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ABSTRACT

The high pressure synthesis of hydrogenated, sp>-hybridized carbon nanothreads from aromatics is a vibrant
research area. These nanomaterials are expected to join the high tensile strength of diamond with the high
flexibility of polymers. The smart selection of the initial aromatic substance leads to tailor transport and optical
properties and to enhance the selectivity of the synthesis. So far, the synthesis has only been performed in two-
opposed anvils cells, supporting large uniaxial stress. To increase chemical selectivity and yield, the interplay
between this stress and the intrinsic relative molecular orientation in the starting crystal is a very important
aspect to clarify. We report the synthesis (30 GPa) of a diphenylacetylene-derived polymeric composite incor-
porating domains of potentially semiconductive C-nanothreads, performed in a large volume, multi-anvil two-
stage press. This device provides quasi-isotropic direct compression of millimeter-sized samples. Materials
characterizations were performed by synchrotron, powder X-ray diffraction and Infrared spectroscopy. The
product is quite similar to those previously obtained in diamond anvil cells, showing that the synthesis is not
related to uniaxial stress and is instead driven by the favourable intermolecular orientation in the initial mo-
lecular solid. These findings are very likely to be common to many other aromatic systems, and also show the
scalability to large volumes of the C-nanothreads synthesis.

1. Introduction

pseudo-hexagonal crystalline order in the orthogonal plane. More
recently, carbon nanothreads bearing a sort of azimuthal order around

Hydrogenated, sp>-hybridized C-nanothreads, one among several
known extended hydrocarbon compounds, were first discovered upon
room temperature compressions of the aromatic archetype, benzene,
slightly above 20 GPa [1-3]. Indeed, chemical reconstruction led to
form overall linear, diamond-like structures with transverse shape and
size reflecting those of the starting monomer. These unique materials are
expected to combine the high tensile strength of diamond to the high
flexibility of polymers. Benzene-derived C-nanothreads pack together
with no long range order along the thread axis and 2D close packed,

the thread axis and even long-range order along the axis were sinthe-
sized at high pressures from thiophene [4], and triazine [5] and pyr-
idazine [6], respectively. Along with these cases, many other types of C-
nanothreads were synthesized at high pressures starting from a number
of polycyclic, hetero- and substituted aromatic compounds [7-17]. As a
consequence, the current understanding is that the high pressure
transformation of simple aromatic systems into nanothreads is a quite
general property for these substances. On the other hand, the purpose of
operating a smart selection of the initial aromatic substance is at least
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Fig. 1. Second-LVP-stage/sample configuration. Top: cross section of the octahedral assembly with materials description. Bottom: positioning of the octahedral
assembly between the WC cubes. Yellowish cylinders through the assembly: SiBCN X-ray windows. Blue section through the green gasket: MgO. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

twofold. From one side, this choice is aimed to add useful physical
properties to nanothreads such as transport and optical properties,
without worsening their unique mechanical features. In addition, a
proper selection of the starting molecular system can lead to enhance the
selectivity of the chemical synthesis of internally ordered or quasi-
ordered C-nanothreads with respect to unwanted side products. Yet, to
increase selectivity and yield, it is very important to investigate, on a
general ground, the interplay between the anisotropy of the applied
loads usually affecting the synthesis protocols, and the nature of the
intermolecular interactions at work in the starting molecular crystal, a
point of still intense debate. This debate is currently limited to syntheses
performed via two opposed anvil cells such as diamond anvil cells
(DACs) and Paris-Edinburgh (PE) cells with no pressure transmitting
medium (PTM), with only two exceptions: sp> C-nanothreads synthe-
sized from aromatic C;oHgCj(Fg co-crystals in DACs, with Ne or He as
the PTM [18,19]. In the case of C-nanothreads obtained in DACs and PE
with no PTM, the formation of the products occurred in the presence of
strong uniaxial stress. For benzene-derived nanothreads, the uniaxial
stress was shown to be the driving force of the synthesis and, conse-
quently, the chemical reaction to be non-topochemical [1-3], whereas
topochemical or nearly topochemical pathways led to C-nanothreads
starting from several lower symmetry aromatics such as aniline [11,12],

triazine [5], azobenzene [16], and disubstituted benzene [14]. In the
topochemical reactions, the favourable, nearest neighbours intermo-
lecular orientation plaid the major role in driving the transformations
and the extended product nearly and selectively reflected the topology
of the molecular precursor. In order to deepen our understanding on the
interplay between different potential reaction mechanisms in the
nanothreads synthesis, it would be more than natural to conceive high
pressure syntheses where the uniaxial load scheme of DACs and PE is
modified and, possibly, the uniaxial stress removed. The results should
then be compared to those obtained by using two-opposed anvil cells.
This is precisely one of the two main purposes of the present work. We
accomplished this task by using a multi-anvil large volume press
(MALVP) exploiting an octahedral geometrical scheme for the applied
loads, hence a quasi-isotropic one as compared to DACs and PE. As the
case system, we focused on diphenylacetylene (DPhA). In fact, we have
recently synthesized DPhA-derived polymeric composites incorporating
carbon nanothreads using DACs [20], so we do have solid reference DAC
results to compare with the MALVP data. In addition, these nanothreads
are an interesting, unique semiconductive version of C-nanothreads
actually made of double core diamond-like nanothreads with the two
cores being bound by a conjugated C, polyacetylene-like backbone. This
material exhibits an optical bandgap of 1.74 eV, similar to
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Fig. 2. selected powder XRD patterns (A = 0.389887 A) of DPhA measured
upon increasing pressure, from bottom to top. All peaks belong to the initial
molecular DPhA crystal. Vertical numeric strings: Miller indices for the stron-
gest Bragg peaks. Red dots: marks for peaks which where used for evaluating
the compression curve. The (002) peak for h-BN has been cut out and the
patterns where vertically split for the sake of clarity. The large diffuse back-
ground is dominated by the Compton scattering from the long (~2 m) air path
between the sample and the detector. Glitches come from the gaps between the
detector chips. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

polyacetylene; it is then very attractive as a potential organic semi-
conductor with simultaneous outstanding mechanical properties.

The second purpose of our quest through the MALVP set-up was to
scale up the synthesis of C-nanothreads as much as possible, and indeed
we obtained millimiter-size volumes for the product, after compression
of DPhA to 30 GPa, at room temperature. Volume scale-up has obvious
potentials for technological applications of these novel materials.

In the following, we present a brief description of the experimental
procedures, in situ synchrotron powder X-ray diffraction (XRD) in-
vestigations of DPhA under pressure, ex-situ XRD and Infrared (IR)
spectroscopy measurements of the recovered product, and comparisons
to the results obtained in DACs. The comparison shows that the two high
pressure synthesis techniques led substantially to the same composite
materials, incorporating the same nanothread domains, although the
schemes of the applied loads differ significantly. This in turn clearly
suggests that the intrinsic nearest neighbours intermolecular orientation
in the molecular solid precursor is indeed favourable for the formation
of nanothreads (topochemical reaction) and that this orientation, rather
than the anisotropy of applied loads, provides a major contribution to
those driving the synthesis.

2. Experimental methods

High pressure powder XRD measurements on crystalline diphenyla-
cetylene (Sigma-Aldrich, purity >98 %) were performed up to 30 GPa, at
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Fig. 3. Compression curves of the molecular diphenylacetylene crystal. Black
and orange open circles: MALVP data from the same run, processed through
two distinct procedures called ccl and cc2, respectively (see text). Full black
and magenta circles: DAC data for two different samples obtained in an
experiment described previously [20]. Blue, dashed line: Vinet equation of state
fitted to the ccl MALVP compression curve. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 4. Ex-situ XRD patterns (A = 0.389887 ;\) of the post synthesis (MALVP)
recovered sample, measured at two distinct points (green and blue). A back-
ground diffuse scattering signal, mostly due to the Compton scattering of air,
has been subtracted and the patterns have been vertically shifted for the sake of
clarity. The two Bragg peaks labelled by Miller indices are assigned to 2D
packed, double-core C-nanotheads derived from DPhA (see text). Vertical, black
sticks: Q position for the (001) and (100) peaks observed after the sample has
been relaxing for about two weeks, using a table-top XRD set-up (Mo source).
Vertical, red sticks: (001) and (100) peaks observed for DPhA-derived C-
nanothreads synthesized in DACs. Asterisks: Bragg peaks from the supporting
tape. Glitches: gaps between the detector chips. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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Table 1

Q position and corresponding d values for the two Bragg peaks observed in Fig. 4
for the nanothread sample synthesized in the MALVP set-up, and indexed as in
our previous study in DACs [20]. The Q and d values for the same sample
observed after about two weeks, MALVP relax, through our in-house diffrac-
tometer (Mo micro-source, A = 0.71073 A), and for samples obtained in DACs
are also reported.

Sample Qoon A QioA™)  doon A) digo &) door/
dioo
MALVP 0.5835 (3) 1.233 (3) 10.768 (6) 5.10 (1) 2.111 (49)
MALVP, 0.5489 (6) 1.129 (2) 11.44 (1) 5.56 (1) 2.056 (3)
relaxed
DACs [20] 0.566 (7) 1.16 (1) 11.1.(1) 5.41 (5) 2.05 (4)

room temperature, in a large volume press (LVP) set-up at the IDO6-LVP
beam line of the ESRF. This device consists of a Kawai-type, two-stage
multianvil apparatus driven by a 2000 ton press, with independent
control on upper and lower rams to ensure triaxial compression at all
loads. We used the standard 6/8 high pressure assembly with WC cubes
(6UF, Sandvik) having 3 mm truncations and enclosing a 7 mm edge
Cry03-doped MgO octahedron, working as the pressure transmitting
medium, which in turn hosted the cylindrically shaped BN sample
capsule and the sample itself (Fig. 1). We then plugged two Al,O3 pellets
at the top and the bottom of the cylindrical sample, respectively. Pyro-
phyllite was used as the gasket material, with SiBCN and MgO windows
along the beam path. The initial sample volume was equal to 3.1 mm?®,
The sample was compressed with a pressure slope of about 0.04 GPa/
min and a maximum load larger than 1000 tons, and continuous, in situ
data collection of XRD patterns (1 s of collection time) was performed in
order to characterize the degree of conversion. The total compression
time for achieving the maximum pressure of 30 GPa was equal to about
12.5 h. Similar pressure slope and total time were adopted to decom-
press the sample down to ambient conditions, after having held it at the
maximum pressure for about 10 h. These times are similar or in the same

Diamond & Related Materials 136 (2023) 109912

order of magnitude as those adopted for the synthesis of DPhA-derived
carbon nanothreads in DACs. The sample pressure was measured by
the BN equation of state [21,22]. XRD patterns on the ambient pressure
recovered materials were also measured. The X-ray beam coupled to the
LVP had an incident spot size of about 1 mm?, when not limited by the
anvil gaps, and wavelengths equal to 0.389887 A and 0.233933 A and
we used a Pilatus3 X CdTe 900K-W (Dectris) X-ray detector. The
diffractometer was calibrated using a LaBg powder standard, and the
diffraction patterns were analyzed and integrated using FIT2D [23].
Additional X-ray data presented through the paper and measured for
samples in diamond anvil cells were measured at the XPRESS beam line
(A = 0.49499 A) of the Elettra synchrotron, by procedures described
previously [20]. Fourier transform infrared (IR) absorption spectra in
the medium IR frequency range were measured using a Bruker-IFS 120
HR spectrometer equipped with blackbody broadband sources and
suitably modified for experiments in DACs, with a frequency resolution
setto1 cm ™! [24].

3. Results and discussion

In Fig. 2, we report selected XRD patterns of DPhA measured in situ
in the MALVP upon increasing pressure up to 29 GPa with the maximum
pressure in this run being equal to 30 GPa. In fact, this is the maximum
pressure at which we previously pursued the synthesis of DPhA-derived
carbon nanothreads in DACs [20]. In the figure, we have limited the Q
interval to include only the strongest Bragg peaks of the molecular DPhA
crystal. We observe a general positive pressure shift of the XRD patterns,
and also a sudden increase in the width of all peaks between ambient
pressure and about 1 GPa, while the increase is much more gradual at
higher pressures. Interestingly, the peak width values observed at high
pressures, which we very reasonably assign to the deviatoric stress in the
sample grains and to pressure gradients here in play, are very close to
those found for measurements in DACs [20]. On the other hand, the

Fig. 5. Schematic, crystalline 2D arrangement of the nanothreads, represented by DPhA proxies, in the plane orthogonal to the thread axis. The monoclinic cell and
the corresponding lattice parameters are evidenced as well as the hexagonal arrangement of the threads (dashed line). Grey and white spheres: C and H atoms,

respectively.



S. Fanetti et al.

Fig. 6. Top panel: sample lump recovered after the MALVP synthesis. Bottom
panel: sample recovered in DAC after a typical high pressure synthesis, shown
in transmitted and reflected light.

linear size of the samples and of the X-ray beam spot for DACs was
smaller than that of the MALVP/X-ray apparatus by 1-2 orders of
magnitude, which in turn indicates that the compression of the MALVP
sample was much more uniform than that of the DAC samples. Although
we note that the reduced azimuth angular range of MALVP data could
lead to slightly underestimating the actual pressure gradients. These
findings go together with the pressure being applied much more iso-
tropically in the MALVP, and all this immediately raises the question of
how the difference between the two types of compression would affect
the final synthesized materials.

The Bragg peaks of DPhA broaden and weaken substantially with
increasing pressure, particularly above 15-16 GPa, which in fact cor-
responds to the reaction threshold for the formation of C-nanothreads
observed in DACs [20]. A very faint peak observed in DACs at about
0.62 A, above 9 GPa, and assigned to a potential new phase of molecular
DPhA, which was supposed to be precursor of the nanothreads, was not
observed here either due to the lower signal-to-noise ratio or because
this phase was simply not present in the MALVP sample. In Fig. 3, we
report the compression curves of the molecular DPhA crystal for the
MALVP sample and for two DAC samples up to 16-17 GPa, in terms of V/
Vo, where V and Vj are the unit cell volumes at high and ambient
pressure, respectively.

For the MALVP sample, volume data were obtained from a limited
set of six Bragg peaks, marked by red dots in Fig. 2, which remain
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Fig. 7. IR absorption spectra of the MALVP (red) and the DAC (blue) recovered
samples, both obtained after compression of diphenylacetylene to 30 GPa, in
the frequency region of the C—H stretching modes. The most intense, broad
peak centred at around 2920 cm ™! is the signature for carbon in sp®, diamond-
like hybridization forming the non-molecular material, whereas weaker peaks
above 3000 cm™! show the presence of some amount of residual highly
strained, most likely amorphous molecular materials. To measure the spectrum
of the MALVP sample, a small piece of material was taken from the main
millimetric sample and pelleted into the gasket hole of a DAC to a final thick-
ness of 25-30 pm. The two spectra have been vertically shifted for the sake of
clarity. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

sufficiently strong and resolved through the entire pressure range over
which the compression curve is reported. Four out of six of these peaks
are actually assigned to 2-3 distinct, yet poorly resolved d-spacings. We
evaluated the compression curve by adopting two different procedures,
here referred to as ccl and cc2. As a first common step, we fitted a
pseudo-Voigt function to each observed peak and obtained six distinct d-
spacing values at each pressure. For ccl, we assigned the Miller indices
to the d-spacings, according to the given known crystal structure at
ambient pressure (monoclinic, P2;/c). When more than one Bragg
reflection was expected around a certain d-spacing, which could not be
experimentally resolved, we assigned the observed reflection to the
strongest expected one. We then analytically calculated the unit cell
volumes. Instead, for cc2, we have not assumed any particular crystal
structure and, as a consequence, we have not assigned Miller indices to
the d-spacings. In this case, an effective compression curve was obtained
as: V/Vo = (d/dg), where the d-spacing ratio d/do between the high and
the ambient pressure values, respectively, has been averaged over the six
peaks. The compression curves obtained through the two procedures, in
fact, agree very well. We then fitted a Vinet equation of state function
[25] through the MALVP ccl data and obtained By = 12.7 (3) GPa and
By’ = 5.0 (1), where By and By’ are the ambient pressure bulk modulus
and its first derivative with respect to pressure, respectively. These
values for the two parameters lie in the typical range of molecular
crystals. Incidentally, we note that while our combined ccl/cc2 pro-
cedure may have underestimated possible high pressure phase trans-
formations in the molecular DPhA, it has the advantage of clearly
showing how smooth the compression curve of the molecular material is
(see below for comparison to compressions in DAC) just up to the re-
action threshold, which was one of the main purposes of our work.
The compression curves for the DAC samples also reported in Fig. 3
were obtained from the same set of data presented previously, where
DPhA was compressed without PTM [20]. In this case, the unit cell
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Fig. 8. Bottom panel: pair distribution function (blue line) of the post synthesis MALVP recovered sample, obtained from the total X-ray scattering pattern, using the
Amorpheus software [26]. The numerical density (p = 0.0875 atoms/A%) was obtained as a combination of the present structural data and previous ab initio DFT
computer simulations describing the internal structure of double-core nanothreads, named conjugated C-tube (3,0) [20]. This density value is about 30 % higher than
that of the starting molecular crystal. Bottom panel, black pattern: statistical distribution for the interatomic CC distances in the DFT structural model of an isolated,
double-core nanothread; here the amplitude has been rescaled for the sake of clarity. Top-left panel: DFT optimized structure of a nanothread fragment of the type:
conjugated C-tube (3,0) [20]. Grey and white spheres: C and H atoms, respectively. Top-right panel: total X-ray scattering pattern of the MALVP recovered sample (A
= 0.233933 A). Glitches are due to the gaps between the detector chips and asterisks indicate Bragg peaks from the supporting tape. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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volumes were evaluated through a Le Bail fitting procedure of the
measured XRD patterns. At variance with the MALVP compression
curves, those obtained with DACs where largely not reproducible and
one of the two curves also exhibits a sort of kink at around 5 GPa,
together with an anomalous slope change and even a curvature change
going from normal positive to slightly negative across the kink. These
results clearly show that the DAC samples were compressed much less
hydrostatically than the MALVP sample, as observed above from the
direct observation of width of the Bragg peaks, likely due to the strong
uniaxial stress present in the DACs.

It is now compelling to show how the greater hydrostaticity of the
MALVP compression run affected the synthesized materials, which in
fact is one of the main objectives of the present investigation. In Fig. 4,
we report two XRD patterns measured on the free standing, post-
synthesis recovered sample, which was extracted from the octahedral
assembly and held on a tape through the X-ray beam. The two patterns
were measured at two distinct points several hundred microns apart,
with the X-ray spot size of about 1 mm?, comparable to the sample size.
Thus, the two patterns sampled two partially overlapping regions which,
taken together, covered about the entire size of the recovered material.
The broad and strong Compton background from the long (~2 m)
sample-detector air path has been measured and subtracted. Clearly, the
patterns are dominated by two sharp peaks located at 0.5835 (3) A™?
and 1.233 (3) A™}, respectively, indicating that a major portion of our
samples is crystalline. On the other hand, the peak at higher Qs is build
up on a more diffuse, significantly broader and weaker peak, which
suggests the simultaneous presence of some amount of a highly disorder
form in the sample, hence the composite nature of the material as a
whole. The two-peak crystalline patterns are very similar to those
observed for composite materials incorporating 1D DPhA-derived dou-
ble-core carbon nanothreads obtained in DACs and also recovered at
ambient pressure [20] (see Table 1). We then indexed the current pat-
terns in a similar fashion and, consequently, identified our large-volume
samples as consisting, to a substantial extent, of pseudo-hexagonal,
monoclinic 2D packing of double-core nanothreads. More precisely,
the freshly synthesized sample from the MALVP appears to be a slightly
more packed version of this very peculiar structure, while we found it
relaxed, over a period of about two weeks, to lower packing, more
similar or slightly lower than to those of the DAC samples (see Table 1).
Similar to the DAC samples, the peak width of the diffraction peaks leads
us to estimate the transverse spatial correlation length for our nano-
threads in a range, at least, between a few tens and about a hundred of
;\ngstrom. Following the interpretation given previously for DAC sam-
ples [20], we describe the present nanothread structure by means of a
2D monoclinic primitive cell (a = 6.42 10\, c=13.21 A, B =120°, for the
relaxed sample) reported in Fig. 5, where the 1D double-core nano-
threads are represented by DPhA proxies. According to our previous
study, based on a combination of XRD, infrared spectroscopy and den-
sity functional theory (DFT) simulations, these nanothreads are made of
two diamond-like hydrogenated carbon-nanothreads, in fact the cores,
linked by a conjugated backbone, which makes the material a low-
bandgap polymer (Egap = 1.74 eV for the rather brownish samples ob-
tained in DACs). In agreement with these previous observations, the
large volume sample recovered in this study is also a brownish material,
hence a typically low-bandgap one (see Fig. 6 where we also report a
typical recovered sample from the high pressure synthesis in DACs),
while instead the initial DPhA solid is a transparent, colourless material.

In Fig. 7, we report IR absorption spectra of the MALVP and the DAC
recovered samples, both obtained after compressions to 30 GPa, in the
frequency region of the C—H stretching modes. The two spectra are
entirely similar. The most intense, broad peak centred at around 2920
em™! is the signature for carbon in sp®, diamond-like hybridization
(Csp°H groups) forming the non-molecular material; two very weak
shoulders at 2860 cm™* and 2960 cm™?, respectively, in the MALVP
sample, originate from defective Csp®H, groups in this material. The
weak peaks above 3000 cm ™! (Csp?H groups) show the presence of some
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amount of residual highly strained, most likely amorphous molecular
materials. These results are a direct evidence that the non-molecular
recovered MALVP sample has the same local structure as the DAC
sample, with respect to hydrogenated carbon, which in turn agrees with
the carbon nano-thread structure described through the XRD
investigation.

In Fig. 8, we also report the pair distribution function (PDF) for this
sample. Needless to say, this function, as obtained by the XRD data, is
substantially sensitive to the carbon-carbon correlation only. We
observe two distinct well resolved peaks at 1.48 A and 2.58 A, deriving
from the first (bonded atoms) and the second atomic coordination shells,
respectively. The width of the two peaks is resolution limited. In the
same figure, we also report the statistical distribution for the interatomic
CC distances in the DFT structural model of an isolated, double-core
nanothread, which we simulated previously and named conjugated C-
tube (3,0) [20]. The agreement between the simulated CC distances and
those observed experimentally is very good up to at least the fourth
coordination shell, at around 5 /o\, which in turn confirms the DFT
structural model.

4. Conclusions

We synthesized a DPhA-derived polymeric composite material
incorporating, to a substantial extent, carbon nanothreads by using a
multi-anvil large volume press apparatus and performed materials
characterization via synchrotron XRD and IR spectroscopy. The
compression of the samples was quasi-isotropic, in contrast to those in
DACs. Yet, the polymeric samples synthesized in MALVP and in DACs
are fully comparable, on a quantitative basis. These results are direct
evidence that the relevant reaction mechanisms are dominated by the
favourable intrinsic relative orientation between nearest neighbour
molecules in the initial molecular crystal, and it is very likely that this is
extendable to similar aromatic systems such as azobenene and stilbene
among others. In addition, the present synthesis method for carbon
nanothreads provides the largest possible volume (a few mm®) among
those available for different high pressure cells: PE, DAC, at the reaction
pressure of 30 GPa here in play, a result of potential practical interest for
future applications of carbon nanothreads.
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