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Abstract 

Because of distinct molecular conformations, packing modes, interaction types, and 

consequently their physicochemical properties, polymorphic forms of organic conjugated small 

molecules are intrinsically ideal for elucidating the relationship between their microstructures 

and the transcribed properties. Ethyl-2‐(1‐benzothiophene‐2‐yl)quinoline‐4‐carboxylate 

(BZQ) exists as dimorphs with distinct crystal habits―blocks (BZB) and needles (BZN). The 

crystal forms differ in their molecular arrangements―BZB has a slip-stacked column-like 

structure in contrast to a zig-zag crystal packing with limited π–overlap in BZN―and their 

photophysical and conducting properties. The BZB crystals characterized by extended π-

stacking along [100] demonstrated semiconductor behavior, whereas the BZN, with its zig-zag 

crystal packing and limited stacking characteristics, was reckoned as an insulator. 

Monotropically related crystal forms also differ in their nanomechanical properties, with BZB 

crystals being considerably softer than BZN crystals. This discrepancy in mechanical behavior 

can be attributed to the distinct molecular arrangements adopted by each crystal form, resulting 
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in unique mechanisms to relieve the strain generated during nanoindentation experiments. 

Waveguiding experiments on the acicular crystals of BZN revealed the passive waveguiding 

properties of the crystals. Excitation of these crystals using a 532 nm laser confirmed the 

propagation of elastically scattered photons (green) and the subsequent generation of 

inelastically scattered (orange) photons by the crystals. Further, the dimorphs display dissimilar 

photoluminescence properties; they are both blue-emissive, but BZN displays twice the 

quantum yield of BZB. This study underscores the integral role of polymorphism in modulating 

the mechanical, photophysical, and conducting properties of functional molecular materials. 

Importantly, our findings reveal the existence of light-emitting crystal polymorphs with 

varying electric conductivity, a relatively scarce phenomenon in the literature.  

 

Introduction 

Because the physical, chemical, and mechanical characteristics of crystalline solids are 

intimately connected to their structures and interaction types, understanding the structure-

property correlations is essential for designing and creating novel materials.1-5 Though 

molecular design engineering via covalent modifications is a possible strategy to modulate the 

physicochemical properties of organic materials, this process is labor-intensive and time-

consuming.6-8 Hence alternative approaches to realize this goal is a welcome step.9-11 The 

possibility of a chemical compound crystallizing in two or more crystalline phases with 

different molecular arrangements and/or conformations―polymorphism―could lead to 

various physical, chemical, and mechanical properties.12-15 Identifying and utilizing crystal 

forms with optimal safety, solubility, and stability has significant industrial appeal and is vital 

for unique applications, especially in the pharmaceutical context.16-18 Besides its commercial 

significance, polymorphism provides an unparalleled opportunity to derive structural 

correlations relating to a specific attribute, as this phenomenon involves only limited variable 

parameters.19-21 The physicochemical and optoelectronic characteristics of crystalline 

molecular materials are significantly influenced by any variations in the crystal packing, 

intermolecular interactions, and degree of intermolecular overlap in a unique crystal form.22 In 

molecular semiconductors, wherein van der Waals and weak electrostatic (i.e., quadrupole) 

interactions are dominant factors, any changes in the molecular packing that alter the degree of 

π–π overlap could influence their photophysical and charge-transport properties.23-25 The 

literature has only limited examples of these investigations, nevertheless. 

The Gibbs Phase Rule only enables one thermodynamically stable polymorph of a 

material to exist at any given temperature and pressure.26-30 Still, kinetic stability permits the 
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coexistence of several crystal forms at ambient temperatures. The serendipitous appearance of 

a thermodynamically more stable crystal form, following Ostwald's Rule of Stages, with 

unsolicited physicochemical properties in the later stage of product development, can be 

unnerving and troublesome.31,32 The concurrent disappearance of the less-stable form is also 

not new; such instances have been central to several product withdrawals and patent 

litigations.33,34 Not surprising that the realm of polymorphism can be frustrating and expensive, 

as highlighted by Bučar et al., and represents one of the most active areas of modern solid-state 

chemistry.32  

In our ongoing studies on the polymorphism in aromatics and polyaromatics, we studied 

this phenomenon in ethyl 2‐(1‐benzothiophene‐2‐yl)quinoline‐4‐carboxylate (BZQ) (detailed 

information on synthesis and structural characterization provided in ESI). Depending on the 

crystallization condition, BZQ exists as dimorphs with distinct crystal morphologies―block-

shaped (BZB) and acicular (BZN). Block-shaped crystals of BZB have {001} as the major 

face, and it crystallized from an 8:2 ethyl acetate-hexane eluent collected in a beaker while 

doing the column chromatography. Interestingly, recrystallization of the compound or BZB 

invariably yielded acicular crystals, BZN, irrespective of the solvent systems and their 

combinations employed. Of note, with the formation of the acicular crystals of the stable form 

(BZN) in the lab, the metastable form (BZB) failed to reappear; all the attempts to reproduce 

the crystals of BZB ended up in the formation of acicular BZN. The higher crystal density (1.38 

g/cm3) of BZN with respect to BZB (1.32 g/cm3) further highlights its stability. The crystals of 

the elusive BZB were subsequently obtained in a laboratory in South Korea from a freshly 

synthesized sample by the fast evaporation of a saturated 8:2 ethyl acetate-hexane solution 

from a petri dish. 

 
Scheme 1. The chemical structure of ethyl 2‐(1‐benzothiophen‐2‐yl)quinoline‐4‐

carboxylate  (BZQ) 

 

 

Results and Discussion 
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Polymorphism: In the absence of classical interactions, weak and dispersive 

interactions such as C‒H···O, C‒H···π, π···π, S···π, and S···S interactions secure both the 

crystal forms. However, the crystal forms adopt different packing modes: the BZB has a slipped 

π-π stacking mode of the molecular organization against a zig-zag arrangement in BZN. 

Morphology predictions based on the growth vector or Bravais-Friedel-Donnay-Harker 

(BFDH) method propose [100] as the crystal growth direction in BZN (Figure 1) and (001) as 

the major crystal face with the lowest attachment energy (Table S1). In contrast, the 

comparable attachment energy for the standard crystal planes indicates the possible formation 

of block crystals in BZB. 

 

 
Figure 1. Crystal packing and molecular stacking with respect to the corresponding major 

crystal faces in the dimorphs BZB and BZN. While the molecules adopt an extended stacking 

in BZB, the zig-zag mode of packing in BZN has limited π-overlap. The fingerprint plot with 

major interactions are provided in inset. The indentation direction is represented as orange 

arrowhead.  

 

Crystallized in a triclinic system (Pī) and with a single molecule in the asymmetric unit, 

(Table S2) the crystals of BZB have molecules arranged as a co-facial columnar structure in 

[100] direction. The average stacking distance is 3.58 Å. Placed in slip-stacks with a pitch angle 

of 21.02°, the molecular sheets along [101] present a minimal slip along the short axis (roll 

angle of 68.4°). Weak diffusional interactions stabilize the extended π-stacked molecular 

https://doi.org/10.26434/chemrxiv-2023-5ztng ORCID: https://orcid.org/0000-0003-0712-915X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-5ztng
https://orcid.org/0000-0003-0712-915X
https://creativecommons.org/licenses/by-nc/4.0/


5 
 

columns. Two molecules in the asymmetric unit of BZN vary in the conformations of the ester 

ethyl moiety and the angles between the mean aromatic planes. The crystals of BZN have a 

zig-zag molecular arrangement against the stacked molecular columns in BZB. In BZN, 

molecules make dimers with an average intermolecular distance of 3.51 Å, but the adjacent 

dimers have minimal overlap. The structure, hence, is short of continuity along the molecular 

stacking direction [100]. 

Hirshfeld Surface (HS) Analysis: The HS and fingerprint analyses of the polymorphs 

show distinct surface and interaction characteristics;35 the crystal forms have similar 

interactions, though their relative contributions vary. The energy framework analysis 

corroborates the dispersive characteristics of the interactions, with a negligible coulombic 

component.36 The percentage contribution of H···O interactions (C‒H(ar)···O(C=O) and C‒

H(ar)···O(‒O‒)) in BZB and BZN are 7.7 and 4.1, respectively. The planar conformation of BZB 

(interplanar angle of 3.67°) and the extended molecular stacking lead to notable contributions 

from C‒N and C‒C interactions (14%). In contrast, with limited molecular stacking, BZN has 

lesser contributions from the stacking interactions (10.5%) (Figure S5). The H‒H contribution 

in BZB is marginally higher vis-à-vis the stable BZN crystals.  

 The DSC thermograms of both forms exhibited a single endothermic melting event 

without evidence of any phase transformations (Figure S6 and S7). The onset of the melting 

curve of BZB is at 111.5 °C (ΔHfus = 73.78 J/g), and that of BZN is at 114.8 °C (ΔHfus = 86.12 

J/g). The heat of fusion rule and a complementary slurry experiment validates a possible 

monotropic relation between the crystal forms.37 The quantified nanomechanical response of 

crystal forms in terms of indentation modulus (E) and hardness (H) provide information on the 

elastic and plastic deformation mechanisms underneath the indenter tip.38 The BZB crystals are 

softer than the crystals of BZN. The measured hardness, H, for BZB, is ~30% lower than that 

of BZN, indicating the tendency to undergo permanent deformation upon load application. The 

underlying crystal packing and molecular interactions (vide infra) are responsible for such 

observations.  

BZB has columns of molecular stacks along [100], but the adjacent stacks separated by 

the ethyl ester moiety interrupt the formation of a continuous layered structure. Upon indenting 

the major face (001) of BZB, the tip traverses normal to the stacking direction; however, the 

discontinuity in the organization of the adjacent columns restricts its free movement. Molecules 

within the columns get compressed and slide along the slip direction [010]. Hence, the slip 

system realized for BZB is {001}<010>. Notably, though the load‒displacement (P–h) curves 

for BZB and BZN penetrate to the similar depth under 6 mN load, their loading, unloading, 
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and creep (during the hold period) characteristics are disparate, demonstrating distinct 

mechanical behaviors. The pop-in events on the P‒h curves obtained on the major face (001) 

of the BZB crystals manifest the discontinuity in the plastic deformation mechanism (Figure 

2a). In contrast, upon indenting the major face (001) of BZN, the zig-zag molecular 

arrangement enables an accordion-type movement under the tip to dissipate the generated 

strain. This mechanism has limited molecular movement, unlike the long-range layer migration 

observed in BZB. Accordingly, the loading profile of the P‒h curves corresponding to BZN 

are relatively smooth, and the pop-in events have lower dimensions vis-à-vis BZB. Further, the 

creep (time-dependent deformation under constant peak load) measures much higher for the 

BZB crystals than BZN, confirming their soft nature and tolerability to the indenter penetration 

without much resistance. Further, the weaker elastic recovery upon complete unloading for 

BZB crystals confirms the above analysis. Thus, based on the structural and mechanical 

response analyses, we posit distinct plastic deformation mechanisms adopted in the crystal 

forms (BZB and BZN) to release the strain incurred. 

 
Figure 2. Nanomechanical properties of BZB and BZN. a) The load-displacement (P–h) 

curves obtained on the (001) faces of the dimorphs. The arrowhead on the loading curves 

corresponds to pop-in events. The post-indent scanning probe microscopy images obtained. 
Image scan size is 15.0 µm. b) Analysis of the distance between the two consecutive troughs 

on the periodic patterns formed on (001) face of BZB c) The total energy framework 

representation for the dimorphs. The thickness of each cylinder (in blue) represents the 

relative strength of interaction. The energy threshold for the energy framework was set at –

20 kJ mol–1. 
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The experimentally determined indentation modulus (E) of the crystals manifests the 

molecular packing, interaction types, and their relative orientations with respect to the 

indentation direction. Because similar interaction types describe both crystal forms but with 

different relative contributions, the E of the dimorphs differs only marginally (5%). The 

computed energy frameworks for the dimorphs highlight the dispersive nature of interactions 

(Figure 2c) and their well-segregated distribution that results in the commensurate magnitude 

of E. The observed marginal variations in the E could be related to the difference in the relative 

distribution and orientation of the interactions with respect to the indenter. BZN has a higher 

magnitude of H and E than the metastable BZB. The mechanical response also could be a 

determinant factor that could affect the overall stability of the crystal form. We noted a similar 

tendency in the crystal forms of aspirin, wherein the softer crystal form makes it more 

challenging to nucleate than the harder ones.39  

 

Table 1. The mechanical and photophysical parameters of BZQ, BZB, and BZN. 

Mechanical properties Photophysical properties 

Sample H 

 (GPa) 

E 

 (GPa) 

λabs 

(nm) 

λems 

(nm) 

Φf 

 

τ b  

(ns) 

kr
c  

[ns–1] 

knr
d  

[ns–1] 

BZQa   300 446 0.15 1.00 0.15 0.85 

BZB 0.185 ±0.05 10.23 ± 1.74 287 460 0.12 1.06 0.11 0.94 

BZN 0.29 ± 0.01 10.77 ± 0.85 287 450 0.20 1.85 0.11 0.43 

a BZQ was investigated in DCM solution; photoluminescence quantum yield was measured using the relative 

method with quinine sulfate (0.54) as standard. b Lifetime (τ), λexc = 375 nm. c Radiative rate constant: kr = Φf 

/τ. d Non-radiative rate constant: knr = 1– Φf /τ. 

 

The post-indent scanning probe microscopy images on (001) of BZB show periodic 

patterns decorating the surface of the crystal on two of the three sides of the Berkovich indenter 

tip. The average measured distance between the adjacent peaks (~350 nm) correlates well with 

the average layer stacking distance in BZB (3.58 Å) (Figure 2b); it is indicative of a possible 

long-range molecular layer migration to the crystal surface along the edges of the tip. One 

could draw a resemblance between the layer migrations in BZB and that in the molecular 

complex of 1,2,4,5-tetracyanobenzene with pyrene.40 However, a zig-zag model of the 

molecular arrangement in BZN forbids such a layer migration. The observed surface 

modifications further validate the proposed differences in the mechanisms of molecular 

rearrangements under the applied pressure. BZB and BZN have stronger interactions isolated 

from the weaker ones, which could immensely affect the mechanical response of the crystals. 
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Accordingly, the nanoindentation results highlight the softer nature of the crystal forms 

compared to the molecular crystals dominated by strong interactions or those having structures 

with strong and weak interactions interwoven to enhance the mechanical properties.41 

Experimental and DFT photophysical investigation. The photophysical characteristics of 

the crystal polymorphs BZB and BZN as well as those of the single molecule BZQ in diluted 

dichloromethane solution, were investigated at room temperature. Moreover, to better 

rationalize the experimental findings, DFT calculations were also carried out both for the single 

molecule and crystals. The PBE0/def2-TZVP level of theory was adopted to investigate the 

single molecule, using the polarizable continuum model (PCM) to simulate dichloromethane 

solvation. Calculations show that the benzothiophene and the quinoline moieties of BZQ are 

fully coplanar, and only the carboxylate group deviates from planarity by 30.8°; notably, such 

deviation is also observed in the X-ray crystal structures, despite a lesser extent, most probably 

due to solid-state π-staking interactions. It is also worth noting that calculations confirm that 

the most stable conformer is the one having the nitrogen and sulfur atoms of the quinoline and 

benzothiophene rings in cis-arrangement (as found by X-ray diffraction), while the trans-

conformer is 52 meV higher in energy, resulting in an 88:12 population ratio at 298 K. The 

Kohn–Sham molecular orbitals of the fully optimized BZQ molecule are reported in Figure 3a. 

HOMO and HOMO–1 are centered on the benzothiophene moiety; LUMO and LUMO+1 are 

predominantly localized on the quinoline part and show a remarkable double-bond character 

over both the C–C bonds connecting the benzothiophene and the carboxylate group with 

quinoline moiety. Consequently, charge-transfer transitions are expected to be dominant in 

BZQ, and planarization is likely to occur upon the relaxation of the lower-lying excited states. 

Absorption and emission spectra of BZQ in room-temperature dichloromethane solution are 

presented in Figure 3b. The compound exhibits a vibronically unstructured absorption profile, 

showing two broad and intense bands with absorption maxima (λmax) at 300 and 365 nm, 

assigned to the π–π* transition with strong charge-transfer nature, as suggested above. Indeed, 

TD-DFT calculations indicate that (i) such two bands can be mainly attributed to the S0  S5 

and S0  S1 vertical excitations, respectively (Figure S8) and (ii) both transitions have a strong 

charge-transfer (CT) character from the benzothiophene to the quinoline moiety (Table S3). 

Upon excitation, BZQ displays a bright blue emission peaking at 446 nm, a photoluminescence 

quantum yield of 0.15, and a mono-exponential lifetime of 1.00 ns (Table 1). As shown in 

Figure 3b, the room-temperature emission profile of BZQ is broad and unstructured, as typical 

for CT transitions. Such a scenario is confirmed by the TD-DFT optimization on the S1 excited 
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state, proving that BZQ undergoes a complete planarization even of the carboxylate moiety, 

which is expected to fade any potential vibronic progression of the associated fluorescence 

spectrum. 

 

 

Figure 3. a) Energy diagram and selected Kohn–Sham molecular orbitals of the fully 

optimized BZQ in DCM. b) Absorption and photoluminescence spectra of BZQ in 

dichloromethane solution at 298 K (sample concentration ≈ 10 µM). The inset shows the 

fluorescence decay profile observed at the emission maximum.  
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In the solid state, the two polymorphs BZB and BZN, exhibit blue emission (Figure 4a-b), with 

unstructured profiles and luminescence quantum yields of 0.12 and 0.20, respectively (Table 

1). Such findings are comparable to the ones observed for the single-molecule BZQ in solution, 

suggesting a similar emitting state as corroborated by comparable radiative decay constants 

(i.e., kr, see Table 1). Nevertheless, some minor distinctions are worth noting: (a) BZB shows 

a 0.08-eV red-shifted emission maximum as compared to BZQ, and (b) BZN displays a higher 

quantum yield, with a correspondingly elongated excited-state lifetime (Table 1). The 

bathochromic shift observed in the emission spectrum of BZB compared with that of BZN is 

qualitatively consistent with the π–π stacked columnar structure of the former. We also carried 

out DFT calculations on the 3D crystal structures of both dimorphs at the PBE-sol level of 

theory, to get a more rigorous picture of their electronic properties (see Experimental Section 

for further details). 

 

Figure 4. Crystals of BZB (a) and BZN (b) under the 365-nm UV light. (c) Solid-state 

absorption and emission spectra of BZB and BZN at 298 K; their emission decay profiles 

are also reported in the graph inset. 

 

The DFT-optimized crystal structures of BZB and BZN as represented in Figure S9 and S15 

show a good superposition with the X-ray diffraction data. Notably, such calculations show 

that both polymorphs display very similar band gaps (Figure S11 and S12), in agreement with 
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nearly superimposable emission spectra (Figure 4c). The DFT-computed band gap is 

underestimated (i.e., 1.92 vs. 2.75 eV), as commonly found when using LDA or pure GGA 

functionals.42 As in the case of single-molecule BZQ, the four upper valence bands of BZB are 

located on the benzothiophene moieties of the columnar stacks, as seen in the HOMO and 

HOMO–1 of BZQ; on the contrary, the four lower conducting bands are predominantly 

localized on the quinoline moiety, as for LUMO and LUMO+1 of BZQ (compare Figure S11 

and 3a). This scenario is consistent with two molecules in the crystal cell of BZB. To be 

specific, along the Γ–X direction in the crystal momentum space (corresponding to the 

columnar packing direction), the highly interacting valence bands display the typical "folded 

pattern" profile of dimers with Peierls distortions (i.e., band #118 is coupled with #116 and 

arise from the HOMO of BZQ, while HOMO–1 orbitals generate bands #117 and #115, see 

Figure S11).43 On the other hand, the conduction bands do not strongly couple since orbital 

pairs are located on nearby molecules but of separated columnar stacks, which are insulated by 

the ethyl-esters chains (Figure S11). 

The band diagram of BZN (Figure S12) is visually more complicated since four 

molecules are present in the unit cell. Still, the scenario is qualitatively similar to BZB 

(compare Figure S11 and S12). One should note that BZN displays a direct gap in the Y 

momentum space. At the same time, BZB is formally an indirect-gap semiconductor (despite 

the minimal energy difference along the Γ–Z path). Accordingly, as experimentally found, 

BZN displays nearly twice the photoluminescence quantum yield of BZB (Table 1), in which 

the emission of a photon must also be coupled with a phonon (despite a very low-energy one). 

Optical waveguiding properties: Under excitation by a UV lamp, the long ends of the crystal 

exhibited much stronger emission than the body, indicating the optical confinement of emitted 

light within the crystal. The brightening at the tips of the acicular crystals of BZN indicates 

possible one-dimensional propagation of light through the crystals―optical waveguiding 

(OWG). Most of the reports on the waveguiding experiments are based on excitation with UV 

lasers inside the electronic absorption window which electronically excite the molecular 

constituent of the crystalline solids to fluoresce; the emitted light traverse to the crystal 

ends―active waveguiding.44,45 Alternately, organic waveguides can work analogous to 

commercial optical fibers wherein the input light transmits directly to the output end along the 

organic medium―passive waveguiding.46 In passive waveguiding, visible lasers with longer λ 

than the molecular absorption window avoid photoluminescence and provide information 

about the confinement and propagation of the guided laser photons. The visible energy photons 
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could trigger the weak Raman vibration modes due to inelastically scattered Stokes photons 

during the direct laser light propagation inside the molecular waveguide.47,48 In contrast to first-

order Rayleigh scattering, Raman scattering is a second-order process, and as such, the 

intensity of the scattering is weak. Because the Raman scattering cross-section is weak, it 

minimizes the optical loss inside the organic waveguide. Raman scattered photons can monitor 

the route of the guided input light within the organic crystals and find any nano or microscale 

fault spots.49 

Because of the substantial index contrast (∆n ~ 0.6) of the acicular crystals, we expected 

efficient laser light coupling to the crystal, resulting in strong optical confinement by guiding 

the laser light along the crystal length. The acicular crystals showed maximum absorbance at 

290 nm and emission at 450 nm (λex = 414 nm). The shape of the solid-state absorbance band 

of BZN showed that there is no possible molecular absorbance above 450 nm. A home built 

optical setup using CCD camera and objective lens was used to study the OWG properties of 

the crystal (Figure 5a). The incident green photons from 532 nm laser were efficiently coupled 

with the crystal using a low magnification objective lens (20X; NA 0.4). Two in-situ camera 

positioned orthogonally were used to accurately focus light at the input of the crystal and to 

image the light propagation through the crystal (Figure S13). To reduce Rayleigh-scattered 

photons for analyzing the scattering phenomena resulting from laser light-organic crystal 

interactions, the camera images were simultaneously recorded using a color eyepiece video 

camera with a 532 nm long-pass edge filter. Orthogonal illumination of a green light laser beam 

at one of the end of the crystal and body of the needle showed propagation of guided photons 

to the opposite end of the crystal. Similar experiments performed on needles having an 

approximate length of 4.5 mm showed comparable results. The laser at the incident point on 

the crystal and the other end of the crystal both showed strong, inelastically scattered (low 

energy) orange photons, which is interesting (Figures 5b and 5c, respectively). The collected 

images with and without filters confirmed the propagation of elastically scattered photons 

(green) and subsequent generation of inelastically scattered (orange) photons by the crystals as 

green photons propagate along the crystal length (Figure 5d). The broad orange glow at the 

crystal end is due to the scattered photons coming out of the crystals while the intense center 

spot indicates the guided light through the crystal. The bright intensity at crystal ends and edges 

for both elastically and inelastically scattered photons is a signature of OWG property of the 

crystal. To quantify the OWG efficiency, the crystal was excited at various distances from the 

tip of crystal and the outcoupled photons from the tip were recorded using the fiber coupled 

spectrometer (Avantes, AvaSpec-3648). The decrease in the intensity of inelastically scattered 
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photons indicates the propagation losses, while the spectral shape remains unchanged (Figure 

5e). An optical loss coefficient, α (mm−1) of individual crystals was calculated by fitting the 

single exponential decay of the intensity with distance using the equation: Ibody /Itip =A·exp(-

αd), where d represents the distance between the tip and the excitation spot on the body of 

crystal, which is the propagation distance before the emission was collected from the tip (Figure 

5f). The optical loss coefficients determined for the individual crystal (0.99 dB/mm) indicate 

good waveguiding performance. The light propagated along the crystal length irrespective of 

the point of illumination, but the emission intensity varied inversely with the distance between 

the record tip and the excitation position (Figure S14). The BZN crystals do not show the lasing 

property as we did not observe any reduction in the full-width half-maximum (FWHM) at high 

pump power, though the signal intensity increased. 

 
Figure 5. a) Waveguiding experimental setup. The green arrow highlights the directions of 

the laser beam. Point of illumination at b) edge of crystals and c) body of crystal and the 

corresponding fluorescence images (532 long pass). d) Crystal illuminated under 532 nm 
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and the fluorescence from the sample (532 long pass). e) Loss measurements and f) variation 

of the peak intensity at 532 nm vs the propagation distance for microrods of BZN. 

 

Conductivity: The electrical conductivity (σ) of the dimorphs was measured; in a typical 

experiment, the crystals were contacted using silver paint, dried, and measured using a source 

measure unit in a two-probe configuration. The measurements were conducted at room 

temperature with the sample chip holder placed inside a Faraday cage. Figure 6 displays the 

measure I–V characteristics of the two crystal forms at room temperature. The linear 

relationship suggests that the I–V behaviour of BZB obeys Ohm's law at low applied voltage, 

and a nearly ohmic contact exists between the crystal and the electrodes. Crystal polymorphs 

that are light-emitting with varying electric conductivity are little reported, and most of them 

are insulators.50,51 

 

Figure 6. The I–V characteristics of BZB and BZN measured at room temperature 

 

The BZB crystals with extended π-stacking along [100] (a measured resistance of ~80 MΩ) 

proved to be a semiconductor, while the BZN having a zig-zag packing mode with limited 

stacking characteristics (and with a resistance of ~30 GΩ) was reckoned as an insulator, under 

the investigated conditions.52-54 This can be better understood by comparing the band diagrams 

of both polymorphs (Figure S11 and S12). Indeed, the highest valence band of BZB display 

very high velocities, which are maximized along the k paths having a strong X component (i.e., 
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through the direction of the columnar packing); on the other hand, low-energy conduction 

bands do not present such high velocity values, suggesting that BZB has good hole mobility 

and less favorable electron mobility. It should be also emphasized that the group velocity in 

the Γ–Z direction is almost zero for the frontier bands of BZB, proving that the ethyl-

carboxylate chains are able to fully interrupt the electronic communication between nearby 

columnar π-stacks (Figure S15). 

Conclusions 

The preceding sections emphasize the structural, mechanical, optical, and conductivity 

property differences observed in a dimorphic aromatic system having distinct molecular 

arrangements. The metastable block-shaped BZB form is an example of a disappearing 

polymorph; as with the appearance of BZN, we could not generate the former crystal form even 

after repeated attempts and varying conditions. The BZB with a stacked columnar arrangement 

and interrupted intercolumnar region hampered a continuous molecular movement. Not 

surprising that the nanoindentation experiments indicate a discontinuous plastic deformation 

mechanism in contrast to a continuous smooth P–h curve in the BZN crystals. The zig-zag 

layer arrangement in BZN and the accordion-type layer movement enabled a continuous layer 

deformation under the indenter tip. BZN with a higher magnitude of H and E than the 

metastable BZB further hints at the mechanical response as a possible determinant factor that 

affects the overall stability of the crystal form. Even though both the crystal forms exhibit blue 

emission, they differ in the luminescence quantum yields, lifetimes and band profile of the 

characteristic emissions. Because of the index contrast, the acicular crystals of BZN exhibited 

passive wave guiding properties; the collected images with and without filters confirmed the 

propagation of elastically scattered photons (green) and subsequent generation of inelastically 

scattered (orange) photons by the crystals. Upon measuring the electrical conductivity of the 

dimorphs, BZB crystals with extended π-stacking proved to be a semiconductor with good hole 

mobility, while the BZN with zig-zag crystal packing with limited stacking exhibited insulator 

characteristics. Also, the property is highly anisotropic that the ethyl-carboxylate chains 

effectively interrupt the electronic communication between nearby columnar π-stacks. DFT 

calculations on the single molecule and both crystal dimorphs were used to rationalize the 

experimentally observed photophysical and conductive data. Notably, molecular crystal 

polymorphs that are light-emitting with varying electric conductivity are less reported, and the 

majority of them are insulators. By elucidating the relationship between molecular structure 
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and resulting properties, our research contributes to the design and development of novel 

materials with tailored functionalities 

 

Experimental Section: 

Materials and Synthesis: All other reagents are of analytical grade and used as received from 

Aldrich, Alfa Aesar, and Samchun chemicals unless otherwise specified. The detailed synthetic 

methodology and spectral details are provided in the supporting information. 

Characterization: Single crystal diffraction data were taken using a Rigaku Saturn 724+ HG 

diffractometer with monochromated Mo Kα radiation and processed using the Rigaku Crystal 

Clear software. The structure was solved using direct techniques, and the refinements were 

done using full-matrix least-squares on F2 using the SHELXTL suite of programs and 

OLEX2.55 The PLATON program56 verifies that each of the dimorphs is distinct; the packing 

and conformational preferences of the molecules in the two structures differ. 

Thermal analysis: A differential scanning calorimeter (TA Q2000) was used to examine sample 

crystallization and melting behavior. Each sample was carefully weighed in aluminum pans 

and exposed to a thermal scan from room temperature to 150°C at a rate of 5°C/min. 

Nanoindentation: For the indentation experiments, a Hysitron nanoindenter (TI Premier, 

Minneapolis, USA) with an in-situ Scanning Probe Microscope (SPM) was employed. We 

measured the load, P, and displacement, h, while constantly monitoring and recording, with 

resolutions of 1 nN and 0.2 nm for the force and displacement, respectively. For the experiment, 

a Berkovich diamond indenter with a tip radius of 75 nm was employed. Before being indented, 

the flat sections of the crystal surfaces were scanned with the same indenter tip. At the highest 

load, a loading rate of 0.2 mN/s and a hold duration of 10 s were set. The indentation imprints 

were captured immediately after unloading to eliminate time-dependent elastic recovery of the 

remaining impression. The Oliver-Pharr method was used to analyze the P-h curves to obtain 

the elastic modulus, E, of the crystal in that orientation.57 Hardness, H, was calculated by 

dividing the maximum indentation load, Pmax, by the contact area, A. 

Photophysical studies: The electronic absorption spectra of all samples were measured using a 

Mecasys Optizen Pop UV/vis spectrophotometer. Photoluminescence (PL) spectra were 

recorded by a JASCO spectrofluorimeter (FP-6500); emission and excitation spectra were 

corrected according to standard correction curves. Fluorescence lifetimes were measured using 

time-correlated single photon counting (TCSPC) equipment by Hamamatsu (C11367-31). The 
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photoluminescence quantum yield (Φf) of BZQ in solution was calculated using relative 

methods with quinine sulfate as a reference (Φf = 0.54);58 while the solid-state quantum yields 

of BZN and BZB polymorphs were estimated using the Hamamatsu Quantaurus-QY absolute 

quantum yield spectrometer (C11347-11). 

Computational studies: Density functional theory (DFT) calculations on the BZQ single 

molecule were carried out using the B.01 revision of the Gaussian 16 program package59 in 

combination with the PBE0 generalized-gradient hybrid exchange-correlation functional, 60 

and the def2-TZVP basis set of Ahlrichs and coworkers.61 BZQ was fully optimized in the 

ground state (S0) and in the lowest singlet state (S1); frequency calculations were always used 

to confirm that every stationary point found by geometry optimizations was actually a 

minimum on the corresponding potential-energy surface (no imaginary frequencies). Time-

dependent DFT calculations (TD-DFT)62-64 were used to calculate the lowest 16 singlet 

excitations and their nature was assessed by the help of Natural Transition Orbital (NTO) 

analysis.65 The same TD-DFT approach was also used for S1 geometry optimization. All 

calculations were performed using the polarizable continuum model (PCM) to simulate 

dichloromethane solvation effects.66-68 DFT calculations on the BZN and BZB crystals were 

carried out using Quantum ESPRESSO 7.0, the open-source suite for quantum simulation of 

materials.69-71 The PBEsol GGA exchange–correlation functional72 was chosen in combination 

with the semiempirical Grimme’s DFT-D3 dispersion corrections with zero damping, 73 to take 

into account possible π–π interactions between nearby organic molecules. The 

pseudopotentials were directly taken from the SSSP Efficiency PBEsol pseudopotential library 

(version 1.1.2); 74,75 the kinetic energy cut-off of the wave function was set to 60 Ry and the 

one for charge density to 480 Ry, according to the adopted pseudopotential requirements. For 

all SCF calculations, the convergence threshold for self-consistency was set to 2.0 · 10–10 Ry 

times the number of atoms in the cell. The initial guess for the structure of each compound was 

based on the experimental single-crystal X-ray diffraction data (directly taken from CIF files). 

All structures were fully relaxed using a variable-cell approach, using the BFGS (Broyden–

Fletcher–Goldfarb–Shanno) algorithm. During the optimization, the only imposed constraint 

was to keep the crystal space group consistent with the experimental one, but both the cell 

parameters and ions were adjusted to obtain the minimum-energy structure; convergence 

threshold on total energy was set to 1.0 · 10–5 Ry times the number of atoms in the cell, with 

forces acting on atoms below 1.0 · 10–4 Ry/Bohr. For optimizations, the values for the K-point 

grid were selected so that the K-point distance in the reciprocal space was 0.3 Å–1, as 
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implemented in the Materials Cloud platform.76 The K-point grid sampling was increased to 

0.2 Å–1 for a higher-quality single-point SCF (self-consistent field) calculation on the optimized 

structure. For density-of-state (DOS) calculations, an even denser K-point grid was adopted in 

the corresponding NSCF (non-self-consistent field) calculation, imposing a K-point distance 

of 0.1 Å–1. In order to obtain the band-structure diagrams, the first Brillouin zone was mapped 

along specific paths connecting both high-symmetry points and points related to important π–

π planes in the direct lattice; K-points along the paths were sampled with a resolution of 0.03 

Å–1 using a home-made Python script. 

The pictures showing single-molecule geometries and orbitals were created using GaussView 

6.77 For crystals, graphical visualization of selected wavefunction contributions to the pseudo-

charge density at specific K-points was accomplished by VESTA (version 3.5.8).78 
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Dimorphs of ethyl-2-(1-benzothiophene-2-yl)quinolone-4-carboxylate exhibit distinct 

molecular arrangments and hence vary in their mechanical, conducting, photophysical and 

waveguiding properties, highlighting the significant role of polymorphism in modulating the 

functional properties in molecular materials. 
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