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ABSTRACT: Anionic polymerization of acrylamide (Aci\m) was initiated with the disodium 
salt of poly( ethylene oxide) (PEO) in several solvents at various temperatures, and the products 
were analyzed by 1 H and 13C NMR spectroscopies. The Michael type addition of alkoxide anion 
of PEO to AcAm monomer did not occur in the initiation reaction. Polymerization proceeded ex
clusively via a hydrogen-transfer mechanism. The polymerization at a relatively low temperature 
in a polar solvent resulted in the formation of long- and short-chain branchings at the nitrogen 
atom in amide group and the poly-p-alanine (PBA) structure. Free rotation of CO-N bond at the 
branching point was observed by high-temperature NMR measurement. In the polymerization at 
higher temperature in a non-polar solvent, the branching structure was greatly reduced and al
most linear PBA was obtained. 
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A large number of studies on base-catalyzed 
polymerization of acrylamide (AcAm) has 
been reported.1 - 9 Breslow et a!. reported that 
the initiation mechanism involves hydrogen 
abstraction by a basic initiator from the amide 
proton in the AcAm monomer so that poly-P
alanine (PBA) is obtained.1 Ogata et al. re
ported that a basic initiator adds to the AcAm 
monomer (Michael type addition) and an unst
able intermediate is rearranged into a more 
stable amide anion which further adds to the 
AcAm monomer.2 Nakayama et al. reported 
from infrared spectra of the polymer of AcAm 
that the absorptions of primary and secondary 
amide groups indicate the formation of a 
copolymer of PBA and vinyl type polymer of 
AcAm.9 Glickson et a!. claimed that the pri
mary amide group is not produced by vinyl 

polymerization but by chain branching.6 

However, a definite reaction mechanism and 
structure of the polymer of AcAm have not yet 
been established. 

In previous papers, the anionic polymeri
zations of various acrylic monomers initiated 
with the disodium salt of poly( ethylene oxide) 
(PEO) were reported.10 - 12 It was clarified that 
PEO fragment in the product is easily detected 
by NMR spectroscopy. In this work, the an
ionic polymerization of AcAm was initiated 
with the disodium salt of PEO. Since whether 
the initiator fragment (PEO) adds to the 
AcAm monomer becomes readily apparent, 
the mechanism of the initiation reaction was 
investigated. The structure of resulting poly
mer was also elucidated by NMR analyses. 
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EXPERIMENTAL 

Materials 
AcAm and solvents [diglyme, dioxane, tetra

hydrofuran (THF), toluene] were purified by 
the usual methods. Sodium naphthalene was 
prepared in THF with naphthalene and metal
lic sodium. n-Butyllithium and t-butyllithium 
were prepared in hexane by the usual methods. 
Commercial PEO #1000 (Mn=980), PEO 
#4000 (Mn=3600) and PEO #6000 (Mn=4600) 
were freeze-dried from benzene solutions be
fore use. 

Polymerization and Recovery of Polymer 
The polymerization apparatus and pro

cedure were the same as described pre
viously.10 -l3 Since the resulting polymer of 
AcAm was insoluble in the solvents, it was 
filtered off and washed with benzene to remove 
unreacted PEO. Butyllithium was also used as 
the initiator to obtain PBA. 

1 Hand 13C NMR Spectra 
13C NMR spectra were recorded in the Pulse 

Fourier Transformation mode at 25.05 MHz 
on a JEOL JNM FX 100 and 1 H NMR spectra 
were obtained on a Varian HR 220, using 
CF3COOD, DMSO-d6 , and D20 solutions of 
the polymers at various temperatures. 

RESULTS AND DISCUSSION 

Polymerization 
The results are summarized in Table I. The 

disodium salt of PEO (PEO-Na2) initiated the 
polymerization of AcAm, even at low tem
perature but the yield of the product was low. 
Assuming a Michael type addition of PEO
Na2 to AcAm monomer to have occurred in 
the initiation step, the PEO segment should be 
contained in the resulting polymer. In the 
polymerizations of methyl methacrylate and 
methacrylonitrile initiated with PEO-Na2, a 
sharp absorption at about 3.7 ppm, assignable 
to the methylene protons of PEO, was observ
ed in the 1 H NMR spectra of the resulting 
polymers.10·12 In this polymerization, how
ever, no peak due to PEO was detected in 1 H 
NMR spectra of the resulting polymers. In 
addition, PEO was almost quantitatively re
covered. Consequently, in this polymerization 
system, the Michael type addition of alkoxide 
anion of PEO to the AcAm monomer did not 
occur and polymerization proceeded accord
ing to the hydrogen-transfer mechanism pro
posed by Breslow et al. 1 

1 Hand 13 C NMR Analyses 
Polymer No. 6 was prepared under con-

. ditions that would give the PBA structure. 
From the 1H NMR spectra of polymer No.6, 
it was concluded that this polymer mainly 
consists of PBA.6 Since the 1 H NMR spectra 

Table I. Polymerization of AcAm• 

No. 

2 
3 
4 
5 
6 

A cAm 

mmol 

29.5 
10.0 
10.0 
23.9 
11.1 
29.5 

a Reaction time, 20 h. 

856 

Initiator 

Sort mmol 

PEO#IOOO-Na2 0.2 
PEO#!OOO-Na2 0.2 
PE0#4000-N a2 0.2 
n-BuLi 0.3 
PE0#6000-Na2 0.2 

t-BuLi 0.3 

Temp Yield 
Solvent 

oc wt% 

THF 30 26 
Diglyme 80 64 
Diglyme 80 90 
Dioxane 60 50 
THF 30 40 
Toluene 100 77 
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in DMSO -d6 at 40 °C 

NO.3 

8.0 7.0 
PPM from TMS 

Figure 1. 1 H NMR spectra of polymers No. I and 3 
measured in DMSO-d6 at 40°C. 

of polymers No.2 and 3 were substantially the 
same as that of polymer No. 6, they are rich in 
the PBA structure. 

Figure 1 shows the 1 H NMR spectra of 
polymers No. 1 and 3 measured in DMSO-d6 

at 40ac (amide-proton region). Resonances 
due to amide protons (6.6-8.1 ppm) sepa
rated into three peaks and further split into 
two peaks in the case of polymer No. 1. 
Similar to the results of Glickson et a/.,6 

resonances observed around 6. 7 and 7.3 ppm 
could be assigned to primary amide protons 
(trans and cis to carbonyl group) and that 
around 7.9 ppm to a secondary amide proton. 
The relative intensity of the resonance around 
7.9 ppm was less than those around 6. 7 and 7.3 
ppm for polymer No. 1, compared with poly
mer No. 3 consisting of PBA. In polymer 
No. 1, therefore, the content of PBA structure 
is small, while that of different structures must 
be considerable. Glickson et a!. proposed a 
chain branching mechanism which would re
duce the amount of secondary amide group 
and produce tertiary amide group.6 The 
prelience of branching structures was sub-
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stantiated by 13C NMR analysis, as de
scribed below. 

In Figure 2 are shown 13C NMR spectra of 
polymers No. 1 and 6 measured in D20 at 
55°C. In the spectrum of polymer No. 6 con
sisting of the PBA structure, two sharp peaks 
were observed at 36.2 and 36.7 ppm (d and e) 
and two weak absorptions at 43 and 45 ppm 
(f). On the other hand, in the spectrum of 
polymer No. 1 containing structures differing 
from PBA, many peaks were observed between 
32 and 37 ppm and the relative intensity of the 
absorption f was fairly strong. In off
resonance measurements, the resonance f and 
numbers of resonances between 32 and 37 ppm 
appeared as triplet absorptions. These reso
nances were thus ascribed to methylene car
bons. Although the chemical shift of the 
resonance f was close to that of the methine 
carbon resonance/4 •15 no resonance due to 
methine carbon was observed in our measure
ments. This indicates that vinyl polymerization 
did not occur in this polymerization stystem. 

Figure 3 shows· the 13C NMR spectra of 
polymer No. 1, where the rx- and {3-protons 
were selectively irradiated. In this study, the 
methylene carbons at the rx- and {3-positions 
against carbonyl carbons in the polymer were 
defined as rx- and {3-methylene carbons, re
spectively. When the a-proton was irradiated, 
two resonances at 43 and 45 ppm (fin Figure 
2) appeared as triplet. The pattern of the 
absorption f in {3-proton irradiation was the 
same as that in all proton irradiations. The 
resonance f was thus attributed to the {3-
methylene carbon. The resonances at 36.2, 
36.7, and 36.5 ppm (d, e, and gin Figure 2) 
were also found to be due to rx-, {3-, and {3-
methylene carbons, respectively. The observed 
coupling constant for the carbon-proton (JCH) 
of the resonances at 36.2 (d) and 36.7 ppm (e) 
were 129 and 141Hz, respectively. In the 13C 
NMR spectrum of N-methylacetamide, JCH of 
CH3-CO- was 129Hz and that of -NH-CH3 , 

138Hz. It may thus concluded that the re
sonances d and e are assignable to the rx- and {3-
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Figure 2. 13C NMR spectra of polymers No. I and 6 measured in D20 at 55oC. 

methylene carbons (cis to carbonyl group) in 
the PBA structure. In the 13C NMR spectra of 
N,N-dimethylformamide and N-methylform
amide, the resonance of the trans methyl 
carbon to carbonyl group appeared in a mag
netic field lower than that of the cis meth
yl carbon.16 Consequently, the resonance f 
may be assigned to the trans f)-methylene 
carbon to carbonyl group in tertiary amide 
group. The tertiary amide group may be pos
sibly produced by chain branching. The hy
drogen in the secondary amide group in the 
polymer was abstracted by metalation and/or 
chain-transfer reactions and polymerization of 
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AcAm was initiated, resulting in chain branch
ing (long-chain branching). The relative inten
sity of the resonances f and g was much strong
er in polymer No. 1 than in polymer No. 6. 
This indicates the content of the branching 
structure in polymer No. 1 to be fairly large. It 
seems likely that resonance due to the cis f)
methylene carbon to carbonyl group in the 
tertiary amide group appeared at 36.5 ppm (g). 
As a special case, it is probable that the 
polymerization of AcAm from the branching 
point does not proceed further, i.e., only one 
AcAm monomer attaches to the nitrogen atom 
in the tertiary amide group (short-chain 

PolymerJ., Vol. 17, No.7, 1985 
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40 35 30 
PPM from TMS 

Figure 3. a and f3 protons irradiated selective
decoupled 13C NMR spectra of polymer No. I. 

branching). In the short-chain branching 
structure, the trans /)-methylene carbon to 
carbonyl group is in a different magnetic en
vironment from that of the long-chain branch
ing structure. The resonance ascribed to the 
trans /)-methylene carbon to carbonyl group 
(f) thus appeared as two absorptions. It should 
be noted that various kinds of chain branching 
are possible. Absorptions in the 13C NMR 
spectra arising from such structures would 
appear around 32-36 ppm in a complicated 
manner, as seen in Figure 2. Resonances due 
to ex-methylene carbons in the tertiary amide 
group may be assumed to appear at 32-36 
ppm. 

Figure 2 shows a broad absorption around 
174 ppm (h), considered to be an overlapping 
absorption of peaks due to the carbonyl car
bons in the PBA structure and terminal mono
mer unit. Furthermore, two absorptions are 
observed around 177 ppm (i). The relative 
intensity of resonance i was much stronger in 
polymer No. 1 than in polymer No.6 as well as 
in the case of the resonances f and g. The 
resonance i may thus be assigned to the car
bonyl carbons of the tertiary amide groups in 
the short- and long-chain branching polymers. 
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in 020 at 40'C 

PPM from t-BuOH 

Figure 4. 1H NMR spectra of polymers No. I, 3, and 4 
measured in D20 at 40°C. 

The splitting of absorptions due to primary 
amide protons (cis and trans to carbonyl 
group) in the 1H NMR spectrum of polymer 
No. 1 shown in Figure 1 may be ascribable to 
short- and long-chain branchings. 

Figure 4 shows the 1 H NMR spectra of 
aliphatic protons in polymers No. I, 3, and 4 
measured in D20 at 40°C. Since the spectra of 
polymers No. I and 4 were almost identical, 
the structures of the two polymers are thus 
almost the same. Since the relative intensity of 
the absorptions I-1.6 ppm and 2-2.6 ppm 
was the same, the former is due to the ex
methylene protons and the latter to the /)
methylene protons. In the spectra of polymers 
No. I and 4, the relative intensity of the 
resonances around 2.4 ppm (c) was stronger 
than in the spectrum of polymer No. 3 mainly 
consisting of PBA. The resonance c is, there
fore, ascribable to the /)-methylene protons in 
the tertiary amide group (cis and trans to 
carbonyl group) produced by chain branching. 
Resonances due to the ex-methylene protons in 
the tertiary amide group presumably appear 
around I.45 ppm. In the spectrum of polymer 
No. 3, the relative intensity of the resonances 
at 1.2 ppm (a) and 2.2 ppm (b) was the same. 
Consequently, resonances a and b can be 
assigned to the ex-methylene and /)-methylene 
protons in the PBA structure, respectively. 

Based on the above findings and polymeri-
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zation conditions (polymerization temperature 
and nature of the solvent), polymers No. 2, 3, 
and 6 are concluded to consist mainly of PBA 
and No. I, 4, and 5 to include a considerable 
amount of the branching structure. 

Figure 5 shows the 13C NMR spectra of 
polymer No. I measured in D20 at 55ac and 
95°C. In the spectrum at 95°C, several peaks 
broadened more than that at 55°C. Thus, at 
95°C, an exchange of two species clearly oc
curs at the time scale ofNMR, that is, rotation 
of CO-N bond in the tertiary amide group 

55 •c 

45 40 35 30 
PPM from TMS 

Figure 5. 13C NMR spectra of polymer No. I mea
sured in 0 2 0 at 55 and 95oc. 

(2) 

occurs freely. 
As described above, we assigned the absor

ptions in the NMR spectra of the product. 
However, a few questions still remain, such as 
why the relative intensity of the two absorp
tions around 44 ppm (f) is always the same 
and why it is fairly strong compared with that 
of other absorptions. To answer these ques
tions it is considered that, in the 13C NMR 
spectra, the two absorptions observed at 43 
and 45 ppm are due to cis and trans [3-
methylene carbons to the carbonyl group in 
the tertiary amide group, respectively. 17 

However, splitting of the absorption i cannot 
be explained on this basis. Although our as
signments may not be entirely right, they 
adequately explain the NMR spectra of the 
product in the present stage. 

CONCLUSIONS 

In the initiation reaction, the Michael type 
addition of alkoxide anion of PEO to the 
AcAm monomer does not occur. In this poly
merization system, vinyl polymerization does 
not occur and polymerization proceeds ac
cording to the hydrogen-transfer mechanism 
proposed by Breslow et aU 

This polymerization system resulted in a 
polymer of AcAm having various complicated 
chain branching patterns. Typical examples of 
the structure of this product are summarized in 
Scheme I. Glickson et al. proposed that only 

long chain 
"-'CH CH -C- N 

2 2 8 chain 

(3) 
/H tree rotation 

H 
"-"CH2CH,-C-4-N 1\ H 1 CH CH-C-N/ 

11 1/ CH CONH-CH CH -C __l_N/ 2 2 11 '-H 0 22 0 
free rotation 8 c CH2CH;-C-N(H 

8 H 

Scheme 1. 
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long-chain branching occurs ( eq 2) and free 
rotation of CO-N bond takes place only at the 
chain end.6 In addition to the long-chain 
branching, we consider that short-chain 
branching also occurs and that free rotation of 
the CO-N bond at 95°C takes place even at the 
branching point. A typical example of short
chain branching is shown in eq 3. In the 
polymerization at relatively high temperature 
in a non-polar solvent, the degree of chain 
branching is greatly reduced and almost linear 
PBA (eq 1) is obtained as the main product. 
The polymerization at relatively low tempera
ture in a polar solvent leads to the formation 
of long- and short-chain branchings as well as 
the PBA structure. 
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