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Figure 4. Lamellae length distribution, after annealing, on flat substrate (a) and on substrates having
different curvatures: 0.00492 nm~? (b), 0.00658 nm~! (c), 0.00851 nm~! (d), 0.0140 nm~! (e) and
0.0400 nm ! (), where the contour length is the lengths of the traced lamellae in the AFM phase
image, while the count is the number of traced lamellae with that given length. The red lines on
different plots represent the log-normal fit of the distributions.

Similarly, the peak of the log-normal fit of the length distribution moves to lower values
for curvatures ranging between 0 and 0.00851 nm ™!, then remains constant (Figure 5a).
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Figure 5. Effect of the surface curvature on the maximum (a) of the lamellae length distribution.
(b) PSD distributions of lamellar thickness of P3HT thin film on substrates having different curvature.

AFM analysis can provide further information on the P3HT crystalline structure by
considering the power spectral density (PSD). This tool consists of isotropic Fast Fourier
Transform (FFT) filtering, leading to a 1D plot of the reciprocal distance.

Any periodical distance in the AFM images leads to peaks emerging from the sig-
moidal PSD plots [34]. In the present case, the periodical signal arises from the constant
lamellar thickness generated by the periodic folding of the polymer chain in the crys-
tal [35,36]. Semi-quantitative information was obtained by carrying out a Gaussian fit of the
curves (Figure 5b), where the peak position was interpreted as the most probable lamellar
thickness. No significant variations in lamellar thickness with curvature were observed,
recording mean values of 22.95 &+ 0.8 nm. This constant mean lamellar thickness suggests
that the uppermost folded polymer chain lays parallel to the substrate plane.
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4. Discussion

The above results demonstrate how nanoscale curvature mostly affects the film crys-
talline fraction and the crystal size. On the contrary, as revealed by the PSD analysis of the
AFM images, the crystal arrangement of the uppermost crystals does not change with the
substrate curvature. In the assumption that buried P3HT crystals also arrange in an edge-on
orientation, i.e., with the lamellar stacking direction perpendicular to the substrate plane
and with the folded chain segments parallel to the substrate, the polymer crystallizes only
in those substrate portions where the distance between two neighboring particles is equal
or higher than the folding period (L = 22.95 £ 0.8 nm). On the other hand, it is reasonable
to assume that the bottom polymer film is amorphous. This leads to a reduction in the
crystalline fraction as a function of the surface curvature, which agrees with the reduced
intensity of the diffraction peaks on nano-curved substrates and the background increase
arising from the short-range ordering of the chain segments (see Figure 1). Moreover, the
height “1” required to have a distance between adjacent particles at least equal to the folding
period (see Figure 6) changes with the particle radius, i.e., with the substrate curvature, as
reported in Figure 6a.
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Figure 6. Schematic representation of the nano-curved surface covered by P3HT thin films, where
1 is the height required to have a distance between adjacent particles at least equal to the folding
period L, i.e., the minimum distance between two particles able to accommodate a P3HT lamella.
Figures (b,c) show two different particle dimensions in order to show how 1 decreases with the
reduction of particles diameter leading, as a consequence, to thicker crystallizable film portions above
1. (a) reported the calculated values of I for all curvatures under investigation.

In particular, as the substrate curvature increases, this height diminishes, causing a
corresponding decrease in the polymer fraction that occupies the spaces between neighbor-
ing particles. This explains why the broad halo at ~1.7 A~! decreases at higher curvatures.
Moreover, the presence of a larger amorphous fraction (see Figure 6a) also explains why
the FWHM of the out-of-plane lamellar stacking peak is higher at lower curvatures, i.e., the
out-of-plane crystal size is lower. As a significant fraction of the polymer accumulates in
the interstices, the ability of lamellae to grow perpendicularly to the substrate plane is
reduced. On the contrary, this reorganization favors the in-plane growth, as confirmed
by the AFM images (Figure 3), showing that on low-curvature substrates, more extended
crystals formed and, among them, the longest ones grew along the interstices between
particles. Vice versa, at higher curvatures, the lower amorphous fraction required to fill
the interstices between neighboring particles increases the nucleation probability, leading
to many short (thicker) crystals, both in the interstices and on the curved portions of the
substrate. Finally, when the film thickness exceeds the particle radius for the 0.04 nm~!
substrate, the top crystals nucleate and grow on a flat substrate consisting of particles and
an interstice-filling polymer film. This leads back to an increase in the relative edge-on
orientation (Figure 2c).



Polymers 2023, 15, 4453

80f10

Overall, our results demonstrate that the nanoscale curvature decreases both the crys-
talline length and out-of-plane thickness, consequently increasing the polymer amorphous
fraction. This effect, caused by the amorphous interstice-filling fraction, is markedly depen-
dent on the polymer film thickness, as, for a given curvature, the crystallizable polymer
fraction above the threshold thickness “l” increases with the film thickness. As a matter of
fact, despite the expected stronger distortive effect played by higher curvatures, polymer
films deposited on substrates covered with the smallest particles are characterized, because
of the lower threshold thickness, by the highest crystalline fraction. Therefore, we expect
that our approach can be extended to thicker polymer films, provided that the appropriate
substrate curvature is chosen.

5. Conclusions

We demonstrated how the geometric strain of substrates can be used to modulate the
structure of P3HT thin films. The presence of periodic nanoscale curvature influences the
crystalline fraction, morphology, and orientation. In particular, the presence of narrow
interstices preventing the chain folding required for crystallization reduces the crystalline
fraction, this effect being more relevant at lower curvatures. On the other hand, the
morphology and orientation of the crystals are dictated by the residual thickness, i.e., the
film fraction lying above the threshold distance between two neighboring particles, enabling
chain folding. Low residual thicknesses, i.e., low curvatures, favor in-plane crystal growth,
leading to longer lamellae characterized by predominant edge-on orientation. Vice versa,
on high-curvature substrates, randomly oriented shorter and thicker lamellae form because
of the enhanced nucleation and out-of-plane growth.

The reported work provides a novel and easy method to modulate the structure of
polymer films by exploiting geometric distortion and interfacial interactions with possible
effects on the functional properties of the polymer film. Overall, the reported results
could pave the way for subtle management of the morphology and structure control of
thin films and to a deeper understanding of the self-assembly behavior of confined soft
matter by enabling the quantitative determination of fundamental parameters, such as
the crystallization enthalpy and its related loss when nanometric strains are applied. This
would allow for greater control of the system and the design of advanced devices, in which
it is possible to control the individual building blocks and finely modulate the polymeric
assembly. In conclusion, our approach might allow for the creation of devices based on the
local control of the properties of the system, where the interactions with the substrate are
the key parameters for the realization of finely tailored properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com /article/10.3390 /polym15224453 /51, Figure S1: 1 x 1 um? AFM height images of
flat and nano-curved substrates; Figure S2: 10 x 10 um? AFM height images of flat and nano-
curved substrates.
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