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Pressure-induced polymerization (PIP) of aromatic molecules has emerged to be an effective method for synthesizing various

carbon-based materials. The selection of suitable functionalized molecular precursors is crucial for obtaining the desired

structures and functions. In this work, 1,4-difluorobenzene (1,4-DFB) was selected as the building block for PIP. In situ high-

pressure investigations of 1,4-DFB reveals a phase transition at approximately 12.0 GPa and an irreversible chemical reaction

at 18.7 GPa. Structural analysis of the product and the kinetics of the reaction uncovered the formation of pseudo-hexagonal

stacked fluoro-diamond nanothreads with linear growth. Compared to the crystal structures of benzene under high pressure,

1,4-DFB exhibits higher compression along the [001] axis. The anisotropic compression is attributed to the stronger H---1t

interaction along the [017] axis and the potential compression-inhibiting H---F interactions along the [100] and [010] axes,

and it facilitates a possible reaction pathway along the [OlT] axis. This work emphasizes the crucial role of functionalization

in modulating molecular stacking and influencing the reaction pathway.

Introduction

Pressure-induced polymerization (PIP) of aromatics has been
unequivocally established as a highly efficacious strategy for the
synthesis of novel carbon materials.!3 In 2015, diamond
nanothreads (DNTh) were first synthesized through the slow
compression of benzene.* However, the comparable reactivity
of carbon atoms in benzene give rise to several competing
bonding pathways during the polymerization process.>®
Notable pathways include [4+2] cycloaddition along the [100]
and [010] axes and para-polymerization along the [Oli] axis.
The competition results in a range of connectivity patterns and
contributes to a reduction in the structural order within the
intrathread.®’

One strategy to achieve intrathread-ordered DNThs is to
incorporate inert heteroatoms into the aromatic ring, examples
being furan,® thiophene® and pyridazinel© et al.. However, this
reduces the number of interunit bonds, leading to weaker
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Supplementary Information available: Raman and IR decompression spectra of 1,4-

DFB (Fig. S1); IR spectra of samples recovered from 17.5 and 18.7 GPa (Fig. S2);

Rietveld refinement plot and the structure of 1,4-DFB at 4.3 GPa (Fig. S3); crystal

structures of 1,4-DFB at 9.4 GPa and dg¢-benzene at 9.2 GPa along the [010], [100] and

[803] axes, respectively (Fig. S4); a schematic diagram of the proposed packing of

product (Fig. S5); the experimental Raman results (4.2 GPa, room temperature) and

the calculated data (4.3 GPa, 0 K) with corresponding vibrational assignments (Table

S1); the experimental IR results (4.3 GPa, room temperature) and the calculated

data (4.3 GPa, 0 K) with the assignments (Table S2); atomic coordinates of 1,4-DFB

at 4.3 GPa (Table S3); atomic Coordinates of 1,4-DFB at 9.4 GPa (Table S4). atomic

coordinates of benzene at 9.2 GPa (Table S5). See DOI: 10.1039/x0xx00000x

mechanical properties.!> Another viable approach s
functionalizing the monomers, like introducing fluorine atoms
which can result in the columnar stacking instead of the
herringbone-type stacking. Furthermore, the obvious
difference of the electronegativity between the hydrogen and
fluorine atoms may enhance the reaction selectivity and then
results in ordering DNThs. Due to the inverse polarity
relationship between the aromatics and perfluoroaryl
derivatives, including the 1:1 naphthalene-
octafluoronaphthalene?13 and anthracene-
octafluoronaphthalene®® cocrystal, both of them are m-m
stacked in column, which facilitates the formation of
DNThs. phenol-
pentafluorophenol'* cocrystal also displays stable columnar
m---1u stacking as a result of arene-:-perfluoroarene interactions,
forming DNThs under high pressure. However, the smallest
aromatic rings, benzene-hexafluorobenzene  cocrystal,
undergoes a transformation into tilted columns of m---1t stacking
under high pressure, producing a two-dimensional (2D) H-F-
substituted graphane instead of DNThs.1>16 All the literatures
remind us that high-pressure reactions involving fluorinated
aromatics remain highly complex and further investigations are
still needed. In this paper, we focused on the partially
fluorinated aromatic molecule 1,4-difluorobenzene (1,4-DFB). A

interthread-ordered Similarly, a 1:1

phase transition and a reaction were discovered around 12.0
and 18.7 GPa, respectively. The product was identified as
pseudo-hexagonal stacked fluorinated DNThs with a d-spacing
of 6.1 A, supported by kinetic analysis of its one-dimensional
growth. By investigating the crystal structure of 1,4-DFB at 9.4
GPa and comparing it to that of benzene, we observed the
greatest compression along the [001] axis as well as a shorter
nearest neighbour C.-C distance along the [Oli] axis
(dg...c[oﬁ]). These findings reveal an anisotropic compression
under high pressure, which favours a possible reaction pathway
along the [Oli] axis for 1,4-DFB, highlighting the potential of
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functionalization for designing and synthesizing new carbon
materials.

Experimental

1,4-difluorobenzene (>98.0%, GC purity grade) was purchased
from Meryer (Shanghai) Chemical Technology Co., Ltd. and used
without further purification. Symmetric diamond anvil cells
(DACs) with the anvil culet of 300 um in diameter were used for
the in situ high-pressure Raman, mid-IR and XRD experiments.
T-301 stainless steel gaskets were pre-indented to a thickness
of 30 um, and a predrilled hole with a diameter of 100 um
served as the sample chamber. The pressure was determined
using the fluorescence peak of the ruby.” For all in situ
experiments, we didn’t use the pressure medium. For in situ
Raman and synchrotron X-ray diffraction, 1,4-DFB was
cryogenically loaded into the DAC in liquid nitrogen. The sample
was quickly sealed to form powder-crystal and prevent the
formation of large grains or preferred orientation.

For in situ IR experiments, a pair of type Il diamonds were
used. Bruker VERTEX 70v with HYPERION 2000 microscope was
used with a Globar as a conventional source. The spectra were
collected in a transmission mode in the range of 600 — 4000 cm~
1 with a resolution of 2 cm™ through a 40 x 40 um? aperture. KBr
was used to dilute 1,4-DFB in the sample chamber to prevent
the signal from exceeding the detection limit. An appropriate
amount of dried and ground KBr was placed into the sample
chamber and then pre-pressed into thin slice, after which liquid
1,4-DFB was added. The sample chamber was then sealed
quickly to prevent the evaporation of 1,4-DFB. The absorption
of the diamond anvils loaded with KBr in the aperture region
was used as the background. For the in situ Raman experiment,
a commercial Renishaw Raman microscope (RM1000) with the
laser wavelength of 532 nm was used. The silicon line at 520 cm-
1 was used to calibrate system before measurements.

In situ synchrotron X-ray diffraction data under high pressure
were collected at the 4W2 beamline of the Beijing Synchrotron
Radiation Facility (BSRF). The wavelength of incident
monochromatic X-ray was 0.6199 A and the beam size was 20 x
30 um?2. The CeO, standard sample was used to calibrate the
Pilatus detector. The collected data was reduced by Dioptas
software.®

To explore the influence of introducing fluorine atoms on
molecular stacking and reaction pathways, we compared the
crystal structure of 1,4-difluorobenzene (DFB) with that of
benzene under similar high-pressure conditions. We conducted
an in situ time-of-flight (TOF) neutron diffraction experiment on
benzene at 9.2 GPa. Benzene (dg, 100%, isotopic) was purchased
from Alfa Aesar, and used for the in situ TOF neutron diffraction
experiment without further purification. In situ TOF neutron
diffraction experiment was conducted at BL11 PLANET in the
Materials and Life Science Experimental Facility (MLF) at the
Japan Proton Accelerator Research Complex (J-PARC).2® A VX4
Paris-Edinburgh Press equipped with double-toroidal sintered
diamond anvils and a Titanium-Zirconium (TiZr) alloy gasket
(cup diameter of 3 mm) was used for compressing 1,4-DFB. An
automatic hydraulic oil syringe pump was used for driving the

2| J. Name., 2012, 00, 1-3

system, and the pressure was estimated using,the RLANET
group calibration curve.20 A mixture of rRethE@NEPYRY EXhaRbI
(4:1) was used as the pressure medium, and the mixed ratio
between pressure medium and benzene-dg was 1:7.5. The
sample was loaded into the gaskets at low temperature created
with liquid nitrogen.

In ex situ experiments, 1,4-DFB was cryogenically loaded into
the DAC and then compressed to 30.0 GPa. The recovered
product was subsequently used for structural investigation.
Selected area electron diffraction patterns were recorded using
a JEOL-2100 transmission electron microscope at 80 kV under
low-temperature conditions.

Density functional theory (DFT) calculations were performed
to calculate Raman and IR spectra in Cambridge Sequential
Total Energy Package (CASTEP) module?! in Material Studio. The
local density approximation (LDA) exchange correlation
function by Ceperley and Alder was parameterized by Perdew
and Zunger (CA-PZ)??2 then it was used to generate on the fly
(OTFG) norm conserving pseudopotentials with an energy
cutoff of 840 eV. The k-points solution was 2t * 0.04 A 1. The
non-covalent interaction was described by DFT-D correction
forwarded by Ortmann, Bechstedt, and Schmidt.?3

Results and discussion
In situ spectroscopic investigation under high pressure

The high-pressure behavior of 1,4-DFB was investigated by in
situ Raman spectroscopy up to 21.2 GPa at room temperature.
Figure 1a illustrates the evolution of the Raman spectra under
high pressure. The assignment of Raman peaks was shown in
Table S1, referencing the simulated results based on the crystal
structure and the reports of fluorinated aromatic compounds.6
Under compression, two peaks appeared at 449 and 458 cmin
the shoulder of the C-C-C out of plane bending mode at 12.3
GPa as marked by red arrows. Besides, a variation of the Raman
shifts with pressure is detected around 10.5 GPa (Fig. 1b), which
thus indicated a sluggish phase transition in a wide pressure
range from 10.5 to 12.3 GPa. At 15.1 GPa, most of peaks in the
lattice mode region almost disappeared, indicating an
amorphization before reaction. Above 17.9 GPa, a slower
Raman shifts dependent with pressure was observed, which is
similar with the phenomenon of the reported benzene case,?*
indicating the beginning of the pressure-induced reaction of
1,4-DFB. The result is also in consistent with the in situ IR and
XRD data, that will be discussed later. For the Raman spectra
upon decompression (Fig. S1a), the fluorescence background
was so strong that it obscured the sample peak, and no new
peak was observed during decompression.

In situ mid-IR spectra of 1,4-DFB were measured from 1.5 to
30.5 GPa at room temperature. The IR peak assignments based
on simulated results and references 2> are presented in Table
S2. As shown in Fig. 1c, all peaks showed a blue shift as the
pressure increasing and no pronounced spectral changes
happened from 1.5 to 12.0 GPa. When compressing 1,4-DFB to
13.9 GPa, a new peak appeared at 851 cm™ in the left shoulder
of the C-H out-

This journal is © The Royal Society of Chemistry 20xx
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absorbance of the diamonds and the inexistence of peak. The new peaks are marked by red arrows. (d) Wavenumbers of 1,4-DFB as a function of
pressure in the range of 730-1160 and 1165-3300 cm™.

7F of-plane bending (yc.4) as shown in the inset of Fig. 1c. Besides,
C-C / C-F stretching + C-H bending an obvious discontinuity appeared at the dependence of IR
—— modes on pressure around 12.0 GPa (Fig. 1d), thus indicating
C-H bending the pressure-induced phase transition occurring from 12.0 to
ven(sp®) 13.9 GPa, which is in consistence with Raman result.

When compressing 1,4-DFB to 18.7 GPa, several IR modes
Recovered from 18.7 GPa show slight discontinuity with pressure, but still survived up to
Veclsp?) ~30 GPa, (the maximum pressure of the experiment, Fig. 1c and
1d). When we compressed the sample to 18.7 GPa, kept for 12
Venl(sp?) hours and decompressed to ambient pressure, no obvious new
peak appeared (Fig. S1b), but white solid product was obtained.
15GPa This evidenced the polymerization and can’t be observed when
L L L s 1 L_p L L recovered from pressure of 17.5 GPa or lower (Fig. S2, raw
600 800 1000 1200 1400 1600 180?12500 3000 3500 material was volatilized). After carefully removing the 1,4-DFB
Wavenumber (cm™) by vacuuming for 12 hours, the recovered product was analyzed
Fig. 2 IR spectra of 1,4-DFB at 1.5 GPa and product recovered from 18.7 by IR spectroscopy. As shown in Fig. 2, the peaks of recovered
GPa. v represents the stretching vibration. product of C=C stretching (vc.c) at 1500-1530 cm* and sp? C-H
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Fig. 3 (a) In situ XRD of 1,4-DFB under high pressure. New peaks after phase transition were marked by red arrows. The ruby diffractions are marked

by gray rectangle. (b) Birch—Murnaghan equation of the state of 1,4-DFB under non-hydrostatic pressure conditions. The error bars are smaller
than the labels. (c) The evolution of corresponding lattice parameters of 1,4-DFB in the range from 4.3 to 9.4 GPa. The error bars are smaller than
the labels. (d) Crystal structures of 1,4-DFB at 9.4 GPa along the [100] axis, which was determined by Rietveld refinement of in situ XRD data as
shown in Fig. 3g. Pink lines show the nearest neighbour C---C distances, for example, the dc...c[oﬁ] means the nearest neighbour C:--C distance
along the [Oli] axis. Blue dotted lines show the interactions between H atoms and F atoms. (e) Crystal structures of dg-benzene at 9.2 GPa along
the [100] axis, which was determined by Rietveld refinement of in situ TOF neutron diffraction data as shown in Fig. 3h. (f) Structures of 1,4-DFB
(9.4 GPa) and benzene (9.2 GPa) showing local n-stacking. d. is the distance between the ring centroids, d, is the distance between parallel ring

planes and ¢ is slippage angle between parallel ring planes. (g) Rietveld refinement plot of 1,4-DFB at 9.4 GPa with R,, at 14.84 %. To construct

the complete 1,4-DFB molecule as a rigid body, we changed the space group to P2, during the refinement process. The peak marked with purple
diamond originates from an unknown impurity. (h) Rietveld refinement plot of de-benzene at 9.2 GPa with R,,, at 21.22 %.

stretching (vcy) at 3017-3143 cm? disappeared. Additionally, In situ X-ray diffraction under high pressure
- ’ ] 1
the new peaks observed in the regions of the 1300-1375 cm To investigate the structural variation of 1,4-DFB under high

— -1 3 - i
an3d 2300 2990, cm correspond to sp® C-H Pendlng (6c.n) and pressure, in situ XRD patterns were collected up to 32.2 GPa (Fig.
sp? C-H stretching (vc.) in product, referencing the reports on 3a). The crystal structure of 1,4-DFB of phase | at 4.3 GPa and
F-substituted DNThs.!? These evidenced the polymerization of

; ) . room temperature was investigated and determined through
1,4-DFB with the formation of an sp*® carbon material.

Rietveld refinement (Fig. S3) with a space group of P2,/c, similar

Please do not adjust margins
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to the low-temperature and ambient pressure crystal structure
reported in the literature.?® Its lattice parameters are g =
5.530(2) A, b =5.892(2) A, c = 6.5384(13) A, and 8 = 100.39(3)°,
and the atomic coordinates are provided in Table S3. The cell
volumes and parameters below 9.4 GPa were obtained from the
Rietveld refinement. The unit cell volumes as a function of
pressure were fitted by using the third-order Birch—Murnaghan
equation of state (EOS)?7:

7 2

7 5 2
P(V) =1.5B, (%)3 - (%)3 «{1 +%(B1 —4) (9)3 —1[3

where Vg is the unit cell volume at ambient pressure, By and B; are
the isothermal bulk modulus and its first pressure derivative,
respectively. As shown in Fig. 3b, a curve was used to fit the data in
the range from 4.3 to 9.4 GPa with B; fixed to 4, and the result shows
Vo =237 + 2 A3, By = 27 + 1 GPa. The excellent fit indicates no phase
transition below 9.4 GPa, consistent with Raman and IR results. Upon
continuous compressing, two new peaks appeared at 9.4 and 14.1 °
from 11.0 to 12.6 GPa. Additionally, the diffractions at 11.0 GPa
could not be indexed using the lattice parameters of phase |,
which indicated a phase transition, corresponding to Raman
and IR results. At 15.2 GPa, an amorphization before reaction
with the sudden weakening of all peaks was observed. When
decompressing from 32.2 GPa to ambient pressure, the
recovered product shows a broad and weak peak withd=6.1 A,
which was very like the diffraction observed at d~ 5 to 6 A of
DNThs synthesized by the PIP of benzene.*>

As shown in Figure 3d, the crystal structure of 1,4-DFB at 9.4
GPa was obtained by Rietveld refinement of in situ XRD data (Fig.
3g, the atomic coordinates shown in Table S4). In order to
understand the influence of introducing fluorine atoms on
molecular stacking, the structure of dg-benzene at 9.2 GPa was
also investigated in this work for comparison (Fig. 3e), as

determined by Rietveld refinement of TOF neutron data (Fig. 3h,
the atomic coordinates shown in Table S5). As shown in Fig. S4,

1,4-DFB shows a herringbone stacking along the [Oli] axis and
a tilted-column stacking along the [100] and [010] axes. The
quality of the m-stacking can be quantified by the parameters
including slippage angle between parallel ring planes (@), the
distance between the ring centroids (d.) and the distance
between parallel ring planes (d,), proposed by Timothy et al.28
As shown in Fig. 3f, in 1,4-DFB, the ¢ and d. are ¢=68.25° and
d.=5.40 A, respectively, which are similar to those of benzene
(¢=60.27°, d.=4.99 A). This indicates 1,4-DFB has higher d. and

@ as the case in benzene, which means it exhibits "poor" m--m
stacking.?® However, it is worthy to note that in contrast to
benzene (11),2%3° the 1,4-DFB shows more obviously anisotropic
compression under high pressure with [001] axis showing the
greatest compression of 5.17%, comparing with compression of
[100] axis (2.58%) and the [010] axis (2.03%) as shown in Fig.
3c. This anisotropic compression stems from the strong H--1t
interaction along the [Oli] axis and the compression-limiting
H---Finteraction along the [100] and [010] axes (marked by the
blue dotted line in Fig. 3d). Along the [100] and [010] axes the
H---F distances are 2.42 and 2.26 A, respectively. They are all
shorter than the sum of the van der Waals radii of Fand H atoms
(dye = 1.47 A, dyy = 1.2 A), 31 indicating a repulsive interaction.

This journal is © The Royal Society of Chemistry 20xx
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These interactions lead to a shorter nearest neighbour G:-.-C
distance along the [011] axis (dc...c[o11P2'31030A}/@rdrger
distances along the [100] and [010]axes (dc..c[100] = 3.23 A,
dc..clo10] = 3.50 A), instead of the almost identical distances
observed in benzene (dc..c[017] = 3.16 A, dc..c[100] = 3.15 A,
dc..cio10] = 3.11 A). As a result, a potential reaction pathway
along the [Oli] axis is favoured for 1,4-DFB.

Structure analysis of the recovered product

The selected area electron diffraction (SAED) pattern of the
recovered sample (Fig.4) revealed a pseudo-hexagonal
symmetry with d-spacings of 6.1, 5.9, and 6.0 A, corresponding
to the {010} planes in hexagonal lattice. It aligns with the
characteristics of DNThs synthesized via the PIP of aromatic
molecules,*>%32 and the d-spacing represents the interplanar
distance between the layers formed by DNThs (Figure S5). It is
noted that product showed electron irradiation sensitivity with
enlarged d-spacing and gradually dispersive diffraction spot,
even at the voltage of 80 kV and the temperature of 77 K,
consistent with the reports of DNThs synthesized from
benzene.33

Fig. 4 Selected area electron diffraction (SAED) of the recovered product
at the voltage of 80 kV and the temperature of 77 K.

To further analyze the reaction mechanism, the kinetic process
of reaction was investigated via collecting IR absorption spectra
as a function of time under constant pressure and ambient
temperature as shown in Fig. 5. The pressure of 25.5 GPa was
chosen because the transformation rate at the onset pressure
of the reaction at 18.7 GPa is too slow. Avrami model was used
to analyze kinetics of pressure-induced solid—state reactions.3*
The fraction of the reacted 1,4-DFB monomer as a function of
time R(t) was fitted using the following relationship:
I1(0) —I(t n
R(D) = % = Roo[1 — el-kG—"]

J. Name., 2013, 00, 1-3 | 5
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Fig. 5 Kinetic evolution of the reactions at ambient temperature and
25.5 GPa. The fraction of the reacted monomer determined by the
absorption of selected main bands, is plotted as a function of time. The
fitting parameters are shown in the inset.

where the intensity / corresponds to the integration of selected
main bands in the region of 1500-1615 cm™1, which serves as an
excellent probe to determine the amount of reacted monomer
via the attenuated integrated-area of the bands. Rw is a fit
parameter defined as (1(0) —I(t))/ 1(0), tois the reaction
starting time, k is the rate constant, and n is a parameter
related to the dimensionality of the growth process. The main
kinetics analysis relies on the n values, n<1 indicates a one-
dimensional growth.3* As shown in Fig. 5, the kinetic process at
25.5 GPa fitted well with the Avrami model. The fitted Avrami
model of reacted 1,4-DFB shows n = 0.54, which indicates a
linear growth of product, aligning with the formation of 1-D
DNThs.

As discussed above, the product of 1,4-DFB propagates with a
one-dimensional growth to form the fluoro-DNThs. However,
the product still exhibited limited ordering, similar to that of
benzene without slow compression.3> Although the
introduction of F atoms effectively modulates the molecular
stacking and promotes a potential reaction pathway along the
[Olﬂ axis, it is not strong enough to alter the herringbone
molecular stacking, thus resulting non-topochemical PIP like
benzene.> In the future, designing a precursor with better
molecular stacking in accordance with topochemical rules is
also needed to be considered for synthesizing ordered,
structure-specific products.

Conclusions

We investigated the high-pressure behaviour of 1,4-DFB
through in situ Raman, IR spectroscopy, and XRD. Our findings
revealed a phase transition around 12.0 GPa, and the onset of a
reaction was demonstrated around 18.7 GPa. By investigating
structure of product using SAED, a pseudo-hexagonal stacked
fluoro-DNThs was demonstrated. Kinetic analysis of the
reaction also supported one-dimensional growth, consistent
with DNTh formation. By investigating the crystal structure of
1,4-DFB under high pressure and comparing it to that of
benzene, we identified a potential reaction pathway along the
[Olﬂ axis for 1,4-DFB. This work underscores the potential of a
bottom-up PIP approach for designing new carbon materials. By
functionally modifying precursors and forming appropriate

6 | J. Name., 2012, 00, 1-3

molecular stacking, it is anticipated that more carbon materials
with predictable pathways and structuresédn!BéGipniesized1K
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