RESEARCH ARTICLE

W) Check for updates

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Hierarchical Twist: Chirality Across Scales in Cellulose

Cholesterics

N. Monge, L.F.V. Pinto, E. Ferreira, P.L. Almeida, J.L. Figueirinhas, A.L. Carvalho,

P.J. Sebastido, and M.H. Godinho*

One of the unresolved aspects of cellulose-based liquid crystalline phases is
their chirality. Although cellulose is intrinsically chiral, both left-handed (LH)
and right-handed (RH) chiral nematic phases are reported in cellulose
derivatives under different conditions. The origin of these discrepancies—and
whether LH and RH twisted structures coexist within a single material—has
remained unclear. Here, the first direct evidence of hierarchical LH and RH
twisted structures coexisting in a solvent-free, thermotropic cellulose
derivative at room temperature is provided. Free-standing cholesteric films
exhibit distinct LH and RH twisted domains, whose pitches respond
oppositely to uniaxial mechanical strain: the LH pitch increases, while the RH
pitch decreases with increasing strain. This contrasting response results from
the coexistence of intertwined LH and RH twisted structures, whose optical
axes are oriented differently relative to the strain direction. Notably, after
stretching beyond their elastic limit, the films spontaneously recover their
original shape within minutes. During this recovery, circular dichroism (CD)
measurements reveal an increase in RH pitch and a decrease in LH pitch,
evidencing reversible, strain-responsive behavior. Multiscale structural
characterization confirms the hierarchical chiral organization and its
mechanoresponsive nature, providing new insights into the origin of chirality
in cellulose-based liquid crystalline materials.

1. Introduction

Chirality in liquid crystalline systems con-
tinues to attract the attention of researchers
due to its fundamental importance and
its relevant role in enabling diverse func-
tional properties, including optical activ-
ity, selective molecular recognition, and dy-
namic mechanical response.[] Cellulose-
based liquid crystalline (LC) phases are par-
ticularly interesting. As the most abundant
biopolymer on Earth, cellulose provides an
ideal renewable and sustainable platform
for the design of advanced mesomorphic
materials.>* Cellulose intrinsic molecular
chirality—arising from the stereochemistry
of -D-glucopyranose units—renders cellu-
lose and cellulose derivatives ideal candi-
dates for studying chiral self-assembly at
different length scales.

Despite the right-handed (RH) chiral-
ity of cellulose macromolecules, cellulose
derivatives’ liquid crystalline phases display
both left-handed (LH) and RH chiral ne-
matic phases under different preparation
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conditions, including variations in solvent, concentration,
or temperature, despite no chiral substituents being added.l>”]
In contrast, cellulose nanocrystals (CNCs), often produced
by acidic hydrolysis, are reported to form LH chiral nematic
order, a feature attributed to an intrinsic RH twist within the
individual nanorods. More recently, this helicity has been at-
tributed to the presence of assembled cellulose nanoparticles,
which can act as colloidal chiral dopants.®®) The apparent
contradiction of having cellulose hierarchical self-assembled
structures with different handedness, formed from the same
chiral backbone and the same cellulose derivative, has been
theoretically justified,'%! but it has nevertheless raised impor-
tant questions about the fundamental mechanism of chiral
amplification in cellulose systems and whether the observed
handedness is an emergent property of hierarchical assem-
bly or a direct result of the molecular or nanoscale structural
geometry.

In literature, the reflection of both right and left circularly po-
larized light observed in cholesteric phases obtained from hy-
droxypropylcellulose (HPC) was attributed to a distortion of the
cholesteric helix.[®] A central and unresolved question in the field
is whether LH and RH helical domains can coexist within the
same cellulose-based LC material. Such coexistence would chal-
lenge the traditional view that the chiral nematic pitch is defined
by molecular or nanoscale chirality and could suggest the pres-
ence of higher-order supramolecular structuring mechanisms.
Previous attempts to resolve this issue have been limited by con-
straints in alignment control, solvent effects, or incomplete struc-
tural characterization.

It is also known that the value of the cholesteric pitch of a
polymer network can increase or decrease with the application
of strain, depending on the orientation of the helix axis.['!l When
a mechanical strain is applied perpendicular to the helix axis of
the cholesteric phase results in a uniform untwisted configura-
tion results once a critical strain is exceeded, as it removes the
distinct, pinned regions of sharp twist. If the strain remains be-
low this threshold, the pitch decreases proportionally with the
deformation.['"1?] The unwinding process occurs through coni-
cal director configurations when the network is stretched parallel
to the helix axis.[’]

In a recent study, the behavior of cholesteric networks un-
der multiaxial mechanical stress was investigated, with a fo-
cus on their optical response and chiral structural deforma-
tion. The research examined how stretching along different
directions—in the same direction, uniaxial, two perpendicular
directions (biaxial), and out-of-plane—affects the helical struc-
ture and, in turn, the optical properties of the polymer network.
The results showed that uniaxial stretching causes a loss of in-
trinsic circular polarization selectivity due to helix unwinding,
while biaxial and out-of-plane stretching preserve this optical
function.['

In this work, we report the first direct observation of hierar-
chical coupled left- and right-handed twisted structures within
a single solvent-free, thermotropic cellulose derivative system
at room temperature. The cellulose derivative chosen enables
the precise tuning of mechanical properties and the control
of anchoring properties of the cholesteric phase. RH and LH
signals were detected by circular dichroism spectroscopy using
free-standing films with the optical axis perpendicular to the film
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surfaces, as confirmed by Polarizing Optical M1.2811icroscopy
(POM) working in reflection and transmission modes between
cross-polarizers. The controlled stretching of the samples allows
the LH and RH domains to exhibit opposing pitch responses,
with the LH pitch increasing and the RH pitch decreasing.
Scanning electron microscopy revealed that the mesoporous
structures templated by the cellulosic films exhibit nanoscale
features matching the LH pitch values, supporting the pres-
ence of an LH helical arrangement. Furthermore, we show
that the presence and interaction of these dual-handed twisted
structures contribute to the unconventional shape recovery of
the film samples after stretching during strain relaxation. A
comprehensive multiscale characterization approach, combin-
ing POM, Circular Dichroism (CD), X-ray diffraction images
(XRD), small-angle light scattering (SALS), Scanning Electron
Microscopy (SEM), and mechanical testing, reveals this unique
chiral arrangement’s hierarchical and mechanoresponsive
nature.

2. Results and Discussion

2.1. Preparation and Characterization of Acetoxypropylcellulose
(APC) and Lyotropic Solutions

The cellulose derivative selected, acetoxypropylcellulose (APC)
(idealized structure shown in Figure 1a) exhibits a cholesteric
phase and both thermotropic and lyotropic behavior at room
temperature.l'>] The APC synthesized for this study forms a lig-
uid crystalline phase at room temperature. The isotropization
temperature calculated by POM and DSC is between 110-120 °C,
and the glass temperature is below room temperature (210 °C)
as determined by DSC (Figure S1, Supporting Information).
APC also forms lyotropic phases in various solvents, including
dimethylacetamide (DMAc). APC was synthesized as a translu-
cent sticky material with a bluish hue (Figure S2a, Supporting
Information), with a degree of esterification of 1.28 (Figure S3a,b,
Supporting Information). Under cross-polarized light, it exhibits
birefringence and, upon shearing, develops defects (Figure 1b.1)
that relax slowly over time. When APC is dissolved in DMAc at
55 wt.%, (Figure S2b, Supporting Information) the sheared solu-
tion (shear rate equal to 3.5s71) exhibits birefringence as observed
by POM in transmission mode between cross polars and cross
polars and a lambda plate, which within 15 min disappeared,
as shown in Figure 1b.2. The dark field observed under cross
polars may indicate that the system is isotropic or that the op-
tical axis of the cholesteric phase is perpendicular to the sam-
ple substrates. The viscosity versus shear rate curve (Figure 1c)
shows that the solution presents rheofluidic behavior, and the
presence of the three Onogi and Asada regions!!'®l confirms
the characteristic features of a liquid crystalline regime. Fur-
thermore, the frequency-dependent measurements of the stor-
age (elastic) and loss moduli (Figure 1d) indicate that the solu-
tion behaves as a viscoelastic liquid. Based on these rheologi-
cal measurements and in published results,!'”] the relaxed tex-
ture observed under crossed polarizers after 15 min (Figure 1b.2)
can be attributed to the anchoring of the cholesteric phase with
the optical axis quasi-aligned perpendicular to the confining
substrates.
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Figure 1. Precursor cellulose-based liquid crystalline materials. a) Idealized structure of acetoxypropylcellulose (APC) with a degree of molar etherification
of 2.0, a degree of etherification of 1.5, and a degree of esterification of 2.0. b. Polarized optical microscopy (POM) photos taken in transmission.
b.1) Texture of APC, between cross polars and a lambda plate (530 nm), 30 min after shearing. b.2) Textures observed between crossed polars (first row)
and between crossed polars with a lambda plate (530 nm) (second row), after shearing a solution of 55 wt.% of APC in dimethylacetamide (DMAc),
evolution after shear from 5 to 15 min. c) Viscosity versus shear rate curve for APC/DMAc (55 wt.%) (the shear rate used to make the films is indicated
in the graph by “Sample”). d) Loss modulus (G’) and storage modulus (G”) versus angular frequency (w) for APC/DMAc (55 wt.%). Scale bars: 100 um

(b.1,b.2).

2.2. Acetoxypropylcellulose Films: Optical and Mechanical
Characterization

APC films were prepared from APC/DMAC (Figure S2c, Sup-
porting Information) using a shear casting technique at a shear
rate of 4.5 s71. After solution relaxation and subsequent dry-
ing, the resulting films observed by POM appeared dark under
crossed polarizers (Figure 2a.1). Blue and pink domains are ob-
served when the sample is seen between crossed polarizers and
alambda plate, 4 = 530 nm (Figure 2a.2), indicating that the cel-
lulosic film is not aligned along the shear direction. The APC
sample is bluish when seen in reflection (Figure 2a.3), and the
CD measurements of the films (Figure 2b) revealed a negative
peak indicative of a right-handed helicity, with the helical pitch
related to the maximum wavelength of the peak, which appears at
483 nm. The observed characteristics are due to the thermotropic
liquid-crystalline behavior of APC at room temperature, the de-
gree of substitution, and the average molecular weight of APC,
which are known to influence the material’'s maximum reflection
wavelength.[8]

Through the equation of DeVries A =7 Pcosf), where 7 is
the average refractive index, P is the value of the pitch of the
cholesteric phase, and 6 the angle between the incident beam
of light and the optical axis, considering 7 equal to 1.5,[%) the
pitch value is of the order of 322 nm. These results are an indi-
cation that the twisted cholesteric structure is preserved in the
films after relaxation and solvent evaporation, as shown by POM
in reflection mode and confirmed by CD spectra. Both reflection
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and transmission POM imaging suggest that the cholesteric op-
tical axis tends to orient perpendicular to the film surfaces. Due
to the sample’s liquid viscoelastic nature, SEM imaging proved
challenging. Nevertheless, a lamellar structure can be perceived
from the SEM image in Figure 2c, which serves to corroborate the
cholesteric organisation that is at the origin of the right-handed
helicity detected by CD and previously reported for APC samples
in the literature.[*5]

To better understand the orientation of the optical axis of the
cholesteric phase in the soft films, we evaluated their mechani-
cal properties in directions both parallel and perpendicular to the
shear direction used during film preparation (stress-strain curves
are presented in Figure S4, Supporting Information). Hereafter,
the terms “parallel” and “perpendicular” refer to directions rela-
tive to the shear-casting direction used during film preparation.
The table in Figure 2e shows a summary of the mechanical prop-
erties, including Young’s modulus and tensile strength. The me-
chanical properties obtained in this study contrast with those pre-
viously reported for APC/DMACc systems, where the cholesteric
phase was unwound and the director aligned along the shear
direction.!”]

The Young’s modulus of the films studied in this work are
slightly higher in the parallel direction compared to the perpen-
dicular one (11.18 + 0.80 MPa vs 7.90 + 1.50 MPa), and the yield
strength and elongation at break are similar in both directions.
These slight differences likely arise from the polymer concen-
tration (55 wt.%) and a reduced degree of esterification of APC,
which decreases the precursor solution viscosity and promotes
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Figure 2. Thermotropic acetoxypropylcellulose (APC) films and their structural characterization. a) Polarized optical microscopy (POM) images of the
dried film: a.1) acquired in transmission between crossed polars a.2) between cross polars and a 530 nm lambda plate inserted at 45° relative to the
cross polarizers a.3 blue color acquired with a POM microscope in reflection mode of the APC sample; b) Circular Dichroism (CD) spectra of the film
indicate a right-handed with the maximum wavelength reflected centered at 483 nm. c) Scanning electron microscopy (SEM) photo showing “melted”
layers seen perpendicular to the layers surface. d) Normalized stress—strain hysteresis curves for different cycles of APC films cut parallel to the shear
direction. Scale bars: 50 um (a.1, a.2); 100 um (a.3); 10 um (c). e) Summary table of mechanical properties for samples cut in parallel and perpendicular

directions (Figure S4, Supporting Information).

the relaxation of the liquid crystalline phase during solvent evap-
oration.

Although the films show comparable strength and ductility
in both directions, the higher stiffness along the parallel direc-
tion indicates slight mechanical anisotropy. Compared to liter-
ature values for shear-aligned cellulose films (15.8 MPa paral-
lel, 39.9 MPa perpendicular!?’l), our Young’s modulus values are
lower and closer between perpendicular and parallel directions,
suggesting that the cholesteric structure is largely preserved
during shear casting.

Overall, the mechanical tests, combined with POM and CD
analysis, indicate that the cholesteric pitch of the order of 322 nm
remains with the optical axis predominantly perpendicular to the
film surfaces.

The viscoelastic nature of the films was further examined
through cyclic tensile testing (Figure 2e). The presence of hys-
teresis, observed as the area between the loading and unload-
ing curves, indicates partial energy dissipation during deforma-
tion, likely due to internal friction and molecular rearrangements
within the cholesteric structure. This energy loss was quantified
using the loss ratio, defined as the ratio of the hysteresis loop area
to the total energy input during loading.

The loss ratio values remained high in both the parallel and
perpendicular directions, indicating that the films are mainly vis-
cous (Figure S4, Supporting Information). Since the loss ratios
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are similar in both directions, these findings support the data ob-
tained from stress-strain curves and the observed optical textures.
This confirms that the shear-cast films exhibit viscous elastic be-
havior after solvent evaporation and that any preferred molecular
alignment along the shear direction, which could have been in-
duced during preparation from the precursor solutions, was not
retained in the final films.

2.3. Characterization of APC Films under Strain

To investigate the slight structural asymmetry detected in the me-
chanical measurements and its influence on the optical proper-
ties of the films, CD spectra were recorded for films submitted
to different values of strains in the perpendicular (Figure 3a) and
parallel (Figure 3b) directions.

To emphasize the position of the peak maxima rather than
their intensity as a function of strain, the results were normal-
ized, as described in the Supplementary Material. Figure S5
(Supporting Information) illustrates the decrease in peak inten-
sity with increasing strain, while the corresponding normalized
peaks are shown in Figure 3a.

The peak positions for each stretching value are compiled
in the table shown in Figure 3d. Uniaxial stretching results in
a gradual decrease of the maximum of the right-handed (RH)
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Figure 3. Revealing dual helicity in cellulose-based liquid crystalline systems. a) Circular dichroism (CD) spectra of uniaxially stretched samples perpen-
dicular to the shear direction, showing a progressive blue-shift of the right-handed (RH) peak and the emergence of a left-handed (LH) peak at shorter
wavelengths with increasing strain. b) CD spectra evolution for uniaxially stretched samples parallel to the shear direction reveals similar dual-helicity
as perpendicular direction behavior, but with distinct pitch dynamics; the LH peak exhibits a more pronounced shift than the blue shift of the RH peak.
c) CD spectra of biaxially stretched samples, no LH signal was detected. d) Summary table of peak positions (4,,,,c) for RH and LH contributions as a

function of uniaxial and biaxial stretching.

peaks for both directions, which is an indication of the decrease
in the pitch value with increasing strain values. The same behav-
ior was observed for cholesteric elastomers when the cholesteric
structure is stretched perpendicular to its optical axis.!*!] This re-
duction in pitch can be associated with a decrease in film thick-
ness (Figure S6, Supporting Information). However, the blue
shift of the RH peak is more pronounced in the perpendicular
direction (A4 = 74 nm at 105% strain) than in the parallel direc-
tion (AA = 15 nm at 114% strain). This behavior can be under-
stood by considering the Young’s modulus of the films, which is
slightly higher in the parallel direction. This suggests that shear
may have induced a tilt of the optical axis along the parallel di-
rection, distinct from that in the perpendicular direction. The ob-
served anisotropy implies that the optical axis of the right-handed
(RH) structure becomes slanted in the parallel direction. When
the film is stretched along this direction, the tilted RH helices
may begin to untwist, counteracting the natural tendency of the
film to thin, implying a less reduction of the pitch. In contrast,
along the perpendicular direction, untwisting is expected to oc-
cur only at higher strain levels. A comparable effect has recently
been reported in cholesteric liquid crystalline elastomers.[??]
Surprisingly, a second CD signal emerges at higher strain val-
ues, corresponding to a left-handed structure whose maximum
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peak value increases with strain. Warner et al.l'!l state that the
pitch of a cholesteric structure increases when stretched along or
obliquely to its optical axis. This suggests that an LH structure at
an angle to the RH structure may exist and unwind once a certain
strain threshold is reached.

Uniaxial stretching is known to lead to a loss of intrinsic cir-
cular polarization selectivity due to helix unwinding.[**! Initially,
RH structures began to exhibit an LH signal once the applied uni-
axial strain exceeded a certain threshold. Due to unwinding of the
helix, both RH and LH channels can reflect the same wavelength,
indicating loss of intrinsic circular polarization as described.!'314]
However, this trend contrasts with our findings, where increas-
ing strain causes a decrease in the wavelength of the RH peak
and an increase in the wavelength of the LH maximum peak.
Also, the uniaxial stretching of the films induces an increase in
birefringence, accompanied by the appearance of transmission
textures under POM resembling oil streaks, which become pro-
gressively more distinct with increasing strain, indicating a direc-
tional alignment along the stretching direction (Figure S7, Sup-
porting Information).

The CD peaks observed between 200 and 300 nm have also
been reported in the literature for cellulose nanofiber composite
materials,[?*] the authors attributed these peaks to contributions
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Figure 4. Time evolution of stretched films. a,b) Evolution of X-ray and SALS measurements performed on a sample 100% stretched in the perpendicular
direction, respectively. ¢,d) Evolution of X-ray and SALS images for a sample 100% stretched in the parallel direction, respectively. e) The evolution of
the order parameter calculated from XR diffraction patterns for samples stretched to 100%, 150%, and 200% in perpendicular and parallel directions.
f) Evolution of the width (w) of the film stretched 100% for different temperatures. The inset shows images of the width evolution for the first 20’ of a
film sample 100% stretched in the parallel direction. Scale bars: 5 mm (b,d, and f. inset).

from absorption, scattering, reflection, and the absorbance of in-
dividual components. In our case, the absorbance due to cellulose
molecules decreases with increasing strain (Figure S8a,b, Sup-
porting Information). Considering these results, the dominant
contribution in our system appears to be reflection processes aris-
ing from the helicoidal assembly of oriented cellulosic molecules,
as both the LH peak wavelength and intensity increase with uni-
axial film stretching. Notably, the LH peak shifts under strain to
wavelengths beyond the typical cellulose absorbance region (4 =
323 nm for 200% stretching).

We also performed CD measurements on films that were
stretched simultaneously in parallel and perpendicular directions
(biaxial) (Figure S9, Supporting Information). The results are
shown in Figure 3c and summarized in the Figure 3d table. The
RH peak shifts to lower wavelength values more rapidly than in
uniaxial measurements, and no LH peak is detected. These re-
sults can be explained by the fact that the RH blue shift is caused

Adv. Optical Mater. 2026, 14, €02728 €02728 (6 of 11)

by a greater reduction in film thickness during biaxial stretch-
ing. During this process, the LH structure does not achieve di-
rectional alignment, which prevents the reinforcement of the CD
signal and renders it undetectable.

The effect of temperature was studied by circular dichroism
on both relaxed and stretched films. For the relaxed films, it was
observed that the maximum peak of the RH structure shifted
to higher wavelengths (Figure S8c, Supporting Information).
This finding aligns with results reported in the literature for
cellulosic liquid-crystalline phases, which indicate an increase
in the cholesteric pitch with temperature.[** For the stretched
films, where both length and width were kept constant, the effect
of temperature is consistent with the results shown in Figure 4 of
this work, which indicate that, for a fixed length, the film width
should decrease as temperature increases. As a result, the film
thickness tends to decrease to compensate for the restrictions
on width and length that cannot shrink as the temperature
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Figure 5. Schematic representations of the hierarchical helical structures and optical changes under uniaxial and biaxial stretching. a) Schematic repre-
sentation of the coexistence of LH cholesteric structures (pitch P;) forming RH cholesteric structures (pitch P,) within the same hierarchical structure,
and on the right, top view scheme and corresponding SEM image of the surface of a free-standing mesoporous silica film obtained from the cellulose
film (the white dashed double arrow indicates the orientation of the P1 helices.). For simplicity of the schemes, the LH cholesteric structure (with pitch
P,) is represented by an LH helix. b) Simplified helical structures and changes induced by uniaxial and biaxial stretching. Schemes on the left shows
unstretched samples, stretching directions and front and top view; schemes in the center show uniaxial stretching, demonstrating the alignment of the
LH structures along the stretching direction and increasing of the pitches (P;- and P;.-) and the unwinding and decreasing of the RH pitches (P,- and
P, .) upon stretching; scheme on the right illustrates biaxial stretching, showing the reduction of RH pitch (P, ) and the possible increase of the LH
pitch (P;--+) and no unwinding of RH and LH structures. Scale bar a) 500 nm.

rises, leading to a reduction of the RH pitch structure with
increasing temperature. Conversely, the peak related to the LH
pitch structure remains unchanged because the sample length
is fixed as the temperature increases (Figure S8d, Supporting
Information).

Figure 5a presents a diagram illustrating the formation of
the hierarchical, self-assembled twisted structures. RH cellulose
molecules first organize into LH structures, which then assemble
into larger RH structures. The idealized schematic suggests how
the pitches of the RH and LH helices become interdependent
in the cellulose films under uniaxial deformation—when one in-
creases, the other decreases. For simplicity, the LH twisted struc-
ture (pitch P,), formed by RH-organized cellulose main chain
molecules, is depicted as a helix that self-assembles into the RH
twisted structure with pitch P,. Also shown is the top view of
the RH twisted (pitch P,), along with a SEM picture of the free-
standing surface of a mesoporous silica film obtained from cel-
lulose liquid crystalline films.

Adv. Optical Mater. 2026, 14, €02728 €02728 (7 of 11)

The free-standing mesoporous silica films were prepared
by adapting a previously described template-based method,!®!
which allows indirect structural analysis of soft matter materi-
als. The films were immersed in tetraethyl orthosilicate (TEOS)
aqueous solution and heated at 60 °C for 2 h, followed by dry-
ing at room temperature. To remove the cellulose template, the
dried films were then calcined at 540 °C in air, resulting in free-
standing mesoporous silica films. This high-temperature treat-
ment caused shrinkage of ~50% of the resulting films.

The surface of the free-standing mesoporous silica films
(Figure 5a; Figure S10a, Supporting Information) shows a
nanoscale network resembling a “knitted fabric” with features
aligned along parallel and oblique directions and spaced at
~34 nm. Although sample preparation may influence the SEM-
observed structures, the regular periodicity suggests an ordered
origin from the cellulose template. Periodicities below 200 nm
are expected in unstretched samples, though they fall below
the detection range of CD. The smaller features observed likely
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arise from the left-handed (LH) twisted structures and from the
shrinkage of the film after template removal. Overall, the sur-
face patterns reflect both the intrinsic periodicity of the cellulose
films and the structural changes induced during processing. Pre-
vious studies have reported the fabrication of mesoporous sil-
ica using liquid crystal templates, noting that while the phase
structure was successfully replicated, significant shrinkage of
the material also occurred.?®! The cross-section of the meso-
porous silica films (Figure S10b, Supporting Information) re-
veals other periodicities that are attributed to the RH helical
structures.

Figure 5b shows a simplified schematic of the RH twisted
structure under uniaxial and biaxial stretching. It illustrates how
changes at the molecular and nanoscale levels of the LH struc-
ture (with pitch P,) influence the pitch variation of the RH struc-
ture (P,). These diagrams aim to represent the CD and SEM re-
sults. Under uniaxial stretching, the helices begin to unwind,
and to align the LH helices along the stretching direction, al-
lowing the LH peak to be detected by CD. In contrast, under bi-
axial stretching, the observed decrease in P, is attributed solely
to the reduction in film thickness, without helix unwinding and
alignment.

To perform the structural characterization of the films under
uniaxial stretching X-ray diffraction images and SALS measure-
ments were conducted to monitor the director alignment over
time (Figure 4a—d; Figure S11, Supporting Information)

The orientational order parameter ((S)) (Figure 4e) was calcu-
lated from the X-ray diffractograms according to Deutsch:[?’]

1+ sin(i))} }d¢ 1)

cos ¢

<S>=1-N13 / () {sinz () + sin (¢) cos? (¢) In
2 0

with, N = /.? I(¢) dep, I() the azimuthal intensity distribution
and ¢ the azimuthal angle. The values of the order parameter are
very low (they vary between 0.08 and 0.18) and remain nearly con-
stant over time, even at 200% strain. In contrast, SALS measure-
ments reveal a progressive increase in orientational order over
time, both in parallel and perpendicular directions. This time-
dependent behavior observed by SALS suggests a reorientation
of the material under strain, consistent with liquid crystalline
flow characteristics. Despite this, the X-ray data confirms that the
cholesteric helical structure remains long after stretching. Thus,
the increased order detected by SALS is likely due to a gradual re-
orientation of the cholesteric axis toward the stretching direction.
Considering the results obtained from X-ray patterns and SALS
as a function of time, the data suggest that the cholesteric axis
is, on average, oriented differently depending on the direction of
the applied deformation. Initially, the cholesteric axis appears to
be more aligned perpendicular to the stretching direction, likely
because reorienting it to this configuration involves a lower acti-
vation energy compared to aligning it along the parallel direction.
However, the distinct evolution of activation energy with increas-
ing strain suggests that the material’s internal structure responds
differently when deformation is applied parallel or perpendicular
to the shear direction used during film casting from the lyotropic
solution.

To highlight the differences between the perpendicular and
parallel directions of the samples, the width of the films was
measured as a function of time and temperature under various
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imposed strains, while keeping the length constant (Figure 4f;
Figure S12, Supporting Information). If the deformation is con-
sidered to occur at constant volume, the width decreases slightly
more in the parallel direction than in the perpendicular direction,
at room temperature. This can be understood by the thickness
decrease that can be associated with the decrease of the pitch of
the RH helix, which is more pronounced for the perpendicular
direction.

2.4. Relaxation of the Films after Stretching

The relaxation behavior of the films was investigated by allowing
the material to return to its original shape, as shown in Movies S1
and S2 (Supporting Information) and Figure 6. Figure 6a,b. illus-
trates the reduction in sample length over time for films stretched
parallel and perpendicular to the shear direction. The experimen-
tal values were fitted to a model equation for liquid viscoelas-
tic fluids Li (1) = 4 (1) = A + (Apax — Ao) X exp(— =), where L(t)
is the length (or deformation) of the film at time t, L, is the orig-
inal (undeformed) length of the film, A(t) = L—Lo(t) is the stretch

ratio at time t, a dimensionless measure of the deformation, 4,
is the final (or equilibrium) stretch ratio, 4,,,, is the maximum
stretch ratio, i.e., the value of A at t = 0, immediately after defor-
mation, t is the time after release of the applied stress or strain,
and 7 is the characteristic relaxation time, describing how fast
the material returns to equilibrium. The 7 values give evidence
that the relaxation time depends upon the initial stretching and
the stretching direction for 30% and 50% of initial stretching
(30% parallel direction = = 20 min, perpendicular direction r =
30 min (Figure S13, Supporting Information) 50% parallel direc-
tion r = 30 min, perpendicular direction ¢ = 40 min) while for
100% of initial stretching the values for the parallel and perpen-
dicular directions are similar, 7 = 207 min. Overall, the trend
shows that as the initial stretching increases, the relaxation time
also increases. The relaxation of the film can also be followed by
CD as seen in Figure 6¢c. The relaxation of a film initially 88%
stretched implies the decrease of the pitch of the LH helix to wave-
lengths <200 nm and the increase of the pitch of the RH helix
to 505 nm, which is much >450 nm found for the sample after
stretching and much more similar to the maximum wavelength
of the peak before stretching (483 nm). In Figure 6d the sequence
of images gives the relaxation of the film toward its initial length
after being 100% stretched in the perpendicular direction.

max

3. Conclusion

In this work, we demonstrate that left- and right-handed struc-
tures with distinct pitch values exist within the same cellulose-
based liquid crystalline phase. While the presence of both RH and
LH structures in cellulosic lyotropic films and solutions has been
previously reported—often attributed to cholesteric unwinding
or the presence of a birefringent layer between two cholesteric do-
mains of the same handedness®?®—our findings suggest a dif-
ferent mechanism. We show that LH and RH structures emerge
at different length scales and may be inherently linked in cellu-
lose liquid crystalline phases, such that they cannot be treated as
separate entities. Circular dichroism measurements confirm the
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Figure 6. Length relaxation dynamics of stretched APC films. a,b) Relative length reduction of samples stretched in directions parallel and perpendicular
to 50% and 100%, respectively. c) CD of APC film prior, during, and after relaxation of APC films. d) Time-lapse images showing shape evolution during
relaxation for samples 100% stretched in the perpendicular direction. Scale bar: 5 mm (d).

presence of both chiralities, and mesoporous films derived from
free-standing cellulosic liquid crystalline templates further sup-
port the existence of the LH phase, revealing spatial features at
length scales consistent with LH helical pitch.

Interestingly, under strain, the LH structure exhibits an in-
crease in both pitch and peak intensity, while the RH structure
shows a decrease in intensity and shifts to lower wavelengths.
Upon release of the strain, the LH peak shifts back to shorter
wavelengths and the RH peak shifts to longer wavelengths, with
a corresponding increase in intensity. These CD observations oc-
cur simultaneously with the unexpected recovery of the film'’s
original dimensions, even after being stretched well beyond the
elastic regime.

To rationalize these findings, we propose a dual-helicity model.
At the molecular level, cellulose RH chains organize into LH
pseudo-layers. These layers, in turn, hierarchically self-assemble
into an RH cholesteric superstructure. The LH component, with
pitch P, defines the local pseudo-layer architecture; the RH com-
ponent, with pitch P,, arises from their global stacking. Impor-
tantly, P, and P, are inversely coupled: as P, increases, P, de-
creases, and vice versa. Under biaxial deformation, the film thick-
ness decreases more rapidly than under uniaxial deformation,
leading to a reduction in the P, component, whose optical axis is
oriented perpendicular or nearly perpendicular to the film plane.
In contrast, the P, component is not detected by CD, likely due
to its optical axes being distributed within or close to the plane of
the film prior to deformation. Our results show that strain deter-
mines the balance between these interdependent structures.

Together, these findings reveal an additional level of structural
complexity in cellulosic liquid crystals. A simplified framework
is proposed to interpret the observed results and the hierarchi-
cal organization of right-handed cellulose assemblies. This work
brings more questions related to our understanding of cellulose-
based hierarchical structures and opens the way for novel
applications related to its mechanical and optical behavior.

Adv. Optical Mater. 2026, 14, €02728 €02728 (9 of 11)

4. Experimental Section

Statistical Analysis:  The quantitative data were presented as the mean,
and the sample size was mentioned in the description of the adopted
method. The error was estimated by calculating the standard deviation
(SD) of the mean and was given as mean =+ SD.

Synthesis of (Acetoxypropyl) Cellulose (APC): The synthesis was
adapted from Rusig et al.,[24] Tseng et al.,["®] and Costa et al.,[?°] as fol-
lows: Typically, 50 g of hydroxypropylcellulose (HPC) (Aldrich, nominal
M,,= 100,000 g mol~", Molar substitution (MS) = 2.3 (determined by 'H
NMR)) is added (portion-wise) to acetic anhydride (160 g) under stirring.
To initiate esterification, acetic acid (15 g) is added dropwise at room tem-
perature. The chemical reaction is allowed to proceed for 1 week under
stirring at room temperature. The reaction is quenched by adding the ho-
mogeneous solution to water, allowing the precipitation of APC. Purifica-
tion of APC is achieved through sequential precipitations using acetone
as the solvent and water as the anti-solvent. Pure APC is dried at 60 °C un-
der vacuum with 75% yield. The characterization of the produced APC was
performed by "H-NMR using CDCl; as solvent. The calculated Degree of
Acetylation of APC was 1.28. Lyotropic solutions of APC 55 wt.% in DMAc
can be obtained within weeks by allowing the polymer to fully solubilize at
room temperature.

Preparation of the Films: The lyotropic solutions of APC 55 wt.% in
DMAc were thoroughly mixed at room temperature and cast onto a Teflon
plate using a Gardner casting knife at a controlled speed of 5 mm s~1.[30]
The films were allowed to dry at room temperature. The thickness of
the dried solid films obtained was 50 + 2 um. The films were cut into
convenient-sized rectangular pieces with the longest dimension of the
sample either along the direction of the casting shear or perpendicular
toit.

To obtain the chiral nematic mesoporous silica films, the original casted
shear films were immersed in 10 mL of tetraethyl orthosilicate (TEOS)
(1.2 mL/5.4 mmol) aqueous solution and maintained at 60 °C for 2 h.
Following treatment, the films were removed from the solution and dried
at room temperature. Pyrolysis of the cellulose-based films was carried
out by initially heating the samples to 100 °C at a rate of 120 °C h~! and
holding for 2 h, followed by further heating to 540 °C at the same rate
and holding at this temperature for 6 h. After gradual cooling to room
temperature, the resulting free-standing mesoporous silica films were
recovered.
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Polarized Optical Microscopy:  All images were acquired using an Olym-
pus BX-51 polarized optical microscope (Olympus Corporation, Tokyo,
Japan), equipped with a SCHOTT KL2500 LCD cold light source and cou-
pled with an Olympus DP73 digital camera. Image acquisition was con-
ducted using Olympus Stream Basic software, version 1.9. A Berek com-
pensator coupled to a homemade stretching apparatus was used to mea-
sure the birefringence of the films.

Rheology Measurements: The rheological characterization was per-
formed with an Anton Paar MCR 501 rheometer, with a plate/plate
geometry of 50 mm in diameter (PP50) and a gap of 1 mm, at
room temperature. Frequency sweeps were conducted within a range
of 0.1 to 100 rad s~' at 25 °C. Flow curves were carried out be-
tween 0.1 and 100 s~' at 25 °C. Two replicas were used for each
measurement.

Mechanical Properties: The mechanical properties of thin films were
evaluated using uniaxial tensile and mechanical cycling tests. The uniaxial
tensile tests were carried out using a Minimat Firmware 3.1 tensile ma-
chine (from Rheometric Scientific) equipped with a 20 N load cell. The
mechanical cycling tests were performed using a static-dynamic minia-
ture testing machine, model Inspekt Micro LC 100N (from Hegewald &
Peschke) equipped with a 10 N load cell. Data was acquired using Lab-
Master software version 4.2.1.2. All tests were performed at room tem-
perature using a speed of 5 mm min~'. For each measurement, five
samples collected by cutting the films in parallel and perpendicular di-
rections were used. The samples had initial lengths of 5 and 2.5 mm
and cross sections of ~ 0.055 mm?. Biaxial mechanical tests were con-
ducted using custom-built equipment that enabled precise strain control
for the acquisition of circular dichroism spectra (Figure S9, Supporting
Information).

Small Angle Light Scattering: All samples were mounted on a fixed
support positioned 40 cm from the target. A He-Ne laser (model LHP
991, Melles Griot Optical Systems) operating at a wavelength of 632.8 nm
with an output power of 1 mW was used as a light source. Image ac-
quisition of the scattering pattern was performed using a CANON EOS
R100 digital camera equipped with an RF-S 18-45 mm IS lens. Images
were captured every 20 min over a total period of 1000 min, at room
temperature.

X-Ray Measurements: ~ X-ray scattering measurements were performed
at room temperature using a Bruker D8 Venture diffractometer, equipped
with a PHOTON 11-70 CMOS 2D detector (pixel size 0.135 mm). The
X-ray beam, with a wavelength of 1.54184 A, was generated by a Di-
amond IuS Copper anode X-ray tube operated at 50 kV and 1 mA.
The thin film samples were mounted on a rectangular support frame
and aligned perpendicularly to the incident beam at a fixed sample-
to-detector distance of 34 mm. Each exposure was acquired over 30
s, with a total of 50 exposures collected at 20-min intervals through-
out the experiment. Diffraction patterns were processed using PRO-
TEUM3 (v6.2.16, 2021) for image integration, and Adxv (v.1.9.14)
software was employed for visualization and further order parameter
analysis.

Circular Dichroism Measurements: All experiments (film and bulk)
were conducted using an Applied Photophysics Chirascan qCD CD spec-
trometer (Surrey, UK). Samples were analyzed using a demountable quartz
cell (type 20C) and the corresponding cell holder, both from Lightpath Op-
tical (Devon, UK). CD spectra were recorded at room temperature over the
200-800 nm wavelength range, with a step size and bandwidth of 1 nm,
a scanning rate of 2 nm s~', and using the low detector target voltage
setting. To acquire the CD spectra, the stretched samples were placed
between quartz plates (sample holder) to prevent their relaxation during
measurements.

Scanning Electron Microscope Images: ~ Allimages were acquired using a
Carl Zeiss AURIGA CrossBeam SEM Workstation (Oberkochen, Germany)
equipped with an Oxford energy-dispersive X-ray spectrometer. The in-lens
mode was used with an accelerating voltage of 2 kV and a 20 um aperture
size. As preparation for SEM observation, cross-sections of the films, sam-
ples were fractured, mounted onto aluminum stubs, and coated with a thin
carbon layer using a Q150T ES pumped coater from Quorum (Washing-
ton, DC, USA).
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