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ABSTRACT: Radical copolymerization of propiolaldehyde (MB) with styrene (MA) 
was carried out at 60°C over a wide range of monomer feed compositions. It was 
shown from the results of IR, NMR, and UV spectral analyses of the copolymers 
that propiolaldehyde was copolymerized through the acetylenic opening to give the 
conjugated enal unit, -CH=C-, and that the copolymerization had a rather high 

I 
CH=O 

tendency to alternation. The behavior is also in agreement with the results predicted 
by the statistically calculated parameters such as dyad fraction, average sequence length, 
and run number. Monomer reactivity ratios (rA=0.32 and rB=0.21) and the Q and e 

values (Q=0.83 and e=0.84) are compared with those of some acetylenic monomers 
and the corresponding vinyl monomers. Propiolaldehyde is found to show the highest 
polymerization reactivity among the acetylenic monomers. This may be due to the 
activation of the acetylenic group by conjugation with the electron-withdrawing 
aldehyde group. 
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It was reported in the previous paper, 1 that pro
piolaldehyde, the simplest ynal CH=C-CH=O, 
was polymerized through the aldehyde opening 
in the presence of sodium cyanide at - 78°C to 
give the crystalline poly[(ethynyl)oxymethylene]. 
The unique reactivity of the aldehyde and the 
acetylene group toward a nucleophile was noted. 
On the other hand, radical polymerization of 
the monomer was also described briefly. 

Acetylenic monomers are generally not as 
reactive as vinyl monomers and produce lower 
molecular weight polymers. Nevertheless, at
tempts have been made to prepare a variety of 
polymers having the conjugated polyene struc
ture from acetylenic compounds for the purpose 
of the utilization of their possible semicon
ductivity. Coordination-type catalysts such as 
Ziegler-Natta-type complexes and transition 
metal complexes were found to be effective for 
the polymerization of acetylenic monomers, but 
little was reported on their radical polymeriza
tion. As to the copolymerization with vinyl 
monomers, information has been so far provided 
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regarding only phenylacetylene, 2- 5 diphenyl
acetylene, 2 n-hexyne-1, 2 and propargyl alcohol. 5 

Furthermore, it should be noted that a co
polymer could be obtained only in the case of a 
relatively low feed-ratio of acetylenic monomer. 

In the present work, it was found that the co
polymerization of propiolaldehyde with styrene 
can be performed over a wide range of monomer 
feed compositions. The acetylenic group of 
propiolaldehyde is clearly activated by conjuga
tion with the aldehyde. Estimations of co
polymerization parameters, analyses of micro
structure of the resulting copolymers and com
parison of copolymerization reactivity between 
acetylenic and vinyl monomers are reported 
and discussed. 

EXPERIMENTAL 

Materials 
Propiolaldehyde was prepared by oxidation of 

propargyl alcohol with chromic acid. 1 •6 The 
aldehyde was dried over anhydrous magnesium 
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sulfate and was purified by fractional distilla
tion in a stream of nitrogen gas and then by 
vacuum distillation just before use. 

Styrene was washed three times with potassium 
hydroxide and with water, and then dried over 
anhydrous potassium carbonate and distilled 
just before use. 

Azobisisobutyronitrile (AIBN) was recrystal
lized from ethanol and dried in vacuo. 

Co polymerization 
The mixture of propiolaldehyde and styrene 

(total amount of monomers, 0.05 mol) was put 
into the glass ampule containing 41 mg of AIBN 
(0.5 mo1% to monomers). After being degassed 
three times and sealed, the ampule was allowed 
to stand in a thermostat kept at 60±0.02°C. 
The conversion was controlled to lower than 
10%. Methanol or ether was used as a pre
cipitating reagent. The copolymer was purified 
by reprecipitating from tetrahydrofuran (THF)
methanol or-ether. 

Characterization of Copolymers 
The mole fraction of propiolaldehyde unit 

in copolymer was calculated from the carbon 
content as determined by the elemental analysis. 
The number-average molecular weight of the 
copolymer was determined by vapor pressure 

osmometry in benzene or N,N-dimethylform
amide (DMF) at 37°C using a Hewlett-Packard 
Model 302. Infrared spectra were measured as 
KBr disk with a Hitachi grating infrared spectro
photometer model 215. NMR spectra were 
recorded at 70°C with a Japan Electron Optics 
Lab. Model JNM-4H-100 high resolution 
spectrometer at 100 MHz. Tetramethylsilane 
was used as an internal reference for spectra ob
tained for deuteriochloroform (5%) or deuterio
DMF (10%) solution. Electronic spectra were 
recorded with a Shimadzu multipurpose record
ing spectrophotometer MPS-50. Differential 
thermal analyses of the copolymers were carried 
out on a Rigaku-Denki 8001 DTA apparatus. 

RESULTS AND DISCUSSION 

Copolymerization 
Table I summarizes the results of radical

initiated copolymerization of propiolaldehyde 
(MB) with styrene (MA)- Both the polymeriza
tion rate and the molecular weight of the 
resulting polymer were lowered with increasing 
mole fraction of propiolaldehyde in the feed 
composition. The copolymer obtained is a 
powdery solid that is soluble in DMF and THF. 
The copolymer with a lower content of propiol-

Table I. Radical copolymerization of propiolaldehyde (MB) with Styrene (MA)• 

MA, MB, Mole fraction Time, Conversion, Mole fraction 
No. g g of MB hr % Mn of MB 8340 

in copolymer 

48 5.21 0 0 4 25.P 12900d 
49 4.70 0.289 0.106 11 7.5b 5110d 0.21 260 
53 4.17 0.564 0.207 15 7.0b 0.32 
50 3.65 0.810 0.300 16 5.lb 4250d 0.38 510 
54 3.13 1.09 0.401 20 6.3b 0.45 
51 2.60 1.44 0.516 II 5.8b 2600• 0.47 640 
71 2.02 1.63 0.609 27 9.3° 1900• 0.55 870 
85 1.57 1.90 0.700 19 8.1° 1630° 0.60 1000 
86 1.05 2.17 0.798 II 8.6° 1270° (0. 79) f 

87 0.534 2.45 0.898 II 7.8° 1100° (0. 90) f 

88 0 2.64 1.0 II 1.9< 910° 

• Total amount of the monomers, 0.05 mol; AIBN, 41 mg (0.5 mol% to monomers), 60°C. 
b Precipitated with methanol. 
e Precipitated with ether. 
d VPO, benzene, 37°C. 
• VPO, DMF, 37°C. 
f Designated in parentheses owing to the poor reproducibility of the elemental analysis. 
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aldehyde unit is also soluble in ether, benzene, 
and chloroform but insoluble in methanol. As 
the content of propiolaldehyde unit increased, 
the powdery polymer became colored in red
brown and its solubility in ether, benzene, and 
chloroform decreased. High propiolaldehyde-
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Figure 1. The Fineman-Ross plots for the co
polymerization of propiolaldehyde (MB) with 
styrene (MA). 
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Figure 2. Composition curve for the copolymeri
zation of propiolaldehyde (MB) with styrene (MA); 
AIBN, bulk, 60°C. 
O, experimental; -, calculated from rA=0.32 and 
YB=0.21. 

Table II. Statistically estimated copolymerization 
parameters 

No. P2{AA) P 2 {AB) p {BB) 
=P2{BA) 2 YA IB R 

49 0.57 0.21 0.01 3.7 1.0 43 
53 0.37 0.31 0.02 2.2 1.1 61 
50 0.26 0.35 0.03 1. 7 1.1 71 
54 0.18 0.38 0.06 1.5 1.1 76 
51 0.12 0.40 0.09 1. 3 1.2 79 
71 0.08 0.39 0.13 1.2 1.3 79 
85 0.05 0.38 0.19 1.1 1.5 76 
86 0.03 0.34 0.29 1.1 1.9 68 
87 0.01 0.25 0.48 1.0 2.9 51 
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content copolymer is soluble in methanol and 
acetone. 

The Finemann-Ross plots gave a straight 
line as shown in Figure 1. The monomer re
activity ratios were estimated to be r A =0.32 
and rB=0.21. Figure 2 illustrates that the 
calculated composition curve for the copolymer 
agrees with the experimental plots. Assuming 
that the copolymerization follows the statistical 
steady state, dyad fractions (P2{AA}, P 2{AB}, 
P 2{BA}, and PdBB}), average sequence length 

(TA, TB), and run number (R) were calculated 
from the molar feed-ratio and the reactivity 
ratios (r A and rB) according to the method of 
Ito and Yamashita7 (Table II). These values, 

the large PdAB}=P2{BA}, h and TB close to 
unity, and the large R, mean that the copoly
merization has a tendency to alternate. The 
trend is evidenced by the analyses of the micro
structure of the copolymers as described in the 
later section. The Q and e values of the 
Alfrey-Price equation were calculated to be 
Q=0.83 and e=0.84. 

Characterization of Copolymers and Their Micro
structure 

The infrared spectra of propiolaldehyde and 
the copolymer are presented in Figure 3 (the 
propiolaldehyde content (mB) is 0.47). The ab
sorptions at 3280, 2100, and 660 cm-1 assignable 
respectively to C-H and C=C stretching and 
C-H wagging vibration of acetylenic group 
were absent in the copolymer. The new peak 
appears at 1620 cm-1 assignable to a carbon
carbon double bond conjugated to the aldehyde. 
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Figure 3. Infrared spectra of propiolaldehyde (I) 
(liquid film) and the copolymer (II) (mB=0.47) 
(KBr disk). 
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The peaks at 3060-2930, 1600, 1500, 1455, 755, 
and 695 cm-1 show the presence of a styrene 
unit. It is suggested that propiolaldehyde is 
copolymerized with its acetylene group with 
styrene to give the enal unit. 

-CH=C-
1 

CH=O 
It was reported in the previous paper1 that 

the AIBN-initiated homopolymer of propiol
aldehyde caused a slow reaction of the adjacent 
pendant aldehyde groups. The statistical data 
for the present copolymerization suggest that 
the content of the adjacent pendant aldehyde 
units in the copolymer is rather small. There
fore little reaction between aldehyde groups is 
assumed to occur. However, in the region of 
mB higher than about 0.8, the reproducibility 
of the elemental analysis of the copolymer be
came poorer. A shift of the conjugated double 
bond absorption to 1610 cm-1 and appearance 
of an acetal absorption at 1130 and 1190 cm-1 

were also observed in their infrared spectra. 
The increase of the content of adjacent pendant 
aldehyde groups is assumed to lead to the form
ation of a dihydropyran ring structure. 

It was found by differential thermal analysis 
that the copolymer (sample no. 49) exhibited 
an exothermic peak in the range of 125-165°C. 
No weight loss was observed and the solubility 
and the infrared spectrum of the cooled product 
were almost the same as those of the original 
polymer. However, broad exothermic bands 
were observed in the range of 145-230°C for 
the copolymer (sample no. 50) and of 145-
2800C for the one (sample no. 51). The cooled 
samples became insoluble in common organic 
solvents and exhibited a remarkable decrease 
in the intensity of the carbonyl absorption in 

the infrared spectra. 
meric reactions such 
induced by heating. 

Some complicated poly
as cross-linking might be 

It was observed in the NMR spectra that, 
although the phenyl proton signals were separat
ed into two peaks at r- 3.00 and 3.45 in homo
polystyrene, the two peaks were combined to
gether and shifted to a little lower field as the 
propiolaldehyde content increased (Figure 4 and 
Table III). When the fraction P 5{AAAAA} 
calculated statistically was 0.02 (sample no. 50), 
the separation of the peaks almost disappeared. 
The result seems to agree approximately with 
the previously described assumption that separa
tion of the phenyl proton signal occurs with 
five or more styrene units. A rather high 
tendency to alternate in the present system is 
suggested here too. 

The electronic spectrum of the copolymer 
having a low content of propiolaldehyde exibits 
a weak shoulder around the visible region: 

2 3 
T 

4 

Figure 4. NMR spectra of polystyrene and pro
piolaldehyde-styrene copolymers: I, polystyrene, 
60 MHz, CC14, 15%, 99°C; II, III, and IV, co
polymer, 100 MHz, CDC!s, 5%, 70°C (for samples, 
see Table III). 

Table III. NMR data of propiolaldehyde-styrene copolymers 

Mole fraction Mole fraction Average chain NMR shift of 
Spectrum Sample of MA in of MB in length of Ps{AAAAA} phenyl group, no. copolymer, copolymer, MA, 

mA mB £ 
r 

I 1.0 0 1.0 3.00, 3.45 
II 49 0.79 0.21 3.7 0.22 2.90, 3.30 
III 50 0.62 0.38 1. 7 0.02 2.87, Shoulder 
IV 51 0.53 0.47 1.5 0.001 2.80, 
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with sample no. 49 at 386 mµ (s, 140), sample 
no. 50 at 395 mµ (s, 290), and sample no. 51 at 
400 mµ (s, 260). These absorptions would arise 
from the succession of the propiolaldehyde unit. 
However, with the copolymers of mB>0.5, it 
is masked by the strong absorption in the ultra
violet region. For convenience the molar ab
sorptivities at 340 mµ (s340 ) corresponding to one 
propiolaldehyde unit were calculated and listed in 
the last column of Table I. The molar absorp
tivity at 340 mµ of R(CH=CH)nCH=O, 10 •11 

although not so good as model compounds, are 
available: n=0, s-0; n=l, s-30; n=2, s-800; 
n=3, s-4000 (these values. are estimated from 
the spectra shown in the literature). It is pre
sumed that the structures of n= 1 and 3 ap

proximately correspond here to 7 B = 1 and 2, 
respectively. The estimated s340 values of the 
present copolymers suggest that the content of 
a continuous B-unit sequence is rather small. 

It is concluded from the spectral analysis that 
the present copolymerization of propiolaldehyde 
is performed through the acetylenic opening 
with a rather high tendency to alternate. The 
extent of agreement between the spectral data 
and the statistical aspects is also noticeable. 

Copolymerization reactivity 
Acetylenic monomers are generally much less 

reactive than the corresponding vinyl monomers. 
In addition, both acetylenic and aldehyde com
pounds are known to be chain-transfer reagents 
for radical polymerization. In fact, the increase 
of the mole fraction of propiolaldehyde in the 
feed decreased the polymerization rate and the 
molecular weight of the resulting polymers as 
shown in Table I. However, that the copoly
merization of propiolaldehyde was found to 
proceed over the whole feed compositions had 
not reported so far for any other acetylenic 
monomers. 

The parameters of radical copolymerization 
of propiolaldehyde, acrolein, 12 and a-cyano
methyl acrolein13 with styrene are compared in 
Table IV. The copolymerizations of acrolein 
and a-cyanomethyl acrolein were carried out 
with the use of AIBN in dioxane at 50°C and of 
benzoyl peroxide in THF at 65°C, respectively. 
The term r ArB of propiolaldehyde is slightly 
smaller than that of acrolein, while not so small 
as that of a-cyanomethyl acrolein. The term 
1/rA, which means the reactivity of B monomer 
to the styryl radical, follows the order: propiol-

Table IV. Comparison of copolymerization parameters 

MA MB YA YB YAYB 1/YA QB eB Ref 

Styrene Propiolaldehyde 0.32 0.21 0.067 3.12 0.83 0.84 This paper 
II Acrolein 0.22 0.33 0.073 4.54 1.25 0.82 12 
II a-Cyanomethyl acrolein 0.11 0.06 0.0066 9.09 1.35 1.44 13 

Table V. Q-e Values of acetylenic monomers and vinyl monomers 

Acetylenic monomer Q e Ref Vinyl monomer Q e Ref 

CH=C-CH=O 0.83 0.84 This paper CH2=CH-CH=O 1.25 0.82 12 

CH=C-<=> 0.35 -0.66 14 CH2=CH-<=> 1.00 -0.80 

<=>-C=C-<=> 0.0025 -1.23 14 <=> <=> 0.017 -0.03 14 

"' / 
C=C 

/ "' H H 

<=> H 0.030 -0.08 14 

"' / 
C=C 

/ "' H <=> 
CH=C-(CH2)3CH3 0.014 -0.70 14 CH2=CH-(CH2)3CH3 0.019 -0.28 14 
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aldehyde< acrolein < a-cyanomethyl acrolein. 
Acetylenic monomers seem to have the Q 

values smaller than vinyl monomers, as com
pared in Table V. The highest Q value of 
propiolaldehyde among the acetylenic monomers 
listed indicates the highest polymerizability. It 
is suggested that the conjugation with the alde
hyde activates the acetylenic group for radical 
copolymerization. 

It was reported that copolymerization with 
vinyl chloride by AIBN in THF at 70°C gave 
only a viscous liquid product. 5 As compared 
with the system for vinyl chloride, for which 
the value is 0.20, 14 propiolaldehyde (e=0.84) 
and styrene (e= -0.80) of the present system 
exibit the larger difference in e value. It may 
be concluded that the electrostatic attraction be
tween the two monomers, coupled with the high 
polymerizability, gives rise to the alternating 
copolymerization of propiolaldehyde with styrene 
over the wide range of monomer feed com
positions. 
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