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Iron hydroxide particles with diameters of about 3 nm have been precipitated in a network of polymer
chains of sulfonated polystyrene, cross-linked by divinylbenzene. The dynamics of these iron particles
has been investigated by Mdssbauer spectroscopy. The spectra were analyzed using a generalized
Brownian oscillator model, in which the bound diffusion proceeds in an arbitrary potential. Samples
with different degrees of cross-linkage have been investigated. The water content of the samples was
varied, and the viscosity of the water was increased by the addition of sucrose solution. It can be shown
that the size of the cages formed by the polymer chains essentially determines the type of diffusion. If
the iron hydroxide particles have no free space, the dynamics is determined by the polymer network.
With an increase of the free volume, the iron hydroxide particles show the typical behavior of bound
diffusion in a hard cage. By increasing the size of the cage further, one attains a situation close to free
diffusion. Varying the viscosity of the solvated liquid in a sample with a given cage size leads to a dy-
namics of the iron hydroxide particles that shows the expected dependence on the diffusion constant D.
It should be noted that some of the samples show unusually broad Mdssbauer spectra, with a half width
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up to 500 mm/s.

INTRODUCTION

It has been known for a long time that the Mdssbauer
effect is a good tool in the study of slow motions.! The
conclusions of the general theory have been confirmed in
the most evident case of free diffusion of small particles in
viscous liquids as well as of diffusion of impurities in crys-
tals. The dynamics results in a broadening of the
Mossbauer line without any loss of area. The diffusion
coefficient can be derived from the linewidth.>~* On the
other hand, when the possible positions of a M0Ossbauer
probe are limited in space the spectra should consist of a
set of Lorentzians with different widths and intensities.’
The jumping of atoms among a few discrete sites has been
analyzed in the studies of interstitials and hydrogen in
metals.®~°

In recent years, special attention has been paid to the
dynamics of proteins and synthetic polymers. In biopoly-
mers, a strong correlation exists between the intramolec-
ular mobility and the functional activity. Mossbauer ab-
sorption spectroscopy provides information on the modes
of motions coupled to the iron.!°” !5 Rayleigh scattering
of Mdssbauer radiation (RSMR) makes it possible to
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separate segmental motions within proteins as well as in-
termolecular long-range correlated motions.!*”!® For a
review of further literature on mobility and diffusion, we
refer to Refs. 19 and 20. A lot of Mossbauer data have
been accumulated. Nevertheless, there remain problems
of interpretation. The motion of a given part of the mole-
cule consists of many modes corresponding to numerous
degrees of freedom of the macromolecular system. Hence
the Md&ssbauer spectra carry an abundance of informa-
tion which cannot be unambiguously extracted from ex-
perimental data. One is forced to use reliable methods to
visualize the simplest features of behavior of the probe.
For it is not possible to start from the first principles of
quantum mechanics; the dynamics of Mossbauer nuclei
should be described by a theoretical model introduced ab
initio.

In several investigations of proteins, the model of a sin-
gle (or many coupled) overdamped Brownian oscillator(s)
has been used successfully.!> 132! A few years ago a con-
cept was proposed that generalized the Brownian oscilla-
tor model.?»?3 In this approach the bound diffusion
proceeds in an arbitrary potential U(r), and the harmon-
ic Brownian oscillator appears to be a special case of this.
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It was shown that the Mdssbauer spectra can be surpris-
ingly sensitive to its profile.?? In particular, it appeared s
that the temperature dependence of the weight of the nar-
row spectral component (Lamb-Mossbauer factor) is
directly determined by U(r). In principle, this opens the
door to a direct reconstruction of the potential from the
Mossbauer data. Due to the typical inversion problem
this attractive opportunity seems feasible only for special
cases where additional knowledge of the system is avail-
able. Therefore, even using these methods of interpreta-
tion we need the most simple model systems giving easily
tractable results.

In this work we have studied the diffusion of ultrafine
particles of ferric hydroxide precipitated inside a poly-
meric network. These particles are able either to diffuse
within the cages formed by the polymer chains or to shift
with the whole polymer fragments. In principle, special
modes of motions within the particles also have to be tak-
en into account. The particles are large enough so that
their motions are a good example of classical bound
diffusion. It will be shown how the Mossbauer spectra
can be used to reconstruct their motions completely.
Preliminary results have been given in Refs. 24-27.
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For our investigations, the reactive polymer-cation ex-
change DOWEX 50W has been used. In this polymer the
chains of sulfonated polystyrene are cross-linked by divi-
nylbenzene and form a three-dimensional network. Such
a network is able to absorb water in quantities a few
times exceeding its initial dry mass. During the prepara-
tion, the ferric hydroxide Fe(OH); particles, 96.0% en-
riched with *’Fe, were precipitated inside the polymeric
network in the following manner: First, Fe’" ions were
introduced into the polymer from sulfate solutions
(pH=1.8) by cation exchange 3H* +Fe 3" =Fe’" +3H™"
amounting to 0.085 g Fe/g dry resin (underlining indi-
cates the exchangeable cations in the resin phase). Then
the grains of cation exchanger of the samples, cleaned
from surplus liquids, were put into 0.02M NaOH. By the
reaction Fe’* + 3NaOH=3Na "' +Fe(OH);, ultrafine par-
ticles of ferric hydroxide were precipitated. It is known
that similar particles, precipitated under various condi-
tions, are spherical in shape and always have the same di-
ameter of about 3 nm as observed by means of electron ——
microscopy?® 3! and some other methods, including
magnetization measurement®? and ultracentrifugation.*
These particles are amorphous?®:31:3%3% and only a very
smeared x-ray diffraction pattern is observable.?®3¢ As a
result only very rough estimates on the oxygen arrange-
ment and ferric ion distributions could be made. Usually
it is supposed that their composition is FeO,_,(OH), .,
(0<x <1).22%, The particles are antiferromagnetically
ordered. The corresponding hyperfine structure was ob-
served in the Mdossbauer spectra at 4.2 K.283234 Al par-
ticles show the characteristic transition to the super-
paramagnetic state, which also makes estimation of their
mean radius possible.3® The temperature dependence of
Mossbauer spectra of precipitates in a DOWEX 50 cation
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exchanger confirms a particle size of 3 nm. At tempera-
tures above 80 K the magnetic structure is already fully
collapsed and the spectra show a pure quadrupole dou-
blet.

In the polymer, the ferric hydroxide particles are im-
mersed into the inner liquid and confined in the cages
formed by the polymer chains so that their motions are
restricted. The mean cage volume is controlled by pre-
paring samples with different degrees of cross-linkage. In
a polymer with 2% cross-linked divinylbenzene, the
mean number of elements of the chain between the points
of linkage (n) is about 50. Samples with four different de-
grees of cross-linkage, given in Table I, have been stud-
ied. The amount of water as well as the >’Fe content in
fully hydrated samples containing particles was strongly
dependent on cross-linkage. For comparison a special
dried sample without any water was prepared and stud-
ied. Since we were mainly interested in the studies of line
shapes, samples with decreasing amount of >’Fe content
were sometimes used in order to reduce the effective
thickness at moderate and low temperatures. For more
precise studies of the spectral area at low temperatures an
additional sample with natural iron and a cross-linkage of
1% was prepared.

To avoid a phase transition of the solvent in the tem-
perature range under investigation, the water was substi-
tuted for a sucrose solution in the final stage of the
preparation. The fully hydrated grains of cation ex-
changer were immersed in the water solution of sucrose
for 100—150 h. The final concentration of sucrose was 60
wt %. The volume of the samples remained roughly the
same during this procedure. For the studies of the
viscosity dependence, we started with sample 6 (compare
Table I). From this two different samples, 7 and 8, were
prepared and soaked with solutions with various concen-
trations of sucrose.

A tail cryostat was used to adjust the sample tempera-
tures between 80 and 300 K. The accuracy of the tem-
perature was =2 K. Mossbauer spectra were obtained
using a >’CoRh source, mounted on a special high-
velocity drive system which is commercially available. It
allows Mossbauer experiments to be carried out with a
maximum velocity of 1000 mm/s. Special care had to be
taken in order to avoid uncontrolled vibrations of the to-
tal equipment. The drive was calibrated at low velocities,
using a metallic iron foil. At these velocities the system
increased the linewidth by 20%. The high-velocity cali-
bration was obtained by linear extrapolation from low-
velocity measurements. This may result in some inaccu-
racies of the absolute velocity scale.

RESULTS AND DISCUSSION

Figures 1-3 show the temperature dependence of
Mossbauer absorption spectra of the samples 2, 1, and 9,
respectively. With increasing temperature the spectra of
samples 1 and 2 are rapidly broadened and the wings es-
cape from the observation window. At temperatures
from 190 to 290 K we were forced to use unconventional-
ly high velocities. The broadening is especially pro-
nounced for the sample 1 (Fig. 2). Here, even the special
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high-speed spectrometer was not able to collect the whole
Mossbauer spectrum at room temperature. Compared
with literature values the obtained spectral widths are ex-
tremely high for Mdssbauer spectroscopy on >'Fe. The
broadening of the spectral shape in the case of sample 9
(Fig. 3) is less spectacular and resembles more the behav-
ior observed in biological samples. At first stage the
quadrupole doublet seems to collapse but with increasing
temperatures it becomes fully resolved again. The latter
fact permits us to neglect a possible rotation of the parti-
cles. Also we emphasize that the line broadening was ob-
served only for solvated samples. Here, the total area un-
der the spectra falls rapidly at the temperatures higher
than 250 K. This could be due to unresolved very broad
lines. Line broadening and decrease of the area with in-
creasing temperature are typical features of Mossbauer
spectra of supercooled liquids. For *’Fe?* in glycerol,
the temperature dependence of the spectra was recently
explained with a jump model involving broad distribu-
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FIG. 1. Mdssbauer spectra of sample 2 (2% cross-linkage)
measured at different temperatures. Below 243 K the amount of
material in the sample holder was reduced by a factor of 2 to
avoid saturation effects. Solid lines represent the simulations of
Eqgs. (5) and (9). Left side: small velocity window, right side:
large velocity window; numbers: temperature (K) and diffusion
constant D (cm?/s).
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tions of fluctuation times.*’ The decrease of the area was
shown to arise from the appearance of very broad, un-
resolvable lines. The supercooled sucrose-water solution
within our polymer network will also give rise to similar
broad components. An alternative explanation for the
decreasing area is the influence of phonon modes of the
network activated at about 250 K. Drying of the samples
resulted in a complete disappearance of any spectral
broadening at room temperature already at a water con-
tent smaller than 100 mg/g polymer and an increase (up
to saturation) of the observed spectral area. The temper-
ature dependence of the spectral area of the dehydrated
sample shows the usual solidlike behavior (compare Fig.
4). After partial dehydration the dynamical properties of
the samples are recovered by rehydration. These results
support the assumption that the particles take part in the
diffusion as a whole.
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FIG. 2. Mossbauer spectra of sample 1 (1% cross-linkage).
For low temperatures (251 and 258 K) a sample with natural Fe
was used. Pay attention to the width of the spectral window
which is increased from low-temperature to high-temperature
spectra 100 times in order to see the full spectral width. For
comparison, the limiting values of the diffusion coefficient, D,
are given in cm?/s. On the left side the central parts of the spec-
tra are zoomed out. Even at 290 K the presence of a narrow
component is clearly seen. Its fraction of the total area ia
0.0015.
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FIG. 3. Mossbauer spectra of sample 9 (12% cross-linkage).
The data are fitted by a superposition of one narrow and one
broadened component only. The temperatures (K) and the
widths of the broad lines (mm/s) are given in the figure.
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from the temperature dependence of total spectral area,
(x?)=k?In A, squares: dried sample; circles: sample 1 with
natural iron. The areas are normalized so that the curves extra-
polate to {(x2)=0at T=0K.
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For a theoretical treatment we start from the spectral
function of a Mdssbauer absorber:!

dw)~ Refow exp —iwt——gt
X { exp[ik-r(0)—ik-r(¢)])dt . (1)

Here, r(0) and r(¢) are the coordinates of the center of
mass of a particle at the time O and ¢, respectively. The
Mossbauer radiation is characterized by the wave vector
k and the lifetime I'"!. We consider the motion of the
particles in an effective potential under the influence of
stochastic forces yielding Brownian motion. Then the
presence of phonon components will lead to a spectral
area proportional to the Lamb-Mossbauer factor
f.=exp(—k*(x?)). For the observables in the low-
frequency Mossbauer window, r(¢) in Eq. (1) can be treat-
ed as a classical stochastic process. Thus the quantum
average may be substituted by a classical pair correlation
function:

(=D [ [drodr Po(rg)P(,1,1)
Xexplik-(ry—r)], (2)

where P, is the initial probability for the "Fe nucleus to
be at point ry; P is the probability of displacement to r in
the time z. It is known that in case of diffusion in some
arbitrary potential U(r) in 'the overdamped (the most
characteristic) regime, the trajectory of a probe obeys the
Langevin equation:

aU(r)
ar

where B(T) is the friction coefficient and F(¢) character-
izes white noise: (F;(t)F;(¢')) =2T8,,(t —t'). (Here and
below the temperature will be given in units of energy.)
In this case the probability P in Eq. (2) obeys the diffusion
Fokker-Planck equation:

pr=— +F(t), (3)

oP

1 oU oP
-__=D - ==
ot

AP+7 or Or

a

=—RP, 4)

with the diffusion coefficient D =T /B(T) and the initial
condition P(t =0)=38(r—ry).

Here, the first term in the operator R corresponds to
the homogeneous diffusion in the whole space while the
second makes the particle move regularly towards the
minima of the potential U. If there is no potential (free
diffusion) the answer can be obtained immediately by in-
serting Eq. (3) into Egs. (1) and (2) and the spectrum con-
sists of a single Lorentzian with a broadening AT =2Dk?2.
In the general case, the Mdssbauer spectrum of the parti-
cle can be represented as a sum of Lorentzians as was
shown in Refs. 22 and 23:

» A,(I'/2)+De,) i

(@)~ L S A=1. (5
o)~ X T aaDe ) 2,

Here, the weights 4, and the broadenings D¢, should be
determined via the eigenstates and eigenvalues of an ap-
propriate Fokker-Planck operator:
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Ry,=De, ¥, , A,= Udrexp(ik-r)u;n e

The main point is that one of the eigenvalues is always
known; it is g, corresponding to the state of thermal
equilibrium:

¢O=%exp[—U(r)/T] , Z= [drexp[—U(r)/T].

)

It is clear that the corresponding narrow component
should always be present in the spectra. Moreover, its
weight can be derived directly from the profile of the po-
tential:23
1 . 2
Ao”‘}‘z‘ f exp(ik-r)exp(—U/T)dr| . (8)

It is this relation that provides a clue for understanding
the whole set of Mossbauer data. It is, however, essential
that 4,(T) be determined with a good precision.

From the spectra (Figs. 1-3) one can see that only for
sample 2 the narrow component can be traced as a nee-
dlelike part of a spectrum up to the highest temperatures.
Careful examination of the spectra shows that the weight
of the narrow component is surprisingly constant:
Ay,=0.017. The lowest temperatures are not taken into
account since the narrow component cannot be separated
from the rest. A temperature-independent A4, is possible
only if in the whole temperature range U =0 inside of
some cavity and infinite outside of it. In other words, to
provide the observed constant value of 4 the diffusion
should proceed in the deep potential well with steep walls
and flat bottom. The only variable changing with tem-
perature is the diffusion coefficient.

For simplicity, let us consider the diffusion in a spheri-
cal cavity of radius 7 as a hole in the Swiss cheese. For-
tunately in this case the Fokker-Planck equation can be
solved exactly.*! Its solution implies a double sum in (5)
with indices n and 1 running from 0 to o where

A= 612, krj, o (kr)—Lj;(kr) 2;
"ok —1U+1) (kr)*—pui,
I,n=0,00 (9)
9( sinkr — kr coskr)?

A, =

(kr)®
(L1, is the nth root of the transcendental equation j,(1)=0
and j (z) is a spherical Bessel function

1 d

z dz

; En:(.u'ln/r)z .

I -
sinz

Ji(z)=z (10)

z

In order to calculate the Mdssbauer spectrum according
to Eq. (5), we have to adjust the two parameters r and D.
The parameter r enters via 4, and €, [compare Eqgs. (9)
and (10)]. It can be shown that a summation n =1 to 3
and / =0 to 5 is sufficient to describe all measured spec-
tra.

First of all, we can deduce the value of the mean radius
of a cage for sample 2; With 4,=0.017 and kr =3.8 we



obtain r =0.5 A. Only the parameter D remains to be
determined. A numerical fit using Eqgs. (5)-(9) gives good
results as shown in Fig. 1 by the solid line. The obtained
D values are given in the figures. Note that slightly
different diffusion constants D have to be used in the
simulations in order to fit the whole velocity range of the
spectra or only the low-velocity part. The temperature
dependence of the diffusion coefficient is close to the Ar-
rhenius law (Fig. 5). Also the strange behavior of the
quadrupole doublet becomes clear: When the tempera-
ture is increased the higher Lorentzian spectral com-
ponents become broadened but the narrow one is not yet
resolved. As a result the full spectrum looks as if there
were an overall broadening and the doublet collapses. As
the widths of the broad Lorentzian become sufficiently
larger than the natural linewidth, the narrow component
can be resolved and the doublet can be seen again. Now
its weight is 4, and the rest of the area of the spectrum
comes into the pedestal as can be seen in Fig. 1 for low
velocities.

For the sample 2 the Mossbauer data give a self-
consistent description of the motion of ferric hydroxide
particles as a diffusion in a spherical cavity with a radius
of 0.5 A and reflecting walls. Note that this value corre-
sponds to the displacements of the center of mass of the
particle. So it is squeezed by the cavity rather tightly.

It should be emphasized that the successful procedure
given above becomes possible only due to a fortunate
combination of the values of 4, and D allowing the pre-
cise determination of 4,(T). For the sample 1 this pro-
cedure is not feasible because here 4, cannot be extract-
ed from the spectra so easily. Nevertheless, from our ex-
perience with sample 2, the type of potential is already
known. Since the weaker cross-linkage corresponds to
looser cages we may try to fit the spectra by the same
model with a larger value of 7. Indeed, for sample 1 we
obtain good fits with kr =4.8 (r=0.66 A). D follows
again the Arrhenius law. At first glance it seems strange
that an increase of the radius of the spherical cavity of
only 0.16 A explains the dramatic changes in the spectra
passing from the spectra of sample 1 to 2. However, it
should be taken into account that the amplitude of dis-
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FIG. 5. Arrhenius plot of the diffusion coefficient D. The
low-temperature points where the broadening is small in com-
parison with device linewidth are omitted. Squares: sample 1;
circles: sample 2.
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placements in sample 2 is already comparable to the y-
ray wavelength. As a result, the situation is close to the
free-diffusion limit and the highest weight corresponds to
the Lorentzian component with a broadening of about
2Dk?. Any further increase in the size of the cage is felt
by the nucleus as a step towards the free-diffusion limit.
For sample 1 the spectra are almost fully transformed
into a single broad line, especially at high temperatures.
Nevertheless, even at these temperatures the spectra
show the visible presence of a narrow line (compare the
small velocity window in Fig. 2). Here is an example of
how ““free” diffusion can be seen in the solid matrix.

In the previous cases we considered a cavity with
reflecting walls. Certainly it is an approximation of a real
smooth confined potential with finite wall rigidity. In
cases of the samples 1 and 2 this approach was reasonable
since the region where U rises was much smaller than the
cage. On the contrary, in case the cross-linkage is very
tight, we can probe the steepness of the walls and thus
the flexibility of the covalent network because the region
of free diffusion should now be absent. Indeed, in sample
9 the displacements are very small and the spectrum con-
sists of only two components—a narrow and a broad
one. The temperature behavior shows that now the po-
tential is in fact quadratic: A,=exp(—k%(r?)),
A, =k*(r?) exp(—k*(r?)) with the same values of D
given in Figs. 1 and 2. The effective mean square dis-
placements grow here very slowly due to the very steep
potential. Even at room temperature V' (r2)=0.1 A.
We then have A4, < <1 from n =2 on and the higher
Lorentzians are negligible. So in our temperature range
we are always in the domain where the spectra can be
decomposed into one narrow and only one broadened
spectral line. This decomposition gives the fit shown in
Fig. 3 by a solid line. Thus r=0.1 A is a value charac-
terizing the effective rigidity of covalent bonds with
respect to the large particles at room temperature.

By varying the cross-linkage we have passed from free
diffusion in the restricted volume to diffusion of the har-
monic Brownian oscillator. Despite the fact that we have
already changed the effective radius of the potential well
and varied the diffusion coefficient by means of heating,
there is one more independent way to study the behavior
of the particles. The diffusion coefficient may be mediat-
ed not only via temperature but also by viscosity. For
these experiments we used the substances prepared from
samples 2 (cross-linkage 2%) and samples 6 (cross-linkage
4%). Only the viscosities of the solvating liquids were
different. All spectra were measured at 290 K. In accor-
dance with the initial assumption it should be equivalent
to using different values of the diffusion coefficient. How-
ever, now there is no temperature variation, i.e., the
shape of potential remains the same for all spectra. As
can be seen in Fig. 6 for samples 6, the crossover from a
viscous 60% sucrose solution to the case of pure water
can be fully explained by the diffusion coefficient gradual-
ly decreasing by a factor of 3. In the case of pure water it
is seen that the area of the narrow component represents
only 8% of the whole spectrum while most of the area
disappeared into the pedestal The corresponding radius
of the potential well is 0.48 A and this value was kept
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FIG. 6. Viscosity dependence of Mdssbauer spectra of sam-
ple 2 (left side) (2% cross-linkage) and sample 6 (right side) (4%
cross-linkage) at 290 K. Values of the diffusion coefficient D are
given in cm?/s. The different sucrose content is indicated.

constant in the spectral fitting for all viscosity. Pro-
nounced changes of the spectral shape take place in sam-
ples 2—5 when the sucrose content is reduced from 67%
to 50%. The radius of the potential well is r =0.5 A, i.e.,
it is the same as in Fig. 1. The weight of the narrow line
corresponds to A;,=0.017. We present the schematic
plot of the potential as depicted in Fig. 7.

In conclusion, we have obtained a fully self-consistent
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FIG. 7. Reconstruction of the effective potential for the fer-
ric hydroxide particles in the polymeric network with different
degrees of cross-linkage. Note that the coordinate r stands for
the displacement of the center of mass of the particle while its
radius is much larger.

description of diffusion in a polymer system covering a
wide range of physical parameters. It seems that this ap-
proach can be successfully used also in a wider field of
studies of porous systems and membranes.
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