Open Access Atrticle. Published on 21 February 2022. Downloaded on 1/30/2026 12:10:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Nanoscale

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2022, 14, 4614

Received 13th December 2021,
Accepted 21st February 2022

DOI: 10.1039/d1nr08188h

rsc.li/nanoscale

Introduction

The number and the applications of pure or hybrid carbon
nanomaterials have impressively grown in the last few years
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Towards custom built double core carbon
nanothreads using stilbene and pseudo-stilbene
type systems+
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Until recently, saturated carbon nanothreads were the missing tile in the world of low-dimension carbon
nanomaterials. These one-dimensional fully saturated polymers possess superior mechanical properties
by combining high tensile strength with flexibility and resilience. They can be obtained by compressing
aromatic and heteroaromatic crystals above 15 GPa exploiting the anisotropic stress that can be achieved
by the diamond anvil cell technique. Recently, double-core nanothreads were synthesized by compres-
sing azobenzene crystals, achieving the remarkable result of preserving the azo group as a linker of the
resulting double thread. Herein, we demonstrate the generality of these findings through the synthesis of
double carbon nanothreads from trans stilbene and azobenzene-stilbene mixed crystals. Employment of
Fourier transform infrared spectroscopy and synchrotron X-ray diffraction enabled a comprehensive
characterization of the reactivity identifying threshold conditions, kinetics and structure—reaction relation-
ship. In particular, the reaction is anticipated by a phase transition characterized by a sudden increase of
the monoclinic angle and a collapse along the b axis direction. Large bidimensional crystalline areas
extending several tens of nanometers are evidenced by transmission electron microscopy also confirming
the monoclinic unit cell derived from X-ray diffraction data in which threads possessing the polymer 1
structure, as suggested by density functional theory calculations, are packed. The most exciting result of
this study is the demonstration of viable synthesis of double nanothreads where the number and the
nature of chromophoric groups linking the threads can be tuned by preparing starting crystals of desired
composition, thanks to the isomorphism typical of the pseudo-stilbene molecules. This is extremely
important in tailoring nanothreads with tunable optical properties and an adjustable band gap, also
exploiting the possibility of introducing substituents in the phenyl groups.

encompassing many different research areas like energy
storage, biomedical and environmental applications, organic
solar cells, sensors and biosensors, imaging, materials science
and many others." These applications mainly involve the
use of pure or composite materials based on graphene,’
nanotubes>® and nanodiamonds.” Among pure carbon nano-
materials, saturated carbon nanothreads are the last discov-
ered, filling the gap concerning the existence of fully sp?
carbon 1D diamond-like chains. These materials are expected
to be characterized by extraordinary mechanical properties
combining stiffness only slightly less than diamond, with flexi-
bility, resilience and excellent tensile strength.® Saturated
carbon nanothreads were predicted®'' well in advance with
respect to the first reported synthesis realized by compressing
benzene in a Paris-Edinburgh press.'” After this first achieve-
ment the number of syntheses and the comprehension of reac-

IDipartimento di Chimica “Ugo Schiff”, Universita di Firenze, Via della Lastruccia 3,
I-50019 Sesto Fiorentino, Italy. E-mail: roberto.bini@unifi.it

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr08188h

4614 | Nanoscale, 2022, 14, 4614-4625

tion mechanisms impressively grew thus providing the basis
for potential technological applications.""* Nanothreads were
indeed produced by compressing different aromatics like
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pyridine,">'® aniline,"”” thiophene,'® furan," para di-
substituted benzenes,*® arene-perfluoroarene®>> and phenol-

pentafluorophenol®  co-crystals, but also fully saturated
strained molecules like cubane.® This number further
increases when computational studies are taken into account,
since fully saturated carbon nanothreads have been reported
from polycyclic aromatic hydrocarbons,? substituted benzenes
(-CHj3, -NH,, -OH, -F),*® and also from five-membered hetero-
aromatics.>’” As far as the mechanism is concerned, the
nanothread formation is often non-topochemical mostly
benefiting the uniaxial stress intrinsic to the use of the DAC
while avoiding any hydrostatic compression medium.***°
Consequently, the competition between topochemical and
stress driven reactivity limits the nanothread yield and the
exploitation of temperature to improve the quality and to
increase the reaction yield.'®*° The reaction mechanism
reflects in the nanothreads’ structure which exhibits a rela-
tively parallel arrangement forming pseudohexagonal 2D
lattice domains with a correlation length of tens of nm but
definitely much shorter (<2.5 nm) along the threads.*"** This
is due to the presence of unsaturation and defects which deter-
mine the quality and length of the threads,®** but, on the
other hand, can also be used for tuning the electronic pro-
perties.*® Designing and tailoring nanothreads with custo-
mized features is presently the main challenge from the experi-
mental point of view and its realization requires the knowledge
of the structure-reaction relationships of the starting crystal
and the control of the number and type of unsaturation or sub-
stituent group. In fact, the heteroatoms or substituents present
outside the thread backbone can be readily available as poten-
tial linkers or active sites for doping, besides concurring to
determine the electronic properties of the nanothread, without
altering its mechanical characteristics.**

Recently, a double nanothread linked by azo groups was
synthesized by compressing azobenzene above 20 GPa.** X-ray
diffraction studies suggest a polymerization process involving
equivalent molecules stacked along the b axis®® and leading to
the formation of high quality double core nanothreads pre-
senting a polymer-1 geometry. The nanothreads obtained are
arranged in large bundles having a pseudohexagonal 2D
ordered structure with the distance between the planes, identi-
fied by the centres of the threads, of 5.6 A. However, the most
relevant result concerns the preservation of the azo group, an
occurrence having two-fold importance. The first one is related
to the photophysical and photochemical properties of azoben-
zenes which represent a versatile class of dyes and thanks to
the efficient photo-isomerization are employed for the realiz-
ation of molecular devices, and functional and composite
materials.®” ' The second aspect is represented by the close
similarities of azobenzene with the pseudo-stilbene class of
molecules, characterized by a similar molecular structure,
where only the linking group changes (for example, ethyl,
ethenyl, ethynyl), presenting an isostructural crystal packing
making possible the formation of substitutionally mixed
crystals.*>** The composition of the starting crystal can there-
fore be adjusted by changing, for example the relative concen-
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tration of pseudo stilbene molecules or introducing ring sub-
stituents, for tuning the optical and electronic properties of
the synthesized material.

The ambient pressure crystal structures of t-azobenzene
(TA) and t-stilbene (TS) are monoclinic, P2,/c, with two mole-
cules in the asymmetric unit cell*>** located at inversion
centers and with one of them characterized by dynamic orien-
tational disorder.”” The TA structure has also been character-
ized up to 12 GPa using nitrogen as the pressure transmitting
medium.*® The P2,/c structure holds up to about 9.5 GPa
where a phase transition is observed likely related to a struc-
tural adjustment of the precursor of the nanothread for-
mation. In addition to being isostructural and exhibiting the
same kind and degree of disorder, TA and TS are also charac-
terized by almost identical packing coefficients, thus making
the formation of mixed crystals possible with continuously
adjustable relative concentration. Mixed crystals having four
different compositions (from TS:TA ~ 2:1 to TS:TA ~ 1:3)
were structurally characterized at ambient pressure by X-ray
and neutron diffraction.** Besides confirming the perfect mis-
cibility and the retention of the crystal structure, this study
pointed out that stilbene molecules preferentially occupy the
disordered site, which presents a more available volume, and
that the evolution of the lattice parameters with the compo-
sition nicely fits Vegard’s law therefore indicating a perfect
substitution without volume excess.

Here, we show the formation of double nanothreads by
compressing TS and 1:1 TS-TA mixed crystals. The reaction
has been characterized by Fourier transform infrared spec-
troscopy (FTIR) and the crystal evolution was monitored by
X-ray diffraction (XRD). An extensive characterization of the
nanothreads has been achieved by XRD, FTIR and trans-
mission electron microscopy (TEM) and further supported by
density functional theory (DFT) calculations. Different
pressure and temperature conditions have also been followed
to identify where the quality and the yield of double nanoth-
reads are maximized. This is the first attempt to synthesize a
fully saturated carbon nanothread by controlling the concen-
tration of specific chromophores, a prerequisite for achieving
an efficient tuning of the optical properties.

Results and discussion

The pressure evolution of different pure TS and TS-TA mixed
crystals was monitored at ambient temperature by using both
FTIR spectroscopy and synchrotron XRD up to pressures
exceeding 30 GPa. In all the cases, a reaction was observed and
in some experiments we also characterized the kinetics. High-
temperature (up to 430 K) isothermal compression experi-
ments were also performed in an attempt to discover the
optimal reaction conditions in terms of yield and product
quality. In view of the large number of samples investigated,
we will present the results separating the different aspects of
characterization and, within each of them, presenting separ-
ately the results for pure TS and TS-TA mixed crystals.

Nanoscale, 2022, 14, 4614-4625 | 4615
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Characterization of the reaction by FTIR spectroscopy

Stilbene.
without a

Polycrystalline TS samples were compressed

pressure transmitting medium (PTM) at
ambient temperature and at 375 K. As already reported in the
case of TA,*> some subtle spectral changes occur between 7
and 10 GPa where a phase transition was evidenced by XRD in
TA.>® The monomer bands progressively broaden and weaken
with increasing pressure (see Fig. 1) vanishing at about
30 GPa.

The onset of the reaction slightly changes depending on
the waiting time between two consecutive spectra (see Fig. 2),
sample and compression rate, but in all the ambient tempera-
ture studies ranged between 16 and 20 GPa. The reaction onset
cannot be directly identified by the spectral changes because
of the broadness of the monomer and product bands at high
pressure and by the sluggishness of the transformation.
However, a comparison of subsequent spectra acquired at the
same, or very close, pressure values, allows for the precise
identification of the onset. In Fig. 2 we report the difference
spectrum obtained by the subtraction of two spectra registered
at the same pressure, 19.8 GPa, but separated by about
15 hours. The sharp negative peaks in the difference spectrum
mark the reduction of the monomer amount, whereas the
much broader positive peak just below 3000 cm™" is due to the
saturated carbon atoms which characterize the product. The
sensitivity of the method can be noticed, since the intensity
variations are in the order of hundredth of absorbance units.

Compression at higher temperatures entails a significant
decrease of the threshold pressure as observed in aniline,*
pyridine'® and also azobenzene.?® In Fig. 3 we report some IR
absorption spectra measured during an isothermal com-
pression at 373 K. The sample was first compressed at ambient
temperature up to 10 GPa, thus well below the reaction onset,
and then isobarically heated to 373 K and then compressed
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Fig. 1 Representative spectra showing the evolution of the IR absorp-
tion spectrum of the TS crystal with increasing pressure at ambient
temperature. The pressure values reported are expressed in GPa.
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Fig. 2 Difference spectrum (lower panel) obtained by subtracting the
two spectra (upper panel) collected at ambient temperature and nearly
the same pressure (19.8 GPa) 15 hours apart. Negative and broad posi-
tive peaks are related to disappearing and forming species, respectively.
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Fig. 3 Evolution of the IR spectra of crystalline TS during a high temp-
erature compression. The sample has been compressed at ambient
temperature up to 9 GPa, heated at this pressure up to 373 K and then
isothermally compressed. The reaction threshold has been identified at
around 14 GPa. The broken line identifies the position of the broad C-H
stretching band involving saturated carbon atoms.

again. In this case the signatures of the chemical transform-
ation were observed at 14.5 GPa.

The transformation rate at the reaction onset is extremely
slow therefore, once the latter was identified, the samples were
rapidly (2-4 minutes) compressed at a few GPa higher to study
the kinetics. For this purpose we measured the decrease in the
absorbance of selected intense TS bands presenting a reduced
width and not overlapping with other monomers or product

This journal is © The Royal Society of Chemistry 2022
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absorptions. These requirements are satisfied by the strong
doublet characterizing the spectrum at around 1500 cm™*
(1460 and 1503 cm™ at 1.2 GPa; 1495 and 1549 cm™' at
24 GPa) assigned to ring stretching modes.*® The time evol-
ution of the absorbance of these bands was reproduced by
using the Avrami model originally developed to describe the
crystal growth from the melt*”* and then extended to the
study of diffusion controlled solid-state reactions.”® Using R(t)
= [1(0) — I1(¢))/1(0) to indicate the fraction of the TS monomer
reacted as a function of time, where the intensity I is relative to
the selected TS bands, the fitting relation is given by:

R(t) = Roo[1 — el 0] (1)

The fit parameters are R, corresponding to [1(0) — I(c0)]/
1(0), the reaction starting time is t,, the rate constant is k"
and n is related to the dimensionality of the growth process. In
Fig. 4 we report the time evolution of the R(¢) data as obtained
by the fit of the ring stretching absorption bands at about
1500 cm ™" in two different experiments where the kinetics was
studied at comparable pressure values but different tempera-
tures: ambient (upper panel) and 373 K (middle panel). As it
can be seen by the values of the fitting parameters, reported as
insets, we observe a very reproducible behavior in the two
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Fig. 4 Kinetics of the reactions performed at ambient temperature and
24.5 GPa (upper panel) and at 373 K and 23.3 GPa (middle panel) in pure
TS. The fraction of the monomer reacted, determined by the absorption
of selected stilbene bands (see text), is plotted as a function of time. The
red lines in these two panels are the fit of the experimental data using
Avrami's law (eqn (1)), the fitting parameters are reported in both cases
as an inset. The clear step after about 5000 hours in the room tempera-
ture reaction is related to photochemical effects caused by the laser
employed to excite the ruby fluorescence. In the lower panel the log—
log plot from which the molecularity of the process, the slope value of
the linear evolution, is determined (see text).
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cases with almost 30% of reacted monomer, a very similar rate
constant and the same n value which attests the unidimen-
sional growth of the reaction product.’>>!

A very interesting element to be discussed is represented by
the small step clearly visible in the data evolution reported in
the upper panel after about 5000 minutes. This occurrence is
directly related to the prolonged laser irradiation of the sample
for measuring the sample pressure by ruby luminescence. In
spite of using only 1 mW of 532 nm cw laser emission, a clear
sudden increase in the amount of reacted monomer occurred
thus indicating a photoinduced reactivity whose origin is,
however, difficult to ascribe to the reaction with other mono-
mers or with the reaction product.

Further insight into the reaction mechanism can be derived
by the analysis of the molecularity of the process. To this
purpose, we adopted a simple kinetic relation where the reac-
tion rate v is assumed to be proportional to the monomer con-
centration I through the rate constant K and the process’ mol-
ecularity m: v = KI".>* The analysis is performed using the log-
log form logv(¢) = mlogI + log K. In order to calculate the value
of the reaction rate along the entire transformation process, we
reproduced by a stretched exponential the time evolution of the
monomer concentration, ie. the absorbance value of the
selected monomer bands, so as to have an analytical function to
derive. In the lower panel of Fig. 4 the log-log plot is reported
for the high temperature reaction. The data are nicely repro-
duced by a single straight line with a slope value, the molecu-
larity, of 1.65 consistent with a rate limiting step involving two
molecules and with a linear accretion of the product.

After the reaction equilibrium was reached, the samples
were decompressed down to ambient conditions (see Fig. S1+).

Mixed crystals. The formation of substitutional TS-TA mixed
crystals was checked by FTIR spectroscopy before their loading
in the DAC (Fig. S271). The clear differences between the spec-
trum of the mixed crystal and those relative to the monomers
allow ruling out the existence of macroscopic monomeric
domains, nevertheless, the perfect miscibility of the mono-
mers implies a statistical arrangement of the two species in
the mixed crystal. The behavior of the TS-TA mixed crystals
under compression is identical to the one observed for pure
TS. The IR absorption spectra were acquired under increasing
pressure (Fig. S31) and, as in the TS case, a chemical reaction
occurs above 20 GPa. The reaction onset was detected by differ-
ence spectra as shown in Fig. 2 for TS. A very slow transform-
ation rate characterizes also this reaction and it can be
increased only by further compression between 25 and 30 GPa.
As discussed in the case of TS, we also tested the reactivity at
temperatures higher than ambient. A mixed TS-TA crystalline
sample was first compressed up to 8.9 GPa and then heated at
373 K. At this temperature it was isothermally compressed up
to 24.1 GPa, pressure where the kinetics was investigated
through the analysis of the absorbance evolution as a function
of time of the peaks falling between 700 and 850 cm™" (see
Fig. 5). In spite of the apparent complexity of this region,
product bands appearing between the monomer peaks can be
easily identified, thus obtaining from the spectral deconvolu-
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr08188h

Open Access Article. Published on 21 February 2022. Downloaded on 1/30/2026 12:10:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

0.8

24.1 GPa; 373K

0.6+

fraction

Abs

Abs

750 800

Wavenumber (cm™)

850

View Article Online

Nanoscale
1.04 cwsesasenettotetee
08{
‘.
064° e ®%00qe,
L] .........l.-.....ﬁl.l

0l ‘ . . . : .
0.6+
0.4

Aw= 063(2)
0.2 k"™ =8.16(11) 10™ min™

; t, =5(1) min

n =0.38(4)

0.0

0 200 400 600 800 1000 1200 1400

Time (min)

Fig. 5 Left: Example of deconvolution of the spectral region employed for following the kinetics of the transformation of the mixed TS—TA crystal
at 24.1 GPa, red and blue bands belong to the monomer and to the product, respectively. Right: In the upper panel the comparison of the time evol-
ution of the fractional total absorbance A(t)/A(0) for the monomer as red dots, A(t)/A(x) for the product as blue dots is shown. The A(t) values are
obtained by adding the area of all the bands of the monomer (red) or of the product (blue). In the lower panel we report the fit by the Avrami's law
of the total absorbance of the product bands considered and, as an inset, the parameters used.

tion the data relative to both the monomer consumption and
the product formation. In Fig. 5 we also show the time evol-
ution of both monomer and product fractions as obtained by
adding the area of all monomer and product bands, respect-
ively. The two kinetic curves can be reproduced by the Avrami
law (see eqn (1)) using the same fitting parameters. This is
crucial information supporting the occurrence of a selective
reaction leading, as we will see, to the formation of saturated
carbon nanothreads.

Finally, in the last panel of Fig. 5 we report the total area of
the product band vs. reaction time and the relative fit per-
formed using Avrami’s law. In this case the relation is written
as:

A(t) = Axe [—k(t—t0)"]

(2)

where A, is the absorbance value at equilibrium, whereas the
other three parameters ¢, k*” and n have been previously
defined. Remarkably, the rate constant and the n parameters
are exactly the same as those employed to reproduce the kine-
tics of pure TS under nearly the same P-T conditions (see
Fig. 4) by using the monomer consumption as a function of
time.

X-ray diffraction

An angle dispersive X-ray diffraction (ADXRD) synchrotron
study, recently carried out as a function of pressure on the
parent TA crystal, disclosed the structure-reaction relationship
identifying the direction along which the molecules interact to

4618 | Nanoscale, 2022, 14, 4614-4625

form the double core carbon nanothreads.*® The reaction is
anticipated by a reversible phase transition occurring at
around 9.5 GPa when the TA powder is quasi-hydrostatically
compressed, and at slightly lower pressure, ~7 GPa, when no
pressure transmitting medium is employed. This transition
consists of a sudden increase, of 5-6 degrees, of the monocli-
nic angle and a decrease of the b length, leading to a volume
reduction of about 12%. After the transition all the cell para-
meters remain practically unchanged with the exception of the
b length that shortens further ~7% up to 19 GPa. As a conse-
quence, the distance among nearly parallel phenyl rings along
the b axis is estimated, once the phonon dynamics is taken
into account,****** to be 2.5 A at around 19-20 GPa pressure
where we locate the reaction onset, a distance short enough to
allow the formation of inter-ring C-C o-bonds. The b axis is
therefore identified as a preferential axis for reaction propa-
gation, thus becoming the nanothread axis.

According to the isomorphism existing among the pseudo-
stilbenes class crystals, similar behavior is expected also for TS
and TS-TA mixed crystals. As reported in S2,f the initial pat-
terns could be successfully and completely assigned using the
monoclinic P2,/c structure suitable for both TS**** and TS-TA
mixed crystals.** The pressure evolution of the integrated pat-
terns of pure TS and TS-TA mixed samples compressed
without pressure transmitting medium is reported in Fig. 6
and 7. In both cases it is evident, as already observed for pure
TA,*® a rapid deterioration of the pattern quality between 6
and 10 GPa, and the correlation existing between the higher
angle diffraction peak of the product, one of the two observa-

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Selected X-ray diffraction patterns collected (1 = 0.49499 A) on
pure TS during a room temperature compression—decompression cycle

performed without pressure transmitting medium. The pressure values
reported for each pattern are in GPa.
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Fig. 7 Selected X-ray diffraction integrated patterns collected (1 =
0.49499 A) for TS—TA mixed crystalline powder during a room tempera-
ture compression—decompression cycle performed without pressure
transmitting medium. The pressure values reported for each pattern are
in GPa.

ble after decompression, and specific reflections of the mono-
meric crystal. In addition, the lowest 26 reflection of the
product is already visible, especially in the TS-TA mixed
crystal, far below the reaction onset, which is precisely located
by the FTIR absorption measurements, thus evidencing the
close relation between the molecular arrangement in the high-
pressure phase and in the nanothread.

In spite of a Rietveld refinement being prevented above 6
GPa by the powder quality, strongly preferred orientation and
non-hydrostatic stress, a monoclinic structure provides the
best fit of the observed diffraction peaks position (see S27).
Accordingly, we determined the lattice parameters and the
volume at each pressure value, and their evolution with

This journal is © The Royal Society of Chemistry 2022
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pressure is reported in Fig. 8 and compared to those- of rela-
tively pure TA crystal data.’® Although the data are consider-
ably scattered, a sudden jump of the monoclinic angle, about
5 degrees, is evident between 9 and 10 GPa, pressure range
where the volume also presents a discontinuity. Both features,
particularly evident in the TS crystal, suggest the occurrence of
a phase transition. Above this pressure, despite the additional
difficulties for indexing the patterns due to the probable pres-
ence of a mixture of phases with overlapping peaks, all the
parameters are nearly constant with the exception of the b axis
which instead undergoes a remarkable reduction, especially in
the case of a mixed TS-TA crystal, which appears as the only
cause of the further volume decrease. All these features are
common to all the investigated TA, TS and mixed crystals.

Recovered materials

The materials synthesized in different experiments have been
recovered under ambient conditions and characterized by
FTIR spectroscopy, XRD and high-resolution TEM. We also
attempted to measure Raman spectra but the huge fluo-
rescence background and the sudden damage of the sample
using a few mW at 660 nm prevented this characterization.
Once the decompression was completed, FTIR spectra were
measured before and after cell opening, and after keeping the
recovered materials in vacuum for several hours to remove a
consistent amount of the residual monomer. FTIR spec-
troscopy was also used to test over time the chemical stability
of the recovered materials which was found unaltered after
several weeks of the opening of the cell. In Fig. 9 we report the
IR absorption spectra of representative TS and TS-TA samples
recovered from both room and high temperature experiments.
As expected from the only partial transformation of the
starting crystal during the reaction, about 30%, monomer
bands are observed in the quenched material. This is clearly
visible in the left panel of Fig. 9 by comparing the black and
red traces which are relative to the same sample recovered
under ambient conditions but registered before opening the
cell, and after the cell aperture and after pumping the sample
for several hours to remove the unreacted monomer.
Interestingly, a new band appears in many samples after cell
opening at 1730 em™ ', a feature that can be assigned to the
formation of a very small amount of carbonyl terminations.
The spectral similarities among the materials recovered from
the transformation of pure TS, TA and TS-TA mixed crystals
clearly indicate common bonding characteristics and hybridiz-
ation of the carbon atoms pointing to the successful synthesis
of double-core carbon nanothreads. Particular differences are
represented by the strong intensity of the high frequency
doublet (1495 and 1600 cm™') in the products from TS-TA
mixed crystals observed also in pure TA deriving from the con-
tribution of the N=N stretching mode connecting the double
nanothreads,® and by the peak just above 960 cm™ clearly
visible in the product of TS (marked by hashes) and slightly
weaker in that from mixed TS-TA crystals. This band is charac-
teristic of the CH wagging mode of trans-dialkyl ethylene
groups,”” thus providing evidence of the ethylenic group pres-
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Fig. 8 Pressure evolution of the lattice parameters as derived by Le Bail refinement of the XRD integrated patterns of TA, TS and TS—TA mixed
crystals all compressed without the pressure transmitting medium. The data for TA crystals are from ref. 36.
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Fig. 9 IR absorption spectra of some products recovered under ambient

conditions after being removed from the diamonds. The reaction con-
ditions are reported in the insets. Left: Product spectra of the mixed
crystal transformation at three different pressures, the residual monomer
peaks are easily identified by the comparison of the product’s spectra
from the reaction at 30 GPa measured immediately after opening the cell
(black trace) and after another 24 hours kept in a vacuum (red trace).
Right: Products’ spectra relative to the compression of stilbene crystals at
two different pressures and temperatures, both spectra have been
measured after the samples were kept for several hours in a vacuum. For
comparison a typical spectrum of the material recovered from the analo-
gous azobenzene transformation is also reported. The bands labeled by
asterisks form during the cell opening and are assigned to carbonyl ter-
minations whereas the ones marked by hashes indicate CH wagging
characteristics of trans-dialkyl ethylene groups.
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ervation in the final product in perfect agreement to that
observed in azobenzene.*

The formation of double-core carbon nanothreads linked
by ethylenic and azo groups is also supported by the ADXRD
patterns of the samples quenched under ambient conditions.
The spotty nearly hexagonal XRD pattern, always taken as evi-
dence of the 2D ordered packing in the plane perpendicular to
the nanothread axis,'>'®*%?° characterizes many of the recov-
ered products. Some of these patterns are reported in Fig. 10.
They are fully compatible with those obtained in pure TA
where the double nanothreads were arranged in a distorted
pseudo-hexagonal 2D lattice with axes of 13.05 and 6.45 A,
forming an angle very close to 120°.*>?° This structure was
identified by three diffraction peaks, (001), (10—1) and (100)
adopting the same axes choice as in ref. 36, whose position in
the pure TA case is also indicated by dashed lines in Fig. 10.
From the comparison of the different recovered materials an
appreciable dispersion of the peak position is observed,
varying from 5.6 to 6.0 and from 10.8 to 11.4 A for the (001)
and (100) reflections, respectively. As already reported in the
TA case, the width of the (001) and (10—1) reflections are nar-
rower than (100) which, in turn, is often asymmetric or even
split. All these features are likely related to the presence of
some type of disorder in the 2D arrangement particularly pro-
nounced along the longer axis, however, they cannot be ration-
alized on the basis of the P-T conditions of the synthesis and
are suggestive of a greater complexity ruling the nanothread
packing. It is also important to recall that the beam dimension

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 1D azimuthally integrated diffraction patterns reported as a
function of the d spacing measured under ambient conditions for the
samples recovered by different experiments with both pure TS and TS—
TA mixed crystals. On the right side the corresponding 2D images are
also reported. Samples mix2 and stl have been acquired with synchro-
tron light whereas all the remaining patterns have been recorded with
the in-house set-up. The baseline of integrated patterns has been
obtained by subtracting the Compton background. The three dashed
lines indicate the position of the (001), (10-1) and (100) diffraction peaks
of the distorted pseudo-hexagonal 2D monoclinic cell in which the azo-
benzene nanothreads are arranged.>>3® The pressures and temperatures
reported in the legend are relative to the conditions under which the
reaction was performed.

used (~80 and ~150 pm for the experiments conducted at
Xpress and in-house, respectively) probes, almost the entire
sample, thus providing an average information about the
structural properties of the sample. As shown in Fig. 10 not all
the recovered materials present hexagonal spotty patterns, but
in many cases they are characterized by homogeneous diffrac-
tion rings indicating a powdered sample showing no evidence
of preferred orientations. This occurrence is strictly related to
the pressure of the synthesis and to the characteristics of start-
ing samples; at lower pressure and larger monomer crystal-
lites, better defined hexagonal spotty patterns are obtained. In
contrast, when the sample was finely ground, as in the case of
the two TS-TA mixed crystals shown in Fig. 10, perfect homo-
geneous rings were obtained.

We also checked the effect of thermal annealing on the
structural characteristics of the recovered material by heating
in a vacuum to 433 K the product of the reaction performed at
23.4 GPa and 373 K in pure TS (st3 in Fig. 10). The sample was
kept for approximately one hour at the annealing temperature
while we monitored the IR spectrum to check possible chemi-
cal changes that were not detected. The ADXRD pattern,
recorded once the ambient temperature was recovered (S2), did
not show significant changes in the lineshape of the different
peaks indicating that no substantial improvement of the
threads and of the lattice quality is achieved. On the other
hand, a consistent increase in the d spacings (0.2-0.3 A) takes
place likely ascribable to the relaxation of the residual stress
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Fig. 11 (a) Bright-field TEM micrograph acquired for the samples
recovered by the reaction of pure TS performed at 373 K and 23.3 GPa
and (b) high-resolution image inside this region. TEM analysis has been
performed using an accelerating voltage of 60 kV, to avoid knock-on
damage. Ordered regions with plane spacing compatible with nanoth-
reads and XRD results are clearly visible. The insets in (b) report the line
profile obtained along the green box emphasizing a spacing of 1.16 nm,
and the FFT which evidences this periodicity.

inherent to the compression-decompression cycle and to the
chemical transformation.

A Dbetter definition of the extension and quality of the
nanothread produced in the reaction of pure TS and mixed
TS-TA crystals is provided by high resolution transmission
electron microscopy (HRTEM). In Fig. 11, we report some
selected TEM micrographs collected for the product obtained
by the reaction of TS performed at 373 K and 23.3 GPa. The
fragments analyzed have been obtained by grinding into small
pieces the samples recovered from the different experiments
and the thinner ones have been selected to maximize the
transmission. As already observed in other cases and in agree-
ment with the only partial chemical transformation of the pris-
tine crystal, we have found large areas dominated by the pres-
ence of amorphous hydrogenated carbon (S3) and sample por-
tions showing perfectly parallel features located at an average
distance of 1.16 nm therefore in perfect agreement with the
(100) diffraction peak measured by XRD (Fig. 11). These
ordered regions extend for tens of nanometers. The presence
of two product typologies is reasonable in view of the compet-
ing mechanisms which characterize these reactions. Moreover,
the presence of amorphous regions could also be ascribed to
the not yet clear interactions between nanothreads and the
electron beam. In the present experiment we have used a JEOL
ARM200F, operating at an accelerating voltage of 60 kV, to
avoid the knock-on damage. It has been shown that at this
voltage, well below the critical voltage of 80 kV,>® the knock-on
damage in graphene is practically zero. In benzene derived
nanothreads an expansion of the 2D lattice arrangement has
been detected for electron doses larger than 30 electrons per
A? (ref. 57) thus evidencing the importance of this issue. As a
matter of fact, even at a low voltage the periodicity observable
in Fig. 11 disappeared after some minute of exposure, indicat-
ing a possible amorphization induced by the electron beam.

As a final step of our analysis we optimized the structure
and computed, using density functional theory (DFT), the
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energy and the IR spectra of the nanothread composed of six
molecular units. Among the four polymeric structures identi-
fied as the most probable, tube (3,0), polymer I, polytwistane
and zipper,*®*® we can rule out the last two because they are
incompatible with the formation of double nanothreads as
extensively discussed in the azobenzene case.”> The Gibbs
energy obtained for TS and TS-TA oligomers (S4) after sub-
tracting the electronic contribution and that, of a vibrational
nature, related to the different number of hydrogen atoms
required to saturate the chain terminations (six more H in the
tube (3,0) with respect to polymer I), is lower for the polymer I
structure both for TS (0.58 eV) and TS-TA 1: 1 oligomers (2.54
eV). Remarkably, in both oligomers with the tube (3,0) struc-
ture the azo and ethylenic groups linking the threads are poly-
merized along the thread direction driven by the bonding geo-
metry of the carbon atom of the thread to which the linker
group is connected (see Fig. S9T). This occurrence determines
relevant differences in the computed spectra of the tube (3,0)
and polymer I oligomers consisting of the intensification of
the region between 1000 and 1400 cm™" in the tube (3,0) struc-
ture, whereas the strong bands around 800 cm™, present in
the computed spectra of polymer I and assigned to bending
modes involving the hydrogen atoms bound to the ethylenic
groups, consistently disappear. As shown in the ESI} the com-
parison between the computed IR spectra and those of recov-
ered nanothreads from the experiment sharply indicates that
polymer I is the preferred structure. The latter is shown,
together with the suggested zipping mechanism, in Fig. S10.7
The present results unambiguously outline the common
behavior that TA, TS and TS-TA mixed crystals exhibit as far
as the structural evolution with pressure, the instability
thresholds and the reaction mechanisms are concerned.
Pressures in excess of 20 GPa are necessary to induce the
chemical transformation of 15-30% of the monomer with an
appreciable rate (2-3 days). Kinetic data acquired during the
transformation of the mixed TS-TA crystals attest high selecti-
vity of the process. The resulting saturated carbon nanothread
is stable in time under ambient conditions likely adopting, on
the basis of the comparison between the computed IR spectra
of short oligomers and those of the recovered materials, the
polymer I structure. The reaction is anticipated, as reported in
the case of azobenene,®® by a sluggish phase transition
observed both in TS and in TS-TA mixed crystals between 7
and 10 GPa when no hydrostatic pressure transmitting
medium is employed. The transition to the new phase is
characterized by an increase of the monoclinic angle to about
120° and a consistent reduction of the unit cell due to the
strong contraction occurring along the b axis. A further com-
pression of the new phase produces a marked anisotropic cell
contraction along the b axis, a feature particularly evident in
the mixed crystal where both the volume and the b parameter
undergo to a 20% reduction between 9 and 16 GPa. Despite
the pressure of the phase transition being much lower (about
10 GPa) than the reaction onset, which is accurately identified
by IR absorption spectroscopy (see Fig. 2), it is unquestionable
that the corresponding changes are strictly related to the reac-
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tion since the b axis indeed coincides with the direction along
which the nanothreads develop. This phase transition, firstly
reported in TA, was suggested to be a kind of prereactive stage
where the equivalent molecules aligned along the b axis form
stacks of nearly parallel molecules interacting through the =
densities.’® A quantification of the entire process requires
single crystal studies compressed in hydrostatic pressure trans-
mitting media like helium or neon or, this can alternatively,
indirectly be proved by the remarkable change in the electronic
properties that such interactions likely entail.>

As expected, according to the isomorphism characterizing
the pseudo-stilbene crystals, the nanothreads obtained from
TS and TS-TA mixed crystals arrange in a 2D crystal lattice
with the same packing reported in the azobenzene case.>® In
that case the lattice parameters of the 2D monoclinic cell were
a=6.46 A; c = 13.05 A and f§ = 120°, whereas here we found for
TS: a = 6.4-6.8 A and ¢ = 12.5-13.0 A; whereas for TS-TA mixed
crystals: @ = 6.5-6.6 A and ¢ = 13.0-13.2 A, with # = 120° in
both cases. The larger range of observed values in the TS case
is only due to the largest number of samples investigated.
Thermal annealing of the recovered carbon nanothread is
accompanied by a limited (<5%) structural relaxation of the
2D arrangement whereas no effects are detectable in the
thread structure. The high resolution TEM images confirm the
formation of large areas, extending also several tens of nano-
meters, characterized by regular stripes in the product
obtained by TS. In this case it was possible to identify the in-
plane separation between the threads of 1.16 nm in excellent
agreement with the data from XRD. Interestingly, in spite of
XRD providing the same information for all the samples, we
were not able to identify in the samples recovered from the
reaction in the TS-TA mixed crystals any region where the
striped pattern characterizing the nanothreads was visible in
the TEM images. The reason can be related to the reduced
accessible portion of the sample, only the thinner fragments
can be studied and to the microprobing intrinsically character-
izing the technique, or to the lower damage threshold of this
material.

Conclusions

In this work we have demonstrated the possibility of synthesiz-
ing double-core carbon nanothreads from the most representa-
tive molecules of the pseudo-stilbene class both from pure and
mixed crystals. In all the cases, azo and ethylene groups
linking the two threads are preserved during the reaction, an
impressive achievement in view of designing new materials
where these groups can be possibly employed for further
functionalization and can define targeted electronic pro-
perties. The extent of this result is further highlighted by the
ease of obtaining mixed crystals of the desired relative concen-
tration by exploiting the isomorphism of all the pseudo-stil-
benes. In addition, the use of starting molecules where substi-
tuents are present in the phenyl rings may open the way to
selective functionalization of the thread itself. The large
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number of industrial and biomedical applications of nanodia-
monds helped in getting an idea of the potential of this new
material. In fact, besides exhibiting similar enhanced mechan-
ical and thermal properties, the possibility to produce bundles
of micron size fibers opens the way to their use as real fibers
where, as in the case of the double-core nanothreads reported
here, the threads represent an efficient protective sheath of
chromophores introduced in the desired concentration by
adjusting the starting composition of the crystal.

Methods

Crystalline TS from Sigma-Aldrich (purity >99%) was used
without any further treatment. TS-TA mixed crystals were pre-
pared by dissolving in acetone the two crystalline powders (TA
from Sigma-Aldrich purity >99%) in the desired ratio. The satu-
rated solution was filtered and then slowly (3-4 days) evapor-
ated until a single light red crystal, having a size of several
millimeters, formed. All the samples were produced by milling
fragments of this crystal and the powder obtained was loaded
without any compression medium into a membrane diamond
anvil cell (MDAC) equipped with Ilas type diamonds (Almax-
Easylab) together with a ruby chip for pressure calibration by
the ruby fluorescence method.®® Samples were laterally con-
tained by stainless steel gaskets drilled to have an initial
sample diameter of 150 pm and a thickness of about 50 pm. A
high temperature was obtained by resistive heating, and the
sample temperature was measured with a K-type thermocouple
placed close to the diamonds with a 0.1 K accuracy.

Angle-dispersive synchrotron X-ray diffraction measure-
ments were performed on the recovered products at the Xpress
beamline at the Elettra Italian synchrotron with a beam energy
of 25.0 keV, a focal spot diameter of about 80 pm (FWHM) and
an image plate detector (MAR345). In-house X-ray diffraction
measurements were performed with a custom made, labora-
tory diffractometer, equipped with a focused Xenocs-GeniX Mo
small spot microsource with a wavelength of 0.7107 A and a
beam diameter on the focal plane of 150 pm. A PI-SCX 4300
CCD was employed as the detector. Le Bail fittings were per-
formed using the GSAS-II program.®*

Fourier transform infrared absorption spectra were
recorded using a Bruker-IFS 120 HR spectrometer suitably
modified for experiments in a diamond anvil cell, with an
instrumental resolution set to 1 cm™".®> Ruby fluorescence was
excited using a few mW of a 532 nm laser line from a doubled
Nd:YAG laser source.

Transmission electron microscopy (TEM) investigation was
performed with a JEOL ARM200F Cs-corrected microscope,
equipped with a cold-field emission gun having an energy
spread of 0.3 eV and operating at 60 keV. In conventional TEM
(CTEM) mode, micrographs have been acquired in bright field
(BF), while in STEM mode imaging has also been performed
in the Z-contrast mode using a high-angle annular dark field
(HAADF) detector, with a probe size of 1.0 A. The recovered
material was mechanically removed from the gasket with a
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needle and placed directly onto the surface of a standard TEM
lacey carbon film, covering a 300-mesh copper grid.

Quantum chemistry calculations were performed using the
Gaussian16 software® to obtain the optimized structures and
vibrational frequencies for the isolated fully sp® nanothread
fragments composed of six molecular units having polymer I
and the tube (3,0) structures. The calculations were performed
using density functional theory (DFT), adopting Becke’s three-
parameter hybrid exchange functional and Lee-Yang-Parr cor-
relation functional (B3LYP)*“®® using the 6-311G(d,p) basis
set. No imaginary vibrational frequencies were obtained indi-
cating that the optimized vacuum geometries were at the
minimum of the potential surface.
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