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Cellulose nanocrystals (CNCs) are bio-sourced chiral nanorods that can form stable colloidal suspen-
sions able to spontaneously assemble above a critical concentration into a cholesteric liquid crystal, with
a cholesteric pitch usually in the micron range. When these suspensions are dried on a substrate, solid films
with a pitch of the order of few hundreds of nanometers can be produced, leading to intense reflection in
the visible range. However, the resulting cholesteric nanostructure is usually not homogeneous within a
sample and comports important variations of the cholesteric domain orientation and pitch, which affect the
photonic properties. In this work, we first propose a model accounting for the formation of the photonic
structure from the vertical compression of the cholesteric suspension upon solvent evaporation, starting at
the onset of the kinetic arrest of the drying suspension and ending when solvent evaporation is complete.
From that assumption, various structural features of the films can be derived, such as the variation of the
cholesteric pitch with the domain tilt, the orientation distribution density of the final cholesteric domains
and the distortion of the helix from the unperturbed cholesteric case. The angular-resolved optical response
of such films is then derived, including the iridescence and the generation of higher order reflection bands,
and a simulation of the angular optical response is provided, including its tailoring under external magnetic
fields. Second, we conducted an experimental investigation of CNC films covering a structural and opti-
cal analysis of the films. The macroscopic appearance of the films is discussed and complemented with
angular-resolved optical spectroscopy, optical and electron microscopy, and our quantitative analysis shows
an excellent agreement with the proposed model. This allows us to access the precise composition and the
pitch of the suspension when it transited into a kinetically arrested phase directly from the optical analysis
of the film. This work highlights the key role that the anisotropic compression of the kinetically arrested
state plays in the formation of CNC films and is relevant to the broader case of structure formation in cast
dispersions and colloidal self-assembly upon solvent evaporation.

I. INTRODUCTION

Colloidal self-assembly is a powerful pathway to produce
a variety of nanostructures that can display selective opti-
cal properties analogous to some biological tissues found
in nature.[1-3] Understanding and controlling these self-
assembly routes remains however challenging, as many
competing phenomena operate simultaneously at different
length scales to produce the final structure in the material,
and therefore their optical response.

Cellulose Nanocrystals (CNCs) are chiral and nega-
tively charged nanorods that form stable colloidal liquid
cristalline suspensions in water and can lead to solid-state,
structurally colored films simply by drying the suspension
in a dish under specific conditions.[4-8] The biocompati-
ble, low-cost and renewable characteristics of CNCs, as well
as the apparent simplicity of their self-assembly into col-
ored photonic structures, motivated the growing interest
over the last two decades on applying CNC films in a vari-
ety of applications.[9-15]

Producing uniform optical properties in CNC films from
cast suspensions (e.g., on a flat substrate or inside a hor-
izontal dish) remains a huge challenge because several
macroscopic constraints affect the assembly, inducing con-
centration gradients, evolving boundary conditions and
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non-equilibrium effects.[8, 16, 17] Such effects are more
prominent in the case of fast evaporation dynamics and re-
sult in poorly controlled particle accumulation at the edge
of the film (coffee-ring effect, cf.[18, 19]) and structural de-
formations of the final dried material. While a slow solvent
evaporation is key to producing well-ordered structures by
reducing convective flows and other liquid crystalline de-
fects, the vertical compression experienced upon drying in-
tervenes eventually in all cases.[20-23]

CNCs are chiral nanorods with typical dimensions of
100-200 nm in length and 5-25 nm in width, stabilized in
aqueous media by their negative charge when produced,
e.g., by sulfuric acid hydrolysis of cotton-sourced cellu-
lose fibers.[24, 25] Above a threshold concentration, they
spontaneously form a cholesteric liquid crystalline phase,
whereby they locally align their longer axis along the direc-
tor, i, which describes a left-handed helicoid characterized
by its helical axis, m, and its full-turn pitch, p. While the
pitch is in the micron range in the suspension state, the
films obtained by solvent evaporation often display sub-
micron pitches, allowing for the reflection of visible light
with left-handed circular polarization.[26]

The control of the cholesteric structure in CNC assem-
blies is essential to their implementation in optical sys-
tems, as the final pitch value in a CNC film defines the
wavelengths of the reflected light, and the orientation of
the cholesteric domain controls its angular dependence.
The formation of the CNC film involves however a com-
plex interplay of different interactions intervening at mul-
tiple length scales. The formation of the final structure can



be separated into several steps described below:[8]

First, the CNC suspension undergoes a phase transition
upon concentration increase (triggered by solvent evapo-
ration), understood in the framework of Onsager’s sem-
inal work for spherocylinders as a loss of rotational en-
tropy compensated by a translational entropy gain.[27-30]
The chiral nature of the CNCs and their resulting chiral in-
teraction is currently poorly understood, but leads to the
formation of a cholesteric phase, where the local twist-
ing arises from the complex mutual interactions between
CNCs and decreases with increasing CNC and electrolyte
concentrations.[31, 32]

This phase transition usually occurs through a
nucleation-growth mechanism, whereby the cholesteric
phase forms in small droplets, known as tactoids. These
tactoids are surrounded by an isotropic phase and their
helical axis is randomly oriented in the suspension.[33]
Over time, these tactoids dynamically rearrange, coalesce
and slowly sediment. As the suspension evolves from
biphasic to fully cholesteric upon solvent evaporation, the
cholesteric domains are no longer separated by isotropic
suspension but by grain boundaries with a relatively com-
plex cholesteric reorganization and trapping of topological
defects.[34-38] Locally, the evaporation conditions can
cause additional flow in the drying suspension and lead
to macroscopic accumulation of CNCs near the contact
line, an example of coffee-ring effect.[18, 19] At the end
of that complex stage, the orientation of the cholesteric
domains depends on many factors, and can present good
vertical alignment through anchoring at the interfaces, or
a rather disoriented distribution inherited from the initial
random tactoid orientation, e.g., for thicker samples or
faster solvent evaporation.

Further solvent evaporation leads to a kinetic arrest of
the suspension, whereby the gradual increase of the par-
ticle concentration and ionic strength hinders the collec-
tive relaxation of the rods.[39] This transition can be due
to the percolation of the repulsive particles (a colloidal
glass),[40-42] or their salt-mediated aggregation (a colloidal
gel).[43, 44] The kinetic arrest typically occurs at volume
fractions of ® ~ 0.1-0.2, but much lower threshold values
are observed at very low ionic strengths.[45, 46]

Once the suspension became kinetically arrested, the
evaporation front of the remaining solvent and the geo-
metric constraints of the sample (e.g., substrate, free in-
terfaces) leads to a mechanical stress and causes a dis-
tortion of the structure.[47] Controlling them can lead
to an isotropic,[48] or an anisotropic compression to the
cholesteric structure.[8, 49, 50] This significantly influences
the order and the morphology of the dried material, as well
as the resulting angular optical response.[48, 51] We recently
highlighted this key mechanism in the assembly of CNCs in
microdroplets. In this particular case, the isotropic com-
pression introduced by the spherical confinement led to a
very unique scaling law, resulting in a much larger pitch in
the final structure compared to flat CNC films. [48]

In this work, we address the effects of this final compres-
sion step during the self-assembly process of a CNC suspen-

sion in a planar configuration, combining theoretical mod-
eling and experimental observations. Importantly, the pre-
vious stages occuring prior to the onset of the kinetic arrest
and involving coalescence, anchoring and cholesteric relax-
ation are outside the scope of this work.

In the first section, we describe the formation of CNC
films as a set of cholesteric domains of given initial ori-
entation that are subject to a linear deformation process.
To illustrate different possibilities, we consider an initially
isotropic distribution of cholesteric domains, as well as a set
of magnetically aligned configurations, while the anchoring
effects are not included. Our model is based on a simple as-
sumption that, once the kinetic arrest has taken place, the
arrangement in the liquid crystalline phase in suspension is
locked and upon further solvent evaporation the structure
is subject to a vertical compression that can be described in
the limit of affine deformation. This model allows predict-
ing several aspects of the structure of CNC films, namely:
the angular dependence of the cholesteric pitch, the reori-
entation of the domains, the angular distribution of the do-
mains provided the initial one in the arrested suspension is
known, the distortion of the helical order and its visualiza-
tion in film cross-section. In the second section, we model
the optical and photonic properties of the resulting struc-
ture, addressing the macroscopic and microscopic optical
response of the films and the mapping of the angular opti-
cal response of films prepared in various conditions. The
third section describes the experimental sample analysis,
including the optical observations of CNC films at macro-
scopic and microscopic scales, the angular-resolved optical
spectroscopy in specular and off-specular conditions, and
the observation of film cross-sections using scanning elec-
tron microscopy. Finally, we discuss the implications of our
model and its limitations and summarize our main findings
in key bullet points.

II. MODELING THE STRUCTURE
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Figure 1. Schematic of a CNC suspension (in blue) drying in a petri
dish. Black arrows represent the vertical compression experienced
upon drying after the kinetic arrest has occurred.

A CNC suspension cast on a flat surface (such as in the
petri dish used in this work) and that reached the kinetic ar-
rest is illustrated in Fig. 1. Assuming the system is no longer
able to relax towards a minimum energy state, we model



the drying process of the arrested suspension as an affine
deformation of initially randomly oriented cholesteric do-
mains of identical pitch p. The deformation is assumed to
be purely a compression along the vertical direction, with
no lateral compression or elongation in the horizontal plane
and no shear.

A. Cholesteric order before deformation

In the following, we start by defining the initial cholesteric
structure of a suspension at the onset of the kinetic ar-
rest, right before the unidirectional anisotropic compres-
sion started to affect it.

A cholesteric structure is locally defined by a nematic or-
dering along a director fi, which rotates as a periodic func-
tion of distance along a helical axis, defined as parallel to m
(we deliberately distinguish unitary vectors with " notation).
Both fi and 1 are symmetric by inversion (i = —f, i = —)
and can be locally defined in position r as

i =cos¢ & +sing &, 1)
m = €3, 2)
¢=—q@hn-r). 3)

where ¢ is the azimuthal angle of fi describing its rotation
about m (the negative sign accounting for a left-handed he-
lix), and g = 27/ p, with p the helical pitch before distortion.

Let us consider a polydomain cholesteric phase locally
composed of domains with randomized orientation, while
the pitch p is considered homogeneous across the sam-
ple. In the laboratory framework (%, ¥,Z) where positions are
noted r = (x,y,2), each of such cholesteric domain tilted
with respect to the vertical axis can be described without
loss of generality by a rotation about é, = ¥ by an angle
B €0,7m/2]. The base (&1, €, €3) is then defined as

cosf3 0 sin 8
é = 0 |, é=|1], é=| 0 |. 4)
—sinf8 0 cosf

In a polydomain cholesteric phase composed of randomly
oriented domains, the local vectors fi and t within each do-
main can be defined by

cosf3cos¢p sin B
n= sin¢ , m=|( 0 |, 5)
—sinfcos¢ cosf3

as illustrated in Fig. 2(a).
This fully describes the cholesteric order within a tilted
domain prior to the vertical compression.

B. Linear deformation upon vertical compression

During solvent evaporation, the capillary forces acting in
the center of the drying suspension result in a unidirec-
tional compression stress along Z (cf. Fig. 1). While a kinet-
ically trapped cholesteric may have anisotropic mechanical

Figure 2. Schematic diagram of a tilted and left-handed cholesteric
domain a) before deformation, b) after a unidirectional compres-
sion along Z scaling with a factor a, c) after redefining the helical
axis as i’ The directors fi and fi are depicted by double-headed
arrows (in blue) to account for their symmetry by inversion.

properties along and normal to m, we consider them neg-
ligible and treat the contraction of each domain as purely
along the 2 axis, i.e., neglecting any lateral deformation in
the (%) plane. This choice is at first motivated by sym-
metry arguments and the randomization of the domain ori-
entations. The macroscopic boundary conditions impose a
fixed lateral surface of the dish. The drying suspension is
thus lateraly confined and should have no macroscopic dis-
tortions in the (X,§) plane. We cannot completely exclude
that each individual cholesteric domain that composes the



kinetically trapped suspension could locally distort in the
(%, ¥9) plane as they are compressed. However, the shared
boundaries between adjacent domains and the randomiza-
tion of their mutual orientation should statistically hinder
such in-plane deformation, and justify that, on the individ-
ual domain length scale, the distortion remains purely uni-
axial along the Z axis. Second, the magnitude of the com-
pression along z with respect to the other two directions
should dominate most of the distortion. Finally, the ab-
sence of reliable data for the compliance tensor that would
describe the anisotropic mechanical properties along and
normal to m within a cholesteric monodomain makes such
refinement currently inapplicable and outside the scope of
this work.

For a unidirectional compression strain of the liquid crys-
talline structure along 2, the deformation tensor & acting lo-
cally on each cholesteric domain is given by

100
a=(o1o0 (6)
00 a

where « is the compression ratio in the z direction (0 < a <
1).

The originally orthonormal base (&;, €;, €3) transforms af-
ter compression into

e; = (i éi, (7)

which no longer constitutes an orthonormal base for a < 1.
Their explicit components after deformation are

cosf3 0 sin
el = 0 |;ep=|1|;e5=| 0 [, ®)
—asinf 0 acosf

as expressed in terms of the initial tilt angle . The elemen-
tary volume before deformation is given by (&; x &) -&3 =1
and transforms after deformation into (e} xe},)-e; = det(a) =
a, which accounts for the volume contraction.

Since n (parallel to the actual rods) is contained into the
plane (&, &), the strained director n’ must be contained in
the plane (e}, e;,). However, the helical axis i, which is par-
allel to &3, has no other physical meaning than being always
normal to i throughout the cholesteric domain. This means
that the new helical axis m’ after transformation has to be
redefined as being always normal to n’ rather than parallel
to e;. Using (8), we first derive

asinf
ey xey)=| 0 |, ©)
cosf

l|(€} x e)|| = \/a?sin® B+ cos? B. (10)

Satisfying the condition (e x e,) -m’ = & and taking ben-
efit of the collinearity of m’ and (e} x e}), the norm of m' is
given by
B a

|1(e} x e5)ll
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Figure 3. Pitch compression ratio p’/p for two different values of
a. The ratio p'/p is reported in terms of the final tilt 8’ of the do-
main. Dashed lines illustrate the trajectories of the combined pitch
decrease and domain reorientation as @ decreases upon compres-
sion, examplified for a set of different initial angles (open symbols).

which leads to
1 asinf
m’ = o |. (12)
asin®B+a~lcos? B | e B

The norm |lm’|| corresponds to the contraction of the
cholesteric pitch p’/p, where p' is the pitch of the strained
helix measured along m'. The helix tilt §’ after deformation
is given by tan(f’) = (m’-%)/(m’ - ), which simplifies into

tan g’ = atan f. (13)

Combining (11) and (13) allows the pitch compression ra-
tio to be expressed in terms of the original tilt § or the final
tilt B’ as

!/
1
LA : (14a)
P \/sin2 B+a2cos?

!
P_ \/sin2 B +a?cos? B, (14b)
p
which is in agreement with the expected symmetry of the
affine transformation between a compression (a < 1) and a
stretch (a~! > 1), where the initial and final angles are in-
verted.

The combined effect of anisotropic pitch compression
and domain reorientation is illustrated in Fig. 3. A direct
consequence of this effect is that an initial suspension with
misaligned domains of identical pitch will produce a film
with a distribution of pitch values. The initially vertical do-
mains remain well-aligned and get compressed the most,



while initially tilted domains are significantly reoriented to-
wards the vertical axis and present much larger final pitches.
For the illustrated case of @ = 0.1, a final domain tilt of
p' = 5° corresponds to a final pitch p’(8’) about 50% larger
than the pitch of vertically aligned domains.

Using (12-14b), m’ can be reduced to

sin 8/
m’ = \/sin2 B +aZcos?p| 0 . (15)
cos '

C. Distortion of the helicoidal order

The director field n’ after distortion can be written as

cos fcos¢p
n = sin¢ . (16)
—asinfBcos¢p

However, n’ is here expressed in terms of the angles § and ¢
that do not reflect its actual orientation with respect to the
(X,¥,2). After defining the unitary vector i’ = n'/||n’|, it is
possible to express it with the angles ' and ¢’ as

cos ' cos¢p’
i = sin¢’ , 17)
—sin ' cos¢’

The helical angle ¢’ after deformation is then obtained from

- &)
tan¢’ = , 18
¢ (m'-&) (18)
where & = e;/||€;||. Using (16) we get
t
tang’ = ando : (19)
cos? B+ a?sin’ B
or, using (14),
p/
tan¢’ = —— tan¢y. 20
¢ ap bo (20)

Here ¢ represents the undistorted helical angle of the
cholesteric, similar to the initial ¢ but spatially redefined as

Po=-4's, (21a)
q =2nlp, (21b)
s=(-r) (21c)

in the coordinates of the compressed film.

The distortion of the helical order is illustrated in Fig. 4 for
different compression ratios a and for different initial tilts
B. As we can also see from (19), the unidirectional compres-
sion induces a distortion of the cholesteric order in origi-
nally tilted domains (B # 0), while the helix remains undis-
torted for f=0.

—a=1,3=45° 8 = 45°
—a=05,[=45, 0 ~ 26.6°
—a=01,3=45° 3 ~57°

0.5

0 /2 ™ 3n/2 27
)
1 : -
—a=0.1,3=0°73=0°
—a=0.1,3=45° 3 ~57°
—a=0.1,3~60° 3 ~9.8°
0.5+
ESS
e O
®
-0.5
-1 .
0 /2 ™ 3n/2 27

Figure 4. Distortion of the helical order illustrated by the variation
of the helical angle ¢’ after unidirectional deformation. top: differ-
ent compression ratios « at fixed initial tilt § = 45 degrees; bottom:
constant a = 0.1 for different initial tilts .

D. Generalization for any azimuthal angle

While the structure of cholesteric domains is unaffected
by a rotation about z, we introduce here for later use the
components of fi’ and ' expressed with an additional non-
zero azimuthal angle ¢':

sin ' cos ¢’
m' = | sin§'sing’ (22)
cos '
and
cos B’ cos ¢’ cos¢’ —sing’sing’
n’ = | cos f'sing’ cos¢’ + cos¢’sing’ |. (23)
—sin ' cos¢p’

E. Cross-section of the structure in the vertical plane (%,2)

When performing a cross-section of the film (e.g., by TEM
microtomes or SEM), the intersection of the cholesteric di-
rector i’ with the cross-section plane gives rise to a periodic



Figure 5. Multiple cross-section views of a distorted cholesteric domain with final orientation 8’ = 9.8°,¢’ = 0°, after a compression of
a = 0.1 from an original orientation § = 60°,¢ = 0°. The local orientation of @i’ is depicted by small arrows, while the continuity of i/
across each face leads to the Bouligand arches, depicted by full lines. (a) corner view in perspective; (b) top view, generating periodic
variations A = p/(8")/(2sin ') of ft/, usually in the micron range, (c) cross-section in the plane containing m’ (i.e., at an azimuthal angle
Ag' = 0°), (d) cross-section at an azimuthal angle A¢’ = 30° leading to asymmetric Bouligand arches, arising from the distortion of the
cholesteric order (the dotted line highlights the asymmetry), (e) cross-section in the (m’,z) plane (i.e., at an azimuthal angle A(p' =90°),
leading to symmetric Bouligand arches, in spite of the distortion of the cholesteric order.

pattern known as the Bouligand arches.[52] If the cross-
section plane of the cholesteric domain includes the heli-
cal axis i, the apparent periodicity corresponds to half the
pitch, p’/2. If the domain is cut with a local tilt 8y, we
observe a periodic pattern associated to an apparent pitch

Papp 8iven by
’ 1IN el T
Papp(B9) =P (B',¢")1c08 Oyt 24)

Using the general expression (22), we can formally de-
scribe pé{pp observed in the plane (%,2) as

Papp B0 =p' (B, ")/ (' -y ;)
= P'(B¢)1\/1-sin? 'sin? g,

(25)

where we used the unitary vector obtained from
. m' - (' -y) §
Mg, = ————————. 26
&2 i’ — @@’ -9) gl 29
and A¢' = £ — ¢’ is the azimuthal angle between the domain
orientation and the cross-section plane (cf. details in Ap-

pendix B). The stripes appear on the plane (X,Z) as tilted
by an apparent angle ﬁgpp defined as

tan B, = cosAg' tan . 27)

The slope of the local director i’ in the cross-section
plane allows deriving the analytic expressions of the curves
representing the so-called Bouligand arches, shown in Fig. 5
(details in Appendix B). Interestingly, the distortion of the



cholesteric order leads to asymmetric Bouligand arches on
the cross-sections, except in the particular cross-sections
planes (', 2) [cf. Fig. 5(c)], and (i’ x Z,2) [cf. Fig. 5(e)].

It appears from (24) and (25) that a small tilt in the cross-
section angle leads to an apparent pitch p;pp in the cross-
section that is just slightly larger than the actual pitch p’,
with the difference being only of the second order in Oy
(e.g., for Oyt = 10° we get pgpp ~ p’, with an over-estimation
of p’ by ~ 1.5%). This justifies the use of SEM cross-section
imaging as a reliable way to measure pitch values in the
films. However, such final tilts indicate that the initial do-
mains were much more tilted prior to the compression, and
thus present much larger pitch values than those being well
aligned, as exposed in the section IIB and Fig. 3. Indeed,
a domain with a final tilt f’ ~ 10° will have an associated
pitch about twice as large compared to those at ' ~ 0° when
assuming a = 0.1. A systematic pitch comparison between
films with tilted domains would benefit from measuring not
only their average p’ values (subject to the variability of
observation angles) but also the minimum value of all the
measured pitches, for the latter is more likely to capture the
value of p'(f’ = 0) that is uniquely defined for each film. If
the initial domains were isotropically distributed, the aver-
age pitch (p’) is expected to be several times larger than the
minimal pitch p’(8’ = 0), while the presence of vertical mag-
netic alignment or anchoring contributes to reduce this sta-
tistical bias, as it will be discussed in section II G and Fig. 8.

E. Periodic perturbations in the horizontal plane (%, )

The presence of tilted cholesteric domains with respect to
the vertical axis causes in the resulting films a periodic rota-
tion of A’ in any horizontal plane (%,¥), from which undis-
torted Bouligand arches are expected [cf. Fig. 5(b)]. How-
ever, the edge of a domain might differ from this regular in-
ternal structure. Indeed, the need to accommodate for ei-
ther the planar anchoring at the film-air interface or mini-
mizing the discontinuity of the director field at the junction
with another cholesteric domain placed immediately above
or below can both lead to periodic structural defects in the
director field @i/, either as homeomorphic deformations of
the Bouligand arches or as dechiralization lines of the same
periodicity A.

The expected periodicity of such pattern is illustrated in
Fig. 5(a,b) and is given by

! —
IR (28)

where the periodicity A(8') appears to be independent of
the compression ratio a. Figure 5(b) shows that these
stripes are perpendicular to the plane containing (i, 2).
Highly tilted domains lead to smaller A values, and it fol-
lows from (28) that p < 2A, i.e., the smallest encountered
periodicity A represents an upper limit to estimate p/2 in
the arrested suspension.

Figure 6. Random sample of N = 1200 configurations illustrating
on the left an initially isotropic Orientation Distribution Function
(ODF) (i.e., fo(B) = 1/27) and on the right its transformation f(8')
after compression (assuming no anchoring at the interfaces).
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Figure 7. a) Orientation Distribution Function (ODF) of the helices
in the initial isotropic state (fy(8) = 1/27, in red) and its transfor-
mation after compression (f("), in blue), assuming no anchor-
ing at the interfaces. b) the same ODFs multiplied by the spherical
Jacobian (full lines), and their corresponding cumulative distribu-
tion functions (CDE in dashed lines). The histograms correspond
to the sampling of the configurations shown in Fig. 6.

G. Angular distribution of helical axes

1. Orientation Distribution Function (ODF) due to unidirectional
compression

As shown in (13), the unidirectional compression leads to
an effective decrease of the helical axis tilt, leading to some
alignment of the cholesteric domains in the vertical axis.

The ODF in the dried film, f4(8"), resulting from the uni-
directional compression, is given by (cf. Appendix C)

a

(a?cos? B +sin? p/

faB)=fop (29)

)3/2’

where fy(f) represents the ODF before the distortion took
place, i.e., when the liquid crystalline suspension became
kinetically arrested.
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Figure 8. Average pitch (p’) compared with the minimal pitch
p'(0) = ap in the film and computed for different « ratios us-
ing Eq. (C5-C6), assuming different initial distributions of the do-
mains: purely isotropic (y = 0) and under a vertical magnetic align-
ment with ¥y = 1 and 10 and no anchoring. Note that a range of
values for (p')/(ap) closer to unity than the isotropic case are also
possible from the sole effect of anchoring (cf. section I1 G 3).

The determination of the ODF fy(f) prior to the compres-
sion step is complex and is not the primary scope of this
work. Addressing the ideal case of an isotropic initial ODF
allows for grasping the alignment effect solely due to the
compression. This idealized situation corresponds to the
absence of anchoring effects, which dominate in thin sam-
ples and slow evaporation processes. The initial isotropic
ODF can thus be considered as a limiting case for thick films
cast under faster evaporation conditions, when the anchor-
ing front does not effectively propagate through the sample
thickness (cf. more details in section II G 3).

The case of an initially isotropic distribution of random-
ized helix orientations, fy(f) = 1/2n, and its evolution after
avertical compression by a factor 10 (i.e., @ = 0.1) are shown
in Fig. 6. Each of the N = 1200 randomly generated initial
helix configurations was reoriented according to (13) (NB:
we restrict by symmetry the angular space of the helices
to the upper hemisphere of total solid angle 27 instead of
4m). The ODF before and after compression are illustrated
in Fig. 7 and match the sampling of the configurations from
Fig. 6.

The distribution of domains of different tilts 8’ directly
leads to a distribution of pitches p’(8’). Assuming again
an isotropic distribution of the domains prior to the com-
pression, the average pitch (p’) can be estimated as a func-
tion of a, as reported in Fig. 8 (cf. details in Appendix C).
The isotropic assumption imply that the average pitch of a
random domain in a film is about 2 to 3 times larger than
the minimum possible pitch p’(0), while this mismatch is
expected to decrease when a vertical magnetic field or an-
choring is effective, as detailed in the next sections.

2. ODF due to pre-existing magnetic alignment

The alignment of individual CNCs and of their cholesteric
domains can be controlled in suspension using various
methods such as external fields,[23, 53-61], shear,[21, 62—
65] or anchoring.[20, 22, 49] When the suspension is ex-
posed to a sufficient magnetic field prior to the kinetic ar-
rest transition, the CNCs align with their long axis perpen-
dicular to the field. However, the field required to align in-
dividually these anisotropic diamagnetic crystals is usually
difficult to access (typically o H = 20 T for micron-long cel-
lulose crystals).[55, 56] When the CNCs are assembled into
cholesteric domains, the CNCs are locally all perpendicular
to m, and a much smaller field (0.5-1.5 T) becomes suffi-
cient to align the cholesteric domains with the helical axis
m parallel to the external field H.[57-60] If such alignment is
induced during the evaporation process, the initial ODF will
be altered and thus affect the final ODF in the film.[23, 61]

The Zeeman energy of a monodomain cholesteric tactoid
of volume V in a magnetic field H writes then as:[56]

2
= - PO -, (30)
where g is the vacuum permeability, kg the Boltzmann
constant and T the temperature. Ay = x| — x. is the positive
anisotropic magnetic susceptibility of a cholesteric domain
along its axis m, arising from the negative anisotropic mag-
netic susceptibility of the CNCs locally aligned normal to it.
We estimated Ay = [®Aycnc| ~ +6- 1078 taking the volume
fraction of CNC of ® = 0.1 and A ycnc = 0.65-1075.[56]

The local orientation of the cholesteric axis along the
magnetic field can be hindered by many phenomena,
among which the planar anchoring at the horizontal in-
terfaces or the presence of coalescence dynamics between
monodomain cholesteric tactoids.[34, 35] In the following
model, we assume that the thermodynamic equilibrium is
reached when the magnetic field is applied, the suspension
is not yet kinetically trapped, and only the thermal fluc-
turations counteract the magnetic torque orienting the do-
mains.

Under such assumptions, the ODF of the cholesteric do-
mains is obtained from the corresponding Boltzmann fac-
tor e Fr/ksT and its normalization after integration over all
possible orientations (on the upper hemisphere):[56]

Ay V H?
y= % (31a)

1 A
fH(ﬁ;(P) — _eY(m‘H)z,

— (31b)
Z=| Zetfi(y7) (31c)
= 4,}/ ’y ,

with y the orientational coupling parameter, Z a normal-
ization constant and the imaginary error function erfi(x) =



v=10,8,=0%a=1

’y=10,ﬁH=0°,a=0.1

Figure 9. Random sample of N = 1200 configurations with on the
left an initially anisotropic ODF (i.e., fiz(B) ~ ey(m'ﬁ)z) resulting
from the magnetic alignment of the helices along an external mag-
netic field H tilted by an angle 8y and on the right its transfor-
mation after compression (a = 0.1), assuming no anchoring at the
interfaces.

erf(ix)/i. In the absence of field, the isotropic distribution
fu(B, ) = fo =1/2m is recovered.

In the case of a magnetic field applied along the direction
defined by (8,9 1), we have

(h-H) = sinBcosgsinfysingy
+sinfsin@sinfysingy (32)
+cosfcos By,

which simplifies to (th- H) = cos § for a vertical field.

The effect of the magnetic alignment of the domains is il-
lustrated in essence in Fig. 9, where different orientations
of magnetic fields leads to different angular distributions of
the cholesteric domains in the suspension, as well as in the
corresponding films by simply using (13). For vertical mag-
netic fields, a stronger coupling should lead to an average

pitch closer to p(0), as shown in Fig. 8.

The rotation time required for the alignment of a
freely rotating tactoid of volume V immersed a newtonian
fluid of viscosity n writes by equilibrating the magnetic
(/JOA)(VHZ/Z) and viscous torque (~ 7nV) [66]:

= adl 33
T DAy @9
which, remarkably, is independent of the domain volume
V. Forn = 10? Pas and poH = 0.5 T the corresponding 7y
is about 5 hours, to be compared with the evaporation ki-
netics before the suspension becomes kinetically trapped.
However, these are only crude estimations, as CNC suspen-
sion at high concentrations present non-Newtonian behav-
ior and are shear-thinning fluids. The estimation of their
rheological response is very sample sensitive, namely from
the source of CNCs, their extraction method and the ionic
strength of the medium.[31, 67, 68]

While anchoring effects and field alignment may conflict
and lead to a type of Fréedericksz transition,[69, 70] we ne-
glect the effect of anchoring in this simplified model, which
should be relevant for thicker films.

3. ODF due to pre-existing anchoring

In the two previous examples, we did not include an-
choring as an alignment mechanism occurring in our films
but in principle this remains possible, provided a predic-
tive theory for the dynamics of coalescing tactoids near
interfaces is successfully developed. Indeed, the effect
of anchoring varies a lot with the casting conditions and
can influence in various degrees the initial ODE A crude
attempt to model different degrees of anchoring can be
derived with an associated anisotropic Boltzmann factor
exp(—E4(B)/ kg T), where E () would corresponds to the
energy of a domain under the influence of vertical anchor-
ing conditions. By symmetry, it can be expanded as E,(f) =
2921 a2nP2p(cos B), with Py, (x) being the Legendre poly-
nomials and ay, = 0 their associated prefactors of decreas-
ing magnitude. If the expansion is limited to the first term
[n=1,i.e., Py(cosf) = (3cos? B—1)/2] and additional terms
(n>1) are neglected, the initial ODF is then formally equiv-
alent to the one obtained under vertical magnetic alignment
of coupling parameter y = 0, then redefined as an anchoring
parameter y, = E,;/kgT [cf. (31b,31c) and (-H) = (th-2),
as illustrated in Fig. 8 and 9 for B = 0°]. The adjustment of
the y, parameter allows for an empirical description of the
anchoring effect in various conditions.

However, this formalism does not account for the propa-
gating front of the alignment from the interface and its dis-
continuous nature in the film thickness, which would re-
quire a kinetic description of the process. In that regard,
the time 7, required for anchoring to take place could be
expected to vary as a diffusion process, to be compared to
the time elapsed between the initial cholesteric alignment
at the interfaces and the onset of the kinetic arrest, as oc-



curring in the casting conditions:

1/v

h2
Ta= (E) ) (34)

where £ is the suspension thickness when the anchoring
takes place (much before the kinetic arrest takes place) and
D, is a diffusion coefficient related to the propagation front
of the domain reorientation under the influence of surface
anchoring. The viscoelastic nature of cholesteric CNC sus-
pension could however significantly impede such coopera-
tive reorientation process and lead to a sub-diffusive behav-
ior characterized by an exponent 0 < v < 1.

Remarkably, this formalism is also compatible with the
modeling of a magnetic alignment in any direction,

< 2 252
ey(m-H) +Y q(M-2) : (35)

fH,a(ﬁ,(P) = 27_[ ZH}a

with Zy , a normalization constant.

Since our attempts to include anchoring effects open
interesting modeling possibilities but also new questions
about the adjustment of their controlling parameters and its
relevance in real experimental conditions, we prefer not to
address here this apparently more accomplished case and
believe it would be more suitable in a separate dedicated
study.

III. MODELING THE OPTICAL RESPONSE
A. Fergason’s law

The interaction of light with cholesteric structures de-
pends on the pitch, handedness and helix orientation with
respect to the light propagation direction, as well as on
the optical indices along and normal to the nematic direc-
tor i. When light propagates along the m axis, the spa-
tial modulation of the refractive index leads to the reflec-
tion of strongly circularly polarized light for a certain inter-
val of wavelengths, as originally derived by de Vries,[71] and
later refined by both analytical approaches ([26, 72, 73]) and
numerical ones.[74, 75] The reflected wavelengths are cen-
tered around A = 7i p’, where 7 is the average optical in-
dex (hereafter, p’ is used since we consider here the opti-
cal properties of dried films). The width of the reflection
band scales with the birefringence An = n, — n, such that
AA = An p’, where n, and n, are the extraordinary and or-
dinary optical indices, respectively, and defined in the di-
rection parallel (resp. perpendicular) to the director . No-
tably, there are no higher-order reflection bands when light
is propagating along m. When light propagates at different
angles, the reflected light is no longer purely circularly po-
larized, and additional reflection bands may arise.

In the case of low birefringence inside the cholesteric, the
maximum reflected intensity observed at a wavelength 1
obeys in a good approximation Bragg’s law:

A =17 p' cosBige, (36)
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Figure 10. Schematic of the light propagation inside the film in the
plane (%,2), with the angle definitions used to apply Fergason’s law
(i.e., Bragg’s law corrected by Snell’s law).

where 0y, is the local angle between the incident beam
and i, defined inside the medium, as well as the one be-
tween ' and the outgoing beam. The equality of these two
angles corresponds to Bragg condition. When accounting
for Snell’s law corrections at the medium-air interface, 1 is
given by the so-called Fergason’s law:[76]

1 . (sinB,) 1 . (sin6;
— arcsin + — arcsin , (37
2 171 2 n

A=1p' cos

where 0; and 6, are respectively the angles of the incident
and outgoing light with respect to the normal incidence, de-
fined algebraicly such that 6; = 0 and the sign of 8, is pos-
itive for specular reflection (cf. Figure 10). By attributing
the collected light only to the domains locally under Bragg
condition and neglecting the width of the optical reflection
band, we can derive the local tilt of the helix of the con-
tributing cholesteric domains as

sinHO) 1 . (sin@i)
-3 arcsin .

— (38)

/ 1 .
B = 5 arcsm(
The combinations of the expressions (37) and (38) allows
for the calculation of the average reflected wavelength for
a given set of incident and outgoing observation angles,
where the pitch variation with the local tilt g’ (i.e., after
compression) is accounted for.
The outgoing angle 8, and its corresponding wavelength
A can be expressed in terms of the incident light angle 6; and
the local tilt 8’ with respect to 2:

IMBo) =1 p'(B) cosBioc, (39a)

0, = arcsin [isin(@)oc + )], (39b)
-

Oroc = + arcsin(su;l 1), (390)



where the parameter [ refers to the order of the diffraction
and g’ is taken positive when pointing toward positive 6,
values.

Finally, additional reflections can occur inside the film
and become noticeable if the first order is very strong (e.g.,
after magnetic alignment), as detailed in Appendix D.

B. Generation of higher order reflection bands

When light propagates parallel to the helical axis of an
undistorted left-handed cholesteric domain (k; / m), we
observe the reflection of the left-circularly polarized (LCP)
components of the band of wavelengths such as ny,p <
A < nep, while the right circularly polarization (RCP) is
transmitted. Importantly, such reflection band presents no
higher order reflection bands as long as the light propagates
strictly parallel to the helical axis m.[26] This is no longer
the case if the light propagates at locally non-zero incident
angles (0} # 0), or if the helicoidal angle ¢’ is periodically
modulated. Since the distorted cholesteric produced by the
undirectional drying leads to such modulation, we expect
these higher orders to occur even when the light propagates
along the helical axis i’ (0)yc = 0).[26]

The relative intensity of such higher orders can be esti-
mated by a Fourier analysis of the dielectric tensor mod-
ulation, as discussed by Blinov et al. for electro-optic ef-
fects on cholesterics where the first helix harmonic was
considered.[77] Since the distortion of highly tilted domains
can be more pronounced, we generalized such expansion
for higher orders (details in Appendix E). The derived inten-
sity of the various orders is represented in Fig. 11. Remark-
ably, the first order C; increases considerably above 0.5, in-
dicating that the sample necessarily reflects a substantial
amount of RCP light.

C. Mapping the angular optical response

The scattering response of the films is now modeled by
considering in this simulation A and 6, from the gener-
alized Fergason’s law (i.e., accounting for domains of any
azimuthal angle) and by calculating the angular distribu-
tion of light intensity based on the distribution provided
by the previously mentioned ODFs. The wavelength of the
reflected light was computed by taking as input the inci-
dent and the outgoing angle, and deducing the correspond-
ing tilt angle of the domains satisfying Bragg condition (i.e.,
equal local incident and outgoing angles 0),) as well as
their pitch. Finally, the light intensity was weighted by the
ODF f,(f', ¢") of the contributing domains in the final film,
corrected by the solid angle transformation from the one
defined for the ODF to the one of the viewing direction,
and Fresnel transmission coefficients for unpolarized light
were added to account for the decrease of light transmis-
sion at larger tilts. The light intensity is multiplied by a fac-
tor 1/ cosf, to scale the radiance, defined so as to compen-
sate the reduced intensity at smaller viewing solid angle.[78]
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Figure 11. Intensity factors C; of the different orders [ of the re-
flected light, as given by Eq. (E7), in the case of incident and out-
going light propagation parallel to ', implying 0, = —0;. The re-
ported intensity is not corrected by the Fresnel transmission fac-
tors or the solid angle transformations.

Figure 12. Schematic of the optical path inside the film, linking the
local cholesteric orientation of a given domain after deformation
(B',¢") and the external angles of incident and outgoing beams
(Hiv 90 ’ 1//0) .

This calculation can be done on an ordinary laptop with a
reasonable computation time (= 20 min each), and gives
a semi-quantitative overview of the diffused iridescence of
the film. It is less accurate than applying the Berreman
4 x 4 method,[74] as employed elsewhere for CNC mon-
odomain films with vertical m/,[22] but is computationally
much more applicable for such angular mapping. The de-
tails of the procedure is reported in Appendix F.

Different examples of angular optical responses of CNC
films were simulated and reported in Fig. 13, assuming a =
0.1. All films show a clear red-shift of their off-specular re-



Figure 13. Simulation of the angular optical response of the films
obtained assuming a = 0.1 and no anchoring at the interfaces with
an incident light at (a,c,e,g) 6; = 0 and (b,d,fh) 6; = 30°, and a
magnetic alignment obtained for (a,b) y = 0 (no H field), (c,d)
Y =10,y =0%wy =0° (ef) y =10,y = —30°, 9y = 0° and g-
h) y =10, 8y = —30°,w g = —90°. The colored regions of the half-
pheres visible at specific solid angles indicate the color observed
in the direction pointing away from the half-sphere center. The
incident and specularly reflected beam directions are represented
with gray arrows.

sponse with respect to specular conditions, regardless of
the application of a magnetic field during the self-assembly.
The application of a magnetic field increases the intensity of
the observed light in specific directions, which remains cen-
tered around the specular direction when the magnetic field
is vertical (Fig. 13c-d). When a tilted field is employed, the
angular response is deviated away from the specular direc-
tion and towards specific directions, but is also more poly-
chromatic (Fig. 13e-h).
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Figure 14. Macroscopic photographs of CNC films prepared from
a suspension of (a-c) higher salt concentration or (d-f) lower salt
concentration, and in absence of magnetic field (a,d), in a vertical
field (b,e) and in a field locally exploring different tilts (c,f). Each
film was observed in specular (left half) and off-specular (right
half) conditions. Pictures (a-e) are adapted with authorization un-
der the terms of the CC-BY 4.0 license.[23].

IV. EXPERIMENTAL SECTION

In order to validate the proposed model, we investigated
the structure and the optical properties of CNC films in sev-
eral conditions. First, we used two different salt concentra-
tion regimes, which allows us to shift the reflected wave-
lengths across the visible spectra.[5] Several reasons moti-
vated this choice: On one hand, the high salt concentration
regime produced films with the main features in the visible
range, allowing for a discussion of their defects as appear-
ing, e.g., by naked eye or using optical microscopy. On the
other hand, low salt concentration regime yields reflection
mainly in the near infra-red, allowing for the observation of
higher order reflections in the visible range, i.e., both visi-
ble by naked eye and within the spectra range of our spec-
trometer. Additionally, magnetic field alignment was used
to prepare samples in both salt regimes as they proved use-
ful to discuss the nature of the stripy pattern observed in
optical microscopy (high salt regime), as well as to increase
the reflected intensity of the higher orders (low salt regime).
The details of the experimental methods are reported in Ap-
pendix A.

A. Macroscopic optical properties of CNC films

As the illuminating and the viewing angle affects the ap-
parent colour of the films, we showed in Fig. 14 the different
produced films, observed in both specular and off-specular
conditions.

We can see that the reflected color of the films is blue-
shifted with addition of salt, as usually observed, but the
color in off-specular conditions is red-shifted compared to
the specularly reflected light. This observation is inconsis-



Figure 15. Macroscopic photographs of a single flake of a polydo-
main CNC film [R = 100 ymol/g, H = 0, cf. Fig. 14(a)]. Reflection in
(a-c) specular and (d-f) off-specular conditions using either (a,d)
no polarizing filter, (b,e) a Left-Circularly Polarization (LCP) fil-
ter and (c,f) a Right-Circularly Polarization (RCP) filter (scale bar
1 cm). The polarization of the reflected light by the cholesteric
structure is LCP in specular conditions, whereas in off-specular
both polarization states are present.

tent with a uniform pitch across the film, as we would oth-
erwise expect a blue-shift from the application of Bragg’s
law, even after being corrected by Snell’s law (i.e., Fergason’s
law). Note that for the sample shown in Fig. 14(d,f), the film
appears red in specular conditions, while we observe some
green reflection in off-specular conditions: such apparent
blue-shift is actually explained by the existence of higher or-
der reflection orders, as we will discuss in section IV C.

Finally, one can notice dessication cracks on the sam-
ple in Fig. 14(e) when a vertical magnetic field is applied.
Our model does not account for this additional mechanism,
and indicates that a small stretch of the surface (i.e., in the
(%,9) plane) also occurs upon drying. This stretch is however
much smaller than the compression along the z axis.

The polarization state of the light reflected by the films
can be crudely estimated by observing the samples through
LCP and RCP selective filters. In Fig. 15, a single flake taken
from the film shown in Fig. 14(a) was imaged in specular
and off-specular conditions. A white piece of paper was
placed on the left of the flake to confirm that the white bal-
ance was correctly taken. In specular conditions, the achro-
matic contribution of the film-air interface required lower
exposure time to avoid saturation, so the white paper ap-
pears dark grey. The reflected spot appeared blueish in ab-
sence of filter and through a LCP filter while no color was
observed through a RCP, as shown in Fig. 15(a-c). This se-
lectivity for LCP is well-known and is a simple test to dis-
criminate the optical response of left-handed cholesteric
nanostructures. However, the same flake is observed in
off-specular conditions in Fig. 15(d-f) and appears colored
through both polarization filters. So far, the presence of
defects and grains boundaries in CNC films are the main
mechanism reported that could explain this polarization
change. These can locally act as a retardation plate and
cause incident RCP light to get partially converted into
transmitted LCP light, which can then be reflected as LCP by
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a cholesteric domain and, when passing through the same
retardation plate again, get finally reconverted partially into
an outgoing RCP light. The efficiency of this mechanism
is maximal when the local retardation equals 1/2.[79] In
addition to this, we prove here that the distortion of the
cholesteric domains also leads to substantial reflection of
RCP light, based on our Fourier analysis of the term C; in
the section III B. Our previous observations of magnetically
aligned films observed in LCP and RCP also showed an in-
crease of the RCP component for larger tilts of applied mag-
netic fields, in agreement with this statement.[23]

B. Polarized optical microscopy of CNC films

The observations of the CNC films in reflection using op-
tical microscopy allows distinguishing the cholesteric do-
main orientation via a recognizable stripy pattern very sim-
ilar to the fingerprint pattern observed in the liquid crys-
talline suspension before drying. However, these patterns
have a periodicity A much larger that the pitch p’ of the fi-
nal structure, since the reflection of visible light indicates p’
is much in the submicron domain. This observations sup-
port the attribution of such stripes to the distance A defined
in section IIF. This interpretation is also supported by the
variability of such pattern, both in their orientation and pe-
riodicity, which reflects their initial random tilt § and az-
imuthal angle ¢ before compression (Fig. 16(a) in H = 0).
The observation of superpositions of stripes of different az-
imuthal orientations and periodicities can be explained by
a vertical overlap of domains of different azimuthal orien-
tations, which indicates that these periodic defects are not
necessary located at the film interfaces but also inside the
film.

The films aligned in the presence of a tilted magnetic field
also display such stripy pattern, yet in a much ordered fash-
ion. Here the magnetic field was tilted by S ~ 50° +10° and
its azimuthal component was perpendicular to the stripes,
as can be seen in Fig. 16(b). Finally, a film cast in a vertical
field B ~ 0, shown in Fig. 16(c), displays no such stripes.
Instead, it has rather few discontinuities, which is expected
in our model with a diverging A for 8/ — 0. Note that the
color of the film is more uniform and also blue-shifted when
prepared in a vertical field. This observation is in agreement
with a smaller pitch p’ for smaller domain tilts ' (cf. Eq. 14b
and 39).

We find it essential to emphasize this interpretation of
the stripes, as they are often ascribed in the literature of
CNC films to the common fingerprint pattern of cholester-
ics. Their periodicity is then wrongly expected to corre-
spond to half of the pitch, p'/2, that intervenes in Bragg’s
law, leading to inconsistent conclusions.

C. Angular optical response of CNC films

While the visual inspection of the films indicates qualita-
tively that tilted domains have effectively a larger associated



10 um

Figure 16. Optical microscopy images of CNC films observed in
reflection through a filter selecting left-circularly polarized light
(the brightness was enhanced for gray scale printing purposes). a)
polydomain film displaying disordered stripy patterns with vari-
ous periodicities A ranging from 0.85 -2 ym [H = 0, cf. Fig. 14(a)].
b) monodomain film made under a tilted magnetic field, display-
ing uniform stripy patterns with regular periodicities A = 2 um,
(uoH =~ 0.5 T, By = 50°, cf. Fig. 14c). ¢) monodomain film made
under vertical field, displaying uniform color with a diverging A
loH =~ 05T, gy ~0°, cf. Fig. 14(b)].

pitch than the untilted ones, we investigated quantitatively
such effect using angular-resolved optical spectroscopy.

We report in Fig. 17 the analysis of the film produced,
resp., from a high and low salt ratio suspension (R =
100 pmol g™ and R = 25 ymol g}, resp.) in absence of
a magnetic field. First, the incident angle 6; = 15° leads
to a specular reflection from the interface, visible as a re-
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Figure 17. Angular-resolved optical spectroscopy performed on
samples made in absence of magnetic field (top: sample made
with R = 100 ymol g1, bottom: R =25 umol g™ 1), illuminating at
an angle 0; = 15° (intensity reported using a red-yellow-blue heat
mabp in log,, scale). The fits for the first order (plain curve) and
the much weaker second order (dashed) correspond to the model
from (39). The specular reflection is observed at 6, = 6; = 15° for
all wavelengths. The horizontal dashed lines represent the angles
B’ of the probed domains, while their initial angle § are indicated
by the curved dashed lines on the right.

flection band at any wavelength at 8, = 6;. The optical re-
sponse of the cholesteric structure is visible as an arc with
a clear red-shift of the outgoing light in off-specular condi-
tions (0, # 6;). This optical response is in excellent agree-
ment with our model (represented in the graphs by the con-
tinuous white line), where we used (39) to fit the higher in-
tensity profile. However, the higher orders (cf. sections E
and F) are not much visible, even with the intensity being re-
ported with a heat map in log,, scale. To illustrate the reori-
entation process happening during the unidirectinal com-
pression stage, we reported only in Fig. 17(a) the trajectory
of the domains of initial angles § as well as the final §’ they
adopt in the film (cf. white and yellow dashed lines, respec-
tively).
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Figure 18. Angular-resolved optical spectroscopy performed on
samples prepared under a vertical magnetic field (sample made
from R = 25 umol g~ !, intensity reported using a heat map in log,,
scale).

The samples prepared under a vertical magnetic field
show no arc in their photonic response, but rather a local-
ized spot in specular reflection. This is examplified in Fig. 18
with the sample made from a suspension at R = 25 umol g~}
and reported in Fig. 14(e). This is in agreement with what we
expect from a successfully aligned cholesteric domain along
the Z direction.

Finally, the samples prepared in tilted magnetic fields
present almost no signal in specular conditions but reflect
specific wavelengths at off-specular angles. This is illus-
trated in Fig. 19 with a sample made from the same suspen-
sion as previously, and analyzed at different positions corre-
sponding to different local magnetic field tilts f;. When the
tilt of the magnetic field was intermediate between 0° and
90°, the resulting photonic response appears clearly asym-
metric. This means that the magnetic field can be used
not only to control the homogeneity of the structure, but
also the directionality of the photonic response, for specific
wavelengths. Moreover, the directionality of the signal in-
creased its intensity with respect to the H = 0 conditions,
which allows for the observation of a stronger second or-
der and even third order (cf. Fig. 19). As expected from our
model, these higher orders arise from the distortion of the
tilted cholesteric domains, and are therefore not observed
in presence of only vertically aligned domains.

The region of the film exposed to a horizontal field (8 =
90°) is illustrated in Fig. 19(b), where the off-specular re-
sponse is composed of two symmetric parts on each side
of the specular band (with distortions arising from different
Snell’s law corrections). However, the cross-section of the
incident light beam we used (@ = 6 mm) was much larger
than the actual region. Thus, the recorded spectra are more
likely due to the superpositions of the nearby strongly tilted
domains. Noteworthy, the reflection of the higher orders to-
wards the light source (6, = -6, highlighted with an arrow
in Fig. 19) represents an evidence that the second order gen-
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Figure 19. Angular-resolved optical spectroscopy performed on
samples prepared under a tilted magnetic field (top: position x =
10 mm, {Bg) = 33° bottom: x = 0 mm, (Bgy) = 0°). The fits of
the first, second and third orders are represented with full, dashed
and dotted lines, respectively. The dash-dot line corresponds to
Eq. (D1). Sample made from R = 25 ymol g~ !, intensity reported
using a heat map in log,, scale. The arrow indicates a second order
reflection observed for an angle 0}, = 0°, i.e., parallel to i’

eration is maintained in the case of light propagation along
the helical axis m and is truly due to the distortion of the
helicoidal order.

D. Observation of film cross-sections

The observation of cross-section of solid cholesteric
structures on plant tissues has been initiated with the semi-
nal work of Y. Bouligand, as he recognized the strong analo-
gies they shared with cholesteric liquid crystals.[52] When a
CNC film is broken in flakes, the crack propagation through
the film thickness produces a 3D texture reproducing the
periodic features of the local cholesteric domains. The ob-
servation of these cross-sections can be easily imaged us-
ing scanning electron microscopy (SEM), a well-established



Table I. Compression ratios @ and original pitch at the kinetic ar-
rest p as fitting parameters determined from the analysis of the
angular-resolved optical spectroscopy of the samples in Fig. 14
and using Fergason’s law adapted to our anisotropic compression
model from Eq. (39)

R X (PP a p  pPO=ap
(umolg™!) (mm) (deg) (m) (nm)
— H=0 0.190+0.015 1.67£0.15 317%10
100 10 33 0.180+0.015 1.69+0.15 304+10
5 52 0.180+0.015 1.69+0.15 30410
0 90 0.180+0.015 1.69+0.15 304+10
—  H=0 0.145+0.015 3.45+0.25 500+15
- 10 33  0.145+0.020 3.45+0.30 500+20
5 52 0.145+0.020 3.45+0.25 500+15
0 90 0.160+0.020 3.15+0.20 505+ 15

@ average x position probed in the film
b average magnetic tilt of the field H in the probed position x

technique introduced by Majoinen et al. to observe the
cholesteric order of CNC films and directly measure the
cholesteric pitch p’.[80]

We report in Fig. 20 an observation of the film cross-
section examplifying the strong variation of the pitch with
the final tilt of the cholesteric domains (for systematic SEM
cross-section of the different films, see [23]). In the cen-
ter of this image we can easily recognize a small cholesteric
domain with a horizontal m’ axis. At that orientation, the
domain is not expected to change its pitch upon vertical
compression (i.e.,, p(f = 90°) = p'(B' = 90°), and the pe-
riodicity of the stripes indicates an apparent pitch p{ipp =
1.8+ 0.1 ym. This is in excellent agreement with the pitch
p = 1.69£0.15 um obtained from analyzing the optical an-
gular response of the film, as reported in Table I.

The distortion of the cholesteric order also leads to the
observation of asymmetric Bouligand arches, as illustrated
in Fig. 21, in agreement with our modeling (cf. details in Ap-
pendix B). To the best of our knowledge, such anisotropy
represents the first direct observation of the distortion of the
helicoidal order in CNC films.

Finally, the orientation = 90° is an unstable point in the
transformation upon vertical compression, and this led to
the apparent buckling of the domain into a wavy pattern.
Such buckling phenomena is however not accounted for
in our geometrical treatment of the distortion and a more
mechanistic treatment of the anisotropic compression of
the structure might be required, involving non-diagonal
terms of the distortion tensor @.[81, 82]

V. DISCUSSION

The unidirectional compression model we propose al-
lows us to explain most of the structural and optical features
of the CNC films. The model succesfully predicts the varia-
tion of the pitch with the domain tilt, leading to the red-shift

Figure 20. SEM image of a cross-section of the sample from Fig.
14(a). It can be seen that the pitch varies significantly depending
on the tilt of the helical axis t’ (scale bar 2 um).

Figure 21. Asymmetric Bouligand arches resulting from the dis-
tortion of the cholesteric order. Left: SEM observation in cross-
section of the sample from Fig. 14(a). Right: asymmetric Bouligand
arches reproducing similar asymmetric arches (the asymmetry is
illustrated by the position of the dashed line, drawn at the apex of
the arch highlighted in red; see details in Appendix B).

of the off-specular response. It also predicts the distortion
of the helicoidal order in CNC films that can be experimen-
tally observed in SEM imaging in cross section and lead-
ing to higher orders reflections. The stripy pattern of poly-
domain films observed in polarized optical microscopy are
interpreted as periodic defects at the grain boundaries be-
tween domains or at the film interfaces, clarifying the con-
fusion between their periodicity and the cholesteric pitch.
This compression scenario of the CNC film formation
also explains why the addition of non-volatile co-solvent or
co-species usually leads to dramatic pitch increase in the fi-
nal structure. In our model, the initial pitch p and the di-
mensionless compression parameter « represent, respec-
tively, the pitch py .. and the volume fraction @y , of the sus-
pension at the kinetic arrest transition, assuming the final
volume fraction of CNCs in the films can be approximated
to ®gm ~ 1. The effective compression ratio then writes
as a = O, + Do, where ®, stands for the co-solvent vol-
ume fraction, and therefore leads to a larger pitch p’ and
a red-shift of the optical response. The same general effect



was systematically observed with the addition of glycerol, [4]
glucose,[47] sol-gel precursors,[9] non-adsorbing polymers
(e.g., polyethylene glycol),[83] surfactants, [84] etc., and gen-
erally dominates any additional twisting effect that the co-
solvent might induce between individual CNCs (e.g., a re-
ported pitch decrease in the CNC suspension for the case of
D-glucose.[47]).

The analysis of the Table I indicates that the kinetic ar-
rest occurs at a higher volume fraction when more salt is
added in the initial suspension, when comparing 25 and 100
umol/g. This indicates that in the low salt regime explored
here (25 umol/g), the kinetic arrest is caused by the forma-
tion of a colloidal glass of repulsive particles rather than a
gel of attractive particles: the addition of salt decreases the
Debye length and thus the effective volume fraction of the
rods, which decreases the percolation threshold, in agree-
ment with a kinetic arrest shifted to higher concentrations.
An opposite trend would have been observed if aggrega-
tion was the driving mechanism, where an excess of ionic
strength would destabilize the colloidal suspension and fa-
vor an early kinetic arrest at lower concentrations.[40-42]

It is interesting to review the possible limitations of this
model, first at the individual cholesteric level, then at the
level of the multidomain description.

On the monodomain length scale, the variation of the op-
tical indices in the different directions were not accounted
for. The local optical indices n, and n, defined accord-
ing to the director orientation fi should lead, for s- and p-
polarized waves, to slightly different maximal optical in-
dices (n} < n%), as well as average optical indices (72" # 7°,
cf. Appendix G for details). This could contribute to some
dispersion of the reflected signal. Note the range of tilts §
(usually less than 15°) of the domains involved in the opti-
cal response should contain the impact of this discrepancy.
A polarization-resolved analysis could be conducted to in-
vestigate this specific effect.

The affine geometric compression along Z can also be
problematic as a cholesteric monodomain may respond
anisotropically to a local mechanical stress. Moreover, the
CNC themselves are incompressible and cannot easily pack
when compressed along the director fi. The description of
the buckling of the cholesteric structure, observed when the
compression arises perpendicular to m, is not covered by
this model. A possible refinement for these two phenom-
ena could be a description of the finite deformation of the
drying suspension, through the free energy minimization of
a compressible non-linear anisotropic medium.[81, 82, 85—
90] Indeed, a tilted cholesteric domain in the plane (%,2)
and compressed along the z axis might display an additional
distortion in the (%X,¥) plane (e.g., a compression along y
compensated by a stretch along X). Such description would
account for a compression-dependent anisotropic compli-
ance tensor and could lead to different compression behav-
iors of a drying suspension as a function of the local tilt in
magnetically tilted structures when the symmetry argument
does not hold.

Lateral strain of the drying suspension were not consid-
ered either, as they are usually several orders of magnitude
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smaller in comparison to the vertical deformations. When
the suspension is left to dry in a dish with wetting walls, the
contact line gets usually pinned. Upon solvent evaporation,
the total liquid-air interface increases and becomes con-
cave, while the substrate-liquid interface remains constant.
This leads to a stretching of the liquid-air interface and even
to the appearance of dessicating cracks (observed in one of
the reported samples), and to a significant shear near the
meniscus, in any vertical plane. The presence of such shear
is cancelled by symmetry in the central area of the films,
whereas it can become significant where the films are af-
fected by the meniscus shape, explaining the usual shift of
the optical response at the edge of a dish-cast film.[6, 65]

On the macroscopic level, the examples of initial ODF il-
lustrated here were either purely isotropic or only biaised by
an external field, without the effects of anchoring at the top
and bottom interfaces. To complement this, we also pro-
posed an empirical description of the anchoring effect and
introduced a crude modeling of the magnitude of its align-
ment via an adjustable term y,, introduced as an energy
balance between anchoring and thermal energy. However,
the main criteria between strong and weak anchoring align-
ment might be kinetic rather than energetic, and controlled
by the competition between the anchorng alignment prop-
agation front and the onset of the kinetic arrest. Further-
more, the dynamics of the coalescence of cholesteric tac-
toids and of their reorientation, leading to trapped defects,
is also not considered.[34, 35] This means that in presence
of strong alignment conditions, a transition from a polydo-
main to a monodomain cholesteric should be expected, po-
tentially narrowing the ODF of the helices throughout the
sample. For a similar reason, the average pitch computed in
Fig. 8 represents an upper limit.

A closerlook at the Table I reveals that the volume fraction
at the kinetic arrest may depend on the local orientation of
the cholesteric domain, especially for the low salt/CNC ra-
tio samples, which is probably the result of these effects.
Moreover, the polydispersity of the CNC suspension is not
taken into account: the phase transition from isotropic to
cholesteric in the suspension can lead, in this case, to the
size fractionation of the CNCs, with longer rods transiting
into the cholesteric phase before the shorter ones, affecting
the pitch evolution.[31, 44] The sedimentation and fraction-
ation can become important when films are cast very slowly
(e.g., over 6 weeks as in [91]), leading to the existence of an
effective planar anchoring but also to a bimodal pitch dis-
tribution throughout the film thickness.

Finally, no kinetic criteria is clearly provided to define the
threshold of the kinetic arrest. Prior to the arrest, the relax-
ation time of cholesteric domains should be short enough
to allow for the pitch to adjust upon concentration increase.
Since this requires a collective rearrangement of the CNC
nanorods, its time scale should depends on the domain size.
This size dependence could possibly explain the higher «
parameters obtained for both H = 0 and H # 0,8y = 90°
cases favoring small domains with respect to the two other
cases shown in Table I. Note that it could also require in-
sights of the non-newtonian rheological behavior of such



anisotropic glasses.[40]

VI. CONCLUSIONS

In this work combining theory and experiments, we suc-
cessfully formulate a simple geometric-based model for the
formation of CNC-based photonic films, based on the uni-
directional compression upon drying of the suspension af-
ter it has undergone a kinetic arrest transition, and evolved
into a solid-state nanostructured film. The important find-
ings are summarized below:

¢ A film is usually made of domains of different fi-
nal tilts §', corresponding to different pitches p'(8').
The pitch increases drastically with 8. This explains
the observed red-shift of the reflected color in off-
specular conditions, as well as the large “error bars”
usually reported when measuring the pitch in poly-
domain film cross-sections.

The vertical compression causes an important re-
orientation of the cholesteric helical axes, inducing
alignment in the vertical direction, and the orien-
tation distribution function (ODF) f,;(8’) of the do-
mains in the films can be calculated from the ODF
fo(B) when the kinetic arrest occured. This was il-
lustrated in this manuscript with initially isotropic or
magnetic aligned ODFs where anchoring effects were
neglected (more relevant to thick films and fast dry-
ing). An empirical method to model anchoring is also
proposed and treated as equivalent to a vertical mag-
netic alignment.

The helical order of tilted domains is distorted, lead-
ing to the distortion of the Bouligand arches (ob-
served in cross-section) and to the generation of
higher order reflection bands, which can be enhanced
using tilted magnetic alignment. The final structure
is, as such, not purely cholesteric anymore. As a re-
sult, the reflected light is no longer purely LCP and a
substantial mixture of LCP and RCP components is in-
stead reflected, as also supported by a Fourier analy-
sis.

The different tilts of the domains explain the presence
of the “stripy” pattern observed in polarized optical
microscopy when imaging CNC films, whose period-
icity A must not be confused with the cholesteric half-
pitch p’/2 of the domains.

* The proposed model for the compression is quantita-
tive and provides an estimation of the CNC concen-
tration and the cholesteric pitch at the onset of the ki-
netic arrest. The analysis of the angular response of-
fers a simple and elegant way to study the onset of the
kinetic arrest in CNC suspensions, avoiding the usual
complications from common rheological approaches
such as in [39].
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e Reciprocally, modifying the kinetic arrest concentra-
tion directly affects the angular properties of the films,
which justifies dedicating a future study of its control
using various additives.

¢ The angular optical response of the films can be qual-
itatively computed, for a given incident light and a
given initial cholesteric alignment (achieved, e.g., us-
ing magnetic fields).

CNC films illustrate a fascinating example of functional
colloidal self-assembly where the complex interplay be-
tween colloidal particles at different length scales leads to
specific alteration of the optical response. While the self-
assembly of CNCs into photonic films has been studied
for more than two decades, the key role of the anisotropic
compression upon solvent evaporation, once it has un-
dergone a kinetic arrest, has not so far been well investi-
gated. This work constitutes a comprehensive attempt in
this direction and brings a new understanding on the mech-
anisms involved in producing the final solid-state struc-
ture. A similar approach can be developed to account for
additional shear experienced near the edge of the drying
suspension.[18, 65, 92] Besides CNC self-assembly, it will
be relevant to other liquid crystalline suspensions that re-
cently triggered interest for their ability to form complex
structures upon drying,[17] and can be easily adapted to
incompressible liquid crystalline systems subject to a uni-
directional mechanical strain.[93] The application of these
general ideas can also be relevant to understand alterna-
tive self-assembly mechanisms involving unidirectional re-
moval of the solvent such as in vacuum filtration or open
ended capillaries.[94, 95]
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Appendix A: Materials and Methods
1. Cellulose Nanocrystal suspension

Cellulose nanocrystals were obtained from the hydroly-
sis of Whatman No. 1 cellulose filter paper (30 g) with sul-
furic acid (64 wt.%, 420 mL) at 66 °C under strong me-
chanic stirring, following a procedure detailed in [23, 96].



The reaction was quenched by deionized ice and water after
30 min. Soluble cellulose residues and acid were removed
by centrifugation (three steps at 20,000 g of 20 min each)
and dialysis against deionized water (MWCO 12-14 kDa
membrane), and a stable suspension of [CNC] = 2.54 wt.%
was obtained. At this stage, conductivity titration against
sodium hydroxide (0.01 M) indicated [H*])=[-0S037]
= 221 mmol kg~! of CNC. The suspension was then tip-
sonicated in an ice bath (Fisherbrand Ultrasonic disintegra-
tor 500 W, amplitude 30 % max, tip @ 12.7 mm, 5000 J g~!
of CNC applied by steps of 200 mL) and vacuum-filtered
(8.0 um then 0.8 ym nitrocellulose, Sigma-Aldrich). The sus-
pension was then concentrated up to 14.5 wt.% by placing
it in a dialysis membrane (MWCO 12-14 kDa) immersed in
an osmotic bath of polyethylene glycol (PEG 35 kDa, Sigma-
Aldrich, used as received). At that stage, a second conduc-
tivity titration against sodium hydroxide indicated [H*] ) =
190 mmol kg~! of CNC and [-COOH] = 19 mmol kg~!, the
difference between the two [H"] being attributed to both
possible desulfation and [Na*] contamination from PEG, as
evidenced by element analysis (data not shown). This con-
stituted the starting batch.

2. Preparation of CNC films
a. Film casting method

The starting aqueous CNC suspension ([CNC] =
14.5 wt.%) was diluted with milli-Q water and NaCl 0.1 M to
reach [CNC] = 8.5 wt.% at a given [NaCl]/[CNC] ratio, and
then homogenized with a vortex stirrer. The suspension
(2 mL) was then placed in a petri dish (35 mm non-treated
PS, ref. 430588, Corning, VWR) and left drying slightly
covered with an open plastic lid in ambient conditions (T ~
22 +2°C,RH 30 + 5 %, drying time about a week).

b. Films cast with magnetic alignment

Nickel-plated rectangular neodymium magnets (NdFeB)
were used in pairs (ref. F390-N42, N42 grade, (x,y,z) dim.
40 x 40 x 30 mm?, First4magnets) with magnetization along
the Z axis. In the vertical field configuration, two magnets
were placed above each other, with parallel magnetization
and held by a 3D-printed spacer allowing for a gap (24 mm),
where the samples were cast. In the tilted field configura-
tion, the magnets were assembled side-by-side with vertical
magnetization antiparallel to each other and placed above
an iron yoke. The films were cast by placing the suspension
in a petri dish on the top surface of the magnets, above the
junction between the two magnets, producing a magnetic
field locally exploring various tilts, from horizontal above
the junction (at x = 0, By = 90°) to vertical further away (at
x = 25,8y 0°), according to the mapping of the magnetic
field reported in a previous publication.[23] The samples
were covered with a lid and dried in the same conditions.
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3. Polarized optical microscopy

Polarized optical microscopy was performed in reflec-
tion mode on a customized Zeiss Axio microscope using
a halogen lamp (Zeiss HAL100) as a light source using
Koehler illumination. Bright field images of the films were
recorded with 20x Epiplan Apochromat objective (NA 0.6,
WD 1.7 mm) and a CCD camera (UI- 3580LE-C-HQ, IDS) af-
ter filtering the reflected light with a quarter-wave plate and
a linear polarizing filter with adjustable mutual orientation,
in order to distinguish left- (LCP) and right-circularly polar-
ized (RCP) light.

4. Angular-resolved optical spectroscopy

Angular-resolved optical spectroscopy was carried out
using a bespoke goniometer. A xenon lamp (HPX-2000,
Ocean Optics) was used as a light source and a spectrome-
ter (AvaSpec-HS2048, Avantes) was used to analyze the scat-
tered light spectrum. The sample was mounted on a ro-
tating stage in the center of the goniometer and was illu-
minated with a collimated incident beam (light spot size
0 =~ 6 mm). A detector was mounted on an arm attached
to a motorized rotation stage, and coupled the scattered
light into an optic fiber connected to the spectrometer. The
recorded light intensity was normalized with respect to a
white Lambertian diffuser, while the exposure time was
adjusted using an automatized high-dynamic-range (HDR)
method. Measurements were carried out at fixed incident
light angles (at 6; = 15°) and by scanning the scattered spec-
tral intensity collected with the rotating detector.

5. Scanning electron microscopy

Scanning electron microscopy (SEM) images of film
cross-sections were acquired using a Zeiss Leo Gemini
1530VP system, working at 90° with respect to the electron
beam. SEM samples were cracked and mounted on alu-
minum stubs using conductive carbon tape. To minimize
surface charging, they were then sputtered with a 5-10 nm
layer of Au/Pd (Emitech K550; I = 55 mA for 10-14 s). The
acceleration voltage used was 5.0 kV, and the working dis-
tance was kept within 3-4 mm.

Appendix B: Distortion of the Bouligand arches

For a cross-section in the plane (i1,Z) where @ = cosé X+
sin¢ ¥, the local tilt of the CNCs is given by the projection
of ft’ on the plane (f1,2). The normalized projection of i’ on
that plane is given by

A -GV
N _
s =A@ v’ ®1
where v =Z x 1 = —siné X+ cos¢ y. The projection ﬁl’(ﬁi) of
the helical axis ' is defined similarly.



The expression of ﬁzﬁ,z) in this plane is periodic along the

direction rh’(ﬁ 3 which is tilted with respect to Z by an angle

Bapp given by
tan i, = cosAg' tan §', (B2)
where
Ap'=¢é-¢. (B3)

The expression of the slope of ﬁéﬁ 5 in the local frame-

work tilted by the angle ,B;pp is obtained by

ﬁzﬁ » Iil/(ﬁ,Z)

& (B4)
N Y]
(n(ﬁ 2) m(ﬁ,i))
The slope . is then given by
+ bsi
_ acos bo s¥n bo , (B5a)
ccosg + dsingyg

a=2apcos(Ag), (B5b)
b=2p'(B)sinA¢’ cos B, (B5¢)
c=—apsin® Ag'sin2f/, (B5d)
d=p'(B)sin2A¢ sinf'. (B5e)

The shape of the Bouligand arches %8(sapp) is obtained by

integration over sapp = s/y/1— sin? B’sin? ¢’ along the ap-

parent helical axis of tilt ,,;:

(ad - be)In|dsingg + ccos o| + (bd + ac) g
_qr(dz +(,‘2) :

B (Sapp) =
(B6)

Appendix C: Derivation of the ODF after unidirectional
compression

The ODF of the domains in the dry film, fy(8’,¢’), inher-
its from their pre-existing ODF in the suspension. The pre-
existing ODF can be either aligned magnetically, by shear
or by anchoring, or remain purely isotropic, and is denoted
Jfo(B, ) here.

The requirement for the ODF to be normalized by inte-
gration over all the solid angles (restricted by symmetry to
the upper hemisphere of solid angle 2r), respectively before
and after compression, leads to:

w2 pw
f fo(B)sinB dBde =1, (CD
B=0 Jo'=-n
n/2 pm
f fa(B)sinpg' df'de’ =1. (C2)
/=0 -
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As the ¢ angles are not affected by a compression along 2,
we have ¢’ = ¢ and

fa(Bsing dp’ = fo(B)sin B dp. (C3)

The differentiation of df'/d g using (13) leads, after simplifi-
cation, to the expression of f;(8') expressed in terms of the
initial or final angles § and g’ as

fa B0 = folBp) ala ?cos? p+sin® B)*,  (Caa)
faB.0") = fo(Bp) a(a? cos? B +sin? )%, (Cab)
or implicitely through p’ as
P\
faB, 0" = foB, ) a (?) : (C4c)

Note that fy(fB,¢) always takes initial angles as argu-
ments, which are given by § = arctan(a!tan ) as from
(13).

The average pitch (p') in the film is given by:

@) _ 1P B fal)sinpdp cs)
ap ap [T f(B)sinpdp

If we assume an initially random distribution of the do-
mains [fy(f") = 1/27] and using Eq. (14b), we can estimate
(p) as

/ —_ 2
(p" 1 lrl(1+\/1 a)‘ o)

ap  2V1-a?2 \(1-vV1-a?

Appendix D: Secondary reflections in the CNC films

A secondary reflection of the first order reflection might
occur in the film, as shown in Figure 19. The incident light
can get reflected by a first cholesteric domain (of tilt 8/, and
with an associated Bragg angle 6, 1), then on the film-air
interface, and then again by a second cholesteric domain
(of tilt B}, and with an associated Bragg angle 6j,,»). The fi-
nal outgoing angle 0, > of such beam can be solved numeri-
cally by solving the following equation, which was obtained
by equating the reflected wavelength in the two events in



Eq. (36):

2 2 R/ 2 p
cosHloc,z\/a cos /30,2+sm ﬁo,z—

(D1a)
cos 910&1 \/az cos? ﬁﬁ),l +sin? ﬁg,l’
6l . +6!
Bloc,1 = % (D1b)
(-
ﬁll _ o,1 1,1y (D1c)
2
6, +6!
Bloc2 = % (D1d)
6! ,—06!
ﬁlz — 0,22 1,2’ (Dle)
93),1 = Hii,zr (D1)
00,2 = arcsin (7isin®}, ,). (D1g)

Appendix E: Fourier analysis of the distorted helix

The modulation of the dielectric tensor along m’ can be
written in the form &' (s) = (¢)—e )i’ @’ +¢&, I, where Lis the
identity matrix. In the local framework of (&},&,,m’), £'(s)

simplyfies as

cos’¢’  cos¢'sing’ 0
&(s)=¢e, I+Ae|cosd’sing’  sin?¢’ 0 (E1)
0 0 0) & & riv
€,€,,m’)

where Ae =¢||—€].

The Fourier analysis of the first term £,/ = & + Ag cos® ¢’
is sufficient to estimate the generation of higher order re-
flections. We have

cos¢’ =Y Arpiicos[n+1)q's] (E2)
n=0

as the even harmonics are all zero. The Fourier expansion
of e,/ leads to

+00 +00

2 4!
cos“ ¢ = Azpr1Aom+1
n;o,nz:o e (E3)

cos[(2n+1)g'slcos[2m+1)q’s],

which can be rearranged into

+00 +00

COSZ(/)IZ Z Z Azp+1A2n421+1
n=0[=—n (E4)

1
—{cos[(2n+1+1)2q's] +cos2lq's)},
2
and finally as
+00 +00

1
cos® ¢’ = EZ Y Apn+1Apnsars cos2lg's).  (E5)

=0 n=—00
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The first five terms in [ expands as follows:

cos? ¢’ = Cy + C1 cos(2q's) + C2 cos(4q's) E6)
+C3c0s(6q's) + C4cos(8g's) +...

where we have

Co= (A3/2+A5/2+ A2/2+..),
Ci= (A9/2+ A1 A3+ AzAs+...),
Co= (A1A3+A1A5+ A3A7+...), (E7)
Cs= (A3/2+ A1 A5+ AjA7+...),
Cy= (A3A5+A1A7+A1Ag+...).

As the scattering vector of light being propagating and re-
flected along ' is Q = k} — ki, and since we restrict our-
selves to linear optics where ki, = —k! = k = 2771/, we have
solutions for which the condition Q = 214’ is verified, lead-
ing to a set of ki = Iq', causing higher order diffraction
bands for A; = ip'/1, for I = 1 with an intensity scalling as
Ci.

Appendix F: Mapping the angular optical response

Starting from a given 6; for the incident beam, we com-
pute for any possible light diffraction direction (8,,1,) the
corresponding angles Hii, 0! and vl inside the material as
corrected by Snell’s law:

Qii = arcsin[(sin8;)/ 1], (F1)
6! = arcsin[(sinf,)/ 7, (F2)
Vo = Yo, (F3)

from which we define the vectors k! and ki, as

. sin6! . sinfj, cos y},
ki=k| 0 |, ky=k|sinf,siny, |. (F4)

—cos0; cosfy,

This allows defining the scattering vector Q = ki — k; Con-
sidering the contributing domains are locally in Bragg con-
dition, their helical axes are collinear with the scattering
vector, leading to unitary vectors equality 72’ = Q. The lo-
cal Bragg angle 0, and the orientation angles (8, ¢’) of the
cholesteric are then deduced as

B1oc = arccos(ri’ - ki), (F5)
B’ = arccos(m’ -2), (F6)
¢' = arctan[(h’ -§)/ (1’ -R)], (F7)

where ki, refer to its unitary vector.
The diffracted wavelength A,(0;,0,,v,) observed is then
given by

1, =1p'(B) cosbie, (F8)

which can be converted for visualizing purposes into RGB
triplet values [Ig, Ig, Ip]; using spectrumRGB.m (Copyright
1993-2005 The MathWorks, Inc.) run on MATLAB®.



The intensity of the RGB triplets [Ig, I, Ig] finaly dis-
played for every configuration were weighted by a function
L(6;,0,,v,), scaling as a radiance:

(IR, I, Ig] = IR, I, Igl3 L(6,00,%0), (F9)
fd(ﬁ,!(Pl) AQm’
L(0y,00,y0) = 282282 2ol
(01,60,%0) cosf,  AQy ilo (F10)

to account for the corresponding ODF using (29), and sub-
sequently corrected by 1/ cosf, to scale as the radiance, a
factor (AQpy /AQy,) due to the associated solid angle trans-
formation of the ODE and by the Fresnel transmission fac-
tors throught the air-film (7;) and film-air (7,) interfaces,
neglecting the influence of polarization in both directions.
For the sake of purely visualizing motivations, higher orders
(I > 1) were rescaled by the factor C;/C; even though this
relation is strictly expected only for 8}, = 0. The magnitude
of the first order (I = 1) was not modified.

The solid angle correction corresponds to the conversion
of solid angles of fi’, expressed in (§', ¢'), to solid angles of
ki, expressed in (6}, 1/!):

AQue  sinf' | d(B,¢")
e e -
= W (cos p' — (72— 1) tanB sinb,),
(F11)
(Q/k) =[(sinb! cosy! —sin6})?
+ (sinf} siny?)? (F12)

. (9q1/2
+(cos()g+cost9{)2] ,

where |0(f,¢")/0(0o,v,)| is the determinant of the associ-
ated Jacobian.
Finally, the Fresnel transmission factors used were:

2
2
2n;npcosfyy/1 - (Z—; sin@l)
TS(”I!”’Z)GI) = > ) (Fl?))
nycosfy +noy/1— (% sinGl)
5 2
2n1nycosfy/1— ("—; sinel)
Tp(nlr n2)01) = > ) (F14)
niy/1- (% sinHl) + 12 cos 04
1
n:E[Ts(lyﬁvei)'i_Tp(]-,ﬁ)Hi)]) (F]-S)
1 . .
To:5[Ts(ﬁ,1,910)+T,,(ﬁ,1,0;)]. (F16)

A code written in MATLAB® is provided in the Open Data
repository and is free to use under the CC BY License.
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Appendix G: Angular dependence of the optical indices

The optical indices seen by the s- and p-polarized
waves (i.e., linearly poarized perpendicularly and paral-
lel to the scattering plane (Ri,Rd), respectively) can differ
slightly. This variation is not accounted for in the present
manuscript and is provided only for discussion and possi-
ble future implementation.

The optical indices seen by the s-polarized light are ex-
pected to be the same as stated in the manuscript, namely

nf =N, (Gla)
(G1b)

s _
n, = No.

The optical indices of the p-polarized are however expected
to be affected by 04, the local angle of propagation of light
in the medium:

Nolle

M
\/ 12 c0s? O1oc + 1% sin? B¢

nt = (G2a)

ny = ne. (G2b)

Due to the distortion of the domains, the average opti-
cal index of both s- and p-polarized waves can be different
from their simple average value 72’ = (nl + n}) /2. From the
expression (E1), we can define

AP =\/Eyy, (G3a)
i’ = Eyyr (G3b)

The average &;/;/ is calculated by integration over the dis-
tance p'

o1
Epp = —,f gy ds (G4)
p'Jo

and using (E6) and (E7), we obtain

Eyvyp = €1+ AP Cy, (G5a)
E'y/y/ZSJ_+AES(1—C0), (G5b)
where
_ 2
£ =1y, (G6a)
AeP =gl -¢l, (G6b)
Ae' =€) —¢€l, (G6c)
2
el = (n)”, (G6d)
ef = (ng)? (G6e)
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