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Local Structure of Amorphous Organotin Sulfide Clusters
by Low-Energy X-Ray Absorption Fine Structure

Jens R. Stellhorn,* Shinjiro Hayakawa, Benjamin D. Klee, Benedict Paulus,
Jonathan Link Vasco, Niklas Rinn, Irdn Rojas Ledn, Stefanie Dehnen,

and Wolf-Christian Pilgrim

The local structure of four amorphous organotin sulfide compounds exhibiting
nonlinear optical (NLO) properties is investigated by low-energy X-ray absorption
spectroscopy (XANES and EXAFS). The basic structural motif of a heteroada-
mantane cluster with different organic substituents is confirmed by the
experiments and by comparison with computer simulations of the near-edge
structure. Essential information is obtained on a special role of the nonaromatic
but electron-rich cyclopentadienyl substituents, which are able to affect the
structure of the heteroadamantane cluster core. The EXAFS fits also indicate a
structural distinction between two groups within these compounds, which
exhibit fundamentally different NLO responses: compounds that show a second
harmonic generation can be described well using the single-molecule approach,
whereas the compounds exhibiting the generation of a supercontinuum manifest

of organic substituent, they can potentially
be used as cheap and efficient warm-white
light emitters when driven by a low-power
continuous-wave infrared laser diode.!'
This  so-called whitelight generation
(WLG) is the common denomination of a
physical phenomenon referred to as super-
continuum generation, i.e., the extreme
spectral broadening of a light source propa-
gating through a nonlinear medium.*”!
WLG was demonstrated for amorphous
[(RSn)4S¢] compounds with electron-rich
organic substituents, like phenyl (Ph), cyclo-
pentadienyl (Cp), or benzyl (Bn).l! On the
other hand, a variation of the organic substit-

additional structural contributions.

1. Introduction

Compounds of the general composition [(RSn),Se] (R = organic
substituent) were recently found to exhibit strong nonlinear opti-
cal (NLO) effects. Depending on their morphology and the type
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uent can change the NLO response, leading
instead to a strong second harmonic gener-
ation (SHG) in amorphous compounds with
R = methyl (Me) or naphthyl (Np).”)

Density functional theory (DFT) calculations suggest that
these compounds consist of {Sn,Se} cluster cores in a heteroa-
damantane configuration, with the organic substituents chemi-
cally bound to Sn.*® An illustration of the cluster geometries is
shown in Figure 1. The most recent DFT study”! also indicates
that the relative orientation of neighboring clusters significantly
affects the strength and the nature of the NLO effect.

In principle, the structure of the {Sn,Se} cluster core has a
closely related isomer, which has a “double-decker”-type config-
uration. This structure was expected to be the less likely isomer,
based on an energy difference of the DFT models of about
28 k] mol ™' and for practical considerations (the adamantane
type does not possess inversion symmetry, which is regarded
as an requirement for the NLO properties). However, due to
the amorphous and molecular nature of this material, an experi-
mental proof for any specific structure is difficult to obtain.
First, experimental proofs were only recently obtained from
X-ray scattering experiments coupled with reverse Monte
Carlo modeling,®® which provides a means to fit the experimen-
tal data with a 3D ensemble of structural units (which here are
the molecular clusters), for the case of the [(PhSn),S] cluster,”’
favoring the adamantane-like molecular structure.

To gain an insight into the local structure of these compounds,
we performed low-energy X-ray absorption spectroscopy meas-
urements at the S K and Sn L3 absorption edges. The near-edge
structure contains information on the local electronic properties
(in particular on the nonoccupied density of states) as well as on
structural features (chemical bonds as well as long- or
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Figure 1. Models of the four clusters from DFT simulations.®!

intermediate-range interactions). The interpretation of an X-ray
absorption near-edge structure (XANES) spectrum can be rather
challenging, however, and is therefore effectively assisted by
computer simulations.

With this approach, we aim to provide a decisive step forward
to understand the yet puzzling physical mechanisms behind the
different NLO effects in these systems.

2. Experimental Details and Data Analysis

We prepared four different samples of the general composition
[(RSn),Se] with the organic substituents R being methyl (Me),
naphthyl (Np), cyclopentadienyl (Cp), and phenyl (Ph). The sam-
ples were prepared by reaction of R-SnCl; with Na,S in toluene.
More details of the sample preparation are given elsewhere.["*!

The S K extended X-ray absorption fine structure (EXAFS)
(2.47 keV) and the Sn L; XANES (3.93 keV) spectroscopy experi-
ments were conducted at BL11 of the Hiroshima Synchrotron
Radiation Center (HSRC), Hiroshima University, Higashi-
Hiroshima, Japan. This beamline is designed to maximize the
beam intensity on the sample in the 2-5 keV region by forgoing
the use of Be windows (the beamline shares the vacuum directly
with the storage ring) and minimizing air paths." The synchro-
tron radiation from a bending magnet was monochromatized
with a Si(111) double-crystal monochromator. A Ni-coated pre-
mirror system is utilized to effectively reject higher harmonics.
To detect the incident flux, a commercial ionization chamber
filled with an N,/He (20:80) mixture was placed between the
end of the beamline and the sample chamber. The beam size
at the sample position is approximately 3 mm x 1 mm. The sam-
ple chamber was filled with He to reduce air absorption. The
transmitted beam is detected by another ionization chamber
filled with air, while the fluorescence intensity was measured
with a Si drift detector (SDD). For the sample preparation, a fine
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layer of the sample (about 1-2mg in an area of 1cm? corre-
sponding to about 1.5 absorption lengths) was placed between
two thin polypropylene films (6 pm thickness), and was oriented
with a 45° angle to the beam, to allow for the simultaneous mea-
surement of transmission (S K XANES and EXAFS) and fluores-
cence intensity (Sn L; XANES).

The EXAFS data were analyzed with the DEMETER program
package.'”! For modeling the S K EXAFS data, initial models
for the respective cluster from DFT simulations®® were used.
The models are illustrated in Figure 1. The S—Sn and S—S dis-
tances and mean displacements were used as fitting parameters.
The latter exhibit comparably large uncertainties due to the
low-energy region and the limited accessible k-range and were
therefore constrained between 0.008 and 0.018 A%,

For comparison, we calculated XANES spectra using the
single molecule reference structures. The simulations were per-
formed using the FDMNES software.['* This software uses the
atomic positions of a given cluster and calculates the absorption
cross sections around every atom in a given radius. In our sim-
ulations, the radius was set to 9 A, comprising almost the entire
molecule. The calculations are based on the finite difference
method (FDM) to solve the Schrédinger equation.™! The
XANES spectra of every S (or Sn, respectively) atom are summed
up and convoluted in order to simulate the broadening due to the
finite core-hole lifetime. Furthermore, the simulations also allow
for the calculation of crystal orbital overlap populations (COOP),
which can reveal additional information on the chemical bonds,
including bonding and antibonding interactions.**

3. Results

The XANES data provide an initial view of the atomic-scale struc-
tural arrangements. They are displayed in Figure 2 (S K edge)
and Figure 3 (Sn L; edge) for all four compounds. The figures

(a) simulation (b)
7 55

experiment
T ] ] T T

| | Me
0 T L T L T O T T T
-5 0 5 10 15 2465 2470 2475 2480 2485
E- Eedge (eV) E (eV)

Figure 2. XANES data for the four organotin sulfide samples (Me: black,
Np: red, Cp: green, Ph: blue, shifted upward for clarity) at the S K edge.
a) FDMNES simulations in comparison with b) experimental data. The
vertical dashed lines are guides for the eye, indicating the position of
the main peaks.
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Figure 3. XANES data for the four organotin sulfide samples (Me: black, Np:
red, Cp: green, Ph: blue, shifted upward for clarity) at the Sn L; edge.
a) FDMNES simulations in comparison with b) experimental data. The ver-
tical dashed lines are guides for the eye, indicating the position of the main
peaks.

also provide a comparison with the FDM simulations. The exper-
imental data in general exhibit a two-signal structure at the S K
edge (marked with the vertical dashed lines) and a preedge shoul-
der before the main peak at the Sn L; edge (also marked as verti-
cal dashed lines). It is readily observed that the cluster with Cp
substituents differs significantly from the others: the maxima of
the XANES signals of both S K and Sn L; are shifted to lower

(a)01234567891011

k(A
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energies (by 0.8 and 3.5 eV, respectively); furthermore, the struc-
ture of the signal is also considerably different from the other
samples, with the two main signals of the S K XANES at nearly
equal height (the other samples exhibit considerably larger first
peaks at about 2470.6 eV) and with a shifted and more distinct
preedge peak in the Sn L; XANES.

The FDM simulations show a generally good agreement with
the experimental data, reproducing the general form of the signal
for all clusters in both S K and Sn L; XANES curves, and also repro-
ducing the shift of the signal of the [(CpSn),Se] cluster at the S K
edge (shift by 0.73 eV). However, the simulations fail to reflect the
relative intensities of the signals at the S K edge (in particular for
the [(PhSn),S¢] cluster, where the first peak is considerably dimin-
ished in the experimental data), and also do not reproduce the shift
of the main peak of the [(CpSn)sSe] cluster at the Sn L3 edge.
Overall, it is still a remarkably good agreement considering that
the reference values are determined for an isolated molecule,
whereas the experimental data represent the situation of the
structure in the amorphous phase, in which the clusters are packed
relatively tightly.">*® The differences between the simulations and
the experiment are presumably related to additional distortions of
the clusters and/or intermolecular interactions.

The S K EXAFS data and the best fit results are illustrated for
all four systems in k-space and in real space in Figure 4a,b,
respectively. It is found that the EXAFS data in general can be
fitted reasonably well for the clusters with R = Me and Np, but
not so well for R = Cp and Ph. The fit results for the interatomic
distances are illustrated in Figure 5, along with the reference val-
ues from the DFT simulations.

The S—Sn bond length agrees with the reference values within
the experimental errors; only the cluster with Cp substituents

Figure 4. Experimental data (squares) for the four different compounds and fits using the DFT model systems (red lines) in a) k-space and b) R-space.
The R-space data are displayed as Fourier transform magnitudes of the EXAFS functions with k>-weighting.
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Figure 5. Fit results for the distances of the a) S—S and the b) S—Sn cor-

relation. Experimental data (black squares, with error bars) in comparison
with reference values from the DFT models (red triangles).

exhibits an elongated S—Sn bond—however, due to the “missing”
part of the fit (the region between 2.5 and 3.0 A in Figure 4b that
is not well described by the fit), the error bar is quite large.
The S—S correlations of this fitting approach are significantly
shorter than the reference values for all clusters by about
0.2A, and have a considerable error bar. The error is in part
due to the small accessible k-range, which renders the fitting
of signals at larger distances more difficult.

The fitting qualities in particular for the clusters with R =Ph
and Cp could be improved by considering additional paths for the
EXAFS fits. However, when including an additional S—S or
S—Sn path at an intermediate distance, the fitting parameters
show a considerable interdependence. At this stage, therefore,
the inclusion of additional constraints or datasets (e.g., Sn Kedge
EXAFS) is necessary to get reliable information of these addi-
tional paths.

4. Discussion

Due to the large contribution of multiple scattering in the
XANES regime, details about the 3D structure between the
absorbing atoms and its neighbors (such as bond angles relative
orientations) are in principle coded into the data. Although these
are challenging to analyze, we can nevertheless compare XANES
simulations for different structures, if reference models are avail-
able. In this case, we can compare the XANES simulations of the
two possible isomers of the {Sn,S¢} cluster core, i.e., an adaman-
tine type (AD) or a “double-decker” type (DD). For the example of
a cluster with R = Ph, the FDM results are illustrated in Figure 6.
It is immediately seen that the DD isomer leads to a very differ-
ent XANES signal, which does not agree well with the experi-
mental data. Thus, the XANES data provide an unequivocal
experimental evidence for the adamantane-type structure.
Overall, we find that a simple description of the experimental
data for all samples based on the single, isolated molecules (in
the heteroadamantane configuration, shown in Figure 1 is
already quite successful, and can reproduce the general form
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Figure 6. a) XANES simulation for the different isomers considered for the
[(PhSn)4Se] cluster: the adamantine type (AD, black line) and double-
decker type (DD, red line), in comparison with the experimental data
(blue). The data are shifted upward for clarity. The respective cluster geom-
etries are displayed in (b).

of the XANES signals (Figures 2 and 3) as well as the first peaks
of the EXAFS data (S—Sn paths, Figures 4 and 5). This confirms
that the basic structural motif, i.e., the heteroadamantane cluster
core, is intact even in the amorphous phase.

The notable disparity from the DFT model concerning the
S—S distances may indicate a certain flexibility of the S—Sn—S
bond angle of the heteroadamantane cage for all compounds.
For the clusters with Me and Np substituents (which exhibit sat-
isfactory fit qualities), in a simplified view, the shortening of the
average S—S distances by about 0.16 A translates to a decrease of
the S—Sn—S bond angle of about 6°. In principle, this should also
lead to split peaks in the real space EXAFS data shown in
Figure 4b, i.e., an additional peak at a correspondingly larger dis-
tance. While there are indeed observable signals in this range in
Figure 4b, their assignment is not unambiguous due to the inten-
sity decrease with R and the considerable effect of multiple scat-
tering contributions in the range beyond 4 A. These problems
notwithstanding, we interpret the apparent distortions as an
effect of the cluster—cluster interactions related to the dense pack-
ing of molecules in the amorphous phase.

The situation is even more complex in the clusters with Cp
and Ph substituents, which do not show good fitting qualities
in this second-neighbor distance range. This indicates that an
adequate structural description of these two compounds needs
additional correlations, possibly intermolecular interactions.
The reasons may be found in the dispersive interactions of
the z-electron systems: the recent DFT simulations,”) which
compares cluster dimers for R=Ph and Np, indicate much
stronger interactions between the extended n systems of the
Np substituents in contrast to the Ph substituents. In turn, these
interactions have a considerable influence on the closest possible
distance of the clusters. Therefore, it stands to reason that the
intermolecular interactions are different for the two groups of
compounds (i.e., Me- and Np- vs Cp- and Ph-substituted clus-
ters). It is interesting that this apparent distinction corresponds
to the change of the NLO response, i.e., the SHG that is observed
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for R =Me and Np, while clusters with R =Cp and Ph exhibit
WLG. As already outlined above, however, in order to obtain reli-
able information on these additional paths, complementary
experimental data are necessary (such as Sn K edge EXAFS).

Another important aspect is the shift of the XANES signal of
the [(CpSn)4Se] to lower energies in the S K XANES data
(Figure 2). From an analysis of the crystal orbital overlap popu-
lation (COOP) available through the FDMNES simulations,!*
we find that the main orbitals involved in the principal
XANES peak are the ¢* orbitals formed by the contributions
of the (S p,—Sn s) and the (S p.—Sn p,) orbitals (note that the
z direction is chosen along the interatomic axes). The ¢* orbitals
are apparently destabilized by the additional electron density at
the Sn atom, related to the electron-rich, but nonaromatic, Cp
substituent, which transfers electron density into the cluster
core. This destabilization appears to be supportive of the WLG
effect, e.g., in comparison with the clusters with Np substituents,
but is not a strict requirement (since Ph-substituted clusters
exhibit a similar NLO response).

As an outlook, we plan to extend the current investigations by
measurements of the Sn K edge, which should be available in a
large k-range, providing an improved R-space resolution in addi-
tion to the local environments around the Sn atoms.

5. Conclusion

We performed low-energy XANES and EXAFS experiments of
four amorphous organotin sulfide compounds with R =Me,
Np, Cp, and Ph. The XANES spectra are compared with simu-
lations using the finite difference method, and the EXAFS data
are fitted based on model systems obtained by DFT simulations.
A basic structural motif of heteroadamantane clusters can be
confirmed for all samples by the good agreement between exper-
imental data and the XANES simulations, as well as from the
EXAFS fits.

Concerning the [(CpSn)4S] cluster, our investigations are able
to explain the energetic shift of the XANES signal by a destabili-
zation of the S—Sn ¢* orbitals, which are related to the electron-
rich but nonaromatic substituents. The EXAFS data of the
clusters with R=Me and Np can be fitted well with a model
assuming only a single [(RSn),Sg] molecule, whereas the fits
are more complex for clusters with Ph and Cp substituents.
These difficulties are presumably related to distortions of the
cluster core and/or intermolecular interactions. This hypothesis
will be tested in a subsequent study including information on the
local environment around Sn. If confirmed, the investigations of
the local structure can provide valuable information on the phys-
ical origin of the NLO properties of these systems.
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