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Abstract

The microscopic structure of a new infrared-driven amorphous white-light-

generating material was explored by X-ray diffraction, EXAFS and Reverse

Monte Carlo simulation. In this material, structural disorder appears to be

prerequisite for this nonlinear optical effect. The results are consistent with

quantum chemical predictions, but it is also found that the molecular cores

are distorted, which is identified as a crystallization inhibitor. Sulfur atoms

thereby form a uniform vibrational network, which may be responsible for

the high capability of the material to absorb infrared radiation.
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Supercontinuum or White Light Generation (WLG) is one of the most

puzzling research areas in nonlinear optics (NLO). The effect is known for

long, and defines the spectral broadening of an optic signal propagating

through a nonlinear medium. Commercial WLG materials are well inves-

tigated and consist of compounds with strong nonlinear optical behavior

[1, 2]. They need bulky high-power lasers and are virtually restricted to

scientific and medical use. Therefore, the synthesis of a group of much sim-

pler molecular inorganic materials has recently attracted considerable at-

tention, because they produce similar optical response if just irradiated by

an unpretentious, inexpensive continuous wave infrared laser diode [3, 4, 5].

Such substances are highly desired and could pave the way for a wide range

of new and cost-effective applications. They form inversion-symmetry-free

heteroadamantane-type clusters of general composition [(RT)4E6], where R

is an organic ligand attached to T (Sn, Si, or Ge) which together with E

(S or Se) forms the core of the cluster. Figure 1 shows the corresponding

organotin sulfide cluster [(PhSn)4S6], with phenyl groups attached to the tin

atoms. Two different types of optical response can be generated, depending

on the substances’ morphology. When long-range order prevails, and the

substances form crystals, they show second-harmonic generation (SHG). If,

however, the intermolecular interaction prevents a sufficiently high degree of

order, and an amorphous solid is formed, they respond with a brilliant warm-

white spectrum to the IR-irradiation, retaining the directionality of the driv-

ing laser. No comprehensible explanation has yet been proposed for this, but

structural disorder appears to be mandatory for WLG. To understand the

elementary mechanisms that determine the morphology in the solid forma-
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tion and the structural correlations between neighboring molecules, quantum

chemical studies have been performed [6, 5] on the interaction of dimers as a

minimal model for the amorphous system shown in Figure 1 and for the anal-

ogous organosilicon sulfide cluster, [(PhSi)4S6], where Sn is replaced by Si,

but which forms single crystals and exhibits SHG [3]. The size of the organic

ligands was also varied from phenyl (Ph) to naphthyl (Np) to analyze their

influence on the morphology. The studies allowed to decompose the cluster

binding energies into core-core, core-ligand, and ligand-ligand interactions.

The overall interaction was found to increase with larger ligands while size

and shape determine the mutual orientation of the molecules. Larger Np-

ligands, each consisting of a flat carbon double-six ring, favor an orientation

where they are stacked with respect to each other, while smaller Ph-ligands,

as in Figure 1, prefer an alternating, staggered arrangement, where the lig-

ands of one cluster are located in the voids between those of the other cluster.

As the most interesting result, it was found that the [(PhSn)4S6] cluster ex-

hibits the by far largest value of core-core interaction. It was also concluded

that this interaction is rather isotropic as compared to the [(PhSi)4S6] ana-

logue and responsible for the tendency to form amorphous solids instead of

crystals [5, 6]. We have therefore started a structure analysis on this amor-

phous solid to find experimental evidence for the predicted properties and to

unravel the origin of the crystallization suppression observed for nearly all Sn-

S systems. For this we performed X-ray scattering and Extended Absorption

Fine Structure (EXAFS) experiments on the amorphous [(PhSn)4S6] mate-

rial and we have manipulated a Molecular-Reverse-Monte-Carlo Simulation

code (m-RMC) to analyze the obtained X-ray and EXAFS data. The RMC
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code was based on the RMC POT++ program [7], which already offers the

option to group atoms to a rigid molecule. We have generated a code for

the organotin sulfide cluster [(PhSn)4S6] enabling molecular translation and

rotation, and free rotation of the phenyl groups [8, 9].

Scattering data were measured in transmission at beamline P02.1 [10]

of the PETRA III storage ring at DESY, Hamburg using a primary en-

ergy of 59.87 keV. The sample was confined in a 1 mm X-ray capillary.

Scattered photons were collected using a flat pixel detector and raw data

were processed using the software DAWN [11]. Precise corrections due to

background-, air-scattering, self-absorption, polarization and Compton con-

tribution were carried out and data were normalized down to S(Q). Sn-K

edge EXAFS data of the same sample were obtained at beamline P65 [12],

also located at PETRA III while S-K edge EXAFS was measured at beam-

line BL-11 [13] at the HiSOR facility of the Hiroshima Synchrotron Radiation

Center in Japan. Measurements were carried out at room temperature. All

scans were performed in transmission mode. Data were analyzed using the

Demeter software package (Athena and Artemis) [14]. EXAFS spectra were

normalized and background was calculated using the AUTOBK algorithm.

The experimental structure factor S(Q) is depicted on the left-hand side

of Figure 2 (a) and (b) by the symbols while the experimental Sn-EXAFS,

χ(k) is displayed on the right-hand side also given by symbols. In a first

RMC simulation, 216 [(PhSn)4S6]-clusters were moved as rigid entities using

structural parameters from the DFT-calculated free molecule shown in Fig-

ure 1 [15]. In addition to the experimental S(Q), the EXAFS was also used

as boundary condition. Both functions were iteratively calculated during
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the simulation and should ideally converge towards the experimental data.

Results of this rigid simulation are shown in Figure 2 (a) by the red lines.

A decent agreement between experimental and simulated S(Q) is already

visible. However, there exists a distinctive phase shift between the experi-

mental and simulated S(Q), which becomes readily apparent for Q values

above about 8Å−1. It indicates that the molecular structure in the amor-

phous solid deviates characteristically from the DFT calculated molecule.

The difference becomes even more evident when comparing the experimental

and simulated EXAFS. Obviously, significant structural differences exist be-

tween the single DFT-derived molecule and its counterpart in the amorphous

solid. In a further simulation, the sulfur and tin atoms of the cluster cores

were allowed to move around their DFT-computed positions, while chem-

ically bonded atom pairs were constrained within certain distance ranges.

The Sn−S bond distance was basically left unconstrained (2.05 to 2.65 Å)

because this correlation is prominently represented in the EXAFS and the

S(Q) data and comprises hence sufficient information density for the RMC.

However, the Sn−C bond constraint was chosen much tighter (2.05 to 2.25

Å) to compensate the smaller weighting factor and hence the lower informa-

tion density. Since the C atoms were not allowed to move, the important

consequence was that the Sn atoms kept staying near their initial positions,

necessarily keeping the overall molecular structure intact during the simu-

lation. The atomic motions inevitably lead to deviations from the original

molecular structure but also to an immediate convergence of both calculated

functions towards the experimental curves. They are depicted by the solid

lines in Figures 2 (b). The agreement with experiment is now excellent in
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both cases and just small differences between measured and simulated S(Q)

remain at lower Q probably resulting from the uncertainty of the exact car-

bon positions whose weight to the total X-ray scattering is weaker, and the

overall structure factor is mainly determined by correlations containing Sn

and S. The difference between (a) and (b) in Figure 2 demonstrates that

the rigid DFT-calculated molecule is no suitable model to reproduce the ex-

perimental data of the amorphous solid. We have therefore explored the

simulation box to identify the real-space origin of the observed difference.

First, we extracted the average intramolecular atomic distances in the clus-

ter cores from the virtual ensemble. They are compared in Table 1 with

spacings obtained from the Sn and S EXAFS experiments. Five different

atomic distances exist in the cluster-core, as is visualized in the graphics left

hand side of the table. The direct tin-sulfur contact Sn–Sshort is the only real

chemical bond. It can be determined by Sn and S EXAFS, similar to the

Sn⋯Sn and S⋯Sshort distances, each bridging two chemical bonds. However,

Sn⋯Slong and S⋯Slong are respectively second neighbor distances and com-

prise three bonds. They can no longer be reliably determined by EXAFS.

The m-RMC findings are in good agreement with the experimental Sn and

S EXAFS values, indicating that the simulated atom positions reflect indeed

the structural average in the amorphous solid. Table 1 also shows values for

the DFT-calculated cluster. They are slightly larger, indicating a somewhat

reduced volume of the molecules’ cluster core in the solid.

We have also computed the partial pair-distribution functions (PPDF)

gij(r) from the simulation data, where i and j represent either Sn and/or S.

They are depicted in Figure 3, as the black solid lines, while the blue dashed
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Table 1: Spacings in Å between the atoms of the cluster’s Sn-S core. Spacing designations

are displayed in the graphics left to the table.

RMC Sn-EXAFS S-EXAFS DFT

Sn⋯Sn 3.8(2) 3.75(1) - 3.84

Sn−S 2.4(1) 2.40(1) 2.39(4) 2.44

Sn⋯Slong 4.5(4) - - 4.63

S⋯Sshort 3.9(4) - 3.9(1) 4.01

S⋯Slong 5.5(3) - - 5.72

curves are PPDFs from the rigid m-RMC, corresponding to the results shown

in Figure 2(a). The shaded areas in Figures 3 (b)-(d) represent the pure in-

tramolecular contributions and the red solid line (right-hand scale) gives the

integral over the partial radial distribution function (PRDF), 4πr2ng(r), with

n being the neighboring atom density which defines the number of neighbor-

ing atoms hidden under the PPDF peaks. While the average atomic RMC

distances in Table 1 indicate just a slight contraction, they do not provide

any evidence for possible deformations of the cluster cores in the amorphous

phase or possible correlations to atoms in neighboring molecules. However,

the PDFs show a somewhat different picture: The slight shift of the peak for

the Sn−S bond, from 2.44 to about 2.42 Å is accompanied by a broadening as

is seen in Figure 3 (c). It is a measure for the uncertainty of the bond length,

probably due to thermal vibration. Similarly, is the reduction of the Sn⋯Sn

spacing visible in (b) associated with an even stronger broadening. This peak

becomes distinctly asymmetric as shown in the enlarged inset of Figure 3 (b).

It reveals a deformation of the tetrahedral Sn4 frame. The other spacings give
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further indications of significant distortions: The Sn⋯Slong spacing located

at 4.63 Å in the rigid DFT calculated cluster in (c) splits into three compo-

nents in the amorphous solid which are situated between 3.5 and 5.5 Å, each

containing one single atom. They are also depicted on an enlarged scale in

the inset to Figure 3(c). Figure 3(d) shows the partial S-S correlations. In

the rigid cluster, every sulfur atom is surrounded by four identical neighbors

at 4.01 Å. In the amorphous solid they split into two groups, each containing

two atoms, as is indicated by the PRDF integral. One group is represented

by a narrower but larger peak at ∼3.68 Å and the second by a smaller but

broader peak at ∼4.18 Å. Each sulfur atom has a further well-defined, more

distant single sulfur neighbor at 5.72 Å in the rigid cluster. In the amorphous

solid, this correlation is only visible as a very broad peak situated between 5

and 6 Å, indicating a broad variety of distortions in this specific position.

The ensemble averages displayed in Figure 3(b-d) clearly show, that the

cluster cores in the amorphous [(PhSn4)S6] solid are considerably distorted

as compared to its free DFT-computed counterparts, and that it is mainly

the positions of the sulfur that have changed. Analyzing the atom-atom cor-

relation between different molecules gives a similarly interesting picture: A

pronounced correlation peak centered at ∼3.7 Å is found for the intermolec-

ular S-S correlation, depicted in Figure 3(a). It ranges from ∼3.2 to ∼4.5

Å and the corresponding PRDF-integral reveals one atom, indicating that

every cluster core of the RMC ensemble is on average surrounded by one

external S-atom on this length scale. It should be noted that such distances

compare well with intramolecular S-S spacings (see Table 1 and Figure 3(d)).

Coordinates of the molecular centers of mass were determined for the
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[(PhSn4)S6] cluster cores from the simulation box and a next neighbor av-

erage distance between such centers could be determined to give 7.5(1) Å.

About 25% of all clusters are bound in dimers within this spacing. Higher

molecular chains, partly branched, also exist. The dimer distance is larger

than theoretically predicted (6 − 6.5 Å) [6] because in the dense solid the

interaction is shared by more than one neighbor. The spacing is also some-

what larger than in the [(PhSi)4S6] crystal, where the slightly smaller Si-S

cluster cores are also arranged in dimers with spacings of 7.05 to 7.46 Å [6].

The mutual arrangement of the phenyl ligands in our [(PhSn)4S6] dimers is

an alternating staggered configuration, as predicted by theory and which is

also found in crystalline [(PhSi)4S6] [6]. Figure 4 shows one example of a

[(PhSn)4S6] dimer arbitrarily chosen from our simulation box. However, de-

spite some similarity with the arrangement in the [(PhSi)4S6] crystal, the two

systems differ significantly. In the crystal, the clusters are undistorted Sn-S

adamantanes and intra molecular S⋯Sshort spacings (3.55 Å) and intermolec-

ular S⋯S distances (3.84 Å) can clearly be distinguished. In the amorphous

solid the [(PhSn)4S6] clusters are distorted, and intermolecular S⋯S spacings

as short as those for intramolecular S⋯Sshort distances are found in every

dimer of the simulation box. Such values are also displayed in the example

of Figure 4. Apparently, more S⋯Sshort spacings are needed to reproduce the

X-ray and EXAFS pattern than are present inside the clusters. Therefore,

inter-cluster S⋯S spacings are employed, which is only possible by appropri-

ate deformation since the organic ligands prevent a closer approach between

the cluster cores. In the real solid, this process is driven by the strong core-

core interactions identified previously [6]. This also explains the high degree
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of isotropic interaction between the cluster cores reported in [6], which was

made responsibel for the tendency to suppress crystallization. The degree of

deformation varies from cluster to cluster, and so do the force fields acting

between them. The whole cluster ensemble behaves like a distribution of

slightly different molecules for which it is difficult to find a common state of

crystalline order with minimum free energy. The various distortions therefore

act as a crystallization suppression. In fact, nearly all clusters with Sn4S6

cores that were synthesized so far form only amorphous solids [5]. Only one

crystalline example exists, namely with benzyl groups as ligands. However,

its crystal structure shows no dimer formation and is determined from in-

teractions between the organic ligands, which are arranged regularly in the

crystal lattice [16]. The sulfur atoms in the amorphous [(PhSn)4S6] solid try

to distribute themselves uniformly like a close-meshed net, and it is tempting

to identify this as a vibrational network. This would offer the possibility of

generating corresponding phonons over a wider range of k values, and could

thus explain the high receptivity of the material to the IR laser field.

To conclude, we have explored the structure of a new amorphous solid ex-

hibiting white-light-generation, and we found good agreement with quantum

chemical predictions. However, in contrast to the DFT-based calculations,

distinct distortions of the molecular cluster cores are observed, and identi-

fied as the origin for the isotropic inter-molecular interaction, resulting from

different distortions and orientations of the clusters. These distortions are

responsible for the tendency of molecules with Sn4S6 cores to suppress crystal

formation. Thereby, sulfur atoms play a special role as the difference between

intra- and intermolecular distances vanishes. Instead of constant spacing,
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they strive for a spatial distribution resembling a vibrational network, which

could explain the high receptivity of the material for IR radiation.
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Figure 1: Representation of the [(PhSn)4S6] cluster, the molecular building block of the

reportet amorphous WLG.
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Figure 2: Experimental S(Q) and EXAFS data (black symbols on the left-hand and the

right-hand side of a) and b), respectively) as obtained from synchrotron experiments. a)

m-RMC results (red lines) from rigid molecules as shown in Figure 1. b) X-ray and EXAFS

simulation results (red lines) upon cluster core atoms were additionally allowed to move.
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Figure 3: Partial Pair-Distribution-Functions gij(r) for the cluster-core atoms, as obtained

from the rigid m-RMC (blue dashed lines) and the mobile m-RMC (full black line). Shaded

areas are intramolecular contribution, full red lines represent number of atoms according

to the integral over the intramolecular partial radial distribution function (right scale).
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Figure 4: Arbitrarily selected dimer of the simulation box. Yellow: positions of S atoms.

Purple: positions of Sn atoms. Nearest inter- and intramolecular S-S spacings are denoted.
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