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Chemical organization in reaction-diffusion systems offers a strategy for the generation of materials with ordered 
morphologies and structural hierarchy. Periodic structures are formed by either molecules or nanoparticles. On 
the premise of new directing factors and materials, an emerging frontier is the design of systems in which the 
precipitation partners are nanoparticles and molecules. We show that solvent evaporation from a suspension of 
cellulose nanocrystals (CNCs) and L-(+)-tartaric acid [L-(+)-TA] causes phase separation and precipitation, which, 
being coupled with a reaction/diffusion, results in rhythmic alternation of CNC-rich and L-(+)-TA–rich rings. The 
CNC-rich regions have a cholesteric structure, while the L-(+)-TA–rich bands are formed by radially aligned elon-
gated bundles. The moving edge of the pattern propagates with a finite constant velocity, which enables 
control of periodicity by varying film preparation conditions. This work expands knowledge about self-organizing 
reaction-diffusion systems and offers a strategy for the design of self-organizing materials.

INTRODUCTION
Self-organization and self-assembly in non-equilibrium systems are 
a universal process that occurs in living matter (1, 2), geochemical 
and mineralogical environments (3), materials science (4), and indus-
trial settings (5). In particular, patterns formed in reaction-diffusion 
systems provide a fascinating example of highly ordered, spatial or 
spatiotemporal structures as a result of the synergy between transport 
of chemical species and chemical reactions. For example, periodic 
ring patterns have been observed in seemingly unrelated systems, 
e.g., in crystallizing low–molecular weight compounds (6), polymer films 
formed from solutions (7, 8), emulsion polymerization mixtures (9), 
and even in human tissues (10). In crystallizing polymer melts, the 
formation of ring-banded spherulites due to the helicoidal twisting 
of radial lamellae is a commonly observed phenomenon (11).

A special class of reaction-diffusion systems is that in which a 
heterogeneous precipitation pattern forms. In a reaction-diffusion 
experiment conducted by Liesegang in the late 19th century, a reac-
tion between two water-soluble electrolytes resulted in spatially 
periodic ring-type bands of a precipitating salt (12). Periodic precipi-
tation originated from coupling of the rates of the precipitation pro-
cess and reactant mass transport, resulting in a reactant-exhausted 
medium (13).

Currently, experiments leading to periodic structures can be di-
vided into two groups. In the classical Liesegang-type experiments, 
the system consists of two interacting components [ions or oppositely 

charged nanoparticles (NPs)], which are initially spatially separated 
(4, 14). Pattern formation occurs due to diffusion of these compo-
nents toward each other, leading to the first precipitation band 
when the product of local concentrations of the reagents exceeds the 
solubility product. The precipitation process decreases the reagent 
concentrations in the precipitation zone faster than the diffusion can 
increase them, causing depletion, thus depleting the reagents in the 
region surrounding the first precipitation band. A new precipitation 
band forms once the solubility product is exceeded again. The repe-
tition of the precipitation process yields periodic precipitate bands. In 
the second group of experiments, periodic ring-type structures form in 
a system that initially has a spatially uniform distribution of compo-
nents but undergoes phase separation or crystallization (15, 16).

Chemical organization via periodic precipitation offers a new 
strategy for the generation of materials with ordered morphologies 
and structural hierarchy (
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with a length of 100 to 300 nm and diameter of 10 to 20 nm (26), 
have recently attracted great interest of the soft matter and materi-
als science community because of their ability to organize into cho-
lesteric (Ch) liquid crystals (27). Upon drying, aqueous CNC 
suspensions mixed with low–molecular weight molecules (28, 29), 
polymers (30,  31) and NPs (32–34) formed films with either a Ch 
structure (with intrinsic defects) or random disordered morpholo-
gies; however, periodic precipitation bands have not been reported.

In the present work, we show that upon solvent evaporation, an 
aqueous l-(+)-TA/CNC mixture undergoes phase separation and sub
sequent precipitation, which, being coupled with a diffusion-driven 
process, results in a rhythmic alternation of CNC-rich and CNC- 
depleted [or l-(+)-TA–rich] ring-type regions. The CNC-rich regions 
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film and a corresponding POM image, respectively. In Fig. 3A, al-
ternating bright and dark green rings correspond to CNC-rich and 
CNC-deprived regions, respectively. On the basis of the analysis 
of fluorescence intensity of these bands and assuming a similar 

behavior of CNCs and FITC-CNCs, we estimated the relative con-
centration of CNCs in the CNC-enriched and CNC-depleted regions 
to be 67 ± 22 and 31 ± 11%, respectively (fig. S5). By comparing 
POM and fluorescence images of the composite films, we conclude 
that the narrow orange bands and wide blue bands in POM images 
were CNC enriched and CNC deprived (or TA enriched), respec-
tively (Fig. 3, A and B).

The composite films were characterized by acquiring spectra of 
differential transmission E of circularly polarized light of opposite 
handedness through ~50-m-radius circular areas (see Materials and 
Methods). For spatially heterogeneous films, these spectra coui.0 Tc  
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the radial direction in the TA-enriched phase. The topography of 
the surface of the composite film was examined using atomic force 
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mainly along the radial r direction, the structural features formed by 
CNCs and TA also vary along the film’s depth which cannot be spa-
tially reconstructed at the nanoscale solely by two-dimensional 
(2D) optical polarimetry characterization, providing an interesting 
example of complex out-of-equilibrium organization of interest for 
future studies.

Small-angle x-ray scattering (SAXS) was used to probe the struc-
ture of the TA/CNC films in the transmission mode (Fig. 5A). An 
x-ray beam with a size of 220 m by 50 m was used to scan the 
entire film area for SAXS mapping (section S9). We performed a 
quantitative analysis using the variation of the scattering intensity 
profile I() with the azimuthal angle  (defined within the vertical 
detector plane with respect to the horizontal direction; Fig.  5B). 
More specifically, we computed the 2D orientation distribution 
function (ODF), f(), which reflects the probability of the scatterers 
to be aligned in a particular direction (40,  41) and is calculated as ​

f(
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	​ E + F  →  2F, ​v​ 7​​  = ​ k​ 7​​ ef, ​k​ 7​​  = ​ 10​​ 3​​	 (8)

where a, b, c, d, e, and f are the concentrations of the chemical spe-
cies of A, B, C, D, E, and F, respectively;  is the Heaviside step 
function; and d* and e* are the threshold concentrations for the for-
mation of TA-CNC clusters, respectively (Eqs. 5 and 6). The value 
of ri in Eq. 1 is calculated using stoichiometric coefficients and reac-
tion rates as ​​​r​ i​​  = ​ ∑ j=1​ 7 ​​​ (​​ ​υ​j​ 

r​ − ​υ​j​ 
l​​)​​ ​v​ j​​​​, where ​​υ​j​ 

r​​ and ​​υ​j​ 
l​​ are the stoichio-

metric coefficients of the ith compound at the right- and left-hand 
sides in the jth equation, respectively, and vj is the reaction rate of 
the jth process. Equations 2 and 4 describe the autocatalytic forma-
tion of TA nuclei and TA crystals, respectively. Equation 3 describes 
the process of the formation of TA crystals from the TA nuclei. The 
model comprises two concentration threshold-limited steps (Eqs. 5 
and 6), which describe the formation of TA-CNC clusters. These 
clusters result in the CNC-enriched phase (Eqs. 7 and 8). Figure S10 
shows the schematic representation of the mechanism.

We solved the set of partial differential equations (Eq. 1) numer-
ically by using the method of lines technique on an equidistant grid 
in a polar coordinate system (45). The finite difference spatial dis-
cretization method was combined with a forward Euler method for 
the integration in time of the set of ordinary differential equations. 
We applied the following initial conditions a(t = 0, r) = 1.0, b(t = 0, 
r) = 0, c(t = 0, r) = 0, d(t = 0, r) = 1.0, e(t = 0, r) = 0, and f(t = 0, r) = 0 
to reflect the initial experimental conditions, when TA (A) and CNCs 
(D) were uniformly distributed in the mixed suspension. To initiate 
pattern formation, we increased the concentration of B at r = 0 at 
t = 0, i.e., b(t = 0, r = 0) = 1.0. We used no-flux and Dirichlet bound-
ary conditions for all chemical species at r = 0 and r = L, respective-
ly, where L is the length of the simulation domain.

Figure 6 shows that the numerical model qualitatively reproduced 
the experimental findings: The threshold-limited phase separation 
of TA and CNCs (Eqs. 5 and 6) produced periodic TA-rich and CNC- 
rich ring-type regions (Fig.  6,  A  and  B, respectively). The model 
predicted a finite constant velocity of the moving front of the edge 
of the pattern (Fig. 2K) due to reactions described by Eqs. 2 to 8 (see 
movie S1).

DISCUSSION
Generally, in multicomponent precipitation/diffusion-governed sys-
tems, the sizes of the components are in the same range, e.g., they 

http://advances.sciencemag.org/


Ackroyd et al., Sci. Adv. 2021; 7 : eabe3801     16 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 9

saturation state, as well as the extent of CNC and TA diffusion, with 
wider bands formed at higher RH. We note that the addition of TA 
to the CNC suspension resulted in the reduction in -potential of 
CNCs and could lead to the increase in suspension viscosity (50). 
Similarly, the evaporation of water from the mixed TA/CNC sus-
pension caused an increase in viscosity. Our simulations showed 

http://advances.sciencemag.org/


Ackroyd et al., Sci. Adv. 2021; 7 : eabe3801     16 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 9

filter cube (U-N41001 HQ:F), with an excitation wavelength of 
480 ± 23 nm.

The preparation of samples for SEM imaging of the composite 
films was performed by depositing a droplet of TA/CNC (R = 4.5) 
suspension on a silicon wafer and drying at RH = 23%. Before depo-
sition, the wafer was washed with water and ethanol and dried with 
filtered compressed air. The samples were imaged using the FEI 
Quanta FEG 250 environmental scanning electron microscope un-
der high vacuum at 3 kV. To obtain fractured films, silicon wafers 
with deposited films were cut with a diamond-tipped glass cutter. 
The fractured films affixed to the silicon wafers were mounted on 
90° specimen mounts using a conductive carbon tape.

AFM experiments were carried out on films formed by deposit-
ing a droplet of TA/CNC (R
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