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ABSTRACT: Carbon nanothreads, which are one-dimensional
sp3-rich polymers, combine high tensile strength with flexibility
owing to subnanometer widths and diamond-like cores. These
extended carbon solids are constructed through pressure-
induced polymerization of sp2 molecules such as benzene.
Whereas a few examples of carbon nanothreads have been
reported, the need for high onset pressures (≥17 GPa) to
synthesize them precludes scalability and limits scope. Herein,
we report the scalable synthesis of carbon nanothreads based on
molecular furan, which can be achieved through ambient temperature pressure-induced polymerization with an onset reaction
pressure of only 10 GPa due to its lessened aromaticity relative to other molecular precursors. When slowly compressed to 15
GPa and gradually decompressed to 1.5 GPa, a sharp 6-fold diffraction pattern is observed in situ, indicating a well-ordered
crystalline material formed from liquid furan. Single-crystal X-ray diffraction (XRD) of the reaction product exhibits three
distinct d-spacings from 4.75 to 4.9 Å, whose size, angular spacing, and degree of anisotropy are consistent with our atomistic
simulations for crystals of furan nanothreads. Further evidence for polymerization was obtained by powder XRD, Raman/IR
spectroscopy, and mass spectrometry. Comparison of the IR spectra with computed vibrational modes provides provisional
identification of spectral features characteristic of specific nanothread structures, namely syn, anti, and syn/anti configurations.
Mass spectrometry suggests that molecular weights of at least 6 kDa are possible. Furan therefore presents a strategic entry
toward scalable carbon nanothreads.
KEYWORDS: polymerization, carbon nanothreads, high-pressure, polymer, Diels−Alder

Carbon-based nanomaterials including zero-dimension-
al fullerenes,1,2 one-dimensional (1D) nanotubes3,4

and nanohoops,5−7 two-dimensional graphanes8,9 and
covalent organic frameworks (COFs),10−12 have garnered
interest in the scientific community owing to their excellent
chemical and physical properties. 1D-extended carbon-based
solids have emerged as intriguing nanomaterials for a diverse
range of applications such as fibers, nanocomposites, field-
emission applications, thermal connections, and thermal
management.13−15 Organic sp3-bonded polymeric nanothreads
are of particular interest owing to their high aspect ratio
diamond-like core, which is imagined to give them a
combination of high tensile strength and polymer flexibility.
1D-polymeric nanothreads have been synthesized from the

pressure-induced polymerization of aromatic molecules (e.g.,
benzene, pyridine, and thiophene) upon compression to 23−
30 GPa.16−21 Theory indicates that such materials possess
extraordinary tensile strength, flexibility, and tunable band
gaps,22−25 with potential utility in applications ranging from

catalysis and structural materials to biology.26 However, these
reactions are not easily scalable due to the high reaction
pressures needed to form covalent bonds. This presents a
significant bottleneck to the large-scale production of these
value-added polymers.
Production of nanothreads from molecules other than

benzene suggests that physical organic principles such as
electron delocalization and steric/substitution effects govern
their reaction, as opposed to topochemistry.27 Nuclear
magnetic resonance spectroscopic studies suggest that nano-
thread formation begins with a [4 + 2] cycloaddition between
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two molecules of furan, leading to regions of sp3 character,
along with further polymerizable sp2 segments.28,29 If so,
molecules with decreased electron delocalization and thus
lessened aromatic character will lead to more mild reaction
conditions, thus achieving product scalability.
Benzene and pyridine are stable molecules not known for

aromaticity-breaking reactions due to their intrinsic delocalized
resonance energies of ∼0.060 eV per π electron.30,31 Such
resonance energies are defined by the extra stability a molecule
possesses resulting from electrons being spread over the
entirety of the molecule. Molecules with larger resonance
energies >0.050 eV are still reactive; however, these are often
substitution-based reactions that restore the delocalized
network. Benzene and pyridine are cyclic arrays whose stability
arises from large delocalization; thus, they are not typically
vulnerable to addition reactions, likely necessitating higher
pressures to break this array and induce reactivity in
nanothread-forming reactions. Indeed, calculated activation
barriers for nanothread initiation (e.g., dimer formation) in
benzene and pyridine exceed 58 kcal mol−132 (the barrier for
benzene nanothread initiation has been calculated and can be
found in Figure S1); thus, high reaction pressures are
necessitated for reaction, and product scalability remains a
challenge. Recently, an aryl/perfluoroaryl supramolecular
synthon was produced that exhibited a lower reaction onset
pressure due to favorable noncovalent interactions; this led to a
lowered activation barrier for nanothread synthesis.33 To
realize lower reaction pressure, it is important to identify
molecules, or co-crystal systems, prone to addition reactions
that have a lessened barrier of activation.
In this regard, furan is a high-value target. Similar to benzene

and pyridine, the structure does comprise a cyclic array of π-
orbitals, yet the added stability from them is far less. The
electronegativity of the oxygen atom in furan reduces this
energy to only 0.007 eV per electron, meaning it is vulnerable
to addition reactions.34 Furan is also well-established as a
reactant par excellence for cycloaddition reactions, which is
important given nanothread formation is likely predicated on a
series of [4 + 2] cycloadditions.35 Combined, these features
result in a lessened aromatic character. We hypothesized that
furan should favorably lower the activation energies required
for [4 + 2] cycloaddition reaction, which is the likely initiation
step for nanothread formation, thus aiding in product
scalability. Despite this, prior approaches to polymerize furan
led to an amorphous product likely with a high degree of cross-
linking.36 The amorphous product and high degree of cross-
linking can likely be attributed to fast compression to 47 GPa,
which is exceedingly high, and enabling lesser-defined reactions
to result.
Herein, we report the synthesis of well-ordered crystalline

furan-derived nanothreads produced by slow compression and
decompression of single-crystalline and powder furan with a
reaction onset at 10 GPa. This system and approach produces
sp3-bonded crystalline carbon nanothreads at ambient temper-
ature with the lowest reported reaction pressure to date, which
is an important step toward the scalable synthesis of extended
carbon solids. In addition, the resultant polymers would feature
polar ethers in each repeat unit (Figure 1), with several distinct
conformers that align overall polarity transverse or longitudinal
to the thread axis. The presence of oxygen may facilitate
postpolymerization processing such as intercalation with
metals and/or Lewis acids, as well as exfoliation. Both of

these are prerequisites for applications as nanocomposites or
conducting thin-film materials.

RESULTS AND DISCUSSION
To gain insight into the effect of electron delocalization on
nanothread formation, we calculated the [4 + 2] activation
barrier for the dimerization of furan. That barrier was
determined to be 35 kcal mol −1, whereas ambient Diels−
Alder reactions (e.g., cyclopentadiene and ethylene) exhibit
activation barriers around 21 kcal mol−1.37 Benzene and
pyridine have been shown to polymerize into crystalline
nanothreads; however, their high degrees of aromatic character
result in large barriers greater than 46 kcal mol−1. The
combined calculations suggest that furan is a system which
should be expected to react at a much lower pressure.
To probe the importance of furan’s lowered aromatic

character on its reaction onset pressure, we performed two
independent compressions of single-crystal and powder furan
in diamond anvil cells (Figures 2 and 3). Liquid furan was

Figure 1. Regiochemical outcomes of continuous [4 + 2]
cycloadditions of furan affording syn-, mixed syn/anti-, and anti-
configured furan nanothreads.

Figure 2. In situ synchrotron powder X-ray diffraction (PXRD) of
the slow compression and decompression (↓) of furan to 15 GPa.
PXRD patterns show evolution of furan and nanothread reflection
(red dashed line) during high-pressure synthesis.
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loaded into a double-stage membrane diamond anvil cell38 and
slowly compressed at room temperature (298 K) to 15 GPa
over a period of 10−12 h. The compression rate began at 4.2
GPa/hour from ambient pressure up to 8 GPa; the rate was
then reduced to 1.8−2.4 GPa/hour above 8 GPa and slowed
again to 0.6−1.2 GPa/hour above 11 GPa. Liquid furan
solidified at ca. 1.4 GPa.36 The reaction was held at 15 GPa for
2 h and released to ambient pressure over 10−12 h at the same
rates as compression. Upon carefully opening the cell, an off-
white solid filled the reaction chamber.
In situ synchrotron powder X-ray diffraction (Figure 2)

revealed a new diffraction peak at 10 GPa, reflecting the onset
of reaction. This diffraction peak grew in intensity up to 15
GPa and persisted on decompression. In situ Raman
Spectroscopy (Figure 3) provides further evidence of furan
polymerization in the same pressure range. At lower pressures
(i.e., 2.4 GPa), the characteristic Raman modes of Phase IV
solid furan36 are observed: ring bending (879, 1048 cm−1),
ring stretching (1048, 1154, 1388, 1490, 1563 cm−1), C−H
bending (611, 743, 860, 998, 1067, 1179 cm−1), and C−H
stretching (3090−3200 cm−1). These frequencies increase with
increasing pressure. The lattice modes are largely super-
imposed in the tail of the laser excitation line and appear as a
structureless broad band. Above ca. 4 GPa, a phase transition
from the orientationally disordered Phase IV to the ordered
Phase III begins (Figure S2), as previously found through in
situ infrared spectroscopy.36 This indicates that solid furan at

this pressure is still somewhat disordered; given the phase
transition is slow, a mix of these two phases appears to exist up
to 15 GPa. Around 11.4 GPa, the fluorescence background
increased, indicating the onset of a chemical transformation
and is consistent with the formation of sp3-based connectivity.
The Raman modes weakened dramatically at 11.4 GPa and
disappeared at 15.1 GPa.

In Situ X-ray Diffraction of Furan Nanothreads. In situ
single-crystal X-ray diffraction during slow decompression
exhibits a distinct near-6-fold diffraction pattern (Figure 4a)

similar to those seen in previously synthesized nano-
threads.16−18,39,40 The furan-derived sample yields sharper
spots than do many other nanothreads in the literature. Three
similar but distinct d-spacings are observed at 4.75, 4.85, and
4.90 Å, relating to a near-hexagonal structure. Furan nano-
threads are expected to have a noncircular cross-section due to
the reduced symmetry of the furan ring compared with
benzene, consistent with a modest deviation from true 6-fold
symmetry. (Cylinders have an isotropic cross−section and its
densest packing should result in a hexagonal packing. The syn,
anti, and syn/anti furan nanothread structures simulated
through [4 + 2] cycloaddition pathways all have elliptical
cross-sections. The packing of ellipses is a more complex
situation and more packing arrangements can be built; see
Figure S3.) Previously reported reaction products from the
compression of furan have been amorphous,36 likely due to
cross-linking caused by fast compression and decompression to
higher pressures.16,17

Upon decompression from 1.5 GPa to ambient pressure
(Figure 4b), the distinct 6-fold spots indicative of high order
transform into a lumpy ring at 5.05 Å, with only vestiges of the
original near-hexagonal spots now at expanded d-spacings of
5.09−5.24 Å. Factors contributing to this marked trans-
formation could include (i) mechanical relaxation of defects
and/or syn regions in the backbone; (ii) loss of crystallinity
upon volatilization of unreacted furan molecules that may form
an integral part of the overall packing; (iii) melting of
unreacted furan changing the stress conditions on nanothread
crystallites; or (iv) the mechanical opening of the DAC causing
the crystal to break into smaller crystallites. In this regard, we
note that long-range translational order in two dimensions is
delicate, especially for packings with nonbonded interactions
between constituents, and thus may be prone to disruptions
that disturb this order. Understanding the origin of this
structural transformation remains a topic of future interest.

Simulated Diffraction and Nanothread Packing. The
experimental interplanar spacings for these three Friedel pairs
were compared to simulations performed at 0 K and 1.5 GPa

Figure 3. In situ Raman spectroscopy during slow compression.
The dot indicates the ruby Raman shift used for calibration. The
line break is to cut out the intense diamond mode.

Figure 4. X-ray diffraction collected down the nanothread crystal
axis on decompression at (a) 1.5 GPa and (b) ambient pressure.
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for packed furan nanothreads similar to prior analyses of
benzene and pyridine nanothreads17,18 (the SI provides all
simulated nanothread packings). Furan nanothreads are
expected to be more elliptical in cross section than benzene
and pyridine threads (Figure S3). We modeled their packing as
a 2D packing of ellipses.41 A thorough examination of possible
packings of ellipses led to the identification of three dense
packing structures wherein each ellipse has six touching
neighbors; these hexagonal packings are particularly appealing
here because of the high formation pressure of nanothreads.
Three types of furan nanothreadssyn, anti, and mixed syn/
anti (Figure 1)are the simplest outcomes of successive [4 +
2] cycloadditions; these were packed into the three dense-
packed patterns and relaxed at 1.5 GPa.
Good agreement between experiment and the predicted

interplanar spacings was obtained for the (anti)-B-2-b and
(anti)-C-2-a packings (Figure 5, notation explained in the SI).

These two are the lowest energy packings of all the relaxed
(anti) packings; they also have the smallest volume per C4H4O
unit (122 Å3 and 123 Å3, respectively). In addition, the angles
between the Friedel pairs of the (anti)-C-2-a packing closely
matched experimental data (Figure S8).
A mixed (syn/anti) structure cannot be ruled out, although

at least one d-spacing of such packings typically exceeds
experiment, since (syn/anti) has a larger cross-section than
(anti) and (syn). The B-1-a conformation most closely
compares to the experimental d-spacings and is also the lowest
energy of all (syn/anti) packings. In contrast, the all-(syn)
packings are generally too compact along at least one direction,
as they have the smallest cross-section of the three
conformations; the two closest are shown in Figure 5. Packings
of the (syn) conformation are generally higher in energy than
those of the (anti) and (syn/anti) conformations, presumably
due to steric repulsion of the oxygen atoms.
These comparisons cannot rule out some degree of mixed

(anti) and (syn/anti) conformation along the nanothread
axisnote that such mixtures preserve the long axis of the
elliptical cross-section and thus remain consistent with the
observation of a clear deviation from hexagonal crystal

symmetry. They are also accessible along a [4 + 2]
cycloaddition pathway, whereas a radical pathway is not
expected to preserve a consistent elliptic long axis. If the
orientation of the elliptical long axis were to wander, X-ray
diffraction would show a pseudohexagonal 6-fold with arcs
instead of the observed relatively sharp spots.
The relaxed (anti)-C-2-a and (anti)-B-2-b packings shown in

Figure 6a,b have very different unit cells. Nevertheless, they are

both consistent with the experimental single-crystal X-ray
diffraction. The monoclinic (anti)-C-2-a packing can be viewed
as a pseudohexagonal (γ = 121°) arrangement with the center
thread slightly off angle, while the rectangular unit cell of
(anti)-B-2-b has layers of threads of alternating orientation
within an overall pseudohexagonal array.
These results can be compared to prior X-ray diffraction

measurements of thiophene-derived nanothreads, which are
well-described by a monoclinic anti or syn/anti packing.19 In
thiophene-derived threads the steric penalty for syn is much
larger than for anti or syn/anti, presumably due to sulfur being
larger than oxygen.

Ex Situ Characterization of Furan Nanothreads.
Previously reported amorphous polymerized furan containing
O−H bonds, alkyl polyether segments, and CO bonds (a-
C:H:O) formed from the uncontrolled compression of furan
has a broad infrared (IR) spectrum.36 The spectrum is
relatively featureless from 500 to 700 cm−1 and has a large
hump from 800 to 1600 cm−1. In comparison, the recovered
solid from the slow compression to 15 GPa has more and
narrower absorbance peaks (Figure 7), suggesting a well-
ordered product. The peaks at 604, 834, 867, 993, 1140, 1169,
1258, 1281, 1485 cm−1 of the recovered material resembled
those of liquid furan.42,43 The most prominent feature in the
IR spectrum of the recovered solid was the peak between
2800−3060 cm−1, indicative of sp3 C−H stretching. This
provides further evidence that unsaturated furan reacted to
form a sp3-bonded carbon- and oxygen-based polymer. Weak
bands between 3060−3180 cm−1 are assigned to sp2 C−H
stretching, as well as a mode at 1610 cm−1 indicative of CC
stretching; these may arise from unreacted furan,42 dimers, or
oligomers of furan, sp2-bonded carbon in amorphous side
products, and/or defects along the nanothreads. A broad mode
centered at 3470 cm−1 and a peak at 1718 cm−1 were assigned
to O−H and CO stretching, respectively. We attributed
these signals to a possible ring opening of furan molecules, as

Figure 5. Experimentally observed d-spacings of each Friedel pair
at 1.5 GPa and room temperature compared to simulated d-
spacings. The bars indicate the estimated range for a 1−3%
thermal contraction to facilitate the comparison to the simulated
data performed at 0 K.

Figure 6. Simulated furan packings at 0 K and 1.5 GPa: (a) View
down the c-axis of the relaxed (anti)-C-2-a; (b) View down the c-
axis of the relaxed (anti)-B-2-b; (c) view perpendicular to the c-
axis of the (anti)-furan nanothread.
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observed in prior high-pressure studies.36,44,45 The peaks
between 800−1000 and 1200−1450 cm−1 are assigned to C−
H alkyl bending modes.
We calculated the IR absorption spectra of the three syn,

anti, and syn/anti structures. Of particular interest are several
modes from 450 to 760 cm−1 that are weak or not observed in
amorphous polymerized furan. These new modes divide into
two bands. Those from 450 to 620 cm−1 occur in the range of
calculated C−O−C wagging vibrations of syn, anti, and syn/
anti conformers. These modes are diagnostic of thread
structure, since syn- and anti-array oxygen atoms wag in
different ways along the thread backbone. The mode at 478
cm−1 aligns with a prominent mode at 483 cm−1 in the
calculated IR spectrum of syn furan-derived nanothreads. The
mode at 530 cm−1 is close to a calculated 518 cm−1 mode of
the syn/anti thread. The modes at 562 and 604 cm−1 are in the
range of a mode at 587 cm−1 of the anti nanothread structure;
however, the peak at 604 cm−1 may have some contribution
from unreacted furan.42 This moderate degree of alignment is
consistent with the possibility of a mixture of syn and anti along
the thread backbone. The band of modes from 650 to 760
cm−1 is in particularly close alignment with calculated
nanothread breathing modes, with the calculated syn breathing
mode being highest in frequency and the syn/anti mode falling
just below the anti mode, in agreement with the observed
shoulder on the left side of the asymmetric experimental peak
near 700 cm−1. Additional modes at 1018 cm−1 (symmetric
C−O stretching) and 1213 cm−1 (antisymmetric C−O
stretching and/or C−H bending) in the recovered nanothread
aligns well with intense modes present with the calculated syn,
anti, and syn/anti nanothreads. The modes between 800 and
1000 cm−1 are less characteristic of a specific nanothread
structure or may involve more complex structural motifs.
The furan nanothreads that are formed are likely a mixture

of different thread types. This could be mixtures of pure
nanothreads (i.e., a mixture of syn, anti, and syn/anti
nanothreads in the crystals) or a mixture of nanothreads
along the axis of the thread (i.e., portions of one thread being
syn, anti, and syn/anti). This is consistent with observations

from transmission electron microscopy of benzene-derived
nanothreads46 as well as the simulations of XRD data (vide
supra).
X-ray photoelectron spectroscopy (XPS) provided evidence

that a largely saturated carbon solid was recovered (Figure S9).
The C/O ratio in the recovered solid was 6.2:1 by XPS,
reflecting some loss of oxygen during the reaction. Assuming
that the surface of the recovered solid exhibited the same
composition as the bulk material, the disproportionate loss of
oxygen when compared to carbon may be from the formation
of CO2, H2O, O2, or organic species with more O atoms. The
most reasonable molecule lost may be water, since hydroxyl
moieties are seen in the recovered solid.

Larger-Scale Synthesis of Furan Nanothreads. The
reduced reaction pressure allows for larger (mg) samples to be
prepared with a Paris-Edinburgh (PE) press, a 5000-fold
increase in product compared to a DAC. For example, if the
DAC gasket hole has a radius of 80 μm and a height of 50 μm,
the mass of solid produced from complete consumption of
furan would be ∼950 ng. Thus, to achieve five milligrams of
the product using a DAC would take ∼5000 compressions.
The aforementioned characterization is routine for crystalline
threads achieved on the nanogram scale; realization of a
scaleup synthesis presents opportunities to further compre-
hend furan nanothread structure and properties.
Furan nanothreads produced in a PE press show sharp

diffraction with a d-spacing of 4.96 Å (Figure 8) with a second-

order ring at 2.48 Å, likely indicating polycrystalline nature
with nanothread crystallites smaller than the 200 μm X-ray
spot. Wide-angle X-ray scattering (WAXS) was also performed
on the recovered solid from a PE press. The observed
diffraction ring (Figure 8) from the bulk sample shows a ring
with a d-spacing closely matching that of the single-crystal
XRD from the fully decompressed recovered solid (Figure 4b),
confirming that the bulk sample also contains crystalline furan-
derived nanothreads.
The IR spectrum (Figure S11) features stretching modes at

2790−3000 (sp3 C−H), 3150−3160 (sp2 C−H), 1550−1690
(CC), 3430 (O−H), and 1712 cm−1 (CO), similar to
those observed through compression in a DAC. The region
below 1500 cm−1 was more diffuse, likely reflecting a greater

Figure 7. Transmission infrared spectrum of recovered solid and
comparison to calculated infrared spectra from three model
structure of furan nanothreads. Liquid furan peaks are also
overlaid for comparison (ref 42).

Figure 8. One-dimensional and two-dimensional XRD patterns of
furan nanothreads produced in a PE press from wide-angle X-ray
scattering and in-house XRD.
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degree of disorder, either on-thread or from secondary
amorphous component. The double toroidal anvils used in
the PE press have a lessened uniaxial pressure distribution:47,48

this may favor side reactions, as nanothreads often align to a
uniaxial pressure axis.17,18

PE samples are large enough to perform tests like
birefringence. Furan nanothread samples exhibit birefringence
under polarized light (Figure 9), consistent with the optical
anisotropy expected from a one-dimensional nanostructure.

High-Resolution MALDI Mass Spectrometry. The
furan-derived nanothread’s molecular weight (MW) distribu-
tion and compositional features were determined using high-
resolution Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS). Due to the limited solubility of
the nanothread, matrix-assisted laser desorption/ionization
(MALDI) was used to generate gas-phase ions for mass
analysis. MALDI MS is a laser-based ionization technique that
relies on the incorporation of a small organic matrix to
facilitates both desorption of the molecules from the solid
sample and their subsequent ionization.49,50 For the nano-
thread analysis, 2,5-dihydroxyacetophenone (DHA) was
chosen as this matrix is efficient in ionizing large polymers
including peptides and proteins.51,52

Once prepared, the sample was irradiated with a laser and
the mass spectrum was acquired (Figure 10). The most
abundant series of peaks, labeled with an orange circle, confirm
the presence of furan-derived nanothreads with peak spacings
of 68.02 Da (i.e., a single furan molecule) observed between
each of the oligomers encompassing the entire mass range.
Upon further examination, we detected multiple distributions
of nanothreads that are separated by individual furan
molecules. The identities of four furan nanothread distribu-
tions were determined through accurate mass measurement
and can be described as pseudomolecular ions to include a
protonated and sodiated species (e.g., [M + H]+ and [M +
Na]+ variants), along with derivations of the two.
To further elucidate the structure of the threads, collision-

induced dissociation (CID, MS/MS) was completed by
dissociating one of the sodiated oligomer molecules and
measuring the fragment ions. Figure 11 highlights the
fragmentation pattern that is observed. Upon dissociation,
we detected a successive loss of furan rings from the parent [M
+ Na]+ ion down to m/z 227; a loss of nine furan rings.
Subtracting two more theoretical furan rings resulted in a
remaining mass corresponding to the single sodium ion,
highlighted as theoretical peaks in Figure 11. It is this
combination of high mass accuracy measurements and
fragmentation data that confirmed the identity and structure
of the furan-derived carbon nanothreads.

Finally, to better understand the true MW of the
nanothreads, mid-mass and high-mass data were acquired on
the FT-ICR. To better visualize the resulting spectra, the low-,
mid-, and high-mass spectra were stitched together, and the
resulting broadband MS is presented in the Supporting
Information (Figure S14). It should be noted that the stitched
data appeared as three separate Gaussian-like distributions.
This is an artifact of the experiment and likely does not
represent the true intensity distribution of the carbon
nanothreads. However, we observed a deteriorating signal
around 6−7 kDa, suggesting the presence of threads with
approximately 100 furan rings. This loss of signal is likely due
to limitations in the mass range on the FT-ICR and not the
threads themselves. It is important to note that the most
prominent species detected is the sodiated oligomer,
throughout the entire mass range, which may suggest that
sodium could effectively interact with furan-based nanothreads
to enable other methods of processing.

Figure 9. Polarization analysis of a piece of a ∼1 mm nanothread
sample from a PE press (left) between crossed polars and (right)
with a 530 nm full waveplate. A fibrous piece with strong
birefringence can be seen at the bottom of the sample.

Figure 10. MALDI mass spectrum of the furan carbon nano-
threads. The most abundant distribution is highlighted in the top
spectrum. A detailed “zoom-in” highlights the multiple forms of
nanothread distributions present in the sample. Identifications are
based on accurate mass measurements.

Figure 11. CID fragmentation spectrum of a sodiated nanothread
is presented. The solid blue circles represent the fragment ions
detected after dissociation. The proposed structure is presented
and the mass error for each fragment ion is listed.
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CONCLUSIONS

The lower reaction onset for pressure-induced polymerization
of furan-derived nanothreads, ∼10 GPa, likely reflects the
reduced aromaticity of furan compared to benzene or pyridine.
These results may aid in selection of precursor molecules for
the synthesis of nanothreads at reduced pressures. This
reaction yields a primarily sp3 material with monoclinic
order, and mass spectrometry supports the inclusion of up to
100 furan units within the polymer backbone. There is good
agreement between experiment and simulated crystal packings
and IR response from thread structural models derived from a
series of [4 + 2] cycloadditions. These results suggest there is a
degree of regioirregularity in oxygen placements across the
axis. When the solid is decompressed to ambient pressure,
there is a significant lattice dilation and long-range well-defined
order is disrupted. This lattice dilation and also polar moieties
on the thread backbone may be helpful in their subsequent
dissolution and processing.
As furans can be produced from biomass in large quantities,

polymers based on them are being pursued with the desire to
sustainably transform abundant aromatics into high-value
products. While the 10 GPa reaction onset reported here is
the lowest achieved thus far for an ordered product, enhanced
protocols that exploit photochemistry, thermal treatment, or
catalysis might further lower the required pressure and also
provide avenues to control regioregularity in the resultant
polymers.

EXPERIMENTAL METHODS
Materials and Synthesis. A symmetric diamond anvil cell

(DAC) with a 500 μm culet (type IIA diamonds) and a spherical seat
diamond anvil cell (DAC) with a 250 μm culet (Washington
diamonds) were used for the synthesis of furan nanothreads. Stainless
steel gaskets were indented to 45−55 μm thickness and a 100−110
μm (for spherical seat DAC) and 160 μm (for symmetric diamond
anvil cell) diameter sample hole was drilled.53 Pressure was
determined in situ by ruby fluorescence.54 Liquid furan (≥99%
from Sigma-Aldrich) was filtered through basic alumina immediately
prior to loading in the gasket hole at room temperature in order to
remove the butylated hydroxytoluene (BHT) used as an inhibitor.
Powder furan was loaded by freezing a small amount of furan, placing
the solid on top of the gasket hole, and using the diamonds of the
DAC to crush the solid into the hole. Single crystals of furan were
grown by first loading liquid furan into the DAC. The pressure was
increased until the furan froze. The pressure was slowly decreased
until the solid furan began to melt. When there were a few small
crystallites left of solid furan, the pressure was slowly increased to
grow the furan single crystals.
Two sets of gas membranes and digital gas controllers were used to

control the rates of compression and decompression. Both
compression and decompression proceeded over 10−12 h between
∼1.5 and 15 GPa. It was held at 15 GPa for 2 h. The compression rate
began at 4.2 GPa/h from up to 8 GPa and then was reduced to 1.8−
2.4 GPa/h above 8 GPa and slowed again to 0.6−1.2 GPa/h above 11
GPa, with the same rates for decompression.
We used the same filtered furan for larger scale syntheses in a V7

PE press.55 Furan was loaded into encapsulated stainless-steel gaskets.
Liquid nitrogen was used to freeze the liquid furan into a solid to
ensure the gaskets were fully filled without trapped atmosphere; the
evaporated nitrogen gas further helped to exclude oxygen and water
from the atmosphere of the loading container. The samples were then
placed into a V7 PE press equipped with double-toroid polycrystalline
diamond anvils.47 The system was driven by an automatic oil syringe
pump, allowing for controlled pressure ramps. A pressure-load
calibration curve was used from previously reported data for the
double-toroid anvil design.56 The sample pressure was approximately

15 GPa at an oil pressure of 692 bar. When the oil pressure reached
547 bar, a slow rate of increase (1 bar/min) was employed in both
compression and decompression. Using the PE press, 4−5 mg of solid
can be produced consistently between runs when loading 21 μL of
furan into the gasket. This gives a yield of approximately 20−25% by
mass, assuming no furan volatilizes upon loading.

In Situ Raman Spectroscopy. Raman spectra were obtained by a
Renishaw inVia Raman spectrometer, with a microscope attachment,
using a 633 nm laser focused through a 20× long working distance
objective (NA = 0.35) into the DAC. A minimal laser power of 100
μW was used to avoid any kind of sample damage or side reactions.

X-ray Diffraction. The gasket samples recovered to ambient
pressure from the DAC were investigated at HPCAT beamline 16-
BM-D at the Advanced Photon Source. At 16-BMD, a 20 keV 5 × 5
μm monochromatic beam was focused on the sample and diffractions
patterns were collected on a MAR345 image plate detector.

X-ray powder diffraction patterns were collected at HPCAT
beamline 16-BMD. At 16-BMD, a 25 keV 5 × 5 μm monochromatic
beam was focused on the sample, and diffraction patterns were
collected on a MAR345 image plate detector. Diffractions were
collected by rastering over a 50 × 50 μm square in the center while
rotating ω by ±25 degrees in 2° steps.

X-ray single crystal diffraction patterns were collected at HPCAT
beamline 16-IDB. A 30 keV 5 × 5 μm monochromatic beam was
focused on the sample, and diffraction patterns were collected on a
Pilatus 1 M detector over ω = ± 29° with 1°/step.

X-ray diffraction patterns obtained from samples recovered from
the PE press were collected with Cu Kα1 (λ = 1.5418 Å) radiation
from a MicroMax-007 rotating anode generator using a Varimax VHF
monochromator. The beam diameter was 200 μm and collected on a
Mar345 image plate detector. The samples produced in the PE press
were collected by placing a piece in between two layers of 2.5 μm
thick mylar film.

Two-dimensional diffraction patterns were converted to one-
dimensional diffraction patterns using the diffraction software
DIOPTAS.57

The wide-angle X-ray scattering experiments were performed by
using an in-house SAXS/WAXS laboratory system (Xeuss 2.0 HR,
Xenocs, France) equipped with a microfocus sealed tube (copper)
with X-ray wavelength of 1.54 Å (50 kV, 0.6 mA) and a Pilatus3 R200
K detector with a sample to detector distance of approximately 150
mm. The scattering experiments were collected under vacuum at
room temperature, and integrated over a tilted circle profile to convert
2D images into one-dimensional scattering patterns of scattering
intensity I(q) (in arbitrary units) versus q (A-1).

Infrared Spectroscopy. We performed mid-IR absorption
measurements on the sample recovered from the DAC with a Bruker
Vertex V70 spectrometer equipped with a Hyperion 3000 FT-IR
microscope. Background spectra were collected of the air, under the
same experimental conditions, and subtracted using OPUS software.

MALDI FT-ICR MS. Mass spectrometry was completed on a 15T
FT-ICR MS (Bruker Daltonics, Billerica, MA) equipped with a
Smartbeam II 2 kHz frequency tripled Nd:YAG (355 nm) laser in
positive-ion mode. The matrix 2,5-Dihydroxyacetophenone (DHA)
was dissolved in a 9:1 solution of acetonitrile/water to a final
concentration of 15 mg/mL. The nanothread (ca. 2 mg) was
suspended in a small amount of toluene and gently crushed with a
spatula. Small pieces of nanothread were aspirated and then deposited
onto a MALDI target and allowed to dry. Following, 2 μL of DHA
solution was added atop and allowed to dry and cocrystallize with the
nanothreads. Data was gathered from m/z 100 to 10000 by acquiring
in smaller m/z ranges. The ion optics were tuned so that signal was
optimized for sensitivity at low-, mid-, and high-mass regions.
Resolving power was approximately 235000 at m/z 400. Laser power
was varied from 20−30%, and the number of shots was varied from 50
to 200. The CID experiment was performed by isolating the precursor
ions, fragmenting at 20 V energy, and coadding 50 spectra. Formula
assignments were made using Compass Data Analysis (Bruker
Daltonics).
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X-ray Photoelectron Spectroscopy (XPS). XPS experiments
were performed using a Physical Electronics VersaProbe II instrument
equipped with a monochromatic Al kα X-ray source (hν = 1,486.7 eV)
and a concentric hemispherical analyzer. Charge neutralization was
performed using both low energy electrons (<5 eV) and argon ions.
The binding energy axis was calibrated using sputter cleaned Cu (Cu
2p3/2 = 932.62 eV, Cu 3p3/2 = 75.1 eV) and Au foils (Au 4f7/2 =
83.96 eV).58 Peaks were charge referenced to CHx band in the carbon
1s spectra at 284.8 eV. Measurements were made at a takeoff angle of
45° with respect to the sample surface plane. This resulted in a typical
sampling depth of 3−6 nm (95% of the signal originated from this
depth or shallower). Quantification was done using instrumental
relative sensitivity factors (RSFs) that account for the X-ray cross
section and inelastic mean free path of the electrons.
Computational Methods. Geometry relaxations of the candidate

crystal structures were performed by density functional theory
implemented in the VASP package.59 The calculations were done
using the PBE exchange-correlation functional.60,61 Dispersion
correction was included by the Becke-Johnson damping DFT-
D3(BJ) method of Grimme.62,63 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 Å−1 were used. Simulated X-ray diffraction patterns were
calculated using the SingleCrystal software. [4 + 2] Cycloaddition
barriers and reaction energies are computed at the B3LYP64,65/6-
31G(d)66 level of theory using Gaussian 09.67

Three types of enumerated furan nanothreads, syn, anti, and syn/
anti, were optimized in a 20 × 20 × c Å (c is the periodicity along the
thread axis) tetragonal unit cell with a convergence force threshold for
ionic minimization 10−5 Ry/au. The IR absorption spectra for those
optimized structures were then calculated within density functional
theory using the PBE exchange-correlation functional implemented in
Quantum Espresso packages.68,69 The self-consistency threshold for
the vibrational frequencies calculation was 10−16 Ry. The acoustic
sum rules were imposed in order to correct the negative acoustic
modes owing to finite plane-wave cutoff. The calculated frequencies
were scaled by a factor of 0.98.
Optical Microscopy. Optical microscopy images were collected

using an Olympus BX61 optical microscope with crossed polarizers
with a 530 nm full waveplate.
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