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1 INTRODUCTION

1.1 HIERARCHY ANIEMERGENCE
ORDER INNATURE ANCSYNTHETIQCHEMISTRY

1.1.1 Materials and Voids

Nature uses a number of engineeringstrategies which have blossomed intosome

remarkable properties, such as theO1 | OO0 A ££A A 6 zrepellalca@e InC O x A0
many cases, tk origin of theseproperties may betraced backto the material’sstructure and

morphology (i.e. patterned sufaces and hierarchical organization of the constituting

components) rather than on its particular composition In structured systems, eacHevel

represents the building units for the next higher level thus leading to an overall complex

architecture. z In philosophy, biology and physics, among other disciplines, hierarchical

I OCAT EUAOETT EO -ABQADGOAAOG AOOIAA ADDANIWENREAE EO A
AAGAT T BT AT O 1T &£ DOT DAOOE A OtheAphopdrtidsAfour@Aat dn®@ CAT 06N
hierarchical level are present only because of the appropriate arrangement and interplay of

all sub-levels2 Moreover, emergent properties are argued to besynergigic phenomena

different from simple results23 For instance, a singldetterj Ah Ah 8Qq EO AEAOAAOAO
a particular sound and for being a building unit for the next higher level (aord). The new

level, however, is now additionally fashioned withan individual meaning (for a specific

group of humans) which seems to be not simply reducible to the plain linking of some

letters. Being a central theme for diverse sciences, Aristotle condensed this phenomenon

ET O OEA Z£AI T 0O DPE OAiphdgr addtaboke its galtd, dhd rdtQustdhe i A O

o00i 1T &£ OAI Ali 868



1 Introduction

In natural matter such as bones, wood and mollusk shells, the hierarchical arrangement is
believed to allow for controlling mechanical and other properties, depeding on the
interaction of all levels of organization*” For instance, glass is widely useth nature as a
building material, despite its apparent fragility. To strengthen the toughness of thisnaterial,
nature has evolved effective means such as in tighass spongeEuplectellasp. Fig. 1): In
total, seven different hierardical levels were identified using scanning electron microscopy
ranging from the nana to the macroscaled The first level iscomposed ofconsolidated silica
nanospheres (5200 nm) deposited around a protein filament(Fig. 1i). The low strength
of SiQ is balanced at the nextstructural levels: According to the authorsé organic
interlayers in the laminated spicule structure figs. 1gand h) are likely to prevent cracking
events, while the packing of slightly different spicules Fig. 1f) seems to allow fora larger
defect tolerance thanfor the individual fiber. The complexity of the entire skeletor{Fig. 1a)
shows impressively how inherently poor building materials may be improvedthrough
hierarchical structuring. Moreover, the seven identified levelsof the spongerepresent
fundamental construction strategies such as laminated structures, bundlefibers and
diagonally reinforced squareqgrid cells8 Biological materials and their cesign principles are
therefore aconstant inspiration source forengineers tofabricate naturelike materials: This
way, existing engineering conceptsmay be improved and newly emerging issues may be

faced, such as the need for adapting to environmental ahges®-14

Figure 1. Hierarchical structuring in nature by the example of the skeletal system oEuplectella sp.
(a) Photograph of the skeleton. (b) Squargrid lattices in the cage structure with diagonal elements. (c) Strut
composed ofmultiple spicules. (d) Single beam withceramic fiber-composite structure. (e) Junction areawith
laminated silica layers. (f) Crosssection through a spicular strut (g) Crosssection through a single spicule
(h) Fractured spicule revealing an organic interlayer(i) Consolidated nanospheresz Scale bars: (a) 1 cm,
(b) 5mm, (c) 100 pm, (d) 20 um, (e) 25 pm, (f) 10 um, (g) 5 um, (h) 5 um, (i) 500 nm. Reproduced frah 8.
Reprinted with permission from AAAS
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1 Introduction

Successful translation of bieinspired ideas into our engineering world requires a careful
analysis of structurezfunction relationships in natural tissues? Apparently, biological
materials allow for an enormous functional range including the interaction with the
environment (e.g. capture of light, metaboliam, adaptation to changing conditions)
movements and growth,or withstanding mechanical forces.Nevertheless relatively few
constituent elements are used in nature as basis for either (inorganic) minerals, (organic)
polymers or composite structuresid3is these are apparently sufficient for covering all
required functions. For engineers, by contrast, the range of olte of elements is far greater
(Fig. 2); while, however, ceramics and polymers are not the first choice of an engineer to
build strong and robust structures, nature uses them to build skeletong5 In biological
designs, a few basic concepts exist from which engineers can learn including growth,

hierarchical structuring, and adapttion to external conditions (e.g. sethealing) 5.9

A nearly pervasive feature found in natural materals is the complex structuring which
results from a rather dynamic strategy in material fabrication Fig. 2): Instead of using a
fixed design (as in the case for engineering materials), the material ggown according to its
genetic code, which allows for more flexibilitye According to ref.9, this strategy permits, on
the one hand, adaptation to a function without the need for changing the complete
fabrication strategy (e.g.a branch can grow in different directiors as a response to adverse
conditions). On the other hand natural materials are thus capable ofwithstanding and
adapting to different environments (bones carry us a whole lifetime!) by retaining its
strength even in damaged state316 It thus seems plasible that the particular way in which
the components are arranged in space is much more important than the material itself used
to build the structure (e.g. calcite, aragonite, apatite or silica as mineral parts in various

tough materials)4

In hierarchically structured materials, empty spacesuch as pores, channels and cavities, is
a common feature and may also serve multiple functior8. For example, many bird
skeletons possess hollow bones, thus leading to very low body weights; flying birds, in
particular, seem to have more hollow bones (i.e. not filled with marrowsee alsoFig. 3a)
than flightless birds (e.g. penguins) or diving birds, where a higher density skeleton may
help to propel them through water13 Other biological examples with porous struatres are
wood, diatomsand sponges, honeycombs or lung tissu€$ in each case, the emergence of
porosity enables the material to fulfill characteristic functions (e.g. gas exchange in human
lungs). z Formzfunction principles found in nature’s materials have ultimately triggered the

fabrication of biomimetic replicas: Lightweight driven architectures can be found, for
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1 Introduction

instance, in the design of theiffel tower. Artificial inverse opal structures which resemble
honeycombs ig. 3b) are attractive for the development of smart materials with multiple
functions (e.g. guest accommodation or enhanced transport propertie$).The distribution
of size, shape and organization of the pores is directly related witthe properties of the
material and its capability of carrying out a specific functionln the special case of inverse
opals, novel qualities may emerge from its ordered structuringwhich are unrelated to the

formerly named ones, that is for instance vivid coloration (seechapter 1.2).19

Biological material

light elements dominate:
C,N,0,H,Ca,P§,Si..

growth
by biologically controlled
self-assembly
(approximate design)

Engineering material

large variety of elements:
Fe, Cr, Ni, AL Si,C,N, O ...

fabrication
from melts, powders,
solutions etc.
(exact design)

hierarchical structuring
atall size levels

forming of parts and
microstructuring of the material

adaption of form and structure
to the function

selection of material
according to function

(re-)modelling & healing:
adaption to changing
environmental conditions,
self-repair

secure design
(considering possible
maximum loads or fatigue)

Figure 2. Building blocks and fabrication modes that are used by nature to create material (upper ledtde) in
comparison to an engineer’s approach (upper right side). Due to the unequal proceedings, different straésg
have tobe pursued to achieve the desired functionality (bottom levels). Adapted from red.

The key issue for the artificialsynthesis of porous structures is how to template the pores,
and how to order and shape them?.21 In the fabrication of biomimetic replica, biotemplate-
basedstrategies may serve aproof-of-principle experiments, asthey allow for convenient
duplication of complex biological structures.2223 Basically, a bionaterial (e.g. a butterfly
wing) is used as aacrificial template, and precursors (vapor, liquid orsolid) are deposited
on or infiltrated into the template. Replica or inverse replica are obtained after removal of
the template (e.g. by heat treatmentf2 Non-biotemplate approachesby contrast, provide a
higher controllability and can allow for the generation of stuctures not seen in nature. Bth

top-down (such as lithography or nanoimprinting) and bdtom-up methods can be used, or
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1 Introduction

a combination of both to achieve more complex structure:23 Liquid-phase depositionis
such a commorly used bottomup technique for the preparation of thin films and
multilayers.122426 |t implies the preparation of a colloidal suspension, followed by film

patterning through self-assembly27 and heattreatment for solvent removal.

Figure 3. Porosity in a femoral head (a), and in an artificial inverse opal structure (b) serving different functions
(@) © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission frazh 17;
(b) © 2007 Elsevier Ltd. Reprinted with germission from Elsevier and adaptedfrom ref. 18.

The pores of templatedriven structures are characterized bythe dimensions of the
respective template and may rangefrom the nano to macroscale. Generallyyoids are
classified aseither micropores (smaller than 2 nm), mesopores (250 nm) or macropores
(larger than 50 nm)28 Sacrificial templates can be micelleforming agents such as
surfactants and blockcopolymersi21 or polymeric beads which are available in a broad size
range29:30 The general concept of notbiotemplating strategies relies on thepreparation of a
solution containing the inorganic precursors and the templating agent§thus allowing for
microphase separation) this is then processed in order to define the macroscopidape of
the final material (films, powders, monoliths, fibers etc.}3! For films, processing is typically
achievedyvia self-assembly through evaporation of the solven.27 Mixed porous structures
may be obtained, if several strategies are coupled suetsthe use of both nanocrystals and
structure-directing polymers in a solvent. During solvent evaporation the particles regularly
assemble with respect to the polymer micelles, and after thermal processing, ordered
frameworks are obtained with pores in the neso- to macrorange; the pore walls are built up

from the particles and thus feature textural microporosity32
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1 Introduction

Microporescan be intrinsically present in both natural and artificial materials as molecular
cavities such as in zeolites, which have already dod their way into industrial processes,
and the rather new class of metabrganic frameworks (MOFs).The latter are inorganic-
organic hybrid materials comprised of single metal ionsor metal oxo clusters linked by
organic ligands through coordination bors33-35 As the strength of these bonds is rather
weak and, hence, their formation reversibleeventually well-defined structures are obtained
in terms of geometry and crystallographic parametersDuring the synthesis of a MOF,
solvent molecules excessivebuilding blocks, or auxiliary agentsmay be trapped in the MOF
pores: In most cases, such guest species may be removed through simple heat treatment or
pressure reduction, thus leading tqpermanent porosity 36 Synthetic zeolites and MOFs have
thus attracted great attention owing to the presence of these nanocavities and their
potential applications in gas storage, adsorption, separation, heterogenous catalysis
molecular sensingd”:38 In comparison to zeolites, MOFs are synthesized under rather mild
conditions: Typically, a selfassembly reaction is initiated between a metal source and the
organic linkers, which often proceeds in a onstep solvothermal reaction, and the cavities
are usually formed without the need for any auxiliary templates3¢ Consequetly, MOFs
represent promising materialsin terms of processability, flexibility, structural diversity and
geometrical control37 in the following, all of these qualities are discussed in more detail,

starting with the most characteristic one: structural vaiability.

1.12 Metal-Organic Frameworks

Beside zeolites, MOFs exhibit one of the highest degrees sifuctural flexibility. The
dimensions of the pore system and other structural properties such as surface area, crystal

density and rigidity of the netwoOE A OA AT 1 00T 11 AAT A AU AET T OET ¢
ligand (OA OI AA OOA OE A Geblifes) by @dniraérard éharaxerzedl bymore rigid

tetrahedral oxide frames (held through covalent bonds) that arerather difficult to alter, and
compostionally limited 3¢ The MOF backbone also allows for facile modification of the pore

structure, e.g. by introducingfunctional groups39.40

There are currently a few approaches to the synthesis aew MOF structures according to
ref. 41:
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a & . b c metal ion or O
, s S D metal cluster R
\J i
MOF-5 0 multifunctional e —
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Figure 5. A choice of different MOF classes. (a) Metal oxo cluster and lattice structure of M®blue: metal, red:
oxygen, grey: carbon), which may be built up from a variety of different metal ions. (b) Schematic illustration of
selective gas adsorption in a fieible MOF, showing guestlependent structural changes. (c) Formation of a
mesostructured MOF assembled from metal ions and organic ligands in the presence of surfactant micelles as
supramolecular templates. The mesopore walls are constructed from the MOFhigh itself can feature micre
and/or mesopores. (a) Reproduced with permission and adapted from ref. 45 Published by The Royal Society

of Chemistry;(b) Reproduced from ref. 36 with permission of The Royal Society of Chemistric) © 2008 Wiley-
VCH Verbg GmbH & Co. KGaA, Weinheim. Reproduced with permissamd adaptedfrom ref. 37.

1) Introduction of functional ligands, either directly or via post-synthetic modification. For
the latter, typical examples include the formation of amide and urea linkagesa reaction of

ZNH: with appropriate target molecules(acetic anhydrides, isocyanatest

2) Isomorphous structures of a certain crystalstructure type (Fig. 5a). This approach is
based onthe integration of either metal ions with the same charge orcoordination
environment, or different ligands with the same denticity, toachieve similar structure types
(e.g. the MIL53 or MIL-101 families*?);

3) Isoreticular synthesis. By introducing igands with the same denticity but different
lengths of their badkbones, the pore dimensionsmay be varied(e.g. the IRMOF or UI®B6

families43.44);

4 (UAOEAEUAOEIT 10 OAAEAAO AT CET AAOET cogh 1 AA
structures. Hybridization can include mixing at the atomic scale (i.e. thétroduction of
more than one type of metal/ligand into the host MOF structure, opartial replacement of

original building blocks#546), or the formation of two (or more) distinct phases in secalled
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1 Introduction

core-shell heterostructures4” A third class of hybrid MOF structure accommodates
functional guests in their pores such as, for instance, enzymé&sThe development of
hybridization strategies may be rationalized by the observation that some desired
structures are not accessible by reacting the appropriate building blockdue to steric or

electronic constraints4?

MOF structures can be produced also with differing flexibility degrees ranging from rigid
MOFs which are comparatively robust and feature permanent porosityp rather dynamic
ones$ These are capable of responidg to external stimuli (e.g.guest molecules) through
more or less pronounced structuraltransformations (Fig. 5b).364849 Suchtunable porosity,
as well as usually large surface areas, ameasonablethermal stability make MOFs potential
candidates for many different applications including gas storage, separation, and sensigg.
In industry, for instance, adsorptionbased separation processes arienportant to remove a
certain gas from a mixture (e.gCQ removal for fuel cell technology or for purification
purposes3t Principally, gas separation is controlled by the adsorption capacity and
selectivity of an adsorbent In zeolites and rigid MOFs, one or more of the following

mechanisms are most likelyto occur, according toref. 36:

1) Size and/or shape exclusion (distinct components are prevented from entering the

pores, while others are able to passjermed molecular sieving effecbr steric separation

2) Different adsorbatezsurface or adsorbate paking interactions (preferential

adsorption), termed thermodynamic equilibrium effect

(Besides, other adsorption mechanisms are discussed such as #iretic and the quantum
sieving effec)3¢ For the former (molecular sieving), the crosssectional size aul the shape of
the gasmolecule determine the separation process. Hence, restricted small pores may favor
molecular sieving to occur, which can be achieved, for instance, by using rather short or
bulky ligands3¢ (Note that adsorbent selection is apparentt a complex problem: While
larger pores are in favor for allowing guest molecules to be transported to the interior of the
material, the opposite may be desired to achievgood separationefficiency:3?) z In terms of
preferential adsorption, the interaction strength between adsorbate and asbrbent becomes
crucial for separation: This is determined by mlarizability, magnetic susceptibility, or
permanent dipole moments as well as byweak interactions (hydrogen or pi-bonds).3¢ In
addition, the presence ofuncoordinated nitrogen atoms or metal sites in the MOpores may

affect the interaction strength between the MOF and the target molecuRé.s° There are a
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1 Introduction

couple of MOFs known to havenly very small poreswhich, however, may expand when
exposed tocertain gasesand/or at specific threshold pressures (dubbedyate opening: This
way the entrance of a guest molecule to the MOF interior may be facilitated e.g. through a

favorable adsorbatezsurface interaction36.51

In many industrial applications, accssible interfaces and specific morphologies play an
important role for the performance of a material, which on first glance may appear nen
relevant to the desired qualities (e.g. selectivity for sensing purposes). As such, gaining
control of size, shape ad morphology is mandatory in order to fashion MOFs or other
porous materials according to a desired application. A wide range of different synthesis
routes render MOFsnow accessible within a broad length scale from microsized crystals to
nanoparticles. For instance, MOFs can be processed in the form of thin films suitable for
sensing applications: Here,tiis found that decreased film thicknesses as well as porous and
particulate morphologies allow for improved sensing properties as the analyte can infilate
the film more easily, andthe surface area and activity are increasedl. Thin films can be
achieved, forinstance, by spin- or dip-coating protocolst2245253 requiring the dispersion of
uniformly sized nanoparticles in a volatile solventExamples fo the preparation of MOF
nanoparticles include solvothermal synthesiseither without54 or with the assistance of
ultrasound/microwave heating 5556 or even room temperature synthesis? Besides, theuse
of capping agent® or ligands built in a similar fashion to the linking precursor
i OAT TIOAETIAIOA O#A G4dsibeeh Goundto affect both the MOF's size and
morphology.

MOF structures, however, are not solely restricted to the microporous regime:
Supramolecular template strategies can be used toreate mesostructured frameworks
(Fig. 5c). In the presence of sdactant-directed micelles, a mesoporous structure may form
upon the selfassembly of the MOF from metal ions and the organic ligand. Nanocrystalline
domains of the MOF constitute the walls ofhe mesoporous structure3’ similar to the
strategy reported earlier for hierarchically porous materials. 7 Besides defined

environments for guest adsorption, structuring of MOFs can pave the way to other

interesting features and applications, suchasthd i AOCAT AA T £ OOOOOAOOOAI
the particular ordering of the MOF crystals can act as a diffraction grating for visible light
thus leading to intense reflections. Structural coloration is a common theme in nature’s
materials, e.g. on the skimnd wings of animals, and has already found its way into several

biomimetic optical devicesi2 all of which will be discussed in the next chapter.
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1 Introduction

1.2 BIO-INSPIRATION
FROMCOLOR TAOPTICALDEVICES

1.2.1 ColorGenerating Principles

Colors in nature, especially the vivid ones founth peacock feathers ompearlescentmollusk
shells, are a fascinating subject for both scientists and nestientists. In the last few
centuries, researchers began to explore how colomsere produced in nature, and what kind
of role coloration plays among animals. Beside intraspecific communication and sexual
selection, the coloration may help to avoid predation or serve even necommunicative
functions such as enhancing vision, or strerigening integumentary tissues (comparealso
with chapter 1.1).60 Colors in animals are typically achievedhrough pigments or through
structural coloration, or by a combination of these mechanism®.Besides, some animals use
bioluminescenceas light soure, which is particularly common among marine organisms in
the open or deep see! z Pigments interact with light by selectively absorbing certain
wavelength ranges. For examplejatural orange colorations are typically achieved through
carotenoid pigmentswhich absorb light in the blue part of the electromagnetic spectrunt?
Nevertheless carotenes canalso come in blue or black if they are bound to proteins.
Lobsters, for instance, are black when alive, but turn red when they are cooked. This color
changeis attributed to the heatinduced denaturation of the protein part in the pigment,
leaving visible the red color of the carotenewhen the lobster is boileds2 Melanins, by
contrast, absorblight across the entire visible range, which results in black dsrown colors

(as, for example, in the human skin)
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a
Multilayer
interference
b
2D photonic
C p

crystal

Opal
structure

Figure 6. Structural coloration in nature and underlying optical principles. (a)The dorsal forewings ofParides
aeneas bolivathave greencolored areas, which are attributed to the underlying multilaye structure in the scale
lumen. (b) Hexagonal arrays of melanin rods embedded in a keratin matrix form a 2D photonic crystal which
causes the greerblueish color of the duck feathers. (c) The color effects of a natural opal are caused by the
underlying nanostructure which can be described by a fcc latticéa) © 2014 Wilts et al.; licensee BioMed Central
Ltd. Reproduced with permission and adapted from ref. 63; (b) Reproduced and adapted fromref. 64;

(c) © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, WeinheirapRduced with permission fromref. 65.

In contrast to pigmentary colorations, $ructural colors are produced when lightphysically
interacts with structures on the nanoscale: More specifically, the light is controlled by the
interfaces between materials that differ in theirindividual refractive indices (RIs). Here,
three different processes may occur: a) interference, b) diffraction or c) scatterirf§sé z
Typical structures for interference-based colors include hin films and multilayer structures
(Fig. 6a; seeFigs. 7aand b for the respective optical mechanismk The interaction of light
with a multilayer can be described as follows: A wave propagating in the stack undergoes
reflection at each interfacefor a defined wavekngth range(Fig. 7b); the observed color is a
product of the interference of all reflected beams and depends on the periodicity of the

stack, i.e. the opical thickness of a bilayer.

Diffraction gratings are regularly ordered surfaces which disperse lightin different
directions (Fig. 7c), depending on the wavelength of light striking the surface and the
spacing of the grating?® Examplesin our everyday lifeinclude the parallel lines in a very fine
cloth, or the pits and lands on optical storage disks. The processes of interference and

diffraction can be combined to produce more complex optical effects, such as, for instance,
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1 Introduction

in the multilayered structure of the beetle Chlorophila obscuripennisHere, the multilayers
form ridges and pits, which interact differently with incident light and thus generate a mixed
overall color appearance of the beetlé’ The colors of the butterfly inFig. 6aare a result of
both structural and pigmentary coloration, and show angledependence of the reflection
(termed iridescencé.s3 z Scattering of light represents a different type of color generation, in
comparison to the processes described above: Here, the color is caused by a rather irregular
structuring (Fig. 7d).66 The thus produced colors are usuallyless saturated, more diffuse
and generally noniridescent (seethe blue color of the skyyo Scattering is also the main
optical mechanism for generating whiteness in nature, including the white appearance of

milk, or the scales of soméutterflies, by scattering all visible wavelengths?

a  ncident light Reflected light \//

Al (n) f / 7‘ f aver )

Layer 2 (n,)
Film () V 7‘ f f
\\ . N/ /

Transmitted light

\

v

\

¢ Normal | Diffracted d
i light Incident light  Scattered light
[ ]
Incident 9. \ -\’ s
llght incident - oY ‘
Particles
Period Diffraction grating

Figure 7. Physical basis of structural colors. (a) Thin film interference; (b) multilayer interferencgmaterials
with different RIs (n1, re) are marked by different colors); (c)diffraction grating dividing light into spectra (the
dispersion is illustrated by blue and red arrows, and less saturated colors for then® order spectrum);
(d) scattering process. Adapted frontef. 68.

Among colorproducing structures, scecalled photonic crystals (PCs) are particularly
attractive materials for controlling the qualities of light.6® Basically, PCs can be regarded as
crystal-like structures in the sense that they contain building blocks (e.g. thin films)

arranged in a periodic pattern.Important parameters are the size (or thickness) of the
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1 Introduction

periodic units (i.e. the lattice constants), and the variation in their Rl in one, two or three
dimensions (Fig. 6). The result is a distribution of energy levels with allowed modes and
forbidden wavelength bands (occurrence of band gap9, similar to electronic
semiconductors.In the special case of visible light, this phenomenon generates very intense
cdoOO0 OAOOI OET ¢ A&01Ti OEA EITOAOZAOCATAA 1T £ OEA
frequencies. A prominent example for exibiting this structural color effect is the gemstone
opal (Fig. 6¢). Its vivid coloration arises from its threedimensional nanostructure
consisting of densely packed, monodisperse silica spherés.Here, the relation with
OAOUOOAIT 06 A A Adsthd ddderh@(Aripackdnp)sfAh@ Apberes can be described
similarly to regular crystal lattice arrangements (e.g. fcc A way more simple PC structure
is a multilayer consisting of alternatingly stacked materials in the form of thin films, and
with differing Rls (Figs. 6a and 7b). 1D PCs are also referred to d&ragg stackgBSs), as the
interaction of the stack with light can be appropriately described through a modified

version of the Bragg law(i.e. the BraggSnell law):70

I 1 @nezsin )12
(AOAhRh I EO OEA AEAAOAAOQEIT 1T OAAOh 1 EO OEA xA
thickness, nt EO OEA 1 AAT AEEAAOEOA 2) Ali nbtcfmbire® OEA A
with other color-generating processes, PCs typically showidescent behavior which is

particularly appealing in 2D and 3D structures.

Iridescence (i.e. a change in color with an altered viewing angle) is a common feature in
nature, ranging from minerals to living organismsMany iridescent colorations are obsered
in arthropods and molluscsz e.g. on the wings, bodies or shells of flies and bees, in
butterflies and beetles, or for nacrez whereas fewer examples exist among vertebrate?.In
some birds, keratin and melanin are appropriately arranged in the feathebarbules to
achieve the interaction with visible light (see alsoFig. 6b).64 z Changes in the viewing angle
can produce drastic changes in hue andntensity. The reflectance spectra can in fact exceed
100 % reflectance (for an optimal viewing angle) whemeasured relative to adiffuse white
standard;’t when the angle is changed, the iridescence can disappear, leaving visible only
the color produced by underlying pigments (e.g. black melaning} This specific feature of
iridescent coloration could serve ammals in a number of ways. For instancebirds may
direct their display more specifically toan intended receiver (e.g. to attract the attention of a
female) by showing the bright color’2 while a potential rival might be faced bythe less

brilliant coloration. Another feature of structural colors is that the whole range of visible
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colors can be produced, even short wavelengths (blue to violet), which are rarely known in

pigmentary coloration.6o

As mentioned above, the origin of structural colors is related to the (nanoscale)
dimensions and RIs of structure. Variationsin these characteristicswill generally affect the
final optical appearance; his feature, in turn, might allow an animal to alter its coloration in
response to changes in its environment-or instance, the reed frogchangesits color as a
consequence of increasing temperaturege.g. during dry seasons which seems to lelp the
frog for thermoregulation due to a higher overall reflectance® z Smilarly, one could use
such strategiesto also detect changes inthe anthropogenic environment: Indeed, various
artificial humidity sensors have already been realized inspired by natural role models and
relying on optical detection. For instance, it was shown that paradise whiptails can change
the color of stripes on their bodies within seconds under control of the sympathic nervous
system?22 Physiological experiments, mimicking these processes, achieved swelling and
shrinking of the spaces between iridosphore plates upon changes in the osmotic pressur
which ultimately resulted in strong color shifts. Artificially generated nanostructures based

on a hydrogel have shown to act in a siitar way upon water adsorption.2273

External body cover

- (@) (b)
Nanoporous structures
. I <!anin layer
e ) @

Natural paradigm: Adaption to humidity Replica: Humidity sensing

Figure 8. Color changes in natural and synthetic materials as a response to humidity variations. Left: The
Dynastes Hercule&) is greenish in a dry atmosphere (b). When exposed to a high level of humidity, the beetle’s
body turns black (c). (d) SEM image of theuticle of the beetle.z Right: Photographs of the biomimetic sensor in
dry state (a) and in wet state (b). Microscope images of the film confirm the change in color from bigeeen (c)

to red (d) with relative humidity. All images reprinted with permission from ref. 75. © 2010, AIP Publishing LLC
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While these examples display stimulinduced changes in the lattice constants of
nanostructures (i.e. expansiohcontraction upon heating or water adsorptior), dynamic
changes in the RI can be likewise imagide(e.g. through solvent or vapoinfiltration). For
instance, te color of the Hercules beetle@ynastes Hercul§schanges from iridescent olive
green to black with changes in humidity Fig. 8, left).” The beetle’s elytra is composed o
porous internal structure which, athigh humidity levels, is filled with water and thus causes
the elytra to appear black.z Inspired by the Hercules beetle, biomimetic humidity sensors
have been fabricated such as th&lm shown in Fig. 8 (right).”s Here, silia spheres were
assembled to form a 3D colloidal crystal and infiltrated with a polymer solution; after
exposure to UV light an inverse replica was obtained similar to the porous structure of the
beetle’s cuticle. The porous replica shows reflection peak i¥ts upon water infiltration

which is attributed to a change in theeffective RI.75

Besides humidity, solvents and gasesa range of other stimuli can be imagined such as
heat, stress, light, electric or magnetic field®. In comparison to conventional hunidity
sensors relying on electrical signals, optical readout schemes offer a convenient and fast
alternative sensing mechanism as, for instance, no externally wired electronics are needed
for measurements; besides, they do not afford complicated fabricatioprocesses (compare
with chapter 1.1).22 Moreover, optical sensors can in principle be adapted to any material
that can be fashioned into thin films, multilayersand the like. The change in the optical
properties can then be monitored by UWis spectrosc@y as the stimulus induces a shift in
the position of the reflection spectrum?’é Even more simple, the response can be detected by
the naked eye (if the color change is significantly large), similar to the principle of indicator

papers(seeFig. 8, right).”
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1.2.2 Sensor Performance Parameters

As in other sensors, the sensing performance of optical devices (e.g. selectivity, sensitivity,

response time and detection limit) depends on which materials and how they are

Ei b1 AT AT OAA ET OEA OAT 01 Oh T AT A1 U OEAEEQ AEAI EA
(morphology, size of the building blocks, surface area etc.). A range of strategies have been

developed suitable to control these issues and therefore, to improve the sensor’s output. For

instance, the selectivity of a sensing system may be greatly entced by the introduction of

inherent functional materials such as the afore mentioned MOF structures (see

chapter 1.1). In comparison to metal oxides which are commonly used as building blocks

for thin films and PCs, they provide more possibilities for reponding to a distinct chemical

stimulus, namely size exclusion, tunable hogjuest interactions and the option for post

synthetic modification.

An alternative strategy to increase the specificity towards certain analytes is the concept of
combinatorial sensing: Here, the single sensor is replaced by an array of different sensors of
which each responds to the analyte in a characteristic way. Since we deal with an optical
readout scheme, @jital imagescan betaken before and afteranalyte exposure, from which a
difference profile is generated for each sensorKig. 9a). The combined response of all
sensors providesz in the best case a unique signal (i.e. a colorimetric fingerprint) which in
turn can be used to identify a single analyte oto discriminate between similar complex
mixtures (e.g. coffee aromas, sdeig. 9b).77 Ultimately, principal component analysis (PCA)
can be used which may allow for predicting whether an unknown sample shows similarities

to already identified groups or not ig. 9c).”
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Figure 9. The concept of combinatorial sensing. (a) A colorimetric sensing array consisting of 88ferent dyes is
exposed to a gaseous analyte (here: ammonia). Digital images are taken before and after exposure, from which a
difference map is generated. (b) Color difference profiles can be generated for a range of different analytes (here:
ten commecial coffee aromas), representing unique colorimetric fingerprints for each investigated analyte.
(c) Quantitative comparison of the difference maps can be done by principal component analysis (PCA), and can
help to predict the identity of a sample. If darge separation exists among the sample classes (blue and red circle
in the top image), it can be inferred that unknown samples either belong to a class (A, within the blue circle), or
rather not (B, outside the circles). Using a dataset with poor sepaiah (bottom), no unambiguous identification

is possible.(a) Reproduced fromref. 78 with permission of The Royal Society of Chemistry(b) Reprinted with
permission from ref. 77. © 2010 American Chemical Society(c) Reproduced and adapated from ref. 78 ith

permission of The Royal Society of Chemistry

In order to facilitate the transport of molecules to the active components in the photonic

architecture, films made of randomly oriented particles may be favoured over dense

structures, as they provide a kghly accessible pore system (textural porosity). This way,

both the response time and sensitivity of the detection platforms could be enhanced (see

chapter 1.1). z Along with the sensitivity, the limit of detection is linked to not only the

chemical compaition and microstructure of the film, but also the experimental conditions

i.e. the resolution of the applied instrument and readout scheme. For the latter, the

introductionofasocA Al 1 AA OAAEAAOD

1 AUAOD®

ET OI

OEA DPAOEIT A]

effective means to facilitate the detection of even small spectral changes; the defect

produces a sharp band of allowed states in the photonic band gap which can be utilized for

the precisedetermination of the optical response Fig. 10, principle shown by the example

of aregular SiQ/TiO, BS top images,and a similar stack with a Si@defect layer, bottom

images)’®
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Figure 10. Introduction of defect layers in 1D PCs and solvent sensing. (a) Optical response ofegular
SiQ/TiO2 BS infiltrated with different solvents (blue: water, green: ethylene glycol, red: @ienzene) in
comparison to air (dotted line). (b) Spectral shifts measured for different solvents. {d) Optical response and
measured spectral shifts for a BS with a samdched SiQ defect layer, infiltrated with the same solvents.
Reprinted and adapted with permission from ref. 79. © 2008 American Chemical Society.
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1.3 OBJECTIVE®F THISTHESIS

In chapters 1.1 and 1.2, the concepts of hierarchy ad emergent properties have been
introduced, namely defined porosity and structural coloration. The materials explored in
this thesis and its contents are likewisébased on a hierarchical order Fig. 11): Inherently
(micro) porous and functional MOFnanoparticles (1) are integrated into texturally (micro-
and meso)porous thin films (2) and multilayers with submicron scale periodicity (3)via
bottom-up assembly. By using interferencdrased readout (4), we aim for creating versatile
detection platforms (5) with enhanced selectivity for different chemical stimuli. In the
following, the objectives of this thesis and their organization inchapters 2 and 3 are

described in more detail.

Sensing
00, T S, —
.5 ....................................................................... .-,

Structuring !

Figure 11. Objects of interest in this thesis. MOF nanoparticles (1) aritegrated into thin films (2) and

multilayers (3) via bottom-up assembly.The sensing performance of (3) is investigatedybusingan interference-

based readout schemd4). To increase the sensitivity and selectivity, the stack components and/or their orde
were varied (5; left: two defect structures; right: MOFbased BSs with differing MOF structures).
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The fabrication of sensitive thin MOF films and multilayers requires the availability of
nanosized MOF structures, and a preferably easy accesga generaly applicable strategies.

In chapter 2.1, newly developed synthesis routes are discussed by the example of two
prototypic MOF structures (HKUSTL, IRMOF3). Downsizing of the MOFs is achieved by the
addition of polymers and/or surfactants to the reaction slution thereby suggesting a mild
and universal approach toward nanoscale MOFs. In addition, the formation of thin MOF
films is demonstrated using stable colloidal suspensions of the MOFs, and the effective Rl is

determined being an important parameter inthe design of photonic multilayers.

In chapter 3, the synthesis of various MO#based PCs is demonstrated and the respective
sensing properties are discussed. As a proaff-concept, the integration of a MOF thin film
into photonic multilayers is shown for the first time (ZIF-8/TiO2) and for two different
synthesis routes (nanoparticulatevs dense ZIF8 films). The sensing performance of these
platforms is demonstrated by vapor sorption measurements andh situ monitoring of the
spectral response ¢hapter 3.1). z In our next attempt, we aim at enhancing the selectivity
of nanoparticulate MOFbased BSs by introducing two additional MOF structures (HKUSIT
CAU1) which differ in their individual sorption properties (i.e. polarity, pore sizes etc). The
MOFs areintegrated into the BSs either in single form (Ti@MOF), in combination with
another MOF (MOFL/MOF-2), or as multiple sensors in the form of an array (combinatorial
sensing;chapter 3.2). z Finally, the introduction of ZIF8 nanoparticles as a defect lagr in
1D PCs is shown, either on top or sandwiched between regular 200 ; BSs. The emerging
optical properties are discussed for each architecture, and the sensing performance is
surveyed in dependence on the stacking order (tops sandwich) and morpholgy of the

constituents (densevsporous; chapter 3.3).
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2 NOVELSTRATEGIES INNANOSCALEBMOF
SYNTHESIS

SUMMARY

The possibility to casta material into any suitable form, such as thin films for sensing
devices, can play a key role in controlling and improving its properties relevant to the
desired application field.Nanoparticles represent versatile building blocks for the synthesis
of thin films as they allow for precise adjustment of the film microstructure depending on
the particle size and shapeBesides surface chemistry, the morphology and the chemical
composition of the active naterial ultimately determine the device’s output.As an example,
parameters related to reaktime sensors, such as analyte specificity and fast recovery
require the use of materials with inherentselectivity and moderate hostguest interaction
strength (physisorption) . These issues havbéeen addressedecently by the incorporation of
metal-organic frameworks(MOFs) e.g. into photonic crystal sensors (a detailed report on
such MOFbased platforms realized in our group is given irchapter 3); these crystalline
porous network structures are built up from metal ions and bridging organic linkers which

can bear additional functionality.

In order to implement any desired MOF structurein the form of nanoparticulate films,
generally applicable size- and shapecontrolled strategies are required. Accessto MOF
nanoparticles has been obtained bya number of methods so far, including ultrasonic or

microwave assisted heating.The use of chemical additivesz such as surfactants or
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polymers z has also been proven beneficial for nanoscale MOBynthesis due to several

reasons: The additive can act as acompetitor to the ligand, allow for controlling the

particle’s morphology through weak interactions with the particle surface or help to
stabilize a distinct size distribution in the colloidal suspension The combination of two or
more differently acting auxiliary agents is expected tgesult in superior control of growth

mechanisms at the nanoscale.

In this study presented inchapter 2.1, we report on the preparation of two prototypical
MOFsvia an additive-mediated approach.Fine-tuning of the particle size wa achieved by
adjusting the type and amount of additives, along with
the temperature. MOF nanoparticles wee thus formed
within 5 minutes under mild conditions.z Besides the
formation of optically homogeneous thin MOF films
was demonstrated. Characterisic properties of the
films, i.e. layer thickness and refractive index, were

determined which can ultimately beused in the design

of (optical) thin film -baseddevices.
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2.1 ADDITIVEMEDIATEDSZE CONTROLOFMOF
NANOPARTICLES

Annekathrin Ranft,SophiaB. Betzler, Frederik Haase and Bettina V.
Lotsch

published in CrystengComn2013, 15, 9296-9300
DOI: 10.1039/c3ce41152d
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Abstract

A fast synthesis approach toward su60 nm sized MOFRanopatrticles was developed by
employing auxiliary additives. Control over the size of HKUST and IRMOR3 particles was
gained by adjusting theconcentration and type of stabilizersColloidal solutions of the MOFs

were used for the formation ofoptically homogeneous thin films by spircoating.

2.1.1 Introduction

Metalzorganic frameworks (MOFs) represent a class of crystallingporous materials
featuring intriguing properties such as chemical functionality combined with high porosity,
which can be tailored for desired applications throughthe choice of the constituting
building blocks! Possiblefields of application range from gas adsorption and strage2 over
catalysis® and molecular sieving to the use of MOFs asctive components in chemical
sensors® Especially in thefield of sensing, the possibility to cast the sensing materi@to a
suitable form, such as thin films, is a key prerequisitéo ensure diffusion throughout the
entire active material andto keep response times lowe. MOF nanopatrticles (NPs) caserve
as versatile building blocks for thin films, which carbe obtained by straightforward, low

temperature solution processing protocols sich as spin and dip-coating’ At the same time,
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the use of nanoparticulate MOFs in principleallows for the precise adjustment of the
material's properties, such as surface chemistry and shape, which in turn wikffect the
microstructure and, hence, perdrmance of theresulting MOF film; besides, shapspecific
synthesis strategiescould reveal a better insight into MOF crystal growthmechanisms at the

nanoscales

Among a range of welstudied MOF systems, HKUST (Cus(BTC),, BTC = benzend,3,5
tricarboxylate) belongs tothe most prominent ones owing to its structural stability onad-
and desorption of water molecules, which coordinate taunsaturated Cu(ll) sites of the
framework.® In addition, such open metal sites are proposed to show increased affinity
towards H, molecules resulting in improved hydrogen storagecapacity1® which may be
even enhanced by tailoring themorphology and size of HKUST crystals on the nanoscale.
Access to MOF NPs has been obtained by a numbemafthods so far, upon which ultasonic
(US) or microwave (MW) assisted heating have been found to significantly acceleratbe
crystallization of MOFs as compared to traditionalelectric heatingiz13 However, these
strategies have shown tdack reproducibility owing to the use of diffeent types of synthesis
setups which may affect the particle properties significanthy4 The need for high
temperatures for enhancedcrystallinity has been circumvented by the development of
direct mixing approaches!2.1%17 mechanochemical routesg freezezdrying approaches? or
continuous-flow methods which allow for the high-throughput preparation of MOF crystals
by rapid mixing of pre-heated solvent streamg? Suchroutes suffer, however, in some cases
from comparatively long reaction times (20min at least for the synthesis of HKUST based
on a mechanochemical rout®) or a complex synthesisset-up (synthesis in a continuous
flow reactor20) which hampers their generalization and implementation. Moreover, fine
tuning of the crystal size below 100 m remains a challengefor the above mentioned
synthesis strategies. Another attractiveaoute to the sizecontrolled MOF synthesis is the use
of auxiliary additives which can act as competitors to the bridging ECAT A | OAT T OAEI
i T AOI A®%2or theQuse ofsurfactants to control the influx of monomers in order to
stabilize the growing particles and to control the particles’ morphologythrough weak
Thesesynthesis schemes have been successfully utilized not only fldKUST1 with the help
of PAA (poly(acrylic acid)) salt$> or dodecanoic acid as size modulating agents but also
for other well-studied MOFs such as isoreticular IRMQE (ZnsO(BD&NH,)3, BDGNH, =
2-aminoterephthalate). In thecase of IRMOR, superior control of the crystal size has been

achieved by the addition of CTAB (hexadecyltrimethylammoniunbromide) to slow down

40



2 Nanoscale MOBynthesis

nucleation times, and by finetuning the synthesis conditions througha four-step strategy2¢
Based onthese studies realizing the sizecontrolled formation of MOFsat ambient rather
than high-temperature conditions?7z2° the controlled synthesis of nanosized MOFs seems
feasible. Nevertheless, only a few generally applicablesynthetic strategies toward

nanoMOFs with sizes less than 100m have beerdeveloped as yet.

In this study, we report on the preparation of ultrasmall versionsof HKUSTF1 and
IRMOFR3, using an additivemediated synthesis strategy. Our approach involves # use of
chemical additives (polymers or polymerzsurfactant combinations), which are mixed with
the ligand before being reacted with theespective metal source, upon which MOF NPs form
within 5 minutes under mild conditions. By altering the synthetic coniions such as
reaction temperature, concentration, ratio andtype of additive, we gain control over the

particle size of therespective MOF.

2.1.2 Results and Discussion

HKUSTF1 NPs were successfully prepared by mixing precursaolutions (Cu(OAc)-H.O and
trimesic acid (HBTC) in awaterzethanolzgDMF mixture) with PAA at different temperatures
(0 °C, room temperature (RT), 55 °C). Powder-bay diffraction (PXRD) patterns of the
products obtained at 0 °C andat RT, respectively, confirm the structure of he as
synthesizedmaterials (Fig. 1a), apart from peak broadening, which isttributed to the small
grain size of the products (29 nmdeduced through the Scherrer formula)The morphology
of the MOF NPs was examined by scannirglectron microscopy (SEM), #omic force
microscopy (AFM) and dynamic light scattering (DLS). SEM imagesldKUSTF1 synthesized
at RT and O°C, respectively, reveasmall particles with diameters between 30 nm and 50
nm (Fig. 2a), which was confirmed additionally through AFM (sed-igs. 2b and S1, Sl). DLS
measurements Fig. S2 Sl) suggestthat an increase of the reaction temperature from 0 °@
RT leads to a small shift of the mean particle radius frorB0 nm to 60nm (note that DLS
measures the hydrodynamicradius including a solvatng shell, leading to larger particle
sizes than obtained by direct imaging techniques). Thisbservation is supported by SEM
images showing a comparativeljfarger amount of particles with diameters >40 nm forthe
synthesis at RT (sed-ig. S3 SI). Heatingthe reaction mixture to 55 °C, however, leads to a
more significant increase of the particle radius from 60 nm to 80 nm, as confirmebdy DLS
measurements Fig. S2 Sl). Low temperatures, therefore, seem to be beneficial to slow

down crystal growth and reduce the particle size of HKUST,; this tendencyis in agreement
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with other reports where size-control was gained by using rather mild synthesis
conditions.16 We observed a similar sizecontrolling effect by varying the polymer
concentration, i.e. the ratioof H:BTC to PAA, from 2 up to 1:15 (corresponding to 0.082
mmol up to 0.615 mmolof PAA), while keeping the temperature at 0 °C and monitorinipe
change of the particle size with DLSHig. S4 Sl). We observe that on decreasing the amount
of PAA, theparticle radius decreases from 57 nm (for a ratio of 16, 0.246 mmol PAA) to 48
nm (for a ratio of 1:3, 0.123 mmolPAA) while the size distribution is significantly narrowed
asindicated by a change of the polydispersity index (@) from 0.184 (1:6, 0.246mmol PAA)
to 0.091 (13, 0.123 mmol PAA).

However, for an even lower ratio of 12 (0.082 mmol PAA)the Rdl was found to rise again
(0.176). While the size distributionis broadenedz in general z with increasing amounts of
PAA, the product yield is decrased, and at the highedPAA concentration (115, 0.615 mmol
PAA) no precipitation was observed at all. We rationalize these findings by invokinthe
observation that HKUSTL is formed within seconds uponthe reaction of the starting
materials and further growth of the particles seems to be inhibited by the formation o&
protective PAA shell coordinating to the Cu(ll) ion§? At increasing amounts of PAA (and,
hence, increasing acidityof the reaction mixture) the network formation (i.e. nucleation)is
slowed down owing to a comparatively low supply of the network constituting
deprotonated linker BT® "alongwith a low availability of free copper ions not coordinated
to PAA3L On the contrary, at very low PAA concentrations, themount of stabilizing agentis
insufficient to slow down monomer addition; thus, size defocusing is observed for both
particularly low and high amounts of PAA (for a given concentrationf H;BTC am copper
acetate). A ratio of 13 (0.123 mmol PAA) turned out to be most suitable to lotain a narrow
size distribution (Pdl = 0.091) and a reasonably higlproduct yield (65z70%). Using these
synthesis conditions, weobserved no significant change of the size of the particles by
increasing the reaction time from 5 min to 30 min (seeFigs. S5and S6, SI), which we
attribute to the rapid formation and protection of the particles upon mixing of the starting

materials with PAA32
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Nanosized IRMOR was obtained by mixing Zn(OAg)2H;0, 2-aminoterephthalic acid,
CTAB and polyvinylpyrrolidone (PVPR in DMF at RT, and the formation of IRMG8 NPs was
confirmed by PXRD (a mean diameter of 27 nm was deduc#dough the Scherrer formula).
The diffraction pattern of the as-synthesized material matches with the simulated pattern,
whereas the completely dy product shows an intensity reversionof the peaks at 6.7° and
9.6° (Fig. 1b). Similar findings for such an intensity change have been rationalized by

porefilling effects caused by residual guest species from the synthesidution.33

'l..ll,.‘.d R
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Figure 1. PXRD patterns of HKUST and IRMOF3 nanoparticles. (a) Simulated XRD pattern for HKUST
(black) and PXRD patterns of HKUST synthesizedat 0 °C (red) and at RT (blue), (bjimulated XRD pattern for
IRMOF3 (black) and PXRD patterns of asynthesized IRMDR3 (red) and after drying (blue).

The nanoparticulate morphology of IRMOR was confirmedby SEM Fig. 2¢); we deduce a
mean diameter of 36 nmfrom the SEM images, whereas AFM measurements suggest
particle sizes between 12 nm and 45 nm (sekigs. 2d and S7, SI). We successfully achieved
size control of the particles byvarying the concentration of the CTABPVP mixture at a
constant weight ratio of 1:1 between 0.0135 mmol/0.00013 mmoland 0.054 mmol/0.0005
mmol. DLS measurements suggeshat higher amounts of the additives reduce the mean
particle radius from 80 nm to <30 nm (seeFig. S§ Sl). The combinationof two differently
acting stabilizers shows a synergetieffect on the size distribution of IRMOR particles:
while the use of either CTAB or PVP asize-controlling agent has shownto reduce the
hydrodynamic radius of IRMOF3 to around 40 nm with a broad size distribution in
particular for PVP (nctas= 0.027 mmol, and aye= 0.00025 mmol, respectivelyseeFig. S9
SI), the combination of both materals allows&£l O OEA OUT OEAOEO 1T £ AOAI
nm in radius for 0.027 mmol/0.00025 mmol of CTABPVP). To our knowledgethese sizes
are among the smallest which have beereported so far for IRMOF3 NPs and most other

MOFsz26228 In order to investigate the effect of the additive combinatioron the particle size
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of IRMOF3 in more detail, we conductedpurely PVRmediated syntheses as well as a direct
mixing approach without the addition of any auxiliary material. DLSneasurements suggest
that increasing concentrations of PVRead to a decrease of the particle radius from 280m
down to 40 nm for the highest PVP concentration (0.00125 mmol)Rig. S10 SI). This
observation is in agreement with a reportabout PVP protected Prussian Blue particles
where an increased content of stabilizing PVP at given concentrationsf the starting
materials led to smaller diameters34 Besidessize-modulating effects, PVP may prevent the
particles from aggregating in solution3s The role of CTAB in the additivenediated synthesis
of IRMOF3 may become clear by lookingt the synthesis without mediators: in addition to
small particles in the size range below 50 nm, SEM images reveal theesence of larger
particles (80z180 nm) exhibiting a cubic morphology, which we did not observe in the
presence ofadditives (Fig. S11, Sl). According to previously describedsynthetic routes
developed for the size and shapecontrol of MOF NPs, CTAB has been shown to slow down
the nucleationand growth of MOFs and, hence, to affedid resulting sizedistribution. 24.36.37
Here, it seems likely that the addition ofCTAB in combination with PVP does not only
restrict particle growth (for a given concentration of the additives), but alsa@ontributes to
an increased uniformity in size. Imerestingly, additional time-dependent experiments
suggest that furtherincrease of the reaction time from 5min to 60 min in the presence of
the additive mixture has little impact on the particle size and crystallinity of the final
product (Figs. S12and S13, Sl). In contrast to the reaction of the pure starting material§Zn
source and HBD(NH,), which instantaneously causegurbidity of the reaction solution
due to particle formation,the reaction speed for the additivecontrolled synthesis ofIRMOR

3 is slowed down dramatically such that (visible) crystalformation is delayed for a few
minutes after combiningthe starting materials, which emphasizes the importance oc€TAB
and PVP as stabilizers (seEig. S14 SI). Even afterll days, the size distributon within the
reaction mixture haschanged only marginally from 30 nm (mean radius) to 48m (seeFig.
S12, Sl), suggesting a facile handling of the produand, moreover, the possibility to isolate

a particular particle size within a narrow size range as function of time.
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nm

Figure 2. SEM and AFM images of HKU9Tand IRMOF3 particles. (a) SEM image of HKUST synthesized at
RT, (b) AFM image of HKUST synthesized at 0 °C, (c) SEM image and @M image of IRMOR synthesized
with a ratio of CTAB/PVP =0.027 mmol/0.00025 mmol.

-/ & .00 xEOE A O1 EAl Oi OEad Be ubeto GdildAdp loghic@ally OE AT Hp
homogeneous thin filmsexhibiting minimum scattering of visible light, which canserve as
building blocks in MOFbased optical sensor§8 MOFNP-based thin films may be deposited
on a suitable substrateby solution processing, for example by spinor dip-coating. Asthe
layer thickness is affected by the concentration of particlegn solution as well as by the
volatility and wetting properties of the solvent, the use of weldispersed MOF patrticles iran
appropriate solvent is mandatory. Stable colloidal suspensionsf HKUST1 and IRMOF3
were obtained by redispersingthe particles in DMF, whereas their dispersion in other more
volatile solventssuch as ethanol or methanol was found tbe impeded by the sedimentation
of the particles within minutes. Thin films composed of HKUST or IRMOF3 particles were
obtained by spincoating DMFbased suspensiongconditions see Sl) and characterized by
cross-sectional SEM and ellipsometry.Fig. 3 shows a representative section othe MOF
layers which exhibit uniform thicknesses (173 nm #15 nm for HKUST1, 147 nm £ 5 nm for

IRMOF3) over a large lateral range; this thickness range is supported by ellipsometry
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(176.2 nm £ 0.6 nm for HKUST, 143.1 nm = 0.2 nmfor IRMOF3). Besides layer
thicknesses, ellipsometry allowsus to determine the effective refractive index (RI) of a
dielectric material (or composite) fashioned into a reflective thinfilm. We obtainedeffective
RIs of 1.21 and 1.27 for HKUST and IRMOF3, respectively (note that textural porosity as
well as possible residues of the respective additives contribute tthe experimental value),
which is slightly smaller than the Rlof other MOF films (e.gZIF-8: 1.34¢1.39).38.3% The film
assembly based on NPs imparts the MOF layer with textural porositywhich may be
beneficial for MOFbased sensing devicesinterstitial voids guarantee free diffusion
throughout the entire film, thereby enhancing the sendivity, whereas the MOF adds

chemical selectivity to the systen$2.38

Figure 3. Crosssectional SEM images of MOF thin films assembled from colloidal solutions of the respective
MOFs by spircoating. (a) HKUSTL film, (b) magnified detail, (c) IRMOR3 film, (d) magnified detail.
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2.1.3 Conclusions

In summary, we have developed a fast solvothermal synthesipproach toward sub60 nm
sized MOF NPs (HKUST and IRMOF3) under mild conditions. Our methodallows fine-
tuning of the particle size within a large range (32300 nm) by adjusting the type and
amount of polymer (PAA forHKUST1) or polymerzsurfactant combination (PVRCTAB for
IRMOFR3), along with the temperature and reaction time. Thesynergistic action of two
different additives having characteristicstabilizing properties results in superior control of
the IRMOFR3 particle size and monodispersity. Opening generallapplicable synthetic
avenues to MOF NPs with diametersmaller than commonly achiech A OEUA OAT CAO j bhor
is ofimportance for several fields of applications relying orultrasmall MOF particles or thin
films, such as in drug deliveryor sensing. Along these lines, we have demonstrated the
fabrication of optically homogenous HKUSTL and IRMOF3 thin films derived from stable
colloidal MOF suspensiondy spin-coating. Such hierarchically porous structures bodevell

for the development of highly accessible and sensitivdOFRbased sensing devices.
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3 INTERFERENGIBASEDREADOUT OF
SORPTIONEVENTS INMOFMULTILAYER
SYSTEMS

SUMMARY

Nanoparticulate MOFsprimarily those having diameters below 100 nmlend themselves
well for the formation of optically homogeneous thin filmsasdemonstratedin the previous
chapter (2.1). For the design ofmultilayered sensors relying onan optical readout (i.e.
interference), refractive indices (RIs) of the materials and their layer thicknesses (z)
constitute the most relevant properties: Depending on howthese parametersare chosen
specific spectral qualities are achieved such as hue and intensity of the reflected color. In 1D
photonic crystals (PCs), two materials withdiffering Rls are alternatingly arranged in the
form of thin films. The resultingcolor (reflection maximum or Bragg peak) is determined by
the BraggSnell law and changes with respect to variations in the optical thickness (i.Bl
and z). Thesevariations can be either staticor dynamic: For the former, different synthetic
conditions or material compositions can lead to altered thicknesses and RIs; the latter is
characterized by spectral shifts induced, for instance, through the capability of the stack
constituting materials to adsorbparticular guest molecules. This quality can be utilized, in

turn, to detect changes in the environment such as the presencetokic gases
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Due to their unique structure, MOFsare suitable for adsorbing molecules andhence, also
reporting on such eventsHere, unable sorption properties are achieved as a function of the
buildings blocks constituting the MOF latticejncluding size exclusion, polarity effectsand
specific hoszguest interactions (e.g. Hbonds). Besides, MOFs are typically characterized
through adsorption isotherms showing specific analyte uptakén dependenceof the partial
pressure; it is thus expected that MOibased photonic architectures are capable of
specifying even slight variations in analyte concentration z A particularly appealing
property of interference-based readout is the fact that no additionalabelling of the sensing
material is required to achieve monitoring of sorption events, ashe obsaved parameter,
the (effective) RI, isa quality inherent to the investigated material (or a combination of
different materials/morphologies); hence, in principle any desired MOF structure could be
implemented in PC devices, if it can be accessed in nacale form or otherwise processed
into thin films. Moreover, this approach allows for reatime sensing, as the response

induced by RI varidions is expected to occur fasfi.e.on the order of seconds)

In the following chapters 3.1z3.3, three examples arereported of how MOFs may be
implemented in 1D PC sensors. @&ides structural and optical characteristics, the sensing
performance of theseplatforms is discussed in view of different desigraspects:tuning of
the MOF composition, morphology of the layersand ordering of the stack constituting
materials; as well as in relation to general sensing characteristics, namebelectivity,
response time and sensitiity. In order to monitor the Rl-induced spectral changes, both the
reflectance spectra and the colomappearancewere used for detection. Tie thus obtained
data were evaluated through optically encoded isotherms (concentratiordependent
spectral shifts induced by analyte adsorption), changes in reflectance at a certain
wavelength (for a time-resolved respnsetoward varying analyte concentrationg or color
image analysis coupled with principle component analysis (identificatiorand separationof

single solvents/solvent mixtureswith sensorarrays).
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In chapter 3.1, the integration of a prototypic MOFinto 1D PCds demonstrated for the first
time. For the realization of the photonic architecture,ZIF8 and TiO. were chosen as PC
components with different RIs. While the latter is used toassure a high Rl contrast and,
hence, good optical quality of
the stack,ZIF8 is intended to
impart molecular selectivity to

the Bragg stack BS as a result

of its defined pore systemand

pore size z For the fabrication
of the BSs, two different
synthesis approaches were
used: In the first approach the

ZIF-8 layers were grown onto

the substrate,while the second
stack wes assembled from ZIF8 nanoparticles in both cases, Ti® films with textural
porosity were used to enable molecular diffusion within the entire stack z The sensing
performance of the two different gacks was investigated by exposingthem towards
chemically similar solvent vapors at varying concentrations. By plotting the observed
spectral shifts as a functionof the partial pressure (similar to an isotherm), the differences

in sensitivity and selectivity were identified for both platforms.

In chapter 3.2, the integration of three different types of MOFsinto photonic multilayers is

reported. Here, we aimed atachieving different sorption properties of the BSs including

[ Ethanol |

enhanced selectivity and

sengtivity for particular

analytes to this end, ’f ,..q

different MOF structures

were chosen featuring

characteristic pore sizes

and environments. z The

fabrication of the BSs was

accomplishedby assemblingMOF nanopatrticlesin alteration with another component. In
total, three different synthesis approaches were used: In the first approach, the MOFs were
stacked with the high Rkmaterial TiO,, similar to the approach reportedin chapter 3.1; in
the second, purely MO#based BSsvere produced, dubbedtandem MOF BSs$n which two of
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the MOF structures were alternatingly arranged; in the third approach, three of the regular
TiO./MOF BSs were organizedin a pattern to serve as acolorimetric fingerprint. z The
sensing performance of all three systems was tested by recording a) thgressure-
dependent adsorption of solvent vapors(for TiO./MOF BSs and tandem MOF Bg%) the
kinetics of TiQ/MOF BSs and c)the combined response ofthe array, with respect to
different solvents and solvent mitures at a fixed concentration In summary, these
experiments reveal a sensing performance of the stacks thallows for both identifying and
guantifying an analyte; fast response times; and theotential for combinatorial sensing by

specifying even complex analytes

In chapter 3.3, the introduction of a stimuli-responsive ZIFyy OA A £A A O éegularA U A O
SiQ/TiO, multilayers is shown. With the addition of this dopant layer we aimedat the
emergence of an additional narrow band of allowed states in the photonic band gap; the
sharpness of this band may help to

provide a more precise means to detect /|F-8 / \

even small spectral changes upon analyte

S #EEssaeseeiseeisaessassaessy  pescessssescesessesssesseeny,

adsorption. The defect layehas therefore " |
beendeposited either ontop of the metal .

oxide stacks {op defect structure¥ or

sandwiched between two regular stacks

EtOH
(sandwich defect structurés In addition,

we tried different TiO; film morphologies

Reflectance @ 75° / %

(either TiO. sol or nanoparticles) to

investigate a potental impact on the = Energy / eV

stack’s sensing propertiesz Vapor sorption measurements were conducteas a functionof
the layer morphology, layer sequence and the position of the defetdyer in the stack;in
summary, we identified A OCA OE 1 ©fdhe ugfetmbgDIByErS for the sensitivity ofthe
overall detection platform. z Besides,the conversion of the ZIF8 layer into an optically
homogenous mesoporous filmunder defined conditions) was observed, and discussed as a

genericapproach toward hierarchically structured films and multilayers.
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Abstract

We present the fabrication of onedimensional photonic crystals (Bragg stacks) based on a
microporous metalzorganic framework material and mesoporous titanium dioxide. The
Bragg stack heterostructures were obtained using two complementary synthes
approaches utilizing the bottomup assembly of heterogeneous, i.e. twoomponent
photonic crystal multilayer structures. Zeolitic imidazolate framework ZIF8 and
mesoporous titanium dioxide were chosen as functional componentsvith different
refractive indices. While ZIF8 is intended to impart molecular selectivity, mesoporousiO,
is used to ensure high refractive index contrast and to guarantee molecular diffusion within
the Bragg stack. The combination of microand mesoporosity within one scaffold adows
the 1D-MOFPC 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 organicvapors. The results show that te multilayered
photonic heterostructures are sensitive and selectivéowards a series of chemically similar
solvent vapors. It is thus anticipated that the concept ahultilayer heterogeneous photonic

structures will provide a versatile platform for future selective,label-free optical sensors.
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3.1.1 Introduction

Metalzorganic frameworks represent a class of hybrid materialsvith promising properties
for various applicationsizs In particular, the modular tailorability, the rich hostzguest
interactions, and the widely tunable sorption behavior make MOFs attractiveandidates for
chemical sensing:” However, only a few reportsare dealing with MOFbased sensor$,;? in
which the intrinsic framework luminescence4 or the refractive index modulation of
FabryzPerot interference peaks have been explored for sign&dansduction.ts The tunability
of the effective refractive index (RI) of MOFsvia adsorption of guests inspired us to
correlate these properties with the underlying optics of photonic crystals(PCs),which are
composed of alternating dielectric layersfeaturing periodic changes in their effective

refractive indices 1618

Onedimensional assemblies, which represent the structurallysimplest form of photonic
crystals, are also known as Braggtacks (BS)or Bragg mirrors. 1D-PC multilayer structures
interacting with visible light require layer thicknesses corresponding to optical
wavelengths!® As a consequence of theeriodicity in the dielectric function, specific
wavelengths areefficiently reflected due to diffraction and interference of incidentlight at
each interface of the periodically stacked composit®. Enhanced reflectivity is achieved by
increasing the number ofbilayers or by choosing dielectric materials featuring a high

refractive index contrast (Scheme 1).21

Currently, intensive research efforts are focused on thdevelopment of tunable optical
sensors with a labelfree operation and compact setup. There are several approaches
ranging from plasmonic noble metal nanotube® or field effect transistors based on reduced
graphene= to Bragg stacks built up froman alternating polymer architecture24 which deal
with the implementation of these materials as tunable and labetee sensors. In particular,
detection platforms based on Bragg stackean be realized by translating stimuliinduced
optical thicknesschanges of the constituent materials into a color change of thaultilayer
photonic structure. So far, several studies are dealingith tailor -made inorganic or hybrid
materials to implement functionality within one -dimensional photonic crystals?> While
there are several examples of versatile SHITIO, systems26z28 including both dense and
porous morphologies as well asianoparticle-based Bragg stack22:30 smart hybrid photonic

materials with intrinsic functionality are still rare.

58



3 InterferenceBased Readout

In principle, a Bragg stack offers a versatile platform for thedetection of molecular
interactions and the development ofchemical sensors, whereas the realization of chemical

selectivity in sensors remains a greathallenge.

5 [—Bragy stack (OMF) ethanol 0 %
@ [——Bragg stack (DMF) sthanol 100 %

L L
5 [ Bragg stack (OMF) methanol 0 %
@ [~—Bragg stack (OMF) methanol 100 %

400 500 600 700 800 900
Wavelength / nm

Scheme 1. Schematic representation of a multilayered photonic crystal architecture illustrating the structure
and angledependent reflection of incident light as well as the optical response upon exposure to external
stimuli.

Very recently, several groups reported a new transductiorscheme based on the fabrication
of MOFcontaining ordered 3Dphotonic structures3132 The selectivity issue is addressed by
integrating metalzorganic frameworks into three-dimensional inverse opal structures.
While Wu et al32 employed a colloidal crystal templating approach using a polystyrene
I DPAT ET A th©@dup bf A.8Hup deposited MOF crystals onto a silicaemplate to
obtain hybrid MOFRysilica colloidal crystal (MORSCC) films. The authors havehown that
the introduction of an ordered porous structure imparts useful optical features tatHKUSTF1
and ZIF8. For MORSCC an optical signalisplayed by distinct stop band shifts upon analyte

sorption is readily observed.

Contrary to 3D photonic materids, we introduce herein a onedimensional photonic
architecture based on a microporousnetalzorganic framework and titanium dioxide. Thus,
an optical transducer system is built, which is used to efficiently convertmolecular
adsorption into an optical respnse. As a microporousmaterial, the intensively studied

zeolitic imidazolate framework ZIF-833 was chosen; this is expected to impart sizeand
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chemoselectivity and, thus, functionality to the 1DMOF PC.Complementary material
properties in one single plaform, such as hydrophobicity/hydrophilicity, dual pore -size
regimes, andhigh refractive index contrast, can be additionally integrated byur combined

assembly approach.

Ultimately, the presented results are expected to extend théoolbox for designing
nanoporous and at the same time highlyselective photonic crystals, to promote our
understanding of molecular interactions in porous materials, and to provide novetoncepts

for label-free chemaoptical sensors.

3.1.2 Experimental

All chemicals (zinc nitraie hexahydrate, 2methylimidazole; nitric acid (0.1 M), titanium(lV)
ethoxide, titanium tetrachloride) as well as solvents are commercially available and were
used asreceived. Tert-butyl alcohol was dried over a 4A molecular sieveat 28 C and

filtered prior to use.

Route A

Preparation of dense ZH8 films

ZIF-8 thin films were prepared on silicon wafers, similar to the approach reported in ref
14 and 15.The substrates were precleaned in Piranha solution (HSQ/H 20,, 7030 (v/Vv))
at 70 °C for 30 mimntes, rinsed with distilled water and dried under nitrogen flow.

For ZIF8 thin film preparation, 500 mL methanolic stocksolutions of Zn(NG;).-6H.0 (25
mM, 99%, Aldrich) as well as o2-methylimidazole (mim) (50 mM, 99%, Aldrich) were
prepared. A ZIF8 thin film was obtained by immersing the cleanedsubstrates in a fresh
mixture of 10 mL Zn(NQ): stock solution and 10mL miIm stock solution for 30 minutes at
room temperature. For optimization of homogeneity and to enhance surfacemoothness,
two different strategies were employed. The beakersiere either put in an ultrasonic bath
or fixed on a shaker duringfilm growth. The asprepared ZIF8 thin film was washed with
methanol and dried under nitrogen flow. Thicker films could beobtained by simply

repeating the process with fresh solutions.
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Synthesis of ultrasmall titanium dioxide nanoparticles and filpneparation

Titanium dioxide nanoparticles were synthesized asdescribed earlier34 In brief, a
nonaqueous safgel route in tertbutyl alcohol under microwave irradiation was used to
yield ultrasmall (3 nm), crystalline (anatase), noragglomerated andhighly dispersible

nanoparticles.

For all syntheses, titanium tetrachloride (0.7 mL, 6.4 mmo89.995%, Aldrich) was dissolved
in toluene (5 mL) and addel to tert-butyl alcohol (15 mL, 160 mmol, Aldrich) under
continuous stirring. Microwave heating was performed in microwave autoclavesvith an
initial heating power of 1200 W (Synthos 3000Anton 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,
transparent solution of nanoparticles. To obtain the fully crystallinenanoparticles, this
heating procedure was repeated one more timafter a cooling period to room temperature.
The solution wasthen colorless and titaniumdioxide could be flocculated by the additiorof
n-heptane (n-heptanetert-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 filmsthe nanoparticle pellet (0.49)
was redispersed in ethanol (8.3 mLand Pluronic F127 (0.1 g, BASF) was added as structure
directing agent (SDA).

Fabrication of Bragy stack 1 (BSl)

For the fabrication of Bragg stack 1 (BSl), thoroughly washed and dens&IF8 thin films
were coated with a fresh colloidal suspension of redispersedltrasmall titanium dioxide
nanoparticles. The films weredeposited by spincoating using a Laurell WSI00B-6NPR
Lite-AS spincoater at a speed of 5000 rpm to give a film thickres of~50 nm. To remove the
SDA, the films were first heated tdlOO C (3 h ramp, 1 h dwell time) to increase the film
stability followed by an extraction of the SDA with ethanol under refluor 1 h. The
complete removal was confirmed by reflectionabsorption infrared (RAIR) spectroscopy in

addition to scanningelectron microscopy (SEM) (seé&l, Figs. S11and S12).

The whole procedure was repeated 3 times to obtain multipl@lternating ZIF-8zmp-TiO.

architectures.
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Route B

Synthesis of ZIF8 nanoparticles

ZIF-8 nanoparticles were prepared by a modified literature synthesis®® In a typical
experiment, Zn(NGs)»-6H,0 (1.03 g, 3.45 mmol, 99%, Gissing) was dissolved in methanol
(70 mL, puriss, Sigma) and rapidly added to a precooled (0 °C) solution of 2
methylimidazole (2.27 g, 27.7 mmol, 99%, Aldrich) in methanol (70.0 mL). Thaixture was
stirred and cooled constantly throughout the reactionuntil the solution slowly turned
turbid. After 30 min, the nanocrystals were separated from the solvent by centrifugation.
Colloidal suspensions of ZIB were obtained by redispersing the particles after
centrifugation in DMF (or methanol) (670 mgZIF8/1 mL DMF).

Synhesis of titaniananoparticles

Titania nanoparticles were synthesized according to the literature3® In a typical
procedure, Ti(OEt)s (6.25 mL, Aldrich) was slowly added to HN&(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 volatilefor spin-coating were
obtained by repeated collection ofthe particles by centrifugation and redgspersion in DMF
(or methanol) (130 mgTiO./1 mL DMF).

Fabrication of Bragg stack 2 (B3)

Silicon wafers were usedas substrates for the film deposition by spircoating. The
substrates were precleaned with soap and water and subsequentlyreated with Piranha
solution (H2SQ/H 20, 2:1 (v/v) ). After thoroughly rinsing with deionized water, the wafers
were dried under nitrogen flow and stored in ethanol. Before film depositionthe substrates
were plasmacleaned and rinsed with ethanolunder spinning for 5 s. The preparation of the
Braggstack was performed by alternatingly spin-coating colloidal suspensionsf ZIF8 and
titania onto the substrate at a speed of 4000 rpnil500 acceleration) for 60 s, starting with
ZIF-8. The filmthickness was adjusted by the particle concentration in theuspensions and

by multiple coating steps. After each depositiorthe film was annealed at 200C for 30 min.
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3.1.3Characterization

X-ray diffraction (XRD) measurements of powders and thirfilms were performed using a
Bruker D8 (CuK,1 = 1.5406 A; CuK,, = 1.5444 A) in thetaztheta geometry. The films were
measured between 5 and 20° two theta, with a stepsize of 0.05 two theta and a scan
speed of3°/ min. The data of the powdersamples were collectedbetween 5° and 45° two

theta with a stepsizeof 0.05° two theta and a scarspeed of 0.3°/ min.

SEM micrographs of B were recorded with a JEOL JSBBOOF scanning electron
microscope (SEM) equipped with anOxford EDX analysis system; those of BSwith a
Merlin (Zeiss) FESEM. Ellipsometry measurements were performed witha Woollam
M2000D at an angle of 75in the spectral range 0f190z1000 nm. The data were fitted
between 350 and 1000 nmusing a Cauchytype material as the model layer. Reflectance
measurements were recorded with the same ellipsometer usings-polarized light at an

incident angle of 75.

The recording of isotherms was performed at ambientemperature using a homemade
Labview-controlled gas mixer. Digital mass flow controllers (W101A-110-P, F-201C,
Bronkhorst High-Tech) ensured the accurate dosing of the carrier gasitrogen and the
liquid analyte, which was vaporized ina controlled evaporation and mixing element (W
101A, BronkhorstHigh-Tech). Partial pressures (p) were calculated using #hwan der Waals

equation 2837 The relative pressure @ po relates tothe saturation pressurepo.

3.14 Results andDiscussion

Bragg stack preparation and structural properties

Two different strategies were employed for the fabrication ofLD-MOF photoniccrystals
consisting of either dense or porou<ZIF8 layers, and differently sized mesoporous titanium
dioxide nanopatrticle derived films. Stability, pore accessibility as well asigh optical quality
multilayer films are key requirements for the fabrication of analyteresponsive transducer
systems. Thosefeatures were addressed by the choice of suitable deposition amubst-

treatment parameters. For the mpTiO, deposition in BS1, both a complete removal of the
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template (seeS|, Figs. S11and S12) as well asminimum etching of the ZIF8 underlayer had
to be achieved. InFig. 1 the Xray 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 eitter case, in addition to the solventextraction
carried out under non-acidic conditions (BS1), retain the crystallinity and stability of the
ZIF-8 layers. The diffraction patterns of the multilayered ZIF8zTiO, composites show
excellent agreement with thesimulated ZIF-8 data, apart frompeak broadening, indicating a

slightly smaller grain size of theZIF8 crystals within the BSs.

In contrast to BS1, which features dense ZIB layers, BS2 is composed of ZIF8
nanocrystals (approx. 50 nm diameter, seeS|, Fig. S2, forming uniform layers, and
nanoparticle-basedTiO; layers with TiO. particles around 10z15 nm in diameter.Therefore,
we expect B& to exhibit a fairly high degree oftextural mesoporosity in both layers, in

addition to the intrinsic microporosity provided by the ZIF8 crystals.

110

ZIF-8 thin films (Bragg stack-2)

211

222
200
200 4 A

A A A

N

ZIF-8 thin films (Bragg stack-1)

Intensity / a.u.

ZIF-8 (simulated)
Jk A A A A A

2Theta/®

Figure 1. X-ray diffraction patterns (background corrected) of the 3bilayer Bragg stack 1 (middle) as well as of
Bragg stack 2 (top) after temperature treatment and complete removal of the structurdirecting agent (F127),

compared to simulateddata (bottom line).
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Figure 2. Photographs of 3bilayer Bragg stack 1 (left) and Bragg stack 2 (right) on a 5 x 2.5 &18i substrate in
air.

The coexistence of both materials embedded in the 1BIOFPC structure is confirmedby
scanning electron microscopy (SEM). In Fig. 3 representative 3-bilayer Bragg stacks
composedof alternating microporous ZIF8 layers and porous titanialayers deposited on a
silicon substrate are depicted. The differentlyprepared Bragg stacks exhibit &IF8 layer
thickness of approximately 70 nm in BS1 and about 200nm in BS2, respectively. TiO;
layers deposited on each ZHB film have a thickness of about 50 nm in both Bragg stacks.
The crosssectional SEM micrographs reveal that both fabrication mihods yield fairly
uniform layer thicknesses throughout the entirearchitecture. Fig. 3 also demonstrates the
alteration of both materials seen by the differences in material contrast. Whil¢he dark
layers represent the ZIF8 material exhibiting a lower electron density, the brighter thin
films consist of TiO, nanoparticles. Not only the deposition of ZIF8 layers on silicon, as
already shown by several group$s3® but also adhesion between ZIF8 and
mesoporous/nanoparticle titania layers was achievedising our dual assembly approach. In
contrast to the deposition of MOF material on inverse opal structure8!32 no surface
modification is necessary when preparing ZIB-based onedimensional photonic
structures. Regarding the stability andcrystallinity of the multilayered Bragg stacks, no
delamination or amorphization upon heating, extraction or adsorption of volatilespecies is
observed, which is consistent with the corresponding{RD results (sed-ig. 1). In conclusion,
robust, uniform and high-optical quality multilayered photonic crystals composed oftwo
different materials with varying morphologies can reproducibly be fabricated and thus

provide the basis for chemicakensing studies.
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Figure 3. Scanning electron micrograpls showing crosssections of both 3bilayer Bragg stacks with an average
film thickness of ~50 nm for each titania layer and ~70 nm for each ZI8 layer for BS1 (A and C) as well as for
BS2 (DMF, B and D) exhibiting a layer thickness of ~50 nm for eachahnia layer and ~200 nm for ZIF8 layers,
respectively. ZIF8zTiO2-BSs are depicted for different magnifications (Ax80 000; B: x15 000; C: x100 000; D:
x60 000).

Vapor adsorption and optical sensing

The combination of a microporous MOF material withmesoporous metal oxide layers is
supposed to endow the material witha unique combination of sizeselectivity and analyte
sensitivity. The integration of both morphologies within one photonicstructure is expected
to act as a molecular sieving platformyeadily adsorbing analyte molecules with small
kinetic diameters in both layers, whereas the access of larger guests is exclusivelyssible
into the mesoporous titania layers. Essentials such asigh specific surface areas, pore
accessibility, efficient difusion and molecular sieving abilities are all addressed by our

highly porous 1D-MOF photonic crystals.

The optical response of the 1EMOF PCs to guest adsorptiorwas investigated by
performing sorption experiments of volatile analyte molecules. Accordingo the optical
Bragg equation,sorption of volatile species into the porous layers influences theffective
refractive index of a bilayer by which analyteinduced color changes can be efficiently
monitored. In Fig. 4the reflectance spectra of both Braggtacks are demonstratedHere, the
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optical response is triggered by the adsorption ofethanol vapor at the highest partial
pressure (p/po H1.0), which entails pronounced redshifts of the FabryPerot fringe of BS1
from 1 H585 to} H630 nm as well as othe stop band ofBS2, derived from nanoparticles
redispersed in DMF, fromi 740 tol B840 nm, respectively. We attribute the significantly
larger optical shift of BS2 to the thicker ZIF8 layers and amplified external surface area
(and hence accessibility), x EEAE OT1 AAOI ET A0 OEA AT EAT AAA AT 1T O«
component to the observed overall optical shift of the B®. Compared to the 3BMOF
(HKUST1) hybrid photonic crystals recently reported by the groups of J. Hupp and G. 382
which show optical shifts of 9 nm and 16 nm upon ethanosorption, respectively, a
significant increase with respect to theoptical response can be monitored in our system.
However, when infiltrating 30 mm thick polystyrene template films with ZIF-8, Wu et al.
observed a distinct shift of about 75 nm upommethanol adsorption32 Compared to the
inherently smaller absolute shifts observed with BSL, which are presumed toresult from
the significantly smaller thickness of the ZIR films, an even higher sensitiity upon
sorption of organic vapors canbe deduced from the reflectance spectrum of B3 (Figs. 4
and S21, SI). Note that only a short heating period of 15 minutes a200 C was applied to
Bragg stack 2 prior to the sorptionexperiments compared to the advation procedure
reported by Wu et al32 The samples were additionally subjected t@a highrate flow of dry
nitrogen (Varian Chrompack Gaslean Moisture Filter CP 17971, outlet concentration <0.1
ppm), which highlights the facile analyte uptake and relese during a series of sorption

measurements.

Analyte-induced variations of the optical thickness give risd@o distinct optical shifts not
only for ethanol and methanol butalso for other larger analytes such as isobutanol anert-
pentanol. Adsorption isotherms monitoring the optical shift asa function of relative vapor
pressure were recorded for B (Fig. 5¢) as well as for the dense and porous Z48 films as
reference (Figs. 5aand b). The latter show that the smalleralcohols are readily adsorbed #
this MOF, including analytemolecules with larger kinetic diameters compared to the
aperture size of ZIF8 (3.4 A).33 These results are consistent witHiterature data, as it was
previously shown that molecules suchas ethanol or isobutanol exhibiting knetic diameters
of 4.5A (ref. 40) and 5A (ref. 41) are readily adsorbed owing to theflexibility of the pore
apertures in ZIF84142 Hence, tert-pentanol (2-methyl-1-propanol) was chosen as a
sterically demanding analyte molecule with a kinetic diametetarger than 5 A43 The dense
ZIF-8 reference film only shows a minuteoptical shift of 4 nm, which is consistent with the

almost complete exclusion oftert-pentanol from the ZIF8 pore system (Fig.5a). The
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nanoparticle-based ZIF8 film shows a largeroptical shift of about 30nm at the highest
partial pressure (p/ po B 1.0, Fig. 5b), which is in agreement with the presence ofa

significant degree of textural mesoporosity.

a) Bragg stack-1 b) Bragg stack-2

dry nitrogen
ethanal vapor (100 %)

dry nitrogen
ethanol vapor (100 %)

Reflection @ 75° / a.u.

Reflection @ 75°/ a.u.
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400 600 800 1000 400 500 600 700 800 900
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Figure 4. Reflectance spectra of Bragg stack 1 (a) and Bragg stack 2 (DMF)illbistrating the optical shift upon
ethanol exposure recorded at the highest partial pressure (p/fph p 8 1 (38

In order to probe the hosgguest interactions within the comparatively more complex Bragg
stack environment, optical adsorption isotherms were recaded exemplarily for BS2, as
depicted in Fig. 5c. Specifically, the initial stages duringadsorption of alcohol vapors and
the expected pore sizespecific adsorption isotherms achieved through the incorporation of

different porosities are of key interest.

During the first two dosing steps the 1BMOF Bragg stackapidly responds to all analyte
molecules, indicated by varyingred-shifts ranging from 5 to 15 nm Fig. 5¢). At a partial
pressure of p/po = 0.1 and p/po = 0.2, respectively, a steep increase in ¢hmethanol and
ethanol isotherms is observed. However, a largayptical shift is recorded for ethanol, which
is attributed to more beneficial interactions between ethanol and ZIF8 owing to the larger
hydrophobicity of ethanol compared to that of methanol.At the respective threshold
pressures, pronounced optical shiftsof about 50z60 nm are recorded, which gradually
increase up tosaturation pressure. The Shaped isotherms upon methanol andethanol
adsorption recorded for both the single ZIF8 films andfor BS2 are in good agreement with

the results obtained by Remiet al44 The authors attribute the Sshaped isotherms to
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changesin the framework triggered by interactions with guestmolecules, which was

additionally confirmed and described elsewherd&? In contrast to the distinct Sshaped

isotherms, isobutanol sorption experiments yield an almost linearly increasing adsorption

behavior with an absolute shift of about 100 nm at the highegtartial pressure. In contrast,

the adsorption isotherm of tert-pentanol exhibits a convex shape featuring the highest

uptake during the first dosing steps, which we attribute to the texturalporosity of both ZIF

8 and titania layers arising from thenanoparticle architecture, as seen also for the porous

ZIF-8 film (Fig. 5b). However, this analyte exhibits the smallest overaluptake, which is

consistent with the exclusion oftert-pentanol from the ZIF-8 pores, as demonstrated also for

the individual ZIF8 films. In contrast, the smaller analytes (methanol, ethanoisobutanol)

are more readily adsorbed owing to their smallekinetic diameters.
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Figure 5. Optical vapor sorption isotherms demonstrating the adsorption performance of (a) dense and (b)
nanoparticulate ZIF8 reference samples as well as of (3S2 (DMF) during exposure to a series of alcohol

vapors.
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As discussed above, an important finding is the fact thatistinctly shaped isotherms are
obtained for each of the fouranalytes over the entire relative pressure range, as additionally
demonstrated by reproduced sorgion experiments using Braggstacks derived from two
different synthesis batches (se&|, Fig. S22). The characteristic sorption behavior indicates
a highdegree of chemical selectivity inherent to the MOBS, which isespecially noticeable
at low relative pressures. Comparison of theshapes of the isotherms for the BS and the

individual ZIF-8 thin films (Fig. 5) confirms that the optical response is dominated by IF8.

3.15 Conclusions

In summary, a onedimensional MOFbased photonic crystal heterostructure with
embedded micro and mesoporosity ispresented. The fabrication of the 1IEMOF PC was
achieved via two different inexpensive bottom-up synthesis approaches. Thestrategy of
combining a microporous MOF material withmesoporous titanium dioxide layers provides
the basis fora highly sensitive signal transduction scheme with an amplifiedverall optical
response, while maintaining high chemical specificityHence, molecular recognition is

translated into a readableoptical signal without the use of any reporter systems.

The concept of MOfbased onedimensional photonic crystalstructures extends the scope
of chemoselective optical signatransducer systems. We anticipate a generalization of the
assembly of 1D photonic materials in terms of th large variety and tunability of MOFs or
related materials. Thus, we believehat the above proofof-concept experiments provide a

basis forthe design of highly sensitive and chemically selective opticaénsors.
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Abstract

/| xET ¢ O OEAEO OOOOAOOOAT OAOEAAEI EOUR 1 AOAIT MI «
well as chemicalsensing materials by providing both high sensitivity andselectivity. Here,
we integrate different types of MOFs (Zi#8, HKUST1, CAU1-NH,) into photonic multilayers
referred to as Bragg stacks (BSs), which report on adsorption eventsrough changes in
their effective refractive index (RI). Thefabrication of photonic multilayers is accomplished
by spin-coating colloidal suspensions of MOF nargarticles and/or the high Rimaterial
TiO.. While their incorporation in BSsallows for the labetZEOAA OAAAT OO 1T £ EIT O
interactions, the choice of particular types of MOFs determines the sensiqgoperties of the
BS. Here, we present MOBased BSs wh enhanced specificity toward molecular analytes
by combining two different MOFs in a single platform. The sensing performance of our BSs
is demonstrated by a combined spectroscopic angrincipal component analysis of their
vapor response. Timedependent measurements reveal fast response times and good
recoverability of the multilayers. Moreover, we demonstrate thattombinatorial sensing is
feasible by arranging different MOFBSs in a basic color pattern, which highlights the

potential of MOFRbased multilayers in arrayed sensor devices.
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3.2.1 Introduction

- AOA1T MI OCAT EA AOAT AxT OEO jpermagedtly pofolsi naem® O OA A
featuring high surface areascombined with chemical functionality. Tuning the framework

through the choice of the constituting building blocks Maswell as through the introduction

of functional groups by either direct or postsynthetic approaches Mxallows the size and

chemistry of the pores to be modifiecdAT Ah EAT AAh OEA EI OOMCOAOO EI
MOF and analyte beingadsorbed in the MOF structure to be controlled. Owing ttheir

structural variability and the possibility to control their sorption properties, MOFs lend
themselves well for applicdions where analyte-specific interactions are key to their
functionality. Potential fields of application range fromcatalysis$® and molecular sieving or
separationto.l to sensing devices!213 Along with the possibility to downsize MOFs tahe
nanoscaleand fashion them into various shapes and sizematching the application that is

soughtp T Malve inherent functionality of MOFs can be amplified by increasing theiexternal

surface area, which may help to improve the sensitivitpf sensors or the likel” To develop

highly selective sensorsAAAT AET ¢ -/ &MAT AT UOA ET OAOAAQEI T O
particular importance to understand and control possible signatransduction pathways.

Suitable techniques for monitoring sorption events in MOFs rely on amptical readout such

as luminescence quenchingg or solvatochromisml® on gravimetric20 or mechanical
transduction schemes! or X-ray diffraction22 and NMR spectroscop$? used as probes to

monitor sorptive -induced structural changes in the framework Despite the availability of

numerous properties that can be usedor signal detection, identification of appropriate
transduction pathways constitutes one of the key challenges in the design MOF sensorg3

For example, quartz crystal microbalancédQCM)has recently been explored as a promising
transduction schemes * MHere, the event of molecular adsorption ignonitored by guest

dependent mass changes, which can hesed, for instance, to determine diffusion constants

of smallmolecules within MOF<s27

Sane MOF structures show photoluminescent behavior thatan be modulated through
molecular adsorption18 However, such turn-off sensors often lack sufficient chemical
selectivity and may undergo signal losses caused by phenomena oth#ran analyte
adsorption.13 In addition, optical transduction schemes based on interferometry have been
successfully implemented into MOfbased sensing platforms, which areapable of readily

detecting adsorption events in the MOfporess ¥ Minterference-based schemes benefit bm
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providing a labelfree transduction pathway that is independent of thanvestigated sensing
material, and they offer reaitime decodingl £ ET OOMCOAOO ET OAOAAOQEI T O8
route has beerextended to photonic multilayer systems0.3t christened 1D photonic crystals
(PCs) or Bragg stacks (BSs), as well as to 8pal structures and films¢ < Mdarnessing the
change in theeffective refractive index (RI) as a result of analyte adsorptiom the porous
MOF structure. We recently demonstrated thadsorption performance of multilayer stacks
composed of alternating ZIF8 layers and the highRIl material TiO, toward a range of

organic vapors using spectrophotometric ellipsometryg0

Besides signal transduction, the integration of MOFs inteensing deviceghrough thin film
growth techniques and thedesign of MOFs with desirable properties are considered to be
central tasks for the development of MO#based chemicakensors!3 Sensing performance is
generally associated withsurface properties and themicrostructure of the sensingmaterial,
i.e., surface area, porosity, and film thicknes€onsequently, thin layers with thicknesses up
to a few hundred nanometers are commonly preferred because they permit rapicnalyte
uptake. Along with the detection Imit and sensitivity, the response time may further be
improved by using porousand particulate morphologies!” Toward this end, a number of
different growth techniques have been developed for théabrication of thin MOF films that
differ in their focus: thickness , microstructure, or crystallite or ientatione tMp ¢h ¢t Mcwhaov Moy
These techniques include direct orsecondary growth methods?4 gellayer deposition36
layer-by-layer (LbL) techniques?6é or the use of colloidal suspensions fofilm deposition by
spin- or dip-coating protocols?835.37 Some of these methods require pretreatment of the
substrate with anchor molecules that provide a suitable interface or linkage tthe growing
MOF crystalk426.36 In contrast to sequential growth methods, the fabricatin of thin films
from colloidal suspensions offers the advantages of fast deposition and facilkickness
adjustment through the choice of particle concentratiorand deposition speed®’ In addition,
such lowtemperature solution processing methods are adaj¥e to any MOFstructure that
can be stabilized as a colloidal suspension and atbgerefore, a generalizable route toward
thin MOF films.

Besides film fabrication and choosing an appropriatéransduction scheme, the rational
choice of the MOF usetbr detection represents a key element in the fabrication aelective
sensing systems. According to the application that sought, the sorption properties of the
device can be tailored bychoosing a MOF with appropriate characteristic sensinfgatures,
such as hydrophilic HKUST-1 for water sensing applications2438 In this context, the

challenge to specificallydetect one out of a mixture of interfering analytes may baddressed
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by integrating MOFs in the sensing device that sholow cross-responsiveness toother
AT AT UOAO 1T O OE appdaches OEifidng dh @reapdt diférént MOFsensors.
Immobilized metalloporphyrin dyes, for instance, havebeen used to create unique color
profiles that allow for the identification of chemically similar vapors by ligation of open
coordination metal sites4 While the concept of combinatorialsensing has already been
well-established in the field of metaloxides*2 and porous siliconbased PC$3 to our
knowledge, ithas not been extended to optically encodeMOF sensors sdéar. In comparison
to these materials, MOFs could offer botinherent chemo- and sizeselectivity as well as

enhancedchemical stability, circumventing the need for additionafunctionalization.

Here, we present a generic analyte detection lgform based on MOF nanoparticle
multilayer systems that allows for the specific and labelfree detection of molecular
adsorption eventsin real time. This strategy takes advantage of the inherengorption
properties of the MOFs and translates them into raanalyte-specific optical readout. To
demonstrate the feasibility of our approach, we selected ZH8, HKUST1, andCAU1-NH, as
prototypic, well-investigated MOF structures withdifferent framework polarities, which are

available in nanoparticulateform.

To obtain a high level of specificity, we have integratethultiple MOF species into a single
sensing platform(christened tandem MOF BS), which thus simultaneousBncodes different
OUDPAO T £ ET OOMCOAOO viehdd develbm@E ardrréysasgdiplatidare AE OET T |
utilizing the combinatorial response of multiple MOF films for analytedetection. We
demonstrate the arrangement of TiO,/MOF BSsand their response to different vapors,
yielding specific colorpatterns that can be correlated to change the respectivereflection
spectra. Using color image analysis and princip@omponent analysis (PCA), we show that

the stacks are capablef discriminating between both single solvents and solvennixtures.

3.2.2 Experimental Section

Chemicals

All chemicals were obtained from commercial sourcesind were used without further
purification. Zinc nitrate hexahydrate (Zn(NGs)2:6HO, 99%) and aluminum chloride
hexahydrate (AIC}-6H./ h | wwbq xAOA D OOAE A ®™Atylimidagie i o)
(C4HsN2, 99%), mly(acrylic acid) (PAA, MW = 1,800), antitanium(lV) ethoxide (Ti(OEt)4)
were purchased from SigmaAldrich. Benzenel,3,5tricarboxylic acid (HsBTC, 98%), N,N

(@]
Q»
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dimethylformamide (DMF, p.a.),copper acetate monohydrate (C(OAc)-H.O, 98+%), and

nitric acid (HNGs, puriss) were purchasedfrom Acros. Ethanol (99%) was purchased from

BfB. 2Aminoterephthalic acid (:BDGNHA | wybPq xAO DOOAMeh@kIA A£OT 1 |

was purchased from either SigmaAldrich (puriss) or BASF(purum).
Syntheses

Preparation of ZIF8 nanopatrticles

ZIF-8 particles were synthesized by a modified literature synthesis method4
Zn(NGs)2:6H20 (0.73 g, 2.44 mmol) was dissolved in methanol (50 mL) amdpidly added to
a solution of GHgN2 (1.62 g, 19.6 mmol) in 50 mLof methanol. The mixture wa stirred
constantly throughout the reaction until the solution turned turbid. After 1 h, the product
was separated from the reaction mixture by centrifugation and washed imethanol three
times. Stable colloidal suspensions of Zi8 were obtained by redispersing the washed

product in methanol usingultrasound (Elmasonic S100H ultrasonic bath, 550 W).
Preparation of HKUST1 nanopatrticles

HKUST1 particles were synthesized similarly to that in the literature4s HsBTC (0.738 g,
3.44 mmol) was dissolved m ethanol (14 mL) and DMF (42 mL) ancdtcombined with PAA
(2.21 g, 1.23 mmol). To this mixture was added aolution of Cu(OAc)-H.O (0.7 g, 3.44
mmol) in 28 mL of deionizedwater under vigorous stirring, which rapidly induced the
formation of a blue precipitate. After 30 min, the product was separated from theesaction
mixture by centrifugation and washed in DMF at least thredimes. Stable colloidal
suspensions of HKUST were obtained byredispersing the washed product in DMF using

ultrasound.
Preparation of CAU1-NH; nanoparticles

CAU1-NH; particles were synthesized by a modified literature protocoké A mixture of
H,BDGNH; (0.087 g, 0.468 mmol) and AIGI6H,O (0.348 g,1.44 mmol) was suspended in
c8pxu I, 1 /& [ AGEATTI ET A igéséddcterpaddiseabd Ovith
a septum. After aprestirring time of 10 s, the reaction mixture was heated under stirringn
a microwave oven (Biotage Injector) for 6 min at 145 °C. Theeaction mixture was then
rapidly cooled to ambient temperature usinga forced air cooler, yielding a milky yellow

dispersion. The product wasseparated from the reaction mixture by centrifugation and
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washed inmethanol five times. Stable colloidal suspensions @AU1-NH, were obtained by

redispersing the washed product inmethanol usingultrasound.
Preparation of TiO, nanoparticles

TiO, particles were synthesized according to the literaturet” Ti(OEt)s (6.25 mL) was
slowly added to HNQ (0.1 M, 37.5 mL) under stirring and heated aB0 °C for 8h. After
cooling to room tempeature, the opalescentmixture was sonicated for at least 3 h. Stable
colloidal suspensions ofTiO, were obtained by repeated collection of the product by

centrifugation, washing, and finally redispersing in methanol usingltrasound.
Fabrication of TIQ,/MOF Braggstacks

Multilayer stacks consisting of thin MOF (MOF = ZIB, HKUST1, CAU1-NH,) and TiO,
layers were obtained in an analogous manner to that in thiterature 3¢ by spin-coating the
respective colloidal suspensionsalternatingly on silicon subdrates, beginning with either
TiO; (referred to as TiO/MOF BS) or a MOF layer (referred to agIOF/TiO, BS). Prior to film
deposition, silicon substrates(1x1 cn?) were treated with piranha acid (96% HSQ/30%
H.0,, 2:1(v/v) ) for 1 h, rinsed intensivelywith water, dried under a nitrogen stream, and
plasma-cleaned (Femto plasma cleaner, Dieneglectronic GmbH, air, 100 W) for 5 min. A
Ol OAOET T Al ODPAGRBN T4 wmotmMMgmnd xAO OOAA A& O OE/
and the acceleraton speed was fked to 1500 rpm/s. The film thicknesswas adjusted by the
particle concentration in the suspensions and bymultiple coating steps. After each
deposition, the film was annealed a#0 °C (for BSs containingCAU1-NH,) or 200 °C (all
other BSs) forl5 min.

Fabrication oftandem MOF Braggtacks

Multilayer stacks consisting of thin layers of two different MOFs (christened ZHB/HKUST-
1 BS and ZIRB/CAU1-NH; BS) were obtained by spircoating the respective colloidal
suspensions alternatingly on siliconsubstrates, beginning with ZIF8. The cleaning process
of the substrates and the fabrication of the Tandem MOF BSs werenducted similarly to
that for the fabrication of TiO./MOF BSs.
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Characterization

XRD pdterns of powders were collected usingeither a Huber G670 diffractometer in
Guinier geometry or a StoeStadi P diffractometer with an image plate detector system in
transmission with Ge(111)}monochromated CuK, ,O A A E A O E1i58051)A) Data were
collected between 5° and 45°. IR spectroscopgr the bulk material was carried out with the
help of either a PerkinElmer Spektrum BX Il spectrometer including an attenuatedotal
reflectance (ATR) unit or a Bruker ALPHA FTIR spectrometer in the spectrd range of
T 11Tt T M@ B.1R spektra oBSs were detected with a Nicolet iN10 IR microscope (Thermo
3AEAT OEEAEAQ ET OEA OpiAgcananylelecCo$SECAIcrographstwersa TM x v Al
recorded either with a Merlin (Zeiss) FESEMor a JEOL JSI@500F SEM equipped with an
Oxford EDX analysissystem. EDX analysis was performed using either the Oxford EDX
system or a Philips ESEM XL 30 with an EDAX NEW-3QLdetection unit. Argon (nitrogen)
adsorption/desorption isotherms of the bulk material were recorded at 87 K (77 K) with
either an Autosorb iQ instrument (Quantachrome Instruments, Boynton BeaclkL, USA) or
with a BELSORMnax apparatus (BEL Japan Inc.yamples were outgassed in vacuo at 100
°C for 12 h (ZIF8, HKUST1, TiO,) or at 130 °C for 3 h CAU1-NH,). Apparent specific
surface areas were calculated by using the BET method as described in thirature. 48
Micropore volumes were calculated from the adsorptiorbranch at p/po = 0.5. For liquid
state tH-NMR investigations, thesamples weredissolved in a solution of 5% NaOD in fD.
The NMRspectra were recorded on a Bruker DRX500 NMR spectrometeperating at 500
MHz. Elemental analysis was carried out on akurovektor EuroEA elemental analyzer.
Ellipsometric measurementswere carried out usng a Woollam M2000D at angles of 65°,
xnmJh AT A xuvJ ET OEA OPAAOOAT OATib&vieeni3@ apdw Tt Mp T T
1000 nm. Further fitting details are provided in theSl. Sorption reflectance measurements
were recorded with the same instrumentusing spolarized light at anincident angle of 75°,
whereas a fiber optic spectrometer (USB2000+Qcean Optics) interfaced with an optical
light microscope (DM2500M, Leica) was used for timedependent reflection measurements.
Further sorption measuremern details are provided in the SI. Color image analysis was
performed using the program FIJI. PCA analysis was carried out with the help of the

program XLSTAT. Further analytical details are provided in thgl.
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3.2.3 Results and Bcussion

Characterization of TiOMOF Bragg stacksand tandem MOF Bragg

stacks

The fabrication of MOFbased BSs was pursued by alternatingly spitoating colloidal
suspensions of the MOFs ZiB, HKUST1, andCAU1-NH, and/or the high-RI material TiO,
yielding either BSs consistingof a single MOF species periodically stacked withiO, or
purely MOFRbased BSs composed of two different types MOFs (denoted tandem MOF BSs
in the following). For thefabrication of the tandem MOF BSs, we used the combiiaats ZIF
8/HKUST-1 and ZIF8/ CAU1-NH;, each starting withZIF8 as the first layer. XRD patterns
of the MOF particlesgained before film deposition are depicted inFigs. p A MApart from
peak broadening, which we attribute to the smalbatrticle size of the MOFs, the patterns

show good agreementvith the respective simulated patterns of the MOFs.
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Figure 1. Powder XRD patterns of (a) ZH8 nanoparticles (red), (b) HKUSTL nanoparticles (blue), (c) CALL-
NHz nanoparticles (green), and respective simulated XRD patterns (black). (d) IR spectra of GAWDIH. after
different thermal treatments. IR bands corresponding to BH and GO stretchingvibrations of methoxy groups
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Figure 2. Crosssectional SEM images of T&ZMOF BSs and top views of MOF nanoparticles on silicon
substrates: (a) TiQ/ZIF-8, (b) ZIF8, (c) TIQ/HKUST-1, (d) HKUSTL, (e) TiG/CAU-1-NHz, and (f) CAU1-NH..

The BSs were annealed at 200 °C, except f6AU1-NH;-based BSs, in order to remove

residual solvent molecules fromthe porous structures as well as to enhance their
mechanicalstability. In contrast to HKUST1- and ZIF8-containing BSsthe respective CAU

1-NH, multilayers were dried at 40 °C toretain their composition, asCAU1-NH, was shown

to undergo a postsynthetic transformation from [Al4(OH)(OCH)4(BDGNH,)s] to
[Al4(OH)(BDGNHy)3s] in air at elevated temperatures’ We observed the reported

postsynthetic exchange of methoxy by hydroxy gngps upon heating at 200 °C, as evidenced

by the reduction of the IRAAT AO &£ O OEA Al EPEAOEA #M( OOOAOA
2840cmm A0 xAl 1l AO &£ O OEA #0800 cm®d@ig.Ad). Aiekespectv®@ EA OAOE |
IR spectra for ZIF8 and HKUSF1, confirming the retention of these structures afterheating

at 200°C, are shown inFig. S2 (Sl). Besides IR spectroscopy, argon and nitrogesorption

experiments were conducted for further characterizationof the bulk material (MOFs and

TiO,). Therespective isotherms and derived specific surface areas and microporglumes

are provided in the Sl (Fig. S3 and Table S1). Bulk CAU1-NH; was also characterized by
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CHNS and EDX analysis as well as NMR spectroscopghitain the actual composition of the
material. Asobtained CAU1-NH; was washed in methanol instead of water to keephe

dispersion stable for the spinrcoating process. Thereforesome of the amino groups are still
protonated, with CMacting as a counterionts According to the analytical daf, the precise
sum formula of the product washed in methanol and dried in air is

[Al4(OH)2.34(CHs0)s.66(BDGNH:) 1.63(BDGNHz) 1.19(BDGNHCH) 0. 13- 1.19CMH,0O. Despite the
large counterions, the pores are still accessible, which wademonstrated by the nitrogen

sorption experiments. Theresults of NMR spectroscopic measurements, elementahalysis,
and EDX analysis are presented in th8l (Fig. S4, Tables S2and S3).

Figure 3. Crosssectional SEM images of a A8/HKUST-1 BS (a, b) and a ZHB/CAU-1-NH2 BS (c, d) on silicon
substrates.

The realization of the multilayered structures is illustrated by cross-sectional SEM.
Representative threebilayer stacks foreach investigatedTiO./MOF combination as well as
top-view images of MOF single layers are shown iRig. 2, whereas therespective tandem
MOF BSs are presented iRig. 3. Thesuccessful integration of the different MOF species is
demonstrated by the particulate appearance of the filmsreflecting the characteristic
morphology of the MOF nanoparticlesk-or the ZIF8/HKUST-1 BS, the discrimination ofthe
individual layers is impeded, as both types of MORanoparticles exhibit similar sizes and
the scattering contrast islow due to only marginal differences in electra density of the
building blocks involved. To confirm the presence of all MOFse used EDX analysis and
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recorded IR spectra for all BSs orsilicon substrates, which ascertain the successful
integration and retention of the MOF structures Table S4 and Fig. S5, SI). Besides, we
determined the effectiveRI of single MOF layers (1.20, 1.25, and 1.30 for BFHKUST1,
and CAU1-NH;, respectively; see als@able S5, Sl) and their thickness using spectroscopic
ellipsometry. From the SEM images shown iRig. 2, we deduce average thickness values of
71, 77, and 133 nm foiZIF-8, HKUSTL, andCAU1-NH; layers, respectively although lateral
thickness variations in the stacks are observedore SEM images showing larger details as

well as photographicimages of thestacks are provided in theSI (Fig. S6).

Vaporsorption and optical sensing with MOFbasedBragg stacks

The combination of high and low-RI materials in a multilayer, such asTiO, and a MOF,
creates a periodiclattice in one dimension that stronglyscatters photons withwavelengths
commensurate with the lattice period. The periodic potential thus gives rise to the
formation of a photonic bandgap that prevents light with particular frequencies from
OOAOAT ET ¢ OEOI OCE OEA " 3 8law fér Mbroah lbdidenceQthe OE A
Dl OEOEIT 1T £ OEA AkcaBo wdiddatet by vdryln@thd oftical thickness
of the layers,i.e., the product of the effective RI (n) and the physictiickness h of the layers,

in response to external stimulisuch asadsorption of analytes, according té?
|' Ynax = 2(n|_h|_ + thH)

Here, the parameters for the low and high-RI-material are marked with L and H,
respectively, and m is the diffractionorder. Due to a change in the RI contrast caused by
infiltration with an analyte, the response to a stimulus can be detected lshanges in the

reflectance spectrum or even by the naked eythrough a color change of the BS.

In order to evaluate whether our hybrid structures are suitable as sensing systems
combining both sensitivity and selectivity, we exposed ourTiO./MOF BSs to different
organic vapors and monitored the response with the help ofspectrophotometric
ellipsometry. In Fig. 4a, exemplary reflectance spectra of &i0O,/ CAU1-NH, BS show a
significant optical shft (44 nm) upon exposure to ethanol atsaturation pressure (p/poh p J8
The respective spectra ofliO,/ZIF-8 and TiO.,/JHKUST-1 BSs as well as the response of all
TiO/MOF BSs to methanol atppo® p A OA DRgE.GAahdBA (8). Ehe structures

show pronounced shifts upon exposure to both ethanol (42 an®2 nm for ZIF8- and
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HKUSTF1-based BSs, respectively) anchethanol (36, 35, and 50 nm for ZIF8, HKUST1, and
CAU1-NH. BSs, respectively), which illustrates the sensitivity of althree BSs toward he
investigated analytes. It should be notedhat the wavelength shift of a Bragg maximum
positioned at higher wavelengths (which may, for example, be due to a larggrhysical
thickness of the layers) is generally larger compared tBragg maxima at lower vavelengths.
Hence, besides theadsorption capacity being unique for every MOF type, theesponse
magnitude of a specific multilayer structure will alsobe affected by the thickness of its
layers, at least to a certairextent. In addition, the apparent thi&kness variations in each
multilayer (see Figs. 2 and 3) will lead to slight differences inthe respective Bragg maxima
for different spots on the film. Amore detailed discussion concerning the validity of the
shifts in terms of sample quality and experimatal limitations is provided in the Sl
(Characterization Details). To make the results for different TIO,/MOF BSs more
AT T DPAOAAT Ah xA OEOO , ®MAEA Giioaalikell wib Eekpecdte EneEOO  § )
x AOAT AT COE 1 Mor@dicAlatibnAledils, skeSI) CharacterizationDetails).
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Figure 4. (a) Reflectance spectra for a TigdCAU-1-NHz BS kept in dry nitrogen (black line) and after exposure to
ethanol (green line) at the highest partial pressure (p/p H1). Optical adsorption isotherms for TIQ/MOF BSs
for ethanol (b) and methanol vapor (c). (d)Normalized peak shifts for three TIQ/MOF BSs after adsorption of
ethanol and methanol at three different pressure ranges.
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By plotting the (normalized) peak shft of TiO.,/MOF BSs asa function of vapor pressure,
optical vapor adsorption isotherms are obtained that demonstrate the adsorption
performance of the different MOF BSs in the presence of ethandFig.4b) and methanol
(Fig. 4c) at different concentrations. The ZIF8-based BS shows an-fype isotherm at low
pressures (p/po S 0.1 for ethanol adsorption), which is in agreement with ourpreviously
reported results30 as well as with other ZIF8 adsorption studiess051 This particular shape is
often associatedwith a certain flexibility of the framework induced by the interaction with
analytes (gate opening), which may result inthe uptake of molecules with even larger
kinetic diameters thanthe pore entrances of ZIFB.52 According to Zhanget al5° and Cousin
Saint Remiet al.5! the adsorption isotherms of variousalcohols are shifted for ZIF8 to
lower pressures with increasingchain length and, hence, hydrophobicity. Here, the uptake
for ethanol is shiftedtoppo® T8 p 8 &1 O [ ALGraldr diambter,Ahd @p b d E O
isotherm is observed at pfpo B 0.2, which may originate from the larger polarity in
comparisonO1T A OEATT1 AT AR EAT AAh OEA inferABoid.so A& T AEEAEAT
slow but continuous increase of the curve aeven higher partial pressures is attributed to
the textural porosity of both TiO, and ZIF8 layers3o In contrast to TiO,/ZIF-8, HKUST1-
and CAU1-NH;-based BSs show a steeimcrease at very low vapor pressures associated
with the instant uptake of the aralytes in the micropores and in agreement witlthe rather
hydrophilic nature of both MOF structures.Compared to the HKUSTL BS, theCAU1-NH, BS
shows asignificantly larger shift at low vapor pressures for bothsorptives. The shape of the
ethanol sorption isotherm for TiO./ CAU1-NH, is in good agreement with the isotherm of
CAU1 thin films on QCM gold electrodes? which is indicative of a MOFdominated sensing
performance of the BS. Both isotherms forTiO, CAU1-NH, and TiO,/HKUST-1 exhibit
continuously increasing curves at ppo > 0.1, consistent with the presence of a
comparatively high fraction of textural porosity. The sorption isotherms presented here
suggest a lower adsorption capacity of HKUST in comparisonto that of the other MOFs,
ZIF-8 and CAU-1-NH,, which is inline with the sorption data of the bulk material (seeTable
S1, S).

To evaluate the sensing performance, i.e., adsorption capacignd selectivity of the
individual MOFs, the normalized shifts foreach MOF BS are compared-ig. 4d) by the
example ofthree different analyte concentrations (p/po ® 18 11 ¢ h 1.0k &\ccdrding o A
this chart, TiO,/ CAU1-NH, shows superior sensitivity at low vapor pressures (pjpo B T8 1M ¢ Q
toward both analytes in comparison to that for the other BSsThe high sensitivity of the

CAU1-NH, BS toward theinvestigated alcohols is in good agreement with the response
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demonstrated for CAUl-coated QCM electrodes54 For HKUSTF1- and ZIF8-based BSs, a

somewhat opposite sensingoehavior is observed at low partialpressures: While the ZIF8

BS shows only marginal shifts for both analytes at @b B 1 8nmtapmparison to
TiO/HKUST-1, a pronouncedly higher shiftfor ethanol is observed at ppo ® m8¢ Al O
TiO2/ZIF-8. For methanol vapor (p/po ® m8c¢qh xA A O1T A GkO6dhAO OEI F
TiO,/HKUST-1 and TiO,/ZIF-8 BSs. At highvapor pressures (p/[po P pQh OEA 1 AO
sensitivity for ethanol and methanol is shown by TiO./ZIF-8 and TiO, CAU1-NH, BSs,

respectively, whereas a general lower adsption capacity for the HKUST1 BS is observed

in comparison to that for theother BSs. This finding complies with the results published by

Wu et al,33 which state the significantly lower sensitivity of HKUSTF1 opals as compared to

that of ZIF-8-based stuctures. However, such observations have to be treated with care, as

the precise comparison is possible only under similar experimentatonditions (such as

analyte concentration and measuremensetup) as well as comparable sample properties

(e.g., thickness of the investigated films, textural porosity, accessibility of thgores). In this

context, the potential presence of residual watecontent during the sensing experiments

constitutes another important parameter in evaluating the performance of HKUSL

sensors, as the degree of humidity has been shown to greathfluence its sorption capacity

toward other analytess55¢ Aside from these general considerations, the chemoselective

behaviour of our MOF multilayer systems is clearly demonstrated by thdifferent optical

shifts at various partial pressures.

Besides selectivity and sensitivity, a key issue of sensirtgvices is the recoverability of
such systems, including the easef sorptive removal within a reasonable amount of time as
well as preferably low response times toward small concentrationchanges. To probe the
response time of our platforms, we exposed TiO./MOF BSs to different ethanol
concentrations that were varied within short time intervals and monitored the change in
reflectivity in situ at certain wavelength positions(Fig. 5). According to the measurements
presented in Fig. 5, the reflectivity of all BSs changes within seconds when the
AT 1 AAT OOAOQGEIT EO Al OAOAA EireveBiblyv@atA holdpaént | £ | p
delay after concatration change. Depending on the MOF type, it takes a few seconds to
reach at least 90% of the final response, as can be deduced from tiraphs. For instance,
upon a change from 0 to 25% ethanolapor in the nitrogen stream, we calculated response
times of about 4.5, 7.7, and 10.1 s foliO./ZIF-8, TiO,/HKUST-1, and TiO,/ CAU1-NH,,
respectively (see alsdrig. S9, SI), which is comparable to that of other MOBensors2833 The

initial response of our BSs upon smaltoncentration changes is, hence, fast and produces
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clearly distinguishable signals. For an estimation of the detection limiof our BSs, see th&l
(Characterization Details).
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Figure 5. Reflectance spectra of TidMOF BSs and timedependent responses othe BSs upon exposure to
varying concentrations of ethanol vapor: (a, b) Ti&dZIF-8, (c,d) TiO2/HKUST-1, and (ef) TiO2/CAU-1-NH.. The
response was monitored by recording the change in reflection at distinct wavelength positions (marked in the

respective spectra). Closeup views of the graph positions used for calculating the response time are provided in
the SI(Fig. S9).

The presented results demonstrating both high sensitivityand selectivity of TiO./MOF BSs
as well as fast response timesuggest ther utility for the analyte -specific detection in
arrayed sensing devices. To obtain a high level of specificity, we pursuédo different
strategies, both taking advantage of thecombination of the characteristic sorption
properties of the individual MOFs:In our first approach, we integrated twoMOF species into

a single sensing platform, whereas in thesecond approach, all threeTiO,/MOF BSs are
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assembled in abasic color pattern (optical fingerprint). Both methods areenvisaged to
allow for the simultaneous encoding of diferentQUBDA O T £ ET OOMCOAOO ET OAO.
approach, we evaluated the sensing performance of the tandem MOF BSse., the
combination of ZIF8 layers with either HKUST1 or CAU1-NH,) by conducting similar
sorption measuremerts asthose for the TiO./MOF BSs (sed-igs. 3 p 1 M 3op @flectance
spectra,S)). In Fig. 6, theethanol and methanol sorption isotherms ofTiO,/MOF BSs (MOF =
ZIF-8, HKUSTL) are presented in comparison toZIF8/HKUST-1. The ethanol sorption
isotherm (Fig. 6a) for the tandem MOF BS shows characteristic features of tieotherms for
the TIO/ZIF-8 BS: Atppo P 18 p h ATl thefisotAe®iishobskrvet that is comparable
to the isotherm obtained for TiO./ZIF-8. This similarity can be also found irthe methanol
sorption isotherm of the tandem MOF B%Fig. 6d): Here, a shift of the step fromppoH 1T 8 p
to p/ po H0.2 in comparison to the ethanol sorption isotherm is observedyhich matches
well with the sorption data obtained for TiO»/ZIF-8. In addition, we observe another step at
p/po < 0.1 in both the ethanol and methanol isotherms, matching theresponse of
TiO/HKUST-1 toward methanol at very low partial pressures. The signal height, however,
turns out to be rather small in comparison to the clearly visble step at p/po 0.1 (0.2) for
ethanol (methanol). We rationalize this findingwith the different adsorption capacities of
the MOFs: By takindgnto account the low adsorption capacity of HKUST, whichwe deduce
from the sorption data of the bulk materid (Fig. S3 and Table S1, Sl), and the sorption
measurements ofTiO./HKUST-1 (Figs. 4b and c), the signal forthe uptake in the pores of
HKUST1 is likely overlapped by thecomparatively larger signal caused by the interaction of
the sorptive with ZIF-8. Byincreasing the thickness of HKUST layers, which can be facilely
done through multiple spin-coating steps, the magnitude of the HKUST response may
increase aswell. In order to test this assumption, we prepared a series a¢andem MOF BSs
with different relative layer thicknesses of thandividual MOFs and repeated the adsorption
experiments. Theintegration of differing amounts of MOFs is confirmed by EDXnalysis
(Table S4, Sl). In Fig. 6b, we depict exemplarily the adsorption performance of three
ZIF-8/HKUST-1 BSs toward ethanol vapor with gradually increasindayer thicknesses of
HKUST1. At high ZIF8 content, twoclearly distinguishable steps (ppo<0.1andppoh T8 p q
in the ethanol sorption isotherm are observed. When the thickness dhe HKUSTL layers is
increased, the step height at pdo < 0.1seems to increase as well, which is consistent with
the larger amount of available HKUSTL micropores. We observed aimilar trend when

subjecting the BSs to methanotapor (Fig. 6e).
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Figure 6. (a) Ethanol and (d) methanol sorption isotherms of a ZIB/HKUST-1 BS in comparison to the
respective isotherms of TiIQ/HKUST-1 and TiQ/ZIF-8 BSs. (b) Ethanol and (e) methanol sorption isotherms of
three ZIF8/HKUST-1 BSs with different layer thicknesses. Ththickness of the ZIF8 layers is increased from top
to bottom (highlighted by underlines), whereas the HKUST content is decreased. (c) Ethanol and (f) methanol
sorption isotherms of a ZIF8/CAU-1-NHz BS in comparison to the respective isotherms of THDCAU1-NHz and
TiO2/ZIF-8 BSs.

In order to probe the versatility of our tandem MOFmultilayers, we conducted similar
adsorption experiments with another heterostructure (ZIF8/ CAU1-NH;) and compared
them to the adsorption isotherms measured fofTiO./ZIF-8 and TiO,/ CAU1-NH, (Figs. 6¢
and f). The isotherms for ZIF8/ CAU1-NH, show clear, yet somewhat less pronounced,
characteristic features of the respective singleomponent BSxompared to ZIF8/HKUST-1.
This finding may be explainedby a mutual influencearising from the presence of direct
interfaces between the two MOFs, which, along with theequence of the multilayer, may
affect the individual sorption behavior of the MOFs. Such effects have been already

describedfor oxide bilayers exhibiting different (textural) porosities5” or binary Janus MOF
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coatings® and may also occur in our tandenMOF BSs, leading to a somewhat synergistic
sensing behavior.Tuning the layer thicknesses of either ZiH8 or CAU1-NH, (see Fig. S14,
S|, for the isotherms)leads to ro apparent enhancement of one or the other MOsgtgnature
in contrast to the case of ZIB/HKUST-1. While theresponse of ZIF8/HKUST-1 toward the
investigated analytesseems to be characterized by the sorption properties of thimdividual
BS componentsthe ZIF8/ CAU1-NH, BS shows a more complex response that may be
mediated by the mutualinteractions between its layers. Despite these differences in the
sensing behavior of the two tandem MOF BSs, the versatility such multilayers is
demonstrated by taloring the sorption properties toward a particular analyte through the
judicious choice of the constituting MOF structures as well as by fir@ning the dimensions
of the individual layers. The impact othese parameters and their tailoring toward a speci€

sorption profile is currently being investigated in our group.

ZIF-8 HKUST-1 CAU-1-NH,

Figure 7. Photographic images of an array assembled from Z&/TiO 2, TIG/HKUST-1, and TiQ/CAU-1-NH:z BSs,
illustrating the color change of the array upon exposure to ethanol vapor (lowerow) in comparison to pure
nitrogen (upper row).

In our second approach toward enhanced analyte specificitye pursued the fabrication of

an arrayed setup assembled frommultiple MOFbased multilayers. In general, arrayed

sensing devices are built up of different sensing films arranged in aspecific pattern.

Depending on the transduction scheme, th® AT OT OMAT A1l UOA ET OAOAAQEIT I
signature with enhanced analyte specificity in comparison to that of thandividual sensors,

owing to the combiatorial response. As dirst step toward such an array derived from
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photonic MOF multilayer structures, we arranged all three MOFbased BSs oma glass
substrate in a homebuilt chamber (seeFig. S15, S|, for images of the setup and the array).
In this chamber, a stream of nitrogen saturated with the analytevas injected, and the
evolution of the color upon analyteuptake was monitored in situ with a camera attached to

the microscope.

As illustrated in Fig. 7, showing optical images of théndividual fil ms, the PC array exposed
to ethanol vapor shows a clearly visible color change in comparison to the array subjected
pure nitrogen. The response, i.e., color signature of a similarrayed setup to a range of
different analytes including ethanol,water, 2-propanol, and thexanol, is shown inFig. S16
(Sh. We confirmed these changes byimultaneously recording the evolution of the
reflection spectra for each BS Figs.3 p X M35 @nd determined the respective spectral
shifts for each sorptive after5 min exposure. By assigning these values to the respective
TiO,/MOF BSs, we obtain unique numerical codes that argpecific for each investigated
analyte (Table 1; seeTable S6, S|, for normalized values). According tdrable 1, HKUST1-
and CAU1-NH;-based BSshow comparatively high sensitivity to water, which agrees well
with the hydrophilic nature of both MOF structures. Amoderate shift is observed for the
TiO,/ZIF-8 BS uponexposure to water due to the hydrophobicity of ZIFB, which is
somewhat counterbalaxced by adsorption of water in theTiO, nanoparticulate layers. For
all TiO./MOF BSs, we observe geduced uptake of thexanol, which may be related to its

bulkiness in comparison to that of the other analytes.

Table 1. Peak shifts for an array assembletfom three TiO,/MOF BSs uporexposure todifferent sorptives.
Peak shifts(nm)a

Sorptive TiO,/ZIF-8 TiOx/HKUST-1  TiO,/CAU-1-NH;

Water 5.4 8.0 9.3
Ethanol 18.0 11.9 7.5
2-Propanol 15.9 134 10.0
1-Hexanol 3.9 25 11

aValues derived from therespective reflection spectra shown in Figs. S1519 (SI).
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To interpret and classify the individual sorption characteristicsof the stacks, we have
recorded photographic images othe samples before and after exposure to the vapors and
extracted the respective RGB values by image analysis. Suapproaches based on color
image analysis rather than on spectroscopic shifts have already been successfully
implemented in the analysis of colorimetric combinatorial platforms42 Here, we exposed
our samples toan alternate stream of either purenitrogen or nitrogen saturated with a
solvent and recorded images for specific spots on the samples under constant light
conditions. The analysis of the images was performed using aode developed with the
program FIJI hat involves alignment of the images, area selection, and calculation of the
mean RGHntensities (seeSlfor a more detaileddescription of the experimental setup and
image processing). InFig. 8a, the extracted mean RGB values and channel imaga®
exemplarily shown as unique patterns for all three BSamples upon exposure to nitrogen
(left side) in comparison to ethanol adsorption (right side). The asobtained values were
OEAT OOGAA O1 AAOGAOI ET A OEA edck A3EAadpdid Ry .A80,

>2h

3

calculated for ethanol) and eactinvestigated analyte Fig.8ch OA1T OAO OADPOAOAT OAA

in the matrix). Note that the values represent mean valuesderived from three
measurements per solvent and BS sampisee4 AAT A O , S, YoM®mplete listsof all
extracted and calculated intensities). The reproducibility of the measurements is
demonstrated by the reversibility of the respective RGB intensities upon switching from

pure nitrogen to the sdvent or solvent mixture (Figs. S20and S21, SI).

The exracted values can then be used to analyze thadividual capability of the BSs to
discriminate between different analyte vapors. To this end, we performed principal
component analysis (PCA) based on the characteristic R@8des for each stack. The thus
obtained PCA plots are depicteéh Figs.w A Mok TiO»/ZIF -8, TiO,/HKUST-1, andTiO./ CAU
1-NH; BSs, respectively. Each plot shows a 2D projectiaf the factor scores calculated for
each observation (i.e.solvent), whereas the first component, F1, and theesond, F2account
for the largest variance of the measurements. FrorRig. 9a, we can see thafiO./ZIF-8 BS
shows a rather poordiscrimination capability for methanol, ethanol, and 2propanol, as
these points cluster in similar regions, whereas the pointdor water and 1-hexanol are
clearly separated from the formersolvents. The first two principal components (F1 and F2)
account for 93.25% of the variance. FofTiO,/HKUST-1 BS (Fig. 9b), we observe a
separation of methanol from the groups2-propanol/ethanol and 1-hexanol/water (F1 + F2:
99.89%). The CAU1l-NH; BS shows a comparatively betterdistribution and, hence,

discrimination of the analytes Fig. 9c), indicated by a clear separation of all five points (F1
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+ F2:100%). The three MOF BSkence show clearly differentdegrees of discrimination
between the investigated analyteswhich could be useful in a combinatorial response for

analyzing,for instance, mixtures of vapors.

a Pure N, Ethanol/N,
sl ..} g [r)e]ls
253 || 249 |(g42] 72 1z |253 || 229
284 || 249 || 208 T | ' i TH |207 | 249 || 204

C aRTZ ORTH BRTC | |AC

Methanol
2-Propanol
Water
1-Hexanol
Eth/meth
Eth/2-pro
Eth/water
Eth/1-hex

Figure 8. Scheme illustrating the basic steps of color image alysis and determination of analytespecific

numerical codes. (a) Photographic images of an array assembled from TF-8, TiQ/HKUST-1, and

TiO2/CAU-1-NH: BSs are recorded for the exposure to nitrogen and a sorptive, respectively (exemplarily shown

for ethanol). After alignment and area selection, the images are split in the respective color channels, and the

mean RGB intensities are extracted. (b) On the basis of average RGB intensities obtained for three

i AAOOOAI AT 606h OEA A EE&ELCORHYRAAG, Bpare calculdted. (o] Im&ge frocessing and

AA1T AOI AGETT 1T &£ 32 j'h "q AOA PAOA&EI O AA £ O Al ET OAOOECAOA,

As a proof of concept, we used the extracted data for fospblvent mixtures (ethanol with
methanol, 2propanol, water, or 1-hexanol in volume ratios of 1:1) to perform PCA with all
nine OAOEAAIT AQTzj 8 R fand s® forth) which allows udo evaluate the
combinatorial capability of the stacks for analytediscrimination. According to Fig. 9d, the
array shows a clearseparation and, hence, discrimination of all analytes (F1 + F21.64%).

If we calculate individual plots for each of the RGBhannels (segrig. S22, SI), then the best
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separation result is obtained when monitoring the Bchannel (F1 + F2: 86.73%). In this case,
already the extractionof the B intensities would be sufficient to allow the solventnixtures
to be discriminated. If the PCA is performed as fanction of the individual BS samples (i.e.,
only the RGB valuedor TiO./ ZIF8 are considered and so forth), then botiiO./ZIF-8 and
TiO./ CAU1-NH. BSs show a comparatively higlilegree of separation for three of the four
solvents (Fig. S23, Sl F1 + F2: 92.07 and 99.32%espectively), which may be the reason for

the gooddiscrimination capability of the complete array.

Our BS array hence shows clearly visible color changes upanalyte exposure and allows
for the instantaneous detection ofdifferent guest species by monitoring both the color
profile and the respective reflectance spectra. Evaluating these coupledetection routes
(i.e., color signature and reflection spectrathus provides an efficient tool to monitor
adsorption events at low concentrations, and the precision of the generated analyte

signatures is enharmed owing to the dual readout.

a s 1 b 1.5 ]
1 1-Hexanol |
-~ 1.0 Methanol _ 10 . op |
= 0. Ethanol + . {4 2-Propano
; 09 2-Prc-panc:ll=I Water| f 0.5 Water -
o 0.0p—— + 4 : = — 00 f + 4
o o L]
= -0.5 + 05 1 Ethanol
& 0 1-Hexanoll & 10 1
15 " | Toj2IF-8 15 Metr:anol_ TiO_/HKUST-1
3 -2 41 0 1 2 3 3 -2 414 0 1 2 3
F1(79.32 %) F1(75.76 %)
C s Methanol & d 3| Eth/water =] array
0 T Ethanol 2
= 05 + = CI
Water Eth/imeth
8 00 . & 0 *
& 05 T g -1 Eth/2-pro
o~ 1-Hexanol 2-Propanal ~ .[® Eth/1-hex <P
L -1.0 . s = w -2
15 {Ti0,/CAU-1-NH, -3
3 2 -1 0 1 2 3 3 -2 -1 0 1 2 3
F1(70.92 %) F1(51.06 %)

Figure 9. PCA plots for (a) TiQ/ZIF-8, (b) TiQ/HKUST-1, and (c) TiQ/CAU-1-NH: BSs, illustrating the
individual discrimination capability of each BS toward pure solvent vapors (ethanol, methanol,-gropanol,
water, and l-hexanol). (d) PCA plot for an array assembled from THZIF-8, TiQ/HKUST-1, and TiQ/CAU-1-
NHz BSs, illustrating the combinatorial capability for discriminating between solvent mixtures (ethanol with
methanol, 2propanol, water, and thexanol).
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3.2.4 Conclusions

In summary, we have presented the fabrication of photonienultilayers based on three
prototypic MOFs (ZIF8, HKUST1, CAU1-NH), which allow for the macroscopic optical

sensing performance of our systemsvas analyzed by vapor sorption experiments under
ambient conditions, which allow for both identifying and quantifying the analyte. Our
results thus demonstrate in accordance with othertransduction methods such as surface
acoustic wave sensor® or workfunction-based detectiorg® that MOF coatings possess
excellent sensitivity. The shapes of the optical adsorptioisotherms of TiO./MOF BSs show
the signature ofthe active MOF species, pointing to a MG#ominated response.Moreover,
along with the large variety of MOF structuresthe use of MOFs as active components in PC
sensors providesa convenient means to discriminate between mutuallynterfering analytes.
We show that crossresponsivity can beminimized by using specific types of MOFs with
different polarities combined with principal component analysis of theircolor-coded optical

response.

The isotherms of tandem MOF BSs show enhancedmplexity and increagd analyte
specificity. By simultaneouslyAT AT AET ¢ | 01 OEPI A ET OOMCOAOGO
demonstrate the potential for MOFbased analyte detectionvia multiplexing schemes. We
hypothesize that the interfacesbetween two MOFs as well as the gaence of the MOF layers
in a BS influence their individual sorption behavior and mayead to synergistic behavior or
a slowing of analyte uptake. This possibility will be explored further. Furthermore, we have
developed a MOFbased BS array to enhance thanalyte-specific readout, similar to the
color-coding principles used in aiochip. The color pattern obtained after analyte exposure
can ultimately be used as an analytespecific fingerprint, which we demonstrated through
principal component analysis. Inportant performance parameters of our MO#fbased
sensors wereinvestigated, revealing good recoverability and response timesn the order of
vMpm O8
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Abstract

Stimuli-responsive 1D photonic crystals, referred to as Bragg stacks, are capable of
translating environmental changes into a color rad-out through changes in the effective
refractive index (RI) of the multilayer system upon infiltration with an analyte. The
sensitivity and versatility of prototypic SiQ/ TiO, multilayers can be greatly enhanced by
the use of nanoparticulate or mesoporos building blocks, orinherently microporous
structures such as metalorganic frameworks (MOFs). Here, we introduce astimuli-
responsive ZIFy OA A £A A O &ioiT®UMuDIaydrd id brder to combine the high
optical quality of a Bragg stack with thecharacteristic sorption properties of the MOF. The
addition of a planardefect layer, either embedded in or deposited on top of the Bragg stack
AAOGO AO A OAT b Ain&row bard Af allbwed Sidtes id thddhotonic band gap,
which can be utilized for the precise determination of the optical response of the Bragg
stack. We demonstrate the impact of layer morphologylayer sequence and the position of
the defect on the optical and vapor sorption properties of the photoniarchitectures.
Moreover, afacile process is presented which allows for the clean inversion of the aeid
sensitive ZIF-8 defect layer into a mesoporous layer in a onstep fashion, while the layer

structure and optical quality of the stack architecture is preserved.
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3.3.1 Introduction

Periodic multilayer structures built up from dielectric materials with different refractive
indices have recently been developed intoversatile sensing platforms based on coler
tunable, analytespecific optical readout.1z”7 The capability of these structires, referred toas
1D photonic crystals (PCs) or Bragg stacks (BSs), to translaseibtle changes in their
chemical environment or internal hosteguestinteractions into a color readout has been
demonstrated, forinstance, by the exposure to gaseous andjliid analytes48 The presence
of guest molecules in the textural pores of the multilayeconstituents induces a change in
the effective refractive index (Rl)and, hence, the structural color of the infiltrated photonic
architecture. SiQ and TiO, layers derived from low-cost solegelprocessing routes are
typically used as building blocks in 1D PG¥0 as they allow for a high RI contrast and well
defined Braggreflection peaks with only a few bilayers (BLs) in the stack. A varietpf
modification schemes have been explored to enhance thesponse toward environmental
changes including the variation ofthe morphology of the constituting layers such as
porosity, size or shape of the building blocks6.1112 The sensitivity of solgel derived
architectures could thus be improved by the use of mesoporousxides?13 Another
possibility is the fabrication of cavity structures whose symmetry is disrupted by a defect
layer depositedAEOEAO ET OEAA 10 11 OI P 1T £ A OBCOHOBAO "=
defect structure, respectively)s.9.10.14 The addition of sucha layer leads to a narrow band
range of allowed frequencies withinthe photonic stop band, and the welbefined spectral
position of the narrow defect mode can be employed as a precise nseme for gradually
differing analyte concentrations® Finally, the implementation of inherently microporous,
chemically functional materials such as metabrganic frameworks (MOFs) may help to
improve the selectivity of 1D PCs towards moleculascale anaytes. Owing to the modular
construction principle of these porous networksbuilt up from metal ions joint by bridging
organic linkers, the selectivity and specificity may be greatly enhanced in comparisoto
conventional metal oxidebased PCs by means dfize or shapeexclusion and sgcific
hosteguest interactions!s.16 Compared tomesostructured metal oxides, MOFs benefit from
well-defined pore systems thus allowing for enhanced analyte specificity as a functiaf the
kinetic diameter of the analyte. Moeover, as a result of thestructural variability of MOFs,
the affinity toward particular analytes can be finetuned from hydrophobic to polar
sorptives without the need for additional postsynthetic functionalization steps. The

possibility to fabricate MOFs with dimensions reduceddown to the nanoscale allows for
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their integration into thin film devices!7z20 which has recently been demonstrated for ZH8

asa component in various multilayer structures?1.22

In this work, we demonstrate the fabrication of MDRbaseddefect structures for the first
time by depositing ZIF8 layers ontop of regular periodic multilayers, thus breaking their
symmetry, as well as by embedding the MOF between two BSs. We show thia both
approaches clean defect structures are obined, which arecharacterized by welldefined
Bragg reflection peaks and higlreflectivity values. By using differentTiO. layers derived
from either a colloidal dispersion or a sol, we can finrtune the morphology of the defect
architectures which allows for enhanced control of their porosity, while the chemical
composition of the PCbuilding blocks remains unchanged. Moreover, we show that the
nanoparticulate MOF defect slab can be converted into a mesopordager via a simple one
step synthesis, alluding to the way inwhich inverse opal structures are synthesized. The
transformation into the reversed pore structure takes place without destroying theriginal
photonic architecture, and the spectral characteristics afhe defect structure are preserved,
rendering this strategy beneficialfor smart defect engineering. Besides the optical quality,
we investigated the sensing capability of our samples by exposingem to ethanol vapor at

various relative pressures and monibring in situ the spectral shift upon analyte adsorption.

3.3.2 Experimental Section

Syntheses

All chemicals used in the syntheses are commercially availab#nd were used without
further purification. 2-Methylimidazole (C4sHeN2, 99%), titanium isopropoxide (Ti(OiPr)a4,
97%), 2-propanol (pure) and methanol (puriss) were purchased from SigmaeAldrich.
Tetramethylammonium hydroxide (N(CH)+sOH5H,0, 99%) and nitric acid (HNQ, puriss)
were purchased from AcrosEthanol (absolute) was purchased from BfB, hydrochtic acid
(HCI, puriss) was purchased from Brenntag, tetraethoxysilane (Si(OEt) 99%) was
purchased from Merck and zinc nitrate hexahydrat€Zn(NGs).-6H,O, 99%) was purchased

from Grissing.

SiQ sol was prepared according to refl4. Si(OEt) (1.0 g,4.8 mmol) and absolute ethanol
(8.5 mL) were stirred for 5 min. Tothis solution, deionized water (0.43 mL) and 0.5 M HCI
(0.02 mL) were added consecutively under stirring and the clear mixture wagept stirring

at RT until further use. In an alternative route the SiQ sol suspension was obtained by
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mixing Si(OEt), ethanol and 0.1 MHCI (without the addition of water) in volume ratios of
1:10:1 or 2:10:2.

TiO, sol was prepared in an analogous fashion to a literaturgrotocol.14 Ti(OiPr),4 (0.81 g,
2.8 mmol) and 2-propanol (8.3 mL)were stirred for 5 min. To this solution, deionized water
(0.026 mL) and 0.1 M HN® (0.02 mL) were added consecutively under stirringand the

turbid mixture was kept stirring at RT until further use.

TiO; particles were synthesized acording to ref. 23. Ti(OiPr) (19.2 g, 65.5 mmol, 26nL)
was added dropwise to deionized wate(36 mL) under vigorous stirring. After stirring for 1
h, the resultantwhite solid was filtered with a 1.2 mmglass microfibers filter (VWR)and
washed with deionized water. The solid was mixed with 0.6 NN(CH;)4sOH-.5H.O (7.13 g, 39
mmol, 3.9 mL) and transferred to al'eflon autoclave reactor. The mixture was heated at 120
°C for 3 hand subsequently centrifuged at 14,000 rpm for 10 min to removegotential
agglamerates from the suspension. The remainder wadispersed in methanol, and before
each spincoating process amppropriate amount of the diluted and sonicated mixture was
filtrated with a 0.45 mm syringe filter (VWR) which allowed forenhanced homogeneityof
the deposited film.

ZIF-8 nanoparticles were prepared according to a literaturesynthesis?4 In a typical
experiment, Zn(NGs)2-6H,0 (0.73 g,2.44 mmol) was dissolved in methanol (50 mL) and
rapidly added to a solution of GHgN; (1.62 g, 19.6 mmol) in ® mL methanol. Themixture
was stirred constantly throughout the reaction until the solution turned turbid. After 1 h,
the nanocrystals were separatedrom the solvent by centrifugation and washed 3 times
with fresh methanol. Stable colloidal suspensionsf ZIF8 were obtained byredispersing

the particles after centrifugation in methanol, andepeated sonication.

SiQ/ TiO, multilayers were obtained by spincoating SiQ sol andTiO, nanoparticles or sol
alternatingly on silicon substrates untilthe desired number of BLs (%X4) was obtained. For
depositing the layers within 30z60 s, a rotational speed of 4000 rpm was used atn
acceleration speed of 4000 rpm & (WS650SZ6NPP/LITE, Laurell Technologies
Corporation). Different thicknesses of the individuallayers were achieved by using either
multiple coating stepsor by adjusting the material concentration in the respective solvents.
After each coating step, the stack was calcined on a hot plg#Z 283TD, Harry Gestigkeit
GmbH) at 200°C for 115 min to suppress further thickness changes of the freshly

deposited layer. Before the deposition of TiO, on top of aSiQ layer, the sampleswere
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plasmacleaned for 1 min (Femto plasmecleaner, DienerElectronic GmbH, air, power: 50%)

which significantly improved the adhesion to theSiQ surface.

Defect structures were prepared by spircoating the MOF suspensioron a SiQ/ TiO
multilayer, using similar spin-coating conditions (4000 rpm at 4000 rpm s1). The thickness
of the MOF layemwas adjusted by the number of theleposition steps. After heatingat 200 °C
for 10715 min, the stacks were either directly used focharacterization and vapor sorption
experiments or employed assubstrate for sandwich defect structures by coating additional
TiO,/ SiQ BLs (1z4) on top of the MOF layer. Similarly to the regulaGiQ/ TiO, BSs, the films

were heated after every coating step.

Characterization

Scanning electron(SE) micrographs and EDX measurements wergecorded either with a
JEOL JSM500F SEM equipped with arDxford EDXanalysis system or with a Merlin (Zeiss)
FE-SEM.Additional EDX measurements (for investigating sampl& where the surface was
partially removed by sputtering with Ga ions) wereperformed with a Crossbeam 1540 EsB
workstation (Zeiss). IR spectra were recoded with a JASCO FT/H100 spectrometer.
Grazing incidence XRD measurements were conducted with &mpyrean diffractometer
(PANanalytical). Ellipsometric measurementsvere carried out using a Woollam M2000D at
angles of 68, 70° and 75°in the spectral range of 191000 nm. The data werefitted
between 300 and 1000 nm using a Cauchype material asthe model layer for MOF thin
films, and the respective metal oxidenodels for SIG and TiO; layers. Reflectance spectra for
regular BSsand defect structures were simulated using a MATLAB cod& In the first step,
experimentally obtained thicknesses (derived fromSEM images and/or ellipsometric data)
and RI values (derived fromellipsometric simulations at 530 nm by definition) were used as
starting points and then fitted to the experimental spectra in aniterative approach (seeS|,
Tables S2 and S3, for experimental andsimulated values). To facilitate the simulation
process, equathicknesses were assumed for each material in sampleg® However, for the
fourth TiO, layer in sample F (i.e. the one adjacemntd the defect slab), a considerably lower
thickness was assumed inorder to account for the apparent shrinking of this layer as
compared to all otherTiO; layers. Spectrophotometric measrements were recorded with
the same ellipsometer usings-polarized light at an incident angle of 78. Vapor sorption

measurementswere recorded at ambient temperature using gas mixing systemand the
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ellipsometer. Relative pressures p/p ranging from 0 to 1 (step sizes: 0.02 for G5 p/po S0.1,
0.05 for 0.1Sp/po S0.5 and 0.1for 0.5 Sp/p o S1) were achieved in our measurements by
mixing a nitrogen stream at a fixed flow rate with the liquid sorptive (i.e.ethanol in our
case) at different concentratiors (0z100% saturation). Both the flow rate of the nitrogen
stream and the flow of theliquid analyte were controlled by the percentage of valve opening
of the respective mass flow controllers (for the gas and the liquid¥-101A-110-P, F201C,
Bronkhorst High-Tech), before they weremixed and evaporated inasdA Al 1 AA OAT T OOI
evaporation andi E@ET C& j # %--TD1AA Brdakhdrét BighjTeth). For eacharget
partial pressure p the sorptive volume (in L/min) was calculated using the van der Waals
equation and by taking into account the respective room temperature and atmospheric
pressure of the measurement dayWith the help of the online softwareFLUIDAT, the liquid
conversion factor (in g/h) and the saturation pressure p were calculated as a functin of
the employed controlling elements, at room temperature and atmospheric pressuréor the
vapor sorption experiments, the samples were placed in ghamber with two openings: One
for the tube connecting the gasnixing system with the chamber and transpding the vapor,
and another one designed as outlet for the excessive vapor stream. In tgpical
measurement, the samples were exposed to a specific vapmncentration for 1z5 min and
the optical response was measuredria spectrophotometry before switching to the next
analyte concentration.We used exposure times as low as 1 min as at least 9@¥othe final
response of the stacks occurs within seconds as deducedom kinetic reflectance

measurements that we have recentlghown for various MOFbased multilayers .26

Time-dependent measurements were recorded with a fiberoptic spectrometer
(USB20006+, Ocean Optics) integrated with aroptical microscope (DM2500 M, Leica). The
sample was thereforeplaced in a homemade chamber which was assembled a$escribed
elsewhere.2” The chamber was pierced three times tareate an outlet and two separate
inlets: The first one for the connection to a constant nitrogen stream, the second one for
connecting to the carrier gas saturated with ethanol vapor at aconstant analyte
concentration. The saturation of the carrier gasvas achieved by bubbling nitrogen through
a washing bottle filled with ethanol at a constant velocity. The response of the sample was
monitored by recording the change in reflectance at a specifisavelength of the spectrum,
and the sample was alternatinglyexposed to the nitrogen/ethanol mixture and pure

nitrogen with an approximate delay of 2 min.
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3.3.3 Results and Discussion

Structuring of the ZIF8 defect 1D photonic crystals

For the fabrication of the BSs, either a combination ofSiG sol and TiO, sol or TiO
nanoparticles were used, leading to B&rchitectures with gradually differing textural
porosities and, hence, analyte accessibility. InfScheme 1, an overview is given onthe
architectures examined n this work. The stacksare classified aseither a member of hybrid
1D PCs based o%iQ sol and TiO, nanoparticles (np in the scheme; samples ZC), or 1D
photonic structures built entirely from rather dense and, hence, less sensitivdiQ/ TiO, sol-

based multilayers (samples RQF).

Z1F-8 defect 1D PCs

Si0,sol - - TiO, sol - ZIF-8 nanoparticles -

Hybrid SiO,/TiO,-np 1D PCs  Dense SiO,/TiO,-sol 1D PCs

Scheme 1 Schematic drawings of the multilayer structures described in this workBesides illustrating the
periodic layer sequence, the differences in the individual Rland morphologies are stressed by using speaif
colors for each material (Si@ blue, TiOz-np: bright green, TiQ-sol: dark green, ZIF8 nanoparticles: red, inverted
ZIF-8 layer: pink).

Periodic SiGQ/ TiO, multilayers were obtained by spincoating and annealing alternatingly a
SiQ sol and TiO, suspensions onsilicon substrates until the desired number of BLs was
achieved. Forthe deposition of TiO; thin films, either colloidal TiO, suspensionsor a TiO; sol
was used to produce mixeeporous or purely sokbasedarchitectures denoted asSiQ/ TiO.-

np (sample A) andSiQ/ TiO.-sol (sample D) BSs, respectivelyWe observed that a number of
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three to five BLs was sufficient to yield BSs with a high optical qualitindicated by the
formation of a pronounced stopband with high reflectivity of >90% (see Fig. 3 and the
respective paragraph for anore detailed discussion of the optical quality). IrFigs. laandd,
cross-sectional SE micrographs are shown for A and D, respectivelyhich were built up
from three BLs in each case. The alternatessembly ofSiQ and TiO; layers is confirmed by
the periodic array of darker and brighter slabs in the SE micrographs, which ettributed to

the different electron densities and, hence, scatteringontrast of the metal oxides.

Figure 1. Crosssectional SEM images dfybrid 1D PCs (gc: samples A, B and C) and dense multilayer structures
(dzf: samples D, E and F). The individual layers are highlighted withe respective colors introduced for the
schematically drawn stacks (Si@ blue, TiQ-np: bright green, TiQ-sol: dark green, ZIF8 nanoparticles: red,
inverted ZIF-8 layer: pink). Notethat the stack shown in (f) has inhomogenously peeled off the surface of the
silicon substrate.

The fabrication of defect MOFbased structures was accomplishedby using the SiGQ/ TiO,
multilayers prepared in the first step as substrate, and depositing a layer of Zi§
nanoparticles on top. InFigs. 1b and e, the formation of a smooth particulate layer on top of
three-bilayered BSs is shown, indicating the successful depositiai ZIF-8 particles on the
surface of both the particulate and thedenseTiO;, layer (samples B and E, respectively). The
cross-sectionimages of exemplary defect sandwich structures, with 3 additiond@Ls on top,
are shown inFigs. 1candf for the mixed-porous (C)and the sotbased (F) BSs, respectively.
In C, the retention of the particlesin the defect layer is confirmed by the particulate

appearanceof the middle slab. For F, however, the morphology of the defeseems to be
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significantly changed as compared tohe original uncovered ZIF-8 layer (seeFig. 1e). In
place of the nanoparticles withtextural porosity between the particles an inverted structure
is observed which appears as mesoporous replica of Z8with voids in the size range of the
original particles (~50 nm). This observation alludes to the way in which inverse opal
structures are typically synthesized, although the process used here is intriguingly simple:
In opal fabrication a templatez SiG or polymer microparticles z are either coassembled
with a voidHilling material such asTiO. sol or infiltrated with the sol subsequent to the
assembly process® In the next step, the template spheres are removed by thermal
treatment or solvent extraction. We assume that a similar templatingrocess takesplace in
our samples, albeit in a onestep fashion: The ZIF8 particles act as a template layer, which is
inverted through the application of TiO, sol (Scheme 2). To explorethe conditions required
to induce the onestep formation of the porous layer and ts composition, we firstly
deposited 1z3 TiO./ SiQ BLs on a ZIF8 top-coated BS, while in a second experiment BL
with reversed stacking order SiQ/TiO;) was used, and monitored the resulting
morphology of the defect layer with crosssectionaBEM. In alcases, formation of the porous
structure was observed, demonstrating the reproducibility of this phenomenoron the one
hand; on the other hand, it appears sufficient to use onl¥ BL to create the reverse pore
system. InFigs. Slaand b (S, this observation is illustrated by SEM images of a sandwich
structure with one overheadTiO./ SiG BL (Fig. S139 in comparison to astructure with one
BL with reversed order (SiQ/ TiO,) on top (Fig. S1b). Although it is difficult to distinguish
the individual oxide layers due to issues that we discuss further below, the porous natuce#
OEA O1T AAOI UET-go ET AAAOA &£ OO A) &SEW imbgesOIE Gt Ave A
observed that already the deposition ofeither TiO, or SiQ sol onto ZIF8 entails the
formation of the porous structure (Fig. 2a for TiO; seeS|, Fig. S1¢ for SiQ), which we
attribute to the low pH of the sol layers (synthesized in 0.5 M HCI/0.1 M HNCrespectively,
for SiQ/ TiOy) likely entailing the dissolution of the acidsensitive ZIF8. When the colloidal
(basic) TiO, suspension was used, however, the morphology of the Z8-particles remained
unchanged &I, Fig. S1d. A similar templating process, yet proceeding in a twstep
synthesis, has been describedor carbonate nanoparticles whichwere incorporated in a
polymer film ;20 and by utilizing the acid lability of the particles porouspolymer membranes
were formed. Complete infiltration of thedefect layer and, hence, inversion is supported by
the observationof various dips and cavities paetrating the entire height of thedefect layer
(Fig. 2b, green arrows), which act as reservoirs fromvhich the sol spreads out and eaches

the interparticle voids.
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ZIF-8 nanoparticles

Scheme 2 Schematic illustration of the reverse pore engineering as observed in tHabrication of purely sok
based sandwich defect structures. Upon contact with Ti3ol (represented as green drop), the ZIf8 layer (red
spheres) is transformed into a mesoporoudverted layer (pink mesh).

According to Figs. 1f and 2c, the fourth TiO; layer (i.e. the onefollowing the inverted MOF
film) and the adjacent SiQ layer turn out thinner as compared to the other layers,
additionally suggestingthe leakage of the sols into the subjacent layer. The thicknesisange
of the SiQ layer is, however, less pronounced than foiTiO. and has not been observed for
all our samples.We thus assume thdhe probability of SiQ sol leaking into the defect slab is
controled AU OEA OAAT OEOQUG 1T, I&ydt And hédfofekzdrids Wi itsEl OO OE
thickness. As can be seen Kig. 2d, the newly formedinverted layer shows a high scattering
contrast similar to the TiO; slabs, and is less sensitive to the electron beam than the original
ZIF-8 defect, which indicates the transformation into a mesoporousxide layer. As EDX
measurements suggest that Zn is still present ithe inverted layer (S|, Table S1 and Fig.
S2h), partial conversion from ZIF-8 to ZnO also seems plausible. To clarify whether the
original ZIF-8 layer is completely dissolved or at least paially still intact, we conducted
further analytical measurements including XRD and¢R spectroscopy. According td-igs. S2c
andd (8)), the presence ofZIF8 or a Zn containing product can be concluded in both the top
defect (E) and the sandwich structure(F). Hence, we assume thaafter the conversion
process residual Zn and N are still present irthe inverted slab aside from Si and Ti
suggesting that no pure sollayer has formed. Additional evidence for the conversion is
obtained from sorption experiments which we conducted with asandwich defect structure

built up from rather porous TiO, sol layers. The recorded optical response no longer shows
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the prominent adsorption steps characteristic for ZIF8 (see Sl Fig. S3 and the
corresponding paragraphfor a more detailed discussion of the sorption experiments)We
thus assume that the formation process of the poroulyers takes place in a similar way to
that used in the fabrication ofinverse opal structures or porous polymers®? i.e. via a
templating process. With regards to costs, ease of handling and synthesisie, this process
therefore has the potential to outperform the conventional fabrication strategy, as the
formation of the porous structure (i.e. infiltration and template removal) is executedn one

single step.

Figure 2. Crosssectional SEM images of (a) a single Z&layer coated with TiQ sol, and three exemplary dense
sandwich structures, (b) illustrating the leakage of overhead layers intdhe defect layer, (c) demonstrating the
comparatively lower thickness of the TiQ layer following the inverted MOF film in comparison to the other Ti@
slabs, and (d) recorded irbackscattering mode, visualizing the high scattering contrast of the inverted layer. The
reversed ZIF8 layer in (a)is highlighted in pink, while TiG: slabs in (a) and (c) are shown irdark green.

We investigated the optical characteristics and quality of oustructures by measuring their
reflection spectra at normal incidence by means of a fiberoptic spectrometer interfaced
with an optical microscope, and bycomparing the experimentally obtained data with

simulated spectra. In general, the stojband position of the BSs)(nax) dependson the optical
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thickness (i.e. physical thickness d timesefractive index n) of the constituent building
blocks, which can banodulated by changing the deposition conditions such as thepinning

speed or the solution concentrationt
I Imax=2(nche + nuhy)

Here,m is the diffraction order and L and H denote the thickness and Rl n of thdow- and

high-RI materials, respectively, at normaincidence.
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Figure 3. Experimentally obtained (top row) and simulated (bottom row) reflection spectra of hybrid 1D PCs (a,
c: samples A, B and C) and dense multilayer structures (b, d: sample€@ndF). Gray lines represent SighTiO2
BSs without defect, top defect structures are shown in dark cyan and sandwich defect structures in blue.

In the corresponding U\2vis spectra of the top defect structuregdark cyan lines inFigs. 3a
and b), a slight decease in reflectivity is observed in comparison to the original BSs (gray
lines). Thisobservation is in accordance with top defect BSs coated withesoporousTiO,,10
where sizeable effects on the spectrum blpcalization of defect modes in the stop bandra

only seen for very thick top layers, while embedded layers give rise to pronounced
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reflectance dips, irrespective of their thickness. Indeed, by addingnore BLs to our
heterostructures, we also observe the appearanagf a reflectance dip in the stop band (blue
lines in Figs. 3aand b, at ca2.46 eV/504 nm and 2.06 eV/602 nm, respectively). Compared
with the top defect structure, the reflectivity of sample C is considerabigeduced (H65%),
while the solzsol-based sandvich structure F maintains its high optical quality (H90%).
This finding may berationalized by the comparatively large particles of the colloidalliO.
suspension (1&20 nm) leading to enhanced diffuse scatterindqosses and, hence, lower
optical quality with increasing numbers of BLs in comparison to solbased multilayers
having a higher homogeneity(see S|, Fig. S4 for the spectral evolution with each BL

deposition).

In order to evaluate the quality and validity of the experimentallyobtained data, we
calculated simulated spectra of thestacks on the basis of ellipsometric measurements for
single oxideand MOF films, respectively, and SE micrographs of the final B&hitectures.
Based on average thicknesses determined from SEddta and spectroscopic elfisometry,
and the respective Rls of theindividual oxide layers (see S|, Tables S2 and S3, for a
complete list of all experimental and simulated thickness values and RIs), wealculated
Bragg maxima of 2.61 eV (475 nm) and 2.3V (530 nm) for A and D Figs. 3cand d, gray
lines), which is comparableto the experimentally measured ones (2.64 eV/470 nm an@.36
eV/526 nm for A and D, respectively, gray lines ifigs. 3aand b). Similarly to the recorded
spectra, the simulations for top defecstacks B and EFigs. 3cand d, dark cyan lines) show
a slight reduction in reflectivity compared to the original multilayer structures. The
calculated maxima of both stacks coated with ZiB (2.68 eV/463 nm and 2.37eV/524 nm
for B and E, respectively) arén the same ange as the measured ones (2.63 eV/472 nm and
2.40 eV/517 nm). In contrast to the experimental spectrunrecorded for sandwich defect
structure C, the simulated spectrumshows a comparatively higher reflectivity which is in
the samerange as for theSiQ/TiO, BS and the topcoated stack, and a betteresolved
reflectance dip Fig. 3c, blue line). Nevertheless, theshape of both spectra in the range
below 2.4 eV are in goodgreement, and the dips in the maxima are at equal positiorf2.46
eV/504 nm in both cases) suggesting the plausibility of thassumed optical thickness values
for C. The experimental spectrunof F is in good agreement with the simulated oneHg. 3d,
blue line), indicated by a similar shape of the Bragg maximumeflectivity and similar dip
positions (2.06 eV/602 nm for the recorded data and 2.16&V/574 nm for the calculated
spectrum). For the calculation, we assumed an average RI of 1.60 for the deflegter, which

is in between those for a nanoparticulate ZH8 layer (1.21) and TiO; sol (1.93) (see also
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Fig. S5, SI). According to theprominent dip in both the experimental and the calculated
spectrum of F, the inversion of the original ZIF8 film into a mesoporouslayer, hence, does
not prevent the formation of a cleandefect structure. Nevertheless, its sensitivity and
selectivity to analytes is of course expected to change with respect to tlsamples with an

intact MOF layer.

Sorption experiments with ZH8 defect 1D photonic crystals

To test the sensitivity of our defect structures to molecular analytes, vapor sorption
measurements were conducted at roomtemperature using mass flow controllers and
spectrophotometry ata viewing angle of 75 to monitor spectral changes at differentanalyte
concentrations (0z100%, corresponding to relativepressuresof 0 Sp/po S1). To this end,
the sample was placed in aneasurement chamber with two openings such that the sample
was exposed to a constant stream of flowing gas/vapor mixture folz5 min. We used
exposure times as low as 1 min as we observélat the full response of the stack toward the
analyte is achievedwithin the first minute and remains constant upon further exposure(see
ref. 26 and Fig. S Sl). In the first run, we investigated insitu the response of the two top
defect structures (amples B and E)Xoward ethanol vapor while gradually increasing the
analyte concentration. The spectra shown inFigs. 4a and c illustrate the change of the
optical properties of each stack upon exposure to ethanolapor at the highest analyte
concentration in comparison to pure nitrogen. For both structures, a pronounced reeshift
of the respective spectra is observed (66 nm/0.18 eV for B and 61 nm/0.13 eV for E,
determined at 1.9 eV/16% reflectivity and 1.7 eV/40% reflectivity, respectively). By
comparing a range of top defecsamples with differing ZIF8 layer thicknesses, we observed
that stacks with a large thickness of the top defect layer show eomparatively higher
response in comparison to thinner oneswhich is consistent with the larger total pore
volume available forthe uptake of guest molecules (se&l, Fig. S7, for the comparison of
two top defect structures based on colloidalTiO.). By using adistinct position in the
spectrum to determine the shift for eachstack at various analyteconcentrations, we obtain
optically encodedisotherms revealing the individual sorption behavior of thestructures as a
consequence of their differing porosities. For botliop defect samples, we observe a similar
behavior with increasing analyte concentraton in the nitrogen stream (igs. 4b and d): At
p/po B 0.1, the spectrum strongly redshifts, while at both lower and higher ethanol

concentrations less pronounced changes arebserved. This finding indicates pore size or
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chemo-specific analyte uptake at a certain threshold pressure, as typically found for
adsorption in ordered pore systems. Indeed, delayed ethanoadsorption into the
micropores of bulk ZIF8 around p/po =0.1 isassociated with a polaritydriven gate opening
effect! and waslikewise reported for ZIF-8/ TiO, BSs?! Thus, the adsorptionbehavior of
both top defect structures seems to be dominated bthe structural pores of ZIF8, which is
rationalized by the largerlayer thickness in comparison to the subjacent multilayer. Besides
the sensitivity of the individual materials (i.e.TiO,, SIQ and ZIF8), the response may also be
influenced by the assembly order of thestack: As the top ZIF8 layer is most exposed to the
infiltrating analyte vapor and hence most accessible, the optical responsay be dominated

by ZIF-8 rather than by the underlying, less accessiblexide layers.

We also tested the response of the two sandwich defect structurésward ethanol vapor
(Figs. 4ezh). The reflection spectrum ofC (Fig. 4e) shifts to higher wavelengthsupon
ethanol adsorption similarly to its counterpart without the overlying additional BLs. The
magnitude of the shift, however, is reduced suggesting that thesponse of the stacks is,
amongst others, mediated by the stackingrchitecture. In the vapor adorption isotherm
(Fig. 4f), we observetwo major steps at p/po S 0.02 and p/po H0.1. As the adsorption in
micropores is typically accompanied by a strong signal increase atery low relative
pressures, we attribute the first pronounced shiftto the analyte uptake in the textural
micropores of the overhead B%with an average particle size of 1820 nm for TiO.-np, up to
25% porosity can be expectedt). To confirm this assumption, weconducted similar vapor
sorption experiments with a regular hybrid multilayer (SI, Fig. S§ which indeed shows
strong uptake ofalcohol molecules at low relative pressures, similarly to the observations
reported in ref. 5. The second signal increase is agaattributed to the adsorption event
taking place in the structurd pores of ZIF8. Apparently, the signal height for sample C is
drastically reduced as compared to the shift observed for sample @ig. 4b), indicating a
relatively weaker interaction with the analyte vapor for C. This observation agrees well with
the results obtained for a defect sandwich structure with only 1 instead of 3 overhea&Ls
(8], Fig. S9: While the overall response is in between that of Bnd C, the ZIF8 response (i.e.
the step at p/po 10.1) turns out to behigher relative to the defect stricture C with 3 BLs.
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Figure 4. Reflection spectra and optical vapor sorption isotherms of hybrid 1D PCs (a, b: sample B; e, f: sample C)
and dense multilayer structures (c, d: sample E; g: sample ifystrating the change of the optical properties after
adsorption of ethanol vapor. Note that the spectra look different from those shown in Fig. 3 as they are recorded
at 75. In thereflection spectra, the respective spectral shift upon exposure to the highest analyte concentration
(100%, p/p0 B1) is shown in comparison to pure nitrogen, while the respectiveésotherms illustrate the
individual sorption behaviors of the stacks at various relative pressures. The timdependent response of F (h)
was recorded by switching back and forthfrom pure nitrogen to nitrogen/ethanol and monitoring the
reflectivity at a distinct wavelength of the spectrum. Dark cyan lines represent top defect structures and
sandwich defectstructures are shown in blue.

In contrast to the hybrid structures, sofsol-based samfe Fshows no response at all upon
analyte exposure Fig. 4g), which isillustrated in Fig. 4h by a time-dependent monitoring of

the reflectivity at 2.26 eV (550 nm). Although the defect layer possesses considerable
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degree of textural porosity, as we dedce from the SEM imagesKig. 1f), no response and,
hence, no ethanoladsorption is observed in the scbased defect BS. Apparently, the
overhead BS hampers the infiltration of analyte vapor into theinderlying layers, which
suggests that the stackanalyte interaction is mediated by both the BS architecture (i.e. top
vs internal defect, number of BLs) and the type and morphology (i.e. structurand/or
textural porosity) of the layers directly exposed to theincoming vapor. Similar phenomena
have been desdbed for metal oxide based BLs and multilayers with differing porosities,
where the shape of the isotherms showed a dependency on the stackilogder of the
layers.25 The low sensitivity of sotbased multilayersis reported in ref. 32 and additionally
demonstrated through vapor sorption measurements with a regular SiQ/ TiO;-sol BS
sample &), Fig. S10.

We thus hypothesize that the vapor penetrates the stack insuccessive way by entering
from the top side of the sample, andhat the ultimate sensingbehavior of the stack is
controlled by the upmost layers. To further corroborate this assumption, we performedwo
additional sensing experiments with a porousSiQ/ TiO, BS sample: In the first run, we
covered the four edges of thestack with adhesive tapeto prevent potential analyte
adsorption leaving only the surface available to the vapor atmosphere, whiia the second
run the top side was covered. In each case, tsample was exposed to ethanol vapor at a
constant concentration while monitoring the spectrum and the change in reflectivity (at
normal incidence). From Fig. S11 (S) showing the respective spectra and kinetic
measurements for both scenarios, it can belearly seen that the sample with blocked edges
readily respondsto the analyte stream byshowing a pronounced spectral shifFig. S113
and a prompt increase in reflectivity Fig. S11b). In comparison, no signal is observed for
the stack with the coveredsurface upon analyte exposureKigs. S11c, g suggesting that the

analyte transport through the BS indeed starts from the top layeonly.

In summary, the sorption behavior of both top defect structuresseems to be
predominantly governed by the response of ZH8, while the vapor sorption isotherms of the
sandwich structuresare determined by the constituents of the respective uppermoslayers.
Using colloidal TiO; layers, partial accessibility to the underlyinglayers is granted, whereas
the deposition of purely sofsol-based multilayers strongly hampers the analyte transfer to
the rest of the stack. For both types of sandwich structures, the poraccessibility shows a
dependency on the number of overhead BLsyhich especially affects the sensitivity of the

dense defectstructures.
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3.3.4 Conclusion

We have demonstrated the successful integtian of MOFs into 1D photonic defect
multilayers using two different approaches namely by depositing thin ZIF8 layers either on
top of a regularPC built up fromSiQ and TiO, as low and high-refractive index materials,
or embedded between twomultilayers. The conversionof a ZIF8 layer into an optically
homogenous mesoporous filmupon sol contact occurs via a templating process in a simple
one-step procedure with retention of the original stack architecture.This method is generic
and lends iself well for the fabrication of complex photonic cavity structures or membranes
with different porosities from only three basic building blocks. Vapor sorptiorexperiments
reveal a pronounced higher sensitivity and selectivityfor top defect structures in
comparison to stacks with embedded MOFs, which we attribute to the larger exposed
surface area of the external ZIF8 layer resulting in superior stackanalyte interactions.
Despite the porosity of the inverted defect layer thepurely sol-based sandwich stucture
showed no response uponAT AT UOA AT 1T OAAOh OEOO OOOAOOGET ¢
uppermost layers for the sensitivity of the overall detection platform.Further experiments
exploring the sorption properties of different MOFbased defect structues are currently

underway to tailor the selectivity of the stacks toward specific hosggguestinteractions.
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4 SUMMARYAND OUTLOOK

4.1 METAL-ORGANIFRAMEWORKS AGPTICALSENSOR
MATERIALS

In this thesis, we have demonstrated that nanosized versions of MOFs can serve as versatile
building blocks for optically homogenous thin films ¢hapter 2) and multilayers
(chapter 3). For the latter, the ntegration of nanoMOFsnto several lightguiding patterns
has been shownranging from single MOF BSs (in combination with Ti§)chapter 3.1), to
tandem MOF BSs and arrayed platformsclapter 3.2), to photonic defect structures
(chapter 3.3). The optical features of these materials (i.e. interference color) have been
used for sensing molecular events in the porous layers; by monitorinigp situ the response
toward parti cular solvent vapors (water,alcohols, and other organic vapors; see also refs. 1
and 2), the sensitivity and chemical selectivity of the stacks have been demonstrated.
Besides, the response toward the investigated analytes has stiwto occur reversibly on the
scale of a few seconds, and may be correlated with prevalent analyte concentrations
(measured in partial pressures). Changes in the structural colors have been monitored
through UV-vis reflectance spectroscopy, and bsecording optical photographs which allow
for complex color image analysiszBesides, new routes for controlling morphologies have
been found on the one handby the inversion of a particulate film into an optially
homogenous mesoporous layer(chapter 3.3), and on the other hand by the additive-

mediated size control of two prototypic MOFschapter 2).

123



4 Summary and Outlook

The patrticularly short response times of our photonic MOF sensors, their strong capability
for sensing alcohols and the overall easy handling (no external wires needed for signal
indication!) suggest that MOF based platforms are promising candidates for environmental
sendng; this could be inthe form of breathalyzers e.g. for estimating blood alcohol contents
via the breath. However, there are some issues to be considered for rddé applications,
which partially relate to experiences that we have made with MOF thinlfns during this

thesis:
1) sensitivity, 2) crossresponsivity, 3) iridescence, 4) stability.

The following sections specify these particular issues and suggest ideas how they could be

overcome.

Starting with the sensitivity, MOF thin films are in generhhighly responsive toward
molecular analytes which has been demonstrated, for instance, through quartz crystal
microbalance (QCM) sensing and workfunctioibased readout!2 Briefly, the latter reveals
hostzguest interactions in MOFs by visualizing changeis the electronic structure of the
sensing layer (i.e. work function), while for the former the event of molecular adsorption is
monitored by changes in the oscillation frequency of the sensor. These changes are in turn
proportional to the mass loading resulting from the adsorption of the analyte Both readout
strategies allow for the detection of even very low analyte concentrations ¢g50 ppm).l 7
The capability of detecting molecules at such low levels is mandatory for a potential sensory
material. Theseare, however, not attainable by the MOF platforms discussed ihis thesis:

In fact, the lowest concentration that has been investigatewith the interference-based
readoutwasp/po® TMBAA8 c¢mnmn BPPI 10 ¢mpgqs8 4EEO EO
low resolutions of the applied optical setups, which permit the detection of subnm shifts,

and the moderate spectral shifts induced through RI variatiomlone (see chapter 5.3 for a
discussion of the detection limit). Effective changes in the lattice corsits (i.e. through
shrinking or swelling) could have a much higher impact on the optical properties than RI
variations.? On the other hand,RI variations are usually much faster detectedby the
observer when induced through vapor adsorption than swelling processes by diffusionz
Signhal enhancement may thus eventually be achieved by counterbalancing the (dis

)advantages of both methods through one or more of the following possibilities:
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4 Summary and Outlook

a) Increased layer thicknesses (while maintaining the accessibilityf the active MOF

component for the desired analyte);

b) Implementation of even more sensitive MOF structures, or dynamic MOFs which
respond through transformational change OOAE A G* OAOAAOEET C6

c) Embedding in elastic materials that are capable of swil or shrinking;5 here, the
analyte should be adsorbed in the MOF pores only, and the MOF response may act as a

switch to induce a lattice change in the soft stretchable material.

Beside the general sensitivity, the selectivity of a certain MOF type willltimately
determine the performance of a sensor, such as its capability for discriminating between
several analytes. Crossesponsivity induced by molecules other than ethanol in one’s
breath (e.g. water droplets) may bebypassed by arrayed platforms such as the ones
presented in this work (tandem MOFs BSs or BS arrays; seeapter 3.2); i.e.a combination
of different MOFs having characteristic sorption capabilities can serve for indicating
Al i pil A AOAAOE | EQOOOAOG8 (AOAh OORAG Ei Di&adihATABAL
SURMOFS (surfacmounted metatorganic frameworks)t EAOA O OOOOAOOOAA O*
materials” or core-shell structures? could be useful: Only target molecules would be allowed
to enter the active core (a MOF or another functional material) anthus to concentrate in
the pores, while the outer MOF shell acts as a protecting molecular sieve; this way, the
OAT OET ¢ OECT Al 1T AU AA 1 AOOzIbdnotehenddl ap@dach] AAAAT Ao
specific MOF structures may be chosen, such as the ratthydrophobic ZIF8, which thus

hamper the free diffusion of water molecules inside the sensing platform.

Furthermore, structural colorations generated through multilayers are typically
characterized by interference (i.e. change in hue and intensity foiifterent viewing angles).
For an optical breathalyzer, however, precise color definitions for specific ethanol
concentrations are necessary to guarantee a correct result. Even if an optimal viewing angle
could be found to achieve maximal intensity and defied hue, it would not be practicable to
use breathalyzers at only one specific angle. Here, the color generating principleNtorpho
butterflies can serve as an inspiration source for achieving a specific color at given

conditions and for a broad angle reign.®
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4 Summary and Outlook

Concerning the stability, we have experienced (in accordance with the literature) that MOF
coatings are not particularly stable against chemicals such as acir high temperatures
(e.g. max. 200 °C for ZiB)!:, and mechanical forces (if depositedvia spin-coating).
Moreover, the MOF platforms investigated as part of this thesis have shown to lose their
sensitivity toward vapors after prolonged exposure times (see also ref. 1); hence, it is to be
doubted that they may be used for longime purposes or much less sensing liquidsz
Nevertheless, the lifetime of MOF sensors may be probably significantly enhanced by using
SAMs (seHassembled monolayers of organic molecules) or SURMOFS which covalently
attach the M@ structure to the substrateé.12 this way, the structures may be less prone to
mechanical strengthand be sufficiently stable in solutions than when being depositedia
spin-coating. In addition, the MOF particles could be embedded in polymers or other
suitable materials, or the stack may be fashioned with a polymeric top layer as a robust
shield; however, it must be guaranteed that the underlying MOF component is still
accessible to the analyte which most likely enters through the top site (sezhapter 3.3).
Another option would be to regenerate MOF structures after they have been used for a
certain time period: This could be done, for instance, through exposure to specific solvetits
or through soaking in the respective precursor solution. The latter habeen shown for the
(partially) reversible substitution of metal nodes or linkers in a given framework

structure.14

Along with these lines, it will be increasingly important to have the possibility to post
synthetically modify given stacks to adapt or enhare their functionality. This possibility
resembles the way in which nature fabricates its materials: Instead of fabricating specific
materials for specific functions, a few basic building units are appropriately assembled, and
subsequently modified with respect to actual and/or local needs. This approach may also
allow for a more environmentally friendly and efficient fabrication of devices as a lower
variety of building units and, hence, chemicals are needed, and the MOF may be also
recycled if necessaryz Modification of MOFbased sensing platforms can be achieved either
through post-synthetic modification of the organic linkers!s or hybridization approaches
(e.g. metathesis reactions involving partial linker/metal substitutioni4.16.17Fig. 1a): This can
be done, for instance, by soaking the parent MOF structure in the respective precursor
solution. For both modification routes, it is expected that the sorption properties of the new
MOF can thus be optimized for a desired sensing reaction (e.g. througtresgthening
desired hostzguest interaction forces). At the same time, if the MOF is implemented in a

photonic device, such substitution reactions could be monitored with great ease (and
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4 Summary and Outlook

situ!) as the introduction of other building blocks (functional goups, metal or linker) into
the MOF structure is expected to induce changes in the effective Rl and, hence, optical

appearance Fig. 1b).

Along with the implementation of ZIF8 as a defect layer in regular SO, BSs
(chapter 3.3), we have shown thathe ZIF-8 defect layer may be inverted into a mesoporous
layer by simply depositing metal oxide sols onto the MOF slab; the stack architecture (i.e.
ordering of the individual layers) thereby remained unaltered during the transformation.
Such onestep inversion processes may be used as an alternative route for hybridization
with MOFs: For example, the inverted pores may be fashioned with functionality by either
grafting desired molecules to the pore wall$é or by accommodating active guests in the
mesopores, such as gold nanoparticles or dyes§.The pores could also be filled with a
precursor material and thus used as templates for opdlke structures;?® likewise the pores
can serve as confined reaction containers, e.g. in order to yield polymers with pregies
strictly dictated by pore size, geometry and pore chemistry of the host latticé. Epitaxial
growth of different MOF phases on the pore walls in a laydyy-layer fashion, e.g. for the

synthesis of coreshell structures or tandem MOF PCs, seems afsasible.

a b

. — *
¥ X ===
Post-synthetic replacement In situ monitoring of
of building blocks modifications

Figure 1. Metathesis reactions with MOFs(a) Postsynthetic strategies (here: replacement of metal nodes and
organic linkers; routes on the left and right, respectively) allow for altering the composition of a MOF structure
at specific positons, while maintaining its overall topology. (b) The process and the outcome of such exchange
reactions may be monitoredin situ by implementing the desired MOF type into a photonic multilayer (colored
squares). Upon soaking into an appropriate reaction $ation (e.g. with another metal source), the PC’s color is
expected to changedepending on the exchange rate (visualized with the color bar). This reaction may occur
reversibly, thus allowing for the regeneration of the parent MOF structure.
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4 Summary and Outlook

Another interesting research field would be toexperiment with the material’s porosity:
Here, the fabrication of the mesoporous layer may be studied as a function of different MOF
nanoparticles having characteristic particle diameters and shapes, or as anttion of the
particle ordering in the thin film (Fig. 2). In this context, the ceassembly of MOF particles,
differing either in size, shape or composition, may lead to wetlefined hierarchical pore
systems. As MOFs possess different stabilities wittespect to temperature, solvents and
chemicals (owing to their structural diversity), both the pore topology and functionality
could be thus tailored toward a desired sensing performance (e.g. molecular sieving or

preferential adsorption).20.2t

-

3334
4444
\ A A |

Figure 2. Pore engineering with MOF nanoparticles (blue) as templates for megmacroporous films. The
transformation into the inverted layer through a stimulus (e.g. an infiltrating sol, as shown above in pink) may be
studied as a function of particle size, shapeomposition or ordering, to achieve either uniform or hierarchical
pore systems.

To conclude, the performance of optical MOF detection platforms may be improved by
several approaches related to hierarchically controlled structuring (structural
microporosity, nanoparticulate layers, mesoporous opaline assemblies, building block
replacement, SURMOFs etc.), or the directed mixing of color generating principles
(diffraction gratings and multilayer interference for iridescenceless colors); using both
approacA Oh OEA OAAI EUAOQETT 1T & 11 O06A1 OAI AOCET ¢o
yet been (fore)seen. In particular, the concepts of 1) metathesis reactions, 2) controlled pore
engineering, and 3) embedding in soft materials for enhanced spectral changesyrrender

a powerful tool toward the fabrication of smart optical sensing devices based on MOFs.
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Materials and methods

Chemicals

Benzenel,3,5tricarboxylic acid (HsBTC, 98%), N,Ndimethylformamide (DMF, p.a.) and
copper acetate monohydrate (Cu(OAg)- HO, 98+%) were purchased from Acros.
Poly(acrylic acid) (PAA, MW = 1,800), aminoterephthalic acid (.BDCNH,, 99+%) and
polyvinylpyrrolidone (PVP, MW = 40,000) were purchased from SigmaAldrich. Zinc acetate
dihydrate (Zn(OAc) - 2H:0, p. a.) was purchased from ACS. Hexadecyltrimethylammonium
bromide (CTAB, 98%) was purchased from Alfa Aesar. Ethanol (99%) was purchased from

BfB. All chemicals were used as received without further purification.
Synthesis of HKUST

In a typical synthesis, HBTC (73.8 mg, 0.344 mmol) was dissolved in ethanol (1mML) and
DMF (4.2 mL) under stirring and combined with PAA (221 mg, 0.128mol). To this
mixture, a solution of Cu(OAg) - HO (70 mg, 0.344 mmol) in 2.8 mL deionized water was
added under vigorous stirring, which rapidly induced the formation of a blue precipitate
The product was separated from the reaction mixture by centrifugation and washed in DMF,
ethanol and water for at least 3 times. Stable colloidal suspensions were obtained by
redispersing the washed product in DMF using ultrasound (Elmasonic S100H ultrasic
bath, 550 W).

For further experiments, the reaction conditions were varied, including reaction time (5
min, 30 min), reaction temperature (0 °C, room temperature (RT), 55 °C) and amount of
PAA (depending on the weight ratio of EBTC:PAA = 1:2, 1:3, 4; 1.5, 1.6, 1:15,
corresponding to 0.082 mmol, 0.123 mmol, 0.164 mmol, 0.205 mmol, 0.2#46mol, 0.615
mmol of PAA).

Synthesis of IRMGF

In a typical synthesis, Zn(OAg)- 2H.0O (35.12 mg, 0.160 mmol) was dissolved in DMF (2
mL) and rapidly added to a solubn of b BDGNH; (10.86 mg, 0.059 mmol), CTAB (10 mg,
0.027 mmol) and PVP (10 mg, 0.00025 mmol) in 3 mL DMF under stirring. The reaction
mixture turned turbid within the first minute and was stirred additionally for at least 5 min.
The product wasseparated by centrifugation and washed in DMF and ethanol for at least 3
times. Stable colloidal suspensions were obtained by redispersing the washed product in
DMF using ultrasound (Elmasonic S100H ultrasonic bath, 550 W).

134



5 Appendix

For further experiments, the reation conditions were varied, including reaction time
(5 min, 30 min, 60 min, 3 d, 11 d) and amount of additive (0.013&mol/0.00013 mmol,
0.027 mmol/0.00025 mmol, 0.054mmol/0.0005 mmol of CTAB/PVP; 0.00013 mmol,
0.00025 mmol, 0.0005mmol, 0.00125 mmol ofPVP).

Thin film deposition

Thin films consisting of HKUST1 and IRMOF3 nanoparticles, respectively, were obtained
by spin-coating the respective colloidal suspensions on preleaned silicon substrates. Prior
to film deposition, silicon substrates (1x1 crd) were treated with piranha acid (96%
H.SQ/30% H:0;, 2:1) for 1 h, rinsed intensively with water, dried umer nitrogen stream
and plasmacleaned (Femto plasma cleaner, Diener Electronic GmbH, air, 100 W) for 5 min.
A rotational speed of 4000 rpm for 1 mn was used for the deposition of the layers, while the
acceleration speed was fixed to 1500 rpits. Thicker films were obtained by multiple

coating steps.
Characterization

Powder Xray diffraction (XRD) measurements were carried out on a Huber G670
diffractometer in Guinier geometry or on a Stadi P type diffractometer (Stoe & Cie) in
transmission using Ge(111)monochromated CuK,  OAAEAOETT |1 E p8utmup B

collected between 5° and 50°.

Dynamic light scattering (DLS) measurements were carried out ith a Nano ZS Zetasizer
xEOE A t© 17 (A.A 1TAOGAO j1 E oo 11 gaéttedngA OAAOOA
geometry at an angle of 173°.

Infrared (IR) spectroscopy was carried out with the help of a Perkin EImer Spektrum BX |l

spectrometer with an atenuated total reflectance unit.

Scanning electron (SE) micrographs were recorded either with a JEOL J&BOOF SEM
equipped with an Oxford EDX analysis system or with a Merlin (Zeiss) fEM.

Atomic force microscopy AFM) measurements were performed on a MP-3D Stand alone
AFM (Asylum Research, Santa Barbara). Tappingode was applied using OMGAC160TS

R3 (Olympus, Tokio) cantilevers with a resonant frequency of 300 kHz.

Ellipsometric measurements were carried out using a Woollam M2000D at angles of 65°,
70° and 75° in the spectral range of 190000 nm. The data were fitted between 300 and
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1000 nm using a Cauchyype material as the model layer to determine the effective
refractive index (RI) and the thickness of the investigated layers (using average valle
deduced by SEM images as starting values). The effective Rl of the MOF layer is made up of
RI contributions from textural porosity (Rlpor = 1), the MOF itself, and possible residues of

the additives (Rles> 1).

Additional analytical data
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Figure S1. AFM measurements (a, b) and height profile (c) of HKUSITparticles synthesized at 0 °C.
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Intensity / a.u.

0 o
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Figure S2. DLS measurements of HKUST particles synthesized at different temperatures (black: OC, red: RT,
blue: 55 °C) after centrifugation and redispersion iDMF.

Figure S3. SEM images of HKUST particles synthesized at different temperatures: a) 0 °C, {RT.
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Figure S4. DLS measurements (shown as a) intensity distribution and c¢) volume distribution) of HKUSITT
particles synthesized at 0 °C with differentatios of HsBTC:PAA (black: 1:6 / 0.246 mmol PAA, red: 1.5 / 0.205
mmol PAA, blue: 1:4 / 0.164 mmol PAA, green: 1:3 / 0.123 mmol PAA, orange: 1:2 / 0.082 mmol PAA) after
centrifugation and redispersion in DMF; b) evolution of the size (red) and the polydpersity index (Rdl) (black),
with the PAA concentration.

Figure S5. SEM images of HKUST particles synthesized at RT after different reaction times: & min, b) 30 min.
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Figure S6. PXRD patterns (a) and IR spectra (b) of HKUSITparticles synthesized at RT after different reaction
times (black: 5min, red: 30 min). ¢) IR spectra of HKUST (black, synthesized without additives), HBTC (red)

and PAA (blue), showing good agreement between the products synthesized with and without PAA (noteitth
PAA and HBTC have similar IR bands, in particular around 1700 ctncorresponding to C=0O vibrations of
carboxylic acid groups).
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Figure S7. AFM measurements (a, b) and height profile (c) of IRM@Fparticles.

Figure S8. DLS measurements of IRMQB particles synthesized with different total amounts of CTAB/PVP at
weight ratios of 1:1 (black: 0.054 mmol/0.0005 mmol, red: 0.027mmol/0.00025 mmol, blue:
0.0135mmol/0.00013 mmol) after centrifugation and redispersion in DMF.
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