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Abstract

One-dimensional sp3-bonded carbon nanothreads (DNTs) represent a frontier in ma-
terials science, offering extreme tensile strength and stiffness. However, current synthesis
routes rely on the pressure-induced polymerization (PIP) of benzene at extreme pressures
(> 20 GPa), a process that is energy-intensive and difficult to scale. This study proposes a
novel, sustainable pathway utilizing biomass-derived furan as a precursor. Unlike non-polar
benzene, furan possesses a permanent dipole moment and reduced aromatic stabilization,
features hypothesized to lower the activation barrier for polymerization. We present a re-
actor design integrating UV-transparent Moissanite (6H-SiC) anvils within a large-volume
press to couple ultraviolet excitation (300–400 nm) with static compression (∼ 8 GPa). We
hypothesize that UV irradiation induces [4+4] cycloaddition dimerization, creating “struc-
tural seeds” that propagate sp3-rich thread formation at pressures significantly lower than
thermal initiation thresholds. This work outlines the thermodynamic rationale, detailed ex-
perimental methodology, and a multi-modal verification framework (Raman, TEM, ssNMR)
to distinguish crystalline furan-derived nanothreads (FNTs) from amorphous polymers.
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1 Introduction

The discovery of diamond nanothreads (DNTs) via the compression of benzene marked a paradigm
shift in carbon nanomaterials, bridging the gap between carbon nanotubes (sp2) and diamond
(sp3) [1,2]. These materials exhibit exceptional stiffness and the potential for functionalization,
making them ideal candidates for next-generation composites and energy storage [3].

However, the “pressure gap” remains a critical barrier to commercial viability. Benzene-
derived threads require static pressures of approximately 20 GPa to initiate the collapse of the
aromatic ring into a saturated sp3 backbone [4]. Such conditions are restricted to diamond
anvil cells (DACs) with microscopic sample volumes (< 1µg). Furthermore, the reliance on
petrochemical feedstocks contradicts the growing demand for sustainable materials.

Furan (C4H4O), a heterocyclic aromatic compound readily derived from lignocellulosic biomass
[17,19], offers a compelling alternative. Recent computational and experimental studies suggest
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that furan’s reduced resonance energy allows for polymerization at lower pressures than ben-
zene [6,7]. Yet, thermal polymerization of furan often yields amorphous, disordered solids rather
than crystalline threads [8].

This study proposes a Photochemically Assisted High-Pressure Synthesis (PA-HPS)
approach. By leveraging the principles of high-pressure photochemistry [10,11], we aim to lower
the kinetic barrier to polymerization at moderate pressures (∼ 8 GPa), utilizing photon energy
to access excited-state reaction pathways that favor ordered 1D growth over disordered 3D
cross-linking.

2 Scientific Rationale and Hypothesis

2.1 The Dipole Advantage

Unlike benzene, which is non-polar, furan exhibits a permanent dipole moment (µ ≈ 0.7 D). We
hypothesize that under moderate compression (∼ 5–8 GPa), dipolar interactions will induce a
pre-alignment of furan molecules within the crystal lattice. This orientational ordering reduces
the entropic penalty of polymerization, potentially facilitating the formation of ordered stacks
prior to covalent bonding [6, 17].

2.2 Photochemical Initiation Mechanism

The transition from a planar aromatic molecule to a saturated thread is kinetically hindered.
We propose using Ultraviolet (UV) radiation (excitation wavelength λ ≈ 250–300 nm) to access
the S1(π → π∗) excited state.

• Hypothesis: UV excitation will trigger a [4+4] photodimerization event between stacked
furan rings. These dimers act as “structural seeds,” initiating a pressure-driven cascade
along the stack axis [11,13].

• Target Pressure: 8 GPa. This is chosen to be high enough to maintain steric confinement
but low enough to allow the necessary molecular rotation for cycloaddition, which is often
inhibited at > 15 GPa [10].

2.3 The Oxygen Question: Furan-Derived Nanothreads (FNTs)

It is acknowledged that the resulting material will not be a pure hydrocarbon “diamond” nanoth-
read. The retention of the oxygen atom within the backbone is expected, leading to heteroatom-
doped nanothreads (or polyfuran threads) [5,6]. Theoretical models suggest these ether link-
ages may alter the mechanical modulus but could introduce valuable dielectric properties absent
in pure DNTs [6].

3 Experimental Design

3.1 Reactor Architecture

To achieve UV irradiation at 8 GPa with larger sample volumes than a standard DAC, we utilize
a modified Walker-type module with optical access.

• Anvil Material: Synthetic Moissanite (6H-SiC).

– Justification: SiC is transparent to UV/Visible light (bandgap ∼ 3.0 eV) and signifi-
cantly cheaper than diamond [14,16].
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[Figure 1: Schematic of Moissanite anvil cell with UV light path]

Figure 1: Schematic of the proposed reactor using UV-transparent Moissanite (6H-SiC) anvils
to couple photon energy with high pressure.

– Limitation: SiC has a lower fracture toughness than diamond (KIc ≈ 3–5 MPa·m1/2).
The pressure is strictly capped at 10 GPa to prevent catastrophic anvil failure [15].

• Light Source: High-intensity UV-LED array (centered at 280 nm) coupled via fiber optics
directly to the anvil culet.

3.2 Precursor Preparation

Biomass-derived furan (≥ 99% purity) is distilled under an inert atmosphere to remove stabilizing
inhibitors (e.g., BHT) which could scavenge the radical species necessary for propagation [18].

4 Methodology

1. Loading: Liquid furan is cryogenically loaded into a metallic gasket (rhenium) lined with
a gold liner to prevent reaction with the gasket material.

2. Compression: The cell is compressed to 8.0 GPa at room temperature. Pressure is
calibrated using the fluorescence shift of a ruby standard included in the chamber.

3. Irradiation: The sample is irradiated for 4–12 hours. We will modulate the UV intensity
to control the nucleation density; lower intensity is hypothesized to favor longer thread
lengths by reducing competing nucleation sites [12].

4. Quenching: The sample is maintained at pressure for 1 hour post-irradiation, then slowly
decompressed to ambient pressure.

5. Safety Protocols: Furan is a volatile carcinogen and highly flammable [20]. All loading
occurs in a glovebox. Anvil failure protocols (blast shields) are in place due to the brittle
nature of SiC.

5 Structural Verification Strategy

Distinguishing ordered nanothreads from amorphous “pressure polymers” is the critical analytical
challenge. We employ a three-tiered characterization approach.

5.1 Raman Spectroscopy (In Situ & Ex Situ)

We monitor the disappearance of the C=C aromatic breathing modes (1400–1600 cm−1) and
the emergence of sp3 C-C/C-O modes (1000–1200 cm−1) [7,9]. A broadening of peaks indicates
amorphous disorder; sharp new peaks suggest crystalline thread formation.
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5.2 Transmission Electron Microscopy (TEM)

High-Resolution TEM (HRTEM) will be performed on recovered samples. We look for the
characteristic 6.5 Å inter-thread spacing typical of hexagonal packing in nanothread bundles
[1, 2].

5.3 Solid-State NMR (The Gold Standard)

Unlike Raman, ssNMR can definitively confirm the local chemical environment. We will utilize
13C Cross-Polarization Magic Angle Spinning (CP-MAS) NMR.

• Target Signal: A shift from aromatic resonance (∼ 140 ppm) to aliphatic ether resonance
(∼ 70–90 ppm). This confirms the saturation of the ring and the retention of the oxygen
atom in the backbone [2, 5].

5.4 X-Ray Diffraction (XRD)

Synchrotron XRD will be used to detect long-range order. The presence of sharp diffraction
lines (rather than a diffuse halo) is the primary metric for success regarding crystallinity [3].

6 Anticipated Results & Limitations

We anticipate a color change in the sample from clear (monomer) to yellow/brown (polymer)
upon recovery.

• Scalability: While 8 GPa is an improvement over 20 GPa, it still requires specialized
high-pressure equipment. The use of SiC anvils allows for scaling up to mm3 volumes, a
significant improvement over DACs [15].

• Product Purity: It is likely the product will be a mixture of ordered threads and amor-
phous domains. Separation via solvent washing/sonication will be attempted.

• Mechanical Integrity: The incorporated oxygen atoms may introduce “kinks” or weak
points in the thread, potentially resulting in a lower tensile strength compared to benzene-
DNTs.

7 Conclusion

This work presents a roadmap for the “Green Synthesis” of carbon nanothreads. By exploiting
the inherent dipole of biomass-derived furan and catalysing the reaction with photons rather
than purely thermal/baric energy, we propose a method to bypass the extreme pressure require-
ments of traditional synthesis. If successful, this method opens the door to Furan-Derived
Nanothreads (FNTs)—a new class of functionalized, ultra-strong 1D materials produced via
sustainable chemistry.
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