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Self-assembly of natural and synthetic pre-
cursors may enable complex, multiscaled, 
phenomena with far-reaching implica-
tions.[1,2] Particularly, biological systems 
can assemble molecules into macroscopic 
materials, such as the pads of gecko 
feet composed of β-keratin hierarchi-
cally structured from spatulae to setae to 
adhesive lamellae.[3] In contrast, synthetic 
self-assembly still lacks the elegance to 
engineer such complex functional struc-
tures across multiple length scales. Still, 
fundamental advances in self-assembly 
revolutionize how we approach the study 
of colloids and interfaces, and regu-
larly lead to numerous breakthroughs in 
cutting-edge applications.[2] Recently, the 
ordered and hierarchical assembly of col-
loids on surfaces or in suspension, has 
emerged as a promising route to engineer 
complex nano- and microstructures.[4–6] 
For example, suspensions of nanoparti-
cles can assemble onto, and adhere to, soft 
materials (e.g., hydrogels and tissue) by 
exploiting multiple secondary interactions 
between nanoparticles and polymers.[7] 

Adhesion occurs by covalent bonding, as in reactive structural adhesives, 
or through noncovalent interactions, which are nearly ubiquitous in nature. 
A classic example of the latter is gecko feet, where hierarchical features 
enhance friction across the contact area. Biomimicry of such structured adhe-
sion is regularly achieved by top-down lithography, which allows for direction-
dependent detachment. However, bottom-up approaches remain elusive 
given the scarcity of building blocks that yield strong, cohesive, self-assembly 
across multiple length scales. Herein, an exception is introduced, namely, 
aqueous dispersions of cellulose nanocrystals (CNCs) that form superstruc-
tured, adherent layers between solid surfaces upon confined evaporation-
induced self-assembly (C-EISA). The inherently strong CNCs (EA > 140 GPa) 
align into rigid, nematically ordered lamellae across multiple length scales as 
a result of the stresses associated with confined evaporation. This long-range 
order produces remarkable anisotropic adhesive strength when comparing 
in-plane (≈7 MPa) and out-of-plane (≤0.08 MPa) directions. These adhesive 
attributes, resulting from self-assembly, substantially outperform previous 
biomimetic adhesives obtained by top-down microfabrication (dry adhesives, 
friction driven), and represent a unique fluid (aqueous)-based system with 
significant anisotropy of adhesion. By using C-EISA, new emergent proper-
ties will be closely tied with the nature of colloids and their hierarchical 
assemblies.
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The interfacial adhesion of hard nanoparticles with soft matter 
resulted in a new class of adhesive, contrasting substantially 
from conventional, covalent, approaches to adhesion.[8] There-
fore, further progress in discovering new routes to achieve 
ordered structures, with appropriate building blocks, should 
lead to new functions, useful in various applications.

Emergent properties in self-ordered systems are tied to the phys-
icochemical features of the building blocks (e.g., geometry, surface 
chemistry, strength), and a careful choice of the latter is crucial to 
achieve new functions in hierarchical assemblies. For instance, 
flexible yet strong rod-like polymeric nanoparticles will promote 
supramolecularly coherent adhesion between hard surfaces by 
maximizing interfacial contact.[9] However, there is still no route 
to assemble such building blocks into the appropriate hierarchical 
structures, across multiple length scales, to allow for strong adhe-
sion. Such a colloid-centered framework is however reminiscent of 
what is observed in the animal kingdom (e.g., insects and reptiles), 
where highly anisometric, hierarchically structured setae maximize 
adhesion.[10,11] Analogous to biological systems, superstructured 
and nanoparticulated glues should allow for remarkable in-plane 
adhesive strength combined with weak out-of-plane adhesion.

Herein, we demonstrate that a single drop of a suspension 
of cellulose nanocrystals (CNCs; 134  ±  52  nm in length[12]), 

develops a highly ordered hierarchical structure that translates 
into strong anisotropic adherence between hard substrates 
upon confined evaporation-induced self-assembly (C-EISA). 
The confined evaporation of the CNC suspension (23 °C, 23% 
of relative humidity (RH)) results, simultaneously, in colloid–
substrate and colloid–colloid supramolecular consolidation via 
cellulose–cellulose and cellulose–substrate interactions, com-
bined with the formation of microscaled nematically ordered 
microstructures (Figure 1a). This leads to outstanding lap-shear 
adhesion, with an average strength of up to 4.7  ±  0.7  MPa 
(reaching a maximum of 7 MPa, Figure 1b, and Discussion S1  
and Movie S1, Supporting Information). These values are 
comparable to best-of-its-type commercial formulations such 
as Superglue.[13] Notably, the out-of-plane adhesion developed 
by CNC-based C-EISA is considerably lower, with adhesive 
strengths of 0.08  MPa (Movie S2, Supporting Information). 
Such adhesion anisotropy, extending far beyond adhesive 
properties expected from CNCs, is highly desirable in applica-
tions where reusability and protection of high value yet brittle 
elements are key.[14,15] Anisotropy in adhesive strength, cal-
culated from the ratio between the in-plane and out-of-plane 
values, averaged 73  ±  25, with a maximum of up to ≈100 
(Figure  1c,d). The inherent properties of CNCs, such as high 
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Figure 1.  C-EISA between hydrophilic substrates (glass slides), resulting in adhesive, superstructured CNCs. a) Schematic illustration of the highly 
aligned, nematic, arrangement obtained by the self-assembly of CNCs during confined evaporation between hydrophilic substrates. The red and 
black arrows indicate anisotropic, out-of-plane, and in-plane forces, respectively. Right-hand side inset: example of superstructured bonds, with 
multiscaled and long-range order of CNCs, obtained from 2.2 mg of CNC suspended in 20 µL of water and left to assemble between two glass plates. 
b) Adhesive shear strength for in-plane lap-shear and corresponding maximum loads for three values of DCNC. Standard deviation (SD) is shown. 
c) Anisotropy as a function of shear strength for the adhesive conditions presented in this work (green, SD shown), microfabrication approaches 
(gray), and commercial glues such as those based on cyanoacrylate or epoxy. Corresponding references are detailed in Figure S7 in the Supporting 
Information. d) Illustration of the outstanding anisotropic adhesion achieved with 2.2 mg of CNCs with a contact area of ≈1 cm2: A one-handed, 
thumb press normal to the plane (out-of-plane) is sufficient to break the adhesive (Movie S3, Supporting Information). In contrast, a >200 N load 
in-plane (and up to 700 N according to lap shear tests) is supported.
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strength (tensile strength up to 7 GPa, and EA > 140 GPa),[16,17] 
chemical resistance to most solvents, and high thermal stability  
(Tdecomposition  >  250 °C),[18,19] highlight the exceptional resil-
ience of such building-block, which usually represents a crucial 
requirement in the formation of structural components. Addi-
tionally, given that adhesive bonds are formed in the presence 
of the CNC counterion, sodium, the system is fully redispers-
ible in water, and thus rebondable (Discussion S1, Supporting 
Information).[20] From its fundamental nature and broad prac-
tical implications, exploiting C-EISA to mimic biological struc-
tured adhesion offers an alternative to top-down lithography 
to generate anisotropic adhesives. The outstanding adhesive 
attributes also highlight the high potential for transferring 
colloid-scaled features to bring unique functionalities into mac-
roscaled assemblies.

High hydrophilicity of the substrate is essential for devel-
oping the strong supramolecular interactions between colloid 
and substrate (Discussion S1c, Figure S1, and Table S1, Sup-
porting Information). Anisotropic adhesion by C-EISA can 
also be applied to substrates of diverse geometry, porosity, and 
roughness. A 40% reduction in adhesion strength occurs when 
using micrometrically rough substrates (Figure S2 and Discus-
sion S1a, Supporting Information), which result in lamellae 
with more squared cross-sections rather than the “menisci-
templated” cross-sections, as observed on smooth substrates.

The supramolecular self-cohesion of CNCs and their strong 
interaction with surfaces define the final adhesion strength (Dis-
cussion S1, Supporting Information). Hence, it is the contact 
area of the adhesive, within the overlap area, and the long-range 
order in the assembly that defines the strength rather than the 
initial concentration of the CNC suspension. The contact area 
of the adhesive and the long-range order are linked with the 
areal density of the deposited CNC in the overlap area (DCNC). 
For the overlap typically evaluated herein (1–1.5  ×  2.5 cm2),  
a lower critical failure threshold at DCNC ≈ 20 µg cm−2, below 
which robust adhesion does not occur as readily (Discussion S1a,  
Supporting Information), was observed. The contact area is 
≤1% of the overlap area at such low DCNC, this corresponds to 
a thickness of the adhesive layer ≤1  µm (Discussion S1, Sup-
porting Information).

DCNC over the whole overlap area scaled logarithmically with 
the actual contact area between the CNCs and the substrate 
(Figure S3, Supporting Information; contact area (%) = 15.54 ×  
ln(DCNC) + 48.6, with DCNC  >  0.05  mg cm−2). Higher shear 
strength developed at higher DCNC (Figure S3, Supporting 
Information), but after normalization to the contact area, the 
strength appeared to be of the same order, independent from 
the initial DCNC (Discussion S1, Supporting Information). The 
highest shear strength was obtained at the two highest DCNC 
when using gelled suspensions at the maximum CNC concen-
tration tested, 11 wt%. Interestingly, although the hierarchi-
cally structured assembly would suggest multi-stage fracture 
propagation, only catastrophic bond rupture was observed 
(Figure S4a, Supporting Information). This is explained by the 
high strength and associated brittleness of the bond. Cohesive, 
in-plane shear failure of the bond was observed (Figure S5,  
Supporting Information). The high adhesion at the interface 
was evidenced by the rotation of the CNCs, when the shear 
force is orthogonal to the lamellae (Figure S5c, Supporting 

Information). Under adhesive shear, the CNCs rotate toward 
the strain direction (Figure S5c,d, Supporting Information). 
This also emphasizes that the mechanism of adhesion is 
principally due to the friction generated by CNCs nematically 
arranged along the contour of the bond (Figure S6, Supporting 
Information), leading to unique property spaces for the CNC-
based adhesive (Figure 1c and Discussion S1b and Figure S4b, 
Supporting Information). Interestingly, for samples equili-
brated for 2 days at 82% RH, a marginal reduction of 8.6% in 
adhesive strength was observed (Discussion S1, Supporting 
Information). Collectively, the results suggest that adhesion  
arises when the high capillary stresses developing during 
C-EISA promote supramolecular bonds both between the par-
ticles themselves, and between the particles and substrates. 
These supramolecular bonds are the result of capillary forces 
overcoming the hydrogen-bonded layer of water to generate 
new H-bonds as well as Coulombic, and van der Waals interac-
tions between particles, and with the substrates.[21,22]

The formation and long-range ordering of the superstruc-
tured adhesive occur during C-EISA, where CNCs accumulate 
toward, and orient parallel to the edges of the drying front. 
Such assembly is driven by the evaporative flux that follows 
the drying front, with a rate that is higher than required for 
equilibration of the colloidal suspension.[1] Contrary to pre-
vious reports that describe the formation of lamellae under 
confined EISA displaying a stick-and-slip behavior, i.e., by suc-
cessive unpinning and repining with intermediate material 
deposition,[23–25] the time-lapse observations of the CNCs super-
structuring revealed a different mechanism (Movies S4–S7,  
Supporting Information). Here, the lamellae actually form 
by fracture generation and propagation in the gelled suspen-
sion followed by planar contraction of the fractured domains 
(Movies S4–S7, Supporting Information). No free CNCs are 
observed outside lamellae, suggesting a high internal cohesion 
of the receding lamellae (Figure 2a–c and Figure S5, Supporting 
Information). The lamellae also decrease in thickness closer to 
the center of the bonded area, likely due to the evaporation pro-
cess proceeding from the edges inward (Figure S8, Supporting 
Information). The thickness and width of the micrometrically 
ordered lamellae (Figure  2d) decrease with DCNC, with widths 
typically on the order of 50 µm and thicknesses ranging from 
≈10 to 50  µm. The values correlate with the logarithmic rela-
tionship between the contact area and DCNC, as described in 
Figure S3 in the Supporting Information.

C-EISA is proposed to develop through three distinct stages, 
t1–t3 (Figure  2e). t1) The drying front locally concentrates the 
CNCs and the suspension begins to recede toward the center of 
the contact area (Movies S4 and S5, Supporting Information). t2) 
As the CNC concentration reaches a critical threshold and the 
internal stresses in the principle plane overcome the cohesion 
of the gelled suspension, initiation and propagation of a frac-
ture occurs, where two additional menisci appear in the propa-
gating fracture (Movies S4 and S5, Supporting Information). t3) 
The CNCs lamella solidifies through supramolecular interac-
tions that bring high internal cohesion and adhesion to the two 
surfaces via coupling of the capillary forces between CNCs and 
between CNCs and substrates (Movies S6 and S7, Supporting 
Information).[2,26,27] The supramolecular interactions associated 
with the polymeric nature of CNCs as well as their transversal 
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flexibility depart significantly from other inorganic or hybrid 
colloids and enable them to maximize interfacial adhesion. 
In this process, the cellulose chains, which are initially highly 
aligned within the crystalline domains of each CNCs, end up 
aligned across the long axis of the lamellae. Therefore, because 
CNCs are aligned relative to each other within the lamellae, 
alignment from the molecular to the macroscale is achieved, 
similar to biological superstructuring in gecko feet (Figure  2 
and Discussion S2, Supporting Information). This process also 
results in two types of lamellae cross-sectional profiles: sym-
metrical menisci and asymmetrical menisci (Figure S9a–d, Sup-
porting Information, also visible in the edges of the lamellae in 
Figure 2a,b). As a result, the distance between lamellae follows 
a bimodal distribution, with large distances between lamellae 
resulting from early stage rupture and small distances between 
lamellae resulting from rupture of consolidated gels at later 
stages. Lamellae were also closer to each other toward the center 
of the rim. The cross-sectional morphology of the lamellae sug-
gests an improved frictional effect due to the larger contact area 
from the preserved, highly wetting, meniscus shape. The align-
ment of cellulose chains at the surface of the aligned CNCs 
maximizes the directionality of the frictional response of the 
strained adhesive.[28] Alignment is also visible on the top of the 
lamellae when observed after out-of-plane fracture (Figure S9e,f, 
Supporting Information). Such effects have been previously 
demonstrated for the top-down fabrication of superstructured 
adhesives, but until now eluded bottom-up fabrication.[29,30] 
Furthermore, the bottom-up self-assembly of polymeric colloids 
offers a more amenable and accessible process to generate and 
study anisotropic adhesion. For instance, the strategy presented 
herein also outperforms anisotropic adhesives obtained from 

chemical vapor deposition (shear strength up to 1 MPa and ani-
sotropy of adhesion below 6).[31]

The process is entirely green as it uses bio-colloids and 
water for the formation of the adhesive layer. However, the 
assembly duration is relatively high (bonding time between  
2 and 6 h) compared with some structural adhesives or micro-
fabricated dry adhesives (bonding time of a few seconds), but 
relatively shorter than more common structural adhesives 
that cure over 24 h. However, the evaporative flux density dis-
tribution across the evaporating interface under confinement 
having a higher degree of symmetry compared, for instance, 
with sessile drops[32] suggests that increasing evaporation rate 
with temperature or by adding co-solvents would still result in 
highly ordered microstructures. This is further supported by 
the apparent absence of chiral nematic order even in samples 
assembled from fully dispersed solutions, suggesting a domi-
nant effect from the drying fluxes. Increasing the evaporation 
rate by forming the adhesive layer at 50 °C and RH < 23% 
resulted in smaller contact areas, with less defined lamellae, 
and a slightly reduced adhesion strength. Well-defined lamellae 
and a larger contact area were obtained for adhesive layers 
formed at 23 °C and 50% RH (Figure S10, Supporting Informa-
tion). For DCNC  = 0.33  mg cm−2, contact areas of 34.0  ±  4.4% 
and 30.0 ± 4.4% were observed for the bonds formed at 23 °C 
and 50% RH or 50 °C and RH < 23%, respectively. Accordingly, 
the maximum loads in-plane were 406 ± 153 and 361 ± 53 N. 
These differences highlight the importance of the interplay 
between wetting and long-range order.[33]

The transition to step t2 is critical for the superstructuring 
and the final strength of the adhesive, and is most crucially asso-
ciated with the drying-induced alignment of CNCs as evidenced 
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Figure 2.  C-EISA resulting in superstructures across multiple length scales and schematics of the assembly mechanism. a) SEM images of lamellae 
presenting late (close-by lamellae) and early stage (spaced groups of lamellae) fractures between the lamellae. The arrow indicates the drying direc-
tion. b) Magnified view of area 1 in (a). c) Magnified view of area 2 in (b) highlighting highly aligned CNCs. d) A corner of the bonded area between 
two glass slides observed in dark field and shows the multiple, homogeneous lamellae formed. e) Schematic illustration of the assembly mechanism 
highlighting steps 1 to 3, as discussed in the main text.
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by imaging between cross-polarizers (Figure  3a and Discus-
sion S2 and Movies S4–S7, Supporting Information).[34,35] The 
CNC gel (11%) was originally quasi-isotropic (i.e., appearing 
black), but as the suspension dried, a high alignment of the 
nanocrystals was observed, initially increasing from the center 
to the edge of the bonding. The order of the colors observed 
after complete drying points to an increase in retardation of 
up to fourth and close to the fifth order, as extrapolated from a 
Michel–Lévy chart.[36] Given an average birefringence of 0.55 for 
CNCs and a thickness of the lamellae between 10 and 40 µm  
(from the inner to the outer lamellae, Figures S5, S8, S9,  
and S11 in the Supporting Information, which includes a 
Michel–Lévy chart for reference), the fourth-order retardation 
colors indicate a near complete alignment of the CNCs within 
each lamellae. This highlights the outstanding effect of con-
finement on the alignment of the nanocrystals.[34,36,37] Upon 
reaching second- to third-order interference colors, fracture ini-
tiation and propagation occurs and large lamellae are formed 
that will contract significantly during step t3 of the C-EISA pro-
cess (Figure 3a). During the later stages of C-EISA, fracturing 
events lead to a substantial increase of order due to the high 
internal stress of the concentrating lamellae, as the viscoelastic 
stresses are released and enable further in-plane compression 
of the lamellae and alignment of the CNCs within each lamella 
(Figure  3b and Figure S12, Supporting Information). The low 
initial internal stresses cause a slower early fracture propaga-
tion (several hours). In contrast, it takes only several minutes 
for the late-stage fractures, due to the low energy cost of frac-
ture propagation alongside highly nematically ordered lamellae 
that consist of concentrated gels.

Once the strong water–cellulose interaction is overcome by 
capillary forces,[22,38] high-strength supramolecular bonds are 
formed, bringing extremely high cohesion to the nematically 
aligned CNC lamellae, as seen by in situ small-angle X-ray 
scattering (SAXS) and in situ THz/far-IR spectroscopy (Far-IR) 
(Figure 4a–c). The three steps of assembly were apparent from 
both techniques, but different important phenomena could 
be seen by using each of these techniques. Specifically, Far-IR 

indicated bond-angle deformation and internal rotation/torsion 
modes relating to hydrogen bonding as they generally appear 
below 400 cm−1. SAXS elucidated the orientation and packing 
of the CNCs at longer camera lengths. For example, SAXS 
demonstrated that in step t1, the CNC interparticle distances 
rapidly decrease near the air–water interface (Figure  4a and 
Figure S13, Supporting Information). Step t2 is visible by the 
increased orientation and packing, along with the appearance 
of microvoids (fractures), while step t3 appears as a decrease in 
overall scattering due to the drying (Figure 4a and Figure S14,  
Supporting Information). SAXS also highlights that step t3 
could be observed as spatially separated points moving from 
the interior of the drying overlap region (undergoing step 1) 
toward the outside edge of the bonded area (completing step t3)  
(Figure  4b and Figure S15, Supporting Information). Far-IR 
demonstrated a period of hydration (step t1) without significant 
changes in molecular attraction, followed by a rapid transition 
stage (step t2) where the CNC lamellae start to form, as seen 
through a reduction in molecular torsion and the generation 
of inter- and intramolecular bonds (Figure  4c and Figure S16 
and Table S2, Supporting Information). Finally, the absorption 
peaks shift, likely due to increased packing and the resultant 
strain/stress on the CNCs from the long-ranged order and inter-
particle attraction as the suspension dries (step t3; Figure S16,  
Supporting Information). Cross-correlated SAXS/Far-IR, as 
obtained by 2D synchronous analysis, demonstrates that 
molecular and physical changes occur simultaneously during 
C-EISA. The orientation of the CNCs follows the lamella’s 
direction as seen in SEM and corresponds with Hermans orien-
tation function values > 0.9 as derived from SAXS (Figure 4a–c 
and Figure S17, Supporting Information). The concentration 
did not strongly affect the alignment, which agreed with the 
fact that the CNCs have a low critical DCNC, as there are no 
intermediate adhesion states. This was also seen in the stress–
strain curves when the substrates were pulled in-plane, as it 
proceeded in a linear fashion followed by critical failure of the 
adhesive with the complete separation of the adhered substrates 
in a single, rapid step (Figure S4a, Supporting Information).

Adv. Mater. 2020, 32, 1906886

Figure 3.  Mechanistic insights on the formation of CNC superstructures as demonstrated by polarized microscopy (bond of 2.5 cm2 and 5.5 mg of 
CNCs). a) Images obtained between cross-polarizers after 1 h of C-EISA in a corner of the bonding area (left) and corresponding time-lapse of retarda-
tion colors developing during C-EISA and bond formation (right). Lamellae formation and planar contraction can be clearly observed. The voids present 
at the bottom right correspond to adventitious bubbles present during bond formation. b) Fracture initiation and propagation during steps t2–3. The 
white arrow indicates propagation, and the associated increase in retardation color.
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In conclusion, we demonstrate that a simple self-assembly 
phenomenon involving aqueous suspensions of anisotropic 
organic nanoparticles can induce extremely high, noncova-
lent adhesive shear strength. C-EISA resulted in a gel-to-solid 
transition forming multiscaled order, with superstructured 
lamellae that act in a fashion similar to most dry and reversible 
bioadhesives found in nature, for instance in setae of insects or 
geckos. Analogous to natural reversible adhesives, the in-plane 
and out-of-plane adhesion values diverge by more than 70-fold. 
Importantly, the internal structure of the adhesive is tightly 
bound to the C-EISA phenomenon, which opens routes for fur-
ther exploring both the adhesive properties using, for instance, 
specific bond contour, the superstructuring of other aniso-
metric polymeric colloids, or control over superstructure for-
mation.[25] Additionally, the vast realm of self-assembly associ-
ated with mesoscaled capillary forces[39,40] means that C-EISA, 
will find use, e.g., in introducing higher order in hierarchical 
assemblies or in promoting other emergent properties, such as 
piezoelectricity.[41] The time required for the formation of the 
adhesive layer by C-EISA poses a restriction compared with 
some commercial structural adhesives and dry adhesives that 
form bonds within seconds. However, the prospects of using 
fully green, cost-effective, and aqueous-based systems are very 
appealing. The effect of faster evaporation rates can be consid-
ered in future developments. On the other hand, the rebond-
able nature of the adhesives, also previously demonstrated for 
synthetic systems obtained by top-down fabrication,[42] may be 
further tethered by judicious use of counterions, which could 
also provide control over the humidity response of the adhe-
sives.[43,44] The reversible assembly of the adhesive also offers 
a potential for decreased permanent damage to the assembled 
elements and for increased sustainability.[14,15] Lastly, with the 
ongoing mass production of CNCs,[45] and the implementa-
tion of a vast range of chemical modifications of nanocellu-
loses,[46] the high strength and high anisotropy of adhesion 

demonstrated herein will significantly impact the development 
of high-performance, green, structural adhesives in a wider 
range of applications and substrates. New potential applica-
tions can be envisioned to be associated with the outstanding 
anisotropy of adhesion. For instance, CNC-based adhesives 
applied onto high-strength, yet brittle, high-value machine 
parts or construction elements is expected to prevent failure 
and improve reusability. Overall, this study unveils a unique 
aspect of superstructured adhesives from naturally obtained 
polymeric colloids assembled under C-EISA and, as a new par-
adigm, it highlights various avenues for potential applications 
and further processing.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4.  Mechanistic insights on the formation of CNC superstructures as demonstrated by SAXS and Far-IR (bond of 2.5 cm2 and 3.3 mg of CNCs).  
a) Scattering evolution over time of the CNCs during C-EISA between two glass slides. The color coding indicates the time progression following the visible 
spectrum (rainbow), i.e., indigo (t = 0 min) to deep red/maroon (t = 240 min). b) Position-dependent order during C-EISA between two glass slides (t = 1 h).  
Moving from gel inward to the structured adhesive in steps t2 to t3: Light blue (bulk), blue, dark blue, dark green, green, light green (step t3). c) Cross-
correlation between physical superstructuring and evolution of molecular interactions as measured by in situ Far-IR and SAXS during C-EISA. The red and 
blue indicate cross-correlated and anti-correlated changes, respectively. The full Far-IR data are described in Figure S16 in the Supporting Information.
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