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ABSTRACT
Depositing metal-organic frameworks (MOFs) on the surfaces of metal nanoparticles (NPs) to
enhance catalytic selectivity has recently attracted great attention; however, a solid understanding
of how the NP-MOF interface promotes catalytic selectivity is lacking. In this thesis, we have
conducted three fundamental studies and further applied the knowledge to other types of catalysts
using enzymes. The first part of this thesis focuses on understanding the NP-MOF interfacial
structures and their impact on catalytic performance. We have systematically probed the NP-MOF
interface generated by three commonly used approaches by IR and Raman spectroscopy. We have
revealed significant differences in interfacial chemical interactions between them, and have found
that these differences in interfacial structure dramatically impact selectivity. For example, the
interface generated by the coating approach contains trapped capping agents. This trapped capping

agent reduces crotyl alcohol selectivity for the hydrogenation of crotonaldehyde.

The second part of this thesis focuses on addressing the trapped capping agents at the NP-
MOF interface. We developed an approach to creating a direct NP-MOF interface by utilizing
weakly adsorbed capping agents during the MOF coating process. Their dynamic nature allows
for their gradual dissociation from the NP surface with the assistance of the organic MOF linkers.
Thus, direct chemical interactions can be built between NP and MOF, generating a clean and well-
defined interface. Direct evidence on capping agent dissociation and formation of chemical

interactions was obtained by Raman and IR spectroscopy. Combined with transmission electron



microscopy and X-ray diffraction, we have revealed the relative orientation and facet alignment at

the NP-MOF interface.

The third part of this thesis investigates how various MOF components affect the selectivity of
hydrogenation reactions catalyzed at the MOF-NP interface. We found that the replacement of Zr-oxo
nodes with Ce-oxo nodes yields the highest selectivity for cinnamyl alcohol (~87%), whereas the
functionalization of the terephthalic acid linker with -OH, CH3, -NO; and NH> groups only moderately
modulates the selectivity relative to the Zr-UiO-66 (~58%). Reaction kinetics studies demonstrate that
coating Pt NPs with Ce-Ui0O-66 increases the rate of C=0 hydrogenation, which infrared spectroscopic
observations suggest is due to the interaction of the C=0O group with the Ce-oxo node. This work
highlights the critical role of metal-oxo nodes in regulating the catalytic selectivity of metal NPs

in specific reactions.

The fourth part of this thesis extends the interface control to other catalysts involving enzymes.
We compared the interfacial interactions of catalase in solid and hollow MOF microcrystals. The solid
sample with confined catalase was prepared through a reported method. The hollow sample was
generated by hollowing the MOFs crystal, sealing freestanding enzymes in the central cavities of the
hollow MOF. By monitoring this hollowing process, we observed that the enzymes gradually
changed from a confined form to a freestanding form. The freestanding enzymes in the hollow
MOFs show higher activity in the decomposition of hydrogen peroxide, attributed to their lesser
chemical interactions and confinement. This study highlights the importance of the freestanding
state for the biological function of encapsulated enzymes. Taken together, the four sections in this

thesis establish design rules for refining MOF-based catalyst design.
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1.0 Chapter 1:

Introduction

1.1 Thesis Goal and Outline

The central theme of the thesis focuses on improving heterogeneous catalysts (Figure 1.1).
Specifically, we aim to design metal nanoparticle (NP) composite catalysts with high catalytic
selectivity. Our strategy is to introduce microenvironment control around catalyst active sites by
coating them with geometrically and chemically ordered materials, namely metal-organic
frameworks (MOFs). While this strategy is promising, the development of efficient MOF-based
heterogeneous catalysts remains at the trial-and-error stage instead of following rational design.
This bottleneck stems from a lack of understanding of how to control complicated hybrid interfaces
between metal catalysts and MOFs. To fill this knowledge gap, we have conducted three
fundamental studies, including (1) developing a spectroscopic protocol to study complicated
hybrid interfaces,' (2) designing synthetic tools to control interfaces,” and (3) revealing the critical
components of the MOFs design to promote selectivity on metal catalysts. By collaborating with
researchers from different disciplines, we have applied this understanding to molecular catalysts

and biomolecules. 3

This dissertation is organized into eight chapters. Chapter 1 is a background review of
heterogeneous catalysis, metal NPs, and MOFs. Chapter 2 describes the impact of the NP-MOF
interface on the selectivity control, and we observed that trapped capping agents reduce the crotyl
alcohol selectivity for the hydrogenation of crotonaldehyde. Chapter 3 address the issue of
trapped capping agents by using weakly adsorbed capping agents, generating a clean and well-

defined NP-MOF interface. Chapter 4 reveals that preferential activation from inorganic MOF
1



clusters is critical to achieving high selectivity. Meanwhile, we have developed a directional
engraving process to realize the hierarchical control in the MOF microcrystals. By using the
hierarchical control in the MOF microcrystals, Chapter S demonstrates that chemical interactions
between enzymes and MOFs are critical for maintaining the biological functions of encapsulated

enzymes. Chapter 6 summarizes achievements in this dissertation and the future directions.

(a) (b)

Interface Control Between Materials Promoted Performance

Two Types of Active Site Control

3

»

£

(d) Host-Guest Interactions
MOFs as Coordination Spheres

Core-Shell MOF

Figure 1.1: Overview of the research achievements from this thesis: (a, b) controlling the interface
between metal NPs and MOFs to promote catalytic selectivity, (c) designing MOF structures to
realize the hierarchical control in the MOF microcrystals, and (d) tuning the host-guest interactions

to direct catalytic behaviors of biomolecules.



1.2 Developments in Heterogeneous Catalysis

Catalysis is at the center of our society, and nearly all commercial products require the use of
catalysts during manufacture.* One of the earliest catalytic processes is the fermentation of sugar
to produce alcohol which has been in use for thousands of years. Although many catalytic
processes have been known from the beginning of human history, the term “catalysis” was only
proposed in recent decades (1835, by Jons Jacob Berzelius).” A heterogeneous catalytic process
involves more than one phase.® In this case, the state of heterogeneous catalysts is usually solid,
and the reactants are in the gas or liquid phase. Because of the solid nature of heterogeneous
catalysts, they can be recycled with ease, generating less chemical waste. ’ With this advantage in
hand, the process development in industry began to study heterogeneous catalysts. Since that, a
series of key milestones in heterogeneous catalysis has been developed.® For example, the catalytic
hydrogenation by the Ni-based heterogeneous catalyst was invented by Paul Sabatier, who was
awarded the Nobel Prize in Chemistry in 1912.° Fritz Haber and Carl Bosch were awarded the
Nobel Prize in Chemistry in 1918 for the development of ammonia synthesis.!® By focusing on the
molecular-level picture, several key breakthroughs have been made in catalyst design,
characterization, and the associated mechanisms. For example, Hugh Taylor introduced the term
“active site” in the 1920s, establishing the concept that distinct sites on a catalyst are responsible
for chemical reactions.'! Later in the mid-1920s, scientists disclosed the theory of chemical
kinetics and the associated mechanisms (Details on the historical development of kinetic in relation
to catalysis can be found in “Fifty Years of Chemical Kineticists” by Hugh Taylor). It is worth
pointing out that Langmuir’s concept of fixed intermediates on active sites became particularly

important because it allowed a first quantitative analysis of the possible mechanism.'?



Building on these milestones, a general picture of heterogeneous catalysis began to form:
(1) reactants must be transported to the catalyst surface where at least one reactant chemisorbs, (2)
the intermediates react to give adsorbed products, and then (3) products desorb and leave away
from the catalyst (Figure 1.2). With this picture in mind, researchers began to collect more
molecule-level information.'> For example, developing single-crystal model systems to study

> and

complex issues of catalysis,'* building an operando setup to monitor the reaction,’
establishing computational methods to characterize the transition states of reactions.'® All of these

efforts build the fundamental frameworks of heterogeneous catalysis, making it possible to develop

catalysts with high catalytic performance.

(1) Adsorption (2) Reaction (3) Desorption
©0 ©0 (0 /0)
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Figure 1.2: Schematic illustration of heterogeneous catalysis. The reaction cycle of catalytic
oxidation of CO by O> was used as the demonstration. (grey spheres represent carbon atoms and

red spheres represent oxygen atoms.)

1.3 Challenges in Heterogeneous Catalysis

Heterogeneous catalysis provides access to many chemicals, materials, and fuels needed for
modern society. For example, platinum-tin catalysts are active and selective for propane

1718 which can be further converted into value-added

dehydrogenation to produce propylene,
materials, such as polypropylene, propylene oxide, and acrylonitrile.!® Promoting the catalytic

reactivity and selectivity to desired products has been the primary focus in the field. One of the

4



challenges in heterogeneous catalysis is to reduce the cost while increasing the activity and
selectivity of catalysts. For example, the total value of platinum group metals (PGMs, Pt, Pd, Rh
etc.) claimed from used catalytic converters was $3 billion in 2010.2° Although finding other
transition metal catalysts with a lower cost could address the problem, the high catalytic activity
and selectivity could be significantly compromised. Therefore, a major focus in catalyst design is
to achieve the same activity and selectivity with a smaller amount of PGMs. For example, the
Department of Energy launched the “Basic Research Needs for Synthesis Science” in 2021.2! To
reach this goal, a fundamental understanding of promoting the catalytic activity and selectivity of

active sites in heterogeneous catalysts is crucial.

One approach to promote the catalytic activity and selectivity of active sites is by
introducing modifiers.?? Modifiers could interact with the active sites, and influence the catalytic

performance. In the following section, we discuss the developments of modifiers.

1.4 Developments in Using Modifiers to Promote Catalytic Performance

Applying modifiers on active sites of metal surfaces can tailor the surface environment and
influence catalytic performance.?? One of the earliest examples is the Lindlar catalyst, developed
by Herbert Lindlar in 1952, for selective hydrogenations of alkynes.?® By introducing organic (e.g.,
quinoline) and inorganic (e.g., lead, Pb) modifiers on a palladium/CaCO3, the hydrogenation of
alkynes to undesirable alkanes can be greatly suppressed, resulting in high selectivity to alkenes
(around 85.0 % at full conversion). Owing to the high selectivity to alkenes, the Lindlar catalyst
has been one of the most widely studied catalysts. Kinetic studies found that the selectivity profiles
are greatly influenced by the relative population of alkyne and alkene groups.?* The mechanistic

study suggests that modifiers alter the electronic structures of Pd sites and hinder the formation of
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Pd hydride for hydrogenation.?*> Inspired by the mechanistic picture of the Lindlar catalyst, a
number of surface modifications have been developed. In the following section, we discuss
approaches utilizing metal oxides and organic ligands to enhance the catalytic performance of

metal NPs.

1.5 Inorganic Modifiers of Metal Oxides

Supporting metal NPs on inorganic modifiers of metal oxides could generate new interfaces
between metal surfaces and oxide supports. Depending on the interfacial interactions and
structures, such metal/metal oxide interfaces can have a profound impact on the catalytic
performance of the metal NPs.?® In the following discussion, we focus on how metal-support

interfaces promote catalytic stability, reactivity, and selectivity (Figure 1.3).

Firstly, supporting small metal NPs on metal oxides can stabilize catalytic performance by
preventing the sintering of metal NPs (Figure 1.3a). For example, in ammonia synthesis, the Fe-
based catalysts greatly degrade over time because the catalyst reconstructs to crystallite iron oxide
particles (Fe>Os).2” Supporting Fe-based catalysts on alumina (Al>O3) could prevent catalyst
reconstruction, improving the catalytic stability. Secondly, the metal/metal oxide interfaces can
change the electronic structure of active sites. The change in electronic structure can influence the
adsorption of intermediates, optimizing the energy landscape of the reaction (Figure 1.3b). For
example, in CO oxidation, supporting Au NPs on titanium oxide (TiO2) can facilitate electron
transfer at the Au-TiO> interface.?® The electron transfer from TiO; to the active sites of Au NPs

can promote O activation in the CO oxidation reaction, enhancing the catalytic performance.



(a) Stabilization of Metal NPs
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(b) Charge Transfer (c) Preferential Activation
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Figure 1.3: Schematic illustration of using metal/metal oxide interfaces to (a) prevent the metal
NPs from sintering, (b) transfer charge to alter electronic properties of metal NPs, and (c)

preferentially activate a specific chemical bond in intermediates.

Thirdly, the Lewis acidic nature of metal oxides at metal-support interfaces can activate a
specific bond in reactants (Figure 1.3c). The preferential activation of chemical bonds from metal
oxides are thought to promote the catalytic selectivity of a specific product. For example, in CO»
hydrogenation, zirconium oxides and cerium oxides have been proposed to activate CO> to form
formate and methoxide intermediates, enhancing the selectivity to methanol (Figure 1.4a).2%3
Furthermore, tuning the Lewis acid strength of metal oxides from Zr to Ti and Nb could promote
methanol formation rates and selectivities (Figure 1.4b).!2 The same concept has been also
applied to other catalytic reactions such as the selective hydrogenation of nitroaromatics by Pt NP

supported on Fe(OH)x catalysts.*
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Figure 1.4: (a) Scheme of site requirements for CO2 hydrogenation pathways. CO is formed on
the same site as Cu/SiO; (indicated by the black arrow) and CH 30H is formed on a Cu-M
interfacial site (indicated by the grey dashed arrow). (b) The product formation rate of CO»
hydrogenation and enthalpies of pyridine adsorption. Figure adapted from ref. [31].

In addition to metal oxides, alkaline cations can also serve as inorganic modifiers to
promote catalytic performance. Alkali cation can alter the electronic structure of active sites and
influence the bonding of intermediates.** For example, in ammonia synthesis, potassium ion (K)
could greatly enhance ammonia productivity. The alkaline cations at active sites may weaken the

bonding of the NH3 product at active sites, allowing the product to desorb with ease.

1.6 Organic Modifiers of Organic Ligands

Organic modifiers can be present in several kinds of forms including polymers, dendrimers, and
ligands. Because polymers and dendrimers are built from ligands, the following discussion will
mainly focus on using organic ligands as modifiers to promote the catalytic performance of metal

NPs. Similar to inorganic modifiers, putting organic ligands on the surface of metal NPs could



generate new interfaces between metal surfaces and organic ligands. Here, we focus on how metal-

ligand interfaces promote chemoselectivity and enantioselectivity (Figure 1.5).
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Figure 1.5: Schematic illustration of using metal-ligand interfaces to (a) create chiral pockets by
adding chiral ligands, (b) block specific types of active sites on catalytic surfaces, (c) sterically
hinder intermediates, and (d) facilitate the competition adsorption between intermediates and

adsorbed ligands.

One of the earliest examples is adding cinchonidine to Ni catalysts for the asymmetric
hydrogenation of a-ketoesters (Figure 1.5a).% The chiral nature of cinchonidine on the metal

surface only allows the substrate to contact active sites through a specific conformation, resulting



in high enantioselectivity at around 95.0 % in favor of the (R)-a-hydroxyesters. To be more
specific, it is thought to believe that the cinchonidine modifier forms a weak complex with the
reactant and places the reactant within its chiral pocket, forcing the carbonyl group to adopt a

specific orientation with only one side of the molecular plane available for reaction.?%8

Self-assembled monolayers (SAMs) are another attractive surface modification. The most
commonly studied system is thiolate-based SAMs on metal surfaces.*® Therefore, the following
discussion will focus primarily on SAMs formed from thiol-based organic ligands. Firstly, the
SAM modifications can selectively block specific types of reactive sites, and preferentially expose
active sites that favor a desirable reaction pathway (Figure 1.5b). For example, in furfural
hydrogenation, the SAMs consist of alkyl thiol chains of 18 carbons. They can selectively block
active sites associated with the undesired reaction of decarbonylation and ring hydrogenation.*’
By suppressing the undesired reaction, SAM-modified Pd/Al2O; presents high selectivity to
furfural while the undesired product of furan remains low. Secondly, the SAM monolayers could
sterically restrict the orientation of reactants, only allowing the terminal site of reactants to contact
the active sites (Figure 1.5¢). For example, in cinnamaldehyde hydrogenation, SAM-modified
Pt/Al,O3 may impose the steric interactions to prevent cinnamaldehyde from lying flat on the
surface of catalysts (Figure 1.6), only allowing cinnamaldehyde to contact active sites through the
terminal site of the aldehyde group.*! The result of the steric hindrance is the greatly enhanced
selectivity to unsaturated alcohol (> 90.0 %). Similarly, the promoted selectivity has also been

observed in using amine-based organic ligands.*’ By increasing the tail length of ligands from C4

to C18, the selectivity to unsaturated alcohol could be promoted to more than 90.0 %.
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Figure 1.6: Schematic illustration of cinnamaldehyde on catalytic surfaces: (a) cinnamaldehyde
interacting with an uncoated metal surface through the C=C double bond, and (b) 3-Phenyl-1-
propanethiol SAMs favoring aldehyde hydrogenation by favoring an upright orientation. Figure
adapted from ref. [41]

In addition to the two mechanistic pictures described above, the organic modifier can show
competitive adsorption with intermediates, inhibiting the conversion of specific intermediates
(Figure 1.5d). For example, in the hydrogenation of 4-octyne, the alkylamine modifier presents
stronger binding energy than intermediate alkenes, but weaker than alkynes.*’ After converting
alkynes to alkenes, the alkylamines would dominate the competitive adsorption with alkenes,
preventing further hydrogenation of alkenes into alkanes. The same concept of competitive

adsorption mechanism has also been applied to polymers in acetylene hydrogenation.***°

1.7 Challenges in Tuning Catalysis with Catalytic Modifiers

Both types of modifiers have been intensively studied over the past few decades, but the
mechanisms for improvement are still poorly understood as compared to the molecular catalysts.
The major challenge in modifiers is the lack of defined structural information. Therefore, a detailed
descriptor of the proposed mechanisms is still missing.>* Furthermore, the stability of the organic

species under demanding reaction conditions (high pressures or temperatures or both) is another
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concern. In contrast, rigid inorganic modifiers on NP surfaces do not have the concern of transient
structures, but the ill-defined coverage of these oxide clusters is still an issue. As a result, there has
been growing interest in developing more consistent, highly-ordered structures that can provide a

systematic approach for mechanistic studies.

In response to the challenge mentioned above, recent efforts have been focused on
extending the concept to ordered nanoporous materials, such as zeolites and MOFs. This thesis
primarily focuses on using MOFs as the catalytic modifiers because of the relatively milder
synthetic condition as compared to zeolites.***> We envision that the fundamental information,
once established, can be applied in zeolites. It is worth noting that researchers have also combined
organic and inorganic modifiers by coating oxide layers onto molecular templates via atomic layer
deposition (ALD).* However, the active site may still remain ill-defined due to the desorption of
the molecular template during the ALD coating process. A crystalline MOF material thus stands

as an ideal platform for this task.

1.8 Selectivity Control based on Metal-Organic Frameworks

MOFs are crystalline nanoporous materials composed of metal nodes and organic linkers (Figure
1.7a).>° The crystalline nature of MOFs can potentially form an ordered structure on the NP
surfaces, enabling the understanding of the structural information at interfaces. Because of the
well-developed chemistry to design inorganic clusters and organic ligands, the pore structures of
MOFs could be further designed, >!>* creating a more favorable microenvironment for specific
product formation during catalysis (Figure 1.7b). A number of recent studies from our team and
55-81

others have already shown that the MOF coating could indeed alter the catalytic performance.

However, the true potential of this strategy has not been demonstrated because the NP-MOF
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interfaces were not well-controlled. In the flowing paragraph, we will discuss the progress of using

MOFs as the catalytic regulator, and how the NP-MOF interfaces were not well-controlled.

(a)

Metal Nodes

+

0%

Organic Ligands
(b)

DA padie

s te ]
R \%
P Nt TR
By e, o8 ”\Q%y
Wt

ZIF-8 MOF-801 UiO-66
Nodes: Zn, Co Nodes: Ti, Ce, Zr, Hf Nodes: Ti, Ce, Zr, Hf

s\" - 4;?

=N
MIL-101 NU-1000

Nodes: Fe, Cr, Al Nodes: Ti, Ce, Zr, Hf Nodes: Ti, Ce, Zr, Hf

Figure 1.7: (a) Schematic illustration of MOF structures formed by the self-assembly of metal

nodes and organic ligands, and (b) six representative MOFs to demonstrate the tunability of the

pore structures.

Two types of selectivity have been reported: reactant size-exclusion and intermediate
control. The size-exclusion mechanism is straightforward. The MOF coated on the catalyst
surfaces excludes sterically bulky reactants from approaching the metal surface (Figure 1.8). For
example, our team has utilized the tunability of MOFs to develop size-selective catalysts by

encapsulating Pd NPs in zeolitic-imidazolate framework-8 (ZIF-8).”! The uncoated Pd NPs are
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active in the hydrogenation of ethylene and cyclooctene. When encapsulated Pd catalysts are used,
the hydrogenation of cyclooctene is greatly suppressed while the hydrogenation of ethylene and

cyclohexene remains active.

........... ‘\..s.‘s.\.\\
[
ZIF-8 Aperture Ethylene cis-Cyclooctene

Figure 1.8: Schematic illustration of size-selective catalysis showing the aperture size of ZIF-8§,

the molecule size of ethylene, and cis-cyclooctene. Figure adapted from ref. [71]

As compared to the size-exclusion mechanism, the intermediate control mechanism is more
complicated, and the concept is similar to the proposed mechanisms mentioned in metal oxides
and organic ligands. In this concept, the MOF modulates the intermediates adsorbed at the NP-
MOF interface to alter the product distribution, and the mechanistic picture includes steric

hindrance, preferential activation, and confinement (Figure 1.9).
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Figure 1.9: Schematic illustration of using NP-MOF interfaces to (a) sterically restrict the
orientation of intermediates, (b) preferentially activate a specific chemical bond in intermediates,

and (c) confine intermediates by stabilizing them in a specific configuration.

Firstly, it has been proposed that the MOF channel could sterically regulate the orientation
of intermediates (Figure 1.9a). The allowed orientation results in only a specific site of
intermediates interacting with the catalytic surface. Taking cinnamaldehyde hydrogenation as an
example, when the cinnamaldehyde molecules are bound to a metal surface, they prefer a laid-
down configuration in which both C=C and C=O can be hydrogenated. When NP-MOF catalysts
are used, the steric hindrance provided by the chosen MOF may place intermediates in the up-right
orientation, favoring the hydrogenation of the terminal C=0 bond.®' The same concept of the steric

hindrance has also been proposed to control the selective oxidation of hexane-1,5-diol.>®

Secondly, it has been hypothesized that selectivity could be promoted by the activation of
a specific chemical bond (Figure 1.9b). The preferential activation relies on the ability of the
inorganic nodes of the selected MOFs to interact with a bond of the intermediates. For example,
the hydrogenation of acrolein is thermodynamically favored to occur at the C=C bond rather than
the C=0 bond.*> When NP-MOF catalysts are used, the inorganic nodes of the chosen MOF (e. g.,
iron-based and zirconium-based MOFs) selectively interact with C=0 bonds and promote the
reaction toward the formation of allyl alcohol. The same concept of preferential activation has also

been applied to the selective CO> hydrogenation to form methanol.> 8383

For the third type of selectivity control, the defined MOF cavity can stabilize a certain
product shape while limiting the formation of others (Figure 1.9¢). For instance, ring-opening and

cracking are energetically favorable in methylcyclopentane isomerization.’’>® When NP-MOF
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catalysts are used, the pore structure of the chosen MOFs suppresses ring-opening and promotes

ring enlargement, leading to the formation of C6-cyclic products.
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Figure 1.10: Schematic illustration of the possible selectivity control on the metal surface: (a)
ordinary intermediate orientation on pure metal surfaces, (b) orientation directed by a direct
NP-MOF interface. (c) orientation poorly controlled by an ill-defined NP-MOF interface. A

crotonaldehyde molecule was used as a model reactant.
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1.9 Challenges in MOF-based Catalyst Design

In all of the proposed mechanisms, MOF must be directly coated on the metal surface without any
gap or chemicals in between (Figure 1.10). This is because the intermediates are adsorbed at the
surface of metal NPs, and only MOF layers directly coated on the metal surface can modulate
intermediates. However, this important interfacial feature has been overlooked in previous studies.
Therefore, MOF-based selectivity control is largely stuck at the try-and-error stage because it is
challenging to establish a structure-selectivity relationship if there is no direct and well-defined
interface. The detailed descriptor of the proposed mechanisms is still missing. For example, how
does tuning the identity of inorganic nodes and steric bulkiness of organic ligands influence
catalytic selectivity? In the following paragraph, we discuss two commonly used syntheses to
prepare NP-MOF catalysts. The two methods are the impregnation and coating methods (Figure

1.11).

In the impregnation method, MOFs are synthesized first and serve as a matrix to
immobilize metal precursors that are reduced to form encapsulated NPs (Figure 1.11a).%° In the
coating method, colloidal metal NPs are synthesized first and then introduced into a MOF growth
solution to coat MOF on the NPs (Figure 1.11b).%” These two methods all generate NP-MOF
interfaces; however, their detailed interfacial structures could be greatly different due to
differences in their formation process. Firstly, the impregnation method is the most straightforward
way to make heterogeneous catalysts. It could generate a direct NP-MOF interface, but it is
challenging to completely avoid the growth of NPs on the external surface of the preformed MOFs.
In addition, impregnating metal precursors in preformed MOFs could also damage the MOF
structure. For the coating method, because MOFs are coated around pre-synthesized NPs, the

colloidally synthesized NPs could be of a well-defined structure. However, the capping agents
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used to stabilize colloidal NPs are hard to remove from the surface of metal NPs, preventing direct
interaction between NP and MOF. As a result, a systematic method to coat MOF layers on the

metal surface to form a well-defined NP-MOF interface is still missing.

(a) Impregnation Method

NP
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(b) Coating Method

MOF
coating

With Capping Agents Trapped Capping Agents

Figure 1.11. Schematic illustration of two synthetic methods to obtain NP-MOF catalysts: (a)

impregnation methods and (b) coating methods.

Besides the synthetic challenge described above, characterizing the NP-MOF interfacial
structures around active centers is another challenge. While MOF morphology, porosity, and
crystallinity will be characterized by electron microscopy (EM), nitrogen sorption, and powder X-
ray diffraction (XRD), it is more challenging to gather chemical information about the interface.
To this end, the two critical challenges in synthesis and characterization limit the development of

MOF-based selectivity control.
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1.10 Thesis Objectives

We aim to address the key challenge described above by answering three fundamental questions,
including (1) how to characterize the complicated hybrid NP-MOF interfaces, (2) how to allow
MOF layers directly coated on the metal surface to form a well-defined NP-MOF interface, and
(3) how to tune the identity of inorganic nodes and steric bulkiness of organic ligands influence
catalytic selectivity. Furthermore, we expect to apply the understanding to promote other types of
catalysts, such as molecular catalysts and biomolecules. The synthetic methods developed in this
thesis are expected to benefit the hierarchical control in the MOF microcrystals. Ultimately, this
thesis provides key knowledge to promote the design of MOF-based heterogeneous catalysts and

serve as the foundation to realize the conventional modifiers of metal oxides and organic ligands.
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2.0 Chapter 2:

Probing the Interface between Encapsulated Nanoparticles
and Metal-Organic Frameworks for Catalytic Selectivity

Control

Interface
Analysis

Catalytic
Selectivity

NP-MOF Interface

A significant portion of the work described in this chapter has been published in:

Lo, W. =S.; Chou, L. -Y.; Young, A. P.; Ren, C.; Goh, T. W.; Williams, B. P.; Li, Y.; Chen, S. —
Y.; Ismail, M. N.; Huang, W.; Tsung, C. —K. Probing the Interface between Encapsulated
Nanoparticles and Metal-Organic Frameworks for Catalytic Selectivity Control. Chem. Mater.,
2021, 33, 1946-1953. Copyrights 2021 American Chemical Society. Portions of this chapter may
be seen in Allison P. Young’s 2018 dissertation titled “Using Lattice Engineering and Porous
Materials Gating to Control Activity and Stability in Heterogeneous Catalysis”, and Chenhao
Ren’s 2021 thesis titled “Investigating Catalytic Selectivity of Nanoparticles encapsulated in

MOFs”. I thank them for the use of this material as a co-author of the above-mentioned manuscript.
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2.1 Introduction

Controlling the catalytic performance of metal nanoparticles (NPs) is a longstanding research topic
in heterogeneous catalysis because they are at the center of many key industrial processes.>*2> 88
Within this field, expanding and improving selectivity remains one of the most challenging aims.
It is well-known that selectivity can be influenced by reaction conditions, NP sizes, and NP
compositions,®® but a molecular-level design of selectivity control remains elusive. More recently,
introducing organic ligands to the NP surface has proved to be an effective way to rationally tune
selectivity by directing intermediates on a molecular level,”® and numerous organic ligands have
been applied to effectively control selectivity.® 4> °192 Recently, intermediate control has been
extended from surface adsorbed ligands to crystalline solids, metal-organic frameworks (MOFs).%°
The crystalline nature of the frameworks prevents the transient structure of the organic ligands that
could be a potential issue during certain catalytic reactions.*® Selectivity for a great number of
important reactions has indeed been demonstrated using MOFs as intermediate-directing agents,
such as the selective hydrogenation of a, 3-unsaturated aldehydes, the selective oxidation of diols,
and the isomerization of methylcyclopentane,® 5% 61. 68.75. 9395 Eyen the challenging selective

hydrogenation of acrolein has been demonstrated, which has never been reported using organic

ligands alone.

The superior selectivity control provided by MOFs can be understood through the
underlying mechanisms. The intermediate-directing agents control selectivity by modifying the
electronic structure of NPs or directing the conformation of intermediates.’® For example, in a, B-
unsaturated aldehyde hydrogenation, both adsorbed ligands and coated MOFs on the catalytic
surface can generate steric effects to prevent intermediates lying down in a flat conformation,

allowing only the terminal C=O bond to be hydrogenated and leading to high chemoselectivity for
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unsaturated alcohol.*> ¢! The crystalline nature of MOFs could further provide a more uniform
steric control to direct intermediates at the interfaces between NPs and MOFs.”” The tunable nature
of MOFs allows this steric control to be fine-tuned.>?

(a) (b) (c)
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Pure Metal Surface NP-MOF Interface NP-MOF Interface
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Figure 2.1: Schematic illustration of the possible intermediate conformations at the interface. (a)

Ordinary intermediate conformation on a pure metal surface. (b) Conformation directed by a direct
NP-MOF interface. (¢) Conformation poorly controlled by an ill-defined NP-MOF interface. A

crotonaldehyde molecule was used as a model reactant. These possible conformations are adopted

from previous DFT reports.”” %

Based on this mechanism of intermediate directing, the detailed structure at the interface is
very important. In order for the sterics of the MOF pores to direct the intermediate for selectivity
control, the MOF must be directly coated on the metal surface without any gap or chemicals in
between (Figure 2.1). However, this important feature has been overlooked in many previous
works. Only a well-defined and direct interface between NPs and MOFs could provide selectivity
control.”” %1% In this work, we aim to probe the interfacial structures and their impact on
selectivity control. We first generate NP-MOF interfaces by three commonly used approaches,
impregnation, coating, and one-pot.”% %19 Then, we use infrared and Raman spectroscopy to

gain chemical information at the interface generated by each approach. After understanding the
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interface, we tested the selectivity of the catalysts for a model reaction, the hydrogenation of an «,

B-unsaturated aldehyde.

(a) Impregnation Method
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Figure 2.2: Schematic illustration of three different approaches to form the NP@MOF catalyst:
(a) impregnation, (b) coating, and (c) one-pot. The illustrated sizes of the NPs in the scheme are

used to emphasize the differences between the methods.

As mentioned, the three methods used to form NP@MOF catalysts are impregnation,

coating, and one-pot. In the impregnation method, MOFs are synthesized first and serve as a matrix
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to immobilize metal precursors that are reduced to form encapsulated NPs.!® In the coating
method, colloidal metal NPs are synthesized first and then introduced into a MOF growth solution
to coat MOF on the NPs.?” In the one-pot method, metal NPs and MOF precursors are mixed in
one pot and then heated to form metal NPs and simultaneously coat MOF. These three methods
all generate a NP-MOF interface; however, we hypothesize that their detailed interfacial structure
could vary due to differences in their formation process (Figure 2.2). The impregnation method is
the most conventional way to make heterogeneous catalysts. It could generate a direct NP-MOF
interface, but it is challenging to completely avoid the growth of NPs on the external surface of
the preformed MOFs. In addition, the size of formed NPs is less tunable, as most previous methods
could only generate NPs with small size (Figure 2.2a)." 1% For the coating method, because
MOFs form around pre-synthesized NPs, the colloidally synthesized NPs could be of well-defined
morphologies and compositions. However, the capping agent used to stabilize colloidal NPs and
provide an anchor for MOF growth could be trapped at the interface, preventing direct interaction
between NP and MOF (Figure 2.2b). For the one-pot method, it has a great potential to form direct
interfaces because no capping agent is added (Figure 2.2¢); however, the syntheitic condition of
this relatively new method is not fine-tuned for the interface control.®® These hypothesized
differences motivated us to perform a detailed study to provide direct comparisons between the

methods.

2.2 Results and Discussions

Chemically stable UiO-66-NH> (University of Oslo-66-NHb) is selected as the host MOF for this
study.!% UiO-66-NH: is formed by the assembly of zirconium clusters and 2-aminoterephthalic

acid (BDC-NH>). The amino group has a high affinity to metal NPs, % 197198 and also provides a
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probe for later spectroscopic study.®! ® We used reported methods for the encapsulation of Pd NPs
in UiO-66-NH> to generate the impregnation and coating samples (Details in experimental
procedures; Figures 2.3a, 2.3b and A2.1).%" 6! 198109 Becayse there is no reported one-pot
method for NP@UiO-66-NH», we have developed a method modified from previous reports for
NP@UiO-66.°¢ In a typical experimental condition, metal precursors (salts of sodium
tetrachloropalladate) and MOF precursors (zirconium tetrachloride, and BDC-NH>) are mixed in
the solvent. The solution is kept at 120 °C for 24 hours without stirring. Pd NPs form within the
first 15 minutes of heating, followed by the formation of UiO-66-NH: (Figure A2.2). Uniform
Pd@UiO-66-NH> nanocrystals were produced (Figure 2.3¢). Powder X-ray diffraction (PXRD)
patterns of Pd@UiO-66-NH> composites show no difference compared to simulated UiO-66
(Figure A2.3). The presence of metal salts does not affect MOF formation (Figure A2.4). The
loading of Pd in Pd@U10-66-NH: was identified by inductively coupled plasma optical emission

spectrometry (ICP-OES) as 3.0 wt. %.

Although the newly developed one-pot synthesis is not the focus of this work, we want to
emphasize its advantages, primarily its potential to form controlled NP-MOF interfacial structures.
The procedure has improved upon previously reported one-pot methods through the use of BDC-
NH_, which plays two roles here. First, BDC-NH> can promote the formation of NP nuclei and
accelerate the formation of NPs.!'® Second, its affinity for metals allows it to stabilize the metal
surface and prevent NP aggregation without additional capping agents. The BDC-NH; stabilized
NPs are thus formed first and then encapsulated into MOFs ((Figure 2.2¢). When native BDC is
used as the MOF linker under the same reaction conditions, the synthesized NPs formed a series
of aggregates outside of the UiO-66 crystals (Figure A2.5). Using BDC-NHa, the size and

composition of encapsulated NPs can further be easily tuned by changing the reaction temperature
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and metal precursor(s), respectively. At higher temperatures, the nucleation rate is accelerated,
leading to smaller particles. Pd NP sizes can be tuned from 3.6 +£ 1.0 nm to 9.9 = 1.8 nm by
decreasing the synthesis temperature from 150 °C to 90 °C (Figures A2.6 and A2.7). PdPt alloy
NPs were used to demonstrate composition control. When a mixture of Pd and Pt precursors were
introduced, a series of alloyed NPs formed (Figures A2.8). A volcano relationship between
activity and Pd:Pt ratio was observed (Figures A2.9 and Table A2.1), indicating that the
encapsulated metal NPs are indeed alloyed.!!! A linear relationship was observed while using a

mixture of pure Pt and Pd NPs (Figure A2.10).

Figure 2.3: Characterization of the NP@UiO-66-NH,. TEM images of Pd@UiO-66-NH:
generated by (a) impregnation, (b) coating and (c) one-pot methods. TEM images of Pt@UiO-66-
NH> generated by (d) impregnation, (e) coating and (f) one-pot methods. See supporting

information for the loading and size distribution of encapsulated NPs.
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Figure 2.4: Size-selective alkene hydrogenation over Pd NPs on UiO-66-NH, and Pd@UiO-66-
NH: obtained using the coating, one-pot, and impregnation methods. The catalyst activity was
normalized by ethylene hydrogenation held at 40% conversion. Ethylene hydrogenation is run at

0 °C, cyclohexene hydrogenation is run at 25 °C, and cyclooctene hydrogenation is run at 40 °C.

Before studying the interfacial structures generated by the three different methods, we
tested whether the metal NPs are encapsulated by carrying out size-selective alkene hydrogenation,
using ethylene, cyclohexene, and cyclooctene, and comparing the results with a control sample, in
which NPs are on the external surface of UiO-66-NH»>. The loading and size distribution of
encapsulated Pd NPs in each sample were summarized in Table A2.2 and Figure A2.11. Due to
the smaller size of NPs formed in the impregnation sample,’! 1°° the metal NP surface areas of the
four samples were normalized through a standard method of ethylene hydrogenation (to 40 %
conversion, Table A2.3).!'? Because the MOF aperture size is bigger than cyclohexene and smaller
than cyclooctene, we observe low activity for cyclooctene hydrogenation over impregnation,

coating, and one-pot samples (Figure 2.4), while the control sample (Pd-on-MOF) shows high
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activity for both cyclohexene and cyclooctene hydrogenation. This result indicates that most of the
metal NPs are indeed encapsulated. Because we used the impregnation method, higher activity of
cyclooctene hydrogenation could be related to NPs on the external surface, which has been
reported.!!3 It is worth mentioning that these NPs on the external surface of MOFs can be avoided

when extra synthetic steps were introduced.!!?
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Figure 2.5: DRIFTS, with the characteristic stretches of the amine group highlighted, for UiO-
NH; and Pd@UiO-66-NH> obtained using impregnation, one-pot, and coating methods.
Significant shifts in the N-H stretch indicate that the MOF chemically interacts with the Pd surface.

After investigating the encapsulation of NPs into MOFs, we next studied the NP-MOF
interfacial structure. Although the structures look similar under TEM and identical under XRD,
these characterizations methods provide little insight into the interfacial structure (Figure 1). In

light of this, the formation of chemical interactions at the interface was investigated through IR
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and Raman spectroscopy. Different NP-MOF interfacial structures lead to different chemical
bonding between NP and MOF. These chemical interactions can be probed by measuring changes
in the chemical properties of either the MOF linkers or the NP surface. To study change in the
MOF linkers after the formation of NP-MOF, we used diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) to monitor the stretching of the amine group of BDC-NHa,.
Interaction between NP and MOF should lead to a weaker N-H bond, resulting in a red-shift of the
N-H stretch IR frequency.®! As shown in Figure 2.5, four samples were compared: pure UiO-NH,
and Pd@UiO-NH: generated by each of the three methods, impregnation, coating, and one-pot. In
the spectra, the bands at 3520 cm™ and 3401 cm™ are attributed to the N—H asymmetric and
symmetric stretching vibration peak, respectively, and the band at 3670 cm™' corresponds to the
u3-OH stretching of the zirconium cluster.!'* The impregnation sample showed the greatest red-
shift, indicating that the MOF linkers are chemically interacting with the encapsulated metal NPs.
While lesser, the red-shift of the one-pot sample also indicates the MOF linkers are chemically
interacting with encapsulated NPs. In contrast, no noticeable shift was observed for the coating
sample, signifying that there is little interfacial interaction between MOF and NP. We attribute
this limited contact to residues trapped at interface, which will be discussed in detail in a later
section. The greater shift observed in the impregnation sample indicates that there are more
chemical bonds at NP-MOF interface likely due to the smaller NP size generated by impregnation

method (Figure A2.10).
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Figure 2.6: DRIFTS of CO adsorbed on Pt-on-SiO2 and Pt@UiO-66-NH: obtained using
impregnation, one-pot and coating methods. Significant shifts in COap indicate that the MOF

chemically interacts with the Pt surface, changing the electronic structure of Pt.

To probe changes in the NP electronic structure, we introduced carbon monoxide (CO) as
a probe molecule, because the stretching frequency of CO adsorbed on a metal surface is sensitive
to the electronic structure of the metal.!'®> The small size of CO further allows it to easily pass
through the UiO-66 aperture. For these studies, Pd NPs were replaced by Pt NPs, as the Pt surface
yields well-defined (and well-understood) CO signals.!!'®!"” Pt@UiO-66-NH, samples were
synthesized via the same routes as Pd@UiO-66-NH> (TEM images and PXRD pattern were shown
in Figures 2.3d-2.3f and Figure A2.12, respectively).’” ®! The loading and size distribution of
encapsulated Pt NPs in each sample were summarized in Table A2.2 and Figure A2.13. The more
bonds formed at the NP-MOF interface, the more red-shifted the CO stretch frequency, as the

electron-donating amine group increases charge density on the metal surface, resulting in increased
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electron back donation to CO antibonding orbitals, weakening the CO bond.!'® As shown in Figure
2.6, four samples were again compared: Pt NPs-on-SiO», as the control, and Pt@UiO-66-NH»
synthesized using the impregnation, coating, and one-pot methods. In the spectra, the band
between 2050 and 2100 cm™! is attributed to CO linearly bound on Pt atoms(COatp). !> The
frequency of COaop in the Pt-on-SiO, sample, ~2090 cm’!, was used as a reference for
comparison.!!> Compared to this reference frequency, the COaop frequency of the impregnation
sample shows a red-shift from 2090 cm™ to 2066 cm™!, further indicating the chemical interaction
between the linkers and metals in the impregnation sample. As expected, the one-pot method also
shows a similar red-shift (~20 cm™) due to the chemical interaction. In contrast, a relatively small
red-shift (~8 cm™ ) of COaop is observed in coating sample. Similar to the NH; stretching study, it
implies a less chemical interaction at the interface in coating sample. Importantly, this study also
suggests that insights provided by the Pd@UiO-66-NH: system can be extended to other metal

NPs. Next, we studied the mechanisms causing the differences in NP-MOF interactions.

(a) (b)
100
Coating ‘
R Method 3 < 80 70.1
=] v
L) = 60
> | UiO-66-NH, =
D £
§ = 40
£ =
c=0 < 20+
Stretching
Au-PVP NPs From PVP
1 1 1 0
1000 1200 1400 1600 1800 One-Pot Coating
Raman shift (cm") Method Method

Figure 2.7: (a) Raman spectra of Au-PVP NPs, UiO-NH>, and Au@UiO-66-NH: formed using
the coating method. (b) Ethylene hydrogenation over Pt@U10-66-NH> obtained using the one-pot

and coating methods. Ethylene hydrogenation is run at 0 °C.
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Capping agents are used to stabilize NPs for colloidal synthesis.!!*!2* We hypothesize that
the capping agents on the surface of colloidal NPs that are trapped at the interface after MOF
coating. These trapped organic ligands block chemical interaction between MOF and NP,
generating an ill-defined interface. To test this hypothesis, we used Raman spectroscopy to
investigate interfacial capping agents. The same coating method and capping agent,
polyvinylpyrrolidone (PVP), were used, but the metal NPs were switched to Au for its surface
enhancement (Figures A2.14-16).'?! Because the surface plasmon resonance of Au NPs largely
promotes the Raman signal of molecules close to the Au surface, the information is very interface
specific.'?? As shown in Figure 2.7, the non-coated Au-PVP NPs showed a band at 1530 cm!,
corresponding to stretching vibrations of the C=0O moiety on PVP, in agreement with the
literature.'? After coating with UiO-66-NH,, which has no characteristic peaks in this region, the
peak can be clearly seen. The presence of PVP signal in the composite suggests that the capping
agents used to stabilize colloidal metal NPs are indeed trapped inside the coated MOF. In contrast,
no PVP signal was observed for the samples generated by impregnation and one-pot methods
(Figure A2.17). To further examine the influence of this trapped interfacial capping agent, we
compared the activity for ethylene hydrogenation of Pt@UiO-66-NH; synthesized by the coating
and one-pot methods with similar Pt loading and particle size. (The NP sizes generated by the
impregnation method cannot be controlled, so it was excluded from this study.) As shown in
Figure 2.7, the coating sample shows much lower activity than the one-pot sample, which is

attributed to active site blocking by PVP residues. 241

33



(a)

2 e ~5
MO Butyraldehyde /\/\OH

Crotonaldehyde Butanol

Crotyl alcohol

(b)
Il Butanol M Butyraldehyde M Crotyl alcohol

100
_ ]
&

40

Selectivity (%)

20
o
Pt-on-MOF  Coating Impregnation One-Pot
(Control) Method Method Method

Figure 2.8: (a) Two pathways for the hydrogenation of crotonaldehyde. (b) Selectivity for
crotonaldehyde hydrogenation over Pt NPs on UiO-66-NH> and Pt@UiO-66-NH; obtained using
the coating, impregnation, and one-pot methods. To compare the selectivity of our samples, the
conversion of each reaction was kept at 30 %. Crotyl alcohol is the preferred product, and
selectivity was determined by its ratio to the sum of all three products. Reaction conditions: 2 mL

of isopropanol, 100 pL of crotonaldehyde, 30 bar Hz, 70 °C, reaction time of 18 h.

After gaining an initial understanding of the NP-MOF interfacial structure, we carried out
a model reaction, crotonaldehyde hydrogenation (Figure 2.8a). Numerous studies suggest that this
type of a, B-unsaturated aldehyde hydrogenation over a NP@MOF catalyst favors the
hydrogenation of the C=0O bond, which is originally thermodynamically less favorable than the
hydrogenation of the C=C bond.®!- 68 74.81-82.126-127 A though many different mechanisms have been

proposed, such as steric®! or activation effects,?” a direct interface is required for high selectivity
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in all hypothesized mechanisms (Figure 2.1). For example, it has been proposed that the improved
selectivity is due to the MOFs ability to regulate the orientation of intermediates.®! Such regulation
is dependent on a clean and direct NP-MOF interface. For our study, Pt@UiO-66-NH> was chosen
because it produces fewer byproducts than Pd.'?® To compare the selectivity of our samples, the
conversion of each reaction was kept at 30 % (Table A2.4). As shown in Figure 2.8, four samples
were compared: pure Pt NPs on UiO-66-NH> and Pt@UiO-66-NH» synthesized through the
coating, impregnation, and one-pot methods. The sample of pure Pt NPs on the MOF surface,
which serves a control (Pt-on-MOF), shows a 6.0 % selectivity to crotyl alcohol. For the
impregnation sample, selectivity increased (42.8 %), indicating promotion of the hydrogenation of
C=0 due to the presence of a direct NP-MOF interface. However, the sample generated by the
coating method shows only a marginal increase in selectivity (9.8 %), which is attributed to the ill-
defined interface suggested by our spectroscopic studies. The highest selectivity of crotyl alcohol
(70.4 %) was observed in the one-pot sample, also due to direct interface revealed by our
spectroscopy study. Although both samples have a direct interface, NP size control allows the one-
pot sample to show higher catalytic activity than the impregnation samples (Figures A2.11 and
A2.13). It has been reported that larger Pt NPs promote the formation of unsaturated alcohol.'**-
130 The impregnation method can only generate NPs with small size that disfavors the formation
of unsaturated alcohol.®! % Besides providing a fundamental understanding of the interface, our
study also reveals the potential of the one-pot synthesis method when the metal-linker interaction
is controlled, and the formation sequence is regulated. We hypothesize that, if the conditions are
optimized, NPs will form first, stabilized by linkers with high metal affinity. At this stage, the
morphology and composition of the NPs can be controlled by colloidal methods because the MOF

is not formed yet. Then, the MOF precursors will bond to the linkers on the NP surface and form
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MOF around the NPs, forming a clean and direct interface. We believed that this process could

lead to highly controlled and active interfacial structures.

2.3 Conclusions

In summary, we have developed a spectroscopic protocol to probe the chemical interactions at the
interface by combining IR and Raman spectroscopy. We have used this toolbox to reveal
differences in the chemical interactions at the interfaces generated by several common synthesis
methods. We have found that although the coating method allows for better control over the
encapsulated NPs than the impregnation method, the interface generated by the coating approach
contains trapped capping agent. This trapped capping agent reduces crotyl alcohol selectivity for
the hydrogenation of crotonaldehyde. Our developed one-pot method, on the other hand, shows
the highest selectivity to the unsaturated alcohol, due to the direct NP-MOF interface and size-
control of the encapsulated NPs. While the encapsulation of metal NPs into MOFs has been shown
to be a route to promising composite catalysts, our current study shows that it is essential to fine-
tune the interfacial structures between NPs and MOFs. The toolbox and understanding established
in this work could offer perspective for further optimization of MOF-based heterogeneous catalyst

design.

This work is supported by National Science Foundation (CHE-1566445) and Boston
College. Authors thank Prof. Matthias Waegele at Boston College for helpful comments on the

spectroscopic study.
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2.4 Experimental Procedures

Chemicals: Unless otherwise stated, all the reactions were carried out in the air without taking
any precaution to protect reactions from oxygen or moisture. Zirconium(IV) chloride (ZrCla,
Aldrich, 99.5%), zirconium(IV) oxychloride octahydrate (ZrOCl,-8H>0, Sigma-Aldrich, 99.5%),
terephthalic acid (BDC, Sigma-Aldrich, 98%), 2-aminoterephthalic acid (BDC-NH;, Sigma-
Aldrich, 99%), acetic acid (Sigma-Aldrich, 99.7%), N,N-dimethylformamide (DMF, Sigma-
Aldrich, 99.8%), sodium tetrachloropalladate(Il) trihydrate (Na;PdCls-3H>O, Strem Chemicals,
99.0%), chloroplatinic acid hexahydrate (H2PtCls-6H>O, Sigma-Aldrich, 99.995%), gold(III)
chloride trihydrate (HAuCls-3H>O, Sigma-Aldrich, >99.0%), sodium citrate tribasic dihydrate
(Sigma-Aldrich, >99.0%), potassium tetrachloroplatinate (II) (KoPtCls, Sigma-Aldrich, 98%),
ammonium tetrachloroplatinate ((NHs)2PtCls, Sigma-Aldrich, 99%), cyclohexene (Sigma-Aldrich,
99%), cis-cyclooctene (Sigma-Aldrich, 95%), sodium hydroxide (NaOH, Sigma-Aldrich, 98%),
polyvinylpyrrolidone (PVP, MW 40,000, Aldrich), tetramethylammonium bromide (Sigma-
Aldrich, 99%), ethylene glycol (Sigma-Aldrich, >99%) were purchased from the indicated sources
and used without further purification. The control sample of Pt on SiO; (5.0 wt% of Pt loading,
Strem Chemicals) was used for CO-DRIFTS study. Carbon monoxide (Airgas, 99.999%) and
nitrogen (Airgas, 99.999%) were used for CO-DRIFTS measurement. Hydrogen (Airgas,
99.999%), ethylene (Airgas, 99.995%) and helium (Airgas, 99.999%) were used for heterogeneous
gas phase catalysis. Crotonaldehyde (Sigma-Aldrich, >99.0%) and hydrogen (Airgas, 99.999%)
were used for crotonaldehyde hydrogenation. The Pd and Pt standards (1000 ppm, Inorganic

Ventures) were used for inductively coupled plasma optical emission (ICP-OES) analysis.

Characterizations: Transmission electron microscope (TEM) images were obtained on

JEOL JEM2010F operated at 200 kV. Scanning transmission electron microscope (STEM) and
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Energy-dispersive X-ray spectroscopy (EDS) mapping experiments were performed on a FEI
Probe Cs corrected Titan operating at 200 kV. Scanning electron microscope (SEM) images were
obtained on a JEOL JSM6340F. The powder x-ray diffraction patterns (PXRD) were collected on
a Bruker AXS diffractometer with Cu Ko radiation (A= 1.5418 A) in the 2-theta range of 4 to 40
degrees. ICP-OES spectrometry was performed using an Agilent 5100 instrument. The quantitative
analysis of Pd and Pt was carried out by the calibration using known concentrations of standard
solutions. Infrared measurement of chemisorbed carbon monoxide was carried out using a Bruker
Tensor-27 IR spectrometer with a linearized mercury—cadmium—telluride detector, Harrick diffuse
reflection accessory and Praying Mantis high-temperature reaction chamber. Raman spectra were

collected on a Micro-Raman system (XploRA, Horiba) with 532 nm laser excitation.

Synthesis of Pd@UiO-66-NH: using one-pot method: In general, 14.5 mg of BDC-NH;
(0.08 mmol) and 2.78 mg of Na;PdCls-3H,O (0.008 mmol) were dissolved in 7.622 mL DMF in
a 20 mL scintillation vial, then 1.378 mL acetic acid was added into the solution to make the final
volume to 9 mL. Next, | mL of DMF containing 18.6 mg of ZrCls (0.08 mmol) was introduced
into the above solution. The solution was heated to 120 °C in an oil bath for 24 hours. After cooling,
the formed Pd@Ui0-66-NH> powder was collected by centrifugation (8000 rpm, 10 minutes). The
sample was washed with DMF three times. Then, the as-synthesized Pd@UiO-66-NH; powder
was activated by solvent exchange to remove residues trapped in the framework. Activation was
performed by washing with DMF and methanol three times every 12 h. The activated Pd@UiO-

66-NH> sample was dried at 80 °C for 24 h.

Synthesis of Pt@UiO-66-NH: using one-pot method: In general, 14.5 mg of BDC-NH»
(0.08 mmol) and 4.14 mg of HoPtCls-6H20 (0.008 mmol) were dissolved in 7.622 mL DMF in a

20 mL scintillation vial, then 1.378 mL acetic acid was added into the solution to make the final
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volume to 9 mL. Next, 1 mL of DMF containing 18.6 mg of ZrCl4 (0.08 mmol) was introduce into
the above solution. The solution was heated to 120 °C in an oil bath for 24 hours. After cooling,
the formed Pt@Ui0-66-NH; powder was collected by centrifugation (8000 rpm, 10 minutes). The
sample was washed with DMF three times. Then, the as-synthesized Pt@Ui10-66-NH; powder was
activated by solvent exchange to remove residues trapped in the framework. Activation process
was performed by washing with DMF and methanol three times every 12 h. The activated

Pt@UiO-66-NH> sample was dried at 80 °C for 24 h.

Synthesis of size controlled Pd@UiO-66-NH: using one-pot method: In general, 14.5
mg of BDC-NH:> (0.08 mmol) and 2.78 mg of Na,PdCl4-:3H>O (0.008 mmol) were dissolved in 4
mL DMF as solution A. Solution A was heated to the desired temperature (90, 120 and 150 °C) in
an oil bath for 2 hours with a magnetic stir at 200 rpm. While Solution A was heating, 18.6 mg of
ZrCls (0.08 mmol) was dissolved in 4.622 mL DMF, then 1.378 mL acetic acid was added into the
solution to take the final volume of Solution B to 6 mL. Solution B was preheated to 120 °C in an
oil bath. Solution A was then added into the solution B. The mixture was heated at 120 °C in an
oil bath for 24 hours. After cooling, the formed Pd@UiO-66-NH, powder was collected by
centrifugation (8000 rpm, 10 minutes). The sample was washed with DMF three times. Then, the
as-synthesized Pd@UiO-66-NH: powder was activated by solvent exchange to remove residues
trapped in the framework. Activation was performed by washing with DMF and methanol three

times every 12 h. The activated Pd@UiO-66-NH; sample was dried at 80 °C for 24 h.

Synthesis of size controlled Pt@UiO-66-NH: using one-pot method: In general, 14.5
mg of BDC-NH; (0.08 mmol) and 4.14 mg H>PtCls-6H20 (0.008 mmol) were dissolved in 3.5 mL
DMF, then 0.5 mL ethanol was added into the above solution to make the final volume to 4 mL as

Solution A. Solution A was heated to the desired temperature (90, 120 and 150 °C) in an oil bath
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for 2 hours with a magnetic stir at 200 rpm. While Solution A was heating, 18.6 mg of ZrCl4 (0.08
mmol) was dissolved in 4.622 mL DMF, then 1.378 mL acetic acid was added into the solution to
take the final volume of Solution B to 6 mL. Solution B was preheated to 120 °C in an oil bath.
Then Solution A was then added into Solution B. The mixture was heated at 120 °C in an oil bath
for 24 hours. After cooling, the formed Pt@Ui0O-66-NH> powder was collected by centrifugation
(8000 rpm, 10 minutes). The sample was washed with DMF three times. Then, the as-synthesized
Pt@UiO-66-NH> powder was activated by solvent exchange to remove residues trapped in the
framework. Activation was performed by washing three times with DMF and methanol every 12

h. The activated Pt@UiO-66-NH> sample was dried at 80 °C for 24 h.

Synthesis of PdPt@UiO-66-NH: composite using one-pot method: Following a similar
procedure as the synthesis of Pd@UiO-66-NH: composite, differing nominal loadings of
potassium tetrachloropalladate (KoPdCls) or potassium tetrachloroplatinate (K;PtCls) were
dissolved in the DMF prior to the heating step. The total amount of metal precursor in the synthesis
was kept at 8 x 10~ mmol, and the stoichiometry between K,PdCls and K>PtCls was varied to form
alloy nanoparticles with different compositions. These reactions were then run for 24 hours at 120
°C, and collected by centrifugation (8000 rpm, 10 minutes). The as-synthesized PdPt@UiO-66-
NH> powder was activated by the solvent exchange to remove the residues trapped in the
framework. Activation was performed by washing with DMF and methanol three times every 12
h. The activated PdPt @Ui10O-66-NH sample was dried at 80 “C for 24 h. The compositions of Pd

and Pt in PdPt@UiO-66-NH; were tested by ICP-OES spectroscopy (Table S1).

Synthesis of Au@UiO-66-NH: using one-pot method: In general, 14.5 mg of BDC-NH»
(0.08 mmol) and 6.28 mg of HAuCl4-3H>O (0.016 mmol) were dissolved in 4 mL DMF as solution

A. Solution A was heated to 150 °C in an oil bath for 40 min with a magnetic stir at 200 rpm.
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While Solution A was heating, 18.6 mg of ZrCls (0.08 mmol) was dissolved in 4.622 mL DMF,
then 1.378 mL acetic acid was added into the solution to take the final volume of Solution B to 6
mL. Solution B was preheated to 120 °C in an oil bath. Solution A was then added into the solution
B. The mixture was heated at 120 °C in an oil bath for 24 hours. After cooling, the formed
Au@UiO-66-NH, powder was collected by centrifugation (8000 rpm, 10 minutes). The sample
was washed with DMF three times. Then, the as-synthesized Au@UiO-66-NH, powder was
activated by solvent exchange to remove residues trapped in the framework. Activation was
performed by washing with DMF and methanol three times every 12 h. The activated Au@UiO-

66-NH> sample was dried at 80 °C for 24 h.

Synthesis of Pd@UiO-66-NH: composite using impregnation method: The synthesis of
NP@UiO-66-NH, composite using the impregnation method was performed based on a previous
report.!% In general, pure UiO-66-NH, was synthesized first and served as a matrix to immobilize
metal precursors that are reduced to form NPs in MOFs. To synthesized pure UiO-66-NH>, 48.0
mg of ZrCly (0.20 mmol) and 37.2 mg of BDC-NH> (0.20 mmol) were dissolved in 12 mL DMF
in a 20 mL scintillation vial. Then, 15 pL H>O was added into the solution. The solution was heated
to 120 °C in an oil bath for 24 hours. After cooling, the formed UiO-66-NH> powder was collected
by centrifugation (8000 rpm, 10 minutes). The sample was washed with DMF three times. Then,
the as-synthesized UiO-66-NH> powder was activated by solvent exchange to remove residues
trapped in the framework. Activation was performed by washing three times with DMF and
methanol every 12 h. The activated UiO-66-NH> sample was dried at 80 °C for 24 h. To form
Pd@UiO-66-NH> composites using the impregnation method, 100.0 mg of activated UiO-66-NH>
powder was dispersed in 5 mL of dichloromethane followed by sonication for 40 minutes at room

temperature. Then, 5 mL of dichloromethane containing 7.0 mg of palladium acetate was added
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dropwise to the above solution with magnetic stirring at 900 rpm. The mixture was stirred at 500
rpm for 24 h at ambient temperature. The as-synthesized Pd**-impregnated UiO-66-NH, was
centrifuged and washed with dichloromethane three times. The sample was further washed by
dichloromethane three times every 12 h to remove the remaining palladium precursor adsorbed on
the surface of Ui0-66-NHz. The resulting sample was then air-dried and reduced under a 10 % H>

flow (50 mL/min, balanced with helium) at 200 °C for 2 h.

Synthesis of Pt@UiO-66-NH2 composite using impregnation method: The synthesis of
NP@Ui0-66-NH> composite using the impregnation method was performed based on a previous
report.’! In general, pure UiO-66-NH, was synthesized first and served as a matrix to immobilize
metal precursors that are reduced to form NPs in MOFs. To synthesize pure UiO-66-NHz, 48.0 mg
of ZrCls (0.20 mmol) and 37.2 mg of BDC-NH; (0.20 mmol) were dissolved in 12 mL DMF in a
20 mL scintillation vial. Then, 15 uL H20 was added into the solution. The solution was heated to
120 °C in an oil bath for 24 hours. After cooling, the formed UiO-66-NH: powder was collected
by centrifugation (8000 rpm, 10 minutes). The sample was washed with DMF three times. Then,
the as-synthesized UiO-66-NH> powder was activated by solvent exchange to remove residues
trapped in the framework. Activation was performed by washing three times with DMF and
methanol every 12 h. The activated UiO-66-NH> sample was dried at 80 °C for 24 h. To form
Pt@Ui0-66-NH> composites using the impregnation method, 200.0 mg of activated UiO-66-NH>
powder was dispersed in 12 mL of H>O followed by sonication for 40 min at room temperature.
Then, 2 mL of an aqueous solution containing 13.0 mg of KoPtCls was added dropwise to the
above solution with magnetic stirring at 900 rpm. The mixture was stirred at 500 rpm for 24 h at

ambient temperature. The as-synthesized Pt**-impregnated UiO-66-NH, was centrifuged and
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washed with H>O three times. The resulting sample was vacuum dried and reduced under a 10 %

H> flow (50 mL/min, balanced with helium) at 200 °C for 1 h.

Synthesis of Au@UiO-66-NH: composite using impregnation method: The synthesis
of NP@UiO-66-NH> composite using the impregnation method was performed based on a
previous report.!3!"132 In general, pure UiO-66-NH, was synthesized first and served as a matrix to
immobilize metal precursors that are reduced to form NPs in MOFs. To synthesized pure UiO-66-
NHo», 48.0 mg of ZrCl4 (0.20 mmol) and 37.2 mg of BDC-NH> (0.20 mmol) were dissolved in 12
mL DMF in a 20 mL scintillation vial. Then, 15 uL H>O was added into the solution. The solution
was heated to 120 °C in an oil bath for 24 hours. After cooling, the formed UiO-66-NH> powder
was collected by centrifugation (8000 rpm, 10 minutes). The sample was washed with DMF three
times. Then, the as-synthesized Ui0-66-NHz powder was activated by solvent exchange to remove
residues trapped in the framework. Activation was performed by washing three times with DMF
and methanol every 12 h. The activated UiO-66-NHz sample was dried at 80 “C for 24 h. To form
Au@UiO-66-NH: composites using the impregnation method, 50.0 mg of activated UiO-66-NH>
powder was dispersed in 5 mL of ethanol followed by sonication for 40 minutes at room
temperature, and 10 uL of 10 wt.% HAuCls-3H20 solution was added dropwise to the above
solution with magnetic stirring at 900 rpm followed by 5 mL of dichloromethane. The above
solution with magnetic stirring at 500 rpm for 1 hour at ambient temperature. Then, the solution
was mixed with 30 mL hexane (the sample should precipitate at this stage). The as-synthesized
Au*'-impregnated UiO-66-NH, was centrifuged and washed with hexane three times. The
resulting sample was then air-dried and reduced under a 10 % H> flow (50 mL/min, balanced with

helium) at 200 °C for 30 min.
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Synthesis of Pd nanocrystals using a colloidal method: The synthesis was performed
based on a previous report.'*> A total of 0.025 mmol of NayPdCls, 0.75 mmol of
tetramethylammonium bromide, and 0.5 mmol of polyvinylpyrrolidone (in terms of the repeating
unit, MW 40 000) were dissolved into 5 mL of ethylene glycol in a 25 mL round-bottom flask at
room temperature. The solution was bubbled with Ar for 15 minutes to remove the oxygen in
solution. The mixed solution was and heated to 200°C under stirring in an oil bath under reflux for
20 min. After cooling, the formed Pd NPs were mixed with acetone and centrifuged at 8000 rpm
for 10 minutes to remove the unreacted residues. The as-synthesized Pd NPs were purified by
washing with a mixture of 3.0 mL ethanol and 27 mL hexane three times using centrifugation
(8000 rpm, 10 minutes). The resulting Pd NPs were dispersed into 5 mL of methanol to give a Pd
NP concentration of 0.5 mg/mL. Before introduction into the synthesis of Pd@UiO-66-NHz, 1 mL
of the Pd NPs (0.5 mg/mL) in methanol were centrifuged at 8000 rpm for 10 min and dispersed in

1 mL DMF.

Synthesis of Pt nanocrystals using a colloidal method: The synthesis was performed
based on a previous report.!*> A total of 0.025 mmol of KyPtClsy, 0.75 mmol of
tetramethylammonium bromide, and 0.5 mmol of polyvinylpyrrolidone (in terms of the repeating
unit, MW 40 000) were dissolved into 5 mL of ethylene glycol in a 25 mL round-bottom flask at
room temperature. The solution was bubbled with Ar for 15 minutes to remove the oxygen in
solution. The mixed solution was and heated to 200°C under stirring in an oil bath under reflux for
20 min. After cooling, the formed Pt NPs were mixed with acetone and centrifuged at 8000 rpm
for 10 minutes to remove the unreacted residues. The as-synthesized Pt NPs were purified by
washing with a mixture of 3.0 mL ethanol and 27 mL hexane three times using centrifugation

(8000 rpm, 10 minutes). The resulting Pt NPs were dispersed into 5 mL of methanol to give a Pt
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NP concentration of 0.5 mg/mL. Before introduction into the synthesis of Pt@UiO-66-NH», 1 mL
of the Pt NPs (0.5 mg/mL) in methanol were centrifuged at 8000 rpm for 10 min and dispersed in

I mL DMF.

Synthesis of Au nanocrystals using a colloidal method: The synthesis was performed
based on a previous report.'** 1.25 mL of 0.01 m HAuCls aqueous solution was introduced into
48.25 mg H>0O in a 100-mL two-neck round bottom flask. Then, the solution was stirred and
refluxed at 110 °C oil bath for 20 min. After that, 0.5 mL of the aqueous solution containing 3
wt% sodium citrate tribasic dihydrate was introduced to the above solution and the reaction was
held in reflux at 110 °C oil bath for 3 min. (The pink color should form at this stage, indicating the
formation of Au NP.) The solution was cooled to room temperature. Then, 1.0 mL of the aqueous
solution containing 55.5 mg of polyvinylpyrrolidone was added into the formed Au NP solution
and stirred for 10 min. The formed Au NPs protected by polyvinylpyrrolidone were centrifuged at
13000 rpm for 20 min to remove the unreacted residues. The as-synthesized Au NP was purified
by washing with methanol twice using centrifugation (14000 rpm, 20 minutes). The resulting Au
NPs were dispersed into 0.5 mL of methanol to give a concentration of Au NPs (5.0 mg/mL). The
Au NPs in methanol were introduced into the synthesis of Au@Ui0O-66-NHz using coating method

without the solvent exchange using DMF.

Synthesis of Pd@UiO-66-NH2 composite using coating method: The synthesis of
Pd@Ui0O-66-NH, composites using the coating method was modified from a previous report.!?
In general, 25.8 mg of ZrOCl,-8H>0 (0.08 mmol) and 14.5 mg of BDC-NH (0.08 mmol) were
dissolved in 7.622 mL DMF in a 20 mL scintillation vial, then 1.378 mL acetic acid was added
into the solution to take the final volume to 9 mL. Next, I mL of Pd NPs (0.5 mg/mL in DMF,

synthesized from the colloidal method using PVP as capping agents) were introduced into the
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above solution, and the solution was heated at 120 °C in an oil bath for 2 hours. After cooling, the
formed Pd@Ui0O-66-NH> powder was collected by centrifugation (8000 rpm, 10 minutes). The
sample was washed with DMF three times. Then, the as-synthesized Pd@UiO-66-NH> powder
was activated by solvent exchange to remove residues trapped in the framework. The activation

process is carried out by washing three times with DMF and methanol every 12 h.

Synthesis of Pt@UiO-66-NH: composite using coating method: The synthesis of
Pt@UiO-66-NH, composites using the coating method was modified from a previous report.’’ In
general, 18.6 mg of ZrCl4 (0.08 mmol) and 14.5 mg of BDC-NH; (0.08 mmol) were dissolved in
7.622 mL DMF in a 20 mL scintillation vial, then 1.378 mL acetic acid were added into the solution
to take the final volume to 9 mL. Next, 1 mL of Pt NPs (0.5 mg/mL in DMF, synthesized from the
colloidal method using PVP as capping agents) was introduced into the above solution, and the
solution was heated at 120 °C in an oil bath for 24 h. After cooling, the formed Pt@UiO-66-NH>
powder was collected by centrifugation (8000 rpm, 10 minutes). The sample was washed with
DMEF three times. Then, as-synthesized the Pt@UiO-66-NH, powder was activated by solvent
exchange to remove residues trapped in the framework. Activation was performed by washing
three times with DMF and methanol every 12 h. The activated Pt@UiO-66-NHz sample was dried

at 80 °C for 24 h.

Synthesis of Au@UiO-66-NH2 composite using coating method: The synthesis of
Au@UiO-66-NH> composite using coating method is based on the previous report with
modifications.'?! In general, 54.0 mg of BDC-NH, (0.30 mmol) was dissolved in 2 mL DMF in a
20 mL scintillation vial, then 980 pL acetic acid was added into the solution. Next, 2 mL DMF
containing 21.0 mg of ZrOCl,-8H>0 (0.066 mmol) and 0.1 mL of Au NPs (5 mg/mL in methanol,

synthesized from the colloidal method using PVP as capping agents) were introduce in to the above
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solution, and the solution was heated at 120 °C in an oil bath for 18 h. After cooling, the formed
Au@UiO-66-NH, powder was collected by centrifugation (8000 rpm, 10 minutes). The sample
was washed with DMF three times. Then, the as-synthesized Au@UiO-66-NH, powder was
activated by solvent exchange to remove residues trapped in the framework. Activation was
performed by washing three times with DMF and methanol every 12 h. The activated Au@UiO-

66-NH> sample was dried at 80 °C for 24 h.

Synthesis of UiO-66-NH: for DRIFTS measurements: The synthesis of UiO-66-NHx is
based on a previous report.!* In general, 18.6 mg (0.08 mmol) ZrCls and 14.5 mg (0.08 mmol)
BDC-NH: were dissolved in 8.622 mL DMF in a 20 mL scintillation vial. Then 1.378 mL acetic
acid was added into the above solution, and the resulting solution was heated for 24 hours in a 120
°C oil bath. After cooling, the formed UiO-66-NH> powder was collected by centrifugation (4000
rpm, 10 minutes). The sample was washed with DMF three times. Then, as-synthesized the UiO-
66-NH> powder was activated by the solvent exchange to remove the residues trapped in the
framework. Activation was performed by washing three times with DMF and methanol every 12

hours. The activated UiO-66-NHz sample was dried at 80 °C for 24 hours.

Synthesis of Pd on the external surface of UiO-66-NH: for alkene hydrogenation: To
prepare the samples of Pd NPs deposited on the external surface of UiO-66-NH; (Pd-on-MOF), 6
mL of the colloidal Pd NPs (0.5 mg/ mL, in DMF) was mixed with 100.0 mg of UiO-66-NH> in 5
mL DMF in a 20 mL scintillation vial. The mixture was sonicated for 10 min and stirred for 24 h
at 25 °C. Then, the brown precipitates were separated by centrifugation (4000 rpm, 10 min),

washed with ethanol four times, and dried in the vacuum oven overnight.

Synthesis of Pt on external surface of UiO-66-NH: for crotonaldehyde hydrogenation:

To prepare the samples of Pt NPs deposited on the external surface of UiO-66-NH> (Pt-on-MOF),
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6 mL of the colloidal Pt NPs (0.5 mg/ mL, in DMF) was mixed with 100.0 mg of UiO-66-NH; in
5 mL DMF in a 20 mL scintillation vial. The mixture was sonicated for 10 min and stirred for 24
h at 25 °C. Then, the brown precipitates were separated by centrifugation (4000 rpm, 10 min),

washed with ethanol four times, and dried in the vacuum oven overnight.

DRIFTS measurement: Diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) spectra were collected using a Bruker Tensor 27 with a mercury-cadmium-telluride
detector (MCT) and a Harrick diffuse reflectance accessory. The beam alignment and calibration
were performed before each measurement. Both CO-DRIFTS spectra and DRIFTS spectra and
were carried out using this instrumental setup. To carry out CO-DRIFTS analysis, the sample was
packed in the sample cup and sealed in a Praying Mantis high-temperature IR reaction chamber.
The sample was then activated in the IR reaction chamber under a 10 % H> flow (50 mL/min,
balanced with helium) at 200 °C for 1 h. The temperature is controlled by a PID controller with a
type-K thermocouple. The sample was cooled to room temperature under He flow (50 mL/min)
and a spectrum of the sample was recorded as a background. The adsorption of carbon monoxide
(CO) on the sample was performed by introducing CO (10 mL/min) into the IR reaction chamber
with N2 flow (50 mL/min) for 20 min. The series of CO-DRIFTS spectra were measured by
flushing with N> flow (50 mL/min) to remove gaseous CO. All spectra were collected with 160
scans at a resolution of 4 cm™ from 1750 cm™ to 3000 cm™'. We observed two distinct signals for
all Pt@UiO-66-NH> samples. The band from 2050 cm™ to 2100 cm™ is attributed to CO adsorbed
linearly atop the Pt atom. The band from 1950 cm™! to 2050 cm! is attributed to CO adsorbed in
the MOF scaffold, which is in agreement with the spectrum measured by using the control sample
of Ui0O-66-NH,. Before carrying out the DRIFTS spectra, all samples (25.0 mg) were activated by

incubation in 0.1 M HCI (10.0 mL) at 60 °C for 8 hours. The sample was washed three times with
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DMF and methanol and dried at 80°C for 24 hours. Before each measurement, the samples (10.0
mg) was mixed with KBr (10.0 mg) and placed in oven at 80 °C for 24 hours. Then, it was packed
in the sample cup and sealed in a Praying Mantis high-temperature IR reaction chamber. To
remove adsorbed water in the MOFs, the sample was activated in the high-temperature IR reaction
chamber followed by DRIFTS measurements after the sample was cooled to room temperature.
The activation process was performed by heating the sample under a He flow (50 mL/min) at 200
°C for 1 h. The temperature was controlled by PID controller with a type-K thermocouple. KBr
was used as a spectra background and all spectra were collected with 160 scans at a resolution of
4 cm! from 3000 cm™! to 4000 cm™! under a He atmosphere. We observed two distinct signals for
sample contained UiO-66-NH,. The peaks around 3520 and 3401 cm™ are attributed to N-H
asymmetric and symmetric stretches, respectively. The signal at around 3670 cm™! corresponds to

the n3-OH stretching of the zirconium cluster of UiO-66-NH;

Raman measurement: Raman spectra were collected on a Micro-Raman system (XploRA,
Horiba) with a 632 nm laser excitation at room temperature. Before each measurement, samples
(Au@UiO-66-NH; or Au-PVP) were dropcast on a Si wafer (1.0 cm x 1.0 cm) and dried at 80 °C
for 24 hours. Due to the low Raman signal of UiO-66-NHaz, the samples of UiO-66-NH> were
dropcast on a Au coated Si wafer (1.0 cm x 1.0 cm, 50 nm thickness of Au). Considering the
sensitivity of MOFs to laser excitation, a low output power (10 mW) was used to carry out the
Raman measurement. The laser alignment and calibration at 632 nm were performed before each
measurement using a Si wafer. All spectra were collected by averaging 10 accumulations with an

accumulation time of 10 seconds.

Sample preparation for ICP-OES measurement: To prepare the sample for ICP-OES

measurement, 5.0 mg of NP-in-UiO-66-NH> samples was quantitatively transferred into a 3.0 mL
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Teflon vial, and the samples were dispersed in 300 uL of DMSO by sonication for 10 min. To
digest the samples, 1 drop of 15 wt% aqueous hydrofluoric acid solution was added into the above
solution and left for 3 h. To remove the hydrofluoric acid and DMSO, the digested samples were
heated to approximately 150 °C overnight in a sand bath in a fume hood. The resulting solid was
dissolved by 1.5 mL of aqua regia and the acidic solution was diluted to 25 mL with deionized
water using a volumetric flask. Before the ICP-OES measurement, the solution was filtered
through a filter membrane (0.22 um). The quantitative analysis of Pd and Pt was carried out against
calibration using known concentrations of standard solutions. ICP-OES spectrometry was

performed using an Agilent 5100 instrument.

Alkene Hydrogenation: Samples were diluted with low surface area quartz and loaded
into U-shaped glass reactors. The glass reactor was then connected to a home-built gas-phase flow
system for alkene hydrogenation. Gas flows, including helium, hydrogen, and ethylene were
regulated using calibrated mass flow controllers. The desired partial pressure of cyclohexene
or cis-cyclooctene was achieved by bubbling He through the liquid and assuming
saturation.!!'? For all reactions, gas composition was analyzed with a mass spectroscope (MKS
special V2000P). Temperature was controlled by a furnace (CARBOLITE) and PID controller
(Diqi-Sense) with a type-K thermocouple. To test whether the metal NPs are encapsulated, the
catalyst activity was normalized by ethylene hydrogenation kept at 40% conversion. To normalize
the metal NP surface areas, the catalyst amount was carefully adjusted to have ethylene
hydrogenation of 40%. The same amount of catalysts were used to perform the hydrogenation of
cyclohexene and cyclooctene. Ethylene hydrogenation was run at 0 °C, cyclohexene hydrogenation
is run at 25 °C, and cyclooctene hydrogenation was run at 40 °C. To test the alloy nature of

encapsulated PdPt NP, 10 mg sample with similar loading (0.01 wt% Pd, Pt and Pd\Pt; alloy) of
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encapsulated NP in UiO-66-NH> was diluted with low surface area quartz and loaded into glass
reactors for ethylene hydrogenations activity measurement, run at 70 “C. The turnover frequency
of ethylene hydrogenation was normalized by using the percentage of surface atoms following the

palladium cluster diameter. '3

Crotonaldehyde Hydrogenation: Catalysts were dispersed in 2 mL isopropanol solution
in the 10-mL ampule, and then 40 pL crotonaldehyde (0.4 mmol) was added into the above solution.
To compare the selectivity of our samples, the conversion of each reaction was kept at 30 %.
Before catalysis, the high-pressure reactor vessel (Wattacas Inc., 500 mL) was pre-heated to 70 °C.
Temperature was controlled using a hot plate (RCT basic, IKA) with a type-K thermocouple.
Subsequently, the ampule was transferred into a high-pressure reactor vessel. The autoclave was
purged 5 times with H» to remove air. Then, the hydrogenation of crotonaldehyde was carried at
30 bar Hz at 70 °C for 18 h with magnetic stirring at 500 rpm. After that, the catalysts were
separated by centrifugation, and the reaction solution was filtered through a filter membrane (0.22
pum). The products were analyzed on a gas chromatography-mass spectrometry (Shimadzu
QP2010 Ultra, column: Rtx-5, 30 m x 0.25 mm x 0.25 pm). The response factors of each
component were determined with standard samples and were used to calculate the conversion and

selectivity.
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2.5 Appendix

Pd@UiO-66-NH, from Coating Method

| R

Pd@UiO-66-NH, from Impregnation Method
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Figure A 2.1: PXRD patterns of Pd@UiO-NH: generated from impregnation and coating methods.

Figure A 2.2: Time study of the synthesis of Pd@UiO-66-NH2 using the one-pot method at

reaction times of (a) 0.25 hours, (b) 1.25 hours, and (¢) 6.5 hours.
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d Pd@UiO-66-NH, from One-Pot Method
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Figure A 2.3: PXRD patterns of Pd@UiO-66-NH; obtained using the one-pot method, and the

simulation of UiO-66.

Figure A 2.4: SEM images of (a) pure UiO-66-NH> and (b) Pd@UiO-66-NH> obtained using the

one-pot method.
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Figure A 2.5: TEM images of the one-pot synthesis using BDC without the amino-

functionalization as MOF linkers, resulting in a series aggregates of (a) Pd and (b) Pt on the

external surface of UiO-66.
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Figure A 2.6: TEM images and size distribution of the one-pot samples of Pd@Ui0-66-NH> with

controlled NP size synthesized at (a, d) 150 °C, (b, ) 120 °C and (c, f) 90 °C.
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Figure A 2.7: TEM images of the one-pot samples of Pt@UiO-66-NH: with controlled NP size

synthesized at (a) 120 "C and (b) 90 °C. The size distribution of each sample is shown in the figure.

Figure A 2.8: (a) TEM images of Pdo.7Pt1.o@UiO-66-NH>. (b, ¢) EDS line mapping of
Pdo.7Pt1.0@Ui0-66-NH> and Pd; 2Pt1 0@UiO-66-NHa, respectively. Green color represents Pd, and

red color represents Pt.
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Figure A 2.9: Ethylene hydrogenation with the catalysts of the encapsulated PdPt alloy in UiO-

66-NHo>. Ethylene hydrogenation is performed at 70 °C.
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Figure A 2.10: Ethylene hydrogenation with the mixtures of Pd and Pt NPs. Ethylene

hydrogenation was performed at 70 °C.
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Figure A 2.11. TEM images and NP size distributions of Pd@UiO-NH generated from (a, d)

impregnation method, (b, e) coating method and (c, f) one-pot method.
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Figure A 2.12: PXRD patterns of Pt@UiO-NH; generated from impregnation method, coating

method and one-pot method.
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Figure A 2.13: TEM images and NP size distributions of Pt@UiO-NH; generated from (a, d)

impregnation method, (b, €) coating method and (c, f) one-pot method.
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Figure A 2.14: PXRD patterns of Au@UiO-66-NH> obtained using the coating method
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Figure A 2.15: TEM image of Au@UiO-66-NH; obtained using the coating method.
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Figure A 2.16: PXRD patterns of Au@UiO-66-NH> obtained using the impregnation and one-pot

method.
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Figure A 2.17: Raman spectra of Au-PVP NPs, UiO-NH>2, and Au@ UiO-66-NH: samples

generated by impregnation, one-pot and coating methods.
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Table A 2.1: Summary of PdPt@UiO-66-NHz samples with various compositions

Sample Pd (ppb) Pt (ppb) Mole ratio (Pd:Pt)
Pds.2Pti 1607 3.22
Pd13Pt1 1290 1.34
Pdo.7Pt1 577 0.72

Table A 2.2: Summary of NP loading in UiO-66-NH; samples

Sample Metal loading (wt. %)
Pd-in-MOF Coating Method 2.5
Pd-in-MOF Impregnation Method 3.0
Pd-in-MOF One-Pot Method 3.0
Pt-in-MOF Coating Method 2.1
Pt-in-MOF Impregnation Method 3.0
Pt-in-MOF One-Pot Method 2.7
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Table A 2.3: Summary of alkene hydrogenation and corresponding ethylene hydrogenation to

normalize the catalyst surface areas.

Catalyst Amount Conversion of  Conversion of Conversion of

Sample Ethylene Cyclohexene Cyclooctene
P (mg) Hydrogenation Hydrogenation Hydrogenation

(Y0) (Y0) (o)

Pd-on-MOF 6.4 @ 42.0 43.0 24.0

(control sample)

Pd-in-MOF 16.8 40.0 36.0 2.1

Coating Method

Pd-in-MOF 4.0 ) 43.0 43.0 14.0

Impregnation

Method

Pd-in-MOF 1.2 44.0 37.0 1.0

One-Pot Method

(a1 6.4 mg of 0.5 wt% Pd on UiO-66-NH, samples. °! 4.0 mg of the diluted catalysts prepared by

mixing 25.2 mg UiO-66-NH: with 2.8 mg Pd@Ui0-66-NH> generated by coating method.
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Table A 2.4: Summary of selectivity for crotonaldehyde hydrogenation

Conversion Selectivity to Selectivity to Selectivity to
Catalyst
(%) Crotyl alcohol (%) Butyraldehyde (%)  Butanol (%)
Pt-on-MOF
37.5+3.2 6.0+2.6 345+93 59.4+8.7
(Control)
Pt-in-MOF
Coating 31.7+£2.5 9.8+0.2 71.3+£2.3 18.7+2.5
Method
Pt-in-MOF
Impregnation 26.4+£6.0 42.8 £2.7 22.7+0.49 342+25
Method
Pt-in-MOF
One-Pot 32.1+4.0 70.4+4.9 174+£29 12.0+2.0
Method

Selectivity was determined by its ratio to the sum of all three products (crotyl alcohol,
butyraldehyde and butanol). The standard deviation was obtained based on three independent

measurements.
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3.0 Chapter 3:

Creating an Aligned Interface between Nanoparticles and

MOFs via Concurrent Replacement of Capping Agents

g
B

in situ Replacement |
IREEs » of Capping Agent Defined NP Surface

A significant portion of the work described in this chapter has been published in:

Li, Y."; Lo, W. =S.* (co-first author); Zhang, F."; Si, X.; Chou, L. -Y; Liu, X. =Y.; Williams, B.
P.; Li, Y. -H.; Jung, S. —H.; Hsu, Y. -S.; Liao, F. -S.; Shieh, F. —K.; Ismail, M. N.; Huang, W;
Tsung, C. —K. Creating an Aligned Interface between Nanoparticles and MOFs by Concurrent
Replacement of Capping Agents. J. Am. Chem. Soc. 2021, 143, 5182-5190. Copyrights 2021
American Chemical Society. Portions of this chapter may be seen in Furui Zhang’s 2017 thesis
titled “Mechanism and Interface Study of One-to-one Metal NP/Metal Organic Framework Core-
shell Structure, and in Yang Li’s 202 1dissertation titled “MOFs across Dimensions: Engineering
Heterostructures and Thin Films for Catalysis and Energy Conversions”. I thank them for the use

of this material as a co-author of the above-mentioned manuscript.
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3.1 Introduction

Great effort has been devoted to designing interfaces, as their structure shows a large influence on
the performance of the whole system in various fields, such as electronics, biomedicines, and
separations.'3”!#! Recently, focus has been extended to complicated interfaces, which are
composed of materials with distinct chemical components or crystal lattices.!*!"'** For instance, to
improve the selectivity of metal nanoparticle (NP) catalysts, applying metal-organic frameworks
(MOFs) to the metal surface has recently been identified as an apt strategy for this long-standing
and challenging goal.!%!: 143146 Selectivity control in this strategy relies on the structure of the NP-
MOF interface, but interfacial structure remains difficult to control because metals and MOFs have

distinct chemical compositions and structural dimensions that differ by orders of magnitude.

» in situ Replacement MOF Coated on
of Capping Agent Defined NP Surface

CTAB-NPs

Figure 3.1: The formation of a direct NP-MOF interface using dynamic, weakly-adsorbed capping

agents.

Currently, the most common approach to generate a controlled interface is to first
synthesize shaped NPs through colloidal methods and then coat them with MOFs.}” Compared to
conventional impregnation methods,'%> 47 this approach indeed provides better control over the

morphology and size of the metal NPs. However, it relies on adding capping agents, such as long-
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chain hydrocarbon surfactants (e.g., oleic acid) or polymers (e.g., polyvinylpyrrolidone), which
are normally trapped at the NP-MOF interface during coating, interrupting MOF growth and
preventing direct contact between the NP and MOF.”® 8 This interfacial residue is a general
dilemma in many composite materials.'* To solve this issue, we herein propose a new strategy to
generate a well-defined interface in hybrid materials by introducing weakly adsorbed capping
agents to mediate MOF growth (Figure 3.1). During growth, these capping agents gradually
dissociate from the metal surface and the MOF directly grows on the gradually exposed NP surface.
We hypothesize that when this in situ replacement is well mediated, a controlled interface between

the MOF and NP can form.

To demonstrate this concept, we first selected zeolitic imidazolate framework-8 (ZIF-8) as
the MOF and shaped metal NPs with cetyltrimethylammonium bromide (CTAB) as the
surfactant.”® 1 We introduced CTAB-capped NPs into a solution with fine-tuned amounts of
MOF precursors. Because it has been reported that the gradual dissociation of CTAB can be trigged
by changes in the chemical environment.!*!"!33 The rates of dissociation and in situ MOF growth
were balanced by adjusting the CTAB and MOF precursor concentrations. Under optimized
conditions, we obtained a core-shell structure with one metal NP encapsulated in one single-
crystalline ZIF-8 nanocrystal, showing specific facet alignment at the interface. Coupling the
information gained from diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
and Raman spectroscopy, the in situ replacement of capping agents by MOFs, leading to the
formation of a direct interface, was revealed. With this understanding, we then applied our
approach to encapsulate NPs into a more chemically stable Zr-based MOF. UiO-66-type
(University of Oslo 66) MOFs have distinct chemical properties and crystal topologies from ZIF-

8, demonstrating the generality of our method. Finally, a model reaction, the hydrogenation of an
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a,B-unsaturated aldehyde, was carried out over samples generated with and without the well-
mediated process. The well-defined interface showed over 99.0 % selectivity toward the desired
unsaturated alcohol, outperforming the sample without a well-controlled interface (85.1 %
selectivity). This work sheds light on the process of creating well-defined interface between

materials with vastly different structural dimensions.

3.2 Results and Discussions

Cubic Pd NPs capped by CTAB (Pd-CTAB NPs) were synthesized through an established method

4 sizes,! and

that has been used to synthesize various metal NPs with defined shapes,'
compositions.'*® The Pd-CTAB NPs were then added into a solution containing ZIF-8 precursors
(2-methyl imidazole (2-mim) and Zn(NO3)2). We found that CTAB dissociation was indeed
triggered after the NPs were exposed to aqueous 2-mim (Figure A3.1). The amount of CTAB in
the supernatant was found to increase with time, as shown in Figures A3.2 and A3.3, suggesting
that CTAB gradually and continuously dissociates from the metal surface, finally resulting in
agglomeration of the metal NPs. To control the dissociation of CTAB while avoiding the
aggregation of metal NPs during the MOF coating, the concentration of each component was
controlled to fine-tune the kinetics of each process. The detailed concentrations and procedures
can be found in the supporting information. Under the optimized conditions, ZIF-8 was evenly
coated on individual Pd NPs, forming Pd@ZIF-8 with a one-to-one, core-shell structure (Figures
3.2a-b). The single-crystalline nature of ZIF-8 coating was revealed by selected area electron
diffraction (SAED) taken along the [001] zone axis (Figure 3.2¢), where spots from the {200} and

{110} planes can be clearly observed. The well-defined NP shape was also preserved after coating.

Clear electron diffraction patterns indicating single-crystalline Pd was observed while decreasing
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the working distance, showing {200} and {220} planes along the [001] zone axis (Figure 3.2d).
With further analysis of the relationship between two diffraction patterns, we have observed that
the [100] direction of the ZIF-8 crystal aligns well with the [100] direction of the Pd nanocrystals,
indicating a facet alignment along the [001] direction despite the vastly different structural
dimensions (Figure 3.2¢). This alignment was also observed by powder X-ray diffraction (XRD).
When the core-shell particles are well assembled on the substrate, both Pd and ZIF-8 showed
enhanced diffraction intensity corresponding to the {100} facets (Figure 3.2f). This unique

alignment is discussed in detail later.
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Figure 3.2: One-to-one encapsulation of metal NPs in ZIF-8. (a) SEM image, (b) TEM image, (c-
d) SAED patterns of Pd and ZIF-8 along [001] directions, (e¢) 3D modeling projections at [001]
directions, and (f) XRD patterns of Pd@ZIF-8.

Since global techniques like SEM, TEM, and XRD do not provide direct evidence of the

interfacial structure, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and
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Raman spectroscopy were used to characterize the interfacial structures of Pd@ZIF-8 composites.
We sought to understand the interface from two perspectives: First, is capping agent trapped at the

NP-MOF interface? Second, is the MOF coated directly onto the metal surface?
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Figure 3.3: CO-DRIFTS spectra of Pd-CTAB NPs, the clean Pd surface, and the clean Pd surface
after adding CTAB.

To answer the first question, we employed carbon monoxide as a probe molecule to test
the metal surface through CO-DRIFTS.!*"-138 The small size of CO allows for its diffusion through
the ZIF-8 shell to access the metal surface, and the vibrational stretching mode of adsorbed CO is
sensitive to the nature of the metal surface.'*® Therefore, the characteristic CO stretching frequency
can be used to determine the amount of adsorbed capping agent on the metal surface.!*1%! To
establish a reference for our system, we first carried out CO-DRIFTS on pure Pd NPs, with or
without CTAB, supported on an inert substrate. As shown in Figure 3.3, three clear IR bands were
observed for the clean Pd surface, which can be grouped into three binding modes: 2050-2100 cm”

! for linearly bound CO (COatop), 1950-2000 cm’! for bridging bound CO (CObridge), and 1875-1925
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cm’! for threefold bound CO (COthreefold).!'> 12 On the other hand, when CTAB adsorbed on the
Pd surface, only the COumrecfola band was observed. To verify that this difference can be used to
monitor changes in adsorption behavior at the metal surface, we added CTAB to the clean Pd
surface. We were indeed able to observe conversion from three distinct bands to one threefold
band. These data clearly show that the COap band is sensitive to the adsorbed CTAB and changes

in its intensity can be used to monitor the Pd NP surface.
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Figure 3.4: (a) Schematic illustration of CTAB dissociation during MOF coating. (b) CO-DRIFTS
spectra of Pd-CTAB NPs, Pd-CTAB NPs incubated in MOF precursor (2-mim) for 5 min and 30
min, Pd@ZIF-8 with direct interface, and ZIF-8.

Using CO-DRIFTS, we investigated the changes of the CTAB on Pd NP surface in the
presence of ZIF-8 precursor. As shown in Figure 3.4, the intensity of the COatop peak (~ 2080 cm’
1) increased with precursor treatment time, indicating the gradual dissociation of surface CTAB.

Notably, for the Pd@ZIF-8 product after coating, a high-intensity COawp mode was seen, along
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with two distinct peaks at 2020 cm™ and 2000 cm™! attributed to ZIF-8. This observation fits well
with our hypothesis that the weakly-adsorbed capping agent gradually dissociates from the metal

surface during the formation of the MOF shell.
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Figure 3.5: in situ Raman spectra for the formation of Au@ZIF-8 with a direct interface. The
capping agents were observed to dissociate during MOF coating, forming direct contact between

ZIF-8 and the metal surface.

To further study the behavior of CTAB at the interface and determine whether there is a
direct contact between the MOF shell and the metal surface, Au NPs (Au-CTAB NPs, Figure A3.4)
were employed to allow for surface-enhanced Raman spectroscopy (SERS) studies.!®® As shown
in Figure 3.5, Au-CTAB NPs showed a vibrational signal at 175 cm!, referring to the stretching
of the bond between the Au surface and the adsorbed Br~ of the capping agent.!®*+1> After the
introduction of the Au-CTAB NPs to the ZIF-8 precursor, however, the vibrational signal at 175
cm’! greatly decreased. This result indicates CTAB dissociates from the metal surface in the

presence of MOF precursors, which agrees well with the IR observations. Interestingly, it also
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suggests that CTAB dissociation is accomplished by removal of the whole surfactant molecule,
including both cations and anions. A set of bands also appeared in the 800-1500 cm™ region
(Figure 3.5), which was assigned to the vibrations of 2-mim in ZIF-8 (Table A3.1).'% It has been
reported that the 2-mim could interact with the metal surface through the imidazole “pyridine N”,
so we compared the spectral feature of out-of-plane bending modes of NH (y(NH)) at around 928
cm™!.167-168 The stretching of NH was absent in bulk ZIF-8 due to the deprotonation of 2-mim when
forming Zn-N bonds (Figure A3.5). Therefore, the observation of NH bending at 928 cm™ in
Au@ZIF-8 could be attributed to the 2-mim at the NP-MOF interface. After the NH moiety
interacted with the metal surface, the interaction would lead to a weaker NH bending, resulting in
a redshift of the N-H bending frequency. In the spectra, Au@ZIF-8 sample showed a redshift of
the NH bending mode (928 cm™) compared to free 2-mim (935 cm™), suggesting the adsorption
of ZIF-8 on the metal surface through the imidazole “pyridine N (see Figure A3.5 for more
detailed discussion). This result provides further evidence that ZIF-8 has direct contact with the

metal surface.

Next, we investigated the correlation between the capping agent dissociation process and
the resulting interfacial and material properties. To that end, we carried out a control experiment
where the kinetically inefficient dissociation of CTAB was intentionally designed by introducing
excess CTAB into the solution during the ZIF-8 coating (Figure 3.6). Indeed, the dissociation of
CTAB was significantly suppressed with an increased amount of exogenous CTAB as shown by
the missing of COatop band in CO-DRIFTS (Figure 3.6). This suggests that the sluggish desorption
kinetics kept the CTAB molecules on the metal surface, trapping them at the interface in the final

encapsulated Pd@ZIF-8 sample and resulting in an indirect interface.
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Figure 3.6: (a) Schematic illustration of CTAB dissociation with a higher concentration of CTAB
present during MOF coating. (b) CO-DRIFTS spectra of Pd-CTAB NPs, Pd-CTAB NPs incubated
in MOF precursor with exogenous CTAB (0.8 mM) for 5 min and 30 min, and Pd@ZIF-8 with

indirect interface.

Notably, polycrystalline ZIF-8 coatings (Figure 3.7b, e, h) were observed with indirect
interfaces formed in the presence of excess exogenous CTAB. This result is in sharp contrast with
the single-crystalline Pd@ZIF-8 (Figure 3.7a, d, g). When the concentration of CTAB additive
further increased, NPs were even only partially coated with ZIF-8 (Figure 3.7c, f, i). The
homogeneity of the ZIF-8 shell coating, then, has a direct relationship with the amount of CTAB
on the metal surface. This idea is further supported by the positive relationship between the amount
of surface CTAB and the yield of polycrystalline ZIF-8 coatings (Figure 3.8; Table A3.2). To
have a better understanding on the process, the early stages of both single- and polycrystalline
formation were also investigated by EM (Figure A3.6). The ZIF-8 crystal growth was found to

initiate at a single point to form single-crystalline Pd@ZIF-8 materials. In contrast, for
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polycrystalline PA@ZIF-8, generated via Pd NPs with more CTAB on the surface, multiple ZIF-8
seeds formed and surrounded one NP at an early stage. We thus reason that the interfacial CTAB
alters ZIF-8 nucleation and interrupts its growth, generating not only an indirect interface but also
polycrystalline coatings. In other words, the dynamic replacement process allows for a capping-
agent-free interface with a better-controlled crystal structure. Further impact of the interface on

the engendered materials will be discussed in the next section.

Figure 3.7: The impact of CTAB dissociation on MOF coating. Schematic illustrations, SEM
images, and TEM images of Pd@ZIF-8 with a direct interface (a, d, g) and with an indirect

interface obtained using an exogenous CTAB concentration of 0.8 mM (b, e, h) and 1.2 mM (c, f,

i).
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Figure 3.8: Quantitative analysis of the effect of surface CTAB on MOF growth. Blue square m:
The CTAB amount in the supernatant after treating Pd-CTAB NPs with 2-mim (50 mM) for
different lengths of time, monitored by 'H NMR. The higher amount in the supernatant, the lower
amount of surface CTAB. Red diamond ¢: The ratio of single-crystalline coating in Pd@ZIF-8
samples obtained by treating Pd-CTAB NPs with 2-mim for different lengths of time before

encapsulation. The numbers of the single- and polycrystalline Pd@ZIF-8 were counted through
SEM images.

The difference between the samples with direct and indirect interfaces were additionally
analyzed by thermogravimetric analysis (TGA) and a model hydrogenation reaction. As shown in
Figure A3.7, the resulting TGA curves showed similar features as pure ZIF-8 crystals for both
samples,?’ while the larger weight-loss for the indirect sample was credited to the trapped CTAB
molecules. To further verify that the trapped CTAB is on the metal surface at the interface, we
used gas-phase ethylene hydrogenation as a probe reaction (Figure A3.8). As expected, the sample
with a direct interface displayed a reaction rate of 1.78 X 10~ mol-s™-gps!, which is 3.5-fold
higher than that of the sample with an indirect interface (5.02 X 10 mol-s™'-gpq!). This indicates
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that the direct interface is cleaner and thus more catalytically active than the indirect interface,

where a large number of active sites on the Pd surface were occupied by capping agent.
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Figure 3.9: PXRD patterns of Pd@ZIF-8 with a direct (red) or an indirect (green) interface. PXRD
patterns (a) from 5 to 30 degrees, displaying characteristic ZIF-8 peaks, and (b) from 35 to 65
degrees, displaying characteristic Pd peaks.

PXRD patterns of the two samples drop-casted on substrates were also compared (Figures
3.9 and A3.14). For samples with an indirect interface, the XRD patterns were in good agreement
with the simulated patterns of ZIF-8 and Pd metal. For sample with direct interface, the cubic
Pd@ZIF-8 particles tended to self-assemble on the substrate along the [001] direction of ZIF-8
due to their high uniformity, as evidenced by the enhanced intensity of the (200) diffraction peak.
In stark contrast, the (110) peak possessed the highest intensity in the diffraction profile of the
sample with the indirect interface (as seen in typical ZIF-8 powders due to its crystal structure).'®
A preferential orientation along the [100] direction of the encapsulated Pd NPs was also observed.

The dominant peak of the sample with a direct interface was found to be (200), while the dominant
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peak of randomly oriented Pd NPs should be (111).!7° This concerted orientation of both ZIF-8
and Pd crystals further indicates a facet alignment between ZIF-8 and Pd. This global observation
of facet alignment was consistent with the result observed via a single particle under electron
microscopy: six sets of {100} planes of the Pd NP aligned with six sets of {100} planes of ZIF-8,
further supported by the SAED pattern. As shown in Figure 3.2d, the {220} planes of Pd and
{110} planes of ZIF-8 were well aligned. This relative orientation suggests that the capping agent
mediated growth of MOF can generate a better controlled interfaces. The detailed mechanism of

alignment is currently under investigation.
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Figure 3.10: Analysis of surface CTAB and CTAC. (a) Schematic illustration of CTAB and
CTAC dissociation during MOF coating. (b) Raman spectra of Au-CTAB NPs (red), Au NPs after
capping agent exchange from CTAB to CTAC (orange), and Au NPs synthesized directly with
CTAC (blue, Au-CTAC NPs).

To test the generality of this direct interfacial growth approach, we explored the possibility

of encapsulating metal NPs into another MOF with distinct chemical properties and a different
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topology, UiO-66. It is also more chemically and thermally robust than most current MOF
materials, including ZIF-8.!7172 The outstanding stability of the MOF shell can significantly
broaden the application of these NP@MOF materials, such as for catalytic reactions requiring

harsh conditions.

Direct application of our coating method failed to encapsulate the NPs (Figure A3.9). To
optimize our conditions for the new MOF, we reviewed the key mechanistic requirements. Our
ZIF-8 system has shown that it is important to trigger capping agent dissociation for replacement
during MOF coating. We thus hypothesized that the dissociation of CTAB was not sufficient under
the conditions of UiO-66 formation. To promote capping agent dissociation, the synthetic
condition was modified accordingly. First, to initiate capping agent dissociation, we tried to
increase the concentration of linkers. This need could be satisfied by the use of
tetrafluoroterephthalic acid (BDC-F4) as the MOF linker to synthesize UiO-66, which is chosen
for its high solubility in aqueous solution.!”*"!"* Second, cetyltrimethylammonium chloride (CTAC)
was used as capping agents to substitute CTAB due to its weaker binding strength with metal
surface than that of CTAB.!” The kinetic capping agent exchange was conducted by exposing Au-
CTAB NPs to an aqueous solution with a high concentration of CTAC. SERS spectra were
collected to track the exchange process (Figure 3.10). SERS analysis indeed indicates the
successful replacement of CTAB by CTAC. Compared to Au-CTAB NPs, the signal from Au-Br
decreased significantly after the CTAB-CTAC exchange. In the meanwhile, a Au-CI” peak also
appeared around 265 cm™.!76 After the capping agent exchange, the Au-CTAC NPs were then
introduced into MOF precursor solution, following the previously mentioned encapsulation
procedure. This optimized synthesis led to a successful encapsulation of NPs by MOF shell in a

one-to-one manner, akin to that of the metal NP@ZIF-8 system (Figure A3.10). With this
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understanding, Au NPs directly synthesized with CTAC were also used to perform the MOF
coating (Figure A3.11). As shown in Figure 3.11, again, each Au NP was encapsulated into a
single-crystalline MOF crystal. The PXRD pattern confirmed its identical crystallinity to the
simulated UiO-66 (Figure A3.12). The single crystallinity was supported by SAED (Figure
3.11d). These results clearly demonstrate the generality of this method and the importance of

controlling the dissociation dynamics of capping agents for successful encapsulation.

Figure 3.11: A single Au NP encapsulated in UiO-66-F4. (a) Schematic illustration, (b) SEM
image, (c) TEM image, and (d) SAED pattern from (c).

We then tested the hydrogenation of an a,f-unsaturated aldehyde over NP@UiO-66
samples, with and without the direct interface. Unsaturated alcohols are the desired products of
this hydrogenation, because they are critical raw materials for pharmaceuticals.!”” However, this

organic transformation is challenging, as the hydrogenation of C=C bonds is more
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thermodynamically favorable than the hydrogenation of C=0 bonds. Applying the MOF coating
on metals to promote selectivity of the hydrogenation of C=0O bonds has been observed in many

68,127, 178 and several mechanisms have been proposed such as steric effect.’! While these

studies,
mechanisms are different, a direct NP-MOF interface is required for the MOF layer to modulate
the intermediates because the reaction takes place on the surface of metals.! With this information
in mind, we carried out the hydrogenation of cinnamaldehyde over four catalysts, Au NPs with no
MOF coating (Au-on-SiO2), Au NPs on the external surface of MOF (Au-on-MOF), Au NPs with
an indirect MOF interface, and Au NPs with a direct MOF interface. To compare their selectivity,
the loading of each catalyst was controlled to give the same conversion (Table A3.3). For the pure
Au catalysts without MOF coating, the selectivity for unsaturated cinnamyl alcohol was 61.8 %,
while 3-phenylpropionaldehyde and 3-phenylpropanol were both obtained (Figure 3.12). The
sample of pure Au NPs on the MOF surface, which served as a control (Au-on-MOF), showed a
53.3 % selectivity to unsaturated cinnamyl alcohol. The catalyst with an indirect interface showed
an increase in selectivity toward cinnamyl alcohol to 85.1%, indicating that the MOF coating
indeed promotes selectivity. Remarkably, cinnamyl alcohol was the only product detected for the
catalyst with a direct interface. As expected from the high stability of UiO-66, the crystal structures
of both Au@MOF materials were well maintained after catalysis (Figure A3.12 and A3.13). This

result clearly highlights the importance of well-defined interfaces for the catalytic performance of

NP@MOF materials.
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Figure 3.12: Selectivity for cinnamaldehyde hydrogenation over pure Au NPs without a MOF
coating, Au NPs on the external surface of MOF, encapsulated Au NPs with an indirect NP-MOF
interface, and encapsulated Au NPs with a direct NP-MOF interface. Cinnamyl alcohol is the
preferred product, and its selectivity was determined by its ratio to the sum of all three products.

Error bars indicate the standard deviation of three independent measurements.

3.3 Conclusions

Here, we have developed an approach to generate well-controlled interfaces between NPs and
coated MOFs. Our approach takes advantage of the in situ replacement of weakly adsorbed
capping agents by MOF precursors during MOF coating. The concept was initially demonstrated
on metal NPs capped by CTAB and coated in ZIF-8. Systematic IR and Raman spectroscopic
studies showed that CTAB molecules gradually dissociate from the metal surface and are replaced
in situ by MOFs, resulting in a direct interface between metal NPs and ZIF-8. The well-controlled

interface leads to the formation of a single-crystalline MOF coating with a specific crystal facet
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alignment. The understanding from the ZIF-8 system was extended to coat UiO-66 type MOF on
NPs with a direct interface, where NPs were again individually encapsulated in single-crystalline
MOF crystals in a one-in-one fashion. The hydrogenation of an a,f-unsaturated aldehyde was
employed to test the catalytic impact of interfacial structure. High selectivity towards the desired
unsaturated alcohol product was achieved over the direct interface. In sum, we have demonstrated
a new approach to encapsulate defined NPs into MOFs, generating a direct, clean NP-MOF
interface via the in situ replacement of capping agents. This new strategy opens a new route to

achieve hybrid materials well-defined interfaces.

This work is supported by National Science Foundation (CHE 1566445), lowa State
University, and Boston College. Authors thank Prof. Matthias Waegele at Boston College for

valuable suggestions on the spectroscopic studies.

3.4 Experimental Procedures

Chemicals: Cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich, > 99%),
cetyltrimethylammonium chloride (CTAC, Tokyo Chemical Industry Co., Ltd., > 95%), ascorbic
acid (Sigma-Aldrich, > 99%), hydrogen tetrachloroaurate trihydrate (HAuCls-3H,O, Sigma-
Aldrich, ~50% Au basis), hydrogen tetrachloropalladate (H,PdCls, Sigma-Aldrich, 98%), zinc
nitrate hexahydrate (Zn(NOz3),-6H>0, J.T.Baker, 99.6%), 2-methylimidazole (2-mim, Alfa Aesar,
97%), sodium borohydride (NaBH4, Sigma-Aldrich, 98.0%), zirconyl chloride octahydrate
(ZrOCly-8H20, Acros Organics, > 98%), tetrafluoroterephthalic acid (BDC-F4, Sigma-Aldrich,
97%), zirconium chloride (ZrCls, Sigma-Aldrich, > 99.5%), terephthalic acid (BDC, Sigma-

Aldrich, 98%), acetic acid (Sigma-Aldrich, > 99.7%), deuterium oxide (D>O, Cambridge Isotope
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Laboratories, Inc., D-99.9%), methylsulfonylmethane (Sigma-Aldrich, certified reference
materials), sodium citrate tribasic dihydrate (Sigma-Aldrich, > 99.0%), polyvinylpyrrolidone
(PVP, MW 40,000, Sigma-Aldrich) were used without further purification. Ultrapure deionized
water (DI water, 18.2 MQ) was used for all solution preparations. Element standard solutions,
palladium (1000.00 pg/mL) and zinc (100.00 pg/mL), for ICP-OES were purchased from
Inorganic Ventures. Ethylene (Airgas, 99.995%), hydrogen (Airgas, 99.999%) and helium (Airgas,
99.999%) were used for ethylene hydrogenation. Cinnamaldehyde (Sigma-Aldrich, 99.0 %) and

hydrogen (Airgas) was used for cinnamaldehyde hydrogenation.

Characterizations: A Bruker AXS D2 Phaser diffractometer was used for the powder X-
ray diffraction characterization (PXRD). Transmission electron microscopy (TEM) was performed
on a JEOL JEM2010F electron microscope operated at an accelerating voltage of 200 kV.
Scanning electron microscopy (SEM) was performed on a JEOL JSM-6340F and JEOL JSM-
7001F scanning electron microscope. Selected area electron diffraction (SAED) was taken from
JEOL JEM-1400. For sample preparation, the dry sample was dispersed in methanol by sonication.
Then the dispersion was dropcast on Cu grids or silicon wafers for TEM or SEM measurements,
respectively. Raman spectra were collected with a Micro-Raman system (XploRA, Horiba) with
532 nm laser excitation. Nuclear Magnetic Resonance (NMR) was collected on a Varian Unity
INOVA spectrometers (500 MHz). Thermogravimetric analysis (TGA) was conducted in a
NETZSCH STA 449F. Diffuse reflectance infrared Fourier transform spectroscopies of
chemisorbed carbon monoxide (CO-DRIFTS) was carried out on a Bruker Tensor 27 IR
spectrometer with a linearized mercury—cadmium—telluride detector, Harrick diffuse reflection
accessory, and Praying Mantis high temperature reaction chamber. For ethylene hydrogenation

studies, samples were diluted with low surface area quartz and loaded into glass reactors.
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Temperature was controlled by a furnace (CARBOLITE) and PID controller (Diqi-Sense) with a
type-K thermocouple. The amount of palladium in each sample was analyzed by inductively
coupled plasma optical emission spectrometry on an Agilent 5100 instrument. Gas flows were
regulated using calibrated mass flow controllers (Alicat) and reactions were performed using
helium as the carrier gas. The product was analyzed by mass spectrometer (MKS special V2000P).
For cinnamaldehyde hydrogenation studies, the products were analyzed on a gas chromatograph
with flame-ionization detection (Agilent 6850 Network GC with a autosampler, column: HP-I,

30 m x 0.25 mm % 0.25 pm).

Synthesis of Pd-CTAB NPs: Pd-CTAB NPs were synthesized based on a previous report. !
50 mg of CTAB was dissolved in 9.3 mL of deionized water (DI water), followed by adding 0.5
mL of 0.01 M H2PdCls solution. The above solution was placed in 95 °C oil bath for 5 min. Then,
200 pL of 0.04 M ascorbic acid was added with stirring at 200 rpm. The reaction mixture was
stirred for 30 min at 95 °C. After cooling to room temperature, the as-synthesized Pd-CTAB NPs
were washed once with DI water via centrifugation (8000 rpm, 10 min). Normally, 10 batches of
Pd-CTAB NPs were synthesized and dispersed in 5.0 mL of DI water, yielding a 10 mM Pd-CTAB
NPs suspension. For the encapsulation, 0.25 mL of the Pd-CTAB NPs suspension was centrifuged

(8000 rpm, 10 min) and dispersed in 0.5 mL DI water.

Synthesis of Au-CTAB NPs: The Au-CTAB NP synthesis was modified from a previous
report.? 550 mg of CTAB was dissolved in 97 mL of DI water. Then, 2.5 mL of 0.01 M HAuCl4
solution and 0.5 mL of 0.1 M trisodium citrate solution were added. The reaction mixture was
transferred into a 200-mL pressure vessel and heated in an oven at 110 °C for 24 h. The as-
synthesized Au-CTAB NPs were washed once using centrifugation (8000 rpm, 10 min) and

dispersed in 2.5 mL of DI water, yielding a 10 mM Au-CTAB NPs suspension. For the
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encapsulation, 0.25 mL of the Au-CTAB NPs suspension was centrifuged (8000 rpm, 10 min) and

dispersed in 0.5 mL of DI water.

Synthesis of Au-CTAC NPs: In general, Au seeds were synthesized first and added into
the growth solution to form Au-CTAC NPs. All the reactions were performed at room temperature

(22.0 £ 1.0 °C). For the synthesis of Au seeds, 320 mg of CTAC was dissolved in 9.75 mL of DI

water, followed by adding 250 pL of 0.01 M HAuCl4 and 450 pL of 0.02 M NaBH4 under stirring
at 200 rpm. The above solution of Au seeds was aged for 1 hour at room temperature. The growth
step was performed using two batches of the same growth solutions. The growth solution was
prepared by dissolving 320 mg of CTAC in 9.625 mL of DI water followed by adding 90 puL of
0.04 M L-ascorbic acid, 250 uL of 0.01 M HAuCls and 10 pL of 0.01 M sodium bromide solution.
To grow the Au-CTAC NPs, 105 uL of Au seed solution was added to the first growth solution.
Upon development (~ 5 s) of a light pink color, 25 pL of the above mixture was immediately
transferred into the second growth solution. The solution was stirred for 10 s and left undisturbed
for 15 min. The as-synthesized Au-CTAC NPs were washed once with DI water via centrifugation
(8000 rpm, 10 min). Normally, 20 batches of Au-CTAC NPs were synthesized and dispersed in
10.0 mL of DI water, yielding a 5 mM Au-CTAC NPs suspension. For encapsulation, 0.375 mL
of Au-CTAC NPs suspension was washed twice with DI water via centrifugation and dispersed in

0.1 mL of DI water.

Synthesis of Au-PVP NPs: To form Au-PVP NPs, 1.25 mL of 0.01 M HAuCl4 aqueous
solution was introduced into 48.25 mL of DI water in a 100-mL two-neck round bottom flask.
Then, the solution was stirred and refluxed at 110 °C oil bath for 20 min. After that, 0.5 mL of the
aqueous solution containing 3 wt% sodium citrate tribasic dihydrate was introduced to the above

solution and the reaction was held in reflux at 110 °C oil bath for 3 min. The solution was cooled

86



to room temperature. Then, 1.0 mL of the aqueous solution containing 150.0 mg of
polyvinylpyrrolidone was added into the solution to obtain Au-PVP NPs. The formed Au-PVP
NPs were centrifuged at 13000 rpm for 20 min to remove the unreacted residues. The as-
synthesized Au-PVP NPs were purified by washing with methanol twice via centrifugation (14000
rpm, 20 min). The resulting Au-PVP NPs were dispersed into 0.5 mL of DMF to give a

concentration of Au-PVP NPs at 5.0 mg/mL.

Synthesis of metal NP@ZIF-8 with a direct interface: 113.52 mg of 2-mim was
dissolved in 1.75 mL of 0.2 mM CTAB aqueous solution to obtain a 2-mim/CTAB solution. 250
puL of 10 mM metal-CTAB NPs were centrifuged (8000 rpm, 10 min) and dispersed in 500 pL of
DI water. To form NP@ZIF-8 with a direct interface, 1.75 mL of 2-mim/CTAB solution was
mixed with 0.25 mL of 97.5 mM Zn(NO3); solution in a 20-mL glass vial while stirring at 250
rpm at room temperature. After 10 s, 0.5 mL of metal-CTAB NPs in DI water was added into the
above mixture. After stirring for 5 min, the mixture was left undisturbed for 3 h at room
temperature (22.0 £ 1.0 °C). The sample was collected by centrifugation (8000 rpm, 10 min). The

sample was washed with methanol three times and was dried under a vacuum condition for 24 h.

Synthesis of metal NP@ZIF-8 with an indirect interface: For NP@ZIF-8 with an
indirect interface, 2-mim was dissolved in various concentrations of aqueous CTAB solution (0.8
mM CTAB for polycrystalline shell, 1.2 mM for partially coated shell). 113.52 mg of 2-mim was
dissolved in 1.75 mL of aqueous CTAB solution (0.8 mM CTAB, or 1.2 mM CTAB) to obtain a
2-mim/CTAB solution. To form NP@ZIF-8 with an indirect interface, 1.75 mL of 2-mim/ CTAB
solution was mixed with 0.25 mL of 97.5 mM Zn(NOs3); solution in a 20-mL glass vial while
stirring at 250 rpm at room temperature. After 10 s, 0.5 mL of metal-CTAB NPs in DI water was

added into the above mixture. After stirring for 5 min, the mixture was left undisturbed for 3 h
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under room temperature. The sample was collected by centrifugation (8000 rpm, 10 min). The

sample was washed with methanol three times and was dried under a vacuum condition for 24 h.

Synthesis of Au@UiO-66-F4 with a direct interface: Based on our understanding that
was built from the ZIF-8 system, the balance between the rates of dissociation and in situ MOF
growth is of critical importance. To optimize our conditions for UiO-66, we propose to initiate
capping agent dissociation by increasing the concentration of MOF linkers. Unfortunately, this
concept is hard to realize by using the primitive linker of UiO-66, 1,4-benzendicarboxylic acid
(BDC), because BDC is insoluble in an aqueous phase. To address this limitation, we make use of
tetrafluoroterephthalic acid (BDC-F4) as the MOF linker for its high solubility in an aqueous

solution.

The synthesis of Au@UiO-66-F4 was carried out in the aqueous phase by using acetic acid
as the modulator. Firstly, 0.18 mmole of BDC-F4 was mixed with 0.5 mL of 6 M acetic acid
aqueous solution and denoted as the linker solution. The linker solution was then incubated at a 50
°C oil bath to facilitate the dissolving process of the MOF linker. By using the same concept, 0.18
mmole of ZrOCl>-H>O was dissolved in 0.5 mL of 6 M acetic acid aqueous solution and denoted
as the metal solution. Before the synthesis, both linker and metal solutions were preheated at a 50
°C Oil bath for five minutes. Then, the metal solution was subjected to the linker solution in a 20-
ml glass vial while stirring at a 50 °C Oil bath. 1 minute after adding the metal solution, 100 uL of
the Au NPs solution was injected into the above mixture, which the metal nanoparticle solution
concentrations had already been adjusted to 18.75 mmol/L (The Au NPs used here was prepared
by centrifuging 0.375 mL of 5 mM as-synthesized Au-CTAC NPs suspension at 10000 rpm for 5
min. The resulting Au NPs were then washed twice with 100 puL of DI water and then dispersed

in 100 pL of DI water for further use.). The mixture was stirred for 5 minutes at a 50 °C Oil bath.
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Then, the reaction solution was left undisturbed at a 50 °C Oil bath for 3 hours. The resulting solid
of Au@UiO-66-F4 was collected by centrifuge (3000 rpm, 8 min) and washed by DMF and
methanol for three times. Then, the sample of Au@UiO-66-F4 was dried under vacuum overnight

before characterizations and catalytic reactions

Capping agent exchange: 375uL of 5 mM Au-CTAB NPs was centrifuged down at 8000
rpm for 10 min and dispersed in 100 pL of 100 mM CTAC aqueous solution. The suspension of
Au NPs was left unstirred at room temperature overnight. Then, it was spun down at 8000 rpm for

10 min, washed with 100 uL DI water twice and dispersed in 100 uL. DI water for the encapsulation.

Synthesis of Au@UiO-66 with an indirect interface: In general, 25.0 mg of BDC (0.143
mmol) was dissolved in 7 mL of DMF in a 20 mL scintillation vial. Then, 700 pL of acetic acid
was added into the solution followed by adding 2 mL of DMF containing 33.4 mg of ZrCly4 (0.143
mmol) and 150 mg PVP. The mixture was sonicated for 20 min at room temperature. Au-PVP NPs
(0.25 mL, 5.0 mg Au NPs/mL) was introduced into the above mixture, and the mixture was heated
at 120 °C in an oil bath for 1 h. After cooling to room temperature, the formed Au@UiO-66 sample
was collected by centrifugation (8000 rpm, 10 min). The sample was washed with DMF and

methanol three times. The sample was dried under vacuum for 24 h.

Study of the CTAB amount on the metal surface and its impact on forming a direct
interface: In this experiment, electron microscopy was carried out to study the impact of CTAB
on metal surface to the formation of a direct interface, and "H-NMR analysis was performed to
study the CTAB amount in the supernatant. To study the impact of CTAB on metal surface to the
formation of a direct interface, Pd-CTAB NPs were incubated with the 2-mim solution (50 mM)
with an incubation time from 1 to 4 h. (A lower 2-mim concentration of 50 mM was used in this

study to control the dissociation of CTAB.) After incubating the NPs in the 2-mim solution, the
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treated Pd-CTAB NPs were introduced into the MOF precursor solution for encapsulation. The
ratio of PdA@ZIF-8 with a single crystalline shell was calculated based on electron microscopy and

the results are summarized in Table A3.2.

To study the CTAB amount in the supernatant, Pd-CTAB NPs were dispersed in 0.5 mL
of deuterium oxide (D20) solution containing 50 mM 2-mim. The suspension of Pd-CTAB NPs
was left undisturbed in D>O/2-mim at room temperature for a given time (1, 2, or 4 h). After that,
the above suspension was centrifuged and the supernatant was taken for 'H-NMR analysis. The
quantitative measurement of absolute CTAB amount in the supernatant was done using
methylsulfonylmethane (20 pL, 30.00 mM). Figure A3.3 shows an example of the quantitative
analysis of CTAB amount from the 'TH NMR spectrum: Peak A was assigned to the six protons on
methyl groups of the internal standard (methylsulfonylmethane); peak E was assigned to the 26
protons on the 13 carbons of the CTAB carbon chain. These two peaks were used to calculate the

absolute amount of CTAB in the solution. The results are summarized in Figure A3.2, To correlate

the amount of CTAB removed from the metal surface and its impact to the formation of a direct

interface, Figure A3.2 and Table A3.2 were combined in one figure in main text (Figure 3.8).

Self-assembly of Pd@ZIF-8 samples for PXRD analysis: Pd@ZIF-8 samples were self-
assembled on a silicon wafer. In general, Pd@ZIF-8 samples were dispersed in an aqueous solution
containing 0.54 mM CTAB to form a uniform suspension. Next, 10 pL of the suspension was

placed on a substrate and dried under atmosphere.

CO-DRIFTS measurement: To carry out CO-DRIFTS analysis, the sample was packed
in a sample cup and sealed in a Praying Mantis high-temperature IR reaction chamber under N

flow (50 mL/min). A spectrum of the sample was recorded as a background. The adsorption of
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carbon monoxide (CO) on the sample was performed by introducing CO (10 mL/min) into the IR
reaction chamber for 20 min. Then, the CO-DRIFTS spectra were measured by flushing the
samples with N> flow (50 mL/min) for 20 min to remove gaseous CO. All spectra were collected
with 160 scans at a resolution of 4 cm™ from 1750 cm™ to 3000 cm'. Probing capping agents on
metal surfaces has been an open challenge. We are mindful that CO-DRIFTS cannot exclusively

prove that there is absolutely no CTAB on metal surface.

Ethylene hydrogenation: Ethylene hydrogenation is well-known for its structure-
independent properties, meaning that the activity is not determined by the shape or size of the
catalyst particles. It depends only on the number of active sites.!!? Therefore, it is a very sensitive
tool to determine the prevalence of active sites in different catalysts. In general, samples were
diluted with low surface area quartz and loaded into U-shaped glass reactors. The glass reactor
was then connected to a home-built gas-phase flow system for alkene hydrogenation. Gas flows,
including helium, hydrogen, and ethylene, were regulated using calibrated mass flow controllers
(Alicat). Gas composition was analyzed with a mass spectroscope (MKS special V2000P).
Temperature was controlled by a furnace (CARBOLITE) and PID controller (Diqi-Sense) with a
type-K thermocouple. Before the reaction, the catalysts were activated in the glass reactor at 60 °C
under He flow for 1 h. Gas-phase ethylene hydrogenation was run at 45 °C under a continuous
system. The activity to ethylene hydrogenation in each sample was summarized by normalizing
the amount of palladium in each sample. (The amount of palladium in each sample was analyzed

by inductively coupled plasma optical emission spectrometry on an Agilent 5100 instrument.)

Cinnamaldehyde hydrogenation: Catalysts were dispersed in 2 mL of isopropanol
solution in the 5.0-mL ampule, and then cinnamaldehyde (0.2 mmol) was added into the above

solution. To compare the selectivity of our samples, the conversion of each reaction was kept at
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around 6 % (2.60 mg Au-on-Si0, 17.5 mg Au@Ui0-66 with an indirect interface and 12.0 mg
Au@UiO-F4 with a direct interface). Before catalysis, the high-pressure reactor vessel (Wattacas
Inc., 500 mL) was preheated to 70 °C. Temperature was controlled using a hot plate (RCT basic,
IKA) with a type-K thermocouple. Subsequently, the ampule was transferred into a high-pressure
reactor vessel. The autoclave was purged 5 times with H» to remove air. Then, the hydrogenation
of cinnamaldehyde was carried at 30 bar H> at 70 °C for 24 h with magnetic stirring at 500 rpm.
After that, the catalysts were separated by centrifugation, and the reaction solution was filtered
through a filter membrane (0.22 um). The products were analyzed on a gas chromatograph with
flame-ionization detection (Agilent 6850 Network GC with an autosampler, column: HP-1, 30 m

% 0.25 mm x 0.25 um). The results are summarized in Table A3.3.

To prepare the control sample of Au NPs deposited on SiO2, 3 mL of the colloidal Au-
CTAC NPs (5 mM) was mixed with 100.0 mg of mesoporous silica (SBA-15) in 5 mL isopropanol
in a 20 mL scintillation vial. The mixture was sonicated for 10 min and stirred for 3 h at room
temperature. Then, the precipitates were separated by centrifugation (4000 rpm, 10 min), washed
with ethanol four times, and dried in the vacuum oven overnight. The resulting sample was denoted

as Au-on-SiO».

To prepare the control sample of Au NPs deposited on the external surface of UiO-66, 3
mL of the colloidal Au-CTAC NPs (5 mM) was mixed with 100.0 mg of UiO-66 in 5 mL
isopropanol in a 20 mL scintillation vial. The mixture was sonicated for 10 min and stirred for 3 h
at room temperature. Then, the precipitates were separated by centrifugation (4000 rpm, 10 min),
washed with ethanol four times, and dried in the vacuum oven overnight. The resulting sample

was denoted as Au-on-UiO-66.
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3.5 Appendix

(a) (b) (c) (d)

‘ ; , ,
Pd-CTABNPs  in 2-mim in Zn(NOs), in CTAB

Figure A3.1: Photographs of Pd-CTAB NP suspensions after incubation in (a) pure water, (b)

aqueous 2-mim, (c¢) aqueous Zn(NOs3)2, and (d) aqueous CTAB.
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Figure A3.2: Quantitative analysis of CTAB by 'H-NMR.

The amount of CTAB in the supernatant, monitored by 'H NMR, after Pd-CTAB NPs were

treated with 2-mim aqueous solution (50 mM) for different lengths of time.
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Figure A3.3: Sample 1H NMR spectrum for the quantitative analysis of the amount of CTAB in
solution. Peak A was assigned to the six protons of the methyl groups of the internal standard
(methylsulfonylmethane); peak E was assigned to the 26 protons of the thirteen carbons of the
CTAB carbon chain. These two peaks were used to calculate the absolute amount of CTAB in the

solution.

Figure A3.4: Electron microscopy of Au@ZIF-8 with a direct interface by (a) SEM and (b) TEM.
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Figure A3.5: Raman spectra of Au@ZIF-8, Au NPs incubated with 2-mim, free 2-mim, Au NPs

incubated with ZIF-8 in an aqueous solution and ZIF-8.

Notes for Figure A3.5: The spectrum of Au + 2-mim was measured by using the mixture

of Au-CTAB NPs (100 uL, 5 mM) and 2-mim (400 uL, 790 mM). The spectrum of 2-mim was
obtained by using the 2-mim aqueous solution (790 mM). The spectrum of Au + ZIF-8 was
recorded by using the mixture of Au-CTAB NPs (100 uL, 5 mM) and ZIF-8 (1 mg ZIF-8 in 100
uL DI water). Raman spectrum of Au@ZIF was measured in situ during the formation of Au@ZIF-
8 with a direct interface. Meanwhile, we are mindful that the chemicals could have different Raman
spectra between solid and liquid phase, therefore, we have performed the Raman spectra for all of
the samples in an aqueous solution including 2-mim. Two control samples were prepared: Au NPs
incubated with 2-mim (Au + 2-mim) and Au NPs mixed with ZIF-8 in an aqueous solution (Au +
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ZIF-8). We compared the spectra of Au+2-mim and Au+ZIF-8 with the Au sample during the ZIF-
8 coating (Au@ZIF-8), and we focused on the change of peaks from 800 to 1600 cm™'. Firstly, we
observed that the sample of Au@ZIF-8 exhibited a similar spectral feature with Au + 2-mim and
2-mim, suggesting that MOF interacted with the metal surfaces through the MOF ligand. Secondly,
we hypothesized that the MOF ligand is mostly like to facilitate the MOF-Au interaction through
the imidazole “pyridine N, so we compared the spectral feature of out-of-plane bending modes
of NH (y(NH)) at around 935 cm™!. The stretching of NH was absent in bulk ZIF-8 due to the
deprotonation of 2-mim when forming Zn-N bonds. Therefore, the observation of NH bending at
928 cm™! in Au@ZIF-8 could be attributed to the 2-mim at the NP-MOF interface. After the NH
moiety interacted with the metal surface, the interaction would lead to a weaker NH bending,
resulting in a redshift of the N-H bending frequency. In the spectra, Au@ZIF-8 sample exhibits a
redshift of the NH bending mode (928 cm™) compared to free 2-mim (935 cm), suggesting the
adsorption of ZIF-8 on the metal surface through the imidazole “pyridine N”. In contrast, this shift
for the sample of Au + 2-mim would be hard to observe because of the interference from the bulk

2-mim

Figure A3.6: Investigation of the early stages of ZIF-8 coating over Pd@ZIF-8 with (a) direct and

(b) indirect interfaces.
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Figure A3.7: TGA analysis of Pd@ZIF-8 with (red) a direct interface and (gray) an indirect

interface.
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Figure A3.8: Ethylene hydrogenation of Pd@ZIF-8 with (red) a direct interface and (blue) an

indirect interface.
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Figure A3.9: TEM image of UiO-66 formation in the presence of Au-CTAB NPs. Au NPs are

marked in red circles.

Figure A3.10: TEM image of the UiO-66-F4 coating of Au-CTAB NPs after capping agent

exchange to CTAC.

Figure A3.11: TEM images of UiO-66-F4 coating of Au-CTAC NPs.
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Figure A3.12: PXRD patterns of Au@UiO-66-F4 with a direct interface (orange) before and (blue)

after catalysis.
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Figure A3.13: PXRD patterns of Au@UiO-66 with an indirect interface (brown) before and (green)

after catalysis.
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Figure 3.14. Self-assembly of Pd@ZIF-8 with a direct interface. (a) Schematic illustration and (b,

c) SEM images.
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Table A3.1: Vibrational assignments of surface-enhanced Raman spectroscopy peaks for 2-mim

on Au.

Raman Shift (cm™) Vibrational Assignment!?!
678 V(CCH)
928 V(NH)
1123 8(CH)
1351 v(Ring)
1486 Sasym(CCHs)

[2] Signal assignments are based on a previous report of 2-mim on a Ag surface. '

Table A3.2: Calculation of the ratio of Pd@ZIF-8 with single-crystalline coating when 2-mim (50

mM)-pretreated Pd NPs were used (treatment time: 1, 2 and 4 h, as labeled).

Time under Ratio of Pd@ZIF-8 with Number of crystals used in
2-mim treatment single crystalline shelll?! calculation in each traill!
0 9.3+ 3.7 118
1 hour 31.4£58 118
2 hour 47.8+3.1 110
4 hour 74.6+43 60

(4] The ratio of Pd@ZIF-8 with single crystalline shell was calculated based on three independent

trials, with more than 60 crystals used in the calculation for each trail.
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Table A3.3: Summary of selectivity for cinnamaldehyde hydrogenation

Selectivity to Selectivity to Selectivity to
[a] . cinnamyl 3- )
Catalyst Conversion alcohol phenylpropionaldehyde 3-phenylpropanol
o (1)
o) (%) (%) o)

Au-on-SiO2

50+04 61.8+0.1 30.8+2.1 74+2.1
(Control)
Au-on-UiO-66

80=+1.0 533+2.0 28.5+£2.0 182+1.7
(Control)
Au@UiO-66
with M 65406 85.140.1 12.0+ 0.6 2.9+0.6
indirect
interface
Au@UiO-F4
with a direct 6.1+0.1 >99.0 [°] <1.0 [ <1.0 [
interface

[a] Selectivity was determined by its ratio to the sum of all three products (cinnamyl alcohol, 3-
phenylpropionaldehyde, and 3-phenylpropanol). The standard deviation was obtained based on
three independent measurements. (°! Cinnamyl alcohol is the only product observed in the GC-FID

analysis. [ Product was not observed in the GC-FID analysis.
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4.0 Chapter 4:

Investigating Influences of Structural Components on
Catalytic Selectivity of Encapsulated Nanoparticles in

Metal-Organic Frameworks

Ligand Node
Functionalization Replacement

.......

Catalytic Selectivity

A significant portion of the work described in this chapter will be published in:

Lo, W. -S.; Williams, B. P. Si, X.; Chou, L. —Y.; Huang, W.; Waegele, M. M.; Tsung, C. -K.
Investigating Influences of Structural Components on Catalytic Selectivity of Encapsulated

Nanoparticles in Metal-Organic Frameworks., In preparation.
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4.1 Introduction

Increasing the catalytic activity and selectivity of metal nanoparticles (NPs) is a central topic in
heterogeneous catalysis.?*?> #8 Tailoring the microenvironment around binding sites on the NP
surface is critical to achieving this goal. Toward this end, several methods have been employed.
For example, deposition of metal NPs on metal oxides can form metal-metal oxide interfacial sites,
which can selectively facilitate specific reaction pathways.?® 31 17181 Decoration of metal NPs
with organic ligands can promote reaction selectivity through noncovalent reactant-ligand
interactions, which can constrain intermediate orientation, favoring reaction at specific sites.*!***
182-183 Modification of metal NPs with amorphous polymers can promote reaction selectivity

through competitive adsorption.*** More recently, metal-organic frameworks (MOFs) have been

utilized to tune the reaction environment around binding sites on catalytic surfaces.

MOFs are crystalline porous materials composed of organic ligands and metal-oxo nodes.>
In contrast to flexible organic ligands and the ill-defined coverage and often amorphous structure

of inorganic oxides and polymers,3* 3

crystalline MOFs can introduce a more fixed and
chemically-ordered environment to the catalytic surface. '91-19% 184187 Indeed, improved selectivity
for several important reactions has been demonstrated using MOFs, including the selective
hydrogenation of unsaturated aldehydes,®! ? the selective hydrogenation of CO», 385 and the
isomerization of petrochemicals.” *® The proposed mechanism of MOF enhancement combines
the strengths of organic ligands and metal oxides. Similar to free organic ligands, the ligands in
the MOF structure may facilitate reactant-ligand interactions, directing site-specific selectivity.’®
61.68 On the other hand, similar to metal oxides, MOF nodes can activate a specific bond, favoring

a particular reaction pathway.®>® In order to build on these successes, understanding which key

components most effectively promote selectivity is critical for developing more targeted MOF-
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based heterogeneous catalysts.!®® However, previous discussions of MOF enhancement on
catalytic selectivity have been limited to either ligands or nodes, introducing significant ambiguity
even for the same reaction.'**? A solid understanding of how each MOF component affects the

catalytic selectivity of metal NPs is therefore needed.

(a) \
Deposition £ © MOF o\
of PtNPs B8 - Coating 2
— S © —
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Figure 4.1: (a) Schematic illustration of synthetic routes to generate Pt@MOF analogues with
different metal-oxo nodes and organic ligands. (b) Structural components of UiO-based MOFs
were tuned by replacing Zr-oxo nodes with Hf-oxo or Ce-oxo nodes and by functionalizing ligands

of terephthalic acid with -OH, CH3, -NO3, and -NH,.

In this work, we present a series of MOF-coated metal NPs with different identities of
ligand functionalization and metal-oxo node composition to reveal structure—selectivity
relationships in the selective hydrogenation of cinnamaldehyde. Pt NPs were first supported on
defined MOF crystals and then coated with another layer of MOF to form NP@MOF catalysts
(Figure 4.1a). Zr-UiO-66 [ZrsO4(OH)4(BDC)s, BDC = 1,4-benzene dicarboxylic acid] is selected

as the model system. Seven kinds of NP@MOF catalysts with similar pore structures were
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generated by substituting the metal node from Zr-oxo nodes to Hf-oxo and Ce-oxo nodes, and by
functionalizing the BDC ligands with various chemical groups, including -OH, -NH>, -CH3, and -
NO: (Figure 4.1b). Three metal-oxo nodes with different Lewis acidity and four functionalized
ligands with different steric bulkiness can provide systematic analysis of how component identity
affects the catalytic selectivity of metal NPs. The resulting NP@MOF catalysts indeed exhibit
different selectivity to hydrocinnamaldehyde (undesired product) and cinnamyl alcohol (desired
product). The replacement of Zr-oxo nodes with Ce-oxo nodes significantly enhances the catalytic
selectivity to cinnamyl alcohol (~87%). In contrast, the functionalization of organic ligands only
slightly improves the catalytic selectivity (~58%) relative to the unfunctionalized Zr-UiO-66
(~44%). Reaction kinetics studies suggest that the rate of C=0 hydrogenation is increased while
the rate of C=C hydrogenation is decreased in Pt@Ce-UiO-66 relative to the rates observed on
Pt@Zr-UiO-66. Infrared spectroscopic observations indicate the interaction of the C=0O group with
the Ce-oxo0 node may play an important role in the enhanced hydrogenation of this bond. To further
demonstrate the generality of the proposed enhancement mechanism, we have shown that the Ti-
oxo node can also significantly enhance the catalytic selectivity of cinnamyl alcohol (~90%). This
work highlights the critical role of metal-oxo nodes in modulating the catalytic selectivity of metal

NPs in selective hydrogenation reactions.

4.2 Results and Discussions

For our study, chemically stable MOFs of Zr-UiO-66 are selected as the model platform due to
their structural tunability and Pt NPs are used as the model catalysts.!% 13 To generate NP@MOF
catalysts with identical morphology and defined structure, we sandwiched Pt NPs in core-shell

MOF structures through the epitaxial growth of MOF shells on the metal NPs supported on defined
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MOF crystals (Figure 4.1a).!”* This epitaxial overgrowth has been previously demonstrated by
our team, and it allows the Pt NPs to be encapsulated in single-crystalline, core—shell microcrystals.
The same method is extended to prepare catalysts with various functional groups including -OH,
-NH_, -CHs, and -NOas. (The functionalized Pt@MOF catalysts are denoted as Pt@Zr-Ui0-66-X,
where X represents the functional group on the benzene motif). Because there is no reported
coating method for well-defined Hf- and Ce-based UiO-66, we have developed a method by tuning
the synthetic conditions.!®>® The composites replaced with Hf-oxo and Ce-oxo nodes were

named Pt@H{-Ui0-66 and Pt@Ce-UiO-66, respectively.

Figure 4.2: TEM images of Pt@MOF analogues: (a) Pt on Zr-UiO-66, (b) Pt@Zr-UiO-66, (c)
Pt@Zr-UiO-66-NHa, (d) Pt@Zr-UiO-66-OH, (e) Pt@Zr-UiO-66-NO,, (f) Pt@Zr-UiO-66-CHj3, (g)
Pt@Hf-Ui0-66, (h) Pt@Ce-UiO-66 and (i) Pt@Zr-UiO-66-(OH)s.
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Powder X-ray diffraction (PXRD) analysis was used to investigate the phase purity and
crystallinity of composites. As shown in Figure A4.1, all composites agree well with the simulated
UiO-66 with face-centered cubic (fcc) topology. This result suggests that the pore structure of the
UiO-66 analogues remains similar despite the difference in ligand functionalization and metal-oxo
nodes. Scanning electron microscopy (SEM) revealed that all composites were defined
microcrystals with identical octahedral shapes (Figure A4.2). Transmission electron microscopy
(TEM) images show that the Pt NPs were encapsulated within the corresponding UiO-66
analogues (Figure 4.2). The average size distribution of encapsulated Pt NPs in each sample is
summarized in Table A4.1 and Figures A4.3-A4.10. The average sizes of the Pt NPs in the UiO-
66 analogues were estimated to range from 3.2 - 5.1 nm. The similar size of all Pt NPs allows
appropriate evaluation of the influence of the identity of the ligands and metal-oxo nodes to
catalytic selectivity. The loadings of Pt in the UiO-66 analogues were identified by inductively
coupled plasma-optical emission spectrometry (ICP-OES). The results were summarized in Table
A4.2 and were estimated at around 0.3 — 0.6 wt%. Taken together, these results suggest that the

pore structure of the MOFs and the size of the Pt NPs are similar for all Pt@UiO-66 analogues.

After establishing a series of NP@MOF catalysts, we evaluated their catalytic performance
by carrying out a model reaction, the hydrogenation of cinnamaldehyde. Several studies have
shown that applying a MOF coating on metal NPs could influence their selectivity for the
hydrogenation of the C=0 bond,®! 3% 1911 which is originally thermodynamically less favorable
than the hydrogenation of the C=C bond.!”® Both structural components of MOFs, the metal-oxo
nodes and the organic ligands, have been hypothesized to promote this selectivity. We aim to
address this ambiguity by systematically tuning each component. For example, the MOF pore has

been hypothesized to constrain intermediates in an up-right orientation, favoring reaction on the
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terminal C=0 group.®! Tuning the steric bulkiness of the MOF ligands by functionalization should
optimize this orientation control. On the other hand, it has been proposed that metal-oxo nodes can
preferentially interact with the C=O group, favoring the hydrogenation of C=0O groups.? If this
mechanism is dominant, tuning the identity of the metal-oxo nodes should determine the selectivity

enhancement.
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Figure 4.3: (a) Two pathways for the hydrogenation of cinnamaldehyde. (b) Selectivity for
cinnamaldehyde hydrogenation over (left to right) Pt NPs on Zr-UiO-66, Pt@Zr-Ui0-66, Pt@Zr-
Ui0-66-CHs, Pt@Zr-UiO-66-NH,, Pt@Zr-UiO-66-NO», Pt@Zr-UiO-66-OH, Pt@Hf-UiO-66,
and Pt@Ce-UiO-66. Selectivity was determined by the ratio of a given product to the sum of all
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three products. Error bars indicate the standard deviation of three independent measurements.
Reaction conditions: 2 mL of neat methanol containing 25 uL of cinnamaldehyde, 15 puL of

triethylamine, 30 bar Haz, and 40 °C.

To compare the selectivity of the Pt@UiO-66 catalysts, the conversion of each reaction
was maintained at ~20% (Table A4.3). Catalysts were treated under diluted hydrogen to avoid
oxidation of the Pt NPs. A similar amount of catalyst was added to each reaction, and the reaction
time was adjusted to reach a similar reaction conversion. Cinnamyl alcohol is the preferred product,
and selectivity was determined by its ratio to the sum of all three products (Figure 4.3a). As shown
in Figure 4.3b, eight samples were compared: pure Pt NPs on Zr-UiO-66, Pt@Zr-UiO-66, Pt@Zr-
Ui0-66-X with different functional groups (X =-OH, -NH», -CH3 and -NO»), Pt@Hf-UiO-66, and
Pt@Ce-Ui0O-66. A control experiment with pristine UiO-66 and its analogues without Pt NPs
showed no detectable products (Table A4.4). The sample of pure Pt NPs on the MOF surface (Pt
on Zr-Ui0O-66), which serves as another control, shows a 24.3% selectivity to cinnamyl alcohol.
After coating with Zr-Ui0O-66, the selectivity to cinnamyl alcohol increased to 44.5%, suggesting
that the MOF coating improves the catalytic selectivity. The selectivity to cinnamyl alcohol further
increases to 58.7% after functionalizing terephthalic acid linker with -OH groups. However, no
enhancement in the selectivity to cinnamyl alcohol was observed for the other functional groups
(-NH, -CH3, and -NO3). Guided by this enhancement observed in functionalization of the -OH
group, we increased the degree of substitution by using 2,5-dihydroxybenzene-1,4-dicarboxylate
(BDC-(OH)2, Figure 4.1i), yet the selectivity to cinnamyl alcohol remains similar with the
monosubstituted sample (Table A4.5). The replacement of Zr-oxo nodes with Ce-oxo nodes shows
the highest selectivity for cinnamyl alcohol (86.8%), whereas switching to Hf-oxo nodes reduces

the selectivity to 33.7%. The selectivity in cerium samples remains high at high conversion (82.3%
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selectivity at ~60% conversion, Table S5). The greater enhancement of the selectivity to cinnamyl

alcohol with the replacement of metal-oxo nodes suggests that tuning MOF nodes could be a more

effective way to enhance catalytic selectivity than linker functionalization.
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Figure 4.4: Time courses for the hydrogenation of (a) C=0O groups using hydrocinnamaldehyde
and (b) C=C groups using cinnamyl alcohol over Pt@Zr-UiO-66 and Pt@Ce-UiO-66. Reaction
conditions: 2 mL of neat methanol containing 50 puL of reactants, 30 bar, H>, and 40 °C. Error bars

indicate the standard deviation of three independent measurements.

After gaining an initial understanding of the structure-selectivity relationship, we tracked
time courses for the hydrogenation of C=0 and C=C groups by using hydrocinnamaldehyde and
cinnamyl alcohol independently. Each model molecule has only either C=O or C=C bonds and
using them individually prevents competitive adsorption. The same amount of catalyst was used
to mitigate adsorption effects from the MOF, and the hydrogenation was carried out under the

same reaction conditions as with cinnamaldehyde hydrogenation. Two samples were compared:
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Pt@Zr-UiO-66 and Pt@Ce-UiO-66. As shown in Figure 4.4, relative to Pt@Zr-UiO-66, Pt@Ce-
UiO-66 exhibited a faster C=0 hydrogenation rate (Figure 4.4a) and a slower C=C hydrogenation
rate (Figure 4.4b). Because mass transport limitations from the MOF coating could also reduce
the reaction rate, we also performed C=C group hydrogenation using ethylene. The small size of
ethylene allows it to pass easily through the UiO-66 aperture.”! As shown in Table A4.6, Pt@Ce-
UiO-66 indeed shows a lower activity to hydrogenate ethylene than Pt@Zr-UiO-66. This result
indicates that the cerium catalysts promote C=0O hydrogenation and reduce activity for C=C

hydrogenation, enhancing the selectivity to unsaturated alcohol.

To investigate the promotion of C=0 hydrogenation in Pt@Ce-Ui0O-66, we carried out two
sets of control experiments using diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). These experiments can distinguish between two separate mechanisms for selectivity
enhancement. Firstly, the binding of metal-oxo nodes can alter the electronic structure of metal
surfaces, which in turn changes the binding strength of molecular hydrogen. An altered binding
strength for molecular hydrogen can influence the barrier to hydrogenation for different chemical
groups (in this case, C=0 and C=C groups).'®’ Secondly, it has been observed that metal-oxo nodes
can preferentially interact directly with the C=O group.? This preferential interaction may alter
the energy landscape of the chemical transformation, enhancing C=0 group hydrogenation. Based
on these two points, probing changes both in molecular hydrogen and in reactants through DRIFTS
may further define the mechanism for the enhanced selectivity to C=0O hydrogenation on Pt@Ce-

Ui0-66.
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Figure 4.5: DRIFTS measurements of molecular hydrogen adsorbed on Zr-UiO-66, Ce-Ui0-66,
Pt@Zr-Ui0-66, and Pt@Ce-UiO-66. The spectral feature at ~2080 cm™ corresponds to the

adsorption of molecular hydrogen atop Pt atoms.

The observed DRIFTS frequency of Pt-H bonds is directly related to the binding strength
of molecular hydrogen on the Pt surface.!”® All samples were exposed to diluted hydrogen for one
hour before measurements. As shown in Figure 4.5, four samples were compared: pure Zr-UiO-
66, pure Ce-UiO-66, Pt@Zr-UiO-66, and Pt@Ce-UiO-66. In the spectra, the band at ~2080 cm’!
is attributed to molecular hydrogen bound atop Pt atoms (Pt-Hatop).'”?% No spectral feature was
observed in control samples of pure Zr-UiO-66 and Ce-UiO-66, reinforcing assignment of the
signal to Pt. The spectra for Pt@Zr-Ui0-66 and Pt@Ce-UiO-66 show similar features, with Pt-

Haop peaks centered at ~2080 cm™ and 2077 cm™, respectively. The similar Pt-Haop frequency
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between both samples indicates that the metal oxide has a minor influence on the binding strength

of molecular hydrogen to the Pt surface.
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Figure 4.6: DRIFTS of hydrocinnamaldehyde over Zr-Ui0-66, Ce-Ui10-66, Pt@Zr-Ui0-66, and
Pt@Ce-UiO-66. The C=0 stretch frequency at 1719 cm™ in hydrocinnamaldehyde is presented as

a reference for comparison.

To study interactions with the C=0O groups in reactant molecules, we performed DRIFTS
measurements with hydrocinnamaldehyde. Interaction between metal-oxo clusters and the C=0
bond of hydrocinnamaldehyde should lead to a weaker C=0O bond, resulting in a red-shift of the
C=O0 stretch frequency.®? Because of the low vapor pressure of hydrocinnamaldehyde at ambient
conditions, it was introduced by bubbling helium gas through pure hydrocinnamaldehyde at 90 °C.
Four samples were compared: Zr-UiO-66, Pt@Zr-Ui0-66, Ce-UiO-66, and Pt@Ce-UiO-66. As
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shown in Figure 4.6, the stretch frequency of C=0 at 1719 cm! in free hydrocinnamaldehyde was
used as a reference for comparison. Compared to this reference frequency, the C=0O stretch
frequency of hydrocinnamaldehyde exposed to Pt@Ce-UiO-66 sample shows a red-shift from
1719 to 1703 cm™', indicating significant interaction between Ce-oxo nodes and the C=0 bond. In
contrast, a smaller red-shift (~9 cm™) of the C=0 stretch frequency was observed after exposure
to Pt@Zr-UiO-66, signifying less interaction between Zr-oxo nodes and the C=0O bond. The
greater shift of the C=0 frequency on Pt@Ce-UiO-66 implies a greater interaction between the
metal-oxo clusters and the reactant C=O bond may play an important role in the enhanced
hydrogenation of this bond. With this information in mind, we further carried out cinnamaldehyde
hydrogenation with Pt NPs supported on cerium samples, Pt NPs on Ce-UiO-66. As expected, both
catalysts can improve the selectivity to cinnamyl alcohol (71.6%, Table A4.3). However, the
enhancement over the cerium-supported catalysts is not to the degree seen after MOF
encapsulation, highlighting the importance of tailoring active sites using the 3-dimensional control

of the MOF scaffold.

To test whether this enhancement can be observed on Pt@MOF catalysts with other metal-
oxo nodes, we have carried out further studies with another group-4 metal, titanium-based MOFs
(Ti-MiL-125).%°! The composite with Ti-oxo nodes is denoted Pt@Ti-MiL-125 (Figure A4.12).
After introducing hydrocinnamaldehyde into Pt@Ti-MiL-125, the C=0O frequency of
hydrocinnamaldehyde shows a red-shift from 1719 to 1698 cm™ (Figure A4.13). The Pt@Ti-MiL-
125 catalyst also shows a lower activity for ethylene hydrogenation (Figure 4.7). As a result,
Pt@Ti-MiL-125 catalyst indeed enhances the catalytic selectivity to cinnamyl alcohol (90.6%,
Table A4.3). This agreement encouraged us to revisit the Pt@Hf-UiO-66 catalyst, which only

slightly influenced selectivity to cinnamyl alcohol. In Pt@Hf-UiO-66 catalysts, we observed a
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redshift of the C=0 frequency of hydrocinnamaldehyde, implying activation of the reactant C=0
bond (Figure A4.14). However, as shown in Figure 4.7, the Pt@Hf-Ui0-66 catalyst displayed a
mass activity of ethylene hydrogenation at around 15.3 mmoletmylene/gpt, Which is 1.5~4.0-fold
higher than all of the catalysts studied in the report. The low catalytic selectivity to cinnamyl
alcohol should thus instead be attributed to its high reactivity to C=C hydrogenation. Taken
together, this result further highlights that the enhanced selectivity to unsaturated alcohol is a

combination of promoted C=0 activation and reduced reactivity to C=C hydrogenation.
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Figure 4.7: Mass activity for ethylene hydrogenation over Pt@Ti-MiL-125, Ce-UiO-66, Pt@Zr-
Ui0-66, and Pt@H{-UiO-66.

4.3 Conclusions

In summary, we have established a series of Pt@MOF catalysts with different metal-oxo nodes or
ligand functionalization. We have systematically revealed key components of MOF coatings on
metal catalysts to promote selectivity. Ligand functionalization of the MOF linker caused minor
changes in the catalytic selectivity for the desired unsaturated alcohol. The replacement of

inorganic nodes from Zr-oxo nodes to Ce-oxo nodes, on the other hand, greatly enhanced the
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selectivity. Infrared spectroscopic observations suggest that the interaction of the C=0 group with
the Ce-oxo node plays an important role in the enhanced hydrogenation of this bond. This
enhancement can be extended to other MOF structures, as Pt@MOF catalysts with Ti-oxo nodes
can also enhance the catalytic selectivity of cinnamly alcohol. However, increased interaction
between the C=0 groups and metal-oxo nodes alone is not enough to enhance selectivity. The
relatively poor performance of Pt@Hf-UiO-66 demonstrates that C=C bond hydrogenation must
also be suppressed. The encapsulation of metal NPs into MOFs is a route to promising composite
catalysts, and our current study shows the critical role of metal-oxo nodes in regulating the catalytic
selectivity of metal NPs in specific reactions. The understanding established in this work lays the

foundation for further optimization of MOF-based heterogeneous catalyst design.

This work is supported by National Science Foundation (CHE 1566445), lowa State
University, and Boston College. W. -S. Lo acknowledges the Ministry of Education in Taiwan for

the financial support.

4.4 Experimental Procedures

Chemicals: Unless otherwise stated, all the reactions were carried out in the air without taking
any precaution to protect reactions from oxygen or moisture. Zirconium(IV) chloride (ZrCls, Alfa
Aesar, >99.5%), zirconium(IV) oxychloride octahydrate (ZrOCl>-8H>O, Acros Organic, >98%),
N,N-dimethylformamide (DMF, Alfa Aesar, >99.8%), terephthalic acid (BDC, Sigma-Aldrich,

98%), acetic acid (Alfa Aesar, >99%), chloroplatinic acid hexahydrate (H,PtCle'6H>O, Sigma-

Aldrich, >37.50% Pt basis), ethylene glycol (Sigma-Aldrich, >99%), sodium hydroxide (NaOH,

Alfa Aesar, 98%), hydrochloric acid (HCI, Alfa Aesar, ACS reagent), polyvinylpyrrolidone (PVP,
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MW 40,000, Sigma-Aldrich), 2-aminoterephthalic acid (BDC-NH,, Alfa Aesar, 99%), 2-
nitroterephthalic acid (BDC-NO;, Alfa Aesar, 99%), 2-methylterephthalic acid (BDC-CH3, Aaron
Chemicals, 97%), 2-hydroxyterephthalic acid (BDC-OH, Alfa Aesar, 98%), 2.,5-
dihydroxyterephthalic acid (BDC-(OH);, TCI Chemicals, 98%), hatnium(IV) dichloride oxide
octahydrate (HfOCl>-8H2O, Alfa Aesar, >98%), glycine (Sigma-Aldrich, 99%), benzoic acid
(Sigma-Aldrich, 99.5%), cerium(IV) ammonium nitrate (Alfa Aesar, >98%), sodium chloride
(NaCl, Sigma-Aldrich, >99.0%), methanol (Fisher, ACS reagent grade) were purchased from the
indicated sources and used without further purification. Hydrogen (Airgas, 99.999%), ethylene
(Airgas, 99.995%) and helium (Airgas, 99.999%) were used for the gas-phase hydrogenation.
Cinnamaldehyde (Sigma-Aldrich, >95%), triethylamine (Sigma-Aldrich, >99.5%), cinnamyl
alcohol  (Sigma-Aldrich, >98%), cinnamyl alcohol (Sigma-Aldrich, > 98%),
hydrocinnamaldehyde (Alfa Aesar, 95%), methanol (Alfa Aesar, LC-MS grade >99.8%), toluene
(Alfa Aesar, HPLC grade >99.7%) and hydrogen (Airgas, 99.999%) were used for the liquid-phase
hydrogenation. The Pt standards (1000 ppm, Inorganic Ventures) were used for inductively

coupled plasma optical emission (ICP-OES) analysis.

Characterizations: A Bruker AXS D2 Phaser diffractometer was used for the powder X-
ray diffraction characterization (PXRD). Transmission electron microscopy (TEM) was performed
on the JEOL JEM-F200 electron microscope operated at an accelerating voltage of 200 kV.
Scanning electron microscopy (SEM) was performed on a JEOL JSM-6340F scanning electron
microscope. Diffuse reflectance infrared Fourier transform spectroscopies were carried out on a
Bruker Tensor 27 IR spectrometer with a linearized mercury—cadmium—telluride detector, Harrick
diffuse reflection accessory, and Praying Mantis high-temperature reaction chamber. Gas flows

were regulated using calibrated mass flow controllers (Alicat Scientific). The amount of platinum
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in each sample was analyzed by inductively coupled plasma optical emission spectrometry on an
Agilent 5100 instrument. For ethylene hydrogenation studies, the gas composition was analyzed
with a mass spectroscope (MKS special V2000P), and the temperature was controlled by a furnace
(CARBOLITE) and PID controller (Diqi-Sense) with a type-K thermocouple. For cinnamaldehyde
hydrogenation studies, the products were analyzed on a gas chromatograph with flame-ionization

detection (Agilent 6850 Network GC with an autosampler, column: HP-1, 30 m x 0.25 mm % 0.25

pum).

Synthesis of Pt NPs: In general, 40.0 mg of H,PtClg-6H2O was dissolved in 6.0 mL of
ethylene glycol in a 50-mL single-neck round bottom flask. Then, 2.0 mL of ethylene glycol
containing 13.8 mg NaOH was added to the above solution. The reaction mixture was bubbled
with N> for 20 minutes while stirring at 500 rpm at ambient temperature. After that, the reaction
mixture was heated to 160 °C in an oil bath under the nitrogen atmosphere with reflux for 3 hours.
After cooling, the formed Pt NPs were mixed with 12 mL of 1.0 M hydrochloric acid and
centrifuged at 8000 rpm for 10 minutes to remove the unreacted residues. The resulting Pt NPs

were dispersed into 15 mL of DMF for further use.

Synthesis of Zr-UiO-66: In general, 13.3 mg of BDC was dissolved in 7.62 mL DMF in
a 20 mL scintillation vial, then 1.38 mL acetic acid was added into the solution to make the final
volume to 9 mL. Next, 1 mL of DMF containing 18.6 mg of ZrCls was introduced into the above
solution. The solution was heated to 120 °C in an oil bath for 6 hours. After cooling, the formed
Zr-UiO-66 powder was centrifuged at 3000 rpm for 10 minutes. The sample was washed with
DMEF three times and dispersed in DMF to give a known concentration of MOF particles (e.g.,

10.0 mg/mL).
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Synthesis of Zr-UiO-66-CHa: In general, 14.4 mg of BDC-CH3 was dissolved in 7.62 mL
DMF in a 20 mL scintillation vial, then 1.38 mL acetic acid was added into the solution to make
the final volume to 9 mL. Next, 1 mL of DMF containing 18.6 mg of ZrCls was introduced into
the above solution. The solution was heated to 120 °C in an oil bath for 6 hours. After cooling, the
formed Zr-UiO-66-CH3 powder was centrifuged at 3000 rpm for 10 minutes. The sample was
washed with DMF three times and dispersed in DMF to give a known concentration of MOF

particles (e.g., 10.0 mg/mL).

Synthesis of Zr-UiO-66-NOz: In general, 16.9 mg of BDC-NO; was dissolved in 7.62 mL
DMEF in a 20 mL scintillation vial, then 1.38 mL acetic acid was added into the solution to make
the final volume to 9 mL. Next, 1 mL of DMF containing 18.6 mg of ZrCls was introduced into
the above solution. The solution was heated to 120 °C in an oil bath for 6 hours. After cooling, the
formed Zr-UiO-66-NO, powder was centrifuged at 3000 rpm for 10 minutes. The sample was
washed with DMF three times and dispersed in DMF to give a known concentration of MOF

particles (e.g., 10.0 mg/mL).

Synthesis of Zr-UiO-66-NHz: In general, 14.5 mg of BDC-NH> was dissolved in 7.62 mL
DMF in a 20 mL scintillation vial, then 1.38 mL acetic acid was added into the solution to make
the final volume to 9 mL. Next, 1 mL of DMF containing 18.6 mg of ZrCls was introduced into
the above solution. The solution was heated to 120 °C in an oil bath for 6 hours. After cooling, the
formed Zr-UiO-66-NH> powder was centrifuged at 3000 rpm for 10 minutes. The sample was
washed with DMF three times and dispersed in DMF to give a known concentration of MOF

particles (e.g., 10.0 mg/mL).

Synthesis of Zr-UiO-66-OH: In general, 32.8 mg of BDC-OH was dissolved in 1.2 mL

DMF in a 20 mL scintillation vial, then 1.5 mL of DMF containing 42.0 mg of ZrCls was
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introduced into the above solution. Then, 349 uL. DMF solution containing 39.8 mg of PVP was
introduced into the above solution. After that, 2.56 mL acetic acid and 0.1 mL DI water were added
subsequently. The solution was heated to 120 °C in an oil bath for 2 hours. After cooling, the
formed Zr-UiO-66-OH powder was centrifuged at 3000 rpm for 10 minutes. The sample was
washed with DMF three times and dispersed in DMF to give a known concentration of MOF

particles (e.g., 10.0 mg/mL).

Synthesis of Zr-UiO-66-(OH)2:In general, 35.7 mg of BDC-(OH), was dissolved in 1.2
mL DMF in a 20 mL scintillation vial, then 1.5 mL of DMF containing 42.0 mg of ZrCls was
introduced into the above solution. Then, 349 ul. DMF solution containing 39.8 mg of PVP was
introduced into the above solution. After that, 2.56 mL acetic acid and 0.1 mL DI water are added.
The solution was heated to 120 °C in an oil bath for 2 hours. After cooling, the formed Zr-UiO-
66-(OH) powder was centrifuged at 3000 rpm for 10 minutes. The sample was washed with DMF
three times and dispersed in DMF to give a known concentration of MOF particles (e.g., 10.0

mg/mL).

Synthesis of Hf-UiO-66: In general, 1.1 g benzoic acid was dissolved in 5.0 mL DMF in
a 20 mL scintillation vial, then 1.0 mL of DMF containing 30.0 mg of BDC was introduced into
the above solution. Then, 4 mL DMF solution containing 74.2 mg of HFOCl,-8H>0 was introduced
into the above solution. After that, the solution was heated to 120 °C in an oil bath for 4 hours.
After cooling, the formed Hf-UiO-66 powder was centrifuged at 3000 rpm for 10 minutes. The
sample was washed with DMF three times and dispersed in DMF to give a known concentration

of MOF particles (e.g., 10.0 mg/mL).

Synthesis of Ces-clusters: In general, 30.0 g of cerium ammonium nitrate and 9.0 g

glycine were dissolved in 27.0 g DI water in a 500-mL PTFE bottle. Then, 321.0 g of a saturated

123



NaCl solution was introduced into the above solution. The reaction mixture was left at room
temperature for 2 days. The formed yellow powders of Ces-clusters were filtered and rinsed with
DI water to remove the unreacted residues. The formed Ces-clusters were dried in the oven at 80

°C overnight and stored in a desiccator for further use (product yield at around 10 g).

Synthesis of Ce-UiO-66: In general, 1.5 g benzoic acid was dissolved in 7.0 mL DMF in
a 20 mL scintillation vial, then 2.0 mL of DMF containing 66.0 mg of BDC was introduced into
the above solution. Then, 1 mL DI water containing 78.0 mg of Ceg-clusters was introduced into
the above solution (Note: Ces-clusters are insoluble in DI water at room temperature. So, the
aqueous solution containing Ces-clusters was placed in a 90 °C oil bath for 2 minutes while stirring
to give a transparent mixture.) After that, the reaction mixture was heated to 90 “C in an oil bath
for 4 hours. After cooling, the formed Ce-UiO-66 powder was centrifuged at 3000 rpm for 10
minutes. The sample was washed with DMF three times and dispersed in DMF to give a known

concentration of MOF particles (e.g., 10.0 mg/mL).

Synthesis of Ti-MiL-125: In general, 600.0 mg of BDC was dissolved in 9.0 mL DMF in
a 30 mL microwave-reaction vial, then 1.0 mL methanol was added into the solution. Next, 0.5
mL acetic acid was introduced into the above solution, and the resulting solution was purged with
N2 for 20 minutes while stirring at 500 rpm at room temperature. Next, 0.37 mL Ti(OBu)4 was
introduced into the above solution, and the reaction vial was sealed under a nitrogen atmosphere.
The reaction mixture was stirred at 500 rpm in a 100 °C oil bath for 15 hours. After cooling, the
formed Ti-MiL-125 powder was centrifuged at 3000 rpm for 10 minutes. The sample was washed
with DMF three times and dispersed in DMF to give a known concentration of MOF particles (e.g.,

10.0 mg/mL).
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Synthesis of Pt NPs on the external surface of MOF particles: In general, 50.0 mg of
MOF particles (in DMF) was added in a 20 mL scintillation vial. Then, 0.75 mL of Pt NPs in DMF
was added dropwise to the above solution with magnetic stirring at 900 rpm. The mixture was
stirred at 500 rpm for 24 h at ambient temperature. The sample was centrifuged at 3000 rpm for
10 minutes and washed with DMF twice to remove free Pt NPs. The resulting Pt-on-MOF samples

were used for MOF coating without further purification.

If the resulting Pt-on-MOF samples were used as the control in catalysis, as-synthesized
Pt-on-MOF samples powder was activated by the solvent exchange to remove residues trapped in
the framework. Activation was performed by the solvent exchange. Firstly, the samples were
exchanged with fresh DMF every 12 h for one day while stirring at 500 rpm. Next, the samples
were exchanged with fresh methanol every 12 h for 5 days while stirring at 500 rpm. The sample
was dried in vacuum for 24 h and reduced under a 10 % Hz/He flow (100 mL/min) at 110 °C for

1 h. The activated sample was stored in a desiccator for further use.

Synthesis of Pt@Zr-UiO-66 and the analogues with functionalized ligands: Pt NPs
were first supported on defined Zr-UiO-66 crystals and then coated with Zr-UiO-66 to form
Pt@Zr-UiO-66 catalysts. The same method is extended to prepare catalysts with various functional
groups on BDC ligands, including -NH>, -CH3s, -NO», -OH, and -(OH),. In general, 0.15 mmol of
BDC-based ligands was dissolved in 2.0 mL DMF in a 20 mL scintillation vial. Then, 2.0 mL
acetic acid was added to the above solution, followed by 1 mL DMF containing 8.5 mg of Pt-on-
MOF samples. The reaction mixture was heated to 90 °C for 5 minutes with stirring at 500 rpm.
After cooling for 5 minutes, 1 mL DMF containing 10.5 mg ZrOCl,-8H>O introduce into the above
solution, and the resulting mixture was stirred at 90 oC for 4 hours. After that, the formed Pt@Zr-

UiO-66 sample was centrifuged at 3000 rpm for 10 minutes. The sample was washed with DMF
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three times. The as-synthesized Pt@Zr-UiO-66 powder was activated by the solvent exchange to
remove residues trapped in the framework. Activation was performed by the solvent exchange.
Firstly, the samples were exchanged with fresh DMF every 12 h for a day while stirring at 500
rpm. Next, the samples were exchanged with fresh methanol every 12 h for 5 days while stirring
at 500 rpm. The sample was dried in vacuum for 24 h and reduced under a 10 % Hz/He flow (100

mL/min) at 110 °C for 1 h. The activated sample was stored in a desiccator for further use.

Synthesis of Pt@Hf-UiO-66: In general, 400.0 mg benzoic acid was dissolved in 6.5 mL
DMF in a 20 mL scintillation vial, then 0.5 mL of DMF containing 15.0 mg of BDC was introduced
into the above solution. Then, 2 mL DMF solution containing 37.1 mg of HfOCl,-8H20 was
introduced into the above solution. 1 mL DMF containing 18.0 mg of Pt-on-Hf-UiO-66 samples
was introduced into the above solution, and the resulting mixture was stirred at 100 °C for 2 hours.
After that, the formed Pt@H{-UiO-66 sample was centrifuged at 3000 rpm for 10 minutes. The
sample was washed with DMF three times. The as-synthesized Pt@Hf-UiO-66 powder was
activated by the solvent exchange to remove residues trapped in the framework. Activation was
performed by the solvent exchange. Firstly, the samples were exchanged with fresh DMF every
12 h for one day while stirring at 500 rpm. Next, the samples were exchanged with fresh methanol
every 12 h for 5 days while stirring at 500 rpm. The sample was dried in vacuum for 24 h and
reduced under a 10 % Hz/He flow (100 mL/min) at 110 °C for 1 h. The activated sample was stored

in a desiccator for further use.

Synthesis of Pt@Ce-UiO-66: In general, 800.0 mg benzoic acid was dissolved in 8.25 mL
DMF in a 20 mL scintillation vial, then 0.5 mL of DMF containing 33.0 mg of BDC was introduced
into the above solution. Then, 0.25 mL DI water containing 19.5 mg of Ce¢-clusters was introduced

into the above solution. 1 mL DMF containing 20.0 mg of Pt-on-Ce-UiO-66 samples was
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introduced into the above solution, and the resulting mixture was stirred at 90 °C for 1 hour. After
that, the formed Pt@Ce-U10-66 sample was centrifuged at 3000 rpm for 10 minutes. The sample
was washed with DMF three times. The as-synthesized Pt@Ce-UiO-66 powder was activated by
the solvent exchange to remove residues trapped in the framework. Activation was performed by
the solvent exchange. Firstly, the samples were exchanged with fresh DMF every 12 h for one day
while stirring at 500 rpm. Next, the samples were exchanged with fresh methanol every 12 h for 5
days while stirring at 500 rpm. The sample was dried in vacuum for 24 h and reduced under a 10
% H>/He flow (100 mL/min) at 110 °C for 1 h. The activated sample was stored in a desiccator for

further use.

Synthesis of Pt@Ti-UiO-66: In general, 100.0 mg of BDC was dissolved in 8.0 mL DMF
in a 20 mL scintillation vial, then 1.0 mL methanol was added into the solution. Next, 1.0 mL
acetic acid was introduced into the above solution, and the resulting solution was purged with N»
for 20 minutes while stirring at 500 rpm at room temperature. Next, 62.5 pL Ti(OBu)s was
introduced into the above solution, and the reaction vial was sealed under a nitrogen atmosphere.
The resulting mixture was stirred at 90 “C for 1 hour. After cooling, the formed Pt@MiL-125
powder was centrifuged at 3000 rpm for 10 minutes. The sample was washed with DMF three
times. The as-synthesized Pt@MiL-125 powder was activated by the solvent exchange to remove
residues trapped in the framework. Activation was performed by the solvent exchange. Firstly, the
samples were exchanged with fresh DMF every 12 h for one day while stirring at 500 rpm. Next,
the samples were exchanged with fresh methanol every 12 h for 5 days while stirring at 500 rpm.
The sample was dried in vacuum for 24 h and reduced under a 10 % Hz/He flow (100 mL/min) at

110 °C for 1 h. The activated sample was stored in a desiccator for further use.
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Sample preparation for ICP-OES measurement: Pt@MOF samples at around 5.0 mg
were dispersed in 0.5 mL concentrated HCI and 0.15 mL concentrated HNO3 by sonication for 10
min. The resulting mixture was left at room temperature for 6 hours for digesting the Pt NPs. The
resulting solution was then diluted to 10 mL with deionized water using a volumetric flask. Before
the ICP-OES measurement, the solution was filtered through a filter membrane (0.22 um). The
quantitative analysis of Pt was carried out against calibration using known concentrations of

standard solutions. ICP-OES spectrometry was performed using an Agilent 5100 instrument.

DRIFTS measurement for molecular hydrogen: Before performing DRIFTS analysis,
the Praying Mantis high-temperature IR reaction chamber was heated to 150 °C under N> flow (10
ft’/hr) for 1 hour. The heating step was applied to remove trapped residues in the chamber. To
carry out DRIFTS analysis, 10.0 mg of MOF samples was diluted with 50.0 mg of KBr. The diluted
sample was packed in the sample cup in the IR reaction chamber under He flow (50 mL/min) at
ambient temperature. A spectrum of the sample was recorded as a background, and the background
was further stabilized by flowing He through the system for 50 min. During the stabilization, a
series of spectra were measured with an interval of 5 min, and the differences between spectra
were monitored to confirm the stabilization (difference less than 1.0 mOD at the spectral region of
interest). The adsorption of molecular hydrogen was performed by introducing 2% Hz/He (50
mL/min) and He (50 mL/min) into the IR reaction chamber for 10 sec. After that, the He flow (50
mL/min) was introduced for another 15 sec. Then, the IR reaction chamber was sealed by closing
valves connected to the chamber. The DRIFTS spectra for molecular hydrogen were measured.
All spectra were collected with 64 scans at a resolution of 4 cm™ from 1000 cm™ to 4000 cm™,

and the gas flow was controlled by the mass flow controller (Alicat Scientific).
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DRIFTS measurement for hydrocinnamaldehyde: Before performing DRIFTS analysis,
the Praying Mantis high-temperature IR reaction chamber was heated to 150 °C under N> flow (10
ft*/hr) for 1 hour. The heating step was applied to remove trapped residues in the chamber. To
carry out DRIFTS analysis, 10.0 mg of MOF samples was diluted with 50.0 mg of KBr. The diluted
sample was packed in the sample cup in the IR reaction chamber at ambient temperature. Before
the background stabilization, the sample was treated by an activation process under He flow (75
mL/min) at 110 °C for 30 min to remove the absorbed water. After that, the sample was cooled to
40 °C, and the He flow was adjusted to 50 mL/min. A spectrum of the sample was recorded as a
background. The background was further stabilized by flowing He through the system for 50 min.
During the stabilization, a series of spectra were measured with an interval of 5 min. The difference
between spectra was monitored to confirm the stabilization (difference less than 1.0 mOD at the
spectral region of interest). To mimic the reaction condition, all DRIFTS measurement for

hydrocinnamaldehyde was carried out at 40 °C.

The adsorption of hydrocinnamaldehyde was performed by introducing the He flow
containing hydrocinnamaldehyde, whereas a He flow (20 mL/min) was introduced to the glass
bubbler filled with hydrocinnamaldehyde. Because of the low vapor pressure of
hydrocinnamaldehyde, the glass bubbler was heated to 90 °C, and the temperature was monitored
by a type-K thermocouple. After that, the He flow (30 mL/min) was introduced to the chamber for
40 min to remove weakly bounded residues of hydrocinnamaldehyde. Then, the DRIFTS spectra
for hydrocinnamaldehyde were measured. All spectra were collected with 64 scans at a resolution
of 4 cm™ from 1000 cm™ to 4000 cm™!, and the gas flow was controlled by the mass flow controller

(Alicat Scientific).
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Ethylene hydrogenation: The catalysts were diluted with 1.0 g low surface area quartz
and loaded into U-shaped glass reactors. The glass reactor was then connected to a home-built gas-
phase flow system for alkene hydrogenation. Gas flows, including helium, hydrogen, and ethylene,
were regulated using calibrated mass flow controllers (Alicat Scientific). Gas composition was
analyzed with a mass spectroscope (MKS special V2000P). The temperature was controlled by a
furnace (CARBOLITE) and PID controller (Diqi-Sense) with a type-K thermocouple. Before the
reaction, the catalysts were activated in the glass reactor at 80 °C under 10% H>/He (100 mL/min)
for 30 min. Gas-phase ethylene hydrogenation was run at 4 °C under a continuous system
(C2H4/H2/He=1.2/12/77 mL/min). To compare activity, the conversion of each reaction was kept
low (<20.0 %). The amount of catalysts used in each measurement was shown as followed: Pt@Ti-
MiL-125 (5.1 mg, 5.2 mg, 4.9 mg), Pt@Ce-Ui0-66 (4.6 mg, 2.6 mg, 2.0 mg), Pt@Zr-UiO-66 (3.6
mg, 1.9 mg, 1.6 mg), and Pt@Zr-UiO-66 (1.4 mg, 1.9 mg, 1.4 mg). The mass activity to ethylene

hydrogenation in each sample was calculated based on the amount of platinum in each sample.

Cinnamaldehyde hydrogenation: Pt@MOF catalysts at around 3.5 mg were dispersed in
1.0 mL methanol in the 5.0-mL ampule. Then, 0.5 mL methanol containing 25.0 pL
cinnamaldehyde and 15.0 pL triethylamine were added into the above solution, followed by 0.5
mL methanol to make the final volume 2.0 mL. (Note: triethylamine was added to prevent the side
reaction of condensation) Before catalysis, the high-pressure reactor vessel (Wattacas Inc., 500
mL) was preheated to 40 °C. The temperature was controlled using a hot plate (RCT basic, IKA)
with a type-K thermocouple. Subsequently, the ampule was transferred into a high-pressure reactor
vessel. The autoclave was purged 5 times with Hz to remove air. Then, the hydrogenation of
cinnamaldehyde was carried at 30 bar H> at 40 “C with magnetic stirring at 750 rpm. After that,

the catalysts were separated by centrifugation, and 1.0 mL reaction solution was mixed with 0.5
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mL internal standard (0.2 mL toluene in 4.8 mL methanol). The products were analyzed on a gas
chromatograph with flame-ionization detection (Agilent 6850 Network GC with an autosampler,
column: HP-1, 30 m % 0.25 mm X 0.25 um). The reaction conversion was calculated by dividing
the amount of all three products (cinnamyl alcohol, hydrocinnamaldehyde and 3-phenylpropanol)
observed after catalysis with the amount of cinnamaldehyde observed before catalysis. Because
MOF will adsorb reactants, the amount of cinnamaldehyde measured before catalysis was
determined by the blank experiment without adding any MOF samples. The catalytic selectivity
was determined by its ratio to the sum of all three products (Cinnamyl alcohol,
hydrocinnamaldehyde and 3-phenylpropanol). The controlled experiments using pure MOF
materials were performed by using 4.0 mg of pure MOF samples. The amount of catalysts used in
each measurement was shown as followed: Pt-on-Zr-UiO-66 (3.6 + 0.1 mg), Pt@Zr-Ui0-66 (3.2
+ 0.1 mg), (c) Pt@Zr-Ui0-66-CHs (5.0 £ 0.1 mg), Pt@Zr-UiO-66-NH> (3.1 + 0.1 mg), Pt@Zr-
Ui0-66-NO2 (3.7 = 0.3 mg), Pt@Zr-UiO-66-OH (3.6 + 0.2 mg), Pt@Zr-Ui0-66-(OH) (3.4 £ 0.1
mg), Pt@Hf-Ui0-66 (3.7 £ 0.1 mg), Pt@Ce-Ui0-66 (3.0 + 0.2 mg), and Pt@Ti-MiL-125 (4.1 +

0.1 mg).

Hydrogenation of hydrocinnamaldehyde and cinnamyl alcohol: 2.9 mg of catalysts
was dispersed in 1.0 mL methanol in the 5.0-mL ampule. Then, 0.5 mL methanol containing 50.0
pL reactants (hydrocinnamaldehyde or cinnamyl alcohol) and 15.0 pL triethylamine were added
into the above solution, followed by 0.5 mL methanol to make the final volume 2.0 mL. Before
catalysis, the high-pressure reactor vessel (Wattacas Inc., 500 mL) was preheated to 40 °C. The
temperature was controlled using a hot plate (RCT basic, IKA) with a type-K thermocouple.
Subsequently, the ampule was transferred into a high-pressure reactor vessel. The autoclave was

purged 5 times with H, to remove air. Then, the hydrogenation was carried at 30 bar Hz at 40 °C
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with magnetic stirring at 750 rpm. After that, the catalysts were separated by centrifugation, and
1.0 mL reaction solution was mixed with 0.5 mL internal standard (0.2 mL toluene in 4.8 mL
methanol). The targeted product of 3-phenylpropanol was monitored by a gas chromatograph with
flame-ionization detection (Agilent 6850 Network GC with an autosampler, column: HP-1, 30 m

x 0.25 mm x 0.25 pm).
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4.5 Appendix

Table A4.1: Summary of the size of Pt NPs in catalysts

Catalyst Averaged Size of Pt NPs (nm)?!
Pt-on-Zr-UiO-66 39+1.0
Pt@Zr-UiO-66 39+1.0
Pt@Zr-Ui0-66-CHs 5.1+1.1
Pt@Zr-UiO-66-NO> 3.9+0.9
Pt@Zr-UiO-66-NH, 32408
Pt@Zr-Ui0-66-OH 3.7+0.7
Pt@Zr-UiO-66-(OH), 3.840.7
Pt@Hf-UiO-66 41408
Pt@Ce-UiO-66 34+1.0
Pt@Ti-MiL-125 45+1.0

(4 The standard deviation was obtained by measuring 15-20 Pt NPs in the corresponding TEM
image.
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Table A4.2: Summary of ICP results for the Pt loading in catalysts

Catalyst Pt Loading (wt %)!2!
Pt-on-Zr-Ui0-66 0.76 £ 0.02
Pt-on-Ce-Ui0-66 0.82 +0.01
Pt@Zr-UiO-66 0.65 + 0.01
Pt@Zr-Ui0-66-CHj3 0.38+0.01
Pt@Z1r-Ui0-66-NO; 0.30 £ 0.01
Pt@Zr-Ui0-66-NH> 0.18 £0.04
Pt@Zr-UiO0-66-OH 0.56 £0.01
Pt@Zr-UiO-66-(OH), 0.24 % 0.02
Pt@Hf-UiO-66 0.59 = 0.01
Pt@Ce-UiO-66 0.59 +0.01
Pt@Ti-MiL-125 0.47+0.01

[ The standard deviation was obtained based on three independent measurements.
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Table A4.3: Summary of selectivity for cinnamaldehyde hydrogenation

XN No XN OH . X0 .\ OH
—_—

Cinnamaldehyde Cinnamyl alcohol Hydrocinnamaldehyde 3-Phenylpropanol
[A] (B] [C]
Reaction Reaction Selectivity to  Selectivity to  Selectivity to
Catalyst?! Time Conversion [A] [B] [C]
(Hour) (%) (%) (%) (%)
Pt-on-Zr-UiO-66 0.5 19.7+ 1.1 243+1.7 75.6 1.7 <1.0 ™
Pt-on-Ce-UiO-66 1.0 269+1.9 71.6£2.0 245+1.9 4.0=+0.1
Pt@Zr-UiO-66 7.0 26.7+ 0.6 445+1.0 472+1.1 84+0.2
Pt@Zr-UiO-66-CHj3 17.0 10.2+3.9 43.7+£2.6 46.7+3.0 9.8+52
Pt@Zr-UiO-66-NO, 5.0 240+2.3 263+ 1.4 57.8+1.5 16.1 £0.1
Pt@Zr-UiO-66-NH> 8.0 199+ 1.6 27.7+1.1 46.8 £0.5 259+1.7
Pt@Zr-UiO-66-OH 3.0 26.0+2.9 58.7+34 38.1+34 32+0.1
Pt@H{f-UiO-66 8.0 28.0+4.4 33.8+3.2 63.5+3.5 27+04
Pt@Ce-UiO-66 3.0 249+ 1.7 86.9+0.6 13.1+0.6 <1.0 0
Pt@Ti-MiL-125 16.5 247+ 1.1 90.6 £0.7 9.3+0.7 <1.0 ™

[a] Selectivity was determined by its ratio to the sum of all three products (A = cinnamyl alcohol,
B = hydrocinnamaldehyde, and C=3-phenylpropanol). ') Product was not observed in the GC-FID
analysis.
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Table A4.4;: Summary of experiments without Pt NPs for cinnamaldehyde hydrogenation

Reaction Reaction
Catalystl® Time Conversion

(Hour) (%)
Zr-U10-66 8.0 <1.0 &
Ce-UiO-66 3.0 <1.0 [
Zr-Ui0-66-CHj3 8.0 <1.0 [
Zr-Ui0-66-NO> 8.0 <1.0 [
Zr-UiO-66-NH; 8.0 <1.0 [
Zr-Ui0-66-OH 8.0 <1.0 [
Zr-Ui0-66-(OH)» 8.0 <1.0 [
Hf-Ui0-66 8.0 <1.0 [
Ti-MiL-125 8.0 <1.0 [

[ Products (cinnamyl alcohol, hydrocinnamaldehyde, and 3-phenylpropanol) were not observed
in the GC-FID analysis.
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Table A4.5: Summary of selectivity for cinnamaldehyde hydrogenation at a higher conversion

XN o XN OH . Xo .\ OH
_

Cinnamaldehyde Cinnamyl alcohol Hydrocinnamaldehyde 3-Phenylpropanol
(Al (B] [C]
Reaction Reaction Selectivity to  Selectivity to  Selectivity to

Catalyst!® Time Conversion [A] [B] [C]

(Hour) (%0) (%0) (%) (%0)
Pt-on-Zr-UiO-66 1.0 39.8+0.2 242 +0.7 74.1+1.0 1.6+14
Pt@Zr-UiO-66-OH 4.0 349+6.9 55.8+1.5 40.1+1.6 41+04
Pt@Zr-UiO-66-(OH), 6.0 419+2.0 73.2+34 24.1+3.2 2.8+0.2
Pt@Ce-UiO-66 4.5 60.0x1.9 82.3=+1.1 12.1+0.7 6.0+04

[a] Selectivity was determined by its ratio to the sum of all three products (A = cinnamyl alcohol,
B = hydrocinnamaldehyde, and C=3-phenylpropanol). The standard deviation was obtained based
on three independent measurements. ™ Product was not observed in the GC-FID analysis.

Table A4.6: Summary of mass activity for ethylene hydrogenation

Catalyst Ethylene/Pt (mmolecthyienegpi )L
Pt@HF-UiO-66 153£0.5

Pt@Zr-UiO-66 9308

Pt@Ce-UiO-66 3.8+ 1.0

Pt@Ti-MiL-125 51405

[a The standard deviation was obtained based on three independent measurements. The mass
activity was calculated by keeping a low conversion of ethylene hydrogenation (< 20.0 %).
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Figure A4.1: SEM images of Pt NPs-based catalysts: (a) Pt-on-Zr-UiO-66, (b) Pt@Zr-Ui0-66, (c)
Pt@Zr-Ui0-66-CH3, (d) Pt@Zr-UiO-66-NH>, (e) Pt@Zr-UiO-66-NO3, (f) Pt@Zr-UiO-66-OH, (g)
Pt@H{-U10-66, (h) Pt@Ce-Ui0-66, and (i) Pt@Zr-UiO-66-(OH)s.
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Figure A4.2: PXRD patterns of Pt NPs-based catalysts and the simulation of UiO-66.
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Figure A4.3: (a) TEM image of Pt-on-Zr-UiO-66, and the corresponding (b) size histogram of Pt
NPs.
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Figure A4.4: (a) TEM image of Pt@Zr-UiO-66, and the corresponding (b) size histogram of Pt
NPs.
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Figure A4.5: (a) TEM image of Pt@Zr-UiO-66-NH>, and the corresponding (b) size histogram of
Pt NPs.
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Figure A4.6: (a) TEM image of Pt@Zr-UiO-66-NO-, and the corresponding (b) size histogram of
Pt NPs.
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Figure A4.7: (a) TEM image of Pt@Zr-UiO-66-CH3, and the corresponding (b) size histogram of
Pt NPs.
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Figure A4.8: (a) TEM image of Pt@Zr-UiO-66-OH, and the corresponding (b) size histogram of
Pt NPs.
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Figure A4.9: (a) TEM image of Pt@Hf-UiO-66, and the corresponding (b) size histogram of Pt
NPs.

(b) 5 Pt@Ce-UiO-66
3.4+1.0nm

6
=
3 4
o

2

0

2 4 6 8 10

Particle Size (nm)

Figure A4.10: (a) TEM image of Pt@Ce-UiO-66, and the corresponding (b) size histogram of Pt
NPs.
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Figure A4.11: (a) TEM image of Pt@Zr-UiO-66-(OH)., and the corresponding (b) size histogram
of Pt NPs.
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Figure A4.12: (a) Schematic illustration of Ti-MiL-125. Characterization of Pt@Ti-MiL-125: (b)
SEM image, (c) PXRD analysis, (d) TEM image and the corresponding (e) size histogram of Pt

NPs.
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Figure A4.13: DRIFTS of hydrocinnamaldehyde over Ti-MiL-125, and Pt@Ti-MiL-125.
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Figure A4.14: DRIFTS of hydrocinnamaldehyde over Hf-U10-66, and Pt@H{-Ui0-66.
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5.0 Chapter 5:

Probing Interactions between Metal-Organic Frameworks

and Freestanding Enzymes in a Hollow Structure

Reducing interfacial interaction

A significant portion of the work described in this chapter has been published in:

Chen, S. =Y.*; Lo, W. —S.# (co-first author); Huang Y. -D.; Si, X,; Liao, F. -S.; Lin, S. -W_;
Williams, B. P.; Sun, T. —Q.; Lin, H. -=W.; An, Y.; Sun, T.; Ma, Y.; Yang, H. —C.; Chou, L. -Y;
Shieh, F. —K.; Tsung, C. —K. Probing Interactions between Metal-Organic Frameworks and
Freestanding Enzymes in a Hollow Structure. Nano Lett. 2020, 20, 6630—6635. Copyrights 2020

American Chemical Society.

147



5.1 Introduction

To improve recyclability, enzymes have been immobilized on various supports for different
applications.?*?2%* The immobilized enzymes have even shown enhanced performance, such as
increased activity and stability.?°5-2% Immobilization has been carried out through many methods,
including adsorption, entrapment, covalent binding, and cross-linking.22% In general, the
enzymes are either fixed on the external surfaces of a solid support, or trapped in a porous
material 2! While the specific or non-specific interactions between the enzymes and host

211212 these interactions often alter the

materials have been reported to increase enzymatic stability,
enzymes from their native state and lead to a change in their biological activity.?!3-2!® Therefore,
it could be beneficial to develop a method to reduce interfacial interactions after the syntheses and
allows enzymes to work under a less altered state, which could enhance the activities of
immobilized enzymes. Using metal-organic frameworks (MOFs) as host provides such an

opportunity because of their post-synthetic modification strategies.?!’!

MOFs have been used as host materials to impart new enzymatic functions.??*?>> Farha
and co-workers have immobilized organophosphorus acid anhydrolase into NU-1000
derivatives.??>??> Zhou and co-workers have impregnated several enzymes in PCN-333
derivatives.??*??8 Falcaro, Doonan, and co-workers have exhibited the embedding of biomolecules
in zeolitic imidazolate framework-8 (ZIF-8).?*2> Ma and co-workers have incorporated
microperoxidase-11 into Tb-mesoMOF.?***¢ We have encapsulated catalase in ZIF-90 and ZIF-
8.237-23% These studies have shown interesting results; however, like other host materials, the
interfacial interactions between the enzymes and MOFs impact their biological activities. Herein,
to investigate this influence, we propose to hollow out the solid MOFs microcrystals with enzymes

encapsulated in and compare the interactions between enzyme and MOFs before and after the
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hollowing process. Before hollowing process, the enzymes are confined in the solid MOFs crystals.
After hollowing, the enzymes are sealed inside of the central cavity of hollow MOFs crystals in a
freestanding form and the permeable MOFs shell allows reactants to go in without leaching of the

enzymes (Figure 5.1).

011 002
. -

Confined catalase Freestanding catalase
in solid MOFs in hollow MOFs

Figure 5.1: TEM and SEM images of catalase encapsulated in (a-c) solid and (d-f) hollow MOFs.
(g) The electron diffraction pattern of catalase in hollow ZIF-8. Schematic illustration of catalase

encapsulated in (h) solid and (i) hollow MOFs.
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5.2 Results and Discussions

To demonstrate this concept, catalase was first encapsulated into ZIF-67 microcrystals and
then ZIF-8 shells were overgrown on the ZIF-67 cores.?3” Due to the epitaxial overgrowth, single-
crystalline core-shell microcrystals were formed. Then we used a reported method to remove the
ZIF-67 cores through a mild hollowing process and form a single-crystalline hollow ZIF-8.23-240
After the hollowing process, the catalase is held in the central cavity of the hollow ZIF-§ crystal.
Both solid and hollow samples were characterized by transmission electron microcopy (TEM) and
scanning electron microscopy (SEM). Figures 5.1a-¢ show the uniform solid core-shell MOFs
with confined enzymes, and Figures 5.1d-f show that the central cavities formed with no change
to the morphology of the MOFs crystals after the hollowing process. The hollow sample shows a
hysteresis loop in the nitrogen isothermal sorption profiles, indicating central cavity formation
(Figure AS5.1). Powder X-ray diffraction (PXRD) shows that the crystal structure was maintained
after the hollowing process (Figure AS5.2). The electron diffraction pattern reveals that the hollow
ZIF-8 microcrystals are single crystalline (Figure 5.1g). To verify enzyme encapsulation in solid
and hollow MOFs microcrystals, we digested the samples and analyzed them with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The gels show a characteristic band of
catalase, demonstrating that catalase is indeed encapsulated in both solid and hollow samples
(Figure A5.3). To obtain the enzyme loading, Bradford protein assays were carried out. The
loading amounts of confined catalase in the solid MOFs and freestanding catalase in hollow MOFs

crystals were quantified to be ~10 wt% (Table AS5.1).
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Table 5.1: Comparison of enzyme-in-MOFs samples in the early stages of the hollowing process
per their in situ SAXS profile.

Macropore!?! Mesoporel?! Micropore!®!
Time

q=0.01~0.04 A q=0.04 ~0.07 A-! q=0.1~0.4 A"
0 min N/A (11 x 18 x 4.1) Sphere: r=1.1
30 min (41 x62 x11) (13 x 19 x 4.8) Sphere: r=0.9

[al An elliptical cylinder model was used to fit the macropore and mesopore with results indexed
as Minor x Major x Length. ™ A spherical model was used to fit the micropore structure. All
dimensions are in nm.
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Figure 5.2: Characterization of the hollowing process: (a) Schematic illustration of different pore
sizes present in enzyme-in-MOFs samples. (b, ¢) in situ SAXS profile of initial stage and

intermediate stage, and (d) time-resolved studies of the hollowing process.

151



To understand the hollowing process in the presence of enzymes, we have used a
synchrotron light source to carry out in situ small angle X-ray scattering (SAXS) measurements,
which are sensitive to structural changes in the mesostructured range. Detailed parameters are
elaborated in Table 5.1. Figure 5.2 shows the X-ray scattering profiles of the hollowing process.
The features at three regions, q=0.1 ~0.4 A, 0.04 ~0.07 A, 0.01 ~ 0.04 A!, were profiled by
computational model to give detailed microporous, mesoporous, and macroporous structures
(details are discussed in supporting information). At the initial stage, two structural spaces are
observed: the intrinsic MOFs micropores with a diameter of 1.1 nm and the space holding the
encapsulated catalase with dimensions of 11 x 18 x 4.1 nm (Figure 5.2b). After 30 min, additional
space, representing > 50 nm macroporous cavities, was observed, which supports the formation of
central cavities (Figure 5.2¢). Figure 5.2d shows the profiles of the whole process. There is a
clear trend of the intensity increasing in macroporous region (q = 0.01 ~ 0.04 A™!) and intensity
decreasing in microporous region (q = 0.1 ~ 0.4 A™), indicating the increasing of central
macropores and decreasing of micropores because the ZIF-67 cores were being removed gradually

during the hollowing process.

After investigating the structures and hollowing process, we studied the interfacial
interactions between enzyme and MOFs. First, we used infrared (IR) spectroscopy to study the
chemical interactions between the encapsulated catalase and MOFs for the two samples. We
focused on the amide-I stretches of catalase at 1633 cm!, which is sensitive to the surrounding
coordination environment of the enzyme.?” The IR spectra reveals a difference between the
freestanding and confined samples (Figure 5.3a). Confined catalase exhibits a blue shift of the
amide-I stretch (1660 cm™) compared to free catalase (1633 cm™), indicating a chemical

229

interaction between the confined catalase and MOFs.”~ We have probed the samples in
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intermediate states during the hollowing process and observed a graduate red-shift (Figure AS.4),
revealing that the states of the enzymes were changed gradually from confined to freestanding
state. After hollowing process, the amide-I stretch (1647 cm™) of freestanding catalase is closer to
that of the free catalase (1633 cm’'), showing that the hollow structure reduces chemical

interactions between catalase and MOFs. The difference in the amide- I stretch frequencies of

free and freestanding catalase can be attributed to the attachment of catalase to the internal surface

of the central cavities.??!

(c)

InteT\sity (a.u.)
Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

iConfined catalase|

1647 A
om! :

Freestanding catalase

— Free catalase
- 8 M urea treated

— Confined catalase
- 8 M urea treated

— Freestanding catalase
8 M urea treated

1700 1600 1500
Wavenumber (cm')

300 320 340 360 380300 320 340 360 380300 320 340 360 380

Wavelength (nm)

Wavelength (nm)

Wavelength {(hm)

Figure 5.3. (a) Infrared spectra of free catalase, confined catalase, and freestanding catalase in Tris
buffer (pH 7.5, 50 mM), respectively. (b-d) Fluorescence spectra of free catalase, confined catalase,

and freestanding catalase in Tris buffer (pH 7.5, 50 mM) before and after exposure to 8 M urea.

Next, we studied the structural confinement of enzymes in solid and hollow MOFs. Urea,
a universal unfolding agent, has been used as a probe molecule to study structural confinement of
enzymes.”*! When exposed to urea, the conformation of free enzymes without confinement can be

altered easily.?*® This structural change can be identified by fluorescence spectroscopy because
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the emission of the tryptophan of catalase is sensitive to the conformational change.?** Solid and
hollow samples were exposed to 8 M urea solutions and monitored by fluorescence spectroscopy
(Figures 5.3b-d). The size of urea molecules is smaller than the pore aperture size so it can diffuse
into ZIF-8.23% After exposure to urea, free catalase shows a redshift (from 330 to 342 nm) of the
maximum fluorescence emission (Amax) due to change in its conformation. The solid sample shows
no significant shift, indicating that the conformation of catalase in solid MOFs is confined by
interfacial interactions.”*® As expected, during the hollowing process, the spectra gradually red-
shift (Figure AS.5), and the freestanding catalase shows a large (13 nm) shift after urea exposure,
similar to free catalase, which suggests that confinement generated by interfacial interactions
gradually decreased during the process. The lesser confined state benefits activity but could
negatively impact stability (Figure AS.6). This understanding highlights the importance of

balancing the tradeoff between stability and activity.

With the observation of lesser interfacial interaction between the MOFs and freestanding
enzyme, we tested their biological function by carrying out H»O, degradation over the
encapsulated samples. Note that catalase loading is kept consistent and we have characterized the
samples after the reaction to show that the structure was not damaged during the reactions (Figure
AS5.7). Figures 5.4 and AS.8 present the catalytic rate constants (kobs) of encapsulated catalase.
The confined catalase shows an observed rate constant of 4.3 x 10~ s}, and kinetic study indicates
that there is no significant mass transport limitation (Figure A5.9). During the hollowing process,
activity gradually increased with freestanding catalase showing the highest catalytic rate constant
of 1.1 x 102 5!, almost three times greater than confined catalase. Correlating the kinetic studies
of H>O» catalysis with the spectroscopic studies suggests that the higher activity of freestanding

catalase could be caused by a decrease in the enzyme-MOF interfacial interactions. The Michaelis-
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Menten constants, Km and Vmax, of the confined catalase, freestanding catalase, and free catalase
were compared. Free catalase was reported to decompose H>O» with a Kv 0of 25.16 mM and a Viax
of 400.1 uM-s! (SI).2*} In Table AS5.2, compared to free catalase, the confined catalase showed
reduced Km (6.45 mM) and Vimax (47.30 uM-s!), which is in agreement with the previous
observations of enzymes immobilized in MOFs.??% 22 For the freestanding catalase, both Ky
(18.71 mM) and Vimax (432.90 uM-s!) are closer to free catalase compared to confined catalase.
This phenomenon reasserts that the hollow structure reduces interfacial interactions and allows for
better performance. To test whether this phenomenon can be observed on other enzymes, we have
carried out the study over chymotrypsin and lipase. In both cases, the freestanding enzyme shows

a higher activity than the confined enzymes (Figure AS.10).
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Freestanding catalase Confined catalase
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Figure 5.4: Kinetic studies of H,O> degradation for confined and freestanding catalase with and
without exposure to proteinase-K. All assays were performed in Tris buffer (pH 7.5, 50 mM). Error

bars show the standard deviation of three independent measurements.
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Furthermore, the freestanding catalase is protected by MOFs that could shield the enzymes
from inhibitors with a large molecule sizes, such as proteinase-K. When exposed to proteinase-K,
free catalase shows no detectable activity.??” While we exposed the freestanding catalase in hollow
ZIF-8 to proteinase-K. The proteinase-K treated freestanding catalase exhibits a similar rate
constant (1.02 x 102 s!) as before the treatment, indicating that the enzyme is shielded from

protease.

Table 5.2: Summary of Km and Vimax of confined catalases and freestanding catalases.

Confined catalase!® Freestanding catalase!®
Ku (mM) 6.45 18.71
Vinax (uM-s) 47.30 432.90

[a] All measurements were conducted using the same amount of catalase in each test (0.232 mg).

5.3 Conclusions

In summary, we have developed a new strategy to encapsulate enzymes into hollow MOFs with
reduced interfacial interaction between enzyme and MOFs. It allows us to investigate the
relationship between the interfacial interactions and biological function. Our study indicates that
freestanding enzymes have less chemical interaction with the MOFs and that their structure is less
confinement. The hollow structure reduces interfacial interactions and is inspired by the cell
environment, such as glycolysis enzymes in the cytoplasm of living cells. This study not only
highlights the importance of the freestanding state for the biological function of encapsulated

enzymes but also presents a new way to immobilize freestanding enzymes in MOFs.

This work made use of the resources of the Instrumental Analysis Center of the SPST at
ShanghaiTech University for XRD analysis and gas sorption measurements. The SEM and TEM
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5.4 Experimental Procedures

Chemicals: All chemicals were purchased from commercial chemical vendors and used without
any further purification. 2-methyl imidazole (99.0%), hexadecyltrimethylammonium bromide
(CTAB, > 98%), catalase from bovine liver, chymotrypsin and proteinase-K from tritirachium
album were purchased from Sigma-Aldrich®. Zinc nitrate hexahydrate (99.0%), 4-nitrophenol
(pPNP, 99%) and 4-nitrophenyl acetate (pNPA, 99%) were purchased from Alfa Aesar®. Bradford
reagent, Coomassie brilliant blue R-250, Acryl/bisTM 40.0 % solution, sodium dodecyl sulfate
(SDS, 20.0%), ammonium persulfate (APS, > 98.0%), tetramethylethylenediamine (TEMED, >
97.0%) and glycine were from Amresco®. Cobalt (II) nitrate hexahydrate (99.0%), calcium
chloride anhydrous (99.0%), and sulfuric acid (95.0 ~ 98.0%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. D-sorbital (> 98.0%) and ammonium iron (II) sulfate hexahydrate

(99%) were purchased from J&K Scientific. Xylenol orange (ACS reagent) and lipase were
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obtained from TCI. Urea (> 99.0%) was purchased from Shanghai Yeasen Biotechnology Co. Ltd.

Sodium hydroxide (NaOH, 97.0%) was purchased from SHOWA.

Characterizations: Powder X-ray diffraction (PXRD) analyses were collected using a
Bruker D8 Advance X-ray powder diffractometer (Cu Ka radiation, A= 1.5418 A). The diffraction
patterns were collected between a 20 range of 5 - 40°. The scanning electron microscopy (SEM)
images were obtained using a field emission scanning electron microscope (FE-SEM) Jeol JSM-
7800F with an accelerating voltage of 5 kV. Transmission electron microscopy (TEM) images
were obtained using a Jeol JEM-2100 plus with an accelerating voltage of 200 kV. The Fourier-
transform infrared (FT-IR) spectra were collected using a Thermo Scientific Nicolet iS10 MID-IR
Spectrometer with a SMART iTX Base and an ATR IDT/IDX AR-coated diamond crystal for
Attenuated total reflectance (ATR) analysis. The IR measurements were performed in 64 scans
with a resolution of 2 cm™!. The IR measurements were carried by introducing the samples with an
aliquot of deionized H>O on the ATR crystal. Both the enzyme activity and the quantification of
enzymes loading were studied using an Ocean Optics Maya2000 pro UV/Vis spectrometer with a
DH-2000-BAL Deuterium-Tungsten light source. The fluorescence tests were conducted using a
Horiba Fluorolog®-3 spectrofluorometer with an excitation wavelength at 280 nm. The intrinsic
porosities of enzyme in MOFs composite materials were analyzed by nitrogen adsorption-
desorption experiments using a Quantachrome Autosorb 1Q-2 automated adsorption system. The
specific surface areas were calculated using the Brunauer—-Emmett-Teller (BET) method around
the relative pressure range P/Po = 0.06 — 0.20. Pore volumes were calculated around the N:

adsorbed volumes at P/Po = 1.00 (Table AS.2).
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Synthesis of confined catalase in solid MOFs: To prepare the confined catalase in solid
MOFs samples, catalase was first encapsulated into ZIF-67 microcrystals, and then ZIF-8 shells
were overgrown on the catalase@ZIF-67 cores. All aqueous solutions were prepared using
deionized water (D.I. water). In detail, 0.5 mL 1.925 mM CTAB aqueous solution was added into
0.75 mL 1.843 M 2-methyl imidazole aqueous solution, and the mixture was stirred at 500 rpm for
5 min. Then, a 0.5 mL aqueous solution containing 2.0 mg of catalase was added into the mixture
followed by introducing 0.25 mL 97.5 mM Co(NOs3)2-6H>O aqueous solution. The resulting
mixture was stirred at room temperature for 5 min. The reaction solution was then left undisturbed
at 4 °C in the refrigerator for 1 h. The precipitate of catalase@ZIF-67 sample was collected by

centrifugation (14,000 g).

To overgrow ZIF-8 shells on the catalase@ZIF-67 cores, catalase@ZIF-67 was firstly
dispersed into the mixture containing 0.75 mL 1.843 M 2-methyl imidazole aqueous solution and
1 mL 0.9625 mM CTAB aqueous solution followed by an injection of 0.25 mL 97.5 mM
Zn(NOs3)2-6H20 aqueous solution. The resulting mixture was stirred at 500 rpm for 5 min. The
reaction solution was then left undisturbed at 4 °C in the refrigerator for 1 h. After this procedure,
the precipitate of confined catalase in solid MOFs was collected by filtration and washed by 1 L
D.I. water. Next, the obtained products were vacuum-dried at room temperature and stores at 4 °C
for the following characterizations. The same procedure was applied to encapsulate lipase and

chymotrypsin.

Synthesis of freestanding catalase in hollow MOFs: The freestanding catalase in hollow
MOFs samples were prepared by treating the confined catalase in solid MOFs with a mild
hollowing process. In detail, after the overgrowth of ZIF-8 layer on the catalase@ZIF-67 cores (as

described above), the supernatant was withdrawn. The hollowing process was carried by
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incubating the precipitate of confined catalase in solid MOFs with 20 mL D.I. water at 4 °C in the
refrigerator for 20 h. After this procedure, the precipitate of freestanding catalase in hollow MOFs
was collected by filtration and washed by 1 L D.I. water. Next, the obtained products were vacuum-
dried at room temperature and stores at 4 °C for the following characterizations (Figure S1-S3).
The same procedure was applied to prepare the freestanding lipase and chymotrypsin in hollow

MOFs.

Synthesis of confined catalase in solid ZIF-8: To test the diffusion of reactant-H>O, in
ZIF-8 microcrystals is without mass transport effect, we performed kinetics study of confined
catalase in solid ZIF-8 sample. The kinetic of H2O, decomposition of catalase is a first-order
reaction. If there is a mass transport limitation, the diffusion of H2O; will be affected by ZIF-8
microcrystals, therefore, the kinetic of H2O> decomposition of encapsulated catalase will not be
first-order reaction. To study this, we synthesized the confined catalase in solid ZIF-8 samples.
Catalase was firstly encapsulated into ZIF-8 microcrystals to generate samples of catalase(@ZIF-8
cores. Then, ZIF-8 shells were overgrown on the catalase@ZIF-8 cores to form confined catalase

in solid ZIF-8 sample.

In detail, a 0.5 mL 1.925 mM CTAB aqueous solution was added into a 0.75 mL 1.843 M
2-methyl imidazole aqueous solution, and the mixture was stirred at 500 rpm for 5 min. Then, a
0.5 mL aqueous solution containing 2.0 mg of catalase was added into the mixture followed by
introducing a 0.25 mL 97.5 mM Zn(NOs)>-6H>0 aqueous solution. The resulting mixture was
stirred at room temperature for 5 min. The reaction solution was then left undisturbed at 4 °C in
the refrigerator for 1 h. The resulting precipitate of catalase@ZIF-8 sample was collected by
centrifugation (14,000 g). To overgrow ZIF-8 shells on the catalase@ZIF-8 cores, the precipitate

of catalase@ZIF-8 was then dispersed into the mixture containing 0.75 mL 1.843 M 2-methyl
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imidazole aqueous solution and 1 mL 0.9625 mM CTAB aqueous solution. The mixture was
stirred at 500 rpm for 5 min followed by an injection of 0.25 mL 97.5 mM Zn(NOs),-6H,0 aqueous
solution. The resulting mixture was stirred at 500 rpm for 5 min. The reaction solution was then
left undisturbed at 4 °C in the refrigerator for 1 h. After this procedure, the precipitate of confined
catalase in solid ZIF-8 was collected by filtration and washed by 1 L D.I. water. Next, the obtained
products were vacuum-dried at room temperature and stores at 4 °C for the following
characterizations (Figure AS.2 and AS.3). The kinetics of H>O> decomposition of catalase in solid
ZIF-8 sample fit into a first order reaction (Figure S10) and remained a first-order kinetic in higher
concentration of H2O2 (1000 uM). This study indicates that there is no significant mass transport

limitation of H,O» in ZIF-8& structure.

Examination of catalytic activities for catalase: The biological function of catalase in
MOFs samples were examined through the degradation of hydrogen peroxide (H202) based on the
reported ferrous oxidation-xylenol orange (FOX) assay and the standard protocol.?** The FOX
reagent was prepared by mixing 910 mg D-sorbital, 5 mg ammonium iron (II) sulfate hexahydrate,
3.3 mg xylenol orange, and 70 pL sulfuric acid (95.0 ~ 98.0%) in 50 mL D.I. water. Prior to the
tests, the corresponding calibration curve of the FOX assay was established through the absorbance
at 560 nm using a H>O; solution, which was calibrated spectrophotometrically at 240 nm with an
extinction coefficient (€) of 39.4 M 'ecm™!, in concentrations from 0.0 to 100.0 uM by a linear

regression with R? = 0.998. (Figure A5.8).2%

For each trial, catalase in MOFs samples were introduced into a solution containing 100
puL Tris buffer (pH 7.5, 500 mM) and 800 pL D.I. water in a 1.5 mL centrifuge tube. The loading
amount of catalase in each trial was kept the same as 0.232 mg. The mixed samples were then

vortexed and incubated at room temperature for 10 min. The calibrated H>O» solution as substrate
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was introduced to give the initial HoO> concentration of 100 uM and a total volume of 1.0 mL.
Each mixture was shaken for a certain time (30 s — 5 min) and followed by a quick centrifugation
for 30 s to separate the catalysts and the supernatants. The final concentrations of H>O> were
monitored by FOX reagent via its absorbance at 560 nm using a UV-Visible spectrometer (Ocean
Optics). The detailed steps of H>O, measurement based on the FOX assay were described as
followed. In general, 50.0 pL supernatant of the reaction mixture containing H>O, was added into
950.0 uL FOX reagent in an Eppendorf tube followed by a 30 min incubation at room temperature.
The absorbance at 560 nm of each Fox assay was compared with the calibration curve to obtain
the corresponding concentration. The kinetic studies of H>O» degradation for each catalase in
MOFs sample were plotted in Figure A5.14. The observed kinetic constant (kobs) of catalase in

MOFs samples were summarized in Table AS5.3.

Examination of stability of freestanding catalase to extreme conditions: To study the
stability to extreme conditions, freestanding catalase samples were exposed to high concentrations
of urea (8.0 M) and treated at high temperature (80 °C). In the urea study, freestanding catalase
samples were introduced into a Tris buffer (pH 7.5, 50 mM) containing final concentrations of 8
M urea, and the mixture was shaken for 30 minutes. Then, hydrogen peroxide as substrate was
introduced to give an initial H>O> concentration of 100 uM and a total volume of 1.0 mL. The
mixture was shaken for a certain time (1 — 30 min) and the concentrations of hydrogen peroxide
were monitored using FOX reagent. A similar procedure was used to study the stability of
freestanding catalase at high temperature (80 "C). Briefly, freestanding catalase samples were
introduced into a Tris buffer (pH 7.5, 50 mM ) and the mixture was shaken for 30 minutes. The
mixture was placed into 80 °C for 3 minutes. Then, the reaction was assayed by adding hydrogen

peroxide as substrate to give the initial H>O» concentration of 100 uM and a total volume of 1.0
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mL. The mixture was shaken for a certain time (1 — 30 min) and the concentrations of hydrogen
peroxide were monitored using FOX reagent. The stability study of freestanding catalase to

extreme conditions were summarized in Figure AS.6

Examination of catalytic activities for lipase and chymotrypsin: The catalytic function
of lipase and chymotrypsin was tested through the hydrolysis of 4-nitrophenyl acetate (pNPA)
based on a reported method.?*® The activity was determined based on the change in concentration
of 4-nitrophenol (pNP), the product of pNPA hydrolysis. The concentrations of enzyme in each
trial were kept the same (0.232 mg). Before each measurement, enzyme in MOF samples were

dispersed in 0.5 mL of Tris buffer (50 mM, pH 7.1) containing proteinase-K (0.2 mg + mL') and

the mixture was incubated at 37 °C for 1 hour. Then, the activity measurements were assayed by
adding 0.5 mL of pNPA (0.1 mM, containing 50 mM Tris buffer (pH 7.1)) as a substrate and the
mixture was shaken for a certain time (1 — 30 min) followed by centrifugation to separate the
catalysts and the supernatants. Then, the reaction was terminated by introducing 50.0 pL
supernatant of the reaction mixture into 950 pL. of NaOH-glycine buffer (0.4 M, pH 10.8). The
final concentration of pNP was determined by measuring the absorbance at 405 nm and compared
with the calibration curve to obtain the corresponding concentration. The observed kinetic constant
(kobs) were calculated by plotting the concentration of pNP (uM) vs reaction time (seconds) and

the results were summarized in Figure AS.10.

Proteinase-K treatment of catalase in MOF samples: The protection of encapsulated
enzyme by MOFs against proteinase-K was tested based on the previous reports.?*” Proteinase-K,
a proteolytic enzyme, has a size (68.3 x 68.3 x 108.5 A) bigger than the aperture (3.5 A) of ZIF-8
and thus not able to digest the encapsulated catalase in MOFs.?*” In general, catalase in MOFs
samples containing 0.232 mg catalase were incubated in a solution containing 500 pL Tris buffer
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(pH 7.5, 100 mM), 200 pL aqueous CaCl, solution (25 mM), and 200 uL D.I. water in a 1.5 mL
centrifuge tube. Then, the mixture was added into a 100 pL aqueous proteinase-K solution (1.0
mg mL") and shaken at 37 °C for 5 h. After this procedure, the proteinase-K treated samples of
catalase in MOFs were collected by centrifugation (14,000 g) for further examination of catalytic

activity. The observed kinetic constant (kobs) of proteinase-K treated samples were summarized in

Table AS.3 and plotted in Figure AS.14.

The kinetic parameters of catalase in MOF samples: The kinetic parameters were

studied based on the Michaelis-Menten equation.**®

Vmax [S]

0= &y + 5]

In this equation, Vo is the initial catalytic velocity; Vmax is the maximum rate of the
enzymatic catalysis when the enzyme is saturated with substrate. Km is the Michaelis-Menten
constant. The kinetic parameters Ky and Vmax can be obtained by measuring the initial rates of the
reaction with different initial substrate concentration using a Lineweaver—Burk plot as shown

below.?*

In general, the initial velocities of catalase in MOFs samples were determined using the
average of observed kinetic constants of H>O» decomposition during t = 0 - 300 s, and the initial
substrate concentration was determined at t = 0 s. Depending on the calculated initial velocities at
varied substrate concentrations, the Lineweaver-Burk Plot was plotted (Figure AS. 16 and AS.17),
and the two kinetic parameters, Km and Vmax were determined from the Lineweaver-Burk plot. All

catalytic measurements were conducted using the same catalase amount in each test (0.232 mg).
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Quantification of catalase loading in MOFs: Bradford reagent was utilized as the
standard method to determine enzyme loading in each MOFs sample. Commercially available
Bradford reagent was purchased from Amresco®. The standard operating protocol provided by
the supplier was followed. The loadings of encapsulated catalase in MOFs were determined by
decomposing the catalase in MOFs samples and reacting with the Bradford reagent. It has been
suspected that the MOFs can interfere the analysis of Bradford assay. Therefore, the corresponding
calibration curve was established by dissolving ZIF-8 coated ZIF-67 core/shell nanoparticles in
aqueous catalase solutions containing varied concentrations of free catalase to MOFs (0 — 30%),
75 mM NaCl, and 50 mM HCI. Followed the standard protocol from the supplier, 100 pL analyte
solution was added into 1 mL Bradford reagent, and the mixture was shaken for 2 min. The
absorbance of the mixture at 595 nm was measured to plot the calibration curve as shown in Figure

AS.18.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis: To confirm the existence
of encapsulated catalase inside the MOFs, sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was carried out. Each catalase in MOFs sample was dissolved in 1
mL 0.2 M HCI. After the powder dissolved completely, the solution was concentrated by
centrifugation (14,000 g) with a centrifugal filter (10 kDa). Then, 15 pL concentrated supernatant
was mixed with 5 pL loading buffer (Tris buffer, pH = 6.5, 240 mM; 8.0% SDS; 0.04% (w/v)
bromophenol blue; 40.0% glycerol; 5.0% B-mercaptoethanol) and heated at 95 °C in water for 5
min. The mixture was loaded on the top of the SDS-PAGE for further electrophoresis at 20 mA.
The SDS-PAGE was composed of 4.0% polyacrylamide stacking gel and 12.0% polyacrylamide

resolving gel. After electrophoresis, the gel was stained by Commassie Blue. The excess
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Commassie Blue on gel was rinsed out with a solution containing 100 mL D.I. water, 80 mL

methanol, and 20 mL acetic acid.

Synchrotron small angle X-ray scattering analysis: Small angle X-ray scattering (SAXS)
analysis with synchrotron light source was applied to observe the hollowing process applied on
the confined catalase in solid MOFs to form the freestanding catalase in hollow MOFs. The solid
MOFs nanoparticles with varied hollowing incubation times, 15 min, 30 min, and 5 h, were
dispersed in ethylene glycol (1 mg/mL) and loaded into a 4-loaded rocking cell for the SAXS

experiment.

The data of small angle X-ray scattering were collected at the BL23A1 SWAXS end station
of the National Synchrotron Radiation Research Center (NSRRC), Taiwan. For the instrumental
setting, the accelerating voltage of X-rays (wavelength A= 0.8266 A) is 15 keV and the sample-to-
detector distance is 2,967 mm. The scattering vector q is defined by 4msinBsA"! with a scattering
angle of 20 that covered the q range from 0.007 to 0.46 A-!. The reduction of two-dimensional
scattering data was processed to an incident count, which was corrected for background radiation,
detector sensitivity, buffer transmission, buffer scattering, and sample transmission, and radially

averaged to produce I(g) vs. q profiles by using conventional procedures.?*°

All data of form-factor scattering analyses were calculated by the elliptical cylinder model via
NIST NCNR analysis Macros in IGOR Pro.?*! The elliptical cylinder model function calculated is

defined as:

1
1(q) = scale x f W.[q, a(1 — x?)/?]|S?(qHx/2)dx + bkg
0

with the function:
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‘Pec(q,a)=gf Aflqa|——+—5—cos(y) dy
0

Ay =2/,(D)/t

and J; (t) is the first order Bessel function. The elliptical cylinder is with a total length H, minor

radius a, and major radius va.
V= Rmajor/Rminor =1

The value of y? provides the deviation between the model fitting curves and experimental data.

The x? equation is defined as:

_ 1 Iexp (Si) - Is (Si)
X = NZ [ o(si) l

where N is the number of experimental points, Iy, (S;)is the experiment curve, I(s;) is model

fitting SAXS curves, and o(s;) is the experiment standard deviation.
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5.5 Appendix
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Figure AS5.1: Nitrogen isothermal sorption profiles of catalase encapsulated in solid and hollow

MOFs.
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Figure AS5.2: PXRD patterns of catalase encapsulated in solid MOFs, hollow MOFs, and solid

ZIF-8 as-synthesis.
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Figure A5.3: SDS-PAGE of free catalase, catalase in solid MOFs, catalase in hollow MOFs, and

catalase in solid ZIF-8.
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Figure A5.4: Infrared spectra of confined catalase, intermediate and freestanding catalase.
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Figure AS.5: Fluorescence spectra of confined catalase, intermediate and freestanding catalase

after exposure to 8 M urea. All assays were performed in Tris buffer (pH 7.5, 50 mM).
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Figure AS5.6: Maintained activity for H>O, degradation of freestanding catalase after incubation

with 8.0 M urea, and after treatment at 80 °C for 3 min.
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Figure AS5.7: PXRD patterns of catalase encapsulated in solid MOFs, hollow MOFs, and solid

ZIF-8 after catalysis.
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Figure AS5.9: Kinetic study of the confined catalase in solid ZIF-8 with higher substrate

concentration (H20», 1000 uM) for diffusion test of H>O».
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Catalase in solid ZIF-8

Figure AS.11: TEM and SEM images of catalase in solid ZIF-8.
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Figure AS.12: Nitrogen isothermal sorption profiles of catalase in solid ZIF-8.
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Figure AS.13: The corresponding calibration curve of FOX assay for HO> measurment.
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Figure AS5.14: The kinetic studies of H>O> degradation for the confined catalase in solid MOFs

and freestanding catalase in hollow MOFs before and after the treatment of proteinase-K solution,

respectively.
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Figure A5.16: Lineweaver—Burk plot for determination of the kinetic parameters for the confined

catalase in solid MOFs.
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Figure AS5.17: Lineweaver—Burk plot for determination of the kinetic parameters for the
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Figure A5.18: The calibration curve of catalase concentration using Bradford assay.
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Table AS.1: Enzyme loading amounts of catalase in MOF samples

Sample Enzyme loading amount (wt %)
Confined catalase in solid MOFs 8.29+0.49

Freestanding catalase in hollow MOFs 11.59+£0.32

Confined catalase in solid ZIF-8 9.22+0.15

Table AS5.2: Nitrogen isothermal sorption profiles of catalase in MOF samples.

BET Surface area Total pore volume
(m? g™ (cm’ g™
Confined catalase in solid MOFs 686.17 0.526
Freestanding catalase in hollow MOFs  758.24 0.508
Confined catalase in solid ZIF-8 852.42 0.468
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Table A5.3: Kinetic parameters — kobs(s™) of catalase in MOF samples.

W/O proteinase-K Y/ proteinase-K

Samples/?! s )
Confined catalase in solid MOFs 43 x103 4.5x102
Freestanding catalase in hollow MOFs 1.1 x 10 1.0 x 1072
Confined catalase in solid ZIF-8 5.6 x107 N/A

[a] A1l assays performed in Tris buffer (pH 7.5, 50 mM).
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6.0 Chapter 6:

Summary and Perspectives

In this thesis, we have established that the hybrid interfaces between heterogeneous catalysts and
MOFs can be designed to promote catalytic selectivity. We have systematically probed the NP-
MOF interface generated by several commonly used approaches (encapsulation, impregnation, etc.)
by IR and Raman spectroscopy. We have revealed the significant differences in structures of the
NP-MOF interface between different synthetic methods, despite the similar appearance of the
samples observed by electron microscopy. These differences in interfacial structure dramatically
impact selectivity to unsaturated alcohol in crotonaldehyde hydrogenation. For example, the
interface generated by the coating approach contains trapped capping agents. This trapped capping

agent reduces crotyl alcohol selectivity for the hydrogenation of crotonaldehyde.

We have addressed the challenge of controlling the inorganic-organic NP-MOF interface
by utilizing weakly adsorbed capping agents during the MOF coating process. Their dynamic
nature allows for their gradual dissociation from the NP surface with the assistance of the organic
MOF linkers. Thus, direct chemical interactions can be built between NP and MOF, generating a
clean and well-defined interface. Combined with conventional techniques, we revealed the relative

orientation and facet alignment at NP-MOF interfaces.

We have built a solid understanding of how various MOF components affect the catalytic
selectivity catalyzed at the NP-MOF interface. We systematically elucidated how the identity of

the ligands and metal-oxo nodes of UiO-66 affects the hydrogenation of cinnamaldehyde. Ligand
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functionalization of the MOF linker caused minor changes in the catalytic selectivity for the
desired unsaturated alcohol. The replacement of inorganic nodes from Zr-oxo nodes to Ce-oxo
nodes, on the other hand, greatly enhanced the selectivity. Infrared spectroscopic observations
suggest that the interaction of the C=0 group with the Ce-oxo0 node plays an important role in the
enhanced hydrogenation of this bond. We show the critical role of metal-oxo nodes in regulating
the catalytic selectivity of metal NPs in specific reactions. The understanding established in this

work lays the foundation for further optimization of MOF-based heterogeneous catalyst design.

By extending the concept to other catalysis systems, we have discovered unconventional
catalytic behaviors in catalysts confined in MOF microcrystals. Using the catalase enzyme as the
model system, we demonstrated that chemical interactions between enzymes and MOFs are critical
to maintaining the biological functions of confined enzymes. By systemically tuning the structure
of MOF crystals, we observed that the enzymes gradually changed from a confined form in the
solid MOF crystals to a freestanding form sealed inside of the central cavity of the hollow MOF
crystals. The freestanding enzymes in the hollow MOFs show higher activity, attributed to their
lesser chemical interactions and confinement. This study highlights the importance of the
freestanding state for the biological function of encapsulated enzymes and presents a new way to

immobilize freestanding enzymes in MOFs.

Our achievements in this thesis have established design rules for engineering
microenvironments around active sites of catalysts using crystalline MOFs. The spectroscopic
protocols established in this thesis allow the study of complicated hybrid interfaces, providing
further details on the key MOF component in catalytic performance. Here, we propose some
possible directions that may further define important bricks in the foundation for further refining

MOF-based heterogeneous catalyst design.
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Figure 6.1: Schematic illustration of (a) tuning the identity of metal-oxo nodes to promote the
hydrogenation of C=0O bonds and (b) three energy-related conversions whereas the catalytic

selectivity could be promoted by activating chemical bonds.

We envision an increased focus on exploring broadly the mechanisms that can promote the
performance over a wide range of important chemical transformations. For example, we have
shown the metal-oxo node plays an important role in the enhanced hydrogenation of C=0O bonds
(Figure 6.1). The activation relies on the identity of the nodes and can potentially benefit several
energy-related conversions, such as selective biomass activation, selective hydrogenation of
nitroaromatics, and the activation of small molecules. Recently, we have observed that CO»
molecules favor the bend configuration at the NP-MOF interface.%® 252 The mechanistic picture of

the critical components of this CO> activation is unclear. Still, we estimate the outcome of this
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mechanistic picture to modify the configuration of intermediates at the NP-MOF interface can
broadly influence many challenging reactions, such as the direct C-H carboxylation. Building on
the plausible mechanistic pictures, we expect an increased focus on designing well-controlled
microenvironments by tuning organic linker ligands, inorganic nodes, and pore structures to

promote catalytic performance.

Figure 6.2: TEM images of the core-shell MOF microcrystal with the core consisting of radical-
labile ligands etched by HNOs for different times, (a): 5 h, (b): 10 h, (c): 24 h. or by reactive
oxygen species for different times, (d): 0.5 h, (e): 1.0 h, (f): 1.5 h. Figure adapted from ref. [194]

Beyond the heterogeneous catalysis, we predict the increased observation of
unconventional catalytic behaviors in catalysts confined in MOF microcrystals. For example, we
have expanded the same concept to enhance the stability of DNA-based hybrid catalysts
(DNAzymes).?>> The composite catalyst survived heating at high temperature, exposure to
Exonuclease I, and incubation in organic solvents, whereas free DNAzymes were denatured in all
cases. Lastly, we expect synthetic methods developed in this thesis could allow precise control
over hierarchical structures in the MOF microcrystals (Figure 6.2). For example, we have

developed a directional engraving process to realize the hierarchical control in the MOF
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microcrystals.!®* We presented the oxidative linker cleavage process for selective breakage in
single-crystalline MOF microcrystals. By regulating the diffusion of oxidative species, the MOF
microcrystals undergo divergent etching routes, producing a series of single-crystalline hollow and
yolk—shell MOF structures. The broader impact of this thesis is expected to be the advancement
of material design to control chemical catalysis through a tailored microenvironment around the

active sites of catalysts.
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