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Abstract: Organic single crystals that combine mechanical flexibility and optical properties are
important for developing flexible optical devices, but examples of such crystals remain scarce. Both
mechanical flexibility and optical activity depend on the underlying crystal packing and the nature
of the intermolecular interactions present in the solid state. Hence, both properties can be expected
to be tunable by small chemical modifications to the organic molecule. By incorporating a chlorine
atom, a reportedly mechanically flexible crystal of (E)-1-(4-bromo-phenyl)iminomethyl-2-hydroxyl-
naphthalene (BPIN) produces (E)-1-(4-bromo-2-chloro-phenyl)iminomethyl-2-hydroxyl-naphthalene
(BCPIN). BCPIN crystals show elastic bending similar to BPIN upon mechanical stress, but exhibit
a remarkable difference in their optical properties as a result of the chemical modification to the
backbone of the organic molecule. This work thus demonstrates that the optical properties and
mechanical flexibility of molecular materials can, in principle, be tuned independently.

Keywords: crystal engineering; molecular crystal; mechanical property; elastic crystal

1. Introduction

Crystalline materials are usually brittle and are prone to breaking when mechanically
stressed. This behavior greatly limits the application of single crystals as the next generation
of adaptable, functional materials. The recent discovery of mechanical compliancy in
molecular crystals has demonstrated that small molecules can combine the advantages
of crystalline materials (e.g., optical emission, piezoelectricity, and light polarization)
with the adaptivity of soft matter [1–10]. Such materials show exceptional promise for
promoting new technologies, with their potential already being shown in their use as
micro-optoelectronic devices [11,12], sensors [13,14], biomimetics [15,16], and as optical
waveguides [17–20].

Based on the reversibility of the deformation, molecular crystals can be defined as
being plastically (irreversibly) or elastically (reversibly) bendable [1,21–23]. Plastic bending
is generally associated with anisotropic interactions within the crystal packing and the
presence of low energy slip planes [2,4]. In contrast, isotropic interactions, together with
weak and dispersive interactions (halogen bonding and van der Waals interactions), are
related to mechanical elasticity [5,21,23]. These weak interactions can act as ‘structural
buffers’, ensuring that the molecules return to their equilibrium geometry after releasing
the mechanical stress [21]. Depending on the technological application one has in mind, a
particular mechanical regime may be necessary. For example, reusable sensors must be
based on elastically flexible materials [24,25], whereas shapable electronics can be prepared
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from plastically flexible crystals [26]. Correspondingly, developing an understanding of
the flexible, functional materials in both mechanical regimes is necessary for targeting
real-world applications [27,28].

In addition to designing mechanical flexibility, strategies for coupling flexibility with
a functional property are necessary. Consequently, growing efforts have been devoted
towards strategies for imparting flexibility in materials with a desired functionality [25,29].
Strategies that are based on selective polymorphism or cocrystallization are promising
as they do not require any chemical modification of the functional molecule [7,30,31].
However, such strategies are greatly limited by the propensity of the desired molecule
for polymorphism or cocrystallization and the unpredictable availability of suitable crys-
tallographic packing in these new crystal forms. Instead, more successful strategies are
based on the functionalization of active molecules using functional groups that are known
to generate the crystallographic features necessary for flexibility [8,32]. Often, this takes
the form of introducing ‘soft spherical’ moieties, such as methyl or halogen groups [4,33].
In this way, one, in principle, simultaneously tunes both the mechanical and functional
properties of the system.

To this end, the present study explores the possibility of influencing the mechani-
cal and optical properties of the reportedly mechanically flexible crystal (E)-1-(4-bromo-
phenyl)iminomethyl-2-hydroxyl-naphthalene (BPIN) [34]. With well-defined chromophores,
BPIN offers an excellent opportunity to consider how chemical modification can influence
both mechanical and optical properties. In this work, we chemically modified the phenyl
ring of BPIN by introducing another chlorine atom in order to synthesize (E)-1-(4-bromo-
2-chloro-phenyl)iminomethyl-2-hydroxyl-naphthalene (BCPIN). The incorporation of a
‘soft spherical’ moiety in the optically active flexible crystal ensures prominent mechanical
flexibility. This molecule has significant potential for exploring the simultaneous effects
resulting from chemical modification to the optical and mechanical properties of molecular
materials.

2. Experimental Section
2.1. Materials

4-Bromo-2-chloroaniline (99.51%) and 2-hydroxy-1-naphthaldehyde (98%) were pur-
chased from BLDpharm (Kaiserslautern, Germany) and abcr (Karlsruhe, Germany), respec-
tively, and used as received.

2.2. Synthesis and Crystal Growth

(E)-1-(4-bromo-2-chloro-phenyl)iminomethyl-2-hydroxyl-naphthalene (BCPIN) was
synthesized in a mechanochemical reaction between a stoichiometric mixture of 2-hydroxy-
1-naphthaldehyde (1 mmol, 172 mg) and 4-bromo-2-chloroaniline (1 mmol, 206 mg) by
using a mortar and pestle with the addition of ca. 500 µL of methanol. The obtained
powder was dissolved in 15 mL of dichloromethane (DCM). In a test tube, 6 mL of ethanol
was carefully layered on top of the 2 mL of the DCM solution, so that a phase boundary
was obtained. The mixture was then left to crystallize. After the slow evaporation of the
solvents, small needle-shaped crystals were obtained.

2.3. Single-Crystal X-Ray Diffraction (SCXRD)

Single crystal X-ray diffraction (SCXRD) data from BCPIN were collected using a
Bruker D8 Venture diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The data reduction was per-
formed using the Bruker AXS SAINT [35] and SADABS [36] software packages. Both
structures were solved by SHELXT 2018 [37] using direct methods, followed by successive
Fourier and difference Fourier syntheses. Full-matrix least-squares refinements were car-
ried out on F2 using SHELXL 2018 [38], including the anisotropic displacement parameters
for all of the non-hydrogen atoms. The hydrogen atoms that were bonded to oxygen
were located using the electron density maps, and all of the hydrogen atoms that were
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bonded directly to carbon atoms were fixed at their ideal positions. The data collection
methods, structure-refinement parameters, and crystallographic data of the cocrystals are
summarized in Table S1.

Powder X-Ray Diffraction (PXRD)

The ground crystals were packed into borosilicate capillaries with an inner diameter
of 0.5 mm. PXRD data were collected on a Bruker D8 Discover diffractometer (Bruker
AXS, Karlsruhe, Germany) equipped with a LYNXEYE XE detector and Cu Kα1 radiation
(λ = 1.5406 Å). Data were collected over a range of 2θ = 3◦ to 50◦, with step size of 0.009◦

and 6 s per step. The comparison between the simulated and experimental PXRD patterns
is depicted in Figure S1.

2.4. Differential Scanning Calorimetry (DSC)

The differential scanning calorimetry (DSC) measurements were performed with a
TGA/DSC 3+ (Mettler Toledo, Greifensee, Switzerland). The measurements were per-
formed in open aluminum crucibles under continuous N2-air flow. The experiments were
conducted at a heating rate of 5 K/min, in a range from 25 ◦C to 200 ◦C. The DSC plot of
the BCPIN crystal is presented in Figure S2.

2.5. Photoluminescence Spectroscopy

The photoluminescence measurements were performed with an Edinburgh Instru-
ments FLS 980 fluorescence spectrometer (Livingston, UK). All photoluminescence spectra
were measured in an integrating sphere. The samples were excited with a 450 W ozone-free
xenon arc lamp. The detector was a R928P PMT and electrically cooled to −20 ◦C.

2.6. Electronic Band Structure

The electronic band structure was calculated within the framework of density func-
tional theory as implemented in CRYSTAL17 [39]. Atom-centered Gaussian basis sets were
used for each atom, using the pob_TZVP_rev2 basis sets published by Vilela
Oliveira et al. [40]. The electronic structure was calculated by using the screened hy-
brid functional of Heyd–Scuseria–Ernzerhof (HSE06) [41], which has previously been
shown to provide excellent agreement with the experimental optical band gaps of molec-
ular solids [42]. The electronic structure was sampled using a shrinking factor of 7 and
Coulomb and exchange integral tolerances of 7, 7, 7, 9 and 30.

3. Results and Discussion
3.1. Crystal Structure

BCPIN crystalizes in the monoclinic space group P21/c, with one molecule in the
asymmetric unit (Figure S4). Crystal face indexing by single crystal X-ray diffraction shows
that the two major faces of BCPIN crystals are the (010)/( 010) and (001)/(001) faces, with
the minor face being the (100)/(100) face (Figures 1a and S3). The molecule comprises
an intramolecular hydrogen-bonding interaction (O-H· · ·N; 1.81 Å) between the CH=N
and OH groups, which results in a slight twisting of the phenyl rings out of the CH=N
plane by a torsional angle of 35.64◦ (Figure 1a, inset). Molecules are connected through
the C-H· · ·Cl (2.909) and C-H· · ·O (2.439 Å) interactions along the crystallographic c-axis
(Figure 1a). Herringboned chains are formed by C-H· · ·Br interactions (2.97 Å) along
the crystallographic b-axis (Figure 1a), interacting further along the a-axis through π···π
stacking (3.83 Å).
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dotted lines and C–H⋯Br interactions: magenta dotted lines). The molecular formula of BCPIN and molecular confor-
mation are shown as an inset. (b) Energy frameworks showing the total intermolecular interactions energy (blue) viewed 
along the c-axis (i), a-axis (ii), and b-axis (iii). The line thickness represents the magnitude of energy (line size 100 and 
energy cut-off 5 kJ.mol−1). 
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terials, the herringbone motif and the absence of slip planes within the crystal structure of 
BCPIN suggest that the material may exhibit a notable elastic regime. This assumption is 
also supported by the results of the energy framework calculation [43]; Figures 1b and S5. 
The interactions along the crystallographic a-axis are ca. 58.8 kJ.mol−1, with those along 
the c and b-axes being ca. 53.4 kJ.mol−1 and 31.8 kJ.mol−1, respectively. These reveal the 
quasi-isotropic interactions that are conventional for elastic flexibility (Table S2) [44,45]. 

The mechanical properties of BCPIN were tested by three-point bending experi-
ments, in which forceps held the crystal at either end while a needle exerted a force be-
tween them. This revealed a remarkable degree of elasticity when the crystal was pushed 
along the (010) face (Figure 2a). Moreover, the bending was repeatable over several cycles 
without visible crystal fractures, confirming macroscopic reversibility. Our measurements 
suggest that there is an elastic strain of 𝜖 ≈ 2.70% for BCPIN (Figure S6). In contrast, when 
force was applied over the (001) face, crystal fracture was observed (Figure 2b). 

Figure 1. (a) Crystal packing in (E)-1-(4-bromo-2-chloro-phenyl)iminomethyl-2-hydroxyl-naphthalene (BCPIN). View of
molecular arrangement on (001), (100), and (010) faces. The view of intermolecular interactions present in the crystal
packing of BCPIN (O–H· · ·N interactions: red dotted lines, C–H· · ·O interactions: cyan dotted lines, C–H· · ·Cl interactions:
green dotted lines and C–H· · ·Br interactions: magenta dotted lines). The molecular formula of BCPIN and molecular
conformation are shown as an inset. (b) Energy frameworks showing the total intermolecular interactions energy (blue)
viewed along the c-axis (i), a-axis (ii), and b-axis (iii). The line thickness represents the magnitude of energy (line size 100
and energy cut-off 5 kJ.mol−1).

As established in recent trends in the crystal engineering of mechanically flexible
materials, the herringbone motif and the absence of slip planes within the crystal structure
of BCPIN suggest that the material may exhibit a notable elastic regime. This assumption is
also supported by the results of the energy framework calculation [43]; Figures 1b and S5.
The interactions along the crystallographic a-axis are ca. 58.8 kJ.mol−1, with those along
the c and b-axes being ca. 53.4 kJ.mol−1 and 31.8 kJ.mol−1, respectively. These reveal the
quasi-isotropic interactions that are conventional for elastic flexibility (Table S2) [44,45].

The mechanical properties of BCPIN were tested by three-point bending experiments,
in which forceps held the crystal at either end while a needle exerted a force between them.
This revealed a remarkable degree of elasticity when the crystal was pushed along the (010)
face (Figure 2a). Moreover, the bending was repeatable over several cycles without visible
crystal fractures, confirming macroscopic reversibility. Our measurements suggest that
there is an elastic strain of ε ≈ 2.70% for BCPIN (Figure S6). In contrast, when force was
applied over the (001) face, crystal fracture was observed (Figure 2b).
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Figure 2. Optical microscope photographs of (a) elastic bending, and (b) brittle fracture of BCPIN
crystal over (010) and (001) crystallographic faces upon mechanical stress, respectively.

Microfocus X-ray diffraction experiments have suggested that elastic bending causes
the simultaneous expansion and contraction of the outer and inner arcs, respectively, along
the long axis of a crystal [5,23]. For BCPIN, this corresponds to the compression/expansion
of the π···π interactions. Assuming linear elasticity and ε ≈ 2.70%, one can approximate
that the maximum expansion and contraction of the a-axis is±0.10 Å. As 3.83 Å approaches
the upper limit for the conventional π-stacking criteria, we can propose that material
fractures, caused by bending beyond the elastic limit, are correlated with the overextension
of the π···π distance [17].

3.2. Optical Properties

The presence of the naphthalene chromophore and π···π interactions in the solid
state of BCPIN crystal prompted us to investigate the optical properties for potential
applications in flexible optical devices. Unfortunately, in monoclinic crystals the crystal
surfaces are not related by symmetry. This gives rise to anisotropic physical properties
and complicates the measurement of the material’s optical behavior in single crystals. To
overcome this complication, we performed photoluminescence (PL) measurements on
powdered samples of BCPIN. A combination of X-ray powder diffraction and differential
scanning calorimetry confirmed that grinding did not alter the crystallographic form of
BCPIN (Figures S1 and S2).

The solid-state PL spectrum measured with 410 nm excitation revealed maxima
at 480 and 545 nm. Correspondingly, the solid-state photoluminescence excitation (PLE)
spectra were measured using the photoluminescence intensity at each of these characteristic
wavelengths, as shown in Figure 3a. The PLE spectrum measured at 480 nm revealed a
single maximum at 422 nm, presumably indicating the resonant absorption energy of the
material. Our ab initio band structure calculations, using the HSE06 functional, do indeed
suggest a fundamental electronic band gap at 426.06 nm (2.91 eV). We note that the optical
band gap that is measured by spectroscopy is expected to be somewhat lower in energy
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than the fundamental gap calculated by DFT. We, therefore, expect that the exceptional
agreement between the two may result from a fortuitous cancelation of errors. The PLE
spectrum measured at 560 nm, shown in black in Figure 3b, shows three maxima instead:
428 nm, 444 nm, and 500 nm. As the emission of BCPIN (the red line in Figure 3a) overlaps
with the low energy part of the PLE spectra (the black line in Figure 3a), self-absorption
presumably takes place. This may explain the low quantum yield of BCPIN (Φ < 0.1%).
This also reduces the intensity of the signal at 480 nm and, at the same time, makes the
signal at 545 nm more intense.
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A comparison of the BCPIN optical spectra with those of (E)-1-(4-bromo)iminomethyl-
2-hydroxyl-naphthalene (BPIN) [34] shows that the additional chlorine atom exerts a
marked influence on the electronic structure of the molecule. The photoluminescence
spectrum of BPIN only shows a single maximum (536 nm), in contrast to the dual maxima
(480 and 545 nm) observed for BCPIN. Therefore, we can observe a significant change in the
emission profile due to this chemical change. In addition, a blue shift of about 60 nm can be
seen for the emission maximum. At the same time, increased self-absorption is observed in
BCPIN. It, therefore, appears that the addition of the Cl atom onto the molecular backbone
leads to a significant increase in the specificity of the optical activity of the flexible material,
without modifying the elastic behavior.

4. Conclusions

We successfully synthesized a new flexible crystal based on (E)-1-(4-bromo-2-chloro-
phenyl)iminomethyl-2-hydroxyl-naphthalene (BCPIN). Single crystals of BCPIN exhibit
marked bulk elastic flexibility (ε ≈ 2.70%) when measured by the three-point bending
approach. However, this flexibility is only observed over a single crystal face, with the other
two prominent faces displaying brittle behavior. Our crystal structural analyses and energy
framework calculations suggest that the elastic behavior results from the quasi-isotropic
interactions found within the crystal structure and the presence of herringboned layers
perpendicular to the long axis of the crystal.

BCPIN results from a chemical modification to a known elastic material, (E)-1-(4-
bromo-phenyl)iminomethyl-2-hydroxyl-naphthalene (BPIN). Hence, our work highlights
the potential to chemically tune the optical activity of materials without adversely affecting
their mechanical behavior. In accordance with the shape–synthon strategy, the incorpo-
ration of a chlorine atom (a spherical, weakly interacting synthon) into the molecular
backbone drives the crystal packing towards energetically isotropic packing, which is
conventional for mechanical elasticity. While the electronic structure is altered significantly
from this small chemical modification, no marked change in the mechanical behavior is
observed. We expect small chemical modification to become an important direction for
imparting mechanical flexibility to, as well as tuning the functional properties of, molecular
materials with multifunctional applications in flexible devices.

Supplementary Materials: CCDC 2117266 contains the supplementary crystallographic data for this
paper in CIF format. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre. The following are available online at https://www.mdpi.com/article/10.3390/cryst111
11397/s1. Figure S1. Experimental (black line) and simulated (red line) PXRD patterns of BCPIN.
Figure S2. Differential scanning calorimetry measurement of BCPIN. Figure S3. Face indexed image
of pristine crystal of BCPIN. Table S1. Crystallographic and structural refinement parameters of
BCPIN. Figure S4. Thermal ellipsoid drawing of the asymmetric unit of BCPIN showing atom
labels and 50% probability of ellipsoids. Figure S5. Visualization of energy frameworks showing
electrostatic (red), dispersion (green) components and total interaction energy (blue) for BCPIN, in
the (a) (001), (b) (100) and (c) (010) faces, respectively. The energy scale factor is 100 kJ.mol−1 and
the energy threshold is 10 kJ.mol−1. Table S2. Molecular structure pairs and the interaction energies
(kJ.mol−1) obtained from energy frameworks calculation for BCPIN. Scale factors are in the lower
table. Figure S6. Microscopic image of bended BCPIN crystal. The elastic strain was calculated
according to the Euler-Bernoulli equation ε = t/d (t = beam thickness; d = diameter of curvature).
The observed elastic stress before breaking is 2.70%.
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