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ABSTRACT
Dehydro-Diels–Alder (DDA) reaction is a textbook reaction for preparing six-membered rings in solution but is scarcely seen in
solid-state  synthesis.  In  this  work,  using  multiple  characterization  techniques,  we  demonstrate  that  the  bowl-shaped  clusters
C18Te3Br4(Bu-O)6 might  experience a DDA reaction at  room temperature and high pressure between 5.5 and 7.4 GPa.  Above
17.0 GPa, it  is found that the bonding conversion from the intramolecular sp2  to the intermolecular sp3 occurred, in the form of
pressure-induced  diamondization.  The  recovered  samples  from 20.0  and  36.1  GPa  showed  incomplete  reversibility,  while  the
decompression-induced  graphitization  of  glassy  carbon  was  observed  during  decompression  from  46.5  GPa.  The
electrochemical impedance spectroscopy results indicated that the transport properties changed from grain boundary dominant
to grain dominant due to the DDA reaction and the grain boundary effect disappeared as the intermolecular sp3 bonding building-
up  and  carrier  transmission  channel  formation  above  17.0  GPa.  The  results  in  this  study  open  a  new  route  to  construct  the
crystalline carbon materials with different transport properties.
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1    Introduction
Organic  molecular  crystals  are  a  class  of  soft  and  easily
compressible  solids.  The  combination  of  weak  intermolecular
forces and strong intramolecular covalent bonds results in organic
molecular  crystals  with  unique  properties.  For  example,  flexible
organic photoelectric functional materials have been created [1, 2].
High-pressure is an important thermodynamic method for tuning
the  properties  of  crystal  structures  [3–5].  Under  high-pressure
conditions,  the  intermolecular  distances  will  change  significantly,
reorganizing  crystal  packing  and  changing  the  properties  of  the
material  [6–12],  and  many  examples  of  pressure-induced  phase
transitions  or  polymerization  of  organic  molecules  have  been
reported. Benzene presents several structural changes at pressures
of  1.4,  4,  11,  and  17  GPa,  and  exposing  benzene  to  pressures  in
excess of 25 GPa results in irreversible chemical reaction, creating
amorphous hydrogenated carbons (a-C:H) [10, 13]. A semimetal-
to-semiconductor transition of trilayer graphene was obtained by
tuning  the  interlayer  interactions  with  pressure,  achieving  an
intrinsic  bandgap  of  2.5  ±  0.3  eV,  and  the  high-pressure

semiconducting  phase  was  preserved  even  at  several  GPa  [11].
Researchers  have  examined  C6H6–C6F6 co-crystals  under  high-
pressure conditions and found that they polymerized into layered
H–F  graphene  after  several  elemental  reactions  [14, 15].
Furthermore,  some  polycyclic  aromatic  hydrocarbons  (PAHs),
such  as  naphthalene,  anthracene,  and  pentacene,  will  convert  to
graphite  or  diamond  under  extreme  conditions,  and  pentacene
exhibits  metallic  properties  at  27  GPa  [16, 17].  Unlike  widely
studied flat PAHs, few studies examined curved PAHs under high-
pressure  conditions.  Curved  PAHs,  also  classified  as  fullerenes,
exhibit  unique  physical  and  chemical  properties  due  to  their
unique  concave-convex  structure.  Many  studies  have  been
conducted on closed systems of  fullerenes  at  high-pressures  such
as  C60 [18–20],  C70 [21],  and  carbon  nanotubes  [22].  However,
curved  PAHs,  such  as  bowl-shaped  molecules,  have  an  open
surface and exhibit unique properties. As a result, they can be used
in  areas  such  as  synthetic  chemistry  and  photoelectric
materials  due  to  their  geometric  configurations  and  molecular
dipoles  [23, 24].  Raman  and  infrared  (IR)  absorption  spectra  of
bowl-shaped corannulene have been studied up to 27.6 GPa, and
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two phase transitions were observed at  2.2  and 3.6  GPa,  while  at
11.4  GPa,  corannulene  began  to  polymerize  irreversibly.  Upon
loading pressure to 19.7 GPa, corannulene then transformed into
amorphous hydrocarbon with mixed sp2 and sp3 bonding [25–27].
Recently,  Liu  et  al.  and  Gou  et  al.  synthesized  millimetre-sized,
nearly  pure  sp3 amorphous  carbon  material  at  27  GPa  and
900–1,000 K, and paracrystalline diamond at 30 GPa and 1,600 K,
respectively from C60 precursors [28, 29].

Trichalgenasumanenes  synthesized through the  substitution of
pentagonal  carbon  by  heteroatoms  (S,  Se,  and  Te)  are  good
example  of  organic  molecules  with  bowl-shaped  structures  and
narrow  highest  occupied  molecular  orbital  (HOMO)–lowest
unoccupied  molecular  orbital  (LUMO)  gaps,  compared  with
sumanenes  [30, 31].  In  addition,  the  tellurium  atoms  in  the
pentagon  structures  will  coordinate  with  bromine,  resulting  in
obvious physical  and chemical  property  changes  [32].  Compared
to  trithiasumanene  with  a  bowl  depth  ~  0.65  Å  and
triselenasumanene with a bowl depth ~ 0.47 Å, C18Te3Br4(Bu-O)6
has a bowl-shaped polycyclic skeleton with a shallow bowl depth,
resulting in a molecular skeleton that is almost planar, as shown in
Fig. 1.  In  addition,  the  evolution  of  transport  behavior  and
structure  of  C18Te3Br4(Bu-O)6 under  pressure  have  not  yet  been
explored.

In  this  study,  we  investigated  bowl-shaped  C18Te3Br4(Bu-O)6
under  high-pressure  and  room  temperature  conditions.  The
transport  properties  were  analyzed  along  with  structural  changes
according  to  IR  absorption  and  Raman  spectroscopy  and
synchrotron  X-ray  diffraction  (XRD)  analysis,  and  our  results
demonstrated  the  evident  effects  of  pressure  on  the  structure  of
C18Te3Br4(Bu-O)6. 

2    Experimental section
Polycrystalline  powder  C18Te3Br4(Bu-O)6 sample  was  synthesized
from  hexaalkoxytriphenylene  using  an  ultrasound-assisted  one-
pot reaction [31]. An in situ high-pressure study on C18Te3Br4(Bu-
O)6 was then performed using symmetric diamond anvil cell with
Fe  gaskets,  and  ruby  fluorescence  line-shift  was  employed  for
pressure calibration [33]. The transport behavior of C18Te3Br4(Bu-
O)6 was measured using electrochemical impedance spectroscopy
(Solartron-1296  &  1260),  where  the  alternating  current  (AC)
voltage  was  100  mV  and  the  frequency  ranged  from  0.01  Hz  to
10 MHz. A mixture of epoxy and cubic boron nitride (c-BN) was
used  as  the  insulation  between  the  electrode  and  the  Fe  gasket.
Two thin platinum electrodes were then connected to the sample,
and  no  pressure  medium  was  used  for  high-pressure
electrochemical  impedance  spectroscopy  measurements  [34].  IR
spectra  were  obtained  using  a  Bruker  VERTEX  70v  Fourier
transform  infrared  spectrometer,  and  the  data  were  collected  in
transmission  mode  with  a  resolution  of  0.4  cm−1.  The  sample

chamber  was  filled  with  a  mixture  of  sample  and  potassium
bromide  (KBr).  Raman  data  were  collected  using  a  Renishaw
micro-Raman  spectrometer,  and  the  system  utilized  an  Nd:YAG
laser instrument operating at 532 nm with a spectral resolution of
better than 1 cm−1. The synchrotron XRD study on C18Te3Br4(Bu-
O)6 under high-pressure was performed at the Pohang Accelerator
Laboratory on a beamline 5A. The wavelength of the incident X-
ray  was  0.6927  Å,  and  two-dimensional  data  images  were
integrated using Dioptas software [35]. Silicone oil was used as the
pressure  transmitting  medium  in  the  high-pressure  Raman  and
XRD experiments. 

3    Results and discussion
We  obtained  the  IR  absorption  spectra  of  C18Te3Br4(Bu-O)6 at
room  temperature  and  at  pressures  ranging  from  ambient
pressure  to  36.1  GPa.  The  region  from  940  to  1,360  cm−1

corresponded  to  C–O  and  C–C  stretching  vibrations,  as  well  as
the stretching and angular vibrations of –CH3 and –CH2– in the
fingerprint  region.  The  1,430–1,660  cm−1 region  included –CH3
and –CH2– angular vibrations and carbon–carbon (sp2) stretching
of the carbon ring, and the 2,870–2,960 cm−1 band was assigned to
the  stretching  of  C(sp3)–H.  The  internal  stress  due  to  the
incorporation of  pentagons in the curved PAHs produced a blue
shift in the vibration frequency; however, this effect was negligible
in the bowl-shaped PAHs with shallow bowl depth [30].  Besides,
the vibration frequency presented red shift in heteroatom-bearing
five membered ring compared to pentagonal carbon ring in other
organic  materials  due  to  the  substitution  of  C  atom  in  the
pentagon by heavier Te atom.

A  few  selected  IR  spectra  are  shown  in Fig. 2.  During
compression  up  to  7.4  GPa,  the  C–H  stretching  vibrations  (sp3

υ(C–H)) in the ~ 2,850–2,990 cm−1 region from the sp3 carbon in the
butyl  group  (–CH2–CH2–CH2–CH3)  broadened  and  weakened,
and one absorption peak at 1,360 cm−1 marked by blue triangle of
the  C–H  in-plane  vibrations  (sp3 β(C–H))  weakened  rapidly.  We
also  observed  a  shoulder  at  3,035  cm−1 and  a  peak  at  3,107  cm−1,
which  were  attributed  to  the  C–H  stretching  vibrations  of
the  sp2 carbon  in  the  3-butenyl  group  (–CH2–CH2–CH=CH2),
and  their  intensities  increased  with  increasing  pressure.  These
changes  indicated  that  C18Te3Br4(Bu-O)6 might  experience  a
pressure-induced  dehydro-Diels–Alder  (DDA)  reaction,
namely  decomposition,  in  which  the  saturated  carbon  atoms
(sp3-type)  decomposed  into  unsaturated  carbon  atoms
(sp2-type) [36–42]. After decomposition of –CH2–CH2–CH2–CH3
into –CH2–CH2–CH=CH2,  the  resulting  products  consisted  of
hydrogen  and  C18Te3Br4(3-butenyl-O)6.  When  the  pressure  was
further increased to 22.5 GPa, the peak at 1,300 cm−1 attributed to
the υ(C–C) in carbon rings and the peak at 3,035 cm−1 belonging to
the  C–H  stretching  vibrations  of  the  sp2 carbon  disappeared,

 

Figure 1    Molecular  structure  of  bowl-shaped  C18Te3Br6(Bu-O)6:  (a)  top  and
(b) side views.
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Figure 2    Selected IR spectra of C18Te3Br4(Bu-O)6.
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indicating the decrease of intramolecular sp2 bonding.
IR  absorption  spectra  of  the  recovered  sample  from  36.1  GPa

had  the  same  profile  as  the  original  sample.  However,  the
absorption peak intensity was lower than before loading pressure
was applied, and as a result, reversibility was incomplete.

Raman  spectroscopy  is  the  most  effective  and  non-destructive
method  for  characterizing  the  free  carbon  phase. Figure  3(a)
shows  the  Raman  spectra  of  C18Te3Br4(Bu-O)6 up  to  46.5  GPa.
After 6.7 GPa, the strong peak at 174 cm−1 developed into a broad
and  weak  hump,  possibly  due  to  the  pressure-induced  DDA
reaction. Lattice vibration signals from 130 to 220 cm−1 decreased
with  increasing  pressure,  indicating  amorphous  state  forming.
Above 24.0 GPa in compression, the υ(C–C) mode in ring at around
1,500  cm−1 and  G  band  at  ~  1,600  cm−1 gradually  disappeared  as
shown in Fig. 3(b), suggesting sp2 bonding in a molecule converts
to intermolecular  sp3 bonding [43].  During pressure release from
46.5  GPa,  the  G band transformed into  a  broad and asymmetric
band, which characterized the conversion from sp3 bonding to sp2

bonding [44]. Figure 3(c) presents clearly the G band position and
full  width at  half  maximum (FWHM) upon loading pressure.  At
the  pressure  ranges  of  6.7–11.3  and  17.5–24.0  GPa  in
compression, the peak position and FWHM presented two abrupt
changes which correspond to DDA reaction and diamondization,
respectively.  The  transition  from  van  der  Waals  interactions
between  the  molecules  to  intermolecular  sp3 bonding  in
amorphous  carbon  is  also  known  as  solid-state  topochemical
polymerization (SSTP) [45–47]. In addition, the D (~ 1,350 cm−1)
and  2D  (~  2,700  cm−1)  bands  were  also  unavailable,  as  they
overlapped  with  the  first-  and  second-order  Raman  peaks  of
diamond, respectively, or they were not present.

Experimental evidences and theoretical results have shown that
high  sp3 glassy  carbon  loaded  up  to  45  GPa  will  fully  revert  to
oriented  sp2-bonded  graphite  after  decompression  [17, 48, 49].
Ferrari  and  Robertson  proposed  a  three-stage  model  to  classify
disordered,  amorphous,  and  diamond-like  carbon  using  the
positions,  intensities,  and  widths  of  the  G  and  D  bands  in  the
visible  Raman  spectra  [44].  In  this  study,  no  H2 Raman
~  4,230  cm−1 signal  was  visible,  indicating  that  only  hydrogen
atoms  were  presented  as  a  result  of  decomposition.  Thus,  our
results were inconsistent with the conclusions obtained by Lim et
al.,  who  used  Raman  spectral  evidence  to  show  that  solid  H2
intercalated into graphite at pressures up to 60 GPa [50].

To elucidate the structural changes with pressure, we conducted
in  situ synchrotron  XRD  measurements.  The  selected  diffraction
patterns at high-pressure are shown in Fig. 4, where the weak peak
intensity  illustrated  poor  crystallinity  due  to  weak  interactions
between  the  molecules.  At  3.6  GPa,  the  marked  peaks  were

indexed  as  the  diffraction  of  monoclinic  structure  (P21/c space
group, a = 10.415 Å, b = 7.501 Å, c = 3.961 Å, and β = 118.1°). No
detectable  XRD  pattern  changes  were  observed  in  the  sample
between 9.7 and 20.6 GPa, corresponding to the pressure-induced
DDA reaction and conversion from intramolecular sp2 bonding to
intermolecular  sp3 bonding,  respectively.  Therefore,  the
decomposition  products,  C18Te3Br4(3-butenyl-O)6,  maintained
their  structural  relationships  with  the  reactants,  specifically  the
solid-state  topochemical  reaction,  decomposition,  and
polymerization.  At  20.6  GPa  in  compression,  the  sample  signal
disappeared, indicating the transition into an amorphous structure
being consistent  with Raman observation.  After  the pressure was
released  at  20.6  GPa,  the  XRD  peak  at  2θ =  3.97°  recovered,
though the other weak peaks were not visible,  indicating that the
phase  transition  of  C18Te3Br4(Bu-O)6 exhibited  incomplete
reversibility with a strong preferred orientation. These results were
agreeable with the conclusions obtained by Shiell et al. [49]. High-
pressure  studies  have  shown  that  glassy  carbon  undergoes  a
reversible  phase  transition  into  super-hard  amorphous  diamond
via  continuous  pressure-induced  sp2 bonding  to  sp3 bonding
changes  at  loading  pressures  above  40  GPa  under  ambient
temperature  conditions  [51].  According  to  the  conclusions
obtained  from  Raman  spectroscopy  and  XRD  analysis  on  the
layered  graphene  under  high-pressure  conditions  [52]  that  it
becomes  amorphous  with  an  interlayer  distance  of  2.8  Å  (above
18  GPa);  however,  local  sp2 hybridization  in  the  layers  persisted
until 50 GPa.

The  Nyquist  plots  for  different  pressures  are  presented  in
Figs.  5(a)–5(d).  The  Nyquist  plots  contained  three  semicircles  at
2.1 GPa in which the first semicircle in the high-frequency region
represented  the  grain  resistance  and the  second semicircle  in  the
middle-frequency  region  represented  the  grain  boundary
resistance,  so  C18Te3Br4(Bu-O)6 presented  electron  transport
behavior. The third semicircle in the low-frequency corresponded
to  the  contact  resistance,  which  was  related  to  the  surface  effect
between  the  sample  and  Pt  electrodes  [53, 54].  As  the  pressure
increased,  the  low-frequency  semicircle  gradually  disappeared,
indicating good contact between the sample and the Pt electrodes.
The  diameters  of  the  first  two  semicircles  decreased  with
increasing  pressure,  indicating  that  the  resistance  decreased.
Above  8.2  GPa,  the  diameter  of  the  semicircle  in  the  middle-
frequency region suddenly became smaller  than the semicircle  in
the  high-frequency  region,  indicating  that  grain  resistance
dominated  the  transport  behavior.  Thus,  the  grain  boundary
resistance  contributed  less  to  the  total  resistance.  From 20.2  GPa
during  compression,  the  second  semicircle  in  the  middle-
frequency  region  disappeared,  meaning  grain  boundary
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disappeared  and  molecules  polymerized  under  high  pressure  as
described  in  Raman  characterization.  Above  23.9  GPa,  a  short
straight line appeared in the low-frequency region, indicating ionic
conduction. The angle between the short straight line and Z′-axis
was  less  than  45°,  possibly  due  to  the  rough  surface  of  the
electrode.

To quantify the effects of pressure on the transport properties of
C18Te3Br4(Bu-O)6, an equivalent circuit model was employed to fit
the  electrochemical  impedance  spectra,  as  shown  in  the  inset  in
Fig. 5(e).  The  experimental  and  fitted  results  were  in  good
agreement. Rg was  smaller  than Rgb between  2  and  8  GPa,  and
above ~ 8 GPa, Rgb and Rg dropped rapidly, as shown in Fig. 5(f).
As  the  pressure  increased  further, Rg decreased  rapidly  until
~  23.9  GPa,  and  afterward, Rg decreased  slowly  until  53.2  GPa.
The  variations  of Rgb and Rg from  8.2  to  13.1  GPa  and  above
23.9  GPa  were  attributed  to  the  structural  changes  with  pressure
increasing  of  C18Te3Br4(Bu-O)6.  After  decompression, Rg and Rgb
almost  recovered  to  their  values,  indicating  that  the  recovered
samples had close relationship with virgin samples.

Carbon is a versatile element, which can crystallize in the form
of cubic diamond, graphite, and amorphous carbon usually. Great
excitement  has  followed  the  discovery  of  new  forms  of  carbon,
including  fullerenes,  nanotubes,  and  single  layer  graphene  [55].
Functionalized  carbon  materials  modified  by  ions  offer  broad
potential applications in telecommunications, electronics, catalysis,
and ion battery [56–60].

In  this  report,  IR  absorption  spectroscopy  analysis  of
C18Te3Br4(Bu-O)6 indicated  that  it  decomposed  into  hydrogen
and  C18Te3Br4(3-butenyl-O)6 at  7.4  GPa,  specifically  from
–CH2–CH2–CH2–CH3 to –CH2–CH2–CH=CH2.  According  to
the  XRD  results,  some  of  the  resulting  hydrogen  atoms  were
absorbed  by  the  Fe  gasket  to  low  the  transition  pressures  to
9.7  GPa  from  13  GPa  at  ambient  temperature,  from  body-
centered  cubic  (bcc)  Fe  to  hexagonal  close  packed  (hcp)  Fe  (see
the  Electronic  Supplementary  Material  (ESM)).  The
decomposition  of  PAHs  under  high-pressure  was  the  source  of
hydrogen  and  amorphous  hydrogenated  carbon,  and  this  result
may  be  relevant  for  environmental  applications  [39, 41].  In  this
study,  when  we  further  increased  the  pressure  above  17.0  GPa,
C18Te3Br4(3-butenyl-O)6 converted  from  intramolecular  sp2

bonding in the molecular crystals to intermolecular sp3 bonding in
the  amorphous  carbon.  Therefore,  pressure-induced
diamondization occurred under high-pressure, as shown in the IR
absorption and Raman spectra.  We also observed competition of
the  hydrogen  atoms  from  the  pressure-induced  DDA  reaction
between C18Te3Br4(3-butenyl-O)6 and the Fe gasket. It is suggested
that pressure-induced diamondization occurred via sp3 bonding of
the  carbons  in  the  rings  (C–C  bridge)  and  the  carbons  of
–CH2–CH2–CH=CH2 in 3-butenyl (on the molecular edges) from
the adjacent molecules; thus, a carbon network formed with high
sp3 bonding.  As  a  result,  a  good  carrier  (electrons  and  ions)
transmission channel was established, which decreased resistance.
After release, the IR absorption spectra recovered their profile with
lower  intensities  compared  to  the  highest  studied  pressure  of
36.1  GPa,  and  the  XRD  pattern  after  pressure  release  resembled
the  virgin  sample  at  the  highest  studied  pressure  of  20.6  GPa.
These results indicated that incomplete reversibility occurred upon
release of pressure. We proposed that decompression consisted of
two  stages.  In  the  first  stage,  all  C–C  bridges  were  broken,
however,  some  sp3 bonding  on  the  molecular  edges  survived,
cluster consisting of two or fewer molecules formed. In the second
stage, the resulting hydrogen atoms from the DDA reaction were
absorbed  by  C18Te3Br4(3-butenyl-O)6,  and  as  a  result,
C18Te3Br4(Bu-O)6 recovered.  However,  the  Raman  spectra
indicated  decompression-induced  graphitization  at  46.5  GPa;
therefore, the critical pressure existed between 36.1 and 46.5 GPa,
being consistent with the results obtained by Shiell et al. (45 GPa)
[49].  Above  the  critical  pressure,  the  conversion  was  irreversible,
and  some  of  C–C  bridges  were  broken.  However,  all  of  the  sp3

bonds  on  the  edges  of  the  molecules  remained,  resulting  in  a
carbon network composed of low sp3 amorphous carbon. Figure 6
shows  the  schematic  C18Te3Br4(Bu-O)6 evolution  with  high
pressure. Research by Mao et al. revealed that graphite exposed to
compression at ambient temperature experienced a transition into
distorted  super-hard  material  at  17  GPa,  where  half  of  the
interlayer  π-bonds  in  graphite  converted  to  σ-bonds  through
bridging of the carbon atom pairs [61]. Atomistic simulation study
on  uniaxial  compression  and  decompression  gave  a  consistent
with our research [49]. Models have also been constructed on the
basis  of  high-resolution  transmission  electron  microscopy
observations  for  glassy  carbon  structures  incorporating  non-six-
membered  rings  [62],  and  fragments  of  the  negatively  curved
graphitic  sheets  containing  linked  hexagons  with  dispersed
pentagons  and  heptagons  were  distributed  randomly  throughout
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Figure 4    Selected in  situ synchrotron  XRD  patterns  of  C18Te3Br4(Bu-O)6

under high-pressure conditions at room temperature.
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Figure 5    (a)–(d)  Nyquist  plots  of  C18Te3Br4(Bu-O)6 upon loading  pressure  at
different  pressure.  (e)  Equivalent  circuit  and  fitted  experimental  results  at
2.1  GPa,  where Rg and Rgb represent  the  grain  resistance  and  grain  boundary
resistance, respectively, CPE1 and CPE2 are the constant phase angle elements,
Rc is  the  contact  resistance,  and  CPE3  is  the  capacitance  associated  with  the
contact surface of the sample and electrode. (f) Evolution of grain resistance and
grain boundary resistance with pressure.

  4 Nano Res.  
 

 

 | www.editorialmanager.com/nare/default.asp



the network [63]. Another assessment by Martin et al. found that
the  dipole  moments  in  curved  polyaromatic  hydrocarbons  as  a
result  of  pentagonal  inclusions  produced  significant  long-range
interactions, which contributed to the self-assembly processes [64].

A study  by  Wentorf  et  al.  showed that  the  final  product  from
naphthalene,  anthracene,  and  chrysene  at  12  GPa  and  2,000  °C
was  graphite,  whereas  the  same  treatment  of  adamantane,
camphene,  pyrene,  fluorene,  and  polyethylene  resulted  in
diamondization  with  approximately  60%  yield.  Therefore,  it  was
assumed  that  the  state  of  the  starting  material  (including
molecular structure and hydrogen-based functional groups) would
affect  the  resulting  pyrolysis  products  under  pressure  [65].
Research on hydrogenated amorphous carbon and hydrogenated
graphitic  carbon  films  irradiated  by  ions  confirmed  that  the
trigonal-bonded  carbon  and  cluster  size  were  dependent  on  the
hydrogen  concentration  [66].  Several  PAHs  subjected  to  high
temperature  and  high-pressure  conditions  were  studied  by
Davydov  et  al.,  and  the  results  showed  that  specific  structures  of
the  initial  compounds,  especially  hydrogen  content,  played  an
important  role  in  diamond  formation  from  graphite  and  carbon
residue  [17].  Martins  et  al.  performed  Raman  spectroscopy  and
found  that  pressure-induced  diamondization  on  the  surface  of
graphene  was  facilitated  by  the  hydrogen-based  chemical
groups  [67].  In  addition,  Gao  et  al.  [68]  and  Dong  et  al.  [69]
disclosed  that  shear  stress  played  an  important  role  in  the
conversion  of  intramolecular  sp2 bonding  to  intermolecular  sp3

bonding  during  diamond  formation.  However,  the  transition
pressure differences between these two studies were 30–50 times.
Furthermore, in  situ Raman  spectroscopy  analysis  showed  no
noticeable  changes  in  the  types  of  chemical  bonds  in  glassy
carbon,  up  to  60  GPa  [70].  Therefore,  studies  have  not  yet

determined whether hydrogen atoms or shear forces play a major
role in the conversion.

Ultraviolet–visible  (UV)  Raman  spectroscopy  was  used  to
analyze the linkage of unsaturated benzene under pressure, which
produced  networks  containing  both  sp2-bonded  and  sp3-bonded
carbon  structures  and  the  results  showed  that  benzene  ring
aromaticity must be destroyed during network formation [71]. In
addition,  two  π-systems  nonplanar  structural  elements  were
found  to  combine  into  new  polyarene  through  sp2 bonding
on  the  edges  of  the  molecules  [72].  The  polymerization
reaction  occurred  at  10–20  GPa  for  distance-selected  1,4-
diphenylbutadiyne  under  high-pressure  conditions,  forming
crystalline  graphitic  nanoribbons  [38].  Therefore,  the  product
formed  by  pressure-induced  polymerization  through  a  variety  of
routes,  and  a  unified  criterion  for  producing  specific  polymer
structures via specific routes is urgently needed. 

4    Conclusions
In  this  study,  we  used  IR  absorption  spectroscopy,  Raman
spectroscopy,  synchrotron  XRD  and  electrochemical  impedance
spectroscopy  to  determine  that  bowl-shaped  C18Te3Br4(Bu-O)6
exhibited a pressure-dependent transport property resulting from
structural  evolution.  Due  to  pressure-induced  DDA  reaction  at
~  7  GPa,  the  saturated  sp3-bonded  carbon  of  the  butyl  group
decomposed to unsaturated sp2-bonded carbon. Above 17.0 GPa,
the sample presented bonding conversion from intramolecular sp2

in  a  molecular  crystal  into  intermolecular  sp3 in  an  amorphous
state;  thus,  pressure-induced  diamondization  occurred.  A  carbon
network  with  a  high  sp3 amorphous  state  formed,  and  a  good
carrier transmission channel was established, which decreased the
resistance  for  ionic  conduction.  We  also  observed  a  critical
pressure  at  45  GPa.  When  the  highest  pressure  applied  to  the
sample  was  lower  than the  critical  pressure,  the  conversion from
sp2 bonding  to  sp3 bonding  was  an  incomplete  reversibility.  All
C–C bridges and a few of sp3 bonds of molecular edge broken, so
flake cluster consisting of several molecules formed. After pressure
unloading  from the  highest  pressure  above  45  GPa,  we  observed
decompression-induced graphitization of glassy carbon. All of the
sp3 bonds on the molecular edges and some of intermolecular sp3

bonds  in  the  rings  remained  unchanged.  Therefore,  a  low  sp3

amorphous  structure  formed.  Our  experimental  results  showed
that pressure could be effectively used to modify the structure and
electrical properties of bowl-shaped molecular materials. 
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