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Covalent Synthesis of Perylenediimide-Bridged
Silsesquioxane Nanoribbons and Their Electronic

Properties

Lan Xu® Venkata Ramana Manda®, Louis E. McNamara®’, Muhammad P. Jahan‘, Hemali

Rathnayake“*, Nathan I Hammer”"

Abstract. Perylenediimide-functionalized silsesquioxane nanostructures were prepared from
base-catalyzed polymerization of their respective monoalkoxysilane precursor. The shapes of
nanostructures varied from nanoribbons to nanochains to nanorods upon changing the base
concentration. Transmission electron microscopy confirms the twisted nature of nanoribbons
with lengths up to 15 pm, whereas the dimensions of nanorods were in the range of 9um in
length and 200 nm in width. The photovoltaic performance of the nanoribbons and nanorods
were evaluated and compared for bulk heterojunction solar cells and it was discovered that

morphology plays an important role in the PV performance.

Introduction
The hierarchical assembly of nanoscale building blocks with tunable dimensions and structural

complexities is essential for controlling the distinctive geometry of 1D-structures. Such
nanomaterials are utilized for a variety of nanostructure applications, including high-strength

nanocomposites, field-emitting surfaces, sensors, nanotransistors, biomaterial delivery tools,
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optical devices, electrode materials, energy storage devices, and caltallysts.l'9 Great efforts have
been made to develop techniques to produce unique 1D-structures, such as laser-assisted
catalytic growth,m solution—liquid—solution techniques,11 template directed synthesis,12 and self-
assembly processes from noncovalent interactions.'>"

Among different types of 1D-nanomaterials, organic nanostructures have gained interest due to
their distinct optical, electrical, and mechanical properties.**"'” The general method of preparing
organic nanomaterials is through noncovalent interactions such as hydrogen bonding, n-n

stacking, and solvophobic and surface effects.'®%!

To date, a variety of supramolecular
architectures has been fabricated by molecular self-assembly of tailored, supramolecular building
blocks.”*

Significant research efforts have been reported for the self-organization of perylenediimides

(PDIs) into 1D-structures such as nanofibers, nanowires, and nanoribbons. %33

The planar n-
conjugated aromatic framework of PDIs make them ideal moieties for supramolecular self-
assembly into discrete nanomaterials through strong n-m interactions. To fabricate PDIs into 1D
nanostructures through self-assembly, cofacial n-n stacking is beneficial. Zhang and co-workers
have demonstrated that cofacial n-r stacking between molecular skeletons requires the assembly
of PDI into 1D structures.”* A variety of techniques such as phase transfer, solvent annealing,
vapor diffusion, and seeded growth were introduced to generate nanobelt, nanowires, and
nanofibers from PDI systems that would otherwise form bulky aggregates.”™

Achieving nanosized structures with distinct geometries via self-organization processes,
however, is a great challenge and has limited control over the morphology of the final structure.

For example, PDI-nanowires prepared using solvent aggregation show wide distribution of

dimensionalities and have limited access to manipulate their chain growth.3 3 Alternatively, the
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covalent synthesis is an advantage over self-assembly processes for making well-defined three-
dimensional nanostructures with controlled morphologies upon controlling the concentration of
reactants which determine the chain lengths and geometries. Herein, we demonstrate a novel
method to prepare 1D-nanostructures varied from nanoribbons to nanochains to nanorods via
covalent synthesis. The work described here is a unique example for the preparation of
nanostructures with controlled geometries by manipulating the base concentration during the
polymerization process. As depicted in Figure 1, perylenediimide-functionalized bridged
silsesquioxane nanoribons, nanochains, and nanorods were prepared by based-catalyzed
hydrolysis and condensation from their respective organomonoalkoxydisilane precursor. Upon
changing the base concentration, the resulting morphology varies from nanoribbons to nanorods
to nanochains. The polymerized structure of perylenediimide units interconnects one another
through Si-O-Si bridging units to give PDI-bridged silsesquioxane network (PDIB-
silsesquioxanes). The methods developed here build on our previously published work on
preparing poly(3-hexylthiophene)- and perylenediimide- functionalized silsesquioxane

nanoparticles.”®*’
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Figure 1. Schematic representation illustrating PDI-nanostructures prepared from PDI-
functionalized silane precursors.

The focus of this work is to investigate how different morphologies affect the resulting
optoelectronic properties of these materials, including their photovoltaic performances for bulk
heterojunction solar cells. By comparing the photophysical properties of these materials in the
solution phase, in thin-film morphologies, and at the single nanostructure level, the effect of
architecture on the resulting properties of PDIB-nanostructures is revealed. Additionally, the
photovoltaic performances of PDIB-nanoribbons and nanorods are also evaluated by blending

them with a donor polymer, poly(3-hexylthiophene).

Experimental
Materials:  3,4,9,10-tetracarboxydianhydrideperylene,  regioregular-poly(3-hexylthiophene)

(average M, 30,000 - 60,000 g/mol), anhydrous ethanol (200 proof), chloroform (HPLC grade),
and chlorobenzene (HPLC grade) were obtained from Aldrich chemicals. Ammonium hydroxide
(28%) was obtained from Fischer Scientific. 3-aminopropyldimethylethoxy silane was purchased
from Gelest Inc. Unless otherwise specified, all chemicals were used as received.

Characterization: Proton NMR spectra were recorded on a 500 MHz JEOL using CDCl; as a
solvent. FTIR spectra were acquired using a Perkin-Elmer Spectrum One FT-IR spectrometer
equipped with a universal ATR sampling accessory. Transmission electron microscopy (TEM)
observations were performed on a 100CX JEOL at 80 keV. The elemental compositions (C, H,
and N) of the silane precursor were analyzed by the Micro-Elemental Analysis Lab at Advanced
Materials Institute, Western Kentucky University. The photophysical properties in solution were
studied using a fluorescence spectrometer (Perkin Elmer LS 55) and UV-visible spectrometer
(Perkin Elmer, Lambda 35). The contact mode atomic force microscopy (AFM) topographic

images were obtained using an Agilent 5500AFM using a silicon probe coated with aluminum
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(contact G-10). Thin films were prepared by spin coating PDIB-nanoribbons (8 mg/mL in
chlorobenzene) onto plasma cleaned glass slides (2 x 2 cm?) to give a film thickness of ~100 —
150 nm. The test devices for electrical conductivity measurements were prepared on pre-cleaned
ITO glass by spin coating the solutions of nanoribbons (10 mg/mL in chlorobenzene) and PDI-
dimethyl silane (10 mg/mL in chlorobenzene) followed by deposition of Al (~ 80 nm) as the
cathode. The device area used was 2x6 mm?®.

Thin film and single nanostructure emission spectra were acquired using a Nikon Eclipse
TE2000-U inverted microscope with a 1.4 numerical aperture objective and Ar" laser excitation
with EMCCD camera detection (Princeton Instruments ProEM 1024). Excited state lifetimes
were fit using the FluoFit software package.

PDIB-dimethylethoxysilane. ~To a three-necked round bottom flask, 3,4,9,10-
tetracarboxydianhydrideperylene (0.49 g, 1.12 mmol) and anhydrous ethanol (50.0 mL) were
added and heated to reflux under argon atmosphere. Then excess 3-
aminopropyldimethylethoxysilane (2.0 g, 12.4 mmol) was added and allowed to reflux for 24
hours. The resulting dark red solid was washed with hexane and ethanol to remove excess 3-
aminopropyldimethylethoxysilane. The dark red solid was dissolved in chloroform (~50 mL) and
an insoluble solid, which was later confirmed by FTIR as a mixture of 3,4,9,10-
tetracarboxyanhydrideperylene and hydrolyzed perylenediimide siloxanes was removed by
centrifugation and gravity filtration. The filtrate was concentrated in vacuum to yield a dark red
solid (500 mg, yield = 59%). 1H-NMR in CDCl; {9J, ppm}: NMR, 8.49-8.47 (2H,d), 8.33-8.31
(2H, d), 4.17-4.14 (2H, t), 3.70-3.65 (2H, q), 1.82-1.76 (2H, m), 1.20-1.17 (3H, t), 0.76-0.73 (2H,
t), 0.14 (16H, s); FTIR stretching (cm'l): 2955-2886 (C-H stretching of alkyl chains), 1692

(diimide carbonyl stretching), 1593-1577 (aromatic C-C stretching), 1439 (N-C stretching from
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perylenediimide), 1378-1248 (Si-C stretching), 1103-1072 (Si-O-); elemental analysis (%):
experimental — C 66.8, H 6.26, N 4.04; Calculated — C 67.2, H 6.2, N 4.1.

Typical procedure for the preparation of PDI-nanoribbons:To a 250 mL round bottom flask,
the PDI-dimethylsilane monomer (~200 mg, 0.29 mmol) in chloroform (15 mL) was added
through the micro-filter under argon atmosphere. Microfiltration was used to remove any
additional impurities and insoluble solid particles. An anhydrous ethanol (150 mL) and
ammonium hydroxide (14.45 M - 28% in water, 20 mL, 290 mmol) mixture was added slowly to
form two layers and allowed to react for 48 hours. The nanoribbons were isolated by repeated
centrifugation and repeated redispersion in ethanol. After being completely dried in stream air,
the nanoribbons were collected as a red solid (Yield 56%). FTIR stretching (cm'l): 2993-2885
(C-H stretching of alkyl chains), 1692 (diimide carbonyl stretching), 1593-1558 (aromatic C-C
stretching), 1440 (N-C stretching from perylenediimide), 1379-1250 (Si-C stretching), 1098-
1016 (Si-O-).

Typical procedure for the preparation of PDI-nanorods:

To a 100 mL round bottom flask, anhydrous ethanol (37.5 mL) and ammonium hydroxide
(14.45 M - 28% in water, 5 mL, 70 mmol) were added under argon atmosphere. The base
concentration was adjusted to 1.48 mol/L by adding 2.5 mL of water. Then the PDI-
dimethylsilane monomer (~50mg, 0.07mmol) in chloroform (3.75 mL) was slowly added
through the micro-filter to the reaction mixture and stirred for 48 hours at room temperature. A
majority of the nanorods remained in the supernatant after the very first centrifugation, which
removes the unreacted fibrous material. After repeated centrifugation, the nanorods were
collected as a red solid. The yield was low (~20%) since the nanorods were difficult to separate

from the solution.
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Device Fabrication. Model bulk heterojunction solar cell devices were prepared on glass/ITO
substrates. The substrates were subsequently cleaned in 2- propanol and acetone in an ultrasonic
bath for 15 minutes each and a layer of PEDOT:PSS (purchased from Aldrich) with a thickness
of ~400-500 nm was spray-deposited as a hole transporting layer on top of ITO under a stream
of nitrogen. The substrates were heated at 100°C in a vacuum oven for an hour. As a first step,
the active layer of PDIB-nanostructures: P3HT (average M,, = 30,000 — 60,000 g/mol) dissolved
in chlorobenzene (10 mg/mL concentration of each compound of 1:1 ratio) was spray-deposited
to give a film thickness of 300-400 nm under a stream of nitrogen. The substrates were
transported into vacuum evaporator and a layer of calcium (~2 nm) and aluminum (~50 nm) was
thermally evaporated on top of the active layer with a coating of 2 x 6 mm through a mask. The
final devices were annealed inside a glove box at 100 °C for five minutes and then transferred to
a glass chamber under a stream of nitrogen gas and the chamber was sealed for device
characterization. Testing of the devices was performed using a solar simulator with an emission
spectrum close to AM 1.5G and intensity of 80 W/m?. The IV curves of the devices were
measured using a Keithley 2400 source meter. The fill factor (FF) and power conversion

efficiency (PCE) were calculated manually using following the following two equations.

_ Vi o _ JscVocFF
]SCI/OC PS

where Py is intensity of light, J,, is maximum current density and V,, is maximum voltage at

FF

maximum power point.

Results and Discussion
PDIB-Nanostructures synthesis: Preparation of perylenediimide-functionalized nanostructures

was performed by adapting a modified Stober method from our previously published

work.>%37 As depicted in Scheme 1, PDIB-dimethylethoxysilane was synthesized from 3,4,9,10-
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tetracarboxyanhydrideperylene and 3-aminopropyl-dimethylethoxysilane. The silane precursor
was purified by solvent precipitation to yield pure product of perylenediimidesilane (1). A
control experiment was performed and confirmed that insoluble solid removed by precipitation
contains hydrolyzed perylenediimide siloxanes.

In a typical procedure, the nanoribbons were prepared by hydrolysis and condensation of PDIB-
silane (1) in the presence of NH4OH in anhydrous ethanol: chloroform 10:1 solvent mixture. The
nanoribbons formation was examined under transmission electron microscopy (TEM) as a
function of time. In each case, nanoribbons were separated by centrifugation maintaining the
rotation speed at 5000 rpm and repeated washing with ethanol. Figure 2 shows the TEM images
of nanoribbons formed at different time intervals. The length of nanoribbons depends on the
reaction time. The longest nanoribbons (excluding tangled ribbons), with length up to 15 pm,
were obtained after 48 hours of reaction time.

\éiocsz

0_o_o O_N_O

O" + H,N"™>"Si(CHj),0C,Hs Anhy. CalsOf OO‘
Reflux/ 24 hrs O PDIB-silane (1)

0”0”0 O” N "0

_?|OCZH5

28% NH,OH
CHCI;: anhy. C,H,OH

PDIB-Nanoribbons

Scheme 1. Preparation of PDIB-Nanoribbons
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The effect of base concentration for the formation of nanoribbons was studied at a fixed
concentration of silane in 10:1 ratio of anhydrous ethanol to chloroform solvent mixture and
summarized in Table 1. The results confirmed that base concentration is directly affecting the
formation of nanoribbons. At lower base concentration (1.48 mol/L adjusted by adding 2.5 mL
deionized water — reaction 2 in Table 1 and entry VI in Table S1), both PDIB-nanorods and
spherical nanoparticles were formed. The slight decrease (0.08 mol/L) of base concentration
from 1.56 mol/L to 1.48 mol/L resulted in a transition from nanoribbons to nanorods. When the
base concentration was lowered to 1.40 mol/L, nanoparticles were abundant and fewer nanorods
were present (Table S1 entry IV). On the other hand, the higher base concentration (2.58 mol/L —
entry VII in Table S1), gave nanochains, nanorods, or nanoparticles depending on the reaction

time. The nanoparticles were more abundant after 48 hrs of reaction time (Figure S2).

After 4 hours (scale bar — 1 um)

After 24 hours (scale bar—1pum)  Agter 48 hours (scale bar — 200 nm)

Figure 2. Transmission electron microscopy images of PDIB-nanoribbons at different times
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The TEM images reveal that PDIB-nanorods formed at lower base concentration have very
smooth surfaces with no spherical nanoparticles present on the nanorod surface. However,
nanorods formed at higher base concentration after 16 hrs of reaction time have considerably
rougher surfaces with many spherical nanoparticles sticking onto the surface (Figure 3). As
shown in Table S1, after running series of reactions under different base concentrations ranging
from 1.40 mol/L to 2.58 mol/L, we were able to confirm the optimum base concentrations for the

formation of nanoribbons, nanorods and nanochains.

Table 1. The effect of base concentration on the formation of PDIB-nanostructures and their
morphologies

Reaction # | Concentration of Dimensions of nanostructures
NH,;OH (mol/L)
1 1.56 Nanoribbons - width up to 150 nm and length up to Spm

Nanoparticles — Average size up to 30 nm

2 1.48 Nanorods - width 80-100 nm and length up to Spm

Nanoparticles — Average size range 10-100 nm

3 2.58 Nanochains with length up to 2 pm after 3hs.

Nanorods with spherical nanoparticles on nanorod’s surface.
Width- 100 -200 nm and length up to 9 um after 4hrs

Nanoparticles with the average size range of 20-50 nm after
48 hrs

The amount of PDIB silane (1) used for each reaction is 7 x 10 > mmol

After running the multiple reactions using these three base concentrations, the TEM results
confirmed that the best-suited base concentration for the formation of nanoribbons is 1.56 mol/L
per 7x102 mmol of PDIB-silane (1) in an ethanol to chloroform solvent ratio of 10:1. We
performed a series of multiple trail reactions to reproduce the formation of nanoribbons and

nanorods using the similar reaction conditions as for reaction 1 and 2 in Table 1 (see supporting

10
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information Table S1). The nanostructures prepared in this manner were isolated after 48 hours
and stored as a dry solid and can be redispersed with little sonication in most organic solvents.

TEM analysis confirmed that drying did not affect morphology or particle dispersion in organic

=S

1um 200nm

solvents.

PDIB-Nanorods formed from Reaction 2 (Amount of base used 70.0 mmol; scale bar —

left -1 ym and right — 200 nm )

PDIB-Nanorods formed from Reaction 3: Left- after 4hrs and Right - after 16 hrs
(Amount of base used 130.0 mmol; scale bar -left -1 ym and right — 200 nm )

g

2

1um

Figure 3: Transmission electron microscopy images of reaction 2 and 3 from the Table 1

The FT-IR spectrum (Figure S3) of PDIB-nanostructures confirmed the presence of
characteristic bands for the formation of Si-O-Si bonds and the retention of Si-C linkages during
the base-catalyzed hydrolysis and condensation reaction. The alkyl chains -CH and diimide
carbonyl stretching vibrations were observed at 2993-2885 and 1692 cm™, respectively. The

presence of aromatic C-C stretching (1593-1553 cm'l) and N-C vibrations (1440 cm'l) further

11
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supports the successful incorporation of perylenediimide units to the silsesquioxane core. The
well-defined absorption at 1343-1253 cm’ confirms the presence of Si-C bonds in Si-PDI units.
The absorption of Si-O-Si was observed at 1098-1016 cm™, suggesting the formation of a
silsesquioxane network.

Photophysical properties of PDIB-nanostructures: The UV-visible absorption and
photoluminescence (PL) studies of PDIB-nanoribbons (from Reaction 1 in Table 1) were
performed and compared with the spectra of Reaction 2. The photophysical properties of PDIB-
nanostructures were studied in chloroform solution. As depicted in Figure 4, the solution phase
absorption spectra of PDIB-nanostructures obtained from reactions 1-2 exhibit typical spectral
features similar to PDIB-silane monomer 1 with three pronounced peaks with a shoulder around
425 nm, which corresponds to the 0-0, 0-1, 0-2, 0-3 electronic transitions respf:ctivc‘,ly.38’39 The
transition from ground state to the higher levels of electronic states (0 -1, 0 — 2, and 0 — 3) are
enhanced compared to the 0 — O transition. These spectral changes confirm the strong molecular
stacking between PDI moieties similar to the reports previously published for aggregated PDI
systems.” However, there is no evidence of pronounced absorption band emerging at longer
wavelength that indicates no sign of the effective m-m interaction in co-facial configuration of

. 30,40
molecular stacking.™

The fluorescence spectra depict the same peak structures in mirror
images of the absorptions with the expected Ayax at 532 nm and two vibronic bands at 574 nm
and 625 nm (Figure 4). There is some overlapping of the longer wavelength absorption band in
the UV absorption spectra and the shorter wavelength emission band in the PL emission spectra.
This spectral behavior is typical for aggregated PDI systems as observed previously.'**'™

However, there is no evidence of significant fluorescence quenching that further confirms the

lack of ©- & electronic coupling.

12
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Thin film fluorescence emission spectra of PDIB-nanoribbons in bulk and as single particles
were obtained using the 457 nm and 514 nm output from an Ar" laser and fluorescence was
detected using an EMCCD camera. As shown in Figure 5, the fluorescence emission of bulk
PDIB nanoribbons in the solid state is red shifted with a broader spectrum compare to its solution
phase emissions. However, the emission spectra of single emissive sites in the nanoribbons show

well-resolved vibronic bands at 545 nm and 590 nm with a shoulder peak at 640 nm.

1.0 2 1.0+
=5 11 . =— Silane
s 1 —e=— Ribbons = —e— Ribbons
0.8+ 1 < 0.84
] 1 —— Nanorods - Nanorods
=} J
£ 4 —— Silane 2
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5 | AR £
2 04 141 -
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Figure 4. Left - Normalized UV-visible spectra; Right -Normalized PL emission spectra of
PDIB-nanostructures (excitation wavelength — 514 nm).

The excited state lifetimes of the nanostructures in ethanol and also in thin films were
measured using a ps-pulsed diode laser as the excitation source. The lifetimes of the
nanostructures in solution were 3.2 ns and in the thin films 2.7 ns. These values are very close to
the excited state lifetimes of other PDI-based molecules. The shorter lifetime in the films

suggests some degree of interaction between nanostructures and the thin film.

13
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Figure 5. Left: Thin-film fluorescence spectra of bulk and single particle PDIB-nanoribbons.
Right-Top: Bright field and fluorescence emission from the same nanoribbons, and Right-
Bottom: Emission from single emissive sites in nanoribbons after dilution.

Thin-film morphology of PDIB-nanostructures using Atomic Force Microscopy:

The morphology of the PDIB-nanorods from Reaction 2 was analyzed using the contact-
imaging mode of atomic force microscopy (AFM) by means of a silicon nitride tip. Figure 6
shows the 2D and 3D images of the morphology of the thin film containing PDIB nanorods on
an area of 40 um x 40 pum. It can be seen from the images that the PDIB nanorods are arranged
uniformly over the thin film without significant visible agglomeration. However, the nanorods
are found to touch each other at one or more points, with very few nanorods staying independent.
The 3D image in Figure 6(b) reveals that most of the nanorods are lying flat onto the thin
film/substrate due to the influence of gravity. Few nanorods were found at an inclined or near-

vertical position, as can be seen from the 3D image of the thin film. The height scale bar of the

14
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scanned images ranges from 0.55 pm to 0.96 um. The difference in the height bar of the scanned
image indicates that the average thickness of the nanorods ranges from 200 — 300 nm. In
addition, the lengths of the nanorods have been measured randomly from the scanned images
with an average size of 5-6 um and a range of 3 — 9 um. More images with different scan sizes

and from different areas of thin film were captured and similar results confirmed our findings.

b 0.96 pm

0.63 pm

Figure 6. AFM images showing the morphology of the thin film containing PDIB-
nanostructures over a scan area of 40 umx 40 pm: (a) 2D image and (b) 3D image.

Photovoltaic characterization of PDIB-nanostructures: Power conversion efficiencies reported
for P3BHT/PDI bulk materials are poor due to the formation of macro-crystalline domains and
phase segregation.** Previous studies in our group have shown that incorporating PDI units into
silsesquioxane network is an effective way to make nano-sized crystalline PDI hybrids with
improved PV performance of P3HT/PDI system.’® However, the effect of controlled geometries
of PDI-silsesquioxane nanostructures on device performance had not been evaluated in our
previous work. Therefore, electrical characterization studies described here may allow us to

comprehensively establish how different morphologies with distinct dimensions of PDIB-

15
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silsesquioxane nanostructures affect the photovoltaic performance. Here, we evaluated the
photovoltaic performances of two different shapes of PDIB-nanostructures using bulk
heterojunction device architecture with P3HT as a donor component. The photovoltaic
performance of PDIB nanoribbons and nanorods were characterized using the test devices with
the device configuration of ITO/PEDOT.PSS/Blend/Ca-Al. The blends were prepared from the
solution of 1:1 mixture of P3HT polymer (Mw = 30,000-60,000) and PDIB nanostructures in
chlorobenzene. Table 2 summarizes and compares the photovoltaic parameters of the test devices
before and after annealing at 100 °C for 5 min.

Table 2. The photovoltaic parameters of PDIB-nanoribbons and PDIB-nanorods

PDIB PV Parameters at RT PV Parameters at 100 °C
Jsc Voc(V) %PCE Jsc Voc(V) | %PCE
(mA/cm?) (mA/cm’)
Ribbons 2.01 0.9 0.94 1.80 1.02 0.96
Rods 0.95 0.30 0.16 1.11 0.40 0.26

The current density - voltage curves for devices made from PDIB-nanostructures are shown in
Figure 7. The test devices made from PDIB-nanoribbons show higher open circuit voltage (Voc)
with fill factor (FF) of 0.42 and short circuit current density (Jsc) of 1.80 mA/cm?, which did not
improve upon annealing the devices to 100 °C. Although blends of nanoribbons gave higher
Voc, the power conversion efficiency was 0.96%, which is 0.60% lower than that of for PDIB-
nanoparticles reported in our previous work.”® One main reason for the poor performance of the
nanoribbons may be the twisted and tangled nature of the ribbons, which led to an unorganized
active layer morphology and showed no improvement of film morphology upon annealing.

Also, the thickness of the nanoribbons may lower the current density, as the donor-acceptor

16
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interface thickness is critical for charge separation. To confirm the twisted chiral structure of
ribbons has impacted on electrical parameters, the electrical conductivity of nanoribbons were
measured and compared with the conductivity of the silane precursor. As shown in Figure S9,
nanoribbons show low conductivity of 7.3x10™ S/cm, where as the silane precursor shows higher
conductivity of 2.11x10? S/cm. The poor conductivity of nanoribbons compared to its monomer

further evidenced that twisted structure has direct impact on electrical properties.
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Figure 7. Current density vs voltage curves (J-V) for PDIB-nanoribbons (left) and nanorods
(right) at room temperature and after annealed to 100 °C under solar simulator.

The photovoltaic parameters of the devices made from nanorods also resulted in poor
performance. The devices composed of nanorods show power conversion efficiency of 0.26%
with Jgc of 1.11 mA/cmz, Vocof 0.40 V, and FF of 0.47 after annealing at 100 °C for 5 min. In
contrast to nanoribbons, which show no change in PCE upon annealing, nanorods show
improved device performance by ~62% after annealed at 100 °C. The main reason for this
increase may be the better ordering of rods within the active layer compare to twisted structure of
nanoribbons. However, comparative studies on thin films morphologies at different annealing

temperature are necessary to explain this behavior. In order to confirm the test devices are
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rectifying and having a diode behavior, the dark current I-V curve along with shunt resistance
(Rgn) were measured for the test devices made from nanoribbons. The shunt resistance was
calculated for multiple test devices using the previously published procedure.45 The average
shunt resistance ranges from 0.9 - 2.60 kQ/cm® which is in similar magnitude as for typical
P3HT/PCBM photovoltaic devices.*

These electrical characterizations data suggest that the morphology of PDIB-nanostructures
plays an important role on photovoltaic performance. Both nanoribbons and nanorods performed
poorly as acceptors for bulkheterojunction solar cells compare to spherical PDIB-silsesquioxane
nanoparticles.”® Although power conversion efficiencies of ribbons and rods are very low, the
current work has direct implication in evaluating the effect of structural morphology on PV
performance and in developing better PDI-silsesquioxane nanomaterials, which can enhance the

device performance of P3HT/PDI donor-acceptor system in the future.

Conclusion
We demonstrated a convenient method to prepare organic semiconductors-functionalized

nanostructures through the covalent synthesis of perylenediimide-functionalized silsesquioxane
nanoribbons (PDIB-nanoribbons) and nanorods (PDIB-nanorods). The formation of nanoribbons
and nanorods was controlled by varying the base concentration. The slight decrease in the base
concentration (0.08 mol/L) resulted the morphology change from nanoribbons to nanorods.
Although both nanostructures showed poor performance as acceptors in bulk heterojunction solar
cells, we believe that the method described here could be useful to make wide variety of ligand-
functionalized nanostructures from appropriately functionalized monoalkoxysilane precursors.
Because this is a unique example for making nanostructures having controlled morphologies
using covalent synthesis, we believe these findings will contribute to the development of novel

functional nanomaterials for organic electronics.
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