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Summary

We report the synthesis, characterization, and determination of monomer reactivity
ratios for the solution copolymerization of N,N-dimethylacrylamide (DMA) and
2-vinyl-4,4’-dimethylazlactone (VDMA). The polymerization kinetics were monitored
by gas chromatography (GC), structure analysis of the resulting copolymers was
determined using '"H-NMR analysis, and copolymer molecular weights were deter-
mined using gel-permeation chromatography (GPC). The reactivity ratios indicate the
copolymerization of DMA and VDMA may result in greater mole fraction of VDMA
in the copolymer compared to monomer feed compositions, especially when the DMA
mole fraction is greater than the VDMA mole fraction. However, the data also
indicates an azeotropic copolymerization at a mole fraction of VDMA of 0.78.

Introduction

Copolymers containing N, N-dimethylacrylamide (DMA) have been used in a variety
of applications in recent years, with increasing focus in the area of biomaterials.[1-3]
The use of these materials for a wide range of applications is facilitated by the
hydrophilic properties of DMA and DMA-containing copolymers, and examples
include use as DNA sequencing matrices and as hydrogel materials.[4-7] Often times,
DMA-containing polymeric materials consist of two or more monomers, and these
examples illustrate the utility of copolymerization methods to control the hydrophilic
characteristics of the polymeric material. Additionally, copolymerization of monomers
bearing reactive functionality is shown to be a reliable and attractive method for
further polymer modification. Examples of reactive monomers commonly copoly-
merized and used in polymer modification include (meth)acrylic acid[8] and glycidyl
methacrylate.[9] Recently, 2-vinyl-4,4’-dimethylazlactone (VDMA) has been widely
used for a variety of polymer modifications, where some specific applications
involved copolymeric systems developed for protein immobilization.[10-14] The
copolymerization of DMA with monomers bearing a reactive side group may afford
a varying degree of hydrophilicity while allowing for the modification of the material
through a variety of potentially simple and useful reactions with the side group.
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Here we describe the synthesis and characterization of a series of copolymers of DMA
and VDMA with varying monomer mole fractions. Monomer reactivity ratios are
reported and the data shows the copolymeric materials possessed a greater mole
fraction of VDMA than DMA, when compared to the monomer feed. Also, it was
determined that the polymers showed increasing molecular weight and polydispersity
with increasing mole fraction of VDMA in the copolymer, which is related to the
greater reactivity of VDMA in polymerization with DMA.
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Scheme 1. Copolymerization of VDMA with DMA
Experimental

Materials

DMA was purchased from Aldrich Chemical Company (Milwaukee, WI), and passed
through a 1 cm (O.D.) glass column packed with Inhibitor Remover (Aldrich
Chemical Company) to remove hydroquinone monomethyl ether (MEHQ) and
stored at 4°C. 2-Vinyl-4,4’-dimethylazlactone (VDMA) was obtained from SPNE
(Princeton, NJ), and was vacuum distilled as previously reported.[15] Butylated
hydroxytoluene (BHT) and 2,2’-azobisisobutyronitrile (AIBN) were obtained from
Aldrich Chemical Company (Milwaukee, WI). AIBN was purified by recrystallization
from methanol. All other materials were of reagent grade or higher and used as
received.

Polymer Synthesis

Polymerizations, as illustrated in Scheme 1, were conducted according to the
following representative procedure. A 250-mL round-bottom 3-neck flask was
charged with 2.0 g (14.4 mmol) of VDMA, 8.0 g (80.7 mmol) of DMA, and 90 mL of
MEK. The solution was sparged with argon for 15 minutes and heated to 70°C = 1°C.
After temperature equilibration, 0.0250 g (0.152 mmol) of AIBN in 10 mL of MEK
was added to initiate the polymerization. After 3 hours of polymerization, heating was
stopped and the solution was added drop-wise to stirring petroleum ether to precipitate
the polymer. Solid polymer was isolated via vacuum filtration and dried overnight in
a vacuum oven at 40°C. Initial and final aliquots (1.0 mL) of the polymerization
solution were removed from the flask via Eppendorf pipetter and were each added to
a 1.0 mL solution of 2 % (w/v) BHT in a 9:1 (v/v) solution of ethyl acetate and
toluene and analyzed following the GC method described below.
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Instrumentation

GC Analysis

Changes in initial monomer feed compositions were monitored by gas
chromatography following the method described by Harwood, et al.[16] Gas
chromatograms were obtained using a HP 5980-II Gas Chromatograph with a HP-1,
crosslinked methyl siloxane column (30 m x 0.32 mm with a 0.25 micron coating)
with a HP guard column containing a glass wool filter. Data analysis was performed
using Chemstation software from Agilent Technologies. Aliquots (1.0 mL) of each
polymerization solution were taken at the start and completion of the polymerization,
and diluted with 1.0 mL of a 2% (w/v) solution of BHT in ethyl acetate:toluene
solution (9:1, v/v) to quench the polymerization. Five microliters of each diluted
aliquot were injected into the GC with a heating program as follows: Start
temperature, 50°C; 50 to 200°C at 10°C/min; final temperature, 200°C. The peak
areas for the monomers were normalized to the toluene peak.

"H-NMR Analysis

A Varian Inova 300 or 500 MHz spectrometer was used for the analysis with CDCl;
as solvent for the copolymers. Distinct peaks for each monomer were visible in the
spectra and used for the analysis as follows: For DMA, methyl protons [N(CHj),] at
approximately 3.0 ppm, and for VDMA, the methyl protons [(CHj),] at approximately
1.4 ppm. Integration of these peaks afforded the mole fraction of the respective
monomers in the copolymer.

GPC Analysis

GPC analysis was conducted on a HP GPC system with a HP 1074A refractive index
detector, an Agilent 35900E analog to digital signal converter with Agilent
Technologies software for molecular weight determinations. The system was equipped
with a Jordi DVB (divinylbenzene) three-column set and was calibrated using
polystyrene standards of molecular weights ranging from 10° to 4x10° g/mol. All
samples were dissolved in degassed, HPLC grade tetrahydrofuran (THF) at
concentrations of 10 mg/mL, and filtered using 0.2-um PTFE filters. The samples
were analyzed at a flow rate of 1.0 mL/min, an injection volume of 50 pL, and
a column temperature of 40°C.

Results and Discussion

Monomer Reactivity Ratios

The general observation in copolymerization is that two monomers having similar
structural features should copolymerize with approximately random monomer
distribution in the resulting copolymer. Therefore, in the system of N,N-dimethyl-
acrylamide (DMA) and 2-vinyl-4,4’-dimethylazlactone (VDMA), this result would be
expected considering the structural similarity of the two monomers, but the data show
this not to be exactly the case.

Data in Table 1 was used to determine monomer reactivity ratios for the DMA-
VDMA system using linearization methods of Fineman and Ross (F-R)[17] and Kelen
and Tudos (K-T)[18], and a non-linear least squares (NLLS) method using the
computer program developed by van Herk known as Contour.[19] A full description
of the linearized equations used in this paper is given in our previous work.[15]
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Table 1. Parameters for the F-R, inverted F-R, and K-T methods for reactivity ratio
determination for DMA-co-VDMA?

Trial  £° F° X' Y° G F GF 1/F q 13

DVl 006 0.6 160 508 1286 5052 0255 0.02 024 093
DV2 0.5 028 579 259 3555 1294 0275 008 021 0.77
DV3 033 045 202 123 0381 3324 0.114 030 005 046
DV4 055 061 081 064 -0448 1.019 -0440 098 -0.09 021
DV5 078 078 029 029 -0.724 0294 -2461 340 -0.17 0.07

* oo =3.854; * Mole fraction of VDMA (f,) in the monomer feed at completion of the
polymerization as determined by GC; ® Mole fraction of VDMA (F,) in the copolymer as
determined by 'H-NMR; © X = f,/f,; * Y = F|/F,;

Figures 1-4 show the plots of the F-R, Inverted F-R, K-T, and Extended KT methods
that were used to estimate the monomer reactivity ratios for the DMA-VDMA system,
and Figure 5 shows the 95% joint confidence interval (JCI), as determined using the
method described by Kelen, et al.[20] The JCI was used as a measure of the accuracy
to which the values obtained by the linearization methods compare with respect to the
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theoretical values predicted from the experimental data. This plot indicates good
agreement between the different calculations used to determine the monomer
reactivity ratios. The monomer reactivity ratios for copolymerization of DMA and
VDMA are shown in Table 3. The reactivity ratio rp indicates greater propensity for
cross-propagation of a DMA polymer radical than for self-propagation.

North and Scallan[21] have reported that a propagating DMA radical is very reactive,
however a DMA molecule is less reactive, as compared to MMA or styrene. This
influences the value of rp, decreasing the frequency of self-propagation events as
compared to cross-propagation, consuming more VDMA.

Table 2. Monomer Reactivity ratios of poly(DMA-co-VDMA) using different calculation methods

Method In Iy Ip*ry
Fineman-Ross[17] 0.27 0.53 0.14
Inverted F-R[17] 0.33 0.82 0.27
Kelen-Tudos[18] 0.30 0.75 0.23
Extended K-T[18] 0.26 0.73 0.19
Contour program[19] 0.327 0.805 0.22

Similarly, it was observed in our previous work that VDMA was more reactive in the
copolymerization with MMA, however, carbon-13 chemical shifts of the beta-vinyl
carbon of DMA (129 ppm) and VDMA (130 ppm) have similar values, which indicate
similar polymerization character according to Hatada et al.[22] This case would
presumably result in equal consumption of monomer, but the reactivity ratios do not
describe such an effect.

Both systems show a similar value for ry, which indicates similar reactivity toward
homopolymerization of VDMA in the two systems. Examining the reactivity ratios for
the DMA-VDMA copolymerization, the ry value indicates a propagating VDMA
radical will undergo self-propagation more frequently than cross-propagation (ry < 1).
This analysis indicates a greater consumption of VDMA, on a qualitative level.
However, because ry > 1p, a propagating DMA radical will cross-propagate more than
a propagating VDMA radical will cross-propagate. Overall, these observations
indicate a greater consumption of VDMA into the copolymer.

The data given in Table 1 for polymer DVS5 describes a point where the mole fraction
of VDMA in the monomer feed (f,) is the same as the mole fraction of VDMA in the
copolymer (F,). This point represents an azeotropic copolymerization in the plot of F,
vs f, (Figure 6). As the mole fraction of VDMA is increased in the copolymerization,
Figure 6 indicates that the mole fraction of VDMA in the copolymer (F,) gets closer
to the mole fraction of VDMA in the feed. The azeotropic point, at a mole fraction of
VDMA equal to 0.78, was observed from the data obtained during GC analysis of
copolymerization aliquots, and represents a molar monomer composition where the
resulting copolymer will have the same ratio of monomer as the initial monomer feed
composition.
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Table 3. Comparison of Monomer Reactivity Ratios for Copolymerization of VDMA with
Various Monomers”

Comonomer with

VDMA I(MorD) Iy IMor D) Ty Reference
MMA (M) 0.44 0.71 0.31 Staaln[call;]et
DMA (D) 033 081 0.22 This work

 Reactivity ratios taken from data obtained using the Contour program[19]

VDMA Homopolymerization Kinetics

Kinetic behavior of polymerization is described by rate constants for propagation (k)
and termination (k;), and the ratio kpzlk[ has been used to characterize the behavior of
monomers in radical polymerization.[23] In this work, kinetic data gathered for the
homopolymerization of VDMA was used to determine rate parameters valuable in
characterizing the polymerization process. Equation 1 describes the rate of
polymerization (R;) expression and can be used to probe kinetic parameters such as
the propagation and termination rate constants, k, and k respectively.[24]
1/2

~d[M] _

eql
dt

o[ Bl

t

Integration and rearrangement of equation 1, as described by Tobolsky[25], results in
equation 2.

N (M], :ka
(M1) k"

*(fk,l11,)*(A—exp(—k,t/2)) eq 2

The ratio of kpz/kt can be easily obtained from the linear plot of In ([M],/[M]) versus
1-exp(-kq*1#/2), where the slope equals [2kp(f*kd*[l]n)]/kll/2. Table 4 shows the
experimental data from the GC analysis of the aliquots taken during the
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polymerization process. Figure 7 shows a plot of these values and the value of kp2/kt
was determined from the slope and the following parameters: f = 0.60 for AIBN,
[AIBN], = 0.0348 M, and ky= 1.25x10*s".[26] The kinetic ratio kp2/kt was calculated
to be 12.8x10° M''s™.

Table 4. Data used to determine kp2/kl for the radical polymerization of 2-Vinyl-4,4’-
dimethylazlactone (VDMA) in MEK solution at 52°C

Aliquot  [M]/M]  In ((M]/[M]) Time 1-exp(-kq*t/2)
(min)
0 1.0000 0 0 0.0000
1 1.0284 0.0280 5 0.0186
2 1.1122 0.1063 10 0.0368
3 1.1293 0.1216 15 0.0547
4 1.1605 0.1488 20 0.0723
5 1.2204 0.1992 25 0.0895
6 1.3665 0.3122 30 0.1064
7 1.3847 0.3255 45 0.1553
8 1.7304 0.5484 64 0.2134
9 1.7939 0.5844 78 0.2536
10 2.0388 0.7124 102 0.3178
11 2.8869 1.0602 136 0.3995
12 3.8922 1.3590 172 0.4753
13 5.4519 1.6960 228 0.5747
14 6.1711 1.8199 274 0.6421
15 7.7740 2.0508 316 0.6943

Comparison of kp2/kt values of the monomers in the DMA-VDMA and MMA-VDMA
systems discussed in this paper show DMA to be the most reactive monomer of the
three.[15] As shown in work by Guyot, et al.[23] acrylates are more reactive than
methacrylates.

y=2.9351x - 0.0609
2 R? =0.9907

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1-exp(-ka*t/2)
Figure 7 Plot of In ([M],/[M]) versus 1-exp(-ky*#/2) according to the data given in Table 4

The values given in Table 5 show the kpz/kt values for DMA, MMA, and VDMA and
describe a lower kp2/kt for MMA (methacrylate) compared to both VDMA and DMA
(acrylates). In general, the greater kpzlkt value, the more likely the monomer will
undergo efficient polymerization in the presence of a comonomer.
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Table 5. Kinetic parameters for homopolymerization of various monomers

kpz/kt Temp
Monomer (M'l s'l) °C) Reference
. . North and
N,N-dimethylacrylamide 3.18 50 Scallan[21]
2-Vinyl-4,4’- .
dimethylazlactone 0.0128 >2 This work
Methyl methacrylate 0.0104 60 Matheson et al.[27]

Molecular Weight Analysis

In addition to determining monomer reactivity ratios for the DMA-VDMA system,
and comparing the values to those previously determined for the MMA-VDMA
system,[15] the copolymers were characterized by molecular weight analysis using
gel-permeation chromatography (GPC). Molecular weight data for the series of DMA-
VDMA copolymers, shown in Table 6, indicates decreased molecular weight with
decreasing mole fraction of VDMA. In comparison, Tully et al., describe the
polymerization character of VDMA in studies of living free radical copolymerization
with DMA.[28] Their data for “living” copolymerizations gave higher molecular
weight for 50 mole percent DMA than for 25 or 75 percent DMA. In addition, the data
reported here gives similar molecular weights despite the lower conversion (<30%)
compared to the much higher conversion (95%) using the living free-radical
technique.

Table 6. Molecular weight data for poly(DMA-co-VDMA)

Polymer 3324 Q‘ (kg xc")r')b (kg xgr‘)b PDI’
DVI 16 9.5 18.0 1.89
DV2 28 18.1 32.8 1.81
DV3 45 22.7 37.6 1.66
DV4 61 237 43.0 1.82
DV5 78 26.9 49.6 1.84

2 Determined by 'H-NMR; ® Determined by GPC analysis with polystyrene standards
(see Experimental Section)

The lower molecular weight in this series of polymers may be a result of chain transfer
to monomer by the more reactive radical of DMA as the proportion of DMA radicals to
VDMA radicals increased. The hydrogen atoms on the methyl groups of DMA being
more susceptible to abstraction than the methyl groups of VDMA, resulting in chain
transfer to monomer at high mole fractions of DMA (Cy = 1.5 x 10, 50°C).[26]
However, given the large amount of solvent relative to monomer, it seems likely that
chain transfer to solvent may also be occurring.
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Conclusion

This paper describes the synthesis and characterization of copolymers containing N, N-
dimethylacrylamide and 2-vinyl-4,4’-dimethylazlactone (VDMA). Monomer reactiv-
ity ratios show a greater overall consumption of VDMA into the copolymer, and this
holds true up to an azeotropic composition of 78 mole percent VDMA. The reactivity
ratios describe an approximately random distribution of monomers in the
copolymerization of DMA and VDMA.
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