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Relating the Physical Structure and Optoelectronic
Function of Crystalline TIPS-Pentacene

Sahar Sharifzadeh,* Cathy Y. Wong, Hao Wu, Benjamin L. Cotts, Leeor Kronik,

Naomi S. Ginsberg, and Jeffrey B. Neaton*

Theory and experiment are combined to investigate the nature of low-energy
excitons within ordered domains of 6,13-bis(triisopropylsilylethynyl)-pentacene
(TIPS-PEN) polycrystalline thin films. First-principles density functional theory
and many-body perturbation theory calculations, along with polarization-
dependent optical absorption spectro-microscopy on ordered domains, show
multiple low-energy absorption peaks that are composed of excitonic states
delocalized over several molecules. While the first absorption peak is com-
posed of a single excitonic transition and retains the polarization-dependent
behavior of the molecule, higher energy peaks are composed of multiple
transitions with optical properties that can not be described by those of the
molecule. The predicted structure-dependence of polarization-dependent
absorption reveals the exact inter-grain orientation within the TIPS-PEN film.
Additionally, the degree of exciton delocalization can be significantly tuned

by modest changes in the solid-state structure and the spatial extent of the
excitations along a given direction is correlated with the degree of electronic
dispersion along the same direction. These findings pave the way for tailoring
the singlet fission efficiency of organic crystals by solid-state structure.

1. Introduction

Organic semiconductors are a highly tunable class of inexpen-
sive, easily processable, and optically active materials that are
promising for next-generation photovoltaics and other opto-
electronics applications. While many organic materials have
varying degrees of disorder, crystalline films with long-range

order provide an opportunity to under-
stand many fundamental physical prop-
erties relevant to solar energy conversion.
Additionally, organic crystals are prom-
ising in their own right due to the efficient
carrier and energy transport properties
associated with their long-range order.

In particular, crystalline and polycrys-
talline films of pentacene (PEN) and its
derivatives have high carrier mobility
for charge transport (=1-10 cm?/Vs hole
mobility)! and significant photoconduc-
tivity.23] Moreover, PEN and many of its
derivatives display a propensity for singlet
fission (SF),*] a phenomenon that results
in greater than 100% internal quantum
efficiency in organic photovoltaics.
Numerous possible molecular functionali-
zations may modify solid-state structural
and optoelectronic properties.l Therefore,
elucidating the structure-property relation
is important for the design of new func-
tional molecular materials.

6,13-bis(triisopropylsilylethynyl)-pentacene ~ (TIPS-PEN),"]
shown in Figure 1, has recently attracted much interest. The
bulky groups functionalizing PEN enable solubility in organic
solvents and allow for solution-processing of polycrystalline
TIPS-PEN thin films with high carrier mobility and photo-
conductivity.>*7] While TIPS-PEN apparently retains optical
properties similar to PEN, its enhanced carrier mobility®l and
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Figure 1. a) Gas-phase molecule and b) bulk triclinic single-crystal struc-
ture of TIPS-PEN.II For the gas-phase molecule, we use the standard
notation such that the long-axis is along the aromatic backbone and the
short axis is perpendicular, connecting the functional groups. The a,b,c
crystallographic axes are as indicated in the figure.

increased air stabilityl® additionally improve its applicability
as an optoelectronic material. Importantly, the inter-molecular
structure of TIPS-PEN films is highly tunable via changes in
growth conditions, allowing for ready modification of charge
mobility”1%1! and SF efficiency.l'>°]

TIPS-PEN molecules crystallize in a brick-layer-type crystal-
line structure with adjacent molecules staggered in a face-to-
face manner;”! in contrast, PEN condenses in a herringbone
face-to-edge arrangement.'®! The brick-layer-type structure of
TIPS-PEN leads to a different degree and nature of m-orbital
overlap, resulting in direction-dependent carrier mobilities!'” 18l
and distinct solid-state electrostatics!'”l relative to PEN. The
nature of low-lying singlet and triplet excitations (i.e., excitons)
in TIPS-PEN, however, has yet to be determined.

In this study, we investigate the role of solid-state structure
on the excitonic properties of crystalline TIPS-PEN using spa-
tially-resolved polarization-dependent linear optical absorption
measurements, as well as ab initio density functional theory
(DFT) and many-body perturbation theory (MBPT). Previous
DFT-based studies of the optical absorption of TIPS-PEN have
focused on deriving information about the extended crystal
from calculations of finite systems such as the dimer?” or from
finite-sized cluster.’”! Here, we report new insight from what
we believe to be the first calculations on the extended crystal.
MBPT within the GW approximation and Bethe Salpeter equa-
tion (BSE) approach, a well-established methodology employed
in prior work to successfully predict optical properties of the
PEN molecule and crystal (e.g., Refs.?'%)) is used to quanti-
tatively explain experimental observations of polarization-
dependent optical absorption and to provide physical insight
into the excited states of TIPS-PEN. Our computed optical
absorption spectrum indicates that the different peaks in the
optical absorption spectrum are composed of multiple excitonic
transitions. Moreover, a spectro-microscopic approach is used
to experimentally probe the optical properties of single crystal-
line domains within polycrystalline films.[?°l Spatially-resolved
polarization angle-dependent absorption measurements reveal
that individual grains within the polycrystalline film have the
same crystal structure but different relative orientation. Our
quantitative calculations elucidate the relationship between the
polarization-dependence of the absorption and the solid-state
structure, allowing the determination of the relative orienta-
tion of an arbitrary pair of adjacent grains. Lastly, we analyze
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the two-particle wavefunctions of low-lying singlets to eluci-
date their spatial extent and anisotropy. We predict that, at zero
temperature, the spatial distribution of the four lowest energy
singlet excitons (at 1.7-1.8 eV) is quasi two-dimensional and
largely confined to the ab plane, with a delocalization length of
=3-6 molecules along directions of rm-orbital stacking, which is
correlated with band dispersion along these directions. These
calculations demonstrate that both short-range molecular and
long-range solid-state effects significantly influence the optical
properties of crystalline TIPS-PEN.

2. Experimental Section

Experiment: All measurements are performed on samples
consisting of TIPS-PEN molecules supplied by Aldrich and
used without further purification to prepare a 5 mg/mL solu-
tion in toluene. As described elsewhere,?®! this solution is
filtered (0.2 pm pore size) and dropcast onto clean glass sub-
strates on top of a hot plate held at =60 °C. To control the evapo-
ration rate, samples are covered with a petri dish after depo-
sition, yielding =600 nm-thick films with fingerlike domains
10-150 pm wide and up to hundreds of pm long. Samples
are then mounted face down onto large rectangular coverslips
and bulk linear absorption spectra are collected using a Cary
100 UV-Vis spectrophotometer. To perform polarized linear
absorption measurements, light from a tungsten lamp passing
through the monochromator of a Perkin Elmer Lambda 800
spectrometer is collimated and directed into a homebuilt optical
microscope. A polarizer is placed in the beam path to eliminate
any polarization effects introduced by the grating monochro-
mator, and a half-waveplate in a computer-controlled motorized
rotation mount (Newport) is placed after the polarizer to control
the polarization of the light incident on the sample. This lin-
early polarized light is directed through a 0.4 NA 10X Plan Apo
Leica objective onto the sample. The transmitted light is then
collected using an identical objective and imaged onto a CMOS
camera (Thorlabs DCC1545M). Using 10 degree polarization
increments and 4 nm wavelength increments, wide field trans-
mission images are collected from the sample and from a blank
microscope slide, enabling the determination of absorption as a
function of position within the field of view, light polarization,
and wavelength.

Computation: First-principles many-body perturbation theory
calculations are performed using the BerkeleyGW package,?’]
with the computational details following previous work.[2324
In short, we compute quasiparticle excitation energies via the
GW approximation,/?®l as a first-order correction to a density
functional theory (DFT) starting point, within the general-
ized gradient approximation of Perdew, Burke, and Ernzerhof
(PBE),*” and optical excitations by explicit inclusion of elec-
tron-hole interactions, via a BSE approach.% DFT-PBE calcu-
lations are performed using the Quantum Espresso package
which utilizes a planewave basis.?!] Nuclei and core electrons
are described by Troullier-Martins norm-conserving pseudopo-
tentials®? built using the default settings within the Quantum
Espresso Pseudopotential Library.*3! Here, 1, 4, and 4 electrons
are explicitly considered as valence electrons for H, C, and Si,
respectively, and the core cutoff radii are 0.5, 1.3, and 1.8 a.u,
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respectively. The planewave energy cutoff for the DFT calcu-
lations is 1088 eV and the Kohn-Sham orbitals of the crystal
are expanded in a k-point mesh of 4 x 4 x 2, sufficient to con-
verge the near-gap Kohn-Sham orbital energies to 0.1 meV. The
molecular geometries for both the gas- and crystalline- phases
are optimized within DFT-PBE. For computational conveni-
ence, calculations on the gas-phase molecule do not include the
methyl side groups attached to Si. This is an acceptable approxi-
mation for the low-energy excitations of the molecule because
we predict that within DFT-PBE, the frontier m-type molecular
orbitals of TIPS-PEN do not extend beyond the Si atom. The
methyl groups are included for all solid-state calculations. Addi-
tionally, because DFT-PBE does not capture weak dispersion
forces that dominate the inter-molecular interactions within the
crystal, the lattice vectors are set to the measured bulk values in
our calculations. TIPS-PEN crystallizes in a triclinic, P1 struc-
ture, with a slightly different thin-film and bulk single crystal
structure.l1134 We expect that the latter will be prevalent in the
majority of our films owing to their thickness. The bulk primi-
tive cell used here contains one molecule and has the following
lattice parameters: a = 15.39 A, b = 15.66 A, ¢ = 16.79 A, A =
103.5°, B = 88.0°, and y= 99.0°.”! All intra-molecular distances
are optimized within DFT-PBE. For our GW calculations, we
take a “one-shot” GoW,@PBE approach: the quasiparticle wave-
functions are assumed to be well-approximated by the DFT-PBE
Kohn-Sham states and the energies of these states are corrected
perturbatively. The total number of states used to build the die-
lectric function and self-energy are 4992 and 792 for molecule
and solid, respectively, spanning an energy range > 35 eV above
the highest occupied state. The dielectric function planewave
cutoff is 160 eV. Previous studies of prototypical organic semi-
conductors found that these parameters converged energy dif-
ferences of near-gap states to =0.02 eV.?3! To avoid spurious
interactions with periodic images, the gas-phase molecule is
placed in a supercell with lattice vectors twice the size neces-
sary to contain 99% of the charge density and the Coulomb
interaction is truncated at distances larger than half of the unit
cell size. The supercell dimensions are 59 x 60 x 20 a.u. for
the gas-phase TIPS-PEN. Subsequent to our GW calculations,
the BSE is solved within the Tamm-Dancoff and static approxi-
mations;?% with information from the solution of the BSE, we
further compute the complex macroscopic transverse dielectric
function, €(w) =€(w) + ie,(w). This function is related to the
absorption coefficient, o/(w) via the standard expression!*®)

w):Zw\/l/Z[—el(a))-F €1 () + €,(w)?] 1)

where o has units of energy (in atomic units). Additionally, we
compute the exciton wavefunction, (., t,), from the BSE as a
linear combination of single excitations from the ground state,
where one electron is promoted from an occupied to an unoc-
cupied state, and evaluate its spatial extent and distribution via
an electron-hole correlation function, F(r). As defined previ-
ously,? F(r) is the probability of finding electron and hole
separated by a vector r as

f(r)zjgd31h|‘//(fe=l'h+1'rrh)|2 @
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where r. and r, are the electron and hole coordinates, respec-
tively, and Q is the volume of a primitive cell.?*-38 As noted
recently,?*3% an electron-hole correlation function is convenient
for understanding the nature of the exciton within centrosym-
metric organic crystals. We note that even though the calcula-
tions are performed in a periodic system, F(r) is not periodic
because the unit cell is expanded in a supercell via k-point
sampling. Each quasiparticle wavefunction is lattice periodic;
however, y(r., 1,) is constructed as a summation of electron-
hole pairs with different wavevectors k and K, resulting in an
electron-hole correlation function that is not periodic. Our BSE
calculations include 14 occupied and 14 unoccupied bands for
both the gas-phase molecule and solid; parameters that con-
verge the energy of the first four singlet excited-states in the
gas- and crystalline- phase to within 0.01 eV. For the solid, a
real space 14 x 14 x 6 supercell is used to obtain convergence
of exciton wavefunctions and correlation functions. To compare
with measurements on thin films, we calculate €,(®) and o(w)
from Equation 1 for 18 different polarization directions within
the crystal. The polarization direction is systematically varied
stepwise by 10 degrees within the ab plane, going from the a
axis to the -a axis. For very thin TIPS-PEN polycrystalline films,
the molecules crystallize with the ab plane parallel to the plane
of the substrate.[*) We assume that this is also the case for the
films in this study and that the light incident on the sample is
normal to this plane. Therefore, the light polarization is varied
only within this plane. In order to reduce computational cost,
the transition dipole is computed via the momentum operator,
which does not account for the contribution of the non-local
component of the norm-conserving pseudopotential to the
oscillator strengths.3% We tested the accuracy of this approach
for obtaining €, against the use of the velocity operator, which
correctly describes the influence of the pseudopotential, for the
case of light polarized along the a and b axes and found no sig-
nificant difference. We compute the integral in Equation 2 as
a discrete sum over r,, with the hole sampled at 7 high hole
probability positions on one molecule within the 14 x 14 X 6
supercell. These positions are =0.5 A above the plane of the
PEN backbone at each symmetry inequivalent carbon atom.
For each hole position, F (r) is computed on an evenly-spaced,
dense grid with volume element 0.005 A3. Previous calcula-
tions on PENP4 found such a sampling to be sufficient for
describing F(r). We expect a similar convergence behavior for
TIPS-PEN because, like PEN, the frontier molecular orbitals
that contribute to low-energy excitons are m-type states arising
from linear combinations of C p, orbitals.

3. Results and Discussion

3.1. Relating Polarization-Dependent Optical Absorption and
Structure

Figure 2 compares the polarization-averaged measured and pre-
dicted optical absorption spectrum for crystalline TIPS-PEN,
with the calculations averaged over the ab plane. As noted in
the Experimental Section, TIPS-PEN molecules are expected
to crystallize with the ab crystal plane parallel to the substrate
and, therefore, incident light in the microscope will not couple
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Figure 2. Comparison of the polarization-averaged optical absorption
spectrum predicted for the bulk single crystal (black) and measured
within a polycrystalline film (red), showing six distinct peaks in the
absorption spectrum labeled 1-6 for both theory and experiment. The
spectra are normalized such that the integral within the interval shown is
1. The calculated absorption spectrum is averaged over 18 polarizations
within the ab crystalline plane (see text for details).

strongly to the [001] crystallographic axis. Within the visible
region, there are three distinct and narrow low-energy peaks
(labeled 1, 2, 3) in the measured spectrum at 1.8, 1.9, and
2.0 eV and three broad peaks (labeled 4, 5, 6) at =2.4, 2.8, and
2.9 eV. There is both qualitative and quantitative agreement of
the computed spectrum with experiment in that all the peaks
are predicted to be within 0.1 eV of experiment. However, there
is some discrepancy of the predicted linewidth at higher ener-
gies. This may be due to a limited accuracy of the GW/BSE at
energies above the fundamental gap or due to experimental
conditions such as finite temperature effects.

Figure 3a shows the result of spatially-resolved optical
absorption measurements on single domains within polycrys-
talline TIPS-PEN films. The measured optical absorption at 20°
in Figure 3a clearly shows two nearby grains labeled domains
1 and 2. We find that the polarization-averaged absorption spec-
trum within these domains is nearly identical (see top panel of

b)

a)

www.afm-journal.de

Figure 3b,c); the two adjacent domains can be distinguished
only by polarization-angle-resolved absorption, suggesting their
relative orientations are different. In this case, the orientations
are approximately orthogonal, as determined by the angles of
maximum absorption for the individual peaks in Figures 3b,c.

Figure 3d shows the predicted polarization-dependent
absorption spectrum of TIPS-PEN, with the calculations
restricted to the ab crystalline plane. Because the experimental
angle is measured with respect to the lab frame, the relative
angles between peaks and the breadth of their distribution can
be compared to the calculation. We have plotted the predicted
data to show the agreement visually with the measured data of
Domain 2 in Figure 3c. We find excellent agreement between
theory and experiment; Peak 1 strongly depends on the polari-
zation, whereas Peak 2 is far less sensitive. The strong polar-
ization-dependence of Peak 1 agrees with recently published
measurements. 20

Although one may expect that Peaks 2 and 3 are a vibronic
progression of Peak 1, the weak polarization dependence
of Peak 2, shown in Figures 3b,c, suggests that this peak is
unlikely to be solely the result of vibronic progression. Our
calculations confirm that there are contributions to these two
peaks that correspond to distinct electronic transitions.

The polarization dependence of Peak 2 can be explained by
means of further analysis of the computed variation of absorp-
tion for each contributing electronic transition. Figure 4 shows
the computed absorption as a function of polarization for the
transition associated with the first singlet excited-state (S;)
that corresponds to Peak 1, and transitions associated with the
three subsequent nearly-degenerate states (S,-S,4) that make up
Peak 2 (some peaks in the absorption are composed of multiple
states, an issue elaborated below). For the S; transition, the
absorption maximum is predicted to occur when light is polar-
ized along the ~-ab direction (purple in Figure 4) and the min-
imum is predicted along ~ab (orange). Interestingly, the S, and
S transitions have this same polarization dependence, while S,
is exactly out of phase, resulting in a weaker angle dependence
for Peak 2. Therefore, each of the three individual transitions
that spectrally overlap around 1.8 eV has a strong polarization-
dependent absorption, while their combination does not.

Thus far, we have restricted our analysis to the ab crystal-
lographic plane in order to compare with experiment. How-
ever, it is generally expected that the polarization-dependent
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Figure 3. a) Measured spatially-resolved optical absorption at 700 nm within
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the TIPS-PEN polycrystalline thin film examined here, at 20° polarization

within the lab frame. The two domains studied are labeled domain 1 and 2. Angle-dependence of optical absorption (a(®)) within Domains b) 1 and
) 2 is compared to d) theory with the polarization averaged spectrum ({o(®))) shown above each panel. The spectra in (b—d) are normalized such

that the integral within the interval shown is 1.
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Figure 4. Calculated polarization depdendence of the first four optical
transitions from GW/BSE (right), along with the crystal structure within
the ab plane (left). Polarizations along a (0°), b (99.0°), ab (49.5°), and
-ab (139.5°) are indicated with red, green, orange, and purple vertical
bars, following the color-coded arrows on the left. State T makes up the
first peak in absorption, while States 2-4 make up the second peak. The
absorption is normalized by the maximum in Peak 1.

spectrum of the crystal follows that of the molecule and the
molecular axes within the TIPS-PEN crystal are not confined
to the ab plane. The short molecular axis of the PEN backbone,
as defined in Figure 1, is directed along =~(0.4, 0.7, 0.6) crystal-
line direction, and the long axis is along =(0.6, 0.8, —0.1). For
the vectors within the ab crystalline plane that were considered
above, the maximum overlap between the molecular short axis
occurs at (—0.7, 0.6, 0) and the minimum at (0.5, 0.5, 0), con-
sistent with the highest and lowest absorption strength, respec-
tively. This suggests that the molecular axes do indeed play a
role in the polarization-dependence of absorption.

Figure 5 shows the computed imaginary component of the
dielectric function (e,) of both gas-phase molecule and crystal
for light polarized along the short and long axes of the PEN
backbone, along with a decomposition of the spectrum into the
singlet excited-state transitions. For the gas-phase molecule, our
calculated spectrum is composed of 3 transitions below 3.5 eV,
which result in 3 peaks in e, (with the second and third peaks

2 0.8
H 2+ » » Short axis
] i = |ONg axis
1.5 t
N
0.5
3 3.5

5 2 25
Energy [eV]

5 2 25 3
Energy [eV]

Figure 5. Imaginary component of the dielectric function (€,) of the iso-
lated molecule (right) and bulk crystal (left), for light polarized along the
short and long axes of the PEN backbone. The molecular axes are defined
as in Figure 1, with the long axis along the aromatic backbone. The dielec-
tric function is given in units of the vacuum permitivity, €. The top panels
show a line for each singlet excited-state transition that contributes to €,.
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having very low intensity). The first two transitions are strongly
coupled to light polarized along the short axis of the molecule,
indicating that the transition dipole moments of these excited-
states are also aligned with the short axis. The third transition
couples equally strongly to light polarized in both directions.

In contrast to the gas-phase, all but the first peak in the solid-
state spectrum are composed of multiple low-energy excited-
state transitions. Within organic crystals, the long-range order
and m-orbital overlap in the crystal result in the formation of
many nearly-degenerate excited-state transitions.*!l Beyond
2 eV, we predict that a continuum of excited states contribute
transitions to the crystal absorption spectrum. The first peak
couples strongly to light polarized along the molecule’s short
axis, while higher energy peaks do not show this molecular
nature.

In summary, our polarization-dependent studies suggest that
it is important to treat the solid-state environment in order to
understand the optoelectronic properties of organic crystals.
For crystalline TIPS-PEN, while the polarization-dependent
behavior of the first peak in the absorption spectrum does
indeed follow that of the molecule, higher energy peaks deviate
significantly from what would be predicted based on the mol-
ecule alone. The combination of predicted and measured angle-
dependent absoprtion spectrum may be utilized for the deter-
mination of inter-grain orientation between arbitrary grains
within a polycrystalline film.

3.2. Tuning Low-Energy Excitons by Solid-State Structure

The nature of the solid-state exciton and its degree of charge-
transfer character can influence its propensity for SF and its
diffusion properties throughout the crystal.l! Here, we analyze
the spatial distribution of low-energy singlet excitations within
the TIPS-PEN crystal via the analysis presented in Equation 2.
Such an analysis is important for understanding the behavior
of excitons in crystals: the periodicity of the crystal and the sym-
metries associated with it allow the electron and hole to exist
anywhere in the extended crystal; however, their relative motion
is correlated. Equation 2 computes the probability of finding
the electron and hole separated by some distance, r. It allows
us to describe the distribution, extent, and degree of charge-
transfer of a given exciton in terms of relative electron and hole
coordinates.

As mentioned above, F(r) is the probability of finding an
electron and hole separated by r. Figure 6 presents F(x,y) and
F(x,z), where the z and y axes are, respectively, integrated out of
F. The origin for both electron and hole is the same so that the
point r = 0 corresponds to electron and hole occupying the same
coordinates. The exciton amplitude decays at long distances as
shown in Figure 6a-d. Due to attractive Coulomb interactions
between electron and hole, there is negligible probability that
the distances between them will be very great. For S;, within the
xy plane, the high probability regions of F(x,y) for the lowest
energy exciton extend over ~3 nm along the y axis, corresponding
to a distribution over 3 molecules (Figure 6a). The exciton dis-
plays characteristics of charge-transfer, in that at the origin
where electron and hole would have maximal overlap, the prob-
ability is suppressed compared to the amplitude of F(x,y) at the

Adv. Funct. Mater. 2015, 25, 2038-2046
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Figure 6. The predicted electron-hole correlation function for the first four excited-states within bulk TIPS-PEN (labeled States 1- 4 in Figure 4), pro-
jected onto the xy and xz planes, with the corresponding crystal orientation shown to the right. While the methyl side groups of the TIPS-PEN molecules
are not shown in the schematic crystal drawing, they were included in the calculation.

coordinates (0,=1 nm) and (0,=—1 nm), which corresponds to the
electron and hole occupying nearest neighbor molecules. Along
the x axis, there is also a distribution of the exciton over =3 nm
(over 3 molecules), though the probability is lower than along y.
There is no delocalization along the z axis, due to the large inter-
molecular spacing introduced by the bulky functional groups
along this axis, suggesting that the exciton is largely confined to
the plane of the crystal parallel to the substrate.

For S;, the exciton is quasi one-dimensional in that F(x,y)
shows a strong preference for delocalization along the y-axis.
While S, is similar in nature to S; with slightly more delocaliza-
tion, S; and S, are delocalized along nearest and next-nearest
neighbors, as can be seen in Figure 6¢,d. Our calculations were
performed at zero temperature and it is possible that the exci-
tons at room temperature are more localized. However, the
exciton character, for example, direction and relative amount of
delocalization among different singlet states is likely preserved.

The spatial anisotropy of the exciton can be understood by
considering the high energy dispersion directions in the band-
structure,*? which are determined from the 7-orbital overlap. We
compute the quasiparticle energies associated with valence and
conduction states in TIPS-PEN along high symmetry directions in
k-space using the GW approximation as shown in Figure 7. The
large dispersion along the Z-N path is consistent with the lowest
two excitons’ delocalization along the crystal's b-axis. On the other
hand, the minimal dispersion from G to M (0, 0, 0.5) is consistent
with the lack of exciton delocalization along the crystal's c-axis.
Our calculations predict a large dispersion of the conduction band
(0.8 eV) and smaller dispersion of the valence band (0.15 eV).
These results are in good agreement with previous Hiickel-model
and DFT-based studies of the TIPS-PEN crystal.l'7-18]

Our current study, along with prior work on other
m-conjugated molecular crystals, indicates that the nature of
excitons within organic crystals is strongly structure-depen
dent,[?1-2>4440] and is highly sensitive to m-orbital stacking.
This suggests that the excitonic properties of TIPS-PEN
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can be modified for improved functionality because, as
mentioned in Section 1, the inter-molecular arrangement
of TIPS-PEN is highly tunable via changes in processing
conditions.7:10:11]

To gain further insight into the influence of inter-molecular
packing on the nature of the exciton, we explore the variations
in spatial profiles of the structure of a different PEN deriva-
tive, per-fluorinated PEN (PFP), where the molecules are in a
face-to-face configuration.*’”! Here, the nearest neighbor mole-
cules are offset along the molecular short axis, in contrast to
the TIPS-PEN structure where nearest neighbor molecules are
offset along the long molecular axis. This structure (shown in

|

-l

ok

1 1 1
1 l 1 1 l 1 1 1

' Y YIX X r M Z N NM M

Figure 7. Computed bandstructure of the TIPS-PEN crystal. The valence
states are shown in blue while the conduction states are in red. Zero
defines the top of the valence band. The high symmetry points are defined
following the convention found in another study.*3l The points Y|X and
N|M are (0.475, 0.446, —0.099) and (—0.01, 0.473, 0.387) in reciprocal
lattice coordinates, respectively. The highest dispersion direction in the
bandstructure is the path from Z (-0.5, 0, 0.5) to N (-0.5, 0.5, 0.5).
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Figure 8. a) PEN molecule in a face-to-face structure. b) Electron-hole
correlation function as the inter-molecular distance (labeled d) is varied
from 4.5 A through 4.95 A and 5.4 A.

Figure 8) is chosen because the m-orbital stacking is in one-
dimension, allowing us to modify the m-orbital stacking dis-
tance between two neighboring molecules in our calculations
by straightforward isotropic change of the crystal volume. PEN
molecules are placed in the crystal structure of PFP and the
unit cell vectors are set to 1.0, 1.1, and 1.2 times that of PFP,
resulting in an intermolecular separation of 4.5 A, 495 A, and
5.4 A, respectively and m-orbital stacking distance (defined as
the shortest distance between two nearest neighbor molecule)
of 3.2 A, 3.5 A, and 3.8 A, respectively.*®!

As shown in Figure 8, the lowest energy exciton for PEN in
this PFP lattice has a one-dimensional character, consistent
with the direction of m-orbital overlap; and the delocalization
is highly dependent on inter-molecular distance. As the inter-
molecular distance is increased from 4.5 A to 4.95 A and 5.4 A,
the exciton delocalizes over 7, 5, and 3 molecules, respectively.
This result suggests that the exciton delocalization for PEN
derivatives is significantly affected by the solid-state structure.

PEN derivatives are of particular interest for organic photo-
voltaics because they undergo SF, which is thought to occur in
part because it is either a resonant process, i.e., the energy of
the lowest energy singlet is roughly equal to twice that of the
triplet or that any excess energy from downconversion is able to
be dissipated in the lattice. 13144952 Additionally, it is expected
that either the optically excited state has a charge-transfer char-
acter or that there exists an intermediate charge-transfer state
to mediate SF.l Recent measurements on PFP suggest that
m-orbital overlap is also necessary for efficient SF.[¢]

Table 1 shows the calculated singlet and triplet energies for
TIPS-PEN and the PEN in the PFP structures studied in this
work. For TIPS-PEN, we find that it is energetically neutral
to convert one singlet to two triplets, consistent with recent
observations of SF.[1>2033] For the three PEN-in-PFP structures
studies, SF is either energetically neutral or favorable. As the
inter-molecular spacing is increased for PEN-in-PFP, the SF
process becomes more energetically favorable (i.e., S;-2T;
increases). However, as the inter-molecular spacing increases,
the predicted degree of charge-transfer decreases, which is
believed to be less favorable for SF. The loss of charge-transfer
character is visually apparent in Figure 8 and can be quantified

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterlalsVIews.com

Table 1. Computed GW/BSE lowest singlet (S;) and triplet (T;) ener-
gies, as well as the energy difference between one singlet and two tri-
plets, in eV, in TIPS-PEN and in face-to-face ordered PEN (PEN-in-PFP)
with variable inter-molecular distance given in parentheses.

S T Sy - 2T,
TIPS-PEN 1.7 0.85 0.0
PEN-in-PFP (4.5 A) 1.0 0.5 0.0
PEN-in-PFP (4.95 A) 1.7 0.7 0.3
PEN-in-PFP (5.4 A) 2.1 0.8 0.5

by a simple estimate of the degree of charge-transfer. We calcu-
late this quantity as the percentage of F(r) contained within a
volume corresponding to one molecule.? Within this approxi-
mation, the degree of charge-transfer of the lowest energy
exciton varies between 57% at 4.5 A to 24% at 5.4 A separation
for the face-to-face ordered PEN crystals studied here.

As noted in previous studies,?*?! there are competing
energy scales that modify the character of the exciton: electron-
hole Coulomb-like interactions localize the exciton; m-orbital
overlap delocalizes the exciton; and repulsive exchange induces
charge-transfer. As the inter-molecular distance increases, the
exciton tends to localize because of the poor m-orbital overlap,
concomitantly suppressing charge-transfer character. Because
the degree of charge-transfer character has been connected to
the efficiency of SF, our calculations suggest that morpholog-
ical control could be used to tune SF in organic crystals. In par-
ticular, the tunablility of the inter-molecular structure of TIPS-
PEN should allow for optimization of its SF efficiency via the
solid-state. The relationship between solid-state morphology
and singlet fission efficiency has been recently noted in several
studies, [13:46,54,55]

3.3. Gap Renormalization and Physical Structure

Lastly, we address the difference in solid-state polarization
between PEN and TIPS-PEN, which has been recently meas-
ured and calculated.'>°®>7] Table 2 presents the computed
TIPS-PEN gas-phase and bulk crystalline fundamental gap, that
is, the electron addition-removal gap. The gas-phase gap (which
is equal to the difference between the molecule’s ionization
energy and electron affinity) of 4.0 eV in TIPS-PEN is 0.5 eV
smaller than the 4.5 eV predicted for PEN within the same level
of theory.[?3] This can be explainedf by the additional delocaliza-
tion of molecular orbitals along the C-C triple bond of the side
group. In the crystalline TIPS-PEN, the fundamental gap is also
slightly smaller than predicted for PEN (by 0.1 eV).

It is well understood that the energy to add or remove an
electron from a molecule decreases when the molecule is in a

Table 2. Computed GW fundamental gaps for TIPS-PEN and PEN in the
gas- and crystalline- phase, in eV.

TIPS-PEN PEN3I
Gas-phase 4.0 4.5
Crystal 2.1 22
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polarizable environment, leading to energy level renormaliza-
tion and reduction of the fundamental gap.”® It is also well-
known that this effect is well-captured by the GW approxima-
tion.P% When compared with the gas-phase, the solid-state
ionization energy will be reduced and the electron affinity
increased, respectively, by the energy of electronic polarization
upon injection of a positive charge (P,) or negative charge (P_)
into the crystal. If for simplicity, we assume that P, ~P_ ~P, the
solid-state gap, F*°), is then determined from the gas-phase gap,
E™ol, as Fol = Fmol — 2P, Here, the value of P extracted from
GW is 0.95 eV for TIPS-PEN, which is 0.2 eV smaller than a
similar level of theory predicts for PEN.[23]

The reduction of solid-state polarization upon function-
alization in TIPS-PEN can be understood from the increased
inter-molecular separation compared to the PEN crystal. Recent
measurement of P, suggest that this value is larger in TIPS-
PEN than in PEN by 0.25 eV for crystals and 0.4 eV for more
amorphous structures,’®>’] in good agreement with our predic-
tion of 0.2 eV and a recently predicted value of 0.4 eV.[")

4, Conclusions

In summary, we have combined spatially-resolved optical
absorption measurement with the first ab initio excited-state
calculations of solid-state TIPS-PEN, a promising candidate
organic optoelectronic material, in order to understand the
relationship between its optical absorption properties and
solid-state  structure. Angle-dependent optical absorption
measurements and calculations were used to understand the
strong dependence of absorption strength on the polarization
of incident light, and to understand the deviation of polariza-
tion angle-dependence from that of the isolated molecule.
We demonstrated that a combination of ab initio theory and
experiment can be utilized to determine the exact relative ori-
entation between different grains of polycrystalline thin films
and to understand the role of relative domain orientation in
the behavior of excitons. Additionally, we determined that the
lowest energy exciton in the bulk is delocalized, extending over
nearest neighbor molecules within the crystal (=3 nm), and is
contained within the ab crystallographic plane. We predict that
the properties directly applicable to singlet fission—singlet-
triplet energy splitting and the degree of delocalization and
charge-transfer character of the singlet exciton—are highly tun-
able via change in m-orbital stacking, suggesting that solid-state
structure can be tailored to optimize singlet fission with suit-
able functionalization or growth conditions.
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