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ABSTRACT: Solvent effect on radical copolymerizations of N-methylacrylamide (AA) and N­
methylmethacrylamide (MA) with methyl methacrylate (MMA, M2) was studied using benzene 
(BZ), dioxane (DO), acetonitrile (ACN), ethanol (EtOH), and N,N-dimethylformamide (DMF). 
Spectroscopic studies revealed that the solvents influence these amide monomers (M1) with regards 
to their association by hydrogen-bonding and dipole-dipole interaction. The solvent ability which 
makes the self-associations of AA and MA more effective decreases in the order of 
BZ >DO> ACN > EtOH > DMF. The higher the solvent ability for the self-associations of the 
amide monomers, the larger the values of r1 . The extent of the solvent effect on both the monomers 
decreased with decreasing order of their self-association tendencies, i.e., AA> MA. M 1 con­
centration around M 1 • radical is considered to be enhanced by its association with M 1 in the 
solvent with higher ability for the self-association of M1. This enhances the propagation-rate 
between M 1 • radical and M 1 and increases apparently k11 as compared with k 12 . The r2 values did 
not change depending on solvents except the copolymerization in BZ. The interactions between 
MMA and the amide monomers are too weak to raise their local concentrations around M2 • 

radical. BZ iii.creases extraordinarily r1 and decreases r2 , respectively. Copolymers precipitated 
during copolymerization in BZ are considered to adsorb the amide monomers, since their 
interactions with BZ are extremely weak. This increases the local M1 concentration around both 
M1 • and M2 • radicals. BZ influences even the copolymerization of N,N-dimethylacrylamide which 
has been considered to be independent of the solvents. Dipole-dipole interaction has been ascribed 
to this solvent effect. 
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It has been reported that solvents influence 
strongly the radical copolymerizations of 
acrylamide,1 - 8 methacrylamide9 and their N­
monosubstituted derivatives, 10• 11 though the 
copolymerization behavior of N,N-dimethyl­
acrylamide (DMA)12 is not affected by the 
solvent employed. The solvent effect on the 
copolymerizations has been discussed in terms 
of the influence of the solvent properties, 
i.e., polarity, dielectric constant, hydrogen­
bonding ability, etc., on the monomer associa-

tion,3 - 6 keto-enol equilibrium, 12 and con­
jugation between C=C and C=O double 
bonds. 11 There is, however, no comprehen­
sive understanding of its mechanism, because 
of the lack of adequate data which describe 
these aspects of monomers and solvents. On 
the other hand, during the study on the cyclo­
polymerization of sym-dimethacryloyldimeth­
ylhydrazine and N,N' -dimethacryloylmethyl 
hydrazine (DMUM), it was found that po­
lymerization of the latter strongly depends 
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on the solvents employed as reaction media, 
while the former did not. The change with 
regard to molecular association through 
hydrogen-bonding and dipole-dipole interac­
tion in polymerization system depending 
on solvents has been ascribed to the solvent 
effect in the polymerization of DMUM. 13 

For this reason, the studies on the copolym­
erization of N-methylacrylamide (AA) and 
N-methylmethacrylamide (MA) with methyl 
methacrylate (MMA) were undertaken along 
with NMR and IR studies on the two amide 
monomers, using benzene (BZ), dioxane 
(DO), acetonitrile (ACN), ethanol (EtOH), 
and N,N-dimethylformamide (DMF) as sol­
vents. AA and MA were chosen, since the 
fairly high solubility of these monomers in the 
solvents with extremely different properties 
mentioned above permits us to study the co­
polymerization in widely different conditions. 
Copolymerizations of N,N-dimethylacrylam­
ide (OMA) with MMA in BZ and DMF were 
also carried out for comparison. 

EXPERIMENT AL 

Materials 
Monomers were prepared by reactions be­

tween corresponding acid chlorides and 
amines according to the procedure reported. 14 

Commercial azobisisobutyronitrile (AIBN) 
was recrystallized twice from EtOH. 

All common solvents were purified by usual 
methods. EtOH and ACN for spectroscopic 
measurements were used without further puri­
fication. 

Polymerization 
Copolymerizations were carried out at con­

stant total monomer concentration (0.80 mo! 
dm - 3) in the presence of AIBN (2.4 x 10- 3 

mo! dm - 3) at 70°C. The copolymerization 
solutions placed in glass ampoules were sub­
jected to several freeze-pump-thaw cycles and 
sealed. Polymers were isolated by pouring the 
polymerization mixture into a precipitant and 
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drying them at 80°C under reduced pressure 
for 48 h. The precipitants used are mixtures of 
diethyl ether (DE) and petroleum ether (PE). 
Volume ratios of DE to PE were 3: I for AA 
and OMA systems and 1: 1 for MA system. 
The polymers were reprecipitated from DMF 
solution into the precipitants to obtain pure 
polymers for the composition analysis. 

Measurements 
IR spectra were recorded on Hitachi 260-30 

infrared spectrometer at room temperature. 
NMR spectra were taken on a JEOL GX-270 
FT NMR spectrometer. Copolymer composi­
tions were determined for the polymers ob­
tained with conversion less than 10% accord­
ing to Fineman-Ross method15 by measuring 
the intensity of the specific absorption for the 
respective monomer units in the NMR spectra 
of copolymers: AA and MA, ~NCH3 protons; 
OMA, -N(CH3)i protons; MMA, -OCH3 

protons. The mean values at least for five 
measurements were adopted. In cases where 
measurements were made in DMSO-d6 solu­
tion, trifluoroacetic acids was added to shift 
the peak due to H 20 to a lower magnetic field. 

RESULTS 

Copolymerization of AA, MA, and DMA with 
MMA 
Copolymer composition curves obtained 

from the copolymerization of the three amide 
monomers with MMA in various solvents are 
illustrated in Figures 1, 2, and 3. Monomer 
reactivity ratios calculated based on these data 
are summarized in Table I together with those 
reported. It can be seen that the tendencies of 
the solvent effects are common for AA and 
MA, though their extents are different. Effect 
of BZ on these copolymerizations is extraor­
dinarily large and it influences even the co­
polymerization of OMA which has been con­
sidered to be almost ~ndependent of the sol­
vents where copolymerizations are carried out. 
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Figure 1. Copolymer composition curves of AA with 
MMA. (e), BZ; (0), ACN; (D), DMF; ( x ), mixed 
solvent of BZ and DMF, BZ/DMF is 3/1 in volume 
ratio, temp, 70°C; total monomer concn, 0.80 mo! dm -3; 
[AIBN]0 , 2.4x 10- 4 moldm- 3 . 
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Figure 3. Copolymer composition curves of DMA 
with MMA. Notations and conditions are the same as in 
Figure I. 

Table I. Copolymerization of amide monomers (M 1 ) 

with MMA (M2) in various solvents 

Solvent '1 '2 

AA BZ 2.43 ± 0.22 0.45 ± 0.14 
Do· 1.03±0.04 3.50±0.20 
BZ/DMFb 0.59±0.28 3.55 ± 0.03 
ACN 0.32±0.04 3.88±0.00 
EtOH• 0.28±0.02 3.30±0.IO 
DMF 0.13±0.03 3.59±0,00 

MA BZ 1.92±0.10 0.96±0.04 
DO 0.81 ±0.09 2.45±0.01 
BZ/DMFb 0.57 ±0.07 2.49±0.01 
ACN 0.56±0.07 2.52±0.01 
EtOH 0.24±0.04 2.45 ± 0.00 
DMF 0.24±0.03 2.66±0.02 

Figure 2. Copolymer composition curves of MA with DMA BZ 0.71 ±0.01 1.39 ±0.03 
MMA. (L:,), DO; ('Y), EtOH. Other notations and 
conditions are the same as in Figure I. 

IR studies on monomer solvent mixture 
The lowering of stretching frequencies of 

certain groups such as OH and NH in the IR 
spectra is well known to occur when they are 
associated with hydrogen-bonding. 17 The 
lower the frequency of the absorption, the 
stronger the interaction. 18 The absorption 
maxima of the NH stretching frequency of AA 
measured in various solvents at monomer con­
centrations of 0.017 and 0.84 mol dm - 3 are 
summarized in Table II along with the physical 
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TL' 0.45 ±0,08 1.80± 0.18 
DOd 0.51 ±0,08 2.04±0.11 
EtOHd 0.42±0.10 2.30±0,24 
DMF 0.46±0,03 2.53±0,00 

• Cited from ref 10. 
b Mixed solvent: volume ratio of BZ to DMF, 3: I. 
' TL, toluene. Cited from ref 16. 
d Cited from ref 12. 

properties of the solvents. Dependence of spec­
tral patterns of NH and C = 0 stretching fre­
quencies on AA concentration in BZ are de­
picted in Figure 4. The NH frequency at 3445 
cm - i corresponds to AA in monomeric state 
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Table II. Stretching vibration of the NH group of AA 
in various solvents and their physical properties 

Wave number/cm- 1 

Solvent µ' ed y' 
V a 

1 v/ 

BZ 3445 3300 0 2.22 0 
DO 3365 3360 0.45 2.21 9.7 
ACN 3400 3398 3.37 32.5 6.3 
EtOH 1.68 25.7 18.7 
DMF 3305 3305 3.82 37.6 11. 7 
BZ/DMFr 3330 3328 
Neat• 3300 

• [M], 0.017moldm- 3• 

b [M], 0.84moldm- 3 • 

' Dipole moment. 
d Dielectric constant. 
• Hydrogen bonding parameter. 19 

r Mixed solvent: volume ratio of BZ to DMF, 3: I. 
• Measured in neat. 
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Figure 4. Concentration dependence of IR spectra of 
AA in BZ. 

and that at 3300 cm - i to self-associated AA. 
The variation of carbonyl absorption indicates 
that the self-association of AA occurs through 
hydrogen-bonding between its NH and C = 0 
groups. This assignment is supported by the 
fact that the NH and C = 0 stretching fre-
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Figure 5. Concentration dependence of IR spectra of 
AA in various solvents. 

quencies of AA in neat are observed nearly at 
the same regions as those of AA in BZ with its 
higher concentration. The frequencies of the 
absorption maxima of NH stretching vibration 
in vario4s solvents at monomer concentration 
of 0.017 mo! dm - 3 reflect the strength of hy­
drogen-bonding between NH hydrogen and 
solvents, since AA is dissolved in monomeric 
state at the concentration. The absorption 
maxima of NH groups varies in accordance 
with the hydrogen-bonding ability19 of the 
solvents (Table II). Increase in the AA concen­
tration does not bring about distinct change in 
absorption maxima of NH absorption except 
in BZ (Table II). However, the shoulder at a 
lower wave number and broadening to a lower 
wave number of the absorptions of NH and 
C = 0 ~oups observed in DO or ACN show 
that association of AA takes place through 
hydrogen bonding between NH ~nd C = 0 
groups in these solvents, too, though the ex­
tent is not so high as in BZ (Figure 5). The 
absorption_ due to carbonyl group in EtOH 
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Table III. Stretching vibration of the NH group 
of MA in various solvents 

Wave number/cm- 1 

Solvent 
V a 

1 
V b 

2 

BZ 3470 3345 
DO 3395 3390 
ACN 3435 3430 
DMF 3370 3370 
Neat' 3340 

• [M], 0.015moldm- 3 . 

b [M], 0.80moldm- 3 . 

' Measured in neat. 

indicates clearly that the C = 0 group is in­
volved with hydrogen-bonding. The stretching 
vibration of NH group of MA observed in 
various solvents are shown in Table III. The 
change of absorption maxima depending on 
solvent and monomer concentration has 
similar tendency to that of AA. The appear­
ance of spectral pattern of NH and C = 0 
groups also showed similar change observed in 
AA, though the change was less sensitive than 
that observed in AA. These results suggest that 
weaker but essentially the same association as 
that in AA takes place in MA. 

Aspects of the NH absorptions of AA and 
MA measured in MMA are depicted in Figure 
6. It can be said that the hydrogen-bonding 
ability of MMA is almost the same as that of 
ACN, since the absorption maxima observed 
at lower concentration of AA and MA exhibit 
almost the same values as those observed for 
AA and MA dissolved in monomeric state in 
ACN (Tables II and III). 

1 H NMR Studies on Monomer-Solvent Mix­
ture 
Features of the molecular association in 

these monomer-solvent systems examined by 
measuring 1 H NMR spectra are summarized 
in Table IV. A down field shift is usually 
observed when the NH proton is placed in an 
environment of proton affinity. 20 The observed 
chemical shifts show that the proton affinities 

Polymer J., Vol. 20, No. 11, 1988 

AA [Ml. 

=(; 
mol dm-3 

o.017 

0-84 

MA 

o.015 

o.so 

3600 3200 

Wave number (cm-1) 

Figure 6. Concentration dependence of NH absorp­
tion in IR spectra of AA and MA in MMA. 

Table IV. Chemical shifts of the NH protons of AA 
and MA in various solvents• 

Monomer Solvent 

AA BZ-d6 

DO-d8 

BZ-d6 /DMF-d/ 
ACN-d6 

DMF-d7 

MA BZ-d6 

DO-d8 

ACN-d3 

DMF-d7 

• Temp, 70°C. 
b 0.015moldm- 3 • 

'0.80moldm- 3 • 

d .52-"1· 

<lib/ppm .5//ppm Md/ppm 

4.18 6.58 2.40 
6.38 6.82 0.44 
7.23 7.55 0.32 
6.37 6.52 0.15 
7.71 7.75 0.04 

4.70 6.10 1.40 
6.46 6.72 0.26 
6.35 6.52 0.17 
7.52 7.59 O.o? 

• Mixed solvent: volume ratio of BZ to DMF, 3: I. 

of the solvents decrease with an order DMF­
d, > DO-dg > ACN-d3 > BZ-d6 , which is in agree­
ment with the order found by IR measure­
ments. Increase in monomer concentration in 
BZ-d6 shifted remarkably the chemical shift of 
NH proton to lower magnetic field. This is 
because weak affinity of BZ-d6 toward the NH 
proton and dipole-dipole interaction between 
amide monomers favor their association. 
Down field shift was also observed in ACN-d3 

and DO-d8 , burthe extents are small compared 
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with those in BZ-d6 , which indicates weaker 
self-association of AA and MA in these sol­
vents than in BZ-d6 . Furthermore, the shift 
brought about by increasing monomer con­
centration in ACN-d3 is less than that in DO­
d8, in spite of the fact that the proton affinity 
of ACN-d3 is lower than that of DO-d8 • 

Judging from much higher polarity of ACN-d3 

than that of DO-d8 , molecular association in 
these solvents is considered to be governed by 
the relative strength of the proton affinity 
toward dipole--dipole interaction. The chemi­
cal shifts of the NH protons in DMF-d7 are 
independent of amide monomer concen­
tration. A monomer can interact with solvent 
to the same extent as with the monomer itself 
in this solvent. BZ is at one extreme and DMF, 
at another extreme in terms of proton affinity 
and polarity among the solvents investigated. 
AA and MA dissolve homogeneously in DMF, 
but the strong interactions between themselves 
make the BZ solutions of AA and MA inho­
mogeneous. These results together with those 
of IR spectroscopic studies suggest that the 
strength of the molecular association between 
amide monomers in these solvents decreases in 
the order ofBZ>DO>ACN>DMF. Proper­
ties of EtOH given in Table II suggest that 
EtOH solutions of AA and MA have similar 
characteristic features to their DMF solution 
in terms of molecular association. 

R 
I 

CH2 = C-C-N-CH3 
II I 
OH 

HO 
I II 

CH3-N-C-C = CH2 
I 
R 

R=H or CH3 

Self-association constants K for dimer (self 
associated monomer pair) were determined at 
70°C in BZ-d6 by the procedure reported,21 

since it was found that AA and MA have 
strong self-association tendencies in BZ. The K 
value is written as 
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K= [Cd] 
[Cm]2 

(1) 

where [Cm] and [Cd] are concentrations of free 
monomer and the dimer, respectively. The 
initial concentrations of AA and MA [M] are 
related to [Cm] and [Cd] by 

(2) 

The observed chemical shifts bobs is expressed 
by 

() (bm[CmJ +2biCd]) (3) 
obs [M] 

where bm and bd are the chemical shifts 
characteristic of the free monomer and the 
dimer. From (1), (2), and (3) it follows that 

(()o[~]()m y/2 =[2(bd-bm)KJ1/2 

-(()d2:()Jl/\()obs-{)m) (4) 

The product of slope and intercept obtained by 
plotting {(bobs -bm)/[M]} 112 VS. (bobs -bm) just 
corresponds to - 2K. The bm values were 
evaluated from extrapolation of bobs vs. [M] 
plots in Figure 7. The K values obtained from 
the plots in Figure 8 are 0.45 dm3 mol - 1 for 
AA and 0.22dm3 mo1- 1 for MA at 70°C. 

The effect of the addition of MMA to 
solutions of AA and MA in BZ-d6 and ACN­
d3 was examined. This is because C = 0 group 
of MMA can possibly form hydrogen-bond 
with NH protons of AA and MA which affects 
their associations in copolymerization systems. 
The results are summarized in Table V. Lower 
field shifts of NH proton was slightly observed 
only in the solution of MA in BZ-d6 on 
addition of equimolar amount of MMA to the 
amide monomers, which indicates that the 
interactions between MMA and the amide 
monomers are weak even in BZ-d6 . This re­
sult is reas9nable, since the IR spectroscopic 
studies showed that MMA has similar hy­
drogen bonding ability to ACN (Figure 6). 

Polymer J., Vol. 20, No. 11, 1988 
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Figure 7. Concentration dependence of NH absorp­
tion in 1H NMR spectra of AA and MA in BZ-d6 at 
70°C. (e), AA; (0), MA. 
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Figure 8. Plots of (t.b/[Ml)112 vs. t.b where t.b is 
bm - b0 b, obtained in BZ-d6 at 70°C. 

Table V. Variation of chemical shifts of the NH 
proton on addition of MMA (M2) to AA 

and MA (M1 ) solution 

[M2]• t,Jh/ppm 
Monomer Solvent 

[Mi] 30°c 70°C 

AA BZ-d6 1.06 -0.01 0.00 
ACN-d3 1.05 0.()1 0.00 

MA BZ-d6 0.96 0.05 0.08 
ACN-d3 1.05 0.01 -0.01 

• MMA added to AA and MA solutions in a molar 
ratio. 

h Difference in chemical shifts after and before the 
addition of MMA. 
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No 1 H NMR spectra obtained in these 
measurements show any signals which are as­
cribable to the enol-form of these monomers. 
Further, NH signals observed in these mea­
surements were broad singlet. This result 
along with the observation of strong carbonyl 
absorption in IR spectra indicates that the 
amide monomers exist exclusively in keto­
form in these solutions. 

Conjugation between C = C and C = 0 Double 
Bonds 
The change in conjugation between the 

C = C and C = 0 double bonds of AA and MA 
varies the stretching vibration of these bonds, 
since the bond order changes depending on the 
conjugation as can be seen from the scheme 
shown below. Stretching vibrations of C = C 
and C = 0 double bonds measured in various 
solvents are given in Table VI. It can be seen 

R 
I + 

CH2 = C-C = NH-CH3 <---> 
I 

0 
R -
I 

CH2 = C-C-NH-CH3 <---> 
II 
0 

that solvents do not influence the stretching 
vibrations of C = C double bonds of AA and 
MA. The strong concentration dependence of 
the stretching vibration of C = 0 groups of AA 
and MA in BZ is due to its participation in 
hydrogen-bonding as already discussed and 
not due to the change in conjugation. This 
can be reasonably understood by the almost 
negligible change in the stretching vibration of 
their C = C double bonds. Increase in the 
amide monomer concentration in DO and 
ACN does not bring about distinct change in 
absorption maxima of their C = 0 groups. 
However, shoulders at lower wave length re­
gion of their spectra are clearly observed 
(Figure 5). 
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Table VI. Stretching vibrations of C = C and C = 0 
double bonds of AA, MA, and OMA 

Monomer Solvent 

AA BZ-
DO 
ACN 
Neat' 

MA BZ 
DO 
ACN 
Neat' 

OMA BZ 
Neat' 

• [Ml, 0.017 mo] dm- 3• 

b 0.84moldm- 3 • 

' Measured in neat. 

Wave number/cm- 1 

1634 1630 1685 1660 
1632 1630 1683 1681 
1631 1631 1678 1678 

1623 1658 

1627 1624 1677 1661 
1627 1626 1672 1669 
1625 1625 1667 1667 

1618 1655 

1619 1619 1655 1653 
1612 1647 

Table VII. Dependence of chemical shifts of the olefin 
and carbonyl carbons of amide monomer 

concentration in BZ-d6 ' 

[M] 
b/ppm 

Monomer moldm- 3 

~C=O ~C= CH2 = 

AA 0.022 165.15 131.38 125.40 
0.73 166.66 131.87 125.19 

MA 0.015 168.25 141.20 I 18.10 
0.71 169.10 140.82 I 18.85 

' At 30"C. 

Resonance forms written above show that 
such conjugations change the electron densi­
ties of these carbons if they exist. Chemical 
shifts of olefin and carbonyl carbons in the 13C 
NMR spectra of AA and MA measured in 
various solvents did not show any essential 
difference. This means that the conjugation 
between C = C and C = 0 double bonds in 
these monomers are not influenced by the 
environment surrounding them. Table VII 
shows the effect of amide monomer concen­
tration in BZ-d6 solution on the chemical shifts 
of olefin and carbonyl carbons. The values in 
diluted and concentrated solutions represent 
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those of the monomeric and self-associated 
amide monomers in BZ-d6 solution, respec­
tively. In concentrated solution, chemical 
shifts of the carbonyl carbons are observed at 
slightly lower magnetic field than in diluted 
solution probably due to the lower electron 
density induced by the hydrogen bonding of 
the carbonyl group. However, no fundamental 
difference in chemical shifts of the olefin car­
bons is observed between monomeric and self­
associated amide monomers. This leads to the 
conclusion that formation of hydrogen bonds 
does not affect the conjugation between C = C 
and C = 0 double bonds. 

Signals attributable to enol-form of AA and 
MA have not been detected in these 13C NMR 
spectra. 

DISCUSSION 

Spectroscopic studies revealed that solvents 
influenced AA and MA with regard to their 
association conditions. They showed that con­
jugation between C = C and C = 0 double 
bonds of these amide monomers did not 
change depending on solvents. It was also 
found that AA and MA existed exclusively in 
the keto7form. Both IR and NMR studies re­
vealed that the hydrogen-bond and dipole­
dipole interactions played important roles in 
molecular association. Based upon these spec­
troscopic studies, the copolymerization behav­
ior of AA and MA is interpreted as follows. 

The results of the copolymerization in Table 
I show that the solvent in which monomers 
have stronger self-association tendency tends 
to increase r1 values. This means that k11 

increases in the solvent with monomer as­
sociated tightly as compared with k 12 . The 
extent of the solvent effects on AA and MA 
decreases in the order of AA> MA, which is 
the order of decreasing self-association ten­
dency of the monomers. Increase in the self­
association ·of AA and MA (M1 ) possibly leads 
to increase in the association between M1 • 

radical and M1 monomer, since it is neither a 
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C = C double bond nor an unpaired electron of 
the propagating radical but the C = 0 and NH 
groups which participate mainly in the molec­
ular association. This results in enhanced local 
concentration of M 1 monomer around M 1 • 

radical. As a result, it can be reasonably 
assumed that k11 increases apparently owing 
to the enhanced propagation rate between M1 • 

radical and M1 as compared with k12 to yield 
higher r1 value. 

If the molecular association between MMA 
and the amide monomers is strong enough to 
increase their local concentration around the 
propagating radical of MMA, k21 value in­
creases apparently, which in turn decreases r2 

value. However, Table V shows that the inter­
action of MMA with AA and MA is weak. In 
fact, r2 did not change except the copolymer­
ization in BZ which yielded exceptionally small 
r2 values. BZ seems to increase r1 values in the 
copolymerization of AA and MA more than 
the expected. These extraordinary effects of BZ 
on the copolymerization might be explained as 
follows. Copolymers obtained in BZ are in­
soluble except those formed under the mono­
mer composition containing 20 mol% of M1 

monomer. Thus, the amide monomers are 
considered to be adsorbed on the polymers 
precipitated because of weaker affinity of AA 
and MA to BZ. This adsorption causes the 
increase of local concentration of the amide 
monomers at the propagating chain ends. For 
this reason both k 11 and k 21 increase ex­
tensively. Some of the copolymers obtained in 
ACN and EtOH also precipitate during co­
polymerization. In these cases, however, the 
adsorption of the amide monomers to co­
polymers precipitated would not occur so 
much as in BZ, since the affinity of AA and 
MA to solvents was fairly large. 

BZ influences even the copolymerization 
behavior of OMA which has been considered 
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to be independent of the solvents where the 
copolymerizations are carried out. Dipole­
dipole interaction between monomers or 
monomer and polymer may be responsible for 
this solvent effect. 
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