Surface Structuration of
Metal-Organic Frameworks
Using Tip-Based Lithographies

Carlos Carbonell Fdez.







UNB

Universitat Autonoma de Barcelona

Surface Structuration of Metal-Organic
Frameworks Using Tip-Based
Lithographies

Carlos Carbonell Fernandez

Tesi Doctoral

Doctorat en Ciéncia de Materials

Directors de la Tesi
Prof. Dr. Daniel Maspoch Comamala
Dr. Inhar Imaz Gabilondo

Tutor de la Tesi:
Prof. Dr. Jordi Pascual Gainza

Institut Catala de Nanociéncia i Nanotecnologia

Departament de Fisica — Facultat de Ciéncies






Memoria presentada per aspirar al grau de Doctor per Carlos Carbonell Fernandez.

Carlos Carbonell Fernandez

Prof. Dr. Daniel Maspoch
Investigador ICREA
Supramolecular Nanochemistry and Materials Group

Institut Catala de Nanociéencia i Nanotecnologia

Dr. Inhar Imaz
Investigador Ramoén y Cajal
Supramolecular Nanochemistry and Materials Group

Institut Catala de Nanociéncia i Nanotecnologia

Prof. Dr. Jordi Pascual Gainza
Catedratic de Fisica Aplicada
Departament de Fisica

Universitat Autonoma de Barcelona

Bellaterra, 19 de setembre de 2014






The present PhD Thesis has been carried out at the Supramolecular
Nanochemistry and Materials Group of the Catalan Institute of Nanoscience and
Nanotechnology (ICN2) following the doctoral program in Materials Science of the
Autonomous University of Barcelona. According to the decision of PhD

Commission, this PhD Thesis is presented as a compendium of publications.

The publications are listed below in order of their appearance in the Thesis:

1) Arnau Carné, Carlos Carbonell, Inhar Imaz and Daniel Maspoch, Nanoscale
Metal-Organic Materials, Chemical Society Reviews, November 2010, 40, 291-305.

2) Carlos Carbonell , Inhar Imaz and Daniel Maspoch, Single-Crystal Metal-

Organic Framework Arrays, Journal of the American Chemical Society, January

2011, 133 (7), 2144-2147.

3) Carlos Carbonell, Kyriakos C. Stylianou, Jordi Hernando, Emi Evangelio,
Sarah A. Barnett, Saju Nettikadan, Inhar Imaz and Daniel Maspoch, Femtolitre
Chemistry assisted by microfluidic pen lithography, Nature Communications, June

2013, 4:2173 doi: 10.1038/ncomms3173.


http://pubs.rsc.org/en/results?searchtext=Author%3ADaniel%20Maspoch




TABLE OF CONTENTS

Table Of CONEENTS.........cocoiiiiiiieeee ettt et s et e e bt e s e s seesseesaseesneesnneenns i
RESUIMECIL. ...ttt e bee e e e e s e ssbas st e e e e s sessssnnns v
ADSEFACK.......coiiiii ettt sttt et s s e et ne vil
Acknowledgements / Agradecimientos. ...........cccoccviiiiiiiiiiieeiciiiee e ix
Chapter 1 Introduction to Nanoscaled Metal-Organic Frameworks (NMOFs). .... 1
1.  Metal-Organic Frameworks (IMOFS) ....cccceevvuiiiriiieiniiieiniieenieeesteessreesseeeesneeesveesnnnas 3
1.1.  From Coordination Polymers t0 MOFS........cccccoueervuiiieirieeeiieeecieeeereeeeveeeeveeeenneens 3

1.2, Definition Of MOF ......oooiiiiiiiiieieiieee et ceeteeeeeerttreeeeeesaeeeeessaseeeeesseeeeessssseeennnns 4

1.3.  MOFs - Infinite poSSIDIlItIES ...ccuviieerieeeiieeieecctecceee e 5

1.4. Properties and Applications of MOFS .....ccc.ceevieeiiiriiiinieniienieertee et 6
1.4.1. Gas storage and SEPATATION......ccccueeerruierrriierniiereiieeesreeerreeesreeesreeesraeesanas 6

1.4.1.1. Ho @dSOTPHON c.eeviieiiieiieceteccteccte ettt e ae e saae s 8

1.4.1.2.  CO2 SEQUESITATION ..eeiievrieeieeiiieeeeeiireeeeeereeeeesrreeeesesaaeeeesearaeeessanaeeens 9

1.4.1.3. CH, adSOTrPHON.....uviiiiciiieeecciteeeecctt e e e e re e e e 10

1.4.1.4. Gas separation and purification.........cccceeceevveerseensieesieenseeneeneeeeens 12

) OB T 07 | v 1| ) (<R PURRPRRRRRN 12

2. Nanoscaled MOFS (INMOTFS) ...cooouiiiiiiiiiiiiiiiieeeieeeeeeeeeveveessesssssssssssssssssssaasaaananannnnnnnnnnnes 16
2.1, 0-D anNd 1-D NIMOFS...cuueiiiiiiiiiiieieieeeeeeeeeeeirrteee e e e e e e ssssssasereeeeeessssssssssssressessenes 17
2,11, SYNTNESIS c.uviiieiiiicieecieecee ettt e ae e e e e b e e e aa e e nnaee s 17

2.1.1.1. Nanoscopic Confinement ..........ccccceevuerreieiirnienniienreeneeeeeee e 17

2.1.1.2. Controlled precipitation .......c...cceceeevieiiieniirniierieeeereeeee e 21

2.1.2. Properties and applications of 0-D and 1-D NMOFSs .......cccccevveerereennnenn. 22

2.1.2.1. Gas sorption and SEPATatiON ........cceeveereieeereieerniieeniieenrreessreeesreesnns 23

2.1.2.2. Drug delivery SYStEIMS ......ccccueerciieereiieeeiieeeireeecreeesreeeeaeeeseaeeesaseeenns 24

2.1.2.3. CONtrast AZENTS....ccceiiiiieriiiiirieieereeereeiirerteeeeeeeeeeeeerreeeeeeeeseessnseneeens 25

2.1.2.4. Catalysis....ceereriieeiieieeeeee et 26

2.2, Two-dimensional (2-D) NIMOFES......uuueeeeeeeeeeeeeeeeeeeee e e e e e e e e eeeeeeeeeeens 27

2.3, NMOFS O1 SUITACES ..uuvvireeeeiieeieiieieieeeeeeeeeeenrtrreeeeeeeeesesnnrrseereeeeeessessssssssssseessnns 29
2.3.1. Direct assembly and growth of NMOFs on surfaces .........cccceevueerueeennennne. 30

2.3.2. Liquid-Phase Epitaxy (LPE) Synthesis .......cccccoceeevieieiieeecieeccieeccieeeeneens 32

2.3.3. Langmuir—Blodgett (LB) monolayer transfer technique............cc.cc........ 33

2.3.4. Properties and applications of NMOFs on surfaces..........cccceecvvveeeennnennnn. 34



2.3.4.1. Gas sorption and SEPATAtION ........cceevveererveereieerniieenireenrreessreeesneennns 34

2.3.4.2. SEIISOTS. ..ueeeeerrrrrnrieeeeeeerrrrrnreeeeeesresssnsiesseessssssssnsesesssssssssneseseesssssssnnneens 35

2.3.4.3. Magnetic Properties. .....cccceeieeeieeeeeeiiieeececee e e eecrre e e eeere e e e esre e e s e eeeeas 35

3. REFERENCES.....c.iootitititetettneetete ettt s et eae v st se s sbesne st ne e 37
PUBLICATTION 1. etiitiitieiteiteierteeiteest e stesitesatestesste st e s st ess e ssesstesstessessesatesstessessesanessteseenne 43
Chapter 2. Objective of the Thesis...........ccccoooiiiiiiiiiiiieccececee e 61
Chapter 3. Structuration of HKUST-1 MOF Crystals on Surfaces........................... 65
Structuration Of HKUST -1 .....uuueiiiiiiiiiiiiirereeeeeeeeeeirnrereeeeeeesesssssssesessssesssssesssssssesseessssssnsnnes 65
Metal-Organic FTAmMEWOTK ........c.cciciieieiieeeiieeccieeccteeecteeeeteeseveeessaaeesssaeesssseesssseesnssssensssennns 65
CryStalS ON SUITACES ...cuvveeeiiieeiieecee ettt et ee e et e et e e e aee e e tae e s saeessae e s saeeenssaeessseeensseesnens 65
1. Micro-nanopatterning of MOFS On SUTfaCES .......ceeeeriiiieiieenieeiienieeteeeeesee e 67
1.1.  SAM features as chemical template........cccccueerrvuierniiieiiiiiiniieenieeeeeee e 68

1.2.  Stamp based lithography..........cccceoriiriiinieeeee e 70

1.3. Heterogeneous SEEdINg ........cevvueirriiiriiieeriiieirieeerite st esteesre e s sareessreessaeeessanes 71

1.4.  Electrochemical approach ..........ccocuieieiieniiiiiiiieneceece e 72

1.5.  Presynthesized MOFS POSItIONING......ccccuveiireiiiriiiirciiieeeeecieeeeeecireeeeeeereeeeeeaeaee e 74

2.  Our Results: Structuration of HKUST-1 single crystals on surfaces ..........cccecueeeruveenne. 74
2.1. HKUST-1 (MOF-199) archetypical system for proof-of-concept..........cccueeeuneenee 75

2.2.  Fluidic Enhanced Molecular Transfer Operation (FEMTO).........ccccoceeeeveeeeveennns 77

2.3.  Writing tools for FEMTO.......c.ccccoitirtieienienrteeeteete et ettt et e et 78

2.4,  WITHINE PIOCESS. . uuveeeerriureeeraeitteeeenirteeeeesrteeesessreeeesssreeeesssssseeesssssseeessssssseessssssees 79

2.5. Preparation of materials........c.cccoeiieriiiiiiiniii e 81

2.6, SiZ€ d0ES MATLET......ceiiieeiiiieeeeeeeee ettt 82

2.7.  Patterning of HKUST -1.....ccoiiiiiiiiiniieiniecrieeceiee st ssveeesseeessssneesssseesssneessssaesnns 83

2.8. Characterization of the HKUST-1 QITays.......ccccevueeeerureeeireeeeirieeeereeenneeesveeesseeenns 87

2.9. Combined functionalities bearing to complex patterns. .........cceccceeveerveeeveenuennne 90
2.10. PoSition and S1Z€ CONIIOL .....uuvveiiiiiiiiiiiiiiiiieeeee et eeeeeeseaararrreeeeeeessssannns 94

3. REIEIEIICES . ...uuveeeieeieieeeeeteee ettt ceettee e eeetee e e e e rtaeeeeeeeasaeeeeessaeeeeesnseeseeenssseeeesnssesesnnnns 97
PUBLICATION 2. ..ottt sttt ste st et ssesseste s st essesbesate st essesssesanesstensesane 99

Chapter 4. Femtolitre Chemistry Assisted by Microfluidic —Pen Lithography for

the Combinatorial Synthesis and Positioning of MOFs...........ccccccevvivinniiiennneennnen. 113
1. Femtolitre ChemiStIy.....cccciiiiiiiiiiiiiiecceeecce e e e saae s 115
2. OUL RESUIES. ..ottt ettt ettt et ettt e be b et s 118



2.1, MPL PIOCESS «.ceiiiiiiiiiiiiiiiiieieteteteteeeeeeeeee s s e e e e e 119
2.1.1. WTTHNG TOOIS ceeeiiiiiiiieeieeeeeeete ettt ere e s ve e s va e e s e e e saaaeens 119

2.1.2. Control of the Single Writing Process.......ccccoceeeveeeriieeesreeesieeesveeeenneens 120

2.1.2.1. Preparation of the array ........cccecceerevieeriiiienniieiniecriecere e 120

2.1.2.2. Determination of Dwell Time (DT1) vs. Volume relationship............ 121

2.1.2.3. Dwell Time (DT1) — Mean Fluorescence Intensity relationship....... 123

2.1.3. Control of the Double Writing Process........cccceeeueeeirecveeerecccinieeeeecneeenn. 125

2.1.3.1. Preparation of the mixed array ......c...cceeceeeveeenieeeseeniennienreeneeeseene 125

2.1.4. Acid-Base Femtolitre Reaction .........ccceeeeeuvveeeeciieeeeeeciieeececneeeeeeenneee e 131

2.1.5. Alkaline Phosphatase Enzyme Recognition.........ccceccueevvveervieenceeennnnen. 133

2.2, MOFS SYNTRESIS ...cceeiiieeiiiieiieeciieeete ettt sere e s te e s teessaaeeessseeesaaeesssseessnsaeas 135
2.2.1. HKUST-1 SYNthesis.....cccciiiiiiieieiieeciieeeiie et eeceeeeseee e seee e ve e e vee s 135

2.2.2. Combinatorial PBA Synthesis. ........ccecceeroeriieniennienieneeeeeeeeeeeeene 136

2.2.3. Bio-MOFS SCREENING.......ccciiiiieecttiieeeeee e eeeccrerree e e e e e e e eneneseeeeeeseens 138

LTI 23S (=) <) 116 c TSR 143
PUBLICATION S...etittiiieiteeiterienteeteetesstessessesatesseessessesstesstessessesssesstessessesnsesssesseessesssesnnes 145
CONCIUSIONS ..ottt ettt et e st e st e s st e s st e s be e s st e e seeenneens 179






Resumen

La presente Tesis Doctoral se ha dedicado al estudio, desarrollo e implementacion
de métodos para la sintesis y micro- nanoestructuraciéon de materiales metal-
organicos porosos (MOFs, Metal-Organic Frameworks) sobre superficies. La
importancia en la estructuracion de MOFs con alta resolucion radica en la necesidad
de su integracion en microdispositivos, especialmente de tipo sensor.

En el primer capitulo se realiza una prospeccion bibliografica sobre el estado del
arte en MOFs, con una breve introduccion historica, las principales rutas sintéticas,
propiedades y aplicaciones. Se introducen también los nano-MOFs (NMOFs) con
sus particularidades tanto sintéticas como relativas a sus propiedades y
aplicaciones. Este capitulo incluye el trabajo de revision titulado “Nanoscale Metal-
Organic Materials”, Chemical Society Reviews (2010) donde se da una descripcion
extensa y més genérica sobre materiales Metal-Organicos.

El Capitulo 2 cita los objetivos generales y particulares de la presente Tesis
Doctoral.

En el Capitulo 3 se introduce la nanoestructuraciéon de MOFs en superficie y se
desarrolla un nuevo método para nanoestructurar un MOF en particular (HKUST-1)
sobre superficies con precision nanométrica y al nivel de monocristales. Ademas de
desarrollar un nuevo y versatii método para nanoestructurar HKUST-1 en
superficies, se estudia como influye la funcionalizacién de la superficie sobre el
crecimiento, nucleacién y orientacién cristalina. Los resultados de este capitulo se
incluyen en el articulo “Single-Crystal Metal-Organic Framework Arrays”, Journal
of the American Chemical Society, (2011).

A partir del anélisis de los resultados y problematicas aparecidas en el capitulo
anterior, en el Capitulo 4 se desarrolla una nueva aproximaciéon que permite
ampliar el abanico de MOFs viables para su estructuracién. Asi, en este capitulo se
estudian las caracteristicas de la nueva aproximacién basada en combinar reactivos
en volimenes del orden de los femtolitros (10715 1) utilizando una sonda de
nanolitografia por microfluidica. Se demuestra la habilidad para realizar diferentes
reacciones quimicas y bioquimicas confinadas en dicho rango de volimenes. Mas
adelante se demuestra la utilidad de la nueva aproximacion para estructurar MOFs
diferentes en un espacio micrométrico de una superficie realizando quimica
combinatoria. Finalmente, se demuestra que dicha aproximacién se puede utilizar
para la deteccién combinatoria de posibles nuevos materiales, en nuestro caso se
descubren dos nuevos bioMOFs. Los resultados de este trabajo se incluyen en el
articulo “Femtolitre Chemistry assisted by microfluidic pen lithography” Nature
Communications, (2013).
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Abstract

The present PhD Thesis has been dedicated to the study, development and
implementation of methods for the synthesis and nanostructuring of Metal-Organic
Frameworks (MOFs) on surfaces. The importance in structuring MOFs with high
resolution is the need for their integration into microdevices, especially sensors.

In the first chapter a literature survey on the state of the art in MOFs, with a brief
historical introduction, the main synthetic routes, properties and applications is
given. Nano-MOFs (NMOFs) are also introduced with both synthetic and properties
and application characteristics. This chapter includes the review paper entitled
"Nanoscale Metal-Organic Materials", Chemical Society Reviews (2010) where an
extensive and more generic description of Metal-Organic material is developed.

Chapter 2 cites the general and specific objectives of this PhD thesis.

In Chapter 3 nanostructuring of MOFs on surfaces is introduced and a new method
to nanostructure a particular MOF (HKUST-1) on surfaces with nanometer
precision even at the level of single crystals is developed. In addition to developing a
new and versatile method for HKUST-1 surface nanoestructure, we study how the
surface functionalization influences on the growth, nucleation and crystal
orientation. The results of this chapter are included in the article "Single-Crystal
Metal-Organic Framework Arrays", Journal of the American Chemical Society,
(2011).

From the analysis of the results and issues that appeared in the previous chapter, in
Chapter 4 is developed a new approach that can extend the range of viable MOFs for
structuring. Thus, in this chapter the characteristics of the new approach based on
combining reagents in volumes on the order of femtoliters (105 1) using a
nanolithography microfluidic probe is studied. It is demonstrated the ability to
perform various confined chemical and biochemical reactions in this volume range.
Also, the utility of the new approach to structure different MOFs in a space of a
micrometer performing combinatorial chemistry surface is demonstrated. Finally, it
is shown that this approach can be used for combinatorial detection of possible new
materials, in our case two new bioMOFs are discovered. The results of this work are
included in the article "Femtolitre Chemistry assisted by microfluidic pen
lithography" Nature Communications, (2013).
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Chapter 1. General Introduction

Chapter 1.
Introduction to Nanoscaled
Metal-Organic Frameworks (NMOFs)

In this chapter, an introduction to nanoscaled Metal-Organic Frameworks is given.
It summarizes the recently reported procedures to synthesize them as well as their

properties and applications.
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1. Metal-Organic Frameworks (MOFs)

1.1. From Coordination Polymers to MOFs

In 1704, a Berlin colour-maker named Diesbach made a mistake. He was attempting
to create the known cochineal red lake pigment. The recipe was simple: iron sulphate and
potash. However trying to save some money, one day he used contaminated potash with
animal oil. When Diesbach mixed the contaminated potash with iron sulphate, instead of
the expected strong red pigment, he obtained a very pale one. Then he concentrated it,
but instead of the darker red pigment, he first got a purple and then, a deep blue solid. At
this moment, Diesbach accidentally created the first synthetic blue pigment, Prussian

Blue,* which was identified 273 years later as the first coordination polymer.

Indeed, despite being a valuable pigment used all over the world, the crystalline
structure of Prussian Blue remained unknown until 1977.2 Today, it is known that
Prussian blue is a CP with a 3-D cubic structure built up from the connection of
heterometallic centres by cyanide organic ligands, resulting in a mixed-valence

polycyanide compound with a characteristic strong blue colour.

In the intervening years, little attention was paid to coordination polymers, in
comparison to purely organic and inorganic materials, and only a few scattered structural
studies were reported. At the end of 40s Powell and Rayner determined the structure of
the Hofmann clathrate [Ni(NH).(Ni(CN),]-2CsHg,3 and few years later, Ywamoto’s group
extended the description of related groups+4. Remarkably, in 1959, a Japanese group
determined the structure of [Cu(adiponitrile)]-NO;, which was formed of six
interpenetrating diamond networks.5 The 1D chain structures of Ag(pyrazine)NO; and

Cu(pyrazine)(NO;). were reported in 1966 and 1970, 7 respectively.

It can be considered that the interest on coordination polymers really took off at the
end of 70’s. In 1977, Prof. A. F. Wells published a revolutionary paper in the journal
monographs in crystallography,® which introduced for the first time the concept that
inorganic crystal structures can be seen as networks by reducing them to well-defined
nodes and connections. A short communication in 1989, and in a subsequent full paper
in 1990,9% 1 Prof. Robson adopted this approach to describe coordination polymers. He
proposed that: “a new and potentially extensive range of solid polymeric materials with
unprecedented and possibly useful properties may be afforded by linking together
centers with either a tetrahedral or an octahedral array of valencies by rod-like

connecting units”. In this study, the structure of an open diamond-like network was first
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described, in which tetrahedral Cu(I) centres and 4-connecting tetra(4-
cyanophenyl)methane molecules were connected to form a solid in which the cationic

framework represents only 1/3 of the crystal volume.

At that moment, nobody could imagine that this new concept would open a new
world in the field of chemistry, materials science and nanotechnology. But only five years
later, Prof. Yaghi confirmed the high potentiality of these pioneering studies. He reported
the hydrothermal synthesis, of an extended network with formula Cu(4,4'-
bpy)1.5:-NO3;(H.O) (where 4,4’-bpy is 4,4” bypiridine) which contains large rectangular
channels filled by nitrate ions. He showed that these nitrates could be exchanged by
other anions, demonstrating the accessibility of the channels and the first zeolite-like
properties in a coordination polymer. In this study, Prof. Yaghi named this new

compound as a Metal-Organic Framework (MOF).1t

1.2. Definition of MOF

When Prof. Yaghi introduced the term of MOF, it was unpredictable the potential of
this new generation of “hybrid” materials and the quantity of structures with different
compositions, topologies and properties which will be reported during the next 20 years.
However, the large number of publications concerning these new materials and the
introduction of many terminologies to define them generated some confusion and
misunderstanding. Indeed, since the middle of 90’s, the new published compounds have
been indistinctly termed as MOFs, coordination polymers, coordination networks, hybrid
organic—inorganic materials and organic zeolite analogues.'>*¢ To introduce some clarity
and to define more clearly the different terminologies, some attempts have been made in
the literature to elucidate their definitions.'”> '8 Finally, the International Union of Pure
and Applied Chemistry (IUPAC) has published some provisional recommendations?9
defining a MOF as: “a Coordination Compound continuously extending in 1, 2 or 3
dimensions through coordination bonds (Coordination Polymer or alternatively

Coordination Network) with an open framework containing potential voids”. And a

coordination compound as: “any compound that contains a coordination entity. A
coordination entity is an ion or neutral molecule that is composed of a central atom,
usually that of a metal, to which is attached a surrounding array of atoms or groups of

atoms, each of which is called ligands”.
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1.3. MOFs - Infinite possibilities

The interest on MOFs is based on two key attributes: (i) their extremely large
surface-areas given by its ultra-micro-porosity, the highest of any known materials; and
(ii) the flexibility in which their structures and compositions can be varied, offering a
diversity of pore shapes. Both attributes confer MOFs with potential for myriad
applications. Most of these applications are obviously related to its ultra-high porosity
(up to 7000 m2/g) (Figure 1), and mainly includes their use in storage, separation and
catalysis. A tasting of the performance of MOFs in these applications is given below. Also,
the progresses made in the MOF field in terms of their synthesis, topologies and

applications have today enveloped in many reviews. 20-34
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Figure 1. Progress in the synthesis of ultrahigh-porosity MOFs. Brunauer—Emmett—Teller (BET) surface
areas of MOFs and typical conventional materials were estimated from gas adsorption measurements. The values

in parentheses represent the pore volume (cm3/g) of these materials. Adapted from reference 32.
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1.4. Properties and Applications of MOFs

1.4.1. Gas storage and separation

The porous structure of MOFs enables them to be used as adsorbents of small
molecules. However, this is only possible if guest species (such as solvents or unreacted
reactants) located into the pores are removed after their synthesis. In 1997, the first
indication of reversible adsorption in MOFs was provided by Kitagawa et al., who studied
the porosity of a 1D MOF with a general formula of M.(4,4-bpy)3s(NO3), (where M is Co,
Ni or Zn). They proved that this MOF could adsorb gas molecules (O., CH, and N,) in its
crevices at high pressure.35 Permanent porosity of MOFs was further demonstrated in the
layered zinc terephthalate Zn,(BDC),(H.0). (nowadays known as MOF-2) by conducting
N, gas isotherms at low pressures and temperatures.? A subsequent step forward in the
development of MOFs as materials with gas storage properties was the synthesis of the
first robust 3D MOF with formula Zn,O(BDC)s (known as MOF-5).36 MOF-5 exhibited a
very high potential porosity of 63% of the volume of the unit cell and a surface area of
2320 m2/g, which largely outperformed zeolites. First findings in gas sorption of MOFs
and the increasing control in their synthesis motivated scientists to increase the porosity
of these materials, reaching today the unprecedented aforementioned surface areas.

(Figure 1)

Here, one of the strategies that allow increasing the pore volume of MOFs is based
on their design using the reticular chemistry approach. This strategy is based on taking
an existing MOF as a reference and replacing the original ligand by an expanded version
of it (Figure 2). The topology and the SBU of the “parental” MOF are maintained, and
therefore the pore volume is increased (Figure 4). In fact, this strategy has allowed for
the preparation of MOFs with pore size larger than 20 A, thereby entering to the world of

“mesoporous materials”.?’
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Figure 2. Isoreticular expansion of archetypical MOFs with different topologies. Adapted from reference **.

This storage capacity soon raised interest among the scientists, expanding their
interest for storing other gases. These gases mainly include H,, CH, and CO., due to
environmental reasons and economic factors related to energy costs. While H, and CH,
can be used as alternative fuels, CO. sequestration is important to reduce the
anthropogenic impact in the greenhouse effect. MOFs have shown high adsorption and
storage capacities of these gases as is detailed next. In fact, their industrial potential for
gas storage has been demonstrated due to their capacity to store gases exceeding the

standard pressure-volume-temperature (PVT) curve of an empty tank; i. e. a tank filled



Chapter 1. General Introduction

with a MOF can store higher amounts of gas than an empty tank at the same pressure.”

An overview of the adsorption of these three gases is presented in the following sections.

1.4.1.1. H. adsorption

H. is an ideal carrier and is considered the future fuel due to its abundance, its high
heat of adsorption (20 Mj/Kg of H. compared to 44.5 Mj/Kg of gasoline) and its non-
polluting post combustion products (mainly water). However, its storage and transport
present both safety and economic challenges. To date, storage of H. is based in
chemisorption, which gives high storage capacity but slow release kinetic and poor
reversibility. For instance, metal hydrides such as LaNi;He 5 bind strongly to H. with a
heat of adsorption reaching 200 KJ/mol. However, this high heat of adsorption makes H.
release kinetically unfavourable and only possible at high temperatures (400 K).4° As an
alternative, MOFs offer physisorption which would ensure a reversible loading and
release of H,, demanding less energy input in the desorption than the current
chemisorbents. Since physisorption has good correlation with the surface area, one of the
main strategies to increase H, uptake is to increase the surface area of MOFs. For
instance, low density MOFs made of carboxylate-based ligands such as Cu;L-3H.O
(known as NU-100; where L is (1,3,5-tris[(1,3-carboxylic  acid-5-(4-
(ethynyl)phenyl))ethynyl]-benzene))4 and Zn,O(BTE),;s(BPDC) (known as MOF-210;
where BTE is 4,4',4"-(benzene-1,3,5-triyltris(ethyne-2,1-diyl))tribenzoic acid and BPDC
is biphenyl-4,4’-dicarboxylic acid)42 have shown a high H. adsorption of 9 % (wt%) at 56
bar and 77 K.

Structural features of the network can also have an impact on H. storage. Network
catenation seems to have a positive effect in the H. storage, as demonstrated by the
comparison of the H. adsorption of two otherwise isostructural MOFs with formula
(Cue(H20)6(TATB),) (known as PCN-6; where TATB is 4,4’,4’'-s-triazine-2,4,6-triyl-
tribenzoate).43 The catenated structure showed an uptake of 95 mg/g at 77 K and 50 bar,

whereas the non-catenated structure had an uptake of 58 mg/g at the same conditions.

Also, exposition to open metal sites can increase enthalpy of adsorption for H,. For
example, the Ni(IT) analogue of (M.(DHTA)) (known as MOF-74; where DHTA is 2,5-
dihydroxiterephtalic acid) presents an ordered arrangement of opened metal sites facing
the 1D channels in its structure. This feature is responsible for its high enthalpy of H.
adsorption, which results in high H, uptake, particularly at low pressures.4 However, the
promising storage capacities demonstrated by MOFs have only been achieved at low

temperatures (77 K) so far, becoming negligible when the room temperature is
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approached. For this reason, MOFs are still far from the targets (5.5 wt% at 233K) set for

their practical application in H. storage.

1.4.1.2. CO: Sequestration

CO, is one of the main gases responsible for the anthropogenic effect of the
greenhouse. It is released during combustion of fossil fuels and therefore, it is both
technical and economical challenging to significantly cut its emission. One of the
strategies consists in sequestrating it at the point of emission, avoiding its release to the
atmosphere. However CO, is produced after combustion processes, it is present in
complicated mixtures. In fact, in a typical post combustion exhaust, it only represents the
15% of the total mixture. Therefore, high selective adsorbents are required to sequestrate
CO. from the gas mixture. But if the affinity of the adsorbent is too high, the energy
required to remove the adsorbed CO. and regenerate the adsorbent increase, thereby
resulting in an energy penalty for the sequestration of CO.. For example, in the current
technologies based on alkanolamine aqueous solutions, approximately 70% of the overall

cost of CO. sequestration is attributed to the adsorbent regeneration.45

MOFs can contribute to address this over cost as their guest removal is less energy
demanding while still achieving high selectivity for CO.. Preferential adsorption for CO.
can be achieved by two means: (i) size-based selectivity by which MOFs with small pores
would allow only the diffusion of molecules up to a certain size into their pores (kinetic
effect); and (ii) adsorptive selectivity arising from the difference in the affinity of the
various components in the mixture to be adsorbed on the pore surface of the MOFs
(thermodynamic parameter).4¢ In regard to the kinetic-based selectivity, the small size of
the molecules in the gas stream would require MOFs with very small pores. However,
almost all MOFs with high surface areas and high storage capacities for CO. have pores

with apertures larger than the CO. molecules, invalidating them for molecular sieving.

Therefore, the strategy based on differential heat of adsorption of the molecules
composing the gas mixture seems to be the most promising. Here, the higher
quadrupolar moment of CO, compared with the other gases (especially N, and O.) opens
the door to design MOFs with pore surfaces having higher affinity for CO..47 48 This
affinity can be increased when unsaturated metal sites are decorating the pore wall.
Unsaturated metal ions can act as a charge dense binding sites that induce the
polarization of the adsorbed CO. and therefore, increase the selectivity for CO. over other
gases less polarizable. Illustrative examples are the MOF-74 analogues, in which a strong

interaction between the unsaturated Lewis metal sites decorating the pores and the CO.
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molecules is observed (Figure 3). This high interaction contributes to the high

adsorption of 20 wt% CO. at 1 atm and 303 K of MOF-74 analogues.49

Introduction of basic Lewis moieties are also reported to be beneficial for CO.
adsorption.4® The amines with free electron pairs interact with the CO. quadruple
increasing its heat of adsorption. For example, the diamine, N-dimethylethylenediamine
(mmem) has been grafted in the Mn(II)-based MOF with formula H;[(Cu,Cl)5(BTTri)s]
(known as CuBTTri; where H;BTTri is 1,3,5-tri(1H-1,2,3-triazol-4-yl)benzene) with
exposed unsaturated metal sites, resulting in an increase of CO. heat of adsorption and in
a higher selectivity.5° The CO. adsorption reached 16 wt% at atmospheric pressure and
298 K. Here, tunnability of MOFs is a major advantage due to the ease incorporation of

functional groups on the pore walls.
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Figure 3. (a) Crystallographic structure of Ni-MOF-74 in which interaction of CO. with the
unsaturated Ni(II) ions is shown by a doted line. (b) Illustration of the functionalization of Cu-BTTri
through binding N,N-dimethylethylenediamine (mmen) to the open metal coordination sites to increase its

CO: heat of adsorption. Adapted from reference 49.

1.4.1.3. CH,4 adsorption

In the last years, economic and environmental considerations have increased the
interest in natural gases (NG), comprising mainly CH, as a fuel for transportation and
especially, as a replacement for petrol (gasoline). From an environmental point of view,
CH, delivers roughly twice the energy of coal with the same amount of CO. released.
From an economical point of view, the price of natural gas has lived a spectacular recent

drop in price due to deployment of inexpensive technologies for its recovery from shale.

The remaining challenge to use CH, as a source of energy is its mass- and volume-

efficient storage at ambient temperature and its delivery. Currently, CH, is stored at very
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high pressures (250 bar) in most natural gas powered vehicles. While it is suitable for
large vehicles such as buses, this solution is less than satisfactory for cars. The
Department of Energy (DOE) of United States estimated that a storage of 263 V/V is
required for practical on board applications. Therefore, finding new alternative storing

systems is today a priority.

In this sense, MOFs have shown excellent capabilities to store high amounts of CH,
at low pressure compared to an empty tank. Hupp and co-workers recently reported a
detailed comparison of CH, sorption capacities of a wide range of MOFs (Figure 4).
Surprisingly, the archetypical Cus(BTC). (known as HKUST-1; where BTC is 1,3,5-
benzenetricarboxylic acid) exhibits the highest volumetric uptake, reaching 267 V/V
storage at 65 bars and therefore, meeting the required target.5* For comparison, an empty
tank stores this amount of CH, at 255 bars. This high value is attributed to a combination
of its high metal density which allows methane-metal interactions at low pressures, and
of its small cages, which increase the methane-methane interactions at high pressure,
favouring the cooperative adsorption. The combination of both effects explains why
HKUST-1 outperforms MOFs with much larger surface areas.52 This high methane
storage capacity demonstrated by MOFs has attracted the attention of the chemical
industry to use them as an on-board tank of CH, for vehicles. First prototypes of vehicles
powered by CH, stored in a tank filled with a MOF have been yet developed by BASF.53
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Figure 4. Comparison of the total volumetric and gravimetric uptakes for six iconic MOFs. The gray
horizontal lines show the old and new Department of Energy (DOE) targets for volumetric methane storage.

Adapted from reference 54.
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1.4.1.4. Gas separation and purification

The preferential adsorptions of one gas over another can be exploited to purify or
separate gas mixtures. One way of promoting gas selectivity is based on the relative size
of the molecule compared to the pore (i.e. based on kinetics). Therefore, the ease of pore
size tunning in MOFs can be used to prepare molecular sieving. For instance, Zn(PhIm).
(known as ZIF-7; where Phlm is benzimidazole) with an estimated pore size in between
H. and CO. was used to separate mixtures of these gases.55 The presence of metal open
sites can also promote preferential interaction with gases depending on their chemical
formulation (thermodynamic effect). Long et al. demonstrated the potential of this
approach by studing the different hydrocarbon affinity towards unsaturated Fe(II) ions
in the Fe-MOF-74 structure (Figure 5).5¢ It was observed that the adsorption capacity
increased with the unsaturation, being the most adsorbed gas acetylene. This selectivity
can therefore be exploited to separate pure gases from naphtha cracker. In conclusion,
both topology and functionality in the pores of MOFs can be exploited to resolve gas

mixtures.
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Figure 5. (Left) Structure of the complex Fe-MOF-74-acetylene determined by neutron powder diffraction,
showing interactions between the triple bond and the Fe(Il) ion. (Right) Breakthrough calculations for

hydrocarbon mixtures. Adapted from reference 56.

1.4.2. Catalysis

MOFs share with zeolites several characteristics that make them attractive for
catalysis. Some of these characteristics are their ordered arrangement of active centres
(metallic ions and organic moieties), homogenous and tuneable pore size and chirality.
However, their use as catalysts suffers from some drawbacks, including their low

chemical stability in some solvents (especially water), low thermal stability and the fact
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that the metal centres are fully coordinated in many structures, provoking a decrease of

their catalytic activity.

Lewis acid sites are long reported as catalytically active for a myriad class of
reactions, such as oxidations, condensations and alkylations. In fact, they have been
extensively exploited in zeolites. Thus, one way of conferring acidity to the MOF is
through the generation of open-metal sites. Open-metal centres in MOFs can be obtained
by removing guest solvent molecules coordinated to these metal centres. For example,
upon dehydration of HKUST-1, the water molecule coordinated to the Cu(II) ions is lost,
changing the number of coordination of Cu(II) ions from 5 to 4. The formation of these
metal open sites makes HKUST-1 an effective catalyst for acid catalysed reactions.5”
Fe;CI(H.0).O(NH.-BDC); (known as MIL-101; where NH,-BDC is 2-aminoterephtalic
acid) has also shown good catalytic properties. As in the case of HKUST-1, it contains
coordinated water molecules that can be removed upon dehydration giving rise to active
metal sites. In addition, it can be synthesised with Cr(III) and Fe(III) ions, adding
tuneability to its catalytic performance and it has very big pores and is thermally and
chemically stable. All together make MIL-101 a good catalyst that showed its potential,

for instance, in carbonyl cyanosilylation and oxidation reactions.58-6°

The introduction of unsaturated metals in the structure is not the only approach to
make catalytically active MOFs. Even if it is still rare, organic building blocks can also be
used. For instance, Kitagawa et al. noted that the non-coordinated carbonyl oxygen
found in the pillared Cu.(pzdc)(pz) (where pzdc is pyrazine-2,3 dicarboxylate, and pz is
pyrazine) had a strong basic Lewis character. This feature was exploited to strongly
adsorb acetylene and promote its polymerization on the microporous channel.®* In
another example reported by Hasegawa et al., the Lewis basic character of non-
coordinated amines or amides were used to catalyse Knovenagel condensation reactions.
In this case, the organic ligand used to prepare the MOF had two distinct moieties: three
pyridine groups to coordinate Cd(II) ions and three amide groups that were responsible
for the catalytic activity. This structure was effective in catalysing the Knovenagel

reaction with small substrates, reaching conversions up to 98%.62

This approach is somehow challenging because it is difficult to prepare MOF
structures with free reactive organic ligands located on the pore surfaces since they
always tend to coordinate with metal ions. As an alternative, post-synthetic procedures
can be employed to introduce functional organic groups into the MOF structure. These
functional groups can be introduced by two different ways: (i) covalent modification of

the organic linker; and (ii) by grafting molecules at coordinative vacancies in the metal
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centre, as shown in Figure 6.%3 This last methodology was used to coordinate proline
chiral molecules bearing a pyridine moiety to the open-metal site of Cr-MIL-101. This
simple modification increased its performance in aldol reactions between aromatic

aldehydes and ketones.54

MOFs can also present catalytic activity by incorporating guest active species. These
species can be metal complexes, such as metalloporphyrins, polioxometalates or
inorganic nanoparticles. One of the advantages of confining molecular complex catalysts
in MOF cavities is that the catalytic system becomes heterogenous and therefore, the
recovery of the catalyst becomes simpler. An example of that was provided by Eddaoudi
et al., who achieved the encapsulation of porphirines inside the cages of In,(HImDC).
(where HImDC is 4,5-imidazoledicarboxylic).®s Here, the porphyrin was incorporated
during the synthesis of the MOF because its post-synthetic incorporation was not
possible due to the small size of the channels compared to the porphyrin. Finally, the
metalloporphyrin was synthesised by impregnating the porphyrin@MOF in a solution
containing the metal ion. The MOF supported catalyst proved its activity and

recyclability in oxidation of alkanes.
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Figure 6. Schematic illustration showing the two existing strategies for the post synthetic modification of
MOFs. Adapted from reference 3.

Another type of species that can be incorporated in MOFs are catalytic inorganic
nanoparticles (INPs). MOFs can be excellent support materials for INPs because they
have high surface areas and an excellent regularity of the cavities, which enables narrow

size distributions of the embedded INPs. INPs are generally incorporated into MOFs by
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first immersing the MOF into a solution containing the metal nanoparticle precursors
(generally in their ionic form) or by gas phase loading when these precursors are
volatile.®¢ Then, a typical reduction reaction of the precursors adsorbed in the MOF is
undertaken to form the INP inside its cavities. Thus, the MOF cavities become a template
for the synthesis of the INPs.%7 To date, a great variety of INPs have been incorporated
into MOFs, thereby allowing their use as heterogeneous catalysts for a wide range of
reactions. For example, MOF-5 loaded with Pd NPs have shown good performance in the
hydrogenation reaction of aromatic and aliphatic alkenes.%® The use of MOFs loaded with
INPs also enables size selective catalysis due to the tunnability of their pore size and
shape. Thus, Fe-MIL-101 loaded with Pd nanoparticles showed good performance in the
hydrogenation of ketones to alcohols. While conversions up to 100% were achieved for

small ketones, no reaction was observed in the case of bulky ketones.®

Finally, chiral MOFs have also shown promising catalytic capacity for solid
asymmetric catalysts. In fact, while zeolites outperform MOFs in Lewis acid catalysed
reactions due to their superior thermal and hydrolytic stability, chiral catalysis in MOFs
is unmatchable for zeolites due to their larger opened channels and richness in chiral
structures. For example, the chiral MOF with formula Cd;ClsL; (where L is (R)-6,6’-
dichloro-2,2’-dihydroxy-1,1’-binaphthyl-4,4’-bipyridine) and post-synthetically
functionalized with Ti(IV) complex showed excellent activity in the addition of alkylzinc
on aromatic aldehydes converted to chiral secondary alcohols.’ Interestingly, the
enantiomeric excess of the reaction was dependent on the pore size, reaching up to 84%
for the larger pores (Figure 7).7* The use of enantiomers of salen-based complexes have
also been reported to make chiral MOFs. Enantiopure Mn(II)-based salen complexes
functionalized with carboxylates were used as building block for the synthesis of a chiral
MOF, which was catalytically active for the epoxidation of olefins, reporting an

impressive enantiomeric excesses of 92 (%).72 73



Chapter 1. General Introduction

't
Ar” H

Zn(ENYR

OH
Ay/kR
Uplo91% ece

Figure 7. Schematic illustration of the homochiral [(BINOL-TC)Cuz)] built up from the enantiopure

binol tetracarboxylate and its asymmetric alkyl addition activity7*

2. Nanoscaled MOFs (NMOFs)

Recently, there has been an increasing interest in the synthesis of MOFs at the
submicrometer regime (100-1000 nm) and further down, to the nanoscale (1-100 nm).
Analogously to other materials, NMOFs can show size-dependent properties which, if
properly exploited, may expand the scope of these materials in numerous practical
applications, including drug-delivery, contrast agents, sensor technology, functional
membranes and thin-films, while opening up novel avenues to more traditional storage,
separation, and catalysis applications. At this length scale, they can also be integrated on
surfaces (see also chapter 3) for creating devices for sensing and electronic applications,
among others. Because of all these potential advantages, in the last few years, huge
efforts have been dedicated to prepare NMOFs and structuring them on surfaces. These
advances on their structuration on surfaces will be discussed in Chapter 3. Because of
their potential advantages, huge efforts have been recently dedicated to develop NMOFs
synthetic methodologies and prospects which are discussed in the following section.
NMOFs have been classified according to their dimensionality: 0-D (particles), 1-D

(fibers, tubes, and rods), 2-D (sheets, thin films and membranes).
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2.1. 0-D and 1-D NMOFs

2.1.1. Synthesis

There are two major strategies for synthesizing 0-D and 1-D nanoscale metal—
organic materials: (i) confinement of the supramolecular assembly at nanoscopic
locations by using emulsions or templates; and (ii) the controlled precipitation of NMOFs
once they are formed tuning the synthetic parameters such as pH, temperature,

concentration and applying microwave radiation or sonication and using capping agents.

2.1.1.1. Nanoscopic Confinement

(a) Emulsion confinement

Nanoemulsion is a suspension of small droplets, usually stabilized by a surfactant,
with diameters ranging from 50 to 1000 nm, of one liquid in a second liquid in which the
first will not mix. Because of these dimensions, these droplets can be used as
“nanoreactors” to confine the self-assembly, nucleation and growth of NMOFs (Figure
8). Briefly, this approach usually consists of first dissolving each precursor in the solvent
that will be dispersed. A water-in-oil, or reverse emulsion is then prepared from a
surfactant, and the collisions between droplets containing those precursors or the
application of an external stimulus, such as temperature, light or microwave radiation,
spontaneously induce their polymerization, thus delimiting their growth inside the

nanodroplet.
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Figure. 8. Schematic representation of the microemulsion synthetic strategy for synthesizing o- and
1-D NMOFs.

For example, by dissolving Prussian blue precursors in water, using this solution to
create a water-in-oil emulsion and further exposing this emulsion to daylight, Mann et al.

synthesized the first examples of NMOFs: Prussian blue cubic nanocrystals.7+ Since then,
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emulsions have been successfully used to produce nanocrystals of heterometallic
cyanometalates, Prussian Blue analogues using triazole instead of cyano groups and
Gd(III)-based MOFs.

Besides the utility of their internal volume as “nanoreactors”, nanodroplets of these
emulsions have also the potential to be used as “soft templates” to prepare MOF-based
nanoshells. In this case, the polymerization must be concentrated on the interface of the
droplets by using, for example, a chemical affinity surfactant. Thus far, this strategy has
been used by Wang et al., who synthesized the first examples of Prussian blue
nanoshells.”s These shells were synthesized by preparing an oil-in-water emulsion with
an organometallic surfactant terminated with pentacyano(4-
(dimethylamino)pyridine)ferrate. Then, the addition of Fe(III) ions to the aqueous
solution induced the coordinative polymerization between them and the surfactant,

thereby creating a MOF-based shell on the interface of each droplet.
(b) Template confinement

Nanomaterials are also excellent candidates to be used as templates for fabricating
NMOFs. In this methodology, a metal-organic polymer is deposited on the template by
using a deposition technique, such as LbL deposition. This deposition, followed by the
removal of this template using thermal or chemical techniques, can leave behind NMOFs

that mimics the shape and size of this template.

Figure 9. Schematic representation of the template confinement synthetic strategy for synthesizing 0-D
and 1-D metal-organic nanostructures. Green ball represents the metal ion while red shape represents organic

ligand.

In 2004, Hou et al. utilized alumina membranes as sacrificial templates for
synthesizing Zr(IV)—phosphonate nanotubes.?® In their methodology, a film of a MOF is
initially deposited on the template by deposition (e.g. via layer-by-layer [LbL]

deposition). Subsequent removal of the template via thermal or chemical techniques
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leaves behind a structure that mimics the size and shape of the template. In a second and
more recent example, a self-sacrificing template strategy was used to prepare nano-
[Cd.(btc).(H,0).] tubes.?” First, nano-[Cd.(btc).(H.0).] rods were synthesized using a
combination of ultrasonic synthesis and vapor diffusion, with triethylamine as
deprotonating base agent. After removal of excess of triethylamine from the crude
reaction under continuous ultrasonic irradiation, the nanorods then served as templates.
A new MOF phase was then formed on the surface of each nanorod, which were
simultaneously dissolved or chemically etched to form well-defined tubes (inner
diameter: 50 to 150 nm; outer diameter: 100 to 300 nm). Interestingly, a similar
chemical etching methodology was used to prepare hollow nano-Prussian blue cubes

(dimensions: ca. 50 nm).”8

Using templates, 0-D NMOFs can be synthesized and, at the same time, self-
assembled to form high-order structures or superstructures. This self-assembly can be
done at the liquid/solid interfaces but also at liquid/air interfaces. Maspoch et al. have
recently reported the synthesis of a wide range of hollow MOF superstructures by
exploiting the special conditions that dictate precipitation and reaction during the drying
of an aerosol droplet (see Figure 10 f).79 Spray-drying method enables atomisation of
MOF-precursor solutions into aerosol droplets that are used as individual reactors for
MOF synthesis. In the proposed mechanism, the droplets suspended in a hot-air stream
start to evaporate, and then the reactants diffuse to the droplet shell, where their
concentration increases until reaching a critical level, at which point the MOF
crystallises. During crystallisation, the mobility of the MOF nanocrystals is reduced and
therefore, they become closely packed within the droplet shell. Interestingly, the
resulting hollow MOF superstructures have a single thin layer of uniformly packed MOF

nanocrystals, which hold together the structure. (Figure 10)
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Figure 10. Spray-drying synthesis of spherical hollow HKUST-1 superstructures. a, Schematic illustration
showing the spray-drying process used to synthesize HKUST-1 superstructures. b, Proposed spherical
superstructure formation process, which implies the crystallization of nanoMOF crystals. c, Picture of the spray-
dryer after its use to synthesize large amounts of blue HKUST-1 superstructures. d-f, Representative FESEM
images that show a general view of the spherical HKUST-1 superstructures (d), a wall of a single HKUST-1
superstructure showing the assembly of nanoHKUST-1 crystals (e), and a mechanically broken hollow
superstructure showing the internal cavity and the thickness of its wall (f and inset). The scale bars correspond to

5 [m (d), 500 nm (e,f) and 200 nm (f, inset).

The versatility of this approach was proven by synthesizing hollow MOF
superstructures that are composed of nanocrystals of HKUST-1, Cu-bdc,uss NOTT-100, 6
MIL-88A,1:71 MIL-88B,.1 MOF-14,us1 MOF-74 [M=Znu, Ninand Mgu],u. UiO-66,u4 ZIF-8, a
Cun Prussian blue analogue,iss MOF-550 or IRMOF-3.550 In all cases, the superstructures
retained the excellent sorption properties of the parent MOF. Moreover, it was proved
that this method enables partial control of the size of HKUST-1 nanocrystals that form
the superstructure walls, through tuning of spray-drying parameters (e.g., concentration
and flow rate). Furthermore, it simultaneously enables synthesis and assembly of
different types of NMOFs, paving the way to hollow MOF superstructures of greater
structural complexity. In terms of potential applications, one advantage of the spray-

drying approach is that it enables the combined precipitation/crystallization of different
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species within a single droplet, which could be exploited to create advanced
encapsulation systems in which an active molecule is entrapped within the MOF shell. As
a proof of concept, our group entrapped sodium chloride crystals inside the HKUST-1
shell. Then, it was hypothesised that the rate of crystallisation inside the nebulised
droplet is related to the relative mobility of the crystals and therefore, to their relative
position in the final composite. Thus, sodium chloride crystals would crystallise before
having their mobility reduced, whereas HKUST-1 reactants diffuse to the droplet shell,
where they then crystallise. It was demonstrated that the hollow HKUST-1 shells could be
used to encapsulate functional materials that would confer the final composite with
added functionality, such as magnetism (encapsulation of iron oxide nanoparticles) or
luminescence (encapsulation of sodium fluorescein). Finally, it was confirmed the
efficacy of the resulting magnetic MOF composite superstructures for selective magnetic

removal of pollutants (e.g., dibenzothiophene).

2.1.1.2. Controlled precipitation

A second family of methodologies that enable the synthesis of 0-D and 1-D NMOFs is
based on mixing the precursors under certain reaction conditions that favor the fast
nucleation (to increase the seed number) of MOF crystals. In most of the cases, these
conditions involve the use of capping agents, microwave radiation, ultrasounds,

temperature and pH modulators.

Among the most common approaches to inorganic nanoparticle synthesis is the use
of stabilizing agents that cap particle growth and stabilize them to prevent them from
aggregating. For example, gold nanoparticles are usually synthesized in the presence of
weakly-bound coordinating ligands (e.g. citrate or tannic acid) or surfactants (e.g. PVP).
Analogously, Tsuruoka et al.8°© and Horcajada et al8' have controlled the growth of
nanoMOFs by adding coordination modulators, such as monocarboxylic acids, which act
as capping agents by forming coordination bonds with the metal center of the MOF. Such
modulators include the monocarboxylate ligands dodecanoic acid and acetic acid.
Selective use of these reagents at different concentrations has enabled control over the
size of HKUST-1 crystals from 20 nm to 1 um.82 Also, Cravillon et al. synthesized nano-
ZIF-8 crystals (diameter: < 20 nm) using an excess of sodium formate and n-
butylamine.8 Both substances act as competitive modulating agents in the coordination
equilibrium and the deprotonation equilibrium, respectively, during nucleation and
growth. Apart from coordination modulators, excess reagentss4 or surfactants also can be
used to control MOF crystal growth; this method also enables control over MOF shape

and provides increased stability against agglomeration. As proof-of-concept, Nune et al.
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employed the highly cationic surfactant poly(diallyldimethylammonium chloride) to

prepare hexagonal nano-ZIF-8 crystals (diameter: 57 + 7 nm).85

It is well known that, at high temperatures, solubility of precursors increases
avoiding fast precipitation and causing crystallization. It is therefore a strategy generally
used to produce bulk MOFs. However, if one controls certain reaction conditions,
including solvent, surfactant, pH, temperature and time, solvothermal synthesis can be a
very productive strategy for synthesizing a wide variety of NMOFs. For instance,
Horcajada, Gref et al., synthesized a series of NMOFs by mixing Fe(III) metal ions with a
series of multitopic ligands, such as 1,4-benzenedicarboxylate (BDC), benzene-1,3,5-
tricarboxylate (BTC), fumaric acid, etc., in a variety of solvents at temperatures usually
above 100°C allowing the synthesis on nano-MIL-88A, nano-MIL-89 and nano-MIL53
crystals smaller than 200 nm.8¢ Also, Maspoch et al.87 reported the synthesis of a
colloidal suspension of a heterometallic NMOF for contrast agent applications, named
nanoCAMOF-1 presenting uniform nanowires of 10 nm in diameter and 200 nm in

length. The size control was achieved by simply adjusting the pH of the reaction.

The use of microwave radiation and ultrasounds can also be exploited for
miniaturizing MOFs. Ni and Masel reported for the first time the use of microwave
radiation to induce the precipitation of an already known MOF (IRMOF-1, 2 and 3) based
on Zn(IT) metal ions and BDC ligands at the nanometer scale.88 This reaction consists of
exposing a diethylformamide solution of both building blocks at 150 W for only 25
seconds. Similarly, sonochemical synthesis can lead to a homogenous nucleation and a
substantial reduction in crystallization time. The well-known MOF-5 was miniaturized to
5-25 micrometres using this methodology.89 And even more recently, nanoscale
arrowheads NMOFs of Prussian blue analogues have been prepared by Wu et al. with the

help of ultrasonic radiation.9°

2.1.2. Properties and applications of 0-D and 1-D NMOFs

A wide range of promising properties can be obtained by taking advantage of the
multiple inorganic and organic building blocks that can be combined to prepare NMOFs.
One can use the intrinsic properties of either the organic or inorganic components. The
ability of metal ions to interact with phonons and electrons, to show luminescence and
strong absorptions and to have interesting magneto-optical properties makes NMOFs
suitable as functional materials in devices. The organic components can also exhibit their
own functionalities. For example, organic chromophores, radicals or biomolecules are

excellent building units to prepare optical, magnetic and biocompatible nanoscale
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materials. New properties also arise from the polymerization of both building blocks.
This is the case of the tailorable porous structures constructed from the linkage of
inorganic building units through multitopic organic ligands. All these properties can take
advantage of the benefits of working at the nanometre length scale, thus opening novel
avenues for developing NMOFs with astonishing properties and applications. Some of
these can help to develop novel drug delivery systems, contrast agents, porous catalytic
materials, gas storage materials, magnetic and optical nanomaterials, gels, etc. Recent

great advances done towards these directions are summarized next.

2.1.2.1. Gas sorption and separation

Extensive research in this area has been done over the past 15 years.o* Bulk MOFs
exhibit diverse pore sizes and extremely high BET surface areas, and as such, can store
many gases and absorb many functional molecules of different sizes (e.g. ferrocened2 and
myoglobin).93 Although researchers have extensively explored these capabilities in bulk
MOFs, chiefly driven by the great potential of these materials to soon replace fuel cells,
very little work has been done on how the size and shape of nanoMOFs could influence
the uptake or shape of the isotherm. Tanaka et al. did compare bulk crystals and
nanocrystals of the flexible [Zn(ip)(bipy)] for methanol uptake at 293 K, finding
comparable performance in the two cases, but the shape of each isotherm was different
and the kinetics for the nanoMOFs were dramatically higher.94 The same group also
compared bulk crystals and nanocrystals of [Cu.(ndc).(dabco)], finding a greater total
uptake of CO, and of N, (Figure 11).8° In another study, Cho et al. showed that nanoMOF
crystals constructed from In(III) and H.bdc with different hexagonal shapes (rods, lumps
and disks) exhibited almost identical isotherm shapes and uptakes (H, and CO, uptakes

of 140 cm3g™ and 333 cm3g, respectively).9

The high separation capacity of MOFs is also being exploited for gas
chromatography—namely, via integration of nanoMOFs into gas chromatography
columns. For instance, a capillary coated with nano-MOF-5 crystals was tested for its
efficacy in natural gas separation and benchmarked against a commercial Al.O;-based
PLOT column.’%¢ Each column was run under its optimal operation conditions: albeit both
columns separated all five components of natural gas (composition: 97.1% methane, 1.7%
ethane, 0.7% propane, 0.2% isobutane, and 0.3% n-butane) with baseline resolution, the

nano-MOF-5 column was 15% faster than the Al,O4 reference column.
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Figure 11. b) nitrogen at 77 K and c) carbon dioxide at 195 K for [{Cu.(ndc).(dabco)}n] bulk powders

prepared without acetic acid (red) and nanorods prepared with 0.6 M acetic acid (black).

2.1.2.2. Drug delivery systems

MOFs exhibit many desired characteristics for their potential use as delivery
platforms, including high surface areas and large pore sizes for encapsulation of
drugs/active ingredients,97- 98 intrinsic biodegradability, stability in water and physiologic
media, and versatile functionality for post—synthetic grafting of drug molecules. One
obvious application for NMOFs is as drug delivery systems.% In principle, there are two
major strategies that one can use for NMOF-based delivery systems: i) the drugs (or
other active ingredient) is adsorbed inside the porous NMOFs, which can then be
delivered by diffusion or degradation under specific conditions and at desired locations
for subsequent local release of the cargo; or the drug (or other active ingredient) serves
as one of the building blocks of the NMOFs (in which it is incorporated as one of the
main organic ligands or post-synthetically attached), which can then be delivered while
the NMOFs are degraded under certain conditions. An excellent example of the first type
of potential NMOF drug delivery systems was reported by Horcajada et al., who showed
the successful sorption of several antitumor or antiviral drugs, including busulfan,
doxorubicin, azidothymidine triphosphate and cidofovir, into non-toxic Fe(III)-based
nanoMOFs (MIL-100, MIL-101, MIL-53, and MIL-88; size: 50 to 350 nm) crystals.9
Importantly, once all the adsorbed drugs had been incorporated into the porous
structures, they could be released at different rates: doxorubicin and azidothymidine
triphosphate adsorbed into nano-MIL-100 crystals were released after 3 and 5 days,
respectively, whereas busulfan adsorbed into nano-MIL-53 crystals was released after 6
days.>o° Following the second approach, Taylor-Pashow et al. synthesized nano-amino-

MIL—-101-Fe crystals (diameter: 200 nm) in which Bodipy, a fluorescent analog of the
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anticancer drug vinblastine, was grafted onto the NMOF through a covalent amine bond,
with loading levels of up to 11% (w/w). Confocal microscopy of HT—29 cells that had been
incubated with Bodipy—loaded nanocrystals revealed fluorescence inside the cells..o!
Additionally, a  Pt(IV)-based drug, c,c,t—[PtCl.(NHj;).(Oet)O.CCH.CH.CO.H]
(ethoxysuccinato—cisplatin), was also grafted onto nano-amino-MIL—-101 crystals, with

an overall loading of 12.8% (w/w).10!

2.1.2.3. Contrast agents.

NMOFs are excellent candidates to act as contrast agents because they can be
composed of highly paramagnetic metals ions, such as Gd(III) and Mn(II), and their
small sizes allow different biodistribution and opportunities beyond the conventional
imaging of chemical agents such as theragnostics potentiality. Lin et al. have enormously
contributed to demonstrate the efficiency of NMOFs to modify the relaxation times of the
water protons in the surrounding medium when a magnetic field is applied. In such a
context, GA(III) based nanorods have shown exceptionally high longitudinal R1 and
transverse R2 relaxativities of 35.8 s and 55.6 s* per mM of Gd(III),’*2 whereas
nanoparticles  built up from  Gd(III) metal ions connected through
benzenehexacarboxylate ligands have an impressive R2 relaxativity of 122.6 s per mM of
Gd(III).103 More recently, Horcajada, Gref et al. contributed to this field by synthesizing a
NMOF built up from Fe(III) metal ions connected through fumarate ligands that shows a
R1 relaxativity of 50 s per mM of Fe(III), which can be considered as sufficient for in

vivo use (Fig. 5g-1).8¢

Maspoch et al.37 recently showed that the macrocyclic DOPT can be used as a
chelating ligand to create heterometallic NMOFs. In this study the relaxativity was
studied in dependence of pH, temperature and magnetic field giving a maximum R1 of 15
st per mM of Gd(III). This compound was found to be stable in physiological saline

solution and cell culture media and non-cytotoxic.

Computed tomography (CT), another medical imaging technique, is based on X-ray
attenuation by a specimen and can provide three-dimensional images with excellent spatial
resolution. Standard contrast agents for CT contain elements with a high Z number (e.g.
iodine, barium and bismuth), which can be incorporated in large amounts into nanoMOFs. As
proof-of-concept, DeKrafft et al. fabricated nanoMOFs based on the associations of Zn(II)

and Cu(Il) ions with 2,3,5,6-tetraiodo-1,4-benzenedicarboxylic acid.'™ Compared to
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commercial lodoxanol, a clinically used iodinated contrast agent contains 49% (w/w) iodine;
the nano-[Cu(ls-bdc)(H20),]-2H,O and nano-[Zn(I4-bdc)(EtOH),]-2EtOH crystals both
contained 63% (w/w) iodine. Based on their results, the authors affirmed that these
nanoMOFs should be capable of delivering high payloads of iodine, potentially representing
a new class of CT contrast agents that do not suffer from the inherent drawbacks of small-

molecule agents.
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Figure 12. (a) Representative SEM image of nano-MIL-88A crystals. (b)-(¢) MR images acquired with
gradient-echo or spin-echo sequence of control (untreated) rats and of rats injected with nano-MIL-88A crystals
(dosing: 220 mg kg) in their liver, respectively. (d) TEM images of nanoCAMOF-1. Scale bars: 500 and 100 nm
(inset). (e) Time dependence of the percentage of the total GA(III) [filled symbols] and the maximum potential
free GA(III) [empty symbols] ions relative to the total GA(III) content in nanoCAMOF-1 leached upon incubation
in saline solution at pH = 4 (black circles), 7.4 (red triangles), and 9 (blue squares) and at 37.5 °C.

2.1.2.4. Catalysis

Nanocomposites comprising porous NMOFs and catalytic inorganic nanoparticles
exhibit promising catalytic performance.*s Lu et al. showed that Pt@ZIF-8

nanocomposites catalyzed the oxidation of CO at 130 °C, with a conversion of nearly
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100% at 200 °C. The catalytic properties of Pt nanoparticles and the molecular sieving
capability of the ZIF-8 matrix were combined and evaluated for liquid-phase
hydrogenation two substrates: n-hexene and cis-cyclooctene. Pt@ZIF-8 nanocomposites
catalyzed the hydrogenation of the linear n-hexene molecule, albeit with a low conversion
presumably because of slow diffusion through the small pores (3.4 A) of the nano-ZIF-8
crystals. Furthermore, the reusability of Pt@ZIF-8 nanocomposites as a catalyst for the
hydrogenation of n-hexene was demonstrated by the observation of similar conversion
efficiencies for consecutive runs (7.3%, 9.6% and 7.1% for the first, second and third
runs, respectively). In contrast, no catalytic activity was observed for the sterically
hindered substrate cys-cyclooctene, which is consistent with the small pore size of ZIF-8
(3.4 A), but which also suggests the absence of Pt nanoparticles on the outer surface of

the composite.106

2.2. Two-dimensional (2-D) NMOFs

The exotic mechanical, thermal, electronic, optical and chemical properties of
graphene have recently inspired the study of other graphene-like 2D materials.1 7
Interestingly, 2D layered MOFs (MOF nanosheets) can mimic graphene (Figure 13a).
Although their development is in the early stages, the top-down (or deconstruction)
method has been proposed as a promising strategy to fabricate them. This approach
relies on the delamination or exfoliation of MOF nanosheets from bulk MOF crystals
using ultrasonication irradiation or other methods. For instance, Li et al. fabricated MOF
nanosheets via delamination of bulk MOF-2 crystals.’o®¢ The delamination step was
performed by dispersing dried MOF-2 crystals in acetone, and then subjecting them to
ultrasonic radiation at room temperature (confirmed from the observation of the Tyndall
effect) (Figure 13b). Sedimentation of the ultrasonicated suspension afforded a colloidal
suspension of MOF-2 nanosheets. Figures 13c and 13d show representative SEM and
AFM images, respectively, of the sheets. As observed in the images, the nanosheets had
lateral dimensions of 100 to 1000 nm and a thicknesses of 0.7 to 6.0 nm (in agreement
with the theoretical thickness of a single MOF-2 nanosheet: 0.7 nm). Similarly, Saines et
al. obtained several Mn(II), Co(II) and Zn(II)-DMS MOF nanosheets by exfoliating the
corresponding bulk MOF crystals.>?9 In this case, the exfoliation was done via
ultrasonication of an ethanolic colloidal suspension of the corresponding bulk MOF
crystals. Importantly, some of the resulting nanosheets showed lateral dimensions close
to 500 nm and unilamellar thicknesses around 1 nm. This approach has been also used

by Xu et al., who exfoliated the 2D layered structure of Cu-TCPP by a modular assembly
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strategy.'’© With this process, a “modularization” step was used for the synthesis of highly
crystalline “modules” with a nanostructure that can be conveniently assembled into a
thin film in the following “assembly” step. This method affords MOF thin films (see
Section 3), and it can be easily set up for different substrates at very high speed and with

controllable thickness (Figure 13 e-g).
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Figure 13: (a) Schematic illustration of the delamination process of a 2D bulk MOF (e.g. MOF-2) used for

isolating MOF nanosheets. (b) Photograph of a colloidal suspension in acetone of MOF-2 nanosheets. The light
beam was applied from the side to demonstrate the Tyndall effect. (¢) Representative SEM image of MOF-2
nanosheets showing their morphology. Scale bar: 100 nm. (d) Depiction of an AFM image of a delaminated
MOF-2 nanosheet (thickness: ca. 1.5 nm; lateral dimensions: 200 to 300 nm). Scale bar: 100 nm. (e)
Representative TEM image of a single Cu—TCPP nanosheet. Scale bar: 200 nm. (f) Ilustration of the assembly of
MOF Cu-TCPP nanosheets to form a thin film. (g) Photograph of the MOF thin film created after 15 deposition

cycles on a quartz substrate. Adapted from references 36 and 38.
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2.3. NMOFs on Surfaces

Beyond the fabrication of discrete 0-D (nanoparticles), 1-D (nanorods, nanowires,
...) and 2-D (nanosheets) NMOFs, another important challenge is to control the growth of
these crystals directly on surfaces, thus creating functional NMOF-based membranes,
thin films, or patterned surfaces. The fabrication of functional materials into appropriate
devices will advance the development of important technologies arising from the need to
rapidly process data!t 112 to efficiently produce and store energy 3 and to improve

human health through the early detection of diseases. 14-116

Three principal strategies have been explored to fabricate NMOF membranes and
thin films (Fig. 6): (i) the direct assembly and growth of NMOFs on surfaces; (ii) the use
of Langmuir—Blodgett (LB) monolayer transfer technique; and (iii) the Liquid Phase
Epitaxy (LPE) Layer by Layer (LbL) synthesis.

In situ crystallization

B —

Liquid-Phase Epitaxy Layer-by-Layer

W_ N ETTrTreR Yy ——

Langmuir-Blodgett approach

sisisssicichs oo Sl

Figure 14. Schematic illustration of the three principal synthetic strategies used for preparing 2-D metal—
organic nanomaterials, including the in situ crystallization, the layer-by-layer approach and the Langmuir—

Blodgett approach.
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2.3.1. Direct assembly and growth of NMOFs on surfaces

The most general strategy used for fabricating metal—organic thin films and
membranes is the direct nucleation and growth of NMOFs on surfaces. (Figure 16) Initial
efforts for growing these crystals on bare surfaces (e.g. SiO., Al.O3, Au, graphite, etc.)
were based on immersing these substrates into a solution containing the precursors.
Then, the NMOFs were grown on the surfaces by inducing their nucleation using
methods analogous to those used for preparing 0-D and 1-D NMOFs, such as microwave
radiation, temperature, etc. With these synthetic approaches, some metal—organic
supports were successfully synthesized. However, most of the bare substrates inhibit the

nucleation of NMOFs, and thus low crystal density is usually obtained.

A very promising solution to overcome this problem is the use of chemical affinity
templates to promote the nucleation of NMOFs. Self-assembled monolayers (SAMs) are
excellent candidates to act as such templates because they can be terminated with
different functional groups that can direct the nucleation and growth of crystalline
materials. SAMs are organic assemblies formed by the adsorption of molecular
constituents from solution or the gas phase onto the surface of solids or in regular arrays
on the surface of liquids (in the case of mercury and probably other liquid metals and
alloys); the adsorbates organize spontaneously (and sometimes epitaxially) into
crystalline (or semicrystalline) structures. The molecules or ligands that form SAMs have
a chemical functionality, or “headgroup”, with a specific affinity for a substrate; in many
cases, the headgroup also has a high affinity for the surface and displaces adsorbed
adventitious organic materials from the surface.!” The case of the HKUST-1 system is
especially appropriate to describe this phenomenon. Bein et al.'8 studied their
nucleation and growth by immersing Au substrates previously functionalized with SAMs
terminated with COOH—, OH—- and CH3— groups into a solution containing Cu(II) metal
ions and BTC ligands. Under the studied conditions, all terminated SAMs seemed to
favour the nucleation, and therefore, increased the crystal density in comparison with
bare Au surfaces. In addition, these authors also observed preferential crystal growth
orientations depending on the terminal functional group of these SAMs. Indeed, the
COOH-terminated SAM favoured orientation along the [100] direction and the formation
of pyramid-like crystals, whereas the OH-terminated SAM favored the [111] orientation
and led to the formation of octahedral crystals. The third surface terminated with CH3—
groups did not favour any orientation. These results, even though are quite contradictory

to latter exhaustive experiments performed by Fischer et al.,’*9 confirm the importance of
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SAMs for controlling not only the density of crystals (homogeneity) deposited on the

surface but also their orientation.

More recently, the use of SAMs on surfaces has also shown to be important for
selectively growing a certain MOF crystal phase in front of another. This is the case of
MIL-88B, a MOF composed of Fe(IIT) metal ions connected through BDC ligands. Scherb
et al. 120 demonstrated the preferential formation of crystals of this MOF by placing down
a surface functionalized with a COOH-terminated SAM in a mother liquor solution
containing both precursors. Surprisingly, even though the crystals formed in the solution
corresponded to MIL-53, another MOF built up from Fe(III) metal ions connected
through BDC ligands, the crystals that grew on the surface only corresponded to well-
oriented MIL-88B crystals along the [001] direction. Also interesting is the work
reported by Woll et al.,*»* who controlled the formation of a non-interpenetrated phase of
a MOF built up from the linkage of [Zn,O] clusters through 4,4’-biphenyldicarboxylate
ligands. Besides bulk synthetic methods lead to the interpenetrated phase, these authors
proved to control the formation of the non-interpenetrated one on surfaces by using
SAMs as templates and the LbL synthesis, opening new possibilities to synthesize new

types of MOFs on surfaces not accessible by conventional methods.

In addition to the use of SAMs, other ways have been proposed to promote the
homogeneous nucleation and growth of NMOFs on surfaces. One of the most interesting
approaches is the use of seeds to induce a better crystallization. Similar to the growth of
zeolitic membranes , Caro et al.'?2 created a homogeneous and dense coating of
imidazolate based MOFs (ZIF-7) on alumina supports by first dipping them into an
aqueous polyethyleneimine dispersion of pre-synthesized ZIF-7 nanocrystals with
dimensions of 30 nm. These seeded supports were then immersed vertically into a
solution containing the ZIF-7 precursors and heated up to 100 °C using microwave for

three hours to obtain a large scale ordered polycrystalline ZIF-7 thin films.

A previous chemical modification of the surface is also an important factor to be
considered in order to increase the crystal density on surfaces. One possibility is the
“formate” route reported by Caro et al.,*23 which consists of pre-oxidation of the surfaces
with sodium formate treatment. With this oxidation, the nucleation of [Mn(HCOO).] was
enhanced and rather dense coatings were obtained. Qiu et al. and De Vos et al. further
proved this concept.9 124 According to these authors, the oxidation of metallic copper
surfaces generates Cu(II) metal ions process, creating more surface nucleation points
during the HKUST-1 synthesis, and therefore, enhancing the crystal density on those

surfaces (Figure 15).
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Figure 15. (a) Copper net and (b) net- net-supported HKUST-1 membrane; SEM image of (c) the

surface and (d) the cross section of the membrane.

2.3.2. Liquid-Phase Epitaxy (LPE) synthesis

LPE is based on the stepwise Layer-by-Layer (LbL) adsorption of components from
the liquid phase onto a surface (Figure 14). Typically, a SAM surface is alternatively
immersed in the solution containing the metal ions and then in the solution of the
organic ligands. Thus, the thickness of the MOF thin film can be controlled by the
number of alternating cycles. For example, this methodology was used by Shekhah et al.
to fabricate (100) and (111) oriented HKUST-1 films on -COOH and —OH terminated
SAMs, respectively,’s and non-interpenetrated MOF-508 films on —4,4'-bipyridil
terminated SAMs.2* LPE was also used by Arslan et al. for fabricating HKUST-1 thin
films. However, in contrast to previous LPE procedures, the stock solutions of the

reactants (copper(II) acetate and Hsbtc) were deposited via spray-coating of surfaces
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modified with (Au) SAMs, which enabled markedly faster deposition and consequently,
faster fabrication of polycrystalline HKUST-1 films.12¢

2.3.3. Langmuir—Blodgett (LB) monolayer transfer

technique

The Langmuir-Blodgett method relies on the formation and isolation of individual
MOF layers, which are then sequentially transferred onto a substrate. Stacking of these
layers by weak interactions leads to formation of the 3D MOF thin film. Makiura et al.
reported the formation of the 2D layered [CoTCPP-py-Cu] network by spreading a
chloroform/methanolic solution of the organic building blocks (Co(II)-TCPP and py)
onto an aqueous solution of CuCl,. The resulting NMOF layers were then deposited onto
a Si substrate, and stacked via sequential LbL growth. The m—stacking interactions
between the pendant pyridine groups, which are coordinated axially to the paddlewheels,
led to generation of NAFS-1 films, the thickness of which could be controlled by

controlling the number of stacked layers.*27

Both aforementioned strategies, the LB technique and the LPE synthesis, can also be
coupled for producing metal—organic thin films on solid supports.?” Makiura, Kitagawa
et al. recently reported the LbL growth of pre-formed metal—organic sheets using the LB
technique. First, these layers were formed by spreading a chloroform/methanol solution
of a Co(II) metalloporphyrin complex and pyridine onto an aqueous solution containing
Cu(II) metal ions, and instantly transferred on a Si substrate. Sequential sheet formation
and deposition on the same substrate allows the LbL stacking, thereby resulting in the

generation of MOF thin films of any desired thickness.
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2.3.4. Properties and applications of NMOFs on surfaces

The exceptional advantages and properties already exhibited by nanoscale o-D and
1-D metal—organic materials can be integrated on surfaces for fabricating metal—-organic
functional thin films and membranes with a wide range of properties and applications.
Their use can allow the fabrication of electronic or optoelectronic thin films, membranes

with gas separation capabilities, new surface sensors, magnetic platforms, etc.

2.3.4.1. Gas sorption and separation

The exceptional porous characteristics already exhibited by bulk MOFs make them
excellent components for creating metal-organic membranes or thin films with potential
properties in gas separation, gas storage, fabrication of novel sensors, etc. However, even
though the preparation of these 2-D metal-organic systems has attracted much research
interest in the last years, only a few efficient membranes for gas separation have been
reported. The first metal-organic membrane showing separation performance was
reported by Qiu et al.*28 This membrane, which was created with nanoscale HKUST-1
crystals on an oxidized copper grid, showed a higher permeation flux and excellent
permeation selectivity for H. in comparison with CO., N, and CH,. This phenomenon can
be explained by the size selectivity occurred on the HKUST-1 channels. Thus, the small
H. molecule goes through the membrane more easily than CO., N,, and CH,. More
recently, Caro et al. and Brown et al. prepared a series of improved nano-ZIF-8, nano-
ZIF-7, nano-ZIF-90, and nano-ZIF-22 membranes that exhibited much better selectivities
for H,, by choosing nanoMOFs whose pore dimensions were close to the size of H,.122 129-
131 Non-oriented and oriented membranes constructed with NMOFs of zeolitic
imidazolate frameworks showed a high H. selectivity favoured by a pore dimension of
these nMOFs very similar to the size of H, (Figure 15). They also formed nano-ZIF-90
membranes on polymeric hollow-fiber supports to fabricate high-surface-area membrane
modules. The gas separation factors, permeances and selectivities of the polymeric-

supported nano-ZIF-90 membrane indicated that it should be able to separate liquid

alkanes.'!
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Figure 15. (a) SEM top views and (b) cross sections of the ZIF-7 membrane obtained after 225 minutes of
microwave assisted secondary growth. (¢) H2 and CO2 permeances from equimolar binary mixtures and H2/CO2

mixture separation factors of the c-out-of-plane oriented ZIF-7 membrane at different temperatures.
2.3.4.2. Sensors.

The combination of high porosity and physical properties certainly provides
excellent conditions to use metal—organic thin films for sensing applications. Kreno et
al. compared a bare sensor to a NMOF-modified version that contained an Ag
nanoparticle array coated with nano-HKUST-1 crystals: the modified sensor showed a 14-
fold signal enhancement for CO, sensing."’> '** These differences were attributed to the
high capacity of the nano-HKUST-1 crystals to concentrate CO, within the MOF pores.
Bein et al. reported the selective growth of HKUST-1 thin films on functionalized quartz -
crystal microbalance (QCM) gold electrodes. This device was used to evaluate accurately
the mass variations, making possible the detection of water adsorption when this thin
film was exposed to atmospheres with different relative humidities.'34 More recently, Lu
and Hupp constructed ZIF-8-based Fabry—Pérot devices that function as selective
sensors for chemical vapours and gases. This sensor is based on the displacement of
Fabry—Pérot interference peaks as a function of the exposure of the device to an analyte .
The authors show the capabilities of such ZIF-8 based thin films to detect the presence of

ethanol in the atmosphere. 140135

2.3.4.3. Magnetic properties.

The interesting magnetic properties of metal-organic materials studied by the
molecular magnetism field during the last decades can be certainly used to fabricate
magnetic metal-organic thin films. The examples, however, are still scarce. An
illustrative example is the work led by Bousseksou et al., who fabricated NMOF thin films
displaying a room temperature spin-crossover behavior with hysteresis (Fig. 8b). These
authors demonstrated the formation of such thin films by stepwise synthesis of
[Fe(pyrazine)[M(CN),]] (where M is Ni, Pd or Pt) on surfaces.
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Metal-organic materials are found to be a fascinating novel class of functional nanomaterials,
The limitless combinations between inorganic and organic building blocks enable rescarchers to
synthesize 0- and 1-D metal-organic discrete nanostructures with varied compositions,
morphologies and sizes, fabricate 2-D metal-organic thin films and membranes, and even
structure them on surfaces at the nanometre length scale. In this nworial review, the syathetic
methodologies for preparing these miniaturized materials as well as their potential properties and
future applications are discussad. This review wants to offer a panoramic view of this embryonic
class of nanoscale materials that will be of interest to a cross-section of researchers working in
chemistry, physics, medicine, nanotechnology, materials chemustry, efc., in the next years,

Introduction

Miniatunzation to the nanometre scale regime is a very prolific
strategy for the development of new matenals with novel and
often enhanced properties compared to traditional materials,
opening up avenues for technological and biomedical applications
in many areas, including drug-delivery, catalysis, diagnostics,
solar cells, etc. To date, most nanoscale materials are cither
purely orgamic or morgamic in composition. However,
architectures created from the supramolecular assembly of
organic and inorganic components are rapidly growing as a
very attractive alternative class of nanoscale materials.

Centre d'Investigacid en Nanociencla § Nanoteonologia
(CIN2, ICN-CSIC), Esfera UAB, 08193 Bellaterra, Spatn,
E-pmail: danielmaspock fen@uab.es; Fax: + 34 93 881 4747

But, why do we need another class of nanoscale materials?
Traditional metal-organic materials are a fascinating family
of solids created from the supramolecular association of
morganic, such as metal 1ons and metal-organic or inorganic
clusters, and organic buikding blocks, including organic
molecules, biomolecules and organic polymers.! These bulk
materials, in which both types of building blocks are
assembled through metal coordination, hydrogen bonding,
clectrostatic interactions or n-wn stacking, have the potential
to be tailored 1o show adjustable structures, compositions and
properties. As a consequence, they show promise for an
impressive number of applications in gas storage, drug-detivery,
diagnostics, sensing, catalysis, ion exchange or separation,
magnetism, optics, etc. However, metal-organic materials in
the form of traditional bulk crystalline matenals do not always
fulfill all specific needs for these applications. Depending upon
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the intended application, these materials require 1o be not only
fabnicated as bulk crystalline solids, but also miniaturized at
the nanometre length scale and immobilized at specific
locations on surfaces.

For ¢example, nanoscopic dimensions are typically required
to provide materials of sufficiently small sizes for their
intemabization into cells, and this limits the applications of
metal-organic matenals as delivery vehicles, diagnostics, etc.
But nanoscale metal-organic materials combine these small
dimensions with the possibility to design architectures
with well-defined and uniform sizes and morphologies, to
disperse them in aqueous media or other solvents, and
to efficiently coat them for improving their biocompatibility
or recognition capabilities. Of particular interest is also the
fact that nanomaterials have higher surface areas than
their macroscopic connterparts. This property can strongly
influence or even improve the catalytic, ion exchange,
separation, sensing and sorption properties of these metal-
organic matenals, which, in turn, can be dependent on
their sizes and shapes. A similar situation occurs with
some physical properties. It i1s well known that umque
physical properties emerge when at least one dimension
of a matenial is reduced to the nanometre scale. Thus, nano-
scale metal-organic matenals are also expected to hold
highly desirable size-dependent  optical, electrical and
magnetic propertics.

It 1s obvious, then, that by scaling them down to the
nanometre length scale, the scope of metal-organic matenals
will be expanded. But, how they can be prepared at the
nanometre length scale? Like their macroscopic counterparts,
they can be basically prepared by using “bottom-up” synthetic
methodologies based on self-assembly processes; however,
assembly of both inorganic and organic building blocks needs
now to be controlled at the nanometre scale, For this, there are
two major strategies. One involves a set of synthetic
methodologies that induce the controlled precipitation of
self-assembled supramolecular metal-organic polymers once
they are formed. To date, these methodologies include the use

of poor solvents, microwaves, ultrasounds or thermal conditions,
The second strategy coasists of confining the supramolecular
assembly at specific locations. For example, sdf-assembly
processes can be confined into droplets by using micro- or
nanoemulsion techniques, Or they can be precisely controlled
on the surface of substrates, liquids, membranes or other
nanostructures, which act as templates, by using deposition
technigques, such as layer-by-layer (LbL) synthesis, Langmuir-
Blodgett, erc. A specific case that fits in this second strategy is
the use of techniques for their nanostructuration on surfaces.
In fact, the growth and positioning control on surfaces of these
materials is crucial to start to conceive their integration
on supports for the fabncation of complex surface
sensors, separation membranes, drug-delivery platforms and
catalysts,

The miniatunzation of metal-organic matenials down to the
nanometre length scale is therefore a unique opportunity to
develop a new class of highly tailorable nanoscale matenals
that combine the rich diversity of compositions, structures
and properties of classical metal-organic matenals with
the obvious advantages of nanomatenals. Note that we
use the term metal-organic matenal here to include matenals
with extended metal-organic structures, cryvstalline or not, that
are built up from the supramolecular assembly of morganic
(metal fons and metal-organic or inorganic clusters) and
organic building blocks (organic ligands, polymers, and
biomolecules). And the term nanoscale includes these
materials with at least one dimension between 1 and 100 nm,
although some representative examples with sizes comprised
between 100 and 1000 nm have also been included due 1o their
size-dependent characteristics and properties. Therefore, these
nanoscale matenals have been classified according to thar
dimensionality: 0-D (particles), 1-D (fibers, tubes, and rods),
and 2-D (thin films and membranes). In this review, we
describe the recent advances made on the syathess, growth
and sanostructuration of this class of materials, their potential
properties and applications, and illustrate their future
expectations.
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0- and 1-D metal-organic nanomaterials

Synthesis

There are two major strategies for synthesizing 0-D and 1-D
nanoscale metal-organic matenals (Fig. 1): (i) confinement of
the supramolecular assembly at nanoscopic locations by using
emulsions or templates; and (ii) the controlled precipitation of
self-assembled metal-organic polymers once they are formed,
thanks to the use of poor solvents, microwave radiation,
ultrasounds or temperature.

Nanoemulsion is a suspension of small droplets, usually
stabilized by a surfactant, with diameters ranging from 50 to
1000 am, of one liquid in a second liquid in which the first will
not mix. Because of these dimensions, these droplets can
be used as “nanorcactors™ to confine the self-assembly,
nuckation and growth of metal-organic nanostructures.
Briefly, this approach usually consists of first dissolving each
precursor in the solvent that will be dispersed. A water-in-oil,
or reverse, emulsion is then prepared from a surfactant, and
the collisions between droplets containing those precursors or
the application of an external stimulus, such as temperature,
light or microwave radiation, spontancously induce their
polymerization, thus delimiting their growth inside the nano-
droplet. For example, by dissolving Prussian blue precursors
in water, using this solution to create a water-in-oil emulsion
and further exposing this emulsion to daylight, Mann et al.
synthesized the first examples of nanoscale metal-organic
frameworks (NMOFs): Prussian blue cubic nanocrystals,’
Since then, emulsons have been successfully usad 1o produce
nanocrystals of heterometallic cyanometalates, Prssian
Blue analogues using tnazole instead of cyvano groups and
Gd(m)y-based MOFs,

Besides the wility of their intermal volume as
“nanorcactors”, nanodroplets of these emulsions have also
the potential to be used as templates to prepare metal-organic
nanoshells. In this case, the polymenzation must be concen-
trated on the interface of the droplets by using, for example, a
chemical affinity surfactant. Thus far, this strategy has been
used by Wang er al., who synthesized the first examples of
Prussian blue nanoshells.” These shells were synthesized by
preparing an oil-in-water emulsion with an organometallic
surfactant terminated with pentacyano{4-(dimethylamino)-
pyridineferrate. Then, the addition of Fe(m) ions to the
aqueous solution induced the coordinative polyvmenzation
between them and the surfactant, thereby creating a metal-
organic shell on the interface of each droplet,

Nanomaterials are also excellent candidates to be used as
templates for fabnicating metal-organic nanostructures. In
this methodology, a film of a supramolecular metal-organic
polymer is deposited on the template by using a depostion
technique, such as LbL deposition. This deposition, followed
by the removal of this template using thermal or chemical
techniques, can leave behind a metal-organic nanostructure
that mimics the shape and size of this template. Martin ef al,
reported a brlliant example that illustrates how powerful can
this approach be.* The LbL growth of a film composed of
Zr(iv) metal ions and diorganophosphonate ligands on the
pores of an alumina membrane, followed by the removal of
this membrane using phosphoric acid, allowed the fabrication
of highly uniform metal-organic nanotubes.

A second family of methodologies that enable the synthesis
of 0-D and 1-D metal-organic nanostructures is based on
mixing the precursors under certain reaction conditions
that favor the fast nuckation (to increase the seed number)

Template synthesis
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Fig. 1 Schematic representation of the principal synthetic strategies used for synthesizing 0- and 1-D metal-organic nanostructures using
conventional coordimation chemistry, including the LbL growth on templates, the controlled precipitation of metal-organic nanostructures and

the microemulsion techuiques,
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of self-asembled metal-organic polymers. In most of the
cases, these conditions involve the use of microwave radiation,
nltrasounds or temperature. For example, it is well known that
at high temperatures, solubility of precursors increases
avoiding fast precipitation, and allows crystallization to occur.
It is therefore a strategy generally used to produce bulk
crystalline metal-organic matenials. However, if one controls
certain reaction conditions, including solvent, surfactant,
temperature and time, solvothermal synthesis can be a very
prodductive strategy for synthesizing a wide variety of NMOFs.
Some of them were recently reported by Horcajada, Grefl
et al., who synthesized a senies of NMOFs by simply mixing
Fe(i1) metal jons with a senes of multitopic ligands, such as
1 4-benzenedicarboxylate (BDC), benzene-1,3 5-tncarboxylate
(BTC), fumanic acid, etc., in & vanety of solvents at temperatires
usually above 100 °C.*

The use of microwave radiation and ultrasounds can also be
exploited for miniatunzing MOFs. Ni and Masel reported for
the first time the use of microwave radiation to induce the
precipitation of an already known MOF (IRMOF-1, 2 and 3)
based on Za(i) metal ions and BDC ligands at the nanometre
scale.” This reaction consists of exposing a diethylformamide
(DEF) solution of both building blocks at 150 W for only
25 seconds. Similarly, sonochemical synthesis can lead to
a homogenous nucleation and a substantial reduction in
crystallization time. The well-known MOF-5 was miniatunized
at the micrometre scale using this methodology.” And even
more recently, nanoscale arrowheads NMOFs of Prussian
blue analogues have been prepared by Wu et al. with the help
of ultrasoaic radiation.”

However, one of the most extensive approaches used so far
for preparing metal-organic nanostructures is based on the
use of poor solvents 1o induce the fast precipitation of

metal-organic polymers. This strategy can be divided into
two well-established synthetic methodologies: (i) self-assembly
takes place in a solution in which the synthesized metal-
organic polymers are not soluble, and therefore, the poor
solvent is the initial solution used to mix the building blocks;
and (i) the use of an external poor solvent to precipitate the
metal-organic polymers previously synthesized in the imitial
solution, and therefore, the poor solvent is an external one,
Wang ef al. and Oh and Mirkin simultancously developed
both synthetic methodologies.”'® The first authors exploited
the insolubility of a coordination polymer built up from Pt(iv)
metal jons and p-phenylenediamine in water 10 produce
monodisperse spherical particles” On the other hand, Oh
and Mirkin first prepared a coordination polymer constructed
from Za(u), Culn) or Ni(nr) metal jons and a carboxylate-
functionalized binaphthyl bis-metallotridentate Schifl base
(BMSB) in pyridine, and this polymer was then precipitated
in the form of amorphous spherical infinite coordination
particles (ICPs) by addition of a poor solvent, such as ether
or pentane.'® The versatility of this method has been proven
by prepanng a wide range of spherical amorphous ICPs,
multi-shaped NMOFs and even nanoscale fibers.

Shapes and sizes

Even though we are in the carly stages of their development, '’
the abovementioned synthetic methodologies have already
facilitated the preparation of several metal-organic nano-
structures, ranging from 0-D amorphous ICPs and crystalline
NMOFs (with multple shapes) to 1-D rod-like crystals, fibers
and tubes (Fig. 2). In most of the cases, their prepamtion has
allowed researchers to continuously improve these synthetic
methodologies, thus starting to understand some of the reaction
conditions that one needs to modify in order 1o control thar

10pm

Fig. 2 Representative SEM images and their corresponding schematic figures of 0« and 1.1 metal-orgame nanostructures showing the wide
diversity of morphologies obtained so far: (a) cubic particles, (b) octahedral particles, (¢) arrow-like particles, (d) spheres, (¢) hexagonal humps,
() plate-like particles, (g) rods, (h) fibers, and () tubes. (© The American Chemical Society, Springer and Wiley Interscience, reprinted with

permission),
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shapes and sizes. To date, the choice of the synthetic strategy
as well as the corresponding reaction conditions seems crucial
to prepare a certain type of nanostructure with precise control
over its shape and size.

This is the case of amorphous spherical ICPs that have
exclusively been prepared by using methods based on fast
precipitation induced by poor solvents. This strategy provides
further control on the size of the colloidal spheres through
modifications in the reaction conditions. There are three
known parameters that can be tuned in order to control their
diameter. The first one is the charactenstics of the poor
solvent, such as the polarity. Oh and Mirkin reported that,
under identical reaction conditions, the use of pentane as the
poor solvent leads 10 Za(u)-BMSB spherical ICPs with larger
diameters (780 4 230 nm) than the ones obtained using more
polar diethyl ether (190 £ 60 nm)."” The second parameter is
the rate of addition of the poor solvent. Generally, larger
spheres are obtained by decreasing the addition speed of the
poor solvent in the reaction mixture. Finally, the third
condition is the concentration of the reactants, which is
inversely related to the diameter of the spheres. Maspoch
et al. demonstrated that the diameter of ICPs built up from
the connection of Zn(n) metal ions through bistimidazole-
l-yimethyl)benzene (Bix) ligands was controlled from
130 = 14 am to 1050 4 83 nm by decreasing the concentration
of both Zn(u) metal jons and Bix components from
1210 "Mwsx10 *M"”

Crystalline NMOFs are generally synthesized by usng
emulsions, solvothermal and sonochemical synthesis, poor
solvents and microwave-assisted synthesis. In most of these
strategies, the size and shape of the resulting NMOFs are closely
dependent on the type of solvent, the nature, concentration and
stoichiometry of the precursors, and the specific reaction
conditions used in each one of these methodologies, such as
the applied temperature in solvothermal synthesis, the microwave
radiation intensity in microwave-assisted synthesis, etc.

There are several examples where the solvent has an effect
on the shape and size of NMOFs. Jung and Oh found that
cubic NMOFs built up from Zn{u) metal ions and metallosalen
(MS) ligands were prepared with different sizes by performing
identical solvothermal reactions under different DMSO/DMF
mixtures.”* Here, DMSO/DMF mixtures in proportions | : 1,
1:2, and 2:1 led to cubes with an average size of
308 = 36 am, 600 = 94 am, and 4860 + 780 nm, respectively.
The synthesis of NMOFs is also dependent on the nature,
concentration and stoichiometry of the reactants. For
example, Ni and Masel reported how the dimensions of cubic
Zu(i)-BDC NMOFs preparad through microwave-assisted
synthesis are reduced by decreasing the concentration of cither
Za(i) metal ions or BDC ligands.®

Of special interest are the specific conditions, such as the
temperature, the microwave radiation and the surfactant, used
on these synthetic methodologies because they are excellent
parameters to control for talloring NMOFs. Among them,
nanoemulsions are interesting because it is possible to tailor
their droplet sizes, and therefore, the NMOFs sizes by
controlling the composition of these emulsions, such as the
relative composition of the surfactant, the oil phase and the
aqueons phase. Lin er al. took advantage of this to prove that

the dimensions (both diameter and length) of Gd(u)-BDC
nanorods can be tailorad by simply changing the water to
surfactant molar ratio.” In solvothermal synthesis, the
reaction temperature can also affect the dimensions of the
produced NMOFs. This dependence was confirmed by Jung
and Oh, who reported that smaller cubic Zo(un)-MS NMOFs
are generated at lower reaction temperatures.' While cubes
with dimensions of 166 + 15 nm were obtained at 80 °C, an
increase of the temperature up to 120 °C afforded bigger cubes
with dimensions of 308 + 36 nm.

The use of surfactants in methods basad on fast precipitation is
a further factor to be considered because they can play a
cntical role not only to control the morphology of NMOFs
but also to increase their stability, avoiding agglomeration.
For example, Thallapally et o/, have recently highlighted the
importance of using polv(diallvidimethylammonium chloride)
as the surfactant to prepare hexagonally-shaped NMOFs built
up from the connection of Za{u) metal 1ons through mmdazolate
ligands."® The use of other surfactants did not result in
the formation of these NMOFs. However, surfactants are
not the only type of substances that can help researchers to
control the NMOFs shape. Like in purely inorganic nano-
materials, organic ligands also show promise for acting as
blocking agents, which can control the growth rate of NMOFs
in certain directions, Oh er al, enormously contnbuted to
prove this concept.)” These authors reported that hexagonal
rod-like In(m)-BDC NMOFs synthesized by solvothermal
synthesis can be tuned to hexagonal lumps or disks by ssmply
adding certain amounts of pyridine to the reaction solution.

Besides the formation of ICPs and NMOFs, there are other
attractive nanoscale 1-D metal-organic materials: nanofibers
and nanotubes.”® To date, most of the metal-organic nanofibers
have been prepared by using fast precipitation methods,
Maspoch ef al. reported the fabrication of chiral nanofibers
by adding a solution of aspartate (Asp) ligands into a solution
of Cu(n) metal ions.'” Here, the length of these fibers was
controlled by adjusting the addition rate of Asp solution,
which is again inversely refated to the length of the nanofibers
produced. A mixture of both solutions by using a very slow
diffusion ked 1o very long (up to one centimetre) nanofibers,
whereas a fast mixture decreased this length up to teas of
micrometres, Nanotubes are also a very attractive type of
nanoscale materials, but only one example made up from
metal fons and organic ligands has been reported so far, As
stated above, Martin er al. utilized alumina membranes as
templates for synthesizing Zn{iv)-phosphonate nanotubes
through a LbL synthesis.* This is a very versatile synthetic
methodology, and it will certainly allow the preparation of
more metal-organic nanotubes in the near future, opening the
door to control their ontside diameter and length by selecting
the diameter of the pores and the thickness of the alumina
membrane, respectively, whereas the pore size and the wall
thickness can be controllked by the number of inorganic/
organic layvers deposited on the pore wall of the template.

Hicrarchical metal-organic superstructures

Like pure inorganic nanomatenals, the research on metal-
organic nanostructures has recently started to be extended to

This jounal is © The Royal Soclety of Chemistry 2011
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Fig. 3 (a) Scheme illustrating the formation of hierarchical metal-
organic superstructures, (b-¢) SEM images of representative laerarchical
metal-orgame structures: (b) urchan-hke, (<) bundle-bke, (d) sheaf-hke,
and (¢) flower-like superstructures. (© The Amencan Chemical
Socety and The Royal Socety of Chemistry, reponted with
permission)

the assembly of ICPs or NMOFs into ordered hierarchical
superstmuctures that are able to exhibit a rich range of complex
architectures (Fig. 3a). For example, Zhang et al. demon-
strated the formation of sheaf-, flower-, wheatear-, straw-,
bundle-, urchin- and butterfly-like hierarchical architectures
from connecting Eu(ur), Th(ur) or Ce(i) metal ions through
BTC ligands under simple fast precipitation methods
(Fig. 3)."° Among other functionalities, hicrarchical super-
structures can combine micro- and mesoporosity, thus having
important prospects in industrial processes, such as catalysis,
absorption, efe, Qiu ef al. reported a versatile methodology
based on the use of micelles as supramolecular templates for
synthesizing hierarchically MOFs based on Cu(ur) metal ions
linked by BTC ligands.”! One of the most important features
of these matenals is that they exhibit micro- and mesoporons
structures with tunable adsorption capabilities.

Metal-organic nanostructures constructed from supramolecnlar
non-coordination bonds

The diversity of 0-D and 1-D metal-organic nanostrictures
can be further expanded by using electrostatic interactions,
hydrogen bonds, =-n stacking and van der Waals interactions
as the main driving forees for the assembly of the organic and
inorganic building blocks. The syathetic methodologies are
not so different from those explained above. For example,
hybrid spheres of about 150 nm in diameter were assembled
from electrostatic interactions between cationic dipeptides and
anionic polyoxometalate (POM) clusters by simply mixing
both building blocks in the appropriate solvent (Fig. 4).**
The fact that these interactions are weak makes these spheres
1o be casly disassembled by applying an external stimulus,
such as pH (charge neutralization) and temperature. Thus, the

a) ‘s
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Dlecsontatc rdeactons

Catonc poghce

b)

rorganc Custer

-
-

, Yy
50 nm

Fig. 4 (a) Scheme illustrating the formation of nanospberes through
the supramolecular assembly (electrostatic interactions) between o
cationic peptide and an amonic morganic cluster, (b) SEM image of
these spheres () Wiley Intersaience, reprinted with permassion).

sensitivity of electronic interactions to external stimuli could
be of interest when thinking of controlled release of guest
moleciles or any other systems that require triggered
disassembly, Based on the same approach, anionic POM
clusters were electrostatically assembled with the cationic
surfactant dimethyldioctadecylammonium bromide to yield
nanostructures with different morphologies depending on the
solvents used.”

It is known that polvion-neutral diblock copolymers
self-assemble into nanoparticles when mixed with an oppositely
charged polyelectrolyte in what can be termed complex
coacervate core micelles. Partides thus synthesized are
stabilized due to the electronentral segments of the diblock
polymer. Stuart et al. followed this approach to assemble a
cationic organic polymer with a pre-synthesized coordination
polymer with negative charge in its coordination center into
nanospheres of about 50 nm in diameter.” Therefore, a
reversible system such as a coordination polymer replaces a
conventional polyelectrolyte conferring to the final system
more versatility and sensitivity to external stimuli,

Another class of matenials held entirely by non-coordination
supramolecular mteractions s those based on P-Pt inter-
sctions. It was found that square planar Pt self-assembles
into 1-D structures through Pt™- . .Pt" interactions.™

Properties and applications

A wide range of promising properties can be obtained by
taking advantage of the mmltiple inorganic and organic
building blocks that can be combined to prepare nanoscale
metal-organic materials. One can use the intrinsic properties
of either the organic or inorganic components, The ability of
metal ions to interact with phonons and electrons, to show
luminescence and strong absorptions and to have interesting
magneto-optical properties makes metal-organic matenals
suitable as functional matenals in devices, The organic
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components can also exhibit their own functionalities, For
example, organic chromophores, radicals or biomolecules are
excellent building units to prepare optical, magnetic and
biocompatible nanoscale matenials. New properties also anise
from the polymenzation of both building blocks. This is the
case of the tailorable porous structures constructed from the
linkage of inorganic building units through multitopic organic
ligands. All these properties can take advantage of the benefits
of working at the nanometre length scale, thus opening novel
avenues for developing nanomatenials with astonishing
propertics and applications. Some of these can help to develop
novel drug delivery systems, encapsulating matrices, contrast
agents, porous catalytic matenials, gas storage materals,
magnetic and optical nanomatenals, gels, ere. Recent great
advances have been made towards these directions.

Drug delivery systems. The development of nanoscale drug
detivery metal-organic systems has been tackled by incorporating
those drugs using different strategies: (1) drugs are one of the
building blocks of the metal-organic structure; (i) drugs are
encapsulated inside a metal-organic matrix; and (i) drgs are
adsorbed in porons NMOFs, The three approaches have been
recently tested. Lin er al. used the precipitation approach
induced by a poor solvent to synthesize nanospheres built up
from the coordination of a Pt(1v) based anticancer drug and
Th(in) metal ions (Fig. 5a-c).** The same authors also proved
the postsynthetic covalent attachment of drugsin porous NMOFs
built up from Fe(m) metal ions and 2-aminoterephthalic
acid.” The free amino groups on the porous NMOFs were
usad to covalently interact with an ethoxysuccinato-cisplatin
pro-drug activated with 1, l-carboayldumidazole. For the
second strategy, Maspoch ef al. proved that ICPs composed

of Zn(u) metal jons linked by Bix ligands possess the ability to
encapsulate a wide range of active species, including drugs
such as doxorubicin (DOX), SN-38, camptothecin and
daunomycin, within their amorphous matrix.”® Horcajada,
Gref et al. have recently developed the last strategy.” These
authors used synthesized porous NMOFs composed of Fe(in)
metal ions and different dicarboxylate hgands (e.g. BDC or
BTC) to load a wide vanety of antitumoral drugs, such as
DOX, busulfan, cidofovir and azidothymidine triphosphate,
The loading was achieved by soaking these porous NMOFs in
saturated drug solutions. Interestingly, in all these cases, the
successful design of the drug delivery system was confinmed by
proving the controlled and progressive release of the encapsulated
drug as well as their in vitro anticancer efficacies; thus opening
the way to start considering the use of metal-organic nano-
structures as novel drug delivery systems.

Encapsulating matrices. Amorphous metal-organic spheres
can in situ encapsulate active species by previously incorporating
them in the precursor sotution (Fig. Sd-f). Since this discovery,"
the classes of amorphous spheres that can be used as capsules
have been extended, Kimizuka er al fabncated ICPs able
to encapsulate fluorescent dyes, metal nanoparticles and
pm!dn&'\’ In this case, the coordination polymer was created
by connecting Gd{m) metal ifons through adenosine
5'-monophosphate nucleotide. Encapsulation properties are
not restricted to ICPs, and recently, electrostatic spheres
composed of peptides and POMs have been used to encapsulate
organic dyes,”

Contrast agents. Nanoscale metal-organic materials are
excellent candidates 1o act as contrast agents because they

c)w
”0 |

i b * Do Y
LA

L=
*

¥ sorrewnom

Fig. § Representative applications for the nanoscale supramolecular 0- and 1-D melal-organic structures. (a-¢) Drug delivery systems.
(n) Metal-orgamc nanospheres built up from the coordination of a Pt(1iv) based anticancer drug and Th(m) metal jons. (b) Drug release profile
obtained by plotting % Pt released agaimst time and () 5s i virro cytotoxicity assay curves for HT-29 cells obtained by plotting the %scell viatulity
against the Pt concentration of vanous samples, (d-f) Encapsulating systems. (d) TEM image of amorphous metal-organic ZnBix spheres,
(¢) TEM image of magnetic iron oxide nanoparticles encapsulated into ZnBix spheres. () Fluorescence optical image of fluorescemn and quantum
dots encapsulated into ZnBix spheres. (g-1) Contrast agents. (g) SEM image of metal-organic nanoparticles of [FeO(H,0),Cl(fumarate),)
(MIL-88A). () Magnetic resonance imnges of control rats and (1) rats injected with 220 mg kg™’ of MIL-8SA nanoparticles (& Wiley Intesscience,
The Amencan Chemucal Society and The Nature Publishing Group, reprnted with permassion).
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can be composad of highly paramagnetic metals ions, such as
Gdir) and M), and their small sizes allow different
biodistnbution and opportunities beyond the conventional
imaging of chemical agents. Lin er al. have enormously
contnbuted to demonstrate the efficency of NMOFs to
maodify the relaxation times of the water protons in the
surrounding medium when a magnetic field s applied. In such
a context, Gd(ur) based nanorods have shown exceptionally
high longitudinal R1 and transverse R2 relaxivities of 358 s '
and 55.6 5 ! per mM of Gd(m)," whereas nanoparticles built
up from Gd(m) metal ions connected through benzene-
hexacarboxylate ligands have an impressive R2 relaxivity of
12265 " permM of Gd{m).™ More recently, Horcajada, Gref
et al. contributed to this field by svanthesizing a NMOF bult
up from Fe(ur) metal ions connected through fumarate igands
that shows a R1 relaxivity of 50 s ' per mM of Fe{u), which
can be considered as sufficient for i vive use (Fig. 5g-i).°

Catalytic properties. Self-assembly of catalytic active metals
into nanoparticles is a promising route towards a more
eflident heterogencons catalysis due to the possibility to
increase the concentration of active sites. Sweigart ef al. used
the preapitation approach to assemble Rh based metal-
organic catalysts and Al(n) metal ions into nanospheres.’
Their nanostructuration increased the concentration of catalytuc
active sites, enhancing the stereoselective polymerization of
phenylacetylene. In addition, the catalytic performance of
these metal-organic nanocatalysts was dependent on their
size. As expected, smaller spheres were more active than the
bigger ones.

Gas sorption properties. Matenals with a high capacity of
gas sorption are gaining interest due to the need to store and
handle new environmentally friendly fuels or remove green
house gases. Because of the excellent properties exhibited by
bulk porons MOFs, their nanoscopic counterparts are
expected to exhibit interesting, novel and even improved gas
sorption properties. This is the case of a NMOF built up from
Zu(n) metal fons coanected through isophthalate and
4,4"-bipyridy! ligands.” These porous nanocrystals reported
by Groll et al. showed adsorption capaaties almost identical
to their bulk counterparts, but the shapes of the sorption
isotherms differed significantly and the adsorption kinetics
increased dramatically. The CO; and H; sorption properties
of nanoscale metal-organic structures have also started to be
investigated. Oh e al. successfully synthesized NMOFs based
on In(m) metal jons and BDC ligands that showed a H; and
CO, uptake of 140 cm” g ' and 333 cm’ g ', respectively.!’
And Thallspally ef al. have recently described a reversible
uptake and release of CO, in an imidazolate NMOF with 35%
of weight capacity at 30 bar.'®

Optical properties. Luminescent coordination 5 nm-in-
diameter nanoparticles were prepared by Mallah er al. by
controlling the growth of the already known coordination
polymer based on Tb(m) or Eu(mr) metal ions and BDC
ligands with poly(vinyl pyrrolidone).” Among them, the
Eu(in)-based nanoparticles showad an intense red emission,
remaining stable for at least 20 hours, The fact that the size of
these particles did not exceed 10 nm together with their water

dispersibility makes them interesting for biological applications,
A different approach was followed by Loh er al. 10 prepare
optically active nanofibers.™ Two chromophores with good
overlap between their respective emission and absorption
bands were self-assembled into a 1-D  nanostructured
metal-organic polymer giving rise to a light harvesting
antenna that transforms UV radiation nto red radiation.
Interestingly, the harvesting effect was only observed in the
self-assembled system. This comes to prove that if the right
building blocks are assembled into nanostructured metal-
organic polymers, it is possible then to achieve interactions
between functional molecules that otherwise wounld be
impossible,

Magnetic properties. The family of Prussian Blue nano-
particles has shown fascinating superparamagnetic properties,™
In addition to these properties, spin crossover matenals
are perhaps the most attractive materials because thermal
hysteresis takes place at room temperature in most of
the cases, These materials undergo changes in their spin
configuration from low spin to high spin due to external
stimuli, such as temperature or light radiation. This usually
implies a change in the magnetic properties, and therefore, itis
of great interest for electronic devicss, switches and memory
devices, Coronado et al, made the first step to demonstrate
that 10 am-in-diameter coordination nanoparticles with the
formula [Fe(Htrz),(trzXBF;)] (where trz is a tnazole
derivative) retain their spin crossover propertics.” Soon after,
Ruiz-Molina ef al. further proved that sphenical ICPs can
possess bistable spin crossover properties by polvmernizing
the electroactive complex with the general formula
[Co (35-dbsq)(3,5-dbcatN-N)] (where 3,5-dbsq and
3,5-dbcat are, respectively, the semiquinonate radical and
catecholate forms of 3,5-di-ters-butyl-1,2-benzoquinone) with
the bitopic linker Bix.'’ More recently, interesting spin
crossover properties have also been seen in NMOFs with the
formula [Fa(pz)PUCON),] (where pz is pyrazine) prepared by
Gaspar, Real et al ™

Sensors. It is well known that the supramolecular inter-
action of external species in the structures of metal-organic
materials can induce changes in their physical properties. This
ability, together with the high surface areas that can be
functionalized 1o recognize specific substances and the porous
structures that can selectively adsorb species provide excellent
characteristics to metal-organic structures for being used as
novel sensors at the nanometre length scale. Thus far,
however, not many sensors based on these structures have
been reported. Oh and Mirkin demonstrated the ion-exchange
capabilities of fuorescent Zn(u) based ICPs.”” After exposing
these spheres to Cu(n) metal jons, the cation-exchange
reaction between Cul(n) and Zn(n) metal ions induced the
disappearance of the fluorescence propertics of these ICPs.
Interestingly, the cation-exchange was faster for smalker ICPs,
confirming the faster response that nanoscale sensors offer.
Even though the detection response is not related to the
NMOF, Lin et al. have recently reported an illustrative
example of the potentiality of these structures w0 be
functionalized for creating novel sensors.* Eu-doped NMOFs
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composed of Gd(i) metal jons linked by BDC ligands were
first coated with a silica shell, and then functionalized with a
silylated Th-EDTM monoamide denvative. The resulting
nanoparticles were exposed to 2.2-dipynidylamine (DPA),
which constitutes up to 15% of the spores’ dry mass. Upon
exatation at 278 nm, the NMOFs only gave Eu luminescence
becanse the complex Th-EDTM is not luminescent. However,
as DPA was added to the dispersion, the Tb luminescence
became clearly visible owing to the formation of the complex
THh-EDTM-DPA. These modified NMOFs can therefore be
used as sensors for anthrax and other bacterial spores.

Templates. As shown in Fig. 2, nanoscale metal-organic
structures can exhibit a wide range of morphologies and
functionalitics. Thus, these matenals show promise to be used
as templates, transferning their complex morphologies 10 other
materials, such as metal oxides, or acting as functional
supports for synthesizing other nanoscale materials. With this
concept, Oh et al. used a sub-l1 pm, hexagonal, rod-shaped
In(in) based NMOF to prepare hexagonally shaped hollow
and non-hollow In,O; rods by a smple calcination of the
polymeric precussor.®! The resulting InsO, nanomaterials
maintained the onginal morphology of the precursor MOFs,
It is interesting to note that NMOFs also show promise for
being used as templates to grow inorganic nanoparticles in
their pores. Among others, Fischer e al. have enormously
contnbuted to prove this application, showing the generation
of Pd, Cu and Au nanoparticles in MOF-5 crystals by first
loading the appropriate precursors in their porous structures
and treating the resulting crystals with hydrogen gas.

Other bioapplications. The use of bloorganic molecules
expands the range of applications of metal-organic structures

due to their assumed higher biocompatibility. Chmelewski
et al. further expanded this range by using metal-organic
fibers as scaffolds for cell culture” Through smart peptide
design, metal coordination nodes, such as mitrilotnacetic aad,
histidine and bipyridyl, were incorporated into a peptide
sequence. This allowed synthesizing collagen-metal frame-
works that self-assembled into fibrous matenals upon addition
of transition metals (Zadu), Culur), Ni(n) and Co(r)) able to
adopt 3-D metal-organic scaffold for cell culture, Due to the
nature of the interaction that holds these fibers, their assembly
could be casily reverted by adding EDTA. which made more
facile the cell recovening.

2-D metal-organic nanomaterials

Beyond the fabrication of discrete 0-D and 1-D nano-
structures, another important challenge is to control the
growth of these structures directly on surfaces, thus creating
functional membranes, thin films, or devices based on these
materials. The control of the supramolecular assembly of
inorganic and organic building blocks on surfaces is especially
of interest to fully exploit the exceptional adsorption
properties of metal-organic matenals, and create new
functional surfaces for applications in electronic, seasing or
photonics. An excellent review on this topic has also recently
been published by Fischer er al*

Synthesis

Chronologically, three principal strategies have been explored
to fabricate metal-organic membranes and thin films (Fig. 6):
(1) the LbL synthesis; (ii) the use of Langmuir-Blodgett (LLB)

Layer-by-layer approach
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Fig. 6 Schematic illustration of the three principal synthetic strategies used for preparing 2-D metal-organic nanomaterials, including the
layer-by-layer approach, the Langmuir-Blodgett approach and the v sitv crystallization.
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monolayer transfer technique; and (iii) the direct assembly and
growth of metal-organic nanostructures on surfaces,

Initial efforts to fabricate nanoscale metal-organic surfaces
began at the end of 80s decade with the use of the LbL
synthesis (Fig. 6). The LbL synthesis is a well-known strategy
that allows the step-by-step growth of hybnd organic-
inorganic layers on surfaces by sequentially exposing them
to solutions of both organic and inorganic building blocks.
This approach was first used by Mallonk e ol in 1988 10
fabncate an hybrid material compaosed of multilayers of Zr(v)
metal ions and 1,10-decancbisphosphonate (DBP) on a St
surface. In this case, after an initial functionalization of the
Si substrate with a phosphonate-terminated monolayer, the
substrate was exposad alternatively to aqueous solutions of
ZrOCl; and DBP. By repeating this process eight times, eight
layers of Zr-DBP with a height of 13.6 am (1.7 nm per laver)
were fabricated. However, these adsorption steps can in
principle be repeated as many times as desired in order to
produce multilayer metal-organic films. The sequential
dipping can be automated, and films containing more
than 100 layers can be grown. Using the LbL synthesis,
inorganic-organic multilayers composad of a wide vanety of
metal ions (e.g. HiGv), Cetv), Cu(n), ere.) and organic igands
(e.g. different types of diphosphonates, mercaptohexadecanoic
acid, ete.) have nowadays been prepared on different surfaces
{e.g. gold, silicon, erc.).

Beyond the stepwise coordination of metal ions and organic
ligands, ultra thin metal-organic assemblies can also be grown
with the dectrostatic LbL self-assembly (ELSA) method. This
methodology is based on the subsequent deposition of species
with opposite charges on the surface. Generally, the inorganic
species  are  anionic  inorganic  clusters or complexes
(e.g. POMs), 2-D inorganic matenals (e.g. clays and Zr(tv)
phosphonates) and inorganic nanoparticles (eg. gold
nanoparticles). And the vast majority of organic species are
oppositely charged organic polymers or large molecules. An
illustrative example is the multilayer films of molybdenum
oxide reported by Kunitake ez al.*® In this case, the inorganic
species was the anionic POM [MogO,g|, whereas poly-
(allylamine hydrochloride) (PAH) was the cationic organic
polymer. Alternate electrostatic adsorpiion cycles of both
building blocks on a polymeric surface resulted in films with
uniform thicknesses and extremely smooth surfaces.

A second general approach for fabnicating nanoscale 2-D
metal-organic matenials is the LB technique (Fig. 6). LB is a
well-known technique that allows the organization of organic
molecules on air/liquid interfaces, creating ultra thin layers
that can be further deposited on surfaces. To our knowledge,
Nagel and Oecrtel first used this technique to fabricate
coordination polymer monolavers on an air/water interface.*’
This process usually consists of four steps: (1) a multitopic
organic ligand is first functionalized with alkyl chains to allow
their organization on the air/water interface; (1) small volume
of a solution of the organic ligand is spread on the surface
of an aqueous solution containing the metal fon; (iii) an
interfacial coordination reaction occurs between the metal
ions in the aqueous subphase and the organic ligands once
they are spread or self-organized on the air/water interface;
and (iv) the created ultrathin coordination polvmer layers are

transferred to a flat solid support by immersing the substrate
through the compressed layer. Among others, Yuan and Liu
followed these steps to fabricate chiral metal-organic
monolayers. Initially, the naphthal2,3}imidazole ligand was
functionalized with a long alkyl chain. A chloroform solution
of this ligand was then spread on pure water containing Ag(1)
metal jons. Immediately, metal-organic monolayers were
formed through an in sitw coordination between both species,
transferring them on mica,**

Both general strategies, the LB technique and the LbL
synthesis, can also be coupled for producing metal-organic
thin films on solid supporis.”” Makiura, Kitagawa er al,
recently reported the LbL growth of pre-formed metal-
organic sheets using the LB technigue. First, these layers were
formed by spreading a chloroform/methanol solution of a
Col(n) metalloporphyrin complex and pyridine onto an
aqueons solution containing Cu(ir) metal jons, and instantly
transferred on a Si substrate. Sequential sheet formation and
deposition on the same substrate allows the Lbl. stacking,
thereby resulting in the generation of MOF thin films of any
desired thickness.

The last general strategy so far used for fabrcating
metal-organic thin films and membranes is the direct
nucleation and growth of NMOFs on surfaces. Initial efforts
for growing these crystals on bare surfaces (e.g. Si0,, ALLO,,
Au, graphite, ere.) were focused on a strategy based on
immersing these substrates into a solution containing the
precursors. Then, the NMOFs were grown on the surfaces
by inducing their aucleation using methods analogous to
those used for preparing 0-D and 1-D NMOFs, such as
microwave radiation, temperature, efc. With these synthetic
approaches, some metal-organic supports were successfully
synthesized. However, most of the bare substrates inhibit the
nucleation of NMOFs, and thus low crystal density is usually
obtained.

A very promising solution 1o overcome this problem is the
use of chemical affinity templates to promote the nucleation of
NMOFs. Self-assembled monolayers (SAMs) are excellent
candidates to act as such templates because they can be
terminated with different functional groups that can direct
the nucleation and growth of erystalline materials. The case of
the HKUST-| system is especially appropriate to describe this
phenomenon. Bein ef af. studied their nucleation and growth
by immersing Au substrates previously functionalized with
SAMs terminated with COOH-, OH- and CH;- groups into a
solution containing Cu(u) metal ions and BTC ligands.™
Under the studied conditions, all terminated SAMs scemed
to favor the nucleation, and therefore, increased the crystal
density in comparison with bare Au surfaces. In addition,
these authors also observed preferential crystal growth
onentations depending on the terminal functional group of
these SAMs, Indeed, the COOH-terminated SAM favored
onentation along the [100] direction and the formation of
pyramid-like crystals, whercas the OH-terminated SAM
favored the [111] onentation and led to the formation of
octahedral crystals. The third surface terminated with CH,-
groups did not favor amy orientation, These results,
even though are quite contradictory to latter exhaustive
experiments performed by Fischer er al.,” confirm the

300 | Chem. Soc. Rev., 2011, 40, 291-305

This journal is © The Royal Soclety of Chemistry 2011



Published on 25 November 2010. Downloaded on 16:04/2014 09:50;50,

Chapter 1. General Introduction

View Article Online

importance of SAMs for controlling not only the density of
crystals (homogenaty) deposited on the surface but also their
onentation.

More recently, the use of SAMs on surfaces has also shown
to be important for selectively growing a certain MOF crystal
phase in front of another. This is the case of MIL-88B, a MOF
composed of Fe(r) metal ions connected through BDC
ligands.® Scherb e al. demonstrated the preferential
formation of crystals of this MOF by placing down a
COOH-terminated SAM in a mother liquor solution containing
both precursors. Surprisingly, even though the crystals formed
in the solution corresponded to MIL-53, another MOF built
up from Fe(in) metal ions connected through BDC ligands, the
crystals that grew on the surface only corresponded to well-
onented MIL-88B crystals along the [001) direction. Also
interesting is the work reported by Woll e al,” who
controlled the formation of a non-interpenetrated phase of a
MOF built up from the linkage of [Zn 0] clusters through
4.4 -biphenyldicarboxylate ligands. Besides bulk synthetic
methods lead to the interpenetrated phase, these authors
proved to control the formation of the non-interpenctrated
one on surfaces by using SAMs as templates and the LbL
synthesis, opening new possibilities to synthesize new types of
MOFs on surfaces not accessible by conventional methods.

In addition 1o the use of SAMs, other ways have been
proposad to promote the homogeneous nucleation and growth
of NMOFs on surfaces. One of the most interesting
approaches is the use of seeds to induce a better erystallization.
Similar to the growth of zeolitic membranes, Caro et al.
created a homogencous and dense coating of imidazolate
based MOFs (ZIF-7) on alumina supports by first dipping
them into an aqueous polyethylencimine dispersion of
presynthesized ZIF-7 nanocrystals with dimensions of
30 nm.™ These seeded supports were then immersed vertically
into a solution containing the ZIF-7 precursors and heated up
to 100 °C using microwave for three hours to obtain a large
scale ordered polycrystalline ZIF-7 thin films,

Fig. 7 (n) Optic micrographs of the copper net (left) and the
net-supported HKUST-1 membrane (right). (b) SEM top (lefl) and
cross-section (night) views of ZIF-7 membranes obtained after
micrownve assisted secondary growth (0 Wiley Interscience and
Amencan Chamical Soaety, repnnted with permssion).

A previous chemical modification of the surface i also an
important factor to be considered in order 1o increase the
crystal density on surfaces. One possibility is the “formate™
route reported by Caro et al.,” which consists of pre-oxidation
of the surfaces with sodium formate treatment. With this
oxidation, the nucleation of [Mn{HCOQ),] was enhanced
and rather dense coatings were obtaned. Qiu e al. and De
Vos et al. further proved this concept.”” According to these
authors, the oxidation of metallic copper surfaces generates
Cu(ir) metal ions process, creating more surface nucleation
points during the HKUST-1 synthesis, and therefore,
enhancing the crystal density on those surfaces (Fig. 7a).

Properties and applications

The exceptional advantages and properties already exhibited
by nanoscale 0-D and 1-D metal-organic matenals can be
integrated on surfaces for fabricating metal-organic functional
thin films and membranes with a wide range of properties and
applications. Their use can allow the fabrication of electronic
or optoclectronic thin films. membranes with gas separation
capabilities, new surface sensors, magnetic platforms, ete.

Electronic and optoelectronic properties, The use of POMs to
fabricate thin films is specially promising due to their ability to
act as an electron reservoir, thereby giving nise to colored
mixed-valence state species while retaining their structural
integrity, Kurth, Volkmer et al, reported the formation of
clectrochromic thin  films composed of multilayers of
[En(H;0)PsW 00150]"* . which exhibit reversible electro-
chemical behavior accompanied by a large electrochromic
response, PAH and poly(styrenesulfonate) (Fig. 8a).”* Because
the properties of POM clusters are fully maintained in the
multilayers, their LbL structuration on surfaces allows the
fabrication of highly stable and reversible electrochromic films
with high optical contrast (transparent to blue). In addition to
electrochromic films, other electronic devices based on
metal-organic thin films have also been reported. Nishihara
et al. reported the formation of redox multikayer films of Fe(u)
metal jons and terpyridine (tpy) denivative ligands on gold
dlectrodes.”® Using similar organic ligands, Rampi er al.
fabricated highly conductive 40 nm long molecular wires based
on Fe(n) or Co(n) metal ions.® More recently, a very
important step has also been done for the fabrication of
nanoscale devices based on optoelectronic multilayer systems.
Dong et al. described the metal-organic thin film formation on
the surface of multiwall carbon nanotubes.® This thin film
was created from the assembly of transition metal ions and
tpy ligands. The authors demonstrated that an effective
photoinduced charge transfer was induced under irradiation,
which increased by addition of bilayers.

Gas  separation properties. The exceptional porous
characteristics already exhibited by bulk MOFs make them
excellent components for creating metal-organic membranes
or thin films with potential properties in gas separation, gas
storage, fabncation of novel sensors, efc. However, even
though the preparation of these 2-D metal-organic systems
has attracted much research interest in the last years, only a
few efficient membranes for gas separation have been reported.
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Fig. 8 (a) Schemante representation of the LbL film formation from
the association of Eu-POM and a catiomac polymer, and potentinl
(P electrode), current, and absorbance at 700 am of the LbL-coated
ITO electrode during subsequent double-potential steps between
404 and £1.8 V. (b) Schematic drawing of the sequential assembly
of [Fe(pyrazine){ M(CNL}] (M = Ni, Pd, or Pt) films and the
temperature dependence of the normahzed Raman mtensty mtio
(Anorm) = K1025 ™" )H(1230 cn™")) for [Fe(pyrazine){ PYCN)})
powder (B) and film samples (O) upon cooling and heating
confirming the spin transition in LbL films (& Wiley Interscience,
reprnted with permission).

The first metal-organic membrane showing separation
performance was reported by Qiu ¢ al®® This membrane,
which was created with nanoscale HKUST-1 crystals on an
oxidized copper grid, showed a higher permeation flux and
excellent permeation selectivity for Hy in comparison with
CO;, N; and CH.. This phenomenon can be explained by the
size selectuvity occurred on the HKUST-1 channels. Thus, the
small H; molecule goes through the membrane more casily
than CO;, N, and CH.:. However, the best gas selectivity
exhibited for metal-organic membranes was recently reported
by Caro et al*** Non-oriented and oriented membranes
constructed with NMOFs of zeolitic imidazolate frameworks
showed a high H, selectivity favored by a pore dimension of
these NMOFs very similar to the size of H, (Fig. 7b).

Sensors. The combination of high porosity and physical
properties certainly provides excellent coaditions to use
metal-organic thin films for sensing applications. Bein er al.
reported the sclective growth of HKUST-1 thin films on
functionalized quartz-crystal microbalance (QCM) gold
clectrodes. This device was used to evaluate accurately the
mass vanations, making possible the detection of water
adsorption when this thin film was exposed to atmospheres
with different relative humidities® More recently, Lu
and Hupp constructed ZIF-8-based Fabry—Pérot devices that

function as selective sensors for chemical vapors and gases,
This sensor is based on the displacement of Fabry-Pérot
interference peaks as a function of the exposure of the device
to an analyte. The authors show the capabilities of such ZIF-8
based thin films to detect the presence of ethanol in the
atmosphere.**

Magnetic properties. The interesting magnetic properties of
metal-organic materials studied by the molecular magnetism
field during the last decades can be certainly used to fabncate
magnetic metal-organic thin films. The examples, however,
are still scarce. An illustrative example is the work led by
Bousseksou ef al., who fabricated metal-organic thin films
displaying a room temperature spin-crossover behavior with
hysteresis (Fig. 8b)." These authors demonstrated the
formation of such thin films by stepwise synthesis of
|Fe{pyrazine)| M(CN),) | (where M is Ni, Pd or Pt) on surfaces,

Nanostructuration of metal-organic structures on
surfaces

Control over the growth, orientation and positioning of
metal-organic materials on surfaces is crucial to start to
conceive the integration of these matenals on supports for
the fabncation of complex surface sensors, separation
membranes, drug-delivery platforms and catalysts. There are
three potential strategies to achieve this control at the nano-
metre scale length (Fig. 9): (1) the use of SAM features as
chemical affinity templates to selectively control the aucleation
and growth of metal-organic materials on them; (i) the use of
lithographic techniques to directly deliver or confine small
volumes of the reaction solution containing the precursors,
seeds or NMOFs at specific locations of a surface; and (i) the
growth of nanoscale metal-organic matenials at spevific
locations of a surface by locally applying an extemal factor,
such as temperature, addition of an external solvent, erc., that
induces their nucleation.

As stated above, it is well known that SAMs terminated
with the appropriate functional group are able to coordinate
with metal jons. One can then imagine to use patterned SAM
features to control the positioning of the nucleation and
growth of NMOFs, This approach starts with the fabrication
of SAM features on surfaces by using conventional
lithographic techniques, such as p-contact printing (pCP) or
photolithography. The NMOFs are then selectively grown on
these features by exposing the surfaces to the precursor
solution under optimum conditions or using the LbL synthesis.
Fischer er al. first proved this concept by controlling the
growth of MOF-5 crystals on square-like COOH-terminated
SAM features of 40 » 40 ym fabricated by pCP (Fig. 10a-¢).%
After patterning these features, the remaining Au surface was
passivated with a CFs-terminated SAM in order to prevent the
nucleation of MOF-5 in non-specific regions. The substrate
was immersed into the mother solution, and this system was
heated at 75 °C for 72 h. Interestingly, excellent adsorption
propertics of the resulting MOF-5 microarrays were
successfully confirmed by exposing them to vapors of
[(n*~CHYPd(n’-C;Hy)). Using this method, Fischer's
group also fabricated MOF-5 and HKUST-1 microarrays on
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Fig. 9 Schematic illustration of the three prinapal fabocation strategics used for structuring metal-organic nanostructures on surfaces at the
nanometre length scale, including the templated crystallization, the direct delivery and the local mduced arystallization.

Fig. 10 (a-<) Arrays of MOF- S crystals. (a) Schematic illustration of
the concept of anchoring a typical MOF-§ building uwmit to a
COOH-termunated SAM. (b) Optical microscope and (¢) AFM images
of u selectively grown film of MOF-5 on a patterned SAM of
16-mercaptohecadecancic acid on a Au surface. The MOF-S-coated
squares are 40 « 40 pm, and the crystals are about 100-500 nm in size.
(d-0) Arrays of HKUST-1 crystals fabncated by LCW. (d) Large view
and (¢) details of individual crystals viewed from above (left) and at a
357 angle (right). The arrow indicates intergrowths caused by a second
nuckeation. () Square-like membrane structure composed  of
HKUST-] crystals () The Amencan Chenpcal Socety and Wiley
[nterscience, reprinted with permission).

alumina and silica surfaces.”’ In this case, however, the SAM
features were pattemed with standard photolithographic
techniques,

In addition to immersing the pre-structured surface into the
precursor solution, the LbL synthesis can also be localized on
these SAM templates, thus controlling the positioning of the
created metal-organic multilayers. For instance, Woll er al,
fabricated HKUST-| crystalline microarrays on Au surfaces
by using the LbL syathesis on COOH-terminated SAM
features generated by pCP.*” Similarly, Boom et al. fabricated
a metal-organic multilayer pattern by sequentially immersing
a glass surface, in which a template consisting of 5§ um
OH-terminated SAM lines spaced from each other by 40 pm
was created using photopatterning, into solutions of Pt(n)
metal ions and 1,4-bis{2-{4-pyridyl)ethenyl]benzene ligands.®

Even though the use of SAM features is the most extended
approach, recent advances have been made in using
lithographic techniques for delivening small volumes of the
precursor solution on surfaces, thus directly controlling the
location in which the metal-organic structure is positioned or
grown. Thus far, precursor solutions have been successfully
pattemed through different hithographic techniques, including
the lithographically controlled wetting (LCW), microtransfer
molding (nTM) and micromolding in capillares (MIMIC),
De Vos et al. controlled the syathesis of HKUST-1 crystals
at the single-crystal level on glass substrates through LCW
(Fig. 10d-0.°° In this method, a polydimethylsiloxane
(PDMS) stamp was initially coated with a DMSO solution
containing Cu(i) metal ions and BTC ligands. This stamp was
then placed in contact with the glass surface; in this manner,
capillary forces drove the liquid to distribute only under the
protrusions of the stamp. As the solvent evaporated, the
nucleation of HKUST-1 crystals took place under these
protrusions, and therefore, the grown crystals were formed
in a pattem reproducing the motif of the stamp. Similarly,

This joumnal is © The Royal Soclety of Chemistry 2011
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Vieu ef al. used pT™ to transfer a colloidal solution containing
coordination polymer nanoparticles on glass surfaces, ™ It is
interesting to note that the resulting nanoparticle structures
with dimensions up to 300 nm kept their inherent spin
crossover properties. Stamps were also used by Park et al. 10
structure a coordination polymer on glass surfaces using
MIMIC.”" Continuons channels were formed when a PDMS
stamp was brought into conformal contact with a solid
substrate. These authors used the capillary action to
fill the channes with a pyridine solution of a pre-formed
coordination polymer composed of Zn(u) metal ions and
4 4%-di(d-pyridyl)cyanostilbene, The selective removal of
pyridine by its absorption on the capillary walls drove to the
formation while structuratioa of this coordination polymer.

Conclusions and perspectives

Although at the embryonic stage of their development, the
recent advances made on this field, as shown in this review
above, assure a brilliant future for this novel type of nanoscale
materials. In this review, the advances on the carly synthesis of
metal-organic nanomaterials up to the imitial studies of their
properties and potential applications have been discussed.
Along the way, there have been a number of achieved
“milestones”, including the preparation of the first discrete
nanostructures with varied compositions, sizes and shapes, the
controlled growth of metal-organic thin films and membranes,
new fabncation routes for nanostructuring them in pre-
designed features on surfaces, the discovery of interesting
structural (eg. porosity, encapsulation capabilities, ion-
exchange, erc.) and physical (e.g. electronic, magnetism, erc.)
properties, and the exploration of promising biological-refated
applications, including drug delivery, bioimaging. sensing, etc.

However, these studies are just the tip of the iceberg. The
advantages of metal-organic nanomaterials are their high
tailorability in terms of compositions, internal structures,
morphologies, dimensions and properties, making possible
their rational design for any specific application. A major
challenge s then to develop novel methodologies and better
understand the existing ones to fully exploit the limitless
number of possible formulations, sizes and shapes of these
materials, As an example of this issue is the possible local
induced crystallization approach that shows promise for
fabricating and structuring these materials on surfaces
(Fig. 9). This strategy has not yet been explored. There is
however no doubt that this route as well as other synthetic
methodologies (e.g. microfluidics, supercritical conditions,
vapour deposition, efe.) and lithographic techniques (e.g.
Dip-Pen Nanolithography, Fountain-Pen Lithography, erc.)
will be implemented in the next years, expanding the vanety of
synthesized metal-organic nanomaterials. In the same context,
the fundamental nnderstanding of how metal-organic nano-
materials are formed is crucial to begin to conceive of using
these methods for coatrolling the fabncation of nanoscale
metal-organic materials with desired properties.

Aside from the devdopment of synthetic routes, there are
other challenges which will focus the interest of researchers.
One of them is the use of bio-related molecules as new
building-blocks. Another direction of development is foreseen

in the functionalization of these materials with functional
species. Like thar inorganic counterparts, this capability is
particularly interesting for biological applications because it
shonld allow the biocompatibilization and cell-specific
targeting of these nanoscale matenals. This future research,
which will involve researchers of many different fields, will
certainly expand the scope of properties and applications for
nanoscale metal-organic matenials up to their use for practical
applications,
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The main objective of this thesis work consists on the development of a new
strategy to grow miniaturized MOFs on specific places of surfaces with the highest
resolution as possible. Based on the exploitation of Tip-Based Nanolithographic
techniques (Dip-Pen Nanolithography, Fluidic Enhanced Molecular Transfer
Operation among others) we expect to obtain a way to localize and confine the
formation and growth of different MOFs over surfaces. To achieve this main
objective, different partial objectives have been designed:

- Control the positioning and growth of HKUST-1 archetypical MOF over
different functionalized surfaces.

- Study the effect of the different solvents and reaction conditions as well as the
nucleation, growth and orientation of the HKUST-1 crystals.

- Expand the scope of the strategy to growth different MOFs through a
consecutive addition of building blocks in a two steps methodology.

- Optimize the procedure to discover new materials in a combinatorial high
throughput approach.
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Chapter 3.

Structuration of HKUST-1
Metal-Organic Framework
Crystals on Surfaces

In order to materialise the potentiality of Metal-Organic Frameworks (MOFs) it
becomes necessary to build up an entire technological structure which must allow
controlling the formation and positioning of MOFs in the micro-nanoscale on
surfaces. In this chapter, a new versatile approach to pattern Metal-Organic
Frameworks (MOFs) crystals, at surfaces even at the single-crystal level through
Scanning Probe Lithography techniques, will be described.
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1. Micro-nanopatterning of MOFs on
surfaces

One could say that the importance of a material depends on the role that it
plays in our everyday life or the potential impact that can have in the technological
progress. This potentiality not only depends on the physical-chemical properties but
also on its availability and on the ability to have it in the correct shape, position and
conditions, of course everything under affordable costs. To put an example, carbon
nanotubes (CNTs) have unusual and interesting properties such us extraordinary
thermal and electrical conductivity and the highest specific strength of known
materials but nevertheless, the longest reported CNT has only 20 cm, far away from

the 100.000 km required to build a “space elevator”. *

But, for science and technology, the most intriguing challenges appear within
the discovery of these exceptional materials with extreme particular properties,
stimulating the development of applications and also new ways to optimize its
obtaining methods (synthesis, extraction, purification...) Some of the trending
scientific topics for the last years, following this criteria, has been CNTs,
nanomaterials in general and in the chemistry field; Metal-Organic Frameworks,
flowing into a massive scientific investment and effort. In this last case, the
development of new tools or protocols to control the growth, orientation and
positioning of MOFs on surfaces is crucial to conceive its integration on supports for
their application in storage, separation and catalysis but specially in electronics and
sensing. An illustrative example presented by Falcaro 2, of a complex microfluidic
MOF based device is shown in Figure 1, where the multifunctional MOF can act as a
separator, catalyst and reservoir on a single microchip.

Recently, some strategies have been introduced to achieve this control at the
micro- nanometre scale length. In this chapter, a brief introduction is given to
contextualise the state of the art on the control over the surface structuration of
MOFs. What we considered the most relevant strategies are summarized on: (i) the
use of SAM features as chemical affinity templates to selectively control the
nucleation and growth of metal-organic materials on them (Figure 2); (ii) the use
of stamp based lithographic techniques to directly deliver or confine small volumes
of the reaction solution containing the precursors, seeds or NMOFs at specific
locations of a surface (Figure 4); (iii) the heterogeneous seeding with microparticles
delivered into prefabricated patterned surface (Figure 6); (iv) electrochemical
approach (Figure 7) and (v) the combination of different lithographic techniques to
position pre-synthesized MOFs (Figure 8).
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\6 MOF crystal . Microfabricated resist . Substrate

Figure 1. a) Perspective of a microfluidic circuit exploiting metal organic frameworks (MOFs)
for different tasks (e.g. separation/gating (i), catalysis (ii) and chemical delivery (iii)) in a single lab-
on-a-chip. b) Illustration of a microreactor obtained by fabricating controlled functional
nanostructures inside a single ultra-porous MOF crystal. For example here the MOF (yellow cube)
provides a molecular sieve allowing specific molecules to react with a catalytic core (grey cylinder)
which undergoes a reaction at localised temperatures applied from an external field induced by a

lithographed metallic coil via magnetic or electric induction.

1.1. SAM features as chemical template

As stated above, it is well known that SAMs terminated with the appropriate
functional group are able to coordinate with metal ions. One can then imagine using
patterned SAM features to control the positioning of the nucleation and growth of
NMOFs. This approach starts with the fabrication of SAM features on surfaces by
using conventional lithographic techniques, such as p-contact printing (uCP) or
photolithography. The NMOFs are then selectively grown on these features by
exposing the surfaces to the precursor solution under optimum conditions or using
the LbL synthesis (Figure 2.). Fischer et al. first proved this concept by controlling
the growth of MOF-j5 crystals on square-like COOH-terminated SAM features of 40
x 40 um fabricated by uCP (Figure 3.)3
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Figure 2. Schematic illustration of the template crystallization strategy used for structuring

metal-organic frameworks on surfaces.

After patterning these features, the remaining Au surface was passivated with a
CF3-terminated SAM in order to prevent the nucleation of MOF-5 in non-specific
regions. The substrate was immersed into the mother solution, and this system was
heated at 75 °C for 72 h. Interestingly, excellent adsorption properties of the
resulting MOF-5 microarrays were successfully confirmed by exposing them to
vapors of [(n5-CsH;)Pd(n3-CsH;)]. Using this method, Fischer's group also
fabricated MOF-5 and HKUST-1 microarrays on alumina and silica surfaces.4 In this
case, however, the SAM features were patterned with standard photolithographic

techniques.

Figure 3. (a—c) Arrays of MOF-5 crystals. (a) Schematic illustration of the concept of anchoring
a typical MOF-5 building unit to a COOH-terminated SAM. (b) Optical microscope and (¢) AFM
images of a selectively grown film of MOF-5 on a patterned SAM of 16-mercaptohecadecanoic acid on
a Au surface. The MOF-5-coated squares are 40 x 40 pm, and the crystals are about 100—500 nm in

size.

In addition to immersing the pre-structured surface into the precursor solution,
the LbL synthesis can also be localized on these SAM templates, thus controlling the
positioning of the created metal—organic multilayers. For instance, Woll et al.

fabricated HKUST-1 crystalline microarrays on Au surfaces by using the LbL
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synthesis on COOH-terminated SAM features generated by pCP.5 Similarly, Boom et
al. fabricated a metal-organic multilayer pattern by sequentially immersing a glass
surface, in which a template consisting of 5 um OH-terminated SAM lines spaced
from each other by 40 um was created using photopatterning, into solutions of

Pt(II) metal ions and 1,4-bis[2-(4-pyridyl)ethenyl]benzene ligands.®

1.2, Stamp based lithography

Even though the use of SAM features is the most extended approach, recent
advances have been made in using stamp based lithographic techniques to directly
deliver or confine small volumes of the reaction solution containing the precursors,
seeds or NMOFs at specific locations of a surface, thus directly controlling the

location in which the metal—organic structure is positioned or grown.

ai _'-.-*\P‘—

Figure 4. Schematic illustration of the direct delivery fabrication strategy used for structuring

metal—-organic frameworks on surfaces.

Thus far, precursor solutions have been successfully patterned through
different lithographic techniques, including the lithographically controlled wetting
(LCW), microtransfer molding (uWTM) and micromolding in capillaries (MIMIC). De
Vos et al. controlled the synthesis of HKUST-1 crystals at the single-crystal level on
glass substrates through LCW (Figure 5.).7 In this method, a polydimethylsiloxane
(PDMS) stamp was initially coated with a DMSO solution containing Cu(II) metal
ions and BTC ligands. This stamp was then placed in contact with the glass surface;
in this manner, capillary forces drove the liquid to distribute only under the
protrusions of the stamp. As the solvent evaporated, the nucleation of HKUST-1
crystals took place under these protrusions, and therefore, the grown crystals were
formed in a pattern reproducing the motif of the stamp. Similarly, Vieu et al. used
uTM to transfer a colloidal solution containing coordination polymer nanoparticles
on glass surfaces.® It is interesting to note that the resulting nanoparticle structures
with dimensions up to 300 nm kept their inherent spin crossover properties.

Stamps were also used by Park et al. to structure a coordination polymer on glass
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surfaces using MIMIC .7t Continuous channels were formed when a PDMS stamp
was brought into conformal contact with a solid substrate. These authors used the
capillary action to fill the channels with a pyridine solution of a pre-formed
coordination polymer composed of Zn(II) metal ions and 4,4’-di(4-
pyridyl)cyanostilbene. The selective removal of pyridine by its absorption on the
capillary walls drove to the formation while structuration of this coordination

polymer.

Figure 5. (d—f) Arrays of HKUST-1 crystals fabricated by LCW. (d) Large view and (e) details of
individual crystals viewed from above (left) and at a 35° angle (right). The arrow indicates
intergrowths caused by a second nucleation. (f) Square-like membrane structure composed of
HKUST-1 crystals.

1.3. Heterogeneous seeding

Falcaro et al. 9 and Buso et al.*°reported a novel class of a-hopeite
microparticles as effective nucleating seeds for the fast formation of MOF-5, which
show several advantages over functionalized silica particles. Named Desert Rose
Microparticles (DRMs), these seeds form spontaneously within the starting MOF-5
precursor solution when Pluronic F-127 is added. Overall, the growth kinetics of
MOF-5 in the presence of the DRMs is three times faster than the traditional
solvothermal approach. The micrometre size DRMs can be effectively isolated from
the precursor solution and used as seeds to induce localized MOF growth on a
variety of substrates. MOF formation on DRM seeds is independent of both the
substrate surface chemistry and the substrate geometry. The authors successfully
grew MOF-5 crystals on flat silicon and alumina substrates, and also on more
complex 3D geometries, by controlling the location of the micron seeds. (Figure 6)
The 3D geometries were achieved using a commercial resist SU-8 membrane
previously lithographed with arrays of vertical microchannels using Deep X-Ray
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Lithography. DRMs were introduced inside each one of the lithographed channels,
and the whole assembly was immersed in a MOF-5 precursor solution. MOF-5
crystals were observed to preferentially form inside the channels throughout the

thickness of the membrane.

e

Figure 6. a—d) Schematics and e—f) SEM images of the protocol used to spatially manipulate
MOF-5 formation using DRMs in pre-defined positions on a lithographed substrate. a) X-ray
lithography was used to pattern a membrane with a uniform distribution of wells on a commercial
resist (SU-8) layer. b) Drops of a DRM/DMF solution were pipetted onto the lithographed substrate.
¢) The substrate was vacuum dried to draw the DRMs into the lithographed wells. d) The DRM seeded
substrate was then placed into a MOF-5 growing medium to generate MOF formation within the
wells. ) SEM of DRMs positioned in the wells of a SU-8 lithographed membrane after vacuum drying
(scale bar, 10 um); the wells are 40 pm in diameter and 100 pum deep (scale bar, 100 um). f) MOF-5
crystal growth within several lithographed wells after 5 h reaction time at 95 °C in the MOF -5 growing
solution (scale bar, 50 um). Insets show crystals emerging from a well at various growth stages (scale
bar, 20 um).

1.4. Electrochemical approach

Electrochemical investigations of Cu- and Zn-MOFs were first reported in
2007 using an electrochemical based MOF synthesis approach proposed by
BASF.»2 In 2009 Ameloot et al. showed that an external electric field can be used to
induce the growth of MOFs in particular locations in order to fabricate MOF
patterns on a substrate.'s Although it is possible to synthesize a variety of different

porous frameworks, the authors used the well-known MOF structure called HKUST-
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1 synthesized in 1999 by Chui at al.4 This MOF is a copper based porous hybrid
crystalline material where the Cu2* cations are coordinated by a tricarboxylic ligand

(1,3,5-benzenetricarboxylic acid, BTC) known as Cug(BTC)..

Using voltage in the 2.5—25V range, a copper electrode (anode) releases metal
ions into solution containing the BTC ligand and methyltributylammonium methyl
sulfate (MTBS) electrolyte. The high density of copper ions close to the electrode
induces the formation of MOF crystals preferentially in this anodic region.
Interestingly, nucleation is less likely to occur on top of the already formed crystals,
and hence agglomeration or stacking of crystals is avoided. The bare metal area
naturally provides a higher concentration of metal ions and the nucleation and
growth of MOF crystals is enhanced in such areas, as depicted in Figure 7. As a
consequence, a continuous coating of MOF can be prepared. Films with thickness in
the 1 to 20 um range were obtained with a height variation measured within 50 and
20% respectively; the thicker the film, the better the control of the thickness while
the roughness of the coating depends on the crystal size distribution.

Figure 77. a—d) Schematic of the lithographic approach involving the electrodeposition technique
to deposit Cu;(BTC). MOF (HKUST-1) on copper substrates developed by Ameloot et al.3 (a) Using
copper as an anode (orange substrate), the Cu cations (small, green dots) are released by the metal
and concentrate close to the electrode. b) The ligand (BTC) in solution can react with the metal
cations growing the MOF crystals (blue) where the probability that the reaction will occur is higher
(anode). ¢) Over time the metal precursor density remains higher where the anode remains bare,
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hence allowing for the porous crystal growth on these metal regions. d) Using this mechanism, it is
possible to grow highly dense MOF crystals in selected areas. e) The microscopy measurements
performed on the patterned regions and f) detail showing the preferential growth of Cu;(BTC).MOFs
on copper. Both images reproduced with permission.3 Copyright 2009, ACS.

1.5. Presynthesized MOFs positioning

The combination of different microfabrication steps to pattern presynthesized
MOFs represents the last approach by Paolo Falcaro and colleagues.’s They
demonstrate a versatile approach for fabricating MOF films, which could potentially
be incorporated into devices using a generic patterning methodology applicable to
all types of MOF. They use a facile protocol to pattern MOF films by combining
ultraviolet lithography, hot pressing and pre-formed submicrometre-sized MOF
crystals. The imprinting and lithographic processes are independent of each other
and the resolution of the resulting patterned films depends on the size of the MOF
crystals. The combination of these techniques can be used to achieve structural
control of the resulting MOF films and does not affect their chemical functionality.
This patterning protocol is in principle suitable for miniaturized catalytic, sensing,
luminescent and biomedical devices, and is also scalable.

L% 48
3 v s

Figure 8. Schematic of the imprinting process. (a) A UV lithographed film of SU-8 photoresist is

prepared, (b) The patterned SU-8 fi Im is pressed (c) onto a pre-prepared MOF fi Im obtained from a
colloidal solution heated at 95 ° C. (d) After 2 minutes, the two fi Ims are separated, (e) leaving behind
a patterned thin fi Im MOF surface. (f) SEM image of an NH 2 -MIL-53(Al) MOF pattern.
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2. Our Results: Structuration of HKUST-1

single crystals on surfaces

2.1. HKUST-1 (MOF-199) archetypical system for

proof-of-concept

HKUST-1 (from the initials of the Hong Kong University of Science and
Technology) is undoubtedly one of the most famous metal-organic framework
materials. It was described for the first time by Orpen et al. in 1999 (HKUST
university).’4 Obtained by the association of benzenetricarboxylic acid and copper
ions, the HKUST-1 Metal-Organic Framework is composed of dimeric cupric units,
in a “paddlewheel” coordination mode bridged by trimesic ligand through
carboxylate groups. The framework is electrically neutral; the 12 carboxylate
oxygens from the two TMA ligands bind to four coordination sites for each of the
three Cu ions of the formula unit. Each metal completes its coordination sphere
with a solvent molecule. A view down the [100] direction of the cubic cell of
HKUST-1 reveals; 1-nm-size channels that consist on squares with 9.5 A of edge and
13.3 A of diagonal. These nanochannels intersect to provide a 3D connected network
of pores. A view through the cell body diagonal [111] reveals a honeycomb
arrangement of large hexagonal-shaped windows, each composed of a ring of six
metal dimers and six trimesate groups, which measure 18.6 A between opposite
vertices. These windows are cross sections of the “cavities” formed at the
intersection of the three orthogonal sets of channels. The high porosity indicated by
the crystal structure and confirmed by absorptions measurements (the BET specific
surface area is around 1500 m2.g! depending on the desolvation conditions)
attracted the interest of many research groups and the HKUST-1 MOFs has been the
centre of many different studies concerning potential applications such as catalysis,
gas selectivity among others. The characteristic shape of the crystals is octahedral,
making it an easy way to predict the formation by simply optical or electron
microscopy (Figure 9. c¢). Furthermore, the soft and flexible conditions that lead to
the formation of the HKUST-1, make this MOF the perfect candidate for most
phenomenological and fundamental studies about the formation of MOFs. Thus
HKUST-1 has been used in many cases as proof of concept to discover novel

synthetic methodologies, to study the MOF formation among other.
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Figure 9. a). Dicopper(Il) tetracarboxylate building blocks for HKUST-1. Key distances are Cu-
Cu; 2.628(2) A, Cu-0CO; 1.952(3) A, and Cu-OH,, 2.165(8) A (number in parentheses is the estimated
standard deviation of the final significant digit). b). viewed down the [100] direction, showing
nanochannels with four fold symmetry. ¢) SEM colored image of HKUST-1 octahedral microcrystals

bulk synthesized. Scale bar represents 10 um.
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2.2. Fluidic Enhanced Molecular Transfer
Operation (FEMTO)

The Nano eNabler System (Bioforce, USA), described as a Benchtop Molecular
Printer is a commercial multifunctional surface patterning platform for dispensing
attoliter to femtoliter volumes of liquids onto a wide variety of surfaces. The design
is based on the Bioforce proprietary Fluidic Enhanced Molecular Transfer
Operation (FEMTO) process 6. Equipped with a 2 X-Y mobile axis platform to puck
the substrate, giving 20 nm stage resolution and 50 x 50 mm? of patterning area in
front of the 90 x 90 um? available with a conventional PZT based scanner. A part
from the 2 X-Y axis platform, an interesting feature is the Z piezo-actuator which
allows movements 40 um along Z axis during the lithography, which will allow
working with low spring constant cantilevers. A too weak spring does not pull off
the substrate as required during withdraw step, as the meniscus makes the pen(s)
stick to the surface if not enough withdraw distance is applied. Surface contact force
is controlled via an optical lever detection system similar by those employed by an
AFM.

Figure 10. a) Setup of eNabler system (Bioforce). B) Detail of the head of the system showing

the laser detector at left, laser emitter at right and the microscope objective in the middle.
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2.3. Writing tools for FEMTO

The most remarkable distinctive feature of FEMTO is the microfluidic based
writing tool which allows the reproducible dispensing of femtolitre droplets of
certain liquids during long times. Surface Patterning Tool (SPT), is a
microcantilever device in which a microchannel connects the tip to a reservoir that
contains the liquid. (Figure 32.). This reservoir can be filled with a micropipette and
the liquid flows by capillary effect along the cantilever. The minimum spot size will

be limited by its gap at the edge of the cantilever.

Figure 11. a,b) Representative FESEM images of the microfluidic pen. ¢) Schematic illustration

of the microfluidic pen used in MPL. d) Representation of the droplet contact diameter for different
dwell times. e) Thresholded merged optical microscopy images of the corresponding patterned
droplets. Distance between droplets equals 35 um.c,d,
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2.4. Writing process

One of the critical aspects to create patterns and to promote reactions on
liquids in the micrometre size range is the control of the integrity of deposited
droplet during the time and on the surface. In the micrometre size range, droplets
are considered to present spherical cape geometry defined by the contact angle
between the liquid and the surface. (Figure 12.) The contact angle of a droplet
depends on the thermodynamic equilibrium between the three involved phases,
liquid — vapour (gas) — solid following the
Young-Laplace equation (Equation 1.). The

N

line describing these triple interphase is called

three phase line tension. Due to evaporation,

contact angle presents a wide variety of values,
from the maximum value (advancing contact
angle) to the minimum one (receding contact  Figure 12. Esqueme showing the 3

angle). phases thermodynamic equilibrium.

Ysv—Vsl
Y

cosV9 =

Equation 1. Young-Laplace equation

Where vys is the surface energy between solid and vapour, ys is the surface
energy between solid and liquid and ys is the surface energy between liquid and
vapour. The control over the thermodynamic equilibrium and so, the control over
the droplet shape can be achieved by modifying some of the three phases, for
example, increasing polarity of solvent, increasing pressure of vapour during
lithography and modifying the wettability of the surface. Therefore, controlled
atmosphere conditions and surfaces with different functionalities bearing to
different wettabilities of our ink solution will allow us to study not only the
influence of the droplet shape, but also, the influence of the surface chemistry on
the crystal growth and orientation and the effect of the solvent evaporation rate in

reaction yield.

Thus, due to the capital importance of the control of the droplet shape and
evaporation the HKUST patterning exeperiment were performed under different
synthetic conditions and on a series of Self-Assembled Monolayers (SAMs) surfaces
bearing different functionalities, which vary the contact angle between the

precursor solutions and the surface. (Figure 13.)
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Figure 13. Representation of the droplet shapes over the different functionalized gold

substrates depending on the contact angles measured for a DMF based solution.

In order to study the writing process we patterned arrays of droplets of
water/glycerol (7:3) varying the dwell time. The SiN/SiO surface of the SPT has to
be activated (increase the polarity) by exposure to a reactive atmosphere (Ozone or
Plasma) in order to allow the fluid to flow by capillarity. When the SPT is not
activated, the fluid remains in the reservoir. Nevertheless, once the SPT is activated,
the liquid delivered on the reservoir wets the whole surface of the chip including out
of the reservoir. In a certain way, the reservoir only acts to allow a bit more ink

solution to fit in, but not to confine it.

After filling the reservoir with 1—1.5 pl, the liquid solution flows by capillarity to
the edge of the cantilever through the microchannel. Then, the cantilever is
mounted in the FEMTO holder and slowly approached to the surface until making
contact outside the interest area. The cantilever is in the focal plane and we move
the stage up to determine the surface position. It is useful to take two references:
the every time narrower cantilever shadow and the every time more focused surface.
Once reached the surface, the ink solution is deposited over the SiO, surface with a
certain variable flow until reaching a maximum particular volume depending on the
dwell time (see figure 14). As we can see in the figure 3.14 the diameter of the
deposited droplets depends directly on the dwell time, reaching a maximum which
depends on the liquid, the treatment of the SPT (time and power) and the treatment
of the surface and the ambient conditions. The presence of a continuous feed
through the microchannel offers the most remarkable advantage; allows the
deposition of regular/equal droplet volume, for a particular dwell time, unless
reservoir is empty. It has been shown then that the writing mechanism is highly
dependent to the flow rate on the microchannel (liquid-channel interaction,
capillary action), the liquid-substrate interaction and of course, intrinsic features

of liquid and environment.
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Figure 14. Representation of the droplet contact diameter for different dwell times (0.001,
0.002, 0.06, 0.1, 0.2, 0.4, 0.8, 1, 1.2, 1.4, 1.8, 2, 2.5, 3, 4, 6, 8, 10 s) from the patterning of a mixture

water-glycerol (5:1) on a SiO- surface.

Surface Patterning Tools, not only offers the possibility to pattern reproducible
and large arrays of atto- to femtolitre droplet volumes, the programming procedure
of Enabler (Bioforce) is also very accessible and versatile. For example, DPN
instruments programming are based on setting an origin coordinates and
afterwords entering the values of relative distances, dwell times and movements
from it, defining rows and columns of dots, contact times and clear spaces. If you
want to do a complex pattern is necessary to introduce the values of every single
particular row or column, in comparison, eNabler programming system consists in a
graphical environment showing an array of selectable dots, permitting its use as a
selectable pixel matrix. However, some disadvantages have also been found in
FEMTO instrument ant writing tools. The lack of any levelling system makes

impossible working with multitip arrays.
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2.5. Preparation of materials

Preparation of DMSO based HKUST-1 precursor solution

A solution 5 mmol (1.18 g) of cupric nitrate hemipentahidrate Cu(NOs).-2.5H,0
and 2.76 mmol (0.58 g) of trimesic acid (TMA) in 4.55 ml of DMSO (5 g)was
prepared by vigorous stirring the mixture for 10 minutes. After that time, the
solution was filtered with a 1 um porous filter, obtaining our ink solution.

Functionalization of Gold Substrates

1x1 cm SiO, pieces were inmersed in piranha acid mixture solution (7:3 v/v
solution of H,SO, and H,O,; both from Panreac, Spain) for 30 min, rinsed with
copious amounts of MilliQ water and dried with pressurized air. Caution: piranha
acid is a strong oxidizer and a strong acid. It should be handled with
extreme care, as it reacts violently with most organic materials. Prior to
evaporation, substrates were exposed to Plasma cleaning (PVA Tepla PS210,
Germany) at 200W for 20 s. The clean substrates were then mounted in a substrates
holder adapted to the e-beam evaporator (AJA international, USA). Cr or Ti (~ 5
nm) layer were first evaporated as adhesion layer. Then a 35nm gold layer was
evaporated.

For the different functionalizations, a 1mM solution in Ethanol of the
corresponding thiol (see table) was prepared. Gold substrates were then immersed
in the thiol solution for 10 minutes. After the SAM formation time, substrates were
kindly rinsed with alternated MiliQ water and Absolute Ethanol for 3 consecutive
times. To confirm the adequate functionalization, contact angle was measured with
a Contact Angle Analyser (Easy Drop Standard, Kriis) by depositing 1 pL droplet of
the DMSO based ink solution on the different functionalized gold surfaces:

Functionality, Thiol Contact Angle (0)
-COOH, Mercaptohexadecanoic Acid (MHA) < 10°
-OH, Mercaptoundecanol (MUOL) 17.6 £ 2.35°
-NH., Aminoundecanethiol (AUT) 28.9 + 2.40°
-CH,, Octadecanethiol (ODT) 83.0 £ 0.33°
-CF;, Perfluorodecanethiol (PFDT) 100.7 + 0.29°

Table 1. Functionality and measured contact angle of the DMSO based ink solution in the

corresponding thiolated gold surface.
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2.6. Size does matter

When our highly concentrated solution containing Cu(NO3),-2.5H.0 (1.170 g)
and H;btc (0.580 g) in pure dimethylsulfoxide (DMSO, 4.55 ml) is kept in a closed
vial, the solution remains transparent indefinitely. When instead of a closed vial we
keep the solution in an open vial, it can be observed the formation of few HKUST -1
crystals close to the solution-glass-air interphase, but principally it can be observed
the crystallization of the separated constituents either in this region or in the bulk
solution. Nevertheless, when a macroscopic droplet of this solution is delivered over
a surface, a higher yield formation of HKUST-1 crystals is observed on the area close
to the three phase line tension of the droplet (Figure 12), so in the solid-liquid-
gas/vapour interphase, but only the separated reagents crystallize on the bulk
volume of the droplet. This was verified by PXRD (Figure 15. d). This observation
motivated us to use this solution conditions and study what will happen with this
system when the line tension is as closer as possible to the whole volume, in other

terms, when miniaturizing the droplet size.
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Figure 15. Control experiments performed on large DMSO precursor droplets on CF3-
terminated SAMs. (a) Optical microscope image of one of these droplets after DMSO evaporation. (b)
FESEM image showing the precursor crystals. (¢c) FESEM image showing the HKUST-1 crystals. Note
the presence of crystals with different orientation.(d) XRPD data.
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2.7. Patterning of HKUST-1

In a typical experiment a SPT-10 was directly charged with the DMSO based ink
solution by the addition of 2 uL of the filtered solution into the SPT reservoir,
extracting the liquid excess with the same pipette. Different droplet arrays (15x15
and 10x10 dots) were patterned over surfaces functionalized with AUT, ODT and
PFDT SAMs [figure 16]. All patterning was done with an Enabler Bioforce System
(BioForce, USA) at room temperature and minimum dwell time of 0.01 s. taking a
total array patterning time of less than 2 minutes. The fabricated arrays were then
placed into ambient conditions for 24 hours until the DMSO was completely
evaporated to form HKUST-1 crystals.

The different arrays of materials obtained on three different functionalities
(NH,, CH; and CF,) keeped during 24 hours in ambient conditions were further
compared (see Figure 16) using FeSEM.



Chapter 3. Structuration of HKUST-1 MOF crystals on surfaces

Figure 16. FESEM images of the HKUST-1 arrays fabricated on (a,b) NH.-, (¢,d) CH3- and (e,f) CFs-
terminated SAMs on gold substrates. Scale bars represent 40 um (a,c,e), 10 pm (b,d,f), and 2 um for the

inset images.
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The FeSEM characterization shows clearly (i) a very homogeneous writing
process without condensation phenomena or impurities formation (ii) a surface

dependent MOF nucleation and crystallization.

Figure 3.16 a-b shows an array of 15x15 islands (8 um separated) of HKUST-1
crystallites grown over amino (NH.) terminated SAM. The estimated volume
delivered is around 20 fL calculated following the equation 3.2. and the measured
contact angle of 28.9°. The islands are of 3 um in diameter and are constituted by
homogeneous crystallites of around 200nm of edge dimensions. It appears in this
case that, due to the quite high wettability of the —NH. surface, the deposited
droplet spread, leading to different nucleation points from where different
crystallites growth.

_ w15 2-3-cos9+cos3V
V —_ 3 * sin319 Equation 2.

Where 1y, is the contact radius and U, the contact angle in deg.

The number of nucleation points is reduced when the contact area between the
droplet and the surface is reduced. The Figure 16 c-d shows an array of 10x10 single
crystals (10 pm separated) of HKUST-1 grown over CHj; terminated SAM.
Estimated volume delivered around 18 fL calculated following the equation 3.2. and
the measured contact angle of 83.0° and edge dimensions of around 2 um. After 24
h ambient conditions, the FeSEM images show the presence of one or two single
crystals in each dot, the size of each crystal approximates 2 um.

Reducing the wettability of our DMSO precursor solution by creating a CF;
SAM, lower quantities of liquid are deposited on surfaces, and consequently smaller
droplets are formed for a same dwell time. The delivered droplets volume is reduced
to around 10 fL calculated following the equation 2. and the measured contact angle
of 100.7°. The size of the single crystals formed after 24h in ambient conditions has
been divided by two compared to those formed on —CHj functionalized surface; the

size turns around 1 um. (Figure 16 e-f)

According to the previous experiment, it is clear that the crystal growth is
directly connected to the polarity of the surface: A less wettable surface attracts less
liquid from the tip as demonstrates the evolution of droplets volume (-NH,, -CHj, -
CF;) and consequently the number and the size of the crystals can be reduced.
Beyond the influence of the contact angle of the surface, the flowing of the liquid
along the microchannel can also affect the liquid delivery on the surface.
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2.8. Characterization of the HKUST-1 arrays

To provide further evidence of the formation of HKUST-1 crystals on surfaces
using this direct-write pen-type lithographic approach we first performed Energy
Dispersive X-ray (EDX) microanalysis of a HKUST-1 single crystal grown on a CH;-
terminated SAM gold substrate.

But the most relevant characterization technique for crystalline materials
without a doubt is X-Ray diffraction (XRD). So we evaluated the possibility to
characterise by XRD For this purpose, we estimated the size of the needed array to
obtain XRD signal in about 1 mm?2, and we configured the difractometer to perform
a gracing incidence measurement, similar to that usually carried out to characterise
crystalline thin films or depositions. In this measurement, X-Ray beam, is
irradiated with a very low incidence angle to ensure that interfere with the amount
of material required to obtain signal, note that the material is distributed like a thin

low density film.

To this aim, we prepared an HKUST-1 array consisting of 150x150 droplets of
DMSO precursor solution spaced 8 pum apart (total area = 1.2 mm2) on NH.- and
CF;-terminated SAM gold substrates (Figure 17 and 18). Note that this large pattern
took more than 3 hours while was performed with a unique 1.5 pL charge of the ink
solution. After 48 h. the array was mounted on a microscope slide and characterized

by X-Ray Grazing Incidence.
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Figure 17. FESEM images of HKUST-1 arrays fabricated on CHjs-terminated SAMs on gold
substrates. (a) The word “MOFs” fabricated with HKUST-1 single crystals and (b) a magnification
image of the letter “M”. (c,d) Single-crystal HKUST-1 array composed of crystals with edge

dimensions of 550+100 nm. Scale bars represent 100 um (a), 2 um for inset image in (b), 40 um (c), 5
um (d) and 500 nm for the inset image in (d).
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Figure 18. a-b) SEM images of the extended HKUST-1 array (150x150 dots, total area = 1.2
mm?2) fabricated on a NH2-terminated SAM. Scale bars represent 10 um (a) and 4 pum (c). ¢) XRD
patterns (background corrected) of the HKUST-1 arrays fabricated on the CF3- and NH2-terminated
SAMs, compared with the simulated XRD of HKUST-1.

The XRD data shown in Figure 18c clearly demonstrates not only the formation
of HKUST-1 crystals but also a crystal growth orientation preference along the [111]
direction for both NH.- and CF;-terminated SAMs. This is in accordance with the
FeSEM images that show that the crystals are positioned over the faces of the
octahedral crystal. It is interesting to note that Woll et al. and Bein et al. also
observed identical orientation preference in their crystallization methodologies on
OH- and COOH-terminated SAMs, respectively.®4 However, the same authors did
not observed crystal growth orientation on hydrophobic SAMs,4 which is in fact
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achieved in the HKUST-1 arrays fabricated by the pen-type lithographic technique,
as further confirmed by the SEM images.

2.9. Combined functionalities bearing to complex

patterns.

The different experiments performed show that HKUST-1 crystals can be
synthesized and grown using soft lithography techniques. The high control offered
by the technique is confirmed by the fact that the number and crystal size of the
resulting HKUST-1 can be modulated through the wettability of the surface. This
high versatility and control offers the possibility to create complex structures on
surface that presents areas with different wettabilities and consequently areas with
different crystals growth. For this First, an AUT SAM pattern array was prepared,
delivering droplets of a 1 mM AUT solution in acetonitrile/glycerol (70/30) at 70%
RH. Patterns consist of 3x3 droplets with contact diameters of 10 um placed 40 um
apart on a gold substrate. (Figure 19) Once the so called map is obtained and after
the 15 minutes needed to form the AUT SAM on the contact area of the droplets, the
substrate is removed from the holder and washed several times with ethanol and
water miliQ. The exposed gold regions of the substrate were then passivated with
PFDT by immersing the substrate in a 1 mM PFDT ethanol solution for 10 minutes,

obtaining a double functionalized surface.

The substrate was mounted again on the holder and positioned and oriented at
the same position than initially. A new SPT was then charged with Ink Solution 2
and an array consisting of 9x9 droplets spaced 10 um apart, were then fabricated,
onto the AUT dot array area, with the origin in the first AUT dot localized with the
help of the picture-map. As shown in Figure 1b, the resulting array is formed by 81
droplets of which 9 match up the NH,-terminated dots (as marked by dash circles in
Figure 1b) and the other are directly patterned on the CF;-terminated SAM. The
diameter of the droplets is estimated to be around 5 um and 3 um for the ones
placed on the NH,- and CFs-terminated SAMs, respectively. The above results
confirm that DMSO precursor droplets spread out more on the NH,-terminated
SAMs than on the non-polar CF;-terminated SAMs once patterned using identical
conditions (dwell time = 0.001 s, humidity = 35% and room temperature). HKUST -1
crystals were formed after exposing the patterned droplet arrays on the SAMs gold
substrates at room temperature for 24 hours. Figure 19 ¢ shows field-emission SEM
(FESEM) images of the HKUST-1 array resulting from the evaporation of the 9x9
DMSO precursor droplet array. Interestingly, well-shaped octahedral crystals of
HKUST-1 were grown in the contact areas between all FEMTO-delivered droplets
and SAMs. However, all 9 droplets placed on the NH.-terminated dots yield
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multiple crystals with edge dimensions ranging from 300 nm to 750 nm, whereas
the remaining droplets placed on the CFj;-terminated SAM yield single HKUST-1

crystals with edge dimensions comprised between 800 nm and 1.2 um.
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Figure 19. (a) Schematic illustration of the process followed for fabricating the 9x9 droplet
array on a gold substrate previously patterned with a 3x3 AUT dot array and passivated with PFDT.
(b) Optical microscopy image of the 9x9 droplet array, in which each droplets is spaced apart 10 um.
Dash circles mark the 9 droplets placed on each AUT dots. (¢) FESEM image of the resulting HKUST-
1 array. The inset shows a magnification area of this array, in which the central dot corresponds to
multiple HKUST-1 crystals grown in a droplet placed on the AUT SAM and the other 8 corresponds to
single HKUST-1 crystals grown in 8 droplets placed on the PFDT SAM.
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The terminal group on the top of the SAMs, and therefore, the contact angle
between the precursor droplet and the surface are again critical for the number and
the dimensions of HKUST-1 crystals grown within each droplet, opening up the
possibility to create single-crystal HKUST-1 arrays on surfaces with low wettability.
For example, CH;- and CF;-terminated SAMs, where the droplets remain stuck,
turned out to be ideal for single crystal growth within each droplet. The average
edge dimension of each single crystal grown within each droplet placed on ODT and
PDFT SAMs is 1.4 + 0.3 um and 0.9 + 0.2 um, respectively. As previously observed,
identical droplets placed on NH,-terminated SAMs tend to spread out, which results
in a higher nucleation density and formation of multiple smaller crystals (edge
dimensions: 100-400 nm) within each droplet.

2.10.Position and size control.

Another parameter to play with, in order to control the patterning regards the
plasma treatment of the SPT which strongly influences on the volume of the droplet
placed on a surface. For longer treatments, the surface of the SPT turns more polar,
allowing polar liquids to flow better through the microchannels, and consequently,
depositing larger volumes of liquid. On the contrary, when this treatment time is
shorter, the volume of the droplet deposited is reduced. Following this strategy, we
fabricated a 20x20 single-crystal HKUST-1 array on an ODT SAM using a SPT
treated with plasma for 30 seconds instead of 15 minutes. As seen in Figure 20 c-d,
the single HKUST-1 crystals size was reduced until of 550 + 100 nm.

This fabrication methodology can also be used to precisely control the location
in which a single MOF crystal wants to be grown. For example, 400 single crystals
of HKUST-1 were grown on a CHs-terminated SAM in such a way that forms the
word “MOFs” (Figure 20 a-b).
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Figure 20. FESEM images of HKUST-1 arrays fabricated on CHjs-terminated SAMs on gold
substrates. (a)The word “MOFs” fabricated with HKUST-1 single crystals and (b) a magnification
image of the letter “M”. (c,d) Single-crystal HKUST-1 array composed of crystals with edge
dimensions of 550+100 nm. Scale bars represent 100 um (a), 2 um for inset image in (b), 40 um (c), 5

um (d) and 500 nm for the inset image in (d).
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ABSTRACT: A novel, versatile pen-type lithography-based
methodology was developed to control the growth of
HKUST-1 crystals on surfaces by direct delivery of femto-
liter droplets containing both inorganic and organic building
block precursors. This approach shows that through the use
of surfaces with low wettability it is possible to control the
crystallization of a single submicrometer metal—organic
framework crystal at a desired location on a surface.

Meul* organic frameworks (MOFs) represent an emerging
class of crystalline inorganic — organic hybrid materials that
are receiving considerable attention because they offer a wide
range of potential applications, such as gas storage, catalysis,
separation, sensing, and drug delivery.! Depending upon the
intended application, one wants to be able to fabricate such frame-
works as bulk crystalline solids, miniaturize them at the micro- or
nanometer scale,” or control their deposition on surfaces.* In the last
case, the control of their growth, otientation, and/or positioning
on the surface will be crucial in starting to conceive the integration
of these MOFs on supports for the fabrication of complex surface
sensors, separation membranes, drug-delivery platforms, and cata-
Iysts.* In fact, the patteming of other functional materials, such as
nanoparticles, organic polymers, biological entities, etc, has ex-
panded their applications in a wide range of areas from microelec-
tronics to optics, microanalysis to sensors, and magnetic systems
to cell biology.®

Previous studies have shown that MOFs such as MOF-5.°
HKUST-1,” MOF-508," and ZIF-7” can be grown as crystalline
thin films on surfaces by first functionalizing them with self-
assembled monolayers (SAMs) or using presynthesized seeds.
With the use of SAMs, Fischer and co-workers further demon-
strated that MOE-§ crystals could be selectively grown on 40 um
* 40 um COOH-terminated SAM features fabricated by micro-
contact printing.® More recently, Wall and co-workers'” used
these COOH-terminated SAM templates to grow hycr-by-lzyrr
HKUST-1 crystals, whereas De Vos and co-workers'' controlled
their growth on specific locations of a surface using the litho-
graphically controlled wetting technique. In this communication,
we report a novel on-surface MOF growth strategy that uses a
wet lithographic technique for direct delivery of femtoliter drop-
lets containing both inorganic and organic building block pre-
cursors, which after their reaction and droplet evaporation allows
the fabrication of arrays of submicrometer HKUST -1 crystals on
alkanethiol-modified gold surfaces.

Pen-type lithography techniques, such as fluidic-enhanced mo-
lecular transfer operation (FEMTO),"* dip-pen nanolithography

v ACS PUbli:atiOﬂS © 2001 Arverican Cremics Socety

Scheme 1. Schematic lustration of the Fabrication of Single-
Crystal MOF Arrays by Using Direct- Write FEMTO

CRYSTALLIZATION
e

(DPN)," and fountain-pen lithography (FPL),"* allow the transfer
of desired substances onto surfaces at the micro- and nanometer
length scale through a scanning probe microscopy (SPM) probe
or cantilever that dispenses femtoliter droplets of a solution
containing these species. Thus, one could imagine their use to
deliver droplets of a solution containing the organic and inor-
ganic building blocks needed to build up a desired MOF onto
specific regions of a surface. Once these droplets were positioned
on the surface, the formation and crystallization of MOFs could
be confined within each deposited droplet by controlling its
evaporation and/or using external conditions such as micro-
wave radiation or high temperature (Scheme 1). Following this
strategy, we show herein that the controlled delivery of droplets
containing a solution of Cu(Il) fons and trimesic acid (H,btc)
onto surface-modified gold substrates leads to the fabrication of
arrays of HKUST-1"* single crystals. This versatile strategy allows
us to control the miniaturization and positioning of HKUST-1
crystals even at the single-crystal level on supports, enabling the
creation of any desired pattern in a given experiment without the
need for prefabricated stamps.

In a typical experiment, the inking solution was obtained by
mixing Cu(NO,):+2.5H:0 (1170 g) and Hibtc (0.580 g) in
pure dimethyl sulfoxide (DMSO, 3 g). Next, a commercially
available surface patterning tool (SPT, BioForce USA) that had
been cleaned with plasma for 15 min (UV/Ozone Procleaner,
BioForce, USA) was directly charged with this solution by the
addition of a microdroplet of the filtered solution into the
reservoir of the SPT with a micropipet. The tip was brought
into contact with surfaces functionalized with SAMs made of
11-mercapto-1-undecanol (MUOL), 16-mercaptohexadecanok acid
(MHA), l-aminoundecanethiol {(AUT), 1-octadecanethiol (ODT),
or 1H,1H2H2H-perfluorodecanethiol (PEDT) to fabricate
arrays of droplets of this solution over the substrate. All of the
patterning was done with an Enabler Bioforce System (BioForce
USA) at room temperature using a minimum dwell time of
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0001 s. The fabricated arrays were then placed into ambient
conditions for 24 h until the DMSO was completely evaporated
to form HKUST-1 crystals, as confirmed by energy-dispersive
X-ray spectroscopy (EDX; Figure S2 in the Supporting In-
formation), X-ray difiraction (XRD), and scanning electron
microscopy (SEM).

A series of SAM surfaces bearing different functionalities that
vary the contact angle between the DMSO precursor solu-
tion and the surface (functionalities and measured contact
angles: —OH, <10°; —COOH, 176 = 2.35% —NH,, 289 &
240°% ~CHy, 83 £ 0.33% ~ CF3, 100.7 £ 0.29°) were system-
atically studied first to determine the behavior of the droplets
placed on these surfaces. Under the conditions studied, CHy- and
CFj-terminated SAMs proved to be ideal for the fabrication of
well-defined droplet arrays, whereas these arrays could not be
fabricated on the OH- and COOH-terminated SAMs. When a
droplet was placed on a OH- or COOH-terminated SAM, it
spread completely, In contrast, the same droplet left ona CHy- or
CFy-terminated SAM remained stuck in its place. The contact
angle was then critical for droplet array formation. At low contact
angles, the droplets tended to spread out completely once they
were placed on the surface because the affinity and wettability of
the solution on the surface was very high, thus preventing the
formation of droplet arrays. This behavior was observed for both
MUOL and MHA SAMs. However, as the contact angle between
the solution and the surface increased, the affinity and spread
diameter of the droplets decreased. This tendency could be
observed for the AUT SAM, in which the patterned droplets also
tended to spread out partially but not completely, thus allowing
their structuration with a spread diameter lasger than for the
ODT and PFDT SAMs.

The tendency of the droplets to remain more stuck on surfaces
with low wettability was further proven by fabricating a droplet
array on a surface modified with NH,- and CFyterminated
SAMs (Figure 1a). Initially, we used FEMTO to generate
patterns of AUT consisting of nine dots with diameters of 10 m
spaced 40 um apart on a gold substrate. The exposed gold
regions of the substrate were passivated with PFDT, FEMTO
was then used to fabricate 29 x 9 armay of droplets of the DMSO
precursor solution spaced 10 um apart onto the AUT dot array
area. As shown in Figure 1b, the resulting array contained 81
droplets, of which nine matched up the NH,-terminated dots (as
marked by the dashed circles in Figure 1b) and the others were
directly patterned on the CFy-terminated SAM. The diameters
of the droplets were estimated to be around § and 3 um for
the ones placed on the NH;- and CFjterminated SAMs,
respectively. The above results confirm that DMSO precursor
droplets spread out more on the NH;-terminated SAMs than
on the nonpolar CFy-terminated SAMs when patterned using
identical conditions (dwell time = 0.001 5, humidity = 35%, room
temperature).

HKUST-1 arrays were fabricated by exposure of the patterned
droplet arrays on the SAM-modified gold substrates at room
temperature for 24 h, Figure I¢ shows feld-emission SEM
(FESEM) images of the HKUST-1 array resulting from the
evaporation of the 9 x 9 DMSO precursor droplet array. Inter-
estingly, well-shaped octahedral crystals of HKUST-1 were
grown in the contact areas between all of the FEMTO-delivered
droplets and the SAMs. However, all nine droplets placed on the
NH,-terminated dots yielded multiple crystals with edge dimen-
stons ranging from 300 to 750 nm, whereas the remaining
droplets placed on the CFy-terminated SAM yielded single

a)

AUT solaticn ML SAM

Figure 1. (a) Schematic illustration of the process followed for fabricat-
ing the 9 x 9 droplet array on a gold substrate previously patterned with
a3 x 3 AUT dot array and passivated with PFDT, (b) Optical micro-
scopy image of the 9 x 9 droplet array, in which the droplets were spaced
apart by 10 gem. Dashed cirdes mark the nine droplets placed on AUT
dots. (¢) FESEM mage of the resulting HKUST-1 array. The inset
shows a magnified area of this array in which the central dot corresponds
to multiple HKUST- I erystals grown in a droplet placed on the AUT
SAM and the other cight correspond to single HKUST- | crystals grown
in droplets placed on the PFDT SAM.

HKUST-1 crystals with edge dimensions between 800 nm
and 1.2 pm. The terminal group on the top of the SAMs, and
therefore, the contact angle between the precursor droplet and
the surface were again critical in determining the number and
dimensions of the HKUST-1 crystals grown within each droplet,
opening up the possibility of creating single-crystal HKUST-1
arrays on surfaces with low wettability. For example, CH;- and
CFy-terminated SAMs, where the droplets remain stuck, turned
out to be ideal for singlecrystal growth within each droplet
(Figure 2¢—f). The average edge dimensions of the single
crystals grown within the droplets placed on the ODT and
PDFT SAMs were 1.4 £ 0.3 and 0.9 £ 0.2 um, respectively. As
previously observed, identical droplets placed on NHy-termi-
nated SAMs tended to spread out, resulting in a higher nucleation
density and the formation of multiple smaller crystals (edge
dimensions 100400 nm) within each droplet (Figure 2ab).
To provide further evidence of the formation of HKUST-1
crystals on surfaces using this direct-write pen-type lithographic
approach, we first fabricated a 150 x 150 HKUST-1 amy
consisting of dots spaced 8 ym apart (total area = 12 mm®)
on NH;- and CFj-terminated SAM-modified gold substrates
(Figure 3a and Figures $4 and S5) and characterized the dots
using XRD. The XRD data shown in Figure 3b clearly demon-
strate not only the formation of HKUST-1 crystals but also a
crystal growth orientation preference along the [111] direction
for both the NH;- and CFj-terminated SAMs, It is interesting to
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a) b)

Figure 2. FESEM images of the HKUST-1 arrays fabricated on (a, b)
NH;, (¢, d) CHy, and (e, {) CF yterminated SAMs on gold substrates
Scale bars represent (a, ¢, ¢) 40 um, (b, d, £ 10 gem, and (fnsets) 2 pem

a) b)
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Figure 3. (a) SEM images of a large HKUST-1 array (1.2 mm®)
fabricated on CFterminated SAMs on
represent 10 and 4 um for the main and inset images, respectively
(b) XRD patterns (background comrected) for the HKUST-1 amays
fabricated on the CFy- and NHyterminated SAMs, compared with a
simulated XRD pattern for HKUST-1

sld substrates, Scale bars

note that Wall and co-workers” and Bein and co-workers'® also
observed an identical orientation preference in their crystal
lization methodologies on OH- and COOH-terminated SAMs,
respectively, However, the same authors did not observe crystal
growth orientation on hydrophobic SAMs,'* which was in fact
achieved in the HKUST-1 amrays fabricated by the pen-type
lithographic technique, as further confirmed by the SEM images
(Figure 3a inset)

Figure 4. FESEM images of HKUST-| amays fabricated on CH,
terminated SAMs on gold substrates. (a) The word "MOFs™ fabricated
with HKUST 1 single crystals and (b) a magnification image of the letter
"M”. (¢, d) Single-crystal HKUST-1 array composed of crystals with
edge dimensions of 550 =% 100 nm. Scale bars represent (a) 100 um,
(inset of b) 2 um, (¢) 40 um, (d) 5 pm, and (inset of d) S00 nm

Miniaturization of the delivered droplets was also essential
for the formation of pure HKUST-1 crystals. Consistent with
this conclusion, in control experiments, a mixture of H,btc,
Cu(NOy)s*25H,0, and nonorented HKUST-1 arystals was ob
tained from the evaporation of large DMSO precursor droplets
(droplet diameter = 1 mm) on CFy-terminated SAMs, as con
firmed by optical microscopy, FESEM, and powder XRD (sce
Figure $6)

This fabrication methodology can also be used to precisely
control the location at which a single MOF crystal is grown
For example, 400 single crystals of HKUST-1 were grown on a
CH s-terminated SAM in such a way that the word "MOFs" was
formed (Figure 4a,b). In addition, for a certain dwell time, it is
well-known that the time plasma treatment of the SPT strongly
influences the volume of the droplet placed on a surface. For
longer treatments, the surface of the SPT tums more polar,
allowing polar liquids to flow better through the microchannels
and consequently resulting in the deposition of larger volumes of
liquid. On the contrary, when this time treatment is shorter, the
volume of the droplet deposited can be reduced. Following this
20 single-crystal HKUST-1 array
on an ODT SAM using an SPT treated with plasma for 30 s
instead of 15 min. As Figure 4¢,d shows, the single HKUST-1
crystals grown within each droplet were smaller, showing an

strategy, we fabricated a 20

average edge dimension of 550 4 100 nm

In summary, we have reported a novel, versatile pen-type
lithography-based approach for growing HKUST-1 crystals on
supports and shown that through the use of surfaces with low
wettability it is possible to control the growth of a submicrometer
single crystal at a desired location on a surface. Since many
functional MOFs have been synthesized, it is likely that this
approach can be generalized for controlling the growth of many
MOFs at the single-crystal level on several surfaces (see Figure
§7). Such capabilities will expand the scope of application for
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MOFs in sensors, magnetic and electronic devices, etc, where
such control opens new opportunities to integrate them in
specific locations of devices. In addition, with our results, one
can start to conceive of the generation of combinatorial MOF
arrays theough delivery of droplets that differ in composition, pH,
ete. Once achieved, such parallel fabrication would provide the
advantages, for example, of larger libraries for screening the
synthesis of novel MOFs,
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S1. Materials and Characterization

The reagents Cu(NO,),-2.5H,0, tnimesic acid, 11-mercapto-1-undecanol (MUOL), 16-
mercaptohexadecanoic acid (MHA), l-aminoundecancthiol (AUT), 1-octadecancthiol (ODT)
and 1H,1H.2H.2H-perfluorodecancthiol (PFDT) were obtained from Sigma-Aldrich Co. High
purity DMSO was purchased from ROMIL. Polyerystalline Au films were prepared by
clectronbeam evaporation of 10 nm of Ti on SiOx followed by 40 nm of Au at a rate of 1 A-s™
and a base pressure of around 1x107 Torr. All patteming experiments were performed using a
commercially available Enabler Bioforce System (BioForce, USA). Surface Patterning Tool
(SPT, BioForce, USA) were used for patterning. The SPTs were cleaned with plasma for 15
minutes (UV/Ozone ProcleanerT™, BioForce, USA) before their use. Scanning clectron
microscopy (SEM) images were collected on a SEM (ZEISS EVO MAI10) at acceleration
voltages of 20 KV and on a Ficld Emission SEM (Strata DB235, FEI Company) at acceleration
voltages of 5-20 kV. The X-ray EDX microanalysis was performed on an Oxford Instruments
INCA Encrgy SEM system, which performs the elemental qualitative and quantitative analyses.
XRD measurements were performed with a X'Pert PRO MRD Panalytical diffractometer
especially configured for in-planc diffraction.
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Figure S2. Energy-dispersive X-ray Spectroscopy (EDX) microanalysis of a HKUST-1
single crystal grown on a CHs-terminated SAM gold substrate.
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Figure S3. FESEM images of a single-crystal HKUST-1 array fabricated over gold
functionalized with CHy-terminated SAM. Scale bars represent 10 um (a) and 1 pum (c).
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Figure S4. SEM images of the extended HKUST-1 array (150x150 dots, total arca =
1.2 mm”) fabricated on a CF3-terminated SAM. Scale bars represent 40 um (a), 8 um
(b)and 4 um (c).
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Figure S5. SEM images of the extended HKUST-1 array (150x150 dots, total arca =
1.2 mmz) fabricated on a NHx-terminated SAM. Scale bars represent 10 um (a) and 4

um (c).
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Figure S6. Control experiments performed on large DMSO precursor droplets on CFs-
terminated SAMs. (a) Optical microscope image of one of these droplets after DMSO
evaporation. (b) FESEM image showing the precursor crystals. (c) FESEM image
showing the HKUST-1 crystals. Note the presence of crystals with different onentation.
(d) XRPD data.

(a)

© 7 d)
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Figure S7. FESEM images of an HKUST-1 array fabricated on glass previously
functionalized with a NH;-terminated silane SAM. Scale bars represent 10 um (ab), 5

um (¢)and 1 um (d).
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Chapter 4.

Femtolitre Chemistry assisted by
Microfluidic-Pen Lithography for the
Combinatorial Synthesis and Positioning

of MOFs

In this chapter we introduce a new and versatile approach that will allow us to
perform combinatorial chemistry in the femtolitre regime, from the biological or
basic chemical approach to the complex coordination NMOFs synthesis, always

under high precision location control.
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1. Femtolitre chemistry

The ability to carry out chemical reactions at volumes from femtolitres (1015
litres) to attolitres (1078 litres) offers a wide variety of research opportunities in
biology, chemistry, pharmacy or materials science. There are many advantages of

working at this scale.

Femtoliter is the range of single cells and organelles volume; the study of the
reactions of cellular biochemistry will be more accurate and realistic in this volume.
It is of vital importance a detailed knowledge of the reactions that take place inside
the cells, inside organelles and between them. Obtaining information about reaction
kinetics of the biochemistry that take place inside the cell is crucial to our
understanding of cellular function and dysfunction.*3

It is also the scale where mixing rate of reagents occurs faster than reaction
rate.4 To measure the rate of reaction between two chemical species, they must to be
mixed much faster than the reaction rate — otherwise, only the mixing rate is
observed. Rapid enough mixing is difficult, especially for the many important
liquid-phase and biological reactions with millisecond or shorter-time-scale
dynamics. Two reactants in a quiescent liquid mix by diffusion with a timescale:
=L2/D, where L is the length over which diffusion must take place and D is the
diffusion coefficient. With typical values of D being 109 seconds or less for large
molecules, mixing by diffusion is slow. When L is reduced to micrometers, diffusive
mixing times can be reduced to less than 10 pus without the necessity to induce
turbulence. This phenomenon is also important to obtain highly homogenous
micro- nanostructures, which represents another clear advantage for femtolitre

chemistry.

Working with these volumes is also interesting because implies an
environmental and economic optimization. If one expects to screen the reaction of a
reagent with a library of thousands of other reagents and thousands of proportions,
is better to be able to miniaturise the lab, otherwise, thinking on beakers or mL
vials, it would be necessary a huge space to perform so many reactions. This
problem was addressed with the invention of microarray technologies which are
based on the combinatorial chemistry of picoliter droplets, mainly delivered
through inkjet printers or robotics. This technic has been mainly used in genomics
where robotic machines arrange minuscule amounts (tipically pico- to nanoliters) of
hundreds or thousands of gene sequences on a single microscope slide. According to
the National Human Genome Research Institute, in 2011 there was a database of

40000 gene sequences that researchers could use for this purpose. Microarray
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technologies are still in an order of magnitude over the femtoliter scale. New
technologies become necessary to reduce the size of micro to submicro and

nanoarrays.

Figure 1. Example of microarray data. Microarray analysis can be performed to assess
differences in gene expression between two different samples. After isolating nucleic acids from the
two samples, one sample is labeled with a dye that fluoresces green, and the other sample is labeled
with a dye that fluoresces red. The samples are combined in equal amounts and hybridized to the
array. Each spot on a microarray contains a specific gene sequence. When the array is scanned, green
or red spots indicate expression of the gene in only one sample, and yellow spots indicate expression
of the gene in both samples. Adapted from ref 5.

But not everything are advantages, of course, there are also many difficulties of
working at the femtoliter scale; droplets in ambient conditions practically evaporate
instantaneously and there are not many tools to manipulate these volumes among

others.

At these ultrasmall dimensions, control over chemical reactions has been
achieved by two main approaches: (i) micromachining techniques, mainly
microfluidics and femtoliter wells®9, and (ii) self-enclosed volume elements,

including vesicles, micelles and droplets stabilized in an immiscible solvento-15,

As introduced in Chapter 1, MOFs are the ultimate designer materials. The
number of synthesized MOFs has been increasing exponentially and given the large
number of possible linkers and metal nodes and the various ways of combining
them, the number of possible MOF structures is essentially limitless. This fact
presents exciting opportunities, but it also imply a huge challenge. To address this
challenge will be necessary two major supplementary tools: (i) High Throughput

Computational screening to identify the potential candidates for a given structure-
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property under investigation and (ii) High Throughput Combinatorial Screening of
the candidate precursors to form the expected MOF with the desired property.

r=100 ym
V=42nL

r=2500 um
V=052 pL

Figure 1 An increase of one order of magnitude in radius, is translated to 3 orders of magnitude
in volume; scale representation of spheres from 1 ym to 500 um radius, resulting from fL to pL
volumes, respectively. The volume relationship between Sun and Earth is equivalent to the 1 um

radius sphere compared with the 100 um one.

Although many efforts have been done for the computational high throughput
screening of MOFs,6-26 the use of High-Throughput methods in MOFs screening
remains relatively unexplored. The first massive High-Throughput investigation of
MOFs was performed by Yaghi et al.7 Twenty five different ZIF crystals were
synthesized from 9600 microreactions. 100 combination on 96-well plate as the
reaction vessel and 0.3 mL reactant volume per well. The mixtures were prepared
with a robotic programmed liquid handler and analised in a High Throughput
PXRD machine. This nice job clearly shows the technological needs for a so complex
task. Bein et al. investigated some synthetic parameters for the obtantion of MOF-5
and HKUST-1 in a self-made 24 cavities reactor block with a maximum volume of

3.4 mL per cavity.27

Nevertheless combinatorial chemistry is not exclusive for screening purposes
but also can be very useful in patterning products of reactions. Femtoliter
combinatorial chemistry with high precission positioning expands the scope of the
possibilities described in chapter 3 where the mother solution containing both
precursors was delivered on a desired place of a surface. If we can incorporate
subsequent reagents or aditives to a prepatterned solution, would offer a significant

increase on the variability of possible MOFs able to be micro-nanopatterned.
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2.0ur Results

The objective of our investigation is to expand the scope of the method
presented in the Chapter 3 for structuring MOFs in surfaces. To achieve this, we
propose the introduction of one step in the procedure to add femtoliter volume of
reagents into selected, pre-delivered femtolitre droplets, also containing reagents,
on a surface. This straightforward two-step Microfluidic Pen Lithography (MPL)
process —Step #1: reagent A femtoliter droplet generation, and Step #2: reagent B
femtoliter volume delivery addition (Figure 3.) will allow us to structure different
MOFs on surfaces, but also opens a new avenue in general femtoliter chemistry and
high throughput analysis. MPL overcomes the high-throughput limitations of
vesicles and micelles and avoids the usually expensive step of fabricating
microdevices and wells: it is capable to handle and mix femtoliter volumes with high
registration accuracy over centimetre-scale regions, and use each mixture droplet to
conduct an independent reaction. Keeping this in mind, we first studied the
capabilities of the single writing (step #1) and mixing (step #2) using confocal
microscopy study of fluorescent type samples. Once controlled each step, we
reproducibly performed two control reactions - acid-base and enzymatic
recognition. Demonstrating the versatility of the methodology, we finally performed
the combinatorial synthesis of MOFs and NMOFs through careful selection of
lithography conditions. We crystallized different desired MOFs into side-by-side
patterned mixture droplets, thus creating combinatorial arrays, and we used this
method to screen combinatorial reactions to rapidly evaluate the crystallization of
novel peptide-based coordination networks. We believe that our method opens new
avenues for rapid screening combinatorial reactions using very small amounts of
usually costly reagents, and should be adopted by researchers as a desktop tool to
synthesize and crystallize materials at desired locations on surfaces, fabricate arrays

and study reactions at the femtoliter scale.

Step #1

Figure 3. Scheme of the MPL process showing the reagent A femtoliter droplet generation
(left) followed by the reagent B femtoliter volume addition (right).
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2.1. MPL process
2.1.1. Writing Tools

We have previously demonstrated that conventional pen lithography
technologies and tools, commonly used for molecular and material printing, and
commercially available for many researchers, allow us to attain excellent conditions
for structuring MOFs on surfaces. In this study, we have used Microfluidic pens
(BioForce, USA; see Figure 4b) which offer high levels of uniformity and
reproducibility on the deposition of femtoliter volumes combined with Dip-Pen
Nanolithography (DPN) instrument (NLP-2000 platform, NanoInk Inc., USA) (see
Figure 4a), which is equipped with a 5-axis stage system and commercial
lithography software, offering + 75 nm z precision and + 25 nm positional precision
over areas as large as square centimetre. This high accuracy enables the
programmable positioning of microfluidic pens on top of selected, pre-patterned
femtoliter droplets followed by their precise approach until reaching their contact
surface area. Finally, an environmental humidity chamber included in the
lithographic platform enables the realization of such reactions under controlled
humidity or organic solvent vapour levels, and reduces droplet evaporation rate; a
process that must be controlled in order to deliver the second reagent into the
patterned droplets before they evaporate, and to give the reagents enough time to

mix, react and crystallize.

a) b)

'.".

.

Figure 4 (a) NLP Dip-Pen Nanolithographic platform. (b) SPT scheme with some dimensions
(up) and SEM images of the cantilever pen detail of one SPT (down)
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2.1.2. Control of the Single Writing Process

In a first step, it will be necessary to determine certain control parameters for
both, single and double writing approaches. These parameters are: the relationship
between the dwell time (DT) with the volume of the delivered droplets, the writing
reproducibility along one array and our capability to control premature evaporation.
For this purpose we will create femtolitre droplet arrays of a sodium fluorescein

(SoF) solution onto a SiO. surface and studied them by confocal microscopy.

The relationship between droplet volume and dwell time has to be determined
in order to calibrate the delivered volume in function of the applied contact time
which is the only parameter that we can control. The confocal microscopy study of
the resulting arrays will give us also an idea of the writing homogeneity, stability

and integrity of the arrays after a certain time.

2.1.2.1. Preparation of the array

Different Water, DMSO, DMF, EtOH, MeOH solutions prepared with different
concentrations of SoF were prepared to test the writing viability. Every one of this
solutions presented fast and incontrollable evaporation under ambient conditions.
MeOH, EtOH and Water were evaporated already in the reservoir of the SPT even
before mounting it into the instrument holder. DMF and DMSO solutions presented
slower evaporation rates, but higher than the needed to achieve controllable
patterning, manifested through the observation of condensed microdroplets in the
substrate when the SPT was approached to the surface, making impossible to
perform a delimited deposition of a droplet. Two different strategies were followed
to overcome this evaporation problem: addition of some proportion of high boiling
point solvents (mainly glycerol) and increasing the environmental relative humidity.

One array with different dwell times was prepared to evaluate both the DT-
volume relationship and the reproducibility and premature evaporation, given by
the DT-Mean Fluorescence Intensity. The standard supports used are Si/SiO.
substrates which were subsequently sonicated for 10 min. in acetonitrile, ethanol
and MilliQ water and dried with nitrogen gas flow. The microfluidic pen or SPT
(SPT-10, Bioforce, USA) was cleaned in piranha solution (3:1 v/v solution of H,SO,
and 30 % H.,0.,) for 20 min., rinsed with MilliQ water and dried with slight N2 gas
flow. Caution: piranha solution is a strong acid and oxidizer and should
be handled with extreme care. Afterwards, the pen was introduced in an
UV/ozone chamber (UV/Ozone Cleaner, Bioforce Inc., USA) for 20 min. The
microfluidic pen was then loaded with 1.5 ul of a 0.01 M DMSO/glycerol (1:1 v/v)
solution of NaF, and mounted onto the lithographic platform (NLP 2000, NanoInk
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Inc, USA) at an acute angle of 10°. The instrument was programmed to pattern an
array of 8 x 9 droplets (droplet separation = 28 um), at DT1= 0.001, 0.1, 0.5, 1, 2, 3,
5 and 10 s (hereafter DT1: dwell time used in step #1) under a relative humidity of

60 % and at room temperature.

The resulting array were then characterized (Figure 5) by confocal fluorescence
microscopy (Leica TCS SP5; see Figure 4.5.). The fluorescence images (310 x 310
um?2) were registered in reflection mode, with a 50x objective (magnification = 0.15
um/pixel) and at different heights by scanning in z-direction. Stacks comprising 30
fluorescence microscopy image slices (excitation wavelength (Aexc) = 488 nm;
emission wavelength (Aem) = 500-575 nm) at different heights (Az = 0.42 um) were

collected for each array.
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Figure 5 Confocal fluorescence microscopy image (Aexc = 488 nm; Adet = 500-575 nm) of the NaF
droplet array (droplet distance = 28 um) resulting from adding up all 30 collected fluorescence image

slices. On the right, 3D reconstruction of the array using ImageJ software.

2.1.2.2. Determination of Dwell Time (DT1) vs. Volume

relationship

The average contact diameter (d,) was determined for each column of droplets
patterned with the same contact time. Taking into account that contact angle values
should be smaller than 90° we considered the top viewed diameter to be equal to
the contact diameter. So, to determine d, values of each NaF droplet, the 30
confocal microscopy image slices were added up (Figure 6b), and a threshold was
selected to define its contour in order to calculate area and diameter. All d, values
determined from this threshold image were in fully agreement with those

determined from the corresponding measured with optical microscopy (Figure 6c¢).
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Figure 6. (a) Confocal fluorescence microscopy image (Aexc = 488 nm; Adet = 500-575 nm) of the
NaF droplet array (droplet distance = 28 pum) resulting from adding up all 30 collected fluorescence
image slices. (b) Inverted image after filtering a using a background threshold. ¢, Corresponding

optical microscopy image of the NaF droplet array.

As mentioned in chapter 3, we assume that droplets delivered on a surface can
be considered as a sessile droplet having spherical cap geometry, one can then

express their volume as:

mrp3 2-3cos9+cos3 Y
3 sin3 9

V= (Equation 1)

where 0 is the contact angle in degrees, and ry, is the contact radius in pm. This
equation can be expressed in function of the height of the droplet instead of contact

angle:
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V= Th, (31,2 + h?)  (Equation 2)

As we see in Equations 1 and 2, to determine the volume of a spherical cap
geometry is necessary to know either the height and contact radius or the contact
angle and contact radius. The contact angle # was measured with a contact angle
analyzer [Easy Drop Standard (Kriiss, Germany)] depositing a 0.1 pL droplet of
0.01M NaF (in DMSO/glycerol, 1:1 v/v) on a SiO, surface giving a value of

0=134.6 £ 0.3

Following Equation 1, the estimated average volumes of the droplets forming
each column for the measured macroscopic contact angle 34.6 + 0.3° are reported

in the next table 1.:

DT (s) d; (um) Vi)

0.001 8.8+0.2 43 +2
0.01 8.9+0.2 44 + 2
0.1 10,6 £0.2 75+ 4
0.5 143+0.2 184 +9
1 16.4+0.3 281+ 13
2 17.6+£0.2 345+ 14
3 19.5+0.2 470 + 18
5 21.8+0.3 652 +22
10 24.0+0.1 873 £21

Table 1. Estimated Volumes calculated from the measured diameter and the calculated contact

angle.

2.1.2.3. Dwell Time (DT1) — Mean Fluorescence Intensity

relationship

During lithography, the solution present in the reservoir and cantilever could
evaporate; this would cause an increase of the solute concentration in the solution.
Besides, the surface to volume ratio of the liquid along the microchannel is much
bigger than the reservoir, which would mean that variable writing rate will cause
different concentration on droplets. Quantifying the fluorescence intensity of the
droplets will allow us to determine any significant variation on the relative
concentration of the droplets. The major evaporation problem, off course will occur
once the droplets are patterned, but is expected to happen on the same way to the

equivalent droplets. Thus, knowing the initial conditions (initial contact radius and
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contact angle) we could determine the initial volume and so, the amount of
dissolved solute that, when doing femtolitre chemistry, will be directly proportional

to the amount of reagent.

The average of the fluorescence mean intensity per surface area (I/A, arbitrary
units, a.u.) was measured for each droplet series patterned at a different DT.. To
determine the fluorescence mean intensity of each single droplet, the image slice in
each z-stack corresponding to the droplet volume in contact with the surface was
further analyzed. The exact location of such image slice within the z-stack was
determined from the maximum background intensity.2® It was observed that the
maximum background intensity was different for different areas of the substrate,
giving us information about the planarity degree of the surface. The I/A was then
determined for every droplet in the image after subtracting the background signal of
its surrounding area. The results obtained in this way were averaged over the
droplets in the array delivered at equal DT, (Figure 7) The patterned droplets trend
to an ultrafast evaporation due to its high surface to volume ratio. In order to
overcome this problem it is necessary to equilibrate the vapor pressure by

increasing the environmental vapor pressure.
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Figure 7. Confocal microscopy image of the mixture NaF/H.O-glycerol droplet array resulting
from adding up the 30 collected fluorescence image slices. b, Inverted image after filtering a using a

background threshold. e, 3D reconstruction of the array from all the images data.

Significantly, less than 6 % deviation in I/A between droplet series was

observed (Figure 7) once protected from fast evaporation.
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2.1.3. Control of the Double Writing Process

First of all we studied the phenomena that comes to one’s mind when propose
to use a pen to deliver a certain volume into a pre-delivered droplet is the

contamination of the pen with the liquid present in the droplet.

2.1.3.1. Preparation of the mixed array

To demonstrate the ability of controlling the deposition of a second femtoliter
volume on top of the pre-patterned droplets (step #2), we delivered femtoliter
volumes of a H,O/glycerol (1:1) mixtures into pre-patterned H.O/glycerol (1:1)
droplets of NaF solution (d; = 9.4 + 0.1 um). The second liquid, H.O/glycerol
solution, was delivered at dwell times (hereafter DT,: dwell time used in step #2)
DT. = 0.001, 0.1, 0.5, 1.5, 2, 4, 6 and 8 seconds, starting from the second row
(Figure 8) at 50 % humidity, forming an array of mixture droplets with diameters
(d2) from 10.5 + 0.1 to 19.7 + 0.4 pm, respectively. Figure 8a shows that the

delivered volume increased with increasing DT..
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Figure 8. (a) Confocal microscopy image of the mixture NaF/H.O-glycerol droplet array
resulting from adding up the 30 collected fluorescence image slices. The first row, corresponds to the
initial deposition without any addition of H-O/Gly (DT.=0 s) and with the initial diameter (di=9.4 +
0.1 um.) equal for all the droplets of the initial array. (b) Inverted image after filtering using a
background threshold

The same procedure than the one explained in previous section was used to
measure the fluorescence images, registered in reflection mode, with a 50x objective
and at different heights (typically, 30 images for each z-stack, Az = 0.42 um). The
corresponding threshold image was used to determine the d, (d; = 9.4 + 0.1; 15t row)
and d. values (from 274 to 9t rows). From these values, the corresponding dilution
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factors were calculated as: V,/V, = d.3/d:3, considering that the 6 of the pre-
patterned NaF droplets (in H.O/glycerol, 1:1 v/v) and the mixture droplets resulting

from adding different volumes of a H,O/glycerol (1:1 v/v) mixture do not change.
Dilution factor calculation:

Volum from DT, and DT.;

m-r3 2—3cosV9 + cos3V

V. =
1 3 sin3 9

m-r3 2—3cosV + cos39

273 sin39

Dilution Factor;

mr3 2-3cos9+cos3 9

Vl/ _ 3 sin39
v, mr3 2-3cos9+cos3 9
3 sin39

Asuming 6,= 0,;

4 _rf 4 _d%
Iv, = /r; > =g

DT, (s) do( pm) do’/d,’?

0.001 10.5+0.1 1.4+0.2
0.1 11.9+0.1 20£02
0.5 14.6+0.2 3.8+0.3
1.5 16.4+0.5 54405
2 173+0.5 63+0.5
4 182+0.5 73405
6 19.1+0.4 8.5+ 0.4
8 19.7+ 0.4 92+ 0.4

Table 2.
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One important factor contributing to this ratio is cross-contamination, which
affect the homogeneous mixing between mixture droplets. To evaluate the cross-
contamination effect, an array of 1 x 8 droplets (droplet separation=35 um) of
0.03 mM SoF (in H20/glycerol, 1:1 v/v) was first patterned on a SiO2 surface at
DT1=0.001s at room temperature under a RH of 45%. Then, femtolitre volumes of
an H20/glycerol (1:1) mixture were delivered into the pre-patterned SoF droplets
using a second microfluidic pen at DT2=0.001, 0.01, 0.1, 1, 3, 5, 8 and 10 s. In this
case, after each one of these eight deliveries, eight consecutive droplets (droplet
separation=35 um) of the H20/glycerol (1:1) mixture were patterned at a DT=2s.
(Figure 4.9. a) I/A was detected in the first three droplets for all cases: the average
intensity values (relative to the initial SoF intensity) were ca. 6.0% (1st droplet),
2.8% (2nd droplet) and 1.2% (3rd droplet). 4t droplet presented an intensity
similar to the background in all the cases. Based on these values, we decided to
introduce a cleaning step to prevent cross-contamination and ensure unadulterated
reagent mixing. In the cleaning step, a few droplets are patterned outside the
working area (that is, on a different surface) between each round of reagent delivery

on top of the pre-patterned droplets. See Figure 9.
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Figure 9. (a) Schematic illustration of the stepwise patterning of the array fabricated to
ascertain any possible cross-contamination in the MPL method. (b) Optical microscopy image of the
initial SoF droplet array (left) and the final array (middle) after the delivery of an H20/glycerol (1:1)
mixture into the pre-patterned droplets of SoF and the generation of the cleaning droplets. Confocal
microscopy image of the resulting droplet array (right). (c) Mean intensity of every serie
corresponding to every different DT> showing the similar values obtained for the cleaning droplets.

Note that from the 4t cleaning droplet, values are close to 0 in all cases.
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Another confirmation, of the mixing capabilities results from analysing the
confocal data: when DT, is increased, the NaF concentration into each mixture
droplet, and therefore, I/Ax decrease according to the volumes of H.O/glycerol
added, following the expected behavior of a bulk NaF progressive dilution assuming

that the decrease in fluorescence intensity is only due to dilution. (Figure 10b)
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Figure 10. (a) Confocal fluorescence microscopy image of an array of NaF droplets (droplet
distance = 35 um), in which femtoliter volumes of a H.O/glycerol solution were mixed by using
different DT-. Note that the top row correspond to bare NaF droplets without any addition. (b) DT-
dependence of d.. (¢) Dilution factor dependence of I/Ax. Line represents the expected behavior of a
bulk NaF solution assuming that the decrease in fluorescence intensity is only due to dilution. (d-f)
Confocal fluorescence microscopy images (d, Aexc = 488 nm; Adet = 500-575 nm; €, Aexc = 633 NM; Aem =
600-785 nm; f, superimposed previous images) of an array of NaF droplets (droplet separation = 28
pm), in which femtoliter volumes of a solution of Nile Blue were mixed by using different DT-. Note
that left and right columns correspond to pure NaF and Nile Blue droplets, respectively, whereas the
gradient of colors from yellow/orange to red (left to right) denotes the increase concentration of Nile
Blue in comparison with NaF. In b,c error bars stand for the standard deviation of the average results

obtained for different equivalent droplets in the array.
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This dependence was reproducibly performed (see Figure 11.), demonstrating
that DT. can effectively be used to control the ratio of reagents into the mixture
droplets. As a further verification of the delivery capabilities of MPL and
homogeneous mixing of solutions into each mixture droplet, we delivered a solution
of Nile Blue at different DT, into pre-patterned NaF droplets and visualized their

fluorescence signal co-localization (Figure 10 d-f).

Measured I/A values were subsequently normalized with respect to the
maximum I/A of the non-diluted NaF droplets (i.e. droplets of the first row).
Finally, the normalized emission intensities were plotted against the DT, and the

dilution factor (Figure 11.)

1.4
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3
g D.E-—-
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0.2 ' E
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a 2 q B # 10

Dilution Factor (d; / d))

Figure 11. I/Ax plotted against the dilution factor for three independent different experiments.
The solid line corresponds to the theoretical evolution assuming that the decrease in fluorescence
intensity is only due to dilution upon addition of the H.O/glycerol mixture. Error bars stand for the
standard deviation of the average results obtained for different equivalent droplets in the array.

From such dependence we extracted that DT. can be used to control the volume
delivered into the pre-patterned droplets, and therefore, to control the

concentration of NaF into each mixture droplet.
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2.1.4. Acid-Base Femtolitre Reaction

Once determined our ability to pattern and mix femtolitre volumes of two
solutions containing two different reagents, we gave one step beyond. One of the
heaviest limiting factors for femtolitre chemistry methods consists, not only on our
ability to handle and mix femtolitre volumes, but also the lack of characterization
techniques with micrometer scale resolution. The most recurring technique to
characterize materials or substances confined on femtolitre volumes consist on
fluorescence microscopy. Figure 12. shows an acid/base reaction between the non-
fluorescent acidic and fluorescent basic state of fluorescein acid carried out at the
femtoliter scale. To conduct the acid/base reaction, we delivered a H.O/glycerol
(1:1) solution of KOH into alternated pre-patterned H.O/glycerol (1:1) droplets of
fluorescein at 50% humidity (Figure 12.). Before KOH delivery, low fluorescence
was detected from all fluorescein droplets, but a green fluorescence increase by
about 30-fold corresponding to the deprotonation of fluorescein was observed at
droplets in which KOH was mixed . Note that a large quantity of femtolitre reactions
(400 replicas) over 750-um? areas could be successfully made without the necessity

of reloading the microfluidic pens (Figure 13).

a)

. COOH Pr L

Figure 12. a), Representation of the acid/base reaction between fluorescein acid and KOH. b)
Optical Microscopy image of the area used to perform the acid-base reaction, including the cleaning
step and the peripheral protecting areas. ¢) Fluorescence microscopy image of b) exciting at A = 488

nm.
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Figure 13. a, Brightfield optical image of a 40 x 40 array of fluorescein acid droplets (droplet
distance = 20 pm) covering an area of 760-umz2, in which femtolitre volumes of KOH were mixed into
alternated droplets. b, Fluorescence microscopy image of the droplet array after KOH addition,
showing a green fluorescence increase at all alternated mixture droplets when excited at A = 488 nm,

thus confirming that femtolitre reactions can be homogenously made over large surface areas.
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2.1.5. Alkaline Phosphatase Enzyme Recognition

When instead of simple organic molecules we used a biomolecule such as
Alkaline Phosphatase, femtolitre reactions involving this enzyme were also
performed with a high level of reproducibility. Alkaline phosphatase (ALP, ALKP) is
a hydrolase enzyme responsible for removing phosphate groups from many types of
molecules, including nucleotides, proteins, and alkaloids. The process of removing
the phosphate group is called dephosphorylation. As the name suggests, alkaline
phosphatases are most effective in an alkaline environment. It is sometimes used

synonymously as basic phosphatase.

Figure 14. Diagram (rainblow colored, N-terminus = blue, C-terminus = red]) of the

dimeric structure of bacterial alkaline phosphatase.

Calf-intestinal alkaline phosphatase (CIAP/CIP) is a type of alkaline
phosphatase that catalyzes the removal of phosphate groups from the end of DNA
strands.29 This enzyme is frequently used in DNA sub-cloning, as DNA fragments
that lack the phosphate groups cannot ligate.3° This prevents recircularization of
linearized vector DNA and improves the yield of vector containing the appropriate

insert.

To detect this enzyme through the dephosphorilation of blue fluorescent 2’-[2-
benzothiazoyl]-6’-hydroxybenzothiazole phosphate (BBTP) to green fluorescent 2’-
[2-benzothiazoyl]-6’-hydroxybenzothiazole (BBT)24 (see Figure 15a), a DEA/glycerol
(7:3) droplet array of BBTP was created and femtolitre volumes of a DEA/glycerol
(7:3) solution of AP were subsequent added only into alternated droplets within the
array at 80 % humidity (Figure 15b). After mixing of both reagents, the substrate
was incubated at 37 °C and 80 % humidity for 15 min. The resulting array was first
excited at 355 nm, and showed that all BBTP droplets were blue emissive, whereas
all mixture droplets showed non fluorescence (Figure 15c). In contrast, all mixture

droplets showed a green fluorescence increase by about 2-fold (even though they are
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more diluted) in comparison to the BBTP droplets when excited at 488 nm (Figure
14d). These observations confirm the proper detection of AP through the complete
dephosphorilation of BBTP, and that this approach show promise to do, localize and

study biological reactions at femtolitre volumes.

a)
ALKALINE
‘,'_,,—-:>§ .y /,N‘*~w P o PHOSPHATASE NS Ne A
\ / ! I
‘l ,:,/-’L“N/ \s\\ \/\ /’F‘,\T--O — lr/L /> </ Q R
il INORGANIC 2 N - ~o
PHOSPHATE
BBTP BBT
b) d)
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Figure 15. a, Representation of the detection of calf intestinal AP enzyme. b, Brightfield optical
image of an array of BBTP droplets (droplet distance = 30 um), in which femtolitre volumes of AP
were mixed into alternated droplets. ¢, Fluorescence microscopy image (Aexe = 359-371 nm; Aem > 397
nm) of the corresponding array, showing the characteristic blue fluorescence of BBTP. d,
Fluorescence microscopy image (Aexe = 450-490 nm; Aem > 515 nm) of the corresponding array,

showing the characteristic green fluorescence of BBT when detected AP at all mixture droplets.
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2.2. MOFs Synthesis

2.2.1. HKUST-1 Synthesis

The ability to use this MLP method to create well-defined mixture droplets and
use them to confine the synthesis and crystallization of materials, rather than liquid
reactions, on surfaces was evaluated. As a proof-of-concept, we reproducibly
confined the crystallization of the chapter 3 studied archetypical HKUST-1. In this
case, we first patterned (step #1) a 10x7 droplets array 20 pm separated and
DT1=0.001s of a Cu(NOj).-2.5(H.O) [2.5 M, DMSO] solution and subsequent
mixing (step 2#) of femtolitre volumes of trimesic acid [1 M, DMSO/glycerol
(8.5:1.5)] with 0,1 s of DT2 on a SiO, surface, under 50% RH. The patterning was
performed following the procedure, including cleaning step described in section 2.1.
The resulting mixture droplet array was then placed in ambient conditions for two
hours. After EtOH cleaning, the arrays where characterized by FESEM. (Figure 16).
As shown in Figure 15, HKUST-1 nanocrystals islands were perfectly synthesized
while placed in the desired position using the two steps MPL approach.

Figure 16. Femtoliter synthesis and controlled crystallization of MOFs. a-c, FESEM images of
the synthesized HKUST-1 crystal array (feature distance = 20 um), confirming the femtoliter droplet-
by-droplet reaction reproducibility and showing the well-defined octahedral shape of the resulting
HKUST-1 crystals.
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2.2.2. Combinatorial PBA synthesis.

To increase the complexity and prove that one can use this MPL method to
confine the synthesis of different materials into side-by-side mixture droplets
within the same array, we created a combinatorial array of crystalline porous
Prussian blue analogues (PBAs).26:27 We selected four isostructural PBAs with
general formula Mj[Co(CN)¢]., where M is Cd(II), Zn(II) and Mn(II), and
Ags[Co(CN)e].

The combinatorial array was made by first creating a 40 um separated 4 x 4
droplet array of a H.O/glycerol (7.5:2.5) solution of K;Co(CNs) either on SiO. or
TEM grid surfaces and with a DT1 of 0,001s at 50% RH. Then, keeping the same
RH, four different microfluidic pens, each one loaded with a different H.O/glycerol
(7.5:2.5) metal nitrate solution, M(NO5)x-yH.O [M = Mn(II) (0.18 M), Cd(II) (0.18
M), Ag(I) (0.36 M) and Zn(II) (0.18 M) were used to deliver femtoliter volumes
(DT2 = 0,5s) of each metal salt into four selected droplets composing the array, as
shown in Figure 17. Mixing of both solutions into each one of the mixture droplets
allowed the immediate formation of crystals that corresponded to the four desired
PBAs, as confirmed by the positive matching between the interplanar distances
extracted from electron diffraction patterns measured for each one of the

synthesized PBAs and the distances derived from the literature (Figure 17 b-e).
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post | O(A) | O(A)ref*  pes | d(A) |d(A)rer*  pesk | G(A) | {A)refc  peas [ d(A) | d(A)ret®
1 528 | 529 1 |1513 | 509 1 |522 | 524 1 |713 | 713

2 |374 | 374 2 | 363 | 369 2 |377 | 370 2 | 447 | 463

3 | 265 | 265 3 | 257 | 252 3 |266 | 262 3 |356 | 356

4 | 238 | 237 4 1237 | 234 4 | 291 | 3.04

Figure 17. (a) Coloured FESEM images of the combinatorial 4 x 4 array of crystalline PBAs with
general formula M3[Co(CN)¢]2, (PBA feature distance = 25 um). (b-e), FESEM image of an individual
island containing the synthesized Cd(II)-PBA (b), Zn(II)-PBA (c), Mn(II)-PBA (d), Ag(D)-PBA (e)
nanocrystals (scale bars represents 2 pm), and their corresponding electron difraction patterns and
tables that shows the comparison between measured interplanar distances (d) with the ones extracted
from the literature: A, JCPDS No. 89-3740; B, JCPDS No. 32-1468; C, JCPDS No. 89-3735; and D,
ICSD- 28501.
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2.2.3. Bio-MOFs SCREENING

Bio-MOFs are MOFs in which the organic ligand used to link the nodes is a
biomolecule. Bio-MOFs are a fascinating kind of materials as they can potentially
offer biomedical applications, but also, morphology, bio-activity and the chemical
particularity make biomolecules attractive candidates to construct the so called bio-
MOFs. As a first proof-of-concept, this method was tested to discover new metal-
peptide networks2® made of a randomly selected, quite costly bio-organic ligand of
the family of peptides, the Glycine-Histidine (GH).

=\

NH
S
0

w L
N
H

Figure 18. Glycine-histidine formula.

To proceed with the screening we selected 7 different transition metals because
of their common use in MOF synthesis: Cr(III), Mn(II), Co(II), Ni(II), Cu(II),
Zn(II), and Cd(II).

The patterning conditions (solvents, RH, DTy, etc.) were determined after
optimization one by one product. Once the optimal conditions were found, an array
of 3x7 droplets of a 1M aqueous solution of GH with 30 um of droplet distance was
done over a SiO. clean surface at 85% RH. After the patterning of the biomolecule,
we added one by one, the selected metal solutions. In this case, to further
demonstrate the capabilities of the approach, we combined 3 different proportions
of every metal in every one of the columns of GH droplets, by varying the dwell time
DT, = 0.01, 0.1 and 0.2 s. Note that in general, dwell time used for the adition of the
reagent in step 2# has to be bigger than the one used for the delivery of the first
reagent in step #1 due to the cross-contamination that mainly occurs in the first
instant of the mixing. The step #2 was performed with 0.3 M H,O/diethyleneglycol
(7:3) solutions of metal acetates [where metals were, from left to right, Cr(III),
Mn(II), Co(II), Ni(II), Cu(II), Zn(II), and Cd(II)] at 85% humidity

Figure 19a shows the combinatorial 3 x 7 array after 2 hours of reaction at room
temperature. Only droplets corresponding to Ni(II)-GH and Cu(II)-GH mixtures
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showed the formation of crystals that were stable after cleaning with water. These

screening results were confirmed by reproducing all these reactions in bulk (Figure
19b)

Bulk reactions:

0.35 mL of an aqueous solution of 0.3 M M(CH;COO)xy(H.O) [where M =
Mn(II), Cd(II), Cu(II), Cr(III), Zn(II), Ni(II) and Co(II)] was added into 2 mL of an
aqueous solution of GH (1 mmol) in a 5 mL glass vial. The resulting mixtures were
left standing at RT or heated at 9o °C for 2 hours. Under the studied conditions,
only the reactions (both at RT and 90 °C) between GH and Cu(CH;COO).-(H.O) and
Ni(CH3;COO).-4(H.0) gave rise dark blue (79 % yield) and blue crystals (62 % yield),
respectively, suitable for single crystal analysis (see Table 3). Their phase purity was
confirmed by XRPD (X’Pert PRO MPD diffractometer; Panalytical), IR (Tensor 27
FTIR spectrophotometer equipped with a Golden Gate diamond ATR cell; Bruker)
and elemental analysis (see Figure 20). Interestingly, the reactions with the other
metal ions did not showed the formation of any solid for over a week standing at

room temperature.

[Cu(GH)(H.0)]-H.O and [Ni(GH).]-7H.O networks were discovered after
solving their crystal structures (See Suplementary Figures S7, S8 and S9 in the
article). Thus, this MPL approach, with more elaborated control of the reaction
conditions such as temperature, is likely to have important applications in biology,
chemistry and materials science, and it will be ideal for fabricating arrays of
complex structures that require to be synthesized through a reaction, such as

crystals, making it also potentially useful in electronics and sensors as well.
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Figure 19. Screening the formation and crystallization of peptide-based coordination networks

using MLP. a, FESEM image of a 3 x 7 droplet array in which each row is composed of droplets that
contain mixtures of GH and seven metal acetates (droplet distance = 25 um). Mixture droplets within
each row were created by first patterning a droplet of an aqueous solution of 1M GH (contact time = 1
s), and then deliverying a H.O:diethyleneglycol (7:3) solution of the corresponding 0.3 M metal
acetate with different contact times depending on the row: 0.2 s (top), 0.1 s (middle) and o0.01s
(bottom). b, Photograph that shows the bulk reproduction of all screened GH-metal acetate reactions,
showing a perfect match on the formation of crystal when compared to the femtoliter reactions. ¢,d,
Representative FESEM images of crystals obtained within the femtoliter mixture of Ni(II) (¢) and
Cu(II) (d) with GH dipeptide. e, Illustration of [Ni(GH)-]-7H-0, showing 1D chains along the b-axis.
Ni(II) ion has an octahedral geometry coordinated to two imidazolate N atoms, two N atoms of NH.
groups and two carbonyl O atoms of two consecutive GH ligands. Solvent molecules have been
omitted for clarity. (green: Ni, grey: C, blue: N, and red: O). f, Ball and stick representation of
[Cu(GH)(H-=0)]-H-0, showing 1D chains running along the b-axis. Cu(II) ion has a square pyramidal
geometry coordinated to three N atoms (imidazolate N, NH. and NH groups), one carboxylate O atom
of the GH ligand and one coordinated H-O molecule. (blue: Cu, grey: C, blue:N, red: O, and white: H).
fa

140
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Figure 20. a,b, FESEM images of (a) [Cu(GH)(H=0)]-H-0 and (b) [Ni(GH)-]-7H-0 synthesized
in bulk. ¢,d, Comparison between the experimental and simulated XRPD patterns of (c¢)
[Cu(GH)(H20)]-H20 and (d) [Ni(GH):]-7H-0, confirming the purity of both synthesized crystalline
materials. e,f, IR spectra of free GH, [Ni(GH):]-7H20 and [Cu(GH)(H=0)]-H20. The C=0 carboxylate
band of the protonated GH is at 1687 cm-, whereas for [Ni(GH)-]-7H-O and [Cu(GH)(H-0)]-H-O
shifted to lower wavelength at 1641 cm™ and 1596 cm™, respectively. The 46 cm™! shift observed in the
spectrum of [Ni(GH):]-7H-0 confirms that the carboxylate moiety is not protonated but also that it is
not coordinated to any Ni(II) atom. The bands corresponding to NH and NH. groups of GH at 2700-
3300 cm™ are all shifted for [Ni(GH)-]-7H=0 and [Cu(GH)(H-0)]-H-0, showing that the peptide has
coordinated to Ni(II) and Cu(II) via these groups. g, Comparison between the calculated and the
experimental elemental analysis of [Cu(GH)(H=0)]-H=0 and [Ni(GH)-]-7H-O.
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Empirical formula CuCgN4OsH1, NiC16NgOgH,;, 7-H,0

Formula weight 309.9 606.21

Temperature/K 293K 150 K

Crystal system Orthorhombic Orthorhombic

Space group P2,2:2; P2,2:2,

a/A 6.991(4) 8.768(5)

b/A 10.778(4) 15.22(5)

c/A 15.575(4) 18.86(5)

Volume/A® 1173.6(15) 2516.8(21)

z 4 4

Peaicmg/mm’ 1.753 1.600

m/mm* 1.882 0.851

F(000) 636 1276

Crystal size/mm3 0.2x0.2x0.2 0.4x0.1x0.1

20 range for data collection 5.2t057.4° 4.4 10 26.42

Index ranges 9<hs<8,-13<k<12,-20<1< -10<h<10,-18 <k <10, -
20 23<1<10

Reflections collected 11380 6814

Independent reflections 2901[R(int) =0.13] 4999 [R(int)=0.114]

Data/restraints/parameters 2901/0/175 4999/0/343

Goodness-of-fit on F* 0.90 1.05

Final R indexes [I>=20 (l)] R1=0.0675, wR, = 0.1432 R1=0.1024, wR, = 0.2296

Final R indexes [all data] R;=0.1261, wR, =0.1775 R1=0.1635, wR, = 0.2653

Flack parameter 0.08(7) 0.06(5)

Table 3. Crystal data and structure refinement for [Cu(GH)(H20)]-H20 and [Ni(GH)2]-7H20.
X-ray single-crystal diffraction data for [Ni(GH)2]-7H20 were collected on beamline 119 at Diamond
Light Source, UK, on a Crystal Logic Kappa diffractometer with a Rigaku Saturn 724+ CCD detector
(silicon 111 monochromated radiation, A = 0.6889 A). The applied absorption correction is based on
multi-scans using REQAB within the d*TREK programs3!. The measurement for [Cu(GH)(H20)]-H20
was done on a BRUKER SMART APEX CCD diffractometer using graphite-monochromated Mo Ka
radiation (A = 0.71073 A). Both structures were solved by direct methods using the program SHELXS-
97. The non-hydrogen atoms were refined anisotropically. The H atoms have been included in
theoretical positions but not refined. The refinement and all further calculations were done using
SHELXL-97. In both cases empirical absorption corrections were made, using SCALEPACK

determination.32
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Chemical reactions at ultrasmall volumes are becoming increasingly necessary 1o siudy
biokogical processes, to synthesuze homogenous nanostructuwres and to perform high-
theoughput assays and combinatorial screening. Here we show that a femiolitre reaction can
be realized on a surface by handling and mixing femiolitre volumes of reagents using a
microfluidic stylus, This method, named microfluidic pen lithography, allows mixing reagenis
in isolated femiolitre droplets that can be used as reactors 1o conduct independent reactions
and crystallization processes. This strategy overcomes the high-throughput limitations of
vesicles and micelles and obviates the wsually costly step of fabricating microdevices and
wells. We anticipate that this process enables performing distinct reactions (acid-base,
enzymatic recognition and metal-organic framework synthesis), creating multiplexed
nancscale metal-organic framework arrays, and screening combinatorial reactions to evaluate
the crystallization of novel peptide-based materials.
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litres) to attolitres (10 ™' litres) are becoming increas-

ingly necessary to study biclogical processes that occur in
small volumes of cellular compartments' * and liquid-phase
reactions”, to synthesize homogenous nanostructures” and to
perform high-throughput assays and combinatorial screening’®
To perform reactions on surfaces and at such dimensions, it is
eritical to manipulate and confine ultrasmall volumes of reagents
and control their mixing into well-defined compartments, It is
also important to control the dimensions and monodispersity of
these reactors, their positioning to facilitate monitoring and the
evaporation rate of all solvents used. To date, methods to conduct
reactions at these ultrasmall dimensions can be classified into two
types based on the use of micromachining techniques (mainly
microflusdics and femtolitre wells® '%) and sdf-enclosed volume
cements, including vesicles, micelles and oil/water-dispersed
d.mplds”’“

We propose here an alternative approach to realize femtolitre
reactions on a surface by handling and mixing femtolitre volumes
of reagents using a microfluidic stylus. This approach, named
microfluidic pen lithography (MPL), overcomes the high-through-
put limitations of vesides and micelles and obviates the usually
costly step of fabricating mikrodevices and wells it can be
employed to mix reagents in isolated femtolitre droplets that can
be used as reactors to conduct independent reactions andior
crystallzation processes over centimetre-scalle regions with high
registration accuracy. In particular, we have found that conven-
tional pen lithography technologics and tools'* 2, commonly used
for malecular and material printing, and now available to many
rescarchers, are ideal for running such reactions on surfaces.
Microfkikdic pens (BioForce, USA; see Supplementary Fig. S1) offer
high kevds of uniformity and reproducibility for depositing
femtolitre  volumes of liquids onto  surfaces.  Dip-Pen
Nanolithography'? NLP-2000 platform (Nanolnk Inc, USA),
equippad with a fiveaxis stage system and commercial
lithography software, guarantees the control of the dwell time
and the vertical and translational motion of the surface rdative to
the microfluidic pens (#75nm z precision and +100nm
positional precision over arcas as large as 16¢cm®). This high
accuracy enables the programmable positioning of microfluidic
pens on top of sdected, pre-patterned femtolitre droplets, followed
by their precise approach up to the surface contact area. This
straightforward MPL method comprises two steps: femtolitre
droplet generation, and femtoltre volume ddivery into these
droplets (Fig 1a; also see Supplementary Movie 1). It enables
mixture of femtolitre volumes containing reagents directly on
surfaces, thus forming well-defined mivture droplets in which
individual femtolitre reactions can be conducted. Finally, an
environmental humidity chamber induded in the lithographic
platform enables such reactions w0 be run under contralled
atmospheres (that is, humidity or organic solvent vapour levels)
and reduces droplet evaporation. This latter factor is crucial, as the
second reagent must be delivered into the patterned droplets before
they evaparate, and the resulting mixture droplet requires sufficient
time to react and crystallze Droplet evaporation can be also
minimized by wsing reagent solutions containing high-boiling
point, low-volatility solvents that do not affect the desired reaction
In this study, we demonstrate that MPL crables performing
distinct reactions (acil-base, enzymatic recognition and metal-
organic  framework (MOF)  synthesis), creating  multiplexed
nanoscale MOF arrays, and screening combinatorial reactions w
evaluate the crystallization of novel peptide-based materials We
belicve that this method could be adopted by researchers as a
desktop tool to symthesize and crystallize nanomaterials at desired
locations, fabricate arrays and devices, perform combinatorial
screening andior study reactions at the femtolitre scale

C hemical reactions at volumes from femtolitres (10~ 1*
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Figure 1 | Femtolitre delivery and mixing capabilities of MPL.
(2) Schematic ilustaton of I tao-sted MPL meinod, showng the
patterning of an array of Sof droplets (step 1), followed by precse delivery
of dfferent volumes of 2 soluton irto them (step 2) (b) Brighl-field optcal
and corresponcing confocal lloorescence meroscopy images
(e = ABB ny A, = 500-575 nm) of an array of Sof droplets (dropiet
dslance = 28 um) created by usng diferent DT, (ed) DT, dependence of
& and of YA mmasurnd for each érogint seties () Condocal Nluorescence
MEroscopy image of a0 array of 5oF droglets (dropit distance = 35em), n
which ferolitre volumes of an M0/ glycerol solation were adoed at
Alierent DY, Nole that the 10p row corresponds 1o bare Sof droplets
) O7; Gegmecercn of &, (g) Dition Lacter Sapecdacce of VA, The Lo
represets the expected bebavour of 2 bulk Sof solution (assuming that
the cecrease in lasorescence intensity = dae only to diution)
(h-)) Conleca! luerusconce microscopy mages (A, = 483 nm
o = S00-575Am (N); dpc = 63300 &, = 600-785m (D); and
supermposed previoss images (J)) of an array of Sof droplets (droplet
D200 « 28 um), i which femito’itre volumes of 2 solution of Nie Blue
woro acded al cllecont DT, Neoto that the loft and rght columes
correspond 10 pure Sof and Nie Blue droplels, respectively, whernas (he
gradent of colours from yellow/orange 1o red (elt 1o right) cencles the
Acrease in concentration of Nie Blue relative 1o SoF 1n (edfg) the efror
Sars represect the s d of 1he average results oblared for all equvalent
droplels in 1he array

Results

Patterning and mixing capabilities at the femtolitre scale We
evaluated the first step of this method—including, creation of
femtolitre droplet armys, reproducibility and homogenous
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volume and reagent delivery—through delivery of a sodium
fluorescein (SoF) solution onto a SO, surface. In a typical
experiment, the microfluidic pen was first loaded with a dime-
thylsulphoxide (DMSO)glycerol (1:1) solution of SoF, mounted
onto the lithographic platform at an acute angle of 10°, and used
to fabricate an army of by bringing it into contact with
the surface for 0.001-10s (hereafter, DT,: dwdl time used in step
1) at 60% relative humidity (RH; Fig 1b; also see Supplementary
Fig 52 for a three-dimensional reconstruction of the droplet
array). The pattemned green fluorescent had dameters
(d)) from 88+ 0.2 to 24.04 0.2 um (Fig 1¢), confirming that DT,
can be used to control the size (and therefore the estimated
volumes, which vary from 427423 to 8734+£20911,

considering a measured macroscopic contact angle of 346 +0.3%
mnho&pplmcmryh!ﬁh«h)oflbelnkil&opkumemd
by MPL To demonstrate hom: concentration delivery,
we measured the average of the fluorescence mean intensity per

surface arca ([/A—as a measure of dye concentration in the
droplets, we analysed the fluorescence image dice correspon,

to the droplet volume in direct contact with the surface, summ
the intensity values for all fluorescent pixels of the droplet, and
then divided by the area in that image; also see
Supplementary Methods) for each dropkt series patterned at a
different DT,. Significantly, we observed < 6% deviation in I/A
among the droplet series (Fig 1d).

To demonstrate the ability of controlling the deposition of a
second femtolitre volume on top of the pre-patterned droplets
(step 2), we ddivered femtolitre volumes of an H,O/glycerol (1:1)
mixture into H,O/glycerol (1:1) droplets of SoF
(dy=94%01um) The H,O/glycerol solution was delivered at
dwdll times (hereafter DT, dwell time used in step 2) of 0.001 to
8s at 50% RH, forming an array of mixture droplets with
diameters (d,) from 105401 to 197 #04pum, respectively
(F‘X le). Figure If shows that the delivered volume increased

DT, Based on this we concluded that
m,culdbeusdtomme\dwneddlmedimthem
patterned droplets and, therefore, to control the concentration of
SoF in each mixture droplet. This & demonstrated in Fig 1g and
Supplementary Fig 53, in which the average I/A measured for
cach droplet series normalized o the average of the I/A measured
for the initial SoF concentration (//Ay) is plotted as a function of
the dilution factor (Vy/Vy =d¥/d]) and of DT:. When DT is
increased, the SoF concentration in ¢ach mixture droplet—and
consequently, /A —decreases acco to the volumes of HyO/
glycerol added, following the expected viour of a bulk SoF
solution (assuming that the decrease in fluorescence intensity is
due only to dilution). This dependence was reproducibly obtained
(see tary Fig S4), demonstrating that DT, can

y be used to control the ratio of reagents in the mixture

Another factor contributing to this ratio is cross-contamina-
tion, which can affect the homogencous mixing between mixture
droplets. The influence of this phenomenon was evaluated by
analysing the J/A of several droplets patterned at DT of 25 after

an H:O/glycerol (1:1) mixture into rned H0/
glycerol (1:1) droplets of SoF (dy = 8.7 + 0.2 jum) at DT, of 0.001-
105 at 45% RH (sce Supplementary Fig S5). I/A was detected in
the fist three droplets for all cases: the average intensity values
(relative to the initial SoF intensity) were ca, 6.0% (Ist droplet),
2.8% (2nd droplet) and 1.2% (3rd droplet), Based on these values,
we decided to introduce a deaning step to prevent cross-
contamination and ensure u reagent mixing, In the
cleaning step, a few droplets are patterned owtside the working
arca (that is, on a different surface) between each round of
reagent ddivery on top of the rned droplets. To further

verify the deivery capabilitics of MPL and homogencous mixing

of the solutions in cach mixture droplet, we also ddivered a
solution of the red-fluorescent dye Nile Blue at different DT, into
pre-patterned green-fluorescent SoF and then visualized
their floorescence signal co-localization (Fig. 1h=j).

Acid-base and enzymatic recognition reactions. Figure 2a-i
show two chemical reactions performed at the femtolitre scale an
aid/base reaction between the non-fluorescent fluorescein acid
and its fluorescent dianionic state (Fig 2a), and a biclogically-
relevant reaction based on the detection of calf intestinal alkaline
phosphatase (AP) enzyme (Fig. 2f). For the ackb/base reaction, we
delivered a H,O/glyceral (7:3) solution of KOH into alternated
pre-patternad DMSO/glycerol (7:3) droplets of fluorescein ackd at
50% RH (Fig 2bd). Before the KOH delivery (Fig 2¢), low
fluorescence was detected from all fluorescein droplets, but in the
droplets in which KOH was mixed, a ca. 30-fold increase in green
fluorescence (corresponding to the deprotonation of fluorescein)
was observed (Fig. 2¢). Note that numerous femtolitre reactions
(400 replicas over 0.78 mm® area) were run without
the microfluidic pens having to be refoaded (Supplementary
Fig. 56). Femtolitre reactions of the AP-detection reaction also
were performed with a high level of reproducibility. To detect this
enzyme through the dephosphorylation of blue fluorescent 2'+[2-
benzothiazoyl]-6"-hydrosybenzothazole phosphate (BBTP) to

green fluorescent  2-[2-benzothiazoyl]-6-hydroxybenzothiazole
(88’1’) a diethanolamine (DEA)/glycerol (7:3) droplet array of
BETP was created, and then femtolitre volumes of a DEA/glycerol
(7:3) solution of AP were added to altemating droplets in the
array at 80% RH (Fig. 2g). After the two reagents were mixed, the
substrate was incubated at 37°C and 80% RH for 15min. The
resulting array was first excited at 355 nm: all the BETP droplets
fluoresced blue, whereas none of the mixture droplets fluoresced
(Fig. 2h). In contrast, when excited at 488 nm (Fig 2i) all the
mixture droplets fluoresced green (even though they were more
dilute), at approximately twice the intensity of the BETP droplets.
Mommmmmm«mmanw
the complete dephosphorylation of BETP, thus demonst;
\tllyofdteMPLm«bodloruudmbidopalmmudw
femtolitre scale.

Femtolitre crystallization of MOFs. We then evaluated the MLP
method for creating well-defined mixture droplets and subse-
quently using them to confine the synthesis and crystallization of
materials (rather than liquid reactions) on surfaces. As proof-of-
concept, we reproducibly compartmentalized the crystallization
of the archetypical MOF HKUST-1 (ref 23) by mixing femtolitre
volumes of two DMSO solutions of Cu(NO,),-2.5(H,0) and
trimesic acid on a SiO, surface, and placing the resulting mixture
droplet armay in amblent conditions for 2h (Fig. 3a-¢). To
increase the complexity and prove that this MPL method can be
used to confine the synthesis of different materials into side-by-
side mixture droplets in the same array, we created a multiplexed
array of erystalline porous Prussian blue analogues (PBAs)* %,
We selected four PEAs with the general formula M,[Co(CN)] s,
where M s CA(I1), Zn(Il) and Mn(ll), and Ags[Co(CN)]. The
multiplexed array was made by first creating a 4 x 4 droplet array
of an H,O/glycerol (7.5:25) solution of KyCo(CN), either on
SiO; or transmission electron microscopy-grid surfaces. Four
different microflubdic pens, cach one loaded with a different H, 0/
glycerol (7.525) Mll nitrate solution, were wed to deliver
femtolitre volumes of each metal salt into four selected

comprising the array, as shown in Fig. 3 Mixing of the two
solutions into each one of the mixture droplets emabled the
immediate formation of nanocrystals corresponding to the four
desired PBAs (Fig 3¢), as confirmed by the positive matching
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extracted
diffiraction patterns measured for cach synthesized PBAs and
the corresponding literature values (Fig. 3f-1)

between the interplanar  distances

Screening new metal-peptide networks. Finally, as a first proof
of -concept, we tested our method to discover new metal-peptide
networks™ incorporating a randomly sebected peptide ligand,
glycine-histidine (GH). Figure 4a shows a 3 x 7 combinatorial
array of droplets in which we mixed different femtolitre volumes
of an aqueous solution of GH with H,O/diethylencglycol (7:3)
solutions of various metal acetates (the metals were, from keft to
right, Ce(111), Mn(11), Co(11), Ni{11), Cu(11), Zn(ll) and Cd(11)) at
85% RH. After 2h of reaction at room temperature, only the
droplets corresponding to NKII)-GH and Cu(11)-GH mixtures
showed the formation of crystals that were stable after deaning
with water (Fig. 4cd). These screening results were confirmed by
reproducing all these reactions in bulk (Fig. 4b), from which two
[CH{GHNH,0)] - H;O and [NI(GH),) - 7TH,0 networks
discovered after solving their crystal structures (Fig. def also
sce Supplementary Figs S7-S10 and Supplementary Tables
S1-55). Thus, this MPL approach, once enhanced to enable

were

4

Al bno

acd and KOH. (be) Brightfie

plot distance

JH adat

KOH addition

22 prn) before

ng aray afte

ntestinal AP enzyme. (

greater control over reaction conditions such as temperature, will
likely have mmportant applications in biology, chemistry and
materials science. Furthermore, it will be sdeal for fabricating
arrays of complex structures that can only be prepared via
chemical synthesis (for example, crystals), thus making it
potentially useful for electronics and sensors

Discussion

We have reported a new, highly versatile lithographic method,
MPL, for doing femtolitre chemistry on surfaces by handling and
mixing femtolitre volumes of reagents. Albeit this nascent form of
MPL includes only a microfluidic single pen, it can reproducibly
perform a broad range of femtolitre reactions in water and
organic solvents, and enables the confined crystallization of
nanomaterials at precise Jocations on surfaces in a spatially
ordered and combinatorial manner, We are confident that MPI
could be greatly enhanced in scope and capability through the
introduction of microfluidic multi-pens, analogously to the
evolution recently undergone by other nanolithography methods
that began with a single pen (for example Dip-Pen Nanolitho
graphy). Furthermore, method development to optimize crucial

4] W/ ooy W T\ ¥ e
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Figure 3 | Femtolitre synthesis and controlled crystallization of MOFs. (a-¢) FESEM images of the synthes zed MEUST1 crystal array (feature

distance

25um), confirrng the regroducibilty of the femtolitre droplot-by-droplet reaction and showng the well-defined octabedral shape of the

resulting HKUST-) crystals. (de) FESEM images of the multiplexed 4 x 4 array of crystalline PEAS with general formula My[ ColCN) ], where M is CallD),

Zndin) and Madi), and Agd ColCN), ) (PBA feature dstance = 25 um) (I-0)

FESEM image of an individual island containing the synthesised CA00-P8A (),

Zodin)-PBA (g), Mnlll)-PBA (h), Agli)-PBA () nanocrystals (scale bars, 2 am), and their coeresponding electron diffraction patterns, plus tables comparing
the measured mterplacar distances (d) with the correspanding Merature values: A JCPDS No. 89-3740; B, JCPDS No. 32-3468; C, ICPDS No. §9-3735

and D, ICSD- 28501

reaction parameters (for example, humidity, temperature, surface
type, evaporation rate, possible cross-contamination and so on),
should provide access to an ever widening scope of femtolitre
reactions and crystallizations on diverse surfaces. Finally, we are
cautiously optimistic that as MPL matures and becomes more
sophisticated, it will ultimately enable rescarchers to run high-
throughput assays and combinatorial screening, perform femto-
litre-scale biological studies, and even discover novel materials
based on expensive building blocks,

Methods

Substrate preparation and micrefluldic pen lithography. S50, substsates were
subsequently sonicated for 10 min, in scetanitrile, ethanol snd ML) water, sad
dried with N; g Sow. Each microfiuidic pen was deaned in pirsahs solution (X1
wiv solution of M5Oy and 30% 1H.0,) for 20min, rissed with MU water and
dried with slight N; gt flow. Cautices: prirssia soletion i & strong acid and oxsdes
sod dhould be handied with extreme care. Aflenaands, each pes wan itrodwoed in
an UVieaone chamber for 20min., and was then loaded wish the corresponding
reagent wlutioes by sdding 1.5 pl of the sppropriate solutions into the seservor via
TNCTORYp ML d femtolitre resctioms were Tun oo an NLI'- 2000 Nano-
Rthography Marfoem ut rooes temperature and ot relasive humidities of S0-85%

(4257 DO 20 'O rcoemems 117 ) | waew rafiare cony/ rafurscomemuncat oo

Acray of SoF droplets defivered at different DT, Ao wiray of 7« % Sroplens
(droplet separation = 28 pm) of 001 M So¥ (in DMSOvglycerol, 118 wiv) was pat
terned o0 & SO, marface 2t DY, « 0001, 001, 01, 05 1, 2 3, 5 and 104 at room
Semperature wader 8 RH of 60%

Mixture droplet aevays. An array of 8 « % droplets (deoplet separstion « 35 jum)
of 0.01 mM SoF (in HO0ghwerod, 151 w/v) was first patterned on & S0, surface ot
DT, = 0001 s 3t room temperature under & KM of 60%. Femtolitre vodumes of an
HOvghycerdd (1:1) mixture were then delivered into the pre-patterned SoF deoplens
uning 3 second microflendic pen ot DT, » 0001, 01,05 1.5, 2 4,6 and 8y, stasting
from the second row. To evaluate the croms-contammation effect, an aray of | < X
deoplets (droplet separation « 35 um) of 0.03 mM SoF (= H O'glycersl, 1:1 viv)
was first patterned o & SI0; ssrface &t DT, = 0.00) 5 &t rocen temperature under a
RH of 45%. Then, fomtolitre volumes of an HOVglycerod (1:1) mixture were
delivered ieto the peepatierned Sof droplets usag » sevond murolleddc pen &
DI; =000, 001, 01, 1, 3.5, 8 aad 104 I this case, sfter cach one of these eight
deliverien, eight consecutive droplets {droplet separation = 35 jm) of the HAV
gycerad (1:1) mixteee were patterned at & DT =« 26 An So¥/Nile Blue mixture
droplet array was fabricased by first patterning an seray of 10 x 6 droplets (deoplet
separstion = 3 pa) of 001 M SoF (= H/O'gyvcerol, 111 wiv) oo 3 SK0, sarface &t
DT, « 001 & ot room temperature under & RH of 52%. Femtolitre volumes of
0014 mM Nde Blue (in HOghverad, L1 viv) were then defiverad into the
pre-patterned droplets wning & second microfuidic pen at DT, = 0001, 003, 0.1,
05 24 8 and 100

© 2013 Macmillan Publishers Lismited, All rights reserved.




Chapter 4. Structuration of HKUST-1 MOF crystals on surfaces



Chapter 4. Structuration of HKUST-1 MOF crystals on surfaces

ARTICLE

sqeeous solotion of GH (1 meal) b o 5 ml glass vial. The resel wele

nma-.uxruw.an'chzhu-hm-undmny
2o reaction (both &t KT and 90°C) between GH and CelCH,C00), - H,0 or

Nl CH, G000, m,omxmumtammwmuk

blue (79% yheld) and Boe (62% vield), rep y (see : y Tables $1-
$5). Their phase wWhﬂWﬁMMWD&MW
Panalytical), IR (Tensor 37 FTIR spectrophotometer equipped with 4 Golden Gate
diumond ATR cell Becker) and domentsl sndlyun (see Supplementary Fig S10)
Interntingly, mo foemation of solid was obwerved in any of the reactions with the
other metal hons, even after 1 week left standing at room

=y
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1 Carbeonell, C Imes, | & Maspoch, D Single-crytal metel orpanic frassework
arveys. L Ame Ghem. Soc 133, 2144-2147 (2000).

&, Chel, 8 S-Y. Lo S MF, Charmant, | P, H, Guy Orpen, AL & Willlam, 1 D,
Ak dy fen i [ CuTMAYAHOMN ]
Scence 285, 11451150 (1999),

. Verdageer, M. ot ol Molecdion 10 beild salide high Te maolecsie hated mapnets
by design and recemt revival of cyano complexes chemistry. Coord Chom Rev
199192, 10231047 (1999)

5. Ouapenan, K. W, Southon, . D, Weels, C L & Kepert, C | Reversidle
hydrogen gas uptake in asncp » Hoe emsloger, Chom. G

a]

Figure 4 | Formation and crystallization of peptide-based coordination netwerks using MLP. (a) FESEM image of a 3 « 7 drophet aeray in which each row
comgrises droplets of a misture containing the GM ligand and one of seven metal acetates (droplet distance = 25 um). Misture droplets within each row
were created by first patterning a droplet of an agueous solution of 1M GH (contact time = 15), and then delivenng a solution of the corresponding metal
acetate (03 M in 7:3 H,0/dethylaneglycol) for different contact times per row: 0.2 (top), 0.1s (middie) and 0 015 (bottom). (B) Photogragh showing the
bulk reproduction of all screened GH-metal acetate reactions, revealing that the occourrence of crystal formation matched perfectly to the corresponding
femmtolitre reactions. (cd) Representative FESEM images of crystals obtained within the femtolitre misture of Ni(11) (€) and Cu(ll) (d) with GM dipeptide.
Scale bars: 2pum. (0. Xeray crystal structures of the new [NI(GH), ] - 7THO and [Cu(GHX(H,0)] - H0

MPL-assisted fermtolitre reactions. | s 1ypucal experiment, an array of droplets
of » solution containing & reagent (K,) was fint patterned onto 3 S0, weface 3t 2
centain DT, Then, femeolitre vobumes of 2 second selution contaming snother
reagent (Ry) were delivered 5a00 the pre-patierned droplets ming another micro-
Suidic pen at an optissined DT, This two-step process wis performnd &t a cortain
RH. Unless otherwise noted, all resulting mixtuce droplets were then kept st KT
nb*mlﬂ‘uummwm-mhummww“
tona. Fellowing this ¢ 3 were stadied for the
dhnmmﬂhmmkwmmnnlnhh
wyethesls of HRKUST-1, Pmdmﬂwﬁcomhnmnm The

g wsed 1o perform these f were: Acid-base reaction. Ry
Hoorescein acud UM DMSO/ghycerol (73] DT 0001 11 = 11 droplet array
(droplet distance = 25pump Ry KOH [0.34 M, H.O'gheerol (73)) DT, 0.1 & RH:
S0%; & 1 min, imrnnumnpmmm Ry BETY (14 mdM AMttolhos
buffer—Promega Anolhos AP He System, Techaucal Bull

Ve protnega com, (24M DEA, 0057 M MgCh,, 0.005% NaNyL 0T,
055 10 % 10 droplet array (droplet distance = M pm); Ky AP [Lunitopl !
(1wmie amoust of encyme required so catalyse the hydradysis of 1 pesol of
4anrophenyl phosphate per msisute a1 37 °C in | M DEA, 109 mM 4 nitrophesyl
ad 05 mM MgCl, (pH = 980 DTy 05 RH: 75% & 15min. &t
37°C HKUST-1 wynthesis. Ry Co(NOLJ, 2SHA0 [25M, DMSO); DT, 0001 &
30 % 30 droplet array (droplet dstance « 20 umk Ry Trimesic acild [1 M, DMSOY
ghycerod (R5:0.5)) DT 5 01« RH: 0% 1 4h. Comb | PRA synthonis, Ry
KCalON), [0 M HOVgycerol (7.525)) DT 1w 4 > 4 drophet array (deoplet
distance = 20 pm)k Re MINOY, - yHO IM = Malll) (018 M), GO (018 M),
Za(11) (938 M) and Agll) (036 M), H Ovglycerol (7525} DT 0.5 % RH: S0
£ 05k Sreening the formation/crystallization of metal-peptide networks. R, G
(M, HOL DT 1 3 % 7 droplet array (droplet Eatance = 30 pmk Ry
MICHCO0), - y(HAO) (where M = Malll), CHID, CalH) CrIN), Zalin),

¢

Nifl1) asd Codlf), 0.3 M. H Odiethyleneghycad (7:37k DT 0,01, 0.1 s 025
RH: 5% £ 05h.

Array characterization. SoF wod socture (Soml,O «glycered and So¥ /Nile Bloe)

droplet srrayy werr charscterised by conkl v (LEICA
TCS $95). Stacks comprising 30 f) e ey
(e = 488 nem. J._-sao-s;'s:.!« SoF and J ., = 633 pen A« 600-TH5 nm

for Nide Blue) at different Beights (As = 0.42 pm) were collected Sor each atray,
Omﬁnlmwynwmmwbdm—lh dmﬂn
deasmeter (, mad o), and thered lhc 3
series, 3 ferther described in S m el ,hpSNSlX
MWMIMSS‘ llmn the same images were used 10

the average of the fluoces mean (NVA: defined 24 the sum
dlhmmmnd‘mpuhm-dnﬁﬂwhmmbkmh

droplet series. as detailed in ary Methods. The data were analysed wning
Image] software. Engoruantly, &, and J; values determined from confocal mécro-
wope images were in Sl ag with those & | from optical s
xm-‘tlmdhn.l Y both imvolving
Suorescent were followed by fly optice gy (Leis
Axio Obwerver Z-1). FESEM (Zeim Merka) and Energy Divpersive X-Ray (Onford

INCA X-Max) salyss were used 10 study the formation of the differert MOV
cystale To confiem the formation of the desired PBA phases, dectrvn dffraction
saalysis (Hitachs H-2000) was also perfoemed on each ooe of the stoen individasd
carystaline ilands of the multiplesed srray

Bulk reactions between metal salts and the G A quuntiey of 0,35 ml
of an squeous solution of 0.3 M M(CH,CO0), - y(HAD) (where M = Ce(IE.
Ma(l1), Coll), Nuil), Culll), Za(ll) end CAI1)) was added 1o 2l of an

C AT 008 30 W0 M noorrrma 1T 1) | weves natarn comy maturecommmunicat ions
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Supplementary Figure S1. a,b, Schematic of the microfluidic pen used in
MPL. ¢,d, FESEM images of the microfluidic pen used to run the femtolitre reactions
on surfaces.
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Supplementary Figure S2. Confocal 3D image reconstructions from confocal
image stacks of the array of SoF droplets delivered at different DT},
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Supplementary Figure S3. DT, dependence of I/Ax. Error bars stand for the
standard deviation of the average results obtained for all equivalent droplets in the array.
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Supplementary Figure S4. /Ay plotted against the dilution factor for three
independent different experiments (red, green and blue). The solid black line
corresponds to the expected behaviour of a bulk SoF solution assuming that the
decrease in fluorescence intensity is due only to dilution upon addition of the
H,0O/glycerol mixture. The error bars represent the standard deviation of the average
results obtained for all equivalent droplets in the array.
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Supplementary Figure SS5. a, Schematic illustration of the stepwise patterning
of the array fabricated to ascertain any possible cross-contamination in the MPL
method. b, Optical microscopy image of the initial SoF droplet array (left) and the final
array after the delivery of an H,O/glycerol (1:1) mixture into the pre-patterned droplets
of SoF, and the generation of the cleaning droplets (middle). Confocal microscopy
image of the resulting droplet array (right).
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Supplementary Figure S6. a, Bright-field optical image of a 40 x 40 array of
fluorescein acid droplets (droplet distance =20 pm) covering an area of 0.61 ['m? in
which femtolitre volumes of KOH were mixed into alternating droplets. b, Fluorescence
microscopy image of the droplet array after KOH addition, showing an increase in green
fluorescence at all alternating mi xture drople ts whe n excitedat A = 488 nm, thus

confirming that femtolitre reactions can be homogenously run over large surface areas.
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Supplementary Figure S7. a, Representation of the glycil-histidine (H-Gly-
His-OH - CsH;N4O;, GH) peptide, which contains —COOH, -NH, and imidazole
functional groups that can coordinate to metal ions. b, Ball and stick representation of
[Cu(GH)(H,0)]-H,0, showing the presence of 1D chains along b-axis. The Cu(Il) ion
has a square pyramidal geometry and is coordinated to three N atoms (imidazolate N
[N2], NH, [N4] and NH [N3] group), one carboxylate O (O1) atom (from the GH
ligand), and one coordinated H,O (O4) molecule, in the axial position. ¢ and d,
Intermolecular hydrogen-bonding interactions (represented by dashed lime and pink
lines) between the neighbouring 1D chains — N4-H4B---O3 / 1.954(1) A and O4-
H2A---03 /1.703(0) A. (navy blue: Cu; grey: C; blue: N; red: O; and white: H)
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Supplementary Figure S8. a, Ball and stick illustration of [Ni(GH),]-7H,0,
showing the packing of the 1D chains along the a- and b-axes. Ni(Il) has an octahedral
geometry coordinated to two imidazolate N atoms (N11 and N1), two amino N atoms
(N4 and N14) and to two carbonyl O atoms (O3 and O13) from two consecutive GH
ligands. The carboxylic acid function of the GH is not involved in any metal bonding,
and thus, it is not deprotonated. Each Ni atom is coordinated to four consecutive GH
ligands, extending the structure in one dimension. The guest H,O molecules are omitted
for clarity. The Ni-Ni distance between two parallel chains is 8.768(0) A, whereas the
closest distance between these chains is 4.023(8) A (H2B — H14B), thus preventing any
interactions between them. b, Illustrations showing the packing of these chains, which
reveals the presence of interlocked chains. ¢, Illustrations showing that between the
interlocked chains there are several intermolecular hydrogen bonding interactions; with
the most-important to be observed between the carboxylate function of the GH and the
neighbouring chain (N2 --- H2c / 2.037(2) A - coloured in pink and N-H7---O4 /
2.013(4) A — coloured in lime). (green: Ni, grey: C, blue: N, red: O and white: H).
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Supplementary Figure S9. a,b, ORTEP representation of the asymmetric unit
of [Cu(GH)(H,0)]-H,O (a) and [Ni(GH),]-7H,O (b). Ellipsoids displayed at 30%
probability.
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Supplementary Figure S10. a,b, FESEM images of (a) [Cu(GH)(H,0)]-H,O
and (b) [Ni(GH);]-7H,O synthesised in bulk. ¢,d, Comparison between the
experimental and simulated XRPD patterns of (¢) [Cu(GH)(H,O)]-H,O and (d)
[Ni(GH);]-7H,0, confirming the purity of both synthesised crystalline materials. e,f, IR
spectra of free GH, [Ni(GH),]-7H,O and [Cu(GH)(H,O)]-H,O. The C=0O carboxylate
band of the protonated GH is at 1687 cm™, whereas for [Ni(GH),]-7H,O and
[Cu(GH)(H,0)]'H,O shifted to lower wavelengths, at 1641 cm™ and 1596 cm’,
respectively. The 46 cm™ shift observed in the spectrum of [Ni(GH),]-7H,O confirms
that the carboxylate moiety is protonated and not coordinated to any Ni(Il) atom. The
bands corresponding to NH and NH, groups of GH at 2700-3300 cm™ are all shifted for
[Ni(GH);]-7H,0 and [Cu(GH)(H,0)]-H,O, showing that the peptide has coordinated to
Ni(II) and Cu(II) via these groups. g, Comparison between the calculated values and the
experimental elemental analysis values for [Cu(GH)(H,0)]-H,O and [Ni(GH);]-7H,0.
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Supplementary Figure S11. a, Confocal microscopy image of the SoF droplet
array resulting from summing all 30 collected fluorescence image slices. b, Inverted
image after filtering the image in a using a background threshold. ¢, Corresponding
optical microscopy image of the SoF droplet array.
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Supplementary Figure S12. a, Confocal microscopy image of the SoF/H,O-
glycerol mixture droplet array resulting from summing the 30 collected fluorescence
image slices. b, Inverted image after filtering the image in a using a background
threshold.
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Supplementary Table S1. Crystal data and structure refinement for
[Cu(GH)(H,0)]-H,O and [Ni(GH);]-7H,0. X-ray single-crystal diffraction data for
[Ni(GH),]-7H,O were collected on beamline 119 at Diamond Light Source, UK, on a
Crystal Logic Kappa diffractometer with a Rigaku Saturn 724+ CCD detector (silicon
111 monochromated radiation, A = 0.6889 A). The applied absorption correction is
based on multi-scans using REQAB within the d*TREK program.>” The measurement
for [Cu(GH)(H,0)]-H,O was done on a BRUKER SMART APEX CCD diffractometer
using graphite-monochromated Mo Ka radiation (A = 0.71073 A). Both structures were
solved by direct methods using the program SHELXS-97. The non-hydrogen atoms
were refined anisotropically. The H atoms have been included in theoretical positions
but not refined. The refinement and all further calculations were done using SHELXL-
97.%* In both cases empirical absorption corrections were made, using SCALEPACK

determination.

Crystal data for [Ni(GH),]-7H,O and [Cu(GH)(H,O)]-H,O were

deposited as CCDC references: 912266 and 912870, respectively.

Empirical formula

CUC8N404H10, HzO

NiC,¢NgOgH,», 7H,0

Formula weight 309.9 606.21
Temperature/K 293 K 100 K
Crystal system Orthorhombic Orthorhombic
Space group P2,2,2; P2,2,2,
a/A 6.991(4) 8.768(13)
b/A 10.778(4) 15.22(2)
c/A 15.575(4) 18.86(3)
Volume/A® 1173.6(15) 2516(6)

4 4 4
PeatleMg/mm> 1.753 1.600
m/mm”’ 1.882 0.851
F(000) 636 1276
Crystal size/mm’ 0.05 x 0.1 x0.45 0.04 x 0.01 x 0.01
20 range for data 4.4t026.4°

collection

Index ranges

5.2 t0 57.4°
9<h<8,-13<k<12,

-10<h<10,-18<k <10,

-20<1<20 -23<1<10
Reflections collected 11380 6814
Independent reflections 2901[R(int) = 0.13] 4999 [R(int)=0.114]
S Data/restraints/parameter 2901/0/175 4999/0/343
Goodness-of-fit on F 0.90 1.05

]

Final R indexes [[>=2c

Final R indexes [all data]
Flack parameter

R, =0.0675, wR, =0.1432

R, =0.1261, wR, = 0.1775
0.08(7)

R;=0.1024, wR, = 0.2296

R, =0.1635, wR; = 0.2653
0.06(5)
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Supplementary Table S2. Bond lengths (A) for [Cu(GH)(H,0)]-H,0.

Atoms Distances (A) Atoms Distances (A)
Cul-0Ol1 1.991(6) N3-C5 1.440(10)
Cul-O4 2.434(7) N3-C7 1.295(10)
Cul-N2 1.938(7) N4-C8 1.475(11)
Cul-N3 1.951(6) N4-H4A 0.9000
Cul-N4 1.992(6) N4-H4B 0.9000
01-C6 1.257(11) C2-C3 1.340(12)
02-C6 1.241(11) C3-C4 1.479(12)
03-C7 1.24509) C4-C5 1.495(11)
04-H2B 1.0200 C5-C6_a 1.551(11)
0O4-H2A 1.0200 C7-C8 1.500(12)
05-H9B 0.6600 C2-H2 0.9300
05-H9A 0.8200 C4-H4B 0.9700
NI1-Cl1 1.326(12) C4-H4A 0.9700
N1-C2 1.360(13) C5-H5 0.9800
N2-C3 1.387(11) C8-H8B 0.9700

N2-C1 1.318(11) C8-HSA 0.9700
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Supplementary Table S3. Bond angles (°) for [Cu(GH)(H,0)]-H,O.

Atoms Angles (°) Atoms Angles (°)
01-Cul-0O4 92.1(2) Cul-N4-H4B 109.00
O1-Cul-N2 90.8(3) H4A-N4-H4B 108.00
O1-Cul-N3 171.1(3) N1-C1-N2 109.0(8)
O1-Cul-N4 90.4(3) N1-C2-C3 106.5(9)
04-Cul-N2 92.3(3) N2-C3-C4 120.7(7)
04-Cul-N3 95.6(2) C2-C3-C4 131.3(9)
04-Cul-N4 95.9(2) N2-C3-C2 107.8(7)
N2-Cul-N3 93.4(3) C3-C4-C5 115.3(7)
N2-Cul-N4 171.6(3) N3-C5-C4 111.7(7)
N3-Cul-N4 84.3(3) N3-C5-C6_a 113.8(6)
Cul-01-Co6 115.1(5) C4-C5-C6_a 109.8(7)

Cul-O4-H2B 150.00 02-C6-C5 b 116.2(8)
H2A-O4-H2B 105.00 01-C6-C5_b 118.9(7)
Cul-O4-H2A 89.00 01-C6-02 124.9(8)
H9A-05 -H9B 91.00 03-C7-N3 125.9(7)
CI-N1-C2 109.3(8) 03-C7-C8 116.9(7)
Cul-N2-C3 124.1(5) N3-C7-C8 117.2(7)
C1-N2-C3 107.4(7) N4-C8-C7 111.7(7)
Cul-N2-C1 128.4(6) C3-C2-H2 127.00
Cul-N3-C7 115.8(5) N1-C2-H2 127.00
Cul-N3-C5 127.4(5) C3-C4-H4B 108.00
C5-N3-C7 116.5(6) C5-C4-H4A 108.00
C5-C4-H4B 108.00 C3-C4-H4A 109.00
N3-C5-H5 107.00 H4A-C4-H4B 107.00
C6_a-C5-H5 107.00 N4-C8-H8B 109.00
C4-C5-H5 107.00 C7-C8-H8B 109.00
N4-C8-H8A 109.00 H8A-C8-HS8B 108.00
Cul-N4-C8 110.7(5) C7-C8-H8A 109.00
C8-N4-H4B 109.00
Cul-N4-H4A 110.00
C8-N4-H4A 109.00
a=1[4746.00 ] =2-x,-1/2+y,3/2-z h=[4656.00 ] = 1-x,1/2+y,3/2-z
b=[4756.00 ] =2-x,1/2+y,3/2-z i=[3556.00 ] =1/2+x,1/2-y,1-z
¢ =[1655.00 ]=1+x,y,z j=12754.00 ] =5/2-x,-y,-1/2+z
d=1[2755.00]=5/2-x,-y,1/2+z k=[2654.00 ] =3/2-x,-y,-1/2+z
e =[4746.00 | = 2-x,-1/2+y,3/2-z 1=[2655.00 ] =3/2-x,-y,1/2+z

f= 4646.00 ] = 1-x,-1/2+y,3/2-z m=[ 3456.00 ] = -1/2+x,1/2-y,1-z
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Supplementary Table S4. Bond lengths (A) for [Ni(GH),]-7H,0.

Atoms Distance (A) Atoms Distance (A)
Nil-O3 2.042(6) N11-C11 1.279(19)
Nil-013 2.079(7) NI12-C11 1.325(16)
Nil-N1 2.020(9) NI12-C13 1.338(15)
Nil-N4 2.019(8) NI3-C15 1.391(14)
Nil-N11 2.01909) N13-C17 1.295(13)
Nil-N14 2.030(8) N14-C18 1.455(13)
01-Co6 1.233(16) N3-H3 0.8600
02-C6 1.259(16) N4-H2B 0.9000
03-C7 1.200(15) N4-H2A 0.9000
0O11-C16 1.211(16) N13-H13 0.8600
012-C16 1.248(17) N14-H14B 0.9000
013-C17 1.198(14) N14-H14A 0.9000
040-H40B 0.9400 044-H44A 1.1000
040-H40A 0.8000 044-H44B 0.9300
0O41-H41B 0.9100 045-H45A 1.1800
O41-H41A 0.9400 045-H45B 1.0900
042-H42A 1.0300 046-H46A 1.0400
042-H42B 1.0500 046-H46B 0.8500
043-H43B 0.7900 C2-C3 1.315(14)
043-H43A 1.0100 C3-C4 1.448(11)
N1-Cl 1.302(15) C4-C5 1.515(13)
NI-C2 1.334(12) C5-C6 1.477(12)
N2-Cl 1.307(12) C7-C8 1.522(16)
N2-C3 1.336(14) C12-C13 1.319(16)
N3-C5 1.419(14) C13-Cl14 1.456(14)
N3-C7_b 1.298(13) C14-C15 a 1.503(16)
N4-C8 1.458(13) C15-Cl16 1.481(12)
NI11-C12 1.339(13) C17-C18 1.533(16)
C1-H1 0.9300 C11-HI11 0.9300
C2-H2 0.9300 C12-H12 0.9300
C4-H4A 0.9700 C14-H14A 0.9700
C4-H4B 0.9700 C14-H14B 0.9700
C5-H5 0.9800 C15-H15 0.9800
C8-HSA 0.9700 C18-H18B 0.9700

C8-H8B 0.9700 CI18-HI8A 0.9700
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Supplementary Table S5. Bond angles (°) for [Ni(GH),]- 7H,0.

Atoms Angles (°) Atoms Angles(®)
0O3-Nil-013 86.93) Nil-N11-C12 128.4(8)
03-Nil-N1 174.7(4) CI11-N11-C12 105.4(9)
03-Nil-N4 80.1(3) CI11-N12-C13 107.2(11)
O3-Nil-N11 90.2(3) CI15-N13-C17 123.9(10)
O3-Nil-N14 91.5(3) Nil-N14-C18 110.8(6)
O13-Nil-N1 89.9(3) C5-N3-H3 120.00
O13-Nil-N4 91.7(3) C7_b-N3-H3 120.00
O13-Nil-N11 173.1(4) H2A-N4-H2B 108.00
O13-Nil-N14 81.3(3) C8-N4-H2B 110.00
N1-Nil-N4 95.8(4) Nil-N4-H2A 110.00
NI-Nil-N11 93.5(3) Nil-N4-H2B 110.00
NI-Nil-N14 92.2(3) C8-N4-H2A 110.00
N4-Nil-N11 93.9(4) CI15-N13-H13 118.00
N4-Nil-N14 169.4(3) C17-N13-H13 118.00
N11-Nil-N14 92.6(4) HI14A-N14-H14B 108.00
Nil-03-C7 115.1(7) Nil-N14-H14A 110.00
Nil-013-C17 112.0(6) Nil-N14-H14B 109.00
H40A-040-H40B 117.00 C18-N14-H14A 110.00
H41A-O41-H41B 159.00 C18-N14 -H14B 110.00
H42A-042-H42B 95.00 H44A-044-H44B 102.00
H43A-043-H43B 134.00 H45A-045-H45B 71.00
Nil-N1-C2 127.2(8) H46A-046-H46B 148.00
CI-N1-C2 104.4(9) N1-C1-N2 110.8(9)
Nil-N1-C1 125.9(7) N1-C2-C3
CI1-N2-C3 108.3(9) N2-C3-C2 104.9(8)
C5-N3-C7 b 119.6(10) N2-C3-C4 122.4(9)
Nil-N4 -C8 110.1(6) C2-C3-C4
Nil-N11-C11 123.6(8) C3-C4-C5 114.4(7)
N3-C5-C4 108.9(8) N1-C2-H2 124.00
C4-C5-Co6 109.1(7) C3-C2-H2 124.00
N3-C5-C6 114.0(10) H4A-C4-H4B 108.00
01-C6-02 122.9(9) C3-C4-H4B 109.00
01-Co6-C5 120.5(12) C3-C4-H4A 109.00
02-C6-C5 116.1(11) C5-C4-H4A 109.00
N3 a-C7-C8 114.8(11) C5-C4-H4B 109.00
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Atoms Angles (°) Atoms Angles(®)
03-C7-N3 a 125.6(11) C6-C5-H5 108.00
03-C7-C8 119.6(9) C4-C5-H5 108.00
N4-C8-C7 107.9(9) N3-C5-HS 108.00
N11-C11-N12 111.2(11) N4-C8-HSA 110.00
N11-C12-C13 110.6(11) N4-C8-H8B 110.00
C12-C13-C14 130.9(11) C7-C8-H8A 110.00
N12-C13-C12 105.5(9) C7-C8-H8B 110.00
N12-C13-C14 123.5(11) H8A-C8-HSB 108.00
C13-C14-C15 a 113.5(9) NI11-C11-H11 124.00
N13-C15-C14 b 109.4(9) N12-C11-H11 124.00
N13 -C15-Cl6 114.7(10) N11-C12-H12 125.00
Cl14 b-C15-Cl6 110.0(8) C13-C12-H12 125.00
0O11-C16-012 121.2(9) Cl15 a-Cl14-H14B 109.00
0O11-C16-C15 119.7(12) C13-C14-H14A 109.00
012-C16-Cl15 119.1(11) C13-C14-H14B 109.00
N13-C17-C18 113.7(10) H14A-C14-H14B 108.00
0O13-C17-N13 123.3(10) C15_a-C14-H14A 109.00
013-C17-C18 123.1(9) N13-C15 -H15 108.00
N14-C18-C17 107.7(8) C16-C15-H15 108.00
N1-C1-H1 125.00 C14 b-C15-H15 107.00
N2-C1-H1 125.00 N14-C18-H18A 110.00
N14-C18-H18B 110.00 C17-C18-H18B 110.00
C17-C18-H18A 110.00 H18A-C18-H18B 109.00
a=1[4646.00 ] = 1-x,-1/2+y,3/2-z
b=[4656.00]=1-x,1/2+y,3/2-z
¢ =[2565.001=1/2-x,1-y,1/2+z
d=[3467.00 ] =-1/2+x,3/2-y,2-z
e =[3467.00 ] =-1/2+x,3/2-y,2-z
g=1[3567.00]=1/2+x,3/2-y,2-z
h=1[3466.00 ] =-1/2+x,3/2-y,1-z
1=[2664.00 1=3/2-x,1-y,-1/2+z
1=12664.00 1 =3/2-x,1-y,-1/2+z

k=[1455.00 ] =-1+x,y,z
1=[2665.00 ]=3/2-x,1-y,1/2+z
m=[2665.00 ]=3/2-x,1-y,1/2+z
n=[3566.00 | = 1/2+x,3/2-y,1-z
0=[2664.00 ] =3/2-x,1-y,-1/2+z
q=1[3466.00 ] =-1/2+x,3/2-y,1-z
r=[2565.00 1= 1/2-x,1-y,1/2+z
s=1[2564.00]=1/2-x,1-y,-1/2+z
t=1[2665.00 1=3/2-x,1-y,1/2+z
w=[2564.00 ] =1/2-x,1-y,-1/2+z
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Supplementary Table S6. Measured droplet diameters and estimated average
volumes for each DT;.

DT, (s) d; (um) Vi (fh)
0.001 8.8+0.2 43+£2
0.01 8.9+0.2 44 +£2
0.1 10.6 £0.2 75+ 4
0.5 143+0.2 18449

1 16.4+0.3 281 + 13

2 17.6 £ 0.2 345+ 14

3 19.5+£0.2 470 + 18

5 21.8+0.3 652 +22

10 24.0+0.1 873 +21
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Supplementary Table S7. Measured droplet diameters and calculated dilution
factors for each DT,.

DT;(s) d (um) d,’/d,’
0.001 10.5+0.1 14402
0.1 11.9+0.1 20+0.2
0.5 14.6+£0.2 3.8+0.3
1.5 164+0.5 54+0.5
2 17.3+0.5 6.3+0.5
4 182+0.5 7.3+0.5
6 19.1+ 0.4 8.5+0.4
8 19.7+0.4 92+04
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Supplementary Methods S1: Determination of the diameter,

contact angle and calculus of volume of the patterned droplets.

An array of 8 x 9 droplets of 0.01 M SoF (in DMSO/glycerol, 1:1 v/v) was
generated on a SiO; surface under a relative humidity of 60% and at room temperature.
In this array, we controlled the droplet size of each column by systematically increasing
DT; (from 0.001 to 10 s, corresponding to the first to ninth columns, respectively; see
Fig. 1b in the manuscript; also see Supplementary Figure S11a).

Assuming that droplets delivered on a surface can be considered as a sessile droplet
having spherical cap geome‘u’y,m’31 one can then express their volume (in fL) as:

mrpd 2-3cos9+cos3
3 sin3 9

V= 2 s1)

where 6 is the contact angle in deg, and 1}, is the contact radius in um. The contact
angle 6 (60=34.6 £ 0.3) was measured with a contact angle analyser (Easy Drop
Standard [Kriiss, Germany]) by depositing a 0.1 pL droplet of 0.01 M SoF (in
DMSO/glycerol, 1:1 v/v) onto a SiO; surface. The average contact radius 1y, (1p = di/2)
for each column of droplets was calculated by determining the d; value of each SoF
droplet. To determine these d; values, the 30 confocal microscopy image slices were
summed (see Supplementary Fig. la), and a threshold was selected to discriminate
between the fluorescent areas and the background (see Supplementary Figure S11b). All
d; values determined from this threshold image were in full agreement with those
determined from the corresponding optical microscopy image (see Supplementary
Figure S11c).

Following Equation S1, the average volumes of the droplets forming each column
were estimated (see Supplementary Table S6):

We followed the same methodology to determine the d; and d, values of the
SoF/H,0-glycerol mixture droplet array. This array was generated by first patterning an
array of 9 x 8 droplets of 0.01 mM SoF (in H,O/glycerol, 1:1 v/v) on a SiO, surface at
DT; = 0.001 s at room temperature under a relative humidity of 60%. Femtolitre
volumes of a H,O/glycerol (1:1 v/v) mixture were then delivered into the pre-patterned
SoF droplets at DT, = 0.001, 0.1, 0.5, 1.5, 2, 4, 6 and 8 s, starting from the second row
(see Supplementary Figure S12a).

The corresponding threshold image was used to determine d; (d; = 9.4 + 0.1; 1*
row) and d, values (from the second to ninth rows). From these values, the
corresponding dilution factors were calculated as: Vo/V; = d,*/d,’, considering that the 6
of the pre-patterned SoF droplets (in H,O/glycerol, 1:1 v/v) and the mixture droplets
resulting from adding different volumes of a H,O/glycerol (1:1 v/v) mixture do not
change.
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Supplementary Methods S2: Determination of mean fluorescence

intensities per unit of surface area (I/A).

An inverted confocal fluorescence microscope (Leica TCS SP5) was used to
measure the fluorescence images (310 x 310 um?) of fluorescein droplets arrays
patterned onto SiO, surfaces (see Supporting Figure S11a). The fluorescence images of
these arrays were registered in reflection mode, with a 50x objective (magnification =
0.15 pm/pixel) and at different heights by scanning in z-direction (typically, 30 images
were measured for each z-stack by scanning within a Az = 0.42 um). The dimensions
and mean emission intensities of each droplet in the fluorescence images were
determined using the software Image].

To investigate the variation in fluorescence intensities along the arrays, the image
slice in each z-stack corresponding to the droplet volume in contact with the surface was
further analysed. The exact location of the image slice within the z-stack was
determined from the maximum background intensity.’* The I/A was then determined for
every droplet in the image after subtracting the background signal. The results were
averaged over the droplets in the array delivered at equal DT, (for the array of SoF
droplets delivered at different DT;; see Fig. 1d in the manuscript for a plot of /A
against DT;) and with equal SoF concentration (for the array of SoF/H,O-glycerol
mixture droplets). For the last array, the measured I/A values were subsequently
normalised relative to the maximum I/A of the non-diluted SoF droplets (i.e. the
droplets of the first row). Finally, the normalised emission intensities were plotted
against the dilution factor and DT, (see Fig. 1g and Supplementary Figure S3; also see
Supplementary Figure S4 for reproducible data from three independent experiments). In
the cross-contamination experiment, the I/A value for each cleaning droplet was
normalised relative to the maximum I/A of the initial, non-diluted SoF droplets. As no
significant variation in the I/Ayx (less than 2%) was observed between the equivalent
cleaning droplets from different dilutions (i.e. all first droplets, all second droplets, all
third droplets, etc., see Supplementary Figure S5), the resulting values were then
averaged over the droplets corresponding to the same iteration (e.g. average I/Ay of all
first droplets, etc.).
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The development of a novel and versatile pen-type lithography approach for
growing HKUST-1 crystals on supports has been described in the first stage of this
PhD Thesis. Although there are previous works describing the patterning of MOFs
on surfaces, this is the first time that a serial patterning method has been used to
pattern on an arbitrary way, HKUST-1 single crystals on the desired position of a

surface.

Playing with the interaction forces of the substrate and patterning tools, the
different results obtained confirm not only that MOFs can be grown on surface but
also that the number and size of the crystals can be controlled. Thus HKUST-1
single crystals 500 nm have been structured with high homogeneity and
reproducibility using this novel approach.

Since many functional MOFs have been synthesized, it is likely that this
approach can be expanded for controlling the growth of many other MOFs at the
single-crystal level on several surfaces. Such capabilities will expand the scope of
application for MOFs in sensors, magnetic and electronic devices, etc., where such
control opens new opportunities to integrate them in specific locations of devices.

On the second part of the thesis, we have reported a highly versatile and
effective soft-lithographic method based on the first Chapter approach, to mix
femtoliter volumes on surfaces, having nanometre precision on their position. We
have been able to perform acid-base, enzymatic recognition and MOFs synthetic
reactions and furthermore, we have discovered two new peptide based frameworks

by using this new approach to femtolitre chemistry.

This strategy enables the programmable realization of a broad range of
combinatorial femtoliter reactions and crystallization processes on surfaces, and
offers a wunique opportunity for performing high-throughput assays and
combinatorial screenings while consuming ultrasmall reagent volumes, which for
example might be of great interest for discovering novel materials. Thus, this MPL
approach, with more elaborated control of the reaction conditions such as
temperature, is likely to have important applications in biology, chemistry and
materials science, and it will be ideal for locating complex structures that require to
be synthesized through a reaction, such as crystals, making it also potentially useful

in electronics and sensors as well.
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