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Abstract

Several series of copolymers were prepared fidsubstituted acrylamides by free radical polymerization in solution. We have selected a
group of monomers with varying degree of hydrophilicity including acrylamitiethylacrylamideN,N-dimethylacrylamideN,N-diethyl-
acrylamide, andN-tert-butylacrylamide. The chemical composition in the final copolymers was found to be very close to the original
monomer composition in the feed prior to polymerization. In an effort to elucidate the effect of the chemical composition on the phase
separations of the aqueous solutions of the copolymers, the lower critical solution temperatures (LCST) of the copolymers in water were
determined by differential scanning calorimetry and optical turbidimetry. In principal, the LCST of the copolymers can be adjusted within the
freezing and boiling points of the solutions. The copolymers exhibit systematic changes in their LCSTs as a function of their comonomer
composition, for which an empirical equation was establisl@ti999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction polymers is of primary interest. This can be achieved by
copolymerization or by the addition of salts and surfactants

Certain polymers are soluble in a solvent at low tempera- in the aqueous solutions [16,18,22,30,33]. Although LCST
tures but become insoluble as the temperature rises abovavas observed for aqueous solutions of many other mono-
the lower critical solution temperature (LCST). This kind of and diN-substituted acrylamide polymers [22], these
polymer has recently attracted a great deal of researchpolymers have not yet drawn as much attention as pbly(
interest because of its rheological and technological import- isopropylacrylamide). The structure of the polymers, par-
ance [1-6] and potential biomedical applications [7—9]. In ticularly that of the alkyl group of acrylamide is important to
particular, the thermosensitivity of pol{isopropylacryl- determine the thermosensitivity and solution behavior of the
amide) was extensively studied [10—21]. The aqueous solu-polymers. A better understanding of the properties of
tions of this polymer can undergo a reversible phase changeN-substituted polyacrylamides should help in the develop-
at ca. 32C independent of the molar mass or the concentra- ment of new thermosensitive hydrogels and to improve the
tion of the polymer [12]. The thermosensitivity of the thermosensitivity of the gels.

polymer makes it especially attractive for various biomedi-  In an effort to demonstrate how the LCST of the polymers
cal and pharmaceutical applications. The phase separatiorcan be varied by adjusting the comonomer composition, we
behavior for the aqueous solutions of pdbiGopropyl- have prepared several series of copolymers fidsubsti-

acrylamide) and its mechanism were investigated by a variety tuted acrylamides with varying degree of hydrophilicity (or
of experimental techniques including UV turbidimetry hydrophobicity). The corresponding homopolymers range
[12,14-16,18,20,22], calorimetry [10,15,16,18,20,23], light from insoluble in water to completely soluble at all tempera-
scattering [13,17], NMR spectroscopy [19,23,24], viscometry tures. The LCST of the homo- and copolymers was deter-
[10,11,17] and fluorescence [16,25—-29]. The phase transitionmined and related to the chemical composition of the
phenomenon is associated with the temperature dependencpolymers.
of hydrogen bonding and hydrophobic interactions [30—32].
The modification of the LCST of the thermosensitive

2. Experimental
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Table 1
Chemical structures and solution properties of selebtedkyl substituted
polyacrylamides

CHz—CH+
l n

R R Abbreviation LCST{C)
/N ~
R R'

Poly(acrylamide) H H PAA Soluble
Poly(N,N-dimethylacrylamide) Me Me PDMA Soluble
Poly(N-ethylacrylamide) H Et PEA 82
Poly(N-isopropylacrylamide) H iPr PIPA 32
Poly(N,N-diethylacrylamide) Et Et PDEA 32
Poly(N-tert-butylacrylamide) H tBu PTBA Insoluble

2Result from Ref. [12].

N,N-dimethylacrylamide (DMA), acryloyl chloride, ethyl-
amine, and diethylamine were purchased from Aldrich and
were used without further purification. 2;&zoisobutyro-
nitrile (AIBN) from Eastman Kodak was recrystallized from
methanol and stored in dark bottles in a refrigerator. All
solvents were distilled before use.

2.1. Preparation of the monomers

N-ethylacrylamide (EA) and N,N-diethylacrylamide
(DEA) were prepared from the corresponding alkylamines
and acryloyl chloride, according to a similar procedure
reported by Shea et al. [34]. EA was prepared by adding
dropwise a 70 wt.% aqueous ethylamine solution (54.3 ml,
0.67 mol) into a solution of acryloyl chloride (28.8 g,
0.31 mol) in tetrahydrofuran (THF, 500 ml) at5°C-C°C
for 1.5 h. The solution was stirred at room temperature over-

night. The aqueous phase was extracted three times with

ether. The combined organic phase was dried over MgSO
and the organic solvents were removed. Distillation under
reduced pressure gave a clear oil (22.5 g, 75%, b.fC59
60°C/0.3 mmHg). Literature: b.p. 88/93 Pa [35]H NMR

in CDCl; (8 in ppm): 7.28 tH, br, NH); 6.14 (2H, m,
=CH,); 5.47 (H, m, =CH-); 3.22 (2H, m, CH), 1.04
(3H, t, CH).
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Proton nuclear magnetic resonanceél NMR) spectra
were recorded on a Bruker AMX-300 operating at
300.0 MHz or a Bruker AMX-400 operating at 400.0 MHz
for proton in deuterated chloroform or methanol. All chemi-
cal shifts are relative to tetramethylsilane (TMS) set at

0 ppm.
2.2. Preparation of the polymers

Poly(N,N-diethylacrylamide) (PDEA) and poliethyl-
acrylamide) (PEA) homopolymers were prepared by free
radical polymerization with 1 mol% AIBN in toluene and
THF, respectively, at 6€ for 18—20 h. The solvent was
evaporated and the polymer was dissolved in acetone, preci-
pitated in hexane and dried in a vacuum oven. The
conversion was between 85% and 95%.

Poly(DEA-co-EA) (20, 40, 60, 80 mol% of EA) and
poly(TBA-co-EA) (20, 40, 50, 60, 70, 80 and 90 mol% of
EA) were carried out in THF (3 g in 15 ml) with AIBN as
the initiator (1 mol%). Dry nitrogen was bubbled through
the solution for 15 min prior to polymerization. The
temperature was raised gradually during 2 h t6@G&nd
maintained for ca. 18 h. The mixtures were precipitated in
ether or hexane.

Poly(DEA-co-DMA) (10, 20, 30, 40, 50, 60 and 70 mol%
of DMA), poly(DEA-co-AA) (20, 30, 40, 45, 50 and
55 mol% of AA) and poly(TBA-co-DMA) (40, 50, 60, 70
and 80mol% of DMA) were prepared in methanol
following a similar procedure as mentioned earlier.

The average molar masses of the polymers and copoly-
mers were determined by size exclusion chromatography
(SEC) with 2.5g/l THF or dimethyl formamide (DMF)
solutions on a Waters 410 system. Polystyrene standards
were used for calibration and the molar masses of the
copolymer was estimated as that of a polystyrene of
equivalent elution volume.

2.3. LCST determination

Samples for thermal analysis were prepared by dissolu-
tion of different amounts of copolymers in distilled water in
an ice water bath. The LCSTs of the polymer solutions were
measured on a DSC 2910 differential scanning calorimeter
(TA Instruments, New Castle, DE, USA) with a flow of

DEA was prepared from acryloyl chloride and diethyla- helium at 40 criymin. The samples (ca. 8—12 mg) of differ-
mine in dichloromethane. Acryloyl chloride (509, entconcentrations from 5 to 20 wt.% were placed in sealed
0.54 mol) was slowly added in a dropwise manner into a capsules in order to prevent water evaporation. The samples
solution of diethylamine (140 ml, 1.35 mol) in GE&l, were scanned at’6/min from CC-9CC against an empty
(400 ml) at 0C for 3 h. The solution was then stirred at reference pan. The phase separation temperatures were
the same temperature for 4 h. The salts formed during thedetermined as the maximum of an exothermic peak of the
reaction were removed by filtration and washed thoroughly heating thermogram. The DSC curves were measured for
by CH,Cl,. The solvent was removed on a rotary evaporator. five series of the polymers at 10 wt.% aqueous concentra-
Distillation of the crude product under reduced pressure tion unless otherwise stated. The glass transition tempera-

yielded a colorless oil (57.4 g, 85%, b.p.°@30.3 mmHg).
Literature: b.p. 62C/250 Pa [35]*H NMR in CDCl; (8 in
ppm): 6.18-6.38 (2H, mzCH,); 5.49 (H, dd,=CH-); 3.23
(4H, m, CH), 1.00 (6H, t, CH).

tures [Ty of the polymers were determined by DSC with
dried polymer samples at a heating rate ofCnin.

For comparison with the DSC measurements, the LCST
of selected polymer aqueous solutions was also determined
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Table 2
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Some physical characteristics of a typical copolymer series poly(DEA-co-DMA)

Copolymer (DEA : DMA) Monomer conversion (%) My My Mu/M,2 T, (°C)
90:10 92.9 4.84 10* 6.34x 10* 1.31 94.4
80:20 92.1 5.95 10* 7.35% 10° 1.23 101.6
70:30 97.3 4.4% 10* 6.90x 10° 1.56 101.5
60 : 40 90.3 6.7% 10 8.02x 10* 1.19 107.8
50: 50 975 5.6& 10* 6.69x 10* 1.17 104.1
40:60 97.5 5.4k 10* 7.56x 10 1.18 103.6
30:70 93.3 4.9% 10* 6.03x 10° 1.22 114.5

&M, number-average molar masd,,: weight-average molar mass.

by UV turbidimetry on a Varian Cary (1 Bio) UV-VIS

corresponding monomers by free radical polymerization in

Spectrophotometer. The cloud point was observed with THF or methanol. The choice of the solvent was a matter of
the optical transmittance of a 500 nm light beam through convenience, but we have found that the polymers prepared
a 1cm sample cell referenced against distilled water at in methanol generally had higher molar mass than those
different temperatures. The heating rate was controlled atprepared in THF. The conversion from monomers to

0.1°C/min.

3. Results and discussion
3.1. Characterization of the copolymers

Table 1 shows a list of selectédsubstituted poly(alk-
ylacrylamide)s and their solution properties in water. The
copolymers include five series: poly(DEA-co-AA), poly-
(DEA-co-DMA), poly(DEA-co-EA), poly(TBA-co-EA)
and poly(TBA-co-DMA). They were prepared from the

CH.CHs C(CHa)s CH:CHs
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Fig. 1. Proton NMR spectra of poly(TBA-co-EA) in CDCht room

temperature showing the NMR signals of interest. Molar ratio of the
comonomers (TBA:EA): (A)1:9;(B)3:7;(C)5:5; (D) 8: 2.

homo- and copolymers were in the range of 85%—95%.
Typical molar masses of the polymers are shown in Table
2 for the poly(DEA-co-DMA) series. In general, the poly-
dispersity indexM,,/M,, varied from 1.2 to 2.5. No attempts
were made to fractionate these samples except simple
precipitations.

The H NMR spectra of selected poly(TBA-co-EA)
samples are shown in Fig. 1. The NMR signals correspond-
ing to each comonomer are well-resolved. The NMR signal
at 1.32 ppm corresponds to the protons of the-butyl
group of N-tert-butylacrylamide and the signals at 1.12
and 3.22 ppm to the ethyl group di-ethylacrylamide.
Clearly, the peak intensities at 1.12 and 3.22 ppm increased
steadily as the content of the comonomer EA increased in
the copolymer. Moreover, the disappearance of the olefinic
proton peaks between 5.5 and 6.3 ppm indicates the success-
ful polymerization of the monomers. The integrations of the
characteristic peaks are used to calculate their chemical
compositions (Table 3). The copolymer compositions are
very close to the original monomer compositions in the
feed prior to polymerization. The copolymers are expected
to be statistically random, also evidenced by the sifiglas
determined by DSC (Table 2). The chemical compositions
of the copolymers in the other series were determined simi-
larly and, as expected, they are also close to the original
monomer composition in the feed.

3.2. LCST of the polymers

The LCSTs of aqueous solutions of PDEA and PEA (5-
20 wt.%) were determined to be 2 and 82C, respec-
tively, which are different from the values of 25 and
74°C reported by Taylor and Cerankowski [22]. The differ-
ence may arise from the difference in the polymer samples
used (molecular weight, concentration, etc.) and/or the
conditions used in the measurements of LCST, particularly
the heating or cooling rates [20]. A typical turbidimetry
experiment and a DSC thermogram are shown in Fig. 2
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Table 3 50

Chemical composition of poly(TBA-co-EA) determined B NMR

measurements in CDgon a Bruker AMX-400

Monomer ratio Monomer ratio Monomer 6 40+ .
(TBA:EA)in (TBA: EA)in conversion 5

the feed the final polymer (%) t,_) P SRS L R L A w
80:20 79.9:20.1 87.2 O 3o}t 4
60 : 40 57.9:42.1 86.2 -

50:50 48.2:51.8 90.4

40 : 60 39.5:60.5 89.1

30:70 30.1:69.9 96.7 20 L 1 N 1

20:80 20.2:79.8 96.6 5 10 15 20 25
10:90 10.3:89.7 98.4

[Polymer] (wt%)

Fig. 3. LCST of poly(DEA-co-EA) (molar ratio 6 : 4) aqueous solutions
for aqueous PDEA solutions. The phase transition of the pIotted_ as a function ofthe polymer concentration as determined by DSC at
polymer is an endothermic process (ca. 23 J/ig polymer), 2 heating rate of &/min.
corresponding to the disruption of the hydrogen bonds
in the solution. As indicated in Fig. 2, the heating rate of
5°C/min in DSC and a heating rate of 0CImin in the
UV-VIS measurement gave identical values of LCST
(32.2C) as the heat transfer in the DSC experiment was
much more efficient than that in the spectrophotometric
techniqgue. We have found that measured LCST of the
polymers was quite dependent on the heating rates
(especially in the turbidimetry measurements), but much

less dependent on the concentration or the molar mass of
the polymers. In Fig. 3, the measured LCSTs are plotted as a
function of the concentration of poly(DEA-co-EA) (molar
ratio 6 : 4) in water. No significant concentration effect on
the LCST was detected for this polymer over the concentra-
tion range studied (1-20 wt.%). Only a small increase (from
32°C to 33C) is observed.

Fig. 4A shows the LCSTs of poly(DEA-co-EA) and
poly(TBA-co-EA) aqueous solutions as a function of the
molar fraction of EA in the copolymers. The hydrophilicity
of poly(DEA-co-EA) increases with increasing EA content
A in the copolymers. As expected, the LCSTs of poly(DEA-
co-EA) show an increase with increasing EA content. The
ol LCST of the copolymers always lies in between the LCSTs
of the two homopolymers. The data can be fitted to the
following equation:

_ kaTit KupTs
py + Kpp

1 T (€9)

Exothermic Heat Flow

whereu is the molar fraction of a given monomer (note that
2 , , p1 + wo=1), Tis the LCST of the corresponding homo-
polymers and the subscripts 1 and 2 denote comonomers 1
100k and 2, respectively, and is a weighting parameter which

B can be deduced from curve fitting of the experimental
results. In the ideal cask,has a value of 1 and the relation-
ship between comonomers 1 and 2 becomes linear. All the
curves in our experiments have shown a concave shape with
K values less than 1 ranging from 0.51 for poly(TBA-co-
EA) (Fig. 4A) to 0.13 for poly(TBA-co-DMA) (Fig. 4C).

The copolymerization with a more hydrophobic mono-
mer will cause a decrease in the LCST of the polymer. For
ol example, when EA is copolymerized with TBA, a more
L . hydrophobic comonomer, the LCST of the copolymer can
20 30 40 50 o . : . .

be lowered significantly with the increasing molar ratio of
Temperature (°C) TBA (Fig. 4A). An extrapolation of the experimental results
Fig. 2. LCST determination of PDEA by DSC (A) and UV-VIS light of LCSTs of the copolymers can lead th a hypothetical
transmittance (B) gives the same results (LCSB2.2C). (A) 20 wt.% LCST Valu.e Of_homo_pdymer PTBA of 0&5 C. However,
PDEA in water, heating at&/min; (B) 4 wt.% PDEA in water, heatingat ~ COpolymerization with more hydrophilic monomers can
0.1°C/min, observation at 500 nm. increase the LCST of the corresponding homopolymer, as

50

Transmittance (%)
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Fig. 4. LCST of the different series of copolymers in water plotted as a
function of their chemical compositions (molar fractions). Dashed lines
represent fittings to Eq. (1). (A) Copolymer series poly(X-co-EA), where
X = DEA or TBA; (B) Copolymer series poly(DEA-co-X), where=X AA,
DMA or EA,; (C) poly(TBA-co-DMA).

shown in Fig. 4B, where the LCSTs of three series of co-
polymers, poly(DEA-co-AA), poly(DEA-co-DMA) and
poly(DEA-co-EA), are plotted as a function of the molar
fraction of EA, AA and DMA, respectively. It is clear that
the LCSTs of poly(DEA-co-AA) and poly(DEA-co-DMA)
are systematically higher than those of poly(DEA-co-EA).
The increase in LCST is especially drastic for poly(DEA-
co-AA) with increased amount of AA in the copolymer. A
hypothetical LCST for the homopolymer PDMA can be
obtained by extrapolation200°C) by the use of Eq. (1).

6989

However no such hypothetical LCST can be obtained for
PAA. Based on the substitution groups of the acrylamide,
the hydrophilicity of the monomers is expected to follow the
order: AA> DMA > EA > DEA > TBA. The real and
hypothetical LCST values of the homopolymers confirm the
order of hydrophilicity of theN-substituted acrylamide
monomers and hence their homopolymers.

The change in hydrophilicity or hydrophobicity by modi-
fying the comonomer composition is the key in the changes
of LCST of the polymers. At low temperatures, the strong
hydrogen bonding between the hydrophilic groups of the
polymer (amide groups) and water helps in the dissolution
of the polymer in water. With increasing temperature,
hydrogen bonding weakens, while hydrophobic interactions
among the side groups strengthen [20]. Interactions between
hydrophobic groups become dominant at temperatures
above the LCST, leading to an entropy-driven collapse of
the polymer chains and hence phase separation. The process
is evidenced by the endothermic phase separation shown in
the DSC experiments (Fig. 2A). The correlation of LCST
and the hydrophobicity of the polymer is obvious.

We know that, within the freezing and boiling points of
the aqueous solutions, PDMA is soluble in water and PTBA
is practically insoluble in water. As one may expect from
our results in Figs. 4A and B, we can predict that it is
possible to obtain copolymers from these two monomers
with LCST in water. The results for poly(TBA-co-DMA)
in Fig. 4C, just as predicted, show the changes of LCST as a
function of the comonomer composition, which can be fitted
to EqQ. (1). This means that we can obtain copolymers with
LCSTs in water simply by balancing the hydrophilicity—
hydrophobicity of the final polymer.

4. Conclusion

The LCST of the mono- and disubstituted acrylamide
polymers can be modified easily by copolymerization with
other monomers. By copolymerization with a more hydro-
philic monomer, even hydrophobic polymers can be made
to possess an LCST. Similarly, water-soluble polymers can
be made to possess an LCST by copolymerization with a
hydrophobic monomer. An increase in the overall hydro-
phobicity of the copolymer lowers the LCST, leading in
some cases to a polymer insoluble in water. Likewise, an
increase in the hydrophilicity of the copolymers can raise
the LCST and may result in a hydrophilic polymer freely
soluble at all temperatures. Given a chemical composition,
the LCST of the copolymer can be estimated by the use of
Eq. (1). Similarly, copolymers with more than two
comonomers can also be made for the purpose of altering
the LCST. Only acrylamide-based copolymers are studied
here, but the general rule may be applicable also for other
copolymers. Moreover, these and othéksubstituted
acrylamide copolymers may serve as interesting alternatives
for the well-known polylN-isopropylacrylamide).
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