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The nature of the vibrations and electron state of tin atoms on silica gel surfaces with various pore
diameters (4—6, 140, and 270 A) and on zeolite with channel diameters of 5-7 A is investigated by
gamma-resonance spectroscopy. The results of the experiments point to an increase of the isomer
shift in zeolite compared to that in silica gel. The bonding of the tin to the surface becomes stronger
with decrease of the pore diameter, down to dimensions close to molecular ones. A phase transition
is observed for atoms on the surface of large-pore silica gel and is ascribed to a sharp drop of the
probability of the Mossbauer effect and the increase of the line width. The activation energy for dif-
fusion of SnO:-nH2O over the surface of large-pore silica gel was estimated to be about 3 kcal/mole

on the basis of the dependence of the line width on temperature. The temperature dependence of the
quadrupole-splitting spectrum asymmetry is obtained by regarding the tin atom on the surface as
harmonic oscillator. Comparison of the experimental results and the calculations yielded the value
wi? — wz2=4.5%x10"% sec for the difference between the inverse squares of the tin atom oscilla-
tion frequencies in a direction perpendicular to the surface and parallel to the surface. It is also
found that the harmonic-oscillator approximation for tin atoms on the surface of silica gel is ac-

ceptable.

THE present paper is a continuation of the research on
the dynamics of motion of tin atoms on the surface of
solids, which we started earlier (2], It is known that
the dynamlc characteristics of atoms on the surface
and in the volume of a solid differ greatly (for exam-
ple,1=31), It can be assumed that the dynamic charac-
teristics of the atoms on the surface depend on the
curvature of the surface. In order to verify this as-
sumption, we have introduced the investigated atoms
into the surfaces of pores of different dimensions. We

took silica gels with pore diameter 270, 140, and

~4—6 A and synthetic mordenite (a mineral from the
zeolite group—porous alumosilicate crystals) with pore
diameter ~6 A. Ata pore diameter 270 or 140A (large-
pore samples), the surface is close to plane (the radius
of curvature is two orders of magnitude larger than the
dimension of the atom). Cconversely, in small-pore
samples, the pores (4—6 A diameter) are so small that
the atoms located on their surface are apparently
under conditions intermediate between the surface and
the volume of the solid.

EXPERIMENTAL PART

The tin atoms were placed on the surface of the in-
vestigated samples by ion exchange. Silica gel, as is
well known, consists of globules of polysilicic acid, the
surfaces of which are covered with silanol groups
— Si-OH. The protons of these groups were first re-
placed by Ca®" cations'*) which were then in turn re-
placed by Sn®" ions. In the mordenite, the ions Sn®**
replaced the Na® ions situated in its pores and com-
pensating the excess charge acquired by the zeolite
lattice from the AlO; tetrahedra.

Thus, the investigated silica gels and the zeolites
contain divalent tin atoms chemically bonded to the
surface atoms of the oxygen. In addition, there could
appear on the surface also hydroxide forms of tetra-
valent tin (SnO.*nH;0), which was not bonded to the
surface chemically, as a result of the hydrolysis of the

O v
Sng {5 Sn'V.

The y-resonance spectra were obtained in the tem-
perature interval 93—300°K with a setup using a
sn***™0, source.

DISCUSSION OF RESULTS

Electronic state of the tin atoms on the surface.
Figure 1 shows by way of an example the y-resonance
spectra of tin on the surface of silica gel (with pore
diameter 140 A) and zeolite. The spectra show the
presence of tetravalent tin in the form SnO: ' nH:O,
sorbed on the surface, and of divalent tin chemically
bonded with the surface oxygen atomst!]. The isomer
shift of SnOz-nHzO is the same for all the investigated
samples (6E[ =0 0.1 mm/sec). The isomer shift of
the divalent tin on the surface of the silica gels (6E;
= 2.7 + 0.1 mm/sec) corresponds to the shift of SnO in
the polycrystalline state, whereas in zeolite it increases
noticeably (6E] = 3.4 £ 0.1 mm/sec); the quadrupole
splitting of the SnO spectra is the same in both zeolite
and in the silica gels and equals 6E] = 2.1 £ 0.1 mm/ sec
(at 215’K). The large value of 8EJ of the divalent tin in
the zeolite is evidence of the larger ionicity of the bond
of the tin cation with the zeolite frame compared with
the silica gel. Indeed, since

bonds and subsequent oxidation of SnII into
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FIG. 1. yresonance spectra of tin atoms on the surface of zeolite
and silica gel at different temperatures: a—tin atoms on surface of mor-
denite; b—tin atoms of the surface of silica gel with pore diameter
140 A.

and AR/R > 0, the removal of the bond-producing p-
electrons from the tin (that is, the increase in the
ionicity of the bond) leads to an increase of |3 (0)/?
from the s-electrons due to the decrease of the screen-
ing by the p-electrons, and consequently to an increase
of OE].

The quadrupole splitting of the spectrum remains
unchanged in this case. This is apparently connected
with the fact that the value of AEQ is governed by the
action of both the unbalance of the p-electrons and by
the action of the crystal field, the two factors having
opposite signs. In this case the large value of 0Ej for
Sn in the form of SnO in zeolite offers evidence of the
weakening of the influence of the crystal field, which
mixes the s- and p-states in the ordinary polycrystal-
line SnO sample®]; this also leads to an increase of
the s-density on the nucleus. Thus, a decrease in the
influence of the crystal field takes place in zeolite
simultaneously with the decrease of the unbalance of
the p-electrons, and the value of AEQ remains un-
changed compared with the value of AEQ for SnO in
the silica gel.

It should be noted that for ions of divalent iron in
zeolites we have previously also observed an isomer
shift 6E1 = 1.5 mm/sec, which is close to the possible
maximum %), This agrees with the result obtained for
the tin ions in the present paper (on iron, AR/R > 0,
but the bond is effected essentially by the s-electrons,
and therefore the increase of 6E] is also evidence of
the increased ionicity of the bond).

Temperature dependence of the probability of the
effect. Figure 2 shows the temperature dependence of
the relative area under the resonance curves for sur-
face atoms of tetravalent (2) and divalent (b) tin. The
figure shows clearly that for small-pore samplesc(the
points X and A, pore diameter ~5—7 and ~4—6 A) the
temperature dependence differs noticeably from that
for large-pore samples (points @ and O, pore diame-
ter 140 and 270 A). It follows from these data that the
tin atoms are much more strongly bonded on the sur-
face of a pore with dimensions 4—7 A than on the
‘‘plane’ surface of a large pore. Such a result is well
known for molecules of adsorbed gases and vapors, but
it has apparently been obtained for the first time for
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FIG. 2. Temperature dependence of the relative probability of the
effect for tin atoms on the surface of silica gels and zeolite: a—tempera-
ture dependence for tin atoms in the form SnO, - nH,O; b—temperature
dependence for tin atoms in the form of SnO. The experimental points
X and A correspond everywhere to mordenite and to small-pore silica
gel, while the experimental points ® and O correspond to large-pore gel
with pore diameters 140 and 270 A, respectively.

FIG. 3. Temperature dependence of the y-resonance line widths for
SnO, - nH,0(a) and SnO(b). The experimental points are marked as in
Fig. 2.

atoms that are chemically bonded to the surface of the
solid.

Figure 3 shows the temperature dependence of the
line width of SnIV (a) and Snll(b). The line width of
Sn®* ion which is chemically bonded to the surface is
the same for all samples and does not depend on the
temperature, thus pointing to the localization of the ion
in the crystal lattice. In the case of SnO.-nH:0O, to the
contrary, the line begins to broaden with increasing
temperature, and in this respect there is again observed
a sharp difference between the large-pore and small-
pore samples. In the case of large pores, the broaden-
ing begins with 190°K and reaches a rather large value
already at 250°K. In the case of small pores, a slight
broadening is observed only at 300°K. The resonance-
absorption line broadening of the tin atoms with in-
creasing temperature can be connected in this case
with the diffusion of the atoms(?J, If it is assumed that
the diffusion is via jumping from one localized position
to another (which is perfectly natural for such a non-
volatile insoluble compound as SnO.), then the time of
stay of the molecule in the localized position can be
determined from the expression 7 = 2fi/A€, where A€
is the experimental broadening of the y-resonance
line [73, Recognizing that the time of stay of the particle
in the localized position on the surface is determined®’
by the expression 7 = Toexp (Q/RT), where Q is the
height of the potential barrier separating the localiza-
tion centers, we can obtain Q from the experimental
relation In 7 =£(1/T). In our case, for the surfaces of
large pores, this value turned out to be ~ 3 kcal/mole.

In our earlier papert!) we estimated the height of
the potential barrier for the surface diffusion as being
simply equal to the energy kT corresponding to the
temperature at which the line intensity decreases
abruptly. However, such an estimate is less accurate
and may not correspond to the real height of the barrier
for surface diffusion, since a sharp increase in the line
intensity can be connected with the phase transition on
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the surface or with the breaking of the bonds of the
surface molecules with one another.

It should be noted that in large-pore samples, the
start of the broadening of the SnlV line and the sharp-
est decrease in the magnitude of the effect for SnIV
take place in the same temperature region—approxi-
mately 200°K. This allows us to assume that a phase
transition in the adsorption layer is realized in the
indicated temperature interval and leads to an increase
in the mobility of SnO;nH>O. The fact that the broad-
ening begins at higher temperatures in small-pore
samples indicates that diffusion in small pores is
hindered.

The assumption that the surface compound
SnO - nH;O (unlike the surface atoms Snll) is con-
nected with the surface by Van der Waals forces -
was based on the fact that the effect has a steeper tem-
perature dependence for SnO,°nH,O. The data obtained
in the present paper on the line broadening with increas-
ing temperature essentially confirm this assumption.
We note, however, that another explanation of the broad-
ening of the line of the surface SnO,. is also possible
(and in our opinion is of low probability). If we assume
that the oxidation of the surface Snll atoms occurs with
only one of the chemical bonds of these atoms to the
surface broken, then the broadening of the line may be
attributed, generally speaking, to the freeing of the ro-
tational motion with increasing temperature, if the ro-
tation axis passes through the Sn atom. In this case
the activation energy of the line broadening corresponds
as before to the potential barrier separating the reso-
nance-atom localization centers, and the difference of
the temperatures of the start of line broadening in the
large-pore and small-pore samples can be connected
with the difficulty of rotation in the thin pores.

Temperature dependence of the asymmetry of the
y-resonance spectra of Sn®'. As is clear from Fig. 1,
the spectra of Sn?* in silica gel have an integral asym-
metry (that is, the areas of the two components of the
quadrupole splitting of the line differ in magnitude).
The appearance of such an asymmetry of the quadrupole
splitting of the spectra of polycrystals as a consequence
of the anisotropy of the Debye-Waller factor for the
corresponding single crystals is called in the literature
the Gol’danskif-Karyagin effect'®'°), A characteristic
property of the asymmetry of the lines in this effect is
its intensification with increasing temperature, due to
the oscillation frequency of the atoms. Since the oscil-
lations of the adsorbed atoms along the surface of the
adsorbent are not equal to the oscillations normal to it,
the Gol’danskii-Karyagin effect is quite clearly pro-
nounced for surface layers.

Indeed, regarding the tin atom on the surface as a

harmonic oscillator, we obtain*J:
ho

The temperatures kT larger than ke/2 (where © is
the Debye temperature), and consequently larger than
fiw/2, this expression can be approximately written in
the form (x°) ® kT/Mw?. For tin atoms on a surface,
this formula is suitable for temperatures higher than
80—100°K (for example, for B-Sn the Debye tempera-
ture is ® = 140°K, and for surface atoms the effective
Debye temperature is even lower(2J),
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FIG. 4. Calculated dependence of the asymmetry of the quadrupole-
spectrum lines as a function of the temperature.
FIG. 5. Experimental results A = f(T) for all the silica gels in zeolite.
The experimental points are designated in exactly the same manner as in

Fig. 2 and 3. For comparison we give the calculated curve Agpeor = f(T)
with parameter y = 0.0045.
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We now write the general expression for the asym-
metry of the lines of the quadrupole spectrumt*'J in
the case of disordered orientation of the surfaces:

kLl

4= {S (5/3— cos?8) exp (—x? {x2))sin 0 d§ }_‘

0
X {S (1 + cos?0)exp (—x2 (x2))sin ede},

where 6 is the angle between the direction of the y-
quantum beam and the electric field gradient, and « is
the wave vector of the y radiation. Substituting here
the expression for (x®) =£(T) and putting cos 0 = u,
we arrive at the expression

! 2kT [ 1 1 =
A= 5/5 — u _X 2 Ve law!
{So( 3 u)exp[ < u?!ldu

M \og |

(o7 / J J

! %T 1 1
X{S(i—}-uz)e){p['——xﬁ[ (E};'_G;Z> uz} du }
0

We have assumed here that w; # w, = ws; ws is the fre-
quency of oscillations along the axis of the electric-
field gradient (that is, under certain assumptions, per-
pendicular to the surface), and w, and w; are the fre-
quencies of the oscillations perpendicular to the axis
of the electric field gradient (that is, along the surface).
Introducing the parameter
_ok L)
Y M \ w2 2/
we obtain, after numerically calculating the ratio of
these integrals, a network of plots of A = £(T, ¥)
(Fig. 4). Knowing the experimental A =f(T) depend-
ence, we can choose y and thus calculate the difference
of inverse squares of the frequencies for the inverse
force constants
w2k 1 1 1 1
Figure 5 shows the experimental temperature depend-
ence of the asymmetry of the quadrupole spectra of the
surface ions Sn®* (calculated under the assumption that
the gradient of the electric field on the nucleus is posi-
tive*]) for all silica gels and zeolite, which corre-
sponds within the limits of error to the theoretical re-
lation with a parameter y = 0.0045 deg™. The numeri-
cal calculations yield
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A1 45 107 Sec-?, 1 58 - 107 dyne/cm.
0 o2 Vi vz

The agreement between the theoretical A = £(T)
dependence with the experimental data offers evidence
that the divalent tin ion on the surface of the silica gel
and zeolite can be regarded as a harmonic oscillator.

In conclusion, the authors are grateful to V. I.
Gol’danskil for valuable discussions.
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