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Dynamics of probe in network of polymeric cation exchanger
studied by Fourier transform analysis of Mossbauer spectra
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Limited diffusion of the ferric hydroxide (ferrihydrite) nanoparticles in the polymeric
network of the AG 50W-X2 sulfonated cation exchanger solvated with aqueous solutions of
glycerol (70 and 90 wt.%) was studied in the temperature interval from 90 to 293 K. The
Maossbauer spectra were obtained in three windows (250, 25, and 5 mm/s) because of large line
broadenings observed in the experiment. The procedure of "seaming" of the time-dependent
correlation functions <[Ax(#)]?> obtained by the Fourier transform analysis of the initial
Maossbauer spectra made it possible to observe the behavior of the function in the extremely
wide time range from 0.4 to 360 ns. The observed plateau of the function at long times is a direct
proof of the limited nature of the motion. The experimental data were interpreted in the
framework of physical models of limited diffusion.
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Maossbauer spectroscopy is a highly efficient tool for
studying atomic vibrations, diffusion, and more compli-
cated motions of the type of limited diffusion characteris-
tic of the intramolecular dynamics of proteins and syn-
thetic polymers in the highly mobile state! =3 and diffusion
of atoms and small particles*—3 "in cage." Analysis of the
Massbauer effect probability and the shape of Mdssbauer
spectra can provide the displacement value, the diffusion
coefficient, the distribution of correlation times, and the
potential mode in which the motion occurs.®—11

The shape of the Mdssbauer spectrum is determined by
the Van Hove correlation function,!? which allows one to
find the time-dependent correlation functions of coordi-
nates using the Fourier transform analysis of the M 6ssbauer
spectra.13 These correlation functions are in fact experi-
mentally determined quantities with independent value
even without further processing. At the same time, to
choose an adequate physical model, it is sometimes more
convenient to deal with time-dependent correlation func-
tions rather than with the initial Mossbauer spectra.

A few experimental works studying the intramolecular
dynamics of proteins using the Fourier transform analysis

of the Méssbauer spectra are known to date.14—16 In this
work, another system is studied: the solvated poly-
meric network with moving nanoparticles containing the
Méssbauer 37 Fe atoms. This allows, first, variation in much
wider limits of the values and characteristic times of dis-
placements. Second, the knowledge of the size and weight
of a moving object brings an additional certainty to the
interpretation of dynamic measurements. In addition, the
present work is of interest for the development of the
Mossbauer probe method because the parameters of the
motion of particle-probes are very sensitive to the specific
feature of the supramolecular structure of solvated poly-
meric ion exchangers, sorbents, and membranes at the
spatial level comparable with the size of the probe.

Experimental

The Mossbauer spectra were obtained on a KFKI Mossbauer
spectrometer (Hungary) with an NZ-640 motion system, pro-
viding the velocity of a source £150 mm s~!. The Mgssbauer
source was 3’Co(Cr) with an activity of 50 mCi produced at the
Physical Energetic Institute (Obninsk).
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The AG 50W-X2 polymeric sulfonic cation exchanger
(Dowex 50, analytical grade) was chosen for studies. It repre-
sents a sulfonated polymeric network with the gel structure based
on polystyrene crossed-linked by 2% divinylbenzene. This poly-
mer was chosen because the limited diffusion of the iron hy-
droxide nanoparticles has previously been found in such net-
works and studied by Mdssbauer spectroscopy. The particles of
Fe!ll hydroxide (ferrihydrite) were precipitated in the matrix of
the hydrated cation exchanger with a 10% excess (with respect
to the total exchange capacity of the cation exchanger) of a
0.02 M solution of NaOH. As shown previously,® a nanoparticle
in such a solvated cation exchanger is in "cage" formed by the
units of a three-dimensional polymeric network and the limited
diffusion parameters (diffusion coefficient and maximum dis-
placement) can be varied by changing the temperature, the vis-
cosity of the solvating liquid, or the content of the solvating
liquid and the concentration of cross-links in the network. In
this work, we studied samples solvated by aqueous solutions of
glycerol with a concentration of 90 and 70 wt.% (viscosity of
1.95 and 0.24 P, respectively, at 293 K)!7 in the temperature
interval from 90 to 293 K. The solvation was carried out by the
replacement of water in the hydrated cation exchanger. The
mass fractions of the solvating liquid in the maximally swollen
cation exchanger were 85 and 80 wt.% at glycerol concentra-
tions of 70 and 90 wt.%, respectively. The prepared samples
were placed in plugged cells, whose weights were monitored
during prolonged experiments to prevent changes in the viscos-
ity of the solvating liquid because of the occasional evaporation
or sorption of water.

In Mossbauer experiments, the sample thickness with re-
spect to the Mossbauer isotope was chosen in such a way that,
on the one hand, the distortion of the lineshape and the effect
value are avoided and, on the other hand, a substantially intense
spectrum is obtained. In our experiment, the linewidth changed
up to 200-fold with temperature. Due to this, the sample opti-
mum in thickness at one temperature became inappropriate for
measurements at another temperature. It was insufficient to
monitor the thickness by changing the weight of the sample and,
therefore, the isotopic composition of iron was also changed,
using both natural (the content of the 5’Fe isotope was 2.16%)
and enriched (96% 57Fe isotope) iron in the synthesis. There-
fore, we optimized experiment changing the sample thickness
from 0.3 to 12.0 mg of ’Fe cm~2. The measured samples were
almost identical (including total concentration of iron in the
resin), being different only in the ratio of the iron isotopes and
sample weight. The maximally accessible experimental observa-
tion window of 250 mm s~! was used to observe very large dy-
namic broadenings. The central region of the spectrum with the
basically important peculiarities could not be detected with the
necessary degree of resolution. Therefore, the spectra in nar-
rower windows of 25 and 5 mm s~! were additionally obtained.

Data processing. The procedure of Fourier transform of the
Maossbauer spectrum and determination of the time-dependent
correlation function is the following. The spectrum in the form
of a set of experimental points (Gy,,) was divided into two com-
ponents: the smooth background line (Gy) and spectral line g(w)

Gexp = Gf_ Sg(w), (1)

where s is the normalization factor. The experimentally deter-
mined function (1) was specified at the finite set of channels (or
frequencies w). This function is determined by a set of the num-

bers of pulses N/(k) in each channel "k." The G; value was found
with some experimental error, which increased if the spectral
line did not reach saturation within the given experimental
window.

The first step in determination of the correlation function
@(?) is finding the regularization operator (or the physically
justified procedure), which allows generation of the probing
functions ®(7). In this case, the right part of the equation is
determined in the form of a series of N, non-negative Lorentzians

Lik) = AlpTo/2m)l/[o + (B To/2)], (2)

ie.,Sgw) =% L
J

The widths of the Lorentzians (p;Ty) are fixed and form the
divergent sequence according to the Miintz theorem.!3 This
basically distinguishes the approach used from the formal pro-
cedure of approximation of the spectral curve. The {4} set and
the G sbackground parameter are found by minimization of the
function

Gep— G+ L;=0. 3)
J

The surface area (5) above the experimental spectrum, which
was determined below the background level G’ is the following:

S= Z A4;.
J
Let us determine the values
o, =A/S= A/‘/Z A,
J

which represent the normalized contribution of the jth
Lorentzian

Xo=1).
J

Using Egs. (1) and (3) and the known formula for the Fourier
transform of the Lorentzian, we obtain the Van Hove correla-
tion function ®(7) = <exp(ix(0)/A)exp(—ix(#)/1)> in the follow-
ing form:

Ny
o(t,{p}H) = 21 o; exp(—p;Tot/2).
j=

This procedure determines, in fact, the regularization op-
erator, which is used for the generation of probing functions.
The optimum series (p;) was chosen from requirements of maxi-
mum smoothness R(r) = @(#,{p;}), which is virtually performed
by minimization of the stabilizing functional

Q(R) = _[ [(dR/dfH? + R?]dt.
0
Then the correlation is used

No N
QR = X X o1 +pip)/(p; + p)).
rJ
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Our studies showed that the most appropriate was the power
series {p;} with the base 2

pi=(1+27m), C))

where j is the number of the Lorentzian (1 <j< M), and m is the
parameter increasing the number of terms in the series under the
condition

FOZMO*’” < NkA(Dk.

Due to the general properties of the Fourier transform, we
obtain the ®(f) function in the time interval

1= [(Nao/4) 1, (2Am) 71,

where Ao, is the value of a channel, and N, is the total number
of channels. Both the natural width and the dynamics of the
Maossbauer nucleus contribute to the width of the Mdssbauer
spectrum. Therefore, an information about the behavior of the
correlation function is in the difference between the spectra in
the presence and absence of dynamic broadenings, due to which
the behavior of the correlation function at the time ¢ > Iy~!
cannot be investigated in principle.

More rigorous treatment requires a correct solution of the
problem on errors in determination of ®(7) taking into account
statistical errors of the transformed spectra and the minimum
width of the observation window, because at the window width
N Awy, < Ty/2 the spectrum becomes less informative. Based of
our studies!8 of the Fourier transform of the Méssbauer spectra
with different signal/noise ratios and their recovery from the
time correlation functions, we can estimate the time intervals of
reliable observation of the correlation functions

te [(Npoy/4) 1,200~ at Aw, > T /2,
te [(Naoy/4) 1, (10Awm,) "] at Ay = Ty/2, ®)
te [(Nawy/4)~1,(Ty/2)~1 at Aw, < T;/10,

where T is the natural width of the Mdssbauer line.

Thus, the right edge of the time interval is restricted by the
Ty value. The left edge is determined by the width of the experi-
mental observation window. Therefore, its displacement toward
shorter times is limited only by experimental possibilities of the
instrument.

It was also established that the relative error of determina-
tion of the Van Hove autocorrelation function and, correspond-
ingly, the time dependence of the mean square probe displace-
ment in the framework of this method does not exceed the
statistical error for the experimental measurements of the
Mossbauer spectrum.

The line of any experimental Méssbauer spectrum is known
to be broadened (in addition to the natural width I'y) due to the
individual properties of the absorber and source, the final thick-
ness of the absorber, and apparatus effects. Therefore, the cor-
rect Fourier transform procedure needs to take into account not
only the natural linewidth Iy but also the lineshape in the ex-
perimental spectrum of this substance in the absence of dynamic
broadenings.

The correlation function will be determined in the form
@(1,Y) = R(,Y)/R(t,Y,), where R(2,Y)) is the regularizing op-
erator for the initial Mdssbauer spectrum in the absence of dy-
namic broadenings, and Yis the parameter changing the state of

the system. In our case, the state of the system under study
changes with the temperature change, i.e., Yy = T, = 100 K
(dynamic broadenings are absent), and R(#,Y) = R(z,T) is the
operator for the dynamically broadened spectrum at the tem-
perature 7.

In this work we observed very large dynamic broadenings,
which exceeded the width of the initial spectral line by three
orders of magnitude in the limit. The detection of the initial
Maossbauer spectra in windows with different widths make it
possible to determine the correlation function in the widest time
interval, viz., from the shortest (the spectrum measured in the
broadest window) to the longest times (the part of the total
spectrum measured in the narrowest window). In the general
case, the correlation function is determined with an accuracy to
some additive constant, whose value depends on the ratio of the
surface area of the experimental spectrum, which subjected to
Fourier transform in a specific observation window, to its total
surface area. This constant is equal to zero only when the whole
spectrum is completely within the observation window. Under
real conditions, one has to "seam" correlation functions corre-
sponding to the spectra in different observation windows. The
procedure of "seaming” is the following. The correlation func-
tion measured in the widest observation window is "seamed" to
the function obtained from the spectrum measured in a nar-
rower window. With this purpose, some time-independent con-
stant should be added to the function corresponding to the spec-
trum in a narrower window. This constant is determined in such
a way that the divergence between the seamed functions in the
region of their overlap would be minimized. The "seaming" of
correlation functions is equivalent to such a procedure of ob-
taining the spectrum as if the spectrum, which is more informa-
tive with respect to longer times, e.g., obtained in a narrower
window (25 mm s~!) and with a much less value of channel Awy,
would be inserted into the central part of the Mdssbauer spec-
trum obtained, e.g., in a wide window (250 mm s~1).

The relation of the mean square of the displacement of probe
particles <[Ax(f)]>> can be normalized by two methods. In the
first case, the <x2> value determined from the numerical values
of the fraction of the elastic component in the spectra is the
limiting value at ¢ >> 1, (1, is the relaxation (correlation) time of
motions). In the case of limited diffusion, the mean square of the
displacement of probe particles at ¢ >> 1. tends to its limiting
value, and the spectral function remains normalized to unity

T g(w)do = 1.

—oo

However, the processed Mossbauer spectra contain information
on the behavior of the correlation function in the restricted time
interval determined by formula (5). If the correlation time is of
an order of the lifetime of the Maossbauer level in the excited
state, then the spectra measured in the maximally accessible
observation window should be used to find the limiting <[Ax(#)]%>
values. The procedure of "seaming” allows the <[Ax(f)]%> time
functions to lock to the ordinate with a good accuracy. In this
work we consider such large dynamic broadenings that for the
maximum observation window, when the value of a channel
becomes higher than the I'y linewidth, the elastic component of
this spectrum is very poorly resolved. In this case, normalization
of the time function along the ordinate axis by its extrapolation
to zero at t = 0 becomes insufficient. Therefore, for the final
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normalization of the seamed function along the ordinate, we
used the numerical <x2> value obtained from the Mdssbauer
effect probability

I = exp(=<x>/0%), (6)

which is determined in the direct Mdssbauer experiment in the
window optimum for this task. For very high rates of limited
diffusion when only the non-broadened (elastic) spectral com-
ponent remains within the limit in the observation window, the
direct determination of the Mdssbauer effect probability f~ re-
mains to be the only method for determination of the <x2> value,
which is independent of ¢, in this case, in the limits accessible for
observation.

Results and Discussion

The probe substance in the studied samples was Felll
hydroxide (ferrihydrite). According to the published
data, =21 including the electron microscopic studies, pri-
mary ferrihydrite particles ~3 nm in diameter are formed
under the used conditions of precipitation. Studies with
Maéssbauer spectroscopy at 4.2 K showed the presence of
ferrihydrite in the cation exchanger. The temperature of
transition from the antiferromagnetic to superparamag-
netic state ("blocking temperature”) 7z = 15 K corre-
sponded to the particle diameter of ~3 nm.

In this work, the Mdssbauer spectra of the dry and
solvated samples were obtained in the temperature inter-
val from 90 to 300 K. The spectrum of the dry sample in
this temperature interval also corresponds to ferrihydrite
and is a quadrupole doublet. The large linewidth (I" =
0.49 mm s~!) and weak asymmetry of this doublet are
explained by some distribution of the quadrupole splitting
and isomeric shift values due to the nonequivalent posi-
tions of iron in the ferrihydrite structure. This broadening
is virtually constant in the 77—300 K interval to confirm
unambiguously that it is caused by the structure rather
than dynamics. Thus, the spectra of the dry sample have
no dynamic broadening up to 7= 300 K. The Mdssbauer
effect probability for the particles studied and its tempera-
ture dependence are close to those for bulky iron hydrox-
ide, and the mean square displacements calculated from
the temperature plot depend linearly on the temperature
according to the Einstein and Debye models. Therefore,
the dynamics of the probe particles, which are densely
compressed in the glassy cation exchanger matrix, is pre-
sented by vibrations of iron atoms inside the particles
rather than motions of the particles as a whole. Therefore,
this spectrum was accepted as initial to be used in the
Fourier transform procedure.

The pattern changes drastically for the solvated
samples. Due to swelling of the polymeric network during
solvation, particles occur in "cages" with the liquid. At
T < 200 K this matrix is glassy. The spectrum of the
particles incorporated in this matrix and the Mdssbauer
effect probability in this temperature interval do not differ

from those for the dry sample. However, beginning from
200 K (the sample with a solution of glycerol in a concen-
tration of 70 wt.%) and 250 K (the sample with a solution
of glycerol in a concentration of 90 wt.%), broadenings
reaching very high values at higher temperatures appear in
the spectra of the solvated samples (Figs. 1—4). As a
result, the spectrum gains a characteristic shape of super-
position of the elastic (non-broadened) and quasielastic
(broadened) components, directly indicating the limited
diffusion of the particles.

The motion of particles begins to manifest itself in the
Mossbauer spectrum in the region of temperatures of the
solvate devitrification. The further increase in the inten-
sity of motions is associated with both the temperature
increase and decrease in the liquid viscosity. However,
one more circumstance should be considered. It has pre-
viously been shown by Méssbauer spectroscopy,? Rayleigh
scattering of Mossbauer radiation,?? and slow neutron
scattering?3 that the polymeric networks of cation ex-
changer (including the styrenedivinylbenzene cation ex-
changer studied in this work) transfer to the mobile state
under their solvation at room temperature. The authors of
the same works observed the transition to the mobile state
of solvated cation exchangers, which were frozen in liquid
nitrogen, with the temperature increase above the tem-
peratures of devitrification or melting of the solvate. Thus,
in our case, we deal with the motion of a particle in the
"cage with moving walls." The question arises about the
interrelation of these motions. In other words, whether
the probe particles follow the polymeric network or they
move quasi-independently? For the polystyrenedivinyl-
benzene cation exchanger network (labeled with the
5TFe3* jons), transition to the mobile state is expressed as
a decrease in the Mdssbauer effect probability by approxi-
mately an order of magnitude. However, this does not
result in broadenings in the Mdssbauer spectrum, and
changes are observed in a much higher-frequency region,
namely, in the slow neutron scattering spectra. Thus, the
solvation of this dry cation exchange is accompanied by
an increase in the mobility of the polymeric network only
in the high-frequency region, and it is not manifested in
the Mossbauer spectrum shape. Therefore, the slower and
with greater displacements motions of the probe particles
observed by us do not repeat the displacements of the
network.

The overdamped Brownian oscillator model®-24 is most
popular for the description of Mdssbauer spectra in the
presence of limited diffusion. In this case, the lineshape
of the spectrum is given by the expression

n
I(m):(_k2D)§ [—kzDJ 1 l: (Ty/2 +nd) (7)
d 'S d (0 —wp)? + (Ty/2 + nd)?

n!

where D is the diffusion coefficient, d is the ratio of the
elastic to friction coefficients, and k = 2x/\ is the wave
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Fig. 1. Temperature series of the Mdssbauer spectra for the cation exchanger solvated by an aqueous solution of glycerol (90 wt.%), in
an observation window of 250 mm s~!. Points are experiment, and solid lines are the result of processing by a series of non-negative
Lorentzians (in all cases, the dispersion value d < 0.01).

number (A = 0.86 A for 3’Fe). It has earlier®!! been of the temperature dependence of the motion of particles
shown that another model is preferable for the description in the cage, namely, the model of continuous diffusion in
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Fig. 2. Temperature series of the Mdssbauer spectra for the cation exchanger solvated by an aqueous solution of glycerol (70 wt.%) in
an observation window of 25 mm s~!. Points are experiment, and solid lines are the result of processing by a series of non-negative

Lorentzians (in all cases, the dispersion value d < 0.01).
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Fig. 3. Temperature series of the Mossbauer spectra for the cation exchanger solvated by an aqueous solution of glycerol (70 wt.%) in
an observation window of 250 mm s~!. Points are experiment, and solid lines are the result of processing by a series of non-negative

Lorentzians (in all cases, the dispersion value d < 0.01).

the rectangular potential, resulting in the following spec-
tral shape:

ApoTo/2
(@ - 09)? +([/2)*

[(®) =

o oo

(2[ + l)A[,,(l"O/Z + D}\,[n)
1Z0n=0 (@ — @) + (To/2 + Dhyy )?

)

+

where A, =

2
6u, {kajﬁl(ka) - 11;(/«:)}
up = I+ (ka)® - pj,

atl,n=0,
Ayo = 9[sin(ka) — kacos(ka)|?/(ka)]?, A, = (W,/a)?,

W, is the nth root of the transcendent equation j“,(u) =0,
a is the radius of the spherical cavity formed by the poten-
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Fig. 4. Mossbauer spectrum of the cation exchanger solvated
with an aqueous solution of glycerol (70 wt.%) in an observation
window of 5 mm s~! at 7= 293 K. Points are experiment, and
solid lines are the result of processing by a series of non-negative
Lorentzians (in all cases the dispersion value d < 0.01).

tial well, and j,;(Z) = Z{(—Z"'d/dZ)!(sinZ/Z) is the
spherical Bessel function.

The spectra obtained by us (see Figs. 1—4) are satis-
factorily described by both formulas. Using both models,
we determined the numerical coefficients of limited dif-
fusion (Tables 1 and 2). The formal approximation of the
Maossbauer spectra by the set of Lorentzian curves and
extraction of the fraction of the elastic component in the
spectra allow one to find the Debye—Waller factor f7(6)
and the corresponding values of displacements of the probe
particles (see Tables 1 and 2).

Let us compare the obtained plots of the mean square
of the probe displacement vs. time, which are experimen-

Table 1. Parameters of the limited diffusion of the probe* in the
cation exchanger (70% solution of glycerol) in the time interval
t=10.4 ns; 71 ns]

T/K A] A2 T %) D/Cm2 571
A ns

203 0.03 — 14.8 — —
223 0.09 — 48.3 — 1-10710
233 0.12 — 23.1 — 4.10-10
238 0.1 0.18 4.5 90.9 11079
245 0.12 0.15 6.2 29 1.7-107°
253 0.15 0.14 3.1 31.9 5-107°
203%* 0.19 0.09 1.7 42.8 1.4-10-8

* The A and t values were obtained by processing of the experi-
mental correlation function in the Brownian oscillator model
(using formulas (9) and (10)), and the diffusion coefficient D
was obtained by the direct processing of the initial MGssbauer
spectra in the Brownian oscillator model (using Eq. (7)).

** The time interval is ¢ = [0.4 ns; 360 ns].

Table 2. Parameters of the limited diffusion of the probe* in the
cation exchanger (90% solution of glycerol) in the time interval
t=10.4 ns; 71 ns]

T/K A/A T/ns D/cm?s!
231 0.04 156 6-10-11
250 0.08 28.7 1.7-10710
258 0.07 9.5 2.5-10710
263 0.08 2.2 3.5-10°10
268 0.09 3.0 6-10-10
293 0.14 2.9 2.107°

* The A and t values were obtained by processing of the experi-
mental correlation function in the Brownian oscillator model
(using formula (9)), and the diffusion coefficient D was obtained
by the direct processing of the initial MGssbauer spectra in the
Brownian oscillator model (using Eq. (7)).

tal functions, with the specific model plots ®(7) and let us
determine the numerical values of the parameters of the
model. In the overdamped Brownian oscillator model, 25
these plots are described by the formula

<[x(1) = x(0)]*> = 24%[1 — exp(~t/1)], ©)

where A2 is the root-mean-square amplitude of vibra-
tions, 1, = y/Mw,?, o, is the frequency of free vibrations
of the oscillator, and M is the weight of the probe. The
vy coefficient is related to the microviscosity of the system
n by the Stokes—Einstein correlation y = 6zrm, where r is
the characteristic radius of the probe. The y coefficient
can be recalculated to the diffusion coefficient D = kT/y.
These plots were processed using the formula

<[AX(H]2> = 24,2[1 — exp(—1/1))] +
+ 24,21 — exp(—t/1y)]. (10)

In formula (10) the <[Ax(#)]?>> plot is described by the
sum of terms responsible for the displacement of the probe,
and the contribution to the dynamics of different compo-
nents of the motion can also be redistributed with tem-
perature. These terms are responsible for the fast and slow
degrees of freedom. Figure 5 represents the case when the
processing of the experimental plot using formula (9) con-
taining one Brownian oscillator gives a greater error than
the processing using Eq. (10).

The obtained plots of the mean square displacement of
the probe particles <[Ax(#)]?> are presented in Figs. 6—S8.
Tables 1 and 2 contain the results of processing of the plots
presented in Figs. 7 and 8, respectively. Figure 9 illustrates
the procedure of "seaming" (see Fig. 7): the <[Ax(£)]*>
functions obtained by the processing of the Massbauer
spectra detected at the same temperature but in different
observation windows are presented in the same plot.

As can be seen in Table 1, for the cation exchanger
solvated by a 70% solution of glycerol, the total amplitude
of displacement of the probe particles increases from 0.03
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<[x(f) — x(0)]?>/A?

0.05

0.04

0.03

0.02

0.01

0 10 20 30 40 50 60 t/ns

Fig. 5. Mean square displacement of the probe as a function of
time for the cation exchanger solvated with an aqueous solution
of glycerol (70 wt.%) at T= 238 K: the experimental data (points)
and the result of processing using the Brownian oscillator model
by formulas (9) (curve 1) and (10) (curve 2).

to 0.28 A with the temperature increase from 203 to 293 K.
The correlation times for the relatively fast motions de-
crease by an order of magnitude and reach ~1.7 ns at
293 K. At 293 K the time plot of the mean square of
the probe displacement virtually achieves its limiting
values already during the observed time interval (see
Fig. 7). The <[Ax(#)]?>> plot, which was obtained from the
Maéssbauer spectrum in a minimum observation window
of 5 mm s~!, at the same temperature reaches the limit at
the times >100 ns (Fig. 10). This is a direct evidence for
the limited nature of diffusion.

It follows from Table 2 that, in the case of the cation
exchanger solvated with a 90% solution of glycerol, three

<x() = x(O)>/A2
0.07
0.06 |
0.05F
0.04

0.03

0.02

238 K

0.01
223 K

0 1 2 3 4 5 6  t/ns

Fig. 6. Mean square displacement of the probe as a function of
time for the cation exchanger solvated with an aqueous solution
of glycerol (70 wt.%) in an observation window of 250 mm s~!.
The confidence interval is indicated for each curve.

<[x(f) — x(0)]?>>/A?

293K

0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01
" 203K

0 10 20 30 40 50 60 70 t/ns

Fig. 7. Mean square displacement of the probe as a function of
time obtained by the procedure of "seaming" for two tempera-
ture series of the cation exchanger samples measured in win-
dows of 250 and 25 mms~! (70% solution of glycerol). The
confidence interval is indicated for each curve.

<[x(1) = x(0)]>/A2

0.03F 293 K

0.03
0.02
0.02

0.01 268 K

0.01 263 K
0 258 K
250 K
O 1 f 1 ‘.I 1 I 1 I 1 231 K

1 2 3 4 5 6 t/ns

Fig. 8. Mean square of the displacement of the probe as a func-
tion of time for the cation exchanger solvated with an aqueous
solution of glycerol (90 wt.%) in an observation window of
250 mm s—!. The confidence interval is indicated for each curve.

noticeable jumps are observed in the temperature interval
from 231 to 293 K. They appear as an approximately
twofold increase in the amplitude of displacement of the
iron hydroxide particles near 240, 260, and 270 K. The
characteristic correlation times decrease sharply at the
same temperatures. Perhaps, this is explained by the non-
uniform distribution of the devitrification temperatures of
the solvate, and the correlation time is a parameter char-
acterizing the structure nonuniformity.

It has already been indicated that at low temperatures
(T < 200 K) the spectra of the dry and solvated samples
are the same. The Mossbauer effect probability for them is
determined only by vibrations of the Fe atoms inside the
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<[x(1) = x(0)]*>/A2

0.05f
0.04
0.03
0.02

0.01}F

0 20 40 60 t/ns

<[x(t) — x(0)]2>/A2

0.08 ¢
0.06
0.04

0.02

0 20 40 60 t/ns

<[x(1) = x(0)]>>/A2

b
0.08
(o)
(0)
006 °
(o}
(o]
0.04
0.02F
0 20 40 60 t/ns

<[x(t) — x(0)]?>/A2

d

0.04

0.02

0 20 40 60 1/ns

Fig. 9. Example of the time function of the mean square of probe displacement for two temperature series of the cation exchanger
(a 70% solution of glycerol) measured in windows of 250 mm s~! (solid lines) and 25 mm s~! (circles) at the temperatures 238 (a),

245 (b), 253 (c), and 293 K (d).

probe particles. The value of these displacements of the
atoms is <x>>,, = 0.0042 A2 at 80 K and increases for the
dry sample to <x?>,, = 0.0155 A2 at 293 K. For the cation
exchanger solvated by a 90% solution of glycerol, after the
appearance of dynamic broadenings in the spectrum at
T =250 K, the total surface area of the spectrum, includ-
ing the elastic and quasielastic components, changes with
the further temperature increase in the same way as that
for the dry sample. This implies that the atomic vibrations
of the iron particles and their temperature dependence
are the same in the dry and solvated samples. As a result,
the dynamics of the probe in this sample at 293 K is
completely described by two components: (1) motion of
the particle as a whole with <x2>part and its time depen-
dence (see Fig. 8) and (2) intraparticle atomic vibrations
with <x?>, = 0.0155 A2 In this case, <x*>, at 1= 6 ns
does not reach saturation.

The situation is different for the more mobile sample
solvated by a 70% solution of glycerol. With the tempera-
ture increase, beginning from 245 K, the spectral line
does not already reach saturation even in the maximum
window of 250 mms~!. However, this is satisfactorily
described by both models: the Brownian oscillator and
the rectangular potential well. However, at the tempera-
ture higher than 253 K, the total model area of the
Maossbauer spectrum additionally decreases and reaches
f =0.3at 293 K, i.e., only 1/3 of the total area of the
spectrum corresponding to this temperature remains in
the maximum window. This means that an additional
high-frequency component (o > 1-10% s~1) appears in the
probe motion. Thus, unlike the less mobile sample (a 90%
solution of glycerol), the dynamics of the probe of the
highly mobile sample at 293 K is completely described by
three components: (1) the intramolecular atomic vibra-
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<[x(1) = x(0)]>/A2

0.08 K’r .
0.06 |f
0.04 }
0.02
0 100 200 300 t/ns

Fig. 10. Result of the "seaming" procedure for the time plots of
the mean square of the probe displacement obtained by the
Fourier transform of three Mossbauer spectra (7 = 293 K) for
the cation exchanger measured in windows of 250, 25, and
5 mms~! (a 70% solution of glycerol). The confidence interval
is indicated for each curve.

tions with <x2>, = 0.0155 A2, (2) the low-frequency
(1-10°s71 < @ < 1109 s~!) motions of the particle as a
whole of the limited diffusion type with the limiting value
<x?>;=0.085 A? and its time dependence (see Figs. 6, 7,
and 10), and (3) the high-frequency (o > 1-10° s~1) mo-
tions of the particle as a whole with <x?>} ¢ = 0.02 A2,

If the low-frequency motions of the particle are com-
pletely manifested in the Mossbauer spectrum shape and
in the time dependence of the mean square of the probe
displacement obtained from the spectrum, then the high-
frequency motions are so fast that appear only as a de-
crease in the total observed Maossbauer effect probability.
The mere fact of observation of such motions for the
relatively large (~30 A) and massive (~15000 a.u.) object
is of substantial interest.

Thus, we studied the system in which the param-
eters of the probe motion of the type of limited diffu-
sion vary in very wide limits (diffusion coefficient D =
6-10"11—1.4.108 cm?2s~!, amplitude of displacement
of the probe particles A = 0.03—0.28 A), while the proce-
dure of "seaming" of the time-dependent correlation func-
tions using the Fourier transform of Mdssbauer spectra
made it possible to obtain for the first time the <[Ax(f)]*>
function in the time interval = 0.4—360 ns.
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