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Abstract

Structure of silver stearate has been refined using Ag K-EXAFS
spectroscopy and known unit cell parameters. The positions of the atoms
of unit cell and silver-atom bond distances and angles have been deter-
minant: the silver carboxylate complex is similar to other short chain
silver carboxylate and is a dimer {formed from an 8-membered ring com-
prised of two silver atoms bridged by two carboxylate from the stearate
molecules. The Ag—Ag distance is 2.9 A, similar to the bond distance in
metallic silver. Temperature significantly affects the structure, based
on the data it is proposed that the silver atoms shift to new positions
as the temperature is increased. Upon further increase, these positions
become unstable, which appears to give rise to new constructions with

the Ag-Ag distances at 4.2 A, :

© Budker Institute of Nuclear Physics

sl o N = o - 4 O e T

i A
s =Rkt

e A e

e

4
4
4

1. Introduction

The unit cell of silver stearate, and other carboxylate having long alkyl
chains, has been known for a long time [1], however, until now, the coordi-
nates of atoms located inside the unit cell, and particularly those of silver
coordination sphere, have remained completely unknown. This problem nor-
mally would be solved by z-ray structural analysis of a single crystal, but 1t
has not possible to grow a silver stearate single erystal sufficiently large with
adequate quality for this technique: In this work, the Ag K-EXAFS spec-
troscopy has been used to determine the spacing between the silver atoms
and their nearest neighbors, oxygen and carbon atoms. Proceeding from
these spacings and the geometry of the molecule, we have determined the po-
sitions of the atoms in the unite cell. In this case, the angular characteristics
of the atomic positions were chosen so that these would be similar to those
typical of the known chemical compounds with similar spacings and the way

the atoms are bonded. ; i

Also, in this work, the changes in the positions of the silver atoms as
funetion of temperature were followed using Ag K-EXAFS spectra taken at
925, 70, 100 and 120 C°. An analysis of temperature changes in the amplitude
of the EXAFS signals and associated distances suggests that temperature
has an effect on the silver atoms positions.At high temperatures (100 and
120 C°) the character of EXAFS signals indicates that a some of the silver
stearate molecules rearrange to form new complexes w1th a spacing between
the silver atoms of 4.20 A.

Chapter 2 gives the procedure whereby the positions of the stearate a,tc:-ms




inside the unite cell were determined EXAFS-spectrum taken at room tem-
perature. Chapter 3 gives an analysis of the EXAFS-spectrum at 70 C°
and new unstable positions of silver in the unit cell. In Chapter 4 the high-
temperature EXAFS-spectra at 100 and 120 C° are discussed and a proposal
15 made that silver atoms are released from the stearate molecules to form
the new molecule constructions with the Ag-Ag distances at 4.2 A.

2. Positions of atoms in silver stearate unit cell

EXAFS-spectra were obtained on EXAFS-station of the storing ring of
VEPP-3 at the Siberian Synchrotron Radiation Center of Institute of Nuclear
Physics of Siberian Branch of Russian Academy of Science. The beam energy
was 2 GeV and the current was 100 mA. Measurements were conducted
according to a “transmission” procedure. A double modular crystal Si(111)
monochromator was used [2]. EXAFS spectra were recorded by the K-edge
of absorption of silver at a spacing of ~1.37 eV. In this operating region, the
contribution of high harmonics is insignificant, therefore the effect of these
was neglected. Ionization chambers filled with argon were used as detectors.

The oscillating member — x(k) was derived according to a conventional
procedure. The region near the Ag K-edge was extrapolated to the region
of EXAFS oscillation by the Victoreen type polynomials. The fair region
of the adsorption spectra was constructed as a combination of smoothing
cubic splines. Radial distribution function were obtained using the Fourier-
transformation of ky(k) in the range 2.5 — 11.5(1/A).

As is well known, the positions of the peaks of radial distribution functions
only approximately correspond to the spacing between the excited atom and
its neighbors. To obtain the actual distances, a phase shift typical of each
sort of atoms should be added to the distance determined from the radial
distribution function. The nature of the shift is associated with an additional
displacement of phases as the wave of an excited electron is scattering in
the potential of atoms. The phase shifts are determined most reliably in
experiment using a reference. For this purpose, silver acetate with a well
known arrangement of atoms inside 1ts unit cell was used. A good coincidence
of the model and experimental spectra was obtained. The phase shifts were
as follows: 0.7 A for carbon, 0.6 A for oxygen, 0.2 A for silver. Since the
value of phase shifts is independent of the chemical state of atoms, these
values were used for the interpretation of the EXAFS spectra of silver in the
structure of silver stearate at all the temperatures: 25, 70, 100 and 120 C°
(Fig. 1).

The structure of a number of silver carboxylates, Ag(O,CR) has been
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Fig. 1. The Fourier transform of Ag K-edge EXATS (without phase
correction) from washed silver stearate (powder) at the temperatures: a) 25
C°, b) 70 C°, ¢) 100 C°, d) 130 C°.

studied elsewhere [1]. R is a hydrocarbon (methylene) chain with different
number of carbon atoms. For silver stearate, this number is 18. The silver

‘carboxylates studied in [1] has triclinic layered structure with two molecules

in the unit cell. At 20 C°, the parameters of the unit cell of silver stearate
are as follows: a = 4.603 A, b = 4.120 A ec=50,34 < a= 104°35/,
< B =93°6', < v =76°1". To interpret the EXAFS-spectra at 25 C°, it has
been suggested that hydrogen atoms are in the plane of the zigzag of carbon
atoms of the methylene tail, and the silver, carbon and oxygen atoms of two
molecules form the [Ag(O2CR)], dimer through an 8-membered ring in the




same plane. A lot of structural works have shown that the formation of 8-
membered ring with the participation of two silver atoms is typical for similar
complexes [3-5]. In the present work attempts are made to reconcile the
characteristic length of the bonds in these compounds with those distances
which can be determined from EXAFS-spectra.

In Fig. 1,a (25 C°), the positions of the first and second true peaks cor-
respond (without the phase shifts) to distances of 1.7 and 2.4 A. Knowing
the structure of the silver carboxylate molecule, it may be concluded that
the first peak is formed by the scattering of excited electrons on the oxygen
atoms. This atoms are the nearest neighbors of the silver atoms. The use of
the phase shift value yields an Ag-O distance of 2.3 A. Besides the oxygen
atoms, the carbon and silver atoms can also take part in the formation of
second peak. For silver, the allowance of the phase shift yields a distance

of ~ 2.6 A. However, the characteristic distances for the silver atoms in
8-membered ring are somewhat lager than this value and are 2.87 — 2.97 A,
and the values of the Ag-O distances range from 2.22 to 2.25 A [5]. For the
Ag-O distance, the use of the value 2.25 A falls within the error of deter-
mination of the position of the first peak, whereas for the Ag-Ag distance
the use of the value 2.9 A (with allowance for the phase shift) should give
rise to a signal which located further to the right than the second peak. In
this case, the second peak can be reproduced properly if it is assumed that
this peak is formed by the scatterings on other oxygen and carbon atoms,
whereas the scattering on the silver atom forms its slope. In this connection,
the distances and angles in 8-membered ring were chosen according to this
assumption and in the ranges typical of such a complex.

A distance of 3.4 A corresponds to the third peak in Tig. 1,a. On the
assumption that this is associated with the scattering on the silver atom of
the ne1ghborlng dimer, one more Ag—Ag distance of 3.6 A is obtained. This
distance is typical of 4:membered ring composed of two silver atoms and
two oxygen atoms [6]. Thus, our following suggestion is that silver stearate
dimers are bonded with each other in one plane via such 4-membered rings.
Further, the distances and angles between the atoms were chosen in such a
way as to satisfy better the positions of the peaks in Fig. 1,a. At the same

time, these distances and angles should fall within the range of values typical °

of 4-membered ring.

The results of this are given in Tables 1-3 and in Fig. 2. It should be noted
that the construction of neighboring dimers cannot be made without chang-
ing the angle 7. Otherwise, as the Ag(3)-Ag(2a) distance Fig. 2 remains
3.60 A, the Ag(2a) and O1(3) atoms should locate improbably close to each
other, and the O1(3)-Ag(2a)-O1(2a) angle should be considerably smaller

than a typical value of ~ 83 — 84° [6] By choosing the Ag(2a)-01(3) dis-
tance equal to 2.625 A [6], we obtain that the O1(3)-Ag(2a)-01(2a) angle is
84°. Such an arrangement of the atoms corresponds to the value v = 82°25.
In the construction of the neighboring layers of the dimers, parameters of the
unit cell with this new value of the v angle were used. The parameters are
listed in Table 4. The crystallographic d(h, k,!) distances calculated using
these parameters of the unit cell agree with their values from [1] even some-
what better then for the previous 4 angle. On the ether hand, it is quite
possible that small changes in other parameters of the lattice can decrease
the difference between the old and the new value of the v angle, and in this
case the interpretation of the EXAFS peaks will be satisfactory, as before.
The relative position of the layers of dimers was constructed using the
parameters of the unit cell given in Table 4. The view of the unit cell with
the atoms located according to Tables 1-3 is given in Fig. 3. For simplicity,

- hydrogen atoms are not pictured.

In conclusion, some remarks should be made concerning Table 1. The
Ag(3)-01(2a) distance (N2 in Table 1) falls between the first two peaks in
Fig. 1,a. This fact is not a contradiction, since this was also the case for
the EXAFS spectra of the reference, silver acetate, where the same value of
the Ag-O distance occurs and it also falls between the first two peaks. The
numerical modeling of the EXAFS spectra support the observed shape of the
spectra. The close arrangement of the first two peaks “slurs over” the peak
from the above distance.

For large distances (> 4 A), the multiple scattering effects is of consid-
erable importance. It is noted in [7-8] that these effects are particularly
significant if there are atoms located near the line between the central and
back scattering atoms. If is suggested that such an effect brings about the
screening of the N°20,21 and 22 distances (Table 1) which are somewhat
large than the distances corresponding to peak 6 (Fig. 1,a). Thus, if the
change in the phase shift for the Ag(3)-Ag(2) distance due to the screen-
ing of Ag(2) by the O1(2a) oxygen (Fig. 2) is roughly estimated by a direct
addition of the phase shifts of this atoms: d = 0.2 + 0.6 A, the position of
the EXAFS peak will be 5.824 — d = 5.02 A, which coincides well with the
position of the sixth peak in Fig. 1,a (~ 4.9 A). Besides, another reason for

~which this explanation seem to be proper is that at 70 C°, a shift of the sixth

peak by 0.7 A(4.9 — 5.6 A4) is observed in Fig. 1,b, which appears to be as-
sociated with a considerable decrease in the screening of the Ag(2) atom due
to the relative temperature shift of the oxygen and silver atoms. Analogous
estimation of the screening of the Ag(2)-C2(3) and Ag(2)-C3(3a) distances
show that these occur on the slope of the sixth EXAFS peak.
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Fig. 2. The displacement of atoms in one layer of silver stearate crystal
at room temperature (20 C°).

Fig. 3. The 3-dimensional unit cell of silver stearate.

3. Temperature changes in structure of silver stearate

A comparison of the EXAFS spectra of silver stearate at 25 and 70 C°
(Fig. 1,(a —b)) shows that there are changes which cannot be explained only
by a temperature decrease in the amplitude of the spectra. Thus, at 70 C°
EXAFS peaks 2 and 3 are more clearly separated one from the other, and the
amplitude of peak 3 increases in comparison to peak 1. At the same time, the
right slope of peak 2 disappears. This can be accounted for by an increase in
the spacing of the silver atoms, due to which the associated EXAFS signal
15 separated from the second peak and merges with the third peak. In this
case the Ag(3)-Ag(3a) distance increases from 2.9 A to ~ 3.6 A (in Fig. 1,b
—3.45+40.2=3.65 A).

It should be noted that as the distance increases, the amplitude of the
EXAFS signals rapidly decreases, as ~ 1/R. Therefore marked peaks can
be formed either from a group of atoms with appropriate spacings or from
an atom with large nuclear charge Z. In the presence case, Ag with Z = 47
1s such an atom. Therefore the suggestion that the increase of peak 3 with
respect to 2 is predominantly associated with a shift of the Ag atom appears
to be reasonable. The same is supported by a comparison of the values from
Table 1 and Fig. 1,a. The position of any silver atoms corresponds to each
peak at long distances.

To account for the entire character of the EXAFS spectra, attempts have
been made to understand the possible temperature shift of the silver atom to
a new position, proceeding from the shape of the unit cell obtained in the pre-
vious Chapter (Fig. 1—2). The shift of the silver atoms is due to their close
arrangement in the dimer: the Ag(3)-Ag(3a) distance is ~ 2.9 A. This dis-
tance is typical of silver atoms in metals. It is associated with a considerable
interaction of these atoms and should increase with a rise in temperature. In
turn, in the structure shown in Fig. 2 almost an equivalent position of silver
atoms exist from the viewpoint of the nearest oxygen-carbon surrounding,
In Fig. 4 these positions are demonstrated and new distances are given in
Table 4. For these positions, the Ag(3)- Ag(3a) and Ag(2a)-Ag(3) distances
are the same and are equal to 3.6 A. The new Ag(3)-01(2a), Ag(3)-0(3a)
and Ag(2a)-Ag(3) distances are equivalent to the distances in 8-membered
ring of the dimer (see Tables 1 and 4). The O-Ag-0O and Ag-O-C angles
also have similar values. Such a displacement of the silver atoms indicates
the cleavage of the bond of the silver with the oxygen and the formation of
an equivalent bond of silver with a new. In this case, the old oxygen bond is
saturated with another silver atom, i.e. the silver atoms exchange the oxygen
atoms. This displacement of silver atoms appears to proceed synchronously
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4. High-temperature transformations

A comparison of changes in the amplitudes of peaks 3 and 4 (Fig. 1,b and
1,c) shows that at 100 C°, a certain amount of silver stearate molecules break
down to form some new compounds with a characteristic spacing between
silver atoms of 4.20 A. The first two peaks are indicative of the presence of
silver stearate molecules. In this case, two peaks associated with two nearest
spacings of silver and the oxygen and carbon atoms are observed, as before.
The absence of regular peaks of marked amplitude at long distances, as was
the case at 25 and 75 C°, points to a severe disordering of the structure.
More distant peaks of this molecule do not correspond to the positions of the
silver atoms and therefore these are considerably decreased due to both long
distances and the temperature factor. The third peak at a distance of 4.0A
at 100 C° can be associated only with silver. With allowance for the phase
correction, the Ag-Ag distance is ~ 4.2 A. Since this distance is much greater
than the characteristic distances in metallic silver, the silver atoms should
be bonded through a certain mediator. It is suggested that this mediator
can be the oxygen and carbon atoms of carboxylate complex turned from the
layer of dimers. In this case, the silver atoms of new complex are in different
layers. _

At 130 C° two peaks are observed in Fig. 1,d as before, which is indicative
of the presence of silver stearate molecules. At the same time, the rest of the
structure is severely suppressed by the temperature factor and provides no
possibilities for analysis.

5. Conclusion

The atomic positions of silver stearate molecules have been determined
by Ag K-EXAFS spectra, the silver atoms are bridged by the carboxylate in
the form of dimers in an 8-membered ring, and the dimers are further bonded

to each other by longer Ag-O bonds forming 4-membered rings. The v angle

of unite cell has been corrected to take the molecular structure into consider-
ation, otherwise, the length of the bond between the silver and okygen atoms
in a silver stearate molecule would be larger than that between the same silver
atom and oxygen atom of the neighboring dimer. While the EXATFS approach
used herein cannot compete in accuracy with the diffraction method the im-
portant atomic bond distances and angles of significant structural problems,
such as that described above, can be resolved with reasonable error limits.
The above considerations are based on the interpretation of characteristic
dimensions, which can be derived from the position of EXAFS signals, and
on a comparison of these with the geometry of known structures. Also, at

11




2 : . . : :
70 C°, the displacement of silver in the silver stearate structure into a new
position occurs in another way.
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Table 1.

The atomic distances of the nearest neighbors of the silver atom 1in silver
; stearate at the temperature of 25 C°.

n couple distance = number EXAFS
(A) of atoms peak number
1 Ag(3)-01(3) 9.95 ) 1
2  Ag(3)-01(2a) 2.625 1 (between:
1 and 2)
3 Ag(3)-02(3) 3.34 2 2
4 Ag(3)-C1(3) 3.135 9 9
5 Ag(3)-Ag(3a) 2.90 1 2
6 Ag(3)-Cl(2a) 3.59 1 2
e (right slope)
7 Ag(2a)-Ag(2)(A) 3.22 1 (between
(from A layer) 2 and 3)
8 Ag(3)-C2(2a) 3.73 T (between
S 2 and 3) |
9  Ag(3)-Af(2a) 3.60 1 3 Txaploh el
10 Ag(2a)-Ag(3)(C) 4.03 1 4
11 Ag(3)-Ag(3)(A,C) 4.12 D 4
12 Ag(3)-02(2a) 4.69 1 4
13 Ag(3)-C2(3a) 4.59 1 4
14 Ag(3)-Ag(2)(A,C) 4.69 2 5
15  Ag(3)-C3(3a) 5.00 1 5
16 Ag(3)-C3(2a) 5.27 1 H
17 Ag(3)-C3(3) 5.68 1 6
18 Ag(3)-C4(2) 5.94 1 6
19 Ag(3)-02(2) 9.72 1 6
20 Ag(3)-Ag(2) 5.82 2 6
21 Ag(2)-C2(3) 6.52 1 6
922 Ag(2)-C3(3a) 6.54 1 6

designation (see Fig. 2-3):
1) C3(2a) — Atom C3 of 2a molecule from B (middle) layer.
2) Ag(3)(A,C) — Atom Ag of 3 molecule on Fig. 2 from A (downer)

and C (upper) layers of dimers on Fig. 3.
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Table 2. Table 5.
Atomic distances in the silver stearate molecule at the temperature of 25 C° The atomic distances of the nearest neighbors of the silver atom in silver
(Fig. 2) stearate at the temperature of 70 C°.
N Atoms Distan(*;e (A) | N Couple Distance Quantity of Number of
1 Ag-0Ol 2.25 : ' AV neighbors EXAFS peek
2 Ag-02(a) 2.25 1 Ag(3) - 02(3a) 22 _ 1 1
3 Ag-—Ag(a) 2.90 9. Ag(3)-01(2a) . . 23 1 1
4 Agla)-02  2.25 3 Ag(3) - OL(3) 2.5 1 !
5 Ag(a)-02(a) 2.25 -4 Ag(3) - Cl(3a) 32 | 1 2
7 @ e G| 1.20 5 Ag(3) - Cl(2a) 0i2 1 2
T DA 20 6 Ag(3) - C2(2a) 3.4 1 2
8 €1:C2 1.54 7 Ag(3) - C1(3) 3.5 1 .
g C2-C3 1.54 right slope

8 Ag(3) - Ol(3a) 3.5 1 between 2 and 3
9 Ag(2a)-Ag(2)(A) 3.1 1 between 2 and 3
10 Ag(3) - Ag(3) 3.6 1 3
_ tobled, 11  Ag(3)- Ag(2a) ' 3.6 1 3
Atomic angles in the silver stearate molecule at the temperature of 25 C°. 12 Ag(3) - 02(3) 3.7 I :
In the bracket there is the number of a molecule on Fig. 2 13 Ag(3) - C2(3a) 4.1 - 2
- . 14  Ag(3) - 02(2a) 4.3 1 3
N Atoms - Angle (grad) 15 Ag(3)-Ag(3)(A,C) 42 2 4
1 Ag(3)-01(3)-C1(3)  128° 16 Ag(2a)-Ag(3)(C) 4.1 2 4
2 O1(3)-Ag(3)-02(3a) 160° 17  Ag(3) - C3(2a) 4.9 1 4
3 01(3)-Ag(3)-0O1(2a) 84° 18 Ag(3) - C3(3a) 4.8 1 4
ATy COBCHsY . (100 19 As(3)- C2(3) 4.8 1 4
5 C1(3)-01(3)-Ag(3) 128° 20 Ag(3)-Ag(2)(AC) 47 2 5
6 01(3)-C1(3)-C2(3)  113° 21 Ag(3) - Ag(2) 5.75 1o 6
T C1(3a)-C1(3)-C3(3) 151° - .
Table 4.
Parameters of the unit cell of silver stearate erystal
a= 4.69 (;’i)
= 41T (A
o= 50.35 (4)
a=104°3%
= Uiehe
= F R0 20
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