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ABSTRACT: Pressure-induced polymerization (PIP) of
aromatic molecules can generate saturated carbon nanostruc-
tures. As a strongly interacted 7—x stacking unit, the CsHg—
C¢F¢ adduct is widely applied in supramolecular chemistry, and
it provides a good preorganization for the PIP. Here we
investigated the structural variation of C¢Hg—C4F cocrystal
and the subsequent PIP process under high pressure. Four new
molecular-complex phases V, VI, VII, and VIII have been
identified and characterized by the in situ Raman, IR,
synchrotron X-ray, and neutron diffraction. The phase V is
different from the phases observed at low temperature, which
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has a tilted column structure. Phases VI and VII have a structure similar to phase V. Phase VIII polymerizes irreversibly upon
compression above 25 GPa without any catalyst, producing sp*(CH/F), materials. The 7—7 interaction is still dominant below
0.5 GPa but is most likely to be overstepped under further compression, which is important for discussing the supramolecular

phase transition and the polymerization process.

B INTRODUCTION

Carbon materials including the fullerene, nanotube, graphene,
and diamond continue to gain more and more attention due to
their extraordinary electronic and mechanical properties.'
Pressure-induced polymerization (PIP) has been evidenced as
an effective tool for synthesizing functional carbon materials.*~”
Under high pressure, the unsaturated molecules tend to form
more saturated polymer with extended structure and higher
density.*”"" Benzene, as the prototypic model of aromatic
compounds, was extensively studied both theoretically and
experimentally under various temperature, pressure, and
irradiation conditions. Three crystalline phases were discovered
and characterized by spectroscopic and X-ray diffraction
investigations under high pressure, and amorphous hydro-
genated carbon was produced when compressed to 30
GPa."”™'® The structure of the product and the reaction path
were investigated theoretically, and several models constructed
by C(sp*):H were proposed.'*~* Recently, by optimizing the
synthetic conditions, crystalline 1D sp*® carbon nanothread
(hereafter referred as PIP-B) was identified from the sample
recovered from compressed benzene at room temperature.”!
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Compared with traditional sp* nanotubes, higher strength and
stiffness were expected for this diamond-type nanothread. This
high-pressure synthetic method opens a new route to construct
ordered carbon nanomaterials. Modified products with other
functional groups toward particular properties are hence
expected.

Interaction between benzene (C4Hy) and hexafluorobenzene
(C4Fq) has been studied since the 1960s.”> C¢Hg and C(Fg
form a 1:1 cocrystal that has the melting point at 297 K, higher
than those of the neat constituents by 20 K.>® In benzene, the
hydrogen atoms are electron-deficient, and the carbon ring is
electron-rich, while on hexafluorobenzene the charge distribu-
tion is just the opposite. This results in strong electrostatic
attraction between the parallel stacked CsHg—CyFy rings and
makes this complex an important building block in crystal
engineering and supramolecular chemistry. Four crystalline
phases of the C¢Hg—C¢F¢ cocrystal have been identified at low
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temperature, namely, phases I [R-3m], Il [I2/m], III [P-1], and
IV [P2,/a),”** all of them adopting the alternating stacking.
For the PIP synthesis, this preorganized column structure may
help to direct the polymerization and generate ordered carbon
nanostructure. Most importantly, the strongly electronegative
fluorine atoms are expected to affect the reaction path and
properties of the product.”® The obtained fluorinated carbon
material may have superhydrophobic and optoelectronic
properties.”””® However, to our knowledge, the behavior of
benzene-hexafluorobenzene cocrystal (C¢Hg—C¢F4) was only
investigated under low temperature.”*** The responses under
high pressure are still unknown, and the effects of fluorine
substitution on the PIP reaction and the properties of the
obtained polymer are still awaiting investigation.

We investigated the phase transitions and polymerization of
CeH—C¢F¢ cocrystal under high pressure at room temperature
using in situ Raman, IR spectra, X-ray diffraction (XRD), and
neutron diffraction techniques. Four transitions between
molecular phases and a polymerization were identified, and
their structures were investigated. The crystal structures of
high-pressure phases (V—VIII) are different from those of low-
temperature phases (II-IV). The complex phase relationship of
CeHg—C¢F¢ cocrystal under high pressure and low temperature
is described. The variations of the vibration modes and their
relationships to the local structure under compression are
discussed.

B EXPERIMENTAL METHODS

Benzene (99.9%) and hexafluorobenzene (99.9%) were
purchased from Sigma-Aldrich and used without further
purification. The CgHg—C4Fg4 cocrystal was prepared by mixing
equimolar amounts of CgHg and C¢Fg. For the in situ Raman,
IR, and powder XRD experiments, a symmetric diamond anvil
cell (DAC) with an anvil culet size of 300 um in diameter was
used. The type-Ila diamond anvils were used for IR experiment
to avoid absorption band at 1300—1000 cm™". T-301 stainless-
steel gaskets were preindented to ~30 um in thickness and
center holes with d = 100 um were drilled to serve as a sample
chamber. The pressure was determined by measuring the ruby
fluorescence, according to the equation P (GPa) = 248.4[(4/
10)7.665 _ 1]'29

Raman experiments were carried out on a Renishaw Raman
microscope (RM1000). The 532 nm line of a Nd:YAG laser
was used as the excitation source. The system was calibrated by
the Si line. Because of the cutoff of the notch filter, the
measurable Raman spectral range is above 60 cm™'. 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 transmission
mode in the range of 600—4000 cm ™' with a resolution of 4
cm™ through a 20 X 20 um?® aperture. The diamond anvil
absorption in the aperture region was used as the background.
The synchrotron XRD data were collected at beamline 12.2.2,
Advanced Light Source (ALS), Lawrence Berkeley National
Lab (LBNL). The monochromated incident X-ray wavelength
was 0.4973 A. The preliminary data reduction was performed
using the Dioptas program.’ To prepare good powder sample,
the C4Hg—CgF; cocrystal was loaded in the DAC under liquid
nitrogen temperature and sealed quickly to avoid the possible
formation of big grains or preferred orientation. The in situ
high-pressure neutron diffraction was measured in J-PARC
BL11 (PLANET).>' A Paris-Edinburgh press VX4 was used to
provide a maximum pressure of 20 GPa at room temperature.

Single toroidal WC anvils were used for experiments below 10
GPa, and sintered diamond double toroidal anvils were used for
experiments above 10 GPa. Ti—Zr alloy gaskets were used as
the sample chamber. The pressure was calculated using the
calibration curve of the instrument. The collection at one
pressure point lasted over 8 h. The compressing and
decompressing rate was kept at 1 bar/min (~0.1 GPa/min).

The single-crystal X-ray diffraction data were collected using
a KUMA KM-4 CCD diffractometer with graphite mono-
chromated Mo K, radiation. The centering of the DAC was
performed by the gasket-shadowing method.” The reflections
were collected with the w-scans technique, 0.7° frame widths,
and 35 s exposures. Program suite CrysAlis was used for data
collections, determination of the UB matrices, initial data
reductions, and Lp corrections. In all of the measurements, the
reflection intensities have been corrected for the effects of
absorption of X-rays by the DAC, shadowing of the beams by
the gasket edges, and absorption of the sample crystals
themselves.

The low-temperature X-ray diffraction data were collected
using a Bruker D8 diffractometer working with the Cu K,
radiation (1 = 1.5418 A), with the step of 0.02° and the step
duration of 10 s. The sample was frozen on the sample stage at
—53 °C, and the sample chamber was then evacuated. The data
were collected and the temperature was then increased for
more data points.

B RESULTS AND DISCUSSION

Raman Spectra of C¢Hys—CgFs Cocrystal under High
Pressure. When compressing the C;Hs—C4F4 sample slowly

10 . . ; ; . .
Solid (0.15 GPa)

—— liquid-Solid (0.10 GPa) 3069
8s —Liquid (0.05 GPa)

3053,

3068

1

3053,

Intensity (a.u.)

3064

900 1200 1500 3000 3100
Wavenumber (cm™)

300 600

Figure 1. Raman spectra of C{Hg—C4F4 complex in the solid state and
the liquid state.

from 0.05 to 0.10 GPa, a visible liquid-to-solid transition was
observed under optical microscope. The Raman peaks become
sharper (Figure 1), and the lattice mode at 88 cm™ and the
peak at 375 cm™" are strongly enhanced. The assignment of the
Raman modes of CgHg—CyF4 cocrystal is shown in Table 1
based on the spectroscopic information reported at 77 K.’
Most of the peaks in the range above 200 cm™ are very similar
to those of pure C¢Fg or pure C4Hy indicating no strong
interactions between C¢Fs and C¢Hy at this pressure, similarly
as the situation at 0.1 MPa/77 K.>* As discussed later, this is
phase I of C(Hg—CF¢ cocrystal.

The evolution of Raman spectra lower than 300 cm™ with
increasing pressure is shown in Figure 2, which usually includes
the lattice modes reflecting the intermolecular interactions. All
of the modes show obvious blue shifts with increasing pressure.
As displayed in Figure 2a, two new modes, marked by the
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Table 1. Assignments of Raman modes of C{Hy—C¢F,
Complex at 77 K,** 1 atm, and 0.15 GPa, Room
Temperature (RT)

77 K 0.15 GPa assignments
267 vw
375 s 375 s Vyor (C—F out-of-plane bending)
441 s 443 s Vgg (C—C—C in-plane bending)
558 vs 560 vs Ve (Ring breathing)
604 s 606 w Vg (C—C—C in-plane bending)
752 vw 2V g
852 m Vion
980 m 981 w vy (ring breathing for'*CCsHy)
988 vvs 991 wvs vy (ring breathing)
1010 w Vs (C—H bond out of plane vibration)
1146 vw vzp (C—F stretching)
1152 w 1150 vw v (C—F stretching)
1165 w Voyy (C—H in-plane bending)
1171 s Voyy (C—H in-plane bending)
1175 s Vo (C—H in-plane bending)
1178 s 1178 w gy (C—H in-plane bending)
1582 vs 1584 w gy (C—H in-plane bending)
1601 s 1604 w vy + ven
1660 vw 1660 vw  vge (C—C stretching)
2923 vw U3y + Ugy
2942 w 219y
2948 w 219y
3041 m Uy (doubly degenerate C—H stretching)
3048 m Uy (doubly degenerate C—H stretching)
3062 vs 3053 m v,y (totally symmetric C—H in phase stretching
vibration)
3068 m 3069 m v,y (totally symmetric C—H in phase stretching
vibration)
ey Wiy + 2Wen
3161 vw gy, 201y + 2Wey

asterisks, are observed at 0.5 GPa, which indicate a transition
between phase I and V (their labels will be discussed later).

Upon further compression, a new lattice mode at 116 cm™

appearing at 1.7 GPa evidences another transition, from phase
V to VL. At 3.7 GPa, the dependence of lattice modes on
pressure is clearly discontinuous, and a new peak is found at
181 cm™, which indicates the transition from phase VI to VII
(Figure 1b). The fourth phase transition (VII to VIII) is
evidenced by the emergence of the new lattice modes at 108
and 247 cm™" at 11.3 and 14.2 GPa, respectively. Combining
with the variations of the internal modes, IR spectra, and XRD
results described below, five phases (I, V, VI, VII, VIII) of
CH—C¢F¢ cocrystal have been identified under high pressure
with the transition boundaries at 0.5, 1.7, 3.7, and 11.3 GPa,
respectively (Figure 2c).

Internal modes provide the information about the local
variations of the chemical environment around specific groups.
At 0.8 GPa, both the v,y and v,y become doublet,
corresponding to the phase transition from I to V (Figure
3e). Meanwhile, a peak at ~705 cm™' comes out, originated
from out-of-plane motion of benzene ring (v,y;) (Figure 3b).**
At 1.7 GPa, a shoulder band at ~388 cm™ is observed at the
high-frequency side of CF out-of-phase bending mode (v;g),
which becomes a separated peak upon compression (Figure
3a). Simultaneously, the CH in-plane bending mode (voy,
~1170 ecm™") splits, similar to the case of benzene, which
implies that the planar motion of benzene ring is degenerated
(Figure 3d). These are attributed to the transition from phase V
to VL At the transition from phase VI to VII above 3.7 GPa, v,y
and v,y (3000—3100 cm™) split (Figure 3e); five new peaks
emerge at 465, 714, 1008, 1203, and 1598 cm™" (Figure 3a—d),
respectively. At the phase transition from VII to VIII around 13
GPa, the peak at 1598 cm™ (vgy) splits again (Figure 3d), a
new peak at 613 cm™' emerges in the lower frequency region of
Vey (Figure 3b), and the split branch of vy (~3100 cm™)
depletes at this pressure (Figure 3e). The pressure-dependent
Raman modes are summarized in Figure SI1, where the
variations can be clearly observed and hence the phase
transitions are further confirmed.
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Figure 2. Selected Raman spectra of CsHg—C(Fy in the lattice modes region under pressure varying from (a) 0.3 to 2.7 GPa and (b) 3.7 to 30.0 GPa.
(c) Frequency shifts of the lattice modes as a function of pressure. The vertical line represents the boundaries of the different phases. The new peaks
after phase transitions are marked by the asterisks. The dotted lines represent the phase boundaries.
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Figure 3. Raman spectral regions of compressed CgHg—C4F cocrystal: (a) 350—520, (b) 520—780, (c) 950—1130, (d) 1120—1750, and (e) 2900—
3500 cm™" at selected pressures. The omitted ranges of 780—950 and 1750—2900 cm ™" lacked fundamental vibrational modes, and that of 1280—
1500 cm™ overlapped with the diamond modes. The new peaks after phase transitions are marked by the asterisks.

To understand the interactions between molecules C;Hg and
C¢Fg from the Raman spectra, we made a comparison between
CgHs—CgFs cocrystal and its components, pure CsH** and
CcFe.”® One marked difference is that most of the internal
modes of C4Hy molecule exhibit varieties at higher pressures in
the C¢Hg—C¢F¢ cocrystal. For instance, the in-plane C—C—C
bending mode (v¢y) of pure C¢Hg splits at 1.4 GPa, while for
the CsHg—CgFg cocrystal it splits at 12.7 GPa. In addition, the
ring breathing mode of CgF4 (v45) in CgHg—CeFg cocrystal is
relatively softer than those in pure C4F4 and pure C4Hy. As
shown in Figure S2, the slopes of v, against pressure are 4.10,
4.07, 2.68, and 1.25 cm™/GPa in phases V, VI, VII, and VIII,
respectively. In contrast, the ring breathing mode in pure C4Fy
is much higher, at the rates of 8.04, 5.62, 2.78, and 2.69 cm™'/
GPa in the corresponding pressure ranges. These features
uncovered by Raman spectroscopy are probably related to the
different sizes of C¢Hg and CF¢ and the interactions between
C¢Hg and C4Fy, which are stacked in a different way compared
with the pure CiHy and CgF4. The main interaction in the
cocrystal is the electrostatic interaction between the C4Hg and
C¢Fe,”>***° while CH---7 and CF---77/CF---F contacts dominate

the cohesion in pure C¢Hg and C¢Fg.' "~ The details are still
under investigation.

Mid-IR Spectra of C¢Hs—C¢Fs Cocrystal under Com-
pression. Above 25 GPa, most of Raman peaks disappear
because of the enhanced fluorescence signal from the polymeric
product. To investigate the reaction process, in situ IR spectra
were measured under pressure up to 35.1 GPa. The
assignments of the IR modes are shown in Table 2 based on
the spectrum collected at 77 K and ambient pressure.”> The
phase transitions between phases V, VI, VII, and VIII are clearly
identified (Figure 4 and Figure S3). Above 2.3 GPa, a new peak
is observed at the low-frequency side of CH wag vibration
(V1 ~720 cm™'), and a new peak at 1156 cm™' is also
detected (Figure 4a), corresponding to the transition from
phase V to VL Above 3.8 GPa, the combination peak (v, +
V1o ~1320 cm™) splits and a new peak emerges at 3127 cm ™,
which is attributed to the transition to phase VII (Figure 4b,c).
The transition from phase VII to VIII is evidenced by two
features. First, at the high-frequency region of the CH wag
vibration (v4;) and C=C stretching mode (voy;), as well as in
the region of the C—H stretching, three new peaks emerged at
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Table 2. Assignments of IR Frequencies of Solid-Phase
C¢H—C¢F¢ Adduct at 77 K/0.1 MPa*® and 293 K/0.4 GPa

77 K 0.4 GPa assignments
68S vvs, 706 m 686.7 s w1y (out-of-plane C—H vibration)
974 m, 980 m w7y (out-of-plane C—H vibration)
993 vvs 990 vvs Wyop (C—F stretching)
1016 vvs 1019 vvs VUsp + Vigp
1034 vs, 1038 vs 1035 m gy (C—H deformation vibration)
1045 w 1048 vw UWgp + Vigp
1142 vw sy (C—H deformation vibration)
1147 w
1311 vw w4y (C=C stretching)
1328 vw wwy3p (C—F trigonal stretching)
1345 m Ve + Vs g
1403 w,1414 w 1404 vw vy + Vg
1435 w 1438 vw VVgg + Uyor
1460 w 1463w VUsg + Vigp
1469 m,1479 vvs 1479 s gy (C—C stretching)
1493 vw Wsp + Vygp
1531 vvs 1532vvs wigp (C—C stretching)
1550 s 1554s Wiy + Vin
1574 w VUiE + U3p + Uigp

Wi + Vigp

1591 w 1592 VUgg + Vi3p
1618 vw, 1685 vw unassigned in C¢Hg
1754 w 1757 w VUsg + Vigr
1807 vw 1807w Wip + Vg
1833 m 1830 w Wy + Vi7g
1975 m Wsy + Vg
2089 w, 2094 vw ViR + Vigp
2144 vw VUsg + Uygp
2262 vw VUgg + Vigp
2329 vw unassigned in C4Hg
2469 vw, 2474 vw 2469 w Vs + Visp
2505 vw 2505 vw Vg + Uzp + Vgp
2656 vw 2656 vw Vlgr + Uyp
2682 w 2682 w Vo + Vigp
2817 vw unassigned in C¢Hg
2983 vw 2983 vw VUgg + Usp
3005 vw VUsp + Ugp + Vigp
3024 vw 3019 w Vg + Vigp
3030 s, 3037 s 3040 m oy (C—H stretching)
3068 m 3074 m wisy (C—H stretching)
3086 s, 3091 m 3094 m Vlgy + Vion

723, 1514, and 3228 cm™' above 10 GPa. Second, the C—H
deformation vibration (v gy), the combination peak (v, +
V1or), and the peak next to vgy + 1oy mode split. Notably, the
red shift is observed for the combination peak (v,; + vy,5) at
1345 cm™" and also for the new peak (1336 cm™') emerged
above 3.8 GPa (Figure S3b). The reason is still under
investigation.

At 25 GPa, a very broad peak is observed at 1370 cm™*
(Figure 4b), which indicates the starting of the chemical
reaction. The peak is dramatically enhanced upon further
compression, and several new peaks around 798, 844, 955,
1159, and 1855 cm™ (marked by the blue dots) are detected.
Above 28 GPa, the C—H stretching around 3000 cem! s
significantly broadened and weakened, followed by the
remaining peaks of CsFs—CgHy cocrystal. When the sample is
compressed to 30—35 GPa, almost all of the peaks from the
C¢F¢—C4Hg cocrystal disappear, and the new peaks around 966,

1179, 1388, 2648, and 3311 cm™' are attributed to the
polymeric product (marked by the blue dots).

Figure S shows the infrared spectra of C;F¢—C¢Hg cocrystal
under decompression. It demonstrates that the pressure-
induced polymerization is irreversible. The solid polymer
recovered from 35 GPa is a white sample, similar to PIP-B.* As
shown in Figure 5Sb, the peaks in the region of the 842—958,
1312, and 2910 cm™" correspond to C(sp®)—H wagging, trans-
C—H symmetrical rocking, and C(sp*)—H stretching vibra-
tions, respectively, by comparison with the IR spectrum of PIP-
B. The additional strong absorption at 1030 and 1106 cm™
should be attributed to vibrations related to fluorine. Taking the
case of polyvinyl fluoride (PVF) as reference,” the two bands
are assigned to C—F and C—C stretching, respectively. The
emergence of the peaks at 1030 and 2910 cm™' clearly
evidences the polymerization of the cocrystal under high
pressure, with a part of C(sp’) converting into C(sp®). In
addition, we could deduce that sp® carbons still exist in the
polymer product from the presence of C=C, =C-H, and =
C—F stretching bands.

Structure Analysis of C4Hg—CcFs Cocrystal under
Compression. Crystal structure is the key point to understand
the phase transitions and the interactions. To determine the
crystal structures of the high-pressure phases, we attempted to
obtain single crystals of high-pressure phases by controlling the
pressure and temperature conditions. Solidified mixture of a
C¢H—C¢F¢ adduct was melted and as a liquid was loaded to a
warm DAC chamber. Single crystals of phases I and V were
grown under isochoric conditions by in situ recrystallization of
1:1 C4Hg and C¢F¢ mixture. Initially, pressure was increased to
0.13 GPa and a polycrystalline mass was heated, until a single
grain was obtained at 408 K (Figure 6). In the next step, a
single crystal was grown by cooling the DAC to room
temperature. The single crystal of phase V was grown at 0.48
GPa. The mixture was heated to 404 K and subsequently
gradually cooled until the crystals filled the chamber’s volume.
Table 3 lists the details of the structural refinements and crystal
data under selected pressures. The crystal structure measured
below 0.4 GPa at room temperature shows that it is phase L*°
The C4Hg and C4Fg molecules are alternatively stacked to form
columns, which, in turn, are arranged into a hexagonal matrix.
At 0.5 GPa, phase I transforms to phase V, with the space group
transforming from R-3m to P2,/c and abrupt changes of
molecular volume and unit cell parameters (Figure S4.).

Because of the data quality, we could not solve the crystal
structure of phase V and turned to in situ powder diffraction
(shown in Figure 7). Consistently with the Raman and IR
experiments, phase transitions V—VI-VII-VIII and a final
irreversible amorphization transition were identified. The
transition boundary is a bit different from the one observed
by the Raman results, which might be due to nonhydrostaticity
or the technique itself. The Raman results reflect the evolution
of the local structure, while the XRD is related to the long-
range ordering. The XRD pattern of phase VI is significantly
different from that of phase V. However, what really
distinguishes phase VII from phase VI is only the peak around
3° (marked by the asterisk). This implies the structure of phase
VII is very similar to phase VI, probably a superstructure. In the
pressure range of phase VIII, most of XRD peaks are broadened
and finally disappear in the background, which suggests
disorder and reactions of molecules. From the patterns we
can conclude that the high-pressure phases (V, VI, VII, and
VIII) and low-temperature phases (II, III, IV*>°) are different
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The spectral range of 1930—2400 cm™" is omitted due to the strong absorbance of the diamond. The new peaks after phase transitions are marked by

the asterisks. The blue dots represent the new peaks after polymerization.
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Figure 5. (a) IR spectra of CgHg—C4Fg cocrystal upon compression
and decompression at selected pressures. (b) IR spectrum of the
CsHg—C4F¢ sample and reported C¢Hy sample recovered from high
pressure (HP) (reproduced from ref 40). The IR mode abbreviations
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from each other (Figure SS), and the phase transitions under
different pressure and temperature conditions has been
outlined in Figure 8.

The powder sample of phase V has very good crystallinity,
and we successfully indexed its powder XRD pattern collected
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at 1.0 GPa. The lattice parameters are a = 7.6545(6) A, b =
6.0823(7) A, c = 11.687(2) A, and B = 102.498(8)°, which is in
good consistence with the single-crystal diffraction data. To
determine the atomic positions, rigid bodies of C¢Hg and C¢Fy
were used. Nine parameters were refined in the final Rietveld
refinement, including three rotation degree of freedom for
C¢Hg molecule and three for C4Fy, scale, preferred orientation,
and absorption. The bond lengths of C—C, C—H and C—F are
restrained between certain reasonable values. After such a series
of crystallographic analysis and tests, the best structure model
was found and Rietveld refinement was performed (Figure S6).
The crystallographic data and the atomic positions of phase V
are listed in Tables 4 and S, respectively, and the structure
model is shown in Figure 9a. The CsHy and CF¢ molecules are
still alternately packed and form columns; however, the
molecules are not straightly stacked but severely tilted.

Taking phase I, IV, and V for comparison, we can find that all
of them are constructed by CsH¢—C¢F¢ columns, and the
columns are closely (approximately hexagonally) packed
(Figure 9a—c). If we define the lattice parameters of phase I
as ay, by, and ¢, the lattices of phase IV and V are evolved from
ay 1/3a; + 2/3b; + 2/3¢y, ¢, with different @, f, and y angles
(Figure 9d). A significant difference between the phases is that
in phase I the CiHy and the CgF4 planes are perfectly
perpendicular to the direction of the column (straightly
stacked), while in phases IV and V, they are significantly tilted
(Figure 9a—c). In phase IV, all of the molecules tilt toward the
same direction and are hence parallel. In phase V, the molecules
at (x, 0,0) and (x, 0.5, 0.5) tilt toward different directions, with
a dihedral angle of ~60°. It is widely recognized that at low
temperature the rotations and vibrations of molecules are
weakened, which often results in a lower symmetry. Here we
can arguably say that the applied pressure of 0.5 GPa (phase V)
makes a similar effect on the packing of molecules compared
with cooling to ~200 K (phase IV). This also suggests that
under higher pressure in phases VI, VII, and VIII, the molecules
are highly restrained and pack in a more distorted way, and the
role of m—x stacking as the dominating cohesion force is
considerably reduced.
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Phase |

Phase V

Figure 6. Isochoric growth of CqHg—CyF, single crystals of phases I
and V at 0.13 and 0.48 GPa, respectively. The high-pressure chambers
are fully filled by the crystals at 298 K.

Table 3. Crystallographic Data for Phases I and V of C;Hs—
C4F¢ Cocrystal under Selected Pressures at 296 K

phase I v
formula weight 264.17 264.17
pressure (GPa) 0.35 1.3
wavelength (A) 0.71073 0.71073
space group R-3m P2,/c
a (A) 11.924(3) 7.752(18)
b (A) 11.924(3) 6.1053(5)
c (A) 7.195(2) 11.763(3)
a (deg) 90 90
B (deg) 90 102.61(9)
7 (deg) 120 90
volume (A3) 886.0(4) 543.3(12)
V4 3 2
density (g/cm?) 1.485 1.615
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Figure 7. Selected powder XRD patterns of CsHz—C4F4 cocrystal

under high pressure. The new peak after the transition to phase VII is
marked by the asterisk.
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Figure 8. Pressure-induced phase transformations of C,Hz—C¢Fq
cocrystal at room temperature and the structural phase transitions at
ambient pressure and low temperature. The phase boundaries
indicated by dashed curves are only speculative.

It is worth paying attention to the fact that in phases IV and
V the C4F¢ and C4Hy molecules form 2D layers and bands
across the columns, respectively. The nearest H---F distances
are 2.5 to 2.7 A in the layers of phase IV and ~2.2 A within and
between the bands in phase V (Figure S7). This suggests that in
phase IV there is a very weak CH---F hydrogen bond and in
phase V the CH---F bond is much stronger. According to our
previous research of CH;CN, the hydrogen bond can play
important roles in the stacking of molecules as well as in the
following chemical reactions under higher pressure.*

The diffraction peaks of phase VI above 1.7 GPa are broader
and overlapped. The diffraction pattern collected at 3.5 GPa
can be indexed as a = 7.0245(4) A, b = 9.910(3) A, ¢ =
7.594(1) A, a = 105.97(2)°, = 99.42(2)°, and y = 87.97(2)°.
The decreased data quality considerably hampers the
determination of the crystal structure. To explore the crystal
structure of phase VI and above, we have employed in situ
neutron diffraction measurement of the C¢D¢—CF; cocrystal at
around 1.5, 3.0, 7.0, 12.0, 15.0, and 20.0 GPa (Figure S8).
During the whole compressing process, the sample was good
powder crystal, as demonstrated by the 2D detector images.
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Table 4. Experimental Information of the X-ray Diffraction
Data, Crystallographic Data, and Results of Rietveld Analysis
for CgHg—CgFs Cocrystal Phase V (298 K, 1.02 GPa)

phase A%
chemical formula C¢HCyFg
M, (gmol™) 264.17
space group (number) P2,/c (14)

lattice parameters (A, deg) a = 7.6545(6), b = 6.0823(7), ¢ = 11.687(2),
B = 102.498(8)

V (A% 531.2(1)

VA 2

D, (g cm™) 1.65

radiation type synchrotron X-ray

wavelength (A) 0.4973

diffractometer BL-12.2.2, Advanced Light Source, Lawrence

Berkeley National Lab
data collection method Debye—Scherrer geometry
specimen mounting diamond anvil cell
detector image plate

data collection mode transmission

Ry Ry, 0.967, 1.442
number of data points 2413
number of parameters 9

computer program TOPAS-3

Table S. Atomic Coordinates for C{Hs—C4F¢ Cocrystal at
(298 K, 1.02 GPa)

atom X y z

C1l 0.0843 0.1824 —0.0244
Cc2 —0.0809 —0.1333 —0.0873
C3 0.0034 0.0491 —0.1117
C4 0.593§ 0.1018 0.0962
CSs 0.5299 —0.1027 0.1043
C6 0.4364 —0.2042 0.0082
F1 0.6901 0.2063 0.1955
F2 0.5608 —0.2088 0.2121
E3 0.3707 —0.4151 0.0166
H1 0.1630 0.3526 —0.0471
H2 —0.1564 —-0.2577 —0.1688
H3 0.0066 0.0950 —0.2159

“All site occupancies were equal to 1.0 and the temperature factors (B)
of all atoms were set to 1 A2,

Because of the error of the pressure loading curve, the pressure
could not be precisely controlled. Phases I and V were hence
missed, and the first phase observed is phase VI, which can be
perfectly fitted using the lattice parameters mentioned above.
The neutron diffraction patterns show obvious differences
between 7.0 and 12.0 GPa, consistently with the phase
transition from phase VII to VIII. However, the VI-VII
phase transition is not obvious in the d-range measured, which
indicates that it is a minor phase transition. The diffraction
peaks of phase VIII still resemble those of phases VII and VI to
some extent, which implies the similarities between their
structures, as explained above.

B CONCLUSIONS

Structure evolution of C{Hg—CyF4 cocrystal was investigated
under high pressure at ambient temperature using in situ
Raman, mid-IR spectroscopy, X-ray diffraction, and neutron
diffraction. Four molecular phase transitions at ~0.5, 1.7, 3.7,
and 11.3 GPa and the polymerization have been determined

and phase V—VIII are hence identified. XRD and neutron
diffraction studies show that these phases are different from
phases II, III, and VI reported at low temperature.””> Among
them, phase V has a tilted column structure, which suggests that
the 7—x stacking dominating the molecular aggregation at low
pressure becomes less significant under extreme compression.
Phase VIII polymerizes above 25 GPa irreversibly, producing an
amorphous sp>(CH/F), material. Our work evidences the PIP
of C¢Hg—C¢Fg cocrystal, figures out the phase behaviors before
the PIP, and hence provides necessary information to
understand the PIP of C;H¢—CyF4 cocrystal. This work also
provides important reference for the high-pressure research on
C¢Hg—C¢F¢-based supramolecules.
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