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ABSTRACT: Increases in the molecular length of narrow band gap conjugated H{H/’J L\\ES/H
chromophores reveal potentially beneficial optical and electronic properties, Wy s e

thermal stabilities, and high power conversion efficiencies when integrated into WMEMW
optoelectronic devices, such as bulk heterojunction organic solar cells. With the S

objective of providing useful information for understanding the transition from _O_ H _Cg_ _O_ _O_ @_

small-sized molecules to polymers, as well as providing a general chemical design

platform for extracting relationships between molecular structure and bulk k\\ag/ﬂ L‘\gg)) \\\\SH’H

properties, we set out to vary the electron affinity of the molecular backbone. ‘ oL M

Therefore, a series of donor (D)—acceptor (A) alternating narrow band gap
conjugated chromophores were synthesized based on the general molecular
frameworks: D'-A'-D*-A*>D*A'-D' and D'-A'-D*-A>-D*-A>-D*-A'-D'. When the central electron-accepting moiety (A*) was
varied or modified, two classes of molecules could be compared. First, we showed that the alteration of one single electron-
accepting group, while maintaining the shape of the molecular framework, can effectively impact the optical properties and
energy levels of the molecules. DFT ground state structure optimizations show similar “U” shape conformations among these
molecules. Second, we examined how the site-specific introduction of fluorine atom(s) modifies the thermal properties in the
solid state, while maintaining relatively similar optical and electrochemical features of interest. Structure—property relationship of
such molecular systems could be rationally evaluated in the aspects of thermal-responsive molecular organizations in the solid
state and dipole moments both in the ground and excited states. The impact of molecular structure on charge carrier mobilities in
field effect transistors and the performance of photovoltaic devices were also studied.

B INTRODUCTION bands with the solar spectrum with appropriate orbital energies
and charge carrier mobilities.”* ™

Light harvesting for OPV function requires materials to have
a high absorption coefficient and an optical band gap (E,) of
1.2-1.6 eV."”" An effective and well-studied synthetic strategy
to achieve such properties is to incorporate molecular electron
donor (D) and acceptor (A) units in an alternating and
conjugated manner.*>*® The resulting push—pull nature along
the molecular skeleton facilitates an intramolecular charge

Organic conjugated materials have been actively studied and
integrated in semiconducting devices, including solar cells,
light-emitting diodes, and field-effect transistors."~ Thin film
fabrication from such materials may involve thermal deposition
or solution processing methods, and offer versatile techniques
that could favor a large variety of substances.® '*> Optical,
electronic, and thermophysical properties, as well as the solid

state organization, are particularly relevant for understanding transfer and electronically delocalized structure.>”*® Desired
overall device performance.”™' Design and synthetic strat- molecular orbital energy levels and E, can thus be tuned
egies have been put forward to tailor molecular orbital energy through incorporation of a number of building blocks by a
levels and optical transitions, thus affording the opportunity to variety of different synthetic approaches.®*™* Much of the
tailor materials properties toward specific device func- related research has been focused on the use of macromolecules
tions."”"”~*" In particular, conjugated materials have received comprising an “infinite” number of D—A repeating units, i.e.,
sustained interest for their utilization as electron-donating “polymer” (Figure 1)."**~ *6 Advantages of polymeric materials
active components in organic photovoltaic (OPV) devices include their high absorption coeflicients, wide range of light
when blended with fullerene derivatives as electron acceptors to absorption, and efficient charge carrier mobilities.”*”** More-
form the so-called “bulk heterojunction” (BHJ) structure. >

To fulfill their function in efficient photon-current conversion, Received: January 3, 2014

OPV materials should combine an overlap of their absorption Published: March 24, 2014
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Figure 1. Cartoon depiction showing the structure transition from polymer to small molecule and back to medium-sized molecular systems, based

on the D—A alternating characteristics.
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Figure 2. (2) The chemical structures of medium-sized molecules with various electron-accepting units, denoted as A and (b) UV—vis absorption

spectra of the corresponding molecules in the solid states.

over, polymers are also well suited in terms of film quality and
thermal robustness; considerations that have argued in favor of
device stability.**~>!

Research on D—A “small molecule” (Figure 1), analogues of
polymer segments, is more recent.”>~>® As compared with their
polymeric counterparts, small-sized molecular systems offer
well-defined chemical structures. Instead of the conventional
thermal deposition method, recent literature highlights the
potential of solution processability for molecular sys-
tems.>”57%! Although not frequently discussed in detail,
poorer film quality is frequently observed, relative to polymers,
and remains a persistent challenge for device fabrication.
Nevertheless, high solubility can be easily achieved with small-
sized molecules and it allows a variety of basic organic
transformations and purification techmglues, such as regio-
specific coupling and chromatography * Rational molecular
design based on the D—A concept has given rise to a large
number of high performance building blocks with close-to-ideal
material properties toward OPVs.%~"!

A relevant structure for the design of molecular donors can
be generally expressed as D'-A-D>-A-D', where D' and D?
indicate different types of electron-rich aromatic subunits, i.e.,
5’-hexyl-2,2’-bithiophene (BiTh) and dithieno(3,2-b;2',3"-d)-
silole (DTS), respectively. Molecules developed on the basis of
this framework have found utilities in integration of BHJ solar
cells with power conversion efficiencies (PCEs) comparable to
the best value obtained with polymers.”> Two of the examples
have employed either a pyridal[2,1,3]thiadiazole (PT) or a S-
fluorobenzo[c][1,2,5]thiadiazole (f-BT) as acceptor A.°*®* In
the course of the synthesis, the incorporation of such
heterocycles with asymmetric electronic structures can be
used to achieve regioselectivity in palladium-catalyzed coupling
reactions, promoting well-controlled chemical structures and
high-yield production.®>®®

Given that polymeric and molecular donor materials have
their own advantages and drawbacks, it is useful to consider
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extracting the most relevant properties from both classes.
Recently, we introduced well-defined molecular structures with
continuous elongation of D—A characteristics, namely,
“medium-sized molecules” (Figure 1).* Relative to their
structurally related small-sized molecules, these materials
exhibit effectively narrower E,, while providing at the same
time thermally more stable phases in the solid states. The larger
molecular size also led to a desirable BHJ organization without
processing additives and post thermal treatment, which
considerably simplifies the process of solar cell device
fabrication.

Realizing that medium-sized molecules may be able to
combine some of the most desirable properties from both small
molecules (e.g., well-defined crystallinity) and polymers (e.g,,
thermal stability and film quality), we set out to systematically
design and synthesize a series of molecules based on the
molecular skeletons of D'-A'-D*-A%-D*A'D' and D'-A'-D*
A%D*A*D*A'D' (for specific structures see Figures 2a and
3a). We focus our studies on evaluating how structural
variations influence bulk properties of interest in two aspects:
(1) variation of the electron affinities of the A® subunit to
control the molecular energy levels, optical and thermal
properties, and (2) selective anchoring of fluorine atoms to
the molecular frameworks to achieve favored electronic
structures relevant to OPVs and enhanced thermal resistance
in the bulk. We show how the electrostatic dipole moments in
the ground and first excited states of each molecule are
influenced by the molecular structure and their relevance to the
bulk organization. We also examined how variations of the A’
segment influence solid-state order upon heating. Finally, we
evaluate the impact of acceptor unit A” on the charge carrier
mobilities and photovoltaic properties. While the prediction of
overall bulk behavior of organic semiconductors as a function of
molecular connectivity remains an inexact science, the
information herein provides a relevant step forward to
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Figure 3. Chemical structures of molecular systems with site-specific fluorine substituents (a) and solid state UV—vis absorption spectra (b) of the
corresponding medium-sized molecules. The structure of X2 is depicted in a different way, compared to Figure 2, so to highlight its structural

relationship to F3.

understanding the impact of specific functional groups when
attached to a larger optical/electronic conjugated framework.

B RESULTS AND DISCUSSION

Design and Synthesis of Molecular Systems. The nine
molecules synthesized in this study can be assigned to two
groups according to their molecular dimensions, as shown in
Figures 2a and 3a. The first group, including X1, X3, X4, XS5,
F1, F2, has a general structure of DL-ALD%A%D>A!-D!, where
DY, Al, and D? represent BiTh, PT, and DTS, respectively, and
A’ varies among benzo[c][1,2,5]thiadiazole (BT) (X1), -
octylthieno-[3,4-c]pyrrole-4,6-dione (TPD) (X3), PT (X4),
benzo[c][1,2,5]oxadiazole (BO) (X5), £-BT (F1), and 5,6-
difluorobenzo[c][1,2,5Jthiadiazole (fF-BT) (F2). The other
group combines larger molecules of the type D'-A'-D*-A%D*-
A2-D*A'-D!, in which D' (BiTh), A' (PT), and D> (DTS)
remain unchanged, while the A” unit is altered among BT (X2),
PT (X6), and £BT (F3). These compounds provide well-
defined, monodisperse chemical structures that, in contrast to
polymers, allow unambiguous evaluation of molecular
structure—property relationships. All molecules were built up
via a series of Stille cross-coupling reactions between a
previously reported monostannylated molecular building
block and corresponding dibrominated counterparts.” Detailed
reaction procedures and characterizations of all the compounds
can be found in the Supporting Information. The preparation
of a key intermediate (3, Scheme 1), was achieved by coupling

Scheme 1. Synthetic Entry into Intermediate 3

Pd(PPhs), MW Br O ! \/ \ Q Br

1 3

Me3Sn: / \/ \ -SnMeg

1 with S-fluoro-4,7-dibromobenzo[c][1,2,5]thiadiazole (2) in
the presence of Pd(PPh,), at 90 °C, with a recovered yield of
65%. Under these conditions, the bromo substituent in meta
position to the fluorine atom is more reactive than the ortho-
Br.> The regiochemistry of the resulting compound was
determined by 'H—"H NOE NMR spectroscopy (Figure SI).
Structures of all final molecules were confirmed through 'H,
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BC, YF NMR spectroscopies, and field-desorption time-of-
flight (FD-TOF) mass spectrometry (Figures S2 and S3). It is
worth noting that the regioselectivity of the reaction is
completely lost when higher temperatures or microwave-
assisted heating are applied. In contrast to that, regioselective
coupling to the brominated PT unit can be achieved under
these conditions.> All nine molecules show excellent
solubilities (>S50 mg/mL) in chloroform at room temperature,
owing to the multiple branched alkyl side chains. Shorter
molecules X3, X4, XS, F1, and F2 exhibited up to triply charged
cationic species in FD-TOF mass spectra (same as X1), while
longer molecules X6 and F3 gave additional quadruply charged
species (same as X2).% It appears from this set of data that it is
a reasonable and persistent trend that more extended molecular
systems can stabilize more charges through more extensive
electron delocalization.

Variation of Electron-Accepting Subunits. We first
evaluate the role of a single electron-accepting group (shown as
A in Figure 2a) by switching between moieties with different
electron affinities within shorter molecules, i.e., X1, X3, X4, X5,
and longer ones, i.e.,, X2, X6. Optical absorption spectra of the
six molecules in dilute chloroform solution are shown in Figure
S4, and the most relevant data are summarized in Table 1. Note
that X1 and X2 were picked as similar congeners for the
comparison of shorter and longer molecular systems,
respectively. Solutions of X1—X6 show broad optical
absorption with distinct peaks at both higher and lower energy
regions, with solution extinction coefficients (&) of the
absorption maxima (/,,,,) at around 1 X 10> M~hcm™ for
shorter molecules (X1, X3, X4, and X5) and (1.2—1.5) x 10°
M "-cm™ for longer ones (X2 and X6). These absorption
features are commonly seen with D—A conjugated molecular
systems,>>%>7%7* and the £ values are comparable with typical
PT-containing polymers.”> The incorporation of A units with
increasing electron affinities (TPD < BT < BO < PT)"*”° yield
progressive shifts of the absorption onsets (Agpg) toward lower
energy region; that is, X3 exhibits a blue-shift (30 nm) of A,y
while X4 shows a red-shift (22 nm) of A, as compared with
X1. The exception is that X§ gives a blue-shift of 7 nm in A,
but a red-shift of 8 nm in A, with respect to X1.

While the absorption in solution reflects variations at the
molecular level, in the solid state, however, molecular packing
plays an important role.”””® Thin films were therefore prepared
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Table 1. Optical Characteristics of the Molecules in the Solid State Showing 4,,.,y Aonsets Eg and Summary of HOMO, LUMO
Energy Levels, E, Determined by Cyclic Voltammetry, and Theoretical Calculations®

solution absorption film absorption Ccv DET
molecule A (nm)  Agpeee (nm) Ay (nm) Ao (nm) Egopt (eV)  Euomo (eV)  Epumo (eV) Egelec (eV)  Euomo (eV)  Epymo (eV) Egcak (ev)
X1 670 756 748 860 1.44 =517 -3.73 1.44 —4.95 —3.26 1.69
X2 672 765 758 880 141 —5.04 =3.71 1.33 —4.88 —3.24 1.64
X3 648 726 714 800 1.55 =5.29 -3.73 1.56 =5.05 —3.26 1.79
X4 690 778 751 88S 1.40 =5.17 -3.74 1.43 —4.99 -3.35 1.64
XS 678 749 749 870 143 =S5.15 =371 1.44 =5.02 —-3.32 1.70
X6 718 806 781 91§ 1.36 =S.11 =3.79 1.32 —4.96 -3.40 1.56
F1 666 745 742 842 1.47 =5.20 -3.73 1.47 —4.98 -3.29 1.69
F2 660 733 726 827 1.50 —5.26 —3.75 151 =5.02 -3.28 1.74
F3 670 760 746 858 1.45 —5.08 -3.69 1.39 —4.95 -3.29 1.66

“Films were prepared by spin-coating chloroform solution (10 mg/mL) of each molecule onto glass slides at a spin speed of 1500 rpm. CV
measurements were carried out in chloroform solution (ca. 2 mg/mL), with Fc/Fc" as an internal reference. DFT calculations were performed at the

B3LYP/6-311G(d,p) level to optimize the ground state geometries of the molecules. 4,,,, refers to the lowest- energy
optical band gap. Eyyonmo: HOMO energy level. E; yy0: LUMO energy level. E,"

molecule. A, absorption onset. E,°P":

absorption peak for each
: electrochemical band gap.

Enomo and Ep yyo obtained by DFT calculation refer to the first occupied and unoccupied (virtual) Kohn—Sham orbltal energies, respectively. E, cale

was calculated from the energy difference between frontier orbitals.

by spin-coating chloroform solutions (10 mg/mL) of each
compound atop glass substrates, and their absorption spectra
are shown in Figure 2b. The absorption bands of X1—X6 reveal
red-shifts in A, of 104, 115, 74, 107, 121, and 109 nm,
respectively, relative to their solution spectra. The smallest
change in A, observed for X3 is likely because of the
additional octyl side chain on the TPD unit, which may
obstruct interchromophore 7—n interactions. Interestingly,
integration of PT units instead of BT leads to broadened
absorption profiles for X4 and X6, with respect to their
structural analogues, X1 and X2, respectively. Although the
reason for the broader absorption range remains unclear,
increases in the coverage of solar spectrum in the near-infrared
(NIR) region are beneficial for efficient photon harvesting. Film
absorption coefficients (a) between 5 X 10* and 7 X 10* cm™
were observed for all six molecules, which reflect their strong
light-absorbing capabilities. Optical band-gaps were estimated
from the A, of the film absorptions as 1.44 (X1), 1.41 (X2),
1.55 (X3), 1.40 (X4), 1.43 (X5), and 1.36 eV (X6). It is
reasonable that the molecule containing the highest number of
electronegative PT units (X6) shows the narrowest band gap.
The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels were
estimated by cyclic voltammetry (CV, see Figure S5);”°
data are summarized in Table 1. Owing to the greater solublhty
of these molecular materials, relative to polymeric counterparts,
it is possible to estimate energy levels via solution-based CV
measurements, which interrogate single molecule properties
more accurately than thin film-based CV. It is interesting to
point out that altering the central electron-accepting A unit
gives rise to only modest changes to LUMO energy level
(—=3.71 to —3.79 eV), with X6 affording the lowest value. These
observations reflect how the LUMO energies are largely
dominated by the most electron-withdrawing PT fragment.
HOMO energy levels were determined from the onsets of the
first oxidation waves, and the values are in the range between
—5.04 (X2) and —5.29 eV (X3) (Table 1). Electrochemical
HOMO-LUMO energy gaps calculated from the oxidation
and reduction potentials are in agreement with those estimated
from film absorption onsets. The same information was also
examined by using density functional theory (DFT), employing
the B3LYP functional and 6-311G(d,p) basis set based on the
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optimized ground state geometry for each molecule (Support-
ing Information),”® with results listed in Table 1. One observes
that the energy level values obtained with optical, electro-
chemical, and theoretical approaches follow the same trends.
The offset of the DFT values can be attributed to the fact that
the model describes a single molecule in the gas phase
neglecting any intermolecular interactions.”® On the basis of the
electrochemical measurements and theoretical expectations, X3
possesses the deepest HOMO energy level, and should thus be
most likely to achieve higher open circuit voltage (V,.) within
an OPV device based on blends with fullerene derlvatlves. The
narrower band gap and broader absorption profile of X6
provide the opportunity to achieve larger short circuit current
(]SC)'

Impact of Site-Specific Fluorine Substituents. Attach-
ment of fluorine substituents is known to be a useful design
element to tune the properties of conjugated materials and their
function within device conﬁgurations.go_83 It is difficult,
however, to clearly map out the impact of this substitution
when considering conjugated polymer backbones, because they
intrinsically possess a statistical distribution of structures.** In
this study, however, it is possible to delineate the impact of site-
specific installation of fluorine atom(s) onto molecular
backbones by comparing the properties of F1, F2, and F3,
with those of X1 and X2, respectively (Figure 3a).

A comparison of the solution UV—vis absorption profiles of
F1, F2, and F3 with respect to X1 and X2 is provided in Figure
S4. The introduction of fluorine atom(s) in F1 and F2 does not
bring noticeable changes to the & values, except for a ca. 7%
increase in € for F3 (1.6 X 10° M~'.cm™) over X2 (1.5 X 10°
M~Y.cm™). The A, values of F1 (666 nm) and F2 (660 nm)
are blue-shifted by 4 and 10 nm, respectively, as compared with
X1 (670 nm), together with a decrease in Agyg, of 11 and 23
nm. Additional vibronic features are shown for F1, F2, and F3,
which are most likely attributed to the increase in molecular
rigidity and planarity through the fluorine—sulfur (F---S)
interactions between adjacent aromatic units, i.e, DTS and f-
BT/fE-BT.**"* When transitioning from solution to the solid
state, the fluorinated molecules exhibit similarly broadened
absorption profiles, with low energy bands ranging from 500 to
900 nm (Figure 3b). The & values of F1 (6.1 X 10* cm™") and
F2 (6.3 x 10* cm™) are slightly higher than those for X1 (5.6
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Figure 4. The lowest-energy conformations of the molecules X1—X6 and F1—F3 at ground states with surface mappings of electrostatic potentials in
the range from —1 to +1 eV. Arrows indicate the magnitudes and directionalities of electrostatic dipole moments at the ground (black) and the first
excited states (colored). Horizontal axis represents x direction, and vertical axis shows y direction.

x 10* cm™"). The same is true for F3 (7.4 X 10* cm™') vs X2
(7.1 X 10* cm™). In addition, one observes continuous blue-
shifted A, with increasing number of fluorine atoms on the
central BT unit of X1, corresponding to optical band gaps of
1.47 eV (F1) and 1.50 eV (F2), vs 1.44 eV (X1). A longer
molecular framework, i.e., two f-BT units instead of BTs (F3 vs
X2), leads to a 22 nm blue shift in A, It is worth pointing out
that the increase in optical band gap observed for fluorinated
molecules (F1 and F2 vs X1, F3 vs X2) differs from reports
from related polymer systems, where fluorination of the BT
unit does not have an obvious impact on the absorption
profiles.**® One possibility is that the more disordered
polymer structure blurs subtle influences by different chemical
substituents on optical transitions.

As measured by CV and summarized in Table 1, the HOMO
energy levels of F1 (—5.20 eV) and F2 (—5.26 V) are only
slightly deeper with respect to the nonfluorinated X1 (—5.17
eV). The same is true for F3 (—5.08 eV) vs X2 (—5.04 eV).
These observations indicate that within a relatively large
molecular framework, the absolute HOMO energy levels
correlate positively with the number of fluorine substituents
on the central A> subunit, although the impact of this
substitution is attenuated by virtue of the large molecular
size. In contrast, changes in LUMO energy levels upon fluorine
substitution are less pronounced (<0.02 eV), which results in
an increase of the band gap. From a broader perspective, these
changes are not overly significant from a molecular optical
properties viewpoint; however, as described in more detail
below, we find that the C—H for C—F substitution leads to
pronounced changes in the bulk thermal properties.

Ground State Conformational Preferences and Elec-
trostatic Potentials in the Ground and First Excited
States. Preferred molecular conformations and the influence of
structure on the electrostatic distribution among the different
molecules were probed via ab initio calculations on all
molecules by using DFT at the B3LYP/6-311G(d,p) level of
theory. The motivation behind these efforts stem from recent
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reports that correlate the effective molecular dipoles on the
arrangements in the bulk and the crystallization tendencies as a
function of molecular dipole.*® Figure 4 shows relevant results
from the DFT calculations. We note that the alkyl chains of all
the molecules were truncated as methyl groups for more
resource-effective calculations. To maximize computational
efficiency, we first investigated the conformational freedom of
each D—A fragment by employing relaxed potential energy
surface scan and used these relaxed fragments (ie., at their
lowest-energy) to construct initial structure as input for DFT
calculations (details can be found in the Supporting
Information). The optimized “U”-shape ground state structures
(previously described as “banana-like” for smaller systems) are
in agreement with similar derivatives we have studied by means
of single crystal X-ray diffraction.*” We note here that energy
differences between different conformations can be rather low
(thermally accessible) and that it is therefore very likely that
conformers other than the “U”-shaped ones also play an
important role. However, we choose the most probable lowest
energy conformation of each molecule for the following DFT
studies. The general picture drawn here highlights how the
asymmetry of the PT moiety plays an important role in favoring
such “U” shape molecular geometry.

Mulliken atomic partial charges of each molecule were first
analyzed with respect to their optimized lowest-energy
geometries.90 It is worth noting that the main structural
features of these molecules involve the sp* hybridized pyridyl N
atom (PT) and C-F functionality (f-BT/fF-BT). Good
examples for each circumstance lie on the structurally
asymmetric molecules, X4 and F1, respectively, which allow a
useful comparison of electronic structures between the two
different halves of the same molecule. In particular, with respect
to the central PT unit in X4, Mulliken atomic charge gives
+0.328 e for the sulfur atom on the adjacent DTS that points
toward the pyridyl N atom, which is more positive than the one
pointing away (+0.312 e). The same is true for F1, where the
Mulliken atomic charges were observed as +0.323 and +0.311 e,

dx.doi.org/10.1021/ja413144u | J. Am. Chem. Soc. 2014, 136, 5697—5708
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for the corresponding sulfur atoms pointing toward and away
from C—F substituent, respectively. Molecular electrostatic
potential (ESP) mappings are shown in Figure 4, where red and
blue colors show the most negative (—1 eV) and most positive
(+1 eV) regions, respectively. One finds that the N atom from
each PT subunit leads to a local maximum of negative ESP.
Thus, it is reasonable that the sulfur atom from the DTS unit,
which possesses a positive ESP, points to the most negative site,
favoring the “U”-shape molecular conformation. Similar results
were also observed for the C—F functionality. In combination
with the study of Mulliken atomic charges, the results indicate
ubiquitous N---S and/or F---S interactions across the series of
molecules. Such interactions could provide, at least in part, a
driving force for structural planarization, which in turn,
facilitates 7—n stacking and allows for closer intermolecular
contacts.

The calculations reveal that the notable variations of bending
angles (6) of the “U”-shaped molecular geometry are intrinsic
to the changes of chemical structures. By assigning 8 as the
angle between the centroids of the central unit (X1, BT; X3,
TPD; X4, PT; X5, BO; F1, £-BT; F2, f:BT; for X2, X6, and F3,
DTS) and the two endmost PT units, one determines 0 =
129.3° for X1. With altering accepting unit from BT to TPD,
PT, and BO, 6 is found to be 107.7°(X3), 124.1° (X4), and
132.6° (XS). Besides the 6 variation led by the different
chemical structure (X3) and/or electron affinity (X5) of the A”
unit, the 5° decrease in 0 for X4 relative to X1 can be attributed
to the extra N---S interaction brought by the central BT for PT
substitution. X6 (98.6°) similarly shows a 10° more acute value
of 0 compared to its BT-containing analogue, X2 (108.4°).
Surprisingly, as the number of F atoms increases, one observes
a successive widening of 6 for F1 (131.1°) and F2 (133.5°),
relative to X1. A 6 widening of 2.7° is also observed for F3
(111.1°) vs X2. In terms of electrostatic interactions, the similar
nature for F--S as compared to N--S does not lead to an
expected @ sharpening, but the opposite is observed. One
plausible reason may be that the larger size of C—F
functionality over C—H or N increases the steric demands.

Excited state electronic structures were also calculated by
employing time-dependent (TD) DFT with the same func-
tional and basis set as the ground state calculation. The
calculated electrostatic dipole moments for each molecule in
the ground (u,) and excited (u,) states are summarized in
Table 2, with the magnitude and directionality of the dipole

Table 2. Summary of Calculated Dipole Moments for
Molecules X1—X6 and F1—F3 at both the Ground and First
Excited States”

molecule g (D) u. (D) Apg. (D)
X1 0.67 0.85 0.18
X2 0.90 1.37 0.47
X3 2.06 2.04 0.02
X4 1.56 1.89 0.54
XS 1.96 1.90 0.06
X6 2.57 295 0.38
F1 2.44 2.74 0.30
F2 2.23 2.36 0.13
F3 3.57 3.96 0.39

“pg: ground state total dipole moment. .: excited state total dipole
moment. Ag,.: dipole moment change from ground to excited state,
calculated by following the equation described in the literature.”"
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vectors illustrated in Figure 4 (ﬂg, black; ., colored). Detailed
calculation procedures, molecular orbital energy levels for the
first excited state (Table S1), and dipole moment calculations
(Table S2) can be found in Supporting Information. The high
degree of planarity essentially cancels net dipole moments
along the z direction (perpendicular to the conjugation plane)
for all molecules. As shown by the black arrows in Figure 4,
ground state dipole moments of the molecules point mostly
toward the bottom of the “U” shape geometries (i.e, —y), and
are calculated to be between 0.67 and 3.57 D in magnitude,
except for X3 and XS, in which both the electronegative
pyrrole-dione and O atom from the BO unit lead to an inverted
dipole direction (Figure 4). The asymmetric factors in X4 and
F1 primarily dominate the direction and magnitude of the net
dipole moments, leading to enlarged p,, (0.54 and 1.95 D in
magnitudes, for X4 and F1, respectively), while the rest of the
molecules show dipole moments only along y-axis owing to
their symmetry in the x direction.

Recent reports provide evidence that the dipole moment
change in going from the ground to the first excited state
(Apg,) influences the degree of photoinduced charge transfer
within a molecule, and has an impact on the performance of
OPV devices.***" These studies suggest that the larger the
Apg, the lower the Coulombic binding energy of the excitons,
thus facilitating intramolecular charge dissociation. It is thus
relevant to begin understanding to what degree different
combinations of electron-rich and electron-poor heterocycles
can be brought together in order to tailor Ayg,. Table 2 shows
that the alteration of A” unit in X1 framework among TPD and
BO results in a decrease of Ay,,. Larger variations of Au,, were
obtained for structurally asymmetric molecules (X4 and F1), in
comparison with the symmetric ones (X1, X3, X5, and F2),
which further suggests the importance of examining the whole
molecule instead of only a selected number of repeat units.
Despite the asymmetric factor, a general decrease in Ap . was
shown for F2 vs X1, and F3 vs X2. These calculations provide
relevant information for understanding the changes in charge
distribution as a function of molecular structure and electronic
state within a class of closely related structural analogues.

Thermal Response of Molecular Organization in the
Solid State. Solid state thermal transitions were evaluated by
using differential scanning calorimetry (DSC) under N, at a
heating/cooling ramp of 10 °C/min. The results of this study
are shown in Figure Sa, with heating cycles combined in the
lower half and cooling cycles in the upper half. Table 3
summarizes relevant melting (T,,) and crystallization (T.)
temperatures, together with the enthalpies (AH,, and AH,)
associated with each process.

A useful comparison can be made using compounds X1, X3,
X4, and XS, which only differ by the nature of the internal A
unit. Changing BT (X1) for PT (X4) leads to negligible
difference in T, and a decrease in AH,, (~6 J/g). However,
when the TPD core is introduced (X3), there is a more obvious
decrease in both T, and AH_, together with cold crystallization
behavior (134 °C), which is reasonably attributed to the
presence of the flexible and nonpolar octyl group in TPD.
Switching the internal unit to BO (XS) leads to the remarkable
and unanticipated absence of any obvious transitions. Note that
X1 and XS are only different by virtue of a single isoelectronic S
for O substitution out of 113 non-hydrogen atoms per
molecule! It is at this stage worth mentioning that ease of
crystallization is a practical typical requirement when
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Figure S. (a) DSC traces for molecules X1—X6, and F1—F3. Asterisks highlight weak peaks (cold crystallization for X3 and liquid crystalline
behavior for X3, X4, and X6). Dash lines indicate temperatures at 200, 250, and 300 °C. (b) Out-of-plane GIXRD profiles for all molecules before
(open circles) and after (filled circles) thermal annealing at 170 °C for 60 s. Peak fitting for each curve is shown as solid line.

Table 3. Summary of Phase Transition Properties and GIXRD Parameters of the Molecules in the Solid State

DSC GIXRD
melting crystallization as-cast annealed at 170 °C
molecule T, (°C) AH,, (J/g) T. (°C) AH, (J/g) d-spacing (nm) CCL (nm) d-spacing (nm) CCL (nm)

X1 246 26.0 216 24.8 1.6 7 1.8 18
X2 269 20.3 254, 244 19.2 1.6 13 1.7 22
X3 222 5.6 220 34 - - 1.7

X4 246 20.5 198 20.2 - - 1.8

XS - - - - 1.6 13 1.8 20
X6 265 15.8 246, 230 144 - - - -
F1 267 28.6 239 28.5 1.6 9 1.8 17
F2 264 12.7 231 12.6 1.6 7 1.8 15
F3 301 19.2 288 18.9 1.6 9 1.7 17

considering donor molecules for BH]J solar cells, as this driving
force aids in phase separation from the fullerene acceptors.
Similar to the structural relationship between X1 and X4, the
substitution of BT for PT in X2, i.e, X6, results in only a small
drop in T, (4 °C), while a larger T. offset (14 °C) was
observed. Out of all molecules, X2 and X6 stand out from the
rest in that they exhibit strong exothermic transitions (X2, 254
°C; X6, 246 °C) ahead of crystallization, which may correspond
to the presence of monotropic liquid crystalline phases.”’
Interestingly, liquid crystalline behavior was observed for
molecules X3 (257 °C) and X6 (293 °C) during heating
processes, and for X3 (254 °C), X4 (242 °C), and X6 (292 °C)
upon cooling, which hints that the incorporation of TPD or PT
brings in driving forces for stabilizing mesophases.
Comparison of phase transitions from F1/F2 vs X1, and F3
vs X2 reveals that fluorine substitution enhances thermal
robustness. The DSC trace of F1, i.e., a mono fluorinated X1,
shows an increase in both T, and T, of more than 20 °C. An
additional fluorine substitution (i.e, F2) does not induce
noticeable further increase in temperatures (3 and 8 °C lower
in T,, and T, respectively, as compared to F1). Instead, broader
melting and crystallization peaks emerge, along with relatively
smaller enthalpies (Table 3), which indicate a weakening of
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crystallinity. Similarly, F3 affords notable enhancements with
respect to X2 (32 °C in T,, and 44 °C in T,). It is also worth
noting that in contrast to the nonfluorinated analogues X2 and
X6, no semistable phases were observed for F3, suggesting that
the melting and crystallization processes of F3 are kinetically
less hindered. Therefore, it is reasonable to conclude that C—H
for C—F substitution on such discrete molecular frameworks
likely induces an increase in intramolecular rigidity that
facilitates organization in the solid state. Such information on
melting and crystallization behaviors also has a practical
relevance when it comes to exploring possible thermal
annealing protocols that can improved the optoelectronic
performance of thin films.

Internal bulk structures from each of these materials before
and after thermal treatment at 170 °C for 1 min were examined
by employing grazing incidence X-ray diffraction (GIXRD).
Out-of-plane profiles with q values in the range of 2—6 nm™"
are shown in Figure 5b. Pristine films of each material were cast
on (100) silicon substrates from chloroform solution (10 mg/
mL). Curve fitting was carried out to determine the
interlamellar d-spacing and crystallite correlation length
(CCL) from each measurement, which were calculated based
on peak maximum (q,) and full width at half-maximum
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(fwhm) as detailed in Supporting Information (Table S3). All
as-cast films exhibit a d-spacing of 1.6 nm, except for films of
X3, X4, and X6, in which no diffraction signals were detected,
indicating that the lamellar ordering along the out-of-plane
direction from these materials is not strongly present. It is
surprising that XS shows a larger CCL (13 nm) than X1 (7
nm), in contrast to the DSC measurement where X5 shows no
phase transitions. Thermal annealing of the films leads to an
increase in d-spacing (0.1—0.2 nm), possibly due to relaxation
of the solubilizing side chains, as well as sharpened scattering
peaks and concomitant increase in CCL. Such features can be
exemplified with the behavior of XS, for which thermal
annealing leads to a CCL increase from 13 to 20 nm.
Scattering signals of X3 and X4 films emerged after thermal
treatment, with d-spacing measured as 1.7 and 1.8 nm, and
CCLs of 8 and 7 nm, respectively. Regarding the effect of
fluorine substitution (i.e., F1/F2 vs X1, and F3 vs X2), GIXRD
of the as-cast films indicate differences in CCL (F1, 9 nm; F2, 7
nm; X1, 7 nm). Post-thermal treatment leads to a general
increase in CCLs for X1 (18 nm), F1 (17 nm), and F2 (15
nm), where the CCL of F2 is now relatively lower. The most
unexpected result is from the comparison of X2 and X6, where
X2 exhibits distinct scattering signals both from as-cast (d-
spacing = 1.6 nm, CCL = 13 nm) and annealed films (d-spacing
= 1.7 nm, CCL = 22 nm). However, X6 does not show any
scattering within the q range of 2—6 nm™" either before or after
thermal treatment. In fact, a 2D wide-angle X-ray analysis
(GIWAXS) indicates that X6 adopts an exclusive “face-on” 7—7x
stacking orientation along the silicon surface normal (Figure
S9). We currently cannot provide an explanation for the
different molecular orientations observed for the two structural
analogues (X2 and X6).

Figure 6 shows the changes in percentile for film absorption
coefficients, (a—a,)/a,, versus wavelength for all nine

[—Xx1 —Xx2

0

0

—_
N L N O
v o wv O

(a—a )/o (%)

v O

600 800
Wavelength (nm)

1000

Figure 6. The percentile changes of solid state absorption coefficients
along the visible-NIR region after thermal treatment of each film at
170 °C for 1 min with respect to as-cast condition. & and &, denote
film absorption coeflicients before and after thermal treatments,
respectively.

molecules before and after thermal annealing at 170 °C for 1
min. All films were prepared on glass slides with conditions
identical to the GIXRD experiments. Molecules X3, X4, and X6
exhibit distinct changes beyond 800 nm: X3 shows more than
100% increase in a at 795 nm, while X4 (850 nm) and X6 (866
nm) increase by 55% and 38%, respectively. Such significant
thermal response is an indication of considerable bulk
organization, which correlates well with GIXRD measurement
where these three materials exhibit the most notable emergence
of scattering peaks. Another important information is that
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minimum changes in absorption coefficients were revealed for
molecules F1, F2, and F3, further corroborating the fact that
more thermally robust bulk structures are obtained with
appropriate fluorine substitution of the material.

Charge Carrier Mobilities. Charge transport properties
were examined by using organic field-effect transistors
(OFETs) with a top-contact and bottom-gated architecture.
Thin films with thicknesses of ca. 30 nm were prepared by spin-
coating 5 mg/mL of chloroform solution of each material atop
heavily doped silicon wafer covered with 200 nm of thermally
grown dielectric silicon dioxide, which were previously
passivated with decyltrichlorosilane (Supporting Information).
Devices were then thermally annealed for 10 min at various
temperatures.

Figure 7a overviews the transfer curves of OFET devices
fabricated from compounds X1—X6 and F1—F3 using as-cast
conditions. Table 4 summarizes the hole mobility (),
threshold voltage (V,), and current on/off ratio (I,,/Ig)
achieved for each device. All molecules present reasonable y;, in
the order of 107" ~ 107> cm?®/(V's), a range that is useful for
application in BHJ OPVs. Upon comparing X3, X4, and XS to
X1, X3 and X4 show relatively lower j, indicating less favored
structural ordering was obtained by introducing either alkylated
TPD or the asymmetric PT unit. In contrast, the XS device
shows an as-cast mobility of 0.18 cm?/(V's), pointing toward a
higher degree of structural ordering as compared to its
analogues (X1, X3, and X4), in agreement with the largest
CCL value determined from GIXRD. Similarly, structural
variation in the case of X2 versus X6 further corroborates the
essential role of electron deficient unit within molecular
framework, where X6 exhibits an g, (0.001 cm?/(V-s)) that
is 1 order of magnitude lower than that of X2 (0.04 cm?/(V's)).
However, differences in mobility have a complicated origin,
which likely involves the different preference in molecular
stacking orientation with respect to the substrates as observed
for X2 and X6 (vide supra). The introduction of C—F
functionality (i.e, F1, F2, and F3) does not bring obvious effect
on their yy. In addition, thermal annealing experiments suggest
that OFET devices based on all these molecules are thermally
stable up to 200 °C (Table S4). Ambipolar charge transport
behavior was observed for X6, with an electron mobility of
0.003 cm?/(V's), as shown in Figure 7b, which is interesting
since this compound exhibits the lowest LUMO energy level
among all molecules studied (Table 1).

Photovoltaic Characteristics. Photovoltaic properties of
compounds X1-X6 and F1—-F3 were evaluated in a BHJ
configuration by incorporating (6,6)-phenyl-Cg;-butyric acid
methyl ester (PC;BM) as an electron acceptor. All devices
were operated under an N, atmosphere with the device
architecture: indium tin oxide (ITO)/MoO,/mole-
cule:PC4 BM/AL Active layers were prepared via spin-coating
from chloroform solutions of molecule/PC¢BM blends with a
total solid concentration of 20 mg/mL. No solvent additives
were included in the casting solution. The blend composition
was adopted based on a previous study with X1 and X2.%
Active layers were treated by subjecting to thermal annealing
(100 °C) before cathode deposition. Relevant photovoltaic
parameters under AM 1.5G at 100 mA/cm?® are detailed in
Table 4. An interesting initial observation is that devices based
on these materials operate well under a relatively low molecule/
PC4BM weight ratio, as compared with lower molecular-
weight counterparts.””®® This observation indicates that
materials based on the medium-sized molecular framework
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Figure 7. (a) Transfer characteristics of OFET devices built upon each molecule ahead of thermal treatment. (b) Ambipolar transfer behavior from
X6 device. (c) Current—voltage characteristics of molecule:PC;;BM BHJ solar cell devices under as-cast condition. (d) EQE curves of the

corresponding devices from (c).

Table 4. Summary of Field Effect Mobilities and Photovoltaic Parameters for Molecules X1—X6 and F1-F3

OFET devices OPV devices
molecule  p (cm?/(V:s)) Vo, (V) Lo/ I molecule:PC4BM (w/w)  thermal annealing  J,. (mA/em?) V.. (V) FF (%) PCE (%)

X1 0.14 -30 10* 60:40 w/o 9.8 0.77 39 3.0
100 °C 13.6 0.71 60 5.8

X2 0.04 -10 10* 50:50 w/o 15.0 0.66 64 6.3
100 °C 15.2 0.66 64 6.4

X3 0.03 —40 10° 60:40 w/o 8.6 0.83 56 4.0
100 °C 4.0 0.83 S0 1.7

X4 0.05 -30 10* 60:40 w/o 11.2 0.82 52 4.8
100 °C 12.6 0.75 61 5.7

XS 0.18 =35 10* 60:40 w/o 13.3 0.75 S1 S.1
100 °C 12.7 0.72 60 S.5

X6 0001 (h)* ~30 (h) 10% (h) 50:50 w/o 122 0.75 56 5.1
0.003 (e)” 40 (e) 10" (e) 100 °C 126 0.75 62 58

F1 0.06 —-18 10* 60:40 w/o 13.0 0.78 53 5.3
100 °C 129 0.75 65 6.3

F2 0.10 -20 10* 60:40 w/o 12.8 0.77 57 5.6
100 °C 13.5 0.76 59 6.1

F3 0.06 -20 10° 50:50 w/o 139 0.71 67 6.5
100 °C 14.2 0.71 65 6.5

“Hole mobility. “Electron mobility.

function best with a higher content of fullerene acceptors,
which is often seen for conjugated polymers.”>~*®

Figure 7c,d details current density—voltage (J—V) character-
istics and external quantum efficiencies (EQEs) for devices
fabricated based on each molecule under as-cast conditions.
Films cast from X1 and X3 afford devices with power
conversion efficiency (PCE) of 3.0% and 4.0%, respectively,
which are lower than those of their structural analogues X4
(4.8%) and XS (5.1%). X3 gives the highest V,. (0.83 V),
consistent with the deepest HOMO energy level. EQE spectra
are consistent with optical absorption spectra of each material
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in the solid state. Thermal treatment on active layers prior to
cathode deposition leads to enhanced PCEs for X1 (5.8%), X4
(5.7%), and XS (5.5%), and improvements in the fill factor
(FF) in each case. The X3 device, however, shows rather
decreased PCE by ca. 50% of its original value, a result from a
major loss in J. (4.0 vs 8.6 mA/cm?). Interestingly, when
subjecting to thermal treatment at elevated temperature, X3
thin film exhibits the most sensitive response in optical
absorption (Figure 6).

Comparison of molecules F1, F2 vs X1, and F3 vs X2 allows
one to obtain insight into the role of fluorine substitution: (1)
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A successive improvement of PCE emerges for the as-cast
devices of materials with increasing fluorination. Specifically, F1
and F2 devices show PCEs (FF) of 5.3% (53%) and 5.6%
(57%), respectively, as compared to 3.0% (39%) obtained from
X1 device. Such improvement, especially in FF, suggests that
fluorine substitution is able to drive the blend films toward a
more favorable bulk organization during casting,” while the
X1-containing film needs further treatment (e.g, thermal
annealing) to achieve appropriate phase segregation. (2)
Devices based on fluorinated molecules F1 and F2 exhibit
suppressed sensitivity toward thermal treatment. For example,
100 °C-annealed X1 device shows a major increase in PCE
(~100%) over the as-cast device. In contrast, the same effects
on F1 (19%) or F2 (9%) devices are considerably limited. It is
obvious that, in case of F1 and F2, better morphology for OPV
function can be obtained immediately after casting. (3)
Additional fluorine substitution on X2 molecule (ie, F3)
does not provide further improvement in PCE (6.5%) under
present conditions, mainly due to a composition of higher V.
(0.71 V) and lower J. (139 mA/cm?). Additionally, no
changes in PCE upon thermal annealing can be observed,
which is comparable to X2.

One highlight from this set of data is X6, a molecule
containing four PT subunits, the OPV devices of which show
EQE response beyond 900 nm, while at the same time a V,_ of
0.75 V. These values are relatively high for a molecular material
with a band gap of 1.32 eV. The X6:PCy BM blend is able to
achieve J,. > 12 mA/cm?® with a maximum EQE of 40%. Of
particular note is that past studies indicated that materials with
ambipolar charge transport seldom function well within OPV
devices."” Surprisingly, the current study unveils a decent PCE
(5.1%) obtained from X6 devices without post treatment,
which can be further improved to 5.8% by thermal treatment at
100 °C. Therefore, one can expect X6 to be a promising
candidate for OPV device optimization studies.

B CONCLUSIONS

To establish a rational consideration of structurally novel
medium-sized narrow band gap conjugated molecules toward
high-efficiency and environmentally robust photovoltaic
applications, we introduce herein the design, synthesis, and
evaluation of nine structurally related chromophores with the
following two D—A alternating architectures: D'-A'-D*-A%-D?-
A'D' and D'-A'-D*A%D*A*D*A"-D". The main structural
concerns with respect to material structure—property relation-
ships include (1) comparison of molecular dimensionalities
(molecular lengths), (2) variation of the central A* accepting
unit, (3) selective fluorine substitution on BT subunit(s), and
(4) incorporation of asymmetric building blocks (PT and f-
BT). Such a modular structural data set allows one to identify
design principles that can be applied to influence thermal
resistance, self-organization, and ultimately charge carrier
mobilities and optoelectronic properties.

By examining structural variations of the BiTh-PT-DTS-A*
DTS-PT-BiTh theme, one finds that the A subunit provides
subtle changes in LUMO energy levels and a more obvious
effect on HOMO energy levels. In the comparison between
molecules X1, X3, X4, and X5 with A” unit varying among BT,
TPD, PT, and BO, respectively, X3 shows the deepest HOMO
energy level (—5.29 eV) and the widest band gap (1.56 eV),
which correlates well with the higher V. (0.83 V) and lower J
(8.6 mA/cm?) obtained in OPV devices. The results also
disclose a great diversity in phase transitions and bulk

5706

organization within thin films. Specifically, materials with
various A” units exhibit similar melting transition temperatures
while differing greatly in terms of crystallization process and
optical response to thermal treatment, in which X§ shows much
greater thermal resistance up to 170 °C than X1, X3, and X4. It
is not obvious why no phase transitions (up to 320 °C) are
observed by DSC for XS, even though XRD measurement
reveals distinct scattering signals and notable solid state
ordering. With the elongated molecular framework (BiTh-PT-
DTS-A%-DTS-A>-DTS-PT-BiTh), X6 (A% PT) has a narrower
band gap than X2 (A% BT), together with the deepest LUMO
energy level (—3.79 eV) within the entire series of molecules.
More interestingly, liquid crystalline behavior was observed for
molecules X3, X4, and X6, suggesting structural factors that can
contribute to stabilization of the molten phases and perhaps
new approaches for processing of the materials. From a
theoretical perspective, minor changes in chemical structures
are also shown to notably alter molecular geometries, surface
electrostatic potentials, and dipole moments both in the ground
and the first excited state. Such changes are widely believed to
influence molecular solid state organization, charge transport,
exciton binding energy, and intramolecular charge separation
upon photo irradiation.

Some unexpected yet intriguing results follow and are worth
future investigation. (1) A preliminary observation shows that
structural analogues X2 and X6 hold completely different
preferences in molecular orientation (edge-on vs face-on) in
the solid state, which may in turn lead to interesting anisotropic
charge transport properties. (2) The role of fluorine
substituents, which has been of interest previously in
conjugated polymer analogues, can be more clearly identified
in these well-defined molecules, as shown by the data in Tables
1-4.

Despite the great diversity in optical, thermal, and
morphological properties, one finds the generality that all of
the materials show charge carrier mobilities that are useful for
photovoltaic applications (i.e, 107" ~ 107 cm?/(V-s)).
Consequently, solar cell devices based on these materials
show PCEs in the range of 4.0—6.5% without significant
optimization, which confirms that these medium-sized
molecular frameworks are generally competitive alternatives
for polymeric OPV materials. Of interest is that fluorine
substituents provide nearly optimal performance directly from
solutions that lack solvent additives; thermal annealing
improvements are not significant. One therefore starts to
observe the emergence of functional chemical groups that can
be used to gain control over the kinetically confined evolution
of the BHJ morphology. It is also worth emphasizing that the
ambipolar material X6 shows an encouraging performance in a
conventional OPV device (PCE = 5.8%).

As a closing note, we realize that most of typical small
molecular (and polymeric) donor materials require delicate
morphology control to achieve solar cell devices with higher
efficiency. It is thus important to emphasize that these medium-
sized molecules demonstrate competitive solar cell perform-
ances (>5%) with simple device architecture in the absence of
processing additives and postdeposition treatments, which
reinforces the significance of molecular design principles toward
the medium-sized conjugated molecules as the next generation
of OPV donor materials. Whether the upfront investment in
synthetic complexity is offset by simplicity in device fabrication
remains an open question.
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