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ABSTRACT: Nanothreads are one-dimensional sp® hydrocarbons that pack within A ' [
pseudohexagonal crystalline lattices. They are believed to lack long-range order along the 55 A
thread axis and also lack interthread registry. Here we investigate the phase behavior of
thiophene up to 35 GPa and establish a pressure-induced phase transition sequence that
mirrors previous observations in low-temperature studies. Slow compression to 35 GPa
results in the formation of a recoverable saturated product with a 2D monoclinic diffraction [ | \

pattern along (0001) that agrees closely with atomistic simulations for single crystals of

thiophene-derived nanothreads. Paradoxically, this lower-symmetry packing signals a higher
degree of structural order since it must arise from constituents with a consistent azimuthal -
orientation about their shared axis. The simplicity of thiophene reaction pathways (with l
only four carbon atoms per ring) apparently yields the first nanothreads with orientational
order, a striking outcome considering that a single point defect in a 1D system can disrupt

long-range structural order.

O ne-dimensional sp® carbon nanothreads form by the
slow, room-temperature compression and decompres-
sion of benzene' or other small aromatics™® (unlike the
amorphous products recovered from more rapid applications
of pressure™”). Their structural organization with a diamond-
like tetrahedral core foreshadows the promise of novel
mechanical, thermal, and optical properties.é_m A nanothread
lives at the juncture between crystalline rigidity and polymeric
flexibility: its subnanometer width and rigid carbon—carbon
cage structure make it one of the narrowest objects capable of
sustaining translational and orientational order along its axis.
Nonetheless, a single point defect along a nanothread can
disrupt both translational and orientational order, as could
domain boundaries between different on-thread structures
(corresponding to different ways of interlinking successive
aromatic monomers). Benzene-derived nanothreads never-
theless pack into near-single-crystal 2D pseudohexagonal
lattices hundreds of microns across.'” This impressively long-
ranged order transverse to the shared nanothread axis,
however, does not indicate long-ranged structural order
along the axes of the constituent threads (nor registry between
threads). In fact, pseudohexagonal packing suggests the
opposite: nearly all fully saturated degree-6 nanothread cross
sections are not hexa§onal in symmetry'® (and none of the
degree-4 threads are'”), so ordered threads should pack into
decidedly nonhexagonal 2D lattices. A pseudohexagonal
packing should result only from threads with isotropic cross-
sectional shapes when averaged over the relaxation length of
their torsional rigidity. Thus, the previously observed

-4 ACS Publications  © 2019 American Chemical Society

7164

pseudohexagonal packing suggests orientational disorder
caused by structural imperfections along the lengths of
individual threads, disregistry between threads, and/or possible
mixtures of different thread types, which is consistent with
observations from transmission electron microscopy’’ and
atomistic simulations of nanothread packings.'” The observa-
tion of a lower-symmetry nonhexagonal packing would provide
the first indication of nanothreads with more ideal structural
order.

Solid-state NMR*"** suggests that nanothread formation
from benzene begins with 4 + 2 cycloaddition, a pathway also
available to other small aromatics™ such as pyridine” and
aniline.” Thiophene is especially intriguing as a thread-
producing monomer since its four carbon atoms per ring
mean that nanothread formation would terminate after only a
single step on a 4 + 2 pathway (while sulfur also provides
opportunities for additional functionality”*~*). Such kinetic
simplicity may result in more uniform reaction products, and
products with higher structural quality generally provide
clearer insights into structure, functionality, and formation
mechanism. Here we establish the high-pressure phase diagram
of molecular thiophene and show conversion to a recoverable
saturated product. The product exhibits a nonhexagonal 2D
lattice with a geometry that agrees closely with the results of
first-principles calculations for orientationally ordered thio-

Received: August 30, 2019
Accepted: October 11, 2019
Published: October 11, 2019

DOI: 10.1021/acs.jpclett.9b02546
J. Phys. Chem. Lett. 2019, 10, 7164—7171


pubs.acs.org/JPCL
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.9b02546
http://dx.doi.org/10.1021/acs.jpclett.9b02546

The Journal of Physical Chemistry Letters

l l 1 l | [
T T T T T T T | o
0.4 7 16 24 32 36 36 P/GPa
+ 30 mins
450
! We e
7.3 GPa § \@ )‘??u
Phase V — \ 4 e i
A aA 1% 9 3 S ‘
ate $400 1 K)“ (i*’ > V;\w (¥ 2
> ‘ - Q % s 4;*
fy LI 1 N1 VNN CT U (T DTN TR TR g “‘ . < . <
2 3 % 0
> 350 4 o} * ) IR o
-lq—l') o] c;—»a K\BW @ T»‘ >,
cC @
—_ N g s
0.7 GPa ® i e
. MR n
Phase Ill €300 liF AF e
AP bopie (z) U “Sqn
T TR
Ag(‘; ,0;%\,\ o
ol b e et e rmemer weremwey meee : IS ”'9"\...;0_1
T 1 T T T T T T T 1 250 T T T T =
5 6 7 8 9 10 11 12 13 0 5 10 15 20 25

20(°) 1=0.4133 A

Pressure (GPa)

Figure 1. (a) Optical micrographs under transmitted light with increasing pressure. (b) Le Bail refinements of thiophene using two different
models. Low-pressure data were best described by Phase III, while the highest-pressure data were best described by Phase V. The transition region
showed larger deviations from both models, consistent with mixed phases and/or the presence of incommensurate Phase IV. (c) Equation of state
for solid thiophene, with insets showing thiophene columns in Phases IIT and V.

phene-derived nanothreads. These observations strongly
suggest that thiophene-derived threads have a consistent
azimuthal orientation that is preserved over long axial
distances, ie., the first evidence of long-range orientational
order in the structure of individual threads.

As samples were slowly compressed to 35 GPa over 10—12
h, the liquid froze at ~0.4 GPa, as ex];>ected.36’37 Near 7 GPa,
samples start taking on a yellow-orange hue, transforming to
brown-amber upon approaching the final pressure of ~35 GPa
(Figure 1a). Such a color change can only occur when
molecules are close to each other (less than ~3 A)° and
indicates a reduction of optical gap. The color change was
irreversible upon decompression, providing evidence of a
chemical reaction.’®*” Before discussing this reaction product,
we briefly describe the behavior of crystalline molecular
thiophene prior to polymerization.

Molecular thiophene has five stable and three metastable
crystalline modifications at low temperatures,****™* two of
which (Phases II and IV) are incommensurate.*”*> This
complexity arises in part from the facility of thiophene to rotate
about an axis perpendicular to the molecular plane.”"** Andre
et al.*' found crystallization to Phase I from the liquid at 0.42
GPa followed by a transition to Phase IIT at 0.435 GPa. Note
that Andre et al. refer to Phase III as “Phase II,” and a liquid—
I-III triple point exists near room temperature, so the first
phase to crystallize could be either I or III depending on the
temperature of the room. Pruzan et al.””** examined thiophene
to 30 GPa by infrared (IR) spectroscopy, observing a
molecular phase transition around 4—8 GPa and an
irreversible, but incomplete chemical reaction at ~16 GPa,
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recovering a white polymeric solid. Our observations confirm
and refine these conclusions with the addition of structural
information.

In situ single-crystal X-ray diffraction (SCXRD) was
performed with synchrotron radiation at the Advanced Photon
Source. The single-crystal X-ray diffraction pattern at 0.4 GPa
indexes to an orthorhombic unit cell with a = 7.637(11) A, b =
10.232(4) A, ¢ = 5.470(9) A, and space group Pnma, i.e., Phase
III thiophene.””** Although Andre et al. observed Phase I as
the first solid phase, at room temperature the transition
pressure range between I and III is vanishingly small.***’
Powder X-ray diffraction at 0.7 GPa during a separate
experiment produced similar results (Figure 1b), indexing to
an orthorhombic unit cell with a = 7.522(1) A, b = 10.038(2)
A, and ¢ = 5.399(1) A. Both refinements agree with the
literature.*”** At 5.2 GPa, neither single-crystal nor powder X-
ray diffraction could be indexed to any reported unit cell of
solid thiophene. At 7.3 GPa, the X-ray pattern indexes to
monoclinic Phase V. The uncertain region between 5.2 and 7.3
GPa likely results from mixed phases or could indicate
incommensurate phase IV, which was observed between
phases IIT and V at low temperature.”** Since Phase V is a
supercell of Phase III, the unit cell volumes in Figure lc were
scaled and fit using a third-order Birch—Murnaghan equation
of state’ up to 20 GPa, obtaining a zero-pressure bulk
modulus B, of 8.06 + 1.41 GPa with a first derivative By’
6.74 + 1.15. Above 20 GPa, we were unable to refine
diffraction patterns likely due to nonhydrostatic stress;
however, patterns remained qualitatively unchanged up to 35
GPa (i, a fraction of the sample remains as a molecular
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Figure 2. (a—d) In situ Raman and (e—h) FTIR spectra and vibrational frequencies of thiophene with pressure showing a phase transition at 5.5—

6.2 GPa. Asterisks denote new peaks.

crystal up to the highest pressure). X-ray diffraction on
decompression followed the same sequence, indicating that a
portion of the transformation is reversible.

In situ vibrational spectroscopy is consistent with the
diffraction results. Characteristic Raman modes of Phase III
include intermolecular phonons (100—200 cm™), ring
bending (450—760 cm™"), ring stretching (830 cm™', 1350—
1430 cm™'), C—H bending (1000—1100 cm™'), and C—H
stretching (3000—3100 cm™),"”** all increasing in frequency
with pressure. Around 5.5 GPa, we observed four new lattice
modes between 70 and 160 cm™, four new modes in the C—H
bending region from 1070—1120 cm ™', and two new modes in
the C—H stretching region from 3130—3140 cm™' (Figure
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2a—d); these new peaks share similarities with low-temper-
ature Raman spectra of Phase IV, or could indicate a sluggish
transformation to Phase V.*”** Above ~6.1 GPa, the broad
lattice modes split into multiple sharp peaks, closely
resembling the changes observed in the low-temperature
sequence from Phases III to IV to V.*” Mode splitting with
increasing pressure is attributed to a decrease in orientational
disorder, i.e., more distinguishable local environments: Phase
III is disordered, while Phase V is ordered. Overall, the
sequence of molecular phases observed on increasing pressure
appears analogous to that observed upon decreasing temper-
ature.
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Figure 3. (a) Characteristic two-dimensional X-ray diffraction pattern of the recovered sample showing nominally 6-fold (actually monoclinic)
symmetry. The black areas arise from inactive sections of the detector and shadowing from the beam stop. (b) Experimentally observed d-spacings
(error-weighted averages of multiple samples with standard deviations) of each Friedel pair in the diffraction pattern at room temperature. The
colors of the points correspond to the pairs circled in (a). The bars indicate the estimated range of the same d-spacings at 0 K accounting for an
estimated 1—3% thermal contraction, to facilitate comparison with simulation results. (c) Friedel pair d-spacings of three model structures
calculated by density functional theory, showing good agreement between the two left/right alternating structures (anti and syn—anti) and
experiment. (d) Packing arrangement of each structural model within a 3 X 3 supercell, showing the orientational order. (e) Possible reaction
mechanism involving [4 + 2] Diels—Alder reaction pathway resulting in the anti thiophene-derived nanothread structure. (f) XRD pattern of a
recovered sample from a separate synthesis run showing 2-fold symmetry with an average d-spacing (error weighted) and simulated single-crystal
diffraction pattern of the tilted anti and syn—anti models. (g) Calculated enthalpies (vdW-DFT) for molecular Phase III (reference phase),
molecular Phase V, and the three nanothread models with pressure. Note that the orientational disorder of Phase III is not captured in the static
DEFT calculation.

Around 20 GPa, the fluorescence background increased, and after opening the cell, we estimate a reaction yield to
indicating the onset of a chemical transformation. Samples polymerized material of ~11%.
became extremely sensitive to laser irradiation at higher Samples recovered after slow compression and decom-
pressures, graphitizing via beam damage at ~0.5 mW. This pression show the characteristic X-ray diffraction patterns' "
sensitivity, along with the increased fluorescence background, of nanothreads: both 2-fold and what naively appear to be 6-

fold patterns exhibiting reflections with d-spacings at ~5—6 A
(Figure 3). Note that these patterns reflect the ordering of
constituent objects on this length scale and cannot be used for
solving precise atomic positions. However, careful examination
of the nominally 6-fold patterns reveals telling deviations from
a hexagonal geometry. One Friedel pair is shorter than the
other two (also unequal), and the angles between adjacent
spots can deviate by S or 6 degrees from 60. This pattern of
variation is consistent across multiple samples and locations
therein; Figure 3b provides uncertainty-weighted averages,
while the individual measurements from independent runs are
provided in the Supporting Information. These deviations from
hexagonal packing are too large to be explained by

makes it difficult to perform Raman spectroscopy (532 nm
excitation) beyond ~25 GPa. To avoid this damage, we
performed in situ FTIR measurements (Figures 2e—h). At
lower pressures, these measurements are in excellent agree-
ment with Raman and X-ray diffraction data, revealing for
example a transition from phase III previously reported to
occur between 4—8 GPa,”” which can now be refined to 5.5—
6.2 GPa with structural information. No additional significant
changes were observed by FTIR until 20 GPa, whereupon a
peak around 1090 cm™" split and a broad absorbance appeared
around 2900 cm™", below the strong sp> C—H stretching peak
(Figure 2g). We assign this shoulder to sp> C—H vibrations of

tetrahedrally coordinated carbon, i.e., the onset of a chemical inhomogeneous stress and must arise from a distinct lower-
transformation by saturation of carbon—carbon bonds. The symmetry crystalline packing, which requires that the
intensity of the new sp’ peak increased with pressure and also constituent objects (i.e., nanothreads) have a uniform low-
after a 12 h dwell time at 35 GPa. It strengthened further symmetry cross-sectional shape. This anisotropy in cross-
during slow decompression and persisted when the sample was section is striking since a single defect in a subnanometer-wide,
released to ambient pressure. Upon opening the cell, unreacted one-dimensional object should typically disrupt both its
liquid evaporated, and we recovered a dark brown solid. By translational and orientational order. Consistent with this
comparing IR intensities of the C—H stretching region before expected sensitivity to disorder, electron diffraction from
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Figure 4. (a) XPS survey scans before (black) and after (red) milling shows oxidation is restricted to the surface. (b) High-resolution XPS
spectrum of the S 2p peak shows that the sulfur atoms in the product reside in a saturated environment (2p;,, & 162 eV) instead of a thiophene
environment (2ps,, & 164 ¢V). (b) FTIR spectrum of the C—H stretching region in the recovered product showing predominant sp* content
(<3000 cm™).

benzene-derived nanothreads indicates a lack of interthread three sets of inequivalent Friedel pairs whose d-spacings and
registry,20 likely reflective of structural diversity both angles closely match the experimental observations after
interthread (i.e., mixtures of different degree-4 and degree-6 accounting for contraction of the lattice at 0 K (Figure 3c—
threads'®) and intrathread (i.e., point defects and/or domain e). This result is robust for different models of packing
boundaries). Benzene-derived thread samples presumably energetics (i.e., both first-principles + van der Waals and
represent an average over these variations to obtain an overall empirical potentials) and is consistent across multiple
pseudohexagonal packing. experimental measurements (see Supporting Information).
In contrast to benzene, theory suggests that thiophene- Taken as a whole, the constrained synthetic outcomes of the
derived threads should have a greatly reduced structural polymerization pathways for thiophene, the quantitative
diversity, and—as explained below—certain plausible struc- agreement between experiment and theory for a monoclinic
tural defects along a thiophene nanothread’s axis preserve the packing of thiophene nanothreads, and the complementary
orientation of the major axis of the thread’s cross-section. observation of a consistent 2-fold d-spacing transverse to the
When following the 4 + 2 cycloaddition synthetic pathway putative thread axis all suggest the formation of thiophene-
suggested by solid-state NMR of benzene-derived threads, the based nanothreads with orientational order. While uncertainty
structure of a thiophene-derived thread is simply determined remains regarding the precise chemical structure, the anti and
by the location of each sulfur atom relative to each successive 4 syn—anti models represent strong candidates to understand the
+ 2 cycloaddition (Figure 3e). Following the nomenclature of basic chemical structure and observed orientational order
Chen et al,'” we use syn and anti to describe these spatial based on agreement with experiment. Enthalpies for these
relationships: threads with sulfurs all on one side, alternating nanothread models as a function of pressure are shown in
sides, and alternating in pairs (as shown in Figure 3c) are Figure 3g. All model structures exhibit lower energy than the
called syn, anti, and syn—anti, respectively. These are analogous molecular phases at high pressure, thus providing a

to the IV-6, IV-7, and IV-8 degree-4 benzene threads,'” upon thermodynamic driving force for the reaction to occur.
replacing the C=C double bond with S. In the absence of ring X-ray photoelectron spectroscopy (XPS) and FTIR provide
rotations during polymerization, the anti structure follows the further evidence for the largely saturated nature of the
thiophene stacks shown in Figure lc along the a axis of Phase recovered product. The C/S ratio in the recovered sample
V (although one should keep in mind that local structural was determined to be 4.97:1 by XPS, which indicates that the
distortions as polymerization proceeds may disrupt this simple starting stoichiometry is maintained during the reaction (a
correspondence). We also note that an off-axis diagonal similar preservation of stoichiometry was seen in pyridine-
polymerization pathway—such as the “para” pathway derived threads”). The O 1s signal observed in the surface
proposed for the benzene tube (3,0)'*—produces nanothread measurement disappeared after surface Ar" ion milling at 500
structures related to the thiophene syn—anti structure. More V for 1 min, suggesting that the observed oxygen was due to
complex syn/anti sequences are possible, but all such surface oxidation and is not present in the bulk (Figure 4a).
sequences share a common major axis to the elliptical cross- The high-resolution XPS spectrum of the S 2p peak (Figure
section of the thread, and the three proposed structures thus 4b) was fit to its two spin components, 2p;/, and 2p;,,. The
represent a broader range of potential reaction outcomes. 2ps/, peak at 162.1 eV indicates that the S atoms reside within
Therefore, structural inhomogeneities in thiophene threads aliphatic (—CH,—S) and not thiophenic (>164 €V) environ-
that form along 4 + 2 and diagonal synthetic pathways are both ments,”’ supporting the saturated nature of the recovered
more limited and also much less disruptive of interthread product. The most prominent feature in the IR spectrum of the
registry than is presumably the case for benzene-derived recovered material (Figure S2) is an intense band between
threads. Thiophene-derived threads should thus more easily 2800—3100 cm™" assigned to C—H stretching modes (Figure
pack with a uniform alignment of their cross sections, yielding 4¢). The majority of this band being below 3000 cm™" provides
a nonhexagonal diffraction pattern. Indeed, when model further evidence that the recovered material is primarily a sp’
threads originally packed pseudohexagonally are relaxed within bonded carbon network formed through the reaction of
a 4 X 4 supercell, the optimized structures are monoclinic, with thiophene rings. The weak features >3000 cm ™" are assigned to
7168 DOI: 10.1021/acs jpclett.9b02546

J. Phys. Chem. Lett. 2019, 10, 7164—7171


http://dx.doi.org/10.1021/acs.jpclett.9b02546

The Journal of Physical Chemistry Letters

sp> C—H modes of unreacted molecular thiophene or partially
reacted regions such as dimers/oligomers and possible
amorphous side products (such regions may also contribute
to the observed brown-amber color of the recovered product).

In summary, we show that the pressure-induced phase
transition sequence of molecular thiophene is analogous to that
observed upon decreasing temperature. An irreversible (yet
incomplete) polymerization reaction beginning at 20 GPa
yields a recoverable sp’-bonded polymeric material with
monoclinic order, unlike the pseudohexagonal packings seen
previously for benzene- and pyridine-derived nanothreads.
This lower symmetry is the likely result of a crystalline packing
of one-dimensional constituents that have uniformly aniso-
tropic (elliptical) cross sections and agrees well with structural
models for the packing of thiophene-derived threads that form
through a 4 + 2 cycloaddition pathway with alternating sulfur
locations along the thread axis. Orientational order of
thiophene-derived nanothreads, in the face of sensitivity of
1D systems to structural disruption through defects,
encourages efforts toward obtaining higher degrees of synthetic
control over nanothread reaction outcomes. This type of
structural order is especially encouraging for future inves-
tigations related to the expression of symmetry-dependent
physical properties (e.g., piezoelectricity and nonlinear optical
effects). The high-pressure synthesis of ordered nanomaterials
such as nanothreads can now be extended to aromatic systems
with five-membered rings, a further increase in the diversity of
compositions and structures achievable.

B EXPERIMENTAL METHODS

Sample Loading and Compression/Decompression.
Thiophene (99%), purchased from Sigma-Aldrich, was loaded
along with a ruby chip in a symmetric diamond anvil cell
(DAC) equipped with 400 ym culets. The experiments were
prepared by preindenting a rhenium gasket to a thickness of
~40 um, and a 150 ym hole was drilled into the center of the
indentation to serve as the sample chamber. The cell was
loaded into a double-stage membrane assembly”" connected to
a PACE 5000 pressure controller (GE/Druck). The
compression/decompression rate in the DAC was set to
~0.03—0.04 GPa/min by controlling the gas pressure in the
membranes. The DAC was allowed to dwell at the final
pressure of 33—3S5 GPa for ~10—12 h before it was
decompressed. It was observed that the slow compression/
decompression rate and the high target pressure of 35 GPa was
necessary to recover a crystalline product. Similar synthesis
runs with faster compression/decompression rates, lower
pressures, and higher temperatures (35 GPa and 200 °C)
resulted in the formation of a completely amorphous material.

X-ray Diffraction. Synchrotron X-ray diffraction experi-
ments were carried out at the Advanced Photon Source (APS),
Argonne National Laboratory at the High Pressure Collabo-
rative Access Team (HPCAT) at beamline 16-BMD and at
GSECARS beamline 13-IDD. The cell was aligned in a focused
monochromatic beam with wavelength 4 = 0.4133 or 0.3344 A
with the compression axis along the direction of the beam. The
diffraction patterns were collected either on a MAR image
plate or a Pilatus 1 M detector. Instrumental calibrations and
pattern integrations were performed using the program
DIOPTAS.>” Single-crystal indexing was carried out using
the programs GSE-ADA and RSV,”” and powder patterns were
refined in the programs GSAS and GSAS IL°* Le Bail
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analysis®> was implemented for the powder patterns due to
incomplete powder averaging from the experimental data.

Vibrational Spectroscopy. Raman spectroscopy was
carried out using a 532 nm diode laser focused through a
20X long working distance objective (NA = 0.4) into the DAC.
The signal was dispersed by a Princeton Instrument spectro-
graph SP2750 onto a N,(I)-cooled CCD detector. The laser
power was restricted between 0.5 and 1 mW to prevent any
kind of sample damage. Infrared measurements were
performed using a Bruker Vextex spectrometer with a
Hyperion microscope and a N,(I)-cooled midband MCT
detector.

X-ray Photoelectron Spectroscopy. XPS experiments
were performed using a Physical Electronics VersaProbe II
instrument equipped with a monochromatic Al ka X-ray
source (hv = 1,486.7 eV) and a concentric hemispherical
analyzer. Charge neutralization was performed using both low
energy electrons (<5 eV) and argon ions. The binding energy
axis was calibrated using sputter-cleaned Cu foil (Cu 2p;/, =
932.7 eV, Cu 2p3,, = 75.1 eV). Peaks were charge referenced
to the Au 4f,/, band at 84.027 eV. Measurements were made at
a takeoff angle of 45° with respect to the sample surface plane.
This resulted in a typical sampling depth of 3—6 nm (95% of
the signal originated from this depth or shallower).
Quantification was done using instrumental relative sensitivity
factors (RSFs) that account for the X-ray cross section and
inelastic mean free path of the electrons.
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