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Abstract: A series of sphere-rod shape
amphiphiles, in which a [60]fullerene
(Cg) sphere was connected to the
center of an oligofluorene (OF) rod
through a rigid linkage (OF-C,), were
designed and synthesized. Alkyl chains
of various lengths were attached onto
the OFs on both sides of the Cg
spheres. These compounds, denoted as
alkyl-OF-Cy,, were fully characterized
by '"H NMR, “C NMR, and FTIR spec-
troscopy and by MALDI-TOF mass
spectrometry. The morphologies and
structures of their crystals were eluci-

224nm; a=y=90°, B=68°; space
group P2), octyl-OF-Cy, also forms
a monoclinic unit cell (a=2.21, b=
4.06, c=1.81 nm; a=y=90°, 5=75.5°;
space group C2m), and dodecanyl-OF-
Cg, forms a triclinic structure (a=1.82,
b=435, ¢=226nm; a=93.1°, f=
94.5°, y=92.7°; space group PI). The
inequivalent spheres and rods were
found to pack into an alternating lay-
ered structure of Cy and OF in the
crystals, thus resembling a “double-
cable” structure. UV/Vis absorption
spectroscopy revealed an electron per-

turbation between the two individual
chromophores (Cq4 and OF) in their
ground states. Fluorescence spectrosco-
py exhibited complete fluorescence
quenching of their solutions in toluene,
thus suggesting an effective energy
transfer from OF to Cg,. Cyclic voltam-
metry indicated that the energy-level
profiles of Cy and OF remained essen-
tially unchanged. This work has broad
implications in terms of understanding
the self-assembly and molecular pack-
ing of conjugated materials in crystals
and has potential applications in organ-

dated by wide-angle X-ray diffraction
(WAXD) and by electron diffraction in
transmission  electron  microscopy
(TEM). Butyl-OF-C¢, forms a mono-
clinic unit cell (a=1.86, b=3.96, c=

Introduction

Over the past decade, growing recognition of the impor-
tance of anisotropy in shape and molecular interactions has
led to the development of an exciting field of “shape amphi-
philes” for the construction of new functional hierarchical
structures.l'! Shape amphiphiles typically refer to hybrids of
molecular segments with distinct shapes and competing in-
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ic field-effect transistors and bulk het-

erojunction solar cells.
crystal

teractions, and they have been predicted by computer simu-
lations to exhibit rich phase behaviors and various unusual
structures, owing to packing constraints and amphiphilic in-
teractions.” Typical shape amphiphiles include polymer-
tethered nanoparticles, disc-rod mesogenic hybrids, and
sphere—cube and disc—cube conjugates,'*** in which
[60]fullerene (C4) is a common spherical molecular nano-
particle (MNP) building block.®* Fullerene is an intriguing
class of carbon-based MNP with wide-ranging applications,
owing to its outstanding electronic properties.**! To better
utilize the electronic properties of Cy, it is critical to achieve
ordered structures of Cg in multi-dimensions across differ-
ent length scales.! The self-assembly of fullerene-based
shape amphiphiles provides a valuable approach to achiev-
ing this goal.*’*"! To tune the formation of these hierarchi-
cal structures, precise control over important molecular pa-
rameters, such as surface chemistry, chain composition, and
polymer architecture, is a prerequisite.'>*"! In recent years,
we have reported the synthesis of a variety of shape amphi-
philes based on Cy, such as Cy-end-capped polymers® and
sphere—cubic molecules of polyhedral oligomeric silses-
quioxane-Cg.M Tt is interesting to investigate the self-assem-
bly of sphere-rod shape amphiphiles based on conjugates of
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Cg and conjugated oligomers/
polymers, in particular shape-
persistent molecules that are
connected through a rigid link-
age.’! The synthesis of such
shape amphiphiles has been ex-
tensively reported, mainly as
“double-cable” polymers that
are expected to self-assemble
into a bicontinuous network
with nanophase-segregated 4
electron- and hole-transporting (B)

channels for applications in
bulk heterojunction organic
solar cells.”'”1 However, to the
best of our knowledge, there
are relatively few reports on
the formation of self-assembled
ordered structures from these
conjugates.'!l In fact, the large
inequivalence in terms of mo-
lecular conformation and chem-
ical composition between Cg,
and conjugated molecules
makes the hybrid difficult to
pack into an ordered structur-
e.1%121 Tt is also the lack of con-
trol in creating ordered secon-
dary structures that probably
accounts for the poor perfor-
mance of traditional “double-cable” polymers in organic
photovoltaic devices."™ To shed light on this system, the
“oligomer approach” was adopted to study the self-assembly
and properties of well-defined, monodispersed oligomeric
conjugated molecule-Cy, hybrids."! Facilitated by break-
throughs in metal-catalyzed cross-coupling synthetic meth-
ods, uniform and monodispersed m-conjugated oligomers
can now be synthesized with ease.'” With molecular contour
lengths that are typically equal to or less than the exciton-
diffusion lengths of organic semiconductors, these conjugat-
ed hybrids are unique model systems that can reveal the
basic physical principles that underlie their structure—prop-
erty relationships.!'*

Herein, we report the design, synthesis, crystal structures,
and optical/electronic properties of a series of sphere-rod
shape amphiphiles based on Cy—oligofluorene (OF) conju-
gates with alkyl side chains of different lengths at the 9 posi-
tion of the fluorene units and a rigid linkage between Cg,
and OF (Scheme 1). The crystal structures exhibit an alter-
nating layered packing structure of C4 and OF with unit-
cell symmetry and parameters that are influenced by the
length of the alkyl side chains. These results are expected to
have broad implications in the understanding of the princi-
ples that govern the self-assembly and physical structures of
conjugated molecule—Cg, hybrids.
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Scheme 1. A) Synthesis of OF-Cg, shape amphiphiles. Reagents and conditions: (i) [Pd(PPh;),], ag. Na,CO;
(2m), 90°C, 2 d, 92%; (ii) p-toluenesulfonyl hydrazide, THF, HCI (cat.), 80°C, 7 h, 89%; (iii) sodium methox-
ide, pyridine, Cg, o-dichlorobenzene, 80°C 24h, then reflux, 24 h, 35%. B) Structure of the oligofluorene (OF)
trimer as a control sample for the study of the optical and electronic properties of OF-Cg. C) Molecular
models of butyl-OF-C, (a), octyl-OF-Cg, (b), and dodecanyl-OF-Cg, (c).

Results and Discussion
Molecular Design and Synthesis of OF-C, Dyads

Hybrids of C4 and various conjugated materials, such as
oligo-p-phenylenevinylenes, oligothienylenevinylenes, oligo-
p-phenylene-ethynylenes, and oligothiophenes, have been
extensively reported over the past two decades.'>!*! Among
the commonly used conjugated compounds, oligofluorene
(OF) is a hole-transporting material with high charge mobi-
lity that has been widely used as a model rod-like m-conju-
gated supramolecular building block.'” Caporossi et al. re-
ported the synthesis of two fluorene—Cy, dyads in which the
Cy balls were linked at the 2 and 9 positions of the fluorene
unit, respectively.'¥! Martin and co-workers reported the
synthesis of two series of OF-C, dyads, with one or two Cg,
spheres capping the end(s) of the OF.') However, to the
best of our knowledge, there are no systematic studies on
the self-assembled ordered structures of such hybrids, owing
to, in part, the high inequivalence between the two compo-
nents in terms of their shape and interactions, as well as
strong aggregation between the Cg, spheres, which compli-
cates the formation of ordered structures. In other words,
the aggregation of Cg, spheres and their rigid 3D shape
make the formation of an ordered structure difficult. In gen-
eral, there are two strategies to overcome this difficulty:
1) The introduction of molecular moieties with a stronger
capability for structure formation so as to override the ag-
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gregation of Cg, and to serve as a template to induce the or-
dered packing of Cg, spheres; and 2)the linking of Cg,
spheres to the other structure-forming molecular moieties in
a rigid way so that Cg—Cg, interactions also contribute to
the formation of ordered structures, rather than interfering
with it. To this end, a series of shape-persistent molecules
were designed in which Cg and OF hybrids were linked
through a rigid spiro linkage at the 9 position of the fluo-
rene unit, thus forming a cyclopropane ring on the Cg,
sphere (Scheme 1). The fluorene trimer was chosen and, to
start with, C, was attached onto the center of fluorene unit.
The alkyl chains on the other two fluorene units ensured the
solubility of these compounds and they could also be used
to tune the fine structure of the self-assembled crystals.
Three different alkyl-chain lengths were used: 1) n-butyl
(butyl-OF-Cy); 2) n-octyl (octyl-OF-Cq;); and 3) n-dodecan-
yl (dodecanyl-OF-Cg,). Notably, it was also possible to
change the alkyl chains to oligo(ethylene glycol) tails to
impart water solubility or to perfluorinated alkyl chains to
impart fluorophilic interactions and surface activity onto the
material so as to diversify their final applications, which are
topics of interest that are currently under investigation in
our group.

The synthesis of the OF-Cg, dyads was conveniently ach-
ieved in two steps from readily available starting materials
(Scheme 1 A). The synthesis of compounds 1 and 2a-2¢ has
been well documented in the literature.”” First, Suzuki-
Miyaura cross-couplings reactions were used to construct
the oligofluorene in 90 % yield by using [Pd(PPh;),] as the
catalyst.?*9 The final dyads were obtained through a typical
diazo-addition reaction, as developed by Wudl and co-work-
ers.”! Ketones 3a-3 ¢ were first reacted with p-toluenesulfo-
nylhydrazide to afford hydrazones 4a-4c. Without further
purification, the hydrazones were treated with sodium meth-
oxide in pyridine to generate nitrene in situ, which subse-
quently reacted with Cy, at reflux in o-dichlorobenzene to
afford the OF-Cy, dyads in about 35% yield. The products
were obtained as crystalline brown powders that were readi-
ly soluble in common organic solvents, such as toluene,
CHCl;, THF, and CH,Cl,. As expected, with increasing
alkyl-chain length, the dyads exhibited much higher solubili-
ty in common organic solvents. Finally, the dyads were fully
characterized by "H NMR (Figure 1 and the Supporting In-
formation, Figures S4 and S8), *C NMR (the Supporting In-
formation, Figures S1, S5, and S9), and FTIR spectroscopy
(the Supporting Information, Figures S2, S6, and S10) and
by MALDI-TOF mass spectrometry (the Supporting Infor-
mation, Figures S3, S7, and S11) to establish their chemical
structure and purity.

The success of the cross-coupling reaction in the first step
was evidenced by the much increased fluorescence and
larger R; value of compound 3 in the TLC analysis (R;=0.71
in toluene, versus 0.40 for compound 1). After the attach-
ment of Cg, the fluorescence was significantly quenched
and the R; value changed from 0.10 to 0.20 (cyclohexane/tol-
uene, 10:1 v/v). In the '"H NMR spectra (Figure 1), the sin-
glet that was attributed to the protons at the 1 and 1" posi-
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Figure 1. '"H NMR spectra of compounds 3a (a) and 5a (b).

tions of the central fluorene moiety exhibited a significant
downfield shift from 6=8.04 ppm in compound 3a to 6=
9.30 ppm in butyl-OF-C4, owing to the deshielding effect of
the adjacent Cg, cage. The signals from other protons on the
central fluorene moiety also shifted downfield to some
extent, whereas the signals that corresponded to the protons
on the peripheral fluorene units remained essentially unaf-
fected. In the "C NMR spectra (see the Supporting Infor-
mation, Figure S1), 14 new peaks appeared from 6=148 to
140 ppm (in the Csp’® region) and a new peak appeared at
0="78.95 ppm, which corresponded to the Csp® atoms in Cg,.
In the FTIR spectra (see the Supporting Information, Fig-
ure S2), the strong carbonyl absorption at 1720 cm ™' in com-
pound 3a disappeared in butyl-OF-Cy, and a new sharp
peak appeared at about 527 cm ™', which was characteristic
of the C—C vibration of Cy,.*” The MALDI-TOF mass spec-
tra (see the Supporting Information, Figure S3) further con-
firmed the structures; the observed molecular-ion peaks had
m/z values that matched well with those of the calculated
monoisotopic masses. All of this evidence clearly confirmed
that the chemical structure of OF-Cg, was as proposed.

Crystal Morphologies and Structures

Excluding alkyl chains, the main scaffold of the dyads has
a lateral dimension of about 2.1-2.3 nm, a width of about
1.1 nm, and a thickness of about 1.0 nm (Scheme 1C). The
contour lengths of butyl, octyl, and dodecanyl side-chains, as
shown in Scheme 1C, are about 0.53, 1.00, and 1.52 nm, re-
spectively, assuming the formation of an extended chain
with an all-frans conformation. Overall, the dyads are
shape-persistent with a rigid conformation, except for the
alkyl side-chains. The close packing of such rigid molecules
is quite intriguing in its own right. The self-assembly was
performed by the slow evaporation of a poor solvent, Et,O,
into a dilute solution of the dyads in CHCI; to induce crys-
tallization. Small crystals could be easily grown in regular
shapes (see below). The crystals were either deposited di-
rectly onto copper grids for TEM studies or collected as
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a powdered sample for WAXD. The structure and molecu-
lar-packing scheme were illustrated based on combined re-
sults from TEM and WAXD. The crystal-structure determi-
nation for a representative example, butyl-OF-Cy, is dis-
cussed below. The results of the other two compounds were
quite similar and are summarized in the Supporting Infor-
mation.

Figure 2 shows a 1D WAXD pattern of butyl-OF-Cy,. All
of the diffraction peaks are assigned in the Supporting Infor-
mation, Table S1. The d spacings of the first five strong dif-

020

Intensity

Bragg Scattering Angle, 260
Figure 2. 1D WAXD pattern of a powdered sample of butyl-OF-C.

fraction peaks are 2.08 nm (26 =4.24°), 2.01 nm (26 =4.40°),
1.85 nm (260=4.78°), 1.73 nm (20=5.10°), and 1.27 nm (26 =
6.96°), respectively. Because the 1D WAXD pattern does
not provide information on the dimensionality of the diffrac-
tions, 2D diffraction patterns are needed to determine the
crystallographic unit-cell dimensions and symmetry.”
Figure 3a shows a bright-field TEM image of the single-
crystal morphology of butyl-OF-Cg,. The single crystal is in
a parallelogram shape with a non-perpendicular angular re-
lationship between both boundary sets. This shape of this
single crystal hints at a unit-cell structure with relatively low
symmetry, most likely monoclinic or triclinic. Figure 3b
shows an ED pattern along the [010] direction, as taken
from the single crystal in Figure 3a. The ED pattern along
the [011] direction (Figure 3¢) was obtained by rotating the
crystal 28° clockwise around the a* axis (as indicated in the
Figure). An identical ED pattern along the [011] direction
(Figure 3d) was obtained by rotating the crystal 28° counter-
clockwise around the same a* axis. Because both the [011]
and [011] directions are symmetric around the b* axis (and,
thus, also symmetric in the unit cell in real space), the unit
cell can be determined to be monoclinic. In the ED pattern
of Figure 3b, the electron beam is parallel to the b axis and,
thus, the angle (8*) between the a* and c* axes could be de-
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Figure 3. TEM bright-field morphology of a) single-crystal butyl-OF-Cy,
and the selected-area ED patterns along the [010] (b), [011] (c), and
[011] (d) directions of the single crystal.

termined to be 112°. Selected-area ED patterns (Figure 3b-
d) indicate that this lattice does not show systematic extinc-
tion. Thus, the space group is assigned to be P2. In summa-
ry, the butyl-OF-Cg, crystal structure forms a monoclinic
unit cell with a=1.86, b=3.96, c=2.24 nm; a=y=90°, =
68°. The calculated density of a cell that contained eight
butyl-OF-Cg, molecules was 1.24 gcm™, which agreed very
well with the measured density of 1.22 gem .

Next, the molecular-packing model of butyl-OF-Cy, was
constructed by using the Cerius?® modeling software (Fig-
ure 4a—c). Figure 4a shows the projection of a butyl-OF-C,

Figure 4. Molecular-packing model of butyl-OF-Cg, single crystals, as ob-
tained by using the Cerius’ simulation program: projections of the single
crystal on the ab plane (a), bc plane (b), and ac plane (c).

single-crystal cell on the ab plane. The projection of a butyl-
OF-Cq, single-crystal cell on the bc plane is shown in Fig-
ure 4b and the projection of a butyl-OF-Cy, single-crystal
cell on the acplane is shown in Figure 4c. Figure 4a,b
shows the layered packing of the molecules, in which bi-lay-
ered Cq moieties are packed alternatively with the OF

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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layers along the b axis. As shown in Figure 4c, that the n—n
stacking of OF moieties should not be dominant, owing to
the distinct differences between the OF and Cy, moieties in
terms of their volume and shape. The calculated electron-
diffraction patterns along the [010], [011], and [011] direc-
tions, as obtained by using the Cerius®* simulation program,
are shown in Figure 5a—c, respectively. The sets of (001),

T03 003 1103 203 303

(a) ° [ ] . o

202 T02 002 102 202 302
® L] () ° °

201 To01 01 01 201 301
L] ] (] °

30T 20T 0T 0I 10T 20T
[ [ ] [ ] [ ]

302 202 102 002 102 202
° ) ] ® o (]

303 203 I03 003 103
o [) [ ] [ )

(b) ()

011 111 011 | 111
[ ] ° [ ) ° [ ] [ J
100 200 100 200
. . @ L 2 ° : ° L
® L[] [ ) [ ) [ ] [

Figure 5. Calculated ED pattern along the a) [010], b) [011], c) [011] di-
rections, as obtained by using the Cerius® simulation program.

(100), (101), (102), (103), (202), (203), and other electron
diffractions in the calculated ED pattern along the [010] di-
rection are unambiguously assigned in Figure Sa, and all of
these simulated ED patterns fit very well with the experi-
mental results (Figure 3b-d). Similarly, the crystal structures
of octyl-OF-Cy, and dodecanyl-OF-C¢, were also deter-
mined. The octyl-OF-Cg, unit cell is also monoclinic (a=
2.21, b=4.06, c=1.81 nm; a=y=90°, f=75.5°; space group
C2m) and the dodecanyl-OF-C4, unit cell has a triclinic
structure (¢=1.82, b=4.35, c=2.26 nm; a=93.1°, $=94.5°,
y=92.7°; space group PI). The constructed molecular-pack-
ing schemes are shown in Figure 6 and Figure 7 (see the
Supporting Information for WAXD and ED results). The si-
mulated electron-diffraction patterns (see the Supporting In-
formation, Figures S14 and S17) matched well with the ex-
perimental results, which verified the proposed molecular-
packing schemes in the crystals.

It is evident that all of the three crystal structures exhibit
a similar molecular packing scheme, in which the Cq and
OF moieties are arranged in alternating layers. This result
can be understood from their inequivalent shapes and inter-
actions. Although the major interactions of these two units
are both m—m interactions in nature, the interactions be-
tween Cqy moieties are isotropic and those between OF moi-
eties are anisotropic. Owing to the packing constraints im-
posed by the spherical shape of Cy4 and the rod shape of
OF, the final packing maximizes the contact between Cgs
but not between OFs. As a result, the interactions between
OF moieties are just sufficient to hold the OF units togeth-
er. When the alkyl side-chains are shorter, as in the case of
butyl-OF-Cg,, the C4, spheres can interact by intercalating
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Figure 6. Molecular-packing model of octyl-OF-Cy, single crystals, as es-
tablished by using the Cerius® simulation program: projections of the
single crystal on the ab plane (a), bc plane (b), and ac plane (c).

Figure 7. Molecular-packing model of dodecanyl-OF-Cy, single crystals,
as established by using the Cerius® simulation program: projections of
the single crystal on the ab plane (a), be plane (b), and ac plane (c).

with each other and pack more closely together. With in-
creasing side-chain length, the b dimension increases from
3.96 to 4.06 nm and further to 4.35 nm. The alkyl chains fill
in the gaps between the Cy, spheres, thereby leaving more
space for the close packing of the rod-like planar OF moiet-
ies. Meanwhile, the interactions between the Cg, spheres de-
crease, because their content is diluted by the presence of
the alkyl groups. Notably, although the molecular-packing
pattern is preserved, the detailed unit symmetry is changed
from monoclinic to triclinic. Whereas long alkyl chains in-
crease the solubility and processability of the material, they
also “dilute” the effective content of the electro-active com-
ponents in the molecule, which may be detrimental to the
final electronic properties. The best electronic properties are
expected from those structures with shorter side-chains, in
which there is an ordered structure with sufficiently good
contact between the electro-active components in the bulk
state.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Optical and Electronic Properties

The optical and electronic properties of dyads of OF-Cg,
were studied by UV/Vis absorption spectroscopy, fluores-
cence spectroscopy, and cyclic voltammetry. A fluorene
trimer (Scheme 1B), was chosen as a control compound in-
stead of precursor 3, because the ketone group in compound
3 is known to have a significant effect on the optical and
electronic properties of the oligofluorene unit.** In dilute
solutions, these compounds exhibit single-molecular behav-
ior.”! Because they possess exactly the same chromophore,
their absorption profiles and fluorescence profiles are essen-
tially identical (see the Supporting Information, Figures S18
and S19). Therefore, only butyl-OF-Cy, is discussed below as
a representative example.

The steady-state UV/Vis absorption spectra were record-
ed in toluene at room temperature. Figure 8a shows the ab-
sorption spectra of Cy, butyl-OF-Cg, OF, and an OF/Cy,
blend. The absorption peaks at about 330 nm and 430 nm
are typical fingerprints of C¢, monoadducts (methanofullere-
ne),l42%] whereas the peaks at about 350 nm are characteris-
tic of the oligofluorene unit.?**! The absorption profile of
butyl-OF-Cy4, around 350 nm is broadened as compared to
that of OF and the OF/Cg, blend, suggesting an electronic
perturbation between the two individual chromophores (OF
and Cg) in their ground states.””
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Figure 8. a) Steady-state UV/Vis absorption spectra of Cg, butyl-OF-Cg,
OF, and an OF/Cg, blend; b) fluorescence spectra of OF, an OF/Cg,
blend, and butyl-OF-Cy.
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The fluorescence emission spectra of the OF-Cg4, dyads
were also recorded in toluene at room temperature. The ex-
citation wavelength was 350 nm, which was the absorption
maximum for the OF-Cy; dyads. In all of the samples, quan-
titative quenching of the fluorescent emission was observed,
which was clear evidence for efficient energy transfer from
OF to Cg,.'**2728] For reference, the fluorescence spectra of
OF and an OF/Cg, blend were also recorded in toluene and
compared to that of butyl-OF-Cq, (Figure 8b). The spectrum
of pristine oligofluorene showed two emission peaks at
395 nm and 415 nm, whilst that of the OF/C,, blend showed
partial fluorescence quenching at an identical concentration
of OF, but complete fluorescence quenching was only ob-
served in the case of butyl-OF-Cg, in which where the Cg,
and OF were covalently linked and proximal to one another.
The interactions between the exited states of oligofluorene
and fullerene are believed to take place with efficient
energy transfer from the singlet-excited-state energy of the
oligofluorene segment to the fullerene core. Charge separa-
tion may occur during the excitation process.’?’*"!

The electronic properties of Cq, OF, and the OF-Cq,
dyads were studied by using cyclic voltammetry; the voltam-
mograms are shown in Figure 9 and the results are summar-

40 -
1\ —_— Ceo
304 5!‘ ...... butyOF-Cg,
1 |'\ octyFOF-Cg,
<209 Wy —-= dodecanylOF-Cy
-10 T T T T 1
2.0 1.5 1.0 05 0.0

Potential (V)

Figure 9. Cyclic voltammograms of Cg, butyl-OF-Cy, (5a), octyl-OF-Cg,
(5b), and dodecanyl-OF-Cy, (5¢).

ized in Table 1. In general, the OF-C, dyads show similar
electrochemical behavior to its two components. In the
cathodic region, no reduction peak was observed for OF,
whereas Cg, displayed four typical reduction peaks and the
OF-Cq, dyads showed the typical voltammogram for a meth-
anofullerene derivative.””™*! For butyl-OF-Cy, the first re-
duction peak appears at around —1.07 V versus Fc/Fct and
is fully reversible. In contrast, the second reduction peak ap-
pears at —1.45 V versus Fc/Fct and is irreversible. Both of
these reduction potentials are shifted to more-negative
values compared to that of Cg, because the saturation of
a double bond on the Cy surface cause a partial loss of
“conjugation”.”’*#*% The third redox wave is new com-
pared with the spectrum of Cg), which is associated with the
change of electronic structure in butyl-OF-Cy, upon conjuga-

1228 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Cyclic voltammetry data, HOMO and LUMO levels, and Eg¥ and Eg" of Cg, OF, and the OF-Cg, dyads.

Compound E 11/2.red[a] VI Eprea [Vl Eiprea [V] E4l/2,red V] Einrea [V] Eipox [V] HOMO™ [eV] LUMO [eV] Egcv[e] [eV] EgOle [eV]
Ceo -1.03 —1.44 - -1.90 -221 - - —4.07" - -

OF - - - - - 0.80 —5.90 —2.72U 3.18 3.18
butyl-OF-Cq, -1.07 —1.45 -1.76 -2.07 —2.40 0.88 —5.98 —4.034 1.95 3.08
octyl-OF-Cg, —1.05 —1.45 -1.63 -2.05 —2.40 0.90 —6.00 —4.05!4 1.95 3.08
dodecanyl-OF-Cy, —1.06 —1.46 —1.64 —2.06 -2.39 0.89 -5.99 —4.044 1.95 3.10

[a] Reduction/oxidation potentials (versus Fc/Fct) for each couple are calculated according to E,, = (E,+E,,)/2, where E, is the cathodic peak potential
and E,, is the anodic peak potential. [b] HOMO energy levels were calculated according to Eyomo = (—Ejj,0c—5-10). [c] LUMO energy levels were calcu-
lated according to Ejyyo=(—FEpnreq—5-10) or [d] from the optical energy gap, according to Eiyyo= Enomo+Eg™. [e] Calculated according to Eg¥=
Eumo—Enomo- [f] Calculated according to Eg® =1240/A, where 4 (in nm) is the onset absorption wavelength.

tion.”®?%31 It has been reported that a bond in the cyclo- Conclusions

propane ring of methanofullerene derivatives may break

upon the second reduction, which has been referred to as In summary, a series of sphere-rod shape amphiphiles has
the retro-Bingel reaction.””>3"*J The fourth and fifth redox been designed and synthesized based on Cq, and oligofluor-
waves are also shifted to more-negative values compared to ene (OF). The OF was functionalized with Cy, at the 9 posi-
those of Cq. All of the five reduction peaks are due to the tion of its central fluorene unit through a rigid spiro linkage
fullerene core, so the energy-level profiles of C4 and OF to form Cg—Cy, interactions that contributed to the forma-
remain essentially unchanged. In the anodic region, OF tion of an ordered structure. The conjugates contained three
shows two reversible redox waves at 0.80V and 1.13V alkyl chains of different lengths to tune their solubility and
versus Fc/Fct and butyl-OF-C,, shows one irreversible solid-state structure. The butyl-OF-Cy, conjugate formed
redox wave at 0.88 V versus Fc/Fct, which is shifted to a monoclinic unit cell (a=1.86, »=3.96, c=2.24 nm; a=y=
more-positive potential values compared to the first redox 90°, B=68°; space group P2), the octyl-OF-Cy, also formed
wave of OF. This result is caused by the electronic interac- a monoclinic unit cell (a=2.21, b=4.06, c=1.81 nm; a=y=
tions between the electron-donating m-conjugated oligo- 90°, f=75.5°; space group C2m), and dodecanyl-OF-Cy,

fluorene and the electron-accepting Cgp.243%] formed a triclinic structure (a=1.82, b=4.35, ¢=2.26 nm;

The optical energy gaps of the OF-Cy dyads and OF a=93.1°, f=94.5°, y=92.7°; space group PI). In the crys-

(Table 1) were calculated from the onset of the UV/Vis ab- tals, C4 and OF form an alternating packing structure due
sorption, according to the equation Eg=1240/4, where 4 (in to the inequivalence in shape. As shown by UV/Vis absorp-
nm) is the onset absorption wavelength.®®l The optical tion and fluorescence spectroscopy, the OF-Cg, conjugates
energy gaps of the OF-Cg, dyads were attributed to the oli- exhibit an efficient energy transfer from OF to Cy. These
gofluorene moiety, which was lower than that of OF, thus in- new structures will shed light on the structure—property rela-
dicating an increase in the conjugation of the OF moieties tionships and their device performance, such as in organic
when attached to Cg,. The HOMO and LUMO levels of the field-effect transistors and bulk heterojunction solar cells.
OF-Cq, dyads were calculated from the half-wave potentials These results also have general implications in the under-
by assuming that the energy level of Fc/Fct was —5.10 eV standing of the self-assembly of mt-conjugated materials.

below the vacuum level.?** The HOMO levels of the OF-
Cg dyads are similar to the HOMO level of OF and the
LUMO levels of OF-Cg, dyads are similar to that of Cg, Experimental Section
which means that the HOMO of the OF-Cq, dyads is located
on the OF moieties and the LUMO is located on the C,
moieties. The HOMO levels of the OF-Cy, dyads are slightly [60]Fullerene (MTR Ltd., >99.5%), [Pd(PPhy),] (J&K, 99.9%), p-tolue-

nesulfonyl hydrazide (J&K, 97 %), anhydrous sodium carbonate (SINO-
lower than that of OF, whereas the LUMO levels of the  py,pni- ACS grade), sodium methoxide (SINOPHARM, ACS grade),

Chemicals and Solvents

OF-Cy, dyads are higher than that of Cy, owing to electron-  THF (SINOPHARM, ACS grade), MeOH (Fisher Scientific, reagent
ic communication between the electron-donating sm-conju- grade), CS, (Aldrich ACS grade), petroleum ether (SINOPHARM, ACS
gated system and the electron-accepting C, moiety.[35] The grade), and cyclohexane (SINOPHARM, ACS grade) were used as re-

ceived. Toluene (SINOPHARM, ACS grade) was purified by distillation
. . from CaH, and then sodium before it was stored over poly(styryl)lithium.
in the OF-Cg dyads are much smaller than the optical Pyridine (SINOPHARM, ACS grade) was purified by distillation from

electrochemical energy gaps (Eg®Y, Eg = E; ymo—Enomo)

energy levels (Eg™), because the electrochemical energy KOH. o-Dichlorobenzene (0-DCB, SINOPHARM, ACS grade) was puri-
gaps are the difference in energy levels between the LUMO fied by distillation from CaH,. 2,7-Dibromofluoren-9-one, 9,9-dialkyl-2-
of the C4, moieties and the HOMO of the OF moieties. bromofluorene, and 9,9-dialkylfluoreneyl-2-boronic acid were prepared

according to literature procedures.*”!
Instruments

All 'H and “C NMR spectra were acquired at RT in CDCI, (Aldrich,
99.8% D) on a Varian Mercury 500 NMR spectrometer that was operat-
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ing at 500 MHz and 125 MHz, respectively. The '"H NMR spectra were
referenced to residual protons impurities in the CDCl; solvent (0=
7.27 ppm) and the *C NMR spectra were referenced to *CDCl; (0=
77.00 ppm). The coupling constants (/) are reported in Hertz (Hz) and
the NMR splitting patterns are characterized as follows: s singlet, d dou-
bled, t triplet, and m multiplet. Fourier-transform infrared (FTIR) spectra
were recorded on a Nicolet Magna-IR 550 FTIR spectrometer in the
range 400-4000 cm~' by making KBr pellets. The resolution was 4 cm™!
and the spectra were averages of 32 scans.

Matrix-assisted laser-desorption/ionization time-of-flight (MALDI-TOF)
mass spectra were recorded on a KratosAximaCFR plus spectrometer
(Shimadzu Biotech, Manchester, UK) with a 337 nm nitrogen laser and
an accelerating voltage of 20 kV. The homemade sample support was at-
tached onto the MALDI plate by using a double-sided tap before sample
deposition. The sample solution (1 pL) was deposited onto the traditional
MALDI plate or the new sample support. The matrix, 2,5-dihydroxyben-
zoic acid (DHB), was dissolved in water that contained 50 % (v/v) MeCN
and 0.1% (v/v) trifluoroacetic acid (TFA) at a concentration of
10 mgmL . After drying in air, 1 pL of the matrix solution was deposited
onto the dried analyte spot for MALDI analysis. Mass spectra in posi-
tive-ion mode were measured in both linear and reflectron modes. Data
analyses were conducted with the Kompact software.

1D WAXD patterns were obtained on a Rigaku Multiflex 2kW Automat-
ed Diffractometer by using Cuy, radiation (0.1542 nm). The samples
were scanned in over the range 20 =2-30° at a rate of 1°min~". TEM ex-
periments were performed on a Philips Tecnai 12 at an accelerating volt-
age of 120 kV. Selected-area electron diffraction (SAED) patterns were
obtained by using a TEM tilting stage to determine the crystal-structure
parameters. The d spacings were calibrated by using a TICl standard.
Computer molecular modeling and the calculated electron-diffraction
patterns were determined by using the Cerius® package of Accelrys. The
basic unit-cell parameters, as determined by using the crystallographic ex-
perimental data from the 1D WAXD and SAED experiments, were used
as a reference in building the molecular packing scheme within the crys-
tallographic unit cells.

UV/Vis spectra were measured on a CARY 100 UV/Vis spectrophotome-
ter. The samples were prepared in toluene at a concentration of 5x10°m
and the spectra were recorded between 200 nm and 600 nm. The fluores-
cence spectra were measured on a CARY Eclipse Fluorescence spectro-
photometer after excitation at the maximum absorption wavelength of
the compounds.

Cyclic voltammograms were recorded on a potentiostant/galvanostat that
was equipped with GPES software for Windows (version 4.8). All experi-
ments were performed at RT in 0-DCB/MeCN (4:1) that contained tetra-
butylammonium perchlorate as the supporting electrolyte, with glassy
carbon as the working electrode, platinum wire as the counter electrode,
and Ag/AgCl as the reference electrode at a scan rate of 100 mVs™'. Po-
tentials were referenced to the Fc/Fct (ferrocene/ferrocenium, Alfa-
Aesar) couple.

Typical Synthetic Procedures

9,9,9”,9"-Tetra(n-butyl)-9’-one-terfluorene (3a): A mixture of 2,7-dibro-
mofluoren-9-one (1, 0.44 g, 1.3 mmol), 9,9-di(n-butylfluoreneyl)-2-boronic
acid (2a, 1.00 g, 3.12 mmol), [Pd(PPh;),] (36 mg, 0.031 mmol), an aque-
ous solution of Na,CO; (2.0M, 8 mL, 16 mmol), and toluene (20 mL) was
stirred at 90°C for 2 days. After cooling to RT, petroleum ether (200 mL)
was added to the reaction mixture. The organic portion was separated
and washed with brine before drying over anhydrous MgSO,. The solvent
was evaporated off and the solid residues were recrystallized from EtOH
to afford compound 3a as yellow solids (0.87 g). Yield: 92%; 'H NMR
(500 MHz, CDCl;): 6=8.04 (d, J=1.7Hz, 2H), 7.84 (dd, /J=17.7, 1.8 Hz,
2H), 779 (d, J=7.8Hz, 2H), 7.77-1.72 (m, 2H), 7.69-7.59 (m, 6H),
7.41-731 (m, 6H), 2.04 (t, /=83 Hz, 8H), 1.13-1.08 (m, 8H), 0.74—
0.56 ppm (m, 20H); "CNMR (CDCl;, 125 MHz): 6=194.91, 152.32,
151.70, 143.65, 143.35, 141.85, 141.23, 139.24, 135.93, 134.09, 127.98,
127.54, 126.32, 123.78, 123.63, 121.69, 121.46, 120.78, 120.30, 55.88, 40.96,
26.69, 23.76, 14.53 ppm; FTIR (KBr): 7=2930, 1720 (C=0), 1450, 1120,
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821, 741 cm™!; MS (MALDI-TOF): m/z caled for CssHssO: 733.0; found:
732.5.

9,9,9”,9”-Tetra(n-butyl)-9'-(p-tosylhydrazone)-terfluorene (4a): A mixture
of 9,9,9%,9"-tetra(n-butyl)-9"-one-terfluorene (3a, 0.66 g, 0.9 mmol), p-tol-
uenesulfonylhydrazide (0.20 g, 1.08 mmol), and THF (70 mL) with a cata-
lytic amount of HCI was stirred at reflux for 7 h. After cooling to RT, the
solvent were evaporated off and the solid residue was washed with
MeOH to afford a yellow solid (0.73 g, 89 % yield). The sample was di-
rectly subject to next step without further purification.
9,9,9",9”-Tetra(n-butyl)-9'-fullerenyl-terfluorene (butyl-OF-Cy, 5a): A
mixture of 9,9,9¢9"-tetra(n-butyl)-9'-(p-tosylhydrazone)-terfluorene (4a,
0.72 g, 0.8 mmol), sodium methoxide (0.065 g, 1.2 mmol), and dry de-
gassed pyridine (50 mL) was stirred under a nitrogen atmosphere at RT
for 30 min. To the mixture was added a solution of Cg, (0.29 g, 0.4 mmol)
in degassed 0-DCB (200 mL) and the homogeneous mixture was stirred
at 80°C under a nitrogen atmosphere for 24 h. After heating at reflux for
a further 24 h, the mixture was concentrated under vacuum to 100 mL,
loaded onto the top of a silica-gel column, and eluted first with cyclohex-
ane/carbon disulfide (10:1 v/v) followed by cyclohexane/toluene (10:1 v/
v). The first fraction, which contained unreacted Cy,, was collected. After
the elution of an intermediate fraction, a fraction that contained butyl-
OF-Cy, was collected. After evaporation, butyl-OF-Cy, was obtained as
a shiny black crystalline solid (0.20 g). Yield: 35%; '"H NMR (CDCl,,
500 MHz): 6=9.29 (d, J=1.5 Hz, 2H), 8.16 (d, J=7.9 Hz, 2H), 7.98 (dd,
J=179, 1.5 Hz, 2H), 7.85-7.79 (m, 2H), 7.78-7.71 (m, 6H), 7.30-7.37 (m,
6H), 2.10-1.90 (m, 8H), 1.02-1.06 (m, 8H), 0.58-0.71 ppm (m, 20H);
BCNMR (CDCl;, 125 MHz): §=152.21, 151.34, 148.51, 146.16, 145.92,
145.39, 145.31, 144.53, 144.04,143.95, 143.83, 143.76, 142.84, 141.98,
141.65, 141.36, 141.19, 140.42, 140.21, 139.79, 128.13, 127.79, 127.47,
126.49, 124.63, 123.44, 121.88, 121.08, 120.85, 120.43, 77.95, 55.61, 41.20,
26.84, 24.07, 14.68 ppm; FTIR (KBr): #=2920, 1450, 1090, 828, 739,
527 cm™; MS (MALDI-TOF): m/z calcd for CjsHss: 1437.7; found:
1437.3.

Sample Preparation for Crystal-Structure Determination

Milligrams of the materials were dissolved in a test tube to afford a satu-
rated solution (about 1 wt. %) in CHCI,. Then, the test tube was covered
with paper and placed in a closed chamber that was saturated with Et,O.
The single crystals were typically grown within several hours as the Et,O
slowly evaporated into the sample solution. A drop of the solution that
contained the single crystals was deposited onto the carbon-coated
copper grids for the TEM experiments. The powders were collected by
filtration for wide-angle X-ray diffraction experiments.
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