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ABSTRACT: The diffusion coefficients of small paramagnetic tracers (nitroxide spin probes) and spin- 
labeled poly(ethy1ene oxide) in hydrogels were measured at 300 K, using two-dimensional spatial-spectral 
ESR imaging (ESRI). The gels were prepared by copolymerization of 2-hydroxyethyl methacrylate (HEMA) 
and 2-(2-hydroxyethoxy)ethyl methacrylate (DEGMA), in the presence of a fured molar concentration of 
glycol dimethacrylate as the cross-linker and 4,4'-azobis(4-~yanopentanoic acid) as the initiator. Variation 
of the amount of water in equilibrium with the gel was achieved by polymerizing different molar ratios 
of the monomers. Experimental concentration profiles of the diffusant were measured as a function of 
time, and each profile was obtained by image reconstruction, from a complete set of projections. The 
diffusion coefficients were determined by simulating all experimental profiles, using the Fick model of 
diffusion for an initially confined tracer diffusing into a finite system. The diffusion coefficients depend 
on the amount of water in the gels. The variation of the diffusion coefficients D with the weight fraction 
of the copolymer in the gel is consistent with the free volume model. The variation of D with the molecular 
mass.M of the diffusant scales as M-o.8 in gels containing 267 wt % water and as M-1.4 for the gel 
containing 55 wt % water. The advantages and present limitations of 2D spatial-spectral ESRI for 
measuring transport properties in polymers are discussed. 

I. Introduction 

Transport properties of water-soluble low-molecular- 
weight compounds in hydrogels play an important role 
in medical applications such as contact lenses and drug 
delivery systems.1,2 The hydrogels consist of a polymer 
network obtained by chemical cross-links and water as 
solvent. The gels swell until an equilibrium is estab- 
lished between the osmotic forces and the elasticity of 
the chains, which is determined by the degree of cross- 
linking. The parameters that affect the diffusion coef- 
ficients in hydrogels are the equilibrium water content 
in the system, the degree of cross-linking, and the 
hydrophobicity of the network components. 

Numerous recent papers on diffusion processes have 
focused on the study of self-diffusion of solvents and the 
diffusion of probes, oligomers, and polymers in semidi- 
lute polymer solutions. The experimentally determined 
dependence of the diffusion coefficient D on the molec- 
ular mass of the diffusant M and on the polymer 
concentration c has been compared with theoretical 
model~,~-lO which predict an M-lI3 dependence of the 
diffusion coefficient for a spherical particle that obeys 
the Stokes-Einstein equation, an M-lI2 dependence in 
a 0 solvent, an M-l dependence for a Rouse chain, and 
an M-2 dependence for reptating polymer chains in 
highly entangled systems.ll The concentration depen- 
dence of the diffusion coefficient has been examined by 
various models, such as the kinetic and free-volume 
t h e ~ r i e s . ~  Phillies3 has recently presented a derivation 
of the universal scaling law for nondilute polymer 
solutions from the hydrodynamic scaling model; this 
model correctly predicts the parameters a, u,  and DO 
(which is D at zero polymer concentration) in the 
expression D = DO exp(-ac"). I t  has been concluded3 
that the reptation model, originally proposed for de- 
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scribing the motion of polymers in gels, is not valid for 
polymer solutions. The different behavior is due to the 
fact that, even on the short time scale defined by the 
motian of the probe, chains connected by temporary 
entanglements in semidilute solutions behave differ- 
ently compared to permanently cross-linked chains. 

The time-dependent local concentration of diffusing 
species in polymeric systems has been measured by 
chemical, optical, and radioactive tracers, dynamic light 
scattering (DLS), fluorescence photobleaching recovery 
(FPR), and spectroscopic method~.~>~-lO DLS has been 
used extensively for the study of polymers in organic 
solvents. The study of aqueous polymer systems, 
which are becoming increasingly important due t o  
environmental and health concerns, presents additional 
problems, because of the difficulty of matching the index 
of refraction of the solvent to that of the matrix. For 
many aqueous systems, field-gradient spin-echo (PGSE) 
NMR has emerged as the dominant method. Some of 
the difficulties expected in the application of this 
technique have been recently d i s c ~ s s e d . ~ ~ - ' ~  Critical 
review of the literature reveals that there are problems 
associated with the estimation of the accuracy for most 
methods of measurement of diffusion, and discrepancies 
have been reported even for identical expe r imen t~ .~J~  

The effect of paramagnetic species on the nuclear 
spin-lattice relaxation time 2'1 is the basis of a recent 
elegant method for the measurement of diffusion of 
paramagnetic species (Cu2+, nitroxide spin probes) in 
aqueous gels by NMR imaging (NMRI).16 NMRI has 
been used to study sorption processes and provides an 
image of the NMR signal as a function of spatial 
coordinates, in one, two and three dimen~i0ns.l~ These 
studies have made possible the visualization of motional 
and structural heterogeneities in cross-linked elas- 
tomers and other materials. To the best of our know- 
legde, however, such studies have not provided quan- 
titative evaluation of diffusion coefficients. 

Electron spin resonance imaging (ESRI) can supply 
information on the spatial distribution of paramagnetic 
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molecules in a sample and has been used successfully 
for the measurement of translational diffusion.18-20 
Diffusion coefficients of paramagnetic diffusants can be 
deduced from an analysis of the time dependence of 
concentration profiles along a selected axis of the 
sample. The determination of diffusion coefficients of 
spin probes in liquid crystals and model membranes has 
been described in an important series of papers by Freed 
and co-workers.21-26 Recent improvements in the tech- 
nique of dynamic imaging of diffusion by ESR22,23 has 
allowed the measurement of diffusion coefficients of the 
order of 

In our laboratory we have applied ESRI in two 
dimensions (spectral-spatial) as a method for real-time 
representation of structural imhomogeneities and dy- 
namics in polymer blends, ionomers, composites and 
cross-linked polymer gels.27,28 Projections of the sample 
taken in a range of magnetic field gradients are used 
to reconstruct a 2D spatial-spectral image that consists 
of the ESR spectrum along the chosen spatial coordi- 
nate. The method requires long measurement times but 
can supply not only the concentration profile of the 
diffusant but also the line shape of the ESR spectrum 
of the diffusant in each slice of the sample perpendicular 
t o  the direction of the gradient. This approach makes 
possible the determination of translational and rota- 
tional diffusion of the spin-labeled diffusant along the 
spatial axis of the sample in one experiment. We are 
currently applying this method for the study of trans- 
port properties of nitroxide spin probes and spin-labeled 
polymers in solutions of linear polystyrene (PSI in 
toluene and in cross-linked PS gels swollen by various 
solvents.29 To the best of our knowledge, diffusion in 
polymers by ESRI has been reported in only one recent 
paper,26 where the imaging method used did not provide 
spectral information. 

In this paper we present the application of two- 
dimensional spectral-spatial ESRI for measuring the 
translational diffusion of nitroxide spin probes and spin- 
labeled poly(ethy1ene oxide) (SLPEO) in hydrogels based 
on slightly hydrophilic copolymers of 2-hydroxyethyl 
methacrylate (HEMA) and 2-(2-hydroxyethoxy)ethyl 
methacrylate (DEGMA). The copolymers are neutral 
and have excellent biological tolerance and good me- 
chanical properties even a t  high water content (> 60%). 
For these reasons the gels are especially useful for 
production of contact lenses. Data on the transport of 
oxygen, low-molecular-weight water-soluble drugs and 
metabolites across the gels are important for this 
application. 

The transport properties of different solutes in HEMA- 
based hydrogels have been studied by measuring the 
permeability of membranes prepared from the 
 copolymer^.^^-^^ The determination of the diffusion 
coefficients from these measurements is complicated by 
the need to determine independently the partition 
coefficients of the diffusant for the system membrane- 
solvent; such information has been obtained only for 
inorganic salts. The main conclusions derived from such 
studies are the increased permeability with increasing 
water content in the gels and with decreasing degree of 
cross-linking and the higher permeability of inorganic 
salts across ampholytic membranes (that contain the 
same amounts of weak acidic and weak basic groups) 
compared with neutral membranes. 

This study was initiated with two main objectives. 
First, we were interested in exploring the potential of 
2D spatial-spectral ESRI as a method for measuring 
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Scheme 1 
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diffusion in hydrogels. Second, we wanted to detect the 
effect of the network composition and water content on 
the diffusion rates of small neutral and ionic diffusants 
and of polymers. On the basis of the results presented 
below, it appears that the development of ESRI is 
important for the evaluation of materials suitable in 
medical and industrial applications. 

11. Experimental Section 
Sample Preparation. The monomer 2-hydroxyethyl meth- 

acrylate (HEMA) was purified by column distillation (ap- 
proximately five theoretical plates) to a bp of 323-325 K at 
0.1 torr; the residual content of glycol dimethacrylate (0.12 
mol %) was determined by gas chromatography. 242-H~- 
droxyeth0xy)ethyl methacrylate (DEGMA) and the cross-linker 
glycol dimethacrylate (Rohm, Germany) were distilled before 
use. The reaction mixture composed of HEMA, DEGMA, 
glycol dimethacrylate (0.32 mol %), the initiator 4,4'-azobis- 
(4-cyanopentanoic acid) (Fluka, 0.5 mol %), and water (at 
amounts corresponding to  the equilibrium content in the gel) 
was bubbled with nitrogen for 15 min at room temperature, 
filled in glass capillary tubes (1-2 mm id.), and copolymerized 
at 333 K for 24 h in a closed container. Three gel systems 
were prepared, containing 100, 80, or 50 mol % DEGMA, 
respectively; the notation is DE100, DE80, and DE50. The 
corresponding equilibrium water contents of 75, 67, and 55 
wt 9% were determined gravimetrically. All samples were 
stored in the water bath at ambient temperature before use. 

For the imaging measurements, the capillaries containing 
the aqueous gels were cut into pieces 4 mm long, and ~1 
mm of the glass tube was removed at one end. The exposed 
gel was then soaked for 5-10 min at ambient temperature 
with an aqueous solution of the paramagnetic diffusant; typical 
concentrations of the diffusant were 0.1 mom. The samples 
were flame-sealed inside thin wall Pyrex sample tubes (3-4 
mm 0.d.) and positioned vertically in the cavity of the ESRI 
spectrometer, with the layer soaked by the diffusant on top. 
Diffusion processes were measured at 300 K, using the Bruker 
variable temperature flow system 4111VT. 

Diffusants. Three diffusants were studied. The ionic probe 
4-(trimethylammonio)-2,2,6,6-tetramethylpiperidine-N-oxyl io- 
dide (TMATEMPOI, MW 211) was purchased from Molecular 
Probes Inc., Portland, OR. The neutral probe perdeuterio- 
2,2,6,6-tetramethyl-4-piperidone-N-oxyl (PDTEMPONE, MW 
170) was synthesized according to a published procedure.34 
Spin-labeled poly(ethy1ene oxide) (SLPEO, MW 1831) was 
prepared from PEO (Fluka, MW 1500) by attachement of 
3-carboxy-2,2,5,5-tetramethylpyrrolidine-~-o~yl~~ to  both OH 
end groups of the polymer.36 The materials used for the 
preparation of the gels and the diffusants are shown in 
Schemes 1 and 2, respectively. 

ESR Imaging Spectrometer. The ESR imaging system 
in Detroit consists of the Bruker 200D ESR spectrometer 
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equipped with two Lewis Coils (George Associates, Berkeley, 
CA, type 503D) and two regulated dc power supplies (Kikusui 
Electronic Corp., Japan, Model PAE 35-30). The two sets of 
coils, each consisting of a figure-eight coil, were fixed on the 
poles of the spectrometer magnet and can supply a maximum 
linear field gradient of %320 Gicm in the direction parallel to 
the external magnetic field (z axis), or ~ 2 5 0  G/cm in the 
vertical direction (along the long axis, x ,  of the microwave 
cavity), with a control voltage of 20 V applied to  each power 
supply. The magnetic field gradient was measured by taking 
ESR spectra of a sample consisting of two small specks of 2,2- 
diphenyl-1-picrylhydrazyl (DPPH) fixed at a distance of 1 em 
along the direction of the gradient, on the surface of a quartz 
tube (10 mm o.d.), in a range of gradients generated with 
control voltages ranging from 0 to  20 V, no departure from 
linearity was detected for gradients along the x or z axis. The 
coils were positioned so that the zero point of the gradient field 
coincided with the center of the microwave cavity. 

The imaging spectrometer was interfaced to a 386 AST PC 
equipped with software developed in our lab and designed to 
control the magnitude of the field gradient by set input 
voltages to the dc power supplies, and to collect the data.27 
The data were processed and simulated with a NEC READY 
486 PC, using the software MATLAB. The results can he 
presented with the HP Laser Printer 4L, HP ColorPro Plotter, 
and HP DeskJet 550C Color Printer. 

111. Data Acquisition 
The progress of diffusion was followed from spatial- 

spectral images measured as a function of time. Each 
image was reconstructed from a complete set of projec- 
tions taken as a function of the magnetic field gradi- 
ent,3',38 using a convoluted back-projection algorithm?' 
The number of points for each projection (4096) was kept 
constant. The maximum experimentally accessible 
projection angle a,, can be calculated from the maxi- 
mum gradient G,, according to tan a,, = (LIAHlG,,,,, 
where AH is the spectral width in the absence of 
gradient (a = 0). The maximum sweep width SW,., = 
J 2  AHIcos am,. 

For AH = 54.5 G (which was broad enough for 
motionally narrowed ESR spectra of the two smaller 
spin probes and the spin-labeled polymer used as 
diffusants), a sample length of 1.1 cm, and a maximum 
field gradient of 200 G/cm along the vertical axis, we 
obtain a,, = 76.1" and SW,, = 317.2 G. A complete 
set of data for one image consisted of 65 projections, 
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Figure 1. Two-dimensional contour plots of the initial and 
final spatial-spectral images for the diffusion of TMATEMPOI 
in DE80 at 300 K. 

taken for gradients corresponding to  equally spaced 
increments of a in the range -90 to +go"; of these 
projections, 55 are experimentally accessible projections 
and 10 are projections for missing angles (for a in the 
intervals 76.1-90" and -76.1 to -90"). The projections 
at the 10 missing angles were assumed to  be the same 
as those at the maximum experimentally accessible 
angle amax. 

Each projection required three scans to  reach an 
acceptable signal-to-noise ratio, and each scan was 
obtained with a 10 s scan time, 2 mW microwave power, 
1 G modulation, and a time constant of 10 ms for the 
smaller probes and 50 ms for SLPEO. The spectrometer 
gain was 2000-5000 in most cases, and 1 x lo5 for 
measurements involving the slow diffusion of SLPEO 
in DE50. The acquisition of the projections necessary 
for each image at a given time t required 530 min. 
These conditions imply that the method may be used 
for the study of relatively slow diffision processes, when 
the change of the concentration profile during acquisi- 
tion time is negligible. 

The first-derivative ESR spectra taken in the presence 
of gradients were numerically integrated and multiplied 
by the square of the sweep width, in order to obtain a 
constant integrated intensity, as required by the image 
reconstruction algorithm?' and the 4096 points collected 
for each spectrum were compressed by averaging to 256 
points. The reconstruction algorithm produced a three- 
dimensional spatial-spectral-intensity image of the 
diffusant distribution in the sample consisting of 256 
x 256 points. The concentration ofthe diffusant at each 
point of the spatial axis of a sample at a given time was 
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Figure 2. Perspective plots of the three-dimensional spatial- 
spectral-intensity initial images for the diffusion of TMATEM- 
POI in DE80 at 300 K, from two opposite directions, in (A) 
and (B), respectively. The viewing angles 0 and c$ in the L 
(spatial), Z (intensity), and X (magnetic field) axes are given 
in square brackets. The length scale (L) is along the direction 
from the top of the sample soaked with diffusant to the bottom: 
the magnetic field scale is along the increasing field. In the 
two images the length range is 15.6 mm and the magnetic field 
range is 77 G. 

obtained by integrating the ESR spectra at this point 
along the spectral (magnetic field) axis, thus creating 
the corresponding experimental concentration profile. 

Iv. Results 
The diffusion of the two spin probes TMATEMPOI 

and PDTEMPONE and of the spin-labeled polymer 
SLPEO in the DE100, DE80, and DE50 gels was imaged 
at  300 K. 

In Figure 1 we present two-dimensional color contour 
plots of the initial and final spatial-spectral images for 
the diffusion of TMATEMPOI in DE80. We note the 
initial confinement of the signal in a limited region of 
space, and the homogeneous distribution of the signal 
in the sample in the final image. Detailed line shapes 
can be observed in the perspective presentations of the 
spatial-spectral images, shown in Figures 2 and 3 for 
the initial and final stages, respectively, of the TMATEM- 
POI diffision in DE80. In these figures, and in all the 
perspective plots shown below, we indicated in square 
brackets the viewing angles 0 and q5 in the axes system 
L (spatial), I (intensity), and H (spectral) coordinates. 
Each pair was constructed with constant q5 values, but 
the 0 values were 45 and 225" (45 + 180") in parts A 
and B of each figure, respectively, in order to visualize 
opposite views of the object. Broader spectral lines in 
a thin layer are seen clearly in the initial image shown 
in Figure 2B and are assigned to spin probes located in 

Figure 3. Perspective plots of the three-dimensional spatial- 
spectral-intensity final images for the diffision of TMATEM- 
POI in DE80 at 300 K, from two opposite directions, in (A) 
and (B), respectively. For more details see Figure 2. 

the top layer of the sample, which contains a larger 
concentration of the diffusant. The appearance of these 
lines demonstrates the high spatial resolution of the 
method and its sensitivity to the spectral line shapes, 
which are determined by the dynamics of the spin probe. 
The broad signals are superimposed on imaging arti- 
facts, which are due to the sharp edges of the sample 
and also to the approximations involving the projections 
at  missing angles. The broad signals become less visible 
as the diffision process advances, as seen in the final 
image shown for this system in Figure 3B, because the 
spin probes in the top layer become distributed along 
the entire length of the sample. 

The perspective plots presented in Figures 4 and 5 
show the slower rotational dynamics (higher differences 
in the heights of the three spectral components) for the 
same spin probe in DE50, compared with the results 
obtained for the DE80 gel (Figures 2 and 3). The broad 
spectra in the top layer of the sample are even more 
distinct in Figures 4 and 5. Significant narrowing of 
spectral lines for the completely deuteriated probe 
PDTEMPONE in DE50 is clearly seen in Figure 6, 
especially when comparing with the corresponding 
images of the protiated small probe, Figure 4. The two 
images shown in Figure 7, for the initial stage of 
diffusion of SLPEO in DE50, indicate the slow rotational 
mobility of the spin label attached to the polymer chain. 

A complete series of experimental concentration pro- 
files for the diffision of TMATEMPOI in DE80 is 
presented in Figure 8A. All experimental profiles taken 
for a particular sample at different times were splined 
using a cubic spline, with 16 control points. The part 
of the profiles corresponding to the sample length was 
selected; the experimental splined profile in the L scale 
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Figure 4. Perspective plots of the three-dimensional spatial- 
spedral-intensity initial images for the diffusion ofTMATEM- 
POI in DE50 at 300 K, from two opposite directions, in (A) 
and (B), respectively. For more details see Figure 2. 

Figure 5. Perspective plots of the three-dimensional spatial- 
spectral-intensity final images for the diffusion of TMATEM- 

in (A) 
and (B), respectively. For more details see Figure 2. 

in DE50 at 3oo K, from two opposite 

generated in this manner is shown in Figure 8B for the 
diffusion of TMATEMPOI in DE80. This tvDe of data 

convergence. The 21 calculated points were then mul- 
tidied bvthe final exnerimcntal concentration orofile 

was obtained for each of the probe-gel systems that was 
studied. 

V. Determination of Diffusion Coefficients by 
Simulation of Concentration Profiles 

The diffision coeficients were determined by compar- 
ing the experimental splined concentration profiles 
(such as that shown in Figure 8B) with calculated 
profiles obtained on the basis of Fick's laws of diffu- 
si0n.3~ In our sample, the diffusant is initially confined 
in the region 0 < x < h, and the spin probes diffuse into 
a finite system of length 1. The boundary conditions at 
t = 0 are C=Co for x 5 h, and C = 0 for x > h. An 
additional condition is 6C/6x = 0 a t  x = 2 (no flow of the 
diffusion substance through the closed part of the tube). 
The solution for this sample configuration is given in 
eq 1 

h - 2nl+x1 

"=-- 1 24Dt 
(1) 

where 

For each time-dependent concentration profile we 
simulated 21 equally spaced points using eq 1, with five 
terms (n = -2, ..., 2) in the summation needed for 

- 
of the sample, measured when a homogeneous distribu- 
tion of the diffusant in the sample was reached. In this 
way the sensitivity of the ESR cavity along the (vertical) 
diffusion direction was taken in consideration for each 
specific position of the sample in the cavity. The three 
parameters D, h, and Co can be varied for each experi- 
mental profile, until the best fit is reached. In practice, 
the thickness of initial layer of the diffusant (h) was 
determined by simulating the profiles taken in the 
earliest stage of diffusion and the h value was then kept 
constant during the simulation of all profiles for a given 
sample. The initial concentration was slightly varied 
in some cases, due to the uncertainty in splining noisy 
experimental concentration profiles. In Figure 8C we 
present the simulated concentration profiles for the 
diffusion of TMATEMPOI in DE80, which are in excel- 
lent agreement with the experimental splined profiles 
given in Figure 8B. 

Each simulated concentration profile gives a value for 
the diffusion coefficient D. The number of D values for 
a given system is therefore equal to  the number of 
images, typically 6-10. We observed a slight increase 
ofD with time for all samples studied and are currently 
investigating whether this effect is due to a systematic 
experimental error or non-Fickian diffusion. For the 
moment, we considered this effect as an experimental 
error and deduced the diffusion coefficients as an 
average of all values determined by fitting profiles of a 
series taken for the sample in the entire diffusion time 
range; the experimental error was estimated to  be f10- 
15%. The D values thus calculated are given in Table 
1. 
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Figure 6. persp&ive plots ofthe three-dimensional spatial- 
spectral-iutensity initial images for the diffusion OfpDTEM. 
PONE in DE50 at 300 K, from two opposite directions, in (A) 
and (B), respectively. For more details see Figure 2. 

Figure 7. Perspective plots of the three-dimensional spatial- 
spectralbintensity initial images for the diffusion of SLPEO 
in DE50 at 300 K, from two opposite directions, in (A) and 
(B), respectively. For more details see Figure 2. 

son, the data that Yasunaga and  and^^^ have obtained 
for the diffusion of water in poly(methacry1ic acid) 
(PMAA) gels, where the water content was varied by 
different degrees of cross-linking. I t  appears that the 
larger diffusants are more sensitive to the 
amount of water in the gels. 

In order to examine the scaling behavior of D with 
the molecular mass (D - M - 9  for the hydrogels, we 
evaluated the exponent a for the neutral probes PDTEM- 
PONE and SLPEO, For the DEIOO and DE80 gels, a 

Typical times for attaining an equilibrium concentra- 
tion profile for the small probes were 1-2 days. A very 
slow diffusion of SLPEO was followed in DE50 for more 
than 2 weeks. The diffusion coefficient of the order of 
0.1 x cm2/s was estimated by analyzing experi- 
mental profiles measured for this sample, using the final 
profile of a similar sample. Additional experiments 
showed a very slow diffusion of SLPEO prepared from 
PEO of MW 3000 in DE80, and practically no diffusion 
o~TMATEMPOI in DE00 (pure -0ss-linked HEMA gel). = o,8: this is in with the data of Piton 
VI. Discussion 

Inspection of Table 1 indicates that the diffusion 
coefficients D decrease with decreasing water content 
in the gel, and with increasing molecular mass of the 
diffusant. The decrease of D with decreasing water 
content is very similar for the two smaller probes, but 
much more pronounced for SLPEO. 

The dependence of solvent diffusion coefficients on the 
concentration of polymers in solution or gels has been 
often found to  follow the free volume the0ry .4~ .~~ At 
polymer concentrations lower than %50% by weight, a 
particularly simple expression has been suggested, 

(2 )  
where Do is the diffusion coefficient in the absence of 
polymer, A is a system-dependent constant, and wz is 
the weight fraction of the polymer.7 Plots of our data 
in log D vs wd(1 - WZ) axes are presented in Figure 9. 
The uoints for each diffusant fit well the exuected linear 

log(D/D,) = A w ~ (  1 - W J  

dependence (the correlation factors are 0.966,0.999, and 
0.988 for TMATEMPOI. PDTE.MPOK'E. and SLPEO. 
respectively). In Figure 9 we also present, for compari- 

et al. for the diffusion oTsolvents and styrene oligomers 
in polystyrene solutionsg and with the data of Bu and 
Russo for the diffusion of dextrans in aqueous (hydrox- 
ypropyl)cellulose.'O For the hardest gel (DE501, how- 
ever, a = 1.4. It appears that  the mechanism of 
diffusion changes dramatically for a relatively small 
change in the water content (from 67 to 55 wt %). A 
gradual change of awith the polymer concentration has 
also been observed for the diffusion coefficients of PS 
oligomers in PS solutions in benzene at 298 K.9 As in 
this study, a is in the range I/z-2. I t  is interesting to 
note that Martina has proposed a different scaling law, 
a = 1.8, for the case of diffising chains that are different 
from the gel network, in the presence of a good solvent. 
This behavior has been verified for the diffision of PS 
in methyl methacrylate (MMA-ethylene dimethacry- 
late (EDMA) gels in toluene.44 

TheD values for the polar probe are higher in a given 
gel than those of the neutral small probe, although its 
molecular mass is slightly larger (211 vs 170). As found 
previously for the diffusion of neutral and charged 
probes in various gels,I6 it seems that molecular inter- 
actions are important in determining transport proper- 
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Figure 8 (continued) 
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Figure 8. Complete set of experimental (A), splined (B), and calculated (C) concentration profiles for the diffusion of TMATEMPOI 
in DE80 at 300 K. Consecutive experimental images were taken at t = 4940,12 140,22 940,33 740.40 940,77 300, and 112 220 
s. The abscissa in (A), is the number of points corresponding to the actual length of the sample, out of a total of 256 points 
collected. The abscissa in (B) and (C) is the length of the sample tube. 

(C) Simulated Diffusion Protiles 

a 

Table 1. Diffision Coefficients (in units of IO-' oms 8-9 at 
300 K of Three Diffisamts in HEMA-DEGMA Hydrogels 
sample (water TMATEMPOI PDTEMPONE SLPEO 
content, wt %) (M = 211) (M = 170) (M = 1832) 

DE100 (75) 2 4 i 4  24i4 3.4 * 0.5 
DE80 (67) 1 7 i 3  1 3 i 2  1.8 + 0.3 
DE50 (55) 6 i 1  3 i 1  =0.1 

ties in gels. 
The results presented above indicated that 2D spatial- 

spectral ESRI can provide quantitative data on trans- 
port properties of paramagnetic diff iants  in hydrogels. 
The method we use for the simulation of experimental 
profiles provides a value of the translational diffusion 
coefficient for each stage in the diffusion process, 
making it possible to estimate the experimental error. 
The concentrations of the spin probes, especially the 
perdeuteriated ones, are low, so that the values of the 
diffusion coefficients can be considered close to those 
obtained by extrapolation to zero concentration. More- 
over, information on rotational diffusion can also be 
obtained, from the ESR line shapes as a function of the 
spatial dimension. Although this potential has not been 
explored in this study, we anticipate making use of this 
possibility in other systems. Temperature variation will 
also extend the range of data in the spectral and spatial 
dimensions. The most serious drawback of the method 
we use now is the limited range of diffision coefficients 
that can be measured and the long measurement times. 
We are currently working on modifying the data acqui- 
sition and image reconstruction algorithm, on using 
other paramagnetic tracers besides nitroxides, and on 

10-4 1 

'" 0.b 0.20 o.io 0.W 0.b 1.M 

Wz/(l-Wz1 

Figure 9. Dependence of diffusion coefficients D of TMATEM- 
POI (el, PDTEMPONE I.) and SLPEO (A, on w%l - WA. 
where wz is the weight fraction of the network in the gels 
swollen at equilibrium by water. Diffusion coefficients of pure 
water in PMAA aqueous networkssg are also indicated (4). 

applications to systems where the ESR spectrum of the 
tracer changes as it diffuses. 

VII. Conclusions 
The diffusion coefficients of small paramagnetic mol- 

ecules (spin probes) and spin-labeled polymers in cross- 
linked gels swollen by water were measured a t  300 K, 
using two-dimensional spatial-spectral ESR imaging 
(ESRI). The gels were prepared by copolymerization of 
2-hydroxyethyl methacrylate (HEMA) and 2-(2-hydrox- 
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yethoxy)ethyl methacrylate (DEGMA), in the presence 
of glycol dimethacrylate as the cross-linker. The net- 
works were prepared with a fixed molar concentration 
of the cross-linking agent; variation of the amount of 
water in equilibrium with the polymer was achieved by 
polymerizing different molar ratios of the monomers. 

Experimental concentration profiles of the diffusant 
in the sample were measured as a function of time, and 
each profile was obtained by image reconstruction, from 
a complete set of projections taken in a range of 
magnetic field gradients. The diffusion coefficients were 
determined by simulation of the experimental diffusion 
profiles as a function of time, using the Fick model of 
diffusion, for an initially confined tracer that diffuses 
into a finite system. 

The diffusion coefficients depend on the amount of 
water in the gels, with the highest changes observed 
for the spin-labeled polymer. The variation of the 
diffusion coefficients D with the network fraction is 
consistent with the free volume model. The variation 
of D scales with M-o.8 in gels containing 1 6 6  wt % 
water, but the scaling changes to M-1.4 for the gel 
containing 55 wt % water, suggesting a change in the 
diffusion mechanism with water content. At present, 
the 2D ESRI method presented above is applicable for 
the case of relatively slow diffusion, with D in the range 
10-6-10-s cm2/s. 
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