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ABSTRACT

We report a new concept to lower the melting temperature (T,,) of inorganic-organic hybrid adamantane-based cluster compounds
by forming unprecedented eutectic cluster mixtures with organic adamantane derivatives. Blending of clusters of the type [(p-
MeC¢H,Si(CH,SnPhE),] (E = S, Se, Te) with (3-F-4-Me-CyH;);Ad, (3-F-4-Me-Ph),Ad, and (4-MeO-C¢H,),Ad was achieved by
mechanical mixing and led to decreased T,,, while retaining the components’ chemical identity. Such adamantane-type compounds
are known to exhibit strongly non-linear optical properties: upon irradiation with a continuous wave (CW) laser diode, they
respond either by second-harmonic generation (SHG), if being crystalline, or by white-light generation (WLG) with corresponding
broadband emission, if being intrinsically amorphous or transformed into a glassy state. Herein, we show that this feature is
preserved in the eutectic mixtures, hence, we can report superior properties of these cluster-based materials that combine favorable
nonlinear optical behavior with lowered T,,, which facilitates their processing for future use.

1 | Introduction [3-7]. Inorganic and organic hybrid compounds are an emerg-
ing new class of functional materials due to their variability
Physical and optical properties (second harmonic generation,  in structural types, ease of synthesis, and tunable band gaps

SHG, or white-light generation, WLG) [1-13] of crystalline or across the whole visible spectrum [14]. In general, most inor-
amorphous solids have been investigated with increasing activity ~ ganic and organic hybrid compounds are synthesized by multi-
in recent years due to potential applications in everyday devices step and costly chemical reactions to study nonlinear optical
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properties [15-17]. Very recently, nonlinear optical (NLO) prop-
erties were reported for deep eutectic solvent mixtures, like
choline chloride [18], tetramethylammonium chloride, and 1-
butyl-3-methylimidazolium [19, 20]. Adamantane derivatives [21]
as well as adamantane-type clusters with the general formula
[(RT),E;] (R =organic substituent, T=C, Si, Ge, Sn,and E=S, Se,
Te or CH,), in their amorphous state, exhibit highly directional
white-light emission when being excited by infrared light from
an inexpensive continuous wave (CW) laser diode [2, 22-26].
The extremely low degree of periodic order of the molecules
in the amorphous powders seems to be one of the necessary
preconditions for WLG [22, 27-36]. In contrast, crystalline or
sufficiently ordered samples of such molecular materials do not
show WLG, but exhibit intense SHG instead [23, 37]. The origin of
these phenomena is currently under intense investigation. In this
context, also the generation of glassy materials from crystalline
adamantane-type clusters [(C4H,Si(CH,SnPhE),]| (E =S, Se, Te)
has only recently been reported by some of the authors [25].

Generally, crystalline solids with glass transitions above the
melting temperature have shown remarkable dynamic and ther-
modynamic behavior in glasses and supercooled liquids [38, 39].
The glass transition temperature (T,) is a critical parameter for
the physical properties of materials, such as the shear viscosity
n(Tx), crucial for all stages of industrial glass production [40,
41]. Accurate knowledge of the dependence of 7(T,x) from
T, and the composition (x) is of utmost importance. While
glasses from purely organic or purely inorganic adamantane-like
molecules have not been reported yet, the formation of glasses
derived from hybrid organic-inorganic adamantane-type clusters
recently emerged [42, 43]. For binary and multicomponent sys-
tems, the dependence of T, on the composition is a key parameter
for exploring the structural relaxation dynamics in glass-forming
mixtures [44-46].

Despite the impressive development of white-light emitting
materials using purely organic or Sn/S- and Si/S-based cluster
materials, respectively, yet another degree of freedom for inno-
vative emissive systems would be provided by a corresponding
blend of such compounds. We were thus wondering whether it is
possible to retain the beneficial optical properties while lowering
the melting temperature by the formation of a eutectic mixture.
To explore this possibility, we employed a simple melting pro-
cedure to mix purely organic adamantane (Ad) derivatives with
inorganic-organic hybrid adamantane-type clusters. Herein, we
report success by the unprecedented approach to corresponding
eutectic cluster mixtures with the desired lower melting tem-
peratures. For this, we synthesized new organotin chalcogenide
clusters [(p-MeCcH,Si(CH,SnPhE),] (E = S, Se, Te), studied their
ability to mix with compounds (3-F-4-Me-C¢H;);Ad, (3-F-4-Me-
Ph),Ad, and (4-MeO-C¢H,),Ad, and explored the NLO response
of the pure compounds as well as the mixtures upon irradiation
with laser light, both experimentally and by computations.

2 | Results
2.1 | Syntheses of Adamantane-Type Compounds

In analogy to the procedure reported in the literature
[47, 48], and as illustrated in Scheme 1, the reaction of

p-MeCH,Si(CH,Cl); (1) with Ph;SnNa in THF gave p-tolyl-
tris(triphenylstannylmethyl)silane p-MeC¢H,Si(CH,SnPh;), (2).
Its treatment with HCl provided the hexachlorido-substituted
organotin derivative p-MeC,H,Si(CH,SnCl,Ph), (3). Both 2 and 3
are colorless solid materials that show good solubility in organic
solvents such as CH,Cl,, CH,;Cl, THF, toluene, and benzene.

By reaction in toluene with bis(trimethylsilyl) chalcogenides
(Me;Si),E (E = S, Se, Te), hereafter referred to as (TMS),E
(see Scheme 1) the organotin chloride 3 was converted in
good yields to the corresponding organotin chalcogenides [(p-
MeC,H,Si(CH,SnPhE),] (4, E = S; 5, E = Se, 6, E = Te). The
products were characterized by elemental analysis, by 'H, C,
»Si, Se, ®Te, and Sn nuclear magnetic resonance (NMR)
spectroscopy (Figures S1-S3, S5-S7, S9, S11-S14, S18-S22, and S26—
S30), by infrared (IR) spectroscopy (Figures S4, S8, S10, S17, and
S25), electrospray ionization mass spectrometry (ESI MS; Figures
S15, S23, and S31), by thermogravimetric analysis (TGA; Figures
S16, S24, and S32), and by powder-X-ray diffraction (Figure
S33). Details about the analytic methods are provided in the
Supporting Information for details). Single crystals of compounds
4-6 suitable for single-crystal X-ray diffraction analysis were
obtained from their solutions in hexane.

The synthesis of (3-F-4-Me-C¢H;);Ad (7), (3-F-4-Me-Ph),Ad (8),
and (4-MeO-C¢H,),Ad (9) has been reported using various of syn-
thetic methods [49-54]. We followed the most typical synthetic
approach as shown in Scheme 1.

The synthetic routes to the adamantane-type cluster compounds
4 - 6 as well as the all-organic adamantane derivatives 7 - 9 are
outlined in Scheme 1.

2.2 | Solid-State Structures of Hybrid
Inorganic-Organic Adamantane Type-Clusters

Compounds 4-6 are isomorphous and crystallize in the mon-
oclinic space group P21/c. Figure 1 shows the molecular and
crystal structures of the heteronuclear adamantane-type clus-
ters 4-6; Table 1 contains selected interatomic distances and
angles. Crystallographic and refinement details are given in
Table SI.

The Sn-CH, [2121(9)-2.1433) A] and Sn-E distances [4,
2.5223(8)-2.5423(8); 5, 2.5223(8)-2.5423(8); 6, 2.7122(3)-2.7373(3)
A] are as expected and thus similar to the corresponding distances
reported previously for the PhSi-containing analogues [25]. In
line with the well-known increasing s-character of the lone
electron pairs at the chalcogen atoms with increasing atomic
number, and thus the dominance of p-orbital contributions to
bonding [55-57], the Sn-E-Sn angles decrease to approach the 90°
value as going from 4 (E = S; 97.57(8)-98.33(10)°) via 5 (E = Se;
94.15(2)-94.97(2)°) to 6 (E = Te; 89.954(10)-91.362(10)°).

A remarkable feature in the crystal structures is the forma-
tion of ‘pairs’ via intermolecular E—7 interactions between
the chalcogenides and phenyl groups with element-to-centroid
C(41)---C(46) distances of 4.02 (4), 3.84 (5), and 3.80 A (6). The
different distances result from the different van der Waals radii of
S (1.80 A), Se (1.90 A), and Te (2.00 A) [58, 59].
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SCHEME 1 | Synthetic routes for the preparation of the compounds discussed in this work. A: Synthesis of the adamantane-type organotin
chalcogenide clusters 4 - 6. B: Synthesis of adamantane derivatives 7 - 9.

FIGURE 1 | A-C:Molecular structures of the heteronuclear adamantane-type clusters 4 (A), 5 (B), and 6 (C). D-F: Cut-out of the crystal structures
of 4 (D), 5 (E), and 6 (F), highlighting the intermolecular interactions leading to ‘pair’ formation. Hydrogen atoms are omitted in panels D-F for clarity.
Thermal ellipsoids are drawn at the 30% probability level. Supplementary crystallographic figures are provided in Figure S34.
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TABLE 1 | Selected interatomic distances (A), and angles (°) for 4, 5, and 6.

Compound 4 5 6
E S Se Te
Sn—CH, 2.121(9)-2.128(9) 2.129(6)-2.141(6) 2.139(3)-2.143(3)

Sn—E 2.407(3)-2.417(3)

Si—CH, 1.841(10)-1.874(9)
Si—-CH,-Sn 117.4(5)-119.9(4)
CH,-Sn-E 108.3(3)-112.3(3)
E-Sn-E 106.61(9)-110.61(9)
Sn—E-Sn 97.57(8)-98.33(10)

2.5223(8)-2.5423(8)

108.55(17)-112.94(18)

2.7122(3)-2.7373(3)
1.857(4)-1.864(4)
119.48(18)-122.09(17)
109.16(9)-113.01(11)
109.512(11)-114.14(11)
89.954(10)-91.362(10)

1.859(7)-1.860(7)
117.8(3)-121.0(3)

107.96(3)-112.85(3)
94.15(2)-94.97(2)

The identity of 4-6 is retained in solution, as is apparent from
the Sn NMR spectra, showing singlet resonances at § 101 ppm
[2J(*°Sn-C-YSn) = 90 Hz] (4), § 5 ppm [2J(*Sn-C-Sn) =
113 Hz, 'J(*°Sn-""Se) = 614 Hz] (5), and & -246 ppm [2J(*°Sn-C-
Sn) = 105 Hz, J(Sn-®Te) = 1533 Hz]| (6), respectively. The
chemical shifts are similar to the data reported for related six-
membered diorganotin chalcogenide rings (RSnS);, (PhRSnSe);,
and (PhRSnTe), [60, 61]. A ”’Se NMR spectrum of 5 exhibits a
single resonance at § -349 ppm [.J(77Se-""/"Sn) = 586/613 Hz].
The same holds for a »Te NMR spectrum of 6, showing a
resonance at § -864 ppm [J(**Te-'"Sn) = 3069/2929 Hz]
[62-64]. Given the (idealized) C;,-symmetric structures of 4-6,
their 'H and *C NMR spectra are rather simple and show the
expected resonances for the CH,, phenyl, and p-tolyl moieties (see
Supporting Information).

The ESI mass spectra of 4-6 reveal mass clusters centered at
m/z = 866.8068 (4, assigned to [M+Na]), m/z = 1008.6434
(5, assigned to [M+Na]*), and m/z = 1166.5863 (6, assigned to
[M+CI]*). The experimental spectra match the calculated ones
(Figures S15, S23, and S31).

2.3 | Formation of Glassy Materials from
Inorganic-Organic Hybrid Adamantane-Type
Clusters

In order to produce amorphous glasses from the crystalline
adamantane-type compounds 4-6, they were exposed to the
melting temperatures (195-202°C for 4, 201-206°C for 5, and
205-210°C for 6) and subsequently shock-cooled. The resulting
glassy materials were analyzed by powder X-ray diffraction
(PXRD), which revealed the formation of amorphous solids
(for comparison with the crystalline phases see Figure 2A,B;
Figures S35A,B and S36A,B). 'H NMR spectra of the redissolved
crystalline and glassy materials indicate that both consist of the
same molecular species (Figure 2C; Figures S35C and S36C).
The melting process was monitored by differential scanning
calorimetry (DSC) (Figure 2D; Figures S35D and S36D), with
the occurrence of an endothermic feature allowing to determine
the temperature range. EDX analyses were performed to identify
the heavy elements and to determine their ratio (Figure 2E;
Figures S35E and S36E). The experimental values show good
agreement with the calculated ones. Thermogravimetric analyses
(TGA) revealed mass losses at 405°C (4), 382°C (5), and 315°C (6)

(Figure 2F; Figures S35F and S36F). In addition, scanning electron
microscopy (SEM) images support the materials’ physical trans-
formation from a crystalline powder (Figure 2; Figures S35 and
S36: insets I and II) to glasses (Figure 2; Figures S35 and S36: insets
III and IV).

2.4 | Mixtures of Organic and Inorganic-Organic
Hybrid Cluster Materials

With this information at hand, we explored the materials prop-
erties upon physical blending with organic analogues. Based
on the structural similarities of the adamantane-type organ-
otin chalcogenide cluster 4-6 and the all-organic adamantane
derivatives 7-9, as well as the melting of the latter at moderate
temperatures [T,,: 214-219°C (7), 258-260°C (8), 250-253°C (9)]
[54], we expected to see the formation of unprecedented eutectic
mixtures of adamantane-type clusters and adamantane deriva-
tives. We set out to determine whether mixtures of both would
give hybrid glassy materials and whether both components keep
their molecular identity within these materials. The equimolar
(1:1) mixtures of the two cluster types are illustrated in Scheme 2,
using compound 4 as an example on the inorganic-organic side,
with 7, 8, or 9 added as organic counterpart.

Monitoring of the persisting identity of the clusters within the
mixtures while significantly changing the crystallinity of the
composites is documented in Figure 3 for the 4/7, 4/8, and 4/9
mixtures, respectively; these show very similar behaviors. The 1:1
mixtures were obtained by co-melting compound 4 with either
7, 8, or 9. We used the melt-quenching technique in melting
temperature determination tubes (80 X 1.3 mm), filled with 5 mg
of a preformed mixture of crystalline powders. Starting from the
crystalline samples according to powder X-ray diffraction (PXRD;
Figure 3A,D,G for 4/7, 4/8, and 4/9, respectively), the systems
were left under reduced pressure (1x10-> mbar) for 30 min, and
the capillaries sealed thereupon. Then, the solids were melted
using a temperature ramp of 1°C s7!. As soon as the samples
4/7, 4/8, and 4/9 reached their corresponding melting tem-
peratures (164-172°C, 194-206°C, and 175-183°C, respectively),
a phase change occurred. The capillaries were removed from
the melting device and cooled to room temperature. PXRD
studies confirmed the resulting glassy materials to be highly
amorphous (Figure 3B,E,H for 4/7, 4/8, and 4/9, respectively).
'H NMR experiments were carried out before and after glass
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FIGURE 2 | Properties of the glassy material 4 (as an example for similarly behaving compounds 4-6) formed by thermal treatment of the
heteronuclear adamantane-type organotin chalcogenides. A: PXRD diagram and photograph of the crystalline material before melting. B: PXRD
diagram and photograph of the glassy material upon cooling down the capillary. C: "H NMR spectra of both samples dissolved in CDCl;, proving
their chemical identity. D: Differential scanning calorimetry (DSC) curve indicating the endothermic melting step at 193-214°C and the exothermic
decomposition around 365-411°C. E: Energy-dispersive X-ray (EDX) spectrum confirming the desired S:Sn:Si ratio of the quaternary adamantane-type
cluster compounds in the cluster-glass material. D: Thermal gravimetric analysis (TGA) curve indicating the decomposition temperature T4 around
400°C. Insets I, IT: Scanning electron microscopy (SEM) images of the as-prepared crystalline powder (x 30 000). Insets III, IV: SEM images of the glassy
surfaces after the melting process of the material (x 7000 and x 2000).
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SCHEME 2 | Schematic drawing of the adamantane-type clusters and all- adamantane derivatives used for the preparation of eutectic cluster
mixtures.

formation of the mixtures, which confirmed that the compounds
did not decompose during the transition (Figure 3C,F,I). SEM
images confirm the physical transformation of the materials, from
micro-crystalline solids (Figure 3J,L and 3N) to hybrid glassy
materials with smooth surfaces (Figure 3K,M,0). The findings are
supported by TEM studies. The TEM images and corresponding

diffraction patterns of the four samples (4, 4/7, 4/8, and 4/9,
Figure S38) clearly indicate a decrease in crystallinity upon
transformation into the glassy state.

To study the melting process in greater detail, TGA and DSC
analyses were performed upon drying the as-prepared crystalline
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FIGURE 3 | Generation of glassy materials obtained by mixing, grinding, and melting 4 together with an organic adamantane derivative. A, D, G:
PXRD diagrams and photographs of the crystalline materials 4/7, 4/8, and 4/9. B, E, H: PXRD diagram and photograph of the glass-cluster upon cooling
down the capillary. C, F, I: 'H NMR spectra of both samples dissolved in CDCl;, proving their chemical identity. N, L, J: Scanning electron microscopy

(SEM) images of the as-prepared crystalline powder (x 1800; x 4500 and x 1000). O, M, K: SEM images of the glassy surfaces after thermal treatment of
the crystalline powder (x 4,500; x 1200 and X 450). All measurement were performed for the mixtures 4/7, 4/8 and 4/9 respectively.

samples to remove all solvent residues (4/7, 4/8 and 4/9).
In the TGA experiment, a weight loss is observed at around
400°C, indicating that the mixtures decompose (Figure 4A,B). A
comparison with the corresponding behavior of pure compound
4 indicates that the decomposition behavior of the mixtures
is slightly different regarding the onset of the decomposition
process, its rate and the mass of the residue. In the DSC curve,
a decrease in the melting temperature is clearly observed with
an endothermic feature around 131-202°C and 175-191°C for the
mixtures 4/7 and 4/9, respectively (Figure 4C,E). However, for
the 4/8 mixture, the endothermic feature is observed in a larger
and higher-temperature range of 201-299°C (Figure 4D). We
attribute this to a lower compatibility of the two clusters and
thus a less homogeneous mixture, such that the molecules from
the same material prefer to interact with each other and thus
behave largely like the separate compounds. As demonstrated
in Figure 4F-H an approximately 1:1 ratio of the two cluster
types is pertained in all three samples, hence the differences
in the thermochemical behavior are inherent to the nature and
(mis)match within the three different cluster mixtures.

To explore whether the hybrid samples indeed behave like
eutectic mixtures, we determined the melting diagram of the
4/7 mixture by DSC. While the melting temperatures of the
pure compounds amount to 205°C (4) and 220°C (7), they
decrease upon addition of the other component and reach a
minimum value at the eutectic point, with a melting temperature
of 171°C at an equimolar ratio (1:1). At this temperature and

composition of the mixture, the system is invariant, that is, two
solid phases and a liquid phase are in equilibrium. Above this
temperature, the system gives a homogeneous liquid and below
this temperature, it dissociates to give a mixture of the two solid-
state compounds. The phase diagram of this system, including the
confirmation of the formation of a eutectic mixture, is depicted in
Figure 5.

2.5 | Comparison of the Cluster Mixtures by
Computational Studies

To gain insight into the molecular interaction of these systems
and their differences, computations were performed to investigate
the monomer and pair structures and the binding energies of the
cluster pairs.

The optimized global minimum structures of the monomeric
clusters 4, 7, 8, and 9 are shown in Figure 6A, those of the
“homogeneous pairs” (4P4r, 7Pair| 8P3r and 9pPAr) are depicted in
Figure 6B and the optimized structures of the “mixed pairs”
(4/7, 4/8 and 4/9) are given in Figure 6C. All minimum pair
structures show the previously observed staggered conformation
[26]. While the homogeneous pair of 4 is perfectly staggered and
exhibits a straight C-Si---Si-C vector, the pairs of 7 - 9 are slightly
shifted and tilted against each other due to the non-symmetrical
substituents. The mixed pairs show a staggered structure in each
case, yet again, the molecules are not perfectly aligned due to the
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FIGURE 4 | Properties of the glassy cluster mixtures formed by thermal

treatment of quaternary adamantane-type cluster compounds and organic

adamantane derivatives. A, B: Thermogravimetric analysis (TGA) indicating the decomposition temperatures around 400°C. C-E: Differential scanning
calorimetry (DSC) indicating an endothermic feature at temperatures of 131-202°C (4/7), 193-304°C (4/8), and 175-191°C (4/7), respectively. F—H:

Energy-dispersive X-ray (EDX) spectra confirming the desired Se:Sn:Si comp

unsymmetrical substituents on the adamantane derivates and the
different core structures of the two molecules.

We determined the decomposition of the binding energies of
the pairs as reported in earlier studies [26]. The structures were
decomposed into the core and substituent moieties, and the
resulting ‘dangling bonds’ were saturated with hydrogen atoms.
From these structures, the binding energies were calculated for all
seven pair structures depicted in Figure 6. The results are shown
in Figure 7. The decomposition of the binding energies shows
that for 4P the core-core interaction dominates the interaction
between the clusters. This seems to be typical for interactions
between Sn/S-based structures and is therefore not observed for
any of the other pairs. The predominance of core-core interactions
also suggests that this compound prefers an amorphous solid-
state habitus, in agreement with the experimental findings by
PXRD, and in agreement with a relatively low melting temper-
ature of ~200°C. By contrast, all homogeneous adamantane pairs
show very similar, dominant substituent-substituent interactions,
although they differ slightly in absolute numbers. This dominant

osition of the mixtures 4/7, 4/8, and 4/9.

substituent-substituent interaction suggests that the organic com-
pounds prefer a crystalline solid-state structure, which, again,
is in line with their X-ray diffraction behavior and their higher
melting temperatures.

The observations made for the mixed pairs are very similar to
each other, with similar relative values of substituent-substituent,
core-core, and core-substituent interactions (Table S2). On the
other hand, all mixed pairs show weaker total interaction energies
as compared to those found in the pair 4°*" (AE,;,q = -151 kJ
mol™). Mixtures of different clusters exhibit an increase (4/7)
or decrease (4/8, 4/9) in the strength of the total interaction
energies as compared to the respective homogeneous cluster pairs
7pair, 8Parand 9P, Further analyses reveal a smaller gain in
energy upon formation of mixed cluster pairs as compared to the
energy gain found for homogeneous cluster pairs (Table 2). The
results of our DFT calculations (AAE;,q) suggest that the ther-
modynamic stability of mixed pairs relative to the corresponding
homogeneous cluster pairs is increased as follows 4/7> 4/8>
4/9.
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FIGURE 5 | Temperature versus mole fraction diagram of mixtures

of 4 and 7, with the mole fraction of 7 running from 0.00 to 1.00 on the
horizontal axis. The melting temperatures displayed are obtained from
DSC measurements.

2.6 | Investigation of the SHG Response by
Computational Studies

In order to investigate how the formation of the described
cluster mixtures affects the nonlinear optical response, we model
the SHG response of the compounds introduced above. We
remark that SHG and WLG are distinct (and often competing)
optical processes, the latter involving a wealth of higher-order
nonlinearities. Such processes are therefore hard to model in
terms of the WLG intensity or the origin of the effect. Hence, the
goal of the present investigation is to investigate the influence of
the cluster mixing on the overall nonlinear optical response. To
this end, we calculate the SHG response of the model compounds
introduced above, and to compare it to that of their parent
clusters.

Some homogeneous pairs in their minimum-energy structures
feature inversion-symmetric properties that are known to elim-
inate almost all SHG response [65]. As inversion symmetry is
impossible for mixed pair structures, those systems are promis-
ing when trying to maximize SHG activity. To investigate this
relationship, we calculate the SHG response of compounds 4-
9, all their homogeneous pairs, 4P, 7P 8Pair and 9PaIr a5 well
as the heterogeneous pairs of 4/7, 4/8, and 4/9 in the real-time
approach within the independent particle approximation (IPA)
[66-69]. Nonlinear optics calculations were performed in the real
time approach within the independent particle approximation
(IPA) [70]. Further details about the computational approach can
be found elsewhere [71]. We compare the SHG response of the
monomer to the homogeneous and heterogeneous pair structures
in Figure 8 and Figure 9.

Figure 8A demonstrates that the SHG response of 4P is
quenched due to its previously described staggered configuration
and concomitant inversion symmetry. This is contrasted by the

comparisons in Figure 8B-D, where such a quenching does not
take place due to the broken symmetries described for the organic
pairs. The spectra of those pairs inherit the characteristics of their
monomer counterparts, with the intensity mostly increasing up
to approximately a doubling especially of the first peak, which
results mostly from excitations of the highest occupied orbitals to
the first few lowest unoccupied orbitals (mostly localized on the
substituents).

In Figure 9, we see that the calculated SHG response of the mixed
pair structures inherit characteristics of those of their monomer
constituents, mostly resembling the structure 4. Note that the
intensity of the SHG response from the monomer 4 is significantly
stronger than that of 7-9 by itself. Perhaps the most distinct
property of the mixed pairs is the peak at lower energies for 4/9.
This shows possibilities to tune not only the emission intensities
by creating such mixtures, but creating new “groups” of orbitals
at new locations on the energy axis that were not present in the
monomers and make it possible to have a high SHG intensity at
much lower energies.

2.7 | Experimental Studies of the Optical
Absorption and the Nonlinear Optical Response

The nonlinear optical response of all four eutectic mixtures was
investigated on thin-films prepared by pulsed-laser deposition.
Details on the PLD process are given in the Experimental
Methods.

The thin films were placed in a vacuum chamber at a static
pressure below 1x10~* mbar. They were then illuminated by
the output of a continuous-wave (CW) laser diode operation
at 980 nm. The light emitted by the sample was collimated,
relayed, and focused onto the entrance slit of a CCD-based
compact spectrometer (OceanOptics HR2000). Additionally, the
optical path was equipped with two bandpass filters (KG3-2 mm
thickness) in order to block residual pump light. To account for
the transmission profile of the filter and the other optics, the
transmission of the whole system was corrected using a calibrated
tungsten halogen lamp.

It is worth noting that, according to UV-visible spectra (Figure
S37), optical bandgaps of the samples amount to 3.7 eV (4), 3.8 eV
(4/7),0r3.9eV (4/8,4/9). This rules out electronic transitions by a
linear absorption process upon excitation with a 980 nm CW laser
diode. For all four eutectic mixtures a warm-white emission was
observed. For all samples an excitation density of 1100 W cm—2
was used. Exemplary spectra of the emission are given in
Figure 10.

The observed emission spectra were converted using the 1931 CIE
photopic luminosity function (for radiometric spectra see Figure
S39). These photopic spectra give rise to the color impression
that was observed by the human eye. The emission covers the
whole visible range from x450 to 700 nm. As expected for the
warm-white color impression, the spectra of all samples peak
around 600 nm. Only minor changes of the spectra are observed
depending on the illuminated sample position. We ascribe this
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FIGURE 6 | Molecular structures of clusters and cluster pairs optimized at the B3LYP-D4/cc-pVDZ(-PP) level of theory A: Minimum-energy

structures of monomers of 4, 7, 8, and 9. B: Minimum-energy structures of the “homogeneous pairs,” denoted as 4P, 7P2ir gPair and 9Pair C: Minimum-

energy structures of ‘mixed pairs’ of cluster 4 with 7, 8, and 9, respectively. Gray: carbon, green: tin, yellow: sulfur, brown: silicon, light blue: fluoride,

red: oxygen.

observation to the inhomogeneity of the film thickness that also
hinders quantitative analysis of the nonlinear response and the
quantum yield. As shown in previous works [2], the efficiency of
this type of molecular amorphous materials is around 10-12%, but
it has not been possible to explore the quantum yields. This can
be explained by the fact that the nonlinear effect is not related to
emitting centers, but it is a response of the material as a whole
entity. In comparison to up-conversion by materials doped with
rare-earth elements, the nonlinear WLG is therefore much more
depending on the interaction length of the driving laser with the
material. This interaction length is mainly determined by the
thickness of the sample. For the case of powdery samples, the
actual grain size of the powder has an additional influence on

the efficiency, and scattering additionally hampers quantitative
studies.

3 | Conclusion

Besides the synthesis and characterization of novel compounds
[(p-MeC¢H,Si(CH,SnPhE);] (4, E = S; 5, E = Se, 6, E =
Te), we have shown in this work that organic and inorganic
adamantane-type compounds with strongly nonlinear optical
properties can be combined in a physical blend. The differ-
ent species retain their chemical identity during this process,
but together form eutectic mixtures with lowered melting
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TABLE 2 | Binding energies of “mixed pairs” 4/7, 4/8, and 4/9
(AEping), average binding energies of the mixed pairs as compared to
“homogeneous pairs” of monomer clusters 4 and X =7, 8, or 9 (AES;; d),
and the corresponding energy differences (AAEy;,4). All values are given

inkJ mol~L.
Mixed
pair AEying AEy * AAEy;nq °
4/7 —138 -141 3
4/8 -148 -155 7
4/9 —136 —145 9

L i .
SAER (4/X) = 3 #[ABa (4P + AEy;,4(XP0)];

i

PAAEying (4/X) = AEying (4/X) — AEY: (4/X).

temperatures as compared to those of the two parent compounds.
For this study the sulfide cluster 4 was used for the formation
of the eutectic mixtures with (3-F-4-Me-C¢H;);Ad (7), (3-F-4-
Me-Ph),Ad (8), and (4-MeO-C¢H,),Ad (9). The composites 4/7
and 4/9 demonstrate great compatibility between inorganic and
organic adamantane-type materials, thus generating very homo-
geneous mixtures with notably decreased melting temperatures.
They form glassy phases upon melting and subsequent quick
cooling. The materials retain the strongly non-linear optical
properties upon mixing, which was also confirmed by quantum
chemical investigations. The findings give rise to great potential
for future applications of such materials at low cost.

4 | Experimental Section

4.1 | Reagents and Solvents

All  solvents were dried by standard methods.
Trichloro(phenyl)silane, p-tolylchlorosilane, bromochlorome-

thane, triphenyltin chloride, hydrogen chloride, n-butyllithium
and sodium were purchased from commercial sources.

4.2 | Instrumental Methods

Elemental analyses of H, C, and S were carried out on a
CHN(S)-Analyzer vario MICRO CUBE using samples dried under
reduced pressure (1x10~ mbar) for 5 h. Melting temperatures
were determined in a glass tube on a Kriiss KSPIN melting-
point apparatus. The infrared spectra were recorded on a
Bruker Tensor 37 spectrometer with ATR unit. The 1D (*H, ®C,
28i, 1Sn) and 2D (COSY, HSQC, HMBC) NMR studies were
recorded at room temperature on Bruker DRX 300 and DRX
500 spectrometers. Standard internal and external references
were used: tetramethylsilane (§ 'H = 0, § *C = 0 and & ¥Si =
0) and tetramethyltin (§ °Sn = 0). HR-ESI mass spectra were
recorded on an LTQ-FT Ultra mass spectrometer (Thermo Fischer
Scientific) with CHCl;/MeCN as the mobile phase. Energy-
dispersive X-ray (EDX) spectroscopy was performed using the
EDX detector XFlash 5010 of Bruker Nano GmbH coupled with
the scanning electron microscope Jeol JIB-4610F. For scanning
electron microscopy (SEM), a Jeol JIB-4601F microscope was
employed. Power X-ray diffraction (PXRD) studies were carried
out on a Stoe STADI MP X-ray powder diffractometer. The data
for the X-ray structural analyses were collected at 100(2) K with
Mo-Ka radiation (A = 0.7107 A) on an imaging plate detector
system Stoe IPDS II using X-AREA v1.88. The structures were
solved by ShelXT15 [72]. The refinement was done by full-matrix-
least-squares methods against F* with the program ShelXL using
Olex2 v1.3.0 software [ 72]. Structure solution and refinement data
are summarized in Table S1, selected structural parameters are
listed in Table S1. The TGA/DSC measurements were performed
simultaneously on a METTLER TOLEDO with a heating rate of 10
K min~! in N, atmosphere in an Al,O, crucible. The compounds
decompose slowly above 593-673 K in an exothermic process.
The decomposition is also observable optically by the generation
of a black powder. The mass loss is presumably dominated by
organic fragments. Visual inspection of products in capillaries
was done with a stereo light microscope SteREO Discovery.V8 by
Carl Zeiss. The microscope was equipped with a high-intensive
cold-light source CL 1500 ECO, an Achromat S 0.63x objective
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FIGURE 8 | Comparison of the calculated SHG spectra of the monomer structures 4 (A), 7 (B), 8 (C), and 9 (D) and their respective homogeneous
pairs. The average of the absolute value of the y® SHG tensor is shown. For compound 4, the pair formation leads to a centrosymmetric configuration
with vanishing SHG, while for compounds 7, 8, and 9 the pair formation retains the non-centrosymmetric configuration and the optical nonlinearity.

(FWD 107 mm), a PL 10x/21 Br ocular, and an AxioCam MRc 5
camera with a 60N-C 2/3” 0,63x adapter. The raw photo material
was examined by the AxioVision40 X 64 4.9.1 SP1 software.
Transmission electron microscopy (TEM) was performed on a
JEOL JEM-3010 microscope operated at an accelerating voltage
of 300 kV and equipped with a TVIPS X416F-ES 4K camera.
Powder samples were directly deposited onto 400-mesh copper
grids coated with a lacey carbon film and supported by a 3 nm
amorphous carbon layer.

4.3 | Synthesis and Characterization of
Trichloro(p-tolyl)silane p-MePhSi(CH,Cl); (1)

A solution of p-MePhSiCl; (5.0 g, 22.2 mmol) in dry THF (400
mL) and BrCH,CI (8.6 g, 66.2 mmol) under argon atmosphere
was cooled to -78°C, whereupon 26.6 mL (66.2 mmol) of a
2.5 M solution of n-butyllithium in hexane/THF (200 mL) were
added during 1 h (the n-butyllithium solution was added via
a special horizontally elongated side neck of the three-necked
flask, which itself was immersed in the cooling bath to ensure
pre-cooling of the n-butyllithium solution before making contact
with the reaction mixture). The solution was warmed to room
temperature and stirred for 12 h, then hydrolyzed and the product
extracted with dichloromethane. After removal of the solvent, the
residue was re-dissolved in hexane and purified by column chro-
matography using hexane as eluent. Subsequent elimination of

the solvent under reduced pressure (1 x 10~ mbar) yielded 2.67 g
(45%). ®Si{'H} NMR (CDCl; 79.5 MHz, 298 K) &: -8.62 ppm. 'H
NMR (CDCl; 400.2 MHz, 298 K) &: 3.32 (s, 6H, SiCH,), 2.43 (s,
3H, CH;) 7.29-7.62 (dd, 4H, C,,Hy) ppm. BC{'H} NMR (CDCl;,
100.6 MHz, 298 K) &: 24.7 (SiCH,), 21.8 (CH,), 134.8 (C1), 134.7
(C2),129.4 (C3), 141.7 (C4) ppm.

4.4 | Synthesis and Characterization of
p-Tolyltris((triphenylstannyl)methyl)silane
p-MePhSi(CHZSnPh3)3 (2)

A solution of Ph;SnCl (10.8 g, 27.9 mmol) in dry THF (400 mL),
sodium (0.64 g, 27.9 mmol) and catalytic amounts of naphthalene
were placed under argon atmosphere into a 500 mL three-necked
flask equipped with a magnetic stirring bar. The reaction mixture
was stirred for 3 d, after that the reaction mixture was filtered
whereupon the solution was cooled to 78°C followed by dropwise
addition of a solution of p-MePhSi(CH,Cl); (2.5 g, 9.3 mmol) in
50 mL of THF. After stirring for 12 h, the solvent was distilled
off and the residue re-dissolved in 200 mL of CH,Cl,. Then, the
reaction mixture was hydrolyzed and the organic layer extracted
with CH,Cl,, dried over MgSO,, and filtered. After removal of
the solvent, the residue was washed with hexane (3x25 mL) and
dried under reduced pressure (1x10~* mbar) to yield 2.0 g (5.0
mmol, 90%). IR v,,: 445 (s), 549 (w), 630 (m), 631 (m), 697 (s),
726 (s), 747 (s), 802 (W), 854 (W), 910 (W), 952 (w), 996 (m), 1006
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FIGURE 9 | Comparison of the calculated SHG spectra of the mixed structures and their respective monomers. The average of the absolute value

of the ¥» SHG tensor is shown. The SHG response of the mixed structures closely matches in each case that of a dominant cluster.
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FIGURE 10 | Emission spectrum of 4 (black line) and mixtures of
4/7 (orange line), 4/8 (blue line), 4/9 (green line) following 980 nm
excitation for comparison the spectra are normalized to the same intensity
at 750 nm. To convey the color impression, the emission is plotted as
photometric spectrum, i.e., as perceived under photopic vision (see main
text for details).

(m), 1021 (m), 1074 (m), 1102 (m), 1156 (w), 1190 (w), 1258 (W),
1299 (w), 1332 (W), 1427 (s), 1480 (m), 1596 (w), 1642 (w), 1771 (W),
1816 (w), 1876 (w), 1951 (W), 2864 (w), 2987 (w), 3009 (w), 3041
(w), 3061 (w) cm~"."°Sn{'H} NMR (CDCl,, 111.9 MHz, 300 K) &
-92.5 ppm. #Si{'H} NMR (CDCl;, 59.6 MHz, 300 K) &: 3.11 ppm.
'H NMR (CDCl,, 300.1 MHz, 300 K) &: 0.54 (s, 6H, SiCH,), 2.27 (s,
3H, CH,), 6.69-6.72 (dd, 4H, H,, maic), 7-01-7.29 (m, 45H, H, o maiic)
ppm. B3C{'H} NMR (CDCl,, 75.5 MHz, 300 K) &: -2.4 (SiCH,),
21.5 (CH,), 139.7 (CD), 134.2 (C2°), 128.4 (C3’), 137.1 (C4’), 128.8
(C,),128.7(C,,), 137.4 (C,), 139.7 (C;) ppm. CHNS anal. calcd. for
CesHsSiSn, (1211.4 g mol™): C, 63.5; H, 4.8. Found: C, 63.5; H, 4.8.

4.5 | Synthesis and Characterization of
Tris((dichloro(phenyl)stannyl)methyl)(p-
tolyl)silane p-MePhSi(CH,SnPhCl,);

3

2.0 g of precursor p-MePhSi(CH,SnPhs;); (1.65 mmol) and 50 mL
of dichloromethane were placed into a 100 mL ball flask equipped
with a magnetic stirring bar. The solution was cooled to 0°C,
whereupon 2 M of HCI in ether (4.9 mL, 9.9 mmol) was added
drop by drop during 60 min. The reaction mixture was allowed
to stir for 12 h. Subsequently, the solvent was evaporated and the
byproduct (benzene) removed under reduced pressure (1x1073
mbar) to give precursor 3 as a viscous brown compound in 50%
yield (0.79 g, mmol). IR v, 443 (s), 490 (w), 558 (m), 631 (s),
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664 (s), 691 (s), 706 (s), 727 (s), 802 (W), 848 (W), 915 (W), 997 (m),
1028 (m), 1071 (m), 1104 (m), 1192 (w), 1262 (w), 1333 (w), 1357
(w), 1432 (s), 1480 (W), 1578 (W), 1598 (W), 1648 (W), 1815 (W), 2947
(W), 3023 (W), 3049 (w), 3069 (w) cm™. '"H NMR (CDCl,, 300.1
MHz, 300 K) 8: 1.66 (s, 6H, SiCH,), 2.33 (s, 3H, CH,), 7.20-7.58 (m,
19H, H,,omatic) ppm. CHNS anal. calcd. for C,gH,ClSiSn; (961.5 g
mol™): C, 34.9; H, 2.9. Found: C, 34.9; H, 3.2.

4.6 | Synthesis and Characterization of
(1s,3s,5s)-1,3,5-Triphenyl-7-(p-tolyl)-2,4,9-trithia-7-
sila-1,3,5-tristannaadamantane p-MePhSi(CH,PhS);
4

To a solution of p-MePhSi(CH,PhCl,); (0.5 g, 0.52 mmol) in 20
mL of dry toluene were added 0.28 g (1.56 mmol) of TMS,S, and
the reaction mixture was stirred at room temperature for 24 h.
After the solvent was removed under reduced pressure (1x10~3
mbar), the solid was washed three times with dry hexane and
filtered to give the product in 55% yield (0.24 g, 0.29 mmol).
m. p.: 192-202 °C. IR v, 444 (s), 483 (m), 538 (s), 619 (W),
659 (s), 687 (s), 724 (s), 753 (s), 799 (W), 844 (W), 910 (W), 976
(m), 1005 (m), 1072 (m), 1102 (m), 1189 (w), 1253 (w), 1299 (w),
1313 (w), 1330 (w), 1344 (w), 1390 (w), 1430 (m), 1479 (w), 1577
(w), 1599 (w), 1638 (W), 1814 (w), 2883 (W), 2938 (w), 3010 (W),
3040 (w), 3063 (w) cm™'. "Sn{'H} NMR (CDCl,, 186.5 MHz,
300 K) &: 100.7 ppm. ¥Si{!H} NMR (CDCl,, 99.4 MHz, 300 K)
8: 4.69 ppm. 'H NMR (CDCl;, 500.2 MHz, 300 K) &: 1.01 (s,
6H, SiCH,), 2.37 (s, 3H, p-MePhSi), 7.49-7.74 (m, 19H, H,aic)
ppm. 3C{!H} NMR (CDCl,, 125.8 MHz, 300 K) &: 4.2 (SiCH,),
21.5 (p-MePhsSi), 139.6 (C1°), 132.3 (C2"), 129.0 (C3’), 138.4 (C4"),
130.3 (C,), 129.1 (C,,), 134.5 (C,), 141.4 (C;) ppm. CHNS anal.
caled. for C,;H,S,SiSn; (830.9 g mol™'): C, 39.0; H, 3.2; S, 11.5.
Found: C, 37.8; H, 3.4; S, 11.1. MS (ESI") for [C,;H,,CIS;SiSn;]~
[M+CI]": m/z (exp.) = 864.7743, m/z (caled.) =
864.7709.

4.7 | Synthesis and Characterization of
(1s,3s,58)-1,3,5-Triphenyl-7-(p-tolyl)-2,4,9-triselena-7-
sila-1,3,5-tristannaadamantane
Pp-MePhSi(CH,PhSe); (5)

To a solution of p-MePhSi(CH,PhCl,); (0.5 g, 0.52 mmol) in 20
mL of dry toluene were added 0.35 g (1.56 mmol) of TMS,Se,
and the reaction mixture was stirred at room temperature 24 h.
After the solvent was removed under reduced pressure (1x10~3
mbar), the solid was washed three times with dry hexane and
filtered to give the product in 65% yield (0.33 g, 0.34 mmol). m.
p.: 201-206 °C. IR v, 441 (s), 481 (W), 532 (s), 656 (s), 688 (s),
724 (8), 755 (s), 797 (W), 843 (W), 908 (W), 975 (m), 1004 (m), 1070
(m), 1101 (m), 1253 (w), 1297 (w), 1312 (W), 1329 (W), 1341 (W),
1390 (W), 1429 (w), 1499 (w), 1575 (w), 1599 (w), 1808 (W), 2877
(w), 2929 (w), 3008 (w), 3037 (W), 3059 (w) cm~. "*Sn{'"H} NMR
(CDCls, 186.5 MHz, 300 K) &: 5.0 ppm. ¥Si{'H} NMR (CDCl,,
99.4 MHz, 300 K) &: 5.0 ppm. ”’Se{'H} NMR (CDCl,, 95.4 MHz,
300 K) &: -349 ppm. 'H NMR (CDCl;, 500.2 MHz, 300 K) &:
1.15 (s, 6H, SiCH,), 2.40 (s, 3H, p-MePhSi), 7.40-7.67 (m, 19H,
H,omaic) PPm. 2C{H} NMR (CDCl,;, 75.5 MHz, 300 K) &: 4.0
(SiCH,), 21.5 (p-MePhSi), 139.5 (C1’), 132.3 (C2’), 129.0 (C3"),
139.3 (C4"), 130.2 (C,), 129.0 (Cy,), 134.5 (C,), 140.6 (C;) ppm.

CHNS anal. calcd. for C,;H,¢Na;SiSn; (985.6 g mol™): C, 34.1; H,
2.8. Found: C, 32.5; H, 3.0. MS (ESI") for [C,;H,,CIS;SiSn;]"
[M+Na]*: m/z (exp.) = 1008.6434, m/z (calcd.) =
1008.6443.

4.8 | Synthesis and Characterization of
(1s,3s,5s)-1,3,5-Triphenyl-7-(p-tolyl)-2,4,9-tritellura-7-
sila-1,3,5-tristannaadamantane
p-MePhSi(CH,PhTe); (6)

To a solution of p-MePhSi(CH,PhCl,), (0.5 g, 0.52 mmol) in 20
mL of dry toluene were added 0.42 g (1.56 mmol) of TMS,Te, and
the reaction mixture was stirred at room temperature 24 h. After
the solvent was removed under reduced pressure (1x10~> mbar),
the solid was washed three times with dry hexane and filtered to
give the product in 80% yield (4.1 g, 4.5 mmol). IR v, 414 (W),
441 (s), 478 (w), 521 (s), 615 (m), 649 (s), 688 (s), 723 (s), 753 (s), 796
(w), 841 (W), 906 (w), 974 (m), 995 (m), 1068 (m), 1098 (m), 1156
(w), 1187 (w), 1248 (W), 1294 (W), 1328 (W), 1338 (W), 1388 (W), 1427
(m), 1476 (w), 1499 (w), 1573 (w), 1598 (W), 1804 (W), 1867 (W), 1887
(W), 1944 (w), 1963 (W), 2869 (w), 2917 (W), 3005 (w), 3032 (W), 3058
(w) cm™t, ¥Sn{'H} NMR (CDCl,, 112 MHz, 300 K) &: -246 ppm
[LJ(15Te-1719Sn) = 3066 Hz]. 2Si{'H} NMR (CDCL,, 59.6 MHz,
300 K) &: 5.5 ppm. ®Te{'H} NMR (CDCl,, 157.8 MHz, 300 K) &:
-864 ppm [J("719Sn-1%5Te) = 3069/2929 Hz]. '"H NMR (CDCl,,
500.1 MHz, 300 K) &: 1.35 (s, 6H, SiCH,), 2.34 (s, 3H, p-MePhSi),
7.19-7.64 (m, 19H, H, o n.ic) ppm. *C{!H} NMR (CDCl;, 75.5 MHz,
300 K) &: 2.9 (SiCH,), 21.6 (p-MePhSi) 141.0 (CI’), 130.1 (C2"),
129.0 (C3’),130.1(C4’), 130.1 (C,), 128.9 [PJ(*C-""/"Sn) = 51.4 Hz,
C,1,134.9 [2J(*C-""198n) = 52.9 Hz, C,], 137.5 (C,) ppm. u-XFS:
Si/Sn/Te ratio for C,gH,¢Si;Sn,Te;: 14.2, 42.9, 42.9 at-%. Si/Sn/Te
ratio found: 10.6, 43.4, 46.0 at-%. MS (ESI") for [C,,H,,CIS;SiSn; ]~

(IM+CI)): m/z (exp.) = 1166.5863, m/z (caled.) =
1166.5862.

4.9 | Synthetic Procedures for Adamantane
Derivatives

The syntheses of (3-F-4-Me-C,H;);Ad (7), (3-F-4-Me-Ph),Ad (8),
and (4-MeO-C¢H,),Ad (9) were carried out using published
methods [53, 54].

4.10 | Computational Details
4.10.1 | Structural and Energy Decomposition Analyses

The structures of the chemical systems under investigation
were generated using our in-house developed Python module
ClusterMaster. Based on the optimized monomers (compounds
4-9), the pair structures were created by placing two monomers
near each other resulting in four pair of the same compound
(homogeneous pairs 4Pair, 7par 8pair and 9pPair) and three mixed
pairs (heterogeneous pairs 4/7, 4/8, and 4/9). A search for the
most energetically stable conformers of four monomer and seven
dimer structures was performed at the GFN2-xTB level of theory
[73-75] with the use of the iterative meta-dynamics with genetic
structure crossing (iMTG-GC) algorithm [76], as implemented
in CREST [77] and an energy window of 21.1 kJ mol~!. The
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resulting minimum-energy structures were then optimized at the
B3LYP-D4/cc-pVDZ(-PP) [78-87] level of theory including the
ECP28MDF pseudopotential for Sn [88, 89] using the program
system Turbomole 7.5 [90]. A vibrational frequency analysis
performed using NumForce module confirmed all structures to
be minima according to the absence of any imaginary frequen-
cies for the optimized structures. After structure optimization
and frequency analysis, the binding energies of the systems
were decomposed into different contributions employing B3LYP-
D4/cc-pVDZ(-PP) computational approach [25, 26, 37].

4.10.2 | Calculation of Nonlinear Optical Response

Nonlinear optics calculations were performed in the real time
approach within the independent particle approximation as
implemented in the YAMBO code [70, 91] using the equilibrium
structures of monomers and dimers reoptimized by PAW PBE-
D3(BJ) method [66-69, 92] in combination with the optimized
norm-conserving Vanderbilt pseudopotentials [93, 94]. Numer-
ical parameters, such as time-step, total propagation time, or
spectral broadening, are chosen to ensure convergence of the
nonlinear optical spectra and can be found elsewhere. The
ground-state electronic structure, upon which the calculation of
the nonlinear optical response is based, is calculated with DFT
with the plane-wave code QuantumEspresso [95].
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