o
&
S
&
w0
&
8
a8
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
S
o
8
B
8
k1
8
S
=
H
8
a

Check for
updates

Closely packed, low reorganization energy m-extended
postfullerene acceptors for efficient polymer solar cells

Steven M. Swick®® ', Weigang Zhu®?!, Micaela Matta®®, Thomas J. Aldrich®®, Alexandra Harbuzaru®,
J. Teodomiro Lopez Navarrete©, Rocio Ponce Ortiz¢, Kevin L. Kohlstedt®2, George C. Schatz*?2, Antonio Facchetti®-2,

Ferdinand S. Melkonyan®"2, and Tobin J. Marks®--2

2Department of Chemistry, Northwestern University, Evanston, IL 60208; "Argonne—Northwestern Solar Energy Research Center, Northwestern University,
Evanston, IL 60208; “Department of Physical Chemistry, University of Malaga, 29071 Malaga, Spain; “Flexterra Corporation, Skokie, IL 60077;
and °Department of Materials Science and Engineering, Northwestern University, Evanston, IL 60208

Contributed by Tobin J. Marks, July 25, 2018 (sent for review May 17, 2018; reviewed by Jenny Nelson and Colin Nuckolls)

New organic semiconductors are essential for developing inex-
pensive, high-efficiency, solution-processable polymer solar cells
(PSCs). PSC photoactive layers are typically fabricated by film-
casting a donor polymer and a fullerene acceptor blend, with
ensuing solvent evaporation and phase separation creating dis-
crete conduits for photogenerated holes and electrons. Until
recently, n-type fullerene acceptors dominated the PSC literature;
however, indacenodithienothiophene (IDTT)-based acceptors have
recently enabled remarkable PSC performance metrics, for reasons
that are not entirely obvious. We report two isomeric IDTT-based
acceptors 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-benz-(5,
6)indanone))-5,5,11,11-tetrakis(4-nonylphenyl)-dithieno[2,3-d:2’,3'-d']-
s-indaceno[1,2-b:5,6-b’ldi-thiophene (ITN-C9) and 3,9-bis(2-methylene-
(3-(1,1-dicyanomethylene)-benz(6,7)indanone))-5,5,11,11-tetrakis
(4-nonylphenyl)-dithieno[2,3-d:2’,3’-d']-s-indaceno[1,2-b:5,6-b’]dithio-
phene (ITzN-C9) that shed light on the exceptional IDTT properties
vis-a-vis fullerenes. The neat acceptors and blends with fluoropoly-
mer donor poly{[4,8-bis[5-(2- ethylhexyl)-4-fluoro-2-thienyl]benzo[1,2-
b:4,5-b’]dithiophene2,6-diyl]-alt-[2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-
4,8-dioxo4H,8H-benzo[1,2-c4,5-c'ldithiophene-1,3-diyl]]} (PBDB-TF) are
investigated by optical spectroscopy, cyclic voltammetry, thermogravi-
metric analysis, differential scanning calorimetry, single-crystal X-ray
diffraction, photovoltaic response, space-charge-limited current trans-
port, atomic force microscopy, grazing incidence wide-angle X-ray scat-
tering, and density functional theory-level quantum chemical analysis.
The data reveal that ITN-C9 and ITzN-C9 organize such that the low-
est unoccupied molecular orbital-rich end groups have intermolecular
n—n distances as close as 3.31(1) A, with electronic coupling integrals
as large as 38 meV, and internal reorganization energies as small as
0.133 eV, comparable to or superior to those in fullerenes. ITN-
C9 and ITzN-C9 have broad solar-relevant optical absorption, and,
when blended with PBDB-TF, afford devices with power conversion
efficiencies near 10%. Performance differences between ITN-C9 and
ITzN-C9 are understandable in terms of molecular and electronic struc-
ture distinctions via the influences on molecular packing and orien-
tation with respect to the electrode.

solar energy | organic photovoltaic | small molecule acceptor |
single crystal | molecular modeling

Organic semiconductor technologies have witnessed rapid
recent advances and are being incorporated in increasing
numbers of optoelectronic products (1). In addition to rivaling
the performance of many inorganic materials, organics offer the
attraction of low-cost solution processing to fabricate large-area,
flexible, lightweight panels (2, 3). For polymer solar cells (PSCs),
great strides have been made in performance, with power con-
version efficiencies (PCEs) now exceeding 13% (4-7). PSC
photoactive layers are commonly created by film-casting bulk
heterojunction (BHJ) blends of p-type donor polymers and n-
type fullerene acceptors (Fig. 1B), with the ensuing solvent
evaporation and phase separation creating discrete conduits for
photogenerated hole and' electron conduction to the cell elec-

Www.pnas.org/cgi/doi/10.1073/pnas.1807535115

trodes for collection. It has long been conjectured that fuller-
enes, with their spherical shapes that afford close packing, orbital
degeneracies, and low internal charge-transfer reorganization
energies, are uniquely suited for the n-type acceptor role (8, 9).
In optimum cases, fullerene BHJ devices have produced
PCEs >10% (10, 11). Nevertheless, fullerene acceptors are
limited in optical cross-section (Fig. 1C) as well as environmental
and phase stability (12). To address these limitations, substantial
research has been devoted to investigating novel, nonfullerene
acceptors (13-16) including those derived from rylene diimides
(17-19) and diketopyrrolopyrroles (20).

However, a new class of PSC n-type molecular acceptors based
on the indacenodithienothiophene (IDTT) skeleton has emerged
(Fig. 14). Interestingly, IDTT acceptors appear to be remarkably
different from fullerenes in the aforementioned key properties
thought necessary for efficient BHJ n-type acceptor performance
(12, 21). Nevertheless, some IDTT acceptors deliver PCEs exceeding

Significance

For producing electricity, polymer solar cells (PSCs) offer
properties tunability, light weight, scalability, and earth-
abundant materials. PSC active layers typically consist of do-
nor polymer and fullerene acceptor blends having discrete
conduits for photogenerated hole and electron conduction. The
spherical fullerene shape, which enables close packing, orbital
degeneracies, and low charge-transfer reorganization ener-
gies, is thought to be essential for efficient photocurrent
generation and high power conversion efficiencies (PCEs).
However, the recent advent of irregularly shaped indacenodi-
thienothiophene (IDTT) acceptors yielding higher PCEs chal-
lenges the fullerene paradigm. In a combined experimental and
theoretical study with two new isomeric IDTT derivatives, we
shed light on the basis of this performance in terms of sur-
prisingly close molecular packing, strong electronic coupling,
and low reorganization energies.
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Chemical structures of (A) typical IDTT acceptor (ITIC) and n-extended IDTT acceptors (ITN-C9 and ITzN-C9) and (B) C;, fullerene acceptor derivative

and donor polymer PBDB-TF. (C) Comparative thin film optical absorption spectra and CV-derived FMO energies of ITN-C9, ITzN-C9, ITIC, PC;4BM (57), and

PBDB-TF.

13% in blends with well-known donor polymers (6). The reasons
underlying this exceptional performance are not obvious, raise
questions about current paradigms used to design BHJ PSCs, and
reflect a lack of information as basic as the IDTT molecular orga-
nization patterns involved.

Here we report the realization of a class of n-extended IDTT
derivatives, IT(z)N-CX (Fig. 14), and their detailed characteriza-
tion alone and in blends with the donor fluoropolymer PBDB-TF
(Fig. 1B) (22), which is known to yield high-performance devices
with nonfullerene acceptors (23, 24). Theoretical studies argue that
extended z-conjugation enhance intermolecular n—r binding ener-
gies (25), and, in polyacenes, affords lower internal reorganization
energies due to delocalization of the charge-induced polarization
density (26, 27). Clearly, detailed analysis of n-extended
IDTT derivatives, if realized, should contribute to the fun-
damental understanding of this new class of n-type materials
and identify directions for further advances. The battery of
physicochemical techniques applied here to the neat acceptors
and their blends includes optical spectroscopy, cyclic voltammetry
(CV), thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), single-crystal X-ray diffraction, photovoltaic
(PV) response, space-charge-limited current (SCLC) transport,
atomic force microscopy (AFM), and grazing incidence wide-angle
X-ray scattering (GIWAXS), as well as density functional theory
(DFT)- and Zerner’s Intermediate Neglect of Differential
Overlap (ZINDO/S)-level quantum chemical analysis. The re-
sults show that, in the solid phase, the IDTT acceptors ITN and
ITzN form columns of face-to-face packed molecules, with close
n—n interactions between the lowest unoccupied molecular or-
bital (LUMO)-rich electron-deficient naphthyl end groups, im-
plying that electron transport proceeds primarily through these
fragments. In addition, the IDTT acceptors reported here are
shown to have smaller internal reorganization energies, com-
parable intermolecular #—x electronic coupling integrals, and
electron mobilities approaching those of fullerene acceptors.

E8342 | www.pnas.org/cgi/doi/10.1073/pnas. 1807535115

Results and Discussion

Molecular Design and Characterization of =-Extended IDTT Acceptors.
To increase IDTT r-delocalization, two isomeric structures in
which phenylene moieties fused to the electron-deficient end
groups were designed. For organic semiconductors in general and
IDTT-based acceptors, thin film structural/physicochemical
properties and PV performance are sensitive to the shape and
length of solubilizing alkyl substituents attached to the molecular/
macromolecular core (28, 29). Thus, we first synthesized three
derivatives of the linearly extended ITN acceptor with pro-
gressively elongated alkyl chains: ITN-C6 (R = n-C¢H;3), ITN-C9
(R = n-Cngg), and ITN-C12 (R = n-C12H25) (Flg ].A) See
Materials and Methods for synthetic and characterization details.
Due to the tendency of ITN-C6 to phase separate as large crystals
in blends with PBDB-TF, extremely low PV response was mea-
sured for this acceptor (see PV and Charge Transport Measure-
ments). However, preliminary organic PV (OPV) evaluation
utilizing ITN-C9 or ITN-C12 as acceptors yielded good PCEs, with
the R = n-nonyl (n-CgH,9) side chain proving optimal. Thus, for
the isomeric, zigzag extended ITzN acceptor, the n-nonyl (n-
CoHjo) side chain was selected for further studies. With these
acceptors in hand, systematic optical and electrochemical char-
acterization was carried out; data are summarized in Table 1.
All TTN-CX acceptors exhibit identical optical absorption profiles
in solution with A, centered at ~710 nm (SI Appendix, Fig. S1).
Interestingly, compared with ITN-CX, the ITzN-C9 Ay, is signifi-
cantly blue-shifted (~667 nm), indicating significant electronic
structure differences. In thin films, all ITN-CX acceptors exhibit
similar absorption profiles, which are red-shifted versus those in
solution (Fig. 1C and SI Appendix, Fig. S1). Similarly, the ITzN-C9
film Apyax is red-shifted versus that in solution. The absorption
edge was also used to estimate optical bandgaps (EgOPT), reveal-
ing that ITN-CXs have smaller bandgaps than ITzN-C9 (Table 1).
Interestingly, in comparison with ITIC (3,9-bis(2-methylene-(3-
(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene),

Swick et al.
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Table 1. Summary of ITN-CX and ITzN-C9 optical and thermal properties

Amax: nm Aonset: nm
Compound  Solution ~ Film  Solution  Film  E;°T Film, eV Ty*°C Tosa °C
ITN-C6 709 747 756 817 1.52 378 —
ITN-C9 709 744 756 803 1.54 341 199.5%
ITN-C12 709 735 756 795 1.56 342 —
ITzN-C9 667 698 719 751 1.65 350 200.5" 226.0;193.0*

Solution optical spectra were measured in 0.0100 mg/mL CHCl; solutions. Film optical spectra were measured
on films cast from 5.0 mg/mL CHCl; solutions on glass slides; optical gap (E,°"") was estimated from the absorp-

tion edge.

*TGA samples heated at 10 °C/min under an N, atmosphere, with T4 defined as temperature of 5% mass loss.
TCold crystallization temperature (observed only in the first DSC heating cycle).
*Melting and crystallization temperatures, respectively (DSC second cycle).

ITN-CXs have red-shifted optical absorption, whereas ITzN-
C9 exhibits blue-shifted absorption as both solutions and thin
films. Overall, ITN-CXs and ITzN-C9 strongly absorb at
~650 nm to 800 nm and ~600 nm to 720 nm, respectively,
which should be attractive for efficient solar light capture if
paired with a medium-large bandgap donor semiconductor
such as PBDB-TF. Thin-film CV experiments were next used
to assess the redox properties and thus the highest occupied
molecular orbital (HOMO) and LUMO energetics of the

ITN-CX series and ITzN-C9. ITN-CXs and ITzN-C9 exhibit
quasi-reversible oxidation and irreversible reduction waves
(SI Appendix, Fig. S2 and Table S2). Interestingly, ITzN-C9
and ITN-C6 have similar HOMO energies, while ITN-C9 and
ITN-C12 possess lower-lying HOMOs. All ITN-CX molecules
have similar LUMO energies, in contrast to ITzN-C9, which
has an elevated LUMO (Fig. 1C). Overall, ITN-CXs and
ITzN-C9 have energy levels that are perturbed from ITIC but
show good alignment with PBDB-TF. Next, the thermal

263A i393A

==

ith the closest n—n contacts shown. (C) Computed HOMO and LUMO contours of ITN and ITzN.
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Fig. 3. PBDB-TF:IT(z)N-C9 PSCs: (A) J-V responses and (B) EQE spectra. A in-
dicates annealing. Neat film GIWAXS linecuts of (C) ITN-C9 and (D) ITzN-C9.

properties of the ITN-CXs and ITzN-C9 were investigated using
TGA and DSC (Table 1). All series members exhibit high
thermal decomposition temperatures (74) of >340 °C (5% mass
loss; Table 1 and SI Appendix, Fig. S4). DSC data are of interest
because previous studies showed that annealing BHJ blends at
the acceptor cold crystallization temperature can enhance PCE
(28). ITN-C9 and ITzN-C9 exhibit such cold crystallizations at
199.5 °C and 200.5 °C, respectively, on the first heating cycle,
whereas ITN-C6 and ITN-C12 show no obvious thermal tran-
sitions (S Appendix, Fig. S5). In addition to the cold crystalli-
zation, ITzN-C9 exhibits reversible melting and crystallization
at 226.0 °C and 193.0 °C, respectively.

Solid-State Structure and Molecular Orbital Computations. Un-
derstanding the solid-state organization of new nonfullerene
acceptors is of great importance for the rational design of PSC
components, yet there is a striking paucity of single-crystal dif-
fraction data (25). To gain detailed insight into ITN-C9 and
ITzN-C9 molecular packing, suitable single crystals for diffrac-
tion studies were grown, and diffraction data was acquired (see
Materials and Methods and SI Appendix, SI Materials and Methods
for details). The crystal structures of ITN-C9 and ITzN-C9 (Fig. 2
A and B) indicate that both molecules adopt planar z-systems
with intramolecular S--O=C conformation-locking interactions
(30, 31). Both molecules pack in triclinic lattices with n-planes
stacking along the unit cell a axis (S Appendix, Figs. S8 and S10)
in “face-to-face” slip-stacked columns. Interestingly, this is in
stark contrast to ITIC, which exhibits an “edge-to-face” crystal

structure (25), possibly reflecting the stronger n—= interactions of
the ITN-C9 and ITzN-C9 naphthyl end groups favoring a “face-
to-face” packing motif. Multiple short intermolecular n—x in-
teractions between the naphthyl groups feature two short dis-
tances of 3.39(2) and 3.50(2) A for ITN-C9, and 3.31(1) and 3.39
(1) A for ITzN-C9. Note that the attached phenylalkyl substitu-
ents prevent close approach of the IDTT cores which are sepa-
rated by distances of 7.10(2) and 6.97(1) A for ITN-C9 and ITzN-
C9, respectively, suggesting that electron transport proceeds
primarily through the =n-stacked naphthyl groups. Interestingly,
the ITzN-C9 angled naphthyls allow additional n—r interactions
[3.55 (2) A, 3.93(1) A] and short CN'~H-Ar hydrogen bonding
interactions [2.634 (7) A, 3.180(8) A] (32, 33) between stacks of
the acceptor, promoting a honeycomb-like network formation,
whereas the linearly extended ITN-C9 end group does not per-
mit interactions between molecular stacks. In comparison with
typical fullerene acceptors, the present naphthyl n—x distances
are slightly longer than those in crystalline PCsBM (3.16 Ato
3.19 A) (34, 35) and PC7;BM (3.15 A to 3.25 A) (36, 37).
Computational modeling can provide valuable information
for understanding electronic structure and structure—property
relationships and, importantly, to define critical variables for ra-
tional materials design (38). Here we investigate how naphthyl
symmetry affects ITN versus ITzN optical properties, elec-
tronic structure, and frontier molecular orbital (FMO) energies.
Computation at the B3LYP/DZP (Becke, 3 parameter, Lee—
Yang—Parr, double zeta polarized basis) level indicates that ITN
has deeper HOMO and LUMO levels (—6.33 and —4.22 eV)
than ITzN (—6.29 and —4.10 eV) and a smaller band gap
(2.11 eV versus 2.19 eV), explaining the experimental optical
spectral shifts (SI Appendix, Table S4). Since the two molecules
are isoelectronic and have similar geometries, the deeper FMOs
of ITN, particularly the LUMO, are reasonably ascribed to the
nodal structure of the ITN naphthyl moiety. This may also reflect
the lower symmetry, and thus a lower degree of orbital mixing in
ITzN. The MO nodal features of ITN and ITzN (Fig. 2C) show
that the naphthyl moieties contribute significantly to the LUMOs,
while the HOMO is primarily confined to the molecular core. This
significant naphthyl contribution to the LUMO is of critical sig-
nificance for the charge transport properties of these acceptors
because, as noted above, they assemble with very close naphthyl
n—r interactions, whereas the molecular cores are significantly
farther apart. Importantly, note that the energy difference be-
tween the ITzZN LUMO and LUMO+1 is smaller (0.21 eV) than
in ITN (0.29 eV) (SI Appendix, Figs. S12 and S13), and that low-
lying LUMO-+1 orbitals have been linked to better performance
for a wide range of small-molecule acceptors, plausibly due to a
higher density of charge transfer states in such systems (28, 39).
Charge transport parameters (40, 41) were also compared for
ITN and ITzN. Remarkably, we find that ITN and ITzN have
very low computed internal reorganization energies (Ais) of
0.133 and 0.147 eV, respectively, and lower than those of ITIC

Table 2. PBDB-TF:IT(z)N and PBDB-TF:PC;,BM blend film PSC and SCLC device metrics

Acceptor Voo, V. Jsc, mMA/cm?  FF, % PCE, % 10* X pp, cm2V7 st 10% X pe, em? Vs e
ITN-C6 0.04 2.39 262  <0.1(<0.1 +0.01) — — —
ITN-C12 0.93 12.70 56.2 6.61 (6.47 + 0.09) — — —
ITN-C9 0.92 15.68 64.5 9.33 (8.91 + 0.23) 23+ 1.1 45+20 0.50
ITN-C9* 0.93 15.79 59.7 8.76 (8.28 + 0.47) 34+12 46+ 3.9 0.73
ITzN-C9 1.06 12.77 58.8 7.99 (7.76 + 0.21) 27 +05 0.16 + 0.1 17.5
ITzN-C9* 1.05 14.12 63.9 9.51 (9.17 + 0.39) 6.3 +2.1 35+ 1.7 1.81
PC;:BM’ 0.94 11.52 62.6 6.77 (6.58 + 0.16) 136 + 6.4 3.6 +2.0 3.82

*Annealed at 200 °C for 5 min.

TAnnealed at 160 °C for 5 min. Voc, Jsc, FF, and PCE are shown for champion cells with averages PCEs (greater than or equal to six
devices) in parentheses; SCLC mobilities are averages of greater than or equal to three devices.

E8344 | www.pnas.org/cgi/doi/10.1073/pnas. 1807535115
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(0.155 eV), PCs;BM (0.154 eV), and PC7BM (0.2 V) (9, 42,
43). This quantity measures the energetic cost of ionization. Low
Aines values are achieved when the neutral and charged species
have very similar geometries, and when the excess charge can be
effectively delocalized over the entire molecule, as is the case for
both ITN and ITzN. Since this electrostatic interaction is long-
range, there is also an external contribution to the reorganization
energy due to the polarization of the medium, but we assume it
to be comparable for ITN and ITzN.

To further quantify the role of n—x stacking and its effect on
the ITN and ITzN band structures, the density of states (DOS) of
the two crystals was calculated (SI Appendix, Fig. S16). The DOS
are computed over all atomic orbitals and then projected onto
the molecular basis function so that the lower and upper band
edges are the HOMO and LUMO, respectively. The importance
of the slip-stacked packing in ITzN-C9 is evident when analyzing
the conduction band DOS, with 69% contributed by the angled
naphthyl groups, while, for ITN-C9, 52% of the conduction band
is provided by the linear naphthyl groups. For comparison, the
highest valence band of both acceptors involves the terminal
naphthyls by only 27%. The crystal structures of ITN-C9 and
ITzN-C9 were also used to calculate the electronic coupling (|J|)
between nearest-neighbor molecules at the ZINDO level (S/
Appendix, Fig. S15). The results were then analyzed within the
framework of dynamic disorder-dominated charge transport
theory (44). ITN-C9 has six nearest neighbors with nonnegligible
transfer integrals, and little or no contribution along the unit cell
b axis (SI Appendix, Table S5). The highest |J| value observed is
5.85 meV, which is relatively low in absolute terms but compa-
rable to the next highest coupling (1.49 meV). The relative
magnitude of transfer integrals along different crystallographic
axes (and not only their absolute value) correlates with experi-
mental mobilities, with more homogeneous environments lead-

ITN-CO °\/*

ing to higher experimental mobilities and thus better device
performance (45). For ITN-C9 crystalline domains, it appears
that electron transport is mostly limited by the absence of cou-
pling along the b crystallographic direction. In contrast, ITzZN-C9
exhibits a maximum |J| value of 38.17 meV. Remarkably, the
orientation of the four nearest neighbors with the largest couplings
(38 and 5 meV; see SI Appendix, Table S6) suggests that both
greater charge transport dimensionality (42) and higher mo-
bility may be possible in the ITzN-C9 ordered domains than in
ITN-C9. Finally, all electronic couplings have the same sign,
which is reported (45) to be an important factor in achieving
high mobilities. For comparison, ITIC has a greatest |J| value
of 16 meV (SI Appendix, Table S7), crystalline PCq;BM has
been reported to have |J| values as high as 50 meV (46, 47),
and amorphous PCgBM and PC;;BM are computed to have
average |J|s of ~12 meV (48). In summary, the combination of
low reorganization energies and close n—x stacking of the LUMO-
localized terminal naphthyl groups leading to high electronic
couplings is encouraging for future studies of ITN-C9 and, partic-
ularly, of ITzN-C9, where the electronic coupling distribution
suggests a high charge transport dimensionality in crystalline do-
mains. Kinetic Monte Carlo mobility calculations within the frame-
work of Marcus—Jortner theory are planned to assess the exact
dimensionality of charge transport (49).

PV and Charge Transport Measurements. The PV efficiency of the
new acceptors was next evaluated in BHJ blends with the PBDB-
TF donor polymer (Fig. 1). First, “inverted architecture” (ITO/
ZnO/Active Layer/MoO3/Ag) PSCs were fabricated using ITN-
CXs (Fig. 34 and Table 2; see SI Appendix for details). The ITN-
C6 devices display negligible PV response due to poor film
morphology (see Structural Analysis and PV Response Correlations),
while, impressively, ITN-C9 and ITN-C12 PSCs yield average

2500
|| 2000
1500
1000

500

ITZN-C9 N\ /°

Fig. 4. (A) GIWAXS patterns and (/nsets) AFM phase images (3 x 3 pm) of PBDB-TF:IT(z)N-C9 as-cast and annealed (200 °C for 5 min) films. (B) Crystallographic
planes relevant to GIWAXS analysis extracted from single crystal structures of ITN-C9 and ITzN-C9.
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PCEs of 8.91% (9.33% maximum) and 6.47% (6.61% maxi-
mum), respectively. Given the high performance of ITN-C9, it
was selected for further optimization. Interestingly, annealing
the PBDB-TF:ITN-C9 blend films between 80 °C and 250 °C,
including the cold crystallization temperature (28), yields lower
fill factors (FFs) and, consequently, lower PCEs. In contrast,
ITzN-C9 PSCs exhibit substantial PCE increases (7.99% —
9.51%) on annealing at the cold crystallization temperature
(200 °C) with increased Jsc and FF. Note that the differing re-
sponses of the blends to annealing may reflect film morphology
changes triggered by acceptor crystallization and/or different
electron transport in ordered ITN-C9 versus ITzN-C9 domains.
Also note that the ITzN-C9-based devices have higher (>1.0 V)
open-circuit voltages (Vocs) versus the ITN-based PSCs, con-
sistent with the higher-lying ITzN-C9 LUMO (see Molecular
Design and Characterization of r-Extended IDTT Acceptors). As a
control, analogous PBDB-TF:PC,;BM PSCs were fabricated and
evaluated. In the “inverted” architecture used here, PBDB-TF:
PC7BM devices deliver average PCEs of 6.58%. PSC metrics
are summarized in Table 2.

Note that the ITzN-C9—based PSCs exhibit substantial exter-
nal quantum efficiency (EQE) response over the broad 300-nm
to 750-nm range, which increases over the entire range on
annealing, whereas ITN-C9 PSCs show a strong response in the
300-nm to 830-nm range, with increased donor (350 nm to
500 nm) and diminished acceptor (650 nm to 750 nm) response
upon annealing (Fig. 3B). Overall, the greater ITN-C9 blend
optlcal absorption range relative to ITzN-C9 blends is manifest
in greater Jgc (15.68 versus 14.12 mA/cm?). Importantly, both
current-voltage (/-)) and EQE data clearly demonstrate the
divergent, but complementary, properties of the ITN-C9 and
ITzN-C9 acceptors. Charge transport properties perpendicular
to the substrate plane were next probed using the SCLC model.
Single-charge carrier diodes of ITO/MoO3/Organics/MoOs/
Ag architecture for hole-only and of ITO/ZnO/Organics/LiF/
Al for electron-only devices were evaluated, and mobilities
were extracted from data in the SCLC regime (see SI Ap-
pendix, SI Materials and Methods for details; SI Appendix, Fig.
S22). As-cast neat ITN-C9 and ITzN-C9 films exhlblt electron
mobilities (ues) of 2.3 + 1.3 x 107*and 2.8 + 1.3 x 10~ cm* V57!,
respectively (SI Appendix, Table S11). Interestingly, while ITN-
C9 annealing affects y. only slightly, for ITzN-C9, . increases b
10x, yielding pes of 6.7 £ 5.9 x 10 * and 4.4 + 2.5 x 10* cm>V s~
respectively. As noted above, the greater electronic coupling and
charge transport dimensionality calculated for ITzN-C9 crystals
versus ITN-C9 crystals should afford a higher u. for ITzN-C9. This
discrepancy between theoretical and experimental data can be

understood by GIWAXS analysis (see Structural Analysis and PV
Response Correlations), which shows that ITN-C9 forms much
larger crystalline domains than ITzN-C9 (SI Appendix, Table
S12), affording fewer grain boundaries and higher mobilities
(50). Note that the p.s observed for neat ITN C9 and ITzN C9
films are approaching those for fullerenes (102 —10‘ om V‘1 ‘1)
(51), and are comparable to those for ITIC (10~* cm*V~".s7")
(21). As-cast PBDB-TF blends with ITN-C9 and ITzN C9 have

substantlal hole mobllmes (uns) of 2.3 + 1.1 x 107* and 2.7 +
0.5x 107 cmV Dand pes of 4.5 + 2.0 x 107 and 1.6 +
1.1x107° cm*V~'s o , respectively (Table 2). Importantly, for

PBDB-TF:ITN-C9 ﬁlms, balanced mobilities are observed (uy/
ue = 0.50), with both py, and u. remaining largely unaffected by
annealing, whereas ITzN-C9 blend films exhibit more than 10x
increase in y. after annealing, resulting in near-balanced mo-
bilities (un/ue = 17.5 — 1.81; Table 2), and consistent with the
PCE and multidimensional electron transport in ordered ITzN-
C9 domains discussed above.

Structural Analysis and PV Response Correlations. The thin-film
morphologies of neat and blend films were analyzed by AFM and
GIWAXS. AFM images of the PBDB-TF:ITN-C6 blends reveal
very rough surfaces with an RMS roughness of 119 nm, consis-
tent with the marginal PSC performance (SI Appendix, Fig. S17).
In contrast, the PBDB-TF:ITN-C9 and PBDB-TF:ITzN-C9 films
have smoother surfaces (Fig. 44) that are largely unaffected by
annealing. Interestingly, the PBDB-TF:ITN-C9 phase images
evolve from a granular as-cast to fibrous annealed morphology
(Fig. 44 and SI Appendix, Fig. S19). In contrast, the surfaces of
the PBDB-TF:ITzN-C9 blends have a fibrous morphology and
are less affected by thermal treatment. GIWAXS experiments
provide key information on materials packing and order in thin
films and are typically the only experimental technique to pro-
vide this information. In the present case, the single-crystal dif-
fraction data discussed above aid in unambiguously assigning the
GIWAXS patterns. Thus, the powder X-ray diffraction (PXRD)
patterns of ITN-C9 and ITzN-C9 (SI Appendix, Figs. S7 and S9)
were calculated from the single-crystal diffraction data, and the
resulting crystallographic planes (hkl) and interplanar distances
(dpr) were analyzed and compared with the distances (d) mea-
sured from the GIWAXS experiments. Two major PXRD re-
flections for ITN-C9 films correspond to the (001) (doo; =
19.28 A) and the (011) (dgy; = 14.63 A) crystallographic planes
(Fig. 4B). For ITzN-C9, three major PXRD reflections correspond
to the (001) (doo1 = 25.07 A), (010) (doyo = 25.07 A), and (011)
(do11 = 16.95 A) planes. All neat materials (as-cast and annealed)
were analyzed by GIWAXS to aid in blend film peak assignments

A ITN-C9 Molecular Assembly in Neat and Blend Films

As Cast (9.33% PCE)
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Fig. 5. Schematic representation of the morphological changes observed with annealing neat and PBDB-TF blend films of (A) ITN-C9 and (B) ITzN-C9.
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(SI Appendix, Fig. S23). The GIWAXS linecut (Fig. 3C) of as-
cast neat ITN-C9 films exhibits a distinct in-plane (IP) lamellar
reflection (9o = 19.1 A) with a correlation length (CL) of 60.9 nm.
This IP lamellar reflection is assigned to the (001) crystallographic
plane, indicating that the (001) plane is perpendicular to the sub-
strate and the ITN-C9 molecular planes are in a “n-face-on” ori-
entation. In addition, an out-of-plane (OOP) n—n stacking peak
(do1o =348 A, CL = 3.1 nm) is observed, corroborating the “z-face-
on” assignment. Interestingly, with annealing, the IP lamellar peak
disappears and two intense OOP lamellar reflections appear
(d100 = 13.7 and 13.1 A) with sizeable CLs of 94.1 and 45.6 nm,
respectively, consistent with a crystalline film. These OOP la-
mellar reflections correspond to the (011) crystallographic
plane, indicating that annealing causes the crystallites to reorient
such that the (011) plane becomes parallel to the substrate,
resulting in a ~65° tilt of the conjugated backbone relative to the
substrate (Fig. 54). In as-cast PBDB-TF:ITN-C9 films, an ITN-C9-
like OOP n—r stacking reflection (dy;o = 3.45 A, CL = 3.4 nm) is
observed, and two IP lamellar reflections with do9 spacings of 21.2
(CL = 19.4 nm) and 18.6 A (CL = 29.2 nm) are assignable to
PBDB-TF and ITN-C9, respectively (Fig. 44 and SI Appendix,
Table S12). Upon blend annealing, the ITN-C9 IP lamellar re-
flection decreases in intensity and a new OOP lamellar reflection
with dyo = 129 A (CL = 8.2 nm) appears, suggesting that, as in
the neat films, the ITN-C9 crystallites reorient. In addition, this
major morphological change agrees with the aforementioned
PBDB-TF:ITN-C9 film texture changes upon annealing observed
in the AFM phase images. The ITzN-C9 as-cast neat film (Fig. 3D)
exhibits a strong OOP n—= stacking reflection (dpio = 3.50 A)
and a broad IP lamellar peak (dip0 = 20.9 A) The IP lamellar
peak can be assigned to the (011) plane oriented perpendicular to
the substrate surface. Both the OOP n-n stacking reflection and
IP lamellar peak suggest “n-face-on” orientation. Annealing re-
sults in contraction of dgyio to 3.42 A coupled with an increased
CL (3.4 — 4.7 nm), and an increase in intensity and CL (3.5 -
12.5 nm) of the IP lamellar peak (dqo contraction 20.9 — 19.3 A)
all indicating increased film crystallinity (Fig. 5B) compared
with the as-cast film and consistent with the 10X increase in
electron mobility (see PV and Charge Transport Measurements).
Importantly, annealing does not affect ITzZN-C9 crystallite ori-
entation, with the (011) crystallographic planes remaining
perpendicular to the substrate. ITzN-C9:PBDB-TF blend films
exhibit lamellar reflections in the IP and OOP directions and a
strong OOP n—xn stacking peak (dopjo = 3.57 A, CL = 2.7 nm).
Interestingly, in the unannealed blends, no distinct ITzN-C9 crys-
talline features are observed. However, annealing reveals obvious
shoulders for the lamellar and n—r features in the IP and OOP di-
rections, corresponding to “n-face-on” ITzN-C9 acceptor crystallites
(Fig. 44 and SI Appendix, Table S12). Overall, it can be concluded
that as-cast ITN-C9 blends form well-ordered “rn-face-on” do-
mains affording optimal PCE, while annealing causes acceptor
reorientation, negatively affecting PCEs. In contrast, for ITzN-
C9-based blends, annealing leads to acceptor crystallization with
favorable “n-face-on” orientation, increasing the PCEs.

Conclusions

IT(z)N-CX, a family of n-extended IDTT-based postfullerene
acceptors, is reported. Single-crystal structures of both ITN-C9
and ITzN-C9 reveal that the m-extended naphthyl end groups
assemble in vertical columns with n-stacking distance as small as
3.31(1) A, whereas the central IDTT cores are separated by ~7 A,
suggesting electron transport is primarily through the LUMO-
rich naphthyl end groups. These close n-stacking distances result
in large electronic couplings, with a maximum value of 38 meV
observed for ITzN-C9, which is greater than that reported for
amorphous PC¢;BM and PC;;BM. In addition, ITN-C9 and
ITzN-C9 have reorganization energies that are smaller than
PCsBM and PC7;BM, reflecting an ability to delocalize charge

Swick et al.

over the z-system of the molecule. ITN-C9 and ITzN-C9 also
exhibit high u.s (107 cm®V~'s7"), which is likely the result of
several factors, including low reorganization energies, strong
multidirectional electronic couplings, and the capacity to form
well-ordered crystalline domains. The solar cell performance of
these acceptors was studied in blends with the PBDB-TF donor
polymer, and optimal PCEs are achieved with as-cast ITN-C9—
based blends, in contrast to ITzN-C9-based blends where
annealing at the acceptor cold crystallization temperature is re-
quired. These divergent PCE outcomes can be associated with
PCE-favorable “rn-face-on” molecular orientation and increased
crystallinity on thermal annealing for the ITN-C9 and ITzN-C9
blends, respectively. The results presented here provide a theo-
retical and experimental underpinning for the high performance
observed for IDTT-based acceptors, and have implications for
future nonfullerene acceptor design.

Materials and Methods

Synthesis and Characterization. ITN-C6, ITN-C9, ITN-C12, and ITzN-C9 were
prepared, purified, and characterized using standard synthetic techniques (S/
Appendix, Schemes S1-S7). Crystals suitable for single-crystal X-ray diffrac-
tion were grown by diffusing acetone vapor into CH,Br, solutions.

Computational Methodology. ITIC, ITN, and ITzN were optimized at the
B3LYP/DZP level using the Amsterdam Density Functional software suite (52,
53). Alkyl chains were deleted and replaced by H atoms. Absorption spectra
were obtained using ZINDO/S (54) as implemented in the ORCA software
package (55) convoluted with a Gaussian profile having an SD of 0.15 eV.
DOS calculations were obtained by performing a single-point calculation on
the IT(z)N-C9 crystallographic structures with the PBE functional and the
Vanderbilt ultrasoft pseudopotential implemented in the Quantum Espresso
plane wave software (56).

Solar Cell Fabrication. PV performance was studied using an inverted device
structure, ITO/ZnO/Active layer/MoOs/Ag. ITO substrates were washed by
aqueous detergent solution, deionized water, methanol, isopropanol, and
acetone (each 20 min), and cleaned by UV/ozone for 15 min. The interfacial
layer ZnO was deposited from a precursor solution of 0.5 M zinc acetate
dihydrate and 0.5 M ethanolamine in 2-methoxyethanol, and annealed at
170 °C for 10 min in air. The substrates were transferred into an Ar-filled
glovebox for active layer spin coating. The active layer solutions were pre-
pared by codissolving polymer and acceptors (1:1 mass ratio) in PhCl:1,8-
diiodooctane (99:1 vol/vol) solvent mixture (the polymer concentration is
10 mg/mL) while stirring at 50 °C overnight. Active layers were spin-coated
from the hot solution at 2,500 rpm for 60 s on a Laurell Model WS-650MZz-
23NPP spin coater in the glovebox and annealed at optimized temperature
and time (if needed), then dried for 1.5 h. Finally, 10 nm of MoO; and
100 nm of Ag were evaporated through 3 mm x 2 mm shadow mask at
~107° Torr. No device encapsulation was used.
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