one may conclude that elu-
tion volume is probably controlled by the effective volume of the molecule,
and our correlations are simply a relative measure of this. With all 10
branched compounds listed in Table V, the maximum deviation was 0.54
carbon atoms, and the average deviation was 0.2 #C units.

The current study includes results with eight carbonyl compounds in
which the C =0 group was not present at the end of a chain. The object
was to be able to predict the change in elution due to this change in struc-
ture. The C =0 group appeared to have the same effect on elution without
regard to position on the chain, but the magnitude of this change would
appear open to question. The length contribution of oxygen in the C=0
group is equal to 0.61 #C units, and this was used as a correction to obtain
the revised differences (2)9 listed in Table VI. However, the correction
factor of 0.80 #C units gave a better correlation of the data, and this was
used to obtain the new data given under the column headed by D3in
Table VI.
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Data with the ROH compounds did not conform to the simple chain
length picture as observed in prior work. The differences (Zh) between
the theory and observed apparent chain lengths were consistently around
2.5 #C units (3.1 A.); also, glycols having two OH groups per molecule
differed from the calibration line by about five carbon atoms. Further
thought lead to the theory that this corresponded to one THF per OH, and
it was due to hydrogen bonding of the OH to the solvent. The differences
(zh) in the observed values for a wide group of straight chain OH com-
pounds were compiled in Table VIII. The I)i values were added and then
divided by the total number of OH groups involved. This technique yields
the value of 2.54 carbon atoms (3.18 A.) for the average apparent increase
in length due to the hydrogen bonding of THF to each OH group of the
solute. The I)i values were then corrected by the 2.54 #C value, and the
revised results are listed in Table VIII under column D2

On much deliberation, it appeared that the OH compounds fell into two
distinct groups, depending on the presence or absence of a 0 or 7 ether
group (which could yield a cyclic structure).13@ With the latter struc-
ture, a value of 1.65 #C units is proposed for the apparent chain length
increase per OH; for n-alkyl alcohols and related compounds, a value of
2.85 jfC (3.54 A.) gave the best correlation. It is significant that 2.85 #C
is also the value proposed above in this report to represent the apparent
length of a phenyl group. With these new correction values, the new
differences are listed in the last (D3 column of Table VIII.

Further comment is needed as to the possibility that dimers and higher
order products account for the apparent size increase of the alcohols studied.
To explain the results observed with methanol, one would have to postu-
late an average aggregate size bigger than a trimer, and there appears to
be no literature justification for this to occur in a base-type hydrogen-bond-
ing solvent. Then, of necessity, one would assume the presence of signif-
icant amounts of dimer, trimer, tetramer, pentamer, etc. Such a mixture
would give a greatly broadened or smeared curve, or the individual species
would be separated. This was not observed. The constancy of the in-
creased length (a 2.85 carbon atom increase) also is evidence for saying
that the ROH compounds of this study have a high percentage of hydrogen
bonding to the solvent. This is independent of polarity and solubility
parameter, being applicable even to water. Also, diols are measured as
having THF bonded to each OH group. The apparent hydrogen-bond-
ing of chlorinated compounds to the THF gives additional support to
this point; if they hydrogen bond to this solvent, why should not an al-
cohol exert an even stronger bonding to THF.

Results were collected for a series of aromatic compounds that contained
polar groups, and these are listed in Table 1X. In general, the agreement
of the calculated and observed values was good, as tabulated in Table
XI111. With a few compounds (such as phenol), further clarification was
needed.

Chlorine atoms cause bulk in such compounds as CC14 C2C16 CZIH2
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and others; but less obviously, groups of chlorine atoms aid in hydrogen
bonding in compounds such as CC1:H ..« Hence, in a large portion of the
chlorine compounds it will be hard to separate the effects of these two in-
teractions-bulk and bonding-both acting in the same direction upon the
elution, but differing in magnitudes. Since CC13H emerged much earlier
than CCh in GPC, it acts like a larger molecule than the CCh by about
1.5 carbon atoms of length. This supports the concept that chloroform
forms a hydrogen bond to the THF solvent, and further calculations
support the opinion that almost 100% bonding of CCIlsH to the THF oc-
curred. Other compounds with related structures possess an increased
apparent chain length that can also be best explained by a high degree of
hydrogen bonding. These include CCIl:.CCIl:H, HCCI.CCIl:H, CBr:H, and
ClsH. Indeed, the THF appears to attach to both ends of HCCI.CCI:H, as
judged by the apparent chain length equal to 8.79 carbon atoms (compared
to 4.16 #C units for CI— C— C—CI). This is hard to explain on any basis
other than bonding to the solvent.

In spite of the above factors, elution was studied with compounds having
pendant chlorine atoms to find a rule that would apply to these com-
pounds. Thus CCl. would be rated as having two pendant chlorine atoms.
C:C1s has four, etc.; these results are summarized in Table X. On this
basis, the average Cl group appears 40% effective to increase the chain
length, compared to a chlorine group at the end of a chain. Data with
bromine and iodine compounds appear too incomplete for such a correla-
tion. An attempt was made to run some compounds that contained mostly
bromine as substituents, but they appeared impure by GPC.

The usual process was reversed, and the GPC results were used to meas-
ure the apparent sizes of molecules. With propylene oxide and epichloro-
hydrin, the size of the epoxide ring was measured. GPC detected an aver-
age chain length increase of 0.1 # C units, which is close to no increase at
all. GPC data for propylene sulfide indicated that this compound was
four carbon atoms long, which would give full value to the sulfur atom
(Table VII1). This is an apparent inconsistency.

GPC is proposed as a basic tool with which to measure hydrogen bonding.
This is based on finding that most alcohols exhibit almost 100% hydrogen
bonding to the solvent in THF. Hence, the 2.85 #C atoms increase due to
this bonding (or a modification of this length) has been used to measure
per cent hydrogen bonding with some doubtful cases, such as mercaptans,9
nitriles s and acetylenes..; From the results in Table X1, one may deduce
that about :00% hydrogen bonding occurred with chloroethanol and /3~
phenoxyethanol. In contrast, less than 10% bonding to the solvent was
detected with the SH groups of either dodecanethiol or 1,2-ethanedithiol.
Association to the 1:1 complex was observed with acetamide, and to a
lesser extent with oleamide. Several compounds having a triple bond ap-
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peared to complex to the solvent; this occurred with such diverse species
as acetonitrile, adiponitrile, propargyl bromide, and phenylacetylene.
However, the number of compounds of this type that were tested appears
to be too small to result in any generalizations.

Intermolecular association was tested with salicylaldehyde. This com-
pound showed an apparent chain length slightly larger than benzaldehyde
would; this indicates the presence of a cyclic ring that contained the OH
group. If hydrogen bonding had occurred, the length would be >6.5 #C
units.

A group of working hypotheses are proposed to explain the elution of
some of the larger molecules in GPC. For example, phenol eluted much
earlier than can be predicted by the above concepts. The data support
the conclusion that two THF groups are bonded to phenol, and such would
be the case if the para hydrogen of this compound is bonded to the solvent.
The literature indicates that it can do this.B There appears to be a max-
imum size above which further subsitution on an aromatic ring will not
increase the apparent GPC size of a compound. In many cases, the data
agree that this happens when the substituents are chlorine or ethyl groups.
Some of this effect may be due to adsorption. In contrast, many big bulky
compounds act as if all of their substituents should be counted, and these
are listed as examples in Table X11. These groups include phenyl, ketone,
ieri-butyl, and THF bonded to an OH. For example, triphenylmethanol
eluted at a place that corresponded to adding the chain length of the three
phenyl groups, the carbon and oxygen in the center of the molecule and
also a THF bonded to the OH group. lonol gives a chain length that re-
quires the addition of all the ierf-butyl groups it contains, but no THF group
need be added, in keeping with the concept of a sterically hindered OH.
With the 1,2,6-hexanetriol, the correct answer is obtained if one assumes
three THF molecules contribute to the chain length.

The theoretical plates/foot (TPF) values unexpectedly changed from
compound to compound over a wide range in the current runs. This is of
special concern, since these values are required to compute the theoretical
plates needed for a desired separation and to obtain consistent and opti-
mum correlations between GPC operators. Typical values include:
dodecyl carbonate (100), triphenyl carbinol (197), phenolphthalein (144),
ionol (270), o-dichlorobenzene (485), bromobenzene (465), toluene (517),
benzene (568), pyridine (542), cyclohexane (507), n-nonane (496), isooctane
(344), n-pentane (617), 3-methylpentane (451), acetone (623), and acetoni-
trile (798). This series of compounds would indicate that a lowered TPF
value correlates with bulky and rigid molecules. Hence, perhaps the
more flexible, smaller molecules have a more rapid rate of penetration
through the constrictions of the gel. These aspects are still being studied.
In any event, it is hoped that a table that contains these values will better
allow a TPF value to be estimated by analogy for an unknown compound.
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Résumé

On a élaboré des lois afin de prévoir I’élution de composés linéaires, ramifiés et polaires
dans la G.P.C., sur la base d’essais sur 130 composés. Selon ces lois et dans le tétra-
hvdrofuranne comme solvant quelques composés seulement se trouvent sur une seule
courbe d’étalonnage. L’élution de petites molécules varie parfois; ce qui est dO aux
liens hydrogénes avec le solvant. En effet, ces variations se produisent avec les alcools,
les acides et quelques composés chlorés, mais pas avec les mercaptans. Les isoméres
ramifiés et linéaires sont habituellement élevés jusqu’au méme point. On peut con-
clure de cette étude que les élément de structure sont additifs en ce qui concerne leur
influence sur le volume d’élution.

Zusammenfassung

Gesetzmassigkeiten zur Voraussage des Eluierungsverhaltens linearer, verzweigter
und polarer Verbindungen in GPC wurden auf der Grundlage von Testen an 130 Ver-
bindungen abgeleitet. Mit diesen Gesetzmassigkeiten lagen fur Tetrahydrofuran als
Losungsmittel alle mit Ausnahme einiger weniger Verbindungen auf einer einzigen Kali-
birierungslinie. Bei kleinen A'lolekillen &ndert sich die Eluierung wegen der Wasser-
stoffbindung zum Lésungsmittel oft; dies traf bei Alkoholen, Sauren und einigen chlorier-
ten Verbindungen, nicht aber bei Mercaptanen zu. Verzweigte und lineare Isomere
wurden bei etwa dem gleichen Punkt eluiert. Man kann daraus schliessen, dass sich
die Strukturelemente in ihrem Einfluss auf das Eluierungsvolumen additiv verhalten.
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Characterization of Ethylene-Propylene Block
Copolymers by Proton Magnetic Resonance

ROGER S. PORTER, Chevron Research Company, Richmond, California

Synopsis

A high-resolution proton magnetic resonance compositional analysis has been de-
veloped for propylene polymers containing 0-40 wt.-% ethylene as either homopolymer
or copolymer blocks. The test is independent of tacticity and provides qualitative infor-
mation on copolymer sequencing and propylene chain structure. The analysis was de-
veloped using a series of standard reference polymers synthesized to contain various ratios
of CX4tagged ethylene and propylene. The compositional standards were established
by radiotracer analysis for Ci4 and by preparing weighed physical mixtures of homopoly-
mers. Spectra were obtained at 200 + 10°C. by placing externally heated polymer
solutions into a conventional probe of a Varian A-60 proton spectrometer. All measure-
ments were made on < 10% polymer solutions in diphenyl ether. Analyses are accurate
to about +10% at higher ethylene concentrations. The method is sensitive, with less
precision, to below 1 % for ethylene either as blocks or homopolymer.

High resolution PMR has been revealed as an excellent technique for
polymer and copolymer analysis1-4 Additional information can also be
gleaned from PMR analyses, such as tacticity and comonomer sequencing.

In this study, attention has been directed to the high resolution PMR
studies of block copolymers and homopolymer physical mixtures of 0-40
wt.-% ethylene in propylene.

There seems to have been no previous report of an ethylene-propylene
block copolymer analysis by high resolution PMR. A compositional
analysis by PMR for ethylene-propylene rubbers has been suggested 2

Experimental

All polymers were tested in <10% concentration and at 200 + 10°C.
Resolution improves with increasing temperature and with decreasing
polymer concentration. The solvent used throughout was diphenyl
ether, Eastman White Label No. 104. In resolving power for these poly-
mers it was better than other solvents, such as tetrachlorobenzene and
2-chlorothiophene; the latter tested at its boiling point near 120°C.
PMR spectra obtained at ambient temperature on solutions of soluble
(atactic) polypropylene were inadequately resolved for analysis, although
spectra obtained with benzene as the solvent were distinctly better than
those with chloroform and carbon tetrachloride. The technique used for
preparing and rapidly analyzing the hot diphenyl ether polymer solutions

189
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has been previously described 46 A Varian A-60 proton spectrometer
was used at 100-sec. sweep time, 500 cycles/sec. sweep width, and near 10
amplitude. The spectrometer was zeroed at ambient temperature with 5%
tetramethylsilane in carbon tetrachloride. The tests on hot polymer in
diphenyl ether caused all peak positions to be shifted by about 0.5 ppm.
The scale is therefore listed in arbitrary units. The polymer solvent may
be used as an internal reference.

Results

Figure la shows the PMR spectrum of a polypropylene, commonly
called atactic, which is soluble in boiling /;-heptane. By origin and spec-
trum, this polymer likely contains up to about 40% syndiotactic place-
ment, and by Natta definition may be called stereoblock 6 The spectrum
is inherently complex, as a first-order theoretical calculation indicates the
possibility of at least 15 peaks with considerable overlap between peaks
because differences in chemical shifts are about the same magnitude as the
splitting due to spin-spin coupling. Limited peak assignment is possible,
however, because of partial resolution and published spectra for deuterated
polypropylenes 7

The largest peak, at high field in Figure la, represents pendant methyls
in propylene units. It is characteristically split by the tertiary hydrogen.

Fig. 1. PMR spectra for polypropylene«.
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Fig. 2. PMR spectra for polymers of ethylene and propylene.

By area integration, about 20% of the nominal methyl proton peak is due
to overlap of absorption from chain methylenes. This overlap is consistent
with a reported syndiotactic triplet, two peaks of which are close to A and
B in Figure la and a third peak which falls with the low field branch of
the methyl split7 The absence of a strong singlet peak in the methylene
range indicates the virtual absences of “amorphous” polymer in the atactic
polypropylene shown in Figure laG/which could possibly be due to head-
to-head and tail-to-tail units. The low field peak represents the partial
resolution of tertiary protons which are opposite the methyls on the hydro-
carbon chain.

Figure ]b shows a spectrum for an isotactic polypropylene, >95% iso-
tactic by solubility (<5% soluble in boiling heptane). This spectrum
has the same general character as the atactic polypropylene. The impor-
tant difference is a marked decrease of peak intensity in the chain methyl-
ene region. This decrease is caused by extensive splitting and the difference
in chemical shifts for the nonequivalent methylene hydrogens in isotactic
environments. This is in accord with the study of Stehling on deuterated
polypropylenes, which indicates that much of isotactic methylene absorp-
tion is “buried” beneath the methyl and tertiary hydrogen peaks./ The
fractional area in the nominal methylene region of the spectrum is thus
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sensitive to the number of isotactic and syndiotactic dyads and, therefore,
may be used as a measure of polypropylene tacticity 36 A separate PMR
study of tacticity in homopolypropylene has been presented elsewhere 5

The low field absorption in Figure 2, characteristic of aromatic hydrogens,
is due to the polymer solvent, diphenyl ether, which was used throughout.
Polymer concentrations in solution can be readily calculated from the
ratios of peak areas adjusted to the same sensitivity.

Figure 2a shows the spectrum of a physical mixture of a polypropylene
and a linear polyethylene. The superpositions of spectra that were ob-
tained separately on the homopolymers show the same pattern, with
different intensities, as spectra on physical mixtures. The polyethylene
absorption falls on the peak marked A of the chain methylene complex in
polypropylene. Peak B, also due to chain methylenes in polypropylene,
is resolved in both spectra in Figure 2. Figure 2b gives the spectrum for
an ethylene-propylene block copolymer. The ethylene contribution again
falls on peak A, just as in separate results on homopolymers and on physical
mixtures of the two homopolymers.

Analyses for physical mixtures and block copolymers have been de-
veloped based on the ratio of the incremental methylene area to the total
polymer proton absorption. This concept has been tested by PMR
analyses on an extensive series of physical mixtures and block copolymers
synthesized with C4labeled propylene and others with C #labeled ethyl-
ene, as described in related papers8 A most important feature of this
analysis is that the methylene peaks A and B have virtually the same rela-
tive heights in polypropylenes with a variety of tacticities (note Fig. 1).
This is also true for PMR spectra given by Satoh and others for a tactic
series of polypropylenes 6 This suggests that PMR analyses for ethylene
are independent of tacticity since the area increment of peak A above peak
B has been used for analysis.

Qualitative polypropylene tacticities can be estimated by PMR not
only for homopolymers (Fig. 1), but also in the presence of polyethylene
and ethylene copolymer blocks. The relative heights of the peaks for
secondary and for tertiary hydrogen in Figure 2 indicates that the poly-
propylene in the copolymer and the physical mixture is dominantly iso-
tactic.

Table | gives analyses for a series of physical mixtures made up with
tagged polypropylene. These intimate mixtures were prepared by weight
from fine homopolymer powders and then analyzed by radiocount and
PMR tests. The three sets of values are in good accord. The area ratio
of incremental ethylene to the total PMR absorption is multiplied by a
calibration factor of 1.30. This empirical factor apparently results from
the regular increase in the height of reference peak B with ethylene con-
tent. This increase is the logical result of the small and reproducible
spread of the chain ethylene peak and complicates but does not vitiate
propylene tacticity estimations in the presence of ethylene. The empirical
calibration factor for analysis was established from data on many known
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TABLE |
Analyses of Linear Polyethylene-Polypropylene Physical Mixtures

Polyethylene, wt.-%

Sample Made up PME Tracer
6 5.0 4.6 4.2
7 9.0 8.6 7.6
5 17.0 16.7 16.3
8 34.0 31.1 31.0
TABLE I

Analyses of Linear Polyethylene-Polypropylene Physical Mixtures

Polyethylene, wt.-%

Sample Made up PMR

A 5.0 5.5

B 9.35 8.1

C 10.0 10.6

D 20.0 23.4

E 26.0 23.9
TABLE 111

Analyses of Ethylene-Propylene Block Copolymers

Ethylene, wt.-%

Sample PME Tracer”
3-30 2.9 6.0
3-31 6.3 9.1
3-32 12.7 14.9
3-40 12.2 18.1
3-41 15.5 18.6
3-35 24.2 25.3
3-34 36.2 36.0

“ C14 tagged ethylene.

physical mixtures and block copolymers. Tables I and Il present most of
the data used to establish the empirical calibration factor for block co-
polymer analysis. Each PMR result represents the average of two or
more spectral analyses on the same sample.

Tables 111 and 1V present sets of tracer analyses on ethylene-propylene
copolymers and compare them with analyses developed using the PAIR
procedure described above. The analyses are in reasonable accord,
though not in as close agreement as are the tracer and PAIR analyses on
physical mixtures. The PAIR procedure analyzes only ethylene in
blocks, whereas tracer techniques count all, irrespective of environment.
Tables 111 and IV reveal that PAIR analyses indicate generally lower
ethylene concentrations than tracer analyses. This implies that a fraction
of the ethylene is not in true blocks, although the difference may, in part,
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TABLE 1V
Analysis of Ethylene-Propylene Multisegment Block Copolymers

Ethylene, wt.-%

Sample PMR Tracer*
3-14b 0.1 0
3-2 2.6 3
3-3 6.0 7
3-6 16.6 18

“ CH¥tagged propylene.
b Homopolypropylene.

be due to other causes. Random copolymerization units in appreciable
concentrations are readily indicated by the broadening of the chain methyl-
ene absorption peak.

PMR analyses are accurate to about +10% relative at higher (10-40
wt.-%) concentrations of chain ethylene in propylene. The analysis is
insensitive to spectral resolution. With less precision, area measurements
indicate that the method is sensitive to below 1% for ethylene either in
blocks or homopolymer. Differences between PMR analyses for blocks
and total ethylene content provide a measure of randomness in ethylene-
propylene copolymerization.
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Résumé

On a mis au point un procédé d’'analyse basé sur la résonance magnétique nucléaire a
haute résolution de polymeres de propyléne contenant de I'éthylene de 0 a 40% en
poids, aussi bien sous forme d’homopolymére que de blocs copolymériques. La mesure
est indépendante de la tacticité et fournit des données qualitatives quant a I’ordonnance
des séquences dans le copolymere et a la structure caténaire de I’homopolymeére. La
méthode a été étalonnée en synthétisant une série d’échantillons standards de polyméres
de référence contenant des rapports variables d’éthyléne marqué au C14 et de propyléne.
La composition des échantillons a été établie par analyse de ratiotraceurs au C14 et eu
préparant par pesée des mélanges physiques d’homopolymeéres. Les spectres ont été
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relevés a I'aide d'un spectrométre Varian A-60 24200°C + 1U°C. Toutes les mesures ont
été effectuées sur des solutions & < 10% du polymére dans I'éther diphénylique. La
précision d’analyse est de + 10% aux plus hautes teneurs en éthyléne, tandis qu’elle
est sensible, avec une précision moindre, jusqu'au-dessous de 1% d’'éthyléne, présent
tant sous forme de blocs que d’homopolymere.

Zusammenfassung

Eine hochauflésende protonmagnetische Resonanzzusammensetzungsanalyse wurde
fur Propylenpolymere mit 0-40 Gewichts% Athylen als Homo- oder Copolymerblock
entwickelt. Der Test ist von der Taktizitat unabhangig und liefert eine qualitative
Information Uber die Copolymersequenzen und die Struktur der Propylenkette. Die
Analyse wurde an einer Reihe von Standardreferenzpolymeren entwickelt, welche mit
einem variierten Verhaltnis von C#markiertem Athylen und Propylen synthetisiert
worden waren. Die Zusammensetzungsstandards wurden durch Radiotraceranalyse
auf Ci4 und durch Herstellung gewogener physikalischer Mischungen der Homopoly-
meren erhalten. Die Spektren wurden bei 200° + 10°C an von aussen geheizten
Polymerldsungen im konventionellen Probenraum eines Varian A-60 Protonspektrom-
eters gemessen. Samtliche Messungen wurden an Lésungen mit einem Polymergehalt
< 10% in Diphenylather ausgefiihrt. Die Analysen besitzen bei hohen Athylenkonzen-
trationen eine Genauigkeit von etwa +10%. Die Methode ist mit geringerer Genauig-
keit brauchbar fiir Gehalte an Athylen als Block- oder Homopolymeres unterhalb 1%.

Received May 20, 1965
Revised August 2, 1965
Prod. No. 4826A
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Radiation-Induced Graft Polymerization of Styrene
to Poly(vinyl Chloride)

TOSHIAKI TAKAMATSU and KENICHI SHINOHARA,
The Institute of Physical and Chemical Research, Bunkyo-ku, Tokyo, Japan

Synopsis

The radiation-induced graft polymerization of styrene to poly(vinyl chloride) (PVC)
was investigated. Relations between the rate of grafting and the dose rate when the
polymer is irradiated in liquid monomer or in monomer vapor, and between the rate of
grafting and monomer concentration absorbed in the polymer have been investigated.
The rate of grafting in monomer vapor was found to be far larger than that in liquid
monomer. A high rate of grafting in monomer vapor was thought to result from a lower
concentration of monomer in PVC during irradiation. An experiment carried out on
PVC containing the monomer at various concentrations showed that the rate is largest
at a monomer concentration of about 3.5 mole/l. and is smaller for higher and lower
concentrations. On the assumption that the theory of homogeneous homopolymerization
can be applied to this grafting reaction, the value of kp2k t has been obtained, where kp
and kt are propagation constant and termination constant, respectively. The value of kt
greatly increases when the monomer concentration exceeds 3.5 mole/1l. This increase of
kt can be accounted for if it is assumed that the monomer absorbed in the polymer works
as a plasticizer and increases the molecular motion of the polymer. A measurement of
the elastic modulus of PVC containing the monomer at various concentrations showed
that this is, in fact, the case.

INTRODUCTION

There exist several methods of carrying out radiation-initiated graft
polymerization. Among those, the method of grafting in monomer
vaporl-6 has several unique features, i.e.,, the amount of homopolymer
produced is small, the separation and purification of graft copolymer is
easy, and also the expenditure of monomer is small. In many cases it is
also possible to get a larger degree of graft compared with other methods
for the same absorbed dose. Vapor-phase grafting to polyethylene, poly-
vinyl chloride), polytetrafluoroethylene, and some other polymers have
previously been studied in our laboratory. Monomers used were styrene,
acrylic esters, acrylonitrile, 4-vinylpyridine, and others 12

The mechanism of other methods of grafting has been studied by a
number of investigators 610 Only a few studies have been published,
however, on the reaction mechanism of vapor-phase grafting. It is the
purpose of the present work to obtain more information on vapor-phase
grafting and to compare this process with liquid-phase grafting. Poly-
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(vinyl chloride) (PYC) was chosen as the polymer and styrene as the
monomer, since PVC is an amorphous polymer having a low degree of
crystallinity and it can be swollen easily in styrene.

In the present paper, measurements were carried out on the relation be-
tween the rate of grafting and the dose rate when the polymer is irradiated
in liquid monomer and in monomer vapor, and also on the relation be-
tween the rate of grafting and the concentration of monomer absorbed in
the polymer. Some discussions of the mechanism of graft polymerization is
presented.

EXPERIMENTAL

Poly(vinyl chloride) films, about 0.06 mm. thick (supplied by Kureha
Chemical Co. Ltd.), were used. The films were washed by exhaustive
extraction with hot benzene in a Soxhlet extractor to remove plasticizers.
After extraction, the films were placed between two glass plates, dried in
a thermostat at 60°C. for 24 hr., and evacuated in a high vacuum vessel
for 3-4 days. Commercial styrene monomer was purified, before use, by
distillation at a reduced pressure.

7-Rays were from a 1000-curie Co® source. The dose rate ranged
from 4.2 X 102to 1.7 X 105r/hr. Electrons accelerated by a Van de
Graaff generator giving 1.5 M.e.v. were also used. The dose rate was
estimated to be about 1.0 X 105rad/sec.

The arrangement for the irradiation by y-rays in the monomer vapor
is shown in Figure 1. A suitable amount of monomer was placed in the
lower part of a glass ampule and poly(vinyl chloride) film in its upper
part. The ampule was thoroughly degassed by a freezing-thawing cycle
and was then sealed. The polymer film in the ampule was then irradiated
while the lower part of the ampule containing the monomer was shielded

Fig. 1. Arrangement for irradiation in monomer vapor.
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by lead blocks. After irradiation to various doses, the film was taken out
and washed with benzene to remove homopolymer that may have been
formed.

The degree of grafting g (in per cent) was defined, as usual, by the
equation,

g = 100 (W - Wy/Wo 1)
where Wo and W are the weight of the film before and after grafting.

When the amount of the monomer grafted per liter of the graft polymer
expressed in moles is required instead of the degree of grafting, the eq. (2)
was used:

IOOOAIT _ 1000 (W - ITo)
© “ m{{Wo/do) + [(W - W3ag/d)\ (@)

where dO0 and d are the density of the polymer and grafted monomer,
respectively, ATT is the weight of the monomer grafted per cubic centimeter

Fig. 2. Relation between the degree of grafting of styrene to PYC and the time of
irradiation. Polymer irradiated in liquid monomer at, room temperature.
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Time of irradiation

Fig. 3. Relation between the degree of grafting of styrene to PVC and the time of
irradiation. Polymer irradiated in monomer vapor at room temperature.
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of graft polymer, and m is the molecular weight of the monomer. Equa-
tion (2) is based on the assumption that the volume of graft polymer is
always additive, without contraction or expansion of individual volume of
grafted styrene and PVC.

The value of monomer concentration which is absorbed in the polymer
can also be calculated by using a similar equation in which the monomer
content is replaced by the absorbed monomer.

RESULTS
Effect of Dose Rate on the Rate of Grafting by 7-Irradiation

Figure 2 shows some of the results obtained for the relation between the
degree of grafting of styrene to PVC and the time o: 7-irradiation when the
polymer is irradiated while immersed in liquid monomer. The degree of
grafting, in most cases, increases linearly with the time of irradiation.

Figure 3 shows the same relation for irradiation of the polymer in
monomer vapor. The degree of grafting increases with increasing time
of irradiation in a similar way as in the case of liquid monomer. The
efficiency of grafting is seen to be far larger when the polymer is irradiated
in the vapor than in liquid.

From the slope of each curve, the rate of grafting defined as the increase
of the degree of grafting per unit time was calculated. Figure 4a shows the

Fig. 4. Relation between the rate of grafting and exposure rate. Polymer irradiated in
liquid monomer or monomer vapor at room temperature.
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relation between the rate of grafting and the dose rate when the polymer
is irradiated in monomer liquid. The rate of grafting RP is seen to be
proportional to the square root of dose rate within the range of 4.2 X 102
1.7 X 106r/hr., the whole range of dose rate used.

Figure 46 shows the relation between the rate of grafting and the dose
rate, obtained as the slope of solid curves in Figure 3. The rate of grafting
is proportional to the square root of dose rate only in the range below
104r/hr. At higher dose rates, the increase of the rate of grafting lessens
and becomes almost independent of dose rate above 2 X 104r/hr.

Graft Polymerization by Electron Irradiation

Figure 5 shows the relation between the degree of grafting and the
absorbed dose when the polymer is irradiated in monomer vapor by
electrons.

The absorbed dose (rads)

Fig. 5. Relation between the degree of grafting of styrene to PVC and the absorbed dose
Polymer irradiated in monomer vapor by electrons.

The dose rate is estimated to be about 1 X 106rad/sec. In the range of
absorbed dose below 1 X 107 rads, the grafting reaction occurs only to a
small extent, and the efficiency of grafting is much smaller than that of
7-ray irradiation.

Concentration of Monomer Absorbed in PVC

When PVC is kept in styrene vapor or immersed in liquid styrene,
the monomer gradually diffuses into the polymer. Figure 6a shows the
relation between the concentration of styrene absorbed in the polymer
and the time the polymer is kept in liquid styrene. The concentration
of monomer in the polymer quickly attains its equilibrium value, which
is about 5.2 mole/l. at 20°C. Figure 66 shows the increase of the concen-
tration of the monomer absorbed in the polymer with time for polymer
kept in the monomer vapor. The concentration increases only slowly
with time and does not readily reach its equilibrium value.
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Fig. 6. Relation between the styrene concentration absorbed and the time of polymer-
monomer contact for polymer kept in monomer vapor or immersed in liquid monomer.

Rate of Grafting and Monomer Concentration

PVC films were kept in oxygen-free styrene vapor at room temperature
to absorb the vapor to a certain concentration in the polymer. PVC films
containing styrene at various concentrations were thus prepared. Irradia-
tion was carried out in the same styrene vapor with 7-rays from a Co@®

©
i

© ot

Fig. 7. Relation between the degree of grafting and styrene concentration absorbed in
PVC for various irradiation times. Exposure rate: 4.8 X 104r/hr.
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source. The dose rate was 4.8 X 104 r/hr. Figure 7 shows the rela-
tion between the concentration of styrene at the beginning of irradiation
and the degree of grafting for various irradiation times. The rate of
grafting is small at low concentration, becomes larger as the concentration
increases, and again becomes small at higher concentrations.

DISCUSSION
Liquid-Phase Grafting

In the liquid-phase grafting, irradiation of the polymer begins at high
concentration of the monomer, since the time required to prepare the
sample and to begin irradiation is long enough for the polymer to absorb
the monomer to saturation of 5.2 mole/l. (Fig. 6a). During the course
of the irradiation, the monomer in the polymer will be consumed in graft-
ing, but fresh monomer will diffuse into the polymer to compensate the
loss. The rate of diffusion and the degree of swelling were found experi-
mentally to become greater as the degree of grafting increases.

The monomer can diffuse into the polymer at a rate of 1.4 X 104
mole/l.-sec. as is calculated from the initial slope of the curve in Figure
6a. The rate of expenditure due to grafting at the dose rate of 5 X
104 r/hr., for example, is estimated to be about 2.5 X 10-5 mole/l.-sec.
from Figure 4a. Therefore, the monomer can diffuse into the polymer at
a rate much larger than the rate of expenditure due to grafting. The
graft polymerization will progress under the condition that the monomer
concentration in the polymer is kept essentially constant and at a very
high value.

Vapor-Phase Grafting

The situation under which vapor-phase grafting proceeds is more com-
plicated. The irradiation usually starts about 20 hr. after the polymer is
placed in the vapor. There is, therefore, some uncertainty in the con-
centration of the monomer when the irradiation starts, but it is probably
in the range of 1.5-2.5 mole/1., as seen from Figure 6b. Moreover, the
concentration will vary during irradiation.

At avery low exposure rate of 5-10 X 102r/hr., the rate of consumption
of the monomer will be 3-4 X 10~5mole/l.-sec. (Fig. 4b). The rate of
diffusion of monomer into the polymer, on the other hand, is estimated
from the initial slope of the curve in Figure 6b to be about 2.2 X 10~8
mole/l.-sec. The supply of the monomer by diffusion will, therefore, be
nearly equal to the rate of consumption of the monomer into the polymer
and the monomer concentration in the polymer will be kept nearly con-
stant during graft polymerization at this low dose rate.

When the dose rate is more than 103 r/hr., the rate of diffusion of
the monomer into the polymer will be smaller than the rate of monomer
consumption by grafting, and the monomer concentration in the polymer
should gradually decrease.
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When the dose rate is more than 104 r/hr., the rate of consumption
of the monomer will be more than 104 mole/l.-sec. The concentration
of the monomer will decrease rather quickly during the course of grafting.

Since the degree of grafting should increase from zero, its increase in the
early stage of irradiation should be as those given by the dotted curves.
Figure 46 was plotted on the basis of the slope of the solid lines in Figure 3.
Therefore, it gives, for dose rates higher than 104 r/hr., the relation be-
tween the rate of grafting and the dose rate, after the concentration
has decreased considerably. If it were possible to estimate the rate of
grafting from the dotted curves in Figure 3, the values at the starting
concentration of the monomer would have been obtained. The result
would, then, probably be that shown by the dotted line in Figure 4. We
may, therefore, conclude that at the concentration of the monomer at
which the irradiation was begun, the rate of grafting is proportional to the
square root of the dose rate, also in the vapor-phase grafting.

On comparing the grafting in monomer liquid with that in monomer
vapor, it is evident that the grafting in monomer vapor proceeds, at any
dose rate, at a lower concentration of the monomer. It seems probable
that the high rate of grafting in monomer vapor is due to the lower con-
centration during irradiation.

Rate of Grafting and Monomer Concentration

The data of Figure 7 were replotted in the form shown in Figure 8 for
convenience; this latter figure shows the relation between the time of
irradiation and the degree of grafting, taking the starting concentration
of styrene as the parameter. The rate of grafting was then obtained as

awolli

Fig. 8. Relation between the degree of grafting and the time of irradiation for various
initial concentrations of monomer.
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the slope of each curve in Figure 8, at the early stage of irradiation, and
these values are plotted in Figure 9a against the concentration. A value
of 5.2 mole/l. was obtained from the result of liquid-phase grafting ob-
tained in Figure 5a, rather than from Figure 8, since liquid-phase grafting
is supposed to proceed at this concentration and since it gave a more
definite value. Since the concentration of the monomer was kept prac-
tically constant during the short time covered by this slope, this curve
shows the relation between the rate of grafting and the concentration.
The rate of grafting is seen to be largest at a concentration of about 3.2
mole/l and is smaller for both lower and higher concentrations.

Styrene concentration absorbed in PVC

Fig. 9. Plots of (a) rate of grafting Rp and (6) kt as functions of monomer concentration
(M],

A qualitative explanation can now be given for the behavior of the curves
in Figure 8. As the consumption of the monomer will be more than the
supply by diffusion at this high dose rate of 4.8 X 104 r/hr., the
concentration will decrease gradually as the grafting reaction proceeds.
At a starting concentration below 3 mole/l., the rate of grafting will be-
come smaller as the concentration decreases and the rate of the increase
of the degree of grafting with time decreases. At a starting concentration
above 4.5 mole/1., the decrease of the concentration leads to a larger rate
of grafting. At a concentration of 4 mole/l., the decrease of the concen-
tration at first leads to a larger rate of grafting, but after the concentration
decreases below the value corresponding to the peak of the curve a in
Figure 9, the rate of grafting begins to decrease.
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Consideration of Kinetics of Graft Polymerization

In order to understand the reaction mechanism in graft polymerization,
it will be important to analyze the results in terms of reaction Kinetics.
It was, therefore, attempted to apply the theory of homogeneous homo-
polymerization to the graft polymerization reaction on the basis of the
following assumptions: (1) the monomer is uniformly absorbed in the
polymer, (2) the grafting reaction homogeneously takes place in the matrix,
(3) the monomer concentration in the polymer is kept constant, (4) the
rates of production and disappearance of the free radicals produced by
irradiation are always kept at equilibrium values, and (5) chain transfer
reactions from the grafted polystyrene radicals to the styrene monomer or
PVC polymer can be neglected. Moreover, it was assumed that the
number of free radicals contributing to the grafting reaction does not differ
for different concentrations of the monomer. The applicability of these
assumptions will be examined in detail later. The initiation of poly-
merization is the production of free radicals in the polymer. The G value
for the production of the free radicals in PVC has been measured by
many authors by means of electron spin resonance absorption methods 11-16
The reported values ranged from 1.6 to 17 in vacuo at room temperature.
This value is larger than that of radical production in styrene, which is
about 0.51 The contribution of the radicals produced in styrene will,
therefore, be neglected. It is assumed that all the radicals produced in
PVC contribute to grafting. According to the theory for the stationary
state reaction kinetics,I7"8

R, = MM](iVfc,) 1! 3)

where Rv is the amount in moles of styrene grafted per second per liter of
PVC film containing styrene, [M] is the concentration of styrene in moles
per liter of PVC-styrene, kv is the rate constant for propagation, kt is the
rate constant for termination by bimolecular combination or disproportion-
ation, and Rt is the rate of initiation of the graft polymerization. Rt is
given by

Rt = Gep/(6.023 X 105 ()

where G is the G value of production of free radicals in PVC, (>is the rate
of absorption of 7-ray energy by PVC in PVC-styrene film, expressed in
electron volts per gram per second, and pvis the mass of one liter of PVC-

styrene in grams.
If the dose rate | is given in roentgens per second, $may be obtained

from

=1 X 5.69 X 108 (npvcAipvc-st)

where npvc and npvc-st are the number of extranuclear electrons in PVC
and the total number of extranuclear electrons in PVC-styrene, respec-

tively.
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Equation (3) can be written as
k//kt = RS/m'Ri (5)

This equation can be used in calculating k,'t/kl from the measured values
of Rp, [M], and Rf.

Table | gives the value of R, obtained experimentally and the value of
kPkt calculated by using eq. (5). A G value of 3.2 obtained by Nitta
et al bwas used in the present calculation.

TABLE 1|
Values of kpZk, and kt for Graft Polymerization*

[M], Ri, Rp, kp2k t K.,
mole/i. mole/l.-sec. mole/i.-sec. 1./mole-sec. 1./mole-sec.
2 4.08 X 108 1.80 X 10-4 1.99 X 10-I 1.52 X 104
3 3.46 X 10-8 2.92 X 10-4 2.73 X 10-! 111 X 104
4 2.84 X 10-8 2.22 X 10-4 1.08 X 10"> Z8 X
4.5 2.52 X 10-8 1.17 X 10"4 2.69 X 10-2 1.12 X 10s
5 2.22 X 10-8 3.83 X 105 2.64 X 10-3 1.15 X 10s
5.2 2.09 X 10"s 2.0 X HDs 7.09 X 10-4 427 X 1»»
*Dose ratel = 4.8 X 104r/hr. = 7.55 X 10l1e.v./g.-sec. for poly(vinyl chloride).

The value of kpkt given in Table | may be compared with the value of
kpZk, obtained by various authors for the radiation-induced homo-
polymerization of styrene19-2 The latter values are given in Table II.
Our value of 7.1 X 10-41/mole-sec. obtained for the concentration of .32
mole/l. is slightly larger than the literature values. This fact may indi-
cate that at this high concentration of monomer, graft polymerization
reaction takes place in a similar way as the polymerization reaction in pure
styrene.

TABLE 11
Value of kp2kt for Homopolymerization of Styrene at 19°C.
k //k t 1./mole-sec. Reference
0.95 X 10"4 Matheson et al.13
1.14 X 10-4 Tobolsky and Baysaln
1.66 X 10-4 Tobolsky and Offenbach2
0.87 X 10-4 Chapiro and Wahl22

The value of kPfor graft polymerization is not known, but if it is allowed
to assume, tentatively, that the value is the same as for homopolymeriza-
tion of styrene, k, can be calculated from the value of kp~/k.

The value of 55 1/mole-sec. was assumed 2l therefore, for kp, and Kk,
was calculated. The result is given in the last column of Table I, and is
also plotted against the concentration in Figure 96. The value of kt und
hence the rate of recombination decreases rapidly as the concentration
decreases from the value of 5.2 mole/1.
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Now the assumptions made above should be examined. Assumptions
(D-(3) will be accepted in view of the facts that the thickness of the films
used are thin, and the polymer can be easily swollen in the monomer.
The monomer concentration in the polymer is kept constant and can be
considered as constant in the vapor also, so long as the initial stage of
irradiation is considered.

As to the assumption (4), it can be shown that the concentration of free
radicals quickly attains an equilibrium value as soon as the irradiation
starts, and the reaction takes place, practically, at its equilibrium state.

The growth of the concentration r of free radicals will be governed by

dr/dt = R( — Jtr2 (6)

Sincer = O att = 0, we have, from this equation,

r = (R/k,yAtanh (t/r) (7
where + = - 12is the time constant for the concentration of free
radicals to reach equilibrium. The value of r can be calculated by using
the value of ktgiven in Table I. Even for the lowest concentration of the

monomer, the value obtained was only 40 sec. Therefore, the concen-
tration of free radicals attains its equilibrium value in quite a short time in
all cases.

Concerning the assumption (5), following chain transfer reactions may
deserve consideration:

p-+ N  p+ m- 8
PM,- + M — PM, + M- 9)
PMb-+ P —P- + pmb (10)

Mm + P->P- + M, (1D

where P represents the polymer (PVC), M the monomer (styrene), M-
the styrene radicals, M,, =the styrene homopolymer radicals, P- the PVC
radicals and PMm- the grafted polymer radicals.

The extent to which chain transfer reactions (8) and (9) occur may be
estimated from a consideration of the pertinent chain transfer constants.
Chain transfer from PVC and the graft copolymer radicals to styrene
monomer, i.e., reactions (8) and (9), would be expected to be negligible
because of the reported valueZBof 6 X 10~5for the self-transfer constant
of styrene at 60°C. Chain transfer constants for reactions (10) and (11)
are not known. The chain transfer from styrene homopolymer radicals
to PVC, reaction (11), can be neglected because the G value of radical
production of styrene homopolymer is much less than that of PVC, and
also, because reactions (8) and (9) can be neglected. The only chain
transfer reaction which must be considered would be reaction (10). At
present we have no approach to the determination of rate constants for
this chain reaction. The degree of polymerization of grafted polystyrene
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Fig. 10. Relation between the monomer concentration in the polymer and the time
allowed to stand in air.

would be largely modified by this reaction. However, the rate of grafting
Rp is only concerned with the increase of polystyrene grafted per unit
time and independent of the distribution of the length of grafted branches.
Therefore the conclusion derived above from Rv experimentally determined
will not be much affected by the chain transfer reactions.

Molecular Motion of the Polymer and the Rate of Grafting

The treatment given above has shown that the value of kt changes
greatly as the concentration of the monomer is varied. Since k, is a
measure of recombination of active centers at the end of the growing chain,
its value will be easily affected by the molecular motion of the chain. In
the case of graft polymerization, this motion of grafted branches will, in
turn, be influenced by the molecular motion of the polymer. The fact
that the value of kt changes with the concentration suggests that the con-
centration has a large effect on the molecular motion of the polymer.

The glass transition temperature of PVC is about 82°C.24 Below this
temperature the polymer is in a glassy state and the molecular motion is
frozen. When the temperature rises above the transition temperature,
the polymer changes from a high-viscosity glass to a low-viscosity state of
a more or less viscous liquid. The changes of glass transition temperature
on mixing the polymer with other compounds has already been observed by
several authors. For example, a measurement of dielectric dispersion
and loss carried out by Fuoss, bon a mixture of PVC and diphenyl showed
that the glass transition temperature gradually decreased as the amount
of diphenyl increased. It was also observed that low molecular esters
added to various derivatives of cellulose & butyl esters added to GR-S
rubber B water absorbed in poly(vinyl alcohol) all worked as plasticizers
and lowered the glass transition temperatures of the respective polymers.
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Fig. 11. Stress-strain curves of PVC films containing various amounts of styrene.

Fig. 12. Relation between styrene concentration in PVC and the modulus of elasticity.

As styrene used as monomer in our experiment is similar in molecular
structure to diphenyl, it was thought that styrene worked as a plasticizer
and promoted the molecular motion of the polymer. The following ex-
periment was, therefore, carried out.

A piece of PVC film was immersed in styrene and left in the liquid for a
time sufficient for styrene to reach saturation concentration. It was then
taken out and left in the air at room temperature. The monomer evapo-
rated and the concentration decreased with time as shown in Figure 10.
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This experiment provided us with PVC films of various concentrations.
In this way PVC films of various styrene concentration having a dimension
of 2 mm. X 25 mm. were prepared and Young’'s modulus was measured on
them.

Figure 11 shows the relation between the stress and strain for various
concentrations of the monomer. The film which was measured immedi-
ately after removal from the liquid and which therefore contains monomer
at saturation concentration, does not show elastic property but plastic
deformation. When the monomer concentration decreases below 4
mole/1., the film begins to show elastic properties of an ordinary polymer.

The relation between the Young’s modulus in the elastic region and the
concentration of the monomer was obtained from Figure 11, and is shown
in Figure 12. It shows that below 3.5 mole/1., Young’'s modulus does not
change appreciably from its original value of PVC by absorption of the
monomer, but when the concentration exceeds that value the Young's
modulus rapidly decreases and becomes very small at the concentration of
5.2  mole/l.

This result may be explained if we consider that the monomer absorbed
in the polymer acts as plasticizer and allows the motion of the polymer
molecule which had hitherto been frozen. The glass transition temperature
is considered to have dropped below room temperature at a concentration
in the neighborhood of 3.5 mole/1.

Figure 12 may be compared with Figure 9, which shows the relation
between the value of fc, and the concentration. The concentration at
which Young’s modulus shows a rapid decrease corresponds to the con-
centration in Figure 12 at which k, begins to increase. This result may be
taken as the evidence showing that both Young’'s modulus and kt are
governed by the same molecular motion. It will further indicate that
below the concentration of 3.5 mole/1., the molecular motion is not much
affected by absorption of the monomer, and above that the glass transition
temperature rapidly falls till it becomes lower than room temperature.

The authors wish to thank Dr. E. Fukada of this laboratory for helpful discussion and
suggestions and Prof. S. Yoshida of Gakushuin University for his interest in this work.
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Résumé

La polymérisation greffée par irradiation du styréne au chlorure de polyvinyle (PYC)
a été étudiée. Des relations entre la vitesse de greffage et la vitesse d’exposition, quand le
polymere est irradié dans le monomeére en phase liquide et en phase gaseuse, et entre la
vitesse de greffage et la concentration en monomere absorbé dans le polymére ont été
étudiées. La vitesse de greffage dans le monomeére en phase vapeur est beaucoup plus
grande que celle dans le monomeére liquide. On croit que la vitesse élevée de greffage
dans le monomére en phase vapeur résulte du fait de la présence d’une plus petite con-
centration en monomeére dans le PVC durant I'irradiation. Une expérience, faite sur du
PYC contenant du monomeére a différentes concentrations, montre que la viresse est la
plus grande pour une concentration en monomeére d’environ 3,5 mole/l et plus petitie pour
des concentrations plus élevées et plus basses. En admettant que la théorie de I’"homo-
polymérisation en phase homogéene peut étre appliquée a cette réaction de greffage, la
valeur kpVkt a été déterminée, kp et kt étant respectivement les constantes de propaga-
tion et de terminaison. La valeur de kt augmente considérablement quand la concen-
tration en monomeére dépasse les 3,5 mole/l. Cette augmentation peut étre expliquée
par le fait que le monomeére absorbé dans le polymeére agit comme plastifiant et augmente
la mobilité moléculaire du polymere. Une mesure du module d'élasticité du PYC con-
tenant du monomeére en différentes concentrations montre que ceci est en effet le cas.

Zusammenfassung

Die strahlungsinduzierte Pfropfpolymerisation von Styrol auf Polyvinylchlorid (PVC)
wurde untersucht. Die Beziehungen zwischen der Aufpfropfgeschwindigkeit und der
Bestrahlungsintensitat bei Bestrahlung des Polymeren im flissigen Monomeren und in
seinem Dampf sowie zwischen der Aufpfropfgeschwindigkeit und der Konzentration des
im Polymeren absorbierten Monomeren wurden untersucht. Die Aufpfropfgeschwindig-
keit im Monomerdampf war weitaus grosser als diejenige im flussigen Monomeren. Es
wurde angenommen, dass die hohe Aufpfropfgeschwindigkeit im Monomerdampf durch
eine niedrigere Monomerkonzentration im PVC wahrend der Bestrahlung bedingt ist.
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Ein Versuch mit PVC, das Monomeres in verschiedener Konzentration enthielt, zeigte,
dass die Geschwindigkeit bei einer Monomerkonzentration von etwa 3,5 Mol/1 am gross-
ten und fur héhere und niedrigere Konzentrationen kleiner ist. Mit der Annahme, dass
die Theorie der homogenen Homopolymerisation auf diese Pfropfreaktion angewendet
werden kann, wurde ein Wert fur kpZk t erhalten, wo kp und ktdie Wachstums- bzw.
die Abbruchskonstante sind. Der Wert von Kt nimmt bei Monomerkonzentrationen
oberhalb 3,5 Mol/1 stark zu. Diese Zunahme von kt kann man verstehen, wenn man
annimmt, dass das im Polymeren absorbierte Monomere als Weichmacher wirkt und
die Molekiulbewegung des Polymeren erhdht. Eine Messung des Elastizitatsmoduls von
PVC mit verschiedenen Monomerkonzentrationen zeigte, dass dies tatsachlich der Fall
ist.
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Relationship between the lonic Nature of
Some Organoaluminum—Transition Metal Catalysts
and the Rate of Polymerization

R. D. BUSHICK and R. S. STEARNS, Research and Development, Sun
Oil Company, Marcus Hook, Pennsylvania

Synopsis

The electrical conductivity of several trialkylaluminum and alkyl-aluminum halides
was investigated in dry benzene at 25°C. within the concentration range of 10- 1-10_3Ai.
The equivalent conductance of the trialkylaluminum systems decreased in the following
order: AKI/i-CrJli33 > Al/n-CnJ1lah > AI(?i-C41s)3 > AKf-CAHola > A1(?%-C317)3 >
AL(C2H 53 The conductance (1/12) of a given series was also examined and found to
decrease as each alkyl group was successively replaced by a chlorine atom, thus:
AL(CHDH3 > AL(CHH2XL > ALCHHLELI6 > AL(CHDCI2 and Al(I-C4Hc,)3 > Al(f-
CHIY2X1L > AI(I-CHIYC12 The ion pair dissociation constants K were calculated
and show in a qualitative manner the difference between various organoaluminum
systems. The relative rate of olefin polymerization was related to the conductivity
of various organoaluminum-transition metal catalyst systems used. The effect of
Lewis bases such as monoglyme, diglyme, triglyme, and tetraglyme on triethylaluminum
indicated that the first-mentioned base forms a 1:1 type of complex as ordinary ethers
do, whereas the remaining three bases utilize only two of their available oxygen atoms
to coordinate with triethylaluminum. The effect of TiCI3(in the presence of an ether)
on the conductance was also determined.

INTRODUCTION

Although the use of organoaluminum compounds in connection with
olefin polymerization is well known, relatively little has been published
concerning the nature of the ionic species present in various polymeri-
zation systems. The study of ionic species in solvents of low dielectric
constant in particular has received little attention even though the literature
contains a vast amount of information on polymerization in such solvents.
One of the most obvious ways of attempting to gain information concern-
ing the behavior of ionic systems is by examining their electrical con-
ductivity, although we are well aware that quantitative data are often
difficult to obtain. Krausl and more recently Day, Barnes, and Cox2
have studied alkali metal picrates and substituted thiocyanates in benzene
and sodium aluminum alkyls in toluene and diethyl ether, respectively.
Nicolescu and Angelescu3investigated the relationship between catalytic
activity and electric conductivity of the soluble catalyst system A1(C2H53
Ti(OC4H94

215
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The complexes formed between certain aluminum alkyls and Lewis bases
have been studied potentiometrically,4 conductometrically,5 calorimetri-
cally,66 and more recently by infrared7’9 and NMR.1011 ‘Fire addition
of electron-donor molecules to Lewis acid systems are known to have
tremendous effects on the rate of polymerization as well as on the nature
of the polymer formed.12’ 7

We have studied the electrical conductivity of several trialkylaluminum
compounds and some alkylaluminum halides in addition to the effect of
added Lewis bases and TiCL on the conductivity and have attempted to
correlate the ionic nature of the species involved in some qualitative way
with various polymerization systems such as the relative rate of polymeri-
zation of ethylene and propylene and the copolymerization of these mon-
omers. We have also shown a correlation between the relative rate of
ethylene polymerization in solvents of varying dielectric strength and the
conductance of the catalyst system in these solvents.

EXPERIMENTAL

Materials

Reagent-grade benzene was dried over anhydrous calcium sulfate. The
benzene was subsequently distilled from metallic sodium in an inert
atmosphere of nitrogen at atmospheric pressure. The center cut was
collected and stored in quart crown-cap bottles over sodium ribbon under
nitrogen pressure. The organoaluminum compounds, ethers, vanadates,
and titanium chlorides were obtained from commercial sources.

The organoaluminum compounds were used without further purification.
The 1M solutions of these compounds in benzene were made up by weight
in a dry box under an atmosphere of dry nitrogen.

The ethers (nronoglyme, diglyme, triglyme, and tetraglyme) were freed
of peroxides by chromatography on an alumina (Woelm-basie) column
and then distilled from calcium hydride under reduced pressure. The
1M ether solutions in dry benzene were stored in pint crown-cap bottles
over calcium hydride under nitrogen.

The vanadium compounds were distilled in vacuo and stored under
nitrogen pressure in a dry box. The 1M solutions in dry benzene were
stored under nitrogen pressure.

Pyridine was purified by treatment with potassium hydroxide, frac-
tionally distilled, and stored in a crown-cap bottle under nitrogen pressure.

The titanium (111) chloride and titanium (IV) chloride were used as
received to make 1M solutions in heptane, benzene, or mixtures of these
solvents. The titanium (l11) chloride was ground in situ in the desired
solvent to keep it in suspension.

In the preparation of all stock solutions, precautions were taken to
exclude contamination by air or moisture.
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Apparatus

A constant direct source of 45 v. was supplied by dry cell batteries.

The voltage was constantly monitored by means of a precision volt-
meter. The current was read from a precision electrometer which was
equipped with a decade shunt. Minimum full scale of this particular
instrument was 2 X 10 122 amp. and minimum measurable current was
5 X 10~u amp. Leads to the electrometer and the conductivity cell were
fully shielded. A diagram of the apparatus is shown in Fig. 1

Fig. 1. Conductivity apparatus: (C) conductivity cell; (E) electrometer; (V)
voltmeter. Rx is calculated by Rx = R,{E\ — Ei)/Ei, where Rx is the unknown re-
sistance, Rsis the current range, Ei is the constant voltage supply, and Et is the elec-
trometer reading.

The conductivity cell was a 100-ml. bottle with a 14/20 ground glass
taper. A nitrogen inlet located near the neck was used to maintain a
blanket of dry nitrogen within the cell at all times. The electrodes were
platinum, and the geometry of the cell was such that the cell constant was
found to be 0.94 by using standardized potassium chloride solutions.
This cell was used for all of the organoaluminum studies with and without
added Lewis bases. Another similar cell having a cell constant of 0.89
was used for the vanadium-organoaluminum studies. The top of the
cell was fitted with a male 14/20 stem that was inserted into a Teflon
sleeve which in turn contained a silicone septum at the end. The thermo-
stat was an oil bath, large enough to contain the cell, a motor-driven stirrer,
and a coil through which water was circulated from a large water bath
maintained at 25.00 + 0.02°C.

A hypodermic syringe with a Teflon plunger was used in connection with
a spring-loaded three-way stopcock, located between the end of the syringe
and the needle, so as to obtain a constant nitrogen purge during transfer of
material to the cell.

Measurements

The conductance cell was thoroughly dried prior to each run by baking
in an oven at 110°C. overnight. Usually, enough solvent (35 ml.) was
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charged to the cell, using a hypodermic syringe, to bring the liquid level
slightly above the electrodes. An atmosphere of dry nitrogen was main-
tained within the cell at all times. A small sample of the particular com-
pound to be studied was added and the current change was noted and
recorded after equilibration. The conductivity (1/1?) of the dry benzene
was observed to be about 10“ L mho. All measurements were done while
agitating the solution by means of Teflon-coated magnetic stirring bar.

Calculation of Dissociation Constant k

A plot of conductance (1/R, where R is the measured resistance) versus
the square root of concentration in moles per liter gave a rather good
reproducible linear correlation for all organoaluminum compounds with
the exception of isobutylaluminum dichloride and diisobutylaluminum
chloride. From the intercept of such a plot a value of 1/R0Owas obtained
and the conductance measurements were corrected by this value. Con-
ductance values were chosen from the smoothed line drawn through the
experimental points since there was little deviation of the experimental
points from the straight line. A value of the conductance at zero concen-
tration (AQ was obtained from a plot of A’ versus C' 4 where

[(1/r) ~ (I/ffo)]/C = A

and C = concentration. The degree of dissociation a was taken to be
A'/Ao, and from a plot of (1 — a)/a2versus C, a value for the dissociation
constant (K) was obtained from the slope. The values of the equivalent
conductance (A) were calculated by multiplying A" by 1000A, where k is the
cell constant.

RESULTS AND DISCUSSION
Relationship Between Conductance and lonic Polymerization Systems

The electrical conductivity of triethylaluminum, diethylaluminum
chloride, ethylaluminum sesquichloricle, ethylaluminum dichloride, tri-m-
propylaluminum, tri-n-butylaluminum, triisobutylaluminum, diisobutyl-
aluminum chloride, isobutylaluminum dichloride, tri-n-hexylaluminum,
and tri-n-decylaluminum was determined in benzene at 25°C. Because
of the low dielectric constant of benzene (e = 2.27) and because the Lewis
acids examined are such weak electrolytes, one would not expect them to
dissociate to a very large extent into discrete solvent-separated species,
but rather into ion pairs, triplets, and possibly higher ion aggregates.18' 2D
Such ion formation may be represented as [ABA] + and [BAB]“, where the
triple ions will be more stable due to the excess potential energy in a
solvent of low dielectric constant. lon aggregates more complex than
triple ions may also be expected in such solvents.2l2 In benzene the
concentration of free ions is exceedingly low, and therefore one may neglect
ion atmosphere effects.23
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Fig. 2. Equivalent conductivity of the ethylaluminum series at 25°C. as a function of
concentration: (A) AIrLQa; (B) A1(C2H6)2C1; (C) AI(C2H6)i.fiCli.8; (D) AI(C2H5)CI2

Using our data we found that a plot of the logarithm of equivalent con-
ductance versus the logarithm of concentration for all organoaluminum
systems investigated except diisobutylaluminum chloride and isobutyl-
aluminum dichloride was linear with a slope of —0.51, an example of which
is illustrated in Figure 2. This is in good agreement with the theoretical
slope of —0.50 (Ostwald dilution law). Behavior of this type is expected
when the conductance is determined by an ionization governed by the
law of mass action when the principal species is the ion pair and the dis-
sociation constant is small.1824

The equivalent conductance of the aluminum trialkyls in benzene were
found to decrease in the following order: Al(n-C&Hi33 > Al(n-CioHi93
> Al(n-CH93 > AL(?*-CHIY3 > AI(N-CHN3 > AL(CHHI We cannot
explain at this time the inverted order of AlwC@Hi38 and Al(n-CioHi93
The trialkylaluminum compounds containing long alkyl groups are thought
to form smaller, more simple, ion pairs immediately upon dissociation;
whereas the compounds with shorter alkyl groups (such as ethyl) exist as
dimers to begin with and would have a tendency to first form more complex
ion pair aggregates which then would dissociate into smaller ion pairs and
would be expected to have lower mobility and carry less current. The
ethyl and isobutyl series were investigated further to determine the order
of conductivity within a given set as an alkyl group was successively re-
placed by a chlorine atom. The conductance of these two sets of organo-
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Fig. 3. Conductance of diisobutylaluminum chloride as a function of concentration (in
moles per liter) for duplicate experiments.

aluminum compounds was found to decrease as expected in the following
order: AL(CHH3 > ALCHHZXL > AKCiHsli.iCl,» > AL(CHHC12 and
AI(f-CHIP3 > ALG-CHI9ZXL > AIl(f-CiHg)Ct). The conductance de-
crease parallels the increased tendency for halogenated aluminum alkyls
to coordinate more readily, forming complex ion pair aggregates which
must further dissociate into simple ion pairs. The magnitude of the con-
ductance in our work was comparable to that determined for triethyl-
aluminum by Bonitz5

A general scheme for the autodissociation5 of aluminum alkyls and
related halides can be represented as shown in eq. (1).

R R R rrR R~i - fR “q
NN N \
Al Al - Al + Al
I N 1\ /N /
R R. R R. Rj R

This scheme was based for the most part on the reaction between sodium
aluminum tetraethyl and dialkylaluminum halide which has been known
for many years. One may conceive of other more complex ion pair ag-
gregates such as (A1R §+ (A1R4~ and so on being involved and contribut-
ing to the conductivity.

The conductance behavior of diisobutylaluminum chloride and isobutyl-
aluminum dichloride differed from the typical behavior exhibited by the
other organoaluminum compounds studied. Rather than a steady, linear
increase in conductance with the square root of the concentration, in
moles per liter, as was obtained with the other systems examined, one
obtains a curve as is evident from the data plotted in Figure 3. These
data were all found to be reproducible, and therefore the trend is assumed
to be real. The increase, decrease, and eventual increase in conductance
may be looked upon as being due to ion formation and association followed
by dissociation along with additional ions being produced as the concen-
tration is increased. The curvature for isobutylaluminum dichloride was
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less prominent than for diisobutylaluminum chloride, which is shown in
Figure 3.

An idea of the extent of dissociation of complex aggregates already dis-
cussed can be obtained from the dissociation constant K for the various
alkyl aluminum compounds studied and calculated as described in the
experimental section and summarized in Table I. The dissociation
constants indicate that for the ethylaluminum series the dissociation is of
the order of about 3 X 10-3 attributable to the formation of complex
aggregates which tend to dissociate more readily than the smaller ion pairs
more logically anticipated for the higher aluminum alkyls. An approx-
imate tenfold difference exists between the ethylaluminum series and the
higher alkyl series.

TABLE |
Dissociation Constants for Organoaluminum Compounds Studied at 25°C.

Aluminum compound K
A1(C2H5)3 3.2 X 103
Al(CHeE)2C1 3.8 X 10~3
AKCdDi.SCI,,S 2.4 X 10“3
Al(C2H6E)CI12 2.5 X 10~3
Al(ra-C3H )3 5.7 X 10"4
Al(n-C4H 9)3 S.I X KR4
AK>C493 8.0 X 1074
Al(ra-CéH 133 8.7 X 10~4
Al(n-C1H 19)3 8.9 X 10-4

For convenience the value of A'o was taken at a concentration of 10_2M
(Fig. 2) as being indicative of the ionic nature of each system studied.
Taking the A'o values as relative differences between each Lewis acid, one
can correlate them with the relative rate of polymerization of propylene,
with TiCl3as the cocatalyst B This is illustrated in Figure 4. All other
parameters being held constant, one can readily see that a definite re-
lationship exists between the ionic nature of the organoaluminum com-
pound and the relative rate of propylene polymerization.

More recently, GippinZ investigated the stereoregular polymerization
of butadiene with alkylaluminum chlorides and cobalt octoate in benzene.
He varied the solvent (e = 2.27-10.2) and found the rate of polymerization
to be proportionally dependent upon the magnitude of the dielectric con-
stant of the solvent. A mechanism of catalysis based on ion pairs such as
[Et2Al]+ [EtAICL]- was postulated. lon pairs have also been shown to be
the major species in the anionic polymerization of styreneB We have
found a similar correlation involving the maximum conductivity of the
catalyst system ethylaluminum sesquichloride-titanium (1V) chloride, as
a function of the solvent composition. The solvents used were benzene
(e = 2.27), heptane (« = 1.92), and mixtures thereof. The change in the
conductivity of the catalyst with time was examined in each solvent for
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Fig. 4. Relative rate of propylene polymerization as a function of equivalent con-
ductivity at A'o.

the catalyst system mentioned at an Al/Ti mole ratio equal to 0.5. A
typical curve is shown in Figure 5. The maximum conductance (I/.Rmex)
was taken as representative of the catalyst system under consideration,
and in each case we have taken the ionic species to be (A1R29 + (RTiAICb) ~
based on our knowledge of the system and the literature 2 The length of
time necessary for the maximum conductance to be reached was found to
increase from 50 to 175 min. as the solvent system was changed from
benzene to heptane. The decrease in conductance is attributed to the
reduction of Ti(lY) to Ti(lll), accompanied by the formation of less
conducting titanium compounds as well as insoluble species. The maxi-
mum of the conductivity curve shifts with time as the solvent system is
changed. This shift is attributed to the greater stabilization of Ti(1V) in
benzene as compared to heptane (Table Il), presumably due to the for-
mation of a charge transfer complex3in the former solvent.

The relative rate of ethylene polymerization 3l plotted as a function of
the logarithm of the maximum conductivity (l/ifmex) of the catalyst
system in solvents of varying dielectric constant was found to be
linear (Fig. 6). This suggests that the rate of polymerization is proportional
to some constant times the logarithm of 1/F?rmex, where 1/Rn#x is a measure
of the concentration of the ionic species present in the catalyst system.
Our data indicate a decrease in the relative rate of polymerization of ethyl-
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Fig. 5. Conductance of ethylaluminum sesquic.hloride-titaniuin(1V) chloride as a
function of time in 100% benzene.

Fig. 6. Rate of ethylene polymerization as a function of maximum conductance of
the ionic catalyst species in various solvents for the catalyst system AI2C2H0)3CI3-
TiCR: (A) heptane (100%); (B) heptane (30%), benzene (70%); (C) heptane (70%),
benzene (30%); (D) benzene (100%).

ene as the dielectric constant of the medium is decreased. OthersZ/'®-3%6
have shown the pronounced effect of the dielectric constant on the polymeri-
zation rate for a variety of polymerization systems.

Proceeding still further, we have also investigated the electrical con-
ductivity of several esters of orthovanadic acid in the presence of an
aluminum alkyl. The concentration of the vanadium compound was
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TABLE 11
Conductance-Rate Data for the Catalyst System Ethylaluminum Sesquichloride-
Titanium(lV) Chloride in Benzene-Heptane Mixtures

Conductance Rate, Time to
Solvent 1/Bma*, mho g. C2'/3 hr* 1/ Kmax, min.

Benzene (100%) 1.67 X 10~7 23.7 50
Benzene (70%)-

heptane (30%) 1.0 X 10“8 17.5 75
Benzene (30% )-

heptane (70%) 1.4 X 10“9 111 140
Heptane (100%) 2.0 X l0“1D 6.2 175

* Data of Antonsen.3l

constant while the Al/V ratio varied during the addition of diisobutyl-
aluniinum chloride, eventually reaching a value of 15-20. The systems
examined were: V0(0-n-CAH93 VO(OCHH3 VO(OC*H9*Cl, and VO-
(OCHJHCL each in the presence of AIN-CJIgNCI. The conductance
(Table I11) decreased in the order: VOCI(OCHS5R > VOCIAOCHYH
> VO(OCHBG3 > VO (0-/i-CH9Y3 the maximum conductivity occurring
at an Al/V mole ratio in the range of 4-8. If one plots the rate of co-
polymerization¥ of ethylene and propylene against the maximum con-
ductivity for each system, a correlation can be obtained, again indicating
a relationship between the ionic character of the catalyst system involved
and the polymerization rate (Fig. 7). (It lias been assumed that the
conductivity characteristics of the organoaluminum component used

Fig. 7. Rate of ethylene-propylene copolymerization as a function of maximum
conductance, each with Al(i-C4H92C1: (A) VO(OC2153 (B) VO(OCZH5HCI2; (C)
VO(OCZH6)XI.



UUGANUALUMIINUM-TItANSITIUN METAL CATALYSTS 225

TABLE 111
Conductance-Polymerization Rate Data for Diisobutylaluniinum Chloride and Various
Vanadium Esters*

Ester Conductance 1/Rnmx, mho Rate, g./l.-hr.b
VOCI(OC2H )2 18.8 X 10"7 63
VOCIAOC2H¥6) 12.8 X 10“7 51.8
VO(OC2H6)3 7.5 X 10-7 25.2
V0(0-n-C4H 93 5.7 X 107 35

° For 1M solution of diisobutylaluminum chloride and the vanadium esters in benzene.
Conductivity measurements made at 25°C.
b Data of Lukach et al.3

in this study are similar to those of the catalyst system cited by Lukach
et al.3)

Effect of Electron Donors

The use of an electron-donor molecule as a third component in conjunc-
tion with a transition metal compound and an organoaluminum reducing
agent has become well established in recent years. The nature of the
polymer formed as well as the rate at which the product is formed is known
to be greatly dependent upon the amount of the electron donor used.
Zambelli and co-workersb and Ambroz and Hamrik3® showed that the
ratio of donor to reducing agent was very critical. The former group
found that the most satisfactory polymerizations occurred when the
mole ratio of electron donor to monoalkylaluminum dihalide was equal to
about 0.5. .Jacober and Kraus® showed the influence of diethyl ether
on the electrical conductivity of CHsAIBr2 and (CH32AIBr in methyl
bromide at 0°C. In both cases the conductivity increased to a maximum
value at approximately 0.7 mole of ether/mole of solute. This maximum
was attributed to the bimolecular form of the solutes which dissociate on
complexing with the added ether; this dissociation being greater than that
of the monomolecular form. In contrast to the AIBr3ether systems, whose
conductance rises very sharply beyond a 1:1 mole ratio, the CHsSAIBr-
ether and (CH32IBr-ether systems both reached a conductivity value
beyond a 1:1 mole ratio. The triethylaluminum-diethyl ether system6was
shown to reach a maximum in conductivity when a 1:1 complex had formed.

We have observed similar behavior when monoglyme (dimethyl ether of
ethylene glycol) was added to triethylaluminum. The 1:1 complex
formed is thought to be similar to that occurring between triethylaluminum
and diethylether. However, it is also known that structures which
contain two electron-donor atoms per molecule can coordinate with alu-
minum, through each of these atoms, forming a chelate-type structure in
which case aluminum will possess a coordination number of six. Davidson
and Wartickd have postulated such a structure (1) for N,N,N*,W'-tetra-
methylethylenedianiine and aluminum hydride:
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IRC ch3 IRC CiR

NI

Al Al 1
CIR \ / . \ CIR
\ / H /
N H (J N
\

/ \ /
113C CIR IRC CIR

On the other hand, when diglyme, triglyme, and tetraglyme (dimethyl
ether of diethylene glycol, triethylene glycol, and tetraethylene glycol, re-
spectively) were each added to triethylaluminum, coordination occurred as
evidenced by the maximum in conductance at an ether to triethylaluminum
mole ratio of about 0.5, as indicated by the data in Table 1V and illustrated
in a typical plot (Fig. 8). This would suggest coordination between two
triethylaluminum molecules per each ether molecule. Further, our data
indicate that only 1.5-2.0 of the available ether oxygens are coordinated
with the aluminum compound illustrated in a typical plot (Fig. 8). The
ability for coordination to occur with the additional available oxygen atoms
would be decreased because of the inductive effect and also because of
electrostatic repulsion resulting from charge polarization as a result of
coordination with aluminum. We postulate a structure (l1) for the co-
ordination of the polyethers with triethylaluminum which could dissociate
into an ionic species such as (2A1R2-R/0R/) (2A1R4).

R R

\ /
Al—R

[(CtRCIRhOd

(In structure Il, x = 2, 3,4wheny = 1,2, 3.) Steric requirements would
prevent the formation of such a complex when monoglyme or an ordinary
ether is used.

The fact that only two of the available oxygen atoms of diglyme co-
ordinate is further substantiated by the work of Merrall and co-workers AL
who showed that only two molecules of BF3will coordinate with diglyme,
the second molecule being held only loosely. Recently, Antonsen, Hoffman,
and Stearns®£ demonstrated that only two of the three ether oxygens of
diglyme are available for coordination because of steric requirements.
They showed the marked effect of the ether structure on both the rate of
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Fig. 8. Conductance as a function of diglyme to triethylaluminum mole ratio at 20°C.

polymerization and the nature of octene-1 oligomers. The effect of ether
oxygen was also shown to have a pronounced effect on the yield; the most
active catalyst being obtained at an O/Al mole ratio of 0.5. The influence
of ether on the catalyst system, AbERCIs -TiCL,, was represented by these
authors as shown in eq. (2):

where the bonding energy as well as the bulk steric effect of the ether itself
was shown to influence the environment of the polymerization site.

The addition of an amine such as pyridine to triethylaluminum (Fig. 9)
and diethylaluminum chloride (Fig. 10) in benzene both showed a sharp
maximum in conductance at a pyridine to aluminum mole ratio of 1,
indicative of a 1:1 type of complex being formed. A similar occurrence
was shown by other investigators for AIBr3pyridine,4 diethylaluminum
chloride-isoquinoline p triethylaluminum-quinoline and diethylaluminum
bromide-quinoline /4 and more recently for trimethylaluminum-diphenyl-
amine 11



228 11. D. BUSIIICk AND R. S. STEARNS

Unlike Graevskii and co-workers #however, we did observe a maximum
in conductance when the mole ratio of pyridine to diethylaluminum
chloride was equal to 2:1 (Fig. 10). This may be due to complex formation
between the amine and dialkyl aluminum hydride, if any is present, since
it is known that a 2:1 complex of this type is possible; or this second

Fig. 9. Conductance as a function of pyridine to triethylalumiuuin mole ratio at 25°C

Fig. 10. Conductance as a function of pyridine to diethylaluminum chloride mole
ratio at 25°C.
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TABLE 1V
Conductance of Ti'iethylaluminum in Benzene in the Presence of Various Ethers at 25°C .“

Ether Conductance

Compound Ether/alkyl oxygen/alkyl VfﬁITH)Q mho
CHXHX2OCH@CTH3 1.0 1.0 0.18 X 10%7
CHOCHXHDCHD 0.87 1.75 0.068 X 107
CHP(CHXHD)XHZ 0.49 1.47 22.7 X 1077
CHP(CHXHD )XHA 0.46 1.82 11.6 X 107
CHaCKCILCILONCHB6 0.42 2.11 175 X 10-7

aFor 1M solution of the ethers and triethylaluminum in benzene. Measurements
were made at 25°C.

b Monoglyme.

ODiglyme.

d Triglyme.

c Tetraglyme.

maximum at a lower conductance may well be due to further reaction be-
tween the 1:1 complex and additional amine to form a 2:1 complex of
amine to organoaluminum compound. Similar behavior was reported by
Pease and Luder4 for the system (CHSN)-AIBr3 On the other hand,
Hoeg and Liebman6 discussed the possibility of a 2:1 complex between
two molecules of acid per molecule of base; however, conductometric
titrations indicated a maximum at a 1:1 mole ratio further substantiating
what we observed.

The use of electron donors as polymerization promoters is attributed, by
some workers, to ion-pair formation which is thought to be facilitated by the
absorption of the donor group on the catalyst surface. We believe that
Figure 11 illustrates such a process. Initially, as ACH52CI is added to
benzene, the conductivity rises to a constant level. However, when TiCI3

Fig. 11. Conductance of an AI(C2H5ZXCI-TiCI3(ARA)-diglyme system as a function of
concentration and time.
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is added to the mixture there is an abrupt decrease in the conductance,
presumably due to complex formation or coordination accompanied by
absorption of ionic species by the solid together with a kinetic phenomenon
involved in the desorption of some other ionic species, which may well be
RTiCh type compounds, eventually approaching a value close to the
original conductivity of the diethylaluminum chloride itself. Upon the
addition of diglyme to the diethylaluminum chloride-titanium (I11)
system, the specific conductivity increases rapidly and continues to increase
steadily with further addition of the ethereal compound, indicating the
formation of highly conducting ionic species.

Although the data presented are highly qualitative in nature, it neverthe-
less is evident that the conductivity level measured in all of the systems
examined did correlate very well with the rate of polymerization. This is at
least another piece of albeit circumstantial evidence that these coordination
catalysts are highly ionic in nature and that it is an ionic species which
is actively involved in the ultimate moiety responsible for polymerization.

The authors wish to express thanks to Mr. Martin Ackermann (University of Cali-
fornia, Berkeley) for obtaining some of the experimental results and to Dr. W. L. Butte
for his helpful comments.

References

Kraus, C. A., J. Phys. Chem,, 58, 673 (1954); ibid,., 60, 129 (1956).
Day, M. C., H. M. Barnes, and A. J. Cox, J. Phys. Chem., 68, 2595 (1964).
Nicolesou, I. V., and E. M. Angelescu,./. Polymer Sci., A3, 1227 (1965).
Farina, M., M. Donati, and M. Ragazzini, Ann. Chim. (Rome), 48, 501 (1958).
Bonitz, E., Chem. Ber., 88, 742 (1955).
Hoeg, D. F., and S. Liebman, J. Org. Chem., 28, 1554 (1963).
. Kissin, I. V., E. V. Kolstykh, and N. M. Chirkov, Dokl. Akad. Nauk SSSR, 145,
104 (1962).

8. Geddes, A. L., paper presented at 137th National Meeting, American Chemical
Society, Cleveland, Ohio, April 1960; Abstracts, p. 15R.

9. Gray, A. P., A. B. Callear, and F. H. C. Edgecombe, Can. J. Chem., 41, 1502
(1963).

10. Swift, H. E., C. P. Poole, Jr., and J. F. Ttzel, Jr., 3. Phys. Chem., 68, 2509 (1964).

11. Kawai, M., T. Ozawa, and K. Hirota, Bull. Chem. Soc. Japan, 37, 1302 (1964).

12. Geiseler, G., and W. Knothe, Chem. Ber., 9], 2446 (1958).

13. McConnell, R. L., H. W. Coover, Jr,, and F. B. Joyner, paper presented at 145th
National Meeting, American Chemical Society, New York, September 1963; Abstracts,
p. 20M.

14. Joyner, F. B., and H. W. Coover, Jr., paper presented at the 145th National Meet-
ing, American Chemical Society, New York, September 1963.

15. Zambelli, A., J. Dipietro, and G. Gatti, J. Polymer Sci., Al, 403 (1963).

16. Milouskoya, E. B., and P. |. Dolyopolskoya, Vysokomol. Soedin., 4,1049 (1962).

17. Solomon, 0. F., P. Glineschi, and E. Mihailescu, Dokl. Akad. Nauk SSSR, 152,
117 (1963).

18. Fuoss, R. M., and F. Accascina, Electrolytic Conductance, Interscience, New York,
1959, Chap. 18.

19. Robinson, R. A., and R. Il. Stokes, Electrolyte Solutions, Academic Press, New
York, 1959, Chap. 14.

20. Strong, L. E., and C. A. Kraus,./. Am. Chem. Soc., 72, 166 (1950).

21. Luder, W. F., and C. A. Kraus, J. Am. Chem. Soc., 58,255 (1936).

Nooswn -



ORGANOALUMINUM-TRANSITION METAL CATALYSTS 231

22. Kraus, C. A., J. Phys. Chem,, GO, 129 (1956).

23. Kraus, C. A., J. Chem. Educ., 35,324 (1958).

24. Fuoss, R. M., and C. A. Kraus, J. Am. Chem. Soc., 55, 2387 (1933).

25. Lehmkuhl, H., Angew. Chem. Intern. Ed., 3, 107 (1964).

26. Jezl, J., et al., unpublished results.

27. Gippin, M., paper presented at 148th National Meeting, American Chemical
Society, Chicago, Illinois, September 1964; Abstracts, p. 2X.

28. Worsfeld, J., and S. Bywater, J. Chem. Soc., 1%), 5234.

29. Uelzmann, B, J. Polymer Sei., 32, 457 (1958).

30. Dijkgraaf, C., J. Phys. Chem., B9, 660 (1965).

31. Antonsen, D. H., unpublished results.

32. Eley, D. D., and A. W. Richards, Trans. Faraday Soc., 45, 425 (1949).

33. Pepper, D. G., Trans. Faraday Soc., 45, 397 (1949).

34. Brown, C. P, and A. R. Mathieson, J. Chem. Soc., 1968, 3445.

35. Coombes, J.D., and D. D. Eley, J. Chem. Soc., 1967, 3700.

36. George, J., and H. Wechsler, J. Polymer Sei., 6, 725 (1951).

37. Lukach, C. A, H. M. Spurlin, and S. G. Olsen (to Hercules Powder Company),
South African Patent 60/839 (February 29, 1960).

38. Ambroz, J., and O. Hamrik, Collection Czech. Chem. Commun., 28, 2550 (1963).

39. Jacober, W. J., and C. A. Kraus, J. Am. Chem. Soc., 71, 2409 (1949).

40. Davidson, J. M., and T. Wartick, J. Am. Chem. Soc., 82, 5506 (1960).

41. Merrall, G. T., G. A. Latremoville, and A. M. Eastham, Can. J. Chem., 38, 1967
(1960).

42. Antonsen, D. H., P. S. Hoffman, and R. S. Stearns, Ind. Eng. Chem., Prod. Res.
Develop., 2,224(1963).

43. Pease, L. E. D., and W. F. Luder, 3. Am. Chem. Soc., 75, 5195 (1953).

44. Graevskii, A. I., Sh. S. Shchegol, and Z. S. Smolyan, Dohl. Akad. Nauk SSSR,
119, 101 (1958).

Résumé

La conductivité électrique de plusieurs halogénures de trialkyl-aluminum et d’alkylalu-
minum a été étudiée dans du benzéne sec, a 25°C, dans un domaine de concentration
10_1 a 10“5 molaire. La conductance équivalente des systemes trialkylaluminum dé-
croit dans I'ordre suivant: Al(n-C&i33 > Al(n-CioHi93 > Akn-CJDs > A1(i-C4H9)3
> AI(N-CHT)3 > AL(CHE3 La conductance (I/R) de séries données a été
également examinée elle diminue par remplacement successif d'un goupe alkyle par
un atome de chlore. Donc: AIfCsHs™ > A1(CH52X1 > AUMHsk.sCh.s > A1(C2H5)C12
et AI(f-CAH9s > AL(G-C4H 921 > AL(1-C4H9C12 Les constantes de dissociation de
la paire d’ions ont été calculées et montrent d’'une fagon qualitative la différence entre
plusieurs systéme d’organoaluminum. La vitesse relative de polymérisation oléfinique
a été reliée & la conductivité de plusieurs systéemes d’organoaluminuim-métal de transi-
tion employés en catalyse. L’effet des bases de Lewis telles que le monoglyme, le
diglyme, le triglyme et le tétraglyme indique que la premiére base citée forme un type
de complexe 1:1, comme ordinairement les éthers le font, tandis que les trois autres
bases utilisent seulement 2 de leurs atomes d’oxygéne pour coordonner avec tri-
éthylaluminum. L’influence de TiCL (en présence d’'un éther) sur la conductance
a été également établie.

Zusammenfassung

Die elektrische Leitfahigkeit einiger Trialkylaluminum- und Alkylaluminiumhalo-
genide wurde in trockenembenzol bei 25°C im Konzentrationsbereich von ICR1bis 103
molar untersucht. Die Aquivalentleitfahigkeit der Trialkylaluminiumsysteme nahm
in folgender Reihe ab: AI(r/-C(I113> > AI(n-CioHi93 > AFn-G-,1193 > AL(i-C4EI9)3 >
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Al(N-CH,)3> AL(CH5)3 Die Leitfahigkeit (1//f) einer gegebenen Reihe wurde eben-
falls untersucht und nahm bei sukzessivem Ersatz der Alkylgruppe durch Chloratome in
folgender Reihe ab: A1(CHE6), > AL(CHHZAL > AI(CHE6),,6Cli,6 > AL(CH5HCI2 und
Al(i-CHs)3 > AI(f-CHIYXI > AI(i-C4H9CI12 Die Dissoziationskonstante (K ) der
lonenpaare wurde berechnet; sie zeigt qualitativ den Unterschied zwischen verschie-
denen aluminium-organischen Systemen. Die Relativgeschwindigkeit der Olefinpoly-
merisation stand in Beziehung zur Leitfahigkeit der verschiedenen verwendeten Organo-
aluminium-Ubergangsmetall-Katalysatorsysteme. Der Einfluss von Lewisbasen wie
Monoglyme, Diglyme, Triglyme und Tetraglyme auf Triathyl-aluminum zeigte, dass
die erstgenannte Base einen 1:1-Komplextyp sowie gewdhnliche Ather liefert, wihrend
die Ubrigen drei Basen nur zwei ihrer Sauerstoffatome zur Koordination mit Triathyl-
aluminum benttzen. Schliesslich wurde der Einfluss von TiCI3 (in Gegenwart eines
Athers) auf die Leitfahigkeit bestimmit.

Received July 8, 1965
Prod. No. 4828A
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Investigation by Infrared Absorption of the By-
Products of the Cyanoethylation of Cotton Cellulose*

PRONOY K. CHATTERJEEf and CARL M. CONRAD, Plant Fibers

Pioneering Research Laboratory, Southern Utilization Research and Develop-

ment Division, Agricultural Research Service, U. S. Department of Agriculture,
New Orleans, Louisiana

Synopsis

The soluble cyanoethyl ether of cellulose, prepared by reaction in the presence of NaOH
catalyst to high degrees of substitution (DS = 2.95), can be precipitated by various or-
ganic media and contains more nitrogen than can be accounted for by simple addition of
acrylonitrile at each cellulose hydroxyl group. Infrared absorption spect-ra of such sam-
ples and of the reacted residues show various types of vibrational absorption bands,
characteristic of amino groups. At advanced stages of the reaction the characteristic
broad unresolved band of cellulose extending from 1200-950 cm.-1 largely disappears,
leaving only a few weaker bands which likely overlap those due to C-N stretching.
Comparison is made of the spectra of the partially cyanoethylated cellulose and the poly-
acrylonitrile which forms in the stock acrylonitrile, to characterize the products. It
is inferred that the highly cyanoethylated cellulose, partly dissolved in the acrylonitrile,
further degrades and changes under a complex mechanism to various forms of amines.
The yellow to orange color of the samples is assumed to be due to these by-products.
The thermogravimetric analysis reveals that these products are more heat-resistant than
the cyanoethylated cellulose.

INTRODUCTION

During a study of the kinetics of cyanoethylation of cellulosel it was
noticed that the main reaction is always accompanied at the latter stages
by side reactions which makes an estimation of the degree of substitution
erroneous. The reactions at higher degrees of substitution invariably give
a strong orange color to the cellulose ether, and the reacted fiber becomes
brittle and contains more nitrogen than can be accounted for by simple
addition of acrylonitrile molecules to each hydroxyl group of the cellulose
(i.e., more than DS = 3). This effect is more pronounced at higher tem-
peratures and when the catalyst concentration is greater. A substantial
amount of acrylonitrile may be consumed during cyanoethylation, to form
[3/T-oxydipropionitrile as has been suggested by Gruber, Bikales2 and
others.3 But it is quite unlikely that /3/3'-oxydipropinnitrile has any direct
action towards changing the fiber properties.

* Paper presented at the 149th National Meeting of the American Chemical Society,
Detroit, Michigan, April 4-9, 1965.
f Postdoctoral Resident Research Associate, 1963-65.
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The conditions for formation of any considerable amount of pure poly-
acrylonitrile are considered unfavorable under the present circumstances,
although the formation of small amounts of polymer in acrylonitrile cannot
be ruled out altogether. Again, this effect is too insignificant to account
for a noticeable change of the product.

Attempts have been made, without success, to remove the colored com-
ponent by extracting it with different solvents. However, it was found
that if reaction continues to an advanced degree of cyanoethylation, the
product becomes somewhat soluble in acrylonitrile. Infrared absorption
spectra of these soluble products and the residue have been studied and
compared with the partially cyanoethylated fibers in order to throw light
on the nature of the by-products which accompany the cyanoethyl ether
during the advanced stages of reaction.

EXPERIMENTAL METHODS
Cyanoethylation of Fibers

The cellulosic material used in the present study was in the form of
cheesecloth, supplied by Kendall Company, Grinsville, Massachusetts.

About 1g. of sample in each case was treated with 6% and in some cases
with 20% sodium hydroxide solution for 30 min. at room temperature.
After squeezing out the excess sodium hydroxide solution, the fiber was
treated with liquid acrylonitrile in a constant temperature bath at 50°C.
as described in our earlier paper 1 After the required time of reaction,
the undissolved portion was taken out and immersed in a 5% acetic acid
solution and washed successively with water, ethanol, and ether. The
product was finally dried at 50°C.

It was found that the dissolved product could be precipitated by a
number of solvents such as benzene, toluene, chloroform, etc. During the
present investigation chloroform was used as the precipitant. The liquid
portion was treated with chloroform and filtered; the precipitate was
washed with chloroform and dried at 50°C. It was observed in a series of
samples, reacted at 50°C. and with chloroform as the precipitant, that no
dissolved product was found below DS = 2.5. The product dissolves
somewhat at DS = 2.95. After a more extended reaction, the precipitated
product lost its fibrous appearance and turned yellow to orange color. The
precipitated product is soluble in acetone.

The control cheesecloth sample was prepared with 6% sodium hydroxide
and heated in toluene at 50°C. for 300 min. The sample was then treated
with 5% acetic acid solution, washed, and dried like the other samples.
The nitrogen value was determined by the Kjeldahl method.

Reaction between Acrylonitrile and Sodium Hydroxide

A 52 ml. portion of acrylonitrile and 10 ml. of a 6% sodium hydroxide
solution were heated in a flask fitted with an air condenser at 50°C. under
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continuous shaking for 10 hr. The acrylonitrile portion was then separated
and treated with chloroform, but no precipitate was observed. The ex-
periment was repeated with 20% sodium hydroxide solution and also by
increasing the time and the reaction temperature, but no polymer was
found which could be precipitated by chloroform.

Polymer Extracted from the Acrylonitrile Stock

The commercial acrylonitrile stock was distilled and the fraction, col-
lected at the boiling point of acrylonitrile (77-78°C.), was kept in a stop-
pered bottle at room temperature for 2 months. One liter of this liquid
was evaporated to about 50 ml. and then treated with chloroform. A very
small amount of white precipitate formed; this was then filtered and
washed with chloroform a number of times and finally dried at 50°C.

Infrared Spectroscopy

The Infracord Model 237B grating spectrophotometer supplied by
Perkin-Elmer was used. Infrared spectra were obtained by the potassium
bromide pellet technique. Fibers were cut to pass a 20-mesh screen in a
Wiley mill, and in the case of a hard mass the product was powdered with
a mortar and pestle. The potassium bromide disc was prepared with 2

TABLE |
Sample Description of the sample N, %
A Cheesecloth (control)
B Partially cyanoethylated fibers (DS = 0.76) 5.25
C Trisubstituted cyanoethylated fibers (DS = 12.72
2.85)
D Soluble product obtained on reacting 6% 14.54
NaOH-treated fibers with acrylonitrile for
225 min.
E Soluble product obtained on reacting 6% 23.03
NaOH-treated fibers with acrylonitrile for
300 min.
F Soluble product obtained on reacting 20% 25.53
NaOH-treated fibers with acrylonitrile for
36 hr.
G Sample F washed with water and dried at 25.4s8
105°C.
H Insoluble portion obtained on reacting a 20% 23.16

NaOH-treated fibers with acrylonitrile for
36 hr. (a hard, glue-like mass)

1 Residue obtained on extracting sample Il with 19.13
hot acetone (washed with alcohol and ether)

J Acetone-soluble product from Il (dried from 24.75
acetone solution)

K Polymer (polyacrylonitrile) recovered from 25.63

acrylonitrile stock
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mg. of the sample by following the technique outlined by O’Connor ef
ah4

Thermogravimetry

A continuous recording thermobalance, supplied by the Robert L. Stone
Co., was employed for studying the thermal stability of the sample. About
100 mg. of the sample was weighed in a porous base crucible and mixed
with tabular alumina to make the total weight of the contents 2 g. The
sample was heated in helium (0.35 standard cubic feet per hour) from room
temperature to 800°C. The increase in furnace temperature was main-
tained at 3°C./min.

Sample

A brief description of the samples studied is given in Table I.

RESULTS AND DISCUSSION

Sample D (Fig. 1) which is the acrylonitrile soluble product, obtained on
reacting for 225 min. at 50°C., gives an infrared spectrum closely resembling
that of the cyanoethylated insoluble (sample C) fibers, except for the band
of N-H deformation at a frequency of 1587 cm.-1, which is well developed
in the present case. There are many significant changes, however, in the

MICRONS

Fig. 1. Infrared spectra of: (d) cellulose fibers (control), (B) partially cyanoethyl-
ated (DS = 0.76), (C) highly cyanoethylated (DS = 2.85), and (D) cyanoethylated
soluble product. (N = 14.54%.)
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MICRONS

Fig. 2. Infrared spectra of the cyanoethylated soluble product obtained after reaction
for (E) 300 min. with 6% NaOll catalyst (N = 23.03%); (F) 36 hr. with 20% NaOH
catalyst (N = 25.53%); ((?) sample F washed with water.

spectrum of the product (sample E, Fig. 2) obtained on reacting the fibers
for 300 min.

The soluble product obtained by reacting material treated with 20%
sodium hydroxide for 36 hr., (sample F) shows a spectrum similar to that
of sample E and some of the bands are found to be more prominent. It
seems that a part of the highly substituted cyanoethylated product be-
comes soluble in acrylonitrile and this soluble product is converted into
other products on extensive reaction with the reagent. These trans-
formed products are colored yellow or orange.

The spectra of the control fibers (sample A, Fig. 1), partially cyano-
ethylated fibers (sample B), and highly cyanoethylated products (sample
C) all show a single broad absorption band near the O-H stretching region;
the intensity of absorption decreases on substitution. The spectrum of
sample C shows the band maxima at 3450 cm.-1, whereas in the case of the
original fiber the band maxima is at 3350 cm.-1. An almost similar O-H
stretching band has been observed with the spectrum of sample D, but the
spectra of samples E and F show a broadening of this band and splitting
into three parts. The location of these bands are: 3600, 3520-3450, and
3375 cm.-1. In the spectra of samples E and F, other bands are probably
developed from N-H stretching vibrations of N H2groups, which are formed
as a result of the secondary reaction of the cyanoethylated product. A



238 P. K. CHATTERJEE AND C. M. CONRAD

good deal of overlapping between O-H and N-H stretching bands always
occurs in this region, making differentiation difficult. However, the spectra
of unsubstituted fibers and ordinary cyanoethylated fibers having a low
nitrogen content, where presumably the NH2group is absent, showed one
broad band in this region. Since the soluble products give two more
bands and the absorption region is widely spread, the bands could be as-
sumed to be due to a N-H stretching vibration.

Furthermore, it is seen that the N-H deformation band (at 1587 cm.-1)
is developed in these cases.

In the C-H stretching region, a new band between 2825 and 2875 cm.-1,
has been found to develop, with the progress of cyanoethylation and is
more prominent in the soluble products. All other types of C-H vibration
in this region shift slightly towards the higher frequency range. Substi-
tution always affects the location of the bands in the C-H stretching region
and therefore the shifting is possibly due to the effect of the substitution
of the cyanoethyl group. Again, since there is no methyl group present
(which absorbs at 2872 cm.-1),** it is assumed that the weak band at 2725
cm.-1, already present in the spectrum of the original fibers, has been
shifted gradually to 2875 cm -1 and further developed due to substitution.

Along with the C=N stretching band, a small shoulder band which
was not present in the spectrum of the cyanoethylated fibers (up to DS=
2.9) has been found in the spectra of samples E and F at 2200 cm.-1. The
literature6 shows that the range 2200-2000 cm .-1 covers all the various
forms in which the C=N grouping occurs in inorganic compounds. There-
fore, this band probably indicates the formation of a small amount of in-
organic cyanide possibly sodium cyanide which might result from a side
reaction. These cyanides could not be removed simply by washing the
sample with water, however, (see spectrum of sample G).

A couple of new bands have been observed in the spectra of samples E
and F at 1587 and 1520 cm.-1. Both bands are due to N-H bending vibra-
tions. This N-H bending vibration arises particularly from the secondary
amine@and amide group. The expected transformation of the cyanoethyl
group in the presence of sodium hydroxide and water is to the amide
group7(—CONH2. In the case of amide, the spectrum should always show
a strong amide | and a weak amide Il band 7 In the present case, however,
strong bands are located in the position of amide 11, which is also the posi-
tion of the band due to the deformation of N-H in amino groups, but no
distinct amide | band (C =0 stretching), as was expected, has been found
in any of the samples. The present set of observations, of course, cannot
disprove the possibility of formation of a small amount of amide, since the
broad band due to moisture (at 1623 cm.-1) may overlap the amide | band
near 1650 cm.-1, but it can be concluded that the soluble reaction products
are mostly amines and not amides.

Allentire change of the spectrum has been observed between 1500 cm .-1
and the lower frequency region. The strong and broad band extending
from 1200 to 950 cm -1 consisting of several close bands which is typical
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of all cellulosic fibers8has been found to change to a relatively transparent
region having only a few individual weaker bands. In the spectrum of
sample D the bands in this region still characterize the cellulosic structure.
In the spectrum of sample E the broadness of the band has been much
reduced, and in the spectra of samples F and G this changes almost com-
pletely. All of these are soluble products obtained during cyanoethylation,
differing in the extent of reaction only. Since sample F is the product
obtained under the most excessive reaction conditions it has been assumed
to represent the final transformed product. Further comparison of the
spectrum obtained from sample F may be made with that obtained from
the unsubstituted material (sample A) and the trisubstituted fibers (sample
B).

In the region of ">CH2 scissoring, wagging, and twisting vibrations, a
new band has been observed at 1450 cm.  for \ ¢ H 2scissoring vibration

which either characterizes some sort of cyclization or may be due to a C-H
bending vibration from the cellulose-acrylonitrile graft polymer. The

'/C H 2twisting and wagging vibration at 1312 cm ~1 which occurs in the

spectrum of the original cellulose fibers has been found to be absent in
that of sample F. Similarly, the fact that the C-OH stretching vibra-
tions at 1205 cm .-1 are absent, might be due to the complete substitution
of the hydroxyl groups. The region, where a number of close bands makes
the appearance of a strong and broad band with cellulosic fibers8and also
with cellobiose9(1200-950 cm.-1), is replaced in the spectrum of this sample
by a transparent region except for a few discrete bands at 1280, 1225,
1150, and 1120 cm."-1 But these are the absorption regions of various
types of amines also where the band appears due to C-N stretching vibra-
tions® Therefore, C-N stretching vibration of various forms of amines
are, quite likely, overlapping in these regions, contributing to the intensities
of the individual bands.

A comparison of the spectra from samples H, I, and J (Fig. 3) indicates
that the O-H stretching band from sample | resembles that of the cyano-
ethylated cellulose. The spectrum of sample J fairly corresponds to that
of sample H, except in the region 1200-950 cm.-1. The spectrum thus
suggests that sample H contains a very small amount of ether in the cellu-
losic form. Therefore, only after removing the acetone-soluble portion do
the characteristic absorption bands of cellulose appear distinctly. There
is an indication of a carbonyl stretching band in the spectrum of sample J
at 1712 cm -1 which was not found in the spectrum of sample H or in any
other. This was assumed to be due to traces of trapped acetone.

A spectrum of sample K, the polymer (polyacrylonitrile) found on storing
acrylonitrile stock, has been included in Figure 3 in order to complete the
series and permit comparison with the spectra of the cyanoethylated
products. The absorption pattern of this polymer isobviously quite differ-
ent from that obtained from the products discussed above.
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Fig. 3. Infrared spectra of the samples: (H) cyanoethylated insoluble product after
36 hr. of reaction with 20% NaOIT catalyst (N = 23.16%); (I ) acetone-insoluble portion
from sample li; (J) acetone-soluble portion from sample H; (K) polymer recovered
from acrylonitrile stock.

Due to the presence of sodium hydroxide and molecular oxygen, an auto-
catalytic degradation of cyanocthyl cellulose, resulting in the production
of radicals is quite likely. These radicals could start the graft polymeriza-
tion of acrylonitrile onto the cellulose according to the mechanism shown

inegs. (1)—4).

RcciiCHO + C2  RciuiCO- -} -HOO (1)
licciiCO* -f- 0 2—#RecnCOCOO ) 2)
llcciiCO(00 ) + ReciiH — RceiiCO(OOH) + Ticc, 3
CHZCH—C=N + -Rceii— Keen—CH2 CH2 CH2 CH2 Roen 4)
N/ N/ N/ \/
CH CH CH CH
! I I I
C=N C=N C=N C=N

where R @ii represents cyanoethylated cellulose.
This mechanism can account for the high value of nitrogen, but does not
allow for the presence of amino groups or the intense color.
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Fig. 4. Thermogravimetric chart of (a) sample E; (6) cyanoethylated cellulose (DS =
2.38).

HoutzD suggested a probable mechanism for the transformation from
polyacrylonitrile to condensed aromatic ring systems on heating. There
is as yet no chemical evidence to support this mechanism. If his hypothesis
is correct, a reaction might occur on heating in this case also, as shown in
eqg. (5).

Keen—CH2 CH2 CH2 CH2 Keen Regu—CH2 CH2 CH CH2 Raddi

CH CH CH CH CH CH C CH -
I I I I I
C=NC=NC=N C=N C=N CH C=NH C=N
\ /
N

| I
Roii—CH2 CH2CH CH2 Rc
\ /-1 w \ /
CH c C CH -
I (. !
C=N CH C—NH2 C=N
\ /
N
i

Reeii—CH2 CH CH CLL
\N/ N/ \N/ x
c c c

Reel]

HC C C—NHo CH
% /I \ [/ |
N N C=N (5
Y,

Such a condensed aromatic ring structure is supposed to be highly heat-
resistant. Figure 4 shows the thermogravimetric curve of the sample E
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and of the cyanoethylated cellulose, DS = 2.38. It is evident from the
figure that only about 21% of the product decomposed at about 470°C. at
which point the cyanoethylated cellulose (DS = 2.38) almost completely
decomposed. The remainder of the sample decomposed between 470 and
690°C.

The structure of sample E might be of the type I, II, or 111 if the trans-
formation takes place during the cyanoethylation. And, on heating, it
might finally have changed to IV, which is very stable. There may be
many other factors and other types of reaction involved. At this stage,
no reaction mechanism can be suggested.

It could be inferred from the above investigation that highly substituted
cyanoethylated cellulose, partly soluble in acrylonitrile, on further re-
action partially degrades and changes into various amines. The color of
the product (cyanoethylated cellulose) is that of these by-products and is
not due to pure polyacrylonitrile. The high nitrogen content of the
products indicates that the reaction is not simply from nitrile to amines
but that several other types of complex reaction are taking place in the
fully substituted cyanoethylated products.

Appreciation is expressed to Mr. J. S. Mason for nitrogen determination and to Mr. G.
I. Pittman for construction of the charts. Special appreciation is also expressed to Dr.
Robert H. Barker for suggestions and advice.

Use of a company and/or product name by the Department does not imply approval
or recommendation to the exclusion of others which also may be suitable.
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Résumé

L’éther soluble cyanoéthylénique de la cellulose, préparé en présence de NaOH en
quantité catalytiques, a un degré élevé de substitution (DS = 2.95) peut étre précipité
par divers milieux organiques et contient plus d’azote que lI'on ne peut s'y attendre sur
la base d’une simple addition d’acrylonitrile & chaque groupement hydroxylique de la
cellulose. Les spectres d'absorption infra-rouge de ces échantillons ainsi que des résidus
de réaction révélent I'existence des divers types de bandes d’absoiption vibrationelles
caractéristiques de groupements aminés. A des stades avancés de la réaction la bande
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d’absorption large et non résolue de la cellulose s’étendant de 1200 a 950 cm-1 disparait
fortement, laissant subsister seulement quelques bandes plus faibles qui recouvrent
probablement celles des vibrations C—-N. En vue de caractériser les produits, on a com-
paré les spectres des celluloses partiellement cyanoéthylées au polyacrylonitrile qui se
forme dans Facrylonitrile durant sa conservation; on admet que la cellulose hautement
cyanoéthylée, partiellement dissoute dans I'acrylonitrile, se dégrade ensuite et se trans-
forme par un mécanisme complexe en divers types d’amines. La couleurjaune-orange
des échantillons est attribuée a la présence de ces produits secondaires. L ’'analyse
thermogravimétrique montre que ces produits sont plus thermostables que la cellulose
cyanoéthylée.

Zusammenfassung

Der losliche, durch Reaktion in Gegenwart von NaOH als Katalysator mit hohem
Substitutionsgrad (DS = 2,95) dargestellte Zelluloseeyanoathylather kann durch ver-
schiedene organische Medien geféallt werden und enthalt mehr Stickstoff, als einer ein-
fachen Addition von Acrylnitril an jede Zellulosehydroxylgruppe entspricht. Die
Infrarotabsorptionsspektren solcher Proben und des Reaktionsrickstand es zeigen ver-
schiedene fur Aminogruppen charakteristische Typen von Schwingungsbanden. Bei
fortschrietendem Stadium der Reaktion verschwinden die charakteristischen breiten,
nicht aufgelosten Zellulosebanden im Gebiet von 1200-950 cm-1 weitgehend, und es
bleiben nur einige schwachere Banden zuriick, welche sich wahrsechinelich mit denjeni-
gen der C-N-Valenzschwingung uberlagern. Zur Charakterisierung der Produkte
wird ein Vergleich der Spektren der partiell cyanoathylierten Zellulose und des im Acryl-
nitril gebildeten Polyacrylnitrils durchgefuhrt. Es wird angenommen, dass die hoch-
gradig cyanoathylierte, zum Teil im Acrylnitril geloste Zellulose abgebaut wird und sich
Uber einen komplexen Mechanismus in verschiedene Amiformen unwandelt. Die gelbe
bis orange Farbe der Proben wird auf diese Nebenprodukte zuriickgefihrt. Die thermo-
gravimetrische Analyse zeigt, dass diese Produkte hitzebestandiger sind als die cyano-
athylierte Zellulose.

lleceived May 10,1965
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NOTES

NMR Spectra of Propylene—Styrene Copolymers

In connection with our study on propylene-styrene copolymerization,l the high
resolution nuclear magnetic resonance (NMR) technique was applied to elucidate the
structure of polymers obtained. The copolymers were prepared with AIEt3TiCI3
(Natta) catalyst, (Table 1), and then extracted successively by acetone, ethyl ether,
chloroform, and n-heptane.

TABLE |
Copolymerization by AIEt3TiC13SystemO

Styrene,
Initial styrene, mole-%b
No. mole-% in copolymer
1 73.6 3.1
2 83.0 27.1
aAllTi = 3.0; temp., 70°C.; total monomers, 0.3 mole; solvent, re-heptane 250 cc.

b Determined by elementary analysis.

NMR spectra of these fractions in 5-10% CDC13 or tetrachloroethylene solutions
were observed at 25 and/or 120°C. with Milliard SL44-MK2 and Varian Y-4300C
spectrometers at 40 and 56.4 Me./sec. respectively. Typical examples of the spectra of
lhese soluble fractions are shown in Figure 1. The signals at the lowest field (r = 2.9

™S

2 4 6 8 10
1
H“ T, Hm
Fig. 1. NMR spectra of the soluble fractions of copolymer No. 1 in CDCR at 25°C.
and 56.4 Me. Styrene mole-%: (@) acetone extract, 22; (6) ether extract, 10.5; (c)

245

re-heptane extract, 3.1.
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ppm) are due to the aromatic protons of the styrene monomeric unit, whereas the higher
field part (r = 3.5 ppm) in the aromatic proton region, which appears in a spectrum of
polystyrene,2is absent in the spectra of these soluble fractions. Bovey et al.2 has also
reported a case of aromatic peak as singlet in extremely low molecular weight poly-

0 10 20 30 40 50 60 100

St. mole % in copolymer — »

Fig. 2. Chemical shifts of aromatic protons vs. styrene content in CDCL at 25°C. and
40 Me. Styrene mole-% in copolymers was determined by elementary analysis.

Fig. 3. NMR spectra of copolymer no. 2 in C2Xl4at 120°C. and 56.4 Me. Styrene
mole-%: (a) acetone extract, 49.6; (6) ether extract, 30.2; (C) «-heptane extract, 6.5;
(d) residue, 2.9.

Fig. 4. NMR spectrum of a mixture of Natta [polypropylene ether extract (70%) and
atactic polystyrene (30%) in CzC 4 at 120°C. and 56.4 Me.
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styrene (Pn = 5). As our soluble fractions were prepared by precipitation into metha-
nol, such low molecular weight polystyrene would be dissolved out in methanol. There-
fore these spectra may suggest that these soluble fractions are not mixtures of both
homopolymers, but are copolymers.

In Figure 2 peak positions of aromatic protons are plotted as a function of the mole
fraction of styrene in the soluble copolymers. When the contents of the styrene mono-
meric unit are low, the aromatic proton peak is broader, so the error of the peak position
is relatively large, but as the proportion of styrene in the copolymer increases, the error
becomes small. The aromatic proton peaks shift to higher field with increasing styrene
content in the copolymer. As suggested by Bovey et al.,2this shielding effect is due to
the magnetic anisotropy arising from the phenyl groups of the neighboring styrene
monomeric units and becomes particularly marked when most of the styrene units are
sandwiched between styrene units. It is apparent from the above discussions that the
polymers obtained are random copolymers, in which the styrene sequences are very
short, probably no longer than about 5 units.

Other examples of the spectra at 120°C. of the copolymer with higher content of
styrene are shown in Figure 3. As shown in Figures 3a and 6, the spectra of phenyl
protons are slightly different, i.e., shoulders appear at 3.0-3.5t. Because this copolymer
contains a large amount of the styrene unit, it may be plausible to suppose that the
fractions with higher styrene content, such as acetone or ether extracts, would contain
longer sequences of the styrene unit in the molecular chain than those of the copolymer
No. 1. Then, they would give shoulders at the phenyl proton signals.

Spectrum 36 differs markedly from that of a mixture of Natta polypropylene ether
extract (70%) and atactic polystyrene (30%) (Fig. 4). Figures 3c and d are very
similar in the higher field region to the spectra of the corresponding fractions of poly-
propylene, prepared with the same catalyst system as was used to prepare copolymer
No. 2. This suggests that the stereoregularity of the segments of propylene in the co-
polymer is not as affected by the localized styrene units, as when the styrene content is
low.
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New Crystalline Modification of Polyselenomethylene by
Polymerisation of 1,3,5,7-Tetraselenocane

The cyclic symmetricnl-iormals, symmetrical-thioformals, and their polymers have been
largely investigated in recent years. In contrast sj/mmeincai-selenoformalsl and their
polymers23have received comparatively little study. This paper, which will be a con-
tribution to this field, deals with a new preparative method of 1,3,5-triselenane and of
hexagonal polyselenomethylene and the isolation of a new oligomer, the cyclic tetramer
of selenoformaldehyde, 1,3,57-tetraselenocane |, previously unknown in the literature.

Se— CH,
/
CH2
CH,
CH-Se

The preparation of tetraselenocane, has now made possible the preparation of several
cyclic oligomers of formaldehyde, thioformaldehyde, and selenoformaldehyde; their
characteristics are shown in Table I.

Tetraselenocane has been obtained, with little yield, by reaction of Na2Se and CH2C12,
together with 1,3,5-triselenane and hexagonal polyselenomethylene. Tetraselenocane*
is a stable crystalline solid with a melting point of 80-81°C. It is soluble in organic
solvents such as C@H6 CH2C12 and in CHC13 and insoluble in water. With cationic
initiators (e.g., BFJ3) tetraselenocane polymerizes in bulk, probably by the same mecha-
nism reported for the polymerization of oligomers listed in Table 1.3-7

We have ascertained that the polyselenomethylene, obtained by cationic polymeriza-
tion of 1,3,5,7-tetraselenocane, does not present the known hexagonal crystalline struc-
ture,2 but shows the same orthorhombic crystalline structure of polyselenomethylene
obtained by 7-radiat.ion of triselenane.8 The two crystalline forms of polyselenometh-
ylene give rise to a dimorphic system with orthorhombic-hexagonal transition temperature
of about 185°C.,8 near to the melting range of hexagonal polyselenomethylene.

Figure 1 shows the powder spectra of hexagonal (A) and of orthorhombic (B) poly-
selenomethylene.

EXPERIMENTAL

1,3,5,7-Tetraselenocane Preparation

The preparation has been carried in a four-necked flask provided with a mechanical
stirrer, a reflux condenser, a dropping funnel, and a N 2gas-inlet capillary.

All reagents used in this preparation have been previously deaerated and all reactions
have been carried out under a nitrogen stream to avoid oxidation of Na2Se by air.
Na2Se has been prepared by bubbling H2Se (167 g.) into a solution of NaOH (165 g.) in
H2 (600 ml.) and CH3H (2800 ml.). The mixture so obtained was heated at 55°C.
and CHZC12 (173 g.) added. The mixture was refluxed for 5 hr. with stirring, and a
yellow solid separated.

The mixture was cooled at room temperature and the product (tetraselenocane, tri-
selenane, and polyselenomethylene) was separated from the solution. The recovered
solid was washed with water, dried (yield calculated as CH2Se, 41%), and extracted in a

* The detailed crystal structure determinations by x-ray analysis have been carried out
in this Institute.
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Fig. 1. X-ray powder patterns obtained by a high angle spectrometer using CuKa
radiation: A, hexagonal polyselenomethylene; B, orthorhombic polyselenomethylene.

Soxhlet apparatus with benzene for 4S hr. The unextracted product (yield CH2C12
7%) shows the x-ray pattern of hexagonal polyselenomethylene, melting point 110—
130°C., partially decomposed. This sample shows an increase of its melting point, when
melted under vacuum. After several treatments its melting range rises to 150-165°C.
At this temperature (under vacuum) the sample is stable indefinitely. The benzene
solution was concentrated to about 1/5 of the original volume by distillation of the sol-
vent and a first solid, composed essentially by triselenane, was recovered. By removing
the last part of the solvent a waxy product (yield CH2C12 4% ) separated. After several
crystallizations by light petroleum, | has been obtained as white crystals with a melting
point of 80-81 °C.

Anal. Calcd. for C48e4: C, 12.90; H, 2.15; Se 85.00. Found: C, 12.75; H,
2.20; Se, 84.8. Molecular weight: found,* 369; theoretical, 372.

1,3,5,7-Tetraselenocane Polymerization

The bulk polymerization was carried out with BF3etherate as initiator. Into a dry
glass polymerization tube, fitted with a sidearm and a N2gas-inlet capillary, 1.0 g. tetra-
selenocane was introduced. The tube was heated at 100 + 0.1°C., under a nitrogen
stream. When the tetraselenocane is completely melted, 0.005 g. BF3etherate was
added with stirring; the mixture rapidly became viscous. The polymerization was
stopped after 1 hr. and the white solid was removed from the tube, washed with benzene,
to remove unreacted tetraselenocane, and vacuum dried. The polymerization yield
was 53% (melting range: 187-195°C.).

* The molecular weight was determined with Mechrolab V.P.O. model 301 A, in
CH2C12 at 25°C.
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Anal. Calcel for (CH,Se),: C, 12.9; H, 2.15; Se, 85.0. Found: C, 13.0; H, 2.18;
Se, 84.7.

X-ray analysis shows that the product obtained by bulk polymerization of tetra-
selenocane is orthorhombic polyselenomethylene.

Owing to the insolubility of orthorhombic polyselenomethylene, like hexagonal poly-
selenomethylene, in usual organic solvents,3it was not possible to measure viscosity.

The authors wish to thank Dr. G. Carazzolo of C.R.R. Soc. Montecatini, Castellanza
(Varese) for his private communications.
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Influence of Done Hate on Radiation-Induced Netivork Formation
in Polyethylene Terephthalale

It has been reported that exposure in vacuo of polyethylene lerephthalate (PET) to
high energy electrons (1-4 M.e.v.), at dose rates of the order 1-10 Mrad/min., results in
network formation, the gel point being reached after a dose in the range 100-1000
Mrad.l'23 By contrast, exposure invacuo to y-rays at a dose rate of 2.5 X 10-2 Mrad/
min. did not effect network formation even after a dose as high as 5000 Mrad.4 Another
difference is that carboxyl group formation is the predominant chemical change at 2.5 X
10“2 Mrad/min. with, initially, G(— COOH) = 0.8,4 whereas the formation of such
groups was not reported in the earlier rather comprehensive studies at much higher dose
rates. The present note presents further experimental data on the influence of dose rate
on such changes and suggests types of chemical reactions which could account for them.

Biaxially oriented PET (M, ~ 15,000) of some 50% crystallinity (Mylar C film of
thickness 0.0025 cm.: DuPont) was degassed in vacuo for 72 hr. at 50°C. and then rolled
up and sealed in glass tubes at ca. 10_6torr. The tubes were exposed to either y-rays
or electrons generally at ambient temperature or with water cooling. In one set of
experiments the tubes were maintained at temperatures in the range 47-240°C. during
exposure to Co-6° y-rays at a dose rate of 2.5 X 10“2Mrad/min. Polymer samples were
dissolved in oW/io-chlorophenol by heating at 90°C. for 16 hr. and limiting viscosity num-
bers, [I7], determined at 25°C. by extrapolation of three or more values of ijsf/C to zero
concentration. Carboxyl groups were determined, following dissolution of the polymer
in hot benzyl alcohol, by titration with sodium hydroxide.6

Limiting viscosity numbers obtained at various dose rates are plotted against dose in
Figure la. It is important to note that the irradiated samples were completely soluble
in oriAo-chlorophenol and, also, dissolved within a few minutes at room temperature in tri-
fluoroacetic acid. Therefore, there was no gel fraction. Data for the concentration of
carboxyl groups in the same or in similar samples are shown in Figure 16. The relatively

Fig. 1. Influence of dose rate on values of BY] (a) and yields of carboxyl groups (b).
Dose rates in Mrad/min.: 0O, 1.4 (electrons); =, 0.17 (electrons); X, 0.15 (y); O,
0.025 (y).
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few carboxyl groups in the unirradiated polymer are believed to be located at the ends of
the macromolecules.6

The influence of temperature, between the glass transition and melting points of the
polymer (ca. 80-250°), during 7-irradiation at one dose rate is shown in Figure 2.
Values of [rj] were not obtained for 240°C. the highest temperature investigated, because
of insolubility of both irradiated and unirradiated control samples in orf/to-chlorophenol
caused by prolonged heating in vacuo. As these samples remained easily soluble in tri-
fluoroacetic acid it is believed that this insolubility in ori/io-chlorophenol is due to some
physical change. For example, it has been shown that such a heat treatment results in
further crystallization of the polymer.6

The following conclusions are drawn from Figures la and 16: First, the ratio of cross-
links to fractures, as judged qualitatively from the value of [17], increases with dose rate.
Second, the yield of fractures, as diagnosed on the reasonable assumption that the
— COOMH groups are endgroups, decreases with dose rate. Third, there is relatively
little difference between the effects of 7-rays and electrons. From Figure 2 it is con-
cluded that possibly higher temperatures during irradiation at higher dose rates would

RADIATION DOSE (MEGARADS)

Fig. 2. Influence of temperature on values of [7] at a dose rate of 0.025 Mrad/min.

().

not account for a higher ratio of crosslinks to fractures. Moreover, the above conclu-
sions could be extended to include previous reports concerning the chemistry of PET
at much higher dose rates than investigated in the present work. Under such condi-
tions it may be presumed that the ratio of crosslinks to fractures is sufficiently high for a
network to be formed while the yield of carboxyl groups might be so low as to explain
why they were not detected in the course of infrared studies.1'2

Previously, an increase in network formation in a polymer with dose rate has only
been observed in aqueous solutions of various cellulose derivatives (1-4% ).910 No sim-
ilar dose rate effect has been observed in any “solid” polymer (of. polyethylenelt
and natural rubber1?. Therefore, in a “solid” polymer crosslink, formation previously
has been supposed to originate from reactions within isolated spurs or clusters of
radicals. From the present results it appears necessary to postulate reactions be-
tween radicals formed in separate spurs in the “solid” state. It seems unlikely that
“mierobrownian motion” of chain segments of the polymer studied here could pro-
vide sufficient mobility and it seems more plausible to invoke the concept of radical
migration by intermolecular reactions which was first suggested by Dole to account for
certain features of the radiation chemistry of polyethylene (cf. ref. 13). However, in
order to avoid speculation, detailed discussion of this possibility is deferred until more
information about the types of radicals formed in PET is obtained from ESPt studies.
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Relationship between Orientation Parameters in
Biaxially Oriented Polymers

A second-order parameter, found useful in characterizing orientation of a crystallo-
graphic or molecular direction in polymers, is of the form (cos®), where £is the angle that
such a direction makes with a reference direction in the sample, and the angular brackets
denote a weight averaging over all the crystals or molecules under consideration.12 For
biaxial orientation, (a type commonly found in polymer film, sheet, and fiber) it can be
shown that (cos2#) in any direction is expressible in terms of (cos) in the principal direc-
tions. Let the principal directions coincide with the X, y, and z axes of a cartesian
coordinate system. Then the orientation parameter in a reference direction, Q, can be
expressed in the form3

(cosV>) = acos2fX) + [3cos) + yAcos) 1)

where &, p, and Yy are the direction cosines of Q along the X, y, and z axes, respectively,
and the orientation parameters on the right are in the directions of the coordinate axes
indicated by the subscripts.

Because of the orthogonality relationship

(cos2x) + {cos2fy) + (cos2 = 1 2)

measurements for only two of the parameters, at most in the principle directions need be
carried out. Uniaxial symmetry may be considered as a special ease of biaxial symmetry
for which two of the parameters in eq. (2) are equal to each other. In this case the value
of the orientation parameter in only one of the principal directions is sufficient.

In the following example, the application of eq. (1) is demonstrated for a polyethylene
film which showed a biaxial type of orientation. The principal directions were the ma-
chine direction (), transverse direction (y), and the direction normal to the film surface
(z). Measurements of orientation parameters in the plane of the film were made by a
method previously described3 which does not require the determination of a complete
pole figure. In this method, the samples examined are formed from strips of film rolled
into cylindrical rods about 1 mm. in diameter, with the cylinder axis parallel to the refer-
ence direction, Q. In the present experiment, however, the specimen consisted of a sheet
of these rods parallel to each other, rather than a single rod. With this modification, a
slit collimated beam irradiated a constant area of the specimen during the measurements.

Measurements of (cos®) were carried out for the (100) and (110) crystallographic di-
rections. Corrections of the intensities for background level were made; however, with
the present arrangement, corrections for geometric factors were considered negligible.
Values of (cos2P), determined in the X and Yy directions, were used in eq. (1) to calculate
(cos®) in other directions in the Xy plane. Experimental values of (cos® were also ob-
tained in the Q directions making angles of 30, 45, and 60° with the X axis. A comparison

TABLE 1
Experimental and Calculated Orientation Parameters in Xy Plane

Angle between

Q and x axis, (cos M)ioo (cosB)no
degrees Exp. Calc. Exp. Calc.
0 0.61 - 0.26 -
30 0.49 0.51 0.27 0.28
45 0.41 0.41 0.29 0.30
60 0.31 0.30 0.32 0.33

90 0.20 - 0.35 —
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of the experimental and calculated values listed in Table | shows a satisfactory agree-
ment within the experimental accuracy.

The favorable results obtained demonstrate the feasibility of using eq. (1). This
relationship may be quite useful for obtaining (cosfy) in cases where values are required in
a large number of directions, or in directions for which direct experimental measurements
are difficult to make.
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