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This study explores fluorine-effect on the supramolecular
polymerization and piezoresponse of naphthalene-diimide (NDI)
derivatives. A single fluorine substitution in NDI-F induces higher
crystallinity, thermal stability and cooperativity compared to its
hydrogenated-analogue (NDI-H). Molecular dynamic simulation
reveals that aligned C-F dipoles stabilize the supramolecular
polymer via C-H---F interactions. Consequently, NDI-F exhibits a
much superior piezoelectric coefficient (ds; ~ 24pm/V) than NDI-H.

Supramolecular polymers of m-systems!> are produced
primarily by hydrogen-bonding and m-stacking. Dipolar,® donor-
acceptor charge-transfer’® or metal-metal interaction,®
halogen®? or chalcogen bond ! or other interactions have been
employed only to a limited extent.'?*® Fluorine is a unique
element as its small atomic size and large nuclear charge
generate the largest electronegativity of any element, which
have found relevance in biology, synthetic chemistry or
molecular materials.’® We envisaged that fluorination could
substantially control structure and functions of supramolecular
polymers, which is yet to be explored. To test such possibilities,
we have synthesized NDI-F (Fig 1a), in which a naphthalene-
diimide (NDI) chromophore 20 is functionalized with an amide-
linked branched hydrocarbon chain in one arm (for H-bonding),
and a short chiral chain in the other arm (for macroscopic
symmetry breaking). A single F atom is substituted in the beta-
position to the imide-nitrogen to explore the fluorine-effect.
NDI-H (Fig 1a) has otherwise same structure to NDI-F except the
F atom. We envisaged, presence of the F atom might introduce
extended C-H---F interaction 2! in the supramolecular polymer
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of NDI-F, which can impact its stability and structure due to the
possibility of alignment of the C-F dipoles.22
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Fig. 1 (a) Structures of NDIF and NDI-H; AFM images of (b) NDI-F and (d) NDI-H in
decane (c = 0.2mM), inset: sol/gel of (b) NDI-F and (d) NDI-H in decane; (c) Small
angle and (e) wide angle powder XRD pattern of dried films of NDI-F and NDI-H.

Such dipole-alignment may lead to polarizable solid with
piezoelectric properties.23-25> NDI-F and NDI-H were synthesized
(Scheme S1-4) in a few steps and isolated as off-white solid.
Supramolecular polymerization of was examined in decane (c =
5.0 mM). When hot solution of NDI-F was cooled to rt, it did not
produce gel (tested in the concentration window of 5-1.25 mM),
but precipitated (inset-Fig 1b), unlike NDI-H showing gelation
(inset-Fig 1c). Stress-amplitude sweep measurements (Fig S1)26
with NDI-H gel revealed a linear viscoelastic region (LVR) with
significantly larger storage modulus (G') than the loss modulus
(G"), a typical characteristic of the gel phase. Despite this sharp
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contrast in gelation, AFM images (Fig 1b, c) indicated identical
fibrillar network for both systems. Small-angle powder X-ray
diffraction (PXRD) patterns of the dried films of NDI-F and NDI-
H showed (Fig 1d-e) a single peak at 26 = 2.53° (d = 35 A) and
2.85° (d = 32 A), for NDI-F and NDI-H, respectively. These d-
spacings roughly correspond to the estimated end-to-end
distance of the molecules along their long axis (Fig S2).
However, in the wide-angle region, NDI-F showed multiple
sharp peaks unlike NDI-H, indicating higher crystalline order for
the NDI-F, which could be the reason for the macroscopic
precipitation in this case.?”

Supramolecular polymerization was further probed in dilute
solution (c = 0.1 mM) by UV/Vis and CD spectroscopy (Fig 2). In
THF, identical spectra exhibiting sharp absorption bands with
vibronic peaks in the range of 300-400 nm, indicate monomeric
state for both systems. In decane, bathochromic shift with
significantly reduced peak intensity (Fig 2a) and reversal of the
ratio of the intensity of the peaks at ~385 and ~365 nm (lsss/
I365) suggests m-stacking 20 for both systems. A notable CD band
in decane (Fig 2b) indicates transfer of molecular chirality to the
supramolecular polymer. Variable temperature UV/Vis
spectroscopy in decane (Fig S3) showed that with increasing
temperature, the aggregated spectra gradually changed and
eventually monomeric spectra were noticed at the elevated
temperature. The melting curves (inset-Fig 2a) revealed ao5(T)
(temperature at which the mole fraction of aggregate = 0.5) to
be 61 °C and 47 °C for NDI-F and NDI-H, respectively, indicating
significantly higher thermal stability for NDI-F polymer.
Thermodynamic parameters associated with supramolecular
polymerization were estimated from the cooling curves
obtained from UV/Vis spectroscopy (Fig S4). For both systems,
non-sigmoidal curves were obtained (Fig S4), indicating
cooperative supramolecular polymerization. Fitting of these
curves (Fig S4) with the nucleation-elongation model,?8 reveal
(Table S1) significantly higher T. and smaller value of the
dimensionless equilibrium constant K, for NDI-F, indicating
higher propensity of supramolecular
cooperativity in the supramolecular polymerization of NDI-F,
which may be related to the dipole (C-F) alignment.22
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Fig. 2 (a) UV/vis spectra of NDI-F and NDI-H in THF (dashed line) or decane (solid
line) (c = 0.1mM, | = 0.1 cm), inset: Variation of mole fraction of the aggregate
(estimated from change in intensity at 375 nm for each case) as a function of
temperature obtained from UV/vis spectra; (b) CD spectra of NDI-F (black), NDI-H
(blue) in THF (dotted line) and decane (solid line) (c=0.2mM, | = 0.1 cm).

To probe the origin of these differences, we carried out
molecular dynamics (MD) simulation (Fig 3, S5-6). Simulations
of 40 initially dispersed molecules (NDI-H or NDI-F) revealed
spontaneous stacking over the course of the trajectories, which
was subsequently used as a basis for constructing higher-order
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configurations. To quantify the stability of pair-wise
interactions, the potential of mean force (PMF) between two
NDI molecules was computed in a dimeric setup (Fig 3a). A one-
dimensional umbrella sampling approach was employed, using
the distance between the centres of mass of adjacent NDI rings

as the reaction coordinate.
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Fig. 3 (a) Potential of mean force (PMF) profile for dimer formation of NDI-H and NDI-F;
(b) C-F alignment parameter calculated for the two intercalated octameric stacks. Higher
values indicate a correlated orientation of C-F bond vector with respect to the stacking
direction; (c) Octameric stack of NDI-F showing majority aligned C-F bonds; (d) Effect of
applied electric fields (0.8 and 2 V/nm) on NDI aggregates. Distance differences were

Anti-aligned F

measured at the pentameric core along the field direction to minimize terminal
fluctuations from the octameric stack. Relative to the zero-field condition, NDI-F shows
progressive expansion with increasing field strength.

The resulting free energy profiles indicate that NDI-F exhibits a
deeper minimum than NDI-H by approximately 2.5 kcal/mol (Fig
3a). Additionally, a secondary minimum at 1.1 nm corresponds
to a vertically oriented configuration, where the molecules are
stabilized by hydrogen bonding between amide groups (Fig S5).
To further probe the stacking motif, representative
configurations from these dispersed systems were propagated
into tetrameric assemblies. In both cases, the dominant
arrangement was found to be an offset stacking geometry.
Building on the tetrameric stacking parameters, the assemblies
were extended to octameric stacks (Fig 3c). However, a single
stack alone did not exhibit sufficient stability over long
timescales. To address this, a secondary stack was introduced in
proximity to the primary one (Fig S6). The resulting double-stack
configuration formed an intercalated architecture in which
pendant groups interact not only within a given stack but also
across neighbouring stacks, contributing to the overall stability.
Structural inspection revealed the presence of specific C—F---H—
C interactions between adjacent NDI-F molecules. To quantify
this effect, a geometric descriptor was defined: the angle
between the stacking vector (connecting adjacent NDI centres
along the stacking direction) and the C—F bond vector of the

This journal is © The Royal Society of Chemistry 20xx
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upper molecule among the two NDI molecules under
consideration. Excluding terminal units, six such angles were
evaluated over the trajectory. These angles were classified as
aligned (< 90°) or anti-aligned (> 90°) relative to the stacking
direction. A metric was constructed to quantify the degree of
correlation, ranging from 3 (uncorrelated orientations) to 6
(fully correlated alignment or anti-alignment) (Fig 3b). Analysis
of this observable revealed a significant population at values of
5 and 6 for NDI-F stacks, indicating a strong tendency toward
correlated orientation of the C—F bonds along the stacking axis
(Fig 3b, S7), likely contributing to the enhanced stabilization of
NDI-F system by C-H---F interaction. This was supported by
solvent and temperature dependent 1°F NMR spectroscopy (Fig.
S8), revealing a net up-field shift A§(°F) > 0.6 ppm in decane
compared to CDCl; or in decane as an elevated temperature. 2°
Such oriented C-F generated a macro-dipole along the stack,
desirable for piezoelectricity.?3-25 Distance changes induced by
electric fields (0.8 or 2 V/nm) were quantified along the stacking
direction of the bi-stacked octameric NDI-F aggregates which
revealed significant expansion along the applied field direction
by 0.22 nm at 0.8 V/nm and 0.30 nm at 2 V/nm for NDI-F, while
it was much smaller for NDI-H, as also the net dipole moment of
the pentameric stack (Fig. 3d, S9-10). Under the applied electric
field, C-F bond ordering was further reinforced, resulting in
near-complete alignment of the C—F bond vectors along the
field direction in both stacks (Fig S16).

To probe the effect of such alignment of the C-F dipoles,
intrinsic piezoelectric behaviour and nanoscale domain
dynamics were investigated using piezoresponse force
microscopy (PFM) and Kelvin probe force microscopy (KPFM).
Switching spectroscopy PFM (SS-PFM) measurements were
performed to probe local polarization switching in these NDI
films. The SS-PFM butterfly loops and corresponding phase
hysteresis curves (Fig 4a-b), recorded in the “off-state” after
applying a sequence of DC biases between the conductive tip
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and ITO substrate, exhibit clear full phase switching (~180°) at a
coercive voltage of ~3 V, confirming switchable polarization.
The extracted effective piezoelectric coefficient (dss.ef) value 30
31 (Table S1) for NDI-F (= 24 + 3 pm/V) was found (Fig 4c) to be
significantly larger compared to that of NDI-H (= 10 £ 3 pm/V)
(Fig 4a), which is attributed to greater polarizability of NDI-F
supramolecular polymer due to aligned C-F dipoles (Fig 3).
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Fig. 4 (a) PFM butterfly hysteresis loops for the NDI-H and NDI-F molecules,
showing field-dependent electromechanical response; (b) Phase hysteresis loop
for NDI-H and NDI-F (c) PFM butterfly loop and corresponding dss plot for the NDI-
F supramolecular system, illustrating the field-dependent piezoelectric response.
(d) Gaussian-fitted histogram of ds; with an average peak value ~ 24 pm/V.

The Gaussian-fitted histogram of dssindicates the average
piezoresponse of the sample (Fig 4d). Voltage-dependent SS-
PFM studies further reveal that stable phase hysteresis loops
are observed within a bias window of 2-6 V, defining a cut-off
voltage of ~2 V and a breakdown voltage near ~7 V (Fig S11). T
he widening of the phase hysteresis loop area with increasing
bias likely reflects enhanced dipole alignment during repeated
switching cycles, whereas minor ionic or charge-redistribution
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Fig. 5 (a) PFM topography image (a) amplitude image of the NDI-F supramolecular system at 0 V bias; (b-d) amplitude images of NDI-F under applied bias voltages of 5V,
illustrating the variation in piezoresponse with field polarity; (e-g) PFM phase images of NDI-F under applied bias voltages of +5 V, illustrating the variation in piezoresponse
with field polarity , demonstrating the corresponding changes in polarization contrast and domain response; h) variation of the surface potential and ds3 of the NDI-H and NDI-

F supramolecular system.
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contribution, if present, will be presumably similar in both NDI-
F and NDI-H.3033 Moreover, NDI-F retains a significant
piezoelectric response even after 100 continuous cycles,
indicating reasonable stability for any supramolecular system
(Fig. S11c, d). PFM imaging of NDI-F (Fig 5) and NDI-H (Fig S12),
surface topography, amplitude and phase under *5 V bias
demonstrate the presence of well-defined polarizable domains
at microscopic levels. The absence of direct correlation between
topography (Fig 5a) and amplitude domain contrast confirms
that the observed signal originates predominantly from intrinsic
piezoelectric deformation rather than morphological artefacts
(Fig 5b-d). The clear contrast reversal in phase images under
opposite bias polarities indicates stable and reversible domain
switching (Fig 5e-g), providing strong evidence of intrinsic
piezoelectricity in NDI-F. PFM (ds3) and complementary KPFM
analysis provides insight into the nanoscale electrostatic
potential distribution, revealing a higher surface potential for
NDI-F (~47 mV) compared to NDI-H (~30 mV) (Fig 5h, Table S1).
This enhancement is associated with stronger dipole
orientation and increased surface charge density, leading to
improved internal electric fields and charge transport
characteristics. The KPFM topography image, corresponding
surface potential map, and line profile showing the variation of
surface potential along the selected region for the NDI-H and
NDI-F supramolecular systems are shown in Fig S13. Together,
the PFM and KPFM results establish a direct link between
polarization switching and surface potential, demonstrating
that electromechanical and electrostatic responses are strongly
coupled in this system. Dielectric measurements show that NDI-
F possesses a stable electrodynamic behaviour with a decent
dielectric constant €, = 30 compared to NDI-H with €, = 21, along
with a relatively low dielectric loss (Fig S14a-b). The absence of
any anomaly in the dielectric plot indicates that electronic
conductivity dominates rather than ferroelectric transition.
Overall, the combination of
piezoelectric polarization and an elevated dielectric constant
underscore the potential of NDI-F for advanced sensing and
energy-harvesting applications.

pronounced microscopic

Conclusions

In summary, we have demonstrated a successful strategy to
control the supramolecular polymerization and tune the
piezoelectric performance of naphthalene-diimide (NDI)
derivatives via a single fluorine substitution. The introduction of
the fluorine atom enhances the crystalline order, thermal
stability, and cooperativity of the supramolecular
polymerization process due to the alignment of C—F dipoles,
which stabilize the assembly likely through C—H---F interactions.
Consequently, the self-assembled NDI-F system exhibits a
significantly improved piezo-response, which is comparable or
higher than recently reported organic and supramolecular
piezoelectric systems (Table S2). These findings highlight the
potential of localized fluorination as an effective design
principle for developing polar supramolecular polymers34-43 for
micro-power energy harvesting and bioelectronics.
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