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Deuterium-NMR spectra and relaxation measurements for selectively deuterated acrylamide
units in polyacrylamide (PA) gels exhibiting collapse transitions are presented. The main aim of the
present study is to investigate the microscopic dynamics of the segmental units of the polymer net-
work while the entire gel is approaching the collapse transition accompanied by the critical long-
wavelength diffusivelike excitations. The D nucleus, with the electric quadrupole interaction, is
directly sensitive to the chain dynamics because of the random modulations of the electric-field-
gradient components in the frame of reference of the external field, induced by the motion of the
monomer axes. From the analysis of the spectra and of the relaxation rates, it is shown how, while
the macroscopic motions exhibit critical slowing down, the dynamics of the segmental units is de-
scribed by practically isotropic local modes, weakly coupled to the density fluctuations of the PA
network. Quantitative estimates of the effective correlation times are given.

I. INTRODUCTION

The polyacrylamide (PA) gels consist of a cross-linked
polymer network (obtained through polymerization of
acrylamide) with water trapped among the chains. The
early studies by Tanaka and collaborators! pointed out
the remarkable properties of these gels, particularly their
collapse transition. By changing external conditions such
as temperature, electric field, or acetone concentration in
the medium, the PA gels undergo a volume phase transi-
tion with sizable, continuous, and reversible changes in
volume, associated with swelling or shrinking processes.
The collapse transition corresponds to the kinetics of the
phase separation in binary mixtures or to the spinodal
decomposition; PA gels appear to be the prototype of
other systems, such as synthetic polyvinyl gels or DNA,
polysaccharide, polypeptide gels showing analogous phe-
nomena. Universality concepts, formerly developed for
simple fluids or magnets at phase transitions and then ex-
tended to long-chain polymer solutions,? appear suited to
describe PA gels at the collapse transition. In particular,
dynamic light-scattering experiments®~’ indicated criti-
cal divergence and slowing down of the concentration
fluctuations of the polymer network, which are rather
successfully described by hydrodynamic-type approaches.

The studies of phase transition in crystals and in mag-
netic systems have shown how the thermodynamical
effects are accompanied by microscopic critical dynam-
ics. In the case of PA gels, the light-scattering (LS) ex-
periments investigate the long-wave length (g =0) excita-
tions and can hardly probe the microscopic dynamics of
the polymer network. Inelastic neutron scattering (NS),
in principle, can study the dynamical response of the sys-
tem for selected wave vectors g, so as to span from the
g =0 region of LS up to g values corresponding to a few
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monomer units along the polymer chains. However, en-
ergy resolution down to the MHz region of the fluctua-
tions cannot be achieved in conventional triple-axes NS
spectrometers. High-resolution experiments have been
carried out at the quasielastic high-resolution inelastic
spectrometer (IRIS) inverse backscattering spectrometer
in polysaccharide gels.® The effective correlation times
for the water have been obtained at different tempera-
tures, yielding values from 5X 107! to 107! s (for ¢ in
the range 0.5-1.5 A7, higher by a factor of 10—40 than
the corresponding correlation time for pure H,O0. A
direct study of the polymer chains was not possible, in
view of the limited contribution from the network to the
dynamical structure factor.

A successful experimental approach to the study of the
microscopic local dynamics at the phase transitions in
crystals or in magnetic systems has been nuclear magnet-
ic relaxation (NMR).> In gels one can expect that the
segmental motions of the monomer units of the network
be reflected in the relaxation rate. A few NMR experi-
ments in noncollapsing gels have been carried out up to
now, in agarose gels for different water contents!® or at
the sol-gel transition in gelatin!! that is most used in the
study of the properties of the fluid. In particular, the ra-
tio T, /T, for the water has been considered in terms of
possible fractal-like effects.!> Proton spin-lattice relaxa-
tion and NMR diffusion constant measurements in PA
gels undergoing collapse transitions have been also re-
ported.!?

In this paper we present the results of a D-NMR study
of the polymer chains dynamics, carried out in deuterat-
ed PA gels, at various resonant frequencies. The selective
deuteration of the CH,-CH groups of the acrylamide
units yields a local probe (the D nucleus with the electric
quadrupole interaction) that is directly sensitive to the
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segmental chain dynamics. In fact the D quadrupole re-
laxation is driven by the random modulations of the
electric-field-gradient (EFG) components Vj (in the
frame of reference of the external magnetic field H) when
the monomer unit of the chain locally rotates or reorients
the frame of reference of the principal axis of the static
EFG tensor. Substituting the protons of the PA chain
with deuterons also has the technical advantages of im-
proving the resolution conditions, avoiding the superposi-
tion of signals arising from protons being exchanged or
from residual protons in the deuterated liquids (water or
acetone) of the medium. The only problem associated
with such an experimental approach is the weakness of
the signal: this could be circumvented by integration
techniques, under conditions of high stability for the
phase of the receiver and of the magnetic field.

The paper is organized as follows. In Sec. II the exper-
imental results are presented for the quadrupole-
perturbed D-NMR spectrum of solid acrylamide (from
which the estimate of the EFG tensor at the deuteron
sites is obtained) and for D spectra and relaxation times
for gels along the collapse curve, by adding acetone up to
about 70% in the fluid, at constant temperature. For the
sake of completeness a few other results obtained for or-
dinary (nondeuterated) gels with deuterated water and
acetone are also recalled. In Sec. III we discuss the
motional averaging of the spectra and the D relaxation
rates, as resulting from some possible descriptions for the
segmental motions, and by considering the expected
changeover along the collapse curve. Summarizing re-
marks and conclusions are briefly presented in Sec. IV.

II. EXPERIMENTAL DETAILS AND RESULTS

A. Experiment

D3-acrylamide CD,-CD-CONH, (Cambridge Isotope
Laboratories), with a deuteration degree of 98%, was
used. After removal of the inhibitor, the PA gels, with
ordinary water, were prepared by following standard pro-
cedures.’ Some gels were left swollen as resulting from
the formation (R gels), while others were dried for about
2 days at 30°C and then swollen by addition of H,O. The
gels can be considered zero hydrolyzed (ZH) when only a
limited degree of spontaneous ionization, due to prepara-
tion and thermal effects, is present. After several months
from the preparation it was noticed that the R gels could
be further swollen; thus some spontaneous hydrolysis had
occurred and this can affect the degree of the collapse
transition® ¢ (from second order for ZH to a marked first
order in the case of strong hydrolysis). Other ZH gels
were prepared with ordinary acrylamide, with D,O and
eventually deuterated acetone, and used to study the con-
dition of the liquid medium.

The D-NMR measurements were carried out by means
of a Bruker MSL 200 pulse spectrometer. The constant
field H,, provided by the Oxford Superconducting Mag-
net, was set to about 5.86 T, corresponding to the
measuring D-NMR frequency of about 38 330 kHz. For
the measurements at lower frequency a standard Jeol
electromagnet was used. The strength of the rf field H,
could be increased up to about 100 G.
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For the D-NMR spectrum in solid acrylamide the qua-
drupolar echo technique!* [(90), -7-(90),] was used.
After acquisition of the echo signal at 27 (7 was set at 60
us, while the pulse length used was typically 3 us) Fourier
transform (FT) yielded the quadrupole-broadened powder
spectrum of deuterons in acrylamide. From this spec-
trum an order-of-magnitude estimate for the electric-field
gradient component ¥V, in the frame of reference of the
principal axes of the tensor was obtained, as explained
below.

In gels the free-induction decay (FID) can directly be
detected, the recovery time of the spectrometer being
around 5-10 us (for a 90° pulse width around 5 us). The
FT directly gives the D spectra in the gels.

The T, relaxation measurements have been carried out
by monitoring the recovery of the D nuclear magnetiza-
tion from the height of the FID following the 90° pulse,
after a saturating pulse. The recovery of the magnetiza-
tion was occasionally also detected by measuring the
height of the Zeeman echo signal,'* which in the case of
the narrow lines is mostly related to the inhomogeneity of
the constant magnetic field. The T';’s measured in the
two cases were practically the same. Above the collapse,
where the D-NMR signals are broader, the Zeeman echo
was no longer detected (the decay of the transverse mag-
netization being irreversible), and the recovery of the
FID signal was used to measure 7.

The T, measurements were obtained from the decay of
the Zeeman echo in the R gel and for concentrations of
acetone up to about 50%. For broader lines, where the
Zeeman echo was hardly detectable, T, was estimated
from the dephasing time of the FID signal, which is
directly related to the relaxation function for the trans-
verse D magnetization.

All the measurements were performed at room temper-
ature, without thermal stabilization (this could be respon-
sible for some differences observed in the relaxation rates,
in different runs, around the collapse condition).

B. Quadrupole-perturbed D-NMR spectrum in acrylamide

In Fig. 1(a) the D-NMR spectrum of solid acrylamide,
obtained from a FT of half of the quadrupolar echo sig-
nal, is shown. The spectrum evidences the static pertur-
bative effects of the quadrupole interaction on the Zee-
man levels. A quantitative analysis of these effects in
acrylamide is out of the scope of the present work. We
only observe that the spectrum is qualitatively in agree-
ment with the quadrupole effects expected for the deute-
rons in the CD, and CD groups. In fact the D spectrum
results from the distributions of two symmetric satellites,
corresponding to the +1<>0 transitions. For deuterons in
the CD, groups, from the results in malonic acid!® and in
solid glycine!® one expects e?qQ /h =~166 kHz and asym-
metry parameter of the EFG close to zero, while for the
CD one should have values around 180 kHz and 0.1, re-
spectively, as indicated by a series of measurements for
ring deuterons in benzene derivatives.

In light of the spectrum in Fig. 1(a) and of the above
considerations, one can assume for an order-of-
magnitude estimate of the EFG at the deuteron site in the



43 DEUTERIUM-NMR STUDY OF MICROSCOPIC EFFECTS IN . . .

(a)
100 kHz
(b)
(c) 10kHz
—

FIG. 1. (a) D-NMR spectrum for solid acrylamide, obtained
through FT of the quadrupolar echo, at v; =9700 kHz. (b) D-
NMR line in the reference PA gel (left swollen as obtained) at
v, =38 330 kHz, showing practically only the linewidth due to
the inhomogeneity of the field. (c) D-NMR spectrum, obtained
for an almost totally collapsed PA gel (concentration of acetone
in the fluid ¢, 2 60%), from FT of the FID signal, again at
v; =38330 kHz.

chains of the PA gels an average value of the quadrupole
coupling constant @, =e2qQ/h =27 X170 kHz and
asymmetry parameter close to zero.

C. D-NMR spectra in PA gels

In the presence of complicated and possibly anisotrop-
ic motions of the segmental units of the PA chains in the
gels, the analysis of the D-NMR line shape is expected to
yield information on the mechanisms and the rates of
such motions.!” Anisotropic motions should cause an
only partial average of the EFG components Vj, of the
static tensor in its frame of reference, leading to a residu-
al EFG tensor (Vg ). The distribution with respect to
the magnetic field H, of the axes of (V )., gives
broadening and structure of the D-NMR line.

As appears from Fig. 1(b), the NMR spectrum for the
deuterons of the CD, and CD groups in the PA chains, in
the R gel, shows a single, very narrow line. No residual,
staticlike quadrupole effects are observable. This remark-
able observation points out that, in spite of the restric-
tions related to the cross linking of the PA chains (due to
the bis-acrylamide), in times shorter than about 107% s
the monomer axes can take a practically isotropic distri-
bution, leading to the zero-order parameter. Only for a
gel well above the critical concentration of acetone for
the collapse (about 42%), is a significant broadening of
the D-NMR line observed [see Fig. 1(c)]: the spectrum
appears to be a superposition of a narrow line and a
broad one. The narrow line can be attributed to the
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deuterons of the CD, group, where fast reorientations
about the twofold axis should still occur.

The broad line, mostly from the CD group, reflects the
occurrence of a residual (V). and/or a slowing down
of the rate of the motions towards the rigid-lattice condi-
tion. For the moment we only remark that in the as-
sumption of a Gaussian line shape, from the width of the
broad component of the line in Fig. 1(c), one estimates a
spin-spin relaxation rate of the order of T '~3X10*
sl

D. D relaxation rates

The spin-lattice recovery plots in the R gels can be
fitted as the superposition of two exponentials, with
coefficients 2/3 and 1/3, yielding two effective time con-
stants (T';), 5 and (T ), 3. Correspondingly the echo sig-
nal following a (7/2,7) sequence of rf pulses exhibits a
fast decaying component and a slowly decaying one.

On the basis of the coefficients of the two exponentials
in the recovery plot one should consider (T,),,; as the
average relaxation time of the deuterons of the CD,
groups, while (T'), ,; pertains to the CD groups. Then,
for the R gel at room temperature, (T )cp, =3.6X107%s

and (T)cp=1.4X10"! s, while from the decay of the
echo (T2 )CD2=2-6X 10_3 s and (Tz )CD=07>< 10-1 S.

One should remark that the detectability of separate
time constants in the recovery plots indicates that a com-
mon spin temperature does not occur. This is consistent
with the small dipolar interaction between the deuterons
of the two groups. The relaxation rates of the CD, deute-
rons should be due mostly to the 180° flipping motion
around the twofold axis. From the value of (T')cp,, by
using for the relaxation rate the expression for liquids'®
T;'=T,'=}0}7, from the experimental values given
above, by taking for @y the value estimated in Sec. II B,
one derives a correlation time for the flipping motion
around 7, =6.5X 107 1%,

The relaxation rate of the CD deuteron reflects the
time dependence of the V4 components induced by the
motion of the segmental units of the chains, as will be dis-
cussed in Sec. III. In Fig. 2 we report the behaviors of
the deuterons’ relaxation along the collapse curve. The
CD, relaxation rates appear slightly affected by the col-
lapse. Only for concentration of acetone ¢ , much larger
than the critical one, is a decrease of T; ' by a factor
around 2 observed, as a possible consequence of the
modification of the potential barrier for the flipping
motion under strong shrinking of the gel. One can men-
tion that the behavior of the D relaxation rates as a func-
tion of ¢ 4 is similar to the one detected in high-resolution
proton NMR for the CH, group at 300 MHz.!° Also the
order of magnitude of the proton relaxation rate mea-
sured in the R gel'® can consistently be justified if one
uses for the correlation time the value 7,=6.5X1071% s
derived from the results for deuterons. In fact one can
write,!® in that case,

Ti'=0i[J(0)+4J 2w, )],

and by using for the spectral density the simple expres-
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sion J(w)=27,/(1+w*r?) and for the strength of the di-
polar interaction H;=w, /v, a value H; =py/d>=2G (d,
H-H distance), one expects for the proton relaxation rate,
as due to the flipping motion, at w; =27 X 300 MHz, the
value T1_1=3.5 s~ in satisfactory agreement with the
experimental value!® T7 '=3 s™!. We will no longer dis-
cuss the data pertaining to the CD, deuterons, while we
discuss extensively in Sec. III the relaxation mechanism
due to the reorientation of the axis of the segmental unit
of the PA chain with respect to H,, which is effective for
the CD deuteron.

E. Other miscellaneous results

A few measurements of other NMR quantities in the
PA gels that are useful for the discussion are briefly men-
tioned in the following.
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FIG. 2. Relaxation rate of the deuterons of the PA chains as
a function of the acetone concentration. The lines are guides
for the eye and refer to —-—.—., T{! for the CD group;
— — —, T; ! for the CD group; ——, T1 ! for the CD, group.
The critical concentration is expected around 42% , the gel be-
ing almost zero hydrolyzed (Refs. 4 and 13). The data reported
in the figure refer to the measuring frequency v; =38 MHz.
For ¢4=0% and c,=50%, the measurements performed at
vy =11 MHz show no sizable frequency dependence, within ex-
perimental error.
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The deuteron spin-lattice relaxation of D,O in ordinary
PA gel (with CH,-CH units in the chain) was measured
T;=0.4 s, close to the value T =0.45 s in pure D,0 and
in mixtures D,0-H,0.2° The diffusion constant of the
water in the gel, measured from the NMR echo attenua-
tion in the presence of the gradient of the magnetic field,
is D=2.25X10"° cm?s™!, also close to the value for
pure D,0.

Thus one is led to the conclusion that the dynamical
status of the large part of the water trapped among the
PA chains in the R gel is practically the same as the free
liquid. Only a thin layer of water bound to the “surface”
of the gel can exhibit different NMR behavior, as has
been shown from the ratio T, /T, for protons in blood
plasma gels, evidencing fractal-like effects.!*> Further-
more one should stress that the D relaxation rates for
D,0 did not show large variations up to concentrations
of acetone above the critical one, evidencing that the mi-
croscopic motions of the fluid are largely independent by
the dynamics and the progressive shrinking of the poly-
mer chains.

III. ANALYSIS OF THE D RELAXATION RATES
ALONG THE COLLAPSE CURVE

In Fig. 2 one notes the following relevant features: (i)
T7!' and T5' do not show a strong variation on ap-
proaching the critical concentation ¢%; (i) the ratio
T,/T, is almost constant for ¢, <c$'; (iii) only well
above the collapse a dramatic divergence in T; 'and, to a
less extent, in T, 1 occurs and then the ratio T,/T,
changes significantly.

The relaxation process of the CD deuteron is mostly
driven by the time dependence of the VL components in
the frame of reference of the magnetic field induced by
the motions of the =¥ frame of reference of Vjx.

According to the evaluation of the static EFG tensor
given in Sec. III B one can assume Vi, =eq= fiwg / eQ
and Viy= VYY——-—ﬁwQ/ZeQ with 0y =27X170 kHz.
The D relaxation rates can be written'®

1/T; =4

e2Q?2/#)J (0, )+4J,(20; )] (1a)

and

1/T,=L(e2Q2/#)[9J(0)+10J(w, ) +4J,(20, )] ,

(1v)

where J, are the spectral densities for the correlation
functions of ¥y, V;, and V,, these latter ones being the
EFG functions Vy=V1, =(VE—ivf), and

= ‘(VH - VH)—-zVH One obtams
L=V, 12) [eTiog (ndt

where g,(t) are the normalized correlation functions for

. @=0,1 2) and (|V,|?) the ensemble averages. By
wr1t1ng the V k components as a function of Vi through
the Euler angles specifying the orientation of Z¥ with
respect to 3= for our case one obtains!'®%
(v =(V31Y=3V2,/10 and (|Ve)=2V2,.
Then, Egs. (1) can be rewritten



1/T, =30}l (0,)+4J(20,)] , (2a)

1/T,= 2505[3J(0)+5J (0, ) +2J(20,)] (2b)

where, in view of the isotropic distribution of the chains
with respect to Hy we have introduced a single spectral
density J(w), which can be thought to involve the corre-
lation function {(n(0)n(¢)) of a unit vector n describing
the random motions of a segmental unit.

One can remark that the condition of fast motions
compared to w;, yielding the usual simplifications
J(w;)=J(20; )=J(0) in nonviscous liquids,'® does not
necessarily hold in PA gels. In fact, for the long-
wavelength components of the collective excitations, the
hydrodynamic result for the decay rate of the fluctua-
tions, namely FqEqu, can be used, with D collective
diffusivity of the gel. By considering for the minimum
wave vector, a value around q;,=27/(2dn)=3X10°
cm ! (d is the length of the segmental unit, n is the aver-
age number of monomers between links), and for D
values?! around 1077 cm?s™!, one estimates T, in the
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MHz range. Therefore in the evaluation of the spectral
densities in Eqgs. (2), in principle one has to retain the full
frequency dependence.

In view of the complex features of the segmental dy-
namics one can specialize J(w) only through rather dras-
tic assumptions and by extending models of motions that
have been proven suitable for similar circumstances or
systems. In particular, one can try to extend the picture?
for concentration fluctuations of macroscopic character,
as used in the interpretations of light-scattering experi-
ments. Thus one can tentatively assume for J(w) a super-
position of Lorentzian-like functions, each with a charac-
teristic frequency Iy, describing the density fluctuations
in the PA network in the form of overdamped phonons.
The frequencies I, should go’ as

Dg? for 0<q=<gqp,

r (3)

¢+~ |Dg’/g5 for =g,
where gr=R; ! (Ry is the Flory radius) and D is the
cooperative diffusion constant. In this way, by integrat-
ing over q the spectral densities in Egs. (2), one obtains

2 2 0 2 2 2 )
10} — +V2Kqp+K +2Kqp+2K V2K
Trlzi 93 30g, — 12V 2K Llnqg “2F 5 L nqi ar 2+larctan—2—‘qf2—
80 Dg,) 16 g}—V2Kqp+K 2V2  gi—2Kqp+2K 8 K“—gqr
K ( 6+ 2K4)( '?'_*_4 2K4)
+L_arctan% +grIn q,,; q,; 7 q6 qu n , (4a)
V2 2K“—qf (gp+qrK*)qp+4qzK™)
with K =(w; /D)"/? and
2 2 0 2 2 2 5
15} — +V2Kqr+K +2Kqp+2K V2K
T;1:—3 93 30gr—4V'2K —5—1an —ar 3 - nqi o 2+‘l—af°‘an*z—@z‘
160 Dg} 16 g7—V2Kqp+K?> 4V2 q}—2Kqp+2K*> 16 K*—qjp
K 6+ 2K4 6+4 2K4
+-5Tarctan% +qgp 51nq'g q; p nq';' ql; 7
V2 2K"—qy qgrtq7K qr t49rK
+6qp 1 +In2m (4b)
qr
r

In the limit w; —0, Eqs. (4) reduce to the ones already
considered for the dipolar relaxation mechanism.!* The
frequency dependence of the relaxation rate expected on
the basis of Egs. (4) is rather steep for w; =<27X 10 MHz,
for D==10"7 cm? s~ ! corresponding to K less than the
maximum wave vector ¢, =m/2d. However, for
oy 227X 10 MHz the w; dependence of the relaxation
rate is weak, roughly of the form T; !« w; /2. This is
the result of the broad distribution of the effective corre-
lation frequencies T',.

A test of the applicability of Eqs. (4) on the basis of the
measurements at various frequencies is hard to carry out
for practical reasons: for deuterium v; cannot be in-
creased above =~40 MHz, while at low frequencies the
signal-to-noise ratio becomes severe, even for a large
number of acquisitions. Measurements carried out at
vy =11 MHz, for ¢ ,~0% and c ,~50% do not show

appreciable variations with respect to the data v; =38
MHz (see Fig. 2). A more realistic test is based on the
concentration dependence along the collapse curve. On
approaching ¢ one expects* the diffusion constant D
[D] to decrease roughly as [D ]« |c , —c 5| as a result of
the critical slowing down of the density fluctuations in
the gel network. No evidence of a sizeable dependence of
the relaxation rates on approaching ¢t from below is
observed (see Fig. 2). For T, the lack of this dependence
could be due to a compensation of effects of the modes
having 'y 2w, and these with T')<w;. T, should
reflect the slowing down of the decay rate. In fact, from
Egs. 2(b) and 4(b), by considering only the term in J(0)
that should dominate around the collapse, one can write

T; ' = 305J(0)=3(qp/Dg,)ay - (5)
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No evidence of such a divergent term is observed in the
experimental data, the ratio T, /T | remaining practically
the same for ¢ , ~c5". One is led to the conclusion that
the picture of overdamped modes cannot be extended to
include the high wave-vector excitations, even though the
proper modification in the dispersion relation I'y =T, (q)
is taken into account [see eq. (3)]. In other words, the
motions of a subunit of the PA chains cannot be con-
sidered the integrated effect of all the ¢ modes, which for
g =0 exhibit critical slowing down. This conclusion,
joined to the observation of a D-NMR line indicating iso-
tropic motions, suggests that local modes, weakly cou-
pled to the density fluctuations of the PA network, de-
scribe the dynamics of the segmental units. In terms of
wave vectors the local modes can be thought of as having
g of the order of the inverse monomer length and this
causes the most effective variations in the EFG functions.
Therefore for the analysis of the behavior of the relaxa-
tion rate along the collapse we turn to a local model, sug-
gested by an analogous description for the relaxation
mechanism in polymer solutions?*?* and corresponding
to the diffusion of bond orientations along the PA chain.
The spectral density involves correlation times for three-
bond jumps and for isotropic subchain motions*>?* and
from the optimization of the parameters in polymer solu-
tions, a single effective correlation time 7, can be intro-
duced.?>!® Then

J(@)=7,{[V5(p+1)"">9+p)/10p]—1} /10,  (6)

with p2=1+w?72. In view of the slight, if any, frequency
dependence observed for v; <38 MHz one deduces p =~ 1.
Therefore in Egs. (2) one can assume J(»)=J(0)=~0.27,
and T '~ JwhT,, which fits the experimental data in
Fig. 2 for 7,~2X 107! s, a value consistent with the
ones measured in polymer solutions.

In this simple picture of local conformational motions,
unaffected by the critical density fluctuations, one can
justify the insensitivity of the relaxation rates on ap-
proaching ¢, For ¢, >c$™, possibly as a consequence
of the shrinking, the effective correlation time 7, becomes
longer, the relaxation rates increase, and the ratio T', /T,
changes strongly, in view of the presence of J(0)>J(w, )
in Eq. (2b). In particular the maximum value of T ! is
obtained for 7, ~1.73/w; yielding (T{!),,,~200s" ! in
substantial agreement with the experimental findings.
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TZ_] continues to diverge until 7, reaches the value a)él,
namely in the slow-motion regime where motional nar-
rowing occurs and Eq. 2(b), based on the weak-collisions
approach, would lose its validity; for 7,Zwgy' the
linewidth reaches the rigid-lattice condition. The max-
imum value of T,! is expected around
T; '=90,/160=6X10* s~!. The sizeable, but not total,
broadening of the linewidth observed for ¢ , =60% [see
Fig. 1(c)], where T, '=2X10"* s™!, also supports the
above estimates.

IV. SUMMARIZING REMARKS AND CONCLUSIONS

In the PA gels the medium is essentially in the condi-
tion of a free liquid, the relaxation times and the diffusion
constant being practically equal to the ones in ordinary
water. This is true up to concentrations of acetone of
around 55%.

While the macroscopiclike motions of the gel, corre-
sponding to diffusional g =0 excitations of hydrodynami-
cal character, exhibit slowing down and critical behavior
on approaching the collapse, the microscopic motions of
the segmental units of the PA chains do not show critical
effects. The relaxation rates (an average of a possible dis-
tribution) are at relatively high frequency and stay practi-
cally constant along the collapse. The dynamics of the
segmental units is described by practically isotropic local
modes weakly coupled to the density fluctuations of the
PA network.

Above the collapse, possibly as a consequence of the
shrinking, the effective correlation time of the local con-
formational modes becomes longer and the components
of the spectral density at low frequency dominate.

ACKNOWLEDGMENTS

Fruitful discussions with A. Deriu (University of Par-
ma) are gratefully acknowledged. One of us (A.R.) also
acknowledges useful discussions with R. Andrew and T.
Mareci (University of Florida). One of us (F.T.) has car-
ried out this work with the support of the International
Center for Theoretical Physics, Program for Training and
Research in Italian Laboratories, Trieste, Italy. The
research has been sponsored by Istituto Nazionale di Fisi-
ca Nucleare (INFN) and partly supported by GNSM-
INFM, Ministero Pubblica Instruzione (MPI), Italy.

ISee T. Tanaka, Physica A 140, 261 (1986), and references
therein.

2P. G. de Gennes, Scaling Concepts in Polymer Physics (Cornell
University Press, Ithaca, NY, 1979).

3T. Tanaka, S. Ishiwata, and C. Ishimoto, Phys. Rev. Lett. 38,
771 (1977).

4T. Tanaka, Phys. Rev. A 17, 763 (1978).

SA. Hochberg, D. Nicoli, and T. Tanaka, Phys. Rev. Lett. 43,
217 (1979).

6T. Tanaka, D. Fillmore, S.-T. Sun, I. Nishino, G. Swislow, and
A. Shah, Phys. Rev. Lett. 45, 1636 (1980).

’T. Tanaka, E. Sato, Y. Hirokawa, S. Hirotsu, and J. Peeter-

mans, Phys. Rev. Lett. 55, 2455 (1985).

8H. D. Middendorf, F. Cavatorta, A. Deriu, and U. Steigen-
berger, Physica B 156, 456 (1989).

9See various contributions in Local Properties at Phase Transi-
tions, edited by K. A. Muller and A. Rigamonti (North-
Holland, Amsterdam, 1976); see also F. Borsa and A.
Rigamonti, in Magnetic Resonance at Phase Transitions, edit-
ed by F. Owens, C. P. Poole, and H. A. Farach (Academic,
New York, 1979), and A. Rigamonti, Adv. Phys. 33, 115
(1984).

19G. Albanese, A. Deriu, F. Uguzzoli, and C. Vignali, Nuovo
Cimento D 9, 319 (1987).



43 DEUTERIUM-NMR STUDY OF MICROSCOPIC EFFECTS IN . .. 6893

110. Lavigne, these de doctorat, Université de Paris VI, 1986.

2R . Blinck, O. Jarh, A. Zidansek, and A. Blinc, Z. Naturforsch.
A 44, 163 (1989).

I3F. Tabak, M. Corti, L. Pavesi, and A. Rigamonti, J. Phys. C
20, 5691 (1987).

143, H. Davis, K. R. Jeffrey, M. Bloom, M. 1. Valic, and T. P.
Higgs, Chem. Phys. Lett. 44, 390 (1976); see also T. M. Bayerl
and M. Bloom, J. Magn. Res. 88, 257 (1990).

I5SW. Derbyshire, T. C. Gorvin, and D. Wanner, Mol. Phys. 17,
401 (1969).

16R. G. Barnes and J. W. Bloom, J. Chem. Phys. 57, 3082
(1972).

I7R. J. Wittebort, E. T. Olejniczak, and R. G. Griffin, J. Chem.

Phys. 86, 5411 (1987).

185 McConnel, The Theory of Nuclear Relaxation in Liquids
(Cambridge University Press, Cambridge, 1987), Chap. 9.

19T. Mareci and L. Pavesi (unpublished).

20G. Bonera and A. Rigamonti, Nuovo Cimento 31, 281 (1964).

21T, Takebe, K. Nawa, S. Suehiro, and T. Hashimoto, J. Chem.
Phys. 91, 4360 (1989).

22F. Heatly and B. Wood, Polymer 19, 1405 (1978); F. Heatly
and M. K. Cox, ibid. 18, 225 (1977); F. Heatly, A. Begum, and
M. K. Cox, ibid. 18, 637 (1977).

23B. Valeur, J. P. Jarry, F. Geny, and L. Monnerie, J. Polym.
Sci. Polym. Phys. Ed. 13, 667 (1975); 13, 2251 (1975).



