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Here we investigate nanotubes of poly(3-hexylthiophene) (P3HT) prepared by solvent casting using

highly ordered AAO (anodized aluminum oxide) membranes as templates. Upon varying the thickness of

the nanotubes between 13 nm and 44 nm, a rise in conductivity by five orders of magnitude is observed.

For 44 nm thick P3HT nanotubes, a conductivity value higher than in the bulk is reported. The
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effect is evidenced by X-ray scattering structural investigations

crystalline domains along the long axis of the nanopores.

Nanoconfinement in nanopores could represent thus a powerful tool to modulate, within many orders

of magnitude, the conductive properties of conjugated polymers and give rise to nanomaterials

rsc.li/soft-matter-journal

1. Introduction

In the recent years, the fabrication of nanostructures of semi-
conducting polymers has received significant interest in the
field of nanoscience and nanotechnology' due to their unique
properties that emerge at the nanoscale. Specific phenomena
arising at this scale, driven by interfacial interactions and
orientation and ordering effects, can lead to enhancement in
physical properties and open thus new perspectives to potential
applications in flexible electronic devices, sensors, transistors,
solar cells etc. Due to its excellent charge transport properties
and ease of processing, poly(3-hexylthiophene) (P3HT) is one
of the most extensively studied conjugated polymers, both
in the bulk® and under confinement into nanometric films®
and nanopores.” Among various fabrication methods, the
“template-assisted” method has emerged as a promising
approach for the fabrication of P3HT nanostructures, such as
nanowires,® nanotubes’ or nanopillars.® This method involves
the use of prefabricated porous templates, such as aluminum
oxide nanoporous membranes (AAO),° as a confinement
matrix. AAO membranes, fabricated by a two-step electroche-
mical anodization process, offer a highly-ordered hexagonally-
packed structure of identical, independent nanopores whose
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exhibiting better properties than in the bulk.

diameter and length can be easily controlled by adjusting the
anodization conditions:"* the nature and the concentration of
the acid solution used as electrolyte, the temperature, the
applied voltage and the anodization time. Thus, the AAO
membranes represent ideal templates to fabricate nanotubes
and nanowires of well-defined shapes and sizes by inserting
polymers into nanopores. These polymer nanostructures can be
kept confined in the nanopores or released by dissolving the
AAO membranes and their physical properties can be investi-
gated using different experimental techniques.'' Studies on
conjugated polymers confined in thin films,">" nanotubes'*
and nanowires" reveal changes in the crystallization process
and orientation of the polymer chains leading to optical and
electronic properties that significantly differ from the bulk. For
P3HT nanowires of 250 nm diameter, for instance, Jaime
Martin et al.'® revealed an alignment of the m-n stacking
parallel to the nanopores axis. They also showed that, for
thinner nanowires of 60 nm diameter, the n-n stacking is
oriented perpendicular to the nanopores axis, indicating thus
a strong impact of the nanopore diameter. D. Pourjafari et al.'®
investigated short P3HT nanowires (i.e. nanorods) prepared by
AAO template-assisted synthesis and reported a conductivity
value almost three times higher than in dense P3HT films. This
effect was attributed to a longer conjugation length, higher
crystallinity and lower band gap. J. Byun et al.'* investigated
P3HT nanotubes prepared by solution wetting of AAO tem-
plates and reported a conductivity 10 times higher than in the
bulk, due to aligned P3HT chains along the nanotube direction.

This journal is © The Royal Society of Chemistry 2025
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In thin P3HT films,"”” a decrease in the relative degree of
crystallinity with the film thickness is reported from 100% at
110 nm to around 20% for 10 nm, due to confinement effects.

Obviously, a wealth of different phenomena take place at the
nanoscale and their overlapping contributions are not always easy
to separate, making the interpretation of the experimental results
difficult and hindering a complete understanding of the impact of
nanometric confinement on polymer properties. On one hand, as
opposed to bulk, nanoconfinement implies a dramatically
enhanced surface-to-volume ratio that is expected to boost
surface-induced effects.'® On the other hand, the geometric
nanoconfinement due to nanopores diameter is also known to
significantly impact polymer properties.'*'>' Moreover, molecu-
lar interactions between the polymer and the internal surfaces of
the confining substrate can give rise to a specific molecular
packing leading to the formation of adsorbed layers with strong
impact on nanostructure properties and performance.”® All these
phenomena play an important role at the nanoscale but a clear
approach to separate their overlapping contributions is not yet
systematically discussed in scientific literature. Our study pro-
poses an effective way to address this challenge by using two
complementary approaches. On one hand, a systematic compar-
ison between the conductive properties of P3HT in the bulk and
confined in nanowires and nanotubes is conducted. To our best
knowledge, this comparison between bulk, nanowires and nano-
tubes has not been yet studied in scientific literature so far. On the
other hand, by systematically varying the nanotube thickness, a
quantitative analysis of surface-induced effects will be carried out:
with decreasing the nanotube thickness, sample regions closer to
the nanopores surface will be explored. This will allow one to
separate surface-effects, predominant for thinner nanotubes,
from the impact of geometrical nanoconfinement that plays an
important role for thicker polymer nanotubes and polymer
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nanowires. Detailed studies on conductive nanotubes of conju-
gated polymers as a function of nanotubes thickness have been
not yet reported in scientific literature so far. Thus, our study
contributes to a better understanding of confinement effects on
the conductive properties of conjugated polymers, by a compre-
hensive comparison between bulk, nanowires and nanotubes
combined with a systematic variation of the nanotube thickness.
In addition, our results prove the possibility of broadly modulat-
ing the conductive properties of conjugated polymer nanotubes to
reach conductivity values higher than in the bulk, which can be of
significant importance in developing new functional nanomater-
ials with enhanced conductive properties.

2. Materials and methods
2.1 Materials

The AAO membranes used in this study as templates for
nanostructures were provided by Topmembranes Technology.
The diameter of the nanopores was 220 £+ 2 nm, the thickness
of the membrane was 52 £ 1 um, and the porosity of the
membrane was 22 + 1%. The dimensions of the AAO mem-
branes and their uncertainties were determined directly from
the images taken by electron microscopy presented in this
work. P3HT was provided by 1-material (Dorval, Quebec,
Canada), with a regioregularity RR = 90%,>' a number average
molar mass M, = 18 kg mol ™" and a dispersity P = 2.0. Chloro-
form provided by Carlo Erba was used to dissolve P3HT.

2.2 Sample preparation

The P3HT nanotubes were fabricated by the “template wetting”
method using AAO membranes (Fig. 1). A certain amount of
P3HT was put in chloroform and then placed on a hot plate

Empty AAO
into P3HT solution

Empty AAO

Heating above
melting point

Immersion of AAO Solvent evaporation

Infiltration into

P3HT Nanotubes

at 80°C inside AAO

P3HT nanowires

nanopores inside AAO

Fig. 1 Schematic representation of the preparation of polymer nanotubes (by solvent wetting, on the top) and polymer nanowires (by melt wetting, at

the bottom), using AAO membranes as templates.

This journal is © The Royal Society of Chemistry 2025
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Table 1 List of the P3HT nanotube samples and their solutions used to
produce them. The thickness of the nanotubes was determined by SEM
and TEM measurements

Sample P3HT concentration Volume percentage Nanotubes thick-
name  (mgml?) of P3HT (%) ness (nm)

NT1 100 7.9 44 +1

NT2 50 4.1 31+1

NT3 25 2.1 23 £1

NT4 10 0.9 18+1

NT5 5 0.4 13 +2

heated at 50 °C for 30 min to aid in the dissolution of the
polymer in the solvent. Several concentrations were used in this
study (see Table 1). The empty AAO membranes were first
immersed in acetone and then chloroform for 1 h to eliminate
any organic impurities. They were then cleaned with plasma to
assure total purification and subsequently immersed in the
P3HT/chloroform solution for 12 h to allow the polymer
solution to infiltrate the nanopores. The AAO membranes were
then removed from the solution and placed under a nitrogen
atmosphere at 80 °C for 1 h to ensure the evaporation of the
solvent contained in the nanopores. After solvent evaporation,
the internal walls of nanopores were covered by P3HT, leading
to the formation of nanotubes. The outer surfaces of the AAO
membranes were subsequently cleaned using a cotton swab
dipped in chloroform to remove any P3HT excess from the
surface.

The P3HT nanowires were fabricated by “melting flow
template”” method using AAO membranes (Fig. 1). A P3HT film
was made by drop-casting a P3HT/chloroform solution on a
glass substrate. The sample was subsequently annealed and the
resulting polymer film was then deposited on the surface of the
AAO membrane, previously metallized with a 40 nm gold-layer.
The system was then heated under nitrogen atmosphere and
kept for 12 h at 250 °C (above the melting point of P3HT) to
allow the polymer to infiltrate the nanopores (Fig. 1). The
procedure of polymer infiltration into nanopores from the melt
is described in ref. 22 and 23.

2.3 Methods

2.3.1 Electrical measurements. The electrical conductivity
and the phase transitions of P3HT were measured using a
novocontrol alpha broadband dielectric/impedance spectro-
meter (BDS) operating in the frequency range from 10’ Hz to
10~* Hz. The applied voltage amplitude was 0.1 V. The value of
conductivity was determined by taking into account the DC-
plateau observed in the low frequency range in the conductivity
spectra of ¢’ measured by BDS. The P3HT nanowires and
nanotubes were measured directly inside the AAO membranes
(see Fig. S1 from SI). To ensure an optimal electrical contact
between the electrodes and the sample, a 40 nm gold layer was
deposited on both surfaces of the empty AAO membranes by
sputtering, using a ‘“Cressington Sputter Coater”, prior to the
preparation of nanotubes or nanowires. Bulk-type samples were
measured in the form of 120 &+ 3 um thick films made by drop-
casting directly from the same P3HT solution used to fabricate
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the nanotubes. The value of conductivity of nanotubes and
nanowires was calculated by taking into account the effective
area of the polymer samples (S.sf), according to the eqn (1) and
(2), respectively:

Sef =S¢ X P X e (1)
Seef =S¢ X P (2)

where S, represents the total surface area of the gold-sputtered
electrodes, P the porosity, e volume fraction of nanopores
occupied by the polymer and R the nanopore radius. Eqn (1)
was used for nanotubes and eqn (2) for nanowires.

2.3.2 Morphological measurements. SEM measurements
were carried out using a scanning electron microscope (SEM
Zeiss Merlin compact). Empty AAO membranes were metallized
with a thin layer of copper (10 nm) and directly observed by
SEM microscope. AAO membranes containing the polymer
nanostructures were immersed in liquid nitrogen during 30 s
to rigidify the polymer structure followed by depositing a
droplet of a 0.1 M NaOH solution on top of the samples to
partially dissolve the aluminum oxide and reveal the nanos-
tructures (see Fig. S2 from SI). Once partially released, the
nanostructures were rinsed with deionized water and placed at
100 °C under nitrogen flow for 1 h to completely evaporate the
water contained inside the nanotubes. The P3HT nanotubes
were also investigated by transmission electron microscopy
using a Jeol 1400Flash electron microscope. The AAO mem-
branes containing P3HT nanotubes were immersed in a 0.1 M
NaOH solution until complete dissolution, leading to an aqu-
eous suspension of nanotubes. The suspension was poured
inside a glass vial connected to a vacuum pump and then filtered
using deionized water using a 100 nm Whatman filter to remove
all impurities. After 5 cycles of filtration, TEM grids were
deposited in the aqueous suspension at the bottom of the glass
vial and the water was completely evaporated in order to deposit
the nanotubes/nanowires onto the TEM grids for analysis. A
thermal treatment of 1 h at 100 °C under nitrogen flow was
subsequently applied to evaporate the remaining water. The
TEM grids were then analyzed using a TEM microscope.

2.3.3 DSC measurements. DSC measurements were per-
formed on bulk-type samples in the form of 120 pm P3HT
films, using a DSC Q200 1854 from TA Instruments. Three
cycles of cooling/heating were conducted under a nitrogen
atmosphere with a flow rate of 50 mL min~" and heating/
cooling rate of 5 °C min~". The first cycle was performed to
eliminate the thermal memory of the polymer, while the second
and third cycles were carried out to measure the calorimetric
response and ensure the reproducibility of the obtained results.

2.3.4 Structural measurements. WAXS measurements were
performed at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) on the BM2-D2AM beamline located
in Grenoble, France. The scattering patterns of the samples
including 120 pm thick P3HT films, nanotubes and nanowires
were recorded with an incident photon energy of 18 keV, using a
two-dimensional photon counting pixel detector (WOS ImXPad>*
placed at 27.7 cm from the sample). The two-dimensional data

This journal is © The Royal Society of Chemistry 2025
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were corrected by taking into account the flat field response of
the detector. The signal of the empty cell was subtracted from
the scattering images of all studied samples. The nanotubes and
nanowires were measured inside the AAO membranes in trans-
mission mode along the axis of the nanopores (on-plane configu-
ration) with the scattering vector g perpendicular to the
nanopore axis. Further data treatment involved the subtraction
of the signal of the empty AAO membrane from the scattering
images of the nanostructures (i.e. AAO filled with P3HT).

3. Results and discussion

The morphology of the P3HT nanowires and nanotubes pre-
pared using AAO membranes in shown in Fig. 2, as measured
by our SEM and TEM investigations. Further investigations by
energy dispersive spectroscopy conducted on a cross-section of
fractured AAO membranes containing the P3HT nanostruc-
tures confirmed polymer coverage along the entire length of
the nanopores (Fig. S3 from SI).

The P3HT nanotubes present a very smooth and regular
morphology (Fig. 2C and D). The quality of the nanostructures
is due to the highly ordered and monodispersed morphology of
the AAO nanopores used as template. Because their length is

Fig. 2 (A) and (B) SEM images of empty AAO membranes showing highly
ordered nanopores of well-defined shape and size. (C) and (D) SEM images
of P3HT nanotubes, after a partial dissolution of the AAO membrane. (E)
and (F) TEM images of P3HT nanotubes and nanowires after a complete
dissolution of the AAO membrane. (G) and (H) SEM images of P3HT
nanowires, after a partial dissolution of the AAO membrane.

This journal is © The Royal Society of Chemistry 2025
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much larger than their diameter, the nanotubes collapse upon
themselves after being partially released by dissolution of the
AAO membranes. K. Smith et al. studied this phenomenon and
quantified nanotube aggregation depending on the dissolution
time of the AAO membrane.”>® P3HT nanowires show a similar
behavior (Fig. 2G and H) after partial dissolution of the AAO
membrane. The thickness of the nanotubes can be system-
atically varied from 13 to 44 nm by adjusting the concentration
of the P3HT solution used for the fabrication (Table 1). Fig. 2E
and F shows the TEM images of P3HT nanotubes and nano-
wires. The difference in contrast between the center and the
surface of the P3HT nanostructures evidences the tubular
morphology characteristic for nanotubes.

The electrical conductivity of the samples was measured by
broadband dielectric spectroscopy (BDS) as a function of fre-
quency for P3HT in three different forms: bulk, nanowires and
nanotubes of various thicknesses (Fig. 3A). At high frequencies,
an increase of conductivity with increasing frequency is
observed, related to a capacitive behavior. The conductive
regime, arising from a long-range diffusion of free charges,
appears at low frequencies, where a plateau in conductivity is
observed, corresponding to the DC-conductivity of the investi-
gated nanostructures. This plateau value will be further con-
sidered as the value of the DC-conductivity in the analysis
carried-out in the present study. As shown in Fig. S4 in SI,
the conductivity of the empty AAO membranes is of the order of
107" S em™' at 20 °C, in good agreement with previous
studies.’® This value is by many orders of magnitude smaller
than the conductivity of the P3HT nanostructures (typically
above 5 x 107" S em™"), implying a negligible contribution of
the empty AAO membrane to the measured electrical current.

Moisture absorption impacting the conductivity measurements
of semiconducting polymers is a well-known phenomenon.?”® To
prevent moisture effects and equilibrate the samples, a thermal
treatment of at least 12 h (36 h for bulk samples) was performed at
100 °C under anhydrous nitrogen flow in the cryostat of the BDS
measurement cell. The conductivity investigations were subse-
quently carried out without exposing the samples to ambient air
again. The evolution of conductivity of bulk, nanowires and
nanotubes upon thermal equilibration is shown in Fig. S5 in SL

Extracted from Fig. 3A and B depicts the evolution of DC-
conductivity as a function of nanotubes thickness at 20 °C and
100 °C. The trend of conductivity evolution with thickness
remains the same at 100 °C and at 20 °C, only the intrinsic
value of conductivity becomes overall higher at 100 °C than at
20 °C. This increase in conductivity with increasing tempera-
ture, due to an enhanced charge mobility, is well-documented
in the scientific literature for conjugated polymers.>*3°

From these conductivity measurements carried out between
20 °C and 100 °C, the activation energy for charge transport was
calculated for each sample according to the Arrhenius relation:

—E,
a(T) = apeksT

were o, is constant, kg is the Boltzmann constant, T the
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(A) Conductivity ¢’ at 20 °C of the bulk P3HT and P3HT nanowires (upper graph) and of P3HT nanotubes of different thicknesses, as indicated

(lower graph), as a function of frequency. The plateaus observed at low frequencies correspond to the DC-conductivity value of the investigated
materials. (B) DC-conductivity of P3HT nanotubes as a function of nanotubes thickness measured at 20 °C (upper graph) and 100 °C (lower graph), as
indicated. The dotted lines correspond to the conductivity values of bulk P3HT and P3HT nanowires.

temperature and E, the activation energy associated to the
activation of the conductivity o(7).

A value of 290 + 30 meV (or 27.98 + 2.89 k] mol ') was
found for activation energy in the bulk, in good agreement to
the values reported in the scientific literature (ref. 31 in the revised
manuscript). For the nanotubes, a slightly lower activation energy
was determined (222 + 32 meV or 21.42 + 3.09 k] mol %),
indicating that the nanoconfinement facilitates the charge trans-
port mechanism by reducing the energy barrier associated with the
thermally activated hopping process.

The dashed lines represent the DC-conductivity values of the
P3HT nanowires and bulk. At 20 °C, the P3HT nanowires of
220 nm diameter exhibit a DC-conductivity value of (7.7 £ 2.2) x
1077 S ecm™ ", thus 7 times higher than that of the bulk
(ohu = (1.1 £0.3) x 10”7 S em™!). A more pronounced conduc-
tivity enhancement effect is found for the P3HT nanotubes of
44 nm thickness which exbibit a conductivity value of (3.6 £+ 0.9) x
107° S em™', thus 14 times larger than in the bulk. Quite
remarkably, the P3HT nanotubes of 44 nm thickness are more
conductive than the P3HT nanowires, and both samples are
more conductive than the bulk. A possible hypothesis to explain
this enhancement effect can be related to a modification of the
crystalline structure of the P3HT confined at the nanoscale.
Additionally, orientation effects of the polymer chains inside
the nanopores favoring the charge transport process along the
nanopores axis could be considered as well. In the literature,
previous studies have reported an enhanced conductivity in
polymer nanowires'® and nanotubes'® compared to bulk and

7148 | Soft Matter, 2025, 21, 7144-7154

this effect was attributed to an orientation of the polymer chains
along the pore axis. However, a significant difference in con-
ductivity between nanowires and nanotubes is revealed in our
present study, suggesting a much more efficient orientation
effects in nanotubes.

The evolution of conductivity of P3HT nanotubes shows a
pronounced dependence, spanning over 5 orders of magnitude,
upon varying the nanotubes thickness. The thicker the nano-
tubes, the higher the conductivity. The decrease in the conduc-
tivity with decreasing thickness can be explained by an
adsorption of polymer chains in the nanometric vicinity of the
nanopores walls. This phenomenon, known as “dead-layer”, is
well-documented in the scientific literature.”® Within several
nanometer from the surface (up to 6 nm),>> polymers chains
are packed differently than in the bulk, due to the impact of
interfacial interactions. This leads to a dramatic slowing-down of
the relaxation rate of polymer segments, impacting both the
rotational and translational diffusion times. Both are known to
be correlated in polymer materials,®>® with the last one being
directly related to the value of conductivity according to the
Einstein-Smoluchowski relationship written as:
ng>uD _ ng*u 22
kBT o kBT 2‘1.'5

opc = Nqp = (3)

Where with 7 is the charge density, g the elementary charge, p
the charge mobility, kg the Boltzmann constant, T the tempera-
ture, D the diffusion coefficient, A the hopping length of the
charge carriers and 7. the hopping time. This relationship can be

This journal is © The Royal Society of Chemistry 2025
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summarized as opc X T. ', known as the Barton-Nakajima-
Namikawa (BNN) relationship.** In the nanometric vicinity of
the nanopores walls, the hopping rate is thus expected to be
dramatically slowed-down, leading consequently to a drastic
decrease in conductivity. The thinner the nanotubes of P3HT,
the larger the impact of the “dead-layer” on the conductivity of
P3HT nanotubes. This effect has been also observed in ultra-thin
films deposited onto SiO, substrates, showing a reduction of the
charge mobility with decreasing the film thickness'” because of
the interaction between the polymers and the SiO, substrate.

The charge transport phenomenon in P3HT is known to
strongly depend on the crystallization state.**> In nanometric
films, the crystallization state is expected to differ from the bulk,
due to surface interactions and orientation and ordering effects.
In the present study, the crystallization and melting temperature
of P3HT in the bulk and confined in nanowires and nanotubes
have been investigated by BDS. This method, based on measure-
ments of permittivity as a function of temperature at different
frequencies, has been proved highly efficient in studying the
phases transitions of polymers confined at the nanoscale.®® It
relies on the proportionality relationship existent between the
first derivative of permittivity and the first derivative of density,
according to the Clausius-Mossotti relation:

¢ —1 - Namol
e +2  3egM p

)
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where N, is the Avogadro constant, oo the molecular polariz-
ability, &, the vacuum permittivity, M the molar mass, ¢ the
permittivity and p the density. The Clausisus-Mossotti relation
implies thus:

o¢  Op
o1~ ot °)
which can be successfully used to characterize phase transitions
of polymers and other materials, since phase transitions are
generally accompanied by changes in density. This method has
been used in the current study for the determination of the
crystallization and melting temperatures of P3HT in the bulk
and nanoconfined states. For the bulk, a P3HT sample in the
form of a 120 pm thick film was measured by BDS and DSC
under a nitrogen atmosphere following three cooling/heating
cycles at 2 °C minute . The first cycle was conducted to erase
the thermal history of the samples, and the subsequent two
cycles were carried out to characterize the phase transitions and
ensure the reproducibility of the results. Fig. 4 compares the
results obtained from the BDS and DSC experiments. During the
cooling cycle, P3HT exhibits a shoulder at 220 °C followed by a
clear crystallization peak at 208 °C, as shown by both techniques.
During the heating cycle, P3HT shows a single melting peak at
232 °C in BDS and at 235 °C in DSC.
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5 DSC bulk F o
S, L 9
-.Ei ] 2
% _-Dsc' buIlk . 1 LS 1 % ’ Ll / L ¥ 1 3 ._ 'E'

BDS bulk

BDS bulk

1BDS nanowires

BDS nanowires

First derivative of permittivity [a.u.]

144 nm
131 nm \/
123 nm i N &
118 nm
113 nm

1 BDS nanotubes

44 nm

31 nm W'_
23 nm W I

['ne] Ayamiwiad jo aAleAlap 1sII4

e |
[130m T~
w '_

BDS nanotubes

150 200
Temperature [°C]

50 100

250 50

150 200
Temperature [°C]

" 100 250

Fig. 4 Melting (left) and crystallization (right) of bulk P3HT, nanowires and nanotubes of different thicknesses, measured by DSC and BDS.
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These results prove the good agreement between DSC and
BDS in measuring polymer phase transitions. For nanotubes
and nanowires, the material amount is too small to be measur-
able by DSC, but BDS has proven to be a highly efficient method
for measuring extremely small amounts of matter.’” This
method was first applied to empty AAO membranes to demon-
strate that no variations in permittivity appear over the inves-
tigated temperature range (Fig. S6 in the SI), indicating that the
change phase transition peaks detected in the first derivative of
permittivity (Fig. 4) can be directly attributed to the polymer
confined into the nanopores. For the P3HT nanotubes during
the cooling cycle, a distinct crystallization peak appears around
210 °C with a visible shoulder around 220 °C depending on the
thickness of the nanotubes. The temperature of this crystal-
lization peak decreases with decreasing the thickness of the
nanotubes (see Table 2).

However, the temperature shifts between the bulk material
and the nanotubes are rather small, and the shape of the
crystallization peak remains the same for both systems. A
similar behavior is observed during the heating cycle: one
(asymmetrical) melting peak is detected for all nanotubes and
the melting temperature decreases with decreasing the thick-
ness of the nanotubes. This behavior is well-known in the case
of thin polymer films.*®*® From a geometrical point of view,
polymer nanotubes can be assimilated to nanometric films
folded upon themselves to form hollow cylinders, explaining
the similar behavior observed for the crystallization and melting
temperatures under conditions of nanoconfinement. For P3HT
nanowires, during the heating cycle, the melting peak is similar
to that of the bulk. However, the behavior during crystallization
is different. Two crystallization peaks appear at 190 °C and
198 °C, which differ from both the bulk and nanotube samples.
In fact, P3HT nanowires are morphologically different from
nanotubes, since they cannot be assimilated to ultra-thin films.
This indicates a different molecular arrangement upon crystal-
lization between the nanowires and the nanotubes.

To understand the conduction properties of P3HT confined
in nanopores, WAXS investigations were conducted in the
present study to analyze the effects of confinement on the
crystalline structure of the samples. The crystalline structure
of bulk and thin P3HT films has been extensively studied in the
scientific literature. P3HT is a semi-crystalline polymer with a
crystalline structure arranged in a monoclinic lattice (o = f =
90°, y = 87°) with lattice parameters a = 1.63 nm, b = 0.76 nm,
and ¢ = 0.77 nm.”® The crystallinity of P3HT varies depending
on its molar mass,*" its regioregularity,”” its thickness'” and

Table 2 Melting and crystallization temperatures measured by BDS

Sample name Tm (°C) T. (°C)
Bulk 232 209, 220
Nanowire 229 190, 198
NT1 229 208, 224
NT2 223 207, 222
NT3 222 205, 221
NT4 219 203, 220
NT5 219 203, 217
7150 | Soft Matter, 2025, 21, 7144-7154
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presents a long periods length of 1.1 nm.** In organic semi-
conductors, such as P3HT, charge transport is intrinsically
linked to the molecular structure and the solid-state packing
of the polymer chains.** The alternating single and double
bonds along the polymer backbone create a conjugated system,
which facilitates delocalization of n-electrons. This conjugation
opens an energy gap, essential for semiconducting behavior.
The efficiency of charge transport P3HT is strongly influenced
by the arrangement of polymer chains in the solid state, where
molecular packing plays a critical role in determining inter-
molecular electronic coupling.*>*® P3HT exhibits an anisotro-
pic charge transport behavior due to its semi-crystalline nature.
This anisotropy is defined by three distinct axes: the lamellar
stacking axis (a-axis), the n—n stacking axis (b-axis), and the axis
along the conjugated backbone (c-axis).’® Among these, the
c-axis, aligned with the conjugated thiophene units, supports
the highest charge mobility owing to the covalent linkage of the
conjugated units, enabling efficient intra-chain charge
transport.*®™*® In contrast, the a-axis, corresponding to lamellar
stacking of the side chains, typically shows the slowest charge
transport due to the weak electronic coupling between adjacent
polymer layers. The b-axis, associated with n-n stacking
between conjugated backbones, provides intermediate charge
transport properties, with relatively faster inter-chain charge
transfer due to the favorable orbital overlap between neighbor-
ing thiophene units.*® Charge transport within P3HT films is
further influenced by the balance between crystalline and amor-
phous regions and it requires percolated network of conjugation,
usually through well-ordered polymer aggregates.”’ Theses
aggregates, formed by well-ordered crystalline domains, play a
pivotal role in facilitating charge transport, as they exhibit longer
conjugation lengths and tighter n-n stacking compared to the
disordered amorphous regions.*” These crystalline regions serve
as efficient pathways for charge carriers, while amorphous
domains, characterized by disrupted chain planarity and
reduced conjugation lengths, pose barriers to efficient charge
transport.*>>° The presence of torsional defects in these disor-
dered regions leads to charge trapping and necessitates inter-
chain hopping, a process significantly slower than transport
along a single conjugated chain, leading to an overall reduction
of charge mobility in amorphous regions with values limited to
approximately 0.1 cm”> V™' s, thus, several orders of magnitude
lower than in crystalline regions.*”**”" Additionally, the differ-
ence in energy gaps between crystalline and amorphous regions
exacerbates the charge transport limitations in semi-crystalline
films. Shorter conjugation lengths in amorphous regions lead to
higher energy gaps, creating an energetic barrier that inhibits
charge transfer between crystalline and disordered domains.
This heterogeneity in energy landscape and molecular order
within P3HT films imposes a significant limitation on charge
transport.”” In thin P3HT films, the crystalline domains,
composed of networks of polymer main chains with n-m stack-
ing, can exhibit different orientations relative to the substrate.
Depending on the preparation conditions, the crystalline
domains of P3HT can adopt face-on or edge-on orientations.
In the face-on orientation, the thiophene rings are oriented

This journal is © The Royal Society of Chemistry 2025
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facing the substrate, positioning the a and ¢ axes within the
substrate plane. Conversely, in the edge-on orientation, the direc-
tion of n-stacking lies in the plane, placing the b and c axes in the
substrate plane. Depending on the preparation method, both
orientations can coexist or one orientation can be dominant in
thin films. Deepak Gargi et al. demonstrated for instance that
charge transport mechanisms within P3HT films oriented in the
“face-on” configuration were more efficient.'® In the case of
nanowires, the crystalline structure was analyzed using X-ray
diffraction (XRD) in out-of-plane configuration (X-ray beam
perpendicular to the nanopore axis) and in-plane (X-ray beam
parallel to the nanopore axis). Jaime Martin et al."> demonstrated
that confinement significantly altered the molecular arrangement
of P3HT nanowires. For nanowires confined within 250 nm nano-
pores, the n-m stacking direction was predominantly aligned
parallel to the nanopore axis (or perpendicular to the AAO pore
walls), enhancing the material’s optoelectronic properties. How-
ever, as the degree of confinement increased, a change in orienta-
tion was observed. In nanopores with diameters smaller than
60 nm, the m-m stacking direction became perpendicular to the
nanopore axis. This finding illustrates that reducing the degree of
confinement (i.e., reducing the nanopore diameter) can control the
polymer chain orientation by increasing the surface-to-volume
ratio between the polymer and AAO walls. For nanotubes formed
in 200 nm nanopores, a similar orientation was observed:"” the n-
n stacking direction aligned along the nanopore axis, resulting in a
tenfold increase in the electrical conductivity of P3HT
nanotubes." In the out-of-plane configuration, the presence of
the (020) plane confirmed that the n-n stacking direction was
parallel to the nanotube’s long axis, indicating a b-axis orientation
of P3HT crystals.”” In the in-plane configuration, a strong (100)
Bragg reflection demonstrated that the g-axis was oriented per-
pendicularly to the nanotube’s long axis.>

To compare the crystalline structure of P3HT in the bulk,
nanowires, and nanotubes, WAXS measurements were per-
formed in the present study (Fig. 5). The P3HT in the bulk
exhibits several characteristic Bragg peaks, with no preferential
orientation. Using Scherrer’s equation (eqn (6)) and the full
width at half maximum (FWHM) of the (100) peak observed
at g =0.38 A™*, the crystal size perpendicular to the (100) planes
was calculated to be approximately 11 nm.

Fig. 5 (lower part) presents as well WAXS results for P3HT
nanowires and nanotubes measured in the out-of-plane
configuration within AAO membranes. To isolate the crystalline
response of P3HT, the membrane signals were subtracted (SI,
Fig. S7). The diffraction pattern of P3HT nanowires was domi-
nated by the (100) reflection, while the (020) reflection was
significantly reduced compared to bulk P3HT, indicating a
clear preferential alignment of polymer crystals along the
nanopore axis. The scattering diagrams for P3HT nanotubes
displayed a similar pattern, with a pronounced (100) reflection,
confirming that the crystalline structure was aligned along the
nanopore axis, as also observed in the nanowire configuration.
Notably, the (100) peak intensity was strongly influenced by
nanotube thickness: thinner nanotubes exhibited lower inten-
sities, indicating reduced crystallinity. This orientation effect,
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to incident beam. The energy of the photon beam was 18 keV.

previously observed in both P3HT nanowires and nanotubes,
supports the enhancement in the conductivity of P3HT nano-
wires and nanotubes as compared to the conductive properties
of the bulk P3HT which lacks preferential orientation. The
P3HT nanotubes with a 44 nm thickness exhibit a higher
conductivity than the P3HT nanowires. This improved perfor-
mance can be attributed to the more effective orientation of the
n-n stacking in nanotubes. The (020) reflection observed in
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Fig. 6 Crystal size and conductivity of P3HT nanotubes as a function of
nanotube thickness.
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Fig. 7 Schematic representation of the cross-section of a nanopore containing P3HT nanotubes (A) and nanowires (B) showing the interplay between
orientation effects and interfacial interactions. These effects lead to changes by order of magnitude in the conductivity value of P3HT nanotubes.

nanowires suggests that a portion of polymer chains may be
misaligned, causing slight conductivity losses not present in
44 nm nanotubes. The reason for the more ordered state
observed in the nanotubes is related to the fact that, in
nanotubes, the chains configuration is completely governed
by surface effects, while in nanowires, additional contributions
are superposing, especially from the middle of the nanopores
where surface effects are becoming less effective.

The reduced intensity of the (100) peak with decreasing
nanotube thickness indicates a loss of crystallinity. While the
precise degree of crystallinity is challenging to determine, the
crystal size can be estimated using the Scherrer equation:

2n
Ligg ~ —
00~ X (6)

where Ly, represents the crystal size perpendicular to the (100)
planes and Aq the full width at half maximum of the (100) peak.
Fig. 6 illustrates the relationship between crystal size, con-
ductivity, and nanotube thickness. As expected, crystal size
decreases with thinner nanotubes, accompanied by a corres-
ponding drop in conductivity. This correlation length, corres-
ponding to the long axis of the nanopores, highlights the
influence of crystallinity on the electrical performance.

These crystallization effects are similar to those observed in
thin films, where a decrease in film thickness reduces crystal-
linity and consequently conductivity.*® In thinner nanotubes,
surface-induced effects, including diminished crystallinity and
increased polymer chain adsorption at the walls, result in
significant conductivity losses. Conversely, in thicker nano-
tubes, orientation effects predominate, enhancing conductivity
to levels surpassing bulk P3HT and P3HT nanowires. This
behavior, observed in 44 nm nanotubes, underscores the inter-
play between surface and orientation effects in confined geo-
metries, as schematically illustrated in Fig. 7.

The competition between different overlapping phenomena
taking place at the nanoscale can be thus effectively used as a
powerful tool to modulate — over many orders of magnitude —
the conductive properties of conjugated polymers and give rise
to new nanomaterials exhibiting better properties than in the

7152 | Soft Matter, 2025, 21, 7144-7154

bulk. This could have potential applications in numerous fields
using functional nanomaterials with enhanced performance.

4. Conclusions

In this work, a comprehensive comparison of the conductive
properties of P3HT has been carried-out in three different states:
bulk, nanowires and nanotubes. This approach has been com-
bined with a systematic variation of the nanotubes thickness, with
the goal of assessing different mechanisms taking place at the
nanoscale and impacting the conductive properties of the poly-
mer. It was found that the conductivity value of nanotubes
strongly depends on the nanotubes thickness, with variations by
5 orders of magnitude being measured. At lower nanotube
thicknesses, surface-induced effects, manifested by a slowing-
down of the charge carrier mobility and a decrease in the crystals
size, are playing the dominant role, leading to a pronounced
decrease in conductivity. These effects, detrimental to the con-
ductive properties of P3HT, are overrun by orientation effect of the
polymer chains at larger nanotubes thicknesses, leading to con-
ductivity values that are higher than the conductivity of the bulk. A
noticeable difference in conductivity is found between nanowires
and nanotubes, the latter being more conductive than the former,
while both are more conductive than the bulk. The origin of the
enhancement effect is related to the crystalline structure that is
that is oriented in the nanopores by positioning the n-n stacking
parallel to the nanopores axis. Nanoconfinement and the wealth
of different overlapping phenomena taking place at the nanoscale
could represent thus a powerful tool to broadly modulate the
conductive properties of conjugated polymers and give rise to
nanomaterials exhibiting better properties than in the bulk.
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