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Abstract. Cellulose-based thermotropic and lyotropic liquid crystals can be obtained from macromolecules
or colloidal particles, such as cellulose nanocrystals. Thermotropic liquid crystals are produced by the effect of
temperature, while lyotropic liquid crystals occur in solution for a given range of concentration, pressure, and
temperature. Cellulose liquid crystals can form chiral nematic phases characterized by Bragg-type reflections of
circularly polarized light. This characteristic is related to a helical structure formed by pseudo nematic layers
twisted around an optical axis. The helical structure is characterized by the values of pitch and helicity. The later
can be right- (R) or left- (L) handed. Cellulose liquid crystals are well described in literature. They are a source
of materials for many applications, including the production of photonic chiral materials. Although many ques-
tions remain unanswered such as the origin of helicity of cellulosic chiral structures and those related to out-of-
equilibrium systems. In this paper, we are focused at the out-of-equilibrium systems obtained from lyotropic cel-
lulose-based liquid crystals. The development of colorful patterns involving the pitch variation in space and time
of self-organized cellulose cholesteric structures is revised.
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Annomauyusn. TepmomponHvle u 1UOMPONHbBIE JHCUOKUE KPUCMALIbL HA OCHOGE YeNTINI03bl MO2Ym Oblmb
NOJYUeHbl U3 MAKPOMOJIEKV WU U3 KOMLOUOHBIX YACUY, MAKUX KAK HAHOKpUCMALIbl yeantonossl. Tepmompon-
Hble JcUdKUe KpUCmaiivl 00pasyiomcest noo Oelicmeuem memnepamypbl, 6 mo epems Kax IUOMpPOnHble HCUOKUe
KpUCmaiiivl (popmMupyomes 8 pacmeope npu 3a0aHHOM OUanas3one KOHYeHmpayui, 0aeieHus u memnepamypul.
JKuokue Kpucmanivl yeanoio3vl MOZym 00pazoevbieams XupaibHble Hemamuieckue Qasvl, XapaKxmepusyouwuecs
OPI220BCKUMU OMPANCEHUAMU YUPKYIAPHO NONAPUSOBAHHO20 c8emd. DMa XapaKmepucmuka cesa3aHa co Cnu-
PATbHOU CMPYKMYpPoll, 00pA308aHHON NCEBOOHEMATNUYECKUMU CTIOSIMU, 3AKPYHEHHbIMU 80KPY2 ONMUYECKOU OCU.
3akpyuennas cmpyKkmypa Xapakxmepusyemcs 8eIUYUHON uiaza U CRUPAIbHOCIbBIO, KOMOPAs MOdcem 0bimb NPaso
(R) unu neso (L) spawaroweri. Kuokue Kpucmanivl Yeinto103bl XOpOUIO ORUCAHBL 8 TUMEPAmype U A81A0NCs
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UCMOYHUKOM mamepuailos 0151 MHO2UX anUZOcheHI/Hj, GKJIro4ast l’lpOLL’)’GOaCI’)’lGO d)omOHHblx XUpAlbHblx Mamepua-
108. Xoms eue npedcmoum omeemuntb Ha MHozue 60npocvl, maxKue Kaxk npoucxoofcdenue cnupajilbHocmu yeiiio-
JIO3HBIX XUPATbHBIX CMPYKMYp U U3YHEHUE HEPABHOBECHLLX CUCMEM. B smoii cmamve pacemampuearomcs Hepae-
HO6€eCHble cucmembvl, NoJIYy4€eRHblE HA OCHOBE IUOMPONHbIX HCUOKUX Kpucmaillios yeiirojlos3bl. HepeCMompeHOpas—
sUumue Yy6eENIHbLX y30p0e6, BKloYaruiee eapuayuio uiaza cnupaii 6 npocmpancmee u 6pemMenu, CamoopeaHu3aean-

HblX XojlecmepudecKux CmpyKknyp yejiroio3bsl.

Knwueswie cnosa: sxcuoxkue Kpucmaiibsl, Yeuinon1o3a, 1uomponnvle CUucmemsvl Ha OCHoee Yejlliojlo3bl, Camo-
0p2aHu306’aHHbl12 xupa]lebllj Hemamuk, OmkKkpblmasle mepMOOUHaMMVQCKue cucmembsvl, MeXaHU3Mbl peakuuu-dud)-

dy3uu

Jlna yumuposanusa: Silva P.E.S., Rosa R.R., Chagas R., Fernandes S.N., Godinho M.H. Colourful patterns in
cellulose-based liquid crystals. Lig. Cryst. and their Appl., 2021, 21 (4), 53—60. DOI: 10.18083/LCAppl.2021.4.53.

Inspiring spatial and temporal evolving
colourful patterns in Nature

The spatiotemporal evolution of patterns in na-
ture is an inspiration to develop materials with differ-
ent functionalities from the same starting formulation.

One example is the eyespots on feathers of adult
peacocks. The eyespots, along their radius, present a
repetition of colours changing from blue at the centre

to green, bronze, green, bronze, to green at the peri-
phery [1]. The formation of the eyespot colours com-
prises different stages that appear progressively, star-
ting with the appearance of a dark brown at the middle
in young peacocks, changing to the sequence of vivid
colours observed in the adult eyespot [2]. The colours
formation in the eyespots evolves over approximately
3 years [1, 2] (Fig. 1).

Fig. 1. Handmade sketches that illustrate the patterns exhibited by the feathers of a young
(two sketches on the left) and an adult peacock (sketch on the right)

Other designs involve the sequence of concen-
tric coloured circles, which are blue, green and red
from the centre to the periphery as the spots observed
on Pachyrrhynchus congestus pavonius [3]. Reaction-
diffusion models, firstly evidenced by Belousov—
Zhabotinsky reaction [4, 5] and addressed later by Tu-
ring [6], were suggested to describe the patterns for-
mation of eyespot [7] as well as the spots exhibited by
the Pachyrrhynchus congestus pavonius [3]. Strong
coloration associate to living systems was also found
in fossils with 40 million-years [8], as those of the leaf
of the beetle Chrysomelidae found in Eckfeld (Ger-
many) [9]. This is an indication that this type of natural

coloration does not easily bleach or suffer from discol-
oration like conventional pigments. These colors are
usually referred as structural colors and are associated
with the interference of light reflected from structures
exhibiting periodicity on scales in the range of visible
wavelengths [2].

Structural colors can be obtained from biocom-
patible and environmentally friendly materials and
have attracted much attention because they represent
an alternative to the use of fossil fuel-based materials
[10, 11]. Cellulose is one of these friendly materials
that can develop structural colors if prepared from lig-
uid crystalline phases.
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Cellulose structural colours

Cellulosic chains are considered as semirigid
molecules and in this brief note we are interested in
lyotropic systems. The formation of lyotropic liquid
crystalline phases from cellulose derivatives involves
the stiffness of the polymer, which is well described
by the persistence length (q) of the polymeric chain.
To determine the critical volume fraction (C*(v/v)) of
polymer for the appearance of cellulosic liquid crystal-
line phase, the theory of Flory for a semirigid chain is
commonly used [12]. According to Flory, C*(v/) is
given by the expression:

(% 2
¢ (v) B (1 x)'
where x = 2q/D, and D is the hydrodynamic diameter
of polymeric chain. One of the most striking features
of cellulose liquid crystalline systems is the develop-
ment of coloured structures for a range of concentra-
tions above C*(v/v). The observed colouration is due
to the self-assembling of molecules in a helicoidal ar-
rangement existing in chiral nematic liquid crystal or-
ganisation. At wavelengths matching the pitch of the
supramolecular helicoidal structure, circularly polari-
zed light is reflected. This reflection is selective being
right-circularly polarized light reflected by right-
handed chiral nematic structures, while left-circularly
polarized light is reflected by left-handed helicoidal
structures. According to de Vries theory [13], the ma-
ximum selective reflection (Ao) of the reflectance spec-
tra, taken at normal incidence, is related to the pitch

value (P) by the expression: Ao = nP, where n is the
average refraction index of the material. The band-
width values measured at half height of the reflectance
spectra are given by AL = PAn, where An is the bire-
fringence of sample.

The optical as well as the chiroptical behaviour
of cellulosic liquid crystalline systems have been well
addressed in literature by different reviews published
over the years (some examples are in [14—16]). It was
reported that many parameters influence the pitch and
handedness of chiral nematic structure. Among them
are polymer molecular weight, structure and substitu-
tion degree of side chains covalently attached along
cellulose main chain, temperature, pressure and in lyo-
tropic phases — type and concentration of solvent.

In addition to cellulose-based macromolecular
liquid crystalline phases, colloidal suspensions of cel-
lulose nanocrystals (CNCs) are also known to origi-
nate lyotropic phases. Cellulose nanocrystals are ob-
tained from different sources that include filter paper,
cotton, and wood pulps. More usually, sulfuric acid is
used to hydrolyse cellulose fibres resulting in sul-
phated CNCs, which makes CNCs stable in aqueous
suspensions. Above a certain critical concentration of
CNCs, the suspension separates into an isotropic low-
density phase atop of an anisotropic phase [17]. The
anisotropic phase is chiral nematic with the pitch
above the visible range, while dried films can show iri-
descence [18, 19]. Perpendicular and oblique cross
sections of CNCs solid films (Fig. 2) show characte-
ristic Bouligand plywood structures [20].

Fig. 2. Scanning electron microscopy (SEM) photos showing the cross section of a solid film obtained from an aqueous

suspension of CNCs: a — Superimposed parallel planes forming the twisted cellulosic structure. From plane to plane the

nanostructures rotate by a small and constant angle. The pitch of the helicoidal structure is the distance that corresponds
to a 360° rotation. » — Oblique section to the planes define that the helicoidal structure appears as nested arcs
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Colours arising from the chiral nematic struc-
ture of cellulose-based liquid crystals are well known
and firmly recognised in literature. However, the study
of open thermodynamic cellulose liquid crystalline
systems and the evolution of moving colourful patterns
was less addressed. The out-of-equilibrium systems
rely in 2D-preparations and droplets obtained from
cellulose-based liquid crystalline solutions in which
the solvent was allowed to evaporate. All these sys-
tems form cellulose-based chiral mesophases and co-
loured ring patterns, but quite different mechanisms
for their formation are involved. Some examples des-
cribed in literature include the development of
Liesegang-type structures in non-equilibrium suspen-
sions of cellulose nanocrystals and /-(+)-tartaric acid
(I-(+)-TA) [21], the coloured “coffee ring effect” ob-
served in dried CNCs droplets [22] and the moving
colourful concentric rings radiating in-wards from the
periphery of quasi 2D-preparations observed in liquid
crystalline solutions of hydroxy propyl methyl cellu-
lose (HPMC) in trifluoroacetic acid (TFA) [23].

For Liesegang-type structures in non-equilibrium
suspensions of CNCs and /-(+)-TA, the segregation bet-
ween tartaric acid molecules and the cellulose nanorods
associated with the solvent evaporation was found to pro-
mote the development of concentric rings from the centre
to the border of the sample [21].

The “coffee ring effect” observed in dried drop-
lets of CNC suspensions consists of periodic ring pat-
terns appearing near the periphery of the dried sample.
The deposition of CNCs occurs periodically during
solvent evaporation for droplets with pinned contact
lines [22].

In this paper, the self-organization of
HPMC/TFA lyotropic nematic chiral solutions under
non-equilibrium conditions is revised. Emphases is
given to the formation of spatial and temporal evolving
colourful patterns. Chemical reaction — diffusion mecha-
nisms with the evaporation of solvents at the boundaries
in quasi-2D and 1D cellulosic systems are considered.

Lyotropic liquid crystalline solutions of cellulose
derivatives in trifluoroacetic acid

To address the recent results related to
HPMC/TFA system, we must go back to works, where
TFA was first used to obtain lyotropic cellulose-based
liquid crystals.

It was during the eighties that intense work was
made with cellulose lyotropic systems in the presence
of trifluoroacetic acid. The work in these systems

started after the investigation by Panar and Willcox
[24] that showed the formation of a liquid crystalline
phase of cellulose triacetate (CTA) in the presence of
a mixture of TFA and chlorinated alkanes. Other in-
vestigations were dedicated to the study of cellulose
acetate and triacetate in TFA. The influence of the sol-
vent acidity upon the mesophase formation and the
pitch value was also tested using TFA-CH»Cl,, TFA-
CICH,CHCl, TFA-CHCl,. Sixou et al. [25] showed
the influence of the polymer molecular weight upon
the chiroptical characteristics of the liquid crystalline
phase. Meeten and Navard [26] added water to TFA
and proofed that besides a CTA/TFA+H,0
mesophase, a gel formed. The gel formation was at-
tributed to crosslinks due to hydrogen bonding.

Some interesting experimental results were ob-
tained when the solutions were observed in time. The
ageing of the solutions was found to produce: (i) an
exponential increase of the pitch [27-29], (ii) a rever-
sal of the handedness of the nematic chiral supramo-
lecular helicoidal structure [30], and (iii) the develop-
ment of an isotropic phase [27, 28]. The authors re-
ferred that mesophase optical properties were studied
as thin samples prepared between glass plates, but no
allusion was made related to the solvent evaporation at
boundaries.

The characteristics (i), (ii) and (iii) of the system
were attributed to different factors, which included a
chemical modification of the cellulose derivative in the
presence of TFA and a relaxation of strains accumu-
lated during sample preparation. The chemical reac-
tion between the acid and the main chain of the cellu-
lose derivative was found responsible for the appea-
rance of isotropic phase due to the hydrolysis of gly-
cosidic linkages [27, 28]. The optical and chiroptical
properties of the solutions were associated with the
acetylation of the free hydroxyl groups of cellulose
side chain substituents by TFA [30, 31].

Moving colourful waves in cellulosic systems

Recently, the formation of oscillating “travel-
ling” coloured patterns in cellulose-based lyotropic
liquid crystals was reported [23]. The unexpected be-
haviour was attributed to chemical reaction-diffusion
mechanisms and solvent evaporation at boundaries.
The investigated liquid crystalline system, hydroxy
propyl methylcellulose in TFA (HPMC/TFA), deve-
loped coloured solutions for a given range of TFA con-
centrations, pressure, and temperature. The authors
reported that the pitch increased with solvent concent-
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ration, as expected for most cellulose-based lyotropic
systems. The liquid crystalline system investigated
showed iridescence and coloration in vials changed
from red to blue with polymer concentration. The spa-
tiotemporal evolution of the system was investigated
in closed vials and in samples collected from the vials

and pressed between two glass plates [23] and inside
capillaries [31]. In time, the samples constrained in
different geometries were shown to develop com-
pletely different optical and chiroptical behaviours

(Fig. 3).

Fig. 3. HPMC/TFA liquid crystalline system: a — Liquid crystalline solution in the vial, 2 days after sample preparation;
b — Quasi-2D geometry; ¢ — Quasi-2D geometry between crossed polarizers; d — the same sample as in (c) under circularly
polarized light in reflection mode. [At the centre of the sample, the sequence of colours results from reflection of the left-
handed circularly polarized light (LCP) (upper image), while at the periphery, the reflected colours are due to the right-
handed circularly polarized light (RCP) (bottom image)]; e and f— POM pictures between crossed polarizers, taken in trans-
mission. The samples were prepared between two glass plates and the anchoring of molecules near the substrates is planar.
The colour variation from up to bottom (blue to green in e and green to red in f) is due to different pitch values of helical
structure. The textures in e and fpresent oil streaks characteristic of planar nematic chiral structures. Scale bars in a and

b—1cm,c—1 mm,eandf—50 um

The authors referred that inside the vials the
pitch of the solutions decreased (all solutions
became blue), and after some days similar as for CA
in TFA, isotropic solutions developed [23].

The samples enclosed between two glass
plates with open boundaries presented a very
peculiar behaviour. The initial coloured quasi 2D-
preparations developed a series of concentric
circular-coloured rings with higher pitch values at
the centre of the sample.

However, the sequences of new coloured rings,
which appear always at the border and move in-wards
until disappearance in the centre of preparation, and the
reappearance of new ones at the border were reported.
A reversal of the handedness of nematic chiral phase
was also observed. The inversion of helix handedness

involved variation from positive to negative values of
the helix wave vector q = 21/P from sample centre
to its periphery [23].

The authors considered the chemical reaction
between the cellulose derivative (cell-OH) and TFA:

cell - OH + TFA - Cell — OCOCF; + H,0,

the diffusion and evaporation of TFA and water at
boundaries to explain the observed “travelling
colours” (Fig. 4). According to reference [23], the
concentrations [cell-OH], [cell-OCOCFs], [TFA]
and [H,O] change in space and time due to the
chemical reaction, diffusion and evaporation. To
simulate the behavior observed, the authors
considered the following chemical reactions and
diffusion equations:

A0 = Deeu-onV2[Cell — OH] + g(ITFA), [Cell — OH]) @
w = Dcewr—ococr, V2[cell — 0COCF;] + j([H,0], [cell — OCOCF;]) )
o = Dy VPITFA] + f(ITFA], [cell = OH]) v
A0l _ p,, oV2[H,0] + h([H,01, [Cell — OCOCF]), @
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where Dypuyc, Dypmc-coocrs» Drra and Dy, o repre-
sent the values of diffusion rate constants of initial

HPMC, ester (HPMC — COOCFj), trifluoracetic acid
(TFA) and water, respectively.

dl[lﬂ}(

l){
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To explain the reverse of the handedness of the
chiral nematic supramolecular helicoidal structure a
conformational self-arrangement of the cellulosic
chain was considered [23]. Similar behaviour was ob-
served for samples encapsulated in capillaries [32]
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Fig. 4. Travelling cellulose-structural colors in a quasi-2D geometry: a — example of a quasi-2D liquid crystalline sample
evolution, b — color evolution at the center of sample, ¢ — same as in b but along a line that passes through the center of

sample, d — numerical simulations of travelling colors with square geometry, e — color evolution at the center of simulated
square. Reprinted with permission from [23] under the terms of the Creative Commons CC BY license Copyright © 2021
The Author(s)
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Conclusions

The topic of this note is not closed. New experi-
mental protocols and computational tools are needed
to understand and control the production of novel in-
teractive cellulosic structures with self-oscillating-co-
lourfull patterns. The “fossilization” of these coloured
patterns, obtained by reaction/diffusion mechanisms,
into different shaped materials (spheres, cylinders and
flakes) is one of the main targets that can be achieved
by crosslinking and/or solvent evaporation. The mate-
rials prepared will provide a toolbox of self-assembled
(soft and solid) structures, which will be at the geneses
of natural-coloured particles for water-based inks, in-
cluding aquarelles, which can replace pigments pro-
duced by plastics. The production of structural patterns
in the liquid state from cellulose, by reaction-diffusion
mechanisms, and their “fossilization” will represent a
great contribute to the production of materials with
low impact on the environment and made by a sustain-
nable resource.
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