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ABSTRACT

Carbon nanothreads (CNThs) are one-dimensional saturated carbon nanomaterials with exceptional mechanical properties.
Polycyclic aromatic hydrocarbons (PAHs) are anticipated to form thicker, multi-ring CNThs with improved mechanical
performance under high-pressure. Herein, we systematically investigated the high-pressure polymerization of naphthalene,
the simplest PAH, using multiple cutting-edge methods. Naphthalene molecules adopt a herringbone stacking along the a-b
direction, and underwent reactions along this stacking direction above 20 GPa, affording one-dimensional unsaturated CNThs
with the [4+2] cycloaddition reaction as the dominant reaction path. In contrast to the formation of many reported CNThs, the
nucleation of the naphthalene-derived CNThs occurs during compression while their growth proceeds during decompression;
this behavior is likely common among aromatics with a herringbone structure. The unit cell of the as-obtained CNTh crystal was
determined, and a possible structure of the CNTh product was proposed. Our research reveals the polymerization characteristics
of naphthalene under high-pressure, highlighting that the slip-angle and herringbone-angle play an important role in governing
the polymerization pathway.

1 | Introduction substituents or heteroatoms into benzene rings as precursor

molecules, including phenol [14], trifluorobenzene [15, 16], pyri-

Carbon nanothreads (CNThs), a class of one-dimensional
(1ID) carbon materials, exhibit exceptional mechanical perfor-
mance and thermal conductivity [1-8]. By slow compression-
decompression of a benzene crystal under uniaxial stress, CNTh
with pseudohexagonal packing was first synthesized [9, 10].
However, the internal structure of this nanothread was disor-
dered. Further studies have revealed [11-13] that benzene-derived
nanothreads contain multiple intrathread structures, which are
formed via several plausible reaction pathways such as the [4+2]
cycloaddition reaction and 1-1’ bonding. In subsequent research,
more ordered nanothreads have been achieved by introducing
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dine [17], pyridazine [18], thiophene [19], and furandicarboxylic
acid [20], and so forth.

It has been reported that CNThs derived from polycyclic aromatic
hydrocarbons (PAHs) exhibit larger diameters than benzene-
derived analogs, thereby endowing them with superior mechani-
cal properties [21]. However, the synthesis of PAH-based nanoth-
reads is a process significantly more complex than that of mono-
cyclic aromatics. For monocyclic aromatics, molecules capable of
forming ordered CNThs are often stacked in parallel columns. In
contrast, PAHs possess much more complex molecular structures
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FIGURE 1 | The arrangement of molecules along the b direction (top) and stacking (middle and bottom) of (a) benzene phase I, (b) naphthalene,

and (c) anthracene in a crystal at 20 GPa. The hollow and dashed molecule represents the projection of the molecule in the above layer. The red and black

dashed lines show the polymerization routes of benzene along the b and b-c directions, respectively. Hydrogen atoms were omitted. The corresponding

neutron diffraction data are shown in Figures S1, 5, S12, and S2.

and intermolecular interactions, which regulate molecular stack-
ing and polymerization reaction pathways. For instance, azulene
adopts an antiparallel columnar stacking arrangement due to
the dipole-dipole interaction, and the obtained CNThs exhibit
ordered interthread packing while their intrathread structure
remains disordered [22]. By introducing hydrogen bonding or
quadrupole interactions, naphthalene/octafluoronaphthalene
and anthracene/octafluoronaphthalene [23, 24] are stacked in
column and polymerize into CNThs with improved ordering.
On the other hand, biphenylene molecules with herringbone
arrangement polymerize to form nanoribbons [25].

The spatial relationships between adjacent molecules in aromatic
hydrocarbon crystals are described by the distance between ring
centroids (d.), the distance between ring planes (d,,), and the slip
angle (¢), as shown in the top of Figure 1la-c. When ¢ is small, the
molecules are arranged approximately in a column and the reac-
tion proceeds along the axis of the column. When ¢ is larger, the
molecules often form herringbone arrangement, and the reaction
pathway will change, like para-polymerization of biphenylene

[25]. Taking benzene as a reference, benzene has a herringbone
structure in phase II, and ¢ is 61.48° at 20 GPa [26], which is likely
to polymerize via [4+2] cycloaddition along 7-7 stacking in the b
direction or 1,4-polymerization along herringbone stacking in the
b-c direction above 20 GPa (the middle of Figure 1a) [27]. Linear
PAHs have the similar herringbone structure (Figure 1) [28] and ¢
and d, are larger than that of benzene (68.87° for naphthalene and
69.83° for anthracene at 20 GPa, respectively). Obviously, a larger
@ angle and d, are unfavorable for reaction along the b direction
(the original columnar 7-7 stacking direction). The effect of PAH
stacking on the reaction pathways and product structures merits
systematic investigation, which plays the most important role in
the synthesis of CNThs.

As the simplest PAH, naphthalene undergoes a slight phase
transition at about 3 GPa as indicated by spectroscopic data [29,
30]. In situ X-ray diffraction results demonstrate that this phase
transition does not involve structural reconstruction. Naphtha-
lene retains its monoclinic structure (P2,/a) [31-33], oligomerizes
above 15 GPa [33], and amorphizes irreversibly above 30 GPa [29].

20f11

Chemistry — A European Journal, 2026

- 170N} Aq 960TL WeYD/Z00T OT/I0p/wiod" A3 | ImAreqijeutjuo ado.ne-Ais iweyo;/sdiy woij pspeojumod ‘0 ‘S9.ETZST

S5UBI 1T SUOWIWOD SAIIS1D) 3|qedl|dde sy Ag pausenob afe 3ol YO ‘9sn JO sa|nJ Joj Areiqi] auljuQ A8|1AA UO (SUOIIIPUOD-PUB-SWS)W0d A8 | 1M Aleld 1 puljuo//:sdy) suoIpuoD pue swis L aY) 88S *[9202/50/90] uo Ariqi7auluo A1 ‘ yiesH Asieaiun Bunped



(@) (5) DR e .
| I 1 1
Sp3C_H 1 1 1 1
P/ GPa 1 : | :

| |
-N“A— _2’2 1 1 1 1
= —_—h | 52 1 1 | 1
< == Lo !
g J — 202 I ! 1 X

R PR MVVY —n7 ! I
> A = | '
@ W &M/J\J\,LM — i b !

e —220
g S = . L .
S 1= . '
<] — AR\ VR ENS? ] L3 I !
g Y, U —;17.2 1 1 :‘j'\j\! 1
| S S ) UN— p—;
< USRS V| W— — 1 1 1
A — A —s. !

m —t 1 [ I
= - N

I

- v ~ %:;AAM VieoH) Ambient = I !
Tew  Yow Bow pressure 1 1 1
1 I 1 A 1 [ 1 n L o ! [FERSPURN FE 2 - J
800 1200 1600 2800 3200 3600 800 850 900 950 1000 1050 1100 1100 1150 1350 1400
Wavenumber / cm™ Wavenumber / cm™ Wavenumber / cm™
FIGURE 2 | (a)InsituIR spectra of naphthalene under compression and decompression process. The spectral range of 1900-2750 cm ™! was omitted

due to the strong absorption of the diamond. (b) The enlarged views inside the dashed box. The asterisks represent the appearance of new peaks. v, y,

and S represent the stretching, out-of-plane bending, and in-plane bending vibration, respectively.

In a recent study, ordered nanothread products were synthesized
by slowly applying uniaxial stress to naphthalene in the diamond
anvil cell (DAC). Several fully saturated nanothread models
were proposed whose backbones differ distinctly from those of
naphthalene/octafluoronaphthalene-derived nanothreads [34].
In this work, we successfully synthesized the bulk ordered
naphthalene-derived carbon nanothreads and systematically
investigated their long-range structure and reaction mechanism
using a series of cutting-edge characterization techniques. We
demonstrated that naphthalene formed 1D unsaturated CNThs
above 20 GPa with the [4+2] cycloaddition reaction as the dom-
inant pathway. Notably, naphthalene begins to polymerize upon
reaching the threshold reaction pressure, and continues to com-
plete the reaction during decompression (propagation/growth
and termination). This reaction mechanism is likely prevalent
in the polymerization of other PAH crystals with a herringbone
packing structure.

2 | Results and Discussion
2.1 | High-Pressure Reactivity of Naphthalene

In situ infrared (IR) spectroscopy experiments were performed to
investigate the high-pressure polymerization process of naphtha-
lene, and the assignments of the selected IR modes are shown
in Figure S3 based on the theoretical calculation. As shown in
Figure 2, two new peaks at 1143 and 1387 cm™ ascribed to C—H
in-plane bending vibration, appeared at 2.2-3.6 GPa, suggesting a
phase transition around 3 GPa, consistent with previous literature
[29]. The further changes occur above 20 GPa, where new
characteristic peaks in the region of C—H out-of-plane bending
vibration emerged at 831, 992, and 1038 cm ™, indicating a phase
transition or chemical reaction.

To further determine the polymerization reaction, the samples
recovered from different pressure conditions were analyzed
(Figure S4). The results show that, without prolonged pres-

sure maintenance, the significant sp*> C—H stretching vibration
peak, as the characteristic peak of the polymerization reaction,
was observed only in the sample recovered from 40 GPa. In
contrast, after prolonged pressure maintenance, this signal was
detected in the sample recovered from 23 GPa. This observa-
tion unambiguously confirmed prolonged pressure maintenance
facilitates the polymerization. Furthermore, regardless of the
maximum pressure reached or its duration, polymerization sig-
nals appear exclusively during decompression (Figure S4 and
the red transparent region in Figure 2a), which is different
from the polymerization of naphthalene-octafluoronaphthane
co-crystal [24]. Moreover, single-crystal naphthalene didn’t initi-
ate polymerization even when subjected to the pressure of up to
30 GPa and heated to 300°C (Figure S5). These results indicate
that the polymerization occurs mainly during decompression
and is directly affected by grain boundaries or crystal defects.
Based on these observations, we proposed that after reaching the
pressure threshold, polymerization is initiated to form “seeds”
at grain boundaries or crystal defect sites. Prolonged pressure
maintenance at relatively lower pressure or the application
of higher pressure promotes the generation of more “seeds”,
which is essential for the occurrence of extensive polymerization
during decompression. Subsequently, during decompression, the
increase in molecular free space allows more frozen molecules
to be reoriented to orientations favorable to reaction progression.
These molecules then undergo polymerization of sp?-hybridized
carbon to form sp*-hybridized carbon, facilitating further growth
of the polymerization product. Similar features are also observed
among aromatics with herringbone structure, such as benzene
[9, 35], 1,4-difluorobenzene [26], and biphenylene [25], and so
forth.

2.2 | Synthesis and Crystallographic Analysis of
Polymerization Product

To characterize the structure of the polymerization product,
we synthesized samples using a Paris-Edinburgh (PE) press at
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FIGURE 3 | (a)XRD of PE30-washed and naphthalene. (b) The selected electron diffraction results and (c) high-resolution TEM results of PE30-

washed. (d) ¥C CPMAS and DP solid-state NMR spectra of PE30-washed.

30 GPa and removed the unreacted naphthalene via washing with
n-hexane (referred to as PE30-washed). IR spectra of naphthalene
and the PE30 sample before and after washing confirm the
complete removal of naphthalene (Figure S6). IR spectra and X-
ray diffraction (XRD) patterns of the 30 GPa products synthesized
by DAC and PE press (Figure S7) demonstrate that the products
synthesized by these methods are identical. The XRD analysis
(Figure 3a) of the PE30-washed shows clear diffraction peaks at
the d-spacing of 7.6, 6.5, 6.1, and 4.2 A, respectively, confirming
the ordering in the product. In consistency with the XRD result,
the obvious two-dimensional ordering with pseudohexagonal
symmetry (Figure 3b) is observed in the selected area electron
diffraction (SAED). This demonstrates the formation of nan-
othreads with pseudohexagonal arrangement, similar to those
CNThs derived from benzene [10], trifluorobenzene [15, 16],
and pyridine [17]. The peaks are indexed as 001 (dy, = 7.7 A),
100 (d,o, = 6.7 A), and —101 (d_,, = 6.5 A), respectively, and
the two-dimensional lattice is determined as a = 6.9696(8) A,
¢ = 81615(9) A, and 8 = 110.740(6)° by Le Bail fitting of XRD
data. The high-resolution TEM images of the product also display
distinct parallel lattice fringes with a d-spacing of about 7.9 A,
corresponding to the (001) planes and confirming 1D thread
structure (Figure 3c). These features are consistent with the
high-pressure polymerization products of benzene [9, 10] and
trifluorobenzene [15, 16]. All the results indicate that the product
of naphthalene is a 1D CNTh with pseudohexagonal packing.

2.3 | The Intrathread Structure and Reaction
Mechanism of Polymerization Product

To investigate the intrathread structure and reaction mech-
anism of the product, we performed C cross-polarization
magic angle spinning (CP/MAS) and quantitative full relaxed
direct-polarization (DP) solid-state nuclear magnetic resonance
(ssNMR) measurements on PE30-washed. The *C CP spectrum
(Figure 3d) exhibits signals in both the sp? carbon region (110-
150 ppm) and sp* carbon region (20-70 ppm). The DP result
shows the product contains 52% sp? carbon and 48% sp’® car-
bon, meaning on average ~5 sp? carbons of each naphthalene
molecule are converted to sp* carbons during the polymerization
process.

Subsequently, we investigated the pressure-induced bonding
pathway of naphthalene by using Gas Chromatography-Mass
Spectrometry (GC-MS). Given the insufficient quantity of
oligomers extracted from PE30 for analysis, we synthesized
sample PE20 using PE press at 20 GPa. IR spectra show that
the product recovered from 20 GPa is the same as those
recovered from 30 GPa (Figure S8). PE20 was dissolved in
dichloromethane for GC-MS measurements. Components with
an abundance exceeding 0.1% were compared with a standard
sample or recognized by searching in the National Institute of
Standards and Technology (NIST) /Wiley standard library. As
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Proposed reaction paths of naphthalene dimers under high-pressure.

shown in Figure 4a, nine naphthalene dimers (m/z = 228, 254,
and 256) and five trimers (m/z = 382 and 384) were detected
alongside naphthalene. The component of m/z = 228 and three
isomers of m/z = 254 are clearly identified as benzo[a]anthracene,
1,I’-binaphthyl, 1,2’-binaphthyl, and 2,2’-binaphthyl, respectively
(Figure S9a,b). The mass spectra of five isomers with m/z =256 are
similar to that of 3,4-dihydro-1,1’-binaphthalene (C,,H,,) (Figure
S9¢), but their exact structures cannot be determined due to the
lack of corresponding standard samples. Notably, 1,1’-binaphthyl
was the most abundant binaphthyl isomer, not 1,2’-binaphthyl
as reported in previous literature [33]. As shown in Figure 4b,
benzo[a]anthracene is formed via a [4+2] pericyclic reaction
between two naphthalene molecules, followed by a retro-[4+2]
reaction as well as the elimination of two bridgehead hydrogen
atoms; binaphthyl isomers are generated through the coupling
reaction. These results confirm that [4+2] pericyclic reactions and

coupling reactions are the two primary pathways in naphthalene
polymerization. Similar dimerization mechanisms have also been
reported for the pressure-induced dimerization of benzene at
room temperature above 13 GPa [16, 36].

For the trimers, three isomers at m/z = 382 and two isomers at
m/z = 384 were identified (Figure S9d,e). Most of them display a
weak molecular ion (M*) peak and intense characteristic radical
cation fragments at m/z = 228 (C,sH,,) or m/z = 128 (C, Hy), as
shown in the mass spectra at retention times of 126.10, 118.22,
117.18, and 117.04 min (Figure S9d). These features are consistent
with [442] cycloaddition products, such as the fluorobenzene
trimer formed via [4+2] cycloaddition [16], which exhibit weak
M* peaks accompanied by prominent characteristic fragment
peaks generated via retro Diels-Alder (rDA) fragmentation.
This strongly suggests that the [4+2] reaction is involved in
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the formation of all these trimers (the proposed fragmentation
pathways are shown in Figure S10). The distinct retention times
and mass spectra arise from structural differences among the
trimers, which originate from varying reaction sites on the
dienophile (Figure S9d). Notably, C;,H,, (m/z = 382) at a reten-
tion time of 123.32 min is the trimmer with one H—H molecule
eliminated. It’s likely formed via a sequential [4+2] cycloaddition
and 1,I’-coupling reaction, as supported by the release of C,yH,,
(m/z = 254) and CgH,, (m/z = 228) fragments. This implies that
the coupling reaction may also contribute to the formation of this
specific trimer, analogous to the previously reported fluoroben-
zene trimer [16]. Nevertheless, [4+2] cycloaddition accounts for
the majority of the trimers, and we therefore conclude that it
represents the predominant pathway for trimer formation.

Based on the above analysis, we infer that both the [4+2]
cycloaddition and coupling reactions are involved in the forma-
tion of dimers. Among the dimers, the abundance of dimers
generated via the [4+42] cycloaddition reaction accounts for
only 2.6% (Figure 4a), significantly lower than that of dimers
formed through the coupling reaction. For trimers, the [4+2]
cycloaddition participates in the formation of all trimers, whereas
the coupling reaction only contributes to a specific trimer at a
retention time of 123.32 min. This confirms that [4+2] cycloaddi-
tion is the predominant pathway for trimer formation. Using the
direct-entry probe mass spectrometry (DEP-MS), higher-degree
oligomers, including the tetramers, can also be detected. The ratio
of products formed via pure [4+2] reaction (C,y,Hg,, n = 2, 3, 4)
relative to those formed via [4+2] reaction accompanied by 1,1’
coupling reaction (C,y,Hg,,, n = 2, 3, 4) increased with increasing
polymerization degree (Figure S11). All these results confirmed
that as the degree of polymerization increases, the coupling reac-
tion is gradually suppressed, while the [4+2] reaction becomes
the prevailing pathway in the synthesis of CNTh.

As revealed by the ssNMR data, an average of approximately five
carbon atoms per naphthalene unit participate in the reaction.
We therefore conclude that the four sp*-hybridized carbon atoms
in each naphthalene molecule undergo two [4+2] cycloaddition
reactions and transform into sp*-hybridized carbons. Additional
[4+2] cycloaddition reactions also take place, resulting in the
polymerization of a total of about five sp?-hybridized carbons.
Accordingly, the internal structure of naphthalene-derived CNTh
consists of a mixture of structures with saturation degrees of 6
and 4 (where the saturation degree is defined as the number of
saturated carbon atoms per C,,Hg unit in the nanothread). This is
distinct from the fully saturated naphthalene-derived nanothread
reported in previous studies [34].

2.4 | High-Pressure Structure Evolution and
Product Models

We subsequently carried out in situ neutron diffraction mea-
surements on naphthalene-dg up to 20 GPa to investigate the
structure evolution of naphthalene under compression. At ambi-
ent temperature and pressure, naphthalene crystallizes in a
monoclinic system with the space group P2,/a, where the unit
cell parameters are a = 8.2577(5) A, b = 5.9798(4) A, ¢ = 8.6638(6)
A, and 8 = 122.727(4)°. Each unit cell contains two naphthalene
molecules arranged in a herringbone stacking. As shown in

Figure 5a, upon compression to 20.0 GPa, all the diffraction
peaks are weakened and shifted toward low d-spacing, which
arises from the reduction in intermolecular distances under
high-pressure. Rietveld refinements were then performed on
all collected diffraction data, confirming that naphthalene-dg
maintains its monoclinic phase throughout the entire pressure
range of 0-20 GPa. Figure 5b illustrates the evolution of the
lattice parameters up to 20 GPa, revealing a discontinuity in lattice
parameters at 3.2 GPa. A corresponding discontinuity is also
observed in the P-V data at 3.2 GPa. Further detailed analysis of
the high-pressure crystal structure of naphthalene shows that the
herringbone angle (defined as the angle between the molecular
planes along the herringbone-stacking direction, as shown in
Figure S13b) [32] decreases rapidly with increasing pressure
below 3 GPa, but varies only slightly above 3 GPa (remaining at
44+1°), as shown in Figure S12a. This behavior likely corresponds
to the observed weak phase transition. For the pressure range
of 3.2-20.0 GPa, we fitted the P-V data using the third-order
Birch-Murnaghan equation of state (Figure 5c):

P(V)= %Bo [(%)m - (%)5/3] {1 + %(B1 —4) {(%)2/3 —1]}
)

where, V| is the unit cell volume at ambient pressure, B, and B,
are the isothermal bulk modulus and its first pressure derivative.
The result shows V, = 316 + 4 A3, B, = 26 + 4 GPa and
B, =4.0+04.

The crystal structure of naphthalene-dg at 20 GPa was deter-
mined via Rietveld refinement (Figure S12b), followed by density
functional theory (DFT) optimization with the lattice parameters
fixed at the experimental values (space group P2,/a, a = 6.69 A,
b =526 A, c =178 A, B =127.23°). As shown in Figure 5d,
naphthalene molecules still adopt a herringbone stacking at
20 GPa. The shortest intermolecular carbon-carbon (C—C) dis-
tance is 2.751 A (marked in red), followed by 2.899 A (yellow),
2.900 A (green), and 2.944 A (blue), which are all close to the
typical threshold distance of the aromatic molecules [37]. Notably,
most of these short intermolecular distances occur between the
molecules aligned along the a-b direction. Thus, we hypothesize
that naphthalene may undergo chemical reactions preferentially
along the a-b direction, which is consistent with the predicted
reaction direction based on molecular stacking.

Based on the above experimental results, the possible product
models were constructed via two consecutive [4+2] cycloaddition
reactions along the a-b direction with its initial structure derived
from the crystal structure of naphthalene at 20 GPa. Models
P1 and P2 were built by performing two [4+2] cycloaddition
reactions on a single benzene moiety within the naphthalene
molecules, whereas models P3 and P4 were constructed by
carrying out one [4+2] cycloaddition reaction on each of the
two benzene units (Figure 6a). Subsequent structural optimiza-
tions were performed with the lattice parameters relaxed under
ambient pressure. The interplanar spacings of the resulting
nanothread products were compared with the calculated results
of the models. As shown in Figure 6b, the simulated d-spacings
of the (001), (100) and (—101) crystal planes of model P1 agree best
with the experimental data, followed by P2, while P3 and P4 show
significantly poorer agreement. This indicates that naphthalene
preferentially polymerizes on a single benzene ring moiety, and
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(a) In situ neutron diffraction patterns and (b) the evolution of lattice parameters of naphthalene-dg under high-pressure. (c) P-V/

relations for naphthalene-dy fitted with the third-order Birch-Murnaghan equation of state with Vi, = 316 + 4 A3, By = 26 + 4 GPa and B, = 4.0 + 0.4.

(d) The crystal structure of naphthalene-dg at 20 GPa.

P1 represents the most plausible structure for the polymerized
product. Its packing and the atomic coordinates after unit cell
conversion are shown in Figure 6¢ and Table S2. Furthermore,
the simulated IR spectrum of model P1 matches well with
the experimental spectrum (Figure 6d). The experimental IR
spectrum exhibits characteristic peaks at about 30307!, 148071,
and 770 cm™!, which are assigned to the sp? C—H stretch-
ing vibration, the C=C stretching vibration, and the sp> C—H
out-of-plane bending vibration, respectively. This once again
confirms that the naphthalene-derived carbon nanothread is
unsaturated.

For linear PAHs with a herringbone arrangement, it’s wor-
thy to analyze the slip angle ¢ and the herringbone angle 6
(Figure S13). A larger slip angle ¢ and the distance between
ring centroids d. tend to suppress the reactions along the 7-
7 stacking direction, whereas a smaller herringbone angle 6
promotes the reaction along the herringbone-stacking direction.
For example, naphthalene exhibits a larger slip angle than
benzene, while the herringbone angle at 20 GPa follows the
order: benzene (57.05°) > naphthalene (42.26°) > anthracene

(40.34°). This structural feature likely enhances the reaction
selectivity of naphthalene toward polymerization along the a-
b (herringbone stacking) direction. Similarly, other linear PAHs
with larger slip angle ¢ and the distance between ring centroids
d. and a smaller herringbone angle 6, such as anthracene,
should also undergo reaction along the herringbone-stacking
in the a-b direction. It should be clarified that now we can
only conclude that the reaction is initiated along the a-b
direction. The propagation of the CNTh is likely to happen
during decompression, and its growth direction remains to be
determined.

3 | Conclusion

In summary, we have investigated the high-pressure
polymerization of naphthalene and found that it undergoes
reaction along the herringbone stacking direction (the a-b
direction) above 20 GPa. The [4+2] cycloaddition constitutes
the dominant reaction pathway, yielding an unsaturated carbon
nanothread (CNTh) product with a well-defined unit cell. Upon
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reaching the reaction threshold pressure, naphthalene initiates
polymerization to form “reaction seeds”, and the resulting CNTh
further propagates and grows during decompression. This work
provides deeper insights into the physicochemical behavior
of polycyclic aromatic hydrocarbons under high-pressure
conditions.

4 | Experimental Section
4.1 | Sample Preparation and High-Pressure
Generation

Naphthalene was purchased from Innochem and used without
further purification. For all the high-pressure in situ experi-
ments, the symmetric diamond anvil cell (DAC) with an anvil
culet size of 300 um in diameter was used. Type-Ila diamond

anvils were used in an infrared (IR) experiment to avoid the
absorption band at 1000-1300 cm™!. For the IR experiments
of the powder sample, T301 stainless steel gaskets were pre-
indented to a thickness of 20 pm, and holes with a diameter
of 160 um were drilled at the center of the indentations to
serve as the sample chamber. The sample was ground in an
agate mortar and loaded into the sample chamber. For the IR
experiment of the single crystal sample, rhenium (Re) gasket was
pre-indented to a thickness of 50 um, and a hole with a diameter of
200 um was drilled to serve as the sample chamber. Naphthalene
single crystal with suitable size was selected and loaded into
the sample chamber. The pressure was calibrated by ruby fluo-
rescence [38]. For all the powder experiments performed in the
DAC, no pressure-transmitting medium (PTM) was employed.
Ne was used as the PTM to prevent single-crystal fracture
during compression in the IR experiments of the single-crystal
sample.
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4.2 | IR Absorption Spectra Experiments

IR experiments were performed on a Bruker VERTEX 70v
with HYPERION 2000 microscope. A Globar was used as a
conventional source. The spectra were collected in the trans-
mission mode in the range of 600-4000 cm™ and the reso-
lution was 2 cm™.. The absorption spectrum of the diamond
anvil through the same aperture was used as the background.
In the IR experiments of the single crystal sample, the sin-
gle crystal was heated at 300°C for 3 h to promote the
polymerization reaction after reaching the maximum pressure
(30 GPa).

4.3 | X-Ray Diffraction Experiment of DAC
Sample Decompressed From 30 GPa

The powder sample was loaded into a diamond anvil cell (DAC)
with a T301 stainless steel sample chamber (40 um thick), com-
pressed to 30 GPa, and held at this pressure for 24 h. Subsequently,
the pressure was decompressed to 0.7 GPa and X-ray diffraction
(XRD) data was collected. The XRD data were collected at 15U1
beamline of Shanghai Synchrotron Radiation Facility (SSRF). The
wavelength of the incident X-ray was 0.6199 A. Dioptas [39] was
used for data reduction.

4.4 | In Situ Neutron Diffraction

In situ neutron diffraction data were collected at BL11 PLANET,
J-PARC [40] using a VX4 Paris-Edinburgh (PE) press equipped
with double-toroidal sintered diamond anvils (3 mm diameter)
and Titanium-Zirconium (TiZr) alloy gasket. Pressure was deter-
mined using the calibration curve of the instrument [41]. The
data were collected in the range of 0-20.0 GPa, corresponding
to an oil pressure range of 0-960 bar. A mixture of deuterated
methanol and deuterated ethanol (4:1 v/v) was employed as the
pressure-transmitting medium (PTM). Benzene-d, was mixed
with PTM at a volume ratio of 7.5:1, and loaded into the press at
low temperature. In situ neutron diffraction data at 1.3, 2.0, 3.0,
41, 5.0, 7.0, 9.2, 11.2, 13.1, 15.1, 17.1 and 20.0 GPa (corresponding
oil pressures of 70, 110, 160, 220, 260, 360, 460, 550, 640, 730,
820 and 960 bar, respectively) were collected for 60, 60, 60,
60, 60, 60, 60, 60, 120, 120, 120 and 120 min, respectively.
Naphthalene-dg and anthracene-d,, were each ground for 15 min
and loaded into the sample chambers together with PTM. For
naphthalene-dg, the diffraction data at 1.3, 2.0, 3.2, 4.1, 5.2,
7.0, 9.2, 12.0, 14.0, 16.2, 18.1 and 20.0 GPa (corresponding oil
pressures of 70, 110, 170, 220, 270, 360, 460, 590, 680, 780, 870
and 960 bar, respectively) were collected for 120, 40, 40, 40, 32,
55, 35, 40, 120, 120, 90, 90 min, respectively. For anthracene-
d,, the diffraction data at 1.3, 2.0, 3.0, 3.9, 6.0, 7.9, 9.0, 10.1,
12.9, 17.1 and 20.0 GPa (corresponding oil pressures of 70, 110,
160, 210, 310, 400, 450, 500, 630, 820 and 960 bar, respectively)
were collected for 150, 120, 180, 60, 60, 60, 120, 67, 120, 120 and
212 min, respectively. The rates of the compression and decom-
pression were kept at ~0.2 GPa/min (10 bar/min) below 10 GPa
(500 bar) and ~0.1 GPa/min (5 bar/min) at 10-20 GPa (500-
960 bar). Jana2006 was used for the Lebail fitting and Rietveld
refinement [42].

4.5 | Synthesis of the Sample (PE20) Recovered
From 20 GPa and the Sample (PE30) Recovered
From 30 GPa by Paris-Edinburgh Press

The samples were synthesized using a VX3 PE press equipped
with stainless steel gaskets. Double-toroidal sintered diamond
anvils were used in the synthesis of the samples, and the sample
volume is 10 mm?. No PTM was used. An automatic hydraulic oil
syringe pump was used to drive the PE press, and the pressure
was estimated according to the Edinburgh group calibration
curve [41]. The target pressure of PE20 was 20 GPa, while that
of PE30 was 30 GPa, corresponding to oil pressures of 960 and
1400 bar, respectively. The samples were maintained at target
pressure for about 18 h and then decompressed to ambient
pressure. The rates of the compression and decompression were
as follows: ~0.2 GPa/min below 4 GPa, ~0.13 GPa/min from 4
to 9 GPa, ~0.09 GPa/min from 9 to 17 GPa, ~0.04 GPa/min from
17 to 21 GPa, ~0.01 GPa/min from 21 to 30 GPa (corresponding
to oil pressure: 10 bar/min below 200 bar, 6 bar/min from 200
to 400 bar, 4 bar/min from 400 to 800 bar, 2 bar/min from
800 to 1000 bar, 0.5 bar/min from 1000 to 1400 bar). After
removing the unreacted naphthalene with n-hexane, PE30-
washed and PE20-washed were obtained. PE30-washed was used
in X-ray diffraction (XRD), transmission electron microscopy
(TEM) and solid-state nuclear magnetic resonance (ssNMR)
experiments. PE20 was dissolved in dichloromethane and used
for gas chromatography-mass spectrometry (GC-MS) and direct
exposure probe-mass spectrometry (DEP-MS) to analyze the
oligomers.

4.6 | Characterization of PE30-Washed by X-Ray
Diffraction, High-Resolution Transmission Electron
Microscope (TEM), and Selected Area Electron
Diffraction (SAED)

The X-ray diffraction experiment of PE30-washed was performed
on a PANalytical Empyrean diffractometer (monochromatized
Cu K, radiation; 1 = 1.5418 A), and the data were recorded from
5° to 120°. The high-resolution TEM and SAED patterns were
recorded on JEM-ARM200F (NEOARM) under a voltage of 80 kV.

4.7 | High-Resolution Gas Chromatography-Mass
Spectrometry Measurement (GC-MS) of PE20 and
the Standard Samples (1,1’-binaphthyl,
2,2’-binaphthyl, and benzo[a]anthracene), and
Direct Exposure Probe-Mass Spectrometry
(DEP-MS) of PE20

The PE20 was dissolved in dichloromethane (CH,Cl,, high-
performance liquid chromatography purity, 99.9%), and the
supernatant was measured by GC-MS. GC-MS measurement
was performed on Thermo Scientific Q Exactive GC hybrid
quadrupole-Orbitrap mass spectrometer. A TG-5SiIMS capillary
column (30 m X 0.25 mm inner diameter x 0.25 um film thickness)
was used, and helium (99.999%) was used as a carrier gas with
a constant flow rate of 1.0 mL/min. 1 uL of the supernatant was
injected manually. The temperature of GC oven was set from 40°C
to 290°C at a rate of 2°C/min, and the temperature of the transfer
lines was set at 260°C. The system was operated with an electron
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ionization source (EI) at 70 eV. The temperature of the ion source
is 290°C. Scan spectra were recorded in the range of 50-750 m/z.
The standard samples were characterized by GC-MS under the
same experimental conditions. For DEP-MS experiment, PE-20
was also extracted by dichloromethane. High-resolution DEP-MS
measurement was performed on Thermo Scientific Q Exactive
GC Orbitrap MS with Direct-Exposure Probe, which features a
heating filament and is capable of flash vaporization or pyrolysis
up to 2000°C.

4.8 | 3CCross-Polarization Magic Angle Spinning
(CP/MAS) and Quantitative Full Relaxed
Direct-Polarization (DP) Solid-State Nuclear
Magnetic Resonance (ssNMR) Experiments of
PE30-Washed

The BC CPMAS and DP ssNMR were performed on a Bruker
Avance NEO 600 MHz NMR spectrometer with a Bruker 1.3 mm
double resonance MAS NMR probe. The sample was loaded into
1.3 mm ZrO, rotors. The MAS frequency was set to 20 kHz. The
contact time is 4000 ps. About 7152 scans were accumulated for
the CP spectra, and the recycle delay was 3 s. The quantitative
13C NMR spectra were measured by DP with proton decoupling.
About 12160 scans were accumulated for the DP spectra, and the
recycle delay was 25 s. The carbon chemical shifts were referenced
externally to the secondary carbon atom of adamantane at
38.48 ppm.

4.9 | Density Functional Theory Calculation

The geometry optimization of the Cambridge Sequential Total
Energy Package (CASTEP) [43] module in Material Studio was
used to optimize the crystal structures of naphthalene under dif-
ferent pressures and the product models. The optimizations were
worked out with the generalized gradient approximation (GGA)
in the form of Perdew-Burke-Ernzerhof (PBE) parametrization
[44]. Generated on the fly (OTFG) norm-conserving pseudopo-
tential with a 720 eV energy cutoff and a k-point resolution
of 27 x 0.05 A~ was used in IR calculation at ambient
pressure.
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