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Radiation-Induced Polymerization of Vinylidene Chloride
in Bulk and Included in Thiourea Crystals
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Vinylidene chloride (VDC) or 1,1-dichloroethylene was polymerized with y radiation in bulk or as inclusion complex in thiourea
crystals (inclusion polymerization). The resulting poly(vinylidenechloride) (PVDC) samples obtained from the two different poly-
merization techniques were characterized by FT-IR and electronic absorption spectroscopies, by ozonolysis and by thermal analysis
(TGA, DTG and DTA). It was found that two selective secondary reactions occur in the two PVDC samples, respectively obtained
from bulk polymerization or from inclusion polymerization. In the former case, the main reaction is only a crosslinking reaction,
while in the latter case, with the PVDC included into the thiourea channels, the crosslinking reaction is fully inhibited and instead a
dehydrohalogenation reaction takes place producing the polyene structures. The presence of polyene structures in the PVDC synthe-
sized by the inclusion polymerization was demonstrated by electronic absorption spectroscopy and by ozonolysis experiments. The
presence of polyene segments in the PVDC causes a reduction in the thermal stability of the polymer, lowers its melting point and
reduces its crystallinity.

Keywords: Poly(vinylidenechloride), PVDC, radiation-induced polymerization, bulk polymerization, inclusion polymerization, in-

clusion complex, channel complex, thiourea, supramolecular chemistry, chemical structure, polyene chains, ozonolysis,
FT-IR spectroscopy, UV-VIS spectroscopy, thermal analysis.

1 Introduction

Vinylidene chloride (VDC) or 1,1-dichloroethylene can be
easily polymerized by free radical and ionic reactions (1).
The resulting polymer, poly(vinylidenechloride) (PVDC)
is known for a long time and finds applications in pack-
aging, molding, extrusion and lacquer resins (1). Several
copolymers of VDC are commercially important (1). VDC
can also be polymerized with high energy radiation (2—
4). In bulk conditions, the radiation-induced polymeriza-
tion of VDC shows a polymerization rate proportional to
the dose rate to the power of 0.48 (2), in line with the
behavior of a number of different monomers (5). Higher
molecular weight was measured on PVDC obtained at
higher radiation doses (2). VDC has also been radiation-
polymerized in emulsion and the polymerization rate was
found to be dependent on 0.3 power of emulsifier con-
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INAF — Osservatorio Astrofisico di Catania, Via S. Sofia 78,
95123 Catania, Italy. E-mail: franco.cataldo@fastwebnet.it

centration, whereas the molecular weight of the resulting
PVDC increased with the degree of monomer conversion
and with the emulsifier concentration (3). VDC has also
been radiation-polymerized in solution in the presence of
different solvents like bromoform, chloroform and benzene
(4). The polymerization rate was increased in the presence
of bromoform and chloroform rather than in benzene. It is
well known that halogenated solvents may act as sensitizers
for the free radical polymerization of certain monomers.
The inclusion polymerization of various monomers, the
stereospecificity and the mechanism of this supramolecu-
lar synthesis has been discussed in detail in some reviews
(7-9). For instance, the polymerization process involves the
irradiation of a monomer occluded inside the channels of
certain crystals like urea, thiourea and deoxycholic acid.
The shape of the channels inside the crystals may act as a
template conferring to the resulting polymer a stereospe-
cific order. A typical example of such synthesis is the in-
clusion polymerization of 1,3-dimethylbutadiene monomer
inside the channels of thiourea crystals (10). The result-
ing poly(dimethylbutadiene) is always obtained with a very
high 1,4-trans content, while the bulk or emulsion poly-
merization with a free radical initiator yields a polymer
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with much less ordered chemical structure and relatively
low trans content (10).

Although it has been reported that VDC forms com-
plexes with thiourea (6), the radiation-induced inclusion
polymerization or channel polymerization of VDC has
never been studied in detail. The present paper is an ac-
count of the study of the inclusion polymerization of VDC
in comparison with the bulk polimerization of VDC. Fur-
thermore, some chemical and physical properties of the
PVDCs obtained by the two polymerization routes (chan-
nel and bulk) are reported.

2 Experimental

2.1 Materials and Equipment

Vinylidene chloride was purchased from Fluka
(Switzerland) and used as received. Thiourca was a
high purity grade from Riedel de Haen (Germany). Chlo-
roform was a spectrophotometric grade from Fluka and
o-dichlorobenzene was from Aldrich (USA). Irradiations
were made in a Gamma cell from Atomic Energy of
Canada at a dose rate of 2.0 kGy/h.

The FT-IR spectra were recorded on samples embed-
ded in KBr pellets in transmittance mode. Electronic ab-
sorption spectra were recorded on PVDC suspensions in
CHCI; or solutions in o-dichlorobenzene. Spectrophoto-
metric measurements were made on a Shimadzu UV160A
spectrophotometer. Thermogravimetric analysis with si-
multaneous differential thermal analysis was recorded un-
der a nitrogen flow at a heating rate of 10°C/min.

2.2 Bulk Polymerization of Vinylidene Chloride

Three vials were filled with vinylidene chloride (~10 g each)
in a high vacuum line. The monomer was accurately de-
gassed and the vials were sealed. The three vials were then
irradiated in the gamma cell at room temperature at 150,
300 and 450 kGy. The doses used were sufficient to cause
the complete polymerization of the monomer. After irra-
diation, the vials were carefully opened and in all cases
a release of gaseous hydrochloric acid was observed. The
PVDC was recovered by breaking the glass surrounding
the polymer mass. In all cases, the PVDC was recovered as
a cylindrical block which was powdered quite easily in a
ceramic mortar. The yield was quantitative with respect to
the initial monomer. In all the three cases, the PVDC was
obtained as a cream-white powder.

2.3 Inclusion Polymerization of Vinylidene Chloride in
Thiourea

2.3.1. Run 1

The sample was prepared by filling a glass flask with 17.15
g of thiourea moistened with 2.83 g of dry methanol and
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filled with 17.24 g of vinylidene chloride. The flask was
stored three days at +15°C before irradiation. The irradia-
tion was accomplished at 300 kGy in a tightly closed flask
with a screw cap. After irradiation, the sample appeared as
a unique block violet in color and somewhat friable. No
visible detection of release of HCI was observed by open-
ing the flask. The purification of the product was made by
grinding the product in a mortar, transferring the powder
in a flask and refluxing the mixture with 200 ml of distilled
water and 25 ml of conc. HCI for 1 h. The thiourea dis-
solution (and hydrolysis) is complete. The purified PVDC
was recovered by filtration with an aspirator. The polymer
collected in the filter was washed with acetone and left to
dry in air. The yield was 15.3 g. Even after purification, the
PVDC appeared as a violet powder.

2.3.2. Run 2

This sample was prepared as the first sample described
in run 1, but the proportions were: 17.88 g of thiourea,
5.79 g of methanol and 9.41 g of vinylidene chloride. After
irradiation at 300 kGy in a tightly closed flask with screw
cap, the work-up was exactly the same as described in run 1.
The PVDC appeared darker than that prepared in run 1 but
always violet in color. The yield was 8.6 g.

2.4 PVDC Ozonolysis in CHCl; Suspension

PVDC (300 mg) obtained by inclusion polymerization was
suspended in 50 ml of chloroform. A violet suspension was
obtained. The electronic absorption spectrum of the sus-
pension was measured and then the suspension was trans-
ferred in a 500 ml round bottomed flask which was evacu-
ated. Ozone/oxygen mixture (ozone ~4% by weight) was
admitted into the flask and was vigorously shaken. The
originally violet color faded rapidly into a pink color. A
sample of the reaction mixture was taken to record the UV
and IR spectra and then a further ozone treatment was
accomplished again by evacuating the flask and admitting
ozone. The suspension turned from pink to light yellow.
Again the UV and IR spectra of the sample were recorded.

2.5 PVDC Ozonolysis in Homogeneous Solution

PVDC (300 mg) obtained by inclusion polymerization was
dissolved in o-dichlorobenzene (50 g). A dark brown ho-
mogeneous solution was obtained by heating at 150°C for
30 min. The solution was transferred in a 500 ml round
bottomed flask which was evacuated and then filled with a
ozone/oxygen mixture (ozone ~4% by weight). After shak-
ing, the solution changed its color from dark brown to light
brown. The electronic absorption spectrum of the solution
was recorded before and after the ozone treatment.
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3 Results and Discussion

In the exploratory work of Brown and White (6), VDC was
polymerized inside thiourea crystals by the action of an
electron beam. A total dose ranging from 10 to 50 kGy was
used in that work. Under those conditions, the PVDC yields
reported were rather low (6). In fact, the VDC conversion
to PVDC was comprised between 20-30%; only in one case
40% conversion was measured on weight of PVDC polymer
on VDC monomer (6).

As shown in the experimental section, in the present
work, the PVDC yields are quantitative both for the poly-
mer produced in bulk, as well as that produced by inclusion
polymerization. The merit of this result may be attributed
to the fact that y radiation is more penetrating than electron
beam and the samples have been irradiated in a more uni-
form way. Furthermore, higher radiation doses have been
used in the present work in comparison to the earlier work.

3.1 Chemical Structure of PVDC Prepared in Bulk and by
Inclusion Polymerization

As shown in Scheme 1, PVDC has a regular structure and
a high crystallinity (1). As a consequence of the head-to-
tail connection of the monomeric units, the chlorine atoms
are arranged in geminal position along the polymer back-
bone and are lying on the same plane. Defective structures
in PVDC can arise from the anomalous head-to-head and
tail-to-tail connection of the units as shown in Scheme 1.
Such anomalies are rare. Figure 1 shows the FT-IR spectra
of the PVDC prepared by radiation-induced polymeriza-
tion in bulk and included in thiourea. The two spectra do
not show any significant differences which may suggest im-
portant structural differences between the two PVDC sam-
ples. Thus, the inclusion polymerization of VDC in a con-
strained medium does not imply the introduction of addi-

¢t ¢ ¢ ¢ ¢ c Cl

Cl
>= E——
Cl * n*
| Cl Cl Cl Cl Cl Cl

PVDC head-to-tail sequence

cl cl ct ¢ cCl
cl cCl Cl

of i c ¢ o™
¢ d

PVDC defective monomer sequence

Sch. 1. Regular PVDC is made by a sequence of monomeric
units connected head-to-tail. PVDC with defective monomer se-
quence may have head-to-head and tail-to-tail connections in the
monomeric unit sequence. Such defective structure appears neg-
ligible in the PVDC prepared by radiation polymerization both
in bulk and as clathrate.
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tional chain defects due to wrong addition in the monomer
unit sequence along the polymer backbone. The infrared
spectrum of PVDC is well known (11, 12) and the stretch-
ing due to geminal CCl, moiety gives rise to a series of
absorption bands at 750, 654, 598, 529 and 450 cm~! (11),
as shown in Figure 1. Other features of the PVDC spec-
trum are the CH, stretching bands at 2992 and 2932 cm™!
and the CH, bending mode at 1404 cm~! (12). The two in-
tense bands at 1071 and 1041 cm~! are due to C—C skeletal
vibrations (12).

Figure 1 shows also the infrared spectrum of thiourea
characterized by the C=S stretching bands at 1404 and
727 cm~! while the NH,-(C=S) infrared bands are located
at 3370, 3140 and about 1600 cm™~' (13). The bands at 3268
and 1080 are due to the N—H stretching. The complex of
thiourea including PVDC is similar to that of pure thiourea,
although some band shift can be noticed due to the inter-
action between the host and the guest and the distortions
introduced by the polymer guest formed in the thiourea ma-
trix (Fig. 1). The spectra in Figurel show also that thiourea
can be washed away completely leaving a PVDC completely
pure.

The cream-white color of the PVDC, prepared by
radiation-induced polymerization prepared in bulk in com-
parison to the violet color of the PVDC which was prepared
by inclusion polymerization does not find any explanation
on the basis of the FT-IR spectroscopy.

3.2 Electronic Absorption Spectroscopy and Ozonolysis of
PVDC Prepared by Inclusion Polymerization

Figure 2 shows the electronic absorption spectrum of
PVDC obtained by inclusion polymerization and charac-
terized by a violet color. Such material once suspended in
chloroform shows an absorption spectrum with a maxi-
mum at 520 nm followed by a shoulder reaching 600 nm. It
is worth remembering that long polyenes like poliacetylene
chains show absorption maxima just at these wavelengths
(14). More precisely, growing polyacetylene chains on Rh(I)
catalyst display a maximum at 600 nm and also shows a se-
ries of bands at shorter wavelengths, namely at 500, 545 and
at 590 nm (14). The polyenic origin of such absorption can
be easily demonstrated by reacting the PVDC suspension in
CHCIl; with ozone (see Experimental section). The treat-
ment with ozone rapidly discolors the suspension which
initially turns into pink and by further ozone treatment it
becomes clear yellow. Figure 2 shows the changes in the
PVDC c¢lectronic absorption spectrum after the treatment
with ozone. The absorption maximum at 520 nm with the
shoulder at 600 nm completely disappeared as a result of
the removal of the polyene moieties. It is well documented
that ozone attacks and also oxidizes the conjugated double
bonds of the polyene chains (15-17). Therefore, the ozone
treatment demonstrated the presence of polyenes in the
PVDC prepared by inclusion polymerization.
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Fig. 1. FT-IR spectra of PVDC prepared by bulk polymerization at 300 kGy (first spectrum from top). The PVDC prepared by
inclusion polymerization in thiourea crystals displays the same band pattern as the PVDC prepared in bulk (second spectrum from
top). The third spectrum from top shows the complex between PVDC and thiourea before the purification and thiourea removal.
The spectrum at the bottom of the figure is due to pure thiourea.
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300 400

500

600 700 800 900 1000

Fig. 2. Electronic absorption spectra of PVDC obtained by inclusion polymerization dispersed in CHCl3. The violet color of this
PVDC sample is responsible for the absorption maximum at 520 nm followed by a shoulder at 600 nm (upper absorption curve). The
ozone treatment removes the absorption bands in the visible and the PVDC becomes yellow (lower absorption curve).
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300 400 500

600 700

Fig. 3. Electronic absorption spectra of PYDC obtained by inclusion polymerization dissolved in o-diclorobenzene (upper absorption
curve). The ozone treatment of such solution causes its discoloration in the visible as shown by the lower absorption curve.

A similar result can be achieved in a homogeneous so-
lution obtained by dissolving PVDC in o-dichlorobenzene
and treating the solution with a stream of ozone: the origi-
nal absorption curve which has appreciable absorption in-
tensity in the range comprised between 300 and 800 nm
after the ozone treatment becomes much more transparent
as reported in Figure 3.

The isolation of the PVDC after ozonation in CHCl;,
both at the pink and yellow color has permitted us to record
the FT-IR spectra which are shown in Figure 4. From the

Cl Cl Cl

| Cl Cl Cl

-HClI
(Inclusion in
thiourea crystals)

Cl Cl Cl Cl Cl Cl

o a N a
| Cl

Polyene

Cl

spectra, it is evident that the ozonolysis has oxidized the
polyene segments into ketonic groups. In more detail, the
ozonolysis has caused the development of the absorption
bands at 17201733 cm~! which can be assigned to alde-
hyde and carboxylic acid moieties (13). Carboxylic acid
groups are also suggested by the absorption band at about
3400 cm~! in conjunction with the ketonic band at about
1720 cm™~'. Figure 4 shows an increase of the intensity of
these bands at a higher degree of ozonation. The forma-
tion of aldheyde and carboxylic acid groups suggest that

Cl Cl Cl

Cl Cl Cl

-HClI
(Bulk conditions)

Crosslink

Sch. 2. PVDC synthesized by inclusion polymerization produces chloropolyenes as secondary products while crosslinking reaction is

favored in the case of bulk polymerization of vinylidene chloride.
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Fig. 4. FT-IR spectra of reference PVDC (top of the figure) and the ozonized PVDC samples (middle and bottom of the figure). The
spectrum in the middle is PVDC from inclusion polymerization whose colour turned from violet to pink after ozone treatment. The
spectrum at the bottom of the figure is PVDC from inclusion polymerization fully ozonated whose colour turned pink to white-yellow

after ozone treatment.

the ozonolysis has led to chain scission of the PVDC back-
bone just in the correspondence of the polyene moieties.
To justify the violet color of the PVDC prepared by in-
clusion polymerization we have advocated the presence of
polyene segments and have demonstrated their presence by
electronic absorption spectrophotometry and by ozonolysis
experiments and FT-IR spectroscopy. However, the forma-
tion of polyene segments by the action of radiation on halo-
genated polymers is not a novelty. It is well known for quite
a while (18, 19) that the irradiation of poly(vinylchloride)
(PVC) produces the formation of polyene segments which
are manifested by development of different colors in the
PVC and which can be detected by electronic absorption
spectroscopy with the development of absorption bands
which can reach 500-600 nm (18). The polyene segments
are formed by the radiation-induced dehydrochlorination
of the chlorinated polymers. For instance, PVC releases HCI
with a radiation chemical yield of 2.74 molecules/100 eV
while hydrogen is released only with a radiation chemical
yield of 0.15 molecules/100 eV (19). Thus, it is not a sur-
prise that polyene segments are also formed in the radiolysis

of PVDC and this phenomenon has been documented in
the literature (20-23). The loss of HCl is accompanied both
by chain scission and crosslinking reactions. Scheme 2 re-
ports schematically, the formation of polyene chains and
crosslinks in PVDC. Both are due to radiation-induced
dehydrochlorination reactions. At first glance, it is quite
surprising that the PVDC obtained by inclusion polymer-
ization a 300 kGy is violet in color and rich in polyene
segments, while this is not the case of PVDC polymerized
in bulk at the same radiation dose (300 kGy) or even at a
higher 450 kGy dose. In fact, the PVDC synthesized in bulk
was just cream-white with minimal, if any, polyene content.
The first explanation is that the PVDC polymerized in bulk
was irradiated in the complete absence of oxygen, while
this was not the case of PVDC synthesized by the inclusion
polymerization approach. However, the amount of oxy-
gen was minimal in the latter case because the flask was
completely filled with the thiourea-VDC mixture and was
tightly closed with a screw cap. It is known that the presence
of oxygen favours the dehydrochlorination reaction and
the formation of polyenes in halogenated polymers (24).
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Fig. 5. Thermogravimetric analysis (under N, flow) of PVDC synthesized with bulk polymerization or as inclusion complex in
thiourea channels. The TGA shows that the PVDC derived from inclusion polymerization is less stable than that polymerized in bulk.

However, in the present case, the vast differences between
the products of bulk and inclusion polymerization cannot
be attributed to oxygen. Another simple explanation may
involve the fact that PVDC prepared in bulk is a solid block
of plastic at room temperature with limited chain motion
so that the dehydrochlorination is partially inhibited and
instead, crosslinking reactions are more favoured. In con-
trast, the PVDC formed inside the channels of thiourea
cannot crosslink at all, since each chain is isolated into
the channels of the thiourea crystals and therefore, the
main possible reaction is almost exclusively dehydrochlo-
rination. Furthermore, the thiourea itself and the presence
of methanol (used as an aid for complex formation) may
contribute to the dehydrochlorination reaction.

As shown in Scheme 2, we propose that the inclusion
polymerization of VDC promotes selectively the dehy-
drochlorination of the PVDC formed inside the thiourea
channels. On the other hand the VDC polymerization in
bulk leads to a polymer block where only crosslinking re-
actions can happen preferentially.

3.3 Thermal Analysis of the PYDC Prepared by
Radiation-Induced Polymerization in Bulk and as
Inclusion in Thiourea Crystals

The thermal behavior of the PVDC samples polymerized
in bulk, and included inside thiourea crystals, was studied
with thermogravimetry (TGA), differential termogravimet-
ric analysis (DTG) and differential thermal analysis (DTA)
in a nitrogen flow at a heating rate of 10°C/min.

The TGA curves are reported in Figure 5 and proved
that the PVDC obtained in bulk is more thermally stable
than the PVDC prepared with the inclusion technique. In
fact, the former starts it decomposition at 213°C, while the
latter shows an incipient decomposition already at 192°C.
The different thermal stability of the two PVDC samples
can be better visualized from the DTG curves (Fig. 6) which
permit us to visualize the maximum decomposition rate of
each sample. The PVDC sample polymerized in bulk shows
a maximum decomposition rate at 243°C, while the sample
prepared by inclusion polymerization reaches its maximum
decomposition rate at 223°C i.e., 20°C lower temperature.
The reason for such significantly different thermal stability
is not fully understood, but should be interpreted again in
terms of the presence of polyene structures in the case of
the inclusion polymerization product. The polyene struc-
tures present in the PYDC from inclusion polymerization
are chloro-polyene structures as shown in more detail in
Scheme 2. Such structures are susceptible to further de-
composition with liberation of other HCI and formation
of acetylenic moieties (25-27). It appears plausible that the
lower stability of PVDC prepared by inclusion polymeriza-
tion resides just in the chloro-polyene structures.

In the early work on the inclusion polymerization of
VDC, the resulting PVDC was obtained in relatively low
yields and the melting point of the polymer was reported
with a very large melting interval i.e., 120°~200°C or 150°—
190°C (6). The melting point of the commercially available
PVDC is 202°C (1). Figure 7 shows that the PVDC syn-
thesized by bulk polymerization has a melting point just at
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Fig. 6. The first derivatives of the two TGA curves reported in Figure 5 show that the maximum decomposition rate of PVDC
obtained with the inclusion polymerization technique occurs at 223°C, a 20°C lower temperature than the regular PVDC prepared

with polymerization in bulk.

203°C in agreement with literature data (1) and with “regu-
lar” PVDC. Instead, the PYDC sample prepared by inclu-
sion polymerization shows an endothermal melting point
at 184°C inside the melting interval reported by Brown and

White (1). The DTA technique does not permit a quanti-
tative measurement of the melting enthalpy, but a qualita-
tive estimation can be inferred from Figure 7. It is evident
from Figure 7 that PVDC from inclusion polymerization

- 230.2°C

250.9°C

184.2°C

DTA Signal [smoothed] [p¥]

I
202.9°C

DTA PYDC @ thiourea [57235B]

375.9°C

DTA PYDC bulk [572354A]

413.6°C

L] 50 100 150 Z00 250 300
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Fig. 7. The differential thermal analysis of PVDC shows that the bulk polymerized sample has a regular melting point of 203°C, while
the sample prepared by inclusion polymerization has low melting point located at 184°C.
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has a lower melting enthalpy than that of regular PVDC
obtained from bulk polymerization. Consequently, lower
crystallinity can be attributed to the PVDC obtained by
inclusion polymerization. The lower level of crystallinity
can be due to the presence of the chloro-polyene segments
along the PVDC chains.

4 Conclusions

VDC can be easily polymerized with radiation-induced
polymerization in quantitative yields into PVDC, both in
bulk, or as an inclusion complex inside the channels of
thiourea crystals. At 300 kGy dose, the PVDC samples pre-
pared according to the two polymerization techniques do
not show any significant differences in their FT-IR spec-
tra. However, the PVDC obtained by inclusion polymer-
ization is violet in color and shows an electronic absorp-
tion spectrum which suggests the presence of polyene moi-
eties along the polymer chain. Such polyene structures are
almost absent in the case of PVDC prepared with bulk
polymerization. The ozonolysis of the PVDC obtained by
inclusion polymerization selectively destroys the polyene
structures.

It is suggested that two selective secondary reactions oc-
cur in the two PVDC samples, respectively obtained in bulk
and as an inclusion complex. In the former case, the main
reaction is only a crosslinking reaction, while in the latter
case, being the PVDC included into the thiourea channels,
the crosslinking reaction is fully inhibited and instead a
dehydrohalogenation reaction takes place producing the
polyene structures. The thermal behavior of the two PVDC
samples has been studied by TGA, DTG and DTA. The
PVDC obtained by inclusion polymerization shows lower
thermal stability, lower melting point and a reduced degree
of crystallinity in comparison to the PVDC prepared in
bulk which instead has all the thermal parameters in line
with the literature data.
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