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ABSTRACT: Relative to the rich library of small-molecule organics, Crystal ”
few examples of ordered extended (i.e., nonmolecular) hydrocarbon
networks are known. In particular, sp®> bonded, diamond-like materials - e
represent appealing targets because of their desirable mechanical,

thermal, and optical properties. While many covalent organic

frameworks (COFs)—extended, covalently bonded, and porous
structures—have been realized through molecular architecture with

exceptional control, the design and synthesis of dense, covalent 2
extended solids has been a longstanding challenge. Here we report the

preparation of a sp’>-bonded, low-dimensional hydrocarbon synthe- Recticular chemistry for nanothreads and beyond |
sized via high-pressure, solid-state diradical polymerization of cubane

(CgHg), which is a saturated, but immensely strained, cage-like molecule. Experimental measurements show that the obtained
product is crystalline with three-dimensional order that appears to largely preserve the basic structural topology of the cubane
molecular precursor and exhibits high hardness (comparable to fused quartz) and thermal stability up to 300 °C. Among the
plausible theoretical candidate structures, one-dimensional carbon scaffolds comprising six- and four-membered rings that pack
within a pseudosquare lattice provide the best agreement with experimental data. These diamond-like molecular rods with
extraordinarily small thickness are among the smallest members in the carbon nanothread family, and calculations indicate one of the
stiffest one-dimensional systems known. These results present opportunities for the synthesis of purely sp>-bonded extended solids
formed through the strain release of saturated molecules, as opposed to only unsaturated precursors.

B INTRODUCTION The discovery of sp>-bonded carbon nanothread structures
formed by the controlled compression of aromatic precursors
such as benzene has stimulated interest in the rational design
of 1D nanomaterials accessible via high-pressure solid-state
chemistry.'”~*° The doping and functionalization of nano-
threads can be precisely engineered by introducing precursors
with heteroatoms® or exterior functional groups.”” Nano-
threads therefore collectively function as both nanomaterials
and chemically versatile hydrocarbon molecules. These
materials are predicted to uniquely combin;lightweight and

Theoretical studies predict numerous extended carbon net-
works that remain unsynthesized.' ™ In particular, extended
networks of sp® carbon similar to diamond represent appealing
targets, yet have proven to be exceedingly challenging to
synthesize.”> An alternative approach for realizing such
extended networks is high-pressure, solid-state polymerization
of carbon-rich molecules. For instance, unsaturated hydro-
carbons such as aromatics or acetylene have been suggested to
stabilize graphane (hydrographene) structures.”” Our previous

work also identified a three-dimensional sp® bonded “K4”-like high tensile strength/stiffness with elasticity.”*™" In addition,
crystalline hydrocarbon from a polymerized acetylene-benzene arrays of narrow, stiff, and straight nanothreads exhibit promise
cocrystal.*” High-pressure solid-state polymerization of mole- for advanced mechanical and thermal properti(zeg a3 bulk
cules offers access to unique, kinetically stabilized chemical materials, useful in a diverse range of applications.”™"
structures that are typically inaccessible by other meth- Although multiple molecules are known to undergo
0ds.*™'° Unlike porous polymers or covalent organic pressure-induced polymerization into nanothreads,"”*"*>*’
frameworks (COFs),'"'* which are constructed by linking

molecular building blocks via conventional chemistry, these Received: November 15, 2019

dense covalent structures are formed when the chemical Published: January 21, 2020

interactions of molecular systems are dramatically altered by
extreme pressure. > Thus, materials formed under high-
pressure are typically dense extended solids."*™'°
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the synthesis of a single-crystalline nanothread array with full
three-dimensional order has not been achieved. A single-point
defect can disrupt the long-range axial order, and thus only a
few nanometers of axial translational order has previously been
observed in nanothread crystals.'”*® Aromatic molecules
examined to date typically form nanothread composites
consisting of ~80% fully saturated degree-6 threads mixed
with partially saturated degree-4 threads, as well as disordered
material.>' Unlike aromatics, saturated molecules exhibit
extraordinary chemical stability under high pressure and are
therefore usually not considered as reactive precursors. This is
because of the non-negative volume of activation associated
with the polymerization of these molecules, which requires
bond cleavage before new bond formation can occur.”””**
However, an alternative way to synthesize a pure sp>-bonded
material is through radical polymerization of strained and
saturated molecules.”>™*” For example, anionic addition
polymerization of propellane results in rod-shaped “n-staffane”
molecules.’® The central inverse C—C bond of propellane is
cleaved and connected to adjacent monomers, resulting in a
rigid molecular rod.”” Recently, hypothetical nanothread
architectures built from adamantane have also been proposed
to have higher mechanical strengths than benzene nano-
threads.”® Similarly, cubane, which is an immensely strained
C,H, molecule with 90° C—C—C bond angles and 100% sp*
hybridization, should polymerize to form entirely sp® bonded
structures. The preparation of poly cubyl rods (or [n]-
cubylcubanes) generally requires single-electron transfer
between the 1,4-sites,” leading to dimers and oligomers with
freely rotating skeletons.’”** With the recent scalable synthesis
of cubane derivatives, cubane-derived porous frameworks
displaying selective adsorption of hydrocarbons have been
demonstrated.*'

Despite its immense strain energy, cubane is surprisingly
inert to pressure at room temperature, as reported in our
previous work.”* This inertness is attributed to a high energy of
activation associated with any prospective polymerization
reaction. The small volume change associated with the bond
cleavage and reformation event required for cubane polymer-
ization leads to a small PA*V work, which is not sufficient to
overcome the energy barrier and therefore results in robust
kinetic stability under room-temperature compression. We
herein demonstrate that a crystalline array of strained cubane
molecules can nevertheless be thermally activated and
subsequently polymerize into a crystalline extended hydro-
carbon network. Elevated temperature provides thermal
activation for the high-pressure polymerization reaction. At
temperature just above the isomerization temperature, the
—TA*S term becomes si%niﬁcantly more negative, which
lowers the A*G barrier.”” Furthermore, pressure greatly
enhances intermolecular interactions, which guide the reaction
toward novel cubane-derived scaffolds not yet realized. Distinct
from previously synthesized cubane-derived porous frame-
works,*" the poly-cubane synthesized here is dense and
composed of carbons bonded with tetrahedral connectivity.
These cubane-derived threads have a subnanometer thickness
of ~2 A, and thus represent one of the narrowest sp’
frameworks constructed by 4-fold-coordinated carbons with
tetrahedral angles.

B EXPERIMENTAL METHODS

Precursor Synthesis. Cubane was synthesized by a two-step, one-
pot Barton decarboxylation of 1,4-cubanedicarboxylic acid (Boron

Molecular, >97%) as previously reported.***>** Briefly, 1,4-
cubanedicarboxylic acid (1.0167 g, 5.291 mmol) was suspended in
a round-bottom flask with 25 mL of CHCIl;. A catalytic amount of
DMF and oxalyl chloride were added to the flask and the mixture
heated and stirred in an oil bath at 65 °C for 2 h, after which all solids
had dissolved and bubbling had ceased. Separately, sodium pyrithione
and catalytic DMAP were added to 25 mL of THF. The solution of
cubane-1,4-bis(acid chloride) in CHCl, was transferred to the sodium
pyrithione suspension and the mixture irradiated with UV light (~350
nm, 35 W) for 16 h under a N, blanket. Volatiles were removed and
the remaining solids were taken up in dilute HCI and n-pentane. The
yellow pentane fraction was dried over MgSO,, and volatiles distilled
into a liquid nitrogen-cooled trap under static vacuum.

Sample Loading. Cubane samples along with pressure calibrants
(ruby or gold particles) were loaded into DACs with culet sizes
ranging between 300 and 1000 pm. The DAC was prepared by
preindenting a Re gasket to a thickness between 40 and 50 ym or a
thin stainless-steel gasket to approximately 100 pym. The sample
chamber was prepared by drilling a hole into the center of indentation
with the size of roughly one-half of the diamond culet diameter.
Pressure was calibrated by measuring the florescence of ruby.** The
equation of state of Au served as a secondary pressure calibration in
order to determine pressure when internal stresses within the ruby
crystal gave exaggerated values.*> All samples were sealed to a low
starting pressure (<2 GPa) within the inert atmosphere of an argon
glovebox without any pressure medium.

High-Pressure Synthesis. Polycrystalline cubane was com-
pressed in the DAC to various pressures between 2—30 GPa.
Samples were held at the target pressure and heated to 250 °C for 24
h, after which they were cooled to ambient temperature and the
pressure was released to ambient. The synthesis temperature (250
°C) was selected to be just above the cubane isomerization
temperature, which has been shown to be sufficient to overcome
the barrier against symmetry-forbidden isomerization of cubane at
ambient pressure.*>*’ Additional synthesis runs were performed using
a large-volume multianvil apparatus at 12 GPa and ca. 250 °C, using a
standardized 14-8 assembly® with a Cr-doped MgO octahedron,
ZrO, insulator, graphite heater, and hexagonal boron nitride (h-BN)
capsule.

X-ray Scattering. X-ray diffraction patterns were collected at
GSECARS beamline 13-IDD, and the High-Pressure Collaborative
Access Team (HPCAT) beamlines 16-IDB and 16-BMD of the
Advanced Photon Source (APS) at Argonne National Laboratory. At
beamline 16-IDB and 16-BMD, a monochromatic beam of 4 = 0.4066
or 0.4246 A was focused on the sample, and diffraction patterns were
recorded on a MAR image plate. 2-D diffraction patterns were
processed and converted to 1-D patterns with intensity versus 26 or
intensity versus momentum transfer, Q, using the program
DIOPTAS.* Beamline 13-IDD used a wavelength of 0.3344 A, and
the X-ray beam was focused to ~2 X 2 um? using Kirkpatrick-Baez
mirrors. The microbeam was exceptionally useful for collecting
diffraction patterns from microcrystals. In addition, high-energy, high-
flux monochromatic X-ray scattering for high-resolution PDF analysis
was performed at beamline 11-IDB. A collimated 25 X 25 ym* beam
at 1 =0.2113 A (ca. 58 keV) was used to avoid clipping the Re gasket
hole edge. The high flux and energy of ~58 keV, which corresponds
to a peak in the undulator spectrum, provided strong elastic scattering
and a large Q range (0.5 to 23 A™") for high-fidelity PDF analysis.

Transmission Electron Microscopy. Samples were imaged using
an FEI Titan Krios G2 Cryo-TEM equipped with a spherical
aberration corrector and two direct electron detectors: the Falcon
3EC direct electron camera and the K2 direct electron detector,
strategically designed for low-dose imaging and spectroscopy,
respectively. Hydrocarbon samples are susceptible to electron beam
damage. Therefore, samples were imaged using the 300 kV TEM
platform under cryogenic conditions to minimize radiolysis damage.
The high-resolution images were collected at a dose rate of 40 e™/A’s
with a total accumulated dose of 480 e~/A2s using the Falcon 3EC
direct electron camera. Electron energy loss spectroscopy (EELS) was
performed in diffraction mode at a dose rate of 1.2 e~ /A% with an
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accumulated dose of 24 e™/A? using the Gatan postcolumn Quantum
968 energy filter on the Krios, which includes the K2 Summit direct
electron detector. Such ultralow dose conditions in combination with
a cryogenic environment mitigate e-beam induced sample damage
such as hybridization changes and amorphization, and direct electron
detection enables high-resolution imaging under these ultralow dose
conditions. The recovered samples were observed to be more stable
under the electron beam than conventional saturated hydrocarbons
and benzene nanothreads, possibly because of the high degree of
structural order and close packing.

Calculations. Geometry relaxations of the candidate crystal
structures were performed using density functional theory as
implemented in the VASP package.’® The PBE exchange-correlation
functional,®*™** and the projector-augmented wave method were
used.”*** Dispersion correction was included by the Becke-Jonson
damping DFT-D3(BJ) method of Grimme.***° The energy cutoff for
the plane-wave basis was 600 eV. A 0.2 eV Gaussian smearing and a k-
point mesh of 0.5 A~! were used. Metadynamics simulations®” were
employed to study the polymerization mechanism in solid cubane,
using scaled components of the edge vectors of the simulation cell as
collective variables and the evolution of the simulation cell with the
derivative of the Gibbs free energy with respect to the six collective
variables. Ab initio molecular dynamics simulations were also
performed under both uniaxial stress and hydrostatic compression
to investigate the reaction. Further details are provided in the
Supporting Information.

B RESULTS AND DISSCUSSION

Synthesis and Characterization of Polycubane. After
compression (4—30 GPa) and gentle heating at 250 °C, the
colorless cubane samples transform to a translucent yellow.
The color change is irreversible, signifying the occurrence of a
chemical reaction. Unlike volatile molecular cubane, the
recovered samples do not sublime (even under the high
vacuum inside the TEM column, <1077 torr), indicating that
they are no longer composed of small molecules. Powder X-ray
diffraction (PXRD) measurements reveal that the material is
highly crystalline, and micron-sized single-crystalline domains
can be visualized by optical and electron microscopy. In situ
temperature-dependent PXRD shows that the recovered
crystalline lattice remains stable up to 300 °C (Figure S1).
This is much higher than the melting point of solid cubane
(132 °C) but similar to rigid-rod hydrocarbon molecules.”®*’
These results indicate that a high-pressure, solid-state
polymerization reaction has converted the molecular cubane
precursor into an extended carbon network with long-range
order, and there is no evidence of a deviation from the starting
elemental composition.

The endogenous polymerization of solid cubane, which
largely preserves the initial structural topology, was confirmed
through in situ PXRD and infrared spectroscopy. Crystallo-
graphic indexing as a function of pressure indicates that the
molecular R3 phase of cubane retains its identity at 25 GPa
and shows only the expected contraction of the hexagonal
lattice (Figure 1a). After high-pressure heating for 24 h at 250
°C, the X-ray diffraction patterns maintain the same general
features, but the Bragg peak of the {101} planes shifts to a
lower angle, indicative of a change in the lattice associated with
the polymerization reaction (Figure 1b).

Furthermore, the diffraction data on decompression show
that the polymerized product exhibits a significantly lower
compressibility than molecular cubane (zero-pressure bulk
modulus of 14.5 GPa’"), as shown by the evolution of the d-
spacing of the {101} Bragg peak in Figure 1b. This decrease in
compressibility also strongly supports the formation of a
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Figure 1. (a) In situ powder X-ray diffraction analysis reveals the
structural evolution of cubane during high-pressure synthesis. The
blue curves represent PXRD patterns of R3 cubane upon compression
up to 25 GPa. The orange curves represent the PXRD patterns after
high-pressure heating and the subsequent decompression. (b)
Pressure response of the most intense {101} Bragg peak during the
compression of cubane molecules and the decompression of the
polymerized product. Inset: crystal structure of R3 cubane along the
[010] direction, which shows the nearest-neighbor molecular stack
and the closest intermolecular C---C separation, which is presumably
replaced with covalent bonds to create the irreversible lattice
distortion.

polymerized extended network with increased structural
rigidity. Infrared spectra obtained during polymerization
suggest oligomerization of cubane monomers within the
starting crystal and further support the topology-preserving
polymerization (Figure S2).

The total scattering function S(Q) (Figure 2a) derived from
synchrotron X-ray diffraction from a recovered multianvil
sample synthesized at 12 GPa reveals sharp Bragg peaks along
with broad scattering from an amorphous component. The
Bragg peaks index to a trigonal lattice with a = 5.984(2) A, ¢ =
10.527(5) A (DICVOL ° FOM = 161.5), and systematic
absences suggest the space group R3, the same symmetry as
molecular cubane, which supports a topology-preserved
polymerization reaction. The retention of R3 symmetry
would be remarkable as symmetry preservation after solid-
state polymerization is rare.”’ The recovered solid is denser
than molecular cubane (lattice parameter a = 6.296 A, ¢ =
11.735 A).”> After the polymerization process, the c-axis
decreased by ~5%, while the a-axis decreased by ~10%. Given
the similarity, it is presumed that the number of atoms per unit
cell (CgHg, Z = 3) is preserved after polymerization, which
gives an estimated density of 1.59 g/cm’ for the crystalline
recovered product (unit volume = 13.6 A>/CH).

Structural solution of the recovered material via PXRD is
challenging as there is only one strong peak and higher-order
peaks have extremely low intensities. However, pair distribu-
tion function analysis (PDF) is a powerful tool to determine
the local atomic environments. The Fourier Transform of the
total scattering function S(Q) gives the atomic pair
distribution function, g(r), which is related to the reduced
pair distribution function, G(r) = 4zp,[1 — g(r)], where p; is
the number density of scatterers. Figure 2b shows G(r) for a
recovered multianvil sample synthesized at 12 GPa. The first
peak at 1.55 A represents nearest-neighbor carbon-carbon
distances and indicates the presence of sp® single bonds (dC-
Caiamond = 1.54 A). This feature, along with the third neighbor
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Figure 2. (a) Powder diffraction pattern can be indexed to a hexagonal lattice with lattice parameters a = 5.984(2) A, ¢ = 10.527(S) A. The rapid
decrease in intensity of higher Q Bragg peaks is consistent with a tubular morphology (see main text). The inset shows a zoom-in view of the total
scattering function S(Q). The weak intensities of high Q reflections from the polycubane crystals are indexed and the Bragg peaks assigned to
hexagonal boron nitride (the capsule material) are labeled with asterisks. (b) PDF analysis shows tetrahedral carbon connectivity in the local
structure, along with characteristic Cg cages comprising the structural units of the proposed model shown in the inset. The color-coded regions
correspond to the carbon-carbon distances in (c). (c) Schematics showing that the C—C—C bond angle has changed from 90° to 111.6°, closer to
the tetrahedral angle (109.5°). The original diagonal distance of the square rings (2.2 A) from starting cubane is downshifted to 2.06 A, which
corresponds to the buckling of the cyclobutane rings in polycubane after strain release.

nm ‘ [0 1 0] zone

[111] zone

Figure 3. (a) High-resolution imaging with the inset FFT pattern reveals the low-dimensional structure. The arcing in the FFT has a d-spacing of S
A, which suggests that the lattice is expanding under electron beam radiation. (b) Selected area electron diffraction of a polycubane crystal viewed
along the [010] zone axis with the inset showing the diffracting ~1 pm single crystal. (c) Diffraction indexed to the [111] zone axis of the
hexagonal lattice. The schematics corresponding to each diffraction pattern indicate the orientation of the proposed model structure.

shell located at 2.57 A (characteristic of a tetrahedral carbon
structures with 1:1 C/H stoichiometry®>®"), clearly shows that
a tetrahedral network has been formed. Pristine square
cyclobutane rings diagnostic of cubane (2.2 A) are no longer
present in the polymerized material; however, a new peak at
2.0 A can be assigned to second-neighbor C-C distances across
buckled square rings and/or second-neighbor sp® C-H
distances, which should have low intensity due to the low

scattering power of H. In Figure 2c, the structural unit of the

17947

proposed polycubane architecture is shown and compared to
molecular cubane (structural models are discussed in detail
below). The proposed structure may be considered a chain of
fused cyclohexane rings (boat conformation) in a back-to-back
manner or buckled four-membered rings linked by alternating
vertices when viewed down the polymer axis (see Figure 2b
inset). Interestingly, these rings are strained and therefore
exhibit smaller distances compared to free-standing cyclo-
hexane rings.éA"65 The second nearest-neighbor shell in G(r)

https://dx.doi.org/10.1021/jacs.9b12352
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located at 2.06 A and the fifth nearest-neighbor shell located at
3.41 A can be assigned to the relaxed Cy cages that comprise
the backbone. It is proposed that the transformation driven by
the release of ring strain can lead to the observed down-shifting
of the second-neighbor shell at 2.0 A.

Bright-field transmission electron microscopy (TEM)
imaging of the sample performed under cryogenic conditions
shows long-range parallel striations, which are similar to those
observed in benzene nanothreads and other polymeric
materials like highly oriented polyacetylene (HOPA; Figure
3a).7% The ~5 A spacing between these striations is in
agreement with the strong diffraction peak observed by X-rays
(d =~ 4.7 A) for {101}. In addition, the azimuthal width of the
reflections observed in the corresponding Fast Fourier
Transformation (FFT) pattern closely resembles the electron
diffraction from carbon nanofibers.’” The observation of beam-
induced lattice dilation suggests the presence of a low-
dimensional structure (Figure S3). The {101} planes are
presumably associated with the interchain spacings or
interlayer spacings of a 1D, or 2D material. Therefore, these
van der Waals separations quickly expand upon inelastic
collision events which form phonons, free radical species, and
secondary electrons that cause heat, branching, and disruption
of the crystal lattice.”**”® The corresponding FFT pattern
exhibits 2-fold arcs which can be indexed to the {101}
reflections. The high-resolution imaging is accompanied by an
increase in the mosaicity of the crystal derived from the beam-
induced lattice dilation/distortion. This arcing phenomenon is
commonI}r seen in nanothreads and highly oriented polymer
samples.”' 7

The TEM image and the corresponding selected area
electron diffraction (SAED) pattern from a ~1 um single-
crystal of polycubane are shown in Figure 3b. The SAED
pattern, which exhibits excellent crystallinity, indexes to a
hexagonal lattice along (010) and absences are again in
excellent agreement with space group R3. In Figure 3c, we
observe the (111) zone of polycubane with the expected angles
between the sets of {101} lattice planes being 100° and 80°.
Given that (111) is perpendicular to (101), the (111) zone
provides information regarding the end-on packing of the
striations observed in Figure 3a. The 4-fold diffraction suggests
near-square packing of the constituents, which is also evident
across areas of a few hundred nm” with direct imaging (Figure
S4). In the Fourier-filtered image, the columnar points are
arranged in a perfect array with no deviation from the (111)
axis, which may indicate the near-perfect alignment of straight
polymer chains extended across ~150 nm of sample thickness.
When compared with most other carbon-based polymeric
materials, it is remarkable to observe a single crystal with full
three-dimensional order, as evidenced by the crisp diffraction
spots for SAED patterns over two different zones ({010) and
(111)). The schematics in Figure 3b,c present the views of the
proposed polycubane crystal structure (discussed below)
viewed along the [010] and [111] directions.

In addition to electron diffraction, electron energy loss
spectroscopy (EELS) is very useful for determining the
bonding in the material. Under cryogenic and ultralow dose
conditions (accumulated dose of 24 e™/A?), we were able to
obtain sufficient signal from a polycubane single crystal with
negligible beam damage using a direct electron detector. The C
Is spectrum shows negligible intensity at the 1s to #*
transition (Figure 4). In addition, the 7 to 7* transition peak is
not observed in the low-loss region and further confirms the

—— Polycubane single crystal -
—— Pure sp2 carbon standard

Intensities (A.U.)

I I I I
285 290 295 300 305 310

Electron Energy Loss (eV)

Figure 4. Carbon K-edge Electron Energy Loss Spectroscopy (EELS)
analysis of polycubane crystals overlaid with a 100% sp® multilayer
fullerene standard. The C-K edge spectrum shows that the
polycubane crystal is nearly 100% sp>-hybridized carbon as negligible
intensity is observed at 285.0 eV, assigned to the 1s to 7* transition.
The inset is a TEM image of the analyzed single crystal and the
corresponding selected area diffraction pattern.

absence of sp® carbon (Figure S5). Here, we provide direct
evidence for the formation of a nearly 100% sp® extended
hydrocarbon material by using a 100% sp* carbon precursor.
Radiation damage increases the sp” carbon content in the
sample via fragmentation of C-H bonds very quickly as dose
accumulates. Therefore, while higher dose is desired to reveal
fine structure, we have to strike a balance between beam
damage and signal to probe the pristine bonding environments.
Complementary X-ray photoelectron spectroscopy also reveals
a purely sp>-hybridized environment in the local structure of
polycubane (Figure S6).

Pressure Guides Polycubane Formation. Distinct from
conventional pressure-induced polymerization involving the
reaction of unsaturated bonds at room temperature, here
elevated temperature is also required to drive the reaction.
Pressure is clearly important, however, as heating cubane at
low pressure results in simple isomerization, what are the
specific roles of pressure and temperature during synthesis? We
hypothesize that the role of pressure during polymerization is
to provide selectivity for specific reaction pathways, while
temperature is needed to overcome kinetic barriers. In the
simplest model, A"V is a function of pressure and it approaches
zero as pressure increases because there’s simply not much
room for atoms to move in an extremely compressed system.*>
Therefore, the prearranged monomers can polymerize cleanly
if they are held in alignment in the solid state within van der
Waals distances appropriate for a diradical chain reaction.
Otherwise, the thermally activated reaction would produce a
mixture of cubane isomers/branched oligomers, ultimately
creating a disorder material. In fact, the intramolecular electron
transfer process for cubyl radicals is highly unfavorable;”* thus,
the unpaired spin radicals are either trapped and form neutral
localized “solitons” on the backbone or they form a covalent
bond with the neighboring cubyl radicals. It is presumed that
these solitons could contribute to the EPR signal observed in
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Figure 5. Novel extended hydrocarbon scaffolds constructed through molecular architecture of cubane. (a) Proposed mechanism for the formation
of cubane-derived 1D chain, 2D layer, and 3D network. (b) Comparison of the unit volume of the polymerized product observed in experiments
and the modeled cubane-derived scaffolds where the covalent connectivity extends in one, two, and three dimensions, which reveals the low-
dimensional nature of polycubane formed in high-pressure reactions. Black bars indicates the volume ranges for various CH models.

the 7ei(perimental spectrum of the recovered product (Figure
S7).

A series of synthesis experiments conducted at various
pressures from 2 to 30 GPa confirm the hypothesis that
pressure constrains reaction pathways. As shown in Figure S7,
the total scattering functions S(Q) of the DAC samples
synthesized at pressure above 25 GPa show good crystallinity
(i.e., sharp, intense Bragg peaks). The samples made at 12 GPa
exhibit reduced crystallinity while the Bragg peaks are still
clear, indicating that the extent of crystallinity diminishes with
decreasing pressure. Further reducing the synthesis pressure to
2—4 GPa results in samples with limited long-range order.
Interestingly, the {101} Bragg peak shows a systematic shift to
lower Q with decreasing pressure. This shift, together with
broadened peaks, suggests that alternative reaction pathways
are enabled at lower pressure. Without the guidance of high
pressure/uniaxial stress, thermally activated cubyl radicals can
pursue multiple pathways, which may result in shorter, kinked
chains, accompanied by loose packing to accommodate end-
group conformations (Figure S8).

Polymerization Pathways and Cubane-Derived Scaf-
folds. We now explore potential solid-state polymerization
pathways for molecular cubane and discuss the proposed
polycubane structural model along with other possible cubane-
derived scaffolds. The molecular R3 phase hosts three
equivalent nearest-neighbor stacks of molecules along the
(111), (211), and (121) directions in the hexagonal lattice
along which polymerization is most likely to occur. Cubane is a
molecule with cubic symmetry (O,,) and possesses three sets of
orthogonal square rings. Cleaving one bond on a square ring
will produce two radicals that could propagate and linearly
extend the covalent bonding along one-dimensional chains
(Figure Sa). Breaking two orthogonal bonds per cube could
extend the connectivity into two-dimensional layers. Similarly,
breaking and interlinking three orthogonal bond directions
produces a three-dimensional network. Figure 5b shows how
such hypothetical polymers are formed from the starting R3
phase. We emphasize that the density of the CH scaffolds
increases with dimensionality, which is attributed to the
replacement of van der Waals distances with covalent bonding.
The unit volume of the recovered crystal therefore becomes
important for determining the dimensionality of the product

(Figure Sb). The simplest 1D chains (with one bond between
cubes) exhibit the largest unit volume (~14.5 A*/CH), greater
than 2D layers (~12.25 A3>/CH) and 3D frameworks (~10.7
A%/CH). In fact, solid molecular cubane has an exceptionally
high density (1.29 g/cm?®, 16.8 A*/CH) as compared to other
hydrocarbons such as adamantane (1.09g/cm®) and poly-
acetylene (1.17g/ cm?).%” These hypothetical cubane-derived
polymers are dense extended solids with rigid sp® bonding,
distinct from COFs'' and 7-conjugated macrocycles.”

The experimental volume of 13.6 A’/CH, intermediate to
single-bonded chains and 2D sheets, suggests a low-dimen-
sional structure that retains some van der Waals spacings.
While cubane chains with only one bond between monomers
exhibit a larger volume than experiment, a series of multiply
bonded cubane-derived carbon tubes exhibit much better
agreement. A family of 1D structures can be constructed by
enumerating bonding between the different cube positions (1,
2, 3, and 4) of adjacent faces within a molecular stack. These
1D structures with two bonds between monomers exhibit a
volume range similar to experiment as indicated in Figure Sb.
In particular, “Cub-13" is 13.2 A’/CH. This tubular
architecture, constructed from face-aligned cubes with bonds
that propagate in opposite directions from alternating vertices
(ie., 2,2-meta-polycubane), can be considered one of the
smallest-diameter members within the family of carbon
nanothreads. This Cub-13 model was used in the interpreta-
tion of the PDF and SAED data above. More details about
enumerated 1D structures are presented in Figure S9.

It is also important to compare the experimental results with
other possible CH polymorphs. Several CH structures have
been proposed to be thermodynamically stable or metastable
and could potentially be obtained from the compression of
small CH molecules.'®”® For example, several proposed
graphane structures exhibit volumes from 11.12 to 13.65 A%/
CH depending on stacking geometry.”” Benzene polymer I1'°
possesses a volume of 12.8 A*>/CH, and the hypothetical 3D
polymorphs K,-CH,”® hex-CH,”” and R¢-CH™ all have
volumes near 9.65 A’/CH. Interestingly, we found that the
3D polymer Cub-3D, composed of building blocks similar to
[2,2,2]bicyclooctane, has a higher volume (10.7 A3/CH) and is
the lowest-energy structure among all of the hypothetical
cubane-derived polymers we enumerated. Figure S9 provides a
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Figure 6. Hexagonal cubane precursor crystal viewed from (a) the [111] zone axis and (b) the [010] axis, showing diffraction planes and their
interplanar spacings at 24.9 GPa with the orientation and simulated diffraction spots (inset). Once initiated, the polymerization propagates along
the (111) direction, which becomes the end-on view of the polymer array after the topology-preserved reaction. (c) Molecular dynamics simulation
shows that the diradical polymerization of cubane occurs spontaneously under uniaxial stress of 30 GPa. In the simulation, the reaction propagates
along three equivalent crystallographic directions, which are [111], [211], and [121], in good agreement with experimental observations.

detailed comparison of the heats of formation for cubane-
derived polymers. All of the proposed cubane-derived
polymers and other CH polymorphs have lower total energy
than molecular cubane (due largely to the release of stain
energy), providing energetic driving force for their formation.”®
While most 3D structures exhibit too small of a volume
compared with experiment, low-density diamond monohydride
(DMH) exhibits a volume near 12.7 A3>/CH and shows some
consistency with the local structure based on PDF analysis.”'
This higher unit volume is natural because these DMH
structures are constructed by punching holes in an ideal
diamond lattice and “healing” the dangling bonds with
hydrogen.®’ It is noted that a modified version of a DMH-
type structure, which can be viewed as interconnected chains,
could potentially agree with the experimental data, although
there is no clear reaction pathway to it from the molecular
cubane structure. Despite agreement with some XRD features,
most alternative CH polymorphs are not consistent with
experimental observations of crystal lattice and symmetry,
which is well constrained from XRD, SAED, and high-
resolution electron microscopy. Detailed comparisons with
other models are summarized in Table S9. In general, the
formation of noncubane derived CH materials from cubane
would require a drastic change in bonding topology, which is
unlikely based on in situ X-ray and IR studies. Therefore,
cubane-derived architectures represent the most plausible
structural candidates for the recovered crystalline material.
Overall, the Cub-13 nanothread model shows the best
agreement with experimental data. The relative diffraction peak
intensities are consistent with a cylindrical form factor, similar
to benzene-derived nanothreads as well as other one-
dimensional materials such as carbon and vanadium oxide
nanotubes.*”** Theoretical layered graphane structures could
give a similar diffraction pattern and some show similar local

structures (see Figure S10). Note that hydrogen atoms were
not taken into consideration in the PDF calculations, due to
their weak scattering power.84 However, again, straightforward
topological pathways from cubane to graphane do not appear
to exist and are unlikely based on crystal lattice and symmetry
(Table S9). We note, however, a deficiency of the Cub-13
nanothread model is that the final DFT-optimized structure
shows some deviation from the XRD and SAED experiments.
The DFT-relaxed model shows a distortion from the
experimentally observed hexagonal symmetry with a = 5.953
A b =5954A ¢c=10114 A a = 99.57°, B = 802° y =
115.46° (see the Supporting Information for a structural
model). Modified versions of this basic structural model with
alternate bonding sequences along the backbone and inter-
registry packing could lead to a range of structural variants (see
Table S9 and Figure S11).

To gain further insight into the reaction mechanism of dense
solid cubane, we performed metadynamics simulations®” at 10
GPa and 500 K. Metadynamics is a powerful technique to
improve the sampling of a system where ergodicity is hindered
by kinetic barriers. Initial polymerization was generally
observed to occur within the first 200 metasteps of the run
along the nearest-neighbor stack of molecules. Experimentally,
cubane remains stable®* down to C--C van der Waals contact
distances that are broadly characteristic of intermolecular
reactions for unsaturated molecules such as benzene, including
lattice phonon effects.”> Simulations of the reaction mecha-
nism thus reflect the importance of thermal excitation over a
reaction barrier against bond cleavage in the saturated cubane
system. The reaction should most easily propagate along this
direction, and the relaxed structures show one-dimensional
polycubane chains with one bond between the vertices of
nearest neighbors (Figure S12). This polymerization could
proceed along any of the equivalent stack directions, for
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example, (111) (Figure 6ab). The uniaxial stress component
of the applied pressure may potentially differentiate nominally
equivalent molecular stacks and guide the polymerization along
a certain direction, similar to the mechanochemical synthesis of
benzene nanothreads.*

First-principles molecular dynamics (MD) simulations were
performed to examine the influence of uniaxial stress and to
explore the possibility of forming additional bonds between
molecular units. Figure 6¢ shows structural snapshots at several
key steps during a MD simulation performed at 500 K with
uniaxial stress of 30 GPa applied along the nearest-neighbor
(111) direction. As shown in the snapshots, the stacks
spontaneously polymerize along the uniaxial stress direction
to form sp>-bonded carbon tubes (Figure S13) in the Cub-13
structure, identical to that found through structural enumer-
ation. The influence of uniaxial stress was also observed
experimentally by comparing DAC and multianvil samples.
DAC samples, which possess larger uniaxial stress, always
exhibit higher crystallinity and sharper XRD linewidths than
multianvil samples, even at the same nominal synthesis
conditions (Figure S14). While the Cub-13 structure was
observed directly in MD simulations, several other 1D
structures could potentially form though different reaction
pathways (Figure S9) as mentioned above. 1D polycubane
chains could further react to produce higher-dimensional
networks, (Figure S15). However, we did not observe a
tendency toward 2D or 3D structures in the metadynamics and
MD simulations. Cubane molecules in MD simulations
performed under hydrostatic conditions did not polymerize
at pressures as high as 60 GPa. To further probe the reaction
mechanism, we calculated the lowest-energy reaction pathways
using the Pallas method.*® We find that the lowest-energy
pathway at 25 GPa reflects the same mechanism observed in
our MD simulations with a barrier of 34 kcal/mol (Figure
S16).

The 1D structure predicted by MD simulations and
structural enumeration is also supported by the TEM results.
If this model is an accurate description of the crystal structure,
then ordered cubane nanothreads can be clearly observed on
the (010) zone. Given the exceptional ordering observed in
HRTEM images and the sharp reflections from SAED (Figure
3, cf. benzene nanothreads“), it is possible that these threads
possess identical orientations within the array and crystallize
with axial registry. Additionally, the rapid decrease of
diffraction intensity out to fifth order is also consistent with
a cylindrical form factor. A comparison of the form factors for
tubular and layered materials is summarized in Figure S17 and
Table S17. These TEM observations suggest that the topology-
preserved radical polymerization process creates an array of
rigid, rod-shape threads with consistent axial alignment and
minimal angular orientational disorder. The beam-induced
isotropic lattice expansion observed in the corresponding FFT
patterns of the HREM images also supports the indexing of the
end-on view along the (111) direction and the 1D nature of
the material. The calculated thread axes are only 4.9 A apart in
the model nanothread array, which is in close agreement with
HRTEM images.

As opposed to packing into a two-dimensional pseudohex-
agonal unit cell as observed in the benzene and pyridine
nanothreads, cubane nanothreads adopt a lower-symmetry
packing. Calculations show that the van der Waals cohesive
force of cubane threads (Cub-13) spontaneously drives a
square array of randomly oriented nanothreads into an ordered

17951

packing which gives crystallographic angles of 78° and 102°
(Figure S18), close to the experimentally observed pattern
viewed along the (111) axis. The driving force that leads to the
near-square packing could be the inherent 4-fold symmetry of
each individual thread and the ABAB staggered conformation
of the Cub-13 nanothread model. This efficient packing may
contribute the high hardness and elasticity (Figure S19). An
orientationally ordered packing of thiophene-derived nano-
threads that arises from an anisotropic azimuthal orientation
was recently reported.”” Paradoxically, these low-symmetry
packings signal a higher degree of structural order in the
nanothread arrays.

Among all of the potential hydrocarbon structures examined,
the Cub-13 nanothread model provides the best agreement
with experiments, and its spontaneous formation and
subsequent crystal packing were observed in MD simulations.
While we cannot fully exclude the possibility for other
structure types, the experimental observations combined with
simulation results provide strong support for a 1D nanothread
material, with potentially interesting mechanical properties.
One-dimensional carbon nanomaterials are of continuing
interest for their exceptional strength and stiffness. In the
present case, the sp> cubane nanothreads possess a rigid, cage-
like backbone over an extremely small thickness (~0.2 nm),
which should result in exceedingly large stiffness. The tensile
stiffness of one-dimensional systems largely depends on how
axial extension is accommodated by bond bending and bond
stretching. For example, carbyne polymer, which is a
hypothetical 1-D carbon nanomaterial, has ultrahigh tensile
stiffness (3.46 TPa estimated with a linear density model)
since 100% of the axial extension must be accounted for by
bond stretching.”’88 On the other hand, a single-wall carbon
nanotube was calculated to possess a Young’s modulus of ~1
TPa.*

Table 1 compares calculated Young’s moduli for various
nanothread structures using the linear atom density method,
which has been used widely to quantify the stiffness of
nanothreads and nanowires.”*”°° Within this method, the

Table 1. Comparisons of the Tensile Stiffness between
Cubane Nanothread and Enumerated sp® Nanothread
Structures Derived from Benzene

Young’s 1D Young’s
modulus modulus cross-sectional
structure (TPa) (1078 N) area (A%)”
cubane nanothread 1.19 12.69 10.7
(Cub-13)

achiral benzene threads
(3,0) tube (123456) 1.16 18.32 15.8
polymer I (135462) 0.98 1347 13.8
square (143562) 0.93 12.64 13.6
5—8 (135462) 0.90 13.36 14.8
polymer I’ (153624) 0.59 8.76 14.9
zipper (143562) 1.08 15.05 139
stiff, chiral benzene threads
polytwistane (143652) 1.11 15.52 14.0
stiff chiral 2 (136254) 0.73 11.50 15.8
siff chiral 3 (136425) 0.64 9.56 14.9
stiff chiral 4 (135462) 0.63 9.48 15.0

“The cross-sectional area is calculated by A = AV, where 1 is linear
carbon atom density and Vj is unit volume per sp® carbon atom in
diamond lattice (5.705 A%).%
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cross-sectional area term (A) in the definition of Youngs
modulus is replaced with AV, where the reference volume Vj is
the volume per sp® carbon in bulk diamond (5.705 A3/C). The
linear carbon density (4) is defined as the number of carbon
atoms (n.) per unstrained unit length (L,). Using this
methodology, the Young’s modulus (Y) and spring constant
(ko) for cubane can be directly compared to the values
enumerated for benzene thread structures.”” An alternative
method used to characterize the stiffness is the “1-D Young’s
modulus”.”" Results from this method are expressed in 1-D
stress (force) to avoid the ambiguous definition of a
nanothread diameter. Interestingly, we observe that the stiffest
benzene thread structures, such as polytwistane (143652) and
tube (3,0) (123456), have a higher 1-D Young’s modulus than
the cubane nanothread. However, when the cross-sectional
area is taken into account through the linear density method,
the cubane thread exhibits superior tensile stiffness (1.19 TPa),
even higher than tube (3,0), which is consistent with our
expectation for the ultrathin thread. Cubane-derived nano-
threads are thus a new 1-D sp® material that represents one of
the stiffest 1-D materials known.

B CONCLUSION

We have demonstrated that a crystalline nearly 100% sp*-
bonded extended carbon solid can be produced by the
thermally activated solid-state polymerization of the highly
strained and saturated cubane molecule. Molecular dynamics
simulations are in agreement with the experimental results that
a one-dimensional radical polymerization reaction can be
guided by the uniaxial stress component of the applied
pressure to produce a new diamond nanothread architecture.
We suggest that the solid-state polymerization route described
here may be applied to other classes of strained, saturated
monomers, and that the combination of temperature (to
overcome barriers) with pressure (to enhance pathway
selectivity) offers new avenues for exploration for the synthesis
of extended solid materials. The introduction of nano-
architecture through strained molecules provides access to
the kinetically controlled synthesis of materials with enhanced
control through various P-T conditions. Among all of the
theoretical structural candidates, the predicted cubane nano-
thread structure has an extremely small thickness (~0.2 nm)
and represents one of the smallest possible nanothreads with
calculated stiffness comparable to the most rigid structures
known.
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