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Solid State Polymerization Reactions*

By S.OxAMURA

Department of Polymer Chemistry, Kyoto University (Japan)

In clarifying the properties of individual molecules chem-
istry has mainly been concerned with the gaseous and the
liquid phase, but now it is proceeding to the solid phase for
analysing the interactions between molecules. In some cases,
molecules of a monomer fixed in a crystal lattice react easily
forming a polymer, the crystal form of which is completely
different from that of the monomer. These reactions which are
now called solid state polymerization have seldom been cited
in the literature, but they are attracting ever increasing
attention. A special type of solid state polymerization initiated
by high energy radiation is reviewed here.

1. Introduction

Many experimental results have been reported in the
past on the polymerization reaction of monomers in the
solid state. Yet there was a great deal of doubt left about
the actual reaction mechanism. Consequently the re-
ports hitherto have generally been disregarded. But now
an increasing number of experimental results is being
reported on the process of polymerization reactions in
solid state, including reactions of monomers with high
melting point and of ' monomers polymerizing gradually
at temperatures far below the melting point. In addition,
as the polymerization initiation by irradiation begins
homogeneously all over the solid, the treatment of the
reaction becomes interesting from the point of view of
the kinetics of solid reactions. Polymerization in solid
state is now offering an interesting topic for investiga-
tions, and research is speeding up steadily. Discussions
here will be concentrated on the solid state polymeriza-
tion induced by irradiation.

2. Caracteristics of rigid mediums

Various characteristics are anticipated with the pro-
cess of chemical reactions in solid state. Long ago, es-
pecially in the field of biochemistry, attentions have
been focussed on the characteristics of reactions oc-
curing in rigid medium. S.AUGUSTINE, G.AUGUSTINE
and R.LippiNcoTT! for instance have reported that the
deactivation of trypsin by X-ray radiation in-solution
occurs at 0.5 X 10¢ rep, while it needs twenty four times
as much energy (i.e., 12 x 10¢ rep) when, by addition of
about one percent agar, the solution has been trans-
formed into a rigid gel. The chemical mechanism of the
reaction however was not clear. M.DAy and G.StEIN2
reported a sixty percent increase of the reaction efficiency
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in the transformation KI — I, when irradiation was
applied in the presence of 1% agar. G.N.LEwIs and
D.Lipkin® found that tetramethylbenzidine undergoes
ionization and radical formation on irradiation with
ultra-violet light, yet only in a so-called EPA-rigid sol-
ventconsisting of five parts of ether, five parts of isopen-
tane and two parts of alcohol. Between the ion-radical
[(CHa)ZN—<}<:>—N (CH;),]* thus produced and
the chemically produced ion-radical, there is a complete
identity in the absorption spectra (near 6500 and 5500 k).
The normal ionization potential of these molecules in
gaseous phase (8 to 12 eV) is shown to decrease to 3 to 5
eV. The difference here corresponds to the electron trap-
ping energy on acceptor molecules and it depends on
the solvation or on the rigidity of medium. If the latter
were proved predominant, the significance of reactions
in solid state must be unfathomed on the part of the
future photo- and radiation-chemistry. In this item,
recently S. MaTaeEsoN and C.VERMEL* reported for the
polymerization of isobutene by ultra violet light that
in the liquid state the ionization potential is about 1 eV
smaller than in the gaseous state.

3. Molecular movements in the solid state

Supposed that chemical reactions are possible within
a solid without large molecular movements, some kind of
atomic group movement should be taken into considera-
tion. In this field a recent study on nuclear magnetic
resonance (NMR) has been enlightening. M. DoLE,® in-
troduced the results of NMR measurements on poly-
propylene at a certain symposium discussion, i. e., the
NMR pattern of isotactic polypropylene showed six
peaks at liquid helium temperature (-269°C), nine in
liquid nitrogen (-196°C), and seventeen at —140°C. The
start of rotational movement of the methyl radical from
around -200°C to —150°C, which had been fixed at
lower temperature, is accounted -for by the additional
peaks in the NMR spectra. Different transition tempera-
tures are thus proved to exist at far lower than the glass
transition temperatures of solids or the melting points of
crystals. C. M. Huccins, L. E.PIERRE and A.M. BuEcHE®
considered the possibility of a certain translational motion
from the fact that the crystal size of polyethylene was
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(1960) 1304,
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changed by annealing for a long time below the second
transition temperature. The properties of the solid state
differ greatly not only with its temperature but also with
the cooling rate of the preparation. S. MATHESON and A.
SMALLER,” and J.A.GHOMLEY and A.C.STEWART® made
measurements on the condition of the hydrogen atoms
whichhad been trapped byionizingirradiation of ice, using
electron spin resonance and ultra-violet absorption. They
found that in slowly cooled crystals far larger quan-
tities of hydrogen could be accumulated than in quickly
cooled ones. According to a report of M. EBERT and
T.H.Woop?, a certain cell was killed at —-72°C by
irradiation more efficiently when having been cooled
slowly than when it had been cooled quickly. An import-
ant item must be involved here though main causes of
the fact are beyond simple surmises since, in the two
cases, the molecular state of the proteins shows differen-
ces and they are differently co-existent with a third
material like oxygen.

4. Storage of energy in the solid state

Storage of energy in various forms takes place in a
solid under ionizing irradiation. This energy can serve
later to induce the polymerization reaction. According
to previous reports it may be stored in free radical state
to be used later for post-polymerization or graft-poly-
merization in the pre-irradiation method.1

Phosphorescence is observed with this method due to
neutralization of knocked-off electrons with positive
holes, while it takes a rather long time till luminescence
occurs in the solid state when the particles are well
oriented. H. LiNnscHiz, M. G. BERRY and D. ScHWEITZER 1!
investigated this phenomenon for the first time quan-
titatively. Green luminescence was observed with or-
ganic compounds like acetone, S-propiolactone or trio-
xane when they were first irradiated in the solid state
by y-rays at about 107 rep, at liquid nitrogen tempera-
ture and then heated up to room temperature. E.M.
HoRrL!? had already reported the same phenbmenon on
irradiation with [-rays at liquid helium temperature.
T.WESTERMARK 13 has measured the amount of stored
energy in the cases of KI and polystyrene (by Fricke
dosimetry with a scintillation counter) and used the
values for the calculation of storage efficiency.l4 A.
CHARLESBY et al.!% describe experiments on energy stor-
age in the case of polyethylene. In another field, namely
7 S.MATHESON and A.SMALLER, J. Chem. Physics 23 (1955) 521.
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in medical, science an important discussion on energy
storage is developing. R.T.BayLEY, L. HoLzAPFEL and
J.LEaMANN 16 discussed the phenomenon that a patient
with the lung desease silicose gets worse when treated
with X-ray irradiation, in connection with the assump-
tion that energy stored on X-ray irradiation might be
emitted as short waves near 4000 A. T. WESTERMARK
uttered somewhat similar ideas about this problem. At
the International Conference on Solid Catalysis in the
fall of 1960, M. HaissINSKY described the general concept
of the role of irradiation effects in solid state catalysis
and stressed the importance of electron trapping and
the formation of lattice defects.The same point was also
emphasized at the International Conference on Radiation
Research in summer 1962.

5. Influence of semi-conductor properties in solids

The first reliable report on irradiation effects on the
polymerization by metal oxides was given by A.CHAR-
LESBY, P. WoRRALL and S. H. PINNER.!? They studied the
radiation polymerization of isobutylene in the presence
of ZnO. Isobutylene is known to undergo cationic
polymerization. ZnO promotes electron trapping which
causes lengthening of the life time of cationic particles.
The cationic polymerization by irradiation attracted wide
attention until the same experiment was repeated. M.
MAGAT?® recognized that the accelerating effect of ZnO
was a special phenomenon exclusive for isobutylene and
could not be observed with other vinyl monomers. The
retarding effect by O}, which is a special feature found
only in isobutylene polymerization, seemingly disappears
through neutralization by ZnO. Recently A.CHARLEs-
BY!? pointed out the importance of water traces in the
accelerating phenomenon of styrene polymerization by
Al,O,. Later J.PREVE and R.MONTARNAL? recognized
in the formation of phenol from benzene and water,
that the production rate of phenol increased about two
times by the addition of ZnO. The reason was considered
to be the acceleration of the oxidation reaction by hy-
droxyl radicals. In our laboratory?! anionic polymeri-
zation was ascertained to occur in low temperature
radiation copolymerization of styrene and methylmetha-
crylate in the presence of -Al,0;. In connection with
the semi-conductor theory of photosynthesis, A. TERENIN
and others?? measured the photoelectric conductivity of
a safranine layer absorbed on ZnO under different wave
lengths. They discuss their spectra with consideration of

16 R.T.BAYLEY; L. HoLzAPFEL and J. LEBMANN, Naturwiss. 20 (1960)
464.
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the mechanism of charge transfer. The study of electron
transfer between the surface of a semi-conductor and the
reactant in the radiation chemistry mentioned above
will provide for topics future investigation. A special
procedure for the solid state polymerization of methyl-
methacrylate was proposed recently by B.A.KarcIn,
B.A.KaBonNov and B.P.ZuBov,? in which monomer
vapor under a molecular Mg beam was polymerized on
a cold metal surface at —100°C. So far it has been
generally admitted that the radical polymerization
should produce a syndiotactic polymer and ionic poly-
merization an isotactic one. Yet this co-condensation
method is remarkable in that the polymethylmetha-
crylate obtained here is isotactic in spite of the fact
that the reaction is a radical one, as has been proved by
ESR measurements. There may be a relation to the
mechanism of the frozen state polymerization of acetal-
dehyde, reported earlier by A.LETORT.?

6. Solid state polymerization

Some crystalline monomers with a comparatively rigid
lattice can polymerize in solid state without any change
of outer appearance. Copolymerization in solid solution
may become especially important sooner or later.2

(a) Radical polymerization

Radiation polymerization was successfully employed
for the first time in adsorption or adduct polymerization.
To ascertain that cis-1,4-polybutadiene was obtained by
B-ray irradiation, S.BRowN et al.2® made an adduct of
urea and butadiene. This was anideal example of oriented
polymerization. Recently I. SAKURADA et al.?” attempted
the radiation polymerization of a vinylchloride-urea ad-
duct and obtained polyvinylchloride of high crystallinity.
With acrylic amide (melting temperature 86°C) radi-
cal polymerization in solid state was investigated in
detail.28 Acrylic amide polymerizes in solid state with
normal radical catalysts when the crystalline monomer
is dispersed in liquid n-hexane.?® R.ScruLrz, A. HENG-
LEIN, H. voN STEINWEHR and H.V.BAMBAR? also in-
vestigated the radiation polymerization of acrylic amide.
They reported that monomer crystals were polymerized
with loss of their original form and that the polymer was
obtained in amorphous state. In many investigations
since, no polymer crystal haseverbeen obtained. Recently
G.ADLER et al.?! examined the solid state polymerization

23 B.A.KarcIN, B.A.KaBonNov and B.P.Zusov,
(1960) 303.

2 A LETORT, J. Chim. Physique 57 (1960) 752.
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(1958) 60.

28 R.B.MESROBIAN, J. Chem. Physics 22 (1954) 565.

2 S.0OxAMURA, A.TAREWAKI and H.INAGAKI, in Annual Meeting
of Japanese Chemical Society, 1955.

3 R.ScHULZ, A.HENGLEIN, H. vonN STEINWEHR and H.V.BAMBER,
Angew. Chem. 67 (1955) 232.

31 G.ApLER and W.REAMmSs, J. Chem. Physics 32 (1960) 1698.
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of acrylic amide by following the pattern of the rotation
X-ray diagram. They observed a mixed pattern of
crystalline monomer and amorphous polymer. It would
be almost hopeless to try to make a monomer crystal
polymerize so that the polymer preserves the original
crystalline form with oriented polymer molecules. R. H.
WiLey and D.J.PArisu®2 were to show the polyme-
rizability at —52°C of diethylfumarate, one of the
1,2-disubstituted vinyl monomers. C.H.BaMFoRD and
A.D. JEnkiNs® tried radical polymerization in solid state
by ultra-violet irradiation on methacrylic acid crystals.
They recognized that the presence of about 0.01 wt %
water accelerates polymerization. C.H.BAMFORD ¢t al.3t
also found that methacrylic acid polymerizes under dis-
charges in a Tesla coil. The similarities in the reactions
withhighenergy radiation, ultra-sonic waves,sho:t waves,
ultra-violet rays and electric discharges may bear pro-
blems for future research. A.J. REstaiNno, H. MORAWETZ,
D.S.BALLANTINE, G.DIENES and D.J.METz3 investi-
gated the radiation polymerization of acrylic amide and
found that polymerization was possible in solid state
(melting temperature 84°C) by heating up to 10° to
60°C after irradiation. Later, the material in the vi-
cinity of the growing ends of the chain molecules was
believed to be melted away by the polymerization heat.
Though the reaction appears to be a solid state poly-
merization, it is therefor of no great significance from the
view point of reaction mechanism. The polymerization
of barium acrylate investigated by W.BURLANT and
A. ADICOFF?® was, however, apparently a pure solid state
polymerization because the reaction temperature was
about 250°C below the melting temperature (about
300°C) and also because the experiment was carried out
at a very slow polymerization rate. Lately T.A. FADNER
and H. MorAWETZ3" have investigated in detail the poly-
merization of acrylic amide in solid state and have
made sure of the existence of a radical mechanism by
ESR measurements. Yet they did not deny the existence
of the following ion-radical nor consider the reaction as a
simple example of normal radical polymerizations.

CH,~CH-CO-NH, ~~— *CH,~CH-CO-NH,

or CH,~CH—CO—NH,

An average initiating rate was obtained by dividing the
polymerization rate by the molecular weight. Thus the
Giniviation Was found to be 0.5 to 0.8. Recombination of
active particles in the crystalline state was considered to
account for the small value of G;uiiarion For aggregates
of microcrystals obtained by quick cooling, G;

initiation
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.H.BaMFORD and A.D.JENKINS, Nature 186 (1960) 713.
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.MEgT2, J. Polymer Sci. 45 (1960) 475.

URLANT and A.ADICOFF, J. Polymer Sci. 27 (1958) 269.
.FADNER and H.MorawETzZ, J. Polymer Sci. 45 (1960) 475.
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values about twice as high were found. Mixed crystals
with propionamide were investigated for radiation poly-
merization. The reaction rate was almost constant even
at 50 % addition, while the degree of polymerization
decreased quickly. The chain transfer constant of pro-
pionamide was calculated to be 100 times larger than
in the case of liquid state polymerization. Neither cau-
tious and slow polymesization at low temperature, nor
the attempt at solid polymerization gave zny polymer
crystals with methacrylic acid. According to the theo:y
of MORAWETZ et al. the interaction between lattice
dislocations and activated lattice points-initiates poly-
merization and so, in turn, the rate of polymerization
is determined by the lattice conditions.

(b) Ionic polymerization

Ionic polymerization in solid state is becoming an
interesting item. As A. MacaT!® already pointed out,
hexamethyl cyclotrisiloxane3® (I) had been polymerized.
This cyclic monomer shows ionic polymerizability and
therefor opens up a new possibility in solid state poly-
merisation.

CH, CH,

/Si\

(0] o

CHs—SIi sli—CHa
7 No” N\
CH, ‘CH, (4

The rates of polymerization show a maximum at about
several degrees below the melting temperature (84°C).
Recently H.SoBUE and Y.TABATA3 have studied the
solid state polymerization of acrylonitrile at —200°C,
They recognized that the polymerization proceeded by
as small an activation energy as 0.4 kcals/mole, that
no induction period was observed and that no change
in polymerization rates occured in the presence of a
radical scavanger. A.CHAPIRO and V.STANNETT# car-
ried out the solid state polymerization of styrene at —78°C
by X-ray irradiation and _cc_mciuded that this polymeri-
zation is probably a cationic one. Moreover, A. CHAPIRO,
paying attention to post-polymerization, is studying
the behaviour of a very thin 1ayer of solid monomer
under X-ray irradiation. By this technic the separation
of the polymer from the remaining monomer becomes
possible by quick dissolution after the irradiation. This
method, A.CHAPIRO emphasizes, may reveal a great
deal about the experimental errors hither to made
with the solid state polymerization. The question whe-
ther or not post-polymerization has more to do with
the solid state ionic polymerization than with the solid
state radical polymerization can only be answered by
future investigations. ’

38 E.J.LawroN, W.T.Grues and J.S.Barwir, J. Polymer Sci. 19
(1956) 455.

3 H.SoBUE and Y.TABATA, J. Polymer Sci. 43 (1960) 459.

40 A, CraprIro and V.STANNETT, J. Chim. Physique 57 (1960) 35.
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M.MAacAT, L. TER MINARSIAN and C.CHACHATY#! in-
vestigated the solid state y-ray polymerization of formal-
dehyde between —100°C and -196°C and found an in-
teresting relationship between the reaction rate and the
temperature of polymerization. From —100°C to —160°C
the rate of polymerization was gradually increasing with
decreasing temperature. At —160°C it reached a maxi-
mum and then decreased on further lowering of the
temperature. No remark was made by the authors on
the physical significance of the rate maximum at -160°C.
In the temperature range in which the polymerization
mechanism changes from the one in liquid to the one
in solid state, the activation energy should be on the
negative side. Later, R.H.WiLEY and D.E.GEns-
HEINER?? and also M. MAGAT*? observed solid state poly-
merization of ethene sulfonamide and also of isobutene
respectively at low temperature. The author considers
the ionic polymerization in solid state by irradiation as
an interesting subject for study, judging from the fol-
lowing three points; (i) post-polymerization is considered
to be not so violent as radical polymerization, (ii) the
possibility of getting polymer crystals in oriented state
is greater than in the case of radical polymerization and
(iii) a considerably large rate of polymerization is ob-
tainable even at low temperature.

No convenient arrangement of the monomer molecules
in the crystal has yet been brought to light, though this
would be most significantin the solid state polymerization.
Historically the polymerization of hexamethyleyclo-
trisiloxane mentioned above was the first successful
instance of ionic polymerization in solid state. The crys-
tal lattice of the monomer molecules might be especially
convenient here for the polymerization reaction.

The results of these investigations lead to the problem
of ionic polymerization in solid state induced by ir-
radiation of ring compounds. Several points of this item
will be discussed here. K. HavasH1, Y. NAXAMURA and
the author?! attempted first a +-ray solid state poly-
merization of trioxane (II), chosen as a compound similar
to (I). When the polymerization yields at 4.4 X 10% rep
were compared, the values obtained were about 1% at
80°C in the liquid state and 22 % at 55°C and 16 % at
50°C, both in the solid state.

CH, .
RN
{3
ca, cg,
0 (m.p. 62°C)

When the polymerization proceeded slowly, the X-ray
diagram of the polymer showed a remarkably good
crystallization. Y. Kiranisai, K.Hayasar and the

41 M.MAGAR, L.T.MiNAssIAN and C.CHACHATY, in Symposium on
Macromolecular Chemistry, Moscow 1960, p. 4217.

42 R.H.WiLEyY and D. E. GENSHEINER, J. Polymer Sci. 42 (1960) 119.

43 M.MacAaT, Makromol. Chem. 35 (1959) 159,

44 K.HAvAsHI, Y.NAKAMURA and S.OKAMURA, Isotope & Radiation
(Japan) 3 (1959) 416.



N/












