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We present the fabrication of one-dimensional photonic crystals (Bragg stacks) based on a microporous
metal-organic framework material and mesoporous titanium dioxide. The Bragg stack
heterostructures were obtained using two complementary synthesis approaches utilizing the bottom-up
assembly of heterogeneous, i.e. two-component photonic crystal multilayer structures. Zeolitic
imidazolate framework ZIF-8 and mesoporous titanium dioxide were chosen as functional components
with different refractive indices. While ZIF-8 is intended to impart molecular selectivity, mesoporous
TiO, is used to ensure high refractive index contrast and to guarantee molecular diffusion within the
Bragg stack. The combination of micro- and mesoporosity within one scaffold endows the 1D-MOF
PC with characteristic adsorption properties upon exposure to various organic vapors. In this context,
the sorption behavior of the photonic material was studied as a function of partial pressure of organic
vapors. The results show that the multilayered photonic heterostructures are sensitive and selective
towards a series of chemically similar solvent vapors. It is thus anticipated that the concept of
multilayer heterogeneous photonic structures will provide a versatile platform for future selective,

label-free optical sensors.

Introduction

Metal-organic frameworks represent a class of hybrid materials
with promising properties for various applications.’™ In partic-
ular, the modular tailorability, the rich host-guest interactions,
and the widely tunable sorption behavior make MOFs attractive
candidates for chemical sensing.®” However, only a few reports
are dealing with MOF-based sensors,®® in which the intrinsic
framework luminescence'®™ or the refractive index modulation
of Fabry—Pérot interference peaks have been explored for signal
transduction.'® The tunability of the effective refractive index
(RI) of MOFs via adsorption of guests inspired us to correlate
these properties with the underlying optics of photonic crystals
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(PCs), which are composed of alternating dielectric layers
featuring periodic changes in their effective refractive indices.¢*8

One-dimensional assemblies, which represent the structurally
simplest form of photonic crystals, are also known as Bragg
stacks (BS) or Bragg mirrors. 1D-PC multilayer structures
interacting with visible light require layer thicknesses corre-
sponding to optical wavelengths.' As a consequence of the
periodicity in the dielectric function, specific wavelengths are
efficiently reflected due to diffraction and interference of incident
light at each interface of the periodically stacked composite.?®
Enhanced reflectivity is achieved by increasing the number of
bilayers or by choosing dielectric materials featuring a high
refractive index contrast (Scheme 1).%

Currently, intensive research efforts are focused on the
development of tunable optical sensors with a label-free opera-
tion and compact set-up. There are several approaches ranging
from plasmonic noble metal nanotubes®* or field effect transis-
tors based on reduced graphene? to Bragg stacks built up from
an alternating polymer architecture,® which deal with the
implementation of these materials as tunable and label-free
sensors. In particular, detection platforms based on Bragg stacks
can be realized by translating stimuli-induced optical thickness
changes of the constituent materials into a color change of the
multilayer photonic structure. So far, several studies are dealing
with tailor-made inorganic or hybrid materials to implement
functionality within one-dimensional photonic crystals.?® While
there are several examples of versatile SiO,-TiO, systems,*%
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Scheme 1 Schematic representation of a multilayered photonic crystal
architecture illustrating the structure- and angle-dependent reflection of
incident light as well as the optical response upon exposure to external
stimuli.

including both dense and porous morphologies as well as
nanoparticle-based Bragg stacks,”3° smart hybrid photonic
materials with intrinsic functionality are still rare.

In principle, a Bragg stack offers a versatile platform for the
detection of molecular interactions and the development of
chemical sensors, whereas the realization of chemical selectivity
in sensors remains a great challenge.

Very recently, several groups reported a new transduction
scheme based on the fabrication of MOF-containing ordered 3D
photonic structures.3> The selectivity issue is addressed by
integrating metal-organic frameworks into three-dimensional
inverse opal structures. While Wu et al.** employed a colloidal
crystal templating approach using a polystyrene opaline “mold”,
the group of J. Hupp?*' deposited MOF crystals onto a silica
template to obtain hybrid MOF-silica colloidal crystal (MOF—
SCCQ) films. The authors have shown that the introduction of an
ordered porous structure imparts useful optical features to
HKUST-1 and ZIF-8. For MOF-SCC an optical signal
displayed by distinct stop band shifts upon analyte sorption is
readily observed.

Contrary to 3D photonic materials, we introduce herein
a one-dimensional photonic architecture based on a microporous
metal-organic framework and titanium dioxide. Thus, an optical
transducer system is built, which is used to efficiently convert
molecular adsorption into an optical response. As a microporous
material, the intensively studied zeolitic imidazolate framework
ZIF-8* was chosen; this is expected to impart size- and chemo-
selectivity and, thus, functionality to the 1D-MOF PC.
Complementary material properties in one single platform, such
as hydrophobicity/hydrophilicity, dual pore-size regimes, and
high refractive index contrast, can be additionally integrated by
our combined assembly approach.

Ultimately, the presented results are expected to extend the
toolbox for designing nanoporous and at the same time highly
selective photonic crystals, to promote our understanding of
molecular interactions in porous materials, and to provide novel
concepts for label-free chemo-optical sensors.

Experimental

All chemicals (zinc nitrate hexahydrate, 2-methylimidazole;
nitric acid (0.1 M), titanium(1v) ethoxide, titanium tetrachloride)
as well as solvents are commercially available and were used as

received. Tert-butyl alcohol was dried over a 4 A molecular sieve
at 28 °C and filtered prior to use.

Route A

Preparation of dense ZIF-8 films. ZIF-§8 thin films were
prepared on silicon wafers, similar to the approach reported in
ref. 14 and 15. The substrates were pre-cleaned in Piranha
solution (H,SO4/H,0,, 70 : 30 (v/v)) at 70 °C for 30 minutes,
rinsed with distilled water and dried under nitrogen flow.

For ZIF-8 thin film preparation, 500 mL methanolic stock
solutions of Zn(NO3),-6H,0 (25 mM, 99%, Aldrich) as well as of
2-methylimidazole (mIm) (50 mM, 99%, Aldrich) were prepared.
A ZIF-8 thin film was obtained by immersing the cleaned
substrates in a fresh mixture of 10 mL Zn(NO3), stock solution
and 10 mL mIm stock solution for 30 minutes at room temper-
ature. For optimization of homogeneity and to enhance surface
smoothness, two different strategies were employed. The beakers
were either put in an ultrasonic bath or fixed on a shaker during
film growth. The as-prepared ZIF-8 thin film was washed with
methanol and dried under nitrogen flow. Thicker films could be
obtained by simply repeating the process with fresh solutions.

Synthesis of ultrasmall titanium dioxide nanoparticles and film
preparation. Titanium dioxide nanoparticles were synthesized as
described earlier.?* In brief, a nonaqueous sol-gel route in tert-
butyl alcohol under microwave irradiation was used to yield
ultrasmall (3 nm), crystalline (anatase), non-agglomerated and
highly dispersible nanoparticles.

For all syntheses, titanium tetrachloride (0.7 mL, 6.4 mmol,
99.995%, Aldrich) was dissolved in toluene (5 mL) and added to
tert-butyl alcohol (15 mL, 160 mmol, Aldrich) under continuous
stirring. Microwave heating was performed in microwave auto-
claves with an initial heating power of 1200 W (Synthos 3000,
Anton Paar). The solution was heated to 80 °C within 1 min and
then kept at 50 °C for 20 min resulting in a slightly yellow, trans-
parent solution of nanoparticles. To obtain the fully crystalline
nanoparticles, this heating procedure was repeated one more time
after a cooling period to room temperature. The solution was then
colorless and titanium dioxide could be flocculated by the addition
of n-heptane (n-heptane : tert-butanol/toluene 2 : 1 volume ratio;
Sigma) and separated by centrifugation at 50 000 rcf for 15 min.

For the preparation of the mesoporous (mp) titania films the
nanoparticle pellet (0.4 g) was redispersed in ethanol (8.3 mL)
and Pluronic F127 (0.1 g, BASF) was added as structure directing
agent (SDA).

Fabrication of Bragg stack 1 (BS-1). For the fabrication of
Bragg stack 1 (BS-1), thoroughly washed and dense ZIF-8 thin
films were coated with a fresh colloidal suspension of redispersed
ultrasmall titanium dioxide nanoparticles. The films were
deposited by spin-coating using a Laurell WS-400B-6NPP-Lite-
AS spin-coater at a speed of 5000 rpm to give a film thickness of
~50 nm. To remove the SDA, the films were first heated to
100 °C (3 h ramp, 1 h dwell time) to increase the film stability
followed by an extraction of the SDA with ethanol under reflux
for 1 h. The complete removal was confirmed by reflection
absorption infrared (RAIR) spectroscopy in addition to scan-
ning electron microscopy (SEM) (see ESI, Fig. S11 and S127).

This journal is © The Royal Society of Chemistry 2012
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The whole procedure was repeated 3 times to obtain multiple
alternating ZIF-8-mp-TiO, architectures.

Route B

Synthesis of ZIF-8 nanoparticles. ZIF-8 nanoparticles were
prepared by a modified literature synthesis.** In a typical
experiment, Zn(NOj3),-6H,0 (1.03 g, 3.45 mmol, 99%, Griissing)
was dissolved in methanol (70 mL, puriss, Sigma) and rapidly
added to a pre-cooled (0 °C) solution of 2-methylimidazole
(2.27 g, 27.7 mmol, 99%, Aldrich) in methanol (70.0 mL). The
mixture was stirred and cooled constantly throughout the reac-
tion until the solution slowly turned turbid. After 30 min, the
nanocrystals were separated from the solvent by centrifugation.
Colloidal suspensions of ZIF-8 were obtained by redispersing the
particles after centrifugation in DMF (or methanol) (670 mg
ZIF-8/1 mL DMF).

Synthesis of titania nanoparticles. Titania nanoparticles were
synthesized according to the literature.?® In a typical procedure,
Ti(OEt)4 (6.25 mL, Aldrich) was slowly added to HNO; (0.1 M,
37.5 mL, puriss, Acros) under stirring and heated to 80 °C for
8 h. After cooling to room temperature, the opalescent mixture
was sonicated for at least 3 h in order to break up agglomerates.
Colloidal suspensions of titania in a solvent sufficiently volatile
for spin-coating were obtained by repeated collection of
the particles by centrifugation and redispersion in DMF (or
methanol) (130 mg TiO,/1 mL DMF).

Fabrication of Bragg stack 2 (BS-2). Silicon wafers were used
as substrates for the film deposition by spin-coating. The
substrates were pre-cleaned with soap and water and subse-
quently treated with Piranha solution (H,SO4/H,0,, 2 : 1). After
thoroughly rinsing with deionized water, the wafers were dried
under nitrogen flow and stored in ethanol. Before film deposi-
tion, the substrates were plasma-cleaned and rinsed with ethanol
under spinning for 5 s. The preparation of the Bragg reflector was
performed by alternatingly spin-coating colloidal suspensions
of ZIF-8 and titania onto the substrate at a speed of 4000 rpm
(1500 acceleration) for 60 s, starting with ZIF-8. The film
thickness was adjusted by the particle concentration in the
suspensions and by multiple coating steps. After each deposition,
the film was annealed at 200 °C for 30 min.

Characterization

X-ray diffraction (XRD) measurements of powders and thin
films were performed using a Bruker D8 (Cu-Kal = 1.5406 A;
Cu-Ko2 = 1.5444 A) in theta—theta geometry. The films were
measured between 5° and 20° two theta, with a step-size of 0.05°
two theta and a scan-speed of 3° min~'. The data of the powder
samples were collected between 5° and 45° two theta with a step-
size of 0.05° two theta and a scan-speed of 0.3° min~".

SEM micrographs of BS-1 were recorded with a JEOL JSM-
6500F scanning electron microscope (SEM) equipped with an
Oxford EDX analysis system; those of BS-2 with a Merlin (Zeiss)
FE-SEM. Ellipsometry measurements were performed with
a Woollam M2000D at an angle of 75° in the spectral range of
190-1000 nm. The data were fitted between 350 and 1000 nm

using a Cauchy-type material as the model layer. Reflectance
measurements were recorded with the same ellipsometer using
s-polarized light at an incident angle of 75°.

The recording of isotherms was performed at ambient
temperature using a home-made Labview-controlled gas mixer.
Digital mass flow controllers (W-101A-110-P, F-201C, Bronk-
horst High-Tech) ensured the accurate dosing of the carrier gas
nitrogen and the liquid analyte, which was vaporized in
a controlled evaporation and mixing element (W-101A, Bronk-
horst High-Tech). Partial pressures (p) were calculated using the
van der Waals equation.?®3” The relative pressure pp, ' relates to
the saturation pressure py.

Results and discussion
Bragg stack preparation and structural properties

Two different strategies were employed for the fabrication of
1D-MOF photonic crystals consisting of either dense or porous
Z1F-8 layers, and differently sized mesoporous titanium dioxide
nanoparticle derived films. Stability, pore accessibility as well as
high optical quality multilayer films are key requirements for the
fabrication of analyte-responsive transducer systems. Those
features were addressed by the choice of suitable deposition and
post-treatment parameters. For the mp-TiO, deposition in BS-1,
both a complete removal of the template (see ESI, Fig. S11 and
S12+) as well as minimum etching of the ZIF-8 underlayer had
to be achieved. In Fig. 1 the X-ray diffraction patterns of both
3-bilayer Bragg stacks (photographs shown in Fig. 2) are
depicted and compared to simulated data. The mild annealing
temperatures employed in either case, in addition to the solvent
extraction carried out under non-acidic conditions (BS-1), retain
the crystallinity and stability of the ZIF-8 layers. The diffraction
patterns of the multilayered ZIF-8-TiO, composites show
excellent agreement with the simulated ZIF-8 data, apart from
peak broadening, indicating a slightly smaller grain size of the
ZIF-8 crystals within the BSs.

110

ZIF-8 thin films (Bragg stack-2)

n

200

L A

ZIF-8 thin films (Bragg stack-1)
Jk " ZIF-8 (simulated)

5 10 15 20
2 Theta/°

220 370

Intensity / a.u.

Fig. 1 X-ray diffraction patterns (background corrected) of the
3-bilayer Bragg stack 1 (middle) as well as of Bragg stack 2 (top) after
temperature treatment and complete removal of the structure-directing
agent (F127), compared to simulated data (bottom line).
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In contrast to BS-1, which features dense ZIF-8 layers, BS-2 is
composed of ZIF-8 nanocrystals (approx. 50 nm diameter, see
ESI, Fig. S21), forming uniform layers, and nanoparticle-based
TiO, layers with TiO, particles around 10-15 nm in diameter.
Therefore, we expect BS-2 to exhibit a fairly high degree of
textural mesoporosity in both layers, in addition to the intrinsic
microporosity provided by the ZIF-§ crystals.

The coexistence of both materials embedded in the 1D-MOF
PC structure is confirmed by scanning electron microscopy
(SEM). In Fig. 3 representative 3-bilayer Bragg stacks composed
of alternating microporous ZIF-8 layers and porous titania
layers deposited on a silicon substrate are depicted. The differ-
ently prepared Bragg stacks exhibit a ZIF-8 layer thickness of
approximately 70 nm in BS-1 and about 200 nm in BS-2,
respectively. TiO, layers deposited on each ZIF-8 film have
a thickness of about 50 nm in both Bragg stacks. The cross-
sectional SEM micrographs reveal that both fabrication methods
yield fairly uniform layer thicknesses throughout the entire
architecture. Fig. 3 also demonstrates the alteration of both
materials seen by the differences in material contrast. While
the dark layers represent the ZIF-8 material exhibiting a lower
electron density, the brighter thin films consist of TiO, nano-
particles. Not only the deposition of ZIF-8 layers on silicon, as
already shown by several groups,'>*® but also adhesion between
ZIF-8 and mesoporous/nanoparticle titania layers was achieved
using our dual assembly approach. In contrast to the deposition
of MOF material on inverse opal structures,*** no surface
modification is necessary when preparing ZIF-8-based one-
dimensional photonic structures. Regarding the stability and
crystallinity of the multilayered Bragg stacks, no delamination or
amorphization upon heating, extraction or adsorption of volatile
species is observed, which is consistent with the corresponding
XRD results (see Fig. 1). In conclusion, robust, uniform and
high-optical quality multilayered photonic crystals composed of
two different materials with varying morphologies can repro-
ducibly be fabricated and thus provide the basis for chemical
sensing studies.

Vapor adsorption and optical sensing

The combination of a microporous MOF material with meso-
porous metal oxide layers is supposed to endow the material with
a unique combination of size-selectivity and analyte sensitivity.
The integration of both morphologies within one photonic
structure is expected to act as a molecular sieving platform,
readily adsorbing analyte molecules with small kinetic diameters
in both layers, whereas the access of larger guests is exclusively
possible into the mesoporous titania layers. Essentials such as
high specific surface areas, pore accessibility, efficient diffusion

Fig. 2 Photographs of 3-bilayer Bragg stack 1 (left) and Bragg stack 2
(right) on a 5 x 2.5 cm? Si substrate in air.

and molecular sieving abilities are all addressed by our highly
porous 1D-MOF photonic crystals.

The optical response of the ID-MOF PCs to guest adsorption
was investigated by performing sorption experiments of volatile
analyte molecules. According to the optical Bragg equation,
sorption of volatile species into the porous layers influences the
effective refractive index of a bilayer by which analyte-induced
color changes can be efficiently monitored. In Fig. 4 the
reflectance spectra of both Bragg stacks are demonstrated.
Here, the optical response is triggered by the adsorption of
ethanol vapor at the highest partial pressure (p/py = 1.0), which
entails pronounced red-shifts of the Fabry—Pérot fringe of BS-1
from A = 585 to A = 630 nm as well as of the stop band of
BS-2, derived from nanoparticles redispersed in DMF, from
A = 740 to 2 = 840 nm, respectively. We attribute the signifi-
cantly larger optical shift of BS-2 to the thicker ZIF-8 layers
and amplified external surface area (and hence accessibility),
which underlines the enhanced contribution of the “active”
component to the observed overall optical shift of the BS.*
Compared to the 3D-MOF (HKUST-1) hybrid photonic crys-
tals recently reported by the groups of J. Hupp and G. Li,33?
which show optical shifts of 9 nm and 16 nm upon ethanol
sorption, respectively, a significant increase with respect to the
optical response can be monitored in our system. However,
when infiltrating 30 pm thick polystyrene template films with
ZIF-8, Wu et al. observed a distinct shift of about 75 nm upon
methanol adsorption.’> Compared to the inherently smaller
absolute shifts observed with BS-1, which are presumed to
result from the significantly smaller thickness of the ZIF-8 films,
an even higher sensitivity upon sorption of organic vapors can
be deduced from the reflectance spectrum of BS-2 (Fig. 4 and
S21%). Note that only a short heating period of 15 minutes at
200 °C was applied to Bragg stack 2 prior to the sorption
experiments compared to the activation procedure reported
by Wu et al® The samples were additionally subjected to
a high-rate flow of dry nitrogen (Varian Chrompack Gas-clean
Moisture Filter CP 17971, outlet concentration <0.1 ppm),
which highlights the facile analyte uptake and release during
a series of sorption measurements.

Analyte-induced variations of the optical thickness give rise
to distinct optical shifts not only for ethanol and methanol but
also for other larger analytes such as isobutanol and fert-pen-
tanol. Adsorption isotherms monitoring the optical shift as
a function of relative vapor pressure were recorded for BS-2
(Fig. 5c) as well as for the dense and porous ZIF-8 films as
reference (Fig. S5a and b). The latter show that the smaller
alcohols are readily adsorbed by this MOF, including analyte
molecules with larger kinetic diameters compared to the aper-
ture size of ZIF-8 (3.4 A).” These results are consistent with
literature data, as it was previously shown that molecules such
as ethanol or isobutanol exhibiting kinetic diameters of 4.5 A
(ref. 40) and 5 A (ref. 41) are readily adsorbed owing to the
flexibility of the pore apertures in ZIF-8.*'? Hence, tert-pen-
tanol (2-methyl-1-propanol) was chosen as a sterically
demanding analyte molecule with a kinetic diameter larger than
5 A* The dense ZIF-8 reference film only shows a minute
optical shift of 4 nm, which is consistent with the almost
complete exclusion of fert-pentanol from the ZIF-8 pore system
(Fig. 5a). The nanoparticle-based ZIF-8 film shows a larger

This journal is © The Royal Society of Chemistry 2012
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Fig.3 Scanningelectron micrographs showing cross-sections of both 3-bilayer Bragg stacks with an average film thickness of ~50 nm for each titania layer
and ~70 nm for each ZIF-8 layer for BS-1 (A and C) as well as for BS-2 (DMF, B and D) exhibiting a layer thickness of ~50 nm for each titania layer and
~200 nm for ZIF-8 layers, respectively. ZIF-8-TiO,-BSs are depicted for different magnifications (A: x80 000; B: x 15 000; C: x 100 000; D: x60 000).

optical shift of about 30 nm at the highest partial pressure

In order to probe the host-guest interactions within the

(plpy = 1.0, Fig. 5b), which is in agreement with the presence of comparatively more complex Bragg stack environment, optical

a significant degree of textural mesoporosity.

a) Bragg stack-1

dry nitrogen
— ethanol vapor (100 %)

Reflection @ 75° / a.u.

Reflection @ 75°/ a.u.

T L) T L T L 1
400 600 800 1000
Wavelength / nm

adsorption isotherms were recorded exemplarily for BS-2, as

b) Bragg stack-2

—dry nitrogen
ethanol vapor (100 %)

T T T T T T
400 500 600 700 800 900
Wavelength / nm

Fig. 4 Reflectance spectra of Bragg stack 1 (a) and Bragg stack 2 (DMF) (b) illustrating the optical shift upon ethanol exposure recorded at the highest

partial pressure (p/py = 1.0).
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Fig. 5 Optical vapor sorption isotherms demonstrating the adsorption
performance of (a) dense and (b) nanoparticulate ZIF-8 reference
samples as well as of (c) BS-2 (DMF) during exposure to a series of
alcohol vapors.

depicted in Fig. 5c. Specifically, the initial stages during
adsorption of alcohol vapors and the expected pore size-specific
adsorption isotherms achieved through the incorporation of
different porosities are of key interest.

During the first two dosing steps the 1D-MOF Bragg stack
rapidly responds to all analyte molecules, indicated by varying
red-shifts ranging from 5 to 15 nm (Fig. 5c). At a partial pressure
of plpo = 0.1 and p/py = 0.2, respectively, a steep increase in the
methanol and ethanol isotherms is observed. However, a larger
optical shift is recorded for ethanol, which is attributed to more
beneficial interactions between ethanol and ZIF-8 owing to the
larger hydrophobicity of ethanol compared to that of methanol.
At the respective threshold pressures, pronounced optical shifts
of about 50-60 nm are recorded, which gradually increase up to
saturation pressure. The S-shaped isotherms upon methanol and
ethanol adsorption recorded for both the single ZIF-8 films and
for BS-2 are in good agreement with the results obtained by Remi
et al.** The authors attribute the S-shaped isotherms to changes
in the framework triggered by interactions with guest-molecules,
which was additionally confirmed and described elsewhere.** In
contrast to the distinct S-shaped isotherms, isobutanol sorption
experiments yield an almost linearly increasing adsorption
behavior with an absolute shift of about 100 nm at the highest
partial pressure. In contrast, the adsorption isotherm of fert-
pentanol exhibits a convex shape featuring the highest uptake
during the first dosing steps, which we attribute to the textural
porosity of both ZIF-8 and titania layers arising from the
nanoparticle architecture, as seen also for the porous ZIF-8 film
(Fig. 5b). However, this analyte exhibits the smallest overall
uptake, which is consistent with the exclusion of ferz-pentanol
from the ZIF-8 pores, as demonstrated also for the individual

ZIF-8 films. In contrast, the smaller analytes (methanol, ethanol,
isobutanol) are more readily adsorbed owing to their smaller
kinetic diameters.

As discussed above, an important finding is the fact that
distinctly shaped isotherms are obtained for each of the four
analytes over the entire relative pressure range, as additionally
demonstrated by reproduced sorption experiments using Bragg
stacks derived from two different synthesis batches (see ESI,
Fig. S22+). The characteristic sorption behavior indicates a high
degree of chemical selectivity inherent to the MOF-BS, which is
especially noticeable at low relative pressures. Comparison of the
shapes of the isotherms for the BS and the individual ZIF-8 thin
films (Fig. 5) confirms that the optical response is dominated by
ZIF-8.

Conclusions

In summary, a one-dimensional MOF-based photonic crystal
heterostructure with embedded micro- and mesoporosity is
presented. The fabrication of the 1D-MOF PC was achieved via
two different inexpensive bottom-up synthesis approaches. The
strategy of combining a microporous MOF material with
mesoporous titanium dioxide layers provides the basis for
a highly sensitive signal transduction scheme with an amplified
overall optical response, while maintaining high chemical speci-
ficity. Hence, molecular recognition is translated into a readable
optical signal without the use of any reporter systems.

The concept of MOF-based one-dimensional photonic crystal
structures extends the scope of chemoselective optical signal
transducer systems. We anticipate a generalization of the
assembly of 1D photonic materials in terms of the large variety
and tunability of MOFs or related materials. Thus, we believe
that the above proof-of-concept experiments provide a basis for
the design of highly sensitive and chemically selective optical
sensors.
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