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LAY ABSTRACT

Porous materials are of great importamo@odern life, from bottle cork to catalyst support,
from sponge to oikpill absorbate, these materials have been widely used in different areas.
Since 1999, a new family of porous materiaisetatorganic frameworks (MOFS) has
attracted great attentions from both academic researchers and industrialopeastit
Compared to conventional porous materials, they have unprecedented large surface areas,
designable and tailorable pore structures, pasgsess excellent chemical and thermal
stability. Furthermore, these materials can possessonventional propges that
traditional porous materials do not have, by tuning their structures, stginiasscence
electron conductivity, and structural flexibility. Despite all the benefits MOFs provide, they
are difficult to be processed due to their crystallinei@aete nature, whilespecially
ordered shapes and morphologies are often required in meaHife applications In this
project, we developed several strategies to construct MOFs into different structures in order

to overcome this challenge.



ABSTRACT

The metalorganic framework (MOF) research activities can be classified M@d-
preparation,MOF processing, and MOF applicatioRrocessing MOFs intgpecially
ordered shapes and morphologgesf great importance, since it bridges MOFs to-liéal
applications. Additionally, creatindpigherorder mesoscopic architectures with MOF
particles as building blocks can introduce novel properties besides the inherent features of
MOFs, thus opening a door to enhancing their performance in various appscdtins

thesis focused on the fabrication of MOFs into z#irnensional and thredgimensional

MOF architectures via various concepts inspired by polymerization and interfacial

techniques.

1 A raspberrylike MOF-polymer microsphere was prepared via dispersio
polymerization. MOFsvere found to be a good stabilizer and could be bound to
polymer core with the help gsolyvinylpyrrolidone The prepared microsphere
could be further developed into a polymer@MOF esirell structure.

1 A multilayered MOF colloidosom (MOFsome) was prepared through transient
Pickering emulsion. The obtained MOFsome could be used as a stimulus
responsive carrier and as a general platform for construction of multicomponent
colloidosomes.

1 A porous MOF monolith was obtained using higteinal phase emulsion template

(HIPE). MOF particles were able to stabilize HIPE with internal phageoap 90 %



1

of the volune. The obtained monoliths were ultralight with density as low as 12
mg/cne.

A flexible and porous nanocellulose aerogel with INgDF loadings was prepared
through a straightforward sefel process, followed by freexeying. The
hierarchical porous hybrid aerogel remained intact under compression and was
demonstrated to be an ideddsorbents for water purification

A shapeable andersatile platform was demonstrated fiorsitu growth of MOF
particles. The metal ion crofisked alginate hydrogels were converted into MOF
alginate composites through a ptogtatment of the hydrogels with MOF ligand
solution. The macroscopic shapetloé composite could be controlled and it was

demonstrated to be an effective absorlb@ntvater purification.
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Figure 21. Schematic preparation of polystyrene@23IBnd hollow ZIF8 microspheres

from carboxylateerminated polystyrene spheres. Reprinted with permission

Figure 22. Preparation of hollow MOF capsules. a) Overview of the process. Both
immiscible liquids are supplied by syringe pumps to-janction, wherethe
formation of aqueous solution droplets in the continuous organic phase takes
place. b) Cuaway view of the Tjunction showing details of the emulsification

step. Reprinted with permission from [12]............cccooviiiiiiiccceeeeeeeiiiinns 13

Figure 23. Spraydrying synthesis of hollow spherical HKUSIT superstructures. a)
Schematic showing the sprdyying process used to synthesize HKUBT
superstructures. b) Proped formation process. c¢) Photograph of the spray
dryer. df) Representative FESEM images showing a general view of the
spherical HKUSTL superstructures. Scale bars: 5 mm (d), 500 nm (e,f), 200

nm (f, inset). Reprinted with permission from [16]..............cccovvvvvieeee.. 14

Figure 24. Schematic illustration of MOpolymer composite capsule formation.

Reprinted with permission from [18]........ccoovviiiiiiiiiiiiicce 15

Figure 25. TEM images of aprepared Te@ZHB by regulating the amounts of precursors.
Reprinted with permission from [2Q]........ccoovviiiiiiiiiiicce 16

Figure 26. Schematic illustration of the preparation of ZnO@EZI&Zn gas sensors.

Reprinted with permission from [25]........cie e 18

Figure 27. Scheme illustrating the synthesis for hybrid MOF@PCNF and MOF@FCNF
using pristine CNFs (PCNF) and functionalized CNFs (FCNF), respectively.
Reprinted with permission from [27]........ciiiiccee 19
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Figure 28. HRTEM images (a,b) for single fratanding ZIF8 superstructures. Reprinted

with permission from [30]........cooeviiiiiiiiiiie e rreer 19

Figure 29. (A) TEM of ZIF8 nanoparticles in PVP. (B) Photograph of a-mmven ZIF

81 PVP fiber matThe diameter is ca. 1.5 cm. Reprinted with permission from

Figure 210. Electric field assembly of rhombic dodecahedra. (a) Typical in situ
observation of 4D chains of rhombic dodecahedra (Figure 2d) along the
direction of electric field (1 MHz, 200 V/mm) by confocal microscopy. (b)
Confocal cross sections perpendicular the electric field, along with
schematic representations of contour. Elongated hexagonal outlines indicate
the 61100 orientation of crystals along the direction of electric field. (c)
Disconnected chains of rhombic dodecahedra after turning off theeddX1i
MHz, 200 V/mm). (d) Stably locked chains of rhombic dodecahedra after
turning off the AC field (1 kHz, 200 V/mm). Reprinted with permission from

Figure 211. (a) TEM image of MoS2@ZiB hybrid structures. (b) TEM image of a curled
MoS2@ZIF8 structure, showing the MoS2 nanosheet and&i¢oating.
Reprinted with permission from [43].......ccccooeiiiiiiiiiiiiiieeeecc e 24

Figure 212. a) Schematic illustration of the process for the formation of MOF
superstructures at the superhydrophiduperhydrophilic micropatterned
substrag; b) basic unit of interfacial HKUST growth on an individual water
droplet formed on the hydrophilic pattern; c) photographs of microdroplets
with ring, square, and triangular shapes formed on the corresponding
superhydrophobicsuperhydrophilic microaays. Reprinted with permission
FrOM [A8]. .o 25

Figure 213. (A) SEM image of asynthesized Zsfbim)s crystals. The inset image shows
the typical flakelike morphology of Za(bim)s crystals. (B) Architecture of the
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layered MOF precursor. (C) PXRD patterns op@im)s. (D) TEM image of
Zmy(bim)s MSNs. The inset shows the Tyndall effect of a colloidal snsn.
(E) lllustration of the gridike structure of the Ziibim)s MSN. (F) Space
filling representation of a foumembered ring of the Z(bim)s MSN.

Reprinted with permission from [56]........cccceeviiiiiiiiiiiieeciiiie e 26

Figure 21 4 . (a, b) TEM i mages of the synthesi z:
of the MOF thin film after 15 deposition cycles on a quartz substrate. (d)
lllustration of the assembly press of this MOF thin film. Reprinted with

PErMISSION FTOM [BL]......uuiiiiiiiiiiiiiiiie e 27

Figure 215. Schematic illustration of the preparation of etganic frameworks with
threedimensional ordered macroporous structure, which can be served as

dynamic photonic materials. Reprinted with permission from [66]......29

Figure 216. Synthesis of hierarchical ZBVP templated from PStytd-P4VP19 block

co-oligomer micelles. Reprinted with permission from [7Q]................. 30

Figure 217.Schematic illustrations showing the preparation ofi 2gonge: (a) surfactant
assisted digoating seHassembling process and (b) surfacedification of
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Figure 31. Scheméic illustration for preparation of ZH8/PS composite spheres
through dispersion polymerization of styrene with-Band PVP as co
StADIIZEIS . e 43

Figure 32. SEM and TEM images (scale bar: 100 nm) of PS spheres prepared by (A)
simply mixing PS spheres with Z& particles; (B) dispersion
polymerization of styrene with ZiB (0.03 g) as stabilizer; (C, D)
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g) as cestabilizers (R #2). (E) XRD pattern of the ZBAPS sphere and
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Figure 33. SEM images of sample R #2 after (A) 1 hour sonication; (B) dissolution
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Figure 63.

Figure 71.

Figure 72.

Figure #3.
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adsorbing Cr(VI) in the aegel with 50 wt.% UiG66 and (B) the time
dependent adsorption (correlation curve was drawn using the Kkinetic
parameters calculated from the psesdoondorder model) and pseudo
secondorder plots (inset). (C) Photographs showing that a wet hybrid deroge
(50 wt.% UiG66) can be incorporated into a syringe and compressed fully by
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middle). When removed from the syringe, the compressed aerogel in air
maintains the shape of the cantx it was compressed in (top right) but
recovers its original shape completely when place in solution again (bottom),

this is also demonstrated in the Supporting Information Videa.S1....112
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1 INTRODUCTION

In this chapterthe research background, the general research objectares the

organization of this thesis are presented.
1.1 Research background

Porous materials have always been a research focus of both scientific studies and
practical industrial applications due to their large surface area and high pore volume, which
erable the materials to interact with molecules not only at their surface, but also in the
bulk. Since 1999, a new class of porous hybrid inorganianic frameworks, i.e. metal
organic frameworks (MOFs), has drawn great attention and become one of the most
intensively studied research topl&4. They are prepared from the sasembly of metal
ions or ion clusters with organic bridging ligands, leading to porous crystalline materials
havinghighly ordered periodic porous structusesh superior surface areas up to 7,000
m? gL.158 |n addition, MOFs havénigh thermal stability, tunable pore property, and various
chemical reactive sitesvhich have great applicatiopotentials inmany different areas,
including gas storadé® gas separatiof¥!? chemical sensdt>'2 catalysid***¥ proton

conductof®19 pattery*”*¥ and drug deliver{:®2d

Due to the various choices of metal center and the designability of bridging ligand,
numerous types of MOFs have been designed, synthesized, and modified, since the two
pioneering reports of MOB? and HKUSTF1.2Y The commonly used methottsr MOF

synthesis include solvothermal/hydrothermal method, microwave/ultrasound assisted
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method, electrochemical method, mechanochemical method, and so on. Reséaahe

also been working on scaling up MOFs to gram scale or even larger amount. To the best
of my knowledge, there has been no successful commercialization of MOF materials to
date. BASF and its collaborators are working on industrialization of theseigimg

materials.

Although MOF particles are importaahd encouraging to study ,otheir particulate
form limits their potential, sincepecially ordered shapes and morphologies are often
requiredn many applications. Fabrication of MOF membranes hesrbe one of the most
critical areas in MOF research. Preparation of-fmding MOF membranes is dominated
by interfacial or biphasic methdt! where the metal ions and organic ligands are
separately dissolved in two immiscible solvents and Mi@#nbranes are formed at the
interface upon placing one solution onto the other. On the other hgnificant efforts
have been made to deposit MOFs onto chemically stable and cestivefEhapeable
substrates, such as synthetic patydt®>?4 and ceramic¥>?9 In addition, ntegratng
MOF particles mto polymer substrasethrough blendingi.e. mixedmatrix membranes
(MMMs), hasalsobeen demonstrated as an alternative to prepare robust and flexible MOF

polymer composite’-3%

Recently, there has been agnog interest in fabricating MOF materials into complex
architectures. Creating higherder mesoscopic architectures with MOF crystals as
building blocks can introduce novel properties, in addition to the inherent features of MOFs.
This represents anothapproach in enhancing MOF performance in various applications.

In this thesis, these complex architectures are classified into four categories: ¢1) zero

2
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dimensional (0D) architectures such as microspheres and hollow capsules, (2) one
dimensional (1D) aratectures such as chains and fibers, (3)-tWwuensional (2D)
architectures such as nanosheets and patterns, and (4Jithezesional (3D) architectures
consisting of continuous and extended systéti general, the development of MOF
complex architectures is still at itsfancy, the main issue lies in the fact that spatial
manipulation of the crystallization process or single crystals is considerably challenging.
Therefore, it is of great importanteexplore new methodologies to construct M#sed

complex architectures.
1.2 Research objectives

MOF is an enormous research area, which can be divided into three categories: (1) MOF
design, preparation, and modification, (2) MOF processing, and (3)ap@lication. This
study focuses on the development of various processing methods to construct MOF 0D and
3D architecturesThe overall objectives are: (1) to develop MOF complex architectures
from interfacial techniques and (2) to develop MOF complexit@atiores assisted by

polymers.
1.3 Thesis organization

This thesis i s organized as a fAsandwich
articlesinpeer evi ewed journal s, Asandwi chedod betw
Literature Review (Chapter 1 & 2) and the chapter of Conclusion (Chapter 8}eCBap
7 can be grouped into two parts, with the first part centering on the fabrication of 0D MOF
architectures and the second dealing with the fabrication of 3D MOF architectures.

3



Ph.D. ThesigH. Zhu McMaster Uri@hsityical Engineering

Part 11 Fabrication of zero-dimensional MOF architectures

In the first pat of the thesis, two different approaches are developed to prepare 0D MOF
architectures. The researchers borrowextoncepts from polymerization and interfacial

processing and applied ttechniques to the fabrication of 0D MOF architectures.

Chapter 3 reports a novel raspberhike ZIF-8/PScompositespheres viadispersion
polymerizationof styrene with ZIF8 and PVP as estabilizers.The ability of interfacial
assembly of ZIFB nanoparticles made it possible to stabilize insoluble polymer particles
formed in dispersion polymerization, thus achieving the hybrid orgaarganic
raspberrylike composite spheres. It was found that-BlEself was able to stabilize the
polymerization, while PVP was crucial to bridge ZBFand PS together. Moreover, the
ZIF-8 nanoparticles decorated on the surface of PS could serve as seeds and further grow
into a continuous MOF shell through subsequehtathermal treatment. This paper was

published inDalton TransactiongDOI: 10.1039/C5DT026273J

Chapter 4 demonstrates the fabrication of MOF colloidosomes (MOFsomes) via
transient Pickering emulsion. Colloidosomes represent an interesting hollow apheric
structureconsisting of closgacked colloidal particles as shellhe assembly of MOF
particles in MOFsomes introduces the periodical pores besides the regular interstices, as
well as the intrinsic functionalities that single MOF particle possedsathis work, we
introduced a transient Pickering emulsion template, where the emulsion was stable at the

beginning andbecame homogeneous eventualiye to the partial solubility between oil
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and water, to fabricate this hollow structure. This paper has been accepted for publication

in Advanced Materials Interfac€BOl: 10.1002/admi.201600294

Part 21 Fabrication of three-dimensional MOF architectures

In the secongbart of the thesis, 3D MParchitectures are realized either by applying
the polymerization and interfacial processing techniques or by taking advantages of

polymer properties.

Chapter 5 presents a 3D hierarchical porous MOF monolith prepared through-an oil
in-water Pickering hilg internal phase emulsion (HIPE) template. &®was found to be
able to stabilize Pickering HIPEs with an internal phase up to 90% of the volume. Upon
adding polyvinyl alcohol (PVAdr polymeriazng the continuous phastvo types of MOF
based 3Dhierarchical porous monoliths were prepared with density as low as 12 thg cm
This paper was published inChemistry - A European Journal (DOI:

10.1002/chem.2016003)1L3

Chapter 6reports a MOFcellulose nanocrystal (CNC) hybrid aerogel witltro, meso
and macro poreswhich wasprepared through a straightforward wabased segel
process, followed by freezdrying. Three different types of MOFs were successfully
incorporated into the aerogel witip to 50 wt.% loading of uniformly distributed MQFs
The dtained hybrid aerogels weiigexible, robust, and highly poropusvhich were
investigated asonvenient absorbents for removal of hazardous contaminants from water

This papemas publishedh Advanced Material$DOI: 10.1002/adma.2016013p1
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Chapter 7 presents a general platform fior-situ fabrication of MOF materials into
alginate substrate, whose macroscopic shape can be designed and controlled. The
composite materials wepepared through the peseatment of metal ion crodgimked
alginate hydrgel with MOF ligand solutionMOF-alginate beads, fibers, and membranes
were obtained by manipulating the shape of corresponding metal ionliokesh
hydrogels. This paper was publishedd@S Applied Materials & InterfaceZ016 DOI:

10.1021/acsami.6bGa5).

1.4 Other works

I am the first author for all the above five publications. While the research ideas were
generated through discussion with the supervisor and the team members, | was the major
contributor, carrying out the actual experiments, progdireakthroughs, and writing the
first drafts of these manuscripts. Other research contributions completed during my

doctoral study, but not included in this thesis, are listed below.

The two firstauthored papers report the development of two methogsdparation of
two-dimensional (2D) MOF structures such as membrane and film. | am also the major
contributor to these two publications, in terms of carrying out the experiment and analysing

the data, as well as writing the first drafts for the manuscript

1 Zhu, H.; Zhu, S., A versatile and facile surface modification route based on
polydopamine for the growth of MOF films on different substrafBise

Canadian Journal of Chemical Engineerigg15 93, (1), 6367.
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1 Zhu, H.; Liu, H.; Zhitomirsky, I|.; Zhu, S., Preparation of métganic
framework films by electrophoretic deposition methigidterials Letter2015

142, 1922.

In the following two papers, | am the second author. | played a supporting role in the

MOF preparatin and data analysis.

9 Liu, H.; Zhu, H.; Zhu, S., Reversiblydispersible¢ollectable metalbrganic
frameworkgrepared byraftingthermallyresponsive angivitchablepolymers.
Macromolecular Materials and Engineeri2915,300, (2), 191197.

1 Lu,Y.;Zhu, H.; Wang W.; Li B.; Zhu, S., Rapid collection anddispersion of
MOF particles by a simple and versatile method using theasponsive

polymer RSC Advance2016 6, 6339863402
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2 LITERATURE REVIEW

In this chapter, a thorough literature review of the recently developed methods to
fabricate MOF complex architectures is given. The literatures are summarized according
to the dimensioof MOF architectures, namely 0D, 1D, 2D, and 3D architectures. Each
subcategory is organized based on the processing approach, eitherugpttotopdown

method.
2.1 Zero-dimensional architectures

The 0D structures refer to microspheres and hollovsudap, which are different from

3D structures that possess extended architectures.
2.1.1 Bottomup methods

Spherical templates are usually involved in order to construct OD structures. Large
ceramic beads having sizes in millimeter or micrometer scatd, as alumind and
silica®® beads, have been used to prepare ceraarie MOFshell composite spheres.
These inorganic templates are difficult to remove after the MOF shell preparation. Thus,
these composites must be used of as denihoapplications. Tsung and coworkers found
that by using C#O as sacrificial template, hollow Z& capsules could be obtainéd.
CwO assisted the nucleation of ZBcaating and it was etched off simultaneously during
the growth process. A yolghell structure was also obtained when Pd nanocrystal was
embedded within GO prior to the growth of ZIF8 shell. In contrast to the previous work,

Huo and coworkers utilized @D as the metal sources for MOF shell formatfbn.

11
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Recently, a yolishell template was used for the preparation of copper

hydroxysulfates@MOF yokshell structuré®

Anotheroptionis to use polymer as template. CarboxylatrminatedPSspheres have
beenwidely used to grow PS®OF coreshellstructures. The first report was studied by
Oh et al”l The surfacdunctionalized PS spheres were placed into a&l|recursor
solution followed by solvothermal reactiodlF-8 hollow microspheresvere obtained
after etching the@olymer cores, shown in Figurel2 Similar results have been shovwy
Li and cavorkers using mondispersd PS nanoparticles through a stepstep seHl
assembly strated§. Since then, these Zi& based corshell microspheres have been

explored for various applications, from catalysis to gas sepat&tibn.

ZIF-8 Etchmg

growth core
MeOH, heat )
ZIF-8 precursors

E/>_ + Zn(NO,),

carboxylate-
terminated polystyrene HMelM core-shell microsphere microsphere

polystyrene@ZIF-8 hollow ZIF-8

Figure2-1. Schematic peparation of polystyrene@ZI& and hollow ZIF8 microspheres from carboxylate

terminated polystyrene spher&eprinted with permission frofiT].

Besides using template to grow MOF particles, assembling MOFs at the droplet
interface represents another strategy to prepare QB Brchitectures. The first example
of MOF hollow capsule was achieved with the help of interfacial appt&adhetal ions
and bridging ligands were separately dissolved in two immiscible solvents, followed by

injection of one solution into thetleer through syringe under continuous flow (Figure 2

12
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2). Aside of using micrdluidic devices!?'3 conventional emulsions have also been
applied to prepare MOF hollow capsules. Similar to these systems, an inverse emulsion
based interfacial synthesis of ZBhanaespheres with controllable shell thicknéss also

been reportet? PVP was used as stabilizer and functional nanoparticles were
encapsulated during th@ocess of emulsification. Another eatep synthesis of hollow

MOF architectures based on -secMOF was also demonstrated via an emulsion
processt® Tween85, as specific emulsifier, was found to be the key factor in realizing the
hollow MOF capsules. In addition to the ligtliquid interface, liquidair interface was

also proven to be useful in assisting fabriwaif hollow MOF architecturé&>7 A series

of MOFs havebeen shaped into hollow superstructures througtsfitaydrying method

(Figure 23).
a b
- Liquid 1 : —
— Liquid 2 —
- = — i

Figure 2-2. Preparation of hollow MOF capsules. a) Overview of the process. Both immiscible liquids are
supplied by syringe pumps to ajdnction, where the formation of aqueous solution droplets in the
continuous organic phase takes place. b)-a&dy view of the Jjunction showing details of the

emulsification stepReprinted with permission frofi2].
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Figure2-3. Spraydrying synthesis of hollowphericaHKUST-1 superstructures. a) Schematic showing the
spraydrying process used to synthesize HKUBBuperstructures. b) Propost@mmation processc)
Photograph of the spradryer. d f) Representative FESEM images showing a general view of the spherical
HKUST-1 superstructures. Scale bars: 5 mm (d), 5aqef), 200 nm (f, insetReprinted with permission
from[16].

2.1.2Top-down methods

Similar to the abowenentioned strategies, templates are required to facilitate the
assembly of prsynthesized MOF particles. However, precisely manipulating MOF
particles is much more di€ult than controlling MOF precursor solutions, thus only a few

attempts have been reported so far on thedtypn methods.
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(‘(\(\mqq
5 shear force CC '3 POIV merization solvent removal
| ——> e
CC J phase separation Or exchange
o L
3 (&3
‘-'uuk)‘)

O =MOF nanoparticle = dodecane phase

= continuous aqueous phase @ = polymer layer

Figure2-4. Schematicliustration of MOFpolymer composite capsule formatidgeprinted with permission
from[18§].

Pickering emulsion as a powerful tool was first introducegrepare MOF hollow
spheres by Bradshaw and-eorkers!® MOF particles, including Z¥8, MIL-101(Cr),
and UiG66, were used as Pickering emulsifier to stabilize ameaater emulsion. By
careful design of the oil internal phase, they were able to obtain hollowREXomposite,
since dodecane in the oil phase is a poor solvent for-tnkesl PS,leading to phase
separatiorand precipitation at the interfa¢€igure 24). The same group further applied
this strategy to encapsulate functional biomolecules within N&@§ed hollow capsulé$!
The agarose hydrogel droplet was stabilized by -880and magnetic iron oxide
nanoparticles, followed by the deposition of ZAFshell. The obtained hollow capsules
presaéted an excellent sizeelective catalytic behavior. Our group also developed two
interfacial approaches based on dispersion polymerization and transient Pickering
emulsion template to assemble MOF particles into OD architectures, which is discussed in

Chapter 3 & 4 in detall, respectively.
2.2 One-dimensional architectures

Alignment of colloid particles into 1D architectures has become an emerging research

area, since these assemblies may present interesting properties different from single
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particles. However, despite the enormous amount of efforts in developing MOFs, very few

reports have been related to the 1D MOF architectures.

2.2.1 Bottomup methods

In order to prepare 1D architecture, MOF nucleation must be confined along one single
direction. Theémplate can be classified into rbkie nancefiber and template possessing

cylindrical channels.

Figure2-5. TEM images of aprepared Te@ZH8 by regulatinghe amounts of precursoiReprinted with

permssion from[20].

Silicon nanowires (SINWSs) have been used to direct the growth of M&BENWSs
were functionalized witii COOH group, followed by a layday-layer growth of HKUST
1. The researchers were able to control the MOF morphdipdyning the soaking time,
synthesis temperature, and precursor solution concentratioathih tellurium nanowires

(TeNWs) with excellent dispersivity caalso act as templater directed growth and
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assembly of ZIFB nanocrystalsresulting in the fomation of uniformZIF-8 nanofibers

(Figure 25) 20

Metal oxide nanorods are another type of good candidates for templating, and as metal
source for MOF growth. ZnO has been widely used to facilitate the growth qfra#sly
ZIF-8 and ZIF8/ZIF-67. Zheng et al. reported the fabricatiorfrebstanding ZnO@ZIF
8 nanorodsas well as vertically standing arrdy8 They found thasolvent composition
and reaction temperature are two crucial factors for succestdbligating welldefined
ZnO@ZIF8 heterostructure3.hey demonstrated that the prepared ZnO@&Hanorod
arrays could be applied to the detection of hydrogen peroridieei presence of serous
buffer solution. The ZnO@ZHK8 nanorod arrays were also deposited onto flexible carbon
cloth, followed by an annealing process in order to get ZnO@Zra@tgqmdots/C coreé
shell nanorod arays which showed great potential as lithition battery anod&d Fan
and ceworkers demonstrated the potential application of ZnO@®ifanorods as a type
of sizeselective sensing materials, which were generated by a lomtetiect of the pore
aperture of ZIF8 shelll*® Most recently, Zn@ZIF-CoZn coré sheathnanowire array
was successfully created as chemiresistor gas sefitbomproved glectivity, response,
recovery behavior, and working temperat(Fégure 26).?9 Similarly, TiO, nanorod
arrays were used as template to prepare@RMIL-125NH; coreshell materialsas

promisingphotosensitizerfor photoelectrochemicabatersplitting.[28
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Figure 2-6. Schematic illustration of the@reparation of ZnO@ZHcoZn gas sensorfkeprinted with

permission fronj25].

On the contrary to the solid metal oxide templates, hollow carbon nanofibers were used
to direct the growth of MOF? MOF crystals were strictly confined in the cavity, as well
as the outer wall of thearbon nanofibers (Figure-72). The hybrid material shosd
improvedthermal stabilityandgas uptake over FCNF and M&FChitin hollow fibers
were also useds a nontoxichiodegradable, and loweight support material faviOF
depositiod?®  The abundant functional groups inside chitfavored predominant
nucleation of MOF crystallitegiside of the hollow fibers, and the prepared composite

showedhigh potential for filtration applications feoxic industrial gases.
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1. Functionalization
2. In-situ MOF growth

Direct In-situ MOF

Figure2-7. Scheme illustrating the synthesis for hybrid MOF@PCNFMEFF@FCNF using pristine CNFs
(PCNF) and functionalized CNFs (FCNF), respectivBlgprinted with permission frof27].

(b)

———\

‘ 100 nm

Figure2-8. HRTEM images (a,b) for single freganding ZIF8 superstructureskeprinted with permission
from [30].

Similar to carbon nandders, anodized aluminium oxide (AAO) membranes are also

useful as template for the confinement of 1D MOF architectures. The first study was
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performed bySutterand ceworkersl?¥ An efficient crystal growth was achieved by
forcing synthetic solutions through AAO membrane in a-Steptep manner. They further
reported selsupported ZIF8 chains by etching ZH8 embedded AAO membranes

prepared from the same protocol (Figusg)$d
2.2.2 Topdown methods

Electrospinning was first introduced Bynarslp s gr oup t o construct
nanofibers consisting of MOF nanoparticles and polymers (Fig9)é*3 Up to 56 wt.%
ZIF-8 nanoparticles were incorporated and well distributed within the nanofibers. Since
then, different MOF particles and polymetsave been electrospun for different
applicationd®?3% Most recently, Wang et al. thoroughly studied fiber morphologies,
surface functionalities, and porosity of the filters, and investigated the compatibility
betveen MOFs and polymef¥ With careful design, they were able to apply the

composite material as efficient air filters.

Figure2-9. (A) TEM of ZIF-8 nanoparticles in PVKB) Photograph of a an-woven ZIF8i PVP fiber mat.

Thediameter is ca. 1.5 crReprinted with permission frofi31].
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<110>
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Figure2-10. Electric field assembly of rhombic dodecahedra. (a) Typicaltu observation of-D chains
of rhombic dodecahedra (Figure Zalpng the direction of electriield (1 MHz, 200 V/mm) by confocal
microscopy. (b) Confocal cross sections perpendicular to the eldati; along with schematic
representations of contour. Elongatexkagonal outlines indicate tigl0horientation of crystals along the
direction ofelectric field. (c) Disconnected chains of rhombadecahedra after turning off the AC field (1
MHz, 200 V/mm).(d) Stably locked chains of rhombic dodecahedra after turning ofi€héeld (1 kHz,
200 V/mm).Reprinted with permission frof37].

Another plausible wik was reported by Granick and-emrkers, and it was based on a
templatefree electric field induced methdt! Mono-dispersed ZIF8 particles were first
preparedby simultaneouy addng two capping ligandsUpon disper®n in ethylene
glycol and apptation of AC electric field theparticles facets linkdto form linear chains
(Figure 210). The MOF chains remained locked to each other even after removal of the

electric field, if the MOF particléacetswereplanat
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2.3 Two-dimensional architectures

The preparation of 2D MBP architectures, namely MOF membranes/films, has been
intensively studied over the past decades. The reason of increasing interest in MOF
membrane fabrication lies in its great potential in various applications, including
separations and sensors. Compated other dimensional MOF architectures, the

development of MOF membranes/films is much faster due to the easiness of planar systems.
2.3.1 Bottomup methods

An impressive number of works has been done to prepare MOF membranes/films onto
different macrostictural planar templates. Different strategies have been applied, such as
solvothermal growth method, seeded secondary growth method, anrtydgger growth
method. The details of these works are not discussed in this thesis duentatuhiey of
these approaches. In this section, we focused on the fabrication of MOF nanosheets

supported on 2D template, such as graphene and,Mp8&s free standing nanomaterials.

Graphene oxide (GO) nanosheets are a type of widely studied 2D materials, which
provide good templates for the construction of 2D MOF architectures8 Al its cobalt
analogue ZIF67 are the most studied MOF type grown on the GO nanosheets. The strong
interactions between metal ions from ZIF and GO lead to the preference ofesurfac
nucleation. Many reports have demonstrated the combination of ZIF and GO, however,
most of them lacked a uniform ZIF particle distributi&ff? In 2014, Zhag and ce
workers reported a facile procedure to coat&Ibn various 2D templates, including MoS

GO, and reduced GO (rGO) (Figurel2)!“3 This hybrid material showedrite-once
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readmanytimes memory effect with high ON/OFF ratamd long operating lifetime

which was promising in fabrc at i ng memory devi ces :stepffangod s
approach to coat uniform ZIFs on GO nanoshé&tgIF clusters were first deposited onto

GO due to their strong coordination interaction, followed by a confined growth on the GO
nanosheets. The prepared composite was carbonized and the ZIF coating acted as a spacer,
which prevented the severe aggloai®mn of rGO. They further used these materials as

seeds to construct a defdérte ZIF/GO membrane, which exhibited excellent molecular
sieving gas separation properti& Recently, Zheng and esorkers coated a Feased

MOF on GO functionalized with magnetic particles through a stepwise proc&¥iitee

obtained materials weraghly selective in extractiband separation of biomolecules from

biological samples.

Recently, another type of excellent templates, layered double hydroxide (LDH), was
studied for preparation of MOF 2D architectuf@sThe existence of unsaturated metal
ions on the surface of LDH nanoplate provides active nucleation sites for MOF growth.
ZIF-67 was grown onto CoALDH, followed by a pyrolysis treatment to get a porous
carbonbased framework, which showed a superior electrocatalytic oxyegunction
performance. In addition, odium ion exchangedzirconium phosphate(NazrP
nanoplateletsvere also reported as a 2D template for MOF growth through albgyer
layer proces&’ The amount of assembled HKUSTcould be readily controlled by
varying the numbeof growth cyclesand the prepared hybrid nanoplates were tested as

catalyst for cyclohexene oxidation.
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Figure2-11. (a) TEM image of MoS2@ZHB hybrid structures. (b) TEM image of a curled MoS2@Z&IF

structure, showing the MoS2anosheet and ZiB coating.Reprinted with permission frofd 3].

Confined growth of MOFs was also explored as a powerful tool to grow 2D MOF
nanoplates. A superhydrophotsaperhydrophilic micropattern was first fabricated on a
polymer surface usingn appreriate quartz photomast Then the aqueous droplets
containing copper acetate were placed on theerbsydrophilic regions, which were
covered by a water immiscibledctanol solution of trimesic acid (Figurel2). The MOF
formed at the interface resembled the shap:¢
group reported a mold membrane wittsided shapes of open windows, which preferred
to stay at the interface of the two immiscible solvents due totiégnediate densit{#?
Since the interfacial reaction was confined within the open windows of the mold, the
desired morphology of MOF 2D structure could be obtained by designing the shapes of the

open windows.
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Figure 2-12. a) Schematic illustration of therpcess for the formation of MOF superstructureghat
superhydrophobicsuperhydrophilic micropatternesibstrateb) basic unit of interfacial HKUST growth
on an individual water droplet formed on the hydrophilic patt€rphotographs of microdroplets with ring,
square, and triangular shageemed on the corresponding superhydrophiodiperhydrophilic microarrays.

Reprinted with permission froif8].

2.3.2 Topdown methods

Exfoliation of bulk materials into single or muléiyers has also been applied to prepare
2D MOF nanosheets. The delamination of MOFs into nanosheetdirst reported by
Xuds gr ouP A zim-bagld MOF, MOR, was delaminated and exhibited
remarkable amine intercalation property aadersible amine exchangeability. Since this
pioneering work, different MOFs have been delaminated and studied for various
applicationd®**9 However,most of the reported delaminated MOF nanosheets suffered
from structural deterioration and morphological damage, which hindered their potential
applications. In 2014, Yang and-emrkers reported a-tim-thick MOF nanosheet with a
large lateral area and dhi crystallinity, which was used to fabricate ultrapermeable
membranes with excellent molecular sieving properties €@ separatio®® The

MOF nanosheets were prepared through adigp strategy, where pristine MOF crystals
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were first wet balimilled at low speed, fatiwed byexfoliation in volatile solvent with the

aid ofultrasonicatior(Figure 213).

| simulation
I Ty

N, \
VAV Y PP A

5 10 15 20 25 30
2 Theta

[ L 1. Wet Ball Milling
! 2. Ultrasonication

Figure2-13. (A) SEMimage of assynthesizedny(bim), crystals. Thenset image shows thgpical flake

like morphologyof Zny(bim). crystals.(B) Architecture of thdayered MOF precursor. (BXRD patterns
of Zny(bim)s. (D) TEM image of Zny(bim)s MSNs. The inseshows the Tyndall effecdf a colloidal
suspension. (H)lustration of the gridike structure othe Zn(bim)s MSN. (F) Spacdilling representation

of a fourmembered ring of the 4(bim). MSN. Reprinted with permission frofs6].

Another powerful tool to assemble MOFs into 2D materials is LangBlatigett (LB)
technique, which was fir &tAldyer of MO partiokess by K
was first spread on the top of water surface, which was then compressed by the mobile
barriers and deposited on the desired substratelipi coating. This method required no
chemical functionalization of MOF particles and the substrates, and it also showed

possibility of control over the orientation of deposited crystals. There were several other
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studies reporting the possibility of asd#img other MOFs as well as their potential

applicationd>&¢d

a

0 WeE 1

suspension

Figure2-14. (a, b) TEM images of he sy nt h e s nanoshtetsC(a) PHAoGdPaph of the MOF thin
film after 15 depositiorycles on a quartz substrate. (duBtration of the assembly processto$ MOF thin

film. Reprinted with permission frop®1].

Asoc al | eddlaradsembly s t r a asecangtructioo oMCOF nanofilms was
devel oped by Kit agld)®'§36They first prepared (a ydgphobie 2
MOF nanosheet module, which was then suspended in ethanol under sonication. The
suspension was placed onto water, which served as a flat surface. MOF patrticles spread on
the surface automatically due their hydrophobic nature, thus forming a uniform film.
Finally, the film was easily transferred to a substrate through stamping. They further

studied electrical properties of the prepared oriented MOF thin film and found that the
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nanofilm hal low activation energy and a prot@monductivity thatvasamong the highest

reported foMOF materials

An unigue solvent evaporationduced assembly of MOF particles was also reported
by Granick and cavorkers!®d By choosing proper solvent and salt concentraifiF;8
can selfassemble into cloggacked hexagonal arrangements due to the directional

capillary forceor van der Waals attractions

Electrophoretic deposition was another technique used for the assembly of 2D MOF
architecture&4%9 Presynthesized MOF particles were first dispersed into a proper solvent,
then an electric field was applied to the suspension. MOF particles moved towards anode

or cathode according to their surface charge, thus dieygpsn the electrode.
2.4 Threedimensional architectures

Integration of MOFs into 3D structures can enhance and expand the potential
applications of MOF materials. For instance, introducing mamrmesepores into MOFs
by combining MOFs and 3D porsumaterials can enhance the diffusion rate of molecules,
leading to fast interactions between MOFs and targeted molecules, @ditth be of
benefitin applicationsfor gas adsorption, molecular separatiattsemical sensing, and

heterogeneous catalysis.
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2.4.1 Bottomup methods
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Figure2-15. Schematic illustration of the preparation of metejanicframeworks with threglimensional

ordered macroporous structur@hich can be served as dynamic photoniaterials Reprinted with
permission fronj66].
Inverseopal structures were usually applied as macroporous templates to fabricate 3D
MOF architecture®5¢” The colloidal particles first seissembled into 3D periodic arrays,
followed by MOFgrowth at the interstices of these particles (Figui®R The integration

of this macroporous array endowedtlitional optical properties to the MOFs, which could

be used as signal transducers. The same idea was used to fabricate asymmetric 3D MOF

architecture&® The prepared colloidal crystal arrays were partially immersed into a MOF

precusor solution, leading to an interesting 3D structure, which showed potentzdon

sensing, sizscreeninganddye removal. Kitagawa and-seorkers also developed a two
step method to prepare 3D MOF architectlfi€olloidal crystal superstructure was used

to prepare aluminum oxide template through agsblprocess, followed by the treatment

29



Ph.D. ThesigH. Zhu McMaster Uri@hsityical Engineering

of ligand solution under microwaw®ndition. The prepared 3D MOF materials possessed
the micropores of the MOF, as well as the mesopores and macropores inherited from the
parent alumina aerogel. This hierarchical porous structure synergistically enhanced the

selectivity and mass transfarfwaterethanol separation.
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Figure 2-16. Synthesis of hierarchical ZiB-VP templated from PSty1d-P4VP19 block cepligomer

micelles.Reprinted with permission frofirQ].

Two functional ceoligomer templates were used to grow 3D MOF architectures by
Ch e et hanm® Fhe gyntlesized eoligomer was first selaissembled into micelles
and protonatedh order to increase the affinity to metal ions. The micelles then reacted
with metal ions, followed by immersion in ligand solution to prepare MOFs. The micelle
template was finally etched to get the intergrown hierarchical porous MOF architectures
(Figue 216). O gani ci i norgani c hybrwee inestigated aso s pun
supporting template to grow various MOiRssitu.’ The prepared fibrous mats showed
good affinity b MOF particles, thus no praodification was needed. The loading of MOFs
could be controlled by repeating the growth procedure. The obtaineddd@&ining mats
were used as fibrous sorbents with enhanced adsorption capacity and removal rate. A
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gelatin hylrogel matrix was also used as a template to grow k&itu!’? The gelatin
hydrogel doped with metal ion was prepared either by soaking pure gelatin in a metal ion
solution or byin-situ preparation of gelatin together with metal ion. The mietaggelatin
hydrogel was treated with a ligand solution to get the MOF@ugeamposite. Our group
introduced another biopolymeshichis alginate, as a general and shapeable platform to

prepare MOFpolymer hierarchical structure, which is described in detail in Chapter 7.

Another templatdree solgel process was also repsit to prepare 3D MOF
architectures. The combination of metal ions and organic ligands leads to gelation under
certain conditions, which can be further dried (ususliyercritical drieéh order to reduce
volume shrinkage) to get freganding MOF aerogel#\n early example was reported by
Kaskel and cawvorkers, which demonstrated the preparation eBFE (BTC =1, 3, 5
benzenetricarboxylic acid) aerod€l. Gelation happened within seconds upon the
combination ofethanolic solutions of iron(lll) nitrate antimesic acid. The obtained
aerogel dried under supercritical condition shovirgh permanenporosity and pore
volumes. Other examples includé-BDC (BDC = 1, 4benzenedicarboxylic acid! Fe-

Al-BTC "™ HKUST-1/"8 and soon.
2.4.2 Topdown methods

Compared to the bottomp methods, very few tegown strategies have been developed
to assemble MOF particles into 3D architectures. This is mainly due to the difficulty of

manipulating MOF particles in a 3D space.
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Surfactant-modified
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Figure 2-17. Schematic illustrations showing the preparation ofiZgonge:(a) surfactantssisted dip
coating seHassembling process and @)rfacemodification of the sponge skeleton first with a surfactant
andthen ZIF67. Reprinted with permission frof77].

Lin and Chang developed a rapid, simple and inesipendipcoating approach to
prepare ZIF67 onto a melamine sponge templdfeThe sponge was firshodified with
surfactant to improve the affinity towards MOF nanocrystals, which then facilitated the
selfassembly of MOF®n sponge skeletons v@ectrostatic attraction and possibly
stacking interactionéFigure 217). The obtainedIFi sponge shoed a remarkably high
adsorption capacity for malachite green dye. Centth coworkers further applied this
method to prepare a & LDH@sponge composite, which showeast and efficient

extraction of phenolic acids from fruit juicE§
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Pickering high internal phase emsidn (HIPE) is another option to assemble MOF
particles into 3D hierarchical structures. M1IDO(Fe) and a neronic surfactant were used
to stabilize odin-water HIPES’® The oil phase was then polymerized to prepare a free
standing, fullyopen, hierarchically porous polyHIPEs. MOF particles were decorated on
the surface. It was found that up to 14% of MIQO(Fe) was incorporated into the monolith.
The prpared monolittshowedan appealing catalytiactivity in Friedel Crafts alkylation
in a batch modeaswell as in a flowthrough mode. Recently, our group developed an
emulsifierfree MOFRbased Pickering HIPE template to assemble MOF particles into 3D
hierarchically porous architectures, which is described in detail in Chapter 5. Our group
also developed a sgel process to prepare fre@mnding MOFCNC aerogels with
combined properties of structural CNCs and functional MOFs, which is described in detail

in Chapter 6.
2.5 Concluding remarks

MOFs have been intensively studied for almost two decades, and it is now one of the
hottest research areas in both academia and industry. MOFs possess many useful properties,
yet they are difficult to process. Develoginovel strategies to assemble MOF particles
into architectures with various dimensions can improve the performance beyond that of the
bulk crystal powders. As described above, 2D MOF architectures have been primarily
studied, while the development of OIL), and 3D architectures is an emerging area. More

efforts and focuses are expected to be targeted in this important area in the coming years.
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3 PREPARATION OF RASPBERRY-LIKE ZIF -8/PS

COMPOSITE SPHERES VIA DISPERSION

POLYMERIZATION

This chapter isreprinted with permission fronthe paper published ialton

TransactiongDOI: 10.1039/C5DT02627)y He Zhu, Qi Zhang, and Shiping Zhu.

The ideawas generatethrough discussion with the supervisor and the team members
He Zhu performed experimentprovided breakthroughsgand prepared the first draft,

which was then revised by Dr. Qi Zhang and Dr. Stghu.

3.1 Abstract

Raspbernjike ZIF-8/PS composite spheres are prepared via dispersion polymerization
of styrene with ZIF8 and PVP as estabilizers. PVP is found to be crucial in determining
morphology of the final product. It helps adherencI&%8 nanoparticles to PS spheres.

It is found that ZIF8 nanoparticles thus prepared are partially embedded into PS sphere
surfaces, resulting in a stable raspb4ilkg structure. Surface coverage of BFan reach
up toD32%. The effects of ZHB content and PVP concentration on the particle size and

morphology are examined in detail with the mechanisms elucidated. The radidzerry
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spheres can be used as a template to grow thicl8 Zdlyers on the PS spheres through
sulsequent solvothermal treatment, leading to the formation of polgarerMOFshell

structure.
3.2 Introduction

Organicinorganic hybrid composites represent an emerging research area and attract
rapidly growing interest. Silica and titanium dioxide are thest studied inorganic
nanoparticles and have been incorporated with various polymers, resulting in different
morphologies® Dispersion polymerization is an important technique for single step
fabrication of micrometesized particles and it is usually employed to prepare desired
composite structurd$® In the dispersion polymerization, monomer can be dissolved in
solvent, while the resulting polymer is insoluble. As the reaction proceeds, polymer
particles start to form and are stabilized by a stabilizer. If inorganic particles are used as

the stabilize, an organignorganic composite can thus be achieved.

Metalorganic frameworks (MOFs) are a class of porous crystalline materials, consisting
of metal ions (or ion clusters) and organic bridging ligands. They have drawn great
attention in the recent yesadue to their high porosity and tunable pore structure, superior
surface area, and thermal stability, which have potential applications, such as gas
separation®” gas storag€® chemical sensdt®'¥ catalysid!?>'¥ and drug deliver{:#19
An examination of the literatures reveals that most works focused on design and
preparation of new MOFs with interesting chemical propeft?éd, postmodification of

existing MOFd2%24 and fabrication of MOF membrangg?27
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Recently, studies on the preparation of Mdsed organimorganic composites have
drawn more and more attention. This represents a new approach to improve MOF
performance rather than altering MOF cheal components. MOF/polymer composites
are indeed of great interest but much less studied. Among the literature works, carboxylate
terminated polystyrene (PS) spheres were used to grow PS&aiFeshell and ZIF8
hollow microspheres through etching th@ymer cord?® Similar results were reported by
Li and coworkers using maoispersed PS nanoparticles through a-bteptep sek
assembly method? Emulsionbased fabrication of MOF microcapsules was studied by
Huo et al.. MOF/PS composite microcapsules were prepared through Pickering emulsion

with MOF particles as the surfacta?ft.

® e

» Styrene ~ PVP ZIF-8 PS

Figure3-1. Schematic illustration for preparation of Z8/PS compositepheres through dispersion

polymerization of styrene with ZH8 and PVP as cetabilizers.

Zeolitic imidazolate frameworks (ZIFs) are a family of MOFs with excellent thermal

and chemical stabilitie$¥ ZIF-8, as a prototype ZIF, has been prepared with different
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sizes®@ assembled into varioustructures®*3¥ and applied in many field$%337 And
recently, it has been used as Pickering surfactant to prepat@RdFymer composite
microcapsule§? which showed interfacial assembly potential of-BlAn this paper, we
report a facile method for the preparation of raspbkkey ZIF-8/PS organignorganic
composite  spheres through dispersion polymerization, using -8 ZIFand
poly(vinylpyrrolidong (PVP) as cestabilizers. ZIF8 nanoparticles stabilize PS particles
when PS chains precipitate out from the dispersion polymerization, resulting in the final

products having raspberiike structure Figure 3-1).
3.3 Experimental

Zinc nitrate hexahydrate (98 %)n2ethylimidazole (99 %), and poly(vinylpyrrolidone)
(PVP) were purchased from SigrAidrich and used without further purification. PVP has
an average molecular weight of 10,000 g/mol. Styrene (99.9 %, Sigma) was passgial thr
an inhibitor remover column and -azols(2Zed wund
methylpropionitrile) (AIBN) was purified by recrystallization. Other chemicals were

commercially available and used as received.

ZIF-8 nanoparticles were synsized using the precipitation method reported by#an.
In brief, 1.17 g zinc nitrate hexahydrate and 22.7me2hylimidazole were dissolved in 8
g and 80 g deionized water, respectively. The zinc nitrate solution was then slowly dropped
into 2-methylimidazole solution under stirring. After 10 minutes, -Blferystals were

collected by ultracentrifugation and washed 3 times with deionized water.
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PS spheres were prepared via dispersion polymerization of styrene in methanol with
PVP as the sole stabilizer. 0.01 g PVP and 0.1 g styrene were dissolved in 2 mL methanol
The mixture was bubbled with N2 under stirring for 30 minutes. AIBN (2.5 mg in 0.5 mL
of methanol) was added. The reaction was conducted at 70 € for 24 hours and the product
was then mixed with 0.03 g Zi& nanopatrticles for 24 hours under shaking lEe®EM

characterization.

ZIF-8/PS composite spheres were also prepared via the dispersion polymerization of
styrene in methanol using a similar protocol. A typical procedure was as follows (Run #2
in Table 3-1 as an example): 0.03 g ZB~was dispersed id ml methanol containing 0.01
g PVP by sonication for 20 minutes. 0.1 g styrene was then added. The mixture was
bubbled with N2 under stirring for 30 minutes. AIBN (2.5 mg in 0.5 ml methanol) was
added afterwards, the polymerization was then conductéd@a@r 24 hours. The crude
product was centrifuged, the supernatant was decanted, and the precipitate was washed
with methanol and water for 3 cycles. ABAPS composite spheres were soaked in a
mixture of 1 M HCI aqueous solution and methanol (4/1) uhder stirring for 2 days to

remove ZIF8 nanoparticles from the raspbefilye composite spheres.

The solvothermal growth of raspbeiligke composite spheres followed the reported
protocol*¥ with some modification: 0.0269 g zinc chloride, 0.83p2methylimidazole,
and 0.0134 g sodium formate were dissolved in 10 ml methanol. Sample R #6 (see details
in Table 3-1) was redispersed into the solution by sonication, which was heated up to

85€ for a preset time period. The product was centrifuged washed with methanol.
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MOF particles and composite spheres were characterized by JEOL JSM 7000 Scanning
Electron Microscopy (SEM) and JE&I200ex Transmission Electron Microscopy (TEM).
Their particle sizes were analyzed by Nano Measure. Particlecserfac over age W
estimated wusi ngr aymadgiefdJf.r aRkcoowdoenr was conduct
6000 area detector. Ther mogravimetric anal

thermogravimetric analyzer with a ramp rat
3.4 Results and disassion

ZIF-8 nanopatrticles with an average size ofl®0 nm were prepared using a previously
reported precipitation methd# As a first try for the composite spheres in this work,-ZIF
8 nanoparticles were simply mixed with PS spheres, which wegrepared by dispersion
polymerization with PVP as the sole lutezer. It was found that almost no ZB-
nanoparticles were attached to PS surf&igufe 3-2A). The dispersion polymerization
of styrene was then carried out with ZBFas the sole stabilizer (no PVP added). The
reaction temperature was 70 €. AIBN af5 wt.% with respect to the monomer was used
as the initiator. SEM analysis of the dispersion product also showed bare PS particles with
only a few ZIF8 nanoparticles stuck to the surfaégg(ire 3-2B). This suggested that ZF
8 did not favor adhesion the PS particle surface. Finally, PVP was employed as a co
stabilizer to assist bridging Z18 particles to PS sphere. PVP has been widely used as
stabilizer for dispersion polymerization of styréff¢! It has also been used in MOF
synthesis via interfacial methot.A quick run of the dispersion polymerization was then

conducted, in the presence of both -Blland PVP (Sample R #2 ifable 3-1). The

46



Ph.D. ThesigH. Zhu McMaster Universitg, Chemical Engineering

raspberrylike PS spheres with ZIB nanoparticles evenly distributed on tlheface were
finally observed, as shown iRigure 3-2C. TEM was also used to characterize the
raspberrylike structure. The PS inner core and -BFouter seed were clearly evident
(Figure 3-2D). Finally, XRD showed that the crystallinity of ZB- particleswas well
maintained after the dispersion polymerizatidhg(re 3-2E). This experiment thus
demonstrated feasibility of the method for preparation of rasplikeryZIF-8/PS
composite spheres via dispersion polymerization of styrene witf8 24fd PVP asc:

stabilizers.

Table3-1. Experimental conditions and results from the dispersion polymerization of styrene with

ZIF-8 and PVP as stabilizér

Surfac

Z1-B PVP . MOF coht
Mean Di anfet Covertag
g g %
%

R #1 0.02 0.0: 0.84 N 28 24
R #: 0.03 0.0: 0.98 N 32 37
R #: 0.04 0.0: 1.1 N 0 32 4 4
R #¢/ 0.05 0.0: 1.1 N o. 32 54
R #¢t 0.03 0. 0: 1.2 N 0. 31 35
R #€¢€ 0.03 0.0 1.2 N 0. 31 28
#7 0.03 0. 0: 1.1 N 0. 30 27
R #¢ 0.03 0.0! 0.98 N 0. 31 23

a) All runs were carried out with 0.1 g styrene, 2.5 mg AIBN and the required amount of stabilizer

in the table in 2.5 mL methanol for 24 hours at 70 €; b) The mean diameter was calculated based
on 100 randomly selected composifgheres using Nano Measure. c¢) The surface coverage was
estimated by ImageJ based on 3 randomly selected areas (assuming flat surface). d) MOF content

was estimated using TGA.
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100nm

Simulated ZIF-8 pallem‘
—— ZIF-8/PS spheres
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Figure3-2. SEM and TEM imageéscale bar: 100 nm) of PS spheres prepared by (A) simply mixing
PS spheres with ZH8 particles; (B) dispersion polymerization of styrene with -BIF0.03 g) as
stabilizer; (C, D) dispersion polymerization of styrene with-BIF0.03 g) and PVP (0.01 g &c
stabilizers (R #2). (E) XRD pattern of the ZBPS sphere and simulated Z8Fparticles.

Stability of the raspberriike composite spheres was tested by sonicakigure 3-3A
shows the SEM image of sample R #2 after 1 hour sonication. The rasjbestyucture
remained untouched, no obvious detachment of&ifanoparticles was observed. It was
found that ZIF8 nanoparticles were partially embedded into PS spheres, whitchated

to the stability. At an early stage of the dispersion polymerization8Zt&noparticles
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moved to PS sphere surfaces. When the sphere surface was sétnameparticles
partially penetrated into the surfadggure 3-3C). As the reaction pr@eded, PS spheres
grew and became glassy, which made-Zlfranoparticles difficult to attach. This was also
the reason for the failed experiment of simply mixing-8Ilparticles and PS spheres. There
were no interactions between ZBnanoparticles and Ppheres. The penetration of ZIF

8 nanoparticles was confirmed by dissolution of-Blwith a mixture of 1 M HCI and
methanol solution (4/1, v/vrigure 3-3B shows the bare PS surface with small pits where

ZIF-8 nanoparticles resided.

100nm

. ~ &
PR Polymerization ~ “" ~ particleGrowth  ~ * ~ ZIF-8 Dissolution  ~ ‘ ~
v e . Ay ——— » -
* Styrene ~ PVP ZIF-8 PS

Figure 3-3. SEM images of sample R #2 after (A) 1 hour sonication; (B) dissolution of8ZIF

nanoparticles. (C) Scheme of composite sphere growth and dissolution.

After proof of the concept, we studied the effedtZl#--8 and PVP amounts on the
composite preparation, as well as the resulting particle structures. In the first series of
experiments, the polymerization runs were conducted with different amounts-8fafl&

fixed amount of PVP (R #4 in Table 3-1), with the objective to find the influence of ZIF
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8 on composite spherdsigure 3-4 shows the SEM images of sample R4#With their

higher magnification images inserted at the top right corner. It could be clearly observed
that all the four runs yielded thhaspberrylike ZIF/PS composite spheres and the-8IF
nanoparticles were evenly distributed on the surface of PS spheres. The sizes of 100
randomly selected composite spheres were analyzed by Nano Measure. Meanwhile,
ImageJ was used to estimate the s@faoverage of MOF particles on PS surface,
assuming flat the surface. The mean particle diameter and average surface coverage were
then estimated from the measurements, as showalle 3-1. It was found that with the
increase of ZIB amount, the meanalimet er of the spheres incre
em. This was p r-®nareopaitiges took machi RVe and this reduced the
PVP concentration in solution. Typically, lowering stabilizer concentration in dispersion
polymerization would resulhilarge polymer particles. With the increase of-Blemount,

the surface coverage increased at the beginning from 28 % to 32 % (R #1 and R #2),
followed by a levebff around 32 % (R #2 ~ R #4). The supernatant from centrifugation
after the polymerizatiobecame turbid when the ZBamount reached 0.03 g, suggesting

not all ZIF8 nanoparticles attached to the surface. The&tentent was analyzed by

TGA, which increased as the initial ZB-ratio increased. The data were higher than the

theoretical vales, which was probably due to the incomplete conversion of styrene.

50



Ph.D. ThesigH. Zhu McMaster University, Chemical Engineering

Figure3-4 SEM i mages (scal e bai8/PS chrmpositeaparticledvit®0.0dgof of Z
PVP and different amount of Zi8. (A) 0.02 g (R #1); (B) 0.03 g (R #2); (C) 0.04 g (R #4D)
0.05g (R#4).

Polymerization runs were also conducted with varying the PVP amount at a fixed ZIF
8 amount (R #2, 8 in Table 3-1), to investigate the influence of PVP on composite
spheresFigure 3-5 shows SEM images of sample R-&%vith their higher magnification
images inserted at the top right corner. Similar results could be seen from the SEM images
with varying ZIF8 amount. The raspbertike structures were clear and the distributions
of ZIF-8 on the surface were uniform. The estimated average particle size and surface
coverage data are includedTiable 3-1. The mean diameter of the particles increased from
0.98 e€em to 1.2 ¢&m, and then gradualRy dec
amount, more and more ZB nanoparticles were wrapped by PVP molecules, which

reduced the concentration of Z8nanoparticles as the stabilizer. An excess amount of
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PVP would increase the concentration of PVP as the stabilizer in the system, leading to
smaller PS spheres. However, the surface coverage changed little and remained around 32 %
because of the fixed ZIB amount. Similar to the first set of experiments, theZtentent

was analyzed by TGA and decreased as the initial PVP content incsgasedore PVP

was attached to the composite spheres.

Figure3-5.SEM i mages (scal e b ar-8PStanposit padticles ith 0.03ng) of
ZIF-8 and different amounts of PVP (A) 0.02 g (R #5)) (B03 g (R #6); (C) 0.04 g (R #7 ); (D)
0.05g (R #8).

The use of the PVP polymer and ZBFanoparticle as estabilizers in the dispersion
polymerization of styrene made the mechanisms of stabilization very complex and
interesting. PVP chains would first adsorb to -Blfhanoparticles. From the above
experimatal observations, it appeared that free PVP, free&ifanoparticle and Z

8/PVP nanoparticle could all act as stabilizer for PS precipitates from the dispersion
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polymerization. The stabilization ability of the three was in the order of free PVP |Fee Z
8 and ZIF8/PVP. ZIF8/PVP nanoparticles were not as good as free PVP and fre@ ZIF
in terms of stabilizing PS spheres. However, PVP chains adhered-&® dRoparticles

clearly helped bridging the ZiB nanopatrticle to PS spheres.

100nm

Figure 3-6. SEM images of PS/ZH8 core/shell particles prepared from Sample Run #6 via

solvothermal reaction for (A) 0 minute; (B) 10 minutes; (C) 30 minutes; (D) 60 minutes.

The raspberrjike composite spheres could bsed as a template for further MOF
growing to form PS/ZIR core/shell structures with a solvothermal method.-&ZIF
nanoparticles on PS surface served as seeds, growing into bigger sizes and finally forming
intergrown ZIF8 shell under certain condition&§ample R #6 was taken as an example.
SEM images obtained after certain period of time are showkigare 3-6. After 10
minutes of the reaction, the PS sphere surfaces were almost fully covered-By ZIF

nanoparticles, forming the coshell structure. Witlthe reaction proceeded, Z8-grains
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grew bigger and the shell thickness increased. The inner PS cores could be removed after
the seeded solvothermal growth to give-BlRollow spheres. Such hollow MOF particles

have many potential applicatiols.
3.5Conclusions

Raspbernjike ZIF-8/PS compositespheres have been successfully prepared by the
dispersion polymerization of styrene in methanol, with-g1&nd PVP as estabilizers.
The composite spheres are stable due to the partial impregnation-8fnéikoparticles
into the PS spheres. The compesphere size is influenced by the added&tnd PVP
amounts. Increasing Z18 content at a fixed PVP level increases the sphere size. Increasing
PVP concentration at a fixed ZB-content also increases the sphere size but excessive
PVP would also decase the size. This is because free PVP chains, free8 ZIF
nanoparticles and combined Z8PVP nanoparticles could all act as stabilizer for PS
precipitates from the dispersion polymerization of styrene. The free PVP and fr8e ZIF
are more effective thaflF-8/PVP in stabilizing PS spheres. However, the combined PVP
help adherence of ZIiB nanoparticles to PS spheres. The maximum PS sphere surface
coverage with ZIF8 nanoparticles is around -3RP%. The raspbertljke composite
spheres thus prepared coukldused as a template for further growth of the MOF material
from PS spheres, facilitating preparation of PS/&IFEore/shell structure with the

solvothermal method.
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4 MOF sOME VIA TRANSIENT PICKERING

EMULSION TEMPLATE

This chapter isreprinted with permission fronthe paper published irdvanced
Materials InterfacegDOI: 10.1002/admi.201@2949 by He Zhu, Qi Zhang, and Shiping

Zhu.

The idea was generated through discussion with the supervisor and the team members.
He Zhu performed experiments, provided breakthroughs, and prepared the first draft,

which was then revised by Dr. Qi Zhang @ Shiping Zhu

4.1 Paper body

Colloidosomes, are usually prepared from the-assiembly of colloidl particles atn
oil-water interface in emulsian Theyare three dimensional hollow spheres consisting of
closepacked colloidl particles as shellVarious particles have been prepared into
colloidosomes, such as polymer particfeédjron oxidel”® silicon dioxidel*'? quantum
dots[*314 noble metal*>® and mixture of these particlé$® The hollow structure and
the semipermeability, resulted from the interstices between colloidal particles, have made
colloidosomes promising in sh applications as cataly$f€? encapsulatio®*?3 and

delivery vehicles$!®?d The recent development of collodosomes fabricated from highly
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functional particles has further broadened the potential applications of these materials in

sensors, photothermal thpya and microreactdt>9

Metalorganic frameworks (MOF) are crystalline materials-asfembled from metal
ions and organic bridging ligands. They represent an emerging class of highly functional
particular materials having high porosity, large surface @aweable pore structure, high
thermal stability, and mild synthetic conditidd&® MOFs have been intensively studied
for various applications, such as cataly&87 gas adsorption and storag&? chemical
separatioh3®3d sensor$3*+3¥ solar celll*®3" pollutant treatmer£®3¥ and so on. The
design and synthesis of new MOFs have progressed very rapidly ewsdls. Various
MOF particles are synthesized and demonstrated to possess desired properties for targeted
applications. However, most of the demonstrated properties are based on single particles,
which must be fabricated into various ordered shapes angbhwiogies for real
commercial exploitations. Unfortunately, it is challenging to process and manipulate MOF

particles, as a building block, for various desired forms and architectures.

MOF-based membranes are well studied and they can be prepared drendiff
methodd*%®44 However, it is still difficult to fabricatélOF particles into more complex
structures, because of the very limited spatial control over the paltit®s. far, there are
only severalapproaches developed for preparation of MOF superstructures, including
electric field induced MOF alignmelf! LangmuirBlodgett techniqué&”*@ direct solvent
evaporation methgd® electrophoretic depositigi’®! and emulsioi? and dispersion

polymerization templat&3
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MOFsomes fabricated from MOF patrticles represent an emerging type of colloidosomes.
This type of superstructures can significantly expand the range of potential applications for
MOF materials. Theassembly of single MOF patrticles in MOFsomes introduces the
periodical pores besides the regular interstices, as well as the intrinsic functionalities that
the single MOF particle possesses. To the best of our knowledge, there was only a single
report inthe literature on the preparation of MOFsomes, which is through a bafiom
strategy> However, the development of tajpwn methods is of great importance,
especially when it comes to harsh cdiugis are required when preparing MOF particles,
where bottorrup methods are not applicablénspired by the work on gold
colloidosomes!¥ herein, we intoduce an alternative facile tafpwn approach for
fabrication of multiwall MOFsomes from Ui@6 (University of Osle66), a welknown
type of MOF materials which have been investigated for various potential appli¢ations.

1 Moreover, a second type of particles, including NI (Material Insitute de Lavoisier
96), silicon dioxide, and titanium dioxide, are incorporated as additional building blocks
into the MOFsomes, achieving various types of multicomponent and multifunctional

colloidosomes.

Colloidal UiO-66 particles were synthesized aating to a reported protocol with minor
modification[®® Scanning electron microscopy (SEM) revealed the cubic steuefuio-
66 particles (Figure £1). The particles showed a zeta potentiai3if.34 £0.06 mV,

indicating a good colloidal stability.

In order to prepare MOFsome, 8 mg U8B particles were first dispersed in 0.4 mL

water under ultrasonication. Then 4.r-butanol was added slowly to the suspension,
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followed by a homogenizing procedure at a speed of 3,000 rpm for 15 secone®6 UiO
particles absorbed spontaneously at the water/oil interface, driven byrtimization of

the total interfacial free enerdf}%2 It yielded a UiG66 stabilized watein-oil Pickering
emulsion. However, due to the partial solubility of water ibutanol (~19.7%), water
gradually diffused out into-butanol phase through the interface, leading to the shrinkage
of the water droplefThe formed UiG66 particle layer was thus compressed due to their
tendency of residing at the water/oil interface, resulting in a closely packeé@Ji&yer.
Once the first layer particles could not be compressed anymore, a second layer was formed
on thefirst layer as the diffusion of water continued, followed by third layer, forth layer,
etc., until the depletion of all MOF particles in the water dropiejure 4-1). The formed
MOFsome particles precipitated out and collected by decanting the whaikaribl
mixture. The system formed a wataroil Pickering emulsion at the start, but it finally

became homogeneous. This method is thus named as the transient Pickering emulsion.

) Uio-66
Water
- 1-butanol

Figure4-1. Fabricationof MOFsome via transient Pickering emulsion template.
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The formed MOFsomes were characterized ya¥diffraction (XRD), which showed
the same pattern as the simulated andyashesized MOF particles (Figured-3),
indicating the retention of UiB6 particles. The morphology was revealed by SEM. A
spherical MOFsome structure was clearly obser¥aglufe 4-2A & 4-2B). The resulted
MOFsome had a broad size distribution (Figdf2A), attributed to limitations of the
conventional emulsion method. The size ranffedh several micrometers to tens of
micrometers. Figurd-2B shows a perfect spherical MOFsome structure with a diameter
of ~ 15 ¢ mmagnifibagon 8BMgirhaging revealed that the MOFsome surface
consisted of closely packed cubic U8B particles (Fjure4-2C). Most MOFsomes had
intact spherical structures with only a few exhibiting chipped structures (B¢gDg The
broken structures confirmed the characteristic features of internally hollow muksiagibr

MOFsomes.

In order to control the sizef MOFsomes, a mixing solvent method was applied based
on the second law of thermodynamics (fegerimental Sectign A methanolwater
mixture was used to disperse U8B particles before applying the shear force. Three
methanolwater compositions (methal : water =5 : 95, 10 : 90, 15 : 85, in weight) were
investigated. Similar to the results of the pure water system, the MOFsomes had an intact
perfect spherical structure with a few partially broken (Figug&, 4-2F, & 4-2G). The
hollow feature wasonfirmed by SEM images of the broken MOFsomes, as well as by the
scanning transmission electron microscopy (STEM) line scan of the intact spherical
MOFsomes (Figure £3). A diameter histogram of 100 randomly selected MOFsomes

demonstrated that the ponticof large MOFsomes decreased as the methanol ratio
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increased (Figure44), attributed to the decreased surface tension of the metvate
mixture (from 62.77 to 56.18 to 51.17 mN/m at°25.!53 The estimated average diameter
data were depicted in Figude?H & Figure $1-5D. The calculated average mean diameter
showed aticipated trend, however, due to the conventional emulsion nature of the system,
the size of the MOFsomes distributed broadly, leading to a large standard error, making
the conclusion less evident. Future work will be focusing on figuring out a method to
narrow the distribution in order to get a clearer evidence. Furthermore, we also
demonstrated control of the shell thickness by varying the@&i@articleconcentration.

As shown in Figurel-2 and Figure &5, when the Ui@6 amount increased from 1% to

2%, the corresponding shell thickness increased from ab®ut £ m-8t @ m4 si nce

UiO-66 particles were assembled at the interfaces.

|
li

s 1 15 )

Methanol concentration/%

Figure4-2. SEM images of MOFsomes formed with 2% W0 in A, B,C, D) water, E) 5% methanol/water,
F) 10% methanol/water, G) 15% methanol/water, H) estimated average diameter based on 100 randomly

selected MOFsome prepared from 2% ti®and different methanol concentration.
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e MOFsome in water for 24 hours,

e MOFsome in NaOH for 10 mins
.30 4 e MOFsame in NaOH for 3 hours
= MOFsome in NaOH for 24 hours

Absorbance

400 450 500 550 600 650 700 750 800

Wavelength/nm

Figure4-3. SEM images of A, B) MOFsomes washed with water andispersed in water after 7
days, D, E) MOFsomes washed with water andlispersed in 1 N NaOH after 1 day. C) UV
adsorption of dye release for MOFsomes dispersed iarnveaid NaOH.

The stability of the prepared MOFsomes was tested by washing the samples twice
with water and by soaking them in water for 7 days. SEM images showed no obvious
disassembly of the spherical structure, which confirmed robustness of the dbtaine
MOFsomes Figure 4-3A & 4-3B). The dye encapsulation and stimdsponsive
release of the MOFsomes were then conducted to demonstrate a potential possibility
of using this type of materials. Rhodamine B (RB) was dissolved in water prior to
preparation bthe MOFsomes. The obtained dgecapsulated MOFsomes were
washed with water and thendespersed either in water or in 1 N sodium hydroxide.
The MOFsomes soaked in water showed little RB release after 24 hours, which was

probably due to the release adsarbed RB molecules on the surface layers of
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MOFsomes, while MOFsomes soaked with sodium hydroxide released significant
amount of encapsulated dye within the first 10 minutes. After 3 hours, almost all of
the encapsulated dye was released, since itsrapeegtas the same as that of the
MOFsomes soaked for 24 hours (Figuk&C). This burst release was due to
disassembly of the MOFsome structure (Fig@+8D & 4-3E), since UiG66 is
known to be sensitive to base and it decomposes under alkaline coldition.
Interestingly, we also found that the UBB based MOFsomes could be used as a
general platform to build multicomponentdamultifunctional colloidosomes. Introducing
a second type of particles having distinct physical and chemical properties could further
expand potentials of the colloidosomes. Three different particle types, includin§éviL
titanium dioxide, and siliconidxide, were incorporated into the MOFsomes prepared in
this work Figure 4-4). Figure4-4A, B, & C shows the hybrid colloidosomes consisted of
UiO-66 and MIL-96. The smaller cubes were U&B particles while the bigger darker
polyhedral particles were MR6 crystals. The MIE96 particles were well separated from
each other by the UiB6 particles. Figurd-4D, E, & F shows the Ui&6/TiO, hybrid
colloidosomes. The tiny particles were j@hich were less than 100 nm, while the bigger
cubes were Ui€b6 particles. Figuret-4G, H, & | shows the hybrid colloidosomes
containing UiG66 and SiQ. These two particles shared the same size but differed from

each other in shape. The spherical pesievere Si@Qwhile UiO-66 were cubic.
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Figure4-4. SEM images of multicomponent and multifunctinoal colloidosomes with 10% methanol, 1.5%
Ui0-66, and A, B, C) 0.5% MI96, D, E, F) 0.5% titanium dioxide,,®l, 1) 0.05% silicon dioxide.

Similar to the singleomponent UiG66 MOFsomes, the multicomponent
colloidosomes remained the intact spherical structure. The incorporation of the second type
of particles did not affect the formation of colloidosomes. Silsges of the surfaces and
chipped edges showed that the second particles were randomly distributed within the shell.
All the observed colloidosomes contained multiple components. To our best knowledge,

there have been very few reports in the literatu@bombining two or more types of
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particles in colloidosomes, while the combinations could be of great impofatite.
Therefore, this onpot method paves the way for fabrication of multicomponent a

multifunctional colloidosomes.

In summary, for the first time, we introduced a-top/n transient Pickering emulsion
templating method for the preparation of MOFsomes. The prepared MOFsomes have
spherical structure with a multilayered shell. The sizehe MOFsome seems to be
controlled by varying surface tension between the two phases through mixing different
types of solventbut need further confirmation The shell thickness can be regulated by
changing MOF concentration. Finally, this type of MOFsomes can be used as a general

platform for the preparation of multicomponet and multifunctional colloidosomes.
4.2 Experimental Section

Materials.Zirconiumd | ori de (099.5%), terephthalic a
aluminum nitrate nonahydrate (098%), tri me:
dioxide (0.15 pm), and titanium dioxide (mixture of rutile and anatase, <150 nm) were
purchased from SigasAldrich and used without further purification. Other solvents were
commercially available and used as received. The water was purified with a Barnstead

Nanopure Diamond system first before any usage.

MOF synthesisUiO-66 particles was prepared accordioghe reported protocol with
minor modificationf®? Briefly, 915 mg of zirconium ldoride and 645 mg of benzdn4-

dicarboxylic acid were dissolved in the mixture of 225 mL dimethylformamide (DMF) and

68



Ph.D. ThesigH. Zhu McMaster Universitg, Chemical Engineering

6.7 mL acetic acid. The solution was then kept at@2@sing an oil bath for 20 hours.

The products were collected by centrifuge andiveal with methanol 3 times.

MIL-96 particles was prepared according to the reported protocol with minor
modification[® Briefly, 0.375 gof aluminum nitrate nonahydrate and 0.21 g of trimesic
acid were dissolved in 14.43 mL and 10 mL mixture of water and DMF, respectively. Then
0.57 mL of acetic acid was added to the metal ion solution. The two solutions were mixed
together and transferréd an oven under 13 for 24 hours. The products were collected

by centrifuge and washed with methanol for 3 times.

MOFsome preparatiorin a typical recipe, 8 mg UiB6 was dispersed in 0.4 mL water
or 0.4 mL methanol/water mixture (~2% particle cotited mL l-butanol was slowly
added to the suspension afterwards. Then the mixture was homogenized under 3,000 rpm

for about 15 seconds and put still for 24 hours before any further tests.

Dye encapsulation and releas€he recipe was the same as the nérm@Fsome
preparation (methanol : water = 10 : 90), except that 0.1 m§Rilodamine B aqueous
solution was used instead of water. It should be noted that not all dye molecules were
encapsulated due to the fast exchange between waterlautdrbl. The ppared dye
encapsulated MOFsomes were washed with water twice, atidpersed either in 2 mL

water or in 2 mL 1 N NaOH in order to test the dye release behavior.

Multicomponent colloidosome preparatioBimilar to the procedure of the above
MOFsome pregration, 1.5% Ui@66 and a second type of particle (0.5% MI&, 0.5%

TiO2, 0.05% SiQ) were dispersed in methanol/water mixture (10% methanol). 4-mL 1
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butanol was slowly added to the suspension afterwards. Then the mixture was
homogenized under 3,000 rdor about 15 seconds and put still for 24 hours before any

further tests.

CharacterizationJEOL JSM 7000 Scanning Electron Microscopy (SEM) and JEOL
2010F field emission Transmission Electron Microscope (TEM) were used to characterize
the Ui0-66 particles MOFsomes, and multicomponent colloidosomesa¥ diffraction
(XRD) was carried out on the Cu SMART6000 rotating anode diffractometer. Zeta
potential of the UiG66 particles was obtained on Brookhaven Instruments PALS Zeta
Potential Analyzer. UV adsorpin of the dye containing water was determined by DU 800

UV/Vis Spectrophotometer.

Mixing Solvent Methodased on the second law of thermodynamics, the change of free

energy before and after the emulsion forms can be expressed as:
3 3lr 433

wheres is the change of free energy, is the change of surface area, is the
surface tensiort is temperature, an®3  is the configurational entropg$? Under most

circumstances, the first term is far more significant than the second, thus
3r

Therefore, at a given energy in the emulsion preparation, a decreased surface tension
between two phases is compensated by an increase in the surface area through the

formation of smaller droplets.
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4.5 Supporting information
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Figure SI-1. SEM images of the as synthesized Wi particles.
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Figure SI-2. XRD pattern of simulated MOF, as synthesized MOF particle, and the fabricated MOFsome
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Figure &-3. STEM image of the MOFsome prepared with 10% methanol and 2%68j@nd its hollow
nature revealed by STEM line scan.
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Figure Sl-4. Statistical analysis afiameter based on 100 randomly selected MOFsomes. A) 1%6&)&nd
5% methanol, B) 1% Ui®6 and 10% methanol, C) 1% U#® and 15% methanol, D) 2% Ui€b and 5%
methanol, E) 2% Uiag6 and 10% methanol, F) 2% U&B and 15% methanol.
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Figure 1-5. SEM images of MOFsomes formed with 1% W80 in A) 5% methanol/water, B) 10%

methanol/water, C)15% methanol/water, D) estimated average diameter based on 100 randomly selected
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5 ASSEMBLY OF METAL T ORGANIC FRAMEWORK
INTO 3D HIERARCHICAL POROUS M ONOLITHS
USING A PICKERING HIGH INTERNAL PHASE
EMULSION TEMPLATE

This chapter igeprinted with permission frorthe paper published i€hemistryA
European Journa(DOI: 10.1002/chem.2016003)LBy He Zhu, Qi Zhang, and Shiping

Zhu.

The idea was generated through discussion with the supervisor and the team members.
He Zhu performed experiments, provided breakthroughs, and prepared the first draft,

which was then revised by Dr. Qi Zhang and Dr. StggZhu

5.1 Abstract

3D Hierarchical porous metarganic framework (MOF) monoliths are prepared by
using Pickering high internal phase emulsion (HIPE) template. Pickering HIPEs were
stabilized solely by Uids6 MOF particles with internal phase up to%®f the volume.
The effects of internal phase type and volume, as well as MOF particle concentration on

the stability of resulting Pickering HIPEs were investigated. Furthermore, by adding small
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amount of polyvinyl alcohol (PVA) as binder or polymeripatin the continuous aqueous
phase, followed by freezgdrying, two types of MOMased 3D hierarchical porous
monoliths with ultralow density (as low as &Py 'é) mere successfully prepared. This
Pickering HIPE template approach provides a facile andipahevay for assembling of

MOFs into complex structures.
5.2 Introduction

Metalorganic frameworks (MOFs) are a class of attractive porous crystalline materials,
prepared from selissembly of metal ions and organic bridging ligdhésThey have
received considerable attentions due to their large surface area, designable pore structure
and functionality, high thermal stability, huge porosity, and sé"®riThese unique
properties have made them promising in diverse applications, including gasétbeamgk
separatio>® chemical sensin;? catalysig®*! waste water treatmeh£'d proton
conductors*** and drug deliver{*5'7 In addition to the enthusiasms in synthesizing new
MOFs[*81  postmodification of existing MOF&%?Y and preparation of MOF
membrane&?%d the studyon fabrication of MOEinto complex structures has become an
emergng hot topic recentl{?4 However the preparationf MOF materials in an ordered

manner is still challengingrobably due téimited spatial control over MOF crystals.

Bottomrup strategy has been applied the preparation of different MOF architectures
Premodified templates, such as alumina bé&dispesoporous silica spheré8,alumina
aerogel$?™ and polystyrene spher&&?9 were commonly used to facilitate the growth of

MOF particles into complex structures (mostly MOF spheres). Litigidd?*3¥ and
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liquid-air®>%¥ interface templates were also able to prepare MOF hollow spheres.
Compared with bottorap methods, tojlown methods have a clesmdvantage in allowing
presynthesis and characterization of wadifined MOF particles. However, it is
challenging to position MOF particles after synthesis. Patterningymthesized MOF
particles into a desired form often requires more control ovesystem than synthesizing
MOF particles from a patterned template. Nevertheless, the developmentddviop
methods is of great importance. In addition to the advantage e$yptkesis and
characterization, some MOF particles could only be synthesizezt lniagdsh conditions,

where bottorrup methods are not applicable.

A comprehensive review of literatures reveals much fewer reports @otp methods
than bottorup methods.Zero-dimensional (OD)MOF spheresare usually obtained
through emulsion polymeritiort*¥ and dispersion polymerizati¢#? Onedimensional
(1D) MOF chais have been achieved by applying AC electric field to induce dipolar
attractions, leading to the alignment and linkage of MOF parfideswo-dimensional
(2D) MOF thin films can be prepared through LangrBlwdgett techniqu&’
evaporation of salt solutid® and electrophoretic depositif? So far, three

dimensional (3D) assembsof MOF particleshave beemarely reported.

High internal phase emulsions (HIPEs) are emulsions that contain more than 74%
internal phase of the emulsion volufreThe ultralow ratio of the continuous phase makes
HIPEs highly viscous and, thus they are also called emulsion gels. The unique properties
of HIPEs offer them a high potential in such applications as food, cosmetics,

pharmaceutical, and many other arédsConventional HIPEs are stabilized by large
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amount surfactants (typically 20%), such as iweod dodecyl sulfate (SD$)?
cetyltrimethylammonium bromide (CTABY! and Span 803 Recently, particle
stabilized HIPEs, i.e. Pickering HIPEs, have drawn great attentions. Tfthsikga 4”43
microgel[*¥ cellulose nanocrystals (CNEY lignin,[®¥ and carbonaceous microsphere
particle$®? have been used as Pickering surfactants to stabilize HIPEs. Compared with
conventional HIPEs, Pickering HIPEs provide several advantages. Firstly, the irreversible
absorptbn of particles at the interface leadsiorestable emulsioH."53%4 Secondly, the
particles at interface can functionalize the cell waflporous materials once HIPEs are
polymerized. The latter provides a great opportunity for development of novel

materiald#649

The use of Pickering HIPEsas template for preparation afacroporous materials
representsa promising practical wayfor sophisticéeed manipulabn of particles. The
objective of this work is to assemble MOF particles into a-defined 3D structure
through Pickering HIPEsIt is hypothesized thaBD hierarchical porous material is
achievable iMOF particlescould stabilizeHIPEs. Herein, we report, for the first time, the
preparation oMOF-stabilizedoil-in-water Pickering HIPESHgure5-1). Weinvestigated
the effect ofinternal phase volume andOF particle concentration othe stabilityof
resuling Pickering HIPEs. Pickering HIPEs were then employed to prepare-b4Sé&d
3D hierarchical porous monoliths with ultralow densitypugh addition of small amount
of polyvinyl alcohol (PVA)as binderor throughpolymerization othe continuous aqueous

phase, followed by freezgrying, To the best of our knowledge, there is no report to date

83



Ph.D. ThesigH. Zhu McMaster University, Chemical Engineering

on Pickering HIPEs solely stabilized by MOF particles, or the preparation ofh4Sé&d

3D hierarchical porous monoliths through a PickeringEltemplate
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Figure5-1. Schematic preparation of Pickering HIPESs stabilized by MOF patrticles.

5.3 Results and Discussion

In order toprepare HIPE we first synthesizeMOF particles a®ickering surfactant
UiO-66 (University of Osle66) was chosen awmodel systemdue to its high stability
towardssolvents and chemicals, as wellitshigh potential invarious applicatiog!>>>%

It was prepared through a hydrothermal method by using acetic acid as md&lator.
Scanning electron itroscopy (SEM)images $Hupporting InformationFigure $%-1)
revealed that the resultant paritcles were cubic in shape and monodispersed irrajze. X

diffraction (XRD) confirmed the cryatline structure of Ui@66 particles $upporting
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InformationFigureS5-2). The extra & peak at 12was associated with solvent binding in
UiO-66 particles, which has been studied in detail in the liter&ttifghe particles showed
a zeta potential 030.34 £0.6 mV at room temperature in waterdicating a relative

hydrophilicity, which wouldpreferentially stabilize oiin-water ©/w) emulsions

MOF particle stabilized HIPEs were prepared by applying high shear forces to the
mixture of cyclohexane and 5 wt.% of U® aqueous dispersion (80% oil phase volume).
After homogenied at 10,000 rpm for 1 minutea highly viscougstoothpastdike gel
emulsion was diained suggeting the formation of HIPEPickering emulsions witlan
internal phasevarying from 70 to 92 vol.%, were thenpreparedby using the same
procedure and keeping the MOF concentration consténivaa Theresults wereshown
in Figure 5-2A (taken after 24 durg. For the Pickering emusliohaving 70 vol.%
dispersed phase fractiothe emulsion was quite stable without any obvious phase
separatiorafter24 h, although its internal phase diat reach 74 vo%%. With the internal
phasebetween75 and 90 vol.%, thélIPE was typicallyhighly viscosity and remarkapl
stable. These results clearly demonstrated the ability of MOF particles in stablizing HIPEs.
As far as we know, this work represents fingt Pickerng HIPEsystemstabilized solely
by MOF particles.These emulsions were still stabtéddter 2 montrs, with no phase
separation observedHowever further addition of oil to 92 vol.% led to a highly viscous

emulsion surrounded by o#imilar to HIPEs staided by silicd*”

The obtained MOF stablized HIPEgere then examed by confocal microscopy.
Aqueous phse was stained with FITC (25 mg') beforetaking confocal microscopy

images Interestingly, we found that Ui®6 particles absodu FITC, which made the
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particlesvisible underthe confocal microscopyAs shown in Figuré-2B, mostdarkoll
dropletsweresphericaland hadsizes varying fromtens to hundreds of micrometeifhe
fluorescentUiO-66 particlescould beclearly seen at the interfacas well as in the
continous phasélhe particles absorbed the interfac@rovided sufficientbarrier against
coalescencef the oil dropletsThe excesMOF particles in the continuous phasere
closely packed togethewhich resultedin a dramaticincrease inviscosity and thus
inhibited creaming and phasaversion. There was some similarity tthe previousy
reported microgestabilized HIPE$! since bothMOF and microgelparticles could

absorb wateralthough microgel was much softer than MOF

We then carried out a systematic investigation on the effect of MOF patrticle
concentration on the stability of the result@dkering HIPESFigure 52C; Supporting
Information FigureSs-3). Figure5-2C showed the appearance of HIPEs having an internal
cyclohexane phase of 801.% stabilized by different amowwf UiO-66 particleslt was
foundthat1 wt.% particle loading wasufficientto yield a stablePickering HIPEIt is in
strong contrast to theonventional HIPEswhich usually require -50% surfactant,
typically 20%, tostablize the systen®2¢d However, some amount of cyclohexane was
expelled out after 24 hours from the Pickering HIPEs stabilized by 1 wt.%68i@hile
the others stayed the same as freshly prepared. In additionumetfaat UiG66 particles
were also able to prepare Pickering HIPEs with differéppes ofinternal oil phases.
Emulsions based commonly used solvestgeh agyclohexane, hexanépdecar, and

toluene were stabilized by 5 wt.% UKB6 particles with amternal phase of 800l.%,
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suggestinghe versatility of this systenm the preparation oflifferent Pickering HIPEs

(Figure5-2D; Supporting Informatiorrigure S5-4).

92% 90% 85% 80% 75% T70%

{114k

100 ym

Dodecane Hexane Toluene Cyclohexane

Figure5-2. A) Optical images of MOF stabilized Pickering emulsions with different internal cyclohexane
phase volume from 70% to 90%, where the continuous aqueous phase of all the mixtures consists of 5 wt.%
of UiO-66 particles. (The volume of aqueous phase was hatbe case of 90% and 92% internal phase.)

B) Confocal image (scale bar: 100 pm) of HIPE with 80 vol.% of cyclohexane oil phase, stabilized by 5 wt.%
of UiO-66 particles. Water phase was stained with FITC prior to the test. The emulsion was excised by la
with wavelength of 488 nm. C) Pickering HIPEs stabilized by different amofitiO-66 particles, from 1

to 5 wt.%, with an 8@ol.% internal cyclohexane phase. D) Pickering HIPEs with ano8®6 internal oil

phase prepared with different solventsere the continuous aqueous phase of all mixtures contai¥ wt

of UiO-66 particleswith respect to watestained with FITC).
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Figure5-3. A) Optical image of MOF/PVA porous monolith on a dandelion flo@@ensity=15 mg cr). B,
C, D) SEM images of the MOF/PVA porous monolith. The monolith was prepared from Pickering HIPE
with 80 vol.% of cyclohexane internal phase stabilized by 5 wt.% of@fi@articles with the help of 1 wt.%

PVA in agueous phase. E) &ltheoretical, calculated density, and the volume shrinkage percentage of the
MOF/PVA porous monolith.

Since the MOF patrticlesereassembled within thequeouphase oPickering HIPEs

how to use this template to prepare uséfararchicalMOF materialswas of our major
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interest in this workDirect evaporation of solvenwithout performinganypolymerization

has been reported fprepaation ofordered structures in the cases of microgel and CNC
stabilized Pickering HIPE&>*¥ However, in our case, simply freedeying of the MQF-
stabilized Pickering HIPEs would lead to collapsing of the ordered struc&uppdrting
InformationFigure $-5), probablydue to weak interactions between the MOF particles.
Thereforewe added 1 wt.%olyvinyl alcohol PVA) (with respect to wategsan adhesive

to the aqueous phase before applying high shear forces to the oil/water nAigtargood
emulsifier, PVA helped to stabilize the Pickering HIPEs, but more importantly, it also acted
as an adhesive to bind MOF particles together so thatatoeip structure could survive
upon removal of the solvent. The resultant Pickering HIPEs therdreezedried for 18
hours,and afree-standingUiO-66/PVA porous monolith wasuccessfully achieveds
shown in Figurés-3A. The monolith showedneopericell foam structure with pore sige
ranging from tens to hundreds of mioretes (Figure5-3B & 5-3D), which is comparable
with the oil droplet diameters of the precursor emulsidrtee foam wall was constituted

of UiO-66 particles that wereloselypacked together arfabndedby PVA (Figure5-3C).

The UiO66 particls within this porous monolithremained its crystallinity as
confirmed by XRD $upporting InformatiorFigure $-2). The density of the prepared
porous monolith could be controlled by fiening internal oil phase volume. The
measured and theoretical densities were shown in Fig8Ee The measured densities
were slightly higler thanthe theoretical ones, indicating there was some volume shrinkage
during the freezelrying process. As theniernal phase increased, the density of the

monolith decreasedyut the volume shrinkage increased from about 16% to 50% due to
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more internal phase was removed (Figtf8E). Ultralight porous monoliths could be
obtained witha density as low a42 mg cm®, making it possibldo sit on a dandelion
flower (Figureb5-3A). This template of Pickering HIPHsves theway of fabricatinglOF

particles inta3D hierarchicaporous materialaith ultralow density

On the other hand, dding monomers to the continuous phase in preparation
poly(Pickering HIPEs) isalso a commorpractie to prepare porous matesats4”52
Herein, we added acrylamide (10 wt.% with respect t@ryas monomer, bisacrylamide
(5 wt% with respect to the monomer) as crosslinker, and-a2gbis(2
methylpropionamidine) dihydrochloride (V50) (5 wt.% with respect to the monomer) as
initiator to the UiG66 aqueous dispersion. We then prepared the HIRE &0 vol.%
toluene internal phas@olymerization wagarried outby heating theesuled Pickering
HIPE at 60 °C for 24 hoursAfter evaporation of the solvent for overnight, it was freeze
dried for 18 hours in order to remove the residual water witienpolymer matrix, and

finally a white porous monolith was obtained.

The monolith was alseery light with an emated density of around 50 negv3, and
ableto siton a dandelion flowe(Figure 5-4A). XRD resultconfirmedthe retaining of
UiO-66 crystallinity (Supporting Informatiofrigure $-2). SEM images revealaticlosed
cell structureof the poly(Pickering HIPE(Figure5-4B). The size of the cells ranged from
tens to hundreds of micrometers, and the cell wall was decorated witb@Jpartides
(Figure5-4C & 5-4D). The reason of forming closexkll structure here rather than open
cell structure in the case of MOF/PVA monolith could be attributed to the wall thickness

being formed® Acrylamide was 10 wt.% with respect to water in the aqueous phase,
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which was much more thdnwt.% of PVA in the MOF/PVA monolith. Upon removal of
the solvent, the latter had thinner wall and thus tended to form arcepatructure, while

the former was thicker for a closed cell structure.

Figure5-4. A) Optical and B, CD) SEM images of poly(Pickering HIPE) with different magnification.

A final point worth to be pointed out is that an independent paper appeared very recently
also demonstrated the concept of M@dhtaining HIPES®® However, the present work
systematically studied the effects of internal phase type and volume, as well as MOF
particle concentration, on stability of the resulted Pickering HIPEs. PickelPE with

its internal phase up to 90 % solely stabilized by 880MOF particles were achieved. In
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addition, the MOF particles used in this work (U86) has better stability against

hydrolysis.

To conclude, we havauccessfully developeduseful buteasy way for th@repaation
of 3D hierarchical porouOF monoliths through PickeringHIPE template Pickering
HIPEs were stabilized solely hyiO-66 particles withtheinternal phase up to 90 vol.%.
The effecs of the internal phasetype and volume, as well athe MOF particle
concentration on the stabilitgf Pickering HIPEswere investigatedFurthermore, by
adding small amount of polyvinyl alcohol (PVA) as binder or polymerization in the
continuous aqueous phase, followed by feedwing, two types of MOF-based 3D
hierarchical porous monolishwith an ultralow density(as low as12 mgcn?) were
successfullyachieved This Pickering HIPEs templasgoproach providea practicaway

to construcMOF particlesinto complex structures
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5.6 Supporting Information

Experimental
Materials

Zirconium chloride (099.5%), terephthalic
alcohol (average Mw 133 kD, 98% hydrolyzed) (PVA), bisacrylamide (97%), and-2,2'
azobis(2methylpropionamidine) dihydrochloride (97%) (V50) were purchased from
SigmaAldrich and used without further purification. Acrylamide (SigMdrich, 97%)
was purified by recrystallization. &¢r solvents were commercially available and used as
received. The water was purified with a Barnstead Nanopure Diamond system first before

any usage.
MOF synthesis

UiO-66 was synthesized according to the reported method with minor modifigation.

Briefly, 915 mg of zirconium chloride and
225 mL di methyl formamide (DMF) <containing
kept at 120 -C for 24 hours. Afteolectedol i ng

by centrifugation and washed with methanol for 3 times.
HIPE Preparation

UiO-66 stabilized Pickering HIPEs were prepared by applying high shear forces to the

mixture of oil and aqueous dispersion of WO particles. Typically, 50 mg of Ui66
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was dispersed in 1 mL of water under sonication. 4 mL of cyclohexane (80% internal phase)

was added into the aqueous dispersion under 10,000 rpm for about 1 minute.
Preparation of porous MOF monolith

UiO-66/PVA porous monolith was prepared by fredeging of the aforementioned
Pickering HIPEs except for that 1 wt.% PVA aqueous solution was used instead of pure
water to disperse UiB6 particles (cyclohexane as internal phase). Aftergregionof the
UiO-66/PVA HIPE, it was placed in freezer for overnightrder to fully freeze the HIPE,

and then it was freezdried for 18 hours.

Poly(Pickering HIPE) was prepared by conducting polymerization %t & 24 hours
of the aforementioned Pickering HIPEs of 80 vol.% internal oil phase (toluene) except for
that the aqueous phase contains 10 wt.% acrylamide (with respect to water) as monomer,
bisacrylamide (5 wt.% with respect to the monomer) as crosslinker, and V50 (5 wt.% with
respect to the monomer) as initiator. The obtained poly(Pickering HIPE) wasl jatace
fumefood overnight, in order to remove toluene before it was transferred to the freezer.
The frozen poly(Pickering HIPE) was then freglzeed for 18 hours to remove the residual

water trapped in the polymer matrix.
Characterization

JEOL JSM 7000 Seming Electron Microscopy (SEM) and Zeiss LSM 510 Meta
Confocal Microscope (CLSM) were used to characterize the-8&iQparticles, the
Pickering HIPEs and the UiB6/PVA porous monolith. Water phase was stained with

fluorescein isothiocyanate (FITC) befdhe CLSM test. IKA T18 digital Ultr& urrax was
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used to provide the high shear forceray diffraction (XRD) was carried out on the Cu
SMARTG6000 rotating anode diffractometer. Zeta potential of the-&G(particles was
obtained under ambient temperaturghwwvater as solvent on Brookhaven Instruments

PALS Zeta Potential Analyzer.

[1] G. Lu, C. Cui, W. Zhang, Y. Liu, F. GluemistrgAn Asian Journ@013 8, 69-72.

Figure $-1. SEM images of Ui@66 particles.
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= Simulated UiO-66
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Poly(Pickering HIPE)
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Figure $-2. XRD pattern of simulated and -agnthesized Ui@6 powder, poly(Pickering HIPE) and
MOF/PVA porous monolith.

Figure $-3. Confocal images of Pickering HIPEs stabilized by different amounts of@8iQarticles, A) 1
wt.%, B) 3 wt.%, with 80 vol.% internal cyclohexane phase Water phase was stained with FITC. The

emulsion was excited by laseitivwavelength of 488 nm. Scale bar: 100 pm.
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Figure $-4. Confocal images of the emulsion with 80% of internal oil phase: A) toluene, B) hexane, C)
dodecane. Water phase was stained with FITC. The emulgs excited by laser with wavelength of 488

nm. Scale bar: 100 pm.

MCMASTER - SEI 3.0kv X500 WD 6.0mm 10pm

Figure $-5. SEM image of the collapsed MOF structure after fresigng. This was prepared from
Pickering HIPE with 80 vol.% of cyclexane internal phase stabilized by 5 wt.% of 8#&)particles without
the help of 1 wt.% PVA in aqueous phase.
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6 FLEXIBLE AND POROUSNANOCELLULOSE

AEROGELS WITH HIGH L OADINGS OF METAL -

ORGANIC FRAMEWORK PARTICLES FOR

SEPARATIONS APPLICATIONS

This chapter isreprinted with permission fronthe paper published iAdvanced
Materials (DOI: 10.1002/adma.2016013pkhy He Zhu,Xuan Yang, Emily D. Cranston,

and Shiping Zhu

The idea was generated through discussion with the supervistiteatehm members
Xuan Yang prepared CNCs, aerogels, and did DLS tests. Xuan Yang and He Zhu
conducted SEMHe Zhuprepared MOFs and conducted PXRD,-Wié adsorption, TGA,
and ICROES. He Zhu processed the datad prepared the first draft, which wasrthe

revised byXuan Yang, Dr. Emily D. Cranstaand Dr. Shiping Zhu.

6.1 Paper body

This work overcomes the longstanding challenge of processing -angtaiic
framework (MOF) powders into a convenient and tailorable form by entrapping them

within a cellubse nanocrystal (CNC) aerogel. MOFs are a new class of porous materials,
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assembled from metal ions or ion clusters bridged by organic ligands. Since the pioneering
work on MOF5 reported by Yaghi and esorkers!! MOFs have received great attention

due to their large surface area and porosity, high thermal stability, and tunable pore
structure. MOFs have shown great potential in various applications including gas
separatiolt® and storagé:® chemical sensing,” catalysig®® and so on. Designing and
preparing new MOF&%'3 postmodification of existing MOF&:>!4 and fabrication of

MOFs into differentstructure8>'" are currently of great interest. However, due to the
crystalline nature of MOFs, they are most coomhy found in powder form and their
processability and handling remain a significant challélyetegrating MOFs onto or
within various substrates to produce a shapeable;etiosent, and chemically inert

product is one way to expand the potential applications of these functional materials.

The depsition and growth of MOF particles on substrates has become a highly
researched area but is severely constrained by the physical and chemical requirements of
the substrate and gives materials with limited function&i&? Usually surface
modifications are needed in order to increase the compatibility between MOFs and
substrates, and while different methods to grow MOFs exist, including solvoth&rfdal,
secondary?3?4 layer by layergrowth[??8 and electrochemical depositi&i?® the
substrate haveto be stable during thgrocess or restricted synthetic conditions must be
employed?®3d Incorporation of MOF particles onto polymer or fiber substrates (of both
syntheti€**®d and natural origiti®*?), by blending, deposition d@m situgrowth, has been
demonstrated. However, while these apphes overcome some of the disadvantages of

preparing MOFonly materials or planar MOF films, most examples reported to date are
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either limited by low MOF loadings or reduced flexibilitg*>49 One alternative approach
used to avoid processing or depositing MOFs is to produce metal organic framework gels
(MOGs) which arehigh surface area MOkke materials but they generally lack the

ordered crystal lattice and desired physical properties of Nf&fk.

Nanocellulose shows great promise for use as a supporting suffSt?ate templating
material®>3, especially in the form of cellulose aerogels and foams, because of its high
strength, light weight, low cost, ndoxicity and itsability to be processed easily in
water!>*59 Cellulose nanocrystals (CNCs), cellulose nanofibrils (QNBEad bacterial
cellulose are the most common types of hanocellulose which are now being produced with
consistency in industrigdcale quantities yet few commercial products €3st.
Interestingly, CNCs and CNFs V& been found to help unstable colloidal nanoparticles
like carbonnanotubes (CNT), boron nitride, manganese dioxide or molybdenum disulfide
suspend better in watéP>"%8 Moreover, the csuspended nanoparticles can be processed
to give hybrid nanocomposites with uniform distribution of comporéht®nly one
literature example exists combining MOFs and nanocelluloge;ah elegant study of
growing MOFs (up to 44 wt.% loading) situon CNFs and preparing a densphcked
film supported by filter paper for gas separatitiue to the combination of amorphous
and crystalline cellulose regions in CNFs, they are known to pack well, forming good
barrier films with low oxygen permeability, and when the MOFs were incogubiatly
gas molecules smaller than the MOF pores could penetrate tHeilm contrast, we use

highly crystallinerigid rod-shaped CNGanoparticles. When crofisked together, the
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nanoparticles form highly porous sslipported 3D materials, which have tailorable

absorbent and mechanical performafieg!

Herein, we report a facile andvel method to combine functional MOFs and structural
CNCs into a flexible and porous aerogel with hierarchical structure without the use of
chemical modifiersThe hybrid materials are prepared through a straightforwardetol
process, followed by freemdrying[*d Three different MOFcontaining aerogels are
demonstrated with up to 50 wt.% of uniformly distributed MOHsis new strategy is
based on orthogonally functionalized celluloses, which are prepared via simple water
based chemistry through multistep procedsempart crostinking ability. The celluloses
individually form colloidally stable suspensions (or solutions) but assemble into covalently
crosslinked clusters with entrapped MOFs, when mixed togefhiee. combination of
MOFs, crosdinked clusters ah freeze drying, gives hybrid aerogels with hierarchical
pores that remain intact in liquid under compression. MOFs retain their crystallinity,
porosity and accessibility in the aerogel format making them ideal absorbents for water

purification and othereparations applications.

Hybrid MOF aerogels were prepared by mixing MOF particles with dnoksable
CNCs to form a stable colloidal suspension in water, and then added to an aqueous solution
of crosslinkable carboxymethyl cellulose (CMC). More spedflg, crosslinkable
celluloses were based on aldehyde modified CNCs (CHNQs) and hydrazide modified
CMC (NHNH>-CMC) which form hydrazone crod$isks when in contact. The mixture
thus contained crodmked clusters composed of MOFs trapped in CNCs dioked to

CMC, however these clusters remained colloidally stallie. MOFcellulose interaction
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is primarily due to physical entanglement and van der Waals interactions between MOF
particles and cellulogé” The suspension of clusters was frozen and freleiee to prepare

the hybrid aerogels shown schematicallfrigure 6-1A. Three MOF types with different
sizes and functionalities were synthesized and successfatigporated into the cellulose
aerogels, including zeolitic imidazolate framew@KZIF-8),52 University of Osle66
(Ui0-66) /53 and Material Institute de Lavoisi&i00(Fe) (MIL-100(Fe))*4 The resultant
hybrid aerogels were uniform, flexible, and could easily be handled without any loss of
structural integrity (Figuré-1B and Supporting Information Vide®4). Powder Xray
diffraction (PXRD) of the aerogels showed that the MOFtallysity was retained during

the processing (Supporting Information Figufe1s.

ZIF-8 Ui0-66  MIL-100(Fe) ZIF-8 Ui0-66  MIL-100(Fe)

Figure6-1. (A) Schematic of MOFeellulose hybrid aerogel. Photographs of (B) CREIC based hybrid
aerogels (CNC:.CMC:MOF=1:1 by weight), and (C) alLNC based hybrid aerogels
(CNC:CNC:MOF=1:1:1 by weight); aerogels are about 7 mm in diameter and 5 mm in height.
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Similarly, hybrid aerogels were prepared without CMC such that the substrate was
entirely composed of orthogonafiynctionalized CNC nanopatrticles (i.e., CHENCs and
NHNH2-CNCs)!%¥ However, when high loadings of MOR&re used the hybrid aerogels
exhibited a more loosely connected structure and fell apart easily (Bguee As the
MOF particles and CNCs are both rigid crystalline structures we believe that the ability to
form CNGCNC crosdinks is sterically hindexd in this system and thus the flexible

NHNH2-CMC is needed to gives aerogels with robust mechanical behavior.

The loading of MOF patrticles within the cellulose aerogels can be controlled by tuning
the ratio of the three components in the initial suspessibiG-66-containing aerogels
were chosen as an example to investigate the effect of MOF loading on the aerogel
morphology and performancél/e achieved loadings as high as 50 wt.%, above which the
clusters were no longer stable in suspension and vigtlynented; as such, these mixtures
could not be processed by the-gel method which requires uniform dispersions prior to
the ice crystal templating (freezing) stéyerogels with 20, 33.3, and 50 wt.% U&B
added were prepared and characterizettiéymogravimetric analysis (TGA) and scanning
electron microscopy (SEM). The Uib loadings determined by TGA were consistent
with the nominal values indicating that all MOFs added to the suspension were
incorporated into the aerogel (Supporting Inform@tirable $-1 and Figure 6-2). The
hybrid aerogels had ultralow densities, increasing slightly with MOF loading from 18.4 +
0.2 mg/cnd for 20 wt.% to 22 +1 mg/crhand 32.8 +0.4 mg/crhfor 33.3 and 50 wt.%
MOFs, respectively. This implies that we havgn#icant control over the MOF loading

and density and that the aerogels are extremely porous with a large accessible surface area.
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Figure 6-2. SEM images of Ui@6-containing cellulose aerogels. (Agerogel with 20 wt.% UiG66, (B)
aerogel with 33.3 wt.% Ui@6, (C, D, E, F) aerogels with 50 wt.% U#B at different magnifications.

The morphology of these hybrid aerogels was studied by SEM to investigate the
hierarchical structure{gure 6-2). In gereral, all aerogels exhibit a similar internal pore
structure, consisting of micro pores from the wafined MOF pores (not visible by SEM),
meso pores between the crbss nked CNCs and CMC whi ch make
structure, and macro pores teated from the ice crystals that grow when the suspension
of clusters is frozen. Additionally, MOF p:
no MOF agglomerates are observed. We believe this uniformity stems from the ability for
CNCs to aid in thesuspension of MOF particles and the regularity in the dnoksd

clusters, highlighting the intricacies of our processing method. The versatility of the

110



Ph.D. ThesigH. Zhu McMaster Universitg, Chemical Engineering

approach is also confirmed through the preparation of aerogels wihatié MIL-100(Fe)

which exhbit similar morphology (Supporting Information Figuré-3.

At low MOF loadings, macroscopic regions without any MOFs are observed in the
mesoporous fdwall s o0 6&A and@28); haweveo atehlgls MQFFi gur
|l oadi ngs, t he i wtly IMOBE (rartides €Figupes6E and b6-2Fx n
Importantly, the MOFs appear entrapped within the cellulose matrix and are not merely
attached to the surface (Fig@&F). This structure is predicted to minimize MOF loss and
leaching during use, as tested beldrhe high MOF loading achieved and the porous
structure of the aerogel indicate that we have produced a novel hybrid material, which
retains the favourable properties of both MOFs and CNCs. We expect that the morphology
of the aerogels has led to onetloé highest surfaearea accessible and lightweight MOF
containing materials reported to date. While M@#y powders/films are known to have

higher surface areas than hybrid materials, they are difficult to process into useful forms

Although MOFs are imtnded for various applications, here we test the water purification
abilities of our hybrid aerogels to demonstrate that the MOFs are still functional when
entrapped in the cellulose matrix. This is a particularly promising application area for this
type d material as CNC aerogels are recognized to function as absorbents and can take up
more than 100 times their own mass in water, be compressed to remove the liquid and re
used® Specifically we looked at using the UiB-containing aerogels to remove the
hazardous compound potassium dichromate, which is the most toxic form of chromium,
Cr(VI), which often ends up in water streams due to industrial poll{fié#. In the test,

a small aerogel (~0.8 dnwas placed into 10 mL of an aqueous solution containing 10

111



Ph.D. ThesigH. Zhu McMaster Universitg, Chemical Engineering

mg/L potassium dichromate. The Cr(VI) contaminated water was initially light yellow but
became colorless after the hybrid aerogel adsorbed the contaminants, wieleselythe
color of the hybrid aerogel itself changed from white to light yellBigy{re 6-3A). This
color change due to water purification was even more striking in the case ¢f0@(Ee})

containing aerogels which removed Rhodamine B (Supporting Infammigigure $-4).
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Figure6-3. (A) Photographs of the contaminated aqueous solution before and after adsorbing Cr(VI) in the
aerogel with 50 wt.% UieB6 and (B) the time dependent adsorption (correlatiovecwas drawn using the

kinetic parameters calculated from the psesdoondorder model) and pseugecondorder plots (inset).

(C) Photographs showing that a wet hybrid aerogels (50 wt.%6688)an be incorporated into a syringe

and compressed fully ke piston (top left), also shown from the bottom view of the syringe (top middle).
When removed from the syringe, the compressed aerogel in air maintains the shape of the container it was
compressed in (top right) but recovers its original shape completedn place in solution again (bottom),

this is also demonstrated in the Supporting Information Video S1.

The adsorptive capacities:(im mg/g) of the MOF particles within the aerogels at
different times (t) were obtained to study the kinetic behagiee Experimental Section
for details). The tima&lependence of the adsorption was Jigid to a pseudsecond

order kinetic model with rate constant(kigure6-3B and Supporting Information Figure
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S6-5) which is the expected diffusion limited behavar MOFs and implies that the
cellulose support is not hindering the accessibility of the MOF pores. The values of the
kinetic parameters are summarized in the Supporting Information Té@eThe aerogel
containing 50 wt.% Ui@66 adsorbed 85% of the Cr(Vafter 24 hours, while aerogels

with lower MOF loadings adsorbed 67% (33.3 wt.% &) and 51% (20 wt.% UiB6)

of the Cr(VI) due to the lower MOF content. Aerogels without MOFs (control sample) did
not show any removal of Cr(VI) after 24 hours accaydio UV-Vis spectroscopy. No

MOF patrticles were released from the aerogels into the water after 24 hours of soaking as
tested by dynamic light scattering (DLS) and similarly, no breakdown of MOFs or leaching
was detected by inductively coupled plasma @btemission spectrometry (IGBES)

testing for trace Zr content (Supporting Information Tale3%

Table6-1. Adsorption capacities of Cr(VI) for aerogel with Ui&®, UiO-66 portion of aerogel, and

UiO-66 powvder.
Uio-66 Adsorption capacity.dmg g*)@
loading Aerogel with MOF MOF portion of aerogé MOF powdek!
20 wt.% 3.60 18.02 15.50
33.3 wt.% 3.89 11.66 8.40
50 wt.% 3.35 6.70 6.96

[a] The adsorption was conducted over 24 hours without agitation. p] This capacity was
calculated with the same data used for the aerogel with MOF, but only thé8Jiftass was used
instead of the total aerogel mass] The amount of the Ui6 powder used for characterizing

adsorption capacity was the saasethe amount of the U6 powder trapped within the aerogel.

113



Ph.D. ThesigH. Zhu McMaster Universitg, Chemical Engineering

The adsorption capacity of pure UB powder was also tested to compare with the
MOF-containing aerogels. When the same mass of MOF powder as was present in the
aerogel was used, the powdersvaund to adsorb 85% of the Cr(VI) after 24 hours, which
is the same as the corresponding hybrid aerogel. However, if the total mass of the aerogel
is considered then the mass specific adsorption capacity is slightly lower for the aerogels.

In all casesgequivalent or superior adsorption capacity (based on mass of MOFs) was
observed for the aerogel§able 6-1), indicating that all of the MOF particles within the
aerogel are functional. We believe the aer
significantly to this good performance where the combination of easy accessibility through
macropores, and capillary effect of mesopores, allow for fast water uptake and contact

between the MOF micropores and the contaminants.

In addition to adsorbing largemeunts of contaminants, the aerogels could be
compressed to squeeze out the water, which always contained a lower concentration of
contaminants than the bulk solution; for example, in one test, after 8 hours of soaking, the
concentration of Cr(VI) withinhte aerogel (with 50 wt.% UiB6) was 1.8 mg/L while the
bulk solution had a concentration of 3.7 mg/L. This concentration difference contributed
to the aerogel performance by consistently driving more contaminated water into the
aerogel until saturatiorAdditionally, no leaching of MOF particles occurred during the
compression process since no particle signal was detected by DLS. The compressed
aerogels quickly recovered their shape whemmaersed in water (Figur@-3C). Hybrid
aerogels with ZIB and ML-100 were also tested for water treatment and showed a high

capacity for the removal of other hazardous materials including benzotriazole and
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Rhodamine B, for ZIB and for MIL100(Fe) aerogels, respectively (Supporting

Information Figure 6-4 and TableS6-2).

In conclusion, we have demonstrated a facile way of combining two emerging materials
T MOFs and CNC$ into one highly functional aerogel. The CNCs act as the structural
component supporting the functional MOFs in a three dimensional flexibleggutaidight
networked material. The MOF loading can be tailored by changing the initial ratio of
components, up to 50 wt.% MOF content can be easily achieved. Three different types of
MOFs were embedded into the CNb@sed aerogels, highlighting the versatibbf the
processing method and materials, and showing that the MOFs retain their crystallinity and
function. Water treatment applications were demonstrated based on the good absorption
properties of aerogels, however these materials may also be extendedised as air

filters, substratesupported catalysis, and sensors, to name just a few examples.
6.2 Experimental

Materials.Whatman cotton ashless filter aid was purchased from GE Healthcare Canada,
and sulfuric acid (9571 9 8 %)da. Wimsthyl pulfoxicéer a s e d
(DMSO, reagent grade) was purchased from Caledon Laboratory Chemicals (Georgetown,
ON, Canada). Sodium carboxmethyl cellulose (CMC, Ev250000 g/moldegree of
substitution= 0.9), adipic acid dihydrazide (ADH, 98%)-Mtydroxysuccinimide (NHS,

9 7 %) -ethyPN&(3-dimethylaminopropybPcarbodiimide (EDC, commercial grade), zinc

nitrate hexahydrate (98%),-Bet hyl i mi dazol e (99 %), zircon

terephthalic acidg D C, 98 %) , acetate acid (099. 7%),
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( 098 %) , t r -bemzenetnicaboxythte 895%,), benzotriazole (99%), potassium
dichromate (099%), and Rhodami n-Aldrigh agdO9 5 %)
used without further putgation. All water used was purified Type | water with a resistivity

of 18.2 MqL c¢cm (Barnstead NANOpure DIamond

NC).

MOFs.ZIF-8 (Zeolitic Imidazolate Framewoi&), UiO-66 (University of Osle66), and
MIL -100(Fe) (Mgerial Institute de LavoisietO0(Fe)) were prepared using the methods
reported in the literature$™%, Briefly, ZIF-8 was prepared by dropping zinc nitrate
solution (1.17 g zinc nitrate hexahydrate in 8 g water) intnethyimidazole solution
(22.7 g 2methylimidazole in 80 g water) under stirring for 10 minutes and collected by
ultracentrifugation and washed 3 times with water. -88)was prepared by dissolving
zirconium chloride (915 mg) and BDC (645 mg) in 225 mL DMF caointg 6.7 mL acetic
acid, which was kept under 120 € for 24 hours and collected by centrifugation and washed
with methanol (3 times) afterwards. MILOO(Fe) was prepared by dispersing iron (ll1)
chloride hexahydrate (0.162 g) and trimethyl 1-Behzenetcarboxylate (0.138 g) in 5
mL water, which was then kept under 130 € for 3 days. The product was centrifuged and

washed with acetone (3 times).

Preparation of Carboxymethyl Cellulo$tydrazide (NHNHCMC), Hydrazide
Modified CNCs (NHNEHCNCs) and Aldelde-Modified CNCs (CHACNCs). NHNH2-
CNCs and CHG&CNCs were synthesized using the method described in our previous work
169 Briefly, hydrazide groups were introduced onto CMC (or CNC) by reacting ADH with

CMC (or CNC) through the NHS/EDC coupling system; aldehyde groups were generated
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by theoxidization of the CNC using NalOSolutions/suspensions were stored at 4 €

before further experiments.

Preparation of Hybrid Aerogel$4OF nanoparticles were suspended into 1 wt.% €HO
CNC suspensions, with 15 min of probe sonication. The resusitisigensions were mixed
with an equal volume of 1 wt.% NHNFCMC, or NHNH-CNCs, using a vortex mixer
(Level 8, Analog Vortex Mixer, VWR) for 2 minWe note that MOFs needed to be
premixed with colloidally stable CNCs first and then the CMC was added, FM@re
added to CMC first, precipitation was observed. All suspensions were in ultrapure water
without pH adjustment and the native pH of CI@DC suspensions and NHNMEMC
solutions was between 5 and ®he final suspension of crofisked clusters was
transferred into a cylindrical glass vial (14.5 mm in diameter) and allowed to set for another
10 min before transfer into the freeze2(qC). The final hybrid aerogels were obtained by

freezedrying the icegel.

Adsorption Adsorption kinetics were studidxy soaking the aerogels or MOF particles
in 10 mL aqueous solution containing different contaminants (200 mg/L benzotriazole for
ZIF-8, 10 mg/L potassium dichromate for U8B, and 0.01 mM Rhodamine B for MIL
100(Fe)) for a predetermined time. Then tHeatsmn was analyzed by UWis to determine
the concentration based on a calibration curve prepared from solutions with known
contaminant concentrations. The adsorption capacity at time t was calculated using the

following equation:

_(CeC) V
T m
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where V isthe solution volume, m is the mass of the aerogel or the mass of MOF
particles, @ is the initial concentration, {ds the concentration at time t. The time
dependence of the adsorption was fitted with the pseadondorder kinetic model,

which is:

_t. 1
q ka2 q,

where gand g are the adsorption capacities at time t and equilibrium, respectively, and

k2 is the rate constant of the psetskrondorder model.

CharacterizationJEOL JSM 7000 Scanning Electron Microscopy (SEM) was used to
characterize th®IOF particles and aerogels with a 5 nm platinum coating. Powday X
diffraction (PXRD) was conducted on a Bruker D8 AdvaneRay Diffractoneter with a
scanspeedofldegi n, a step size o&50°0he@dmokntratiannd a 2
of the conaminated water was determined by DU 800 UV/Vis Spectrophotonét@r.

66 nanoparticle size distribution (Supporting Information Figle&)Swas obtained by
measuring 100 randomly selected nanoparticles using the softl@aceMeasuregiving

an average ze 0of180 £30 nm from SEM analysisThe presence of MOFs in purified
water test (leaching) were determined using a Malvern Zetasizer Nanopatrticle Analyzer
(dynamic light scattering apparatus) at 25 €. Thermogravimetric analysis (TGA) was
performed on a A& Q5000 thermogravimetric analyzer with a ramp rate of 1@ up

to 700 €, and then held at that temperature for 10 fmductively coupled plasma optical

emission spectrometry (IGBES) was conduceted on Varian KOES Vista Pro.
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6.5 Supporting Information

MIL-100(Fe)/CNC/CMC
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Figure $-1. PXRD spectra of a CNCMC aerogel, pristine MOFs, and M&@entaining CNCCMC

aerogels.

Table %-1. Nominal and measured weight percentage of -B80 within aerogels

as determined by TGA.

UiO-66-containing CNGCMC aerogeld

Nominal mass 20% 33.3% 50%
Ash content 10.46% 15.27% 22.05%
Measured mass 20.86% 33.41% 51.10%

[a] Ash content of plain CNCMC aerogel and UiB6 powders are 2.465% and 40.79% after TGA

testing.
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Figure $-2. TGA curves for UiG66 powder, CN&CMC aerogel without MOF, and Ui®6 containing
aerogehith different MOF loadings.
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Figure $-3. SEM images of ZIF8 and MIL-100(Fe)containing aerogels. Upper two images are aerogels
with 33.3 wt.% MIL-100(Fe) at different magnifications. Lower two imagesaerogels with 40 wt.% ZiF

8 at different magnifications.
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Figure $-4. Time dependent adsorption (correlation curve was drawn using the kinetic parameters calculated
from the pseudsecondorder moel), pseudesecondorder plots (inset) and photographs of the
contaminated aqueous solution before and after adsorption of (A, B) benzotriazole-8n(40Fnt.%)
aerogel, (C, D) Rhodamine B on MILOO(Fe) (33.3 wt.%) aerogel.
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Figure $-5. Time dependent adsorption (correlation curve was drawn using the kinetic parameters calculated
from the pseudsecondorder model) and pseudgmcondorder plots (inset) of the contaminated aqueous
solution before and tdr absorption of Cr(VI) on (A) 20 wt.%, (B) 33.3 wt% loaded L@ aerogel.

Table $-2. Kinetic parameters for the adsorption of contaminants (Cr(VI) for-88Dbenzotriazole

for ZIF-8, Rodamine B foMIL -100(Fe)) on MOF loaded aerogels.

Kinetic parameters
MOF loading Qeycal (Mg gh) k2 (g mgt ht) R?
20 wt.% 6.1 0.01 0.9971
UiO-66 33.3 wt.% 5.33 0.03 0.9963
50 wt.% 3.91 0.07 0.9990
ZIF-8 40 wt.% 39.06 0.16 0.9927
MIL -100(Fe) 33.3wt.% 2.32 0.14 0.9999
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