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Abstract: Despite having superior transport properties, lack of
mechanical flexibility is a major drawback of crystalline molecular
semiconductors as compared to their polymer analogues. Here we
report single crystals of an organic semiconductor that are not only
flexible but exhibit systematic tuning of bandgaps, fluorescence
lifetime, and emission wavelengths upon elastically bending. Spatially
resolved fluorescence lifetime imaging and confocal fluorescence
microscopy reveal systematic trends in the lifetime decay across the
bent crystal region along with shifts in the emission wavelength. From
the outer arc to the inner arc of the bent crystal, a significant decrease
in the lifetime of ~1.9 ns was observed, with a gradual bathochromic
shift of ~10 nm in the emission wavelength. For the crystal having a
bandgap of 2.73 eV, the directional stress arising from bending leads
to molecular reorientation effects and variations in the extent of
intermolecular interactions— which are correlated to the lowering of
bandgap and the evolution of the projected density of states. The
systematic changes in the interactions quantified using electron
density topological analysis in the compressed inner arc and
elongated outer arc region are correlated to the non-radiative decay
processes, thus rationalizing the tuning of fluorescence lifetime. Such
mechanical tuning of band gaps and photophysical properties may
pave the way to innovative technologies in the micro-fabrication of
flexible organic functional materials such as semiconductors and
organic light-emitting diodes.

Introduction

Among the two major classes of materials used in organic electronics,
crystalline molecular semiconductor materials have several
advantages over polymer materials. Molecular crystals offer higher
charge carrier mobility, better interface compatibility, and structural
control at the molecular and intermolecular level which make them
suitable for single-crystal device fabrication, and for applications in
solar cells, organic light-emitting diodes,*? and organic field-effect
transistors.*¥  However, a major disadvantage of crystalline
semiconductor materials, in general, is their lack of mechanical
flexibility (ability to deform with applied stress- while maintaining the
integrity of the crystal structure) which poses challenges in device
fabrication. This challenge can be addressed within the fast-growing
research field of dynamic molecular crystals. Flexible molecular
crystals®®™® with many interesting applications in the field of
optoelectronics,*?! mechanical actuating devices,*+42
waveguides,*3* sensors,'® and wearable devices*® have been
reported recently. As high crystallinity implies an absence of impurity
and structural imperfections (and better carrier mobility), these
materials offer better device performance than devices made of
amorphous materials.¥) Recent reports of higher field-effect mobility

1

and increased conductivity in flexible semiconducting molecular
crystals point to the prospects of utilizing flexible crystals in organic
electronics.'7¥1  Modulation in intermolecular interactions and the
associated electron density features that lead to the variation in the
photophysical properties of molecular crystals upon bending remain
largely underexplored. In this direction, various micro-focused studies
including p-XRD mapping,**?!  p-Raman mapping,?>?  and
photoluminescence (PL) measurements 228 across the bent crystal
region have been reported. A structural model of the bent crystal
region with a lattice compression in the inner arc and expansion in the
outer arc facilitated by molecular re-orientation has been accepted
widely — as evidenced by the p-XRD mapping study by Clegg et
al.l%2l Recently, we estimated a local stress difference of ~2 GPa
experienced by the molecules across the elastically bent region of a
lipidated molecular crystal.?® These structural changes and internal
stress upon bending can translate into variations in the physical
properties of molecular crystals in the bent crystal region.°34 Here,
we report for the first time, a systematic variation in the fluorescence
lifetime upon crystal bending- along with p-PL mapping that reveals a
gradual bathochromic shift in emission wavelengths from the outer arc
to the inner arc of the bent crystal of 1. We have employed confocal
fluorescence microscopy (CFM) along with fluorescence lifetime
imaging (FLIM) across the bent crystal region, to probe the tuning of
emission wavelengths and fluorescence lifetime — two key properties
of an optoelectronic material- in the single crystals of
acenaphthoquinone (compound 1; Figure 1a) upon elastically
bending. Lifetime is a crucial property of semiconductors closely
linked to the recombination of excitons and carrier dynamics in the
materials. To our knowledge, lifetime variation across a bent
molecular crystal is not been observed before.? Although the change
in bandgaps with the extent of bending in coronene crystals has been
recently reported by Gong et al,*® the bandgap variation across the
bent region of flexible molecular crystals remains underexplored. Here
we have explored this aspect using uniaxial pressure simulation along
with quantum periodic calculations of the band structure. Along with
bandgaps, we have investigated the possible changes in the projected
density of states due to the structural perturbations upon bending and
correlated the changes in intermolecular interactions with the
observed shifts in emission wavelengths and tuning in the lifetime.

Results and Discussions

Elastic bending and its correlation with crystal packing. Single
crystals of 1 were crystallized in the P2,2,2, space group with cell
parameters a = 3.7723 (3) A, b=7.8283 (7) A, c = 26.756 (2) A, Z =
4, and Z = 1. -1 stacking along [100] direction is the dominant
intermolecular interaction that dictates the crystal growth, leading to
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Figure 1. (a) Molecular structure of compound 1, and the crystal of 1 in the elastically bent state. (b) Crystal packing diagram viewed down b-axis showing -1
stacking along [100] direction. (c) Crystal packing is viewed down the a-axis. (d) Interaction topology (‘energy frameworks’) viewed down the b-axis. (e) Molecular
orientational changes along with lattice compression and elongation upon uniaxial pressure applied along needle direction. (f,g) Variation of intermolecular -1

stacking distance (d1) and angles (61 and 62) describing the molecular orientations.

the acicular morphology of the crystals with [100] as the acicular
crystal growth direction. Upon applying mechanical force, these
needle-shaped crystals were found to be elastically bending with the
bending direction as [100] and (001) face as the bending face. The
observed bending in crystals of 1 can be rationalized based on the
intermolecular interaction topology (energy frameworks) showing the
strongest supramolecular column along [100] — similar to the several
examples reported earlier (Figure 1d).2% Higher dispersion energy
contribution (-56.0 kJ/mol) along the a-axis to total pairwise interaction
energy (-28.8 kJ/mol) corresponding to -1 stacking supports the
crystal growth along the [100] direction (Figure 1b,d and Figure S5,
dimer 1). The mean molecular planes forming the -1 stacks are
oriented with an angle of 29.46° to (100) plane and with a mean inter-
molecular distance of 3.41 A (See 6, and d, in Figure 1e). The
molecular orientational changes upon bending can be described as
the variations in 6, The packing along nearly orthogonal directions is
mainly stabilized because of C-H--O A and C-H--1r interactions
(with strengths -19.1 kJ/mol, -16.1 kJ/mol respectively; see Figure
S5). Especially, the C-H---O interaction motif binds the stacked
molecular columns -possibly preventing inter-stack slipping upon
bending as it has a strong electrostatic component arising from the
head-to-tail orientation of the molecular dipoles in this dimer motif
(Figure 1c and Figure 6e-f).

Probing the structural flexibility: Thermal expansion behaviour,
high-pressure simulations, and elastic tensor analysis. To
understand the effects of anisotropy in crystal packing and interaction
strengths, the thermal expansion behaviour of 1 was studied by
variable temperature single-crystal XRD (Figure 2a). The highest
thermal expansion was observed along [100] direction (Figure 2a,b).
This is unusual considering that the strongest interactions in the
topology are along the [100] direction. A possible origin of this
anomalous thermal expansion behaviour could be the dominant
contribution of the dispersion and repulsion components (-56 and 30.6
kJ/mol respectively) to total pairwise interaction energy (-28.8 kJ/mol)
(Figures S4, S6). [001] direction shows an expansion lower than that
along [100], while [010] shows negligible expansion. These results
correlate with the trends in compressibility observed from hydrostatic
pressure simulations (Figure 2c), in which deformation with pressure
was found to be highest along [100] direction. Further, to mimic the

directional stress experienced by the crystal upon elastic bending, we
performed uniaxial pressure simulations by applying variable
pressure along [100] direction (Figure 2d). The positive values of the
uniaxial pressure simulate the structural changes in the compressed
inner arc region, while the negative values model the tensile stress
and elongation along [100] in the outer arc region of a bent crystal.
The major structural change in -1 stacked crystal structures upon
bending is in the intermolecular orientations with compression in the
inner arc and elongation in the outer arc region - as demonstrated by
Clegg et al in the case of Cu(acac)..*¥ We observed a decrease in
angle 8, from 29.46° to 25.70° upon uniaxial compression (2 GPa)
along [100] direction (Figure 1f), whereas an increase up to 31.97° in
case of expansion (-0.40 GPa).
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Figure 2: (a) Deformation in the unit cell parameters of 1 with temperature, (b)
TEV plot showing maximum expansion along a-axis. (c,d) Percentage
deformation in the unit cell parameters with simulated hydrostatic and uniaxial
pressure along [100] directions. (e,f) Spatial distribution of Young’s moduli and
linear compressibility plot of 1.
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This clearly indicates the molecular orientational changes upon
bending. In addition to intermolecular orientational changes, we
observe a decrease in the Tr---7 planar distance (from 3.41 A in the
ambient pressure to 3.13 A at 2 GPa) under compression, and an
increase (3.41 A to 3.54 A) in case of expansion (-0.40 GPa —
mimicking the tensile stress).

Further, elastic tensor analysis of 1 was performed using the S-HF-
3c method®**! with CRYSTAL178% and the mechanical properties
were visualized using the ELATE tool.B”! The spatial distribution of
Young’s modulus (E) reveals the following trend as shown in Figure
2e: Ep107 > Ejooy > Epog. Among the three orthogonal directions of the
crystal, the maximum value of E was found to be along the b-direction
(25.0 GPa) and the minimum along [100] direction (10.6 GPa) leading
to an anisotropy of ~ 2.5 in Young’s moduli (Figure S8). This trend
correlates with the maximum linear compressibility (K) observed along
the [100] direction (48.0 TPa'), a much lower value along the [001]
direction (29.9 TPa), and the lowest along [010] direction (7.2 TPa?)
respectively (Figure 2f). These results from the computed elastic
constants agree with the experimentally observed thermal expansion
behaviour.

Effect of bending on bandgaps and the electronic band structure.
The structural changes such as the molecular re-orientational effects
and the gradual tuning of 111 stacking observed in the bent crystal
regions prompted us to investigate the associated changes in the
electronic bandgaps in this semiconductor crystal. UV-Vis diffuse
reflectance spectra of the crystalline solid sample of 1 indicated a
band gap of 2.73 eV (Figure 3e). Further, quantum periodic
calculations of the band structure of 1 performed at different
hydrostatic pressure points (from ambient to 6 GPa) show that Eg.p
values systematically decrease with the pressure- as expected in
most materials (Figure 3f). Intriguingly, when uniaxial pressure is
applied along [100] to simulate the changes in the bent crystal region
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a counterintuitive trend in the bandgap is observed. For the uniaxial
pressure range of 0 to 2 GPa (mimicking the inner arc region), a
systematic increase in Egq, values followed by a decrease from the 2-
6 GPa range was observed (Figure 3g). Whereas from 0 to -0.40 GPa
(mimicking the tensile stress upon elongation in the outer arc region)
the Egq, values show a slight decrease from 2.73 eV to 2.70 eV (Figure
3g). The projected density of state indicates that the states
corresponding to C atoms tend to dominate the valence band edge in
the band structure of 1 with compression in the inner arc — as opposed
to the ambient structure in which states associated with O atoms form
the valence band edge (Figure 3a-c). For a molecular-level
understanding of these changes in the band structure, we calculated
the HOMO-LUMO energy gaps and dipole moments corresponding to
the three major supramolecular dimers and their changes with the
applied uniaxial pressure (Figure 3d,h and Table S9). A systematic
decrease in the HOMO-LUMO gap and dipole moment for the 111
stacking dimer 1 was notable upon uniaxial compression along the a-
axis. However, the HOMO-LUMO gap corresponding to the C-H:-O
hydrogen bonded dimer 2, shows only slight variation with
compression/elongation (Figure 3d). Since dimer 3 shows an opposite
trend in the HOMO-LUMO gap to that in dimer 1, a combination of
these effects might explain the variation in bandgap as found in Figure
3g. Our results are in line with the 7-fold enhancement in the
conductivity of coronene crystals upon bending recently reported by
Gong et al, which was associated with a decrease in energy difference
between LUMO and Fermi level (Ef) with an increase in bending
degree (smaller radius of curvature) by the analysis of valence band
spectra using X-ray photoelectron spectroscopy (XPS).1!
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Tuning of fluorescence emission wavelengths and lifetime
across the bent crystal region.

Further, we set out to investigate the effects of structural changes and
the evolution of band structure on photophysical properties such as
fluorescence emission wavelength and lifetime. To our knowledge,
there is no report of changes in fluorescence lifetime across bent
regions of molecular crystals. A few earlier studies on bent molecular
crystals have probed the changes in PL emission wavelengths and
intensities in the bent vs straight crystal regions (Table 1). Three of
these reported studies investigated spatially resolved spectral
changes from the inner arc to outer arc regions of the bent crystals-
with contradictory trends. This implies that the tuning of photophysical
properties can be highly structure-dependent, and the trends in
emission properties could vary with respect to the perturbations in the
supramolecular environments in crystals upon bending. Since these
properties are crucial features of flexible semiconductors and
optoelectronic materials, we employed spatially resolved techniques
of FLIM and CFM on the bent crystal of 1.

For the spatially resolved CFM studies, elastically bent
crystals of 1 were fixed on a glass slide and excited using a pulsed
white light laser (WLL) with an excitation wavelength of 532 nm
(Figure 4b). The lateral resolution of ~300 nm used in the CFM
ensured a high spatial separation of the points imaged. A systematic
bathochromic shift in emission spectra from 585.3 nm to 595.1 nm
was observed from the outer arc to the inner arc measured at 7
different points within a focus area of 3.5 x 3.3 ym? in the bent crystal
region of 1 (of thickness ~ 26.4 ym, Figure 4c-e). As a control
experiment, we performed a similar PL spectral mapping across an
unbent crystal of 1 with no deformation or strain. No significant shift in
emission spectra (590.5 nm) was observed in the case of this straight
crystal (thickness ~ 38 pm) measured at 7 different points each with
an area of 4.5 x 4.0 um? (Figure 4a,f). The standard deviation and
standard error on the emission wavelengths for straight crystal were
estimated to be 1.26 nm and 0.47 nm respectively- further validating
the reliability of the bathochromic shifts observed across the bent
region (See Table S10 for details).

Tablel. Spatially resolved photoluminescence studies
rationalization/explanation for the observed trends.
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Figure 4. (a,b) Image of straight and bent crystal of the probed crystal region.
(c) Emission spectra of bent crystal of 1 (1 to 7: outer arc to inner arc) over the
wavelength range of 550 — 700 nm, (d) A part of the emission spectra as shown
by the box in (c) have been zoomed in to highlight the systematic redshifts in
the emission maxima. (e) Redshifts in the emission maxima from the outer arc
to the inner arc of the bent crystal of 1. (f) Emission spectra measured on seven
different points on the unbent crystal across the thickness showing no significant
shifts.

reported on flexible molecular crystals and the structure-based

S.N Compound Flexibility Mapping Shifts Rationalization
0. Inner arc | Outer arc
1 1,4-Bis[2-(4- elastic?® no blue shift after bending slipping of the -1 planes
methylthienyl)]- causes inhibition of the
2,3,5,6- efficient energy  transfer
tetrafluorobenzene between the molecules
2 Flufenamic acid form plastic® no blue shift after bending looser crystal packing and
11 weakening of  aromatic
interactions
3 1,4-bisthienyl-2,3,5,6-  elastic® yes no significant shift | blue shift (2 nm) | sliding of the molecular plane
tetrafluorobenzene between -1 interactions
4 TPABA multi-facet (002) face red shift (26 nm) blue shift (4 nm) | variation in 111 interaction
elastic*! (200) face blue shift (2 nm) red shift (3 nm) | distance and number of such
interactions on  different
crystal surface
5 GFPC plastici?® increasing the emission intensity restriction of intramolecular
motions
6 9,10- elastict?” yes blue shift (3 nm) red shift (6 nm) | H-aggregation and J-
dibromoanthracene aggregation upon bending
7 DBBTPAT elastic! elastically bent red shift at bent region (20 nm) conformational change
naturally bent red shift at bent region (16 nm)
8 MMIAB elasticl*? no blue shift upon stretching increase in T planar
distance
9 fluorenol-carbazole elastic?¥ yes fluorescence intensity decreases enhanced non-radiative
transition
no variation in lifetime*
10 Compound 1 elastic red shift blue shift See the discussion in the
(this work) (5 nm) (5 nm) following section
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Further to study the variation in fluorescence lifetime in the bent
crystal region, we carried out FLIM measurements on the bent single
crystal of 1. The crystal was excited using a pulsed diode laser of
wavelength 532 nm and fluorescence decays were collected at 6
different points across the thickness (~ 41 um) of the bent crystal. The
obtained decays were fitted to a sum of three exponential components
(t1,72, and t3). A systematic decrease in the average fluorescence
lifetime (tavg) Wwas observed from 2.46 ns to 0.54 ns from an expanded
outer arc to the compressed inner arc region of bent crystal, these t
being measured at 6 different points across the thickness (~ 41 pum)
of the bent crystal (Figure 5d-f). This is a significant change in lifetime
in comparison to the reported values of lifetime variation with a
change in supramolecular environment or pressure.*3#! The only
previous study on the lifetime for a bent crystal of elastically flexible
fluorenol-carbazole crystal by Wei et al reported no notable variation
in the lifetime in the bent region.’?* In the case of 1, the gradual tuning
in lifetime can be visualized as the clear color gradient from red to light
blue — indicating the highest value of lifetime in the outer arc region to
the lowest lifetime observed in the inner arc region of the bent crystal
(Figure 5d). This trend is clearly in contrast with the FLIM maps of the
straight crystal on which only a single color can be seen, with no
significant variation in a lifetime (Figure 5a). This is in agreement with
the CFM measurements on the straight crystal, in which no shift in
Amax Was observed (Figure 4f). The standard deviation and standard
error in lifetime calculated from the lifetime data for straight crystal
were found to be 0.07 ns and 0.03 ns respectively (Table S12) — based
on the data collected on 5 different points of the straight crystal across
a thickness of ~39 um (Figure 5a-c). The average lifetime of the
unperturbed straight crystal is found to be 1.77 ns. This value is quite
close to the lifetime observed at the middle point of the bent crystal -
indicating the systematic nature of the lifetime tuning induced by
mechanical bending. Repeated measurements on the bent crystals of
1 confirmed the reproducibility in the trends of wavelength shifts and
lifetime variation across the bent region (Figure S12, Table S10,
Figure S13, and Table S11).

Rationalization of the shifts in emission wavelengths and lifetime
based on the bending model. Shifts in the PL emission with varying
pressure are a commonly observed phenomenon in nanoparticles, %!
quantum dots®64” and molecular systems.“8-50 High-pressure
photoluminescence studies on molecular crystals also have revealed
a similar trend of red shifts in emission wavelengths with an increase
in pressure."%2 In general, such shifts in kem and ta.q are rationalized
based on the following arguments: (i) variations in J or H-aggregate
character of the supramolecular assemblies, (ii) changes in the
extents of intermolecular separations and orbital interactions. As it is
understood from various proposed bending models®% and
experimentally mapped p-focus studies,'®?" the lattice of the bent
crystal gets compressed in the inner arc and expanded in the outer
arc. Here, our uniaxial-pressure studies show an increase in the slip

angle (0,) in the 11 stacked dimer 1 from 60.54° to 64.28° upon
compression (Figure 1g), leading to a slight enhancement in H-
aggregate character in the compressed region (Table S8). However,
this structural change would not be sufficient to rationalize the
observed red shift in the inner arc — as it is contrary to the
hypsochromic shifts associated with the H-aggregate character.
Similarly, dimer 2 shows an intermolecular orientation with a perfect
head-to-tail alignment of molecular dipole moment vectors as in a J-
aggregate (Figure 6d-f). The electrostatic nature of this C-H:-O
interaction motif is also evident in the electron deformation density plot
derived from X-ray quantum crystallographic Hirshfeld Atom
Refinement (Figure 6e).555 While the molecular dipole moment for the
isolated molecule of 1 was found to be 6.3 D, that for the crystal
determined from X-ray quantum crystallography (which incorporates
crystal field effects) was found to be 8.7 D. The changes in their
orientation upon compression/elongation are found to be small from
our analysis (Table S8). Nevertheless, given that the crystal packing
is non-centrosymmetric, the effect of such subtle dipole-dipole
orientational changes on the photophysical properties is yet to be
understood.
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Figure 5: (a,d) Fluorescence lifetime Image of straight and bent crystal of 1. (b,e) Lifetime decay plot (log scale) at different regions of the straight and bent crystal
of 1 respectively. (c) Average lifetime at different points on the straight crystal, and (f) bent crystal (outer arc to inner arc).
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Notably, the uniaxial compression along [100] direction results in a
systematic decrease in the interplanar distance, d¢ (1r---17 interaction
distance) from 3.41 A to 3.13 A (Table S8). This trend is further evident
from the systematic changes in the percentages of intermolecular
atom...atom contacts quantified using Hirshfeld fingerprint plots. The
crystal structures corresponding to the expanded outer arc to the
compressed inner arc show a systematic increase in the C---C contact
percentage values, while those of C--H and H--O contacts show an
opposite trend (Figure 6a-c). This points to an increase in the degree
of .11 overlapping and a decrease in the interplanar distance in the
inner arc region. This trend is further quantified by an electron density
topological analysis on dimer 1, which reveals the number of C---C
bond paths corresponding to -1 interaction show an increase with
compression and a decrease with elongation. Moreover, a systematic
increase in the values of topological parameters such as electron
density (p) and its Laplacian (V?p) for 1r---Tr interaction in dimer 1, and
the associated values of potential energy density, kinetic energy
density estimated at the bond critical points (bcp) also clearly shows
increments due to the enhanced intermolecular interactions with
compression (Figure 6g, Table S3). Thus the decrease in interaction
distances, and increase in intermolecular atom...atom contacts in the
inner arc region upon bending as evident from Figure 6a can imply
enhanced non-radiative decay processes/ self-quenching and thereby
explain the observed decrease in lifetime.*®! Moreover, the increased
electron density values at the bcps corresponding to 11T interactions
can be correlated to the decreased HOMO-LUMO energy gap in the
inner arc region, which in turn leads to the bathochromic shifts.

Conclusions

In summary, we have demonstrated elastic bending and the
associated changes in electronic and photophysical properties in
semiconductor single crystals of 1. Our study provides the first
example of the tuning of fluorescence lifetime achieved by the
mechanical bending of crystals. The counterintuitive trend of bandgap
lowering on both the inner and outer arc of the bent crystal, as
revealed in this study, provides insights into the examples of
enhanced electronic conductivity and carrier mobility upon crystal

bending, which were reported recently.:”8 The significantly distinct
trends in bandgap with hydrostatic pressure and the uniaxial pressure
upon bending reveal that there is more to understand about the
structural dynamics upon bending, beyond lattice compression and
shortening of interactions. Moreover, we have observed the
systematic tuning of emission wavelengths (5 nm red-shifted in the
inner arc and 5 nm blue-shifted in the outer arc as compared to an
unbent crystal). We have correlated the tuning of the properties with
the changes in the micro-environment and the extent of various
intermolecular interactions in the inner and outer arc regions of the
bent crystals — with a quantitative analysis of the electron density
topological features. These results point to the prospects for
mechanical control of properties and new strategies in fabricating
semiconductors/ optoelectronic devices based on flexible molecular
materials.
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Tuning emission by crystal bending !
T— &

ensity of states

Bandgap tunin
Bend it to tune it! Elastic bending of a molecular semiconductor crystal leads to systematic tuning of its
electronic bandgap, fluorescence emission wavelengths and a significant variation in lifetime, revealed by our

spatially resolved study.
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