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Abstract

Agueous suspensions of cellulose nanocrystals (CNCs) are known to self-assemble into a chiral
nematic liquid crystalline phase, leading to solid-state nanostructured colored films upon solvent
evaporation, even in the presence of templating agents. The angular optical response of these
structures, and therefore their visual appearance, is completely determined by the spatial
arrangement of the CNCs when the drying suspension undergoes a transition from a flowing and
liquid crystalline to a Kinetically arrested state.

Here, we demonstrate how the angular response of the final film allows for retrieval of key
physical properties and the chemical composition of the suspension at the onset of the kinetic
arrest, thus capturing a snapshot of the past. To illustrate this methodology, we investigated a
dynamically evolving sol-gel co-assembly process by various amounts of organosilica precursor
addition, namely 1,2-bis(trimethoxysilyl)ethane (BTMSE). We were able to track the influence of
the organosilica condensation on the kinetic arrest and thus explain the angular response of the
resulting films. Qur a posterioriand in situ approach is general, it can be applied to a variety of
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additives in CNC-based films and it allows accessing key rheological information of the
suspension without using any dedicated rheological technique.

Keywords

cellulose nanocrystals; colloidal self-assembly; cholesterics; photonic structures; drying
dispersions

Cellulose nanocrystals (CNCs) are sustainable and bio-sourced chiral nano-splinters capable
of self-assembling into cholesteric photonic structures by slow drying of colloidal
dispersions, offering a sustainable, cost-effective and scalable route to optical materials.[1~4]
Over the past decade, substantial development of CNC-based films with additional
functionalities arose from the successful co-assembly of CNCs with other species, e.g.,
polymers, surfactants, proteins or latexes. Generating hybrid films allowed the community to
address the brittleness of pure CNC films but also to incorporate new functionalities (e.g.,
fluorescence, plasmonic response, etc.).5-91 Interestingly, CNC self-assembly is also
compatible with several sol-gel precursors such as tetramethyl orthosilicate (TMOS),
tetraethyl orthosilicate (TEOS) and organosilica precursors allowing for the fabrication of
mesoporous structures inheriting their characteristic chiral photonic properties.[10-13] The
versatility of CNCs and their ability to accommodate these guests allowed for the
development of a variety of applications, namely, structural pigments,[14] anti-counterfeit
coatings, [ swelling!¢] or mechanochromic sensors,[17:18] as well as depolarizing[°! or
broadband reflectors.[20] Importantly, the presence of non-volatile additives often alter
significantly the optical properties of the produced films.[22] In presence of TMOS and
related sol-gel precursors, a red-shift in the reflected wavelength is commonly reported and
associated to a larger cholesteric pitch, p, but its effect on the orientation of its helical axis,
m, remained relatively unexplored.

The self-assembled structure produced upon drying is strongly influenced by the kinetic
arrest transition of CNCs that necessarily occurs at some point before a solid material is
produced. Before the kinetic arrest transition, the suspension is able to relax and adjust its
cholesteric pitch, o (defined as its full-turn periodicity), to the continuously increasing
concentration upon solvent evaporation. Once the suspension is kinetically arrested, the
pitch is expected to vary mostly as a result of volume decrease and macroscopic contraction
along the helix axis, the latter being strongly affected by the cholesteric alignment, the
sample geometry and the boundary conditions.[22-25] This essential step allows for the
production of solid-state CNC materials with very distinctive internal structure and
corresponding optical properties.[23.26-29] Only few dedicated studies highlighted the
importance of the kinetic arrest in self-assembled CNC systems,[21.22:30-32] and only few
rheological approaches were followed to identify the concentration at which it occurs.[30]
However, the nature of the interaction between CNCs can strongly affect it. Indeed,
excessive ionic strength is known to trigger CNC aggregation and lead to a percolated gel.
[30.33,34] Alternatively, very low ionic strength (<0.1 mM) can also cause long-range
repulsion even at low volume fraction,[35] leading to an arrested “colloidal Wigner glass”.
This jammed state is characterized by the absence of long range order and the presence of a
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finite shear rigidity.[32:36-391 |n these systems, electrostatic caging prevents individual
particles from moving independently by hindering each other’s motion without being
directly in contact.

In this work, we investigate the angular optical response of composite organosilica/Cellulose
nanocrystal (OS/CNC) films produced by combining 1,2-bis(trimethoxysilyl)ethane
(BTMSE) and CNCs. Various amounts of 1,2-bis(trimethoxysilyl)ethane (BTMSE) were
added to an aqueous CNC suspension and the resulting mixtures were cast into petri dishes.
The solvent was left to evaporate while the BTMSE was also allowed to condense into
organosilica (OS). The optical signature of the kinetic arrest present in the angular response
of the dry films allows us to easily capture a posteriorithe conditions when the suspension
underwent kinetic arrest.[21-23.30.32:40] gch a newly discovered link is highly significant as
it enables a better fundamental understanding of the drying kinetic of the colloidal systems,
which is challenging to determine otherwise with dedicated rheological techniques.[3041]

The initial mass ratio of BTMSE to CNC (m gtmse: /7 cne) allowed determination of the
composition of the final films after the evaporation of water and the condensation of
BTMSE into OS. This corresponds, if fully condensed, to a -CH,CH,- bridged
polysilsesquioxane network (SioO3CoHy),. As we found no significant mismatch between
the estimated mass of OS derived from BTMSE:CNC stoichiometry when assuming full
condensation and the TGA analysis in a previous study, we have assumed for this work that
full condensation occurred in all films.[42] The estimated volume fractions of OS and CNC
in composite films, as well as the resulting optical indices,[4243] are reported for
convenience in Table 1 and Supporting Information.

Polarized optical microscopy images of the films were observed in reflection and in bright
field (Figure 1). Under normal incidence, the films reflect specific colors only in left circular
polarization, as expected from their left-handed chiral nematic structure. As previously
reported,[13] the image sequence shows a clear red-shift as more OS is incorporated into the
composites. Such a spectral shift has been reported with several other additives and can be
understood as a direct effect of the reduction of the vertical collapse of the cholesteric
structure upon drying when part of the volatile solvent volume fraction is replaced by a non-
volatile counterpart. To quantify the observed redshift as more OS is incorporated, reflection
spectra were measured on a large surface area using a double-ended fiber (Figure 1b), which
allows for collection of the reflection in a narrow cone of angles along the specular
reflection direction.

The angular optical response of the composite films was characterized by angular-resolved
optical spectroscopy. In short, each sample is illuminated with white light at a fixed incident
angle (8, = 30°) and the spectrum of the reflected light is then collected at various angles.
The measured intensities are represented as a heat map vs collection angle, 6 o, and
wavelength, A, as exemplified in Figure 2a, while the schematic in Figure 2b defines the
angles introduced. For each collection angle, the wavelength at the maximum intensity, A
peak, 1S extracted (Figure 2c), from which several remarkable features can be highlighted.
First, the addition of OS leads to a clear redshift of the optical response. Second, for all the
samples, a redshift of the reflected wavelength is observed in off-specular conditions (i.e.,
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for Oin # 6 oup) With respect to specular (i # 6 oyt)- This is at first counter-intuitive, as a
naive application of Bragg’s law for a given pitch in the films instead predicts a b/ue-shift.
Finally, this tendency to reflect longer wavelength in off-specular conditions decreases
significantly as the OS content in the films increases.

These peculiar effects can be explained by the dependence of the pitch on the tilt of the
domains. The recorded angular response can be further processed using Bragg’s law,
corrected by Snell’s law at the air-film interface, as introduced by Fergason for low
birefringence cholesterics:[44]

p(p) = /Ipeak(eins Oout)/ [ Paye €08 W(Bin, Ooup)] @
1. —1(sinBout 1 . —1(sin6bin
W (Oin, Oout) = 381 ( Mave ) + 3sin ( ave ) 2

1. -1
PO Oou) = psin™ 2| = Ssin™! (2 ©

sin aout) 1 .. —1 (Si“ 9in)

— =S1n
where 6, and 6 y; are the incident and outgoing angles of light, respectively, and 77 5y, is
the average optical index of the films. Here we also introduce the local Bragg angle, v, and
the local tilt, B, of a domain with respect to the vertical axis, both uniquely defined for given
(@ins B out) conditions. From the data provided by angular-resolved optical spectroscopy, we
were able to determine the underlying pitch pand its dependence with the cholesteric
domain tilt g, as reported in Figure 2d.

As discussed in recent publications,23:32] both the angular response and the pitch vs tilt
dependence can be derived from the onset of kinetic arrest occurring in the suspension upon
drying. As the kinetic arrest occurs, multiple cholesteric domains are “frozen” in rotation
and position, each of them being characterized by a local tilt 8, and a cholesteric pitch py,,
where “ka” refers to the kinetic arrest. Upon further drying, the fixed horizontal boundaries
of the dish and the free vertical interface with air lead together to a unidirectional
compression of the liquid crystalline structure quantified by a scaling factor 0 < a < 1. As
defined, a value of a = 0.2 corresponds to a five-fold compression, (i.e., by a factor @ 1 =
5). The resulting films contain cholesteric domains with different sets of tilts gand pitches p
that can be expressed in terms of their initial local tilts S, and the initial pitch py, as:

p(B) = PV a’cos? p + sin’ B 4

p = tan™ [ tan fiq] (®)

This mechanism is qualitatively illustrated in Scheme 1. According to this simple model, the
tilt B of initially vertically or horizontally aligned domains does not change upon
compression (8= B ka) and their associated pitches are respectively the most compressed
(i.e., p(0°) = a pka) Or not compressed at all (i.e., p(90°) = pka)-
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The compression of the liquid crystalline structure, characterized by a, can be related to the
volume loss occurring between the kinetic arrest and the final film. Since the pitch variation
is proportional to the volume contraction, which is occurring predominantly along the

vertical direction, the volume fraction @ c at the kinetic arrest can be estimated as

dc = a Pexe s (6)

where @ is the volume fraction of CNCs in the final film. In the absence of a non-
volatile additive and neglecting the porosity of the CNC films, we can assume here ®cne =

1 in the film and retrieve the expression Q&C = a, introduced in our previous work.[32]

When additional OS is present in the film, equation (6) still holds, except that ®¢cnc IS now
evaluated from the mass ratio /7 gTmse: /M cne used to prepare the films and reported in
Table 1 (details in Supporting Information).

From our knowledge of the films composition (after all relative mass fractions were
converted into volume fractions, ¢f. Table 1) and using the data provided by angular-
resolved optical spectroscopy, we were able to apply this model and extract two fitting
parameters, a and p (0°) (Figure 3a,b), or equivalently, a and p 5 (Figure 3a,c). From these
values, which were extracted solely from optical analysis, we were able to recover key
information about the suspension at the kinetic arrest, such as the volume fraction, the pitch
and the concentration of CNCs and additives (Figure 3, more details in Table S1-2).

To validate our approach, we also compared the pitches estimated by our optical analysis
with direct SEM observations. According to eq. (4-5), the direct pitch measurement in SEM
in vertical domains is expected to match p(0) = a pk, (Figure 3b), while for those tilted by
90° they should compare with p(90°) = p «a (Figure 3c and Figure S1). While extremely
tilted domains are rare, the measurements made on the few encountered occurrences (on the
sample m gTmse: M cne = 60:40) appeared in excellent agreement with the estimations
from our optical analysis.

As more OS is incorporated, an overall increase of the pitch p(0) is observed (Figure 3b).
Intuitively, this can be easily understood as a direct consequence of the decrease of the
vertical compression experienced by the suspension, since a fraction of the initial volatile
solvent (in our case, water) has been replaced by the non-volatile OS, reducing the
magnitude of the vertical compression. However, the presence of an additive could also
interfere with the self-assembly and the chiral interactions between CNCs, either to enhance
or reduce them.[21] Therefore, if the added BTMSE would not modify the twisting between
CNCs, we could expect the final pitch p(0) of vertical domains to simply increase as a direct
proportion of the added volume fraction of incorporated OS

p(0°) = pene(07)/ @ene )

where p cne(0°) is the pitch of vertical domains in the pure CNC film, used here as a
reference. This ideal, non-interacting case is represented with a gray dashed line in Figure
3b. The observed pitch values qualitatively follow a similar trend, with a small pitch drift to
lower values that will be discussed later.
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The estimated CNC concentration at the kinetic arrest, ®f, appears to increase with

addition of BTMSE (Figure 3d) while the pitch at the kinetic arrest, p x4, decreases, and
these two effects are amplified for larger m gTmse: M cnc ratios, i.e., initially weak for ®gg
~ 30% and becoming much stronger at ®nog ~ 60%. These observations suggest that the
addition of BTMSE postpones the kinetic arrest. This “fluidifying effect” can be surprising,
since sol-gel OS precursors like BTMSE also solidify themselves. Understanding this
phenomenon is essential as it strongly affects the angular response of the resulting films.

Indeed, the increase of (Dléz}qc combined with the decrease of ®¢cpc in the dry film as more

OS is incorporated greatly reduces the overall vertical compression, a ~1, of the cholesteric
structure upon solvent evaporation (Figure 3a). The origin of this dramatic decrease of the
vertical compression is better understood with Figure 3f, where the pitch evolution from the
kinetic arrest to the dry film is shown as a function of ®cnc as more OS is incorporated.
Since the anisotropic strain causes the red-shift of the off-specular response, it explains why
films with more OS present less red-shift in off-specular conditions.

To capture the twisting behavior of CNCs in the arrested suspension state, it is informative to
decouple it from their different ®cpc in the film or @15"}\1(; at their individual kinetic arrest
transitions. Upon solvent evaporation, from the onset of the kinetic arrest till complete film

collapse, the pitch of vertical domains decreases as p(0. Deng ) = pa PENC / Peng: thus as

~ 1/ ARG » Where @ is the volume fraction of CNC at any point in the arrested state.

The term pga (I)l&c is uniquely defined for each sample and allows for the visualization of a

small pitch decrease induced by the presence of added BTMSE at fixed CNC concentration
in the arrested suspension (Figure 3e). In other words, these observations indicate an
increase of the twisting power of the CNCs in the suspension environment prior to kinetic
arrest. Note that this conclusion assumed p os = 1.685 g cm™3, based on the work of Wang et
al. for non-porous OS.[45] While it is arguable that the density of OS could vary slightly with
experimental conditions and thus be in our case slightly different from Wang et al., our
conclusion remains valid even for p og as high as 2.1 g cm, which is a safe upper limit.

Significantly, the variations of p , (Figure 3c), d)l(‘j‘}\fc (Figure 3d) and pgq (I)l((ﬁ\jc (Figure 3e)

all show an increasing rate of change upon BTMSE addition, indicating that all these effects
become more pronounced as the BTMSE volume fraction is increased.

These variations may originate from a decrease of the repulsive electrostatic interactions, as
it is known to occur when, e.g., small quantities of electrolyte are added to an aqueous CNC
suspension of low ionic strength. Colloidal suspensions of strongly repulsive particles in a
low ionic strength medium can undergo a glass transition when concentrated above a
threshold concentration.[647] In such systems, the repulsion range is of the order of the
Debye length, 1, and inducing a small decrease of x~1 can melt the colloidal glass and
shift the glass transition to higher CNC concentrations. In suspensions, x 1 scales as \/s,T

where e ,is the dielectric constant and /is the ionic strength of the medium. It follows that a
drop of x~1 is easily introduced by small addition of electrolyte. Such drop explains the
pitch reduction in CNC suspension upon electrolyte addition.[48:4%] However, BTMSE is not
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a charged species and should not cause significant variation of /, even at concentrations up to
3 M (Figure 3g). An increase of /either from the introduction of small ionic contaminants or
the generation of transient polyvalent charged sol-gel species could be considered, but this

option is not consistent with the variation of the changes observed on p ka, ‘D]&c and pa

o\ as more BTMSE is added: the dependence of x 1 as 1/,/7 would favor an initial large

effect that should weaken upon further BTMSE addition, while the inverse trend is observed
(i.e., a weak effect that becomes much stronger as more BTMSE is added).

The decrease of x 1 as a result of e ,drop could be a more convincing explanation for these
observations. While the addition of BTMSE in the aqueous CNC suspension is initially
moderate (<10 wt%), the suspension at the kinetic arrest has lost enough water to make the
concentration of BTMSE high enough to significantly affect e ,as a co-solvent. Note, while
we found no value for the dielectric constant of BTMSE, we can expect a very low dielectric
permittivity (<10) considering the absence of strong dipoles or highly polarizable groups in
the molecule. The condensation of BTMSE also releases large quantities of methanol
(MeOH) during the condensation process. At the point of kinetic arrest, we ignore what
proportion of co-solvent is BTMSE or methanol and what fraction of methanol already
evaporated. Nevertheless, assuming full condensation of BTMSE and no methanol
evaporation at the Kinetic arrest (assumptions noted **) provides an upper bound to estimate
the volume fraction of methanol in the sample, @Xioy « =, and more specifically in the

solvent fraction, d)lﬁé%’lﬁ* « (Figure 3h, details in Supporting Information). This allows for

the estimation of the dielectric constant e #*ka in the resulting solvent, and since the Debye

length varies as \/e,, we report /e, *k2 in Figure 3i. Clearly, /¢, “+¥2 changes very little at

small BTMSE:CNC ratios but it varies dramatically at larger ratios. The variation of e /*ka
induced by adding the BTMSE is thus more likely what causes the observed variations of p

Kar o&c and P xa ‘Pl&c reported in Figure 3. Note that a change of e ,in the suspension can

also affect the associated van der Waals interactions between CNCs and additionally modify
how CNCs mutually interact at high concentration and their corresponding chiral nematic
pitch in solution.[301.

Alternatively, the condensation of BTMSE into dynamically growing nanoclusters of OS can
also be responsible for the decrease of py, and o ¢, @E%qc via a depletion and fractionation

effect, whereby a certain fraction of the OS nanoclusters would grow larger and get expelled
from the cholesteric domains (into the space between tactoids) and induce a higher local
concentration of CNCs in the cholesteric phase. Such fractionation is usually observed for
much larger nanoparticles (2 50 nm) in biphasic CNC suspensions.[1-53] This could occur
here because of the high volume fraction of OS nanoparticles and their dynamically evolving
size distribution as the condensation progresses. A larger number of smaller tactoids could
facilitate the pitch equilibration upon concentration and thus postpone the kinetic arrest,

effectively increasing @& c. Importantly, this phenomenon does not depend on the nature of

the kinetic arrest, i.e., whether it evolves into an attractive gel or a repulsive glass. While the
optical analysis of the final films in Figure 1a does not easily allow for a reliable estimation
of an average “domain size” to compare between samples, the grain boundaries between
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domains appear much more pronounced as more OS is added, which could be due to local
OS accumulation. Further work is required to validate the proposed scenarios.

To conclude, the angular optical properties of CNC-based photonic films are tightly related
to the kinetic arrest transition upon solvent evaporation, and this relationship is important for
two reasons. First, the angular optical response can be used to estimate the composition of
the suspension undergoing kinetic arrest and this allows decoupling of the effects of any
additional species on the self-assembly in a rapid and elegant way. We illustrated this by

elucidating the variations of key parameters we introduced, such as p s, cb‘é?\lc and P a

o8¢, and we found indications that the addition of OS precursor (BTMSE) results in a

postponing of the kinetic arrest and a slight reduction of the pitch in suspension /in jts
arrested state. The cause could be either a drop of dielectric constant of the solvent with
significant release of methanol (associated with a glass transition at the kinetic arrest), or a
depletion and fractionation of part of the OS nanoclusters during the condensation. Second,
the dependence of the kinetic arrest with additives is shown to control the angular optical
response of these systems, through the parameters p(0) and a (or as ok, and a) and justifies
paying attention on this transition for the production of CNC-based materials with well-
defined photonic properties. Indeed, the angular optical response of the CNC films present a
strong red-shift in their off-specular response that is dramatically reduced in the presence of
OS. This contributes to reducing the angular dependency of the reflected wavelength (off-
specular iridescence). Finally, while the outcomes of this work are directly relevant to the
broad community studying CNC-based photonic films and their applications, the
experimental simplicity of our approach and the robustness of their conclusions suggest it
could be employed as a model system to investigate the onset of kinetic arrest in self-
assembling dispersions and its dependence with various experimental parameters.

Experimental Section

General

BTMSE (1,2-bis(trimethoxysilyl)ethane, Acros Organics) was used without further
purification. The CNCs were supplied by FPInnovation. The procedure of their preparation
is similar to a previous work and is detailed in Supporting Information.[18]

Preparation of OS/CNC composite films

OS/CNC composite films were prepared by first probe sonicating the CNC suspension, then
adding BTMSE dropwise with continuous stirring at room temperature, using the ratios of
BTMSE/CNC (cf. Table 1). Films were cast by pouring the mixtures into polystyrene Petri
dishes and leaving to dry under ambient conditions (details in Supporting Information).

Sample characterization methods using po/arized optical microscopy (POM), spectroscopy,
angular-resolved optical spectroscopy with high dynamic rangel235455] and scanning
electron microscopy (SEM) are detailed in Supporting information.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Op?tical characterization of the composite organosilica/cellulose nanocrystal (OS/CNC) films
made with increasing BTMSE:CNC ratios. a) Polarized optical microscopy in reflection
using respectively left- (LCP) and right-circular polarization (RCP) filters, showing a red-
shift of the reflected light. b) Reflection spectra measured on the same samples using a
double-ended fiber in normal incidence, normalized to a white diffuser.
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a) Angular-resolved optical spectroscopy of an OS/CNC composite film (m gTmse: M cne =
60:40) reporting the light intensity as a heatmap vs collection angles 6 ,,: and wavelengths
A and a fit (solid line, using Equations 1-5 and &, = 30°). b) Schematic of the goniometer
set-up and the angle definition. c) Peak wavelength A peak reflected at different 84 (data in
dots, fits in solid lines) and d) the corresponding pitches.
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Summary of the information retrieved from the optical analysis of films for different m
BTMSE: /M cne, and reported in function of volume fractions of OS (®gs) or CNC (Pene).
a "L: vertical compression factor; p(B): pitch of domains of tilt Bin films; p ,: pitch at the
kinetic arrest, df ¢ : volume fraction at kinetic arrest; [BTMSE*]k&: BTMSE at the kinetic

arrest, assuming no condensation has yet occurred; [MeOH**]ka o ,**Ka and (x—1)™*ka
maximum MeOH , dielectric constant and Debye length at the kinetic arrest, assuming all
the BTMSE has condensed and ho MeOH has evaporated yet. The gray dashed lines
represent the ideal case for which BTMSE and water would have the same effect on the

CNC pitch.
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Scheme 1.
Ilustration of the vertical compression experienced by the cholesteric domains upon solvent

compression, in the absence (left) or presence of a non-volatile additive (right), from a) the
kinetic arrest transition until b) complete evaporation of the volatile fraction. The final pitch
p(P) retains information about the initial pitch p, and its compression ratio a, related to the
suspension composition at the kinetic arrest.

Adv Mater. Author manuscript; available in PMC 2021 May 01.



s1dLIOSNUBIA JoLINy sispund JINd 8doin3 g

s1duosnuBIA Joyiny sispund JINd edoin3 g

Frka-Petesic et al.

Table 1

Summary of the composite film composition.

mermse: Mene WOWE [BTMSE] a0 [M]a) Cos [WI%]  Cone [WH%] Do [VOI%]  dene [VOI%]  7ave

0:100 0.00 0 100 0.0 100.0  1.55(5)

49:51 0.11 32 68 30.9 69.1 1.54(1)

60:40 0.17 42 58 40.7 59.3  1.53(7)

71:29 0.27 54 46 52.7 473 1.53(1)

76:24 0.36 61 39 59.8 40.2  1.52(8)
a)

[BTMSE]3wt% corresponds to the initial [BTMSE] rescaled to a c CNC = 3 wt% suspension.
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