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Abstract

:

The lyotropic cholesteric liquid crystal phase developed by suspensions of cellulose nanocrystals (CNCs) has come increasingly into focus from numerous directions over the last few years. In part, this is because CNC suspensions are sustainably produced aqueous suspensions of a fully bio-derived nanomaterial with attractive properties. Equally important is the interesting and useful behavior exhibited by solid CNC films, created by drying a cholesteric-forming suspension. However, the pathway along which these films are realized, starting from a CNC suspension that may have low enough concentration to be fully isotropic, is more complex than often appreciated, leading to reproducibility problems and confusion. Addressing a broad audience of physicists, chemists, materials scientists and engineers, this Review focuses primarily on the physics and physical chemistry of CNC suspensions and the process of drying them. The ambition is to explain rather than to repeat, hence we spend more time than usual on the meanings and relevance of the key colloid and liquid crystal science concepts that must be mastered in order to understand the behavior of CNC suspensions, and we present some interesting analyses, arguments and data for the first time. We go through the development of cholesteric nuclei (tactoids) from the isotropic phase and their potential impact on the final dry films; the spontaneous CNC fractionation that takes place in the phase coexistence window; the kinetic arrest that sets in when the CNC mass fraction reaches ∼10 wt.%, preserving the cholesteric helical order until the film has dried; the ’coffee-ring effect’ active prior to kinetic arrest, often ruining the uniformity in the produced films; and the compression of the helix during the final water evaporation, giving rise to visible structural color in the films.
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1. Introduction


While cellulose-based liquid crystals are not novel [1], there is without doubt a strong current trend of growing interest in cellulose nanocrystals (CNCs) and the cholesteric liquid crystal phases formed by suspensions of these particles. The interest can be traced back, first, to the general current focus in society on identifying useful renewable functional materials, preferably from natural resources. CNCs—nanorods of cellulose derived from plants or other biological sources—can easily be dispersed in water, forming a cholesteric liquid crystal phase already at quite a low mass fraction [2], that spontaneously organizes the rods in a helical arrangement. This can be retained during evaporation of the water until a solid cellulose film arises that displays vivid structural colors when observed under ambient white light. This important observation [3] was warmly welcomed, because the potential of an abundantly available bioresource for the development of materials with optical functionality (photonic bandgap) was recognized, suggesting a plethora of applications, from biobased iridescent pigments that might be suitable for food and cosmetic applications [4,5] to templates for inorganic materials with complex internal structure [6], covert encryption [7], sensors of humidity [8,9] or pressure [10] and much more. Beyond the beauty of these films and their potential use in various photonic devices, the helically arranged CNCs are also considered as a basis for high-performance composite materials that show excellent mechanical properties coupled with low weight [11], mimicking the helically modulated structures of nature’s top performers, as in crustacean shells or exoskeletons of beetles [12,13] (where the structure is formed by chitin, the ’relative’ of cellulose in the animal kingdom). While the intensive research in the field has led to significant progress, it has also shown that the control of the physical properties of dry CNC films or of the suspensions from which they are made is far from trivial [11,14].



This brings us to the second reason for the interest, namely that liquid crystalline CNC suspensions give rise to a number of intriguing questions regarding the physics and chemistry of particle-based lyotropic cholesterics. What governs the helical self-organization and the transfer of chirality from the molecular to the mesoscopic scale? How does the phase separation into coexisting isotropic liquid and orientationally ordered liquid crystal take place in a strongly disperse rod suspension? What kind of transition takes us from an equilibrium colloidal liquid crystal phase to a kinetically arrested state, and is that state a gel or a glass? Thus, CNC suspensions are also a wonderful playground for soft matter researchers from a fundamental science point of view. As CNCs can now be acquired commercially in large volumes with high degree of reproducibility at reasonable price [15], they constitute an ideal choice for broad-scale systematic research in colloidal liquid crystals.



The first reports of CNC extraction, by sulfuric acid hydrolysis from cotton and wood, were published by Nickerson and Habrle in 1947 [16] and Rånby and Ribi in 1950 [17]. A decade later, Marchessault et al. [18] reported on the birefringent properties of aqueous CNC suspensions, connecting them for the first time to liquid crystal formation. However, it was only in 1992 that Gray and co-workers concluded that the equilibrium liquid crystal phase is of cholesteric type and that the CNCs organize in a helically modulated fashion as a result [2]. Six years later his group demonstrated that films dried from CNC suspensions can show striking iridescent colors [3]. With these (and other) seminal works, Gray set a milestone in the investigation and development of CNCs as a novel and sustainable nanomaterial. His group has constantly remained at the forefront of CNC research and the development of our understanding of these intriguing liquid crystals, and is still so today. By inspiring many others to join in, Gray has turned CNCs into one of the most interesting modern liquid crystal formers known, with great potential for the future.



This review breaks down the key scientific questions and challenges in current CNC research thematically, discussing the relevant issues, whether motivated by scientific curiosity or applied goals, connecting them to the many related other fields of colloid and liquid crystal research. The article is organized as follows: We first give readers not acquainted with CNCs a brief introduction to the material and how it is made in Section 2. In Section 3, we provide a refresher of the key concepts of electrostatically stabilized colloids that are needed to understand the phase behavior and non-equilibrium phenomena of CNC suspensions. Readers well acquainted with this topic may prefer to skip this section entirely or in part. In this context we should also point out that we adhere to the IUPAC recommendations for colloid terminology in this paper, referring to the colloidal suspension, not the particle (as is sometimes done), as the colloid. In the same vein, we use disperse and non-disperse rather than the IUPAC-deprecated terms polydisperse (redundant/tautological) and monodisperse (self-contradictory).



After the general colloid basics, we are then ready to go through the required basic concepts of colloidal liquid crystal research, starting in Section 4.1 with the fundamental question of what we actually mean with the chirality-influenced nematic order that is at the heart of the cholesteric phase, as well as which types of structures we can expect. We review the classic Onsager argument and its implications in Section 4.3, explaining the spontaneous appearance of long-range orientational order, and thus the formation of a (chiral) nematic liquid crystal phase, if we have well-dispersed nanorods beyond a threshold concentration that depends on rod aspect ratio. In the next subsection we look at the interesting dynamics when the isotropic and liquid crystalline phases are in coexistence, with the appearance of so-called tactoids of cholesteric phase in an isotropic surrounding, allowing us to fractionate a disperse CNC sample according to length, with very significant outcome.



In Section 5, we look at the non-equilibrium behavior that takes over once the CNC mass fraction passes a second threshold that is also comparatively low, typically 11–12 wt.%, and how this actually helps to preserve, within a kinetically arrested state, the order emerging from the cholesteric liquid crystalline self organization [19]. We discuss which parameters influence the onset of kinetic arrest, with particular focus on the role of ions in solution, as well as the characteristics of the CNCs themselves. The impact of the solvent characteristics, considering non-aqueous solvents as well as solvents with different added solutes, is discussed in Section 6.



We approach the applied research that aims at using CNCs in photonic bandgap films with visible selective reflection, produced by drying sessile droplets of CNC suspension on a solid substrate, in Section 7. Because structural color is at the heart of this section, we briefly review in Section 7.1 the reason why structural color may arise in cholesteric liquid crystals, and which conditions must be fulfilled for us to see it. In Section 7.2, we discuss the non-equilibrium part of the droplet drying process, during which the helical pitch is reduced by the mechanical compression of the whole film arising from water evaporation, with the consequent appearance of visible color. Here, we also discuss the strong significance of tactoids, should they remain (as is often the case) once kinetic arrest sets in. We introduce the important phenomenon dubbed coffee-ring effect in Section 7.3, allowing us to explain why CNC films typically end up rather non-uniform in thickness as well as in color. The section finishes with a discussion of means to tune the appearance of the films, including some overlooked parameters that we believe to be important.



While the main focus of our review is on CNC, we will, when instructive, compare the behavior with other nanorod colloids forming (chiral or non-chiral) nematic phases, such as carbon nanotubes, amyloid fibrils, viruses or collagen. Our ambition is not to provide an exhaustive review of all research published in the field, thus many fine papers may be left out, but rather give a comprehensive overview of our current understanding of how CNC suspensions behave, with selected illustrative examples from the literature. In today’s fast-paced world with high expectations on researchers to publish rapidly and frequently—probably beyond the level which is healthy, for science as well as for people—we rarely have the opportunity to reflect on the meaning of a certain equation or a certain parameter entering our work. While writing this review, we experienced considerable joy in doing such reflections, and it is our intention with this review to share this joy with the reader. Therefore, rather than merely repeating the standard statements describing a helical director modulation in cholesterics, nematic elasticity, or tactoids nucleating from the isotropic precursor, we allow ourselves to dwell a bit longer than usual on these and other issues that are central to the review topic.




2. What Are Cellulose Nanocrystals and How Are They Made?


Cellulose, one of the world’s most abundant biopolymers, is a polysaccharide responsible for the hierarchical structure in all green plants [20]. Since the dawn of mankind, wood and plant fibers (containing mainly cellulose) served as energy sources, as building materials and as clothing. Furthermore, cellulose played a very important role in the intellectual development of humanity in the form of paper. The oldest known archeological fragments of a direct precursor to modern paper were found in China and date back to the 2nd century BC. Cellulose remained an important raw material also in the early days of industrialization; aside from the fact that the cotton at the heart of the booming textile industry is basically pure cellulose, the polysaccharide was also refined into derived polymers with very different uses. Cellophane became a commodity transparent plastic film and Eastman Kodak utilized partially nitrated cellulose together with camphor as a plasticizer to produce the first flexible photographic films. We find the same combination still today, in dissolved form, in ordinary nail polish.



The recently developed ability to isolate the nanosized constituents of cellulose on relatively large scale has opened up new possibilities for the fabrication of novel cellulose-based high performance materials [11,20,21,22,23]. The attractive properties of this nanocellulose (NC), such as a high surface area and conveniently reactive hydroxyl groups at the surface, low density, low thermal expansion coefficient as well as excellent mechanical performance, offer an extensive toolbox for novel bioderived materials design. This development, together with the increasing need to replace fossil fuels not only as a source of energy but also as the raw material for the vast majority of organic materials synthesis, has resulted in revitalized research in cellulose chemistry and engineering. Interestingly, the resulting new opportunities for advanced materials development give also the physics of NC critical importance, a fact that we and co-authors highlighted in an earlier review of CNCs [11], now about six years old. In this updated review we maintain the focus on the comparatively short and rigid CNCs, comprising only crystalline cellulose, while we point out that the general term nanocellulose includes also the longer and more flexible cellulose nanofibers (CNFs), which also contain amorphous sections. While they are also fascinating materials, CNFs tend to form gels prior to developing long-range order, hence they are less interesting for liquid crystal science.



Cellulose consists of repeating cellobiose units of two anhydroglucose rings connected via a  β -1,4-glycosidic bond that form a linear polysaccharide. The multiple hydroxyl groups on each monomer result in omnipresent hydrogen bonds between the cellulose chains, explaining the high stability and mechanical strength of crystalline cellulose [23] (and thus of CNCs). In the native crystal form, called cellulose I, the chains are oriented parallel to each other. Cellulose I encompasses two polymorphs [24], cellulose I α  with a triclinic and I β  with a monoclinic structure. Different plants contain both polymorphs in ratios that are specific to the plant species [25]. Cellulose I α  is dominant in most algae [26] and bacteria [27], while I β  is dominant in higher plant cell wall structures and in tunicate [28]. The basic building block in plants and bacteria typically consists of 20–40 cellulose polymer chains structured into highly ordered crystalline and disordered regions, which form a cellulose nanofiber.



CNCs are the smallest extractable nanoparticles from a raw cellulose source. They are nanorods with a diameter in the order of 5 nm and length from about 100 nm to 1  μ m, consisting of pure cellulose in a highly crystalline state. A typical production process is depicted in Figure 1. Regardless of the preparation method, CNCs are disperse in width and, in particular, in length (30% to 50% dispersity is typical). The morphology of the cross section of a CNC is not very well defined and the small size renders it challenging to establish with certainty, but there seems to be significant variations within one and the same sample, in fact even within one and the same rod [29,30]. For practical reasons the shape is often approximated by that of a cylindrical rod but this is certainly a simplification. Further morphological variety is introduced by using different sources [31,32] and the distribution in size also varies considerably depending on the source, yielding CNCs with quite different colloidal properties. The numerous hydroxyl groups are of pivotal importance not only for the strength, but also for the surface chemistry of CNCs, in particular for attaching charged groups (see below).



Methods to isolate NC (CNCs as well as CNFs) from plants and bacteria range from bottom-up methods where bacteria are used to produce glucose cellulose nanofibrils, to top-down methods including chemical/physical and enzymatic methodologies for the isolation of NC from green plants and algae [33]. The isolation is dependent of the source of cellulose but always involves purification as well as homogenization. For instance, if wood is the source, the two other main constituents, lignin and hemicellulose, must be removed. The homogenization and separation can be done by simple mechanical treatment, a pretreatment such as chemical modification [34] or enzymatic hydrolysis reducing the required energy [35]. These processes yield microfibrillated cellulose, which is then further processed with inorganic acids in order to obtain CNCs. Purified cotton can also serve as starting material for the production of CNCs. For both routes, see Figure 1.



The choice of acid for this hydrolysis is very important as it defines which surface groups are attached, thereby dictating the colloidal stability of the resulting CNCs. The most common choice is to use sulfuric acid, yielding anionic (negatively charged) CNCs in aqueous suspension, with sulfate half ester groups (−SO   3 −  ) attached to the surface, via the cellulose hydroxyl groups, and H   +   counter ions. The surface charge of CNCs makes their dispersion in water easy, giving us an electrostatically stabilized colloid. Because some −SO   3 −   groups, even in water, remain associated with their H   +   counter ions, the raw CNCs from sulfuric acid treatment are often subjected to an ion exchange process, in which H   +   is replaced by another counter ion, typically Na   +  . For these CNCs we can generally assume that all counter ions are in solution, regardless of the pH of the suspension, making them significantly easier to handle and to analyze. Commercially available CNCs are often sold with Na   +   counter ions.




3. A Brief Reminder of the Factors Governing Electrostatic Stabilization of Colloids: the Debye Screening Length and the Ionic Strength


The classic theory for describing electrostatic stabilization (and destabilization) of colloids is due to Derjaguin and Landau, and, independently, to Vervei and Overbeek. It is therefore today referred to as the DLVO theory. The theory analyzes the interaction energy between suspended particles (Figure 2), taking, first, the Pauli exclusion principle into account, which places an absolute limit to how close the particles can approach. Their electron orbitals cannot occupy the same space, hence an infinite potential barrier appears if the distance between the particle centers would go below   x = 2 r  , where r is the characteristic radius of the particle. This repulsive barrier is often referred to as hard-sphere repulsion or Born repulsion, after Max Born who was the first to draw this conclusion from the Pauli principle. Next, when x is just barely greater than   2 r  , the behavior is instead dominated by the very strong attraction provided by the van der Waals interactions. Their energies scale as   1 /  x 6   , hence the attraction gets extremely strong at such close encounters. In fact, if x is allowed to reach the low values when van der Waals attraction dominates, the particles are at their global energy minimum separation and they aggregate irreversibly, rendering the colloid unstable. They can be separated again if enough energy is supplied (for instance mechanical energy in the form of ultrasound), but they will never separate spontaneously.



To keep the colloid stable, such close encounters must thus be prevented, and this is why each particle carries a certain electrostatic surface charge. As the charge has the same sign for every particle, it provides a repulsive potential more potent than Born repulsion, because it acts at a significantly larger distance. However, as can be seen in Figure 2, it can only dominate over the van der Waals attraction if the particle distance is greater than a minimum value, hence an electrostatically stabilized colloid requires that particles are separated by at least this distance to begin with. To this end, we often treat CNC suspensions gently with ultrasound, in order to break up aggregates. The colloid will then become kinetically stabilized, provided that the electrostatic repulsion provides an energy barrier that is substantially greater than the thermal energy    k B  T  , where   k B   is the Boltzmann constant and T is the absolute temperature.



Often a shallower secondary energy minimum is found at somewhat larger separation. However, as its depth is usually much lower than    k B  T  , there are considerable fluctuations towards larger distances and the average particle separation is defined more by the particle volume fraction than by the location of this minimum. Only if it is made significantly deeper than    k B  T   by introducing additional attractive forces, for instance through depletion attraction [36,37,38,39,40] or if the particles can develop hydrogen bond networks with each other, will particles tend to stay in this minimum. This then gives rise to loose particle aggregation called flocculation. Flocculation is reversible, in the sense that the aggregates (’flocs’) dissolve spontaneously if the secondary minimum is made shallower again, such that thermal motion can move the particles out of the secondary minimum. Depletion attraction has been explored relatively rarely in the context of CNC suspensions, the only example known to us employing ionic depletants [38,39,40]. As a result, in this case the addition of depletant also affected the electrostatic forces in the system (see below), thus making it more difficult to draw clear-cut conclusions about the effect of depletion attraction alone. The contribution of hydrogen bonding is also not much explored, but it could become significant in certain situations, since cellulose is a very strong hydrogen bonder due to its great density of hydroxyl groups. When CNCs are dispersed in water, the extremely rich hydrogen bonding capacity of water may reduce the impact, but in non-aqueous solvents with less hydrogen bonding capacity, the hydrogen bonding of the cellulose may play a more prominent role, as will be discussed further in Section 6.



The height of the energy barrier depends not only on the particle surface charge, but also on the relative dielectric permittivity   ϵ r   of the solvent, being polarized by the surface charge, and the amount of ions in solution, as ions have the effect of screening the charge, thus reducing the electrostatic repulsion. The more ions in solution, the lower the potential barrier, and eventually it will be on the order of    k B  T  , allowing particles to approach so close that van der Waals attraction dominates. This triggers particle aggregation into the primary energy minimum and loss of colloidal stability. The situation is illustrated in Figure 2 with the blue curve for low ion concentration and a stable colloid, versus the pink curve for high ion concentration and loss of colloidal stability. The ions do not need to be introduced as additives, but they are, first of all, the counter ions of the charged groups on the particles, for CNCs thus H   +   (directly after acid hydrolysis) or Na   +   (after ion exchange).



The counter ions are, of course, attracted to the oppositely charged particle surface, as described by an electrostatic potential  ψ , with a maximum value   ψ 0   at the particle surface. Some counter ions are fairly strongly localized the particle in what is called a Stern layer. Entropy however favors dissolution of the counter ions and the result, beyond the very thin Stern layer, is an exponential decrease in counter ion concentration with increasing distance from the surface. Because the counter ions screen the surface charge,  ψ  decreases with distance from the surface, and we define the distance   κ  − 1    where the potential has reduced to   ψ =  ψ 0  / e   as the Debye screening length or the electrostatic screening length. Quantitatively,   κ  − 1    is typically on the order of 1–10 nm [41]. It is written as an inverse, since  κ  appears as the Debye parameter, multiplied by x, in the exponent of  ψ ,   ψ  ( x )  =  ψ 0   e  − κ x    . The primary energy minimum is typically at a distance below   κ  − 1    from the particle surface, whereas the energy barrier peaks at a distance around   κ  − 1    [41]. The location of the secondary minimum (if it exists) depends significantly on the parameters, but it is often on the order of   10  κ  − 1    .



We define the combination of the charged particle surface and the locally increased concentration of counter ions near the particle, up to   κ  − 1    from the surface, as the diffuse electric double layer. The term was originally borrowed from the concept of a charged capacitor, with the attribute ’diffuse’ emphasizing the gradual decrease in counter ion concentration as we leave the charged surface. As the Debye length   κ  − 1    is the approximate location of the electrostatic repulsion peak in Figure 2, it is often used as an estimate of the range of electrostatic repulsion. One thus sometimes says that repulsion becomes significant if the particles approach each other sufficiently that the electric double layers start overlapping.



Let us now quantify these findings somewhat. First, within the so-called Poisson–Boltzmann approximation, the Debye length can be written as [41]:


   κ  − 1   =     ϵ 0   ϵ r   k B  T   2  q 2  I     



(1)




where we introduced   ϵ 0   for the vacuum permittivity, q for the elementary charge, and I for the ionic strength of the solution. The ionic strength, a measure of the free ion content of the solution and the character of these ions, is of key importance for us, since it determines the Debye length and thereby the range of electrostatic repulsion. In many classic derivations of the Poisson–Boltzmann approximation, one finds that the definition applies to ’infinite’ distances from any charged surface. In colloids, because we have plenty of charged surfaces dispersed throughout the volume, the practical meaning is that I is defined for points far outside any electric double layer [42], where the distance to all surrounding (identical) charged surfaces is equal such that the ions here experience no effective potential [41]. In the most general case, the ionic strength is defined as:


  I =  1 2   ∑ i   c i   z i 2  .  



(2)




where the index i enumerates all ion species in solution, co- as well as counter ions, and   c i   and   z i   are the concentration and valence of each ion, respectively. Many textbooks illustrate the use of ionic strength for rather trivial situations, such as a simple solution of NaCl in water. In this case, any point in the solution is equivalent to any other, and there is no distinction between co- and counter ions, as the Na   +   and Cl   −   are equally dissolved in the water. The situation with colloids is more intricate, and here it is important to remember that I should only count free ions, uninfluenced by any charged surfaces. For the case of pure CNC suspensions, without other added salts, this means that native co-ions should not be counted at all, since they are all covalently bound to the CNC surface in the form of -SO   3 −   groups. In a first approximation, we can thus take all counter ions as contributing to the ionic strength, obtaining an effective    I c  =  1 2   c c   z c 2    where we set   c c   and   z c   the concentration and valence, respectively, of the counter ions. As we typically have monovalent counter ions (unless a deliberate attempt to destabilize the CNC suspension has been made) like Na   +   or H   +  , we can set    z c  = 1   and get    I c  =  1 2   c c   .



Today, in the general field of colloid and interface science, it is quite common to find an alternative definition of the Debye length, valid under the assumption of only monovalent free ions with a concentration   n i  :


   κ  − 1   =  1  2   π  λ B   n i      .  



(3)







Here,   λ B   is the distance between two unit point charges at which the electrostatic interaction energy is equal to the thermal energy, dubbed the Bjerrum length:


   λ B  =   q 2   4 π  ϵ 0   ϵ r   k B  T   .  



(4)







If we wish to better compare the two expressions for the screening length, we can insert (4) into (3), obtaining:


   κ  − 1   =     ϵ 0   ϵ r   k B  T    q 2   n i      



(5)







In other words, if    n i  = 2 I  , the two expressions are identical. Note that   n i   is the concentration of free ions, i.e., it does not count the co-ions bound to colloidal particles, thus we cannot use Equation (2) with all ions in the system, but we must rather use    I c  =  1 2   c c   . We then see that    n i  = 2  I c  =  c c   , i.e., the concentration of counter ions. Within the approximation that all counter ions can be considered free and that there are no free co-ions (the latter aspect no longer holds if we add simple salts like NaCl), the two expressions are thus identical.



For commercial CNC suspensions, we know the average number of −SO   3 −   groups per unit mass of CNC, as this information is provided by the manufacturer. Through the requirement of electroneutrality we can thus calculate the total concentration of counter ions   c c  , which is equal to the total concentration of −SO   3 −   groups, often referred to as the sulfur content,   c S  . However, the value   n i   (  = 2  I c   ) should only take the counter ions far outside the electric double layer into account, and this is more difficult to estimate. Because counter ions are adsorbed stronger to the particles the closer they are, trapping a certain fraction strongly in the Stern layer and some less strongly further out in the hydration shell (the shell of water and ions, of a thickness on the order of   κ  − 1   , that moves with the particle as it translates in the solvent),   n i   (and   2  I c   ) will be a bit lower than   c S  . Nevertheless, setting    n i  = 2  I c  ≈  c S    is a good first approximation for a CNC suspension without any other electrolytes added, but one should be aware that it overestimates the counter ion content because it neglects the excess counter ions residing near the particles.



Readers interested in learning about these issues in more details, which are far from trivial, are referred to classic treatises on colloids such as that by Israelachvili [41].




4. Liquid Crystal Formation in CNC Suspensions and Other Colloidal Nanorod Suspensions


4.1. Long-Range Orientational, Short-Range Positional Order: The (Chiral) Nematic Phase


Before going into the details of CNC-based liquid crystals, let us first introduce and explain the key liquid crystal concepts needed. The term ’cholesteric’ comes from the historical fact that the first chiral nematic liquid crystal (indeed the first liquid crystal recognized as such) was seen in a cholesterol derivative [43]. The defining feature of the nematic as well as of the cholesteric phase is long-range orientational order—the rods tend to orient along a common direction—but no long-range positional order; the density or, in case of a colloid, particle volume fraction is constant throughout the system. The preferred orientation of the rods is described by the director, n. It is a signless (  n = − n  ) pseudovector of unit length that does not change significantly over length scales that are at least 2–3 orders of magnitude greater than the characteristic size of the rods. The long-range orientational order renders many physical properties anisotropic, the director defining the symmetry axis. The most notable effect is probably that the liquid crystal phase is birefringent, i.e., it exhibits two extreme refractive indices,   n ⊥   for light that is linearly polarized perpendicular to n and   n  | |    if the polarization is along n. Optically, the director n is thus equivalent to the optic axis of the nematic. For liquid crystals formed by rods, like CNCs, we usually have positive birefringence,   Δ n =  n  | |   −  n ⊥  > 0  .



The orientational order in a nematic phase is not perfect [44]. We quantify the orientational order with the order parameter S, where   S = 0   describes an isotropic state with no long-range orientational order and   S = 1   would be a hypothetical perfectly ordered state, where every rod points exactly along n. While we are not aware of any direct experimental determinations of S in CNC suspensions, values for cholesterics typically range from   S ≈   0.4–0.9, depending on the type of liquid crystal. Colloidal liquid crystals, to which liquid crystalline CNC suspensions belong, generally have rather high orientational order,   S ≈   0.8–0.9. Even such a high value corresponds to non-negligible orientational deviations from n of individual rods, typically on the order of 10–20   ∘   [45]. De France et al. [46] measured the order parameter for cholesteric CNC suspensions with respect to the helix axis  m  (to be defined in a moment), finding almost perfect alignment of the rods perpendicular to  m  once the helix had been sufficiently aligned in a magnetic field. Unfortunately, this is not the usual order parameter with respect to the director that we are interested in here, but the very strongly perpendicular correlation with respect to  m  suggests that also S, the orientational order with respect to n, should be very high.



The appearance of long-range orientational order at a transition from an isotropic liquid to a nematic phase breaks the continuous rotational symmetry that prevails in the isotropic phase. In contrast, the continuous translational symmetry remains unbroken in the non-chiral nematic phase: the positions of the rods are as random as in an isotropic liquid. When we introduce chirality in cholesterics, we break another very interesting symmetry, namely mirror symmetry. The example giving name to the concept is our hands (’hand’ in ancient Greek is   χ ϵ  ι ´  ρ  ): a left hand is distinctly different from its mirror image, which is the right hand. Chiral molecules that are mirror images of each other are said to be enantiomers. Applied to nematic ordering, as when the molecules or objects making up the chiral nematic phase exhibit chiral interactions between each other (normally the case if their chemical structure is chiral and one enantiomer is present at higher concentration than the other), this has a strong impact. While the positional ordering is unaffected, density and particle concentration remaining constant throughout the phase, the orientational order, and rotational as well as translational symmetries, are affected in subtle ways. These are not trivial to appreciate in full, and they make the cholesteric phase so deeply fascinating. Because cellulose is chiral (more specifically, it is unichiral, i.e., only one enantiomer exists naturally), CNCs are chiral, and the nematic phase formed in CNC suspensions is cholesteric. The typical consequence of chirality added to nematic ordering, readily seen in bulk samples of CNC suspensions, is that the director rotates in space around an axis m (mentioned just above) that is perpendicular to n, as we move along m. This is illustrated in Figure 3. For simplicity, we will in this section define a Cartesian coordinate system with    z ^  = m  , locating the director in the   x y  -plane. We point out, however, that we will need to define a different, external, Cartesian coordinate system for describing the macroscopic sample geometry when discussing film drying in Section 7.2, where m may point in arbitrary directions.



The rotation angle per unit distance along m is constant, i.e.,    d φ   d z    has a fixed value, where we define  φ  as the angle between the director at any point and the   x ^   axis, see Figure 3a. The steady director rotation creates a periodic structure, since a   2 π   rotation around   z ^   of n gives us back the original director orientation. We call the period,


  p = 2 π /    d φ   d z    ,  



(6)




the pitch of the structure (the absolute value of the twist is necessary, since the distance p cannot be negative, but the twist can be right- or left-handed, with opposite signs of    d φ   d z   ). If we draw the director for several consecutive points along   z ^   (thus along m), always setting its starting point at   x = y = 0   for every z-value, we see that the tip of the director traces out a helix, see Figure 3a–b where the tip is highlighted in red. Indeed, we say that the director field in a cholesteric phase is helically modulated, a terminology we will come back to in a moment. For CNC suspensions, the helix is always left-handed, as confirmed empirically (the single handedness is due to the unichirality of the cellulose within the CNCs). Note that—just like the director—the helix axis is sign invariant, i.e., m=−m. A left-handed helix stays left-handed no matter along which direction you look at it.



With the helix axis m along   z ^  , the pitch designated p, and the origin defined such that   n =  x ^    at   z = 0   (equivalent to   φ ( z = 0 ) = 0  ), we can parametrize the left-handed helical director field of a cholesteric CNC suspension using:


  n = ( cos  2 π  z p   ,  − sin  2 π  z p   ,  0 )  



(7)







This parametrization (more commonly done for a right-handed helix, in which case all terms appear with positive sign), and the corresponding analysis of the cholesteric structure and the consequent optical properties (see Section 7.1), was first presented by Carl Wilhelm Oseen in 1928 [47]. The significance in the difference between Equation (7) and the standard equation for a left-handed helix (with  r  the space coordinate, t the independent variable, a the radius and   2 π b = p  ):


  r = ( a cos t ,  − a sin t ,  b t )  



(8)




is rarely noticed: the z-component is not zero in Equation (8) in contrast to Equation (7). The fact that    n z  = 0   for the cholesteric director field is actually quite important. It means that n is everywhere perfectly perpendicular to the helix axis,   n ⊥ m  . This renders the common analogy of a screw or spiral for illustrating cholesterics (we have frequently used this analogy ourselves) potentially misleading. In contrast to the steel wire in a spiral spring or the winding of a screw, which are both inclined with respect to the symmetry axis and thus truly follow a helix as described by Equation (8), the cholesteric director has no component along the helix;    n z  = 0  . It is really just the tip of the director in a construction as in Figure 3a,b that traces out an actual helix. If you travel along  n  in a helically modulated cholesteric phase you will never move up or down the helix. You must travel perpendicular to n to do so, just like you must move perpendicular to the steps of a spiral staircase in order to climb it.



In this respect, the arrangement of steps in a spiral staircase or of the base pairs in the DNA double helix, may be a better analogy to the cholesteric helix. However, also this analogy must be adopted with care in order to avoid misunderstandings. A quite common misconception is that a cholesteric phase would be discretely layered, in the sense that the molecules or rods would be localized to layers, with a well-defined thickness and inter-layer distance. Such a discrete structure with positional order along the helix axis is present in a spiral staircase and between the base pairs in the DNA double helix, but it is not the case for cholesteric liquid crystals. The critical issue is to remember that the steps in the staircase analogy correspond to the director, not to rods or molecules. Furthemore, as the director has no extension in space, and the director field is continuous, the "staircase step" would be infinitely thin and there would be infinitely many "steps" in the staircase.



Rather than layers, it is better to compare the spiral staircase steps to planes, perpendicular to m. A plane is by its mathematical definition two-dimensional, i.e., it has no thickness, just like the planes of constant n that are perpendicular to m in a cholesteric phase. Each plane is an imaginary 2D slice of the director field. There is an infinite number of planes of this type and we are free to draw them wherever we wish along m, without any need for a periodicity. The periodicity is to be found only in the distance between two successive planes that have identical n. This bring us to one of the most subtle aspects of cholesteric order: while the phase lacks order in the rod positions, just like in the nematic phase, the continuous translational symmetry is broken, in contrast to the situation in the nematic phase. A symmetry operation must bring all aspects of the phase back to the starting point, including orientational aspects, but a translation along m by a distance that is not equal to   N p  , where N is an integer, yields a change in orientation of n. It is therefore not a symmetry operation.



However, if we combine the translation   Δ z   along m with a rotation   Δ z   d φ   d z    , this is a symmetry operation. Thus, the continuous translational symmetry of a non-chiral nematic phase is replaced by a continuous symmetry in coupled translation and rotation in the cholesteric phase. This has the remarkable consequence that the periodicity of a cholesteric phase, being defined simply by the twisting strength,    d φ   d z   , is present at any sample size, even below p. The optical consequences of this have even been demonstrated experimentally, with selective reflection being seen (albeit weakly) from cholesteric samples thinner than a single pitch length [48]. This renders cholesterics quite different from discontinuous periodic structures, like truly layered arrangements, which must have an extension of at least twice the period for the periodicity to be detectable. The idea of finite-sized layers in a cholesteric thus bereaves the phase of one of its most remarkable characteristics, while also leading our thoughts astray.



There are now many examples of beautiful scanning electron microscopy (SEM) images of surfaces of fractured films that were produced by drying cholesteric CNC suspensions, which at low resolution might give the impression that there would in fact be a layered organization of the rod-like particles themselves. While many reports indeed refer to such images as evidence of a layered structure in CNC cholesterics, the explanation provided by Majoinen et al. [49] for their exquisite high-resolution images, reproduced in Figure 4, clearly shows that no layers are needed. When assessing these images it is important to remember that we are no longer looking at a liquid crystal phase, but a solid that has been formed by compressing a kinetically arrested cholesteric structure (see Section 7.2), bringing the CNC rods into direct contact. This causes some clustering and probably increases the degree of order. Such close contacts and clustering are certainly not the case in the liquid crystalline state, in which electrostatic repulsion keeps the rods individualized and thermal fluctuations keep them in constant motion.



Once the fracture is done, the orientation of the main plane of the fracture (which in the best case contains the helix axis, m) selects two orientations of n that represent opposite extremes in terms of mechanical properties. Let us assume that the helix is indeed in the fracture plane and let us for simplicity retain   m =  z ^    and choose   x ^   to be in the same plane, i.e., the fracture plane is an   x z   plane, with   y ^   its normal. Let us make the definition complete by setting   y = 0   in the fracture plane. Wherever n is along   x ^  , i.e., it is in the fracture plane, only the comparatively weak van der Waals forces and inter-CNC hydrogen bonds resist against the fracture. Even though hydrogen bonds should not be considered weak, it is still reasonable to expect the film to break quite cleanly along   y = 0   at these points. In contrast, when n is along   y ^  , perpendicular to the fracture plane, covalent bonds within the crystalline CNCs would have to be broken to obtain a clean cut at   y = 0  . Precisely because the cholesteric phase does not have any positional order of the rods, the majority of CNCs in regions with   n ≈  y ^    will be crossing right over the fracture plane, beginning at   y < 0   and ending at   y > 0  , no matter where we choose our   y = 0   fracture plane. Because the individual CNCs are unlikely to break, they will instead stick out from the fracture plane, see Figure 4, remaining partially embedded in either of the two surfaces created during the fracturing process (one with   y < 0   and one with   y > 0  ), at all locations where   n ≈  y ^   . Because this happens twice per helix period (another manifestation of n=−n), the SEM image shows CNCs sticking out of the fracture plane twice per helix period. It also shows holes next to the protrusions, left when the CNCs that ended up sticking out from the other fracture section were removed. The resulting periodicity of clean versus rugged cut may at low resolution give an impression of a layered structure. The high-resolution images presented by Majoinen et al. (Figure 4) show very well that this is not the case; there is no positional order for the individual rods. Such images are very instructive, but unusual.



Another significant aspect that is not always acknowledged is that the helical pitch in an equilibrium cholesteric has nothing to do with the average particle separation distance of CNCs (or other colloidal nanorods) in the phase. As the (chiral) nematic phase has no long-range positional order, the CNCs are uniformly distributed throughout the phase and the average particle–particle distance is set by the volume fraction of the particles. If the helix of the cholesteric phase shortens at constant CNC volume fraction, only the director field rotation    d φ   d z    gets more rapid; there is no closer approach of the CNCs. Two CNC suspensions with the same volume fraction of particles but different values of p will thus have identical average distance between the nanorods. If the ionic strength I is increased, allowing closer encounter of the rods, this may have an impact on the helix pitch, but the average particle separation is not reduced; assuming that the colloid is still stable and no aggregation or flocculation takes place, it cannot be reduced since otherwise the rods would leave unoccupied space in the system. However, the higher I, and consequent reduction in   κ  − 1   , allows closer encounters as a result of fluctuations, which can be expected to strengthen the chiral interactions between rods and thereby increase the twisting    d φ   d z   . This would explain a reduction in helix pitch upon increased I without any change in the average rod separation distance.



We hope it is now clear that the cholesteric helical modulation of the director field is something quite unique. It is scientifically very interesting, but also rich in potential misinterpretation pitfalls. Let us end this section with one final example. It is a quite common misconception that a helix would be required for the phase to be chiral. The helix is an expression of chirality of the phase, but it is not a prerequisite. Whether a helix forms or not, the cholesteric phase remains chiral as long as the chiral interactions are active between the rods (or molecules) building up the phase. Fundamentally, the fact that the building blocks lack mirror symmetry, and that one enantiomer is present at higher concentration than the opposite, renders the phase chiral. With no impact on the chirality of the phase, a cholesteric helix can unwind to the extent that p reaches infinity. In rare occurrences, this can happen spontaneously at a certain temperature, composition or pressure of a cholesteric phase that under other circumstances forms a director helix with finite pitch. More commonly, the phenomenon can arise as a result of strong confinement or application of an external field. Regardless of its origin, such helix unwinding should not be described as “dechiralization”, “cholesteric→nematic transition” or similar. A system with constant composition cannot undergo a transition between nematic and cholesteric.



For the majority of cholesterics (including all cholesteric CNC suspensions studied experimentally), which do not exhibit a twist inversion, the existence of an equilibrium, unconstrained helix pitch,   p 0  , could be taken as the decisive parameter regarding whether we should refer to the phase as nematic or cholesteric. If we can define a    p 0  < ∞  , then the phase is cholesteric. Thus even if we prevent helix formation by confining the phase in a small droplet or applying an external field, imposing an effective pitch   p → ∞  , the fact that the phase still exhibits a well-defined natural pitch    p 0  < ∞   makes a very clear distinction from a non-chiral nematic phase. It does not matter if   p 0   enters only in the free energy calculations or if it is allowed to express itself as a helix that we can detect experimentally; the phase remains cholesteric. We will see in Section 4.4 that this is not just a matter of semantics, but there is a real impact on the physics.



A significant fact in this context is that the equilibrium pitch   p 0   of CNC-based cholesterics is always much larger than the scale of a rod forming the liquid crystal phase. The pitch typically ranges from about 3 to 100  μ m, thus three to five orders of magnitude greater than a CNC diameter. What this means is that chirality effects are secondary compared to the local nematic ordering of the nanorods, hence need not be considered when elucidating the origin of this ordering, as described in Section 4.3. In this review we will preferentially use the term “nematic” when we discuss local phenomena, such as the steric interactions at the heart of liquid crystal formation, that are not related to chirality or the helical modulation. To emphasize that an issue applies equally to non-chiral and chiral nematics, we sometimes write “(chiral) nematic”.




4.2. Nematic Elasticity


The long-range orientational order has the remarkable consequence that a (chiral) nematic phase exhibits an elastic response, in distinct contrast to regular isotropic liquids. This manifests itself, not as an elastic force arising from a distortion of the volume of material, as in solid state elasticity, but instead in elastic torques responding to deformations in the director field, acting to bring it to a uniform orientation of n. Only if a volumetric distortion has an impact on the director field will it cause an elastic response. Conversely, if confinement within a certain volume leads to deformation of the director field, the elastic response of the liquid crystal can—if the interfacial tension is sufficiently low—be strong enough to distort the volume even if no external force acts to deform it, as will be discussed at length in Section 4.4. The development of our understanding of nematic elasticity [47] can be traced back to early work by Oseen and Zocher, with later refinement by Frank (who coined the modern terminology) and by Saupe and Ericksen [50].



We analyze the nematic elasticity in terms of the increase in free energy density that a deformation gives rise to, using a set of elastic constants with the dimension of force (N). Each elastic constant quantifies the cost of a particular elementary deformation of the director field. The three elementary bulk deformations splay, twist and bend, which are the ones we need to consider in this review, are illustrated in Figure 5. The modern formulation of the elastic energy density (per unit volume) due to deformations of the (chiral) nematic director field can be written, for the case of a cholesteric phase:


   f e  =  1 2   K 1    ▽ · n  2  +  1 2   K 2    n ·  ( ▽ × n )  −  q 0   2  +  1 2   K 3    n × ( ▽ × n )  2  −  1 2   K 24  ▽ ·  n ▽ · n + n × ▽ × n   



(9)







While this expression may look daunting to some, it is actually quite straightforward to interpret, given the right explanations. The energy density is a sum of four terms, each a product of an elastic constant—  K 1   for splay,   K 2   for twist,   K 3   for bend and   K 24   for saddle-splay—and the derivative of the director field that describes the corresponding deformation. For the second term, describing twist, the derivative is compared to the natural twisting of cholesterics; we will come back to this modification in a moment. The elastic constants, with a magnitude on the order of pN, tell us how much a certain deformation ’costs’ in terms of increased free energy density of the (chiral) nematic. The derivatives, in turn, tell us how strong the deformation of each type actually is in a particular director field configuration. The first three terms, corresponding to splay, twist and bend, are all positive, since   K 1  ,   K 2   and   K 3   are all greater than zero and as each director field derivative is squared. This means that any such deformation increases the energy density. The fourth term, describing so-called saddle-splay deformation (the director field has negative Gaussian curvature, as in a horse saddle), can be negative or positive, hence this term can actually promote spontaneous distortion of a director field, as has been observed in lyotropic liquid crystals in strong curved confinement [51,52,53]. However, for this review we will ignore the fourth term, as its influence is negligible in bulk nematics or cholesterics, and in the situations of confinement that we will consider here it has been proposed that its effect can be represented by a renormalization of the splay elastic contribution [54].



An unusually large value of an elastic constant tells us that the corresponding deformation is unlikely to occur with significant strength, as it greatly increases the free energy. Conversely, if an elastic constant is unusually low, the deformation costs almost no energy, and we may expect thermal fluctuations to induce significant deformations of this type. If it is plausible to assume that a certain deformation will not occur (for instance due to an excessively large elastic constant or due to confinement that prevents the deformation) we may drop the corresponding term from Equation (9), as we can then assume that the derivative is zero. Note that the bulk deformation elastic constants,   K 1  ,   K 2   and   K 3  , cannot be zero, or approximated as such, as this would correspond to the unphysical situation that the deformation costs no energy, thereby allowing infinitely strong deformations.



The second term deserves special attention for this review. It describes twist deformation, a term that is straightforward to understand with respect to the uniform director field of a non-chiral nematic, where any twist amounts to a deformation. However, for a cholesteric phase, a twisted director field is the natural state, the ground state, because the helical modulation that develops spontaneously is equivalent to constant twist. Thus, a twist deformation in a cholesteric phase is not a twist per se, but any deviation from the natural twist      d φ   d z    0   (again assuming   m =  z ^   ), corresponding to the equilibrium helix pitch   p 0  , or its corresponding wave vector magnitude,


   q 0  = ± 2 π /  p 0  ,  



(10)




which enters the second term in Equation (9). This has the interesting consequence that a uniform director field, from the point of view of a cholesteric, exhibits a twist deformation! The director field has, in this case, been deformed by untwisting from its natural, twisted, state, which comes at a cost that is described by the second term in Equation (9). This is why it is so important not to refer to a cholesteric phase that has been prevented from forming a helix as if it were no longer cholesteric. A non-chiral nematic is in its ground state without a helix (   q 0  = 0  ), but a cholesteric in which the helix formation is suppressed is in a frustrated high-energy state (   q 0  ≠ 0  ). A non-helical cholesteric and a non-chiral nematic may appear similar, but in terms of their free energies they are very different. We may note by comparison with Equation (6) that, numerically (also including the sign),    q 0  =     d φ   d z    0   .



Note that, in contrast to the pitch p (and its equilibrium value   p 0  ), the helix wave vector can be positive or negative-signed (hence the ± sign in Equation (10)), the first corresponding to right-handed and the second corresponding to left-handed twist. Thus also the choice of handedness given by chirality is taken care of by Equation (9): a twist with pitch   p 0   but with the wrong handedness, giving the derivative in the second term the value   −  q 0   , raises the energy by   2  K 2   q 0 2   . The twist deformation term of Equation (9) can of course describe a non-chiral nematic just as well: we achieve this by setting    q 0  = 0  .



Equation (9) gives us the elastic energy density, which means that we must integrate over the volume of our (chiral) nematic in order to obtain the actual elastic contribution to the free energy of the phase. Since each derivative is a second order spatial derivative, each bulk term in Equation (9) is proportional to   1 /  r 2   , where r is a characteristic length describing the deformation. For twist, the characteristic length is the pitch of the twisting and is thus independent of location, whereas for splay and bend, the characteristic length is the distance from the ’source’ of splay or the ’center’ of bending. If splay or bend is induced by confinement of the liquid crystal in a small volume, the characteristic length of splay or bend will be on the order of the volume radius. Therefore, when we calculate the elastic energy contribution by integrating the elastic energy density over the volume, effectively multiplying by   r 3  , we see that the elastic free energies of splay and bend scale as r. This is an important observation for the analyses to follow in Section 4.4. However, let us first look into a more fundamental question.




4.3. The Origin of Nematic Phase Formation According to Onsager


What is the reason for the long-range orientational order in nematic nanorod suspensions? This question was first answered by Lars Onsager in the late 1940s [55], in a landmark theoretical paper that was inspired by experimental observations of nematic ordering in suspensions of tobacco mosaic virus (TMV), rod-like viruses with dimensions not too different from those of CNCs. The outcome of Onsager’s analysis is that the nematic ordering is of entropic origin: the free energy is reduced by developing long-range orientational order, because the loss in orientational entropy is more than compensated by the gain in translational entropy. By aligning along a common direction, the rods are free to translate much longer distances without being blocked by each other, compared to the situation of randomly oriented rods, which will cross each other’s paths much more frequently. The argument can also be reformulated in terms of excluded volume, the space not accessible for a rod due to the presence of other rods, restricting the freedom of motion and thus reducing the entropy: by lining up along a common direction, the overall excluded volume is minimized, raising the translational freedom and thus increasing the entropy, thereby reducing the free energy.



However, the gain in entropy from ordering happens only if the rods are sufficiently anisometric (anisotropic in shape) for the reduction in excluded volume per rod to be significant, and only if the volume fraction of rods is high enough for this to have any effect on the system as a whole. Intuitively, the higher the aspect ratio, the lower the required volume fraction for ordering to take place. Onsager quantified this, finding that the effective rod volume fraction  ϕ , upon increasing from zero, at which the isotropic phase becomes unstable is:


   ϕ 0  = 3.3  d e  /  L e   



(11)




where   d e   is the effective rod diameter and   L e   is its effective length (we will come back to the meaning of ’effective’ in a moment). If   ϕ >  ϕ 0    in an Onsager suspension of nanorods, the nematic phase starts to nucleate. The phase transition is of first order and there is a significant coexistence regime, requiring a distinct difference between the two phases. For the non-disperse system that Onsager considered, where all rods are identical, the difference lies not only in the degree of order in each phase, but also in the volume fraction of rods. Where the nematic phase nucleates, it does so with a greater effective rod volume fraction:


   ϕ 1  = 4.5  d e  /  L e   



(12)







The increased rod volume fraction can be easily rationalized by considering the greater packing efficiency provided by the long-range orientational order. The value   ϕ 1   can be considered the stability limit of the nematic phase, upon decreasing from a volume fraction   ϕ >  ϕ 1   .



For a global rod volume fraction  ϕ , where    ϕ 0  < ϕ <  ϕ 1   , we have an isotropic phase with local    ϕ iso  =  ϕ 0    coexisting with a nematic phase with local    ϕ nem  =  ϕ 1   . The relative volume fraction of nematic phase increases from zero to one as the global  ϕ  increases from   ϕ 0   to   ϕ 1  . The higher rod volume fraction of the nematic phase, together with the fact that the rod material is almost never density matched with the solvent, means that a sample in the phase coexistence region, with    ϕ 0  < ϕ <  ϕ 1   , will separate macroscopically in a gravitational field, normally with the denser nematic phase sinking to the bottom and the less dense isotropic phase floating to the top. Should the rod material be less dense than the solvent, the opposite behavior would result, but we are not aware of any such system. This gravity-driven macroscopic separation of nematic from isotropic phase is the standard way of mapping out the coexistence region of the phase diagram: because the nematic phase is birefringent, due to the long-range orientational order, it appears bright between crossed polarizers, in contrast to the isotropic phase, which appears dark. An example is shown in Figure 6. When doing this type of experiment, it is imperative to wait long enough for gravity to do its work properly, in order to get correct results from such an investigation. The time required can be considerable, on the order of months. Indeed, beyond a certain CNC mass fraction, it will be infinite, as discussed in Section 5.



An important complication in practical research compared to Onsager’s theory is that the effective rod volume fraction  ϕ  is typically not experimentally accessible. Moreover, the ratio between mass and volume fraction of rods generally changes with the amount of rods. The reason is that the relevant volume is not the volume of each physical rod, approximately described by the diameter d and length L, but the total excluded volume, amounting to the volume of the actual rod plus the repulsion zone around it, approximately quantified by   κ  − 1    (see Section 3). The effective volume of a rod is thus given by   π   ( d / 2 +  κ  − 1   )  2   ( L + 2  κ  − 1   )  ≈ π   ( d / 2 +  κ  − 1   )  2  L  . In other words, the effective rod diameter   d e   is significantly affected by the electric double layer, as   κ  − 1    is on the order of the CNC diameter, whereas the effective length   L e   can be approximated with the physical length L, since L is at least two orders of magnitude greater than   κ  − 1   . A further complication is that CNCs are not perfect rods, they are highly disperse with strong variations in L and d, and d can vary even within one and the same CNC.



Because   κ  − 1    decreases with increasing ionic strength I, and because each suspended charged rod contributes to I as its counter ions are dissociated and dissolved in the water,   κ  − 1    decreases with increasing rod content. In other words, the effective diameter, and thereby the effective volume, of a rod decreases as more rods are added to the suspension. This means that the ratio between mass and volume fraction decreases with increasing CNC mass fraction. At the same time, decreasing   κ  − 1    increases the effective rod aspect ratio, thus decreasing   ϕ 1  . Therefore, while Onsager predicts a linearly increasing volume fraction   ν N   of nematic phase as the rod volume fraction increases from   ϕ 0   to   ϕ 1   according to:


   ν N  =   ϕ −  ϕ 0     ϕ 1  −  ϕ 0     



(13)




the increase in   ν N   as a function of mass fraction w (with a   w 0   corresponding to   ϕ 0   and a   w 1   to   ϕ 1  ) is more complex. This is because the ratio    w 0  /  ϕ 0    is different from    w 1  /  ϕ 1   , because I increases when w is raised from   w 0   to   w 1  , affecting both  ϕ  and   ϕ 1  .



In an elegant demonstration of the significance of I for the phase diagram of colloidal liquid crystals [56], Dong et al. prepared a series of CNC suspensions with H   +   counter ions to which varying amounts of HCl had been added. The amount was selected such that all samples had identical ionic strength, i.e., the less CNC in suspension, the more acid was added. When plotting the phase diagram of this constant-I suspension series, a linear behavior as in Equation (13) was seen also versus mass fraction. In a follow-up study [57], Dong and Gray carried out a systematic exchange of the counter ion associated to the CNC surface, finding significant impact. We will not discuss the results with organic counter ions, which were amphiphilic and thus a rather special case, but it is interesting to look at the study of monovalent inorganic counter ions. The authors found that the onset of liquid crystal formation increases with size of the counter ion, such that   w 0  H +    <   w 0  N  a +     <   w 0  K +    <   w 0  C  s +    . Interestingly, the plot of cholesteric phase fraction versus CNC mass fraction for different counter ions suggests that the linearity also increases with size of counter ion, to the extent that the mass fraction when the full sample became liquid crystalline was almost independent of the counter ion type. Dong and Gray also studied the effect of counter ions with higher valence than 1, e.g., Ca    2 +   . As one might expect, such ions rapidly destabilize CNC suspensions, an effect that may be attributed to the stronger screening effect (Equation (1)) and specific adsorption onto the CNC surface. Another important factor is that divalent counter ions act as ’crosslinking agents’, a single counter ion binding together two CNCs. This effect was studied in the formation of hydrogels [58].



Abitbol et al. [32] wished to investigate the impact of surface charge, preparing CNCs with approximately the same aspect ratio, varying between 18 and 20, but the surface charge was altered between 0.27–0.89% sulfur (the exact meaning of the percentage was not specified). The raw material was the same, and only the acid hydrolysis conditions were varied. All suspensions formed a cholesteric phase, but the onset   w 0   shifted to higher concentration with increasing surface charge. This outcome might seem surprising considering that stronger surface charge would be expected to give stronger repulsion. However, it also means a greater release of counter ions with every CNC rod. Note that the Debye length according to Equations (1)–(5) is dependent only on I, not on the surface charge. Thus, as the authors concluded, the outcome is due to the increase in I and the consequent reduction in   κ  − 1    that comes with increased surface charge.



Several extensions and improvements of Onsager’s original theory have been developed over the years, coming to slightly different quantitative predictions but retaining the qualitative conclusions. Most significantly, various more recent treatments [59,60,61,62,63,64] have taken the effect of dispersity into account, a parameter that is very much a characteristic of CNCs, and which will play a significant role in Section 4.5. We should also emphasize that the Onsager theory was developed for the liquid crystal class called lyotropic, to which colloidal nematics and cholesterics belong [65]. The liquid crystals found in many modern display devices belong to the class of thermotropic liquid crystals. The hallmark of lyotropics is that the liquid crystalline order develops for particles or molecule aggregates suspended in an isotropic solvent, such as water in most CNC suspensions. In contrast, thermotropic liquid crystals have no solvent; their molecules form the liquid crystal phase themselves. The entity forming the liquid crystal phase, whether the particles of colloidal liquid crystals or the molecules of thermotropics, are often referred to as mesogens. They differ quite strongly between lyotropics and thermotropics, a typical thermotropic molecule having a length on the order of 3 nm and width about 0.5 nm, thus very much smaller and with much smaller aspect ratio than lyotropic mesogens such as CNCs. The Onsager theory would fail to explain liquid crystalline order in thermotropics, for which the corresponding theory was developed by Maier and Saupe [66]. We will not discuss thermotropic liquid crystals in this review, apart from occasional comparisons with CNC suspensions and other colloidal lyotropics when this is of interest.




4.4. Isotropic–Nematic Phase Coexistence and the Nucleation of Tactoids


If the global rod volume fraction of an initially isotropic CNC suspension is increased to   ϕ >  ϕ 0   , for instance in a dilute CNC suspension drop that is left to dry to form a colorful film, the cholesteric phase nucleates at various points of the isotropic background as tiny droplets, which grow in size as  ϕ  increases. These nuclei are called tactoids, a term originally introduced by Zocher [67] for the unusually shaped, spindle-like nuclei of nematic phase common in colloidal nematics. He had been the first to observe and report these nuclei a few years earlier, in suspensions of needle-like crystals of vanadium pentoxide [68]. The motivation for the term can be found in the Ancient Greek word   τ  α ´  ξ ι ς   (táxis) which can be translated as "order", hence it is a very fitting term for a nucleus of a phase with nematic-like order. It has since been used to describe nematic or cholesteric nuclei, spindle-shaped or not, in many systems [69,70,71,72,73]. A good historical overview of the development of the empirical understanding of tactoids has been published by Sonin [74]. If instead of a nematic or cholesteric phase, a smectic liquid crystal develops directly from the isotropic phase, the corresponding nuclei are called bâtonnets, reflecting their strongly elongated shape promoted by smectic order [75,76,77].



The first attempt to explain tactoid formation was presented by Langmuir in 1938 [78]. Being more than a decade before Onsager’s explanation of nematic ordering in nanorod colloids, this was in many respects premature. In order to understand the tactoid shape, there are a few peculiarities of the nuclei of nematic phase in a nanorod suspension that we must take into account. The first is that the tactoid and its surrounding are very close in composition, thus the interfacial tension  γ  (equal to the energy per unit interface area) is extremely low, at least provided that n adopts its energy-minimizing orientation at the boundary of the nematic tactoid. Which this orientation is, and how strongly it is imposed, is dictated by a dimensionless parameter W called the anchoring strength at the boundary. With the interfacial energy density for an arbitrary director orientation at the tactoid boundary written    f i  = γ  ( 1 + W   ( c · n )  2  )   , where c is the boundary normal, we see that W effectively quantifies the difference in interfacial energy density for the unfavored versus the favored alignment. Note that   f i   has the unit N/m, as it is an energy density per unit area. With this formulation of   f i  , a value   W > 0   favors tangential alignment (    ( c · n )  2  = 0   gives the minimum interfacial energy penalty) whereas   W < 0   favors orthogonal alignment (    ( c · n )  2  = 1   gives the maximum interfacial energy reduction). For tactoids of nematic or cholesteric phase in colloidal nanorod suspensions,   W > 0  , i.e., the favored director alignment is tangential to the tactoid boundary. This can be rationalized by considering the impact of the very high aspect ratio of the mesogens: orthogonal orientation would come with significant translational entropy penalty for any mesogens approaching the boundary, which they cannot escape, thus raising the free energy at the boundary considerably [54]. In fact, it appears that this entropic penalty is so large that W is quite significant in magnitude, playing an important role in determining the characteristics of tactoids of small size.



We are only aware of one attempt to measure the interfacial tension  γ  between the isotropic and cholesteric phases in a CNC suspension, due to Chen and Gray [79], and the reported values were on the order of  μ N/m (for the equilibrium configuration with n tangent to the tactoid boundary,     ( c · n )  2  = 0  ). To put this into context, the interfacial tension of oil droplets in water stabilized by surfactants is on the order of 30 mN/m. The same comparatively high values apply for many studies of thermotropic liquid crystal droplets dispersed in chemically different continuous phases like water or glycerol, the interface often being stabilized by surfactants or polymers. With the extremely low value of  γ  for the isotropic-nematic interface of tactoids in CNC suspensions it is not difficult to understand that tactoids can adopt non-spherical shapes much more readily than other liquid–in–liquid emulsions. Especially when comparing the liquid crystal behavior in tactoids with that observed in liquid crystal droplets dispersed in chemically different isotropic phases this difference must be taken into account.



The next peculiarity, at least in comparing with thermotropic liquid crystals, is related to the very different mesogen shape and size. The much higher aspect ratio and orders of magnitude greater length of colloidal mesogens mean that bend elastic distortions to the director field are substantially more costly in liquid crystals formed by CNC suspensions or other colloidal nanorods. In other words,   K 3   is significantly greater than for most thermotropic liquid crystals. Considering the importance of translational entropy in colloidal nematics, one may expect also the splay elastic constant in CNC suspensions to be larger than that of standard thermotropics. The elastic response to bend and splay deformations can thus be expected to have a stronger impact in liquid crystalline CNC suspensions than in thermotropic analogs, for which most measurements of elastic constants were done.



Considering these three peculiarities, large values of   K 1   and   K 3  , very low value of the equilibrium interfacial tension  γ , and strong anchoring W favoring tangential director field orientation at the tactoid boundary, we can begin to understand the behavior of tactoids. Let us, however, start by looking at what is known for droplets of liquid crystals in general, because this allows us to better highlight how tactoids of CNC suspensions (or similar chiral colloidal liquid crystals) are unusual compared with thermotropic liquid crystal droplets.



The question of how the (chiral) nematic phase behaves when confined strongly in small droplets was studied experimentally in quite some detail during the 1980s and 1990s by, among others, Lavrentovich and co-workers [80,81,82,83], by Bouligand and Livolant [84], by Crooker and co-workers [85,86] and by Drzaic [87], with theoretical contributions from Zumer and others [88] (this list is far from exhaustive). For cholesteric droplets with tangential director alignment at the boundary, much work was built on the seminal model dubbed the "Frank–Pryce model", presented by Robinson et al. [89] in 1958 (F.C. Frank and M.H.L. Pryce were not co-authors, but the appendix of the article refers to private communications with them). With n aligned along the boundary of the spherical droplet the helix would develop radially, thus with a defect in helix orientation at the core of the droplet. However, the tangential director field itself must contain a topological defect charge of +2 at every concentric spherical plane, a topological requirement expressed in what today is called the Poincaré–Hopf theorem [90,91]. The Frank–Pryce model thus suggests that a line of +2 defects develops along one radius of the droplet. Indeed, many experiments found such a structure in large tangentially aligned droplets of thermotropic cholesteric, provided that the equilibrium cholesteric pitch   p 0   was significantly shorter than the droplet radius r [84,85,90,92]. In the regime   r ≈  p 0   , the helix was found to develop gradually and with much distortion, as illustrated very well in Figure 3 in the review by Lopez-Leon and Fernandez-Nieves [90]. This is very different from the case of cholesteric colloidal suspensions, where tactoids with size on the order of the pitch generally show no trace of a helix, and then, as the tactoid grows, there is a sudden transition directly to a well-developed helix, but only along a single direction [72].



To understand this difference, we must first remember that the droplets considered in most thermotropic cholesteric studies were not in thermodynamic equilibrium with the surrounding liquid, which was not the isotropic phase of the same system but rather typically a water or glycerol phase. Here we use the term “droplet” for describing this situation, while we reserve the term “tactoid” for the equilibrium situation of liquid crystalline domains coexisting with their isotropic counterpart. When studying droplets, the interfacial tension  γ  is considerable, as mentioned above, ensuring that droplets are always spherical, regardless of size. In a seminal paper by Bouligand and Livolant [84], cholesteric droplets and tactoids in equilibrium with their isotropic phase were investigated, for thermotropics as well as for lyotropics. They found examples of tactoids of non-spherical shape as well as with non-radial helix orientations, even for thermotropic mixtures. Three recent works of large significance, focusing specifically on the deviation from spherical shape in colloidal tactoids, are due to Prinsen and van der Schoot [54] (theory), Jamali et al. [93] (nematic carbon nanotube suspensions, primarily experimental) and Nyström, Arcari and Mezzenga [72] (cholesteric suspensions of shortened amyloid fibrils, primarily experimental).



All analyses of how the liquid crystalline order develops within a droplet or tactoid are based on a comparison of the interfacial and nematic elasticity contributions to the free energy. Depending on the size of a cholesteric droplet or tactoid, represented by a characteristic length r (which is the radius in case of a sphere), we can distinguish three regimes, with distinctly different behaviors, each having a different term dominating the free energy. Because the energy due to splay or bend deformations of the nematic director field scales only as r (see Section 4.2), this dominates for the smallest tactoids or droplets, to the extent that the liquid crystal violates the anchoring imposed by the boundary and adopts a uniform, deformation-free director field [80]. The phase remains spherical in case of a thermotropic nematic droplet [80], where interfacial tension cannot be neglected, but for a tactoid of a (chiral) nematic colloidal nanorod suspension, significant elongation along n into the characteristic spindle-like tactoid shape is generally observed [68,74,93], see Figure 7a.



While the extremely low interfacial tension makes it understandable that a non-spherical shape is allowed, it is not at first obvious why the tactoid elongates, considering that the director field is undistorted; the elongation in this regime can thus not be driven by nematic elasticity. As argued by Prinsen and van der Schoot [54], the reason is the anchoring strength W, which is significant despite the extremely low equilibrium value of  γ . The cost of violating the anchoring condition, as required to achieve a uniform director field in a finite volume, is therefore enough to drive elongation into the spindle-like shape with two sharp points. The spindle shape maximizes the interface with n almost parallel to the boundary and it even removes the regions (as compared to a spherical boundary) where the director would be perpendicular or near perpendicular. Tactoids in this smallest regime can be recognized in the polarizing microscope by their spindle-like shape and the fact that they give complete extinction when the tactoid is rotated with its long axis along one of the polarizers, as the undistorted director field means that the optic axis is exactly along the tactoid long axis. However, as they cannot grow very large without changing character, then entering the next regime, they may be difficult to detect.



As the tactoid grows, a new regime is entered, where the interfacial energy (  ∝  r 2   ) contribution starts dominating over that of elastic distortion (  ∝ r  ). Therefore the tactoid realigns the director field in order to adhere to the anchoring conditions, thus with tangential n along the full boundary, at the cost of developing a distorted director field with slight splay and bend, still with n primarily along the spindle axis. This configuration, depicted in Figure 7b, minimizes the director field distortion as well as interfacial tension. We call this tactoid configuration ’bipolar’, reflecting the fact that the director field converges into two +1 defects at each ’pole’ of the tactoid (or slightly outside the tactoid, the defects then being virtual [54]). The transition to the bipolar regime is recognized in the polarizing microscope by the tactoids no longer showing extinction at any orientation, because the optic axis is no longer uniform, hence some parts of the tactoid will always show birefringence. There may be a twist distortion as well, promoted by   K 24   [94,95], but this has not yet been investigated for colloidal tactoids to the best of our knowledge.



In tactoids of CNC suspensions, it is relatively rare to see pronounced spindle shape, with the two characteristic cusps, most likely because of a lower aspect ratio of most CNCs than of the vanadium pentoxide rods studied by Zocher [68], the carbon nanotubes studied by Jamali et al. [93] or the amyloid fibrils studied by Nyström et al. [72], giving rise to less extreme values of   K 3   and of W. Nevertheless, the nucleating tactoids are always anisotropic in shape, but often smoothly ellipsoidal rather than spindle-like. A rare case where clearly spindle-shaped tactoids were reported is the study of bacterial CNC of quite extreme length, about 1–2  μ m, by Araki and Kuga [96]. Tactoids from both the smallest regimes, with uniform director field (uniformly black when the tactoid is aligned along a polarizer) or a bipolar one (full extinction impossible), can be seen in their micrographs, but no extensive analysis of the tactoids was carried out.



It is not surprising that the cholesteric helix, with its non-uniform director field, cannot develop in the smallest tactoids. If the whole tactoid size is on the order of the helix pitch, it is less costly to pay the twist elastic deformation cost of not developing the helix and maintaining a uniform director field. Indeed, estimates of the elastic energy contribution due to untwisting the helix by Nyström et al. [72] came to the conclusion that this term scales as   r 3  . This explains why the helix is suppressed in very small tactoids, dominated by splay/bend elastic energy, as well as in intermediate tactoids, where the interfacial energy dominates, but eventually a tactoid grows large enough for the contribution   ∝  r 3    to dominate, leading to development of the helix. Considering the comparatively strong anchoring favoring tangential director at the tactoid boundary, one might then expect the helix to develop radially, in order to maintain a tangential director everywhere along the tactoid boundary. However, this does not happen for CNC suspension tactoids. Instead, the cholesteric singles out one direction along which the helix forms (usually along a short axis of a tactoid, which follows from the fact that the twisting must start from a director that was initially along the tactoid long axis), thus again violating the anchoring conditions strongly, see Figure 7c–d. The reason is most likely the large value of the bend constant for colloidal liquid crystals: a radial helix entails a continuous bend, very strong at the core of the tactoid. The elastic energy cost of this bend must be much larger than the periodic violation of the anchoring conditions along the tactoid boundary that a uniform helix orientation requires.



The threshold for the helix development transition obviously depends on the twist elastic constant   K 2  , telling how large the cost is for not developing the natural helix with wave vector   q 0  , as well as the wave vector itself, which quantifies how large the twist distortion is in a non-helical cholesteric director field. Because the uniformly aligned helix axis violates anchoring, the threshold should also be related to  γ  and/or W. These four parameters are indeed the key components of the threshold expression established by Nyström et al. [72]:


   V α  ≈     2 γ W    α 2   K 2   q 0 2     3  .  



(14)







Here, V is the minimum tactoid volume for helix development and  α  is the tactoid aspect ratio,   α = R / r  , with R the longest and r the shortest radius.



Also the transition to helical tactoids is easily evidenced by polarizing microscopy (Figure 8), revealing periodic dark and bright ’fingerprint’ stripes (see Section 7.1) perpendicular to m. The tactoid appears dark where n orients along the viewing direction, as we are then looking along the optic axis, thus not seeing the effect of birefringence, and it is maximally bright when n is in the sample plane, giving maximum effect of the birefringence. Note that m must not be aligned parallel to either polarizer to see the brightness modulation. In Figure 8e the radial variation in m shows this clearly, the fingerprint texture being replaced by uniform black wherever m is parallel to one of the polarizers. As the tactoid grows further it often (but not always) elongates along m, an observation that to the best of our knowledge has not been discussed in detail, and which is not entirely obvious to explain. The tangential anchoring should favor expansion of the tactoid perpendicular to m, in order to maximize the interface with the favored director alignment. A possible explanation may be kinetic, the likelihood of incorporation of CNCs from the isotropic surrounding being higher at the bottom and top of the helix, since it is easier to adapt to the uniform director orientation at these points than the continuously changing orientations along the helix sides. Eventually, the tactoid may get so large (  r ≈ 10  p 0   ) that the helix orients radially (Figure 8e) and we then see a texture similar to that of thermotropic cholesteric droplets with tangential alignment, although we never saw evidence of the Frank–Pryce defect line. We will come back to why this may be in a moment.



Spherically symmetric tactoids of large size are actually quite rare, because in most cases tactoids meet and coalesce before growing large on their own. Tactoid coalescence was studied early on by Zocher and Jacobsohn [67] and more recently by Kaznacheev et al. for vanadium pentoxide [70], by Lettinga et al. for   f d   virus suspensions [97] and by Moser et al. for collagen-based cholesterics [73], showing a common evolution of merging tactoids. For CNC suspensions it has recently been studied extensively by the MacLachlan group, under the targeted concept of ’tactoid annealing’ [98], an issue we will come back to when discussing the challenge of obtaining optically uniform CNC films in Section 7. The coalescence process generally causes topological defects in the director field in the resulting larger tactoid. When multiple tactoids have coalesced a hole may even be left in the middle. Rearranging the director field can compensate for these defects but this typically takes a long time. The low value of  γ  means that very irregular shapes arise and remain stable for long time. Furthermore, due to the slightly higher density of the tactoids compared to the surrounding isotropic phase, because of their higher nanorod density (Equation (12)), they will gradually settle to the bottom of the suspension where they coalesce into a continuous and macroscopically visible liquid crystal phase.



The study of collagen-based cholesterics by Mosser et al. [73] is worth mentioning also for their experimental approach to probe a large region of the phase diagram in a single sample. Because the main thermodynamic control variable in lyotropic liquid crystals is the concentration of mesogen, we need to vary the concentration in a controlled way in order to map out the phase diagram. Typically this is done in a rather tedious manner by preparing individual samples with varying mesogen concentration and investigating each one individually (Figure 6), but Mosser et al. instead developed two ingenious set-ups for evaporating the water from the original collagen solutions in such a way that a controlled concentration gradient developed along the sample. This experimental approach may be useful to explore also in CNC suspension research.



Some representative polarizing micrographs of CNC suspension tactoids are shown in Figure 8. In the smallest tactoids (panel a), fingerprint stripes due to the helical director modulation can be seen in some but not all tactoids. Those where no stripes are seen are often out of focus. Most likely, these are suspended in the bulk of the isotropic phase whereas the tactoids that are sharply imaged have reached the bottom of the capillary in which the sample is studied, providing a clean cut through the tactoid that is easier to image optically. The absence of visible fingerprint texture in the other tactoids thus does not mean that these tactoids do not exhibit a helical director field, only that the imaging does not allow its detection. In addition to the tactoid being out of focus, another reason for not seeing the stripes may be that the tactoid is oriented with the helix axis m more or less along the viewing direction. The breaking of the symmetry that the glass substrate of the capillary provides for those tactoids that have settled at the bottom may provide an aligning influence, guiding m into the plane, thereby making it easier to visualize the stripes. Indeed, the fact that the stripe distance is relatively constant from tactoid to tactoid suggests that this is the case; if m were randomly oriented in space, we should see the fingerprint texture with great variation in periodicity, depending on how m is oriented within the tactoid with respect to the viewing direction.



As the tactoids grow, a variety of tactoid shapes can be seen, some clearly being remnants of tactoid merging (c–d). Panel (e) shows a relatively rare case of a nearly spherical tactoid with radial helix orientation, showing a texture similar to those seen in many studies of thermotropic cholesteric droplets. However, no trace of the Frank–Pryce defect line can be seen, which could indicate that the line is directed along the viewing direction. However, as mentioned above, tactoids of this size, that can be imaged with sharp pitch bands, are very likely sessile on the capillary bottom, i.e., the tactoid is only a hemisphere. This would allow the director field to develop without defects except at the central core, hence the Frank–Pryce defect line would not be needed. Interestingly, the tactoid looks quite dark around the center, suggesting that the central core is not cholesteric but isotropic, an energetically favorable way of removing the defect, as demonstrated by Kumacheva and co-workers for fully spherical CNC suspension droplets [99]. Yet, the center is not as dark as the surrounding isotropic phase, which we can explain by the fact that, in the middle, we are looking through the cholesteric exterior of the tactoid, and here we are observing it along m; the long pitch then gives rise to optical rotation of linearly polarized light [100,101], letting some light through the crossed polarizers. Another interesting observation is that the rings are not circles but spirals, as emphasized by highlighting one such spiral in Figure 8e. When the highlighted spiral passes its origin, it has skipped a full helix pitch. This indicates a certain asymmetry within the tactoid.



For long time, the only method for studying tactoids experimentally was polarizing microscopy, giving images such as those in Figure 8. Confocal microscopy was also used in the study of amyloid fibril suspensions by Nyström et al. [72] and of virus suspensions by Lettinga et al. [97]. The limited resolution of these optical methods, applied to objects like tactoids which can be tens or even hundreds of microns in size, restricts the detail with which tactoid formation, growth and merging can be studied. This changed thanks to the work of MacLachlan and coworkers [98,102,103], who managed to capture multiple stages of tactoid development in CNC suspensions by ’freezing-in’ the momentary structure using UV-induced photopolymerization of a reactive monomer dissolved in the water. The solid objects with structures templated by the liquid crystalline tactoids, as well as their isotropic surrounding, could then be beautifully investigated with high resolution by conducting scanning electron microscopy on the surfaces arising by fracturing the samples.




4.5. CNC Fractionation by Liquid Crystal Phase Separation and the Impact of Aspect Ratio on Phase Sequence


Tactoids, and the early stage of isotropic–nematic phase separation at which they occur, are of great interest for a disperse system such as CNCs. The reason is to be found in Equation (11): because   ϕ 0   decreases with increasing rod aspect ratio, the very first tactoids that form in a disperse CNC suspension as its mass fraction w is increased will contain the longest rods. Likewise, the last remaining isotropic phase as we approach the CNC fraction where the full sample is cholesteric (or the first isotropic droplets (sometimes called atactoids) emerging if we dilute a fully cholesteric CNC suspension) will contain the shortest rods. Indeed, in a study by Dong et al. on filter paper-derived CNCs [104], later confirmed for bacterial cellulose by Hirai et al. [105], longer rods were found to predominantly populate the cholesteric phase, and shorter rods predominantly the isotropic phase, consistent with theoretical considerations by Lekkerkerker [60]. Interestingly, the experimental studies reported higher dispersity in rod aspect ratio in the cholesteric than in the isotropic fraction.



Already Onsager hinted at the possibility of fractionating length disperse colloidal suspensions but he did not develop a theory that takes dispersity into account. The baton was first picked up by Flory and Abe [59], then by Lekkerkerker and co-workers [60,61,62] and later by Bates and Frenkel [63] and others. A very recent contribution, discussing also CNCs as example, was published in this journal by Wensink [64]. These analyses look into how the biphasic coexistence regime is affected by the dispersity, a broadening being a significant consequence, and to what extent fractionation should be possible. The work of Wensink also looks into issues like the expected helical pitch development.



In a recent study of our group [106] we put this size-selective sorting provided by liquid crystal phase separation to use, repeatedly separating physically the cholesteric phase developing in a CNC suspension in the biphasic regime (   w 0  < w <  w 1   ), and subjecting each fraction, the cholesteric and the isotropic, to another phase separation of the same type. The cholesteric phase was diluted until it again was roughly in the middle of the coexistence regime while the isotropic phase was concentrated until the same point. By repeating the separation three times, a final cholesteric fraction with significantly increased average rod length and a final isotropic fraction with significantly reduced average rod length resulted. In [106] we reported roughly unchanged dispersity for the cholesteric fraction, but we subsequently found that this was an artifact due to the difficulty in physically separating the phases; we have improved the method and confirmed that both fractions have reduced dispersity, as will be published soon.



The beauty of this procedure is that the change in rod character and reduction in dispersity has a strong impact on the liquid crystal phase sequence. The pristine disperse CNC suspension had an average rod length of about 0.2  μ m and diameter about 4 nm, whereas after fractionation the average length in the cholesteric-derived sample was 0.23  μ m but only 0.17  μ m in the sample derived from the isotropic phases. There was less change in the diameter, and the average aspect ratios (  L / d  ) in the final fractions were 61 and 46, respectively (as determined by atomic force microscopy, AFM). When establishing the phase diagrams for the two fractionated samples and comparing it to the original one, we found significant and—in the case of the long-rod fraction—very beneficial changes. The onset mass fraction of liquid crystal formation had reduced from the original    w 0 init  ≈ 5   wt.% to    w 0 long  ≈ 3   wt.%, and the stability limit of the cholesteric phase shifted from    w 1 init  ≈ 11.8   wt.% to    w 1 long  ≈ 6   wt.%. In other words, not only had the onset of liquid crystal formation been pushed down to much lower CNC mass fractions, but also the phase coexistence window had been made much narrower by the reduction in dispersity. The reductions in   w 0  ,   w 1   and    w 1  −  w 0    are highly beneficial, as they lead to an expanded equilibrium range of a completely liquid crystalline phase that can be studied experimentally. This is because the phenomenon of kinetic arrest, ending the equilibrium behavior, was unaffected by the fractionation. We will discuss the reason for this unexpected and very interesting finding in Section 5.



The liquid crystal-based fractionation is so powerful because all fractions originate from the same CNC suspension. In other words, only the rod aspect ratio changes, while surface charge, type of stabilization and all other properties remain the same (assuming that there is no systematic variation with rod length of these properties in the mother suspension). This is a significant difference from previous studies trying to assess the impact of rod length, carried out on CNCs, and often also CNFs, that were produced using different procedures, from different raw materials. Therefore, rod lengths are varied at the same time as many other properties, making it difficult to draw clearcut conclusions. Nevertheless, similar trends were reported in these works. Dispersions of wood-derived CNC showed a decrease in   w 0   from ∼5 wt.% to ∼3 wt.% as the aspect ratio   L / d   increased, again connected to an increase of the average length L from 100 nm to 150 nm [107,108]. However, the rods with higher   L / d   also showed lower surface charge densities, complicating the analysis. The authors proposed that the rod dimensions and geometry influence   w 0   to a greater extent than the surface charge. CNCs derived from bacterial cellulose [96,105,109] and tunicin [109] have significantly larger aspect ratios, in the range of 50–150, and very low values of    w 0  ≈ 0.5   wt.%. In case of CNCs obtained from filter paper (thus originally wood-derived) with   L / d   in the range of 13–50, the biphasic region was found in the range between 5 and 13 wt.% [56]. This can be compared to CNCs derived directly from wood with aspect ratios in the range of 13–20 and biphasic region spanning 3–7 wt.% [108].





5. The End of Equilibrium: Kinetic Arrest, Percolation, Gel Formation and Glass Transitions


When we concentrate a CNC suspension to a mass fraction on the order of   w = 10   wt.%, we leave the equilibrium phase diagram and the sample enters a kinetically arrested gel-like state. From a practical point of view, the kinetic arrest is on the one hand a blessing, because it locks the cholesteric order in place even as the water is evaporated and the particle fraction is increased all the way to 100 wt.% [19]. Were it not for the kinetic arrest, other structures would replace the cholesteric order, such as smectic states or solid crystalline states, and the helical structure would be lost. It is thus the kinetic arrest of the helical structure that allows us to form the colorful cellulose films from CNC suspensions that has created such a strong applied interest in the material, simply by evaporating the water. The loss of equilibrium is a mixed blessing, however, because gelation often sets in at such low CNC mass fraction that the sample has not yet reached liquid crystalline order throughout the sample. This limits us, from a fundamental science point of view, because we cannot study the liquid crystal behavior of many CNC suspensions without the presence of isotropic droplets coexisting with the liquid crystal. From a practical point of view, it means that we have plenty of internal boundaries between tactoids that have not coalesced, and even coalesced tactoids are unable to unify their helix orientations. The helix orientation in the final film can thus be largely uncorrelated from place to place, giving rise to optical properties that are highly non-uniform. This will be further discussed in Section 7.



Do we today understand what is going on at this stage? We believe the answer is largely yes, but in order to provide the explanation, we need to complement our understanding of the behavior of electrostatically stabilized colloids with a digression into non-equilibrium phenomena such as gelation and glass transition.



5.1. Percolation and Kinetic Arrest in CNC Suspensions


A high particle aspect ratio, as for nanorods like CNCs, promotes not only liquid crystalline ordering, but also the chance of close approaches between particles. For a certain overall mass or volume fraction, the likelihood of close approaches scales with the effective aspect ratio, thus   ∝ L / ( d + 2  κ  − 1   )  . At sufficient concentration of particles with sufficient aspect ratio, we may eventually reach a state of potential particle connectivity extending throughout the system, a phenomenon that physicists call geometric percolation or connectivity percolation. It is important to note that almost all research on percolation has been done for isotropic systems, i.e., where there is no long-range order in the rod orientation. As we will come back to in a moment, the orientational order of (chiral) nematics actually has a profound impact on percolation [110], an aspect that needs to be considered in order to fully understand the behavior of kinetic arrest in cholesteric CNC suspensions.



Percolation can have multiple consequences for the behavior of the system, which ones depending on the nature of the percolating particles and the interactions between them. If the particles that came into contact remain connected, to the extent that the percolating network can resist mechanical stresses, we get what is called rigidity percolation: once a stable continuous network of particles exists throughout the system, the whole system stops flowing. We can also call this state of long-term connectivity gelation, and the colloidal suspension has transitioned from a sol (unconnected particles suspended in a fluid matrix) to a gel. This is a non-equilibrium state, stabilized kinetically: the system is generally not in a state of minimum free energy, but nevertheless retains its structure because it is unable to rearrange into the energy-minimizing structure. An energy barrier much greater than thermal energy must be overcome in order to leave the state. We say that the rod arrangement is kinetically arrested. Rigidity percolation is highly relevant to CNC suspensions, since they all enter a kinetically arrested gel-like state above a threshold mass fraction   w k  , that shows many of the hallmarks of rigidity percolation.



The stable connectivity of rigidity percolation requires attractive interactions that maintain the connection despite the impact of thermal fluctuations and, at least to some extent, sustain also externally imposed stresses (a soft gel may easily be broken). As discussed in Section 3, this can be provided by the van der Waals attraction, which is very strong when particles are in close contact. However, because we are dealing with colloids, in which particles should generally not aggregate, the CNCs have been prepared with the surface charge that prevents such close contact. On the other hand, we have seen in Section 3, illustrated in Figure 2, that an increased ionic strength, provided, e.g., by the additional counter ions as we add more CNCs into suspension, will weaken the electrostatic repulsion, eventually to the extent that no barrier exists. Considering other attractive interactions, e.g., hydrogen bonding in case of CNCs, we might also have a situation where a secondary minimum gets sufficiently deep upon reduction of electrostatic repulsion to trigger flocculation of particles into loose aggregates, without inducing permanent aggregation into the primary minimum. By increasing the CNC mass fraction w, we might thus expect to reach the threshold for geometric percolation as well as the limit of colloidal stability, which would then give rise to rigidity percolation, since long-term stable bonds between CNCs would be formed. Importantly, the CNC mass fraction required to loose colloidal stability, in the sense that the electrostatic stabilization no longer dominates over van der Waals attraction, is apparently above the geometric percolation threshold. If this were not the case, the loss of colloidal stability would simply lead to local rod aggregation and sedimentation rather than gelation. Further contributions may well be expected from hydrophobic interactions, still not very well investigated in the context of CNC suspensions.



The mass or volume fraction of rods required for percolation is called the percolation threshold. Because of the dependence on aspect ratio of the likelihood of encounters, the percolation threshold is proportional to   ( d + 2  κ  − 1   ) / L  , just like the threshold for liquid crystal formation. This makes percolation a particularly delicate phenomenon in case of CNC suspensions: one would expect an increased rod aspect ratio to promote liquid crystal formation as well as gelation, but as will be discussed below, the impact is more complex. In contrast to liquid crystal formation, percolation does not require the rod to be very stiff or straight. Considering this, it is not difficult to understand that CNFs, much longer than CNCs but also more flexible, kinked and potentially even branched, tend to percolate and form gels before any long-range orientational order develops. We are not aware of any study reporting liquid crystal formation in CNF suspensions, even if some long-range order may appear together with kinetic arrest.




5.2. Kinetic Arrest by Glass Transition or Gelation?


In contrast to the percolation threshold, the reduction of   κ  − 1    does not depend on the rod aspect ratio, only on the ionic strength I, which in turn is proportional to the total amount of CNCs in suspension, assuming that no further ions are added (  I =  I c   ). Therefore, a very high rod aspect ratio could reduce the percolation threshold to such an extent that we reach geometric percolation long before the electrostatic repulsion is sufficiently reduced to create lasting bonds between rods. Would this mean that no kinetic arrest can take place? Not necessarily. There is another possible origin of kinetic arrest, that would occur in the opposite extreme of low ionic strength. This is not strictly a percolation transition, because it is not triggered by the appearance of continuous networks throughout the system, but it is also related to the volume fraction of rods, and their aspect ratio. The kinetic arrest would in this case be more of a glass transition, in the sense that the rods become trapped from rearrangement, not by forming networks but rather by being stuck in a ’cage’. This ’electrostatic caging’ is promoted by large   κ  − 1   —hence the requirement of low ionic strength—as well as sufficient effective volume fraction of rods to form the cage. The mobility of any individual probe rod is restricted by the presence of all the surrounding rods through the excluded volume that they cause for the probe rod, given by the volume of the actual rods and the addition provided by   κ  − 1   . Above the threshold for kinetic arrest in this scenario, a rod could not leave its ’cage’ of excluded volume formed by surrounding rods, although it is not part of a network.



A complication is that the surface charge and ionic strength are not independent, as we always have electroneutrality. The higher the surface charge, the more counter ions are released when a rod is suspended, and thus the higher the ionic strength I. This scenario thus requires a delicate balance of surface charge and particle aspect ratio, but it has been proposed to occur, e.g., for   f d   virus suspensions [111]. These nanorods have many similarities to CNCs, but there are also significant differences. While CNCs are highly disperse, viruses are, by virtue of their biological origin, non-disperse, i.e., every virus particle has the same length and diameter. They also have a significantly greater aspect ratio than most CNCs (bacterial CNCs being a possible exception), with   d = 6.6   nm and   L = 0.88    μ m [112] for fd. Finally, and very significantly for this discussion, their surface charge is substantially greater than for CNCs. Rod-like viruses, like   f d  , consist of a single helically packed nucleic acid chain surrounded by a ’capsid’, a cylindrical coating of proteins. The coating of   f d   consists of about 2700 proteins, each with the same mix of charged amino acids [113]. At neutral pH, the charge amounts to about   − 3.4 q   per protein [112], where q is the elementary charge. Therefore, each   f d   virus nanorod carries a negative surface charge of more than   9000 q  !



How does this compare with typical CNC qualities? For the commercial CNC that we studied in Ref. [106], finding clear evidence of counter ion-induced gelation (see below), the supplier gave the information that the particles have a sulfur content of 0.95 wt.%. Our AFM investigations of the CNC showed that the pristine sample had an average physical rod length of about 0.2  μ m and an average physical rod radius of about 2 nm, yielding a volume of an average rod of cellulose that is    V  1 C N C   = π   ( 2 ×  10  − 7   cm )  2  × 0.2 ×  10  − 4   cm ≈ 2.5 ×  10  − 18     cm   3  . With a cellulose density of 1.5 g/cm   3  , this gives us a mass of an average CNC of   3.8 ×  10  − 18     g. The manufacturer’s information then tells us that an average rod carries   3.6 ×  10  − 20     g of sulfur. To turn this into a count of the −SO   3 −   groups on the CNC, we divide by the molar mass of sulfur and multiply by Avogadro’s constant, obtaining:


   N S  =   3.6 ×  10  − 20   g   32.065  g / mol    × 6.022 ×  10 23    mol   − 1   ≈ 700 .  



(15)







In other words, a typical CNC rod has a surface charge of about   700 q  , an order of magnitude lower than   f d   virus. In addition, the CNC does not have nearly the same aspect ratio, so in order to compare the two systems, we should normalize to particle mass or length (the diameters of CNC and   f d   are similar enough to ignore the difference), the latter being simpler. With a CNC having roughly a quarter of the length of an   f d   rod, we thus find that the length-normalized surface charge is about three times greater for   f d   than for CNC.



As discussed above, an increase in surface charge comes with greater   I c   for the same amount of rods, hence the rod mass fraction must be low in order not to loose colloidal stability when the surface charge is as high as in   f d  . Because of the high   L / d  , this is the case for cholesteric   f d   virus suspensions, where the caging-based kinetic arrest was proposed. Indeed, Kang and Dhont reported remarkably low    w 0  ≈ 0.15   wt.% and    w 1  ≈ 0.34   wt.%. Furthermore,   w k  , the threshold mass fraction for kinetic arrest, is much lower,    w k  ≈ 1.2   wt.%, a factor 10 lower than   w k   in the CNC suspensions studied in [106] (details below). As the length-normalized surface charge of   f d   is only about a factor 3 greater, the counter ion concentration at comparable mass fractions should also be three times greater, meaning that   w k   for   f d   corresponds to about three times lower   I c   than in CNC suspensions. This could indeed suggest that the reasons for kinetic arrest in the   f d   virus and in the wood-derived CNC suspensions are different.



With bacterially derived CNC, we may actually reach situations not too different from   f d   virus suspensions, and one interesting report suggests that we may then see kinetic arrest by glass transition also here. This is the study by Araki and Kuga [96] of the phase behavior of bacterial CNC suspensions discussed in the context of tactoid formation in Section 4.4. As mentioned there, these CNCs were exceptionally long, 1–2  μ m, and they had a board-like shape, with a typical cross section of 10 nm by 50 nm. The surface charge per unit area was fairly normal for CNC, 0.02 charges per square nanometer surface area, which computes to a total CNC charge of   2400 q   assuming 1  μ m length. Normalized by the length, this is not too different from the   700 q   per rod for the wood-derived CNC just mentioned. Because of the very long rods, and a higher than usual aspect ratio, the onset of liquid crystallinity was very low,    w 0  ≈ 0.1   wt.%, comparable to the case of   f d   virus. In contrast, the mass fraction for achieving a completely liquid crystalline sample was much higher than for   f d  ,    w 1  ≈ 1.7   wt.%, a difference most likely due to the high dispersity of the bacterial CNC, the presence of short CNCs raising   w 1   (see Equation (12)).



The onset of kinetic arrest was detected earlier than for most CNC suspensions, with    w k  ≈ 3   wt.%, but compared to the   f d   suspension, this is still a factor 3 greater. This compares well with the fact that the   f d   had about three times greater surface charge. Araki and Kuga did not see textures indicative of helix formation in the pristine cholesteric CNC suspensions, an observation that is probably related to the high viscosity of these suspensions (phase separation between isotropic and cholesteric phases was reported to be slow) and the fact that kinetic arrest sets in at such low CNC mass fractions. Surprisingly, the viscosity decreased upon addition of NaCl salt (the effect of salt addition in CNC suspensions will be discussed in more detail in Section 6.3) and now a periodically striped texture indicative of helix formation was seen with 0.1 mM NaCl added to a 1.58 wt.% CNC suspension. This amount of salt also increased the liquid crystal onset to    w 0  0.1   mM NaCl    ≈ 0.4   wt.%. The similarities with the   f d   virus suspensions and the fact that salt addition counteracted the kinetic arrest seen in the pristine system renders it plausible that these bacterial CNC suspensions may indeed be experiencing the electrostatic caging-induced glass transition in the pristine state. The addition of NaCl would reduce the Debye length to such an extent that the caging does not occur, the viscosity decreases, and the helix then has a chance to develop.



Nordenström et al. [114] set out to determine experimentally whether the kinetic arrest in various CNC and CNF suspensions is of gelation or of glass transition type, and also if the rod volume fraction required for kinetic arrest scaled as   d / L   or not. To this end they compared several different types of CNC as well as CNF, thereby spanning a broad range of aspect ratios, from 29 for the shortest CNC type to about 1000 for the longest CNF. Their experiments suggest that the threshold indeed follows classical percolation behavior within this range. While they did not mention if their samples formed liquid crystal phases or not, the   d / L   scaling for the percolation threshold, expected for isotropic but not for liquid crystalline suspensions [110] (see below), suggests that their samples were predominantly isotropic. In order to test for gelation versus glass formation, they re-diluted the sample, in order to check if the sample started flowing again. As they found that this was always the case, their conclusion was that the kinetic arrest was of the glass transition type.



There are, however, a few significant aspects that the study did not take into account. First, a recovery of flow with complete redispersion of the particles could be expected even after rigidity percolation if the connectivity triggering the network formation is due to CNCs being stuck in a deep secondary minimum in Figure 2 rather than reaching the primary minimum. As mentioned in Section 3, the strong hydrogen bonding capacity of cellulose might contribute to such a situation, although it needs to be investigated further. Second, even if rigidity percolation is driven by particles reaching the primary energy minimum separation, dilution of the gel might still cause the sample to start flowing again, because now the particle fraction is below the percolation threshold. The expansion upon dilution could break the volume-spanning network, creating sections of aggregated particle networks suspended in the solvent. We may thus get back to a flowing system, but it is not necessarily identical at the individual particle scale to the system prior to kinetic arrest. As will become clear in a moment, we had this situation in our study of kinetically arrested CNC suspensions. Finally, by using so drastically different sample types for varying the rod aspect ratio, many other parameters are varied at the same time, not least surface charge, stiffness and linearity when comparing CNF with CNC. This leaves the study open in the sense that we do not know the impact of the other parameters, the variations of which were not negligible.



In our recent systematic study of kinetic arrest in CNC suspensions [106] we did not use different samples prepared by different production methods, but instead we compared different fractions separated from one and the same original CNC suspension, with Na   +   counter ions, using the liquid crystal-based fractionation scheme described in Section 4.5. Recall that our fractionation changed the average rod length from 0.2  μ m in the pristine suspension to 0.23  μ m in the cholesteric-derived long-rod fraction and 0.17  μ m in the isotropic-derived short-rod fraction, corresponding to average   L / d   values of 61 and 46, respectively. At first sight, these differences may not appear to be so dramatic, but as described in Section 4.5, the liquid crystal phase diagram was much enhanced, moving   w 0   and   w 1   to significantly lower values, narrowing the coexistence range, and leaving a large range of equilibrium cholesteric phase without coexisting isotropic droplets. Yet there was no change to   w k  , the onset mass fraction for kinetic arrest. For the pristine suspension as well as for the short- and long-rod fractions,    w k  ≈ 12   wt.%. Based on this fractionation-independent   w k   we conjectured that kinetic arrest is triggered by the system reaching a critical ionic strength   I k   or, more specifically (see below), a critical counter ion concentration   c c k  . This gives a strong hint that the gelation is related to loss of colloidal stability, enabling rigidity percolation.



To further test this hypothesis, we added NaCl salt to several samples of CNC suspensions, from the long- as well as from the short-rod fractions, with CNC mass fractions from   w = 1   wt.% up to   w = 11   wt.% and in each sample we tuned the NaCl concentration such that the Na   +   counter ion concentration   c c   reached the critical value   c c k  , the same as in a salt-free sample at   w k  . Indeed, now all samples gelled, down to   w = 3   wt.%! This is a very clear indication that the kinetic arrest in this study is a gelation phenomenon and that the increase of   c c   beyond   c c k  , apparently the limit of colloidal stability, is the trigger. Further support of this conclusion was found in rheological experiments. Freely flowing samples showed a greater loss modulus than storage modulus (   G  ″   >  G ′   ), as typical for viscoelastic liquids. This changed for the kinetically arrested samples, which all had    G  ″   <  G ′   , typical of a gel. We note (see Equation (2)) that the addition of NaCl up to    c c  =  c c k    leads to an ionic strength I that is greater than   I k   of a salt-free sample at   w k  , since I is also affected by the added free Cl   −   co-ions. The loss of colloidal stability thus appears not to be a simple consequence of   κ  − 1    being reduced below a critical value, as   κ  − 1    fundamentally is a function of I, not of   c c  . Possibly, ion-specific processes within the double layers surrounding each CNC rod, where Na   +   ions are much more prominent than Cl   −   ions [41], need to be taken into account explicitly.



When we studied suspensions with mass fractions near   w k   by AFM, another curious observation was that rods tend to connect in chains, more or less end-to-end, effectively forming much longer ’supra rods’, albeit also more flexible. Based on this, we conjectured that the kinetically arrested state is an example of rigidity percolation where the percolating entities are not the individual CNCs, but rather the supra rods formed by this peculiar aggregation. The reason that the fractionation had no effect on   w k   could then be easily understood: the aspect ratio even of the longest CNCs could be so low that the percolation threshold for individual rods ends up at mass fractions far beyond the mass fractions where rods start connecting. The connection drastically increases the effective rod length (with no difference depending on the starting sample), bringing down the percolation threshold and thus rapidly triggering rigidity percolation and gelation. The AFM measurements are illustrative also in terms of distinguishing aggregation by particles reaching the primary or secondary minimum in the free energy curve. As discussed above and as probed by Nordenström et al. [114], dilution should lead to redispersion of rods that have aggregated only by flocculation. In contrast, truly coagulated rods will stay connected, as energy is required to move them out of the deep primary minimum in which they are stuck. When preparing samples for AFM measurements, the suspension is diluted by many orders of magnitude, as we need sparse deposition on the substrate for proper imaging. Despite this very strong dilution (which certainly led to very easily flowing samples), we clearly saw chains of CNCs in the AFM images. This gives clear evidence that the kinetic arrest in this case was indeed due to rigidity percolation through permanently connected CNCs, thus to gelation.



Since we are discussing liquid crystal phases, a key question that nevertheless is almost always overlooked in the context of CNC suspensions is what impact the orientational order has on percolation. The vast majority of studies of percolation, experimental, theoretical and simulations, have been carried out on isotropic systems, with random-aligned rods. An exception is the team of van der Schoot and Schilling, who have studied percolation in liquid crystalline systems for some time. A recent work from the team, by Finner et al. [110], has critical consequences for the understanding of kinetic arrest in CNC suspensions. While their study focused on electrical percolation, i.e., where finite-sized conductive rods eventually connect to form a macroscopically conductive system, their conclusions can be transferred to the case of rigidity percolation with some additional considerations. Importantly, the systems considered in [110] deal with a colloid of only one type of rods, which may undergo an isotropic–nematic transition and/or percolation as the rod volume/mass fraction is increased. In this respect, their system is perfectly analogous to the CNC suspensions considered in this review.



The take-home messages in [110] are that (1) rod connectivity is the most critical component for percolation when nematic ordering is considered, and (2) that much of what we know about percolation in isotropic systems is turned on its head when the effect of long-range orientational order is taken into account. How is then the critical parameter ’connectivity’ defined? Finner et al. define it by introducing a critical rod-to-rod distance   d c  , such that two rods are considered connected if they approach each other by less than   d c  . They find four regions of very different behavior depending on the connectivity, i.e., on the magnitude of   d c  . For low   d c  , i.e., weak connectivity (the rods need to get very close to be considered connected), percolation never takes place; while in the isotropic phase the likelihood of two rods getting close to each other is greater, due to the random orientation, the low value of   d c   means that nematic ordering takes over before percolation of isotropically arranged rods can be seen. Once the nematic phase forms, the essential outcome is that   d c   must pass a certain threshold value for having percolation but, very interestingly, percolation then happens for all rod fractions and any rod aspect ratio, as long as the phase stays nematic.



This reminds very much of our system, where gelation was seen beyond a critical value of the counter ion concentration,   c c k  , provided that we can correlate   c c k   with   d c  . Indeed, such a correlation is plausible, because while a high   d c   in the work of Finner et al. means that two rods are considered connected even if they are not very close, in our case    c c  =  c c k    means that connectivity in terms of attraction—by van der Waals interactions, hydrogen bonding or the hydrophobic effect—dominating over electrostatic repulsion will happen although it requires close encounters, because the high counter ion content enables such close encounters. Thus, while we without doubt have quasi-linear chain aggregation in CNC suspensions as we approach    c c  =  c c k   , and thus effective rods with much greater aspect ratio, this may not be the most important point. Rather, the critical issue is that the gelation threshold value of   c c k   corresponds to a threshold connectivity, which brings the cholesteric CNC suspension into the regime where percolation takes place regardless of aspect ratio.



Nevertheless, a remaining important question is what the origin of the peculiar end-to-end aggregation might be. Finner et al. noticed in their simulations that their percolating clusters were extended along n, attributing this to the nematic order, but a detailed explanation of why we do not see mainly side-to-side aggregation, which should also be promoted by orientational order, was not given. In [106], we proposed a potentially generic explanation based on the different effects of counter ion fluctuations near a rod end and near a rod side. However, we were later made aware of a significant aspect of the chemical properties of CNCs that may be even more relevant. Lokanathan et al. [115] demonstrated that the ends of CNCs can be selectively functionalized by reductive amination without any alterations at the sides of the CNCs. This can only be explained with the presence of aldehyde groups and proves that the terminal glucosyl moiety of each CNC rod is able to undergo spontaneous isomerization, in analogy to the mutarotation known from cyclic sugars. In Figure 9, the isomerization process of CNCs in suspension is depicted, showing how the terminal glucosyl moiety can transform from cyclic  β -d-glucopyranosyl via the open-chained d-glucosyl, which incorporates the aldehyde functionality, to  α -d-glucopyranosyl, again cyclic. The isomerization is catalyzed, for example, by acids, which are often still present in CNC suspensions due to the acidic hydrolysis which is applied during production.



Looking at the different isomers, one can imagine that at least the open-chained D-glucosyl as well as the  α -d-glucopyranosyl moieties possess polarizabilities differing from the remaining   β ( 1 → 4 )   glycosidic linked d-glucosyl moieties, and thus may also lead to different surface densities of -SO   3 −   groups during acid hydrolysis. These variations in the surface charge and/or the van der Waals attractions between the sides and the terminal ends of the CNCs might explain the end-to-end aggregation. Furthermore, we may speculate about the formation of new   β ( 1 → 4 )   glycosidic bonds if the hydroxyl group of a starting d-glucosyl moiety, marked in green on the left in Figure 9, would attack the aldehyde group of the terminal d-glucosyl moiety of another rod. This would then lead to an end-to-end condensation of the rods. While these ideas would need to be corroborated with further experiments, they seem quite plausible, and they would provide a rather straight-forward explanation to the end-to-end aggregation. At   w ≈  w k    (or by adding NaCl until reaching    c c  ≈  c c k   ), the colloidal stability is still just barely retained on the sides but not at the ends, where the surface charge is presumably lower. As CNCs fluctuate in the sample, they thus build the chains seen in AFM, probably contributing to triggering rigidity percolation.



It is interesting to note that also   f d   virus has different proteins coating the ends compared to the cylindrical side [116], thus also here the side-to-side interaction may be different from the end-to-end interaction. In fact, Petrova et al. found linear chain formation of   f d   virus at high ionic strength, very similar to our situation, when the viruses were adsorbed on a weakly charged cationic lipid membrane [116]. While the authors attributed the linear chain formation to the interactions with the membrane, the fact that linear chain formation was observed only at high I, and considering the contrast between sides and ends of the   f d   virus proteins, a further investigation of localized variations in colloidal stability would certainly be motivated. Possibly, the influence of ordering the virus rods into a plane provided by the lipid membrane might be comparable to the influence of liquid crystalline order in a cholesteric nanorod suspension. There are clearly interesting questions to investigate here in the future, where comparisons between CNC and   f d   virus suspensions may be very worthwhile.




5.3. How Do We Detect Kinetic Arrest Experimentally?


A simple, approximate experimental method of detecting kinetic arrest is to gently turn a sample vial upside down and observe the evolution with time. If after 24 h the suspension did not sink to the bottom, we tend to consider the sample to be kinetically arrested [114,117], although it can, righteously, be considered too simplistic for an absolute confirmation [118]. Nordenström et al. [114] used this method combined with dynamic light scattering to investigate the kinetic arrest in their study (see above). Phan-Xuan et al. [119] measured the critical aggregation concentration of a CNC system with addition of mono-, di- and trivalent ions using the appearance of turbidity as a criterion. They also studied the system with small angle X-ray scattering and supported the experiments with a simple coarse-grain model in Monte Carlo simulations. They showed that, at low ionic strength, the suspensions with monovalent ions are stable, the critical aggregation concentration depending on ion type along the order Li   +  > Na   +  > K   +  > Cs   +  . For di- or trivalent ions the critical concentrations are significantly lower, as expected from the squared dependence on   z i   in Equation (2).



Rheology is another key tool for identifying the gelation threshold and analyzing the nature of the formed network. A differentiation can be made between a viscoelastic liquid and a solid-like gel by evaluating the development of the two moduli,   G ′   and   G  ′ ′   , as a function of frequency, where for a viscoelastic liquid    G ′  <  G  ′ ′     and a solid-like gel has    G ′  >  G  ′ ′    . The first reported systematic investigation of the rheological behavior of CNC suspensions that we are aware of was done in 2011 by Ureña-Benavides et al. [120]. Shafiei-Sabat et al. [121] later conducted a rheological study in which they compared two wood-derived CNC suspensions with different degrees of sulfonation, in disordered and ordered states, finding that CNCs with higher surface charge are kinetically arrested at higher mass fraction than CNCs with lower surface charge. Higher sulfate group content led to a broad biphasic transition region, forming a gelled state at higher w compared to those with lower degree of sulfonation. Probably, the lower surface charge in this case decreased the electrostatic repulsion sufficiently to promote aggregation at lower w. The authors did not detect any difference in particle size between the two systems they studied, although this could have had an influence. In 2016, some of us conducted a study confirming these observations [117]. Our rheological investigation demonstrated a clear difference for CNCs with high and low surface charge in a semi-logarithmic representation of shear viscosity versus concentration. For CNCs with low surface charge the transition to kinetic arrest was distinguished by a sudden superlogarithmic increase of viscosity whereas for CNCs carrying more surface charges no such trend was observed at any shear rate in the investigated concentration regime.



Considering that cholesteric CNC suspensions tend to develop a helical structure; also, the texture as observed in polarizing microscopy can be used as a test of kinetic arrest. We used this method in a study of CNC suspensions in different non-aqueous solvents [122], interpreting the inability over several days of a birefringent bulk CNC suspension to form a fingerprint texture as a sign of kinetic arrest. Comparison with rheological data for the suspensions showed that this interpretation was correct. A general point to remember when investigating CNC suspension experimentally, concerning kinetic arrest or other aspects, is that the sample history can have significant impact, as is typical for non-ergodic systems such as gels. Differences in kinetic arrest behavior have been attributed to varying hydrolysis conditions [117,120] or differences in the sonication procedure [108].





6. Tuning the Equilibrium Behavior—And Its Range—By Modifying the Solvent


So far in this review, the continuous phase surrounding the CNCs has been discussed almost only in terms of its content of counter ions released from the CNCs when they are brought in suspension, and the assumption has generally been that the liquid used for the continuous phase is water. There is, however, also a rich body of research on mixed or entirely non-aqueous suspension hosts [123,124,125,126,127], sometimes with additives that can range from simple salts to reactive molecules that can be transformed into macromolecular structures like organic polymers or silica. Looking back at the definition of the Debye screening length, Equation (5), we find that both the relative permittivity of the solvent and the concentration of free ions have a major impact on   κ  − 1    and thus on the behavior of colloidal suspensions. This makes it worthwhile to have a deeper look into this topic.



There are many applied reasons for modifying the continuous phase, for instance in order to make composites where helically arranged CNCs are embedded in a solid matrix, inorganic [128,129,130,131,132,133] or organic [134,135,136,137,138,139,140,141], that is templated by the CNCs (the CNCs may be removed afterwards). To make mechanically durable and flexible composites it is interesting to incorporate synthetic polymers, but as many of them (and their corresponding monomers) are not water-soluble, a switch to a non-aqueous solvent for the CNC suspension may be necessary. On the other hand—and more interesting from the perspective of this review—much can also be learnt from such studies from a basic science point of view. Our understanding of the particle–particle and particle–solvent interactions in CNC suspensions, not least how the chirality transfer mechanism at the heart of the cholesteric helix formation works, is for instance far from satisfactory, and it may benefit from seeing how other solvents affect the self-organization.



To keep this review contained we will not go into most of these rich paths of explorative CNC-based materials science, but we will focus only on two aspects, from which we can learn much about how the organization of CNCs is affected by the continuous phase. We will look at the effects of replacing water by non-aqueous solvents, and we will look into how the equilibrium phase diagram and helical pitch of aqueous cholesteric CNC suspensions are affected by addition of salt or glucose. However, first we look at a practical challenge of large significance.



6.1. The Challenge of Preparing Non-Aqueous CNC Suspensions and How to Overcome It


Suspending CNCs in non-aqueous solvents is challenging for two reasons. The first reason is that we may need alternative methods to stabilize the CNCs in the new suspension medium, since electrostatic repulsion is not necessarily a viable option in organic solvents. The second reason is that CNCs are usually prepared in acidic aqueous solutions and thus have to be transferred to another solvent without risking irreversible agglomeration of the CNCs (see Section 3). Concerning the colloidal stability of the, usually highly charged, CNCs in non-aqueous solvents, a variety of different approaches can be found in the literature. The most straightforward way is to choose other polar solvents such as the conventional organic solvents dimethyl sulfoxide (DMSO),   N , N  -dimethyl formamide (DMF) or tetrahydrofuran (THF) [142,143,144,145,146,147] or mixtures with ionic liquids [148,149,150]. Okura et al. [151] investigated the dispersibility and shear-induced birefringence of CNCs that had been produced by HCl hydrolysis in 21 different solvents. They concluded that a high relative permittivity   ϵ r   as well as a high viscosity of the solvent are beneficial for stabilizing CNCs (the viscosity obviously only contributing to kinetic stabilization). Furthermore, they noted that the CNCs could only be dispersed in amphoteric solvents, i.e., solvents which are strong Lewis acids and bases at the same time, due to their ability to strongly interact with the hydrophilic CNCs.



Further methods to promote colloidal stability of CNCs in non-aqueous solvents are to change the acid used for hydrolysis [146], neutralize the CNCs with base to make them less polar [138] or alter their surface properties by covalently bonding larger chemical moieties to their surface [123,144,152,153,154,155,156,157,158,159,160,161,162,163,164,165,166]. As work in the latter field has been extensively documented, we will not go into detail here, but refer to two reviews by Eyley and Thielemans [124] and by Habibi [123] about surface modification of CNCs. With the right choice of modification and degree of substitution, the range of solvents stabilizing CNC suspensions can be largely expanded. For example, Yuan et al. [167] acetylated the surface with iso-octadecenyl succinic anhydride and investigated dispersion quality in 16 different solvents. While the pristine CNCs showed good suspension properties in solvents with a relative permittivity of    ϵ r  ≥ 37.8  , the modified CNCs could only be suspended in solvents with a moderate to low relative permittivity of   37.8 ≥  ϵ r  ≥ 2.2  . Last but not least, it is possible to stabilize CNCs in apolar solvents such as cyclohexane or toluene by adding surfactants that adsorb to the hydrophilic surface of the CNCs and thus make them hydrophobic [125,126,161,168,169].



To transfer CNCs from one solvent to another, a common approach has been to freeze-dry aqueous suspensions of pristine [143,144,147,158,159], surface modified [153,154,157,162,165,167] or surfactant-stabilized [125,126,155,161,168,169] CNCs. Especially for pristine CNCs, freeze drying is preferable to other drying methods, since the strong capability of the CNCs to form hydrogen bonds may otherwise lead to irreversible agglomeration. This effect can be avoided by introducing stabilizers, such as surfactants or surface modifications, before drying. Furthermore, two groups showed that stabilized CNCs can be dried in vacuum at 45    ∘  C to 50    ∘  C without aggregation [158,164]. A second method that can be used when the old and new solvent are miscible is to strongly centrifuge the original CNC suspension to bring the CNCs to the bottom of the vial, remove the supernatant liquid and replace it with the desired new solvent; this process is then repeated until almost all water is gone [163]. Tian et al. [164] compared the two methods using pristine CNCs and concluded that the second one is preferable, because they found in their study that CNCs agglomerated stronger during freeze-drying, to the extent that it might be impossible to re-suspend them again. A third method is to mix the aqueous CNC suspension with the other solvent, followed by evaporation of the water under atmospheric [144] or reduced pressure [122] conditions. Obviously, this method can only be applied to solvents with boiling point considerably higher than that of water and which do not form a eutectic mixture with water. The new solvent must also either be able to disperse the CNCs on its own or it must host the stabilizer required for stable dispersion. Furthermore, elevated temperatures encountered in the procedure might lead to hydrolysis of sulfate groups, altering the properties of the CNCs.




6.2. Liquid Crystallinity and Kinetic Arrest of Non-Aqueous CNC Suspensions


Up to now, only few studies investigated liquid crystalline organization of CNC suspensions in non-aqueous media in detail. Often the sole evidence published for anisotropy is the observation of birefringence in larger vials [144,157,167,169] or flow-induced birefringence [144,147,151,154,162]. Some researchers went one step further by conducting polarizing microscopy investigations of the textures of the non-aqueous suspensions. Two publications describe the formation of tactoids in toluene [168] or DMF [138]. Several more report the observation of fingerprint textures [122,125,126,138,155,158,168,170], which proves that the helix formation is preserved in a variety of solvents. On the other hand, some authors only find uncharacteristic textures without any evidence for the formation of macroscopically chiral structures in suspensions of surface-modified [153,154,159] or surfactant-stabilized [169] CNCs in toluene or chlorobenzene. Xu and coworkers [159] concluded from the lack of evidence of helical modulation that surface grafting makes “the twisty rods smooth and straight”. Indeed, the chiral interactions between rods may well be affected by the process. However, as discussed in Section 4.1, absence of a detectable helix is not a sign of the phase not being cholesteric; there are many factors that may prevent or delay the development of the helical director field modulation so we may still have    q 0  ≠ 0  . At least three [153,154,169] of the four publications which report uncharacteristic textures additionally mention a high viscosity of the suspensions. This leads us to propose that the suspensions may have been in or in the proximity of a kinetically arrested state at the investigated concentrations. The inability to develop a helix would then be due to a loss of equilibrium, rather than loss of chirality. We have seen this type of kinetic arrest-induced loss of helix-related textures in our own studies of non-aqueous CNC suspensions [122].



Regarding the pitch of the helix, when it develops in non-aqueous solvents, quite varying values have been published: Yi et al. [158] found a pitch of 1–2  μ m for polystyrene-grafted CNCs in DMF compared to 2–3  μ m for ungrafted CNCs in water. For surfactant-stabilized CNCs Heux et al. [125] measured a pitch of 4  μ m in cyclohexane, while Zhou et al. [168] reported a value of 17  μ m in toluene. It is difficult to draw conclusions and improve our understanding of the physics behind the helix formation from such singled-out values, especially if we consider that these values cannot be compared directly due to potentially very different CNC mass fractions for each reported value, and differing stabilization and production methods employed. Consequently, in the following we will focus on only a few publications which investigate liquid crystallinity of CNC suspensions in non-aqueous media in a systematic and comparative manner.



Frka-Petesic et al. studied the orientation and unwinding of the cholesteric helix by an applied electric field [155]. To overcome certain disadvantages of water, e.g., the high electrical conductivity, they used toluene as a solvent, using surfactants for stabilizing the CNCs after transfer to this nonpolar host. In this context, they also investigated the phase behavior and equilibrium pitch   p 0   of the system. They found a two-phase coexistence region roughly between 20 and 25 wt.%, where the mass fraction refers to combined CNC and surfactant in relation to the total mass, and they did not observe kinetic arrest up to the maximum investigated CNC content of 38 wt.%. Although the mass fraction of the pure CNC is somewhat lower, as the surfactant is also considered, we note that the rod mass fractions are significantly higher here than in aqueous CNC suspensions. With increasing mass fraction, the authors found   p 0   to decrease from roughly 4 to 2  μ m. Interestingly, they mentioned that the chiral interactions which lead to the helical precession of the CNCs cannot be transmitted from one CNC to the next by electrostatic interactions, because ion dissociation is hindered by the low relative permittivity of toluene (   ϵ r  = 2.38  ) and thus cannot contribute to the chirality transfer through the solvent.



A similar system of surfactant-stabilized CNCs in cyclohexane was investigated by Elazzouzi-Hafraoui et al. [126]. They changed not only the concentration range but also the rod length of the CNCs by altering the temperature during treatment with sulfuric acid. They found a similar dependence of aspect ratio for the phase diagram as predicted by Onsager theory and known from aqueous CNC suspensions (see Section 4.3 or Section 4.5, respectively):   w 0   shifts from 16 to 21 wt.% and   w 1   from 32 to 41 wt.% when the aspect ratio was reduced. Next to the aspect ratio, an accordingly altered surface charge due to the changed treatment time with sulfuric acid might play a role, too. However, this is not discussed in the publication. For very long rods (and thus a comparatively low surface charge) they found a kinetically arrested state, then above 22 wt.%, immediately after the end of the isotropic phase. Considering the theoretical results of Finner et al. [110] (see Section 5.1), we suspect that percolation and ordering, with appearance of birefringence, probably happened simultaneously in that case. We have seen the exact same phenomenon in CNC suspensions in the low-permittivity solvent DMF [122].



For the helical pitch Elazzouzi-Hafraoui et al. found a decrease from roughly 4.6 to 2.5  μ m for high aspect ratios and from 6.2 to 2.6  μ m for low aspect ratios when increasing the mass fraction. Note that, since the aspect ratio influences   w 0   and   w 1  , this does not necessarily mean that the aspect ratio has a direct impact on the pitch, but it can rather be related to the differences in CNC mass fraction at which the helix pitch was measured for the different aspect ratios. The authors compared their values to the ones found in an aqueous CNC system [56] which was produced with a similar method, showing pitch values one order of magnitude larger than in the cyclohexane system. Elazzouzi-Hafraoui et al. attribute the difference to stronger chiral interactions of CNCs in solvents with a low relative permittivity such as cyclohexane (   ϵ r  = 2.02  ) compared to water (   ϵ r  = 80.20  ). While this may be true, it is important to note that neither the lack of surfactants nor the substantially smaller diameter of the CNCs in the pristine aqueous system were considered, nor the roughly one order of magnitude greater mass fraction of CNC in the non-aqueous system. All these differences need to be taken into account, hence it is unclear whether or not the differences in pitch can be traced back to the solvent properties alone.



The only way to learn more about the specific effect of the solvent on CNC suspensions, is to investigate the same type of CNCs, i.e., with no differences in the CNC source, production method, surface charge and particle size, in varying solvents. We did this in a study from 2016 [122] for the solvents water (   ϵ r  = 80.20  ), formamide (   ϵ r  = 111.0  ), N-methyl formamide (NMF,    ϵ r  = 189.0  ) and   N , N  -dimethyl formamide (DMF,    ϵ r  = 38.25  ) and found striking correlations between the relative permittivity and the properties of the suspension. This set of solvents is interesting also from another perspective, and this is the ability to form hydrogen bonds. While formamide resembles water in the sense that both solvents form 3D networks of hydrogen bonds, NMF can only form 1D hydrogen bond chains, and DMF can act only as hydrogen bond acceptor, hence there are no solvent–solvent hydrogen bonds in DMF.



Starting with this latter solvent, we found that kinetic arrest coincides with the occurrence of birefringence at the low value    w k  ≈ 2   wt.%. This can be explained by the poor stabilization of the charged rods in DMF due to its low permittivity, reducing   κ  − 1    according to Equation (1) and thus allowing closer encounters between rods. An additional effect may be the greater prominence of inter-CNC hydrogen bonding in a solvent that is such a poor hydrogen bond partner, deepening the secondary energy minimum in Figure 2 and thus increasing the chance of long-lasting connections between rods that meet. Percolation and gelation at low w would be the result. Note that the situation is not comparable to that of Frka-Petesic et al. [155] and Elazzouzi-Hafraoui et al. [126], where the solvents toluene and cyclohexane have much lower values of   ϵ r   still, because the CNCs were stabilized by surfactant in those studies. In contrast, we studied the behavior of pristine CNCs prepared by hydrolysis with sulfuric acid, thus electrostatically stabilized with H   +   counter ions, after transfer to DMF.



For the other three solvents, we initially reported that all phase diagrams were shifted to slightly lower mass fractions as   ϵ r   increased. A more careful look at the data, however, reveals that the onset CNC mass fraction   w 0   is increased slightly as the permittivity of the solvent is increased, while   w 1   shifts in the opposite direction. For water,    w 0  ≈ 2.5   wt.%, increasing to    w 0  ≈ 2.6   wt.% in NMF and    w 0  ≈ 2.7   wt.% in formamide. The variations are on the order of the error so one should be careful about drawing far-reaching conclusions here. The corresponding values for the stability limit of the cholesteric phase change more,    w 1  ≈ 8   wt.% for water,    w 1  ≈ 7.5   wt.% for formamide and    w 1  ≈ 7.3   wt.% for NMF. In the biphasic regime, we see a cross-over behavior around   w ≈ 4   wt.%, corresponding to roughly 20% cholesteric and 80% isotropic phase. It is important to remember that the values reported here refer to the full macroscopic volume of the sample, which is highly disperse in terms of CNC rod length. Remembering the discussion in Section 4.5, this means that   w 0   always refers to the longest rods of the sample nucleating the first tactoids of cholesteric phase, and   w 1   always corresponds to the shortest rods, requiring the highest mass fraction to develop long-range order.



In order to make sense of these observations we note that the change in   ϵ r   has a direct as well as an indirect effect on the suspension. The direct effect is an increase of the Debye screening length as we move from water to formamide to NMF, since    κ  − 1   ∝   ϵ r    , see Equation (1). This would thus increase the effective volume fraction of the CNC at the same mass fraction, which would tend to reduce the critical mass fractions, explaining the change in   w 1  , although the effect on the critical volume fraction   ϕ 0   would also need to be considered. The indirect effect is more subtle. The CNCs used here still had the H   +   counter ions remaining after sulfuric acid hydrolysis, and here the degree of dissociation from the −SO   3 −   groups at the CNC surface can vary quite significantly depending on the solvent. A higher value of   ϵ r   promotes dissociation, as seen in the definition of the Bjerrum length, Equation (4), which decreases with increasing   ϵ r  . A higher   ϵ r   thus makes it easier for thermal energy to keep counter ions dissociated from the particles, yielding a greater concentration   c c   of free counter ions in the solvent. As Equation (1) has   ϵ r   in the numerator and I in the denominator, we see that the changes in dielectric permittivity and in free counter ion concentration could compensate each other, depending on how much   c c   is affected. It could be that the dissociation is very high in a high-permittivity solvent at low CNC content, while increasing CNC content gradually reduces the degree of H   +   dissociation, such that the increase in   κ  − 1    provided by higher   ϵ r   starts dominating. This might explain the cross-over to lower critical mass fractions for high-permittivity solvents as w increases, but more extensive investigations are needed to draw clear conclusions. The dispersity of the sample, and the different effects of a greater Debye length on short and long rods, respectively, may be another factor to consider.



As for the helical pitch and how it depends on CNC mass fraction, we detected quite a remarkable effect of the relative permittivity of the solvent. In contrast to the conclusions from Elazzouzi-Hafraoui et al., we found that the magnitude of the pitch decreases with increasing   ϵ r  , a difference we attribute to our CNCs being pristine while theirs were surfactant-stabilized. However, most significantly, the variation in pitch with CNC mass fraction is greatly reduced as   ϵ r   increases. With water we found that   p 0   decreases over a broad range, from 48 to 16  μ m as the CNC mass fraction increases from    w 0  ≈ 2.5   wt.% to    w 1  ≈ 8   wt.%. With formamide the pitch started out much shorter, decreasing from 16 to 12  μ m as the CNC content changed from    w 0  ≈ 2.7   wt.% to    w 1  ≈ 7.5   wt.%. With NMF, having the highest   ϵ r  ,   p 0   stayed more or less constant at the very low value of 3  μ m regardless of CNC mass fraction, from    w 0  ≈ 2.6   wt.% to    w 1  ≈ 7.3   wt.%. Moreover, also the time to develop the helix was strongly affected by the variations in   ϵ r  . Even though a linear dependence of this time on viscosity (increasing with increasing w) was found for all samples, the slope of this dependence was much greater for water than for the high-permittivity solvents formamide and NMF. The effect is significant, as illustrated by the fact that the time to reach the equilibrium   p 0   at   w = 8   wt.% decreased from 3 days in water to 14 h in formamide. It thus appears that high solvent permittivity has a dramatic effect in strengthening the chiral interactions between the CNCs, but the reason for this is not yet clear.



Concerning the mass fraction   w k   at which kinetic arrest occurs, no clear connection to the relative permittivity was found. It increased slightly from    w k  ≈ 8   wt.% in water to    w k  ≈ 9   wt.% in formamide and NMF. The highest   w k   value was actually found for formamide, possibly because this solvent gives a maximum dielectric permittivity while still maintaining a 3D hydrogen network between solvent molecules, thus counteracting the attractive interactions between CNCs due to inter-CNC hydrogen bonding.



Recapping this section, we want to point out that CNCs suspended in a variety of solvents are able to form the same liquid crystal structures as in conventional aqueous suspensions and that the solvent properties, especially the relative permittivity, have proved to be potent tools to alter characteristics such as the phase behavior, the helix pitch and its dependence on CNC mass fraction, as well as the kinetics of the system. However, one has to consider that alternative stabilization methods, i.e., the use of surfactants or surface grafting, have a major impact on the particle characteristics compared to suspensions with pristine CNCs. Moreover, it is important to recognize that the relative permittivity of the solvent can affect the behavior of a colloidal suspension in more than one way, directly and indirectly, and that variations in hydrogen bonding capacity of the solvent molecules can have strong impact on the interaction with the CNCs. This makes intuitive predictions about the colloid behavior difficult.




6.3. The Response of the Equilibrium Phase Diagram and Helix Pitch to Selected Solutes in the Aqueous Phase


Many papers have been published where the effects of salt addition on the characteristics of films produced by drying CNC suspensions have been investigated. The problem is that quite a few of them do not look into the equilibrium phase diagram behavior; often, the starting point is a low-concentration suspension that is fully isotropic, and the investigations are then focused on films formed by drying this suspension, while little or no investigations are done at intermediate concentrations. This renders it tremendously difficult to draw clear conclusions regarding the reasons for the characteristics of the final dry film, because—as should be clear from the previous sections of this review—there are so many factors of the equilibrium system that influence the end results, from the onset and completion of liquid crystal formation, to the helical modulation of the director field, to the tactoid dynamics, to the end of equilibrium via kinetic arrest, that we cannot know if one is more important than the other, and how they may be connected. Therefore, in this section we look exclusively at the papers that have investigated the effects of additives on the equilibrium behavior of aqueous CNC suspensions. As above, we point out that any mentions of   w 0   and   w 1   refer to the macroscopic, disperse, sample, hence the two values effectively correspond to different rod aspect ratios.



A classic paper is the already mentioned study by Dong et al. [56], in which they obtained a linear relationship between cholesteric volume fraction and CNC mass fraction by keeping the ionic strength constant through adjustment with HCl addition (see Section 4.3 in the context of Equation (13)). They also looked at how the phase diagram was shifted by salt addition, comparing HCl, NaCl and KCl. The authors found that the choice of salt did not matter, H   +  , Na   +   and K   +   cations having identical effects, and that all of them shifted the phase diagram to higher CNC mass fractions. A plot of   w 0   versus concentration of added NaCl suggests a dependence on salt addition that roughly follows a square root relationship, but the authors did not fit any functions to the data. Considering the reported lack of sensitivity to the effect of counter ion of the added salt, it is worthwhile in this context to remind of the follow-up paper by Dong and Gray [57] discussed in Section 4.3, where they showed that the type of ion does matter, at least for the onset of liquid crystal formation, if salt is not simply added but if the counter ions of the CNCs are instead exchanged.



In [56], the authors also looked at the impact on the helical pitch of salt addition, again finding that the choice of counter ion was irrelevant, all salts having a very strong reducing effect on the pitch. For simplicity they considered a constant CNC mass fraction   w fix  , corresponding to the mid point of the phase coexistence region prior to salt addition, and they found that   p 0   decreased non-linearly (again no fit was done so the exact function was not established) from ∼63  μ m in the pristine suspension to ∼30  μ m with the maximum possible salt addition of 2.5 mM. [171] When evaluating this effect one should note that the CNC mass fraction stayed constant, but the system moved from the mid point of the phase coexistence region to very near   w 0   due to the effect of salt addition on the phase diagram. It would have been interesting to know how the pitch versus CNC mass fraction function was affected, but the reduction in   p 0   as    w fix  →  w 0    via salt addition suggests that the effect may be similar to that of increasing   ϵ r   of the solvents, discussed above. Therefore, we may expect that increased ionic strength reduces not only the absolute value of the pitch but also its dependence on w.



In our study of two series of sulfuric acid-derived CNC with different strengths of the surface charge [117] we found that the relative effect of salt addition on   w 0   is roughly the same for both CNC types. For instance, the addition of 2 mM NaCl to a suspension of the low surface charge (L) CNC increased the onset from    w 0 L  ≈ 3   wt.% to about 5 wt.%, whereas the same NaCl addition to the high surface charge (H) CNC-type shifted the onset from    w 0 L  ≈ 3.5   wt.% to about 5.5 wt.%, thus in both cases a shift of about 2 wt.%. Regarding the helix pitch, the salt-free suspensions showed slightly longer   p 0   at identical w for low surface charge and both sample types showed a general trend of decreasing pitch upon NaCl addition, although experimental circumstances made data unreliable as well as somewhat inconsistent.



From a practical point of view in terms of tuning the parameters of cholesteric CNC suspensions and solid films made from them (discussed in Section 7.4), a problem with salt addition is that both the pitch and the phase diagram are strongly affected, making it impossible to tune one parameter without affecting also the other. In this respect, a very interesting additive is glucose, which was explored by Mu and Gray in a paper [172] investigating both the impact on the equilibrium CNC suspension properties and on the films dried from them, using acid form CNC (H   +   counter ions). We will come back to their observations regarding the latter aspect in Section 7.4, as we here focus on the equilibrium behavior. Interestingly, no impact whatsoever of glucose addition was found on the equilibrium liquid crystal phase diagram,   w 0   being identical to the glucose-free suspension even up to 10% D-(+)-glucose [173]. In contrast, the equilibrium pitch was affected significantly by the glucose addition. Using a stock solution with   w = 5.2   wt.% (in the coexistence regime, nearer   w 1   than   w 0  ), the cholesteric pitch was found to decrease from 11  μ m without glucose to 7  μ m with 10% glucose. In a preliminary experiment (to be published) where we tried to repeat this using a CNC suspension with Na   +   counter ions, we confirmed the absence of an effect on   w 0   but the change in pitch was in the opposite direction, towards slightly longer values. While these data need to be confirmed, it could be that the type of counter ions plays an important role for the response of the helix formation even to uncharged additives like glucose. While Mu and Gray did not give quantitative data for   w 1   and   w k  , the discussion suggests that   w k   was decreased, as glucose addition apparently promoted gelation. As we will see in Section 7.4, this had a striking effect on the color of the dried films produced by these suspensions.





7. Creating Color with CNCs by Drying Suspensions Into Solid Films: Where Intriguing Science Meets Promising Applications


We now have a quite good overview of how CNC suspensions behave in equilibrium and where the equilibrium range ends. When we move our focus to the process of making the colorful dried films that provides much of the applied motivation for CNC research, by evaporating the solvent from a sessile drop of CNC suspension, we must leave equilibrium for two reasons. First, the process of evaporating liquid from a droplet is fundamentally a non-equilibrium situation as we continuously change the composition of our system. Second, as we have seen above, the kinetic arrest that marks the end of equilibrium even in a closed system typically happens with some 90 wt.% water left in the system. This means that the path from the equilibrium CNC suspension to a selectively reflecting film covers a very extensive range of non-equilibrium behavior. Luckily, this range has recently been exquisitely analyzed by Frka-Petesic et al. [174], allowing us to largely refer to their paper for the details of the process. In this final section of our review before it is time to conclude, we will, nevertheless, summarize the key components of this important step. However, first we will explain where the selective reflection colors come from in the first place, pointing out what is needed to see the colors and how their presence should be tested experimentally. We also need to look into another non-equilibrium phenomenon that takes place in a droplet from which water is being evaporated, occurring prior to kinetic arrest, namely the coffee-ring effect. We will focus solely on aqueous suspensions of CNC in this section, as we are not aware of reports of films produced by drying non-aqueous CNC suspensions.



7.1. Bragg Reflection and Structural Color in Cholesteric Liquid Crystals


If we place a short-pitch cholesteric liquid crystal sample with vertical helix axis m on a black background and observe it along m (normal incidence), it will be difficult not to notice that the sample intensely (and quite beautifully) reflects a narrow wavelength range of light, giving it a strongly colored appearance, see Figure 10b,c. With “short-pitch”, we here mean   0.25 ≲ p ≲ 0.5    μ m, the range boundaries to be explained below. Moreover, if you look at the sample through right- and left-handed circular polarizers (for instance the right and left eyes of a pair of 3D cinema glasses, as in Figure 10), you will notice that the reflected color is unaffected by one of the polarizers but completely blocked by the other. Now, if you incline the sample such that you are looking along an angle   θ ≠ 0   away from m (oblique incidence), making sure that ambient light is sufficiently diffuse that the sample gets illuminated from the opposite side at the corresponding angle   − θ  , you will find that the reflection color is blue-shifted, i.e., the wavelength of the reflected color is shorter.



All these effects are illustrated in Figure 10b,c for the case of a large film prepared by drying a CNC suspension as well as for a small sample of thermotropic cholesteric liquid crystal enclosed between glass substrates with aligning layers, as reference. Both have reflection largely in the orange-red region for normal incidence. While the CNC film has a left-handed helical modulation the thermotropic sample is right-handed. You will notice that the effects just described apply perfectly to the small thermotropic sample, which we know has uniform helix pitch and perfectly vertical orientation of m, thanks to the aligning layers. With the CNC film, in contrast, we notice in Figure 10b that the left-handed circular polarization of the reflected light quickly is lost as  θ  is increased from zero. Moreover, the blue-shifting of the reflection color is more dramatic for the thermotropic sample than for the CNC sample. Figure 10c shows that the reflection from the thermotropic sample, viewed under the exact same conditions, retains very strong right-handed circular polarization even for very large  θ . What we can conclude from this comparison is that dry CNC films indeed exhibit much of the optical characteristics that are inherent to equilibrium short-pitch cholesteric liquid crystals, but the behavior is often less pronounced, suggesting imperfections in the structure. As we will discuss a bit further below, removing these imperfections is a major goal for applied CNC research today. However, in order to do so, we first need to be able to characterize the films properly. To this end, let us first establish what the expected optical behavior is for an ideal cholesteric liquid crystal.



As mentioned in Section 4.1 the long-range orientational order renders a nematic phase birefringent, with refractive indices   n ⊥   and   n  | |    for polarization perpendicular and parallel, respectively, to n. In terms of optics, the helical modulation of the director in a cholesteric is thus equivalent to a helical modulation of the optic axis. For a certain linear polarization of light entering along the helix direction, this means that the refractive index varies periodically between   n  | |    and   n ⊥   with a period   p / 2  , see Figure 10a.



Elucidating the optical properties of a birefringent medium with a helically modulated optic axis is not trivial: one needs to solve Maxwell’s equation for a medium with a continuously rotating dielectric permittivity tensor. The first to attempt this was Oseen [47], publishing the results in German in a journal of the Swedish Academy in 1928, then in English in his seminal 1933 Faraday Transactions paper on the theory of liquid crystals [175]. This allowed him to explain some of the curious optical properties of cholesterics, namely the fact that there is a wavelength band gap in which light incident along the helix axis m is separated into two circularly polarized eigenmodes, one of which is fully reflected and one of which is transmitted. Although his calculations were mainly restricted to the case of normal incidence, he also noted that the reflection at oblique incidence should be shifted to shorter wavelengths, i.e., the observed blueshift was qualitatively accounted for.



Twenty years later, Hessel de Vries published the next milestone paper [101] regarding the optical properties of cholesterics (without mentioning Oseen’s prior work). This was more complete and covered many other aspects, including the variation in optical rotatory power for wavelengths outside the bandgap and the effect of the sample boundaries. The language in de Vries’ article is closer to modern terminology than that of Oseen’s, and we can thus easily recognize many key points in this article, such as the width of the bandgap being equal to   p Δ n  , where   Δ n =  n  | |   −  n ⊥   , i.e., the magnitude of the nematic birefringence. While de Vries also restricted the calculations to normal incidence, he makes a note in the introduction (without derivation or motivation) that the selective reflection wavelength at oblique incidence approximately follows Bragg’s law, noting that there appears to be repeated reflections at periodically spaced internal planes. These are, of course, as imaginary as were Lawrence Bragg’s planes applied to x-ray crystallography, but they are a helpful tool. In cholesterics, the planes are defined by the locations along m where the refractive index repeats itself, as graphically illustrated in Figure 10a (see caption for further details). More detailed analyses of the behavior at oblique incidence were presented by Fergason [176] (this paper considers samples with arbitrary helix orientation with respect to the sample plane), Dreher and Meier [177] (here an analysis of how far the analogy with Bragg reflection holds is provided) and Berreman and Scheffer [178,179] (numerical analyses of oblique incidence properties are compared with experimental data).



As the optics of cholesterics is truly complex we will not go into further detail, but refer the interested reader to the above references. Here, we instead summarize the key outcomes of the theories, which are very important for properly understanding what to expect from cholesteric CNC suspensions and films prepared by drying them, and for analyzing samples in a proper manner.



	
Light incident along the helix axis, m, with a wavelength   λ c  , as measured inside the cholesteric, that is identical to the helix pitch p, is separated into two eigenmodes that are perfectly circularly polarized, one right-handed and one left-handed. The mode with handedness opposite to that of the helix propagates unobstructed, but the one with the same handedness cannot propagate at all; it is totally back-reflected. This means that analysis of the reflected light through circular polarizers will show the reflected color if the polarizer has the handedness of the helix, while it will show no reflection if the polarizer has the opposite handedness.



	
Because the cholesteric is birefringent and thus does not have one single refractive index, the condition    λ c  = p   is not uniquely defined when considering light wavelengths  λ  in air, prior to entering the cholesteric. Therefore, we find a band of air wavelengths that satisfy the reflection condition, from    λ  m i n   = p  n ⊥    to    λ  m a x   = p  n  | |     (assuming   Δ n > 0  ). This gives us a reflection band of width   p Δ n   for the air wavelengths around    λ 0  = p  n ¯    that are selectively reflected, where the average refractive index is calculated as    n ¯  =     n  | |  2  +  n ⊥ 2   2    . (To calculate the average refractive index we must first calculate the average dielectric permittivity,    ϵ r  =  n 2   , which is the proper material constant for use with Maxwell’s equations, and then take the square root,   n =   ϵ r    .) Considering that visible light wavelengths in air range from about 400 nm (violet) to about 700 nm (deep red), and that the average refractive index in dry CNC films can be expected to be    n ¯  ≈ 1.6   (based on values reported for   n ⊥   and   n  | |    for crystalline cellulose [14]), this means that the helix pitch in the film should be in the range   ∼ 250 < p < 440   nm in order to see selective reflection at normal incidence.



	
For oblique incidence, i.e., if the incoming light beam does not enter along m but at an angle  θ  from the helix axis, the mean selective reflection wavelength, as measured in air, varies approximately according to Bragg’s law:


  N  λ 0  = p  n ¯  cos θ .  



(16)







Here, N is an integer that can be greater than 1 for oblique incidence, i.e., higher-order reflections may occur under these conditions. For normal incidence,   N = 1   strictly, because the perfectly sinusoidal modulation of the refractive index along the helix has no harmonics [177].



	
The polarizations of the eigenmodes at oblique incidence,   θ ≠ 0  , are elliptical rather than circular. This means that, since any elliptical polarization different from circular can be separated into one left- and one right-handed circular component, neither of which is zero, analysis of the reflected light through circular polarizers should not give perfect extinction with the polarizer that has opposite handedness of the helix. However, for a well-aligned ideal cholesteric helix, the deviation from circular polarization is very small even up to large angles, hence the effect is practically negligible, see Figure 10c. Thus, even at oblique incidence, circular polarizers are very useful for assessing the quality of a cholesteric film.



	
If the helix axis m is in the plane of the sample, no selective reflection will be seen. If the pitch is smaller than light wavelengths, the light averages the effect of the helix and experiences regular birefringence where m is the optic axis, with extraordinary component    n e  =  n ⊥    for polarization along m and ordinary component    n o  =  n ¯    for polarization perpendicular to m. (The refractive indices   n ⊥   and   n  | |   , and through them also   n ¯  , still refer to orientations with respect to n.) Note that this means that the birefringence of the short-pitch cholesteric observed perpendicular to m is negative. On the other hand, if the pitch is longer than light wavelengths, light will resolve the variations of optic axis orientation, and the sample appears with the characteristic ’fingerprint’ texture that we have seen in, e.g., Figure 8, where dark bands correspond to n normal to the sample plane, along the light incidence, and bright bands are seen for n in the sample plane (assuming that m is parallel to neither polarizer nor analyzer). This means that the distance between two consecutive dark (or bright) bands is   p / 2   (  n = − n  ).







7.2. Drying a Cholesteric Gel: The Appearance of Color and Its Dependence on Drying Conditions


As we have just seen, visible selective reflection typically calls for a helix pitch below 0.5  μ m, yet the equilibrium cholesteric pitch in CNC suspensions is often on the order of tens of  μ m, going down to ∼3  μ m in the shortest cases. So, how do we explain the appearance of visible color in the films? The answer must be sought in the non-equilibrium process that starts with kinetic arrest and ends with a dry colorful film, a stage of drying that was long left largely uninvestigated [11]. Frka-Petesic et al. took on the task of filling this knowledge gap, considering the process first on a more qualitative level [14], then with extraordinary detail, combining theory, simulation and experiments, in an absolutely exquisite study [174]. We believe this will become a landmark paper, as it explains almost all mysteries of the optical characteristics of films prepared by drying CNC suspensions.



The kinetic arrest marks the end of dynamic liquid crystalline organization within the sessile droplet from which dry CNC films are made. Whatever arrangement of CNCs prevails at this point is locked in place; tactoids can no longer merge or reorient and any boundaries or discontinuities in the director and/or helix orientation field will remain. However, at this point we still have 90 wt.% of the sample mass left in the form of water, which will leave the sample by evaporation (or diffusion; see below) as the kinetically arrested droplet is transformed into a dry film. If we consider a droplet that is pinned to its substrate, which is generally the case on hydrophilic substrates [14], the removal of the water will induce a significant compression along the vertical direction of the lab frame, which we now denote   z ^   for clarity. Considering the typical quite low values of    w k  ≈ 10   wt.%, the compression factor   α =  d f  /  d  k a     can be considerable, where we define the droplet thickness at kinetic arrest as   d  k a    and the final film thickness as   d f  . A value of   α = 0.1   can readily be expected, the result seen nicely in Figure 4; the rods are stacked right on top of each other in the dry film, very differently from the equilibrium liquid crystal phase situation. The significance of this compression on the optical properties can be tremendous, because of the complex distortion of the helical structure that it entails, as illustrated in Figure 11, from [174].



The first key observation of Frka-Petesic et al. is that the uniaxial compression will not only compress the helix pitch to a much lower value, thereby explaining why we get pitch values on the order of visible light wavelengths in the dry films although the equilibrium helix pitch never goes below    p 0  ≈ 3    μ m, but also that the factor by which the pitch changes depends greatly on the orientation of  m  with respect to the lab frame at the point of kinetic arrest. The original helix orientation at kinetic arrest of an arbitrary domain, with final pitch   p k   (which may be longer than   p 0  , since the time to acquire the equilibrium pitch diverges with the diverging viscosity as   w k   is approached), is illustrated in Figure 11a. A local Cartesian coordinate system   (   e 1  ^  ,   e 2  ^  ,   e 3  ^  )   is introduced, with the original helix axis orientation given by  m  and the director rotating in the     e 1  ^  ,   e 2  ^    plane. Only if   m =   e 3  ^  =  z ^    would the helix pitch be maximally reduced to the minimum final value of    p f min  = α  p k   . With a non-zero angle  β  between   m =   e 3  ^    and   z ^   the compression will be smaller, as is qualitatively easy to see from Figure 11. Quantitatively, the helix pitch compression depends on the original helix tilt  β  as [174]:


   p f  /  p k  =  1    sin 2  β +  α  − 2    cos 2  β     



(17)




We may quickly verify for the extreme values that    p f  /  p k   ( β =  0 ∘  )  = α   and that    p f  /  p k   ( β =  90 ∘  )  = 1  , as expected.



Next, the authors also realized that the compression along   −  z ^    applied to a domain with inclined helix,   m =   e 3  ^  ≠  z ^   , will also reorient the helix, towards a slightly more vertical direction   m ′  . The reason is that the only physically meaningful definition of a helix axis is one that is perpendicular to the director, but as is clear from Figure 11b, showing the helix after compression by a factor  α , the direction    e 3  ^   is clearly no longer perpendicular to n after compression. Instead, a new helix orientation   m ′   can be identified as in Figure 11c. This is related to the fact that the original local coordinate system   (   e 1  ^  ,   e 2  ^  ,   e 3  ^  )   is no longer orthonormal, i.e., it is no longer a Cartesian coordinate system.



Finally, and very importantly, the new helix axis   m ′   no longer describes a perfectly helicoidal modulation of the optic axis, in which the optic axis rotates by a constant amount   d φ / d  m ′    (where we define the variable   m ′   to indicate location along the new helix axis   m ′  ). Instead we find regions of decreased twist    ( d φ / d  m ′  )  −   alternating with regions of increased twist     ( d φ / d  m ′  )  +  >   ( d φ / d  m ′  )  −    (see [174] for details). This is significant because this deformed helix can no longer be described by a pure sinusoidal function. Its function contains higher harmonics, which means that the selective reflection is no longer circularly polarized as for an ideal cholesteric helix. Moreover, in contrast to the case of equilibrium cholesterics, with a perfectly sinusoidal helical director modulation, we can now have higher-order Bragg reflections even for observation along the helix axis (  N > 1   in Equation (16)). Thus, domains that did not exhibit a vertical helix axis at the point of kinetic arrest,   m ≠  z ^   , will (1) have a longer final pitch   p f   than vertical domains, (2) have a helix axis that is not oriented along the film normal (although it is closer to the film normal than the original helix axis was), (3) reflect light that is not perfectly circularly polarized, hence it passes both a right- and a left-handed circular polarizer, and (4) give rise to higher-order reflections even for observation along the helix.



With this excellent analysis by Frka-Petesic et al. of the effect of vertical compression of a kinetically arrested cholesteric CNC suspension we realize that there are considerable analogies between the way in which colorful dry CNC films are made and the ’anisotropic deswelling’ method introduced by Heino Finkelmann and co-workers for aligning cholesteric liquid crystal elastomers (CLCEs) [180]. When making a CLCE, a solution of reactive mesogens in excess volatile solvent is kept in a vial and the solvent is evaporated while the reactive mesogens polymerize to form a 3D network. The network formation corresponds to the kinetic arrest in a drying CNC suspension. While the original anisotropic deswelling method employed long-term centrifugation during solvent evaporation to ensure the required unidirectionality of sample compression [180,181], thereby orienting the helix perpendicular to the resulting elastomer film, we recently demonstrated that the same effect can be achieved without centrifugation if the solution droplet is pinned to the substrate to avoid horizontal compression [182], just as for the case of drying CNC suspensions. Moreover, when a CLCE is stretched in the film plane, perpendicular to the helix axis, the perfect sinusoidal modulation of the optic axis is lost. Just like for films produced by drying CNC suspensions in which m is not vertical, an alternating arrangement of rapid and slow director rotations results, removing the circular polarization of the reflected light such that the color is seen almost with equal strength through left- and right-handed circular polarizers [182,183].



We may now go back to the clearly non-ideal optical behavior of the dried CNC film in Figure 10, explaining all observed discrepancies by applying the model of Frka-Petesic et al. First, the reason why the color stays red over a much greater tilting range than for the thermotropic sample is that there were domains in the kinetically arrested sample from which the film was made in which the helix axis was not vertical in the lab frame,   m ≠  z ^   . We note that the color at normal incidence observation is red, which means, according to Bragg’s law, that the pitch of the domains with vertically oriented helix in the film must be on the long side of what generates visible light, i.e.,   p ≈ 0.5    μ m. Frka-Petesic et al. tell us that these domains have the strongest compressed helix, i.e., the shortest pitch, which means that domains with longer pitch will be reflecting in the infrared for observation along the helix. We will thus see almost only the reflection from the domains with vertically oriented helix, which retains a near-perfect helicoidal modulation and thus gives us strong circular polarization, the color disappearing when observing through a right-handed polarizer. As we start observing the film obliquely, however, domains with longer pitch will eventually start reflecting in the visible, as explained by Bragg’s law. This means that, while the reflection from the original domains blue-shifts towards yellow, this reflection is mixed with a new red reflection from the tilted domains, and it is difficult to see a clear change in color. What is easy to see is the loss of circular polarization, which we can now understand to be a result of the reflection from the tilted domains, in which the helix has been distorted by the compression, losing its circularly polarized reflection.



The analysis of Frka-Petesic et al. goes much further still, also discussing, for instance, which periodic patterns may arise at the intersection between tactoids and substrate when the helix is not vertical, and how the distribution of final helix orientations should change depending on the compression factor and the original quality of alignment. We encourage the reader to discover these and other aspects by reading the original paper.



Strengthened with this insight we can conclude that in order to get as close as possible to ideal cholesteric optics from dried CNC films, it is imperative to ensure a vertical helix orientation as well as a single value of p throughout the sample prior to kinetic arrest. There are a few strategies aimed at reaching this goal, two of which we will describe now. The first approach is to apply a magnetic field in the vertical direction [3,46,184,185,186]. Because CNCs have negative diamagnetic anisotropy, n tends to align perpendicular to an applied magnetic field, which means that m will align along the field. The first studies of magnetic field alignment of cholesteric CNC suspensions reported rather high required field strengths [3,184,185] but more recent reports show that very good results can be achieved with reasonable fields (0.5–1.2 T), easily obtainable with commercially available permanent NdFeB magnets [186]. Second, a smart way that was introduced by the MacLachlan group is ’tactoid annealing’ [98], meaning that the evaporation of the water is slowed down very much by raising the humidity of the surrounding atmosphere. Tactoids then have time to merge and adopt a uniform helix orientation, tending to vertical as the tactoids sink to the bottom and feel the planar-aligning influence of the bottom substrate. If the drying is carried out in a petri dish, for instance, once the CNC mass fraction reaches a high enough value to have a significant cholesteric fraction, but low enough to not enter kinetic arrest, a cover can be placed on it to stop evaporation for a time on the order of a day or two. This gives the tactoids that have formed time to merge and the helix to align vertically. The cover can then be removed, or a small hole can be opened, in order to complete the water evaporation to produce the dry CNC film, with improved optical properties thanks to a more uniform orientation of m.



The slowing-down of the droplet drying can be done in another smart way, which also has another highly beneficial effect. We will see how in the following section, after we have introduced one more critically important non-equilibrium phenomenon.




7.3. The Coffee-Ring Effect and How to Avoid It


From a general colloids and interface science perspective, studying the evaporation of colloidal suspensions and the linked process of particle deposition on the supporting substrates is a phenomenologically simple physical problem, or at least it may appear so. This also holds true for the case of CNC suspensions that are dried to yield colorful films. However, a more detailed look at the problem reveals that, regardless of the particular drying geometry under investigation (e.g., a sessile drop on a glass slide or a thick liquid film inside a Petri dish), a multitude of physicochemical phenomena are simultaneously at work. These typically include, for instance, macroscopic phenomena such as hydrodynamic flow patterns [187] and microscopic effects such as particle-particle and particle-interface interactions [188]. Additionally, phenomena that simultaneously involve different length- as well as time-scales, such as wetting and the dynamics of the three-phase contact line, are always part of the puzzle [187,188]. Apart from its scientific beauty, the problem of evaporating colloidal suspensions—not only CNC suspensions—is an important one from a practical viewpoint. Developing multifunctional surfaces requires patterning of (nano) particles in a controlled and reproducible fashion, so that their collective properties, for instance, can emerge. Intuitively, a simple strategy to pattern particles on solids is to cast a given volume of particle suspension on the surface and let the solvent evaporate, as we do when making dry CNC films. Despite its conceptual and practical simplicity, however, this method poses several challenges, as we will now explain.



In a typical experiment of drying a colloidal suspension, a sessile drop is dispensed on a partially wetting solid substrate, i.e., with a contact angle of less than 90   ∘   (volume on the order of  μ L, drop base radius on the order of mm). Very frequently, the suspension drop is pinned on the substrate, which means that its contact line is not allowed to recede (or advance) to a new position other than its initial one. Contact line pinning is a general phenomenon that is observed even in drops of pure liquids, and it is attributed to heterogeneities on the substrate surface, which can be either of geometrical (i.e., roughness) or chemical (i.e., non-uniform surface composition) nature. In particle-laden drops, the additional effect of self-pinning might occur, where the concentration of particles at the contact line can strengthen the initial pinning [189]. When the solvent in a pinned sessile drop evaporates, the mass of liquid lost near the edge of the drop is larger than that at its center. This is because the probability of escape of an evaporating solvent molecule depends on its point of departure. Escaping molecules undergo a random walk, and a molecule starting from the center of the drop has a higher probability to be re-adsorbed compared to a molecule near the contact line [189]. Surface tension dictates that the free surface of the drop (i.e., the liquid–gas interface) must always assume the shape of a spherical cap. This, in combination with the geometrical constraint of contact line pinning, and the non-uniform evaporation rate across the free surface of the drop, results in liquid being squeezed outwards to replenish the molecules lost there. The particles suspended in the drop will be dragged to the edge because of this flow, leading to a progressive increase in the local particle concentration (i.e., at the drop edge). When all solvent molecules are lost, most particles that were initially uniformly dispersed in the drop are gathered at the initial drop periphery, forming ring-shaped deposits. This phenomenon, known as the coffee-ring effect, was first explained by Deegan and co-corkers in a seminal paper published in 1997 [190].



The coffee-ring effect occurs in a plethora of situations of evaporating colloidal suspensions, regardless of the specific properties of the system (substrate, solvent and particles) and it is insensitive to numerous experimental conditions [189]. This can be understood if we consider that the main requirements for the coffee-ring effect to take place, namely (i) a non-zero contact angle, (ii) contact line pinning, (iii) enhanced evaporation at the drop edge and (iv) absence of counter-acting flows such as Marangoni effects (discussed below), are met in numerous occasions. The requirements are also fulfilled in the case of evaporating CNC suspensions, hence it is reasonable to hypothesize that the coffee-ring effect is an integral part of the process of CNC film formation. Figure 12a, showing superpositions of images acquired during the evaporation of an aqueous CNC suspension droplet containing a small amount of polystyrene microspheres that act as flow tracers, confirms this hypothesis. During the interval   0.80  t evap    –   0.87  t evap   , where   t evap   is the total evaporation time, tracers follow a radial flow with a direction from the drop center to its edge. However, the tracers cannot reach the edge of the drop because a large number of them has already accumulated in a thick band that starts from the contact line. Qualitatively, the same hydrodynamic pattern is retained until the end of the drying process, but the thickness of the band significantly increases with increasing t (see image corresponding to   0.93  t evap    –   1.00  t evap   ). It is reasonable to assume that the dispersed CNC particles also follow the flow pattern revealed by the tracer microparticles. This is confirmed by the characteristic ring-shaped deposition patterns that are obtained after complete water evaporation (inset in Figure 12a and top panel of Figure 12b). The ring morphology of the CNC film is quantitatively verified by measuring the height profile with a profilometer (Figure 12b, bottom panel).



The first authors that reported on the connection of the coffee-ring effect to the morphological and optical properties of dry CNC films resulting from sessile drop evaporation, were Mu and Gray five years ago [191]. These authors used profilometry to characterize the morphology of the obtained CNC deposits, and mentioned that the increased CNC concentration at the drop periphery must be due to the coffee-ring effect, which transports the CNCs toward the edge of the pinned drop. Furthermore, they attempted to connect the longer wavelength reflection colors at the outer region of their films to the enhanced tendency of the system to ’freeze-in’ the cholesteric structure due to this local increase in CNC concentration. The authors concluded that mass transfer and gradients in CNC concentration during the film formation process affect the pitch and the orientation of the cholesteric helix [191]. Despite the reasonable reference to the coffee-ring effect, Mu and Gray did not provide direct evidence of its occurrence. To our knowledge, Figure 12a is the first report of flow visualization of the coffee-ring effect in drying drops of aqueous CNC suspensions.



To further understand the coffee-ring effect and its impact, we need to look into the details of the film drying procedure, this time focusing mainly on the period before kinetic arrest. It is worth noting that, although the coffee-ring effect occurs in sessile drops, its main component, the evaporation-induced outward flow, has a strong impact on the characteristics of deposits obtained from drying situations/configurations other than sessile drops, if a pinned contact line exists. Therefore, the following discussion is important regarding the drying of CNC suspensions in general, regardless of the specific drying geometry. Figure 12b immediately reveals the most common shortcoming of employing suspension evaporation for CNC film production. When viewed under white light illumination and at normal incidence, the film displays a radial variation of reflection colors. Applying what we have learnt above, we can conclude that there is a radial variation in the microstructure within the material, possibly with pitch as well as helix orientation variations.



Apart from its profound influence on the morphology of the final deposit, the capillary outward flow (see Figure 12a) obviously dictates the evolution of particle distribution within the drop, both in space and time during the evaporation process. The resulting particle concentration gradients are particularly important in the case of drying CNC suspension drops, because we are dealing with a lyotropic liquid crystal: the CNC mass fraction w is, after all, the main parameter which dictates the phase behavior, helix pitch, and thus the properties of the system. Any drying drop is, by definition, an out-of-equilibrium system, where at any stage insufficient time is provided for the system to reach an equilibrium configuration that corresponds to its particular particle concentration at that point in time. To further complicate matters, a given average mass fraction for the drop does not provide information about the local mass fractions at different locations within the drop. These are defined by the hydrodynamic flow patterns, which transport particles to specific locations, acting against diffusion which tends to distribute particles uniformly. If we wish to avoid the radial color variations and acquire homogeneous optical properties, we thus must counteract these flows, so we must inhibit the factors that induce them.



A crucial parameter that calls for special attention is the total evaporation time (in other words, the drop lifetime), a slowed-down drying process being the key element of the previously mentioned tactoid annealing strategy [98]. This slowing-down was achieved by increasing the relative humidity,   R H  , allowing the tactoids inside the droplet to rearrange, fuse and adopt a uniform helix orientation. In addition, increasing the   R H   of the environment in which a sessile CNC suspension drop dries dramatically weakens the strength and impact of the coffee-ring effect on the CNC deposition after the evaporation process is complete. The benefits of weakening the evaporation-induced flow can be seen in Figure 12c, where   R H   was significantly increased during the droplet drying. This resulted in the final CNC deposit adopting a more uniform disk-like morphology (compared to the ring-shaped pattern in Figure 12b for lower   R H  ), as evidenced from the measured height profile across the film.



We have very recently carried out a detailed investigation on the impact of   R H   on the CNC distribution in the dry films and their optical uniformity [192], finding that the relative humidity strongly affects the hydrodynamics of the drying drops. In drops that dry quickly under ambient humidity, the coffee-ring effect dominates for a large portion of the drop lifetime. On the contrary, in drops that dry slowly under humid conditions, there is an antagonism between a weakened evaporative outward flow and a circulatory flow linked to the formation of tactoids. The former dominates only toward the end of the drying process, rendering the impact of the coffee-ring effect significant only for a small portion of the drop lifetime. This results in the homogeneous distribution of CNC particles in the dry film, leading also to quite uniform structural color, as the one shown in Figure 12c.



One of the best demonstrations of how useful it is to slow down the drying process can be found in the study by Zhao et al., where arrays of extremely uniform CNC microfilms were fabricated by drying multiple nanoliter sessile drops on substrates with patterned wettability [9]. Their key trick was to inhibit evaporation completely by covering the CNC suspension droplet under a thin layer of immiscible oil (hexadecane), thereby replacing water loss by evaporation with water loss by diffusion into the oil. Since this is saturated in water at very low concentrations, accepting more water only after the water has evaporated from the oil phase, the water extraction is dramatically slowed down and it takes place uniformly across the film, thus not setting the usual hydrodynamic flows in motion. This strategy led to films of a single color and a dome-shaped morphology, as verified by profilometry. Contrarily, when a droplet of CNC suspension of the same type (and the same volume) was dried in ambient conditions, the strong evaporation-driven radial flow led to strong coffee-ring-like particle deposition and films with radial color variation. The slowing-down of water loss by coverage by an oil phase was systematically studied earlier by Shimura et al. for the purpose of avoiding evaporation-driven abnormalities in aqueous protein solutions during capillary electrophoresis [193]. The data in Figure 2 of that paper are very useful for identifying the right amount of oil to a certain aqueous droplet volume for tuning the drying rate to a desired value.



Another approach was explored by Gençer et al. [194]. They introduced ethanol into the atmosphere in which a sessile CNC suspension droplet was evaporating, thereby setting up a circulatory Marangoni flow that partially compensated for the evaporative outward flow. Marangoni flows are surface flows that are caused by gradients in the interfacial tension of a liquid, themselves caused by gradients in temperature (thermal Marangoni) or concentration of a surface-active component such as surfactants (solutal Marangoni). It has been shown that both thermal [195] and solutal [196] Marangoni flows can have a dramatic impact on the distribution of colloidal particles upon drying of a sessile suspension drop. In the case of Gençer et al., [194], adsorption of ethanol at the air–water interface led to a local reduction in the surface tension and thus the emergence of a solutal Marangoni flow. While this should allow for a much faster drying than with oil coverage, the balancing of the flows is challenging. Although the results presented were promising, the films were not as uniform as when drying the CNC suspension under oil. Moreover, the ethanol will diffuse into the CNC suspension, thereby certainly affecting the liquid crystal self-organization.




7.4. To What Extent Can We Tune the Properties of CNC Films?


If we succeed in achieving uniform film color, the next desirable step would be to be able to select which color the film exhibits. It would also be valuable if we can work on the mechanical properties of the film, in particular making them less brittle and more flexible than a pristine CNC film. Several groups have worked along these goals for a long time, also long before the full complexity of the drying process was realized. The focus has often been only on the final film, without paying attention to the intermediate stages, hence it is not always easy to draw clearcut conclusions. Nevertheless, the experimental findings may give valuable insights, so we summarize some reports on tuning the properties of CNC films that we are aware of.



Pan et al. [197] reported an increase in the helix pitch of dry CNC films when increasing the initial concentration of the suspension used, although the range studied for the starting suspension was always in the low-concentration, fully isotropic regime. They also explored addition of NaCl up to 0.5 mM, then finding a linear decrease with salt concentration for the pitch in the solid film. Beck et al. investigated the influence of ultrasonic energy treatment of aqueous CNC suspensions that were dried in polystyrene Petri dishes to produce iridescent films [198]. Ultrasonication by sonotrode tip red-shifted the reflection wavelength band, the magnitude increasing with the energy input per gram of CNC, see Figure 13a. Suspensions treated with different energy inputs could be mixed and drying of these mixtures led to films with reflection bands corresponding to an intermediate level of ultrasonication. The authors suggested that this effect was electrostatic, involving the release of ions trapped in the bound water layer at the surface of the CNC. Parker et al. argued that the ion release cannot explain the observations on its own, and suggested that ultrasonic breaking of CNCs effectively leads to a reduction in chiral species, which could thus explain a redshift [14]. To the best of our knowledge, potential artifacts from titanium particle release from the sonotrode tip have not been investigated in this context. At least in the field of carbon nanotube research, the contamination by sonication-derived titanium particles has been confirmed to be significant [199], and it is not impossible that such particles will also influence the cholesteric liquid crystal self-organization in CNC suspensions. Nguyen et al. varied the substrate on which CNC suspensions were dried, achieving varying contact angles of the suspension drops [200]. Opaque films were formed on the most hydrophobic substrates like polytetrafluoroethylene, whereas blue films were formed on the most hydrophilic surfaces, such as aluminum. Drying on substrates with intermediate wettability, such as cellulose acetate, gave rise to yellow-red films. One should note that studying the effect of varying wettability is far from trivial, because it is always accompanied by changes in other parameters that also play important roles in different aspects of the drying (and the liquid crystal self-organization) process.



Several groups have explored the role of additives introduced in CNC suspensions on the properties of the dried films, thus connecting to the discussion in Section 6.3 but now with the focus on the final dry film rather than the equilibrium properties. The shortening of the equilibrium cholesteric pitch that is typically provided by salt addition (Section 6.3) would lead to the expectation that also the pitch of the final film is blue-shifted by salt addition. This is indeed what Revol et al. found in their seminal study focusing on achieving visible reflection from dried CNC films [3], tuning the normal incidence reflection color from the infrared to yellow, see Figure 13b. They achieved similar results by reducing the CNC surface charge by controlled desulfation.



We can now come back to the study by Mu and Gray of addition of D-(+)-glucose to CNC suspensions, discussed regarding the equilibrium behavior in Section 6.3. As mentioned there, the glucose tends to decrease the equilibrium pitch without impacting   w 0  , but it also promotes gelation, suggesting that   w k   is reduced. When investigating the films prepared by drying glucose-enriched CNC suspensions, Mu and Gray found the surprising result that the color was red-shifted the more glucose was added. The authors proposed that the explanation is to be found in the promoted gelation: although the glucose tends to reduce the equilibrium pitch at a certain CNC mass fraction, the earlier kinetic arrest means that the pitch locked in by gelation was still longer than without glucose, leading to longer pitch in the dry film and thus a red shift of the reflection color. Another aspect is that the glucose remains in the final film, thus probably reducing the effective compression somewhat. A shift to longer reflection wavelengths was also observed by Guidetti et al. [202] when adding zwitterionic surfactants, with head groups that contain positive ammonium as well as negative sulfate groups. A model was proposed where the ammonium group was assumed to electrostatically interact with the negatively charged sulfate groups of the CNC, the hydrophobic alkyl tail of the surfactant acting as a small ’spring’ between CNCs. With increasing surfactant concentration (keeping the CNC mass fraction w constant), the normal incidence reflection shifted from mainly green-yellow to red and eventually to infrared.



Apart from low molar mass additives, the influence of macromolecules on the optical properties of CNC films has been studied extensively. Bardet et al. [203] explored the effect of an anionic polyelectrolyte (sodium polyacrylate) and a neutral polymer (polyethylene glycol) on the self-assembly properties of CNC in suspension and films produced by drying. The film color was blue-shifted by increasing the amount of non-adsorbing sodium polyacrylate. This effect was attributed to a decrease in the equilibrium chiral nematic pitch, which could be either due to osmotic pressure differences or because of the highly hygroscopic character of sodium polyacrylate, resulting in enhanced adsorption of water molecules. Polyethylene glycol was found to increase the flexibility of the CNC films. In a following study, Yao et al. reported that intercalation of polyethylene glycol macromolecules between CNC led to an increase in the pitch of the composite film. As a result, increasing the relative amount of polyethylene glycol caused a continuous red-shift of the reflectance band, which enabled the authors to tune the photonic bandgap of the film by varying its composition [134], see Figure 13c.



The beauty of non-cellulosic polymer incorporation is that the films also become much less brittle, reaching sufficient flexibilities for complete bending without breaking [134,203]. An interesting alternative is to polymerize reactive monomers within the drying CNC suspension, a route explored by Wu et al. [135]. By making a sandwich structure including a thin polymer sheet acting as a   λ / 2   plate between two polymerized CNC sheets, they mimicked the marvelously smart structure of the Plusiotis resplendens beetle [12,204] that reflects all light with wavelengths in the reflection wavelength band, thus right- as well as left-handed polarizations, thanks to the handedness inversion provided by the   λ / 2   plate. The resulting composites were not only flexible and highly uniform in color, but they also changed their shape in response to exposure to humid air.



An interesting variation of the concept with an introduced   λ / 2   plate was presented by Fernandes et al. [205]. They took advantage of the cracks that frequently form within films produced by drying CNC suspensions, filling this with the commonly used thermotropic nematic liquid crystal 5CB (4’-n-pentylbiphenyl-4-carbonitrile). As it aligned with its director, and thus optic axis, in the plane of the film, and as the crack thickness was about right to give the 5CB layer a   λ / 2   retardation effect, the relaxed-state film reflected both circular polarizations. However, by applying an electric field they could switch the director of the 5CB layer out of plane, thereby removing the optical effect of the intermediate layer, getting the one-handed circular polarization reflectivity back. This allowed them to dynamically switch between polarized and unpolarized reflectivity. MacLachlan and co-workers explored a similar approach [136], infiltrating a dried CNC film with the thermotropic liquid crystal 8CB (4’-n-octylbiphenyl-4-carbonitrile) such that it replaced the air in the pores of the film. By heating or cooling the composite past the temperature where 8CB transitions into an isotropic liquid, they could switch the overall reflective properties thanks to the refractive index modulation in the 8CB-filled pores. At room temperature, the film reflected green light, whereas at 48   ∘  C, with 8CB in the isotropic phase, the film was colorless.




7.5. Parameters and Effects Meriting Further Investigations


Our understanding of CNC suspensions and their liquid crystal as well as non-equilibrium behavior is finally starting to mature, such that clear strategies can be laid out on how to make valuable materials from CNCs. Nevertheless, there are still significant open questions remaining and a few issues have not yet been thoroughly addressed. We end this review by highlighting some of them, as inspiration for future research thrusts.



Although there has been a strong increase in the number of groups exploring film formation from drying CNC suspensions, there remains the question about the quality and the properties of the CNC particles utilized. Some reproducibility difficulties can certainly be attributed to incomplete characterization of the CNCs, with uncontrolled parameters leading to different results during different experiments. Many groups prepare their own CNC batches, typically applying sulfuric acid hydrolysis on materials from cotton or wood sources. Even though a specific preparation protocol is frequently followed [104], small variations in the procedure are perhaps unavoidable. On the other hand, there are now several companies that produce CNCs on industrial scale. Reid et al pointed out the importance of the various sources and the preparation methods (e.g., hydrolysis conditions and post-extraction treatments) on the properties and hence the behavior of CNCs [15]. This calls for a thorough characterization of any type of CNCs prior to using it for fundamental or applied studies. They discussed in detail the methods and procedures that should be employed, for instance to characterize the dimensions and surface properties of CNCs and their colloidal stability. As we have discussed in detail in this review, these properties dictate both the equilibrium and non-equilibrium behaviors of CNC suspensions and thus the properties of CNC films resulting from drying them. Furthermore, a detailed comparison of the characteristics of CNCs prepared on the bench scale to commercial batches from various companies was done.



Some phenomena that can be expected to affect the formation of films, and thus their optical features, have either so far been generally overlooked or they have just not been investigated thoroughly yet. For instance, naturally occurring flows (i.e., not imposed by external fields) in drying aqueous CNC suspensions have not yet been sufficiently investigated. The impact of surface tension-driven Marangoni flows was so far discussed only in the previously mentioned paper by Gençer et al. [194]. The authors provided interfacial tension measurements on drops of varying CNC concentration and calculated the appropriate dimensionless groups (e.g., the Marangoni number). Despite the many hints that flow phenomena are crucial in defining the macroscopic film morphology and its microstructure, the only published flow visualization data we are aware of are those in Figure 12a. Therefore, more studies on these surface flows (mostly solutal, as thermal Marangoni flows are typically very weak for aqueous drops) are needed. Moreover, convective flows can arise from density variations inside a drying drop [206], which can be for example caused by the simultaneous presence of lighter isotropic regions and heavier anisotropic regions; the influence of such flows has not been studied yet.



The discussion about the impact of CNC alignment and anchoring on the interfaces involved in suspension drying (i.e., the various substrate/suspension and suspension/surrounding interfaces) has been very limited up to now. Saha and Davis recently investigated the effect of surface anchoring by slowly drying CNC suspensions sandwiched between a glass slide and a glass coverslip, under high relative humidity [201]. The resulting films displayed dot-shaped domains with planar helix orientation and subtle mosaic defects, see Figure 13d. On the contrary, suspension drying without the coverslip yielded films with many mosaic defects, fingerprint textures and randomly oriented domains of different colors. The authors suggested that the anchoring of CNC particles to both glass surfaces had significant influence on particle ordering during water loss. Their alignment on both surfaces should lead to a tendency for planar helix orientation (i.e., the helix axis being perpendicular to the film). The authors mentioned, however, that other effects such as the confined evaporation and the prevention of skin formation might play a vital role in this drying geometry.



Entirely different approaches to depositing the CNC suspension like dip coating [207] can be used, in particular when thin films are desired, but the analysis of the complex non-equilibrium situation here is challenging. Hoeger et al. used blade coating to deposit CNC suspensions on mica, gold and silica substrates, with and without pre-adsorbed cationic polyelectrolyte, for studying the relevance of the CNC-substrate interaction [208]. They discussed their observations in the context of shear, capillary and electrostatic forces. Although attention starts to be paid on these issues, quantitative investigations of the alignment of CNC particles on different types of substrates (e.g., hydrophilic vs. hydrophobic [200]) or at the free surface of the suspensions (that could be a suspension/air or suspension/oil interface [9]) are still largely missing.



There are still some apparently conflicting observations between different studies, for instance regarding gelation or glass formation and regarding the impact on helix pitch of certain additives. One aspect that seems not to have been sufficiently investigated in this context is the importance of the native CNC counter ions and the additives, at least regarding the onset of kinetic arrest. Many studies on the effect of ionic strength were carried out with acid-form CNCs, thus with native H   +   counter ions, but then NaCl was added as the electrolyte to tune the ionic strength. It is not given that the effect will be identical to the case where HCl is added to acid-form CNCs (to our knowledge, only investigated systematically in one study [56]) or where NaCl is added to CNCs with native Na   +   counter ions. Even the interaction with non-ionic additives like glucose or nonionic polymers may be different for acid- and salt-form CNCs.





8. Summary and Outlook


Compared to many research activities requiring advanced and often expensive machinery, perhaps even large-scale facilities setting up highly unusual experimental conditions, and/or exclusive compounds available only in minute quantities, research on CNC suspensions may seem incredibly simple and low-key: what could possibly be complicated about a drop of water containing suspended particles of cellulose, the most abundant organic polymer on Earth, evaporating on a table in a regular lab? We hope that this review has demonstrated how false such a view point is, and that the processes taking place as the water leaves that droplet, giving birth to a beautiful as well as very useful colored film, are immensely complex. In order to reach the applied goal of making cellulose films with controlled and tunable structural colors, we need to understand all aspects of each of these processes. We need to understand what governs the colloidal stability of the CNC nanorods, with the choice of solvent, surface charge and counter ions all playing vital parts. We need to understand why and how the rod suspension may organize into a long-range ordered cholesteric phase, what happens inside the tactoids and at their boundaries, and how the tactoids eventually merge and form a macroscopic ordered phase. This includes being aware of the many subtleties of the helical director modulation that makes the CNC suspension so interesting, in equilibrium as well as after kinetic arrest, when the helix is being compressed as the water evaporates. We then need to understand the optics of a birefringent medium in which the optic axis rotates along a direction that may or may not be vertical, and the rotation may or may not be constant within the film. Furthermore since we start with a droplet of fluid particle suspension from which the solvent evaporates, we need to understand the hydrodynamic flows that take place within the droplet, moving particles around, and how these are affected by the underlying substrate as well as the phase bounding the droplet at its top. Of course, one also needs to understand the chemistry going into making the CNCs in the first place.



With this review we have tried to explain and discuss most of these aspects except for the CNC production in a way that any researcher working with, or desiring to work with, CNC suspensions has a chance to grasp the full complexity of these materials, providing links to further reading when our account does not go sufficiently deep. The present time is actually particularly exciting, because we are now, for the first time, at a stage where all the processes of the complex procedure behind CNC film production are recognized, and most of them are on the way of being understood, if not already clarified at a satisfactory level. We sincerely hope that our review can be helpful as well as stimulating, that it might guide experimental work into the right directions, and thereby make our understanding of the complex class of soft matter that colloidal cholesteric liquid crystals constitute a bit richer and a bit more complete. In the long run, this will hopefully also bring the dream of making sustainable materials with controlled tunable structural color, and/or enhanced mechanical properties, from wood or other renewable cellulose sources, a little bit closer to realization.
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Figure 1. Upper line: simplified schematic of a typical CNC production scheme, here starting from a slurry of sulfuric acid and cotton; CNF or bacterial cellulose can be used instead. The sulfuric acid attacks the weaker regions in the cellulose fibrils and removes them, while at the same time providing the remaining CNCs with charged −SO   3 −   groups on their surface. The hydrolysis is terminated by dilution with excess water and the remaining acid is removed by repeated washing and dialysis. The highly diluted product is then ultra-sonicated to realize well dispersed CNCs. In a final step the diluted suspension is often concentrated (sometimes under reduced pressure) to give a maximum mass fraction of CNCs that still forms a stable suspension in water. This stock suspension can then be diluted again to achieve lower mass fractions. Lower line, from left to right: cotton as example of an untreated cellulose source (macroscopic and microscopic, as imaged by polarized light microscopy, scale bars are 1 cm and 500  μ m, respectively); AFM images of CNCs before and after sonication (scale bar 1  μ m), produced by sulfuric acid hydrolysis, with H   +   counter ions, both samples prepared by depositing a suspension with a mass fraction of   w = 0.002   wt.% on the substrate used for imaging; polarized optical micrograph of the cholesteric phase formed by a CNC suspension (scale bar 100  μ m). 
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Figure 2. Qualitative sketch of the interaction potential between electrostatically stabilized colloidal particles, as a function of particle separation x, at low (blue) and high (pink) ionic strength I, respectively, according to DLVO theory. Each main contribution (thin curves) to the total energy is sketched in addition to the total interaction potential (thick curves). At low I, an electrostatic energy barrier at a distance   ∼  κ  − 1     (the Debye screening length) from the particle surface, prevents the particles from reaching the primary minimum that corresponds to particle aggregation and loss of colloid stability. The reduction of the electrostatic repulsion range upon increasing I eventually reduces the energy barrier to such an extent that thermal fluctuations will bring the particles to the primary minimum, at a separation distance shorter than   κ  − 1   , and the colloid loses its stability. 
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Figure 3. (a,b) Illustrations of the helix that is traced by the tip (red) of the director n (blue) as it continuously changes its orientation within the   x y  -plane when we move up the helix axis m, here considered along the   z ^  -axis, for the case of right-handed (a) and left-handed (b) helical director modulations. Note that these drawings do not show any CNC rods, only the variation through space of n. A representative ’snapshot’ of rod distributions, as influenced by the helical director modulation and the imperfect orientational order (  S ≈ 0.8  ) is instead shown in part (c). The corresponding director helix is left-handed, as in (b) and as in CNC suspensions. 






Figure 3. (a,b) Illustrations of the helix that is traced by the tip (red) of the director n (blue) as it continuously changes its orientation within the   x y  -plane when we move up the helix axis m, here considered along the   z ^  -axis, for the case of right-handed (a) and left-handed (b) helical director modulations. Note that these drawings do not show any CNC rods, only the variation through space of n. A representative ’snapshot’ of rod distributions, as influenced by the helical director modulation and the imperfect orientational order (  S ≈ 0.8  ) is instead shown in part (c). The corresponding director helix is left-handed, as in (b) and as in CNC suspensions.
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Figure 4. (a) Scanning Electron Microscopy image with exceptional detail of the surface obtained by fracturing a film created by drying a cholesteric CNC suspension, the axis m of the helical director modulation being nearly in the film plane and vertical in the image. White arrows highlight regions where CNC rods protrude from the fracture surface. The inset (b) shows individual CNCs near such a region, where n is perpendicular to the fracture plane. Next to the protruding CNCs are holes, left by the removal of the corresponding rods that ended up stuck in the opposite fracture section. Note that rods are packed an order of magnitude closer in this solid film than in an equilibrium cholesteric liquid crystal phase, and their degree of order is probably greater as well. Reprinted by permission from Springer Nature Cellulose [49], Copyright 2012. 
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Figure 5. Illustrations of the three elemental director field deformations splay, twist and bend. 
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Figure 6. A series of CNC suspensions with increasing mass fraction w from left to right (the values, in wt.%, are indicated at the top of each vial), viewed between crossed polarizers after Earth gravity has separated the isotropic (dark, top) and cholesteric (bright, bottom) phases. Prior to taking the photo, all samples had been left undisturbed for 6 months. By quantifying the volume fraction of cholesteric to isotropic phase at each w, the coexistence regime of the phase diagram is mapped out. 
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Figure 7. A schematic overview of tactoids of increasing size, from top to bottom, developing in a cholesteric-forming colloidal nanorod suspension. Each tactoid type (one per row) is sketched as it is viewed along   x ^  ,   y ^   and   z ^   (see local coordinate systems for guidance), where we define    z ^  = m   as the orientation of the helix when it develops. The drawings do not represent cross sections, but the projection into the paper plane of the outer tactoid surface. We sketch the director field in black and for the helix we draw side views in the first two columns, indicating n in the figure plane with red lines and n perpendicular to this plane with red dots, thus with a rotation of n by 90   ∘   in-between. Row (a) depicts the smallest tactoid (rarely seen in CNC suspensions), in which the director field is uniform, violating the anchoring conditions. The next row shows a tactoid of slightly larger size, where the anchoring condition is respected, a director field with bend and splay deformations developing within the tactoid. In the view along   x ^   we use ’nails’ to illustrate the director field tilting out of the plane as a result of the surface curvature, the ’head’ of the nail pointing towards us, the ’tip’ pointing away. In row (c), a tactoid just large enough for the helix to develop is shown, the twisting developing from a non-helical director field that was originally pointing along   x ^   (as in rows a,b). The final row shows the most commonly observed tactoids in CNC suspensions, where the helix has developed with many pitches, still along a single direction throughout the tactoid (orthogonal to the corresponding direction in c), still violating the anchoring conditions. We draw the situation for an ellipsoidal shape, elongated along m, which is common once the tactoids grow to sizes of several pitch lengths. The curving director pattern along   z ^   in rows (c) and (d) is the projection of a hemispherical cap viewed along the helix. It has been created using the construction of Bouligand and Livolant [84], stacking 50 slices taken at constant z distances on top of each other, from the base to the top of the hemisphere, as illustrated in the inset between rows (c) and (d). We used 20   ∘   rotation of n from one slice to the next. Note that the views along   x ^  ,   y ^   and   z ^   are correlated, to better illustrate the helical variation of the director field. Red dotted lines between the sketches emphasize this aspect in row (d). 
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Figure 8. Representative polarizing microscopy micrographs (crossed polarizers) of tactoids of cholesteric CNC suspensions, soon after ’birth’ (a) and later in the growth process (b–d), eventually reaching sizes where radial helix orientation occurs (e). Even in the smallest tactoids in (a), the helix has probably developed, although the focus may render it difficult to see (see discussion in main text). In the last panel one ’dark ring’ has been emphasized, to highlight the non-closing spiral-like character of the stripes in the ’fingerprint’ texture decorating the tactoids. The distance between two consecutive stripes is   p / 2   (see Section 7.1). Scale bars correspond to 50  μ m. 
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Figure 9. CNCs are composed of several thousands of   β ( 1 → 4 )   linked D-glucosyl moieties. The terminal glucosyl moiety undergoes acid catalyzed isomerization. Thereby the functionality of the group which is highlighted in pink changes from hydroxyl to aldehyde. The blue arrows indicate the rearrangement of the chemical bonds. Next to the two shown six-membered cyclic pyranosyl isomers, two five-membered cyclic furanosyl isomers (not shown) could form additionally. Isomerization of the starting glucosyl moiety is not possible. 
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Figure 10. Illustration of visible Bragg reflection from cholesteric structures. (a) Schematic illustration of how the helical modulation of the director, and thereby the optic axis, gives rise to angle-dependent Bragg reflection. On the left, a realistic depiction of rods in a cholesteric arrangement is shown. Next to it a commonly used simplified representation is drawn, where a long horizontal line represents n in the paper plane whereas a vanishing line means that n is perpendicular. If we consider light incident along the helix axis m with polarization in the paper plane (p) it will experience a refractive index   n  p , m    that varies with a period of   p / 2   between   n ⊥   and   n  | |   , as indicated on the right. If we instead consider light entering at an oblique angle  θ  with respect to m, we can apply Bragg’s simplification and consider that light is reflected every time the refractive index repeats itself, for instance being   n ⊥   as in the figure. The two drawn light rays reflected at different levels along m, separated by   p / 2   from each other, will then have slightly different path lengths, as indicated in red. In order to get constructive interference, the difference must be an integer N times the wavelength, i.e., we obtain Bragg’s condition   N  λ 0  = p  n ¯  cos θ  , where   λ 0   is the central reflection wavelength as measured in air and   n ¯   is the average refractive index (see main text). (b) Viewing angle-dependent selective reflection of a large square dried CNC film (11.5 cm side length) and a small cell containing a thermotropic cholesteric. The CNC film is viewed partially through 3D cinema glasses, thus through a left-handed circular polarizer on the left and a right-handed one on the right. For normal incidence the reflected light is left-handed circularly polarized but with increasing viewing angle the circular polarization is lost. The color is blue-shifted, i.e.,   λ 0   moves to shorter values, as expected for increasing  θ . (c) For comparison, the thermotropic sample is viewed through the right and left circular polarizers under identical illumination and imaging conditions as a function of viewing angle. The circular polarization (here right-handed) is retained even for a large  θ . 
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Figure 11. Illustration of the process of helix compression and axis reorientation upon drying a CNC suspension after the kinetic arrest, following Frka-Petesic et al. [174]. The uncompressed state (a) is compared to the state after uniaxial compression, showing representative director arrows that, before compression, were perpendicular to the original helix (b), as well as arrows perpendicular to the redefined helix representative of the compressed and deformed state (c). See main text for further explanation. Reprinted figure with permission from [174], http://dx.doi.org/.10.1103/physrevmaterials.3.045601. Copyright (2019) by the American Physical Society. 
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Figure 12. The coffee-ring effect in evaporating droplets of aqueous CNC suspension and its elimination via slow drying. (a) Superposition of transmission optical microscopy images acquired during the evaporation of a droplet (volume 1  μ L) of an unsonicated aqueous CNC suspension (starting concentration   w = 4   wt.%) to which we have added 0.1 mg/mL polystyrene spheres (diameter 1  μ m). The droplet was deposited on a glass coverslip and dried at ambient laboratory conditions (relative humidity,   R H = 40  %). The polystyrene spheres act as tracers that enable flow visualization. The variable  τ  is a reduced evaporation time,   τ = t /  t evap   , where   t evap   is the total evaporation time. The inset shows the colorful reflection of a fully dried film that was obtained by drying the same suspension, under very similar experimental conditions (volume 2  μ L,   R H = 50  %). (b,c) Reflection optical microscopy images and corresponding height profiles, obtained by profilometry, of CNC deposits from droplets (volume 2  μ L) of unsonicated aqueous CNC suspensions (starting concentration   w = 5   wt.%) deposited on glass coverslips, dried at low (  R H = 50  %, a) and high (  R H = 90  %, b) relative humidity; from M.Sc. thesis of M. Dupas, U. Luxembourg 2018, supervised by M. Anyfantakis. 
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Figure 13. Examples of parameters and conditions affecting the selective reflection of films formed by drying CNC suspensions. (a) Impact of ultrasonication treatment. Photographs (insets) and reflection spectra (diagram) of CNC films prepared from suspensions treated with ultrasonication energies of 750 J/g CNC (E) and 2225 J/g CNC (G). Film (F) was prepared by drying a 1:1 mixture of the suspensions used to prepare films (E) and (G). The scale bar is 1 cm. Adapted with permission from Ref. [198]. Copyright 2011 American Chemical Society. (b) The influence of electrolyte addition. Increasing the concentration of NaCl added to an acid-form CNC suspension leads to a decrease in the wavelength of the reflection band of the dried CNC films. Reprinted with permission from Ref. [3]. Copyright 1998 Pulp and Paper Technical Association of Canada. (c) The effect of added polymers. Transmission spectra and reflection photographs of films of CNC/polyethylene glycol composite films (diameter 9 cm) at various CNC/polymer compositions; blue: 90/10; green: 80/20 and red: 70/30. Adapted with permission from Ref. [134]. (d) The effect of surface anchoring and orientation of liquid crystalline CNC suspensions. Cross-polarized images of films dried in water vapor saturated atmosphere assisted by orbital shear with a glass coverslip off (left) and on (right) during drying. The scale bars are 100  μ m. Reprinted with permission from Ref. [201]. Copyright 2018 American Chemical Society. 
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