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Abstract. The microscopic structures of two amorphous molecular solids with extremely 

nonlinear optical properties have been studied. They consist of organotetrel chalcogenide 

clusters with the chemical formula [(RSn)4S6]. The basic molecular building blocks are 

adamantane-like {Sn4S6} cores with organic ligands R attached to the Sn atoms. While the 

material equipped with R=naphthyl generates frequency doubling upon irradiation with a simple 

IR laser diode, the material decorated with R=phenyl responds by emitting brilliant white light. 

The structural differences were investigated using X-ray scattering and EXAFS combined with 

molecular RMC. Transmission electron microscopy and scanning precession electron diffraction 

were used to examine structural differences from mesoscopic down to microscopic scales. 

Characteristic differences were found on all scales. While close core-to-core distances between 

{Sn4S6} cluster cores and molecular distortions are found in the white light emitting material, 

undistorted molecules and significantly larger core distances characterize the material showing 

frequency doubling. Here however, results of scanning precession electron diffraction reveal the 

formation of nanocrystalline structures in the amorphous matrix, which we identify as cause for 

the suppression of white light emission. 

1.  Introduction 

The search for improved materials to generate light has been and is still an active research field. About 

25 years ago, these efforts have culminated in the development of the light emitting diode (LED), which 

has meanwhile become omnipresent everywhere in our daily lives.1 Typically, LEDs emit a strong line 

in the dark blue, near UV region resulting from a direct band gap transition. It is then spectroscopically 

converted to longer wavelengths by dyes and phosphors which cover just the visible range of the 

electromagnetic spectrum between ~350 to ~800 nm. LEDs are extremely energy efficient and can be 

tuned to provide any desired color temperature. Another important property of LEDs is that their 

radiation pattern is almost perfectly Lambertian, i.e., it emits into all directions with virtually the same 

intensity, which is of great advantage if bright illumination of rooms is desired or if LEDs are used as 

pixels in flat panel displays where large viewing angles are preferred. For other applications however, a 

rather point-shaped, laser like radiation characteristics is often wanted. Such light sources also exist and 

were already developed in the nineteen-seventies as so-called Supercontinuum Emitters (SCEs).2,3 They 

are based on strongly non-linear optical (NLO) materials as e.g. YAG, Sapphire, CaF2-crystals, optical 

fibers or other waveguide-based sources. However, to invoke the NLO effects, high electrical field 

strengths are needed which are provided by pulsed high-power lasers. These SCEs are therefore heavy 
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and bulky devices with high energy consumption and their use is basically restricted to pure scientific 

and medical applications. 

A few years ago, a group of organo tetrel chalcogenide cluster molecules was identified that already 

exhibit extreme NLO properties when irradiated with just a simple low energy-density continuous wave 

near infrared (CW-NIR) laser diode.4,5 They consist of heteroadamantane shaped units of general 

formula [(RT)4E6], where R is an organic ligand, T is a group-14 element, bound to the organic ligand 

R, and E represents a chalcogen. The heteroatomic composition combined with the wide variability of 

the organic ligands provides large synthetic variety and meanwhile a huge number of different derivates 

exist.6,7 All compounds precipitate as solids, some of which are crystalline, while others show a 

completely amorphous morphology. Comparing the non-linear optical responses of the different 

materials, one finds that all crystalline representatives respond as second harmonics generators (SHG) 

upon IR-irradiation, while most amorphous materials reply as white light generators (WLG). The latter 

emit warm white light just covering the visible region of the electromagnetic spectrum. Moreover, the 

emission characteristics of these materials is highly brilliant, retaining the directionality of the driving 

laser.4,6 The difference between these two groups is exemplary visualized in Figures 1 (a) and (b) for the 

two systems [(PhSi)4S6] and [(PhSn)4S6], in which the molecular units differ only by the exchange of Si 

by Sn while phenyl groups (Ph) are the organic ligands is in both cases. DFT calculations of these cluster 

molecules have revealed almost identical molecular structures for both8 which are displayed in the 

respective figures. However, the {SiS} clusters solidify crystalline as is indicated by the corresponding 

diffractogram in the second row of the Figure, and emit a second harmonic with wavelength 489 nm 

(2.53 eV) if being irradiated with a CW-NIR line at 979 nm (1.265 eV). On the other hand, the {SnS} 

clusters precipitate clearly amorphous as can be inferred from the characteristic shape of its X-ray 

structure factor S(Q) in Figure 1 (b). If irradiated with the same 979 nm laser line it however responds 

with a brilliant white light emission centered between 400 and 800 nm.  

 

 

Figure 1: NLO-responses from the crystalline material [(PhSi)4S6] (a) and the amorphous material [(PhSn)4S6] 

(b) (top). The driving excitation is visible at 979 nm (1.265 eV) in each spectrum. The 2nd-harmonics of (a) is 

clearly seen at 489.5 nm (2.53 eV), while (b) depicts a broad white spectrum. The respective X-ray patterns are 

also shown below indicating that the SHG-material is clearly crystalline while the WLG material shows the 

typical structure factor S(Q) of an amorphous solid. (c) shows the NLO-response from [(NpSn)4S6] indicating 

SHG, although the X-ray structure factor clearly designates an amorphous solid. 

Yet, the underlying process for white light generation is still unclear, as is the reason why some 

cluster systems crystallize while others exclusively solidify amorphous. However, the observation that 

WLG is never observed in crystalline materials indicates that the effect must be related to specific 

structural correlations or degrees of freedom that are only attainable in a sufficiently disordered state. 

This raises the question of how the disordered state is characterized in these systems. This question can 

only be understood if both the mutual arrangement of the molecules on the microscopic scale is known, 
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as well as morphological variations on mesoscopic lengths. This is the only way to understand the 

relationships between order and disorder in these materials, which is essential for an understanding of 

the structure-property relationships in view of the nonlinear optical behavior. Among all the materials 

synthesized so far, there are very few which appear to be amorphous but nevertheless react as SHGs 

upon irradiation, as is shown in Fig. 1 (c) for the [(NpSn)4S6]-cluster with naphtyl (Np) ligands as the 

organic component. Its X-ray scattering pattern clearly identifies it as a non-crystalline material, which 

is evident from the shape of the measured structure factor S(Q) in the figure. The fact that some few 

SHG materials are amorphous opens up the possibility of detecting precisely the microscopic structural 

differences without them being masked by the different morphology. We therefore performed structural 

studies on the amorphous SHG [(NpSn)4S6] and the WLG [(PhSn)4S6] to search for microscopic spatial 

differences in order to identify specific structural features of the WLG materials. For this, we performed 

measurements of the EXAFS (Extended X-ray Absorption Fine Structure) function (k) and the static 

X-ray structure factor S(Q), and analyzed the resulting data by means of molecular Reverse Monte Carlo 

simulations (m-RMC). Scanning transmission electron microscopy ((S)TEM) measurements, combined 

with scanning precession electron diffraction ((S)PED), were also performed to unravel the relationships 

between morphology and microscopic structure to understand why some materials do not emit white 

light despite their amorphous appearance. Here, we give a comprehensive overview of the results from 

the selected systems [(PhSn)4S6] and [(NpSn)4S6], which are shown in Figs. 1 (b) and (c). 

 

2.  Methods 

2.1.  Sample preparation 

The molecular {SnS}-cluster materials [(PhSn)4S6] and [(NpSn)4S6] were prepared according to 

literature,9,10 by reacting organotin trichlorides (RSnCl3) with sodium sulphides where R was either Ph 

(-C6H5) or Np (-C10H7). All synthesis steps were performed under Argon atmosphere and the substances 

were obtained as amorphous white stable and non-hygroscopic powders. Final product analysis was 

performed by NMR and mass spectrometry, and preliminary morphology studies performed by X-ray 

diffractometry to clarify their crystalline or amorphous nature. The molecular structures of the 

substances were further elucidated by density functional theory (DFT) calculations8 supporting an 

inversion-free heteroadamantane-type molecular structure with (idealized) Td symmetry.   

The density of the solid samples was measured with an AccuPyc II 1340 Gas Displacement 

Pycnometry System (micromeritics) using Helium gas. The measurements consisted of 30 purge steps, 

following 50 measurements per sample which were averaged to give a density accuracy of up to two 

decimal places. For [(PhSn)4S6] a value of 2.00 g/cm3 was found, while the density of [(NpSn)4S6] was 

determined to 1.79 g/cm3. 

2.2.  X-ray scattering 

High precision X-ray scattering data of the [(PhSn)4S6] material were measured in transmission 

geometry at beamline P02.111 of the PETRA III synchrotron at DESY, Hamburg using a primary energy 

of 59.87 keV. Scattered X-rays were collected using a two-dimensional position sensitive detector with 

2048×2048 pixels of size 200×200 µm2. The DAWN software package was employed to convert the 2D 

image into scattering pattern.12 Distance between sample and detector was set to 240.2 mm and the 

sample was positioned in front of a detector corner to obtain maximum angular range. The amorphous 

[(NpSn)4S6] sample was obtained later than the [(PhSn)4S6] material and could thus not be explored at 

the same time at beamline P02.1. Instead, an inhouse Bruker D5000 diffractometer was used which has 

been equipped with a Goebel mirror to optimize the primary beam (Mo K 17.44 keV). Both samples 

were confined in boro silicate X-ray capillaries of 1 mm outer diameter and 0,01 mm wall thickness. 

Measured scattering intensities were corrected for background- and air-scattering, self-absorption, 

polarization and Compton contribution and then normalized to S(Q). 

 

Page 3 of 13 AUTHOR SUBMITTED MANUSCRIPT - JPCM-121689.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



 
 
 

 

 

 

 

4 

 

2.3.  EXAFS experiments 

Tin-K edge EXAFS (29.2 keV) for both samples were obtained at beamline P65,13 also located at 

PETRA III, which is perfectly suited for these high energy absorption edge studies. Sulfur-K edge 

EXAFS (2.47 keV) were measured at beamline BL-1114 at the HiSOR facility of the Hiroshima 

Synchrotron Radiation Center in Japan, which is designed to maximize the beam intensity on the sample 

within the 2–5 keV region. At BL-11, the measurements were carried out at room temperature and the 

sample was directly measured, sandwiched between two sulfur free polypropylene foils. At P65 the 

samples were mixed with graphite and pressed to pellets. All scans were performed in transmission 

mode. The absorption spectra were normalized and background was calculated using the AUTOBK 

algorithm. The data were finally analyzed using the Demeter software package (Athena and Artemis).15  

2.4.  Molecular Reverse Monte Carlo simulations 

An existing RMC-code from the RMC POT++ program package,16 which already provides the ability 

to group atoms as rigid molecules and move them along molecular translational and rotational degrees 

of freedom, was accordingly manipulated for our needs. For the two materials, no crystal structures were 

known that could have been used as starting configurations for the simulations. Therefore, random 

molecular arrangements had to be generated which, on the one hand, had to correspond to the real 

particle densities and, on the other hand, should no longer contain any overlapping molecules. In the 

original script of the RMC_POT++ package, all atom pairs that violated these cut-off conditions were 

identified, and all molecular moves that resulted in such pairs were prohibited. However, random initial 

configurations of large molecules inevitably contain atomic overlaps, and any attempts to move entire 

molecules unavoidably lead to new overlaps. It is therefore impossible to disentangle a random initial 

configuration of larger molecules with such strict constraints.  

Instead, we obtained a random starting configuration for the RMC modeling in the following manner: 

First, 216 copies of the DFT calculated molecules8 were placed at the exact same position in the center 

of a simulation box with periodic boundary conditions. The box size was chosen as to match the 

respective sample densities. Then random molecular moves (rotation of molecule, rotation of side 

groups and translation of molecule) were performed in a loop while calculating the moveout sum S, 

which quantifies the total cut-off violation, after each move. Molecular movement and the definition of 

S have been introduced previously.17,18 If S increases due to a random move this move is rejected and 

another random move will be performed, very similar to the usual RMC algorithm. In practice this 

means that the molecules will 'explode' away from their initially stacked positions and thereby generate 

a random configuration that will contain no more cut-off violations. For the subsequent RMC modeling 

the experimental X-ray S(Q)s and EXAFS-χ(k)s were used as experimental boundary conditions to 

which the corresponding functions calculated from the simulated structures should ideally converge. We 

used a dynamic simulation approach where in addition to molecular moves sulfur and tin atoms were 

allowed to slightly vary their coordinates inside the cluster-cores within certain limits as described in a 

previous publication.19 

2.5.  Transmission Electron Microscope and electron scattering studies 

The advantage of (S)TEM is that possible mesoscopic crystalline inclusions in an amorphous matrix can 

be identified locally, which is not possible with scattering methods that can only provide the ensemble 

average of an irradiated sample. On the other hand, (S)PED allows to selectively target such areas and 

collect meaningful information about them using local electron diffraction. Thus, as in conventional 

diffraction experiments, structural properties can be obtained on a molecular basis from sample regions 

only nanometers apart. The spatial resolution over the sample volume is thus much higher than in 

conventional scattering experiments with neutrons or X-rays. 

The TEM measurements were performed using a conventional JEOL JEM-3010 at 300 kV equipped 

with a TVIPS X416F-ES camera providing single electron sensitivity. Due to this camera it could be 

operated under low-dose conditions. For the measurements and location images these were on the order 

of 10-4 e/Å2 for the low magnification mode and ~10-2 e/Å2 for higher magnifications. Measurements 
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were performed at room temperature to obtain comparable data to the above-mentioned X-ray 

diffraction studies. 

(S)PED measurements were performed using the NanoMEGAS P2010 beam scanning/precession 

system installed on a double aberration corrected JEOL JEM-2200FS. This system produces a focused 

convergent probe with variable precession angle. An angle of approximately 1.0 degree was used. The 

probe was scanned over the sample, and the diffraction planes were recorded for each scan point by a 

camera pointed at the microscope's built-in phosphor screen. Thus, the pixel information corresponds to 

the slightly convergent (about 0.8 mrad) diffraction pattern at a camera length of about 53 cm and 

originates from the area under investigation. The spatial resolution is determined either by the resolution 

of the scan point or by the physical size of the probe, which for this experiment was measured to be 

about 1.8 nm. Further details on these experiments are given elsewhere.20, 21  

The explored samples were stored under argon atmosphere. For TEM sample preparation 

ultramicrotomy wet cutting (UC) was chosen to achieve sufficient thin specimens. Therefore, the 

samples were embedded in epoxy dedicated for ultramicrotomy and cured several hours in special 

capsules. According to the standard ultramicrotomy preparation guidelines the specimen region is 

trapezoidal trimmed with a base length of approximately 300 µm. Afterwards thin sections of around 

50 nm were cut with a sharp diamond knife and while floating on water transferred to a TEM compatible 

lacey carbon supported copper grid. 

Results and Discussion 

Fig. 2 shows experimental EXAFS results (symbols) for the amorphous SHG- and WLG -materials 

[(NpSn)4S6] and [(PhSn)4S6], obtained at the Sn K- and the S K-edge. All spectra can be fitted reasonably 

well by the EXAFS function (k). S-Sn and S-S scattering paths were used for the S K-edge data and 

Sn-S, Sn-Sn and Sn-C paths at the Sn K-edge. Mean displacements were also used as fitting parameters. 

Fit windows were defined between 1.2-4.0 Å for the Sn K-data, and between 1.5-3.8 Å for the S K-data. 

Structural parameters from the DFT-calculated8 molecules shown in the figures, were used as starting 

parameters for the fits. The obtained results are displayed as red lines which closely resemble the 

experimental findings. However, the fits at the sulfur edges are considerably better for the SHG material 

with organic naphtyl ligands than for the phenyl containing WLG material. This is also apparent from 

the goodness of fit values shown in the figures as red numbers. Their difference indicates that the 

calculated molecular structure of the WLG-cluster seems to experience stronger modifications if being 

transferred into the dense amorphous phase than the SHG-cluster. Since this difference is only visible 

in the sulfur EXAFS, it is reasonable to assume that the structural effect is exclusively related to the 

sulfur-sulfur correlations. Therefore, an additional S-S fitting path was introduced into the fitting 

procedure for [(PhSn)4S6], which indeed resulted in a significant improvement of the fit quality. This is 

represented in Fig. 2 by the blue line in the spectrum for the phenyl cluster and also reflected by the 

improved goodness of fit value (blue number in the figure) which is now of the same order of magnitude 

as for the SHG-material. The additional fitting path indicates that an additional sulfur atom is situated 

nearby either due to a distortion of the molecular structure or due to an additional intermolecular 

correlation. The additional scattering path yields, a SS spacing of 3.6 Å. It must however be stated that 

the inclusion of an additional fitting path causes an increased dependence among the fitting parameters. 

Therefore, additional information was needed to confirm the reliability of this procedure. 
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Figure 2: Experimental real space EXAFS data (symbols) obtained at the sulfur K-edge (top) and the tin 

K-edge (bottom) of the [(NpSn)4S6] (left) and the [(PhSn)4S6] (right), respectively. Solid red lines represent fits 

to the data using the respective DFT-calculated models as shown in the Figures. Blue line in the spectrum for 

the phenyl cluster denotes an extended fit using an additional S-S scattering path to fit the data. 

Fig. 3 shows the results of the m-RMC simulations for the amorphous [(PhSn)4S6] and [(NpSn)4S6] 

materials, using the X-ray scattering data already displayed in Figure 1 and the EXAFS data from the 

Sn K-edges as constraints for the simulation. The thinner blue line in the results for the phenyl cluster 

represents a simulation attempt using rigid molecular clusters, based on the DFT-calculated structural 

model.8 It can be seen that the essential features of S(Q) are reasonably well reproduced, but the 

agreement with the data is only moderate. E.g., a phase shift can be observed for Q-values above about 

8 Å-1 indicating discrepancies between the DFT-calculated structure model and the real shape in the 

amorphous matrix which complies with the above interpretations from EXAFS. The observed difference 

is even more pronounced in the Sn K-edge EXAFS data, where the corresponding blue curve deviates 

considerably from the experimental findings (symbols). 

Another simulation was hence performed where sulfur and tin atoms could vary their coordinates in 

the cluster cores within given limits: The Sn-S bond was allowed to vary more or less freely between 

2.05 and 2.65 Å, since its contribution to the X-ray and EXAFS data is large, yielding sufficient 

information density for a reliable simulation. The Sn–C bond was stronger constrained to 2.05 - 2.25 Å 

due to its smaller weighting and thus the smaller experimentally information density. The C atoms were 

not allowed to move intramolecularly, except that the organic groups were allowed to rotate around the 

Sn-C bonds. The Sn atoms thus always remained close to their original coordinates, which ensured an 

intact overall molecular structure during the simulation process. The results of this simulation are shown 

in Fig. 3 by the full red lines. Both, S(Q) as well as (k) calculated from the atomic coordinates are now 

in nearly quantitative agreement with experiment. This latter simulation procedure was then applied to 

the [(NpSn)4S6] system, yielding similar good results for S(Q) and (k) as is also shown in Fig. 3.  
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Figure 3: Comparison between experimental and m-RMC simulated S(Q) and Sn K-EXAFS functions for 

the WLG [(PhSn)4S6] and the SHG [(NpSn)4S6]. Symbols are experimental data. The blue lines in the graphs 

for the phenyl-cluster represent simulation results using the rigid DFT-calculated molecule.8 Red lines in all 

graphs are results of the dynamic simulation, where Sn and S atoms were allowed to slightly vary their positions 

inside the cluster cores. 

The influence of the dynamic m-RMC on the structure of the cluster cores is illustrated in Figs. 4 by 

the intramolecular partial pair distribution functions (PPDF) as obtained from the simulation boxes. The 

blue dashed vertical lines respectively indicate the SnSn, SS and SnS spacings expected from the 

undistorted DFT-calculated clusters.8 The curves represent the results from the dynamic m-RMC 

simulations. The red solid lines, belonging to the right-hand scales are the so-called running coordination 

numbers defined as the integral from 0 up to a given value of r over the respective radial distribution 

functions (RDF), 4nk g(r)r2, with nk being the particle density of element k. It determines the number 

of neighboring atoms hidden under a PPDF peak. It can be seen from Fig. 4 (a) that the {Sn4S6} cores 

of the amorphous [(PhSn)4S6] material are considerably distorted: The SnSn correlation peak in gSn-

Sn(r), is asymmetrically broadened, revealing a deformation of the originally tetrahedral Sn4 frame. The 

first peak in gSn-S(r) (Fig. 4 (a), center) represents the three sulfur atoms at 2.44 Å to which each Sn atom 

is chemically bound. In the undistorted model cluster, three further S atoms are situated at 4.63 Å as 

second next neighbors (blue dashed vertical line). However, in the amorphous solid this correlation is 

split into three components between 3.5 and 5.5 Å, containing these three neighbors. The structure model 

also suggests four next neighbors in gS-S(r) at 4.01 Å (1st vertical dashed line in gS-S(r)) which is also 

split into two distances below and above this value. The running coordination number exactly reveals 

that two of the four S-neighbors are shifted to smaller distances (3.68 Å) over a narrow correlation range, 

while the two other atoms are situated farther away (4.18 Å), distributed over a wider r-range. The 

second SS spacing originally located at 5.7 Å in the rigid DFT-calculated cluster is considerably 

broadened and shifted to smaller distances (5.51 Å). 
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Figure 4: Comparison between the intramolecular partial correlations functions for the WLG [(PhSn)4S6] 

(a) and the SHG [(NpSn)4S6] (b). The insets in the two upper diagrams in (a) show enlargements of the 

respective peaks in the graphs. The blue dashed lines in the graphs represent internal distances in the cluster 

cores as expected from the DFT calculated structures.8 (c) shows the intermolecular partial correlation 

functions for the [(PhSn)4S6] system. 

The PPDFs of the amorphous SHG-system [(NpSn)4S6] as obtained from the m-RMC are displayed 

in Fig. 4 (b).  Here however, no strong deviations from the symmetry of the DFT calculated clusters are 

observed. All correlation peaks are close to the values predicted by the DFT-calculated model and no 

splitting of the correlation peaks is found. Hence, the cluster cores of this SHG-material are largely 

undistorted and closely resemble the DFT-calculated model,8 which is consistent with the above EXAFS 

analysis. 

The mutual spatial arrangement of phenyl- and the naphtyl-clusters in the simulation boxes are 

represented in the upper insets of Figs. 5 (a) and (b), where the positions of the molecular centers of 

mass are displayed, respectively. The graphs below are the pair distribution functions (PDF), gm(r), of 

these centers. The [(PhSn)4S6] PDF indicates that molecular centers do not approach closer than 6 Å. 

Above this value a steep correlation rise occurs forming a pronounced peak centered between 6 and 

~9 Å. Further increased correlation exists between ~11 and ~14 Å.  

For distances between 6 and 7 Å dimeric structures are exclusively found in the simulation box. They 

represent about 20 % of all molecules. They are indicated by the red bonds in Fig. 5 (a). A typical dimer 

from the RMC ensemble is shown in Fig. 6 (a). The mutual molecular arrangement is an alternating 

staggered configuration where the ligands of one molecule are located in the voids between those of the 

other molecule allowing maximal approximation of the cores. A preference of this conformation for 

{SnS} and {SiS} clusters with phenyl ligands was found in DFT based binding energy calculations, 

where cluster dimers were studied as minimal models of the amorphous state,6,22 and where intra dimer 

distances between 6.0 and 6.5 Å were proposed for [(PhSn)4S6]. Here, we find an average dimer spacing 

of 6.75 Å, which is slightly larger, and can be attributed to the fact that the dimer interaction in a real 

solid is also shared with other molecules. A staggered alternating arrangement between dimers is also 

found in the crystal structure of [(PhSi)4S6].8 
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Figure 5: gm(r), of the molecular centers as obtained from m-RMC simulations on [(PhSn)4S6] (a) and 

[(NpSn)4S6] (b). Red full lines represent the integrals over the RDFs (4 n r2 g(r)) to give average numbers 

of surrounding molecules. Inset shows distribution of the molecular centers in the simulation box. In (a) 

dimer bonds are drawn in red for r values up to 7 Å. Other bonds are drawn up to 8.5 Å. In (b) the red dimer 

bonds are drawn for spacings up to 8 Å. Grey bonds show correlations up to 11 Å. 

The RDF-integral in Fig. 5 (a) (red lines, right scales) shows that each molecule is on average 

surrounded by two neighbors at 8.0 Å, indicating that the first maximum in gm(r) may mainly result 

from chainlike structures. Indeed, such structures dominate the mutual alignments in the simulation box 

up to this correlation length. A linear tetramer chosen from the RMC ensemble is exemplary shown in 

Fig. 6 (b). The respective intermolecular distances are given by red numbers. Again, we find alternating 

staggered mutual alignments of the organic ligands. At larger distances, up to 9 Å the running 

coordination number in Fig. 5 (a) indicates three neighbors on average. This value lies between the first 

two maxima in gm(r). Here, the chains begin to branch as is indicated by the grey bonds between the 

molecular centers in the simulations box of Fig. 5 (a). From Fig. 6 (a) and (b), the distortion of the cluster 

cores is already visible, which obviously results from altered sulfur positions. Some inter- and 

intramolecular sulfur spacings are given in the figure, indicating that the overall difference between 

intra- and intermolecular S–S spacings seems to vanish. It appears as if the sulfur atoms tend to distribute 

themselves uniformly. This is also apparent from the intermolecular PPDFs shown in Fig. 4 (c). A 

pronounced correlation peak centered at 3.7 Å is clearly visible in gS-S(r)inter. The integral over the RDF 

indicates that every cluster core of the RMC ensemble is on average surrounded by one S atom from 

another cluster core between 3 and 4.18 Å, 75% of which are situated in the segment under the peak at 

3.7 Å, which is in good agreement with the spacing found for the additional scattering path in the sulfur 

K-edge EXAFS analysis alone. This value is well inside the range of the intramolecular SS spacings. 

A similar strong correlation is found in gSn-Sn(r)inter which however extends to considerably larger values, 

and involves only about half an atom on a comparable length scale. Much weaker intermolecular 

correlations exist between Sn and S atoms.   

The mutual spatial situation of the centers of mass for the SHG material [(NpSn)4S6], as obtained 

from the dynamic m-RMC simulation, is displayed in Figure 5 (b). Here, a first maximum in gm(r) is 

centered around 8.6 Å, which is at higher distance as for the WLG-material, indicating that cluster cores 

are farther apart in the SHG case. Also, this peak is considerably broader than in the WLG case, 

suggesting that repulsive forces are weaker and nearest neighbor distances are spread over wider ranges. 

A second maximum is located nearby between about 11 and 14 Å. Only 6.5% of the molecules form 

Page 9 of 13 AUTHOR SUBMITTED MANUSCRIPT - JPCM-121689.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



 
 
 

 

 

 

 

10 

 

dimer pairs in a correlation range between 6.5 and 7.5 Å (red bonds in Fig. 5 (b)), which is considerably 

less than for the WLG material. At higher correlation length the number of neighbors increases rapidly 

and at ~10 Å, the integral over the RDF indicates two next neighbors on average. In fact, longer chains 

are found in the simulations box up to this length scale, which are however already strongly branched, 

and at 11 Å the running coordination number indicates already nearly four next neighbors. Here, in 

contrast to the WLG material, such values lie in the range of a distinct broad peak in gm(r) indicating 

that interconnection between the molecular centers on this length scale has now formed a dense network 

as is shown by the grey bonds displayed in the simulation box of Fig. 5 (b). Fig. 6 (c) shows a typical 

example for the mutual arrangement of five [(NpSn)4S6] molecules arbitrarily selected from the m-RMC 

simulation box. The central molecule is shaded blue for better distinction. It is surrounded by two other 

molecules about 8.5 Å apart and by two further molecules at a about 11 Å. 

 
Figure 6: Arbitrarily chosen mutual molecular arrangements taken from the m-RMC simulation boxes. 

Yellow: positions of S atoms, purple: positions of Sn atoms, grey: organic ligands. (a) [(PhSn)4S6]-dimer 

from the m-RMC simulation box. Average spacing between molecular centers is displayed by red numbers. 

(b) [(PhSn)4S6]-tetramer from the m-RMC simulation box. Red numbers indicate spacings between 

molecular centers, blue numbers and arrows are intermolecular S-S distances. Some intramolecular S-S 

spacings are given in black.  (c) Molecular crosslinking between five [(NpSn)4S6] molecules. The central 

molecule (shaded blue for better distinction) is surrounded by two other molecules about 8.5 Å apart and 

by two more at a about 11 Å. Blue and red numbers denote spacings between intermolecular centers and S-

S atoms, respectively. 

Both, EXAFS analysis and m-RMC simulations indicate that the adamantane-like molecular cores 

in the WLG material are distorted, while in the SHG material molecules are undistorted. To reproduce 

the X-ray and EXAFS patterns, more of the shorter S-S distances are required for the WLG than can be 

provided by the undistorted adamantane cluster. Therefore, in the simulation, the sulfur atoms move out 

of their original positions to form shorter intermolecular S-S distances. This is indicated by the intense 

intermolecular S-S correlation peak in Fig. 4 (c). In the real amorphous WLG material, the sulfur atoms 

seem to strive for a uniformly distributed sulfur network, but since the atoms are tightly bound in their 

molecular framework, this results in a distortion of the molecular cores. Since no chemical bonds exist 

between the sulfur atoms, it is tempting to identify the formation of such a sulfur mesh as a vibrational 

network. Such a network could be the source for an enhanced density of vibrational states with a broad 

range of k-values which could explain the observed high receptivity of the WLG materials for infrared 

radiation. 
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All cluster nuclei are distorted differently leading to strong non-uniform spatial fluctuations in the 

interaction forces that suppress crystallization. Strong isotropic core-core interactions were previously 

already suspected to hinder crystal formation.22  

Our results and interpretations presented so far can however not answer the important question, why 

the [(NpSn)4S6] system does not act as a WLG although it appears to be amorphous. The structure factor 

of [(NpSn)4S6] does not show any distinct Bragg peaks and resembles the typical S(Q) of a disordered 

condensed phase. Nevertheless, it should be noted that it also exhibits peculiar fluctuations between one 

and three Å-1 that are untypical for fully disordered systems like liquids or glasses, where S(Q) is a rather 

smooth function. Therefore, an additional study was carried out to explore structural properties from 

mesoscopic ranges down to microscopic scales using (S)TEM, combined with (S)PED.20 The latter 

technique allows to perform electron diffraction experiments at numerous sample positions with a spatial 

resolution down to about 1.5 nm. The (S)TEM scans revealed two different compound modifications: 

large, μm-sized round particles and also significantly smaller, needle-like units.20 From the diffraction 

patterns (DP) of the (S)PED scans nanocrystalline inclusions, 50 to 150 nm in size, could be identified 

which were predominantly located on the needle-like structures but partly also on the edges of the round 

particles. DPs from amorphous and nanocrystalline scan points are exemplary shown in Fig. 7 (a) and 

(b), respectively. Figure 7 (c) and (d) represent the corresponding dark field images reconstructed from 

single pixels of these DPs. For the reconstruction of (c) a pixel from the amorphous scattering intensity 

in (a) was chosen while (d) was reconstructed from a pixel containing a Bragg peak as is indicated by 

the red circle in (b). Most of the scan points confirm the amorphous structure, also inferred from the X-

ray experiments. The (S)PED analysis of the WLG [(PhSn)4S6] does not show any crystalline inclusions 

and a fully amorphous morphology is confirmed.20 Electron scattering pattern of the amorphous areas 

obtained from low dose TEM measurements could also be reduced down to the absolute S(Q) level from 

which PDFs were also obtained by Fourier transform. Within the limits of the slightly different relative 

scattering lengths, they are in good agreement with the findings from direct X-ray scattering. 20,23  

  

 
Figure 7: Diffraction pattern from (a) amorphous and (b) crystalline spots of [(NpSn)4S6]. By selecting 

specific regions in the DP, virtual dark field images can be generated. An arbitrary pixel taken from (a) 

show a dark field map of the scanned area, as depicted in (c). In contrast, a region chosen on a diffraction 

spot like indicated in (b) highlights regions that generate these diffraction spots (d). It is apparent that the 

origin of the diffraction spots stems from small nanometer sized crystalline regions.20 

Apparently, on mesoscopic length scales, [(NpSn)4S6] consists of crystalline and amorphous regions 

but the amorphous regions predominate by far. The tendency for crystallization may stem from the fact 

that the molecular cluster cores are undistorted. Thus, identically directed interactions exist between all 

clusters. On the other hand, the crystallization is also sterically hindered by the bulky organic ligands, 

which are free to rotate about the Sn-C axis. As a result, the cluster cores cannot approach close enough 

for effective crystallization. Nevertheless, nanometer-sized crystalline spots are found to exist in the 

amorphous matrix. The unusual intensity oscillations observed in S(Q) of [(NpSn)4S6] between 0.1 and 
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~3 Å-1 could be remnants of Bragg peaks originating from such spots. Due to the extremely small 

crystallite sizes in the nm range, such peaks would be extremely Scherrer broadened and can therefore 

not be resolved in a conventional scattering experiment.23 

Conclusions 

The structural properties of the WLG material [(PhSn)4S6] and the SHG material [(NpSn)4S6] were 

investigated in an extensive structural study, addressing correlations from the micrometer range down 

to inter- and intramolecular scales. Clear structural differences exist between the two materials on all 

scales. On one hand this justifies why they do not solidify crystalline, but this could, on the other hand, 

also provide indications for their different optical behavior. On molecular scales, EXAFS and X-ray 

scattering reveal pronounced molecular distortions for the WLG material, which can be attributed to 

variations of the sulfur positions in the cluster core. Inter- and intramolecular sulfur distances are similar, 

suggesting a sulfur network. Since there are no chemical bonds between these atoms, a pure vibrational 

network may be speculated, which could contribute to an increased vibrational density of states which 

could explain the high IR receptivity of the WLG. 

No molecular distortions are observed in the SHG material. Here, larger distances between the {SnS} 

cluster nuclei are found as a result of steric hindrance by the more voluminous organic naphthyl ligands. 

These dominate the intermolecular interaction, but also suppress crystallization. While (S)TEM studies 

of the [(PhSn)4S6] material show a homogeneous amorphous matrix on the micrometer scale, different 

morphologies are found for the [(NpSn)4S6] on this length scale: larger round and rod-shaped particles 

can be distinguished, respectively. Electron diffraction with spatial resolution in the nanometer range 

on these different domains demonstrate the existence of nanocrystalline domains in the otherwise 

amorphous matrix, suggesting that the crystallization suppression by the organic ligands is weaker in 

this system than in the [(PhSn)4S6] material, where the strong distortion of the cluster cores was made 

responsible. 
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