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ABSTRACT

Metal-organic frameworks (MOFs) have emerged in the scientific community as a
promising candidate in research interest due to their remarkable tunability and structural diversity
as well as ultrahigh porosity. MOFs are highly-ordered porous crystalline materials that are formed
via coordination bonding between metal ions or secondary building units (SBUs) as nodes and
multitopic organic ligands as linkers. These characteristics enable MOFs for a wide range of
applications such as sensor, gas separation and storage, membrane, and catalysis. To utilize MOFs
in these applications, MOFs should be grown as thin films or membranes. Thin films can lower
the mass transfer resistances, and the porous nature of MOF can increase its selective performance.

Among various thin film fabrication techniques, solution shearing is used to fabricate MOF
thin films. Conventional MOF fabrication techniques, including solvothermal growth or layer-by-
layer (LbL) growth, provide high-quality thin films, but they suffer from slow crystallization
kinetics. On the other hand, solution shearing that belongs in the same class of the meniscus-guided
coating techniques has been studied as a versatile as well as a concise approach that enables to
fabricate thin film rapidly and control film thickness, crystal orientation, and film coverage.
Therefore, this dissertation focuses on fabricating different types of MOF thin films and infiltrating
guest molecules into their pores using solution shearing to observe the thin film property changes
from the pristine MOF thin films.

In Chapter 2, solution shearing is used to fabricate a large area, continuous and insulating
Cu(ll)-based MOF, called HKUST-1, thin film. However, it is hard to synthesize a large area and
continuous HKUST-1 thin film using solution shearing. Therefore, we found out that repeating
solution shearing cycles enhance the film coverage. The initial solution shearing cycle is used to

deposit HKUST-1 crystals, and the secondary crystallization may occur in the subsequent solution



shearing cycles on the substrate. The film coverage of the large-area and continuous HKUST-1
thin film is confirmed by incorporating a redox-active molecule, called 7,7,8,8-
Tetracyanoquinodimethane (TCNQ). Upon TCNQ infiltration, the electrical conductivity of the
thin film increases seven orders of magnitude electrical conductivity than the pristine HKUST-1.
Furthermore, the active learning approach is applied in solution shearing parameters to find an
optimized parameter that provides the thinnest fully covered HKUST-1 thin film. In this chapter,
the solution shearing technique shows its feasibility that can be used as a large area and continuous
MOF thin film.

Chapter 3 highlights that the zirconium 1,4-dicarboxybenzene MOF, UiO-66, can be
fabricated using evaporative crystallization during solution shearing. Solution shearing parameters
(type of solvent, coating speed, substrate temperature, and concentration of the precursor solution)
are varied to observe the changes in the film thickness, coverage, and crystallinity. In addition, the
oriented crystal structure of UiO-66 thin film is grown when dimethylformamide (DMF) is used
as a solvent. Last, solution-sheared UiO-66 thin film is fabricated on the porous substrate (anodic
alumina oxide, known as AAO) to use the thin film for separation applications. To the best of our
knowledge, this is the first time that UiO-66 crystals are formed via solution shearing.

In Chapter 4, based upon what we have found in Chapter 3, the pores of UiO-66 are
incorporated by polymer molecules. The polymer and the MOF composite, called polyMOF, are
synthesized. In this study, the thin film composite of piezoelectric polymer, known as poly(vinyl
difluoride) (PVDF), and UiO-66 is fabricated via solution shearing. Unlike the conventional
polyMOF thin film fabrication process, the precursor solution that contains node, linker, and
polymer is deposited as a thin film using solution shearing. By using the concept of secondary

crystallization, a large area, continuous and freestanding thin film of PVDF@UIiO-66 is fabricated



within a minute. Due to the addition of PVDF, the film coverage reaches up to 100% under the
resolution of SEM, and its addition inside the UiO-66 pores is confirmed by observing the changes
in piezoelectric performance. This is the first instance that shows the fabrication of polyMOF thin
film using solution shearing. This dissertation provides the feasibility towards expanding the

application of solution shearing in the MOF thin film field.
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1 Introduction

Metal-Organic Frameworks (MOFs)
The field of metal-  metalionor
metal-oxo units
organic frameworks ".'
9

MOFs) has drawn great
( ) g + ~
attention in the last two

decades. MOFs are highly \y/ Metal-Organic Framework (MOF)

ordered porous crystalline  organicligand

materials (Figure 1. 1), Figgrg 1.1 $chemati§ of metal-organic Frameworks (MO_Fs). Meta_l clusters
are joined with organic linkers to create a porous crystalline material. Used

L. ) with permission from [2].
linking between metal ions P 2

or secondary building units (SBUs) as nodes and organic bridging ligands as linkers.1®
Compared to conventionally used microporous materials, i.e., zeolites and activated carbon,
MOFs typically have not only a larger surface area but also tunable chemical functionality.**®
Numerous different combinations of MOFs that have unique physical and chemical
characteristics can be realized by changing the metal nodes and the organic linkers.”® This
indicates that the pore size, the shape of the crystal, and the chemistry of MOFs can be
controlled depending on the nodes and linkers are chosen in the synthesis. The specific surface
area of MOFs ranges from 100 m?/g to 8,000 m?/g,>>° and the pore size of MOFs ranges from
5 A to 40 A.° These characteristics enable MOFs for a wide range of applications such as
sensor, gas separation and storage, membrane, and catalysis.>*%*2

Ever since the MOFs were first reported around three decades ago, the field has focused on
synthesizing a greater number of structures and utilizing their structures to expand their
applications. Yaghi et al.® synthesized microporous solids that are analogous to zeolites by

understanding the underlying geometric principles of nodes and linkers. The trend of past
1



studies was to demonstrate that the MOF can replace the application where zeolite and other
microporous materials had been used by controlling their tunable pore size and chemical
functionality.>!* For example, Long et al.'® showed that the pores of the MOF Mgz(dobdc) can
capture CO2 from coal-fired power plants, by showing that Mg?* cation interacted with the CO:
in the pores. In addition, Farha et al.'® utilized computational design and simulation and
successfully synthesized NU-100 that had an ultrahigh surface area (6,143 m?-g’*). NU-100
showed high excess H storage capacity up to 70 bar at 77K (198 mg-g™) due to its large pore
volume (2.82 cm®.g1) and the bulk phase density of H,. Peikert et al.” published amino-
substituted HKUST-1 that had the same crystal structure as HKUST-1. In particular, the amino-
substituted HKUST-1 showed better NO gas storage than pristine HKUST-1 as NO bound to
the amino group via chemisorption, as well as attached to the open copper sites in HKUST-1
via physisorption.t” These studies highlight the collaboration of designing its chemical

structure and utilizing physical structure of MOF pores for gas storage and separation.



1.2 Conductive Metal-Organic Frameworks
In recent years, electrically conductive MOFs have drawn attention due to the combination
of charge transport and porosity, which can enable chemi-resistive sensing, transistors, solar
cells, and electrocatalysts.>181%-22 However, typical MOFs are insulators. The porous nature
of MOFs inhibits the intermolecular contacts of the o-bonded metal nodes and creates a large
spatial gap between organic linkers.'®2°2% In addition, the terminal group of the organic linkers
in many MOFs is a carboxylate group. When the metals are bonded with the carboxylate-based

linkers, they form coordination bonds that create a large energy bandgap. 202324

Cu;(HITP),
a=0.2 Secm™
(pressed pellet)

Figure 1. 2. The chemical structure of Cuz(HITP),. The charge transfers in the MOF structure due to the
redox-active aromatic cores in the linker molecules. Used with permission from [21].

Several research groups have overcome conductive limitations by allowing charge
delocation via bonding and spatial interaction or by adding guest molecules into the pores. For
example, Campbell et al.?* synthesized conductive 2D Cu-based MOF, called Cus(HITP):

(HITP =2,3,6,7,10,11-hexaiminotriphenylene). (Figure 1. 2) Due to the redox-active aromatic
3



cores in the linker molecule, the electrical conductivity of Cuz(HITP)2 is enhanced. In addition,
Gandara et al.? also combined 1,2,3-triazolate with the divalent metal ions (Mg, Mn, Fe, Co,
Cu, and Zn) by having coordination bonding and found the electrical conductivity of 7.7 X 10°
® S/m when Fe(1,2,3-triazolate), was synthesized. Having the coordination bonding between
electropositive linkers that contain sulfur or nitrogen-terminating groups and metal ions reduces
the energy bandgap. 92627

Furthermore, electroactive aromatic linkers that have a high tendency for n-n interaction
are also used to synthesize conductive MOFs. Depending upon the length of the space between
linkers, the charge mobility of the MOFs changes. Xie et al.?® reported the conductive MOF
that consists of tetrathiafulvalene tetrabenzoate (TTFTB) as a linker and La3* as a node. In this
study, three different coordination bondings between TTFTB and La®" occur depending upon
the synthesis condition. The linkers of the three phases are stacked differently. It causes to
change in the intensity of n-r overlap, leading the changes in electrical conductivity of all three
phases. Furthermore, Chen et al.?® constructed a Zr-based conductive MOF, called NNU-27. In
this structure, long-range m-conjugation occurs in the anthracene-based linker by forming a
zigzag chain along the c-axis so that the electrical conductivity of 0.13 S/m is achieved.

However, the electrical conductivity of MOFs that are composed of inherently conductive
species varies significantly if the crystal morphology changes or grain boundaries form.
Therefore, it is hard to achieve the desired electrical conductivity in MOFs because

conductivity is highly dependent on crystalline and film properties.**>



Figure 1. 3. Chemical structure of TCNQ@HKUST-1.

On the other hand, a guest infiltration
approach is a post-synthetic approach, so there is
minimal disruption to the crystal structure, where
a portion of the MOF porosity is sacrificed to
obtain conductivity. A well-known redox-active
guest-MOF system is TCNQ@HKUST-1, where
Talin et al.?® achieved six orders of magnitude
higher electrical conductivity from the nominally
insulating copper(Il)-based MOF, HKUST-1, by

infiltrating a redox-active molecule, 7,7,8,8-

The TCNQ moleculues are incorporated along with the  tetracyanoquinodimethane (TCNQ). (Figure 1. 3)

HKUST-1 pores. Used with permission from [20].

HKUST-1 consists of Cu dimers as nodes and

1,3,5-benzenetricarboxylate (BTC) as linkers.*®3! HKUST-1 is an insulating MOF, as the

porous nature hinders the communication between the m-orbitals of BTC and d-orbitals of

Cu(I1) dimer, and BTC linkers are carboxylate-terminated molecules.?%?-34 On the other hand,

TCNQ incorporated HKUST-1 thin film, called TCNQ@HKUST-1, creates a continuous

charge conduction pathway as TCNQ molecules bind to the open metal sites (OMS) along with

the HKUST-1 pores.?%3%3 TCNQ@HKUST-1 thin film shows stable electrical conductivity.

Also, the electrical conductivity of thin film increases as more guest molecules bind to the

HKUST-1.2%%6:37 However, as more guest molecules are loaded inside the pores, the available

pore volume of MOFs decreases. Therefore, the electrical conductivity and accessible pore

volume of guest-host MOFs should be optimized for a given application by balancing between

the enhancement of electrical conductivity and the reduction of the pore volume.?20:24:36-40



1.3 Polymer-Metal-Organic Frameworks Composite (PolyMOFs)
Including incorporating redox-active molecules into the MOF pores, polymer molecules
can also be added into the MOF pores. This polymer-MOF hybrid composite is called
polyMOFs. The polyMOFs contain the properties of both MOFs and polymers such as

41-43 and flexibility*#> from polymers and porosity and tunable as well as

conductivity
crystalline structure from the MOFs. Zhang et al.*® synthesized the first polyMOF that has a
similar chemical structure to IRMOF-1 by growing solvothermally between polyester-
contained terephthalic acid linkers, called poly(1,4-benzenedicarboxylic acid), and zirconium
(1) metal ions. Compared to conventional IRMOF-1, the polyMOF shows enhanced
hydrophobicity and retained porosity of the MOF. Furthermore, Moghadam et al.*’ fabricated
a flexible piezoelectric sensor device by forming a poly(vinylidene fluoride) (PVDF) and
zirconium based MOF, called UiO-66, nanofiber composite. In this study, the phase of PVDF
in the composite is controlled due to the hydrogen bonding interaction between COOH in UiO-
66 and CF2 in PVDF, leading to the enhanced piezoelectric performance of the composite.
These polyMOFs can be synthesized in either a physical or a chemical approach. In the
physical approach, the MOFs are initially synthesized and stirred with the polymer solution so
that the polymers can be loaded in the MOF pores via diffusion.*?#” As mentioned previously,
Moghadam et al.*® fabricated PVDF@UiO-66 composite by dissolving UiO-66 particles that
were grown solvothermally into the PVDF solution. Furthermore, Lu et al.*® synthesized
PVDF@UIiO-66-NH; textiles by physically combining UiO-66 particles and PVDF fibers in
N,N-dimethylformamide (DMF) for use in detoxification of chemical warfare agents.
However, since two separate steps are required to synthesize the composite via the physical

approach, it is inappropriate for the large-area application. In addition, large molecular weight

polymers cannot be easily loaded into the MOF due to the entropic penalty.
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On the other hand, the chemical approach first dissolves the polymers in solution with either
the linker®® or the node*-*°. Once the polymer-contained linker or node units are in solution,
the other component is added to synthesize the composite. Unlike the physical approach, the
polymer incorporation of the composite using the chemical approach is determined by the rate
of growth of MOFs. Li et al.!* pre-coordinated negatively charged PEDOT:PSS with positively
charged copper hydroxide nano strands (CHNs), and acidic linker was added to synthesize the
composite, called PEDOT:PSS@HKUST-1. However, even though only one step is needed to
synthesize the composite, the synthesis time of the composite still takes from hours to days as
they are grown solvothermally. 1424447

Even though many of these studies have been performed to expand the application of MOFs
in the industry, the commercialization of MOFs is still at an early stage. Many studies are still
required to commercialize such as scalability, and stability. Thus, it is instructive to know why

MOF thin film is necessary and the current stage of MOF thin film fabrication processes.

1.4 Metal-Organic Frameworks (MOFs) Thin Film

For many applications, such as sensing, separations, and ion/charge transport, it is
beneficial to create MOFs as thin films or membranes. Thin films can result in lowered mass
transfer resistances while the presence of MOF pores can still result in selective performance,
eg, for separation and sensing. For example, response time is one of the most important
parameters that affect the performance of the sensor. It indicates how fast analyte molecules
bind to the sensing materials. The response time of the sensor depends upon the diffusion rate
of the analyte into the thin film. If the film is thicker, the response time of the sensor against a
specific analyte takes longer to respond. However, if the film is thinner, when the analyte

molecules diffuse into the thin film, the response time of the thinner film will be faster than



that of the thicker film. Depending upon the application, the thin film properties, including film
coverage, thickness, grain boundaries, and crystal orientation affect the mass and charge
transport of the thin film.2%%1-%* Therefore, to improve the mass, heat, and charge transport
along with the MOFs thin film, it is necessary to fabricate MOF thin films that have continuous
film coverage, thinner thickness, fewer grain boundaries and properly oriented towards the

analyte.



1.5 Metal-Organic Frameworks (MOFs) Thin Film Fabrication Techniques

Numerous MOF thin film fabrication techniques have been explored over the past decade

towards being scalable and controllable. As can be seen in Figure 1. 4, Hermes et al.>®

solvothermally synthesized MOF-5 thin film by soaking functionalized substrate into the

Figure 1. 4. Schematic of solvothermal MOF thin film growth.
The MOFs synthesis is induced by heating the precursor solution
containing both nodes and linkers. Used with permission from
[55].

precursor solution at a high temperature.
Then, the thin film of MOFs has been
grown on fibers and textiles through both
solution-based and atomic layer
deposition-based  processes.®®**® To
improve the grafting of MOFs on any
given substrate, carboxylic acid groups
can be used to functionalize the substrate
through the wuse of self-assembled
monolayers (SAMSs), which can have the
added benefit of controlling MOF

orientation or polymorphism.%°
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Figure 1. 5. Schematic of Layer-by-layer MOF thin film fabrication technique. MOF thin film is grown on the
substrate that has created self assembled monolayer (SAM) by soaking into the the node and linker solution,
respectively. Used with permission from [61].

In addition, the layer-by-layer or liquid phase epitaxy (LPE) technique has also been used
to fabricate many MOF thin films.%2%" According to Shekhah et al.®?, thin films of copper
benzene-1,3,5-tricarboxylate MOF, also known as HKUST-1, can be fabricated at room
temperature by repeatedly immersing the functionalized substrate into both a metal precursor
solution and an organic ligand solution, respectively. (Figure 1. 5) The MOF thin films that
were fabricated using the aforementioned techniques could control the film quality, including

crystal orientation, film thickness, and roughness.

Meta]
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However, these techniques utilize slow methods of Soluts \’-'~ .
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film growth, where the growth of a film takes place

in the order of hours to days. On the other hand,

One cycle
Huelsenbeck et al.>” successfully synthesized MOF thin film
several prototypical MOFs coated fabrics,
including UiO-66, UiO-66-NH2, ZIF-L, and

HKUST-1, using a sequential dip coating (SQD)

Rotation

process. The MOF synthesis could be completed in _ _ ) _ )
Figure 1. 6. Schematic of spin-coating MOF thin

film. The synthesis takes a minute per cycle, but it
is possible to produce crystal defects. Used with
permission from [68].

less than a minute, and UiO-66-NH, showed
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attachment on the cotton fabrics. However, the film using this technique produces rough film,
and the thickness is hard to control. Furthermore, Chernikova et al.%® synthesized HKUST-1
thin film using spin coating deposition. (Figure 1. 6) By controlling spinning speed, the
temperature of the substrate, and concentration of the precursor solution, uniformly distributed
HKUST-1 thin film is fabricated within a minute. However, even though the synthesis takes a
minute, using spin coating technique may produce crystal defects, and may not be applicable
to produce large-area thin films. Thus, another fabrication technique that can control film

quality and reduce fabrication time has been explored.
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1.6 Meniscus-guided coating technique, solution shearing

Coating HKUST-1

Evaporation
B

A Substrate
— ey

Precursor fe——=1"
Solutions j Coating Direction y

/ \

Figure 1. 7. Schematic of solution shearing. The thin
film is deposited via evaporative crystallization as the
coating blade moves along the substrate and solvent
evaporates from the meniscus.

Recently, a meniscus-guided coating
technique, called solution shearing, has drawn
great attention as a technique for facile, rapid, and
large area thin film fabrication (Figure 1.
7).8538%71 The solution shearing technique is
commonly used to  deposit  organic
semiconductors’? and polymers’*"3-based thin
films and has been shown to be compatible with
a wide range of materials such as pharmaceutical
compounds® and carbon nanotubes.>

During solution shearing, the precursor
solution that contains the solute of interest is

injected between the translating blade and the

heated substrate. As the blade moves across the substrate, the solvent evaporates, leading to

supersaturation (or higher concentration causing solid phase formation in the case of a non-

crystalline material) of the solute, and casts a thin film on the substrate. Thin films of numerous

materials can be formed rapidly using solution shearing, and thus there is interest to study the

applicability of this technique to form films of MOFs as well 8535489.70.7273 The sypstrate can

be extended to be any given width since the evaporation front is invariant across the width of

the substrate. In addition, continuous solution feeding during solution shearing to keep a
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constant volume can be used to coat a substrate of any length. Therefore, large area thin film

formation of MOFs is possible using solution shearing.

A B
p Shearing Blade Qovap
recursor
Solutions \ I
\ EvaporativeiFront
e | Thin Film
g :

Height, h  Height, h
Heated Substrate

Shearing speed, v| A Width of the film, L :

Figure 1. 8. Schematic of solution shearing for evaporative regime of the front view (left) and the side view (right).

! Heated Substrate 1

Furthermore, solution shearing is a useful technigue to control the thickness of the thin film,
morphology, roughness, and orientation by varying several parameters, including blade speed,
the temperature of the substrate, and the concentration of the precursor solution.®%® Baigl et
al.>? fabricated multilayer phospholipid thin film and controlled the thickness of the film by
correlating film thickness to the blade speed. In this paper, two different regimes are observed
based on the blade speed. The first regime is called the evaporation regime, where the film is
deposited behind the meniscus. At the evaporation regime, the rate of solvent evaporation is
similar to the rate of fluid deposition. This regime occurs at a slower blade speed. Therefore,
the film thickness is determined by using a mass balance equation shown in Figure 1. 8 and
Eq. 1.1.

ri’lfilm = Mgoyte

Eq. 1.1
pXVXLxXh=CXUQswent = C X Qepap
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Where p [g/mm?] is the density of the solution, v [mm/s] is the blade speed, L [mm] is the
width of the film, h [mm] is the film thickness, C [g/mm?®] is the concentration of solute in the
solution, Qsolvent [MM?3/s] is the rate of deposited solvent to the meniscus, Qevap [MM?/s] is the

rate of solvent evaporation. It is assumed to be at a steady-state.
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Figure 1. 9. The changes in film thickness with respect to the blade speed. At the evaporation regime,
the film thickness is inversely proportional to the blade speed. On the other hand, the film thickness
is proportional to the blade speed at the Landau-Levich regime. v* is the transition speed Used with
permission from [52].

As can be seen in Eq. 1.1, the film thickness is inversely proportional to the blade speed,
indicating that the film is thicker when a slower blade speed is used, and vice versa. On the
other hand, the second regime is called the Landau-Levich regime, where the film is formed
after the solvent evaporates and the film deposition is dominated by viscous forces. The film

deposition occurs as soon as the solvent evaporation occurs. If the blade speed is fast, a larger
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amount of solution remains on the substrate, indicating that thicker film will be deposited.
Therefore, the blade speed is proportional to the film thickness. (Figure 1. 9)

As shown in Figure 1. 9, the minimum thickness can be obtained at the transition regime,
but the thickness of the thin film is hard to predict in this regime. Controlling the MOF film
thickness using solution shearing is important as the film thickness may also impact other
morphological properties such as coverage and size and shape of the crystals. Lee et al.”® have
synthesized a large area, solution sheared HKUST-1 thin film by relating the film formation to
the supersaturation. In this study, the thin film properties were controlled by varying the blade
speed and substrate temperature. However, the formation of a large area and continuous thin
film by varying solution shearing parameters was not demonstrated. Thus, understanding the
parameters of solution shearing and the effect of changes in these parameters to the thin film
quality is necessary so that the solution shearing technique can be applied to form a large area
and continuous MOF thin film in a rapid manner (within seconds to minutes) and allow for

scalable applications as sensors and electronics.
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1.7 Summary of Dissertation

In this dissertation, the formation and utilization of large-area and continuous metal organic
frameworks thin films using solution shearing will be discussed. Producing large area thin films
is an important technological milestone to create MOF-based thin film applications. Solution
shearing is a promising technique that can scale up and control the MOF thin film properties
by varying parameters such as the concentration of the precursor solution, coating speed,
substrate temperature, and the type of substrate. However, fabricating a large area and
continuous MOF thin film using solution shearing is limited.

In Chapter 2, the fabrication of large-area and continuous HKUST-1 thin film will be
discussed. We hypothesized that multiple cycles of solution shearing on the same substrate
would enhance the film coverage due to the secondary crystallization. Mao et al.”* realized a
continuous and well-intergrown HKUST-1 membrane within an hour by adhering HKUST-1
seeds on the substrate before the thin film was fabricated, using secondary crystallization to
ensure full film coverage. We utilize the same understanding of secondary crystallization to
obtain large area and continuous HKUST-1 thin films. The first solution shearing cycle results
in the deposition of small HKUST-1 crystallites on the substrate, and subsequent solution
shearing cycles lead to a combination of crystal nucleation and growth on the existing HKUST-
1 crystallites so that a fully completed thin film is fabricated. Once the HKUST-1 thin film is
fabricated, TCNQ molecules would be incorporated into the thin film to confirm the film
coverage. Last, as an advancement of the proposed work by Dr. Luke Huelsenbeck, the pool-
based active learning (PAL) and regression methods are utilized to optimize the solution
shearing synthesis of fully covered HKUST-1 thin film with the minimum thickness. The active
learning approach is adopted into solution shearing parameters. Among the millions of different

combinations in solution shearing parameters, only one parameter set that provides the large
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area, continuous as well as the thinnest HKUST-1 thin film is given. This approach can
dramatically save the time to find an optimized parameter of solution sheared HKUST-1 thin
film.

The previous study is focused on the crystallization of solution sheared HKUST-1 thin film
only. However, there have been no previous reports of solution shearing based evaporative
crystallization of zirconium-based MOFs, which have been widely studied for a range of
applications, including separations, catalysis, sensing, and charge transport due to their
enhanced chemical and thermal stability.”® Thus, in Chapter 3, the zirconium 1,4-
dicarboxybenzene MOF, UiO-66, is formed using solution shearing, and the effect of various
parameters (modulator concentration, temperature, blade speed, and precursor concentration)
is explored to determine its crystallinity. Therefore, this study shows that solution shearing is
a promising thin film fabrication technique that can form thin films of a wide range of MOFs
of interest for future applications.

In Chapter 4, many studies have been performed to incorporate polymers into the MOF
pores and synthesize polymer@MOF composites. In the conventional synthesis of
polymer@MOF, the polymer solution is stirred with synthesized MOFs. By mixing polymer
and MOF crystals, the polymer is incorporated into the MOF pores. However, in this chapter,
a polymer is impregnated into the pores while MOF is grown as thin films. Polyvinylidene
fluoride (PVDF) is dissolved with the UiO-66 precursor solution. PVDF@UiO-66 thin film is
fabricated using solution shearing. After PVDF@UIiO-66 thin film is fabricated, its potential
application is explored such as flexible gas sensor or electronics.

At the end of the dissertation, the thesis is concluded by discussing the feasible application
of polymer@MOF composites to demonstrate the advantages of synthesizing polymer@MOF

composites against pristine polymer and MOFs.
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2 Fabrication and Optimization of Conductive, Large-Area, and Continuous
7,7,8,8-Tetracyanoquinodimethane@HKUST-1 Thin Films Using Solution

Shearing

2.1  The works of this chapter are published as:
S. Jung, L. Huelsenbeck, Q. Hu, S. Robinson, and G. Giri. “Conductive, Large-Area, and
Continuous 7,7,8,8-Tetracyanoquinodimethane@HKUST-1 Thin Films Fabricated Using
Solution Shearing.” ACS Appl. Mater. Interfaces 2021, 13, 8, 10202-10209.
https://doi.org/10.1021/acsami.1c00640
S.Jung, L. Huelsenbeck, R. Herrera del Valle, P. Balachandran, and G. Giri. “Accelerated
HKUST-1 Thin Film Property Optimization Using Active Learning.” ACS Appl. Mater.
Interfaces, 2021, 13, 51, 61827-61837. https://doi.org/10.1021/acsami.1c20788
2.2  Abstract

Conventional MOF thin film fabrication techniques, such as solvothermal growth
and layer-by-layer growth, have some technical limitations, including slow crystallization
kinetics, poor control over crystal orientation, or uncontrolled film thickness. This chapter
focus on fabricating Cu-based MOF (HKUST-1) thin film using a meniscus guided coating
technique, called solution shearing. Solution shearing can fabricate MOF thin film within
a minute and control crystal orientation and film thickness. Even though solution sheared
HKUST-1 thin film enables to control the size of the crystals and the thickness of the thin
film, it is hard to synthesize a large area and continuous HKUST-1 thin film. In this work,
we hypothesize that repeating solution shearing cycles enhance the film coverage. The
initial solution shearing cycle can be regarded as the deposition of the seed crystals, and
subsequent solution shearing cycles may induce the secondary crystallization on the

substrate. The film coverage of the large-area and continuous HKUST-1 thin film is

confirmed by incorporating a redox-active  molecule, called 7,7,8,8-
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Tetracyanoquinodimethane (TCNQ). The TCNQ@HKUST-1 composite shows seven
orders of magnitude higher electrical conductivity than the pristine HKUST-1. In addition,
the active learning approach is adopted into solution shearing parameters. This approach
can dramatically save the time to find an optimized parameter that fits the application in a
large parameter space. Overall, the solution shearing technique may have the potential to
be used as a high throughput MOF thin film fabrication technique, allowing MOF thin
films to be used for scalable applications such as bio-sensors and electronics.
2.3 Introduction

Several MOF thin film fabrication techniques have been used to deposit MOF thin
films such as solvothermal growth,* 3 colloidal deposition growth,* layer-by-layer growth,>
and gel-layer growth.® However, these techniques have several-drawbacks including slow
crystallization kinetics, lack of film orientation control, rough film surface, or uncontrolled

_ ) . Coating HKUST-1
film thickness. Unlike these Blade Solvent Thin Eilm

Evaporation

aforementioned techniques, solution

-y
shearing, which is a type of meniscus- 4 I
A Substrate
guided coating technique, has been o sl
~ o -
Precursor le \

demonstrated as a versatile, yet simple  gojutions g Coating Direction y

approach to create film rapidly and

control the film thickness and crystal
orientation.”® As depicted in Figure 2.

1, the precursor solution containing both

the metal node and the organic linker is

Figure 2. 1. Schematic of solution shearing technique.
The thin film is deposited via evaporative crystallization
as the coating blade moves along the substrate and
solvent evaporates from the meniscus.
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deposited solution, creating a meniscus where solvent evaporation occurs, resulting in thin
film crystallization.”*° Lee et al.® demonstrated Cu (11)-based MOF, HKUST-1, thin film
formation using meniscus-guided crystallization (MGC) with tunable shape patterns and
uniform size and thickness by adjusting parameters such as blade speed and substrate
temperature. However, synthesizing a large area and continuous thin film using solution
shearing has not been accomplished.

Our first study of this chapter is focused on developing a large area (> cm?) and
continuous thin films of HKUST-1 thin film. HKUST-1 is one of the most well-studied
MOFs due to its simple cubic structure and facile synthesis conditions.**? It consists of Cu
dimers as nodes and 1,3,5-benzenetricarboxylate (BTC) as linkers.'>'®* HKUST-1 is an
insulating MOF, as the porous nature hinders the communication between the r-orbitals of
BTC and d-orbitals of Cu(ll) dimer, and BTC linkers are carboxylate-terminated
molecules.?14-1

The continuous thin film coverage of HKUST-1 is confirmed by incorporating
highly conductive molecule (TCNQ) into the HKUST-1 pores to synthesize
TCNQ@HKUST-1 composite. As mentioned previously, typical MOFs are inherently
insulators. The porous nature of HKUST-1 creates a large spatial gap between organic
linkers.21718 In addition, the terminal group of the linkers in HKUST-1 is a carboxylate
group. When the metals are bonded with the carboxylate-based linkers, they form
coordination bonds that create a large energy bandgap.2'*® Therefore, if the
TCNQ@HKUST-1 thin film is continuous, the charge transfer between electrodes would
occur.

Although previous reports have shown the formation of TCNQ@HKUST-1 thin

films, no previous publication has shown success in fabricating a large area and continuous
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MOF thin film using solution shearing. Producing large area thin films is an important
technological milestone to create MOF based electronic applications. Mao et al.?° realized
a continuous and well intergrown HKUST-1 membrane within an hour by adhering
HKUST-1 seeds on the substrate before the thin film was fabricated, using secondary
crystallization to ensure full film coverage. We utilize the same understanding of secondary
crystallization to obtain large area and continuous HKUST-1 thin films. The first solution
shearing cycle results in the deposition of small HKUST-1 crystallites on the substrate, and
subsequent solution shearing cycles lead to a combination of crystal nucleation and growth
on the existing HKUST-1 crystallites so that a fully completed thin film is fabricated. After
impregnation with TCNQ after the pore activation, we can obtain a conductivity up to 2.4
X 102 S m for the TCNQ@HKUST-1 films. We also find that the oxidation state of copper
in HKUST-1 thin film after the solvent exchange process does not reduce to Cu(l).
Therefore, these conditions minimize the formation of Cu(TCNQ) as a byproduct so that
the pure electrical conductivity of TCNQ@HKUST-1 can be explored. These results show
that multiple solution shearing cycles can be utilized to create a large area and continuous
thin film MOFs, where the grain boundary between the crystals is lower than those formed
by powder impaction. Therefore, multiple solution shearing cycles can be used to improve
film coverage.

In addition, as an advancement of the project that is proposed by Dr. Luke
Huelsenbeck, the pool-based active learning (PAL) and regression methods are utilized to
efficiently guide the solution shearing synthesis of fully covered HKUST-1 thin film with
the minimum thickness. The solution sheared HKUST-1 thin film follows deposition
regimes relating film thickness, coverage, and crystal size to blade speed.?*??> As such, by

knowing solution concentration, temperature, and blade speed, the film thickness can be
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reliably predicted by using models originally developed by Baigl et al.?® However, it is not
simple to predict what parameter combinations need to be utilized to fabricate the large area
and void free thin films. In such a complex system, it is a daunting process to optimize thin
film processing parameters by relying on the skills and experience of researchers.
Therefore, by adopting PAL and regression methods, one parameter combination set that
provides the fully covered HKUST-1 thin film with a minimum thickness is provided. To
confirm its full film coverage, TCNQ is impregnated into the HKUST-1 thin film, and the
resulting conductivity is measured to be similar to that of our previous results.?? Thus, from
the synergy between experiments and the PAL approach, we were able to rapidly map the
quantitative relationship between the solution shearing coating parameters and HKUST-1
thin film crystallization kinetics by requiring a minimal amount of data collection.

2.4  Materials and Methods

Materials. Copper (I1) nitrate hemi(pentahydrate) (Cu2(NO3)-2.5H,0, 98 %), dimethyl
sulfoxide (DMSO, 99.99 %), trimesic acid (HsBTC, 95 %), methanol (> 99.9 %), acetone
(99.9 %), toluene (99.9 %), anhydrous methylene chloride (> 99.8 %), 7,7.8,8-
tetracyanoquinododimethane (TCNQ) and trichloro(octadecyl)silane (OTS, > 90 %) were
purchased from Sigma Aldrich and were used without additional modification. Glass
substrates (1 mm thick), ethanol (200 proof), and isopropyl alcohol were purchased from
Fisher Chemical. Silicon wafers, which have a 285 nm thick silicon dioxide layer, were
purchased from University Wafer. Gold pellets were obtained from Kurt J. Lesker. The
mask for thermal evaporation was manufactured from A-laser.

Substrate Preparation. Glass slides were purchased from Fisher Chemical and used as

substrates. Glass slides were cut into approximately 0.5 ” x 1 ”. The glass slides were
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sonicated in methanol for 15 minutes. After drying residual methanol from the glass slides
by dry airflow, the glass slides were cleaned via UV-ozone for at least 10 minutes.
Coating Blade Fabrication. Silicon wafer was chosen as the coating blade. The wafer was
rinsed with toluene, acetone, and isopropyl alcohol. Then, it was put into the UV-o0zone
cleaner for at least 10 minutes. The wafer was then immediately placed in the crystallization
dish that was filled with 0.1 wt. % OTS in toluene. The crystallization dish was covered
with the glass lid, and the solution was continued to stir at 50 °C overnight. Afterward,
those wafers were removed from the dish and sonicated in acetone for 5 minutes. The
contact angle of the wafer was checked via deionized water, resulting in a value between
95 °-100 °.

HKUST-1 thin film, TCNQ Solution, and TCNQ@HKUST-1 Preparation. Ameloot et
al. describe the synthesis of the precursor solution of HKUST-1.1! Briefly, copper (I1)
Nitrate hemi(pentahydrate) (5.25 mmol) was stirred with dimethyl sulfoxide (64.0 mmol)
until the solution fully dissolved. Trimesic acid (2.76 mmol) was added to the solution and
was mixed until it dissolved completely. Once the precursor solution of HKUST-1 was
synthesized, HKUST-1 thin film was fabricated via solution shearing. Initially, the coating
blade was rinsed with toluene, isopropyl alcohol, and acetone and dried. The blade was held
in place with a top vacuum stage and the glass substrate was fixed to a bottom vacuum
stage. In the meantime, the substrate stage was heated to the desired temperature. The blade
angle and the height between the blade and the substrate were manually controlled by using
a micro-manipulating assembly. The HKUST-1 precursor solution was well-mixed and 3 —
8 UL of the precursor solution was injected into the gap between the blade and the substrate.
The HKUST-1 thin film was fabricated on the glass substrate as the coating blade moved

along the substrate. TCNQ solution was prepared by dissolving TCNQ (60 mg) in
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anhydrous dichloromethane (20 mL) under a moisture-free nitrogen-charged glovebox. In
the thermal treatment process, the thin film was transferred to the vacuum oven and heated
at 120 °C for 10 hours and at 180 °C for two hours afterward. On the other hand, in the
solvent treatment process, the thin film was soaked in pure anhydrous dichloromethane for
20 hours and washed the thin film again with another pure anhydrous dichloromethane for
four hours. Then, the thin film was heated at 40 °C for two hours to remove the solvent
residue. After either treatment, HKUST-1 thin films were immediately transferred to the
TCNQ solution and soaked into the TCNQ solution for the desired periods.

Multiple cycles of solution shearing. The solution shearing system was set up using the
same procedure as for the first cycle of the HKUST-1 thin film fabrication. After the first
solution shearing cycle, the substrate was left on the heated stage for 60 s to allow for the
solvent to evaporate. The coating blade was moved to its original position, and 3 - 8 pL of
the solution was injected into the gap between the blade and the substrate. The blade was
then translated over the substrate again to obtain the second (and subsequent) passes.
Characterizations. XRD patterns were carried out using a Multipurpose PANalytical
Empyrean diffractometer (from Malvern Panalytical). An X-ray was generated via Cu K-a
radiation that was accelerated by 45 kV and 40 mA. SEM and EDS images were taken by
using an FEI Quanta 650 scanning electron microscope. The film thickness was measured
using a Bruker Dektak XT Profilometer with a measurement range of 65.5 pm, scan length
of 800 um, duration of 90 s, and stylus force of 10 mg. Film coverage and crystal size of
the HKUST-1 thin films with the different processing conditions were observed by using a
Zeiss Microscope Axio Scope.Al. The thin film was placed on the stage where condensed
light focused on the thin film. Images were taken with 5x, 20x, and 50x objective lenses

with the bright field mode. The taken images were quantified by using an image processing
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program (Fiji). FT-IR spectra were obtained from a Perkin Elmer Frontier MIR/NIR. PHI
Versaprobe 111 XPS instrument provided Cu 2p peaks of thin films. An X-ray was generated
from Al K-o radiation.

Electrical Conductivity Characterizations. Metal evaporation was performed in a
glovebox that was produced at LC Technology Solution Inc. Gold metal pellets were
thermally evaporated through a shadow mask. 50 nm of the gold layer was deposited as an
electrode onto the substrate at a rate of between 1 A s and 1.5 A s at a chamber pressure
below 5x107° mbar inside the glovebox. The channel length was 100 pm, and the electrode
width and length were 600 um and 200 pm, respectively. The current vs. voltage was

measured via Keithley 2450 Source Measure Unit (SMU).
Advanced Work from Dr. Luke Huelsenbeck

Pool-based Active Learning (PAL). The objective of active learning is to produce highly
accurate classifiers using fewer training data points. This is accomplished by iteratively
selecting critical data points from the vast parameter space through the interaction with the
solution shearing experiment and optical micrograph characterization. In the PAL
methodology, we have an abundance of unlabeled data points. But, labeling these data
points is hard, time-consuming, or expensive. In each iteration, the PAL will select a batch
of data points from the vast, unknown solution shearing parameter space. In this work, our
selection criteria for PAL depends on two factors: (1) Uncertainty based on query-by-
committee and (2) Diversity based on maximum space-filling design. We first identify data
points in the 11 million virtual parameter space that have the predicted probability score (n)
between 0.5 and 0.67. The n criterion corresponds to predictions that the thin films are likely

fully covered. We then use the maximin space-filling design criterion that uses the distance
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that maximizes the minimum distance between the training data and the 11 million virtual
data points to select a diverse set of 18 data points for experimental validation and feedback.
Classification Learning. The support vector machine (SVM) is a classification learning
algorithm that learns to assign labels through the examples given to it.> It creates a hyper-
plane based on the idea of large margin separation, where it seeks to maximize the distance
between the decision boundary and the correctly classified points closest to this boundary.
In this work, the SVM models are trained to predict the binary classification learning
problem of full coverage vs lack of full coverage for each data point. The important factors
in SVM are the hyperplane, kernel, and hyperparameters. The hyperplane is the dividing
barrier between conditions that have led to full coverage and lack of full coverage. The

hyperplane can be mathematically described in classification learning as,

f(x) = sign({w, ¢(x)) + b) (Equation. 2)

where x is a vector of input descriptors (solution shearing parameters), w are weight
coefficients that fit the training data, and b € R is the intercept. The kernel function (k)
allows to apply mathematical operations on the hyperplane to better situate it according to
the training data points. For our classification learning, we used a Gaussian radial basis
kernel function as shown below.

k(x,x") = exp(—|lx — x'||?/26%) (Equation. 3)

Finally, the other factors important in constructing these models are hyperparameters,
which control how the model considers the support vectors. We have two hyperparameters
to optimize: (1) The C -parameter (cost) evaluates penalty. A larger € -value will assign a
higher penalty to errors. (2) The o-parameter evaluates how much each support vector

influences the surrounding space. We determined the hyperparameters, €, and o, by cross-
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validation (CV) from the training data to balance the bias-variance tradeoff. The
hyperparameters that minimize the CV error are used for the final model. We performed
this hyperparameter tuning procedure each time when we built an SVM model.
Regression. We employ the support vector regression (SVR) as our ML method for
regression to predict the thickness of fully covered thin films.? In general, an SVR is of the
form
f(x) = (w,x)+b, (Equation. 4)
where x is a vector of descriptors, w are coefficients that fit the training data, and b is the

intercept, derived via the following optimization routine:
.1 " .
min > Iwll? + CY (& + &) (Equation. 5)

f&) —(wx;)—b <e+§;
subjectto {{(w,X;) +b— f(x) <€ +§;
Ei'E; =0

where C is the regularization term, n is the total number of data points, € is the insensitive
tube around the target values that provides the magnitude of the amount of permitted error
(only those target values greater than € are penalized by the optimization), §;, §; are the
nonnegative slack variables that permit a certain level of violation of the e-tube bounds,
and x; is the descriptor for the i training data. The regularization term C balances the
model complexity and training error (large C and small C can lead to overfitting and
underfitting, respectively). For a linear SVR, the kernel function, (w, x), is a dot product of
x and x;, leading to a f(x) that is linear in x. In this work, we use the nonlinear Gaussian
radial basis function of the form:

2
[lx—x"]l

K(x,x') = exp (— T) (Equation. 6)

We determined the hyperparameters, C, and o, by 10-fold CV.
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Bootstrap resampling. Since our training data sets (for both classification learning and
regression) were only a small sample of the population, we lack complete information on
the probability distribution of model parameters. This introduces uncertainty in quantifying
the model output distribution. Therefore, estimating the error rate (or error bar) for each
prediction is as important as estimating the mean prediction itself. We utilized the bootstrap
resampling method for uncertainty quantification, which is especially suited for problems
with small training data.?® The idea behind the bootstrap resampling method is to randomly
draw samples with replacement from the training set to generate a large number of “pseudo
training sets.” Certain observations may appear multiple times (due to sampling with
replacement), whereas other observations may not appear at all in the pseudo training sets.
These data points are referred to as out-of-bag samples. An ensemble of ML models will
then be trained using the pseudo training sets generated by the bootstrap method. The
performance of the trained ensemble of models is evaluated on the out-of-bag samples. In
the case of SVM, the probability score, n, is used as a metric for uncertainty. In the case of
SVR, the mean and standard deviation of the predictions from the ensemble of models is
then used as an estimate of the expected thickness and its associated uncertainty,

respectively.
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2.5 RESULTS AND DISCUSSION

2.5.1 Fabrication of a large area and continuous HKUST-1 thin film via solution shearing

IS
1

+

0o 1 2 3 4

# of shearing cycles

Figure 2. 2. SEM images of (A) 1st, (B) 2nd and (C) 4th solution-shearing cycles of HKUST-1. Increasing the
number of solution-shearing cycle results in increasing the film coverage of HKUST-1on the substrate. After the
4™ cycle, we observed complete film coverage. The darker backgrounds that are shown in the 1t and 2" cycles
represent the substrate. The darker background in the 4™ cycle is observed due to the color contrast, originating
from the stacked HKUST-1 crystals that are grown from previous solution shearing cycles. (D) The film thickness
of solution-sheared HKUST-1 increases with the number of solution-shearing cycle (n = 3).

Thickness (pim)
—i—

During the solution shearing process, the HKUST-1 thin film was cast at 160 °C
with a coating speed of 0.5 mm s, with dimethylsulfoxide (DMSO) as the solvent.*! These
parameters were utilized because they provided a thin film with high film coverage and
uniform crystal size distribution in one cycle (Figure A2. 1). As the coating speed increases
or the temperature of the substrate decreases, the HKUST-1 thin film coverage decreases.
However, as shown in Figure 2. 2A, the HKUST-1 thin film that is fabricated after one
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solution shearing cycle is a not fully covered thin film since neither the nucleation rate nor
the growth rate of HKUST-1 is enough to fully cover the substrate (Figure A2. 2). As
mentioned earlier, obtaining a continuous thin film is chosen as the most important
parameter to increase the electrical conductivity of the TCNQ@HKUST-1 over large areas,
as grain boundaries and pinholes can cause orders of magnitude reduction in charge
transport.?”8

To fabricate continuous HKUST-1 thin films, we performed multiple cycles of
solution shearing. We hypothesize that HKUST-1 seed crystals form on the substrate after
the first solution shearing cycle, and in the subsequent shearing cycle, secondary
crystallization and crystal growth occurs on these crystals, and new nuclei also form on the
substrate, leading the HKUST-1 thin film to be fully covered on the substrate (Figure A2.
3 and Figure A2. 4).

Subsequent solution shearing cycles were performed after the remaining precursor
solution evaporated from the substrate (60 seconds between each pass). Due to the large
parameter space afforded by solution shearing, the time between solution shearing passes,
or the shearing speed of each pass, was not varied.

The film coverage was quantified using an image processing program (Fiji) as
depicted in Table A2. 1. Increasing the number of solution shearing cycles monotonically
increases the area of thin film coverage, reaching a value of 99 + 0.6 % at the 4™ solution
shearing cycle.

As the coverage increases, we also see evidence of intergrowth between crystal
domains indicating fewer grain boundaries (Figure A2. 4). New crystal growth occurs from
the surface of previous HKUST-1 crystals present on the substrate. These secondary

crystallization events are advantageous as the two or more crystals share a crystal plane,
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ensuring that no void-like grain boundaries exist at that interface. These shared crystal
planes morphologies occur due to multiple solution shearing cycles. Typically, when the
solvent of the precursor solution contacts the thin film for more than 5 minutes, the thin
film can dissolve. However, as the crystallization of the HKUST-1 thin film using solution
shearing occurs within a minute, minimal dissolution was observed from the previous
HKUST-1 on the substrate due to the rapid solvent evaporation.®?° The rapid evaporation
leads to rapid primary and secondary nucleation and crystal growth, leading to the
formation of intergrown HKUST-1 crystals and an increase in the film coverage. No void
regions are observed down to the resolution of the Scanning Electron Microscope (SEM)
and EDS (Figure 2. 2C and Figure A2. 3).

As indicated in Figure A2. 5, X-ray diffraction (XRD) shows that solution sheared
HKUST-1 matches closely with the solvothermal HKUST-1 and retains its crystallinity
even if multiple solution shearing cycles are performed. The film thickness also evolves
with multiple cycles (Figure 2. 2D). The thickness of the HKUST-1 thin film after the 1%

solution shearing cycle, which is 2.1 £ 0.4 um, is similar to that of the reported value from
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Figure 2. 3. A. X-ray diffraction (XRD) pattern shows the crystal structure remains consistent even if the TCNQ
molecules are loaded on the solution sheared HKUST-1 thin film. B. Fourier Transform-Infrared (FT-IR) spectra
of TCNQ@HKUST-1, TCNQ, and HKUST-1. The peak that represents nitrile group is shifted from 2,224 cm™ to
2201 cm due to the bonding between OMS and nitrile group.
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2.5.2

Lee et al.® which is in the range of 2 um — 4 um. After the 4" solution shearing cycle, the
average thickness of the HKUST-1 film is 5.4 + 0.8 um, increasing by an average of 1.2
pum per cycle. Given that the four cycles provided full coverage, we used these films as the
platform to measure the electrical conductivity of films with different TCNQ loading times.
TCNQ Infiltration on the Continuous HKUST-1 Thin Film

TCNQ@HKUST-1 samples were created by soaking HKUST-1 thin films in a
saturated TCNQ solution, dissolved in anhydrous dichloromethane (CH2Cl.), as performed
in previous reports.? Before the HKUST-1 thin film was soaked into TCNQ solution, the
film was washed by soaking in pure CH2Cl, to remove solvent residue and to evacuate the
HKUST-1 pores, creating the OMS inside the HKUST-1 pores. Figure 2. 3A shows the
XRD patterns of TCNQ@HKUST-1 as well as the pristine HKUST-1 synthesized using
solution shearing. Schneider et al.®® demonstrated that Cu(TCNQ) may form on the
HKUST-1 surface during TCNQ loading. As shown in Figure 2. 3A, XRD patterns stay
consistent even after TCNQ loading, and no unique peaks characteristic of Cu(TCNQ)
appear, indicating that TCNQ is loaded into the HKUST-1 thin film without forming
Cu(TCNQ), down to the resolution of XRD. Recently, Kim et al.! demonstrated that
anhydrous methylene chloride (CH2Cl2) can remove solvent residue and water molecules
inside HKUST-1 pores without applying heat. This solvent exchange showed comparable
activation performance to the thermal treatment, and the copper reduction to Cu(l) was not
observed. We hypothesize that the solvent activation process limits the formation of

Cu(TCNQ) in our system.
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TCNQ binding to the OMS in the HKUST-1 thin film is confirmed by using Fourier-
Transform Infrared spectroscopy (FT-IR). As shown in Figure 2. 3B, a nitrile stretch peak
in TCNQ is observed at 2,224 cm, but the nitrile peak in TCNQ@HKUST-1 is shifted to

2,201 cm™.2 This peak shift occurs due to the bonding between the lone pair of the nitrile

group in TCNQ and the OMS in the HKUST-1 thin film.
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Figure 2. 4. SEM images of (A) Pristine HKUST-1, (B) — (C) 24hrs and 168hrs TCNQ@HKUST-1, respectively.
The crystal morphology of HKUST-1 is preseved without forming a worm-shaped byproduct, Cu(TCNQ). D. XPS
of solvent treated and thermal treated TCNQ@HKUST-1. Thermally treated HKUST-1 thin film reduces the
oxidation state of copper as shown by the lack of shake up peaks. Cu (Il) is dominated in the solvent exchanged
HKUST-1 by showing strong satellite shake-up peaks as indicated by circles.

According to Schneider et al.!®, thermal treatment to remove solvent residue and
water molecules in the HKUST-1 pores causes the surface morphology of HKUST-1 to
change as Cu(ll) in HKUST-1 reduces to Cu(l). The presence of Cu(l) atoms causes the
formation of Cu(TCNQ) as a byproduct when the HKUST-1 thin film is soaked in TCNQ.

Crystals with worm-shaped morphology represent the formation of Cu(TCNQ) (Figure A2.
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6). According to Schneider et al®!, these nanowires indicate the formation of Cu(TCNQ)
phase | as a byproduct. Due to the formation of Cu(TCNQ), which has two different phases,
the pure effect of the electrical conductivity of TCNQ@HKUST-1 is hard to determine.
The Cu(TCNQ) formation hinders the electrical conductivity of TCNQ@HKUST-1. Heintz
et al.®® demonstrated that Cu(TCNQ) phase 1 is the semiconducting material with an
electrical conductivity of 25 S m™*. On the other hand, the electrical conductivity of phase
2 is close to 0.0013 S m™.*® To avoid this convoluting effect, solvent treatment using
CH:Cl, was used to minimize the formation of Cu(TCNQ).! As depicted in Figure 2. 4, the
crystal morphology of solvent exchanged TCNQ@HKUST-1 does not show the worm-like
morphology that indicates the formation of Cu(TCNQ).

Scanning X-ray photoelectron spectrometry (XPS) was used to observe the oxidation
state of the TCNQ@HKUST-1 thin film. The oxidation state of copper in Cu(TCNQ) is
Cu(l) while that of copper in TCNQ@HKUST-1 is Cu(ll). Figure 2. 4D shows the Cu 2p
peak of pristine HKUST-1 under a solvent treatment and a thermal treatment. The existence
of satellite features in the Cu 2p peak represents a ligand-metal charge transfer. These
satellite peaks are called “shake-up” peaks, and they are key peaks that determine the
oxidation state of copper since Cu(l) and Cu(ll) exhibit different strengths and shapes of
the “shake-up” peak.’*3 As seen in Figure 2. 4D, thermally treated pristine HKUST-1
reduces the oxidation state from Cu(ll) to Cu(l) and removes the shake-up peaks. These
features match closely with the XPS peak of Cu(l).3® However, since the average depth of
the XPS measurement is around 5 nm, the entire copper metals in the HKUST-1 thin film
may not be reduced to Cu(l). On the other hand, the XPS spectrum of solvent exchanged
HKUST-1 is shifted by 2 eV, and there are two strong satellites observed around 945 eV,

and another strong satellite is observed around 965 eV. These three satellites show that
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Cu(ll) in TCNQ@HKUST-1 does not reduce to Cu(l). Therefore, the formation of

Cu(TCNQ) may be minimized when TCNQ is loaded on the solvent exchanged HKUST-1

thin film.
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Figure 2. 5. A-B. I-V curve of TCNQ@HKUST-1 with different TCNQ soaking time. As the soaking time

increases, more TCNQ molecules have higher chance to bind to the HKUST-1 which increases the current of

TCNQ@HKUST-1. C. The electrical conductivity of TCNQ@HKUST-1 with different TCNQ soaking time. As

the TCNQ soaking time increases, the electrical conductivity of TCNQ@HKUST-1 increases up to seven orders
of magnitude. Inset shows conductivity data after TCNQ was soaked for 48 hours (n=4).

Current-voltage (1-V) measurements of TCNQ@HKUST-1 films with different

TCNQ loading times up to 480 hours were used to obtain the conductivity (Figure 2. 5A -

B). The pristine HKUST-1 does not exhibit any current response due to its insulating

nature.81%3:38 As the TCNQ infiltration time increases, the current of TCNQ@HKUST-1

increases with a linear I-V curve. The electrical conductivity is shown in Figure 2. 5C. The

electrical conductivity increases seven orders of magnitude as the TCNQ soaking time

increases. Previously, Talin et al.? calculated 7 S m™ of electrical conductivity after
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2.5.3

HKUST-1 thin film was exposed to TCNQ solution. Compared with this value, solution
sheared TCNQ@HKUST-1 under the same TCNQ loading time has two orders of
magnitude lower electrical conductivity. We hypothesize that the low electrical
conductivity in solution sheared TCNQ@HKUST-1 occurs due to the higher film thickness
of solution sheared TCNQ@HKUST-1. Since solution sheared HKUST-1 thin films are
thicker than solvothermal grown HKUST-1 thin films, it takes longer for TCNQ to diffuse
into solution sheared HKUST-1 thin films, leading to the lack of well-coordinated TCNQ
in the OMS of the solution sheared HKUST-1 thin film. However, solution sheared
TCNQ@HKUST-1 thin film has higher electrical conductivity than the pressed
TCNQ@HKUST-1 pellet as solution sheared TCNQ@HKUST-1 thin film has less grain
boundaries than the pressed pellet.!® The conductivity increased with TCNQ soaking time
up to 240 hrs but decreased after the film was soaked for 480 hours, owing to HKUST-1
thin film degradation, resulting from long TCNQ soaking.

Optimization of the Large-area and Continuous HKUST-1 Thin Film Using Active

Learning

In addition, as an advancement of the project that is proposed by Dr. Luke
Huelsenbeck, TCNQ was impregnated to further demonstrate the utility of the machine
learning (ML) guided film optimization approach. Briefly, 11 million virtual parameter
space was identified using the PAL approach. Among these large parameter spaces, we
explored the combination parameter sets that provide a fully covered HKUST-1 thin film
(Figure A2. 7) and determined one parameter set with having minimum film thickness as
well as showing a full coverage. 6 passes and 3.5 mm/s for a copper concentration of 1 M,

metal to linker ratio of 1.8, and substrate temperature of 165 °C is the parameter

42



combination that provides a full film coverage with a minimum film thickness of 2.2 + 0.3
um. The optimized thickness value determined by the PAL process is approximately 2.5
less than the experimentally optimized thickness. Furthermore, we compared the electrical
performance of TCNQ@HKUST-1 films optimized experimentally and by the ML model.
Figure 2. 6A and B show the I-V response of the thin films and the conductivity of the
films, respectively. We found the conductivity of the ML optimized film matched that of
the experimentally optimized film at 2.1 + 1.5 x 102 S/m and 2.4 + 0.9 x 102 S/m,
respectively (Figure 2. 6B). Maintaining conductivity while reducing film thickness shows
the conservation of film continuity without the introduction of void spaces in the ML
optimized film, as grain boundaries have been shown to reduce the conductivity of
crystalline thin films.3® We hypothesize that the maintained conductivity and 2.5 fold
reduction in thickness will yield accelerated response times for sensor applications while

the fully covered film can act as a separations barrier or as a selective coating.
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Figure 2. 6. A. I-V curve showing electrical performance of SVR minimized thickness film and experimentally
minimized thickness film and B. conductivity of these films (n =6).
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2.6

Conclusion

In summary, solution shearing with multiple cycles can rapidly fabricate large area
HKUST-1 thin films with consistent thin film thickness and no pinholes due to a secondary
crystallization event. The XRD pattern of solution sheared HKUST-1 thin films shows that
multiple solution shearing cycles do not affect the chemical structure of HKUST-1. By
incorporating TCNQ molecules into the OMS inside the HKUST-1 pores, a conductive
composite called TCNQ@HKUST-1 can be created. SEM images and XPS spectra of
TCNQ@HKUST-1 confirm that solvent treatment can activate the pores of HKUST-1
without reducing the oxidation state of copper, which corresponds to the minimization of
Cu(TCNQ) formation. Furthermore, I-V measurements indicate that the electrical
conductivity of TCNQ@HKUST-1 reaches up to seven orders of magnitude higher than
that of pristine HKUST-1.

In addition, by leveraging the PAL method, we synthesize a HKUST-1 thin film that
has fully covered and minimum film thickness. The thickness of the thin film using this
approach is 2.5 times smaller than the minimum thickness obtained by an experimentally
optimized thin film. To confirm its full coverage, TCNQ molecules are incorporated into
the HKUST-1 thin film. If the film is continuous, a linear current-voltage curve would be
obtained. If not, the electrical characteristic of the thin film would be shown an insulating
character. The electrical conductivity of the films using the PAL approach matched that of
the previously obtained TCNQ@HKUST-1 film by us, indicating that the electrical
conductivity can be preserved while making thinner films. To the best of our knowledge,
this is the first instance of using active learning techniques to fabricate MOF thin films, and
this finding expands the applicability of MOF thin films that are fabricated via flow coating

techniques such as chemresistive sensors or electrodes in supercapacitors.
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2.7  Chapter 2 Appendices

Determination of the solution shearing parameters that affect the film coverage

A. 0.1 mm s, 160 °C, 98.8 %

B. 0.5 mm s, 160 °C, 95.0 % C.1.5mm s, 160 °C, 76.4 %

@

D. 0.5 mm s, 100 °C, 83.9 %

alnjeladwsa) Buisesiou)

Increasing Coating Speed

Figure A2. 1. The optical images and the percentages that represent the film coverage with varying the heated
substrate temperature and the coating speed. As the speed increases and temperature decreases, the size of the
HKUST-1 and film coverage decreases. The white background represents the substrate and the film coverage was
quantified using Fiji.
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Energy Dispersive Spectroscopy (EDS) image between 15t and 4™ solution sheared HKUST-
1 thin film

- 1st Solution sheared HKUST-1 thin film

W Map Sum Spectrum

taletartaranal

Figure A2. 2. A. SEM image of 1st solution sheared HKUST-1 thin film. B. The elemental composition of 1%
solution sheared HKUST-1 thin film. C. Copper (Cu) atom distribution in the HKUST-1 thin film. D. Silicon (Si)
atom distribution in the HKUST-1 thin film. As can be seen in this image, the composition of Si is higher than that
of Cu.
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- 4th Solution sheared HKUST-1 thin film
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Figure A2. 3. A. SEM image of 4™ solution sheared HKUST-1 thin film. B. The elemental composition of 1%
solution sheared HKUST-1 thin film. C. Copper (Cu) atom distribution in the HKUST-1 thin film. D. Silicon (Si)
atom distribution in the HKUST-1 thin film. As can be seen in this image, the composition of Si is low, compared
to the abundance of Si seen in the region with a crack on the lower left of the image. This corresponds that HKUST-
1 thin film is completely covered via multiple cycles of solution shearing. The dark spot in C and D occurs due to
the rough film thickness which EDS detector cannot detect elements on the film.
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Intergrown HKUST-1 crystals that are originated from the multiple cycles of solution
shearing

Figure A2. 4. Due to the multiple solution shearing processes, HKUST-1 crystal shares their crystal plane with
neighbor crystals as indicated by the red circles.
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Film coverage quantification

Table A2. 1. Quantified film coverage with the different number of solution shearing cycles. As
the number of solution shearing cycle increases, the film coverage increases. When the solution
shearing process was performed four times, the film coverage nearly reaches to 100%.

Number of Solution Shearing Cycle Film Coverage (%)
1 Cycle 60+1.1
2" Cycle 80+ 0.9
3" Cycle 89+ 0.7
4™ Cycle 99 + 0.6
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XRD patterns of solvothermal HKUST-1 and solution sheared HKUST-1 to confirm the
formation of HKUST-1

Solvothermal HKUST-1
Solution Sheared HKUST-1

_ JLA/LJ\

Normalized Intensity (a.u.)

AJ—LFA—J—L_LPM_—A

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
g-space (A7)

Figure A2. 5. The XRD peak comparison between solution sheared HKUST-1 and solvothermal HKUST-1.
Solution sheared peaks match closely with the solvothermal HKUST-1.
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Change in surface morphology of TCNQ@HKUST-1 thin film when the HKUST-1 thin
film is removed its impurity by applying heat

Figure A2. 6. (A) — (B) SEM images of thermally activated 72 hrs and 168 hrs of TCNQ@HKUST-1. Numerous
nanowire crystals appear on the surface of the HKUST-1 thin film after the substrate is soaked in TCNQ solution
for 72 hours. These molecules represent the formation of the Cu(TCNQ) as a side product.
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Surface morphology of fully covered and solution sheared HKUST-1 thin film that is
created by using active learning

Figure A2. 7. The SEM image of the fully covered HKUST-1 film that the parameters were provided using
active learning.
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3 Exploration of the solution sheared Zr-based MOF thin film crystallization

3.1 The work of this chapter is published as:

S.Jung, P. Verma, S. Robinson, E. Beyer, H. Hall, L. Huelsenbeck, K. Stone, and G. Giri.
“Meniscus Guided Coating and Evaporative Crystallization of UiO-66 Metal Organic
Framework Thin Films.” Ind. Eng. Chem. Res, 2021, 60, 48, 17585 — 17595

3.2  Abstract

In the previous chapter, a large-area and continuous HKUST-1 thin film is
fabricated using multiple cycles of solution shearing. The previous study focused on the
crystallization of solution sheared HKUST-1 thin film only. There have been no previous
reports of solution shearing based evaporative crystallization of zirconium-based MOFs,
which have been widely studied for a range of applications, including separations,
catalysis, sensing, and charge transport. In this work, for the first time, we show that the
Zirconium 1,4-dicarboxybenzene MOF, UiO-66, can be formed using evaporative
crystallization during solution shearing and that a wide range of parameters can be tuned
to control the film thickness, coverage, and crystallinity. Furthermore, we show that under
certain solvents (dimethylformamide), oriented growth of UiO-66 crystals on the substrate
is possible. Finally, we bring the solution shearing technique closer to separation
applications by growing a full film of UiO-66 crystals up to the resolution of SEM, on
anodic alumina oxide (AAO). This is the first instance of UiO-66 crystals being formed
using an evaporative crystallization-based flow coating method, and the solution shearing
technique shows the promise to be applicable to form large-area zirconium-based MOF

crystals rapidly (within seconds to minutes).
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3.3 Introduction
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Figure 3. 1. (a) Conceptual diagram of solution shearing. The metal-oxo cluster and linker are present in the solution,
and as the solvent evaporates a solid film of zirconium 1,4-dicarboxybenzene MOF (UiO-66) is grown on the substrate
(gray area). (b) Chemical components of UiO-66. (c) The rectangular plot showing the operational range of each
solution shearing parameter covered in this study.

The solution shearing technique is commonly used to deposit organic
semiconductors! and polymers?3-based thin films and is compatible with a wide range of
materials such as pharmaceutical compounds* and carbon nanotubes®. In the previous
chapter, we also have shown that the solution shearing technique can also fabricate facile,
rapid, and large area HKUST-1 thin film (Figure 3. 1).24%8 Therefore, there is interest to
study the applicability of this technique to form films of other MOFs as well. The substrate
can be extended to be any given width since the evaporation front is invariant across the
width of the substrate. In addition, continuous solution feeding during solution shearing to
keep a constant volume can be used to coat a substrate of any length. Therefore, large area
thin film formation of MOFs is possible using solution shearing. Ghorbanpour et al.” have
previously fabricated large area thin films of the zirconium 1,4-dicarboxybenzene MOF,

called UiO-66 hereafter, using solution shearing. Here, the UiO-66 crystal was first
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synthesized solvothermally, and the suspension was cast as a thin film. However, there is
more interest in fabricating thin films of MOFs grown during the solution shearing process
itself, in order to better control the film properties and reduce the time required to create
the thin film. To this end, Lee et al.® have synthesized a large area, solution sheared
HKUST-1 thin film by controlling the blade speed and substrate temperature. In addition,
Jung et al.® have also shown continuous and large area solution sheared HKUST-1 thin
film by using the concept of secondary crystallization. A fully covered and large area thin
film was created by repeating solution shearing on the same substrate, termed passes,
which showed a lack of pinholes and improved charge transport properties. However, all
these studies are focused on the solution shearing of HKUST-1 as a thin film, and HKUST-
1 synthesis is relatively simple due to the dimeric copper node.

Zirconium-oxo cluster (Zr-oxo) based MOFs are of interest to researchers due to
their excellent thermal, chemical, and aqueous stability, and multiple papers have shown
the capability of Zr-oxo based MOFs, such as UiO-66 (Figure 3. 1. b), for separations and
sensing applications.®? Most techniques of creating Zr-oxo MOFs are slow, taking hours
to days, due to the complexity of the Zr-oxo cluster, which requires the coordination of six
Zr atoms. Huelsenbeck et al.™* have previously shown that the stabilization of the Zr-oxo
cluster can be utilized to rapidly enhance the UiO-66 formation during aqueous-based
synthesis, but this study was done for bulk crystallization and not for evaporative
crystallization as a thin film. To the best of our knowledge, no studies have been performed
that show evaporative crystallization of UiO-66 as a thin film. In this work, we
demonstrate the solution shearing of UiO-66 for the first time, and utilize solution shearing

to create thin films (Figure 3. 1).

58



There are multiple parameters that can affect the formation of crystalline MOF thin
films during solution shearing, including substrate temperature, blade speed, reactant
concentration, and modulator concentration (Figure 3. 1. ). We study the impact of
these parameters on the films of UiO-66 created, studying the film thickness, coverage,
UiO-66 crystallinity, and crystalline orientation as a function of solution shearing
parameters. We find that increasing the substrate temperature enhances the film coverage,
but can increase or decrease the crystallinity of UiO-66 crystals depending on the reactant
concentration. Increasing the blade speed makes thinner films, but does not show a
significant change in the crystallinity. Increasing the reactant concentrations increase the
film thickness and the UiO-66 crystallinity, and increasing the modulator concentration
decreases the film thickness, but increases the UiO-66 crystallinity. In addition, switching
the solvent to N,N-dimethylformamide (DMF) also provides similar results. We explain
the results by understanding the MOF crystallization processes that occur during solution
shearing and show the formation of fully covered thin films on porous substrates with the
use of multiple passes up to the resolution of SEM.

3.4  Materials and Methods

Materials. Acetone (99.9 %), toluene (99.9 %), trichloro(octadecyl)silane (OTS,
>90%), methanol (>99.9%), zirconium(IV) propoxide solution (70 wt.% in 1-proponal)
[Zr(OnPr)4] , acetic acid (AA, >99%), terephthalic acid (H.BDC, 98%), dimethyl sulfoxide
(DMSO, 99.99%), and N,N-dimethylformamide (DMF, 99.8%) were purchased from
Sigma Aldrich. Isopropyl alcohol was purchased from Fisher Scientific. Silicon wafers,

with a 285 nm thick silicon dioxide layer, were obtained from University Wafer. Anodic
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alumina oxide (AAO) membranes with a pore size of 20 nm and a diameter of 13 mm were
purchased from Sterlitech Corporation.

Substrate Preparation. Silicon wafer was cut into approximately 1 cm x 1 cm
substrates. The silicon wafer was rinsed with toluene, acetone, and isopropyl alcohol,
respectively. The wafer was dried using dry airflow.

Solution Shearing Blade Fabrication. Silicon wafer was used as the coating
blade. The wafer was cleaned in the UV-ozone cleaner for 10 minutes. The wafer was
immediately put into a crystallization dish that was filled with a solution that contained
0.1 wt.% OTS in toluene. The crystallization dish was covered with a glass lid, and the
solution was kept stirring at 40 - 45 °C for 3 hours. Afterward, the wafer was sonicated in
acetone for 5 minutes. A water contact angle of 95 ° - 100 ° was obtained to use the
substrate as the shearing blade.

UiO-66 Precursor Solution Synthesis. Synthesis conditions were adapted from
DeStefano et al.®® In a 20 mL glass vial, Zr(OnPr)4 and acetic acid were added to DMSO
or DMF. The solution was sonicated for 5 minutes and heated at 130 °C for 2 hours. The
solution was then cooled to room temperature. Ho.BDC was then dissolved into the solution
and the precursor solution was used for the film synthesis.

UiO-66 Thin Film Fabrication. The parameter set used for solution shearing was
determined by varying reactant (Zr(OnPr)s and H2BDC) concentration, blade speed,
substrate temperature, and modulator concentration. The reactant concentration was varied
from 39.2 mM to 70 mM for DMSO, and from 7.2 mM to 14.4 mM for DMF. The range
of the solution shearing speed was from 0.05 mm/s to 0.4 mm/s, and the substrate

temperature was varied from 100 °C to 160 °C. The solution shearing speed and the
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substrate temperature were controlled using software (LabView). Last, the modulator
concentration was varied from 36.6 % to 50 % v/v acetic acid. After the precursor solution
of UiO-66 was synthesized, solution shearing was used to fabricate the UiO-66 thin film.
The blade was held under a top vacuum stage. The substrates (silicon wafer and AAO)
were kept on the bottom vacuum stage. The substrate stage was heated based upon the
processing condition. The blade angle and its height were controlled relative to the
horizontal substrate stage, respectively. Less than 10 uL of the UiO-66 precursor solution
was injected into the gap between the blade and the substrate. The coating blade was
moved along with the substrate to fabricate UiO-66 thin films.

Characterization. Scanning electron microscopy (SEM) images were taken via a
FEI Quanta 650 scanning electron microscope. The coverage of the thin film was
quantified using Fiji, an image processing program. The film thickness was measured
using a Bruker Dektak XT Profilometer with a scan length of 800 um. The X-ray Wide
Angle Scattering (GIWAXS) of solution sheared UiO-66 thin films was measured at the
11-3 station of the Stanford Linear Accelerator Center (SLAC) National Accelerator
Laboratory. The station provides a two-dimensional Rayonix MX225 CCD area detector.
The beam energy was 12.896 KeV, the incident beam angle was 0.15 °, and the sample-
to-detector distance (SDD) was 320.955 mm. The 2D GIWAXS image was analyzed using

the GIXSGUI, provided by Jiang.
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3.5

3.5.1

Results and Discussion
During solution shearing, the UiO-66 precursor solution is sandwiched between a
heated bottom substrate and a top moving blade as depicted in Figure la. Solvent
evaporation from the meniscus leads to supersaturation of the reactants, thus inducing
nucleation and growth of the UiO-66 crystals. A study conducted by Huelsenbeck et al.*®
has shown that stabilizing the Zr-oxo clusters before MOF synthesis can decrease the time
scale required for MOF formation. Therefore, we synthesized UiO-66 films by stabilizing
the Zr-oxo clusters first in the solution. The H2BDC linker was dissolved into the Zr-oxo
clusters solution and the solution was injected in-between the heated substrate and the
blade. High temperatures and solvent evaporation promote the reaction between Zr-oxo
clusters and H2.BDC linkers to form UiO-66 crystals, and the blade coating process creates
Ui066 thin films. We study the UiO-66 film properties (coverage, thickness, crystallinity,
and crystal orientation) by varying the temperature, blade speed, reactant concentration,
modulator concentration, and solvent (Figure 3. 1. c).
Impact of Temperature on UiO-66 Film Formation:

Creating fully covered MOF films is important due to the dependence of separation,
filtration and transport performance of MOF-based membranes and sensors on MOF thin
film coverage.'”8 It has been previously shown in the literature that increasing the solution
shearing temperature provides better coverage of the substrate for HKUST-1.5 Higher
substrate temperature increases the solvent evaporation rate, which results in a larger
amount of the solute being deposited on the substrate as a film. As we are not able to form
a fully covered thin film with only one pass of solution shearing, an adjusted thickness is

used, defined as the product of the film thickness and the surface coverage (Figure 3. 2.
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a). In almost all cases, the thickness increases with higher temperatures or is within a
standard deviation of the lower and higher temperatures. Grazing incidence wide angle X-
ray scattering (GIWAXS) also showed that the intensity of the diffraction from the (111)
crystal plane is enhanced as a function of temperature (Figures 3. 2. b-e). The film
coverage was less impacted than the film thickness, as seen through the SEM images
(Figures 3. 2. f-k). Here, lower magnification images seem to show full coverage of the
film for the cast at 130 °C and 160 °C under the resolution of SEM, but a lack of full

coverage is observed at higher magnification.
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Figure 3. 2. Influence of temperature on zirconium 1,4-dicarboxybenzene MOF (UiO-66) film synthesis. (a)
Adjusted thickness as a function of temperature shows increasing thickness. (b) Grazing incidence wide-angle x-ray
scattering patterns of the film synthesized at 100 °C, 130 °C, and 160 °C. Films created using higher temperatures
show higher diffraction intensities from the (111) plane. (c) — () Two-dimensional grazing incidence wide-angle x-
ray scattering patterns used to obtain Figure 2(b). (f) — (h) Scanning electron microscope images of the film synthesized
at (f) 100 °C, (g) 130 °C, and (h) 160 °C. Scale bar is 20 microns. (i) — (k) Scanning electron microscope images of
the film synthesized at (f) 100 °C, (g) 130 °C, and (h) 160 °C. Scale bar is 2 microns. Other conditions: Dimethyl
sulfoxide, 36.6% (v/v) acetic acid, 70 mM precursor concentration, 0.1 mm/s blade speed.

64



Table 3. 1. Solution shearing parameters used in this study and their effects on film properties (coverage,
adjusted thickness, and coherence length).

Modulator | Reactant | Blade Temperature Ac.ljnsted Stal.ldifl"d Coherence

Solvent | Conc. (%) Cone. Speed ©C) Coverage | thickness | Deviation | Length

(v (mM) (mm/z) (pm) (wm) (A)
DMEO 36.6 392 01 130 0.67 11.60 038 142
DMSE0 36.6 392 01 160 0.78 14.65 1.57 2a09
DMEO 36.6 392 04 130 0.75 13.32 1.78 127
DMEO 36.6 392 0.4 160 0.74 10.02 0.83 189
DMEO 36.6 70 01 100 0.75 12.78 0.09 154
DMSO 36.6 70 01 130 0.78 13.03 0.52 291
DMEO 36.6 70 01 160 0.75 15.07 1.57 262
DMEO 36.6 70 04 130 0.81 10.21 233 321
DMEO 36.6 70 04 160 0.75 7.88 0.51 209
DMEO 30 392 01 130 085 Q.30 0.52 173
DMEO 30 392 04 100 0.69 7.92 0.14 115
DMEO 30 392 04 130 077 Q.73 2.66 187
DMEO 30 392 04 160 085 Q.83 0.73 199

We also determine the crystallinity of MOF particles by measuring the full width
at half maximum (FWHM) of the integrated intensity of the diffraction from the (111)
Bragg peak and then obtaining the coherence length through the Scherrer equation, where
higher values of the Scherrer width indicates higher crystallinity.® Increasing the substrate
temperature from 100 °C to 130 °C increases the Scherrer width as represented in Table
3. 1, demonstrating better crystallinity of UiO-66 particles at higher temperatures. This
result holds true for all conditions tested in the study. DeStefano et al.*® also found similar
results where they demonstrated the decrease in defect density of UiO-66 crystals with
increasing temperature. They hypothesize that the lability of the modulator increases with
temperature, thus resulting in less defect density. However, increasing the temperature
from 130 °C to 160 °C results in a slightly lower coherence distance in some cases, while
the Scherrer width is increased in other cases (Table 3. 1). Upon closer examination, the
results where Scherrer width decreases with increasing temperature are originated from
the conditions where 70 mM of starting Zr-oxo cluster and linker concentration is utilized.
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The faster rate of crystallization that occurs during solution shearing, due to the higher
concentration of the Zr-oxo clusters and linkers, can lead to more defect formation, which

reduces the crystal coherence length.
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3.5.2 Impact of Blade Speed on UiO-66 Film Formation:

16- 300

a b —— 0.1 mm/s

=15 ( ) ) 250'( ) —— 0.4 mm/s

£ 14]

Z13im 8 20

8 12 a 150 4

o 114 b

€ 10] c 100

= )

2 % } k= 50___)\

£ 8] =

il 0l : . .
01 0.2 03 04 0.4 0.6 0.8 1.0

Speed (mm/s) q (A"

Figure 3. 3. Influence of blade speed on zirconium 1,4-dicarboxybenzene MOF (UiO-66) film synthesis. (a) Adjusted
thickness as a function of speed shows decreasing thickness with increasing speed. (b) Integrated grazing incidence
wide-angle x-ray scattering patterns of the film synthesized at 0.1 and 0.4 mm/s. Films created using higher speeds
show lower diffraction intensities. (c) — (d) Two-dimensional grazing incidence wide-angle x-ray scattering patterns
used to obtain Figure 3(b). (e) — (f) Scanning electron microscope images of the film synthesized at (e) 0.4 mm/s, and
(f) 0.1 mm/s. Scale bar is 20 microns. (g) — (h) Scanning electron microscope images of the film synthesized at (g)
0.4 mm/s, and (h) 0.1 mm/s. Scale bar is 2 microns. Other conditions: Dimethyl sulfoxide, 36.6% (v/v) acetic acid, 70
mM precursor concentration, 130 °C temperature.
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The blade coating speed also changes the thin film morphology and thickness. In
solution shearing, two different regimes of fluid deposition have been observed, the
evaporative regime and the Landau-Levich regime.'* In the evaporative regime, the rate of
evaporation occurs on the same time scale as the blade translation, leading to evaporation
and solid thin film deposition at the same time.

Conversely, in the Landau-Levich regime, the blade movement occurs faster than
the evaporation rate. In this case, a liquid film is first deposited, after which the solvent
evaporates and the solid film is formed. From previous literature, the evaporative
conditions and the blade speed used in this study indicate that the film formation occurs in
the evaporative regime.? In all cases, where parameters are constant except for blade
speed, the adjusted film thickness is either lower or within the standard deviation of the
measurements (Table 3. 1, Figure 3. 3. a). This expectation is further supported by GIXD
intensities as the integration of the (111) peak intensity decreases with blade speed (Figure
3. 3. b—d), and SEM images show thicker films at lower blade speed (Figure 3. 3. e-h).

On the other hand, blade speed has a negligible effect on the Scherrer width of the
UiO-66 crystallites. In all paired conditions, Table 3. 1 shows a slight variation in the
crystal coherence length with increasing blade speed. However, the relative change in
Scherrer width was less than 20% for all cases, indicating that the solution shearing
temperature has a larger effect on the crystallinity of the UiO-66 particles compared to the
blade speed. As the blade speed does not change the evaporation rate or the reaction rate
of MOF formation, it is expected that there is a less significant effect of the speed on the

Ui0O-66 crystallinity.
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3.5.3

Impact of Reactant Concentration on UiO-66 Film Formation:

We also study the impact of the chemicals used during the solution shearing
process, including the concentration of the zirconium reagent and linker (while
maintaining the stoichiometric ratio) and the acetic acid modulator. Increasing the
precursors (zirconium propoxide and H2BDC linker) concentrations increases the film
coverage as there is more solute to crystallize, yielding more crystals and higher adjusted
film thickness. In all cases with all other parameters held constant, higher reagent
concentration during solution shearing resulted in a film that is as thick or thicker than the
films created with a lower concentration, except for films formed at 160 °C and 0.4 mm/s
(Table 3. 1, Figure 3. 4. a). Figure 3. 4. b-d illustrates the increase in the integrated (111)
peak intensity as precursor concentration increases, indicating the formation of more
crystals, which is further supported by SEM images as the film synthesized at 39.2 mM
(Figure 3. 4. e, g) exhibits lower coverage than 70 mM film (Figure 3. 4. f, h). In addition
to a higher amount of crystal formation, increasing the reagent concentration also

increased the coherence length of the UiO-66 crystals for all conditions tested.
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Figure 3. 4. Influence of zirconium ion and linker concentration on zirconium 1,4-dicarboxybenzene MOF (UiO-66)
film synthesis. (a) Adjusted thickness as a function of concentration shows increasing thickness. (b) Integrated grazing
incidence wide-angle x-ray scattering patterns of the film synthesized at 39.2 mM and 70 mM zirconium ion
concentration, with the linker concentration held stoichiometrically constant. (¢) — (d) Two-dimensional grazing
incidence wide-angle x-ray scattering patterns used to obtain Figure 4(b). (e) — (f) Scanning electron microscope
images of the film synthesized at (e) 39.2 mM and (f) 70 mM. Scale bar is 20 microns. (g) — (h) Scanning electron
microscope images of the film synthesized at (g) 39.2 mM and (h) 70 mM. Scale bar is 2 microns. Other conditions:
Dimethyl sulfoxide, 36.6% (v/v) acetic acid, 130 °C temperature, 0.1 mm/s blade speed.
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Increasing the modulator (acetic acid) concentration causes a decrease in the
adjusted film thickness for all cases where other parameters are held constant (Table 3. 1,
Figure 3. 5. a). The range of the modulator concentration is chosen by balancing
zirconium cluster formation and organic linker dissolution. It has been hypothesized
previously in the literature that the modulator competitively binds with the Zr-oxo ions, so
that a higher modulator concentration indicates less binding of the linker, leading to a
lower film thickness during solution shearing.” However, the integration of the peak
intensity from GIWAXS shows that there is an increase in (111) peak intensity, as
illustrated in Figure 3. 5. b-d. This result is further corroborated by the SEM images as
the film synthesized at 36.6% (v/v) acetic acid exhibits fewer crystals (Figure 3. 5. e, Q)
than 50% (v/v) acetic acid film (Figure 3. 5. f, h). Additionally, we see that increasing
the modulator concentration increases the Scherrer width as measured from the FWHM of
(111) peak. This unexpected result occurs due to the slower nucleation and growth kinetics
of MOF formation, yielding more crystalline UiO-66 particles. Similarly, Schaate et al.?
observed the increase in coherence length of UiO-66 crystals with increasing modulator
concentration during solvothermal synthesis. Therefore, increasing the modulator
concentration during solution shearing causes a lower adjusted film thickness, but the
crystallinity is higher. The changes in the thickness and crystallinity of the thin film when
each parameter is varied while other parameters stay constant are summarized in Table 3.
2. Therefore, depending on the film thickness and crystallinity desired, different
parametric handles can influence the crystallization process during solution shearing to

control the thin film formation.
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Figure 3. 5. Influence of acetic acid modulator concentration on zirconium 1,4-dicarboxybenzene MOF (UiO-66)
film synthesis. (a) Adjusted thickness as a function of modulator concentration shows decreasing thickness. (b)
Integrated grazing incidence wide-angle x-ray scattering patterns of the film synthesized at 36.6 % (v/v) acetic acid
and 50% (v/v) acetic acid. (c) — (d) Two-dimensional grazing incidence wide-angle x-ray scattering patterns used to
obtain Figure 5(b). (e) — (f) Scanning electron microscope images of the film synthesized with 36.6 % (v/v) acetic acid
and 50% (v/v) acetic acid. Scale bar is 20 microns. (g) — (h) Scanning electron microscope images of the film
synthesized with 36.6 % (v/v) acetic acid and 50% (v/v) acetic acid. Scale bar is 2 microns. Other conditions: Dimethyl
sulfoxide, 39.2 mM precursor concentration, 130 °C temperature, 0.4 mm/s blade speed.
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Table 3. 2. Summary of the parameters influencing various film properties

Temperature (°C, T) 1 H { Lt

Blade Speed (mm/s, V) t H| L
Precursor Concentration (mM, C) | H 1 L1
Modulator Concentration % (v/v, A) t H | L1t

3.5.4 Solvent Effect:

3.55

In addition to precursor concentration, modulator concentration, blade speed, and
temperature, the solvent also affects the MOF formation.?? Therefore, we study the
evaporative crystallization of UiO-66 using DMF as the solvent. However, due to the
limited solubility of zirconium propoxide in DMF, the maximum concentration of
precursors used is 14.4 mM when dissolved in DMF. As this restriction impacts the crystal
nucleation and growth rates, it was impossible to straightforwardly compare the results
obtained between DMF and DMSO.

We studied the effects of temperature, blade speed, and precursor concentration on
film coverage and UiO-66 crystallinity using DMF as a solvent. We find that the
relationship described in Table 3. 2 is valid for DMF as well (Table A3. 1 and Figure A3.
1 - 3). Additionally, we observed the faceted UiO-66 crystals in DMF, similar to previous
studies (Figure A3. 4).7:24-26
Shearing on Anodic Alumina Oxide (AAO) membrane:

To demonstrate the versatility of the solution shearing method for evaporative
crystallization of MOFs for membranes, we fabricated a UiO-66 thin film on a porous AAO

membrane. Previous studies have reported UiO-66 films on AAO membranes using
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solvothermal synthesis.?”? However, a longer synthesis time (24 h - 72 h) is undesired for
industrial applications. Here, we synthesize UiO66 films on AAO using solution shearing
within minutes using DMF as the solvent (36.6% (v/v) acetic acid, 14.4 mM precursor
concentration, 130 °C temperature, and 0.1 mm/s blade speed). We choose DMF as the
solvent for this synthesis as DMF rendered faceted crystals. Figure 3. 6 represents the SEM
images of bare AAO (Figure 3. 6. a, d) and UiO-66-AAO (Figure 3. 6. b, c, e, f)
membranes. With one pass of solution shearing, the presence of UiO-66 crystal can be
observed on the AAO membrane, but the film is not fully covered (Figure 3. 6. b, €). To
obtain full coverage, we used our previous understanding of HKUST-1 growth during
solution shearing, where multiple coating passes can be used to create a fully covered film.*

By using 6 passes of solution shearing, we are able to form a fully covered film on the

AAO substrate (Figure 3. 6. c, f) under the resolution of SEM.

Figure 3. 6. Scanning electron microscope images of the (a), (d) Bare anodic alumina oxide membrane, (b), (€)
zirconium 1,4-dicarboxybenzene MOF (UiO-66) film synthesized on anodic alumina oxide using 1 pass of solution
shearing, and (c), (f) zirconium 1,4-dicarboxybenzene MOF (UiO-66) film synthesized on anodic alumina oxide
using 6 passes of solution shearing. Scale bar is 20 microns in (a) — (c) and 5 microns in (d) — (e). Synthesis
conditions: N,N-dimethylformamide, 36.6% (v/v) acetic acid, 14.4 mM reactant concentration, 130 °C temperature,
and 0.1 mm/s blade speed.
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3.6

Conclusion

In this chapter, we demonstrate that the solution shearing process can rapidly fabricate
zirconium 1,4-dicarboxybenzene MOF (UiO-66) thin films, with the possibility of being
able to be used for large area formation. The solution shearing parameters (precursor
concentration, modulator concentration, solvent, blade speed, and substrate temperature)
are varied to observe changes in coverage, crystallinity, and crystal orientation of the thin
films. The UiO-66 film coverage on the substrate is confirmed via profilometry and SEM
images. The crystallinity of UiO-66 with different solution shearing conditions is analyzed
by comparing the coherence length of the crystals present in the thin films. We find that
increasing the precursor concentration and substrate temperature render higher adjusted
thickness and better crystallinity of UiO-66 thin films. Additionally, blade speed and
modulator concentration have inverse effects on the adjusted thickness, and higher
crystallinity of UiO-66 crystals is achieved with decreasing blade speed and increasing
modulator concentration. Therefore, higher concentrations of precursor and modulator,
higher substrate temperatures, and lower blade speeds are required to fabricate UiO-66
films with better-adjusted thickness and crystallinity of UiO-66 crystals. In addition, this
trend is also observed when DMF is used as a solvent. These results, for the first time,
show that evaporative crystallization of Zr-oxo MOF films can be performed, and thin
films of Zr-oxo MOFs can also be created in a rapid manner that is compatible with large-
area production. These results will expand the large-area application possibilities of MOF

thin films such as catalysis, sensing, and separation.
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3.7 Chapter 3 Appendices

Table A3. 1. Solution shearing parameters used in the study and their effects on film properties (coverage, adjusted
thickness, and coherence length), using DMF as the solvent.

Modulator | Reactant Conc. | Blade Speed Coherence

Selvent | -\ nc. (%) (v/v) (mM) (mm.-’I;} Temperature CC) | 1 oth (&)
DMEF 36.6 72 01 100 143
DMEF 36.6 72 01 130 176
DMEF 36.6 72 01 160 276
DMEF 36.6 72 04 160 221
DMF 36.6 144 0.05 130 234
DMEF 36.6 14 4 01 100 192
DMEF 36.6 14 4 01 130 249
DMF 36.6 144 0.1 160 334
DMEF 36.6 14 4 04 130 173
DMEF 36.6 14 4 04 160 302
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Figure A3. 1. Influence of temperature on UiO-66 film synthesis. Films created using higher temperature show
higher diffraction intensities from the (111) plane. Other conditions: DMF, 36.6% (v/v) acetic acid, 14.4 mM
precursor concentration, 0.1 mm/s blade speed.
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Figure A3. 2. Influence of blade speed on UiO-66 film synthesis. Films created using higher speeds show lower
diffraction intensities from the (111) plane. Other conditions: DMF, 36.6% (v/v) acetic acid, 14.4 mM precursor
concentration, 130 °C temperature.
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Figure A3. 3. Influence of Zr ion and linker concentration on UiO-66 film synthesis. Films created using higher
concentration show higher diffraction intensities from the (111) plane. Other conditions: DMF, 36.6% (v/v) acetic
acid, 130 °C temperature, 0.1 mm/s blade speed.
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Figure A3. 4. SEM image of the UiO-66 film. Synthesis conditions: DMF, 36.6% (v/v) acetic acid, 14.4 mM
precursor concentration, and drop casted at 130 °C.
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4 Polymer incorporation into the solution sheared Zr-based MOF thin film

4.1 The work of this chapter is published as:

S. Jung, S. Robinson, Y. Baek, A. Dhakal, P. Verma, M. Stone, and G. Giri. “Fabrication
of polymer incorporated UiO-66 metal-organic framework thin films using solution
shearing.” In Preparation, 2022.

4.2  Abstract

In the previous chapter, we have shown the fabrication of the zirconium-based thin film,
called UiO-66, using solution shearing, and discussed how the solution shearing parameters affect
the crystallinity of the UiO-66 thin film. In this chapter, the pores of UiO-66 are incorporated by
polymer molecules. A combination of both the polymer and the MOF properties can be achieved
in this composite, called polyMOF. In this study, the thin film composite of piezoelectric polymer,
known as poly(vinyl difluoride) (PVDF), and UiO-66 is fabricated using solution shearing.
Initially, the PVDF solution is mixed with the linker solution so that PVDF chains and linker
molecules are present in the same solution. Then, the node solution is added to the polymer and
linker-containing solution so that PVDF chains can be entrapped inside the UiO-66 pores,
indicating that the UiO-66 crystals grow around the polymer chains. With multiple shearing cycles,
a large area and continuous thin film of PVDF@UiO-66 was fabricated within a minute. The film
coverage is 100% up to the resolution of SEM, and the polymer incorporation inside the UiO-66
pores is confirmed by testing the piezoelectric performance of the PVDF@UIiO-66 composite.
Compared to the conventional polyMOF thin film fabrication technique, PVDF@UiO-66 thin film
using solution shearing can reduce the synthesis time of the composite, and control the thin film

properties such as coverage, crystallinity, flexibility, and thickness.
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4.3

Introduction

In Chapter 3, solution shearing is used to fabricate the zirconium-based MOF, UiO-66, as
a thin film and to control the crystal orientation and the film thickness. In this chapter, the
fabrication of the polymer incorporated zirconium-based MOFs using solution shearing will
be discussed. The porous nature of MOFs makes them well suited for making composite
materials. Guest molecules can be integrated into the MOF structure by interacting with the
open metal sites (OMS) inside the MOF pores chemically.X These interactions provide
changes in the physical and chemical properties of the MOFs. Talin et al.? incorporated TCNQ
molecules into the copper-based MOF, called HKUST-1, to endow an electrical conductivity
into the HKUST-1 so that seven orders magnitude of higher electrical conductivity is realized.
Hermann et al.* incorporated photochromic azobenzene into MOF-5, Gallium MIL-68, and
Indium MIL-68, which resulted in improved photochromic reaction to light. The incorporation
of guest molecules into MOF pores gives MOFs an extra dimension of tunability and expands
potential applications.

An emerging type of MOF composites is polymer-MOF composite, called polyMOF.
PolyMOF takes advantage of the properties of the polymer and MOFs so that flexible and
highly porous composite can be synthesized.®> This makes polyMOF particularly well suited
for membrane-based separations for a wide range of applications. Guo et al.® created
poly(styrene sulfonate) (PSS) with HKUST-1 composites to make membranes for lithium-ion
separation in salt water brines. Shanahan et al.” made composites of polyaniline (PANI) with
the zirconium oxide-based MOF (UiO-66 and UiO-66-NH2), which created material with
tunable semi-conductivity. Physical mixing is an extremely simple and straightforward

technique of synthesizing MOF-polymer composites. With physical mixing, MOF particles
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and polymer chains are mixed together in a solution. The mixture can then be deposited to
fabricate a thin film.2 Moghadam et al.® fabricated flexible membranes of poly(vinyl
difluoride) (PVDF) and UiO-66 composite by mixing solvothermally grown UiO-66 particles
with PVDF in solution and subsequently electrospinning the solution on a substrate. In their
work, PVDF@UiO-66 composite shows higher piezoelectric performance than PVDF polymer
itself. As the COOH-groups in UiO-66 promote hydrogen bonding with CF, in PVDF, the
formation of B-phase PVDF, which has the strongest piezoelectric response, becomes probable.
Furthermore, Lu et al.?% also utilized electrospinning to make PVDF@UiO-66-NH; textiles
from physically mixed UiO-66 particles and PVDF fibers in N,N-dimethylformamide (DMF)
for use in detoxification of chemical warfare agents. With physical mixing, polymer loading
into MOF pores can only be achieved through diffusion. Small guest molecules can easily
diffuse into the MOF pores and bind to active sites. However, polymer chains are generally
very large, which results in a low diffusivity into MOF pores.® This makes the polymer loading
process in physical mixing very slow.

As opposed to physical mixing techniques, chemical mixing techniques involve mixing
polymer chains with MOF components (linker and node separately) in solution. With chemical
mixing, the desired polymer is dissolved into either a linker or node solution. Li et al.!
synthesized PEDOT:PSS@HKUST-1 by first mixing negatively charged PEDOT:PSS with
positively charged copper hydroxide nano strands (CHNSs). Subsequent addition of acidic
linker formed HKUST-1 with PEDOT:PSS entrapped in the pores. The same technique was
employed by Guo et al.® to make PSS@HKUST-1. With chemical mixing, polymer loading is
not limited by diffusion. Thus, reaction timescales are only limited by MOF formation and

growth.
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Coating Blades

Heated Substrate

Figure 4. 1. Schematic of solution shearing. The precursor solution that contains node, linker and polymer is added
into the gap between coating blades and heated substrates. As the coating blade move from one side to another side,
solvent starts evaporating, and crystallization occurs.

In the previous chapter, we have shown the fabrication of UiO-66 thin films using solution
shearing. In this chapter, we present a generalized approach to synthesize a composite of
poly(vinyl difluoride) (PVDF) and UiO-66 using solution shearing. (Figure 4. 1) Both
polymers? and MOFs**17 thin films have been fabricated using solution shearing and other
meniscus guided coating techniques. However, there has been no publication showing the
synthesis of a MOF-polymer composite using this method. By first mixing the PVDF solution
with the linker followed by the node, the PVDF can be incorporated inside UiO-66 pores during
crystallization. (Figure 4. 2) With multiple shearing cycles, we achieve large area, continuous
thin films of PVDF@UIiO-66. Using a combination of characterization techniques, including
Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and piezoelectric
measurement, we confirm the presence of § phase-PVDF, the retention of UiO-66 crystallinity
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and morphology in the composite. This generalized technique can be applied to other polymer-

MOF systems to significantly improve the production timescale and quality of the thin films.

A __of
FF] (FF
- 0+ ==
n F m
Poly(vinylidene fluoride) 2l-uxo H,BDC Uio-66

Cluster

-
Solution Shearing
T

+

Zr-oxo Precursor solution of PVDF@UiO-66
Cluster PVDF + H,BDC PVDF@UiO-66 Thin Film

Figure 4. 2. Schematic of the polyMOF synthesis. PVDF is mixed with the linker solution and added to the node
solution to synthesize the precursor solution of PVDF@UiO-66.
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4.4  Materials and Methods

Materials. Acetone (99.9 %), toluene (99.9 %), trichloro(octadecyl)silane (OTS, >90%),
methanol (>99.9%), Zirconium (IV) propoxide solution (70 wt.% in 1-proponal) [Zr(OnPr)4],
acetic acid (AA, >99%), terephthalic acid (H.BDC, 98%), solvene®250/P300, and N,N-
dimethylformamide (DMF, 99.8%) were obtained from Sigma Aldrich. Glass substrates (1 mm
thick), indium tin oxide (ITO) coated glass substrates (1.1 mm thick and 100 ©/sq), and isopropyl
alcohol were purchased from Fisher Scientific. Silicon wafers, with a 285 nm thick silicon dioxide
layer, were obtained from University Wafer.

Substrate Preparation. Both glass and 1TO-coated glass slides were cut into
approximately 0.5” x 1 sized substrates. The glass substrates were sonicated in methanol for 10
minutes. The ITO-coated substrates were gently washed with isopropyl alcohol. Both substrates
were dried using dry airflow. The glass slides were cleaned in the UV-o0zone cleaner for around
10 minutes. Both glass slides and ITO-coated slides were placed on the solution shearing machine
to be used as substrates.

Solution Shearing Blade Fabrication. Silicon wafer was used as the coating blade. The
wafer was treated with UV-ozone for at least 10 minutes. The wafer was immediately placed on
a crystallization dish that was filled with a 0.1 wt.% OTS in 50 mL toluene. The crystallization
dish was covered with a glass lid, and the solution was kept stirring at 45 - 50 °C for at least 3
hours. Afterward, the wafer was sonicated in acetone for 5 minutes. A water contact angle should
be within the range between 95 ° and 100 ° to use the substrate as the coating blade.

UiO-66 Precursor Solution Synthesis. Synthesis conditions were adapted from
DeStefano et al.?® In a 20 mL glass vial, 355 puL Zr(OnPr)s and 4 mL acetic acid were dissolved

by 7 mL DMF. The node solution was sonicated for 5 minutes and heated at 130 °C for 2 hours.
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The node solution was then cooled to room temperature. In a separated vial, 14.4 mM of the linker
solution, H.BDC, was dissolved by a 1:1 mixture of acetone and DMF. Then, the same amount of
the node solution and the linker solution are mixed to be used for the thin film fabrication.

PVDF@UIiO-66 Precursor Solution Synthesis. Synthesis conditions were adapted from
Lu et al.?% In a 20 mL glass vial, the different weight percentage of PVDF was dissolved by a 1:1
mixture of acetone and DMF. Once it is fully dissolved, 14.4 mM of H.BDC is added to the
solution. In a separate vial, 355 pL Zr(OnPr)sand 4 mL acetic acid were dissolved by 7 mL DMF.
The node solution was sonicated for 5 minutes and heated at 130 °C for 2 hours. The node solution
was then cooled to room temperature. Then, the solution that contains polymer and linker was
mixed with the node solution by 1:1 weight ratio, and the precursor solution was used for the thin
film fabrication.

UiO-66 Thin Film Fabrication. Solution shearing was used to fabricate the UiO-66 thin
film. The coating blade was held under a top vacuum stage. Both glass and 1TO substrates were
placed on the bottom vacuum stage. The substrate stage was heated up to 100 °C. The blade angle
and its height were controlled based upon the horizontal substrate stage. Depending upon the size
of the substrate, 10 pL of the UiO-66 and PVDF@UiO-66 precursor solution was injected into
the gap between the coating blade and the heated substrate. The coating blade was set to 0.25
mm/s and moved along with the substrate, and the solvent evaporation occurs to deposit UiO-66
as well as PVDF@Ui0-66 thin films.

Characterization. X-ray diffraction (XRD) patterns were used to observe the formation
of Ui0-66 on fabrics using PANalytical Empyrean diffractometer (Malven Panalytical) using Cu
Ka radiation under 45 kV and 40 mA. Scanning electron microscopy (SEM) and energy dispersive

spectroscopy (EDS) images were taken via a FEI Quanta 650 scanning electron microscope. FT-
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IR spectra were measured via a Perkin Elmer Frontier MIR/NIR. Piezoelectric performance was
measured via oscilloscope from Keysight DSOX3024T. The PVDF@UiO-66 thin film is

deposited on the ITO substrate using solution shearing. The nickel tape was attached to the top of

the thin film to measure its piezoelectricity.
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45 Results and Discussion

=31 wt.% UiO-66 in PVDF@UiO-66
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Figure 4. 3. X-ray diffraction (XRD) of 31 wt.% MOF contained PVDF@UiO-66, 18 wt.% MOF contained
PVDF@Ui0-66, PVDF and UiO-66, respectively. Both XRD pattern of 18 wt.% and 31 wt.% MOF contained
PVDF@Ui0-66 match well with that of their parent materials.

(Calculation is shown in the appendix) The PVDF@UiO-66 thin films are referred to as the
mass fraction of the UiO-66 in the solid composite, after the solvent in the thin film is fully
evaporated during deposition. The precursor solution is deposited to fabricate PVDF@UiO-66
thin film using solution shearing. During the solution shearing process, the PVDF@UiO-66 thin
film was cast at 100 °C with a coating speed of 0.25 mm/s, and 14.4 mM DMF as the precursor
concentration. These parameters are determined based upon the previous study in Chapter 3
because they provide high film coverage and well-oriented thin film. As can be seen in Figure 4.
3, the crystal structures of the different concentrations of PVDF@UIiO-66 thin films match well
with that of both PVDF and UiO-66. It confirms that solution shearing can rapidly fabricate the

PVDF@UIiO-66 thin film. In the previous studies, UiO-66 and its derivative were synthesized first
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and added to the PVDF solution to form the PVDF@UiO-66 composite.>?° Since the
crystallization of UiO-66 and the incorporation of PVDF may occur simultaneously in the solution
shearing, the synthesis time of the PVDF@UiO-66 composite takes much shorter than that of
previous studies. Interestingly, a single peak is observed at 26 = 20.5 ° in the XRD pattern of
PVDF. This peak indicates the PVDF B-phase.

In addition, FT-IR spectra of the PVDF@UiO-66 thin film and its reactants were measured.
(Figure 4. 4) The FT-IR spectrum of UiO-66 contains the spectrum of both Zirconium propoxide
and terephthalic acid, confirming that UiO-66 is well-synthesized. (Figure A4. 1) FT-IR spectrum
of PVDF@UIi0-66 thin film also matches well with that UiO-66 and PVDF. In the spectrum of
PVDF@UIiO-66, the representative peaks of B-phase PVDF are shown. According to Abdullah et
al.?, 840 cm™ represents CH; rocking, and C-C stretching is observed at 874 cm™ and 1074 cm
! In addition, 1172 cm™ and 1406 cm! is the wavelength that indicates CF, asymmetric stretching

and CH. deformation, respectively.
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Figure 4. 4. FT-IR spectra of the PVDF@UiO-66 and its reactants. Black dot line represents the specific spectrum
of UiO-66, and the blue dot lines indicate B-phase of PVDF.

As can be seen in Figure 4. 5, the scanning electron microscope (SEM) is used to observe the
film coverage and pinholes. Compared to the pristine UiO-66 thin film, the film coverage of
PVDF@UIi0-66 thin film has better film coverage. As the polymer is incorporated into the UiO-
66 thin film, the number of pinholes in UiO-66 is reduced. This indicates that PVDF contributes
to enhancing the film coverage of PVDF@UIi0O-66 by reducing pinholes. As can be seen in Figure
4. 5. D, there are some black dots on the film. These black dots are formed due to the multiple
cycles of solution shearing. As the multiple cycles of solution shearing are performed, the film

grows on the bare substrate as well as on the crystals from the previous solution shearing cycles.
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The elemental composition of the black dots is shown in Figure A4. 4 — 5. No composition that

represents the substrate is not observed.

coverage and reduces pinholes.

In addition, energy-dispersive X-ray spectroscopy (EDS) was used to observe the elemental
distribution of Ui0-66, PVDF, and PVDF@UiO-66 thin film. (Figure A4. 2 - 5) In both
PVDF@Ui0-66 thin films, both zirconium from UiO-66 and fluorine from PVDF are well-
distributed on the thin film, indicating that the PVDF molecules are well-distributed along with

the UiO-66 thin film.
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Figure 4. 6. Piezoelectric characteristic of UiO-66, PVDF, and PVDF@UiO-66 composite films. Generated voltages
by pressure with finger tapping motion from the samples (A) UiO-66, (B) PVDF (C) 18 wt.% UiO-66 in PVDF@UiO-
66, and (D) 31 wt.% UiO-66 in PVDF@UiO-66, respectively.

To confirm the PVDF incorporation, we have fabricated 18 wt.% and 31. wt.% UiO-66 in
PVDF@UIiO-66 with control samples (UiO-66 and PVVDF) via the solution searing process on the
ITO coated glass substrates. Then, the piezoelectric characteristic was investigated by measuring
the voltage when the pressure was applied during finger tapping motions, where the higher
piezoelectricity led to having higher voltage generation. Figure 4. 6 shows the piezoelectricity of
the fabricated films as a function of time, while the finger tapping motion repetitively applies
pressure on the films. The positive voltages are generated when the pressure is applied to the film,
followed by the negative voltage generation when the pressure is quickly removed. As shown in
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Figure 4. 6 A-B, the UiO-66 film provides the smallest piezoelectricity of 200 mV under the
pressure, and the PVDF film presents higher voltages around 2 V. The high voltages from the
PVDF film corresponds to the results of the XRD and FTIR which confirmed the B-phase in the
fabricated film. On the one hand, the piezoelectric characteristics of the composite films are shown
in Figure 4. 6 C-D. As can be seen, the generated voltages are around 2 V which is similar to the
voltages from the PVDF films. These results indicate that the chemical mixing method can
fabricate the thin film that contains both the p-phase PVDF and the UiO-66 properties using

solution shearing without any degradation.

Figure 4. 7. The picture of UiO-66 thin film (A) and PVDF@UiO-66 thin film (B). Upon the incorporation of the
polymer, the PVDF@UIO-66 becomes freestanding.

Furthermore, compared to the pristine UiO-66 thin film, PVDF@UiO-66 can be easily peeled
off from the substrate. As shown in Figure 4. 7, PVDF@UiO-66 thin film becomes freestanding,
showing that polymer incorporation into UiO-66 enhances the flexibility of the thin film. We
expect that as the PVDF chains UiO-66 crystals, PVDF@UiO-66 thin film becomes flexible,

leading to fabricating continuous, uniform, and crack-free thin film.
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4.6  Conclusion

In this chapter, we demonstrated the fabrication of PVDF@UiO-66 composite thin film
using solution shearing. In the PVDF solution, linker molecules are mixed initially, the node
solution is added to the solution so that polymers can be entrapped in the UiO-66 pores. The
synthesis of the PVDF@UIiO-66 is confirmed by XRD and FT-IR. The peak of the composite
matches well with that of the PVDF as well as UiO-66. The film coverage of the PVDF@UiO-66
on the substrate is determined by using SEM. We find that adding the polymer enhances the film
coverage of the thin film by reducing the number of pinholes. Furthermore, the PVDF is well-
distributed on the composite by observing the elemental distribution of the thin film and
piezoelectric performance. This indicates that PVDF molecules are incorporated along with the
UiO-66. Compared to the conventional polyMOF thin film fabrication technique, the fabrication
of the thin film using solution shearing can dramatically save the synthesis time and control the
film properties such as coverage, flexibility, and degree of piezoelectricity. The changes in thermal
conductivity and surface area of the composite will be measured in the future so that the impact of

PVDF on the thin film properties can be explored.
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4.7  Chapter 4 Appendices

The calculation of the UiO-66 contents in the PVDF@UiO-66 thin film

Node solution Calculation

0355 mL Zirconium Propoxide | 0.7  Zirconium Propoxide | 1.044 g | mol | 1000  mmol _ 0797 sumel
| 1 1-Propanol | mL | 32757 g | 1 mol e
Linker solution Calculation
240 mg Terephthalicacid | 1 g | mol | 1000  mmol

| 1000 mg | 16613 ¢ | 1 mol = s mmd

Ui0-66 Content Calculation (Assuming 100 % Conversion and 1:1 molar ratio between node and linker solution)

0.792 mmol Zirconium Propoxide | 1 Ui0-66 | 1 mol | 166406 ¢
6 Zr-atom | 1000 mmol | mol

= 0.220 gUi0-66

Ui0-66 Weight percentage of the PVDF@UiO-66 Thin Film (ex. 10 wt. % PYVDF@UiO-66)

Ly

g solvent 0.1 g PVDF
1 g solvent

+ 0220 gUi0-66 = 0.720 ¢ PVDF@Ui0-66

0.220 g UiD-66 | 100 %
0.720 g PVDF @Ui0-66 |

= 30522 wit. % Ui0-66 in PVDF@UiO-66 Thin Film
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Figure A4. 1. FT-IR spectra of UiO-66 and its reactant.
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Figure A4. 2. (A) SEM image of UiO-66 thin film. (B) Zirconium (Zr) distribution in the UiO-66 thin film. (C) The
elemental composition of the thin film.
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Figure A4. 3. (A) SEM image of PVDF thin film. (B) Fluorine (F) distribution in the PVDF thin film. (C) The

elemental composition of the thin film.
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Figure A4. 4. (A) SEM image of 18 wt.% UiO-66 in PVDF@UIiO-66. (B) Zirconium (Zr) and (C) fluorine (F)
distribution in the PVDF@UIi0-66 thin film. (D) The elemental composition of the thin film.
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Figure A4. 5. (A) SEM image of 31 wt.% UiO-66 in PVDF@UiO-66. (B) Zirconium (Zr) and (C) fluorine (F)
distribution in the PVDF@Ui0-66 thin film. (D) The elemental composition of the thin film.
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5 Conclusion and Future Work

The pore utilization of MOF thin film using solution shearing is discussed as the fabrication
of the high-quality MOF thin film in a rapid time scale is necessary for applying MOF thin
films into a wide range of applications. In this dissertation, we have approached to explore the
feasibility of large-area and continuous MOF thin films using solution shearing and the
incorporation of either redox-active or polymer molecules into the pores. Therefore, we
synthesized two well-known MOF thin films (HKUST-1 and UiO-66) using solution shearing
and incorporated either 7,7,8,8-Tetracyanoquinodimethane (TCNQ) or poly(vinyl difluoride)
(PVDF) so that the application of MOF thin films can be extended such as a chemi-resistive
sensor or flexible membrane.

5.1 Fabrication of Large-area and continuous TCNQ@HKUST-1 thin film using solution
shearing

In Chapter 2, solution shearing is used to fabricate a large area and continuous HKUST-1
thin film using solution shearing. The film coverage was determined by varying multiple
solution shearing parameters. However, it was limited to fabricating a continuous thin film
using one cycle of solution shearing. Thus, multiple solution shearing cycles were performed
so that the initial solution shearing cycle was regarded as the deposition of HKUST-1 seed
crystals and subsequent solution shearing cycles were induced the secondary crystallization,
enhancing film coverage. To confirm the continuous film coverage, a redox-active molecule,
called TCNQ, was incorporated along with the HKUST-1 crystals, leading to form a
TCNQ@HKUST-1 composite. Since the electrical conductivity of the pristine HKUST-1 thin
film is insulating, impregnation of TCNQ into HKUST-1 pores increases the electrical

conductivity of HKUST-1 thin film. Therefore, seven orders of magnitude of electrical
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5.3

conductivity were increased after TCNQ formed coordination bonding with HKUST-1 thin
film. Future work could explore the feasibility that the TCNQ@HKUST-1 thin film could be

fabricated by directly adding TCNQ molecules into the precursor solution of HKUST-1.

Exploration of the solution sheared Zr-based MOF thin film crystallization

In Chapter 3, we have shown the crystallization of the zirconium-based MOF, UiO-66, thin
film using solution shearing. Multiple solution shearing parameters (substrate temperature,
coating blade speed, precursor solution concentration, type of solvent, and the number of
cycles) were varied to observe the effect of crystallinity, coverage, and thickness.
Furthermore, we demonstrated that using dimethylformamide as a solvent enhances the
orientation of the UiO-66 crystals on the substrate. For the future, solution sheared UiO-66
will be tested its separation ability against the particulate matters on the porous substrate such
as anodic alumina oxide (AAO) so that the application of the large-area and continuous UiO-

66 thin film can be explored.

Polymer incorporation into the solution sheared Zr-based MOF thin film
Chapter 4 demonstrated the characterization of polyMOF, which is the combination
between poly(vinyl difluoride) (PVDF) and UiO-66, as a thin film that is fabricated by using
solution shearing. Compared to the conventional polyMOF synthesis, PVDF is pre-mixed with
the precursor solution of UiO-66 and deposited as a thin film using solution shearing. This
leads to reducing the synthetic time of the polyMOF significantly. Since solution shearing was
used to fabricate large-area and continuous thin film, the thin film properties, including

crystallinity, coverage and thickness can also be controlled. Furthermore, polyMOF contains
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both properties of polymer and MOF, so that flexible, free-standing large-area and continuous
polyMOF thin film is grown on the substrate. In the future, the correlation between the changes
in thermal conductivity and piezoelectricity upon polymer incorporation will be explored.
Moghadam et al.! show that the piezoelectricity of PVDF@UiO-66 is higher than that of
PVDF, itself. Since the hydrogen bonding is formed between PVDF and organic linkers, the
probability of B-phase formation of PVDF increases. In addition, according to DeCoster et al.?,
the thermal conductivity of HKUST-1 can be controlled by filling up pores with the guest
molecules, such as TCNQ, F4-TCNQ, and Hs-TCNQ. Depending upon the changes in
electrical conductivity that comes from the guest-host interaction, the thermal conductivity
decreases by a factor of 4 upon the infiltration with guest molecules. However, to the best of
our knowledge, no studies have been performed that describe the relationship between
piezoelectricity and thermal conductivity in the PVDF@UIiO-66 system. Therefore,
depending upon the weight percentage of PVDF inside the polyMOF, the changes in
piezoelectricity with respect to the temperature of the thin film will be explored.
Final Remarks

The work presented here is intended to show the utilization of solution shearing as one of
the MOF thin film fabrication techniques. Compared to the number of new MOFs that are
discovered, their corresponding applications are still at an early stage. In this dissertation, we
have shown the possibility that scalable and high-quality MOF thin film can be fabricated
using solution shearing. With the continuous development of the solution shearing, the

application of scalable and high-quality MOF thin films can be explored.
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