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Carbon nanothread (CNTh) is a sp>-bonded one-dimensional
nanomaterial that was predicted to combine the extreme
strength with excellent flexibility. However, the reported CNTh
usually has a nonuniform intrathread structure, and the syn-
thesis of structure-specific CNTh is still a big challenge. Here,
we selected 1,2,3-trifluorobenzene (1,2,3-TFB) with strong dipole
as a precursor. By compressing 1,23-TFB to 20.1 GPa, a CNTh
with a “zipper polymer” structure is obtained. Under applied
pressure, 1,2,3-TFB are anti-parallelly stacked in column, and poly-

1. Introduction

Starting from organic molecules, bottom-up synthesis brings
many new members to the family of carbon materials, and
novel carbon-based materials with atomic precision is therefore
expected. Carbon nanothread (CNTh) is a novel one-dimensional
(1 D) diamond-like material that is predicted to have extremely
high strength (26.4 nN), stiffness (850 GPa), tenacity (4.1 x 10’
N-m/kg), and diverse applications like sensor, energy storage,
and nanoelectromechanical device.'3 More than 50 basic struc-
ture models of CNThs based on the pressure-induced polymer-
ization (PIP) of benzene were theoretically proposed, like tube
(3,0), polymer-l, polytwistane, and zipper polymer, et al.!**! and
their properties are closely related to the intrathread structures.
For example, tube (3,0) was predicted to have a band gap of
3.93 eV and high stiffness of 1.78 TPa,!”! compared with 8.1 eV
and 625.26 GPa of polytwistane.’®! Experimentally, CNTh was first
synthesized by compression of benzene.[>'?! Suffering from the
T-shape stacking and similar reactivity of the six aromatic carbon
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merize via selective sequential [4 + 2] polymerization between
H-carbon dienophile/F-carbon dienophile and F, H-carbon diene
within the column, followed by the “zippered” bonding of the
rest atoms. The obtained CNTh is highly hydrophobic with con-
tact angle of 124.6°. The excellent columnar anti-parallel -7
stacking and distinct reactivities of carbon atoms introduced by
the F-substitution are responsible for the high reaction selec-
tivity, which provides new insight for the precise synthesis of
atom-level ordered CNThs.

atoms, numbers of bonding pathways like [4 + 2] cycloaddi-
tion and para-polymerization compete in the polymerization
process, and generate various connections."! Introducing het-
eroatoms and effective 7 stacking of monomers can improve
the intrathread and interthread ordering of CNThs. Recently, sev-
eral aromatics including furan,!'”! thiophene,!™ and pyridazine™
were reported to polymerize into CNThs under high-pressure via
unique [4 + 2] cycloaddition, in obvious contrast to the multiple
competing reaction pathways in benzene. However, the interunit
bonds are typically limited to two, like ladder polymers, and
degraded their strength and stiffness, etc., comparing to pure-
carbon CNTh.™! On the other hand, arene and perfluoroarene
can form a sandwich-like stacking, which leads to pure-carbon
skeletal CNThs with good interthread ordering. However, the
intrathread structure is still controversial due to the similar reac-
tivity of the carbon atoms in perfluoroarene / arene molecules,
as discussed in the literature.l'*™® The synthesis of CNTh with
specific intrathread structure from aromatic hydrocarbons is still
very challenging.

1,2,3-Trifluorobenzene (1,23-TFB), in contrast to the perflu-
oroarene discussed above, is a polar molecule with partial
fluorination. Under external pressure, 1,2,3-TFB crystallizes in a
monoclinic lattice with space group C2/c as shown in Figure 1a.
The molecules are anti-parallelly stacked in columns along
c-axis, with the molecular plane approximately perpendicu-
lar to the c-axis, which provides an excellent geometry for
the preparation of ordered CNTh. In this paper, we synthe-
sized a structure-specific “zipper polymer” CNTh by compress-
ing 1,2,3-TFB to 20.1 GPa. The strong dipole and anti-parallelly
columnar stacking promoted the sequential [4 + 2] reac-
tion between specific carbon atoms, and therefore improved
the ordering of the CNTh. The obtained F-modified CNTh is
highly hydrophobic with contact angle of 124.6°. Our work
reported an all-carbon skeleton CNTh with a specific struc-
ture, and highlighted the fact that the partial F-substitution can
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Figure 1. Structural investigations of PE-30. a) Crystal structure of the monomer 1,2,3-TFB at 1.4 GPa. The carbon atoms are numbered from 1 to 3 (-F) and 4
to 6 (-H) clockwise. b) The 2D XRD pattern of PE-30. The top diffraction pattern was partially covered by beam stoper. c¢) X-ray PDF refinement plot of
PE-30 using the (356, 124)-(352, 614), model with R,, = 0.186. d) The distance of atom-pairs and the assignment to the peaks in G(r) pattern. e) 'H-*C CP
ssNMR with 'H decoupling of PE-30 and the simulated chemical shifts of (356, 124)-(352, 614),, CNTh (blue vertical bars).

direct the reaction pathway in the high-pressure synthesis of
carbon-materials.

2. Results and Discussion

2.1. Synthesis and structure of CNThs

We first loaded transparent liquid 1,2,3-TFB into a DAC cryogeni-
cally in liquid nitrogen bath and compressed it up to 39.9 GPa.
After decompression, a white solid product was obtained. The
product shows a hexagonal symmetry in the 2D XRD pattern
with d-spacing of 6.6 A, which is indexed by a 2D lattice (a*-b*)
as shown in Figure 1b. This d-spacing represents the interplanar
distance between the layers formed by parallelly stacked CNThs
(Figure S1), which is a typical feature of CNThs synthesized by
the PIP of aromatic molecules, etc.,'”™! and indicates that the
products are CNThs with hexagonal preferred orientation on a-b
plane.

The ordering on the c-axis is often disturbed by the random
shift between the threads along their axis,®?°! so we have to
employ total scattering and spectroscopic methods to investi-
gate the intrathread structure. We synthesized milligrams of the
solid product at 30 GPa using Paris-Edinburgh press (PE-30). PE-
30 is identical to the product recovered from 40.1 GPa in DAC,
as their IR spectra are the same, and the main peak of 1,2,3-TFB
around 1500 cm™' disappeared, indicating no reactant is left in
PE-30 (Figure S2).
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We performed X-ray Pair distribution function (PDF), BC
cross-polarization (CP) ssNMR with 'H decoupling, and Gas
Chromatography-Mass Spectrometry (GC-MS) experiments on
PE-30. X-ray PDF describes the distribution of distances between
atomic pairs and is therefore a powerful tool to give the local
structure of CNTh. The previously proposed models, includ-
ing tube (3,0), polymer-l, polytwistane, and zipper polymer, are
investigated as candidates (Figure S3). To name the models sys-
tematically, we use the numbers in 1,2,3-TFB to describe the
bonding in the models. As shown in Figure 1a, the C atoms that
bond to F are numbered as C1, 2, and 3, following a clockwise
order in the lattice, and those bonded to H are C4, 5, and 6
(although C1 and (3, C4 and C6, as well as several other H and
F atoms are crystallographically identical, we need to number
them separately for the subsequent discussion). Taking zipper
polymer as an example (Figure S3), both of the two isomers (356,
124)-(352, 614),, (the C1, 2, and 4 of the first molecule bonding to
(3, 5, and 2 of the second molecule, respectively, and the C6, 1,
and 4 of the second molecule bonding to the C3, 5, and 6 of the
first molecule in the next repeating unit) and (256, 134)-(362, 514),
were considered.

By performing the PDF refinement as shown in Figure 1c,
we found that only the (356, 124)-(352, 614),, well fits the exper-
imental data. The first peak at 1.47 A is ascribed to the overlap
of the nearest-neighbor C-C pair and C-F pair, which demon-
strates the presence of the sp3-carbon. The peak at r = 2.43 A
corresponds to the distance between a sp-carbon and its next
neighbor carbon in a six-membered ring and is common in
almost all the models. The difference starts from the shoulder
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at 275 A. This is attributed to the distance between a sp*-
carbon and its next-neighbor carbon in a seven-membered ring
(Figure 1d), which does not overlap with the peak at 2.43 A due
to the strain in the seven-membered ring. Among the mod-
els, only the zipper polymer contains a seven-membered ring
(five-, six-, and seven-membered rings), while tube (3,0), and
polytwistane only contains six-membered rings, and polymer-I
contains five, five- and eight-membered rings. This is important
evidence that demonstrates the zipper polymer. Beyond that,
the peaks at r = 3.08, 3.39, 3.69, and 4.18 A correspond to the
distance between C5-C5; F2-C6, C5-F1, and C3-F1’ in the (356,
124)-(352, 614),, respectively (Figure 1d). In contrast, others mod-
els, even for the other zipper polymer (256, 134)-(362, 514),,, have
obvious difference that can not be neglected in the fitting, and
are therefore excluded, as shown in Figure S4.

The 'H-3C CP ssNMR with 'H decoupling of PE-30 disclosed
three types of carbon atoms as shown in Figure Te. The peak
centered at 34 and 43 ppm corresponds to C(sp?) with hydrogen
atoms (H-CRs). This was clearly demonstrated by 'H-*C CP ssNMR
with short, one-bond cross-polarization from 'H to *C (contact
time = 50 us)!#? as shown in Figure S5. The peaks at 96 and
99 ppm are assigned to C(sp®) bonded to fluorine (F-CRs), which
is demonstrated by the “F-C CP ssNMR with same short con-
tact time of 50 us at different excitation frequencies of -135 and
-197 ppm, respectively, as shown in Figure S6. The signals at 124
and 127 ppm are ascribed to H-C(sp?), as demonstrated by 'H-"C
CP ssNMR with short contact time (contact time = 50 ps, Figure
S5), which are contributed by some unreacted carbon atoms.
In contrast, F-C(sp?) undergoes a complete transition, indicat-
ing its higher reactivity. The simulated ®C ssNMR (blue bars in
Figure 1e) of (356, 124)-(352, 614), is consistent with the exper-
imental results, especially in the positions of the main peaks,
which again evidenced the (356, 124)-(352, 614),, model.

GC-MS was also employed to investigate the reaction
routes. PE-30 was extracted by n-hexane, and the oligomers in
supernatant were analyzed by GC-MS. The components with
abundance above 0.3% are compared to the reported oligomers
of PIP product of CsHs-CsFs cocrystal®! and examined in the
National Institute of Standards and Technology /Wiley standard
library (Figure 2a and S7, S8). The identified oligomers can be
summarized in two groups. The first group includes two dimers
CioH4F4, CyoHsFs, and a trimer CigHgFy. The mass spectra of
CioHsF4 and CyHsFs show a strong molecular ion peak and
similar fragmentation as naphthalene and therefore identified
as F-substituted naphthalene. It was formed via [4 + 2] reaction
and a following retro [4 + 2] reaction as well as elimination
of the bridgehead H and/or F as shown in Figure 2b. CigHgFy
is identified as a trimer formed by [4 + 2] reaction, as it frag-
mented into C¢HsF; fragment via retro-Diels-Alder reaction in
mass spectra (Figure S9a).! Therefore, the first group com-
pounds are regarded as the featured oligomers via [4 + 2]
reaction. The second group contains CpHsFs, CoHsFs, CioHeFa,
and CgH;F;, with a common formula Cg,(H, F)sne2 (n = 2 and 3).
They are identified as F-substituted biphenyls and terphenyls by
comparing to the standard mass spectrum of C;;H,Fg and CigHy,.
These polyphenyls are from the 1,1-coupling of 1,2,3-TFB, which
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was also proposed for the high-pressure reaction of aromatic
molecules.>?!

As both the products of [4 + 2] and 1,7-coupling reaction
were observed in GC-MS, we then investigated their quanti-
ties to evaluate their contribution in the formation of CNTh. As
shown in Figure 2a, the F-biphenyl has the highest content of
79.72% in sum. However, the content of F-terphenyl reduces to
3.95%. This indicates that the higher degree of polymerization
via 1,1-coupling was strongly suppressed. In contrast, CoHsF,
(0.34%), CioHsFs (0.35%), and CigHoF9 (0.85%) are the featured
oligomers of [4 + 2] reaction. The abundance increases a little
bit with degree of polymerization, which suggests that the PIP
of 1,2,3-TFB follows [4 + 2] reaction to form CNTh.

Inspired by the GC-MS result, the MS with Direct-Exposure
Probe (DEP-MS) of PE-30 was also measured to investigate
the products with higher degree of polymerization. PE-30 was
extracted by n-hexane, and the supernatant and suspension
were examined by DEP-MS, respectively. The accumulated mass
spectra of all products in supernatant from DEP-MS to GC-MS
(Figure 2c) have similar intensity distribution, which demon-
strates the composition of the supernatant in DEP-MS is the
same as that in GC-MS. However, the abundance of CigHgFq
([4 + 2] route) in suspension is enhanced significantly, even
higher than CgH;F; (1-1 coupling) in quantity. This indicates
the [4 + 2] products have a bigger abundance in the solid.
Furthermore, the oligomers of higher degree of polymerization,
ConHsnF3n and CgnHan1Fongt (N = 4, 5) in suspension were also
detected by DEP-MS, and the ratio of CgnH3,F3n/CenHany1Fanii
increased with increasing degree of polymerization (Figure 2d).
All these results confirmed that the [4 + 2] reaction predomi-
nates in the formation of CNTh.

In the above investigations, the PDF measurement disclosed
the local connections within the CNTh, while the ssNMR experi-
ment confirmed the local environment of the carbon atoms, and
the MS results uncovered the two competing reaction routes
from monomers to oligomers. It should be noted that the [4 + 2]
reaction is related to the zipper polymer and polytwistane.'”’
All these experimental results demonstrated that the 1,2,3-TFB
undergoes [4 + 2] reaction to form the zipper polymer CNTh
under external pressure.

2.2. High-pressure transformation process of 1,2,3-TFB

To track the reaction process, we investigated the in situ XRD of
1,23-TFB as shown in Figure 3a. At 1.4 GPa and room tempera-
ture, 1,2,3-TFB crystallized into the monoclinic phase with space
group of C2/c, as determined by the Rietveld refinement (Figure
S10, the atomic coordinates shown in Table S1). With increas-
ing pressure up to 18.5 GPa, all the peaks slowly shift to high
angle. The cell volumes as a function of pressure were fitted
by using the third-order Birch-Murnaghan equation of state,!?*
and two curves were used to fit the data (Figure S11a), indicat-
ing a minor phase transition at 4.8 GPa. This is also evidenced
by Raman and IR results (Figure S12, Table S2 and S3). According
to the Rietveld refinement results at higher pressure, we found
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Figure 2. Mass-spectrum investigations of PE-30. a) Content of oligomers from [4 + 2] to 1,1'-coupling reactions in supernatant of PE-30 detected by GC-MS.
Besides these two groups, the oligomer CigHgFg was also observed, which is the H, F-eliminated trimer, and likely results from sequential [4 + 2] reaction
to 1,7-coupling reaction (mass spectrum shown in Figure S9b). b) Proposed reaction paths of 1,2,3-TFB under high-pressure. ¢) Accumulated mass spectra of
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and CenHan1Font (n = 3, 4, and 5) from the DEP-MS results of suspension.
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Figure 3. Crystallographic analysis of 1,2,3-TFB under high pressure. a) In situ XRD of 1,2,3-TFB under compression and decompression. b) Crystal structure of

1,2,3-TFB at threshold reaction pressure (18.5 GPa).

that this phase transition did not involve structural reconstruc-
tion. The evolution of lattice parameters from 1.4 to 16.7 GPa
shows that the lattice is anisotropically compressed, with the c-
axis (- stacking direction) having the maximum compression
of 8% (Figure S11b). When pressure is increased up to 18.5 GPa,
the peaks 110/020 (6.7°) and 220 (13.5°) shift to low angle. As
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the molecules are stacked along the c-axis, this indicates an
expansion of inter-column d-spacing, which implies the onset of
transformation from molecular column to thread. The polymer-
ization is also confirmed by Raman and IR results (Figure S12).
With pressure increasing up to 39.9 GPa, the peaks degraded
with no new peak appearing, and only a broad peak of product
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at 6.8° (d = 5.3 A) maintained. When decompressed to ambient
pressure, this peak shifts to 5.4° with the d-spacing of 6.6 A.

The crystal structure of 1,2,3-TFB at the threshold pressure
also supports the pathway of [4 + 2] reaction (Figure 3b). The
cell parameters of 1,2,3-TFB at 18.5 GPa were determined by LeBail
fitting (Figure S13), and the atomic coordinates were obtained
by geometry optimization using DFT (Table S4). The 1,2,3-TFB
molecules are still stacked along the c-axis, with the molecular
plane approximately perpendicular to the c-axis. As the neigh-
bor molecules in the column are shifted by % ¢ (correlated by
the c-glide plane), the spaces and the local geometries between
the stacked molecules are almost the same. Therefore, we can
arbitrarily select a molecule A and its neighbor B for discussion
of local geometry and reactions. The nearest intermolecular dis-
tances are 2.92 A and 3.15 A, between C4,~C2s and Cla-C3g
(abbreviated as A41--B23), respectively. This is consistent with
our conclusion again that the PIP of 1,2,3-TFB was initiated from
[4 + 2] reaction, between B23 (dienophile) and A41(diene).

2.3. Mechanism of PIP of 1,2,3-TFB studied by theoretical
calculation

To understand the reaction mechanism, the reaction path from
the threshold structure to the (356, 124)-(352, 614), was investi-
gated by theoretical calculation using nudged elastic band (NEB)
method at 20 GPa. The result is represented by blue curve in
Figure 4a. Two energy barriers (marked as 1 and 3) were observed
with a valley between them, suggesting an intermediate state.
We performed geometry optimization from the intermediate 2,
and a [4 + 2] polymer (56, 14)-(32, 14), was obtained (config-
uration 5). Then we performed two NEB calculation: one from
initial structure to the intermediate 5 and the other from inter-
mediate 5 to product, with the result represented by the orange
curve. The first step is the [4 + 2] reaction between B23 and A41,
A56 and B14. The A6-B4 distance shrank significantly for bond-
ing, with the B6-A3 distance almost unchanged (Figure 4a). The
energy barrier is 52 kJ/mol per 1,2,3-TFB (configuration 4), form-
ing the [4 + 2] polymer. The 52 kJ/mol includes the activation
energy of forming two bonds upwards and two downwards, in
average two bonds per molecule. This value is similar to the
energy barrier of 2,2'-bipyrazine’s [4 + 2] polymerization under
high pressure, ! which is low enough for the reaction to pro-
ceed at room temperature. Then the second step, zipper reaction
of A2-B5 and B6-A3 occurred successively via an energy barrier of
2.6 kJ/mol per 1,23-TFB. The [4 + 2] reaction between B23 and
A41 is also supported by the short C--C distances of 2.92 and
3.15 A at threshold pressure (Figure 4a). Obviously, the [4 + 2]
reaction is the crucial step in product formation, and the follow-
ing “zipper” reaction only contains a slight movement of A23 and
B56. The two steps are closely concerted, just like the forming of
two bonds in cycloaddition reaction>! and three bonds in the
1,3,5-concerted addition reaction (peri-cage reaction).[?"]

As discussed above, the structure of product was determined
as (356, 124)-(352, 614), CNTh. As shown in Figure 4b, the [4 + 2]
reaction path was demonstrated as the main path by combin-
ing with MS and theoretical calculations, and was supported by
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(@)

Energy Barrier (kJ/mol per 1,2,3-TFB)

1(56,14)-(32, 14}, 1(356,124)-(352,614)],

Figure 4. Reaction mechanism investigated by theoretical calculations. a)
Enthalpy versus step curves. Blue and orange lines represent the
computations before and after performing geometry optimization of the
intermediate. The gray dotted line represents the geometry optimization
from intermediate 2 to configuration 5. b) The [4 + 2] reaction pathway
from 1,2,3-TFB to (356, 124)-(352, 614), CNTh, with the newly formed bonds
in orange.

in situ XRD result. This path was also in agreement with the
theoretical report of Chen et. al.’! Obviously the partial substi-
tution of the fluorine atoms results in a strong dipole, which
again results in the anti-parallel stacking and plays an impor-
tant role to control the reaction pathway, and finally leads to
the pure carbon-based nanothread with uniform chemical struc-
ture. In comparison, the heteroatoms were incorporated in the
precursors when obtaining the structure-specific nanothreads
C3N3H; tube (3,0) CNTh,2%! poly-pridazine,™ and poly-furan.l'!
Although the heteroatoms can direct the reaction pathway, less
chemical bonding was formed due to its reactive inertness,
which will affect the mechanical properties of the CNTh.
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(a) Pressed tablet (b)
6,=111° + 3°

Coating
6,=124.6° + 0.6°

Figure 5. Hydrophobicity investigation of PE-30. Optical images of the
contact angle on a) pressed PE-30 tablet and b) PE-30-coated silicon wafer.
The uncertainty of the contact angle measurements is determined by three
independent measurements at three different locations on one sample.

The even-distributed fluorine atoms also bring hydropho-
bicity to (356, 124)-(352, 614), CNThs. To assess the intrinsic
hydrophobic property of fluorine-modified CNThs, we prepared
tablet of PE-30 with smooth surface as possible, and its water
contact angle was measured as 111 & 3° as shown in Figure 5a. We
also prepared a stable dispersion of PE-30 in dimethylsulfoxide
(DMSO) and coating the PE-30 on silicon wafer (Figure S14). The
contact angle was 124.6 & 0.6° as shown in Figure 5b. Compar-
ing with the conventional polytetrafluoroethylene with contact
angle of 113.8 & 1.4°,?°! fluorine modified CNThs show excellent
hydrophobic behavior with possible high strength, which may
be used as high-strength hydrophobic fibers.

3. Conclusion

In conclusion, we experimentally demonstrated that 1,2,3-TFB
experiences [4 + 2] reaction under high-pressure and form (356,
124)-(352, 614), CNTh. The theoretical calculation also confirms
the pathway of [4 + 2] reaction between B23 (dienophile) and
A4i(diene), A56 (dienophile) and B14 (diene), respectively. The
subsequent zipper reaction happened with much lower energy
barrier, and these two reaction steps can be even recognized
as a concerted process. This high reaction selectivity and the
obtained CNThs with uniform chemical structure are due to the
partial substitution of the fluorine atoms. Furthermore, the F
atoms also bring the hydrophobicity to the carbon materials
and the F-modified CNThs was demonstrated to have similar
hydrophobic property as polytetrafluoroethylene, with the con-
tact angle at 124.6°, but high tensile strength can be expected
due to its diamond-like local structures. Our research highlights
that F-substitution is effective to generate specific structure
CNTh by adjusting molecular arrangement and affecting the
reactivity of C atoms. Our work also provides a designable
solid-state synthesis method for functional CNTh with specific
all-carbon skeleton, and more hydrophobic 1D diamond-based
materials with high strength, stiffness, and tenacity can be
expected.

4. Experimental Section

Synthesis of poly-1,2,3-trifluorobenzene carbon nanothreads
(CNThs) by using a diamond anvil cell (DAC) under high-

Chem. Eur. J. 2025, 0, €202501735 (6 of 8)

pressure and room-temperature: 1,2,3-trifluorobenzene (1,2,3-TFB,
>98.0%, GC purity grade) was purchased from Aladdin and used
without further purification. Symmetric DACs with the anvil culet of
300 um in diameter were used to apply the high pressure. 1,2,3-TFB
was loaded into the DAC cryogenically in liquid nitrogen and
compressed to 40.1 GPa. A white transparent solid was obtained
after decompression, and the reactant evaporated rapidly and
completely, with the evidence from the IR spectra (Figure S2).
T-301 stainless gaskets were pre-indented to 30 pm in thickness
and center holes with d = 100 pm were drilled to serve as a
sample chamber. The pressure of the sample was determined by
the fluorescence peak of the ruby, according to the equation P
(GPa) = 248.4[(A/rg)"¢%5-1].177]

Synthesis of poly-1,2,3-trifluorobenzene CNThs by using a
Paris-Edinburgh (PE) press under high-pressure and room-
temperature: A VX3 PE press was used to synthesize the product
of mg-scale. Double-toroidal sintered diamond anvils with 3 mm
dimple diameters and encapsulated T301 stainless steel gaskets
were used to generate the pressure. The PE press was driven by
automatic hydraulic oil syringe pump, and the calibration curve
from literature was used to estimate the pressure.l?®! 1,2,3-TFB was
loaded into the PE press cryogenically in liquid nitrogen, and the
oil pressure was quickly increased to 150 bar (about 2.5 GPa on
sample) to seal the sample. Then the sample was compressed to
30 GPa (oil pressure of 1400 bar) and kept at the desired pressure
for about 12 hours. After releasing the pressure, 5 mg white powder
was obtained when removing the gaskets. The unreacted 1,2,3-TFB
was removed by volatilization at room temperature, which was
evidenced by the IR spectra as shown in Figure S2.

Pair distribution function (PDF) measurement of PE-30: The syn-
chrotron X-ray PDF experiment of the PE-30 was performed at
11-ID-B beamline of Advanced Photon Source (APS) at the Argonne
National Laboratory (ANL). A polyimide capillary was used to load
product (~10 mg). The incident X-ray was monochromated to
02115 A. The CeO, standard sample was used to calibrate the
Pilatus detector. Reducing the collected 2D data and subtracting
the background of an empty capillary were performed by Dioptas
software.[®”) PDF getX3 software was used to reduce the G(r) data
and the PDFgui2 software was employed for simulating and refining
the PDF data of models.!303"!

Solid-state nuclear magnetic resonance (ssNMR) measurement
of PE-30: High-resolution 'H-"C cross-polarization (CP) magic angle
spinning (MAS) with "H decoupling ssNMR experiment was per-
formed on a Bruker NEO 600 MHz NMR spectrometer. A Bruker
1.3 mm MAS NMR probe with 1.3 mm ZrO, rotors was used. The con-
tact time (CT) of cross-polarization is 4000 ps. The MAS frequency is
20 kHz. The spectrum was acquired with a recycling delay of 3 s,
averaging 13 936 scans. The larmor frequency of 'H and C were
600.1 and 150.9 MHz. The methylene carbon of adamantane was
used to calibrate the carbon chemical shifts at ¢ = 39 ppm.
High-resolution 'H-3C cross-polarization (CP) magic angle spin-
ning (MAS) ssNMR experiment (Figure S5) was performed on a
Bruker Avance Il 600 MHz NMR spectrometer. A Bruker 1.3 mm
MAS NMR probe with 1.3 mm ZrO, rotors was used. The MAS fre-
quency is 20 kHz. The contact time of cross-polarization is 50 and
200 ps respectively. The spectrum was acquired with a recycling
delay of 3 s, averaging 10 240 scans. The larmor frequency of 'H and
BC were 599.5 and 150.7 MHz. The methylene carbon of adamantane
was used to calibrate the carbon chemical shifts at §C = 39 ppm.
High-resolution 'F magic angle spinning (MAS) ssNMR experi-
ment (Figure S6a) was performed on a Bruker NEO 600 MHz NMR
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spectrometer. A Bruker 1.3 mm MAS NMR probe with 1.3 mm ZrO,
rotors was used. The MAS frequency is 30 kHz. The Larmor frequency
of F was 564.6 MHz. The spectrum was acquired with a recycling
delay of 6 s, averaging 40 scans. The fluoride of ammonium trifluo-
roacetate was used to calibrate the fluorine chemical shifts at §p =
-74 ppm.

High-resolution F-C cross-polarization (CP) magic angle spin-
ning (MAS) ssNMR experiment (Figure S6b and S6c) was performed
on a Bruker NEO 600 MHz NMR spectrometer. A Bruker 1.3 mm MAS
NMR probe with 1.3 mm ZrO, rotors was used. The MAS frequency
is 20 kHz. The contact time of cross-polarization was set as 50 and
2500 ps respectively. The spectrum was acquired with a recycling
delay of 3 s, averaging 10 240 (Figure S6, CT = 2500 us, excitation
frequency = -135 ppm), 7400 (CT = 50 ps, excitation frequency = -
135 ppm), 7888 (CT = 2500 ps, excitation frequency = -197 ppm), and
12 632 (CT = 50 ps, excitation frequency = -197 ppm) scans respec-
tively. The methyl carbon of ammonium trifluoroacetate was used
to calibrate the carbon chemical shifts at §c = 117 ppm.

High-resolution gas chromatography-mass spectrometry mea-
surement (GC-MS) and direct exposure probe-mass spectrometry
(DEP-MS) of PE-30: PE-30 was extracted by n-hexane (CgHsq, chro-
matographical purity, >98.0%, Aladdin), and the supernatant was
measured by GC-MS. High-resolution GC-MS measurement was per-
formed on Thermo Scientific™ Q Exactive™ GC hybrid quadrupole-
Orbitrap mass spectrometer. The oligomers in supernatant were
separated by Thermo Scientific TRACETM 1310 GC with a TG-5SilMS
capillary column (30 m x 0.25 mm inner diameter x 0.25 um film
thickness). Helium (99.999%) was used as a carrier gas with a con-
stant flow rate of 1.0 mL/min. The 1 pL supernatant was injected
manually with splitless mode at 280 °C. The temperature of GC oven
was set from 40 °C (held for 2 minutes) to 280 °C (held for 10 min-
utes) at a rate of 5 °C/min. The temperature of the transfer lines was
set at 280 °C. The Q Exactive Orbitrap system in mass spectrometer
was tuned by an autotune procedure and calibrated by a calibra-
tion solution, for the target of the mass accuracy of < 1.0 ppm root
mean square (RMS). The system was operated with an electron ion-
ization source (El) at 70 eV. The temperature of the ion source is
280 °C. The full scan mode at 60k resolving power (FWHM at m/z
200) mass resolution was used to record scan spectra in the range
of 50-750 m/z.

For the Direct-Exposure Probe (DEP) experiment, PE-30 was also
extracted by n-hexane (CgHis, chromatographical purity, >98.0%,
Aladdin), then the supernatant and suspension of PE-30 were
measured by DEP-MS, respectively. High-resolution DEP-MS mea-
surements were performed on Thermo Scientific™ Q Exactive™ GC
Orbitrap™ MS with Direct-Exposure Probe, which features a heat-
ing filament and is capable of flash vaporization or pyrolysis up to
2000 °C.

In situ high-pressure Raman, IR and X-ray diffraction experi-
ments of 1,2,3-TFB: Symmetric DACs with the anvil culet of 300 um
in diameter were used for the in situ Raman, IR, and XRD exper-
iments. For IR experiments, a pair of type Il diamonds was used.
T-301 stainless gaskets were pre-indented to 30 pum in thickness
and a hole of 100 um in diameter was drilled to serve as a sam-
ple chamber. The pressure of the sample system was determined
by the fluorescence peak of the ruby, based on the equation P
(GPa) = 248.4[(A/A)%6°-11.12! All sample loading procedures were
conducted under low temperature using liquid nitrogen, then the
sample was sealed quickly to avoid the possible formation of big
grains or preferred orientation. No pressure medium was used in
these experiments.
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For the in situ Raman experiments, a commercial Renishaw
Raman microscope (RM1000) was used to collect Raman spectra and
the appropriate laser wavelength of 532 nm was selected for excita-
tion. Before measurements, the system was calibrated by the silicon
line.

For in situ IR experiments, Bruker VERTEX 70v with HYPERION
2,000 microscope was used. A Globar was used as a conventional
source. We collected the spectra in a transmission mode in the
range of 600-4000 cm~' with a resolution of 2 cm™'. The absorp-
tion of the diamond anvils with the same area was used as the
background and the aperture was set as 40 x 40 umZ.

In situ synchrotron X-ray diffraction data under high pressure
were collected at 15U beamline of Shanghai Synchrotron Radiation
Facility. The incident X-ray was monochromated to the wavelength
of 0.6199 A and the beam size was 2 x 3 pm?% The CeO, stan-
dard sample was used to calibrate the Pilatus detector. The data
was reduced by using the Dioptas software.?®! The crystal struc-
tures and atomic positions of 1,2,3-TFB were determined by Rietveld
refinement using the Jana 2006 package.?

Density Functional Theory (DFT) calculations: Density functional
theory!®3! calculations were performed to investigate the critical
structure of 1,23-TFB in Cambridge Sequential Total Energy Pack-
age (CASTEP) module!3¥ in Material Studio. The critical structure of
1,23-TFB at 18.5 GPa was optimized with a space group C2/c lat-
tice (@ = 643 A, b = 1078 A, c = 5.82 A, B = 108.793°) based on
the in situ XRD experiments. The local density approximation (LDA)
exchange correlation function by Ceperley and Alder, as parameter-
ized by Perdew and Zunger (CA-PZ)!*! was used in generated on the
fly (OTFG) norm-conserving pseudopotentials with an energy cutoff
of 840 eV. The k-points solution was 2 x0.04 A~'. DFT-D correction
forward by Ortmann, Bechstedt, and Schmidt was used to describe
the noncovalent interaction in the system.!3%!

The structures of proposed CNTh models were constructed fol-
lowing the topo-chemical rule, and then subsequently optimized
with variable lattice parameters using the geometry optimization
of the Forcite module and CASTEP module. The simulated chemi-
cal shielding constants of proposed CNTh model was also calculated
by CASTEP¥”! LDA-CA-PZ with OTFG norm-conserving pseudopo-
tentials was implemented, with an energy cutoff of 840 eV. The
chemical shifts were calculated as:

calc __ _calc _ _calc exp
8CNTh = Ofef OCNTh T Oref

where o5 and 659 are the calculated chemical shielding of CNTh
model, and the reference compound (adamantane). The Bf:fp is the
experimental chemical shift of adamantane (methylene carbon of
adamantane at 38 ppm).

Raman and IR spectra were calculated using CASTEP in Material
Studio based on the crystal structure of 1,2,3-TFB.13®) The assignment
of the Raman and IR peaks was shown in Table S1 and S2. LDA-CA-
PZ with norm-conserving pseudopotentials was implemented, with
an energy cutoff of 840 eV.

Variable cell nudged elastic band (vc-NEB) calculations®!: The
calculations were performed in Vienna Ab-initio Simulation Package
(VASP)!40 with USPEX code. For density functional theory (DFT)
single-point calculations,'®) the projector-augmented plane-wave
(PAW) method was used with LDA exchange-correlation function.
Plane wave basis with 560 eV energy cutoff was adopted, and
k-points mesh was in a spacing of 27rx0.05 A~". To take the
noncovalent effects into consideration, DFT-D3(BJ) correction was
used.
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For reaction path searching, a series of intermediate structures
(images) were constructed between the initial state (IS) and the final
state (FS). The variable-image-number method was employed to dis-
tribute the images at relatively uniform intervals along the path.
The IS was the optimized structure of 1,2,3-TFB crystal at 18.5 GPa,
while the key intermediates and the FS were obtained by shorten-
ing the intermolecular distances with subsequent optimizations. All
structures along the path were optimized considering both the gra-
dient of potential energy surface (PES) and the elastic forces applied
by neighboring images until the minimum energy path (MEP) was
found.

Contact angle measurement of PE-30: The contact angle was
measured using optical contact angle measuring and contour anal-
ysis systems (OCA 25, dataphysics). The water (2 pL) was drop casted
on the pressed tablet of PE-30 and the silicon wafer coated with
PE-30 and the measurement of contact angle was subsequently
performed at ambient conditions.
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Carbon nanothread (CNTh) is a fam-
ily of 1D diamond-like materials, which
was predicted to have extremely

high strength, stiffness, and tenac-

ity, but suffered from its disordered
intrathread bonding. By a nonsym-
metric F-substitution on benzene, we
synthesized atom-scale ordered CNTh
with specific structure out of many
isomeric competitors. Our work paved
the way to the precise construction of
diamond-like material.
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