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'H NMR spectroscopy

'H NMR spectroscopy was applied to investigate temperature-induced phase separation in
solutions of poly(N-isopropylmethacrylamide-co-acrylamide) [P(IPMAmM/AAm)] random
copolymers in D,0, D,Ofethanol and D,0facetone. The NMR relaxation behaviour of water
(HDO) was also examined. The effects of P(IPMAmM/AAm) composition and the ethanol or
acetone content in the mixed solvents on the temperature, width and extent of the phase
transition as well as on the mobifity of polymer segments and water molecules were char-
acterized. For 13,0 solutions of the copolymers prepared with the AAm fraction in the poly-
merization mixture not exceeding 25 moi% 'H NMR spectra show dynamic heterogeneity
of copolymer chains in mesoglobules where AAm sequences and surrounding short IPMAm
sequences are hydrated and mobile, while sufficiently long IPMAmM sequences are dehy-
drated and their mobility is strongly reduced. The obtained results are consistent with
the idea that P(IPMAm/AAmM) copolymer mesoglobules are rather porous and disordered.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that acrylamide (AAm) polymers and
other polymers with amphiphilic character (e.g., poly({vinyl
methyl ether) (PVME}) exhibit in aqueous solutions a lower
critical solution temperature (LCST). These polymers are
soluble at lower temperatures but heating of their solutions
above the LCST results in phase separation [1-6]. This
reversible process is probably associated with a changed
balance between various types of interactions, mainly
hydrogen bonds and hydrophobic interactions. Below the
LCST hydrogen bonds between polymer and water are pres-
ent and the polymer chains are flexible. Above the LCST tran-
sition most water is excluded from polymer structures and
polymer chains are packed in rather compact globular struc-
tures (mesoglobules) [1] where hydrophobic polymer-
polymer interactions prevail. Phase separation, especially
at polymer concentrations ¢ > 1 wt%, manifests itself by
milk-white turbidity of solutions. Their thermosensitivity,
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or their general ability to respond to various external stim-
uli, makes these polymers interesting for potential biomed-
ical and technological applications, especially in the case of
crosslinked polymer hydrogels, e.g., as drug release poly-
mers [2,7,8]. Such polymers are also interesting from the
academic point of view due to their behaviour anatogous
to that of elastin-like polypeptides at the LCST |9} and a sim-
ilarity between phase separation of synthetic polymers and
thermal denaturation of proteins. Of various methods used
in investigations of phase-separation behaviour, NMR spec-
troscopy plays an important role providing information on
phase-separated globular structures and interactions in
these systems [10].

Although the critical solution phenomena were most
often studied in poly(N-isopropylacrylamide} (PIPAAmM)
solutions, phase separation in aqueous solutions of
poly(N-isopropytmethacrylamide) (PIPMAm) was also
studied by various methods |3,4,11-18], including "H NMR
spectroscopy [10,19-26]. The presence of the a-methyl
group in the PIPMAmM monomer units (Scheme 1) was found
to increase the LCST compared with that of PIPAAmM
[3,12,13,21]. NMR study of aqueous PIPMAm solutions
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Scheme 1. Structural formulae of polyacrylamide (PAAm) and paly(N-
isopropylmethacrylamide) (PIPMAm).

showed that the LCST does not depend on polymer concen-
tration in the range ¢ = 0.1-10 wt% [20]. The temperature-
induced phase separation in D,0 solutions of PIPMAm/PIP-
AAm mixtures and random copolymers was also investi-
gated [13,21}; it was found out that in copolymer
solutions only a single phase transition occurs while in
polymer mixture solutions, two distinct transitions were
observed. For D,0 solutions of PIPMAm and PIPMAm/PVME
mixtures {(c=5wt%), 'H NMR relaxation and diffusion
coefficient measurements revealed that a certain portion
of water is bound in phase-separated mesoglobules at
elevated temperatures [10,20,23,25,27 . Two types of bound
water molecules were assigned to water bound inside
mesoglobules and on their surface [25]. From 'H NMR relax-
ation measurements it also follows that after a rather long
induction period (~30 h for PIPMAm) the originally bound
water is slowly released from globular-like structures with
time (23,27]. Recently we also used NMR spectroscopy in
investigation of the cononsolvency phenomenon in PIP-
MAm solutions. This polymeris soluble in water and ethanol
at room temperature but little soluble or insoluble in their
mixtures with a certain mixture composition [25,26).

In addition to temperature, phase separation can also be
induced by changing other parameters and conditions such
as pH, etectric field, light, the presence of biochemicals, ions,
etc. Phase separation in aqueous solutions of polyacryl-
amide (PAAm) cannot be induced by a temperature change
but this polymer undergoes phase separation in the mixed
solvents as a result of achange in solvent composition. Tana-
ka was the first who observed the coil-globule transition
and the volume phase transition (collapse) with linear and
crosslinked PAAm, respectively, in waterfacetone mixtures
[28]. While linear PAAm is completely soluble in water at

Table 1

room temperature, in a mixed solvent of water and ethanol
it is soluble only up to the ethanol concentration ~60 vol%
[29].

The power of NMR spectroscopy in investigation of
temperature-induced phase separation in copolymer solu-
tions consists in its ability to provide quantitative informa-
tion on the behaviour at LCST of both monomer units in a
binary copolymer separately. In the present work we used
'H NMR spectroscopy to investigate the phase separation
in solutions of random poly(N-isopropylmethacrylamide-
co-acrylamide) [P(IPMAm/AAm)] copolymers. Solutions of
the copolymer in D,0 and in mixed solvents D,0/ethanol
(EtOH) and D,O/acetone were studied. Though the LCST
behaviour of P(IPAAM/AAm) copolymers in aqueous solu-
tions was investigated by cloud point and turbidity mea-
surements [30,31], no similar studies of P(IPMAm/AAm)
copolymers have been published so far.

2. Experimental
2,1. Samples

N-isopropylmethacrylamide (IPMAm, Aldrich) and
acrylamide (AAm, Fluka) were used to prepare PIPMAm
homopolymer and P(IPMAm/AAm) copolymers by radical
polymerization. 4,4'-Azobis(4-cyanopentanoic acid) was
used as initiator and polymerization was carried out in an
ethanol/water mixture {85/15 by volume) at 333 K; the
weight fraction of the sum of the monomers in the mixture
was 0.25, AAm mole fractions in the reaction mixture were
0.05, 0.15, 0.25, 0.40, 0.50, 0.70 and 0.85. After polymeriza-
tion, diethyl ether and ethanol were used to precipitate
copolymers and to wash off residual monomers and oligo-
mers. Molecular weights M,, and M, were determined by
GPC with Superos 6 (Amersham Bio Sciences). My and poly-
dispersity (Mw/M,) values are shown in Table 1. Only the
polymers investigated by 'H NMR spectroscopy are shown
in this table; copolymers which were prepared from the
reaction mixtures containing more than 40 mol% of AAm
did not show temperature-induced phase separation. M,,
values of the investigated polymers ranged from 136 000
to 800000, polydispersities were 1.2-2.1 (copolymers)
and 3.7 {(PIPMAm homopolymer). Table 1 also shows the real
composition of the copolymers as determined from '"H NMR
spectra at temperatures below the phase transition. Signal B
corresponding to CH protons of IPMAm units and signal H
corresponding to CH protons of IPMAm units as well as to
CH and CH, protons of AAm units (cf. Fig. 1) were used to

Molecular charactesistics of investigated samples of PIPMAmM, PAAm and P(IPMAm/AAm} copoelymers.

Composition of reaction Molecular weight -

- Polydispersity Real composition of the

mixture (IPMAmM/AAM My (g mol™") MwiMy copolymer determined

monomer ratia) ©©  ° from '"H NMR spectra
(IPMAmM/AAmM molar ratio)

100/0 " 136300 3.67 -

955 799 900 117 ' 99/1

8515 730300 1.27 94{6

75425 132 400 2.09 Ce e 8416

60/40 ) 502100 1.51 71/29

0/100 147 300 257 o




H. Koufilovd et al./ European Polymer Journal 46 (2010) 1299-1306 1301

a A D

Chemical shift {ppm)

b A
B H
/ A
_ ‘\J ._»--/“/ ________ _
4 3 2
Chemical shift {ppm)
D
E
JLJ A et S T
¥ T ¥ T M ¥ T T T
5 4 3 2 1 0

Chemical shift (ppm)

Fig. 1. '"H NMR spectra of 75/25 (IPMAm/AAm monomer ratio in the
reaction mixture) P(IPMAmM/AAM) copotymer in 1,0 solution (¢ = 5 wt%)
measured at 298 K (a) and 340K (b) under the same instrumental
conditions. The inset in {b) shows the spectrum with higher amplification.
Peak assignments are explained in the text.

determine the composition of the copolymers. The molarra-
tio of IPMAm and AAm units was calculated using the
relation:

IPMAmM] 3l

AAM] (I - 21y) M

where Iz and ;; are integrated intensities of the signals B
and H, respectively. From Table 1 it follows that in all the
cases the content of AAm units in the copolymer is some-
what lower than the content of AAm in the respective reac-
tion mixture, thus indicating that AAm is less reactive than
IPMAm. Nevertheless, taking into account the inherent er-
ror of this analysis, especially for the 95/5 polymer where
the content of AAm units is small {(cf. Table 1), hereafter
we use for designation of P(IPMAmM/AAm) copolymers the
composition of the reaction mixture. Solutions of copoly-

mers with polymer concentration ¢ = 5 wt% in D,0 (Sigma,
99.9% of deuterium) and in D,0/EtOH and D,0/acetone
mixtures were prepared and filled into 5-mm NMR tubes,
which were then degassed and sealed under nitrogen.

2.2. NMR meastirements

All 'TH NMR measurements were made with a Bruker
Avance 500 spectrometer operating at 500.1 MHz. Typical
conditions were as follows: n/2 pulse width 14 pis, relaxa-
tion delay 10s, spectral width 5 kHz, acquisition time
1.64 s, 8 scans. The integrated intensities were determined
with a spectrometer integration software with an accuracy
of +1%. The 'H spin-spin relaxation times T, of HDO were
measured using the CPMG [32] pulse sequence 90°,

(ta 180°,  ta)n - acquisition with f3=5ms. Every
experiment was made with 4 scans, the relaxation delay
between scans was 180 s, and spectral width 3.5 kHz. The
'H spin-lattice relaxation times T; of HDO were measured
using the inversion recovery pulse sequence 180°-71-90°
with 4 scans separated by a relaxation delay of 180s, the
spectral width being 3.5 kHz; the 10-18 t values in the
range 0.1-250s were used. All the obtained T, and T;
relaxation curves were monoexponential and the fitting
process always made it possible to determine a single va-
lue of the relaxation time. In all measurements tempera-
ture was maintained constant within 0.2 K in the range
298-348 K using a BVT 3000 temperature unit. The sam-
ples were kept at the experimental temperature always
for 15 min before the measurement.

3. Results and discussion

3.1. 'H NMR spectra of D,0 solutions and phase-separated
fraction

Fig. 1 shows high-resolution 'H NMR spectra of a D,0
solution (c=5wt%) of P(IPMAm/AAmM) copolymer with
the IPMAmM/AAm molar ratio in the polymerization mix-
ture 75/25, measured under the same instrumental condi-
tions at two temperatures {298 and 340 K). The assignment
of resonances to various proton types is shown directly in
the spectrum measured at 298 K, i.e., below the LCST tran-
sition. The strong peak A corresponds to HDO. Peaks B, D
and E correspond to CH, (CHs), and «-CH; groups of IP-
MAm units, respectively. In the band H the signal of CH;
protons of the [PMAm units overlaps with CH and CH;
signals of AAm units, Weak peaks at 1.29 and 3.63 ppm
are due to residual ethanol. The most important effect ob-
served in the spectrum measured at a higher temperature
(340 K) is a marked decrease in the integrated intensity of
all polymer lines. With the exception of the CH; protons of
isopropyl groups of IPMAm units, other signals of the IP-
MAm component almost disappeared. While at 298 K the
copolymer dissolves, at 340 K the solution is phase-sepa-
rated and shows a milk-white turbidity. Evidently, at
temperatures above the LCST the mobility of most ['MAm
copolymer units in polymer chains in rather compact
mesoglobules is reduced to such an extent that the
corresponding lines become too broad to be detected in
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high-resolution NMR spectra measured using a liquid-state
spectrometer. For segments forming globular-like struc-
tures in D,0 solutions of PIPAAm or poly(N,N-diethyi-
acrylamide) (PDEAAm), line widths of 3-4kHz were
detected [10,33,34], which are similar to the spectral width
5 kHz used in our measurements.

To quantitatively characterize the phase separation of
IPMAm units in copolymers, we have used the values of
fraction p of phase-separated IPMAm units (of significantly
reduced mobility) determined from the relation:

I
Pirmam — 1 — (T{;) (2)

where [ is the integrated intensity of the given line of 1-
MAm units in a partly phase-separated system and I is
the integrated intensity of this line if no phase separation
occurs [10,19-24,26]. For 1y, we took values based on inte-
grated intensities as obtained for the respective D,0
solution at 298 K and using the fact that the integrated
intensities decrease with absolute temperature as 1/T.
Temperature dependences of the phase-separated fraction
(Pivmam) as determined from the signal of CH protons of
IPMAm units are shown for investigated polymers (includ-
ing PIPMAmM homopolymer) in Fig. 2. Temperature depen-
dences of pypmam determined from the signals of other
proton types in IPMAm units are similar. The results ob-
tained from the signal of CH protons in PAAm homopoly-
mer are also shown in Fig. 2 for comparison. Both for
PAAmM homopolymer and P(IPMAmM/AAmM) copolymer with
the IPMAm/AAm molar ratio in the polymerization
mixture 60/40, virtually no phase separation was detected
by "H NMR spectra, in accord with the fact that these
solutions do not show any turbidity. For the remaining
systems it follows from Fig. 2 that an increasing fraction
of hydrophilic AAm units in the copolymer significantly
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Fig. 2. Temperature dependences of the phase-separated fraction piepam
as determined in D,0 solutions {¢ = 5 wt%) from integrated intensities of
the CH line of IPMAm units in PIPMAm and (JPMAmM/AAmM) copolymers
with various [PMAm/AAmM monomer ratios in the polymerization mix-
ture. The plot obtained from integrated intensities of the CH signal of
PAAmM in D,;0 solution is also shown.

shifts the transition towards higher temperatures, broad-
ens the transition interval and reduces the maximum value
of the phase-separated fraction ppa While for PIPMAM
homopolymer the transition temperature (in the middle
of the transition interval) is 316 K, the transition is rela-
tively sharp (transition width 3K} and Pmax = 0.96, for
P(IPMAmM/AAm) copolymer with the IPMAmM/AAm molar
ratio in the polymerization mixture 75/25, the transition
temperature is 330 K, the transition is ca. 14 K broad and
Poax = 0.68. We assume that with increasing content of
hydrophilic AAm units in P(IPMAmM/AAm) copolymers the
mesoglobules are more porous and disordered. Hence a
relatively large portion of IPMAm segments is highly
mobile even above the transition temperatures. Similar
behaviour was previously observed also with aqueous
solutions of negatively charged P(IPMAm-co-sodium
methacrylate (MNa)) copolymers and gels of crosslinked
P(DEAAmM-co-MNa) copolymers [19,24,34].

Though the analysis of the phase-separation of AAm
units in P(IPMAmM/AAm) copolymers is complicated by the
fact that CH and CH, signals of AAm units overlap with the
CH, signal of IPMAm units (cf. Fig. 1), the phase-separated
fraction p of AAm units can be obtained via the composition
of the part which is directly detected in 'H NMR spectra at
temperatures above the phase transition. We made this
analysis for copolymers with IPMAm/AAmM molar ratios in
the polymerization mixture 75/25 and 85/15 where the
content of AAm units is not too small (cf. Table 1) and the
phase-separated fractions of I'MAm units are still relatively
high (cf. Fig. 2). By using Eq. (1) we have found that for the
75/25 copolymer the [PMAmM/AAm molar ratio in the
mobile part directly detected in 'H NMR spectrum at
345K, i.e. at temperature above the phase transition, is
(IPMAM/AAM )apove = 63/37, while the real composition of
this copolymer as determined at 310 K (below the phase
transition) is (IPMAM/AAM) . = 84/16 (cf. Table 1). Simi-
larly we have found for the 85/15 copolymer that the
IPMAmM/AAmM molar ratio in the part that is directly detected
in 'H NMR spectrum at 334 K (iPMAmM/AAM ) pove = 75/25
while the real composition of this copolymer as determined
at 310 K (IPMAM/AAM) e = 94/6. For both the copolymers,
the higher AAm fraction in the part directly detected in NMR
spectra at temperatures above the phase transition in com-
parison with their real composition indicates that the
phase-separated fraction of AAm units is significantly smal-
ler than the fraction of phase-separated IPMAm units as de-
picted in Fig. 2. The molar fraction of AAm units in the part
directly detected in NMR spectra above the phase transition
is given by the relation:

AAmM
(AAM) e = (1 = Pyeam ) (IPMAM) (m) 3
abave

where (IPMAM)., is the real molar fraction of IPMAm
units in the copolymer determined at temperature below
the phase transition. For the 75/25 copolymer we obtained
(AAM ) pove = (1 0.68) x 0.84 x (37/63)=0.16. This value
is the same as the real mole fraction of AAm units in the
copolymer; hence, all AAm units are visible in the 'H
NMR spectrum measured at the temperature above the
phase transition. Therefore, the fraction of phase-separated
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AAM units paam, = 0. Also for the 85/15 copolymer, the mo-
lar fraction (AAM)pove = (1 0.77) x .94 x (25/75) =0.07
is virtually the same as the real molar fraction of AAm units
in the copolymer (0.06). These results show that virtually
all hydrophilic AAm units show high mobility even at tem-
peratures above the phase transition. Because these AAm
units are incorporated in polymer chains forming phase-
separated globular structures, their rather high mobility
implies that they are hydrated. The finding that AAm units
in the copolymer retain a high mobility at temperatures
above the phase transition throws light upon a part of I1P-
MAm units, which retain high mobility above the phase
transition (fraction (1 — (Pirmam)max), Which increases with
increasing content of AAm units in the copolymer (cf.
Fig. 2). We assume that these units are in short hydrated
IPMAm sequences surrounding the AAm sequences while
only sufficiently long IPMAm sequences show cooperative
phase transition. These long IPMAm sequences are dehy-
drated and their mobility is strongly reduced. The overall
picture is consistent with mesoglobules that are rather
porous and disordered, as mentioned above,

3.2. Phase separation in mixed solvents D,0/EtOH and D,0/
acetone

Temperature dependences of the phase-separated frac-
tion pipmam. as determined from the signal of CH protons
of IPMAm units, are shown for PIPMAm homopolymer and
P(IPMAmM/AAm) copolymers in mixed solvents D,O/EtOH
and D,0/acetone in Figs. 3 and 4, respectively. Also in these
cases the temperature dependences of ppmam. as deter-
mined from signals of other IP'MAm proton types, were vir-
tually the same as those shown in Figs. 3 and 4. For PIPMAm
homopolymer it follows from Fig. 3 that the phase transition
in D,0/EtOH mixed solvent containing 20 vol% of EtOH ap-
pears at 307 K, i.e,, at the temperature which is by 9 K lower
in comparison with the D,0 solution. At the same time, the
maximum value of the phase-separated fraction pyax = 1 in
both cases. Similar behaviour was observed also for the 95/5
(molar IPMAmM/AAm ratio in the polymerization mixture)

IPMAM/AAM
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081 il th s 100/0+20/80
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Fig. 3. Temperature dependences of the phase-separated fraction pimam
as determined from integrated intensities of the CH line of IPMAm units
in PIPMAm and P{IPMAm/AAm) copolymers with various [IPMAmM/AAmM
monomer ratios in the polymerization mixture in D,O/EtOll solutions
{c =5 wt%) of various EtOH{D,0 volume composition.
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Fig. 4. Temperature dependences of the phase-separated fraction pipman,
as determined from integrated intensities of the Cli line of IPMAMm units
in PIPMAm and P{iIPMAm/AAmM) copolymers with various IPMAM/AAm
monomer ratios in the polymerization mixture in ,0/acetone solutions
(¢ =5 wt) of various acetonefD,0 volume compaosition.

P([PMAmM/AAmM) copolymer where the transition tempera-
ture in D,O/EtOH containing 20 vol% of EtOH is ca. 7 Klower
than in the D,0/EtOH containing 10 vol% of EtOH while
Pmax ~ 1 for both systems (cf. Fig. 3). For the 85/15
P{IPMAM/AAmM) copolymer in D,0/EtOH = 80/20 mixed
solvent the transition shifts towards higher temperatures,
it is broader and the maximum phase-separated fraction
Pmax 15 significantly reduced. No phase separation was
detected for this copolymer in D,0/EtOH containing
40 vol% of EtOH, for 75/25 P(IPMAmM/AAm) copolymer in
D,0O/EtOH = 80/20 mixed solvent {cf. Fig. 3) as well as for
copolymers with higher AAm fractions and/or higher EtOH
contents in the mixed solvent. The shift of the LCST towards
lower temperatures was previously reported for PIPAAmM
solutions in water/methanol mixtures with the methanol
content below 50 vol% and explained by the cononsolvent
character of these mixtures [35]. On the other hand, the
described behaviour is in contrast to what was observed
with PVME solutions in D,0/ethanol mixtures where the
transition region continuously shifts towards higher tem-
peratures and the maximum values of the phase-separated
fraction p,,.x decrease with increasing EtOH content in the
D,0/EtOH mixture [36].

For the 95/5 P(IPMAmM/AAmM) copolymer in D,0/acetone
mixed solvent the transition temperature was virtually the
same for the solvents containing 20 and 40 vol¥% of acetone,
but the maximum phase-separated fraction pp,,, was sig-
nificantly lower in the latter case. A further increase in
the acetone fraction in D,0facetone reduced the pmax and
shifted the transition of this copolymer towards higher
temperatures (Fig. 4). From this figure it also follows that
virtually no phase separation was found for the 85/15
P(IPMAmM/AAM) copolymer in D,Ofacetone mixture containing
40 vol% of acetone, and for 75/25 and 60/40 P(IPMAm/
AAm) copolymers in D,0/acetone = 80/20 mixed solvent.

We assume that the described complex behaviour of
PIPMAmM and P(IPMAm/AAm) copolymers in D,OfEtOH
solutions is mainly in connection with cononsolvency ef-
fects where water-EtOH interactions (hydrogen bonds)
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are preferred to polymer-water hydrogen bonds. However,
it is clear that the presence of AAm units in the copolymer
chains weakens the resulting cononsolvency effect. Among
others, this manifests itself by the fact that while for PIP-
MAm homopolymer the largest cononsolvency effect was
found at 298 K in D,O/EtOH mixture containing 40 vol%
of EtOH (p =1) |25,26|, for the 85/15 P(IPMAmM/AAm)
copolymer in the same mixed solvent p~ 0 not only at
298 K, but in the whole temperature range. The different
behaviour of PIPMAm homopolymer and P(IPMAmM/AAm}
copolymers on the one hand and PVME on the other
can be associated with the fact that while polymer—
polymer hydrogen bonds might be formed between [PMAm
sequences in the globular state, as shown by infrared spec-
troscopy for aqueous solutions of PIPMAm and P(IPMAm-
co-MNa) copolymers [14,24,37), similar polymer-polymer
hydrogen bonding cannot exist in P'VME solutions. More-
over, the thermodynamic quality of the components of
the mixed solvent relative to polymer is probably also
important.

Similarly to D,0 solutions discussed in Section 3.1, also
in D,O/EtOH and D,0/acetone mixed solvents we analyzed
the phase-separation behaviour of AAm units in P(IPMAm/
AAm) copolymers. For this purpose we used the 85/15
P(IPMAmM/AAmM) copolymer where the phase-separated
fraction of IPMAm component at 345 K pipmam = 0.69 and
0.67 in D,0fEtOH and D,0facetone mixed solvents con-
taining 80 vol% of D,0, respectively. Using Eq. (1) we have
found that the IPMAmM/AAmM molar ratio in the mobile part
which can be directly detected in 1H NMR spectrum at
345K is (IPMAmM/AAM )ivove = 83/17 and 86/14 for D0/
EtOH and D,0/acetone, respectively, whereas the real com-
position of this copolymer is (IPMAM{AAM )q; = 94/6 (cf.
Table 1). Using Eq. (3) it follows for the D,0O/EtOH mixed
solvent that the mole fraction of AAm units in the part di-
rectly detected in NMR spectra at 345 K, (AAmM )pove = 0.06;
for D,0/acetone mixed solvent, (AAM),pove = 0.05. The first
value is exactly the same and the other value is virtually
the same as the real mole fraction of AAm units in the
copolymer. Thus, also in both mixed solvents virtually all
hydrophilic AAm units are rather mobile and, therefore,
directly detected in high-resolution NMR spectra even at
temperatures above the phase transition. Similarly, as we
discussed in Section 3.1., for D,0 solutions this implies that
AAm sequences as well as short surrounding IPMAm se-
quences in polymer chains forming mesoglobules exten-
sively interact with solvent molecules.

3.3. 'H spin-lattice and spin-spin relaxation times of HDO

Figs. 5 and 6 show the temperature dependences of spin-
lattice relaxation time T, and spin-spin relaxation time T ,,
respectively, of HDO molecules in D,0 solutions of PIPMAm
homopolymer and 95/5 P(IPMAm/AAm) copolymer. For
these two polymers, the temperature dependences of the
phase-separated fraction ppmam are rather similar (cf.
Fig. 2). Similar T, and T , values as shown in these figures
for the 95/5 P(IPMAmM/AAm) copolymer were obtained at se-
lected temperatures also for HDO in a D,0 solution of 85/15
P(IPMAmM/AAmM) copolymer where at 301 Kand 332 K. T, =
26.7 and 6.0s, and T, =3.8 and 0.8 s, respectively. Both

40 -
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Fig. 5. Temperature dependences of 'H spin-lattice relaxation time Ty of
HDO in D20 solutions (¢ =5 wt¥) of PIPMAmM (@) and 95/5 P(IPMAm/
AAm) copolymer (*).
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Fig. 6. Temperature dependences of 'l spin-spin relaxation time T, of
HDO in D,0 solutions (c =5 wt%) of PIPMAm (@) and 95/5 P(I’MAm/
AAm) copolymer (*).

T, and T, dependences show a decrease in the LCST transi-
tion; the transition region (Figs. 5 and 6) is in accord with
that obtained from the phase-separated fraction pypmam (cf.
Fig. 2). Similar dependences of spin-lattice and spin-spin
relaxation time of water (HDO) were previously reported
for aqueous solutions of PIPAAmM, P(1PAAm-co-ethylene gly-
col) and P(IPMAm-co-MNa} copolymers, and PIPMAm/
PVME mixtures |20,24,38,39|. The reduced T, and T values
of HDO at temperatures above the phase transition show the
existence of a portion of HDO molecules that exhibit a lower,
spatially restricted mobility. Evidently, this portion corre-
sponds to HDO bound in mesoglobules [10]. The single-
exponential character of relaxation curves indicates a fast
exchange between bound and free water molecules. In such
case, the observed relaxation rates at temperatures above
the LCST transition are given as weighted average of the
relaxation rates of bound and free HDO molecules
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[20,22-24,27]. While T, dependences for D,0 solutions of
PIPMAm and the 95/5 P(IPMAm/AAm) copolymer are rather
similar, at least at temperatures below the phase transition
(Fig. 5), more pronounced differences between these two
systems can be seen in T, dependences (Fig. 6). From Figs.
5 and 6 it follows that at temperatures below the phase tran-
sition the T, values of HDO in solution of 95/5 P(IPMAm/
AAm) copolymer are significantly shorter than in PIPMAm
solution and this tendencyis preserved also at temperatures
above the phase transition both for T and 7, valtues. This is
probably associated with increasing polymer—water inter-
actions in the system where polymer chains contain hydro-
philic AAm units. At temperatures above the phase
transition we assume that the shorter T, and T, of HDO in
solutions of 95/5 and 85/15 P(IPMAm/AAm) copolymers,
compared with PIPMAm solution, reflect the existence of
hydrated AAm and IPMAm sequences in copolymer meso-
globules, which can resultin larger amounts of bound HDO.

The LCST phase transition is also observed in tempera-
ture dependences of the line width Av of the HDO signal
as shown in Fig. 7 where temperature dependences of Ay
are plotted for D,0 solutions of PIPMAm and P(IPMAm/
AAm) copolymers. An increase in Av in the temperature re-
gion of the phase transition was observed both in solutions
of PIPMAm homopolymer and 95/5 and 85/15 P(IPMAm/
AAm) copolymers. With increasing content of AAm units
in the copolymers the Av-transition shifts to higher tem-
peratures, in accord with temperature dependences of
the phase-separated fraction pyumam shown in Fig. 2. From
Av values of the HDO line (Fig. 7) it also follows that the
transition is less pronounced in P(IPMAm/AAm) copoly-
mers in comparison with PIPMAm homopolymer. Virtually
no increase in the HDO line width was found for 75/25 and
60/40 P(IPMAm/AAm) solutions. The behaviour of Av of
HDO in the phase transition is not surprising because,
assuming a Lorentzian line shape, a simple relation exists
between the line width Av and spin-spin relaxation time

IPMAM/AAM:
17 o 1000
109 = 95/5
9] « 8515
8. o 7825

x 60/40

Av (Hz2)

300 310 320 330 340
Temperature (K)
Fig. 7. Temperature dependences of HDO NMR line width Av for D0

solutions {c=5 wt¥) of PIPMAm and P(IPMAmM/AAm) copolymers with
various IPMAmM/AAM monomer ratios in the polymerization mixture.

T,, Av=(nT,) '. In contrast to this fact, the values of Av
in Fig. 7 are at least one order of magnitude larger than
those calculated from T; values. This implies that the Av
values in Fig. 7 (both below and above the phase transi-
tion) are predominantly affected by inhomogeneous line
broadening.

4. Conclusion

In this work we applied 'H NMR spectroscopy to investi-
gate temperature-induced phase separation in D,0, D0/
ethanol and D,0/acetone solutions of P(IPMAmM/AAmM) ran-
dom copolymers. The effects of P(IPMAm/AAmM) composi-
tion and the ethanol or acetone contents in mixed solvents
on the temperature, width and extent (the phase-separated
fraction) of the phase transition were quantitatively charac-
terized. For copolymers prepared with the AAm content in
the polymerization mixture not exceeding 25 mol%, we
have found that at temperatures above the LCST transition
the mobility of most IPMAm units is reduced to such an ex-
tent that corresponding NMR lines become too broad to be
detected in high-resolution spectra, evidently due to phase
separation and formation of mesoglobules. The increasing
fraction of hydrophilic AAm units in the copolymer signifi-
cantly shifts the transition towards higher temperatures,
broadens the transition interval and reduces the maximum
value of the phase-separated fraction p.x of IPMAm units
with reduced mobility. Apart from the cononsolvency effect
in D,0/EtOH mixtures, the increasing content of acetone or
EtOH in mixed solvents with D,0 affects the phase transi-
tion similarly to an increasing fraction of AAm units in the
copolymer. In contrast to IPMAm units, virtually all hydro-
philic AAm units are directly detected in high-resolution
NMR spectra of these systems even at temperatures above
the phase transition; therefore, the phase-separated frac-
tion of AAm units paam =~ 0. This applies to both D,0
solutions and solutions in D,O/EtOH and D,0facetone mix-
tures. Because the AAm units are incorporated in polymer
chains forming phase-separated globular structures, their
rather high mobility suggests that they extensively interact
with solvent molecules, i.e., they are hydrated in D;0. This
fact results in dynamic heterogeneity of copolymer chains
in mesoglobules where AAm sequences and surrounding
short IPMAm sequences are hydrated and mobiie, while
the sufficiently long IPMAm sequences are dehydrated and
their mobility is strongly reduced. From temperature
dependences of the spin-lattice relaxation time T; and
spin-spin relaxation time T, of HDO molecules in D,0 solu-
tions of PIPMAmM homopolymer and 95/5 and 85/15 P(iP-
MAm/AAm) copolymers, it follows that a portion of HDO
molecules is bound in mesoglobules. At the same time the
amounts of bound HDO are probably larger in the mesoglo-
bules formed by copolymer chains than with PIPMAm
homopolymer. All these results are consistent with the
assumption that P(IPMAm/AAm} copolymer mesoglobules
are rather porous and disordered.

Thermoreversible copolymers in general enable conve-
nient tuning of the LCST {8]. However, on the basis of the
obtained results with P(IPMAm/AAm) copolymers, one
can speculate that the changes in the character of the
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transition (larger transition width) and in the structure of
mesoglobules, i.e, the existence of domains with hydrated
AAmM and IPMAm sequences, might adversely affect the
efficiency of random copolymers containing hydrophilic
units in some applications, such as drug delivery.

Acknowledgments

This work was supported by the Grant Agency of the
Czech Republic (Project 202/09/1281), Grant Agency of
the Charles University {Project 27508/2008), AS CR (P’roject
AVOZ 40500505) and Ministry of Education of CR (Project
MSM0021620835).

References

[1] Aseyev VO, Tenhu H, Winnik FM. Temperature dependence of the
colloidal stability of neutral amphiphilic polymers in water. Adv
Polym Sci 2006:196:1-85.

[2] Schild HG. Poly(N-isopropylacrylamide): experiment, theory and
application. Prog Polym Sci 1992;17:163-249.

[3] Fujishige S, Kubota K, Ando 1. 'hase transition of aqueous solutions of
poly(N-isopropylacrylamide) and poly(N-isopropylmethacrylamide).
J Phys Chem 1989;93:3311-3.

[4] Netopilik M, Bohdanecky M, Chytry V, Ulbrich K. Cloud point of
poly(N-isopropylmethacrylamide) solutions in water: is it really a
point? Macromol Rapid Commun 1997;18:107-11.

[5) 1dziak 1, Avoce D, Lessard D, Gravel 1, Zhu XX. Thermosensitivity of
aqueous solutions of poly(N.N-diethylacrylamide). Macromolecules
1999:32:1260-3.

[6] Schafer-Soenen H, Moerkerke R, Berghmans 11, Koningsveld R, Dusek
K, Solc K. Zero and off-zero critical concentrations in systems
containing polydisperse polymers with very high molar masses. 2.
The system water—poly(vinyl methyl ether). Macromolecules
1997;30:410-6.

[7] Responsive gels: volume transitions [, 1. In: Dugek K, editor. Advances
in Polymer Science, vols. 109, 110. Berlin: Springer-Verlag; 1993.

[8] Liu R, Fraytich M, Saunders BR. Thermoresponsive copolymers: from
fundamental studies to applications. Colloid Polym Sci 2009;287:
627-43.

{9] Simnick A}, Lim DW, Chow D, Chilkoti A. Biomedical and biotechno-
logical applications of elastin-like polypeptides. | Macromol Sci, Part
C Polym Rev 2007:47:121-54.

[10) Spévitek J. NMR investigations of phase transition in aqueous
polymer solutions and gels. Curr Opin Colloid Interface Sci
2009;14:184-91.

[11] Cherkasskaya OV, Anufrieva VV, Krakoviak MG, Ananeva TD,
Lushchik VB. Intramolecular structure formation and migration of
the energy of electron excitement groups of macromolecules in
solution. Vysokomol Soedin A 1992;34(10):90-8.

[12] Tiktopulo EI, Uversky VN, Lushchik VB, Klenin S1, Bychkova VE,
Ptitsyn OB. "Domain” coil-globule transition in homopolymers.
Macromolecules 1995:28:7519-24.

[13] Djokpé E, Vogt W. N-isopropylacrylamide and N-isopropylmeth-
acrylamide: cloud peints of mixtures and copolymers. Macromol
Chem PPhys 2001;202:750-7.

{14] Maeda Y, Nakamura T, Tkeda 1. Changes in the hydration states of
poly(N-n-propylmethacrylamide) and poly(N-isopropylmethacryl-
amide) during their phase transitions in water observed by FIIR
spectroscopy. Macromolecules 2001;34:8246-51.

[15} Salmerén Sinchez M, Hanykova L, flavsky M, Monledn YPradas M.
Thermal transitions of poly(N-isopropylmethacrylamide) in aqueous
solutions. Polymer 2004;45:4087-94.

[16] Wu Y, Meersman F, Ozaki Y. A novel application of hybrid
two-dimensional correlation infrared spectroscopy: exploration of
the reversibility of the pressure- and temperature-induced phase
separation of poly(N-isopropylacrylamide) and poly(N-isopropyi-
methacrylamide) in agueous solution. Macromolecules 2006:39;
1182-8.

[17] Schmidt P, Dybal ), Trchovd M. Investigations of the hydrophobic and
hydrophilic interactions in polymer-water systems by ATR FTIR and
Raman spectroscopy. Vib Spectrosc 2006:42:278-83.

[18] Dybal J, Trchovd M, Schmidt P. The role of water in structural
changes of poly(N-isoprapylacrylamide) and poly(N-isopropylmeth-
acrylamide) studied by FIIK, Raman spectroscopy and quantum
chemical calculations. Vib Spectrosc 2009;51:44-51.

{19] Starovoytova L, Spévacek ), Hanykova L, llavsky M. Phase transition
of uncharged and negatively charged poly(N-isopropylmeth-
acrylamide) in D,0 solutions. Macromol Symp 2003;203:239-46.

[20] Starovoytova L, Spévacek J, Hanykova L, Hlavsky M. 'H NMR study of
thermotropic phase tramsitions in D,0 solutions of poly(N-
isopropylmethacrylamide)fpoly(vinyl methyl ether) mixtures.
Polymer 2004:45:5905-11.

[21] Starovoytova L, Spévacek J, Havsky M. 't NMR study of temperature-
induced phase transitions in D0 solutions of poly(N-
isopropylmethacrylamide)/poly{N-isopropylacrylamide)  mixtures
and random copolymers. Polymer 2005;46:677-83.

|22} Spévicek ). VPhase separation in aqueous polymer solutions as
studied by NMR methods. Macromol Symp 2005;222:i-13.

[23] Starovoytova L, Spévacek J. Effect of time on the hydration and
temperature-induced phase separation in aqueous polymer
solutions. 'l NMK study. Polymer 2006;47:7329-34.

[24] Starovoytova L, Spévacek J, Trchova M. 'H NMR and IR study of
temperature-induced phase transition of negatively charged poly(N-
isopropylmethacrylamide-co-sodium methacrylate) copolymers in
aqueous solutions. Lur Polym ) 2007;43:5001-9.

[25] Spévicek ), Starovoytova L, Hanykovd L, Koufilova Il. Polymer-
solvent interactions in solutions of thermoresponsive polymers
studied by NMR and IR spectroscopy. Macromol Symp 2008;273:
17-24.

[26] Koufilova H, Hanykova L, Spéviacek J. NMR study of phase separation
in D,Ofethano! solutions of poly(N-isopropylmethacrylamide)
induced by solvent composition and temperature. Eur Polym ]
2009;45:2935-41.

[27] Spévacek J, Hanykovd L, Starovoytova L. 'H NMR relaxation study of
thermotropic phase transition in poly(vinyl methy] ether)/D,0
solutions. Macromolecules 2004;37:7710-8.

[28] Tanaka T. Phase transitions in gels and a single pelymer. Polymer
1979;20:1404-12.

[29] Wu S, Shanks KA. Solubility study of polyacrylamide in polar
solvents. ] Appl Polym Sci 2004;93:1493-9.

[30] Zhang ], Pelton R. The surface temsion of aqueous poly(N-
isopropylacrylamide-cp-acrylamide). ] Polym Sci Part A Polym
Chem 1999;37:2137-43.

{31] Erbil €, Gokcedren AT, Polat YO. N-isopropylacrylamide-acrylamide
copolymers initiated by ceric ammonium nitrate in water. l'olym Int
2007;56:547-56.

[32] Farrar TC, Becker LD. Pulse and Fourier transform NMR. New
York: Springer; 1971. p. 27.

{33] Tokuhiro T, Amiya T, Mamada A, Tanaka i. NMR study of poly(N-
isopropylacrylamide) gels near phase transition. Macromolecules
1991;24:2936-43.

[34] Spévacek ), Geschke D, Havsky M. 'H NMR study of temperature
collapse of linear and crosslinked poly{N,N-diethylacrylamide) in
D,0. Polymer 2001;42:463-8.

[35] Winnik FM, Ringsdorf H, Venzmer ). Methanol-water as a co-
nonsolvent system for poly(N-isopropylacrylamide). Macromolecules
1990:23:2415-6.

{36] Hanykovd L, Labuta ), Spévacek J. NMR study of temperature-induced
phase separation and polymer-solvent interactions in poly(vinyl
methyl ether)/D.0fethanol solutions. Palymer 2006;47:6107-16.

[37] Maeda Y, Nakamura T, lkeda 1. Changes in the hydration states
of poly(N-alkylacrylamide)s during their phase transitions in
water observed by FTIR spectroscopy. Macromolecules 2001:34:
1391-9.

[38] Ohta H, Ando ], Fujishige S, Kubota K. Molecular motion and 'H
NMR relaxation of aqueous poly(N-isopropylacrylamide) solution
under high pressure. | Polym Sci Part B Polym Phys 1991;29:
963-8.

[39] Yoshioka FI, Meri Y, Cushman JA A synthetic hydrogel with
thermoreversible gelation. Nl. An NMR study of the sol-gel
transition. Polym Adv Technol 1994:5:122-7.



