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Abstract—The effect of electron-donor solvents on the parameters of the NMR signals of vinyl protons in N-
vinylsuccinimide and butyl acrylate was examined. The kinetics of copolymerization of N-vinylsuccinimide 
with butyl acrylate in triethylamine and tributylamine was studied by monitoring the running concentrations of 
the monomers in the course of the reaction. The copolymerization constants were calculated. The diad and triad 
composition of the copolymers formed in the medium of tertiary amines was predicted, and their microstructural 
nonuniformity was evaluated.
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Copolymers of N-vinylsuccinimide (VSI) with 
n-butyl acrylate (BA) are of practical interest as materials 
for preparing fi lms [1–3] and adhesives [4] for medical 
purpose. Base hydrolysis of such copolymers leads 
to succinimide ring opening with the formation of 
N-vinylamidosuccinic acid (VASA) units containing 
a carboxy group to which low-molecular-weight 
physiologically active substances of basic character 
can be linked by ionic bonding. The BA units act as an 
internal plasticizer.

Previously we studied the copolymerization of VSI 
with BA in dimethyl sulfoxide (DMSO) [5, 6], acetic 
anhydride (AA) [7, 8], and pyridine [9]. The reaction 
kinetics was studied by a combination of the gravimetric 
method (to determine conversion) with elemental analysis 
and IR spectroscopy (to determine the copolymer 
composition). In [6] we used a new procedure for studying 
copolymerization kinetics, based on monitoring of the 
reaction mixture by intermittently measuring the 1H NMR 
spectra. The results of previous studies suggest that proper 
choice of the reaction medium can solve the problem 
of compositional nonuniformity of the copolymers 
obtained, caused by the large difference between the 
relative activities of VSI and BA. Encouraging results 
showing that the monomer activities can be made closer 
were obtained when the copolymerization was performed 

in pyridine [9] and AA [7, 8]. The copolymerization 
constants of VSI with BA in these solvents, and also the 
solvent parameters characterizing their donor–acceptor 
power {donor (DN) and acceptor (AN) numbers [10], 
ionization potential, proton affi nity (taken from NIST 
database)} are given in Table 1.

The need for using several different parameters 
for describing donor–acceptor properties of solvents 
is caused by their ambiguous sense when applied to 
systems other than those for which these parameters were 
developed. For example, the Gutmann donor number DN 
objectively characterizes the capability of molecules of 
a given substance to donate electrons for participation in 
donor–acceptor interaction with Sb(V) chloride taken as 
standard electron acceptor.

Another parameter suggested by Gutmann an 
coworkers, acceptor number, characterizes the 
electrophilic properties of a solvent in its interaction 
with triethylphosphine oxide. In this case, the same Sb(V) 
chloride is taken as reference. This approach does not take 
into account signifi cant difference between compounds 
having low-lying unoccupied orbitals [Sb(V) chloride] 
and compounds in which such orbitals are lacking (e.g., 
pyridine) and the lowest unoccupied molecular orbital has 
so high energy that the interaction with the majority of 
electron-donor compounds is energetically unfavorable. 
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Therefore, when considering solvents from the viewpoint 
of these parameters, a contradictory situation often arises. 
For example, it is diffi cult to determine whether DMSO 
should be classed with donor or acceptor solvents. Usually 
it is considered as an electron-donor solvent, as indicated 
by its high DN (Table 1). As compared to DMSO, AA 
is rather an acceptor: Its DN is three times lower. At 
the same time, the S atom in DMSO has vacant orbitals 
capable of formation of donor–acceptor complexes, 
whereas AA has no such orbitals. In other words, under 
similar conditions, in interaction with a donor compound 
bearing a lone electron pair, DMSO rather than AA will 
act as an acceptor.

The ionization potential and proton affi nity depend 
on the medium in which the electron is detached or 
the proton is added. The effect of the medium is very 
diffi cult to take into account in practice. Therefore, 
when fi nding correlations of any properties with the 
donor–acceptor power of a solvent, it is necessary to 
take into account all the above-mentioned characteristics 
and specifi c conditions of interaction of solvents with 
components of the reaction system. As applied to radical 
copolymerization of VSI with BA, all the solvents 
given in Table 1 can be considered as electron-donor 
solvents.

The accumulated experimental data suggest that 
an increase in the electron-donor power of a solvent 
decreases the difference in the relative activities of 
VSI and BA. Therefore, we chose in this study tertiary 
amines (triethylamine, TEA; tributylamine, TBA), 
which are typical electron-donor solvents (Table 1), 
as solvents for copolymerization of VSI with BA. 
Previously they were not used as solvents for radical 
polymerization, despite wide use of TEA as solvent in 
organic synthesis.

EXPERIMENTAL

N-Vinylsuccinimide was synthesized by the procedure 
described in [11] and recrystallized three times from 
a solution in isopropyl alcohol (mp 48.5°C, nD

50 
1.5020). BA and TBA were vacuum-distilled just 
before use. Triethylamine was distilled two times at 
atmospheric pressure. Azobis(isobutyronitrile) (AIBN) 
was recrystallized two times from ethanol at 50 ±2°C 
and vacuum-dried at 20°C (mp 104°C).

Samples for copolymerization of VSI with BA were 
prepared by dissolving the calculated amounts of AIBN, 
VSI, and BA in appropriate amine. At certain monomer 
ratios, short heating to 40°C is required for complete 
dissolution of the components. The solutions were placed 
in ampules. After making an argon atmosphere over the 
solutions by repeated freezing–pumping–thawing–fi lling 
with argon, the ampules were sealed. The polymerization 
was performed at 60°C. The total concentration of 
the monomers was 0.7, and that of AIBN, 0.0165 M. 
Reaction mixture samples were taken with a syringe 
through a rubber stopper and immediately frozen. The 
1H NMR spectra were recorded in deuterated CDCl3 at 
25°C (operation frequency 500 MHz, internal reference 
TMS).

Interaction of reaction system components. The 
solvent effect on the relative activity of the monomers in 
copolymerization of VSI with other vinyl monomers was 
observed previously [12]. In this study we evaluated the 
effect of TEA and TBA on the electron density distribution 
in VSI and BA molecules by 1H NMR spectroscopy, 
namely, by measuring the chemical shifts and coupling 
constants of the vinyl protons of the monomers.

To this end, we examined the proton spectra of several 
systems: pure monomers in deuterated chloroform and 
DMSO and samples of reaction mixtures prepared 

Table 1. Copolymerization constants of VSI (M1) with BA (M2) in electron-donor solvents
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for copolymerization in DMSO, TEA, and TBA, with 
the same composition (monomers and initiator) but 
different solvents. The spectra of mixtures in the case 
of copolymerization in TEA and TBA were recorded in 
CDCl3, and in the case of copolymerization in DMSO, 
in deuterated DMSO.

Of prime interest are vinyl proton signals, because 
specifi cally these signals refl ect the polarization and 
electron density distribution of the double bond in the 
monomer. The chemical shifts and coupling constants 
for the examined systems are given in Table 2. We used 
the following numbering for vinyl protons: 1, α-proton 
bonded to the carbon atom bearing the substituent; 2, β-cis 
proton; and 3, β-trans proton. In DMSO-d6, the signals 
of all the vinyl protons are readily identifi ed and do not 
overlap with each other. In CDCl3, the H1 signal of BA 

overlaps with the H3 signal of VSI, but the signals can 
be readily distinguished. 

On adding TEA and TBA, the signals of vinyl protons 
of BA are shifted upfi eld, which may be due to an increase 
in the electron density on the BA double bound. Similar 
trend is observed in the VSI spectra in the presence 
of TEA, whereas TBA shifts the signals downfield, 
increasing the difference in the electron density on the 
double bond of the monomers. The coupling constants are 
usually insensitive to a solvent, but in the systems under 
consideration they vary signifi cantly. However, we failed 
to reveal any regular trend.

Kinetic features of copolymerization of VSI with 
BA in tertiary amines. In the course of the synthesis, 
we took samples of the reaction mixture. The 1H NMR 
spectra of these samples furnished data on the running 

Table 2. 1H NMR parameters of systems containing VSI, BA, and the solvents

Fig. 1. Concentration c of (1) VSI and (2) BA, and (3) instantaneous (dm1) and (4) overall (m1) compositions (VSI mole fraction) of 
VSI–BA copolymers prepared in (a) TEA and (b) TBA from an equimolar mixture of the monomers, as functions of the conversion K.

(a) (b)c, M

K, %K, %

c, M
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concentrations of both monomers. From these data, we 
determined the composition of separate fractions of the 
polymer, formed in the period between the two successive 
measurements (“instantaneous” copolymer composition), 
the overall composition of the polymer, and the monomer 
conversion. The results obtained for equimolar monomer 
mixtures are plotted in Fig. 1.

The copolymerization in the tertiary amines occurs 
considerably more slowly than in DMSO (Fig. 2), 
which may be due to complexation of the propagating 
macroradicals with amines. Assuming that the complex 
of the propagating radical with the amine is inactive in 
the polymerization, the concentration of the active centers 
is given by the equilibrium

           

In the case of the more basic TBA, the equilibrium is 
shifted to the right more strongly, the complex with the 
radical is more stable, and the polymerization deceleration 
is the most pronounced.

The results we obtained were used for calculating 
the copolymerization constants of VSI (M1) with 
BA (M2), using a specially developed program and 
a procedure described in [13]. The constants determined 
by the modified Ezrielev–Brokhina–Roskin (EBR) 
[14] and Kelen–Tüdös (KT) [15] methods are given 
in Table 1. It was shown previously [13, 16] that the 
EBR method allows more reliable determination of the 
copolymerization constants, because the equations for 
the copolymer composition are symmetrical with respect 
to r1 and r2. Therefore, we chose the EBR data for the 
subsequent calculations of the effect of unit alternation 
in copolymer macromolecules.

In the examined range of conversions (up to 60%), 
with the progress of the reaction, the copolymer gets 
enriched with units of the less active VSI (Fig. 1, curve 
4). In both diagrams, the rate of BA consumption is 
higher than that of VSI consumption (Fig. 1, curves 1, 
2), which leads to faster exhaustion of BA and variation 
of the monomer ratio in favor of VSI. As a result, 
the polymer formed in each subsequent step of the 
polymerization is enriched in VSI units relative to the 
polymer formed in the previous step (Fig. 1, curves 3). 
It can be seen that the “instantaneous” composition of 
the copolymer changes by tens of mole percents, and, 

as a result, the product obtained is extremely nonuniform 
in the composition.

Microstructure of VSI–BA copolymers prepared 
in tertiary amines. From the copolymerization 
constants r1 and r2 calculated by the EBR method 
(Table 1), we predicted the character of unit alternation 
in macromolecules of VSI–BA copolymers prepared at 
various compositions of the initial monomeric mixtures. 
The probabilities of formation of various types of 
structures were calculated using known procedures [17] 
and the specially developed Kinetika program [18]. The 
calculation results are given in Table 3. The Medvedev’s 
method allows prediction of the probabilities of formation 
of structures consisting of n series-connected units of 
each type, F1n and F2n (Fig. 3) [17], and the M. Izu 
and K.F. O’Driscoll’s method allows calculation of the 
probabilities of formation of diads and triads of various 
compositions (Fig. 4). Data in Table 3 show that, in a wide 
range of compositions of the monomer mixture, there is 
a trend toward formation of long sequences of BA units, 
whereas VSI, even when in a large excess, is mainly 
incorporated in the polymer chain in the form of separate 
units surrounded by BA units.

In both solvents examined, r1 < 1 and r2 > 1 (Table 1), 
i.e., k11 < k12 and k22 > k12. This means that the propagating 
macroradical always adds more readily to BA. In going 
from TEA to TBA, r1 decreases by a factor of 3.5, i.e., 
the probability of addition of the macroradical with the 
VSI terminal unit to BA increases by a factor of 3.5, and 
r2 decreases by a factor of 1.7, which enhances a trend 
toward addition of VSI to the “foreign” radical. Therefore, 

Fig. 2. Monomer conversion K as a function of time τ in 
copolymerization of an equimolar mixture of VSI and BA in 
(1) DMSO, (2) TEA, and (3) TBA.

τ, min

K, %
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the overall effect is that the incorporation of BA into the 
polymer chain becomes more probable, but BA adds with 
a higher probability to the radical with the VSI terminal 
unit, which leads to better alternation of units and smaller 
length of sequences of BA units (Table 3).

A specifi c feature of copolymers prepared at a high 
content of BA in the initial monomer mixture is broad 
length distribution of the sequences of BA units (Fig. 3, 
curves 2, 3). With an increase in the VSI content in the 
monomer mixture, the probability of formation of short 
BA blocks increases (Fig. 3, curves 1), and the tendency 
to alternation of VSI and BA units increases.

The unit alternation, which can be judged from 
the probability of formation of triads M1–M2–M1 and 

M2–M1–M2, is illustrated by the dependences of the 
probabilities of formation of various triads (M1–M1–M1, 
M1–M1–M2 or M2–M1–M1, M1–M2–M1, M1–M2–M2 
or M2–M2–M1, M2–M1–M2, and M2–M2–M2) on the 
composition of the monomer mixture (Fig. 4). The 
tendency to alternation can be illustrated more clearly 
by the dependence of the probability of formation of 
single monomeric units (F12, F21) on the composition 
of the monomer mixture (Fig. 5). It can be readily 
seen that the maximal alternation is observed only at 
80–90 mol % content of VSI in the monomer mixture. 
At such monomer ratios, the probability of formation of 
single units is maximal (Fig. 5, curves 1, 2), and the total 

Table 3. Probability of diad formation f and statistical average length Z of blocks of VSI (M1) and BA (M2) units in chains of 
VSI–BA copolymers prepared in TEA and TBA

Fig. 3. Probability of formation of structures consisting of 
n series-connected BA units, Fn, in VSI–BA copolymers 
prepared in TEA (solid lines) and TBA (dashed lines). Initial 
monomer ratio, VSI : BA, mol %: (1) 80 : 20, (2) 50 : 50, 
and (3) 20 : 80.

Fig. 4. Probability of triad formation F as a function of the VSI 
content in the initial monomer mixture M in copolymerization 
of VSI with BA in TEA (solid lines) and TBA (dashed lines). 
(1) M1–M1–M1, (2) M1–M1–M2 (M2–M1–M1), (3) M1–M2–
M1, (4) M1–M2–M2 (M2–M2–M1), (5) M2–M1–M2, and (6) 
M2–M2–M2.

M, mol %
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probability of formation of series-connected units, given 
by the equation

                  (F1n + F2n ) = (100 − F11− F21),

where n ≥ 2, is the lowest (Fig. 5, curve 3).
The dependences shown in Figs. 3–5 are indicative of 

stronger tendency to unit alternation in the copolymers 
prepared in TBA. In both solvents, the maximum of the 
unit alternation is observed at ~80% content of VSI in the 
monomer mixture. In this case, the total probability of 
formation of sequences of several like units is 0.54 and 
0.34; the probability of formation of single VSI units, 
0.26 and 0.37; and the probability of formation of single 
BA units, 0.20 and 0.29 for the copolymers prepared in 
TEA and TBA, respectively, i.e., under similar conditions 
the copolymers prepared in TBA have a more regular 
microstructure.

CONCLUSIONS

(1) In the solvent series dimethyl sulfoxide–tri-
ethylamine–tributylamine, the vinyl proton signals of 
N-vinylsuccinimide and butyl acrylate in the 1H NMR 
spectra are shifted, suggesting variation of the electron 
density on the double bond of the monomers under the 
action of tertiary amines.

(2) Copolymerization of N-vinylsuccinimide with 
butyl acrylate in tertiary amines occurs more slowly 

than in dimethyl sulfoxide, which is accounted for by 
formation of stable complexes of the macroradicals with 
amines, incapable of participation in chain propagation.

(3) The copolymerization constants were calculated by 
two different methods from data on the reaction mixture 
composition, obtained by 1H NMR spectroscopy.

(4) The maximal alternation of units in the polymer 
chains can be attained at ~80 mol % content of N-vinyl-
succinimide in the monomer mixture.
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