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Double-helix supramolecular nanofibers assembled from negatively curved
nanographenes
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Abstract:

The layered structures of graphite and related nanographene molecules play key roles in their
physical and electronic functions. However, the stacking modes of negatively curved
nanographenes remains unclear, owing to the lack of suitable nanographene molecules. Herein we
report the synthesis and one-dimensional supramolecular self-assembly of negatively curved
nanographenes without any assembly-assisting substituents. This curved nanographene self-
assembles in various organic solvents and acts as an efficient gelator. The formation of nanofibers
was confirmed by microscopic measurements, and an unprecedented double-helix assembly by
continuous n-w stacking was uncovered by three-dimensional electron crystallography. This work
not only reports the discovery of an all-sp?>-carbon supramolecular n-organogelator with negative
curvature, but also demonstrates the power of three-dimensional electron crystallography for the
structural determination of submicrometer-sized molecular alignment.
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Main Text:

The layered structures of graphite and related nanographene molecules play a key role in their
physical and electronic properties (/—6). The well-ordered molecular alignment of nanographenes
and its structural determination are of interest in order to gain insight into a variety of carbon
materials. It is well known that the one-dimensional (1D) assembly of planar nanographenes (e.g.
hexa-peri-hexabenzocoronene) can be achieved by introducing suitable peripheral substituents
that tune solubility (Figure 1A) (7). The 1D assembly of bowl-shaped nanographenes was also
achieved by convex-concave n-n stacking along with non-covalent interactions (8§—/0). However,
the stacking modes of negatively curved nanographenes remains unclear, owing to the lack of
suitable nanographene molecules. In 2013, our group reported warped nanographene (WNG), a
large nonplanar nanographene containing five seven-membered rings (Figure 1C) (/7). In spite of
its large structure with 80 carbon atoms (CsoHso), WNG 1is soluble in various organic solvents
because its negative curvature hinders n-m stacking. During related works on WNGs (/2-15), we
found that a synthetic intermediate of WNG (1-biph) efficiently forms stacked n-n dimers in the
crystalline state (/2). Considering the high solubility of the WNG family and the existence of a n-
n stacking mode, we hypothesized that substituent-free 1D assemblies could be realized by using
negatively curved nanographenes (Figure 1B).

( h 1D assembly of negatively
1D assembly of curved nanographenes
planar nanographenes (hypothesis)

p
(R = 2-biphenylyl)

1D-assembling
negatively curved PAH Tt stacked dimer
this work No r-rt stacking in the crystalline state

Figure 1. 1D assemblies of nanographenes. (A) Assembly of planar nanographenes with
peripheral substituents. (B) Assembly of negatively curved nanographenes (hypothesis). (C)
Structures of warped nanographene (WNG) and its analogues (1-H, 1-biph).

Herein, we report the synthesis and 1D self-assembly of a newly designed nanographene 1-H
(CegH2g), a negatively curved PAH with 12 carbon atoms fewer than WNG (Figure 1C).
Serendipitously, we discovered that 1-H self-assembles in various organic solvents and works as
a highly efficient gelator that forms organic gels at concentrations of <1 wt%. Transmission
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electron microscopy (TEM) and atomic force microscopy (AFM) measurements confirm that 1-H
forms fibers with diameters of ~2.8 nm. The presence of efficient n-m interactions in the fiber
structures is supported by a bathochromic shift in the fluorescence spectrum of the gel state relative
to that of dilute solutions of 1-H. Finally, using three-dimensional (3D) electron crystallography,
the double-helix n-n stacking mode of 1-H in the supramolecular nanofiber was revealed.

The synthesis of 1-H was accomplished by a synthetic route analogous to that used to prepare
WNG as shown in Figure 2 (/7). We selected tetrakis(biphenyl-2-yl)corannulene (2) as the
precursor of 1-H. Fourfold Suzuki-Miyaura coupling of a regioisomeric mixture of
tetraborylcorannulene 3 (/6) with 2-bromobiphenyl afforded 2. A Scholl reaction (/7,18) of 2 was
brought about by the action of 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) and CF3;SOsH to
generate 1-H as a yellow solid in 56% yield based on 3. The 'H NMR and '*C NMR spectroscopic
analysis of 1-H suggest a C>-symmetric structure in solution, and high-resolution mass spectra
confirm a molecular formula of CssHos for 1-H.

pinB. O | X4
()
pinBBpin

3

Figure 2. Synthesis of 1-H. Reaction conditions: (i) Pd(dba);*CHCl3, SPhos, K3POs,
toluene/water, 100 °C, 24 h; (ii) DDQ, CF3SOsH, 0 °C, 3 h. Abbreviations: DDQ = 2,3-dichloro-
5,6-dicyanobenzoquinone; Bpin = 4,45 5-tetramethyl-1,3,2-dioxaborolan-2-yl; dba =
dibenzylideneacetone; SPhos = 2-dicyclohexylphosphino-2',6'-dimethoxybipheny].

During recrystallization experiments, it was discovered that 1-H works as an efficient
organogelator. When a CH>Cl solution of 1-H was slowly evaporated over the course of 1 day,
an organogel was formed (Figure 3A,B). To the best of our knowledge, there is no report of any
unfunctionalized aromatic hydrocarbon that works as an organogelator (/9-26). Intrigued by this
unique behavior, we conducted a detailed investigation of the gelating ability of 1-H in various
organic solvents (Figure 3C). Some chloroalkanes and aromatic solvents yield transparent gels at
low critical gelation concentrations (CGC; 0.2-0.8 wt%), indicating the high gelation efficiency
of 1-H. Slow diffusion of pentane vapor into solutions of 1-H in tetrahydrofuran (THF) and
1,1,2,2-tetrachloroethane (TCE) affords translucent gels with slightly higher CGCs (2.3 and 1.8
wt%, respectively) reflecting the high solubility of 1-H in THF and TCE. In hydrocarbons and
polar solvents (triethylamine, acetonitrile, alcohols, dimethyl sulfoxide, and water), no gels are
formed. In no case could single crystals of 1-H be obtained. This behavior stands in sharp contrast
to the structurally similar derivative 1-Cl, which readily forms single crystals (for details, see
Supplementary Materials (SM)).
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Figure 3. Gel formation of 1-H. (A) Gelation of 1-H. (B) Photo of the yellow organogel obtained
by partial evaporation of a solution of 1-H in CH2Cl. (C) Gelation properties of 1-H in organic
solvents. ¢ CGC: critical gelation concentration. ? J = jelly precipitate. (D) A UV—Vis absorption
spectrum (abs; solid line) and fluorescence spectra (FL; dotted lines) of 1-H in CH>Cl, and in the
gel state. The inserted photographs show the solution (left) and gel (right) under irradiation with
UV light (4 = 365 nm). Fluorescence spectra were recorded upon excitation at 350 nm (solution)
or 390 nm (gel). (E) A TEM image of a dried gel obtained from a CH>Cl; solution of 1-H. (F) An
AFM image of a dried gel obtained from a CH2Cl» solution of 1-H and the cross-sectional height
profile taken along the dotted line in the AFM image.

The photophysical properties of 1-H support the existence of intermolecular n-r interactions
in the gel state. In solution (CH2Cl,), 1-H shows absorption maxima at 264, 320, 369, 390, and
460 nm and exhibits blue fluorescence, with peaks at 475 and 502 nm and a low fluorescence
quantum yield (@r = 0.20) upon excitation at 350 nm (Figure 3D). These results in solution are
similar to those obtained for WNG (/7). By contrast, in the gel state, 1-H exhibits yellow
fluorescence, with the longest wavelength fluorescence peaks shifted bathochromically to 489 nm
and 521 nm (Figure 3D). These aggregation-dependent changes in the fluorescence spectrum
signify strong n-m interactions among the molecules of 1-H in the gel state (27-29).

In imaging experiments, the fibrous structure of 1-H in the organogel was observed using both
TEM and AFM (Figure 3E,F). The TEM image shown in Figure 3E establishes that 1-H forms
nanofiber structures in the gel state. The diameter of the thinnest fiber determined by the cross-
sectional height profile in the AFM image (Figure 3F) measures ca. 2.8 nm.

Finally, the nanofiber structure was fully analyzed by 3D electron crystallography. Needle-
shaped microcrystals of 1-H were collected from the supernatant of the gel obtained from a TCE
solution at room temperature. As shown in Figure 4A, the needle-shaped microcrystals were found
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by TEM measurement to have widths of around 0.5 pm. Electron diffraction patterns were
recorded at a specimen temperature of ~98 K (Figure 4B and SM for detail) by the electron energy-
filtered diffraction (¢éEFD) method (30). A total of 46 datasets were merged, and the high-
resolution limit was determined to be 0.85 A. The initial structure was successfully solved with a
space group P4> by molecular replacement, starting from the structure of 1-Cl, and direct phasing
also gave the same solution. As shown in Figure 4C, the molecular structure of 1-H was confirmed
as expected.

In the crystal, four crystallographically nonequivalent molecules (1-H-a—d in Figure 4D) were
found. Two of the four (1-H-a and 1-H-b) have the same helical chirality around the seven-
membered-ring moieties (PMP), whereas the other two (1-H-¢ and 1-H-d) have the opposite
chirality (MPM). Continuous nt-n stacking of alternating 1-H-a and 1-H-b units (Figure 4E) results
in the formation of homochiral nanofibers that mesh in the needle-shaped microcrystals with
adjacent nanofibers composed entirely of molecules having the opposite chirality (1-H-¢ and 1-H-
d, Figure 4F). Figures 4G and 4H provide a closer look at the molecular alignment structures
within a single nanofiber. Each nanofiber comprises a double helix structure wherein 1-H
molecules of the same chirality are stacked with 45° twist angles. Judging from the result that the
diameters of a single nanofiber (2.8 nm, Figure 4G) matches the height of the thin nanofiber found
in the AFM measurement (2.8 nm, Figure 3F), this supramolecular double helix alignment
beautifully accounts for the structure of the nanofibers found in the gel state. The pitch length of
the helix is 3.1 nm, and 8 molecules constitute a helical repeat unit (Figure 4H). These findings
clearly demonstrate the power of 3D electron crystallography for the structural determination of
nanometer-sized molecular alignments, even for cases in which single crystals suitable for x-ray
crystallography cannot be obtained.
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Figure 4. Structure of the nanofibers of 1-H revealed by 3D electron crystallography. (A) A
cryo-EM image of fibrous microcrystals distributed on a holey carbon film. (B) Representative
frames of electron diffraction patterns in a rotation angle of —4° ~ —3°. Concentric circles indicate
3.0, 1.5, 1.0, and 0.8 A resolution rings. (C) ORTEP drawing of 1-H with 50% probability
determined by eEFD. (D) Four crystallographically inequivalent molecules of 1-H; helical
chiralities (P or M) around the seven-membered-ring moieties are indicated. (E) A n-n stacking
mode of 1-H-a and 1-H-b. (F) Packing structure of 1-H along c axis; a unit cell is shown in gray.
(G) A double-helix nanofiber with its diameter and twist angle. (H) A double-helix nanofiber with
its helix pitch; a unit cell is shown in gray.

To prepare supramolecular stacks of nanographenes, chemists have historically relied heavily
on the use of assembly-assisting substituents. We have now discovered the first-in-class polycyclic
n-system, consisting solely of sp>-hybridized carbon atoms, that spontaneously stacks without any
assembly-assisting substituents. Our new, well-designed nanographene with negative curvature
self-assembles efficiently with offset n-n stacking (45° twist angles in the present case), ultimately
creating beautiful, double-helix, supramolecular nanofibers. Based on this discovery and its
revelation of a new guiding principle in supramolecular self-assembly, we expect that a number of
negatively curved nanographenes can be developed for new applications in materials science and
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biology. Moreover, this work not only reports the discovery of an all-sp?>-carbon supramolecular
n-organogelator with negative curvature, but it also showcases the power of 3D electron
crystallography for the structural determination of submicrometer-sized hydrocarbon molecular
assemblies. This ability to elucidate the layered structures adopted by negatively curved
nanographenes at the molecular level will accelerate the future development of carbon-based
materials science and technology.
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