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Nature possesses methods for the formation and manipulation of inorganic materials
with controlled size, shape, and compositions. Biomolecules, such as peptides, are known
to be responsible for the generation of such inorganic materials on the nanoscale, where
the enhanced properties can be exploited for various applications. Pd nanoparticles, capped
with the Pd-specific Pd4 peptide (TSNAVHPTLRHL), were found to be active catalysts
for Stille coupling, where the debated mechanism of oxidative addition was explored.
Furthermore, the same Pd4-capped nanoparticles were found to be active in Suzuki
coupling, another C-C coupling reaction that undergoes catalysis following a similar
mechanism. Other considerations with peptide-capped metal catalysis involved the role of
the reductant and the subsequent effects on morphology and reactivity, as seen by use of
Au nanoparticles capped with a library of peptides. The role of the reductant was studied
using varied reductants and was found to directly affect the catalytic activity. Additionally,
such Au and Ag materials-binding peptides were expanded to generate multi-domain
biomolecules capable of metal-specific binding and nanoparticle assembly. Such in-depth
studies of peptide-capped nanomaterials and their uses in catalysis and assembly is

important for optimized functionality and application.
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Summary

The main aim of my research is to probe the synthesis and applications of peptide-capped
metal nanoparticles in detail. Peptides are known for their ability to control the size and
morphology of inorganic materials at the nanoscale level, exploiting principles designed in
nature. These peptides generally fabricate nanomaterials under ambient conditions where
intricate interactions between the biomolecules and inorganic materials lead to precisely
designed structures. The ability to mimic the formation of precise nanomaterials is highly
desired as such materials could be employed in numerous applications such as catalysis,
assembly, and sensing. Unfortunately, the population of naturally abundant peptides with
affinity and specificity to inorganic materials is limited, thus methods have been developed
to elucidate these peptides in the laboratory. Chapter 1 discusses the most commonly used
method, phage display, exploited to isolate peptide sequences with affinities to an inorganic
material of choice. The chapter then continues on to discuss relevant materials-binding
peptides and their varied applications.

Using phage display, the Pd-binding peptide Pd4 (TSNAVHPTLRHL) was isolated. The
use of Pd4 as a capping agent for Pd nanoparticle synthesis yielded small, nearly-
monodisperse nanoparticles synthesized under benign conditions. Modeling studies of the
peptide interaction with the Pd surface suggested that the Pd4 passivates the metal through
the histidines at the six and eleven positions. This is beneficial as it helps to control the size
and limit aggregation of the nanoparticles while leaving the catalytic surface area exposed.
Thus, the Pd4-capped Pd nanoparticles were employed in Stille C-C coupling. While active
for catalysis across a variety of substrates, the mechanism of Stille coupling remains

controversial. It is well accepted that there are three steps: oxidative addition,



transmetalation, and reductive elimination. The controversy lies in the oxidative addition
step, where it is hotly debated whether nanoparticles undergo a leaching or surface-based
mechanism. Chapter 2 details an in-depth study of the oxidative addition step of Stille
coupling using Extended X-ray Absorbance Fine Structure Spectroscopy (EXAFS) and
Small-Angle X-ray Scattering (SAXS) to spectroscopically probe the structure of the
nanoparticles during this controversial step, where evidence of a leaching mechanism was
achieved.

A useful catalyst needs to be versatile in many reactions and in order to advance this
capability, each reaction needs to be studied and optimized for that catalytic system. In this
manner, Suzuki C-C coupling was next explored using the Pd4-capped Pd nanoparticles.
Suzuki coupling is very similar to Stille coupling, having a very similar mechanism, with
the exception of using an organoboron compound for transmetalation over an
organostannane complex. The use of Suzuki coupling results in the entire system (catalyst
and reaction) being significantly more environmentally friendly; boron is less toxic than
tin. Optimization of Suzuki coupling occurred through turnover frequency (TOF) studies
varying the base concentration of three species: KOH, NaCO3, and K3POs, and through ''B
NMR studies. This work revealed a unique relationship with the strength of the base
employed, as discussed in Chapter 3, where a stronger base was observed to disrupt the
equilibria required to maximize product yield.

From the previous work discussed in Chapter 1 and 2 on peptide-capped Pd
nanoparticles, it was determined that the sequence of the peptide has substantial effects on

the inorganic material morphology. It should be considered, though, that the capping agent



is not the only factor in shape development; the strength of the reductant plays a pivotal
role as it is intimately involved in nanoparticle nucleation and growth. Previous studies
have not explored the intertwined roles of the reductant and peptide-capping agent in a
concise manner. One limitation, especially with Pd, is the lack of surface characterization
methods for the in situ process. Thus, switching to Au nanoparticles, which are known to
have distinct localized surface plasmon resonance (LSPR) bands in the visible region of
the UV-vis spectrum, is a logical step. In Chapter 4, I discuss the study of Au nanoparticles
capped with three different peptides: AuBP1 (WAGAKRLVLRRE), AuBP2
(WALRRIRRQSY), and Pd4. AuBP1 and AuBP2 were isolated for their affinity for Au
while Pd4, as previously mentioned, was isolated to bind Pd. Additionally, three different
reductants were used in the generation of these peptide-capped Au nanoparticles: NaBHa,
hydrazine, and ascorbic acid. From a thorough study of the LSPR formation and catalytic
activity of the surface-based 4-nitrophenol reduction, the interplay between the reductant
and peptide capping agent for the formation of the Au nanoparticles was elucidated.
Based upon the previously described studies, the ability of peptides to passivate
nanoparticle surfaces and influence morphology and, subsequently, catalytic activity has
been determined. While catalysis is a potential application for nanomaterials, not all
inorganic metals are strongly catalytically active, thus other applications should be
explored for use with materials-binding peptides. One such application is assembly, where
in Chapter 5, I describe the synthesis of a two domain peptide linked through a
photoresponsive molecule, where the assembly of the nanoparticles could potentially be
influenced by an external stimulus. This new peptide, termed Peptide Assembly

Responsive Element (PARE), is the combination of AuBPl and AgBPI1



(TGIFKSARAMRN), a peptide isolated for an affinity to Ag. The peptides are joined
together through use of MAM, a maleimide-azobenzene-maleimide molecule, where the
addition of cysteine to the peptides allows for easy attachment via maleimide-thiol
coupling. Chapter 5 details the formation of monometallic Au and Ag nanoparticles as
well as multimetallic assemblies through the use of UV-vis, TEM, Quartz Crystal
Microbalance (QCM), Energy Dispersion Spectroscopy (EDS), and SAXS analysis. The
use of the PARE shows distinct Au and Ag nanoparticles, although the azobenzene linker
does not appear to exert a high level of control over the assembly process. Nonetheless,
this study represents the first step in combining peptides with externally actuatable

molecules for assembly applications.



Chapter 1. Introduction

1.1 Biocombinatorial Isolation of Materials Binding Peptides

Numerous naturally occurring peptides that bind to inorganic surfaces such as CaCO4 and
SiO;, are present in the biosphere.'? These peptides can be used to generate inorganic
nanomaterials of selected compositions in the laboratory;** however, they are unable to
fabricate materials of all compositions that are important for various applications. While
these compositions are interesting, a complete set of peptides that bind to technologically
important materials is not available in Nature. As a result, biocombinatorial methods have
been developed to identify peptides that recognize non-natural materials compositions.”

For the most part, phage display and cell surface display methods, shown in Figure 1.1,
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Figure 1.1. Approaches used for the biocombinatorial isolation of materials binding
peptides. Reprinted by permission from Macmillam Publishers Ltd: Nature Materials,
Sarikaya, M.; Tamerler, C.; Jen, A. K.-Y.; Schlten, K.; Baneyx, F. Molecular
Biomimetics: Nanotechnology Through Biology. Nat. Mater. 2003, 2, 577-585,
copyright 2003




have been employed to isolate novel peptides that bind additional inorganic materials.? °
Such approaches have been extensively used to isolate peptide sequences that recognize
and bind both biological and non-biological species such as polystyrene, albumin,
streptavidin, and biotin.° These combinatorial methods employ peptide libraries that
possess billions of individual sequences for target binding. For materials chemistry, the
targets typically include inorganic compositions of interest for nanoparticle formation;
however, this method can be applied to isolate peptides that recognize and bind species
that can be supported on a solid surface. In a typical study, the library is added to the target,
from which the phage or cells that specifically bind remain, while those that do not bind
are washed from the system. The bound species are then released from the surface using
an astringent wash and subsequently amplified. This process continues for multiple steps
where the astringency of the elution step is increased to remove non-specific binders. After
multiple elutions, the DNA of the phage or cells is harvested and sequenced to identify the
peptides that recognize and bind the substrate. From this, a peptide library is identified that
possesses increased binding strength for the material of interest. As a result, selective and
tunable bioligand binding capabilities can potentially be achieved as a function of the

peptide sequence.

1.2 Pd and Pt Noble Metals

Pd and Pt nanomaterials are attractive due to their wide range of applications including
catalysis, energy storage, and gas sensing. By constraining the size of the materials on the
nanoscale, optimization of the surface-to-volume ratio occurs to maximize the exposure of

the catalytic materials for enhanced reactivity. Furthermore, different particle



morphologies can be used to alter the catalytic properties; ™ the placement of the atoms in
the nanomaterial structure, such as at edges or vertices, plays a key role in the application,
and could potentially be tuned by the peptide binding event. Peptide-capped Pd
nanoparticles are attractive for catalytic applications by adapting the materials for
functionality at ambient conditions. Recently, a selection of Pd-binding peptides has been
isolated to drive the production of Pd nanoparticles in water.>° For instance, Huang and
coworkers have isolated the Q7 peptide (QQSWPIS) through phage display with affinity
for Pd.!” Interestingly, the peptide acts as both a capping agent and as a reductant for
nanoparticle formation. To confirm Pd nanoparticle formation, Pd*" ions were reduced by
NaBH4 under three conditions: in the absence of peptide, in the presence of a nonspecific

peptide (SLKLAYP), and in the presence of the Pd-specific Q7.

Figure 1.2. Parts (a-c) display TEM images of Pd nanoparticles using the Q7 peptide. Part
(a) presents the materials formed in the absence of peptide (scale bar 40 nm), part (b)
displays the Pd nanoparticles generated using a nonspecific peptide (scale bar 20 nm),
while part (c) shows the particles capped with the Pd-specific Q7 peptide (scale bar 20 nm).
(Reprinted with permission from Chiu, C.-Y.; Li, Y.; Huang, Y. Size-controlled Synthesis
of Pd Nanocrystals Using a Specific Multifunctional Peptide. Nanoscale, 2010, 2, 927-930.
- Reproduced by permission of The Royal Society of Chemistry (RSC).)

Transmission Electron Microscopy (TEM) images (Figure 1.2a) from the control reaction
without peptide displayed irregular Pd nanoparticles with a large size of 36 = 9 nm.

Analysis of the materials prepared with the nonspecific peptide resulted in amorphous Pd



aggregates of poorly defined shape (Figure 1.2b); however, the materials generated using
the Q7 peptide yielded well-dispersed Pd nanoparticles with a small size of 2.9 + 0.4 nm
(Figure 1.2¢)."® This suggests that the surface specificity of the peptide is important in
generating optimized nanoparticle structures, where the amino acids of the sequence
control the binding capabilities.

Beyond surface binding, the Q7 peptide contains a tryptophan residue, which is known
to reduce Ag and Au ions.'" This capability could be exploited to control metal ion
reduction and thus particle size to engender the peptide sequence with multiple
functionalities. To ascertain this functionality with Pd, separate Pd*" solutions were
incubated with tryptophan, the Q7 peptide, and a control Q6 sequence. The Q6 peptide is
based upon the Q7 sequence; however, the tryptophan residue is removed. Both the
tryptophan and Q7-based solutions turned from the pale yellow color of the unreduced Pd**
metal salt to dark brown, indicating metal ion reduction. No change in the solution color
was observed for the Q6 reaction in the absence of tryptophan, suggesting its requirement
for reduction capabilities.'® Further studies of the tryptophan and Q6 systems employing
BH4 reduction for nanoparticle formation demonstrated changes in particle morphology as
compared to the Q7. When using tryptophan as the capping agent, large aggregated Pd
particles are observed; however, when employing the Q6 peptide, Pd nanoparticles were
generated with a size of ~10 nm that eventually coalesced.'” Together, this indicates that
the tryptophan residue is capable of reducing Pd*" ions and is important for controlling the
particle morphology and size, thus serving a dual role in materials fabrication.

Huang and colleagues further exploited the dual functionality of the Q7 sequence to

control Pd nanoparticle size.'” Size tuning capabilities were achieved using a modified



seed-mediated nanoparticle synthesis approach. Here, a fraction of the Pd* ions in the
reaction solution were reduced using NaBH4 to form seeds from which the tryptophan
residues of the peptide could reduce the additional Pd*" ions. By controlling the Pd
nanoparticle seed size as a function of the amount of reductant added, and the amount of
additional Pd** ions, Pd nanoparticles of sizes between 2.6 nm and 6.6 nm could be readily
prepared.'® The smallest sizes, 2.6 nm, represent the seeds from which tryptophan-based
reduction was used to grow particles of up to 6.6 nm. Taken together, this multifunctional
capability of the peptide to cap nanoparticle growth and finely tune the size of the materials
is quite unique and difficult to achieve using non-specific ligands.

In addition to the septamer Q7 sequence, Pacardo et al. identified the dodecamer Pd4
sequence (TSNAVHPTLRHL) as having high affinity for Pd through phage display.'?
Extensive high-resolution characterization studies of the Pd4/Pd system have demonstrated
that the sequence has strict control over the structure of the materials, as well as their
catalytic functionality. The Pd4 peptide is able to generate zerovalent Pd nanoparticles
through reduction of Pd*" ions in the presence of the peptide.'? Spectroscopic analysis of
the materials before and after reduction indicated that the coordination environment of the
Pd** to the peptide prior to NaBH4 addition can affect the final Pd° materials. As monitored
via UV-vis analysis, titration of the Pd4 peptide with KoPdCls indicated that a maximum
of 4 Pd** ions can coordinate to the peptide.!® This was observed via the formation of a
Ligand to Metal Charge Transfer (LMCT) band that arises from complexation of the Pd**
ions to the amines of the sequence. Imaging of the materials generated at Pd:peptide ratios
of 1 — 4 demonstrated that particles of ~2 nm in diameter were generated for each sample,

regardless of the metal concentration in the reaction. This unique result was surprising as
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larger particles were anticipated from reactions with higher metal concentrations following
standard nanoparticle nucleation and growth kinetics.'* This sizing event was suggested to
arise from the crystallographic recognition capabilities of the Pd4 peptide for the face-
centered cubic (fcc) Pd surface, which is likely achieved during the phage isolation process.
Once the fcc structure is displayed, immediate peptide binding would occur to cap particle
growth. Computational analysis of the Pd system indicated that stable fcc facets are
presented by 2 nm particles, corresponding well with the experimental results.'

To further examine the Pd4 binding to the Pd particle surface, Extended X-ray
Absorbance Fine Structure Spectroscopy (EXAFS) analysis was conducted of the peptide-
capped materials prepared at Pd:peptide ratios of 1-4."> EXAFS identified the presence of
two different Pd materials in the sample corresponding to the presence of a mixture of Pd’
from the nanoparticles and Pd** from unreduced Pd**/peptide complex. Furthermore, the
fraction of Pd** ions that were reduced was directly proportional to the Pd:peptide ratio
used to synthesize the materials.'® To that end, at the highest ratios, more Pd*" was reduced
to fabricate the nanoparticles, while at the lowest ratios, more Pd*" remained unreduced
and complexed to the peptide. While identical particles are generated in each sample
regardless of the ratio employed, a higher fraction of the metal atoms became incorporated
into the particles at higher ratios. This effect was likely due to the binding event of the Pd**
ions to the peptide, which could shift the reduction potential based upon the degree of
complexation. This indicates that the composition and morphology of the materials
throughout the synthesis can have dramatic impacts on the structure and function of the
final nanoparticles. As a result complete structural characterization at every step is

necessary to optimize the individual system.
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Further work using the nanoparticles synthesized with the Pd4 revealed high activity for

12. 1516 pacardo et al. have proposed a

use as catalysts in the Stille coupling reaction.
leaching mechanism where a Pd atom is abstracted from the nanoparticle surface and
utilized in the C-C coupling scheme.'® For this abstraction event to occur, the reagents
must have unhindered access to the catalytic inorganic core of the materials. Theoretical
modeling of the biotic/abiotic surface of the materials indicates that the histidines of the
Pd4 sequence have the highest affinity for Pd.” To that end, this binding creates a loop like
structure on the particle surface to expose the reactive materials. The mechanism was
supported by Quartz Crystal Microbalance (QCM) analysis, where Pd mass loss was
monitored in the presence of 4-iodobenzoic acid.'® This suggests that the site-specific
binding of the histidines to the Pd nanoparticle surface occurs, which exposes the Pd core
for catalytic functionality.

Studies on Stille coupling using the Pd4-capped Pd nanoparticles were continued by
Knecht and group, where substrate selectivity effects were explored as a function of both
halogen and temperature.!” It was shown that brominated substrates were active for Stille
coupling using the peptide-capped catalysts, but an increase in temperature to 40 °C was
required. At this increased temperature, reactivity was found to be equal for iodo- and
bromo-substituted aryl halides.!” Furthermore, a level of intramolecular selectivity was
revealed when employing di-substituted substrates (i.e. 3-bromo-5-iodobenzoic acid)
where an activating effect occurred such that full conversion could be seen with the less
active bromine at room temperature when the other halogen was iodine.!’

The specific role of the amino acids in the Pd4 binding sequence (TSNAVHPTLRHL)

was studied more in depth by altering the peptide. Coppage et al. modified the sequence
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by selectively interchanging the histidines at the 6 and 11 positions with nonpolar alanine
residues, which is anticipated to alter the binding motif of the sequence. Three new peptides
were formed where the histidine at position six was exchanged to create the A6 peptide,
the histidine at position eleven was exchanged to create the All sequence, and both
histidines were exchanged to create the A6,11 peptide.!> Surprisingly, the spherical Pd
nanoparticles that resulted from the three new peptide analogues were similar in size. TEM
analysis revealed the diameters to be 2.2 + 0.4 nm, 2.4 + 0.5 nm and 3.7 £+ 0.9 nm for A6-,
All- and A6,11-capped particles, respectively.!> TOF studies were subsequently
conducted monitoring the Stille coupling reaction using these materials. From this
analysis, values of 5224 + 381 mol product (mol Pd x h)™, 1298 + 107 mol