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ABSTRACT: Rubrene is one of the most studied molecular semi-
conductors; its chemical structure consists of a tetracene backbone with
four phenyl rings appended to the two central fused rings. Derivatization
of these phenyl rings can lead to two very different solid-state molecular
conformations and packings: One in which the tetracene core is planar
and there exists substantive overlap among neighboring π-conjugated
backbones; and another where the tetracene core is twisted and the
overlap of neighboring π-conjugated backbones is completely disrupted.
State-of-the-art electronic structure calculations show for all isolated
rubrene derivatives that the twisted conformation is more favorable (by
−1.7 to −4.1 kcal mol−1), which is a consequence of energetically
unfavorable exchange−repulsion interactions among the phenyl side
groups. Calculations based on available crystallographic structures reveal
that planar conformations of the tetracene core in the solid state result
from intermolecular interactions that can be tuned through well-chosen functionalization of the phenyl side groups and lead to
improved intermolecular electronic couplings. Understanding the interplay of these intramolecular and intermolecular
interactions provides insight into how to chemically modify rubrene and similar molecular semiconductors to improve the
intrinsic materials electronic properties.

■ INTRODUCTION

A great challenge in the design of organic molecular materials
(crystals) for electronics applications is that the intermolecular
interactions that define the solid-state structure consist of weak
van der Waals forces. Hence, external factors can readily
influence molecular packing, with effects ranging from
(random) small molecular shifts along different lattice
directions to complete alterations of the crystal packing motif
(polymorphism).1−3 Importantly, polymorphs can display
markedly different electronic properties3 simply due to the
variations in molecular packing.4,5 While the solid-state
conformation and packing of organic molecules intimately
depends on the growth conditions, the chemical structure plays
an obvious, defining role.6−9

A classic example is tetracene functionalized with phenyl
rings at the 5-, 6-, 11-, and 12-positions, a compound referred
to as rubrene, 1 (see Figure 1). The presence of these phenyl
rings converts the typical herringbone structure found in
oligoacenes to a slipped-cofacial packing of the π-conjugated
tetracene backbones. For rubrene, large hole mobilities (as high

as 40 cm2 V−1 s−1)10 arise from the strong intermolecular
electronic couplings (on the order of 100 meV, as calculated
with density functional theory methods)11 that result from the
good wave function overlap among the frontier molecular
orbitals of the stacked molecular neighbors in the crystallo-
graphic ab-plane of the orthorhombic crystal.12−16 However,
electronic structure calculations on isolated rubrene molecules
show that the presence of the side phenyl rings makes the
tetracene backbone of rubrene preferentially twist (∼40°),17−20
which is confirmed by experimental evidence of twisted
conformations both in solution18,21 and thin films.17,22

Interestingly, examination of rubrene thin films grown on
Au(111) surfaces reveals that the twisted conformation is
present in the initial layers and then transitions solely to the
planar conformation, an indication of the decisive influence that
surrounding molecules play in leading to a planar conformation
in the bulk molecular structure.17
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It is important to underline that the twisted rubrene
conformation is not exclusively found in isolated molecules
and disordered solid-state materials; indeed, crystals of
numerous rubrene derivatives, where the peripheral phenyl
rings are substituted with, for example, alkyl, alkoxy, or
fluorinated groups, indicate a seemingly random choice
between twisted and planar conformations.21,24−26 Examples
of this conformational variation are shown in Figure 1 where
crystals of 1, 3, and 5 have planar tetracene cores, while in
crystals of 2 and 4 the tetracene backbones substantially twist.
Rubrene derivatives that maintain planar tetracene backbones
can have intermolecular electronic couplings that even surpass
that of the parent compound 1 (though their charge-carrier
mobilities in single-crystal field-effect transistors currently
remain below those for 1).24

For these reasons, rubrene and its derivatives provide a
distinctive platform to study how chemical modification affects
the competition between preferred molecular conformation and
crystal packing. Here, we use a combination of density
functional theory (DFT) and symmetry-adapted perturbation
theory (SAPT)27 to investigate the noncovalent interactions at
play in rubrene derivatives. Our goal is to gain a fundamental
understanding of the factors that govern the molecular and
packing structures in the solid state, in order ultimately to
provide a basis for the development of new rubrene-based
materials. Our study focuses in particular on how intra-
molecular and intermolecularin terms of exchange−repul-
sion, induction, dispersion, and electrostatics (with each of
these terms discussed in detail in the SI)the planarity of the
rubrene backbone. We begin by examining the propensity of
the tetracene backbone to twist in isolated molecules and then
show how this tendency to twist can be overcome in the solid
state through interactions with molecular neighbors. Implica-
tions for functionalization strategies to control bulk systems are
then derived and generalized through a comparison with the
oligoacene series. We also discuss the explicit relationship
between repulsive exchange interactions and intermolecular
electronic couplings of π-stacked materials and how conjugated

structures can be chemically modulated to bring them into
closer contact.

■ METHODOLOGY
DFT analyses of the neutral ground states were carried out using a
variety of density functionals containing empirically parametrized
dispersion interactions that were found to perform well in a previous
benchmark study:28 B3LYP and B3LYP-D,23−25 IP-tuned ωB97 and
ωB97-D,29 and the M05-2X30 functional. The choice of functional,
including the inclusion of dispersion corrections, has little effect on the
results (Tables S1 and S2). All geometry optimizations were
performed with the cc-pVDZ basis set.31 Frequency analyses were
performed for the optimized geometries to ensure that a minimum had
been reached. Transfer integrals, t, for molecular dimers selected from
the crystal structures were evaluated using a fragment orbital approach
in combination with a basis set orthogonalization procedure at the
B3LYP/cc-pVDZ level.32,33

For the long-range corrected hybrid ωB97 functional,29 the optimal
range separation parameter ω (i.e., the ω value minimizing the many-
electron self-interaction error) was determined following a non-
empirical IP-tuning procedure,34 where the difference between the
highest occupied molecular orbital (HOMO) eigenvalue and the
computed vertical ionization potential was minimized through the
relation:

ω ε ω ω= − − − −ωJ E N E N( ) ( ( , ) ( , 1))HOMO gs gs (1)

where εHOMO
ω is the HOMO eigenvalue of the ground state and Egs(ω,

N) and Egs(ω, N − 1) are the closed-shell neutral and radical-cation
ground-state energies, respectively.

In order to evaluate the noncovalent interactions in terms of their
exchange, induction/polarization, electrostatic, and London dispersion
components, SAPT27 with density fitting, to allow for efficient wave
function-based computations were employed.35−37 We considered the
so-called SAPT0 approximation, which does not include the effect of
intramonomer electron correlation and therefore reduces the cost of
this approach for studies on systems of large size, such as the rubrene
derivatives.27,36 We used a truncated aug-cc-pVDZ basis set31 that
neglects diffuse functions on H atoms and diffuse d functions on other
atoms (so-called jun-cc-pVDZ).38 Previously, the SAPT0/jun-cc-
pVDZ approach was shown to give accurate stacking energies in
noncovalent systems35,36 and performed well for the S22 test set of

Figure 1. Chemical structures of some of the representative rubrene derivatives, 123 and 2−5,19 investigated in this study. 1, 3, and 5 display planar
tetracene backbones in the crystal structure (indicated with boxes), while 2 and 4 are twisted. A complete list of all 13 rubrene derivatives
investigated is provided in Figure S1 of the Supporting Information (SI).
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noncovalent interactions,36,39 where higher-quality benchmark data are
available.40

■ RESULTS AND DISCUSSION
Isolated Molecules. For the isolated rubrene derivatives,

we report the total energies of the fully relaxed (i.e., twisted
tetracene backbone) and constrained-planar (i.e., the tetracene
backbone is forced to maintain planarity) geometries evaluated
via DFT calculations with IP-tuned ωB97. Results for the entire
series of functionalized rubrene derivatives are provided in
Table S1. Across the series, the rubrene conformation with the
twisted tetracene core [ΔE = E(twisted) − E(planar)] is
favored by ca. −2 to −4 kcal mol−1 over the constrained-planar
tetracene backbone, a result consistent with previous theoretical
studies.17−21 The degree of twisting, defined as θB in Figure 2,

falls between 30° and 40°. The nearly equivalent energy
differences across the series between the (constrained) planar
and (relaxed) twisted backbones indicate that the exact nature
and positions of the substituents on the phenyl rings seem to
have only a small effect on the energetics of the molecular
structure. We note for an isolated tetracene molecule that the
planar conformation is some 5 kcal mol−1 (Table S5) more
stable than conformations with twists similar to those in
rubrene;41 hence, the tetracene backbone finds itself in a highly
unfavorable conformation in rubrene.
To detail the physical mechanisms at play that enforce the

higher-energy twisted tetracene conformation, we focus on
molecules 1−5 (Figure 1), which are representative of the
entire series. We note that 2 and 4 are substituted solely with
electron-donating methyl groups, while 3 and 5 are analogous
molecules, where one pair (syn-arranged) of methyl groups is
replaced with perfluoromethyl groups. As noted above, these
molecular pairs illuminate critical differences in terms of the
molecular conformations found for isolated and solid-state
rubrenes:19 While all of these molecules have similar (twisted)
isolated-molecule structures, 2 and 4 maintain the twisted
tetracene conformation in the crystal while the tetracene
backbones in 3 and 5 take on a planar conformation similar to
that of the parent compound 1. At the molecular level, one
might expect a priori increased steric interactions in 4 and 5 and
more distorted structures when compared to 2 and 3, as the
former are para-substituted on all four phenylene rings.
However, neither the degree of twisting nor the energy
differences between the planar and twisted conformations

follows this expectation: The backbone twists for 1−5 fall
within 2° of each other, and the energy differences are within
0.4 kcal mol−1 (less than kBT at room temperature).
We hypothesize that noncovalent intramolecular interactions

among the side phenyl groups in part lead to the lowest-energy,
twisted conformation for isolated rubrene derivatives. To assess
this point, SAPT0/jun-cc-pVDZ calculations27,31,36,38 (simpli-
fied throughout the remainder of the discussion as SAPT0)
were employed. Here, we thus focus solely on phenyl pairs that
are extracted from the tetracene backbone with the dangling
bonds on the phenyl groups terminated with hydrogen atoms.
This allows us to evaluate the noncovalent interactions among
the 5-/6- and 11-/12-position phenyl pairs (Tables S3 and S4).
Before we discuss the energetics of the phenyl-pair

interactions in rubrene, it is instructive to recall previous
SAPT0 calculations on model, cofacial benzene dimers37 with
varying electron-poor and electron-rich substituents. At a
constrained interplane separation of 3.0 Å, the very close
molecular contacts lead to highly unfavorable exchange−
repulsion energies, which average +46 kcal mol−1 across all
dimers considered; this value is nearly twice as large as the
stabilizing dispersion terms and three times as large as the
stabilizing electrostatic terms (we note that induction only
provides a modest degree of stabilization).37 The total SAPT0
interaction energy energies (i.e., summation of all four
interaction energies) average +8 kcal mol−1, a result that
reveals that the benzene dimers, regardless of the substituent,
do not want to lie in such close proximity. Indeed, the
minimized (equilibrated) distances for the benzene dimers
considered by Hohenstein, Duan, and Sherrill are on the order
of 3.7 Å;37 at this distance, the dispersion, permanent
electrostatic, and induction forces are able to more than
counterbalance the repulsive exchange force, leading to overall
favorable intermolecular interaction energies (on average −4
kcal mol−1).
Returning to the rubrene structures, the phenyl pairs

anchored to the central rings of the tetracene backbone are
constrained to an intermolecular separation (based on
interatomic distances) of approximately 3 Å (see Figure 2) at
their closest point of contact, as with the benzene dimers in ref
37. However, to mitigate as much as possible the highly
unfavorable exchange interaction at such a close distance, the
phenyl rings move away from the cofacial arrangement of a
perfect D2h conformation through two actions: First, the phenyl
rings slide by each other to give an angle θOP (defined in Figure
2) of 30−35° in the fully minimized structures depending on
the functionalization; in the constrained-planar rubrene
structures, this motion is limited to 18−28°. The phenyl
rings also splay out from each other, i.e., the carbon atoms on
the exterior of the phenyl rings are further away from each
other than those appended to the tetracene backbone, such that
the intermolecular separation (by averaging atomic contacts) is
3.5 Å.
Therefore, for all phenyl pairs extracted from the rubrene

derivatives (Figure 3), the repulsive exchange energy is ca. +20
to +23 kcal mol−1; this energy remains nearly twice as large as
the dispersion and three times as large as the electrostatic
energies. While these relative values are consistent with those
for the benzene dimers at 3 Å, they are in absolutes values
about half as large as in the constrained 3 Å situation in ref 37
due to the average distance in the phenyl pairs being larger than
3 Å. In addition, the total intermolecular interaction energies
for the phenyl pairs range from −4.7 kcal mol−1 (i.e., an overall

Figure 2. Drawing depicting the defined backbone [θB = (C1 − C2 −
C3 − C4)] and out-of-plane phenyl [θOP = (C5 − C6 − C7 − C8)]
torsions in the rubrene systems under investigation. The definition of
the separation between phenyl rings, given by the average distance R
between the two carbons in the para positions (C9 and C10) and the
two carbons directly connected to the tetracene backbone (C5 and
C8), is also provided.
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favorable interaction) to +0.45 kcal mol−1 (i.e., an overall [very
small] unstable interaction), depending on the exact nature of
the substituents, see Tables S3 and S4. Interactions between
phenyl pairs are always more favorable in the twisted
conformation than in the constrained planar conformation for
every derivative considered.
We can now understand at least one major reason why

isolated rubrene derivatives twist: The phenyl rings contort
(slip and splay) themselves to mitigate the repulsive exchange
interactions. Even though similar movement is seen for phenyl
groups in the constrained-planar and fully relaxed structures,
the rubrene twisting remains favorable by −2 kcal mol−1, as it
allows the phenyl rings located on the same side of the

tetracene core to slide even further by each other, saving some
−0.5 kcal mol−1 per phenyl pair. Across the rubrene derivative
series, the total SAPT0 intermolecular interaction energies are
more stable for the phenyl pairs coming from the fully relaxed,
twisted conformations; the main stabilization arises from a
reduction of the exchange energy by some 3 kcal mol−1 in the
more twisted structures, though the dispersion and electrostatic
terms also decrease by 1 kcal mol−1 with increased twisting.
It is interesting to note that the rubrene parent compound 1

has the most unfavorable intramolecular phenyl−phenyl
interaction energy among the systems studied. This result
brings the important point that substitutions can act to stabilize
the intermoiety interactions between the phenyl groups, which

Figure 3. SAPT0/jun-cc-pVDZ computed exchange (red), dispersion (royal blue), electrostatic (navy blue), and induction (light blue) components
for phenyl dimers extracted from [top] fully relaxed twisted and [bottom] constrained-planar geometries at the IP-tuned ωB97/cc-pVDZ level of
theory. The total SAPT0 interaction energy (black) is also shown.
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is consistent with earlier findings that substituents tend to
stabilize π−π interactions, at least in cofacial arrangements.42 In
general, substitution with electron-withdrawing groups (3 and 5
[7, 8, and 12 in the SI]) leads to more favorable interactions
among the phenyl pairs as compared to those substituted with
electron-donating substituents (2 and 4 [6, 9, and 10 in the
SI]). Comparing the fluorine-substituted derivatives 11 (tetra-
[para-fluorophenyl]), 12 (bis[perfluorophenly]), and 13 (tetra-
[perfluorophenyl]), the interaction between the electron-rich
phenyl ring and the electron-poor perfluorophenyl ring (in 12)
is much more favorable electrostatically than the interaction
between two fluorophenyls (11) or two perfluorophenyls (13),
contributing to an overall stabilization of the interaction by 2 to
2.5 kcal mol−1 (in either the constrained-planar or twisted
geometries).
To summarize at this stage, the twisted conformations are

the most energetically stable for the isolated molecule as they
contribute to reduce the repulsive exchange term among the
phenyl substituents. It is interesting to note that, for diphenyl-
substituted tetracene backbones, where the substitution is made
on the same side (5- and 6-positions, Figure S2 and Table S5)
or opposite sides (5- and 12-positions, 5- and 11-positions), the
tetracene cores in these systems do not twist. Although a
positive SAPT0 interaction energy is derived for the phenyl
pairs of the 5,6-di[phenyl], 5,11-di[perfluorophenyl], and 5,12-
di[perfluorophenyl] substituted tetracene derivatives, the
destabilizing driving force is not large enough to twist the
tetracene backbone. Therefore, twisting of the backbone in
rubrene derivatives results from the cumulative effect of having
two pairs of phenyl groups that need to minimize their
exchange repulsion energies and do so by contorting their
conformations.
Solid-State Structures. We now turn our attention as to

why certain rubrene derivatives take on a planar tetracene
conformation in the solid state. X-ray crystallography measure-
ments show that the tetracene cores of 1, 3, 5, 7, and 10
(substituted with di-t-butyl groups) are planar in the crystal,
while functionalization with methyl groups (2, 4, and 6) or t-
butyl groups on diagonal arylenes (9) results in a twist of 30−
40°. SAPT0-based analyses of the side phenyl pairs extracted
from the molecular conformations found in the crystals reveal
that all of the intramolecular interactions are globally
unfavorable (with the exception of 7, Table S6). Hence, there
is no specific stabilization of the intramolecular phenyl−phenyl
interactions in the solid state (compared to the isolated
molecules) to assist in planarizing the tetracene core.
Importantly, this result points to intermolecular interactions
with neighboring molecules in the solid state as the
contributing factor.
To address this question, the SAPT0 methodology was used

to examine the intermolecular interactions among the four
unique nearest neighbors (see Figure 4 and Tables 1 and S7) of
five solid-state planar rubrene derivatives (1, 3, 5, 7, and 10)
using their respective crystalline geometries. Starting with the
π-stacked dimer pair (labeled 1−2 in Figure 4), Table 1 again
shows that the destabilizing exchange term is large, a direct
consequence of the considerable wave function overlap within
the dimers (vide inf ra). However, the presence of significant
stabilizing dispersion terms leads to an overall stable interaction
energy of −21.36 kcal mol−1 for 1; this stabilization even goes
up to −23.63 kcal mol−1 for both 5 and 10, a result, at least in
part, of the increased dispersion coming from the smaller
stacking distance.

An important consequence is that, as the π-stacking distance
decreases and the electronic coupling increases (an established
design criterion for organic electronic materials),43 the
exchange energy very strongly increases due to the enhanced
wave function overlap. This relationship is readily observed in a
model cofacial tetracene dimer (Figure 5, bottom), which
points to a major upturn in exchange energy at intermolecular
separations (3−4 Å) of interest for π-stacked organic materials.
Thus, there exists an inherent limit, due to the destabilizing
exchange energy, in the maximum electronic couplings
achievable in π-stacked organic semiconductors. The con-
nection between exchange energy and electronic coupling is
also observed in the case of the model tetracene dimer when
the top molecule is displaced laterally along its long axis; the
exchange energy follows a similar oscillatory pattern as the one
observed for electronic coupling because of the phase of the
frontier π orbitals.43

When considering material design, an important aspect is
that the destabilizing exchange term can be offset through
chemical functionalizations that act to increase the stabilizing
components of the noncovalent interactions. This is most
evident through a comparison of the π-stacked intermolecular
interactions in 5 and 1. For 5, there is a 21% increase in the
exchange energy (and 25% increase in the electronic coupling)
as compared to 1, which can be attributed to a smaller
backbone-to-backbone stacking distance (3.48 Å in 5 vs 3.67 Å
in 1); however, there is also a 12% increase in dispersion, 13%
increase in induction, and 35% increase in electrostatic energies.
Hence, large wave function overlap (and electronic coupling)
through decreased backbone-to-backbone stacking distances
can be obtained by mitigating the necessary accompanying
upsurge in exchange repulsion through increasing the
dispersion, electrostatic, and induction terms. Fluorination,

Figure 4. Diagrams of the molecular packing in rubrene (1) along the
π-stacking plane (top) and along the long a-axis of the crystal structure
(bottom). Dimers, as labeled, were extracted for SAPT0 analysis. All
results are reported in Table S7.
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often used as a means to inductively influence oxidation and
reduction potentials, could also be exploited as an effective way
to increase the stabilizing noncovalent interactions. The
presence of bulky alkyl groups, as in the t-butyl groups of 10,
can also be beneficial (when not sterically preventing close
contacts) as they can substantially increase dispersion
interactions. Analogous functionalization of pentacene by
bis(triisopropylsilylethynyl) (TIPS) groups converts the typical

herringbone-packing motif of the unsubstituted system to
lamellar, π-stacked structures.44 (This is consistent with earlier
SAPT0 calculations for pentacene at the TIPS-pentacene crystal
structure [i.e., without explicit consideration of the TIPS
groups], which indeed show a large decrease in the dispersion
term).45

While a π-stacked displaced configuration for a dimer of
planar tetracenes is found to be stable, this observation does
not explain why it is only certain rubrene derivatives that take
on this kind of packing motif, which is prone to display
enhanced charge-carrier transport properties. The question thus
arises whether intermolecular interactions with other neighbors
aid in planarization of the tetracene core. When we consider the
average SAPT0 intermolecular interaction energies for the four
nearest molecular neighbors (three molecules within the bc
plane and one along the a direction, see Figure 4 and Table
S7), a similar degree of stabilization is obtained for each of the
planar rubrene structures (1, 3, 5, 7, and 10); chemical
substitution can, however, increase the magnitude of these
stabilizing interactions compared to 1, e.g., 5 is 2 kcal mol−1

more stable than 1 because of the larger electrostatic and
dispersion contributions in the first coordination sphere of the
fluorinated complex. These results are consistent with previous
observations for a variety of fluorobenzenes46 and multi-
substituted benzene−benzene dimers.47 While certain non-
fluorinated rubrene derivatives can also π-stack (e.g., 1 and 10),
the impact fluorination has on increasing the stabilizing
electrostatic and dispersion interactions can be highlighted
through a simple in silico experiment. For instance, see Table
S7, starting with the crystal structure for 3 and replacing the
fluorine atoms with hydrogen atoms (i.e., the molecules of 2
placed in the solid-state packing configuration of 3), a decrease
of ca. 2 kcal mol−1 is observed in the total intermolecular
interaction energy of the interlayer rubrene-derivative dimer
(dimer 1−5 in Figure 4); this total interaction energy decreases
by 3 kcal mol−1 if the −CF3 groups are replaced by hydrogen
atoms (i.e., the molecules of 1 placed in the solid-state packing
configuration of 3). This 1−5 dimer in rubrene is twice as
important as the other nearest-neighbor dimers in determining
the lattice energy, because there are four equivalent 1−5
interactions in the first coordination sphere, compared with
only two equivalent 1−2, 1−3, or 1−4 interactions. Overall, the
interaction energy of 3 in the first coordination sphere is ca. 5
kcal mol−1 more favorable than that of 2 in the packing
configuration of 3 (Table S8).
Interestingly, while the dimer pair in (twisted) 2 (see Table

1) represents a stable interaction, the dimer configuration in
(twisted) 4 is ca. 2−6 kcal mol−1 more stable when compared

Table 1. SAPT0/jun-cc-pVDZ Comparison of the Electrostatic, Exchange, Induction, And Dispersion Components of the π-
Stacked Rubrene Dimer Pairs (labeled 1−2 in Figure 4) for 1, 3, 5, 7, and 10, as Extracted from the Crystal Structuresa

system D1−2 (Å) t elst. ind. disp. exc. SAPT0

1 3.665 2.33 [101] −3.24 −1.39 −30.87 +14.14 −21.36
3 3.52 2.91 [126] −4.38 −1.49 −33.59 +16.52 −22.94
5 3.48 3.09 [134] −5.00 −1.60 −34.95 +17.93 −23.63
7 3.60 2.24 [97] −2.34 −1.13 −28.18 +11.94 −19.71
10 3.53 2.84 [123] −4.28 −1.54 −34.05 +16.24 −23.63
2 0.22 [10] −4.27 −1.14 −19.16 +10.03 −14.55
4 0.21 [9] −7.91 −2.13 −32.64 +17.32 −25.36

aElectronic couplings (t) are also provided as determined at the B3LYP/cc-pVDZ level of theory. D1‑2 is the distance between the planes derived
from the tetracene backbones. Dimer interactions for the twisted structures of 2 and 4 are also given for comparison. All energies in kcal mol−1

except those between brackets, which are given in meV.

Figure 5. Evolutions of the computed exchange−repulsion energies
and HOMO−HOMO electronic couplings (t, at the B3LYP/cc-pVDZ
level) for a model cofacial dimer of tetracene, as a function of:
(bottom) increasing intermolecular separation and (top) displacement
of one of the molecules in the dimer along its long axis.
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to the π-stacked dimer configurations of the planar crystal
structures of 1, 3, 5, 7, and 10. However, for 2 and 4, the total
interaction energies with the four nearest molecular neighbors
are 13−14 kcal mol−1 for 2 and 10−12 kcal mol−1 for 4 smaller
than in 1, 3, and 5. Therefore, the smaller interaction energies
of the π-stacked rubrene derivatives compared with the twisted
dimer 4 are compensated by gains in the intralayer interactions;
the interactions with the three unique intralayer neighbors are
considerable (ca. −10 to −24 kcal mol−1) resulting from the
close packing (i.e., center-of-mass separation of <8 Å);
however, for the twisted configurations, there is just a single
unique molecular pair with a center-of-mass separation of ∼8 Å.
Interlayer interactions also play a role in stabilizing the
interactions, though to a lesser extent. Intriguingly, even
though the interlayer spacing expands due to functionalization
on going from 1 (13.89 Å) to 3 (15.94 Å) and 5 (15.39 Å), the
interaction energies fall within a small range from 2 to 4 kcal
mol−1. Overall, it is the strongly interacting set of close
intralayer neighbors that is identified as the key to π-stacking of
planar structures in rubrene derivatives; if the chemical
substitutions reduce these stabilizing interactions, then the
unfavorable intramolecular interactions lead to a twisted
rubrene structure, as in 2 and 4; a packing configuration is
then taken in the solid state so as to maximize the interaction
energy within at least one dimer pair.
To generalize these results, we investigated the herringbone-

packed oligoacene series. In the oligoacenes, both the electronic
couplings (0.19 to 2.21 kcal mol−1) and exchange−repulsion
terms (+5.20 to +11.98 kcal mol−1) increase from naphthalene
to pentacene due to increased wave function overlap (Table
S9), a critical relationship that was described above.
Interestingly, the oligoacenes appear to take on the tight,
herringbone packing configuration in order to reduce the
impact of the unfavorable exchange energy; for instance, in the
case of tetracene, the exchange−repulsion energy is +9.74 kcal
mol−1 for the shortest contact distance in the herringbone
crystal structure (2.90 Å), which can be compared to a
considerably larger value of +28.74 kcal mol−1 for a model
cofacial dimer with a separation of 3.50 Å. Notably, there is also
an increase in the stabilizing dispersion term with increasing
acene length, from −7.35 kcal mol−1 in naphthalene to −20.50
kcal mol−1 in pentacene, as one might expect simply from the
larger number of electrons (and hence the greater ability of the
electron density to polarize) as the acene length increases.
These results, underlining why the oligoacenes prefer to be
arranged in the herringbone packing configuration, suggest that
material chemists interested in designing tight, π-stacked
molecular packing configurations for oligoacene-based mole-
cules need to carefully consider the chemical derivatization
necessary to control the noncovalent intermolecular inter-
actions that will lead to such arrangements.

■ CONCLUSIONS
In this work, we detailed the nature of the noncovalent
intramolecular interactions in rubrene that result in the isolated
molecules being twisted. We have then uncovered the type of
intermolecular interactions in the solid state that are critical to
the formation of the planar, π-stacked structures, most
susceptible to lead to efficient charge-transport properties.
The comprehensive analysis of these noncovalent inter-

actions allows us to identify (at least some of) the key chemical
aspects that can stabilize the planar rubrene conformation and
replicate the advantageous packing demonstrated in unsub-

stituted rubrene. The quantum chemistry-based understanding
presented here underlines that improved synthetic derivatiza-
tion schemes to increase favorable noncovalent interactions
have the potential to improve the materials performance of this
benchmark molecular material, in particular, with regard to
charge transport.
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