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ABSTRACT: Although pristine Cg, prefers to adopt a face-
centered cubic packing arrangement in the solid state, it has
been demonstrated that noncovalent-bonding interactions
with a variety of molecular receptors lead to the complexation
of C4y molecules, albeit usually with little or no control over
their long-range order. Herein, an extended viologen-based
cyclophane—ExBox,""—has been employed as a molecular
receptor which, not only binds C4, one-on-one, but also results

in the columnar self-assembly of the 1:1 inclusion complexes under ambient conditions. These one-dimensional arrays of
fullerenes stack along the long axis of needle-like single crystals as a consequence of multiple noncovalent-bonding interactions
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between each of the inclusion complexes. The electrical conductivity of these crystals is on the order of 1077 S cm™, even
without any evacuation of oxygen, and matches the conductivity of high-quality, unfunctionalized Cqy-based materials that
typically require stringent high-temperature vaporization techniques, along with the careful removal of oxygen and moisture,

prior to measuring their conductance.

1. INTRODUCTION

Since the early discoveries' of Cy, research on fullerenes has
blossomed” rapidly, and considerable effort has been expended
with a view to understanding and exploiting the band structure
of doped* and undoped” fullerenes in order to capitalize on
their electronic properties in devices such as organic field-effect
transistors’ (OFETs) and organic photovoltaic (OPV) solar
cells.® Host—guest” chemistry has been employed in an effort to
introduce solution-based techniques for the isolation and
processing of Cg. Some of the objectives of this work have
been to obtain pure fullerenes on a large scale®''® and to
control the packing arrangement of one Cy, molecule with
respect to others on surfaces.” The more commonly used hosts,
such as calixarenes,® y-cyclodextrin,'® porphyrin-based cyclic
dimers,"" cyclotriveratrylenes,"> and cycloparaphenylenes,"
have all been shown to bind Cg, usually through enthalpy-
driven mechanisms,'* such as donor—acceptor interactions
where the host is the donor and Cy is the acceptor. Although
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these hosts bind Cg, with high affinities—K, values typically on
the order of 10°—10° M™' in toluene—their 1:1 or 2:1
complexes typically result in either the complete isolation of the
fullerenes or the clustering of only a handful of fullerene
molecules in the crystalline lattice. This isolated arrangement of
Cgo molecules is not ideally suited to electronic applications
where the ability to move electrons between them in a bulk
material is important for the performance of devices such as
OFETs. There are, however, some instances where multiple Cq
molecules have been positioned within close contact of each
other, resulting'® in their incorporation into stable one-
dimensional arrays. The most notable example of this kind of
intermolecular arrangement was discovered by Luzzi et al,'®
who observed several C4y molecules residing within the cavities
of single-walled carbon nanotubes (SWCNTs) so as to form a
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Figure 1. (a) Structural formula of ExBox*". (b) Synthesis of ExBox,-4PF, from its precursors, EXBIPY and DB-2PF.
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Figure 2. (Super)structures of (a) ExBox,* and (b) C4CExBox,* obtained from X-ray diffraction analyses performed on their respective single
crystals. The close packing arrangement of each C4CExBox,*" results in (c) a fullerene-to-fullerene distance of 0.31 nm (atom-to-atom) between
the aligned Cq, molecules. The side-on view (d) and plan view (e) of the solid-state superstructure illustrate the close packing arrangement of each
inclusion complex into segregated one-dimensional arrays that propagate the whole length of the crystal.

supramolecular assembly that has been referred"® to as a “nano-
peapod”, despite the fact that only 5% of the SWCNTs are
occupied. Although the ability to incorporate Cg, molecules
into the cavities of SWCNTSs has been raised'” to 80—85%
more recently, it seems that full occupancy will be difficult to
achieve. In addition to the challenge of obtaining complete
alignment of the host SWCNT's throughout the bulk material,
the role of Cy in these nano-peapods is to enhance the existing
semiconducting properties'® of the SWCNTSs through a charge-
transfer mechanism'® with the electron-deficient fullerene.
Similarly, the nanostructure and electrical performance of
fullerene—polymer blends that have been reported*® previously
are dictated more so by the side chains and semiconducting
properties of the electron-rich component, respectively, than by
the C4, molecules themselves.

We have reported previously on a family of box-like
cyclophanes,” the so-called ExBox*' series of tetracationic
extended bipyridinium-based receptors which possess the
ability to bind polycyclic aromatic hydrocarbons (PAHs),
ranging in size from two through seven fused benzenoid rings.
The binding of PAHs inside the cavities of these cyclophanes is
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enthalpically driven, usually as a consequence of the 7-electron-
rich PAHs entering into strong donor—acceptor interactions
with the 7-electron-deficient ExBox*" series. Recently, we have
synthesized (Figure 1) a new member of the ExBox*" family
wherein each p-xylylene bridge has been expanded by one
paraphenylene ring, increasing the width of the cavity relative to
that (Figure la) of the original ExBox*. This structural
modification results in the near doubling of the width of the
cavity from 0.69 to 1.22 nm at the longest atom-to-atom
distance. Since this novel tetracationic cyclophane is approx-
imately twice the width of the original ExBox*", we use the
descriptor ExBox,*". Herein, we demonstrate that this z-
electron-deficient host possesses a cavity of a size suitable for
binding the electron-deficient fullerene, Cg), predominantly as a
consequence of solvophobic processes in solution that result
(Figure 2) in the self-assembly of the CgCExBox,*" 1:1
inclusion complexes into continuous one-dimensional arrays
which span the length of the millimeter-sized crystals. The
room-temperature dark electrical conductivity of these crystals
under ambient conditions surpasses, by several orders of
magnitude, that reported’” for undoped, pure Cg-based
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materials where O, was not evacuated. The values obtained also
match the electrical conductivity of crystals and films comprised
of Cg which are normally prepared through stringent
sublimation/vapor transport techniques,” followed by the
exhaustive removal of O,. Moreover, we describe how ExBox,**
also serves as a suitable host for the radical anion Cg®” on
account of favorable electrostatic interactions between the
tetracationic host and the anionic fullerene.

2. EXPERIMENTAL SECTION

The full experimental details are provided in the Supporting
Information (SI). Below, the most important information is briefly
summarized.

Synthesis of ExBox,"4PFs. A mixture of ExBIPY (66.8 mg, 288
umol), DB-2PF, (300 mg, 288 ymol), and TBAI (21.0 mg, 58.0 ymol)
in dry MeCN (96 mL) was stirred at 80 °C for 48 h. Concentrated
HCI was added to halt the reaction and to precipitate the crude
product from the MeCN solution. The precipitate was collected by
filtration and washed (Me,CO and CH,CL,) in order to remove the
residual tetrabutylammonium salt. The crude product was dissolved in
H,O, precipitated as its PF¢~ salt by adding solid NH,PF, and
collected by filtration. It was then subjected to column chromatog-
raphy (SiO,:MeCN and 0.05—0.25% NH,PF, in MeCN), followed by
reverse-phase HPLC using a binary solvent system (MeCN and H,0
with 0.1% CF;CO,H). After removal of MeCN, pure ExBox,-4PF;
(72.8 mg, 18%) was obtained as a white solid after precipitation with
NH,PF,. HRMS-ESI for ExBox,-4PF: caled for CyoH,sF, NPy, m/z
= 1259.2804 [M — PF,]*; found 12592735 [M — PF¢]". '"H NMR
(500 MHz, CD;CN, ppm): 8y 8.82 (H,, d, J = 7.0 Hz, 8H), 8.24 (H,,
d, J = 7.0 Hz, 8H), 8.01 (H,, s, 8H), 7.68 (Hppers d, ] = 8.4 Hz, 8H§,
7.55 (Hppe d, J = 84 Hz, 8H), 5.74 (Hcy, s, 8H). °C NMR (125
MHz, CD,CN, ppm): 8¢ 155.8, 1453, 141.5, 137.7, 134.9, 130.5,
130.2, 1287, 126.8, 64.7.

X-ray Diffraction. Crystal Parameters of ExBox,-4PFg.
[CeoH,sN, (PFg),]-(CH3CN), colorless blocks (0.35 X 0.35 X 0.0S
mm), monoclinic, P2,/n; a = 16.2695(7), b = 15.9492(7), and ¢ =
16.5922(7) A; @ = 90.000, B = 110.464(3), and y = 90.000% V =
4033.7(3) A Z =2, T = 99.99 K, peyc = 1427 g cm™, p = 1.806
mm™". Data were collected at 100 K on a Bruker Kappa APEX2 CCD
diffractometer equipped with a Cu Ka microsource with Quazar
optics. Of a total of 21 617 reflections that were collected, 6605 were
unique. Final R; = 0.0790 and wR, = 0.2104. Distance restraints were
imposed on the disordered PF4~ anions and MeCN molecules. Rigid-
bond restraints were also imposed on the displacement parameters as
well as restraints on similar amplitudes separated by less than 1.7 A on
the disordered molecules. Deposited as CCDC No. 1022763.

Crystal Parameters of CgoCEXBOX,-4PFg. CyCCgoH, N, (PFg),
((CH;),NCHO),-(C4¢HsCH;), red blocks (0.45 X 0.10 X 0.06 mm),
triclinic, PT; a = 17.5692(4), b = 19.4448(3), and ¢ = 20.6000(5) A; &
= 83.1741(17), p = 65.6972(15), and y = 82.9265(16)°; V =
6347.0(3) A% Z =2, T = 99.94 K, peyc = 1478 g cm™, p = 1.396
mm™". Data were collected at 100 K on a Bruker Kappa APEX2 CCD
diffractometer equipped with a Cu Ko microsource with MX optics.
Of a total of 43241 reflections that were collected, 20 638 were
unique. Final R, = 0.1091 and wR, = 0.2692. The enhanced rigid-bond
restraint was applied globally. Group anisotropic displacement
parameters were refined for the disordered toluene solvents. Deposited
as CCDC No. 102276S.

Computational Protocol. All calculations were performed using
the GAMESS US (Rev. 1, May 2013) suite of computational
programs. Geometries were optimized in the gas phase using the
hybrid PBE-GGA functional (DFTTYP=PBE) modified with
Grimme’s empirical dispersion correction (2010 implementation)
including the E® nonadditive energy term. The basis set used for
geometry optimization was def2-SVP, as obtained from LANL Basis
Set Exchange Web site. All structures were confirmed to be true
energy minima on the potential energy surfaces by performing
frequency analysis. The geometry of C4, during optimization was
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constrained to T}, symmetry (the more appropriate I, point group is
not available in GAMESS US). Starting geometries of ExBox,*" and
CeCExBox,*" were obtained from the corresponding solid-state
(super)structures and by means of initial semiempirical calculations,
with the C,;, point group being chosen for both (super)structures. The
optimized geometry of the C4CExBox,* complex predicts all major
features of the solid-state superstructure. See SI for references related
to this computational investigation.

Cyclic Voltammetry. CV experiments were carried out at room
temperature in argon-purged solutions in 1:1 DMF/PhMe with a
Gamry multipurpose instrument (Reference 600) interfaced to a
personal computer. All CV experiments were performed using a glassy
carbon working electrode (0.071 c¢m?). The electrode surface was
polished routinely with a 0.05 ym alumina—water slurry on a felt
surface immediately before use. The counter electrode was a Pt coil,
and the reference electrode was a Ag/AgCl electrode. The
concentration of the supporting electrolyte, tetrabutylammonium
hexafluorophosphate (TBAPF;), was 0.10 M. The CV cell was dried
in an oven immediately before use, and argon was flushed continually
through the cell as it was cooled to room temperature to avoid
condensation of water.

Optical Absorption Spectroscopy. UV—vis absorbance spectra
were recorded using a UV-3600 Shimadzu spectrophotometer. The
path length of the cuvette in all cases was 2 mm. For the
spectroelectrochemical (SEC) measurements, a platinum mesh was
used as the working electrode, a platinum coil functioned as the
counter electrode, and the reference was a Ag/AgCl electrode. The
solvent consisted of a 1:1 DMF/PhMe solution of 0.1 M TBAPF,
electrolyte. The applied voltage was controlled by a Gamry
Multipurpose instrument (Reference 600) interfaced to a PC while
absorption scans were obtained.

Isothermal Titration Calorimetry. ITC Experiments were
performed on a MicroCal system, VP-ITC model. A DMF/PhMe
solution of Cg, was employed as the guest solution in a 1.8 mL cell. A
solution of ExBox,-4PF, (in DMF/PhMe), used as the host, was
added by injecting 10 uL of titrant (30X) over 20 s with a 240 s
interval between injections. Thermodynamic information was
calculated employing a one-site binding model utilizing data from
which the heat of dilution of the guest was subtracted, with the average
of three runs being reported.

Conductivity Measurements. Crystals of the 1:1 inclusion
complex were obtained by dissolving ExBox,4PF¢ (~10 mg) in
DMF (2 mL) in a 20 mL scintillation vial. A saturated Cy, solution in
PhMe was added to the point where the mixture appeared slightly
opaque. After a single drop of DMF had been added, the solution
became transparent once again, and the vial was placed in a jar
containing iPr,0 (~20 mL). Slow vapor diffusion of iPr,O into the
resulting DMF/PhMe solution over a period of 3—4 d yielded red
single crystals of C4,CExBox,-4PF,. The presence of the 1:1 inclusion
complex was confirmed by unit cell measurements using X-ray
diffraction. The crystals were washed with a dilute solution of DMF in
PhMe and stored in hexanes prior to conductivity measurements.

Four-inch Silicon Quest International Si wafers with a 300 nm oxide
surface coating were used as substrates on which electrodes were
fabricated. The wafers were cut into 2 X 2 cm squares using a diamond
cutter, scrubbed with soapy water, cleaned by ultrasonication in a 1:1:1
mixture of Me,CO/MeOH/iPrOH, and then blown dry in a stream of
N, gas. Electrodes (spaced at 100 im) were patterned onto the surface
of the wafer by thermally evaporating 6 A of Cr and then S0 nm of Au
through a defined shadow mask at a pressure of 10™® mbar. Single
crystals of C4,CExBox,-4PF, were picked up using a Pelco vacuum
pick-up system and placed across the electrodes. The ends of the
crystals were painted with Pelco conductive gold paste to secure a
conducting pathway to the patterned electrodes.

Two-probe measurements were performed at a Signatone probe
station, in conjunction with an Agilent 4155C semiconductor
parameter analyzer. Current output was measured at room temper-
ature for DC voltage sweeps from 0 to +1 V. All measurements were
carried out in a US FED STD 209E Class 100 (ISO 5) clean room.
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3. RESULTS AND DISCUSSION

The synthesis (Figure 1b) of ExBox,-4PF, follows a modified
procedure”’® that makes use of tetrabutylammonium iodide
(TBAI) as a catalyst during the reaction of ExBIPY with DB-
2PF4. Using this procedure, we were able to obtain several
hundred milligrams of ExBox,4PF, in 18% yield, allowing
solution-phase and solid-state investigations to be carried out in
the presence of Cg. See the SI for a detailed synthetic protocol
and 'H and "*C NMR spectroscopic and high-resolution mass
spectrometric characterization of ExBox,-4PF,.

The solid-state structure (Figure 2a) illustrates the size of the
cavity of ExBox,*, where its atom-to-atom dimensions
measure 1.43 nm in length and 1.22 nm at its widest point.
The ~1.75 nm” cavity is capable of ensconcing two guests, as
evidenced by its ability to bind either two solvent or two planar
perylene molecules (see solid-state superstructures in the SI,
Figure S4). Moreover, the superstructure (Figure S1) of
ExBox,* illustrates how crystal packing forces dictate a
herringbone packing arrangement when no guest is present,
where each cyclophane is staggered relative to one another. In
contrast, the solid-state superstructure of the 1:1 inclusion
complex C4CExBox,"" (Figure 2b) highlights the dimensions,
where, atom-to-atom, it measures 1.38 nm in length and 1.32
nm at its widest point. This change in geometry of the host in
the 1:1 complex relative to that of the empty host suggests that
ExBox,*" is willing to contort and twist its original
conformation in order to shorten its length and increase its
width such that it can embrace Cg in an approximately
centrosymmetric fashion. Figure 2c portrays the intercomplex
atom-to-atom distances where the encircled Cg, molecules are
separated by 0.31 nm. This distance is indicative of van der
Waals interactions between the fullerenes of adjacent inclusion
complexes. The side-on view (Figure 2d) of the C¢CExBox,*"
solid-state superstructure illustrates the complete alignment of
the inclusion complexes into discrete one-dimensional arrays.
Moreover, the plan view (Figure 2e) of these discrete linear
arrays shows how each Cg, molecule in each self-assembled
supramolecular wire**—i.e,, each stack of 1:1 inclusion
complexes—is segregated from the others as a consequence
of intermolecular biphenylene 7—n stacking and ExBIPY>"
subunit slipped alignments between adjacent hosts. This
arrangement contrasts with the typical fcc packing of pure
Cgo at room temperature and ultimately leads to van der Waals
interactions between fullerenes propagated in one dimension
throughout the crystal lattice.

In order to understand the nature of molecular recognition
that occurs in solution, which ultimately results in the self-
assembly of the C¢CExBox,"" in the solid state, we carried out
(i) UV—vis absorption spectroscopy, (ii) isothermal titration
calorimetry (ITC), and (iii) density functional theory (DFT)
calculations. To elucidate the binding affinity between Cg, and
ExBox,*" in solution, a UV—vis titration was performed (Figure
S8) in a DMF/PhMe mixture. After a 2:1 ratio of ExBox,-
4PF4:Cg, had been achieved, the change in the absorbance of
the complex at 450 nm was plotted against the change in
ExBox,4PF, concentration, and a nonlinear least-squares
analysis was applied, resulting in a calculated association
constant (K,) of (7.1 + 2.7) X 10° M™%

ITC was carried out (Figure $10) in a 1:1 mixture of DMF/
PhMe at 298 K in order to gain additional insight into the
binding thermodynamics in solution. The results from this ITC
investigation indicate that the binding of C4, by ExBox,*" in
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solution is a favorable process that is predominantly driven by
entropy, as evidenced by AH = 2.6 + 0.3 kcal mol™ and AS =
23.9 + 0.5 cal mol™' K™/, with an overall AG = —4.6 + 0.3 kcal
mol ™", Importantly, the K, value ((2.5 + 1.3) x 10°* M™)
obtained from ITC is in good agreement with that ((7.1 + 2.7)
x 10> M™!) obtained from the UV—vis titration. The fact that
this K, value is lower than that for traditional electron-rich Cq,
hosts is not surprising, given the unfavorable enthalpic
interactions between the 7-electron-poor ExBox,*" and C,
DFT calculations were performed (Figure 3) through gas-
phase geometry optimization of the solid-state superstructure in

a

S oA

HOMO

HOMO-5 LUMO

LUMO+2

Figure 3. DFT-optimized geometry of the 1:1 inclusion complex,
resulting in (a) a superstructure similar to that obtained
experimentally. Calculated geometries of the inclusion complex viewed
from (b) the ExBIPY** and (c) the biphenyl side-on perspectives
illustrate the centrosymmetric fashion with which Cg is bound by
ExBox,*, in agreement with the solid-state superstructure. (d) Orbital
depictions of the 1:1 inclusion complex showing that the HOMO-S$
resides on the biphenyl subunits of ExBox,*", the HOMO and LUMO
+2 are centered on the bound Cg, and the LUMO resides on the two
ExBIPY*" subunits.

order to determine the orbital interactions of the host and guest
molecules within CgCExBox,*". These calculations support
the experimental observations in terms of the host’s ability to
contort and twist its ground-state conformation in order to
accommodate (Figure 3a—c) Cg, in an almost centrosymmetric
fashion. Furthermore, the theoretical calculations indicate
(Figure 3d) that the HOMO of the complex resides primarily
on the Cg, molecule, while the LUMO is centered on the
ExBIPY** subunit. This assignment of the frontier molecular
orbitals is contrary to typical donor—acceptor systems involving
Cgpy where the latter usually functions as the acceptor.
Additionally, the lowest lying unoccupied molecular orbital
centered (Figure 3d) on Cg is LUMO+2, while the highest
lying occupied orbital of the host, primarily composed of the
biphenylene subunit, is HOMO-S5. These van der Waals
interactions between host and guest, in combination with those
between the hosts of adjacent inclusion complexes (ie.,
biphenylene 7—7n stacking and ExBIPY*" slipped stacking, as
well as ion—dipole interactions) in the solid-state super-
structure, undoubtedly play a role in the self-assembly process.
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To determine whether the energy gap between the HOMO
and LUMO of Cy is affected once Cy is encircled by ExBox,*"
in solution, cyclic voltammetry measurements were carried out
(Figure 4) in DMF/PhMe containing 0.1 M TBAPF, (Ag/
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b ~0.68 ~0.51 C 0
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Figure 4. (a) Generation of the reduced inclusion complex
Cgo" CExBox,** after the addition of one electron to Cg. (b)
When cyclic voltammetry of ExBox,*" (green trace), Cq, (black trace),
and CgCExBox,*" (red trace) was carried out, a shift of only +30 mV
was observed for the first reduction wave of the bound Cgyy in a DMF/
PhMe solvent system and 0.1 M TBAPF¢ electrolyte. (c)
Spectroelectrochemistry performed in a 2 mm cell on the bound
Cgo (black trace) at an applied potential of —0.49 V produced the
signature radical absorption peaks for Cg°~ at 934 and 1078 nm. In
the presence of an equimolar amount of ExBox,*" (red trace), these
radical absorption peaks were nonexistent, indicating strong ion-
pairing between the host and reduced guest.

AgCl reference electrode) in order to estimate the approximate
ionization potential and electron affinity energies. A general
depiction of the complex formed between Cg, and ExBox,*, in
addition to the scenario when Cg, is reduced to the radical
anion through the addition of one electron, is illustrated in
Figure 4a. The CV measurements reveal that the first and
second redox waves of ExBox,*" (Figure 4b, green trace) are
broad and overlap one another on account of the weakened
electronic coupling between the individual pyridinium rings of
the viologen subunits of the host. Furthermore, the first three
one-electron redox processes of Cq are defined (Figure 4b,
black trace) in the DMF/PhMe solvent mixture, as well as the
redox processes (Figure 4b, red trace) for CoCExBox,*". The
redox potentials for each component of the 1:1 complex
undergo only minor shifts in comparison to those of the

unbound Cg, and ExBox,*" molecules. The most notable
change is observed (Table 1) for the first one-electron
reduction of Cg), where the peak reduction potential shifts by
+30 mV (—0.34 to —0.31 V) when Cg, is complexed with
ExBox,*. This small shift changes the energy of the Cg,
LUMO from —4.06 to —4.09 eV, where the reduction potential
(E'redpouna = —0.34 V) was used in the equation®® E uMopound =
(E'redbound + 4:4)-€V to estimate the C49 LUMO energy level
when Cy is encircled by ExBox,*". The energy levels of the
HOMO for the bound and unbound Cg, were calculated in a
similar manner using the peak (both +1.12 V) oxidation
potentials in the equation Eygpo = (E'o + 4.4)-eV. From the
peak oxidation potentials, this calculation yields Eyyopo = —5.52
eV for both the bound and unbound states of Cg,. Calculating
the differences between the HOMO/LUMO energy values
from the peak potentials of bound and unbound Cg, (Table 1)
results in energy gaps (E,) of Egpoung = 1.43 €V and Egyupound =
1.46 eV. Doing similar calculations except using the onset
potentials (Figure S9), Egpoundonset = 1-11 €V and Egyupound onset
= 1.09 eV. These orbital energy calculations show that
ExBox,*" has little effect on the energy gap of C4, during the
formation of the C¢CExBox,*" inclusion complex in solution.

Since the first reduction wave of Cg4, does not overlap with
the first reduction wave of ExBox,*, it is possible to carry out a
SEC analysis (Figure 4c) of the Cq4* CExBox,*" inclusion
complex where the radical anion of Cg, (namely, Cg,*”) can be
generated electrochemically by applying a potential of —0.49 V
to a 042 mM DMF/PhMe solution of the complex for ~30
min. The radical absorption bands of C4*~ (Figure 4c, black
trace) appear at 934 and 1078 nm and correspond to the
allowed transition®® of the unpaired electron from the singly
occupied molecular orbital (SOMO) to the nearest unoccupied
molecular orbital, t;, — t;,. In the presence of an equimolar
amount of ExBox,*’, however, the signature radical absorption
bands for C4°~ are nonexistent. The absence of these
diagnostic radical absorption bands is consistent with previously
reported”” solvated ion-pairing interactions in systems
containing Cy,"™.

In order to measure the bulk electrical conductivity of the
CeCExBox,*" inclusion complexes, single crystals (Figure Sa)
of the 1:1 complex were grown using a modified procedure (see
SI). These crystals were never placed under vacuum to remove
residual O,, and conductivity measurements were carried out
under ambient conditions. Crystallographic indexing proved
(Figure Sb) that the fullerene arrays were aligned with the long
axis of the crystal. In order to construct a device (Figure Sc),
single crystals of C4CExBox,-4PF, were placed across gold
electrodes spaced 100 ym apart on a Si/SiO, wafer. The ends
of the crystal were painted with a conductive gold paste to
secure a conducting pathway to the patterned electrodes.

Table 1. Peak and Onset Redox Potentials of Bound and Unbound Cg, (vs Ag/AgCI) in DMF/PhMe and the Corresponding

Orbital Energy Levels

redox potentials

orbital energy levels®

peak (V)® onset (V)€ peak (eV)? onset (eV)©
El B4 Efea E Erumo - Enomo = Eg Erumo - Enomo = Eg
CgoCExBox,** —-0.31 +1.12 —-0.19 +0.90 —4.09 - (-5.52) = 1.43 —4.21 - (-5.30) = 1.09
Ceo —0.34 +1.12 —-0.19 +0.92 —4.06 - (-5.52) = 1.46 —4.21 - (-5.32) = 1.11

“Calculated from the equation E;po/m0m0 = (B redox + 44)-€V. *Determined from the plateau/middle of the redox wave. “Determined from the
intersection of the lines that are tangent to the baseline before the redox wave and to the rise of the redox wave itself (see SI)
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Figure S. (a) Single crystals of C¢CExBox,-4PF were grown by slow vapor diffusion of iPr,O into a DMF/PhMe solution and were indexed to
confirm (b) the orientation of the C4, molecules before the crystal was mounted (c) onto a Si/SiO, wafer patterned with gold electrodes, followed
by the application of a gold paste to the ends of the crystal. The scale bar for the inset device picture is 500 ym. (d) Electrical conductivity
measurements performed on single crystals of C4CExBox,4PF4 and ExBox,-4PF revealed a difference of nearly 2.5 orders of magnitude in

conductivity when Cg is present.

Dark electrical current was measured (Figure 5d, red trace)
at room temperature between 0 and +1 V. Conductivity was
extrapolated within the strict ohmic region (0 to +0.15 V) of
the measured I-V curve, since the region beyond +0.15 V is
more representative of a Shottky barrier. Multiple single crystals
were analyzed using this method, and the average electrical
conductivity was found to be (5.83 + 0.15) X 1077 S ecm™.
This value is nearly 2—3 orders of magnitude greater than the
first rezported electrical conductivity of pure Cg, single
crystals”™*" and films®**™¢ where O, was not removed. While
no effort was made to remove O, from the C¢,CExBox,-4PF
crystals, the room-temperature dark electrical conductivity is
still comparable to that®® (107°=107% S cm™) measured in
pure Cgo-based materials where the strict removal of O,
contamination was required. Unlike the stringent high-temper-
ature vaporization techniques for the preparation of these
purely Cgp-based materials, the preparation of CgCExBox,-
4PF, crystals relies on facile, room-temperature crystallization
from solution. In the absence of Cg, control measurements
(Figure Sc, green trace) on ExBox,-4PF single crystals resulted
in an average conductivity of (120 + 0.17) x 10™° S cm™.
Based on these measurements, the necessity of Cgq, for higher
electrical conductivities is evident, and the alignment of Cq,
molecules into discrete supramolecular one-dimensional arrays
leads to improved electrical conductivity over ExBox,*" and Cy,
systems without the rigorous exclusion of O,.

4. CONCLUSIONS

The semiconducting properties of C4 and its derivatives make
them attractive components for organic molecular electronic
devices, such as in OFETs and OPV solar cells. Although
materials comprised of pure, undoped Cg, have shown promise
in terms of their electrical conductivity, stringent high-
temperature mass transport/sublimation techniques are re-
quired to grow the single crystals and polycrystalline films.
Moreover, the electrical performance of these purely Cqy-based
devices relies heavily on post-synthetic annealing techniques to
remove interstitial O, as a consequence of their porous
structure. The use of host—guest chemistry to bind Cy, and
disrupt its standard fcc packing arrangement has been achieved
on a number of occasions®~'* over the past 20 years. Although
there are many examples™? in the literature of one-dimensional
alignment of functionalized Cq, molecules, there are only a
handful of examples'>™"” where a host has been capable of
directing the formation of unfunctionalized Cg, into discrete,
one-dimensional arrays that span the entire length of
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millimeter-sized crystals. The C4CExBox,-4PF single crystals
described in this investigation are grown under ambient
conditions using a solution-processable protocol that excludes
O, during the favorable self-assembly process, leading to a
situation where the removal of residual O, does not affect the
electrical conductivity of the material, measuring (5.83 + 0.15)
X 1077 S cm ™. The result of this form of crystal engineering is
a conductivity value that is 2—3 orders of magnitude greater
than that of the earliest reported”” materials comprised of
undoped Cg, and matches that™ of high-quality, nearly oxygen-
free Cq single crystals prepared through stringent high-
temperature mass transport/annealing techniques. Moreover,
the tetracationic ExBox,*" is a suitable host for binding the
reduced states of C4;, demonstrated specifically for C¢,°~ in this
work. Since the entropically driven complexation of Cq, by
ExBox,*" in a DMF/PhMe solution does not greatly affect the
orbital energy gap of Cg, there is potential to implement its use
in solution-processable protocols to fabricate organic-based
electronic devices that would benefit from ordered assemblies
of the semiconducting fullerene. The strategy reported here to
create fullerene-based semiconducting supramolecular wires
may potentially be applied toward (i) the fabrication of OFET
devices consisting of ordered stacks of Cg4CExBox,*', (ii)
solid-state photoinduced polymerization of the ordered Cg,
molecules in the 1:1 inclusion complexes to generate
polypseudorotaxanes, (i) highly ordered conducting metallo-
fullerene-based devices, and (iv) similar linear arrangements of
segregated stacks with host molecules and other carbon
allotropes,28 such as C;, and Cg), as well as single-walled
carbon nanotubes of appropriate diameter.
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