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Controlled Stratification and Assembly of Cellulose
Nanocrystals in Polymeric Films Toward Optically Active
Coatings

Farid Khelifa, Heike M. A. Ehmann, Abderrahman Lamaoui, Mathieu Surin,
Jenifer Rubio-Magnieto, Philippe Dubois, and Youssef Habibi*

Nature’s most brilliant hues arise from the interaction of light with
multilayered- structures of aligned building blocks. Mimicking this hierarchical
organization in highly-ordered thin films of liquid crystalline species has
attracted increasing attention for potential applications in sensors and optical
switching displays. Due to its intriguing ability to organize into optically active
materials, cellulose nanocrystals (CNCs) are attracting a strong interest in the
scientific community. This study demonstrates that the shear-driven convec-
tive assembly technique can be used to stratify in a controlled fashion highly
ordered multilayers of rod-like CNC embedded in a protective hydrophobic poly-
mer matrix leading to optically active thin films. The films remain fully trans-
parent even after stratifying 50 layers. Atomic force microscopy analysis reveals
that over 87% of the CNCs in the upper layer aligned within ±20° of the with-
drawal direction. Notably, the stratification does not disrupt the organization of
the underlying layers. The films exhibit strong selective reflections with uniform
and intense colors, dependent on the number of stratified layers. This scalable
appraoch enables precise control over the optical characteristics of CNC-
polymer composite films, presenting opportunities for environmentally friendly
applications in pigment-free coatings, security papers, and optical devices.

1. Introduction

Nature constitutes a wonderful source of inspiration for the de-
sign of new structured materials by mimicking the hierarchical
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organization of natural species and repli-
cating their functionalities such as colors,
mechanical performances, water repul-
sion, etc.[1] Regarding coloration, many
natural biological systems develop won-
derful sets of colors originating from
pigments, bioluminescence, or structural
colors.[2,3] The later coloration, often re-
ferred to as structural coloration, is com-
monly observed in many animals and
insects such as butterflies, feathers of
birds, and crustacean shells and has di-
verse arrays of functions like mate at-
traction, camouflage, water repulsion,
UV protection, etc. Hence, structural
coloration in biological systems is ob-
tained without using pigments, or lumi-
nescence but originates from multilayer-
based photonic structures that selec-
tively reflect visible light due to a pe-
riodic modulation of the refractive in-
dex. These multilayered structures are
built often from stacked layers of chitin
(in animal) or cellulose (in plant) fib-
rils embedded in other cell components.

The recent advances in modern engineering and technol-
ogy have hastened the development of bioinspired nanostruc-
tured thin films with tailored optical properties.[4] Cellulose
Nanocrystals (CNCs), derived from cellulose fibers by controlled
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acid-catalyzed hydrolysis, have attracted particular attention due
to their impressive optical properties among others.[5,6] Col-
loidal aqueous suspensions of CNC are well-known to sponta-
neously organize and, upon reaching a certain concentration, to
exhibit nematic or chiral nematic liquid crystal ordering similar
to other rigid rod-like species, such as tobacco mosaic virus,[7]

poly(tetrafluoroethylene),[8] boehmite,[9] filamentous phage,[10]

and DNA fragments.[11] This cholesteric structure observed in
suspension is often described as a helical assembly (around a
cholesteric axis) of planes of rod-like crystals that are arranged
in a stacked configuration, aligning along a direction. The an-
gle of the director exhibits incremental changes in each succes-
sive plane.[5] Moreover, this structured arrangement can be main-
tained through a controlled drying process of the suspensions.
This preservation results in iridescent films of CNC exhibiting
a chiral nematic pitch on the same length scale as the wave-
length of visible light. These solid films have a huge range of po-
tential applications such as photonic encryption,[12] sensors,[13]

actuators,[14] anticounterfeiting smart tags[15] or to produce light
shutters.[16] They serve also as templates to create mesoporous
cellulose,[17] silica,[18] and carbon[19] materials with tunable chi-
ral nematic structures.

More intriguing is that the iridescence of CNC films can be
easily adapted by tuning the chiral nematic pitch either by ad-
justing the ionic strength of the medium through the addition of
electrolytes,[20] or by varying the pH,[21] the evaporation rate,[22]

thickness[23] or the nature of the substrate.[24]

However, it is important to highlight that these films lack
freestanding characteristics due to the inherent high fragility of
CNC.[25] Moreover, from the viewpoint of practical applicability,
films made of pure CNC obtained from aqueous suspensions
are unsuitable due to their hygroscopic nature, which is asso-
ciated with the intrinsic hydrophilic properties of cellulose. To
overcome this, several strategies have been recently attempted to
access optically active films through the incorporation of CNC
in polymer matrices, mainly by solvent casting technique.[26–28]

However, this approach faces challenges in maintaining unifor-
mity and control of the photonic structure within the polymer
matrix since preserving the optical activity is strongly affected by
many parameters like the viscosity of the surrounding environ-
ment. A notable approach involves Langmuir–Blodgett (LB) film
deposition, which offers precise control over the packing density
and orientation of anisotropic nanoparticles at a monolayer level.
In a recent study, four layers of rod-shaped CNCs were uniaxi-
ally deposited using LB techniques, enabling accurate character-
ization of their anisotropic material properties.[29] However, LB
deposition faces limitations in scalability and involves complex
experimental setups.

Our previous work addressed some of these challenges by
demonstrating the feasibility of convective-assisted assembly, a
rapid, scalable, and cost-effective deposition method, to produce
highly organized and stable monolayer films of poly(2-ethylhexyl
acrylate-co-glycidyl methacrylate) (poly(EHA-co-GMA)) with a
high loading of CNCs.[30] These monolayer films were character-
ized by poor hygroscopicity that limits their degradation in hu-
mid atmospheres.[31] Herein we extend our approach to stratify
multilayers of these highly ordered CNC films using a convective-
driven method resulting in the creation of a birefringent mate-
rial. The layer-by-layer methodology to fabricate iridescent opti-

cal coatings of CNCs in aqueous medium on silicon wafers has
been reported by Zhao via spin-coating.[32] However, this process
may lead to challenges such as non-uniform coating thickness,
limited scalability, and potential disruptions in the long-range or-
der of CNCs. Through in-depth optimization of stratified layers,
we show for the first time that such stratification reveals that
the resulting multilayers yield optically active CNC-based films
in an acrylic matrix with tunable coloration based on their thick-
ness. Thin films made of stacked layers show unique morpho-
logical and optical properties, as characterized by Atomic Force
Microscopy (AFM), Linear Dichroism (LD), Circular Dichroism
(CD), UV–vis absorption spectroscopies, and polarized optical
microscopy. Since the cross-section of CNCs is in the range of
small-angle X-ray scattering (SAXS)[20,33] the alignment was fur-
ther studied using synchrotron radiation in gracing incidence
configuration.

2. Results

CNC suspensions were combined with poly(EHA-co-GMA) to
obtain a solution of CNCs/poly(EHA-co-GMA) with a weight ra-
tio of 50/50. The deposition of the solution on glass substrates
was carried out using a shear-convective assembly to form mul-
tilayered films, as detailed in the Experimental Section. The de-
posited films remained fully transparent even after the stratifi-
cation of 50 layers (Figure 1a). However, it is important to note
that the transparency observed is qualitative, based on visual in-
spection rather than quantitative measurements such as % trans-
mittance. The nanocomposite films exhibited high compactness
with a measured thickness of ≈20 μm as depicted in scanning
electron microscopy (SEM) micrographs (Figure 1b). This corre-
sponds to an individual layer thickness of ≈0.4 μm. The align-
ment of CNCs stratification in a uniform direction was also eval-
uated through SEM micrographs (Figure 1c).

Morphological analyses of the upper layer, conducted through
Peak Force Tapping AFM, unveiled flat, homogeneous, and
densely packed CNCs-based thin coatings. Notably, particles
tended to align in the withdrawal direction (Figure 2). The
cause of this unidirectional deposition is elucidated through
shear-driven alignment, a phenomenon observed when rod-like
nanoparticles undergo shearing forces. The origin of this phe-
nomenon is associated with a delicate equilibrium of various mu-
tual forces and interactions, notably hydrodynamic forces (shear
and drag), Brownian motion (viscosity), surface tension (capillary
forces), and electrostatic interactions.[30,34]

AFM images (Figure 2a,c,e,g) show that CNCs in the upper
layer are highly oriented toward the withdrawal direction of de-
position. To assess the alignment degree of CNCs within the
top layer, Gwyddion software was employed for analysis, as de-
tailed in a previous study.[35] Each CNC was individually assigned
a director vector, and the relative angle of each vector concern-
ing the withdrawal direction was subsequently calculated and
the results are presented in Figure 2b,d,f,h. The films were then
categorized into different groups depending on the number of
CNCs falling into the following angle ranges 0–20°; 20–40°; 40–
60° and 60–90°. Taking into account the symmetry conditions
for angles spanning from -90° to 0°, counts were combined with
their respective positive angles. Regardless to the layer count,
over 87% of the CNCs exhibit alignment within a range of ±20°
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Figure 1. a) Picture illustrating transparency of CNCs/poly(EHA-co-GMA) thin film comprising 50 layers deposited on a glass substrate using the
shear-convective method, and b,c) the corresponding feature SEM images depicting the cross-section of the thin film.

relative to the withdrawal direction (Table S1, Supporting Infor-
mation). The remarkable degree of alignment observed is pri-
marily attributed to the prevailing shear forces, as electrostatic
interactions between CNC-CNC and CNC-substrate are dimin-
ished or potentially excluded in favor of robust CNCs-poly(EHA-
co-GMA) interactions, as previously demonstrated in the casting
process.[36] While the alignment achieved in this investigation is
similar to that attained for aqueous suspensions of CNCs with
the utilization of the identical deposition method, the presence of
the polymer seems to foster further organization. Notably, the de-
gree of alignment of CNCs in the poly(EHA-co-GMA), generated
through this cost-effective, straightforward, and swift technique,
exceeds that achieved with more complex methods, such as those
involving strong magnetic fields.[37,38] It is worth mentioning that
the accumulation of layers does not impact the alignment of the
upper layer, with over 87% of CNC still oriented within ± 20°

relative to the withdrawal direction (Table S1, Supporting Infor-
mation). Furthermore, the deposition of the upper layer does not
alter the organization of the sublayers as confirmed by Grazing-
Incidence Small-Angle X-ray Scattering (GISAXS) and by LD
experiments.

In Figure 3 the q-plots of the GISAXS experiments are shown
(3.1–3.3), whereby the samples were either aligned parallel (a-
series) or perpendicular (b-series) to the beam. Further, the c-
series are the 1D cuts in the qy direction, while the d-series
represent the 1D cut in the qz direction of both alignments. In
Figure 3(1.a,b), it can be seen that if solely the copolymer (rela-
tively thick layer, as it was impossible to control the deposition
of continuous monolayer layer) is deposited, a highly ordered
pattern in both alignments (parallel and perpendicular, respec-
tively) is visible in the corresponding q-plot. The scattering in qz
and qy directions appears very narrow, indicating that only a few
scattering centers are accessible within the GISAXS size range
and that the structural features exceed the size of 50 nm for both
alignments. Nevertheless, a distinct shape is visible when prob-
ing the samples either parallel or perpendicular to the deposition
direction. In the case of probing parallel to the deposition direc-
tion, slight rings are visible at qy = 1.311 nm−1 (d = 4.8 nm) and
1.715 nm−1 (d= 3.7 nm) (i.e., the rings visible within the qz range,

measured at their out of plane presence). Those indicate the pres-
ence of a higher order of the copolymer itself in a repeating man-
ner. Contrarily, perpendicular to the beam (Figure 3(1.b)), the
scattering pattern is very narrow and the rings of Figure 3(1.a)
are less pronounced but still visible in their respective 1D cuts.
The peak in the qy plane corresponds to the d = 3.7 nm while the
one at 4.8 nm is absent. This can be explained by the alignment of
the polymer with respect to the incidence beam. In general, the
behavior of the rings, e.g., pronounced smearing when probed
parallel to the beam and narrowing when probed perpendicular
to the beam; proves the presence of lamellar structures of the
copolymer in use (see Figure 3). It is known that disordered films
or partially ordered or even thick films with many layers result
in rings being dominant, originating from qz and ending in the
Yoneda regime (qy cut). For structures aligned parallel to the sur-
face regular spaced stripes of intensity along the qz direction are
noted (i.e., Bragg sheets). If structures are aligned perpendicular
with respect to the surface (e.g., chain stretching from polymers
toward the interface), rod-like correlation peaks appear, similar
to those observed in grazing incidence diffraction. This indicates
that the qz rings of the copolymer (slightly diffused Bragg sheets)
can be correlated to spacing that occurs parallel to the surface,
i.e., the layer deposition/thickness. These observations were fur-
thermore more correlated by 2D-FFT of the AFM images of the
films.

In Figure 3(2.a,b) the copolymer-CNCs deposition of one layer
is shown. Compared to the pattern of the copolymer alone
(Figure 3(1)), we observe that the introduction of aligned CNC
leads to an introduction of polydispersive scattering centers
(broadening of scattering intensity next to the reflected beam be-
hind the beam stop). Nevertheless, even if CNCs with their vary-
ing lengths and widths are introduced within this aligned com-
posite film, the alignment is still clearly visible even if the perfec-
tion of solely using the polymer is slightly distorted. The shoul-
der is still visible ≈3.6 nm in the qz-cut (measured in the out-of-
plane regime). The 1D cut in the qy direction (Figure 3(1.c)) re-
veals that the slope is less pronounced, showing the contribution
of the new scattering centers of the CNC rods with their vary-
ing widths and lengths, as well as pore structures, broaden and
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Figure 2. Peak Force Tapping-mode height images (2.0 × 2.0 μm2) of CNCs/poly(EHA-co-GMA) thin films with 1 layer (a), 10 layers (c), 25 layers (e)
and 50 layers (g) alongside the corresponding alignment distribution of the upper layer with respect to the withdrawal direction (b, d, f and h).
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Figure 3. q-plots of 1) one layer of the copolymer, 2) one layer of the copolymer with CNC and 3) 50 layers of the copolymer with CNCs (upper row
a) measured with deposition direction being parallel to beam; lower row b) measured with deposition direction being perpendicular to the beam) and
their corresponding 1D cuts with c) along the qy and d) along the qz direction.
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Figure 4. Linear dichroism spectra of CNCs/poly(EHA-co-GMA) materials
consisting of 5 layers (X), “10 layers” (Ο), “25 layers” (■) and “50 layers”
(line) when they are aligned parallel (positive signal) and perpendicular
(negative signal) to the incident cross-polarized light. Inset: the maximum
intensity reported as a function of the number of layers.

distort the appearance of the pattern. This effect is even more
dramatic when 50 layers are deposited as shown in Figure 3(3)
where especially the deposition parallel to the beam (3.3a) shows
a broad halo around the reflected beam stop. Since this distinct
broadening is absent when the sample is rotated (3.3b, perpendic-
ular to the beam), it can be followed that the direction-dependent
broadening originates from the alignment of the CNCs within
the copolymer matrix. Especially the qy-cut (3.3c) reveals that par-
allel to the beam more scattering centers in the region of the
GISAXS experiment contribute to the overall scattering (e.g., in-
terplay of distances between the CNCs as well as their width).
Since the beam configuration was slit-like, the cross-section of
many CNCs is illuminated, which contributes to this halo (drange
≈4 – 80 nm). Furthermore, it can be seen that the synchrotron
X-ray beam penetrates the underlying layers that leads in the per-
pendicular probed sample to a more pronounced broadening as
if only 1 CNC layer is deposited, but this is of minor weighting
since the orientation of the upper layer is still dominating and
clearly visible when the sample is rotated. The peaks, still present
in the 1-layer deposition of the copolymers vanish in the q-pattern
of the 50-layer deposition (Figure 3(3.d)). This can be explained
by the fact that since they were only slightly present, the scat-
tering contribution of the underlying layers smears them “away”
and only a slight shoulder is visible within the qz-plot with a (blue
line indicated in d series; qy-d value of 3.7 nm). When 10 layers
are deposited (data not shown) those peaks originating from the
copolymer are still clearly visible in the perpendicular cut, but
this is no longer dominant when 25 layers are applied.

Furthermore, in order to evaluate the influence of the depo-
sition on the alignment of sublayers, LD spectroscopy measure-
ments were also performed on films containing from 5 layers up
to 50 layers (Figure 4). LD spectroscopy can provide valuable in-
formation about the alignment of particles.[39,40] With the help of
LD spectroscopy, the study explores the variation in absorption
between parallel and perpendicular linearly polarized light con-
cerning the orientation axis of particles.[41]

In the case of CNCs/poly(EHA-co-GMA) monolayer, the inten-
sity was insufficient to register the LD signal. However, beyond
5 layers, a maximum intensity was observed at ≈300 nm, corre-
sponding to the maximum absorption wavelength (Figure 4). No-
tably, a noteworthy linear correlation was identified between the
LD intensity and the number of layers (i.e., thickness) (Figure 4
inset). Positive LD signals were recorded when the samples were
aligned parallel to the incident cross-polarized light, while per-
pendicular orientation resulted in negative intensities, displaying
perfect symmetry irrespective of the number of layers. It is worth
noting that when the samples were set at 45° with respect to the
light source either for a pure copolymer film or for a CNC-based
film for which the orientation of CNC was not controlled, no LD
signal was recorded.

In order to provide insights into the orientation of polymeric
materials, polarized infrared spectroscopy can be useful because
it gives selective information on the orientation state of polymeric
chains.[42]

Horikawa et al. successfully utilized polarized FTIR for cellu-
lose microfibrils, characterizing the uniplanar alignment of na-
tive cellulose microfibrils to the cell wall surface.[43] In this con-
text, polarized FTIR analyses were conducted on samples com-
prising 10, 25, and 50 layers, both on the copolymer and on a
sample where CNCs are not aligned in a preferential direction.
Three orientations of the sample vis-a-vis the IR irradiation were
considered including 0°, 45°, and 90°, (Figure 5a). Regardless
of their orientation concerning the polarizer, the spectra con-
taining cellulosic material exhibited the characteristic bands of
nanocellulose.[44]

Upon examining the obtained spectra, it becomes evident that
the pure copolymer sample and the non-oriented CNC sample ex-
hibit no variation with the angle of analysis. On the other hand,
and notably, the spectra of the materials made of 10, 25, and 50
layers are remarkably similar, demonstrating a consistent trend
in variation with changing sample angles. Herein, only the spec-
tra of the sample with 50 layers are presented, and similar ob-
servations can be made for materials with fewer layers. Zooms of
the spectrum of the material loaded with 50 layers in the range of
3800–3000 and 1200–1000 cm−1 are displayed in Figure 5b,c, re-
spectively. The peaks observed at 1065 and 1169 cm−1 correspond
to the vibration of the C─O─C pyranose ring and antisymmetric
stretching of the C─O bridge, respectively. Noticeably, stronger
peaks are observed for the nanocomposite analyzed at 0° angle
compared to the one at 90°. This suggests that the CNCs are ori-
ented parallel to the polarization axis of the IR irradiation, cor-
responding to the withdrawal direction. At this 0° angle, the IR
rays pass through the highest number of functional groups of the
film. It is worth noting that the sample analyzed at an angle of
45° exhibits an intermediate behavior. As previously mentioned,
FTIR analyses reveal consistent trends for samples with 10, 25,
or 50 layers, indicating that the orientation is intrinsic to a sin-
gle layer. Likewise, concerning the peak observed at 3350 cm−1,
which signifies the O─H stretching vibration, the intensity is
higher when the sample is oriented at 0° with respect to the polar-
ization axis compared to other orientations. The higher intensity
of the O─H stretching peak at 3350 cm−1 for the non-oriented
CNC sample may be due to the inherent random orientation of
the CNCs, which allows for more uniform interaction with the
polarized IR light across all angles.
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Figure 5. a) FTIR spectra depicting the poly(EHA-co-GMA) (A), a sample without aligned CNCs (B), and a sample comprising 50 layers of oriented
CNCs (C) analyzed at angles of (■) 0°, (line) 45° and (□) 90° relative to the IR beam; b,c) close-ups of the FTIR spectra for the “50 layers” sample.

To further assess the versatility of this uncomplicated and cost-
effective assembly approach for crafting optically active CNCs/
poly(EHA-co-GMA), the materials were examined under polar-
ized light. Illustrated in Figure 6 are examples of the captured
images. The films were positioned in the microscope at 0 and
45° relative to the deposition direction to alter the incident angle
of light. Under parallel alignment of the polarizer and analyzer,
and with the sample oriented in the deposition direction, an am-
ber color devoid of distinctive features was observed (Figure 6).
This color subtly transitioned to orange with an increasing num-
ber of deposited layers (not shown). When the nanocomposite
was observed at 45° with respect to the withdrawal direction
(Figure 6a,c), it exhibited strong selective reflections with uni-
form and intense colors dependent on the counts of stratified
layers (blue-dominant for 25-layers and green-dominant for 50-
layers). Thus, these selective colors confirm that the birefrin-
gence arises from light interferences within multilayered struc-
tures of thin films created by organized particles.[45] One assumes
that CNC, with an ordinary refractive index of 1.58 and an extraor-
dinary one of 1.53, embedded in a polymer matrix with a refrac-
tive index of 1.5 means that the birefringence would be ≈0.05,
hence our results fall perfectly into the Michel Levy chart plot-
ted based on such system. Hence, the iridescence observed in
CNC-based films arises from the angle-dependent selective re-

flection of polarized light. The dominant color is fundamentally
contingent on the degree of stratification (e.g., thickness) and its
organization as observed in some living organisms, such as the
fruit of Pollia condensata.[46] The observed homogenous and in-
tense colors do not show any radial variation and heterogeneities
commonly present in solvent-cast films and result from varying
speeds of solvent evaporation during the passage of the drying
front over the film, with faster evaporation occurring at the edges
compared to the central part.[47–50] Intriguingly, in our case the
uniformity of colors points out the absence of a mosaic of heli-
cal stacks compared to the CNCs oriented by magnetic field.[49]

Indeed, helical stacks are usually formed from the spontaneous
assembly of CNCs and not under force-driven alignment. There-
fore, it can be concluded from Figures 4 and 6 that the observed
colors of CNC oriented by the shear-driven convective method
are not due to the chiral nematic structure but the birefringence.
A parallel occurrence was noted in prior studies by Zhao et al.,
where the chiral long-range alignment of cholesteric CNCs was
disrupted or dismantled through axial-centrifugal stretching dur-
ing the spin-coating process.[32]

Besides, the highly organized structure obtained herein as
well as the formation of a high-loading CNC percolated net-
work should give rise to a unique material with reinforced me-
chanical properties as already reported for some bioinspired
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Figure 6. Optical micrographs of CNCs/poly(EHA-co-GMA) films deposited by shear-convective-assembly on glass substrate taken under polarized light
with sample oriented 45° with respect to: (a and c) the direction of the deposition with the analyzer and polarizer parallel (b and d) the direction of the
deposition with the analyzer and polarizer perpendicular (cross polarizer).

materials.[51,52] Indeed the modulus of the resulting films was
estimated in our previous work by Peak-Force AFM to be ≈11–
12 GPa.

Figure 7a shows that the maximum absorption wavelengths
obtained by UV–vis absorption correlate with the positions of
the LD signals maxima (≈310 nm). CD spectroscopy provides in-
sights into the chiroptical properties of the films by assessing the
differential absorption between left- and right-handed circularly
polarized light, and has been widely applied to study CNCs.[53–55]

To measure the CD spectra of the films, we used an integrating
sphere installed in the sample chamber of the CD spectropho-
tometer. Figure 7b shows broad CD signals with a negative peak
≈310 nm for the film composed of 25 layers, whereas a positive
CD signal is observed at the same wavelength for the film made of
50 layers. The inverse CD signals for the films with 25 layers and
those with 50 layers are surprising and could be attributed to dif-
ferences in the helicoidal stacking within the films, whereas for
both films the broadness of the peaks and signal above 350 nm
could be attributed to light scattering, as probed by CD signal de-
tection with the integrated sphere.

3. Conclusion

In this study, a shear-convective assembly technique was em-
ployed to stratify multilayers of CNCs embedded in an acrylic-
based polymer matrix. This process resulted in highly transpar-
ent and compact nanocomposite films, with a measured total

thickness of ≈20 μm. AFM analysis revealed that CNCs in the
uppermost layer were consistently aligned toward the withdrawal
direction, with over 87% of CNCs oriented within ±20° of this
direction. Importantly, the deposition of additional layers did not
disturb the alignment of the sublayers, as confirmed by GISAXS
and LD experiments. The films exhibited strong selective reflec-
tions, with the color intensity and hue varying based on the num-
ber of stratified layers blue-dominant for 25 layers and green-
dominant for 50 layers. These optical properties suggest that the
birefringence, estimated to be ≈0.05, arises from light interfer-
ence within the multilayered structure. This matches well with
the Michel-Levy chart, further confirming the organized struc-
ture of the films. This stratification approach presents a simple,
fast, and cost-effective method for creating birefringent materi-
als, offering potential applications in coatings, sensors, and opti-
cal devices.

4. Experimental Section
Materials: Before utilization, EHA (VWR, 99%) and tetrahydrofuran

(THF, VWR, 99%) were subjected to passage through a basic alumina
column to eliminate the stabilizing agent. GMA (VWR, 97%) underwent
drying over anhydrous calcium hydride for 24 h at room temperature
and purification through vacuum distillation at 60 °C before utilization.
Azobisisobutyronitrile (AIBN, 98%), dimethylformamide (DMF, Acros,
for analysis), sodium hydroxide (NaOH, Acros), sulfuric acid (Merck,
98%), and hydrogen peroxide (Sigma Aldrich, 30%) were employed in
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Figure 7. UV–vis transmission (a) and CD spectra (b) of CNCs/poly(EHA-
co-GMA) films consisting of 25 layers (■) and 50 layers (line) using a CD
integrating sphere.

their as-received states. Pure ramie fibers were sourced from Stucken
Melchers GmbH & Co (Germany). Glass was used as a substrate for
coating.

Free-Radical Copolymerization: The synthesis of the copolymer was
achieved via free radical copolymerization in a THF.[36] The monomers
(EHA:GMA in a 40:60 molar ratio) were dissolved in dried THF at a con-
centration of 2 M. The solution underwent meticulous degassing through
several freeze–pump–thaw cycles. AIBN was then added to the flask to
initiate polymerization. The flask was promptly placed in a thermostatic
oil bath at 70 °C for 24 h with continuous stirring. Termination of the re-
action was achieved by immersing the flask in liquid nitrogen, and the
copolymer was precipitated from the solution using a THF:methanol mix-
ture (1:7). Subsequently, it was filtered and dried at room temperature un-
der vacuum (0.1 mbar) for 2 days (Figure 8A). Characterization of the ob-
tained copolymer was performed using 1H NMR spectroscopy (from pre-
vious work), confirming a molecular composition of 20% GMA and 80%
EHA.[36]

Preparation of Cellulose Nanocrystals: 60 grams of meticulously puri-
fied ramie fibers were cut into small fragments and subjected to treatment
with a 4% NaOH solution (1000 mL) at 80 °C for 2 h to eliminate resid-
ual contaminants. Following this, acid hydrolysis was carried out using
an 800 mL solution of sulfuric acid (65% wt.) at 55 °C for 30 min, with
continuous mechanical stirring. The resulting suspension underwent fil-
tration through a sintered glass no.1 to remove macroscopic fragments
from unhydrolyzed fibers. Through a thorough process of washing with
water, achieved via centrifugation and dialysis against deionized water un-
til neutralization, the suspension was concentrated to 4% to serve as the
stock suspension. According to AFM analyses, the resultant CNCs exhib-

ited an average length of ≈200 nm and an average width ranging from 7
to 10 nm.

Dispersion of Cellulose Nanocrystals in DMF: The transformation of an
aqueous CNC suspension to DMF involved a solvent-exchange process. A
specific volume of DMF was introduced into the aqueous CNC dispersion,
and the resulting mixture was transferred to a 100 mL flask. Water was then
removed by employing a rotavapor. Subsequently, the suspension under-
went ultrasonication for 5 min to ensure the optimal dispersion of CNC.
The concentration of the final suspension was determined gravimetrically
and found to be 3.7% (wt.).

Processing of Nanocomposite Coatings: Before the film processing
stage, a mixture of CNC and copolymer in DMF was formulated by dis-
solving 0.5 g of the copolymer in DMF. After solvent-exchange from water
to DMF, the resultant CNC suspension was combined with the prepared
poly(EHA-co-GMA) to obtain a suspension of CNCs/poly(EHA-co-GMA)
with a weight ratio of 50/50.[30] The nanocomposite films were deposited
using the shear-convective assembly method with DMF as the solvent
and glass as the substrate. In preparation for deposition, the glass sub-
strates underwent a meticulous cleaning process with a piranha solution
for 30 min, followed by a thorough rinse with distilled water. The upper
inclined plate, connected to a syringe pump motor assembly (Model Fu-
sion 10) provided by KR Analytical Ltd, was maneuvered at a regulated
speed of 4.8 m h−1. The angle between the two plates remained fixed at
11.25° throughout all deposition processes. This setup was positioned
in a laminar fume hood with positive airflow to prevent contamination.
Subsequently, a volume of 10 μL of the resulting nanocomposite solution
was deposited between the inclined plate and the glass substrate. After
plate withdrawal, a dried ultra-thin film was formed. This procedure was
repeated several times to achieve coatings with 10, 25, and 50 layers. Be-
fore depositing each successive layer, the film was left to dry for a few
minutes to remove residual traces of DMF (Figure 8B).

Atomic Force, Optical and Scanning Electron Microscopies: Atomic force
microscopy was performed to characterize the microscopic morphology
properties of the coatings. The films were deposited on the silicon wafer
and imaged using Peak Force Tapping (PFT) technique based on real-time
force–distance curve analysis recorded at a cantilever frequency of ≈2 kHz
using a Bruker ICON AFM. This technique provides high-resolution imag-
ing and allows us to control the force applied between the sample and the
tip to limit deformation or damage to the probe or sample. AFM images
were performed in air and in ambient conditions with SNL-10 tips type
with a spring constant of 0.35 Nm−1 and a radius of curvature of ≈10 nm.

CNC orientation of the top layer was scrutinized by the analysis of AFM
images with the software Gwyddion. AFM images were examined, and in-
dividual CNCs were assigned to director vectors. The Gwyddion software
was employed to calculate the relative angle of each vector to the with-
drawal direction. Consequently, CNCs were sorted into distinct groups
based on angles (0–20°, 20–40°, 40–60°, and 60–90°). Symmetry condi-
tions were applied for angles ranging from -90° to 0°, with counts be-
ing aggregated to their corresponding positive angles Significantly, several
hundreds of CNCs were tallied in each image analysis.

An Ultra High-Resolution Cold Field Emission Scanning Electron Mi-
croscope (FE-SEM) from Hitachi (model SU8020), operating between
100 V and 30 kV and equipped with 5 electron detectors in addition to
a built-in EDS SDD detector from Thermo Scientific, was used to assess
the coatings morphologies.

Linear Dichroism Spectroscopy: LD spectra were measured using a Chi-
rascan Plus CD Spectrometer from Applied Photophysics, UK. A detector
whose detection range is from 160 to 1150 nm permits to switch from
CD standard analysis to a CS/LD linear dichroism detector. LD of an ori-
ented molecule is the difference in the absorption of parallel and perpen-
dicular linearly polarized light. Samples were set parallel, perpendicular,
or at 45° with respect to the incident cross-polarized light and scanned at
120 nm min−1 with a step resolution of 0.2 and 1 nm bandwidth. The de-
tector baseline corrections were made by subtracting the spectrum from
the glass substrate blank.

UV–vis Transmission and Circular Dichroism Spectroscopy: UV–vis
transmission and CD spectra were measured using the Chirascan Inte-
grating Sphere accessory installed in the Chirascan sample chamber from
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Figure 8. A schematic illustrating A) the synthesis protocol of the poly(EHA-co-GMA) and B) the isolation of CNCs from ramie fibers and their aligned
assembly via the shear-convective method.

the Chirascan Plus CD Spectrometer from Applied Photophysics, UK. The
CNCs/poly(EHA-co-GMA) films consisting of “25 layers” and “50 layers”
were placed into the Chirascan Integrating Sphere in a diffuse reflectance
mode, and the spectra were recorded between 250 and 450 nm, with a
bandwidth of 1 nm, 120 nm min−1 with a step resolution of 0.2. The sam-
ple was rotated into the holder to minimize sample anisotropy artifacts.
Blank spectra recorded for the glass substrate were used as baselines and
were automatically subtracted from the UV and CD spectra of the sam-
ples. The spectrometer measures the differences in absorption of left- and
right-handed CPL and this difference is expressed in terms of ellipticity in
millidegrees (mdeg).

Synchrotron Grazing Incidence Small Angle X-Ray Scattering: The
GISAXS experiments were performed at the high-flux Austrian SAXS beam-
line at Elettra synchrotron in Triest, Italy, which is well suited for study-
ing time-resolved structural transitions with an X-ray energy of 8 keV (𝜆
= 1.54 nm). The samples were mounted on a sample stage that can be
rotated around two axes (e.g., transversal to the beam in 5 μm steps
and tilted to set the incidence angle in millidegree steps). The sample-
to-detector distance was determined to be 1.517 m via silver behenate
calibration (lamellar spacing of 5.838 nm) and a 2D Pilatus 1 M Detec-
tor System was used with a 10-module array of each module having a size
of 487 × 195 pixels (pixel size = 172 × 172 μm2). Between the sample and
detector, a vacuum tube was mounted to reduce the air scattering. The de-
tector images were transferred into reciprocal space using the X-ray tool-
library X-ray utilities. To obtain the 1D cuts, the Dectris freeware ALBULA
3.2.0 was used. The out-of-plane cut (qy) as a function of constant qz was
extracted immediately above the Yoneda peak for each sample. The spec-
ular beam was set to ≈0.79° (above the critical angle of total reflection of
organic thin films). Instead of using a structure factor, the peak positions
and structural features were directly determined from the corresponding
qy values (kinematic SAXS regime).

Fourier Transform InfraRed Spectroscopy: Fourier Transform InfraRed
(FTIR) spectroscopy measurements were carried out using a Bio-RAD Ex-
calibur FTS 3000 FTIR spectrometer. The spectral range was 600 to 4000
cm−1, with a resolution of 4 cm−1 and an accumulation of 32 scans. All
spectra were normalized to the band at 1730 cm−1, which corresponds to
the carbonyl stretching frequency and remains unaffected by the addition
of CNCs. Polarized spectra were obtained by placing a polarizer (Brukker,
USA) in the path of the IR beam before it reached the sample. Measure-
ments were taken with the samples oriented at 0°, 45°, and 90° relative to
the beam.
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