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ABSTRACT: The second harmonic generation (SHG) properties of
adamantane-based tetraphenyl clusters are predicted from first principles
and analyzed on the basis of the involved electronic transitions. In particular,
the effect of a tetrel substitution in the cluster core on the nonlinear optical
response is investigated. Electronic transitions spatially localized at the
substituents are found to be responsible for the optical nonlinearities. The
intensity of the SHG signal grows with the atomic number of the considered
tetrel. As the substitution does not distort the cluster core or substantially
alter its symmetry, the enhanced SHG intensity is traced to a higher electron
density at the substituents. The latter results in a larger spatial overlap of the
states involved in the electronic transitions, which increases their probability.
The presented results provide a theoretical foundation for the design of tailored nonlinear optical sources.

■ INTRODUCTION
Adamantane-based clusters with organic substituents are
generally characterized by a strong nonlinear optical response.1

Several clusters in this material class are able to convert infrared
radiation into directed white light,2−4 while other adamantane-
based clusters feature a pronounced second harmonic
generation (SHG).5 Due to their appealing properties and
possible applications in a variety of technologies,6,7 the
adamantane-based clusters with organic substituents (as well
as related compounds) have been studied experimentally8−13

and theoretically.14,15 Recent publications report, in particular,
on attempts to synthesize the compounds in the form of
glasses16 and understand the origin of the optical response.17,18

In ref 18, a general analysis procedure was proposed, which
allows us to determine which orbital groups are involved in the
electronic transitions leading to the calculated nonlinear optical
signatures. Despite such a large effort, a comprehensive
understanding of the materials class has not yet been achieved,
and huge differences in the linear and nonlinear optical response
of structurally and chemically very similar clusters remain
puzzling.

In this work, we focus on a particular subset of adamantane-
based molecules (Figure 1). Namely, we calculate the nonlinear
optical response of tetrel-modified tetraphenyl adamantane
clusters with the formula unit [(RPh)4(CH2)6] with R = C, Si,
Ge, and Sn and adopt the analysis procedure of ref 18 to explore
how the substitution influences the SHG spectra. Due to their
toxicity, lead-containing compounds are less appealing as
functional materials, and the cluster with R = Pb is not
investigated in this work.

Our calculations reveal that the optical nonlinearities in the
technologically relevant energy window between 0 and 3 eV

have their origin in electronic transitions localized at the
tetraphenyl substituents. Therefore, the SHG spectra of
[AdPh4], [(SiPh)4(CH2)6], [(GePh)4(CH2)6], and
[(SnPh)4(CH2)6] show the corresponding spectral features,
although they may differ in position and intensity. The latter
correlates with the atomic number of the substituting tetrel. As
the isovalent tetrel substitution does neither deform the cluster
core nor lower the overall symmetry, the enhancement of the
SHG intensity cannot have its origin in the cluster geometry.
Instead, we trace it to an increased electronic density at the
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Figure 1. [AdPh4] adamantane-core molecule with phenyl substituents
(C atoms in black and H atoms light blue). Considering different tetrel
atoms connected to the phenyl rings leads to the general formula unit
[(RPh)4(CH2)6] of the clusters investigated in this work (with R = C,
Si, Ge, and Sn).
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substituents, where the electronic transitions occur that are
responsible for the optical nonlinearities. The enhanced overlap
between involved states increases the transition probability and
thus the SHG intensity. The results provided in the present work
demonstrate the possibility to tune the nonlinear optical
response of adamantane-based tetraphenyl clusters and provide
a theoretical foundation for the design of optimized optical
sources.

■ METHODS
The calculation of the nonlinear optical response is one major
challenge in theoretical materials science.19−21 In the present
work, the nonlinear optical properties of the investigated
molecular structures are modeled from first principles through
density functional-based calculations performed with the
YAMBO code.22 The optical response is estimated in the time
domain23 within the independent particle approximation (IPA).
Previous theoretical investigations of small tetraphenyl mole-
cules have suggested an almost complete compensation of
electronic self-energy and exciton binding energy for the lowest
optical excitation.15 Thus, calculations at the density functional
theory (DFT) level of accuracy may already provide a good
estimate of the optical response. Yet, the results at the IPA level
of accuracy must be still considered to be of qualitative nature.
Numerical parameters, such as time step, total propagation time,
or spectral broadening, are chosen to ensure convergence of the
nonlinear optical spectra. All employed numerical values are
given in the Supporting Information. The electronic ground
state, representing the starting point for the subsequent
nonlinear optics computations, was computed via DFT, as
implemented by Quantum Espresso.24,25 Thereby, SG15
ONCV potentials,26,27 as well as the PBE functional,28 were
utilized. To simulate the molecules in the gas phase, the
molecule-in-a-box approach is used, whereby the asymmetric
box is designed to decouple periodic images of the clusters.
Structural optimization is conducted using a force threshold for
the Hellmann−Feynman forces to be ≤0.005 eV. We account
for dispersion forces using the vdW DFT-D3 method with
Becke−Johnson damping function29,30 in all calculations.

■ RESULTS AND DISCUSSION
Figure 2 shows the calculated SHG spectra of the investigated
clusters. They present roughly the same spectral signatures,
although they might differ in intensity and (to a lesser extent)
position.

All clusters feature a main major peak at about 2.2 eV−2.4 eV,
half the HOMO−LUMO gap’s energy. The latter ranges from
4.59 eV for R = C to 4.38 eV for R = Sn. The major peak is
followed by a second peak in the range between 2.8 eV and 3.1
eV that appears more as a shoulder in the case of R = C. The
presence of similar spectral features for the different compounds
suggests that the optical nonlinearities have their origin in the
substituent (common to all clusters), as we shall demonstrate at
a later stage.

The intensity of the optical nonlinearities grows with the
atomic number of the considered tetrel. In the case of R = Sn,
part of the intensity of the first peak is redistributed to the
second peak due to the spread of available electronic transitions
across a wider energy range, as we will separately discuss at the
end of this chapter.

As previous studies31 have revealed that the SHG intensity of
molecular clusters decreases with the core symmetry, we first

focus on the geometry of the investigated compounds. In Table
1, the R−C bond lengths are listed. The bond length grows as

expected with the atomic number of the considered tetrel,
closely mirroring the sum of the covalent radii. The angles
between the bonds are substantially preserved by tetrel
substitution. Moreover, a symmetry analysis of the whole cluster
reveals that all of the investigated compounds are rather close to
the exact point group symmetry. The latter is given within a
tolerance of the atomic coordinates ranging from 0.009 Å for the
most symmetric compound to 0.024 Å for the less symmetric
compound. This means that the cluster core is not distorted and
the tetragonal symmetry is not affected by the substitution. The
only effect of the substitution is a substantial expansion of the
core volume, as shown in Table 2.

In order to estimate the cluster core volume, a convex hull’s
volume of the adamantane-like core is considered, whereby
hydrogen atoms are discarded. The resulting volumes are in
good agreement with ref 14. The symmetry conservation
suggests that the origin of the enhanced nonlinear optical
activity of clusters with heavier tetrels must reside in the
electronic structure.

Figure 2. SHG response of modified adamantane-like core molecules
with phenyl ligands with formula [(RPh)4(CH2)6] and R = C (blue), Si
(orange), Ge (green), and Sn (red). The quantity shown on the y-axis is
the averaged second-order hyperpolarizability coefficient χjkl

(2)(2ω; ω,
ω).

Table 1. Calculated Length of the R−C Bond in the Cluster
Core

structure bond length [Å] %

[(CPh)4(CH2)6] 1.54 100.00
[(SiPh)4(CH2)6] 1.88 122.22
[(GePh)4(CH2)6] 1.98 128.56
[(SnPh)4(CH2)6] 2.17 140.96
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[(SiPh)4(CH2)6]. For an in-depth analysis of the electronic
transitions related to the nonlinear optical response, we apply
the procedure proposed in ref 18, which we briefly summarize in
the following. The procedure is illustrated by the example of the
[(SiPh)4(CH2)6] cluster, whose electronic structure and
second-order optical response are shown in Figure 3.

In the left panel of Figure 3, the electronic energy levels of the
orbital groups around the HOMO−LUMO gap are shown. We
are interested in the electronic transitions from occupied orbital
groups (named origin and labeled by o) to unoccupied orbitals

(named target and labeled by t). We approximate the individual
orbitals by grouping them into effective orbital groups for plots
and interpretation if they are within an energy interval of ΔE =
0.1 eV.1 The occupied orbital groups are colored alternately in
lighter and darker gray colors to distinguish individual orbital
groups more easily. The unoccupied orbital groups are color-
coded individually instead. The origin orbitals are counted
energy downward from the highest occupied one, while the
target orbitals are counted upward. In the right panel, we
consider electronic transitions from origin to target states by
plotting the convolution o * t. The convolution is calculated for
all origin orbital groups with a single target orbital group
individually to simulate the electronic transitions. The
convolution o * t is color-coded as the considered target orbital
and represented in histogram form in the right panel. The
transparency is a rough indicator for a density of energy values.2

The origin orbital groups in the left panel as well as the
convolution in the right panel are shifted downward on the
energy axis by the amount corresponding to the distance of the
considered target orbital group to the LUMO. The SHG
response is also shown in the right panel as a blue solid line,
rotated, shifted, and scaled by a factor of 2 to share the energy
axis of the electronic energy values. From top to bottom, o * t is
plotted for t = 0, t = 1, and t = 2.

Peaks of the convolution o * t in correspondence of peaks of
the SHG spectrum allow us to identify electronic transitions
contributing to the SHG signatures. The electronic orbitals
involved in these transitions (see, e.g., Figure 4) as well as their

overlaps ρo·ρt = ρoverlap can be plotted in real space to gain more
insight. For t = 0 in Figure 3 (upper panel), we see that for the
first peak, only the orbitals o = 0 contribute. Thus, transitions at
the phenyl substituents for ρo=0·ρt=0 = ρo=0,t=0 dominate the first
peak of the SHG spectrum. Considering the high relative
intensity for the first peak, we expect ρo=0,t=0 to be larger than, for
example, overlaps ρo=0,t=2, or ρo=2,t=0 correlating with the second
peak. This is clearly visible in Figure 5.

In Figure 5, overlaps are plotted for the Si-modified structure.
A proportionally high volume or magnitude of ρoverlap is
interpreted as an indicator for a favorable o → t transition if it
correlates with a peak in the SHG spectrum. The structural
components where ρoverlap is localized most strongly contribute
to the SHG spectrum.

It should be noted that a relatively wide orbital group is
considered for o = 0, which will increase the probability for an
overlap in the charge densities. In Figure 4, the charge density ρ
is plotted for o, t = 0. Charge densities are colored by the distance

Table 2. Calculated Volume of the Cluster Core of the
Investigated Compounds

structure core volume [Å3] %

[(CPh)4(CH2)6] 9.3 100
[(SiPh)4(CH2)6] 17.0 182.5
[(GePh)4(CH2)6] 19.8 212.66
[(SnPh)4(CH2)6] 26.1 279.81

Figure 3. Orbital group energy values of [(SiPh)4(CH2)6] with
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 groups 0, 1, and 2.

Figure 4. Sum of the squared wave functions ρ calculated for the
[(SiPh)4(CH2)6] cluster for o = 0 (lhs) and t = 0 (rhs). ρ is colored from
blue to pink as a function of the distance from the core center. H atoms
are colored in light blue, the C atoms are black, and the Si atoms are
gray.
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from the middle of the structure. The color is a gradient from
blue (core) to pink (substituent). The isosurface shown is
dynamically chosen to provide a clear representation of the
investigated structures. The values are not normalized for the
number of individual orbitals within an orbital group. Thus, the
figure is intended to qualitatively show the spatial distribution of
origin and target groups and not to yield quantitative and
comparable information about their spatial extent.

As shown in Figure 4, not all orbitals in the origin group are
located at a substituent; however, the overlap of origin and target
atoms are strongly localized at the substituent (see Figure 5), as
the target groups are strongly localized at the phenyl rings.

We remark that for the sake of clarity, we do not employ the
same isosurface for all the transitions, which would result in a
very large volume, e.g., for o = 0, t = 0, and a vanishing overlap
volume, e.g., for o = 2, t = 2. Instead, we arbitrarily chose an
isosurface value so that the overlap region is well visible and
color code the isosurface to represent its magnitude. The figure
clearly shows that the electronic transitions associated with the
peaks of the SHG spectra are localized at the phenyl
substituents. This suggests that the optical nonlinearities have
their origin in the substituents.
[(GePh)4(CH2)6]. The [(GePh)4(CH2)6] cluster features an

SHG spectrum very similar to the Si-modified tetraphenyl-
adamantane structure, as seen in Figure 2. The Si−C and Ge−C
bond lengths are very close, the cluster core volumina are
comparable, and an overall similar behavior is expected. The
analysis of the electronic states and of the electronic transitions
confirms this impression. The electronic structure and the SHG
spectrum of the Ge-modified structure are shown in Figure 6,
which strongly resemble the previously discussed data calculated
for the Si-modified structure. The only appreciable difference is
that the topmost three occupied electronic states which were
grouped into the group o = 0 for the [(SiPh)4(CH2)6] cluster are

separated by slightly larger energies and therefore considered
distinct origin groups o = 0, 1, and 2.

The charge densities of the orbital groups o = 0, 1, and 2 are
plotted in Figure 7. The color coding and isosurface choice are
equivalent to Figure 4.

The sum of all three charge densities shares the characteristics
of the charge density for o = 0 of Figure 4. A slightly higher
localization at the substituents can be observed, which we
attribute to the slightly larger Ge−C bond length.

As a consequence, the groups o = 0, 1, and 2 together play a
role that is comparable to the group o = 0 of the
[(SiPh)4(CH2)6] structure, as shown in Figure 6, which
represents the correlation between electronic energy levels,
SHG spectrum, and convolution o * t.

The similarity of the [(SiPh)4(CH2)6] and [(GePh)4(CH2)6]
clusters is confirmed by the analysis of the orbital overlap
associated with the electronic transitions from the origin of the
target states. They are displayed in Figure 8.

As in the case of the Si-substituted molecule, the only target
group involving transitions associated with the first SHG peak is
t = 0. Indeed, in Figure 9, where we show the target orbitals t = 0
and 1, a clear substituent localization for t = 0 can be seen. For t =
1, the orbitals are mostly core localized and have a minor overlap
with the origin orbitals. They can therefore yield only a minor or
no contribution to the SHG signal.

The substituent localized parts of the charge density for t = 1
are clearly oriented toward the core. This core-sided localization
can be seen in the overlaps for t = 1 in Figure 8.

As expected from the evaluation of Figure 6, where it can be
seen that the convolutions of the origin states with the target
groups t = 1 and even more t = 2 do not coincide with a peak of
the SHG, Figure 8 shows that correspondingly the overlaps for
transitions to t = 1 and t = 2 are of very low magnitude and can
only yield a minor contribution to the SHG signal. Altogether,
we conclude that [(SiPh)4(CH2)6] and [(GePh)4(CH2)6] have

Figure 5. Overlap ρoverlap of origin (o) and target (t) orbitals, calculated for the [(SiPh)4(CH2)6] cluster, 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 light blue.
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a very similar nonlinear optical response, and its correlation to
the electronic and structural properties is practically equivalent
in both clusters.
[(SnPh)4(CH2)6]. Prior investigations15,18 have revealed that

the tetraphenyl tetrel molecules (and thus such the structures

[SiPh4], [GePh4], and [SnPh4] related to the clusters modeled
in this work) are rather similar with respect to many properties.
Thus, the difference in the SHG response of [(SnPh)4(CH2)6]
compared to that of the Si- or Ge-modified structures evokes
interest and deserves some attention. A question which we also
would like to address is whether the second peak in the SHG
spectrum can be interpreted as a signature arising from different
electronic transitions compared to the Si- or Ge-modified
structures or if it should rather be interpreted as a smearing of
the first signature to higher energies due to the spread of the
involved electronic states.

Figure 10 shows the correlation between electronic structure,
convolution of origin and target states, and SHG spectrum of the
[(SnPh)4(CH2)6] cluster. The figure allows us to identify the
origin states o = 0, 1, 2, and 3 as possible contributors to the first
main SHG peak. As for the target orbital groups, t = 0, 1 needs to
be investigated.

To investigate the second peak, we increase the considered
energy interval and additionally investigate t = 2 and o = 4 and 5.
The presented results for the electronic properties thus take into
account o = 0, 1, 2, 3, 4, and 5 and t = 0, 1, and 2. As a
comprehensive overlap matrix such as in Figures 5 and 8 is not
necessary, we present only selected overlaps with relevant
contribution.

Figure 11 shows the localization of the relevant target orbitals
t = 0, 1, and 2. For all three orbitals, we see a substituent
localization. For t = 0, this is clearly dominant, and no
localization is distinguishable, which could be attributed to the
core. For t = 1, the majority of the distribution is localized at or
toward the core; however, a significant localization at
substituents is still present. For t = 2, substituent and core
localization are comparable with somewhat higher substituent
localization.

For the first major peak in the SHG spectrum, only the
transitions into the t = 0 and t = 1 target groups fall within the
relevant energy window. Due to the relatively lower contribution
for t = 1 to an overlap as suggested by Figure 11, we identify the
electronic transitions to t = 0 as the major contributor to the
main SHG peak. Independent from the actual origin state (o = 0,
1, 2, and 3), the overlap with the target state t = 0 is localized at
the phenyl substituents. In Figure 12, we present the overlaps
ρo=0,t=0, ρo=2,t=0, and ρo=4,t=0. The colors represent again the
isosurface value. All transitions are characterized by an overlap in
the substituent structures. The overlap of highest magnitude
among the transitions related to the first SHG peak is calculated
for transitions from the orbital group o = 2. These are
interestingly exactly the transitions, with an energy correspond-
ing to the maximum of the first SHG peak. The overlap ρo=0,t=0
corresponding to the transition from o = 0 to t = 0 has a lower
magnitude and is responsible for the left shoulder of the first
major peak. This analysis illustrates well how a quite simple
model provides a clear correlation between electronic transitions
and SHG spectra, including a qualitative extension of the SHG
intensity.

For the second peak, when investigating the transition into t =
0, we identify o = 4 as the major contributor, which also fits well
to the convolution o * t shown in Figure 10. Further possible
transitions to t = 1 or t = 2 fall in the relevant energy range. The
involved origin groups are o = 1, 2, and 3 for transitions to t = 1
and o = 0 and 1 for transitions to t = 2. Using the same scale as
that in Figure 12, we report the corresponding overlaps in Figure
13. Only the transition o = 0, t = 2 corresponds to a nonvanishing
magnitude, which is, however, lower than those calculated for

Figure 6. Orbital group energy values of [(GePh)4(CH2)6] with
corresponding scaled and shifted SHG response. The energy values of
the origin orbital groups are shifted for a direct transition to the
respective target orbital groups 0, 1, and 2.

Figure 7. Squared wave functions ρ calculated for the
[(GePh)4(CH2)6] cluster for the origin states o = 0, 1, and 2. The
coloring of ρ is from blue to pink as a function of the distance from the
center of the core. C atoms are black, H atoms light blue, and Ge atoms
light gray.
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other electronic transitions (e.g., o = 4, t = 0 or those associated
with the first SHG peak). Due to the substituent localization, we
assume that these transitions contribute to the second peak as
well; however, the limited overlap results in a lower SHG
intensity with respect to the first peak. An overview of the
transitions contributing to the different SHG peaks can be found
in Figure 14.

The first SHG peak is thus higher in its maximum than the
second SHG signature, as more transitions with a large overlap
contribute to it. We remark that transitions such as o = 2, t = 0
which have an energy corresponding to the first SHG peak in the
Si-substituted and in the Ge-substituted cluster have energies
associated with the second SHG peak in the Sn-substituted
cluster. Thus, the spectral weight redistribution that lowers the
first SHG peak and enhances the intensity of the second in the
Sn-substituted molecule can be viewed as a consequence of
electronic energy levels drifting apart. In turn, it explains the
apparent deviation of the Sn-substituted cluster from the
chemical trend that attributes higher SHG intensity to the
cluster substituted with tetrels of higher atomic number.

■ CONCLUSIONS
The nonlinear optical response of tetraphenyl clusters with the
general formula [(RPh)4(CH2)6] and R = C, Si, Ge, and Sn has
been calculated from first principles. All clusters feature SHG
spectra characterized by corresponding optical signatures,
although they might differ to some extent in position and
intensity. The spectra are dominated by a main peak at energies
corresponding to half of the HOMO−LUMO gap. The SHG
intensity related to this peak grows with the atomic number of
the considered tetrel. The analysis of the electronic transitions
associated with the main SHG peak reveals that the involved
orbitals are localized at the substituents. Thus, the origin of the
optical nonlinearities in the technologically relevant energy
interval from 0 to 3 eV is spatially located at the phenyl rings. On
the one hand, this explains why many clusters with tetraphenyl
substituents show similar spectra.1 On the other hand, this
confirms the assumption that the presence of delocalized π-
orbitals at the substituents is a prerequisite for the high nonlinear
optical activity of molecular clusters.3 The tetrel substitution
does not distort the cluster core or lower its symmetry. Thus, the
enhanced nonlinear optical activity of clusters with heavier
tetrels cannot be explained by softening of the selection rules for
the electronic transitions. It is instead attributed to an increased
electron density at the substituents, which favors the overlap
between occupied and empty orbitals and, thus, the transition
between them. A partial substitution of the carbon core atoms by
heavier tetrels might well deform the cluster core and thus affect
the optical response. This possibility will be the subject of future
investigations and is outside the scope of the present
investigation, though. Similarly, different substituents (e.g.,
styrene, methyl, naphtyl, trans-stilbene, etc.) with more electron
donor or electron-withdrawing character are also expected to
heavily impact the SHG response of the clusters.32 Concerning
potential applications, Si-, Ge-, and Sn-substituted adamantane
clusters provide highly enhanced SHG intensity and are more

Figure 8. Overlap ρoverlap of origin (o) and target (t) orbitals, calculated for the [(GePh)4(CH2)6] cluster, color-coded with respect to the overlap
magnitude and normalized by the number of orbitals in the respective orbital groups. C atoms are black, H atoms light blue, and Ge light gray.

Figure 9. Squared wave functions ρ calculated for the
[(GePh)4(CH2)6] cluster for the target states t = 0 and 1. Color code
of isosurfaces and atoms as in Figure 7.
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efficient frequency doublers with respect to the prototypical
organic [(CPh)4(CH2)6]. Sn-substituted materials, in particular,
extend the range of efficient SHG generation to almost 3 eV and
are thus suitable for devices working with higher frequencies.
The present investigation represents a further step toward the

understanding of the nonlinear optical response of the materials
class with the more general formula [(RT)4E6], with R = organic
group; T = C, Si, Ge, and Sn; and E = O, S, Se, Te, NH, CH2, and
ON*, and provides a theoretical foundation for the design of
materials with tailored nonlinear optical properties.
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*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c08541.
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Figure 10. Orbital group energy values of [(SnPh)4(CH2)6] with
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 groups 0, 1, 2, and 3.

Figure 11. Squared wave functions ρ of the target states t = 0, 1, and 2 of
the [(SiPh)4(CH2)6] cluster. The color coding of ρ is from blue to pink
as a function of the distance from the core center. C atoms are black, H
light blue, and Sn gray.

Figure 12.Overlaps of the electronic states o = 0, 2, and 4 with t = 0 for
the [(SnPh)4(CH2)6] cluster. Carbon atoms are black, hydrogen light
blue, and Sn gray.

Figure 13. Selected overlaps between origin and target orbitals of the
[(SnPh)4(CH2)6] cluster. Color coding as in Figure 12.

Figure 14. Calculated SHG spectrum of the [(SnPh)4(CH2)6] cluster.
Electronic transitions contributing to the low-energy signatures are
indicated. The transitions characterized by the largest overlap between
origin and target states are marked in red.
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■ ADDITIONAL NOTES
1(This can differ from the displayed lines where we force this
delta to be at least min(ΔE)vis = 0.01 eV.) We also force a
min(ΔE)* = 0.01 eV, which is used to calculate a convolution (of
step functions with the width ΔE) between the origin orbital
groups o (being the occupied orbitals) and a specific target
orbital group t (being the unoccupied orbitals).
2This is skewed for min(ΔE)* = 0.01 eV.
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