An dte

Chemie

GDCh

N L Zuschriften

14220 Wiley Online Library

Microreactors

Deutsche Ausgabe: DOI: 10.1002/ange.201607406
Internationale Ausgabe: DOI: 10.1002/anie.201607406

Nanofibrillar Stimulus-Responsive Cholesteric Microgels with
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Abstract: We report composite stimulus-responsive cholesteric
catalytically active microgels derived from filamentous supra-
molecular building blocks: cellulose nanocrystals (CNCs). The
variation in the microgel dimensions and pitch in response to
the change in ambient conditions was governed by the polymer
component. The cholesteric morphology of the microgels
resulted from the self-organization of CNCs in spherical
confinement. The microgels exhibited excellent structural
integrity and functioned as microreactors in catalytic hydrol-
ysis reactions and in the synthesis of metal nanoparticles.
Because of these collective properties, the reported microgels
show much promise for application in the design of functional
responsive materials.

P olymer microgels are submicrometer- to micrometer-sized
particles with a network structure swollen in a solvent.
Microgels are an important class of soft-matter materials with
applications in drug delivery,!! sensing,” photonics,*! tem-
plate-based synthesis,*! cell culture,*! and separation and
purification!® technologies. Typically, polymer microgels, as
well as macroscopic gels, are generated by chemical or
physical cross-linking of small molecules to form a network
structure.

Biologically diverse hydrogels formed by filamentous
supramolecular building blocks have attracted the interest of
the materials science community owing to their nonlinear
viscoelastic hydrogel behavior, large pore size, good transport
properties, and thermal stability.”! These features have
stimulated research efforts to reproduce their structure in
nanofibrillar man-made hydrogels formed by wormlike
supramolecular species, such as block-copolymer micelles!®!
or assemblies of peptide amphiphiles.””)

Filament-like nanoparticles (NPs) can also form hydro-
gels," which would alleviate the need for the synthesis of
block copolymers or peptide amphiphiles. In particular,
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rodlike cellulose nanocrystals (CNCs) are attractive building
blocks for nanofibrillar hydrogels. The use of CNCs offers two
interesting and potentially useful features. First, hydroxy
groups of the CNC surface can be used in catalytic reac-
tions!'Y and for the reduction of metal ions.'? Second, CNCs
show a unique ability to form a cholesteric (Ch) liquid-
crystalline phase (Ch-CNC). This feature has been utilized for
the preparation of films of stimuli-responsive photonic
hydrogels by the photopolymerization of a mixture of CNCs
and a hydrogel monomer precursor.'”! Microgels derived
from Ch-CNC phases have not been reported, although they
can exhibit spherical-confinement-induced morphologies!™*
and can be used as microreactors owing to their small size
and large surface area.’

Herein, we report nanofibrillar, composite stimulus-
responsive CNC-derived microgels with a Ch structure.
Microgels with a narrow size distribution were prepared by
microfluidic (MF) emulsification of a mixture of the Ch-CNC
phase, a monomer, and a cross-linker, followed by the
photopolymerization of the monomer in the precursor
droplets and subsequent transfer of the resultant microgels
into an aqueous medium. The morphology of the microgels
was controlled by their size and was altered from the spherical
concentric to the bipolar planar Ch structure by reducing the
droplet dimensions. The structural stability of the Ch micro-
gels was established by microgel drying and subsequent
reswelling in water. The microgels exhibited collective
properties of CNCs and polymer hydrogels. The stimulus-
responsive nature of the microgels was governed by the
polymer component and was evidenced by tuning the micro-
gel size and pitch at varying ionic strength and temperature of
the ambient medium. The microgels exhibited catalytic
performance in a hydrolysis reaction and were used for the
in situ synthesis of plasmonic AgNPs. The resulting AgNP-
laden microgels exhibited catalytic activity in a reduction
reaction.

An aqueous 6.2 wt % suspension of CNCs with an average
length and diameter of 183 and 23 nm, respectively, was
equilibrated for 28 days to enable its phase separation into an
isotropic top phase and a Ch bottom phase, in agreement with
earlier reports.'¥ The Ch phase was separated and concen-
trated to 8.2 wt % by the evaporation of water. This suspen-
sion was mixed with 2-hydroxyethyl acrylate (HEA), poly-
(ethylene glycol) dimethacrylate (PEGDMA), and Irga-
cure 2595, that is, a monomer, a cross-linker, and a photo-
initiator, respectively.

By the use of a microfluidic flow-focusing device,"® the
mixed suspension was emulsified in 3-ethoxy-1,1,1,2,3.-
4,4.5,5,6,6,6-dodecafluoro-2-(trifluoromethyl)hexane (F-oil)
containing 1.0 wt% of a surfactant!"”! triblock copolymer.
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The diameter, D, of the droplets was controlled between 20
and 130 um by varying the MF design (see Figure S1 in the
Supporting Information) and by changing the flow-rate ratio
of the F-oil to the aqueous suspension from 0.1:0.015 to
0.5:0.1. The droplets had polydispersity (defined as the
standard deviation in the droplet diameter divided by the
mean droplet diameter) below 3.0% (see Figure S2). The
droplets were collected and stored in a sealed glass capillary
tube.

Figure 1a,b shows representative cross-polarized optical
microscopy (POM) images of precursor droplets with a diam-
eter D of 126 and 20 pm, respectively. The corresponding
bright-field (BF) images are shown as insets. The POM
images of the droplets with 80 < D <230 pm showed charac-
teristic Ch structural features with a Maltese cross and
alternating concentric bright and dark rings. The tangential
surface anchoring of the director at the droplet—oil interface
led to the spherical packing of CNCs at the droplet-oil
interface and propagation of the Ch structure toward the
droplet center. These features were consistent with earlier
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Figure 1. a—d) POM images of Ch-CNC droplets in F-oil (a,b) and
microgels in water (c,d). Dashed lines show the contours of droplets
(a,b) and microgels (c,d). The insets show corresponding BF images
of the precursor droplets (a,b) and microgels (c,d). The inset in (d)
shows a prolate spheroid formed by a small microgel. Scale bars are
100 pm in insets (a,c) and 20 um in insets (b,d). e,f) Distribution of P
in large microgels and the corresponding precursor droplets (e) and
“small” microgels and the corresponding precursor droplets (f).
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experimental observations for Ch-CNC droplets! and
numerical simulations!" of thermotropic Ch droplets. The
average pitch, P, of these droplets (measured as the double
distance between two adjacent concentric rings) was 5.4 ym.
Droplets with D <40 um showed a stripe pattern character-
istic of flattened Ch-CNC layers trapped between two
diametrically opposite poles (a bipolar structure). The
average pitch, P, of the Ch structure in these droplets
(determined as the double distance between two adjacent
stripes) was 6.9 um (Figure 1b).

The droplets were subjected to UV irradiation (400 W, A =
330-380 nm) for 10-15 min to polymerize HEA and in this
manner transform the droplets into Ch-CNC microgels.
Herein, we refer to the composite microgels containing
cross-linked poly(2-hydroxyethyl acrylate) (PHEA) and
CNCs as Ch-CNC microgels. Following polymerization, the
Ch structure of the microgels was preserved, with a weak
(<4 %) change in the microgel size and pitch (see Figure S3).
Herein, we refer to the microgels with a concentric Ch
morphology (Figure 1c) and a stripe pattern (Figure 1d) as
“large” and “small” microgels, respectively. Upon transfer
into deionized water, large microgels swelled, and their D and
P values increased from 126 to 181 pm and from 5.4 to 7.6 um,
respectively. Expansion of these microgels was isotropic, with
their spherical microgel shape and Ch structure well pre-
served (Figure 1c,d; see also Figure S2¢). The extent of
microgel swelling depended on the ratio of the monomer to
the cross-linker concentration, which determined the polymer
cross-linking density (see Figure S4).

Interestingly, small microgels with a bipolar structure
exhibited anisotropic swelling in water, thus resulting in the
generation of microgels with the shape of prolate spheroids.
The aspect ratio of such microgels, determined as the ratio of
the polar to equatorial lengths along the y and x axis
(Figure 1d; see also Figure S2d), varied from 1.02 to 1.18
(see Figure S2g), with P increasing from 6.9 to 10.8 um
(Figure 1 f). Microgel swelling was limited along the direction
parallel to the CNC layers,'”) whereas stronger expansion
occurred along the direction perpendicular to the CNC layers.

The structural integrity of the Ch-CNC microgels was
studied for the large microgels by drying and subsequent
reswelling in water. In the case of anisotropic drying, the Ch-
CNC microgels deposited on a glass slide were dried under
ambient conditions (Figure 2; see also Figure S5). The micro-
gels shrank and flattened, largely losing their three-dimen-
sional concentric Ch structure; however, upon equilibration
in water for 24 h, they restored their original dimensions, their
spherical shape, and the Ch morphology, with P < 10 % larger
than in the original microgels (Figure 2¢,d; see also Fig-
ure S5¢). An isotropic drying method was also used, whereby
dispersions of Ch-CNC microgels were freeze-dried in liquid
nitrogen. After equilibration in water for 24 h, the dried
microgels restored their dimensions, shape, and morphology,
and exhibited no significant change in D and P in comparison
with the pristine microgels (see Figure S6).

We examined the stimuli-responsive nature of the large
Ch-CNC microgels by changing the ionic strength of the
ambient aqueous phase. Upon the addition of NaCl at
concentrations up to 6M, the microgels shrank and their
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Figure 2. a—c) POM images of large Ch-CNC microgels before drying
(a), after drying (b), and following reswelling in water (c). d) Distribu-
tion of microgel pitch before drying (black) and after reswelling (gray).
a) D= (105+3) um, P=(5.9+£0.4) um; c) D= (110£3) um,
P=(6.5+0.3) um. The error ranges represent the standard deviation.
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Figure 3. Effect of a) salt concentration and b) temperature on the
pitch of large Ch-CNC microgels. The values of P were obtained by
measuring the pitch of more than 100 microgels. The error bars
represent the standard deviation.

P value decreased by 34 % (Figure 3a). The shrinkage was
caused by the polymer response to the increased ionic
strength of the medium: In control experiments, CNC-free
PHEA microgels exhibited up to a 62% decrease in the
D value in 6M NaCl solution (see Figure S7b). This effect is
caused by ion-induced polymer dehydration, which reduces
the solubility of the polymer in water (the “salting out”
effect).’!

The less pronounced shrinkage of Ch-CNC versus CNC-
free PHEA microgels (see Figure S7a) was attributed to the
reinforcement of the polymer network by cross-linking with
CNGs. This effect correlated with the reduced contraction of
CNC-free poly(HEA) microgels in which the concentration
of the cross-linking agent had been increased fourfold (see
Figure S7c¢). Cross-linking of the polymer network with CNCs
occurred as a result of hydrogen bonding between the surface
hydroxy and sulfate ester groups of the CNCs and hydroxy,
carbonyl, and ether groups of the polymer.”!
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We prepared thermoresponsive microgels by emulsifying
a mixture of the Ch-CNC phase, N-isopropylacrylamide,
N,N'-methylenebisacrylamide, and Irgacure 2595 and subject-
ing the droplets to UV irradiation. The resulting large
microgels had a well-defined Ch morphology, similar to that
shown in Figure 1c. Following an increase in temperature of
the microgel dispersion from 0 to 60°C, the microgel pitch
decreased by 40% (Figure 3b), with a sharper decrease at
about 31°C, which correlates with the volume phase tran-
sition temperature of poly(N-isopropylacrylamide) microgels
(see Figure S8).”%! Microgel shrinkage at elevated temper-
ature was caused by the increase in the entropic cost of water
organization around the polymer, thus reducing its solubil-
ity.[2!

The Ch-CNC microgels offered several features indicating
their potential as microreactors: 1) the catalytic properties of
CNGs in hydrolysis reactions owing to the presence of the
nucleophilic hydroxy groups of cellulose;''®! 2) a negative
CNC charge owing to the presence on the CNC surface of
sulfate ester groups, which are important for the sequestration
of cations in the microgel interior; and 3) a large mesh size™
and a high surface area of the microgel interior, thus favoring
the diffusion of reagents and their transportation into the Ch-
CNC microgel.

The catalytic performance of the microgels was examined
in the hydrolysis of 4-nitrophenyl acetate, which was added to
the microgel dispersion under neutral pH conditions at 15°C
(see the Supporting Information for details). In the course of
the reaction, the intensity of the absorption peak at 270 nm of
4-nitrophenyl acetate gradually decreased, and a new peak
corresponding to the 4-nitrophenolate ion appeared at
400 nm (Figure 4a)."* The reaction occurred significantly
faster in the Ch-CNC microgels than in control systems, that
is, CNC-free buffer solution (pH 7.4) and a dispersion of
CNC-free PHEA microgels (see Figure S9).

In a second series of experiments, the Ch-CNC microgels
were used as reactors for the synthesis of metal NPs (Fig-
ure 4b), in which the CNCs acted as both a reducing agent
and a NP support.'? The Ch-CNC microgels suspended in
a 0.1m solution of AgNO; were kept in the dark overnight to
introduce Ag" ions into the microgel. Following centrifuga-
tion of the dispersion and the separation of the supernatant,
the microgels were transferred to deionized water and stirred
at 80°C. Within 1h, the color of the microgel dispersion
became yellow, and a plasmon resonance peak at 406 nm
evolved in the extinction spectrum (Figure 4b), close to the
plasmon resonance of approximately 10 nm AgNPs.* As
a control experiment, the procedure described above was
repeated for a dispersion of CNC-free PHEA microgels,
which remained colorless and showed no distinct features in
the spectral range from 300 to 650 nm. Transmission electron
microscopy imaging revealed that the resultant Ch-CNC
microgels contained (8.0 +-2.5) nm AgNPs uniformly distrib-
uted in the microgel interior (see Figure S10a—c). Following
NP synthesis, the spherical shape and the Ch morphology of
the microgels was well-preserved (see Figure S10d).

To explore the catalytic performance of AgNPs in the
microgel interior, hybrid Ch-CNC microgels were added to an
aqueous solution of 4-nitrophenol and NaBH,, and the
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Figure 4. a) Catalytic performance of Ch-CNC microgels in a hydrolysis
reaction, with time-dependent absorption spectra of a 0.1 mm aqueous
solution of 4-nitrophenyl acetate mixed with a Ch-CNC microgel at
15°C and pH 7.4. b) Synthesis of AgNPs in the interior of Ch-CNC
microgels, with extinction spectra of a Ch-CNC microgel laden with
AgNPs (black) and a CNC-free PHEA microgel (red). The inset shows
aqueous dispersions of Ch-CNC microgels carrying as-synthesized
AgNPs ([AgNP]=2.1 nwm; left) and CNC-free PHEA microgels (right).
c) Catalytic activity of hybrid AgNP-laden Ch-CNC microgels, with
time-dependent absorption spectra of an aqueous solution in which
4-nitrophenol was reduced to 4-aminophenol under the catalysis of
AgNPs ([AgNP]=67 pm) in the Ch-CNC microgel interior at 25 °C.

reduction of 4-nitrophenol was monitored at 25°C by UV/Vis
spectroscopy (Figure 4 c). The gradual decrease in intensity of
the absorption peak of the 4-nitrophenolate ion at 400 nm and
the simultaneous appearance of a new peak at 297 nm
corresponding to 4-aminophenol® were observed for the
dispersion of hybrid Ch-CNC microgels. Importantly, owing
to the low (<70 pm) concentration of AgNPs in this system,
their plasmonic band was below the detection limit of the
spectrometer, as follows from the spectrum corresponding to
the complete reduction of 4-nitrophenol. No significant
change in absorbance was observed within the same time
interval for the Ch-CNC microgels in the absence of AgNPs
(see Figure S11).

In conclusion, we have developed catalytically active
nanofibrillar composite stimulus-responsive microgels. The
change in the microgel dimensions and pitch in response to
the variation of temperature and ionic strength stemmed from
its polymer component. The microgel morphology (predeter-
mined by the CNC organization in the precursor droplets)
resulted in the isotropic or anisotropic swelling of microgels
with a concentric or planar bipolar CNC organization,
respectively. The catalytic performance of the Ch-CNC
microgels stemmed from the nucleophilic hydroxy groups
on the CNC surface. Furthermore, owing to the negative
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charge and reducing properties of the CNC component, the
Ch-CNC microgels sequestered and reduced Ag” ions to
plasmonic Ag NPs. The resulting hybrid microgels showed
catalytic performance in a reduction reaction. Nanofibrillar
CNC microgels offer structural integrity, catalyst retention,
and enhanced transportation of molecules to the microgel
interior.”® These features underline the potential of Ch-CNC
microgels in catalysis. The combination of these properties
paves the way for the design and generation of multifunc-
tional responsive materials with a variety of applications from
natural resources.
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