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Coassembly of Nanorods and Nanospheres in Suspensions and in

Stratified Films**

Héloise Thérien-Aubin, Ariella Lukach, Natalie Pitch, and Eugenia Kumacheva*

Abstract: The entropically driven coassembly of nanorods
(cellulose nanocrystals, CNCs) and nanospheres (dye-labeled
spherical latex nanoparticles, NPs) was studied in aqueous
suspensions and in solid films. In mixed CNC-latex suspen-
sions, phase separation into an isotropic latex-NP-rich and
a chiral nematic CNC-rich phase took place; the latter
contained a significant amount of latex NPs. Drying the
mixed suspension resulted in CNC-latex films with planar
disordered layers of latex NPs, which alternated with chiral
nematic CNC-rich regions. In addition, fluorescent latex NPs
were embedded in the chiral nematic domains. The stratified
morphology of the films, together with a random distribution
of latex NPs in the anisotropic phase, led to the films having
close-to-uniform fluorescence, birefringence, and circular
dichroism properties.

Coassembly of nanoparticles (NPs) with distinct shape-,
size-, and composition-dependent properties is a promising
approach for the preparation of multicomponent nanostruc-
tured materials with new or enhanced properties.'™ To form
a material with a desired nanostructure, fundamental under-
standing has to be developed about the governing principles
of the coassembly process. For example, the structure of linear
chains assembled from different types of plasmonic NPs
depends on the relationship between the rate of self-assembly
of each individual component and the rate of coassembly.*!
Alternatively, one of the components can function as
a template for the spatial organization of the second one.”!
A particularly interesting case is entropically mediated
coassembly of NPs with different shapes, for example, nano-
rods and nanospheres. These systems exhibit a variety of
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structures, including macroscopic demixing of rods and
spheres as well as microscopic and nanoscopic phase separa-
tion into layers of rods alternating with layers of spheres.®®*!
Although nematic and smectic phases of side-by-side assem-
bled rods have been studied, the coassembly of spheres and
rods that organize in chiral nematic (N*) phases has not been
reported. Such structures show chiral optical properties, and
thus, in addition to microscopy, the structure of the coassem-
bled system can be examined by measuring its circular
dichroism.

A beautiful example of nanorods organizing in N*
structures are cellulose nanocrystals (CNCs). The chiral
nematic organization of CNCs occurs in aqueous suspensions
at a sufficiently high CNC concentration."™!l Although
overwhelming experimental evidence exists for the N¥*
order in CNC suspensions and films,'*'¥! the origin of this
effect is a subject of debate.'> " It has been suggested that the
N* nature of CNC mesophases can be caused by the transfer
of the chirality from the glucose units to the cellulose
molecules and to the CNCs,” through a twist along the
long axis of the CNCs!'*" or by the fact that the charges on
the CNC surface adopt a threaded screw distribution.*!")

The N* order is preserved in solid CNC films obtained by
evaporation of water from CNC suspensions, and as a result,
the CNC films exhibit iridescence, tunable color, and
chiroptical activity.'”! The properties of the CNC films can
be tuned by the use of additives®™ and by controlling the
processing conditions.”??! The coassembly of CNCs with
small (typically, not exceeding several percent) volume
fractions of metal,*?! semiconductor,” or magnetic®® NPs
yielded films with combined photonic and chiroptical proper-
ties of the CNC host and plasmonic, luminescence, and
magnetic properties of the NPs, however structural character-
ization of the coassembled structures of CNCs and spherical
NPs has not been reported.

Herein we report the coassembly of high aspect ratio
CNCs with spherical latex NPs. Such systems, in addition to
their fundamentally interesting behavior, may have important
applications. A significant enhancement in the mechanical
properties of the composite films derived from CNC-latex
mixtures can be readily achieved by tuning the composition of
the latex NPs by copolymerization of appropriate monomers.
Moreover, although composite films of CNCs and hydro-
phobic polymers are generally derived from organogels?” or
by dispersing lyophilized CNCs in apolar media,” the use of
latex NPs maintains the system water-borne. Until now, in the
CNC-latex mixtures studied, CNCs were added as a minor
phase and acted as a reinforcing agent.” Under these
conditions, the ability of the CNCs to assemble into an N*
structure and the corresponding optical properties of the
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composite films were not realized.! Instead, the CNCs
formed a percolation network in the disordered latex phase.

Herein, we studied the coassembly of CNCs and solid
latex NPs that were mixed in comparable volume fractions.
The latex NPs were labeled with a fluorescent dye. Coassem-
bly was studied in mixed CNC-latex suspensions and in solid
films. In addition to microscopy studies of the structure of the
mixed suspensions and films, we examined the macroscopic
properties of the CNC-latex mixtures by circular dichroism
(CD) and fluorescence, which were governed by the organ-
ization of the CNCs and latex NPs, respectively, in the films.
In contrast to earlier studies on CNC-latex mixtures, we
observed the formation of two types of structures. Micro-
meter-thick CNC-rich layers with a chiral nematic structure
alternated with disordered latex-rich layers. These layers were
aligned in the plane of the film. In addition to microscopic
layering, a significant fraction of the latex NPs was distributed
in the N* regions of the CNC matrix.

As a consequence of the stratified planar structure and
random distribution of the latex NPs in the N* phase, the
CNC-latex films exhibited close-to-uniform macroscopic
properties, namely, CD and birefringence, both characteristic
of the CNC matrix, and the fluorescence properties of the
latex NPs. Thus the entropically driven coassembly of the
CNC matrix with latex NPs offered a new approach to
nanocomposite materials by combining the macroscopic
properties of the individual components.

Dye-labeled poly(ethyl methacrylate) latex NPs with
a mean diameter of (154 +30) nm, glass transition temper-
ature of 68°C, and electrokinetic potential ({-potential) of
(—46+8) mV were synthesized by emulsion copolymeriza-
tion of ethyl methacrylate and 9-vinylanthracene. High aspect
ratio rodlike anionic CNCs derived from wood pulp by acid
hydrolysis® had a mean diameter and length of (13 +4) and
(180+70) nm, respectively, and a {-potential of (—47+
10) mV. Scanning electron microscopy (SEM) images of the
CNCs and latex NPs are shown in Figure 1a,b, respectively.
The coassembled films of the CNCs and latex NPs were
prepared by mixing their aqueous suspensions and subse-
quent drying of the mixtures at 85-90 % relative humidity and
25°C, that is, below the glass transition temperature of the
latex NPs. The latex weight fraction in the dry films was up to
50 wt% (corresponding to a volume fraction, ¢, of 0.57).
Latex-free CNC suspensions and films at ¢,,., =0 were used
as control systems.

Figure 1. Scanning electron microscopy images of poly(ethyl methacry-
late) latex NPs (a) and CNCs (b). Scale bars are 500 nm.
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Figure 2. a) A photograph of the CNC-latex suspension (¢, =0.31)
illuminated with white light (left) and UV light at A =365 nm (right).
The volume ratio of latex-NPs-to-CNCs is 0.44:1 (corresponding to
Drarex=0.31 in the film). b) Circular dichroism spectra of the coassem-
bled CNC-latex films with @ =0 (black), ¢, =0.31 (red), and
(Patex=0.57 (blue). c) Polarization optical microscopy image and

d) optical fluorescence microscopy image of the CNC-latex film with
Paex=0.31. In (c) and (d), the insets show the corresponding images
of a latex-free CNC film (¢h,,=0). Scale bars are 250 um.

Equilibration of the sealed mixed CNC-latex suspensions
for 24 h led to their phase separation into an anisotropic N*
phase (top) and an isotropic phase (bottom; Figure 2a).
Importantly, the latex NPs partitioned in both phases, as
evident from the fluorescence emission of the anthracene
fluorophore. Autofluorescence of the CNCs was ruled out,
since latex-free phase-separated suspensions of CNCs did not
exhibit fluorescence under these conditions (see Figure S2 in
the Supporting Information).’”’ Moreover, by conducting
extensive dialysis of the latex dispersion prior to coassembly
experiments, we ensured that free dye was not present in the
system (see Figure S3 in the Supporting Information).

The chiroptical activity of the coassembled films was
studied by CD spectroscopy. The CD spectrum of the latex-
free N* film (Figure 2b, black spectrum) showed a strong
positive signal arising from the selective transmission of right-
handed circularly polarized light by the left-handed helical
structure of the CNCs.! The CD properties were preserved
in the CNC-latex films with ¢, =0.31 (Figure2b, red
spectrum), although the full-width at half-maximum of the
CD peak notably increased, which indicates a broader
distribution of the N* pitch values. The 57% reduction of
the CD signal in the coassembled films was ascribed to
a combination of a reduced CNC fraction in the films and
partial disruption of the N* order. The position of the
maximum of the CD peak remained invariant, thus suggesting
that the properties of the remaining N* domains were not
significantly affected by the presence of the latex NPs. The
CD signal drastically reduced at ¢y, =0.57 (Figure 2b, blue
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spectrum), which suggests a strong disruption of the N* order
in the coassembled CNC-latex films. Therefore, further
structural studies were performed on the CNC-latex suspen-
sions and films with ¢y, =0.31.

The existence of the N* structure in the CNC-latex films
was also established in polarization optical microscopy
(POM) experiments. The coassembled films displayed
a marble-like texture, typical of N* order (Figure 2¢c),l
similar to the latex-free CNC film (Figure 2c¢, inset). The
distribution of latex NPs in the films was examined in optical
fluorescence microscopy experiments. Composite films exhib-
ited macroscopically (over a millimeter scale) uniform
fluorescence, with less than 3% variation in intensity (Fig-
ure 2d). In contrast, latex-free CNC films appeared black
under illumination at A=365nm (Figure 2d, inset). The
macroscopically uniform birefringence texture and fluores-
cence suggested that although the latex NPs were distributed
throughout the films on a macroscopic scale, their presence
did not disrupt the N* order of the CNC matrix.

Since the structure of the composite films is largely
determined by the structure of the corresponding suspension
(prior to film casting), phase separation was examined in
CNC-latex suspensions with ¢y, =0.31 (and compared with
a suspension at ¢, =0). The suspensions were introduced
into a 100 pm thick cell and equilibrated for 3 days. In both
systems, phase separation between the N* phase (droplets
characterized by a typical fingerprint texture) and an isotropic
phase (appearing black in POM images)?®?! were observed,
although the N* droplets became more scarce in the mixed
suspension (Figure 3a,b). Measurement of the distance
between adjacent lines of the fingerprint texture revealed
that the half-pitch of the N* domains (the distance over which
the nematic order undergoes half a turn, see Figure S4 in the
Supporting Information)® increased from (14 4+ 3) um in the
latex-free CNC suspension to (24 +10) um in the CNC-latex
suspension (Figure 3c,d, respectively), in agreement with
pitch values reported for dilute suspensions of wood-based
CNCs.P Spatial variation in the fluorescence intensity in the
latex-free CNC suspension and in the CNC-latex suspension
(Figure 3e.f, respectively) was examined within the corre-
sponding areas imaged by POM (Figure 3c,d, respectively).
Fluorescence from the anthracene-labeled NPs was observed
both outside and inside the N* droplets (Figure 3f). The
fluorescence intensity in the N* regions was (30 £ 10) % lower
than in the isotropic phase (see Figure S5 in the Supporting
Information), which indicates that the latex NPs partitioned
in both phases, albeit at a lower concentration in the N*
domains.

The structure of the coassembled CNC-latex films was
characterized by SEM imaging of the cross-section of the film.
Cross-sections of the latex-free CNC films were imaged for
comparison (see Figure S8 in Supporting Information for the
corresponding SEM images as well as Figures S9 and S10a for
a schematic representation of the film structure).

A low magnification image (Figure 4a) of the CNC-latex
films exhibited a layered structure. Inspection of the film
structure at higher magnification (Figure 4b) revealed the
layering occurred in microscopic CNC-rich regions (lighter
domains with vertical stripes) and latex-rich “islands” (darker
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Figure 3. Latex-free CNC and composite CNC-latex suspensions. Polar-
ized optical microscopy images (a—d) and fluorescence microscopy
images (e,f) of the latex-free CNC suspension (a,c,e) and CNC-latex
suspension at @ =0.31 (b,d,f). The scale bars are 250 um in (a,b)
and 100 um in (c—f). The line in (f) is the fluorescence intensity profile
along the dashed line. Approximately 10 images were used to measure
the N* pitch and the fluorescence intensity.

regions). The randomly packed latex-rich regions were (5 +
4) um thick and (30 £ 25) um long, forming layers in the plane
of the film. The latex-rich regions formed (19 +10) % of the
cross-section of the CNC-latex films, measured as a fraction of
the surface area of latex-rich domains (see Figure S11 in the
Supporting Information).

The layered periodic structure of the CNC-rich regions
(Figure 4b,c and see Figure S7 in the Supporting Information)
was characteristic of the N* order."” During film preparation
by drying a mixed suspension, the pitch of the N* phase
decreased from 48 um to (220 +80) nm in the film (in the
latex-free CNC films the pitch was 220 + 60 nm; see Figure S8
in the Supporting Information). A fraction of the latex NPs
was compartmentalized within the CNC-rich N* regions
(Figure 4c¢,d and see Figures S6 and S7 in the Supporting
Information), consistent with their inclusion in the N* phase
in the CNC-latex suspensions.

Figure 5 illustrates schematically the organization of the
CNCs and latex NPs in suspensions (Figure Sa—c) and in
stratified films. Partial demixing took place in the liquid
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Figure 4. Scanning electron microscopy images of the cross-section of
films with @,ex =0.31. The scale bars are a) 10 um, b) 5 pm, ¢) T um,
and d) 500 nm. In (a) the dashed lines represent the borders of the
film. In (b) the lighter striped region corresponds to the CNC-rich
phase and the darker region corresponds to the latex-NP-rich phase. In
(c,d) the black arrows point to latex NPs embedded in the chiral
nematic domains.

phase, (Figure Sc), thereby leading to the coexistence of
a latex-rich disordered phase and a CNC-rich N* phase.
Following evaporation of water from the mixed suspen-
sion, the N* order was largely preserved in the CNC-rich
regions in solid films, which alternated with latex-NP-rich
disordered domains.

It is currently established, both experimentally and
theoretically, that rodlike colloidal particles, for example,
inorganic nanorodst”*! or tobacco mosaic virus,*** form
nematic structures as a consequence of the gain in trans-
lational entropy, which for aligned rods increases because
of favored excluded volume interactions, thereby compen-
sating for the loss in orientational entropy of the system.*!

In a binary mixture of rods and spheres and in the
absence of electrostatic attraction between them, particle
geometry governs their interactions.”) The phase separa-
tion between the sphere-rich and rod-rich phases takes
place in a liquid state, and at a high volume fraction of
spheres, the existence of a single isotropic phase is
predicted.*! This effect was observed in our study on the
CNC-latex mixture at ¢, =0.57. At a lower content of
spheres, the demixing of two equilibrium phases is
predicted: a nematic phase rich in rods and an isotropic
sphere-rich phase.*” In our study, we observed micro-
scopic phase separation at ¢p.,=0.31. It should be
stressed, however, that in our study the rodlike CNCs
exhibited a N* organization, in contrast to existing
predictions made for the formation of nematic rod-rich
phases.*?! Sphere-rod demixing and ordering in such
systems may show additional complexity and has not
been explored, either experimentally or theoretically.
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The formation of latex-rich islands in the CNC-latex films
was ascribed to excluded volume interactions leading to
depletion forces between the latex NPs. The addition of small
colloids to a suspension of larger particles can induce
flocculation of the larger particles, because of depletion
attraction between them.***! In our study, the latex NPs had
a significantly larger volume than the CNCs, and could
experience attraction in the presence of CNCs. As a result of
geometric constraints,*>**! attraction parallel to the stratified
N* structure was favored, thereby leading to the formation of
the elongated islands of randomly packed latex NPs. The N*
organization of the CNCs resulted in the demixed latex-NP-
rich regions forming layers in the plane of the film (Fig-
ure 5d), as confirmed by the fluorescence and SEM imaging
results (Figures 3 f and 4). Such a stratified morphology of the
films, together with a random distribution of fluorescent latex
NPs in the N* phase, provided a close-to-uniform fluores-
cence and preserved the CD properties of the films.

In conclusion, we have shown that the entropically driven
coassembly of high aspect ratio rodlike CNCs and spherical
latex NPs yields suspensions that exhibit chiral nematic order,
with the latex NPs partitioned in both the isotropic phase and
the anisotropic N* domains. Upon drying, these suspensions
form films that preserve the long-range N* order of the CNC-
rich phase and exhibit a stratified morphology, with latex-rich
layers and CNC-rich N* layers, with latex NPs included in the
N#* layer. Layering of the latex NP-rich and CNC-rich phases
resulted in apparently homogeneous macroscopic properties
of the composite films such as fluorescence, birefringence,
and CD. This structure and the properties of the composite
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Figure 5. Schematic illustration of the coassembly of CNC-latex NP sus-
pensions and films. a) Individual suspensions of CNCs and latex NPs;

b) CNC-latex suspension; c) phase separation in a CNC-latex suspension,
leading to the formation of an N* phase and an isotropic phase (not
shown), both containing latex NPs. d) Stratified CNC-latex film containing
latex NP-rich and CNC-rich N* regions.
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films made from CNCs (rod-shape particles) and latex NPs
(spherical particles) is important for their future applications
as sensors and polarizers, as well as for coatings with
enhanced mechanical properties.

Experimental Section

Latex synthesis: A semicontinuous “seed-and-feed” process was used
for the synthesis of ~ 150 nm diameter latex NPs. In the first step of
the semicontinuous process, ethyl methacrylate (EtMA, 3.5 mL) was
emulsified in water (55 mL) containing sodium dodecylsulfate (SDS,
12.5 mg). The suspension was heated to 80°C and purged with N, gas
for 30 min. A solution of potassium persulfate (KPS, 60 mg) in
deionized water (5 mL) was injected using a metering pump to the
suspension at a rate of 0.5 mLmin ' under stirring at 200 rpm by
a mechanical stirrer. After 1h of polymerization, a solution of
vinylanthracene (100 mg) in EtMA (30 mL) and a solution of KPS
(40 mg) and SDS (37.5 mg) in water (25 mL) were injected into the
flask by using two metering pumps at a rate of 0.3 and 0.25 mLmin !,
respectively. After 20 h, the polymerization was stopped, and the
latex dispersion was purified by dialysis over one week, with the water
changed every day.

Film preparation: Individual suspensions of CNCs and latex NPs,
both with a concentration of 2.5wt%, were prepared. Mixed
suspensions of CNCs and latex NPs were prepared by mixing the
CNC suspension (1.5 mL) and latex suspension (0.5 mL). A mixed sus-
pension (2 mL) was cast in a 2.21 cm plate containing either a round
glass slide (18 x0.2 mm) or a Si wafer (15x 15 x 0.5 mm). The suspen-
sion was dried for 1 week at ~25°C and 85-90 % relative humidity.

Phase separation in suspension: To study the phase separation in
mixed suspensions, a CNC-latex suspension was introduced in
a 100 pm thick cell, sealed, and equilibrated for 3 days.

Keywords: cellulose nanocrystals - chiral films - nanoparticles -
self-assembly
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