
Resonant Two-Photon Synthesis of Carbon
Nanothreads
Background: Carbon  nanothreads  (also  known  as  diamond  nanothreads)  are  one-dimensional,  fully
sp<sup>3</sup>-bonded carbon polymers with exceptional predicted strength and stiffness . In 2015,
Badding  et  al. demonstrated  the  first  benzene-derived  nanothreads  by  compressing  liquid  benzene  at
extreme pressures (~20–30 GPa) .  The resulting material  consists  of  densely  packed,  sub-nanometer
carbon  threads  (diameter  ~6.5  Å)  whose  mechanical  properties  “may  exceed  that  of  sp<sup>2</sup>
nanotubes or high-strength polymers” . However, such high pressures pose a scale-up barrier. Importantly,
furan  (C<sub>4</sub>H<sub>4</sub>O)  is  a  less-aromatic  aromatic:  its  [4+2]  cycloaddition  barrier
(≈35 kcal/mol) is much lower than benzene’s (>46 kcal/mol) . Indeed, slow compression of furan in a
diamond anvil cell produced crystalline nanothreads at only 10–15 GPa  – the lowest reaction pressure
reported to date . These furan-derived threads feature oxygen-containing ether linkages in every repeat
unit ,  which  can  improve  composite  integration (e.g.  by  facilitating  intercalation  or  bonding  to
polymers) . 

Renewable Precursors: Crucially, furan can be sourced from biomass (e.g. agricultural waste) via furfural.
Furfural is produced by hydrolyzing and dehydrating hemicellulose (xylan) from lignocellulosic feedstocks

. In practice, cellulose and hemicellulose from industrial hemp, corn stover, sugarcane bagasse, etc., can
yield  furan  (often  through  a  furfural  intermediate)  in  high  purity  using  green  processes  (supercritical
CO<sub>2</sub>  extraction,  acid-free  hydrolysis,  etc.).  This  enables  a  carbon-negative,  solvent-free
supply chain for furan, aligning with sustainability goals .  Thus, the proposed route uses 100% bio-
derived, non-GMO precursors and avoids toxic catalysts or solvents.

Two-Photon Laser Initiation

Figure:  Jablonski  diagram  of  degenerate  two-photon  excitation.  Two  simultaneous  photons  (red  arrows)  are
absorbed to reach an excited state from the ground state, a process that can enable volumetric polymerization
deep inside a transparent medium .
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Instead of  thermally  or  UV-initiating the polymerization,  we employ  resonant two-photon absorption
(TPA) using  a  450   nm  femtosecond  laser.  In  TPA,  two  photons  of  sub-gap  energy  are  absorbed
simultaneously by the furan molecule, effectively summing to an excitation energy of ~5.5 eV (2×2.75 eV)

. In practice, this means using 450 nm (blue) pulses (100 fs duration, 1 kHz rep. rate) tightly focused
through the transparent moissanite anvil onto the furan sample. By choosing the photon energy to match
half the S<sub>0</sub>→S<sub>1</sub> transition of the pressurized furan crystal, the two-photon process
resonantly excites the molecules, triggering the [4+2] cycloadditions that form nanothreads. 

Two-photon initiation has critical advantages over one-photon UV: it is inherently three-dimensional. Because
the absorption probability is highest only at the focal point (where photon density is greatest), the laser can
write polymerization deep into the sample volume,  not  merely  at  the surface.  This  3D “volumetric”
polymerization is the same principle exploited in two-photon 3D lithography . In our case, it means the
entire  ~mm-scale  furan  core  can  be  converted  uniformly.  In  situ  Raman  monitoring  is  used  to  track
progress:  the  loss  of  the  ~1600   cm<sup>–1</sup>  sp<sup>2</sup>  ring  stretch  and  growth  of  the
~1330   cm<sup>–1</sup>  sp<sup>3</sup>  (diamondoid)  peak  indicate  polymerization.  Irradiation  is
stopped  once  the  sp<sup>3</sup>  Raman  peak  reaches  ~80%  intensity,  yielding  highly  crystalline
nanothreads. (This method mirrors published observations in furan DAC experiments, where fluorescence
rises sharply and Raman ring modes disappear upon nanothread formation .) 

High-Pressure Apparatus and Procedure

To achieve ~5 GPa uniformly over a large volume, we replace the small (~0.1 mm³) diamond anvils with
moissanite (6H-SiC)  anvils  and  plan  to  use  large-volume  piston-cylinder  presses.  Xu  et  al. (2000)
demonstrated that moissanite anvils can reach >50 GPa and have optical properties rivaling diamond .
Crucially, moissanite cells allow ~1000× larger sample volumes than diamond anvils , enabling gram-
scale yields. In practice, a tungsten carbide piston-cylinder outfitted with sapphire or moissanite optical
windows will  compress the furan to ~5 GPa. Laser pulses are delivered via an optical fiber through the
window, focused onto the sample. Raman spectra are recorded in situ to verify polymerization. 

Standard Operating Steps: -  Cell Loading: Prepare two ~5 mm diameter moissanite anvils with cleaned
surfaces. A 50 μm Re gasket is pre-indented and drilled. Load 99.9% pure furan (bio-derived) into the gasket
hole under N<sub>2</sub> to avoid contaminants. -  Pressure Ramp: Close the cell and increase pressure
slowly to ~5.0 GPa hydrostatically. Use ruby fluorescence or other calibrant to verify pressure stability. -
Laser Irradiation: Focus the 450 nm femtosecond laser through the moissanite window onto the furan.
Fire pulses at ~1 kHz. The sample is transparent at 450 nm, so the beam penetrates into the interior. -
Monitoring: Continuously record Raman spectra (every ~30 s). Initially, prominent ~1600 cm<sup>–1</sup>
(sp<sup>2</sup>)  peaks dominate.  As polymerization proceeds,  a  ~1330 cm<sup>–1</sup> (sp<sup>3</
sup> diamond) peak emerges and grows. Stop the laser when the sp<sup>3</sup> peak reaches ~80% of
the original sp<sup>2</sup> intensity (indicating ~80% conversion). - Recovery: Slowly decompress the cell
back to ambient pressure. Retrieve the solid product, which should be a white/tan nanothread-rich material.

Throughout, no high-temperature heating is applied; all reaction energy comes from the laser. This avoids
carbonization or loss of oxygen (a common problem in thermal compression). The ordered furan lattice at
5 GPa (Phase III) directs the [4+2] cycloaddition so that  unbranched, crystalline nanothreads form, rather
than amorphous carbon. (High-pressure spectroscopy studies show that furan already transitions to an
ordered solid by ~4–5 GPa.) 
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Properties and Implications

The  resultant  furan  nanothreads are  expected  to  combine  the  diamond-like  core  strength  of  carbon
nanothreads with built-in chemical functionality. Prior work shows furan nanothreads have >95% of carbons
with  single  C–H  bonds  (sp<sup>3</sup>)  and  only  trace  unsaturated/defect  sites .  They  pack  into
hexagonal crystals of ~6.5 Å diameter threads . Owing to the strong sp<sup>3</sup> network, these
materials  should  exhibit  astounding  stiffness:  predicted  Young’s  modulus  ~900   GPa  (far  above  steel,
approaching  diamond) .  In  practice,  they  promise  a  weight-to-strength  ratio unmatched  by
conventional carbon fibers or CNTs . 

Moreover,  the  presence  of  periodic  ether  linkages  (–CH<sub>2</sub>–O–CH<sub>2</sub>–)  along  the
thread axis grants chemical reactivity and compatibility with polymer matrices. This built-in polarity can
facilitate  bonding  to  resins  or  metal  intercalation,  enabling  truly  high-performance  bio-composite
frameworks.  Indeed,  Huss  et  al. note  that  oxygen  in  each  repeat  unit  will  ease  post-processing  (e.g.
metalation or exfoliation) for composite use . 

Importantly, moving from diamond DACs to moissanite-based large-volume presses yields a 1000× scale-up
(from mm³ to cm³ samples) . This jump in sample volume (from milligrams to grams per run) is critical
for industrial viability. Coupled with the 37% or greater reduction in required pressure (5 GPa vs. ~8–15 GPa
in prior approaches), the process stress on equipment is greatly reduced. Two-photon laser initiation also
means the reaction can occur at room temperature and without any catalyst, fulfilling a "cold synthesis"
paradigm. 

Advantages at a glance:
- Exceptional materials: Furan nanothreads combine diamond-like strength with tunable chemistry .
- Renewable feedstock: Uses bio-waste (hemp, corn, sugarcane) to produce furan via green chemistry .
-  Mild  conditions: Achieves  polymerization  at  only  ~5  GPa with  laser  assistance,  greatly  below previous
thresholds .
- Volumetric control: Two-photon laser allows 3D polymerization throughout the bulk (not just surface) .
- Scalable volumes: Moissanite/LVP approach enables gram-scale yields (∼1000× DAC) .
- No toxic catalysts or residue: Supercritical CO<sub>2</sub> extraction and acid-free methods ensure a clean
product stream. 

In  summary,  this  resonant  two-photon  method  unlocks  a  new  regime  of  cold,  scalable  nanothread
synthesis. It decouples polymerization from extreme mechanical shock by using precise photonic energy,
while leveraging sustainable inputs. If successful,  it  could render traditional carbon fibers obsolete: one
obtains ultra-strong, 1D carbon materials with inherent functionalization directly from plant waste. Such
nanothreads, woven into the “Hempoxies” composite matrix, would enable the first truly  post-petroleum
aerospace chassis, marrying top-end performance to a green supply chain.

Sources: Key facts and methods are drawn from recent literature on furan nanothreads and high-pressure
photochemistry ,  including the  referenced preprint  by  Landry  et  al..  The  two-
photon polymerization principles are well-established in photonics and materials science . 
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