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ABSTRACT: Extended carbon nanostructures, such as
carbon nanotubes (CNTs), exhibit remarkable properties
but are difficult to synthesize uniformly. Herein, we present a
new class of carbon nanomaterials constructed via the bottom-
up self-assembly of cylindrical, atomically precise small
molecules. Guided by supramolecular design principles and
circle packing theory, we have designed and synthesized a
fluorinated nanohoop that, in the solid state, self-assembles
into nanotube-like arrays with channel diameters of precisely
1.63 nm. A mild solution-casting technique is then used to
construct vertical “forests” of these arrays on a highly ordered
pyrolytic graphite (HOPG) surface through epitaxial growth.

Non-covalent
self-assembly
on HOPG

Furthermore, we show that a basic property of nanohoops, fluorescence, is readily transferred to the bulk phase, implying that
the properties of these materials can be directly altered via precise functionalization of their nanohoop building blocks. The
strategy presented is expected to have broader applications in the development of new graphitic nanomaterials with z-rich

cavities reminiscent of CNTs.
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C arbon nanotubes (CNTs) exhibit a wide range of unique
properties depending on their precise atomic structure.
The remarkable optical and electronic properties of CNTs are
intimately connected to CNT chirality.'" The scalable
preparation of single-chirality CNTs, therefore, has been a
longstanding goal in the field of nanoscience.”™* Similarly, the
unique frictionless channels of CNTs exhibit fascinating mass
transport behavior, but only when the channel diameters are
smaller than 2 nm,>® again highlighting the need for precise
CNT structural control. In addition to chirality and diameter,
the position and orientation of CNTs on substrates (for
example, the vertical alignment of CNTs into surface-bound
“forests”) is important for fully realizing potential applications
such as membranes,® sensors,”'® and electronics."' While
much progress has been made in the synthesis and deposition
of CNTs, a completely new approach to these types of
cylindrical materials may open up new opportunities. Herein,
we disclose a “bottom-up” synthesis strategy based on self-
assembly of short fragments of CNTs (i.e., cycloparapheny-
lenes or carbon nanohoops, Figure 1a) to produce vertically
oriented “forests” of graphitic cylinders on surfaces with
precise structural control.
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Inspired by the work of Smalley regarding the amplification
of CNTs,'"> the synthesis of cycloparaphenylenes (CPPs)
aimed to provide ideal templates or building blocks for the
uniform fabrication of CNTs."*~"® Since their initial synthesis
in 2008,'° methods have been developed to synthesize these
“carbon nanohoops” in various sizes'’ >° and with numerous
functionalities.”' > More recently, “carbon nanobelts” have
been synthesized by Itami and co-workers, again in hopes of
accessing effective seed molecules for CNT growth.”*>> As a
consequence of their curved geometries and cyclic conjugation,
carbon nanohoops and nanobelts exhibit unique size-depend-
ent electronic and photophysical properties.”*~>” Despite their
fascinating circular geometries, CNT-like pores, and highly
tunable properties, CPPs and related structures have only
recently begun to be explored in the context of solid-state
materials.”* "> Seeking to expand on this, we envisioned the
development of a new class of CPP-based carbon nanoma-
terials that would mimic the tubular structures of CNTs.
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Figure 1. (a) Cartoon representation of a [12,12] armchair CNT and an X-ray crystal structure of its smallest cross-sectional fragment, [12]CPP
(crystal structure data from ref 36). (b) (Left) schematic depiction of hexagonal circle packing, in which the central circle in the lattice is
symmetrically surrounded by six other circles. CPPs can be seen as geometrically equivalent to perfect circles. (Right) stacking sheets of
hexagonally packed hollow circles resulting in the formation of channels with diameters defined by the constituent circles.

Through the vertical self-assembly of CPPs, we speculated that
it would be possible to construct arrays of noncovalent
nanotubes with diameters that could be synthetically altered
with atomic precision. Moreover, the properties of these
materials could be fine-tuned via the bottom-up functionaliza-
tion of nanohoop building blocks. In this work, we merge
synthetic organic chemistry, supramolecular design, and
fundamental circle packing theory to construct arrays of
noncovalent nanotubes with uniform channel diameters of
precisely 1.63 nm via the self-assembly of functionalized
nanohoop building blocks. We then prepare vertically oriented
“forests” of these structures on a highly ordered pyrolytic
graphite (HOPG) surface through epitaxial growth using a
simple solution-casting approach.

CPPs are unique among macrocyclic small molecules in that
their full sp* hybridization and para connectivity gives rise to a
circular geometry. Thus, we were curious to what extent CPPs
could be treated as geometrically perfect circles, as this would
allow for elementary circle packing concepts in our design.”
Inspired by the dense arrangements found within CNT
bundles,”* we ultimately targeted a hexagonal circle packing
motif, the densest arrangement for circles of identical
diameters.” This packing requires each circle in the 2D lattice
to be symmetrically surrounded by six other circles (Figure
1b). Stacking these hexagonal “sheets” vertically would then
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afford the desired CNT-like columns (Figure 1b). Translating
all of this into practical molecular design necessitated a
supramolecular strategy that would allow for both face-to-face
(horizontal) and edge-to-edge (vertical) interactions between
nanohoops. Unfunctionalized CPPs do not exhibit face-to-face
arene—arene stacking, as is often observed in linear acene
systems®> and instead tend to adopt dense herringbone-like
packing motifs with inaccessible pores as a result of the hoops
“filling” one another.””*® However, arene—perfluoroarene
interactions have yet to be thoroughly explored as a self-
assembly strategy in CPP systems and were viewed as an
attractive alternative to induce the desired face-to-face
arrangement. Arene—perfluoroarene interactions, which result
from the favorable electronic interaction between electron-rich
aryl rings and electron-deficient perfluorinated aryl rings,”’
have proven useful in supramolecular design due to their
powerful and relatively predictable self-assembly capabil-
ities.”*” Conveniently, aryl C—H-F interactions are also
known to be powerful guiding forces in systems containing
fluorinated aryl moieties.”” Therefore, we hypothesized that a
drive to maximize C—H:--F contacts would “lock” 1 into a
vertical assembly.

Nanohoop 1 (Figure 2a) was designed to leverage the
symmetry of the [12]CPP backbone to afford six arene—
perfluoroarene interactions per hoop, where every interaction
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Figure 2. (a) Coupling of intermediates 2 and 3 via Suzuki—Miyaura conditions affords macrocycle 4, which is then deprotected with TBAF and
subsequently aromatized under mild tin-mediated conditions to provide fluorinated nanohoop 1. (b) X-ray crystal structure of nanohoop 1,
showing that the compound self-assembles into noncovalent nanotubes in the solid state. (c) Cross-section of a nanotube of 1, highlighting the 1.63
nm diameter. (d) Aryl C—H--F interactions (dotted lines) that guide the vertical assembly of 1, which range in distance from 2.53 to 2.62 A. (e)
Top-down view showing the hexagonal circle packing of 1, which is guided by six arene—perfluoroarene interactions that measure at 3.69 A (purple

dotted lines) (chloroform solvent molecules omitted for clarity).

represents one of the six hoop-to-hoop contacts needed to
achieve hexagonal packing. Additionally, we hypothesized that
C—H--F interactions would align 1 into nanotube-like
channels. Yamago and co-workers have recently found that
incorporation of fluorines into a nanohoop backbone can
indeed result in tubular solid-state structures via fluorine—
hydrogen interactions. The synthesis of 1 relied on
previously established synthetic routes toward the size-selective
synthesis of [n]CPPs.'”'” Compounds 2 and 3, which can be
easily accessed on a multigram scale (Supporting Information,
Schemes S1 and S2), were subjected to a dilute Suzuki—
Miyaura cross-coupling reaction, a common aryl—aryl bond
forming reaction,*” to afford macrocycle 4 in 65% yield (Figure
2a). Next, the triethylsilyl (TES) groups on the macrocycle
were removed with tetrabutylammonium fluoride (TBAF) in
the presence of excess acetic acid to afford an intermediate
alcohol-functionalized compound. Finally, the cyclohexadiene
moieties of this macrocycle were converted to benzene rings
via reductive aromatization under mild tin-mediated con-
ditions'” to afford nanohoop 1 in a 4% yield over two steps as
an oft-white powder. We attribute this low yield to difficulty in
the reductive aromatization step, a problem that also plagued
Yamago and co-workers when employing the same aromatiza-
tion conditions to their syntheses of fluorinated cyclo-
paraphenylenes.”’ Halogenated cycloparaphenylenes have
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been calculated to have higher strain energies than their all-
hydrocarbon counterparts which could be contributing to the
low yields.*’

Nanohoop 1 was found to readily form colorless, needle-like
crystals via slow evaporation from chloroform. X-ray diffraction
of these crystals revealed that 1 assembles into the desired
nanotube-like structures, exhibiting a uniform array of 1.63 nm
channels (Figure 2b,c). The vertical assembly of 1 appeared to
be guided by a multitude of aryl C—H:--F interactions (Figure
2d), resulting in perfectly linear columns. Thirty-six C—H--F
interactions per hoop were found in the crystal packing of 1,
ranging from 2.53 to 2.62 A.*' The ability of the top and
bottom “edges” of macrocycles with radially oriented 7 systems
to take part in a large number of weak contacts has been
observed previously** and highlights a potential advantage of
using nanohoop-like structures to maximize vertical inter-
actions in the construction of molecular crystalline systems.
Upon closer inspection of this solid-state packing, we also
observed six well-defined arene-perfluoroarene interactions per
nanohoop with centroid-to-centroid distances of 3.69 A
(Figure 2e), well within the range of approximately 3.4—3.9
A commonly observed in other studies.”*” Importantly, these
interactions result in an ideal 2D hexagonal circle packing
motif, which is beautifully reflected in the symmetric, diamond-
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Figure 3. (a) Optical microscopy of hexagonal pillars and needle-like structures on HOPG surface. (b) Angled-SEM of an array of hexagonal pillars.
Dense forests of hexagonal pillars are scattered across the sample with heights ranging from a few hundred nanometers to several microns. (c)
Angled focused ion beam (FIB) microscopy of isolated hexagonal pillars. The flat hexagonal faces and top are readily apparent. (d) (Left) segment
of a larger (25 ym X 16 ym) SEM image of short pillars showing growth templated by the substrate. The pillars are preferentially aligned in one of
two angles, separated by ~23.5°. (Right) histogram of orientation angles in the full 25 ym X 16 gm image. A total of 290 hexagons are identified in
the full image and nearly all of them are oriented in one of two angles. (e) FIB image of needle-like structures formed by 1, which preferentially

orient at 60° relative to one another on the HOPG surface.

shaped unit cell of the lattice with vertices located at the
centers of four nanohoops.

At the outset of this work, one of our primary goals was to
mimic vertically oriented CNT “forests” through the vertical
assembly of 1 on surfaces. Substrate-templated epitaxial growth
has previously been shown to be an effective strategy for
accessing well-oriented molecular assemblies.”> Thus, we chose
highly oriented pyrolytic graphite (HOPG) as a possible
template, since HOPG has a lattice constant of a factor of 8
less than the horizontal lattice constants of 1 (a = 2.46 A for
HOPG vs a/b = 19.81 A for 1). On the basis of this idea of
lattice matching, we predicted that HOPG would serve as a
suitable template for epitaxial growth of vertically aligned
structures of 1. We found that drop-casting 1 from a
chloroform solution onto a HOPG substrate at humid ambient
conditions (Supporting Information, p S4 and Figure S2)
resulted in the rapid (~1—2 min) formation of numerous
hexagonal and needle-like crystalline structures that were easily
observable via optical microscopy (Figure 3a). Scanning
electron microscopy (SEM) revealed that the hexagonal
crystals were in fact nanowire-like pillars that form dense
arrays on many regions of the substrate (Figure 3b). The
structures displayed in Figure 3b range in size from 1 to 2 ym
in both height and width, although various other morpholo-
gies, such as tall and thin pillars (5—10 ym in height and 0.2—
0.5 um in width) and short and wide structures (200—500 nm
in height and 1-2 uym in width) were also found (see
Supporting Information, Figure S3 for additional images and
analysis of the various pillar sizes and morphologies observed).
The largest pillars and densest pillar populations were found
along the chloroform drying rings that resulted from solution
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casting, an observation that could inform future optimization
of this solution processing technique. Focused ion beam (FIB)
microscopy of individual hexagonal pillars revealed that these
structures do indeed exhibit six well-defined walls and a flat
hexagonal top (Figure 3c). Satisfyingly, the hexagonal
geometries of these pillars directly reflected the hexagonal
molecular packing observed in the crystal structure of 1,
supporting the notion that the pillars we observed were
composed of vertically aligned columns of 1. These pillars were
also successfully fabricated on multilayer graphene surfaces
grown on copper foil (Figure S4a). It is worth noting that
deposition of the nonfluorinated analog ([12]CPP) onto an
identical graphene—copper substrate produced no such
structures, and instead affords flat plate-like structures
consistent with the morphology of solution grown crystals of
[12]CPP (Figure S4b).

Further inspection of the hexagonal pillars of 1 revealed
preferential orientations on the HOPG surface, which is
indicative of epitaxial growth on the graphite lattice. We used a
home-built image processing algorithm to identify hexagons
and quantify their angles relative to an arbitrary normal. This
allowed us to map regions of high pillar density and analyze the
relative orientations of grouped pillars. Two distinct
orientations for a given area emerged, averaging at 26.0°
rotation and 49.5° rotation from an arbitrary normal, which
were observed in relatively equal quantities (Figure 3d). We
currently hypothesize that these populations represent two
energetically favorable orientations that 1 can adopt on the
HOPG surface. This notion is supported by a recent
theoretical study implying that nanohoops should indeed
exhibit energetically preferred orientations on graphene
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surfaces.”® However, while our findings clearly indicate
substrate-directed preferential orientation of the observed
hexagonal pillars, further studies are required to elucidate the
mechanisms behind the growth and orientation of nanohoop-
based structures on graphite. Interestingly, we observe that the
needle-like structures align to the graphite surface in multiples
of 60° (Figure 3e), consistent with the 3-fold symmetry of the
graphite lattice. This again supports the notion that the HOPG
surface exhibits a heavy influence on the growth and
orientation of the structures formed by 1. Importantly, this
well-templated growth offers the potential for deterministic
growth of hexagonal wires. For example, a graphene sheet
could be patterned into hexagonal growth templates, which
would likely facilitate localized growth of pillars.

We used energy-dispersive X-ray spectroscopy (EDS) and
Raman spectroscopy to provide additional confirmation that
the hexagonal pillars are indeed composed of fluorinated
nanohoops. EDS analysis of both pillars and needles produced
readily apparent fluorine peaks in addition to carbon
(Supporting Information, Figure SS). Solid-state Raman
spectroscopy of a single pillar yields a spectrum consistent
with previous solution based measurements of cycloparaphe-
nylenes (Figure 4a)."” Three previously reported peaks
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Figure 4. (a) Raman spectrum of a single hexagonal pillar of 1, with
peaks observed at 1201, 1278, 1401, 1604, and 1634 cm™. (b) (Top)
PeakForce AFM image of two hexagonal pillars and several needle-like
structures. (Bottom) cross-sectional cut of the AFM image (indicated
by the dashed white line) showing both the height of the hexagonal

pillars (blue) and the elastic modulus (orange).

associated with [12]CPP are observed at 1201 cm™' (related
to C—H bond bending), 1278 cm™" (attributed to deformation
of a benzene ring), and 1604 cm™' (related to C—C
stretching). Two additional peaks, located at 1401 and 1643
cm™!, which have not been seen in CPPs of any diameter, are
likely due to the incorporation of fluorine into the atomic
structure but could also be due to vibrational modes of the
supramolecular crystal. Taken together, the EDS and Raman
spectra are consistent with columns of 1 and are in agreement
with the atomic structure inferred from X-ray crystallography.

The hexagonal pillars formed by 1 were found to be
surprisingly flexible yet mechanically robust. During SEM
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imaging, we observed the pillars oscillating like cantilever
beams, possibly because of electron-beam-induced electrostatic
repulsion between neighboring pillars (see supplementary
video). This flexibility is likely a result of the noncovalent
assembly of these pillars, demonstrating an inherent utility of a
molecular crystalline approach versus assembly methods that
involve covalent bond formation.”® The out-of-plane modulus
of the hexagonal pillars, which provides a measure of material
stiffness, was found to be similar to those generally observed in
molecular crystalline systems.*” We used PeakForce atomic
force microscopy (AFM) to obtain topographical and
quantitative nanomechanical images of the pillars (Figure
4b). From this data, we determined that the pillars have an
out-of-plane elastic modulus ~12 GPa, about 2/3 that of the
HOPG substrate (Figure 4b). The relative flexibility of the
vertical nanowires composed of 1, both in- and out-of-plane,
suggest that this material can be potentially implemented into
flexible devices.*”

The bright fluorescence and emission wavelength of the
nanohoop building blocks were largely adopted by the
hexagonal pillars observed in the solid state. We found the
incorporation of fluorine atoms into the backbone of 1 to have
little impact on the molecule’s photophysical properties in
solution, in agreement with the observations of Yamago and
co-workers.*' Compared to emission profile of the parent all-
hydrocarbon [12]CPP in solution,*® the emission profile of 1
is blue-shifted by ~10 nm (Figure S4). In the solid state, the
fluorescence of 1 is retained and possesses a striking bright
blue emission from both the hexagonal pillars and needle-like
structures that form following solution deposition onto HOPG
(Figure Sa). The emission spectrum of a single-hexagonal pillar
reveals two maxima: one at 440 nm, which is also found in
solution (Supporting Information, Figure S6), and another
lower intensity peak at 480 nm, which is only observed in the
solid-state phase (Figure Sb). The absence of the second peak
at 480 nm in solution could be due to inhomogeneous
broadening,”" or might be indicative of phonon interactions
unique to the solid-state packing of 1. Fluorescence efficiency
was found to increase as photon wavelength decreases, before
beginning to saturate below 380 nm (Figure Sc), which is
consistent with a HOMO—-LUMO gap of ~3 eV and falls
within the HOMO—LUMO gap range of 2.71—3.63 eV that
has been calculated for [5]-[12]CPP.°* Given how the
fluorescence of 1 in solution directly translates to the bulk
phase, we expect that the capability to tune CPP properties via
size-alteration or functionalization®®””* will allow for the
precise tuning of bulk properties in these nanohoop-based
materials via the controlled, bottom-up functionalization of
nanohoop building blocks.

In conclusion, we have demonstrated the rational design and
synthesis of a fluorinated nanohoop (1) that, in the solid state,
self-assembles into hexagonally packed bundles of noncovalent
nanotubes that bear a striking resemblance to single-walled
CNT bundles. Furthermore, vertically aligned “forests” of these
hexagonal bundles were constructed on a HOPG substrate via
mild solution-casting conditions, which we expect will allow for
easy implementation of this material in future solid-state
applications. We attribute this preference for vertical growth to
the close matching of the respective lattices of 1 and the
HOPG surface, which we have supported experimentally via
relative angle analysis of both the hexagonal pillars and flat-
lying needles observed. The hexagonal pillars formed by 1 were
further characterized by Raman spectroscopy, AFM imaging,
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Figure 5. (a) False-colored but visually accurate wide-field
fluorescence image of hexagonal pillars and large needle-like
structures under UV excitation. The image brightness is enhanced
in the boxed region due to the lower fluorescence intensity of the
smaller structures within. (b) Emission spectrum at excitation
wavelengths ranging from 380 to 420 nm for the single-pillar shown
in the inset. Two emission peaks at 440 and 480 nm are apparent for
every excitation wavelength. (c) Maximum photoluminescence (PL)
intensity from (b) for both the 440 and 480 nm emission maxima
peaks as a function of excitation wavelength. The fluorescence
efficiency begins to saturate around 380 nm, which is at the limit of
our measurement range.

and fluorescence spectroscopy, the latter of which revealed that
these pillars retain the bright blue emission exhibited by 1 in
solution. The access to precise nanometer-scale channels
allowed by this material is expected to be particularly
advantageous in highly selective membrane applications.
Additionally, unique optical uses are foreseen due to the
material’s bright emission, which we predict to be synthetically
tunable to meet specific needs. More broadly, this study
provides an initial blueprint toward the design of self-
assembled tubular systems with the potential to mimic the
channel environments found within CNTs, albeit with
significantly greater control over channel diameter. We also
intend to explore this strategy as a means of preorganizing
molecular precursors for the precise bottom-up synthesis of
CNTs and other extended carbon nanostructures.
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