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Self-organization of nanoparticles and molecules
in periodic Liesegang-type structures
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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
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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 r-(+)-TA-rich rings. The
CNC-rich regions have a cholesteric structure, while the .-(+)-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 (I, 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
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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 (17, 18). Molecular self-organization on nano-
to micrometer length scales via the reaction-diffusion process has
already led to proof-of-concept applications of periodically struc-
tured materials in optics (19), microfluidics (20), and drug release
systems (21). An emerging frontier in this field is the design of reaction-
diffusion systems in which the precipitation partners are nanocol-
loidal building blocks or a combination of NPs and molecules (4) rather
than reacting molecules. The capability to organize NP building blocks
into well-defined, ordered patterns offers the capability to create
hierarchically organized nanostructures with functionality stemming
from the synergistic properties of NP assemblies (22). The first step
in this direction has been undertaken by coprecipitating oppositely
charged metal NPs that played the role of two “electrolytes” in a
Liesegang-type system (earlier described as group 1) (23). Upon
neutralization of the NP charges, colloidal stability of the system
was lost, and NPs precipitated into periodic concentric zones. The
next step in the organization of NPs includes periodic precipitation
on the premise of new directing factors (24) and film compositions
over different length scales, thereby offering a higher complexity in
self-organization and following nature-made periodic patterns (25).
Here, we report periodic precipitation patterns formed by the
colloidal and molecular components, namely, cellulose nanocrystals
(CNCs) and 1-(+)-tartaric acid [L-(+)-TA]. CNCs, rod-shaped NPs
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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
had a Ch structure with characteristic optical properties, while the
L-(+)-TA-rich regions exhibited anisotropy stemming from radially
aligned bundles. The propagation of the front edge of the ring-banded
pattern with a constant velocity yielded periodic structures, with a
period controlled by film composition and water evaporation rate,
that is, ambient relative humidity (RH). The developed kinetic
model was in qualitative agreement with the experimental results.
Our results expand the range of self-organizing reaction-diffusion
systems and pave the way for the design of periodically structured
functional materials.

RESULTS
We used CNCs with an average length and diameter of 176 and
21 nm, respectively, degree of sulfation of 330.1 + 0.5 mmol/kg, and
electrokinetic potential (C-potential) of —44.1 + 2.2 mV (see Materials
and Methods). Composite films were formed from aqueous L-(+)-
TA/CNC suspensions at RH in the range from 18 to 39% at 22°C at
the ratio of mass concentrations of TA to CNCs, R, in the range of
0 < R <9.0. Upon addition of L-(+)-TA to the CNC suspension, the
C-potential of CNCs reduced, e.g., at R = 5.0, it was —23.4 + 0.7 mV.
Mixed suspensions were deposited as 10-pl droplets on glass
slides, which were immediately placed in a humidity chamber.
Figure 1 (A to E) shows polarizing optical microscopy (POM) im-
ages of the films formed by drying -(+)-TA/CNC suspensions with
varying compositions, as well as the films formed from the CNC
suspension and L-(+)-TA solution, used as control systems. Images
of birefringent CNC films (Fig. 1A) exhibited a characteristic Maltese
cross, which indicated that the CNCs arranged in a symmetric, radial
pattern (35). Films that formed by drying 1-(+)-TA solution had a
spherulite morphology with a needle-like structure (Fig. 1E).
Composite L-(+)-TA/CNC films with 4.0 < R < 6.0 exhibited a
Maltese cross and a radial concentric ring pattern, with ring color
periodically alternating between orange and blue (Fig. 1, B to D). At
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R < 3.5, no periodic bands were observed, and at R = 3.5, the rings
were limited to only a small region of the film. At R > 6.0, films with
dendritic crystal structures were formed (fig. S1). When composite
films were formed from a mixture of CNCs and p-(-)-tartaric acid,
the formation of concentric bands was observed in <15% of the films,
and it was completely suppressed in films containing racemic and
enantiomeric mixtures of L-(+)- and p-(—)-tartaric acid (fig. S2). We
also verified that concentric ring patterns did not form from CNC
mixtures with other small chiral molecules such as p-(-)-glucose or
D-(—)-mannitol or achiral citric acid (fig. S3). Later in the text, we
focus on the films containing L-(+)-TA (referring to it as TA).

Imaging of drying TA/CNC suspensions under POM revealed
that ring formation began from a nucleation point close to the film
center from which periodic bands grew radially toward the edge
of the film. The period, P, of the ring pattern was determined as the
average distance between the middle lines of the consecutive rings
with the same color, using POM images (fig. S4, A and B). The value
of P depended on film composition and RH. Figure 2 (A to C)
shows that with R increasing from 4.5 to 5.5 (that is, increasing TA
concentration), the value of P changed from 126 + 13 to 271 + 40 um,
respectively, at the expense of the increasing width of the blue rings,
while the width of the orange bands was invarjant at 25 + 1 um.

With increasing RH, the value of P became larger (Fig. 2, D to F);
however, the range of RH at which ring patterns formed was limited.
At RH > 44%, the films did not dry, due to the highly hygroscopic
nature of TA (36), while at RH = 11%, rapid drying of the TA/CNC
suspensions yielded films with a grainy, crystalline morphology
(fig. S1).

To follow the growth dynamics of the formation of periodic
rings, we recorded the evolution of the spatiotemporal pattern upon
water evaporation for the liquid films (movie S1). Figure 2 (G to J)
shows the snapshots of the liquid TA/CNC film taken at different
drying times, while Fig. 2K shows the corresponding temporal vari-
ation in the distance, r, from the nucleation point to the outer edge
of the dry film. As time progressed, the film dried radially to its edge
with a constant velocity, which produced equidistant bands, as indi-
cated by the nearly linear slope of the graph in Fig. 2K. To confirm
that the bands were equidistant, we used Jablczynski’s spacing law,
which describes the formation of Liesegang rings from a central
nucleation point (37). The spacing coefficient approached unity in
films with varying R (fig. S4, C to F).

To characterize the composition of alternating rings in the com-
posite films, we labeled CNCs with a covalently attached fluorescein
isothiocyanate (FITC) dye, added 0.20 weight % (wt %) of FITC-
labeled CNC:s to the CNC suspension, and formed composite films
from the mixture of this suspension with TA at R = 5.0. Figure 3
(A and B) shows a fluorescence microscopy image of the TA/CNC

Fig. 1. POM images of CNC, TA/CNC, and TA films. POM images of films formed from (A) a CNC suspension; (B to D) TA/CNC suspensions with (left to right) R of 4.0, 5.0,
and 6.0; and (E) a TA solution. Films were formed at 22°C and RH = 23%. The concentration of CNCs in (A) to (D) was 3 wt %, and the concentration of TA solution in (E) was

11.3 wt % (750 mM). All films were dried for 24 hours. Scale bars, 420 um.
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Fig. 2. Characterization of ring patterns in TA/CNC films. (A and B) POM images of films formed at R of 4.5 (A) and 5.5 (B). (C) Variation in the average period, P, of the
ring pattern, plotted as a function of R.In (A) to (C), films were formed at RH = 33%. (D and E) POM images of films formed at RH = 23% (D) and 33% (E). (F) Variation in the
average period, P, of the ring pattern, plotted as a function of RH. (D to F) Films were formed at R=5.0. Error bars in (C) and (F) represent SDs for nine samples. Scale bars
(A, B, D, and E), 300 um. (G to J) POM images of a liquid TA/CNC film (R=4.5, RH~ 21%), taken at various drying times. The white dashed lines show the outline of the
drying droplet circumference. (K) Variation in the distance, r, from the nucleation point to the outer edge of the drying film, plotted as a function of time. Scale bars (G to

J), 500 pm.
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Fig. 3. Characterization of the composition of periodic bands in the composite
film. (A) Fluorescence microscopy and (B) POM images of TA/FITC-CNC films
formed at R=5.0 and RH=33%. Scale bars (A and B), 150 um. (C and D) The varia-
tion in AE of the TA-rich bands (labeled as 1, 3, and 5) and CNC-rich bands (labeled
as 2,4, and 6) in (C). The AE spectra in (D) are collected from the regions marked in
(C). Scale bar (C), 100 um. a.u., arbitrary units.

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

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

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 AE of circularly polarized light of opposite
handedness through ~50-pm-radius circular areas (see Materials and
Methods). For spatially heterogeneous films, these spectra could
have effective contributions from circular dichroism, differential
scattering, and reflection of the two opposite-handedness circular
polarizations, as well as the apparent change of polarization states.
In Fig. 3C, the CNC-rich regions are marked as 2, 4, and 6, while the
TA-rich regions are labeled as 1, 3, and 5. In Fig. 3D, the corre-
sponding spectra acquired from the CNC-rich regions exhibited a
strong AE signal, with intensity increasing for rings closer to the film
circumference. The spectral position of the AE peak in the range
of 660 to 680 nm correlated with that reported for Ch-CNC films
(32, 33, 38). Films prepared from TA-free CNC suspension under
similar RH conditions had weak AE signal (fig. S6A). In contrast,
the value of AE for TA-rich regions in the spectral range of 600 to
725 nm was similar to that of the pristine TA films (fig. S6B).

Figure 4 (A and B) shows representative scanning electron
microscopy (SEM) images of the film cross section of the CNC-rich
and TA-rich regions, respectively. The stripe morphology of the CNC-
enriched region in the cross section of the fractured film (roughly in
the middle of the CNC-rich region) resembled the structure of pris-
tine Ch-CNC films (39). The CNCs were largely oriented parallel to
the plane of the film and perpendicular to the helical axis. Elongated
TA-rich bundles with a diameter of 0.31 + 0.03 um were aligned in
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Fig. 4. Structure and topography of the composite films. (A and B) SEM images (taken at an oblique angle) of the cross section of the CNC-rich (A) and TA-rich (B) re-
gions of the fractured film formed at R = 4.5 and RH = 23%. (C) AFM height image and (D) height profile of the TA/CNC film formed at R=4.5 and dried at RH = 23%.
(E) POM image of TA/CNC film prepared at R=5.0 and RH =33%, taken without and with [inset of (E)] a 530-nm phase retardation plate. The yellow and light orange
colored regions are identified as TA-rich regions, while the red and green regions represent CNC-rich regions. The double-headed arrow in (E) indicates the average
direction, ns, of radially aligned TA-rich bundles in the film. (F to H) Polarimetry analysis of the TA/CNC film showing the distributions of orientation of the long axis
of polarization ellipse x (F) and ellipticity e (G) for the light transmitted through the film. The polarization states of the light transmitted from the region marked with
red square in the bottom left of (G) are indicated by the red symbols overlaid on the image in (H). The ellipse and line symbols qualitatively represent elliptically and

linearly polarized light, respectively.

the radial direction in the TA-enriched phase. The topography of
the surface of the composite film was examined using atomic force
microscopy (AFM). Figure 4 (C and D) shows the AFM image and
height profile of the film surface, respectively, with the average
ridge-to-well distance of 0.21 + 0.07 um. Furthermore, Fig. 4C and
fig. S7 show elongated bundles that are packed radially in the
TA-rich regions, consistent with their orientation in the film cross
section (Fig. 4B).

Figure 4E shows a high-magnification POM image of the film,
with the TA-rich regions (yellow and light orange color bands) and
CNC-rich regions (red and green color bands). The TA bundle sur-
face alignment direction, s, is represented by a double-headed ar-
row, indicating a 45° alignment with respect to the polarizer, P. The
image shown in the inset of Fig. 4E was taken after inserting a
530-nm retardation plate into the POM setup, with the slow axis of
the plate aligned at 45° to the polarizer, P. With the insertion of the
retardation plate, the color of the TA-rich regions changed from
yellow in Fig. 4E to red in the inset of Fig. 4E, indicating an increase
in the retardation for the transmitted light, due to the alignment
of TA-enriched bundles parallel to the slow axis of the plate. This
color change, with the insertion of the retardation plate, revealed
the radial bundle alignment consistent with the SEM and AFM
analysis of the film.

We also performed polarimetry imaging to map out the varia-
tion in the polarization state of transmitted light (section S8), as il-
lustrated in Fig. 4 (F to H). The film was illuminated with a 532-nm
linearly polarized light with a polarization state set parallel to the
vertical edge of the images. The variation in the orientation of the
principal axis of polarization ellipse, ¥, and the ellipticity angle, e,
for the light transmitted through different film regions is repre-
sented by the color-coded images shown in Fig. 4 (F and G), respec-
tively. The polarization states of the light transmitted through
the region marked with a red square in Fig. 4G are indicated by the
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small overlaid ellipse and line symbols in Fig. 4H, representing the
elliptically and linearly polarized states of the transmitted light, re-
spectively. The orientations of these two symbols represent the ori-
entation of the long axis of the polarization ellipse, ¥, for the light
transmitted in the respective regions in Fig. 4G. Analysis of the po-
larimetry image revealed modulation in the polarization state for
the beam transmitted through the film, which resulted in the polar-
ized interference of light under crossed polarizers, consistent with
the colored fringes in the respective POM images in Fig. 4E. Both
POM and polarimetry experiments revealed the orientational order
in TA-rich ring-banded regions, synchronously with the modula-
tion of the chemical composition in the film.

The intensity of light transmitted through crossed polarizers
that sandwich a heterogeneous optically anisotropic medium of

h(r)
varying thickness scales as I o< sinz(’ifo An(z,r) dz), where

An(z,r) and h(r) are the effective birefringence dependent on the
radial r and vertical z coordinates and film thickness that varies
with r, respectively, and A is the wavelength of light. Thus, the rings
with constructive polarized interference appear bright and colored
(Fig. 4E) due to the difference in polarized interference conditions
for different wavelengths. Considering relatively small variations in
film thickness (as shown in Fig. 4D), the variation in the optical re-
tardation of the rings is attributed to the spatial modulation of the
effective film birefringence An(z,r) related to the CNC and TA
concentrations and their structural organization within the stripes.
Polarimetric analysis (Fig. 4, F to H) revealed the modulation in the
polarization state for the beam transmitted through the film. This
light-matter interaction within the POM patterns emerges from a
combination of optical rotation and linear birefringence, spatially
modulated due to the partial separation of CNCs and TA, accompa-
nied by the orientational structural organization of both CNCs and
elongated TA-enriched bundles. While phase separation takes place
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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 um by 50 um 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(w) 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), flw), which reflects the probability of the scatterers
to be aligned in a particular direction (40, 41) and is calculated as

U
Aw)=I(w) /_[0 I(w) do. Figure 5C shows the ODF for a typical ex-
amined spot of the TA/CNC film. We then fitted the ODF profiles
(Fig. 5C) (42, 43) at every examined spot of the SAXS scan and ex-
tracted the most probable angle g at each spot. This value of wp
determined the orientation of the anisotropic scatterers, Bcytter, for
all spots of the scanned region. We note that for the elongated scat-
terers, the scattering angle @y corresponds to the orientation @y +90°
in real space. Figure 5E shows Byc,er mapping on the film (Fig. 5D).
The anisotropic scatters followed a radial alignment, consistent with
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Fig. 5. Characterization of local anisotropy of the TA/CNC film by SAXS. (A)
Schematic illustration of the SAXS rastering measurement for SAXS mapping of the
film. (B) A typical SAXS pattern with a definition of the azimuthal angle . (C) 2D
ODF f(w), calculated from the SAXS pattern in (B), shows the anisotropic features
along the most probable angle, denoted by o, which provides information about
the orientation within the film. The value of (o) is fitted using an ad hoc order pa-
rameter (red curve), described in section S9. (D) A photograph of the film taken
during the SAXS measurement with dashed circles showing the circular edge of
the dried droplet and the center of the concentric rings. The green rectangular box
in the center of the film represents the size and shape of the x-ray beam. (E) Orien-
tations of anisotropic scatterers, probed by the SAXS measurements and mapped
on the entire area of the film. The direction of each arrow indicates the orientation
in that location. The color represents the orientation order parameter in 2D,
termed S, with the scale shown on the right. The dashed circles correspond to the
circular edge of the film and the center of the concentric rings, similar to those
shown in (D). The film was prepared at R=5.0 and RH = 23%.
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the AFM, SEM, and polarimetry imaging results in Fig. 4. Further-
more, to evaluate the orientation of anisotropic species in the film,
the orientation order parameter, S, in the plane of the film was com-
puted (40, 41), with S = 1 for the perfect alignment and S = 0 for a
randomly oriented system (Fig. 5E). Owing to the radial arrangement
of anisotropic bundles, the extracted value of @y was used as the ref-
erence direction to determine an order parameter at every spot of
the SAXS scan, as shown in Fig. 5 (D and E). Figure 5E shows that
the main area of the film exhibited S ~ 0.2. Notably, this order pa-
rameter was averaged over both the TA-rich and CNC-rich regions,
since the x-ray beam dimensions are larger than the width of indi-
vidual concentric rings. We ascribe anisotropy to the radial align-
ment of bundles in the TA-rich regions, since the results of optical
characterization of the films in Fig. 4 (D and E) show that the CNC-
rich regions had a Ch structure. SAXS mapping in Fig. 5E showed a
gradual decrease of S with increasing distance from the nucleation
center, consistent with a stronger contribution of the Ch-CNC re-
gions shown in Fig. 3D.

Numerical model

For the phase-separating TA/CNC suspension, we developed a
kinetic model, which is generally applied to reaction-diffusion sys-
tems. The dynamics of the periodic pattern formation with two
types of building blocks (CNCs and TA) was described as a set of
differential equations that have a form

aC,'
ot

where ¢;, D;, and r; are the concentrations, the diffusion coefficients,
and the rates of concentration change of the ith chemical compound,
respectively; V is the nabla operator; and N is the number of chem-
ical species in the system. The left-hand side of Eq. 1 describes the
concentration change of the chemical species in time. The first and
the second terms in the right-hand side of Eq. 1 describe the con-
centration changes due to the diffusion and reaction of the species,
respectively. The solution of Eq. 1 provides the spatiotemporal pat-
tern formation in the TA/CNC film.

In our work, the drying TA/CNC suspension contained six species
(N =6), that is, the dissolved TA (A), the nuclei of precipitated TA
(B), the crystals of TA in the TA-rich phase (C), the suspended in-
dividual CNCs (D), the TA-CNC clusters (E), and the CNC-enriched
phase (F) (44). The process of periodic pattern formation had the
following steps with the corresponding reaction rates v, to v; and rate
constants ki to ky

:DiV20i+ri(c1,c2,...cN) (1)

A+B — 2B,v; = kjab,k; = 10° )
B+B — 2C,v; = kb k, = 107 3)
B+C — 2C,v3 = ksbc,ks = 107 (4)
B+D — E,vy = kybdO(d—d ) ,ks = 10* (5)

B+D+E — 2E,vs = ksbde®(e—e ),ks = 1070 (6)

E+E — 2F,vg = kselks = 1 (7)
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E+F — 2F,v; = kyef,k; = 10° (8)

where a, b, ¢, 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 (Egs. 5 and 6). The value
of r;in Eq. 1 is calculated using stoichiometric coefﬁcients and reac-

tion rates as r; = Z j= 1( ) vj, where 1) “and 1) are the stoichio-

metric coefficients of the ith compound at the r1ght and left-hand
sides in the jth equation, respectively, and v; 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 (Egs. 5
and 6), which describe the formation of TA-CNC clusters. These
clusters result in the CNC-enriched phase (Egs. 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,
1=0,c(t=0,r)=0,d(t=0,7r)=1.0,e(t=0,r)=0,and f(t=0,7r) =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=0,1ie., 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 CNC:s (Egs. 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 Egs. 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
are represented by either molecules (12, 13) or NPs (23). Our work
provides the first evidence for the periodic ring-banded structures
formed by two components with dimensions differing by several
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orders of magnitude. We stress the difference between the results
observed in our work and several other phenomena that yield ring
patterns, or even dual-scale patterns, in drying liquid films. Periodic
“coffee ring” patterns originate from particle deposition at the con-
tact line (the outer edge of a drying suspension) due to their periodic
pinning to the substrate (46, 47), while in our work, the concentric
ring pattern evolved close to the center of the film. The nucleation
of the ring pattern in the film center, as well as a low temperature
difference across the liquid layer (caused by water evaporation), did
not favor the Rayleigh-Bénard convection (48). Notably, our results
are also in marked difference with pattern formation in Belousov-
Zhabotinsky autocatalytic oscillatory chemical reactions (49), since
concentric ring patterns formed via phase separation, diffusion, and
precipitation of CNC-rich and TA-rich phases rather than a chem-
ical reaction.

In our work, the evaporation of water from the TA/CNC
suspension resulted in saturation of CNCs and TA in the mixture,
accompanied by their local phase separation and subsequent pre-
cipitation of the phase enriched with a particular component. The
threshold-limited steps (described by Egs. 5 and 6) led to the satu-
ration of CNC and phase separation close to the film center, thus
creating a nucleation zone (a bright green spot in Fig. 3A and movie
S1). These steps, as well as CNC diffusion from the mixed suspension
toward the CNC-rich phase, depleted the neighborhood of the nu-
cleation point from the CNCs, thereby stopping the growth of the
CNC-rich ring-type band. Next, the threshold concentration of TA
was reached in the region adjacent to the CNC-rich region, followed
by the TA diffusion to this zone, and the TA-rich phase precipitated
as a ring-type band. Then, the CNC saturation was achieved, again,
in the region adjoining the TA-enriched phase and a new CNC-rich
band. This repetitive phase separation/precipitation/diffusion-governed
process resulted in rhythmic alternation of CNC-rich and TA-rich
concentric ring-type bands. The developed kinetic model reproduced
qualitatively the experimental results, that is, constant periodicity
and growth of the rings in the radial direction, which is the manifes-
tation of the finite constant velocity of the pattern formation front.

The morphology of the composite films was controlled by vary-
ing the composition of the TA/CNC suspension and RH. At large
R values (corresponding to the high TA content in the mixture), TA
crystallization suppressed the formation of CNC-enriched ring-
banded regions. At small R values (that is, at low TA concentration
in the mixture), the amount of TA was insufficient for phase sepa-
ration and thus the formation of alternating ring-type regions. The
value of RH controlled the rate of water evaporation from the liquid
film, thus affecting the time within which the system reached the

—TA(s)
— TA-CNC(s)

0.10.20.3 0 0.2 0.4 0.6 0.8 1.0

r

Fig. 6. Numerical simulations of ring pattern formation. (A) Spatial distribution of TA-(s), (B) spatial distribution of CNCs, and (C) concentration profiles of TA and CNCs
in alternating ring-type bands. In the simulations, the following parameters were used: Dy = 10'1, Dg= 10'2, Dp= 10'2, De= 10'4, d*=0.8,and e* =0.2. The grid spacing (Ar)
and time step (At) in the numerical simulations were 107> and 1.8 x 1078, All parameters and variables are in dimensionless units.
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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
that the periodic ring patterns did not qualitatively change with
increasing viscosity and hence reducing diffusion coefficients of the
compounds.

The CNC-enriched and TA-enriched ring-banded regions
had distinct structures. The CNC-enriched regions exhibited a Ch
structure with characteristic optical properties. We speculate that
slow evaporation of water (controlled by RH) and local (site-specific)
increase in CNC concentration in the liquid film, due to phase sep-
aration, favored CNC assembly in the Ch structure. The TA-rich
regions contained elongated TA-enriched bundles that are substan-
tially thicker than the needle-like crystallite structures formed by
pristine TA (Fig. 1E), which suggested the possibility of CNC em-
bedding in these bundles, due to hydrogen bonding between TA
and CNCs. The alignment of the bundles in the radial direction
(confirmed in AFM, SEM, SAXS, and polarimetry experiments)
was a result of shear induced by the evaporation of water from the
liquid film.

MATERIALS AND METHODS

An aqueous 10.3 wt % CNC suspension was supplied by the Uni-
versity of Maine Process Development Center. Deionized water ob-
tained from a Millipore Milli-Q water purification system was used
to dilute the CNC suspension to a concentration of 6.9 wt %, which
was equilibrated for 10 days to separate into upper isotropic and
lower Ch phases. The Ch phase was removed with a glass pipet and
used for experiments. L-(+)-TA (purity of >99.5%), p-(—)-tartaric
acid (purity of >99%), lithium chloride, magnesium chloride hexa-
hydrate, and potassium acetate salts and FITC isomer I were purchased
from Sigma-Aldrich Canada. Potassium carbonate (anhydrous),
calcium bromide hydrate, and sodium iodide dihydrate were pur-
chased from Fisher Chemical. All chemicals were used without fur-
ther purification.

Preparation of the composite films

Solutions of either L- or p-tartaric acid in deionized water with con-
centrations in the range of 5 to 1800 mM (0.075 to 27 wt %) were
mixed with the CNC suspension to the final CNC concentration
of 3 wt %. The ratio of mass concentrations, R, of TA to CNCs or
D-(+)-tartaric acid to CNCs in the suspension or film varied from
3.0 t0 9.0.

Borosilicate glass microscope coverslips (VWR International
LLC) were washed subsequently with isopropanol, water, and etha-
nol and dried with filtered compressed air before use. Droplets of
either - or p-tartaric acid/CNC suspensions with a volume of 10 pl
were deposited onto the glass slide using a 20-pl Eppendorf pipette
at 21°C and RH =~ 40% and immediately placed in a sealed chamber
under controlled RH of 11, 18, 23, 33, 39, or 44% for 24 hours. The
value of RH was controlled by introducing a saturated solution of a
particular salt in the chamber and equilibrating it for 24 to 48 hours
(51). The salts and their respective values of RH were LiCl (11%),
CaBr,-xH,0 (18%), CH3CO,K (23%), MgCl, (33%), Nal (39%), and
K,COs3 (44%).

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

Covalent attachment of FITC to CNCs was conducted, as de-
scribed elsewhere (52). An aqueous 3.11 wt % CNC suspension was
mixed with 25 ml of 1.0 M NaOH solution and epichlorohydrin
(7.05 ml, 0.28 mol/g of CNC) and heated at 60°C for 1 hour. The
excess epichlorohydrin was removed from the epoxy-CNC mixture
by 3 cycles of centrifugation (6000g, 10 min) and resuspension in
deionized water (15 ml). The pH of the epoxy-CNC suspension was
readjusted to 12.0 (pH meter, Mettler Toledo) with 50% (w/v)
NaOH. Excess ammonia hydroxide (12 ml, 28 wt %, 5 ml/g of CNC)
was added, and the mixture was heated at 60°C and stirred for
3 hours. Subsequently, ammonium hydroxide was removed by
3 cycles of centrifugation (6000g, 10 min), and NH,-CNCs were re-
dispersed in 15 ml of deionized water.

FITC (37 mg, 0.32 mmol/g of CNC) was dissolved in 2 ml of di-
methyl formamide and added to a 15-ml NH,-CNC suspension
mixed with 15 ml of NaHCOj3 buffer (100 mM, pH 9.0). The mix-
ture was stirred overnight in the dark and dialyzed for 5 days against
deionized water (changed twice daily) using a cellulose dialysis
tubing membrane (14,000 molecular weight cutoff; Sigma-Aldrich)
until FITC was no longer identified in deionized water using
ultraviolet-visible spectroscopy. The suspension was sonicated for
20 min in an ice bath and filtered with a 0.45-um syringe filter. The
pH of the FITC-CNC was adjusted to 11.0 using NaHCOj3 buffer
(100 mM), and the amount of FITC attached to CNCs was deter-
mined using a calibration curve generated using standard FITC
solutions in ammonium hydroxide (28 wt %, pH 11.0). The molar
extinction coefficient, €499, for FITC amide was calculated to be
7.1 x 10* M™" em ™. The concentration of FITC was 0.10 molecules
of FITC per square nanometer of CNC.

Composite films were prepared by mixing an aqueous TA solu-
tion and a mixed suspension of CNCs (5.01 wt %) and FITC-CNCs
(0.20 wt %) (mixed to form a 3.00 wt % suspension). In the dry film,
the concentration of FITC-CNC was 0.61%.

Characterization of CNCs

Transmission electron microscopy (TEM) experiments were con-
ducted to determine the average CNC length and diameter, using
a Hitachi HT7700 at 60 kV. Droplets of aqueous CNC suspension
(0.001 wt %) were deposited onto a lacey carbon film 300-mesh
copper grid and left until dried.

The electrokinetic potential ({-potential) of CNCs was mea-
sured using a Malvern Zetasizer Nano ZS instrument at 22°C. For
each sample, nine measurements have been performed. The de-
gree of sulfation of CNCs (sulfur half-ester content reported as
millimole sulfate per kilogram of CNC) was determined by con-
ductometric titration, as described elsewhere (53). Briefly, sul-
fate half-ester groups of CNCs in a 2 wt % suspension were
protonated using a Dowex Marathon C hydrogen form ion ex-
change column (Supelco). Subsequently, the protonated CNCs
were titrated against a standardized 0.1 M NaOH solution using an
EcoMet 65 conductivity meter.

Characterization of composite film structure

POM imaging was carried out in transmission mode, using an optical
microscope (Olympus BX51), with images acquired using a Nikon
D7200 camera. The dimensions and structure of the composite
droplets were analyzed using the software Image]J. The fluorescence
images of the composite films containing FITC-labeled CNCs were
acquired using an optical microscope (Olympus BX51) with an FITC
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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 = 4.5) on a silicon wafer and drying
at RH = 23%. The samples were imaged using a Dimension atomic
force microscope (Bruker Corporation). Measurements were per-
formed under ambient environment in tapping mode using aluminum-
coated silicon tips with a radius of 8 nm, resonance frequency of
~325 kHz, and force constant = 40 N/m (HQ:NSC15/Al BS, Mikro-
Masch). Image analysis was performed using Gwyddion and Image]
software. All images were flattened, corrected, and stitched using
the built-in Gwyddion functions.

Spatially resolved measurements of AE for the films were per-
formed on an inverted optical microscope (Olympus IX71). The
samples were illuminated with a 50-pm-radius beam of collimated
light from a white light source using a pinhole arrangement. The
polarization state of the illumination light was controlled using a
broadband polarizer and an achromatic quarter waveplate, placed
immediately before the sample. The transmitted light through the
sample was collected using a 20x objective (Olympus SLMPlan)
and guided to a spectrometer (Ocean Optics, USB 2000-FLG) using
an optical fiber. The differences between the light extinction by
the films for the left (g;) and right (g,) circularly polarized compo-
nents of the illumination light were measured separately, giving
AE = g — g, (54, 55).

The polarimetric imaging of the TA/CNC samples was performed
on an upright microscope (Olympus BX51) using a 40x (Olympus
UPlan FLN) objective to image. The film was illuminated with a
linearly polarized light (aligned vertically to the sample plane) at
532 nm, and the polarization state of the light transmitted through
the film was analyzed using a quarter waveplate (AQWP05M-600,
Thorlabs) inserted below the analyzer A (aligned parallel to the in-
cident polarization of Fig. 4E). To map out the variations in the po-
larization state of the transmitted light, the images of the film were
collected by rotating the fast axis of the waveplate from 0° to 180° in
steps of 22.5°. The ellipticity, e, and orientation of the polarization
ellipse, , for the transmitted light through the sample were estimated us-
ing these images by numerical methods (Supplementary materials).

SAXS experiments were performed at the Soft Matter Interfaces
(SMI, 12-ID) beamline at the National Synchrotron Light Source II
at Brookhaven National Laboratory. The films were cast on a cover-
slip (using earlier described methods) and probed by an x-ray beam
with a photon energy of E = 18.25 keV (x-ray wavelength A = 0.67940 A)
in the transmission mode, where the beam was along the surface-
normal direction of the coverslip. The beam size was 220 um by
50 pm, and the films were scanned in a snake-like scan path with a step
size of 400 um in horizontal and vertical directions. The scattering
pattern at each scanning spot was collected using a 2D detector
(Pilatus 1M; 172 pm by 172 pm per pixel) placed downstream with

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

a sample-to-detector distance of 8.3 m. The exposure time for each
scan spot was 0.5 or 1.0 s since radiation damage was observed for
longer exposure time. Scattering from the blank coverslip was col-
lected as a background and subtracted from the scattering pattern
before further data analysis.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/16/eabe3801/DC1
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