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ABSTRACT: Suitable experimental techniques and theoretical deconvolution and simulation procedures
applicable to determination of concentration profiles of paramagnetic particles by ESRI technique and
for subsequent determination of diffusion coefficients of paramagnetic tracers in the sample were proposed.
The macroscopic diffusion coefficients, D, of paramagnetic tracers in cross-linked 2-hydroxyethyl
methacrylate (HEMA) gels equilibrium-swollen with methanol and in polyHEMA methanolic solutions
were measured by one-dimensional electron spin resonance imaging (1D ESRI). Both types of the matrix
were characterized by dynamic correlation length, L, determined by dynamic light scattering (DLS).
The dependence of diffusion coefficients on concentration of polyHEMA in methanolic solutions was well
fitted within both Phillies’ and Petit's models at approximately the same level of accuracy. A slower
diffusion of the tracers was found in HEMA gels compared with the solution containing the same
concentration of polyHEMA and even with the solution characterized by the same hydrodynamic mean
distance between adjacent entanglement points. The results demonstrate the high potential of the 1D
ESRI technique and of the data processing methods developed for measurements of diffusion coefficients
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of paramagnetic tracers in polymer systems.

Introduction

Understanding diffusion processes in swollen polymer
networks (polymer gels) and in concentrated polymer
solutions has direct impact on numerous practical
applications such as drug delivery systems and trans-
port across membranes. Comparison of tracer mobility
in gels with that in non-cross-linked polymer solutions
can provide important insight into the diffusion mech-
anism in both situations. Despite numerous data char-
acterizing self-diffusion processes in polymer solutions,
a consensus, even in this narrow field, has not been
attained yet.!=3 Data characterizing diffusion of low-
molecular-weight tracers in concentrated polymer solu-
tions and especially in gels are comparatively sparse.

Most of the published data characterizing self-diffu-
sion of low-molecular-weight tracers were provided by
the pulsed-gradient spin-echo (PGSE) 'H NMR tech-
nique. Poly(ethylene glycol)s (PEGSs) are suitable tracers
for studies of diffusion processes due to their availability
in a wide range of molecular weights (from monomer
through oligomers up to high-molecular-weight poly-
mers) at very low polydispersity, good solubility in most
common solvents, and, the most important for PGSE,
good resolution and suitable positions of peaks in the
NMR spectra together with long relaxation times. There
is also a pronounced tendency of even low-molecular-
weight PEGs to associate in very dilute solutions.
However, according to numerous dynamic light scat-
tering (DLS) data, the aggregates represent only a small
weight fraction of the material in solution. The molec-
ular size of PEGs has usually been characterized by the
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radius of gyration, Rg, or by the hydrodynamic radius,
Rp, measured by static or dynamic light scattering,
respectively.*®

Self-diffusion coefficients of PEGs in dilute aqueous
solutions measured by PGSE and extrapolated to infi-
nite dilution, Do, were found’ to follow Flory’s scaling
law?8?

Dy ~ M™% (1)

surprisingly over the entire molecular weight range
studied (from 106 for dimer to 632 000). Ineq 1, M is
molecular weight of the diffusing polymer molecule, and
for the scaling exponent a; the excluded-volume model
predicts the value o; = 0.6 in the case of the polymer
molecule in a good solvent at sufficiently high temper-
ature. A PGSE study has shown?0 that diffusion coef-
ficients of tracers in aqueous solutions of poly(vinyl
alcohol) (PVA) decrease with increasing both the mo-
lecular size of tracers and PVA concentration. The
dependence of experimental diffusion coefficients of
PEGs with molecular weights 400 and 4000 on the PVA
concentration in the range 0—0.3 g/mL could be de-
scribed by a stretched exponential function of the form

D = Dy exp(—,c") 2)

resulting from the hydrodynamic scaling model for
polymer dynamics proposed by Phillies.! The model
explicitly assumes that the dominant polymer—polymer
forces are hydrodynamic in nature and that entangle-
ment and topological effects provide secondary correc-
tions, in which it differs substantially from the scaling
model. The polymer chain contraction at high concen-
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trations and the assumption of self-similarity at various
concentrations are other basic assumptions. Dg in eq 2
represents diffusion coefficient of the tracer in neat
solvent; a, and v, are parameters of the model. The
parameter a, was predicted to increase as the molecular
size (molecular weight) of the tracer increases; the
exponent v,, which characterizes polymer matrix, was
predicted to take a value of 0.5 for matrices formed by
long polymer chains or value 1.0 for short ones, and it
should vary as M~%4, where M is molecular weight of
the PVA, between these limits. The values of both
scaling parameters in general agreement with theoreti-
cal predictions were determined by fitting experimental
diffusion data to eq 2.1°

The dependence of tracer diffusion coefficients of
ethylene glycol, its oligomers, and polymers with mo-
lecular weights up to 4000 on the concentration of PVA
in aqueous solution ranging from 0 to 0.38 g/mL as
determined by PGSE was well fitted® to eq 3, resulting
from the new physical model for the diffusion of solvents
and tracers of Petit et al.'!

D = Dy/(1 + asc™™) ©)

In this model, the polymer solution is regarded as a
network where the diffusing molecules have to overcome
periodic energy barriers of equal amplitude. The poten-
tial barrier is higher for the larger diffusants, and the
distance between the barriers corresponds to the cor-
relation length in polymer solution (mesh size). In eq 3
Dy is the diffusion coefficient of the tracer in the absence
of the polymer, oz = Do/kB?, and kB? and vz are
parameters of the model. The parameter v3 depends on
the quality of the solvent and should be constant for a
given system. Values close to v3 = 0.58 were found for
the PVA—water system. Parameter 5 should be a
constant independent of the concentration or molecular
weight of the polymer matrix; parameter k is the jump
frequency, which varies with the molecular weight or
size of the tracer. The kj3? value was found to depend
on the hydrodynamic radius of the tracer calculated
from the diffusion coefficients using the Stokes—Ein-
stein equation. Dependences of the diffusion coefficients
of water and PEG 600 on the concentration of PVA in
aqueous solutions and in some gels were equally well
fitted® to both egs 2 and 3. No significant dependence
of the diffusion coefficient on the molecular weight of
the matrix polymer was observed.

The PGSE technique has also been used!? for mea-
surement of tracer diffusion coefficients of PEGs of
molecular weight ranging from 4250 to 20 000 in poly-
(N,N-dimethylacrylamide) gels equilibrium-swollen with
D,0. The gels were characterized by the degree of
swelling (Q) defined as the ratio of the mass of swollen
polymer gel (Mswotien) to the mass of dry polymer (Mary),
Q = Mswollen/Mary, and by the density of cross-linking
points (N¢) which at equilibrium swelling is related to
the degree of swelling by the equation!® N, ~ Q53,
Diffusion data were analyzed on the basis of the ratio
of the screening length of polymer network to the size
of PEG using the relation

D/D, = exp(—«R) (4)

suggested earlier for description of diffusion of spherical
particles in polymer systems which is based on a
modified free volume theory. In this equation, Dy is the
diffusion coefficient of a free isolated particle, R is radius
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of a particle, and «~1 is the dynamic screening length
of polymer chain forming the matrix. In the cases when
«~1is large enough for tracer polymer to show the same
motion as a hard sphere rather than the reptational
motion, the interchain hydrodynamic interactions more
significantly contribute to the diffusion process com-
pared with the topological constrains. For such cases,
R can be identified with the hydrodynamic radius of the
tracer. When Dg for PEG is determined from the
diffusion coefficient in dilute solution, the change of local
friction of the polymer matrix should be taken into
account. The relation between «~* and the concentration
of the network polymer c or the degree of swelling Q is
expressed by «~1 ~ ¢4 = Q7Y, where u is a constant in
the range from —0.5 to —1.0 depending largely on the
polymer species. Fits of the experimental data to eq 4
over the Q range from 5 to 50% have shown'22 propor-
tionality of the dynamic screening length «—* to ¢=971,

Electron spin resonance imaging (ESRI) has emerged
as another powerful tool for measuring macroscopic
diffusion coefficients of paramagnetic tracers in various
matrices. Since ESRI was comprehensively reviewed,*
new applications of particularly one-dimensional (1D)
X-band ESRI to such measurements in various systems
were reported.’>~18 In principle, the experimental con-
centration profile of the paramagnetic tracer in a sample
can be determined from ESRI experimental data taken
at particular time after the start of diffusion by a
suitable deconvolution procedure. By fitting the theo-
retical concentration profile of the tracer in the sample,
expressed as a solution of Fick’s equation for proper
sample configuration, to the experimental profile, the
diffusion coefficient as one of the parameters of the fit
can be deduced.

In one of our previous papers!® we have used two-
dimensional (2D) spectral-space ESRI for studies of the
macroscopic diffusion coefficients of paramagnetic trac-
ers in HEMA—DEGMA hydrogels. The gels were pre-
pared by copolymerization of 2-hydroxyethyl methacry-
late (HEMA) (1) (Chart 1) and 2-(2-hydroxyethoxy)ethyl
methacrylate (DEGMA) in the presence of the cross-
linker (I1) and equilibrium-swollen with water. Data in
reasonable agreement with some theoretical models
were obtained. Diffusion in polymer gels in the equi-
librium swelling state was studied in order to eliminate
the contribution of the concentration gradient of the
solvent to the driving force governing tracer diffusion.
A similar study revealed?® a slower diffusion of the low-
molecular-weight paramagnetic tracer 4-o0xo-3,3,5,5-
[2H4]-2,2,6,6-tetra([>?Hs]methyl)piperidin-1-yloxyl (IV) in
a polystyrene network (chemically cross-linked gel)
swollen with toluene when compared with a toluene
solution containing the same volume fraction of linear
polystyrene. These findings2! encouraged us to focus our
attention on the investigation of the effect of permanent
chemical cross-links in gels on diffusion coefficients of
tracers. Such cross-links, which are responsible for
mechanical properties of gels, are present in the gel in
addition to the temporary entanglements existing in
solution. In the next step we have decided to use the
1D ESRI technique, which enables faster and more
precise determination of macroscopic diffusion coef-
ficients, instead of extremely time-consuming redundant
2D spectral-space ESRI. We have used 1D ESRI for
measurement of diffusion coefficients of paramagnetic
tracers in lightly cross-linked poly(1-vinyl-2-pyrrolidone)
(PVP) hydrogel (equilibrium water content 88 wt %) and
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in aqueous solution of PVP containing the same polymer
volume fraction.?? In this case convolution of the theo-
retical concentration profile of the tracer in the sample
with the ESR spectrum of the sample taken in the
absence of the gradient was fitted to the ESRI projection
using a least-squares-fitting program based on a mini-
mization algorithm. The best-fit diffusion coefficients
determined clearly indicate that even small concentra-
tions of permanent cross-links in the lightly cross-linked
PVP gel are able to reduce the rate of transport of a
bulky paramagnetic tracer to the value corresponding
to a higher volume fraction (2-fold) of linear PVP in
solution, where no fixed obstacles (permanent cross-
links) are present.

In the present study of diffusion of paramagnetic
tracers in polyHEMA methanolic solutions and in
HEMA gels swollen with methanol, we have employed
the 1D ESRI technique and suitable deconvolution
procedures for determination of the experimental con-
centration profiles of the tracers in samples. In the
fitting process aimed at determination of diffusion
coefficients of particular tracers, systematic deviations
of the experimental concentration profiles from those
predicted by theory were found. This made us modify
both experimental arrangement and computational
techniques so that the deviation between the experi-
mental and theoretical profiles is minimized. The ex-
perimental procedure and software capable of analyzing
experimental data measured in various experimental
arrangements and the corresponding basic theory are
briefly described below. Methanol was used as solvent
in this study due to insolubility of polyHEMA in the
previously used®® water.

Experimental Section

The experiment consists of the following steps: (1) sample
preparation and characterization, (2) 1D ESRI measurement
in the course of diffusion, (3) determination of the tracer 1D
concentration profiles by a deconvolution procedure, (4) esti-
mation of the diffusion coefficient by fitting the experimental
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Table 1. Characterization of Polymer Solutions (S) and
Gels (G) Used in Diffusion Studies

sample cross-linker polyHEMA polymer ®?2 x Ly
code Cc (Wt %) cH(Wt%) c(g/mL)] 103 (nm) Q¢

G23 0.7 23 0.201 158 6.70 4.32
G29 35 29 0.255 200 4.1 3.48
G35 3.8 35 0.323 254 3.2b 2.83
S02 0.2 0.00158 1.24 10.3¢
S05 0.5 0.00396 3.11 10.5¢
S1 1 0.00794 6.23 10.3¢
S2 2 0.0159 125 10.4°
S5 5 0.0403 31.6 10.6°
S10 13 0.0822 64.5 9.8¢
S23 23 0.199 156 6.9°
S29 29 0.258 202 6.00
S35 35 0.319 251 5.1b
S50 50 0.488 383 2.90

a Polymer volume fraction. ® Hydrodynamic correlation length
determined by DLS in gels and in nondilute solutions. ¢ Hydro-
dynamic radius Ry determined by DLS in dilute solutions.
d Degree of swelling of the gel calculated form the composition of
the polymerization mixture.

to theoretical tracer 1D concentration profile calculated using
a proper solution of Fick's equation.

Materials. Methanolic solutions of poly(2-hydroxyethyl
methacrylate) (polyHEMA) were prepared by dissolving proper
amounts of commercial polymer (Polysciences Inc.) in a closed
vessel until homogeneous, highly viscous solutions were
obtained. Gel chromatography performed in dimethylaceta-
mide using polystyrene standards showed M,, ~ 1000 000 and
a very high polydispersity (>4) of the polymer. Static light
scattering measurement (SOFICA 42 000) in methanol yielded
My ~ 960 000 and Rg < 30 nm. Such a small radius of gyration
at a relatively high molecular weight of the polymer indicates
both the presence of branching, which is usual for poly(HEMA)
due to the presence of nonremovable amount of cross-linker
(I1) in the polymerization mixture, and low thermodynamic
quality of methanol for polyHEMA.

HEMA gels (111) (Chart 1) were prepared by polymerization
of a mixture of 2-hydroxyethyl methacrylate (I) (containing a
nonremovable amount of 0.12% of ethylene dimethacrylate
cross-linker as determined by gas chromatography), ethylene
dimethacrylate cross-linker (1), 2,2'-azobis(2-methylpropanen-
itrile) initiator (Fluka), and methanol in proper proportions
(Table 1). After 10 min bubbling with argon the mixture was
filled into glass capillary tubes (i.d. about 1 mm) and into
larger glass ampules (i.d. about 10 mm) in the case of ESRI
and other samples (light scattering and swelling), respectively.
Capillaries and ampules were sealed up and the reaction
mixture was polymerized at 65 °C for 8 h. Some larger (10
mm) samples from each series were subjected to a swelling
test first. The gel was removed from the ampules and im-
mersed into excess of methanol. Swelling was monitored by
weighing the sample until equilibrium was reached. The
procedure was repeated several times using a corrected
composition of the polymerization mixture, and as a result of
the iterative procedure, three types of gels polymerized in the
presence of an amount of methanol required for equilibrium
swelling of the particular gel composition were prepared (Table
1) in the final step. Degrees of swelling Q were calculated using
Q = Mswollen/Mdry where Mdry = Meross—linker T Muema @Nd Mswolien
= May + Mmeon. The selected gels were used for light
scattering and ESRI experiments as described below.

The synthesis of paramagnetic tracers used in the study
(IV=VI) (Chart 1) was described®®?? earlier. The tracers Vla,b
were characterized by MALDI—TOF mass spectrometry (Biflex
111, Bruker Daltonik, Bremen, Germany). Solutions of a
sample, a dithranol (anthracene-1,8,9-triol) matrix, and a
cationizing agent (sodium trifluoroacetate) in tetrahydrofuran
were prepared at concentrations 10 mg/mL and mixed in the
ratio 40:10:1. One microliter of the mixture was deposited on
the sample plate and air-dried. The spectra were collected in
the reflectron mode (Figure 1). For both tracers, the spectra
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Figure 1. MALDI-TOF mass spectra of tracers Vla (a) and
Vib (b).

consist of two series of peaks: one corresponding to chains
labeled at one end only and the other to chains labeled at both
ends; there is no indication of unlabeled chains. The results
obtained by analysis of the spectra of each tracer made both
for each of the series separately and for both series together
showed very low polydispersity. Molecular weights My, /M,, =
1840/1800 for tracer Vla and M,, /M, = 2920/2900 for tracer
VIb were determined. For both samples the difference in
molecular weight of the observed series is close to the molec-
ular weight of the label and thus corroborates the assignment
of peaks. Comparison of total areas under the peaks in each
series indicates that more than 80% of hydroxy end groups in
functionalized PEG standards were successfully labeled in both
types of samples.

Sample Characterization by Dynamic Light Scatter-
ing (DLS). Gel samples polymerized in glass ampules and
polyHEMA solutions filled into the ampules were used for DLS
experiments. Polarized DLS measurements were made at a
scattering angle of 90° using a light-scattering apparatus
equipped with an argon laser (514.5 nm) and an ALV 5000,
multibit, multitau autocorrelator covering approximately 12
decades in the delay time. To avoid an effect of nonergodicity
of gel samples on the dynamic light scattering results, the
samples were rotated, and intensity autocorrelation functions
obtained by averaging at least 10 measurements at different
sample positions were used for analysis. The correlation
functions were analyzed with the REPES program,?2?4 which
targets the inverse Laplace transformation. The collective
(cooperative, gel mode) diffusion coefficients, D, of concen-
trated solutions and gels were calculated in standard way from
the mean characteristic decay times using the expression D,
= 1/7.0%(1 — ®)?, where 7. is the mean characteristic decay
time, g = 4mng sin(6/2)/ 1, is the magnitude of the scattering
vector, ng is the refractive index of the solvent, and Ao is the
wavelength of the incident light. In this expression, a correc-
tion for solvent back-flow? is included, by division by (1 — ®)?,
where @ is the polymer volume fraction (® = v.c, ¥, = 0.785
cm?® gt is the partial specific volume?® of polyHEMA and c,
g/mL, is the polymer concentration). D, for gels was further
corrected by the heterodyne method introduced by Geissler.?”
Then the concentrated polymer solutions and gels were
characterized by the dynamic correlation length, Ly, by using
the Stokes—Einstein relation, Ly = kT/6znD., where T is the
absolute temperature, k is the Boltzmann constant, and » the
viscosity of the solvent. The Ly is identified with hydrodynamic
radius, Ry, in dilute solutions and with dynamic correlation
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length (hydrodynamic blob size), &4, in entangled solutions
(pseudogel regime) and in gels. In the case of polymer gels,
the DLS technique is not able to resolve contribution of
temporarily entanglement points and permanent cross-links
to &4. The Ly was determined with accuracy better than 5%
in polymer solutions and better than 10% in polymer gels.
ESRI Samples Preparation and Measurement. For
ESRI measurements, methanolic solutions of linear poly-
(HEMA) were filled into glass capillaries of i.d. ~1 mm and
HEMA gels were polymerized inside. The lengths of the
samples ranged from 3 to 10 mm. The diffusion was started
with approximately 0.2 uL of 5 x 1072 M methanolic solution
of a paramagnetic tracer. For short-time diffusion (<1 h), the
capillary was closed with Parafilm; for longer experiments it
was necessary to seal the upper end of the capillary in order
to prevent the surface of the polymer matrix (either gel or
solution) from drying due to evaporation of the volatile solvent.
In the empty space between the polymer and upper seal, cotton
soaked with methanol was placed to saturate the vapor phase.
The capillary was then inserted into an ESR quartz sample
tube (4 mm o.d.) and placed, with its axis parallel to the
gradient direction, in the cavity of the ESR spectrometer.

Because the gel samples were already polymerized in the
capillary, the tracer solution in this case simply topped the
gel (“from-top-to-bottom” arrangement). Two other experimen-
tal arrangements that require careful manipulation were also
used for measurements in polymer solutions. A small drop of
the tracer solution was put on the bottom of the capillary, and
the diffusion was started by overlying it with the polymer
solution (“from-bottom-to-top” arrangement). The third ar-
rangement is a combination of both. The diffusion was started
just as in the “from-top-to-bottom” arrangement, but then the
tracer was overlayered with the polymer solution (“sandwich”
arrangement). Crucial for the choice of arrangements are the
requirements for (a) preservation of the uniformity of the
diffusion in the sample cross-section along its active length
so that the 1D solutions of Fick’s law could be applied, (b)
preservation of the sample for a long time, and (c) easy
manipulation. Generally, the “sandwich” arrangement pro-
vides the data that could be precisely analyzed, the “from-top-
to-bottom” arrangement is easy to carry out, and the “from-
bottom-to-top” arrangement is sometimes a reasonable com-
promise. During the sample preparation, care must be taken
to prevent the surface of the polymer matrix (either gel or
solution) from drying due to evaporation of the volatile solvent.

The ESRI system in the Detroit laboratory consists of a
Bruker 200D ESR spectrometer with an EMX console, equipped
with two eight-shaped Lewis coils fed by two regulated power
supplies. Measurements were performed using a vertical
gradient (perpendicular to the external magnetic field); Gmax
~ 250 G/cm. The instrumentation has been described in more
detail elsewhere.'®-22 All the measurements were performed
at the temperature inside the cavity of the ESR spectrometer
stabilized at 300 + 1 K, and the samples were kept at the same
temperature when outside the cavity.

For determination of the 1D concentration profile of the
tracer at a particular time after starting the diffusion, an ESR
projection of the sample in the presence of the gradient field
and its ESR spectrum in its absence at a particular time must
be measured. We have measured spectrum-projection pairs at
several suitable times after starting the diffusion for each of
the samples to be able to estimate experimental error and to
disclose possible effects of non-Fickian processes characterized
by time-dependent diffusion coefficients. The effect of the
gradient magnitude on the quality of the data was tested by
using various gradients (50—150 G/cm) for most of the samples.

Data Analysis

Determination of Experimental Concentration
Profiles by Deconvolution Techniques. The ESR
spectrum measured in the presence of the gradient
(projection) could be expressed as a superposition of the
spectra of all individual tracers at various positions
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inside the sample (i.e., at various effective external
magnetic fields) weighted by the spectrometer sensitiv-
ity at a particular position. Providing that there is no
line shape variation in the ESR spectrum of the tracer
throughout the sample, such a projection could be
mathematically expressed as a convolution of the spec-
trum measured at the gradient-off and the concentration
profile of the tracer inside the sample multiplied by the
spatial sensitivity function of the spectrometer.2¢ The
sensitivity function could be readily determined by
measuring concentration profile in the sample with
homogeneous tracer distribution. To get the concentra-
tion profile, we need to perform the reverse deconvolu-
tion process, i.e., to deconvolute the spectrum at the
gradient-off out of the projection measured at the
gradient-on. If the spatial region of the diffusion is wide
(>5 mm), it is necessary to divide the result of the
deconvolution by the spectrometer spatial sensitivity
function.

Deconvolution is a well-known numerical problem,
and many deconvolution methods have been developed
so far.?° In matrix representation, we may write in a
discrete case a convolution of vectors i = s*o0 as in =
SamOm, Where in, Sp, and o, are discrete spectra measured
at the gradient-on and -off and the tracer concentration
profile, respectively, and the elements of matrix s,m are
given by spm = Sh—m. A naive approach to the deconvo-
lution is to solve the set of linear equations in unknowns
om by using the inverse matrix oy = s, hi,,. Because of
noise perturbations, which are always present in any
physical measurement, the solution oy, typically exhibits
large spurious fluctuations. Another linear method is
based on the Fourier convolution theorem, which states
that the convolution of two spectra is a simple multi-
plication in the Fourier domain. Convolution integral
that also respects the additive noise n(x) in the i(x)
function and i(x) = /720(X)s(x — x)X' + n(x) could be
simplified in the Fourier domain as I(w) = O(w)S(w) +
N(w). By dividing this equation by S(w) and solving for
O(w), we get O(w) = I(w)/S(w) — N(w)/S(w) and inverse
transformation would produce the restoration of o(x).
The noise term in this equation, however, is predomi-
nantly random, increasing with frequency and, for
higher noise levels, spurious high-frequency fluctuations
obscure all the information in the deconvoluted results.

Fluctuations could be suppressed by band limiting.
We may set a frequency cutoff Q for the estimate o and
separate the low-frequency information. However, the
spectral structure beyond the cutoff is lost, and the
estimate is somehow smeared. Only deconvolution
methods that utilize some prior knowledge of the
estimate are able to restore to a certain extent the “lost”
frequencies beyond the cutoff. Below we will describe
two constrained nonlinear methods used in this study.
The term “nonlinear” describes the situation in which
the solution o cannot be expressed as a linear function
of the i. By the word “constraint”, we mean physically
meaningful bounds placed on the concentration profile
as the solution. We require the concentration profile be
positive (positivity or minimum negativity constraint),
nonzero only over a certain limited region (finite extent
constraint), and, finally, also smooth.

The first nonlinear deconvolution method used ex-
tends the approach based on the Fourier analysis by
implementing constraints. We use a Matlab Signal
Processing Toolbox to create digital low-pass filters of
various types and sampling, pass-band, and stop-band
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frequencies.?® We may consider a suitable filter as a
smoothness constraint. However, this is done at the
expense of sharpness that is lost as the amplitudes of
high frequencies are suppressed or cut off. Howard
described a technique that is partly capable of restoring
amplitudes of frequencies beyond the cutoff (Fourier
spectrum continuation).’1=33 He has shown how to
formulate mathematically the finite extent and mini-
mum negativity constraint as a minimization problem
in order to obtain the unknown amplitudes and sug-
gested an iterative procedure for solving a set of
nonlinear equations applicable in the case of minimum
negativity constraint. Easy accommodation of other
constraints (including the finite extent constraint) with
only slight modification is the main advantage of this
approach. Applying both constraints simultaneously
produces a result much more likely to be correct than
would be the result of applying each constraint sepa-
rately.

The second deconvolution method used is based on
the construction of an objective function that can be
minimized to obtain a best estimate and on the Monte
Carlo minimization procedure.?°® The objective function
may use a least-squares criterion as a measure of
goodness of the fit and be written as ®(v) = [i — im(V)|?,
where iy(v) is a model fit based on a set of parameters
v. We seek the v parameters that minimize ®(v), thereby
ensuring the best fit. The model spectrum iu(v) is
further given by the convolution of the model concentra-
tion profile and the true spectrum measured at gradient-
off im(v) = s*om(v). The most general case is to take the
value of each sampled element of the estimate oy as a
parameter of the objective function and hence the
solution. Excessive computation is then required, and
the probability of finding only local minima of the
objective function @ is high. Nevertheless, the optimiza-
tion idea was teamed with a Monte Carlo technique with
a proper decision rule. In the Monte Carlo optimization
process are accepted or rejected random small changes
at each sampled position of oy. To avoid the local
minimum trapping problem, we have to accept with a
certain probability also changes that temporarily rise
the objective function ®. However, such probability is
gradually lowered until the “frozen” state. This algo-
rithm has a parallel in a physical process called an-
nealing, the process by which the temperature of a
system is gradually lowered until its parameters freeze
into their final values. Constraints are implemented
very simply. A change is rejected whenever it would give
rise to a violation of the constraints. Thus, we generate
changes only within a region limited by the finite extent
constraint, and the changes that would produce negative
values of the concentration profile are rejected. The
smoothness constraint was implemented by smoothing
with a cubic spline after each annealing step.3*

Whereas positivity and finite-extent constraints are
definite bounds in both mentioned methods, the formu-
lation of the smoothness requirement is ambiguous. A
rigorous approach to seeking the unique solution with
desired features is Frieden’s method of maximum
likelihood.290:35 Unfortunately, even its simple form, the
maximum entropy method, has been found virtually
inapplicable to our case due to the extremely high
computer time required.

Estimation of the Diffusion Coefficient by Fit-
ting the 1D Tracer Concentration Profile. On the
assumption that the concentration of the tracer inside
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Figure 2. Concentration dependence of dynamic correlation length Ly of polyHEMA in methanolic solution determined by DLS.

The dashed line indicates ¢c* = 0.11 g/mL.

the sample is low enough so that the translational
diffusion obeys Fick’s law daC(F,t)/ot = DAC(F,t), and if
the diffusion along the capillary axis strongly predomi-
nates over those in other directions, we can write the
solution of this equation as 1D spatial and time depen-
dence of the tracer concentration

_ 1 +0_(x—X)2/ADt fr §_ ,
Cx,t) = ——— e C(x',t=0) dx
where D is a diffusion coefficient and x is a space
coordinate along the gradient direction for an arbitrary
initial tracer distribution.38 If the initial tracer distribu-
tion can be described by the delta function, the solution
has the form of Green’s function, C(x,t) = G(x,t) = (1/
47Dt)e ¥?4Dt After implementation of boundary condi-
tions for the case of reflecting walls at the top surface
of the polymer sample and at the bottom of the capillary
0C/0X|x=0x=L, Where L is the length of the sample, the
solution can be written as

+oo
C(x,t) = [G(x,t) + ) G(2nL — x,t) +

G@nL + xH)*C(x,t = 0) (5)

where n is the number of reflections on the walls
(convergence was reached for n < 3 in all our calcula-
tions). Sometimes it is possible to define mathematically
a common initial condition, e.g., the initial distribution
of spin probe is close to the 6 function or to the layer of
a certain width, and then the solution can be expressed
in an analytical form.

Once we have found a time series of concentration
profiles of the tracer in the sample, it is advantageous
to take an early profile as the starting profile for a later
one. If the diffusion follows Fick’s law, combinations of
different pairs of concentration profiles should give the
same diffusion coefficient. The plot of Dt vs t could be
fitted with a straight line crossing the origin, and its
slope gives coefficient D.

For deconvolution and fitting procedures we used
Matlab software. Here we benefit from the naturally
matrix oriented programming language and plenty of

predefined mathematical and graphical routines. For
the calculations of the 2D diffusion in the precision test,
which will be discussed later, we have used a Matlab-
based product Femlab which is an environment for the
technical and physical simulations in 1D, 2D, and also
3D space.

Results and Discussion

Sample Characterization. The hydrodynamic cor-
relation lengths, Ly , determined for gels and solutions
studied by DLS are given in Table 1. The crossover
concentration at which the overlap of the polymer coils
begins, c*, was estimated from the concentration de-
pendence of the characteristic hydrodynamic length Ly
of polyHEMA solutions in transition region. The log—
log plot of experimental data is shown in Figure 2. The
data were fitted to a hyperbolic function having one of
the asymptotes parallel to the x axis

y=a— (m/2){x + [(x — xp)* + d 1"}

where y = log Ly and x = log c. Coordinates of the
intercept of asymptotes are xp and yo = a — mxp/2, m
being the slope of the oblique asymptote and d the
distance between the intercept of asymptotes and
hyperbolic function along the vertical axis. Since Ry
should asymptotically approach its value at zero con-
centration and &y should follow a power-law dependence
on concentration (a linear dependence in log—log plot)
in semidilute solutions (at concentrations above c*), it
is plausible to assume that the intercept xo ~ log c*.
The values xo = —0.95 and c¢* = 0.11 g/mL were
determined using the data presented in Figure 2. A
significantly higher c¢* was found for polyHEMA in
methanol when comparing with linear polymers of
similar molecular weights in good solvents (e.g., for
polystyrene in good solvents c¢* lower by more than an
order of magnitude was found at similar M,,%738). The
high c* together with the above-mentioned very small
Rs found for polyHEMA in methanol by static light
scattering indicate that (i) methanol is not a thermo-
dynamically good solvent for polyHEMA and/or (ii)
polyHEMA is partly branched. This means that effective
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lengths of polyHEMA chains are shorter than that of a
hypothetical linear chain and onset of entanglements
starts at higher polyHEMA concentrations. The slope
of a high-concentration asymptote in Figure 2 gave u =
—0.66, which lies within the theoretically predicted
limits® from —0.5 to —1.0.

It follows from Table 1 that &4 found in concentrated
polyHEMA solutions is systematically larger than &y
in gels containing the same polymer volume fraction ®.
This means that the hydrodynamic screening is more
intensive in gels than in corresponding solutions and
that permanent cross-links play a significant role. Since
the hydrodynamic correlation length in concentrated
solutions is a measure of the distance between entangle-
ments (the blob size), we can conclude that the distance
between entanglements in gels decreases, when com-
pared with corresponding solutions, due to the presence
of permanent cross-links.

Diffusion Coefficients. Measurements of diffusion
coefficients of paramagnetic tracers in gel samples were
performed using the “from-top-to-bottom” arrangement
only. All the three mentioned arrangements were used
when measuring diffusion coefficients in concentrated
solutions. The more elaborated “sandwich” arrangement
produces best results because the diffusion region is
safely protected by surrounding layers and thus pro-
tected from drying due to undesirable evaporation of
methanol from the surface of the sample. Such a
protective feature provides also the “from-bottom-to-top”
arrangement. Another advantage of the sandwich ar-
rangement is the simple Gaussian shape of the concen-
tration profile. The absence of sharp edges in the profile
results in a fast decay of amplitudes of its Fourier
transform with increasing frequency. Thus, a substan-
tial part of the Fourier transform of the concentration
profile is well separated from the high-frequency noise
and preserved after filtering. Finally we do not need to
care much about reflections discussed below.

Deconvolution of the experimental data was per-
formed using the above-mentioned Fourier method in
the first step. The result was used as the starting point
for the second mentioned Monte Carlo method, which
was used as a feedback to ensure the reverse validity
of the convolution relation between the measured
spectra and a concentration profile.

An approximation of the diffusion in the samples
studied by the 1D free diffusion is expected when
analyzing the experimental data. Although the capillary
is thin and symmetric, the finite diameter causes a
problem in 1D approximation. The initial layer contain-
ing the tracer could be nonuniform in the direction
perpendicular to the capillary axis. This may be caused
by the meniscus at the polymer surface when perform-
ing “from-top-to-bottom” diffusion or by smearing the
initial layer when trying to overlay it by the polymer
sample in the case of the other two arrangements used.
Both meniscus and the smear of initial layer result in
a nonzero concentration gradient in the direction per-
pendicular to the capillary axis. This causes a particular
problem when fitting a theoretical concentration profile
to the experimental one. Because of nonplanarity of the
sample surface, the real walls are not sharp as assumed,
which implies that the real 1D concentration profile is
not terminated by a jump change at the walls but rather
by a gradual decrease. The position of the reflection
walls is one of the parameters of the fitting procedure.
The minimization procedure tries to place the edge of
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the theoretical concentration profile somewhere in the
middle of the broadened slope of the walls of the
experimental concentration profile, but this decreases
the quality of the fit. The diffusion should be treated as
a 3D problem which is practically insolvable because
the 3D geometry of the samples is either difficult to
describe or unknown.

To overcome this fitting problem, we suggest a sym-
metrization procedure as a way of minimizing the
surface nonplanarity effect. The procedure is based on
a semiempirical trick that eliminates the starting wall.
Let us assume having a perfect 1D single-directional
diffusion that has a sharp wall at its start. We can
imagine the same single-directional diffusion but in the
opposite direction. The way of elimination of the starting
wall is to identify starting walls of both diffusions so
that the starting walls overlap. Such symmetrization
produces a two-directional diffusion with the same
diffusion coefficient. Experimental concentration profiles
with broadened walls were subjected to a symmetriza-
tion procedure, and a new parameter, the distance
between origins of the experimental profile and its
mirror image, d, was introduced as variable of the fitting
procedure. The origin of every concentration profile is
the center of the spatial dimension of the spectral—
spatial window in which the deconvolution procedure
takes place and the mirror image is mirrored around
this point. Because we use experimentally estimated
initial conditions, we need to perform the symmetriza-
tion procedure with both the final and the initial
concentration profile. The resulting nearly Gaussian
symmetrized profiles were fitted by theoretical solution
(5) with a substantially higher correlation compared
with nonsymmetrized profiles. For estimation of the
quality of the fit, we have used the standard least-
squares criterion.

To determine the error of such procedure, we decided
to construct a model diffusion experiment for two
arrangements (Figure 3). 2D diffusion for the “sand-
wich” arrangement in a rectangular capillary 5 x 1 mm,
which are typical measures of our experimental capil-
laries, was numerically modeled with a single diffusion
coefficient Dop = 2.083 x 10~8cm?/s using Femlab. As
an initial layer, we took a layer of the width 0.5 mm
symmetrical around the center. Concentration profiles
were generated after 25 and 40 min diffusion. Profiles
were integrated along the direction perpendicular to the
capillary axis into 1D profiles and then fitted by the
standard procedure used for the experimental profiles.
The diffusion coefficient Dip, = 2.080 x 106 cm?/s was
determined. The agreement between Dip, and Dyp
demonstrates self-consistency of the numerical algo-
rithms used (Figure 3a). In the next step the capillary
was divided into two parts by a flat cut along the
diagonal of the initial layer, and 2D diffusion was
numerically modeled in a single part only in a manner
similar to the case of the whole capillary. The profiles
were integrated along the direction perpendicular to the
capillary axis into 1D profiles again. Using the sym-
metrization procedure for determination of the model
concentration profile, the fitting process then gave the
diffusion coefficient Dipp = 2.092 x 10-% cm?/s (Figure
3b). The relative error around 0.5% resulting from
comparison of both model diffusion coefficients is more
than satisfactory with respect to other experimental
errors and to the fact that the length 0.5 mm of the 2D
surface effect is overestimated. A typical initial broad-



5524 Marek et al.

0.0 01 02 0.3
X [cm]

Figure 3. Precision test of the symmetrization process (see
the text): (a) 1D concentration profiles calculated from model
2D diffusion in “sandwich” arrangement with Dyp = 2.083 x
107% cm?/s at t; = 25 min (initial profile — full line) and t; =
40 min (final profile — dashed line); the best fit of eq 5 fits the
final profile (dotted line) perfectly and gives the diffusion
coefficient Dipa = 2.080 x 107 cm?/s. (b) 1D single-directional
concentration profiles calculated as in (a) but only for diffusion
into the right half of the 2D model sample, created by the flat
cut along the diagonal of the initial layer in order to simulate
the surface effect, and the corresponding profiles after sym-
metrization. The best fit of eq 5 to the final symmetrized profile
(dotted line) gave the diffusion coefficient Dip, = 2.092 x 1076
cm?/s. (c) Initial and final single-directional concentration
profiles from (b) and the poor best fit of eq 5 to the nonsym-
metrized final profile (dotted line) which gave diffusion coef-
ficient Dip. = 2.902 x 107 cm?/s.

ening around 0.3—0.4 mm was observed in real 1D
profiles. A much higher value of the diffusion coefficient
Dipc = 2.902 x 10~% cm?/s was determined when fitting
nonsymmetrized model profiles (Figure 3c). This dis-
crepancy documents the efficiency of the symmetrization
method that helps to fit concentration profiles better and
to get a more correct value of the diffusion coefficient
also in the case when deviations from the theoretical
assumptions discussed above occur. The central part of
symmetrized profiles exhibit some oscillations, but the
overall fit is good. On the other hand, the simulation of
the nonsymmetrized profile in Figure 3c is not able to
cope with the broadened front edge.

Figure 4 shows examples of experimental data and
their processing. In column 1 data for diffusion of tracer
Vla in sample S30 measured in “sandwich” arrange-
ment in both up and down directions and in column 2
data for downward diffusion of the same tracer in
sample S40 in “from-top-to-bottom” are given. In the
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first row (Figure 4a), initial and final ESR profiles taken
at the gradient-on together with the spectrum taken at
the gradient-off in the inset are presented. In the second
row (Figure 4b), corresponding concentration profiles
determined by deconvolution, in the case of the single-
directional diffusion (column 2) also symmetrized pro-
files, and their fits by eq 5 are given. Third row (Figure
4c) shows the dependence of DAt vs At for different
initial—final profile pairs. The linearity of these de-
pendences proves the time independence of the diffusion
coefficients determined, which indicates Fickian diffu-
sion in all the samples studied. The slope of the linear
dependence determines the diffusion coefficient for
particular tracer and sample.

Macroscopic translational diffusion coefficients D for
tracers 1V, V, and VI a,b (Chart 1) in polyHEMA
solutions and HEMA gels measured by ESRI technique
are given in Table 2. Each diffusion coefficient was
determined from measurements of typically 2—3 differ-
ent samples of the same kind of polymer solution or gel.
Measurements at typically 6—10 different times after
the start of the diffusion were performed, and the
diffusion coefficient D for a particular sample was
calculated from the slope of the DAt vs At dependence.
At least two different experimental arrangements (see
above) were used when measuring diffusion of a par-
ticular tracer in each of polyHEMA solutions. The
values D presented in Table 2 are the averages of the
values determined for a particular tracer—matrix pair.
There are two main contributions to the experimental
error of their determination. The error associated with
determination of D for a particular sample due to
inaccuracies of deconvolution and fitting processes was
estimated not to exceed 2%. The accuracy of determi-
nation of D from the slope of DAt vs At dependences, to
which sample drying and similar time-dependent pro-
cesses could contribute, confirms such estimate. The
largest contribution to the error of the average D values
presented in Table 2 is due to the unsatisfactory
reproducibility of the gel samples mainly, which is in
particular due to volatility of the solvent used. The error
was estimated to be typically 5 and 10% but did not
exceed 10 and 20% for polyHEMA solutions and HEMA
gels, respectively. In general, diffusion coefficients of the
tracers in polyHEMA methanolic solutions decrease
with increasing molecular weight of the tracer. We gave
up looking for a more specific character of the depen-
dence with regard to both the number and limited range
of molecular weights of the tracers used. A similar
dependence follows from the presented diffusion coef-
ficients of the tracers in HEMA gels. The virtually equal
coefficients for tracers Vla and VIb in the matrix G23
are probably due to the accumulation of experimental
errors in opposite directions.

Dependence of Diffusion Coefficients on the
Matrix Properties. To get information on the effect
of temporary entanglements and permanent cross-links
present in matrixes, we have analyzed the data pre-
sented in Table 2 in the frame of eq 4. In nondilute
solutions, changes in local friction with changing poly-
mer concentration can exert a significant influence on
D. To account for the local friction, the D values
presented in Table 2 were scaled by the ratio £(c)/£(0)
= (1 + ®)?)(1 — ®), where @ is the polymer volume
fraction, in the way used and discussed by Wheeler and
Lodge.? The logarithms of the corrected diffusion coef-
ficients for the tracers in polyHEMA solutions were
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Figure 4. (a) Experimental ESRI profiles of tracer Vla measured in the presence of the magnetic field gradient G at time t; (full
line) and t; (dashed line) after starting the diffusion and ESR spectrum of the sample without any magnetic field gradient present
given in the inset for: Column 1: S30 polyHEMA methanolic solution using the “sandwich” arrangement at G = 77.4 G/cm, t; =
35 min, t; = 88 min. Column 2: S40 polyHEMA methanolic solution using the “from-top-to-bottom” arrangement at G = 103.1
Gl/ecm, t; = 66 min, t, = 258 min. (b) Column 1: experimental concentration profiles of the tracer in the sample at times t; (full
line) and t, (dashed line) determined by the deconvolution procedure and the fit of eq 5 to the profile determined at time t; with
the diffusion coefficient D1, = 5.94 x 1077 cm?/s (dotted line indistinguishable from the dashed line). Column 2: experimental
concentration profiles of the tracer in the sample at time t; (full line) and t; (dashed line) determined by the deconvolution procedure
and corresponding symmetrized profiles (see the text) and the perfect fit of eq 5 to the symmetrized profile determined at time
t, with the diffusion coefficient D2, = 2.26 x 1077 cm?/s (dotted line nearly indistinguishable from the dashed line). (c) Dependence
of the values DAt on the time interval At = t, — t; for various initial—final concentration profile pairs; slope of the linear dependence
determines the diffusion coefficient Dic = 5.88 x 1077 cm?/s and Dy = 2.28 x 1077 cm?/s.

Table 2. Diffusion Coefficients of Paramagnetic Tracers in Polymer Solutions and Gels (in 1078 cm?/s)

tracer/My
v \Y Via Vib
186 230 1840 2920
sample code ca (g/mL) D Deorr” D Deorr® D Deorr® D Deorr®

G23 0.201 240 380 100 160 29 46 31 50
G29 0.255 16 29 8.8 16
G35 0.323 120 250 63 130 6.6 14 5.5 11
S15 0.126 797 1070 612 820 164 220 107 144
S20 0.171 642 954 448 666 144 214
S23 0.199 591 936 95.7 152 67.9 108
S30 0.268 451 837 266 494 57.9 107 39.0 72.4
S35 0.319 347 724 210 438 36.5 76.1 25.2 52.6
S36 0.330 325 695 177 379 35.8 76.6 19.8 42.4
S40 0.373 244 576 127 300 25.6 60.5 12.7 30.0
S45 0.429 168 453 89.8 242 15.9 42.8 8.23 222

a Polymer concentration. ? Values corrected for local solvent friction in the matrix (see the text).

plotted in Figure 5 versus the reciprocal hydrodynamic
correlation length &y determined for the solution ma-
trices by DLS. The &y values for concentrations of

polyHEMA in methanolic solutions used in ESRI ex-
periments were determined by splining the concentra-
tion dependence presented in Table 1 with a polynomial
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Figure 5. Dependence of the corrected diffusion coefficients
of tracers (W, 1V; @, V; A, Via; 4, VIb) in methanolic solutions
of polyHEMA containing entangled polymer chains on the
reciprocal hydrodynamic screening length determined by DLS.
The lines represent the best linear fits to the experimental
data.

of the fifth order and calculating correlation lengths for
the concentrations required. It follows from Figure 5
that eq 4 fits the data measured in concentrated
polyHEMA methanolic solutions very well. The slope
of presented linear fits to the experimental data in the
log D vs &4~ coordinates increases with increasing size
of the paramagnetic tracer as eq 4 predicts giving the
R values equal to 2.1, 3.1, 4.3, and 5.0 nm for tracers
1V, V, Vla, and VIb, respectively. Masaro et al.®
determined Ry for PEGs in the range of molecular
weights from monomer up to 4626 in water at 23 °C
using the Stokes—Einstein equation and diffusion coef-
ficients determined by the PGSE technique. Among
others they found Ry = 20.59 A and Ry = 22.69 A for
My equal to 1532 and 2246, respectively. Static light
scattering experiments performed by Zhu and Brown?
showed that Rg of high-molecular-weight PEGs (M,
ranging from 145 000 to 1 200 000) in methanol at 25
°C follows the power dependence Rg = 0.16 M,,2%85 A
(which gives Rg ~ 1.2 nm and Rg ~ 1.6 nm for M,, equal
to 1500 and 2500, respectively). The presence of termi-
nal nitroxides is probably responsible for the higher
dimensions of the Vla and VIb tracers compared with
dimensions of comparable PEGs without any paramag-
netic end groups.

The dependence of the corrected diffusion coefficients
of the tracers on the polyHEMA concentration in
methanolic solution, which was in all the matrixes
presented in Table 2 well above c*, was analyzed in the
frame of the Phillies’ and Petit's models mentioned
above. Equations 2 and 3 were fitted to the data
presented in Table 2. For each of the models the
concentration dependences of the diffusion coefficients
of all four tracers were fitted simultaneously using Do,
o, and v as variable parameters but keeping v, which
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Figure 6. Dependence of the corrected diffusion coefficients
of the tracers on the polymer concentration in methanolic
solutions of polyHEMA containing entangled polymer chains
(solid symbols; see Figure 5 for explanation) and in HEMA
gels equilibrium-swollen with methanol (open symbols). Best
fits to the data for a particular tracer in concentrated solutions
calculated using Phillies’ (eq 2) and Petit's (eq 3) models, and
the parameters presented in Table 3 are given by solid and
dashed lines, respectively.

Table 3. Best Fit Parameters of Phillies’ and Petit’s
Models to the Experimental Concentration Dependence
of Diffusion Coefficients of the Paramagnetic Tracers in

PolyHEMA Methanolic Solutions

Phillies’ model: Petit's model:
D = Do exp(—azC"2) D = Do/(1 + 03c?%s)
Do (1076 Do (1076

tracer cm?/s) o2 v2 cm?/s) o3 V3
v 13 34 1.48 11 18 1.54
\Y 10 5.0 1.48 8.1 33 1.54
Via 3.1 7.2 1.48 2.5 68 1.54
Vib 2.2 8.2 1.48 1.7 89 1.54

according to the theoretical prediction characterizes the
matrix, the same for each model. Both models fit the
experimental data well at a similar level of accuracy
(Figure 6). A similar conclusion was drawn on the basis
of results presented for diffusion of PEG 600 in aqueous
PVA solutions and in some water-swollen gels.® The best
fit parameters are presented in Table 3. Those concern-
ing diffusion of tracers Vla and VIb can be compared
with the parameters characterizing the concentration
dependence of diffusion of PEG 600, 1500, 2000, and
4000 in the above-mentioned PVA—water systems.35
The best fit values for Dy decreasing with increasing
M,y of the tracer and close to the published data®*® were
found for both mentioned models in agreement with
theoretical predictions. More than twice higher values
for parameters v, and v3 were found in this study when
compared with both theoretical predictions and values
determined for the PVA—water system. When trying to
explain such difference, we have to realize first of all
that the values of these parameters are expected to
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depend on the solvent quality, which is much poorer for
our polyHEMA—methanol system than for PVA—water.
In the case of Phillies’ model, the o, values increasing
with the My, of the tracer and higher than the values
published® for PEG 600 (o, = 3.5—4.5 for various
matrices) were found for both PEGs in this study. For
the kB2 parameter of Petit's model values (calculated
as Do/a3) decreasing with the M,, of the tracer similarly
to the published data? but lower (0.04 and 0.02 x 10710
m?/s for tracers Vla and Vb, respectively) were found.
According to theoretical predictions, § should be a
constant independent of properties of the matrix, and
the jump frequency k should vary with molecular weight
or the size of the tracer and with the size of the cavities
in the polymer—solvent system between which the
tracer is assumed to jump. Regarding the poorer quality
of methanol for polyHEMA compared with water as
solvent for PVA, lower dimensions of the cavities and
lower values of the k3?2 parameter could be expected in
our case.

Diffusion coefficients of the tracers measured in
HEMA gels corrected in the same way as those mea-
sured in solutions are presented in Figure 6 for com-
parison. Slower diffusion coefficients measured in HEMA
gels compared with polyHEMA solutions in matrices
with the same polymer concentration follow from Figure
6. There exist at least two reasons for the observed
difference. First, in cross-linked gel matrixes permanent
cross-links are present in addition to temporary en-
tanglement points. The presence of additional perma-
nent cross-links is clearly demonstrated by smaller &y
found in HEMA gels when compared with polyHEMA
solutions at the same polymer concentration (Table 1).
This effect is particularly visible in the case of more
cross-linked gels G29 and G35 because the concentra-
tion of permanent cross-links should be proportional to
the cross-linker concentration, at least in a certain range
of low cross-linker concentrations. Permanent cross-
links in gels are additional topological constraints,
which could slow down the tracer diffusion. In lightly
cross-linked gel G23 (¢ = 0.201 g/mL), only minor
differences in hydrodynamic correlation lengths were
measured compared with solution S23. Nevertheless,
practically the same relative decrease in diffusion
coefficients for all four tracers was observed when
comparing both mentioned matrixes. This seems to
indicate that not only absolute concentration of the
temporary and permanent cross-links in the matrix but
also their ratio could affect the ratio of diffusion coef-
ficients of tracers. In other words, shortening of the
hydrodynamic correlation length in the gels due to the
presence of permanent cross-links cannot explain quan-
titatively the observed decrease in the tracer diffusion
coefficients. The diffusion coefficient of the tracer in a
matrix characterized by a particular hydrodynamic
correlation length seems to depend on the proportion
of permanent cross-links present in the matrix. Second,
the presence of permanent cross-links in gels probably
also affects the local friction in a way that is not properly
accounted for by the above-mentioned correction for the
local friction.

Conclusions

Suitable experimental arrangements of ESRI experi-
ments aimed at determination of diffusion coefficients
characterizing macroscopic translational diffusion of
paramagnetic tracers in polymer solutions and gels were
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selected by comparison of several sample configurations.
Methods of treatment of experimental data based on
mathematical deconvolution and fitting procedures were
elaborated. Diffusion coefficients for four paramagnetic
tracers in nondilute solutions of polyHEMA in methanol
and in HEMA gels equilibrium-swollen with methanol
were determined. Both solution and gel matrices were
characterized by a hydrodynamic correlation length
measured by the DLS technique. Diffusion coefficients
were found to decrease with increasing molecular
weight of the tracer in all the matrices studied. The
dependences of the corrected diffusion coefficients on the
polyHEMA concentration in methanolic solutions were
well fitted within the frame of both Phillies’ and Petit's
models on approximately the same level of accuracy. The
best fit values of characteristic parameters for each of
the models were compared with both theoretical predic-
tions and published experimental values. Lower values
of diffusion coefficients of all four tracers were found in
HEMA gels compared with a polymer solution contain-
ing the same concentration of the polymer. The data
found indicate that slowing down the diffusion of the
tracers in gels depends not only on the presence of
additional permanent cross-links demonstrated by short-
ening hydrodynamic screening length of the matrix but
also on the character of the obstacles (temporarily
entanglements vs permanent cross-links) as well. Ex-
periments on similar systems are in progress to provide
more reliable data, in particular on gel matrices.
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