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Abstract: Compared with conventional, solution-phase approaches, solid-state reaction methods can provide unique
access to novel synthetic targets. Nanothreads—one-dimensional diamondoid polymers formed through the compression
of small molecules—represent a new class of materials produced via solid-state reactions, however, the formation of
chemically homogeneous products with targeted functionalization represents a persistent challenge. Through careful
consideration of molecular precursor stacking geometry and functionalization, we report here the scalable synthesis of
chemically homogeneous, functionalized nanothreads through the solid-state polymerization of 2,5-furandicarboxylic
acid. The resulting product possesses high-density, pendant carboxyl functionalization along both sides of the backbone,
enabling new opportunities for the post-synthetic processing and chemical modification of nanothread materials
applicable to a broad range of potential applications.

Introduction

While solution-based chemical synthesis is generalizable,
controlled organic reactions in the solid state are notoriously
challenging due to limitations such as geometrical/steric
constraints and multiple energetically competitive
pathways.[1] Nevertheless, generalized synthetic control of
organic reactions in the solid state with precision compara-
ble to traditional methods would enable a range of new
chemical species and synthons that are challenging or
impossible to obtain by solution-based chemistry.[2] High-
pressure synthesis represents an emerging approach to
control solid-state organic transformations that enables
novel reactions to produce new structural motifs and novel
bonding environments (e.g., sp3 carbon-rich structures).[3]

Carbon nanothreads are a novel class of one-dimen-
sional sp3 carbon nanomaterials formed at high pressure.
Since the initial formation of diamondoid nanothreads[4]

several synthetic strategies have been developed to limit the
number of potential reaction pathways and promote the
formation of chemically homogeneous products.[3b,5] As the
backbones of nanothreads extend in only one direction,
these ultrathin carbon materials are predicted to marry the

superlative physical properties of diamond with the flexi-
bility of traditional polymers.[6] The chemical composition of
nanothreads can be precisely controlled through careful
selection of small molecule precursors (e.g., benzene,[4,7]

pyridine,[8] pyridazine[5f]), giving them potential advantages
over comparable nanomaterials (e.g., nanotubes) for appli-
cation in varied fields including novel energy storage and
advanced structural materials.[6b,9] Nevertheless the forma-
tion of chemically homogeneous nanothreads with pristine
pendant functionalization remains a significant challenge.
Under nanothread-forming conditions, pendant groups can
undergo side reactions, resulting in the formation of chemi-
cally inhomogeneous, disordered materials that lack specific
chemical functionality.[5b,10] A reliable method for synthesiz-
ing chemically homogeneous nanothreads with stable func-
tionalization could enable a range of diverse applications
including drug discovery,[11] superabsorbent polymers,[12]

porous material synthesis,[13] and catalyst design.[14]

As a potential route to produce homogeneous function-
alized nanothreads, we investigated π-stacked, heteroatom-
substituted aromatics with pendant functionalization and
controlled reaction pathways based on molecular crystal
structure packing. Furans were selected as the oxygen
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heteroatom substitution reduces aromaticity and can guide
nanothread formation along a carbon-exclusive reaction
pathway, resulting in the formation of so-called “perfect”
nanothreads.[5c,d] Functional groups containing hydrogen
bond donors/acceptors were chosen due to the strength of
hydrogen-bonding interactions,[15] which we hypothesized
would stabilize the geometry under compression and mini-
mize potential intermolecular side reactions. Following this
approach, we report here the synthesis and characterization
of a chemically homogeneous crystalline nanothread poly-
mer, formed by the compression of 2,5-furandicarboxylic
acid (2,5-FDCA). The resulting carboxyl-rich product is
among the first pristine, homogeneous pendant-functional-
ized nanothreads, and presents new opportunities for the
post-processing of nanothread materials, including small
molecule adsorption and metal binding.

Results and Discussion

2,5-furandicarboxylic acid crystallizes[16] with molecular π-
stacking suitable for a topochemical-type reaction pathway
under compression (i.e., dc<�4 Å, Φ�25°, see Fig-
ure 1).[5f, 10] The ambient-pressure, closest-contact intermo-
lecular C� C distances of 3.28 Å indicate that the system is a
likely candidate to undergo a nanothread-forming intermo-
lecular [4+2] cycloaddition reaction, consistent with the
known mechanism for furan nanothread formation as
determined by solid-state NMR studies.[5c] While pendant
functional groups can cause unwanted side reactions result-
ing in the formation of chemically inhomogeneous products,
the carboxyl groups in 2,5-FDCA are stabilized in a hydro-
gen-bonding network, which may help preserve homoge-
neous functionalization during cycloaddition along the
carbon backbone.

To examine this reaction pathway experimentally,
ground powders and single-crystals of 2,5-FDCA were
loaded into diamond anvil cells (DACs) and compressed to
pressures up to 30 GPa while the structure and bonding was
monitored in situ using a combination of X-ray diffraction
(XRD) and vibrational spectroscopy. XRD patterns from
powder samples agree with the known molecular structure
and were readily indexed to a monoclinic P21/m cell (Fig-
ure 1D).[16] During compression, diffraction peaks shift to
lower d-spacings caused by the pressure-induced contraction
of the unit cell (Figure S1). Above 13 GPa, a 9% drop in the
unit cell volume, associated with a large decrease in the
molecular stacking direction (c-axis), indicates the onset of
nanothread formation (Figure 1). Simultaneously, the sam-
ple transforms to an orange color, which was previously
associated with nanothread polymerization.[5a,e,f, 8] Decreased
compressibility observed at higher pressures is indicative of
a denser covalent nanothread material. Single-crystal dif-
fraction measurements of 2,5-FDCA are in good agreement
with the powder data and show a clear splitting of Bragg
peaks with the same symmetry indicating a polymerization-
induced, single-crystal-to-single-crystal transformation (Fig-
ure S2).

In situ FTIR measurements show the clear onset of a
chemical reaction near 13 GPa, confirming that the changes
observed by XRD are due to nanothread formation. The
FTIR spectrum of 2,5-FDCA collected at low pressure is in
good agreement with previous studies, and no low-pressure,
polymorphic phase transitions occur under compression.[17]

Above �14 GPa, several new peaks at ca. 1163, 1103, 899,
and 717 cm� 1 appear, followed by additional peaks at ca.
1510 and 1282 cm� 1 above 17 GPa. Across the same pressure
range, peaks corresponding to sp2 C=C and C� H vibrations
decrease dramatically in intensity, disappearing entirely
above 19 GPa (Figure S3). In situ Raman spectra (Fig-
ure S4) indicate the sample becomes sensitive to laser
damage above 5 GPa and shows a loss of molecular vibra-
tional modes above the reaction onset pressure, consistent
with previously reported nanothread materials.[5f, 8]

PXRD of the recovered product (Figure 2A) shows
similar features as the original molecular lattice of 2,5-
FDCA, but with significantly shifted peaks caused by nano-
thread formation. The preservation of crystalline long-range

Figure 1. A) Starting molecular structure of 2,5-furandicarboxylic acid
(2,5-FDCA) showing local π-stacking at ambient conditions. dc is the
centroid distance between rings, dp is the distance between parallel
planes, ϕ is the slippage angle between ring centroids, defined by the
ring normal and centroid vectors; B) Nearest-neighbor [4+2] cyclo-
addition pathway; C) View of 2,5-FDCA along the molecular stacking c-
axis; D) Comparison of relative changes in unit cell parameters as a
function of pressure.
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order to d-spacings below 2 Å upon decompression is in
contrast to furan nanothreads.[5c,d] We hypothesize that the
improved stacking relative to molecular furan and the
enhanced stability provided by the hydrogen bonding net-
work in 2,5-FDCA prevents structural rearrangement of the
resulting nanothread polymer. The FTIR spectrum of the
recovered material (Figure 2B) also indicates a high degree
of chemical homogeneity, exhibiting sharp, well-defined
absorption features. Importantly, the presence of absorption
bands at ca. 1742 and 1238 cm� 1, due to carboxyl C=O and
C� O vibrations, respectively, confirm retention of the
carboxylic acid groups on the recovered nanothread. Nota-
bly, the shift in the C=O vibration to higher frequency
indicates a change in the attached furan ring from an
unsaturated to a saturated hydrocarbon, further confirming
nanothread formation.[18] Ordered carboxyl O� H vibrations
at ca. 3151 and 3125 cm� 1 also shift to a broader singlet at
ca. 3054 cm� 1 indicating retention of the hydrogen bonding
network between the resulting nanothreads (Figure S3).
Due to the broad � OH vibrations above 3000 cm� 1, sp3 C� H
stretching vibrations cannot be used to identify a nano-
thread-forming reaction. However, loss of the sp2 C=C and
C� H vibrations at ca. 1572 cm� 1 and 962 cm� 1 in the
recovered material demonstrate a change in the hybrid-
ization of the furan carbon backbone due to nanothread
formation.

To further understand the structure of the recovered
polymer we optimized packed syn-2,5-FDCA nanothreads
using density functional theory (DFT) for direct comparison

of experimental observables with calculated data (Figure 2).
While furan nanothreads have been found to form in the
anti-conformation[5c,d] (i.e., oxygens alternate sides along the
nanothread backbone) 2,5-FDCA forms nanothreads in the
syn conformation based on the stacking of molecular 2,5-
FDCA (i.e., all oxygen atoms aligned along one side of the
molecular stack). The calculated FTIR spectrum of the syn
polymer (hereafter referred to as syn-2,5-FDCA) is in
excellent agreement with experiment (Figure 2D), allowing
for the unambiguous assignment of the spectrum (Table S1).
For example, new peaks at 1271 and 1238 cm� 1 represent sp3

C� H wagging and sp3 C� H bending vibrations, respectively,
that are diagnostic of nanothread formation. Similarly,
Rietveld refinement of the diffraction pattern starting from
the DFT-optimized model confirms the structure of the
nanothread (Figures 2C & 3A). The recovered structure was
refined in a monoclinic lattice with cell parameters: a=

5.265(4) Å, b=16.918(5) Å, c=2.670(4) Å, and β=90.28(5)°
(see Tables S2&S3), in good agreement with a similar study
published while this manuscript was under review.[19]

Furthermore, solid-state 13C NMR of a sample synthesized
in a Paris-Edinburgh (PE) press shows six well-resolved
peaks at 167, 165, 146, 124, 89 and 58 ppm (Figure 3B). The
sharp peaks at 165, 146 and 124 ppm originate from residual
2,5-FDCA. The remaining broader peaks at 167, 89 and
58 ppm from the nanothread are assigned to sp2 COOH, sp3

O� C� COOH and sp3 C� H, respectively. Methanol washing
was found to successfully remove residual starting material,

Figure 2. A) Comparison of the integrated 1D XRD patterns at 1 atm for molecular 2,5-FDCA (black), and the nanothread phase recovered from
30 GPa (red), λ=0.4340 Å; B) Comparison of the FTIR spectra at 1 atm for molecular 2,5-FDCA (black) and the nanothread phase recovered from
24.5 GPa (red). Red boxes indicate peaks corresponding to sp2 C=C or C� H vibrations which disappear after reaction. Black boxes indicate
vibrations corresponding to carboxyl C=O and C� O vibrations, which remain in the nanothread; C) XRD pattern of syn-2,5-FDCA nanothreads at
1 atm (black points) with Rietveld refinement (red line), λ=0.4340 Å. The asterisk (*) indicates scattering from the Re gasket and has been
excluded from refinement; D) Comparison of the experimental FTIR spectrum of syn-2,5-FDCA at 1 atm (red), and the calculated (B3LYP) FTIR
spectrum for the DFT-optimized structure of syn-2,5-FDCA (black). Calculated frequencies, shown by arbitrary Lorentzian peak widths, were scaled
by 0.98 to match the highest intensity peak.
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providing a simple route to obtain the pure, chemically
homogeneous nanothread product.

This chemically homogeneous, densely functionalized
nanothread polymer represents a new kind of hydrogen-
bonded organic framework (HOF) material.[20] HOFs are
currently of broad interest due to their simple synthesis
procedures and unique gas uptake properties. Similar HOFs
and other carboxyl-rich polymers such as poly(acrylic acid)
are known to have unique sorption properties (e.g., super-

absorbent water uptake), and indeed, syn-2,5-FDCA nano-
threads immediately absorb moisture when exposed to
ambient air. This water absorption is accompanied by a
color change from orange to white along with significant
volume swelling of the material, loss of crystallinity and new
FTIR absorption bands associated with water uptake and
loss of periodic ordering between nanothreads (Figure S5–
S7). Solid-state 13C NMR measurements, demonstrate that
no chemical changes occur to the nanothread backbone
upon hydration. The hygroscopic nature of the sample was
confirmed by thermogravimetric analysis (TGA) which
shows an initial mass loss below 100 °C characteristic of the
loss of weakly sorbed water. TGA analysis also shows a
sharp 74.6% mass loss starting at 282 °C, indicating the onset
of thermal decomposition, consistant with the molecular
phase (Figure 4C). Preliminary water sorption capacity
studies carried out using the tea-bag method[21] reveal that
syn-2,5-FDCA increases in mass by 174% after 10 minutes
of direct water exposure. The hydrophilic nature of this
material warrants additional investigation for the sorption of
other small molecules and opens the possibility for novel
separation and storage applications using functionalized
nanothreads.

In addition to sorption properties enabled by functional-
ized nanothread surfaces, syn-2,5-FDCA opens new explora-
tions of more complex post-synthetic reactivity, which could
be used to precisely tune chemical and physical properties
across diverse applications including nanothread-based
nanoparticle/catalyst supports,[22] chemical sensors,[23] and
the formation extended porous structures such as metal–
organic frameworks (MOFs)[24] with nanothread linkers.
Recent theoretical studies indicate that doping nanothreads
with 3d transition metals can significantly alter their
electronic and magenetic properties,[25] however the incorpo-
ration of metals into nanothread systems has not been
demonstrated experimentally. The hygroscopic nature of
syn-2,5-FDCA indicates the carboxylates in this material are

Figure 3. A) Structure of the nanothread polymer, syn-2,5-FDCA, con-
taining 8 repeat units.; B) Comparison of the solid-state 13C CPMAS
NMR spectra for 2,5-FDCA (black), an unwashed PE press sample
(blue) containing unreacted starting material and nanothread phase
(see inset structural images for assignments), and a washed PE press
sample (red).

Figure 4. A) Reflected-light images showing samples of hydrated syn-2,5-FDCA before and after exposure to a variety of metal cations;
B) Comparison of the solid-state 13C CPMAS NMR spectra for syn-2,5-FDCA before (black) and after exposure to Zn2+ cations (red). Note the shift
in the COOH peak from 167 to 170 ppm indicating Zn binding; C) Comparison of the TGA curves for 2,5-FDCA (blue), syn-2,5-FDCA (black), and
syn-2,5-FDCA-Zn (red).
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chemically accessible for reactions such as metal binding. In
order to test the feasibility of producing metal-bound
nanothread structures, samples of syn-2,5-FDCA were
deprotonated and exposed to a variety of 3d transition
metals (Fe3+, Co2+, Cu2+, Zn2+) that are commonly used in
MOF formation, and have been shown to readily bind to
acid-rich polymers such as poly(acrylic acid).[26] Samples
exposed to Fe3+, Co2+, and Cu2+ all show distinct color
changes that persist after multiple washes, indicating
permanent metal coordination (Figure 4A). Solid-state
13C NMR collected on the sample exposed to Zn2+ shows a
shift in the carboxyl peak to 170 ppm (Figure 4B), consistent
with a carboxylate bound to a d10 metal (cf. 172 ppm in
MOF-5 (Zn),[27] 171 ppm in UiO-66 (Zr)[28]). Such a change
in the NMR spectrum of syn-2,5-FDCA confirms successful
metal binding to the nanothread backbone. TGA of the
same material exhibits two sharp decomposition features.
The first, with onset of 280 °C, is consistent with thermal
decomposition reactions, including decarboxylation of free
� COOH groups (Figure 4C).[29] This initial decomposition is
then followed by a region of stability between 380–725 °C
after which a second decomposition event is observed.
Similar TGA curves are commonly seen in materials rich in
metal-carboxylate interactions (e.g., MOFs).[30] TGA curves
of the other metalated threads showed similar changes in
the shape and onset temperature of thermal decomposition
upon metal coordination (Figure S8). These results indicate
that a wide range of metals may bind to the nanothread
backbone.

The metallation process of syn-2,5-FDCA results in
amorphous products, so the precise nature of metal binding
from a crystallographic structure is currently unknown.
However, the case of syn-2,5-FDCA-Co clearly reveals the
presence of open metal sites via reversible pink/blue color
changes related to changes in local coordination
geometry.[31] These materials are being investigated further
for their use as a new class of sorbent polymers, given that
systems with open metal sites have been shown to possess
unique and unusual gas sorption and chemical sensing
properties.[32] The successful incorproation of metals into
syn-2,5-FDCA represents an important proof-of-concept for
the development of transition metals into nanothread
systems, and opens the door to the possibility of using
nanothreads as independent synthons for the formation of
more complex frameworks (i.e., MOFs), as chemically
robust support materials, and other advanced applications.

Conclusion

In conclusion, we have shown how careful consideration of
molecular stacking geometry and functionality can be used
to produce chemically homogeneous, functionalized nano-
thread polymers via pressure-induced polymerization. Com-
pression of 2,5-furandicarboxylic acid to approximately
13 GPa induces a series of constrained [4+2] Diels-Alder
cycloaddition reactions, resulting in a chemically homoge-
neous sp3 furan backbone polymer that is functionalized
with a high density of carboxyl groups. This nanothread

exhibits potential superabsorbent properties, readily absorb-
ing ambient moisture. In addition, the pendant functionali-
zation enables the coordination of various 3d metal ions
suggesting the possibility for functionalized nanothreads to
act as a novel class of synthons. These results signify the first
example of deliberate, controlled post-synthetic modification
of a nanothread, which may ultimately lead to the develop-
ment of extended nanothread-based networks with a wide
range of novel physical properties.
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