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ABSTRACT: We examine the properties of six recently
synthesized rubrene derivatives (with substitutions on the side
phenyl rings) that show vastly different crystal structures. In
order to understand how packing in the solid state affects the
excited states and couplings relevant for singlet fission, the
lowest excited singlet (S;), triplet (T,), multiexciton (TT), and
charge-transfer (CT) states of the rubrene derivatives are
compared to known singlet fission materials [tetracene,
pentacene, S,12-diphenyltetracene (DPT), and rubrene itself].
While a small difference of less than 0.2 eV is calculated for the

Amorphous

S, and TT energies, a range of 0.50 to 1.2 eV in the CT energies and nearly 3 orders of magnitude in the electronic couplings are
computed for the rubrene derivatives in their crystalline packings, which strongly affects the role of the CT state in facilitating SF.
To rationalize experimental observations of singlet fission occurring in amorphous phases of rubrene, DPT, and tetracene, we use
molecular dynamics (MD) simulations to assess the impact of molecular packing and orientations and to gain a better
understanding of the parameters that control singlet fission in amorphous films compared to crystalline packings. The MD
simulations point to a crystalline-like packing for thin films of tetracene; on the other hand, DPT, rubrene, and the rubrene
derivatives all show various degrees of disorder with a number of sites that have larger electronic couplings than in the crystal,
which can facilitate singlet fission in such thin films. Our analysis underlines the potential of these materials as promising
candidates for singlet fission and helps understand how various structural motifs affect the critical parameters that control the

ability of a system to undergo singlet fission.

B INTRODUCTION

Singlet fission (SF) is a process that occurs in a limited set of
molecular systems where a singlet excited state splits into two
triplet excitations of about half the energy of the first excited
singlet state." SF has recently attracted a great deal of interest
because of its potential to overcome the maximum limit of
photoelectric conversion efficiency in conventional photo-
voltaic cells.”~* SF has already been successfully harnessed in
device applications, with an internal quantum efficiency near
200% realized in some cases.””® Materials reported to
undergo SF with triplet yields above 100% now include
oligoacenes,” " functionalized acenes [e.g, triisopropylsilyle-
thynyl (TIPS) pentacene'>'® and aza-pentacene, ™" and
covalently linked acenes'®'”], heteroacenes,'® carotenoids,'”*°
diphenylhexatriene,”’ perylenediimide (PDI),** diketopyrrolo-
pyrrole derivatives,”® and diphenylisobenzofuran.”* As is the
case in these materials, efficient SF requires that the first triplet
excitation energy [E(T,)] is approximately half the energy of
the first excited singlet state [E(S;)] (ie, AEg = E(S;) — 2 X
E(T,) ~ 0) for the conservation of energy.' In addition to the
optimization of the relative energies of excited states, the
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electronic couplings between neighboring molecules in the
solid state are an important consideration in the design of
materials for rapid and efficient SF.

A key (but difficult to observe) intermediate in the SF
mechanism is the multiexciton (TT) state, a correlated triplet
pair at approximately 2 X E(T,) that facilitates a spin-allowed
(thus, highly rapid and efficient) conversion from a spin-singlet
exciton into two spin-triplet excitons.”>>* The magnitude of
the coupling between the initial S, and TT determines whether
the SF mechanism occurs directly as a two-electron process or
as consecutive one-electron processes mediated through higher-
lying charge-transfer (CT) states.”” ™"

Two-electron couplings have been noted to play a role in
model dimers of PDI in displaced cofacial packings with an
interplanar distance of 3.5 A; such dimers have a significant
overlap of the molecular backbones, and thus, the potential for
much larger one- and two-electron couplings.‘?’z’33 In contrast,
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there is general agreement in the literature on the mechanism
of intermolecular SF that for most materials the CT states play
a critical role in mediating the coupling between the singlet
state (populated upon photon absorption) and the TT
state.””*"**%° Several theoretical investigations on crystalline
pentacene have found a significant degree of CT character in
the S, state, which could facilitate the SF process.”’ "%
Large electronic couplings between the CT and TT states
(~100 meV)**3%335 effectively increase the strength of the ;-
TT coupling, a feature rationalizing the fast formation of the
TT state observed experimentally for crystalline pentacene.”>*”
A recent joint theoretical and experimental study of several
acenes and acene derivatives with different crystalline packings
indicated that the SF rates in these materials vary by up to 2 to
3 orders of magnitude, an effect related to the degree of
coupling between the neighboring molecules and the CT
character in the S, state.”” For nanoparticles of pentacene
derivatives with various side-group substitutions, an increasing
CT component in the S; state was linked to a large exciton
delocalization that facilitated efficient SF in these materials.*'
The sensitivity of the degree of CT character in the excited
state and its dependence on the molecular orientation and
packing have been underscored in a recent study of covalently
constrained terrylenediimide (TDI) dimers; it was found that
SF was promoted for specific displaced cofacial configurations
because of efficient mixing of local and CT states.”” We note
that the CT-mediated SF mechanism has motivated the design
of oligomers and polymers with separate electron-rich (donor)
and electron-poor (acceptor) segments that have a significant
CT character present in the excited state and undergo efficient
intramolecular SF.**** In this contribution, we examine the
interplay between the molecular conformations and packings
and the coupling of the S; and CT states on the SF rates in
rubrene and several rubrene derivatives.

Recently, rubrene, a tetraphenyl tetracene derivative, has
been the focus of many spectroscopy studies to determine
whether it sustains SE.*7>" In fact, SF was determined to be
the dominant decay channel of the singlet excited state in
rubrene single crystals on the picosecond time scale,*>'~>?
with the SF process expected to be slightly unfavorable due to
an AEg value of —0.07 eV (as determined from the singlet
energy [E(S;)] of 2.21 eV, measured from the fluorescence
maximum for crystalline rubrene,”*>** and the adiabatic triplet
energy [E(T,)] value of 1.14 eV). A different picture is
obtained for the SF driving force in crystalline rubrene when
the vertical E(S,) energy of 2.32 eV is considered, which leads
to a AEg value of +0.04 eV.>>™7

A large range of SF time scales in tetracene (10—100 ps)
have been reported depending on the media.’®***" In
disordered films of the tetracene derivative 5,12-diphenylte-
tracene [DPT], whose crystal structure shows 7-stacking similar
to rubrene, a triplet yield of 122% has been measured with two
time scales of 1 and 100 ps.13 For amorphous rubrene films, a
much slower SF time scale of about 200 ps has been observed
compared to the ps time scale of SF in rubrene single
crystals, 00!

In order to elucidate the impact that the interplay between
packing and electronic coupling has on SF, we investigate the
relative excited-state energies for a series of rubrene derivatives
that have been recently synthesized®> and compare them to
experimentally known SF materials (e.g,, pentacene, tetracene,
DPT), see Figure 1. It is useful to recall that rubrene is a
benchmark material in terms of high charge carrier mobility for
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Figure 1. Molecular structures of the systems considered in this study:
tetracene (I); 5,12-diphenyltetracene (II); 5,6,11,12-tetraphenyltetra-
cene (rubrene, 1); and rubrene derivatives (2—7).

an organic semiconductor;*” this is due in part to the very large
intermolecular couplings between the highest occupied
molecular orbitals (HOMO), which we define as t;, on the
order of 100 meV between neighboring z-stacked molecules in
the single crystal.®”® Key to the understanding gained in this
work, the recently published rubrene derivatives show a large
variation in the intermolecular electronic couplings due to the
loss of the z-stacking of crystalline rubrene upon functionaliza-
tion.” Therefore, these materials provide an ideal platform to
analyze the interplay between the relative energies of E(S;)
versus 2 X E(T,), E(CT), and the electronic couplings in the
solid state.

We start with an analysis of the single-molecule state energy
matching condition for SF of AEg: & 0, which is an energetic
criterion essential for the conservation of energy.” We then
extend our study to understand the bulk crystalline and
amorphous packings of the molecules of interest using
molecular dynamics (MD) simulations and compare with
experimental results. The resulting bulk packing and
orientations within the amorphous phase are further explored
to quantify the impact of intermolecular orientations on the
ability of these materials to undergo SF.

B METHODOLOGY

Neutral ground-state optimizations were carried out with Gaussian 09
using the long-range corrected density functional theory (DFT)
functional @B97% and the cc-pVDZ basis set.”” The vibrational
frequencies of the optimized geometries were analyzed to ensure a
minimum had been reached. The range-separation parameter of @B97
was tuned self-consistently using the IP-tuning procedure by
minimizing the difference between the highest occupied orbital
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Table 1. Comparison of IP-Tuned @B97/cc-pVDZ Optimized aT,; and Vertical vS; Excitation Energies for the Planar and

Twisted Gas-Phase Geometries”

planar twisted
system AE 0 aT, vS, E(S;) — 2XE(T,) AE 0 aT, vS, E(S;) — 2XE(T,)
rubrene +0.12 0 L11” 2.34" +0.12 0.00 388 1.06" 2.25 +0.13
2 +0.12 0 1.11 2.32 +0.10 0.00 39.7 1.06 2.22 +0.10
3 +0.12 0 1.11 2.32 +0.10 0.00 39.2 1.06 222 +0.10
4 +0.12 0 1.11 2.29 +0.07 0.00 38.8 1.0S 2.20 +0.10
S +0.13 0 1.07 2.31 +0.17 0.00 36.8 1.06 2.25 +0.13
6 +0.11 0 1.11 2.34 +0.12 0.00 38.6 1.06 222 +0.10
7 +0.11 0 1.12 2.34 +0.10 0.00 37.3 1.07 2.24 +0.10
tetracene - 0 1.29¢ 2.75¢ +0.17 - - - - -
DPT - 11.0 1.23 2.544 +0.08 — - — — —
pentacene - 0.00 0.88° 2.20° +0.44 - - - - -

“The relative energy difference between the planar and twisted geometries (AE) is also provided. All energy values are in electronVolts, and the
dihedral angle, 6, values are in degrees. bExp. rubrene S; = 2.35 eV (solution)*>*® and S, = 2.36 eV (rubrene dispersed in a polymer matrix);”* Exp.
T, = 1.14—1.15 and 1.04—1.05 €V (solution).***”?*** “Exp. tetracene S, = 2.63 eV (solution); T; = 1.28—1.30 and 1.35 (solution) and 1.25 eV (thin
film).”*=¢ dExp. DPT S, = 2.4 €V (thin film)."* “Exp. pentacene S; = 2.19—2.28 eV (frozen matrix)” and 2.31 eV (gas phase);”' T, = 0.86 eV

(crystalline)”® and 0.95 eV (solution).””

cigenvalue and the computed ionization potential,”**” which has been
shown to dramatically reduce the delocalization error present in
standard DFT methods.”’~”* The tuned values are given in Table S1.

On the basis of what has been proposed by Smith and Michl' and
employed previously,”*>** the state electronic couplings are
computed in the one-electron picture from orbitals on separate
molecules: the HOMO—HOMO (t;;;) and LUMO—-LUMO (t;)
electronic couplings approximate the S;—CT state couplings (f5,_cr)

and the HOMO—-LUMO (t4;) and LUMO—HOMO (t;;;) couplings
approximate the CT-TT state couplings (tcr_rr) (see Scheme 1). The
one-electron electronic couplings are then combined to describe state

2 2
coupling according to the following expression: tg_cr = %

2 2
and top_pp = 1/%. The complete expressions for the matrix

elements are given in ref 1. This conveniently defined approach
removes the sign of the couplings and the asymmetry of the S,
energies that results from inequivalent molecules in the unit cell of the
crystalline structure; this feature has previously resulted in a large
energy difference in the CT states for pentacene because of the
different alignments of the two crystalline monomers.””** While these
expressions also neglect the phase relationship between interacting
molecular orbitals and the possible role of symmetry and coherence
effects on SF, they provide reasonable, approximate couplings for
disordered systems with localized excitations. Similar to previous
studies, we also ignore the direct two-electron couplings that are
negligible in comparison to the one-electron couplings. Although the
m-stacked rubrene derivatives have large electronic couplings from
significant overlap of the HOMO and LUMO orbitals, the twisted
rubrene derivatives show negligible couplings and are therefore
expected to have vanishing direct two-electron couplings. The two-
electron couplings in crystalline rubrene have been previously reported
to be negligible for the 7-stacked material (0.0 meV)’*”® as a result of
symmetry; however, closely packed materials where one-electron
couplings can have large fluctuations with slight displacements are
instances where the two-electron couplings might be important.*>**

It should be noted that the IP-tuning procedure used here
effectively changes the amount of Hartree—Fock exchange in the
functional, which affects the magnitude of the computed couplings and
could lead to somewhat inconsistent values.”® Therefore, the
semiempirical ZINDO method is used instead to compute the
electronic couplings based on the wave function overlap between the
frontier orbitals.”’

To gain understanding of the solid-state packing and to compare
with available experimental data, MD simulations are performed for
distinct amorphous and crystalline conditions using the OPLS-AA
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force-field parameters”®’” with the GROMACS 4.5.4°”*! package. In
all simulations, the focus is on establishing the connection between
packing and the magnitude of the electronic couplings. Therefore, the
dihedral angle between the substituent phenyl groups and the
tetracene backbone in 5,12-diphenyl tetracene (DPT) and rubrene
(1) are modeled usinx% the recently developed parameters within the
OPLS-AA force-field.”” Amorphous bulk structures are generated by
randomly placing 1000 [S00] molecules for tetracene [DPT, rubrene,
and rubrene derivatives] in a large simulation box at densities
corresponding to less than 0.1 g/cm’. This is followed by 1 ns of
simulation in NVT [constant number of particles (N), volume (V),
and temperature (T)] ensemble at 1000 K. Consequently, we perform
simulations in the NPT ensemble until the density equilibrates for at
least 2 ns; only the last 2 ns of the simulation trajectories after the
density equilibrations are then used to compute the relevant structural
properties. In this study, we try to gain an understanding of the
structural differences between the acenes in the amorphous versus
crystalline regions. However, our procedure to simulate amorphous
bulk systems neglects the interfacial effects in the first few molecular
layers observed experimentally for deposited thin films.** Simulations
of the periodic rubrene crystal® were also performed with 600
molecules in a box of 7.99 X 7.14 X 7.11 nm® in order to compare the
intramolecular twist of the backbone and intermolecular orientation
for the crystalline structure with amorphous packings. Gas-phase MD
simulations predominantly yield a planar backbone for tetracene and a
twisted backbone for rubrene, which is consistent with the results from
DET 628588

Semiempirical ZINDO electronic-structure calculations were used
to compute the electronic couplings between the frontier orbitals on
all of the dimers separated by a center of mass distance of less than 1.0
nm and extracted from five snapshots separated by 100 ps in the MD
trajectory at 300 K. The averages for the electronic couplings are
discussed rather than the probability distributions because, as
proposed recently, strong couplings between a few dimers can initiate

the SE process by acting as “hot-spots”.'>*’

B RESULTS AND DISCUSSION

1. Single-Molecule Excited-State Energies. We begin
with a discussion of the computed energy levels for the isolated
molecules in order to understand the energy difference in the
optimized (i.e., adiabatic) aT, states (computed as the
difference between the optimized ground state and triplet
state with tuned wB97/cc-pVDZ) and vertical vS; states
(computed with TD-DFT at the same level of theory), see
Table 1.
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A key aspect when comparing the time scales of SF measured
for rubrene in crystalline and amorphous phases is the effect of
the twisted backbone on E(S;) and E(T,). The twisted-
backbone rubrene has been determined to be the minimum
energy geometry in the gas phase and is also the preferential
configuration in amorphous films, %% while the backbone is
planar in crystalline rubrene as a result of noncovalent
interactions.”> The optimized-gas phase geometries have a
backbone dihedral angle of <40° in the rubrene derivatives; this
value corresponds to the dihedral angle defined by the four
atoms in the two C—C bonds on the edge of the tetracene
backbone (Figure S1) (a negligible twist of 11° was computed
for DPT). The planar ground-state energy [E(S,)] for rubrene
is ca. + 0.1 eV higher than the twisted geometry. Therefore, it is
useful to compute the optimized S, and T, and the vertical TD-
DFT derived E(S,) in both twisted and planar conformations.

The experimental S, state energy of the isolated molecule is
taken from the reported absorption peak of 2.35 eV
(solution)***° and 2.36 eV (for rubrene dispersed in a polymer
matrix).”> The computed vertical single-molecule S; (vS;)
energy for the isolated (twisted) rubrene structure is 2.25 eV
from TD-DFT using the IP-tuned wB97 functional, which
compares well with the experimental values (2.35/2.36 eV). A
good agreement is also found between the IP-tuned wB97/cc-
pVDZ computed vS, excitation energies of 2.20 eV
(pentacene), 2.75 eV (tetracene), and 2.54 eV (DPT) and
the experimental vS; values of 2.19-2.31 eV (pentacene),go’g1
2.63 eV (tetracene), and 2.4 eV (DPT)."

If we consider the computed vS, energies, all rubrene
derivatives would possess a positive value for E(S;) — 2 X
E(T,), which indicates that the SF process should be favorable
(Table 1). However, a difference on the order of 0.2 eV
between the E(S;) values computed at the relaxed (adiabatic)
and vertical TD-DFT level is calculated for the rubrene
derivatives studied here (see Table S2). Taking the relaxed
(optimized) aS, energies into account leads to a qualitatively
different picture; for example, applying the E(S;) — 2 X E(T,)
equation for the a$S, state yields a slightly negative value (AEgg
= ca. —0.1 V) for the twisted rubrene conformation, which
indicates that the process is slightly unfavorable (Table
§2) 454652

Many of the materials investigated here show a AEg: value
similar to that in rubrene, and molecule § provides the largest
positive value of AEgz = +0.17 eV, which is comparable to
tetracene. The solid-state couplings and energies that are
important for SF are discussed below to better understand how
SE will proceed in very different packing structures.

2. Crystalline Properties. As mentioned above, the change
in the electronic couplings for molecules in the solid state has
been used to rationalize the varying SF rates seen for different
polymorphs, which indicates that orientation and intermolec-
ular distance can significantly influence the SF dynamics.”"”®
An additional consideration is the impact that the solid-state
packing has on the key excited-state energies for the SF
mechanism: E(T,), E(S;), E(CT), and E(TT). In the
crystalline structure, analogous to the analysis of single
molecule energy levels discussed above, the energy difference
between the S, and TT states (AEg _rr) gives an indication of

whether the process is energetically favorable, while the energy
difference between the S, and CT states (AEg_cr) is an
important consideration for the overall CT-mediated super-
exchange SF mechanism.””~*"** In particular, the mixing of
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singlet and charge transfer states is determined by the strength
of the electronic coupling and energy difference of the excited
states, which can be a determining factor in mediating SF.
Indeed, the large admixture of charge-transfer character in the
lowest excited state has been identified as key to the observed
rapid SF in crystalline pentacene.”” >"**™>" The increased
charge-transfer component in the lowest excited states of
crystalline pentacene leads to a large stabilization of the S, state
energy in going from the single-molecule to the crystal.

For the crystalline phase, the 0—0 vertical transition has been
experimentally measured as 2.32 eV for the S, state in the
orthorhombic crystalline rubrene structure,” >’ which is
predicted accurately by GW-BSE calculations resulting in S,
values of 2.28”° and 2.32 eV.'” In contrast to pentacene, these
bulk values are only slightly shifted from the experimentally
measured single-molecule S, values of 2.35-2.36 eV.I90% A
smaller bathochromic shift between the lowest optical
absorption for rubrene single crystal compared to the thin
film points to lower degree of exciton delocalization in rubrene
versus pentacene. We note that that the SF process is measured
to occur on a picosecond time scale in rubrene single
crystals, "% which is comqparable to the time scale of SF in
tetracene (10—100 ps).”****° SF occurs much faster in
pentacene (80—110 fs).”>'*"™' In comparison, SF in
amorphous rubrene films has been reported to occur in ~200
ps based fluorescence decay.’® Therefore, rubrene and rubrene
derivatives offer a way to examine the role of couplings and
crystalline excited-state energies in SF because these materials
display very different solid-state packings that lead to a large
variation in intermolecular electronic couplings.”>*

In order to rationalize the large differences in the SF rates
found for these systems, we will now examine the bulk
properties to further understand the nature and couplings of
the excited states. We begin with a comparison of the
computed couplings and excited-state energies for representa-
tive dimers of rubrene and rubrene derivatives 2—7 with respect
to pentacene and tetracene, which are benchmark SF materials,
and DPT, which also displays 7z-stacking in the solid state.

a. Crystalline Electronic Couplings. For pentacene, we recall
that the large couplings of ~100 meV computed for t5 _cr and

ter_rr " between the intermediate CT and TT states are
responsible for the fast formation of the TT state.”” The large
ts,—ct and tcp_py couplings in pentacene result from the large

and nearly equivalent ty; and f#y orbital couplings (~100
meV). We note that the ZINDO-computed tyy/ti; [ta/tiu)
values of 63/66 [53/60] meV (see Table S3) reported here for
pentacene are about half the magnitude of what is reported in
refs 30 and 34 because of the use of different methodologies;
such differences are not surprising when considering that the
computed couplings are strongly dependent on the compo-
nents of the method, such as the amount of HF exchange in the
density functional.”®

For rubrene, large intermolecular couplings for the 7-stacking
motif lead to a significant dispersion in the conduction and
valence bands. Therefore, the f5_cr coupling for rubrene (67

meV, see Table 2) is equivalent to that of pentacene (65 meV)
because of the very large #;; couplings in rubrene (88 meV, see
Table S3). However, while the tcr_pr coupling in pentacene is
still large (57 meV), a vanishing value is computed for rubrene
because the ty; and fy couplings are zero due to orbital
symmetry.”” Even though we observe negligible tcr_rp in
rubrene, SF in crystalline rubrene has been proposed to occur
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Table 2. TD-DFT Calculated Vertical Local Excitation (vS,)
and Charge Transfer (vCT) States for the Strongest-Coupled
Dimers Taken from the Crystal Structure, Compared with
T Energiesb

crystal

system vS, vCT TT ts_cr terrr
rubrene 2.33° 2.34 222 0.067 0.00
2 228 2.79 2.12% 0.012 0.013
3 228 341 2.12% 0.000 0.000
4 224 3.20 2.10% 0.002 0.003
S 2.32 2.39 2.14" 0.100 0.00
6 2.35 2.38 222" 0.069 0.00
7 2.35 2.40 224" 0.091 0.00
tetracene 2724 3.11 2.58 0.058 0.040
DPT 2.24¢ 2.49 2.46 0.083 0.012
pentacene 2.09" 2.30 1.76 0.065 0.057

“Estimated as 2XT, of the Single Molecule. bAbsolute values for the
ZINDO-computed state couplings are also reported. All values are in
eV. “Exp. single-crystal rubrene: S; = 221 (em.) and 2.32 (abs.)
eV;¥5757% Cale. GW-BSE S, = 228 eV”’ and S, = 2.32 eV."* “Exp.
single-crystal tetracene: S; = 2.34 (em.)'% and S, = 2.32 (abs.) eV."”’
“Exp. thin-film DPT: S, = 2.4 eV."*/Exp. single-crystal pentacene: S, =
1.8 eV."% £3T| energy is computed at the optimized twisted geometry.
haT, energy is computed at the planar geometry

from an increased tcr_pr as a result of vibronic coupling, which
has been used to rationalize the large differences for triplet
formation in the picosecond and femtosecond time scales
between rubrene and pentacene, respectively.”> We note that
vibronic coupling is not explicitly considered in the present
study, though the classical MD simulations allow sampling part
of the nuclei configurational space.

For 5, 6, and 7, the tetracene core is planar and the z-
stacking packing motif of rubrene is maintained and an increase
in wave function overlap is achieved through additional
noncovalent interactions provided by functionalization,*>"**
which leads to large t5_cr couplings ranging from 69 to 100

meV that are greater than the values computed for rubrene (67
meV), pentacene (65 meV), and tetracene (58 meV), and
nearly equivalent to that in DPT (83 meV) (see Table 2).
However, similar to rubrene, negligible tcr_rr values are also
found for §, 6, and 7 because of the small ty; and #;; couplings
for the z-stacking configuration.

In contrast to rubrene, S, 6, and 7, the molecular backbone is
twisted in the crystalline packing for 2, 3, and 4 and is in a way
similar to that of the isolated molecule (x40°);°” this feature
disrupts the 7-stacking motif found in crystalline rubrene and
results in very small electronic couplings.””® For rubrene
derivatives 2, 3, and 4, a significant decrease in the magnitude
of tyy and t;;, (0.1—14 meV, Table S3) is obtained relative to
rubrene, S, 6, and 7, which leads to small f5_cp couplings

ranging from 0—12 meV. A very small tcp_pr is also computed
for 3 and 4, because of the small #;; and £y couplings (0.5—3
meV, Table S3); however, in the case of 2, modest t;;; and t; 4
couplings are obtained (18 and S meV, Table S3) that are
comparable to DPT (12 meV), leading to fcr_rr couplings of
13 and 12 meV for 2 and DPT, respectively. We recall that
based on the vertical (adiabatic) estimate of vS, (aT;) for the
single molecule, the E(S;) — 2 X E(T,) values range +0.07 — +
0.10 eV for 2, 3, and 4, indicating that these twisted rubrene
derivatives represent a good testbed to address whether such
relatively small couplings are sufficient for SF to occur when the

2781

single-molecule energy levels point to a favorable process.
Thus, the rubrene derivatives examined here indeed offer a
good platform for understanding the role and magnitude of
couplings in the SF process because of the broad distribution of
couplings evaluated for the crystalline packings of these
materials, while the single-molecule energy levels are largely
consistent.

b. Crystalline Excited-State Energies. For the crystalline
rubrene derivatives, the S; and CT states were computed using
TD-DFT at the IP-tuned @B97/cc-pVDZ level for the dimers
that display the largest couplings in the crystal structure. In this
work, we focus on the analysis of the TD-DFT adiabatic
electronic states for dimer configurations. This approach differs
from several previous computational studies that employed
diabatic states to investigate the energies of local and CT
excitonic states and the couplings among these states. The
interested reader can find in the Supporting Information pages
S8—S12 a discussion of our results in the context of these
previous computational examinations.

Turning now to a discussion of the AEg_cr values for

rubrene and rubrene derivatives, as opposed to the AEg _cr

value of +0.2 [+0.4] eV for crystalline pentacene [tetracene],
the CT state is nearly degenerate with the S, state (AEs _cr <

0.1 V) for rubrene, 5, 6, and 7, underlying that the z-stacking
cofacial crystal structure leads to a large stabilization of the CT
state. This result is consistent with previously reported GW-
BSE calculations for crystalline rubrene that pointed to a
significant CT character in the $,.771% For the rubrene
derivatives 2, 3, and 4, which display a loss of the 7-stacking
structure, the CT state ranges from 0.5 to 1.2 eV higher in
energy than the S, state, which shows that the CT-mediated SF
process should be significantly reduced in the twisted rubrene
derivatives.

Next, we turn our attention to the energy separation between
the triplet and singlet excited states in the solid state (AEg ).

We note that the singlet-spin '"T'T states are difficult to calculate
because of the double-excitation nature of these states and
typically require multireference methods.”””>'* Instead, the
'"TT energies are approximated as twice the single-molecule T,
energies reported in Table 1 [ie.,, 2XE(T,) = E(TT)]. The use
of the single-molecule E(T)) is valid within the assumption that
the crystalline triplet exciton is strongly localized.

Starting with crystalline pentacene, a positive value of
AE;_rr = +0.3 eV indicates a favorable process and the

energy difference should result in a larger driving force than for
tetracene (+0.14 eV). Comparing rubrene with the rubrene
derivatives, the substitution moiety has little effect on the
crystalline excited-state energies, given by a range from +0.1 to
+0.2 eV for AEg _py, which is similar to that computed for the

single-molecule S, energies. The positive and relatively large
AEq _py values highlight that these materials are comparable to

pentacene and tetracene in terms of the driving force to
undergo SF.

Up to this point, a very small energy separation of the S;
state and CT state (AEs_cr) and large fs_cr values but

vanishing tcr_pr values have been computed for the z-stacked
materials (i.e, DPT, rubrene, and rubrene derivatives 5, 6, and
7) in the solid state. These results point out that vibronic
coupling should facilitate SF in these materials and proceed on
a similar time scale as in crystalline rubrene.”” This is in
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contrast to what is evaluated for crystalline pentacene and
tetracene, which have large and nearly equivalent f5_cr and

tcr—rr couplings but larger values for AEg _r compared with

m-stacking materials.
For 2, 3, and 4, a loss of the 7-stacking in rubrene may have
important implications for SF because of the large AEg _cr

energy in the range of 0.5—1.2 eV and small intermolecular
electronic couplings. These rubrene derivatives are intriguing
because they display the same geometry as the isolated or
amorphous rubrene derivatives, where the nonplanar geometry
of the tetracene backbone should be prevalent. Therefore, the
amorphous bulk phase is now examined to further understand
the experimental results indicating that amorphous rubrene
undergoes temperature-dependent SE.*”*°

3. Amorphous Phase Properties. In addition to under-
standing the couplings of the rubrene derivatives in the crystal
structure, molecular dynamics (MD) simulations (see the
Methodology section for details) were employed to model the
bulk amorphous materials in order to better understand the
packing for tetracene, rubrene, and DPT, which all
experimentally show SF in thin films.'>*">%'%*!% The ts,
and tcp_pp distributions are summarized as contour plots in

Figure 2 and Figure 3 and show the absolute average of the
coupling as a function of distance and orientation within the
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Figure 2. Average couplings computed from fg . =, @,
where tyy and #;; are one-electron HOMO—HOMO and LUMO—-
LUMO couplings, respectively, in meV, as a function of distance and
angle between neighboring molecules of (top left) amorphous
tetracene, (top right) DPT, (middle left) rubrene, (bottom left) 4,
(bottom right) 7, and (middle right) rubrene crystal. The angle
reported here is computed between the vectors along the vertical axis
of the two tetracene backbones used for the electronic-couplings

calculations. The color code is reported in the middle panels in units
of meV.
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Figure 3. Average couplings computed from top_pp = 4 @,
where ty; and ty are one-electron HOMO—-LUMO and LUMO-—
HOMO couplings, respectively, in meV, as a function of distance and
angle between neighboring molecules of the (top left) amorphous
tetracene, (top right) DPT, (middle left) rubrene, (bottom left) 4,
(bottom right) 7, and (middle right) rubrene crystal. The angle
reported here is computed between the vectors along the vertical axis
of the two tetracene backbones used for the electronic-couplings
calculations. The color code is reported in the middle panels in units
of meV.

dimers; the angle reported here is computed between the
vectors along the vertical axis of the two tetracene backbones
used for the electronic-coupling calculations (see Scheme S2).
The separate distributions for tyyy, #;;, and ty; are summarized
similarly as contour plots in Figures S2—S4.

The combined MD/ZINDO analysis carried out here
demonstrates that tetracene has large t5_crp (<125 meV) and

ter—rr (<150 meV) values due to the close packing (center-of-
mass separation of 3.5 A) in the MD-computed amorphous
phase; the MD simulations indicate that tetracene forms
crystalline domains based on a strong peak at ~0.5 nm in the
radial distribution function [g(r), see Figure SS], which is also
experimentally seen in vacuum-deposited tetracene films.'' """
Interestingly, the peak at 0.5 nm decreases by a factor of 4 for
DPT and disappears entirely for rubrene. However, DPT shows
significant couplings for a few selected pairs that also adopt a
crystalline packing; the largest computed couplings occur at ca.
0 and 180 deg and are related to cofacial stackings of the
backbones. The 180 degree orientation corresponds to the
crystal structure packing of the tetracene backbones stacking
with the side phenyl groups oriented opposite each other (see
the top-right panel in Figures 2 and 3). The fact that SF is
observed experimentally in disordered films of DPT' and
tetracene”” suggests that the packing densities in these materials
are sufficient to allow for SF. These results support the idea that
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strongly coupled dimers act as “hot-spots” for the SF
process.n’89 However, we attribute this result to an increase
in the couplings to an increase in tcp_pp (ca. < 75 meV) for
DPT compared to what is computed for the crystal (12 meV).
Indeed, an initial SF rate was reported for DPT films that is
comparable to tetracene films (two SF rates of ca. 1 and 100 ps
were reported for DPT),"” which is consistent with the larges
computed couplings for DPT and tetracene.

For rubrene, the lack of a peak in the g(r) of rubrene at ~0.5
nm (see Figure SS) in the amorphous film points to the
absence of close neighbors because of the twisting in the
backbone of rubrene, in contrast to tetracene and DPT, which
maintain a planar backbone in the amorphous phase. Indeed,
the nearest neighbors are at least ~1 nm apart, which leads to
calculated t5 _cy couplings in amorphous rubrene of at most ca.

25 meV, which is substantially smaller than the t5_cr value of

67 meV computed for crystalline rubrene. However, similar to
DPT, an increase in tor_pp (ca. < 25 meV) is seen for the
amorphous material relative to the crystalline value (0 meV).
For the functionalized rubrene derivatives 2—7, only minor
changes based on the molecular packings are indicated by the
computed g(r) at 0.7 nm for rubrene, 4, and 7; however, the
number of planar molecules present in the amorphous films
increases for 4 and 7 compared to rubrene (Figure S6, top
panel). Therefore, the magnitudes of t;_cr and tcr_pp are

comparable to those observed in rubrene (bottom panels of
Figures 2 and 3). While these rubrene derivatives have not been
experimentally investigated for SF, thin films of 4 and 7 have
been previously measured to have large exciton diffusion
lengths that point to enhanced molecular order and electronic
coupling over rubrene.'"”

As a complementary approach to understanding the contour
plots given in Figures 2 and 3, the electronic coordination
number, which can be taken as an indicator of the strength of
the electronic coupling with the nearest neighbor molecules.
We define the electronic coordination number as the number of
nearest neighbors that have electronic couplings lesser than or
equal to a threshold electronic coupling (which is plotted on
the x axis). For example, an electronic coordination of S at 10
meV means that there are at least S neighbors for each
molecule with at least a 10 meV electronic coupling. For a
threshold of 0 meV, both the coordination number and
electronic coordination would be equal because only the
neighbors up to a distance corresponding to the first valley in
the RDF are considered for computing the electronic coupling.
The largest electronic coordination for t5_cr is computed for

tetracene, followed by crystalline rubrene and then amorphous
DPT, which is consistent with the conclusions already
discussed based on Figures 2 and 3 (see Figure S7 in the
Supporting Information). For fcr_rr, the largest electronic
coordination is computed for crystalline tetracene followed by
DPT. Amorphous rubrene, 4, and 7 all have slightly larger
electronic coordination for fcr_pr than crystalline rubrene,
which is consistent with the increase in electronic coupling
computed in the amorphous phases. Therefore, these results
underline that SF in thin films of DPT and rubrene occurs
because of a net increase in the fcp_pp couplings in the
amorphous phase, which are nonexistent in the crystalline
phase. This result is in contrast to tetracene (and by extension
we speculate that it will be similar in pentacene), which still
retains a high-degree of crystalline-like packings in the thin
films.
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Finally, we turn to a discussion of the excited-state energies
computed from ZINDO for amorphous tetracene, DPT,
rubrene, 4, and 7, compared to crystalline rubrene. The
distribution of the S, energies is much broader for the
amorphous dimers than for the crystalline dimers (see Figure
S8). To understand the distribution of the S;—CT energy gaps
(AEs_cr) in amorphous tetracene, rubrene, 4, and 7, the

average, maximum, and minimum values were computed using
TD-DFT for a set of ca. 100 amorphous dimers randomly
selected from an equilibrated trajectory (Table S7). The CT
state was identified from an analysis of the Mulliken atomic
charges of the excited state.

For amorphous tetracene, the minimum AEg _cy value of

+0.3 eV is similar to what is found for crystalline tetracene
(+0.4 eV); however, the average AEs_cr value of 0.9 eV is

much larger, which potentially explains the large range of SF
time scales measured for tetracene depending on the media
(10—100 ps).**>*>? For amorphous rubrene, the average of the
AE; _cr values is +1.2 eV [with a min. (max.) of +0.7 (+1.4)

eV], which is significantly larger than the AEg _cr value of 0.01

eV for crystalline rubrene. We assign the much longer SF time
scales measured for amorphous rubrene films of ca. 200 ps*’
compared to the measured picosecond time scale of SF in

rubrene single crystals to this difference in the S§,—CT
45,51,52
ap.

gap
We recall that for the crystalline rubrene derivatives, the

AE; _cr values range from a few meV [1, §, 6, and 7] to ca.
0.5—1.2 eV [2, 3, and 4]. In contrast to the crystalline materials,
the energy distributions of the amorphous packings of the two
rubrene derivatives examined display comparable ranges: for
amorphous 4, the avg. AEg _cr value is +1.0 eV [min. (max.)

AE; _cr = +0.5 (+1.3) eV]; for amorphous 7, the avg. AEs _cr
value is +1.0 eV [min. (max.) AEg_cr = +0.5 (+1.3) eV], see

Table S7. Therefore, the SF rates in thin films of these materials
should all display similar SF rates. We note that these AEg _cr

distributions do not account for the potential stabilization of
the environment that would act to decrease the S,—CT energy

&ap-

B CONCLUSIONS

Six recently synthesized rubrene derivatives were investigated as
potential SF materials and compared to tetracene, DPT,
rubrene, and pentacene. All six rubrene derivatives examined
here have comparable state energies to that of rubrene, with
calculated E(S;) — 2 X E(T,) values ranging from +0.07 to +
0.17 eV, indicating that SF should occur in all of these
materials.

From an examination of the energy separation of the S, CT,
and TT states and couplings between these states for select
solid-state dimers, some conclusions can be made toward
understanding the mechanistic details of CT-mediated SF: (1)
the computed crystalline energy separation of S; and TT
(AEg, _rr) is similar in all of the rubrene derivatives and slightly
more favorable than that of tetracene, indicating that the
driving force provided by the relative energies of TT and S,
would be similar in the solid state. (2) For all z-stacked rubrene
derivatives (e.g,, rubrene, S, 6, and 7), while the S; and CT
states are nearly degenerate (ca. < 0.1 eV) and the f5_cr
couplings (67—100 meV) are large, which should result in rapid

DOI: 10.1021/acs.chemmater.6b04633
Chem. Mater. 2017, 29, 2777—-2787


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b04633/suppl_file/cm6b04633_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b04633/suppl_file/cm6b04633_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b04633/suppl_file/cm6b04633_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b04633/suppl_file/cm6b04633_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b04633/suppl_file/cm6b04633_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b04633/suppl_file/cm6b04633_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b04633/suppl_file/cm6b04633_si_003.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b04633

Chemistry of Materials

SE, the tcr_rr couplings are vanishingly small. Thus, SF should
be facilitated by vibronic coupling in these materials, which is
similar to what has been proposed for rubrene in order to
rationalize the much slower experimental SF rates for rubrene
compared to pentacene. (3) For those rubrene derivatives that
do not display 7-stacking in the solid state (2, 3, and 4), the CT
energies range from ca. 0.5 to 1.2 eV higher than the S, energy
and small £5_cr and tcp_pp values are computed; SF should

thus proceed inefficiently if these parameters indeed control the
SF process as opposed to just the single molecule energy levels.
(4) Crystalline 2, 3, and 4 are interesting cases because fcp_rr
is on the order of 0.5—13 meV. Experimental validation of the
SF rates in 2, 3, and 4 could help elucidate the exact role of
these couplings compared with a large driving force of E(S;) —
2 X E(T,) ranging from +0.07 — + 0.10 eV for SF efficiency.
(5) Molecular dynamics (MD) simulations of the amorphous
phases reveal an increase in the magnitude of tcp_pr for
rubrene and rubrene derivatives (ca. < 25 meV for rubrene)
over what is found in the crystalline dimers of the z-stacked
rubrene derivatives (0 meV), which rationalizes the exper-
imental measurement of SF in rubrene amorphous films and
suggests that SF could efficiently occur in these materials. (6)
Also, the bulk packing properties of rubrene and its derivatives
differ from those in DPT and tetracene thin films where large
intermolecular couplings are found for pairs with specific
orientations and do not occur with equal probability for all
disordered sites.

The results discussed here underline that the comparison of
SF in amorphous versus crystalline phases can prove to be a
useful means to elucidate key aspects of the SF mechanism in
these systems.
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