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ABSTRACT: The nonlinear optical response of (hetero)adamantane-
type clusters and organotetrel molecules with the general formula
[(RT),E¢] and [TR,] (T = group 14, R = organic substituents, E = S,
CH,) is investigated from first p rinciples. T hese c lusters h ave been

reported to efficiently co nvert in frared ra diation in to white li ght and

are therefore extremely attractive functional materials for a multitude
of applications. We demonstrate that the optical nonlinearities of the
clusters in the range from 0 to 3 eV have their origin in electronic
transitions within the substituents. The cluster core does not directly
take part to the generation process; however, it strongly affects the

intensity of the linear and nonlinear response. The relationships
between optical properties and cluster symmetry, stoichiometry,
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substituent field, core composition, and further structural characteristics are investigated by systematical variation of R and T.
This also demonstrates the possibility to finely tune the intensity as well as the frequency dependence of the optical response. Upon
formation of cluster dimers, the intensity of the nonlinearities depends on the overall dimer geometry. In the case of heterogeneous
dimers, the optical response strongly resembles that of a dominant cluster. Similarly, upon formation of cluster crystals, the

compound inherits the optical characteristics of the parent molecules.

INTRODUCTION

Molecular materials with nonlinear optical properties' > are
currently in the focus of the scientific community due to
potential applications in a multitude of technologies, including
illumination and further devices in everyday’s life. In particular, a
novel class of molecular compounds exhibiting extreme
nonlinear optical properties that allow to convert infrared (IR)
light from a continuous wave laser diode into a broad white-light
emission (WLE)®™® has been intensively investigated in the Jast
years. The WLE, more correctly referred to as a supercontinuum
generation, denominates the conversion of monochromatic light
into an extremely wide spectrum by a nonlinear medium.”~""
The resulting spectrum may be broad enough to embrace the
whole visible spectral range, finally resulting in white light
emission.

While traditional white light sources based on inorganic
phosphors or inorganic and organic semiconductors R
require very expensive pulsed laser sources, generation of
white light by means of IR lasers is 4 orders of magnitude
cheaper, and thus represents a pathway to a sustainable and
ecologically as well as economically friendly technology.>™"" In
particular, the possibility to process the compounds, which
typically exist as powders, in form of glasses, might represent the
key to a broad application.'® Unfortunately, the physical
mechanisms underlying supercontinuum generation are far

from being understood. It is indeed known as a combination of
many nonlinear optical effects, such as self-phase and cross-
phase modulation, four-wave mixing, or solitonic phenom-

na.'”~>* The single processes can also contribute to different
extents for different compounds. In order to gain insight into the
origin of the nonlinear optical response of the mentioned
molecular compounds, we investigate from first-principles
inorganic adamantane-type compounds and organic adaman-
tane derivatives that share the general formula [(RT),E].
Thereby, R is an organic substituent, T is a group 14 atom (C, Si,
Ge, and Sn), and Eis an S or CH,. These compounds bear a high
potential as white light emitters, and it has even be suggested
that they can replace established sources.'® For this reason, the
past few years have witnessed rapid progress of related research.
Thus, although only 10 years ago almost nothing was known
concerning the optical response of these molecular compounds,
recent studies revealed several interesting aspects. As a general
rule of thumb, a high degree of structural disorder as well as
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aromatic molecules as substituents R are considered prereq-
uisites for the WLE.”»** All the clusters showing WLE
investigated so far are characterized by strong optical non-
linearities of second and third order, at least as strong as that of
widespread optically nonlinear functional materials such as
crystalline ferroelectrics.”>~*’ Theoretical models have shown
that the optical response of the molecular crystals is generally
very similar to that of the parent molecules'®**’" and can be
interpreted in terms of multiphoton processes. The optical
nonlinearities are moreover enhanced by disorder and structural
asymmetry, in particular by heterogeneous core composition.'®

The optical nonlinearities feature high peaks and low deeps at
which the optical coefficients are almost quenched. The optical
response is thus strongly dependent on the incident photon
energy relative to the HOMO—LUMO gap. Interestingly, WLE
is achieved by an excitation in a generally nonresonant region of
the nonlinear optical spectrum (1.1—1.3 eV), however, where
the onset of the optical nonlinearities is already pronounced.”
As this spectral region is followed by a steep gradient of the
nonlinear optical susceptibilities, the WLE efficiency might be
further increased, provided that it correlates (as currently
assumed) with the optical nonlinearities.

The investigated structures can be viewed as modified
adamantane core molecules or substructures of these. Recently,
we also investigated the optical response of mixed dimer
structures in addition to homogeneous dimers. Fused cores
resulting in interesting symmetry effects are also part of our path
toward understanding the possibilities to tune the nonlinear
optical properties.”

In the present work, we explore by means of atomistic
calculations how single factors (structural and electronic degrees
of freedom, chemical composition, etc.) as well as their
intertwinement determine the nonlinear optical response of
the adamantane-shaped [(RT),E] clusters. The spectroscopic
signatures of a multitude of investigated systems are predicted.
The correlation between structural/electronic features and
optical response furthermore leads to the identification of the
prerequisites for the optical nonlinearities, thus inspiring the
synthetization of new compounds with tailored optical proper-
ties.

METHODOLOGY

The classes of molecular systems investigated in this work are
listed in Figure 1. Figure la depicts a tetraphenyl adamantane
cluster, color coded in Figure 1a’ to distinguish what we consider
to be the core and the substituents. Figure 1b shows a single-
atom core structure with one substituent. This can also be
interpreted as a substituent substructure, as shown in Figure 1b’.
Considering the H atoms connected to the core as substituents
or part of the core is arbitrary. However, as we show in the
following, this choice does not impact the optical response of the
(sub)structure significantly. The same color coding is used to
show an example of a fused core in Figure 3c,c’. In general, all
structures we investigated are saturated by H atoms if dangling
bonds are present.

The calculation of the nonlinear optical response of the
molecular systems described above can be understood as a two-
step process. The first step is a structural optimization, which we
perform within density functional theory (DFT) using the
Vienna Ab initio Software Package (VASP).**** The Perdew—
Burke—Ernzerhof (PBE) functional®™ in combination with
projector augmented wave (PAW) potentials are employed.’®*”
Dispersion forces are accounted for by means of the vdW DFT-
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Figure 1. (a) [AdPh,] adamantane-core molecule with phenyl
substituents, (b) simplified model [CPhH,;] molecule with a single
atom core, (c) [(PhSi)(CH,),(PhSn);S;], dimer structure with a so-
called fused core. The three structures on the left are color coded by
species: H, light blue; C, black; Sn, light gray; Si, dark blue-gray; and S,
yellow. For the three structures (a’,b’,c’) on the right, the colors do not
identify the atomic species, but the molecular substructures and their
categorization discussed above. The core is depicted in turquoise, and
the substituents are in purple.

D3 method with Becke—Johnson damping function.””*” The
molecules in the gas phase were all modeled within a box sized so
that the molecule can be considered isolated, resulting in boxes
with edges of ~33 to 37 A. The force threshold is in all cases
<0.005 eV/A. The atomic coordinates of the optimized
structures can be found in the Supporting Information.

For the final step, we need a precursor calculation, which
outputs the wave functions used for the actual optics calculation.
We calculate the electronic ground state using the Quantum
Espresso package.*”*" The (semi)local PBE functional is used
for Quantum Espresso calculations as well;*> however, SG15*
ONCV potentials were used"”** instead of PAWs. The
electronic ground state calculated using Quantum Espresso
and the ONCV potentials fit well to the comparable calculations
conducted using VASP and PAWSs. Within the adopted
approach, we chose the computational parameters in order to
ensure numerical convergence of the electronic structures.

In the final step, we perform calculations within the real time
approach® to compute the nonlinear optics of the investigated
compounds. In particular, hyperpolarizabilities of virtually any
order (in our case, y¥) are calculated by developing the
dynamical polarization in a power series of the applied
monochromatic laser field. The dynamical Eolarization is
calculated within the Berry-phase formulation.” The second
order optical response of the molecules in the gas phase is given

(2)
AsHG

The calculations are performed within the IPA using the
YAMBO" code. The numerical parameters, such as prop-
agation time, time-step size, and spectral broadening, are chosen
to ensure convergence of the nonlinear optical spectra. The
numerical values are given in the Supporting Information.

We remark that an approach beyond the IPA, including many-
body effects and electron—hole attraction, is needed, in
principle, to obtain numerically accurate optical spectra.
However, such an approach is computationally expensive and
not suitable for an extended investigation as the one presented in
the following. Yet, the calculations within the IPA presented in
the following represent a first estimate of the nonlinear optical
response and, more importantly, allow for a comparison of the
relative magnitude of the optical nonlinearities of different
molecules.

At finite temperatures, each atom or atomic group in the
molecule vibrates or rotates about their average position. This
motion modifies the topology of the molecule by a given
(possibly anisotropic) displacement pattern. Depending on the

by the spatial average of the absolute value of the tensor.
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energy landscape, some parts of the molecule may display
particularly large amplitudes of motion. These effects have been
shown to contribute to the SHG effect.*® As we calculate the
optical response with static molecular structures representing
energy minima, contributions to the nonlinear optical response
originating from the atomic motion are neglected.

RESULTS

Origin of the Nonlinear Optical Response. As a first step
toward the understanding of the origin of the optical
nonlinearites, we correlate the electronic energy levels of the
isolated clusters and the electronic transitions involved in the
nonlinear optical response. The latter is exemplarily quantified
in the following by the second order optical coeflicients for
frequency doubling (second harmonic generation (SHG)
coefficients). Thereby, we discuss exemplarily the prototypical
[AdPh,] cluster represented in Figure 1a as a model system. For
this system, we consider electronic transitions from occupied
orbital groups (named origin and labeled by “0”) into empty
orbital groups (named target and labeled by “t”). The electronic
levels are shown in Figure 2 in the left panel. The light/dark gray
alternating colors for the occupied orbital groups are selected to
distinguish individual orbital groups. The unoccupied orbital
groups are colored individually instead. As an approximation,
the orbitals are grouped into one effective orbital group if they are
within an energy interval AE = 0.1 eV.”

In the right panel of Figure 2, the SHG response is shown as a
blue solid line, rotated and scaled by a factor of 2 to share the axis
with the electronic energy values.

We now consider electronic transitions from the origin to
target states. The origin orbital groups are counted energy
downward from the highest occupied one, while the target
orbital groups are counted upward from the lowest unoccupied.
To simulate the electronic transitions, we calculated the
convolution of all origin groups with a single target group
individually. The last information contained in Figure 2 is thus
the convolution o*t, which is plotted in front of the SHG
spectrum. The convolution is color coded as the targeted group.
The transparency of o*t roughly indicates a density of energy
values.® Figure 2 contains the electronic levels, the calculated
SHG spectrum, and a convolution of all occupied orbitals with a
single target orbital group.

For interpretation of the SHG spectra, we focus on energies
between 0 and 3 eV. This interval covers the technologically
relevant energy range for the applications proposed so far. A
discussion of higher energy spectral features is, although
interesting, beyond the goal of the present manuscript.

In order to identify which electronic transition has the largest
contribution to a peak in the SHG spectrum, we correlate the
peaks of the convolution o*t with the peaks of the SHG
spectrum. To this end, the electronic energy levels and 0*t for t =
0,t=1,t=2,and t = 3 are shifted downward by the amount
corresponding to the distance of the respective target orbital
group to the LUMO. This results in larger shifts downward to
reach higher unoccupied targeted groups.

A large convolution at the same energy as the SHG peaks
suggests that the corresponding transition has a large
contribution to the SHG intensity. Although this approach
does not allow a quantitative analysis of the contribution of the
single electronic transitions to the optical nonlinearities, it allows
to immediately qualitatively analyze the nonlinear optical
response.
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Figure 2. Orbital group energy values of [AdPh,] with the
corresponding scaled and shifted SHG response. The energy values
of the origin (occupied) orbital groups are shifted for a direct transition
to the respective target (unoccupied) orbital group 0, 1, 2, and 3.

Further insight becomes available when the electronic states
involved in the transitions with the largest contribution to the
SHG signal according to our approach are visualized in real
space.

To this end, we calculate the charge densities p of the
considered orbital groups and the overlap of p,'p; = Poyertap- The
latter is shown in Figure 3. In this figure, pyye,p is plotted for
0, t € [0, 1, 2]. Thus, poyerp for 0 = 0 and ¢ = 0 is the spatial
overlap of the orbital groups containing HOMO and LUMO,
and P gyerp for 0 = 0 and ¢ = 1 is the spatial overlap of the orbital
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Figure 3. Overlap pye,, 0f origin (0) and target (t) orbitals, color coded
with respect to the overlap magnitude and normalized by the number of
orbitals in the respective orbital groups. C atoms are black, and H atoms

are light blue.

groups containing HOMO and those containing higher
unoccupied orbitals. The displayed values for pgyeq,, are
normalized by the number of energetic levels in the respective
orbital group. This allows us to compare orbital groups with
different energy widths on the same scale.

For the sake of clarity, we do not show in Figure 3 the
isosurfaces with the same numerical value (some would be very
extended, other vanishing small). Instead, we color code the
magnitude of the overlap and show similarly extended
isosurfaces representing pgyei,p-

As we show in the following, transitions between orbital
groups with high energy convolution values and with high spatial
overlap correlate with the intensity of the optical nonlinearities.
These transitions are considered to yield a high contribution to
the SHG intensity. This allows us to determine the spatial region
of the cluster where the electronic transitions and thus the
optical nonlinearities have their origin.

It becomes clear at a first sight at Figure 3 that pgyeq,, for
o, t € [0, 1, 2], ie., for all possible electronic transition in the
energy region at which the first SHG peaks occur, is almost
completely localized at the phenyl substituents. Moreover, the
combinations of origin and target orbital groups with stronger
overlap magnitude pqyerap (in pink in Figure 3) are those
resulting in a higher convolution in correspondence of the SHG
peaks in Figure 2. Thus, we find a strong correlation between all
peaks in the low energy region of the SHG spectrum and
electronic transitions localized at the substituents.

This is shown in more detail for the first SHG peak in Figure 2.
Among all possible 0 — t electronic transitions, only combina-
tions of 0 = 0, 1, 2 and t = 0, 1, 2 are transition within the
considered energy range and can contribute to the SHG peak.
The transition between 0 = 0 and t = 0 has a minor energy
convolution (see the upper panel of Figure 2) and limited
overlap (in green in the upper left panel in Figure 3). The
following transitions (especially 0 = 1, 2 and ¢t = 0, 1) have much
larger energy convolution and spatial overlap. Transitions
involving t = 2 again have a much lower convolution and
overlap and contribute less to the first SHG peak.

To achieve a more complete picture, we put these results into
the context of the density of states (DOS), as shown in 4. In turn,
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Figure 4. Total and partial DOS (of the core-related states) with a
shared energy axis for the SHG spectrum of the [AdPh,] cluster. The
DOS and PDOS are scaled by a factor of 2 to be readily comparable to
the SHG spectrum.

the DOS can be compared to the charge density of all orlgm
states p, and target states p,, which is shown in Figures 5 and 6.*
First, we observe that the DOS of the o = 0 orbital group is
almost completely localized at the substituents. This is also
shown in real space in Figure 5.
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Figure S. p, =0, 1, 2 from left to right. The coloring of p is from blue to
pink, defined by the distance from the center of the core and allows a
classification into core or substituent localization. A pronounced
localization of the substituents is clearly visible. Atomic color as in
Figure 3.
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Figure 6. p, = 3, 4 from left to right. The coloring of p is from blue to
pink, defined by the distance from the center of the core and allows a
classification into core or substituent localization. A favorable
localization in the core is clearly visible. Atomic color as in Figure 3.

The same figure shows that also the orbital groups o = 1, 2 are
clearly localized on the substituents. For the energetically lower
groups o = 3, 4, we see in Figure 6 that the core clearly yields the
dominating contribution, instead.

Alook at the overlaps of 0 = 3, 4 with ¢t = 0 in Figure 7 shows
that although the orbital groups o = 3 ,4 are mostly localized at
the core, their overlap with the target levels ¢t = 0 (which
energetically would fit to the SHG peak at ~2.9 eV) is
completely localized in the substituent region.
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Figure 7. Overlap of 0 = 3, 4 (left to right) and ¢ = 0 color coded to
relative high or low probabilities and normalized for the number of
orbitals in the respective orbital groups. A preferable localization on the
substituent is visible, although it is clearly shifted to the substituent
atoms directly connected to the core structure. Atomic color as in
Figure 3.

Figure 8 shows the t =0, 1, 2 orbital groups from left to right.
For t = 0, 1, we can see a dominant substituent localization.
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Figure 8. p, =0, 1, 2 from left to right. The coloring of p is from blue to
pink, defined by the distance from the center of the core and allows a
classification into core or substituent localization. A localization on the
substituents is visible for t = 0, 1. For t = 2, the localization is evenly split
between the core and substituents. Atomic color as in Figure 3.

Thus, transitions to this group can only result in an overlap
localized on the phenyl rings. The first target orbital group with
some core localization is t = 3. Spatial overlap between origin and
target groups that is at least partially localized at the core is only
possible for o, t > 3. The corresponding electronic transition is
outside the energy window of the first SHG peak. For this
reason, we conclude that the SHG spectrum below about 3 eV is
defined by the substituents. We suggest that the SHG response
of [AdPh,] can be attributed to some degree to the adamantane
core only above 3 eV, instead. This is well beyond the energy of
the HOMO—-LUMO transitions.

Having determined that the nonlinear optical response of
AdPh, has its origin in the substituents, it might be possible that
any tetraphenyl cluster has a similar SHG spectrum below 3 eV.
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We shall see, indeed, that all tetraphenyl adamantane derivatives
share roughly the same nonlinear optical signatures, although
their onset depends on the value of the HOMO—-LUMO gap.
We show indeed in the following that the main characteristics of
the SHG response of the tetraphenyl adamantane can be mostly
attributed to the characteristics of so-called substructures, and
therefore, it is not exclusive to clusters containing a complete
adamantane core.

To demonstrate this, we show some of the investigated
substructures in Figure 9. In Figure 10, we present the SHG
response of phenyl adamantane along with those of the
substructures.
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Figure 10. SHG response of an adamantane core, compared to
[CMe;H] and both structures with a phenyl substituent ([AdPh] and
[CMe;Ph]). They are shown with the same color code in Figure 9.

Additionally to adamantane, Figure 10 shows the SHG
response of [CMe;H] which can be considered to be a
substructure of an adamantane core. The spectrum of [AdPh]
presents the same features as the [AdPh,] SHG spectrum shown
in Figure 4, with an obvious redistribution of the spectral
weights. The SHG spectra of [AdH] and [CMe,H] (darker solid
lines) are undoubtedly similar. Furthermore, with the addition
of a phenyl substituent, both [AdH] and [CMe;H] exhibit a
similar change in their SHG response. This corroborates our
suggestion that the low energy region of the SHG spectrum of
tetraphenyl adamantane inherits the signatures that can be
found in the substructures containing phenyl substituents.

Figure 11 provides the (energy scaled) DOS of [AdPh] and
[CMe;Ph], which is compared with the SHG spectra. The
partial DOS of the respective core atoms is represented lighter

(a’)

Figure 9. Investigated substructures of [AdPh] (d): [CMe;Ph] (a), [CMe;H] (b), and [AdH] (c). The coloring for (a—d) identifies the species H in
light blue and C in dark gray/black. The coloring for (a’—d’) does not identify the atomic species but matches the coloring for Figure 10.
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Figure 11. SHG response of [AdPh] in blue and [CMe;Ph] in orange
(solid lines) and DOS of both structures color coded correspondingly.
The DOS in lighter colors is the partial density of states of the core
atoms.

colors. Both the DOS and the partial DOS of [AdPh] and
[CMe;Ph] are very similar, including the fact that the core
contributions are visible in corresponding DOS peaks. Of
course, the relative contribution of core states is higher for
[AdPh], as it proportionally contains more core atoms. Figure
11 shows again that the first peak of the DOS of the
substructures is due to the phenyl substituent and can thus
represent only a target state from transitions from occupied
levels in the substituent itself. As we shall see, this is a common
feature of all investigated (tetra)phenyl adamantane derivatives.

Role of the Cluster Core. In the previous section, we have
investigated the origin of the optical response of adamantane
based molecular clusters and demonstrated that the clusters
preserve the main characteristics of the SHG response of certain
substructures. This also means that the characteristics of the
SHG spectra in determined spectral regions are mostly defined
by substructures and are not necessarily inherent only to the
structure as a whole.

In this section, we investigate to which extent modifications of
the core affect the SHG spectra, which are primarily defined by
the substituents. In this context, we also investigate how a cluster
with a specific core is affected by the number of substituents.

To explore this issue, we use tetraphenyl adamantane
molecules as a model system, which we simplify step by step
until a single [CPhH,] cluster is reached. In particular, we follow
the path [AdPh,] — [AdPh] — [CMe,Ph] — [CPhH,].
[AdPh,]* labels a regular tetraphenyl adamantane cluster,
[AdPh,] is the very same structure; however, the core C atoms
are not considered for the calculation of the partial DOS (apart
from the C atoms directly connected with the substituents).

Figure 12 shows the partial DOS of the considered structures
projected onto the calculated SHG spectra. The latter are shifted
on the energy axis so that the origin corresponds to the LUMO
level. The core contribution to the DOS is color coded
according to the color bar on the top. For the calculation of the
[AdPh,]* PDOS, the entire adamantane core is used, and the
result is equivalent DOS and spectra shown, e.g., in Figure 4. For
the calculation of [AdPh,] PDOS, all core atoms excluding those
directly connected to the substituents are discarded.

The projection of the DOS into the SHG spectrum shows that
for all structures, as expected, the core atoms only contribute to
the DOS at energies well beyond the first SHG peak. The
comparison of [AdPh,]* and [AdPh,] also shows that limiting
the DOS to the core connecting atoms does not substantially
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Figure 12. Total and partial DOS of [AdPh,]*, [AdPh,], [AdPh],
[CMe;Ph], and [CPhH;] projected onto the SHG responses. The
partial DOS refers to the core atom DOS. [AdPh,]* labels a regular
tetraphenyl adamantane cluster, [AdPh,] the same structure for which
the core atoms (all but the one directly connected with the phenyl
substituents) are not considered for the calculation of the DOS. The
SHG intensity of the single structures is arbitrarily scaled and not
directly comparable.

change the overall DOS, apart from the limited region at about 3
eV. This also means that only the core C atoms directly
connected with the phenyl rings have some (very minor)
contribution to the first DOS peak. Indeed, the core
contribution of the systems in the last panels, where a single C
atom—the one directly connected with the phenyl ring—Dbuilds
the core, is very similar to the core contribution in [AdPh,].

Further reducing the core size (bottom panels) only affects
the side flank between 2.5 and 3 eV. Considering that from the
top to the bottom panel of Figure 12, we are heavily modifying
the considered cluster, removing 3 out of 4 Ph substituents and
removing an entire adamantane core, the modifications of both
SHG spectrum and DOS are surprisingly minor and occur in a
very gradual way. The spectral signatures of a tetraphenyl
adamantane cluster are already present in a [CPhH;]
substructure, although the spectral weights are, of course
different. Following the principle of biomimetics, it might thus
become possible to mimic the nonlinear optical response of large
and complex molecules that are not computationally accessible
by modeling the parts of the molecule that dominate the
nonlinear optical response.

Finally, we present in this section the contribution to the DOS
by the atoms not considered in Figure 12. This is displayed in
Figure 13 with the same representation employed in Figure 12;
however, the considered partial DOS is that of the substituent
substructures and not that of the core atoms. In agreement with
the calculations presented so far, the first SHG peak corresponds
to a high DOS of the substituent atoms, irrespective of the
number of phenyl rings or core atoms. At energies
corresponding to the spectral regions about 3 eV, the substituent
contribution is minor and increases again in correspondence of
the spectral signatures located above 3.5 eV.
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Figure 13. Partial DOS of the substituents [AdPh,], [AdPh],
[CMe;Ph], and [CPhH;] projected onto the SHG spectra, scaled to
share the energy axis. The SHG intensity is scaled arbitrarily for each
structure and is not directly comparable.

In the previous sections, we have discussed the optical
response of organic molecular clusters, featuring either an
adamantane core or a single carbon atom core and Ph
substituents. We have concluded that it is possible to distinguish
between core and substituent contributions to the SHG
spectrum, at least to a qualitative degree. In this section, we
investigate the effect of several different substituents and core
compositions on the nonlinear optical response.

Figure 14 shows the SHG response of tetraphenyl tetrels with
different central atoms within group 14. The calculated spectra
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Figure 14. SHG response of tetraphenyl tetrels with C, Si, Ge, Sn, and
Pb as central atom. The top and bottom group 14 elements C and Pb
behave differently from Si, Ge, and Sn.

are in very good agreement with previous results”® and show that
the core atom can have a significant impact in the nonlinear
optical response, although the latter has its origin in the phenyl
substituents. We observe that the first spectral feature for all
investigated tetraphenyl tetrels is the typical peak above 2 eV
originating in the substituents and already tetraphenyl
adamantane. This peak is followed by a second peak at a

distance that depends on the central atom. For Si, Ge, and Sn,
the peaks are separated. For Pb, the peaks are so close that they
appear as a single peak of high intensity with a shoulder; for C,
the second peak can be only intuited by the asymmetric form of
the main peak.

This is also visible in Figure 15, which relates the SHG signal
to the core contribution to the DOS. As for the tetraphenyl
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Figure 15. Partial DOS of the core atoms projected onto the SHG
response of tetraphenyl tetrels, sharing the energy axis. The SHG
intensity is scaled arbitrarily for each structure and is not directly
comparable.

adamantane clusters, the core contribution is overall very low
(light blue color of the DOS). Some contribution is visible at the
second peak, which might explain the difference between the
optical spectra of the clusters. For C, no contribution at all can
be observed; for the other tetrels, a nonvanishing contribution
with a tetrel specific extent is calculated.

Finally, we investigate how modifications of the adamantane
core influence the optical response of the tetraphenyl
adamantane cluster. The first modification we model is the
substitution of all of the core atoms connected to the
substituents with other elements of group 14 (Si, Ge, Sn).
The corresponding results are shown in Figure 16.

The heterogeneous core composition strongly enhances the
intensity of the SHG response with respect to the original
adamantane cluster (blue line) and slightly modifies the
spectrum so that it resembles that of the tetraphenyl tetrels
shown in Figure 14. The Sn modified core is less effective in
enhancing the SHG intensity with respect to the Si or Ge
modifications. This can be attributed to electronic transitions
spread over a larger energy range, thus resulting in a broader,
lower SHG peak.

Furthermore, the analysis of the contribution to the DOS of
the exchanged atoms (shown in Figure 17) shows a somewhat
different behavior of the Sn substituted adamantane than that of
the Si or Ge substituted cores. The contribution of the
exchanged atoms grows with atomic numbers and shifts to
lower energies, thus causing a redistribution of the spectral
weights. We moreover observe that also the DOS analysis
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different substituents are characterized by strong optical
nonlinearities as well.”> Our calculations confirm the exper-
imental findings. In order to disentangle the properties of the
substituent field from those of the core as much as possible, we
studied the effect of clusters composed of a single C atom and a
homogeneous substituent field. Figure 18 shows the SHG
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Figure 16. SHG response of a tetraphenyl adamantane cluster with a
modified adamantane core. The modification consists in the
substitution of all the C atoms connected to the phenyl substituents
by a different group 14 element.
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Figure 17. SHG response of modified tetraphenyl adamantane
molecules. The clusters are modified so that the four C core atoms
connected to the substituents are substituted by Si, Ge, and Sn,
respectively. The SHG intensity is scaled arbitrarily for each structure
and is not directly comparable. The contribution to the DOS of the core
atoms connected with the phenyl substituents is projected as in the
other figures onto the SHG response.

corroborates the similarities of the modified tetraphenyl
adamantane clusters with the corresponding tetraphenyl tetrels
(Figures 15 and 17).

Group 14 substituted adamantane cores are the subject of a
dedicated investigation and will not be further discussed in this
work.

Role of the Substituents. We now turn on the influence of
the substituent field on the nonlinear optical properties of the
molecular clusters. We showcase at first how different
substituents affect the HOMO—-LUMO gap and thus the
optical response; then, we explore the role of the number of
substituents and of a heterogeneous substituent field.

At the beginning of this section, we have demonstrated that
the optical nonlinearity of the investigated tetraphenyl clusters
has its origin in the phenyl rings. Yet, clusters composed of

E. [eV]

Figure 18. SHG response of molecular clusters consisting of a single
carbon atom core and different homogeneous substituent fields.

spectra of such clusters with Me, Ph, Sty (styrene), and 2-Np
(naphthyl) substituents. Very large differences concerning both
the spectral features and intensities of the SHG peaks are
predicted. Clusters with Me substituents (solid blue line) have
vanishing second order optical response. 2-Np (solid red line)
and to a much larger extent Sty (solid green line) are
characterized by larger optical nonlinearities than the
tetraphenyl clusters previously discussed (solid orange line).
Interestingly, the onset of the nonlinear optical response for 2-
Np and Sty clusters is located at much lower energies than for Ph
clusters, which might prove very advantageous in WLE
applications. Of course, the onset of the optical response
depends on the HOMO—LUMO gap of the considered clusters.
The relationships between the electronic gap and optical
response are further investigated at the end of this section. We
now turn to molecular clusters with nonhomogeneous
substituent fields.

As an example, we discuss the substitution of a single Me
substituent with a Ph ring. Figure 19 shows in the usual
representation the nonlinear optical response of molecular
clusters consisting of a group 14 atom core and an
heterogeneous substituent field featuring one Ph ring and
three Me groups. The SHG spectra of [CMe;Ph], [SiMe;Ph],
[GeMe;Ph], and [SnMe;Ph] show only very minor deviations
from the corresponding spectra calculated for a homogeneous
phenyl substituent field as shown in Figure 15. This means, on
the one hand, that the phenyl substituent is a substructure with
dominating character in the low energy region of the nonlinear
optical response. On the other hand, it means that the
heterogeneous substituent field does not drastically influence
the SHG spectrum.

In further similarity with Figure 15, we observe that the
contribution of the central atom to the DOS is limited, with a
nonvanishing share only in correspondence of the second peak
for the heavier tetrels.

Another aspect that we investigate is the impact of the number
of substituents on the optical properties of the molecular
clusters. The number of substituents affects the second order
optical response of the tetraphenyl tetrels in a nonlinear manner.
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Figure 19. SHG response of XMe;Ph clusters with X = C, Si, Ge, and Sn
and core contribution to the density of states. The SHG intensity is
scaled arbitrarily for each structure and is not directly comparable.

This can be observed in Figure 20, where we show the optical
response obtained adding the substituents stepwise. In the
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Figure 20. SHG response of C, Si, Ge, Sn, and Pb phenyl tetrels for an
increasing number of substituents. Two energy ranges are highlighted
in which the evolution of the spectra is clearly observable.

figure, two energy ranges between 2 and 4 eV are highlighted,
where the evolution of the signal with the number of
substituents is best observed. The spectra calculated with 1
and 2 substituents are rather similar, exactly as the spectra
calculated for 3 and 4 substituents. However, the first SHG peak
exhibits a rather sudden jump between the two and three
substituents. This is not the case for carbon and lead tetraphenyl,
where increasing or decreasing the number of substituents has a
gradual effect on the nonlinear optical response. Again, C and Pb
behave differently from the rest of group 14. Whether this can be
explained by the peculiarity of the C—C bond (in the case of C)
or, e.g,, by relativistic effects (in the case of Pb), remains to be
ascertained in the following investigations.

The large differences in the SHG response predicted for
clusters with different substituents suggest that by carefully
blending the substituents, a manipulation of the optical
nonlinearities might become possible. In particular, tuning the
energy of the HOMO—LUMO transition may provide control
over the onset of the optical response.

The DFT calculated HOMO—-LUMO gaps of homogeneous
[Me,C], [Ph,C], [Sty,C], and [2-Np,C] clusters are shown in
Figure 21. According to the color coding of Figure 18, Me is in
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Figure 21. DFT calculated HOMO—LUMO energy gaps of [Me,C]
(blue), [Ph,C] (orange), [Sty,C] (green), and [2-Np,C] (red). The
HOMO-LUMO gaps of the hybrid structures obtained by stepwise
substituent substitution [Me,C] = [Ph,C] — [Sty,C] — [2-Np,C] are
colored in a gradient corresponding to the number of substituted
substituents.

blue, Ph in orange, Sty in green, and 2-Np in red. The electronic
gaps calculated for intermediate cluster obtained substituting
stepwise the substituents [2-Np,C] = [Sty,C] — [Ph,C] —
[Me,C] are color coded in colors of a gradient from one
structure to another.

The calculated HOMO—-LUMO gap varies generally
gradually between two homogeneous clusters, although
deviations are present. As well, the first substitution has in
each case the largest effect on the electronic gap.

To further investigate this aspect, we calculated the
transitional SHG responses of heterogeneous clusters. Figure
22 shows the SHG response for the selected structures [Me,C],
[Me;PhC], [Ph,C], [Ph;StyC], [Sty,C], [Sty;2-NpC], and [2-
Np,C]. The SHG response of the heterogeneous clusters
included in each of the three graphs exhibits a sudden shift
toward one of the two homogeneous structures. After the first
shift, the response gradually approaches the SHG spectrum of
the target homogeneous cluster. This corresponds to the gradual
change in the HOMO—LUMO gap as shown in Figure 21.

Tuning the Optical Response. In Figure 20, it is shown
that the intensity of the second order optical response of a given
molecular cluster can be modified by the number of substituents,
at least for molecular clusters with a single-atom (group 14)
core. We show in Figure 23, where the SHG spectra for clusters
with adamantane core and a different number of substituents are
plotted, that this is also true for more complex cores.

The SHG spectrum of the adamantane core (black solid line)
is modified by the presence of the phenyl rings by an amount
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Figure 22. SHG response of the cluster structures [Me,C],[Me;PhC],
[Ph,C], [Ph;StyC], [Sty,C], [Sty;2-NpC], and [2-Np,C].
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Figure 23. SHG response of an adamantane cluster with n-phenyl
substituents, n € 0, ..., 4.

depending on the number of substituents. The characteristic
peak just above 2 eV and related to the substituents grows
nonlinearly with the number of phenyl rings and has a jump in
intensities between clusters with 4 or 3 rings and clusters with 2
or 1 rings. A similar behavior was encountered for the clusters
with single atom core structures and shown in Figure 20 (with
the exception of the cluster with carbon as a central atom).

Yet, modifying the number of substituents of the single cluster
is not the only way to modify the intensity of the optical
response. A further possible approach exploits the ensemble
properties of the substances instead of modifications of the
single clusters.

Recent investigations have shown that the molecular clusters
investigated in this work can be (at least partially) synthesized
with a different habitus.”” In particular, mixtures can be
produced in which the clusters form dimers with a different
degree of symmetry. As the structure symmetry is crucial for the

optical response (e.g., only noncentrosymmetric clusters can
have a nonvanishing SHG intensity), the formation of dimers
opens different possibilities to tune the optical response without
modifying the chemical composition of the constituents.

In the following, we demonstrate this possibility by showing
the gradual modification of the SHG intensity of different dimer
structures and correlating it with the degree of symmetry. In
particular, we quantify the deviation from centrosymmetry by
the tolerance threshold (A) necessary to identify the structures
as centrosymmetric.

As a general rule of thumb, the overall symmetry of a cluster
can be enhanced or reduced by the modification of the core
structure, the habitus, and as well by modifying the substituent
type or their combination.'®

Figure 24A shows a low symmetry [(2-NpSi)-
(CH,),(PhSn);S;] cluster, Figure 24B a dimer structure
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Figure 24. (A) Isolated [(2-NpSi)(CH,)4(PhSn);S;] cluster, (B)
[(PhSi)(CH,),(PhSn),S,], dimer, in the text referred to as fused core
dimer, and (C,D) [(TolSi)(CH,);(PhSn),S;], dimers in different
configurations. Sn atoms are colored light gray, Si dark gray, and S
yellow. C and H atoms are colored in black and light blue, respectively.

referred to as a fused core, and Figure 24C,D are dimer
structures which are predicted for the [(TolSi)-
(CH,);(PhSn);S;], cluster in the gas phase and in a crystal
structure, respectively (with Tol referring to tolyl). The
corresponding SHG spectra are listed in Figure 25. Please
notice the logarithmic scale spanning several orders of
magnitude. The spectra with vanishing intensities are affected
by larger relative numerical errors; however, they still give the
correct magnitude of the SHG intensity.

The SHG of structure A is of similar magnitude as the SHG
spectra calculated for tetraphenyl molecules with composite
cores. The formation of dimers with fused cores B brings the
whole structure toward a nearly centrosymmetric configuration,
and although the deviation from inversion symmetry is still
substantial, the SHG intensity is quenched by 2 orders of
magnitude. Dimer structures C and D even closer to inversion
symmetry are characterized by even smaller SHG intensities; in
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Figure 25. SHG response of structures with a different deviation from
the inversion symmetry. (A) [(2-NpSi)(CH,),(PhSn),S;], (B)
[(PhSi)(CH,),(PhSn);S;],, (C,D) [(TolSi)(CH,);(PhSn);S;],.
(C,D) only by the orientation of their substructures.

particular, the dimer extracted from the molecular crystal has a
nonvanishing but extremely low SHG response, correlating with
the small deviation from centrosymmetry.

Before concluding, we provide a general remark about the
molecular clusters with high optical nonlinearities. We started
the investigation with tetraphenyl tetrels or tetraphenyl
adamantanes. They can be synthesized to feature different
numbers of phenyl rings. They can also be modified by
substituting one or more substituents, e.g., by Me, 2-Np, or Sty,
which exponentially enhances the number of possible
configurations. Modifications of the adamantane core by
substitution of C with group 14 elements, as well as the
synthesis of further nonorganic cores (e.g,, those including
chalcogens'®) substantially widen the phase space of possible
compounds to many thousands of clusters.’® Different habitus,
laser-induced distortions®" further provide modifications of the
optical response that can be possibly exploited to tune the
optical properties of the compounds, either toward optimized
WLG or toward further nonlinear effects such as SHG. An
exhaustive, thorough investigation of all the mentioned
modifications is, however, actually beyond reach and outside
the goal of the present work.

CONCLUSIONS

The nonlinear optical response of (hetero)adamantane-based
molecular clusters with general formula [(RT),E¢] and [R,T]
(T = group 14, R = organic substituents, E = S, CH,) has been
investigated within DFT. We have shown how changes in the
composition of otherwise geometrically similar structures can
tune, e.g., the SHG response. Importantly, we find that certain
spectral features are associated with specific cluster substruc-
tures. These spectral signatures are inherited in the optical
response of the clusters if they are modified to include the
corresponding substructure. Moreover, we find some sub-
structures to be dominant in their effects on the SHG response.
If a specific substructure is not dominant, we can assume a
gradual change in the SHG response fitting to the gradual
change of the structure, in contrast to the introduction of a
dominant substituent which causes an instantaneous shift in the
optical response. Additionally, we observe that the number of
substituents can change the SHG response to a large extent.
While the position of the spectral signatures on the energy axis
does not change significantly, the intensity up to 3 eV (or more

generally, of the first major peak) can increase sharply when
going from 2 to 4 substituent structures. The substituent
structures could be identified as the major contributor to the
SHG response, especially for the first peak. Furthermore, the
substituent structure primarily defines the more general
characteristic up to around 3 eV. This result can be understood
by considering the electronic transitions between the electronic
energy eigenvalues and the spatial localization of the
corresponding orbitals. The results show that these orbitals
are most dominantly located on the substituent substructures.

Considering the variety of possible substituents and changes
that can be introduced to an adamantane like core substructure,
the investigated structures as well as further modifications offer
great potential for a tuned optical response.

We also showed how the adamantane cores influence the
nonlinear optical response above ca. 3 eV. Further investigations
of molecular clusters with cores of different symmetry and
composition shall reveal whether different cluster cores can
affect the optical nonlinearities in different energy ranges.
Investigations of different core structures such as cubane or
diamantane could offer more insight into the impact of core
symmetry and relative substituent orientation on the optical
response.
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ADDITIONAL NOTES

1g, Dehnen, private communication.

>This can differ from the displayed lines where we force this
delta to be at least min(AE),;, = 0.01 eV. We also force a
min(AE): = 0.01 eV, which is used to calculate a convolution (of
step functions with the width AE) between the origin orbital
groups o (being the occupied orbitals) and a specific target
orbital group ¢ (being the unoccupied orbitals).”

3This is skewed for min(AE)« = 0.01 €V.

#The densities p, and p, in Figure 5 are not normalized by the
number of states in the respective orbital group as done in Figure
3. The presented isosurface is the result of choosing the middle

value of the data range and multiplying that value byi. The value

is arbitrarily chosen to provide a clearly represented isosurface.
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