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Chiral nematic mesoporous organosilica (CNMO) films have unique iridescent properties that make them
attractive candidates for decorations, sensing and photonics. However, it has proven difficult to control
the colour and porosity of CNMO films. Here, we have explored the addition of a range of biodegradable
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and eco-friendly additives to tune the helical pitch and, hence, the colour of the CNMO materials. It was
found that the controlled integration of additives allows for the colour of the materials to be tuned across
the visible spectrum, but cannot be used to tune the porosity of the films. This work opens up new pro-
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Introduction

Cellulose nanocrystals (CNCs) are a renewable material that
can be prepared from the treatment of biomass (e.g. wood
pulp) with sulfuric acid." These CNCs are typically 5-20 nm in
diameter and 100-500 nm in length, depending on the cell-
ulose source and the processing conditions.> CNCs are attract-
ing great interest for diverse applications that include
reinforcement of polymers, tissue scaffolding, environmental
remediation, energy storage, photonic materials, and rheology
modifiers.* ™

One of the remarkable properties of CNCs is their ability to
form a chiral nematic (cholesteric) liquid crystalline phase
with a left-handed helical structure above a critical concen-
tration in water.” Dried films of CNCs cast from these suspen-
sions retain the chiral nematic structure, wherein the CNCs
are effectively organized into layers whose orientation rotates
through the film. The repeating distance of the helical organiz-
ation is called the pitch. When the pitch of the chiral nematic
structure in the films matches the wavelength of incident
light, it is reflected from the structure. More accurately, the
wavelength reflected (Anmay) is related to the pitch (P), the refrac-
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spects for preparation of CNMO materials with adjustable optical properties.

tive index of the material (7,y,), and the angle from the normal
of the film (@) according to the following equation:"*

Amax = Navg - P - c0Os(O)

Since the optical properties of CNC films were first reported
by Gray and co-workers in the 1990s,'® they have been exten-
sively studied and explored for applications in photonics and
sensing.’”” ™ For example, Liu and co-workers designed struc-
turally-colored CNC composites doped with glycerol that can
be used as iridescent coatings and photonic bio-inks.>* Yang
et al. investigated CNC-based materials for optical encryp-
tion,”" paving the way for using anisotropic nanostructures for
photonic functional materials including optical coding. The
interference colors can be adjusted by varying the angles of
rotation between the individual CNC composite film layers
from which the multi-layer material is composed, as well as
varying the thicknesses and concentrations of CNC com-
ponents. Recently, the self-assembly of CNC suspensions into
photonic films using a coating technique was developed by
Vignolini and co-workers.>* Their methodology is suitable for
the large-scale fabrication of structurally colored CNC
materials.

The chiral nematic structure of CNCs can be captured in a
silica matrix by hydrolyzing and condensing Si(OMe), or
Si(OEt), during the drying of CNCs.>**® After removing the
CNC template via pyrolysis, free-standing chiral nematic meso-
porous silica (CNMS) films can be obtained. The materials
retain the chiral nematic organization of the CNC template,
and therefore also appear iridescent. This concept was further
adapted using organosilica precursors with CNC suspensions
to afford CNC-organosilica composites; removal of the CNC
template from this material by acid hydrolysis resulted in free-
standing chiral nematic mesoporous organosilica (CNMO)

This journal is © The Royal Society of Chemistry 2024
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films.”® Replacing silica with organosilica can improve the
flexibility of the materials, and opens up opportunities to tune
the material properties by varying the organic group. For
example, changing the alkylene spacers in silica precursors
resulted in CNMOs with different optical properties and poro-
sity.”” On the other hand, Terpstra et al. prepared CNMO
materials via a  post-synthetic = modification route.
Incorporating a spiropyran compound into a CNMO film pre-
functionalized with amine groups yielded CNMOs with photo-
switching and tunable photopatterning properties.”®
Furthermore, we recently reported the two-step modification of
CNMOs to introduce hydrophilic and hydrophobic groups via
thiol-ene click chemistry without disrupting their ‘natural’
structure.?®

It is very attractive to be able to tune the reflection wave-
length of CNMOs through the controlled addition of suitable
additives. Gray et al. showed that glucose addition to CNCs led
to films with red-shifted reflections.®® A similar effect was
described by Gu et al. for CNCs and poly(ethylene glycol)
(PEG) composites.’® In their work, the reflection wavelength of
CNC films could be tuned by introducing PEG with varied
loadings. With increasing content of PEG up to 30 wt%, the
reflection band of the film showed a gradual red-shift. Kelly
et al. prepared CNMS films with tunable optical properties by
adding glucose to CNC-silica composites.’> The materials
obtained were more flexible and less prone to cracking than
films prepared without glucose, allowing the researchers to
make large, crack-free CNMS films. Varying the glucose
content in the composites resulted in CNMS films with
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tunable reflection wavelengths. However, this concept has pre-
viously not been extended to CNMOs; further development in
this area of research offers an attractive approach to simul-
taneously tune the optical properties and improve the proces-
sing of CNMO films.

With this in mind, we report here the modification of
CNMOs via incorporation of various additives (glucose,
sucrose, starch, and poly(ethyleneglycol) (PEG-400 and
PEG-20 000)) to form composites. This approach allowed us to
tune the reflection wavelength of the CNMO films.

Results and discussion

The preparation of CNMO with ethylene spacers (Et-CNMO)
was carried out using a published procedure,?®
Fig. 1a.

Organosilica  precursor  (1,2-bis(trimethoxysilyl)ethane,
BTMSE), an aqueous suspension of CNCs (3.25 wt%), and an
additive (2: glucose, 3: sucrose, 4: starch, 5: PEG-400, 6:
PEG-20000) were combined in different proportions
(0.5-2.5 wt%, Table 1), mixed at room temperature for 20 h,
then transferred into a polystyrene Petri dish and left to dry
under ambient conditions to afford the desired composite
material as a thin film (Fig. S2}). We chose the range up to
2.5 wt% of additives (keeping the CNC concentration at
3.25 wt%) since above this proportion, we observed inhomo-
geneous composites.

as shown in
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Fig. 1 (a) Preparation of composites and CNMO films. EISA = evaporation-induced self-assembly. (b) Photographs of composites prepared from
suspension of CNCs and BTMSE (C-1) and product of hydrolysis — organosilica film (Et-CNMO-1). The photographs are taken at different angles of
film position, and ordered by decreasing viewing angle (0). (c) Photographs of films of Et-CNMO-2 to Et-CNMO-6 prepared from various

composites.
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Table 1 Composites and CNMO films prepared with CNCs, BTMSE, and
additives (glucose, sucrose, starch, PEG-400, PEG-20 000)

Composite Additive (wt%) Et-CNMO film
C-1 — — Et-CNMO-1
C-2a Glucose 0.5 Et-CNMO-2a
C-2b Glucose 1.0 Et-CNMO-2b
C-2¢ Glucose 1.5 Et-CNMO-2c¢
Cc-2d Glucose 2.0 Et-CNMO-2d
C-2e Glucose 2.5 Et-CNMO-2e
C-3a Sucrose 0.5 Et-CNMO-3a
C-3b Sucrose 1.0 Et-CNMO-3b
C-3¢ Sucrose 1.5 Et-CNMO-3¢
C-3d Sucrose 2.0 Et-CNMO-3d
C-3e Sucrose 2.5 Et-CNMO-3e
C-4a Starch 0.5 Et-CNMO-4a
C-4b Starch 1.0 Et-CNMO-4b
C-4c Starch 1.5 Et-CNMO-4c
C-4ad Starch 2.0 Et-CNMO-4d
C-4e Starch 2.5 Et-CNMO-4e
C-5a PEG-400 0.5 Et-CNMO-5a
C-5b PEG-400 1.0 Et-CNMO-5b
C-5¢ PEG-400 1.5 Et-CNMO-5¢
C-5d PEG-400 2.0 Et-CNMO-5d
C-5e PEG-400 2.5 Et-CNMO-5¢
C-6a PEG-20 000 0.5 Et-CNMO-6a
C-6b PEG-20 000 1.0 Et-CNMO-6b
C-6¢ PEG-20 000 1.5 Et-CNMO-6¢
C-6d PEG-20 000 2.0 Et-CNMO-6d
C-6¢e PEG-20 000 2.5 Et-CNMO-6e

The composite film prepared from organosilica and CNCs
without additive (C-1) was iridescent, but brittle. Composite
films prepared with 0.5-1.5 wt% content of glucose and
sucrose (C-2a-C-2¢ and C-3a-C-3c) were slightly iridescent, but
still cracked. Those prepared with higher content of sugars
(C-2d,e and C-3d,e) were crack-free and colorless. All compo-
sites with starch (C-3) were colorless and brittle. Finally, all
composites with PEG (C-5 and C-6) were slightly iridescent and
crack-free.

The CNC template and carbohydrate additive were removed
from the composites by acid hydrolysis according to a pub-
lished procedure.”® Then, the organosilica film was dried
under ambient conditions for 24 h. As a reference material,
the basic Et-CNMO-1 film was prepared from C-1, itself pre-
pared using only CNCs and the organosilica precursor, BTMSE
(no additives). Table 1 summarizes the composition of all com-
posites and CNMO films. Photographs of prepared organosi-
lica films are presented in Fig. 1b and c. Materials prepared
from composites containing glucose and sucrose were all iri-
descent and exhibited viewing angle-dependent color as
shown in Fig. 1b, but were also brittle. Films prepared with
starch (Et-CNMO-3b-3e) have a layered structure and are quali-
tatively more brittle than Et-CNMO-1. All materials prepared
with PEG appeared white, slightly opalescent, but also brittle.
Although it was not possible to obtain crack-free freestanding
CNMO films, we were most interested in the effects of the
additives to tune the optical properties and perhaps the poro-
sity of the film. FT-IR spectra of Et-CNMO-1 and CNMO
samples prepared using various additives displayed similar
patterns (Fig. 2 and Fig. S3-S71). In particular, the IR spectra
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Fig. 2 (a) Selected IR spectra measured for reference Et-CNMO-1
(black line), and films prepared from various composites: Et-CNMO-2e
(red line), Et-CNMO-3e (green line), Et-CNMO-4e (yellow line), Et-
CNMO-5e (blue line), Et-CNMO-6e (pink line). (b) Expanded view of the
IR spectra over the range of 1800—650 cm™. Arrows indicate character-
istic bands: 3400 cm™ (O-H stretch); 2892 cm™ (C-H stretch);
1634 cm™! (water bending); 1412 cm™ (C—H bending); 1270 cm™ (C-C
stretch); 1157 cm™, 1096 cm™ and 1015 cm™ (Si-O-Si stretch);
894 cm™* (Si—OH bending); 766 cm™ and 692 cm™ (Si—C stretch).

show several characteristic bands at: 3400 cm™" (O-H stretch);

2892 c¢cm™' (C-H stretch); 1634 cm ' (water bendin
1412 cm™' (C-H bending); 1270 cm™' (C-C stretch
1157 cm™, 1096 cm™ and 1015 cm™' (Si-O-Si stretch);
894 cm™' (Si-OH bending); 766 ecm™" and 692 cm™" (Si-C
stretch).>”?*?* These data confirm that the compositions are
all organosilica, and that the CNCs and additives were

removed during the hydrolysis procedure.
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Elemental analysis (EA) results of select organosilica films
(Et-CNMO-1, Et-CNMO-2¢, Et-CNMO-3e, Et-CNMO-4e, Et-
CNMO-5¢, and Et-CNMO-6e) are shown in Table S1.1 Carbon
and hydrogen contents in reference organosilica film Et-
CNMO-1 are 13.42% and 3.42%, respectively. Data collected
for Et-CNMO-2e-6e samples show a slightly lower carbon
content and a slightly higher hydrogen content, which are
within the ranges 10.37-12.70% and 3.76-4.60%, respectively.

This journal is © The Royal Society of Chemistry 2024
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This variation likely results from the presence of different
amounts of adsorbed water rather than residual template or
additive remaining in the material, which would instead
increase the relative carbon content of the samples.

CNMOs have a left-handed chiral nematic structure that
originates from the left-handed chiral nematic organization of
the CNCs that are used as a template. This structure leads to a
reflection band that may be observed as a peak in the UV-vis
spectrum and a peak with positive ellipticity in the CD
spectrum.”>* The films prepared in this study all showed CD
signals with positive ellipticity in the UV-vis range, with peak
shifts that depend on specific materials. In principle, the posi-
tion of the maximum reflection depends on both the refractive
index of the material and the helical pitch.*>** As the modifi-
cations do not destroy the rigid (organo)silica structure, we
expect that there is nearly insignificant change to the refractive
indices, and the main source of peak shifts is due to a change
in the helical pitch.

In measured CD spectra, the wavelength of maximum
reflection (as observed at the center of the films and measured
perpendicular to the film) for basic organosilica Et-CNMO-1
was observed at 591 nm (Fig. 3). In the case of materials Et-
CNMO-2a-2e (prepared with glucose), maxima were observed
across the range of 562 to 759 nm. In general, increasing the
amount of glucose used in the preparation of the CNMO
materials led to bathochromic shifts in the reflection peaks.

A similar effect was observed in the case of materials Et-
CNMO-3a-3e, which were prepared with sucrose. For these com-
posites, the CD signals are in a narrower range than observed
with glucose. The absorption maxima are between 582 and
699 nm, and red shifted with increasing amounts of sucrose
used in the preparation of the respective organosilica films.

In the case of films prepared with PEG, the results are
similar. CD spectra measured for samples prepared with
PEG-400 (Et-CNMO-5) showed maxima of absorption that are
red-shifted in comparison with basic Et-CNMO-1 film, and the
extent of redshift increases with increasing PEG-400 concen-
tration used in the composites. The positive band for sample
Et-CNMO-5a, which was prepared with the lowest content of
PEG-400, is redshifted by 87 nm in comparison to reference
material; for others, the shifts are up to nearly 200 nm. In the
case of samples prepared with PEG-20000, samples Et-
CNMO-6a and Et-CNMO-6b show reflection bands at 713 and
747 nm, respectively. Unfortunately, the other films show no
iridescence in the measurement range of the instrument,
which does not allow for a detailed interpretation. All
measured CD and UV-vis spectra are in Fig. S8-S12 and
Table S2 in the ESI,{ and the effect of additives is summarized
in Fig. 3c. Overall, the nature of the additives and their pro-
portion significantly influence the position of the reflectance
wavelength of films, and this is even visible to the naked eye.

It is worth comparing the observed changes with other
CNC composites reported in the literature. For CNC-glucose
materials, the reflection bands tend to move to longer wave-
lengths with added glucose.*® In comparison with pure CNC
free-standing films, the reflection band measured for

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Measured CD spectra for (a) Et-CNMO-1 and Et-CNMO-2 (pre-
pared with glucose); and (b) Et-CNMO-1 and Et-CNMO-3 (prepared
with sucrose). (c) Plots of the maxima of positive band’s wavelength vs.
amount of additive for Et-CNMO-1 (reference sample; black dot), Et-
CNMO-2 (prepared with glucose; red triangles), Et-CNMO-3 (prepared
with sucrose; green squares), Et-CNMO-5 (prepared with PEG-400;
yellow diamonds).

CNC-PEG films can be red-shifted up to 120 nm.*" In the case
of CNMS films prepared from CNCs and glucose, Kelly et al.
reported reflection band changes from 400 to 800 nm.
Moreover, using different enantiomers of glucose (i- or
p-glucose) had no change in the ellipticity of the CD spectra
for CNMS samples - they always showed a left-handed
structure.*?
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To summarize, additives influence the optical properties of
chiral nematic mesoporous organosilica materials. Inclusion
of additives changes the observed color of the films and the
position of the characteristic reflection band, while preserving
the left-handed chiral nematic organization of cellulose nano-
crystals. To understand the effect of additives on the porosity
of the CNMO materials, we analyzed the materials through N,
gas sorption analysis (sample preparation details are given in
the ESI{). Gas sorption isotherms for all films indicated a Type
IV isotherm with a hysteresis loop consistent with mesoporous
materials with cylindrical and spherical pores (H2).>**” The
specific surface area of Et-CNMO-1 is 521 m”* g~*, and pores
are centered around 6 nm, agreeing well with results obtained
previously for unmodified CNMO materials.?” All experimental
results are reported in Table S3.1 In general, there was sub-
stantial variation measured for the pore volumes of the CNMO
films prepared from different composites. For example, in the
case of materials prepared with glucose, measured BET surface
areas varied from 436 m> g~ for sample Et-CNMO-2a up to
955 m* g~' for sample Et-CNMO-2b. In the case of materials
prepared with sucrose, measured BET surface area ranged
from 492 m® g~ for sample Et-CNMO-3a, up to 868 m> g~ for
sample Et-CNMO-3b. In neither series was there a clear trend
of the pore size, surface area, or pore volume that would
enable one to identify where the additive was positioned rela-
tive to the CNCs.

Polarized optical microscopy (POM) images of chiral
nematic materials, like CNC or CNMO films, show birefringent
textures, a characteristic of chiral nematic organization
(Fig. 4).%° POM images collected for the composites show rela-
tively homogeneous films, but with multiple domains, and
with black dots — domains of additive that are not birefringent
(Fig. 4b). All of the samples with additives showed similar tex-

- additives

oL

Fig. 4 POM images of composite and CNMO films viewed between
crossed polarizers. The samples shown correspond to composites pre-
pared from: (a) organosilica precursor and CNC suspension (C-1) and (b)
organosilica precursor, CNC suspension and sucrose (C-3e); and rele-
vant CNMO films: (c) Et-CNMO-1 and (d) Et-CNMO-3e. Red arrows
pointing to the non-birefringent regions. Scale bars are 50 pm.
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tures by POM. All POM images collected for composites and
CNMO films are shown in the ESI (Fig. S13 and S147%).

Scanning electron microscopy (SEM) images of select
samples are shown in Fig. 5. In regions of the cross-section,
there are layers observed, which are known to correspond to
half of the helical twist in materials with chiral nematic
order.’ As well, defects are apparent in the films that arise
from the liquid crystal templating during relatively rapid evap-
oration of the water in the drying process.'® Such defects can
be controlled and minimized through manipulation of the
drying environment during self-assembly, but this work
focused primarily on the effect of additives on the properties
of CNMO; strict controls over the drying environment were not
implemented. CNMO films prepared with additives (Fig. 5d)
had the same structure as the base material prepared without
any additives (Fig. 5¢).

Free-standing chiral nematic mesoporous organosilica
(CNMO) films are obtained by the condensation of organosi-
lica precursor and cellulose nanocrystal template, followed by
removal of the template with strong acid. These films are iri-
descent because the pore structure retains the chiral organiz-
ation of the CNC template. Preparing composites with addi-
tives (glucose, sucrose, starch or PEG) yielded composite films,
and the template and additive were both readily removed by
acid hydrolysis to generate iridescent organosilica films. The
identity and molar ratio of the additive affect CNMO film pro-
perties in tandem. The amount of additive is critical to control
the reflection wavelength. All additives induced a change in
the characteristic reflection bands of the composite materials,
with starch and PEG causing comparatively higher shifts com-
pared to glucose and sucrose at the same concentrations.
Materials ranged in color from blue to red, with a generally
consistent trend of higher additive content leading to a more
pronounced red-shift in the maximum reflection band.
Clearly, with careful selection of additives it is possible to
obtain composite organosilica films with reflection bands
spanning almost the entire UV-vis range.

+ additives

Fig. 5 SEM images (cross section) of composites prepared from: (a)
organosilica precursor and CNC suspension (C-1) and (b) organosilica
precursor, CNC suspension and glucose (C-2e); and relevant CNMO
films: (c) Et~-CNMO-1 and (d) Et-CNMO-2e. Scale bars are 5 um.

This journal is © The Royal Society of Chemistry 2024
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Glucose has been used as a pore-forming agent to prepare
porous silica. In this case, hydrogen bonds are formed
between p-glucose (used as organic template) and
Si(OR),_(OH), (intermediate silicate species). This interaction
brings the two major components together and allows them to
form a homogeneous sol without macroscopic silicate particle
formation.*®

In the case of using CNC suspensions and additives, the
organization mechanism is more complex than a simple
coating of the CNC rods by the additive (as in CNC-glucose/
PEG composites),>®*° or hydrogen-bonded silicate-glucose
system (as during mesoporous silica synthesis).>® Importantly,
our experimental data did not show any consistent relation-
ship between the amount of sugar added to the composite and
the surface area, pore volume, and pore size of the resulting
CNMO material. This suggests that the component organiz-
ation mechanism is more complex than a simple coating of
the CNC rods by the additive. Kelly et al. suggested that
glucose is mainly integrated into the silica region of the com-
posite, rather than adsorbed to the CNC surface.*

Experimental

An aqueous suspension of CNCs was supplied by
FPInnovations;*" and characterized as follows: [CNC] =
3.25 wt%; pH = 3.1; conductivity = (1920 + 5) pS; zeta potential
= (—60 * 3) mV; average particle size distribution from
dynamic light scattering (DLS) = (113 + 1) nm; length distri-
bution of CNCs = (108 + 24) nm (calculated from TEM image;
number of analyzed nanoparticles: 135); see Fig. S1.1 All other
reagents were purchased from Sigma Aldrich as reagent grade
or higher and used as received. All characterization methods
are listed in the ESL.{

In general, organosilica films were prepared by a published two-
step procedure with some modification in the first step.>! In the
first step, acid-form CNC suspension (2 mL, 3.25 wt%) was mixed
with an additive (2: glucose, 3: sucrose, 4: starch, 5: PEG-400, 6:
PEG-20 000) and organosilica precursor (1,2-bis(trimethoxysilyl)
ethane, BTMSE, 0.05 mL, 0.2 mmol) to give samples with various
additive concentrations (a: 0.5, b: 1.0, ¢: 1.5, d: 2.0, e: 2.5 Wt%).
Mixtures were stirred at room temperature for 20 hours, and then
poured into a 25 mm diameter polystyrene Petri dish. Composite
films were obtained following evaporation for 3 d under ambient
conditions. Organosilica films (CNMO) were obtained from each
composite after a hydrolysis step. The reference CNMO film (Et-
CNMO-1) was prepared with CNC suspension and organosilica pre-
cursor following the methodology described above.

To give a specific example, C-2a was prepared as follows:
aqueous CNC suspension was sonicated for 15 min in an ultra-
sonic bath and filtered through a syringe filter (PVDF mem-
brane 0.45 pm). Glucose (0.01 g) was dissolved in the CNC sus-
pension (2 mL, 2.02 g, 3.25 wt%), and then BTMSE (0.05 mL,
0.04 g, 0.2 mmol) was added. The mixture was stirred for 20 h
at room temperature, and then poured into a 25 mm diameter
polystyrene Petri dish. The composite film was isolated follow-
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ing evaporation for 3 d under ambient conditions in the
uncovered Petri dish. For the removal of CNCs, the composite
film was placed in sulfuric acid (10 mL, 65%) and heated to
100 °C for 18 h. The film was then filtered and washed with a
solution of piranha (mixture: H,O, (1 mL 30%) and H,SO,
(5 mL 98%)); and water (ca. 50 mL) until it appeared colorless.
The film was then allowed to air-dry, yielding CNMO-2a.

Due to fluctuations in humidity and temperature during
drying of the composites, the final base CNMO films show
slight differences in reflected wavelength and chiral pitch,
which do not affect the further modification methods or the
general relationship between properties and structure.
Nevertheless, for consistency in the measurements, we used
groups of films that were derived from the same batch of
CNMO in each set of measurements.

Conclusions

In this work, we explored the use of additives in the prepa-
ration of chiral nematic mesoporous organosilicas (CNMOs) in
order to tune the optical properties of the materials. The addi-
tives could be incorporated without destroying the chiral
nematic organization of the materials, leading to iridescent
films. By varying the amount of additive, the reflection wave-
length of the CNMO films could be tuned across the visible
spectrum and into the near-IR. Surprisingly, the porosity of
the resulting composite films does not show a clear correlation
with addition of additives.

The work provides inspiration for tuning the colors and
optical properties of materials using biodegradable and eco-
friendly additives that are easy to remove. In addition, the
demonstrated relationships between the components of the
composites could be the start of research into extending com-
posite materials with additives. The research will also help to
expand the library of chiral nematic organosilicas with a
variety of optical properties, despite limited availability of
organosilica precursors.
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