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On the Dimensional Control of 2 D Hybrid Nanomaterials

Alessandro Longo,[a, b] Dirk-Jan Mulder,[c, d] Huub P. C. van Kuringen,[c, d] Daniel Hermida-
Merino,[a] Dipanjan Banerjee,[e] Debarshi Dasgupta,[c] Irina K. Shishmanova,[c]

Anne B. Spoelstra,[h] Dirk J. Broer,[c, f] Albert P. H. J. Schenning,*[c, f] and Giuseppe Portale*[g]

Abstract: Thermotropic smectic liquid crystalline polymers

were used as a scaffold to create organic/inorganic hybrid
layered nanomaterials. Different polymers were prepared by

photopolymerizing blends of a hydrogen bonded carboxylic
acid derivative and a 10 % cross-linker of variable length in

their liquid crystalline phase. Nanopores with dimensions
close to 1 nm were generated by breaking the hydrogen

bonded dimers in a high pH solution. The pores were filled

with positively charged silver (Ag) ions, resulting in a layered
silver(I)-polymeric hybrid material. Subsequent exposure to a

NaBH4 reducing solution allowed for the formation of sup-

ported hybrid metal/organic films. In the bulk of the film the

dimension of the Ag nanoparticles (NPs) was regulated with
subnanometer precision by the cross-linker length. Ag nano-

particles with an average size of 0.9, 1.3, and 1.8 nm were
produced inside the nanopores thanks to the combined

effect of spatially confined reduction and stabilization of the
nanoparticles by the polymer carboxylic groups. At the same

time, strong Ag migration occurred in the surface region, re-

sulting in the formation of a nanostructured metallic top
layer composed of large (10–20 nm) NPs.

Introduction

Inorganic/organic hybrid materials are currently receiving a lot
of attention due to their appealing functional properties and

potential applications.[1–4] In particular, the incorporation of
metal nanoparticles (NPs) inside polymer matrixes has opened

pathways to produce flexible composites with a broad range

of novel applications.[5] Inclusion of noble metal NPs into poly-
mers has been successfully used to produce chemical and bio-

logical sensors,[6–8] plasmonic nanostructures[9–11] and novel cat-
alytic materials.[12–14] The properties of these hybrid materials

strongly depend on the size of the nanoparticles and on their
spatial distribution inside the matrix.

Metal NPs with size in the range 2–10 nm are of great inter-
est as they show size-dependent chemical and physical proper-

ties strongly different than those from the bulk materials.[15, 16]

Metal NPs with very low size polydispersity can be efficiently

prepared in solutions and suspensions using different methods
such as digestive ripening,[17, 18] seeding[19] chemical reduction

in the presence of a coordinating solvent,[20] microemulsions[21]

and block copolymer micelles[22, 23] or dendrimers.[24] Several
methods are also available to produce hybrid organic/inorgan-

ic materials with controlled NP dimensions down to 5 nm.
These methods include the use of mesoporous silica,[25–27]

block copolymers,[23, 28–30] hydrogels,[31, 32] and lyotropic liquid
crystalline materials.[33–36] When the NP dimension is reduced

[a] Dr. A. Longo, Dr. D. Hermida-Merino
Netherlands Organization for Scientific Research (NWO)
European Synchrotron Radiation Facility (ESRF), DUBBLE-CRG
38043 Grenoble (France)

[b] Dr. A. Longo
CNR-ISMN, Consiglio Nazionale delle Ricerche
Istituto per lo Studio dei Materiali Nanostrutturati
Via Ugo La Malfa 153, 90146 Palermo (Italy)

[c] D.-J. Mulder, Dr. H. P. C. van Kuringen, Dr. D. Dasgupta,
Dr. I. K. Shishmanova, Prof. Dr. D. J. Broer, Prof. Dr. A. P. H. J. Schenning
Department of Functional Organic Materials and Devices
Chemical Engineering and Chemistry
Eindhoven University of Technology
De Rondom 70, 5612 AP Eindhoven (The Netherlands)
E-mail : a.p.h.j.schenning@tue.nl

[d] D.-J. Mulder, Dr. H. P. C. van Kuringen
Dutch Polymer Institute (DPI)
PO Box 902, 5600 AX Eindhoven (The Netherlands)

[e] Dr. D. Banerjee
Dutch-Belgian Beamline (DUBBLE)
ESRF–The European Synchrotron, CS 40220
38043 Grenoble Cedex 9 (France)

[f] Prof. Dr. D. J. Broer, Prof. Dr. A. P. H. J. Schenning
Institute for Complex Molecular Systems
Eindhoven University of Technology
P.O. Box 513, 5600 MB Eindhoven (The Netherlands)

[g] Dr. G. Portale
Macromolecular Chemistry&New Polymeric Materials
Zernike Institute for Advanced Materials
University of Groningen, Nijenborgh 4
9747 AG Groningen (The Netherlands)
E-mail : portale@rug.nl

[h] A. B. Spoelstra
Center for Multiscale Electron Microscopy, Chemical Engineering and
Chemistry
Eindhoven University of Technology, P.O. Box 513
5612 AP Eindhoven (The Netherlands)

Supporting Information for the article and ORCID identification number(s)
for the author(s) of this article can be found under https ://doi.org/10.1002/
chem.201701493.

T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of Creative Commons Attri-
bution NonCommercial License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited and is
not used for commercial purposes.

Chem. Eur. J. 2017, 23, 12534 – 12541 T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim12534

Full PaperDOI: 10.1002/chem.201701493

http://orcid.org/0000-0002-4903-3159
http://orcid.org/0000-0002-4903-3159
https://doi.org/10.1002/chem.201701493
https://doi.org/10.1002/chem.201701493


below 2 nm, peculiar properties are observed because of the
extremely high surface-to-volume ratio.[37] The production of

hybrid materials containing such ultrasmall NPs (<2 nm) with
controlled dimensions is more challenging. Most of these sup-

ported ultrasmall NPs are nowadays produced inside different
type of zeolites[38] and metallo-organic frameworks.[39] The in
situ production of ultrasmall NPs inside flexible nanoporous
polymeric supports is less explored, although potentially inter-
esting for catalysis and optics applications.[40–42]

Recently, we have introduced novel nanoporous thermo-
tropic smectic liquid crystalline polymers that are promising to
generate hybrid inorganic/organic films.[43, 44] In this work, we
exploit the use of these nanoporous liquid crystalline polymers

to produce silver NPs/polymer hybrid films supported on glass.
We have investigated the dimensional control in these nano-

materials in detail using a variety of techniques, including mi-

croscopy, X-ray spectroscopy and depth sensitive X-ray scatter-
ing, to determine the scope and limitation of this fabrication

method.

Results and Discussion

Nanoporous smectic liquid crystalline networks with differ-
ent cross-linker lengths

Firstly, we have investigated the liquid crystalline behavior of
mixtures containing acrylate based benzoic acid (6OBA) hydro-

gen bonded dimers and different cross-linkers (10 % w/w) of

variable length that will be used to prepare lamellar nanopo-
rous networks with controlled pore dimensions (Figure 1). The

cross-linkers have an increasing extended molecular length of
3.4, 4.0, and 5.4 nm and will be named as C3, C6, and C11, re-

spectively. C6 has the same length of the 6OBA dimer. It
should be noted that the C6 containing nanoporous material

has already been partially characterized previously.[43, 45]

All the dimer/cross-linker blends show a SmA structure in
the same temperature range of the pure 6OBA molecule, inde-

pendently of the cross-linker length, as a result of the chemical
compatibility between the cross-linker and the 6OBA mole-

cules. When heated from ambient temperature to 120 8C, pure
6OBA undergoes a series of transitions along the path Cr-SmA-

N-I (with Cr = crystalline, SmA = smectic A, N = Nematic, and I =
isotropic phase) as evidenced by POM and DSC analysis (see

Figure S1 and S2 and Table S1). The SmA structure can be
easily deduced from WAXD images taken in the liquid crystal-
line phase under the magnetic field (Figure S3). The layer spac-

ing l is around 4.0–4.3 nm for all the samples. The addition of
10 % w/w cross-linker does not alter significantly the layer

spacing of the mixtures.
A polymer network is obtained by UV-photopolymerizing

the acrylate units present in the blends of 90 % 6OBA dimer
with 10 % w/w of cross-linker at 85 8C, where all the blends are
in the SmA phase. The photopolymerization process induces a

molecular reorganization associated to a structural transition
from the SmA phase to a smectic C (SmC) phase independent-

ly of the cross-linker used as observed by X-ray diffraction.
WAXD images of the photopolymerized samples show a four-

point pattern in the low angle region, revealing a SmC-like
structure for all polymeric networks (Figure 2, top panels). The

tilt angle between the layer normal and the molecules bSmC

varies between 448 and 468. The layer spacing l observed for
the SmC structure is systematically lower than the value ob-

served in the SmA phase and is equal to 2.8 nm for the C3,
2.9 nm for the C6 and 3.1 nm for the C11 films. Apart the

6OBA/C6 mixture, the theoretical layer spacing l values calcu-
lated accordingly to the tilt angle and the cross-linker molecu-

lar length (2.4 nm for C3, 2.8 nm for C6 and 3.9 nm for C11) are

different from the experimentally measured ones, suggesting

Figure 1. A) Chemical structures of the hydrogen-bonded LC dimer 6OBA
and the three cross-linkers used: C3, C6, and C11. B) Schematic representa-
tion of the formation of the nanoporous smectic liquid crystalline network: i)
photopolymerization in the smectic mesophase, and ii) alkaline treatment to
create a nanoporous polymer film.

Figure 2. Top) WAXD images for the polymeric LC networks in the close-
pore configuration with SmC structure. Bottom) WAXD images for the poly-
meric LC sodium salt networks in the open-pore configuration in the dry
state.

Chem. Eur. J. 2017, 23, 12534 – 12541 www.chemeurj.org T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim12535

Full Paper

http://www.chemeurj.org


that l is mostly determined by the 6OBA dimer length, rather
than the cross-linker length.

After soaking the films in a NaOH aqueous solution, hydro-
gen bonds are broken.[46] The SmC structure is lost and a lay-

ered SmA structure is formed instead. X-ray images of the dry
polymer salt films show clear 1st and 2nd order reflections in

the low angle region, typical for a layered structure (Figure 2,
bottom panels). The layer spacing l is 3.1 nm for the C3 and

3.3 nm for the C6 and C11. The signals are slightly oriented,

suggesting a preferred macroscopic orientation of the layers in
the polymerized samples after H-bond breaking. However, the

signal at large angles is completely isotropic, revealing a disor-
dered organization of the benzoate groups inside the layers

(Figure 1 B).
The pore size can be extracted from the 1 D SAXS profiles of

the nanoporous polymers in their dry state (profiles obtained

from integration of the 2 D images in Figure 2 bottom panels
and reported in Figure 3 A). The measured scattering intensity
is proportional to the product of the form factor F qð Þj j2 and
the structure factor S(q)

I qð Þ / F qð Þj j2S qð Þ ð1Þ

For a 1 D lattice constituted by n electron density levels of
thickness d, the scattered amplitude has the form

F qð Þ ¼
X

n@1
i¼1

2 1iþ1 @ 1ið Þ
q

sin
qdi

2

. -
ð2Þ

The electron density profile 1(z) can be calculated by inverse

cosine Fourier transform from the scattering amplitude F(q) as

1 zð Þ ¼ 2

Z1
0

F qð Þ cos qzð Þ exp @0:5q2ð Þdq ð3Þ

The best fit to the experimental data was obtained by using
a model with three levels and a 1 D lattice with thermal disor-

der.[47, 48] Two levels did not allow to fit the data, while using

more than 3 levels did not improve the fit further. According
to the electron density profiles (Figure 3 B), the pore dimension

is close to 1 nm for all three materials, independently of the

cross-linker length, suggesting that the pore size is not influ-
enced by the cross-linker length in the dry state. Most of the

scattering contrast arises from the electron density difference
between the pores (containing cations, carboxylate groups
and eventually water molecules) and the organic matrix. We
found that the contrast term follows the trend C3>C11>C6.
The introduction of a cross-linker molecule of different length
than the supramolecular dimer causes an increase in electron

density of the pores. The electron density of the C6 layers is
the lowest, as the C6 cross-linker has the molecular structure
most similar to the dimer. However, the shorter length of the
C3 spacer provides a more rigid structure with well-defined
layers, giving the highest scattering intensity. Unfortunately, it
was not possible to determine in the same way the electron
density profiles and thus the pore size in the wet membranes,

as the structure of the wet membranes is sensibly more disor-

dered than the dry one (see Figure S4).

Ag++ ion exchange and Ag nanoparticle formation

Hybrid nanomaterials supported on glass substrates were pre-

pared by placing the 6OBA/cross-linker blends between two
glass slides, the bottom one being functionalized with acryl-

ates, in order to provide covalent binding to the glass sub-
strate after polymerization. After UV photopolymerization, the

supported films were treated with NaOH as reported above to
break the H-bond and form the nanopores. The silver salt poly-

mers were prepared according to our earlier reported proce-

dure.[43] Na+ ions are quantitatively exchanged with Ag+ by
submersing the membranes for 24 h in an AgNO3 solution. The

ion exchange is complete as confirmed by TGA and XPS analy-
sis (see Figure S5 and S6) and the Ag+ content inside the poly-

mer network depends only on the stoichiometry relationship
with the COO@ groups, that is, one Ag+ for COO@ group. Ex-

tended X-ray absorption fine structure (EXAFS, Figure S7) and

small-angle X-ray diffraction (SAXS, Figure S8) results after ion
exchange show a more compact layer arrangement as a result

of Ag-Ag bridge formation that induces dimerization of oppo-
site carboxylate units (see structure in Figure S7 C). For in-

stance, the layer spacing of the C11 polymer Ag+ salt is
2.9 nm, significantly lower than the Na+ salt form (3.4 nm).

Supported hybrid lamellar Ag NPs/polymer networks are
then obtained via chemical reduction of the Ag+/LC polymers

by immersion in an aqueous NaBH4 solution. Ag+ ion reduc-

tion is quantitative as evidenced from the shift to lower ener-
gies of the EXAFS absorption edge, with final position of E =

25.510 KeV, identical to standard metallic Ag (Figure S9 A). Ag+

reduction is also confirmed by the decrease in the 3d silver

binding energy in the XPS data (Figure S6 and S10). The fine
structure of Ag NPs was studied by EXAFS (Table S3). The coor-

dination of each silver atom by six to eight other silver atoms

placed at a distance of ranging from 2.858 to 2.870 a, which is
close to the first shell distance in bulk fcc Ag, confirms the

presence of silver nanoparticles and is in agreement with the
known internal arrangement of silver atoms inside small clus-

ters.[49–51] The Fourier transforms (FT) extracted from the EXAFS
spectra (Figure S9 B) and reported in Figure 4 A are dominated

Figure 3. A) SAXS intensity for the networks in the open pore dry state (Na+

salt form). Solid lines are best fits using [Equation (1)] with a 3 phase system.
B) Calculated electron density profiles 1(z) using [Eq. (3)] . Dashed line is the
ideal model with sharp interphases.
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by the first shell distance contribution, whose magnitude gives
the average first shell coordination number.[52] For small spheri-

cal metal clusters with fcc structure, the average coordination
number per each shell extracted from EXAFS analysis is smaller

than the value observed for the corresponding bulk metal and
can be used to predict the size of the clusters with great preci-

sion.[49, 53, 54] Using the Borowski equation,[53] the average size of
the Ag NPs formed inside the C3, C6 and C11 hybrid films was
calculated to be 0.9, 1.3 and 1.8 nm, respectively. Remarkably,

we found that the average size of the NPs is controlled by the
cross-linker length and increases nearly linear with increasing

the cross-linker length (Figure 4 B). The linear dependence of
the nanoparticle size with the cross-linker length may appear
unexpected as a similar pore size was found for the different
cross-linkers in the Na+ salt films (see Figure 3). However, it

was found earlier for similar films that the degree of swelling

in the smectic LC films depends on the cross-linker content.[46]

Similarly, swelling of the polymer films due to water absorption

is expected to take place also during the formation of the
silver nanoparticles in our supported networks (see below for

discussion about the network swelling), leading to pores of
which the dimensions in the direction perpendicular to the

layer planes are controlled by the cross-linker length. Subse-

quently, the pore dimension defined by the cross-linker length
determines the size of the NPs in the bulk of the films.

The average number of atoms per silver cluster can be esti-
mated using the equation d ¼ a = 3= 2pð Þð Þ1=3=n1=3

atoms

44 44, where a

is the silver cubic lattice parameter (4.0855 a) and d is the
average cluster diameter.[52, 55] Consequently, silver nanoclusters

with approximately 23, 70 and 185 atoms are produced inside

the nanopores of the C3, C6, and C11 films, respectively. Inter-

estingly, 13, 55, 146, 309 and 561 atoms are needed to com-
plete one, two, three, four and five coordination shells of a fcc
silver cluster (with cubic octahedron habit) according to the re-
lation natoms = (n3

*10 + n2
*15 + n*11 + 3)/3, where n is the aver-

age number of filled shells.[55] Notably, the silver NPs produced

in the bulk of the membrane and inside the nanopores of the
C3, C6, and C11 networks are thus large about 1, 2 and

3 shells, respectively.
Information about the stabilization of such small Ag NPs

inside our liquid crystalline networks can be obtained using
FT-IR (Figure S11). The presence in the Ag NPs/LC polymer

hybrid films of the symmetric (vs(COO@)) and antisymmetric
stretching @COO@ (vas(COO@)) bands at 1543 and 1386 cm@1

suggests that the interaction with the nanoparticles
is via the carboxylate groups. Moreover, the @COO@ scissor

band located at 854 cm@1 is strongly enhanced in the
Ag NPs/LC polymer hybrid films due to the interaction be-

tween carboxylate groups and silver atoms from the
clusters. The ionic nature of the polymer/NP interaction

can be inferred according to the frequency difference

Dv ¼ vas COO@ð Þ@ vs COO@ð Þ ¼ 158 cm@1[56] which is in agree-
ment with what is reported for polyacrylates[57] and carboxylic
acids.[58, 59]

In order to get an insight into the mechanism of formation

of these supported 2 D hybrid nanomaterials, the Ag NPs/
hybrid polymer containing the C11 cross-linker was further

studied by TEM and depth resolved grazing-incidence small-

angle scattering (GISAXS). Remarkably, cross-section TEM
images recorded at increasing distances from the film surface

showed a gradient in the size of the NPs along the thickness
of the polymer film (Figure 5). The average dimension of the

Ag NPs at the surface is about 20 nm (Figure 5 B). Immediately
below the surface, a dense 10 nm Ag NP layer is formed. This

dense NP layer extends for few hundreds of nanometers with

a rather irregular transition region. About 1 mm below the film
surface, in the center of the supported film, 5 nm Ag nanopar-

ticles are mostly observed (Figure 5 C).[43] However, Ag NPs
with average size of 2.7:0.4 nm are observed in the bottom

half region of the film, further away from the surface (Fig-
ure 5 D and Figure S12 A–C). This value is larger than the size

determined by EXAFS for the C11 sample (1.8 nm). This differ-

ence might be due to the fact that the thinnest microtomed
section we can produce is about 70 nm and the polymeric

matrix is causing a noisy background, making it difficult to ob-

Figure 4. A) Extracted and calculated Fourier transforms for the Ag NPs LC
hybrid networks. Data for standard Ag foil have been also inserted for com-
parison. B) Size of the Ag NPs versus the length of the cross-linker used to
prepare the polymeric networks.

Figure 5. TEM images of the chemically reduced Ag NPs/LC polymer with
C11 cross-linker supported on glass. A) View of the entire film cross section;
B) of the surface region; C) of the centre of the film; D) of region close to
the substrate.
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serve the smaller NPs. Few sparse larger NPs (>10 nm) are
present in the bottom half region and have clearly formed out-

side the nanopores. Interestingly, the 5 nm NPs observed by
TEM have dimensions close to the molecular length of the C11

cross linker, much larger than the measured pore dimension.
However, NPs with size similar to the cross-linker length have

not been observed inside the Ag/C6 networks (Figure S13),
where only NPs of about 1 nm are observed inside the film.

The 5 nm NPs might thus be the result of a further growth of

the smaller 2 nm ones in the more flexible highly swollen C11
network. However, the total amount of NPs larger than 2.7 nm

must be negligible, as during the EXAFS measurements X-rays
cross the whole film and gather information about the bulk

structure of the film.
The hybrid nanomaterial with the C11 cross-linker was also

characterized by GISAXS which is a depth sensitive technique

and provides structural information from 1 to 100 nm.[60–64] In-
creasing gradually the X-ray angle of incidence ai with respect

to the sample surface allows higher penetration inside the
film, giving the possibility to measure the size of the nanopar-

ticles at different penetration depths. A typical GISAXS image
recorded at ai = 0.258 reveals at high scattering angles two sig-

nals related to the 1st and 2nd order of the layered SmA LC

polymeric network structure (Figure S14). The intensity of
these two signals is regrouped in the vertical direction, sug-

gesting that these hybrid materials form a 2 D layered structure
with an average orientation of the layers parallel to the glass

substrate, in agreement with the layered structure observed by
AFM for similar films.[43] The layer spacing is about 4 nm, signif-

icantly higher than the value measured for the Ag+-salt form,

as the nanopores now contain Ag NPs. The GISAXS intensity
scattered at low angles along the parallel qy direction provides

quantitative information about the nanoparticle lateral dimen-
sions (Figure 6 A). For all the samples, a strong intensity upturn

at low qy values is recorded for ai<0.28, suggesting that the
signal is dominated by scattering from the larger Ag NPs locat-
ed at the film surface (already observed by TEM in Fig-

ure 5 A).[65, 66] For ai>0.28, the intensity upturn decreases and
the intensity at low qy becomes flat in the log-log plot for ai @

ac of silver (where ac = 0.38 is the critical angle for bulk silver),
suggesting that the contribution from the nanostructures pres-

ent on the surface becomes negligible with respect to the
structures inside the network. Furthermore, the scattering in-

tensity shifts to higher qy values, indicating that smaller nano-
particles are observed at the higher incident angles (i.e. higher

penetration depth). No diffraction peaks are detected along qy

suggesting the absence of positional ordering and/or signifi-

cant aggregation between the nanoparticles inside the net-
work. In order to highlight the differences among the GISAXS

scattering profiles acquired at different incident angles we
have used the so-called Kratky plot (see Figure 6 B). The

I(qy)*qy
2 versus qy curve in the Kratky plot for ai = 0.28 clearly

shows two Ag NPs populations with different average size.
Simulation of the GISAXS images provides information about
the nanoparticle size and shape. GISAXS images can be suc-
cessfully simulated by an ensemble of polydisperse spheroidal
Ag NPs. Simulation of the GISAXS image recorded at ai = 0.28
reveals two populations of Ag NPs with average size of 11 and

5 nm and relative abundance of 16 % and 84 %, respectively

(see Figure S15). For ai = 1.18, GISAXS simulations yield an aver-
age lateral dimension of 4.6:0.4 nm in agreement with TEM

images reported in Figure 5 C and with previously reported
data.[43] Unfortunately, the small 2–2.5 nm NPs observed by

TEM and EXAFS are not observed by GISAXS as they scatter far
less and the GISAXS intensity scales with the volume squared

of the objects.

The formation of Ag NPs inside the supported LC polymeric
networks and the gradient in size of the NPs along the film

thickness generated by the chemical reduction and revealed
by TEM and depth-sensitive GISAXS can be explained on the

basis of some considerations about the network swelling be-
havior. Previously, it has been observed for the free-standing

films using C6 cross-linker that swelling predominantly occurs

in the direction parallel to the smectic layers whilst only limit-
ed swelling was observed in the perpendicular direction (Fig-

ure S16).[46] In our case, the polymer is covalently linked to the
glass substrate resulting in an asymmetric lateral swelling in

the direction perpendicular to the substrate that generates
vertical pathways for the diffusion of the reducing solution.

The network density increases going from the polymer/solu-

tion to the polymer/substrate interface, which results in a
more efficient control of the size of the NPs in the lower half

part of the supported networks. Larger nanoparticles are
formed in the region close to the surface due to severe swel-

ling, fast Ag migration and nanoparticle aggregation. Slow dif-
fusion inside the layers in the bulk of the film and far from the

surface allows for the formation of small Ag NPs with con-
trolled size and limited polydispersity (Figure 7). The severe
swelling experienced during reduction by the top part of the

film causes an extra porosity that extends in the vertical direc-
tion and can be responsible for the formation of the branched

structures observed in Figure 6 A.

Conclusion

Nanoporous liquid crystalline smectic networks having cross-

linkers with increasing molecular length have been used to
obtain liquid crystalline polymer/silver nanoparticle hybrid ma-

terials. The formation process of nanoparticles inside the films
has been elucidated using state-of-the-art characterization

Figure 6. GISAXS results for the hybrid Ag NPs/C11 film. A) Parallel GISAXS
intensity as a function of increasing incident angle. B) Kratky plot for the par-
allel I(qy) GISAXS intensity. Solid lines are the best fits obtained using the Is-
GISAXS software.
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techniques. Ultrasmall silver nanoparticles with dimensions

ranging from 0.9 to 1.8 nm are formed inside the polymer
nanopores. The formation of such ultrasmall nanoparticles is

possible thanks to the spatially confined silver ion reduction
within the nanopores and to the ionic stabilization of the

nanoparticles by the carboxylic groups contained in the pores.

The subnanometer control is however restricted to the bulk of
the film, away from the film surface where severe network

swelling occurs.
Our results clearly suggest that controlling the swelling of

these supported nanoporous materials, by for instance increas-
ing the amount of cross-linker molecules,[45] might be the key

to obtain monodisperse nanoparticles of controlled size

through the whole film. Therefore, the use of nanoporous
liquid crystalline smectic network could represent an attractive

method to prepare hybrid materials where the size of the
nanoparticles can be controlled with subnanometer precision

down to 1 nm.
The synthetic approach is not limited to silver particles, but

can in principle also be applied to other metal particles. Our

detailed multiscale characterization provides guidelines for the
design of hybrid nanomaterials with controlled hierarchical di-

mensions and programmed functional properties such as tail-
ored surface conductivity, specific catalytic activity, reflectivity
and graded refractive index materials.

Experimental Section

Fabrication of the hybrid nanostructured materials

Homeotropically aligned smectic networks were produced by proc-
essing the liquid crystalline (LC) mixtures in the nematic phase at
105 8C by capillary suction between two accurately 6 mm spaced
glass plates. These glass plates (30 V 30 mm) were cleaned prior to
use with ethanol in an ultrasonic bath for 20 minutes, blow-dried
with N2 and exposed to UV ozone treatment for 20 minutes. One
glass plate was then functionalized with 3-methacryloxypropyltri-
methoxysilane. A functionalized and a non-coated glass plates
were glued together with glue containing 6 mm sized spacers. The
filled LC cells were cooled to the smectic A phase at 85 8C and ex-
posed to a UV light using a mercury lamp (OmniCure S1000) that

emitted at 365 nm with an intensity of approximately 5 mW cm@2

at the sample surface. The samples were illuminated for 5 minutes,
followed by an additional heat treatment at 120 8C to ensure maxi-
mum conversion of the acrylate groups. The non-coated glass
plate was then removed, generating a glass plate coated with a
6 mm thick covalently attached homeotropic smectic polymer net-
work. In order to produce Ag+-networks, the smectic networks
were exposed to 0.05 m NaOH solution for 1 h, washed with dis-
tilled water and subsequently treated with 0.2 m AgNO3 solution
for 24 h and washed again with distilled water, while covered with
aluminium foil. Chemical reduction was performed using a 0.2 m
NaBH4 aqueous solution for approximately 30 minutes. The result-
ing inorganic/organic hybrid film was subsequently rinsed with
water and dried at ambient humidity.

Transmission electron microscopy (TEM)

For transmission electron microscopy the polymer films were em-
bedded in an EPOFIX epoxy resin media. Cross sections were cut
at room temperature using an ultra-microtome (Reichert-Jung Ul-
tracut E) with 60–70 nm setting thickness. The obtained cross sec-
tions were transferred to a carbon film containing 400 square
mesh copper grids. The imaging was performed on a Tecnai G2
Sphera by FEI operated in bright-field mode at 300 kV under slight
underfocus conditions.

Extended X-ray absorption fine structure (EXAFS)

Ag K-edge (25.510 KeV) EXAFS spectra were collected at the
Dutch-Belgian Beam Line (BM26A-DUBBLE) at the European Syn-
chrotron Radiation Facility (ESRF).[67] The energy of the X-ray beam
was tuned by a double-crystal monochromator operating in fixed-
exit mode using a Si (111) crystal pair. The samples were measured
in a closed-cycle He-cryostat (Oxford Instruments) at 80 K to mini-
mize the noise induced by the thermal Debye-Waller factor. EXAFS
spectra were collected in fluorescence mode using a 9-element Ge
detector (Ortec Inc.), whereas reference spectra of the metallic Ag
foil were collected at liquid nitrogen in transmission mode using
Ar/He-filled ionization chambers. The EXAFS spectra were energy-
calibrated, averaged and further analysed using GNXAS (the details
about data analysis are reported in the SI file).[68, 69]

X-ray diffraction (XRD)

X-ray scattering measurements of planar aligned LC polymer films
were performed on a Ganesha lab instrument equipped with a
GeniX-Cu ultra-low divergence source producing X-ray photons
with a wavelength of 1.54 a and a flux of 1 V 108 ph s@ . Scattering
patterns were collected using a Pilatus 300 K silicon pixel detector
with 487 V 619 pixels of 172 mm2 in size placed at a sample-to de-
tector distance of 1080 mm. From the obtained diffraction patterns
azimuthal integration was performed to calculate the intensity
against the scattering vector q, where q = (4p/l)sin# (# is the
angle of incidence and l is the wavelength). The beam centre and
the q range were calibrated using a standard silver behenate
powder as reference.

Grazing-incidence small-angle scattering (GISAXS)

Variable angle GISAXS measurements were performed at the
BM26B-DUBBLE beam line at the ESRF.[70, 71] An X-ray wavelength of
l= 0.1 nm was used with 2 m and 4 m sample-to-detector distan-
ces. GISAXS images were recorded using a high sensitive solid
state silicon photon counting Pilatus 1 m detector with pixel size of

Figure 7. A) Top view of the strong lateral swelling of the networks contain-
ing the C11 cross-linker. Chain density decreases drastically in the network
regions close to the surface. B) Scheme for the process of nanoparticle for-
mation inside supported LC lamellar networks. Diffusion of the reducing so-
lution inside the network is depicted by the blue arrows. Migration and ag-
gregation of Ag NPs at the solution/polymer interface are highlighted by
grey arrows.
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172 V 172 mm and active surface dimension of 179 V 169 cm. The
scattering angle scale 2q was calibrated using the position of dif-
fraction rings from a silver behenate standard powder. Direct and
reflected beam positions were measured directly on the detector
using a 2 mm Al filter to reduce the direct beam intensity and
avoid detector damage. The nominal incident angles ai were accu-
rately recalibrated using the measured reflected beam position
and the known sample-to-detector distance. Different angles of in-
cidence ai ranging from 0.088 to 1.18 were used in order to allow
increased penetration depth of the supported networks. Back-
ground scattering from air was subtracted to every image before
further analysis. Scattering from glass substrate was not subtracted
as it contributes much less than the sample to the experimentally
measured GISAXS intensity. GISAXS images were reported as a
function of af and 2qf angles, where af is the exit angle in the verti-
cal direction and 2qf is the in-plane scattering angle, in agreement
with standard GISAXS notation.[60] Intensity cuts along the qy direc-
tion were performed using a Matlab routine, where qy = 2p=
sin(2qf)cos(af)]/l.
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