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ABSTRACT

Carbon nanothreads are the most exciting carbon based nanomaterials recently discovered. Obtained by compressing aromatics around
20 GPa, they are characterized by potentially exceptional mechanical properties. The reaction mechanisms have been partly elucidated through
computational studies and x-ray diffraction experiments. However, in all these studies, the electronic modifications to which the molecule is
subjected with increasing pressure are neglected as also if, and to which extent, the electronic excited states are involved in the high-pressure
reactivity. In fact, the pressure increase induces remarkable changes in the electronic properties of molecular crystals, which are often directly
related to the reaction’s onset and path. We report the pressure evolution of the two-photon induced emission spectrum of crystalline stilbene,
the archetype of a class of molecules from which double-core nanothreads are obtained, with the twofold purpose of gaining insight into
the reaction mechanism and monitoring if the structural changes observed in x-ray diffraction studies have a detectable counterpart in the
electronic properties of the system. The freezing of the spectral diffusion observed on rising pressure is ascribed to a hampered conformational
rearrangement because of the larger stiffness of the local environment. The transition to the high pressure phase where the nanothreads form
is revealed by the slope change of the pressure shift of all spectral components, while the progressive intensification with pressure of the 0-0
transition suggests a strengthening of the ethylenic bond favoring the charge delocalization on the benzene moieties, which is likely the trigger
of the chemical instability.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0133610

I. INTRODUCTION of systems investigated and of successful syntheses rapidly grew,
and nanothreads were obtained by compressing aromatics such as

Carbon nanothreads are one-dimensional fully saturated poly- pyridine,”” aniline,’ thiophene,'” furan,'' arene-perfluoroarene co-

mers produced by compressing mainly aromatics and heteroaromat-
ics above 15 GPa. The exceptional mechanical properties predicted
for these diamond-like wires stem from the combination of high
tensile strength with flexibility and resilience."” As predicted by
different groups,w"’: the first evidence of the nanothreads forma-
tion was obtained a few years ago by compressing benzene.® This
experiment provided, through a comparative HRTEM and XRD
analysis, the clue for the nanothread identification. The number

crystals,'”"” pyridazine,'* and s-triazine.'® The variety of attainable
nanothreads has recently been enriched by using as starting mate-
rials polycrystalline samples of stilbene'® and other members of
the pseudo-stilbene class of molecules such as azobenzene'”'® and
diphenylacetylene.'” These molecules offer the possibility of syn-
thesizing double core nanothreads connected through unsaturated
groups that do not participate in the polymerization process, as in

. . . 16-18
the case of stilbene, azobenzene, and their mixed crystals, *'* or
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as observed for diphenylacetylene, through a polyacetylenic chain
giving rise to the first prototypical functional application of nanoth-
reads: a kind of semiconductive wire protected by a diamond-like
sheet.!” The preservation of the linking ethylenic or azo groups
joined to the possibility of preparing mixed crystals of the desired
relative concentration by exploiting the isomorphism of all the
pseudo-stilbenes represents an appealing issue in view of design-
ing materials with targeted electronic properties or realizing further
functionalization of the nanothreads.

The reaction paths bringing to the nanothread formation can be
divided into topochemical and non-topochemical. In the first case,
the reaction requires minimal atomic displacement and is demon-
strated to occur when the reacting molecules are organized in stacks
of parallel non- or slightly displaced aromatic rings. This molecu-
lar organization is realized when adjacent molecules along the stack
present opposite quadrupole moments,”’ as clearly demonstrated
by the nanothread formation in alternate arene-perfluoroarene
co-crystals'’ and in s-triazine."” In the latter, a perfect m-m stack-
ing of parallel molecules is formed with adjacent molecules along
the stacks rotated by 60° about the principal symmetry axis.”! In
contrast, the herringbone-type arrangement (edge-to-face stacking),
which characterizes benzene and unsubstituted aromatics, requires
anisotropic stress to make the non-topochemical path competitive
with the topochemical one.”””? In between these two extremes, there
are several intermediate cases in which the molecules are arranged
in a slipped parallel fashion, which also characterizes benzene along
the a and b axes,”’ and depending on the distance between ring cen-
troids, ring planes, and slippage angle, it is possible to pass with
continuity from a non-topochemical to a topochemical path. This
can be achieved, for example, by introducing selected substituents on
the ring that modify the 7 electron density with the effect of reducing
the slippage angle, thus favoring the - interaction.’*

The reactions leading to the nanothread formation have been
studied by using in situ x-ray diffraction and vibrational spec-
troscopy, thus looking at the structural and bonding (hybridization)
changes, but a direct characterization of how the electronic proper-
ties change with increasing the pressure has not yet been performed.
This kind of study can provide information about the prereactive
charge arrangement, as achieved in the case of triazine,”” or about
the formation of precursor species that likely trigger the chemical
transformation.’® Here, we report a two-photon absorption study of
stilbene up to 18 GPa, thus very close to the onset of the reaction.!®

The electronic spectrum of the t-stilbene molecule is well char-
acterized both experimentally and theoretically (see Refs. 27 and 28
and references therein). One-and two-photon spectra markedly dif-
fer according to the centrosymmetric nature of the molecule, which
restricts one- and two-photon transitions to ungerade and ger-
ade excited states, respectively. Three two-photon transitions, all to
excited A, states, have been characterized: a weak band at about
4.3 eV, a stronger one at 5.1 eV, and the strongest peaked at about
6.4 eV.”® The symmetry restrictions also apply in the crystal phase
because of the inversion symmetry preservation going from the
molecule to the crystal site and to the factor group (Cy;,).”””" One
of the main reasons for studying the lower excited states has been
so far related to the comprehension of the photoinduced isomer-
ization to the cis form.”' ™" Cis—trans isomerization is suppressed
in the crystal phase, but the study of the electronic properties of
the crystal is still of interest for its sensing capabilities, which are
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potentially promising for the realization of low cost large area detec-
tors for ionizing radiation.”””® The photoluminescence induced by
one-photon excitation (260-390 nm) has been studied in polycrys-
talline stilbene at ambient pressure in the 5-300 K temperature
range.””" The emission spectrum changes with the lowering of
the temperature showing a remarkable intensification of the high
energy side (bands at 344 and 369 nm), a behavior not observed
when stilbene is cooled down in a polystyrene matrix. In addition,
the fluorescence bands exhibit different lifetimes, an unlikely occur-
rence if all the bands belong to the same vibronic structure. The
proposed explanation is based on the existence of emitting clusters
with slightly different geometry likely related to a partial twisting of
the molecule (<16°).°* At high temperature, the emission is fully
relaxed, but on lowering the temperature, the spectral diffusion can
be frozen either because the time to diffuse is longer than the lifetime
of the excitation or because the system is trapped in intermediate
states with energies greater than the relaxed one.

The study of the two-photon induced fluorescence as a func-
tion of pressure is, therefore, a precious source of information about
the structural changes possibly induced by pressure both in the
molecule and in the crystal and how they reflect on the emission
properties. From this point of view, it is important to check if the
suggested energetic segregation of different structural clusters also
realizes under pressure and if it may possibly lead to the formation of
intermediate species, potential seeds of the chemical transformation
ending up in the nanothread formation.

Il. EXPERIMENTAL

Crystalline trans-stilbene from Sigma-Aldrich (purity >99%)
was used without any further purification. The samples were loaded
without any compression medium into a membrane diamond anvil
cell (MDAC) equipped with Ilas-type diamonds (AlmaxEasylab).
Stainless steel gaskets drilled to an initial diameter of 150 ym and
a thickness of about 50 ym were employed to contain the pow-
der. Two-photon fluorescence spectra were measured by using as a
source an optical parametric generator (Ekspla PG401), pumped by
the third harmonic of a picosecond Nd:YAG laser (Ekspla PL2143A)
working at a 10 Hz repetition rate. The laser beam was focused onto
the sample by an achromatic doublet with a 100 mm focal length,
and the sample emission was collected backward by a parabolic
aluminum mirror, filtered by a monochromator, and revealed by
an Electron Tubes 9235QB photomultiplier. A precise description
of the setup is reported elsewhere.”””” The excitation wavelength
was 600 nm, and the energy on the sample was about 100 n]J
per pulse. Fluorescence spectra were measured with a resolution
of about 1 nm. We did not use a ruby gauge for measuring the
pressure to avoid interferences in the fluorescence measurements.
The pressure was determined by the peak frequency of the two IR
doublets falling, at ambient pressure, just above 1300 and around
1600 cm™".'¢ The pressure shift of these bands was previously deter-
mined by measuring the FTIR spectrum using the ruby fluorescence
method for pressure calibration.”’ Infrared absorption spectra were
measured before and after every fluorescence measurement, also
with the purpose of checking sample degradation under pulsed irra-
diation. FTIR spectra were measured with a Bruker-IFS 120 HR
spectrometer suitably modified for high pressure experiments with
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an instrumental resolution of 1 cm™.*! X-ray diffraction measure-
ments were performed with a custom made laboratory diffrac-
tometer 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 ym. A PI-SCX 4300 CCD was employed as a
detector.

lll. RESULTS

The emission spectra of stilbene have been accurately charac-
terized in solution, in a polystyrene matrix, and in the solid state.’®
In solution, stilbene molecules twist in the excited state, relaxing
to the ground state via a conical intersection. Twisting is already
impeded in the polystyrene matrix and in the crystal. There are
relevant changes in the high energy side of the emission spectrum
on cooling from room temperature below 100 K.”**** The two
higher energy bands (at about 344 and 364 nm), which are much
weaker than the main peak centered at about 380 nm under ambi-
ent conditions, remarkably intensify below 200 K, with the band at
364 nm becoming the strongest one. The different lifetimes mea-
sured for the high and low frequency bands of the emission spectrum
suggested that they are due to multiple emitters rather than to a
vibronic structure.”® This interpretation is consistent with that pre-
viously advanced in Ref. 42, which attributes part of the spectral
features to emission from defect levels. The higher the tempera-
ture the easier the non-radiative decay from these levels by phonon
coupling. Therefore, this process requires the phonon states to be
populated, thus, reducing its efficiency on cooling favoring the radia-
tive emission. Therefore, the emission spectrum recorded at high
temperature represents the fully relaxed emission, whereas the low-
temperature one can be severely affected by defect levels, originated
by clusters of molecules characterized by different permanent twist-
ing with respect to the planar configuration, where excitation is
trapped during the relaxation process.”

The pressure evolution of the fluorescence spectrum of crys-
talline stilbene was recently reported up to 16 GPa, looking for a
pressure induced enhancement of the emission.*” The changes in
the observed emission intensities were related to modifications of
the torsion angle with a consequent alteration of the intermolecu-
lar interactions and, thus, the efficiency of non-radiative relaxation
channels. Surprisingly, density functional theory (DFT) calculations
indicated a continuous increase of the torsion angle with pressure
above 3 GPa. Compression up to 16 GPa was performed using CCly
as the pressure transmitting medium, and neither structural changes
were deduced by x-ray diffraction measurements, contrary to what
was reported in Ref. 16, nor sample damages due to excitation with
the 355 nm laser line.

In this study, we have characterized the fluorescence of crys-
talline stilbene excited by two-photon (TP) absorption as a function
of pressure up to 18 GPa. The advantages of TP absorption spec-
troscopy in high-pressure experiments with respect to one-photon
spectroscopy are well recognized.”® Hydrocarbons absorption lie
around or below 300 nm, thus close to or even overlapping the
diamond absorption edge, especially as the pressure increases. The
signal discrimination of the micron size sample embedded in mm
size diamonds is, therefore, extremely difficult and is achieved by
exploiting the quadratic dependence of the TP signal on the excit-
ing photons, which entails a very high spatial selectivity. In addition,
the small cross section of TP transitions minimizes the amount of
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excited molecules, thus reducing the probability of triggering photo-
chemical reactions. We used 600 nm as the excitation wavelength,
which corresponds to a TP energy of about 4.15 eV. At ambi-
ent pressure, this energy corresponds to the onset of the first TP
allowed transition to the 21Ag state, which peaked at 4.81 eV and
the weakest among the lower transitions to the Ay states.”” Both
issues are extremely important to avoid undesired photoinduced
reactions, which, however, are observed after the measurement of
a few pressure points.

In Fig. 1, we report the TP induced fluorescence spectra as
a function of pressure up to 4.4 GPa. The ambient pressure spec-
trum is also measured with the sample in the DAC without applying
any pressure to the diamonds. Despite that, the spectrum is less
resolved than those reported at ambient temperature in the previ-
ous studies,””***> where it was also possible to observe the electronic
origin around 344 nm, which is instead missing in our spectrum.
Contrary to that reported in Ref. 43, the spectrum suddenly changes
on increasing the pressure to 0.5 GPa in a very similar way to what is
observed on lowering the temperature below 200 K:*"*** the band
at about 368 nm remarkably intensifies, becoming the strongest one.
This band is also the only one exhibiting a blue shift, from 368 to
364 nm, which instead characterizes most of the emission bands on
lowering the temperature at ambient pressure.””*** The emission

Intensity (arb. unit)

T T T T
325 350 375 400 425 450
Emission wavelength (nm)

FIG. 1. Evolution of the emission spectrum with pressure below 5 GPa. The spec-
trum measured at ambient pressure has been deconvoluted, as shown in the
bottom trace. The high energy band, which is at ambient pressure by far weaker
than that at about 380 nm, shifts at a lower wavelength and becomes the strongest
peak as the pressure is increased to 0.5 GPa.
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pattern could be nicely reproduced up to 8 GPa using four bands,
as shown in Fig. 1 for the spectrum measured at ambient pressure.
The details of the fit procedure can be found in the supplementary
material. On increasing pressure up to about 8 GPa, all the bands
red shift and broaden, not showing significant changes of the rel-
ative intensities. Around 8 GPa, the spectra start to change, and a
new band must be considered in the fit procedure to reproduce the
high energy side of the emission spectrum (see Fig. 2). This band is
clearly visible only above 11 GPa (see Fig. S1) because of its intensifi-
cation with increasing pressure combined with a slightly smaller red
shift than all the other bands. In contrast with the continuous weak-
ening of the other bands, the new band remarkably intensifies with
pressure becoming the strongest one around 15 GPa. This behavior
can be appreciated from the pressure evolution of the areas of all
the bands reported in Fig. 3. The frequency separation among the
different emission bands is variable, basically decreasing with rising
pressure below 8 GPa and showing the opposite behavior above this
pressure. The appearance of the new peak is not the only modifica-
tion we detected around 8 GPa. The deconvolution of the experi-
mental spectra also provides evidence of a clear slope change of the

— 53GPa —12.0
| —— 84 140
— 9.2 —16.0
10.7 —18.0
."é'
=]
2
&
2
‘»
% T T T T T T T
= 400 450 500 550
n T T T T
350 400 450 500 550

Emission wavelength (nm)

FIG. 2. Upper panel: evolution of the emission spectrum with pressure above
5 GPa. Lower panel: deconvolution of the 8.4 GPa emission spectrum where the
new high energy band at 406 nm (red trace) appeared at about 8 GPa. This band
is well visible (upper panel) as a pronounced shoulder at 12 GPa, becoming the
strongest one around 15 GPa.
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348.96 nm
361.06
380.53
401.38
425.60
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T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Pressure (GPa)

FIG. 3. Pressure evolution of the bands’ area as obtained by the deconvolution of
the experimental emission spectra. Full lines are guides for the eye. The wave-
length reported in the inset are the values obtained at P = 0 by the linear fit of the
wavelength data, as reported in Table I.

600

550

500

450 +

Emission wavelength (nm)

400 +

350 T——TF——T1—

"8 10 12 14 16 18 20
Pressure (GPa)

FIG. 4. Pressure shift of the peak maxima as obtained by the deconvolution of the
experimental emission spectra. Full lines are the linear regression of the data.

pressure shift of all the different spectral components, as reported
in Fig. 4. The slope increase has been quantified through the lin-
ear regression of the data below and above 8 GPa (see Table I) with
the intercepts, relative to the wavelength pressure shift below and
above this pressure, located between 7.2 and 8.0 GPa. Another inter-
esting result of this analysis is the extrapolated wavelength at P = 0
of the new band appearing at 8 GPa. This value, 348.96 nm, is indeed
in excellent agreement with the values measured at 15 (348 nm™)
and 5 K (347 nm”’) for the band assigned to the 0-0 transition.
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TABLE |. Parameters relative to the linear fit of the pressure shift of the peak as obtained by the deconvolution of the
experimental emission spectra. The first column reports the literature data,>® the two central columns report the slope (a)
and the intercept (b) of the linear fit below and above 8 GPa, whereas in the last column are reported the pressures where

the two linear fit intercept.

Amax A =aP + b (0-8 GPa) A =aP+ b (8-18 GPa)
300 K 15K a b a b Intercept (GPa)
344 348 cee cee 7.17 348.96
369 364 6.29 361.06 8.95 341.72 7.27
380 385 5.53 380.53 10.34 342.28 7.95
403 407 5.28 401.38 11.20 355.19 7.81
s S 5.65 425.60 10.82 388.20 7.24

IV. DISCUSSION

There is a general consensus in explaining the ambient pres-
sure fluorescence spectrum of crystalline stilbene and its evolution
on decreasing temperature on the basis of a defect model. The strong
intensification of the high energy emission bands with lowering the
temperature was explained by Hochstrasser with a high concentra-
tion of defect levels that may be depopulated through coupling with
lattice phonons that are significantly populated at sufficiently high
temperatures. Further insight in the emission spectrum was gained
by the polarization ratio, whose remarkable increase on the high
frequency side indicates that this band should be ascribed to the
free exciton emission.”” An analogous interpretation is also given
by Ostapenko et al. by studying the excitation spectra using different
excitation wavelengths.”” The dishomogeneous intensification of the
emission components on lowering the temperature suggested a dif-
ferent origin of these bands. Excitation spectra independent on the
excitation wavelength were recorded only for the two high energy
bands, 348 and 367 nm, which were, therefore, assigned to the 0-0
transition and to a vibronic band. Further insight on the nature of
the emission bands was given by Karpicz et al.,”* which measured
the fluorescence lifetime for all of them finding a consistent differ-
ence between the high energy band and the others, especially those
at the lowest energy. This was taken as an evidence that the low
energy bands have not vibronic origin and are ascribable to inde-
pendent emitters, likely clusters of molecules having different con-
figurations which, according to quantum chemical calculations, are
related to a variability of the twisting angle around the C=C central
bond.

All these studies agree in identifying the absorption band at
348 nm (15 K) as the origin of the §; — Sy transition, while the
rest of the spectrum, with maybe the exception of the 369 nm
band, which has vibronic character, is related to a density distri-
bution of localized states associated with clusters of molecules with
different arrangements of the phenyl rings causing a variability in
the molecular environment and, thus, a rupture of the translational
symmetry.”* Hopping among the different minima is thermally acti-
vated, and if the energy required to overcome the barriers separating
the different local configurations is comparable to or lower than the
KT, the process can be phonon assisted. Lowering the temperature
implies a greater difficulty to overcome the barrier, and the excita-
tion may decay before the system relax to a new minimum. Spectral

diffusion is, therefore, kinetically frozen, also preventing the access
to lower energy defect levels, thus also explaining the blue shift of the
high energy bands on lowering the temperature.”” A strong support
for this picture comes from the low temperature x-ray diffraction
studies, where thermodynamic non-equilibrium states generated
by fast freezing of conformational interconversion were observed
depending on the cooling rate.”’

A very similar effect to that observed when the temperature
is lowered below 200 K is detected by increasing the pressure at
ambient temperature: the band at 361 nm remarkably intensifies
and blue shifts as the pressure is raised to 0.5 GPa, thus show-
ing a clear resemblance with the ambient pressure behavior on
cooling.””® As mentioned before, the depopulation of higher energy
lattice phonon states on lowering the temperature can reduce the
spectral diffusion. An ambient temperature pressure increase does
not modify the KT but shifts to higher energy the phonon den-
sity of states, thus, in principle, producing an analogous effect to
lower the temperature. However, the exciton-phonon coupling is
not the only mechanism that can force the emission from higher
energy states. The density increase, due to the volume reduction with
lowering the temperature or with increasing the pressure, can signif-
icantly alter the intermolecular interactions, possibly leading to an
increase of the energy required to jump from one local configuration
to another.

To this regard, a comparison of the effects of temperature
and pressure on the volume of the crystal can be obtained by
x-ray diffraction. Single crystal experiments have been performed
at ambient™ and low (113 K)*° temperatures. The crystal structure
of stilbene is monoclinic, P2 /¢, with two almost planar molecules
in the asymmetric unit cell located at inversion centers and with
one of them characterized by orientational disorder.”””’ This dis-
order is dynamic since the occupancy of the different orientations
changes with temperature.”” The volume of the unit cell has been
measured at different temperatures down to 90 K,”*"* reducing
from 1029.9 A® at 295 K" to 993.7-995.9 A’ at 90 K depending
on the cooling rate and, therefore, on the amount of the degree of
conformational disorder.”” The volume decrease in this temperature
range is, therefore, <3%. The volume decrease is definitely more pro-
nounced when the pressure is increased, as expected for molecular
crystals, which are very soft materials. Single crystal data are not
available at high pressure and ambient temperature powder com-
pression experiments without a pressure transmitting medium, the
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same conditions we adopted in the present study, do not provide
data below 1 GPa, the pressure range where we observe the major
changes in the high frequency side of the emission spectrum.'® We
have, therefore, recorded the XRD pattern of stilbene powder with-
out pressure transmitting medium at 0.5 GPa measuring a volume
of 951.1 A%, The volume reduction from ambient conditions, V =
1029.9 A%, is about 8%, roughly three times larger than that observed
on cooling. The details of the XRD measurement and data analysis
can be found in the supplementary material.

To check the efficiency of phonon assisted processes, we can
instead rely on the lattice phonons Raman spectra measured as a
function of temperature and pressure. The Raman spectrum of lat-
tice phonons blue shifts with pressure, but still remains well below
200 cm™ (KT at ambient temperature) up to 1.5 GPa,"” making
unlikely a decrease in the efficiency of phonon assisted processes
with increasing the pressure at ambient temperature. In addition,
considering the effect of temperature alone, it is difficult to ascribe
the strong intensification of the high energy emission bands to
phonon assisted processes since it is almost concluded at 170 K*’
temperature, where the KT is about 120 cm™ thus including all the
Raman lattice phonon bands.”” The modification of the local force
field due to the density increase appears, therefore, as the main rea-
son for the localization of the emission on the vibronic band at about
360 nm. Access to lower energy defect states is prevented by the
increased stiffness of the local environment, which substantially rises
the energy to be overcome.

With further increasing the pressure, a slope change occurs
in the pressure shift of all the emission bands at about 8 GPa.
This modification is joined to the appearance of a new high energy
band, which was assigned to the electronic origin because of the
nice agreement of the extrapolated ambient pressure wavelength
with that reported in the literature.””*** The new band intensi-
fies upon compression, becoming the strongest one above 14 GPa.
A phase transition around 8 GPa was already reported for stilbene,
azobenzene, and the 1:1 mixed crystal in x-ray diffraction studies
of powders compressed without pressure transmitting medium.'*'*
The transition is likely isostructural and consists of a sudden jump
of about 5° in the monoclinic angle and a discontinuity in the
volume evolution with pressure. The pressure of the transition
increases to about 10 GPa when a quasi-hydrostatic pressure-
transmitting is employed showing also a reversibility, which is
instead not observed without a pressure transmitting medium.'®
In this high pressure phase, the reaction leading to the nanoth-
reads occurs, and it was, therefore, speculated that the molecular
arrangement in this phase could favor the formation of stacks where
the molecules were parallel or nearly parallel arranged in order to
favor the interaction along the stacks leading to the nanothread
formation.

The first electronic excited state of stilbene Si, 1'B, con-
sidering the C,;, point group notation, is characterized by the
HOMO-LUMO single excitation mainly localized on the ethylenic
moiety as also results from the lengthening of the corresponding
C=C bond.* Despite that, the isolated molecule is considered pla-
nar also in this excited state’””” because the potential energy curve
presents a very low energetic barrier to rotation around the vinyl-
phenyl bonds, resulting in an almost flat surface, at least at ambient
temperature, for torsion angles ranging between —30° and +30°,
thus making trans—cis isomerization feasible.*’
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We have measured the emission spectra of the isolated
molecule in acetonitrile solution finding an overall agreement with
the data reported in the literature in the same solvent,”*”! and in
chloroform or in a polystyrene matrix.”® The spectral deconvolu-
tion, presented in Fig. 5, shows five main peaks at 334.5, 348.6, 365.3,
383.8, and 402.4 nm. The separation among these peaks is extremely
regular ranging between 1200 and 1300 cm ™', therefore, suggest-
ing its vibronic origin. There are three A, modes between 1194 and
1322 cm™" (frequency values measured in benzene solution’”) being
by far the most intense, the one lying at a lower frequency and
assigned to the =C-Ph stretching mode,” which can be, therefore,
the mode responsible for the vibronic progression. The high fre-
quency peak, about 3.7 eV, can be assigned as the 0-0 transition,
nicely agreeing with the one-photon absorption spectrum.’® This
peak is considerably weaker than the two vibronic bands at 348.6
and 365.3, thus indicating a displacement of the relative minima in
the So — S transition ascribable to the lengthening of the ethylenic
group. On the contrary, the llBu — llAg emission spectra com-
puted by Gagliardi et al.*® present the 0-0 emission line as the
strongest one. The reason for that should be searched in the geome-
try they adopted, with an ethylenic bond length of 1.383 A, therefore
very close to the ambient pressure value of 1.326 A measured in the
crystal by x-ray diffraction.*’

The strong intensification of the high energy emission band
above 8 GPa could be, therefore, related to the structural phase
transition, which leads to a consistent contraction of the cell vol-
ume mainly due to a reduction of the b axis.'® Since the b axis
coincides with the direction along which the nanothreads form,
also becoming the nanothread axis itself, this rearrangement of
the molecules has been thought to favor the formation of stacks
of slipped, nearly parallel molecules along this axis. This pack-
ing, and the continuous reduction of the b lattice parameter with

= exp
——334.5nm
——348.6
—365.3
—383.8
—402.4
fit profile

Intensity (arb.unit)

T T T T T T T T T T T T T T T
300 320 340 360 380 400 420 440
Wavelength (nm)

FIG. 5. Deconvolution of the one-photon (Aexe = 290 nm) emission spectrum of
stilbene in acetonitrile measured at ambient conditions. The peak maxima of the
five bands used for reproducing the experimental pattern (symbols) are reported
in the inset.
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further pressure increase, could lead to a stabilization of the pla-
nar structure also in the lowest excited state with a delocalization
of the excitation outside of the ethylenic group, making the equi-
librium configuration of this state more and more similar to the
fundamental one as the pressure is raised above 8 GPa. This con-
clusion contrasts with that recently reported by Gu et al,”” which
overlooked the phase transition occurring around 8 GPa, which
implies consistent structural changes,'® and proposed, on the basis of
DEFT calculation, a progressive departure of the molecules from pla-
narity consisting in a continuous increase of the torsion angle with
pressure.

V. CONCLUSIONS

Two-photon induced fluorescence is an important tool to
monitor the electronic changes taking place in a molecular crys-
tal at high pressure. The density increase produced by compression
leads to an increasing overlap of molecular orbitals of adjacent
molecules, causing electronic delocalization. This generally corre-
sponds to a reduction of the energy gap between the ground and
excited electronic states, especially in molecules containing conju-
gated 7 bonds. In fact, 7 orbitals are more sensitive to a density
increase than o orbitals because, under ambient conditions, they are
more diffuse and characterized by a smaller overlap. For this rea-
son, the 7-n" transitions, among the lowest in energy, are strongly
affected by compression. These changes can be extremely important
to understand the mechanisms of the pressure induced reactivity
in molecular systems.”*”"*”” Here, this technique has been applied
to the study of crystalline stilbene to get insight into the mecha-
nisms leading to the formation of double core carbon nanothread
occurring above 16 GPa. This transformation is anticipated by a
phase transition occurring around 7-9 GPa to a structure where
the molecules presumably gain the correct orientation toward the
nanothread formation.'® Our results show, analogously to ambient
pressure low temperature data, a freezing of the spectral diffu-
sion below 1 GPa as deduced by the strong intensification and
the blue shift of the higher energy band. The access to lower
energy defect levels, corresponding to clusters of molecules hav-
ing small conformational differences, is prevented by an increased
energy barrier to be overcome for passing from one configura-
tion to the other because of the larger stiffness of the local envi-
ronment. Around 8 GPa, a phase transition, already observed by
x-ray diffraction experiments,'® is revealed by a slope change of
the emission pattern and by the appearance and rapid intensifi-
cation with pressure of the 0-0 emission line. The latter becomes
the strongest peak above 15 GPa, suggesting a very similar geom-
etry of the molecule in the fundamental and in the excited states,
and thus a delocalization of the excitation from the ethylenic bond
to the phenyl groups, which causes their progressive instability
leading to the nanothread formation. The knowledge of the con-
formational changes occurring in the first electronic excited state
suggests that the nanothread formation can be possibly induced at
lower pressure by preparing through selective irradiation a certain
amount of excited molecules that, although maintaining the molec-
ular planarity, present an altered charge distribution on the phenyl
ring that can trigger the reaction with neighboring ground state
molecules.

ARTICLE scitation.org/journalljcp

SUPPLEMENTARY MATERIAL

In the supplementary material, we report the details of the fit
procedure adopted to interpret the emission spectra and the XRD
measurements performed to determine the stilbene crystal volume
below 1 GPa.
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