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ABSTRACT: The copolymerization reactions of acrylic systems of biomedical interest, 2-hydroxyethyl
methacrylate (HEMA)/2-acrylamido-2-methylpropanesulfonic acid (AMPS) and N,N-dimethylacrylamide
(DMAA)/AMPS, have been analyzed by *H NMR. A new methodology is described for the determination
of the reactivity ratios based on the quantitative in situ NMR analysis in the course of the copolymerization
reaction. The methodology uses the continuous change of the intensity of resonance signals assigned
unambiguously to the monomers participating in the polymerization reaction with the reaction time at
a given temperature. The evaluation of the monomer concentrations leads to the determination of the
instantaneous feed molar fractions and the reactivity ratios, by using a solution of the differential
copolymerization equation which describes the terminal model described by Mayo and Lewis. Two
approaches to obtain the reactivity ratios by nonlinear fitting of the experimental data to this integrated
form are described. The first incorporates the initial conditions as third parameter in the optimization
(the values obtained are ruema = 6.81 and ramwes = 0.116 for the HEMA—-AMPS system and rpmaa = 1.50
and rauwps = 0.40 for DMAA—AMPS), and the second uses different points as initial conditions in the
integrated equation (obtaining romaa = 1.53 and raues = 0.36, in very good agreement with the obtained
by the first method). These values are in good agreement with those described in the literature and with

data for copolymers prepared at low conversion analyzed by standard methods.

Introduction

It is well-known that the physicochemical properties
and biological behavior of polymeric systems depend on
the microstructural characteristics of their macromo-
lecular chains which are constructed during the polym-
erization process by any of the established mechanisms
of reaction.1~® This is particularly important in the case
of free radical copolymerization reactions when mono-
mers of very different chemical structure and reactivity
participate.

Among the most characteristic kinetic parameters in
copolymerization reactions are the reactivity ratios,
which give a clear idea of the average composition and
the monomer sequence distribution in statistical copoly-
mer systems.”8

The standard method to determine the reactivity
ratios of any monomer pair that fit to the terminal
model involves the preparation (at low conversion) and
isolation of a series of copolymers with molar composi-
tions all over the range from 0 to 1. After the determi-
nation of the feed and copolymer molar fractions,
different methods (linear and nonlinear, etc.) can be
used to determine the most reliable reactivity ratio
values.®~13 This protocol is tedious, and it has some
intrinsic problems and errors: on one hand, the ob-
tained copolymer is not the instantaneously formed
copolymer corresponding to the initial feed composition,
but it is the average copolymer formed until the copo-
lymerization reaction is terminated at low conversion;
although this approximation is well accepted, an un-
avoidable error encloses this procedure, and it is spe-
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cially relevant in the cases of very different reactivities,
when the instantaneous copolymer has a dissimilar
composition compared to the feed. On the other hand,
the isolation of the polymer may lead to the presence of
residual monomers or solvents and to the possibility of
fractioning the copolymer samples.

Recently, several schools have proposed the use of
NMR spectroscopy to analyze directly the reaction
medium of different copolymerization systems. Ito et al.
have described very recently different in situ NMR
analysis of radical copolymerization reactions,415 achiev-
ing by this method a very complete kinetic study that
includes the reactivity ratios determination and simula-
tion of the reaction using these values. Koole and Kruft6
have studied the free radical copolymerization reactions
of new methacrylic esters containing iodobenzoyl groups
with methyl methacrylate or 2-hydroxyethyl methacry-
late (HEMA) with interest in the biomedical field for
the reactivity ratios from several feed compositions
polymerized at low and medium conversion degrees.
More recently, McBrierty et al.l” have proposed an
elegant and interesting method based on 'H NMR
spectroscopy to monitor the real-time curing dynamics
of acrylic and vinyl formulations activated by UV
radiation. The results obtained from the analysis of the
proton spectra of mixtures of HEMA, N-vinylpyrroli-
done, and 4- or 5-tert-butyl-2-hydroxycyclohexyl meth-
acrylate after different times of irradiation gave the
molar fraction of these components as a function of the
conversion degree. The comparison of the experimental
data obtained from the NMR spectra with statistical
computer simulation from the Q—e values was excellent
in all the conversion interval, demonstrating the validity
of the method for the study of the polymerization of
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Figure 1. Chemical structures of the monomer used in the
copolymerizations together with the nomenclature of the
acrylic and methacrylic protons.

complex systems even with the occurrence of cross-
linking reactions.

In this work we propose a single methodology for the
estimation of the reactivity ratio values. The method
uses a solution of the differential copolymer equation
which defines the terminal model to fit directly the
monomer concentration evolution obtained by the in situ
quantitative analysis by 'H NMR spectroscopy. If the
reaction obeys the terminal model, a least-squares
optimization gives us the best reactivity ratio values.
Two different approaches to obtain the reactivity ratios
by this treatment are described. This procedure has
some advantages compared to the standard one: in
addition to the use of in situ monitoring, there is no need
to manipulate any sample (for isolation of the copoly-
mers), and it uses instantaneous feed compositions. One
controversial point is the possible influence of the
magnetic field over the Q—e properties of the monomers
and therefore in the copolymerization reaction that has
been suggested in the literature.’® However, the work
of McBrierty has shown that this influence is really
small.1” Moreover, the agreement between the reactivity
ratios obtained by this method and described in the
literature supports the validity of this treatment. This
methodology can be expanded to other noninvasive
spectroscopic techniques such as FTIR.

These methods have been checked out with the
monomer pairs AMPS—DMAA and HEMA—-AMPS (the
structures of the monomers are represented in Figure
1), which are systems of biomedical interest because of
the presence of the sulfonic acid group that is recognized
to be one of the responsible components of the antitrom-
bogenic properties of heparine and heparine-like bio-
materials bearing active sulfonic groups.1°-21

Experimental Section

Reagents. 2-Acrylamido-2-methylpropanesulfonic acid,
AMPS, was supplied by Sigma and used as received. N,N-
Dimethylacrylamide, DMAA (Aldrich), was carefully distilled
under reduced pressure. 2-Hydroxyethyl methacrylate, HEMA
(Fluka), was purified according to the literature.?> Other
reagents were extra pure grade and used as purchased.

Copolymerization. The HEMA—AMPS copolymerization
reaction was carried out inside the NMR equipment using D,O
as solvent at 50 °C and ammonium persulfate as initiator in
a concentration of 0.02 M. The solution was deoxygenated by
bubbling nitrogen for 30 min. The total monomer concentration
was 0.3 M, and the feed molar fraction of HEMA, 0.50.
DMAA—-AMPS copolymerization reactions were performed in
D,0 at 40 °C, using ammonium persulfate as initiator (0.02
M) and with a total monomer concentrations of 0.3 M. The
feed molar fractions of DMAA were 0.75, 0.54, and 0.33. To
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check the accuracy of the method, low-conversion samples
(<5%) were prepared for the system HEMA—AMPS, in the
same conditions used for the previous copolymerization reac-
tions but in H,O and in a thermostated bath. At appropriate
times, the reactions were stopped by pouring the solutions into
acetone. The precipitated samples were filtered, washed with
fresh acetone, and finally dissolved in H,O and lyophilized
before their NMR characterization.

1H NMR Analysis. The experiments were carried out in a
Varian 400. To perform quantitative experiments, the follow-
ing conditions were used: A pulse sequence of 7 us equivalent
to a 90° tip angle and a 60 s delay time were applied in order
to allow the total relaxation of the protons and to process the
individual data. The spinning rate of the samples was 7 Hz,
and for each datum only one acquisition (FID), nt = 1, was
used to ensure that the measurement corresponds to instan-
taneous composition/conversion and not to an average. The
sample temperature was maintained at 40 or 50 °C using the
heater controller of the NMR equipment. A solution of N,N-
dimethylaminopyridine (DMAP, 10 mg) in DO in a thin wall
capillary tube introduced in the NMR tube was used as
reference. Signals were integrated using the electronic inte-
gration of the apparatus after Fourier transform of the FIDs,
and the concentrations were determined as follows. In the case
of the AMPS—HEMA system:

+H
M 2
[HEMA] = —=—
A+ A+ A;
[AMPS] = ——p——

where H; and H; correspond to the contribution of protons
assigned to HEMA in Figure 1, A;, A,, and Az are the acrylic
protons assigned to AMPS in Figure 1, and R are the reference
peaks (DMAP). These values were normalized to the initial
compositions [HEMA] = [AMPS] = 0.15 mol/L. For the AMPS—
DMAA system

_ 2
[AMPS] = =
+D
! 2
[DMAA] = ———

where D; and D; correspond to the contribution of protons
assigned to DMAA in Figure 1. The values were normalized
using the initial feed compositions.

Discussion

The copolymerizations have been monitored by 'H
NMR. Figures 2 and 3 show some spectra of the
DMAA—-AMPS and HEMA—-AMPS systems at different
reaction times together with the assignments of the
peaks employed in the determination of the monomer
concentrations. N,N-(dimethylamino)pyridine (DMAP)
was used as reference for the quantitative analysis of
the monomer peaks, and the molar concentrations of the
monomers have been determined as detailed in the
Experimental Section. From this variation of the mono-
mer concentration, we have determined the reactivity
ratios using a well-known integrated form of the copo-
lymerization equation?324 (terminal model).

[M;] _ ([Mzo][Ml])fz/(l—rz) 5

Myl ~ \[Myol[M;]
( (ry ~ DAMIIMLD — 1, + 1 | miomae
(r, — DMyl [Myo)) — 1, + 1
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Figure 2. Details of the acrylic region of some representative spectra for the copolymerization reaction HEMA—AMPS with an

initial feed molar composition of F(HEMA) = 0.50.
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Figure 3. Details of the acrylic region of some representative spectra for the copolymerization reaction DMAA—AMPS with an

initial feed molar composition of F(DMAA) = 0.75.

if [M1])/[M2] = X, [M10]/[M20] = Xo, [M2] =y, [M20] = Yo,
rr=a,andr,=>b
X)b/(l—b)( 1-b+(a- 1)X)(ab—l)/[(l—a)(l—b)]

y=y0(x—o 1-b+(a—1)x

y — kXb/(l*b)[l _ b + (a _ 1)X](ab*l)/[(l*a)(l*b)] (3)

doing

1 \b/(1-b) 1 (ab—1)/[(1-a)(a—b)]
k= yo|> 4
yo(xo) (1 ~b+(@- 1)x0) )

where k is the constant that includes the initial condi-
tions. Although this equation is well-known in the
literature, the most generally used method for analyzing
feed and copolymer composition as a function of conver-
sion is that developed by Skeist?> which uses cumulative

compositions. In our case, to the experimental data x, y
(IM2], [M1]/M,]) obtained from the in situ NMR analysis
of the copolymer reaction, we have developed two
approaches to estimate the reactivity ratios (and the
fitting to the terminal model), based on a nonlinear
least-squares fitting to eqs 2 and 3.

Figures 4 and 6 show the experimental data obtained
from different copolymer reactions for both systems. It
can be observed the data dispersion associated to the
experimental error of the NMR. There are several
factors (sample preparation, integration, etc.) that
perturb the measurement, and therefore, the use of a
single point as initial conditions (Xo, Yo) can lead to a
great error in the estimation of r; and ry by using eq 2.
To overcome this limitation, we have developed two
methodologies.

Method 1. We can average the experimental error
by using k as the third parameter in the nonlinear
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Figure 4. Molar concentration of AMPS, [AMPS], vs the ratio
[HEMAJ/[AMPS] from the in situ *H NMR analysis of the
copolymeric reaction HEMA—AMPS with an initial feed molar
composition of F(HEMA) = 0.50.
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Figure 5. Composition diagram obtained with the reactivity
ratios determined by the proposed treatment for the AMPS—
HEMA copolymer system. The thick area corresponds to the
region covered by the experimental data, and the circles are
the data obained from the low-conversion experiments.

fitting (eq 3), instead of using a given Xo, Yo. The least-
squares optimization would give us the best ry, ry, and
k. We have applied this simple treatment to the analysis
of the reactions of the comonomers AMPS—HEMA and
AMPS—DMAA, which exhibit a very different behav-
ior: while in the DMAA—AMPS system both monomers
are consumed at similar rates (which is evidence of
reactivities not far from 1), in the HEMA—AMPS
system, HEMA is consumed much faster, which means
that both monomers have very different reactivities.
(The reactivity ratio of HEMA has to be much higher
than 1 and the reactivity ratio of AMPS lower than 1.)

As a consequence of that, a good selection of the initial
feed concentration in the AMPS/HEMA reaction makes
it possible to obtain reliable reactivity ratios from one
unique reaction. The variation of the molar concentra-
tion of AMPS, [AMPS], vs the ratio [HEMA]/[AMPS] is
depicted for a copolymerization with an initial feed
molar fraction 0.50 in Figure 4. The higher consumption
of HEMA leads to a variation of the [HEMA]/[AMPS]
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Figure 6. Molar concentration of AMPS, [AMPS], vs the ratio
[DMAAJ/[AMPS] from the in situ *H NMR analysis of the two
copolymeric reactions DMAA—AMPS with initial feed molar
compositions of F(DMAA) = 0.75, 0.54, and 0.33 (experiments
1, 2, and 3, respectively).

ratio from 1 to 0.1 while [AMPS] decreases smoothly.
The fitting to the eq 3 gives the reactivity ratios of rpema
= 6.81 and ramps = 0.116. From these values, the
theoretical composition diagram has been calculated
(Figure 5), being the thicker segment of the curve the
range of feed compositions covered by this single reac-
tion, which seems to be broad enough to estimate these
kinetic parameters. The standard reactions prepared at
low conversion as reference are also depicted in Figure
5; there is a good agreement to the obtained composition
diagram.

In the case of the AMPS/DMAA copolymerization, at
high monomer consumption, when we reach the detec-
tion limit of the NMR technique, the M;/M; ratio has
undergone a small variation, which means at the end a
short range of f/F points in the composition diagram.
The polymerization reaction continues in any case
covering the rest of the composition diagram but under
this detection limit. To overcome this limitation, we can
start successive experiments with short overlapped M/
M, regions, the initial and the last of the new and
previous reactions. The molar concentrations of [AMPS]
vs the ratio [DMAA]/[AMPS] is represented in Figure
6 for the three reactions. The independent fitting of the
three pairs of data to eq 3 leads to the reactivity ratios
of romaa = 2.01 and rampes = 0.99 and omaa = 2.29, ramps
= 0.59, rpmaa = 1.13, ramps = 0.35, respectively. These
values give rise to the composition diagrams depicted
in Figure 7 where the bulk segments are again the
range of feed compositions covered by the reactions.
There is a significant disagreement between the three
curves, which is related to the well-known error associ-
ated with the use of data from short composition
regions. To overcome this limitation, we can joint the
data of the three reactions by using the shift factors p;
= [AMPSJio/[AMPS]fit1 = 8.649 at the common [DMAA]/
[AMPS] ratio = 1.156 (the final and the initial M;/M
ratio for the first and second experiment, respectively)
and P2 = 30.763 = p]_[AMPS]ﬁtg/[AMPS]ﬁtz at the M]_/
M, ratio of 0.45 and [AMPS]siti being the theoretical
value obtained from eq 3 in every case. Since Xy and Yo
have been parametrized and x depends just on the M,/
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Figure 7. Composition diagrams obtained with the reactivity
ratios determined by the first treatment using the independent
fit to the data of the three reactions (AMPS—HEMA copolymer
system). The thick areas correspond to the regions covered by

the experimental data.
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Figure 8. Corrected global molar concentration of AMPS,

[AMPS], vs the ratio [DMAA]/[AMPS] using the treatment
proposed in the text.

M, ratio and not on the absolute concentrations M; and
M, we have create these factors to mathematically
compatibilize the data of the three reactions. Multiply-
ing the data of experiments 2 and 3 by 1/p; and 1/p»,
respectively, we obtain the combined data drawn in
Figure 8 which have been fitted to eq 3, leading in this
case to the reactivity ratios of rpmaa = 1.50 and ramps
= 0.40. In addition to the significant decrease in the
error from the nonlinear regression, the theoretical
composition diagram obtained from these values (Figure
9) exhibits a coherent agreement with the previous
diagrams (Figure 7) because it fits, for the higher DMAA
molar fractions, the diagram obtained from the reaction
1 (high initial DMAA feed composition), while for
medium and lower molar fractions is in agreement with
the diagrams obtained for the reactions 2 and 3 (me-
dium and low initial feed compositions). This result
reveals the well-known importance of using data cover-
ing most of the composition diagram. In the literature
are reported some reactivity ratios for this system,26
ramps = 0.53 and rpmaa = 1.03, although in this case
the authors used samples at high conversion; the error
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Figure 9. Composition diagram obtained with the reactivity
ratios determined by the first treatment using the corrected
global data (AMPS—DMAA copolymer system). The dash lines
correspond to the diagrams of Figure 7, and the circles are
the data obained from the low conversion experiments.
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Figure 10. 95% confidence contours for the estimated pa-
rameters.

associated to this fact is responsible for these r values
closer to the unity than the values found in the present
work. There is again a good agreement with the
experimental points obtained at low conversion. The
95% confidence contours for the estimated parameters
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Figure 11. ramps VS rpmaa Obtained as described in the text
(second method).

have been determined using the method described by
Box et al.2” and are represented in Figure 10.

Method 2. An alternative way of obtaining reliable
r. and r; values is summarized in Figure 11. We can
apply eq 2 for a given reaction, taken different points
as initial xo, yo data. That is, we can consider any given
experimental point X, y; as starting point for the rest
of the reaction. We have used in this way the first 5—10
points for the three described reactions of the DMAA—
AMPS system, and the least-squares optimization to eq
2 leads to the r;—r, data depicted in Figure 11. The data
exhibit a particular linear dependence for each experi-
ment. It seems that, for each series of data obtained
from one reaction, the experimental error associated
with the different xo, yo makes the ri—r, values to
displace along a straight line. The reason for this
behavior is that the reactivity ratios that fits each sort
of experimental data are highly correlated. In fact, the
family of composition diagrams that cross a common F/f
point (which is a simplification of our case) is described
by a linear expression of r; and r,. The crossing point
of the lines in Figure 11 has to be the real reactivity
ratios couple, those independent of the unavoidable
error introduced by Xo, Yo and able to fit the whole
copolymer reaction. The more reliable reactivity ratios
seem to be 1.53 (rpmaa) and 0.36 (rames), which is in very
good agreement with the obtained by the first approach.
The advantage of this second compared to the first
method is that there is no need of overlapping experi-
mental points, which means a higher versatility since
there is no specific requirements for the reactions in
order to be used in the treatment.

Conclusions

Two new and easy methodologies to analyze radical
copolymerizations by following the decrease of the
monomer concentration are described. This protocol
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used the in situ quantitative analysis by 'H NMR
spectroscopy of the disappearance of monomer peaks
during the copolymerization to determine the reactivity
ratios by using a integrated form of the differential
copolymerization equation. The methods have been
checked out with the copolymerization systems HEMA—
AMPS and DMAA—AMPS. The methods showed that
both systems fit the terminal model and led to the
simple and reliable determination of their reactivity
ratios from only one or two NMR experiments.

Acknowledgment. We greatly appreciate the kind
help from Maria Luisa Jimeno, Maria Dolores Casado,
and Mercedes Plaza for the NMR experiments. Also, we
thank the wise mathematical advice from Alejandro
Cifuentes and Gustavo Abraham. We acknowledge
financial support from the Comision Interministerial de
Ciencia y Tecnologia (Grant Mat 98-0964-C02).

References and Notes

(1) Properties of Polymers. Their Estimation and Correlation with
Chemical Structure; Van Krevelen, D. W., Ed.; Elsevier:
Amsterdam, 1990.

(2) Bamford, C. H.; Middleton, I. P.; Al-Lamee, K. G. Polymer
1986, 27, 1981; Intern. J. Artif. Organs 1992, 15, 71.

(3) Maruyama, Y.; Sung-Jo, Y.; Inoue, Y.; Ch(jd, R.; Tasaka, S.;
Miyata, S. Polymer 1987, 28, 1087.

(4) Ross, J. F. J. Macromol. Sci., Chem. 1984, A21, 453.

(5) Baumert, M.; Frey, H.; Holderle, M.; Kressler, J.; Sernetz,
F. G.; Mulhaupt, R. Macromol. Symp. 1997, 121, 53.

(6) Nagai, K. TRIP 1996, 4, 122.

(7) Fukuda, T.; Kubo, K.; Ma, Y. D. Prog. Polym. Sci. 1992, 17,
875.

(8) Szymanski, R. Prog. Polym. Sci. 1992, 17, 917.

(9) Alfrey, T.; Goldfinger, G. J. Chem. Phys. 1944, 12, 205.

(10) Wwall, F. T. 3. Am. Chem. Soc. 1944, 66, 2050.

(11) Mayo, F. R.; Lewis, F. M. J. Am. Chem. Soc. 1944, 66, 1594.

(12) Tidwell, P. W.; Mortimer, G. A. J. Polym. Sci. 1965, A3, 369.

(13) Dube, M.; Sanayei, R. A.; Pendilis, A.; O'Driscoll, K. F.; Reill,
P. M. J. Polym. Sci. 1991, 29, 703.

(14) Ito, H.; Dalby, C.; Pomerantz, A.; Sherwood, M.; Sata, R.;
Sooriyakumaran, R.; Guy, K.; Breyta, G. Macromolecules
2000, 33, 5080.

(15) Ito, H.; Miller, D.; Sveum, N.; Sherwood, M. J. Polym. Sci.,
Part A: Polym. Chem. 2000, 38, 3521.

(16) Kruft, M.-A. B.; Koole, L. H. Macromolecules 1996, 29, 5513.

(17) Martin, S. J.; McBrierty, V. J.; Dowling, J.; Douglas, D. C.
Macromol. Rapid Commun. 1999, 20, 95.

(18) Bag, D. S.; Maiti, S. Indian J. Chem. 1998, Sect. A, 212.

(19) Silver, J. H.; Hart, A. P.; Williams, E. C.; Cooper, S. L.;
Charef, S.; Labarre, D.; Jozefowicz, M. Biomaterials 1992,
13, 339.

(20) Tyrrel, D. J.; Kilfeather, S.; Page, C. P. Trends Pharm. Sci.
1995, 16, 198.

(21) Vulic, 1.; Okano, T.; Van der Gaag, F. J.; Kim, S. W.; Feijen,
J. IMS Mater. Med. 1993, 4, 448.

(22) Fort, R. J.; Polyzoidis, T. M. Eur. Polym. J. 1976, 12, 685.

(23) Kruse, R. L. Polym Lett. 1967, 5, 437.

(24) O'Driscoll, K. F.; Reilly, P. M. Makromol. Chem., Macromol.
Symp. 1987, 10/11, 355.

(25) Skeist, I. 3. Am. Chem. Soc. 1946, 68, 1781.

(26) Tong, Z.; Lin, X. Macromolecules 1994, 27, 844.

(27) Box, G. E. P.; Hunter, W. G.; Hunter, J. S. Statistics for
Experimenters: An Introduction to Design, Data Analysis and
Model Building; John Wiley & Sons: New York, 1978; p 484.

MAO0106907



