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Abstract: Cellulose-based materials have been and continue to
be exceptionally important for humankind. Considering the
bioavailability and societal relevance of cellulose, turning this
renewable resource into an active material is a vital step
towards sustainability. Herein we report a new form of
cellulose-derived material that combines tunable photonic
properties with a unique mesoporous structure resulting from
a new supramolecular cotemplating method. A composite of
cellulose nanocrystals and a urea—formaldehyde resin organ-
izes into a chiral nematic assembly, which yields a chiral
nematic mesoporous continuum of desulfated cellulose nano-
crystals after alkaline treatment. The mesoporous photonic
cellulose (MPC) films undergo rapid and reversible changes in
color upon swelling, and can be used for pressure sensing.
These new active mesoporous cellulosic materials have poten-
tial applications in biosensing, optics, functional membranes,
chiral separation, and tissue engineering.

Cellulose-derived products (e.g., paper) are certainly wide-
spread and important, but they are still primarily used for low-
tech applications, such as banknotes, communication, infor-
mation storage, packaging, and construction."! There is
growing interest in applying cellulose to advanced technolo-
gies, as it is a widely available, renewable resource. Recently,
cellulosic materials functionalized with additives have been
demonstrated for sensing,”) magnetism,”! and catalysis;
however, in these roles, cellulose continues to merely serve
as a passive substrate for the functional component. A
cellulose material with an ordered mesoporous structure is
attractive for the development of new applications, but liquid-
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crystal templating strategies previously applied to the con-
struction of mesoporous silicates and other materials have not
been applied to cellulose.”!

Cellulose nanocrystals (CNCs)! are obtained by the
treatment of cellulosic biomass with sulfuric acid, which leads
to sulfate ester groups on the surface of the CNCs.! These
charges are relevant both for stabilizing colloidal suspensions
of the CNCs and for enabling them to form a chiral nematic
liquid-crystalline phase in water.!®! Following the evaporation
of water, CNCs retain their chiral nematic order as they self-
assemble into iridescent films.”’! The photonic properties of
these films are of interest for coloration, reflectors, and
security features.'”’ The dense films can be swollen with water
vapor and thus function as a humidity sensor;"" however, one
significant problem is that the sulfated CNCs are inherently
susceptible to redissolution in water. A chiral nematic
structure of unfunctionalized CNCs would be more stable,
but desulfated CNCs are not known to assemble into chiral
nematic structures.®®! Interestingly, partial desulfation of
preassembled CNC films by thermal treatment was previously
shown to make the films less susceptible to redispersion in
water.[1012]

One way to stabilize the chiral nematic structure of CNCs
is to polymerize suitable monomers in the presence of the
ordered lyotropic liquid crystal. It was recently demonstrated
that the chiral nematic structure of CNCs could be captured in
silica/ CNC,®!  hydrogel/CNC,™  amino—formaldehyde/
CNC,™ and phenol-formaldehyde/CNC!® composites.

In this study, the chiral nematic structure of CNCs was
preserved in a two-step synthesis to yield mesoporous
photonic cellulose (MPC) films (Figure 1). In the first step,
chiral nematic composite films (CNC-UF) were synthesized
by the self-assembly of lyotropic CNCs in the presence of
a urea formaldehyde (UF) precursor (see Figure S1 in the
Supporting Information). The CNC/UF mixture was dried
overnight under ambient conditions, followed by heat curing
at 120°C to complete the polymerization. Various CNC-UF
composite materials were synthesized either by changing the
polymer/CNC ratio (CNC-UF-A) or by the addition of salts
(CNC-UF-B; see the Supporting Information for details).
These composite materials provide the basis for a range of
MPCs with different optical properties. However, to max-
imize the structural flexibility and mesoporosity of the films,
we used samples with a high content of the UF precursor
(CNC-UF-A4).

In the second step, alkaline treatment of the composite
films with 15% aqueous KOH at 70°C removed the UF and
resulted in iridescent and insoluble cellulose films (MPC).
This method is a novel approach towards the creation of
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Figure 1. Synthetic route to mesoporous photonic cellulose (MPC). An aqueous suspension of CNCs is
combined with a UF precursor. Following evaporation-induced self-assembly, a CNC-UF composite (CNC-
UF-A4) with chiral nematic order is obtained. Thermal curing of the composite is followed by treatment

with aqueous KOH to yield MPC.

cellulosic materials by supramolecular cotemplating, whereby
UF and CNCs act as synergetic templates. The simple strategy
leads to a functional cellulose film with chiral nematic order,
enhanced stability, flexibility, and mesoporosity.

In fact, we expected that alkaline treatment in the second
step would simply destroy the CNC template to leave
a mesoporous UF resin, since similar conditions were
previously used to remove CNCs from phenol-formalde-
hyde/CNC composites."®! Most interestingly, however, ele-
mental analysis of the product showed no nitrogen! This
result indicated the decomposition of the UF resin, as further
supported by the disappearance of the diagnostic carbonyl
C=0 stretching vibration found at 1664 cm™' for CNC-UF
composites (see Figure S2). Moreover, the solid-state “C
cross-polarization/magic-angle-spinning (CP/MAS) NMR
spectrum of MPC showed significant changes with respect
to that of the composite (Figure 2a). Whereas the carbonyl
and methylene signals assigned to the UF resin are clearly
present in the "C NMR spectrum of the composites, they
vanished in the spectrum of MPC. Furthermore, the solid-
state C CP/MAS NMR spectrum of MPC showed all
expected peaks for crystalline cellulose I. However, signal
broadening as well as new peaks at approximately 84 and
62 ppm assigned to amorphous or surface cellulose (C4’ and
C6', respectively) proved significant loss of crystallinity."” We
believe that the relative stability of the CNCs under the
caustic conditions can be attributed to the fact that the CNCs
are embedded in the UF polymer network, which degrades
first and protects the CNCs.!'®!

In line with solid-state *C CP/MAS NMR spectroscopy,
powder X-ray diffraction (PXRD) patterns indicated that the
MPC films have a substantially lower degree of crystallinity
(ca. 70 %) than that of pure CNCs (> 90 % ), but maintain the
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effective removal of the space-
filling UF cotemplate produces
mesopores between the cellu-
lose nanocrystals. This experi-
mental finding is novel. Films
from which water had been
removed by drying showed a significant surface area after
reswelling in EtOH and subsequent supercritical drying.
Moreover, N, adsorption showed a type IV isotherm with
a Brunauer—Emmett Teller (BET) surface area as high as
252 m?g"! and an average pore volume of 0.6 cm’g~! (Fig-
ure 2c¢). The calculated Barrett-Joyner-Halenda (BJH) pore-
size distribution had a peak at about 8 nm (Figure 2c, inset).

In contrast to regular CNC films, however, which disperse
in 1-2 h in water, MPC was stable in water for weeks, and
even boiling did not result in any decomposition. The
enhanced stability of the MPC in water arises from desulfa-
tion of the CNC surface. Indeed, there was no detectable
sulfur present in MPC samples, thus indicating that all of the
sulfate groups were removed (see the Supporting Informa-
tion). Desulfation, which results from the supramolecular
cotemplating process, leads to uncharged photonic MPC films
that are not dispersible in water. As already mentioned,
desulfated CNCs do not naturally self-assemble into a chiral
nematic structure; the supramolecular cotemplating
approach, however, allows one to obtain, in a novel way,
a desulfated CNC material with the chiral nematic structure
preserved. It is thought that the chiral nematic structure is
preserved as a result of concomitant desulfation and destruc-
tion of the UF resin. Furthermore, it is reasonable to expect
that some of the surface hydroxy groups of the CNCs may be
cross-linked by the excess formaldehyde to form methylene
ether bridges, as this reaction is widely known for cellulose.”*”
We did not detect such methylene bridges by spectroscopy or
analysis, so their concentration is probably negligible.

On the basis of detailed IR and solid-state NMR
spectroscopy, CHNS analysis, gas adsorption, and PXRD
data, it is evident that MPC is made of cellulose I (exactly the
same form as that for the starting CNC material). MPC films
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Figure 2. Structural characterization of the MPC. a) Solid-state '*C CP/
MAS NMR spectra of the composite CNC-UF-A4 and MPC. b) PXRD
pattern of pristine CNCs (cellulose 1), the CNC-UF-A4 composite, and
MPC. c) Isothermal N, adsorption of MPC dried from EtOH with
supercritical CO, (BET surface area), as well as the corresponding BJH
pore-size distribution calculated from the adsorption branch of the
isotherm (inset).

showed similar thermal stability (see Figure S5) to that of
sodium salts of CNCs and the CNC-UF composite films. In
terms of the characteristic mechanical behavior, highly
flexible MPC films have an ultimate tensile strength of
(42+5) MPa (see Figure S6), which is substantially higher
than the tensile strength reported for graphene paper
(8.8 MPa) or graphene/polyaniline paper (12.6 MPa).?!

Retention of the chiral nematic structure in the composite
and MPC films was deduced by a combination of polarized
optical microscopy (POM; see Figure S7), UV/Vis spectros-
copy, circular dichroism (CD) spectroscopy, and scanning
electron microscopy (SEM). In general, chiral nematic
structures reflect light with a wavelength (4,,,,) that depends
on the helical pitch (P), the angle of incident light (), and the
average refractive index (n,,,) of the material, according to
the following equation:"*?

Amax = Nayg Psin (0) 1)

Thus, the color reflected by a chiral nematic structure may
be modulated by manipulating the pitch or the refractive
index. With increasing polymer content in CNC-UF-A1-4,
a red shift was observed, whereas salt addition caused a blue

shift with increasing ionic strength (CNC-UF-B1-4). Colo-
ration of the films could be varied in the range 500 to 1300 nm
(see the Supporting Information for details).

The composite CNC-UF-A4 provided an ideal basis for
flexible and mesoporous MPC and appeared nearly trans-
parent and colorless (reflecting at 1300 nm; Figure 3a; see
also Figure S9). However, after removal of the cotemplating
UF, the resulting MPC films dried from water showed
a significant blue shift with a peak reflectance at 330 nm in
the UV/Vis spectrum (Figure 3b; see also Figure S9). In
contrast, MPC films dried with supercritical CO, were visibly
iridescent, and UV/Vis spectroscopy showed that they
reflected light at approximately 500 nm (Figure 3¢; see also
Figure S9). The red-shifted reflectance as compared to that of
the water-dried samples indicates that the pitch, P, of the
chiral nematic structure increases with the introduction of
mesoporosity. The translucent appearance of the films is also
indicative of their underlying mesoporous structure. SEM
images of CNC-UF-A4, water-dried MPC, and supercritical
CO,-dried MPC all show a layered structure that is character-
istic of a chiral nematic order (Figure 3a—c, bottom images).
The microstructure of MPC after supercritical drying seems
less ordered than that of the other samples, and this
heterogeneity may contribute to the opacity of this sample.

In short, the results presented so far prove the cellulosic
nature of the MPC as well as its high mesoporosity and
flexibility. Owing to these properties and their chiral nematic
order, the MPC materials might be useful for applications in
gas separation, membranes, drug delivery, photonics, and
sensing. To investigate the sensing performance of the CNC
composites and the resulting MPC films, we studied swelling
behavior in different polar solvents. Whereas CNC-UF
composites took several hours to swell in water, reaching
equilibrium after about 12h (see Figure S10), MPC films
showed a rapid red shift of their reflection peak from 330 nm
for the dry film to 820 nm when immersed in polar solvents
(Figure 4 a—c). This response is easily observable by the naked
eye and is significantly faster than those previously reported
for hydrogel materials."**® Tt is especially remarkable
considering the simplicity of the synthesized material. The
degree of swelling was very sensitive to the solvent, and by
varying the solvent mixture (ethanol/water), the vibrantly
visible colors could be tuned from 430 nm in pure ethanol to
840 nm in pure water (Figure 4a,b). Owing to the hydro-
philicity and the mesoporosity of these cellulose films, they
rapidly swell to the greatest extent in pure water, which
complicates the analysis of contact-angle measurements (see
Figure S11). As ethanol and water have similar refractive
indices, the color change is mainly attributed to a change in
the helical pitch upon swelling. This change is detectable by
either UV/Vis or CD spectroscopy, which may enable the
development of new sensors.

To our surprise, the water-soaked MPC samples showed
high flexibility and piezochromic behavior. To investigate
their ability to sense pressure, we inserted water-soaked MPC
films between two glass slides and followed the distinctive
color change upon manually pressing the films. The macro-
scopically applied pressure is transferred to the nanoscale
level and leads to a compression of the layers. Thus, the helical
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color as a function of applied
pressure (Figure 4¢). The colora-
tion is completely reversible: After
the applied stress is removed, the
material relaxes and returns to its
initial colorless state.

In summary, we have devel-
oped a new supramolecular cotem-
plating method in which two com-
ponents function as synergetic
templates. This approach has
allowed us to prepare a novel mes-
oporous chiral cellulose material
(MPC) that displays dynamic pho-
tonic properties. Owing to reduced
crystallinity (relative to that of the
starting CNC material), and the
formation of a mesoporous struc-
ture after supercritical drying, the
synthesized cellulosic films show

Figure 3. Optical characterization of the CNC-UF composite and the resulting MPC film. a) Photo- high flexibility and conformability.
graph (top) and SEM image (bottom) of the composite film CNC-UF-A4 after curing. b) Photograph These characteristics lead to rapid
(top) and SEM image (bottom) of MPC air-dried from H,0. c) Photograph (top) and SEM image responses to external stimuli, such
(bottom) of MPC dried from EtOH with supercritical CO,. .
as pressure and solvent polarity.
MPC is a new functional mesopo-
a) EtOH/%=100 b) rous material that is promising for new dynam-
/ ically controlled optical filters and sensors.
/ / Furthermore, with its high surface area and
\XN&/ s  chiral structure, MPC might be used as a func-
;_i A ANAY NS ':_E tional membrane or as a hard template to access
“EJ, ,,"10?\?0 \‘i/ ] R \9 ¢ diverse mesoporous materials.
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BRI N e e Experimental Section
‘ ' ' ' ' Synthesis of the UF precursor: A mixture of urea (2 g,
350 450 550 650 750 850 67 mmol) and formaldehyde (10 g of a 37 % solution
A/nm in H,O stabilized with 10-15% MeOH) was stirred
¢) 850 T d e) until C(?mplete solvation. One drop of an HCI solution
630 A (37% in H,0) was added, and the resulting opaque
730 = i . polymer precursor solution was heated at 100°C for
g 650 - ;a;a ¢§>§ 590 - 30 min until it became <.:lear. This solution was used as
£ ceg € = the UF precursor solution. '
< 5 g 550 | Synthesis of MPC: The UF precursor solution
450 ~ = 2 (1 mL) was added to a suspension of CNCs in water
350 510 - (5 mL; CNC-Na, pH 6.9, 3wt %), and the resulting
0 25 50 75 100 480 530 580 630 680 0 5 10 mixture. was stirred for 10 min at room temperature.
Time /s A/nm p /Nm?2 The mixture was then transferred to a cellulose
acetate surface (diameter: 5 cm) and allowed to dry
Figure 4. Sensing performance of the functional MPC films. a) Photographs and b) UV/ {5+ 48 h under ambient conditions. Polymerization
Vis (solid lines) and CD spectra (dashed lines) of MPC soaked in EtOH/H,O at was finalized by curing at 120°C for 16 h in an oven to
different ratios as indicated. c) Swelling kinetics of MPC: Curve shows the dependence give CNC-UF-A4. Following treatment with an aque-
of the wavelengths on time when a dry sample is immersed in water. d) Pressure ous solution of KOH (15%) at 70°C for 16h to
response of MPC at 0, 0.4, 0.8, 1.6, 2.7, 5.9, and 7.8 x10° Nm™2 (first and final value remove the UF, the mixture was washed with water
given in graphic) showing a clear blue shift of the peak reflectance wavelengths. e) Plot 3 then with ethanol. Drying of the mixture under
of peak reflection wavelength versus pressure. The data were fit with an exponential ambient conditions gave MPC. Mesoporous MPC was
curve. obtained by drying ethanol-soaked films with super-
critical CO,.
pitch of the chiral nematic structure is reduced. The blue shift  g.ceived: February 8, 2014
was observed in a reflectivity range of about 100 nm, from 630 Revised: May 14, 2014
to 520 nm (Figure 4d). We quantified the change in photonic  Published online: June 30, 2014
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