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SYNTHESIS, CHARACTERIZATION, AND APPLICATION OF 
POLY (SUBSTITUTED METHYLENElS 

TAKAWKI OTSU, TAKASHI YASUHARA, and 
AKIKAZU MATSUMOTO 

Department of Applied Chemistry 
Faculty of Engineering 
Osaka City University 
Sugimoto, Sumiyoshi-ku, Osaka 558, Japan 

ABSTRACT 

Radical polymerization of fumaric acid derivatives, such as dialkyl 
fumarates, gave polymers consisting of a less- or nonflexible substi- 
tuted polymethylene structure. The yield and molecular weight of 
the polymers produced increased as the bulkiness of the ester substit- 
uents increased. For example, when di-t-butyl fumarate was polymer- 
ized in bulk with azocyclohexanecarbonitrile (20 mmol/L) at 80°C for 
6 h, polymer with M,, of more than 100 000 was produced in more than 
80% yield. The polymers obtained were colorless powders and did not 
melt before degradation at -250"C, but they were soluble in such or- 
ganic solvents as benzene, carbon tetrachloride, tetrahydrofuran, and 
dioxane. A transparent brittle film or fiber was obtained from toluene 
solution. Some properties and possibilities for application of these 
polymers are described and discussed. 

INTRODUCTION 

A number of monosubstituted ethylenes (X = H, Y = R) and 1,l-disubsti- 
tuted ethylenes (X, Y = R) homopolymerize in the presence of radical initiator 
t o  give high molecular weight polymers consisting of a substituted polyethylene 
structure which has a methylene group in the recurring unit [ 1-31 : 
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538 OTSU, YASUHARA, AND MATSUMOTO 

In these polymerizations the relationship between monomer structure and 
polymerization reactivity has been studied in detail on the basis of polar, reson- 
ance, and steric effects of the substituents, as well as the polymer structure- 
physical property relationship. Since the existence of such a methylene group 
makes these polymers flexible and processable, a number of plastic materials 
have been produced industrially. 

On the other hand, it has been accepted that cis or trans and cyclic 1,2-di- 
substituted ethylenes, except for a few exceptions, which will be shown later, 
do not generally homopolymerize owing to the increased steric effect of the 
substituents [ 1-41 . However, if these ethylenes are homopolymerized, poly- 
mers with a substituted polymethylene structure wlll be produced, i.e., the 
polymer formation from these ethylenes is expressed by the following equa- 
tions: 

These polymers may be distinguished between polymethylenes with sub- 
stituents independent from each other and those bearing a cyclized substitu- 
ent, respectively. Such polymethylenes might be expected to reveal new 
properties different from those of polyethylenes, because the flexibility of 
the former decreases more than that of the latter. 

As a main route for synthesizing such polymethylenes, the polymeriza- 
tion of diazoalkanes has been investigated by many workers [5-7] : 
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POLY(SUBST1TUTED METHYLENE)S 539 

in which R is hydrogen or an alkyl group such as methyl or phenyl. The 
polymerization of diazomethane with boron trifluoride resulted in high 
molecular weight crystalline polymethylene [5-71, which was used as a 
model polymer for unbranched linear polyethylene until the discovery of 
high-density polyethylene by Ziegler [8] in 1953. The other diazoalkanes, 
however, gave only low molecular weight substituted polymethylenes [7,9- 

The cationic polymerization of some isonitriles [ 131 and the oxidative 
coupling polymerization of some disubstituted methanes [ 141 have also been 
reported to be synthetic routes to polymethylene derivatives, but their yield, 
molecular weight, and structure regularity were low. 

As described above, a few cyclic 1,2-disubstituted ethylenes, such as vinyl- 
ene carbonate [ 15-1 71 , maleic anhydride [ 181 , and maleimides [ 19-22] , have 
been known to be homopolymerized. For example, radical polymerization of 
vinylene carbonate leading to a high molecular weight polymer, which is hydro- 
lyzed to poly(hydroxymethylene), was found by Newman and Addor [ 151 in 
1953, and subsequently studied by many workers [16, 171 : 

121. 

The poly(viny1ene carbonate) and poly(hydroxymethy1ene) thus obtained 
did not melt before degradation, and the former was soluble only in acetone, 
dimethylformamide, and dimethylsulfoxide, but the latter was insoluble in 
any solvents including water [ 171 ,-i:e., different from poly(viny1 alcohol). 

The facile cationic polymerization of some linear 1,2-disubstituted ethyl- 
enes has been shown by Higashimura and coworkers [23]. Recently, they re- 
ported on the living cationic polymerization of cis- and trans-propenyl ethers 
with the HI/12 catalyst system [24]. In 1974, Nagasawa and coworkers [25] 
also found that t-butyl crotonate was polymerized with 2-methyIbutyHithium 
to give a high molecular weight and semiflexible polymer with a narrow molec- 
ular weight distribution [25-271. 

Radical high polymerization of linear 1 ,%-disubstituted ethylenes was re- 
ported by Bengough and coworkers [28] for diethyl fumarate in 1975. At 
almost the same time, we found that various dialkyl fumarates (DRF) [29-381 
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540 OTSU, YASUHARA, AND MATSUMOTO 

and dialkyl maleates (DRM) [39-431 were homopolymerized with radical ini- 
tiator in the absence and presence of morpholine, respectively, as an isomeri- 
zation catalyst from maleate to fumarate: 

COOR 
nCH-CH I ---(?---)- R* 

I 
COOR COOR 2n 

isomerization 
catalyst 

R- I 
nCH-CH - nopolymer. 

I I 
COOR COOR 

The polymers obtained from both fumarates and maleates were confirmed 
to consist of an identical poly(alkoxycarbony1methylene) structure, and we 
proposed calling these polymerizations of maleates “monomer-isomerization 
radical polymerization” [39-431, in analogy to the monomer-isomerization 
polymerization of internal olefins with Ziegler-Natta catalysts [44,45] . 

To clarify further the chemistry of these polymethylenes, the polymeriza- 
tion reactivities of some fumaric derivatives, DRF, methyl alkyl fumarates 
(MRF), alkyl N,N-diethylfumaramates (RFA), and N,N,N‘,N‘-tetraalkylfumar- 
amides (TRFAm), were evaluated. 

COOCH3 CONR’~  CONR’2 
I 

COOR’ 
I 

CH=CH 
I 
COOR 

CH=CH 
I 
CONR2 

I 
CH=CH 

COOR 

I 
CH=CH 

COOR 
I I 

Moreover, the characterization and application of the resulting polymers 
with bulky ester substituents were investigated. The results obtained are 
described in this paper. 
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POLY(SU6STITUTED METHYLENE)S 54 1 

EXPERIMENTAL 

The DRF, MRF, RFA, and TRFAm used were prepared by fumaryl chlo- 
ride with the respective alcohols or dialkylamines according to the methods 
reported in the literature, and purified by distillation or recrystallization. 

stat maintained at a given temperature. 2,2’-Azobisisobutyronitrile (AIBN) 
and 1, l  ‘-azobiscyclohexanecarbonitrile (ACN) were used as initiators. After 
polymerization for an appropriate time, the polymerization mixture was 
poured into a large amount of precipitant to isolate the polymer, whch  then 
was purified by the usual reprecipitation method. 

Intrinsic viscosities, [ T I ,  were measured in benzene at 30°C. Number- 
average molecular weights, an, were determined by membrane osmometry 
and GPC measurement. The structure of the polymers was revealed by IR 
and NMR spectroscopy. Thermal properties were determined by thermo- 
gravimetric analysis (TGA), differential scanning calorimetry (DSC), and 
pyrolysis gas chromatography (PCC) measurements. 

Polymerizations were carried out in sealed tubes with shaking in a thermo- 

RESULTS AND DISCUSSION 

Polymerization Reactivities of Fumaric Acid Derivatives 

DRF’s and MRF’s, /3-alkoxycarbonylacrylic esters, did not give any poly- 
mer in the absence of radical initiator and in the presence of anionic initia- 
tors such as n-butyllithium. With radical initiators, however, the polymeri- 
zations were easily induced to give polymers consisting of a substituted poly- 
methylene structure [35 ,36] .  Concentrations of the initiator (-10 times 
more) and the monomer (without solvent) higher than those for ordinary 
radical polymerization are necessary to achieve high polymerization because 
of the low reactivity of DRF’s due to the increased steric effect of the sub- 
stituent. 

The results of radical polymerization of various DRF’s and MRF’s with 
AIBN or ACN in bulk are summarized in Table 1. From this table the 
polymerization reactivities, yield, and [77] of the polymers were observed 
to be largely dependent on the structure of the ester substituents. The re- 
activities of DRF’s with primary ester groups were low, and they did not 
change or decreased slightly with increasing length of the ester alkyl groups. 
However, they increased greatly in secondary and tertiary alkyl esters, i.e., 
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the polymerization reactivities of DRF’s and MRF’s increase with an increase 
in the bulkiness of their ester substituents in the following order: 

COOR COOR 
I 1 

CH=CH > CH=CH 
I 
COOR 

I 
COOCH3 

Effect of R: 

-CH-CHs > -CH2 CH2 CH3 
I 
CH3 

CH3 
I 

I I I 
CH3 CH3 CH3 

-C-CH3 > -CH-CHZCHj > -CH2CHCH3 N -CH2CH*CH2CH3 

These reactivity orders are the same as those of increasing steric effect of the 
ester substituents, which do not agree with the well-established conclusion in 
organic chemistry that reactivities decrease when the steric effect of the sub 
stituents increases. 

However, the observed results may be understood as the characteristics of 
a radical polymerization which proceeds via a chain reaction consisting of four 
elementary steps. That is, because the polymer chain with bulky substituents 
becomes more rigid, it seems that bimolecular termination between such rigid 
propagating radicals having a bulky group was occurring less frequently, rela- 
tive to the propagation reaction, thus giving higher molecular weights and 
faster polymerization rates. 

MtBF, respectively, showed low reactivities, probably indicating that the bulki- 
ness of the t-amyloxycarbonyl substituents was too large to exhibit high ploym- 
erization rates. DRF and MRF with phenyl and monomethyl ester substituents 
also hardly homopolymerized. 

I t  is interesting to compare the results of Table 1 with those of the other 
maleic and fumaric derivatives. As stated before, maleic esters could undergo 
monomer-isomerization radical polymerization in the presence of both AIBN 
initiator and morpholine (as an isomerization catalyst) to give poly(alkoxy- 
carbonylmethy1ene)s. In these cases the polymerization reactivities of the 

DtAF and MtAF, which have more bulky substituents than DtBF and 
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POLY(SUBST1TUTED METHYLENE)S 545 

TABLE 2. Radical Polymerization of RFA and TRFAm with ACN at 80"Ca 

Monomer R R' Time, h Yield, % Mnb X @,,,/anb 
RFA Me Et 50 10.3 11c 1.3 

RFA i-Pr Et 30 12.8 7d 1.3 

TRFAm Et Et 1 oe 30.4 12 1.7 

TRFAm n-Pr n-Pr 12e 25.3 15 1.8 

DRF i- Pr i-Pr lof 29.1 110 2.0 

aPolymerization conditions: [ACN] = 20 mmol/L in bulk. 
bDetermined by GPC. 
'in = 23 000 by membrane osmometry. 

= 13 000 by membrane osmometry. 
eThe monomer ( 5  mmol) was polymerized with ACN (0.05 mmol) in ben- 

fPolyrnerized with AIBN at 6OoC. 
zene (5 mL). 

maleates were also found to be correlated with those of DRF's isomerized (341 
and with their isomerization rates [43]. 

Table 2 shows the results of radical homopolymerization of some RFA and 
TRFAm. These fumaric derivatives were also homopolymerized in the order 
TRFAm > RFA, but the Mn of the polymers obtained was not as high (10 000 
to 23 000) as with that from DIPF. However, the other derivatives containing 
carboxyl and unsubstituted amide groups did not polymerize, because these 
compounds were solid under the polymerization conditions. 

Polymerization Characteristics of DR F's with Bulky Ester Substituents 

Time-conversion relations for radical polymerizations of DCHF in bulk and 
of DtBF in benzene are shown in Figs. 1 and 2, respectively. These polymeriza- 
tions proceeded easily without an induction period, and the 1771 of the poly- 
mers produced did not change, irrespective of the reaction time, like ordinary 
radical polymerization of vinyl monomers. 

By plotting the initial rates of polymerization ( R p )  determined with the re- 
ciprocal of the absolute polymerization temperatures, the apparent activation 
energies for overall polymerizations of DCHF and DtBF were calculated as 
85.8 and 83.4 KJ/mol, respectively. These values were similar to those re- 
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FIG. 1. Time-conversion relations for bulk polymerization of DCHF with 
AIBN at 40-80'C; [AIBN] = 20 rnrnol/L. 

FIG. 2 .  Time-conversion relations for the polymerization of DtBF with 
AIBN in benzene at 50-70'C; [DtBF] = 2.2 mol/L, [AIBN] = 20 mrnol/L. 
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POLY(SUBST1TUTED METHYLENE)S 547 

ported for methyl methacrylate (85.0 kJ/mol) and styrene (94.5 KJ/mol), 
indicating that these polymerizations proceeded by an ordinary free-radical 
mechanism. 

The dependence of R,  on the monomer and initiator concentrations is 
noted. The observed orders with respect to the monomer concentration were 
higher (1.6,2.4, and 2.5 for DEF, DiPF, and DtBF, respectively) than those 
(-1 .O) for ordinary vinyl monomers, and they were in agreement with the 
increasing order of bulkiness of the substituents. A similar high order (2.3) 
was found for radical polymerization of vinylene carbonate [46]. As will 
be described later, it  seems to come from the low reactivity of DRF’s as a 
1,2-disubstituted ethylene. 

The orders with respect to the initiator concentration were also found to 
change with the ester substituents of DRF’s in bulk polymerizations, i.e., 0.50, 
0.59, and 0.38 for DEF, DiPF, and DtBF, respectively. Moreover, these orders 
changed when the polymerizations were carried out in benzene solution (-50% 
monomer), i.e., 0.37,0.30, and 0.28 for DEF, DiPF, and DtBF, respectively, 
indicating that primary radical termination becomes important in comparison 
with mutual termination when the bulkiness of the substituents increases and 
the monomer concentration decreases. 

The absolute rate constants kp and kt for the polymerization of DEF at 
30°C were determined by a rotating sector method to be 0.015 and 164 
L/(mol.s), respectively. These values were much smaUer compared to those 
for styrene and ethyl acrylate polymerizations (kp  = 106 and 1300, and k ,  = 
7.2 X lo7 and 2.7 X lo7 L/(mol-s), respectively), indicating that the steric 
effects of 0-substituents in DEF monomer and its radical play a very impor- 
tant role in these reactions. However, the ratio of k, to kto,’ was similar to 
that for ordinary vinyl monomers, thus giving faster polymerization rates and 
higher molecular weights, the same as ordinary radical polymerization. 

However, the values of kp and kt for DRF’s with more bulky ester sub- 
stituents, such as DiPF, were not determined by the rotating sector method, 
because the lifetime of their propagating radical was too long. This may mean 
that the concentration of the propagating radical is quite high, and hence, the 
values of kp and kt are very small. In fact, the ESR spectra due to  the propa- 
gating poly(DRF) radicals were found to be easily detected at  room tempera- 
ture, as shown in Fig. 3.  The observed ESR spectra decayed at a very slow 
rate through mutual termination. The rate of decay was also found to depend 
on the structure of the ester substituents, i.e., when their bulkiness increased, 
the rate of decay decreased. 
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548 OTSU, YASUHARA, AND MATSUMOTO 

after h 

FIG. 3 .  Decay of the ESR spectrum of poly(DiPF) propagating radical 
after interception of UV irradiation at room temperature. 

Characterization of Poly(Al koxycarbonylrnethy1ene)s 

The poly(DRF)’s thus obtained were colorless powders. Transparent beads 
were also obtained from suspension polymerization of DiPF. These polymers 
gave elementary analysis data in good agreement with those calculated for poly- 
(DRF)’s. In addition, H- and C-NhfR spectra showed that these polymers 
possess a polymethylene structure [35,36].  

Figure 4 shows the molecular model (similar to the CPK models) of poly- 
(DiPF), i.e., poly(isopropoxycarbonylmethylene). It is clear that t h s  polymer 
is less flexible and more rigid than ordinary vinyl polymers. The calculated 
diameter and the end-to-end distance of this rod polymer were about 1.4 and 
120 nm, respectively, forMn equal to 100 000. In general, the rigidity of 
poly(DRF)’s might be expected to increase with increasing bulkiness of the 
substituents. 

in Fig. 5, from which the Bragg spacings were determined to be 1.04(s) and 
0.44(w) nm. Similar results were also reported by Yamada, Takayanagi, and 
Murata [47]. From Fig. 5, the crystallinity of this polymer was determined 
to be about 60%, but its stereoregularity is uncertain at  the present time. 

To elucidate further the rigidity of these polymers, the relationship be- 

An x-ray diffraction photograph of the undrawn poly(DiPF) film is shown 
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POLY(SUBST1TUTED METHY LENE)S 549 

FIG. 4. Molecular model for poly(DiPF). 

tween li?, and [77] of poly(DiPF) was determined at 30°C. The values of K 
and a in [v] = K-A??," were found to be [36] K = 7.67 X 
fractionated poly(DiPF) in toluene] and K = 9.65 X a = 0.98 [fraction- 
ated poly(DiPF) in benzene]. The observed a-value, which was the largest 
value among vinyl polymers prepared by polymerization and close to those 

(Y = 1 .O [un- 

FIG. 5.  Wide-angle x-ray diffraction photograph of poly(DiPF). 
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TABLE 3. Physical Properties of Poly(DiPF) 

Specific gravity: 1.12 g/cm3 

Refractive index: 1.460 

Solubility: Soluble in benzene, carbon tetrachloride, tetrahydrofuran, and di- 
oxane 

Weathering and UV stability: Excellent 

Hydrolysis: Very difficult 

Thermal stability: Tinif = 223"C, Tmax = 3OO0C, residue at 500°C = 11.9% 

Tg and Tm (DSC): Do not show below decomposition temperature 

of cellulose derivatives [48] , strongly indicates that poly(DiPF) is a less flexi- 
ble, rodlike polymer. 

Some physical properties of poly(DiPF) are summarized in Table 3. Since 
poly(DRF)s are also derivatives of poly(acry1ic esters), i.e., poly(alky1 0-alkoxy- 
carbonylacrylate), excellent transparency and UV stability, wheather resistance, 
and hydrolysis are essentially the same as those of poly(acry1ic esters) including 
poly(methy1 methacrylate). However, the thermal properties are different. 
From DSC measurement, poly(DiPF) does not show a clear glass transition tem- 
perature (Tg) below its degradation temperature. Takayanagi et  al. 1471 re- 
ported that a small absorption at 97"C, which corresponds to the motion of 
ester groups, was observed in the temperature dependence of the storage and 
loss modulus of the poly(DiPF) film. 

Thermal degradation of poly(DRF)'s with primary and secondary ester 
groups was performed by one-step reaction, and initial and maximum degrada- 
tion temperatures, Tinit and Tmax, were determined as follows: Tinit = 240- 
250"C, Tmax = 380-390°C for poly(DRF)'s with primary ester groups like 
poly(DEF), and Tinif = 23O-25O0C, Tmax = 290-300°C for poly(DRF)'s with 
secondary ester groups including poly(DiPF). From pyrolysis gas chromato- 
graphic determination at  400°C in nitrogen atmosphere, the main degradation 
products were confirmed to be the respective alcohols and DRF monomers, 
and the ratios of alcohol to monomer were 9.5 and 32.0 for poly(DEF) and 
pol y(DiPF) , respectively . 

However, thermal degradation of poly(DRF)'s having tertiary ester groups, 
like poly(DtBF), proceeded by a two-step reaction, i.e., the first decomposition 
occurred at 190°C and the second decomposition started from 290°C (Tinif). 
The thermogram of poly(DtBF) at 200°C showed one peak which was con- 
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firmed to be isobutene. Therefore, it  was clear that the first decomposition 
proceeded according to 

The formation of poly(fumaric acid), i.e., poly(hydroxycarbonylmethylene), 
was confirmed by IR and NMR. Similar reactions were observed to occur for 
the copolymers of styrene with DtBF. Therefore, these thermal reactions are 
a novel route for the synthesis of high molecular weight poly(FA) and the in- 
troduction of an acid group into polymers. 

Application of Poly(Al koxycarbony1methylene)s 

properties of the resulting poly(DRF)’s widely changed with their ester sub- 
stituents. Moreover, copolymerizations with various vinyl monomers might 
also give copolymers with a modified property. 

In general, poly(DRF)’s with bulky substituents like poly(DiPF) and 
poly(DtBF) do not melt. However, since these polymers were soluble in 
some organic solvents, a transparent film, sheet, or fiber was obtained from 
their toluene solution. Moreover, transparent molding products, which are 
useful for optical materials, were also prepared by cast polymerization of 
DRF’s. 

polymers. Therefore, this might be expected to apply to modification of 
these polymers in order to improve thermal and mechanical properties. 

High molecular weight rodlike polyacetylenes with bulky substituents 
were shown by Higashimura et al. [49] to serve as excellent oxygen-enrich- 
ment membranes. Similarly, the polymer membranes of poly(DRF)’s with 
bulky substituents, such as poly(DCHF), were found to be highly permeable 
to  oxygen compared to nitrogen [50]. Therefore, these are expected to be 
applicable to a new oxygen-enrichment membrane. 

As stated above, the polymerization reactivities of DRF’s and the physical 

The poly(DRF)’s showed good compatibility with acrylic and methacrylic 
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