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a Toray Research Center, Inc., 3-3-7 Sonoyama, Otsu, Shiga 520-8567, Japan
b Himeji Institute of Technology, University of Hyogo, Kamigori, 678-1297 Hyogo, Japan
c Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, 2-1-1, Katahira, Aoba-ku, Sendai 980-8577, Japan
d Department of Bio-Medical Engineering, School of High-Technology for Human Welfare, Tokai University, Nishino 317, Numazu, Shizuoka 410-0395, Japan
a r t i c l e i n f o

Article history:
Received 8 July 2009
Received in revised form
11 October 2009
Accepted 15 October 2009
Available online 21 October 2009

Keywords:
Network structures and dynamics
13C NMR
Suppressed or recovered intensities (SRI)
analysis
* Corresponding author. Tel: þ81 77 533 8617; fax:
** Corresponding author. Tel./fax: þ81 78 856 2876.

E-mail addresses: yuuko_miwa@trc.toray.co.jp (Y. M
(H. Saitô).
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a b s t r a c t

We recorded temperature-dependent high-resolution 13C NMR spectra of dry and swollen poly(-
acrylate)s [poly(2-methoxyethyl acrylate) (PMEA), poly(2-hydroxyethyl methacrylate) (PHEMA), and
poly(tetrahydrofurfuryl acrylate) (PTHFA)] by dipolar decoupled-magic angle spinning (DD-MAS) and
cross-polarization-magic angle spinning (CP-MAS) methods, to gain insight into their network structures
and dynamics. Suppressed or recovered intensities (SRI) analysis of 13C CP-MAS and DD-MAS NMR was
successfully utilized, to reveal portions of dry and swollen polymers which undergo fast and slow
motions with fluctuation frequencies in the order of 108 Hz and 104–105 Hz, respectively. Fast isotropic
motions with frequency higher than 108 Hz at ambient temperature were located to the portions in
which 13C CP-MAS NMR signals of swollen PMEA were selectively suppressed. In contrast, low-frequency
motion was identified to the portions in which 13C DD-MAS (and CP-MAS) signals are most suppressed at
the characteristic suppression temperature(s) Ts. Network of PMEA gels (containing 7 wt% of water) turns
out to be formed by partial association of backbones only, as manifested from their Ts gradient at lowered
temperature, whereas networks of PHEMA (containing 40 wt% of water) and PTHFA (9 wt% of water) gels
are tightly formed through mutual inter-chain associations of both backbones and side-chains, as viewed
from the raised Ts values for both near at ambient temperature. It is also interesting to note that flexibility
of gel network (PMEA> PTHFA> PHEMA) characterized by the suppression temperature Ts

(PMEA< PTHFA< PHEMA) is well related with a characteristic parameter for biocompatibility such as
the production of TAT (thrombin–antithrombin III complex) as a marker of activation of the coagulation
system.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Much interest has been paid to develop a variety of hydrated
polymeric materials, which swell in water but do not dissolve, as
biocompatible materials used for contact lens, drug delivery
system, surface-coating material for medically used devices, etc.
[1,2]. To this end, Tanaka et al. demonstrated that poly(2-methox-
yethyl acrylate) (PMEA) (I) surface exhibits excellent blood
compatibility [3] (Scheme 1).
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Indeed, protein and cellular adhesion onto a surface of PMEA
are substantially limited as compared with those of analogous
poly(acrylate)s such as poly(hydroxyethyl methacrylate) (PHEMA)
(II), poly(tetrahydrofurfuryl acrylate) (PTHFA) (III) [4,5], and poly(n-
butyl acrylate) (PBA) [6–9]. In fact, PMEA is now widely used for
a variety of medical applications [10].

Such excellent performance of PMEA was proposed to arise from
specific water structures in the polymer as viewed from compara-
tive studies on DSC measurements and blood compatibility [11–14].
The proposed freezing bound water, defined as having cold crys-
tallization from �50 to �20 �C as estimated by DSC measurement,
was shown to play a very important role in expressing the good
blood compatibility [14]. It seems to be not always straightforward,
however, to attempt characterization of swollen or hydrated
structure in terms of solvent water molecules present in interstice
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Scheme 1.
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of polymer network at ambient temperature, based on DSC
measurements performed at lower temperatures.

As an alternative approach, measurements of water 1H, 2H or 17O
spin–lattice relaxation times (T1) and spin–spin relaxation times
(T2) have been, in many instances, performed to characterize states
of water molecules present in hydrogels [15–20] as well as those in
biological tissues [21–24]. The presence of two or three kinds of
water molecules, free, bound or intermediate water molecules,
could be postulated for interpretation of such T1 (or T2) data

1=T1 [ a ð1=T1freeÞD b ð1=T1boundÞD c ð1=T1intermediateÞ (1)

where corresponding fractions, a, b, and c are normalized as: a þ b
þ c¼ 1. It is not easy, however, to evaluate accurately such four to
six parameters, including two to three respective T1 (or T2) values as
well as their relative proportions, a, b or c, from a single set of
experiment, although relaxation measurements at several different
Larmor frequencies are highly recommended [25]. Still, it is very
difficult to evaluate these parameters, even though some of such
relative contributions were estimated by DSC data at low temper-
ature [13–16]. As questioned by Roorda [26], there appears no
justification to separate properly such water structures at ambient
temperature into two or three components by extrapolation of the
DSC data taken at very low temperatures. Therefore, these
approaches seem to be not always reliable as a means to
characterize a variety of hydrogels for further development of
biocompatible materials.

Instead, characterization of hydrated polymers or hydrogels,
based on well-resolved individual 13C NMR signals of particular
sites by high-resolution 13C solution or solid-state NMR, could
provide more direct and reliable information about their structures
and dynamics, as compared with the above-mentioned indirect
approach using solvent molecules [27–30]. This is because such
network structure and dynamics of polymer chains might
play important role to regulate the so-called ‘‘water structures’’.
Nevertheless, it is emphasized here that spin–lattice relaxation
time T1, sensitive to fast motions, of PHEMA and other type of
hydrogels including polysaccharide gels was unchanged in the
presence or absence of cross-linked portion, whereas line-widths
characterized by spin–spin relaxation time T2, sensitive to low
frequency motions, were substantially broadened by resulting slow
motions [27–30].

Therefore, it is expected that such T2-based 13C NMR measure-
ments could provide insight into gel structure and dynamics.
Indeed, single pulse, dipolar decoupled-magic angle spinning (DD-
MAS) yields well-resolved 13C NMR signals due to the presence of
high frequency motions of swollen flexible, polymer chains
(>108 Hz) [27–30], although the corresponding CP-MAS spectra
were consequently suppressed. In contrast, 13C NMR signals from
inflexible chains including cross-linked region could be recorded by
cross-polarization magic angle-spinning (CP-MAS) method. In such
case, it is emphasized that such low frequency motion in such
polymer chains, if any, could be conveniently examined by
suppressed peak intensities as described below. Moreover, it has
been shown that low frequency motions with frequencies of
104 Hz–105 Hz play an essential role at either active center or
surface areas for globular and membrane proteins at physiological
temperature [33–35]. For this purpose, we examined suppressed or
recovered intensities (SRI) plots of DD-MAS and CP-MAS spectra,
caused by interference or escape of incoherent fluctuation
frequency with coherent frequency of proton decoupling or magic
angle spinning, respectively, to reveal occurrence of such low
frequency motions [31–35].

Here, we carefully compared 13C DD-MAS and CP-MAS NMR
spectra of PMEA (containing 7 wt% of water), PHEMA (containing
40 wt% of water) and PTHFA (containing 9 wt% of water), recorded
at temperatures between �80 �C (or �70 �C) and 37 �C, to gain
insight into their network structures and chain dynamics. It turned
out that PMEA surface is very flexible (with fluctuation frequency
being 108 Hz) at ambient temperature (37 �C) as viewed from their
suppressed signals from the CP-MAS. In addition, low frequency
motions persist in the side-chain moieties of PMEA even at low
temperatures �40 to �50 �C, as judged by the suppression
temperature Ts from analysis of SRI plots, as compared with those of
PTHFA (0 to �10 �C) and PHEMA (w37 �C). Indeed, network
structure of swollen PMEA is formed by hydrophobic association of
backbone only. In contrast, PHEMA molecule is tightly held
together through associations of both side-chains and backbones,
resulting in prevention of fast and slow fluctuation motions as
manifested from the suppression temperature Ts near at ambient
temperature.
2. 13C suppressed or recovered intensities (SRI) against
fluctuation frequencies

2.1. Static or high frequency fluctuation

The maximum 13C CP-MAS NMR intensity (S) is available from
samples of static or nearly static state (Ia) usually achieved in frozen
state, if the contact time for this experiment is appropriately
chosen. These peaks are decreased together with increased fluc-
tuation frequencies, and finally disappear when isotropic, random
fluctuation motions with frequencies> 108 Hz are dominant (see
the solid curve in the SRI plots of CP-MAS experiment in Fig. 1). The
maximum 13C intensity (S) for DD-MAS NMR spectra, on the other
hand, is achieved for samples at a temperature above the glass
transition or in solution, undergoing isotropic fluctuation motions
(see the curve IIIb). Such intensity changes could be modified in the
presence of any sort of molecular motions.

The range of the fluctuation frequencies were divided into the
following three regions, static (Ia or Ib), slow (IIa or IIb), and high
frequency (IIIa or IIIb) regions. In the presence of slow fluctuation
motions, the peak intensities can be modified as shown by the
dotted lines (IIa’ or II’b). In the nearly static region at low temper-
atures, the peak-intensities could be also changed into the dotted
lines Ia’ or Ib’, due to persistent molecular motions in the glassy
state, depending upon efficiency of cross-polarization or their T1

values. In such case, the observed peak intensity I (t) for DD-MAS
spectra could be modified depending upon the ratio t/T1 [36],

IðtÞ [ IðNÞ½1 L expðLt=T1Þ� (2)

where t and T1 show the pulse repetition and 13C spin–
lattice relaxation times, respectively, and I (N) is the peak intensity



Fig. 1. Expected SRI plots for 13C CP-MAS (top) and DD-MAS (bottom) NMR peak-
intensities (solid lines) against fluctuation frequency (Hz). The range of the fluctuation
frequencies were divided into the following three regions, static (Ia or Ib), slow (IIa or
IIb), and high frequency (IIIa or IIIb) regions. The maximum intensities are given by S. In
the presence of slow fluctuation motions, the peak-intensities can be expressed by the
dotted lines (IIa’ or II’b). In the nearly static region, the peak-intensities could be
changed into the dotted lines Ia’ or Ib’, depending upon efficiency of cross-polarization
or T1 values (see the text).
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at t [ T1. It is, therefore, essential to record both 13C CP- and DD-
MAS NMR spectra, to gain insight into structures and dynamics of
a variety of hydrogel.
2.2. Low frequency fluctuations

Such an intensity change could be further modified in the
presence of low-frequency fluctuation in the order of 104–105 Hz,
because such incoherent frequencies from random motions can
interfere with coherent frequencies of proton decoupling or magic
angle spinning [31,32], leading to failure of attempted peak
narrowing for high-resolution NMR (see the dotted curves IIa’ or IIb’
instead of the solid lines in Fig. 1). In such case, 13C NMR line width
1/pT2

C of polymer chains can be dominantly determined by the
following second or third terms, instead of the first static
component [37],

1=T2
C [ ð1=T2

CÞS D ð1=T2
CÞMDD D ð1=T2

CÞMCS (3)

where (1/T2
C)S is the transverse component due to static C–H

dipolar interactions, and (1/T2
C)M

DD and (1/T2
C)M

CS are the trans-
verse components due to the fluctuation of dipolar and chemical
shift interactions in the presence of internal fluctuation motions,
respectively. The latter two terms are given as a function of the
correlation time sc by [31,32],

ð1=T2
CÞMDD [ Sð4gI

2gS
2Z2=15r6ÞIðI D 1Þðsc=ð1 D uI

2sc
2ÞÞ (4)

ð1=T2
CÞMCS [ ðu2

0d2h2=45Þðsc=ð1 D 4ur
2sc

2ÞD 2sc=ð1 D ur
2sc

2ÞÞ
(5)

Here, gI and gS are the gyromagnetic ratios of I (proton) and S
(carbon) nuclei, respectively, and r is the internuclear distance
between spins I (and also spin number) and S. u0 and uI are the
carbon resonance frequency and the amplitude of the proton
decoupling RF field, respectively. ur is the rate of spinner rotation.
d is the chemical shift anisotropy and h is the asymmetric param-
eter of the chemical shift tensor. Thus, the line broadening occurs
when incoherent fluctuation frequency is very close to the coherent
amplitude of proton decoupling uI (105 Hz; Eq. (4)) or ur (104 Hz;
Eq. (5)), as schematically plotted against fluctuation frequency (the
dotted lines, IIa’ or IIb’) in Fig. 1. The latter broadening is for the
carbonyl or quaternary carbon signal.

The experimental 13C SRI plots for both CP-MAS and DD-MAS
spectra are usually expressed against temperature, pH [38], etc.,
instead of the fluctuation frequency as shown in Fig. 1, however. It is
recognized that such fluctuation frequency can be considered to be
proportional to temperature, in view of accelerated fluctuation
frequencies achieved at elevated temperature. Therefore, the
suppression temperature Ts, at which the peak intensity is most
suppressed, can be conveniently utilized as a parameter to clarify
polymer dynamics of specific sites, depending upon the fluctuation
frequency for protonated (105 Hz) or unprotonated (104 Hz)
carbons which can interfere with frequencies of the proton
decoupling or magic angle spinning.

3. Materials and methods

PMEA, PHEMA and PTHFA were prepared by radical polymeri-
zation of respective monomers, using 2,20-azobis-isobutyronitril
(AIBN) as an initiator [3–5]. These polymers were dissolved in
either tetrahydrofuran (THF) or methanol solutions, and purified by
precipitation three-times after pouring into hexane and diethyl
ether (PMEA and PHEMA) or diisopropylether (PTHFA), yielding
viscous gum (PMEA and PTHFA) and white powder (PHEMA). The
apparent weight average molecular weights (Mw) of PMEA, PHEMA
and PTHFA were 85,000,75,000 and 60400, respectively [39] (by
size-exclusion chromatograpy, polystyrene standard; as to inherent
problems, see refs [40,41]).

The fully hydrated polymers were prepared by soaking the
polymers thus prepared in deuterium oxide using an ultrasonic
generator for 18–35 days, followed by wiping out with filter paper
to remove excess water on the surface, weighing quickly (W1), and
drying at 110 �C for 4 h in vacuum oven, until the weight (W0)
became constant. The water content (WC) of the polymers was
calculated by

WCðwt%Þ [ ðW1 L W0Þ=W13100; (6)

where W0 and W1 are the weights of the dried and the hydrated
samples, respectively.

13C NMR spectra were recorded on a Chemagnetics CMX 300
NMR spectrometer operating at 7.05 T at temperatures �80 �C or
�70 �C to 37 �C, by both CP-MAS and DD-MAS methods. 13C NMR
spectra were acquired by starting measurements from the low
temperature at �80 �C or �70 �C and changing temperatures by
always heating the sample to arrive at desired temperature to avoid
ambiguity owing to hysteresis effect. Samples were tightly sealed in
a sample rotor during NMR measurements. Magic angle frequency
was set to 3.5 kHz. The 90� pulse, contact time, and recycle time
were 4.5 ms, 1.5 ms, and 7 s, respectively. At desired temperatures,
sample was maintained for 20 min before NMR measurements.13C
spin–lattice relaxation times (T1s) of PMEA, PTHFA and PHEMA at
ambient temperature were determined by the progressive
saturation method, based on a plot of log [I (N)� I (t)] against t
from Eq. (2) [42].

4. Results

We found that 13C spin–lattice relaxation times of polyacrylates
are less than 1 s, as far as their protonated, side-chain carbons are



Fig. 2. 13C spin–lattice relaxation times of swollen PMEA (7 wt%) against temperatures.
Symbols a–e denote the carbon atoms in the Scheme.
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concerned, as demonstrated in the case of swollen PMEA as shown
in Fig. 2. In such case, therefore, almost full peak intensities of
protonated, side-chain carbons can be expected from Eq. (2) for the
individual DD-MAS NMR peaks under the present experimental
condition.

Fig. 3A and B show the 13C CP-MAS and DD-MAS NMR spectra of
dry PMEA at temperatures between �80 �C and 37 �C, respectively.
The maximum NMR peak-intensities were available from the CP-
MAS and DD-MAS spectra recorded at the lowest (�80 �C) and
highest temperatures (37 �C), respectively, consistent with the
expected SRI plots as illustrated in Fig. 1. In a similar manner, Fig. 4
illustrates the 13C CP-MAS and DD-MAS NMR spectra of PMEA
hydrogel containing 7 wt% water. Fig. 5A and B illustrate the
resulting SRI plots of 13C DD-MAS NMR spectra for dry and swollen
PMEA, respectively. Obviously, the suppression temperatures Ts of
hydrogel, at which their respective peaks are most suppressed, are
shifted to lower temperature sides as compared with those of dry
sample (see also Table 1), although the extent of such shifts differ
substantially among the signals of respective sites (Ts gradient). On
the contrary, the corresponding SRI plots from CP-MAS NMR
Fig. 3. 13C CP-MAS (A) and DD-MAS (B) NMR spectra of dry PMEA recorded at various tempe
sites for PMEA (see the scheme). Note the peak intensity a (arrow) in the DD-MAS NMR sp
spectra are rather obscured because of the drastic intensity changes
due to differential efficiency of cross-polarization at lower
temperature side and also extremely suppressed intensities at
raised temperature, as shown in Fig. 6. Therefore, the suppression
temperatures Ts’s, in these cases, are more clearly seen from the
DD-MAS spectra than the CP-MAS spectra.

Fig. 7A and B show the 13C CP-MAS and DD-MAS NMR spectra
of swollen (containing 40 wt% water) PHEMA, respectively,
recorded at temperatures between �70 �C and 37 �C. Further, the
maximum CP-MAS peak-intensities of PHEMA containing 40 wt%
water were achieved at �30 �C (Fig. 8A), although the maximum
DD-MAS NMR intensities were seen at �30 �C and 0 �C for the
side-chain and backbone (Fig. 8B), respectively. Fig. 9 illustrates
the SRI plots of 13C DD-MAS NMR spectra for dry (A) and swollen
(B) PHEMA against temperature. The corresponding SRI plots from
the CP-MAS NMR spectra are shown in Fig. 10. Further, Fig. 11
illustrates similar SRI plots of 13C DD-MAS spectra for swollen
PTHFA containing 9 wt% of water against temperature. Corre-
sponding SRI plots of the 13C CP-MAS NMR spectra are also shown
in Fig. 12.
5. Discussion

5.1. Network structures

The most distinct feature in the SRI plots among the hydrogels of
PMEA, PHEMA and PTHFA is that the intensities of their individual
peaks were varied with temperatures quite different ways (Figs. 5, 8
and 11). The suppression temperatures TS’s for the backbone, side-
chain, and the terminal methyl carbons for PMEA hydrogel are
�10 �C, �30 �C and �40 �C, and �50 �C, respectively (Table 1). In
contrast, the corresponding Ts’s for the backbone and side-chain of
PTHFA hydrogel are 30 �C and 0 �C, respectively and those of
PHEMA hydrogen are� 37 �C and w37 �C, respectively. In short, the
suppression temperature is elevated in the following order:
PMEA< PTHFA< PHEMA. Such distinction can be ascribed to the
presence of two types of gel networks, as schematically drawn in
Fig. 13. PMEA hydrogel could be cross-linked by unswollen
ratures. The alphabetical letters at the top of peaks are ascribed to the individual carbon
ectra is more evident at higher temperatures. Asterisk denotes spinning sideband.



Fig. 4. 13C CP-MAS (A) and DD-MAS (B) NMR spectra of PMEA containing 7 wt% water, recorded at various temperatures. The alphabetical letters at the top of peaks are ascribed to
the individual carbon sites for PMEA (see the scheme). Note the peak intensity a (arrows) in the DD-MAS NMR spectra is more evident at higher temperatures.
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hydrophobic cores of associated backbones, leaving free side-
chains undergoing rapid fluctuation motions at ambient tempera-
ture (Fig. 13A). In contrast, the gel networks of PHEMA and PTHFA
could be more tightly formed by the hydrophobic cores of the
associated backbones, and also the side-chains through either
Fig. 5. The SRI plots of the 13C DD-MAS NMR spectra for dry (A) and swollen (con-
taining 7 wt% water) (B) PMEA, respectively, against temperature. Suppression
temperatures TS at which respective peaks are most reduced are shown by the arrows.
hydrogen bonding or entanglement of bulky tetrahydrofurfuryl
side-chains (as shown by the circles in Fig. 13B), respectively, as
judged by their simultaneous intensities-changes as well as raised
Ts’s as schematically shown in Fig. 13B.

Naturally, such network structures may be also persistent in
unswollen, dry PMEA polymer of glassy state, as seen from their SRI
plots (Fig. 5A), even if their suppression temperatures Ts’s are
shifted to higher temperature in the absence of water molecules as
a lubricant. The 13C DD-MAS NMR signals of dry PMEA are more
intense than those of PMEA hydrogel at �80 �C (Figs. 3 and 4).
Further, it is surprising that the intense 13C DD-MAS NMR of dry
PHEMA signals are visible even at �70 �C, far below its glass tran-
sition temperature at 35�–109 �C [43] (Fig. 7). These results can be
justified, however, if the spin–lattice relaxation times T1’s are not
always prolonged even at such low temperature for glassy poly-
mers, in contrast to those of crystalline samples such as cellulose or
polyethylene, due to the presence of relaxation pathway via C–H
dipolar interactions with rotating a-methyl group or the side-chain
groups. Accordingly, its T1 remains, at most, in the order of 100 ms
[44]. As a result, resultant 13C peak-intensities in this region could
be expressed by the dotted line Ib’, rather than the solid line Ib
mentioned above (Fig. 1).
Table 1
The suppressed temperature Ts at which 13C NMR peak-intensities are most sup-
pressed in the presence of slow motions (�C).

PMEA PTHFA PHEMA

Dry Containing
7% D2O

Containing
9% D2O

Containing
40% D2O

Backbone 7 �10 30 �37
COOCH2CH2 (or –OH)a

or COOCH2furfurylb
�12 �30 0 z37

COOCH2CH2 (or –OH)a �20 �40 z37
COOCH2CH2OCH3 (or OH)a

or COOCH2furfurylc
�30 �50 �10 �37

COOCH2CH2OCH3 (or –OH)a �20 �40 �37

a PHEMA.
b PTHFA.
c From peak d.



Fig. 6. The SRI plots for dry (A) and swollen (B) PMEA available from their CP-MAS
NMR spectra against temperature.

Fig. 7. 13C CP-MAS (A) and DD-MAS (B) NMR spectra of dry PHEMA, recorded at various te
carbon sites for PHEMA (see the scheme). Note the peak intensity b and c (arrow) in the D

COOCH2CH2OCH3>COOCH2CH2OCH3wCOOCH2CH2OCH3 > COOCH2CH2
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5.2. Chain dynamics

5.2.1. Fast dynamics
Fully swollen polymer chains in hydrogels are generally very

flexible to give well-resolved 13C NMR signals visible even by
solution NMR spectrometer [27,28,30], although 13C NMR signals of
polymer chains located in the vicinity or involved in the cross-
linked regions are suppressed as viewed from solution or DD-MAS
NMR spectra [27–30,33]. Although the spin–lattice relaxation times
T1’s are generally appropriate means to examine dynamics of such
flexible portions, they are not always sensitive to the current gel
dynamics, because their T1 values lie at their minimum. Instead,
distribution of correlation times as in log-c2 distribution [45]
results in line broadened signals in gel samples [27,28].

5.2.2. Slow dynamics, PMEA
The presence of the physically cross-linked portion of hydrogel

network, however, results in the partially suppressed peak-inten-
sities in the backbone signals in the DD-MAS spectra of PMEA gel
(Fig. 4) as denoted by the peak a at the highest field region,
although their side-chains undergo rapid fluctuation motion with
frequency higher than 108 Hz at ambient temperature (Table 2).
Such suppressed 13C DD-MAS NMR peaks can be explained by
shortened spin–spin relaxation time T2

C under the condition of
either proton decoupling or magic angle spinning due to failure of
such attempted high-resolution NMR spectra, when fluctuation
frequency interferes with frequency of proton-decoupling or magic
angle spinning (104–105 Hz; Table 2). As demonstrated in Fig. 5B
and summarized in Table 1, the lowest, suppression temperature Ts

for PMEA gel is�50 �C corresponding to the motion of the terminal
moiety of the side-chains which are surrounded by frozen water.

Interestingly, the suppression temperature Ts was made lower
together with the sites in the side-chains in the following order, as
demonstrated in Figs. 5, 8, and 11 and summarized in Table 1.
mperatures. The alphabetical letters at the top of peaks are ascribed to the individual
D-MAS NMR spectra at higher temperatures.

OCH3: (7)



Fig. 8. 13C CP-MAS (A) and DD-MAS (B) NMR spectra of PHEMA containing 40 wt% water recorded at various temperatures. The alphabetical letters at the top of peaks are ascribed
to the individual carbon sites for PHEMA (see the scheme).
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Among the last protonated three carbon sites in Eq. (7) indicated
by the face underlined, the respective correlation times (or fluc-
tuation frequencies) may be modified in the presence of the
following internal rotation around the single bonds: –COO–CH2–
CH2–O–CH3. If internal rotation occurs at a rate si

�1 around an axis
whose reorientation is described by a correlation time sm, the
Fig. 9. The SRI plots of the 13C DD-MAS NMR for dry (A) and swollen (containing
40 wt% water) (B) PHEMA against temperature.
effective local correlation time sc is given by superposition of
overall si and internal motions sm [46–48]

sc [ ð1=4Þð3cos2q L 1Þ2sm D ð3=4Þðsin22q D sin4qÞ

� ð1=sm D 1=siÞL1 (8)
Fig. 10. The SRI plots of the 13C CP-MAS NMR spectra for dry (A) and swollen (B)
PHEMA against temperature.



Fig. 11. The SRI plots of the 13C DD-MAS NMR for PTHFA hydrogel containing 9 wt%
water against temperature.

Fig. 13. Schematic representation of the proposed gel network structures for PMEA
(A), and PHEMA and PTHFA (B) hydrogels. Cross-links of these gels could be formed by
hydrophobic association of the polymer backbones, as illustrated in the left-side
portion. The sites, at which side-chains are held together through either hydrogen
bonding or entanglement of bulky tetrahydrofurfuryl groups, could be served as
additional cross-links, as shown by the circles in the latter.
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where q is the angle between the rotation axis and C–H bond
axis. Because q is equal to the tetrahedral angle,

sc [ 0:11sm D 0:89ð1=sm D 1=siÞL1 (9)

If si<< sm as in the case of OCH3 group in the solid, Eq. (9) is
described by sc¼ 0.11sm.

When several internal rotations are present as in the present
situation, the resultant local motions may be derived in analogous
fashion. Starting with the largest rigid part of the molecule, the
motion of the nth bond axis results from the motion of the (n� 1)th
axis, so on. For instance two internal rotations with time constant si

and sj, the effective correlation time could be described by
sc¼ 0.01sm, when si<< sm and sj<< sm. This consideration shows
that the fluctuation frequency (1/sc) is shifted to lower frequency
and subsequently to the lower Ts, depending upon the number of
internal rotations.

5.2.3. Slow dynamics, PHEMA and PTHFA
The network structures of PHEMA and PTHFA hydrogels are far

from flexible at ambient temperature, as viewed from the increased
Ts and intense CP-MAS NMR. Indeed, the fluctuation frequencies of
the side-chains for PHEMA and PTHFA gels are in the order of 105

and 108 Hz at ambient temperature, although those of the back-
bone moiety are 105 and� 105 Hz, respectively (Table 2).

The intensity maximum in the 13C CP-MAS NMR spectra of
PHEMA hydrogel is seen at the temperature �30 �C rather than at
�70 �C of the lowest temperatures studied (Figs. 8A and 10B),
although there appears no such maximum in dry sample (Figs. 7A
Fig. 12. SRI plots of the 13C CP-MSS NMR spectra for swollen PTHFA against
temperature.
and 10A). This is in contrast to the cases of dry and fully hydrated
PMEA and PTHFA, in which the maximum peak-intensities of the
SRI plots from CP-MAS spectra are always achieved at the lowest
temperature studied, as far as the condition for the most efficient
cross-polarization is taken into account. It is also interesting to note
from the SRI plot of PHEMA gel based on the DD-MAS spectra
(Fig. 10A) that the peak-intensities for the backbone and side-chain
carbon signals tend to decrease by raising the temperature from
�20 �C to ambient temperature, by acquisition of low-frequency
fluctuation motions with frequency in the order of 104–105 Hz.
Indeed, such changes are more significant in the side-chain
hydroxyethyl carbons than the backbone carbon signals.

5.3. Polymer dynamics and water structures in hydrogels

In addition to the presence of fast motions in gel network,
identification of low-frequency motion proved to be very important
and convenient means to evaluate dynamic property of gel
network, even at ambient temperature. Indeed, PMEA hydrogel is
very flexible at ambient temperature as characterized by the
presence of very fast motions in the backbone and side-chains,
whereas PHEMA is least flexible as judged from the suppression
temperature Ts at 37 �C (see Table 1). It can be, therefore, concluded
that the extent of flexibility in gel network at ambient temperature
is well characterized also by the suppression temperature Ts, cor-
responding to the onset of such slow fluctuation motions. Relative
flexibility of these polymer chains can be considered in the
following order, PMEA> PTHFA> PHEMA, as judged by their Ts

values. In this connection, much attention has been paid to gain
insight into water structures present for a variety of biomaterials in
relation to its biocompatibility [18,19,49]. This attempt, however, is
not always straightforward, because there is a possibility that such
structures might be substantially modified by dynamic state of
Fig. 14. A plot of produced TAT (thrombin–antithrombin III complex) (pM) [6] against
the suppression temperature Ts (�C).



Table 2
Fluctuation frequencies of hydrogels at ambient temperature (37 �C).

Backbone Side-chain

PMEA >108 Hz >108 Hz
PTHFA 105 Hz 108 Hz
PHEMA <105 Hz w105 Hz
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polymer chains and also polymer networks. Indeed, it is likely that
the cold crystalization of water molecules as described above might
be triggered by freezing such low frequency motions at the
respective temperatures.

Instead, it is interesting to note that the suppression tempera-
ture Ts is in parallel with the amount of produced TAT (thrombin–
antithrombin III complex) as a measure of biocompatibility activity
(Fig. 14). Here, the Ts values were compared for the side-chain
carbons neighbored with the COO group (carbons labeled as c in I
and III, and e in II) located at the similar positions. This finding
implies that good biocompatible material is a polymer undergoing
very fast motions at ambient temperature, as judged from the
absence of CP-MAS NMR signal at ambient temperature. It is
interesting to note that the suppression temperature Ts values can
be conveniently utilized as an excellent measure for detailed
comparison of such flexibility. It is conceivable that molecular
motions of water molecules, which are either coordinated with
polymer chains as bound water or in their vicinity might be affected
by the presence or absence of fluctuation motions of the terminal
moiety of polymer side-chains. Therefore, it is naturally recognized
that such differential polymer dynamics might be responsible for
concomitant changes in structure and dynamics of surrounding
water molecules in the vicinity of constituent polymer network.

Adsorption of proteins to polymer surface is very serious
problem for development of a novel material with excellent blood
compatibility [3,49–52]. Tanaka et al. [3] demonstrated that PMEA
exhibits excellent surface to lead lower platelet adhesion, as man-
ifested from lower denaturation of proteins such as bovine serum
albumin and human fibrinogen on its surface as compared with
PHEMA. It is easily conceivable that the flexible PMEA surface with
side-chains, freely undergoing rapid isotropic fluctuation motions
at ambient temperature, might be naturally favorable for prevent-
ing any specific interaction with such proteins, because rigidly held
network of PHEMA as compared with PMEA could provide more
solid surface favorable upon which proteins are able to aggregate,
leading to the associated a-helical portion to b-sheet forms as
a result of partial denaturation.

5.4. Concluding remarks

We demonstrated that the SRI analysis of 13C DD-MAS NMR for
biocompatible hydrogels from poly(acrylate)s provides one
invaluable means to yield low frequency dynamics of polymer
chains, with emphasis on time-scales of high- (108 Hz) and low-
frequencies (104–105 Hz) fluctuations. Such low frequency motion
can be characterized by lineshape analysis of 2H NMR in view of
similar frequency dependency [33]. Specific deuteration at specific
sites are required for this purpose, however. Water molecules
located in interstices of such hydrogels are naturally strongly
influenced by such dynamic features of constituent polymers.
Direct characterization for such polymer dynamics of hydrogels
could be therefore undoubtedly very promising tool for develop-
ment of biomaterials exhibiting biocompatibility. For this purpose,
we emphasize that evaluation of the suppression temperature Ts,at
which respective 13C NMR signals are most suppressed in the SRI
plots, turns out to be also very useful to locate a portion undergoing
low frequency motions in polymer chains at ambient temperature.
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[28] Saitô H. ACS Symp Ser 1981;150:125–47.
[29] Saitô H. ACS Symp Ser 1992;489:296–310.
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