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ulticomponent self-organization

has been widely studied to cre-

ate molecular level superstruc-
tures with various potential applications.”™
Recent interests in alternative energy
sources warranted search for optimum
donor—acceptor multicomponent hybrids
such as w-conjugated macromolecules and
fullerenes.® Micro- and nanostructuring of
such systems are strongly affected by the
chemical structure of the polymer, modified
fullerene, and preparation methods.®™""
Pioneering work by Goh et al. 7' con-
sisted of using azide functional groups on
various modified polymers to couple with
fullerene and investigating the self-
organization,'? hydrophobic interactions
between the components,’? optical,’* and
mechanical'® properties of the hybrid mate-
rials. In a recent review by Guldi et al., cova-
lent attachment of specific ionic and aro-
matic entities onto fullerenes have been
shown to produce aggregate morpholo-
gies.'® Also, controlling the size and mor-
phology of fullerene-derived superstruc-
tures influences the properties and
application of such materials."”"'® For in-
stance, interaction between donor polymer
and acceptor fullerenes in bulk heterojunc-
tion photovoltaics led to significant im-
provement in the efficiency of the devices.®
Curran et al.” have recently reported an in-
creased solubility and exciton generation in
poly(m-phenylenevinylene-co-2,5-dioctoxy-
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Figure 1. Chemical structure of amphiphilic
poly(p-phenylene), C,PPPOH.
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ABSTRACT Molecular level alignment of components and optimum morphology of hybrid materials are of
great interest in many applications. Morphology control has been extensively used as a direct tool in the evaluation
of interactions and assemblies of components in thin films. It is believed that preparation method and composition
are powerful tools to direct the morphology, particularly in self-assembled systems such as fullerene-based hybrid
materials. The present report outlines a synergistic self-assembly of fullerenes (C,,) and functionalized poly (p-
phenylene) (PPP) to develop nanofibers with high aspect ratios. Nanostructured PPP— (4, hybrids were prepared
by direct casting of the dilute solution on solid substrates and on water under ambient conditions. The formation
of whiskers with high aspect ratio and investigation of interesting photophysical properties are discussed. An
amphiphilic PPP was used as a template for preparing nanohybrids of C,, at ambient temperature and conditions.

KEYWORDS: light-emitting polymers - amphiphilic poly(p-
phenylene)s - fullerene - self-assembly - nanostructured whiskers

p-phenylenevinylene) (PmPV)/fullerene hy-
brid. The generation of excitons is believed
to be responsible for many of the electronic
properties found in most common and effi-
cient polymer-based electronic devices.

The commonly adopted method for pre-
paring bulk heterojunction layers involves
spin coating the mixture from a homoge-
neous solution and annealing the film for op-
timum organization of two dissimilar compo-
nents. Annealing helps the polymer chains
to adopt energetically favorable architec-
tures.® Recently, Manca et al. reported fabrica-
tion of a 2-D network of crystalline needles
by spin coating a mixture of poly(3-
hexylthiophene) (P3HT) and 6,6-phenyl-Cq;-
butyric acid methyl ester (PCBM) in chlo-
robenzene followed by annealing at 125 °C.°
Although annealing processes showed reor-
ganization of P3HT and PCBM to larger, well-
organized microcrystalline assemblies, heat-
ing these materials at elevated temperatures
may have unfavorable effects on the lifetime
of the material/device. Thus, well-organized
hybrid films prepared at ambient tempera-
ture are highly desirable for improved
performance.'®
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(b). The upper inset in panel b shows the electron diffraction pattern.

In the present study, self-organization of fullerenes
with an amphiphilic poly(p-phenylene), C,,PPPOH (Fig-
ure 1) in ambient conditions was explored. Applications
of the tailor-made C,PPPOH toward the syntheses of or-
ganic and inorganic hybrid micro- and nanomaterials
with interesting morphological and optical properties
have been reported.'®~?* Weak interactions such as hy-
drogen bonds and alkyl chain crystallization were uti-
lized for the cocrystallization of C,,—C,PPPOH nanohy-
brid materials at ambient conditions. It would be
interesting to note that the hydrogen-bond forming
PPP polymer (C,,PPPOH) used in this study facilitated
an extended conjugation in the PPP-based
2023 \which is advantageous for optimiz-
ing device performance.?* It was anticipated that the
rigid linear polymer, C,,PPPOH acted as a template for
the crystallization of Cg,. Strong interactions between
the aromatic PPP backbone with Cg, facilitated the for-
mation of a well-dispersed polymer—fullerene
nanohybrid.
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Figure 3. SEM micrographs of the whiskers cast from hybrid toluene so-
lution (0.5 mg/mL) of 1:1 C4,:C,,PPPOH (a), cross section of a nanowhis-
ker (b), and side view (c) of an individual nanowhisker showing multiple
fibrils. The distribution of aspect ratio of nanofibers is given in panel d.
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Figure 2. Micrographs of Cg, crystallized from toluene solution (0.5 mg/mL): SEM (a) and TEM

RESULTS AND DISCUSSION

Preparation and Characterization of
Nanofibers. Developing high perfor-
mance multicomponent polymer-Cg,
organic nanomaterials through su-
pramolecular assemblies has remained
a challenge owing to the poor dispers-
ibility of C, molecules in common
solvents®>2® and perturbation of its
electronic properties?® due to function-
alization. The crystallization of unfunc-
tionalized C,, molecules from solution
shows that they have a strong ten-
dency to aggregate into various sizes
and morphologies.’® Covalent and noncovalent func-
tionalization of C¢, has been extensively explored for fa-
cilitating the solubility in common solvents and influ-
encing the assembly.""'® Ambient crystallization of Cy,
from a dilute solution (0.5 mg/mL in toluene) yielded
multiple shapes and sizes (Figure 2).

Casting a solution of the mixture of C4, and
C,,PPPOH (1:1, 0.5 mg/mL in toluene) onto a solid sub-
strate induced unidirectional crystallization of nanohy-
brid material (Figure 3a) which led to the formation of
nanofibers with high aspect ratios. Nanofibers that
have an average diameter of 35 = 5 nm and length of
30—50 wm aggregate to form whiskers. Magnified SEM
micrographs show a cross section (Figure 3b) and side
view (Figure 3c) of the whiskers with parallel-packed
nanofibers. The observed high aspect ratio of 1050 (Fig-
ure 3d) is comparable to typical aspect ratios of car-
bon nanotubes (CNTs).

The higher level ordering of different components
inside the fiber was investigated by high resolution
TEM (HRTEM). HRTEM showed regular lattice fringes in
the nanoneedles spanning along the growth axis (Fig-
ure 4a,b). Also apparent in Figure 4b is the highly regu-
lar lattice fringes. Such ordering is consistent with our
previous observations that the dodecyloxy groups on
the polymer C,,PPPOH direct the self-organization to
form higher order structures such as micro-/nanostruc-
tured polymeric and nanohybrid thin films.'®? Pla-
narization of the polymer backbone through potential
O—H-0 hydrogen bonds and optimum alkyl chain
crystallization played an important role in the molecu-
lar level ordering of C,,PPPOH during the whisker for-
mation. The first step of the multiscale assembly of the
whisker formation involves a molecular level
polymer—fullerene assembly driven by w— stacking
of the conjugated backbone of the polymer and the
fullerene, resulting in the nanofibers. The calculated dis-
tance of 0.95 nm (calculated using HyperChemlLite) be-
tween the adjacent polymer backbones (where m—
interactions with fullerenes are the strongest) is close
to the diameter (0.72 nm) of the fullerenes. The next
level nanofiber assembly led to the formation of large
whisker-shaped superstructures.

www.acsnano.org



20 nm

Morphology Control of
Nanofibers. Adjusting the
kinetics of solvent
evaporation during the
direct casting allowed
us to fine-tune the
length and width of the
nanorods and whiskers
(Figure 6). Retarding the
growth rate of the whis-
kers by evaporating the
nanohybrid solution

Figure 4. HRTEM image of the 1:1 C4,:C,,PPPOH nanohybrid prepared from 0.5 mg/mL tolu- within a confined vol-

ene solution; along the needle axis (a) and lattice fringes (b).

The property of multicomponent hybrids is depend-
ent on the blend ratio of its constituents. Recently, Yang
et al. reported the increased phase segregation of
PCBM:-rich areas in annealed samples with PCBM con-
tent from 20% to 80% with respect to the polymer con-
tent.'” We have prepared C,,PPPOH-C,, nanohybrid
whiskers with increased amounts of C, as well as differ-
ent ratios of C,,PPPOH and C,,. A homogeneous load-
ing of 100—200% unfunctionalized Cg, (5—10 mg/mL)
with respect to polymer content led to the formation of
nanofibers with high aspect ratios (Figure 5a,b). The
higher loading of C,, in the polymer matrix is facili-
tated by the improved solubility of unfunctionalized
Ceo in C;,PPPOH solution. Similarly, increasing the con-
centration of C,,PPPOH and C,, (1.0 mg/mL) with con-
stant blend ratio yielded more whiskers without signifi-
cant alterations in the morphology or the aspect ratio
(Figure 5c¢).

ume resulted in a 5-fold

increase in the aspect
ratio. On the other hand, increasing the growth rate by
evaporation of the solvent under centrifugal force of
spin coating led to a 5-fold decrease in the aspect ratios.

Our previous studies reported that a facile microstruc-

turing of C;,PPPOH thin films into well-ordered honey-
comb arrays is possible with a volatile solvent such as
chloroform.?! Substantial morphology control of the
nanohybrid whiskers could additionally be achieved via
solvent mixtures. For example, when a 50:50 volume ra-
tio of toluene and chloroform was used, self-organized
whiskers with a high aspect ratio were integrated into the
honeycomb structures with a high degree of directional-
ity (Figure 7). No significant changes in morphology were
observed due to the Cg, crystallization. A control experi-
ment carried out using the same solvent system but in the
absence of polymer in the casting solution yielded rod-
like structures of variable size, comparable to those cast
from toluene solution (Figure 2).

Figure 5. SEM micrographs of nanohybrid whiskers prepared using 0.5 mg/mL toluene solution of 1:2 blend ratio of Cg:
C,,PPPOH (a), 0.5 mg/mL of 1:10 blend ratio of C4,:C,,PPPOH (b) and 1.0 mg/mL of 1:1 blend ratio of C4,:C,,PPPOH (c).

AN~ 20 pm |

Figure 6. SEM micrographs of 1:1 C,,:C,,PPPOH nanohybrid whiskers prepared from 0.5 mg/mL toluene solution; formed

inside an enclosed desiccator (a), in ambient (b), and with spin coating of a nanohybrid solution at 1000 rpm (c).
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Figure 7. SEM micrographs of 1:1 C¢,:C,,PPPOH nanohybrid whiskers using 0.5

(Figure 8b). Thus by choosing an appropriate
polymer and solvent mixture, the size and
shape of the nanohybrid materials could be
fine-tuned.

Directional Growth of Nanofibers. To understand
the crystallization process and growth mecha-
nism, real time video microscopy was per-
formed. (See Video 1, Video 2, Video 3, Video 4,
and Video 5 as web enhanced objects on the
online version of this article.) The growth of

mg/mL of 50% toluene/CHCI, solvent at the periphery (a) and center (b) of nanohy- whiskers was observed with good reproducibil-

brid film.

10 um

50 pm

5 um

ity in multiple experiments.
Due to the fast evaporation of
solvent at the solvent front,
crystal growth started at the
edge and moved toward the
center of the drop (Figure 9a).
Growth with inward orienta-
tion (Figure 9b) continued un-
til saturation was reached,
where multitudes of whiskers
formed in random directions
(Figure 9¢). The number of

Figure 8. SEM micrographs of 0.5 mg/mL 1:1 C4:C,,PPPOH nanohybrid casted from CHCl; solution (a)  whiskers developed in the ori-

and 85% v/v CS,/CHCI; solution (b).

In contrast, the mixture of C,,PPPOH—C,, cast from
chloroform solution resulted in highly ordered honey-
comb arrays of polymer film (no distinct directional or-
dering due to rapid evaporation) with cuboctahedral
fullerene structures (Figure 8a). This is consistent with
the previous studies which demonstrated that C,, crys-
tallizes from chloroform solution into symmetrical
stacks of cuboctahedral structures.’® Using an opti-
mum solvent mixture of 85% v/v CS,/CHCI; led to con-
trolled crystallization of C,, to develop a large area of
periodic and intricately patterned nanohybrid thin films
with fullerenes integrated into the honeycomb matrix

Oriented
Substrate crlysta|s

0
e, .
st

Receding
solvent front

Random
crystallization

Figure 9. Schematic (a) and SEM micrographs of (b) inward and (c) random ori-
entation of 1:1 C4,:C,,PPPOH nanohybrids prepared from 0.5 mg/mL toluene

solution.
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ented region was generally

lower as compared to other re-
gions. There is approximately 20% increase in the abun-
dance of whiskers per unit area in randomly oriented re-
gion. In addition to the free growth, directed growth
of whiskers was studied using TEM grids and tungsten
wire to demonstrate controlled crystallization.

To demonstrate the influence of alkoxy groups to-
ward the formation of nanowhiskers, polyhydroxylated
PPP with hexyloxy group on the backbone (C,PPPOH)
was synthesized. Whiskers with high aspect ratios were
clustered and showed an uncontrolled crystallization
(Figure 10a). Polymer with shorter alkyl chains, for ex-
ample, C,PPPOH, solidifies faster into less-organized
structures owing to the low solubility in organic sol-
vents. Moreover, the supramolecular organization
of PPP with shorter and longer chains in solution
can be expected to be different in micro/nanostruc-
tured thin films of C,PPPOH.?°?' The dodecyloxy
chain of C,,PPPOH is optimum for efficient pack-
ing in the short period of solvent evaporation (typi-
cally in 60—120 s) which in turn induced synergis-
tic self-organization with fullerenes. These
observations are consistent with the previous re-
port from Shinkai et al,, where a decrease in the
chain length of solvophilic polystyrene in a
poly(styrene-b-4-vinylpyridine) copolymer caused
a reduction in the surface area for accommodating
fullerene superstructures.®”

Earlier studies on the structure—property rela-
tionship of a series of C,PPPOH polymer revealed
that the polymer bearing dodecyloxy group
(C,5,PPPOH), showed better film forming and opto-

www.acsnano.org



Figure 10. SEM images of nanohybrid whiskers prepared using 0.5 mg/mL of 1:1 blend ratio of C4, with C;PPPOH (a),
C,,PPPOBn (b), and PMMA (c).

electronic properties.'?° Planarization of the back-
bone through hydrogen bonding and alkyl chain crys-
tallization played a significant role in the molecular level
ordering inside the film. In a control experiment, poly-
mer C,,PPPOBN, in which hydroxyl groups were pro-
tected by a benzyl group, yielded very small needle
structures of 5—10 wm in length (Figure 10b). Noncon-
jugated poly(methylmethacrylate) (PMMA) resulted in
Ceo aggregates of irregular shapes and sizes, similar to
crystals prepared from Cg, solution (Figure 10c). The
aforementioned studies confirmed that the intricate
balance in molecular orientation, driven by subtle non-
covalent interactions, played an important role in the
self-organization process.

Photophysical Properties of Nanofibers. Polymer film drop-
cast from a 0.5 mg/mL C,,PPPOH toluene solution pro-
vided featureless blue emitting images under UV expo-
sure using a mercury lamp (excitation at 365 = 12 nm) of
a confocal microscope (Figure 11a). In a similar approach,
pure Cg, crystals did not show emission under the same
condition. A homogeneous mixture of C;,PPPOH and Cg,
in a 1:1 ratio showed significant reduction in the emis-
sion (Figure 11b). After excitation, the polymer showed a
broad emission at a wavelength range of 360—530 nm,
which is absorbed by Cy, molecules within the whiskers
at a wavelength up to 400 nm. Such efficient energy
transfer was possible owing to the highly ordered and
close molecular level organization of all components in
the nanohybrid (Figure 4). Strong — interactions be-
tween Cg, and C,,PPPOH aromatic backbone, coupled
with the excellent self-assembling properties of
C,,PPPOH also enhances the mixing of individual compo-
nents at the interface. The confocal images taken under
UV excitation of nanohybrid whiskers of
C,,PPPOH-C, are shown in Figure 12a,b. Accord-
ingly, quenched emission of the whiskers shows
the homogeneity of the nanohybrid crystals, and
brighter regions surrounding the whiskers seen in
the same figure indicate the presence of free poly-
mer wrapping around the self-assembled nanofi-
bers (Figure 12a,b). The brightfield images (Figure
12¢,d) with no UV-excitation showed the morphol-
ogy of the crystals. It is also clear that the nucle-
ation and growth of the whiskers originated from
a supersaturated region with high concentration of
polymers and Cg,,.

(a)
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Proposed Mechanism of Nanofiber Formation. There are
two stages in the growth of whiskers (Figure 9). The ini-
tial stage involved the cocrystallization of C,,PPPOH
and C,, along the solvent front of the solution, as
evaporation take place continuously. The whiskers
formed during this stage are therefore directed along
the receding solvent front (Figures 9b, 12b, and 12d).
Upon reaching saturation, instantaneous nucleation
and growth of whiskers were observed. Due to the na-
ture of solvent evaporation and rapid growth of crystals,
cocrystallization led to randomly oriented whiskers
without change in morphology or bundling of the
nanofibers.

The observed characteristics of long-range ordering
of the polyhydroxylated PPPs with Cy, stem from the
unique structure and self-assembly of C,,PPPOH. This
polymer and a few more derivatives are being investi-
gated owing to their ability to organize nanomaterials
without loosing the inherent properties of the
polymer'®2" as well as hybrids.?? Experimental data
suggest that synergistic interactions led to translational
ordering inside the polymer lattice with multiple peri-
odicities. The first level of organization involves the mo-
lecular level polymer—fullerene complex formation
driven by m—r stacking of the conjugated polymer
backbone and C,, which then led to the formation of
nanofibers with 35 = 5 nm widths and 30—40 um
length. The next level of organization involved the as-
sembly of nanofibers to form large whiskers. High peri-
odicity found by electron diffraction is related to the
stacking of C4, along the PPP backbone aligned paral-
lel to the whisker axis.

(19300
—=—C_,PPPOH film
’;.‘ —a—Nanohybrid film
& 200
=
o)
‘7
=
s 1004
=
0.

400

5 um
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Figure 11. Confocal image of C,,PPPOH dropcast film prepared from 0.5 mg/mL
toluene solution under UV excitation (a) and emission (b) spectra of polymer and
nanohybrid films.



Figure 12. Confocal micrographs of 1:1 C,,:C,,PPPOH nanohybrid whiskers pre-
pared from 0.5 mg/mL toluene solution (a) and the formation of the whiskers at
the receding solvent front (b) under the UV exposure. The corresponding micro-
graphs of the nanowhiskers with no UV exposure (c) and the solvent front con-
tours (d) show the morphology. The blue emission is due to the presence of

C,,PPPOH polymer.

A plausible supramolecular organization is pro-
posed on the basis of the understanding of strong inter-
chain hydrogen bonding and 7 —r interactions be-
tween the planarized polymer backbones with
fullerenes (Figure 13).2%23 A significant interplay of spe-
cific hydrophobic, hydrophilic, and other weak interac-
tions acting within the system®''~'® may be the driving
force in forming highly ordered crystallites of C¢, and

their nanohybrids during the short
duration of solvent evaporation. The
absence of such features in other
polymers led to significant changes
in the morphology and structure of
the whiskers (Figure 10). It is con-
ceivable that the orientation of
bundled nanofibers (whiskers) is in-
fluenced by the kinetics of solvent
evaporation.

20 pm

CONCLUSIONS

Casting a solution of C,, and
C,,PPPOH onto substrates induced
unidirectional cocrystallization of
C,,PPPOH—C,,, nanohybrids which
led to the formation of nanofibers
with high aspect ratios. The morpho-
logical and optical properties from
this study showed an alternative
method to tailor the
fullerene—polymer interactions with-
out using covalently functionalized
Ceo Or high temperature post-
treatment. In the light of the importance of achieving
strong control over nanoscale morphology in the elec-
tronic applications of interesting organic and hybrid ma-
terials, this report signifies an essential prerequisite in
thoroughly understanding the fullerene—polymer inter-
actions and their multiscale assembly in ambient condi-
tions. It is anticipated that a careful interface engineering
of various components inside a nanohybrid system

20 um
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Figure 13. Proposed illustration of a long-range order inside the nanowhiskers under dynamic equilibrium, directed by hy-
drophobic (alkyl chain—fullerene), w— 1 interaction and hydrogen bonding inside the lattice.
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through interplay of weak interactions will allow us
to generate or optimize interesting properties of ma-
terials. Further studies of C,,PPPOH directed self-

EXPERIMENTAL METHODS

Amphiphilic poly(p-phenylenes) C,PPPOH, C,,PPPOH, and
C,,PPPOBN were synthesized using the Pd(0) catalyzed Suzuki
polycondensation as reported earlier and well characterized.®
Stock solutions of the different polymers (1.0 mg/mL) were pre-
pared in toluene. A predetermined amount of fullerene (SES Re-
search) was weighed and mixed with the polymer solution. The
solutions were then used for direct spreading onto solid sub-
strates and water surface. The nanostructured solid films were
characterized using scanning electron and laser scanning confo-
cal microscope.

SEM images were taken with a JEOL JSM 6700 scanning elec-
tron microscope (SEM). The samples were carefully mounted on
copper stubs with a double-sided conducting carbon tape and
sputter-coated with 2 nm platinum, before examination. TEM im-
ages were taken using JEOL JEM 2010F at an accelerating volt-
age of 200 keV and HRTEM images were obtained using JEOL
JEM 3010 at an accelerating voltage of 300 keV. The film was cast
on water and carefully transferred onto a 400 mesh carbon-
coated copper grid for imaging. For the fluorescence imaging, a
Carl Zeiss LSM 510 laser scanning microscope with a source op-
erating at an excitation wavelength of 365 = 12 nm was used.
The solution and solid state UV absorbance measurements were
done using Shimadzu 3101 PC and the corresponding photolu-
minescence studies were carried out using Shimadzu RF-5301PC
fluorescence spectrophotometer. The real-time imaging process
of the self-organization was captured using a Nikon measuring
microscope MM-40 attached with Nikon Coolpix E995 camera.
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