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ABSTRACT: The structural dynamics involved in the mechanical flexibility of molecular crystals are not well understood yet. Here,
we report an elastically bending lipidated molecular crystal that shows systematic shifts in characteristic vibrational frequencies
across the bent crystal region - revealing the nature of structural changes during bending and the local internal stress distribution. The
elastic flexibility is rendered by intermolecular N-H--O hydrogen-bonded chains along with strong yet flexible alkyl-chain
hydrophobic interactions in this crystal structure. The blue shifts in the bond stretching modes (such as C=0 and C—H modes) in the
inner arc region and red shifts in the outer arc region of the bent crystals observed via micro-Raman mapping are counterintuitive to
the bending models based on intermolecular hydrogen bonds. Correlating these shifts with the trends observed from high-pressure
Raman studies on the crystal reveals the local stress difference between the inner arc and outer arc regions of the bent crystal to be
~2 GPa, more than an order of magnitude higher than the previously proposed value in elastically bending crystals. High local
internal stress can have direct ramifications on the properties of molecular piezoelectric energy harvesters, actuators, semiconductors,

and flexible optoelectronic materials.

Mechanical flexibility in molecular crystals? has potential
applications in functional molecular materials,®* sensors,®
mechanical actuators,® and wearable devices.” Examples of
flexible crystals formed by organic molecules,®*® metal-
organic complexes,'* coordination polymers'®28 etc. are
increasingly being reported lately. Among the diverse classes
of molecular crystals that are reported for their mechanical
flexibility, examples of peptides and peptide analogues are
relatively rare. Elastically flexible peptide crystals are
particularly significant (such as the ones reported by Gazit et
al),*® owing to their biocompatibility and potential applications
in biomedical and bioengineering devices.? Herein, we report
elastic bending in single crystals of a lipidated molecule
containing an amide group (compound 1; Figure 1a) with a
multi-pronged study of the structural changes in the bent crystal
region. The structural factors that render elastic flexibility to
crystals and the atomistic picture of the intermolecular
dynamics in the bent crystal region are a topic of fundamental
interest within the emerging field of ‘crystal adaptronics’.?!
Hence, several spatially resolved studies on mechanically bent
molecular crystals have been attempted. Micro-focus
synchrotron X-ray diffraction studies on the elastically bent
crystals have shown stretching in the outer arc and compression
of the inner arc regions,**52? along with molecular re-
orientations. These structural changes can lead to variations in
the physical properties of the crystals at the bent region- such
as the variation in melting point 2® and the change in magnetic
ordering temperature.?* Spatially resolved photoluminescence
(PL) studies on bent crystals have revealed shifts in emission
wave lengths and changes in intensities in the bent region.12252
Micro-Raman spectroscopy is another important tool employed
to probe the local structural changes across the bent region of

flexible crystals.?227-2 Shifts and broadening in the Raman
elastically bent

peaks in the crystal

N |
Figure 1. (a) Molecular structure of 1, (b) N-H:--O hydrogen-
bonded chains along the bending direction, (c) face indexed image
of 1 highlighting the crystallographic directions, and (d) SEM
image of a bent crystal.

regions have been reported.??% On the other hand, some
recent studies reported no significant frequency shifts in the
vibrational modes in an elastoplastic molecular crystal and a
plastically flexible coordination polymer.?23! These distinct
trends in the spectral features imply a significant gap in our
understanding of the vibrational frequency shifts associated
with the local structural changes in the bent crystal regions.
Here we report systematic trends in characteristic vibrational
frequency shifts in the elastically bent region of the crystal 1
(Figure 1). In combination with high-pressure Raman studies,
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these frequency shifts have been utilized here to gain insights
into the distribution of local stress/pressure experienced by
molecules in the bent region. To our knowledge, there is no
report of such systematic frequency shifts of characteristic
peaks or the estimates of local stress in the bent region for

N-H---O hydrogen bond

—®— Ea.axis
8.4+ —®— Eh.axis

:\“\ 74 ®- £c.axis
5 56 a
= - % S
® 42] el —— b e2
E 28
e e
8 1.4 pe 2
0] o=t ee—o—os30 .
1.4
100 150 200 250 300 350
Temperature(K) elllc

elastically flexible molecular crystals. Such information on the
local stress distribution is crucial in understanding the
photophysical and electronic properties of flexible functional
molecular materials.

Figure 2. (a) Strong N-H:--O hydrogen bonding interaction along
[100] direction, (b) BFDH morphology of crystal 1, (c) alkyl-alkyl
stacking along [001] direction, and (d) Electrostatic potential map
showing the absence of slip plane. (e,f) Energy frameworks viewed
down [100] and [001] directions respectively. (g) Percentage
deformation of the unit cell parameters of 1 with temperature, and
(h) thermal expansion plot showing highest thermal expansion
along [001] direction.

Compound 1 was synthesized by a protocol reported by us
earlier3® It crystallizes in space group P2i/n, with cell
parameters a = 5.0470(2) A, b = 41.1376(18) A, ¢ = 8.0726(3)
A, p=102.024(2)°, Z = 4, and Z’ = 1. The crystals exhibit an
acicular habit with the needle growing along a-axis ([100]
direction). Analysis of intermolecular interactions shows that
the N-H--O hydrogen bonding molecular pair forms the
strongest motif (-73.5 kJ mol™?) that leads to catemer chains -
favoring crystal growth along [100] direction (Figure 1b).
Notably, this supramolecular motif is stabilized by a dispersion
contribution of -65.1 kJ mol?, compared to the electrostatic
term of -39.0 kJ mol? (and an exchange-repulsion of 30.7 kJ
mol?) - indicating the dominant role of hydrophobic
interactions involving the alkyl tails. In directions perpendicular
to the needle direction, the interactions are weaker leading to an

anisotropic interaction topology as manifested in their energy
frameworks (Figures 2e-2f). The major interactions along [010]
direction are characterized by the molecular pairs (Figures S5,
dimers 8,9) showing C—H:-O=C weak hydrogen bonds (-11.5
kJ mol and -9.5 kJ mol) in which dispersion term contributes
more (-6.4 kJ mol* and -7.0 kJ mol ). The packing along [001]
direction is mainly stabilized by a number of C-H--H-C
interacting molecular pairs (with interaction energies -44.0 kJ
mol?, -34.4 kJ mol™ and -33.2 kJ mol™ — for dimers 2,3,4 given
in Figure S5) with dispersion forming the major contributions.
The electrostatic potentials mapped on Hirshfeld surfaces of the
molecules and their packing show the absence of slip plane
along the bending direction (Figure 2d). This feature, along with
the strong interaction anisotropy could be among the major
factors that support the reversible bending of the crystal along
[100] direction. To probe how the interaction anisotropy
manifests in the thermal expansion of the crystal, we collected
variable temperature XRD data from 100 K to 350 K at intervals
of 25 K. Owing to the strong interaction anisotropy along the a-
axis, no considerable expansion occurs along that direction.
Whereas the hydrophobic interactions formed by the alkyl
chains along c-axis allow the highest extent of thermal
expansion along [001] direction (Figures 2g-2h). The flexibility
of the hexyl chain along the [001] direction between two
antiparallel tails (Figure 2c) is evident in the atomic
displacement parameters from the variable temperature XRD
models (Figure S7). The higher contribution of the dispersion
components associated with the inter-chain hydrophobic
interactions (See dimer 2 and 3 in Figure S5) may have a role
in preventing the long-range sliding of the supramolecular
chains formed along [100] direction. A detailed analysis of the
electron density features of the weak C—H:--O and hydrophobic
interactions in 1 has been given in Figure S3 and Table S2.

To probe the spectroscopic features associated with
the structural perturbations and the local stress in the bent
crystal region, we performed micro-Raman spectroscopic line
mapping across an elastically bent crystal of 1. It is generally
understood from heuristic models that elastically bending
crystals undergo compression in the inner arc region and
elongation in the outer arc region of the bent crystals.'®% Such
a model implies the shortening of intermolecular interactions in
the inner arc region and elongation in the outer arc region —
which would in principle lead to frequency shifts in bond
vibrational modes. When intermolecular interactions such as
hydrogen bonds become stronger and shorter, the
corresponding intramolecular bonds become weaker — as per
the n—oc* electron transfer model of hydrogen bonds (as
illustrated in Figure 4a). This would imply red shifts in the inner
arc region and blue shifts in the outer arc region for the peaks
corresponding to the intramolecular bonds. However, a few
spatially resolved micro-Raman studies on flexible crystals
show no such conclusive trend in the frequency shifts.?27:293
Interestingly, here we observed significant blue shifts of around
2 - 4 cm* from the inner arc to the outer arc of the bent crystal
of 1 (Figure 3), contrary to the above-mentioned n—c™> model.
To our knowledge, this is the first observation of such clear and
systematic shifts in characteristic bond stretching frequencies
(such as C=0 vibrational modes) on a bent crystal. Notable
shifts were observed for peaks at 225 cm™, 305 cm?, 801 cm™?,
992 cm?, 1126 cm?, 1324 cm™ and 1713 cm™. Whereas peaks
at 1349 cm, 1444 cm and 1595 cm* showed small shifts (see
Figure S11). Across a bent crystal of thickness ~ 7um, the C=0
bond stretching peak at 1712.9 cm™ showed a significant shift
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of 3.1 cm? from the outer arc to the inner arc (Figure 3d).
Similarly, the peak at 992.4 cm? (corresponding to C—C and
O-CHj; bonds bending modes) exhibited a shift of 3.3 cm™ from
outer arc to inner arc (Figure 3c). Shift in peaks corresponds to
C-H bending modes (1323 cm™) also showed a shift of ~ 2.7
cm?® (Table S6). These peaks were assigned based on the
vibrational frequencies simulated at B3LYP/6-311G(d,p) level,
and in comparison to the reported Raman studies on similar
lipidated molecular crystals®*=% (see Supporting Information
Table S8). Given that the spectral resolution of measurements
was 1 cm?, we further examined how significant are the
observed shifts in the bent crystal region. To test this, we
performed micro-Raman line mapping across a straight,
unstrained crystal of 1. The standard deviation in the C=0
stretching frequencies estimated from a line mapping across the
thickness of 5 pm from a straight crystal was found to be 0.15
cm* (Table S7). This further validates the significance of the
shifts we observed across the bent crystal region due to the local
stress. To put this into perspective, Raman shifts in silicon
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crystal as small as 0.05 cm™ have been shown to be a significant
indicator of the local stress by Batchelder et al.%

Figure 3. (a,b) Raman spectra showing shifts from outer arc to in-
ner arc region in C—C/C—-0 bending and C=0 stretching modes. (c-
d) Raman shifts with distance from outer arc to inner arc region of
the bent crystal, and (e) that for a straight crystal.

Intriguingly, the observed trend of shifts in micro-Raman
spectra are contrary to those reported by Mishra et. al on the
elastically bending crystals of halogenated aniline derivatives?
(red shifts and broadening in the inner arc and blue shift in the
outer arc). They proposed a model based on inhomogeneous
spatial separation of molecules with the outer and inner arcs of
the bent crystal showing states of tension and compressive
stress, with a crude estimate of local stress by employing finite
element analysis.?®

To rationalize the observed trend of blue shifts in the inner
arc of 1 in terms of intermolecular changes during crystal
bending, we surveyed reports of high-pressure Raman
spectroscopic experiments on molecular crystals (including

those with C=0 groups) which revealed a systematic trend of
blue shifts at high pressures (Table S9). It may be understood
that at high pressures, due to the compression of the lattice and
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Figure 4. (a) Schematic representation of n—oc* model of
intermolecular hydrogen bond (Model 1), and (b) the steepening of
potential energy curve under applied stress and an increase in the
force constant of intramolecular bonds (Model 2) — in relation to
the Raman shifts in the bent crystal regions. (c) An overlay of the
simulated crystal structures of 1 at high pressure, showing the
compression along the alkyl--alkyl stacking. (d) Percentage
deformation in unit cell parameters with pressure (simulated).

the associated change in electrostatic environment around the
molecules (causing stress on bonds), a steepening of This leads
to blue shifts in their interatomic potential energy wells can lead
to increase in the effective force constant of bonds.
characteristic peaks (as in Model 2 in Figure 4b). Hence, it is
evident that the blue shifts in the inner arc region of bent crystal
1 corresponds to a high local stress relative to the unbent crystal.
To visualize the structural changes upon an applied stress, we
further employed high-pressure simulations using quantum
periodic calculations at hydrostatic pressure points from
ambient to 6 GPa (Figures 4c,4d). Compressibility is lowest
along [100] and highest along [001], which correlate with the
crystal packing features (Figures 2c, 4c-4d). To correlate the
structural changes with the local stress experienced in the bent
region of the crystal, we set out to perform a high-pressure
Raman experiment on 1. To our knowledge, local stress (local
pressure upon bending) in flexible molecular crystals, has not
been quantified yet. Towards this goal, here we analysed Raman
spectra obtained for a crystal of 1, from ambient pressure to ~10
GPa using a diamond anvil cell. In this study, we mainly
focused on the two characteristic peaks at 992.4 cm™and 1712.9
cmL. Figure 5d shows the linear trend in blue shifts on these
peaks with respect to pressure with a slope of 1.19 cm™* GPa?
for C=0 peaks and 1.77 cm™ GPa for C—C peaks (Figure 5c-
5d). By combining these linear trends with the micro-Raman
mapping, a blue shift of ~3.1 cm™ in C=0 stretching mode from
the inner to outer arc region of the bent crystal translates to a
local stress gradient with a pressure difference of ~2.6 GPa
between the inner and outer arc regions. Similarly, the bending
modes at 992.4 cm™ and 800.7 cm™?, show shifts of ~3.3 cm™?
and 4.8 cm respectively, indicating a pressure difference of
~1.9 - 2.2 GPa and from the inner to outer arc region of the bent
crystal (Figure S15). Although the hydrostatic pressure exerted
on the crystal in a diamond anvil cell is distinct in nature from
the more directional local stress in an elastically bent crystal, it
can reasonably mimic the spectral shifts due to bending. This
approximation is supported by the following observation:
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although the stress upon bending is directional in nature, its
local distribution is largely homogeneous if we consider a
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Figure 5. (a,b) High-pressure Raman spectra showing shifts in
peaks of C—C bending and C=0 stretching modes respectively from
ambient pressure to 10.26 GPa. (c,d) Raman shifts with pressure
showing a linear trend (which is used in this study to estimate the
local stress in the bent crystal of 1).

small volume element within a bent crystal — as shown using
finite element analysis by Mishra et al in their elastically bent
crystal. 2 However, the values of local pressure gradient
estimated by our study are significantly higher than the semi-
guantitative estimate by Mishra et al (0.1 GPa stress at the outer
arc region).  Intriguingly, the C=0 peaks at the low-pressure
points (such as 0.3 GPa), show an irregular trend, and even
imply a slight red shift (Figure 5d).We conjecture that at lower
pressure points the intermolecular dynamics and frequency
shifts tend to obey Model 1 (n—c™> model; Figure 4a) whereas,
at higher pressure further lattice compression leads to a trend as
per Model 2 and blue shifts (Figure 4b).

In summary, the approach of combining micro-Raman
mapping in our elastically flexible crystals with high-pressure
Raman spectroscopy brings out a reasonable estimate of the
local internal stress experienced by molecules in the bent crystal
region. Our study clearly indicates an elevated local pressure
experienced by the molecules in the inner arc region of an
elastically bent crystal and a reduced local pressure at the outer
arc region- with their difference being around 2 GPa. Such an
insight could be useful in the design of peptide based
biocompatible sensors and actuators. Understanding the
intermolecular dynamics and the local stress in the flexible
crystals can have direct implications in the context of functional
molecular materials in relation to their photoluminescence
properties, electronic band gaps, as well as piezoelectric
properties.
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Combining frequency shifts from Micro-raman mapping with high-pressure Raman studies on an elastically bending molecular
crystal leads to insights into the local internal stress upon bending- thus solving a long-standing puzzle.
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