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ABSTRACT: We report the synthesis, characterization,
and first implementation of a naphtho[2,3-b:6,7-b’]dithio-
phene (NDT)-based donor molecule in highly efficient organic
photovoltaics (OPVs). When NDT(TDPP), (TDPP =
thiophene-capped diketopyrrolopyrrole) is combined with
the electron acceptor PCy;BM, a power conversion effi-
ciency (PCE) of 4.06 & 0.06% is achieved—a record for a
PCg4;BM-based small-molecule OPV. The substantial PCE
is attributed to the broad, high oscillator strength visible
absorption, the ordered molecular packing, and an excep-
tional hole mobility of NDT(TDPP),.

olution-processed organic photovoltaics (OPVs) have the
Spotential to be cost-effective, renewable energy sources due to
their amenability to high-throughput roll-to-roll processing,
earth-abundant constituents, and architectural tunability over
multiple length scales.' However, a major challenge for OPVs to
attain widespread implementation is to advance the power
conversion efficiencies (PCEs) from recently achieved and
impressive values near 7% to >10%.> Bulk-heterojunction
(BHJ) solution-processed OPVs typically consist of an active
layer having a phase-separated blend of an electron donor
polymer and an electron acceptor fullerene placed between a
tin-doped indium oxide (ITO) anode and an Al cathode.
Strategies to enhance BHJ OPV performance include anode
and cathode modifications with interfacial layers that block
minority charge carriers while extracting majority charge
carriers, and/or developing new low band gap polymeric donors
having broad optical cross sections and high carrier mobility.®
The most efficient donor materials reported to date are copoly-
mers incorporating the well-studied benzo[1,2-b:4,5-b']dithio-
phene (BDT) moiety.?*®

Emerging and promising alternatives to polymeric OPV
electron donors are small-molecule donors, offering the attrac-
tion of more straightforward synthesis and purification, less
batch-to-batch variation in properties, and intrinsic mono-
dispersity.® Nevertheless, compared to polymeric donors, solution-
processable molecular donors have not been extensively investigated
and the resulting devices have yielded lower PCEs. Conventional
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Scheme 1. Synthetic Route to NDT(TDPP),"
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“(i) NBS, CHCl;, 0 °C then RT, 53%. (ii) n-BuLi, Bis(2,2-
diethoxyethyl) disulfide, THF, —78 °C then RT, 72%. (iii) BF;OEt,,
CH,Cl,, reflux, 14%. (iv) n-BuLi, (CH;)3SnCl, THF, —78 °C then RT,
84%. (v) TDPP-Br, Pd(PPhs),, toluene/DMF, 120 °C, 80%.

small-molecule BH]Js utilizing the acceptor [6,6]phenyl-C,;-butyric
acid methyl ester (PC,;BM) have reached efficiencies up to 4.3—
4.4%,” and 5.2%" after several processing steps. However, to date,
small-molecule BH]J solar cells utilizing the more affordable acceptor
[6,6]phenyl-Cg,-butyric acid methyl ester (PCg;BM) have yielded
PCEs no higher than 3.7%.” These observations raise the intriguing

Received:  March 28, 2011
Published: May 05, 2011

8142 dx.doi.org/10.1021/ja202791n | J. Am. Chem. Soc. 2011, 133, 8142-8145



Journal of the American Chemical Society

COMMUNICATION

----- Solution
— Film

) >
9 =
P T

o
[=)]
O |

0.4

Absorbance (a.u

0.2
0.04+————7— , —
300 400 500 600 700 800 900
Wavelength (nm)

-7.0
-6.0
-5.0
-4.0
-3.0
-2.0
-1.0

0.0

O

Ve =-100 V]

Ips (HA)

Intensity (a.u.)

L B B B I B B L |
10 12 14 16 18 20
26(°)

-100 -80 -60 -40 -20 0
Ves (V)

Figure 1. (A) Optical absorption spectra of NDT(TDPP), in chloroform solution and as a film. (B) Log scale §—26 X-ray diffraction pattern of a drop
cast NDT(TDPP), film (from 10 mg mL ™" in chloroform) on a Si/SiO,/HMDS substrate, annealed at 110 °C. (C) Typical output and (D) transfer
plot (Vps = —100 V) from a drop cast NDT(TDPP), OFET annealed at 110 °C.

question of what new, photon-efficient OPV donor molecules might
inform us about structure—response relationships.

We report here on the synthesis, characterization, and im-
plementation in OPVs of a novel donor molecule based on the
5,10-bis(2-ethylhexyloxy)naphtho[2,3-b:6,7-b' ]dithiophene
(NDT) moiety. The extended 7-conjugation system of NDT is
expected to afford strong intermolecular orbital overlap and
electron-donating properties by utilizing a favorable “push—pull”
architecture. This could thereby enhance charge separation,
transport, and energy level tunability. A vapor-deposited NDT
variant has achieved significant organic field effect transistor
(OFET) hole mobility (uy,)," suggesting attractive OPV proper-
ties. However, to achieve the solubility and thin film uniformity
required in solution processed small-molecule OPVs, the NDT
core was functionalized with 2-ethylhexyloxy groups in the §,10
skeletal positions (Scheme 1). Furthermore, to optimize efficacy
as an OPV donor component, the present synthetic strategy
doubly terminates electron-rich NDT with thiophene-capped
diketopyrrolopyrrole (TDPP) units to yield NDT(TDPP),
(Scheme 1). Electron-deficient and strongly absorbing diketo-
pyrrolopyrrole (DPP) fragments have previously been utilized to
lower the band gap in copolymer'' and molecular OPV donor
systems,7b’12 as well as in high mobility n-type and p-type OFET
copolymers.'® Note that the branched 2-ethylhexyl substituents
on TDPP further enhance solubility.

NDT(TDPP), was synthesized by Stille cross-coupling of
NDT(SnMe;), with TDPP-Br in 80% yield and was character-
ized by conventional methods (Scheme 1; see Supporting

Information (SI) for details). NDT(TDPP), optical spectra in
chloroform (Figure 1A) reveal Ay, = 624 nm with a very high
molar absorption coefficient of 1.1 x 10° L-mol '+cm ' A
spun cast film from CHCl; (10 mg mL ") exhibits a red-shifted
Amax Of 676 nm, suggesting molecular aggregation and coplanar-
ity in the solid state. The absorption onset for the spun cast film is
720 nm, corresponding to an optical band gap of ~1.72 eV.
Cyclic voltammetry (CV) was used to estimate the HOMO
energy (Figure S1). The onset of oxidation at 0.60 V, vs
ferrocene/ferrocenium, yields a HOMO energy of —5.40 eV,
and from the optical band gap and measured HOMO, the LUMO
energy is estimated to be —3.68 eV. The high molar absorption, low
band gap, and low-lying HOMO and LUMO of NDT(TDPP),
provide the necessary characteristics for large open circuit voltages
(Voc) and short circuit current densities (Jsc) in BHJ blends
with the standard electron acceptor PC4;BM.

Note that highly ordered donor molecules are expected to
afford high hole mobilities,"* a necessary condition for significant
OPV photocurrents. Figure 1B shows wide-angle X-ray diffrac-
tion (WAXRD) data using standard 6—26 techniques for a drop
cast NDT(TDPP), film on a hexamethyldisilazane (HMDS)-
treated Si/SiO, substrate. The reflections at 20 = 5.69° and
11.39° correspond to d-spacings of 15.53 and 7.77 A and indicate
long-range order, possibly with edge-on molecular orientation."”
Crystallinity is retained in the BH] NDT(TDPP),:PC¢;BM (w:w)
blend films; however the loss of the second-order reflection
and the presence of peak broadening, as well as a decrease in
d-spacing (Figure S2), suggests that PC,BM is interrupting the
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Figure 2. (A) Illuminated and dark J—V response; (B) EQE and
absorption spectra of a 1.5:1.0 NDT(TDPP),:PCy;BM active layer
OPV device utilizing the architecture: ITO/PEDOT:PSS/NDT-
(TDPP),:PC4BM/LiF/Al  Illuminated ]J—V recorded with an
AML.5G (100 mW - cm ™ 2) solar simulator.

NDT(TDPP), network and forming the essential BHJ hole and
electron transporting domains. The output and transfer plots of a
top-contact OFET from a drop cast NDT(TDPP), film on Si/
SiO,/HDMS (Figure 1C and 1D, respectively) indicate p-type
behavior with u, = 7.18 x 10> cm®-V -5, among the
highest mobilities reported for a solution-processed small-mole-
cule OPV electron donor.®* OFETs of NDT(TDPP),:PC4,BM
(w:w) blends exhibit only slightly lower t, values (e.g., 3.28 %
107% em?+V '+s™" for an optimized donor:acceptor blend—see
below; Table S1), further suggesting the formation of BHJ domains
by the presence of PC¢;BM within the NDT(TDPP), network.
These promising optical, WAXRD, and OFET results moti-
vated exploration of the photovoltaic properties of NDT-
(TDPP),-based devices utilizing the conventional architecture
ITO/PEDOT:PSS/NDT(TDPP),:PC4,BM/LiF/Al The solar
cell device performance was optimized by varying both the active
layer NDT(TDPP),:PC4;BM (w:w) blend compositions (spun
at 4000 rpm from 20 mg mL~" CHCI, solutions) and annealing
temperatures. The SI summarizes the results of this screening
process and presents representative AFM images of the resulting
morphologies. Figure 2A shows a typical current density vs
voltage (J—V) response in the dark and under AM1.5G simu-
lated light of an optimized 1.5:1.0 (w:w) NDT(TDPP),:
PC4;BM active layer blend annealed at 110 °C for 10 min.
The optimized device structure yields a Voc = 0.84 £ 0.01V,
Jsc=11.27 £0.21 mA-cm ™ 2 fill factor (FF) = 0.42 + 0.02, and
PCE =4.06 £ 0.06%, averaged over four devices. The high Vo is
consistent with the large NDT(TDPP), HOMO (—S5.4 eV)—
PCg;BM LUMO (—4.0 eV) offset.”® Jsc is among the highest of

all solution-processed small molecule donors reported to date.
The external quantum efficiency (EQE) spectrum (Figure 2B)
for the optimized device has a peak EQE of 68% at 550 nm and a
broad EQE response from 360 to 720 nm, consistent with the
optical absorption profile (Figure 2B). Integration under the
entire EQE spectrum yields Jsc = 11.11 mA-cm™ >, within a
standard deviation of the measured Jsc. The high photocurrent
and EQE can be attributed to the broad, high oscillator strength
optical absorption, the microstructural order and exceptionally
high uy, of NDT(TDPP), and BHJ blend films, and the forma-
tion of well-connected BHJ domains. The FF of 0.42 4= 0.02 is a
typical value for solution processed small-molecule solar cells*
and represents a potential area for further device optimization.
The PCE of 4.06 + 0.06% for the 1.5:1.0 NDT(TDPP),:
PCs,BM device is the highest reported PCE for a PC4BM-
based small-molecule device and among the highest for any
solution-processed small molecule OPV.

We conclude that $5,10-bis(2-ethylhexyloxy)naphtho([2,3-b:6,7-
b']dithiophene (NDT) substituted symmetrically by strongly
absorbing and electron-deficient units (TDPP) is a useful build-
ing block for high performing organic solar cells. The high power
conversion efficiency and hole mobility observed with this system
suggest that further improvements of organic photovoltaic cells
are possible through molecular designs that optimize electronic
structure and molecular packing.

B ASSOCIATED CONTENT

© Supporting Information. Materials and methods,
synthesis, characterization, and CV of NDT(TDPP),, OFET
and OPV device preparation, OFET and WAXRD results of
blend material, OPV optimization screening, and AFM images of
the blends. Complete ref 13a. This material is available free of
charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
a-facchetti@northwestern.edu; s-stupp@northwestern.edu;
t-marks@northwestern.edu

B ACKNOWLEDGMENT

This material is based upon work supported in part by the
ANSER Center, an Energy Frontier Research Center funded by
the U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences under Award Number DE-SC0001059. CJ.B.
was supported as part of the Non-Equilibrium Energy Research
Center (NERC), an Energy Frontier Research Center funded by
the U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences under Award Number DE-SC0000989 and an
NSF Graduate Research Fellowship. H.M. thanks JSR Corp. Japan
for support. Support for RP.O comes from the European Com-
munity’s Seventh Framework Programme under Grant Agreement
234808. X-ray measurements were performed at J. B. Cohen X-ray
Facility of the Northwestern Materials Research Center supported
by the NSF MRSEC program (Grant DMR-0520513).

B REFERENCES

(1) (a) Facchetti, A. Chem. Mater. 2011, 23, 733-758. (b) Mayer,
A. C;; Scully, S. R.; Hardin, B. E.; Rowell, M. W.; McGehee, M. D. Mater.
Today 2007, 10, 28-33. (c) Giines, S.; Neugebauer, H.; Sariciftci, N. S.

8144 dx.doi.org/10.1021/ja202791n .. Am. Chem. Soc. 2011, 133, 8142-8145



Journal of the American Chemical Society COMMUNICATION

Chem. Rev. 2007, 107, 1324-1338. (d) Coakley, K. M.; McGehee, M. D.
Chem. Mater. 2004, 16, 4533-4542. (e) Spanggaard, H.; Krebs, F. C. Sol.
Energy Mater. Sol. Cells 2004, 83, 125-146. (f) Brabec, C. J.; Sariciftci,
N. S.; Hummelen, J. C. Adv. Funct. Mater. 2001, 11, 15-26.

(2) (a) Chu, T.-Y; Lu, J.; Beaupré, S.; Zhang, Y.; Pouliot, J.-R;;
Wakim, S.; Zhou, J.; Leclerc, M.; Li, Z.; Ding, J.; Tao, Y. J. Am. Chem. Soc.
2011, 133,4250-4253. (b) Price, S. C.; Stuart, A. C; Yang, L.; Zhou, H,;
You, W. J. Am. Chem. Soc. 2011, 133, 4625-4631. (c) Zhou, H.; Yang, L.;
Stuart, A. C,; Price, S. C.; Liu, S.; You, W. Angew. Chem., Int. Ed. 2011,
50,2995-2998. (d) Liang, Y.; Xu, Z.; Xia, J.; Tsai, S.-T,; Wu, Y.; Li, G.;
Ray, C.; Yu, L. Adv. Mater. 2010, 22, E135-E138. (e) Chen, H.-Y.; Hou,
J.; Zhang, S,; Liang, Y.; Yang, G.; Yang, Y.; Yu, L.; Wu, Y.; Li, G. Nature
Photon. 2009, 3, 649-653.

(3) (a) Dennler, G.; Scharber, M. C.; Brabec, C. J. Adv. Mater. 2009,
21, 1323-1338. (b) Scharber, M. C.; Muehlbacher, D.; Koppe, M,;
Denk, P.; Waldauf, C.; Heeger, A. J.; Brabec, C. J. Adv. Mater. 2006,
18, 789-794.

(4) (a) Hains, A. W,; Liu, J.; Martinson, A. B. F.; Irwin, M. D.; Marks,
T. J. Adv. Funct. Mater. 2010, 20, 595-606. (b) Park, S. H.; Roy, A.;
Beaupre, S.; Cho, S.; Coates, N.; Moon, J. S.; Moses, D.; Leclerc, M.; Lee,
K.; Heeger, A. J. Nature Photon. 2009, 3, 297-302. (¢) Irwin, M. D;
Buchholz, D. B,; Hains, A. W.; Chang, R. P. H.; Marks, T. J. Proc. Natl.
Acad. Sci. US.A. 2008, 105, 2783-2787.

(5) (a) Boudreault, P.-L. T.; Najari, A;; Leclerc, M. Chem. Mater.
2011, 23, 456-469. (b) Zhou, H.; Yang, L, Price, S. C.; Knight, K. J;
You, W. Angew. Chem., Int. Ed. 2010, 49, 7992-7995S. (c) Piliego, C.;
Holcombe, T. W.; Douglas, J. D.; Woo, C. H.; Beaujuge, P. M.; Fréchet,
J.M.].J. Am. Chem. Soc. 2010, 132,7595-7597. (d) Chen, J.; Cao, Y. Acc.
Chem. Res. 2009, 42,1709-1718. (e) Liang, Y.; Feng, D.; Wu, Y.; Tsai, S.-
T, Li, G,; Ray, C.; Yu, L. J. Am. Chem. Soc. 2009, 131, 7792-7799. (£)
Hou,J.; Chen, H.-Y.; Zhang, S.; Chen, R.1; Yang, Y.; Wu, Y; Li, G. J. Am.
Chem. Soc. 2009, 131, 15586-15587.

(6) (a) Walker, B; Kim, C.; Nguyen, T.-Q. Chem. Mater. 2011,
23, 470-482. (b) Roncali, J. Acc. Chem. Res. 2009, 42, 1719-1730. (c)
Lloyd, M. T.; Anthony, J. E,; Malliaras, G. G. Mater. Today 2007,
10, 34-41.

(7) (a) Shang, H; Fan, H; Liu, Y.; Hu, W,; Li, Y,; Zhan, X. Adv.
Mater.2011,23,1554-1557. (b) Walker, B.; Tamayo, A. B.; Dang, X. D.;
Zalar, P; Seo, J. H.; Garcia, A.; Tantiwiwat, M.; Nguyen, T. Q. Adv.
Funct. Mater. 2009, 19, 3063-3069.

(8) Wei, G.; Wang, S.; Sun, K;; Thompson, M. E.; Forrest, S. R. Adv.
Energy Mater. 2011, 1, 184-187.

(9) Yin, B; Yang, L;; Liu, Y.; Chen, Y.; Qi, Q;; Zhang, F.; Yin, S. Appl.
Phys. Lett. 2010, 97, 023303-1-023303-3.

(10) Shinamura, S.; Osaka, I; Miyazaki, E.; Nakao, A.; Yamagishi,
M.; Takeya, J.; Takimiya, K. J. Am. Chem. Soc. 2011, 133, 5024-5035.

(11) (a) Woo, C. H; Beaujuge, P. M.; Holcombe, T. W.; Lee, O. P.;
Fréchet, J. M. . J. Am. Chem. Soc. 2010, 132, 15547-15549. (b) Bijleveld,
J. C,; Gevaerts, V. S.; Di Nuzzo, D.; Turbiez, M.; Mathijssen, S. G. J.; de
Leeuw, D. M,; Wienk, M. M,; Janssen, R. A. J. Adv. Mater. 2010,
22, E242-E246. (c) Bijleveld, J. C.; Zoombelt, A. P.; Mathijssen, S. G.J.;
Wienk, M. M.; Turbiez, M.; de Leeuw, D. M,; Janssen, R. A. J. J. Am.
Chem. Soc. 2009, 131, 16616-16617.

(12) Tamayo, A. B,; Dang, X. D.; Walker, B.; Seo, J.; Kent, T;
Nguyen, T. Q. Appl. Phys. Lett. 2009, 94, 103301-103303.

(13) (a) Bronstein, H.; et al. J. Am. Chem. Soc. 2011, 133, 3272
3275. (b) Sonar, P.; Singh, S. P; Li, Y.; Soh, M. S.; Dodabalapur, A. Adv.
Mater. 2010, 22, 5409-5413. (c) Biirgi, L.; Turbiez, M.; Pfeiffer, R;;
Bienewald, F.; Kirner, H.-J.; Winnewisser, C. Adv. Mater. 2008, 20,
2217-2224.

(14) (a) Yang, H,; Shin, T.J.; Yang, L.; Cho, K; Ryu, C.Y,; Bao, Z.
Adv. Funct. Mater. 2008, 15, 671-676. (b) Sirringhaus, H.; Tessler, N.;
Friend, R. H. Science 1998, 280, 1741-1744.

(15) (a) Ma, W,; Yang, C.; Gong, X.; Lee, K; Heeger, A. J. Adv.
Funct. Mater. 2008, 15, 1617-1622. (b) Bao, Z.; Dodabalapur, A;
Lovinger, A. J. Appl. Phys. Lett. 1996, 69, 4108-4110.

8145 dx.doi.org/10.1021/ja202791n .. Am. Chem. Soc. 2011, 133, 8142-8145



