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ABSTRACT: 1H NMR line shapes and spin-spin relaxation times T2 have shown that in PVME/D2O
solutions the LCST transition results in limited mobility of most PVME units, evidently in connection
with formation of compact globular-like structures. The minority mobile component, which does not take
part in the phase transition, mostly consists of low-molecular-weight fraction of PVME, as shown by
SEC. Measurements of spin-spin relaxation times of PVME methylene protons have shown that globular
structures are more compact in dilute solutions in comparison with semidilute and concentrated solutions
where globules contain a certain amount of water. A certain portion of water molecules bound at elevated
temperatures in PVME globular structures in semidilute and concentrated solutions was revealed also
from measurements of spin-spin and selective and nonselective spin-lattice relaxation times of residual
HDO molecules. While the phase separation in dilute PVME solutions is associated with rapid dehydration
of polymer chains, for semidilute and concentrated solutions T2 measurements evidence that with time
the originally bound water is slowly released from globular-like structures, and the character of the
globules is changed from the spongelike to a rather compact one. From results obtained on D2O solutions
of PVME/poly(N-isopropylmethacrylamide) (PIPMAAm) mixtures it follows that this process is significantly
slower for more rigid globular-like structures of PIPMAAm in comparison with globules of the flexible
PVME.

Introduction

It is well-known that some acrylamide-based poly-
mers and some other polymers, like poly(vinyl methyl
ether) (PVME), in aqueous solution exhibit a lower
critical solution temperature (LCST); i.e., they are
soluble at low temperatures, but heating above the
LCST results in phase separation. For PVME aqueous
solutions the LCST is around 308 K,1-3 i.e., well above
the temperature of the glass transition of PVME in bulk
where values in the range Tg ) 191-251 K are re-
ported.4 On the molecular level, both phase separation
in solutions and collapse transition in cross-linked
hydrogels are assumed to be a macroscopic manifesta-
tion of a coil-globule transition followed by aggregation,
as shown for acrylamide-based polymers in water by
light scattering and small-angle neutron scattering.5-9

Contrary to acrylamide-based systems, the phase tran-
sition in both PVME/water solutions10-16 and radiation
cross-linked PVME hydrogels11,15,17-19 was relatively
little studied, and these studies are of recent date.
Similarly to acrylamide-based polymers, the transition
in PVME/water systems is probably associated with
competition between hydrogen-bonding and hydrophobic
interactions.10,14 The existence of molecular complex
between water and PVME, which is stable at least up
to a temperature close to the melting point of water11

or to the transition temperature,10 has been shown by
DSC, near-infrared, and viscometric measurements. In
recent infrared spectroscopic study,13 Maeda has found
that most of methyl groups of PVME are dehydrated

above the LCST, whereas there is only partial dehydra-
tion of the ether groups above the LCST.

Recently we used 1H NMR spectroscopy to investigate
changes in the dynamic structure during temperature-
induced phase transition in PVME solutions and gels
in a broad range of concentrations (c ) 0.1-30 wt %)
and cross-linking densities, respectively.12,15,16 For both
linear and cross-linked systems, the phase transition
is manifested by line broadening for a major part of
PVME units, indicating the formation of more compact
globular-like structures. While for dilute PVME solu-
tions the transition as detected by NMR is virtually
discontinuous, for semidilute and concentrated solutions
and for concentrated swollen networks, the transition
sets in at lower temperatures and is several kelvin
broad. We also applied 1H NMR to investigate phase
transitions in D2O solutions of poly(N-isopropylmethacryl-
amide) (PIPMAAm)20 and PVME/PIPMAAm mixtures.21

In the present study we investigated the thermotropic
phase transition in PVME/D2O systems by 1H NMR
relaxation methods. Both measurements of line widths
and spin-spin relaxation times T2 of PVME protons and
measurements of spin-spin relaxation times and selec-
tive (SE) and nonselective (NS) spin-lattice relaxation
times T1 of water (HDO) molecules were employed to
this purpose. T2 measurements of HDO were done also
on D2O solutions of PVME/PIPMAAm mixtures to
compare behavior for globular-like structures formed by
flexible PVME chains with rather rigid PIPMAAm
globular structures. (For PIPMAAm the LCST ≈ 315 K
is well bellow the respective Tg ) 449 K.22)

Experimental Section

Samples. Linear PVME (purchased from Aldrich, supplied
as 50 wt % aqueous solution; molecular weight determined by
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SEC in THF: Mw ) 60 500, Mw/Mn = 3; tacticity by 1H NMR:
59% of isotactic diads15) was used after drying to prepare
PVME/D2O (99.9% of deuterium) solutions of desired concen-
tration in the range c ) 0.1-60 wt %. Cross-linked PVME/
D2O sample was prepared by γ-irradiation of the PVME/D2O
solution (c ) 10 wt %) (60Co γ-source with a dose rate of 0.8
kGy/h, Artim Prague); radiation dose was γ ) 20 kGy and
shear modulus G ) 27 g/cm2. PIPMAAm was prepared by
polymerization of IPMAAm monomer in an ethanol/water
mixture initiated by 4,4′-azobis(4-cyanopentanoic acid); the
volume fraction of monomer in the mixture was 0.25. All
PVME/D2O and PVME/PIPMAAm/D2O samples in 5 mm NMR
tubes were degassed and sealed under argon; sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) was used as an
internal NMR standard.

NMR Measurements. High-resolution 1H NMR spectra
were recorded with a Bruker Avance 500 spectrometer operat-
ing at 500.1 MHz. Typical measurement conditions were as
follows: 90° pulse width 12 µs, relaxation delay 10 s, spectral
width 4735 Hz, acquisition time 1.73 s, 16 scans. To detect
correctly broad lines, spectra with spectral width 15 015 Hz
were also measured. The 1H spin-spin relaxation times T2

were measured using the same instrument and the CPMG23

pulse sequence 90°x-(td-180°y-td)n-acquisition for polymer
protons with td ) 0.5 ms (at 305 K or at lower temperature)
or 0.15 ms (0.12 ms in some cases) (at 309.5 K). The total time
for T2 relaxation was an array of ∼60 values varying from 0.26
ms to 5 s. Every experiment was done with eight scans (64
scans for dilute solutions; in measurements of time depend-
ences of T2, 16 scans were done for dilute solutions to minimize
the duration of the experiment), relaxation delay of 10 s,
spectral width 10 kHz, and acquisition time of 0.82 s. Inte-
grated intensities of CH (separately for mr and mm triads),
CH3, and CH2 (separately for low-field proton of m-diads and
for high-field proton of m-diads and both protons of r-diads)
resonances were used for T2 analysis at temperatures below
the transition (305 and 298 K). Above the transition (at 309.5
K), due to existence of the broad component, only the inte-
grated intensities of the composite CHOCH3 band and com-
posite CH2 band could be used for the analysis. T2 measure-
ments of the solvent (residual HDO) were done using the
CPMG pulse sequence with td ) 5 ms, relaxation delay 80-
100 s, and eight scans; other parameters were the same as
specified above. T2 values (and in the case of spin-spin
relaxation of PVME protons also intensities of respective
components) as appear in Tables 1, 2, and 4 represent an
average values obtained from two independent measurements.
The relative error for T2 values of PVME and HDO protons
did not exceed (8% and (5%, respectively. Selective and
nonselective spin-lattice relaxation times T1 of HDO were
measured using an inversion recovery pulse sequence 180°-
τ-90° with eight scans separated by a relaxation delay of 80-
200 s; 15-20 τ values were used. In selective T1 measure-
ments, the Gaussian-shaped pulse24 was used to generate
selectively the first 180° pulse. For c ) 6 wt % and several
temperatures, a good reproducibility was found from three
independent T1 measurements. Some spectra were also re-
corded with a Bruker DPX 300 spectrometer operating at 300.1
MHz to obtain line widths of the broad component at another
frequency. In all measurements the temperature was main-
tained constant within (0.2 K with a BVT 3000 temperature
unit.

Size Exclusion Chromatography (SEC). A modular
liquid chromatograph (Laboratory Instruments, Czech Repub-
lic) equipped with refractometric and UV detectors and a
separation column PL Mixed B (Polymer Laboratories, UK)
with THF as a mobile phase was used for molecular weight
determination. Calibration was performed with polystyrene
standards (Merck).

Results and Discussion
1H NMR Spectra and SEC Analysis. High-resolu-

tion 1H NMR spectra of PVME/D2O solution (c ) 4 wt %)
measured at two slightly different temperatures (307

and 308.5 K) and under identical instrument conditions
are shown in Figure 1. The assignment of resonances
to various types of protons of PVME and to residual
water (HDO) is shown in spectrum measured at 307 K.
The splitting of CH, CH3, and CH2 resonances of PVME
is due to tacticity.25,26 For CH protons, two resolved lines
correspond to heterotactic mr (low-field line) and iso-
tactic mm (high-field line) triads. For CH2 region, the
line at 1.9 ppm corresponds to one proton from m-diads
while the other proton of m-diads and both CH2 protons
of r-diads contribute to the composite band at 1.7 ppm
(the latter band also overlaps with weak multiplet from
DSS standard). In the m-diad of PVME in trans-trans
conformation (preferred conformation for the isotactic
chain27,28) (Figure 2), the CH2 proton which projects on
the same side as the ester groups (i.e., which is syn to
the ester group) is designated as erythro (e), the other
CH2 proton (anti to the ester groups) being threo (t).
For 1,1,3-diethoxybutane, a dimer model of poly(vinyl
ethyl ether),29 as well as for acrylates and poly(methyl
methacrylate) (PMMA),30,31 it has been shown that
downfield CH2 resonance corresponds to e-CH2 protons,
and therefore it can be assumed that this holds also for
CH2 line from m-diads of PVME at 1.9 ppm (cf. Figure
1).

While an ordinary spectrum of the polymer in solution
was recorded at 307 K, with line widths of the order of
∼10 Hz, the most significant effect observed at higher
temperature (308.5 K) is a marked decrease in the
integrated intensity of all PVME lines. This is evidently
due to the fact that at temperature above the LCST the
mobility of most PVME units is reduced to such an
extent that corresponding lines became too broad to be
detected in high-resolution spectra. Figure 3 shows 1H
NMR spectra of PVME/D2O solution (c ) 2 wt %)
measured at 312 K with larger spectral width and
higher amplification. A typical two-component line
shape can be seen. Most of PVME units contribute to
the broad component on which narrow lines of PVME
units retaining a high mobility are superimposed (sharp
peaks at 0.62, 1.75, and 2.9 ppm correspond to DSS

Figure 1. 500.1 MHz 1H NMR spectra of PVME/D2O solution
(c ) 4 wt %) measured at 307 and 308.5 K under the same
instrumental conditions.15

Figure 2. Schematic representation of isotactic diad of PVME
in the trans-trans conformation of the main chain.
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standard). Similar behavior as shown in Figures 1 and
3 was found also for other polymer concentrations. All
studied solutions exhibit a milk-white opalescence at
308.5 K and higher temperatures, so corroborating that
a marked line broadening of a major part of PVME units
is due to the phase separation and formation of compact
globular-like structures.

In addition to the broad component, a small narrow
PVME component is visible in the spectra at 308.5 K
and other temperatures above LCST. From the com-
parison of absolute integrated intensities,15 it follows
that the fraction of phase-separated PVME segments
is ∼0.85. One can speculate about the nature of PVME
segments which contribute to the minority mobile
component. A possible explanation might be that mobile
PVME units are those on the surface of globular-like
particles or segments connecting globules in “pearl
necklace model” which recently has been shown consis-
tent with NMR spectra of polyelectrolytes in poor
solvents.32 However, for other phase-separated systems
that show similar globular-like structures, like D2O
solutions of PIPMAAm, poly(N-isopropylacrylamide)
(PIPAAm), and poly(N,N-diethylacrylamide) above the
respective LCST, the fraction of phase-separated poly-
mer segments found from NMR measurements is equal
to 1 or close to 1; i.e., virtually no narrow lines were
detected in these cases.20,21,33,34 Therefore, as the most
probable explanation for 15% of PVME segments that
contribute to minority narrow (mobile) component and
do not participate in phase separation, we suggested12,15

that they probably are from a low-molecular-weight
fraction which one can expect for polymer with rather
large polydispersity (Mw/Mn = 3), as in our case. To
support this hypothesis, the following experiment was
done. PVME/H2O solution (c ) 6 wt %) was centrifu-
gated for ∼10 min at 313 K (ultracentrifuge Beckman
L8 55, rotor SW28/E, 15 000 rpm). After seclusion of the
phase-separated part the remaining solution was ana-
lyzed by 1H NMR and found that it still contains a small
amount of PVME. This solution was dried and subse-
quently analyzed by SEC with THF as a mobile phase.
The respective SEC eluogram is shown in Figure 4.
From this figure it follows that really only low-molec-
ular-weight fraction of PVME is present in water
solution after removal of the phase-separated polymer.
There are several peaks visible on SEC curve, and
comparison with polystyrene standards shows that
PVME oligomers (6-10-mers) are prevailing in the
analyzed sample. One can assume that a certain mini-
mum chain length is a prerequisite for the phase
separation as a consequence of the cooperative character
of the respective interactions. On the basis of Figure 4,
one can assume that for PVME in aqueous solution such
minimum chain length amounts on average ∼10 mono-
meric units; however, this figure also shows that some

chains with degree of polymerization up to ∼50 are not
phase-separated at 313 K.

Spin-Spin Relaxation Times of PVME Protons.
T2 relaxation curves of various types of PVME protons
in PVME/D2O solution at 298 K are shown in Figure 5.
We have found that at temperatures below the transi-
tion (298 and 305 K) the spin-spin relaxation of all
proton types of PVME was biexponential. The T2 values
together with intensities of both components (in paren-
theses) as obtained at 305 K for all five resolved bands
of PVME protons (CH from heterotactic (mr) and
isotactic (mm) triads, OCH3, CH2 e-protons from m-
diads and composite band from t-CH2 protons of m-
diads, and both CH2 protons of r-diads) are summarized
for several concentrations of the solution in Table 1. T2
values and intensities of the components obtained at 298
K were similar. The biexponential 1H spin-spin relax-
ation was recently observed for polyacrylamide in D2O
solution35 and for PMMA in some organic solvents.36

Similarly, as authors of the cited papers, we assigned
the shorter and longer T2 components of PVME protons
to polymer segments affected by polymer-polymer and
polymer-solvent interactions, respectively.

From Table 1 it follows that T2 values of both
components virtually do not depend on the polymer
concentration. Somewhat longer values of long compo-
nent of T2 found for composite (m(t) + r) CH2 band in
dilute solutions (c ) 0.1 and 0.2 wt %) might be partly
due to the fact that in dilute solutions a weak signal
from DSS (which also contributes to this band) cannot
be neglected. Also, intensities of both components are
concentration-independent, with one exception: for e-
CH2 protons in m-diads the intensity of the short T2
component significantly decreases with decreasing poly-
mer concentration (Table 1). This result might indicate
that these e-CH2 protons are most affected by water
molecules. Assuming that water forms hydrogen bonds
with oxygen atoms of PVME, it follows from Figure 2
that e-CH2 protons in m-diads (in preferred trans-trans
conformation) are on the same side of the chain as
oxygens. For other PVME protons, the intensity of the
short T2 component is quite large even for dilute
solutions, indicating rather intramolecular origin of this
component. Table 1 also shows that intensities of both
components depend on the stereochemical configuration
(tacticity). For CH protons, the intensity of the long T2
component is significantly higher for mm-triads as
compared with mr-triads. Similarly, for dilute solutions
this holds also for e-CH2 protons from m-diads in
comparison with mixed CH2 band from t-protons of
m-diads and both protons of r-diads. This indicates that

Figure 3. 500.1 MHz 1H NMR spectrum of PVME/D2O
solution (c ) 2 wt %) measured at 312 K with spectral width
15 kHz.

Figure 4. SEC curve (in THF) of the PVME remaining in
aqueous solution after seclusion the phase separated part by
centrifugation at 313 K and 15 000 rpm (polystyrene standards
are shown by arrows).
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polymer-solvent interactions are preferred for isotactic
sequences (m-diads or mm-triads) or, in another words,
that polymer-polymer interactions prevail for se-
quences containing r-diads.

At temperatures above the transition (309.5 K), the
T2 relaxation of PVME protons (with spectra measured
in analogous way to that in Figure 3) was triexponential.
In addition to two components observed below the
transition, a predominant, very short component was

found (T2 < 1 ms), which is clearly visible in Figure 6.
The T2 values and intensities of three T2 components
are for several concentrations of solutions summarized
in Table 2. From Table 2 it follows that intensities of
the shortest T2 component do not depend on the
concentration of the solution and amount on average
∼75%. This value agrees well with the phase-separated
fraction p ) 0.85 as determined from integrated intensi-
ties of high-resolution 1H NMR spectra15 and confirms
that shortest T2 component corresponds to PVME seg-
ments forming globular-like structures. Very long T2

values of the longest component as obtained for c ) 0.1
wt % are again due to DSS (weak multiplets of DSS
contribute to both CHOCH3 and CH2 broad bands).
While T2 values of the shortest component of CHOCH3

protons virtually do not depend on the polymer concen-
tration, for CH2 protons the very short component
decreases with decreasing concentration of the solution
(Figure 7). This shows that globular-like structures are
more compact in dilute solution in comparison with
semidilute or concentrated solutions, where globules
probably contain a certain amount of water. The fact

Figure 5. T2 relaxation curves of various types of PVME protons in PVME/D2O solution (c ) 2 wt %) measured at 298 K. Full
lines show two-exponential fit, dotted lines show a single-exponential fit.

Table 1. Spin-Spin Relaxation Times T2 and Intensities of
Respective Components (in Parentheses) of PVME

Protons for PVME/D2O Solutions at 305 K

T2 (ms)

OCH CH2

c (wt %) mr mm OCH3 m(e) m(t) + r

0.1 164 (25%) 176 (49%) 807 (33%) 117 (62%) 312 (33%)
21 (75%) 21 (51%) 252 (67%) 27 (37%) 37 (67%)

0.2 222 (29%) 229 (49%) 725 (42%) 138 (53%) 370 (30%)
23 (71%) 26 (51%) 235 (58%) 32 (47%) 37 (70%)

2 211 (37%) 223 (55%) 733 (49%) 189 (30%) 268 (22%)
24 (63%) 27 (45%) 196 (51%) 42 (70%) 35 (78%)

6 237 (30%) 199 (49%) 572 (47%) 154 (29%) 132 (33%)
23 (70%) 23 (51%) 144 (53%) 35 (71%) 28 (67%)
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that T2 values of the short component of CHOCH3
protons (with dominant contribution of CH3 protons) do
not depend on the concentration of the solution is in
accord with result of Maeda,13 who has found by infrared
spectroscopy that at temperatures above the LCST most
methyl groups of PVME are dehydrated.

It is well-known that assuming a Lorentzian line
shape there is a simple relation between line width ∆ν
and spin-spin relaxation time T2:

In Table 3, the line widths ∆νmeas measured for broad
CHOCH3 and CH2 bands, corresponding to the phase-
separated PVME units, are compared with values
obtained using T2 values of the shortest T2-component
and eq 1. Similarly to T2 values, also measured line
widths of CHOCH3 band do not depend on the concen-
tration of the solution, while line widths ∆νmeas of CH2
protons increase with decreasing concentration of the

solution. While the measured line widths ∆νmeas and line
widths calculated from measured T2 values (using eq
1) are in mutual agreement for CHOCH3 protons (for
all concentrations) and also for CH2 protons (for dilute
solutions), especially taking into account that both broad
lines are composed of two components with chemical
shifts that differ by approximately 0.2 ppm (i.e., by
approximately 100 Hz in frequency scale), for c ) 6 wt %
the difference 288 Hz found between ∆νmeas and ∆νcalc
values is significantly larger. Probably, in this solution
a dispersion of chemical shifts of CH2 protons of PVME,
as consequence of the bound water molecules, contrib-
utes to the line broadening. This conclusion is also
corroborated by the fact that for c ) 6 wt % the line
width 560 Hz, as determined for PVME CH2 protons at
frequency 300.1 MHz and temperature 309.5 K, is
smaller in comparison with the line width 728 Hz found
at 500.1 MHz (cf. Table 3).

Spin-Spin Relaxation Times T2 and Selective
and Nonselective Spin-Lattice Relaxation Times
T1 of HDO. To characterize polymer-solvent interac-
tions in PVME/D2O solutions, we used measurements
of 1H spin-spin relaxation times T2 and selective (SE)
and nonselective (NS) 1H spin-lattice relaxation times
T1 of residual HDO molecules. The T2 values of HDO
molecules in solutions of various polymer concentration
and measured at temperatures below (305 K) and above
(309.5 K) the transition are shown in Table 4. Although
all samples were degassed in the same way, T2 values
at 305 K seem to be somewhat scattered, and therefore
the ratio r ) (T2(309.5)/T2(305) is probably more ap-
propriate to compare the samples of different polymer
concentration. While for dilute solutions (c ) 0.1 and
0.2 wt %) T2 values measured at 305 and 309.5 K did
not differ too much (r ) 0.74-0.80), a significant
difference was found for higher concentrations where
T2 values at 309.5 K were 1 order of magnitude shorter

Figure 6. T2 relaxation curves of CHOCH3 and CH2 PVME
protons in PVME/D2O solution (c ) 2 wt %) measured at 309.5
K. The inset shows in detail the beginning of the curve.

Table 2. Spin-Spin Relaxation Times T2 and Intensities of
Respective Components (in Parentheses) of PVME

Protons for PVME/D2O Solutions at 309.5 K

T2 (ms)

c (wt %) CHOCH3 CH2

0.1 5515a (14%) 3040a (11%)
362 (11%) 126 (18%)
0.92 (75%) 0.30 (71%)

0.2 506 (27%) 425 (16%)
32.9 (11%) 33.4 (28%)
0.81 (62%) 0.43 (56%)

2 399 (17%) 187 (9%)
25.8 (6%) 29.6 (12%)
0.87 (77%) 0.54 (79%)

6 679 (9%) 470 (5%)
29.9 (8%) 38.5 (10%)
0.91 (83%) 0.72 (85%)

a Values probably affected by DSS.

∆ν ) (πT2)
-1 (1)

Figure 7. Concentration dependence of a very short compo-
nent of spin-spin relaxation time T2 as determined for
CHOCH3 (9) and CH2 (b) protons in PVME/D2O solutions.

Table 3. Comparison of Measured Line Widths ∆νmeas and
Line widths Calculated from T2 Values Using the

Relation ∆νcalc ) (πT2)-1 for the Broad Component of
PVME Protons in PVME/D2O Solutions of Various

Concentration at 309.5 K

CHOCH3 CH2

c (wt %) ∆νmeas (Hz) ∆νcalc (Hz) ∆νmeas (Hz) ∆νcalc (Hz)

0.1 444 346 946 1060
0.2 410 449 752 740
2 408 366 734 590
6 427 350 728 440
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than those at 305 K (r ) 0.09-0.17). This shows that
in semidilute and concentrated PVME solutions at
temperature above the transition there is a portion of
HDO molecules that exhibit a lower (spatially restricted)
mobility, similarly to the phase-separated PVME. Evi-
dently, this portion corresponds to HDO molecules
bound in globular-like structures. In all cases the T2
relaxation curves were exponential, indicating a fast
exchange between bound and free sites regarding T2
values (∼1 s); i.e., the lifetime of the bound HDO
molecules is e0.1 s. In such case the observed relaxation
time T2obs is given as

where subscripts F and B correspond to free and bound
states, respectively, and f is the fraction of bound HDO
molecules. In accord with results of T2 measurements
for PVME protons, it follows from Table 4 that in dilute
solutions the fraction of bound HDO molecules is almost
negligible.

Another approach that we have used is based on
measurements of selective (SE) and nonselective (NS)
1H spin-lattice relaxation times T1 of residual HDO.37

Previously, we have found this approach as very effec-
tive in studies of polymer-solvent interactions in ther-
moreversible polymer gels.38-42 Assuming a dipolar
relaxation mechanism, for any proton i its nonselective
and selective relaxation rates are given by37

In these equations, Fij and σij are the direct relaxation
term and the cross-relaxation term, respectively. For a
pair of protons i and j

where rij is the interproton distance, ω0 is the resonance
frequency, τc is the motional correlation time, and other
constants have their usual meanings. From eqs 3-6 it
follows that a marked difference exists for relaxation
times T1(SE) and T1(NS) for correlation times τc > ω0

-1;
for the ratio T1(SE)/T1(NS) the limiting values are 1.5
for ω0τc , 1 and 0 for ω0τc . 1.

We measured temperature dependences of 1H T1(NS)
and T1(SE) relaxation times for HDO molecules in
PVME/D2O solutions of variable polymer concentration.
In all cases the relaxation curves were exponential. The
results obtained for c ) 6 wt % (a) and c ) 60 wt % (b)

as well as for swollen PVME/D2O gel (c ) 10 wt %)
obtained by radiation cross-linking (c) are shown in
Figure 8. Similar temperature dependences of T1(NS)
and T1(SE) as shown in Figure 8a for c ) 6 wt % were
also found for somewhat lower (c ) 4 wt %) or higher (c
) 10 wt %) concentrations. Figure 8 shows that both
T1(SE) and T1(NS) values monotonically increase with
increasing temperature; we did not observe an decrease
of T1(NS) values at the transition region, as found for
water protons in PIPAAm aqueous solutions43 or for
HDO in PIPMAAm/D2O solutions,44 probably in con-
nection with relatively high mobility of PVME segments
even in globular-like structures. However, from Figure
8 it follows that while at temperatures below the
transition (T e 307 K) T1(NS) values are somewhat
lower in comparison with T1(SE) (for c ) 4, 6, and 10
wt %), as expected for ω0τc < 1, or T1(NS) and T1(SE)
values are virtually identical (for c ) 60 wt % and for

Table 4. 1H Spin-Spin Relaxation Times T2 of HDO
Molecules in PVME/D2O Solutions at 305 and 309.5 K

T2 (s)

c (wt %) 305 K 309.5 K ra

0.1 4.2 3.1 0.74
0.2 5.4 4.3 0.80
2 8.7 1.5 0.17
6 4.8 0.44 0.09

10 4.5 0.74 0.16
a r ) T2(309.5)/T2(305).

(T2obs )-1 ) (1 - f)(T2F)-1 + f (T2B)-1 (2)

(T1
i)-1(NS) ) ∑Fij + ∑σij (3)

(T1
i)-1(SE) ) ∑Fij (4)

Fij ) (p2γH
4/10rij

6){3τc/[1 + (ω0τc)
2] +

6τc/[1 + 4(ω0τc)
2] + τc} (5)

σij ) (p2γH
4/10rij

6){6τc/[1 + 4(ω0τc)
2] - τc} (6)

Figure 8. Selective (open symbols) and nonselective (filled
symbols) 1H spin-lattice relaxation times T1 (standard devia-
tion less than 0.5%) of HDO molecules in PVME/D2O solutions
(a, b) and PVME/D2O swollen network (c) as a function of
temperature at 500.1 MHz; c ) 6 (a), 60 (b), and 10 wt % (c).
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the swollen network), as expected for ω0τc ≈ 1, at
temperatures above the LCST transition T1(NS) >
T1(SE); i.e., the cross-relaxation term ∑σij in eq 3 has
to be negative. For dilute PVME/D2O solution (c ) 0.2
wt %) the behavior shown in Figure 8 was not found.
These results confirm that in semidilute and concen-
trated solutions (and gels) at elevated temperatures,
where most PVME forms globular-like structures, a
portion of HDO molecules are bound in these structures.
These HDO molecules exhibit a slow-motion behavior
(ω0τc > 1) because their motion is spatially anisotropic,
with fast exchange between bound and free sites (cf.
expression analogous to eq 2).

Time Dependences of the Spin-Spin Relaxation
Times T2. We were interested in knowing whether the
amount of water bound in PVME globular structures
formed in semidilute and concentrated aqueous solu-
tions, as revealed from T2 measurements of residual
HDO (resulting in 1 order of magnitude shorter T2
values in comparison with a few kelvin lower temper-
ature below the transition) and from T2 measurements
of CH2 protons of PVME (resulting in longer T2 values
of a very short component in comparison with dilute
solutions) is changing with time or not. The sample was
kept for all the time in the magnet of NMR spectrometer
at desired temperature (309.5 K). Figures 9 and 10 show
the time dependence of relaxation time T2 of HDO
molecules and time dependences of a very short com-
ponent of relaxation time T2 as determined for CH2

protons of PVME, respectively, both measured at 309.5
K.

While for c ) 0.1 wt %, T2 values of HDO obtained
after 24 h (T2 ) 4 s) only slightly differ from the
respective value in Table 4; for c ) 6 wt % it follows
from Figure 9 that T2 values of HDO very slowly
increase with time, reaching after 24 h a similar value
as observed at temperature below the transition (cf.
Table 4). Simultaneously, for c ) 6 wt % values of a very
short T2 component of CH2 protons of PVME (Figure
10) slowly decrease with time, reaching after 24 h a
similar value as found for dilute solution (c ) 0.1 wt %).
Even after very long time (∼ day) we did not observe
any sedimentation of the phase-separated part in the
studied sample. Therefore, these results evidence that
water, originally bound in globular-like structures, is
with time very slowly released from these structures;
this process takes ∼24 h.

To compare this behavior, as found for globular
structures formed by flexible PVME (LCST temperature
is for PVME at least 60 K above the Tg of PVME in
bulk4), with other system where globular-like structures
are more rigid (in the glassy state), we have done similar
T2 measurements for HDO molecules in D2O solutions
of PVME/PIPMAAm mixtures (molar composition of
respective monomeric units 3/1; c ) 5 wt %). As we have
shown recently, there are two phase transitions in these
mixtures at temperatures roughly corresponding to
LCSTs of neat PVME and PIPMAAm (308 and 315 K,
respectively).21 From temperature dependences of T2 of
residual HDO in D2O solutions of PVME/PIPMAAm
mixtures it further follows that a certain portion of
water is bound both to globular-like structures of PVME
and PIPMAAm components, in relative amounts de-
pending on the composition of the mixture. In the
experiment described in Figure 11, temperature was
first increased from 300 to 310 K, i.e., above the
transition temperature of PVME but below the PIP-
MAAm transition. Then time dependence of T2 was
followed at this temperature. After initial drop, T2
values slowly increased with time, similarly as shown
in Figure 9, and after 12 h a similar T2 value was
reached as was originally at 300 K. Then temperature
was increased to 320 K, i.e., above the transition
temperature of PIPMAAm. T2 values of HDO molecules
again first dropped and then after ∼20 h very slowly
increased with time, again showing a release of water,
in this case from PIPMAAm globular-like structures.
Figure 11 demonstrates that this releasing process is
for more rigid globular structures of PIPMAAm about

Figure 9. Time dependence of spin-spin relaxation times T2
for HDO protons in PVME/D2O solution; c ) 6 wt %.

Figure 10. Time dependences of spin-spin relaxation times
T2 for CH2 protons of PVME in PVME/D2O solutions; c ) 0.1
wt % (open symbols) and 6 wt % (filled symbols).

Figure 11. Time dependence of spin-spin relaxation times
T2 of HDO in D2O solutions of PVME/PIPMAAm mixtures
(molar ratio of monomeric units 3/1, c ) 5 wt %) at 310 and
320 K.
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4 times slower as compared with globular structures
formed by flexible PVME segments.

The following picture concerning globular-like struc-
tures can be deduced from spin-spin and spin-lattice
relaxation measurements, including time dependences.
Interchain interactions are important for globular-like
structures formed in semidilute and concentrated solu-
tions. The globules probably exhibit a spongelike struc-
ture, containing pores where molecules of water can be
accommodated; such bound water molecules can ex-
change fast with surrounding bulk water. With time the
bound water is slowly squeezed out by polymer seg-
ments, pores disappear, and globules become rather
compact. In contrast to this behavior, in dilute solutions
globular-like structures are rather compact and dehy-
drated already immediately after phase transition (they
are mostly formed by single macromolecules).

Conclusions
1H NMR spectral line shapes have shown that tem-

perature-induced phase separation in PVME/D2O solu-
tions results in a marked line broadening of a major part
of polymer segments, evidently due to the formation of
rather compact globular-like structures. The minority
(∼15%) mobile component, which does not participate
in the phase separation, comes mostly from PVME
oligomers (∼10-mers), as shown by SEC. At tempera-
tures below the LCST transition (298 and 305 K), the
spin-spin relaxation of all proton types of PVME was
biexponential, with shorter and longer components
assigned to polymer segments affected by polymer-
polymer and polymer-solvent interactions, respectively.
The intensities of both components depend on the
stereochemical configuration (tacticity). The concentra-
tion dependence of intensities of both components found
for erythro-CH2 protons in isotactic diads indicates that
these protons are most affected by water molecules.
Measurements of spin-spin relaxation time T2 in
PVME/D2O solutions at temperature above the transi-
tion (309.5 K) have shown that a very short component
(T2 < 1 ms) dominates the spin-spin relaxation of
PVME protons. For CHOCH3 protons, T2 values of a
very short component do not depend on the concentra-
tion of the solution, in accord with infrared results13

showing that most methyl groups of PVME are dehy-
drated above the LCST. For CH2 protons, T2 values of
a very short component decrease with decreasing con-
centration of solutions, showing that globular-like struc-
tures are more compact in dilute solutions, compared
with semidilute or concentrated solutions, where glob-
ules probably contain a certain amount of water. This
is in accord with measurements of spin-spin relaxation
time T2 and selective and nonselective spin-lattice
relaxation times T1 of residual HDO which evidenced
that for semidilute and concentrated solutions (and gels)
above LCST, a part of HDO molecules is bound in
PVME globular structures. T2 measurements (on re-
sidual HDO and on CH2 protons of PVME) also show
that with time the originally bound water is very slowly
squeezed out from globular-like structures existing in
semidilute and concentrated solutions, and the charac-
ter of these globules is changed from the spongelike to
rather compact one. On the contrary, dehydration of
PVME chains is rapid in dilute solutions. From results
obtained on D2O solutions of PVME/PIPMAAm mix-
tures (c ) 5 wt %) it follows that the water releasing
process is significantly slower for more rigid globular-

like structures of PIPMAAm component (at tempera-
tures well below the Tg of PIPMAAm in bulk) in
comparison with globules of the flexible PVME compo-
nent (at temperatures well above the respective Tg).
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7718 Spěváček et al. Macromolecules, Vol. 37, No. 20, 2004


