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Self-Assembled Aggregates of Rod-Coil Block
Copolymers and Their Solubilization and
Encapsulation of Fullerenes

Samson A. Jenekhe* and X. Linda Chen

Amphiphilic poly(phenylguinoline)-block-polystyrene rod-coil diblock copolymers were
observed to self-organize into robust, micrometer-scale, spherical, vesicular, cylindrical,
and lameliar aggregates from solution. These diverse aggregate morphologies were seen
at each composition, but their size scale decreased with a decreasing fraction of the
rigid-rod block. Compared to coil-coil block copolymer micelles, the present aggregates
are larger by about two orders of magnitude and have aggregation numbers of over 108,
The spherical and cylindrical aggregates have large hollow cavities. Only spherical
aggregates with aggregation numbers in excess of 10° were formed in the presence of
fullerenes (C4,, C,,) in solution, resulting in the solubilization and encapsulation of over

1070 fullerene molecules per aggregate.

Block copolymers can produce numerous
phase-separated microstructures and nano-
structures that are of wide scientific and
technological interest (1-12). Convention-
al applications of such block copolymer as-
semblies include thermoplastic elastomers,
pressure-sensitive adhesives, colloidal dis-
persants, compatibilizers of polymer blends,
foams, and surface modification (2—4, 6-8).
Of the factors that determine the micro-
structure of block copolymers, conforma-
tional asymmetry between the blocks is per-
haps the least understood (5, 11). Theoret-
ical studies of rod-coil block copolymers, in
which the ultimate conformational asym-
metry is achieved, have predicted major
differences in phase behavior, self-assembly,
and microstructures compared to flexible
coil-coil block copolymers (11). However,
only few experimental studies of synthetic
rod-coil block copolymers have been re-
ported (5).

We describe the self-assembly from solu-
tion, micelle-like aggregate morphologies,
aggregate supramolecular structure, and sol-
ubilization properties of a synthetic rod-coil
diblock copolymer, poly(phenylquinoline)-
block-polystyrene (PPQ-b-PS) (Fig. 1). The
heterocyclic rigid-rod polyquinoline block
allows tuning of its amphiphilicity. For ex-
ample, through protonation or quarterniza-
tion of the imine nitrogen (13), the rodlike
block can be turned into a polyelectrolyte.
The m-conjugated nature of the rigid-rod
block confers electroactive and photoactive
properties (13, 14) on the block copolymers
while providing novel ways of probing the
self-assembly, molecular packing, morphol-
ogy, and dynamics of the polymeric amphi-
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philes by optical and photoelectronic tech-

‘niques. The amide linkage at the rod-coil

interface in each block copolymer chain
provides a means of strong intermolecular
interactions, through hydrogen bonding,
that might enhance the stability of self-
organized structures. The PPQ-PS copoly-
mers, in selective solvents for PPQ, form
large aggregates with various morphologies
(spheres, vesicles, cylinders, and lamellae),
which can be observed by optical microsco-
py. Surprisingly, spherical fullerenes (Cy,
C,o) can be solubilized to a large degree by
solutions of the rod-coil block copolymers,
resulting in the encapsulation of huge num-
bers (~101° ) of fullerene molecules.

The synthesis, purification, and charac-
terization of PPQs0-PS;, and PPQ,,-PS;54
(subscripts are the number of monomers
per block) are described elsewhere (15).
Dilute solutions (0.5 to 1.0 mg/ml) of each
diblock copolymer in mixed solvents—
triffuoroacetic acid (TFA) and dichlo-
romethane (DCM), or TFA and toluene—
at various volume ratios were used for
aggregation studies. Because TFA is a good
solvent for PPQ block and protonates its
imine nitrogens, whereas the PS block is
insoluble in it, micelle-like aggregates
(Fig. 1) result from manipulation of the
solvent composition. The expected struc-
ture of such an aggregate in the TFA
solution is an inner PS block surrounded
by the protonated PPQ shell. This basic
aggregate structure is expected to be re-
tained in the solid state after solvent evap-
oration, which also deprotonates the PPQ
block (Fig. 1). The self-assembly of a rod-
coil diblock copolymer in a selective sol-
vent for the rigid-rod block has not been
theoretically investigated (11) but is experi-
mentally accessible here because of the dif-
ferential solubility of PPQ and PS blocks.
Self-assembly of discrete aggregates of the

rod-coil diblock copolymers did not occur
from solutions in nonselective solvents, such
as nitromethane containing GaCl, (15).

Solvent
Evaporation

Fig. 1. Chemical structure and schematic illustra-
tion of the self-assembly of PPQ-b-PS rod-coil
diblock copolymers into hollow aggregates.
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Four different, micelle-like aggregate
morphologies were observed in PPQ.,-
PS,,, by optical and scanning electron mi-
croscopies: spheres, lamellae, cylinders, and
vesicles (Fig. 2). The main factors deter-
mining morphology were the initial solvent
composition (TFA:DCM ratio) and the so-
lution drying rate. Spherical aggregates with
a wide distribution of sizes (typical diame-
ters of 0.5 to 10 pm) were observed after
rapid drying of the solutions on a heated
substrate at 95°C. Aggregates prepared by
drying solutions at room temperature had
nonspherical morphologies, and each sam-
ple was predominantly (~70%) either la-
mellae, cylinders, or vesicles, depending on
the initial solvent composition; the minor
phases in these morphologies were cylin-
ders, lamellae, or spheres, respectively. La-
mellar aggregates had diameters between 5
and 30 pm; the cylinders were relatively
uniform in diameter (1 to 3 pm) but highly
polydisperse in length (5 to 25 pm); and
vesicles had outer diameters of about 0.5 to
1.0 pm and wall thickness of about 200 nm.
Similar multiple morphologies were ob-
served in aggregates of PPQ,,-PS;,, whose
average sizes were all smaller than those of
PPQs,-PS;4 by about a factor of 2. Repeat-
ed heating of the aggregates to 200°C,
which is above the glass transition temper-

ature (Tg) of PS blocks (Tg = 100°C) and

below that of PPQ blocks (T, > 350°C)
(13), did not have any effect on the aggre-
gate morphologies, which demonstrates the
robustness of these aggregates. Also, the
polydispersity of the rigid-tod block (15)
apparently had no discernible effect on the
aggregate morphologies. Compared to re-
cently observed multiple morphologies in
coil-coil block copolymers (12), the present
aggregates are larger by about two orders of
magnitude.

The unusually large sizes of the spherical
and cylindrical aggregates—unlike those of
bilayer vesicles and lamellae, which could
in principle grow to any size—cannot be
explained by a simple core-shell structure of
conventional block copolymer micelles (3,
6-8, 11, 12). The main difficulty is that the
rod-coil block copolymer chains from
which the aggregates are assembled have,
on average, fully extended lengths of at
most ~100 nm (16). Spherical and cylin-
drical aggregates about 200 nm in diameter
are thus expected if solid assemblies of a PS
core and PPQ) shell were formed. In con-
trast, the observed aggregates are about 10
to 50 times larger (Fig. 2).

To account for the size difference, we
propose that the observed spherical and
cylindrical aggregates form large hollow
cavities. An aggregate structure in accord
with this hypothesis has a cavity core, a PS

Fig. 2. Optical (A to C) and scanning electron (D) micrographs of the typical morphologies of PPQg;,-
PS,40- Drops of dilute solutions (0.5 to 1.0 mg/mi) of the diblock copolymers were spread and dried on
glass slides and aluminum substrates, respectively. (A) Spherical aggregates (1:1 TFA:DCM, v/v, 95°C);
(B) lamellae (1:1 TFA:DCM, 25°C); (C) cylinders (9:1 TFA:DCM, 25°C); and (D) vesicles (1:1-1:4

TFA:DCM, 25°C).
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inner shell, and a PPQ outer shell (Fig. 1).
For a typical 5-pm-diameter spherical ag-
gregate, 89% of its total volume of 65 wm?
is empty. The driving force for the large size
and hollow cavity of these aggregates ap-
pears to be a more efficient packing of the
rigid-rod blocks and, consequently, a more
ordered and stable aggregate structure. All
of the different aggregates under cross-po-
larizers showed that they were highly or-
dered with crystalline features. The aggre-
gation number N, or number of diblock
copolymer chains per aggregate, was esti-
mated to be 1 X 108 and 3 X 108 for the
spherical and cylindrical aggregates, respec-
tively (17).

The aggregate luminescence of PPQq,-
PS;4, was explored as a means of probing
the molecular packing of the luminescent
rigid-rod PPQ) blocks in the different aggre-
gate morphologies. Different photolumines-
cence (PL) emission and excitation spectra
were observed for spherical, lamellar, and
cylindrical aggregates (Fig. 3). A blue emis-
sion band with peak at 454 nm for the
spherical aggregates can be interpreted as
coming from PPQ blocks that are not par-
allel. In contrast, both lamellar and cylin-
drical aggregates have broad emission bands
with peaks at 576 and 594 nm, respectively,
which are close to the PL emission band
(Mo = 578 nm) of the similarly excited
PPQ) homopolymer thin film (18). The sim-
ilarity of the emission spectra of the lamel-
lar and cylindrical aggregates to that of the
homopolymer, which is known to lumi-
nesce through excimer-like aggregates (18,
19), suggests a high degree of close packing
of PPQ block chains in the lamellar and
cylindrical aggregates. The different molec-
ular packing of PPQ blocks in the spherical
and lamellar and cylindrical aggregates is
confirmed by the PL excitation spectra
monitored at the respective emission peaks
(Fig. 3). Whereas the spherical aggregates
show an absorption peak at 390 nm, which
is similar to the absorption spectrum of the
PPQ homopolymer, the lamellar and cylin-
drical aggregates have two absorption peaks
(406 and 423 nm) and a shoulder (~460
nm) in their excitation spectra. Time-re-
solved PL decay dynamics of the fluorescent
PPQ block in the different aggregate mor-
phologies evidenced different excited-state
lifetimes (Fig. 3). Compared to the PPQ
homopolymer thin film, which exhibits two
lifetimes (1.1 and 4.7 ns), the PL decay
dynamics of PPQ blocks in the spherical
aggregates is approximately described by a
single lifetime of 0.93 ns. However, in the
lamellar and cylindrical aggregates, biexpo-
nential lifetimes of 0.38 and 3.5 ns and 0.34
and 2.6 ns, respectively, best fit the decay
dynamics. These results suggest that the
observed morphology-dependent emission
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properties of -the block copolymer aggre-
gates reflect the varied molecular packing of
the fluorescent rigid-rod block.
Fluorescence photomicrographs (Fig. 4)
confirmed the aggregate sizes and shapes
observed by optical and scanning electron
microscopies and revealed that the fluores-
cent rigid-rod blocks are located at the out-
er shells of the aggregates, as depicted in the
model of Fig. 1. The hollow microcavity
and closed ends of the cylindrical aggregates
were also revealed (Fig. 4C). The entire
~200-nm bilayer thickness of each vesicle
appears to fluoresce because the ~140-nm
separation between the PPQ blocks in the
bilayers is below the resolution limit (Fig.
4D). Also, because of three-dimensional
(3D) symmetry and uniformity of emission,
the microcavity of the spherical aggregates
could not be directly observed (Fig. 4A) but

can be inferred from that of similarly

formed cylinders (Fig. 1). The 3D nature of
the spherical aggregates can be clearly dis-
tinguished from the relatively flat (2D) la-
mellae, which have rough surfaces.

The large sizes, aggregation numbers,
and microcavities of these micelle-like ag-
gregates suggest that the block copolymer
assemblies in solution might be capable of
solubilizing large molecules or encapsulat-
ing nanoparticles. We studied the solubili-
zation of the fullerenes Cy, and C,, because
of their large sizes and generally poor solu-
bility (20-22) and the prospect of preparing
block copolymer aggregates with encapsu-
lated fullerenes. Although some guest-host
complexes of Cq, with y-cyclodextrin (23),
calixarenes (24), and hydroquinone (25)
have been reported, few host molecules
have cavities large enough to encase one
molecule of Cq, or the higher fullerenes
(20, 26). Although C is slightly soluble in
pure DCM (0.254 mg/ml, 0.192 mg/g) and
pure toluene (2.8 mg/ml, 3.16 mg/g) at 22°
to 30°C (20-22), both C,, and C,, were
insoluble in pure TFA, TFA-DCM, and
TFA-toluene (1:1 mixtures, v/v). However,
both fullerenes were soluble in the mixed
solvents containing PPQ;,-PS;, or PPQ, -
PS;,, diblock copolymer at 25°C, demon-
strating the solubilization of Cyq and C,, in
the block copolymer aggregates.

These spherical aggregates with solubi-
lized fullerenes (5 weight %) from TFA-
DCM (Fig. 5A) and TFA-toluene (Fig. 5B)
have typical diameters in the 15 to 30 pm
range, about a factor of 3 larger than those
of the average pure block copolymer aggre-
gates. The size of the spherical aggregates
increased as the amount of fullerene incor-
porated increased from 1 weight % to the
solubility limit of 6 weight %. The corre-
sponding solubilization capacities at 5 and 6
weight % are 3 and 3.7 fullerene molecules
per diblock chain, respectively. At 7 to 10
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weight % fullerene (Cg, or C,p) or higher,
optical microscopy showed the coexistence
of the discrete spherical aggregates with
additional needle-like and continuous
fullerene phases.

Our proposed structure of the spherical
rod-coil block copolymer aggregates with

[}

REPORTS

encapsulated fullerenes (Fig. 5C) assumes
that the microcavity as well as the inner
shell of PS blocks are partially filled with
fullerene molecules, whereas the rigid-rod
PPQ outer shell blocks are free of fullerenes.
Exclusion of fullerene from the rigid-rod
shell is reasonable because of the available
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Fig. 3. (A) Photoluminescence (PL)
emission and excitation (PLE) spec-
tra and (B) PL decay dynamics of
spherical, lamellar, and cylindrical
4 aggregates of PPQg,-PS;,,. The PL
emission spectra are for 380-nm ex-
i citation, and the PLE spectra were
obtained by monitoring the emission
] peaks (all intensities are in arbitrary
units). The PL decay data are for
] 380-nm laser excitation in time-cor-
& related single-photon counting ex-
periments {cps, counts per second)
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Fig. 4. Fluorescence photomicrographs of the PPQ,,-PS,, aggregates shown in Fig. 2. (A) Spherical,
(B) lamellar, (C) cylindrical, and (D) vesicular aggregates.
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microcavity, compatibility with PS, and the
difficulty of packing spherical molecules
with the rodlike blocks. Optical microscopy
of aggregates containing fullerenes under
cross-polarizers evidenced a highly ordered
and crystalline structure (Fig. 5B). We esti-
mate N, for aggregates containing 5 and 6
weight % Cg, to be of order 6 X 10° and
2 X 10, respectively (17). Upon solubili-
zation of the fullerenes, N, increased signif-
icantly. These aggregation numbers, com-
bined with the observed solubilization ca-
pacities of fullerene molecules per diblock
chain at 5 and 6 weight %, mean that
>10'° fullerene molecules are encapsulated
in each block copolymer aggregate of Fig. 5.

The observed 64 mg of solubilized
fullerene (Cg, or C,,) per gram of diblock
copolymer represents a solubility enhance-
ment by factors of 330 and 20 compared to
those in pure DCM and toluene, respective-
ly. The best previously reported Cg, solubil-
ity in a solvent is 42.7 mg/g, for 1-chlo-
ronaphthalene (21, 22). The observed large
solubilization capacity of the block copoly-
mer assemblies for the fullerenes can be
partly understood in terms of thermody-
namic theory of solubilization (9). The sim-
ilarity of the solubility parameters of
fullerene-Cy, (8) and polystyrene (3,,) at
25°C is expected to give a small value of the
Flory-Huggins interaction parameter X,
expressed in terms of the solubility param-
eters (9). From the reported 8; = 10 for Cqy
at 25°C (20) and § . = 8.7 t0 9.9 (9), Xeps
= (5 — Bps)zvf/klj' ~ 0.015, where v; is

molar volume, kg is the Boltzmann con-

stant, and temperature T = 298 K. Corre-
lation of Cg, solubility to the solubility
parameter of many solvents has shown that
the largest solubility was observed in sol-
vents with solubility parameters close to
that of Cg, (20, 21). However, one of the
most remarkable effects of the introduc-
tion of Cgy or C,4 into the amphiphilic
block copolymer solution is the preferen-
tial self-assembly of spherical aggregates.
The presence of these essentially spherical
fullerene molecules inhibits the self-as-
sembly of nonspherical aggregates of the
block copolymers, suggesting that a type of
spherical guest-host recognition (26) may
also be at play in the solubilization and
encapsulation of fullerenes in the block
copolymers aggregates.

These results demonstrate the macromo-
lecular self-assembly of stable, well-defined
aggregates with size scale in the tens of
micrometers and molecular weights of up to
10'3, which are among the largest known
self-assembled nonbiological  structures
(27). Possible applications for these rod-coil
block copolymer assemblies—including mi-
croencapsulation, catalyst support, low di-
electric constant materials for electronic
packaging, and lightweight composites—
derive from their sizes and large microcavi-
ties (28). As tunable microcontainers and
solubilizers of fullerenes, amphiphilic block
copolymers hold potential for the prepara-
tion of clusters of fullerenes and the large-
scale extraction, purification, and process-
ing of fullerenes (20). Their combination of
electroactive and photoactive properties

Fig. 5. Optical micrographs of aggregates of
PPQso-PSan0 containing 5 weight % solubilized
Ceo: (A) sample from 1:1 TFA:DCM under bright
field and (B) sample from 1:1 TFA:toluene under
cross-polarizers. (C) Schematic illustration of the
cross section of a spherical block copolymer ag-
gregate with encapsulated fullerene-Cgp.

with self-assembly, robustness, and discrete
micrometer-scale particles suggests electro-
photographic imaging (29) and other opto-
electronic applications (14).
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Inducing and Viewing the Rotational Motion
of a Single Molecule

B. C. Stipe, M. A. Rezaei, W. Ho*

Tunneling electrons from the tip of a scanning tunneling microscope were used to induce
and monitor the reversible rotation of single molecules of molecular oxygen among three
equivalent orientations on the platinum(111) surface. Detailed studies of the rotation rates
indicate a crossover from a single-electron process to a multielectron process below a
threshold tunneling voltage. Values for the energy barrier to rotation and the vibrational
relaxation rate of the molecule were obtained by comparing the experimental data with
a theoretical model. The ability to induce the controlled motion of single molecules
enhances our understanding of basic chemical processes on surfaces and may lead to

useful single-molecule devices.

Lt is conceivable that, at the limit of min-
iaturization, individual atoms and mole-
cules will physically constitute useful devic-
es and their quantum properties will specify
the desired functions and performance. A
demonstration of such an atomic-scale elec-
tronic device was a reversible atomic switch
that used a scanning tunneling microscope
(STM) (1). In this experiment, a single Xe
atom was transferred reversibly between the
W tip of the STM and a Ni surface by the
application of a voltage between them, re-
sulting in bistable values of the tunneling
current. A single-atom switch has also been
demonstrated for Si adatoms on the
Si(111)-7X7 surface where an atom was
moved between two specific sites on the
surface (2). The STM has been used to
perform atomic-scale manipulation by a va-
riety of other methods (3, 4), including the
pushing or pulling of single atoms and mol-
ecules on a surface with the STM tip (5-8).
By scanning regions of the Si(100)-(2X1)
surface at high sample bias, it was possible
to observe the reversible rotation of ad-
sorbed Sb dimers between two stable orien-
tations (9).

Laboratory of Atomic and Solid State Physics and Mate-
rials Science Center, Cornell University, Ithaca, NY
14853, USA.

*To whom correspondence should be addressed. E-mail:
wilsonho@msc.cornell.edu

www.sciencemag.org * SCIENCE ¢ VOL. 279 « 20 MARCH 1998

Using the basic method described in the
atomic switch experiments (I, 2), we have
studied the reversible rotation of single O,
molecules among three equivalent orienta-
tions on the Pt(111) surface by accurately
positioning the tip above the molecule and
monitoring the rapid changes in tunneling
current as the molecule rotates. Monitoring
the tunneling current allows us to freeze the
motion of the molecule in any chosen ori-
entation and to compile statistics for the
distribution of times spent in each orienta-
tion. The time dependence of the tunneling
current yields a quantitative measure of the
rotation rate and of the way in which this
rate varies with the applied voltage and
current. These studies show that the rota-
tion is caused by the inelastic tunneling of
low-energy electrons. The results provide
insight into the adsorption and excitation
properties of the molecule, including a val-
ue for the energy barrier to rotation.

The system O, on Pt(111) has been
studied extensively because of the impor-
tance of Pt as a catalyst in oxidation reac-
tions. Two chemisorbed O, species have
been identified on Pt(111) below 100 K
with the use of electron energy loss spec-
troscopy (EELS) (10, 11). The O-O bond
for both species was determined by near-
edge x-ray absorption fine structure spec-
troscopy to be aligned parallel or nearly
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parallel to the surface (12). With the STM,
we have recently identified the adsorption
sites of these species and have discovered a
third type at step edges (13). The subject of
the present work is the species responsible
for the 87-meV O-O stretch vibration ob-
served in EELS (11). The STM images in
Fig. 1 show these molecules as having a
“pear” shape centered on the face-centered
cubic (fcc), threefold hollow sites of the
surface, with the bright lobe over a top site
and the smaller, dimmer lobe over the op-
posite bridge site. By symmetry, they have
three equivalent orientations separated by
120°. :

Details of the homemade STM and ex-
perimental setup have been described else-
where (14). We find the adsorption dynam-
ics of O, on Pt(111) to be complex (13)
because of the existence of a mobile precur-
sor to chemisorption, whose lifetime and
route to chemisorption are sensitive func-
tions of temperature (14). In order to favor
the adsorption of isolated O,, the clean
Pe(111) surface was exposed to O, at 85 K
until a coverage of approximately 0.01
monolayer was observed. The surface was
then cooled to 8 K to minimize tempera-
ture-induced effects. We rotated molecules
by applying a voltage pulse to the sample
while the tunneling current was recorded.
Data shown in this report are for positive
voltage pulses applied to the sample. An
iterative tracking scheme was used to posi-
tion the W tip at a chosen point above a
molecule with lateral and vertical resolu-
tions of 0.1 and 0.01 A, respectively. We
did this by searching out a local maximum
or minimum of the tip height with the
STM'’s feedback loop turned on to maintain
constant tunneling current. Lateral offsets
were added to give the desired tip position
during the pulse. Feedback was then turned
off, and the tip was moved vertically to give
the desired initial current. The tip remained
stationary during the voltage pulse.

After imaging an isolated O, molecule
(Fig. 1A), we positioned the STM tip di-
rectly over the brightest point of the mole-
cule where the tunneling current is at its
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