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The structure and electronic properties of polyhedral oligomeric silsesquioxane (POSS) cages functionalized
with different organic groups have been studied using density functional theory and time-dependent density
functional theory calculations. Accordingly, the POSS-T8 cage is quite rigid upon functionalization and thus
provides a means for spatially separating conjugated organic fragments, which is useful for the realization of
novel organic molecular architectures for light-emitting diodes. Moreover, electronic properties can be tuned
through the choice of functional groups and their positioning on or within the POSS cage. Attaching an
electron-donating group, such as 4-carbazolephenyl, to the silicon atom at the corner of the cage raises the
HOMO level, while attaching an electron-withdrawing group, such as 4-cyanophenyl, or inserting an inert
molecule, such as N2, into the POSS cage lowers the LUMO level. Frontier orbital analysis indicates that the
POSS cage is partially conjugated and serves a role as electron acceptor. Carrier transport rates are discussed
in the frame of Marcus’ electron hopping theory. On the basis of the calculated reorganization energies, these
POSS compounds can be used as carrier transporting or blocking materials, depending on the functionalization.
Exciton binding energies strongly depend on the spatial arrangement of frontier orbitals rather than on molecular
sizes.

1. Introduction

Today, various types of nanoscale building blocks, such as
carbon nanotubes,1,2 CdS nanowires,3-6 fullerenes,7,8 and poly-
hedral oligomeric silsesquioxanes (POSS) cages,9,10 can be
produced reliably and with high definition. These building
blocks serve as the basis for the molecular engineering of new
materials and devices with unique properties and functions.11

Among these designed materials, derivatives of POSS have been
widely used as end-cappers12,13 or pendant units14,15 to suppress
aggregation in conjugated polymers in order to enhance the
performance of organic light-emitting diodes (OLEDs). Re-
cently, Sellinger et al. have demonstrated that appropriately
functionalized POSS can be directly used in OLEDs as high-
efficiency emissive and hole-transport materials.16,17 However,
there are some problems regarding the use of POSS derivatives
as semiconductors in organic electronics. Foremost, the energy
gaps between highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of POSS and its
derivatives are normally too large to allow for semiconductor
behavior, because the silica core is not a traditional π-conjugated
structure. A possible way to tune the energy level of frontier
orbitals is functionalizing the POSS cube with organic groups,
thereby creating hybrid organic-inorganic building blocks. The
tunability of the energy gap is essential for multicolor elec-
troluminescence and photovoltaic applications. However, the
interactions between the silica core and the functional groups
and their effect on the electronic structure of the hybrid
molecules are not well understood. Therefore, theoretical studies
of POSS compounds to clarify how the functional groups affect

the optical or electrical properties of these compounds are
important in view of guiding the molecular design and synthesis
of new nanoscale building blocks for applications in organic
electronics.

First-principles studies of POSS systems are computationally
intensive because of the size of the molecules in question. As
a first endeavor, we therefore investigate the functionalized
derivatives of the most commonly used POSS system, i.e., the
cube-shaped H8Si8O12 (POSS-T8). Density functional theory
(DFT) and time-dependent density functional theory (TDDFT)18,19

were utilized to study the ground and excited electronic states
of these molecules to obtain an accurate and computationally
economical way of modeling electron correlation.20,21

2. Molecular Design and Computational Details

In this study, POSS-T8 served as the starting configuration,
to which we attached different functional groups in order to
tune the frontier orbitals of the POSS compounds, and achieve
organic-inorganic nanocomposites with controllable energy
gaps, carrier transport properties and exciton binding energies.
These functional groups included 4-cyanophenyl (Cy), which
generally acts as an electron-withdrawing group, and 4-carba-
zolephenyl (Car), an electron-donating group. These species
were attached to the outside corners of the POSS cube,
covalently bonded to silicon, to form Cy-POSS-T8 and Car-
POSS-T8 molecules, respectively. Furthermore, we inserted a
conjugated system, for instance an N2 molecule into the center
of the POSS cube, to influence the electronic structures of the
cage and to probe the chemical environment inside the cube.
We examined the electronic structures of hybrid molecules
resulting from various combinations of these species, including
POSS-T8-N2, Cy-POSS-T8, Car-POSS-T8, Cy-Car-POSS-T8,
and Cy-Car-POSS-T8-N2, a configuration with the electron-
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withdrawing and electron-donating groups attached to the silicon
atoms on opposite sides of the body diagonal with insertion of
N2 inside the cage. The structures of these molecules are shown
in Figure 1(A), in which the organic counterparts without the
cage are also included.

Calculations on the above molecules were performed using
Gaussian03.22 Preoptimizations of the molecules were carried
out using PM3 semiempirical quantum chemistry model.23 The
resulting molecular configurations were used as the starting
atomic coordinates for further optimization in the DFT frame.
We chose B3LYP as the exchange-correlation functional.24

B3LYP is a Hartree-Fock-DFT hybrid where the exchange
energy is explicitly calculated using a Hartree-Fock approach.
The molecular geometries were optimized in the Cartesian
coordinate system without any symmetry (maximum degrees
of freedom) using 6-31G* contracted Gaussian basis set with

polarization functions.25,26 The convergence criteria used in the
Berny optimization method27 required the maximum force, rms
force, maximum displacement, and rms displacement to be less
than 4.5 × 10-4, 3.0 × 10-4, 1.8 × 10-3, 1.2 × 10-3 au,
respectively (default values). TDDFT calculations were based
on the optimized geometries at the same approximation level,
i.e., B3LYP/6-31G*.

3. Results and Discussion

3.1. Ground State Geometries and Frontier Orbitals.
POSS-T8 has been widely investigated experimentally and
theoretically. Ample experimental data and first-principles
calculation results are available to test the reliability of the
methodology used in this work. A comparison of the calculation
results from this work and other theoretical results and
experimental data is presented in Table 1.

The optimized bond lengths and angles are in good agreement
with the experimental data and calculation results using other
methods. Specifically, the bond length of Si-O and Si-H are
a bit longer than the experimental data obtained from X-ray
diffraction and neutron diffraction. The reason might be that in
our calculations, the molecule is relaxed in vacuum, whereas
the experimental data are obtained for the condensed solid state.
Differences of bond lengths of Si-O between our calculations
and the experimental data are all less than 1.5%. For Si-H
bonds, the difference is about 1.0% when compared with neutron
diffraction results. For the Si-O-Si bond angle, the difference
between the calculations and experiment is less than 1.2%, and
those for the O-Si-O or O-Si-H angles are negligibly small.

The silica core is found to be quite rigid, as is revealed by
comparing the distance between two silicon atoms along body
diagonal before and after functionalization. In POSS-T8, this
distance is 5.473 Å. In the hybrid molecules, the spacing
between the diagonally opposed silicon atoms, to which an
organic group is attached in at least one or both cases, is always
larger than that in POSS-T8, but the differences are less than
2.7% (Table 2). The rigidity of the inorganic core in the de-
rivatives is likely to invoke three-dimensional arrangement of
these building blocks in an extended structure. This may help
to suppress the π-π stacking between planar conjugated organic
fragments attached to the core in solid state, because the organic
groups can only assume limited orientations relative to the cube.
This unique structural feature may help to prevent the quenching
of excitons by intra- and intermolecular interactions, which is
a major reason for lowering quantum efficiencies in OLEDs.12,32-34

The two nitrogen atoms in POSS-T8-N2 and Cy-Car-POSS-
T8-N2 are located in the center of the cage, lying on one mirror
plane of the cage, and are aligned with the two oxygen atoms
in this plane located on the diagonally opposed cube edges
(Figure 1(B)). The resulting orientation of nitrogen atoms inside
the cage is consistent with a previous high-level ab initio study.35

The distance between the two nitrogen atoms inside the cage
in POSS-T8-N2 is 1.0954 Å, which is a little shorter than the
bond length of 1.1055 Å in an isolated nitrogen molecule,
evaluated in the same approximation level. This implies that
the two nitrogen atoms are strongly bonded to each other as in
the N2 molecule. The bonded nature of the two nitrogen atoms
inside the cage preserves some electronic properties of nitrogen
molecule, which will be explained below. In Cy-Car-POSS-
T8-N2, the distance of the two nitrogen atoms inside the cage
is 1.0951 Å, almost the same as in POSS-T8-N2. The difference
in bonding energy of the nitrogen atoms in Cy-Car-POSS-T8-
N2 and POSS-T8-N2 is as small as 4.60 × 10-4 eV, as calculated
from B3LYP/6-31G*. To ascertain the minimal effect that

Figure 1. (A) Molecular structures of POSS-T8, its derivatives, and
the individual organic functional groups. (B) 3D view of optimized
structure of Cy-Car-POSS-T8-N2. C (black), H (white), O (red), N
(blue), Si (gray).
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functionalization of the POSS cage has on its inside chemical
environment, we also inserted the more polarizable HF molecule
as a probe. In Cy-Car-POSS-T8-HF, the distance of the hy-
drogen and fluorine atoms inside the cage is 0.9865 Å, while it
is 0.9418 Å in POSS-T8-HF. The difference in bonding energy
of the hydrogen and fluorine atoms in Cy-Car-POSS-T8-HF and
POSS-T8-HF is 6.6 × 10-2 eV. This indicates that the chemical
environment inside the cage is not much affected by the
functionalization with organic groups outside the cage; it is
mainly maintained by the cage itself.

The spatial arrangement of all the frontier orbitals were
determined for the ground state optimized geometries corre-
sponding to the singlet spin state for POSS-T8 and its deriva-
tives. The calculated HOMO-LUMO energies of those mol-
ecules are shown in Figure 2.

The HOMO energy is -8.47 eV and LUMO energy is 0.38
eV for POSS-T8. The HOMO and LUMO gap is 8.85 eV, which
is larger than the value of ∼7.1 eV calculated from DFT using
GGA-PW91 exchange and correlation functional with ultrasoft
pseudopotentials and a plane-wave basis set, reported by Lin
et al. for POSS-T8 arranged in a periodic crystal structure.36

The HOMO of POSS-T8 originates from the atomic orbitals
(AOs) of lone-pair electrons on oxygen atoms, which is also in
agreement with the previous reports.36,37

By comparing the HOMO and LUMO of POSS-T8 and Cy-
POSS-T8, we can see that functionalization of one corner of
the cage with the 4-cyanophenyl electron-withdrawing group
changes the HOMO energy by about 1 eV, from -8.47 to -7.44
eV, and the LUMO energy more dramatically, from 0.38 to
-1.82 eV. The electron density of the LUMO of Cy-POSS-T8

is mainly localized on the 4-cyanophenyl group (Figure 3). For
Cy-Car-POSS-T8, the value of the LUMO is similar to that for
Cy-POSS-T8, and the principal contribution is also from
cyanophenyl group.

However, the HOMO can be effectively tuned by an electron-
donating group. The HOMO energies of Car-POSS-T8, Cy-
Car-POSS-T8, and Cy-Car-POSS-T8-N2 are almost the same
(∼-5.5 eV). From Figure 3, we can see that all these HOMO
are localized in the 4-carbazolephenyl electron-donating group,
and share a similar electron density surface.

The HOMO of POSS-T8-N2 is very similar to that of POSS-
T8, i.e., the electron density is mostly localized on the oxygen
atoms. But the LUMO of the POSS-T8-N2 is completely
different from that of POSS-T8. In the latter case, the electron
density is distributed across all atoms, while the LUMO of
POSS-T8-N2 partially resides on the oxygen atoms, and for the
most part on the nitrogen atoms inside the cage. By comparing
the frontier orbitals of the nitrogen molecule and POSS-T8-N2,
it is clear that the LUMO of POSS-T8-N2 mainly consists of
the nitrogen π orbital confined to the inside of the cage. As
indicated above, the strong covalent bonded between the two
nitrogen atoms causes them to preserve the properties of the
individual nitrogen molecule instead of a loosely attached atomic
cluster. The value of LUMO of POSS-T8-N2 is 3.03 eV lower
than that of POSS-T8, reducing the HOMO-LUMO gap from
8.85 eV for POSS-T8 to 5.89 eV for POSS-T8-N2.

If the electron-donating and withdrawing groups are both
attached to the cage to form Cy-Car-POSS-T8, then the HOMO
and LUMO are localized on the two groups respectively and
the HOMO-LUMO gap reduces to 3.70 eV, corresponding to
the energy of near violet light. Finally, inserting N2 inside the
cage to form Cy-Car-POSS-T8-N2 does not change the HOMO
but changes the LUMO to localize mainly on the nitrogen atoms
inside thecage,as in thecaseofPOSS-T8-N2.TheHOMO-LUMO
gap is further reduced to 2.84 eV, which falls into the range of
visible spectrum.

The silsesquioxane cage is normally considered an insulator.
Recently, on the basis of experimental results, Sulaiman et al.
suggested that the cage can interact electronically with the
conjugation groups attached to the corner.38 Our calculations
directly confirm the above statement by comparing the HOMO
and LUMO energy gap of the Cy group taken individually with
that of the Cy-POSS-T8 hybrid molecule, or similarly, those of
Car and Car-POSS-T8. The HOMO-LUMO gap of Cy-POSS-
T8 is lower than that of Cy by 0.19 eV, while the HOMO-LUMO
gap of Car-POSS-T8 is, again, lower than that of Car by 0.23
eV. The silica cage in these molecules cannot be simply regarded
as a nonconjugated moiety. These organic-inorganic skeletons

TABLE 1: Selected Geometry Parameters of POSS-T8

bond length(Å) angle(°)

methods Si-O Si-H Si-O-Si O-Si-O O-Si-H references

DFT B3LYP/6-31G* 1.643-1.644 1.465 146.1-149.3 109.5-109.8 109.3-109.4 this work
HF 6-31G(d) 1.630 1.457 149.0 109.0 ref 28
DFT B3LYP/6-31G** 1.640 1.460 148.2 109.6 109.3 ref 29
X-ray diffraction 1.619 1.450 147.5 109.6 109.5 ref 30
neutron diffraction 1.623-1.626 1.459-1.463 147.25-147.45 109.14-109.53 109.07-109.77 ref 31

TABLE 2: Distance between the Silicon Atoms on Body Diagonal

POSS-T8 POSS-T8-N2 Cy-POSS-T8 Car-POSS-T8 Cy-Car-POSS-T8 Cy-Car-POSS-T8-N2

distance (Å) 5.473 5.483 5.481 5.492 5.500 5.623
deformation (Å) 0.01 0.008 0.019 0.027 0.15
deformation (%) 0.18 0.15 0.35 0.49 2.7

Figure 2. Calculated HOMO and LUMO of POSS-T8 and its
derivatives at the approximation level of B3LYP/6-31G*.
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are at least partially conjugated. We also find that the LUMO
of Cy-POSS-T8 is lower than that of Cy by 0.41 eV, and the
LUMO of Car-POSS-T8 is lower than that of Car by 0.33 eV.
The more negative LUMO of POSS derivatives in energy
compared with the individual organic semiconductor group by
itself reduces the electron injection barrier, indicating that the
silica core serves the role as electron acceptor, consistent with
the experimental findings by Feher et al.39

3.2. Reorganization Energy. Although the unique rigid
structures of POSS derivatives may make them good emitters
for OLEDs, the organic-inorganic partially conjugated skeleton
of these molecules might not perform well with regard to carrier
conductivity, which is essential for organic electronics. For
organic materials, the conductivity mechanism is normally
explained by hopping models. Two main models for the hopping
mechanism are often used in the literature, one is expressed by
the Miller-Abrahams equation and is valid for weak electron-
phonon interactions and at low temperature (far below room
temperature);40 the other one is Marcus’ theory, which is
applicable in the case of large electron-phonon coupling and
at higher temperature.41 Since organic molecules possess
intrinsic intermolecular and intramolecular vibrational modes
that are much stronger than usual electron-phonon coupling
in inorganic crystals,42 Marcus’ theory is more widely used in
organic materials research. On the basis of Marcus theory, the
conductivity of amorphous organic materials depends on the
electron (or hole) transfer reactions between two adjacent
molecules (hopping sites), represented by M1 and M2

for which the hopping rate can be described by Marcus’ electron
transfer equation:

where λ is the reorganization energy, Hda is the charge-transfer
integral, ∆G is the free energy change for the electron transfer
reaction, and T is temperature. In the case that the hopping

process occurs between identical molecules, ∆G is zero. The
charge transfer integral, Hda, is determined by the overlap of
wave function between adjacent molecules, which is determined
by the relative spatial overlap and patterns of the wave func-
tion.43 In amorphous organic semiconductors, molecular packing
is random. As a result, the hopping rate in the path of carriers
samples a distribution of intermolecular distances and orbital
overlaps and will likely converge toward similar values within
a few hops for molecules that possess similar structures and
electron density. Therefore, within a particular family of
molecules, Hda can be expected to constitute a less variable
quantity than the reorganization energy, which represents the
activation barrier originated from the configuration adjustment
of molecules during the charge transfer. The reorganization en-
ergy λ consists of inner reorganization energy and external
polarization due to the solvent effects of the surrounding me-
dium. The latter contribution is less important in solid state,
which is supported by recent theoretical results on charge trans-
fer in organic materials using inner reorganization energy.44,45

The reorganization energies are obtained by comparing the en-
ergies in the charged and uncharged optimized configurations,
for both the neutral and ionized states, as illustrated in Figure 4.
Accordingly, λ ) EA

B - EB + EB
A - EA, where EA

B is the energy
of the ion in the optimized uncharged geometry, EB is the energy

Figure 3. Electron density isocontours (0.02 au). Top: HOMO, bottom: LUMO. From left to right: POSS-T8, POSS-T8-N2, Cy-POSS-T8, Car-
POSS-T8, Cy-Car-POSS-T8, Cy-Car-POSS-T8-N2, and N2.

M1
+/- + M2 f M1 + M2

+/- (1)

ket )
2π
p

Hda
2

√4πλkT
exp(- (∆G + λ)2

4λkT ) (2)

Figure 4. Schematic illustration of the configuration adjustment during
self-exchange charge transfer reaction and the calculation of the internal
reorganization energy.
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of the ion in the optimized charged geometry, EB
A is the energy

of the neutral molecule in the optimized charged geometry, and
EA is the energy of the neutral molecule in the optimized
uncharged geometry.

To select suitable basis sets for calculating reorganization
energies, we carried out exploratory calculations on Cy and Cy-
POSS-T8 using various basis sets, and benchmarked the results
against those obtained with a very large basis sets such as
6-311++G(3df,3pd) for both geometry optimizations and single
point energy calculations. (see Supporting Information Figures
S1 and S2). Accordingly, calculations using the 6-31G* basis
set for both the geometry optimization and the single point
energy calculations yield reorganization energies that deviate
from these reference values by no more than 0.021 eV for Cy
and 0.081 eV for Cy-POSS-T8, which is acceptable judged
against the spread in the data reported in the current literature.
Using the 6-31+G* basis set for single point energy calculations
on geometries optimized in the 6-31G* set, reduces the
deviations to less than 0.012 eV for Cy and less than 0.048 eV
for Cy-POSS-T8. This improvement that may be justified
weighed against the additional computational cost, since it does
not affect the trend in our data. The calculated reorganization
energies for electron transfer (λ-) and for hole transfer (λ+) are
listed in Table 3 for both calculation approaches.

The data in Table 3 suggest the following trends. First, the
λ- values are larger than λ+ for all compounds. If we only
consider the activation energies for carrier hopping and neglect
the charge transfer integral, then these compounds are expected
to be better hole than electron transporters. For compounds with
the carbazole moiety, this is consistent with the well-known
fact that this molecular group is a good hole transporter. But
it is surprising that even for Cy and Cy-POSS-T8, λ- values
are larger than λ+, because they are supposed to be an elec-
tron transporter due to the electron-withdrawing characteristic
of the cyanophenyl group. Second, the reorganization energies
of the functionalized POSS compounds are generally larger than
the corresponding organic groups by themselves, except that
λ- for Cy-Car-POSS-T8 is slightly smaller than that of Cy-
Car. This general trend suggests that the energy associated with
the silica cage reconfiguration in these molecules during the
carrier hopping process may be quite large. On the basis of
comparing reorganization energies, these organic-inorganic
hybrid composites are not good carrier transporters compared
to the organic groups alone, assuming that the difference of the
charge transfer integral is negligible.

We are particularly interested in the charge transport proper-
ties of Cy-Car-POSS-T8-N2 because of its tremendously large
λ-. Since the HOMO of neutral Cy-Car-POSS-T8-N2 is mainly
localized on the π orbitals of the nitrogen atoms inside the cage,
electrons entering this molecule will prefer to be localized
around the nitrogen atoms. This will induce reconfiguration of
the nitrogen atoms and the rigid cage around them (see

Supporting Information). Indeed, the distance between the two
nitrogen atoms changes from 1.0951 Å to 1.1609 Å. The
difference in bonding energy of the nitrogen atoms in the neutral
and negatively charged molecules is 0.20 eV, as calculated using
B3LYP/6-31G*. In contrast, the distance between the two
nitrogen atoms inside the cage in a positively charged molecule
is 1.0950 Å, nearly identical to the value for neutral Cy-Car-
POSS-T8-N2, where it is 1.0951 Å.

On the basis of eq 2, if we disregard the difference in charge
transfer integrals for electron and hole transport, then the relative
hopping rate of holes versus electrons of Cy-Car-POSS-T8-N2

is about 1012∼1013. In fact, the LUMO of Cy-Car-POSS-T8-
N2 is mostly located inside the cage, which hinders the wave
function overlap of the LUMOs of neighboring molecules. This
leads to a small charge transfer integral for electron transport
compared to that for hole transport. The hole/electron hopping
rate ratio is expected to be even larger if charge transfer integrals
are considered. On the basis of our predictions, Cy-Car-POSS-
T8-N2 might be used as electron-blocking materials due to the
large electron transfer barrier. Electron and hole blocking
materials are widely used in organic light-emitting diodes to
enhance the quantum efficiencies.46-48 Normally, materials with
deep HOMO (high ionization potential) can be used as a hole-
blocking layer, while materials with high-lying LUMO (low
electron affinity) can be used as an electron blocking layer.49

For these materials, the blocking effects are due to high charge
injection barriers. Conversely, Cy-Car-POSS-T8-N2 would pos-
sibly be a compound whose electron blocking effect was due
to charge transport barriers rather than charge injection barrier.

3.3. Exciton Binding Energy. The exciton binding energy
(Eb) is another important quantity that determines the opto-
electronic properties in organic materials and devices.50 It is
directly related to the charge separation in organic solar cells
and hence, it is an important factor for the efficiency of the
cells.51 It also affects the quantum efficiency of OLEDs52

because the emissive singlet fraction of excitons in organic light-
emitting diodes depends on the exciton binding energy.53,54

Normally, the intermolecular interactions in amorphous organic
solids are not as strong as that in inorganic crystalline
semiconductors, so that the exciton is Frenkel type (the exciton
is localized in a single molecule) in organic materials, while is
Wannier-Mott type in inorganic materials.55 Recent time-
resolved spectroscopy investigation revealed that the primary
exciton generated from polycrystalline pentacene is Frenkel type,
before this excited state delocalizes to excimers.56 Hence,
calculation from gas phase molecules results in a reasonable
approximation for Eb of organic amorphous materials.

An exciton can be modeled as a two-electron system: one
electron is excited into a higher-energy orbital while leaving a
hole in a partially filled lower-energy orbital.57 Since the exciton
binding energy mainly originates from the Coulomb interactions
between the electron and hole,50 the spatial distribution of the

TABLE 3: Reorganization Energies of POSS Derivativesa

Cy-POSS-T8 Cy Car-POSS-T8 Car Cy-Car-POSS-T8 Cy-Car Cy-Car-POSS-T8-N2

λ- (eV) 0.939 (0.879) 0.383 (0.363) 0.829 (0.756) 0.370 (0.256) 0.454 (0.441) 0.515 (0.499) 3.16 (3.04)
λ+ (eV) 0.612 (0.621) 0.255 (0.253) 0.206 (0.204) 0.098 (0.100) 0.208 (0.210) 0.102 (0.104) 0.245 (0.229)

a Data not in parentheses are obtained from single point energy calculations using 6-31G* based on geometries optimized in 6-31G*. Data in
parentheses are obtained from single point energy calculations using 6-31+G* based on geometries optimized in 6-31G*.

TABLE 4: Exciton Binding Energy (Eb) of POSS Derivatives

POSS-T8 POSS-T8-N2 Cy-POSS-T8 Cy Car-POSS-T8 Car Cy-Car-POSS-T8 Cy-Car Cy-Car-POSS-T8-N2

Eb (eV) 0.987 1.01 0.611 0.678 0.618 0.643 0.181 0.426 0.305
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density of electrons in the LUMO and that of holes in HOMO
should be decisive. Therefore, a simple way to lower the exciton
binding energy is to separate LUMO and HOMO in space as
far as possible. In organic molecules, the HOMO is mainly
localized in electron-donating groups and the LUMO in electron-
withdrawing groups, as indicated in section 3.1. On the basis

of the above analysis, the exciton binding energy of Cy-Car-
POSS-T8 is expected to be the lowest in the POSS derivatives,
given that the HOMO and LUMO are well separated (Figure
3).

Experimentally determined exciton binding energies for
organic semiconductors normally range from 0.1 to 1.5 eV, and
even vary for the same compound due to variations in
experimental conditions reported by different research groups.
The estimation of Eb from theory can also be done using
different approaches, which has been discussed before.58 Here,
we will start from the common description of the exciton binding
energy in which Eb can be taken as the difference between the

Figure 5. (A) Molecular structures of POSS derivatives with fixed
electron-donating group and electro-withdrawing group attached to the
POSS cage while increasing the length of the side groups. Exciton
binding energies for these molecules are all equal to 0.181 eV. (B)
Electron iso-density contours (0.02 au), left: LUMO, right: HOMO.

Figure 6. (A) Molecular structures of POSS derivatives with electron-
donating group and electron-withdrawing group attached to the POSS
cage in different positions. The green arrows indicate the spatial
separation between HOMO and LUMO. (B) Electron iso-density
contours (0.02 au), left: LUMO, right: HOMO.
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electronic and optical bandgap energies.59 For small molecules
with localized wave functions, the electronic bandgap is
approximated as energy difference of HOMO and LUMO, while
the optical gap is taken as first excitation energy.58 The
calculations of the excitation energy are performed using
TDDFT at the same level as was used for the molecular structure
optimizations. The calculated exciton binding energies of the
POSS and POSS derivatives are listed in Table 4.

The calculated exciton binding energy for Cy-Car-POSS-T8
is much smaller than that for Cy-Car, because the POSS core
separates the electron-donating group and the electron-
withdrawing group, where the HOMO and LUMO are localized.
We also notice that Eb of Cy-Car-POSS-T8-N2 is larger than
Cy-Car-POSS-T8. A possible reason is that the LUMO for Cy-
Car-POSS-T8-N2 is localized on the nitrogen atoms inside the
POSS cage rather than in the cyanophenyl group. Thus, the
distance between the HOMO and LUMO orbitals is shortened.
It seems that Eb depends on the spatial distribution of HOMO
and LUMO rather than on molecular size, since the two
molecules in this case have the same spatial extents. To solidify
this speculation, we further compared Eb for molecules (I) with
different sizes in dimensions but similar HOMO and LUMO
distributions, and (II) with similar size but different HOMO and
LUMO distributions.

For (I), we design the molecules with the cyanophenyl and
carbazolephenyl groups attached to the opposite corners of the
POSS cube along the body-diagonal, i.e., at a fixed distance,
while attaching polyphenyl moieties with different lengths to
another pair of diagonally opposed corners of the POSS cube
(Figure 5). The number of benzene rings in the polyphenyl
moieties is varied from 0 to 4. Accordingly, the molecule lengths
range from 5.7 to 43 Å, measured along the polyphenyl moieties.
The distribution of the HOMO and LUMO are similar for all
these molecules, i.e., the HOMO is mainly localized in
carbazolephenyl group and the LUMO in cyanophenyl group.
Our calculated Eb for all these molecules are identical to that
of Cy-Car-POSS-T8, which is consistent with our conjecture.

For (II), we attached the cyanophenyl group and carbazole-
phenyl groups to different silicon atoms along body-diagonal

(Cy-Car-POSS-T8), face-diagonal (Cy-Car-POSS-T8-F), or the
same edge of the cube (Cy-Car-POSS-T8-E), so that the distance
between the electron donating and withdrawing functional
groups varies (Figure 6). For this series of molecules, we found
that Eb is closely correlated with the spacing between those two
types of organic functional groups in the molecule (Table 5).

Further analysis shows that Eb is proportional to the reciprocal
of the distance between electron donating and withdrawing
groups, where this distance was measured from the nitrogen
atom in the carbazole group to the center of the benzene ring
in the cyanophenyl group (Figure 7), which represent the spatial
separation of HUMO and LUMO. This proportionality originates
from the fact that the HOMO and LUMO mainly occupy a small
space in carbazolephenyl and cyanophenyl groups and are well
separated so that the interaction between the electron in LUMO
and the hole in HOMO can be estimated as the electrostatic
potential energy between two point-like particles,

where ε0 is electric constant, εr is dielectric constant, q1 and q2

are the charge of two particles, and r is the distance between
the two particles. For diffusive or severely overlapping HOMO
and LUMO (as in the case of Cy-POSS-T8 or Car-POSS-T8),
the proportionality between Eb and r does not hold because the
point-like approximation is no longer accurate. In these cases,
the interaction of electron and hole in HOMO and LUMO does
not simply depend on the molecule length any more, nor does
the exciton binding energy.

4. Conclusions

On the basis of studying the structure and electronic properties
of POSS-T8 and its functionalized derivatives using DFT and
TDDFT calculations, we can report the following findings:

(1) The inorganic core of the POSS-T8 is quite rigid. The
deformation of the POSS core upon functionalizing the corners
of the cube with organic groups and/or by inserting an N2

molecule inside the cage is very small. The rigidity of the POSS
cube may help to prevent the aggregation of planar organic
conjugated fragments, which is important in some organic
electronics devices such as OLEDs. The POSS derivatives
therefore constitute candidates for highly efficient emitters in
OLEDs.

(2) The POSS cage is partially conjugated and serves a role
as electron acceptor. The energy gap of POSS-T8 can be tuned
through functionalization. The HOMO and LUMO can be
independently controlled by attaching organic functional groups
or inserted inorganic atomic clusters, which provides the
flexibility to design molecules with targeted properties and for
specific applications. The energy range within which the
HOMO-LUMO gap can be tuned includes that of visible light,
indicating a potential application of POSS compounds for
OLEDs and organic solar cells.

(3) The reorganization energies of POSS derivatives are
generally larger than those of the organic functional groups taken
by themselves, implying that the hybrid organic-inorganic
molecules exhibit poorer carrier transport properties than their
organic counterparts. Unlike commonly used carrier blocking
materials due to a carrier injection barrier, Cy-Car-POSS-T8-
N2 may be used as electron blocking material due to its large
electron transport barrier.

TABLE 5: Exciton Binding Energy (Eb) of POSS
Derivatives with the Functional Groups Attached at Various
Positions in POSS Cage

Cy-Car-POSS-
T8

Cy-Car-POSS-
T8-F

Cy-Car-POSS-
T8-E Cy-Car

Eb (eV) 0.181 0.218 0.294 0.426

Figure 7. Correlation between the exciton binding energies and the
spatial separation of HOMO and LUMO. The red line is a linear fit.

UE ) 1
4πε0εr

q1q2

r
(3)
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(4) The exciton binding energy for Cy-Car-POSS-T8 is quite
small compared with Cy-Car because the POSS cage separates
the electron-donating and electron-withdrawing groups where
the HOMO and LUMO are localized. Further study of the
correlation between the exciton binding energy and molecular
structures indicates that Eb is closely related to the spatial
separation between HOMO and LUMO.

Although this investigation focuses on a specific POSS
system, the calculation results on the designed molecular
structures are expected to be applicable in a broader context
for organic molecular materials and organic-inorganic hybrid
structures that are useful for organic electronics.
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