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1. Introduction
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Mechanoluminescent (ML) materials show color changes resulting from the application of a mechanical
constraint such as an external pressure. In these systems, the applied pressure might alter the structure
of the molecular units and their supramolecular packing, which translates into changes in emission
wavelength and intensity. In this work, we report a computational study of the ML properties
of the recently synthesized 9,10-bis((E)-2-(pyrid-2-ylvinyl)anthracene (BP2VA) crystal. In a previous
experimental report, the BP2VA crystal powder has been shown to undergo drastic changes in
photoluminescence color upon exertion of external pressure. The evolution of the piezochromic
luminescence upon increasing pressure was rationalized by comparison to the emission behavior of the
three BP2VA crystal polymorphs, which are characterized by distinct stacking modes, each exhibiting
varying strengths of n—n interactions. Combining periodic calculations based on density functional the-
ory (DFT) and time-dependent DFT within a hybrid QM/MM scheme to account for crystal environment
effects, we explored the structural and optical features of the BP2VA polymorphs and examined the
changes in supramolecular arrangement and luminescence associated with the application of pressure.
Decomposition of the electronic excited states of relevant dimers extracted from the optimized crystal
cells on a diabatic basis allowed to characterize the electronic transitions according to their local
and charge transfer (CT) nature. The results, which overall compare well to experimental data, provide a
new mechanistic picture behind the piezochromic behavior of organic crystals. While intermolecular
interactions and structural constraints play a crucial role in the photophysical properties of these
materials, we demonstrate that external pressure can alter the nature of the low-lying excited states,
notably imparting CT character. The gradual redshift of the fluorescence emission in the three
polymorphs under external pressure is attributed to the increasing excimer-like character of the
emissive state.

changes in emission color or intensity are triggered by pres-
sure, plays an important role in materials science due to its vast

There exists a wide variety of organic luminescent materials
that are sensitive to environmental stimuli; among them,
mechanoluminescent materials have the ability to emit light
upon application of any mechanical action." Mechanolumi-
nescence (ML), and in particular piezoluminescence, in which
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potential in optical, electronic and medical applications.
Indeed, ML allows using mechanical energy to generate emission
of light without any irradiation or electron excitation source, which
is both energy-saving and environmentally protective.®® Pressure-
induced alteration of the luminescence properties is generally
interpreted as resulting from changes in the structure of the
molecular units and their supramolecular packing.'*** However,
while the luminescent properties of individual organic compounds
are now generally well described and controlled by suitable
molecular design, the rational development of mechano-
responsive systems is currently hampered by the complexity of
the ML phenomenon, which can originate from different electro-
nic, structural and aggregation effects that can either lead to
fluorescence or phosphorescence emission, or a spectral shift.
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In this context, computational chemistry has proven very
useful to investigate the structural and electronic origins of ML
in organic materials, and different strategies have been used for
rationalizing the subtle relationships linking the photophysi-
cal properties of individual molecules, their supramolecular
arrangement in the solid state, the structural changes induced
by mechanical stress and the resulting associated emissive
behavior.’>'® To cite a few examples, Feng et al. combined
solid-state and gas-phase density functional theory (DFT) and
Becke’s virial exciton model to investigate piezochromism
in three molecular crystals. They evidenced that the experimen-
tally observed piezochromic redshifts can be rationalized from
both the closing of the crystal bandgap upon compression and
the increase of the polarizability of the excited units, which
stabilizes the excited state.'” Zheng et al. used hybrid quantum
mechanics/molecular mechanics (QM/MM) approaches to elu-
cidate the luminescence properties of dibenzo[b,d]-thiophene
5,5-dioxide (DBTS) and carbazole (Cz) crystalline aggregates
under different external pressures. The dramatically different
piezochromic behaviors of these two organic fluorophores were
shown to be related to a different sensitivity of the molecular
structures to compression. Owing to its rigid nature, Cz shows
slight changes in its absorption and emission spectra upon
compression; in contrast, DBTS is more environment-sensitive
and displays redshifted absorption and emission spectra,
which is ascribed to an increase of the molecular planarity.'®
Lastly, Crespo-Otero et al. investigated the piezochromism of
two 9,10-(bis((E)-2 pyridin-4-yl)vinyl)anthracene (BP4VA) crystal
polymorphs by means of DFT and time-dependent (TD) DFT
calculations. They concluded that the luminescence properties
are driven by the pressure modulation of the intermolecular
interactions within the lattice, the red-shifted luminescence
being ascribed to a transition from a herringbone to a sheet
packing arrangement, and to the subsequent enhancement of
n-nt and CH-r interactions and restriction of molecular
motions."’

All these studies rationalize the changes in the photophysi-
cal properties of extended systems either in terms of structural
changes that tune occupied and/or virtual energy levels,
i.e., shifting absorption/emission bands, or restricting molecu-
lar motion, i.e., hindering non-radiative decay pathways. Addi-
tionally, one might hypothesize ML phenomena emerging from
changes in the electronic character of low-lying states, but, as
far as we are aware of, this mechanism has not been reported or
discussed so far. In the present work, we aim to show that, in
addition to tuning intermolecular interactions and molecular
motion, mechanical pressure can alter the nature of states,
representing yet another possible ML mechanism. To that end,
we chose to computationally investigate the piezochromic
properties of an archetypal anthracene derivative, namely
9,10-bis((E)-2-(pyrid-2-yl)vinyl)anthracene (BP2VA). Tian and
coworkers® reported that the exertion of external pressure on
the BP2VA crystals leads to a drastic change in their photo-
luminescence color. The piezochromic effect was characterized
by applying increasing hydrostatic pressures (up to 7.92 GPa) to
the powder using a diamond anvil cell, which resulted in a
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noticeable gradual redshift (from 528 nm to 652 nm) attributed
to changes in molecular aggregation state caused by compres-
sion. Crystallization of the BP2VA powder gave rise to three
polymorphs with different stacking structures (noted C1-C3
hereafter), which were used to rationalize the aforementioned
pressure-induced spectral displacement. The evolution in the
photoluminescence emission wavelength from C1 to C3 was
attributed to their respective different packing modes and
associated increasing intermolecular interactions of the anthra-
cene planes. Comparing the piezochromic luminescence beha-
vior of the powder with the fluorescence emission of the three
polymorphs, it was hypothesized that the BP2VA powder under-
went a transformation between the molecular aggregation
states of the three crystals when pressure was exerted.

To rationalize the structural and electronic origins of the ML
properties of these systems at the molecular scale, and in
particular to explore if indeed external pressure can sensibly
modify the nature of electronic transitions, we present here
an in-depth computational study of BP2VA crystals. We first
characterized the effects of pressure on the structure of the
three polymorphs by means of periodic DFT calculations. Then,
the low-lying electronic excited states of molecular clusters
extracted from the optimized crystal lattices were calculated
using a QM/MM scheme accounting for both steric and electro-
static effects of the crystal environment. Finally, the nature of
the emissive states was characterized in detail by quantifying
the contributions of a localized diabatic model, which enables
physical interpretations of these states in terms of local, charge
transfer, or multi-excitonic transitions.

2. Computational methods

The computational study was conducted in two steps. First, the
C1, C2 and C3 crystal polymorphs were optimized at ambient
and high pressures using DFT with periodic boundary condi-
tions. Based on the resulting structures, the S; excited state and
emission properties in the crystal were modelled at the time-
dependent (TD) DFT level on clusters cut from the relaxed
crystal structures, using a QM/MM scheme in which the inner
QM part contains either a single BP2VA unit or a stacked BP2VA
dimer and the peripheral MM region includes the first mole-
cular neighbors. All structures were characterized as real
minima of the potential energy surface on the basis of their
positive vibrational force constants.

2.1. Periodic DFT calculations

Periodic DFT calculations were performed using the Quantum
Espresso (QE) package,”"** by employing a plane wave (PW)
basis set and the recently developed vdW-DF-c09 exchange-
correlation functional (XCF), which was shown to accurately
describe dispersion-bound van der Waals complexes.>*>® The
ultra-soft pseudopotential scheme was employed in all calcula-
tions, with pseudopotentials obtained from the standard solid-
state pseudopotentials (SSSP) library.>”>° XRD crystal struc-
tures were used as starting guess for geometry optimizations

This journal is © The Royal Society of Chemistry 2024
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carried out by imposing a monoclinic symmetry at zero and
with an isotropic pressure of 7.92 GPa, which corresponds to
the highest pressure used in the experimental work.”?® The
BFGS quasi-Newton algorithm was used with a threshold
of 107" Ry Bohr ' on all the atomic forces, and 0.05 GPa
(0.3x 107> Ry Bohr™ ') on the largest component of stress
tensor when cell relaxation was applied. The bulk calculations
were conducted using aregular1 x 2 x 1,2 x2 x1land 2 x 1 x
2 k-point sampling of the first Brillouin zone for C1, C2 and C3
respectively. After standard testing, kinetic energy cut-offs of 70
Ry for the wavefunctions and 490 Ry for the augmentation
charge density were adopted to achieve stable convergence of
forces and stress. Self-consistent-field (SCF) convergence was
achieved with a threshold of 10™® Ry on the total energy. The
band structures of the three polymorphs were generated on top
of a simple SCF calculation using the same XCF and PW basis
set. The QE calculations, including band structures were pre-
processed and post-processed using the Atomic Simulation
Environment.*°

2.2. QM/MM simulations

Starting from the equilibrium structures obtained from peri-
odic DFT, the geometry of the S; state was optimized in the
molecular crystal environment of the three polymorphs using
the hybrid QM/MM “Own N-layered Integrated molecular orbi-
tals and molecular mechanics” (ONIOM) approach.’’ The
QM region, consisting either of the BP2VA molecule or BP2VA
molecular pairs, was optimized using the range-separated
hybrid XCF CAM-B3LYP** and the 6-31G(d,p) basis set, includ-
ing the Grimme’s D3 correction to describe dispersion effects.*®
The crystal surrounding, which includes the whole set of
closest molecular neighbors, was kept frozen and described
classically using the universal force field (UFF). In addition to
mechanical embedding (ME), electrostatic embedding (EE) was
used in all ONIOM calculations. This technique incorporates
the partial charges of the MM region into the QM Hamiltonian
to provide a better description of the electrostatic interaction
between the QM and MM regions. In line with the experimental
hypothesis, the molecular dimers were selected as nearest
neighbors along the anthracene core n-stacking direction for
each polymorph, allowing to explicitly account for intermole-
cular interactions, as discussed in the following sections.

2.3. Excited states

Low-lying excited states were computed for monomers and
dimers extracted from the periodic DFT optimized crystal
structures of the three polymorphs, with and without pressure.
Vertical excitation energies and oscillator strengths were com-
puted using time-dependent (TD) DFT within ONIOM calculations
at the [CAM-B3LYP-D3/6-31G(d,p):UFF = geq] = embedcharge
level. The Tamm-Dancoff approximation (TDA)** of TDDFT was
also used. The emission behavior of the polymorphs was explored
at the same levels of theory considering dimers in the QM region
of the QM/MM excited state relaxation calculations. To further
assess the effect of intermolecular interactions in the solid
state, we also modelled the properties of the BP2VA monomer

This journal is © The Royal Society of Chemistry 2024
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at its QM/MM geometry (one molecule in the QM region) and
considering the isolated molecule in gas phase. For the latter case,
the geometry of the ground (S,) and first singlet excited (S;) states
were optimized in the gas phase at the CAM-B3LYP/6-31G(d,p)
level, and used as input for TDDFT (TDA) calculations at the same
level of theory.

The local or intermolecular charge transfer character of the
TDA adiabatic states of molecular dimers was analyzed using a
deconvolution of four adiabatic states in terms of diabatic
states (diabats), computed by means of the Boys localization
scheme.>*® Electronic interactions between diabatic states
have been obtained as the off-diagonal elements of the diabatic
Hamiltonian. All calculations on molecular monomers and
dimers were carried out using the Gaussian 16" and Q-Chem
5.4.2° program packages. The Mercury program®® developed
by the Cambridge Crystallographic Data Centre (CCDC), as well
as the VESTA* program, were used for visualization and
exploitation purposes.

3. Results and discussion
3.1. Structural impact of mechanical strain

The crystal lattice parameters and unit cell volume of the three
polymorphs optimized in the absence of external pressure (P =
0 GPa) were found to be in good agreement with the experi-
mental ones (Table S1 and Fig. S1, ESIf), pointing at the
reliability of the computational approach. Namely, deviations
in the unit cell parameters do not exceed —3%, while variations
in the volume are comprised between —3% and —5%.

Inter- and intramolecular features are also overall well
reproduced. Notably, the packing arrangement of the DFT-
optimized crystals (Fig. 1) is in good agreement with the XRD
data. In particular, the increased overlap between anthracene
cores of neighboring molecules along the C1-C3 series, which
is anticipated to impact the observed photoluminescence, is
correctly described. In quantitative terms, DFT calculations
reproduce well the intermolecular shifts along the short (Ax)
and long (Ay) axes of the anthracene core (Table 1), with small
discrepancies only for C3, as well as the intermolecular rotation
angles (Table S2, ESIf). However, the anthracene interplane
distance (Az) is underestimated by 0.13 A for C3 (Table 1),
which indicates that the vdW-DF-c09 XCF may overestimate van
der Waals attraction forces in this case, where Ax and Ay are
significantly smaller. Similar issue was reported in the previous
study of Crespo-Otero et al., in which the Grimme’s D2 approxi-
mation was used for parent molecules.'® The dihedral angles
between the anthracene core and the (pyridin-2-yljvinyl (P2V)
moieties (0,), and between the pyridine group and vinyl chain
(0g), are in line with those measured in the experimental crystal
structures of C1 and C2, yet they are underestimated for C3
(Table 1). This is likely a consequence of the abovementioned
underestimation of the vertical stacking distance, which, in
turn, is expected to hinder the out-of-plane intramolecular
rotations of the P2V lateral substituents in this polymorph.
We also note that, contrary to what is found for C1 and C2
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rise (Az)

slide (Ay)

Fig.1 (a) Scheme of the BP2VA molecule with the definition of dihedral angles (0, 0g) discussed in the text. (b) Definition of the intermolecular
translation parameters along the x (shift), y (slide) and z (rise) molecular axes. (c)—-(e) Molecular arrangement in the three single crystals of BP2VA
optimized at the periodic DFT level (from left to right: C1, C2, C3), with conventional unit cells shown in (f)—(h).

Table 1 Intermolecular shifts? along the three molecular axes (Ax, Ay and Az, A) and intramolecular torsion angles? (0, and g, degrees) in experimental
single crystals, and calculated under zero pressure and at 7.92 GPa. Values in parenthesis reported at P = 0 GPa are deviations with respect to the XRD
parameters; those at P = 7.92 GPa are differences with respect to values calculated at P = 0 GPa

Shift (Ax) Slide (Ay) Rise (Az) OalOn 0p/0p
C1 Exp 0.43 8.20 3.12 50 15
P=0 0.43 (0.00) 8.20 (0.00) 3.12 (0.00) 50 (0) 15 (0)
P=7.92 1.00 (+0.57) 7.66 (—0.54) 2.81 (—0.31) 49 (—1) 13 (-2)
c2 Exp —0.01 4.57 3.48 53 168
P=0 —0.01 (0.00) 4.57 (0.00) 3.48 (0.00) 53 (0) 168 (0)
P=7.92 0.42 (+0.43) 4.13 (—0.44) 3.11 (—0.37) 52 (—1) 169 (+1)
C3 Exp 1.03 1.22 3.55 —51/53 14/-7
P=0 1.09 (+0.06) 1.11 (—0.11) 3.42 (—0.13) —40/46 (+11/+7) 6/—1 (+8/+6)
P=7.92 1.13 (+0.04) 0.87 (—0.24) 2.94 (—0.48) —18/37 (+22/+9) —13/1 (+19/-2)

“ See Fig. 1 for the definition of the geometrical parameters. The values of 0,/ and Op’ are reported in the case of C3.

structures, DFT calculations predict a non-symmetric orien-
tation of the P2V branches in C3, with 0, # 0, and 05 # Oy
(see Fig. 1(a)).

In all cases, the 7.92 GPa hydrostatic pressure exerted
translates into an anisotropic compression of the crystals and
a drastic alteration of their respective cell parameters (Table 1
and Table S1, Fig. S1b, ESIt). Namely, structural change in C1 is
dominated by ¢ length reduction (—13%), while for C2 a
and ¢ are the most compressible crystal axes (—10% and
—12%, respectively). Finally, polymorph C3 shows significant
reduction along the a axis (—15%) and noticeable change of the
¢ vector (—7%), while the b lattice parameter remains virtually
unaffected (—1%). These pressure-induced structural changes

13498 | U Mater. Chem. C, 2024, 12,13495-13507

yield a substantial decrease of the unit cell volume, reaching
—24% in C1 and C2 and —22% in C3. While relative energies
of the optimized crystal structures at ambient condition show
little stability difference between the three polymorphs, the
application of pressure strongly stabilizes C3, in line with the
experimental hypothesis (Table S21, ESIt). Note that geometry
optimizations of the three polymorphs under pressure were
also performed releasing the symmetry constraints on the o
and y angles. Our calculations are not able to reproduce
the hypothesized structural transition between the different
polymorphs under application of pressure: not imposing
the monoclinic system results in the loss of the crystal space
group, but does not yield significant differences in the unit

This journal is © The Royal Society of Chemistry 2024
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cell parameters. The unit cell compression is similar to that
obtained with symmetry constraint, with deviations of up to
15% in the translation vectors and up to 24% in the cell volume
(Table S1, ESI).

For each polymorph, dimers along the stacking direction of
the anthracene cores were considered in order to evaluate the
effect of crystal cell compression onto the intermolecular
structural parameters that are expected to drive the photo-
luminescence. The exertion of pressure significantly affects
the packing arrangement of the three polymorphs (Table 1
and Fig. S3, ESIT). In particular, the interplanar distance Az is
reduced by 0.31 A and amounts to 2.81 A in C1, most likely due
to the vanishing overlap of the anthracene cores. For C2 and
C3, the m-n distance reaches a limit value of 3.11 and 2.94 A
(reduction by 0.37 and 0.48 A, respectively). This closer packing
is accompanied by an overall planarization of the molecules,
with a striking reduction of 22° of the 0, dihedral in C3.

To further characterize the intermolecular interactions
at both ambient and high pressure, we resorted to the non-
covalent interactions (NCI) method.*"**> This approach uses the
promolecular density p(r) for the determination of the reduced
density gradient scalar field (RDG, s(p)), and the sign of the
second eigenvalue of the Hessian density matrix (4,) to deter-
mine the attractive or repulsive nature of the interactions
(Fig. s4, ESIf). Ultimately, non-covalent interactions can be
visualised as isosurfaces such as those presented in Fig. 2.
As expected, stacked BP2VA molecules display slightly attractive
van der Waals interactions, principally arising from inter-
actions between cofacial anthracene backbones. At ambient
pressure, the spatial overlap of the molecular cores increases
along the C1-C3 series (mainly due to large differences in Ay
values, see Table 1), and significantly affects the extent of these
interactions, as illustrated by the NCI plots (Fig. 2). Namely,
the large long-axis relative shift of anthracene cores in C1 (Ay =
8.20 A) gives rise to a very small region of weak interactions at
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the respective extremities of two stacking units. As the mole-
cular xy-superposition increases, this region gets larger in C2
(Ay = 4.57 A) and ultimately encompasses the whole BP2VA
dimer in C3 (Ay = 1.11 A). The large overlap of adjacent
molecules in C3 is associated with a more planar structure of
the BP2VA units, which exhibit a reduced dihedral angle
between the peripheral P2V substituents and the anthracene
core (0, = 46° versus 50° and 53° for C1 and C2, respectively).
The application of external pressure induces an increase in the
molecular overlap in C1 and C2 that can be seen in the larger
NCI region but is not as apparent in C3.

3.2. Impact of mechanical strain on the ground state
electronic and vibrational properties

The band structures and corresponding density of states (DOS)
diagrams of the C1, C2 and C3 polymorphs, calculated using
crystal geometries optimized under P = 0 and P = 7.92 GPa,
are reported in Fig. 3. All molecular units exhibit quasi-
degenerated band structures. Orbital-projected DOS (pDOS),
obtained by decomposing the bands into pseudo-atomic orbital
contributions (Fig. S5, ESIT), show that the highest occupied
and lowest unoccupied crystalline orbitals (displayed in Fig. S6
(ESIT) at the I' point of the first Brillouin zone) arise nearly
exclusively from contribution of p-orbitals of the carbon and
nitrogen atoms, while s-orbitals only contribute to lower energy
levels.

At ambient pressure, C1 displays very flat valence and
conduction bands all over the first Brillouin zone, as could be
expected from the small overlap and weak non-covalent inter-
actions between BP2VA units (Fig. 2). Increasing the inter-
molecular n-m interactions in C2 and C3 induces a lowering
of the band gap (Fig. 3), and a larger dispersion of the frontier
energy bands (which can be quantified by the difference
between the direct and indirect band gaps in Table S3, ESIT).
The decrease of the band gap from C1 to C3 is consistent with

Fig. 2 NClisosurfaces (s(p) = 0.5 a.u.) showing the van der Waals interactions (green areas) in dimers extracted from the three optimized polymorphs (a)

P =0 GPa and (b) P = 7.92 GPa (from left to right: C1, C2, C3).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Band structures of C1 (top), C2 (middle) and C3 (bottom) under P = 0 GPa (left) and P = 7.92 GPa (right). The energies are given relative to the
Fermi level (dotted line). At P = 0 GPa, the energy of the valence (conduction) band edges for C1, C2 and C3 are 3.272, 3.279, 3.512 eV (1.770, 1.893 and
2.153 eV), respectively. At P = 7.92 GPa, the energy of the valence (conduction) band edges for C1, C2 and C3 are 5.210, 5.192, 5.341 eV (4.037, 4.243 and

4.308 eV), respectively.

the lowering of the measured emission energy, where the
position of the maximum emission band evolves as 2.35, 2.14
and 2.01 eV.>*

The exertion of pressure has a significant impact on the
band structure, the increase of orbital interactions in the
compressed unit cell resulting in a decrease of the bandgap
in the three polymorphs. However, the effect is more pro-
nounced in C2 (where the bandgap is lowered by 0.4 eV), so
that under external pressure of P = 7.92 GPa the bandgaps
follow the C2 < C3 < C1 order.

The phonon structure of the three polymorphs was also
investigated to gain deeper insights into the possible hindering

13500 | J Mater. Chem. C, 2024,12,13495-13507

of non-radiative mechanisms through the restriction of intra-
molecular motion under pressure, thereby potentially enhan-
cing the luminescence of the crystals. However, due to the large
number of atoms per unit cell for C1 and C3 (Z = 4, which
corresponds to 200 atoms per cell and thus to 600 phonon
modes), it was not possible to calculate the phonon structure
for these two polymorphs. The phonon density of states was
nevertheless obtained for C2 (Fig. S7, ESIf), which contains
only 2 BP2VA molecules. Exertion of pressure leads to
a decrease in the density of the low-frequency acoustic modes,
which suggests that non-radiative mechanisms may be suppressed
by restriction of rotational motions. However, experimental data

This journal is © The Royal Society of Chemistry 2024
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show a decrease in the fluorescence quantum yield from C1 to C3,
pointing at the possible role of exciton coupling instead of the sole
structural constraint of a denser packing.

3.3. Impact of structural aggregation constraints on the
photophysical properties

To evaluate the effect of intermolecular interactions on the
solid-state optical properties at ambient and high pressure, we
first characterized the isolated BP2VA molecule in gas phase
(Table S5, ESIT). Note that absorption and emission properties
of BP2VA were also calculated in THF solvent and compared
with experimental data, with the main objective to assess the
suitability of the computational level of approximation. Those
results are discussed in the ESIt (Section S13).

The vertical S, — S; excitation of the BP2VA molecule,
computed at 3.20 eV, is described by a HOMO — LUMO
electronic promotion. The frontier orbitals are centred on the
anthracene core with partial delocalization over the lateral P2V
branches, which is more pronounced in the LUMO (Fig. 4).
Note that this larger delocalization of the LUMO density on the
P2V branches is preserved in the crystal, as shown by the
crystalline orbitals at the I" point, plotted in Fig. S6 (ESIt) for
the three polymorphs.

Relaxation on the S; potential energy surface induces a
distortion of the anthracene plane and a loss in the structural
symmetry of the P2V branches. More specifically, one P2V
substituent experiences substantial out-of-plane bending with
respect to the anthracene core (Table S7, ESIf). The second
notable structural change lies in the significant planarization of
the molecule (0, reduces from 57° at the ground state mini-
mum to 35°/—18° at the first excited state geometry, Table 1 and
Table S7, ESIt). The large difference between equilibrium S,
and S, states geometries translates into a large reorganization
energy for the S; — S, transition, to which low frequency
modes (intramolecular rotations and out-of-plane bending)
contribute the most (Fig. S8, ESIT). The overall planarization
of the P2V branches with respect to the anthracene core allows

SO S1

LUMO (-0.735 eV) LUMO (-1.415 eV)

HOMO (-6.095 eV)

HOMO (-5.660 eV)

Fig. 4 Shape and energy of the frontier molecular orbitals of the BP2VA
molecule computed at the Sg and S; equilibrium geometries at the CAM-
B3LYP/6-31G(d,p) level in gas phase.
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for an increase of the n-electron conjugation within the mole-
cule, as indicated by the smaller bond length alternation (BLA)
along the vinylic bridges (BLA = 0.138 A and 0.082 A in the S,
and S; geometries, respectively). The larger delocalization of
both frontier orbitals over the whole molecule in the S; state
(Fig. 4) translates into a smaller HOMO-LUMO gap (5.36 €V vs.
4.25 eV), and a vertical de-excitation energy calculated at
2.28 eV, yielding a 0.92 eV decrease with respect to the gap at
the ground state geometry, in close agreement with the experi-
mental Stokes shift (0.86 eV) measured in THF (see ESL¥
Section $13).

As discussed above, the optical properties of BP2VA are
essentially dominated by the degree of overall relative planarity
of the P2V arms with respect to the anthracene core (6,) and,
to a lesser extent, the possibility for their out-of-plane
bending distortion (0g). These two structural parameters are
expected to be the most affected in the solid state both at
ambient pressure and under hydrostatic compression. We first
assessed the differences in the monomer’s optical behavior
entailed by the molecular environment in each polymorph.
Table 2 reports the Franck-Condon vertical excitation energies
(Eg") and de-excitation energies from the S, state minimum
(Eg™) of BP2VA in gas phase, and using geometries optimized
within the crystal environment of the three polymorphs. S;
geometries were optimized using the ONIOM approach at the
[CAM-B3LYP-D3/6-31G(d,p):UFF = qeq] = embedcharge level
(see Section 2), in which the reference molecule geometry was
relaxed within a frozen surrounding constituted of its first
neighbors, while crystalline S, geometries were directly
extracted from the optimized unit cell. In both cases, the
optical properties were calculated using ONIOM with electro-
static embedding to include polarization effects of the mole-
cular surrounding.

The vertical S; — S; excitation energies of BP2VA computed
using the crystal S, geometries at ambient pressure are signifi-
cantly smaller than those calculated using the relaxed gas
phase geometry. This can be traced back to the overall more
planar structure adopted by BP2VA as a result of intermolecular
interactions in the solid state (Table 2 and Table S6, ESIt).
Reversely, S; — S, de-excitation energies computed in the
crystal environment are all larger than the gas phase value, as

Table 2 Dihedral angles 0,/0, (degrees), vertical excitation energies
(in eV) to the S; excited state, and de-excitation energies from the S;
minima with associated oscillator strengths in parenthesis, calculated at
the CAM-B3LYP/6-31G(d,p) level for the isolated molecule and at the
ONIOM [CAM-B3LYP/6-31G(d,p):UFF = geql = embedcharge level in the
crystal geometry for the three polymorphs, with D3 correction for S; — So

Monomer 0al0a" (So) Ege” Oal0ar (S1) E‘S’erl

Isolated (opt. geometry) 57 3.20 (0.61) 35/—18 2.28 (0.80)
From C1 (P=0GPa) 50 2.92 (0.71) 39/—40  2.49 (0.77)
From C2 (P=0GPa) 53 2.97 (0.66) 45/—45  2.55 (0.69)
From C3 (P=0 GPa)  —40/46  2.81 (0.78) —31/32  2.42 (0.83)
From C1 (P = 7.92 GPa) 49 2.87 (0.76) 41/—43  2.50 (0.76)
From C2 (P = 7.92 GPa) 52 2.99 (0.67) 56/—56  2.72 (0.55)
From C3 (P =7.92 GPa) —37/18  2.65 (0.90) —38/—3  2.55 (0.82)
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steric constraints prevent a complete geometric relaxation of
the S, state. A similar trend is obtained in THF (see ESIL¥
Section S13), in line with the experimentally measured blue
shift of emission upon aggregation.>®

As anticipated, Eg" values (and the associated oscillator
strengths) are directly correlated to the 60, dihedral angle
quantifying deviations from planarity in the S, state. From C1
to C2, 0, slightly increases from 50 to 53° (Table 2 and Table S6,
ESIT), leading to a small increase of E§™™ from 2.92 to 2.97 eV,

while the large redshift of the first absorption band in C3
(Eg™ = 2.81 V) is associated with the significant lowering of
04 to 40/46°. Similarly, the shifts in the S; — S, emission band
from one polymorph to the other are driven by the 6, values at
the S; equilibrium geometry (Table 2 and Table S7, ESIt): the
increase of ng“ from C1 to C2 is linked to the increase of 0,
from 39/40 to 45°, while the low value of Eg™ in C3 (2.42 eV) is
associated with a smaller 0, angle (—31/32°).

Exertion of external pressure induces non-systematic
changes in the Eg™ values, with a slight increase for C2
(+0.02 eV), a slight decrease for C1 (—0.05 eV) and a more
pronounced lowering for C3 (—0.16 eV). Again, the large red-
shift of the first absorption band of C3 can be understood by
considering the large lowering of 0, from —40/46° to —37/18°.
Reversely, the S; — S, emission band is blue-shifted in the
three polymorphs with respect to the isolated molecule when
pressure is applied, consistently with the larger hindering of
the rotational motion of the lateral P2V branches reflected in
the larger 0, values computed at P = 7.92 GPa for the S,
geometry (Table S8, ESIT). Note that in the C3 polymorph, the
molecule is highly asymmetric, with one branch showing an
out-of-plane deviation of 38°, while the other lies in the
anthracene plane (0, = 3°).

Our results considering single molecular units in crystal
environment do not fully reproduce the experimental trends
measured on the crystal polymorphs with no external pressure,
which show a redshift in both the absorption and emission
maxima along the C1-C3 series. In particular, the measured
maximum emission energy evolves as 2.35, 2.14, 2.01 eV from
C1 to C3, together with a decrease of the fluorescence quantum
yields.”” While the E{™ value computed for the BP2VA unit
extracted from C1 (2.49 eV) is rather close to the experimental
value with an overestimation of 0.14 eV, calculations using
molecular structures extracted from C2 and C3 show a much
larger difference of about 0.4 eV. This is consistent with the fact
that, as illustrated in Fig. 2, intermolecular interactions are
much weaker in C1 than in the two other polymorphs. Also,
photoluminescence spectra of BP2VA powder recorded under
increasing external pressure show a progressive redshift of the
emission band, and not a blueshift as predicted by TDDFT
calculations. These discrepancies between computations and
experiments might be attributed to intermolecular cooperative
effects, not captured by single molecule calculations, even on a
qualitative level. The role of intermolecular interactions on the
nature and energy of the electronic excited states is therefore
investigated in the next sections.
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3.4. Electronic aggregation effects on the photophysical
properties

To explicitly explore electronic effects emerging from intermo-
lecular couplings, we expanded our computational model by
considering molecular dimers. Concretely, we evaluated vertical
transition energies and associated oscillator strengths towards
the low-lying excited states of the molecular dimers illustrated
in Fig. 2 at the TDDFT level (Table 3) and compared these
results to those obtained for single molecular units. All calcula-
tions were performed using the ONIOM approach in order to
capture the crystal environment effects.

Considering crystal dimers with no external pressure, a
similar distribution of low-lying excited states is computed
for all polymorphs, with a dark S; state and a bright S, — S,
transition (with fg*" ~ 1) slightly shifted compared to the S; —
S; transition calculated for the monomers in their crystal
geometry. In C3, the optically dark S; state and the slight
blueshift (+0.02 eV) of the first optically allowed transition with
respect to the monomer indicates a H-type aggregation, as
could be anticipated from the parallel stacking of the two
monomers with largely overlapping anthracene cores. More-
over, the energy splitting between S; and S, in the three dimers
(0.05, 0.05 and 0.20 eV for C1, C2 and C3, respectively) suggests
stronger excitonic coupling in C3, as qualitatively predicted by
the classical approximation of dipole-dipole Coulomb inter-
actions between transition dipoles in parallel orientation®®
(see Table S10, ESIT).

In all crystals, applying pressure induces a redshift of the
lowest dipole-allowed transition. In C1, in which the molecular
units are weakly interacting, this redshift is moderate (0.05 eV)
and similar to that calculated for the monomer (Table 2). This
result indicates that, despite the large variation of the intermole-
cular distances (see the changes in the slide and shift parameters,
Table 1), applying pressure does not significantly modify excitonic
couplings in C1. Therefore, the pressure-induced redshift in the

Table 3 Vertical excitation energies (eV) and associated oscillator
strengths, calculated at the ONIOM [CAM-B3LYP/6-31G(d,p):UFF = geq] =
embedcharge level for molecular dimers extracted from the three crystal
polymorphs

P =0 GPa P =7.92 GPa
Eggrt fgﬂert Eg:rt fsvoerl
C1 monomer Sq 2.92 0.71 2.87 0.76
C1 dimer Sq 2.89 0.00 2.82 0.00
Sy 2.94 1.30 2.89 1.36
S3 3.86 0.01 3.62 0.00
S4 3.86 0.00 3.69 0.22
C2 monomer Sq 2.97 0.66 2.99 0.67
C2 dimer Sq 2.89 0.00 2.71 0.59
S, 2.94 0.93 2.85 0.00
S3 3.49 0.00 3.30 0.00
S4 3.56 0.19 3.59 0.61
C3 monomer S, 2.81 0.78 2.65 0.90
C3 dimer S, 2.63 0.00 2.37 0.00
S, 2.83 1.02 2.57 0.43
S3 3.02 0.00 2.65 0.00
S4 3.05 0.26 2.77 1.01
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absorption band can be related to the changes in the geometry of
the molecular units. In C2, applying pressure induces a substantial
redshift (by 0.23 eV) of the lowest optically allowed transition, in
contrast to the slight blueshift (+0.02 eV) predicted by the calcula-
tions based on single molecules. Consequently, there is an inver-
sion in the ordering of the excited states, with a bright S; state and
a dark S, state. In C3, the isotropic mechanical strain also yields a
redshift of 0.25 eV of the first absorption band, which is of larger
amplitude than that calculated for the single BP2VA unit (0.16 eV,
Table 2). While the changes in the excited state energies and
couplings when pressure is applied are driven by the intermole-
cular compression and subsequent increase in intermolecular
electronic interactions for all three polymorphs, these effects are
much stronger in C2 and C3 (up to one order of magnitude). These
results agree well with the large excitonic coupling predicted by the
classical dipole-dipole interaction model for C3 (Table S10, ESIT).

Diabatization of the electronic transitions of the polymorphs
allows to characterize electronic transitions according to their
intra-monomer (local excitation, LE) and inter-monomer
(charge transfer, CT) nature (see ESI,T Section $10). The sym-
metry of the dimers in the three polymorphs results in doubly-
degenerate LE and CT excitations, with relative energies and
extent of mixing modulated by the relative disposition of the
monomers. Decomposition of electronic transitions in terms of
LE and CT contributions (Fig. 5) identifies the optical state of
C1 as a pristine combination of LE on each monomer at both
ambient and high pressure, in line with the very weak n-n
intermolecular interactions (decomposition of other excited
singlet states in Table S12, ESIt). The CT involvement in the
lowest dipole allowed transition for C2 at ambient pressure is
quite important (15%), which results in a decrease of the
oscillator strengths as compared to C1 (Table S11, ESIT). Upon
application of pressure, the CT diabats are significantly stabi-
lized and the bright state is obtained as a nearly equal mixing of
local CT excitations (55% LE and 45% CT). Finally, the role of
CT terms in C3 is even more important, as could be anticipated
from the strong overlap between n orbitals, with a 74% CT
character at ambient conditions and as large as 92% under

0.8 1
0.6 1

0.4

Diabatic states contribution

0.2 1
LE

= CT

0.0

Clys; C2ys1 C3uys
P =7.92 GPa

Clllﬂsz C2Ill/52 C3'Wsz
P =0GPa

Fig. 5 Diabatic decomposition of the lowest optically active excited state

into local excited (LE) and charge transfer (CT) contributions, as calculated

at the TDA/CAM-B3LYP/6-31G(d,p) level for the dimers of the three

polymorphs at P = 0 and P = 7.92 GPa.
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7.92 GPa pressure. The larger involvement of CT terms in C3
further decreases the computed oscillator strengths.

3.5. Pressure modulated nature of the emissive state

Finally, we explored the potential impact of intermolecular
electronic effects on the excited state relaxation and on the
S; — So de-excitation energies at ambient and high pressure.
For that, we performed excited state optimization calculations
for the molecular dimers in their crystal environment by using
the ONIOM approach at the [CAM-B3LYP-D3/6-31G(d,p):UFF =
geq] level including electrostatic embedding (Table 4).

In the absence of external pressure, the vertical transition
energies at the relaxed S; geometry are overall in agreement
with the experimental trend, with a reduced oscillator strength
along the C1-C3 series and a red-shift from C1 to C3. At the S;
potential energy minimum (P = 0 GPa), the lowest excited
singlet is described as having one electron in the HOMO and
one in the LUMO for all polymorphs, these frontier molecular
orbitals being (almost exclusively) localized on a single mole-
cule of the C1-C3 dimers (see Fig. 6 and Fig. S9, ESIT for the
MO shape at the relaxed S; and S, geometries, respectively).

This local character of the excitation indicates that the three
polymorphs have a monomer-like emission at ambient pres-
sure. Besides a slightly lower oscillator strength, emission from
S; in the dimer of C1 is virtually the same as that of the
monomer, in line with the almost unchanged relative arrange-
ment of the constituting BP2VA molecules (only Ax increases by
~0.2 A) and associated weak intermolecular interactions.
Structural analysis further illustrates the localization of the
excitation on one BP2VA exhibiting 0, value of that of the
relaxed S; monomer, while the second molecule remains at a
geometry similar to that of the ground state (Table S15, ESIY).
Relaxation on the S; potential energy surface translates into
smaller intermolecular distances for polymorphs C2 and C3,
reaching an interplanar spacing of about 3.3 A, with little
change in the overall overlap of the anthracene cores with
respect to the ground state relative arrangement (Table S15,
ESIt). The larger E¢™ value obtained with respect to the

isolated BP2VA can be traced back to the limited possibility
for planarization in the crystal environment (in each case,
excitation is localized on the monomer with the lowest 05
values).

The excited state localization breaks the symmetry between
the constituting monomers, which lifts the degeneracy of the
LE and CT diabats. While the lowest excited singlet of C1 has a

Table 4 Vertical de-excitation energies (eV) from the S; minima and
associated oscillator strengths, calculated at the ONIOM [CAM-B3LYP/6-
31G(d,p):UFF = geql = embedcharge level for molecular dimers extracted
from the three crystal polymorphs

P =0 GPa P =7.92 GPa

Eg/rl:rt fsvlcrl Eé/([:rt fsvlcrt
C1 2.49 0.65 2.54 0.60
C2 2.49 0.51 2.39 0.32
C3 2.36 0.45 2.23 0.00
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Fig. 6 Shape of the frontier molecular orbitals of dimers in their relaxed S; geometry, as calculated by using the ONIOM approach at the [CAM-B3LYP-

D3/6-31G(d,p):UFF = geql = embedcharge level for the three polymorphs.

purely local character (99%), S; gradually holds some CT
character as the overlap of the molecules increases within the
dimers of C2 and C3 (5% and 7%, respectively). The trend in
computed energies can then be rationalized as originating from
a combination of effects, namely incomplete structural relaxa-
tion and slight change in the nature of the excited state arising
from the different relative disposition of the monomers in the
three polymorphs. Hence, despite a larger 0,, C2 shows a Eg™
value identical to that of C1, while C3 is substantially red
shifted. The increase in CT character along the C1-C2-C3 series
translates into a decrease in oscillator strength, in line with the
decreasing measured fluorescence quantum yield.

The relaxed S; geometry of the BP2VA dimer for the three
polymorphs is significantly altered at high pressure, with
notably the loss of planarity of the anthracene core (Fig. S10,
ESIT). Despite this, the pressure induced changes in the inter-
molecular structural parameters are similar to those obtained
when considering the ground state geometries of the crystals
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Fig. 7 Diabatic decomposition of S; excited state into local excited (LE)

and charge transfer (CT) contributions, as calculated at the TDA/CAM-

B3LYP/6-31G(d,p) level for the three polymorphs at P = 0 and P =

7.92 GPa.
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(Table S15, ESIT), with yet a slight strengthening of the non-
covalent interactions (Fig. S4, ESIt). Emission of C1 remains
monomer-like, with the lowest excited state characterized by a
HOMO-to-LUMO excitation localized on a single BP2VA mole-
cule, slightly blue-shifted from the emission at ambient pres-
sure likely due to the combined distortion of anthracene plane
and small decrease in overall planarity of the P2V arms.

A very different picture is obtained for C2 and C3 poly-
morphs, for which external pressure enforces excitation delo-
calization over both BP2VA units. In these structurally
symmetric dimers, the frontier molecular orbitals are deloca-
lized over the two molecules, with large intermolecular orbital
overlap (Fig. 6). The degenerate CT diabats are substantially
stabilized, lying below the LE excitations, and the lowest excited
state of C2 and C3 presents excimer characteristic, with sig-
nificant weight of the CT contributions (58% and 50% for C2
and C3, respectively) and strong CT/LE couplings (see Fig. 7 and
diabatization results in ESI,i Section S12). Emission of C2 is
red-shifted relative to that of the monomer, with an expectedly
decreased oscillator strength. The E£¢™ transition energy is further
lowered in C3, where the S; state is found completely dark with
zero oscillator strength. This predicted non emissive behavior is
however anticipated to be altered to some extent upon accounting
for vibrational effects allowing weak emission.

4. Conclusions

In this work, we propose a new mechanism to rationalize the
piezochromic behavior of organic crystals. Through a detailed
computational study combining periodic DFT, QM/MM and
TDDFT calculations, we carefully characterize the structural,
electronic and optical features of three BP2VA polymorphs at
ambient conditions and under high pressure. Our results high-
light the key role of intermolecular interactions, demonstrating
the need to consider a dimer as minimal model for reproducing
experimental trends. On this basis, we show that the three

This journal is © The Royal Society of Chemistry 2024
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polymorphs have a monomer-like emission at ambient pres-
sure, with a decrease of the S; — S, oscillator strength and
a red-shift of the transition energy from C1 to C3. Structural
analysis and deconvolution of the excited states on a diabatic
basis enable to rationalize the evolution of the transition
energies as resulting from the combination of the incomplete
structural relaxation due to crystal hindrance, and from the
change in the nature of the S; state, which holds increasing
charge-transfer character as the molecular overlap increases
from C1 to C3. While we do not reproduce the pressure-induced
structural changes hypothesized experimentally, namely going
progressively from C1-like to C3-like dominant supramolecular
arrangements, our calculations characterize the associated
changes in the molecular aggregation and show that external
pressure can overcome excited state localization (as in C1) and
induce delocalization of the excitation (C2 and C3).
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