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ABSTRACT: The free-radical copolymerization of N-iso-
propylacrylamide and 2-acrylamido-2-methyl-1-propane-
sulphonic acid at varying comonomer mole ratios was stud-
ied at 70°C. The extent of conversion was determined as a
function of time and comonomer mixture composition, and
copolymer compositions were determined using elemental
analysis and 13C NMR spectroscopy. Monomer reactivity

ratios were evaluated for low conversions using Kelen-Tii-
dos and Fineman-Ross methods. The copolymers were char-
acterized using '*C and "H NMR spectra, FTIR spectros-
copy, and differential scanning calorimetry. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 88: 2563-2569, 2003
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INTRODUCTION

The microstructure and composition of copolymers
are important factors in copolymer properties. For the
design of new copolymer materials, prediction of mi-
crostructure and composition from copolymerization
kinetics, via monomer reactivity ratios, is of primary
importance.

The homopolymer of N-isopropyl acrylamide
(NIPA) is water-soluble and thermoresponsive in a
readily accessible temperature range, by virtue of a
lower critical solution temperature (LCST) of the order
32°C,"? which can be modified by copolymerization®*
and grafting”® with other monomers. It has been re-
ported that the LCST of polyNIPA can be increased or
decreased by incorporating hydrophilic or hydropho-
bic units into the polymer chain.” Moreover, pH-sen-
sitive units have been incorporated into polyNIPA
chains® so that the resulting copolymer exhibits an
LCST above the reaction temperature at the reaction
pH, but will convert to an LCST below the reaction
temperature by changing the pH. This copolymer can
be used in enzyme separation, recovery and recy-
cling.®

2-Acrylamido-2-methyl-1-propanesulphonic acid
(AMPS) is a relatively strong acid’ that has had a
wide variety of applications (as the acid or its salts
or as a comonomer) including packaging films,'
foam stabilizers,'" photographic materials,'*** and
water absorbents.>>?** Copolymers of AMPS with
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ethylene dimethacrylate have been used to make
contact lenses,”® and poly(AMPS-graft-styrene)
gives self-reinforced hydrogels.”® There had been
few studies of copolymerization of NIPA and
AMPS,*”?® until the recent report of Xue and co-
workers® of monomer reactivity ratios for copoly-
mers of NIPA and AMPS (and other comonomers).

The objective of the present investigation was to
determine monomer reactivity ratios for the NIPA/
AMPS comonomer system and to characterize
NIPA /AMPS copolymers, as part of a broader study
of poly(NIPA-co-AMPS) hydrogels. In a number of
reports on determination of monomer reactivity ra-
tios, little attention has been paid to the variation of
overall copolymerization rate with comonomer mix-
ture composition. In the present work, we have
determined conversion as a function of reaction
time for a range of copolymer compositions, and
evaluated reactivity ratios at controlled, constant
conversion.

EXPERIMENTAL

Free-radical copolymerization of NIPA (supplied by
Acros Organics in 99% purity) and AMPS (Merck,
99%) at constant total monomer concentration (2.0 mol
L") in milli-Q water, was carried out in sealed glass
bottles with polyethylene stoppers at 70°C, using 0.05
mol L™' ammonium persulphate as initiator. The wa-
ter was purged with nitrogen for about 10 min, and
the reaction mixtures were purged again for several
minutes prior to heating.

Copolymerization was allowed to take place for
times of the order of a few minutes, depending on the
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comonomer compositions. Polymerization was termi-
nated by precipitating the reaction mixtures in a large
volume of acetonitrile or (for copolymers with a high
proportion of NIPA) acetonitrile/diethyl ether mix-
tures (1 : 1 by volume) at room temperature. The
precipitated copolymers were purified by redissolving
in small amount of milli-Q water, then reprecipitating.
The purification procedure was carried out at least
twice to ensure complete removal of unreacted mono-
mers. Finally, the copolymers were dried in vacuum at
60°C for about 4 days.

Copolymer compositions were determined by ele-
mental analysis for sulphur and nitrogen, and by °C
NMR**?! for selected samples. The advantage of using
3C rather than "H NMR for the analysis is that the
variation in carbon chemical shifts in neutral organic
compounds is approximately 20-fold greater than that
of protons: the total range of '°C shifts is more than
600 ppm and the positions of individual spectral
bands can readily be measured with precision better
than 0.1 ppm.

'H NMR and'’C NMR spectra were recorded with a
Bruker Avance DRX 400 MHz spectrometer at 300 K,
using approximately 30 mg of dried copolymer dis-
solved in 0.5 mL D,O. The ">C NMR spectra were run
using inverse gated decoupling with a pulse angle of
55° for copolymers and 35° for homopolymers, and
the spectra were obtained by accumulation of about
5000 scans, with a delay of 10 s (AMPS/NIPA co-
polymers) or 15 s (AMPS and NIPA homopolymers).

FTIR spectra of NIPA and AMPS homopolymers
and NIPA/AMPS copolymers incorporated into KBr
discs were obtained using a Bio-Rad model FTS-60
spectrophotometer.

DSC scans were recorded using a Polymer Labora-
tories model 12000 instrument. Glass transition tem-
peratures (T,) were obtained as the average values
from two to four repeated heating scans, with scan
rate 10°C min~' in the temperature range —80 to
150°C to avoid decomposition of the copolymers.
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Figure 1 Reaction time for 10% conversion in copolymer-
ization of AMPS and NIPA at 70°C as a function of comono-
mer mixture composition.

RESULTS AND DISCUSSION

The variation of reaction time for 10% conversion with
comonomer mixture composition is shown in Figure 1.
The significant result is the reaction time increases
more than fourfold as the mol fraction of NIPA in the
comonomer mixture increases from 0.1 to 0.9.
Copolymers obtained from comonomer mixtures
polymerized to 3 = 1% conversion were subjected to
elemental analysis for sulphur and nitrogen, and co-
polymer compositions evaluated from eq. (1)

F, = x/(x + y) = 14.0.5%/32.1.N% (1)

where F; is the mol fraction of AMPS, and S% and N%
are weight % of S and N, respectively, in the copoly-
mer. The data set is given in Table I, which includes
copolymer compositions determined for a few copoly-
mers from NMR spectra, and literature data.*®

TABLE 1
Comonomer Mixture and Copolymer Composition Data for Copolymerization of 2-Acrylamido-2-methyl-1-
propanesulphonic Acid (AMPS) and N-Isopropylacrylamide (NIPA) at 70°C

2 S% N% EP F©
0.90 13.32 + 0.08 7.82 = 0.01 74.21 + 0.08 87 + 14
0.60 9.48 = 0.28 9.55 *+ 0.39 4470 + 14 57 +5
0.50 7.77 = 0.10 9.24 + 0.11 36.69 + 1.1 43+ 4
0.40 6.38 = 0.04 9.64 *+ 0.07 28.86 + 0.01

0.10 241 +0.14 11.34 = 0.19 928 + 1.1

0.05 1.134 4.14

0.03 0.71¢ 2.69

0.01 0.269 0.9¢

2 Mol fraction of AMPS in the comonomer mixture.
® Evaluated from elemental analysis data.

¢ Evaluated from NMR spectra.

4 Raw data from ref.?®
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Figure 2 Finemann-Ross plot for copolymerization of
AMPS-NIPA.

The '* C NMR and 'H NMR spectral assignments
for the homopolymers and one copolymer are given in
Tables II-IV. 'H NMR spectra and spectral assign-
ments for N-isopropylacrylamide monomer dissolved
in the CDCl, have been reported elsewhere.”

The copolymer compositions determined by ele-
mental analysis were used to evaluate monomer reac-
tivity ratios of AMPS (1) and NIPA (2), using the
Kelen-Tiidos (K-T)** and Finemann-Ross (F-R)** meth-
ods. The K-T method is more widely used because of
its simplicity and reliability.*

According to the terminal model for copolymeriza-
tion, the copolymer composition at low conversion is
given by

d[M,]/d[M,] = ([M;]/[Mp]{(r:[M, ]
+ [ML])/ (M, ] + [My ]} (2)

TABLE 1I
Chemical Shifts and Assignments for the AMPS
Homopolymer
8/ppm Assignment
13C NMR
(23.03) (—CHy3, residue solvent, acetonitrile)
29.08 —CH,4
37.9-39.8 —CH, (—CH,—CH—) broad
44.96-46.06 —CH (—CH,—CH—) broad
55.22 —C— (—C(CH,;),)
60.72 —CH,—S0; (AMPS)
(121.77) (—CN, residue solvent, acetonitrile)
178.58-179.29 —C=0
'H NMR
1.3047, 1.639, 1.657 —CH,(CH,CH)
1.460 —CH,4
1.946-2.149 —CH(—CH,CH—) broad
3.18-3.34 —CH, (AMPS, —CH,—SO3)

1 p————

1 =2.227€ —1.991
R? = 0.9909

0.0 0.2 0.4 0.6 0.8 1.0

Figure 3 Kelen-Tiidos plot for copolymerization of AMPS-
NIPA.

where [M;] and [M,] are the concentrations of mono-
mer 1 and monomer 2, respectively, and r; and r, are
the monomer reactivity ratios. With the substitutions y
= d[M,]/d[M,], x = [M;]/[M,], the F-R method gives
the equation

x(y —1)/y =n@*/y) —r, (3)

The graph of x(y — 1/y is shown in Figure 2, and the
reactivity ratios obtained by linear regression are
listed in Table V.

The K-T method utilizes the transformed variables
G =x(y — 1)/yand F = x*/y and an arbitrary constant
a (a > 1) to give the equation

G/(a+F)={r + (n/a{F/(a + F)} = (n/a)  (4)

With the substitutions n = G/(a + F), § = F/(a + F),
eq. (4) takes the form

n={r+ (n/ai€— (/o (5)
1 [
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Figure 4 Probabilities for growing AMPS-NIPA copolymer
radical chain without penultimate effects.



2566
TABLE III
Chemical Shifts and Assignments
for the NIPA Homopolymer
&/ppm Assignment
13C NMR
24.28 —CH,
37.42 —CH, (—CH,—CH—) broad
44.49-45.74 —CH (—CH,—CH—, —CH(CH,),)
overlapping
177.95 —C—-0
'H NMR
1.128 —CH,
1.425-1.699 —CH, (—CH,—CH-)
1.975-2.203 —CH (—CH,CH-)
3.873 —CH (—CH(CHs;),)

where 0 = ¢ =< 1. Using the value of given by® «
= (F,F\)'? where F,, and F,, are the smallest and
largest values, respectively, of F, the graph of n vs. s
shown in Figure 6, and the values of r; and r, obtained
by linear regression are given in Table V.

Although the reactivity ratio values determined us-
ing the K-T and F-R methods are in good agreement,
on the grounds that the K-T method is more reliable
we adopt the values r; = 0.24, r, = 1.12. These values
are in approximate agreement with published data.”

The probabilities of a growing chain that terminates
with an AMPS radical adding AMPS, P(11) or NIPA,
P(12), are given by*>*

P(11) = r,[AMPS]/ (r,[AMPS]
+ [NIPA]) = rix/(rix +1) =1 — P(12) (6)
Similarly, the probabilities of a growing chain with

a terminal NIPA radical adding NIPA, P(22), or
AMPS, P(21), are

TABLE IV
Chemical Shifts and Assignments
for the AMPS-NIPA Copolymers

&/ppm Assignment
SC NMR
24.31 —CH,; (NIPA)
29.24 —CH; (AMPS)
37.8-39.54 —CH, (AMPS-NIPA, —CH,—CH-,) broad

44.53-46.06 —CH—(NIPA(—CH,—CH—)
+ AMPS(—CH(CHy3),) overlapping

54.97 —C— (AMPS)
60.43 —CH,—S0O3; (AMPS)
178.29 —C = O (AMPS-NIPA, -NHCO)
'H NMR
1.098 —CH;,(NIPA)
1.439 —CH,(AMPS)
1.648 —CH,(NIPA, AMPS, —CH,CH—) overlapping
2.032 —CH(NIPA, AMPS, —CH,CH—) overlapping

3.311-3.365 —CH, (AMPS, —CH,—S0;)
3.834 —CH(NIPA, —CH(CH,),)
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Figure 5 Probabilities of forming a sequence of n units
of AMPS for selected mol fractions of AMPS in feed.

P(22) = 1,[NIPA]/(r,[NIPA]
+[AMPS]) = 1,/ (r, + x) =1 — P(21) (7)

Figure 4 shows that for equal probability of adding
AMPS and NIPA units to a growing chain with ter-
minal AMPS radical, the required proportion of AMPS
in the comonomer mixture is around 80 mol %. The
corresponding composition for NIPA-terminated
chains is approximately 50 mol % AMPS.

According to Vollmert,*® the probabilities of form-
ing a closed sequence with exact n AMPS units, P(AM-
PS)(n), and n NIPA units, P(NIPA)(n), are given by

P(AMPS)(n) = P(11)"'P(12) (8)
P(NIPA)(n) = P(22)" 'P(21) (9)

Figures 5 and 6 present probability functions calcu-
lated according to egs. (8) and (9) for selected comono-
mer mixture compositions. As the proportion of
AMPS in the comonomer mixture decreases to 10 mol
%, the probability of forming a sequence of more than
two AMPS units becomes negligibly small. The prob-
ability functions for NIPA units (Fig. 6) are somewhat
broader than for AMPS, but the probability of forming
NIPA sequences of significant is still small except in
comonomer mixtures containing a high proportion of
NIPA.

TABLE V
Monomer Reactivity Ratios for Copolymerization of
AMPS (1) and NIPA (2) at 70°C

Method " 75
K-T 0.24 = 0.06 1.12 = 0.04
F-R 0.25 = 0.03 1.13 = 0.22




FREE-RADICAL COPOLYMERIZATION OF N-ISOPROPYLACRYLAMIDE

I A BSNLASIAN NSNS B B R
\ef(NIPA):O.l

P(NIPA)(n)

Figure 6 Probabilities of forming a sequence of n units of
NIPA for chosen mol fractions of NIPA in feed.

The copolymer microstructure can be evaluated by
average sequence length, A, of AMPS and NIPA units
in the copolymer chain. The A values were calculated
from the following equations:*

A(AMPS) = r,{{AMPS]/[NIPA]} + 1

= r{f(AMPS)/(1 — AAMPS))} +1 (10)
AMNIPA) = r,{[NIPA]/[AMPS]} + 1
= r,{(1 — f(AMPS))/f(AMPS)} + 1 (11)

where f(AMPS) is the mol fraction of AMPS in the
comonomer mixture. The average sequence lengths
are shown as a function of comonomer mixture com-
position in Figure 7.
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Figure 7 Dependence of average sequence length of AMPS
and NIPA units on fraction of AMPS in feed.
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Figure 8 Relationship between experimentally measured
ratio of A[/AMPS]/d[NIPA] and calculated ratio of probabil-
ity of AMPS to probability of NIPA in copolymer chains.

The difference between the two monomers is that
over most of the comonomer mixture composition
range; the average sequence length of NIPA in the
corresponding copolymer is greater than for AMPS.

Theoretically, for first-order Markovian statistics
that corresponds to the terminal-effects-only case,””
the following equation is valid.

y ={P(AMPS)/P(NIPA)} = (1 + r))/(r, + x)  (12)
where x = [AMPS]/[NIPA], y = d(AMPS)/d(NIPA),
and P(AMPS) and P(NIPA) are the conditional prob-
abilities of AMPS and NIPA units, respectively, in the
copolymer chains. Using r; = 0.24 and r, = 1.12, the

1651(v,) 1224(-80,)

wsn%)\w@(-sos)
/

AMPS homopolymer

3
g 1652
g NIPA homopolymer \ 1557
2
< ﬂ W/
1224(-S0,)
1653 1039(-S0O,)
NIPA/AMPS copolymer ~1852 3 °

T T T
4000 3500 3000 2500 2000 1500 1000 500

T T T
Wavenumber(cm™")
Figure 9 FTIR spectra for AMPS homopolymer (top),

NIPA homopolymer (middle), and AMPS-NIPA copolymer
with 50 mol % of AMPS in feed (bottom).
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TABLE VI
Dependence of the Glass Transition Temperature
on the Copolymer Composition

F? w,° T (Fox)°/°C Tg(expt)Cl /°C
1 1 124.2 1242 = 22

0.7421 = 0.0008 0.9428 124.7 125.7 £ 10
0.4470 = 0.0014 0.7331 126.5 1249 = 22
0.3669 = 0.0011 0.6468 127.2 1263 = 2.6
0.2886 = 0.0001 0.5497 128.1 126.6 = 3.3
0.0928 *= 0.0011 0.1691 131.6 1304 = 5.8
0 0.000 133.2 1332 = 6.3

@ Mol fraction of AMPS in the copolymer.

b Weight fraction of AMPS in the copolymer.
¢ Calculated from eq. (13).

9 Mean of at least four determinations.

values of P(AMPS)/P(NIPA) and the experimental
values of y are compared in Figure 8. The linearity of
the plot and the near-zero intercept confirm the appli-
cability of the terminal model to copolymerization of
this pair of monomers.

FTIR spectra for AMPS and NIPA homopolymers,
together with a typical copolymer (from an equimolar
comonomer mixture) spectrum, are presented in Fig-
ure 9. The 1651 cm ™! (v,) and 1557 cm ™ (8_,) bands
characteristic of amide carbonyl appear at 1652 and
1557 em ™" in NIPA homopolymer, and at 1653 and
1552 cm ™' in the copolymer. The 1224 and 1039 cm ™"
bands of the sulfonic group of AMPS homopolymer
appear at the same positions in the copolymer spec-
trum.

Glass transition temperatures, determined using
differential scanning calorimetry, are given in Table
VI. The value of T, for NIPA homopolymer found in
this work (133.2 = 6°C ) is in accordance with the
previously reported values 135°C>® and 128-132°C
(depending on molecular weight).*” A higher value of
T, for PNIPA (145.1°C) has also been reported.®

No melting or recrystallization peaks were found in
the DSC scans of AMPS and NIPA homopolymers or
their copolymers.

The glass transition temperature of amorphous
polymers can vary widely with the chemical structure
of the polymer. According to the semiempirical Fox*
equation, Tg for a random copolymer is given by

1/Tg = (wi/Tg1) + (wy/Typ) (13)

where w,, and w, are the mass fraction of monomer 1
and monomer 2 in the copolymer, respectively, and
T,, and T,, are the glass transition temperatures of
the two corresponding homopolymers. Another com-

monly used empirical relationship is*'

In Ty = (w/In Tyy) + (wy/In Ty,) (14)

ZHANG AND EASTEAL

In this case egs. (13) and (14) give the same values of
T,. Experimental values of T, are compared with val-
ues calculated using eq. (13) in Table VI. The Fox
equation gives values of T, that are systematically
larger than the experimental values, but the differ-
ences are within experimental uncertainty.

CONCLUSIONS

The rate of conversion of AMPS/NIPA comonomer
mixtures to copolymer is strongly dependent on
comonomer composition, and increases with the
proportion of AMPS. Analysis of copolymer micro-
structure on the basis of the terminal model shows
that the AMPS/NIPA comonomer pair has a ten-
dency toward alternating microstructure, with rela-
tively short monomer sequence lengths for comono-
mer mixtures with more than about 25 mol %
AMPS.

The experimentally determined glass transition
temperatures can be represented, to within experi-
mental uncertainty, by the Fox equation.

References

1. Heskins, M.; Guillet, J. E. ] Macromol Sci Chem 1968, A2, 1441.

2. Yoshida, R.; Uchida, K.; Kaneko, Y.; Sakai, K.; Kikuchi, A.;
Sakurai, Y.; Okano, T. Nature 1995, 374, 240.

3. Priest, J. H,; Murray, S. L.; Nelson, R. ]J.; Hoffman, A. S. In
Reversible Polymeric Gels and Related Systems; Russo, P. S.,
Ed.; American Chemical Society, Washington, DC, 1987; Chap.
18.

4. Mumick, P. S.; McCormick, C. L. Polym Eng Sci 1994, 34, 1419.

5. Kaneko, Y.; Sakai, K.; Kikuchi, A.; Yoshida, R.; Sakurai, Y.;
Okano, T. Macromolecules 1995, 28, 7712.

6. Yoo, M. K,; Sung, Y. K,; Lee, Y. M.; Cho, C. S. Polymer 1998, 39,
3703.

7. Priest, J. H,; Murray, S. L.; Nelson, R. J.; Hoffman, A. S. ACS
Symp. Ser. 350, American Chemical Society: Washington, DC,
1987, p. 255.

8. Chen, G.; Hoffman, A. S. Macromol Chem Phys 1995, 196, 1251.

9. Travas-Sejdic, J.; Easteal, A. J. Polymer 2000, 41, 7451.

10. La Combe, E. M.; Miller, W. P. In U.S. (Union Carbide Corp.) Us
3332904 (1967).

11. Killam, H. S. In U.S. (Rohm and Haas Co.) Us 3544597 (1970).

12. Helling, G.; Krafft, W.; Findeisen, K.; Himmelmann, W. In Ger
Offen (Agfa-Gevaert A.-G., Fed. Rep. Ger.) De 2911694 (1980).

13. Taylor, L. D.; Sullivan, C. L; Bedell, S. F. In Ger. Offen. (Polaroid
Corp., USA) De2910270 (1980).

14. Wright, P. ]J. In Eur. Pat. Appl. (Ciba-Geigy A.-G., Switz.)
Ep15879 (1980).

15. Polaroid Corp. In Jpn. Kokai Tokkyo Koho (Polaroid Corp.,
USA) Jp55041490 (1980).

16. Anon Res. Discl. 1980, 191, 126.

17. Walworth, V. K.; Gerber, A. M. In Ger. Offen. (Polaroid Corp.,
USA). De2714489 (1977).

18. Priest, W. J. Res Discl 1977, 159, 7.

19. Weber, W. W.; Heseltine, D. H. In U.S. (Eastman Kodak Co.,
USA) Us4045229 (1977).

20. Chen, T.J.; Abel, E. P. Res Discl 1977, 161, 48.

21. Tsuji, N.; Yamaguchi, J. In Jpn Kokai (Fuji Photo Film Co., Ltd.,
Japan) Jp51061823 (1976).



FREE-RADICAL COPOLYMERIZATION OF N-ISOPROPYLACRYLAMIDE

22.
23.
24.
25.
26.
27.
28.

29.
30.

Tsuji, N. In Jpn Kokai (Fuji Photo Film Co., Ltd., Japan)
Jp51130217 (1976).

Brandt, K. A.; Goldman, S. A.; Inglin, T. A. In Eur Pat Appl
(Procter and Gamble Co., USA) Ep205674 (1986).

Ito, K.; Shibano, T. In Jpn Kokai Tokkyo Koho (Mitsubishi
Petrochemical Co., Ltd., Japan)Jp63260906 (1988).

Laskey, R. A. In U.S. (Datascope Corp., USA) Us3929741
(1975).

Tsai, H. C.; Tsukahara, Y.; Yamashita, Y. Kobunshi Ronbunshu
1988, 45, 277.

Matsukata, M.; Hirata, M.; Gong, J. P.; Osada, Y.; Sakurai, Y.;
Okano, T. Colloid Polym Sci 1998, 276, 11.

Shim, W. S.; Lee, D. S. ] Appl Polym Sci 1999, 74, 311.

Xue, W.; Champ, S.; Huglin, M. B. Polymer 2000, 41, 7575.
Stothers, J. B. Carbon-13 NMR Spectroscopy; Academic Press:
New York, 1972.

31.

32.

33.
34.
35.

36.
37.
38.

39.
40.
41.

2569

Breitmaier, E.; Voelter, W. '*C NMR Spectroscopy: Methods and
Applications in Organic Chemistry; Verlag Chemie: Weinheim,
1978, 2nd ed.

Bae, S. S.; Chakrabarty, K.; Seery, T. A. P.; Weiss, R. A. |
Macromol Sci Pure Appl Chem 1999, A36, 931.

Kelen, T.; Tudos, F. Macromol Sci Chem 1975, A9, 1.
Finemann, M.; Ross, S. D. ] Polym Sci 1950, 5, 259.

Painter, P. C.; Coleman, M. M. Fundamentals of Polymer Sci-
ence; Technomic Publishing Co.: Lancaster, PA, 1997.
Vollmert, B. Polymer Chemistry; Springer-Verlag: New York, 1973.
Pyun, C. W. J Polym Sci A2 1970, 8, 1111.

e Silva, M. E. S. R;; Dutra, E. R.; Mano, V.; Machado, J. C. Polym
Degrad Stabil 2000, 67, 491.

Garay, M. T.; Llamas, M. C.; Iglesias, E. Polymer 1997, 38, 5091.
Fox, T. G. Bull Am Phys Soc 1956, 1, 123.

Fried, J. R. Polymer Science and Technology; Prentice Hall PTR:
Englewood Cliffs, NJ, 1995.



