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ABSTRACT: Structural modules used for assembling molecular semi- Molecular Conformations
orbital interactions

conductors have typically been chosen to give desirable optical and influenced by:
electronic properties. Growing evidence shows that chemical function- steric
alities should be considered for controlling molecular shape, which is im-  repulsion
portant for function because of its influence on polymer secondary

structure, lattice arrangements in crystals, and crystallization tendencies.

Using density functional theory (DFT) calculations, followed by a natural

bond orbital (NBO) analysis, we examine eight molecular semiconductors

with resolved single crystal X-ray structures to understand the features that dominate molecular conformations and ultimately
develop practical rules that govern these preferences. All molecules can be described by a D’—A—D—A—D’ architecture and have
a 4,4-dimethyl-4H-silolo[3,2-b:4,5-b’]dithiophene (DTS) donor (D) core unit, with [1,2,5]thiadiazolo[3,4-c]pyridine (PT),
5-fluorobenzo[c][1,2,5]thiadiazole (FBT), or benzo[1,2,5]thiadiazole (BT) electron acceptor (A) units, and either thiophene,
S-hexyl-2,2'-bithiophene, or benzofuran electron-donating end-caps (D’). The NBO analysis shows that the energy difference
between the two alternative conformations, or rotamers, (AE,,) is a delicate balance of multiple competing nonbonding
interactions that are distributed among many atoms. These interactions include attractive “donor—acceptor” electron sharing,
steric repulsion, and electrostatic stabilization or destabilization. A proper grouping of these interactions reveals two primary
factors determining AE, . The first concerns heteroatoms adjacent to the bonds connecting the structural units, wherein the
asymmetric distribution of 7-electron density across the link joining the units results in stabilization of one of two rotamers. The
second factor arises from electrostatic interactions between close-contact atoms, which may also shift the AE, of the two
rotamers. When all these constituent interactions cooperate, the dihedral angle is “locked” in a planar conformation with a

negligible population of alternative rotamers.

B INTRODUCTION

Organic semiconductors have become an important topic of
research due to their potential incorporation in electronic
applications, such as organic photovoltaics and light-emitting
diodes.' > Within the scope of organic photovoltaics (OPVs),
the design and synthesis of electron donor materials for use in
bulk heterojunction cells has been of particular interest.*”®
Although polymeric systems have traditionally shown higher
power conversion efficiencies, small molecules have recently
proven to be competitive.” > These molecular semiconductors
have the advantage over polymers in that they are monodis-
perse and amenable to a larger array of purification and charac-
terization techniques, such as single-crystal X-ray diffraction.>™*
These structural insights have proven to be useful when evalu-
ating the morphological organizations of these materials in the
solid state, which control relevant properties such as exciton
migration and charge transport.M_zo

Design rules are available for creating high-performance
donor materials for OPV applications.” ~>* One strategy that
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has been proven to create high-efficiency materials is the push—
pull chromophore design.”*> This architecture of polymeric
and molecular semiconductors is created by the alternation
of an electron rich (donor, D) unit and an electron deficient
(acceptor, A) unit. By careful selection of donor and acceptor
units based on electronic character, one can tailor molecular
orbital energy levels in order to obtain useful optical band
gaps and molecular orbital alignments with other relevant
device components.”® Computational methods, such as den-
sity functional theory (DFT), have been helpful in the design
and understanding of how different chromophore units come
together to define optical transitions and orbital energy
levels.””~%°

Molecular conformations have been shown to influence crys-
tal packing and overall intermolecular self-assembly.”'*** An
important feature to consider is the planarity of the backbone
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Figure 1. Structures of molecules 1—8.

R, = 2-ethylhexyl
R, = hexyl

due to the fact that “kinking” is believed to impede cofacial
interactions, thereby decreasing the proximity of the z-delocalized
frameworks.**> A characteristic of the push—pull architecture
that has been traditionally overlooked is that the structural
components typically contain heteroatoms, which influence the
preferred molecular conformation through intramolecular
interactions. Conformational “locks” have thus gained attention
because of their ability to induce planar molecular structures.>
Observations show that in close proximity, S and O,>*7*° § and
N,*%373% and N and H>*® can restrict rotation about bonds
linking aromatic units and bring dihedral angles closer to zero.
The evidence for these interactions has mostly been explained
through van der Waals radii, determined from atomic distances
in crystals. Recent systematic first-principles investigations®”*’
show the same trend and estimate the strength of these inter-
actions to be on the order of 1—2 kcal/mol. Some of these
studies have the disadvantages of being done for polymer
systems, which do not have the structural precision available for
molecular systems.

The considerations mentioned above have important con-
sequences for performance of small molecule semiconductors
in organic photovoltaics. For example, Figure 1 displays the
members of a class of small molecules with a general D'—A—
D—A-D’ architecture, some of which have been recently
reported to achieve excellent solar cell power conversion
efficiencies.'”"**%*** It has also been shown that the choice of
heteroatoms can be modulated to change optical transitions,
device parameters, and facilitate different device architec-
tures.'”™ Despite these empirical successes, a complete picture
of how molecular connectivity leads to structural stability,
solid-state organization, and ultimately to device performance
remains lacking.
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In this contribution, we take advantage of a range of crys-
tallographically resolved chromophores of relevance to semi-
conductor design (Figure 1) and combine this information with
ab initio calculations to specifically address the challenge of
controlling molecular shape within a solid-state organization.
This correlation of theoretically and experimentally determined
structural insight has not been previously achieved in calcu-
lations for polymer systems. The latter can be ultimately used
to estimate electronic properties. In this work, we lay the
groundwork for how these types of calculations can be used to
predict molecular shape and identify the types of through-space
interactions that are important for controlling conformation.
An additional novel feature of this work is the use of natural
bonding orbital (NBO) analysis to examine the contribution of
different interactions that lead to geometric preferences.

All molecules have a 4,4-dimethyl-4H-silolo[3,2-b:4,5-b’]-
dithiophene (DTS) donor (D) core unit, with [1,2,5]thiadiazolo-
[3,4-c]pyridine (PT), S-fluorobenzo[c][1,2,5]thiadiazole (FBT),
or benzo[1,2,5]thiadiazole (BT) electron acceptor (A) units, and
either thiophene, S5-hexyl-2,2'-bithiophene, or benzofuran
electron-rich end-caps (D’). These molecules are evaluated
for their lowest energy conformations, in the gas phase, and
rotational barriers are determined using electronic structure
modeling. Subsequent NBO analysis is used to deconvolute the
important intramolecular interactions, which determine geo-
metric and conformational preferences. As described in more
detail below, NBO analysis provides a method to analyze the
types of interactions that occur through orbital overlap within a
molecular structure and has yet to receive widespread use in
studying the intramolecular contributions to conformational
preferences. We will primarily use the analysis to show that
there are through-space interactions that occur between lone
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pairs of electrons and nearby empty orbitals. We are also able to
separate the interactions into ones that provide stabilization
and those that do not. We will also examine steric hindrance
between two nearby filled orbitals and electrostatic interactions
within a particular conformer. These types of analyses allow us
to provide unique insight into the contribution of different
intramolecular effects in determining the conformational
preferences for the molecules studied here and more broadly
to previous literature precedence. These efforts seek to provide
a template for defining functional groups that can yield pre-
dictive capabilities for controlling shape in organic optoelec-
tronic materials.

Bl NBO ANALYSIS AS A TOOL FOR RESOLVING
INTERACTIONS

Before we examine in detail the structures in Figure 1, it is
worth highlighting relevant points on our approach to using the
NBO analysis and on the challenges for addressing the multiple
interactions between two chromophore fragments. In our com-
putational study we rely primarily on the energetics of the
underlying potential energy surfaces (PESs) obtained using
electronic structure techniques as outlined in the Methods
section. Examination of the emerging trends and deconvolution
of energetics into the dominating interactions is provided
by the NBO analysis, a well-established procedure previously
described.** Notably, its application to the study of interactions
between two z-conjugated heterocycles connected by a single
bond is nontrivial due to the crowded interaction environment
and delocalization of 7-electrons. As a point of discussion, parts
a and b of Figure 2 provide two molecular units connected by a

.S
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Figure 2. (a) Benzopyrazine + thiophene. (b) Benzo[1,2,5]thiadiazole
+ thiophene.

single bond (the benzopyrazine and benzo[1,2,5]thiadiazole
connected to the thiophene). Molecule b has a stable planar
configuration, which has been previously rationalized by a con-
formational “lock” due to a strong attractive N—H interaction.*
However, this picture of a single dominating interaction does
not hold for molecule a: DFT calculations show that the
dihedral angle prefers to be twisted 30° from a planar configu-
ration with an energy difference of approximately 0.4 kcal/mol.
Note that the calculated N—H distances for the molecules a
and b differ by 0.1 A from each other and from the “equilibrium
distance” proposed in ref 40. These differences suggest the
existence of other interactions that need to be accounted for
and analyzed to understand the PESs as a function of dihedral
angle.

We now provide a brief description of the postprocessing of
the standard NBO analysis. The goal is to identify the interac-
tions between molecular fragments that give rise to the pre-
ference in rotamers and thereby the conformational prefer-
ences. We also define terms used in the subsequent discussion.
The NBO analysis uses the second-order perturbation energies
to evaluate donor—acceptor orbital interactions. These orbital
interactions are defined as a delocalization of electrons from
a filled orbital (¢ and 7 bonds or lone pair of electrons) into
a nearby empty orbital (such as ¢* and #* orbitals). The

strongest interactions are mediated through the bridging atoms,
i.e, the two atoms connected by the central single bond. The
corresponding molecular fragment shown in green (Figure S)
includes these two atoms and the four near-bridge bonds. We
define this fragment as “near-bridge bonds”. There are three
types of orbital interactions important for this group. The first
involves core electrons on the bridging atoms. Because of the
symmetry with respect to the dihedral inversion, this group
gives a small contribution to energy difference between the two
rotamers, AE, .. The other two types involve 7- and o-bonds.
The contribution of donor—acceptor s-interactions toward
AE, . is overestimated because only the dominant Lewis struc-
ture is considered. This simplification is acceptable for con-
jugated molecules involving heteroatoms, and such molecules
are in the focus of the present study. When all three types of
orbital interactions are summed up, the result gives the
interaction energy between the “near-bridge bonds” molecular
fragments. The dominant contribution to the conformational
preference is due to 7—n* donor—acceptor interaction. The
asymmetry between the two rotamers is caused by small
variations of the z-bond order between the bridging atoms, as a
several percent decrease in the bond order leads to an increase
in the rotamer energy.

The other molecular fragments are associated with close-
contact pairs of atoms (red and blue in Figure S). The essential
orbital interactions involve o-bonds and sp® lone pairs as the
donor components. Attractive donor—acceptor interactions are
always canceled by strong steric repulsion that is typical for
hybridized atomic orbitals, in contrast to pure p-orbitals which
show strong donor—acceptor secondary bonding for both 7-
and o-bonds.*® It is important to note that the term steric
repulsion used here is another term for the steric exchange
energy, from the Pauli exclusion principle, that is outlined in
the NBO literature. Therefore, the dominant forces in this
group are steric repulsion and electrostatic attraction/repulsion.
The rest of the individual orbital interactions are weaker than
0.5 kcal/mol. Comparison of AE,, calculated from the sum of
the interaction energies between the above-described molecular
fragments with the energy obtained by DFT calculations is
shown in Figure 3a. Evidently, the proposed NBO analysis can
be used for qualitative predictions of conformational prefer-
ences (the sign of AE, is predicted correctly for the whole
test set), unless the absolute value of AE,, is much smaller than
1 kcal/mol (in that case DFT values cannot be trusted). In par-
ticular, the AE, of the mentioned benzopyrazine+thiophene
molecule is accurately reproduced (see BP+T in Table 2).

A key limitation for estimating the full interaction energy
between two molecular fragments is due to inaccurate
evaluation of the electrostatic component. In the current
implementation of the NBO analysis," the only available
procedure for estimating this component is calculation of the
electrostatic interaction between natural atomic charges. This
approximation is acceptable for through-space interactions but
invalid for through-molecule interactions. To mitigate this
problem we introduce a dielectric screening as detailed in the
Supporting Information and neglect the interaction between
charges located on the opposite sides of the molecule.

Differential solvation energies (i.e., the differences in solva-
tion energy between two alternative rotamers) depend mainly
on the electrostatic interaction of the close-contact atoms, in
full agreement with reference electronic structure calculations
(see Figure 3b). Note that “vdw” (van der Waals) charges must
be used here, which are the charges obtained by fitting the
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Figure 3. (a) Correlation between the AE,, calculated as the sum of nonbonding interactions and the exact value (obtained from the reference ab
initio calculations) for a set of 31 dihedrals (listed in the Supporting Information) having a single dominant Lewis structure; here circles mark the
atomwise NBO analysis used in the paper and crosses mark the unitwise NBO analysis ($DEL keyword in ref 44). (b) Correlation between the
differential solvation energy and electrostatic energy of the close-contact atoms for a set of 44 dihedrals (listed in the Supporting Information).

electrostatic potential at the molecule surface. This is obtained
by construction of the van der Waals molecular surface, as
implemented in the Gaussian 09 package.

B RESULTS AND DISCUSSION

General Perspective. We will examine the set of molecules
in Figure 1 according to three subgroups that allow isolation of
specific structural variations. These groups include (a)
compounds 1-3, which allow us to examine the differences
between BT and PT, together with two variations of the pyridyl
nitrogen regiochemistry; (b) compounds 4 and S, which
provide an opportunity to consolidate the influence of PT
regiochemistry with the same interior core as 1—3, but with a
different end group, i.e., benzofuran; and (c) compounds 6—8,
which provide significantly larger molecular systems wherein
two FBT regioisomers are compared to a PT counterpart. For
each section we compare the precise arrangement of atoms as
determined by X-ray crystallography with the optimized
geometries obtained through DFT. Despite the fact that the
structures obtained through DFT are in the gas phase, we find
excellent agreement between the calculated and experimentally
determined structures, except for molecules 6 and 7. These
latter two provide relevant information on the influence of
interactions in the crystal lattice and will be discussed more
carefully in a subsequent section. RMS errors determined for
molecules 1—5 and 8, between the calculated and crystal
structures, are 0.015 A for bond lengths, 2.8° for dihedral
angles, and 0.074 A for nonbonded atomic distances.

In addition, dihedral intramolecular interactions (i.e., donor—
acceptor orbital, steric, and electrostatic interactions) have been
evaluated using the NBO program following the concepts
outlined in the previous section. Since there are little to no
differences in the magnitudes of the interactions between
the fragments and the full molecules, the NBO analysis is
performed for each smallest molecular fragment present in
compounds in Figure 1, which are labeled as shown in Figure 4.
The obtained results are summarized in Tables 1 (charges) and
2 (interaction energies), which will be extensively used in the
subsequent discussion.

Influence of the Pyridyl Nitrogen. Molecules 1-3
(Figure 1) are compared to identify the role of the pyridal
nitrogen in mediating conformational preferences. The PT
fragment is varied so that the pyridyl nitrogen was proximal (1)
or distal (2) from the DTS core. Molecule 3 has a BT unit,
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Table 1. NBO (natural) and “vdw” Atomic Charges for
Heteroatoms Present in Molecules 1—8“

atom molecule NBO vdw
thiadiazole N PT+T —0.63 —0.4
pyridyl N PT+T —0.47 -0.5
F FBT+T —0.33 —-0.2
(e] PT+BF —0.44 -0.3
thiophene S PT+T +0.51 0
thiadiazole S PT+T +0.95 +0.4

“Charges are calculated for the representative small molecules from
Figure 4. For the NBO charges, the full molecule values are provided
in Tables SS and S6 and Figure S4 (Supporting Information). All
geometries have been optimized at the CAM-B3LYP/6-31G** level.

where the pyridyl nitrogen is replaced with a carbon—hydrogen
bond. Figure 7a shows that the computed optimized molecular
geometries adopt a nearly planar conformation. Quite signifi-
cantly, this planar preference and overall molecular metrical
parameters are very similar to those observed for the molecules
via single crystal X-ray diffraction studies (see Figure 7b). Note
that the crystal structures for compounds 1 and 3 show evi-
dence of other conformations in the crystal (displayed by the
dots in Figure 7b), which contribute to disorder in the lattice.
Both crystals have a portion of structures with inverted, or flip-
ped, thiophene (i.e, D’ in the overall D’—~A—D—A—D’ archi-
tecture) conformations as well as the optimized geometry
conformation. Causes of this inverted D’ unit will be evaluated
below.

Rotational barriers for the different bonds in molecules
1-3 have been evaluated as follows. First, the dihedral angle
between the DTS core unit and the adjacent acceptor unit
is rotated from the optimized 0° to the inverted 180° at 20°
intervals, as shown by the highlighted bonds in Figure 8. Both
bonds on either side of the DTS are rotated simultaneously.
The differences in the energy between the optimized structure
and the structures with the different dihedral angles are plotted
as a function of the dihedral angle in Figure 8a. The difference
in energy between the preferred 0° conformation and the 180°
conformation for molecule 1 is 2.9 kcal/mol (1.45 kcal/mol/
dihedral), which is almost double the differences in molecules 2
and 3, both being at 1.6 kcal/mol (0.8 kcal/mol/dihedral).

Rotational barriers for the dihedral angle between the PT or
BT units and thiophene end group have been evaluated as well

dx.doi.org/10.1021/jp506172a | J. Phys. Chem. C 2014, 118, 15610—15623
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Table 2. NBO Analysis of Across Dihedral Interaction Energies (in kcal/mol) for All Dihedrals Relevant to Molecules 1—8

(Figure 1)
absolute interaction energies for cc atoms
basic conformation (as shown in Figure 4) inverted rotamer differential energies

molec pair DA +EX ES total pair DA +EX ES total cc nbb total

PT+T TN-H -39 15 34 -1.9 TN-S =3.7 2.4 —6.4 —4.0 -0.1 5.0 4.9
PN-S -3.0 1.5 -2.6 -1.1 PN-H -19 23 -13 1.0

dPT+T TN—-H —4.5 19 =35 -1.6 TN-S =23 1.8 =5.7 -39 -3.6 5.7 2.1
H-S -2.6 1.8 2.4 4.1 H-H -1.1 1.8 1.0 2.8

BT+T TN-H —4.5 2.1 =3.5 -1.3 TN-S -2.9 23 —-6.2 -39 -3.0 4.9 1.9
H-S -2.6 2.0 14 3.4 H-H -13 1.9 1.0 3.0

PT+BF TN-H =35 13 -2.7 —-1.4 TN-O —-1.3 14 1.1 2.5 4.0 29 6.8
PN-O -0.5 1.8 -1.0 0.8 PN-H —-12 1.7 -0.9 0.8

dPT+BF TN-H -3.0 1.1 —2.4 -13 TN-O -0.5 0.9 0.8 1.7 3.7 7.5 112
H-O -1.2 2.2 -1.3 0.9 H-H —-0.6 1.1 0.5 1.7

FBT+T TN-H -5.6 2.6 -3.8 -12 TN-S —4.9 4.1 —6.9 -2.8 -19 3.1 12
F-S —4.8 3.2 -1.6 LS F-H —4.3 3.2 -1.9 13

dFBT+T TN-H —4.8 2.0 -3.6 -1.6 TN-S =32 2.5 —6.4 -39 =23 S.1 2.8
H-S -2.6 1.8 1.1 2.9 H-H —-14 19 1.1 3.0

BP+T N-H -2.8 2.8 -13 1.5 N-S§ =51 3.6 =3.5 0.1 -0.9 0.7 -0.3
H-S -2.0 19 1.4 32 H-H -1.6 2.6 1.1 3.7

T+T S—-H -0.9 0.4 0.4 0.8 N -0.9 0.1 2.6 2.6 2.0 2.9 4.9
H-S -0.9 0.4 0.4 0.8 H-H -0.7 0.2 0.7 0.8

“The labeling for the fragments used in the analysis is given in Figure 4 (also, BP+T is the molecule shown in Figure 2a, and T+T is bithiophene).
The labeling of interaction groups (cc and nbb) is shown in Figure S. Other notations: “pair” means a pair of close-contact atoms (PN = pyridyl N,
TN = thiadazole N) for which the absolute interaction energies are given, including the donor—acceptor orbital interaction energy between lone pair
of electrons in heteroatoms and adjacent empty orbitals (“DA”), its sum with the steric (exchange) energy (“+EX”), the electrostatic energy (“ES”),
and the total interaction energy. All geometries have been optimized at the CAM-B3LYP/6-31G** level. The strongest donor—acceptor orbital

interactions are visualized in Figure 6.
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Figure 4. Molecular fragments present in molecules 1—8 (Figure 1)
and notations for the dihedrals subjected to the NBO analysis, the
results of which are summarized in Tables 1 and 2
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\ /

nbb /7 |

\ /
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Figure S. Example of the near-bridge bonds (nbb) and close contact
(cc) interactions.

(Figure 8b) using the same procedure for computing the rota-
tional barriers outlined above. We observe the same general
trend for the rotational barriers seen in Figure 8a. Molecule 2
has the highest 180° or inverted D’, conformation energy
difference at 2.8 kcal/mol (1.4 kcal/mol/dihedral). This value
is comparable with the 180° conformation of molecule 1 in
Figure 8a, as both values reflect a preference for the pyridyl
nitrogen in close proximity to sulfur. Molecules 1 and 3 have

smaller inverted D’ conformational energies than 2, with a
difference of 1.7 kcal/mol for both dihedrals.

It was of interest to us to determine the shape and overall
angle of the molecules, since these parameters are known to
influence the crystallization and solid-state packing.** In our
studies, molecular angles are represented by using the angle
from the centroid of the thiophene ring to the silicon of the
core DTS unit to the other end thiophene ring centroid. Mole-
cule 1 has the smallest molecular angle at 115.2°, and molecule
3 has the largest molecular angle at 121.2°. To understand the
difference between the dihedral PT+T and the other two struc-
tures, dPT+T and BT+T (see Figure 4 for notations), we refer
to the NBO analysis summarized in Table 2. We see that the
presence of nitrogen atom in the near-bridge bonds strengthens
the corresponding donor—acceptor interaction (the first nbb
column). In addition, the electrostatic N—S attraction in PT+T
is changed to H—S repulsion in dPT+T and BT+T. The sum
of these two factors explains the steep curve for the PT+T
dihedral in Figure 8. In AE,,, the contribution of the near-
bridge bonds is nearly the same (the second nbb column),
whereas the net effect of the interaction between the close-
contact atoms is negative (cc column). This explains the differ-
ence between the relative energies at 180° in Figure 8.

At this point we note that for compounds 1—3 there is an
excellent agreement between conformations in the solid state
and the theoretically determined lowest energy conformation in
the gas phase. The relative energies of the different conformers
have been determined, i.e. at 0° and 180° in Figure 8. Since
these values for molecules 1 and 3 are comparable to kT at
room temperature (i.e., smaller than 1 kcal/mol), it is not sur-
prising that we observe contributions from inverted thiophene
end groups in the crystal structures.

dx.doi.org/10.1021/jp506172a | J. Phys. Chem. C 2014, 118, 15610—15623
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Figure 6. Visualization of the strongest donor—acceptor orbital interactions mediated through close-contact atoms: (a, b) thiadiazole nitrogen to
hydrogen in molecule 1 (TN—H in PT+T and dPT+T in Table 2); (¢, d) pyridyl nitrogen to sulfur in molecules 1 and 2 (PN—S in PT+T and
dPT+T); (e) thiadiazole nitrogen to hydrogen in molecule 5 (TN—H in dPT+BF); (f) oxygen to hydrogen in molecule 5 (H—O in dPT+BF);
(g h) fluorine to sulfur in molecule 6 (F—S in FBT+T). For all the listed close-contact pairs, the donor is a lone pair on the first atom (there are two
of them for fluorine) and the acceptor is a 6* antibonding orbital involving the second listed atom (there are two of them for sulfur and oxygen; in

this case, the strongest interaction is visualized).

End Donor Effects. Molecules 4 and S were previously
investigated to understand how differences in bulk morphology
may be related to molecular shapes/angles.*® In order to ratio-
nalize this difference in molecular shape, the intramolecular
interactions have been evaluated in the same way as for
molecules 1—3. Optimized geometries show a planar structure
(Figure 9a). There is evidence in the crystal structure of com-
pound 4 for an inverted benzofuran end group, as shown by
the dotted atom sites in Figure 9b. A rationalization for this
conformation will be discussed below.

Figure 10 shows calculated rotational barriers for molecules 4
and S. First, we will look at the rotation of the bond between
the DTS and PT units (Figure 10a), where there is a clear dif-
ference in the rotational barriers, similar to what is observed in
Figure 8a. Molecule § has a larger 180° conformation energy
than molecule 4, with energies of 3.0 and 1.6 kcal/mol, respec-
tively. Figure 10b shows an analogous curve for the rotation of
the bond between PT and benzofuran. The potential energy
curves for molecules 4 and S are nearly the same up to 120°.
The relationship between the dihedral angle and energy for

molecule § is different from what is observed in the other mole-
cules insofar as there is a nearly flat energy level from 140° to
180°, and the exact cause of this is not entirely clear. Ultimately,
the relative energy of the 180° conformation for molecule § is
the highest for all the compounds in the study, at 8.3 kcal/mol,
or 4.15 kcal/mol/dihedral. This could be an indication as to
why there is no other conformer observed in the crystal struc-
ture for molecule 5 besides than the lowest energy conformer.
The low energy difference between the optimized and inverted
benzofuran for compound 4, 1.0 kcal/mol (0.5 kcal/mol/dihedral),
is consistent with the observation of an inverted benzofuran
conformation in the crystal structure.

The molecular angles for compounds 4 and 5 have been
measured as the angle between the centroids of the benzene
rings of the benzofurans and the silicon atom of the DTS. Mol-
ecules 4 and $ have angles of 117.9° and 114.1°, respectively.
They show the same trend as molecules 1 and 2, namely, when
the pyridyl N is proximal to the DTS sulfur, the molecular angle
becomes smaller. It was shown by Welch et al. that these
differences in molecular angle have an effect on the order of

dx.doi.org/10.1021/jp506172a | J. Phys. Chem. C 2014, 118, 15610—15623
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a)

Figure 7. Comparison of the (a) optimized geometries of molecules 1—3 using the CAM-B3LYP/6-31G** level (in vacuum) and (b) the
crystallographically determined structures (gray = carbon, blue = nitrogen, yellow = sulfur, pink = silicon, white = hydrogen). The hydrogens were
removed from the crystal structures for clarity. The alkyl chains shown are a mixture of the R and S isomers, and the crystal structures for 1 and 3

show evidence of different rotamers for the end thiophene.
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Figure 8. Energetic barriers of molecules 1—3 for (a) the rotation of the bond between the PT/BT and the DTS units and (b) the rotation of the
bond between the PT/BT and the thiophene units. Calculations were performed in both vacuum (solid lines) and chloroform (dashed lines). The
optimized geometry is denoted by the 0° dihedral angle. Both dihedrals are rotated simultaneously in the same direction.

these molecules in the solid state, with important consequences
on the performance of these molecular semiconductors in
optoelectronic devices.*

To understand the “plateau” of the relative energy in the
120°—180° range for dPT+BF in Figure 10b, we refer to the
NBO analysis in Table 2. It shows that in the inverted con-
formation both TN—O and H—H electrostatic interactions are
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repulsive, leading to a nonplanar geometry similar to the T+T
dihedral. In the lowest energy conformation both TN—H and
H—O electrostatic interactions are attractive and thereby con-
tribute to the large value of AE,.

FBT Regioisomers. Molecule 6 is a well-known high-
performing small molecule for OPV applications.'” We were

interested to see if the fluorine on the FBT acceptor would
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a)

Figure 9. Comparison of the (a) optimized geometries of molecules 4 and § using CAM-B3LYP/6-31G** (in vacuum) and (b) the
crystallographically determined structures (gray = carbon, blue = nitrogen, yellow = sulfur, pink and light green = silicon, white = hydrogen). The
hydrogens were removed from the crystal structures for clarity. The alkyl chains shown are a mixture of the R and S isomers and the crystal structures

for 4 show evidence of different rotamers for the end benzofuran.
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Figure 10. Energetic barriers of molecules 4 and S for (a) the rotation of the bond between the PT and the DTS units and (b) the rotation of the
bond between the PT and the benzofuran units (see also Figure SS of the Supporting Information for a finer-grid version of the curve §).
Calculations were performed in both vacuum (solid lines) and chloroform (dashed lines). The optimized geometry is denoted by the 0° dihedral

angle. Both dihedrals were rotated simultaneously in the same direction.

display any of the trends for maintaining molecular shape and
intramolecular interactions as described for the PT-containing
molecules. Therefore, two FBT regioisomers (compounds 6
and 7) were analyzed for intramolecular interactions and were
compared with the properties of molecule 8, which provides a
nearly isostructural PT-containing counterpart."® The opti-
mized geometries for molecules 6—8 show a mostly planar
structure with only the dihedral between the thiophene end
units not at 180° (Figure 11a).

The lowest energy conformation for 6 is not the confor-
mation displayed in the crystal structure, shown in Figure 11.
The crystal lattice conformation contains a flipped dihedral
between the DTS core and the FBT acceptor. We will inves-
tigate this discrepancy further below. Molecule 7 displays two
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polymorphs in the crystal lattice. One polymorph has the same
conformation as the calculated lowest energy conformation,
while the other displays the same flipped dihedral as the crystal
conformation of molecule 6. These differences could be due to
factors that are beyond the scope of this work and are not
intrinsic to the molecular structure that mediates the crystal-
lization process, for instance, aggregation in solution or the
more complex balancing of intermolecular distances and orien-
tations for minimizing lattice energies. Molecule 8 has the same
lattice conformation as the calculated optimized geometry,
which is not surprising since it has the same units as the pre-
viously described molecules 1-S5.

The rotational barriers for molecules 6 and 7 do not show
any significant differences based on whether the fluorine is
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Figure 11. Comparison of the (a) optimized geometries of molecules 6—8 using CAM-B3LYP/6-31G** (in vacuum) and (b) the
crystallographically determined structures (gray = carbon, blue = nitrogen, yellow = sulfur, pink and light green = silicon, white = hydrogen). The
hydrogens were removed from the crystal structures for clarity. The alkyl chains shown are a mixture of the R and S isomers and the crystal structures
for 7 are the two different polymorphs obtained.
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Figure 12. Energetic barriers of molecules 6—8 for (a) the rotation of the bond between the PT/FBT and the DTS units and (b) the rotation of the
bond between the PT/FBT and the thiophene units. Calculations were performed in both vacuum (solid lines) and chloroform (dashed lines). The
optimized geometry is denoted by the 0° dihedral angle. Both dihedrals were rotated simultaneously in the same direction.

proximal or distal to the DTS core (Figure 12). The difference This value is low compared to compound 8, with a 3.0 kcal/mol
between the 0° and 180° conformations when the DTS— difference for both dihedrals (Figure 12a). Molecule 7 also has
acceptor bonds are rotated for molecule 6 is only 1.3 kcal/mol. a small difference (1.3 kcal/mol) between the optimized and
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Figure 13. Double AE,, values (i.e., for the case when two symmetry-equivalent dihedrals are inverted) for (a) the dihedral between the core and
the acceptor (D—A) and (b) the dihedral between the acceptor and the end group (A—D’). The solid bars and dashed lines refer to the calculations
in vacuum and chloroform, respectively. The values for molecule $ in part b are 7.6 kcal/mol in vacuum and 5.9 kcal/mol in chloroform.

inverted conformations. The low rotational barriers are entirely
consistent with the inverted conformations in the crystal struc-
tures of compound 6 and one of the polymorphs of molecule 7.
For the rotation of the bond between the acceptor units and
the thiophene, there are no differences between the three
molecules (Figure 12b). All three molecules show a difference
in energy between the 0° and 180° conformations of 1.3—
1.8 kcal/mol for the rotation of both dihedrals. Our results
agree with previous analysis of the same low rotational barrier
trends with a similar molecule containing a fluorinated BT
acceptor.40

Molecular angles have been measured between the centroid
of the furthest thiophene and the silicon atom of the DTS core.
There is also no clear trend in the differences in the molecular
angles between molecules 6 and 7. In fact, compound 6 has a
larger molecular angle (123.4°) than compound 7 (121.6°),
and both have a much larger molecular angle than molecule 8
(115.2°). The NBO analysis is fully consistent with ab initio
calculations: all the dihedrals dPT+T, BT+T, dFBT+T, and
FBT+T have very similar interaction patterns. The only differ-
ence is that in FBT+T the F—S and F—H interactions are much
less repulsive than the corresponding H—S and H—H interac-
tions in the first three molecules, resulting in a planar geometry.

The anticipated attraction between fluorine and sulfur/hydrogen
is turned to a weak repulsion by strong steric effects, and both
F—S and F—H distances are smaller than the “equilibrium”
values previously proposed.*’

Comparison of the Heterotomic Interactions across
the Molecular Family. Figure 13 provides a summary of
the most relevant structures and the difference in rotamer/
conformational energies. Note also that examination of
Figures 7, 9, and 11 shows that the rotational barriers do not
exceed 10 kcal/mol per dihedral. According to transition state
theory,*® every 5 kcal/mol increases the overbarrier transition
time by a factor of 1000 at room temperature with a picosecond
prefactor (related to characteristic time scale for vibrations).
Thus, the conformations of 1—8 are thermally equilibrated in a
solution within nano- to milliseconds time scales. The calcu-
lated energies required to planarize the conjugated backbone
are within tenths of kilocalories/mole and are distributed
among four to six dihedrals. Therefore, the only energy param-
eter important in a discussion of conformational preferences is
the AE, , between different rotamers.

The trend in Figure 13 can be rationalized using the NBO
analysis data shown in Table 2. The first important observation
to be made is that, for all the dihedrals discussed so far, the
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dominant contribution to AE,, originates from the interac-
tions of the near-bridge bonds (more specifically from donor—
acceptor interactions among the z-systems of the two mol-
ecular units). This interaction is particularly strong when one
unit is an electron donor and another one is an acceptor. From
our NBO analysis a simple rule of thumb has emerged: the
m-systems of the two molecular units prefer their double bonds
to be in the trans conformation. This rule requires the proper
Lewis structure to be guessed, which is trivial for 1-8. In
cases when the choice of the Lewis structure is ambiguous
(e.g, for the BP+T molecule shown in Figure 2a), how this
m-contribution contributes to rotamer preferences becomes less
convenient as a predictive tool.

The interplay between near-bridge bonds and close-contact
interactions produces the variety of AE,, values provided in
Figure 13. For the PT+T dihedral (dark blue color in Figure 13),
the symmetric position of the two nitrogen atoms and the
same-sign charge of the sulfur and hydrogen results in a small
difference between the alternative rotamers (see Figure 13a,b);
therefore, the ~3 kcal/mol difference in Figure 13 arises from
more favorable near-bridge bond interactions in the lowest
energy conformation. For the dPT+BF combination, conforma-
tional preference occurs primarily in accordance with electro-
static preferences (see Figure 14c,d). Those two interactions

a S =

2

N N

H H H
® ® ®

Figure 14. Representative charges on PT+T and dPT+BF: (a and c)
lowest energy conformations and (b and d) inverted conformers.

show the strongest preference and therefore create some of the
strongest conformational “locks” in this study. For other dihe-
drals, the close-contact interactions counteract with the inter-
actions of the near-bridge bonds, lowering the differential
energy, so that alternative rotamers may coexist in solution and
may be observed in a crystal environment. Upon solvation, the
differential energy follows the trend dictated by the electrostatic
interaction between close-contact atoms (see Figure 3b). For
example, the nearly symmetric charge distribution in PT+T
molecule makes its AE,, solvent-independent.

B CONCLUSIONS

Eight molecular semiconductors with the D'—A—D—A-D’
architecture were evaluated for conformational preferences in
vacuo and in a simulated solvent environment. Using DFT
methodology, bond-rotational barriers as well as rotamer ener-
getics at stable configurations have been explored in detail. In
particular, the computed optimal geometries of the compounds
have been shown to be remarkably consistent with the metrical
parameters obtained via single crystal X-ray diffraction studies.
The heights of the calculated rotational barriers (several kcal/mol)
ensure a good level of probability for the molecules to adopt
the 0° or 180° rotamers in solution at room temperature.

The AE,, between the inverted rotamers (i.e., conformers at
dihedral angles of 0° and 180°) is an important parameter that
influences the bulk organization of these materials in the solid
state, particularly in active layers within optoelectronic devices.

To examine the relationship between the AE, determined
by DFT and the molecular connectivity, we used NBO analysis,
which qualitatively reveals relevant intramolecular interactions
that influence the geometry and relative energy of the different
rotamers. In the 8 molecules, 12 important dihedral rotations
have been investigated in detail. It was determined that the
angular dependence of the bond-rotational barriers and the
AE, values cannot be satisfactorily described by a single pa-
rameter, or even by a single dominant interaction; instead, mul-
tiple competing interactions have been identified. Qualitatively,
for each studied dihedral angle, there are three groups of inter-
acting atoms: near-bridge bonds and two pairs of close-contact
atoms aside the bridge. The contribution of the first group is
dominant and originates mainly from 7z-bond donor—acceptor
interactions. The asymmetry of this interaction with respect to
the dihedral inversion originates from variations of the z-bond-
order between the bridging atoms and follows a simple empiri-
cal rule: the z-systems of the two molecular units prefer their
double bonds to be in trans conformation, evidenced by the
higher energy of the inverted conformation for all molecules
studied. The close-contact interactions vary in strength and sign
depending not only on the atoms in contact but also on their
molecular environment. For this group, the strongest donor—
acceptor interactions involve the delocalization of sp® lone pairs
on heteroatoms into nearby o*-orbitals. Yet, steric repulsion
dominates and, together with electrostatics, determines the in-
teraction energy. For the molecular fragments considered here,
nitrogen—sulfur interactions are always attractive and nitrogen—
hydrogen interactions depend on the molecular environment,
whereas fluorine and oxygen show no noticeable binding. When
all constituent interactions have the same sign, a “conforma-
tional lock” occurs, which leads to a single preferred rotamer.
Moreover, even though calculated at the single molecule level,
the strength of these interactions is sufficient that one finds the
preferred conformation within lattice constraints.

Finally, it is interesting to note that a greater preference for a
given conformational isomer would result in an increased ability
for the molecules to crystallize under kinetically constrained
conditions, for example, when spin-cast from solution as part of
a blend."® Furthermore, when the AE,, values are small, mul-
tiple rotamers are detected in the crystal structures, thus sug-
gesting less ordered bulk molecular organization. By under-
standing the complex interplay of various interactions present,
it should be possible to attach units in a way that maximizes
these interactions and leads to “locked” structures, in effect pre-
programming to some extent from the molecular connectivity
the solid-state organization and the dynamics of crystallization.

B METHODS

Computational Methods. Geometry optimizations were
completed on small donor—acceptor molecules using both the
density functional theory (DFT) and the Moller—Plesset per-
turbation theory (MP2) (Supporting Information). Rotational
barriers were also computed using both DFT and MP2.*~*
DFT has been shown to overestimate rotational barriers;>
however, our calculations have shown that the MP2 and DFT
results have barriers of the same magnitude when the calcu-
lations are done using the basis set 6-31G** (Supporting
Information). We have also shown that a sufficiently larger
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MP2 basis set, cc-pVTZ, agrees quite well with the DFT results
(Figure S2, Supporting Information).>' Since the full molecules
have too many atoms to complete MP2 optimizations without
the extra computational expense (and the comparison with
DFT proved to not be substantially different), we used the
DFT results in this paper. The functional CAM-B3LYP, with
the basis set 6-31G**, was used for the geometry optimizations
because it has been shown previously to accurately describe
long-range properties of extended 7-conjugated systems similar
to those in this study.'**>** Calculations performed in chlo-
roform were done using the conductor-like polarizable
continuum model.>* The alkyl chains in the molecules were
replaced with methyl groups for all geometry optimizations.
Rotational barriers were assessed by fixing the dihedral of
interest, at 20° intervals. The 180° conformation was fixed at
the appropriate dihedral and the rest of the molecule was
allowed to relax. Intramolecular nonbonding interactions
were assessed using the natural bond orbital analysis** (NBO
version 5.9). All ab initio calculations are performed with the
Gaussian09 software suite (Frisch, M. J., et al.; Gaussian, Inc.,
Wallingford, CT, 2009).

Experimental Methods. The syntheses of compounds 1,
2, and 7 are reported in the Supporting Information. Single
crystal growth of 1 and 3 was completed by slow evaporation of
a chloroform solution. Molecule 2 single crystals were grown by
slow evaporation of a dichloromethane/benzene solution. Foe
molecules 4, S, 6, and 8, single crystal growth and charac-
terization were previously reported.'*'®*® Crystals of 7 were
grown by diffusing 2-butanone into a 1.5 mg/mL solution of 7 in
thiophene through a 500 ym aperture at 4 °C. The polymorph of
7 was grown by diffusing 2-butanone into a 1.5 mg/mL solution
of 7 in carbon disulfide through a 500 ym aperture at 4 °C.

Crystals of compounds 1—3 were mounted in Paratone oil
on a glass fiber loop and placed on a Bruker Kappa ApexII (4 =
0.71073 A, 50 kV/30 mA) at 100 K, with a fine focus sealed
tube as the X-ray source. m-Scans were collected with Bruker
AXS APEX2 software. Crystals of compounds 6 and 7 were
mounted in Paratone-N oil on a MiTeGen loop and put on a
Bruker AXS APEXII diffractometer in station 11.3.1 of the Ad-
vance Light Source at Lawrence Berkeley National Laboratory,
using monochromatic radiation (4 = 0.7749 A) at 100 K. A
sphere of data was collected with a scan width of 0.3° using
Bruker AXS APEX2 software. Refinement of the collected data
was completed as follows. The intensities were integrated and
the Lorenz and polarization corrections applied using SAINT
(Bruker AXS, Inc., Madison, W1, 2011). Absorption and vol-
ume corrections were made using SADABS (Sheldrick, G. M.;
Bruker AXS, Inc, Madison, WI, 2008). The structure was
solved in SHELXS-97 or SHELXS-2013 using direct methods
and refined in SHELXL-97 or SHELXEL-2013 using full-matrix
least-squares on F2.>

B ASSOCIATED CONTENT

© Supporting Information

Materials and methods, synthetic and spectroscopic details of
1-8, single crystal X-ray diffraction, theoretical calculation
details, and CIF files. This material is available free of charge via
the Internet at http://pubs.acs.org.
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