Computational Modeling of Piezochromism in Molecular Crystals
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Piezochromic materials, whose luminescence responds to external pressure, have recently garnered much experimental
attention. Computational modeling of piezochromism is of high theoretical interest, yet currently lacking. Herein, we
present a computational effort to predict the piezochromism for a selection of molecular crystals. The current method-
ology employs a combination of dispersion-corrected solid-state and gas-phase density-functional theory (DFT), and
Becke’s virial exciton model. Our study finds that piezochromism is primarily driven by the modification of intermolec-
ular interactions within the molecular crystal and can be understood from the perspectives of changing polarizability or

band gaps upon the application of mechanical pressure.

I. INTRODUCTION

Piezochromism! refers to changes in the photolumines-
cence (PL) wavelength and/or intensity of certain molecu-
lar crystals in response to the external stimulus of mechan-
ical pressure (grinding or hydraulic pressure). Molecular
crystals that display piezochromism have attracted consider-
able research attention, due to their potential applications in
fields such as mechano-sensors,23 memory devices,*® and
optoelectronics.®’ The potential utility of many piezochromic
materials also lies in the fact they concurrently possess
aggregation-induced emission®? (AIE), meaning that their PL
is significantly enhanced in the crystalline form relative to a
dilute solution. It has been hypothesized that piezochromic
behaviors could be induced when the inter- or intra-molecular
environment within the crystal is modulated through the
change in the crystal packing mode, or simply spatial con-
striction, when external pressure is applied.!*-!2

Computational investigation of piezochromism in molecu-
lar crystals is theoretically intriguing, as it represents a chal-
lenging case where the interplay of multiple inter- and intra-
molecular factors might drive the modification of the elec-
tronic structure in the solid state, which is manifested by shifts
in the crystals’ luminescent properties. Despite much experi-
mental effort to synthesize and characterize a variety of novel
molecular crystals showing significant piezochromism,'%-16
theoretical modeling and rationalization of this phenomenon
is currently limited.!” We suspect that this is primarily due
to complications in applying the popular time-dependent
density-functional theory (TD-DFT!®1?) method to periodic
solids.

Traditionally, TD-DFT would be used as the QM compo-
nent in the QM/MM% (quantum mechanics/molecular me-
chanics) embedding scheme, where a cluster surrounding
the excited molecule is extracted from the crystal lattice as
the system of interest.!” One problem with the QM/MM
scheme is the lack of Pauli repulsion between the QM and
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MM subsystems, which leads to the unphysical penetration
of the QM-electron density into the MM subsystem.?! The
QM/MM scheme is also found to artificially accumulate QM-
electronic charge at the QM/MM boundary when there ex-
ists an extensive H bond network.?? In the context of mod-
eling molecular crystals under pressure, these issues with the
conventional QM(TD-DFT)/MM scheme are particularly un-
desirable, as minute changes in the intermolecular interac-
tions within the lattice could very well be the driving fac-
tor of piezochromism. As an alternative to QM/MM, apply-
ing full TD-DFT to model the PL properties of bulk molecu-
lar crystals has only started to be explored®*~2, with recent
advances?>?® in the implementation of periodic-boundary
TD-DFT in planewave/pseudopotential computational codes.

In this work, we first propose a novel computational scheme
to model the photoexcitation/PL of molecular crystals. The
current framework combines periodic-boundary and finite-
molecule calculations using time-independent DFT. We then
assess the ability of the proposed method to predict the known
piezochromic behaviors of a selection of molecular crys-
tals. From our results, we demonstrate that piezochromism in
molecular crystals is predominantly driven by the the pressure
modulation of the intermolecular interactions within the lat-
tice. Finally, in order to rationalize the observed piezochromic
PL wavelength shifts in molecular crystals, we investigate the
changes in the crystal band gap and the molecular polarizabil-
ity under applied pressure, which offer insights into the un-
derlying mechanism of piezochromism from a solid-state and
a molecular perspective, respectively.

Figure 1 shows the molecular structures of the three inves-
tigated molecular crystals. Organic chromophores 1,28 2,2
and 330 have been previously synthesized and crystallized.
These crystals’ experimentally-observed PL properties and
piezochromic behaviors are summarized in Table I. Note that
all three molecular crystals display a gradual red shift in the
PL maximum wavelength under increasing isotropic hydraulic
pressure. Such a red shift appears to be generally observed
in the experimental literature. For the investigated crystals,
this red shift is also reversible, i.e. the original PL. maximum
wavelength measured at ambient pressure is restored once the
applied hydraulic pressure is removed.



FIG. 1: Molecular structures of the investigated piezochromic crystals, with their Cambridge Crystallographic Data Centre?’
(CCDC) identifiers included in parentheses. 1: Tetrathiazolythiophene, 2: boron diketonate, 3:
2,7-diaryl-[1,2,4]triazolo[ 1,5-a]pyrimidine (2,7-diaryl-TAP). For 1, two crystal structures were reported, one measured under
ambient pressure (FIFGUYO1), and the other (FIFGUY02) under 2.8 GPa of isotropic hydraulic pressure.?®

(FIFGUYO01, FIFGUY02)

(XAPLUY)

TABLE I: Experimental PL properties and piezochromism of the investigated molecular crystals.
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Species Ambient pressure Highest pressure Max. PL Piezochromism Ref.
ASm (nm)  AES™ (eV) | Puax (GPa)  AST (nm)  AE®™ (eV) | shift (eV) type
1 556 2.23 3.20 609 2.04 0.19 Reversible red shift 28
2 585 2.14 577 660 1.88 0.26 Reversible red shift 29
3 524 2.37 14.5 676 1.83 0.53 Reversible red shift 30

Il. COMPUTATIONAL METHODS

We employ a multi-step approach in this work involving
standard density-functional theory (DFT) calculations on the
target molecular crystals and on excised gas-phase molecu-
lar moieties. The crystals are modeled with the plane-wave
formalism and projector augmented-wave®! (PAW) atomic
datasets. Computations are performed for the ground state
(So) and the first excited triplet state (T), the latter using con-
strained magnetization to localize the excitation. A correction
is then applied to the T energy to obtain the first singlet (Sy)
excited-state energy from gas-phase excised molecular calcu-
lations. The correction, or S;-T; gap, is based on the virial
exciton model of Becke®” and the assumption that the excita-
tion is localized on molecular sites in the crystal.

The S1-T; gap is represented by the two-electron Hj, inte-
gral (denoted as K¢ in Ref. 32) and computed as the exchange
integral involving the two singly occupied frontier orbitals of
the molecular T state:

(D

= (0(002) 7|0, 20(D)).
The virial exciton model has the advantage of computational
simplicity, while also eliminating errors seen with TD-DFT
for charge-transfer excitations.’® It is assumed that the total
electron densities in the T and S; states are very similarly af-
fected by the surrounding crystalline environment, so that the
Hj, value calculated in the gas phase for an extracted molec-
ular moiety can be used to approximate the S;-T; energy gap
of the molecular crystal. Thus, the singlet exicitation energy

in the crystal can be approximated as
2

where AEGY* is computed from periodic-boundary DFT and
H! from finite-molecule calculations.

The virial exciton model itself also relies on the assumption
that the T and S states have similar densities in the compu-
tation of the singlet-triplet splitting, H;,.3> This assumption is
based on the fact that the T| and S; states have identical or-
bital occupations, differing only in the spin of one electron,
and is supported by the success of the model. One would
expect the largest singlet-triplet density differences to occur
for the smallest systems. The error introduced for the helium
1525 singlet-triplet splitting is 0.20 eV,*? and much smaller
errors are expected for large organic molecules. Addition-
ally, following our previous work,> the effect of excitation
on the dispersion component of the lattice energy may be
determined using the critic2 program.® The computed dis-
persion coefficients for a single ground-state molecule within
the crystal lattice are replaced with the corresponding values
for the T| or S; state, and the resulting intermolecular dis-
persion energy evaluated. The molecular excited-state den-
sities were obtained from SCF calculations for T; and from
TD-DFT for Sy, and the dispersion coefficients evaluated us-
ing the postg program.3® For the three compounds considered
here, the T; state experiences slightly greater dispersion in-
teractions within the crystal; however, the lattice-energy dif-
ferences are extremely small (viz. 0.02-0.10 kcal/mol). This
supports our assumption that the S; and T states will expe-
rience sufficiently similar intermolecular interactions with the

cryst cryst mol
AE ™ =AEy " +Hyy



surrounding crystal lattice.

FIG. 2: The computational scheme employed in this work.
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Figure 2 sketches the overall computational framework. We
first optimized the So geometries of the experimentally re-
ported crystal structures, taken from the CCDC.?” After the
initial Sy geometry optimizations, the crystal lattices were
cut into (symmetry equivalent) molecular moieties using the
critic2 program.®> One single molecule was chosen, upon
which single-point gas-phase calculations on the Sp and T
(restricted open-shell, RO) states were performed. The result-
ing T frontier orbitals were used to calculate the Hi; integral.
The initial spin-density biases used in the spin-magnetized
calculation on the T state in the crystal were then assigned
based on the gas-phase RO spin-densities. To acquire the ab-
sorption energy, a single-point spin-magnetized T calculation
sufficed. For emission, spin-magnetized T; geometry opti-
mization was performed, and the H}, integral was calculated
again for the molecular moiety excised from the T;-optimized
crystal lattice.

All calculations on the molecular crystals were performed
with the B86bPBE functional, 3’8 in conjunction with the
exchange-hole dipole moment (XDM) model**~#! dispersion
correction. The Quantum ESPRESSO*? (QE) package was
used for these solid-state calculations. The “press” keyword
was used to designate the isotropic pressure applied to the
crystal lattice. For all QE calculations, the well-converged
2 x 2 x 2 Monkhorst-Pack*? k-point mesh and planewave cut-
off values of 800 and 80 Ry for the wavefunction and den-
sity, respectively, were used. All PAW datasets were gener-
ated via the “atomic” code by Dal Corso.** Gas-phase calcu-
lations on the molecular moieties were performed for the Sg
and restricted open-shell T states with the B3LYP* (for 1
and 2) and the BHandHLYP*® (for 3, due to B3LYP’s failure

in RO convergence) functionals, using the Gaussian 09 (G09)
package.*” Molecular polarizabilities were calculated for the
So and unrestricted T states, with the B3LYP functional for
all compounds, using the “polar” keyword. The Dunning-
style cc-pVDZ basis set*® was used for all G09 molecular
calculations. An in-house program, which employs the nu-
merical integration method of Becke and Dickson,* was used
to calculate the Hj; integrals.

I1l. RESULTS AND DISCUSSION
A. Replication of Piezochromism

Applying our computational scheme, we obtained the ab-
sorption/emission energies for each crystal under a series of
pressure values. The pressure ranges considered for the four
crystal structures are: FIFGUYO1/FIFGUYO02 (1): 0.0-4.0
GPa (in 0.5 GPa increments); XAPLUY (2): 0.0-6.0 GPa
(in 0.5 GPa increments); IXICUP (3): 0-15 GPa (in 1 GPa
increments). The emission energies as functions of pressure
are presented in Figure 3, with comparison to the experimen-
tal emission data extracted from literature.”-3° Similar results
were also obtained for the absorption energies versus pressure,
as shown in the Supplementary Information. For each molec-
ular crystal, red shift of the emission from the absorption is
predicted for the entire pressure range, in agreement with the
experimental observations.

Overall, our calculations were able to replicate the
piezochromism of the modeled molecular crystals. As Fig-
ure 3 shows, the calculated emission energies red shift with
increased external pressure for all four molecular crystals,
which is consistent with the experimentally observed trends.
Note that the calculated “compression curves” for the ex-
citation energies are smooth. This suggests a gradual and
reversible red shift of the excitation energy as the external
pressure is increased within the calculated range, which also
agrees with experimental observations. We point out that the
results for the two crystals of 1 (FIFGUYO01 and FIFGUY02)
are essentially identical, which indicates that the geometry
optimizations correctly “linked” the two ends of the same
reversible compression cycle.?® Compression from the low-
pressure structure and decompression from the high-pressure
structure lead to identical piezochromic behavior; for this rea-
son, we shall report only on FIFGUYOLI in our further discus-
sions.

In terms of eV-accuracy, our predictions over-estimate the
experimental emission energies by ca. 0.40 eV for 1 and 0.25
eV for 2, while an under-estimation by ca. 0.45 eV occurred
for 3. These errors are comparable to those previously ob-
tained for three organic push-pull molecules (0.24-0.40 eV).?3
However, the relative changes in AES‘S‘“i with pressure are in
more impressive agreement with experiment. As shown in Ta-
ble II, the predicted magnitudes of the piezochromic red shifts
and their pressure derivatives (i.e. the slopes of the emission
compression curves) match very closely to the experimental
data.

By decomposing our calculated singlet-excitation energies



FIG. 3: Calculated emission energies (AESM

H 1"501 integral contributions. The triplet excitation energies for the excised molecules (AEy

emi

) versus applied pressure, decomposed into the triplet-excitation (AEGT") and the

o) are also shown. The calculated

results are compared to experimentally-measured emission energies under varying pressure (AEggp). Panels (a-d) correspond to
the results for FIFGUYO01, FIFGUY02, XAPLUY, and IXICUP, respectively.
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TABLE II: Calculated emission piezochromism, showing
both the total red shift (eV) and red shift per unit pressure
(eV/GPa). Results, linearly fit and interpolated to match the
full experimental pressure ranges, are shown for both the full
calculations of the S| excitation energy (AES‘S“i) and the T}
band gaps (AET{"). The band-structure calculations
correspond to the difference between valence and conduction
band edges from the ground-state electronic configuration,
using the T geometries for each applied pressure.
Experimental data are given for comparison.

Species Total red shift Shift per unit pressure
AEEM  AETP  Expt. | AESM AESP Expt.
1 0.14 0.13 0.19 | 0.044 0.041 0.059
2 0.22 027  0.26 | 0.038 0.047 0.045
3 0.48 052 053 | 0033 0.036 0.037

into the triplet-excitation and Hj, integral contributions, as in
Figure 3, it can be argued that the piezochromism of the in-

4.5 7.5 10.5
Pressure (GPa)

13.5

vestigated molecular crystals is driven by pressure-induced
changes in the intermolecular interactions. For each com-
pound in Figure 3, the values of the Hj, integrals and in-
tramolecular triplet excitation energies are nearly constant
with respect to pressure. Thus, the overall piezochromic red
shift is determined primarily from the solid-state triplet excita-
tion energy. These results indicate the importance of properly
accounting for the non-covalent, intermolecular interactions
within the crystal lattice when modeling piezochromism.

B. Origin of the Universal Red Shift

One intriguing observation from both the experimental
and calculated excitation-energy data is the consistent find-
ing of a red shift with increased isotropic pressure. The fact
that this red-shift behavior is shared by most other reported
piezochromic molecular crystals in the experimental litera-
ture implies the universality of its origin. We suggest that the



FIG. 4: Potential energy curves for the Sg and S states of the molecular crystals as functions of applied pressure. Panels (a-c)
correspond to the results for FIFGUYO01, XAPLUY, and IXICUP, respectively.
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piezochromic red shift can be rationalized from two different
perspectives: molecular and solid-state.

1. The Molecular Polarizability Perspective

From a molecular point of view, one might suspect that the
piezochromic red shift could be caused by the difference in
the response of the molecule in the ground or excited state to
increasing pressure. The ground- and excited-state energies
are each expected to increase with pressure due to confine-
ment effects, as shown in Figure 4 (note that the Sy curves
are directly above the T| for XAPLUY and IXICUP). How-
ever, the energy of the ground state is raised to a larger degree
than the excited states when the surrounding crystal lattice is
compressed, reducing the excitation energy and leading to a
pressure-induced red shift. This result can be explained if the
excited-state molecule, which typically possesses a more dif-
fuse electronic density than the ground state, is more able to
polarize itself to adapt to increasing spacial constriction. Ap-
plied pressure increases Pauli repulsion between molecules.
The densities of highly malleable (i.e. highly polarizable)
molecules are better able to adjust themselves to avoid density
overlaps and hence reduce Pauli repulsion. This reasoning is
akin to a similar polarization argument made by Feng ef al. in
their experimental work.!2

TABLE III: Molecular Sg and T; polarizabilities (in a.u.)
calculated for the excised molecules at zero pressure, using
the crystal geometries obtained for either the absorption or

emission.
Species | Sg Polarizability | T, Polarizability
Abs. Emi. Abs. Emi.
1 301 327 381 372
2 390 393 591 588
3 303 310 508 500

To validate the hypothesis of the excited states being more
polarizable, we calculated the polarizabilities of the excised

molecules in both Sy and T states. Results for both the zero-
pressure absorption and emission geometries are summarized
in Table III. At zero pressure, the polarizability of the excised
molecular moiety is significantly higher for the T, state than
for the Sy state of each species. The same trend holds for the
full pressure ranges as well, albeit both the So and T polariz-
abilities decline slightly at higher pressures (see Supplemen-
tary Information). Thus, for the investigated species, the sin-
gle molecule becomes more polarizable in the excited state,
which induces the piezochromic red shift of the excitation
energy via reduction of intermolecular repulsion. However,
there is no direct correlation between the T1-Sp polarizabil-
ity difference and the red shift per unit pressure, which is ex-
pected as the extent of compression will be highly anisotropic,
depending on the molecular packing.

2. The Solid-State Band Structure Perspective

Alternatively, when one considers the entire crystal lattice,
it is also of potential value to probe the effect of increased
pressure on the calculated band structure. We might reason-
ably expect that external pressure will change (even if only
slightly) the band gap of the compressed crystal. The crystal
band gap is directly linked to the first-singlet excitation energy
and the behavior of a molecular crystal’s band gap under pres-
sure could indicate its piezochromism. We hence conducted
standard ground-state band-structure calculations for the in-
vestigated molecular crystals over the entire range of applied
pressures. In each case, up to 6 bands above the conduction
band edge were calculated. The resulting bands are extremely
flat, as expected for molecular systems; representative band
structures are shown in the Supplementary Information.

Figure 5 shows the variation in the valence and conduc-
tion band edges, which correspond to the highest-occupied
and lowest-unoccupied bands, computed at the T (emission)
optimized geometries. These individual band energies both
increase with pressure, due to molecular confinement. The
crystal band gap values were extracted from the calculated
band structure and are also plotted in Figure 5. The band gaps



FIG. 5: Valence and conduction band edges, and band gaps, of the molecular crystals as functions of applied pressure, using the
T geometries. Panels (a-c) correspond to the results for FIFGUYO01, XAPLUY, and IXICUP, respectively.
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are consistently lower than the T excitation energies obtained
from the difference in self-consistent energies, as expected for
the type of density-functional approximation used.’®>3 The
band gaps for all three crystals smoothly decrease with pres-
sure, in agreement with the observed piezochromism. The
maximum emission red shifts are compared with the full com-
putational results and the experimental data in Table II. The
red shifts in the band gap and in the full S; excitation en-
ergy with pressure are virtually identical for all three molecu-
lar crystals. Thus, we can view the pressure-induced closing
of the band gap as driving piezochromism.

IV. CONCLUSION

In this work, a novel computational scheme, combin-
ing solid-state and gas-phase DFT and Becke’s virial ex-
citon model, was proposed and applied to predict the
piezochromism for a selection of molecular crystals. Our re-
sults indicate that the proposed method correctly captures the
experimentally observed piezochromic red shifts. The magni-
tudes of the red shifts, and their rates of change with applied
pressure, were predicted with impressive accuracy. Our calcu-
lations also revealed that the piezochromism observed for the
investigated molecular crystals is predominantly a result of
pressure modulation of the intermolecular interactions within
the crystal lattice. Further, theoretical insights into the origin
of the universal piezochromic red shift were gained. We found
that the piezochromic red shift could be rationalized from two
perspectives: i) molecular, as the polarizability of the excited
moiety consistently increases upon excitation, preferentially
stabilizing the excited state upon compression; and ii) solid
state, as closing of the crystal band gap under increasing pres-
sure is consistently predicted. We hope that this work will
contribute to the understanding of piezochromism and elec-
tronic excitations in molecular crystals in general, and aid the
design of novel molecular crystals displaying PL properties of
potential applicability.

SUPPLEMENTARY MATERIAL

Calculated absorption energies as functions of pressure;
molecular polarizabilities for the Sg and T states as functions
of pressure; valence and conduction band edges and band gaps
as functions of pressure using the solid-state S geometries;
representative zero-pressure band structures.
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