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ABSTRACT: A combination of two-dimensional (2D) NMR techniques, namely, CH—'H) NOESY, and
ROESY, has been used for the first time to study cross-relaxation and exchange phenomena in a poly-
(acrylamide) hydrogel. Intramolecular cross-relaxation interactions are detected for the main-chain
protons and are seen to arise from polymer mobility occurring in the long correlation regime (wotz. > 1).
Temperature-dependent studies show chemical exchange, direct and relayed cross-relaxation pathways
for the magnetization transfer. For amide protons, cross relaxation dominates over chemical exchange
at room temperature and below. Intermolecular exchange and cross-relaxation processes are identified
for hydrated water, and evidence has been gathered for interacting water molecules with a relatively
long reorientational correlation time. The 2D data also point to the most probable location of water

close to the carbonyl group.

Introduction

Polymeric gels, especially those responding to stimuli,
such as temperature, pH, light, electric field, solvent,
etc., are gaining importance due to the potential ap-
plication of these materials.! Most of the studies
reported in the literature focus on macroscopic observa-
tions, but in recent years microscopic studies on gels
have begun to appear.2~5 The present paper is a step
forward in the sense that for the first time a combina-
tion of two-dimensional (2D) NMR techniques, such as
(H-1H) NOESY® and ROESY,” will be applied to study
the dynamical behavior of a hydrogel.

The significant retardation of Brownian motion and
the predominance of local chain motions in hydrogels
permit a direct application of two-dimensional Over-
hauser spectroscopy under magic-angle sample spinning
(MASS) conditions. The enhanced polymer mobility due
to the presence of a diluent®® causes various NMR spin
interactions to be effectively averaged in a polymeric
gel. Sample rotation at the “magic angle” is sought to
remove the residual line broadening and to reveal
chemically distinct 'H resonances in the repeat unit.
The ultimate signal resolution achieved in the MASS
spectra is found to be adequate for 2D spectral analysis
with minimal interference from spinning side bands.
Thus, 2D Overhauser enhancement spectroscopy can be
readily applied under MASS to polymeric gels,® such as
poly(acrylamide) studied here, to investigate cross-
relaxation and chemical exchange phenomena.

Experimental Section

The 2D experiments were carried out on a Bruker MSL-
300 FT-NMR spectrometer at 300.13 MHz for 'H. NOESY and
ROESY pulse sequences were designed to include the TPPI
procedure® so that the absolute signs of 2D cross peaks were
distinguished. Multiple quantum effects were eliminated by
proper phase cycling, and J cross-peaks were eliminated by
randomly varying the mixing period. The 7/2 pulse length was
typically 15 us. A continuous spin-locking radio-frequency field
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of 16.7 kHz was used for ROESY. MASS was kept at around
2.6 kHz. Temperature variation studies (278—343 K) used the
control of spinner bearing air in conjunction with a Bruker
BVT-1000 temperature controller (accuracy +1 K).

Poly(acrylamide) was synthesized using known procedures,®
and the percentage of cross-linker, N,N’-methylenebisacryl-
amide, was 6.0%. Gels were prepared by the direct addition
of known amounts of deionized distilled water and subsequent
equilibration for several days.

Results and Discussion

In order to distinguish magnetization transfer through
dipole—dipole relaxation and chemical exchange, NOE-
SY and ROESY have been used in parallel in this study.
NOESY data alone cannot distinguish these processes
since, in the long correlation limit, which is invariably
obeyed in hydrogels,!! both cross relaxation and chemi-
cal exchange lead to the same sign for the cross peaks.
Their effects are therefore additive for the NOESY cross
peak intensity and are not separated from a single
measurement. In the ROESY experiment, on the other
hand, they contribute differently to the magnetization
transfer because of their opposite sign.12

For the poly(acrylamide) hydrogel, intramolecular
Hg—Hjz exchange occurs due to C—N bond rotation.
There is an additional amide to water exchange as well,
although in a hydrogel containing less number of water
molecules the relative importance of this latter process
remains to be explored. The increased polymer mobility
in the gel phase also caters to an efficient cross
relaxation between dipolar-coupled protons, resulting
in significant NOE’s in the slow motion regime. A
comparison of NOESY and ROESY therefore provides
a basis for identifying the exchange and cross-relaxation
pathways in the hydrogel.

Cross Relaxation and Exchange between Poly-
mer Protons. We show in Figure 1 the NOESY
contour plot of 1.5 g/g (water/polymer) gel at 298 K.
Connectivities are established over the entire network
of polymer and water protons. Despite the appearance
of a strong water ridge parallel to Fy, the polymer to
water cross peaks are unmistakably revealed along Fo.
Further, short- and long-range interactions are delin-
eated by an optimal choice of mixing time (100 ms).
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Figure 1. Phase-sensitive homonuclear 'H—'H NOESY con-
tour plot of poly(acrylamide) gel hydrated to 1.5 g/g (water/
polymer). The pulse sequence used is shown in a. 7, = 100
ms. Sixteen transients with a recycle delay of 2 s were coadded
in each of the 256 experiments in the ¢; domain with incre-
ments of 104.1 us using 512 data points. The transmitter
radio-frequency phases (¢n) and the receiver phases (R,) are
cycled to provide quad detection along both axes and pure
absorption phase in four quadrants. Spectrum at the top (b)
shows Fs projection. The strong water signal gives a ridge
parallel to the F; axis. Here all the diagonal and cross peaks
appear with positive absorption.

The phase-sensitive 2D experiments lead to positive
cross peaks for the nonexchangeable protons, implying
the occurrence of main-chain mobility in the long
correlation (wot. > 1) or the so-called “spin diffusion”
regime. The sign of these cross peaks remains unal-
tered in a 5 g/g gel, although their intensities are greatly
attenuated. We reckon that increased hydration levels
drive the motional dynamics of the polymeric gel to
shorter correlation times and decrease the resultant
NOE.

The relative importance of cross relaxation and
chemical exchange to the cross-peak development of Hg
and Hy was studied in a 1.5 g/g gel by temperature-
dependent phase-sensitive ROESY experiments (Fig-
ures 2 and 3). Intense negative cross peaks at 278 and
298 K (Figure 3a,b) readily identify the dominance of
cross relaxation over chemical exchange for the amide
protons. This may be contrasted with the room tem-
perature solution phase studies where NOE effects are
usually neglected and only chemical exchange effects
are considered.’® Chemical exchange effects assume an
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Figure 2. Phase-sensitive homonuclear 'H—'H ROESY con-
tour plot of poly(acrylamide) gel hydrated to 1.5 g/g in water
(T'= 343 K). The pulse sequence used is shownina. tm =20
ms. A total of 650 experiments were collected with a ¢
increment of 104.1 us. For each experiment 24 transients were
coadded with a recycle delay of 1 s using 1K data points. The
transmitter radio-frequency phases (¢n) and the receiver
phases (R,) are cycled to provide quad detection along both
axes and a pure absorption phase in four quadrants. Contours
marked with a negative sign depict negative cross peaks.
Others and all diagonal peaks show positive absorption.
Arrows on the strong water ridge indicate cross peaks between
water and backbone CH and CH; protons.

important role only at higher temperatures (Figure 3d).
The exchange rate is, however, smaller than the chemi-
cal shift difference between Hg and Hz as these proton
resonances are clearly resolved in the spectrum.

The ROESY data (298 K) also show a “three spin
effect”'4 between Hg, Hz, and CH. This feature is not
observed in the corresponding NOESY experiment as
both direct and relayed pathways lead to positive cross
peaks in the slow motion regime. The dipolar cross-
relaxation pathway Hzy — Hg — CH and the reverse
pathway CH — Hg — Hjz are readily identified by the
alternation of sign for the cross peaks while traversing
from Hz to CH or vice versa. While Hz to Hg is a direct
two-spin NOE due to cross relaxation between these
strongly interacting protons, the magnetization transfer
to CH essentially occurs through the intermediate spin
Hg. Stereochemically, Hg is proximal to CH, further
confirming our signal assignments. However, at el-
evated temperatures, the distinction between Hg and
Hz is progressively lost on the relaxation time scale due
to rapid Hg—Hz exchange and a relay through amide
protons to CH is no more distinguishable (Figure 3d).
The observation of negative cross peaks (Figure 3c,d)
for CH and CH; with the amide protons, determined at
higher temperature, suggests direct cross relaxation
rather than a relayed one.

Intermolecular Exchange and Cross Relaxation
between Polymer and Water Protons. The polymer
to water NOESY correlations occur with a positive sign
and are weaker than those between the polymer protons
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Figure 3. 1D cross sections parallel to the F; axis taken from
the 2D ROESY data set passing through the Hy resonance at
indicated temperatures in 1.5 g/g poly(acrylamide) gel. The
dispersive water signals in a and b arise due to a strong ridge
parallel to F;. These are less severe in ¢ and d as the cross
peaks develop with strong intensity.

(Figure 1). The water to amide interaction is more
intense than the corresponding one to the polymer
backbone. In the 1.5 g/g hydrogel, both NOESY and
ROESY cross peaks are positive and they grow in
intensity at higher temperatures. This at once identifies
the dominant mechanism for magnetization transfer to
be chemical exchange. Previous solution NMR studies
on amides have shown that magnetization transfer due
to chemical exchange occurs with widely differing rates
and is strongly dependent on the pH of the medium,!3.15
In the 1.5 g/g hydrogel at neutral pH, there are about
six water molecules on the average per repeat unit. It
appears that this is a large enough number to facilitate
the exchange we observe.

We also observe that, in the initial rate region of the
NOESY cross peak buildup as a function of mixing time,
the water to Hz cross-peak intensity is significantly
greater than that of the corresponding one to Hg. If
chemical exchange is the only mechanism, this would
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Figure 4. 1D cross sections parallel to the F; axis taken from
the NOESY (a) and ROESY (b) data set (T = 343 K) passing
through the water resonance in 1.5 g/g poly(acrylamide) gel.
The dispersive water signal in b is due to a strong ridge
parallel to Fs.

imply a facile exchange of water with Hz than with Hg.
In our case, cross relaxation between water and amide
protons cannot be neglected as water to backbone NOE
is clearly detected in both NOESY and ROESY. In such
a case, the addition of an NOE contribution to the
exchange should be considered. If the rates of exchange
of water with Hg and Hz are assumed to be equal, the
observation of differential cross peak intensity would
imply a differential NOE development in the wqz, > 1
regime for the amide to water cross-relaxation interac-
tion. Independent transient ‘H—!2C NOE measure-
ments in this hydrogel have unambiguously shown a
direct cross relaxation between water and the amide
carbonyl.!® Considering the fact that Hyz is closer to
carbonyl, one can envisage a stronger interaction of Hyz
with water, thus enhancing the cross-peak intensity for
this interaction. This is indeed observed. The 2D data
thus point to the most probable location of water close
to the carbonyl group, in agreement with an ab initio
study.l”

It is interesting to note that the intermolecular cross
relaxation between the nonexchangeable polymer pro-
tons and water protons leads to positive NOESY and
negative ROESY cross peaks (Figure 4). Recent studies
on protein hydration!® have shown that the intermo-
lecular cross relaxation between interior water and the
protein protons results in a positive NOESY cross peak.
Wiithrich and co-workers have observed negative NOE-
SY cross peaks between the surface water and protein
protons.!® In general, the structure of water can be
described by a two-site exchange model, namely, that
the water exchanges rapidly between a bound and free
environment. The intermolecular dipolar relaxation
interaction between the macromolecular protons and the
bound water results in a cross-peak development. The
sign of the cross peak is completely determined by
mobility of the bound water which can arise from
exchange between bound and free water (residence
time), reorientational motion of bound water (reorien-
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tational correlation time), or both. For macromolecular
solutions, the NOE’s between the water molecules and
the macromolecular protons are governed by the resi-
dence time of water.1%2 In polymeric gels at low levels
of hydration most of the water may be considered to be
bound. Our observations of positive NOE in the 1.5 g/g
gel therefore point to the presence of tightly bound
water with a relatively long reorientational correlation
time, 7;. Considering the frequency of our measure-
ments (300 MHz), we estimate 7, to be longer than 0.6
ns.

Conclusions

Proton MASS NMR in combination with 2D NOESY
and ROESY techniques provides an elegant method for
studying polymer—polymer and polymer—water interac-
tions in cross-linked gels. This has been demonstrated
in water-swollen poly(acrylamide). The nonexchange-
able protons give rise to NOESY cross peaks in the spin
diffusion regime, while for the exchangeable amide
protons Hg and Hy, direct cross-relaxation effects domi-
nate over chemical exchange at 323 K and below. Both
direct and relayed magnetization transfer pathways
have been identified in the present study. The hydrated
water is seen to interact with the polymer protons of
the main chain through NOE and with the side chain
mainly through exchange. Our studies also point
toward the presence of bound water in the vicinity of
the side-chain carbonyl with a relatively long reorien-
tational correlation time.

References and Notes

(1) (a) Harland, R. S., Prudhomme, R. K., Eds. Polyelectrolyte
Gels: Properties, Preparations and Applications; ACS Sym-
posium Series 480; American Chemical Society: Washington,
DC, 1992. (b) Dusek, K., Ed. Responsive Gels: Volume
Transitions 2. Advances in Polymer Science; Springer-
Verlag: Berlin, 1993; Vol. 110.

(a) Badiger, M. V.; Kulkarni, M. G.; Rajamohanan, P. R.;
Ganapathy, S.; Mashelkar, R. A. Macromolecules 1991, 24,
106. (b) Tokuhiro, T.; Amiya, T.; Mamada, A.; Tanaka, T.
Macromolecules 1991, 24, 2936.

(a) Winnik, F. M.; Ottaviani, M. F.; Bossman, S. H.; Pan, W.;
Garcia-Garibay, M.; Turro, N. J. J. Phys. Chem. 1993, 97,

(2

~

3

~

Macromolecules, Vol. 28, No. 7, 1995

12998. (b) Schild, H. G.; Tirrel, D. A. Macromolecules 1992,
25, 4553.

(4) Ohta, H.; Ando, I.; Fyjishige, S.; Kubota, K. J. Mol. Struct.
1991, 245, 391.

(5) Katayama, S.; Kazama, S.; Yoshioka, H. J. Phys. Chem. 1992,
96, 2023.

(6) (a) Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of

Nuclear Magnetic Resonance in One and Two Dimensions;

1987; Chapter 9, p 490. (b) Chandrakumar, N.; Subrama-

nian, S. Modern Techniques in High Resolution FT-NMR;

Springer-Verlag; New York, 1987; p 193.

Neuhas, D.; Williamson, M. P. Nuclear Overhauser Effect in

Structural and Conformational Analysis; VCH: Deerfield

Beach, FL, 1989; p 312.

Ganapathy, S.; Rajamohanan, P. R.; Ramanujulu, P. M.;

Mandhare, A. B.; Mashelkar, R. A. Polymer 1994, 35, 888.

(a) Drobny, G.; Pines, A.; Sinton, S.; Weitekamp, D.; Wemmer,

D. Faraday Div. Chem. Soc. Symp. 1979, 13, 49. (b) Boden-

hausen, G.; Vold, R. L.; Vold, R. R. J. Magn. Reson. 1980,

37, 93. (c) Marion, D.; Wiithrich, K. Biochem. Biophys. Res.

Commun. 1988, 113, 697.

(10) Tanaka, T.; Fillmore, D.; Nishio, I.; Sun., S.-T.; Swislow, G.;
Shah, A. Phys. Rev. Lett. 1980, 45, 1936.

(11) Otting, G.; Wiithrich, K. J. Am. Chem. Soc. 1989, 111, 1871.

(12) (a) Bothener-By, A. A.; Stephens, R. L,; Lee, J. J. Am. Chem.
Soc. 1981, 103, 3654. (b) Brown, L. R.; Farmer II, B. T.
Methods in Enzymology; Oppenheimer, N. J., James, T. L.,
Eds. Academic: San Diego, 1989; Vol. 176, 199.

(13) Johnston, E. R. NMR Studies of Proton Exchange in Amides.
Ph.D. Dissertation, University of California, San Diego, 1980;
University Microfilm International Catalog No. 3592.

(14) (a) Bax, A.; Sklenar, V.; Summers, M. F. J. Magn. Reson.
1986, 70, 327. (b) Bax, A. In Methods in Enzymology;
Oppenheimer, N. J., James, T. L., Eds.; Academic: San Diego,
1989, Vol. 176, p 151.

(15) (a) Miyoshi, T.; Takegoshi, K.; Hikichi, K. Polym. J. 1994,
26, 485. (b) Bovey, F. A.; Tiers, G. V. D. J. Polym. Sci., A
1963, 1, 49.

(16) Ganapathy, S.; Ray, S. S.; Rajamohanan, P. R.; Mashelkar,
R. A,, to be published.

(17) Scheiner, S.; Wang, L. J. Am. Chem. Soc. 1998, 115, 1958.

(18) (a) Wiithrich, K,; Otting, G. Int. J. Quantum Chem. 1992,
42, 1553. (b) Yan, Q. Q.; Otting, G.; Wiithrich, K. J. Am.
Chem. Soc. 1993, 115, 1189. (c) Kubinec, M. G.; Wemmer,
D.E. J. Am. Chem. Soc. 1992, 114, 8739.

(19) (a) Otting, G.; Liepinsh, E.; Witthrich, K. Science 1991, 254,
974. (b) Liepinsh, E., Otting, G.; Wiithrich, K. Nucl. Acids
Res. 1992, 20, 6549.

MA945045X

7

—

(8

et

9

=



