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The structure of polyacrylamide gels was studied using proton
spin—lattice relaxation and PFG diffusion methods. Polyacryl-
amide gels, with total polymer concentrations ranging from 0.25 to
0.35 g/ml and crosslinker concentrations from 0 to 10% by weight,
were studied. The data showed no effect of the crosslinker con-
centration on the diffusion of water molecules. The Ogston—-Morris
and Mackie—-Meares models fit the general trends observed for
water diffusion in gels. The diffusion coefficients from the volume
averaging method also fit the data, and this theory was able to
account for the effects of water-gel interactions that are not ac-
counted for in the other two theories. The averaging theory also
did not require the physically unrealistic assumption, required in
the other two theories, that the acrylamide fibers are of similar size
to water molecules. Contrary to the diffusion data, T, relaxation
measurements showed a significant effect of crosslinker concen-
tration on the relaxation of water in gels. The model developed
using the Bloch equations and the volume averaging method
described the effects of water adsorption on the gel medium on
both the diffusion coefficients and the relaxation measurements. In
the proposed model the gel medium was assumed to consist of
three phases (i.e., bulk water, uncrosslinked acrylamide fibers, and
a bisacrylamide crosslinker phase). The effects of the crosslinker
concentration were accounted for by introducing the proton par-
tition coefficient, K®9, between the bulk water and crosslinker
phase. The derived relaxation equations were successful in fitting
the experimental data. The partition coefficient, K9, decreased
significantly as the crosslinker concentration increased from 5 to
10% by weight. This trend is consistent with the idea that bisac-
rylamide tends to form hydrophobic regions with increasing
crosslinker concentration. © 1998 Academic Press

Key Words: polyacrylamide gels; PFGNMR; water self-diffu-
sion; T, relaxation.

INTRODUCTION

A detailed understanding of the structure of hydrogels an
the dynamics of molecular motion of solutes in hydrogels i
important for a number of applications in biochemical separe
tion, including gel permeation chromatography and gel elec
trophoresis, and for biomedical drug delivery processes th
use hydrogels as carriers. In addition, hydrogels have potent
as experimental models of biological tissue. Hydrogel struc
tures in general have been analyzed by a number of metho
including dynamic light scatterindl{-3), electron microscopy,
laser light scattering4), small angle X-ray scatterind3(5),
osmotic swelling §—8), atomic force microscopy9j, NMR
imaging 0), NMR T, andT, relaxation methodsl(—14, and
magnetization transfer method45c17. Despite the wide
range and number of these studies, there remain some ve
important unresolved issues concerning the structure of the
gels and the relationships between gel structure and diffusi
transport within the gel.

One of the most extensively used and studied hydrogels
polyacrylamide. Polyacrylamide gels are synthesized by cher
ical or photochemical crosslinking of the bifunctional
crosslinking agent, bisacrylamide, with the acrylamide monc
mer. The structure of crosslinked hydrogels has been inte
preted within the context of a random network of fibers fol-
lowing the early work of Ogston1@). Ogston’s original
analysis has been applied and extended extensively within t
gel electrophoresis and gel chromatography literatii®e-23.
Gel structure also has been interpreted within a broader ran
of structures to include distributions of variously shaped pore
(24, 25. Richards and Temple26) applied and extended the
Ogston theory to the analysis of the structure of crosslinke
polyacrylamide gels in order to account for the effects o
crosslinker concentration on the microscopic structure of th
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lead to clustering and clumping of microscopic regions of th
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less water-soluble bisacrylamide. Further support for the exigdamide, and bulk water. The method of volume averaging i
tence of microscopic (i.e., on the nanometer length sca)plied to the Bloch equation52) for the bulk magnetization
heterogeneities within polyacrylamide gels has been providerthe three domains. Transport in the bulk fluid and adsorptic
by light scattering studies3(5, §. These studies indicate theof water to the acrylamide fibers and bisacrylamide domair
existence of heterogeneous domains whose sizes vary with e included in the Bloch model, following the work of Cohen
amount of crosslinker. As the crosslinker concentration i@nd Mendelson53-55. The averaging process leads to ex-
creases, the scattering results have been interpreted as ephessions for the effective diffusion and relaxation coefficient
the development of increasingly thicker fiber strands of acryds functions of the specific solute—gel interaction paramete
amide b) or as increasing-diameter globular regions of lesnd the geometry of the gel matrix. The water self-diffusior
water-soluble bisacrylamide3), The exact nature of thesedata obtained by NMR is compared to the above mentione
structures and the effects of crosslinker concentration on théseory as well as to several other theories found in the liter:
structures have not been fully confirmed. ture, andT, relaxation data are interpreted in the context o
Diffusive transport of large and small solutes in hydrogelglume averaging theory.
has been studied by gel permeation chromatografiiy9,
diffusion cells @0), light scattering 81, 32, 33, pulsed field
gradient NMR 84-37%, and other methods3g). Diffusion of
solutes in h_ydrogels is (_axpected to depend upon the size of &1& Preparation
probe relative to the size of the pore spaces in the gel, the
geometry of the gel structure, and various physical/chemicalPolyacrylamide hydrogels were synthesized by copolyme
interactions between the probe species and the gel matrix.idation of acrylamide with the tetrafunctional crosslinking
order to account for probe size, the Ogston theory has besmgent,N,N’-methylenebisacrylamide (Bis) by redox reaction,
extended to diffusion (and electrophoresis27,28,39 using the reagents ammonium persulfate (APS) and tetrame
whereby the partition coefficient has been equated to the raglethylenediamine (TEMED). Gels were prepared from con
of the diffusion coefficient in the gel to that in free solutioncentrated (30 or 40% (wt of polymer/100 ml)) stock solutions
Other approaches, including hindered transport the#dy41), of acrylamide and crosslinker (%T) (Bio-Rad) and appropriat
have also been used to describe the effects of solute sizeanmounts of 500 mM tris(hydroxymethylaminomethane) (Tris
diffusion. Experimental data typically has been interpreted diuffer solution and deionized water. Buffer solution was pre
the basis of a stretched exponential equati@8, 42—44 pared by dissolving tris(hydroxymethylaminomethane) (Bio
which can be justified theoretically through comparison witRad) in deionized water and addi® N HCI to obtain pH 6.8.
Monte Carlo simulations or derived using a specific arrang@he final concentration of buffer solution in the gels was 12!
ment of a unit cell. Despite these studies, a full range aiM Tris.
experimental measurements on probe diffusion in polyacryl-For PFG diffusion measurements, the concentration of tt
amide gels as functions of gel composition, includingionomer was varied between 2.5 to 35 (%T) (weight o
crosslinker density, has not been reported; in addition, therylamide+ Bis/100 ml solution). For spin—lattice relaxation
effects of media geometry and solute—gel interactions have ma¢asurements, the concentration of monomer was varied
been incorporated within one comprehensive approach. tween 2.5 and 20 %T. The crosslinker concentration was varie
In order to account for the effects of media geometry and dge¢tween 0 and 10 %C (weight percent of crosslinker/weight
interactions of small solutes diffusing in porous structures, tlaerylamide+ bisacrylamide). Sample solutions were brough
method of volume averaging pioneered by Whitalk#s,49 to and maintained at room temperature (23°C) by water ba
can be used. The volume averaging approach also has beenbation for 20 min prior to and during a 15-min vacuum
applied to transport in porous media where the solute hdsgassing. The reagents APS (0.1 g/ml) and TEMED wel
adsorptive interactions with the matrig{—49. While adsorp- added in microliter amounts immediately after the degassin
tion effects may be expected to play a major role on diffusiohll reagents were analytical grade and purchased from Bic
in gels, current theory indicates that diffusion in isotropi®ad (Hercules, CA).
media may be less sensitive to the exact arrangement of th&or PFG diffusion measurements gels were cast in microg
physical elements of the medi&Q, 5. pette capillary tubes (#21-164-2H, Fisher Scientific, Pitts
The present study seeks to address the specific effectsbofgh, PA). For spin—lattice relaxation measurements, ge
probe interaction with the gel and gel structure on the diffusiomere cast in Wilmad Glass (Buena, NJ) 5.0-mm-diamete
of water by applying the method of volume averaging to thieMR tubes. Gelation in both the capillary and 5.0-mm tube:
analysis of protorT, relaxation and PFG water self-diffusionoccurred within 30 min at room temperature (23°C). Gels wer
data in polyacrylamide gels with various acrylamide aniéft overnight before any NMR measurements and were store
crosslinker concentrations. A detailed model of the polyacrydt 4°C under high humidity. Gels used in this study were nc
amide structure is proposed whereby the gel contains thmeashed or soaked in water prior to the measurements. Tht
regions: the acrylamide fibers, regions of concentrated bisgleey are considered to be incompletely swollen gels.

MATERIALS AND METHODS
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240 Spin—Lattice Relaxation Measurements
25 | ® oms 'H spin—lattice relaxation measurements were performed
100ms a Bruker -MHz spectrometer coupled with a 7.05-
S om Bruker 270-MHz spectromet pled with a 7.05-1
0l v ;‘:‘;;Z;M (charged to 6.3 T) 89-mm-bore Bruker magnet. Experiment

were conducted at 28°CI; relaxation measurements were
obtained using the inversion-recovery pulse sequence. A
measurements were obtained using eight scans with an inti
vening 15-s delay. A total of 30—40 data points were collecte
as a function of recovery timg which was varied between
0.001 and 13 s, and in general the increments were not equa
spaced.

Spin-lattice relaxation measurements were also obtained f
125 mM Tris buffer solution, which is the final concentration
of buffer in gels. The relaxation timd,;, for buffer solution
only was obtained using a three-parameter fit to the equatic

0.06+0 5.0e+8 1.00+9 15049 M t
PG AB/3-2) M, 1—kexp — | [2]

FIG. 1. Normalized echo intensity as a function of the gradient strength at
A =10, 50, 100, 900 ms. wherek is ideally equal to 2. Fitting the data for 125 mM Tris
solution to Eq. [2],k was equal to 1.89 andl, was equal to
3.97 s.
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Determination of Diffusion Coefficients Using PFG NMR
DERIVATION OF MAGNETIZATION RECOVERY
EQUATIONS FOR PROTON RELAXATION
IN GEL MEDIA

Diffusion of water molecules in polyacrylamide gels and
solutions were studied using a 600-MHz Bruker DMX spec-
trometer coupled with a 14-T 89 mm-bore Bruker/Magnex

magnet. The experiments were conducted at ambient temperPolyacrylamide gel is considered in the present study as

ature (approximately 25°C). The diffusion measurements Wefgeq phase porous medium, consisting of uncrosslinked pol
performed using the bipolar pulse pair (BPP) longitudingly|amide fibers, semipermeable clusters of the bisacrylami
eddy-current delay (LED) stimulated-echo sequers®69 ¢ oggjinker, and free water in the void phase between the otk
which effectively eliminates the effects of eddy currents ar}%gions (Fig. 2). This model is based upon previously put

sample-induced background gradients. Diffusion coefficientsheq experimental and theoretical resuBsg, 29 that indi-

were obtained usingg) cate that the crosslinker can form a separate, less water-solu
phase.

A(G) The proton magnetizatioM,, M;, and M within the bulk
n—— water volume, on the surface of the fibers, and in the cluste
A(0) of crosslinker, respectively, are described using the Bloc
= —282G?D (A — 8/3 — 1/2), 1] e_quations %2). _The prc_)t_on magnetizatipn is directly_propor—

tional to the spin densitiel;, N, andN; in the bulk fluid, on
the surface of the fibers, and in the clusters of crosslinke
whereA(g) andA(0) are the echo intensity in the presence angspectively. The decay of proton magnetization occurs as
absence of the gradients respectively, is the gradient result of spin relaxation in the bulk liquid phase, in the cluster
strength,8/2 is the duration of the gradient pulsb, is the of crosslinker, and at the surface of the fibers, and is also du
diffusion coefficient,r is the time interval between the succesto the diffusion in the bulk and in the crosslinker phases. A
sive pulses, and is the time interval between the successivehown in Fig. 2, the gel medium consists of two main phase:
gradient pairs. The measurements were performed by varyihg « phase, which is composed of bulk water and the acry!
the gradient strengtfs. The gradient pulse duratiohwas 2 amide fibers, and th@ phase, which consists of clusters of
ms, and the time interval& equal to 10, 50, 100, and 900 mscrosslinker. In order to solve for the effective relaxation con
were used with each gradient stren@@hRepresentative datastant in this medium, the volume averaging method develope

are shown in Fig. 1, which depicts the logarithm of normalizeloy Whitaker and co-workers46, 50, 60—6p was applied to

magnetization intensity as a functiong#6°G*(A—8/3—1/2) for  the Bloch equationss5@). This methodology allows for conve-

20% T/5% C gel withA equal to 10, 50, 100, and 900 ms. nient and rapid estimation of the effects of structure an

y(86G, A) =1
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Averaging Volume, Vr in the bulk water and on the surface of the fibers, gpds the
unit normal directed away from the surface. In Eq. [5] the firs
term on the right-hand side is the surface diffusion term, th
second reflects the relaxation on the surface of the fibers, a
the third term reflects the proton transfer rate from the surfac
Y~ of the fibers to the bulk fluid. Cohen and MendelsB8)(have
\ B phase . . . .
previously shown using order of magnitude estimates that tt
fiber surface diffusion ternd;V>M, is small in comparison to
the rest of the terms in Eq. [5], and can be neglected.
In order to obtain a one-equation model for the entire sys
Length between tem, the above equations must be volume averaged imthe
Clusters, 1, . . . .
o phase phase (Fig. 2) and then combined with the averaged equatio
l in the B phase (Fig. 2). For the3 phase, consisting of

Length of
Clusters, Ig

Fiber Length, I c_rosslinker clustgrs, the governing equation contains the difft
sion and relaxation terms

St =DM = T in v, [6]

ot

Bulk Water, | Phase Averaging Volume, V,, whereDy is the proton diffusion coefficient in the crosslinker

FIG. 2. Gel medium model, composed of bulk water and fibgrphase, phase,T_lB iS_ the relaxat_ion time (s), and ; is the asymptotic
and crosslinker cluster phase, magnetization. At the interface between the two phases, tl
diffusion fluxes are equal as given by

water-gel interactions on the observable properties of the
medium including the diffusion and effective relaxation
parameters. Thex phase (Fig. 2) is subdivided into two
“microphases™ consisting of uncrosslinked fibers of polywheren,,, is the unit normal directed from th@phase into the
acrylamide f, and bulk water|. The appropriate Bloch equa-o phase.D%; is the effective diffusion coefficient in the

_r_]ﬁoc' DBY'VIB = _nBa. DgffyMa atAan [7]

tions 62) for this phase are phase, and/, is the magnetization in the phase, obtained by

volume averaging the magnetization over the f and | phase

oM, , (M, — M) Since theB phase is assumed to be permeable, at the interfa

St~ DVM - T, " Vv [38]  between the two phases the magnetization density differen
between thex and B8 phases is equal to the diffusive flux from

—0¢ D YM, = o(PM, — M) atAy (4] the B phase

oM M; — M¢

My ooy, (M= M)

ot Ty —Ng,* DgVMg = B(My; — K*M,,) atA,, [8]

+ O'(PM| - Mf) atA|f. [5]

whereB is the rate coefficient for transfer into tigephase, and
Cohen and Mendelson53) considered a similar problem;K®%is the equilibrium distribution coefficient into thgphase.
however, their approach did not utilize the volume averaginghen the governing equations for tigephase are combined
method to derive the effective transport and relaxation paramith the averaged equation for the phase, the problem
eters and they did not include thephase equation in combi- becomes similar to that developed by Ocletaal. (63) for
nation with the magnetization equations for the crosslinkeellular media with reaction and diffusion in two phases.
phase,B, introduced later. In Eqgs. [3]-[5P, and D; are the In order to relate magnetization in thendf phases to the
diffusion coefficients of protons in the bulk fluid and on thenagnetization density of the entire sample, which is the me:
surface of the fibers, respectively;* and T;;* are the bulk sured quantity, the first step requires obtaining the avera
and surface relaxation times; is the detachment rate permagnetization in thex phase. For any point in theand |
proton of protons on the surface of the fibers, &his the phases, there is an associated averaging vol\mé&,he phase
adsorption coefficient to the surface of the fibé$YMF9. M" average quantities are obtained by averaging the governil
andM{ are the asymptotic magnetization values of the protorguations. For thé phase, one has
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L[ e| (M)
v. | ot @V at
Vi
| 1
1 M d 1 (M|—M,°°)d _ =D/V- Y(€|<M|>)+\7a M dA
—Va D|V M, V—Va T VinV,. [9] Ar
Vi Vi

1
. . . +Dig | e VMDA = ki(e(M))' = M[") inV,
The length scales associated with the averaging volume are Vo

discussed in detail by Carbonell and Whitaké6)( The main
requirement is that the radius of the averaging volume be large
in comparison to the lengths gfandl;, and small in compar-
ison to the length scalé,,, over which significant changes in
the average quantities occur:

At
(14]

results, where the phase average magnetization deivitys
replaced with the intrinsic average quantiiy),)":

(M) = (M) inV,. [15]
[ <ry<L, [10]
li<ro<L, [11] ::reeI is the volume fraction of the bulk liquid phase, defined
Since the spin—lattice relaxation measurements are obtained vV
using various time delays (0.001-12 s) between the RF pulses, € = V—' [16]

thery value, using, = (2Dtye0) "% ranged from 2 to 23gm.
The half-length of the RF colil,,, surrounding the sample was ) -
0.5 cm. The length of the fibers, is of order of 1 nm §4). The asymptotic valud|” is a constant and does not change

Since the maximum crosslinker concentration was 10% C, tWéth'n the gveraglng vqlume. .

space between the fibellg, is not expected to exceed 50 nm By following the solgtlon methodology outlined by Ocheia

(65). Thus, the constraints given by Eqgs. [10] and [11] are full . (63)’_ the one-equation model for thephase can be shown

satisfied in the present study. It is very important to note th be given by

the length scales for the averaging volume are on the micron

scale and thus information on the nanometer length scale(.E

cannot be directly determined from this type of measurement." '
The phase average magnetization density inltpaase is

oM.,
+ P - €|P) W

defined as =DV- [e.YMa + \e/lj DIfMIdA}
l At
1 . A
<M|>:va M|dV N V|. [12] —(ka(l—El) +k|EI)Ma+(V)kf(M;O) +k|(M|oc),

Vi
[17]
The phase averages are defined similarly at the surface of the ~ . . - -~ |
fibers. The phase averaged governing magnetization equat\f\}'cbnereM' is the gpatl_al dev_|at|on termM, = M, — {M,)}. The
: surface relaxation tim&;; is replaced by the reciprocal &f,
in thel phase becomes ) . o
the relaxation rate constant, and, is the equilibrium
weighted spatial average magnetization in thphase, given

a<(;\:|.> = D(VEM) — k(M = M7) inV,. (23] Y

1
M, = (M) + = (M) inV,. 18
Here, the bulk fluid relaxation timeT,, is replaced by the «= &M+ (M7) in Ve [18]

reciprocal ofk;, the relaxation rate constant, and subscript | is

dropped from this point on for convenience. The relaxation rafguations similar to that of Eq. [18] have been obtained fo

constank; and the diffusion coefficierd, are assumed to havelocal mass equilibrium by Whitakerd{) for a multiphase

negligible variations in thé phase. diffusion and reaction problem or for local thermal equilibrium
By applying the volume averaging theoredb( 66 to the (67) in multiphase conduction problems. He¢Bly) is the

governing magnetization equation in thphase, the equation magnetization density at the surface of the fibers. The surfa
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relaxation rate constank;, proton detachment rater, and Volume Averaging in ¥and the One-Equation Model
equilibrium coefficient,P, are assumed to have negligible
variations at the interfacéy,. In addition, the intrinsic average
magnetization{M, ), is assumed to be a constant at the inte
face. This assumption was investigated previoudl§) (and
shown to be a valid approximation, provided

The system of equations for theand 8 phases (Eqs. [20],
LG] —[8]) is similar to the problem solved by Oche4 al. (63)
involving diffusion and reaction in cellular media; however,
the present system includes three relaxation terms and t
adsorption factorp.
5 Following the previously outlined methodology for thend
(ro) <1, [19] f phases, the governing equations for shend3 phases can be
L volume averaged iv; (Fig. 2). As before, the magnetization
density equations for the and phases are expressed in terms
For the system studied, this constraint is easily satisfied: Singfethe intrinsic phase average magnetization densi{Mdg)*
the maximunr, value is 250um, andL,, is 0.5 cm, the ratio and <MB>B The resulting equations are combined into the
(rgL)? = 0.002< 1. one-equation model using the following expression:
Analogous to the development of Nozatlal. (60), one can
define a closure problem for the local deviation teiv, and
express the governing equation for thg@hase in terms of the (M) = €(Mo)" + e ex(Mp)P. [23]
effective diffusion and reaction terms

a

The governing one-equation model for the diffusion and relax

ag{{'a — D& VYM, — ke ation rate constant in the porous medium becomes
A (M) .
(M) + gcaar) T = DI YUY — KL (M) — M3, [24]

TBANV,) + (1—P(AN,) 120
whereD is defined as

1
(€, + Kkep)l + \/Tj
A

where the effective diffusivity and relaxation rate constants are
defined by

o
T eff

1
Dex = (en + Ke,) > (Nag

1

B

=gff € 1
D &(1—P(ANV,)) +P(ANV,) (l J Du'fdA) [21]
At

K 1
+9gn.g) dA + VTJ 5 (Dagh + hngy)dA | [25]
. P(AIV K + €(k — P(A/V,)k) Ao
= "P(AIV,) + (1L — P(AIV,)) [22] i 3 _
andkg+ andM & are defined as
The expression for the vector functiof,can be obtained by N o
solving a closure problem similar to that of Nozetal. (60). K, = ei€a + K*Kgep
It must be noted that the porosity in the present system does not €, T K%eg
vary over the macroscopic domain since the polyacrylamide 1 P(AIV, )k + €(k — P(AIV, k)
gel is uniform on this scale. In addition, since there is no = s [( . — . )ea
diffusion in the fiber phasd, the solution in thex phase is €a T K PANV.) + &1 = P(ANV.))
defined only by the closure problem in thphase. The vector
field, f, is a function ofs, (PAV,), and D,. Whitaker @7) + Keqkees] [26]
discusses in detail the constraints necessary to show under
what conditions the closure problem is independent of the,,.. _ 1
adsorption and relaxation processes. Furthermore, if the effects " T klg(e, + K®ep)
of cell geometry are ignored (< 1), the diffusion coefficient A
is a function of the ratioRA/V,) and porosity,. It is inter- ((V) kM + k.M,”)
esting to note that the effective relaxation rate constdpt,is X | kM3 a [27]

not a function of geometry, and it is also not affected by the P(AIV,) + &(1 = P(A/V,))
solution for thef field. The effective relaxation rate constant,
kg, varies with the porosityg;, and is affected only by?(A/ The vector fieldsg andh, which are functions of the geometry

V), ki, andk;. of « andB phases, respectively, can be obtained by solving t
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closure problem@0, 68. The vector fieldh is also a function Y
of the water partition coefficient into the phase. In Eq. [25] ~—
k is a function ofD4, the diffusion coefficient in the crosslinker
phase, andK® the permeability into the crosslinker phase:

eq P8
K = K f“ﬁ. [28]
€

If the diffusion coefficientDg, in the crosslinker phase is
small, or the permeability into the crosslinker phase is very
low, the model predicts very little effect of crosslinker on the :
effective diffusivity. It must be noted that the proposed model Gel—» :
assumes that the solute size is very small relative to structure ;
of gel. In Eq. [26],€, andeg are the volume fractions of the
and B phasesd, = V,/Vr, €5 = V4/Vy), andkg or (Tz) "t is
the relaxation rate constant in the crosslinker phase. In deriving
Eq. [20], the length scale constraints

Position of the RF coil

2L =1cm

FIG. 3. The NMR tube with polyacrylamide gel.

|

[=1 [29] M) [1a a(M) a%M)

lg ot Pt rar " ar a2

s g 30

. (30] — K (M) — M%) [31]

were used, where is the macroscopic length scale. For thg js assumed here that the diffusion medium is isotropic an
present study, these constraints are easily satisfied, kjnse the effective diffusivity does not vary spatially.
no more than Jum, I is on the length scale of 1 nm, ahds It is now desired to obtain the solution of this equation ant
on the order of 1 cm. S to compare it to the experimental data. Figure 3 shows tt
It can be noted that the derivation in this paper leads [guR tube containing polyacrylamide gel and showing the
effective diffusion coefficients and relaxation parameters thﬁésition of the 1-cm RF coil on the outside of the tube. The
resemble the “fast exchange” limits found in the literaturgoordinate axes are located at the center of the tube. Only thc
whereby the proton exchange between the various “pools” ktotons that are located in the area of the RF coil experient
rapid. The present theory reduces to this limit when the closWigtyrbances from the equilibrium magnetization condition
problems for the effective transport parameters are in th@e no-flux condition is defined at the wall of the tube due tc

quasi-steady limit and where it has been assumed that {fig impermeability and the zero-flux condition is defined at th
adsorption and relaxation processes do not affect the closygnter of the tube due to the symmetry

In the volume averaging approach, it is not necessary to make
these assumptiongl (), and further work can be proposed to

more completely evaluate the terms in the closure methodol- (M) —0@r=0 [32]
ogy, especially for cases where time dependence of the diffu- ar
sion coefficient is observed experimentally.
. . (M)

Equation [27] can now be solved over the macroscopic =0@r=a [33]
sample domain and compared to the experimental values ob- or
tained from the NMR experiments as shown in the following 9(M)
section. 9z = 0@z=0. [34]

Macroscopic Magnetization Equation Solution
Since the proton magnetization is at its equilibrium on the

In the previous section the spatially averaged magnetizatigf}sjge of the RF coil, the boundary conditions at the ends «
equation (Eq. [24]) appropriate for a porous medium Wafe t,pe are

obtained. Since the gels for the NMR measurements were cast
in standard NMR test tubes, Eq. [24] is expressed here in
cylindrical coordinates: MYy=Mg@z= =L, (35]
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wherelL is the half-length of the RF coil. The initial condition 250
for this problem is

0%C (sol)
5%C (sol)
10%C (sol)
0%C (gel)
5% C (gel)
10%C (gel)

M) = M5 @t =0. 136] B

2.00 4

mqO0JO

In terms of normalized magnetization term averaged over both
ther andz coordinateg(M))/M &, the macroscopic solution to
the system of equations (Eqgs. [31]-[36]) is given by

e <D
<0

1.75 i o

1.50 4§

D (10° cm?/sec)

om <«

(M) 16, = 1
Mz, “‘(#) 2 -1y

(2n—1)m]2 . )
X expl(—kregtJexp —|~ 5 | DIgt/L2 ). o .

[37]

0.75 T T T T T T T
0.00 0.05 0.10 0.15 020 0.25 0.30 035 0.40

For cases where the diffusion coefficient is very small, the
magnetization is monoexponential as Eq. [37] would indicate
when the exponential terms are dominated by the effectiveFiG. 5. Water diffusion in acrylamide solutions and polyacrylamide gels.
relaxation term, and in these cases Eq. [37] would reduce to
Eq. [2] with k equal to 2, which is conventionally used for )
relaxation studies. It would be necessaryifto be of order Surements. In the present study, the values for the effecti
(m/2)?DXL2 for the additional terms in the series to be imdiffusion coefficientD¢y were determined by measuring the
portant. If kI, were of order 0.3 S, this would imply DX diffusion coefficients as described in the experimental sectiol
would need to be of order I8 cn¥/s for the additional terms however, for the present system the use of Eq. [37] leads
in the series to be needed. Providafis known, Eq. [37] can ©nly & small correction over that obtained using Eq. [2] di
be used to determine the, from the experimental data by rectly.
fitting the magnetization recovery curve from the NMR mea-

Polymer concentration (g/ml}

RESULTS

Diffusion

Diffusion coefficients were measured in gels and unpolymel
ized solutions with crosslinker concentration ranging from O tc
10% C. The diffusion measurements were obtainelil inging
025 | from 10 to 900 ms. No time dependence of the diffusion coeffi

Oi -1 cients was observed within the examinedange. Figure 4 shows
2001 ™ the diffusion coefficients from the present data and those report
by Pavesi and RigamontB4). For comparison, free water diffu-
sion coefficients are also shown. Contrary to the results in tt
A present study, Pavesi and Rigamo84)(report time dependence
125 o of water diffusion coefficients in polyacrylamide gels At
w00 AS o times < 100 ms. Furthermore, the diffusion coefficients from
A Pavesi and Rigamonti34) for polyacrylamide gels are much
0.75 lower than those reported in the present study, which implies th
the gels may have been prepared differently. The diffusion resu
can be affected by a large number of factors, such as hydrolys
028 . o o oo o 00 storage temperature, pH control, and time between the gel cast
and NMR measurements.
In order to evaluate the effects of acrylamide and crosslinke

FIG. 4. Water self-diffusion in free water and polyacrylamide gels as aoncentration on water diffusion coefficients, the acrylamid
function of the diffusion time/. Comparison to the Pavesi and Rigamo8t)( . .
data.®, in H,0 (present study)¥, 5% T/5% C gels (present study;, 5% content was varied betv_veen 2.5and 30% T, and the crc_)sslmk
T/10% C gels (present study);, 5% T/2.6% C gels (Pavesi-Rigamonty; concentration was varied between 0 and 10% C. Diffusio
5% T/25% C gels (Pavesi—Rigamonti). coefficients atA = 900 ms were chosen for this analysis.

275 4

2.50 1
O °

1.75 4

1.50 4

D (10° cm?%sec)

0.50 4

A (ms)
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Maxwell, Perrinset al., Wakao and Smith, Mackie—Meares,
and Stokes—Einstein do not contain any adjustable paramete
As a result, no fitting of these models to the data is requirec
The Johansson-Lofroth cell mode#2j, based upon the
Ogston (8) expression for the probability distribution of
straight polymer chains, requires knowledge of the fiber radit
of the polymer. The Johansson-Lofroth mod&®)(was eval-
uated with a fiber radiusfd A (28). Other researchers have
reported fiber radii as high as 6.5 &) and as low as 3.5 A
(76), or observed the fiber radius to be dependent upon tt
crosslinker concentratior8(5).

The Stokes—Einstein equation4(, 75

Deff _ Mo

= =_——=(1+25¢p) 7",
DO Meft ( (P)

[40]

wheren is the effective viscosity of the solution, agds the

polymer volume fraction, predicted the diffusion coefficients ir
acrylamide solutions most accurately, as shown in Fig. 7. Th
expression was derived for diffusion of hard spheres in a dilut

FIG. 6. Water diffusion in gels and comparison to the theoretical modelsuspension moving in a continuum. The acrylamide solutior

Figure 5 shows th®,,,4 in polyacrylamide gels and solutions

with different crosslinker (0, 5, 10% C) concentratioBg;,o

used in this study are relatively dilute, and the compariso
indicates that the Stokes—Einstein equatidad, (/5 is appro-

priate for these solutions. It is important to note that the
Stokes—Einstein equation does not explicitly account for an

in both solutions and gels decreases monotonically with iBxecific molecular interactions between water and the acry
creasing polymer concentration. At very low total acrylamidgmiqe monomers; the increase in solution viscosity is sufficiel
content (2.5-5% T), the diffusion coefficients in gels angh yescribe the reduction in diffusion coefficients.

solutions approach the free solution values, as expected. Neing shown in Fig. 6, the Maxwell69) model provides the
ther gels nor solutions show any effect of crosslinker Conceﬂpper limit for diffusion coefficients in isotropic two-phase

tration on the diffusion coefficients of water. The diﬁ“Sio%edia. The Perringt al. (70) model

derived for a square

coefficients for gels are lower than those for solutions, which
indicates that the 3D network of gels formed upon polymer-

ization changes the physical structure or the chemical proper-

ties of the local environment through which the water must
diffuse.

In order to establish the structural (fiber size and shape)

effects of gels on the diffusion of water, the experimental data

1.0

0.9 4

was compared to various well-established models for fibrous

media. For this analysis, the diffusion coefficients\at 900

ms were normalized with respect to the free water diffusion

coefficient,D, = 2.4 (10 ° cn?/s) atA = 900 ms. Since there

was no significant difference between the diffusion coefficients o
at the same acrylamide and different crosslinker concentrations
in gels and solutions, the diffusion values at 0, 5, and 10% C
for each acrylamide concentration were averaged, normalized,

and plotted against the volume fraction of polymer.

Figure 6 shows the measured normalized average diffusion
coefficients for gels as a function of the polymer volume

fraction. Also shown are the theoretical models developed
Maxwell (69), Perrinset al. (70) (this is numerically equivalent
to the volume averaging result of Rya@l]), Johansson—
Lofroth (42), Wakao—Smith 72), Mackie—Meares 43), and

0.8 4

0.7 4
o
Q

Stokes-Einstein

0.5 4

0.4 4

by

0.0 01 0.2 03 0.4

Polymer volume fraction

FIG. 7. Water diffusion in acrylamide solutions and Stokes—Einstein

Stokes—Einstein74, 75. It can be noted that the theories ofmodel.
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lattice of cylindrical fibers, and the Johansson and Lofrd®) (
model, derived for random suspension of cylindrical fibers,
both predicted higher diffusion coefficients in gels than ob-
tained experimentally (Fig. 6). The Perriasal. (70) result is
numerically similar to the calculations of Ryanlj and Ochoa

(49), who used volume averaging in arrays of squares and
cylinders in a square lattice without including the adsorption
terms. All three models predicted diffusion coefficients that
were significantly higher than the experimental data. The major %
factors that may lead to the differences between the models and
the data are adsorption effects and differences in geometry.
Adsorption of water to the surface of the fibers will in general
lower the diffusion coefficient. In addition, previous wo3}

which explored the effects of geometry indicated that for
isotropic media the effective diffusion coefficient is not highly
dependent on the shape of the pores.

In addition, the Mackie and Meareg3) model, 0_‘0 ol 02 03 04 05 06 07 08 09 10
water volume fraction, &1
Dt 1— ¢\? e \? ) o )
L - , [41] FIG. 8. Effects of the ratid?(A/V,) on the effective diffusivities using the
Do 1+e¢ 2+ € volume averaging model.

matched the experimental data very closely, as shown in Fig. 6.
This expression was originally developed for modeling diffuet al. (64), who used the sedimentation data of different siz
sion in ion-exchange resin membranes. Mackie and Meargsiutes in polyacrylamide solutions and Eq. [42] to obtain th
(73) used the lattice model for liquids where the resin polymdiber radii. They reported the radius of the polyacrylamide fibe
blocked a fractione of all sites available. The diffusion of as 9 A incomparison to 1.5 A found by fitting Eq. [42] to the
solutes was then restricted to the free sites. In deriving thissults of the present study. A proposed radius size of 0.15 n
equation, Mackie and Meareg3) assumed that the obstaclesfor the acrylamide fibers is rather small and may not reflec
that is, lattice sites or polymer fibers in the present study, atalistic features of the gel. In contrast to the present study
of the same size as the solutes. Although, the polymer fiber sizgter diffusion, the previous resear@®( 27 investigated the
is expected to be larger (approximately 1-nm radifs, €7) transport properties of much larger proteins (1.6-9 nm). It i
than that of the water molecule (radius equal to 0.15 nm), therefore useful to consider other factors such as adsorpti
model predicted water diffusion coefficients in gels fairly welkhat may account for the decrease in the observed diffusic
Therefore, the major problems with using the Mackie—Mearggefficients in gels. Furthermore, the model of Ogston—Morri
theory are that it fails to account for adsorption effects and th@tgl 39 does not provide any exp|anation for the lack of effec
the validity of the assumption concerning the relative size gk crosslinker on the water diffusion in gels.
fibers to solute size is questionable. Contrary to the previously published models, the volum:
The experimental data in this study agree well with previyeraging model proposed in the previous section accounts 1
ously published results of Gibbs and Johns88) @nd Tokita he effects of both adsorption and crosslinker concentratiol
etal.(78). Gibbs and Johnsorgg) observed that their data for gqyation [21] demonstrates that when the adsorption coef
a wider range of solute sizes fit the Ogston-Mord8,(39 cjent, p, is increased, the diffusion coefficient will decrease
model provided the raticP(A/V,) is not much less than 1. Figure 8
shows the effect oP(A/V,) on the effective diffusivities in
¢ Der_ exp( _(rs + rf)z_l_v) [42] gels. The adsorption coefficieRtis related to the water layer
D, r ’ thickness at the surface of the fibers, which is expected to be
the order of 1 A. The ratio of the fiber surface area to the tot:
wheref is the volume fraction available to the solutg,is Vvolume of the fiber and water in the phase A/V,,, is on the
solute radius (1.5 A for water), is the fiber radius, andis the order of 1 nm'*. As a result, the adsorption coefficieR, can
specific volume of the polymer. The comparison of the presesttongly affect the diffusion coefficients in gels. Furthermore
study results to the Ogston—-Morri&g, 39 model yieldedr; Eq. [25] demonstrates that the magnitude of the equilibriur
values equal to 1.5 A for gels. The equivalent Stokes radiumefficient for water in the crosslinker phas&?, will directly
which is the sum of the; andry, is equal to 3.0 A. This value affect the diffusion coefficients in crosslinked gels. Snikdf
of r;is much less than the values previously reported by Ogstealues K°? < 1) will have no effect on the diffusion in gels,
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The error in estimatingkl; was obtained by repeating the
calculations for 2.5% T/5% C gels using experimental data fror
@ Data (0%C gels) . .
Model, PN, )=4.73 two consecutive runs on the same day, and data from a gel whi
had identical concentration, but was prepared at a different tim
The resulting effective relaxation timeskll{ = T, ranged from
3.022 to 3.161 s, with a relative percent error of 2%. The effectiv
relaxation results were also checked for error due to diffusior
From the data reproducibility analysis, the diffusion coefficient
for 20% T/5% C gels ranged from 1.36 to 1.461 (R@nv/s).
Upon substitution of these values (1.36 to 1.461 f16n7/s))
into the Eqg. [37], the resulting effective relaxation time for this
composition gel was unchanged, and found to equal 1.89 s. Ac
result, the experimental error in determining the diffusion coeffi
cients has a negligible effect on tfig; or ki values.
Figure 11 shows the relaxation tim&,.¢ = (ki) ™%, as a
‘ ‘ , ‘ . function of the acrylamide concentration. The data is shown f
0.00 025 050 075 1.00 gels with 0, 5, and 10% C concentration. As expected, th
Water volume fraction, =, relaxation time, Kl) %, decreases as the concentration of th
FIG.9. The volume averaging model fit to the experimental diffusion dat@Crylamide increases. In order to compare the data to
for polyacrylamide gels with no crosslinker. models, the acrylamide concentration in Fig. 11 must be re
placed with the volume fraction of wateg¢. A commonly
_ . ) . accepted value of 1.4 g/mlFr9) was used as the density of
WhICh may _expla!n the lack of crosslinker effect on the d'ﬁuécrylamide in a gel, and the volume fraction of water wa:
sion coefficients in gels. _ o N calculated fromg = 1 — T/1.4.
From the volume averaging method, the diffusion coefficients for £.q 1 the volume averaging method, at 0% crosslinker cor

gels without the crosslinker are given by Eqg. [21]. The term in IarQPentration, the effective relaxation rate const@y, is
brackets on the right-hand side of Eq. [21] has been determined by

Ryan {1) and represents the effect of geometrical structure on the
effective diffusion coefficient. Figure 8 shows the effective diffusion KT, ~ k% =

1.00

0.25 -

0.00 4

P(A/Va)kf + €|(k| - P(A/Va)kf)
eff

coefficient determined by Eq. [21] as a function of porosity for P(AIV,) + &(1 = P(AIV,))
several values of the terR{A/V,). As shown in this figure, the effect

of adsorption is to significantly reduce the effective diffusion coeffSince the ratid?(A/V,) was previously calculated as 4.73 from
cient, and this term has the potential to decrease the diffusion calé diffusion data, and the bulk (free water) relaxation rat
ficient to a much larger degree than the term that accounts for dastantk,, was measured independently and found equal t
effect of geometry. By fitting Eq. [21] to the experimental data f@®.253 s, the fiber surface relaxation rate constaqt, was
gels with no crosslinker, the rati(A/V,) was found to be 4.73. As

shown in Fig. 9, the model (Eq. [43]) provided an excellent fit to the

data. The value d?(AVV,) = 4.73 (error= 0.24%) will later be used 1
in the analysis of the effective relaxivities.

The volume averaging theory can therefore describe the
effects of a combination of factors, including adsorption and
partitioning into the acrylamide fiber and the bisacrylamide
crosslinker phases, on the diffusion coefficients in the gel. ,

(22]

eff

M/M

Spin—Lattice Relaxation

Figure 10 shows a typical normalized magnetization recov-
ery curve from the NMR data and the model given by Eq. [37].
The model provided an excellent fit to the data (cerf.99).
The numerical values fdkl, were obtained using a nonlinear

curve-fitting algorithm. The effective diffusion coefficients, o 2z 4 & & 10 12 14 1
DX, obtained from the NMR measurements, were substituted t (sec)

mto _Eq' [37] and the re_sultmg equation was fl_t to the magr!e_FlG. 10. A typical normalized magnetization recovery curve for poly-
tization recovery experimental data to determine the effectiygyiamide gels. Comparison to the spatial averaging m@eData (2.5%

relaxation coefficients. T/0% C gel); —, model.
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FIG. 11. Effective relaxation coefficient for polyacrylamide gels as a 00 04 02 03 04 05 06 07 08 09 10

function of the total polymer concentration. Water volume fraction, ,

FIG. 12. The volume averaging model fit to tHE, relaxation data for
determined by fitting Eq. [22] to the experimental data. Figumlyacrylamide gels with no crosslinker.
12 shows the model (Eq. [22]) with the best fit vakye= 0.668

(error= 0.04%), and the experimental data for 0% crosslinked . ) .
gels. As shown in Fig. 12, Eq. [22] fits the data very well. mental data. From the nonlinear regression analysis, the prc

For crosslinked gels, the expression for the effective rela¥ctK®kg was found to equal 10.3'S (error = 2.83%) for 5%
ivities from the volume averaging model was C gels, and 2.98°¢ (error = 0.91%) for 10% C gels. Figure
13 shows the effective relaxation rate const4gt,data, and

@+ K%K.e the model (Eq. [44]) usingt®*k; values of 10.3 and 2.98¢
Ti= e”“—eﬁ“ for 5 and 10% gels, respectively, as functions of the invers
€. + K%, volume fraction, § + )~ *. The model, Eq. [44], provided an
1 [(P(A/Va)kf + ¢(k — P(A/Va)kf)) excellent fit to the data. As also shown in Fig. 13, the NMF
EO(

T e+ K%, |\ P(AIV,) + (1 - P(AIV,))

+ K%K ge, ] [26]

The volume fractionsg, andeg, can be expressed in terms
of & and g, noting that €, + €5) = 1. Since the relative
amount of the crosslinker (X 10 % to 0.01 by volume
fraction) is small, the fiber volume fractiol;, can be based
upon the concentration of acrylamide only. It is also assumed=;
here, based upon the previous analysis of the diffusion dataﬁ 050 1
that the equilibrium partition coefficient of protons between the '
crosslinker and the water phaskfd is small K9 < 1).
Equation [26] then reduces to

0.75

025+

- <P(A/Va)kf + € (k — P(A/Va)kf)> @ Dt
TV PAN) Ha@-PAND) S e,
eql 1-e—« 000 : ‘ \
KTk €t €& ' [44] 1.00 1.01 1.02 1.03 104

e, +¢)

Since the vaIueE’(AN_a), ks, an(_jk_i are known, the prOdUCt_ FIG. 13. The volume averaging model fit to tHg relaxation data for
K®%k; can now be obtained by fitting Eq. [44] to the experipolyacrylamide gels with 5 and 10% crosslinker concentration.
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relaxation data is very sensitive to small changes in the volumeContrary to the diffusion datdl, relaxation measurements
fraction,  + €). For a small increase in the inverse volumshowed a detectable effect of crosslinker concentration on tl
fraction, ( + €)%, from 1.00 to 1.02, th&°%; values more relaxation of water in gels. The same mathematical mods
than tripled as the crosslinker concentration decreased frondérived for the diffusion coefficients using the Bloch equation
to 10% C. Since the crosslinker, bisacrylamide, is water ins@nd the volume averaging methotb( 49 could also be used

uble in the absence of acrylamide, the relaxation rate constaiatislescribe the effects of adsorption and gel structure on tt
for the pure crosslinker phase cannot be determined expeniagnetization recovery. The proposed model for the gel mq
mentally. However, the crosslinker relaxation rate conskgnt dium consisted of a three-phase system including the bu
is expected to be independent of gel composition since it is aater, the uncrosslinked acrylamide fibers, and the crosslink
intrinsic property of the Bis phase. This assumption, couplgdhases. This model follows the cluster concept introduced
with the preceding data, leads to the conclusion that as tRechards and Temple26). The effects of the crosslinker con-
concentration of the crosslinker is increased from 5 to 10% €entration were accounted for by introducing the proton part
the equilibrium distribution coefficient<®9, decreases by ation coefficient,K®*% between the crosslinker and bulk water
factor greater than 3. This is a clear indication that as tiphases. In addition, the effects of adsorption to the surface
crosslinker concentration is raised, the Bis phase becontks fibers were also incorporated in the model. By fitting th

increasingly hydrophobic. model to the experimental data, the prodi€tk, for 5% C
gels was found to be larger than that for 10% C gels. Skyce
DISCUSSION AND CONCLUSIONS is a constant, it can be concluded that increasing the crosslink

concentration from 5 to 10% C causes a more than threefo

The degree of crosslinking is known to affect the size afecrease in the equilibrium coefficielf% The resulting re-
the pores of polymer network, especially at high gel conceduction in the value oK®?implies that at high concentrations
trations 80, 8]). The effects of crosslinker on the structure obf crosslinker, water protons are less likely to penetrate th
gels were previously investigated using light, small-angle necrosslinker region. This observation is in general agreeme
tron, and small-angle X-ray scattering, ). All of the previ- with the cluster concept introduced by Richards and Templ
ous studies noted distinct structural changes with increasif&$) and previously published experimental data by Coben
crosslinker concentration. Although there is strong evideneé (3). Since the crosslinker is known to be more hydrophobi
that the structure of gels and particularly the pore size tisan acrylamide, at high concentrations it will form hydropho-
affected by the concentration of the crosslinker, the presdmt clusters. The use of the Bloch equations provided a
study demonstrates that the diffusion coefficients of water atcurate description of the proton relaxation in the hydrogel:
gels are independent of the amount of crosslinker. The prbhe derived relaxation equations were successful in describi
posed explanation for this observation is that the equilibriuthe general trends seen from the experimental data.
water partition coefficient between the bisacrylamide cross-The T, relaxation analysis presented in this study differ:
linker phase and the bulk water phas€q is very small. significantly from previously published methods for examining
As demonstrated using the Bloch equations and the voluitine structural features of the gels using spin—lattice relaxatio
averaging method, iK®9is much less than 1, the crosslinkelOne previous approach used a diffusion cell model, strictl
has no effect on the diffusion of water in gels. Furthermorgalid for media with micrometer-sized pores, to analyze relax
fitting the present experimental data to previously publishedion in polyacrylamide gels where the pores are only a fe
diffusion models that account for fiber and solute sizeanometers in lengthlg). In this previous studyl(l), a pore
(18, 73, 39 required unrealistically low values for the acryl-size distribution on the nanometer length scale was calculat
amide fiber size. Other models from the literature that accout the polyacrylamide gel. It is, however, not clear that this
only for geometrical effects on diffusion predicted much highetistribution is physically meaningful, since the time scales fo
diffusion coefficients than observed from the experimenttie experimental measurements were too long to adequats
results of the present study. The Mackie—Meares theory ajescribe features of the gel on the nanometer length scale. T
peared to fit the experimental data adequately; however, thigsent study, in contrast, describes how, with the use of tl
theory does not account for the crosslinker concentration, asekraging approach, the structure of polyacrylamide gels c:
it also is based on the unrealistic assumption that the acrgk analyzed using protom, relaxation data in combination
amide fiber is the same size as the solute. The volume aweith water self-diffusion measurements.
aging model developed in the present study incorporates the
effects of adsorption to the surface of the uncrosslinked poly-
acrylamide fibers and to the bisacrylamide clusters on diffusioriVe are grateful to Ms. Lori McFadden for gel preparation, and Mr. Dick
within one unified approach that also gives detailed exprégqsanske and Dr. Thomas Gadris for assistance with NMR relaxation me

sions for the relaxation rate constants. This model dem surements. We would also like to acknowledge the National High Magneti
! I : I Ofgeld Laboratory and the Department of Chemistry at Florida State Universit

strates that the ratiBA/V,, may significantly lower the diffu- for use of NMR instrumentation. This work was supported by a grant (UGS9E
sion coefficients in gels. 0041) from the National Aeronautics and Space Administration.
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