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ABSTRACT: A nanoporous smectic liquid crystalline
polymer network has been exploited to fabricate photo
patternable organic−inorganic hybrid materials, wherein,
the nanoporous channels control the diameter and
orientational order of the silver nanoparticles.

Nanoporous materials are of great current interest due to
their application in areas, such as filtration, separation,

and catalysis.1 Due to the small pore size in these materials,
discrimination between molecules and ions based on size and
shape is possible, while the confined environment enhances
chemical reactions and product selectivity. For the fabrication
of such materials, the self-organization of liquid crystals (LCs)
and their polymers is appealing since the pore size can be
decreased to 1 nm and below.1,2

Nanoporous architectures, such as metal−organic frame-
works, protein cages, and nanotubes, have recently also
attracted considerable attention as host materials for inorganic
nanoparticles to make shape-controlled structures.3 For the
fabrication of these hybrid materials, nanoporous liquid
crystalline polymer networks present an attractive organic
medium, having well-defined and uniform pores and long-range
orientational order. Furthermore in such systems, the appealing
properties of nanoparticles and nanoporous materials can be
combined. Liquid crystalline polymers have been used to
prepare hybrid materials,4,5 however, the use of nanoporous
liquid crystalline materials has not been explored yet.
Recently we have reported on nanoporous hydrogel films

based on smectic LCs consisting of hydrogen-bonded benzoic
acid moieties and a cross-linker (1, 2, Figure 1).6 Swelling of
these films at high pH is highly anisotropic and expansion
mainly takes place in the plane of the smectic layers.7 We now
show that these anisotropic hydrogels can be used as
nanoporous materials to make silver nanoparticles hybrid
structures. Silver nanoparticles were chosen since they can be
made (photo)chemically and have interesting catalytic, surface
enhanced Raman scattering and antimicrobial and antiviral
properties.8 The anisotropic nanoporous gel is fabricated first

and subsequently filled with silver ions. After chemical
reduction of the silver ions, a lamellar polymer hybrid film is
obtained that contains silver nanoparticles in which the particle
diameter is controlled by the length of the cross-linker (2 vs 3,
stretched molecular length is roughly 4 and 5.5 nm,
respectively, Figure 1). By using a photomask, the silver ions
can also be photochemically converted to silver nanoparticles
yielding patterned polymer films where the unexposed pores
are still accessible.
The anisotropic polymer hydrogel was fabricated by

photopolymerizing the reactive hydrogen-bonded LC dimer 1
containing a small amount of mesogenic cross-linker 2 (Figure
1) in the smectic A phase as previously reported.6,7 An 18 μm
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Figure 1. (a) Chemical structures of the hydrogen-bonded LC dimer
1, the two cross-linkers 2, 3, inhibitor 4, and photoinitiator 5. (b)
Freestanding planar aligned smectic LC film based on 1 and 2. (c)
Schematic representation of the smectic nanoporous polymer film. It
should be noted that in reality the orientation of benzoic acid units in
the nanoporous film is random. In a planar alignment the plane of the
smectic layers is parallel to the thickness of the film.
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thick monodomain free-standing polymer planar aligned
smectic film (Figure 1, Figure S1) was fabricated using a cell
having polyimide alignment layers. Subsequently, the film was
placed for 24 h in an alkaline Na2B4O7/NaOH buffer at pH =
10 to break up the hydrogen bonds and open the pores (Figure
2). The resulting polymer sodium salt formation was confirmed
by Fourier transform infrared spectroscopy (FT-IR) (Figure
S2).7,9

The nanoporous polymer sodium salt hydrogel was
immersed overnight in a 0.1 M AgNO3 solution to replace
the Na+ ions by Ag+ ions (Figure 2). Excess of surface adsorbed
Ag+ ions was subsequently removed by an additional rinsing
step. The FT-IR spectra (Figure S2) of the dried film before
and after Ag+-treatment look similar, exhibiting the character-
istic features of carboxylate anions. X-ray photoelectron
spectroscopy (XPS) measurements revealed (Figure S3, S4) a
Ag-3d doublet appearing at 368.08 eV (3d5/2) and 374.05 eV
(3d3/2), showing that the polymer film contains Ag+ ions.10

Apart from the top layer, the binding energies remain
unchanged through the depth XPS scans revealing the presence
of silver ions in the entire film. Thermogravimetric analysis
shows that the content of inorganic fraction is 28 wt %, which is
close to the theoretically calculated fraction (32%) assuming
complexation of two Ag+ ions per hydrogen-bonded mesogenic
dimer 1 revealing that each carboxylate contains one silver ion
(Figure S5). The silver salt polymer film exhibited a
birefringence (Figure S6) similar to the polymer sodium salt
film.
The smectic polymer silver salt film serves as the precursor

for the size-controlled synthesis of silver (Ag0) nanoparticles by
treating the film with an aqueous sodium borohydride
(NaBH4) solution (Figure 2).11 XPS measurements showed a
change of the binding energy spectrum indicating the reduction
of Ag+ to Ag0 (Figures 3 and S7). The binding energies
measured in Ag+-salt film give slightly higher values as
compared to those measured for the corresponding Ag0 film
(e.g., 3d5/2 = 367.88 eV and 3d3/2 = 373.85 eV). The decrease
in Ag-3d binding energy is consistent with reduction of Ag+ to
Ag0. In addition, the XPS depth profile (Figures S7, S8) shows
that the Ag-3d binding energy remains constant all-throughout
from surface to near bulk, revealing the reduction of Ag+

through the entire polymer film.

Transmission electron microscopic (TEM) study of a cryo-
ultramicrotomed cross-section of the planar aligned Ag0

polymer LC film discloses (Figure 3) the formation of
uniformly distributed silver nanoparticles having diameters 1.3
± 0.2 nm. Moreover, the size distribution indicates nearly
monodisperse nanoparticle formation (Figure S9). Previous
studies have shown that upon uptake of ions, the cross-linker is
uniaxially oriented perpendicular to the smectic layer and keeps
the layers together in the polymer film.6 The benzoic acid
groups become randomly oriented after breaking of the
hydrogen bonds, and it was estimated that in case of cross-
linker 2, the periodicity is roughly 3 nm, and pore size is close
to 1 nm.6 The growth of the nanoparticles is most likely
arrested by the confined space of the nanopores as well as the
carboxylate groups which act as capping agents.12 The fact that
the diameter of the particles is somewhat larger than the pore
size is probably due to the flexibility of the benzoylate units.
Presumably, spherical nanoparticles are formed instead of
anisotropic sheets due to the relatively low concentration of
silver ions as a result of the stoichiometric complexation of Ag+

with the gallery carboxylates in the pores (Figure 2).13 It should
be noted that the TEM image of the cross-sectional
microtomed slice of the planar aligned polymer films alone
does not show an orientational order of the silver nanoparticles
(vide inf ra).
The effect of confined nanocrystallization has been further

investigated in a similar smectic network having the longer
cross-linker 3 instead of 2 (Figure 1). The binary mixture of 1
and 3 also exhibits a smectic mesophase (Figure S10). TEM
analysis of cross-sectional cryo-microtomed planar 1, 3 film
treated with barium ions revealed layered morphology with a
periodicity of ∼4.5 nm (Figure S11, S12), which is longer than
found earlier in the LC films containing cross-linker 2. The film
is also less ordered than found earlier, indicating a more flexible
polymer film.
After using the same fabrication method as used for the 1, 2

polymer films (Figure 2), the silver nanoparticles containing
polymer films with longer cross-linker 3 were analyzed by
TEM. The cross-sectional TEM images of the planar aligned
LC show the presence of silver nanoparticles having now a
larger average diameter of 5.4 nm (Figure 4). The particle size
distribution (5.4 ± 0.8) nm is narrow, emphasizing the
templating effect imparted by the nanogalleries. The particle
diameter is larger than the length of cross-linker 3 which
indicate that the polymer matrix is flexible.14

Further investigation of an ultra cryo-microtomed section of
the silver nanoparticle LC 1, 3 polymer film was performed by

Figure 2. Schematic representation of the fabrication method of the
silver nanoparticles containing nanoporous smectic liquid crystalline
polymer network. In step one the LC film is treated with base to open
the pores. Subsequently, the pores are filled with silver ions that, upon
reduction with sodium borohydride, form silver nanoparticles. It is
proposed that the cross-linker determines the size of the pores and
therefore the size of the silver nanoparticles.

Figure 3. Left-hand side, XPS Ag-3d region scans showing the
difference in binding energy between the Ag0 and Ag+ 1, 2 hybrid
films. Right-hand side, TEM image of an ultramicrotomed cross-
section of a planar aligned Ag0 smectic 1, 2 hybrid film (scale bar 20
nm).
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peak force tapping atomic force microscopy (PFT AFM,
Figures S14, S15).15 Remarkably, the deformation mapping
(Figures 5a,b, S16) exhibits a layered morphology over a large

cross sectional surface. The alternative dark layers residing in
between bright layers correspond to less deformable (high
modulus) material, pointing to the nanopores containing silver
nanoparticles. The direction of the layers is perpendicular to
the orientation of the molecular director (Figure 2).16 To
extract the quantitative information about layer spacing, a FFT-
transformed micrograph (Figure 5a,b) is used giving more
precise values of smectic layer thicknesses. The cumulative
length measured of an inorganic−organic layer is 7.5 nm, which
is much longer than periodicity found for the same polymers
treated with barium ions (Figure S12). It could be that the
cross-section cutting of the planar aligned was done under a
larger angle which will result in longer distances (Figure S15).
2D gracing incidence X-ray diffraction (GIXD) measure-
ments17 on a homeotropic silver nanoparticle 1, 3 polymer
films confirmed the ordered layered structure with a typical
spacing of 4.3 nm. In this sample, the polymer layers and
nanopores are aligned parallel to the glass substrate as
confirmed by the two arched sharp smectic reflections (Figures
5c,d, S17). The presence of Ag0 nanoparticles in the LC films is
confirmed by the (111) and (200) reflections visible above 20
nm−1 (Figures 5d, S15). Moreover, the increased diffracted

intensity at low q values is due to the embedded nanoparticle
scattering. The fact that TEM image of the silver nanoparticles
polymer films does not exhibit such layered structure is most
likely due to the poor in depth resolution in which the silver
particles dominate the contrast.
We have also explored the fabrication of patterned hybrid

polymer films. For this purpose a homeotropically oriented LC
1, 2 polymer silver salt film was used as photoresponsive ink.
This precursor film was exposed to UV irradiation through a
chromium micropatterned mask.18 In the irradiated parts, the
bound Ag+ ions were reduced to Ag0 nanostructures. Optical
microscopy shows micropatterned photographs taken in
transmission mode that correspond to the mask pattern used
(Figure 6a, c). A scanning electron microscopy image of the dot

patterned hybrid film (Figure S18) shows the electron-rich
bright dots of same dimensions as seen by optical microscopy
corresponding to the Ag0 areas. Interestingly, when the
photopatterned films were treated with a Nile blue dye
solution, the film becomes colored.6 The optical micrograph
(Figure 6b) clearly exhibits the incorporation of the blue dye
distributed homogeneously within the polymer film, suggesting
that the cationic dyes replace the cations in the film. This result
shows that silver nanoparticles in the porous network structures
are still accessible through the nanopores.
This work shows a novel approach toward a new class of

organic−inorganic nanoporous materials involving the con-
trolled synthesis of silver nanoparticles within a nanoporous
smectic liquid crystalline polymer network. Our results show
the profound effect of the covalent cross-linker on controlling
the diameter of the silver nanoparticles. This strategy can in
principle be extended to fabricate micropatternable anisotropic
plasmonic or semiconducting hybrid structures. Preliminary
experiments showed that the pores could also be filled with
other metal ions (Figure S19). The nanoporosity of the hybrid
polymer films makes them interesting for a wide variety of
applications, ranging from nanoreactors to antimicrobial
patches.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details and supporting data. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
a.p.h.j.schenning@tue.nl
Present Address
∇Momentive Performance Materials, Survey No-9; Electronic
City, Bangalore-560100, India.
Author Contributions
#These authors contributed equally to this work.

Figure 4. TEM image along with the particle size distribution of an
ultramicrotomed section of a planar Ag0-smectic 1, 3 hybrid film (scale
bar 50 nm).

Figure 5. (a) PFT AFM deformation image (500 × 500 nm) of a cryo-
microtomed section of a planar silver nanoparticle LC 1, 3 polymer
film, inset shows the FFT profile. (b) FFT refined image of
deformation mapping showing the alternation of dark (less
deformable) and bright (more deformable) layers of 7.5 nm. (c)
GIXD 2D images of the 1, 3 polymer Ag+ salt film and (d) silver
nanoparticle LC 1, 3 polymer film.

Figure 6. (a,c) Optical micrographic images of a photopatterned LC 1,
2 polymer silver salt films. (b) Photopatterned LC 1, 2 polymer silver
salt film treated with Nile blue.
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