Open Access Article. Published on 20 Dezember 2022. Downloaded on 03.08.2025 09:09:08.

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

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2023,

10, 983
A. Badon,

L. Cognet, (2° E. Flahaut,
E. Gaufres (2 *2

Received 5th October 2022,
Accepted 14th December 2022

DOI: 10.1039/d2mh01239a

rsc.li/materials-horizons

Polarized fluorescence emission of nanoscale emitters has been
extensively studied for applications such as bioimaging, displays,
and optical communication. Extending the polarization properties
in large assemblies of compact emitters is, however, challenging
because of self-aggregation processes, which can induce depolari-
zation effects, quenching, and cancellations of molecular dipoles.
Here we use a-sexithiophene (6T) molecules confined inside boron
nitride nanotubes (6T@BNNTSs) to induce fluorescence anisotropy in
a transparent host. The experiments first indicate that individual
6T@BNNTS exhibit a high polarization extinction ratio, up to 700, at
room temperature. Using aberration-corrected HRTEM, we show
that the fluorescence anisotropy is consistent with a general align-
ment of encapsulated 6T molecules along the nanotube axis. The
molecular alignment is weakly influenced by the nanotube dia-
meter, a phenomenon ascribed to stronger molecule-to-sidewall
interactions compared to intermolecular interactions. By stretching
a flexible thin film made of transparent polymers mixed with
6T@BNNTs, we induce a macroscopic fluorescence anisotropy
within the film. This work demonstrates that the dyes@BNNT
system can be used as an easy-to-handle platform to induce
fluorescence anisotropy in photonic materials.
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New concepts

Polarized light emission from a single organic dye has been extensively
studied in photonics and it is increasingly exploited in various fields such
as bioimaging and quantum photonics. Extending polarization effects in
fluorescent molecular assemblies through dipolar alignment is, however,
extremely challenging due to depolarization and quenching effects
induced by random and unstable molecular orientation, molecular self-
aggregation or random positioning. Here we demonstrate that Boron
Nitride Nanotubes can be used as a 1D dielectric template to align chains
of aligned emitting molecules (Dyes@BNNT), almost independently of
the BNNT diameter. At the same time, we use the BNNT as a nano
container, which can be easily oriented within a flexible and transparent
matrix by stretching. Shaping polarized emission from nano to
macroscale with large assemblies of aligned Dyes@BNNTs enables the
realisation of highly anisotropic fluorescent thin films. This concept
paves the way toward new ordered and cooperative assemblies of
organic emitters for advanced photonics.

Polarized light-matter interaction in molecules offers advanced
functionalities in various applications such as bio-imaging,’
solar energy harvesting,”* and quantum photonics,* to name
just a few. For instance, organic dyes such as rod-like poly-
thiophenes show strong photon absorption/emission transi-
tions between well-oriented dipoles and brightly polarized
fluorescence at the single molecule level.”™ Yet, the sponta-
neous self-organization of the dyes into aggregates generally
prevents the macroscopic alignment of molecular dipoles. The
pure polarization properties of single molecules are, as a result,
difficult to translate in larger ensembles of bright emitters. This
randomization of the molecular dipoles implies that additional
control is required for the formation of a highly-polarized dye
aggregate. Characterized by a head-to-tail ordered stacking of
dyes, the J-aggregate is an emblematic molecular architecture
that can be favoured by controlled assembly to brighten up the
lower emission state. This aggregation state gives rise to higher
fluorescence quantum yields, narrower red-shifted emission
bands, and strong polarization dependencies."®* Supramole-
cular assemblies have been used to reinforce selective bonding
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between dyes in favour of the J-aggregate state, but only partial
control has been achieved, thanks to specific adsorption
mechanisms at surfaces or in solutions."®*™** Other approaches
based on host/guest concepts or using nanoporous crystals,
including zeolites and metal-organic frameworks (MOF), have
also attracted significant interest for templating and aligning
fluorescent molecular dipoles.'>'” While these approaches
have greatly expanded our understanding of the polarization
effects in molecular systems, the synthesis and manipulation
of a large ensemble of highly polarized molecular emitters
remain nowadays challenging for applications. Beyond the
difficulty of making a large population of molecular aggregates,
the challenge for application lies also in finding ways to
organize them and upscale the optical anisotropy of photonic
materials.

Our team has recently shown that fluorescent dye molecules
encapsulated inside a BNNT exhibit surprisingly strong and
stable fluorescence in normal conditions and a few examples of
dyes have shown clear signatures of emitting J-like aggregation
states.'® Here we explore the polarization properties of
a-sexithiophene (6T) encapsulated inside a BNNT (6T@BNNT)
on individual and on large assemblies of these nanohybrids.
The results on individual 6T@BNNTs with 1-8 nm inner
diameters show clear single dipole polarization fingerprints.
Surprisingly, the 1D ordering is almost independent of the
nanotube diameter, length and molecular filling level. Aberration-
corrected High Resolution Transmission Electronic Microscopy
(ac-HRTEM) and high-resolution fluorescence imaging of many
individual 6T@BNNTs indicate instead that the alignment along
the nanotube axis is strict for inner diameters below 3 nm, and it
remains mostly aligned for larger diameters. This preferential
molecular alignment is ascribed to stronger molecule-sidewall
interactions. By capitalizing on the natural anisotropy of this
6T@BNNT system, we prepared a macroscopic thin film made
of 6T@BNNTs dispersed in a poly(methyl methacrylate) (PMMA)
matrix for stretching experiments and observed a strong fluores-
cence anisotropy in the stretching direction. This proof-of-concept
highlights BNNTs as an easy-to-handle container of aligned

(BNNT)

Fig. 1

Boron nitride nanotube
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aggregates of molecules for building fluorescence anisotropy in
optical materials.

Results and discussion

Their preparation begins by opening raw BNNTs (BNNT LLC
supplier and plasma torch BNNTs from the National Research
Council Canada) using mechanical grinding and ultrasound
treatments, followed by a thermal purification at 800 °C in air,
which removes residual elemental boron and other h-BN sub-
products. Purified BNNTs are then dispersed in dimethyl-
formamide (DMF) by ultrasound and a small fraction of the
solution is either spin-coated on a Si/SiO, substrate (previously
patterned with localisation marks) or drop cast onto a Molyb-
denum TEM grid covered with a holey SiO, membrane. These
BNNTs are then liquid-filled with 6T molecules by placing the
entire sample in a 5 x 10°® M solution of 6T in toluene at
115 °C. The last step of this liquid phase encapsulation consists
of removing the non-encapsulated 6T molecules using toluene
rinsing cycles at room temperature. Free 6T molecules are
finally completely removed using an oxidative piranha solution
(or in some experiments a mild oxygen plasma). More details
about the sample preparation can be found in the supple-
mentary information file.

Fig. 1 presents a schematic representation of 6T molecules
aligned inside a BNNT along with the diameter distribution of
the nanotubes for this study. BNNTs have a similar structure to
the SWCNT templates, but they are produced commercially
with a slightly larger inner diameter distribution in the range of
1-5 nm. While these values of inner diameters in BNNTs open
new perspectives for templating larger molecules, the confine-
ment obtained is rather weak for common dyes whose size is
typically 1-2 nm. The inner diameter, diyner, Was statistically
obtained using ac-HRTEM and the results indicate a relatively
broad distribution, ranging from 0.7 nm to 7 nm, with an
occurrence maximum centred at about 2 nm (see Fig. 1(b)).
Considering that an elongated 6T molecule is ~2.5 nm in
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(a) Schematic illustration of a-sexithiophene (6T) molecules aligned inside a boron nitride nanotube (BNNT). (b) Inner diameter distribution of

BNNTSs probed on the grid using TEM. Note that the BNNTs have between 2 to 4 walls and rarely above 10 nm inner diameters (about 5 walls or more).
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length, the large distribution of djnner can therefore accommo-
date various stacking configurations, including the face to face
and head-to-tail stackings.

To investigate the possible distribution of patterns, we
performed polarized fluorescence imaging of individual
6T@BNNTS lying on a Si/SiO, substrate (Fig. S1, ESIt). Briefly,
a polarized 532 nm laser (1:1000 polarization ratio) was
collimated onto the sample using a 60x objective to homo-
geneously photo-excite individual 6T@BNNTs within a field-of-
view of roughly 45 x 45 pm® A combination of half- and
quarter-wave plates allowed the excitation of the samples with
a well-defined polarization state (linear or circular with control
over the orientation). The emitted fluorescence was collected
and analysed through a polarizing beam splitter prism cube
and a 660 £ 5 nm band pass filter. Further details on the optical
set up are available in the supplementary information. Fig. 2(a)
shows a representative series of polarized fluorescence images
obtained from individual 6T@BNNTs recorded using different
excitation polarization conditions (blue arrows). The top series
displays the fluorescence of randomly oriented 6T@BNNTS
of lengths comparable to that of the optical resolution of
our apparatus (~1 pm), and excited with a circularly polarized
light at a laser wavelength of 532 nm. Note that a circular
polarization ensures that all orientations are simultaneously
excited with our setup. The middle and bottom series present
the responses of two in-plane orthogonal 6T@BNNTs having
relatively longer lengths of ~4 pm. The first presents a

View Article Online
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homogeneous fluorescence intensity along the BNNT axis,
while the second displays spotted emission, probably due to a
partial filling of 6T dyes in the nanotube. The two 6T@BNNTS
are excited with a linearly polarized light that can be oriented
approximately along the 6T@BNNT axis.

For all these cases, a periodic and severe extinction of
the signal is unambiguously seen in the polar plots of the
6T@BNNTs, which is characteristic of a highly polarized
fluorescence. These examples are in fact representative of what
is typically observed in our samples (see other examples in the
supplementary information file), namely a strong polarization
effect is systematically observed, and there is no evidence of
length, diameter, or filling level dependency. Considering that
the molecular density is roughly 400 pairs of 6T molecules per
micron of BNNT length, this result qualitatively demonstrates
the good capacity of BNNTs to orientate large ensembles of
elongated fluorescent organic dyes.

Fluorescence emission from molecular assemblies with
BNNTs has already been reported by our group'® and by
others.” A highly polarized emission was also measured by
Jakubek et al. from P3HT polymers wrapped along the BNNTSs
and used to image BNNTs under a microscope for quality
assessments.”>*" Fluorescence emission from molecular assem-
blies of polymers and molecular dyes with single-walled carbon
nanotubes (SWCNTs) has also been reported in the past.**™’
Thanks to their hollow 1D crystalline architecture, they offer
narrow and uniform cavities for dye encapsulation along the
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4 pm) individual 6T@BNNTSs deposited on a Si/SiO, substrate. The polarization

angle of the detected signal ranges from 0° to 270° with an incremental step of 30° between each image. The blue arrows indicate the state and direction
of the excitation polarization for the series: circular, horizontal and vertical polarization from top, to middle, to bottom, respectively. (b) and (c) Polar plots
of the fluorescence intensity for two 6T@BNNTS as a function of the analyser position and for two orthogonal excitation polarizations, i.e. along and
orthogonal to the nanotube axis. The excitation wavelength is 532 nm. The fitting curves are plotted as a blue line.
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whole nanotube. However, the following experiments have clearly
shown that fast energy transfer processes between photo-excited
dyes and the SWCNT host (E; < 1 eV) readily quench the
fluorescence emission of the dyes,>*>> which rather indicates
that the fluorescence emission from dyes@SWCNTs is due to
residual free dyes left in solution after rinsing and cleaning.

To better analyse the observed polarization dependencies,
we plotted in Fig. 2(b) and (c) the integrated intensity of two
typical 6T@BNNTSs as a function of the analyser polarization
angle, 6. The signal to noise (s/n) ratio is maximized when
exciting a given candidate with a linearly polarized light
roughly parallel to the nanotube axis, a condition that was
selected for these plots. The first 6T@BNNT (Fig. 2(b), left)
displays a highly polarized emission with an ultimate extinc-
tion ratio of 700 (I ara/Iortho), Which is only limited by the s/n
ratio for I,.mo. In cross-polarized excitation conditions (Fig. 2(b)
right), the signal is near zero. This large extinction of signal
combined with a good fit to the first term of the Legendre
polynomial function ((P,,(cos #))) (blue line) is consistent with
a strong and mono-dispersed alignment of emitters with uni-
axial symmetry.*® This result highlights the ability of BNNTS to
impose homogeneous molecular alignments along the nano-
tube axis for thousands of molecules.

While a strong alignment is noted for most 6T@BNNTs, we
found, however, a few cases as in Fig. 2(c) of nanohybrids
having slightly more complex polarization dependencies, yet
still indicating aligned molecules. That is, the polar plots
feature incomplete extinctions of the fluorescence at 90° and
additional side lobes in the polar plots, which are symmetri-
cally oriented at around £30° with respect to the BNNT axis.
Because of these lobes, the fit function to a polar plot (blue line)
clearly shows that a more elaborate function than simple cos®
functions is necessary to capture these lobes. The extra con-
tributions to polarization are clearly beyond the simple case of
aligned dipoles and would need at least the other (P4) coeffi-
cient of the Legendre polynomial for uniaxial symmetry, as
noted in polarization experiments with polymer fibres.?**
These cases of more complex polarization highlight the
presence of a sub-population of nanohybrids for which a
slightly more complex structure is observed.

To better understand these polarization patterns, we imaged
many 6T@BNNTs supported on a TEM grid using ac-HRTEM
imaging at 80 kV, which minimizes beam damage. Fig. 3(a)
presents some representative TEM images of 6T@BNNT nano-
hybrids having few walls and diameters ranging from 0.8 nm to
3.5 nm. As already reported before,'® an overall ordering of the
6T molecules is clearly observed for BNNTs with the smallest
inner diameter. While a complete modelling of these images is
not yet available, one can readily see that a subset of the
molecules adopts relatively large angles relative to the nano-
tube axis. This is more frequent when the inner tube diameter
increases (see examples highlighted by white arrows). To quantify
this trend, we measured the deviation angle for 757 molecules
confined inside a statistical assembly of 50 different BNNTs of
dinner ranging from 0.8 to 4.5 nm. The results of occurrences of
deviation angles are reported in Fig. 3(b) for dipper < 1.2 nmy;

986 | Mater. Horiz., 2023, 10, 983-992
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dinner < 2 NM; 2 NM < dipper < 3 NM; and dipper > 3 N,
respectively. Two main distributions appear in the statistics:
the first has a sharp distribution close to 0°, which is repre-
sentative of the smallest inner diameters. The second varies
broadly in the range from 10° to 60° for dinner > 2 nm with a
mean deviation angle of roughly 20° to 40°.

While the observation of a preferential angle distribution in
BNNTs of small dipner (compared to the molecule length) is not
surprising, the results of a cross-over between perfectly aligned
assemblies to more complex, yet still aligned, distributions of
molecule sub-populations with 20-40° orientations relative to
the nanotube axis is noteworthy. This evolution is clearly
highlighted in the Half Width at Half Maximum (HWHM) plot
in Fig. 3(c), which was calculated using Lorentzian fits applied
to the deviation angle distributions for each 0.5 nm interval of
dinner (S€e supporting information file for details). An interest-
ing feature is the values of HWHM remaining below 7° up to
dinner approaching 3 nm, this length being slightly larger than
that of a 6T molecule. For din,er > 3 nm, a simple Lorentzian
function can no longer capture the second distribution of
20-40° angles (see Fig. 3(b), middle) due to the limited statistics
in this diameter range. To overcome this limitation, we also
plotted in Fig. 3(c) the median value of the distribution, which
shows that the value never exceeds 25° for 6T@BNNT of dinner
< 5 nm.

Fig. 3(d) shows the normalized populations of the 6T
molecule of orientations characterized by a maximum angle
deviation of 5° 10° and 45°, respectively. Two important trends
in the distribution are identified in this plot. For BNNTs with
dinner < 1.5 nm, we see that more than 80% of the molecules
have deviation angles of less than 10°. For larger diameters, the
distribution shows that 80% of the 6T molecules display
deviation angles below 45°.

The orientation distributions become more complex at dinner
> 2 nm, but the results are consistent with the two main
signatures of polarization emission patterns observed in Fig. 2.
Most of the population is first strictly polarized along the
nanotube axis and the second population has a more complex
polarization dependency with, nevertheless, an overall prefer-
ential distribution aligned in the direction of the nanotube axis.
The BNNT appears to preferentially adsorb molecules on the
sidewall, which forces a cross-over in the orientation distribu-
tion at dipner = 3 Nm and above when the molecule-molecule
spacing is large. This is particularly noticeable in the two
HRTEM images in Fig. 3(a) of the 6T@BNNTs with dipner =
2.4 nm and 3.1 nm.

To better understand the nature of molecular interaction
participating to this alignment within the cavity of BNNTSs, we
measured the lateral distances between the wall of the BNNTSs
and the adsorbed molecules (dgrpnnt) and the distance
between adjacent confined 6T molecules (der_er). Fig. 4(a)
reports the statistical map of these distances acquired on a
large ac-HRTEM dataset of images as a function of the dj,per-
A colour code is used to separate different stacking configura-
tions, as illustrated in the pictograms, i.e., single (blue), double
(green), triple (red) and more than three rows (yellow) of

This journal is © The Royal Society of Chemistry 2023
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(a) HRTEM images recorded at 80 kV of 6T@BNNTs with inner diameters, dinner, between 0.8 and 4.5 nm. The white arrows highlight some

molecules with a deviation angle in the range between 20° and 40°. (b) Distributions of the deviation angles (absolute values) between the molecules and
the BNNT axis for different dinner Subgroups. (c) Red line: evolution of the deviation angle distributions as a function of dinner €xtracted from a Lorentzian
fit of the distribution of the angles in b. Histograms of the Half Width at Half Maximum (HWHM) in red and of the median value in purple. (d) Normalized
evolution of the 6T populations having a deviation angle of less than 5°, 10° and 45°, as a function of dinner-

molecules. A first observation is that the dgr.gnnr distribution
is centred around a value of 0.35 nm, independently of the
inner diameter and of the stacking configuration (see Fig. 4(a)
and (c)). This value corresponds to the van der Waals distances
(dyaw), which is similar to that of an interlayer in hBN and
graphene. Differently, we observed that the dgr_¢r distribution
spreads over values ranging from 0.35 nm to 1 nm (see Fig. 4(c))
and is characterized by a clear dependence on the inner
diameter and stacking configuration. More precisely, for a
given inner diameter, der_er generally explores the space avail-
able inside the BNNT. Considering the adsorption competition
between 6T-6T and 6T-BNNT, these observations point toward
a preferential adsorption of the 6T molecules onto the BNNT
wall. Because of the tubular structure, this favours a molecular
alignment of the 6T along the BNNT axis that is not correlated

This journal is © The Royal Society of Chemistry 2023

to the BNNT diameter, at least for the sample studied here
(dinner between 0.7 and 4.5 nm).

The competitive interaction leading to molecular alignment
is most likely the main cause of the highly polarized fluores-
cence patterns in individual 6T@BNNTs (Fig. 2). That is, the
stronger 6T-BNNT interaction identified in these statistics is
probably driving the polarization anisotropy along the nano-
tube axis. Another finding is the presence of clear thresholds in
the dgrgr distributions at dipner = 1.15 and 1.49 nm, which
corresponds to the transitions from single to double array and
from double to triple arrays of molecules, respectively. The
transitions are clearly visible using ac-HRTEM as in Fig. 3,
which are at values of minimum space required within the
BNNT to accept an additional row of 6T molecules. To better
understand these thresholds, we estimated the available

Mater. Horiz., 2023,10, 983-992 | 987
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Fig. 4 Statistics of measured lateral distances of 6T molecules confined inside BNNTs of inner diameters ranging from 0.7 to 3.3 nm. (a) Inter-distances
between the BNNT wall and the adsorbed 6T molecules (6T-BNNT, open circle) and between adjacent 6T molecules (6T-6T, filled circle) inside BNNTs.
The colour code indicates the stacking configuration of the confined 6T molecules, i.e. single (blue), pair array (green), triple array (red) and undefined
(yellow and violet) aggregates. (b) The calculated number of 6T arrays allowed to stack parallel inside the BNNT as a function of the diameter of the BNNT,
including the van der Waals (vdW) distance. Inset: Schematic representation of vdW radii (dotted purple lines) for the BN wall and for the S atoms (yellow
dotted lines) of the 6T molecules placed inside the BNNT. The red line sets the spacing direction used for the estimation of a single array and of arrays
with >2 molecules. (c) dgr-67 (filled green) and dgr-gnnT (OpPeEN green) inter-distance distributions in the specific diameter range between 1.2 nm and

1.5 nm, favouring pair stacking of 6T molecules.

volume for an additional row of 6Ts by considering the van der
Waals radii of the BNNT wall and of the encapsulated 6T
molecules (see ESIT for details). As highlighted in Fig. 4(b),
the calculated thresholds are consistent with the measured
single-to-double and double-to-triple thresholds. However, a
discrepancy is noted for the minimum inner diameter required
for the encapsulation of a single 6T array. According to this
model, a minimum diameter of 1.07 nm would be required
to accept a 6T molecule, whereas HRTEM observations unam-
biguously show 6T molecules encapsulated in inner diameters
of 0.7 nm. Similar behaviours have been reported for
quaterthiophene molecules (4T) inside single walled carbon
nanotubes.**?*”

The polarized fluorescence and statistical TEM analysis
point toward a stacking mechanism resulting from a balance
of competitive interactions to accommodate the 1D confine-
ment of the inner cavity of the BNNTs. The molecules naturally
tend to form by themselves a tilted stacking pattern called a
herringbone, which is the preferred packing for example in
polymorphic 6T crystals.*®*° Indeed, the weak interactions
between 6T and repulsive forces along specific directions are
balanced by various tilt angles ranging from 45° in the low
temperature phase to 65° in the high temperature phase.
Another driving force is the effect of the chiral angle of the
BNNT itself, which can sway the 6T stacking in the tilted
orientation relative to the nanotube axis. Preferential chirality
angles of 15-30° have been reported in large multi-walled
BNNTs,*! but a flat distribution from 0° to 30° is rather
common in single- and double-walled BNNTs.*> Considering

988 | Mater. Horiz., 2023, 10, 983-992

the length of 6T molecules and the space allowed by BNNTSs
with inner diameters considered here, most of these effects
appear simply limited by the available space. It is clear,
however, that the dominant interaction between the BNNT wall
and the 6T molecules explains the high degree of alignment of
6Ts inside the BNNTs. Shin et al. reported that molecular
dynamics calculations applied to the adsorption of poly-
(4-vinylpyridine) on the outer wall of boron nitride nanotubes
and on the surface of hexagonal boron nitride show that
decreasing curvature, ie., increasing diameter, favors mole-
cular adsorption on the BN wall.*® This trend may also explain
the key role of the BNNT wall in shaping molecules beyond the
purely geometric argument of 1D confinement in the large
diameter BNNTs studied here.

The high anisotropy and polarization dependency of indivi-
dual 6T@BNNT represents therefore a clear advantage to confer
polarized properties in macroscopic fluorescent materials.
Inspired by previous studies on the alignment of carbon
nanotubes and other nanomaterials in a polymeric matrix,****
we have prepared a polymer stretchable matrix made of PMMA
loaded with dispersed 6T@BNNTSs in toluene. After 1 hour of
stirring, the resulting solution was then dried on a hot plate
to form a thin film of about 180 pum thickness. (Fig. 5(a) left).
Next, the films were mechanically stretched at a temperature
of 130 °C. After a deformation of the films ranging from
100% to 230% (Fig. 5(a)), the samples were sealed between a
microscope slide and a coverslip with defined refractive
index oil matching the immersion fluid of the objective (see
supplementary file).

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2mh01239a

Open Access Article. Published on 20 Dezember 2022. Downloaded on 03.08.2025 09:09:08.

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

(cc)

Materials Horizons

a

o
°

View Article Online

Communication

Unstreched - Streched
¥ 1

{ie

—_ 1.0 A Streched
g10 § ®Unstreched
8 0.5
> 0.8 —*
2 O'O e 0° Streched
e Anisotropy factor —— Streche
2 0.6 - P 10 — Unstreched
c
- L)
(o] - <] _
S04l * = 45 8 45°
S 4
: T 6
o S
g 0.2} § _%s J|
)
E 3
=00 ' ' =-90° 90°
i } - - 0 2 4 6 8 10

6T@BNNT proportion (%)

Fig. 5 Polarized fluorescence from transparent thin films based on 6T@BNNT and PMMA. (a) Images of a centimetre wide PMMA film before and after
stretching (left and right). (b) Partial rendering of a ‘z-stack’ of a PMMA-6T@BNNT film acquired with confocal fluorescence microscopy in a 40 pm x
40 pm x 30 um volume. (c) z-Projection of the stretched and unstretched film datacubes. (d) Normalized fluorescence intensity recorded from the film,
when unstretched and stretched, for different parallel, orthogonal and crossed polarization conditions of the excitation and collection, as highlighted by
green and orange arrows, respectively. Inset: Anisotropy factor for the unstretched (left) and stretched sample (right) estimated from the data presented
in the same panel. (e) Polar representation of the 6T@BNNT percentage as a function of the deviation angle from the direction of stretch (0°).

We first characterized the thin film using 3D confocal
fluorescence imaging (Leica SP§ WLL2 microscope) with a
530 nm excitation wavelength and a collection spectral window
ranging from 600 nm to 750 nm and a z-step of 600 nm
(Fig. 5(b)). A z-projection of the fluorescence stack is presented
in Fig. 5(c) to map all the 6T@BNNTs in the whole volume.
After denoising, the orientation statistic of the detected
6T@BNNTs within the datacube are analysed using Morpho-
Lib] and 3DSuite (Fig. 5(e) and supplementary file)."®*” As
expected, the as-prepared film is composed of randomly
oriented 6T@BNNTs (Fig. 5(c)), albeit the quantitative analysis
of the angle repartition in Fig. 5(e) reveals a slight alignment of
the 6T@BNNT along the 90° direction, which is most likely due
to the presence of sheer force during the polymer liquid flow
and drying steps on the hot plate. While the 6T@BNNT is
slightly oriented before stretching, we clearly observed a strong
realignment along the stretching direction (0°). More quantita-
tively, 40% of the detected 6T@BNNTSs display a deviation angle
from the stretching direction below 20° (Fig. 5(e)).

Finally, we performed statistical polarization measurements
to study the impact of the polymer stretching upon the light
polarization emitted by the thin films. Fig. 5(d) presents the
normalized intensity of the fluorescence, parallelly (Zy-o, To-00)

This journal is © The Royal Society of Chemistry 2023

and orthogonally polarized (Igo-, I90-90) With respect to the
incident polarization. For the as-prepared sample, the fluores-
cence polarization properties are consistent with what is
expected for randomly dispersed immobilized uniaxial fluoro-
phores. Nevertheless, we noticed that values of I,_, and Iy_go,
which are supposed to be very similar, slightly differ due to
the unintentional alignment mentioned above along the 90°
direction. In clear contrast, the 6T@BNNT alignment within
the stretched PMMA matrix, shown in Fig. 5(c) and (e), is
revealed by the subsequent alignment of the fluorescence
patterns, mainly along the stretching direction. To better high-
light the polarizing effect induced by both the confinement of
the 6T molecules inside BNNTs and the alignment of the BNNT
within the PMMA matrix, we estimated the anisotropy factor,
Iy — Gly—9o
Iy — 2G99
tion of the set-up (G = 1.12). We found an enhanced anisotropy
factor r = 0.500 £ 0.014 for the stretched film, compared to
r = 0.185 % 0.005 for the unstretched film. These results on
films clearly demonstrate that the BNNTSs act, because of their
anisotropy and surface for molecular adsorption, as a powerful

defined as r = , with G, the optical factor correc-

1D template for aligning organic molecules from the nano to
the macroscopic scales. They are easy-to-handle 1D transparent
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containers for the assembly of ordered and polarized molecules
in advanced materials.

In summary, we have determined the polarization distribu-
tion of individual boron-nitride nanotube nanohybrids made
of a-sexithiophene encapsulated inside BNNTs of inner dia-
meter between 0.7 nm and 4.5 nm. The results underline a clear
correlation between the preferential alignment of the mole-
cules observed with transmission electron microscopy and the
strong polarization dependency of the luminescence emission
relative to the nanotube axis. The remarkable ability of BNNTSs
to create aligned 1D aggregates is highlighted by a complete
extinction of the emission intensity of 6T at 90° in a cross-
polarization configuration. The overall alignment of the mole-
cules along the BNNT axis enables highly polarized patterns of
fluorescence emission from all observed 6T@BNNTs. The sam-
ples reveal, however, a cross over between a perfectly aligned
distribution to a mixed distribution having slightly larger
angles for inner diameters in the 2-3 nm range. A detailed
analysis of the polarization properties of these nanohybrids
shows clear thresholds of inner diameter of BNNTs for which a
slight shift in the arrangement of the molecules leads to higher
polynomial terms in the distribution. Finally, we have used
6T@BNNTs as polarized light emitters in transparent and
flexible thin films. The high fluorescence anisotropy conferred
to these nanohybrids opens up new perspectives in the macro-
scopic preparation of polarized materials composed of 1D
organic aggregates for photonics and nano-optics.
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