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ABSTRACT: Synthesis of well-ordered reduced dimensional carbon solids with extended bonding remains a challenge. For
example, few single-crystal organic monomers react under topochemical control to produce single-crystal extended solids. We
report a mechanochemical synthesis in which slow compression at room temperature under uniaxial stress can convert
polycrystalline or single-crystal benzene monomer into single-crystalline packings of carbon nanothreads, a one-dimensional sp*
carbon nanomaterial. The long-range order over hundreds of microns of these crystals allows them to readily exfoliate into fibers.
The mechanochemical reaction produces macroscopic single crystals despite large dimensional changes caused by the formation
of multiple strong, covalent C—C bonds to each monomer and a lack of reactant single-crystal order. Therefore, it appears not to
follow a topochemical pathway, but rather one guided by uniaxial stress, to which the nanothreads consistently align. Slow-
compression room-temperature synthesis may allow diverse molecular monomers to form single-crystalline packings of polymers,
threads, and higher dimensional carbon networks.

B INTRODUCTION highly disordered like amorphous or nanoporous carbons or
Although the profound kinetic stability of carbon covalent derive from known periodic systems like graphite fluoride and
bonding vyields an extraordinary diversity of well-ordered intercalation compounds. Excepting the exquisitely tuned
molecular states, this versatility is not reflected in a similar geometries of a limited number of topochemically polymerized
abundance of well-ordered extended carbon-based solids. systems,”” the near-equilibrium conditions typically used for
Diamond, graphite, certain fullerenes, and some polymers production of compact, well-ordered solids tend to defeat the
form macroscopic single crystals;' > carbon nanotubes are well-

ordered along their length, but do not form large-scale Received: September 5, 2017

crystalline packings.* Most other solid-state carbons are either Published: October 17, 2017
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Figure 1. Predicted and observed nanothread crystal diffraction patterns. (a) Polytwistane crystal taken as representative of nanothread packing,
viewed down the hexagonal c-axis (threads are parallel to it) with a 6.5 A spacing and (100) planes 5.6 A apart and a side view down the b-axis. (b) X-
ray diffraction (300 ym CuK,, beam) for a nanothread crystal synthesized from polycrystalline, multiphase benzene shows a hexagonal pattern that
matches (c) predicted for the c-axis of the polytwistane crystal. (d) Diffraction after 90° rotation of the nanothread crystal, that is, approximately
along the b-axis, matches the pattern predicted in (e). Diffraction features marked with an asterisk in (d) are from the polymer loop mount.

Figure 2. Polarization analysis of nanothread samples from Paris—Edinburgh press. (Top) Mass of nanothreads synthesized from polycrystalline,
multiphase benzene between crossed polars. (Bottom) Nanothread fiber between cross polars. After rotation by 45°, transmission increases greatly in
the region that is thin and appropriately oriented, demonstrating the presence of strong birefringence. Rotation to 90° re-establishes extinction.

metastable configurational diversity of the carbon—carbon bond
that is so evident in organic chemistry. Materials properties
across many domains—mechanical, electrical, optical, chem-
ical—often depend critically on the length scale and character
of structural order. For example, amorphous silicon as a
material is as distinct from the single-crystalline form as single-
crystal silicon is from germanium. Macroscopic single crystals
can enable advanced applications and an understanding of
structure—property relations not possible for polycrystalline or
amorphous solid-state carbons.' Here we describe a dense, one-

dimensional sp* carbon-based material with near-single-crystal
character over macroscopic length scales.

Benzene exemplifies a large class of multiply unsaturated
molecules that can polymerize under pressure or by other
means to form multiply connected, extended carbon
structures.” Unfortunately, the six new, strong, covalent C—C
bonds emanating from each monomer shrink intermolecular
separations so dramatically that the products are typically
amorphous®” and bear no simple relation to the reactant
benzene phase II molecular crystal.” In contrast, the unit cell of
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Cgo molecules, which are much larger than benzene, shrinks
relatively little upon the formation of covalent intermolecular
bonds, facilitating a rare topochemical reaction with minimal
molecular motion to form a single crystalline extended solid.”
The irreversibility of C—C bond formation between molecules
such as benzene provides an additional challenge in realizing
crystalline extended solids through non-topochemical routes,
one that has been addressed in lower density, porous
frameworks by incorporating reversible boroxine bonds.’
However, if solid benzene is compressed slowly at room
temperature, a one-dimensional sp>-bonded product results:'’
These “carbon nanothreads,” depicted in Figures la and
) may combine the highest specific strength known with
flexibility, insensitivity to defects, and resilience.">'® However,
the nanothread samples reported to date have been polycrystal-
line, composed of multiple crystallites of different orientations.

Here we report mechanochemical synthesis of macroscopic
single crystals of nanothreads with order over much larger
dimensions, hundreds of microns, in a consistent, controlled
crystallographic orientation. A slower rate of ambient-temper-
ature compression of crystalline benzene monomer than
previously employed (see Materials and Methods in the
Supporting Information) reproducibly produces single crystals
of nanothreads aligned along a near-hexagonal ¢ axis, also the
axis of uniaxial stress (Figure la—e). They exhibit macroscopic
striations consistent with one-dimensional character (Figure 2
top) and exfoliate into fibers (Figure 2 bottom). Uniaxial stress
thus appears to select a direction of reaction within the three-
dimensional benzene phase II crystal, although it is likely that
monomer crystallographic orientation and geometrical packing
effects also play a role.'” The tendency of the stress to guide a
uniform direction of reaction is so strong that oriented
nanothread crystals form not only from appropriately oriented
single-crystals of benzene phase II but also from unoriented,
polycrystalline mixtures of phases I and II as well and in
different types of opposed-anvil pressure apparatus.

B RESULTS AND DISCUSSION

We compressed polycrystalline mixtures® of benzene phases I
and II (see Figure S2) to 23 GPa in a Paris—Edinburgh press
(Figure S3) over 8 h at 2—3 GPa/h from 14 to 19 GPa and
0.6—1.2 GPa/h from 19 to 23 GPa, held them at pressure for 1
h, and released them to ambient pressure over 6—8 h at the
same rates in the same pressure ranges as for compression.
When in situ measurements were performed, an additional time
of 1-2 h was spent at a group of particular fixed pressures,
though the above synthesis regime consistently produced
nanothread crystals. Diffraction patterns collected after sample
recovery to 0.1 MPa with an X-ray beam incident along the
prior compression axis reveal 6-fold arcs (Figure 1b) in close
agreement with the prediction (Figure 1lc) for the ¢ axis zone
[001] of a representative array of nanothreads with 6.5 A lattice
constant. This confirms the hexagonal unit cell obtained by
tentative indexing of a sparse one-dimensional powder
diffraction pattern.'’ (For reference, [uvw] indicates a real-
space diffraction zone axis, while (hkl) indicates a reciprocal
space diffraction plane and {hkl} a family thereof.) Multiple
crystals produced in separate synthesis runs all show a 6-fold
pattern (Figure 1b) under illumination with a 300 ym-diameter
laboratory X-ray beam, indicating that crystalline order is
macroscopic. The variation in arc intensities in Figure 1b
suggests that the crystal tilts slightly off [001]. The form factor
for a cylindrical shell of charge as wide as a nanothread drops

off rapidly with increasing scattering angle, thus the intensity of
the {100} reflections greatly exceeds that of all others in both
simulation and experiment (very weak {200} reflections are
observed with a synchrotron X-ray source, Figure S4).
Although these data provide compelling evidence for a
hexagonal close-packed lattice of cylinders of the same diameter
as nanothreads, they cannot discern which of the many
enumerated nanothread structures is formed, because the [001]
zone does not support 1 # 0 reflections.'* Rotation of the
crystal by 90° from the c-axis (Figure 1b) reveals 2-fold arcs
(Figure 1d) that match the {100} reflections predicted for a
beam incident along the [010] axis (Figure le), but alas no
reflections with 1 # 0: The nanothreads are thus likely axially
aperiodic (ie., either helical, short, or disordered along their
length, and possibly lacking thread—thread registry); long-range
axial periodicity likely awaits further advances in synthetic
protocols.

The presence of short 6-fold arcs rather than a uniform
diffraction ring shows that the nanothreads also order in the
hexagonal a—b plane (Figure 1b). Polymer fibers oriented
solely by stretching/extension or shear typically exhibit fiber
diffraction and thus lack this order, and in any case the shear-
driven flow in the Paris—Edinburgh press is perpendicular to
the thread axis. The 15—20° azimuthal full-width at half-
maximum of the 6-fold arcs (Figure 1b) and the width of the 2-
fold arcs (Figure 1d) are characteristic of a crystal with a
relatively large mosaic spread. We observe single crystals with
considerably smaller spreads in diamond cell syntheses, as
discussed next.

To gain insight into reaction conditions, synchrotron
diffraction data in situ in a diamond anvil cell were acquired
on polycrystalline mixtures of benzene phases I and II using a §
X 5 pum beam of 0.4067 A wavelength (Figures S5 and S6a).*
Reaction begins at 16—19 GPa (Figures S7 and S8), that is, we
recovered no nanothreads from samples compressed to only 16
GPa. Compression to 23 GPa reproducibly yields 6-fold
diffraction patterns which persist upon release of pressure
(Figure S6b). These patterns can be indexed to a monoclinic
cell with a unique crystallographic c-axis (the single cell axis
with highest rotational symmetry) angle of 117°, that is, very
close to hexagonal. For convenience, we refer to this cell as
“pseudohexagonal” and the six narrow arcs as a symmetry-
related set {100}. The threads again align closely to the
compression axis, which is again parallel to the X-ray beam.
These arcs (8—12° fwhm) are narrower in azimuth than those
of the Paris—Edinburgh samples (compare Figure S6b to Figure
1b), indicating a smaller mosaic spread in the a—b plane across
the sampling volume of the 5 X 5 ym X-ray beam. They also
have narrower 20 diffraction line widths (Figure S9). The
improved order may be due to larger uniaxial stress in the
diamond anvil cell.

Modelin§ suggests that nanothreads are much stiffer than
polymers,'® with persistence lengths of ~100 nm."> Consistent
with an ordered packing of aligned, stiff threads bound by van
der Waals forces (and unlike conventional hydrocarbon
polymers or polycrystalline materials), nanothread crystals
can be mechanically exfoliated into fibers (Figure 2 bottom)
just as graphite can be exfoliated ultimately to graphene.
Exfoliated fibers are birefringent, consistent with the optical
anisotropy expected from such a structure. Exfoliation into
single threads may provide nanoscale building blocks with
tunable strength and ductility that can be reassembled and/or
functionalized to control properties and processability.'®
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Figure 3. In situ nanothread diffraction at high pressure and deduced spatial relationships. (a) Indexed diffraction pattern collected upon increasing
pressure to 3.3 GPa for a phase II single crystal. Large dark spots are diamond anvil reflections. (b) Expanded view of diffraction pattern upon
increasing pressure to 23 GPa for phase II single crystal showing pseudohexagonal carbon nanothread {100} peaks beginning to appear. The inset
shows the benzene (100) peak neighboring the nanothread (100) peak; (010) is >30 counts above background, though difficult to see in the figure.
(c) a, b, and b—c columns of benzene molecules along which reaction to form nanothreads is considered; unit cell in blue. (d) Stereographic
projection of benzene phase II diffraction planes (hkl) and zone axes [uvw], showing the angular relationship at 23 GPa of the nanothread crystal
[001] c-axis to the benzene crystal [100] a, [010] b, and [011] b—c axes. Only the directions and planes on the “north” side of the projection are
shown (e.g.,, [100] is on the south side, 180° from [100]). (e) The monoclinic benzene crystal viewed down the unique b-axis, showing diffraction
planes and their interplanar spacings at 23 GPa with the orientation and spacing of diffraction spots in the inset. Diffraction planes for the gray spots
are not shown. (f) A monoclinic (pseudohexagonal, y = 117°) nanothread crystal viewed down the ¢ axis with interplanar spacings at 23 GPa.
Diffraction planes have the same scale as (d). Note the slight expansion required for the benzene (100) planes to form nanothread (100) planes and
the larger shifts required for planes at angles to (100).

It is remarkable that macroscopic aligned single crystals of
nanothreads (Figures 1b and S6b) emerge from polycrystalline
mixtures of benzene phases I and II compressed in both Paris—
Edinburgh and diamond cells in which each grain has a
complex three-dimensional crystal structure (Figures S3, SS,
and S6a; the diamond cell diffraction patterns confirm that
multiple phase I and II crystallites are in the X-ray beam before
reaction; similarly, neutron powder diffraction from two phase
benzene samples compressed in Paris—Edinburgh cells that

indicate they are polycrystalline (Figure S2)). The reverse of
this process, that is, single crystals breaking up into polycrystals
due to reaction-induced stresses, is much more common.

Benzene phase II hosts three crystallographically distinct
nearest-neighbor stacks of molecules (reaction occurs in
phase II, see below). One or more of these stacks may have
a geometry that allows collapse into threads by a radical or
cycloaddition mechanism."” In appropriately aligned crystal-
lites, uniaxial stress will preferentially bring the molecules in
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Figure 4. Constraining nanothread structure with experimental and calculated {100} interplananar spacings. (a) Interplanar spacings calculated for
candidate achiral and chiral nanothread structures at T = 0 (see Figure S1), including both ordered and disordered axial/azimuthal arrangements at
empirical and first-principles levels, to show which ones are consistent with the measured interplanar spacings in the nanothreads synthesized from
mixed phase I/II benzene. The anticipated shifts in the experimental data due to thermal contraction to T = 0 are depicted by orange bars, and the
full-width-at-half- maximum over 10 instances of calculated disorder is marked by vertical blue bars. Experimental nanothread {100} interplanar
spacings at ambient pressure are from sample synthesized in a diamond cell from polycrystalline, multiphase benzene. (b) Nanothread (100)
interplanar spacings during decompression. The threads again formed from a polycrystalline mixture of phases I and II in a diamond cell. Calculated
first-principles {100} interplanar spacings derived from lattice parameters are also shown for two representative nanothread crystals.

these stacks closer together (Figure S3). Once initiated,
reaction would most easily propagate along the uniaxial stress
axis, aided by packing constraints similar to those that operate
in nematic liquid crystals. The benzene stacks must contract
dramatically along the thread axis (by 40—50%) as nanothreads
form, indicating that the reaction cannot be topochemical and
further underlining the remarkable fact that well-ordered one-
dimensional crystals can be obtained from an uncatalyzed
room-temperature reaction involving carbon—carbon bonds.
Any crystallites not oriented to react would simply melt upon
pressure release; we observe benzene liquid coexisting with the
solid nanothreads upon recovery before it evaporates.
Remarkably, the order observed in the a—b plane (Figure 1b)
appears to propagate through the multiple crystallites selected
for reaction. Single-crystal PbS nanosheets have been
synthesized by uniaxial stress applied to unaligned packings
of nanoparticles, suggesting similar guiding roles for uniaxial
stress in the two cases.'” Speaking more speculatively, the
strong kinetic preference for the single lowest-barrier pathway
that is implied by our slow compression at low (i.e., room)
temperature may also, ironically, facilitate formation of well-
ordered nanothread crystals by suppressing less favorable
reactions that, for example, cross-link the nascent threads.

To further probe the importance of crystal alignment in
nanothread formation, we produced crystals of pure phase II
benzene inside a diamond anvil cell by annealing and analyzed
the resulting system in situ under pressure by the rotating
crystal method.**’ Step rotation and continuous wide-angle
rotation two-dimensional synchrotron X-ray diffraction patterns
were collected on crystals that were larger than the 5 X 5 ym
beam between —15° and 15° of w rotation angle about a
vertical axis perpendicular to the horizontal synchrotron beam
(the range being limited by the diamond cell geometry).” At
3.3 GPa, we observed a phase II single crystal (Figure 3a).
Upon compression to 23 GPa, five new diffraction spots
characteristic of a nanothread crystal were observed at @ = 15°,
reasonably close to the axis of compression (Figure 3b); we
index these spots with a pseudohexagonal cell and a unique c-
axis angle of 117°*' These results show that nanothread
synthesis does not require phase I, which in any case lacks
suitable benzene contacts (Figures SS and S10). The “slipped”
molecular stacks along the a, b, and b—c axes of benzene phase
II (shown in Figure 3c) are instead the most likely candidates
for intrastack reaction.'” To assess the spatial relationships
between the benzene phase II and nanothread crystals, we
determined their orientation matrices at 23 GPa.*’ The
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nanothread crystal that forms has its pseudohexagonal ¢ axis
oriented 15° from the axis of compression and close to midway
between the b and be stacks of the phase II crystal (about 27°
from either), as shown in Figure 3d. Reaction along the a axis
can thus be ruled out, since it is nearly orthogonal to the
nanothread ¢ axis, while the b and b—c stacks of benzene phase
Il remain viable candidates for nanothread formation."” In
accord with this conclusion, we observe no nanothread
diffraction peaks for a different phase II single-crystal sample
compressed to 23 GPa that had its ¢ axis, which has no stacks
suitable for reaction," parallel to the axis of compression and
the X-ray beam (see Supporting Information).

As the nanothreads emerge by reaction along a suitable
benzene column, a plausible origin of the increase in symmetry
from monoclinic benzene to the pseudohexagonal nanothread
crystal is the close-packing of extended objects with near-
cylindrical symmetry in two dimensions. The candidate b-axis
benzene stacks must undergo a large rearrangement to form
hexagonally packed nanothreads, for example, the cross-section
perpendicular to b must expand by ~45% along its short axis to
match hexagonal packing, as shown in Figure 3e,f. The spacing
of the candidate b—c stacks must change greatly as well (Figure
S11) as must any other (less likely) reaction stack. Such lar%e
geometric changes are not typical of topochemical reactions.””

Upon lowering the pressure on the single-crystal sample, the
sixth remaining nanothread reflection appears (it was likely not
within the range of available @ angles at 23 GPa), and all the
reflection intensities increase considerably (Figure S12ab and
S13). As the pressure drops, either further reaction to form
more threads occurs or the nanothreads that have already
formed optimize their hexagonal packing, or both. These
diffraction arcs are quite narrow (Figure S12a,b).

Although the existing diffraction data cannot uniquely
determine the atomic-scale structure along the thread axis,
the high level of precision in the observed pseudohexagonal
lattice parameters can be combined with careful first-principles
density functional theory, and empirical molecular dynamics to
significantly constrain which of the candidate nanothread bond
topologies (Figure S14) are consistent with the experimental
packing.** As shown in Figure 4a, simulations reveal that many
of these candidates are not consistent with the experimental
{100} interplanar spacings, in this case those measured at 0.1
MPa for the sample that was synthesized from polycrystalline
benzene (when shrunk by 1-3% to account for thermal
contraction to the T = 0 calculations).”**> Of those thread
structures that are consistent with the experimental lattice
parameters, polytwistane (143652) and tube (3,0) (123456)
both have a single symmetry-distinct carbon site, although on-
thread structural disorder could increase this number; others
such as rotationally ordered achiral-3 or achiral-5S have multiple
such sites, and expansion of the analysis to include degree 4
threads could yield additional options. Several other thread
structures examined are too loosely packed along at least one
dimension.

Based on the optimized packing geometries, we calculated
the lattice parameters of tube (3,0) and polytwistane within
density functional theory from 0 to 24 GPa and then back to
zero, with one thread per near-hexagonal unit cell (Figure 4b).
The compressibilities of both candidate threads match
reasonably well to the experimental decompression curves,
keeping in mind that the experimental data includes an
estimated 1—3% thermal expansion from 0 to 300 K. Modest
on-thread structural disorder that does not substantially change
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the local diameter of the thread is unlikely to significantly
degrade this agreement. One possible discrepancy is a steeper
upslope of the experimental curves below 3 GPa, suggesting
that slight imperfections in the experimental nanothread
packing may be squeezed out by moderate pressure; taking
this into account then favors the more densely packed options
in Figure 4a. The weaker nature of this discrepancy in the
single-phase sample of Figure S1S is consistent with this
scenario.

Bl CONCLUSIONS

The robust, reproducible formation of nanothread crystals from
benzene suggests that other unsaturated molecular crystals that
are unsuitable for topochemical reaction may nevertheless form
single-crystalline packings of polymers or nanothreads upon
slow uniaxial compression. For example, we have recently
synthesized single crystals of carbon/nitrogen nanothreads
from pyridine, which has a different crystal structure from
benzene (X. Li, unpublished results). Slow, cold compression
may thus provide a general route to synthesizing single-
crystalline packings of low-dimensional fully or partially
saturated carbon-based nanomaterials with extended bonding.
Uniaxial stress applied sequentially along different directions,
with each step performing only partial saturation, could create
higher-dimensional networks. Benzene can be thought of as the
smallest possible section of a graphene network and reacts
under uniaxial cold compression to form nanothreads. In
contrast, the graphene layers in graphite form crystalline
“transparent sp” carbon” that reverts back to graphite unless
quenched at low temperatures.”””’ The diversity of fully
(degree 6) and partially (degree 4) saturated nanothread
structures enumerated theoretically for benzene further
suggests that multiple structures might be accessible from a
single precursor molecule through appropriate control of
pressure, stress, temperature, photochemistry, catalysts, and
chemical initiators. These same parameters could also be
exploited to reduce reaction pressure,'”**7*° as could
precursors with reduced aromaticity. If the synthesis pressure
could be reduced to ~6 GPa (at which >10° kg/yr of diamond
abrasive is manufactured),’’ production could reach an
industrial scale.
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