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Abstract

The family of group 14 tetra-aryl tetrels with
cemical formula X(CgHjs)4 and X = C, Si, Ge,
Sn, Pb is investigated both theoretically and
experimentally. Calculations in the framework
of the density functional theory are employed
to model the structural, vibrational, electronic
and optical properties of the clusters, both as
single molecules and in their crystalline form.
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Electronic excitations, optical absorption, sec-
ond and third harmonic generations are de-
scribed in detail. Crystalline X(CgHs), samples
with X = Si, Ge, Sn, Pb are grown from so-
lutions by slow evaporation and employed to
measure their structural and vibrational prop-
erties, as well as their linear and non-linear opti-
cal response. The good agreement between cal-
culated and measured properties allows a thor-
ough characterization of the single compounds
and yields deep insight in this material class,
on the path towards understanding the origin
of the characteristic white light emission.
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Introduction

Tetra-aryl tetrels are molecular clusters con-
sisting of a tetravalent central atom binding



four ligands within the tetragonal symmetry.
An intriguing property of the crystalline phase
is that the main group element of the peri-
odic system in the central position can be re-
placed by any other atom in the correspond-
ing group, without changing the essential fea-
tures of the crystal structure.! In particular,
tetraphenyl derivatives of silicon, germanium,
tin, and lead (all elements of the group 14,
see Fig. 1) form thermostable, colorless solids
that are not air sensitive and might be either
non-toxic (e.g., GePhy), toxic (SiPhy, SnPhy)
or extremely toxic (PbPhy).? They are popular
model systems due to their reduced complexity,
which are often used to represent the vast fam-
ily of compounds with delocalized m-orbitals.
Moreover, they are currently employed in opti-
cal applications such as organic glasses,? light-
emitting diodes (LEDs)*® and in the develope-
ment of organic LEDs (OLEDs).%

All tetraphenyl derivates of the group 14 ele-
ments condensate either in an amorphous struc-
ture or in a crystalline phase within the space
group P42;c¢ (point group Dj;). The transpar-
ent, highly ordered crystals have often peculiar
properties that substantially differ from those
of the corresponding powders.? Different X-
ray diffraction,” ! nuclear magnetic resonance
(NMR), Raman spectroscopy, '? 1¢ and infrared
spectroscopy (IR) studies'”2° have been dedi-
cated to these compounds. These studies have
proposed efficient synthesis methods,?! revealed
the crystal structures,?>? and their optical
properties. 24

Available atomistic models are usually lim-
ited to the structural properties of single
molecules.?>? Lin et al.?” have performed a de-
tailed investigation of the structural and elec-
tronic properties of molecular and crystalline
X(CgHs)y, with X=C, Si, Ge, Sn, Pb within
density functional theory (DFT) in the inde-
pendent particle approximation (IPA). Absorp-
tion spectra have been modeled as well. Re-
fined calculations of the linear and non-linear
optical response are not available. Indeed, the
weak interactions between the molecules, the
typical system size, the intra- and intermolecu-
lar excitations, as well as the coupling between
structural and electronic excitations represent a

real challenge for the first-principles modelling
of electronic structure and optical response.

Instead, classical models in the framework
of the dipole-dipole interaction have been em-
ployed to estimate the linear birefringence and
optical rotatory power of the crystals, while
the dipole-electron shifting model was used to
calculate field induced effects including second
harmonic generation (SHG), the electro-optic
response and electrogyration.2®

Recently, it has been experimentally shown
that tetra-phenyl tetrel crystals show SHG,
while the corresponding powders are white light
emitters, similar to other tetra-phenyl com-
pounds. 2?33 However, the mechanisms leading
to white light generation are far from being un-
derstood and lay probably in the intertwine-
ment of electronic and atomic structures and
their dynamics.

In order to better understand the inter-
play between structural and electronic degrees
of freedom, we investigate in this work the
whole family of group 14 tetra-aryl tetrels, i.e.
X(CgHz)4 where X = C, Si, Ge, Sn, Pb, both
theoretically and experimentally.  Structural
parameters are calculated, which are in good
agreement with measured values and existing
literature data. The good agreement of the
computed and measured dynamical properties
further corroborates the accuracy of the struc-
tural models. The electronic structure of sin-
gle molecules and molecular crystals is calcu-
lated at different levels of sophistication and
the electronic excitations as calculated by time-
dependent DFT (TD-DFT) are discussed in
detail. The linear optical properties of the
crystals as measured by ellipsometry and op-
tical absorption, and as calculated by DFT are
discussed and interpreted in the framework of
the intrinsic properties of the molecular con-
stituents. SHG and THG measurements as
well as corresponding calculations show a very
strong non-linear optical response of all inves-
tigated tetra-phenyl derivatives, which is of the
same order of magnitude of widely employed
non-linear optical crystals such as LiNbOs.
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Figure 1: (a) Structural model of the investi-
gated tetra-pheny tetrels. C atoms are gray, H
atoms in white and the central atom X = C,
Si, Ge, Sn, Pb is yellow. Angles discussed in
the following are indicated. (b) Brillouin zone
of the tetragonal lattice. The high-symmetry
points employed for the calculation of the band
structure of the molecular crystals are shown.

Methodology

Computational details

The Vienna ab initio simulation package3*3°

is employed to evaluate the structural, vibra-
tional, electronic and optical properties of the
tetra-phenyl tetrels (as isolated molecules or in
their crystalline phase) by periodic DFT. Iso-
lated molecules are modeled within a box of
19%x20x21 A. Projected augmented wave pseu-
dopotentials®3” are used to describe the ion-
electron interaction. The generalized gradient
approximation®® in the PBE formulation3?4° is
used to describe the electronic many-body in-
teractions. The atomic positions are relaxed
until the residual Hellmann-Feynman forces*!
are lower than 0.001 eV /A. The accurate mod-
eling of (in particular, loosely) bonded adsor-
bate systems is a major challenge for DFT,
as (semi)local exchange-correlation (XC) func-
tionals do not properly describe the long-range
van der Waals (vdW) interactions. Different
ab initio as well as semi-empirical corrections
schemes are tested. The results presented in
this paper are obtained with a semi-empirical
DFT-D3 scheme with zero damping,*>*? which
is sufficiently accurate to allow for valid conclu-
sions concerning structural properties. Plane
waves up to a cutoff varying between 330eV
(GePhy) and 460¢eV (SiPh,) are used as basis

for the expansion of electron wave functions.
The crystalline phase is modelled within the
primitive tetragonal unit cell containing two
formula units. A Monkhorst-Pack 2x2x4 k-
points mesh** for the energy integration of the
Brillouin zone ensures numerical convergence.

The cohesive energy of the crystals is calcu-
lated as the difference of the total energy of a
free standing molecule and a molecule in the
crystalline phase as

BN = (2% By — By /2, (1)

thus, positive values mark stable crystals.

Phonon modes are calculated within the
frozen phonon approach.’

While DFT calculations of the electronic
ground state considerably underestimate the
electronic excitations, reliable values for quasi-
particle gaps and exciton energies can be ob-
tained in a very efficient way within the ASCF
method. 454" Within this approximation, quasi-
particle gaps are given by the difference

E® = E(N+1,R)+E(N —1,R)—2E(N, R),
) 2)
where R represents the equilibrium geometry
and N the number of electrons in a neutral sys-
tem. This difference can be interpreted as the
difference between ionization energy and elec-
tron affinity. As the quantities in Eq. 2 are com-
puted using charged cells, interactions between
periodic images affect the calculations. How-
ever, the E?P depend linearly on 1/L, where
L is the cell side. Thus, using cells of different
size and extrapolating to L — oo, we obtain
the corrected values shown in this work.
The lowest excitonic excitation, represented
by a hole h in the HOMO and an electron e in
the LUMO, is estimated by

Eex = E(e — h,R) — E(N, R), (3)

whereby F(e — h, E) is the energy of the sys-
tem with an electron-hole pair at the ground-
state equilibrium geometry R.

We remark that the ASCF approximation
holds for isolated molecules and is not valid
for the molecular crystals, where more refined



methods such as hybrid-DFT* or the GW-
approximation*® are required to account for
quasiparticle effects. Hybrid-DFT calculations
are performed in this work by modeling the elec-
tron exchange and correlation energy with the
Heyd-Scuseria-Ernzerhof (HSE06) screened hy-
brid functional,®® in which 25% Hartree-Fock
exchange is included in the the short-range
component of the the PBE-type XC descrip-
tion.

The imaginary part of the frequency depen-
dent dielectric tensor 525, a,f = x,y,z is
calculated following the approach proposed by
Gaido$ et al., as sum over empty states at each
point of the first Brillouin zone.?! The real part
of the dielectric tensor &5 is not directly cal-
culated, but obtained by Kramers-Kronig rela-
tions, and converges, therefore, slowly with the
number of empty sates considered in the calcu-
lation. We consider thereby 60 filled and 340
empty states for the isolated molecules and 120
filled and 680 empty states for the molecular
crystals.

The dielectric function of isolated molecules is
obtained averaging the diagonal components ¢;;
of the dielectric tensor as calculated by DFT-
PBE or hybrid-DFT:

e(hw) =2 Y ej(w), (4)

j:x7y7'z

The absorption coefficient a(w) is calculated
as

o) = VI G @+ G - <)

where c¢ is the light speed in vacuum and
e"(w), and &'(w) are the real and imaginary
part of the dielectric tensor, respectively. jj =
xx,yy labels the ordinary optical axis, 77 = zz
the extra-ordinary optical axis. Similarly, the
refractive index is calculated as

1 ,
) = \ G @)+ (@) + 2w,
(6)
while the birefringence is defined as

An =n, — ne. (7)

The non-linear optical response is calculated
with two distinct approaches. The second or-
der optical susceptibilty Y is calculated by
expressions obtained in perturbation theory,®?
in which two and three band contributions are
computed evaluating the momentum matrix el-
ements.? Hyperpolarizabilities of in principle
any order (in our case x® and x®) are fur-
thermore calculated in the time-domain by de-
veloping the dynamical polarization in a power
series of the applied field 4%

Po= D xopEst
’ (2)
> X s Byt (8)

By .
> X sEsE Es+ ...
B:v,6

where Y™ is the n-th order frequency de-
pendent susceptibility and Ej3 is the cartesian
component in [ direction of the electric field.
The dynamical polarization is calculated within
the Berry-phase formulation.®® The frequency-
domain and the time-domain approaches yield
results in excellent agreement with each other.

Non periodic DFT calculations are carried
out using the software package TURBOMOLE
v7.3.57 Structural optimizations are performed
with the RIDFT program,®® the PBE den-
sity functional,3%°%%0 and grid size m3. Sin-
gle molecules are taken from the crystal struc-
ture as initial configurations for the structural
optimizations. The calculations are based on
point group C;. The convergence criterion
of the iteration cycle is set to 107 Hartree.
Dispersion correction is utilized in Grimme’s
D3 scheme with Becke-Johnson damping. 42:43:61
The elements H, C, Si and Ge are modeled
in an all electron description using the corre-
lation consistent (cc-pVTZ) Dunning-type ba-
sis set,%%%3 while for the elements Sn and Pb
the energy-consistent scalar-relativistic effec-
tive core potential ECP60MWB is employed, in
combination with the corresponding basis sets
(cc-pVTZ-PP).5455 Frequency calculations are
performed to confirm the presented stationary



points as minima. In some cases, low imagi-
nary frequencies (in the range of —1cm™! to
—12cm™!) are found, which can be identified
as rotational contributions of the substituents.
Electronic excitations are investigated by
means of time-dependent density functional
theory (TD-DFT),%67 using the ESCF pro-
gram®% with the exchange-correlation func-
tionals PBE and PBEO0,3%5%6%70 and cc-pVTZ
(cc-pVTZ-PP) basis sets. 20 excited states
are calculated for the singlet and triplet states.
Of these, the four lowest singlet states and
the three lowest triplet states, whose oscilla-
tor strength are non-zero, are used for analy-
sis. The triplet and singlet excitations are cal-
culated in spin-unrestricted calculations. The
spin contamination deviation is always less than
3%, except for the calculations of the triplet
excitations using the PBEO functional. These
calculations show strong spin contamination
(>10%) and are therefore not used for the anal-
ysis. However, the results are given in the SI.

Crystal growth
[XPhy] single crystals with X = Si, Ge, Sn, Pb

are grown by slow evaporation from saturated
solution of chloroform at room temperature.
The compound forms long needles along the c-
axis™ with square cross-section of about 1cm
length and high crystalline quality, as shown
in Fig. 2. The crystals belong to the tetrag-
onal space group P42,c, with the lattice pa-
rameters reported in Tab. 2. These are in very
good agreement with previous experiments??
and with the DFT calculations shown in the
following.

Experimental setup

Raman measurements are performed on a com-
mercially available confocal Raman microscope
(Renishaw inVia Qontor) using a HeNe Laser at
632.8 nm for excitation. We use a PerkinElmer
Lambda 900 spectrometer for the linear absorp-
tion measurements covering the spectral range
from 220 nm to 800 nm. The linear absorption
is derived from transmission data on single crys-
tals and from solution in chloroform with a con-

Figure 2: The XPh, compounds forms long nee-
dles along the c-axis with square cross-section
of about 1cm length and high crystalline qual-
ity. The as grown [SiPhy] crystal is exemplarily
shown.

centration of 2mmol/l. We use a 50fs pulse
duration 5kHz repetition rate Ti:Sa amplifier
to drive a optical parametric amplifier includ-
ing mixing stages to generate sub-100 fs pulses
from 700nm to 1620nm. SHG is measured by
placing the crystal in the focused beam (f = 10
cm) under normal incidence. For detection, a
Si-photodiode and a lock-in amplifier are used.
The fundamental laser is suppressed by appro-
priate dielectric short-pass filters. The data is
corrected against a simultaneously acquired ref-
erence on z-cut quartz for which the absolute
value of dy; = 0.3pm/V at 1064 nm is known. ™
We use Miller’s constant-delta condition™ with
a Miller delta of 6;; = 1.328- 10> m/C to account,
for the dispersion of the second-order nonlin-
ear coefficient of the quartz reference, as al-
ready performed, e.g., in Ref.” The complete
spectral response is measured using the same
laser for excitation, as well as a Czerny-Turner
monochromator and a back-illuminated Silicon-
CCD-camera for detection.

Ellipsometric measurements are performed
with an SEN research 4.0 spectroscopic ellip-
someter in the range from 190 nm to 1040 nm.
The sample crystal is rotated around an or-
dinary axis and multiple measurements are
taken at different rotation and incidence angles.
The whole dataset is simulated using Berre-
man’s 4x4 matrix method™ implemented as
an python package™ in the transparent region.
The dielectric function of the crystals are de-
scribed with a Sellmeier model.

Single crystal XRD spectra are recorded at



100 K in an Bruker D& VENTURE diffractome-
ter with a Mo-K,, source.

Results and discussion

Structural properties
Isolated molecules

After structural relaxation, all molecules of
the investigated tetra-phenyl compounds dis-
play the tetrahedral symmetry Sy, determined
by the sp® hybridization of the central tetrel
atom, and are very similar to each other. Ac-
cording to the Sy symmetry, the six angles [
between two phenyl rings shown in Fig. 1 splits
into two groups (f; and () containing angles
which are larger and smaller, respectively, than
the ideal angle of 109.5° characteristic for the
sp? hybridization. The average of the calculated
values is reported in Tab. 1 and is in very good
agreement with previous calculations.?” While
C, Si, Ge, and Sn compounds have four 5; and
two (3 angles, Pb has two (8; and four 35 angles.
The average of 5; and (5 is for all compounds
very close to to the perfect tethraedral angle of
109.5° of the Ty symmetry. The largest devi-
ation from this symmetry is calculated for the
CPh, compound.

The geometry of the phenyl rings does not sig-
nificantly change upon attachment to the tetrel
atom. However, the calculated angles o be-
tween 117.79° and 119.59° show that the phenyl
rings are slightly elongated, as firstly pointed
out by electron diffraction measurements of the
gas phase.”” The calculated o values are in very
close agreement with the measured values re-
ported in the liteature.” Also in this case, CPhy
shows the largest distortion.

The X-C bond length grows with the atomic
number of the X atom and closely matches the
sum of the covalent radii of carbon and the X
species. This suggests a mainly covalent na-
ture of this bond. The calculated values closely
match corresponding measurements.”” The rel-
ative orientation of the phenyl rings is almost
identical for all considered tetrels. The angle
that quantifies this quantity is between 66° and
67°. Calculations with larger cells do not lead

to appreciable structural modifications.

Table 1: Averaged structural properties
of tetra-phenyl tetrels single molecules as
calculated within DFT. R§ is the single
bond covalent radius of atom X = C, Si,
Ge, Sn, Pb. Angles 3, 0 and v are defined
in Fig. 1.

CPh4 SlPh4 GePh4 SnPh4 PbPh4

RS [A] 1075 1.16 1.21 1.40 1.44
X—C[A] | 1.551 1.883 1.976  2.265  2.263

b1 [°] 111.50 110.02 110.07 110.20 110.35
B2 [°] 105.50 108.38 107.92 107.98 107.72
o [°] 117.79 11796 118.78 118.74 119.59
7 [°] 66.58  66.02  66.06 66.70  66.73

Molecular crystals

Symmetric tetra-aryl molecules usually crys-
tallize in tetragonal space groups, with the
molecules located on sites of 4 symmetry (i.e.,
again Sy). Within tetragonal crystals, the
molecules are stacked in columns with (roughly)
squared cross sections, which grow parallel to
the z axis (also called ¢ axis). Thereby, the
aryl-groups of neighboring columns are inter-
leaved in herringbone-like structures. Due to
this arrangement, tetra-aryl molecules often re-
tain their symmetry in the crystals. Tetra-
phenyl tetrels are no exception, as the XPhy
units fit together to form columnar stacks (see
Fig.3) in which the phenyl groups occupy the
empty 4 sites.

The structural details of the optimized crys-
tal structures are compiled in Tab. 2, together
with available literature data for comparison.
The C-C distance within the phenyl rings of the
considered tetraphenyls does not substantially
differ. Following the notation of Ref.,?? we de-
fine the valence angle o as the angle between
the XC,C, direction and the ¢ axis, so that «
= < C(I)XC(III) /2. Two parameters describe
the relative orientation of the XPh, molecules
within the unit cell. w describes the rotation of
the phenyl ring about the XC,; direction, and is
defined as the angle between the ring plane and
the C;(I)XC(III) plane. ¢ is the angle between
the b axis and the projection of the XC; direc-
tion on the ab plane. This defines the rotation



of the whole molecule about the ¢ axis.

Table 2: DFT calculated and measured
lattice parameters of crystalline tetra-
phenyl tetrels.

alA]  c[A] ¢/a ! w © Ecoh
C ]10.84¢ 7.12 0.657 53.4 4862 6.92 1.65
10.87° 7.23  0.665 7.5
10.92¢  7.29  0.668
10.91¢ 7.29 0.668 53.4
11.04¢  7.42 0.672 534 48.6 0.55
Si | 11.44° 6.78 0.593 54.1 51.84 7.00 1.71
11.30° 7.05 0.624 8
11.45¢  7.06 0.617
11.44% 7.06 0.617 54.0
11.56¢ 7.20 0.622 54.6 52.3 0.79
11487  6.76  0.589
Ge | 11.00* 6.53 0.577 54.2 56.89 7.90 0.92
11.60° 6.85 0.591 7
11.66° 6.92 0.593
11.62¢ 6.90 0.594 54.2
11.75¢  7.02 0.598 54.0 53.6 0.65
11.70/  6.53  0.558
Sn | 11.34* 6.52 0.575 54.0 57.44 7.99 1.35
11.85°  6.65 0.561 7
12.06° 6.58  0.546
12.07¢ 6.56 0.543 55.5
12.22°  6.69 0.547 552 58.1 0.70
Pb | 11.50* 6.75 0.587 53.6 56.95 8.08 1.65
12.09° 6.59 0.546 558 589 7.5
12.14°  6.55  0.540
12.11¢ 6.54 0.540 55.6
12.25¢  6.67 0.545 55.1 58.1 0.77
12.05  6.40 0.531
12.039  6.55 0.545 5.5

@This work ; *Exp.?? ; “Exp.?® ; 9Exp.! ; ¢Theo.?" ;
fExp. this work ; 9Exp."® :

Table 2 shows that the calculated structural
parameters are in overall satisfactorily agree-
ment with measured and previously calculated
data. However, the scattering of the measured
values points out the difficulty in growing highly
ordered crystals, which, in turn, suggests that
real samples might contain a large quantity of
structural defects. Thus, caution is due when
comparing the experimental results with the
theoretical predictions.

As a general trend, the lattice parame-
ter a grows and the lattice parameter ¢ de-
creases, respectively, with growing atomic num-
ber. Thereby, CPhy show the highest ¢/a ratio,
i.e., the lowest anisotropy. This is also visible
in the optical response, as we shall see in the

following.

As expected, our calculations show that the
overall molecular form is retained upon crystal-
lization, and also the predicted distortion is mi-
nor. The X—C; bond length does not substan-
tially change (from 0.0% in CPhy to 0.8% in
GePhy). The relative orientation of the phenyl
rings, quantified by the angle v between the
phenyl planes, is modified upon crystallization.
While the angle v is substantially the same for
all the phenyl rings in the isolated molecules,
it depends on the considered rings in the con-
densed phase, due to the crystal anisotropy.
However, the relative orientation of different
rings remains between 62.5° and 68.1° and thus
within 5% of the value predicted for the single
molecules. The angle ¢ grows with the period
of the central atom, instead.

Cohesive energies of about 1eV per molecule
suggest the formation of relatively stable crys-
tals. Our models systematically overesti-
mate the cohesive energy previously calculated
within DFT and a localized basis.?"

The optimized atomic structures of isolated
molecules and molecular crystals are the ba-
sis for the following calculations of vibrational,
electronic and optical properties.

Vibrational properties

As discussed in the introduction, the vibra-
tional properties of tera-phenyl derivates have
been explored by Raman and infrared spec-
troscopy in the past. A tentative assignment
of the measured spectral features to atomic dis-
placements has been proposed on the basis of
classic force constant calculations.™

In this work, we calculate the phonon mode
frequencies at the I'-point for all investigated
crystals within DFT-PBE and measure the Ra-
man spectrum of XPh,, X = Si, Ge, Pb. Fig-
ure 4 shows the comparison between calculated
(blue bars) and measured (red line) data ex-
emplarily for SiPh,, while Fig. 5 represents a
comparison of the frequencies calculated for the
different crystals and Fig. 6 of the measured
spectra.

The comparison between measured and calcu-
lated data demonstrates a very good agreement
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Figure 3: Schematic representation of the pro-
jections of the [Si(Ph),| crystal (a) on the ab
and (b) on the ac plane.

between experiment and theory. The largest
deviation between measured and calculated fre-
quencies occurs for the modes above 3000 cm ™!
and is below 3%.
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Figure 4: Comparison of the measured phonon
spectrum of crystalline SiPh, with the phonon
frequencies calculated within DFT.

The calculations allow us to assign displace-
ment patterns to the measured spectral fea-
tures. We observe (see e.g., PbPh, in Fig. 5)
that the phonon modes tend to cluster into
groups of similar frequency. All modes above
3000 cm™! are modifications of the C-H bond
in the phenyl rings. These modes have nearly
identical frequencies for all investigated com-
pounds.

Modes with wavenumber about 1500cm™*
and down to 600cm~! are distortions of the
phenyl rings, due to the displacement of the C
atoms within the phenyl plane. Also for these
modes the same groups are observed for all in-
vestigated tetrels. However, as the symmetry
of the phenyl rings increases with the period of
the central atom (see, e.g., value of the angle o
in Tab. 1) the mode degeneracy also increases
within the group 14 from C to Pb. For this rea-
son, the spectrum of PbPh, looks more com-
pact in this region than CPh, or SiPh,. The
smaller vibration amplitude of the heavier el-
ements such as Sn ang Pb is also expected to
induce a lesser structural distortion and thus
lead to a more compact spectrum.

Below 500cm™!, distortions of the phenyl
rings out of the phenyl plane or affecting the
X-C bond length occur. Obviously, the differ-
ences of the X-C bonds for X=C, Si, Ge, Sn,
Pb and the different mass of the central atom
play a major role in this region, and the phonon



frequency of the corresponding modes for the
investigated crystals is somewhat different.

The phonon modes of lowest wavenumber
are breathing modes, rigid translations of the
phenyl rings with respect to the central atom,
and rotations of the phenyl rings. These are of
very similar energy for all compounds.

CPh,
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Figure 5: Comparison of the phonon frequen-

cies at the I' point calculated within DFT-PBE

for the crystalline XPh, derivates with X=C,

Si, Ge, Sn, and Pb.
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Figure 6: Comparison of the I' point Ra-

man shifts measured for the crystalline XPh,
derivates with X = Si, Ge, and Pb.

Table 3: Electronic structure properties
of tetra-phenyl tetrel single molecules as
calculated within DFT and in the ASCF
approximation.

CPh, SiPh, GePh, SnPh, PbPh,
EPBE 4.18 440  4.51 4.57 4.55
E%ISE% 522 547  5.59 5.68 5.68
EQP 691 7.00 7.01 6.97 7.22
E.. 4.01 4.01 434 4.43 4.39

Electronic properties
Isolated molecules

Tab. 3 shows the data related to the electronic
structure of the isolated tetra-phenyl molecules.
As a general rule of thumb, the HOMO-LUMO
energy difference grows with the atomic num-
ber from C to Pb. The exact order depends
on the computational approach, however, the
HOMO-LUMO gaps are of very similar magni-
tude. The values calculated within DFT-PBE
are expected to underestimate the energy gap
(4.2eV-4.6¢eV, see also Fig. 7, blue lines), while
the quasiparticle energies E;QP yield more real-
istic values (6.9¢eV-7.2¢V). Hybrid-DFT calcu-
lated values are between DFT-PBE and quasi-
particle gaps (Fig. 7, red lines).

cPh, SiPh, GePh, SnPh, PBPh,

PBE HSEO6 PBE HSE06 PBE HSEO6 PBE HSEO6 PBE HSEO06

50— R —

25 + H+ -+ A+ + 4dAF + HF + e2s

Energy [eV]

-25 = =

-25

|

-5.0

-5.0

Figure 7: Comparison of the molecular or-
bital energies calculated for the single molecules
of the investigated tetra-pheny tetrels within

DFT-PBE and by hybrid-DFT. The HOMO
level is the energy zero.

HOMO and LUMO orbitals as calculated
within DFT-PBE are shown in Fig. 8. The



(b) SiPh,
(c) GePh,

(d) snPh,
(e) PbPh,

Figure 8: Comparison of the DFT calculated HOMO and LUMO for the single molecules of the in-
vestigated tetra-pheny tetrels. The orbital character does not substantially differ for the considered

tetra-phenyl derivates.

orbital character does not substantially differ
for the considered tetra-phenyl derivates. The
HOMO orbitals are reminiscent of the rather
delocalised m-orbitals at the phenyl rings, as
clearly visible, e.g., for SiPh,. With increasing
atomic number, the HOMO orbitals shift to-
ward the central atom. The LUMO orbitals re-
semble p-orbitals, instead. Also for the LUMO
orbitals, the contribution of the central atom
grows from CPh, to PbPh,. We observe that
HOMO and LUMO have a strong spatial over-
lap, which facilitiates HOMO-LUMO electronic
transitions. The orbital form as well as the
HOMO-LUMO energy gaps are consistent with
data previously calculated with a local basis
set. 27

Tab. 3 shows that the lowest electron-hole ex-
citation F., has a very similar energy to the
DFT HOMO-LUMO gap for all investigated
tetrels. This suggests that quasiparticle ef-
fects and electron-hole attraction have roughly
the same magnitude, and that optical excita-
tion spectra (such as the absorption spectra
shown in the following) calculated within the
independent-particle approximation might be
in good agreement with the experimental data
due to a large error cancelation.

Molecular crystals

When the single tetra-phenyl molecules crystal-
lize into ordered, periodic structures, the dis-
crete molecular energy levels become broader
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energy bands as shown in Fig.9. For all inves-
tigated compounds, the electronic band gap of
the molecular crystal is somewhat smaller than
the difference of the HOMO and LUMO ener-

gies of the parent molecules.

[CPh,] [SiPh,] [GePh)] [SnPh,] [GePh)]
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Figure 9: Comparison of the DFT calculated
band structures of the molecular crystals of
the investigated tetra-pheny tetrels. The high-
symmetry points of the Brillouin zone are
shown in Fig. 1.

All the band structures show a very limited
dispersion, which is typical for molecular crys-
tals. Besides the fundamental band gap energy
(3.5eV to 4.5eV), several sub-gaps appear in
the valence band, which play a role in the linear
and non-linear optical response. The absolute
squared wave functions of the states associated
with the valence band maxiumum and conduc-
tion band minimum are shown representatively
for [(PhSi),] crystals in Fig. 10.

We note that the orbital character of the va-
lence band and conduction band edges of the



Figure 10: Absolute squared wave functions as-
sociated to the highest occupied band (lhs) and
to the lowest unoccupied band of [(PhSi),| crys-
tals as calculated with DFT-PBE. The projec-
tion on the ab plane is shown. Other [(PhX),]
tetrels do not substantially differ.

crystals strongly resemble those of the HOMO
and LUMO of the parent tetra-phenyl tetrel
molecules (see Fig. 8). The valence band maxi-
mum has the typical form of the m-orbitals and
is localized at the phenyl rings, while the con-
duction band minimum strongly resembles the
carbon p-orbitals.

Optical properties

Tetraphenyl crystals are transparent in a rather
wide range covering the visible and near in-
frared region (325nm to 1200nm)™ and are
thus intersting for a multitude of optical appli-
cations. Atomistic calculations allow to deter-
mine to which extent the optical response of the
molecular crystals is dominated by the intrin-
sic properties of the molecular constituents or
rather results from their interaction in the solid
state. We therefore discuss first the properties
of the single molecules and compare it with the
molecular crystals.

Linear optics

Figure 11 shows the dielecric function (imagi-
nary part, €;(hw)) as calculated for the tetra-
phenyl derivates from the eigenvalues and
eigenfunctions in the DFT-PBE independend
particle approximation (blue line) or by hybrid-
DFT (red line). The form of the dielectric func-
tion is roughly the same for all investigated
compounds, although the spectral features ap-
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pear blue shifted with increasing atomic num-
ber. This is not surprising, as the transitions
determining the optical answer are the same for
all compounds, even if they occur at slightly dif-
ferent energies.

~ CPh — PBE
- 4 — HSE06
?I L il 1 1 1 1 1 1 I 4 1 i i ]
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Energy [eV]

Figure 11: Comparison of the imaginary part
of the averaged dielectric function of the inves-
tigated tetra-pheny tetrels (single molecules) as
calculated within DFT-PBE and hybrid DFT.

The first adsorption peak roughly matches
the HOMO-LUMO energy difference. Due to
the localization of both states at the phenyl
rings, the corresponding transition probability
is rather high. Transitions involving higher
empty states lead to the further peaks.

As the geometry of the tetra-phenyl molecules
is not strongly modified upon crystallization, no
drastic differences in the dielectric function of
the single molecules and of the crystals are ex-
pected. The calculated dielectric function of
the tetra-phenyl crystals is shown in Fig. 12. It
strongly resembles in each case the correspond-
ing curve in Fig. 11, although spectral features
are less sharp, as the energy levels of the sin-
gle molecules become broader energy bands in
the crystals. Furthermore, appreciable differ-
ences are computed for the ordinary and ex-
traordinary optical axis, which become more
pronounced in the resonant region from C to
Pb, mirroring the differences in the ¢/a ratio



of the lattice parameters. The calculated ordi-
nary and extraordinary refractive index as well
as the birefringence are reported in Tab.4 for
a typical laser wavelength A=650nm (1.91eV)
in the (non-resonant) visible range. The calcu-
lated birefringence nicely reproduces available
experimental values?® are alsr reported in the
table (in parenthesis) for comparison.

Table 4: Ordinary (n,) and extraordinary
(ne) refractive index and birefringence
calculated within hybrid DFT for the
[XPh,] crystals at a typical laser wave-
length A=650 nm (1.91 eV). Experimental
values from Ref.?® are reported (in paren-
thesis) for comparison.

CPh4 SlPh4 GePh4 SnPh4 PbPh4

Mo 1.831 1.798 1.943 1.894 1.874
Ne 1.807 1.757 1.860 1.824 1.818
An | 0.024 0.041 0.082 0.070 0.055
(0.030) (0.036) (0.045) (0.083) (0.050)
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Figure 12: Comparison of the imaginary part of
the dielectric function of the investigated tetra-
pheny tetrels (crystalline phase) as calculated
within DFT-PBE and hybrid DFT. Solid and
dashed lines represent the ordinary and extra-
ordinary optical direction, respectively.

Besides the optical anisotropy, no features are
predicted in the calculations, which might sug-
gest the formation of new covalent bonds upon
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crystallization, so that the optical response of
the molecular constituents largely determines
the optical response of the molecular crystals.

The calculated dielectric functions are in good
agreement with the measured spectra. This is
shown in Fig. 13, in which the real part of the
dielectric function as measured by ellipsome-
try (exemplarly for PhSiy) and as calculated by
hybrid-DFT are compared. The measured val-
ues (a fit to the Sellmeier equations applicable
in the transparency region is shown) as well as
the calculated values are furthermore in agree-
ment with literature values.?

— HSEO06 calculation, ordinary axis .
— - HSEO06 calculation, extraordinary axis

— Ellipsometry measurement, ordianry axis

— - Ellipsometry measurement, extraordianary axis

2 3
Energy [eV]

Figure 13: Comparison of measured and cal-
culated dielectric function of [Si(Ph),| crystals.
See text for details.

On the basis of the dielectric function shown
in Fig. 12, linear optical spectra can be calcu-
lated. Figure 14 shows the absorption spectra
measured and calculated for XPh, in CHCl,
solution (lhs), and for [XPhy| crystals (rhs).
The spectral feature measured for the heav-
ier [XPhy| crystals at about 3.8¢V is related
to singlet-triplet transitions,®® which are dis-
cussed later in the manuscript for the single
molecules. The calculated optical absorption
edge is compatible with the measured curves,
although the calculated spectra appear slightly
red shifted. This could be due both to the sol-
vent (not considered in the calculations) con-
cerning the isolated molecules, or a consequence
of the typical underestimation of the fundamen-
tal bandgap within DFT. Yet, the satisfactory
agreement between theory and experiment fur-
ther corroborates the quality of the computa-



tional approach and confirms that, due to a
favorable error cancelation, the calculations at
the IPA level might correctly describe the opti-
cal response of the investigated system. Indeed,
the experimentally measured optical bandgap
of about 4.4€V is in good agreement with the
value calculated by DFT-PBE (see Tab. 3).

Single molecules Crystals
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Figure 14: Comparison of measured and
calculated optical absorption of XPh, single
molecules and [X(Ph),] crystals, for X = Si, Ge,
Sn, and Pb. The experiments are performed for
X(Ph), molecules in CHCl; solution. Optical
absorption in arbitrary units.

Additional insight into the optical properties
of the materials can be achieved by calculating
the low lying singlet and triplet excited states
of the isolated molecules, see Fig. 15. The low-
lying excitations for the various chemical sys-
tems are all moemi o excitations in which sim-
ilar orbitals are involved. These are presented
in the SI. For the singlet excitations, the over-
all trend for the different structures for the
low-lying excitations calculated with PBE and
PBEO agrees qualitatively. However, the ex-
citation energies calculated with PBE are un-
derestimated by 1.2eV to 1.5eV with respect
to PBEO. For the calculated triplet excitations
there is a strong spin contamination obtained
with the PBEO functional, so that only the PBE
results are used for the evaluation.

Figure 15 shows that the energy for the
first singlet excitation from Sy to S; in-
creases with increasing molecular weight
(C<Si<Ge<Sn<Pb). The second excitation
from Sy to Sy also increases from central atom
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C to Sn, but decreases again from Sn to Pb.
The third and fourth singlet excitations show
a nearly constant variation from C to Pb with
a small deviation from C to Si (PBEO). For
the spin-forbidden triplet excitations, the exci-
tation energies increase from C to Pb for the
three lowest excitations, and decrease from Sn
to Pb for the third excitation. The overall ex-
citation energies are slightly lower than those
of the corresponding singlet excitations.

Non-linear optics

As crystals belonging to the P42;c space group
lack inversion symmetry, non-linear optical
properties might be expected.! Indeed, tetra-
phenyl tetrels have been found to be SHG
sources and proposed as design elements in
crystal engineering. 28

Crystal of the tetragonal symmetry 4 = S,
have at most six distinct and non-vanishing
components of the Y tensor: 382

TYZ = Yz,
TTZ = YYz,

TRY = Y2,
2T = 2YY,

rzr = Y2y, (9)
2xY = ZYx.

We have explicitly calculated all the 27 ten-
sor components both within the frequency-
domain and within the time-domain with the
approaches described before. The two ap-
proaches are in excellent agreement and show
no qualitative difference. Therefore we only
show the results computed with the momentum
matrix approach. As expected, most compo-
nents are exactly zero due to the crystal’s sym-
metry, such as the zxx, yyy or the zzz compo-
nent. Other components are nonzero but van-
ishing small (i.e., < 0.001 pm/V), such as the
zrxr = zyy component. Six components are fi-
nite and of noticeable magnitude: zyxr = zxy
and xyz yxz x2y yzzx. The non-
equivalent zyx and xyz components are shown
in Fig. 16 for all investigated tetra-phenyl crys-
tals as a function of the incoming photon en-
ergy. They represent electric fields of the in-
coming light in y and x, as well as in y and z
direction, and outgoing photons of doubled fre-
quency ploarized in z and x direction, respec-
tively.
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Figure 15: Excitations of the single molecules for the different chemical compositions CPh,, SiPhy,
GePhy, SnPhy, and PbPhy. Left: the first four singlet excitations calculated on PBE-D3(BJ)/cc-
pVTZ level of theory, middle: the first four singlet excitations calculated on PBE0-D3(BJ) /cc-pVTZ
level of theory, right: the first three triplet excitations calculated on PBE-D3(BJ)/cc-pVTZ level of
theory. The corresponding vertical absorption spectra are given in the SI. S represents the singlet
states and T the triplet states. The designation S, S5, S5, etc., shows that the excitation takes

place from Sy to Si, Ss, S3, ete.

The zyx tensor component (red curve) of all
compounds shows a first peak between 2.0eV
and 2.5eV. The height of this peak generally
grows within the group 14 of the periodic ta-
ble, from a value of about 15 pm/V for CPhy to
about 45pm/V for PbPh,. This value has the
same order of magnitude of typical ferroelectric
crystals, and thus demonstrates the strong non-
linear optical response of tetra-phenyl tetrels.
In order to understand the origin of the first
peak of the spectrum, we plot the imaginary
part of the dielectric function e;(fw) (light
green curve) as well as the imaginary part of
dielectric function as a function of half photon
energy (green curve). The first SHG peak oc-
curs exactly at the position of the first max-
imum of ¢;(fw/2), suggesting a high efficieny
of the process doubling the frequency of two
photon with half bandgap energy. The maxi-
mum of the SHG signal of the zyx tensor com-
ponent (red curve) corresponds for all investi-
gated compounds roughly to the fundamental
gap energy, and is thus located between 4 eV
and 5eV.

The zyz component of the x® tensor (blue
curve) shows optical non-linearities of the same
order of magnitude of the zyx component and a
similarly diversified spectrum with several min-
ima and maxima. We observe that for both
components the minima of the SHG spectrum
might come close to 0 pm/V, thus the SHG ef-
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ficiency is strongly dependent on the frequency
of the incoming photons.

Concerning the third-order optical suscepti-
bilities, we find a similar magnitude and form
for the diagonal components of the ) tensor.
Therefore, we limit our discussion to the xxzx
and zzzz components. Figure 17 shows ex-
emplarily the calculated THG spectrum of the
SiPh,; compound, which is dominated by the
peak at about 1.5eV. This peak is as high as
about 1.5-10* pm?/V? and is, thus, very similar
to the THG calculated for optically non-linear
crystals such as LiNbO3. As shown in Fig. 17,
this peak is located at one third of the funda-
mental band gap of SiPh, and fits to the imagi-
nary part of the dielectric function for one third
photon energy. It is thus expected to be respon-
sible for the high efficiency of three photon res-
onances. The THG spectrum shows additional
features at higher energies. Though, they are
an order of magnitude smaller than the main
peak and are not further discussed.

Corresponding experimental data are shown
in Fig. 18. The upper panel shows exemplarily
for the SiPh, the good agreement of calculated
and measured SHG spectra for incoming pho-
ton energies between about 0.75eV and about
1.15eV. The theoretically predicted THG reso-
nance at about 1.5 €V is clearly visible in the ex-
perimental data, which are shown in the lower
panel of Fig. 18 (please, notice the logarithmic
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larizability tensor x(?(w) calculated in the IPA
with the momentum matrix approach for the
investigated tetraphenyl tetrels.
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Figure 17: zzxx and zzzz components of the
x® tensor as calculated for the [Si(Ph),] crystal
within the independent particle approximation
in the time-domain approach (blue line). The
imaginary part of the dielectric function (g;(w)
green curve) is shown for comparison as well.

scale). In this picture, the energy resolved in-
tensity of the detected light is displayed. The
first peak is related to the THG emission, while
the second peak is SHG.

Conclusions

The structural, dynamical, electronic and op-
tical properties of thetra-phenyl derivatives of
the group 14 elements C, Si, Ge, Sn and
Pb are investigated theoretically and exper-
imentally.  Calculations within the periodic
supercell method and (semi)local as well as
hybrid XC potentials are employed to deter-
mine the atomic and electronic structure of sin-
gle molecules and molecular crystals. Similar
HOMO-LUMO gaps and orbital forms are pre-
dicted for the different tetra-phenyl tetrels, al-
though the orbital contribution of the central
atom grows from CPh, to PbPh,. Electronic
gaps above 6 eV and optical gaps of about 4.5eV
are predicted for the single molecules. The re-
sults are in agreement with existing measure-
ments and previous calculations, and suggest
an almost complete compensation of electronic
self energy and exciton binding energy for the
lowest optical excitation.
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monic generation of [Si(Ph),| crystals. In the
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while the second peak is SHG.
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The linear and non-linear optical response
of the crystals are modelled wihin the fre-
quency domain and within the time domain,
and measured in specifically grown [XPhy| crys-
tals. According to our calculations, the op-
tical response of the crystals is largely domi-
nated by the parent molecules. No new covalent
bonds are created upon crystallization, which
qualitatively modify the spectral features of the
single molecules. The models correctly repro-
duce the measurements and predict a strong
non-linear optical response for all investigated
molecular crystals, which is of comparable mag-
nitude of largely employed non-linear optical
crystals such as LiNbOs.

As the optical properties of the tetra-phenyl
tetrels strongly resemble those of more com-
plex tetra-phenyl molecules such as [(PhSi),Sg],
it can be assumed that the central part of the
cluster has only a moderate role in the optical
response. This also holds for white light gen-
eration processes. For this reason, tetra-phenyl
tetrels are a good model system, which can be
employed to understand processes exploited in
more complex molecular clusters.
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