UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title

Development of Molecular Catalysts to Bridge the Gap between Heterogeneous and
Homogeneous Catalysts

Permalink
https://escholarship.org/uc/item/35g94v3vw
Author

Ye, Rong

Publication Date
2017

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/35g4v3vw
https://escholarship.org
http://www.cdlib.org/

Development of Molecular Catalysts to Bridge the Gap between Heterogeneous
and Homogeneous Catalysts

by
Rong Ye

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Chemistry
in the
Graduate Division
of the
University of California, Berkeley

Committee in charge:
Professor Gabor A. Somorjai, Chair

Professor F. Dean Toste
Professor Alexander Katz

Fall 2017



© Copyright 2017
Rong Ye
All rights reserved



Abstract

Development of Molecular Catalysts to Bridge the Gap between Heterogeneous and
Homogeneous Catalysts

by
Rong Ye
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Gabor A. Somorjai, Chair

Catalysts, heterogeneous, homogeneous, and enzymatic, are comprised of
nanometer-sized inorganic and/or organic components. They share molecular factors
including charge, coordination, interatomic distance, bonding, and orientation of
catalytically active atoms. By controlling the governing catalytic components and
molecular factors, catalytic processes of a multichannel and multiproduct nature could be
run in all three catalytic platforms to create unique end-products. Unifying the fields of
catalysis is the key to achieving the goal of 100% selectivity in catalysis.

Recyclable catalysts, especially those that display selective reactivity, are vital for
the development of sustainable chemical processes. Among available catalyst platforms,
heterogeneous catalysts are particularly well-disposed toward separation from the
reaction mixture via filtration methods, which renders them readily recyclable.
Furthermore, heterogeneous catalysts offer numerous handles — some without
homogeneous analogues — for performance and selectivity optimization. These handles
include nanoparticle size, pore profile of porous supports, surface ligands and interface
with oxide supports, and flow rate through a solid catalyst bed. Despite these available
handles, however, conventional heterogeneous catalysts are themselves often
structurally heterogeneous compared to homogeneous catalysts, which complicates
efforts to optimize and expand the scope of their reactivity and selectivity.

Ongoing efforts are aimed to address the above challenge by heterogenizing
homogeneous catalysts, which can be defined as the modification of homogeneous
catalysts to render them in a separable (solid) phase from the starting materials and
products. Specifically, we grow the small nanoclusters in dendrimers, a class of uniform
polymers with the connectivity of fractal trees and generally radial symmetry. Thanks to
their dense multivalency, shape persistence and structural uniformity, dendrimers have
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proven to be versatile scaffolds for the synthesis and stabilization of small nanoclusters.
Then these dendrimer-encapsulated metal clusters (DEMCs) are adsorbed onto
mesoporous silica. Through this method, we have achieved selective transformations
that had been challenging to accomplish in a heterogeneous setting, e.g. 1-bond
activation and aldol reactions. Extensive investigation into the catalytic systems under
reaction conditions allowed us to correlate the structural features (e.g. oxidation states)
of the catalysts and their activity. Moreover, we have demonstrated that supported
DEMCs are also excellent catalysts for typical heterogeneous reactions, including
hydrogenation and alkane isomerization. Critically, these investigations also confirmed
that the supported DEMCs are heterogeneous and stable against leaching.

Catalysts optimization is achieved through the modulation of various parameters.
The clusters are oxidized (e.g., with PhICI) or reduced (e.g., with Hy) in situ. Changing
the dendrimer properties (e.g., generation, terminal functional groups) is analogous to
ligand modification in homogeneous catalysts, which affect both catalytic activity and
selectivity. Similarly, pore size of the support is another factor in determining product
distribution. In a flow reactor, the flow rate is adjusted to control the residence time of the
starting material and intermediates, and thus the final product selectivity.

Our approach to heterogeneous catalysis affords various advantages: (1) the
catalyst system can tap into the reactivity typical to homogeneous catalysts, which
conventional heterogeneous catalysts could not achieve; (2) unlike most homogeneous
catalysts with comparable performance, the heterogenized homogeneous catalysts can
be recycled; (3) improved activity or selectivity compared to conventional homogeneous
catalysts is possible because of uniquely heterogeneous parameters for optimization.

While localized surface plasmon resonance (LSPR) provides a powerful platform
for nanoparticle catalysis, our studies suggest that in some cases interband transitions
should be considered as an alternative mechanism of light-driven nanoparticle catalysis.
The benefits already demonstrated by plasmonic nanostructures as catalysts provided
the impetus for examining complementary activation modes based on the metal
nanoparticle itself. Leveraging these transitions has the potential to provide a means to
highly active catalysis modes that would otherwise be challenging to access. For
example, for the preparation of highly active metal catalysts on a subnanosized scale is
challenging, thus limiting their exploitation and study in catalysis. Our work suggests a
novel and facile strategy for the formation of highly active gold nanocluster catalysts by
light illumination of the interband transitions in the presence of the appropriate substrate.
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Introduction

This dissertation contains eight chapters. Chapter 1 provides an overview of
modern molecular catalysis science and explains the desire to unify the heterogeneous,
homogeneous, and enzyme catalysts. Chapter 2 discusses the main experimental
techniques involved in the research in this dissertation. Chapter 3 gives an overview of
the supported dendrimer-encapsulated metal clusters, a key research area in this
dissertation.  Chapters 4-6 cover the details of studying supported
dendrimer-encapsulated metal clusters in specific reactions, including the ring-opening
of cyclopropane derivatives, aldol reactions, and the hydroisomerization of
methylcyclopentane. Chapter 7 covers an unexpected method of the formation of highly
active clusters, i.e., through the hot carriers generated from harvesting the energy from
light via the interband transition of gold nanoparticles. A thorough investigation of the
mechanism of the hot carrier generation is presented. Chapter 8 provides a different way
of studying the hydroisomerization of methylcyclopentane, namely, through platinum
nanoparticles supported onto mesoporous zeolites. The effects of acid concentrations
and strengths on the product selectivity are analyzed in detail.

An artwork designed for the manuscript of Chapter 3 was published as the cover
art of the September Issue of Accounts of Chemical Research in 2017. Since this cover
art can serve as an apt illustration of the theme of this dissertation, it is cited below
(credit: American Chemical Society). In this figure, the tree rooted to the ground
represents a supported dendrimer. The yellow spheres on the left or right side of the
branches denotes the metal clusters in the reduced (metallic) or oxidized (ionic) states,
respectively. The supported dendrimer-encapsulated metal clusters are able to
accelerate reactions that typically require either heterogeneous (e.g. hydrogenation) or
homogeneous (1-bond activation) catalysts. Thus, the catalyst system of supported
dendrimer-encapsulated metal clusters represents a strategy of bridging the gap
between heterogeneous and homogeneous catalysis.
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Chapter 1 — Molecular Catalysis Science: Perspective on

Unifying the Fields of Catalysis

(This chapter covers similar material as in Ye, R.; Hurlburt, T. J.; Sabyrov, K.; Alayoglu,
S.; Somorjai, G. A. Proc. Natl. Acad. Sci. U.S.A. 2016, 113, 5159-5166. — reproduced
with permission, copyright 2016 National Academy of Sciences.)

Abstract

Colloidal chemistry is used to control the size, shape, morphology, and
composition of metal nanoparticles. Model catalysts as such are applied to catalytic
transformations in the three types of catalysts: heterogeneous, homogeneous, and
enzymatic. Real-time dynamics of oxidation state, coordination, and bonding of
nanoparticle catalysts are put under the microscope using surface techniques such as
sum-frequency generation vibrational spectroscopy and ambient pressure X-ray
photoelectron spectroscopy under catalytically relevant conditions. It was demonstrated
that catalytic behavior and trends are strongly tied to oxidation state, the coordination
number and crystallographic orientation of metal sites, and bonding and orientation of
surface adsorbates. It was also found that catalytic performance can be tuned by
carefully designing and fabricating catalysts from the bottom up. Homogeneous and
heterogeneous catalysts, and likely enzymes, behave similarly at the molecular level.
Unifying the fields of catalysis is the key to achieving the goal of 100% selectivity in
catalysis.



1.1 Background and motivation

During the last 20 years the field of catalysis has evolved into molecular
science. Its exponential rise in applications and the publications that it has produced
testify to its utility and scientific and technological importance. This chapter aims to
summarize how this happened and points to the future in two areas of focus: 1) the
molecular science of chemical energy conversion, and 2) possible integration of the
three fields of catalysis, heterogeneous, homogeneous, and enzyme. Our laboratory is
among the few where the field of catalysis is investigated in an integrated manner in
order to develop a molecular understanding of the field of catalysis.

Two major breakthroughs have revolutionized molecular catalysis science over
the last 20 years. The first is in the development of nanomaterials science,' which has
made it possible to synthesize metallic,>” bimetallic, and core-shell nanoparticles;*
mesoporous metal oxides;'®!" and enzymes'*'® in the nanocatalytic range between 0.8
and 10 nm. The second innovation is in the advancement of spectroscopy and
microscopy instruments'?® — including nonlinear laser optics;*' sum-frequency
generation vibrational spectroscopy;???* and synchrotron-based instruments, such as
ambient pressure X-ray photoelectron spectroscopy,®?*?’ X-ray absorption near-edge
structure (XANES), extended X-ray absorption fine structure (EXAFS),?®° infrared (IR)
and X-ray microspectroscopies,®® and high-pressure  scanning  tunneling
microscopies®*** — that characterize catalysts at the atomic and molecular levels under
reaction conditions.>* Most of the studies that utilize these techniques focus on
nanoscale technologies, such as catalytic energy conversion and information storage,
which have reduced the size of transistors to below 25 nm.*

Catalysts are classified into three types — heterogeneous, homogeneous, and
enzymatic — and in most cases range in size from 1 to 10 nm, which is even smaller
than the transistors being developed by the latest size-fabrication technologies.
Heterogeneous catalysts work in reaction systems with multiple phases, e.g., solid-gas
or solid-liquid phase; homogeneous catalysts reside in the same phase as the reactants,
almost always in the liquid phase; and enzymatic catalysts, which are most active in an
aqueous solution, make use of active sites in proteins. The catalysis of chemical energy
conversion provides ever-increasing selectivity in producing combustible hydrocarbons,
gasoline, and diesel.

The tenets that direct our catalysis research involve nanoparticle synthesis;
characterization under reaction conditions; and reaction studies using these
nanoparticles to determine kinetics, selectivity, deactivation, and other catalytic kinetic
parameters. These variables are studied in the same research group as they are the
underpinning of molecular catalysis. The hypothesis that we are striving to support is that
the three fields of catalysis (heterogeneous, homogeneous and enzyme) behave
similarly on the molecular level. These ongoing studies as well as their success and

future outlook are the subjects of this chapter.
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1.2 Metal nanoparticles for size-dependent covalent bond catalysis

The major technique for the synthesis of nanoparticle catalysts is colloid
chemistry (Fig. 1A). These nanoparticle-based catalysts are produced with precisely
controlled sizes in the 1-10 nm range in two dimensions using the Langmuir-Blodgett
technique® or placed on porous three-dimensional supports. The nanoparticles, mostly
metals, are placed in a microporous and mesoporous support. The mesoporous support
is made with mesoporous silica between 5-25 nm pores coated by a transition metal
oxide. The silica is removed by leaching with sodium hydroxide to leave behind a
mesoporous template that is loaded up with nanoparticles used for catalytic studies. The
oxide itself, as it will be shown, is often a very important ingredient for catalytic
reactions™”.
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Fig. 1. Examples of size and shape control of nanoparticles. (A) Schematics of Pt
nanoparticles synthesis by the polyol reduction method. (B) Transmission electron
microscopy (TEM) images and ball models of Pt nanoparticles with different shapes. (C)
Left: Particle size distribution histograms of the Pt/SBA-15 series catalysts obtained from
TEM images. The number inserts indicate the mean particle diameter and standard
deviation for each sample. Right: TEM and HRTEM images of Pt nanocrystals with
different shape and size. TEM images of (a) 9 nm nanocubes, (¢) 7 nm nanocubes, (e) 6
nm nanocubes, (g) 5 nm nanocubes, (/) 5 nm nanopolyhedra, and (k) 3.5 nm nuclei.
HRTEM images of a single (b) 9 nm nanocube, (d) 7 nm nanocube, (f) 6 nm nanocube,
and (h) 5 nm nanocube along the [100] zone axis. HRTEM images of a single (j) 5 nm

nanopolyhedron, and (/) 3.5 nm nucleus along the [111] zone axis. The scale bars are 20
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nm in the TEM images and 1 nm in the HRTEM images. Figures adapted with
permission from: B, ref. 36, ACS; C(left), ref. 38, Elsevier; C(right), ref. 39, ACS.
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Fig. 2. Examples of shape and size dependence of nanoparticle catalysts. (A) Reaction
pathways and possible products of methylcyclopentane hydrogenation reaction
catalyzed by Pt nanoparticles with different shapes. (B, Left) CO consumption turnover
frequency for the CO hydrogenation at 5 bar (H,:CO = 2:1) for various sizes of cobalt
nanoparticle catalysts supported on MCF-17. The turnover frequency (TOF) corresponds
to the number of CO molecules converted in time divided by the number of cobalt atoms
at the catalyst surface. (Right) Selectivities toward hydrocarbons with a carbon number
of 5 and higher (Cs.) and methane selectivities (SCH4) as a function of cobalt crystallite
sizes for hydrogenation of carbon monoxide (H2:CO = 2:1) at 5 bar and 250 °C. Both
selectivities are expressed relative to the total number of carbon atoms converted.
Panels adapted with permission as follows: A, ref. 40, Springer; B, ref. 41, Springer.

In our work, we found that the size and shape of metal nanoparticles control both
catalytic reaction rates and selectivity. We also learned that all of these multipath
reactions show size dependence in their turnover rates and selectivity.> It is possible to
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achieve different shapes of platinum nanoparticles (Fig. 1B) and the size regime of
platinum nanoparticles can be sharply focused in the 1.5 to 8.0 nm range (Fig. 1C). Such
a well-defined particle size and distribution are essential to detecting the turnover rates
of the hydrogenation of either benzene or toluene, as they are structure sensitive. We
also observed fourfold change in turnover rates between nanoparticles of platinum in the
2-4 nm range and in the 4-6 nm range. The size and shape dependence of
nanoparticles can readily be controlled by colloid science technology (Fig. 1C).%¢%%%
The isomerization of methylcyclopentane is much more shape dependent on the
platinum nanoparticles than size dependent (Fig. 2A).*° In the case of the
Fischer-Tropsch CO hydrogenation reaction, the product distribution is size dependent*’
and the turnover rate increases fivefold with increasing size (Fig. 2B).

1.3 Characterization under reaction conditions

Previous studies only examined catalysts before use (i.e., as-made or pre-natal
catalysts) and after use (i.e., spent or post-mortem catalysts) and thus could not
determine how a metal nanocatalyst’'s structure and other properties, including
composition and oxidation states, would change as a function of reaction time,
temperature, and pressure.

Engineering chemical and physical properties at molecular levels is a challenging
task that requires tools and strategies known as in situ probing to characterize catalysts
in action. This in situ method measures macroscopic and microscopic properties
simultaneously or separately under identical or similar conditions in an attempt to
correlate function and structure.®' In addition to this in situ approach, surface techniques
— with temporal, spatial, and chemical resolutions in their respective scales of
subsecond, subnanometer, and vibrational and electronic levels — are prerequisites to
gaining molecular insight into catalysts’ operations.**** These techniques are often
based on detecting outbound electrons, photons, or ions of catalysts of interest upon
excitation with high-energy electrons or photons in a broad electromagnetic spectrum
ranging from radio waves to IR and visible light, and to UV and X-rays. Monochromated
in energies and collimated or focused in space, these probes carry electronic, vibrational,
and bonding information, giving away fundamental details of the otherwise hidden
components of a catalyst — pieces of a puzzle, and snapshots of a bigger picture.

Fig. 3A shows sum-frequency generation nonlinear optical spectroscopy,?* which
is very sensitive to the surface adsorbed species under -catalytic reaction
conditions.?***4® Several molecular species are found?® on the surface during ethylene
hydrogenation, cyclohexene hydrogenation, and dehydrogenation (Fig. 3B). While some
species, as well as their turnover rates, change dynamically under these conditions,
others are merely spectators. The mechanistic details are revealed by sum-frequency
generation under reaction conditions.
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Fig. 3. In situ characterization of catalyst surfaces using sum-frequency generation (SFG)
and XPS. (A) Schematic of a high-pressure SFG system, a vibrational spectroscopic tool
for probing the adsorbed species during the catalytic reaction. (B) SFG spectra of
adsorbed species on Pt (111) during ethylene hydrogenation under 35 torr of ethylene,
100 torr of Hy, and 625 torr of He. (C) Schematic of ambient pressure XPS setup at
Beamline 9.3.2 of the Advanced Light Source at Lawrence Berkeley National Laboratory.
(D) Evolution of Rh (Rh®+Rh*") and Pd (Pd’+Pd?*) atomic fractions in the RhosPdos NPs
at 300 °C under oxidizing conditions (100 mtorr NO or O;) and catalytic conditions (100
mtorr NO and 100 mtorr CO) denoted in the x axis. APXPS, ambient-pressure X-ray
photoelectron spectroscopy; NP, nanoparticles. Panels adapted with permission as
follows: A, ref. 25, American Chemical Society; B, ref. 23, Elsevier; C, ref. 27; D, ref. 8,
AAAS.

Ambient pressure X-ray photoelectron spectroscopy (XPS) is shown®%>?7

schematically in Fig. 3C. Bimetallic nanoparticles are shown being studied by this
technique. Palladium-rhodium bimetallic nanoparticles 15 nm in size show rhodium
segregation under nitric oxide (NO)-adsorption-induced oxidizing conditions. Palladium
catches up with rhodium surface composition when we add a reducing gas — carbon
monoxide (CO) — adsorbed on the surface.® The outcome of these studies is to show



that bimetallic nanoparticles undergo a surface composition change that is driven by
dynamic chemical oxidizing and reducing environments (Fig. 3D).

A high-pressure scanning tunneling microscope (STM) shows that the
adsorbates reacting on the catalyst surface are mobile under reaction conditions. For
example, when cyclohexene hydrogenation and dehydrogenation turnovers are
measured under reaction conditions, the STM image is diffused. This observation
indicates that the adsorbate molecules move at a faster rate than the scanning tunneling
tip’s surface motion of 100 A per millisecond. However, if the surface is contaminated by
carbon monoxide adsorption, cyclohexene hydrogenation and dehydrogenation reaction
turnovers come to a halt, and an ordered surface structure forms, which is readily
detectable by STM. We observed that not only are the adsorbed molecules mobile under
catalytic reaction conditions, but the adsorbate-induced restructuring of the metal
surfaces is also enhanced by high reactant pressures. The stepped platinum single
crystal surfaces became clustered and rearranged at high-pressure carbon monoxide
adsorption (Fig. 4A). This clustered formation is reversible, however: when carbon
monoxide is removed from the surface by evacuation,® the stepped structure of the
original crystal surface is reestablished.
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Fig. 4. In situ characterization of catalysts in decreasing sizes using STM, XPS,
near-edge X-ray absorption fine structure (NEXAFS), and EXAFS. (A) STM images of
P1(557) in increasing pressure of CO from 1 x 107" torr to 1 torr and the corresponding
CO coverage determined by APXPS. STM images are 40 nm by 50 nm in size. (B)
Turnover frequency relative to rhodium foil at 50 torr O, 20 torr CO, at 200 °C, and

7



activation energy (150-225 °C) for CO oxidation. APXPS data show the difference of
oxidation state of nanoparticles with 2 nm diameter and 11 nm diameter. (C, Top) A
scheme based on the X-ray absorption spectroscopy (XAS) results, showing possible
structures of the dendrimer-encapsulated Pt catalyst after reduction and oxidation
treatment. The gray spheres represent the metallic Pt clusters. The surface Pt chlorides
are indicated by red circles. The small blue and green species represent the Pt(ll) and
Pt(IV) species formed after oxidation treatment. (Middle) The fractions of Pt(0) and Pt(ll)
and Pt(IV) chloride species of the Pt catalyst derived from NEXAFS analysis. (Bottom)
Average coordination numbers of Pt atoms in the supported Pt catalyst after a sequence
of hydrogen reduction and PhICl, oxidation treatments in the toluene derived from
EXAFS analysis. Panels adapted with permission as follows: A, ref. 33, AAAS; B, ref. 46;
C, ref. 29, American Chemical Society.

1.4 Oxidation state of nanoparticles changes with decreasing size:
Conversion of heterogeneous to homogeneous catalysis

When CO oxidation was studied on rhodium nanoparticle surfaces as a function
of size below 2 nm, the CO oxidation rates increased by thirtyfold. Ambient pressure
XPS studies*® indicated that the higher turnover rates are due to the oxidation state of
rhodium changing from metallic rhodium to rhodium>* (Fig. 4B). Similar studies on
platinum indicated that platinum nanoparticles above 1.5 nm are metallic; however, the
studies also found that platinum below 1.5 nm and as low as 0.8 nm are in the 2" and 4"
oxidation states.?**’ Because very few bulk atoms are available for these nanoparticles,
they become dominated by low coordination surface atoms, and as a result, their
electronic structure changes. Narskov et al.*® have studied this process and found that
the adsorption energy of oxygen on gold nanoparticles changes as a function of a
decrease in size. Because there is a decrease in the gold coordination number at the
adsorption sites and fewer than 55 atoms, which is slightly more than 1 nm, the gold
becomes oxidized to gold 1" and 3" instead of metallic gold.

The homogeneous catalysts are usually single transition metal ions, surrounded
by ligands. As a result, we tried to use these small nanoclusters, which have controlled
high oxidation states to carry out homogeneous catalysis. We adsorbed the small
nanoclusters on dendrimers, treelike polymers that hold these nanoparticles throughout
its branches. We found that these dendrimer-encapsulated nanoparticles are excellent
homogeneous catalysts, so we managed to heterogenize homogeneous catalysts by
using nanoparticles composed of 40 atoms of rhodium, palladium, gold, or platinum for
reactions including hydroformylation, decarbonylation, and other commonly known
homogeneous catalytic reactions.>*'4"493 We demonstrated that catalytic reactivity and
selectivity could be tuned by changing the dendrimer properties, in a similar fashion to
ligand modification in an organometallic homogeneous catalyst.>"*® X-ray absorption
spectroscopy studies (XANES and EXAFS) showed?®*° that the nanoparticles dispersed
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to small low coordination clusters under oxidizing conditions, but reassembled to the
original 1 nm particles when under reduction by reactants, products, or the dendrimers
(Fig. 4C). This process is also reversible.

Likewise, single site homogeneous catalysts are low coordination systems
comprised of ligands that control electronic structure and chemistry at the molecular
level.?*** By controlling types and binding of ligands, a high level of selectivity (regio-
and enantio-selectivity) is obtained in homogenized catalytic reactions. Capping agents
used in colloidal synthesis, similar to ligands in single site organometallic complexes,
can be utilized to control selectivity in heterogenized homogeneous reactions, which, as
of today, remains a great challenge.

1.5 Oxide-metal interfaces as active sites for acid-base catalysis

Platinum is an excellent hydrogenation catalyst of many organic molecules, such
as crotonaldehyde. When platinum nanoparticles of the same size are placed on two
different oxides — silica and titania — one can see that the turnover rates and the
selectivities are much higher when titania rather than silica is used as a support. The
importance of the oxide support for metal catalysts to change selectivities and product
distributions is well known. This phenomenon of the oxide support effect on catalytic
reaction rates where the oxide alone does not carry out the same or any reaction is
called positive strong metal support interaction (SMSI) in the literature.’® It is the charge
transfer ability of reducible oxide supports that acts on the performance of metal
catalysts, but how does charge regulate catalytic processes?

An explanation was found by surface physics studies of hot electron emission
under light illumination that was carried out by exothermic catalytic reactions on metal
surfaces,”® such as CO oxidation or hydrogen oxidation (Fig. 5A). The deposited energy
produces high kinetic energy electrons that have a mean free path within the metal in the
range of 5 to 10 nm. The chemical energy deposition in metals to produce hot electrons
has been well demonstrated by Rettner and coworkers® using highly vibrationally
excited NO molecules impinging on gold as compared to lithium fluoride surfaces. On
gold, the NO molecules in the 15" vibrationally excited state lose 1.5 eV energy to
produce molecules in the 8" vibrational state. On the other hand, the vibrationally excited
NO molecules lost no energy when they scattered from lithium fluoride, which has no
free electrons. The hot electron generation can be observed by using exothermic
catalytic reactions on a Schottky diode on platinum and titanium oxide where the
platinum is less than about 5 nm in thickness. The charge flow between the platinum
and the titanium oxide allows one to determine the current flow in the battery
configuration shown in Fig. 5A. One can detect a so-called chemicurrent, which is
correlated with the turnover rate of exothermic CO oxidation or hydrogen oxidation
reactions . Theoretical calculations showed that the transition state in these processes
involves CO, or H,O" which yields the chemicurrent that is proportional to the turnover
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rate. In this study, acid-base catalysis is correlated with charge concentration, and not
with surface area. On the other hand, covalent bond catalysis is known to be surface
area dependent. These two modes of catalysis are the major ways chemistry occurs in
most catalytic processes.
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Fig. 5. Evidence for the importance of the metal oxide support on catalysis. (A, Left)
Schematic of Pt/TiO, device. (Right) Arrhenius plots obtained from chemicurrent and
turnover measurements on a Pt/TiO, diode with pressure of 6 torr of H, and 760 torr O,.
Both give similar activation energies, which implies that hot electron generation under
hydrogen oxidation is proportional to the catalytic turnover rate. (B) Product distributions
of n-hexane isomerization over 2.7 nm Pt nanoparticle catalysts supported on different
kinds of oxide supports at 360 °C. (C) Schematics of the differences between
bifunctional and single-site catalysis. (D, Leff) TEM image of Pt/Co3z04 catalysts. (Top
Right) Energy-dispersive spectroscopy (EDS) phase mapping of Pt/Co304 catalysts,
showing the merged image of the Co K (red) and Pt L (green) lines. (Boffom Right)
High-resolution TEM image of Pt/Co3O4 catalysts. (Inset Top) lllustration of
mesoporous-oxide-supported Pt nanoparticle catalysts. (Inset Bottom) An illustration
showing the potential reaction sites of Pt-nanoparticle-loaded oxide catalysts during CO
oxidation. (E) Comparison of TOFs at 473 K of CO oxidation over Pt-nanoparticle-loaded
oxide and pure mesoporous oxide catalysts. Panels adapted with permission as follows:
A, Left, ref. 56, American Vacuum Society; A, Right, ref. 58, American Chemical Society;
B, ref. 59, American Chemical Society; D and E, ref. 60, American Chemical Society.
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When one places metal nanoparticles into a mesoporous oxide support, many
oxide-metal interfaces are produced within the mesopores between the metal and the
oxide. Studies have found that these oxide-metal interfaces have major effects on
catalytic reactions. The isomerization of n-hexane on naked oxide only results in the
cracking of the n-hexane molecules, while mesoporous oxides give rise to 100%
selectivity of n-hexane isomers of high octane numbers® in the presence of platinum
(Fig. 5B). Fig. 5 C-E show similar effects when platinum is placed on various oxide
mesopores. Platinum nanoparticles produce very little CO oxidation within mesoporous
silica, but when they are placed on mesoporous cobalt oxide, more than a thousand-fold
increase in catalytic turnover for CO oxidation kinetics is found.

Fig. 5C (right) shows mesoporous transition metal oxide supported platinum
nanoparticles. This is the oxide-metal interface, which produces large, strong metal
support effects. There is a charge transfer between the metal and the oxide under
reaction conditions. If the oxide is alone, as in the case of n-hexane conversion with pure
oxides of niobium oxide, titanium oxide, and other oxides, only the cracking of the
n-hexane molecules is observed. However, if the platinum is in the mesopores, a 100%
selectivity to isomerization is produced, which is very high and an important factor in
making high-octane gasoline.

Fig. 5C (left) shows platinum nanoparticles in contact with microporous oxides
when the platinum nanoparticle is much larger and cannot fit into the micropores. In this
case, the chemistry that occurs — known as bifunctional catalysis — is the sum total of
the chemistry of platinum and the microporous oxide, which act in parallel or
consecutively. In the other case, when the mesoporous transition metal oxide can
accommodate the 3 nm platinum inside its mesopores, there are oxide-metal interfaces,
where charge transfer and acid-base catalysis occur, which are uniquely selective in
many circumstances. Similar results are seen when CO oxidation is carried out on
platinum supported by silica or another transition metal oxide.®® The turnover rate on
silica is small, equal to pure platinum turnover; however, when cobalt oxide is the
mesoporous support, the turnover rate is amplified by a thousand fold (Fig. 5E). This
finding is indeed a major increase in catalytic activity.

1.6 Hybrid systems: outlook

It is clear that we can heterogenize homogeneous catalysts. However,
enzymes'?'® are also very important catalytic systems, and recent studies have focused
on how to synthesize pure enzymes as well as on how to look for similarities between
enzymes and all three catalytic systems on the molecular scale. For example, it is known
that when enzymes are immobilized on a surface they gain the reusability and ease of
separation seen in heterogeneous catalysts, as well as in some cases becoming more
stable to wider pH and temperature ranges.®’ It is planned to advance previous work

by immobilizing enzymes on a solid surface and studying the enzyme-solid interface at
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the molecular level, and to develop a molecular understanding of all three types of
catalysts under similar conditions of reactions and chemical environments.
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Fig. 6. Schematics showing the evolution of catalyst complexity leading to increased
catalytic selectivity for multipath and multiproduct catalytic transformations. Enzymatic
catalyst adapted with permission from ref. 14, AAAS.

In our attempt to focus on the chemical correlations between the three catalysis
groups — heterogeneous, homogeneous, and enzymatic — the future looks very
promising for molecular catalysis science studies. Catalysis of homogeneous,
heterogeneous, or enzymatic origin alike involve nano sized materials. These
nanocatalysts are comprised of inorganic and/or organic components. Charge,
coordination, interatomic distance, bonding, and orientation of catalytically active atoms
are molecular factors shared by all three field of catalysis. By controlling the governing
catalytic components and molecular factors, catalytic processes of a multichannel and
multiproduct nature could be run in all three catalytic platforms to create unique
end-products. Fig. 6 illustrates the promise of a molecularly unified catalytic scheme of
the future.
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Chapter 2 - Experimental Section

Abstract

In this chapter, an overview of the variety of experimental techniques utilized in
this dissertation will be provided. First, the synthetic chemistry methods used to produce
nanoclusters, nanoparticles, and mesoporous supports are discussed. Characterization
includes transmission electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), inductively coupled plasma optical emission spectrometry (ICP-OES), and N
physisorption, to investigate the synthesized catalyst's morphology, chemical
composition, and surface structures.
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2.1 Introduction

The essential components of efficient catalysis can be controlled synthetically,
investigated mechanically, and optimized to obtain the maximum catalytic performance,
especially turnover rate and product selectivity. The versatile characterization techniques
reveal the chemical reasons of unusual catalytic activity and/or selectivity, which in
return guide the fabrication of next-generation catalysts focusing on these key chemical
features with the aid of nanotechnology. This chapter provides the synthetic and
characterization techniques used in this dissertation that grant insight into the workings
of a catalytic system.

2.2 Synthetic techniques
2.2.1 Synthesis of dendrimer-encapsulated metal clusters

The synthesis protocols of Rh,/G40OH (n=15~60), Pd4¢/G40OH, and Aus/G40OH
were reported in our previous works."™ Fourth-generation polyamidoamine (PAMAM)
dendrimers with -OH terminal groups (G40OH) were purchased from Dendritech Inc. as
9.75 wt % water solution, which was diluted to a dendrimer stock solution (250 mM) by
adding water. For Rh NPs, 6 mL of this stock solution of G40H was diluted to 52 mL, and
mixed with 15-50 mole equivalents of an aqueous solution of 0.01 M RhClz in a 100 mL
flask. The flask was purged with Ar for 30 min, tightly sealed and left undisturbed for 18 h
for complexation. Then a 20-fold excess of iced-cold freshly prepared 0.5 M NaBH,4 was
injected dropwise into the flask with vigorous magnetic stirring. The solution was stirred
for 2 h, followed by dialysis against 2 L of deionized water in cellulose dialysis sacks with
a molecular weight cutoff of 12,000. Dialysis occurred over 24 h with the water changed
four times. For the synthesis of Pd and Au NPs, K,PdCl, and HAuCls were used,
respectively. Reduction of HAuCl4 required a solution of 0.5 M NaBH,4 and 0.15 M NaOH.
Rh4o/G30H and Rh4o/G60H were synthesized with third-generation and sixth generation
PAMAM dendrimers, respectively, in the same way. Rhso/G4NH, and Rh4o/G4SA were
synthesized with fourth-generation PAMAM dendrimers with amine and succinamic acid
terminal groups, respectively. Synthesis of Rhso/G4NH2 required additional steps:
adjusting dendrimer solution pH to 3 by adding HCI before mixing with RhCl;, and to 8
after adding NaBH,.*

2.2.2 Colloidal synthesis of metal nanoparticles

The procedures were reported by our group.5'6 For 2 nm Rh NPs, 40.0 mg of
Rh(acac)s, 88.2 mg of sodium citrate, and 111 mg of poly(vinylpyrrolidone) (PVP, 55K)
were added to 20 mL of 1,4-butanediol in a 50 mL three-necked flask at room
temperature. The mixture was heated to 140 °C in a Glas-Col electromantle (60 W; 50
mL) with a Cole-Parmer temperature controller (Digi-sense), and was evacuated at this
temperature for 20 min under magnetic stirring. The flask was then heated to 220 °C, at
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a rate of 10 °C min™", and maintained at this temperature (+2 °C) for 2 h under Ar. When
the reaction was complete, an excess of acetone was poured into the solution at room
temperature to form a cloudy black suspension, which was separated by centrifugation
at 4200 rpm for 6 min. The black product was collected by discarding the colorless
supernatant. The precipitated Rh nanocrystals were washed with acetone once and then
redispersed in ethanol. 6.0 nm Rh nanoparticles were synthesized similarly using 40.0
mg of Rh(acac);, 7.35 mg of sodium citrate, and 111 mg of PVP. 7.1 nm Rh
nanoparticles were synthesized similarly using 10.0 mg of Rh(acac); and 27.75 mg of
PVP without sodium citrate.

2.2.3 Synthesis of gold nanospheres and gold nanorods

The seeded-growth synthesis of Au nanospheres with 40 nm diameter was
modified from a published procedure.” In a typical synthesis, 9.75 mL of 0.1 M CTAB
solution was mixed with 0.25 mL of 0.01 M HAuCl, solution in a centrifuge tube. 0.60 mL
of 0.01 M freshly-prepared, ice-cold solution of NaBH4 was added into the tube, and
immediately, the tube was capped and vigorously shaken for 1 minute. The seed solution
was kept under gentle stirring for 2 h at room temperature before use. The seed solution
was diluted by 10 times. To grow nano-octahedra, 19 mL of water, 4 mL of 0.1 M CTAB,
0.40 mL of 0.01 M of HAuCls, 1.5 mL of 0.1 M AA, and 120 uL of the diluted seed
solution were added into a 50 mL centrifuge tube, and mixed by gentle inversion for 10 s,
then then left undisturbed overnight at room temperature. Into the resultant Au
nano-octahedron solution, 1.0 mL of 0.01 M HAuCls was added, and the solution was
kept in 80 °C for 2 h. The as-prepared Au nanospheres solution was centrifuged at
10000 rpm for 10 min. The precipitate was redispersed in the same amount of water for
further use. To grow Au nanospheres with 56 nm diameter, everything else was the
same except 20 pL of the diluted seed solution was used, and instead of heated with
HAuCls at 80 °C, the Au nano-octahedron solution was heated with 1.0 mL of H>O»
solution at 33 °C for 16 h.

The seeded-growth synthesis of Au nanospheres with 20 nm diameter was
adapted from a published procedure.® The seed solution was prepared in the same
procedure as described above. To grow nanospheres, 2 mL of 0.2 M cetrimonium
chloride, 1.5 mL of 0.1 M AA, 10 pL of Au seed were mixed, followed by a one-shot
injection of 2 mL of 0.5 mM HAuCI,. The solution was left undisturbed for 15 min at room
temperature. The as-prepared Au nanospheres solution was centrifuged at 12000 rpm
for 10 min. The precipitate was redispersed in the same amount of water for further use.

The synthesis of Au nanorods with different aspect ratios was modified from a
published procedure.® The seed solution was prepared in the same way as the seed
solution for Au nanospheres. To grow Au nanorods, 40 mL of 0.1 M CTAB, 2.0 mL of
0.01 M HAuCly4, 0.4 mL of 0.01 M AgNO3, 0.8 mL of 1.0 M HCI, 0.32 mL of 0.1 M AA, and
96 pL of the seed solution were added into a 50 mL centrifuge tube. The solution was
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mixed by gentle inversion for 10 s and left undisturbed at a 33 °C water bathovernight
before use. Into the resultant Au nanorod solution, 1.0 mL of 0.01 M HAuCl4 was added,
and the solution was kept in 80 °C for various time duration for nanorods with different
aspect ratios. The as-prepared Au rods solution was centrifuged at 10000 rpm for 10 min.
The precipitate was redispersed in the same amount of water for further use.

2.2.4 Synthesis of mesoporous silica

Synthesis of mesoporous SBA-15 silica with different pore profiles.

The method developed by Zhao et al was followed.'® For MP-SBA-15, 4.0 g of
Pluronic P123, 30 g of deionized water, and 120 g of 2 M HCI were stirred at 35 °C for 1
h. 8.5 g of tetraethylorthosilicate was added to the solution and allowed to stir for 20 h.
The mixture was sealed and aged at 80 °C for 24 h. The mixture was filtered to give a
white powder, which was further purified by washing three times with ethanol and
deionized water. This purified product was dried in air at room temperature, and then put
into a calcination oven that ramped up to 500 °C in 8 h and kept for 6 h. For SP-SBA-15,
the 80 °C aging step was skipped, and for LP-SBA-15, the sample was aged at 100 °C
for 24 h.

Synthesis of H*-AI-SBA-15.

The procedure was reported elsewhere.'’ 0.5 g of SBA-15 was combined with 50
mL of dry ethanol containing 0.11 g of AICI; with magnetic stirring at room temperature
for 12 h. The solid material was then filtered, washed with dry ethanol, and dried at room
temperature in air, and calcined in static air at 550 °C for 5 h.

2.2.5 Synthesis of mesoporous zeolites

Mesoporous BEA zeolite and mesoporous silica MCF-17 were synthesized by
following the literature reported elsewhere.'

For mesoporous BEA zeolite, a cyclic diammonium-type organic molecule was
used as the zeolite structure-directing agent (SDA), which was prepared by organic
reaction following the literature.' In a typical zeolite synthesis, sodium-silicate was used
as the silica source and Alx(SO4)3-18H20 was used as the alumina source. The silica
and the alumina sources were dissolved in water with NaOH and organic SDA to give
molar composition of 30Na,O / 5Al,03 / 100SiO, / 10SDA / 15H,SO4 / 6000H,0. After
aging for 1 h at room temperature, the mixture was transferred to a Teflon-coated
stainless-steel autoclave and heated at 170 °C for 1 d in an oil bath on the magnetic
stirrer equipped with heating system. The resultant precipitate was collected by filtration
and washed with distilled water three times to remove residual chemicals. Then, the
sample was dried in an oven at 120 °C and subsequently calcined at 550 °C in an air for
4 h to remove organic SDA. The calcined mesoporous BEA zeolite was further
ion-exchanged to H*-form to introduce acidic function on the aluminosilicate framework.
In a typical ion-exchange process, the calcined zeolite samples were first ion-exchanged

to NH,"-form with a 1 M NH4NO; aqueous solution three separate times (NH4sNO3/Al =
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10), and then, subsequently converted to the H'-form through calcination in air at 550 °C
for 4 h.

For postdealumation of mesoporous BEA zeolite, 0.5 g of H'-exchanged
mesoporous BEA zeolite was diluted in 20 mL of 1-2 M HCI solutions, and heated for
30-90 min under reflux condition. After treatment, the zeolite was collected by filtration,
washed with distilled water three times, and dried in an oven at 120 °C. The resultant
mesoporous BEA zeolite was denoted as BEA-x, where x is the content (%) of Al in the
zeolite framework.

2.3 Characterization

2.3.1 Transmission electron microscopy

Electron gun - : J

7

5 _—— Acceleration tube
k==
d -
A H
e - T
1st condenser lens :
2nd condenser lens o <
Condenser aperture —
assembly i
N pEs
Goniometer .
: Objective aperture
Specimen holder—[__]
Objective lens .5

Selected field aperture—=

Intermediate lens

Projector lens
Binocular ———

o Small fluorescent
Viewing port——— screen

Vs Large fluorescent
screen

3

']—_—T )

22

Camera chamber




Figure 1. Schematics of a TEM."

Transmission electron microscopy (TEM) is used in this thesis for imaging
nanomaterials to determine their size and shapes. In short, a beam of high energy
electron is focused onto a thin sample, and the transmitted electrons are magnified and
focused onto a charge-coupled device (CCD) camera. Contrast is mainly obtained in the
TEM by changes in the amplitude or phase of the incident electron wave. Amplitude
contrast arises from differences in mass or thickness, as thicker areas will scatter more
electrons than thinner areas within a sample. Likewise, sample areas containing denser
materials (more mass) will also scatter more electrons than areas with less dense
material. The Z-contrast means that heavier elements (with a large atomic number Z) will
scatter electrons more intensely, thus making heavier elements appear darker in bright
field TEM images.' Phase contrast is caused by interferences between different
electron waves travelling through the sample, and often provides “fringes” — spaced
contrast oscillations.

2.3.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopic
technique. XPS spectra are measured by irradiating a material with soft X-rays while
simultaneously measuring the kinetic energy and number of electrons that escape from
the surface (typically O to 10 nm) of the sample material (Figure 2). The energy or
wavelength of the irradiated X-ray is known (for Mg Ky X-rays, Ephoton = 1253.6 eV), and
the emitted electrons' kinetic energies are measured, so the electron binding energy of
each of the emitted electrons can be calculated based on the conservation of energy:
Ebinding = Ephoton — (Ekinetic + ¢), Where Epinding i the binding energy (BE) of the electron,
Ephoton is the energy of the X-ray photons being used, Exinetic iS the kinetic energy of the
electron as measured by the instrument and ¢ is the work function dependent on both
the spectrometer and the material.'®
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Figure 2. Schematics of the photoelectron ejection in XPS.
2.3.3 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

ICP-AES, also known as inductively coupled plasma optical emission
spectrometry (ICP-OES), is an analytical technique used for the detection of trace metals.
It is used to determine the loading of metals or the Si/Al ratios of the supported catalysts
in this dissertation. The ICP-AES apparatus (Perkin-Elmer ICP Optima 7000 DV) uses
an Ar plasma to excite the ionized sample of interest, generating element-specific
emission lines. The intensity of the emission lines is used to quantify the concentration of
the element in the sample. In a given analysis, 10-20 mg of a catalyst is dissolved in an
acid solution (Aqua Regia and/or HF), diluted with water, and then filtered to remove any
remaining particulates. A set of standards of known concentrations are used to first
construct a calibration curve of the instrument, and then the sample of interest is run.

2.3.4 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) measures the details of how x-rays are
absorbed by an atom at energies near and above the core-level binding energies of that
atom. The near edge X-ray absorption fine structure (NEXAFS) part of the XAS will
provide local geometric and electronic information of the core element of the catalysts,
e.g. Au'®"" and Pt'®, and the extended X-ray absorption fine structure (EXAFS) will offer
local structural information around the probed element.
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Chapter 3 - Supported Dendrimer-Encapsulated Metal

Clusters: Toward Heterogenizing Homogeneous Catalysts

(This chapter covers similar material as in Ye, R.; Zhukhovitskiy, A. V.; Deraedt, C. V.;
Toste, F. D.; Somorjai, G. A. Acc. Chem. Res. 2017, 50, 1894-1901. — reproduced with
permission, copyright 2017 American Chemical Society.)

Abstract

In this chapter, metal clusters will be briefly introduced. The synthesis and
characterizations of supported dendrimer-encapsulated metal clusters (DEMCs) will be
described. The catalysis studies of supported DEMCs in both the batch and flow modes
will be presented. Lastly, the current state of heterogenizing homogeneous catalysis will
be summarized, and future directions for this area of research will be provided.
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3.1 Introduction

The term “cluster” was applied by Cotton in the 1960s to refer to compounds
containing metal-metal bonds." Metal clusters contain countable numbers of atoms:
anywhere between two and several hundred thousand (the upper limit is not precisely
defined).? In the case of ultra-small gold clusters, their diameters range from
sub-nanometer to ~2.2 nm (equivalent to ~10-300 atoms, often called nanoclusters).®
Theoretical work by Ngrskov’s group suggests the transition of surface chemical activity
of Au clusters from molecular to bulk behavior to be around 560 atoms, corresponding to
a diameter of ~2.7 nm.* Above this size, the surface properties of two probe adsorbates,
O and CO, are indistinguishable from that of an extended surface. Below that critical size,
finite-size effects can be observed, and facets become small enough for the charge
redistribution upon oxygen adsorption starts reaching the edge of the particle. *

Clusters, in general, may have unusual catalytic properties. The high ratio of
surface-to-bulk atoms in the clusters facilitates both reactant activation and product
desorption, offering new reaction pathways.’ As the most active catalysts are usually
made from precious metals, the use of clusters could also have significant economic
impacts by increasing the turnover number and turnover frequency per metal atom. They
can act as individual active sites, and minor changes in size and composition — e.g. the
addition or removal of a single atom — can have a substantial influence on the activity
and selectivity of a reaction.® Gates’ group reported that Ir; and Irs clusters differ in
catalytic activity both from each other and from metallic Ir particles.” Anderson’s group
observed that the Pd 3d binding energy varied nonmonotonically with cluster size and
that the changes correlate with strong size variations in CO oxidation activity.®

Control of cluster structural integrity (e.g., size, geometry) during their preparation
and throughout a cluster-catalyzed transformation is critical to achieve a desired
reactivity profile. However, in the pursuit of cluster stabilization through surface
modification with ligands, catalyst activity is often compromised. Judicious ligand design
is critical to balance cluster structural integrity and performance as a catalyst. One
reliable and modular method to synthesize the metal clusters is through the use of
dendrimers.>'? Dendrimer-cluster multivalent interactions protect the cluster from
aggregation or leaching; meanwhile, the weak nature of individual interactions with
surface sites preserves the catalyst activity.”> Dendrimer-encapsulated metal clusters
(DEMCs) generally exhibit high catalytic activity in homogeneous reactions — e.g. Heck,
Suzuki, and Sonogashira cross-coupling — often superior to classical homogeneous
catalysts."*"® The latter are, however, not readily recyclable and are unstable at high
temperatures, giving rise under reaction conditions to “cocktails” of catalytically active
species: metal complexes, clusters and nanoparticles.” Furthermore, these same
catalysts displayed mediocre performance in traditionally heterogeneous transformations,
e.g. hydrogenation of pyrrole. After applying the supported DEMCs in the hydrogenation

of pyrrole,” we sought to further develop this platform of active, selective, recyclable,
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and air-stable catalysts for academically and/or industrially important transformations.
Besides improved thermal stability and enhanced recyclability, supported DEMCs are
operational in all solvents even though unsupported DEMCs are commonly soluble only
in protic solvents. Comparing to supported cluster catalysts without dendrimer,
dendrimers in supported DEMCs allow the tuning of the metal oxidation states, and also
ensure the cluster stability against aggregation or leaching. In our laboratories, we have
utilized the dendrimer-stabilization approach to prepare clusters and load them into
mesoporous supports for heterogeneous catalysis. The clusters discussed in this
account are confined within individual dendrimers, while clusters stabilized by multiple
dendrimers, which are relatively more vulnerable to leaching, are covered elsewhere."
This chapter will focus on the investigations and developments of supported DEMCs on
catalytic reactions. The synthesis and characterizations of supported DEMCs will be
covered, followed by catalysis studies in the batch and flow modes. After a summary of
the current knowledge, future directions will be discussed.

3.2 Synthesis and characterization

DEMCs were synthesized adapting the method developed by Crooks'®. The
synthesis procedure can be applied to Rh, Pd, Pt, and Au with generation 4
OH-terminated polyamidoamine (PAMAM) dendrimer (henceforth referred to as G40OH).
Dendrimer generation is the number of branching nodes along a single path from the
center of the dendrimer to the periphery (Figure 1).19 A dendrimer stock solution was
mixed with a metal precursor for the complexation between these components. An
excess of freshly prepared NaBH, solution was added dropwise with vigorous stirring.
After the metal was reduced, the solution was purified via dialysis in cellulose dialysis
tubing against an excess of deionized water. The DEMCs were immobilized onto
mesoporous silica, e.g. SBA-15 (SBA stands for Santa Barbara),?’ via sonication. The
deposition and anchoring of the DEMCs on the mesoporous support resulted from the
hydrogen bonding between the terminal hydroxyl groups of G40H and the surface of the
SiO, support.’ This interaction prevented the detachment of DEMCs from the
mesoporous support, even under liquid-phase reaction conditions or at elevated
temperatures. The supported DEMCs displayed no detectable leaching, and in this
regard functioned as true heterogeneous catalysts. However, the tunable oxidation state
of the surface metal atoms in DEMCs rendered these catalysts effective in a variety of
transformations (vide infra).
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Figure 1. Schematic representation of a classical dendrimer molecule. Adapted with
permission from ref 19. Copyright American Chemical Society.

The DEMCs were characterized by various techniques before and after loading,
as well as during and after the completion of the catalyzed transformation. Transmission
electron microscopy (TEM) offered direct visualization of the morphology of the DEMCs
(Figure 2). The DEMCs possessed reproducibly uniform size and shape due to
templation and stabilization by the dendrimer. These cluster parameters did not appear
to change upon loading onto the SBA-15 support. The sizes of DEMCs ranged from 1 to
2.7 nanometers, depending on the metal and the metal-to-dendrimer molar ratio. These
sizes fell within the aforementioned critical size range, in which the clusters exhibited
finite-size effects. Inductively coupled plasma optical emission spectrometry (ICP-OES)
enabled quantification of the metal content in the supported samples and the extent of
metal leaching during the catalytic reactions. X-ray photoelectron spectroscopy (XPS)
was utilized to determine the oxidation states of the metal atoms within DEMCs. For the
as-synthesized Rh or Pt DEMCs, multiple oxidation states were observed. The oxidized
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portion was proposed to arise from incomplete reduction of metal salts during the DEMC
synthesis or air exposure of the XPS sample."’
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Figure 2. Representative TEM images of DEMCs supported in SBA-15.
Rh4o/G40H/SBA-15 (A), Ptso/ G4OH/SBA-15 (B), and Au4o/G40OH/SBA-15 (C). The scale
bars are 10 nm.

The oxidation states and coordination environment of Pt DEMCs were monitored
in situ via near edge X-ray absorption fine structure (NEXAFS) and extended X-ray
absorption fine structure (EXAFS).?' As evidenced in Figure 3, reduction of Pt via an H;
treatment led to high Pt—Pt and low Pt—CI or Pt—O coordination numbers derived from
EXAFS data. The addition of PhICl,, a hypervalent iodine oxidant, into the reaction
solution generated Pt(Il) and Pt(IV), as shown by EXAFS and NEXAFS analysis. The
reduction and oxidation cycle could be repeated.?’ These powerful techniques provide
valuable molecular insight into catalysts’ operation under reaction conditions, even
though currently their scan rate is in the order of minutes and thus cannot capture faster
transformations.
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Figure 3. (A) Average coordination numbers of Pt atoms in the supported Pt catalyst
after a sequence of hydrogen reduction and PhICI, oxidation treatments in the toluene
derived from EXAFS analysis. (B) The fractions of Pt(0) and Pt(ll) and Pt(IV) chloride
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species of the Pt catalyst derived from NEXAFS analysis. Reprinted with permission
from ref 21. Copyright American Chemical Society.

3.3 Catalysis in batch reactors

One of the first examples of supported DEMCs was reported by Chandler’s
group.?? Pt DEMCs were deposited onto a commercial high surface area silica support.
A pretreatment of O,/He at 300 °C followed by H; flow at 300 °C was used to remove the
dendrimer. No significant change in clusters was observed by TEM. This catalyst was
used for the oxidation of CO and the hydrogenation of toluene. Interestingly, the clusters
obtained from the DEMCs were more active than a classic Pt/SiO, catalyst.??
Simultaneously, Amiridis and colleagues investigated Pt DEMCs for catalytic CO
oxidation.?® Later on, applications of supported DEMCs included the selective
hydrogenation of 3,4-epoxy-1-butene by Williams’ group,24 and the trans-2-butene
conversion by Zaera’s group.?®

In our groups, DEMCs supported on SBA-15 were active for a variety of reactions,
and unlike particles capped with polyvinylpyrrolidone (PVP) or other agents, calcinations
or equivalent manipulations of the DEMCs was unnecessary to uncover the active sites.
In addition to permitting the catalyst to be recycled, deposition of the DEMCs on SBA-15
imparted additional thermal stability against aggregation. Furthermore, as PAMAM
dendrimers were normally soluble only in protic solvents or solvent mixtures, but DEMCs
loaded on SBA-15 were compatible with a wide array of aprotic organic solvents.

OH 0O
- p
Ar (1 atm), toluene
% ( ) u

Ph 100 °C, 15 h

Catalyst Yield*
Pt4,/G4OH/SBA-15 (4 mol%) 10%
Pt4o/G40OH/SBA-15 (4 mol%), PhICl, (12 mol%)  98%
PtCl, (5 mol%) (2 h) 97%

* Determined by NMR spectroscopy

Figure 4. Hydroalkoxylation reaction with Pt catalysts.

We utilized supported DEMCs for the functionalization of 1-bonds, which had
previously been the realm of mainly homogeneous catalysts. Our initial studies focused
on a hydroalkoxylation reaction, in which an electrophilic Pt catalyst activated an alkyne
towards nucleophilic attack by an alcohol functionality (Figure 4). Initial attempts with 1.0
nm Pt40/G40H/SBA-15 generated only 10% yield of product. (Pt represents the molar
ratio of Pt/G40OH is 40/1 in the synthesis.) This result was most likely due to the presence
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of catalytically inactive Pt oxide species on the Pt surface: indeed, XPS revealed
that >70% of Pt were Pt(Il) in Ptso/G4OH/SBA-15. Crooks and Zhao demonstrated the
reduction of Pt(ll) in the synthesis of Pt;o//G40H," so the presence of Pt(ll) in the
supported clusters is likely due to surface oxidation in the loading and drying process.
Oxidized Pt sites were not deemed intrinsically inactive — rather the oxide form of Pt was
unreactive. Indeed, treatment of H,-pre-treated Ptso/G40OH/SBA-15 with PhICI, resulted
in 98% yields.? In this case, PhICl,, an oxidant, generated Pt chloride rather than oxide
surface species and thereby transformed the Pt clusters’ surface into a catalytically
active one.

Another critical consideration was the nature of the catalytically active species:
namely, did the oxidized Pt ions leach out from DEMCs and catalyze the reaction in a
homogeneous fashion? We sought to address this question for the DEMC system in situ
under optimal performance conditions. A three-phase test’’ was used with Wang
resin-bound substrate (Figure 5A). Homogeneous PtCl, provided 26% conversion of
resin-bound substrate to product. However, a negligible conversion (<2%) was observed
for Pt4o/G40OH/SBA-15 oxidized with PhICl,. A filtrate transfer test was conducted with a
Pt40/G40OH/mesoporous silica pellet. A solution of starting material, PhICl,, and solvent
(toluene) were added to the catalyst pellet in a reactor (step i in Figure 5B). After 42%
yield was achieved, the reaction solution was transferred to another vessel without the
heterogeneous catalyst (step ii in Figure 5B). A fresh solution of starting material was
subsequently added to the original reaction vessel with the remaining oxidized catalyst
pellet (step ii in Figure 5B). Both vessels were next subjected to otherwise identical
reaction conditions (step iii in Figure 5B); product was again generated in the vessel with
the catalyst pellet, while in the vessel without it, no further conversion took place, and
product yield remained unchanged. Reactivity due to any leached homogeneous species
could thus be ruled out; the active catalyst was in fact heterogeneous. Moreover,
ICP-OES confirmed that Pt species did not leach from the Pt4o/G40OH/SBA-15 catalyst
when it was isolated after the reaction, and the concentration of Pt in the supernatant of
the reaction solution was below the instrument’s detection limit (1 ppm). Finally, the
catalyst before and after reaction did not show any appreciable morphology change in
TEM images.?® This observation underscores the stability and recyclability of our
supported DEMC catalyst system.
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Figure 5. Catalyst heterogeneity tests. (A) A three-phase test to determine the presence
of a homogeneous catalyst by leaching or release and capture. Yields were determined
by NMR versus internal standard. (B) A filtrate transfer test. (/) To the reaction vessel
charged with a substrate was added a pellet of Pt40/G4OH/mesoporous silica catalyst,
toluene, and PhICI, oxidant. The mixture was stirred and the yield monitored. (ii)) When
the reaction reached 42% vyield, the solution was removed and placed into a new vessel.
A fresh solution of starting material was added to the original vessel with the catalyst
pellet. (iii) Both vessels were then stirred and monitored. The yield was determined by
gas chromatography versus internal standard. All transfers and reactions were
conducted under Ar at 100 °C. The catalyst pellet was pre-reduced under H; atmosphere
at 100 °C for 36 h before reaction. Adapted with permission from ref 26. Copyright
Nature Publishing Group.

The stability of DEMCs against leaching is a key property of heterogenized
homogeneous catalysis. When toluene, a nonpolar solvent, was used in combination
with a polar solid phase (the mesoporous SiO», the dendrimer, and the metal ions), metal
ions formed by PhICIl, oxidation tended to reside inside the dendrimer and their
dissociation of from the polar support into the nonpolar solvent was unfavorable, even at
a high temperature. However, for a more polar solvent (such as MeNO,), capable of
strong coordination with metal ions and strong interaction with the dendrimer,
dissociation of the metal ions (or dendrimers carrying the metal ions) became more
pronounced, and leached metal ions were detected in the liquid phase.?®

R/A +H, - L o~ + RJ\

Figure 6. Catalytic ring opening reactions of cyclopropane derivatives.

CoEm

PtCl, (4 mol %) 26 % _ .
2.9 nm PYPVP/SBA-15 (2.5 mol%), <2% + Starting material
PhICl, (7.5 mol%) + Product

Pt ,10/G40H/SBA-15 (4 mol %), <2% 531 Pt40/G4OH/SBA-15

PhICl, (12 mol%)

One of the long-term goals of this ongoing research program is to leverage
heterogenized homogeneous catalysis to facilitate a broad spectrum of complex
chemical transformations. During the past 10 years, we and others have already
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demonstrated that in addition to intramolecular 1-bonds activation reactions, DEMCs
were excellent catalysts for several other classes of transformations, including C—C bond
activation and C-C bond formation. Elucidation of the C-C bond activation mechanism is
essential for the selective production of hydrocarbons in the petroleum industry.
Ring-opening reactions of cyclopropane derivatives were used as a model to investigate
C—-C bond activation with supported DEMCs (Figure 6). While homogeneous rhodium
catalysts showed little or no activity even at elevated temperatures toward the ring
opening of cyclopropylbenzene, Rhso/G40OH/SBA-15 showed a turnover frequency (TOF)
of 2.24 h™" at room temperature, and the DEMCs were recyclable. The products of the
DEMCs catalyzed reactions were 100% linear, in contrast to homogeneous counterparts
that produced the branched products, likely because of different reaction mechanisms.
The reaction mechanism with the rhodium DEMCs was investigated. Reactants with
electron-donating groups on the three-member ring exhibited a high reaction rate,
probably due to a more stable cationic transition state in the rate-limiting step on the
rhodium surface. Larger cluster size led to higher TOF and smaller reaction activation
energy, probably because the stronger metallic character of the larger clusters favors the
hydrogen chemisorption. The capping agent of the clusters affected both the reaction
rate and the activation energy, analogous to ancillary ligand effects observed in
homogenous catalysts. The study revealed the above mentioned fundamental factors
controlling catalytic C—C bond activation activity and selectivity.?°
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Figure 7. Hayashi-Ito aldol reaction of methyl isocyanoacetate (MI) and benzaldehydes
and the proposed intermediate.

The Hayashi-Ito aldol reaction of methyl isocyanoacetate (MI) and benzaldehydes,
a classic homogeneous Au(l)-catalyzed reaction, aptly demonstrated the excellent
catalytic activity and controlled selectivity of supported DEMCs (Figure 7).%°
Au4/G40H/SBA-15 showed higher activity and diastereoselectivity toward the frans
product than DEMCs of Pd, Rh, or Pt, and the homogeneous analogs. Au DEMCs were
stable for at least six cycles without apparent deactivation. The activation energy was
insensitive to the size of Au DEMCs or the support pore profile. However, larger pore
sizes of the support increasingly favored the frans product. Our speculation was that the
trans product was more sterically demanding, so when the pore was small and the space
was limited, kinetic control led to an increase in the cis:trans product ratio. Infrared (IR)
spectroscopy suggested a strong interaction between MI and the gold catalyst, implying
the formation of an enolate ion intermediate from MI (Figure 7). The Hammett plot of
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benzaldehyde with various substituents was linear with a positive slope, indicating an
increased electron density on the carbonyl carbon atom in the transition state of the
rate-limiting step. These evidences supported our hypothesis that the rate-limiting step
involved a nucleophilic attack of the aldehyde by the enolate formed from the
deprotonated MI.*°

3.4 Catalysis in flow reactors

To take full advantage of the heterogeneous nature of the supported DEMCs, we
also studied the hydroalkoxylation reaction (shown in Figure 4) in a fixed bed plug flow
reactor in a continuous flow mode. In this case, Pd4/G40OH/SBA-15 were used, as they
were highly active and could provide a full conversion of reactants to products at room
temperature. Separating the catalyst from reaction medium or any further purification of
the product was obviated in this operation mode. In addition, the activity of Pd4/SBA-15
at different reaction temperatures could be conveniently measured in a flow reactor, and
the apparent activation energy was determined to be 20.0 kcal/mol. In comparison,
multiple reactions must be repeated at different temperatures to measure the activation
energy in a batch mode. Thus, any operational error in the batch mode would generate
inaccuracy in the activation energy. However, all reaction parameters could be controlled
precisely and reproduced easily in a flow reactor.*’

Applications of supported DEMCs in complicated reactions, e.g. a cascade
reaction, highlight the scope of our DEMC system. A cascade rearrangement of
propargyl pivalate 1 /cyclopropanation of enyne 2 was investigated with AuCl; and
Au DEMCs (Figure 8A-B). The primary product 3 can rearrange under the reaction
conditions into two secondary products, 4 and 5. Homogeneous AuCl; at room
temperature gave a 40% yield of cyclopropane 3, with a cis:trans ratio of 3:1,
accompanied by a 10% yield of products 4 and 5 (in a 3:2 ratio) formed by the
rearrangement of the product cis-3. However, Au-G40H/SBA-15 in the batch mode led
to a cis:trans ratio of 12:1 for 3 and only a small amount of the rearrangement products 4
and 5 (1% each). Another advantage of using supported DEMCs in a flow mode is that
chemoselectivity was tuned by modifying the residence time of the reactants. Using the
same catalyst in a flow reactor with a flow rate of 5 mL/h, an 18% yield of
cis-cyclopropane 3 was measured (cis:trans ratio of 100:0), along with 2% of secondary
products 4 and no measurable 5. Reducing the flow rate to 0.1 mL/h and thereby
increasing the residence time, increased the conversion to 72% and an exclusive
selectivity for the rearrangement product 4 was obtained. A linear increase in the
reactivity coupled with a linear enhancement in the selectivity towards the rearrangement
product 4 was observed when the residence time of the reactants was modified
continuously.?® In the cascade reaction above, increasing the flow rate would shorten the
residence time of the intermediate to prevent further rearrangements. Conversely, the
final rearrangement product was favored by increasing the residence time. Such method
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of tuning chemoselectivity would be an advantage untenable in a batch reaction mode as
well as in traditional homogeneous catalysis.?®
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Figure 8. (A) Gold-catalysed cascade cyclopropanation rearrangement in a batch
reactor and a flow reactor, respectively. Reaction yield and selectivity were measured by
'H NMR integration. *Reaction run for 20 hours at r.t. with 2 mol% catalyst. 76 mol%
oxidizer was added. *Total yield and selectivity were measured after four hours of
reactant flow at r.t. Reactant and oxidizer concentrations were 0.15 and 0.015 M,
respectively. (B) Flow measurements of the conversion and selectivity of the cascade
cyclopropanation-rearrangement reaction as a function of reactant residence time. With
2.0 £ 0.3 nm Au-G40OH/SBA-15 as the catalyst, the catalytic conversion (filled squares)
and selectivity (open circles) towards the formation of secondary products 4 and 5 at
room temperature increased as a function of the residence time of the reactants. The
reactant and oxidizer concentrations were 0.15 and 0.015 M, respectively. Error bars
represent up to 6% differences in reproducibility. Adapted with permission from ref 28.
Copyright Nature Publishing Group.

Analysis of catalytic organic transformations in flow reactors and detection of
short-lived intermediates are essential for optimization of these complex reactions.
Spectral mapping of the organic phase and metallic catalyst during the multistep
formation of a dihydropyran in a flow microreactor was achieved through
micrometer-sized synchrotron-based IR and X-ray beams with a spatial resolution of 15
um (Figure 9). Au/G40OH/SBA-15 activated the cascade reaction with high yield under
continuous flow conditions. In situ synchrotron-sourced IR microspectroscopy detected
the evolution of the reactant — a substituted propargyl vinyl ether — into the primary
product, allenic aldehyde, which was then further isomerized to the acetal, the secondary
product. The kinetic evolution of the organic reaction and the essential role of the primary
product as an intermediate were analyzed via in situ IR microspectroscopy. Direct
correlation was obtained between the catalytically active areas along the flow reactor, as
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detected by IR, to local high concentrations of the catalytically active species, Au(lll), as
analyzed by um-NEXAFS spectroscopy. These measurements indicated that the
oxidation state of the catalyst and, as a consequence, its catalytic properties were
altered along the flow reactor. Mapping of the gradual evolution of this multistep catalytic
process afforded a deeper mechanistic understanding of the kinetic role of the
intermediates in this study.*?
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Figure 9. Schematic representation of a cascade reaction catalyzed by
Au/G40H/SBA-15 characterized in situ by synchrotron-sourced IR microspectroscopy
and um-NEXAFS spectroscopy.

The DEMCs also worked well in a gas flow reactor at temperatures in the range of
150-250 °C (Scheme 1). Pt DEMCs were highly active for the hydrogenation of the
methylcyclopentane (MCP) at 200-225 °C, with TOF up to 334 h™, higher than other
catalysts reported in the literature. The selectivity of 99.6% was achieved for the ring
opening isomerization at high conversion (94%). Rh and Pd DEMCs brought different
product selectivity. The deactivation of the catalysts began at temperatures above
250 °C, which could be attributed to the decomposition of the dendrimer and
agglomeration of the clusters. The broad applications and wide operation conditions of
DEMCs in catalysis were demonstrated.>®

Scheme 1. Methylcyclopentane hydrogenative isomerization catalyzed by supported
DEMCs.
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3.5 Conclusions

The reactions that have been studied with supported DEMCs in our groups are
summarized in Table 1. Advantages of supported DEMCs as heterogenized
homogeneous catalysts include the following: (1) the catalysts have the activity
equivalent to homogeneous catalysts, which conventional heterogeneous catalysts lack,
(2) the heterogenized homogeneous catalysts are recyclable in contrast to
homogeneous catalysts with comparable performance, and (3) enhanced activity or
selectivity compared to conventional homogeneous catalysts is enabled by exclusive
heterogeneous handles for optimization.

Table 1. A list of transformations studied with supported DEMCs in our groups

reaction type DEMC metal reference
hydrogenation and ring opening Pt or Rh 17, 29
hydroalkoxylation reaction Pt or Pd 21, 26, 31
Hayashi-Ito aldol reaction Au 30
cascade cyclopropanation rearrangement Au 28
cascade dihydropyran formation Au 32
hydrogenative isomerization Pt, Pd, or Rh 33

3.6 Outlook

Besides the reactions shown in Table 1, we expect that a board range of
transformations will benefit from supported DEMCs as heterogenized homogeneous
catalysts. To expand the reaction scope, supported DEMCs more resistant to harsh
reaction conditions are desired. In the cases described above, the formation of stable
heterogeneous catalysts took advantage of the weak interactions between preformed
DEMCs and a support. The fixation of dendrimer onto a support via covalent bonds can
also be performed before the synthesis of DEMCs via two strategies. The first strategy is
to end-link the dendrimer or dendron (usually contains a single chemically addressable
group) to the support (convergent synthesis).** The second strategy consists of
dendrimer growth, generation-by-generation, at the surface of the support (divergent
synthesis). Interestingly, Astruc’s group showed that the resultant catalysts synthesized
via these two different routes could have different activity.35 These synthesis methods
might offer DEMCs with higher stability against deactivation or leaching in harsh
conditions.

We have demonstrated that heterogenized homogeneous catalysis is achieved
via DEMCs. However, with the exception of Ag and Cu, the main elements used as the
active catalysts were limited to precious metals, i.e. Pt, Au, Pd, and Rh. Catalysis with
other elements, particularly the more affordable and abundant first-row transition metals,
like Fe, Co, and Ni, has few precedents.*® These metals are prone to aggregation due to
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their ferromagnetism in the metallic state generated during the synthesis of clusters.
Furthermore, they are vulnerable to oxidation when exposed to air, which complicates
the formation of clusters. These intrinsic detriments account for their limited applications
in the heterogenized homogeneous catalysis. It is highly desirable to broaden the cluster
catalysis via incorporating earth-abundant metals in DEMCs.

Despite its broad utility, the supported DEMCs catalysts presently lack a modular
handle to tune reaction outcomes. Yet, rapid optimization of catalyst performance
metrics such as enantio-, diastereo-, regio-, and chemo-selectivity would greatly
advance the sophistication and scope of transformations catalyzed by metal clusters.
Ancillary ligands, commonly utilized in transition metal catalysis to tune catalyst
selectivity, were a logical choice of the desired modular handles to be added to metal
clusters.?” We expect to achieve product enantioselectivity using this strategy.

Rapid developments of characterization tools, especially synchrotron-based
instruments,* would allow further understanding of structure-property relationship of the
metal clusters. This knowledge would facilitate the development of the next-generation
clusters catalysts.
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Chapter 4 - Metal Nanoparticles Catalyzed Selective Carbon—

Carbon Bond Activation in the Liquid Phase

(This chapter covers similar material as in Ye, R.; Yuan, B.; Zhao, J.; Ralston, W. T.; Wu,
C.-Y.; Unel Barin, E.; Toste, F. D.; Somorjai, G. A. J. Am. Chem. Soc. 2016, 138,
8533-8537.— reproduced with permission, copyright 2016 American Chemical Society.)

Abstract

Understanding the C—C bond activation mechanism is essential for developing
the selective production of hydrocarbons in the petroleum industry and for selective
polymer decomposition. In this work, ring-opening reactions of cyclopropane derivatives
under hydrogen catalyzed by metal nanoparticles (NPs) in the liquid phase were studied.
40-atom rhodium (Rh) NPs, encapsulated by dendrimer molecules and supported in
mesoporous silica, catalyzed the ring opening of cyclopropylbenzene at room
temperature under hydrogen in benzene, and the turnover frequency (TOF) was higher
than other metals or the Rh homogeneous catalyst counterparts. Comparison of
reactants with various substitution groups showed that electron donation on the
three-membered ring boosted the TOF of ring opening. The linear products formed with
100% selectivity for ring opening of all reactants catalyzed by the Rh NP. Surface Rh(0)
acted as the active site in the NP. The capping agent played an important role in the
ring-opening reaction kinetics. Larger particle size tended to show higher TOF and
smaller reaction activation energy for Rh NPs encapsulated in either dendrimer or
poly(vinylpyrrolidone). The generation/size of dendrimer and surface group also affected
the reaction rate and activation energy.
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4.1 Introduction

Carbon-carbon (C-C) bond activation in the gas phase plays an important role in
the chemical industry. Cracking and reforming reactions in crude oil refineries practice
C-C bond activation on a large scale daily." Polyethylene and polypropylene are
currently the mostly widely used plastics, but their decomposition requires thermal C-C
bond activation.? Due to thermodynamic and kinetic considerations, selective C-C bond
activation is challenging.®® Currently, these reactions are operated at high temperatures
in industry (above 600 K). Undifferentiated thermal activation of C-C bond leads to
multiple product formation simultaneously, requiring further product separation.

To overcome the low reactivity of C—C bonds, a practical strategy is to exploit the
ring strain of (three- or four-membered) cyclic compounds as a driving force, thereby
allowing the study of the factors controlling catalyst activity and selectivity. Early work’?
showed that catalytic cyclopropane hydrogenation (ring opening) by metal single crystal
or powder catalysts in the gas phase was often accompanied by hydrogenolysis, forming
smaller molecules. It was posited that the reaction mechanism was metal-dependent,
proceeding through different intermediates including a monoadsorbed radical,’
1,3-diadsorbed species on Ni catalysts'® or metallocycle intermediate on Pt."

In order to improve the product selectivity, efforts have been made to study C-C
bond activation reactions using metal complexes of Rh,'*" Pt,"” Pd," Cu," and other
metals?®?! in solution under relatively mild conditions. For example, Bart and Chirik'
recently reported examples of ring opening of cyclopropane derivatives catalyzed by
organometallic Rh catalysts in the liquid phase and proposed the rhodium—-metallocycle
as the intermediate.

In this work, the advantages of both types of catalysis on the ring-opening
reaction are combined: the high activity of heterogeneous catalysts and the high
selectivity of homogeneous catalysts. We investigated the effect of different variables on
the metal nanoparticles (NPs) catalyzed C-C bond activation in the liquid phase. Rh NPs
catalyzed the ring opening of cyclopropylbenzene (1) at room temperature under an
atmospheric pressure of Ha. The turnover frequency (TOF) of the reaction was correlated
with reactant and metal NP properties, and the factors governing the catalytic activity
and selectivity were analyzed.

4.2 Results and discussion
4.2.1 Catalyst screening

The catalytic ring opening of 1 in the presence of H, was used as a model
reaction to study the C-C bond activation reaction under mild conditions. The TOF of
several potential catalysts for ring-opening reactions under atmospheric pressure of
hydrogen in CgDs was explored at 20 and 80 °C (Table 1). TOF of metal NPs was
calculated by the number of molecules reacted in unit time (an hour) divided by the

number of undercoordinated metal atoms, which was estimated from simple hard-sphere
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counting models.? 40-atom NPs of Rh, Pd, and Au encapsulated by fourth-generation
polyamidoamine (PAMAM) dendrimer with hydroxyl terminal groups (G40OH) were
synthesized and loaded into mesoporous silica SBA-15>% (Entry 1-3 in Table 1).
Among these three catalysts, Rh4o/G40OH/SBA-15 offered the highest TOF at room
temperature. Pd NPs were less active catalysts than Rh NPs at room temperature, but
were more active at elevated temperature. The Au NPs showed very low activity as
catalysts for this reaction. Rh(l) complexes such as the Wilkinson’s catalyst (PPh3)sRhClI
and [Rh(CO).Cl]> had lower TOF compared to the Rh NPs. (PPh3);sRhCl at 80 °C was
the only case in Table 1 where the branch product cumene formed along with the linear
product propylbenzene (branch:linear ratio about 1:2). Rh(lll) compounds RhCIs; or
Rh(acac)s failed to catalyze the reaction. Oxidizing Rh in Rh4o/G40OH/SBA-15 by adding
an organic oxidizer PhICl, completely inhibited the activity of the catalyst (entry 6 in
Table 1). Pure mesoporous SBA-15 could not catalyze the reaction, which could be
considered as the blank reaction. On the other hand, solid acids, such as H*-AlI-SBA-15
(acidified mesoporous silica SBA-15) and H*-MFI (acidified mesoporous MFI zeolite),
catalyzed the rearrangement of 1 to form only (E)-prop-1-en-1-ylbenzene at 80 °C
without formation of propylbenzene, but they were inactive at room temperature.
Rh4o/G4OH/SBA-15 also catalyzed the reaction in other solvents (toluene,
dichloromethane and methanol) with similar TOF to that in benzene.

Table 1. Catalytic ring opening of cyclopropylbenzene (1) with various catalysts
under 1 atm of Hz in CgDs

Entry Catalyst TOF (h™")? at 20 °C TOF (h™")? at 80 °C
1 Rh4o/G40OH/SBA-15 2.24 11.4
2 Pd40/G40OH/SBA-15 1.70 22.1
3 Au40/GA0OH/SBA-15 0 0.20
4 (PPhs)sRhCl 0.10 0.38°
5 [Rh(CO):Cl]; 0 0.10
6 Rh4o/G40OH/SBA-15 0 0
+ PhICI,

@ Numbers of active sites for TOF calculation are estimated from simple hard-sphere
counting models. ®This is the sum TOF for the formation of linear and branch products.
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Figure 1. Characterization of Rhso/G40OH/SBA-15. TEM images of the sample before (A)
and after (B) three cycles of reactions. The scale bars are 10 nm. (C) and (D)
Corresponding XPS spectra. XPS spectra are not normalized.

4 .2.2 Characterization of Rhso/G40OH/SBA-15

TEM images of Rhso/G40OH/SBA-15 before and after three cycles of reactions
with 1 are shown in Figure 1A, B, respectively. The size of Rh NPs was 1.6 + 0.2 nm by
averaging over 100 particles. The NPs were stable after three cycles of reactions. No
leaching was observed, as confirmed by the inductively coupled plasma optical emission
spectrometry of the filtrate of the reaction mixture. Hydrogenolysis was not observable
during the reaction, which was confirmed by the absence of small gas molecules in the
headspace (the gas above the product solution) GC analysis. The mass balance (total
amount of product and unreacted reactant after the reaction matched the amount of
reactant before the reaction) provides additional support for the lack of hydrogenolysis.
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The rate of ring opening of 1 in the second and third cycle of the recycled catalyst was 97%
and 96% of that in the first cycle, respectively. The as-synthesized Rh4o/G40OH/SBA-15
sample contained surface rhodium oxide species, according to the XPS spectrum
(Figure 1C). The oxidation state of Rh after the reaction was purely 0, as shown by the
307.3 eV binding energy24 in the XPS spectrum (Figure 1D). To explore the effects of
these rhodium oxides on the kinetics of the ring opening reaction, a set of control
experiments with different pretreatment conditions were performed. Keeping all other
variables the same, one catalyst was mixed with Hy at 100 °C for 24 h, one was mixed
with Ar at 100 °C for 24 h, and the other without pretreatment. When these three
catalysts were used in the reaction at 20 °C, they exhibited the same reaction rate/TOF
on the ring opening of 1. This implies that the reduction of the surface rhodium oxides to
metallic rhodium was a fast process under reaction conditions.

Scheme 1. Reactants for ring opening reactions catalyzed by Rh4o/G40OH/SBA-15 and
the TOF under specified reaction condition.

40 R/\/
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4.2.3 Applications on other cyclic compounds

Reactants that underwent the ring-opening reaction catalyzed by
Rh4o/G40OH/SBA-15 are listed in Scheme 1 along with the TOF values under the
specified conditions. Under the same reaction condition, the more electron-rich 1a
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reacted faster than 1, but reaction of electron-deficient 1b was notably slower. It should
be noted that a small amount of 1b was reduced to 1a during the reaction process, and
the TOF reported for 1b does not discount this pathway. Thus, the real TOF of 1b
ring-opening reaction is even smaller. The observation that ring opening was accelerated
by electron-donating and decelerated by electron-withdrawing groups on the phenyl ring
of the reactant is consistent with a hypothesis that a cationic intermediate is involved in
the rate-limiting step of the reaction. This hypothesis held for molecules without phenyl
rings. Rings attached to electron-donating groups opened quickly at a low temperature,
while those attached to electron-withdrawing groups required higher temperatures to
exhibit an observable reaction rate of C—C bond scission.

The TOF values in Scheme 1 were measured at various temperatures, which was
a compromise of the low reaction rate at a low temperature and reactant/solvent boiling
at a high temperature. Reactants 6 and 7, rings attached to a hydroxyl group, underwent
the ring-opening reaction with the hydroxyl group transformed to a carbonyl group. The
formation of a C=0 bond, which was not further hydrogenated under the reaction
condition, provided an additional driving force for the ring-opening reaction. Thus, the
TOF of 6 was high, and the typically inert four-membered ring in 7 was activated. In
another example of four-membered ring C-C bond activation, biphenylene (8) was
transformed to biphenyl at room temperature, a reaction for which homogeneous
catalysts typically required elevated temperatures.'’

The products from reactants 1-5 in Scheme 1 were entirely the linear/proximal
ones. In contrast, Bart and Chirik'* reported that the branch/distal products were favored
by homogeneous Rh catalysts, unless a reactant with the ability to chelate with the Rh
catalyst was used. The unique selectivity toward linear products by NPs in this work is
likely attributed to a different reaction mechanism between the reported homogeneous
catalysts and NP catalysts employed in this work.

4.2.4 Kinetics study of the ring opening reaction of 1

The size of dendrimer encapsulated NPs was tuned by modifying the Rh:G40OH
ratio during the NP synthesis. Rh15G40H, Rh4¢G40H, and Rh50G40OH were synthesized
to explore the size effects of Rh NPs on the catalytic performance. However, synthesis of
even larger sizes of G4OH-encapsulated NPs was limited to 4.5 nm in diameter by the
size of G4OH. Figure 2A displays the temperature dependence of the ring opening TOF
of 1 catalyzed by Rh NPs between 293 and 333 K in C¢Dg¢ under 1 atm of H,. TOF
increased as temperature increased for the same catalyst as expected. Further control
experiments (data not reflected in the figure) with faster stirring rates gave the same TOF,
suggesting that the reactions were not limited by diffusion under these reaction
conditions. The apparent activation energy of ring opening catalyzed by each catalyst
was determined from the slopes of the linear fit plots and plotted in Figure 2C. Keeping
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everything else constant, increasing the size of Rh NPs from 0.8 to 2.1 nm increased the
TOF from 2.4 to 13.4 h™" (at 333 K) and decreased the reaction activation energy from
29.8 to 17.7 kd/mol. The trend that larger particle size offered higher TOF has been
previously observed in the catalytic hydrogenation of allyl alcohol?” and alkynol?® and
dehydrogenation of ammonia borane.?® The same size dependence of TOF and
activation energy held for the hydrogenation of styrene, an example of C-C 1r-bond
hydrogenation.
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Figure 2. Arrhenius plots of ring-opening of 1 in C¢Des under H,, catalyzed by Rh NPs of
various sizes encapsulated in (A) G40OH and (B) PVP. (C) Plots of particle size and
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calculated ring opening activation energy catalyzed by Rh NPs. The cartoons of
dendrimer encapsulated NPs and PVP-capped NPs were shown in the bottom left and
top right, respectively.

On the basis of these observations, we hypothesized that the increased
abundance of Rh—Rh bond on the surface of larger Rh NPs led to their higher catalytic
activity. We tested the hypothesis with Rh NPs of various sizes encapsulated in
polyvinylpyrrolidone (PVP). The Arrhenius plots of ring opening of 1 catalyzed by
Rh/PVP NPs were shown in Figure 2B. The size effects of PVP capped NPs were the
same as G40H capped NPs. Here, the large Rh/PVP NPs (6.0 and 9.1 nm) had only a
small percentage of undercoordinated surface atoms. With comparable amount of Rh
loading, reactions catalyzed by large NPs had lower yield, due to scarcity of surface Rh
atom, leading to a relatively large measurement error of TOF by NMR.

As shown in Figure 2C, comparing 2 nm Rh NPs capped by G40H and PVP, the
former had greater TOF. There were several possible reasons for this observation: (1)
steric effect, the capping agent might block a portion of undercoordinated Rh atoms due
to steric hindrance ; (2) electronic effect, the interaction of the capping agent might tune
the electronic structure of the Rh atoms, and thus affected the energetics of the reaction
process.
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Figure 3. (A) Arrhenius plots of ring opening of 1 in CsDs under H,, catalyzed by Rh NPs
with different generation number of dendrimer (G30OH, G40OH, and G60OH), and G4
dendrimer with surface groups of primary amine (G4NH;) or succinamic acid (G4SA). (B)
Calculated ring-opening activation energy catalyzed by the corresponding Rh NPs. Inset
shows the structure of dendrimer surface groups used.

In order to elucidate the effects of the capping agent, Rh NPs encapsulated in
different dendrimers were synthesized. Third-generation G30OH and sixth-generation
G60OH were used in order to vary the size of the dendrimer without changing its chemical
properties. The impact of the chemical properties of the dendrimer support was studied
by replacing the terminal hydroxyl group in G4OH with primary amine and succinamic
acid (SA) groups by using G4NH, and G4SA, respectively. Rh NPs were synthesized
with these dendrimers, keeping the same amount of Rh and the Rh:dendrimer ratio as
40:1. TEM images of these Rh NPs indicated that the sizes were constant within error.
Arrhenius plots of ring opening of 1 catalyzed by these NPs are given in Figure 3A, and
the corresponding activation energy in Figure 3B. Modifying the dendrimer generation
from G30OH to G60OH, the rate of ring opening tended to decrease and the corresponding
activation energy generally increased, likely due to the steric effect. G4ANH, and G40OH
had similar size but distinct Lewis and Brgnsted basicity, so the lower activity of
Rh4o/G4NH2 might result from an electronic effect. Both G4OH and G4SA have 64
surface groups, but —SA is much bulkier than —OH as shown in Figure 3B. Rh4o/G4SA
showed smaller TOF than Rh4o/G40OH, mainly caused by the steric effects.

4.3 Experimental section
4.3.1 Chemicals.

Unless otherwise noted, all commercial materials were used without purification
and used as received. Thin-layer chromatography (TLC) analysis of reaction mixtures
was performed using Merck silica gel 60 F254 TLC plates, and visualized under UV or by
staining with ceric ammonium molybdate or KMnO4 dip. Flash column chromatography
was carried out on Merck Silica Gel 60 A, 230 x 400 mesh. All glassware was dried at
100 °C for 8 h before use.

Rhodium(lll) chloride hydrate (RhClz « xH20O, =99.9% trace metals basis),
Rhodium(lll) acetylacetonate (Rh(acac)s, 97%), Tris(triphenylphosphine)rhodium(l)
chloride (99.9% trace metals basis), Di-y-chloro-tetracarbonyldirhodium(l) ([Rh(CO).Cl]z,
97%), Potassium palladium(ll) chloride (K2PdCls,98%), Sodium borohydride (NaBHa4,
98%), poly(vinylpyrrolidone) (PVP, 55K), 1,4-butanediol (99%), sodium citrate (>99.0%),
Pluronic P123, tetraethylorthosilicate (TEOS, 99.999%), cyclopropylbenzene (97%),
mesitylene (98%), cyclopropylamine (2, 98%), a-cyclopropylbenzyl alcohol (3, 99%),
1-methylcyclopropanol (6), biphenylene (8, 99%), cyclopropylboronic acid,
1-bromo-4-nitrobenzene (99%), tricyclohexyl phosphine, potassium phosphate tribasic
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(=98%), palladium(ll) acetate (98%), platinum(lV) oxide, and aluminum chloride were
purchased from Sigma-Aldrich. All PAMAM dendrimers, G30OH, G40H, G60H, G4NHa,
and G4SA were purchased from Dendritech Inc. as water solutions. Cyclopropyl methyl
ketone (4, 99%), cyclopropyl phenyl sulfide (5, 98+%) were purchased from Alfa Aesar.
Hydrogen tetrachloroaurate(lll) hydrate (99.9985%-Au) were purchased from STREM.
Benzene-ds and Toluene-ds were purchased from Cambridge Isotope Laboratories, Inc.
Other chemicals used include 1-Hydroxybenzocyclobutene (7, 98%, Astatech Inc.),
hydrochloric acid (HCI, Fisher Chemical), anhydrous solvents ethanol, tetrahydrofuran,
ethyl acetate, toluene, and acetonitrile.

4.3.2 Representative procedure for catalytic reactions.

To a dry 10 mL Schlenk flask, equipped with a stir bar, was added
cyclopropylbenzene (8.9 mg, 0.075 mmol), Rh4o/G40H/SBA-15 (50 mg, 0.003 mmol, 4
mol%), mesitylene (2.3 pL, internal standard, Aldrich) and benzene-ds (1 mL). The
reaction mixture was degassed, placed under 1 atm of H, and heated with stirring at the
desired temperature for 2 hours. The mixture was then cooled to room temperature and
the solid catalyst filtered using a polytetrafluoroethylene syringe filter. The filtrate was
transferred to a NMR tube for analysis. The conversions were controlled to be low
(typically between 5-20%) to allow assessment of the initial rates.

4.4 Conclusions

The ring opening reactions of cyclopropane derivatives catalyzed by metal NPs
under hydrogen were investigated. Rh4o/G4OH/SBA-15 showed a TOF of 2.24 h™!, which
was higher than the homogeneous counterparts, toward the ring opening of
cyclopropylbenzene at room temperature. This catalyst was stable and could be recycled
at least three times. The reaction was accelerated by electron-donating groups on the
three-membered ring, while electron-accepting groups decreased the TOF. In contrast to
ring-opening reactions catalyzed by homogeneous rhodium catalysts, the products of the
NP catalyzed reactions were 100% linear. The apparent activation energy of the reaction
was affected by the catalyst properties. For Rh NPs encapsulated in G4OH and PVP,
larger particle size tends to show higher TOF and smaller reaction activation energy. For
dendrimer encapsulated Rh NPs, both the dendrimer surface group and the dendrimer
generation played a role in the reaction rate and activation energy of ring opening. The
study sheds light on the fundamental factors controlling C-C bond activation activity and
selectivity.
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Chapter 5 - New Insights into Aldol Reactions of Methyl
Isocyanoacetate Catalyzed by Heterogenized Homogeneous

Catalysts

(This chapter covers similar material as in Ye, R.; Zhao, J.; Yuan, B.; Liu, W.-C;
Rodrigues De Araujo, J.; Faucher, F. F.; Chang, M.; Deraedt, C. V.; Toste, F. D
Somorjai, G. A. Nano. Lett. 2017, 17, 584-589. — reproduced with permission, copyright
2017 American Chemical Society.)

Abstract

The Hayashi-lto aldol reaction of methyl isocyanoacetate (MI) and
benzaldehydes, a classic homogeneous Au(l)-catalyzed reaction, was studied with
heterogenized homogeneous catalysts. Among dendrimer encapsulated nanoparticles
(NPs) of Au, Pd, Rh, or Pt loaded in mesoporous supports and the homogeneous
analogues, the Au NPs led to the highest yield and highest diastereoselectivity of
products in toluene at room temperature. The Au catalyst was stable and was recycled
for at least six runs without substantial deactivation. Moreover, larger pore sizes of the
support and the use of a hydrophobic solvent led to a high selectivity for the trans
diastereomer of the product. The activation energy is sensitive to neither the size of Au
NPs nor the support. A linear Hammett plot was obtained with a positive slope,
suggesting an increased electron density on the carbonyl carbon atom in the rate-limiting
step. IR studies revealed a strong interaction between M| and the gold catalyst,
supporting the proposed mechanism, in which rate-limiting step involves an electrophilic
attack of the aldehyde on the enolate formed from the deprotonated MI.
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5.1 Introduction

Heterogeneous catalysis offers the benefit of easy separation of the catalyst from
reaction mixtures." For reactions reaching nearly 100% conversion, the filtration of the
catalyst is the only necessary work-up, besides solvent removal (if any). In addition,
heterogeneous catalysts can be applied to flow reactions,? and easily recycled.® These
economically and ecologically beneficial aspects of heterogeneous catalysts are in
agreement with the concepts of green chemistry. However, optimizing the product
selectivity in traditional heterogeneous catalysts remains an important challenge.’
Improvements in supported metal catalysts have predominantly focused on engineering
the metal sites.”>"? The solid support is also an important consideration in the design of a
heterogeneous catalyst.13 Strong metal-support interactions (SMSI), where the support
greatly affects the activity of active sites,™ are a good example of this phenomenon.
However, the effects of the support properties on the product selectivity have not been
thoroughly studied."""

The last two decades have seen numerous advances in gold catalysis.'®? Since
the first publication by Ito et al., the aldol reaction of methyl isocyanoacetate (Ml) and
aldehydes forming 2-oxazolines has stood as a milestone in catalytic asymmetric
synthesis.?* Later, this reaction was widely studied with gold-based®?® and other?’
homogeneous catalysts in order to explore its synthetic scope, reaction mechanism and
the effect of the ligand structure on selectivity. For example, Togni and Pastor®® provided
valuable insights into the reaction mechanism, the rate-determining step and the
enantiodeterming transition states of Au(l)-complex-catalyzed aldol reaction through
NMR, kinetic isotope, and linear free energy studies. Recently, van Koten et al.?®
immobilized Pd(ll) complexes with pincer ligands®® on mesoporous silica SBA-15 as a
heterogenized homogeneous catalyst for the aldol reaction of Ml and benzaldehyde in
the presence of a base. Even though good activity and recycling results were achieved,
the trans product selectivity was limited to 84%. Herein, we describe bridging the
advantages of heterogeneous and homogeneous catalysts using dendrimer-supported
heterogenized homogeneous catalyst developed in our group.®'*® Additionally, the
reaction mechanism of the aldol reaction was investigated, providing insights into the
factors that affect the product selectivity in the heterogeneous reaction.
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Figure 1. (A) A scheme of the aldol reactlon. (B) The kinetics of the aldol reaction: 1 mol%
catalyst, 22 °C in toluene. (C) Recycle tests with the same batch of
Auso/G4OH/MP-SBA-15 for six runs: 1 mol% catalyst in chloroform, 22 °C, 2 h per run. (D)

Structures of Au(l)-complexes used in this study. The codes originate from their
corresponding CAS numbers.

5.2 Experiments and discussions
5.2.1 Catalyst screening

NPs of Au, Pd, Rh, or Pt encapsulated in fourth generation polyamidoamine with
hydroxyl terminal groups (G40OH) were prepared, purified, and loaded into mesoporous
silica MP-SBA-15 (MP denotes medium-sized pores, vide infra), following published
protocols.®*" The typical loading amount was 0.05 mmol of metal per gram of a
supported metal catalyst. In a typical reaction test, 0.05 mmol of 4-nitrobenzaldehyde
(1a), 0.075 mmol of MI, and 10 mg of a catalyst (containing ca. 0.5 uymol of metal,
determined by ICP-OES) were mixed with a solvent in a reaction tube with magnetic
stirring. For 18-h reaction time at room temperature using toluene as the solvent (Figure
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1A), the Auso/G40H/MP-SBA-15 catalyzed reaction provided the desired oxazoline
in >99% vyield and 97/3 of transicis ratio, based on "H NMR. In contrast, the use of the Pd,
Rh, and Pt counterparts as catalysts under identical conditions gave low yields and poor
product selectivity (Table 1). These observations highlight the critical role of the gold
catalysts and rule out G40OH or MP-SBA-15 as the sole catalysts for the reaction. It is
also worth noting that 1a was a challenging substrate for the optimized homogeneous
Au(l) catalyst, providing the corresponding oxazoline in only 80% yield with a trans/cis
ratio of 83/17.%° Three commercially available Au(l) complexes (Figure 1D) were used as
catalysts under the same reaction condition; however, these catalysts showed lower
activity and selectivity than the optimized Au(l) catalyst. The yield and selectivity of the
aldol reaction under similar conditions catalyzed by transition metal ion complex
catalysts of Pd, Pt, and Rh are highly dependent on the ligand structures (Table 1).*4°°
However, the Auso/G40H/MP-SBA-15 catalyst offers the highest activity and selectivity,
along with easy recyclability. Intrigued, we proceeded to further investigate the reaction
by heterogenized gold catalysts.

Table 1. Comparison of yields and frans/cis selectivity for aldol reactions with selected
transition metal catalysts.

entry catalyst yield (%) trans/cis ref.
12 Auso/G4OH/MP-SBA-15  99.9 97/3 this work
2° Pdso/G4OH/MP-SBA-15  42.7 81/19 this work
3 Ptso/G4OH/MP-SBA-15 5.1 73127 this work
42 Rh4o/G4OH/MP-SBA-15 1.8 87/13 this work
52 Au(l)-81-9 61.6 68/32 this work
6° Au(1)-82-0 79.1 68/32 this work
72 Au(l)-83-1 57.4 70/30 this work
8 Au(l) complex 80 83/17 25
Qv Pd complexes 75-95 56/44-94/6 27
10° Pt complexes 70-96 56/44-94/6 27
11° Rh complexes 95-98 89/11-92/8 27

®The reactions were carried out with 0.05 mmol of 1a, 0.075 mmol of MI, 1 mol% catalyst
in toluene at 22 °C for 18 h. Yield and product selectivity were determined by '"H NMR
(same below). PBases (i-ProNEt or EtsN) were used. See ref. 12 for detailed reaction
conditions.

5.2.2 Kinetics study

The reaction kinetics were probed, and first order kinetics was found on both
reactants (Figure 1B). When the reaction mixture was filtered after an hour, the starting
materials in the filtrate showed no change over time, suggesting that the reaction was
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catalyzed by heterogeneous gold, and that no catalyst leaching into the supernatant had
occurred (Figure 1B). In fact, a blank run revealed that in the absence of a catalyst or a
base, the aldol reaction did not proceed at room temperature. Furthermore,
Au**/G4OH/MP-SBA-15, which contained Au(lll) ions from HAuCls, was synthesized
according to a published procedure.®® Under the same reaction condition, this Au(lll)
catalyst gave the product in only 3% yield, demonstrating that Au(lll) has very low activity
compared to the heterogeneous Au catalysts.

5.2.3 Recycling test

A recycling test using the same batch of a catalyst was carried out. The product
solution was separated via centrifugation after each run, and a fresh reactant solution
was mixed with the catalyst immediately. The catalyst did not show a decrease in activity
after six reaction runs (Figure 1C), providing evidence for the stability and recyclability of
the catalyst.

5.2.4 Size effect study

To study the effect of size of the NPs on the catalytic reaction, Auz,/G40H,
Au4o/G40H, and Augr/G40OH were synthesized. Though the NPs described in this study
are denoted as such, they are not perfectly uniform in size: the subscript refers to the
HAuCls#/G40OH molar ratios used in the synthesis, not to the exact number of atoms in
each NP. The size distribution of these NPs was obtained from the TEM images (Figure
2). Concurrently, SP-SBA-15 and LP-SBA-15 were prepared to probe the effect of the
pore profile of the support.®”*' SP and LP denote small pore and large pore, respectively.
The nitrogen physisorption isotherms (Figure 3) were obtained, and the
Barrett-Joyner-Halenda (BJH) model was used to calculate the pore size distribution.
The results were summarized in Table 2.
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Figure 3. N, adsorption-desorption isotherms of solid supports at 77 K with adsorption
and desorption points represented by closed and open symbols, respectively.

Table 2. Physisorption characterizations of the solid supports.?

material  Sger/m?g”"  Dpore/nm  Vpore/cm®-g”
SP-SBA-15 342 4.5 0.22
MP-SBA-15 799 5.8 0.93
LP-SBA-15 966 8.0 1.16

®Parameters: Sget: the BET surface area. Dyore: average pore diameter calculated from
the adsorption branch of the N, isotherm by the BJH model. Vjqre: total pore volume,
determined at p/po = 0.984.

Au NPs with different sizes were loaded into SBA-15 supports with various pore
sizes, respectively. As a result, nine supported catalysts were prepared and used to
catalyze the aldol reaction, under the same conditions as shown in Figure 1A, and the
trans/cis selectivity results have been summarized in Table 3. In general, frans selectivity
was higher in catalysts with larger pores, probably due to the lower free energy of the
trans product. However, in the confined space of the catalysts with smaller pores, the
ratio of the cis product was relatively high, likely because of its smaller kinetic diameter.
The solvent was another important factor for the trans/cis ratio of the product. A series of
solvents were tested (Table 4). In general, hydrophobic solvents favored the trans
product strongly, while hydrophilic solvents led to a relatively high ratio of the cis product.

Table 3. Ratios of frans/cis products from catalysts with various sizes of NPs and pore
diameters.?

support Auz0/G40H  Auso/GA40H  Aueo/G40H
SP-SBA-15  80/20 78/22 79/21
MP-SBA-15 93/7 97/3 96/4
LP-SBA-15  100/0 96/4 95/5

2All reactions were carried out with 0.05 mmol of 1a, 0.075 mmol of MI, 1 mol% catalyst
in toluene at 22 °C for 24 h. The yield was over 90% in each case.

Table 4. Solvent effects on the aldol reaction.?

entry solvent yield (%) trans/cis
1 Toluene-d8 99.9 97/3

2 Benzene-d6  99.9 91/9

3 CDCl; 99.9 88/12

4 CDCI,CDCIl,  96.8 83/17

5 DMSO-d6 99.9 79/21
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6 Acetone-d6 99.1 65/35

7 CDsCN 99.9 59/41
2All reactions were carried out with 0.05 mmol of 1a, 0.075 mmol of MI, 1 mol% catalyst
in the corresponding solvent at 22 °C for 18 h.

5.2.5 Substituent effect study

A Hammett study was used to probe the rate limiting step of the
Auso/G4OH/MP-SBA-15 catalyzed aldol reaction.®*® The reaction rates of
benzaldehydes with different substitution groups were compared (see Table S1). The
rate data were fitted with g, ¢*, and o, respectively. The o series fit generally well,
except for 8 and 9, much better than that of o* or o~ (larger R? values, plots not shown
here), with the slope p = 0.64, as shown in Figure 4B. The deviation of 8 and 9 might be
caused by the oxygen’s interaction with electrophiles, further lowering the reactivity of
these two compounds. The slope was smaller than that obtained for the reaction
catalyzed by the homogeneous the Au(l)-complex (o = 1.4), indicating that the reaction
was less sensitive to the electronic effect on the surface of the Au NP than on the
Au(l)-complex. However, the positive slope suggested the increased electron density on
the carbonyl carbon atom in the rate-limiting step, which was similar in these two types of
catalysts, i.e. they involved electrophilic attack of the aldehyde on the MI (vide infra).?®

(A) CHO CHO (B)gs.]
l 13|
0.44 21b
— (* )
N02 02_. p_ 064 (* ) 3 2
1b R Q] R =096 2
2:R=CN T 001 o
3:R=CO0Me 2 45!
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Figure 4. (A) Structures and abbreviations of aldehydes used in this study. (B) A
Hammett plot of the reaction of substituted benzaldehydes with MI. The linear fit (blue
line) did not include 8 and 9.
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Figure 5. Arrhenius plots of selected cases, focusing on (A) different catalysts, and (B)
solvents and reactants. The reaction conditions and the corresponding calculated
activation energies are given in Table 5.

5.2.6 Activation energy study

The Arrhenius plots were obtained for selected cases, as shown in Figure 5, and
the calculated activation energies were listed in Table 4. For catalysts with different sizes
of Au NPs or pore profile of the support, the activation energies were very similar (entries
1-5, Table 5). Changing the solvent from toluene to acetonitrile using the same catalyst
gave distinct trans/cis product ratio (entries 1 and 7, Table 4), however, overall reaction
rates and activation energies were very close (Figure 5B). On the contrary,
benzaldehydes with various substituents showed substantial variations in reactivity for
the same catalyst. Namely, electron-donating groups increased the activation energy
(Table 5).

Table 5. Calculated activation energies of selected cases.?

entry catalyst reactant E, (kJ/mol)
1 Auzo/G4OH/MP-SBA-15  1a 23.2
2 Auso/G40OH/SP-SBA-15  1a 22.4
3 Auso/G4OH/MP-SBA-15  1a 23.3
4 Auso/G40OH/LP-SBA-15  1a 28.6
5 Augo/G4OH/MP-SBA-15  1a 23.9
6 Aus/G4OH/MP-SBA-15  1a° 24.2
7 Auso/G4OH/MP-SBA-15 6 47.5
8 Auso/G4OH/MP-SBA-15 7 50.1
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9 Augo/G4AOH/MP-SBA-15 8 57.4
2All reactions were carried out with 0.05 mmol of aldehydes, 0.075 mmol of MI, 1 mol%
catalyst in toluene (except entry 6) at 0-35 °C for 2 h. "Solvent: CDsCN.

5.2.7 IR study

A series of FT-IR experiments was carried out to elucidate the reaction
mechanism. For the pure MI, the stretching vibration frequency of the CN group was
2163 cm™; for the C=0 group it was 1763 cm™. A fresh solution of Aus/G40OH was
concentrated by rotary evaporation to dryness, redispersed in methanol, and used in the
IR study, to avoid the strong IR absorption by SBA-15. However, after addition of Ml to
the Augo/G40OH in methanol, the gold NPs precipitated. The precipitate was transferred
onto the IR window for study. The observed CN stretching resonance was split into two
bands, the major one at 2223 cm™, and the minor one at 2159 cm™. In addition, the C=0
stretching peak shifted to 1753 cm™. These shifts could be explained by the formation of
the enolate formed via proton abstraction from the MI, where the blue shift of the CN
stretching was caused by the delocalized 1r-electron conjugation. 2 pL of Ml was added
to the Augo/G40OH in methanol before a portion of the mixture was used for data
collection, and such a procedure was repeated several times. The CN stretching peak at
2163 cm™' grew gradually until it had a larger intensity than the 2223 cm™ peak, because
the surface of the Au NPs was gradually saturated with bound MI molecules. To the best
of our knowledge, there are few precedents®’ in the literature for this phenomenon,
observed by IR spectroscopy of the cyano group stretching vibration. On the contrary,
mixing 1a and Aug/G40H in methanol did not cause apparent peak shifts of 1a, as
shown in Figure 6C. These observations supported our proposal that the reaction
mechanism on the Au surface was likely the same on the Au(l) complex. The tertiary
amine groups on the G40OH might serve as the base to accept the proton from MI. The
proposed intermediate structure is shown in Figure 6D.
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Figure 6. (A) Full FT-IR spectra and (B) zoom-in view of (a) pure MI, and (b)-(e)
increasing amount of Ml in a Auso/G4OH-methanol suspension. (C) Full FT-IR spectra of
(a) G40OH/MeOH, (b) 1a/MeOH, and (c) 1a/G40H/MeOH. (D) The proposed
intermediate structure: the deprotonated M| forms an enolate on the gold surface, and
the tertiary amines in the dendrimer function as the Brgnsted base to accept the proton
from MI.

5.3 Conclusions

The current work provides a firm basis for the development of efficient
heterogenized homogeneous catalysts with high stereoselectivity in aldol reactions. We
established that larger pore sizes of the support and the use of a hydrophobic solvent
leads to a high selectivity for the trans product in the conversion of aldehydes and Ml to
2-oxazolines. The reaction mechanism on the Au surface was found to be analogous to
the homogeneous Au(l) catalyzed transformation. The rate-limiting step involves
electrophilic attack of the aldehyde on the enolate formed from the deprotonated MI,
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which was supported by the Hammett study and IR study. Furthermore, the use of a
heterogenized homogenous gold catalyst at room temperature in a hydrophobic solvent
did not cause any observable leaching or catalyst deactivation. Thus, the high selectivity
of our catalyst in the studied aldol reaction adds to the benefits of simple post-reaction
work-up and catalyst recyclability, which will lead to a green version of this chemistry.
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Chapter 6 - Platinum and Other Transition Metal Nanoclusters
(Pd, Rh) Stabilized by PAMAM Dendrimer as Excellent
Heterogeneous Catalysts: Application to the

Methylcyclopentane (MCP) Hydrogenative Isomerization

(This chapter covers similar material as in Deraedt, C.; Melaet, G.; Ralston, W. T.; Ye, R.;
Somorjai, G. A. Nano. Lett. 2017, 17, 1853-1862. — reproduced with permission,
copyright 2017 American Chemical Society.)

Abstract

Pt, Rh, and Pd nanoclusters stabilized by PAMAM dendrimer are used for the first
time in a gas flow reactor at high temperature (150-250 °C). Pt nanoclusters show a very
high activity for the hydrogenation of the methylcyclopentane (MCP) at 200-225 °C with
turnover fregency (TOF) up to 334 h™" and selectivity up to 99.6% for the ring opening
isomerization at very high conversion (94%). Rh nanoclusters show different selectivity
for the reaction, that is, ring opening isomerization at 175 °C and cracking at higher
temperature whereas Pd nanoclusters perform ring enlargement plus dehydrogenation,
while maintaining a high activity. The difference in these results as compared to
unsupported/uncapped nanoparticles, demonstrates the crucial role of dendrimer. The
tunability of the selectivity of the reaction as well as the very high activity of the metal
nanoclusters stabilized by dendrimer under heterogeneous conditions open a new
application for dendrimer catalysts.

MCP hydrogenation over MNPs stabilized by PAMAM dendrimer

\/\/\
o :

\ M =Pt or Rh

Eg Gas Flow reactor Eg

TOFs up to 340 h?, selectivity up to 99.6%
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6.1 Introduction

Since the syntheses of the first dendrimers in the 1980s by Vogtle,1’2
Denkewalter,® Tomalia,* Newkome,® and Frechet,® the treelike polymers have been used
in various scientific fields such as drug delivery, gene delivery, sensors, support of
catalyst, or as stabilizing agent for metallic nanoparticle/cluster (MNP), due to their
well-controlled three-dimension cauliflower shape. Crooks has developed syntheses of
very small well-defined metallic clusters stabilized by polyamidoamine dendrimers, that
is, PAMAM (from generations 2 G2 to generation 6 G6).7'8 As an example, the PAMAM
dendrimer of generation 4 with 64 hydroxyl termini (PAMAM-G40H) is able to stabilize
MNPs of controlled size between 0.8 nm (20 atoms) to 1.2 nm (60 atoms) where M = Pd,
Pt, Au or Rh. These MNPs have been employed in catalysis because of their high
surface to volume ratio but predominantly in homogeneous applications. Nanoparticle
stabilized by dendrimers have been used in homogeneously catalyzed reactions such as
C—C cross coupling (Suzuki, Heck, Sonogashira, Stille),>"" hydrogenation of double
bonds,®'? selective hydrogenation of triple bonds,”'* nitrophenol/methyl blue/methyl
orange hydrogenation,’"” and alcohol oxidations.' Most of these reactions are carried
out in liquid phase and can be catalyzed by both homogeneous or heterogeneous
catalysts.

Eight years ago our research group studied ways to heterogenize homogeneous
nanoparticles stabilized by PAMAM on a silica mesoporous support (SBA-15)." These
heterogeneous catalysts were employed in homogeneous type reactions such as alkene
hydrogenation or cyclization reactions via 1-bond activation in liquid flask batch reactor
and also in a liquid flow reactor.’®?" Zaera et al. have used PtNPs stabilized by PAMAM
impregnated/supported on SiO, for isomerization of trans-2-butene.?? In the same way,
Astruc et al. impregnated their preformed PdNPs stabilized by their homemade
dendrimers on a magnetic support, enhancing the recyclability and the robustness of
their catalyst as well as activity."® Recently, we have demonstrated that heterogeneous
RhNPs stabilized by PAMAM supported on SBA-15 was able to break a C—C sp3 bond
of a strained three-membered ring in the presence of 1 atm hydrogen gas in liquid
phase.?® In this paper, we demonstrate the utility and the very high activity of
nanoparticle catalysts stabilized by dendrimer in a gas-phase flow mode heterogeneous
reaction at high temperature. To the best of our knowledge, this use of dendrimer
stabilized catalyst in such heterogeneous conditions (reagents in gas flow reactor, under
hydrogen, at high temperature) has not been reported in the literature.

As a model heterogeneous reaction, we decided to study the hydrogenative
isomerization of methylcyclopentane (MCP) in gas phase under continuous flow
processes at different temperatures from 125 to 275 °C. This reaction is an interesting
example of a multipathway heterogeneous reaction leading to various final products
(Scheme 1).2**" The hydrogenolysis of MCP gives rise to three isomers (ring opening,

pathway A), the n-hexane, the 2-methylcyplentane (2-MP), and the
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3-methylcyclopentane (3-MP).2*?® C1 - C5 hydrocarbons can be formed by cracking
reactions (pathway B), and dehydrogenation leads to the methylcyclopentene (pathway
D). Finally, cyclohexane and benzene (pathway C) are obtained from ring enlargement
and ring enlargement/dehydrogenation. The selective ring-opening of naphthenic
molecules to alkanes is a potential solution for significantly improving cetane number
(CN) of light-cycle oils or the octane number of gasoline after hydrogenation of aromatics.
In this reaction, the preferential pathway, A, corresponds to the selective hydrogenolysis
of one endocyclic C—C bond. In this work, the hydrogenative isomerization of the MCP
was investigated in the presence of PtINPs, PANPs, RhNPs, AuNPs, and CuNPs all
stabilized by PAMAM-G40H and supported on SBA-15. While Au and Cu catalysts
present no activity for the reaction, Pt, Rh, and Pd catalysts show three different but
complementary selectivity up to 99.6% for ring opening isomerization in the case of Pt
with high turnover frequency (TOF) up to 334 h™' at 225 °C. The PAMAM-G40H
stabilized Pt catalyst offers high selectivity with the highest activity for MCP
hydrogenenolysis of any previously reported catalyst in this low-temperature range
(200-225 °C). We believe that this exceptional behavior can be attributed to the local
environment provided by the dendrimer. The investigation in the Pt cluster size from 1.2
to 1.6 or 1.9 nm shows a sleazy increase in the activity.

Scheme 1. Methyl Cyclopentane Multipath Reaction
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6.2 Experimental and discussion
6.2.1 Syntheses of the catalysts

The catalysts studied in the hydrogenative isomerization of MCP were
synthesized in two steps. The first step consists in synthesizing the homogeneous MNPs
(M = Pt, Pd, Rh, Au, and Cu) stabilized by the fourth generation G4OH PAMAM
dendrimer in water solution by following Crooks’ method.®'® This step is also composed
of two steps, the complexation of the metallic ions to the tertiary amines of the dendrimer
and the reduction of these metallic ions to the NPs (see Scheme 2). Briefly, the PINPs
were synthesized using a flask containing 1.25 ymol of PAMAM G40OH dissolved in 5 mL
of deionized water. Subsequently, a 0.05 mmol of H,PtCl,4 dissolved in 5 mL of deionized
water was added to the dendrimer solution in order to achieve a ratio 40/1 of Pt atoms for
one dendrimer. The solution was degassed with argon during 30-45 min and then
allowed to stir slowly for 3 days at room temperature. This time length is necessary to
ensure the complete complexation of Pt(ll) by the tertiary amine of the dendrimer. A
partial complexation of Pt(Il) would lead to a polydispersed size of nanoparticle after the
reduction step. After 3 days of complexation, fresh sodium borohydride NaBH4 (10 equiv
per Pt) dissolved in 2 mL of 5 °C deionized water was added dropwise to the
Pt(l1)/PAMAM-G40H solution with a fast stirring. This leads to an instantaneous change
of color from yellow/brown to dark black. The solution was allowed to stir 6 more hours
before proceeding to the purification/washing step, that is, dialysis. The size and the
distribution of the PtNPs were checked by TEM. The average sizes measured from the
TEM image were 1.6 £ 0.2 nm for Pt40G40H (Figure 1), 1.2 nm = 0.3 nm for Pt20G40H,
and 1.9 £ 0.2 nm for Pt60G40H. The synthesis slightly differs when the metal is changed.
At this stage, the catalyst is ready for homogeneous catalysis.

Scheme 2. Synthesis of Heterogeneous Nanoparticles Stabilized by G4OH PAMAM
Dendrimer and Supported on SBA-15"
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Flgure 1 TEM images of platinum nanopartlcle stabilized by G40OH dendrimer
unsupported (left) and supported (1.5 wt %) on SBA-15 (right).

The final supported catalyst (second step) is obtained by mixing a mesoporous
SBA-15 support with the nanoparticle water solution in an ultrasonic bath for 3 h at room
temperature in order to achieve 1.5 wt % Pt loading for example. The catalyst was
centrifugated and then dried in an oven at 80 °C for 2-3 days. The success of the
impregnation was proved by inductively coupled plasma—optical emission spectroscopy
(ICP-OES) and transmission electron microscopy (TEM). ICP-OES revealed that the
loading was 100% successful. TEM images, revealed that the size of the MNPs remain
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unchanged after the loading. Using this technique, we were able to produce
MNPs-supported with 0.0077 mol % of Pt, Rh, Pd, Cu, and Au. Moreover, the Pt
catalysts were characterized by X-ray absorption fine structure EXAFS and by ethylene
hydrogenation test. Ethylene hydrogenation was used to determine the number of active
sites of all our Pt NP catalysts.*® The samples were tested before and after their use in
the MCP reaction. Ethylene hydrogenation on Pt is a structure insensitive reaction with a
well-known TOF at 25 °C, that is, 10.7 h™'.

6.2.2 PtNPs as catalysts in the hydrogenative isomerization of MCP

PINPs, RhNPs, PdNPs, AuNPs, and CuNPs were used in the hydrogenative
isomerization of MCP and show interestingly different behaviors. The first catalyst tested
was the Pt catalyst; it is well-known that PtNPs are generally good catalysts for the
hydrogenative isomerization of the MCP, following the pathway A (Scheme 1).
PINPs-G40H/SBA-15 catalyst (1.5 wt %) named Pt/SBA-15 here after, was tested at
different temperatures from 125 to 275 °C (step = 25 °C). The catalytic testing was
performed using a home-built plug-flow reactor. The reactant (MCP) flow was introduced
in the system with a syringe pump at a flow rate of 0.005 mL-min™’ (0.020 mL-min~" in
the gas phase). A total gas flow of 40.02 mL-min~" was used (10 mL-min~" of He and 30
mL-min~'of Hy). The catalyst (200 mg) was pretreated 1 h at 150 °C under the 40
mL-min~" gas flow without MCP.

The reaction started at 150 °C and 7% of the starting MCP was consumed. As
expected, the main products synthesized were the isomers 2-MP and 3-MP. Interestingly,
99.6% of ring opening isomers and only 0.4% of cracking were observed at this
temperature, which is one of the highest ring opening isomer selectivity observed for this
reaction (see Tables 1 and 2). By increasing the temperature, the conversion of MCP
increases to 94% at 225 and 250 °C, leading to TOFs up to 229 h™' (at such high
conversion the TOF number might be underestimated as the activity of the catalyst is
most likely limited by mass transfer). This is the first report of Pt catalyst with high
conversion and high TOF at such low temperature, demonstrating the exceptional
behavior of PtNPs stabilized by dendrimers supported on SBA-15. No MCP conversion
was observed in the presence of SBA-15 alone at those temperatures, highlighting the
role of the Pt here.

Table 1. MCP conversion over Pt/SBA-15, and temperature dependence of TOF?

Temperature (°C) TOF (h™) Conversion (%)
125 0.0 0
150 22.9 7
175 48.7 20
200 189 77.4
225 229 94
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250 228 93.5
275 194 79.6

#TOF was calculated as molecules consumed per hour per platinum atom at the surface
of the nanoparticle (Pt active sites). The Pt atoms at the surface correspond to 71.25% of
the total number of Pt by a simple hard sphere counting model of a 1.6 nm nanoparticle.

Table 2. Selectivity between pathway A (RO/I), B (cracking), C (E/DH), and D (DH) with
Pt/SBA-15

Temperature (°C)  Cracking (%) RO/ (%) DH (%) E + DH (%)
125 0.001 0 0 0
150 0.4 99.6 0 0
175 0.6 99.4 0 0
200 0.3 99.6 0 0.1
225 2.2 96.9 0 0.9
250 9.5 86.1 0 4.4
275 16 74.7 0.009 9.3

At 225 °C, the ring opening isomer selectivity is 96.9%, benzene (pathway C) is
obtained at 0.87%, and 2.2% of cracking products are detected. This is also the highest
degree of isomer selectivity reported at high conversion.

The activity of the catalyst at 250 °C decreases slightly in time. At 275 °C we
observed a more drastic deactivation. The MCP conversion felt off to 79.6% and the
selectivity over cracking increases up to 16% (traces of methylcyclopentene were
observed). The reason for this deactivation was investigated and discussed later.

The formation of the ring enlargement/dehydrogenation product, that is, benzene,
is observed at 200 °C in a very small concentration, 0.1%, and increases with
temperature increase. We have not detected the production of cyclohexane on
Pt/SBA-15. A complete description of the product selectivity for each temperature is
given in Table 2.

The selectivity over the ring opening isomerization (Figure 2) leads mainly to
2-MP. This can be explained by the fact that the C—C in -position of the branched CHj;
of MCP is easier to break and also two breaking positions lead to this product (see
Scheme 3).**° The second main isomer is the 3-MP, obtained from a C—C breaking
bond in y-position of the branched CHs, which requires a similar energy as for the C—C
in beta position, but only one position leads to this product. Hexane is only obtained at
175 °C and in lower proportion because C—C bond in a-position is more difficult to
break.*’ By increasing the temperature, the hexane formation selectivity increases at the
expense of the 2-MP.
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Figure 2. Isomerization selectivity with Pt/SBA-15 at different temperatures.

Scheme 3. Three different products formed during the hydrogenative isomerisation of
MCP
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It has been reported that the selectivity to ring isomers is dependent on the size of
PiNPs. In the case of uncapped PtNPs, larger size usually leads to 2:1 to 3:1 selectivity
in 2-MP to 3-MP, whereas small NPs lead to a random selectivity in those isomers. In the
present work, we report a 3:1 isomer ratio on small NPs demonstrating the influence of
the dendrimer on the reaction pathway.

As stated, we observe that Pt/SBA-15 loses its activity after reacting at 275 °C.
The TEM images of Pt/SBA-15 post-mortem show the sintering of the nanoparticles. We
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believe that 275 °C leads to the destruction of the dendrimer that frees the NPs allowing
them to diffuse and sinter. We also observed a slow deactivation in time for our
Pt/SBA-15 when kept at 250 °C for long time. We were able to link this slow deactivation
to the formation of coke (carbonaceous deposit) covering the surface of the catalyst.
ICP-OES revealed that no Pt leaching occurs during the reaction, as the percentage of
Pt before and after the reaction remains unchanged. Additionally, TEM shows that the
size of PtNPs remained unchanged after reaction at 250 °C, evidencing no sintering. To
further confirm the loss of active sites, we performed ethylene hydrogenation of the used
catalyst, which reveals that the number of active sites decreases by almost a factor of 2
(only 56% of the active sites remained) after 4 h of reaction at 250 °C.

6.2.3 Size dependence of PtNPs on the hydrogenation of MCP

As explained in the introduction, the interest of using the PAMAM dendrimer as a
stabilizing agent is its template role allowing the formation of well-controlled small
nanoparticles. By using different ratio of Pt/PAMAM, the theoretical size can be tuned
from 0.8 nm (ratio 20/1) to 1.6 nm (ratio 50/1). In our case, we synthesized Pt20NPs
stabilized by G40OH (ratio 20/1 Pt/dendrimer used during the synthesis) with an average
size of 1.2 £ 0.3 nm and then supported on SBA-15, Pt20/SBA-15, and also Pt50NPs
stabilized by G40OH with an average size of 1.9 + 0.2 nm also supported on SBA-15,
Pt50/SBA-15. We synthesized again Pt40NPs supported on SBA-15 with a different
loading, Pt40/SBA-15 (different name for distinguishing it from Pt/SBA-15 previously
introduced) in order to reach the same loading in all Pt catalysts (that is, 1.2 wt %). We
conducted extended X-ray absorption fine structure (EXAFS) analyses of Pt L3 edge to
obtain information on the structure of our Pt catalysts in air, during a pretreatment with Hy,
and under reaction conditions. Fourier transformations of k3-weighted EXAFS for three
catalysts under air are shown in Figure 3. In the R space data of the EXAFS, we observe
a prominent peak at 1.7 A from the Pt—O as well as a bigger peak at 2.6 A, which we
determine to be the Pt—Pt. This indicates that our catalysts are partially oxidized before
the hydrogen pretreatment. The peak around 2.1 A can be attributed to Pt—X (with X =
O or N) with O coming either from the silica support or from the dendrimer or N coming
from the amine and amides groups of the dendrimer.*" The intensity of the Pt—O at 1.7
A for Pt20/SBA-15 is higher than Pt40/SBA-15 and Pt50/SBA-15. From these data, we
conclude that the smaller the particle, the more oxidized it is. Once exposed to hydrogen
pretreatment at 150 °C, the peak at 1.7 A, that is, Pt—O contribution, disappeared
(reduction by a factor of 4—6) for the three samples, showing evidence of the Pt reduction.
In fact, after reduction the EXAFS spectra of the three catalysts are similar to the
spectrum of Pt foil® with a main component at 2.6 A (Pt—Pt) and a smaller one at 2.1 A
coming from the support/stabilizer, as said previously (see Figure 4 for Pt50/SBA-15).
Interestingly even the smaller nanoparticles seem completely reduced under hydrogen
pretreatment.
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Figure 4. (a) Near edge X-ray absorption fine structure of Pt50/SBA-15 under air, H, at
150 °C, and MCP conditions at 175 °C. (b) Fourrier transform of EXAFS of Pt50/SBA-15
under air, Hz, and MCP conditions in the R-space.

In situ measurements of the EXAFS under reaction conditions highlight the fact
that all the catalyst remain reduced.

The summary of the catalytic screening for each catalyst are presented in Table 3.
No difference in selectivity was observed between the three catalysts as they all produce
isomers above 98%. In terms of activity, we observe a slight increase in the TOFs as the
size of the nanoparticle increases, reaching a TOF of 334 h™' for Pt50/SBA-15. This is
typical of the MCP hydrogenation as observed in previous work? but no other significant
differences between sizes are observed.

Table 3. Catalytic activities of Pt20/SBA-15, Pt40/SBA-15, and Pt50/SBA-15°

MCP conversion TOF Cracki RO/I E + DH

o 0,
Catalyst (temp. °C) 1 oduct formation)  (h")  ng (%) (%) DR (o)
Pt20/SBA-15 (200)  32.2% (30.5%) 835 16 983 0 0.1
Pt20/SBA-15 (225)  83.5% (73%) 217 09 986 0 0.5
Pt50/SBA-15 (200)  44.2% (402%) 151 0.2 996 0 0.2
Pt50/SBA-15 (225)  98% (86.4%) 334 13 983 0 0.4
Pt40/SBA-15 (200)  57.2% (54.3%) 174 02 997 0 0.1
Pt40/SBA-15 (225)  93% (83%) 283 14 982 0 0.4

#TOF was calculated as molecules consumed per hour per platinum atom at the surface
of the nanoparticle. The Pt atoms at the surface correspond to 83.66%, 71.25%, and
63.65% of the total number of Pt (simple hard sphere counting model of a 1.2, 1.6 and
1.9 nm nanoparticles) for catalysts Pt20/SBA-15, Pt40/SBA-1,5 and Pt50/SBA-15,
respectively (whereas the ethylene hydrogenation test reveals that the percentage of
active sites per nanoparticle were 84.5%, 74%, and 65% respectively).

6.2.4 A Comparison of PtINPs, RhNPs, PANPs, AuNPs, and CuNPs in the hydrogenative
isomerization of MCP

We have observed an improvement of both selectivity and activity of Pt-based
catalyst due to the presence of PAMAM. In order to confirm this effect to be general, we
have tested other metallic nanoparticle catalysts (Rh, Pd, Au, and Cu). Rh/SBA-15 (that
is, Rh40NP-G40H/SBA-15), Pd/SBA-15 (that is, Pd40ONP-G40OH/SBA-15), Au/SBA-15
(that is, Au40ONP-G40OH/SBA-15), and Cu/SBA-15 (that is, Cu16NP-G4OH/SBA-15),
were synthesized following a similar procedure to the one used for Pt/SBA-15.
Characteristics of these five catalysts are reported in Table 4.
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Table 4. Characteristics of the catalysts used for the hydrogenation of MCP

catalyst Metal loading ~ MNPs® % of metal Number of active sites
(wt %) size (nm)  active sites® available (atom)"

Pt/SBA-15 1.5 1.6 71.3 6.6 x 10'®
Rh/SBA-15 0.8? 1.6 73.2 6.8 x 10'®
Pd/SBA-15 0.822 1.6 72.2 6.7 x 108
Au/SBA-15 1.512 1.8 66.0 6.1 x 108
Cu/SBA-15 0.9° ND°® ND ND
Pt20/SBA-15 1.2 1.2 83.7 6.2 x 108
Pt40/SBA-15 1.2 1.6 71.3 5.3x10'®
Pt50/SBA-15 1.2 1.9 63.7 4.7 x 10'®

This wt % corresponds to 0.0077 mol %, confirmed by ICP analysis. °The size was
measured by TEM on the unsupported nanoparticles as it is tricky to measure the size of
supported nanoparticle. ND = not determined. “The CuNP is too air sensitive to claim a
real size by TEM. “The % of metal active sites were calculated from the simple hard
sphere counting model of a 1.2, 1.6, 1.8, and 1.9 nm nanoparticles.

Rh/SBA-15 and Pd/SBA-15 have demonstrated similar changes in their
performance for MCP hydrogenation whereas no reaction was observed with Au/SBA-15
and Cu/SBA-15 as gold and copper are not effective catalysts for C—C bond cleavage.
Rh/SBA-15, composed of RhNPs of 1.6 £ 0.2 nm, is known to be a good C—C bond
breaking catalysts under homogeneous conditions and is known to perform cracking in
heterogeneous reactions. Few publications have reported that a Rh catalyst can achieve
ring opening isomerization of MCP efficiently, for example, 89.5% of selectivity as
reported by Paal.®* Rh/SBA-15 exhibits a higher activity than Pt/SBA-15 at 175 °C (45%
vs 20%), and a ring opening selectivity of 82.2% (cracking products 17.2%, and 0.6% for
benzene) see Figure 5a. By increasing the temperature, an inversion of the selectivity is
observed and much more cracking is observed (45.4% at 200 °C and 74% at 225 °C).
The MCP conversion increased by 10% at 225 °C and no reaction is observed at 250 °C.
We believe again that it is due to coke formation from intense cracking. The selectivity
between the three-ring opening isomers are roughly the same as for Pt/SBA-15 (Figure
5b). To the best of our knowledge, it is the first report of a highly active Rh catalyst at low
temperature (see Table 5 and 6 for TOF comparison), moreover at those low
temperature isomers, are favored against cracking. Those results indicate once more the
importance of the dendrimer as a capping agent.

Table 5. Comparison of TOFs between catalysts Pt/SBA-15, Rh/SBA-15, and
Pd/SBA-15 at different temperatures®

Catalyst Temperature (°C)  Molecules consumed (h™')  TOF (h™)

Pt/SBA-15 175 3.2 x 10%° 48.7
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Pt/SBA-15 200 1.2 x 10% 189

Pt/SBA-15 225 1.5 x 107 229
Pt/SBA-15 250 1.5 x 107 228
Pt/SBA-15 275 1.3 x 107 194
Rh/SBA-15 175 7.2 x 10% 130.9
Rh/SBA-15 200 6.8 x 10% 122.7
Rh/SBA-15 225 8.8 x 10% 160.1
Rh/SBA-15 250 0 0
Pd/SBA-15 200 0 0
Pd/SBA-15 225 55 x 10" 8.2
Pd/SBA-15 250 1.9 x 10%° 27.8
Pd/SBA-15 275 3.4 x 10% 50.2

®TOF corresponding to the number of molecules consumed per hour per metal active
site.

Table 6. TOFs and selectivity for the MCP hydrogenative isomerisation over different Pt,
Pd, Ru, Rh, Fe, and Ir catalysts found in the literature

Temperat Capping Size of NPs

Catalyst ™' ure (°C) agent (nm) TOF (h™) RO/l (%)
Pt/SBA-15 200 PAMAM 1.6 189 99.6
Pt50/SBA-15 225 PAMAM 1.9 334 98.3
Pt/SBA-15%° 280 PVP 520r1.5 45 or 19 <20 or <70
Pt/SBA-15%° 240 PVP 5.2° 25 90
M%/Fsi '107230 250 PVP 25 36 75
Pt/Si0,2%" 220 No 25 2.2 100
Pt-Ru/SiO,*" 160 No 2 23.8 85.6
EUROOP? PUST 70 No 1.6 2.7 97.7
Pt/Al,05 NM No NM 10.8 98
Rh/AlL,05% 225 No 50r1.5 148 or 104 89.50r71.2
Rh/Si0,* 225 No 25 129.5 84.3
EUROPT-3* 275 No <15 110 NMP
Fe-KIT-6%° 500 No NM 6.05 24
Fe-KIT-6% 200 No NM 0.0936 100
Pt/Al,05% 280 No 2.2 165 97
Pt-Ir/Al,O05% 280 No 3.4 585 95

aCab-0-Sil, M-5 SiO2 support. bOnly the percent between the three isomers is mentioned.
NO = no capping agent. NM = not mentioned in the publication.
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a) MCP hydrogenation selectivity over Rh/SBA-15
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Figure 5. (a) Temperature dependence of MCP hydrogenation selectivity over
Rh/SBA-15 and (b) distribution between the three isomers.

The hydrogenative isomerization of MCP on Pd/SBA-15 is also a good example of
the effect of the presence of dendrimer on the reaction pathway. First of all, only a 3.43%
conversion of MCP was detected at 225 °C, 11.6% at 250 °C, and 20.9% at 275 °C.
Moreover, the selectivity of the reaction is also completely different as compares to other
Pd catalysts. In term of selectivity we obtained benzene (pathway C) and methyl
cyclopentene (pathway D) in preponderance (see Figure 6a). These data are suggestive
of an effect of the dendrimer, as Pd selectivity is generally reported to be higher toward
the ring-opening products. The selectivity between the three-ring opening isomers is
roughly the same as that of the Pt/SBA-15 and Rh/SBA-15 catalysts at similar
temperatures (Figure 6b).
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Figure 6. (a) Temperature dependence of MCP hydrogenation selectivity over
Pd/SBA-15 and (b) distribution between the three isomers.
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TOFs of catalysts Pt/SBA-15, Rh/SBA-15, and Pd/SBA-15 are compared in Table
5. Interestingly, the selectivity trends of the three catalysts are different. Pt prefers follow
the pathway A by ring opening hydrogenolysis leading to three noncyclic isomers, Rh
prefers the pathway A at 175 °C but the pathway B at higher temperature corresponding
to cracking, and Pd prefers the pathways C and D leading to dehydrogenated products.
By changing the metal encapsulated inside the dendrimer and supported on SBA-15, the
selectivity of the reaction is easily tuned.
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To the best of our knowledge, this work is the first attempt to use these catalysts
in gaseous phase (flow reactor) above 150 °C. Moreover, these nanoparticles exhibit
much more activity and tunable selectivity than colloidal or classically prepared
nanoparticles.

Hydrogenation of MCP is a very well-studied reaction but very few catalysts has
been found to combine both a high activity and a high selectivity. We attempt to
demonstrate the superiority of our catalysts by comparing them to the current literature of
MCP hydrogenation (summary of literature data reported in Table 6).

All the catalysts reported in Table 6 are composed of supported nanoparticles on
either SiO, or Al,Os. Most of the catalysts have bare nanoparticles but for the work
performed in our group (capping agent polyvinylpyrrolidone or dendrimer). Moreover, we
have cited papers that reported NPs close in size to the one used in this work.

In our group, 1.5 nm PtNPs stabilized by PVP and supported on SBA-15 (no
difference in activity/selectivity is observed by the changing the support from SBA-15 to
MCF-17 there) have been previously used in the MCP hydrogenation and revealed a
TOF of 19 h™ at 280 °C, which is 17.6 times lower than TOF of Pt50/SBA-15 at 225 °C.
We observed a better selectivity for the ring opening isomers for the dendrimer-capped
Pt versus the PVP-capped Pt (96.9% versus 70%).° It is generally accepted that smaller
NPs are less active than larger ones, in the work of Alayoglu et al. 5.2 nm PVP capped
NPs have a TOF of 45 h™" whereas our Pt catalysts have a TOF of 334 h™ (7.4 times) in
a similar reactor and conditions. Investigation of the literature indicates the same trend of
the better performance of the dendrimer stabilized NPs. The most promising work was
done by Paal et al. using Pt, Ir and Pt—Ir nanoparticles supported on alumina with TOF
higher than the one reported here and similar selectivity (97% ring opening). However, to
achieve such performance the authors reported temperature between 280 °C-330 °C,
while our catalysts only require 200 °C-250 °C indicating a lower activation barrier.*®
High conversions are reported in the literature but those require high reaction
temperatures that lead to high cracking and fast deactivation. Our catalysts give 94%
conversion with high selectivity toward ring opening and no deactivation is observed at
225 °C.

From our knowledge, the TOFs reported here, up to 334 h™', are the highest
observed for this reaction at low temperatures (see Table 6). Furthermore, the selectivity
of the ring opening isomers is also the highest one (up to 99.6%) at high conversion and
high TOF.

The high performance of our catalysts could be explained by the presence of the
dendrimer.

In fact, we believe that the dendrimer is still present at the surface of the metal at
225 °C when the activity is optimum. Amiridis et al. have demonstrated that temperature
above 250 °C and H- flow were necessary to remove the dendrimer capping agent at the
surface of nanoparticles.**** Zaera et al. have shown that at 250 °C under hydrogen
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pretreatment, only 40% of the starting dendrimer was removed.?? This result induced that
our catalysts are composed of dendrimer moieties. According to our results, conversely
with previously reported on CO reaction,**** the presence of the dendrimer does not
block the reactions sites (see ethylene hydrogenation in Sl). Therefore, we believe that
the dendrimer (dendrimer moieties) is essential to the high performance observed in the
present work. The possible reasons for the observed enhancement of activity and the
drastic changes of selectivity (i.e., Rh and Pd) are exposed hereafter.

(1) The dendrimer stabilizes the nanoparticle, preventing sintering, during the
whole reaction until 250 °C. In the present work, sintering was only observed at 275 °C
(leading to deactivation of the catalyst) due to the destruction of the dendrimer and this is
in agreement with Amiridis’ work. According to Zaera, the sintering of PtNPs stabilized by
dendrimers supported on silica in observed under hydrogen pretreatment only from
350 oC.22,44

(2) PAMAM dendrimers are composed of high density electron rich tertiary
amines and amide that are well-known in homogeneous catalysis to activate catalysts.
The active sites could be electron enriched by the dendrimer/dendrimer moieties,
allowing a faster reaction on these sites.

(3) The tree-shape of the dendrimer is stabilizing the reactant or any of the
catalytic steps by steric effect (preferential orientation, enhance adsorption/desorption of
reactant and products, etc.) leading to a lower activation barrier hence the better
turnover frequency obtained.

At this point, we are unable to determine which of these explanations is the best,
as the results observed can be linked to any or all of the theories proposed. However, it
is unquestionable that G4OH dendrimer is essential to obtaining a new generation of
highly active and selective catalyst.

6.3 Conclusions

In conclusion, we have discovered that nanoparticles stabilized by PAMAM
dendrimer are very active for heterogenenous reaction in gas phase flow reactor at
temperatures above 150 °C, which has never been demonstrated before this work. As
an example, the multipathway hydrogenation of MCP was performed with MNPs (M = Pt,
Pd, Rh, Au, and Cu) stabilized by PAMAM. Pathway A implying a C—C sp® bond
breaking leading to three isomers is the ideal target in most cases over benzene
formation (pathway C) or cracking products (pathway B) for a certain number of reasons.
We found that Pt stabilized by fourth generation dendrimer and supported on SBA-15
(1.2-1.5 wt %) was the most active catalyst reported for the MCP hydrogenative
isomerization at 200-225 °C with high conversion, a TOF of 334 h™', and a very high
selectivity toward acyclic C6 isomers (up to 99.6%). The interesting behavior of
Rh/SBA-15 leading to majority ring opening isomers at 175 °C with TOF of 130.9 (h™")
and good conversion and leading to cracking alkanes at higher temperatures is also a
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surprising discovery. It seems that all the NPs stabilized by dendrimers (except Au and
Cu) bring a high activity for this reaction. We believe that this reactivity could be
explained by the well-stabilized NPs thanks to the dendrimer capping agent, which at the
same time can activate the surface with the electron-donating ligand amine ligands (like
in homogeneous catalysts) or by letting the surface be free of steric effect thanks to its
spongy shape or by stabilizing/orienting the reactants. The tunable selectivity from one
metal to another one is also an attractive characteristic of this family of
dendrimer-stabilized catalysts. The research presented here opens the field of
dendrimer catalysts in the gas phase heterogeneous catalytic field.
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Chapter 7 - A Comparison of Photocatalytic Activities of Gold
Nanoparticles Following Plasmonic and Interband Excitation
and a Strategy for Harnessing Interband Hot Carriers for

Solution Phase Photocatalysis

(This chapter covers similar material as in Zhao, J.; Nguyen, S. C.; Ye, R.; Ye, B.; Weller,
H.; Somorjai, G. A.; Alivisatos, A. P.; Toste, F. D. ACS Cent. Sci. 2017, 3, 482-488. —
reproduced with permission, copyright 2017 American Chemical Society.)

Abstract

Light driven excitation of gold nanoparticles (GNPs) has emerged as a potential
strategy to generate hot carriers for photocatalysis through excitation of localized surface
plasmon resonance (LSPR). In contrast, carrier generation through excitation of
interband transitions remains a less explored and underestimated pathway for
photocatalytic activity. Photoinduced oxidative etching of GNPs with FeCl; was
investigated as a model reaction in order to elucidate the effects of both types of
transitions. The quantitative results show that interband transitions more efficiently
generate hot carriers and that those carriers exhibit higher reactivity as compared to
those generated solely by LSPR. Further, leveraging the strong 1r-acidic character of the
resulting photogenerated Au™ hole, an interband transition induced cyclization reaction of
alkynylphenols was developed. Notably, alkyne coordination to the Au” hole intercepts
the classic oxidation event and leads to the formation of the catalytically active gold
clusters on subnanometer scale.
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7.1 Introduction

Plasmonic noble metal nanoparticles (such as those of Au, Ag or Cu) exhibit
strong light absorption through excitation of a localized surface plasmon resonance
(LSPR). The strong light absorption, robust nature, recyclability, and large surface areas
of these nanoparticles render them candidates as photocatalytic materials. Therefore,
these nanoparticles have recently been examined as photocatalysts for selective
chemical synthesis by harvesting visible light to drive reactions at ambient conditions. 2
Although the catalytic mechanism is not fully understood, hot carriers (here referred to as
high kinetic energy carriers) generated from surface plasmon excitation have been
strongly implicated for driving some catalytic reactions.”** These plasmonic noble metal
nanoparticles also have strong absorption on the high-energy side of their plasmon
resonances due to intrinsic interband transitions (Figure 1B and 2A). Limited studies of
gold nanoparticles supported on metal oxides show higher photocatalytic activities in
oxidation reactions for interband transitions as compared to that of LSPR. The higher
potential for the interband transition results from the creation of a hot hole with a high
reduction potential in the d band and a hot electron, to some extent, in the sp band.*”

To gain insights into how hot carriers are generated under specific excitation
wavelength, recent theoretical work predicted that photoexcitation of Au or Ag
nanoparticles with photon energy below the interband energy can create hot s electrons
or hot s holes in the intraband. However, when the photon energy is above the interband
energy threshold, more hot carriers are generated from direct excitation of d-sp
transitions even though these carriers do not have as high kinetic energy as those
produced in the intraband transition.® These findings imply that photoexcitation at
surface plasmon resonance, which usually has lower energy than the interband
transition, does not produce hot carriers terribly efficiently. This is not surprising when
considering how the energy of an absorbed photon is divided in these two excitation
regimes. In a classical description (Figure 1A, left), the LSPR photon energy is split
between thousands of carriers in the sp band and their distribution among all continuous
energy states approximately follows a Fermi—Dirac distribution after the LSPR dec:ays.1
Consequently, the probability of having high-energy carriers is very low (Figure 1A, right).
A more rigorous description is a quantum mechanical picture of superposition of many
single-electron, quantized energy transitions (Figure 1A, right).* When considering
momentum conservation in this discrete energy picture, the hot carrier generation is
relatively weak because there is only a limited joint density of states in the particles with
finite momentum that are matched with the LSPR wave vector.? In contrast, interband
transitions efficiently create hot carriers because the photon energy is concentrated to a
hot electron-hole pair (Figure 1B, right). In this regard, an important question is raised: is
the ability to generate higher kinetic energy carriers (i.e. hotter carriers) by LSPR
responsible for the observed light-driven catalysis by plasmonic metal nanoparticles, as
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compared to interband transitions, which produce a larger number of “cooler” hot carriers?
In this work, we provide evidence to support the latter mechanism.
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Figure. 1. Carriers generated after photoexciting metallic nanoparticles at the LSPR and
interband transition. (A) A classical description of LSPR shows oscillation of collective
electrons driven by the electric field (left). The LSPR decay generates a population of hot
carriers at various energies (right). The integral energy of both e (red area) and h* (blue)
occupation is equivalent to a single photon energy. A quantum mechanical description of
LSPR uses red arrows to represent a superposition of multiple isoenergetic,
single-electron transitions when one photon is absorbed. (B) Interband transition results
from absorption of a higher energy photon (left) and directly generates an e™-h" pair

(right).

7.2 Results and discussion:
7.2.1 Photoinduced etching of gold nanorods

Recent research on photocatalysis of plasmonic nanoparticles has shifted heavily
toward elucidating catalytic activity originating from LSPR and away from catalysis
induced by interband transitions. In contrast, there is a dearth of experimental
assessment of these two excitation pathways and the resulting mechanism of catalysis.
Herein, the photocatalytic activities of gold nanoparticles following LSPR and interband
excitation are compared in two reactions: the oxidative etching of gold nanoparticles with
FeCls and the cyclization of 2-(phenylethynyl) phenol. Colloidal gold nanorods (GNRs)
and spheres (GNSs) were chosen as photo-catalysts to avoid any affect from supporting
materials. Moreover, GNRs have longitudinal LSPR absorption that is well separated
from the interband transition absorption, allowing the evaluation of only the contribution
of LSPR to the photocatalysis. Comparison of the catalytic performance of the particles
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as a function of the excitation wavelength supports the conclusion that interband
transitions provide for greater catalytic activity than direct LSPR.

In the first reaction, the etching rate of GNRs and GNSs by a FeCls solution in the
dark, and LSPR and interband excitations was compared. GNRs and GNSs gave similar
results in this reaction; therefore GNRs were selected for examination. Previous studies
have shown that, under dark conditions, etching occurs selectively at the tips of the
GNRs and follows equation (1) because the gold ion product creates a strongly
coordinated complex with halide ions so that the reduction potential of Au*/Au is lower
than that of Au®>*/Au and Fe**/Fe®*.° To quantify the reaction rate, the blue-shifting rate of
the longitudinal LSPR absorption was measured (Figure S2). This absorption peak is an
effective probe for reaction rate as it is well separated from absorption of other reactants
and products in solution. TEM and UV-Vis spectroscopy proved a proportional
dependence of this blue-shifting rate to reaction rate due to the selective etching at the
GNR tips (see Sl). A first order rate constant of kgax = 3.41x107 s™ was measured. The
reaction showed first order dependence on [Fe®*], and an activation energy of 2.87
kcal/mol. These observations are consistent with homogenous reaction with low
absorption of Fe** on the GNR surface.
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Figure. 2. Photo-induced fast etching of GNRs in an FeCls solution at room temperature.
(A) Optical spectra of colloidal CTAB capped GNRs in water with depiction of the
interband and LSPR absorptions. (B) Spectral progression of a typical reaction under
450 nm excitation. (C) Representative TEM images showing tip etching of GNRs in B. (D)
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Linear dependence of Ao vs. GNR length (data in Table S3). The fitting does not
propagate the errors in length to the final errors of intercept and slope values.

In order to study the light driven reaction, a monochromatic light source from a
Xenon lamp equipped with narrow band-pass fitter (10-12 nm FWHM) was used and the
reaction was monitored via a UV-Vis spectrometer after various irradiation times (Figure
2B). TEM inspection shows a similar tip etching profile as in the reaction performed in the
dark (Figure 2C). Upon photoexcitation, the etching reaction occurred through a pathway
that generates soluble Au®* as an intermediate that further etches the GNRs (see Eq S8,
S9 in Sl). However, the overall reaction still follows equation (1). The reaction rate was
again measured via the blue-shifting rate of the longitudinal LSPR absorption (Figure 2D,
3A, 3B). At first glance, the etching rate appears faster under photoexcitation. Noticeably,
interband excitation resulted in the highest etching rate while the rate following
longitudinal LSPR excitation showed only an incremental difference as compared to Kgark
(Table S1). Kinetics studies confirmed the first order of [Fe**] in the rate equation and
the linear dependence of the reaction rate to the excitation power (Sl). Moreover, the
increase in local temperature around the GNRs is very small (< 1K) and the rise in
temperature of the reaction solution is just few degrees above room temperature (Table
S1) under our experimental conditions, and therefore the photothermal enhancement of
the reaction rate can be ignored.’®'" Taken together, these observations support the
hypothesis that photoexcitation is responsible for promoting the etching reaction.

Since the reaction rate constant increased linearly with the photon flux, the rate
constant, Kexcitation, Was normalized per single photon absorbed so that the rate can be
compared properly across excitation wavelengths (Figure 3C). Strikingly, the rate
constant was three to four orders of magnitude higher for the interband transition as
compared to the longitudinal LSPR. The rate in the region of 480 to 600 nm excitation
does not show a catalytic enhancement due to the transverse LSPR. In fact, the rate in
this region was still very high as compared to the longitudinal LSPR due to the tail of the
interband absorption starting at ~ 600 nm."? The quantum yield also exhibited a similar
trend (Figure S10).

A stepwise mechanism for the etching reaction is proposed (Figure 3D). The first
absorbed photon promotes an interband transition that results in a hot electron that
reduces Fe** on the surface of the GNR to give an Fe?* product and effectively leaves a
positive charge on the GNRs. This step is repeated three times to produces an Au*
product. The Au®* further reacts with the GNRs to give the final product Au®. This
mechanism is supported by our detection of Au®**" intermediates, the observation of Au**
further etched GNRs immediately after stopping irradiation, and that hole scavengers
(acetone, methanol) resulted in decreased reaction rates (Sl). With this mechanism of
hot carriers catalyzing the reaction, the aforementioned reaction rates and quantum yield
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measurements indicate a significantly better efficiency of generating hot carriers for
catalysis via interband transition as compared to direct surface plasmon excitation.
These observations and conclusions beg the next question: can this mechanism be
harnessed effectively for catalysis in liquid solution?
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Figure. 3. Kinetic studies of photo-induced fast etching of GNRs in an FeCl; solution at
room temperature. (A) lllustration of that photoexcitation promotes fast etching, and the
reaction rate is measured via the blue-shifting rate of the longitudinal SPR absorption
(SI). (B) The etching rates at various wavelengths and absorbed photon powers. (C)
Reaction rate normalized to each single photon absorbed, with respect to optical spectra
of GNRs. (D) Proposed mechanism of the etching reaction.

7.2.2 Photoinduced gold nanoparticle catalysis

Over the last decades, several studies involving light driven oxidation'>% and

reduction®'?® reactions catalyzed by semiconductor supported gold nanoparticles (GNPs)
excited at their plasmon resonance have been described.?® In these studies, a
semiconductor support is often required to perform the electron-hole separation. Notably,
the probability of interband transition, based on the intensity of optical absorption,
accounts for roughly 50% of the overall optical absorprion at the transverse LSPR
frequency of GNRs or at the single LSPR frequency of GNSs. Therefore, we
hypothesized that photocatalysis activities observed at the plasmon frequency in some
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of these studies might originate from the hidden tail of the interband transition similar to
those observed in the etching study described above.

Photoinduced nanoparticle-catalyzed redox reactions are proposed to occur by a
mechanism involving transfer of a hot electron on the surface of the semiconductor bulk,
resulting in formation of a hole at the metal. In accord with this classic operational mode
and the mechanism proposed above for carrier generation in GNPs via interband
transition, we envisioned improved generation of hot carriers for catalysis. More
specifically, we posited that the photogenerated Au® hole would have strong T-acidic
character,’>* which could be leverage for alkyne activation to intercept the oxidation
event and drive to downstream catalysis.

On the basis of this hypothesis, 2-(phenylethynyl) phenol was chosen as a model
substrate and the corresponding cyclization reaction has been previously studied using
gold nanoparticle catalysts and chemical oxidants.** CTAB-coated gold nanospheres
with 40 nm diameter were initially used as catalysts in the cyclization. Additional CTAB
was necessary for stabilizing the catalyst and solublizing the alkynyl phenol into the
aqueous media. The GNS-catalyzed reaction at 60 °C under 26 W household
fluorescent compact light (CFL) irradiation produced 2-phenyl benzofuran in excellent
yield (99%). On the other hand, blank and dark experiments in the absence of the
catalyst and light irradiation respectively gave only trace amounts of the benzofuran
product (<5%). Given these observations, the influence of incident light on the
performance of cyclization was studied using Xenon light with various wavelengths
ranging from 390 nm to 660 nm with normalized incident photon numbers (Figure 4A).
The studies found that the reaction proceeded with poor chemical conversions under the
irradiation of light with wavelengths ranging from 480 nm to 660 nm. Notably, the low
conversion at LSPR suggests that the cyclization was not driven effectively by the local
surface plasmonic effect. On the other hand, nearly quantitative yields of the desired
benzofuran were obtained when irradiating the reaction mixture in the near ultraviolet
region (390 nm and 420 nm). The same trend in reaction conversions was obtained
when using GNSs with various diameters as well as GNRs with different aspect ratios
(see Sl). In addition, a nearly linear relationship between the conversion of phenol and
the power of the incident light was established (Figure 4B). These results advocate for a
mechanism wherein hot carriers from interband excitation have a dramatic impact on the
performance of cyclization.

In order to gain further insight into the mechanism of the photocatalysis,
plot-time-conversion studies were performed under both “Light-Always-On” and
“Light-On/Off” conditions (Figure 4C). A reaction-induction period with “light-on” of 20
minutes was observed, after which the product was steadily formed even without further
light irradiation. Examination of the supernatant (see Sl) revealed that during the
irradiation period a soluble catalyst was formed in situ from the GNPs. Most notably,
several subnanosized Au,; and Auy clusters complexed with the phenol substrates were
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identified in the supernatant solution by HR-ESI mass spectroscopy (Figure 4D). In
accord with observations of Corma® and Hutchings,*® these subnanosized clusters
exhibit striking reactivity as catalysts in the cyclization reaction. In terms of scope, alkynyl
phenols with steric or electronic modifications on both arenes were found to be
compatible under the same reaction conditions, affording the corresponding benzofurans
in good yields (see Sl).
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Figure. 4. Photoinduced gold nanoparticle catalysis. (A) UV-Vis absorption of GNSs
(diameter = 40 nm) and study on the catalytic activities of aforementioned GNSs using
Xenon light with various wavelength, number of incident photons was normalized. (B)
The power dependence study of catalytic reaction using GNSs as catalyst and Xenon
lamp with 390 nm filter (C) plot-time-conversion studies under both “Light-Always-On”
(red) and “Light-On/Off” (gray) conditions, pink shadow mains during that period, light
was turned off and the “Light-On/Off” reaction was undergoing dark conditions, 23W CFL
was used as light source. (D) The major Au, cluster formed in situ in supernatant and
detected by HR-ESI mass spectroscopy. See HR-ESI assignment of other Au, and Aug
clusters in Sl. (E) Proposed mechanism of the leaching process of GNPs.

By analogy to the iron-promoted etching of GNPs, a mechanism involving initial
interaction of alkynyl phenol on the GNPs surface was proposed (Figure 4E). This
alkynyl phenol substrate acts as the electron acceptor (much like Fe*) for the hot
electron produced from the light-driven interband transition. Subsequent oxidation on the
Au® hole and strong alkyne coordination to gold generates the corresponding
nanoclusters that are leached into the solution. Compared to our previous catalysis®*>"*>
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in the use of dendrimers capped GNPs with iodonium oxidants, the model phenol
substrate plays a key role of not only an oxidant of GNPs but also a stabilizing ligand in
the forming cluster.

7.3 Conclusions

While localized surface plasmon resonance (LSPR) provides a powerful platform
for nanoparticle catalysis, our studies suggest that in some cases interband transitions
should be considered as an alternative mechanism of light-driven nanoparticle catalysis.
The benefits already demonstrated by plasmonic nanostructures as catalysts provided
the impetus for examining complementary activation modes based on the metal
nanoparticle itself. Leveraging these transitions has the potential to provide a means to
highly active catalysis modes that would otherwise be challenging to access. For
example, only a few methods have been reported for the preparation of highly active
metal catalysts on a subnanosized scale, thus limiting their exploitation and study in
catalysis.** This work suggests a novel and facile strategy for the formation of highly
active gold nanocluster catalysts by light illumination of the interband transitions in the
presence of the appropriate substrate. Finally, these studies implicated interband
transitions, rather than LSPR, as important for the specific reactions and catalysts under
study and should be applied judiciously beyond that. Indeed, it is likely that the activation
mode will depend on catalyst features (metal, size, support) and the reaction and,
therefore, warrants careful evaluation.
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Chapter 8 - Effects of Acidic Properties of Mesoporous
Zeolites Supporting Pt Nanoparticles on Hydrogenative

Conversions of Methylcyclopentane

(This chapter covers similar material as in Na, K.; Alayoglu, S.; Ye, R.; Somorjai, G. A. J.
Am. Chem. Soc. 2014, 136, 17207-17212. — reproduced with permission, copyright 2014
American Chemical Society.)

Abstract

The effect of acidic properties of mesoporous zeolites on the control of product
selectivity during the hydrogenative isomerization of methylcyclopentane has been
investigated. A series of mesoporous zeolites with controlled acidic properties were
prepared by postdealumination process with hydrochloric acid under hydrothermal
conditions, and the resultant zeolites used for supporting colloidal Pt nanoparticles (NPs)
with a mean size of 2.5 nm (£0.6 nm). As compared to the pure Pt NPs supported on
catalytically inert mesoporous silica (MCF-17) as the reference catalyst that can produce
isomers most selectively (~80%), the Pt NPs supported on mesoporous zeolites
produced Cg-cyclic hydrocarbons (i.e., cyclohexane and benzene) most dominantly. The
type and strength of the Bronsted (B) and Lewis (L) acid sites of those zeolites with a
controlled Al amount are analyzed by using FT-IR after the adsorption of pyridine and
NH3 temperature-programmed desorption measurements, and they are correlated with
the selectivity change between cyclohexane and benzene. From this investigation, we
found a linear relationship between the number of Bronsted acid sites and the formation
rate for cyclohexane. In addition, we revealed that more Lewis acidic zeolite having
relatively smaller B/L ratio is effective for the cyclohexane formation, whereas more
Bronsted acidic zeolite having relatively larger B/L ratio is effective for the benzene
formation.



8.1 Introduction

Supported metal nanoparticle (NP) catalysts are the typical form of
heterogeneous catalysts used ubiquitously in the current chemical industries.”® The
surface of a metal NP is the catalytic site on which the reactant can be adsorbed and
converted to various product molecules. The molecular interaction to the surface of
metal NPs can affect the overall catalytic activity and the product selectivity.®® Size,
shape, and composition of metal NPs are also crucial factors for controlling the reaction
processes. °° In practical reaction processes, the metal NPs are used as the catalytic
sites after supporting on the robust inorganic support materials of porous materials with
high surface area and large pore volume.'®"® Therefore, the structural properties of
supporting materials also possess prominent functions that can critically influence the
reactions.'*"

Among the various porous inorganic materials, zeolites are greatly contributing to
the heterogeneous catalytic reactions."”'® In current chemical industries, zeolites occupy
more than 40% among the whole solid catalysts, which is the largest portion, followed by
metal oxides."” Zeolites have a charge-localized surface due to the presence of isolated
heteroatoms such as Al, Sn, V, and Ti that are covalently surrounded by crystalline
microporous silicon oxide framework.?>#? Zeolites can catalyze many reactions over the
charge-localized atomic sites on the zeolite surface that can induce the catalytic
reactions through forming an acid—base pair with reactant molecules. Zeolites can
usually do the catalysis alone, but they can also make catalytic synergies when metal
NPs are supported on them. Such combinations of metal NPs with zeolites make an
interface between them, which can sometimes make considerable changes in catalytic
activity and product selectivity.” Particularly in the viewpoint of product selectivity,
achieving 100% product selectivity to a single desired product would become much more
feasible through the rational design of catalyst system.?>?°

In this work, we investigated the effect of acidic properties of zeolite on the control
of product selectivity and catalytic activity during model hydrogenative isomerization of
methylcyclopentane (MCP). We used mesoporous BEA zeolites having secondary
mesopores within nanocrystalline zeolite particles to control the amount and strength of
Bronsted and Lewis acid sites for elucidating effects of acidic properties on the selectivity
control during the MCP/H; reaction under ambient pressure at 150 °C. The acidic
properties of mesoporous zeolite were controlled by systematic postdealumination with
different concentrations of hydrochloric acid and hydrothermal condition,?® where 2.5 nm
Pt NPs were supported inside mesopore voids with the mean diameter of 15 nm to build
catalytic architectures with Pt/zeolite interfaces.

8.2 Experimental section

Mesoporous BEA zeolite and mesoporous silica MCF-17 were synthesized by
following the literature reported elsewhere.'®?’
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For postdealumation of mesoporous BEA zeolite, 0.5 g of H'-exchanged
mesoporous BEA zeolite was diluted in 20 mL of 1—-2 M HCI solutions, and heated for
30-90 min under reflux condition. After treatment, the zeolite was collected by filtration,
washed with distilled water three times, and dried in an oven at 120 °C. The resultant
mesoporous BEA zeolite was denoted as BEA-x, where x is the content (%) of Al in the
zeolite framework.

Poly(vinylpyrrolidone) (PVP)-capped Pt NPs with an average size of 2.5 nm were
synthesized by following the literature reported elsewhere.'® The PVP-capped Pt NPs
were supported on the mesoporous BEA zeolites with controlled Al amount and
mesoporous silica MCF-17.

The catalytic materials synthesized in this work were characterized with X-ray
diffraction (XRD), transmission electron microscope (TEM), inductively coupled plasma
atomic emission spectroscopy (ICP-AES), N2 physisorption analysis, FT-IR analysis and
NH3 temperature-programmed desorption (TPD). The catalytic testing was performed
using lab-build plug-flow reactor connected to a gas chromatograph (GC) equipped with
FID detector

8.3 Results and discussion
8.3.1 Pt metal NPs supported mesoporous BEA zeolites with controlled acidity

Upon postdealumination, Al contents in mesoporous BEA zeolites were
systematically controlled. The resultant mesoporous BEA zeolites with controlled amount
of Al were further characterized with ICP-AES, XRD, FT-IR, and NH; TPD before
supporting Pt metal nanoparticles. According to the ICP-AES, the total Al content
decreased from 10% to 4%, 1% and 0.5% upon postdealumination. No significant
collapse of zeolite framework was observed according to the XRD analysis. N
adsorption analysis also proved that the series of dealuminated BEA zeolites possessed
similar pore properties to the pristine BEA zeolite (see Table 1 for pore analysis data).

The acidic properties of mesoporous BEA zeolites were investigated by FT-IR
after the adsorption of pyridine as a probe base molecule and TPD experiments after the
adsorption of NH; (Figure 1). The IR data shows the stretching bands of pyridine
adsorbed on the Bronsted (B) and Lewis (L) acid sites at 1550 and 1450 cm™,
respectively (Figure 1A). The selective quantification of both acid sites was carried out
with adsorption coefficients,?® which shows that the number of acid sites decreased
proportionally to the total Al contents upon postdealumination (Figure 1B and Table 1).
The pristine mesoporous BEA zeolite (BEA-10) showed the largest amount of Bronsted
acid sites (0.98 mmol/g) with comparable amount of Lewis acid sites (0.58 mmol/g). The
ratio between Bronsted and Lewis acid sites (B/L ratio) is 1.69. The B/L ratio was
progressively increased with the decrease of Al contents in the dealuminated BEA
zeolites (Table 1). This result indicates that the Lewis acid sites are dealuminated more
preferably than the Bronsted acid sites upon hydrochloric acid treatment. As already
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reported in literatures, the Lewis acid sites are mostly originated from the
extraframework Al Species that can be leached out by aqueous acid more easily than
Bronsted acid sites surrounded tetrahedrally by —O-Si bonds.?

Table 1. Quantification of acid sites according to the FT-IR and NH3 TPD experiments

BETa surface Pore size® Pore volume® | Pt?
area
BEA-10 755 20 0.85 0.49
BEA-4 815 18 0.93 0.51
BEA-1 770 11 0.86 0.52
BEA-0.5 865 13 1.23 0.48
(continue)
IR NHs; TPD
B® L B/LY Ly Bu' =Y Bs*
0.98 0.58 0.568 |0.388 |0.359 |[0.247
BEA-10 (1545) | (1541) 169 (130)™ | (196)™ | (274)" | (522)"
0.43 0.21 0.228 |0.158 |0.145 [0.109
BEA-4 (1548) | (1449) 2.05 (123)™ | (174)" | (227)" | (550)™
0.12 0.04 0.042 |0.038 |0.042 [0.038
BEA-1 (1550) | (1448) 3.00 (105)™ | (157)" | (187)™ | (660)™
BEA-0. |0.07 0.01 200 |0011 0024 |0.013 |0.032
5 (1552) | (1447) | (89)" | (140)" | (198)™ | (707)"

BET surface area calculated by Brunauer—Emmett-Teller method (m?/g). °Average size
of mesopore (nm). “Total pore volume calculated by BJH method (cm?®/g). “Pt loading
(wt %) of Pt NPs supported zeolites determined by ICP-AES. ¢’ (e) Brénsted and (f)
Lewis acid sites (mmol/g). ‘Relative ratio of B/L. "Lewis acid sites with weak strength, .
“Bronsted acid sites with (i) weak, (j) medium, and (k) strong strength. ‘Center of the IR
peak (cm™). "Center of the deconvoluted TPD profile (°C).
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Figure 1. (A) FT-IR spectra after the adsorption of pyridine followed with desorption at
150 °C of BEA-10, 4, 1, and 0.5 (blue, pink, red and green, respectively), where
Bronsted (B) and Lewis (L) acid sites are observed at around 1550 and 1450 cm™,
respectively. (B) Quantification of Bronsted and Lewis acid sites of zeolites from FT-IR
spectra in (A). (C) NH3 temperature-programmed desorption (TPD) profiles for BEA-10,
4, 1, and 0.5 (from bottom to top), where each TPD profile was deconvoluted into four
distinct peaks of weak Lewis acid sites (Lw, blue) and Bronsted acid sites with weak (Bw,
green), medium (Bw, pink) and strong (Bs, red) strengths. The fitted signals from four
peaks were also drawn together (cyan).

Figure 1C shows NHs3; TPD profiles of mesoporous BEA zeolites, showing the
desorption phenomena of NH; molecules adsorbed on the acid sites upon increase of
temperature. The TPD profiles can be deconvoluted further to four peaks according to
the desorption temperature. For example, NH3; TPD profile of pristine zeolite BEA-10 can
be deconvoluted to four peaks at 130, 196, 274, and 522 °C that can be assigned by
desorption of pyridine from Lewis acid sites with weak strength (Lw), Bronsted acid sites
with weak (Bw), medium (Bym), and strong (Bs) strengths, respectively. Table 1
summarized the quantification results of the series of BEA zeolites from NH;TPD profiles
in comparison with values calculated by FT-IR. For the analysis of the NH3-TPD spectra,
a protocol was employed in which the calculated B/L ratios form the pyridine-probed
FTIR spectra were used as constraints to slave the peak deconvolution.

On the series of BEA zeolite with controlled Al contents, Pt NPs with mean
diameter of 2.5 nm were supported. The Pt NPs were synthesized by colloidal synthesis
reaction of HyPtClg precursor salt in ethylene glycol in the presence of PVP as the
capping agent. Prior to catalytic runs, the catalysts were conditioned in 150 Torr O, at
250 °C and in 150 Torr Hy at 150 °C, which were found as the optimum conditions to
treat the residual PVP capping and activate Pt NPs."® The Pt NPs were supported with
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good dispersion. In addition, as proved by TEM, the dealuminated mesoporous BEA
zeolites have very similar morphology with the pristine mesoporous BEA zeolite (BEA-10)
before postdealumination. The crystalline lattice fringes from the microporous zeolite
framework were also observed clearly over the zeolite catalysts, which indicated that no
significant structural collapse of zeolite framework occurred upon postdealumination with
HCI.

8.3.2 Catalytic hydrogenative conversion of methylcyclopentane

The series of mesoporous BEA zeolites with and without supporting Pt metal NPs
was tested for the MCP/H; reaction. In Scheme 1, MCP can be converted into various
hydrocarbon species via reforming pathways such as dehydrogenation to olefins (1,
green), ring-opening isomerization to acyclic isomers (2, pink), ring-enlargement
cyclization to cyclohexane (3, blue) or benzene (4, red), and cracking to C1-Cs
hydrocarbons (5, gray). Figure 2A shows the product selectivity during the MCP/H;
reaction over the tested catalysts. As shown in Figure 2A, 2.5 nm PVP-capped Pt metal
NPs supported on the mesoporous silica (Pt/SiO,) produced acyclic isomers most
dominantly (pink, ~80%) and a lesser amount of olefin products (green, ~20%). Note
that the pure mesoporous silica without supporting Pt NPs has no catalytic activity, and
hence P1/SiO; is the catalyst for giving a sole function of Pt NPs for this reaction.

Scheme 1. Schematic drawing for the reaction of methylcyclopentane reforming
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Figure 2. (A) Product selectivity (%) and (B) mass activity data over tested catalysts
based on the catalyst weight (umol/(s/g)).

The effect of making catalytic interface between Pt and acid sites on the zeolite
surface was investigated after supporting Pt NPs on the series of mesoporous BEA
zeolites. In contrast to the Pt/SiO2, the major products over Pt/zeolites were Cg-cyclic
hydrocarbons such as cyclohexane (blue) and benzene (red) that are ring-enlarged
products from MCP. It is highly remarkable that such ring-enlarged hydrocarbons were
not formed over P/SiO, at the same reaction condition (150 °C). Benzene can only be
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produced over Pt/SiO, when the reaction temperature approached 250 °C. However,
cyclohexane was not obtained over Pt/SiO, no matter how the reaction condition was
changed. The favorable formation of Ce-cyclic hydrocarbons can be attributed to the
synergistic catalytic actions at the interface of Pt and acid sites on the zeolite surface.
Interestingly, the relative selectivity ratio between cyclohexane and benzene was
progressively changed according to the acidic properties of zeolite supports. Pt/BEA-10
zeolite produced the largest product selectivity to cyclohexane (58%) followed with 32%
of benzene. The selectivity to cyclohexane decreased upon decrease of Al content in the
mesoporous BEA zeolite, while the benzene selectivity increased at the expense of
cyclohexane decrease. Hence, PY/BEA-0.5 zeolite produced the largest amount of
benzene (65%) with 12% of cyclohexane. This is in similar trend with our previous
findings over Pt/MFI catalyst with similar ratios of Al/Si and Pt/Al as the Pt/BEA-0.5
catalyst.'

The four pure mesoporous BEA zeolites without supporting Pt NPs were
investigated in order to elucidate the sole roles of mesoporous BEA zeolites in the
absence of Pt NPs. The results show that these pure zeolites behave like Pt/SiO,. They
could also produce both acyclic isomers (pink) and olefin products (green). The result
demonstrated that the role of acidic sites on the zeolite surface is quite similar to the role
of Pt NPs, both of which are responsible for dehydrogenation via C—H bond activation
and ring-opened isomerization via activations of C—C and C-H bonds. However, the
product selectivities toward olefins and acyclic isomers were different depending on the
catalyst. BEA-10 zeolite could produce more acyclic isomers, whereas BEA-0.5 zeolite
produced more olefins. In addition, small amount of benzene (2.7-12.6%) was also
produced over BEA-4, 1, and 0.5 zeolites, where its amount was progressively increased
upon the decrease of Al content.

Figure 2B shows the mass activity data for the tested catalysts based on the
catalyst weight. The mass activity decreased upon the decrease of Al contents.
Pt/BEA-10 showed 0.61 ymol/s/g of total mass activity, which was about six times higher
activity than the pure zeolite (i.e., BEA-10). The mass activity decreased to 0.41
pumol/(s/g) for P/BEA-0.5, which was also about five times higher activity than pure
zeolite (i.e., BEA-0.5). The fact that acyclic isomers and olefin products did not change at
any significant rate (see horizontal line in Figure 3A), and the absence of cyclohexane for
pure zeolite supports and pure Pt (i.e., SiO; is inert) indicates that the reaction could be
decomposed into two major pathways: (i) hydrogen extraction and hydrogenative
ring-opening over individual Pt and acidic zeolite sites, decoupled from one another; and
(i) hydrogenative ring closure that led to cyclohexene intermediate, not observed in the
effluent gas mixture only to be revealed by SFG vibrational spectroscopy,’ and
subsequent hydrogenation/dehydrogenation at the interface of Pt and acidic sites of
zeolite.
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Figure 3. (A) Turnover frequency (TOF, s™') of Pt NPs supported catalysts. TOFs were
calculated based on the number of Pt atoms exposed at the surface of 2.5 nm-Pt NPs,
assuming that all the surface Pt sites were reduced at 250 °C under H; gas. Each bar is
divided into product formation rates for olefins (green), acyclic isomers (pink), cyclization
to cyclohexane (blue) and cyclization/dehydrogenation to benzene (red). (B) Correlation
of product formation rates (s™') for cyclohexane (blue) and benzene (red) with the total
amount of Bronsted acid sites (mmol/g), and (B) with the relative ratio of Bronsted and
Lewis acid sites (B/L).

To elaborate this last conclusion that invokes a multipath chemistry at some
dynamic interface, the number densities of acid sites around Pt NPs were calculated for
different BEA supports. Monodisperse Pt NPs and uniformly distributed aluminosilicate
framework of zeolite could render modeling based on simple geometric variables and
physical constraints (i.e., surface area, %Pt loading, NH3-TPD results) possible. With this
model, the numbers of different acid sites (Lewis and various Bronsted sites) were
calculated along the surface plane and in concentric domains away from Pt NP surfaces.
It was found that there is, in average, 1 Lewis and 7 Bronsted acid sites within
approximately 5 nm of Pt NP surfaces for the BEA-0.5 support. It should be noted that
these numbers are negligibly small as compared to the large number of surface Pt atoms
per NP (approximately 250). However, 60 Lewis and 110 Bronsted acid sites were
calculated using the same model and identical radial distance for the BEA-10 support.
The implications of this observation are 2-fold. First, the probability that a surface Pt
atom would see an acid side of any kind within the bonding vicinity (0-3 A) is very small
in general, and approaches to zero in the case of BEA-0.5. This suggests Pt surface
intermediate should spillover to zeolite surface and diffuse several nanometers before
encountering, at any significant probability, with any acid site. Second, the changes in
overall activity, both mass-based and surface-normalized, are within 30% for the Pt/BEA
catalyst for Al concentrations in the 0.5-10% range. This indicates that the ring
enlargement chemistry over the zeolites should be the rate-limiting step while the
spillover and diffusion processes should be relatively fast. This also implies that the
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cyclization reaction might still take place on the zeolite support within the bonding
proximity of surface Pt atoms.

8.3.3 Correlation of acidic properties with product formation rates

Given the systematic changes in product selectivity between cyclohexane and
benzene over the series of P/BEA catalysts, one should turn into particular structure—
reactivity correlations based on the acidic properties of zeolite supports. To this end, the
product formation rates (s™') were correlated with the number distributions of various
acidic sites of different types and strengths; this is illustrated in Figure 3B. It was found
that the formation of cyclohexane dramatically increased with increasing the number of
Bronsted sites, summed over different strengths, whereas benzene formation showed a
slight negative slope. It should be noted that the strengths of various Bronsted sites
(weak, medium and strong) were defined in the broadest definition of the term, referring
to the low, medium and high temperature NH; desorption peaks. The relative strengths
of various Bronsted sites are, however, different for the Pt/BEA catalysts. In general,
strong Bronsted sites increased in strength (i.e., higher desorption temperature of NHs)
in the order BEA-10 < BEA-4 < BEA-1 < BEA-0.5, while weak and medium Bronsted
sites decreased in strength in the same order (Figure 1C). Pyridine-probed FT-IR study
also indicated an increase in average vibrational frequency of pyridine adsorbed on
Bronsted sites from BEA-10 to BEA-0.5 (Figure 1A) and, therefore, corroborated the
conclusions drawn from the analysis of NH3-TPD data. Likewise, the relative strengths of
weak Lewis sites increased in the order BEA-0.5 < BEA-1 < BEA-4 < BEA-10, indicated
by the NH3;-TPD and pyridine-probed FT-IR results. Therefore, the selectivity switchover
from cyclohexane to benzene for the Pt/BEA catalysts (i.e., the ease of hydrogen
extraction) could be single-handedly delivered by the presence of strong Bronsted sites,
in particular, those that exhibited stronger bonding with the base molecules as in the
case of BEA-0.5. In support of this, it should be noted that pure BEA-0.5 led to the
formation of benzene in low, yet measurable amounts, while pure BEA-10 did not
produce any measurable cyclic isomers.

Alternative to this view, the Lewis acid sites could interact with C=C double bonds,
present in either benzene or cyclohexene intermediate, by forming T-complex with
aluminum at Lewis acid sites. If correct, this should lead to stronger (weak) Lewis acid
sites for the Pt/BEA-0.5 catalyst than the Pt/BEA-10 catalyst. Our findings, however,
indicate the opposite trend; the desorption temperature of NH; over the Pt/BEA-10
catalyst was higher than that over the Pt/BEA-0.5 catalyst (130 vs 89 °C in Table 1).
Furthermore, the number of weak Lewis sites over the Pt/BEA-10 outmatched those over
the Pt/BEA-0.5 by 50:1. Nonetheless, it should be noted that we tried and found a
correlation between the B/L ratios and formation rate toward benzene; the larger the B/L
ratio, the higher the formation rate toward benzene, and vice versa (Figure 3C).
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8.4 Conclusion

In conclusion, effect of the acidic properties of mesoporous zeolites supporting Pt
NPs has been investigated for the hydrogenative reforming of MCP. The sole Pt NPs
and the pure mesoporous zeolites without Pt NPs have similar catalytic functions that
can make olefin and acyclic isomer products with different selectivity. However, making
catalytic interfaces of Pt NPs with acid sites on the zeolite surface enhanced the activity
very significantly and hence lowered the temperature for the formation of Ce-cyclic
hydrocarbons by ~100 °C as compared to the Pt/SiO,. In particular, relative selectivities
between cyclohexane and benzene were systematically changed according to the
mesoporous BEA zeolites. The cyclohexane formation rate increased linearly with the
increased number of Bronsted acid sites. In particular, the larger the Bronsted/Lewis
ratio in the zeolite framework, the higher the formation rate toward benzene, and vice
versa. The present work provides the detailed effect of acidic sites on the selective
formation of Ce-cyclic hydrocarbons, such as cyclohexane and benzene. The results
described in this work promote the zeolite-based solid acids supporting metal
nanoparticles as potential catalyst candidates for selective C—C and C-H bond
activations.
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