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Supramolecular Self-assembly and Photovoltaic
Property of Soluble Fluorogallium Phthalocyanine

Jian Zhang,* Yaowen Li,” Laibing Wang,* Michiya Fujiki,” Xiaopeng Li,*
Zhengbiao Zhang,” Wei Zhang,*“ Nianchen Zhou“ and Xiulin Zhu**“

Within the present work, two soluble phthalocyanine compounds, fluorogallium tetra-tert-
butylphthalocyanine  (ttbPcGaF) and its  precursor  hydroxygallium  tetra-fert-
butylphthalocyanine (ttbPcGaOH) were successfully synthesized. ttbPcGaF had a much
stronger ability than that of ttbPcGaOH to self-organize into well-ordered one-dimensional
(1D) supramolecular polymers in solid state by solution coating technique. The photovoltaic
properties of ttbPcGaF and ttbPcGaOH as electron donor materials in solution-processed Bulk
Heterojunction (BHJ) organic solar cells (OSCs) were investigated, respectively. Due to the
retention of the self-assembly property of ttbPcGaF and nanoscale phase separation in the
ttbPcGaF:PCq BM blend film, the ttbPcGaF-based BHJ OSC provided a profoundly improved
power conversion efficiency (PCE) of 0.41%, as compared with a low PCE of 0.03% afforded

by ttbPcGaOH.

Introduction

Because of strongly chemical-thermal stability and a high light-
harvesting property in the visible and near-infrared regions,
phthalocyanines (Pcs) have been widely investigated for molecule-
based electronic and optical devices.' The strong inherent m-m
stacking interactions between neighboring Pc molecules makes
possible to produce supramolecular structures, which exhibits
improved photophysical and electronic properties. However, this
inherent characteristic of Pcs is often defective owing to the rich
adaptability of slippery - stacks.’ The construction of long-range
well-ordered Pc-based supremolecules is a very desirable process to
polish up the Pcs’ opto-electric properties.®” Several approaches
were explored to construct supramolecular structures based on
Pcs.'%!® Nolte et al. reported the formation of Pc’s columnar
aggregates driven by ionic bond interaction between metal salts and
crown ether subunits.'""'> The donor-acceptor interactions between
Pc dimer were also developed to construct long one-dimensional
stacks by Torres and Nolte et al..'® As another useful tool for
production of well-defined Pc’s supramolecules, metal-ligand
interactions established by Kobuke and co-workers was successfully
employed to construct entities based on Pcs.'” In this regard, the
complementary coordination between ligand and central metals, such
as magnesium(Il),” zinc(I),*° and ruthenium(Il),>' have been
reported to produce high-order supramolecular arrays. Most recently,
we reported the successful construction of Pc’s supramolecular
polymers from fluoroaluminium tetra-fert-butylphthalocyanines
(ttbPcAlFs),? driven by the coordination interaction between F atom
and central AI(III) ion existed in the same ttbPcAIF units. On the
other hand, the formation of highly ordered Pcs thin film is
extremely important when incorporating Pcs into devices. The
solution processing methods, especially Langmuir-Blodgett (LB)?
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and spin-coating® techniques, have been utilized to fabricate soluble
Pcs thin film with ordered columnar structures.

The organic solar cells (OSCs) have been considered one of the
most promising technology to solve the increasing energy problems
worldwide.”?’ The most widely investigated type of OSCs is the
bulk heterojunction (BHJ) device,”** in which electron donor
materials (conjugated polymers or small molecules) and electron
acceptor materials (fullerene derivatives, PCsxBM  as  a
representative) mixed together and casted to a thin film as an active
photolayer sandwiched. Since PC4BM has a weak absorption of
visible light, the donor materials are expected to possess broad and
intense absorption in visible and near-infrared regions to fully
exploit the solar energy. Besides, the performance of BHJ OSCs is
closely correlated to the morphology of active layer. The ordered
BHJ morphology with interpenetrating nanoscale networks plays an
important role in improving BHJ OSC performance,*® which can be
realized by various external treatment methods, such as thermal
annealing,”’ solvent annealing,”> and the use of processing
additives.” However, diffusion and aggregation of PCs;BM usually
occurs by the great driving force offered by the external treatment,
inducing the degradation of nanoscale BHJ morphology. Therefore,
the supramolecular self-assembly technique is considered as an
alternative way to achieve well-controlled morphology of active
layer.**

In view of intense Q-band located close to near-infrared region in
absorption spectrum and strong self-assembly ability, Pcs can be
used as the donor materials to construct efficient BHJ devices. Most
of highly efficient Pcs-based OSCs are fabricated by vacuum
deposition®*® owing to poor solubility of the unsubstituted Pcs in
organic solvents. The solution-processing of soluble Pcs for the
preparation of Pc-based BHJ OSCs is believed to be a better choice,
due to low cost and feasibility for large-scale roll-to-roll
production.’”*® There are very rare reports®* of solution-processed
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Pc-based BHJ OSCs. Pc—fullerene dyads® or Pc-and fullerene-
containing copolymers* gave the BHJ OSCs with low power
conversion efficiency (PCE) (below 0.1%). Recently, Pc blends
composed of three different Pc derivatives with various absorption
bands improved PCE to 0.12%, which is due to the relatively
broader absorption regions and suitable energy level alignment of
blend than that of each individual.*' Torres and co-workers reported
a BHJ solar cell with dendritic oligothiophene functionalized
ruthenium Pc (RuPc) as donor material providing the highest PCE of
1.6% on account of the enhanced absorption region.** Most recently,
Palomares and Torres et al. reported that BHJ OSCs and the organic
small molecule solar cell with the PCEs of 0.47% and 0.77% were
also achieved using water soluble zinc Pc (ZnPc)* and the
symmetrical fert-butyl substitutional ZnPc** as donor material,
respectively. However, the above reports didn’t study the ordered
arrangements of Pcs formed by supramolecular self-assembly
technique to improve the device performance. The only exception is
the BHJ device based on soluble discotic liquid crystalline ZnPc and
fullerene reported by Jurow et al.. The liquid crystalline ZnPc could
self-assemble into ordered columnar structures in thin film, but the
PCE of device was just 0.08%.* Hence, the solution processed BHJ
OSCs fabricated by self-organized Pcs with improved performance
are needed to be further investigated.

Because the solubility of ttbPcAIF is not sufficient for the
requirement of solution-processed OSCs,? the photovoltaic property
cannot be investigated. Therefor, Al was replaced by gallium (Ga) to
insert into Pc ring which had similar chemical properties with Al.
Herein, we reported the synthesis and optoelectric properties of
a  soluble fluorogallium  tetra-fert-butylphthalocyanine
(ttbPcGaF) and its precursor hydroxygallium tetra-tert-
butylphthalocyanine (ttbPcGaOH) for the first time. ttbPcGaF
has a better self-assembly ability than ttbPcGaOH due to the
presence of infinite Ga-F-Ga interactions. Benefiting from the
excellent solubility and strong self-organized ability, solution-
processed BHJ OSC was fabricated with ttbPcGaF as a donor
and PC¢ BM as an acceptor material. The ttbPcGaF based BHJ
device showed a favorable performance with a PCE of 0.41%,
more than ten times of 0.03% afforded by ttbPcGaOH.

Experimental

Materials and methods

4-tert-Butylphthalonitrile (99%, TCI), gallium chloride (99%,
Sigma-Aldrich), quinoline (99%, TCI) were used as received.
Unless otherwise specified, all other chemicals were purchased
from Shanghai Chemical Reagents and used as received
without any further purification.

'H NMR spectra were recordedon a Bruker 300 MHz nuclear
magnetic resonance (NMR) instrument using CDClI; as the solvent
and tetramethylsilane (TMS) as the internal standard at ambient
temperature. UV-vis spectra were recorded with a Shimadzu UV-
3100 spectrophotometer. Both Electrospray Ionization-Mass
Spectrometry (ESI-MS) and Electrospray Ionization—Traveling
Wave Ion Mobility Mass Spectrometry (ESI-TWIM MS)
experiments were performed with a Synapt HDMS G2
quadrupole/time-of-flight mass spectrometer (Waters Corporation)
to detect the exact masses of the associating polymers formed by T-
DAPO9. The sprayed solutions were prepared by dissolving 0.1 mg of
sample in 1 mL of chloroform/MeOH (80/20, v/v). Tandem MS
experiments combined with TWIM separationwas performed in a
trap cell (fragmentation before ion mobility separation). All tandem
MS studies employed 4—110 eV collisions with argon targets. Data
analysis was conducted with the Mass Lynx 4.1 and Drift Scope 2.1
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programs from Waters. Transmission electron microscopy (TEM)
images wereobtained using a TecnaiG220 at 200 kV. Atomic force
microscopy (AFM) images were recorded under ambient conditions,
using a Vecco Digital Instrument Multimode Nanoscopellla
operating in the tapping mode regime. The samples were prepared
by spin-coating onto glass at 1200 rpm from sample solutions in
chlorobenzene. Wide-angle X-ray scattering (WAXS) and grazing
incidence small-angle X-ray scattering (GISAXS) measurements
were performed on equipment with a SAXSess camera (Anton-Paar,
GrazAustria) which is connected with an X-ray generator (Philips)
operating at 40 kV and 50 mA employing CuKa radiation (A = 0.154
nm). The 1D scattering function (log I (g)) was obtained by
integrating the 2D scattering pattern which was recorded on an
imaging-plate detector (Perkin Elmer) using SAXSQuant software
(Anton-Paar, Graz Austria). The d-spacing of a peak is expressed by
2m/q. The films were illuminated at anincidence angle of about 0.2°
by the X-rays at 8 keV, so that the X-ray beam could penetrate the
entire thickness of the film and only a very small portion of the
substrate, minimizing the background scattering from the substrate.
The cyclic voltammetry (CV) diagrams of ttbPcGaF and ttbPcGaOH
were obtained using n-BuyNPFg as supporting electrolyte in
acetonitrile solution with a glass carbon working electrode, a
platinum wire counter electrode and an Ag/AgNO; reference
electrode under N, atmosphere. Ferrocene was used as the internal
standard. The redox potential of Fc/Fc', which has an absolute
energy level of -4.8 eV relative to the vacuum level for calibration, is
located at 0.09 V in 0.1 M n-Buy,NPF/acetonitrile solution. Hence,
the HOMO and LUMO energy levels of ttbPcGaF and ttbPcGaOH
were estimated from the E,,* and E.™" values according to the
following equations: HOMO = -¢ (E,,*" + 4.71) (V) and LUMO = -
e (Ewg™ +4.71) (eV).

Synthesis
ttbPcGaCl

4-tert-butylphthalonitrile (2.00 g, 10.8 mmol), gallium chloride
(0.53 g, 3.0 mmol), and quinoline (10 mL) were added to the
100 mL of round-bottom flask. The mixture was refluxed at
230 °C for 3 h, cooled to room temperature, and added to the
200 mL of 4 M HCI solution. Some blue particles appeared in
the solution, filtered and dried in a vacuum overnight. The
obtained product (1.20 g, 52.8%) was used without purification
in the following step.

ttbPcGaOH

A portion of the crude ttbPcGaCl (200 mg, 0.237 mmol), 28%
ammonia solution (20 mL), and pyridine (15 mL) were refluxed
for 7 h. The crude product was obtained by filtration, washed
with conc NH;aq and hot water repeatedly, and purified using
column chromatography (silica gel, chloroform/methanol =
30/1 (v/v)). The isolated product was dried at 70 °C for 3 h in a
vacuum to yield 180 mg (90%). '"H NMR (300 MHz, CDCl;) &
9.55-8.86 (m, 8H), 8.41-8.08 (m, 4H), 1.96-1.68 (m, 36H).

ttbPcGaF

To a PFA conical flask was added ttbPcGaOH (100 mg, 0.12
mmol), 48% hydrofluoric acid (10 mL). The mixture was
stirred at 70 °C for 7 h, filtered through PTFE membrane, and
washed with a water/methanol mixture (1/1, v/v). The isolated
product was obtained by drying at 70 °C for 3 h under vacuum

This journal is © The Royal Society of Chemistry 2014
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to yield 80 mg (80%). 'H NMR (300 MHz, CDCl3) & 9.57-9.18
(m, 8H), 8.41-8.28 (m, 4H), 1.95-1.70 (m, 36H).

Device fabrication and characterizations

The active layer contained a blend of ttbPcGaF or ttbPcGaOH
as electron donor and PCgBM as electron acceptor was
prepared from the corresponding solution (10 mg/mL of
ttbPcGaF or ttbPcGaOH) in chlorobenzene (ttbPcGaF or
ttbPcGaOH:PCsBM = 1:1.5, w/w) by. After spin coating the
blend from solution at 1200 rpm, the device was completed by
evaporating a 0.8 nm LiF layer protected by 100 nm of Al at a
base pressure of 4 x 10 Pa. The effective photovoltaic area
defined by the geometrical overlap between the bottom ITO
electrode and the top cathode was 12 mm?”. Current-voltage
characteristics of the solar cells in the dark and under
illumination of 100 mW/cm? white light from a Hg-Xe lamp
filtered by a Newport 81094 Air Mass Filter, using a GWinstek
SFG-1023 source meter. Monochromatic light from Hg-Xe
lamp (Newport 67005) in combination with monochromator
(Oriel, Cornerstone 260) was modulated with amechanical
chopper. The response was recorded as the voltage over a 50 Q
resistance, using a lock-in amplifier (Newport 70104 Merlin). A
calibrated Si cell was used as reference. All the measurements
were performed under ambient atmosphere at room
temperature.

Results and discussion

Fluorogallium tetra-tfert-butylphthalocyanine (ttbPcGaF) was
synthesized through three steps as presented in Scheme 1.
Introducing tert-butyl group to Pc ring could highly improve
the solubility of Pc in common organic solvents as well as
permit an effective electron tunneling interaction of the
interchain Pc  solid.*® Hence, ttbPcGaF and ttbPcGaOH
obtained were highly soluble in 1, 2-dichloroethane (DCE),
tetrahydrofuran (THF), chloroform and dichloromethane, and
partly soluble in n-hexane and methanol, but insoluble in water.
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HsC & cH3
HaC_ CHj CN
1 =
HaC Gac3 ) N C' N NH3aq pyridine

qumohne
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\ I
HC [42\ /\b Ot
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Scheme 1 The synthetic routes of ttbPcGaOH and ttbPcGaF.

Electrospray ionization (ESI) mass spectrometry coupled with
traveling wave ion mobility (TWIM) separation*”** was employed to
analyze the supramolecular self-assembly of ttbPcGaOH and
ttbPcGaF for the first time. TWIM-MS enables mass-, charge-, and
shape-dependent dispersion to resolve isomers with distinct
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architectures as well as to differentiate the isotope patterns of
overlapping charge distributions.”* In this regard, n-n stacking
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Fig. 1 (a) Conventional ESI and (b) two-dimensional ESI-TWIM
mass spectra of ttbPcGaF. (c) Two-dimensional gMS® TWIM plot of
[2M-F]" at m/z = 1629.7. Collisionally activated dissociation took
place in the trap cell (before ion mobility separation) at different
energies, which was varied by raising the potential applied to the
trapfrom 4 to 100 V. The ions exiting the trap were subsequently
separated in the ion mobility region.

along with hydrogen bonding for ttbPcGaOH and Ga-F coordination
bond for ttbPcGaF was responsible for construction of Pc-based
supramolecular aggregates, respectively. Because of the low mass
resolution under mild separation conditions, charge states are
superimposed in conventional ESI-MS spectrum. As shown in Fig.
la, only the molecular mass ion peak (M") of ttbPcGaF and the
dimer with the loss of one fluoride as [2M-F]" are observed at m/z
824 and 1629, respectively. With the help of TWIM separation, four

RSC Adv., [year], [vol], 00-00 | 3
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different charge states species (from 1" to 4") can be detected in
TWIM mass spectrum. Furthermore, monomer, dimer, trimer as well
as higher molecular weight aggregates of ttbPcGaF were observed in
Fig. 1b. Remarkably, the largest identified species is composed of 18
repeating units, which cannot be detected for ttbPcGaOH (Fig. S1).
Much more observed repeating units of ttbPcGaF (18) than that of
ttbPcGaOH (13) demonstrated the relatively stronger self-assembly
ability of ttbPcGaF. Moreover, gradient tandem mass spectrometry
(eMS?)* was also firstly used to investigate the bonding strength of
adjacent ttbPcGaF units, viz., dimer. In Fig. lc, with applied
collisionally actived disassociation (CAD) energy from 4 V to 100
V, the signal of dimer ([2M-F]") reduces step by step and almost
disappears at 100 V, which corresponds to a center-of-mass collision
energy of 2.39 eV. In addition, the signal of ttbPcGaOH dimer ([2M-
OH]") (Fig. Slc) also disappears at 100 V but to give a center-to-
mass collision energy of 2.15 eV, which is weaker than that of
ttbPcGaF. The above results revealed that the inherent self-
organization tendency of ttbPcGaOH and ttbPcGaF. With the aid of
Ga-F coordination bonds, ttbPcGaF possesses a much stronger
bonding of adjacent units as well as self-assembles into
supramolecules with higher repeating units as compared to
ttbPcGaOH.

It is well-known that the shape and location of the Q-band is a
sensitive probe to illustrate the aggregation properties of Pcs.> Fig. 2
shows the UV-vis absorption spectra of ttbPcGaF in 1, 2-
dichloroethene (DCE) solution and the corresponding cast thin film
on quartz substrate. The absorption spectrum of ttbPcGaF in DCE
shows a typical absorption of monomeric Pcs with an intense Q-
band at 693 nm.>' However, the Q-band absorption of thin film blue-
shifted to 623 nm, suggesting that ttbPcGaF could readily self-
assemble into cofacial “H-aggregates” in solid state. Furthermore,
the absorption region of ttbPcGaF thin film extended from visible to
near IR areas (from 500 nm to 800 nm). The similar blue-shift of Q-
band from 695 to 650 nm and extended absorption region were also
observed for ttbPcGaOH as given in Fig. S2. As compared to blue-
shift of Q-band of ttbPcGaOH (~45 nm) (Fig. S2), ttbPcGaF showed
more obvious blue-shift of (~70 nm) Q-band as observed in Fig. 2.
In addition, the relative ratio of supramolecular aggregates in thin
film to Pc monomer in DCE solution existed in ttbPcGaF was much
higher than that in ttbPcGaOH as revealed in their corresponding
UV-vis spectra. As supported by mass spectrometry results, these
evidence demonstrated the supramolecular self-assembly ability of
ttbPcGaF was much stronger than that of ttbPcGaOH, when
transfering from solution to condensed phase.

3 1.5
é, 24 -1.0§
=] T Q
372} AY 172}
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Fig. 2 UV-vis spectra of ttbPcGaF in 1, 2-dichloroethane (solid line)
(10° mol L") and the corresponding cast film on a quartz plate
(dashed line).

Transmission electron microscopy (TEM) analysis provides
an insight into the morphology of supramolecular assemblies.
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As expected, the distinct aggregates with diameter of about 20
nm and length of approximate 150 nm were clear observed as
presented in Fig. 3. Wide-angle X-ray scattering (WAXS)
measurement confirmed that the linear aggregates were 2D
arrays of 1D ttbPcGaF-based supramolecular polymer. As
shown in Fig. 4, a distinct signal located at 1.78 nm
corresponding to the interchain distance of 2D arrays was
observed.? In addition, a broad peak observed at around 0.36
nm was assigned to the average cofacial distance between Pc
rings.>? For comparison, an analogous lattice image (Fig. S3)
was obtained from TEM analysis of ttbPcGaOH film cast from
DCE, also revealing a 1D/2D hierarchical structure of
ttbPcGaOH-based supamolecular assemblies.

Fig. 3 TEM image of ttbPcGaF casting from a 1, 2-dichloroethane
solution (107 mol L.
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Fig. 4 WAXS profile of ttbPcGaF powder. Asterisk (¥) indicates the
background peaks of aluminized paper.

Previous studies of Pc-related BHJ OSCs demonstrated that the
relatively wide absorption bands could enhance the performance of
the corresponding devices. On the other hand, the supramolecular
self-assembly technique is an efficient way to achieve well-
controlled morphology of active layer, which plays a very important
role in improving the device performance. However, there have been
very rare reports of Pc-related BHJ OSCs with improving device
performance employing the supramolecular self-assembly technique.
The only example reported is the ZnPc-based BHJ OSC, in which
the liquid crystalline ZnPc formed the ordered columnar structures in
thin film. However, the PCE of device was just 0.08%.* The good
solubility, the easy construction of supramolecular structures and a
tense absorption covered the near-infrared regions encourage us to
investigate the photovoltaic property of ttbPcGaF and ttbPcGaOH.

The BHJ OSC was fabricated by a configuration of
ITO/PEDOT:PSS/ttbPcGaF:PCq;BM/LiF/Al, where ttbPcGaF was
used as a donor material and PC5BM as a acceptor material. The

This journal is © The Royal Society of Chemistry 2014
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active layer of the solar cell was fabricated by spin-coating a
chlorobenzene solution of  ttbPcGaF and PC¢;BM
(ttbPcGaF:PCy;BM = 1:1.5, w/w). The current-voltage characteristic
of the solar cell was given in Fig. 5a. Under white light illumination,
the solar cell based on ttbPcGaF:PCy;BM exhibited an open circuit
voltage (V,.) of 0.60 V, a short circuit current density (J;,) of 1.53
mA/cm?, a fill factor (FF) of 0.44, giving rise to a PCE of 0.41%.
Fig. 5b shows external quantum efficiency (EQE) spectrum of
ttbPcGaF:PCsBM based device. Compared with the absorption
spectrum of ttbPcGaF in thin film, the EQE spectrum of the
photovoltaic cell shows a similar shape. In addition, the EQE curve
exhibited the EQE maximum of 10.6% at 630 nm and a broad
response covering from 300 nm to 800 nm, indicating that the
generation of charge carriers from absorbed photons is efficient for
the current ttbPcGaF-based BHJ OSC. However, the
ttbPcGaOH:PCq;BM  based BHJ OSC showed a dramatically
decreased PCE of 0.03% as shown in Fig. S5, which was lower than
1/10 of the ttbPcGaF-based BHJ OSC. The vast different
performance should be ascribed to the different charge carrier
separation and transportation of active layer resulted from the
different supramolecular structures in thin film.

1
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Fig. 5 (a) Current-voltage characteristic of photovoltaic cell prepared
from ttbPcGaF:PCy;BM under illumination of AM 1.5, 100 mW cm
% white light. (b) the corresponding external quantum efficiency
(EQE) spectrum of the device.

Fig. 6 shows cyclic voltammetry curves of ttbPcGaF and
ttbPcGaOH films. The estimated HUMO/LUMO energy levels of
ttbPcGaF and ttbPcGaOH are -4.71/-3.47 ¢V and -5.05/-3.66 €V,
respectively. As an acceptor material, PCqBM possesses the
HOMO/LUMO energy level of -3.91/-5.91 eV.*® The energy level
offset of LUMO and HOMO between the donor and acceptor
materials is the driving force for the exciton dissociation. Hence, the
energy level offset should be greater than exciton binding energy
(0.3-0.5 eV). Obviously, the difference of LUMO energy levels of
ttbPcGaOH and PCy;BM (0.25 ¢V) is not sufficient to overcome the
exciton binding energy, which leads to small amount of electron
transfer from the donor to the acceptor. In contrast, the energy level

This journal is © The Royal Society of Chemistry 2014
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offset of LUMO between ttbPcGaF and PC4;BM (0.44 ¢V) meets the
requirements of efficient exciton dissociation. On the other hand, the
open circuit voltage (V,.) of organic solar cell is determined by the
difference between HOMO level of the donor and LUMO level of
the acceptor. Therefore, low-lying HOMO level of the donor is
favorable for high V.. The lower HOMO level of ttbPcGaOH (-5.05
eV) should result a higher V. than of ttbPcGaF (-4.71 eV). But, as a
matter of fact, the V. of ttbPcGaF-based OSC (0.60 V) is much
higher than of that of ttbPcGaOH-based OSC (0.26 V), indicating
other effects (phase separation state and the crystallinity) may be
mainly determine the performances of ttbPcGaF and ttbPcGaOH-
based OSCs.

0.8
— ttbPcGaF

044 — ttbPcGaOH
<
£
=~ 0.0 o=
=
o ;h ; s
3

-0.44

-0.8 T T T T T

-2 -1 0 1 2

Potential (V vs Ag/Ag”)

Fig. 6 Cyclic voltammetry curves of ttbPcGaF and ttbPcGaOH films
on platinum electrode in 0.1 mol L' n-Bud4NPF6 in CH;CN solution,
at a scan rate of 100 mV s,

In order to further investigate the intermolecular interaction of the
composites, the TEM, AFM and GISAXS measurements were
carried out to study the supramolecular self-assembly behaviours in
ttbPcGaF:PCs;BM and ttbPcGaOH:PCy;BM blend films. As
expected, AFM and TEM images (Fig. S6) of ttbPcGaOH:PC4 BM
blend film revealed serious roughness (RMS = 5.94 nm) and large
ttbPcGaOH-enriched domains with sizes ranging from 200 to 500
nm. The larger phase-separated size leads to a smaller interfacial
area,”® reducing the probability of exciton generation and separation
in the blend film of ttbPcGaOH:PCsBM. In contrast, the
ttbPcGaF:PC4;BM blend film was much more uniform (RMS = 0.50
nm) and nanoscale phase separation could be observed in Fig. 7. The
worm-like feature of ttbPcGaF observed in high resolution TEM
image (Fig. 7b) indicated that the ttbPcGaF molecules could self-
assemble into continuous hole transporting path.>> More importantly,
the 2D-GISAXS image (Fig. 8) of ttbPcGaF:PCy¢BM blend film
clearly showed a strong diffraction peak at ¢, = 3.56 nm™ assigning
to lamellar phase (d-spacing of 1.76 nm). Although there was slight
arcing diffraction corresponding to the other lamellar structure, the
strong diffraction peak at ¢, =~ 3.56 nm™ indicated that the worm-
like ttbPcGaF domain possessed a relatively higher ordered
crystalline molecular arrangement,’™>® which was not interfered by
the blend composite of PC¢BM. Accordingly, the high PCE of
ttbPcGaF:PCg BM based device are attributed to the nanoscale phase
separation, predominant ordered crystalline of worm-like domains,
which are greatly benefit for the charge separation and
transportation. In comparison, disappearance of corresponding
diffraction in the ttbPcGaOH:PCs;BM blend film (Fig. S7)
suggested a low ordered blend film, which also responsible for the
relative low PCE value as mentioned above.
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Fig. 7 (a and b) TEM images under varied resolutions and (c) AFM
image of ttbPcGaF:PC4BM blend film, RMS (root mean square) =
0.50 nm.

0
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Fig. 8 2D-GISAXS image of ttbPcGaF:PC4 BM blend film.
Conclusions

In conclusion, we have successfully synthesized a novel soluble
ttbPcGaF and its precursor ttbPcGaOH. The 1D supramolecular
polymers were obtained through the well-ordered cofacial stacking
of ttbPcGaF with the help of Ga-F coordination bonds and n-n
stacking interaction between Pcs. Meantime, ttbPcGaOH can also
self-assemble into 1D supramolecular polymers owing to w-m
stacking and hydrogen bonding, although the self-organization is
somewhat defective. The high solubility in organic solution, the
ability of self-assembly in thin film as well as intense absorption at
near-infrared regions attract considerable interest for the application
of ttbPcGaF and ttbPcGaOH in BHJ OSCs using solution spin-
coating technique. Due to the absence of ordered arrangement, and
strong aggregation of ttbPcGaOH in ttbPcGaOH:PCyqBM blend
film, the solution-processed BHJ OSC fabricated with
ttbPcGaOH:PC4BM gave a very low PCE of 0.03%. Remarkably,
the retention of ordered arrangement of ttbPcGaF and nanoscale
phase separation in ttbPcGaF:PCg BM blend film promoted a strong
improvement of the PCE to 0.41%. This method, monomers self-
assemble into supramolecules to enhance the performance of BHJ
OSCs, may afford a new technology to construct high efficient
OSCs.
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