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ABSTRACT

Polymorphism is widely studied for tuning material properties, but is rarely exploited in
organic ferroelectrics, because of the requirement for polar point-group symmetry. Moreover,
their strategic design demands a fundamental understanding of how molecular packing dictates
polarization. In this study, we investigate two polymorphic polar forms, tetragonal and

orthorhombic, of an organic enamine-imine compound using a combination of quantum

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

crystallography and first-principles calculations. Through multipolar modeling of high-

resolution X-ray and neutron diffraction data, complemented by dynamic theoretical structure

Open Access Article. Published on 03 June 2026. Downloaded on 6/4/2026 4:30:03 AM.

factors, we confirm the presence of resonance-assisted hydrogen bonds along the proton

(cc)

tautomeric pathways in both forms. Our first-principles calculations indicate near-identical
energy barriers to proton transfer in both cases, yet their macroscopic ferroelectric properties
differ significantly. Sublattice polarization analysis demonstrates that the negligible net
polarization of the orthorhombic form stems from an antiparallel arrangement of proton
tautomeric pathways. These findings highlight how molecular packing and hydrogen-bond
networks can be leveraged to tune ferroelectric performance, providing a blueprint for the

design of next-generation organic electronic materials.
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INTRODUCTION View Article Online
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Polymorphism,! the phenomenon of the existence of a compound in multiple crystalline forms,
plays a crucial role in tuning the properties of materials, as polymorphic materials often display
distinct physicochemical characteristics.?® A specific property exhibited by one polymorphic
form may not exist in another form. Polymorphism has thus been exploited to tune
multifunctional properties, including ferroelectricity (FE),>!0 a property that enables the
switching of polarization under the influence of an applied electric field (E).!! To demonstrate
FE, a compound must crystallize in a polar point group, but crystallization of a material in a
polar point group doesn’t assure its ferroelectric characteristic, as the molecular packing
arrangement plays a pivotal role in determining such properties. Understanding the structure-
property relationship in materials offers deeper insights into their physical properties and helps
understand their response to external stimuli, such as E.

For decades, the field of FE has been dominated by inorganic oxides, such as lead zirconate
titanate (PZT) and lead titanate (PbTiOs), which contain toxic and heavy metals. Global
concerns with toxicity and human health have shifted the focus to organic materials due to their
potential for lower toxicity, environmental neutrality, and biodegradability.!?-!* Mechanisms
such as order-disorder, proton transfer, displacive, and proton-tautomerism have been
established to understand the polarization reversal process in organic ferroelectrics.!? Proton
tautomerism mechanism (PTM)-based organic ferroelectrics exhibit a low coercive field (E.)
for efficient ferroelectric switching.!* Organic molecules containing keto-enol and enamine-
imine as tautomeric fragments have been reported to exhibit FE via PTM.! In their crystalline
forms, a collective site-to-site proton transfer in a donor-acceptor assembly coupled with
tautomerism in an intermolecular n-cooperative hydrogen bonding, also known as resonance-
assisted hydrogen bonding (RAHB),'® takes place. Hence, probing RAHB is crucial for
understanding PTMs in organic FEs.

The topological properties derived from multipole modeling!” of electron densities have been
extensively studied to characterize non-covalent interactions.'® ' This field has gained
importance for extracting accurate features of intra- and intermolecular interactions, with wide
interest in materials science.?’-?* Various intermolecular interactions have been quantified and
classified for molecular systems using charge-density analysis!®?4, and the electron density
distribution has been investigated to gain insights into intermolecular RAHB.?> Charge density
analysis via multipole modeling of high-resolution X-ray diffraction data has been performed

for the PTM-based single-component organic ferroelectric, croconic acid.?® That study
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demonstrated the pivotal role of integral properties within the atomic basin in influencing thé: 5.5
FE properties. An organic ferroelectric co-crystal of phenazine and chloroanilic acid has also
been investigated to understand the energetics and weak interactions in their ferroelectric and
paraelectric phases.?’

Quantum mechanical calculations coupled with modern crystallography (now called quantum
crystallography)?® have been exploited synergistically to provide a deeper understanding of
non-covalent interactions. This approach has been employed to investigate the piezoelectric
properties of perovskites*® and organic molecules such as B-glycine®® and croconic acid.?' The
study on croconic acid provided insights into its detailed FE mechanism, including its
electronic structure and electron density distribution in the hydrogen-bonding region. A
comprehensive understanding of RAHB in hydrogen-bonded FEs requires precise locations
and accurate anisotropic displacement parameters (ADPs) for the hydrogen atoms, especially
for the proton responsible for generating spontaneous polarization (Ps). This can be achieved
by detailed treatment of hydrogen atoms, either using neutron diffraction data or quantum-
crystallographic methods.3> A combination of high-resolution X-ray and neutron diffraction
data provides accurate electron density features of hydrogen bonds, crucial for characterizing
PTM-based organic FEs. Also, multipole modelling of electron density is often complemented
with theoretical structure factors to circumvent systematic errors in diffraction data.33-3

A profound understanding of PTM-based organic ferroelectrics has also been complemented

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

by first-principles density functional theory (DFT) calculations. Such investigations aimed to
estimate the P, the minimum-energy path, and to understand the proton-transfer mechanism.?’

The computational studies on squaric acid and a cocrystal of the [Hssdmbp][Hca] salt provided

Open Access Article. Published on 03 June 2026. Downloaded on 6/4/2026 4:30:03 AM.

a deeper understanding of the origin of antiferroelectricity by examining two sublattices with
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opposite polarization directions.®® The study articulated the field-induced variation in the
polarization of the hydrogen-bonded sublattices.

Recently, some of us have studied 2-(4-(trifluoromethyl)phenyl)-1H-phenanthro[9,10-
dJimidazole (1),® an enamine-imine-based single-component organic compound to
demonstrate its multifunctional characteristics. The compound exhibited trimorphism. One
form crystallized in the tetragonal crystal system (1P_T), the second form crystallized in an
orthorhombic crystal system (1P_O), in the polar space groups P4, and Pca2;, respectively.
The third form crystallized in a centrosymmetric space group /4;/a. Form 1P_T exhibited
excellent FE (P = 4.6 pC.cm? and E, = 5.8 kV.cm™!) and retained its ferroelectric phase well
above room temperature (~497K), in contrast, IP_O didn’t exhibit the expected FE. The P
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values, estimated using the Vienna Ab initio simulation package (VASP)*® for the 1P, T @t oo

1P_O forms, are reported® as 4.01 and 0.17 uC.cm2, respectively.

b CF;

Scheme I: Chemical structure of 2-(4-(trifluoromethyl)phenyl)-1H-phenanthro[9,10-
d]imidazole (1).

Here, we probe the possible reasons for the contrasting ferroelectric characteristics of the two
polar polymorphs, 1P_T and 1P_O. To confirm the RAHB characteristics of the proton
tautomeric pathways in these two polymorphs, we report quantitative and qualitative analyses
of electron densities derived from multipole modeling of high-resolution X-ray and neutron
diffraction data, as well as dynamic theoretical structure factors generated from periodic
quantum-mechanical calculations. We also investigate variations in the electron localization
function (ELF) to characterize hydrogen-bonding interactions along the proton tautomeric
pathway. Having established the RAHB characteristics from an electron-density perspective in
both cases, we estimate the potential energy barrier for proton transfer along the tautomeric
pathways. Finally, we calculate sublattice polarizations to define the mechanism behind the

distinct ferroelectric characteristics.

EXPERIMENTAL SECTION

High-Resolution Single-Crystal X-ray Diffraction (SCXRD) Experiment: A Bruker
APEX3 diffractometer equipped with D8 Venture IuS microfocus dual sources, a PHOTON II
CPAD detector, and an Oxford cryogenic system was used to perform these experiments using
single-crystals of the 1P_T and 1P_O forms. Monochromatic Mo K, radiation (1 = 0.71073A)
was used to collect data at 100K for 1P_T and 90K for 1P_O. The crystal-to-detector distances
were set at 50 and 55 mm for 1P_T and 1P_O, respectively. For 1P_T, 24 sets of runs with
varying detector positions (26) and @ angles were collected using 6s and 10s as the exposure
time for lower angle reflections (26 = 20.69° and 35.69°) and 30s, 80s, and 130s for higher
angle (20 = 62.34°, -77.34°, and -92.34"). For 1P_O, 18 runs were collected using 2s, 80s, and

4
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95s as the exposure time for 26 =0.94°, -76.86° and -86.86°, respectively. The framg width ¥/a$:s.7ou
set to 0.5° throughout the data collection for both forms.

Single-Crystal Neutron Diffraction Experiment: A large block-shaped crystal of the 1P_T
form was selected for the data collection. No suitable-sized crystal of the 1P_O form exists to
date, precluding its single-crystal neutron study. The neutron experiment was performed on the
KOALA-2 instrument at the Australian Nuclear Science and Technology Organization
(ANSTO). KOALA-2 experiments utilise a reactor-based neutron source, enabling the
recording of neutron Laue diffraction images. For consistency with the high-resolution X-ray
diffraction experiment, the neutron experiment was performed at 100K using the Oxford
cryosystem open-flow type nitrogen cryostat*® with a nominal stability of 0.1 K. A total of 16
frames were collected with an exposure time of 267 minutes per frame. The data were reduced
using the LaueG suite,*' and the structure was refined using the CRYSTALS.** Due to the
inherent limitations of the Laue method for accurately deriving unit cell parameters, those
determined from X-ray diffraction experiments at 100 K were employed for all aspects of the

neutron single-crystal study of the 1P_T form.

X-ray Diffraction Data Analysis and Structure Refinement: The X-ray diffraction data
reduction and integration were performed using the SAINT* program. The sorting, scaling,

absorption corrections, and merging of reflections, except for the Friedel pairs, were performed

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

using the SADABS program*® implemented in the APEXS suite. The structures were solved

using SHELXT#* and refined using the Olex2 program.*> The non-hydrogen atoms were

Open Access Article. Published on 03 June 2026. Downloaded on 6/4/2026 4:30:03 AM.

located in successive difference Fourier maps and refined with anisotropic displacement

parameters. All hydrogen atoms were located and subsequently refined using a riding model,

(cc)

except those attached to nitrogen, which were located in difference Fourier maps.
Subsequently, the Independent Atom Model (IAM)-based structures were considered for
Hirshfeld atom refinement (HAR)* and for multipole refinement using the Olex2 and XD
(Revision 2016.01, July 8, 2016) programs,*’ respectively. The hydrogen atom positions and
their corresponding ADPs were estimated using the HAR method via the NoSphera2#$ program
implemented in Olex2. The molecular wave function was generated using ORCA 5.0.4*° at the
BLYP/cc-pVTZ* level of theory, assuming vacuum as the medium, with a charge of zero and

multiplicity of 1, which was used as input to perform the refinement until convergence.

Multipole Modeling of X-ray and Neutron Diffraction Data: The multipole refinement was

performed based on Hansen-Coppens multipole formalism.!” The structural information from

5
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the TAM model was imported to the XD program using the XDINI module. All XsH distafi¢ess oo

were restrained to the values obtained from neutron diffraction data. The ADPs for hydrogen
atoms were derived by scaling the neutron-derived ADPs using the Blessing method,*® as
implemented in SCALE-XN program. For the 1P_O form, in the absence of neutron diffraction
data and being polymorphs, the multipole refinement was performed using the X-H distances
and scaled ADPs of the 1P_T form. The module XDLSM was then used to refine the scale
factor using all reflections. Next, the atomic positions and ADPs of non-hydrogen atoms were
refined using high-order diffraction data (sin 6/4 > 0.8 A-!). The subsequent refinements of
multipoles up to hexadecapoles (/,.x=4) for fluorine atoms, up to octupoles (/,=3) for carbon
and nitrogen atoms, and up to dipoles (/n.=1) for hydrogen, and additionally the first
component of quadrupole (/.x=2) for the hydrogen atoms bonded to nitrogen atoms, were
carried out in a stepwise manner. Twenty-three sets of kappas (x) were assigned for the
chemically different types of non-hydrogen atoms. For hydrogens, the x values were fixed to
1.2. Finally, all these parameters were combined to perform refinement using all reflections.
At each step, refinement continued until convergence was achieved. For modeling the
anharmonic motions of fluorine atoms, the fourth-order Gram-Charlier coefficients were
refined using high-order diffraction data.?>3!- 32 Additionally, for the 1P_O form, the Gram-
Charlier coefficients were refined for the C22A and C11B atoms. Further, for both forms, x
and x’ for hydrogen atoms and x’ for fluorine atoms were transferred from the multipole model
constructed from dynamic structure factors calculated using periodic mechanical quantum

calculations, as described in the following section.

THEORETICAL SECTION

Molecular Electrostatic Surface Potential and Frontier Molecular Orbital Calculations:
The initial structure of 1 was optimized at the B3LYP-D3/6-31G(d,p) level of theory, followed
by vibrational frequency calculations to confirm that the optimized geometry corresponds to a
true minimum on the potential energy surface. Single-point calculations were subsequently
performed on the dimeric crystal structures of the polymorphs 1P T and 1P_O, as extracted
from their respective crystal lattices. Electron density and electrostatic surface potential (ESP)
distributions were derived from the computed wavefunctions, and the ESP maps were
visualized using MoleCo0lQt.> The corresponding frontier molecular orbital (FMO) analyses
were carried out using ChemCraft.>* The quantum chemical calculations were performed using

Gaussian 16.5°

00724D
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Dynamic Structure Factor and Multipole Modeling: For both polymorphs, ,periGdic. oo
quantum-mechanical calculations were performed using the CRYSTAL23 code,’® based on the
set of atomic coordinates obtained from the experimental multipole model. The wave function
was generated using an all-electron Gaussian-type localized orbital 6-31G** basis set>’ and
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)’® was used for
exchange-correlation functional in combination with Grimme’s empirical dispersion correction
(D3).%° The energy convergence was achieved by setting the tolerance and level shifter to 10-7
and 0.3 Hartree, respectively. Along the reciprocal lattice vectors, the shrinking factor was set
to 4. The periodic wave function and the experimental ADPs were then utilized to generate the
dynamic structure factor for the set of experimentally observed reflections using the XFAC
module. Subsequently, the multipole modeling was performed using F2, refining the same set

of multipoles as in the experimental multipole model.

Estimation of Proton Transfer Barrier: The proton transfer barrier was estimated using first-
principles DFT calculations. Here, we performed the climbing image nudged elastic band (CI-
NEB)® calculations using VASP 5.4.4 with the projector augmented wave (PAW)
pseudopotentials®! for the electronic-ion interactions. The wave function was expanded in a
plane-wave basis using a kinetic-energy cutoff of 550 eV. We used PBE for exchange-
correlation functional in combination with Grimme’s D3 correction and a k-points mesh of

1x2x1 and 2x2x2 for 1P_O and 1P_T forms, respectively. The convergence criteria for the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

energy and residual Hellmann-Feynman forces were set to 10-° eV and 103 eV/A, respectively.

The cell parameters and atomic coordinates of the experimental crystal structure of 1P_T and

Open Access Article. Published on 03 June 2026. Downloaded on 6/4/2026 4:30:03 AM.

1P_O were optimized at OK. The corresponding optimized structure is referred to as “pristine

(cc)

structure”. Subsequently, the proton of the -NH group was interpolated linearly towards the N-
atom of the adjacent molecule participating in the N-H...N bonding. The corresponding
structure is referred to as “modified structure”, which comprises N...H-N hydrogen bonds. For
the modified structure, only the atomic coordinates were optimized using the same cell
parameters throughout the NEB trajectory. Considering the collective proton transfer during
polarization reversal in the polymorphic forms, a total of five images were used in the trajectory
between the before- and after-proton-transfer configurations, ensuring a step width of 0.1-0.2
A for tracing the proton transfer. The entire NEB trajectory is optimized by selectively allowing
proton movement in the plane perpendicular to the hydrogen-bonding direction. The energy
differences between the optimized structures before and after the proton transfer result in the

different barrier heights in the forward and backward directions. Therefore, the potential
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barrier,®? i.e., the kinetically resolved activation (KRA) barrier, was estimated upep, ayera

the potential barrier in the forward and backward directions and using the following relation:
AERRA = ETS _ 1 (ET + EF)

where E™S is the energy of the transition state and E' and EF are the energies before and after

the proton transfer configuration, respectively.

Sublattice Polarization Calculation: For the 1P_O form, we calculated the contributions of
the two sublattices to the net P using the modern theory of polarization based on the Berry
phase method,® * as implemented in the VASP 5.4.4 code, with the same level of calculation
described above. The polarization calculation was performed using the strategy for estimating
the polarization of PTM-based organic FEs.> 3 13 However, in this case, the polarization was
calculated layer by layer by removing the second layer from the unit cell. Additionally, the
polarization of the two layers in the unit cell was also estimated at 0K using the optimized

geometry.

RESULTS AND DISCUSSIONS

Crystal Structure Analysis: Excellent quality crystals of the 1P_T form were grown from the
slow evaporation from a solution in m-xylene, and those of the 1P_O form were grown via
vacuum sublimation. The superior quality of X-ray diffraction from the 1P_T crystal resulted
in slightly higher resolution data than the 1P_O crystal (Table 1). The polymorphs 1P_T and
IP_O crystallize in the polar space groups P4, and Pca2,, respectively. The neutron diffraction-
based crystal data and refinement parameters of 1P_T are tabulated in Table S1. The N-H bond
and N-H...N hydrogen bond distances from neutron diffraction data were compared with those
from the HAR model and with the standard neutron distances®> (Table S2). While the standard
N-H neutron distances are comparable to those determined from neutron diffraction data, the
HAR model-based distances are slightly underestimated. Consequently, the N-H...N hydrogen
bond distances from the HAR model are marginally elongated. Due to the limitations of X-rays
for hydrogen atom site determination, the proton tautomeric pathway for both the polymorphic
forms was further analyzed after resetting the N-H distances to the values obtained from the
neutron diffraction experiment. The displacement ellipsoid plots based on the multipole model
of the polymorphic forms are shown in Figure S1. Both forms contain two crystallographically

independent molecules in the asymmetric unit (Z° = 2), labeled A and B.
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Polymorphs 1P T 1P O
Chemical Formula CyH;3F5N,
Formula Weight 362.357
Space Group P4, Pca2,
a, b, c (A) 14.4058(5), 14.4058(5), 18.6560(8), 10.2687(4),
15.8555(6) 17.9704(7)
Volume (A3) 3290.4(2) 3442.6(2)
VAV A 8;2 8;2
Resolution (dpi) () 0.44 0.46
Density(g cm) 1.463 1.398
4 (mm™) 0.111 0.106
T iins Tonax 0.973, 0.980 0.951, 0.991
Rivss Ryerge 0.0456, 0.0450 0.0543, 0.0541
Measured reflections 452320 363650
Unique reflections 40552 37127
Completeness (%) 99.9 99.8
Redundancy 11.13 9.55
Model IAM
Reflection No. [1 > 26(])] 36599 34169
R(F?), R,(F?) 0.0315, 0.0845 0.0346, 0.0906
Goodness of Fit (.S) 1.116 1.046
APrmaxs APmin (A7) 0.595, -0.347 0.690, -0.695
Model HAR
Reflection No. [1 > 26(])] 36599 34169
R(F?), R(F?) 0.0219, 0.0416 0.0268, 0.0625
Goodness of Fit (S) 1.1205 1.034
APmaxs APmin (€A7) 0.526, -0.330 0.571,-0.732
Model Multipole
Experimental Theoretical Experimental Theoretical
Reflection No. (V) 35571 40609 33592 39066
> 30(D)]
Neet /Ny 23.0 38.0 21.7 36.5
R(F?), R,(F?) 0.0204, 0.0259 | 0.0055, 0.0021 | 0.0231, 0.0321 | 0.0050, 0.0018
APrmaxs APmin (€A) 0.148,-0.145 | 0.093,-0.128 | 0.202,-0.206 | 0.092,-0.102

View Article Online
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Molecular Packing Analysis: The polymorphs adopt an ABAB type structure, and, the A #8855

B molecules form butterfly-like arrangements via asymmetric Nao-Ha---Ng and Ng-Hg --Ny
hydrogen bonds along the c- and a-axes for 1P_T and 1P_O, respectively (Figure S2). Further,
the packing analysis reveals that the difference in distance between the two successive N-H...N
hydrogen bonds in 1P _T (0.047A) is shorter than that in 1P O (0.161A) (Figure 1). This
suggests that the A-type molecules are displaced from the center position between the two B-
type molecules in 1P_O by a greater amount than that in 1P_T. The molecular packing of both

polymorphs was analysed and discussed in detail in an earlier report by some of us.®

() (b)

Figure 1: Depicting N-H---N hydrogen bonds between the A and B type molecules in 1P_T
(left) and 1P_O (right). Only H-atoms of the -NH groups participating in the RAHB are shown

for clarity. The distances are in A.

Scrutiny of Multipole Models: The final experimental and theoretical multipole models
derived for both polymorphs were tested for accuracy based on the statistical analysis of the
residual electron densities. The anticipated parabolic shape of the fractal dimension plot and
the Gaussian distribution of the pixel population, plotted against the residual electron densities
(Figures S3 and S4), indicate the accuracy of the models. A maximum scale-factor variation
of 5% from unity, as observed in the DRK plots (Figure S5), suggests that these models are of
high quality. The featureless residual electron densities (Table 1) confirm that the experimental

(Figures S6 and S7) and theoretical (Figures S8 and S9) multipole models are accurate. It is

10
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to be noted that the slight negative electron densities at some of the atomic positions 8 fh&. o750
theoretical residual electron density maps are because the molecular computation in the
CRYSTAL package is based on Gaussian-type orbitals (GTOs) centered on each atomic site,
whereas Slater-type orbitals are used to define the core electron density in the multipole

refinement.%¢

Deformation Electron Density: The sharp electron density features of the covalent bonds and
the lone pair of electrons of the N-atoms in both the polymorphic forms are highlighted via
two-dimensional (2D) and three-dimensional (3D) deformation electron density maps (Figures
S10-S15). However, the experimental 3D deformation electron densities of the —CF3 groups of
both forms appear slightly diffused due to the high anharmonic thermal motions of the F-atoms
(Figure S16). Nevertheless, they agree well with those plotted based on the theoretical
multipole model, which display sharp electron density features (Figure S17). The 3D maps
along the proton tautomeric pathway in both forms reveal that the non-bonding electron density
of sp? N-atoms exhibits different degrees of polarization towards the H-atoms of the adjacent
molecule (Figure S18). While in IP_T N2A and N2B display a similar degree of polarization
of their lone pairs (Figure S19), in 1P_O the lone pair of N2B is more polarized than that of
N2A (Figure S20). The nature of the degrees of polarization in the two forms correlates well

with the N-H...N distances shown in Figure 1.

Topological Properties and Laplacian: The topological analyses of electron densities

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

derived from the experimental and theoretical multipole models were performed using Bader’s

Quantum Theory of Atoms in Molecules (QTAIM) approach.®” The topological parameters,

Open Access Article. Published on 03 June 2026. Downloaded on 6/4/2026 4:30:03 AM.

electron density (p) and Laplacian (V?p) at the bond critical points (BCPs), for the covalent

(cc)

bonds, are listed in Table S3. Overall, the p values of the covalent bonds of A and B molecules
of both forms are slightly overestimated in the experimental model than in the theoretical
model. Grossly, the values of the topological parameters for IP_T and 1P_O are comparable.
The bond paths (BPs) and the associated BCPs along the covalent bonds, the N-H...N hydrogen
bonds, and the ring critical points for both forms have been located and are shown in Figure
S21. The Laplacian maps, shown in Figures S22-S25, highlight the charge concentration and
depletion along the covalent bonds. For the two polymorphs, the bonds involved in the proton
tautomeric pathway exhibit comparable topological parameters, and the values obtained from
the experimental and theoretical models correlate well (Table S4 and Figure 2). In both cases,
the higher values of V?p for the N1-C2 bonds of both A and B molecules (values ranging from
-18.270 to -23.753 eA-S for the A molecule and -17.766 to -25.167 eA-S for the B molecule) as
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compared to those of the N1-C1 bonds (values ranging from -15.228 to -19.255 eA;> for thg Ao

molecule and -14.166 to -21.316 eA- for the B molecule), suggest a high degree of charge
concentration in the conjugated bonds. The higher values of ellipticity in N1-C2 bonds of both
A and B molecules (values ranging from 0.14 to 0.30 for the A molecule and 0.15 to 0.28 for
the B molecule) than those of the N1-C1 bonds (values ranging from 0.05 to 0.16 for the A
molecule and 0.11 to 0.15 for the B molecule) suggest a higher covalency in N1-C2 bonds than
a typical N-C bond. The topological parameters are also in good accordance with the values
reported for 2-nitroimidazole®® and benzimidazole.® The above observations confirm the
presence of resonance within the enamine-imine fragment and RAHB in both polymorphic
forms. For the intermolecular hydrogen bonds, the positive values of V?p suggest their closed-
shell nature. While the topological parameters of H1A...N2B and H1B...N2A hydrogen bonds
are comparable in the case of the 1P_T form, they are significantly higher in the 1P_O form,
which is in accordance with their distinct bond path length, R;; (Table S4 and Figure 2).
Accordingly, a significant polarization in the Valence Shell Charge Concentration (VSCC)
around H1 and N2 is observed in the Laplacian maps, plotted using both experimental and

theoretical multipole models (Figure S26 and S27).

2.192/-21.253 2.491/-23.418 2.201/-21.181 H 2413422931 2192/-21.253

2.413/-22.931 H
N 2395721173 2.1451-18.019 N 2361/-20.975 R '“y N 2.395/-21.173, 2 reseisors, HN
/ 7 S / N / s

N
~ 1.852%
@ *Nyp Nig 0 Naa Nia 2Ny N{p
2.047/-17.489 2.105/-19.255 2.047/-17.489
— [ 20051-14.166 e 2.052/-15.351 | 00514166
2.429/-25.366 2.246/-25.167 2.451/-25.126 2.195/-23.753 2.429/-25.366 2.246/-25.167
< M.ﬂ.zW’Hi 766/ H ~ 2.3251-20.758 2,14.7-19.1? H N 2 ”'_T’/_Swz;f_nm H-
N ~ ~
N
() N / N N / N fl N / N 7~ ~
2B 1B roso © 2A 1 1.785 2B 1B
2.160/-21.316 1.960/-17.232 2.160/-21.316
2.046/-14.731 e 2.046/-14.731

Figure 2: Representation of p (eA-) (values in blue), Laplacian (eA-%) (values in red), and R;;
(A) (values in black) at the BCPs for bonds involved in the tautomeric path for (a) 1P_T and

(b) 1P_O based on experimental and theoretical (values in italics) models.

Electron Localization Function: The localization of electron density in bonding and non-
bonding regions of a compound can qualitatively be evaluated via the ELF map. The highest
value of ELF, i.e., 1, indicates perfect localization of electron density. The 3D-ELF, shown in
Figure 3, highlights regions of delocalization and regions with perfect electron density
localization. The ELF features derived from the experimental model agree well with those from
the theoretical model. The 2D-ELF maps reveal that the electron densities of the N2 atom in
both polymorphs are delocalized (highlighted in red in Figure S28-S31), indicating a high

12
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degree of polarization, and the degree of delocalization is higher in molecule B than in molé6ile: 5.5
A. Further, the variation in ELF within the intermolecular hydrogen-bonding region is
quantified (Figure 4). The ELF profile displays three characteristic humps; the first and the
third hump in the profile correspond to the nuclei of hydrogen and nitrogen atoms, respectively,
whereas the middle hump corresponds to the intermolecular hydrogen bonding region. The
ELF profile indicates that the electron density is localized more toward the nitrogen atoms.
Between the polymorphs, the electron density distribution in the intermolecular hydrogen-
bonding region shows minimal differences toward nitrogen atoms, whereas subtle differences
are observed toward hydrogen atoms. For the H1A...N2B hydrogen bond, a slightly higher
electron localization (near the BCPs at a distance of 0.57-0.62 A from the hydrogen atom) is
observed in the case of 1P_O than that of 1P_T (Figure 4a). The higher electron localization
in the HIA...N2A hydrogen bond in 1P_O form correlates well with its high electron density
at the BCP and a shorter bond path (Table S4). The H1B...N2A hydrogen bond shows similar
electron localization (near the BCPs at a distance of 0.65-0.69 A from the hydrogen atom) in
both the polymorphs, except for the experimental multipole model of 1P_O form, which is
attributed to its lower electron density (Table S4). A similar ELF profile was observed for the
O-H...O hydrogen bonds in the case of the well-known hydrogen-bonded FE, KDP.”0

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(a)

Open Access Article. Published on 03 June 2026. Downloaded on 6/4/2026 4:30:03 AM.

(cc)

(0.833

(b)

1 0.000

Figure 3: Experimental (left) and theoretical (right) 3D-ELF along the proton tautomeric
pathways of (a) 1P_T and (b) 1P_O. The color gradient bar with scale is shown in the inset.

13


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00724d

Open Access Article. Published on 03 June 2026. Downloaded on 6/4/2026 4:30:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Page 14 of 22

1.2+ 1.2 View Article Online

—*— IP_T(Exp.) —*— 1P_O(Exp.)
<4 IP_T(Theo.) -~ % 1P_O(Theo.) --#- 1P_T(Theo.) -- % - 1P_O(Theo.)

P

'*

0.8
.
= 0.6 x
et o

e \
02 aj] X 2

A
0.0 T T T L1-L\ 0.0 T T T
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 20
Distance (H1A...N2B) Distance (H1B...N2A)

(a) (b)
Figure 4: Variation of electron localization function for the (a) N1A-H1A...N2B and (b) N1B-

HIB...N2A hydrogen bonds in 1P_T and 1P_O.

Estimation of Potential Energy Barrier: The role of molecular packing in proton transfer,
assuming collective proton transfer as the mechanism for polarization reversal, was
investigated by calculating the energy barrier based on both the optimized “pristine structure”
and the “modified structures” (Figure S32). For both the polymorphs, the lattice parameters,
N-H bond lengths, N-H...N hydrogen-bond distances, and N-H...N angles of the optimized
structure agree well with those of the crystal structure (Table SS). Further, the N-H bond
lengths and N-H...N hydrogen-bond distances between the pristine structure and the modified
structures compare well. The N-H...N angles differ by 8.86° and 11.75° for 1P_T form, and
1.22° and 13.08° for 1P_O form, leading to a slight energy difference between the optimized
and modified structures (1.069 and 0.801 eV for 1P T and IP_O form, respectively), as
represented by the last data point in Figure 5. However, the energy barriers for proton transfer
for the 1P_T and 1P_O forms are estimated to be nearly equal, 0.407 and 0.406 eV/proton,
respectively, indicating that the proton transfer is indeed possible in both the polymorphs.

—*—1P_T
4.0 4 k- 1P_O

Energy (eV)
i b o £
s n o in
1 1 1 1
*

n
1

=
1

0.5

00 T T T T T 1
0.0 0.5 1.0 1.5 2.0 25 3.0

Reaction Coordinate

Figure 5: Minimum energy pathway for the collective proton transfer mechanism for the

polarization reversal in 1P_T and 1P_O.
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Estimation of Sublattice Polarization: Molecular packing analyses reveal a signifiGafits 5.5
difference in the alignment of proton tautomeric pathways between the two polymorphic forms
(Figure 6). In 1P_T form, the proton tautomeric pathways are aligned parallel to the polar c-
axis (Figure 6a). In 1P_O form, there are two sublattices formed via N-H...N hydrogen bonds
along the a-axis, as highlighted using pink shaded planes in Figure 6b. The angle between the
mean planes containing the N-H...N hydrogen bonds is 11.99°, indicating that the proton
tautomeric pathways are almost antiparallel, which is likely to diminish the net P; in this form.
The consequence of the nearly antiparallel proton tautomeric pathways on the net P, was
probed by estimating the polarization components for each sublattice. The estimation of
polarizations, i.e., Py and P, for the two sublattices, reveals P, = -P», = -1.88, Py = P», =0,
and Py, = P,, = -0.05 uC.cm for the crystal geometry, and those of the optimized geometry
are -1.75, 0, and 0.05. A slight difference in the polarization values between the crystal (|P;| =
|P;| = 1.88 uC.cm™) and the optimized (|P;]| = |P,] = 1.75 nC.cm?) geometries arises from the
subtle differences between the neutron and optimized N-H distances. The significant value of
P,, i.e., polarization along the a-axis, coincides with the direction of proton tautomeric
pathways. However, the equal amount of polarization but in opposite directions (Px = -Pa)
leads to the cancellation of polarization along the a-axis. In contrast, an equal, yet small,
amount of polarization along the c-axis (polar axis) in the same direction yields a negligible

net Pgin IP_O (0.17 pC.cm).8

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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(b)
Figure 6: Molecular packing diagrams of (a) 1P_T and (b) 1P_O, highlighting the proton

tautomeric pathways.

Molecular Electrostatic Surface Potential and Frontier Molecular Orbital Analysis:
Further, to correlate molecular packing geometry with polarization, the structural descriptors,

MESP and FMO, were analyzed. The MESP maps of 1 and its polymorphic forms (1P _T and
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1P_O) reveal a highly anisotropic electrostatic distribution that governs the integmoleciilars
recognition pattern in the crystal lattice (Figure 7). The surfaces are predominantly
characterized by green-yellow regions corresponding to moderately neutral ESP (V5), while
localized intense blue domains (Vs* ay, ~ 183.79 kJ.mol ') highlight strongly electron-deficient
sites associated with polarized hydrogen atoms acting as efficient hydrogen-bond donors.
Notably, the persistence of these positive ESP regions (V5" 4 = 183.79 and 183.41 kJ.mol!)
in the respective polymorphic forms indicates that molecular packing, i.e., supramolecular
aggregation, perturbs the intrinsic electrophilic character of the donor sites to the least. In
contrast, the localized red-orange regions representing negative ESP exhibit a slight attenuation
from Vg ae = —52.51kJ.mol™! in the isolated molecular form to —47.28 kJ.mol™! in the
aggregated state, suggesting partial electrostatic compensation arising from intermolecular
charge redistribution due to the molecular packing in the crystal lattice. The spatial
complementarity between the electron-rich acceptor domains and electron-deficient donor
regions provides direct evidence for directional donor—acceptor interactions that promote
robust intermolecular hydrogen bonding and stabilize the supramolecular framework.
Furthermore, the distinct redistribution of ESP in 1P T and 1P_O highlights the subtle
influence of polymorphism on local charge organization, indicating that variations in molecular
packing modulate the extent of intermolecular electrostatic coupling without substantially
altering the fundamental reactive surface characteristics of the molecular scaffold.
g 0321

0.250 -

0.180
0.109

i
0.039
" 4

" 4
0.032 V' o™ 183.79 Vs wg=186.41 V¥ ™ 183.79
Vs wa=-52.510 Ve wa=-47.2 Vs op= 4725

(a) (b) (c)
Figure 7: MESP maps of the (a) optimized geometry of 1 and the crystal geometry of (b) 1P T

1 -0.102

and (c) 1P_O, plotted on the 0.02 a.u. electron-density isosurface. The average maximum (V5"

ave) and average minimum (V5" ,y,) ESP values are in kJ.mol ..

From a frontier electronic perspective, both 1P T and 1P_O exhibit well-defined donor—
acceptor electronic architectures with significant n-electron delocalization across the molecular
backbone (Figure 8), which is highly favorable for polarization and domain switching. In

1P T, the HOMO is predominantly localized over the electron-rich aromatic and heterocyclic

16

Page 16 of 22

cle Online
00724D


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00724d

Page 17 of 22

Open Access Article. Published on 03 June 2026. Downloaded on 6/4/2026 4:30:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

icle Online

donor of one of the two molecules in the asymmetric unit of the crystal lattice, whereas thé: oo
LUMO is distributed toward the halogenated acceptor region of the other molecule (Figure
8a), indicating pronounced intramolecular charge-transfer characteristics. Further, a
comparatively lower HOMO-LUMO energy gap of 307.11 kJ.mol-' suggests its enhanced
electronic softness, higher charge mobility, and easier polarization under an external E.
Similarly, 1P_O demonstrates a substantial orbital delocalization, however, with slightly
denser population (Figure 8b). Its higher energy gap (313.48 kJ.mol!) indicates marginally
reduced charge-transfer efficiency and greater kinetic stability relative to 1P_T. Nevertheless,
the spatial separation between HOMO and LUMO densities in both systems supports effective
electronic polarization and directional electron migration, which are essential parameters
governing ferroelectric response and electronic switching behavior. Overall, the FMO analysis
suggests that 1P_T may exhibit prominent ferroelectric properties and higher polarizability,
owing to its narrower band gap and stronger donor—acceptor interactions. Compared to 1P T,
the form 1P_O exhibits enhanced (6.37 kJ.mol') electronic stability with moderate

polarizability, leading to a distinct molecular packing in its crystal lattice (Figure 6).

(b)
Figure 8: FMO distributions of the HOMO and LUMO for the asymmetric unit (£°=2) of (a)

1P T and (b) 1P_O. The orbitals are visualized at an isosurface value of 0.02 a.u.
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This study provides a comprehensive quantum crystallographic rationale for the divergent
ferroelectric behavior observed in the tetragonal and orthorhombic polar polymorphs of an
enamine-imine-based organic compound. By integrating multipole modelling of high-
resolution X-ray and neutron diffraction and 3D-ELF analysis, we successfully mapped the
electron density distributions and confirmed the presence of RAHB along the proton tautomeric
pathways in both forms. Our findings present a compelling paradox. While first-principles
calculations indicate nearly identical potential energy barriers for proton transfer in both
polymorphs, their macroscopic polarizations differ significantly. The resolution to this
discrepancy lies in the sublattice polarization analysis, supported by MESP and FMO analyses.
We demonstrate that in the orthorhombic form, the proton tautomeric pathways are arranged
in almost an antiparallel orientation, leading to a near-total cancellation of dipole moments
internally. In contrast, the tetragonal form maintains a cooperative alignment necessary for
robust ferroelectricity. This study underscores that achieving a polar point group and low
switching barriers are only the first steps in organic ferroelectric design. The spatial
synchronization of molecular dipoles, dictated by crystal packing, remains the ultimate
determinant of performance. By providing a deeper understanding of the interplay between
electron density, hydrogen bonding, and symmetry, this work establishes a blueprint for
leveraging polymorphism as a strategic tool for the rational design of next-generation organic

electronic materials with tunable properties.
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