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ABSTRACT OF THE DISSERTATION

[lluminating Chemical Reactions on the Nanoscale with Density Functional Theory,
Enhanced Raman and IR Spectroscopies
by

Chloe Elizabeth Groome
Doctor of Philosophy in Materials Science and Engineering
University of California, Irvine, 2023

Professor Regina Ragan, Chair

Self-assembly typically utilizes thermodynamic driving forces to organize building
blocks ranging from atoms to nanoparticles into static assemblies. Self-assembled
structures often exhibit unique properties such as lowering catalytic energy barriers or
tuning light-matter interactions. This requires understanding how to design and fabricate
surfaces at atomic and molecular length scales where localized forces such as magnetic or
electric fields drive complex chemical behavior. The characterization of nanoscale chemical
behavior necessary for complete understanding of these processes is a significant
challenge. In terms of catalysis, high throughput density functional theory modeling of a
range of earth abundant transition metal atoms (V, Fe, Mo, Ta) supported on two types of
graphene surface defects (bare, N-doped) demonstrate relatively lower activation energy
barriers for systems with higher spin states at frontier orbitals near the Fermi energy; CO
oxidation on Ta and V SAC have decreases in activation barrier energies of 27% and 44%,
respectively. Effective Raman and infrared (IR) modeling approaches have been developed

to interpret the effects of charge transfer and electric fields on chemical bonding and

Xiv



molecular orientation in plasmonic nanogaps. Even non-plasmonic enhancement of electric
fields on gold surfaces is shown to alter molecular orientation and selectively enhance
resonance modes in vibrational force spectra, which correlates to IR spectroscopy. The
insights provided by this work further elucidates nanoscale chemical reactions crucial for
next generation catalytic design as well as fundamental understanding of dynamic chemical

behavior during self-assembly processes.
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INTRODUCTION

In the last few decades, innovations in experimental spectroscopic and microscopic
techniques along with the meteoric increase in computing power have fueled research into
the nanoscale regime. At these length scales, non-reactive metal clusters such as gold begin
to exhibit plasmonic and catalytic behavior that is not present in the bulki-5. Gold clusters
with sub-nanometer gap spacings show greatly enhanced optical signals in the gap
junction.6 These clusters and atoms must be stabilized on engineered surfaces for their
enhanced properties to be of practical use, due to the delicate dependence of nanocluster
oligomer gap spacing for plasmon resonance’-10 and preventing the aggregation of single
metal atoms for efficient catalysisii-16, Molecular interactions with these engineered
nanostructured surfaces have shown promise in applications as wide as single atom
catalysis17-19, biosensing?0-23, and optoelectronics24-28. Understanding the energy transfer
processes between molecules and nanostructures that give rise to desirable macroscale
surface properties is crucial both to optimize performance and further develop
fundamental understanding. We will use experimental and computational techniques in
concert to investigate energy transfer processes between molecules and nanostructured
surfaces and dynamic chemical behavior. Briefly, these include 1) direct electronic/spin
transfer between single metal atoms and nitrogen functional groups on defected graphene
surfaces for catalysis, 2) energy transfer between cross-linking molecules and plasmonic
hotspots of colloidally assembled gold nanoantenna surfaces for biosensing, and 3) non-
resonant near field optical hotspots of gold tip-substrate junctions, which will all be

discussed in further detail.



To begin, we will discuss the first project centering on single atom catalysis.
Currently, the expense of platinum catalysts represents a major economic roadblock to the
adoption of hydrogen fuel cell technology for personal automobiles29-31. The Pt metal
loading for an Hz2/0z2 fuel cell is typically 10 times higher than the amount present in a
catalytic converter in a typical car that runs on fossil fuelst. Single atom catalysis has been
heavily studied to minimize the amount of catalyst material while simultaneously
maximizing catalytic performance. Only surface atoms significantly contribute to catalysis,
thus single atom catalysis is the most efficient possible use of catalyst material113233. Single
atom Pt increased catalytic mass activity by more than 5 times compared to Pt clusters and
30 times more compared to state-of-the-art Pt/C catalysts for the hydrogen evolution
reaction3+4. Indeed, single transition metal atoms often have dramatically different
reactivities compared to bulk metal surfaces35--gold in bulk metal is very unreactive, while
single gold atoms have been demonstrated to be catalytically active3é. Similarly, single
atoms of iron, cobalt, and nickel have matched or exceeded the performance of state-of-the-
art Pt/C catalysts, with more positive onset potentials and higher current densities121337. As
we demonstrated in our previous work for Pt4, to prevent aggregation and hence
degradation of their catalytic performance, it is necessary to stabilize single metal atoms on
defected surfaces1538-42, Defected graphene surfaces have been broadly studied as a support
for single atom catalysis12-143234374344, Recent work has demonstrated the ability to produce
high surface area graphene on porous 3-dimensional scaffolds, ideal as a catalytic
support*. Tailoring the surface defect with non-carbonaceous functional groups can
further enhance catalytic activity of the coordinated single metal atom by altering the

electronic and spin transfer of the stabilized single atom1646-51. Qur work focuses on the



pyridinic N functional group, which is characterized as having two C bonds and one non-
bonding electron pair. Pyridinic N is a p-type doping site5253 and can be selectively grown
on graphene via CVDs4. This electronegative defect will cause coordinated metal adatoms to
be positively charged and induce additional local magnetic behavior from unpaired
electrons, which has been suggested to be relevant for catalysisss. To this end, we
investigate the electronic and spin transfer of single atoms of a broader range of elements
(V, Fe, Mo, and Ta) coordinated to bare C and pyridinic N functional groups with density
functional theory. We have already determined that spin plays a direct role in catalysis for
these elements and anticipate additional work expanding the number of pyridinic N
functional groups to further isolate the effect of spin. Preliminary results of this project will

be discussed further.

Surface Enhanced Raman Scattering (SERS) can achieve up to billion-fold increases
in Raman signal intensity by coupling with the optically excited conduction electrons
(plasmons) of metallic nanostructuress. The extremely low limits of detection that SERS is
capable of makes SERS an ideal sensing technique for biomedical applications+56-58, which
has been demonstrated for the detection and classification of RNA5%960, bacteria and
viruses216162, as well as cancerous cells206364, Diagnostic tools based on SERS need the
ability to distinguish multiple analytes in complex biological samples. Recent work
analyzing the vibrational modes of cobalt-tetraphenylporphyrin (Co-TPP) with Tip
Enhanced Raman Scattering (TERS) demonstrated the sensitivity of Raman spectral
features on the molecular orientation of Co-TPP in the nanogap, the local geometry of the
nanogap itself, and the dominance of quadrupolar scattering in extreme confinement of the

nanogap¢s66. All of these factors have significant effects on the tensorial electric fields of the

3



nanogap that ultimately determine Raman spectra. By mapping how various crosslinking
molecules in plasmonic nanogaps perturb these complicated confined electric fields, we
can develop multiplexed SERS sensors for multianalyte media. We have previously
demonstrated a SERS substrate with consistent enhancement factors of 10° over large mm?
areass. This biosensor was fabricated by crosslinking gold nanoparticles into 2-dimensional
arrays of gold nanoantenna oligomers with consistent nanogap spacings <1 nm thanks to
an anhydride crosslinking molecule. The anhydride crosslinker chemistry bridging the
hotspot between these gold oligomers can be further modified to have different functional
groups to attract specific analytes1067-69. By combining SERS substrates with different
crosslinkers with sensitivity to unique analytes, our SERS platform will be capable of
multiplexed sensing of realistic biological samples. Varying the nanogap chemistry and
investigating the changes on the nanogap tensorial electric fields will provide deeper

insight into Raman spectral features.

Outside of sensing applications enabled by SERS, the manipulation of optical signals
far below limits of diffraction made possible by nanoscale and even sub-nanoscale confined
geometries has been of (ironically) enormous interest for optoelectronic applications,?
photocatalysis,’172 and fundamental studies of light-matter interactions. Efforts to probe
chemical behavior spectroscopically in such regions are challenging due to the sensitivity
between molecular orientation, charge transfer, and electromagnetic fields in confined
geometries leading to complex variations in vibrational spectroscopic signals.¢5 Synergistic
experimental and first principles computational approaches are necessary to provide
understanding of the dynamic responses of chemical reactions in confined geometries. We

intend to investigate the effects of charge transfer, electromagnetic fields, and molecular
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orientation with photo-induced force microscopy (PiFM) along with density functional
theory (DFT). This recently developed atomic force microscopy technique detects
mechanical deflections arising from dipole-dipole interactions between an optically driven
molecule and its mirror image dipole in the gold coated AFM tip.73 At the junction of the Au
tip and the Au sample surface, electromagnetic fields are enhanced by factors between 50
and 130 due to the lightning rod effect and multireflection process, neither of which are
plasmonic in nature.’475 By utilizing both near-field excitation and near-field detection,
PiFM is not susceptible to far-field background.”s Additionally, PiFM is capable of
simultaneously measuring topography and chemical signals with a spatial resolution below
6 nm on time scales of seconds”” and interfacial detection of self-assembled monolayers on
gold surfaces.’”> We will demonstrate experimental PiFM measurements compared with
density functional theory modeling of benzenedithiol (BDT) attached to a gold surface to
ascertain the influence of molecular orientation and the local electromagnetic environment

on PiFM force spectra.
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CHAPTER 1: INFLUENCE OF MAGNETIC MOMENT ON SINGLE
ATOM CATALYTIC ACTIVATION ENERGY BARRIERS

1.1 Introduction

Single atom catalysis is widely studied to minimize the amount of catalyst material
while simultaneously maximizing performance. Consider that the expense and scarcity of
platinum group metal (PGM) catalysts represents a major economic and manufacturing
roadblock to the adoption of fuel cell electric vehicles.1-3 The PGM loading for a hydrogen
fuel cell is typically 10 times higher than the amount present in a catalytic converter. Pt
single atom catalysts (SAC) have exhibited increased catalytic mass activity by
approximately 37 times when compared to state-of-the-art Pt/C catalysts for the hydrogen
evolution reaction.* As only surface atoms significantly contribute to performance, SAC is
the most efficient possible use of chemically active material>¢ and hence of enormous

economic relevance to a wide range of industrial applications.

Yet the term single atom catalysis may be misleading, because the molecular
coordination of a SAC is of crucial consequence to stability and chemical activity.”-° Both the
presence of coordinating ligands and the support material have been shown to strongly
influence catalytic activation energy barriers.10-13 Many investigations have focused on the
role of the relationship between electronic charge transfer and catalytic energy
barriers.1214-18 Recent work has shown that magnetic moment also plays a role in the
catalytic reactivity of 02, which is unusually stable with a triplet ground state.1?
Distinguishing the effects of spin state from more traditionally investigated mechanisms

such as charge transfer requires understanding the spin polarized density of states of SAC
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environments, which is most readily accessible with a first principles approach. While
advances in electron microscopy imaging and spectroscopy through techniques such as
monochromated scanning transmission electron microscopy coupled with electron energy
loss spectroscopy (STEM-EELS)20 and electron magnetic circular dichroism (EMCD)?2122 may
enable the correlation of not only local electronic but also magnetic structure with atomic
structure, the huge range of stabilizing surface defects and transition metal SAC candidates
presents a challenge in terms of throughput. Hence, we present a computational materials
discovery approach to identify especially promising SAC candidates. Specifically, we
investigate SAC composed of transition metals on two structurally similar graphene defect
moieties. The single vacancy has a significant localized magnetic moment, while the
pyridinic N defect moiety does not. Our ability to produce high surface area, porous 3-
dimensional bicontinuous turbostratic graphene scaffolds, with morphology that facilitates
efficient mass transfer as well as simultaneous high electrical conductivity that is important
for a catalytic support23-26 further motivates identification of earth abundant transition
metals and fundamental mechanisms in order to inform the design of molecular dopants

and adatoms on graphene that optimize catalytic activity.

Chemical reactions undergoing spin inversion have been considered to be spin
forbidden or too slow to be practical.2” Recently, first principles calculations on 02
dissociation facilitated by gold and silver clusters demonstrated that spin-crossing is more
likely when spin states are close in energy. Specifically, clusters with odd and hence,
unpaired electrons, exhibited energy barriers that were lower than systems with even
number of electrons and this was attributed to spin-crossed pathways.28 The effect of spin-
dependent chemical pathways for transition metal SAC supported on graphene defects has
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been examined only recently. Orellana examined spin-constrained, non-equilibrium
chemical pathways of Oz dissociation on transition metal SAC supported on a double
vacancy N doped graphene defect and found small energy differences (below 0.1 eV) at
points along these pathways increase the probability of spin-crossing during the reaction,
enabling lower reaction barriers over spin-conserved reactions.2? Our work expands this
perspective to examine the magnetic moment of the surface defect and the TM and how
this affect bonding energy. We then investigate the chemical activity during CO oxidation of
four earth abundant TM atoms (V, Fe, Mo, Ta) coordinated with two graphene defect
moieties using density functional theory (DFT). Single vacancy and pyridinic N-doped
single vacancy defects are two structurally similar graphene defect moieties that have
similar charge transfer to metal adatoms but differing magnetic moments. CO oxidation is
examined as it has many relevant industrial uses, including catalytic converters in vehicles,

smoke stack emission control, and respiration filters.30

Climbing image-nudged elastic band (CI-NEB) calculations of activation energy
barriers of CO oxidation on all transition metal SAC in relaxed geometries on both defect
moieties show all barrier energies on N-doped single vacancy defects were 0.8 eV or less.
There were significant decreases in activation barrier energies for V and Ta, no difference
in the case of Fe, and a slight increase for Mo when the N dopant was present. Hence, the
common understanding of pyridinic N dopants improving catalytic behavior is simplistic.
Due to the similar charge transfer calculated for both defect moieties, changes in activation
barrier energy values were correlated with differences in bonding arrangements and local
magnetic moment. A closer inspection of the density of states of the chemical pathways

calculated via CI-NEB shows that lower activation energy barriers are associated with
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larger spin state asymmetry near the Fermi level in all cases, and in several cases the
change in electronic charge transfer and bonding geometry was similar. Thus, spin state
asymmetry provides new avenues for tailoring the molecular environment of promising
support structures for SAC and guides choices for further experimental analysis, opening

up additional lower energy chemical pathways for catalysis.

1.2 Calculation Details

Spin-polarized density functional theory calculations were implemented with the
Vienna ab initio simulation package (VASP)3132 using the projector augmented wave (PAW)
pseudopotentials33:34 and the generalized gradient approximation of the Perdew, Burke,
and Ernzerhof (PBE) exchange-correlation functional,3s PBE incorporating a Hubbard
correction terms3é to account for d electron self-interaction effects (PBE+U), as well as the
strongly constrained and appropriately normed (SCAN) meta-generalized gradient
approximation (meta-GGA) functional.3” A Hubbard U of 2.0 eV and an on-site exchange
constant of ] of 0 eV were applied to the single Ta atom.38 As the first meta-GGA, SCAN
includes the gradient of the kinetic energy density, which satisfies 17 known possible exact
constraints and can accurately captures intermediate range weak interactions in non-
bonded systems and rare-gas atoms due to appropriate norming.3” SCAN can often meet or
even exceed the performance of more expensive hybrid calculations such as HSE06 (which
were computationally intractable for the size of this system, with over 70 atoms) for many

material properties.37.39
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Binding energies, bond lengths, charge transfer, and magnetic moments were
calculated for a Ta adatom bound to either a bare single vacancy (NO) or pyridinic N doped
single vacancy (N1) graphene substrate with PBE, PBE+U, and SCAN, results listed in Table
1.1. All three functionals capture similar shifts in the Ta binding energy, charge transfer, and
magnetic moments across to the NO and N1 defect moieties. However, the binding energies
calculated by PBE are significantly closer in value to those calculated by SCAN than PBE+U.
Additionally, the magnetic moments calculated by PBE are overall closer to the SCAN values

than those calculated with PBE+U.

Table 1.1. Binding energies, nearest neighbor (NN) bonding lengths, z heights above graphene
sheet, net electron transfer from Ta to surrounding graphene substrate, local magnetic
moment of Ta, total spin state of Ta adatom bound to graphene substrate with pyridinic N
defect calculated with PBE, PBE+U, and SCAN DFT functionals

Defect Functional | Es[eV] | duwwy[A] | AZ[A] | [e] | [mB] | [mB-tot]
Moiety
PBE 9.61 1.97 1.88 | 1.49 | 0.39 0.80
Ta/NO
PBE+U 8.16 1.99 1.91 1.48 | 0.55 0.95
SCAN 10.65 1.94 1.76 | 1.58 | 0.39 0.83
PBE 7.44 1.99 1.87 | 1.45 | 0.85 1.82
Ta/N1
PBE+U 6.33 1.96 1.87 | 1.47 | 092 1.84
SCAN 8.14 1.93 1.87 | 1.50 | 0.88 1.84

To further verify the choice of the PBE functional, the total density of states (DOS) for

Ta/NO was calculated with PBE, PBE+U, and SCAN and plotted in Figure 1.1. The PBE and
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SCAN DOS plots both show a single spin down peak near the Fermi energy, while the PBE+U
DOS shows two small spin down peaks. The DOS calculated with PBE is a closer match to the
SCAN DOS than PBE+U. Overall, comparison of the functionals demonstrate that PBE most
accurately captured structural, electronic, and magnetic properties of interest for a single Ta

atom secured to both graphene surface defect moieties investigated in this work.

15

-15

-15

VY

-15

1

1
3 -2 A1 0 1 2 3
Energy [eV]

Figure 1.1. Spin polarized total density of states calculated with a) PBE, b) PBE + U,
and c) SCAN levels of theory for single atom Ta anchored to a graphene substrate with a
pyridinic N doped single vacancy. The Fermi energy is highlighted with a vertical dashed line
and set to 0 eV. All positive values correspond to spin up and all negative values are spin
down.

The pseudopotential of each transition metal was chosen to represent the largest
number of valence electrons for increased accuracy, while still utilizing the frozen core
electron approximation for increased computational efficiency. In all calculations, the

electron wave functions were expanded with a plane wave cut-off of 400 eV. The graphene
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substrates consist of a 6x6 repeating graphene unit cell with a vacuum spacing of 25 A
between repeating images in the z direction. The large unit cell size and vacuum spacing
were chosen to minimize spurious interactions between adsorbed adatoms due to the

periodic boundary conditions.

For structural relaxations, reciprocal space was sampled with a 5x5x1 gamma
centered Monkhorst-Pack grid4? and a Gaussian smearing of 0.01 eV. Standard convergence
testing was performed with the reported cut-off and k point values chosen based on total
energy values changing by less than 1 meV. The entire substrate was allowed to relax until
the Hellmann-Feynman forces fell beneath 0.025 eV/ A. The cohesive binding energies (Es)

for each transition metal adatom were calculated via
Eg = Ec-tm- Ec - ET™ (1)

Ec represents the energy of the bare graphene substrate, Erm the energy of the isolated
transition metal atom, and Ec-tm the total energy of the transition metal adatom adsorbed
to the graphene substrate, each of which have been allowed to relax in identical hexagonal
unit cells (14.7 x 14.7 x 25 A). Charge density difference plots are defined by the following

equation
An(r) =neT™ - nG-nT™ (2)

where nc¢ represents the charge density of the optimized bare graphene substrate, ntm the
charge density of the optimized transition metal adatom, and n¢-tm the charge density of the

optimized total system of the transition metal adsorbed adatom to the graphene substrate.
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Density of states calculations were performed with 9x9x1 k points and a broader
Gaussian smearing of 0.1 eV for visualization. Charge transfer and transition state analysis
were carried out with tools from the VASP Transition State Theory (VTST) package.
Specifically, charge transfer was calculated with the Bader charge analysis method,*! as
implemented by Henkelman et al.#2 Initial transition states along the minimum energy
pathway were identified with the climbing image nudged elastic band method*3 and then
further refined with the dimer method.** These two methods were also used to investigate
spin-constrained reaction pathways of CO oxidation with the spin state specified using the

NUPDOWN tag.

1.3 Results and Discussion

1.3.1 Magnetic Properties of Graphene Defects

The two common defect moieties in graphene that are investigated in this work
have similar charge transfer to TM and differing magnetic moment,*>46 as well as reported
differences in activity of supported single atom catalysts such as Pt** and Fe.16 These
surfaces allow us to examine correlations between magnetic moment and reaction energy
barriers. The first defect moiety is the single vacancy (NO) defect; the absence of the single
carbon atom in the graphene lattice gives rise to a significant magnetic moment, with a
calculated total value of 1.36 us, in agreement with previous reports.4849 The
magnetization is mostly localized to a neighboring C atom from the vacancy (Figure 1.1, a).
The second defect also consists of a single C vacancy with a neighboring N-dopant in a
pyridinic configuration (N1). Pyridinic N is a p-type doping site on graphene50-51
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characterized as having two C bonds and known to contribute one electron to the
delocalized graphene m orbitals. The additional electron contributed by the pyridinic N-
dopant extinguishes the magnetic moment of the N1 defect moiety (Figure 1.1, b).
Additionally, the distance between the two remaining C nearest neighbor atoms shortens

from 1.98 A to 1.79 A, forming a shorter bond with no magnetic moment.

Figure 1.2. Optimized geometry and magnetization density of a) undoped single C vacancy
(NO) and b) single C vacancy with pyridinic N dopant (N1) on graphene surfaces. Grey atoms
represent C while the purple atom is N. Isosurfaces drawn at a value of 0.01 e/ A3 to facilitate
comparison with the literature.*852 N0 defect moiety has a total magnetic moment of 1.36 us
while N1 defect moiety has no magnetic moment.

Binding energies for all four transition metal (TM) atoms (V, Fe, Mo, Ta) on both
defects in relaxed geometries are calculated and the electronic and magnetic properties are
compared; binding energies, bond lengths, Bader charge transfer, and magnetic moments
are summarized in Table 1.2. Pristine graphene is not analyzed, as both our previous
work?7 and many examples in the literature have demonstrated that pristine graphene has
unsuitably low adsorption and diffusion barrier energies to support single molecules or

atoms.#5.53,54
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Table 1.2. Calculated binding energies of TM SAC, TM adatom to nearest neighbor (NN) bonding
lengths, z heights above graphene sheet, net electron transfer from TM to surrounding
graphene substrate, local magnetic moment of TM, total spin state of system

Defect Es[eV] | damnn [A] | Az [A] | [e] [mB] | [MB-tot]

Moiety

vV NO 7.82 1.88 1.63 | 1.28 | 1.01 | 1.01
N1 6.22 1.89 1.65 | 1.28 | 1.61 | 1.96

Fe NO 7.52 1.76 1.40 | 0.71 0 0
N1 5.71 1.76 135 | 0.78 | 0.63 | 0.99

Mo | NO 7.81 1.95 1.84 | 1.12 | 1.53 | 1.99
N1 5.46 1.96 1.84 | 111 | 197 | 271

Ta NO 9.61 1.97 1.88 | 1.49 | 039 | 0.80
N1 7.44 1.99 1.87 | 1.45 | 085 | 1.82

Previous work on N defect moieties supported on graphene surfaces has associated
enhanced catalytic activity due to the N dopants altering Oz binding energies with values
approaching that of Oz on Pt surfaces.2947.55 However, the underlying mechanisms of this
shift in binding energy is not completely understood. Here, the addition of the pyridinic N
dopant in the N1 defect moiety consistently decreases the binding energy of the TM

adatoms by an average value of 1.98 eV. The binding energy is plotted as a function of the
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charge transfer between the TM adatom and the surrounding defect, as calculated with
Bader charge analysis, and is shown in Figure 1.3, a. There is remarkably little difference in
the charge transferred between each TM atom when comparing NO to N1. For example,
charge density difference plots of Ta/NO and Ta/N1, shown, in Figures 1.3 b and 1.3 c,
respectively, electronic charge is transferred from the adsorbed metal adatom to the
surrounding graphene substrate and the two surfaces exhibit only minor differences in
isosurface symmetry. All metal adatoms investigated become cationic independent of
defect moiety. In contrast to the charge transfer, the binding energy and local magnetic
moment of the TM adatom both vary on the two defects as observed in Figure 1.3 d. Plots of
the total magnetic moment illustrate the strong localization of the magnetic moment while
also illustrating the increase in magnetization from the NO to the N1 defect moiety, and is

shown for the case of Ta in Figure 1.3 e and Figure 1.3 f, respectively.
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Figure 1.3. The local a) charge transfer and d) magnetic moment plotted against the binding
energy of the TM to NO (circles) and N1 (triangles) defect moieties. Dashed lines are provided
as guides for the eye. Charge density difference An(r) of b) Ta/NO and c) Ta/N1. All
isosurfaces are drawn at levels of 0.01 e/A3. Yellow (blue) isosurfaces correspond to an
increase (decrease) in charge density. Magnetization density isosurfaces of e) Ta/N0 and f)
Ta/N1. Yellow isosurfaces correspond to spin up electron density. Grey and purple spheres
correspond to carbon and nitrogen atoms, respectively.

Charge density difference and magnetization plots for all TM atoms can be found in
Figure 1.4 below. With the adsorption of a TM atom the total magnetization of the N1
system increases by an average of 0.92 us, approaching the value of one additional
unpaired electron. Thus, these graphene defect moieties allow one to assess the effect of
magnetic moment nearly independent from charge transfer. Furthermore, the bonding
geometry of metal adatoms on both defect moieties does not significantly change as shown
in Table 1.2. The trend of defects with higher magnetic moments inducing stronger binding
energies was also identified for Fe and other TM on similar N-doped graphene defects.2946
Kattel et al. found that when the final coordinated TM SAC exhibited a magnetic moment,
the binding energy became weaker,5¢ similar to our results for TM/N1, which have higher
magnetic moments in the final state geometry and weaker binding energies. Considering

that previous work has correlated the binding energy of 02 with enhanced catalytic activity,
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this suggests that tuning the magnetic moment of an impurity on a defect site provides an

additional knob to optimize catalytic performance.

NO NO N1 X
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Figure 1.4. Charge density difference (red boxes) with net charge transfer labelled below.
Positive values indicate charge transferred to the defect. Magnetization density (blue boxes)
with net magnetic moment of metal adatoms. Each adatom is adsorbed on either single
vacancy (NO) or pyridinic N-doped single vacancy (N1) defect moieties on graphene
substrates. All isosurfaces are drawn at levels of 0.01 e/ A3. Yellow (blue) isosurfaces
correspond to an increase (decrease) in charge density or spin up (down) charge.
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1.3.2 Effect of Magnetic Moment on Gas Adsorption and CO Oxidation

The binding energies of CO, CO2, and Oz molecules, involved in CO oxidation, were
calculated for both NO and N1 SAC systems to assess resistance to CO poisoning and
elucidate chemical pathways. The binding energy of CO2 is weak and in some cases
positive; the values are shown in Table 1.3. Oz is always adsorbed more strongly than CO,
which is favorable to mitigate CO poisoning of the catalyst5? on all metal adatoms
investigated on both defect moieties. All gas molecule magnetic moment values are

tabulated in Table 1.3 as well.

Table 1.3. The proximity of nearest TM d orbital states to the Fermi energy of the TM SAC
without gas adsorbates (denoted by [Er- d orbitals|). Binding energies and local magnetic
moments of carbon monoxide, oxygen, and carbon dioxide molecules on single metal adatoms
on NO and N1, i.e single vacancy and pyridinic N defects on graphene substrates, respectively

co 02 CO2

B¢ |EsteV]| [us] |EsfeVl| [us] |Es[ev| [us]

orbitals|
V/NO medium -098 | 0.11 -3.2 0 -0.11 0
V/N1 small -1.35 | 0.17 | -2.44 0 -0.49 0
Fe/NO small -1.46 0 -2.14 | 0.62 0
Fe/N1 medium -1.71 0 -2.42 0.43 0
Mo/NO medium -0.74 0 -3.16 0 0
Mo/N1 high -1.84 0 -3.78 0.15 -0.4 0
Ta/NO high 1.2 | 0.09 | -3.75 0 -0.1 0
Ta/N1 high -1.8 0 -5.07 0 -0.49 0

Figure 1.5a plots the binding energy trends for Oz and CO and illustrates that gas

molecules generally adsorb more strongly to TM SAC coordinated to N1, all of which were
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shown to have higher magnetic moments compared to NO (Table 1.2). This is consistent
with data shown in Figure 1.3d where bare NO has a higher magnetic moment and
consequently higher Eg to SAC than bare N1. One notable exception is 02-V, where the
magnetic moment on the 02-V system is calculated as zero on both defect types.
Interestingly, a shift from side-on (Figure 1.5b) for the NO defect to end-on (Figure 1.5c) for
the N1 defect bonding geometry is observed. Here we postulate that the additional
unpaired electron contributed by the N1 defect favors the end-on configuration for 02-V to
obtain a ground state with no magnetic moment and lower system energy. Bonding
geometry changes have been associated with minimizing magnetic moment to lower
system energy in a few other studies.2958 This result would explain the weaker binding
energy for O2-V on N1, as the end-on geometry appears to minimize the additional

magnetic moment imparted by the N dopant.
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Figure 1.5. a) The binding energy of CO and O adsorbed to each TM on NO (circles) and N1
(triangles) defect moieties for Fe (purple), V (red), Mo (blue), and Ta (black). Relaxed bonding
geometry of Oz adsorbed to b) V/NO, note the side-on configuration of the linear Oz molecule,
c) V/N1 where the Oz molecule adsorbs in an end-on configuration. Grey, purple, red, and
green spheres correspond to carbon, nitrogen, oxygen, and vanadium atoms, respectively.

The total density of states (DOS) for each TM SAC was also calculated and shown in
Figure 1.6. Correlation between gas molecule binding energy with proximity of d-orbitals
to the Fermi level was not observed by comparing DOS in Figure 1.6 and calculated binding
energy of gas molecules. For example, the DOS of Fe/NO and V/N1 would predict higher gas
binding energies than Fe/N1 and V/NO, respectively, by this criterion. However, both Oz
and CO have higher binding energies on Fe/N1 versus Fe/NO as shown in Figure 1.5.
Similarly, the CO binding energy increases on V/N1 with respect to V/NO, while on the
other hand, the Oz binding energy is much weaker on V/N1. In line with previous work
that correlates the binding energy of Oz to catalytic performance,*759.60 we are motivated to
examine more closely the effect of binding energy and magnetic moment on CO oxidation

barrier energy.
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Figure 1.6. Spin polarized density of states for TM SAC. Black dashed curve shows total density
of states of pristine defected graphene surface. Black solid curve shows the total density of
states of TM SAC supported on each graphene defect moiety. Blue solid curve shows adsorbed
transition metal adatom d orbitals. The Fermi levels have been set to 0 eV, indicated with a
vertical grey line. All positive values correspond to spin up and all negative values are spin
down.

The relatively weaker binding energy of CO versus Oz in Figure 1.5a suggest that the
modified Eley-Rideal reaction!861 pathway (wherein CO reacts with adsorbed 02 to form
COzand O) is most appropriate for this system, rather than the Langmuir-Hinshelwood
reaction mechanism. Fe/NO has previously been found to proceed via the modified Eley-
Rideal pathway as well.62 The climbing image nudged elastic band (CI-NEB) method was
used to model the modified Eley-Rideal reaction path and calculate the barrier energies
without constraining the spin state, typically done in prior studies, for each combination of

a TM-SAC and the graphene defect moieties investigated. Previous work investigating spin-
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constrained reaction pathways revealed that these pathways are close in energy for TM
SACs on graphene defects, increasing the likelihood of spin inversion events between
reaction steps that benefit catalytic activity,2°63 making spin unrestricted calculations more

appropriate for these systems.

The calculated barrier energies between the initial state (IS) and transition state
(TS), listed in Table 1.4, were under 1 eV and impressively, all barrier energies for N1 were
less than 0.8 eV. Generally, reactions below 0.8 eV are considered feasible at room
temperature.s* The energy barrier calculated for Fe/NO is in agreement with previous
reports.6263 For all TM SAC on N1, the addition of a pyridinic N dopant appears to favor the
formation of a COOO intermediates5-¢7 at the transition state, with the exception of Ta. On
NO, Fe SAC also forms a similar intermediate and all others do not. Interestingly, as
observed in Table 1.1, the Fe SAC barrier energies are the same on both defect moieties
despite N doped defects often being attributed to increasing catalytic activity for both Fe+’
and Pte8 SAC. Overall, for all SAC on N1 and NO defect moieties, there is no clear trend of the
relationship with defect moiety and energy barrier. V and Ta both demonstrated significant
decreases in activation barrier energies, Fe had no change, and Mo showed a slight increase
in value on N1 with respect to NO. Insight of physical mechanisms behind these trends can
be obtained by examining the spin polarized projected density of states (PDOS) of the
transition states, shown in Figures 1.7-1.9. We find that the magnetic state of atomic and
molecular orbitals near the Fermi level exhibits common features, i.e., asymmetry of spin
states, for systems with lowest activation energy barriers. Each TM SAC will be discussed

in the following section in turn.
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Table 1.4. Activation Barrier Energies of CO Oxidation on Different Defect Moieties

\"4 Fe Mo Ta
NO 0.98 0.74 0.76 0.91
N1 0.55 0.74 0.83 0.66

The relaxed geometries and energy levels for CO oxidation on Mo on the two defect
types are illustrated in Figure 1.7a. The barrier energy is approximately 9% higher on N1
with respect to NO, where values are shown in Table 1.1. We systematically examine
physical mechanisms, starting with geometry, charge transfer and induced magnetic
moment as past studies clearly indicate geometry and charge transfer play a role and we
seek to find cases where only magnetic moment changes. The geometry of Oz is the same,
side-on, for both moieties, illustrated by the insets of Figure 1.7a. Additionally, charge
transfer and even magnetic moment of 02 on Mo/NO and Mo/N1 TS are very similar, values
are shown in Table 1.2. The main observable difference is the PDOS. In Figure 1.7c, Mo/N1
shows spin state asymmetry in the Oz peaks near the Fermi level, however the spin state
splitting of these peaks is more pronounced for Mo/NO (Figure 1.7b). Additionally, near the
Fermi level (within 1 eV), Mo/N1 shows greater overlap between CO, Oz, and Mo 4d orbital
peaks, however Mo/NO retains a slightly lower energy barrier, emphasizing the unique
effect of spin split orbitals on reactivity. Spin state splitting of the orbital peaks with the
greatest proximity to the Fermi level was also present in the DOS of the best performing Au
SAC analyzed in a previous theoretical work.6® Furthermore, the PDOS of O2-Fe on both
defect moieties, shown in Figure 1.6, has the same CO oxidation energy barrier for both
Fe/NO and Fe/N1. This can be understood by considering the similar level of spin state
asymmetry near the Fermi level on both defects. Even though there is greater charge
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transfer to Oz adsorbed to Fe/N1, and a greater local magnetic moment for Oz adsorbed to
Fe/NO, the energy barrier values most closely correlate to the behavior of the spin split

orbitals near the Fermi level in the PDOS.
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Figure 1.7. a) Energy levels of the initial state (1S), transition state (TS), and final state (FS)
for NO (solid black) and N1 (hollow bar). Insets show relaxed geometry for TS of 02-Mo/N0O
and 02-Mo/N1. Grey, purple, red, and light purple spheres correspond to C, N, O, and Mo
atoms, respectively. Spin polarized projected density of states (PDOS) for TS of b) 02-Mo/N0O
and c) 02-Mo/N1 with Fermi energy highlighted with a vertical dashed line. Blue dashed
curve shows local PDOS of adsorbed TM adatom d orbitals. Red dotted and black solid curves
show local PDOS for CO and Oz molecules, respectively. All positive values correspond to spin
up and all negative values are spin down.

The chemical activity of Ta SAC for CO oxidation showed a significant improvement
on N1 in terms of lower barrier energy compared to Ta/NO, with an activation energy
barrier of 0.66 eV compared to 0.91 eV as shown in Figure 1.8a. The electronic charge
transfer to Oz, shown in Table 1.3, for Ta/NO and Ta/N1 was remarkably similar.
Furthermore, the geometric structures of Oz on the Ta/NO and Ta/N1 TS observed in the

insets of Figure 1.8a both exhibit a side-on bonding configuration (see also Table 1.2). In
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contrast to the similar charge transfer and geometry between Ta defect moieties, there is a
clear difference in the PDOS of Ta/NO compared to Ta/N1. The symmetry of the PDOS of
Ta/NO, in Figure 1.8b, has no discernable magnetic moment and shows a higher number of
states very close to the Fermi level (within 1 eV). Additionally, both the PDOS of Ta/NO and
Ta/N1 have similar densities of Ta 5d orbitals near the Fermi level. However, the PDOS for
the Ta/N1 TS (Figure 1.8c) shows a large spin state asymmetry near the Fermi level for the
adsorbed 02 molecule. Thus, spin state asymmetry appears to destabilize the Oz bond,

increasing reactivity and lowering the barrier energy for CO oxidation on Ta/N1 by 27%.

AE (eV)
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Energy (eV)

Figure 1.8. a) Energy levels of the initial state (IS), transition state (TS), and final state (FS)
for NO (solid black) and N1 (hollow bar). Insets show relaxed geometry for TS of 02-Ta/N0O
and 02-Ta/N1. Grey, purple, red, and yellow spheres correspond to C, N, O, and Ta atoms,
respectively. Spin polarized density of states for TS of b) 02-Ta/N0 and c) O2-Ta/N1. Blue
dashed curve shows local PDOS of adsorbed TM adatom d orbitals. Red dotted and black solid
curves show local PDOS for CO and Oz molecules, respectively. The Fermi levels have been set
to 0 eV, indicated with a vertical dashed black line. All positive values correspond to spin up
and all negative values are spin down.

The initial, transition, and final states of CO oxidation on Ta/NO produced with NEB

calculations had zero magnetic moment. This motivated additional NEB calculations to
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compare the activation barrier energies of spin-constrained reaction pathways having
differing spin states. By constraining the magnetic moment of the CO oxidation reaction
facilitated by Ta/NO to be either 1 (doublet) or 3 (quartet) states, we found significantly
lower energy barriers compared to the non-magnetic spin state, shown in Table 1.5. The
energy barriers of the doublet and quartet spin states were found to be quite similar with
less than 0.05 eV of difference. Since mainly the frontier orbital affects bonding, magnetic
moment alone does not explain differences in chemical activity. Higher spin states may
consist of unpaired electrons in both the frontier as well as orbitals further away from the
Fermi energy, thus they are expected to have similar energy barriers when the spin

asymmetry near the Fermi energy is similar.

Table 1.5: Activation Barrier Energies of Spin-Constrained CO Oxidation on Ta/N0O

Defect Moiety Ea[eV]

Ta/NO m=0 0.91
m=1 0.36
m=3 0.32

Lastly, we consider the impressive improvement between V/NO and V/N1, a
decrease in activation energy barrier of 44%, comparable to CO oxidation on a Pt surface.”®
The adsorbing O2 molecule undergoes a shift in geometry, from side-on to end-on
absorption for the NO and N1 molecular environments, respectively, as discussed

previously and which can be seen in the insets of Figure 1.9a. This shift is not thought to
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result in a beneficial steric advantage. Despite the increased proximity of the end-on 02
molecule to the reacting physisorbed CO molecule, previous work has found that a similar
end-on Ozadsorbed on Au SAC displayed significantly higher activation energy barriers for
CO oxidation than side-on.®? The increased magnetic moment conferred by the N1 defect
moiety could also be responsible for the change in 02 adsorption geometry from side-on to
end-on, which agrees with a finding demonstrated by Orellana for a similar system.2?
Rather than steric advantage explaining the lower energy barrier for V/N1, there is a
strong spin state asymmetry in the V peaks near the Fermi level, larger in energy
separation and magnitude as compared to the TS for V/NO (Figure 1.9b). This effect could
explain why the activation energy barrier for V/N1 is 44% lower than V/NO, despite V/NO
having more charge transfer to O2 shown in Table 1.4. Thus spin state asymmetry appears

to lower the barrier energies for CO oxidation for all systems.

AE (eV)

5 4 3 2 1 0 1 2 3 4 5
Energy (eV)

Figure 1.9. a) Energy levels of the initial state (IS), transition state (TS), and final state (FS)
for NO (solid black) and N1 (hollow bar). Insets show relaxed geometry for TS of 02-V/NO0 and
02-V/N1. Grey, purple, red, and green spheres correspond to C, N, O, and V atoms, respectively.
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Spin polarized density of states for TS of b) 02-V/NO and c) O2-V/N1. Blue dashed curve shows
local PDOS of adsorbed TM adatom d orbitals. Red dotted and black solid curves show local
PDOS for CO and 02 molecules, respectively. The Fermi levels have been set to 0 eV, indicated
with a vertical dashed black line. All positive values correspond to spin up and all negative
values are spin down.

1.4 Conclusion

Through first principles calculations, the performance of a wide range of earth-
abundant transition metals (V, Fe, Mo, and Ta) as SAC for CO oxidation on two types of
graphene surface defects (NO, N1) has been evaluated. Further, by calculating the activation
energy barriers of CO oxidation reactions facilitated by these stabilized SAC through a
modified Eley-Rideal pathway, we found that all four metals have energy barriers <1 eV on
both defect types and significantly the pyridinic N dopant accesses energy barriers below
0.8 eV for all metals. Compared to our previous work modelling the same reaction with
single atom Pt for a Langmuir-Hinshelwood pathway, V on N1 is comparable to the
performance of a Pt surface’? and is the most competitive with SAC Pt catalysts17.71 with an
activation energy of 0.55 eV. The spin polarized projected density of states shows that
greater spin state asymmetry in atomic and molecular orbital peaks near the Fermi level is
associated with lower activation energy barriers, where associated decreases in activation
barrier energies of CO oxidation of 44% and 27% were observed for V and Ta, respectively.
Our work both extends the range of earth-abundant choices for SAC and reveals the
importance of molecular coordination affecting the magnetic moment and in turn binding
energies and activation energy barriers. This provides further means for improving the
chemical activity of earth-abundant transition metals. Parsing the large parameter space

composed of TM elements and surface defects will aid in the design of earth abundant and
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sustainable catalysts. These results can guide selection of materials for investigations
using techniques such as high-angle annular dark-field-scanning transmission electron
microscopy (HAADF-STEM) and spin-resolved electron energy loss spectroscopy (EELS) to
probe chemical bonding and local electronic structure alongside with in situ catalytic
reactions. Relationships between molecular coordination, local magnetic moment, and
catalytic activity gleaned from experiments can further elucidate how spin state can
provide an additional knob for tuning chemical activity. A promising future avenue is to
explore the effect of spin on other molecular coordinations of TM SAC on graphene in order

to identify systems that may meet or exceed the performance of PGM.
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CHAPTER 2: TAILORING PLASMONIC NANOGAP CHEMISTRY
TOWARDS FOLLOWING CHEMICAL REACTIONS IN REAL TIME

2.1 Introduction

Control of nanogap spacing and surface chemistry in plasmonic hotspots between
NP has numerous applications including sensors, non-linear optics,! and photocatalysis.2?3
For example, tuning interactions between analytes and plasmonic hot spots for
(bio)molecular sensors can be achieved with surface chemistry.* The varying strength of
interactions as well as altered geometric configurations between the nanogap molecule and
analytes has been shown to shift otherwise overlapping vibrational modes in spectra,
allowing for high-dimensionality discrimination of complex biological samples.*
Furthermore, the reproducibility of the vibrational fingerprint of surface enhanced Raman
scattering (SERS) surfaces depends on nanoparticle morphology, nanogap distance and
surface chemistry. Few systems such as DNA-tethered NP 56 and NP on mirror cavities?
achieve control of nanogap chemistry and gap spacing in sub-nanometer regime that are
both needed to simultaneously achieve low detection limits and reproducible signals for

accurate quantification.8

Here we present an experimental platform to facilitate interactions between
plasmonic NP in colloidal solution to define versatile chemistry in plasmonic nanogaps,
thereby controlling nanogap spacing and subsequent chemical reactivity to form plasmonic
nanoreactors. As colloidal NP are typically stabilized via electrostatic repulsion, chemical
crosslinking in solution will normally lead to aggregation. Electrohydrodynamic (EHD)

flow, an electro-osmotic driving force, provides a transient attractive force that is confined
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to a working electrode surface and thus mitigates uncontrolled aggregation in bulk
solution. We have previously demonstrated that EHD drives chemical reactions between
NP and produces controlled nanogap spacing®1? by forming an acetic anhydride bond
between NP.10 In the absence of EHD flow, we do not experimentally observe anhydride
bond formation.?19 Nudged elastic band calculations show the activation energy barrier
does not vary when distances between NP is varied and thus the effect of close proximity
between NPs during EHD flow allows ligands to sample configurational space in the
presence of electrical stimuli, thus reactions are governed by entropic effects.1? This system
provides a unique platform to study local chemical reactions using in situ SERS spectral
imaging as it allows for sub-nanometer gaps that provide maximal enhancement factors

before quantum tunneling leads to collapse of field enhancements.11

The reactions studied here include carbodiimide coupling chemistry between lipoic
acid ligands and between (3,4)mercaptobenzoic acid ligands to investigate the role of
electronic structure and steric effects on reactions between NP under EHD driving forces.
These three ligands are specifically chosen to represent a range of aromaticity and electron
delocalization. Additionally, the chemistry investigated here offers a high degree of
versatility for additional reactions; anhydrides undergo hydrolysis to form carboxylic

acids,'? react with alcohols to form esters,1314 and react with amines to form amides.1>

2.2 Materials and Methods

Hydrofluoric acid (HF) was purchased from VWR International. Sodium Hydroxide
(NaOH) (50% w/w), toluene, isopropyl alcohol (IPA), and potassium carbonate were

purchased from Fisher Scientific. 2-(N-Morpholino)ethanesulfonic acid (MES) 0.1 M buffer,
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1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC), N-
hydroxysulfosuccinimide (s-NHS), ethylenediamine, dimethyl sulfoxide (DMSO), lipoic acid,
4-mercaptobenzoic acid (4MBA), 3-mercaptobenzoic acid (3MBA), and benzenethiol (BZT)
were purchased from Sigma-Aldrich. Ethanol was purchased from Gold Shield Distributors,
Inc.. Nanopure deionized (DI) water (18.2 MQ cm-1) was obtained from a Milli-Q Millipore

System.

Electrode Materials. The working electrode is composed of P-type, boron doped, (100)
silicon wafers (University Wafer) with resistivity of 0.001-0.005 ohm-cm. Si wafers are
cleaned in a 20 % v/v HF aqueous solution and then coated with random copolymer
poly(styrene-co-methyl methacrylate)-alpha-hydroxyl-omega-tempo moiety (PS-r-PMMA)
(Mn = 7400, 59.6% PS) and diblock copolymer poly(styrene-block- methyl methacrylate)
(PS-b-PMMA) (Mn = 170-b-144 kg mol-1), which were purchased from Polymer Source,
Inc. HF has serious potential to cause severe injury which mandates extreme care during
treatment. First, 1 wt% PS-r-PMMA in toluene was spin-coated onto Si wafers at 3000 rpm
for 45 s, annealed under vacuum at 170 °C for 48 hr, and then rinsed with toluene to leave a
brush layer. Next, PS-b-PMMA is spin coated at 5000 rpm for 45 s and then annealed for 72
hr at 170 °C. PMMA domains on PS-b-PMMA/Si are functionalized with amine groups for
coupling to Au NP by immersing in DMSO for 5 min and then 5 % vol % ethylenediamine in
DMSO for 5 min, without rinsing in between steps. The functionalized electrodes are then

rinsed with IPA for 1 min and dried under nitrogen gas for immediate use.

Gold Nanoparticle Surface Functionalization. Citrate stabilized and lipoic acid

functionalized Au NP with a diameter of 40 nm diameter were purchased from
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Nanocomposix. Citrate stabilized Au NP are functionalized with 4MBA (Au-4MBA) as
follows: First, 10 mL of citrate stabilized Au NP is mixed with K2CO3 in a 1.5 mL:2 uL ratio
and centrifuged for 30 min at 1.7 rcf and the original solvent is removed - how. The
solution is resuspended in a basic solution of NaOH diluted in DI water to have a pH of 11.7
and 0.01 M 4MBA in ethanol was added to the Au NP solution to produce 10 uM 4MBA in
Au NP solution (1:1000 v/v). The solution was continuously stirred overnight. Finally, the
obtained solution was centrifuged for 30 min at 1.7 rcf to remove the excess of 4MBA and
was dispersed in DI water. Citrate stabilized Au NP are functionalized with 3-MBA (Au-
3MBA) following the same procedure as above: the basic solution of Au NP was mixed with

0.01 M 3-MBA in ethanol to produce 10 uM 3-MBA in Au NP solution (1:1000 v/v).

Nanoreactor Fabrication. Functionalized Au NPs P solution (0.1 mg/mL, 3 mL) is added
to a clean 10 mL glass beaker; s-NHS (20 mM) in MES (0.1 M) buffer (24 pL) is added and
swirled; and EDC (8 mM) in MES (0.1 M) buffer (24 pL) is added and swirled. 25 pL of the
solution is dropped on an ITO counter electrode and assembled in a capacitor architecture
using a 90 um spacer layer (9816L, 3M) with a recently prepared copolymer-coated Si
electrode on top. An AC potential with an amplitude of 5 V is applied across the liquid cell
at a frequency of 100 Hz for 2 min to deposit predominantly isolated Au NP. The electrodes
are disassembled and rinsed with IPA, dried under nitrogen, rinsed with DI water, and
dried under nitrogen. The same Au NP solution is assembled in the cell in the same manner
now with Au seeds on the working electrode. An AC potential of the same amplitude as the
first step is applied but with a frequency of 500 Hz to drive EHD flow due to perturbation of

Au seeds.
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Surface Enhanced Raman Scattering (SERS) Characterization. SERS spectra were
collected with 1s integration time using a portable i-Raman Plus spectrometer (BWTEK)
with excitation wavelength of 785 nm and spectral resolution of 4.5 cm-1. The laser spot
size at the focal plane is 80 microns; thus spectral data will include ensemble averages.
Select chemical reactions in confined geometries were monitored using an inVia confocal
Raman microscope (Renishaw) which enables faster integration time and the ability to

monitor reactions on a single cluster.

SERS spectra are pre-processed in three steps: (1) smoothing, (2) baseline
correction, and (3) normalization, all done using the Python 3.3 programming language.
Smoothing was done with the Savitzky—Golay method?2? as implemented in Scikit-Learn
using an 11 pixel window and polynomial order 3. Baseline correction was done with the
asymmetric least-squares method3? and was implemented in NumPy with A = 10000, p =
0.001. In order to normalize the data, the vibrational band of silicon at 520 cm-! is used as

an internal standard and set to 1.

Photoinduced Force Microscopy (PiFM) Characterization. Silicon wafers were
purchased from University Wafer. EPO-TEK H21D, two-component epoxy glue, was
purchased from Epoxy Technology, Inc., and was used for fabricating template stripped Au
(TS-Au) surfaces. Samples for PiFM characterization were produced by drop casting
solutions of Au-4MBA, Au-3MBA NP on TS-Au, fabricated following a previously published
procedure.3! Briefly, TS-Au was prepared by gluing gold surfaces with EPO-TEK H21D to
silicon substrates, forming a sandwich structure, and cured at 150 °C for 30 mins. After

cooling, silicon templates were detached from silicon substrates to expose a TS-Au film
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with a root-mean-square roughness less than 0.3 nm over 1 pm x 1 um as evaluated by
AFM. TS-Au films used as substrates for PiFM were used immediately after stripping to
maintain a pristine surface for sample deposition. Prepared samples were air-dried and then
within minutes were scanned in non-contact mode with a commercial VistaScope atomic
force microscope (MolecularVista Inc). The system includes vibration isolation equipment,
an acoustic enclosure, and is connected to a clean dry air system to minimize water vapor
for IR measurements. A quantum cascade laser system (Block Engineering) with a tuning
range from 780 to 1900 cm-! provided IR excitation with a wavenumber resolution of 1 cm-1. The
cantilever type was NCH-Au from MolecularVista with a nominal tip radius of 20 nm and 300 kHz

resonance. The cantilever was excited at its second resonance around 1.69 MHz for surface-

sensitive PiFM sideband difference mode measurements.

Ab initio Spectral Simulations. Density functional theory (DFT) calculations of Raman
spectra were carried out in atomic orbital basis sets with Gaussian1632 while plane-wave
calculations utilized the Vienna ab-initio Software Package (VASP).3334 In Gaussian16 Au cluster
simulations, the geometry optimizations and vibrational frequency calculations were
performed with a generalized gradient approximation (GGA) using the PW91 exchange
correlation functional.3> Light atoms, namely H, N, C, O, S, were defined with the 6-
311+G(2d,p) basis set while Au utilized the LANL2DZ basis set and effective core
potential.3¢ These mixed basis sets combined with the PW91 functional have been shown in

previous work to accurately model Raman spectra of similar organic molecules adsorbed to

gold.3738
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Plane-wave DFT calculations of Au surfaces performed using VASP used the projector
augmented wave pseudopotentials and the Perdew-Burke-Ernzerhof gradient
approximation with an energy cutoff of 400 eV. Structural relaxations were performed with
energy convergences of 10-9 eV and tight force convergences of 0.0005 eV/A. Reciprocal
space was sampled at the gamma point with a Gaussian smearing of 0.02 eV. Polarizability
tensors for each mass-weighted vibrational mode in the forward and reverse directions will
be calculated with density functional perturbation theory.3° Raman scattering activities were
found via the derivative of each polarizability tensor with respect to its corresponding
vibrational mode, as implemented in the raman-sc package on GitHub.#? This code was
extended to handle frozen atoms as well as Cartesian decomposition of Raman spectra in

VASP and will be made publicly available.

2.3 Results and Discussion

2.3.1 Fabrication of controlled surface chemistry in plasmonic nanogaps

Electrohydrodynamic (EHD) flow resulting from an applied AC potential is an
electrokinetic phenomenon that can drive lateral assembly of nanoparticles (NP) in
response to a perturbation that produces an electric field gradient on an electrode-liquid
interface.?10.16-18 Here the perturbation consists of Au NP, illustrated in Fig. 2.1A, which are
deposited using an AC potential applied across a liquid cell sandwiched between a Si
working electrode, which has a thin film of polystyrene-b-poly(methyl methacrylate) (PS-b-
PMMA), and ITO coated glass slide. Au NP are deposited at an amplitude of 5V and
frequency of 100 Hz. In this frequency regime, electrophoresis!? drives Au NP to the Si

electrode surface. Au NP are functionalized with ligands having carboxylic functional
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groups, where EDC/s-NHS is used for carbodiimide coupling to between carboxylic acid
functional groups on ligands and amine-functionalized PMMA lamellar domains?20 as
depicted in Fig. 2.1B. As a result, the surface is decorated with isolated Au NP serving as
seeds for EHD flow (Fig. 2.2). After the deposition of Au NP seeds, a second deposition step
is conducted at a frequency of 500 Hz. The presence of perturbations on Si electrode
surface generates an electric field gradient activating EHD driven lateral assembly of NP, as
shown schematically in Fig. 2.1C and experimentally in Fig. 2.2. Au NP in solution entrained
in parallel EHD flow fields near NP seeds experience increased proximity with Au NP seeds
anchored on the surface, thereby increasing the probability of cross-linking reactions

between Au NP in solution and Au seeds on the surface as shown in Fig. 2.1D.
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Figure 2.1. Schematic outlining fabrication of plasmonic nanoreactors. A) First,
electrophoretic deposition of Au-LA NP seeds on electrodes composed of PS-b-PMMA thin
films on Si. B) Carbodiimide crosslinking via EDC and S-NHS between carboxylic acid
functional groups on ligands and on PMMA domains treated with ethylenediamine C) In the
second deposition step, EHD flow produces a lateral driving force between NP in solution
and Au seeds. D) The increased proximity between Au NP on the working electrode surface
drives chemical reactions between Au NP in solution and Au seeds.

Figure 2.2. Left: SEM micrograph of 1st deposition step: Au-LA seeds electrophoretically
deposited on PS-b-PMMA diblock copolymer surface. Right: SEM micrograph of 2nd
deposition step: Au-LA NP laterally assembled into oligomer clusters via EHD flow.

In order to vary chemistry in plasmonic nanoreactors, we functionalized Au NP with
mercaptobenzoic acid (MBA) ligands with carboxylic acid groups on different regions of the
aromatic ring, 4MBA and 3MBA. The hydrolysis of benzoic anhydrides is over 3 orders of
magnitude slower compared to that of acetic anhydrides,?122 providing a platform to probe
how electronic structure of molecules affects reactivity. Charge delocalization due to
aromatic rings in benzoic anhydride have been attributed to the stability.23.24 The surface

chemistry of Au NP was measured after functionalization with 4MBA and 3MBA using
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photo-induced force microscopy (PiFM). PiFM is a recently developed scanning probe
technique that measures localized dipole forces exerted on a nanoscale probe when
molecules are excited by an IR excitation source which correlates to infrared absorption.2>
This technique is capable of simultaneously measuring sample topography and vibrational
spectra with a spatial resolution below 6 nm on time scales of seconds.2¢ PiFM also benefits
from electromagnetic signal enhancements; even modest enhancements improve high
signal to noise in PiFM as IR has an inherently high cross-section. At the junction of the Au
tip and the Au sample surface, electromagnetic fields may be enhanced by factors between
50 and 130 due to the lightning rod effect and multi reflection process.2728 PiFM signal is
proportional to the square of the electric field, allowing for monolayer detection sensitivity
on Au substrates.28 After functionalization, 10 puL of aqueous NP solution was dropcast on
freshly prepared template stripped gold (TS-Au) and allowed to air-dry. The PiFM spectra
taken from the Au NP surfaces (average of 10 points) is shown for Au-4MBA and Au-3MBA
in Fig. 2.2A and 2.2(, respectively. Examination of the peaks in the spectral data shows they
are consistent with IR resonances of the surface chemistry of NP surfaces and the Au
coated AFM tip (Table 2.1, 2.2). Additionally, Fig. 2.2B and 2.2D show the average PiFM
intensity from 3 line scans across NP with the IR excitation source fixed at specific
wavenumbers of 1090 cm-1and 1020 cm! for Au-4MBA and Au-3MBA, respectively. Both
modes correspond to single bonded C-O stretching resonances from the carboxylate end
groups. The dashed lines in Fig. 2.2A and 2.2C highlight the region between the two white
asterisks in the inset. PiFM intensity clearly increases with respect to the background

across the NP with variations likely attributed to the tip-sample distance and molecular
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coverage. Overall, the increased signal on NP surfaces confirms functionalization of Au-

4MBA and Au-3MBA.
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Figure 2.2. Average PiFM spectra (n=10) collected across the surface of A) Au-4MBA and
C) Au-3MBA. Average PiFM spectral intensity (n=3) and across B) Au-4MBA at 1090 cm!
and D) Au-3MBA at 1020 cm-1. Insets show topography with a window size of 200 nm and
height legend. The edges of the NP clusters are marked by white asterisks in insets and are
represented by vertical dashed lines in B and D.
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Table 2.1. Spectral Data and Vibrational Assignment of 4MBA

IR Frequency (cm1) 4MBA Vibrational Assignment

875 Out-of plane C-O-H bend
1020 C-O stretch

1107 C-O stretch

1117 C-O stretch

1176 C-O stretch

1270 C-O stretch

1324 Aromatic C-C stretch
1410 In-plane C-O-H bend
1463 Aromatic ring stretch
1725 C=0 stretch
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Table 2.2. Spectral Data and Vibrational Assignment of 3MBA

IR Frequency (cm1) 3MBA Vibrational Assignment
810 Out-of plane ring bend
875 Out-of plane C-O-H bend
1020 C-O stretch
1107 C-O stretch
1117 C-O stretch
1176 C-O stretch
1270 C-O stretch
1324 Aromatic C-C stretch
1410 In-plane C-O-H bend
1725 C=0 stretch

During PiFM imaging, the mechanical forces exerted on the AFM tip are primarily
sensitive to dipoles excited perpendicular to the surface. Analysis of the PiFM spectra of
Fig. 2.2A and 2.2C shows that vibrational modes at 810 cm-! are visible. These modes
correlate to out-of-plane ring bending resonances of the benzene group, suggesting that the
ligands have a relatively flat orientation against the Au surface. This is further supported by
the lack of sharp peaks between 1350 and 1600 cm-1, which typically belong to in-plane
benzene ring modes. Single C-O stretching resonances are present in both Au-4MBA and
Au-3MBA at 1265 cm-1, while the region of the spectra between 1000 and 1100 cm-! hosts
contributions from C-O resonances as well. Typically, C=0 stretching modes appear at high

wavenumbers between 1700 and 1800 cm-1. There are small peaks present in both spectra
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in that region, suggesting that there are few C=0 bonds. It is possible that carboxylic acid
groups, which have C=0 bonds, instead remain deprotonated as carboxylate anions.
Carboxylate anions have C-O bonds that are stabilized by electron delocalization and are

seen in experimental PiFM spectra.

2.3.2 Parsing molecular orientation in nanoreactors with DFT
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Figure 2.3. SERS spectra and electric-field induced nanogap reaction simulation. A)
Experimental SERS spectra (black) of Au-LA nanoreactors. DFT simulated Raman spectra of
unbonded LA ligands (dark purple) and ligands with acetic anhydride bond (light purple).
Insets show relaxed geometries. B) Experimental SERS spectra of Au-LA assembled with
EHD soaked overnight in 0.5 mM benzenethiol (BZT) in ethanol without (black, inset
bottom) and with Oz plasma treated to remove ligands (dashed gray, inset top). C) Plane-
wave DFT calculations of gas-phase BZT with Cartesian X, Y, Z (red, orange, blue,
respectively) components decomposed. As expected, the X and Y components (red, orange)
are similar due to symmetry and the out of plane, Z component (blue, multiplied by 10)
shows fewer modes.
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Molecular orientation effects in nanogaps can be observed experimentally from EHD
assemblies of nanoreactors. In Fig. 2.3A, simulations of crosslinked (light purple) and
unbonded (dark purple) LA ligands are compared to experimental SERS spectra of Au-LA
nanoreactors. A closer match to experimental SERS spectra is seen from the crosslinked LA
simulation, agreeing with previous experimental and computational results that see the
formation of an acetic anhydride bond using EDC carbodiimide coupling chemistry.
Specifically, the peak at 1097 cm-1 (light purple) corresponds to the experimental peak at
1129 cm-1 (black), a coupled carbonyl bending mode resonance only present in the acetic
anhydride compared to the unbonded lipoic acid (dark purple). As an alkane chain, Au-LA
has a low Raman cross section, and yet has a clear SERS signal from the nanoreactors.
Additionally, DFT simulations do not include the diblock copolymer electrode surface,
which are too far outside the hotspot regions of the nanoreactors to significantly contribute
to the background of SERS measurements. Au-LA nanogaps are treated with benzenethiol
(BZT), a common Raman reporter, before and after Oz plasma treatment to remove
anhydride ligands in order to assess the effects of steric hindrance and molecular
orientation in nanogaps. The peak ratio between the modes at 1000 cm-! and 1075 cm1 in
Fig. 2.3B for samples with and without plasma treatment is 0.92 (dashed gray line) and
1.12 (black line), respectively. When comparing the spectral data with DFT simulated
spectra of BZT, Fig. 2.3C, we gain information on molecular orientation. The increased
intensity at 1075 cm-! (not present in the z-component of the DFT calculations) after O2
plasma treatment indicates BZT XY orientation more fully aligns with electric field
polarization in nanogaps since the acetic anhydride bridge is removed during plasma

treatment. This result confirms we can observe orientation effects in nanogaps even in
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ensemble averages as we hypothesize the confined geometry and intense electromagnetic

fields will influence orientation.
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Figure 2.4. Experimental SERS spectra (black) of A) Au-4MBA and C) Au-3MBA
coordinated to small Au clusters. DFT simulated spectra of unbonded (4MBA, 3MBA,
MPAA) ligands (dark blue, dark red, dark green) and ligands with benzoic anhydride bond
(light blue, light red, light green). Insets show an enlarged region of peaks highlighted by
dashed boxes. Nanogap chemistry after EHD assembly: B) Au-4MBA and F) Au-MPAA
hypothesized to form a benzoic anhydride and acetic anhydride bond, respectively. D)
Schematic of hypothesis that Au-3-MBA are sterically hindered from forming benzoic
anhydride.

After PiFM confirmed the successful functionalization of Au-4MBA and Au-3MBA,
nanoreactors were assembled with EDC carbodiimide crosslinking chemistry for both
mercaptobenzoic acid ligands. The nanogap chemistry of each nanoreactor was measured
with surface enhanced Raman scattering (SERS) and compared to density functional theory
(DFT) simulations of Raman spectra to probe the formation of anhydrides. DFT simulations
are performed on the neutral benzoic acids. Au-4MBA and Au-3MBA have much higher
signal-to-noise ratios in Fig. 2.4A and 2.4C, respectively, compared to Au-LA in Fig. 2.34,
due to the presence of benzene rings having a higher Raman cross section. In both cases,
the simulated and experimental spectra correlate to a lack of anhydride bonds formed by
Au-4MBA and Au-3MBA. The peak at 1720 cm! and 1756 cm-lin the unbonded spectra of
Au-4MBA and Au-3MBA (dark blue and dark red in Fig. 2.4A and 2.4C, respectively)
belongs to a C=0 stretching resonance. This mode is only present in neutral carboxylic acid
groups. Since it is not visible in experimental spectra, this suggests that ligands on Au
surfaces remain deprotonated as carboxylate anions after deposition. The Raman peaks at
1712 and 1774 cm-! (light blue, Fig. 2.4A) and at 1720 and 1782 cm-! (light red, Fig. 2.4C)
are anhydride bending modes. Their absence in corresponding experimental spectra point

to a lack of EDC carbodiimide crosslinking in the nanogap for Au-4MBA and Au-3MBA. In
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the case of Au-3MBA, it is hypothesized that steric hindrance precludes the formation of a

benzoic anhydride bond.

Having developed first principles methods for modeling Raman spectra of molecules
on Au NP, additional calculations were carried out for another candidate ligand,
mercaptophenylacetic acid (MPAA), to guide future experimental endeavors. Structurally,
this ligand has an additional carbon atom between the benzene ring and the carboxylic acid
group. In the event of successful crosslinking, the Au-MPAA anhydride bond formed would
be longer and more acetic in character compared to the benzoic anhydrides of Au-4MBA
and Au-3MBA, allowing for the investigation of steric hindrance and charge transfer on
self-assembly behavior. Simulations of crosslinked (light green) and unbonded (dark
green) LA ligands are compared to each other in Fig. 2.4E and found to be quite similar,
with subtle differences at lower wavenumbers. There are several small anhydride
resonance mode peaks between 550 and 1000 cm-! that are not present in the unbonded
MPAA spectra. As expected given their structural similarity, the simulated spectra of
unbonded Au-MPAA (dark green) strongly resembles the experimental spectra of Au-4MBA
in Fig. 2.4A (black). It is interesting to note that there is no peak in the 1720-1750 cm
wavenumber region for MPAA, while those peaks correspond to the C=0 stretching
resonance of the carboxylate group for 3MBA and 4MBA. This finding suggests the
importance of proximity to the benzene ring on resonant mode frequencies. Computational
methods developed here allow for the analysis of candidate ligands and identification of

successful crosslinking signatures in experimental SERS spectra.
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2.4 Conclusion

We have presented a versatile platform for the investigation of interfacial chemical
reactions in self-assembled nanoreactors. The functionalization of Au NP with ligands
chosen to have carboxylic acid end groups with varying chain lengths, aromaticity, and
molecular orientation was confirmed with localized PiFM chemical mapping. Subsequent
deposition of Au NP on patterned surfaces with EHD flow resulted in the formation of
acetic anhydrides from Au-LA nanoreactors as confirmed by SERS and DFT calculations.
Detailed molecular orientation of molecules in confined geometries can be deduced by DFT
analysis of SERS spectra. Au-LA nanoreactors treated with common Raman reporter BZT
that then underwent plasma cleaning to remove LA ligands show an intriguing shift in SERS
peak ratios. Decomposing the Raman spectra of BZT along Cartesian coordinate directions
demonstrates that contributions to these peak ratios originate from x-y planar benzene
ring mode resonances. This suggests that as Oz plasma cleaning removes LA ligands, BZT
molecules have greater access to the nanoreactor gap. The strongly directional
electromagnetic field in the gap coerces the planar benzene rings to be parallel in
alignment. Linear combinations of Cartesian-decomposed Raman components selected to
have greater contributions from x and y modes captures the peak ratio shift seen in
experiment. The weighting of the z component correlates to a 54° angle shift of BZT relative
to the Au NP surface. Intriguingly, neither Au-4MBA nor Au-3MBA formed anhydride
bridges, despite the propensity of benzoic acids to form anhydride bridges in solution.12.22
Raman DFT calculations confirmed the lack of anhydride bonding and will guide selection
of candidate ligands to investigate, such as MPAA. Future work will investigate the effects

of steric hindrance and charge transfer on anhydride bond formation in mercaptobenzoic
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acid ligands. Altogether, the EHD driven self-assembly of nanoreactors with tunable surface
chemistry and the development of DFT simulation methods to interpret SERS spectra is

greatly extensible for the nanoscale investigation of other interfacial chemical systems.
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CHAPTER 3: CHARGE TRANSFER AND ELECTROMAGNETIC FIELDS AT
NANOPARTICLE-LIGAND INTERFACES

3.1 Introduction

The ability to fabricate nanoscale metallic structures with feature sizes far below the
diffraction limit of visible light has ushered in the ability to concentrate and manipulate optical
signals for a wide range of applications including optoelectronics,* photocatalysis,?3 and
biological sensing.** The efficiency of these nonlinear optical processes depends strongly on the
degree of confinement® and proximity of molecules in the local environment. Efforts to probe
chemical behavior spectroscopically are challenging due to the sensitivity between molecular
orientation, charge transfer, and electromagnetic fields in confined geometries leading to
complex variations in vibrational spectroscopic signals. Synergistic experimental and first
principles computational approaches are necessary to provide understanding of the dynamic

responses of chemical reactions in confined geometries.

Scanning probe techniques are capable of high spatial resolution and recent innovations
have led to the development of simultaneous topographic and local chemical mapping through
coupling between scanning probe tip and sample surface through an external excitation source.
Tip-enhanced Raman spectroscopy (TERS) and scattering-type scanning near-field optical
microscopy (s-SNOM) are capable of <10 nm resolution in ambient conditions; both
methodologies rely on scattered optical signals collected by a spectrometer, which can introduce
significant background signal from far-field scattered photons.” Photo-induced force microscopy
(PiFM), a recently developed technique,® detects mechanical deflections arising from dipole-
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dipole interactions between an optically driven molecule and its mirror image dipole in the gold
coated AFM tip. By utilizing both near-field excitation and near-field detection, PiFM is not
susceptible to far-field background.® Additionally, PiFM is capable of simultaneously measuring
topography and chemical signals with a spatial resolution below 6 nm on time scales of seconds.?
Analysis of self-assembled monolayers on gold surfaces with PiFM show correlation with infrared
spectral data.'® However, the experimentally collected PiFM spectra does not directly map with
IR spectra. Thus correlating with molecular structure is challenging with less well-ordered
surfaces and necessitates computational simulations to interpret, considering that the AFM
probe is more sensitive to vibrations perpendicular to the scanning surface and signatures of

strong light-matter interactions may manifest in tip-sample junctions.'!

In this work, we investigate experimental PiFM measurements of benzenedithiol (BDT) on
Au NP surfaces and compare with density functional theory simulations of IR spectra to
understand how PiFM data can inform on the influence of molecular orientation and the local
electromagnetic environment in nanoconfined geometries. Electric fields alone are not sufficient
to explain enhancement of PiFM spectra. We show that electric fields acting jointly with
significant charge transfer provided by Au surfaces are capable of driving the diffusion of Au
atoms, rotation of functional groups, and large shifts in bonding angle that are all reflected in
PiFM spectra. Additionally, in the case of Au atom diffusion that leads to the creation of a local

tip-like perturbation, large enhancements are seen in PiFM spectra.

68



3.2 Materials and Methods

Materials. 40 nm diameter gold nanospheres were purchased from Nanocomposix. Ge(111)
wafers with a resistivity of >50 Q-cm were purchased from University Wafer Inc (South Boston,
MA). Isopropyl alcohol (IPA), sodium bicarbonate, and sodium carbonate were purchased from
Fisher Scientific. Ethanol was purchased from Gold Shield Distributors, Inc. 1,4-Benzenedithiol
(BDT) was purchased from Tokyo Chemical Industry. 2,2’-Dithiodipyridine (DTDP) was
purchased from Chem-Implex International Inc. Dithiothreitol (DTT) was purchased from
PanReac AppliChem ITW Reagents Nanopure deionized (DI) water (18.2 MQ cm-1) was

obtained from a Milli-Q Millipore System.

Gold Nanoparticle Surface Functionalization. To modify the AuNPs with BDT (Au@BDT), 25 mL
of the 40 nm AuNPs (2 mM sodium citrate) stock solution (0.05 mg/mL) was centrifuged for 30
min at 1.7 rcf and the original solvent was removed. The solution was resuspended in 25 mL of
the (1 mM, pH 10.6) sodium bicarbonate buffer (95%) and ethanol (5%) (23.75 mL of buffer to
1.25 mL of ethanol) with 4.5 mg of BDT to produce 25 mL BDT in AuNPs solution (100:1
molecules/surface gold atoms). The solution was kept overnight at room temperature in the
dark. Finally, the obtained solution was centrifuged 3x for 30 min at 1.7 rcf to remove the
excess of BDT and was dispersed in 2.5 mL of 1mM buffer-ethanol solution to produce 10x

concentrated Au@BDT.

Photoinduced Force Microscopy (PiFM) Characterization. Silicon wafers were purchased from
University Wafer. EPO-TEK H21D, two-component epoxy glue, was purchased from Epoxy

Technology, Inc., and was used for fabricating template stripped Au (TS-Au) surfaces. Samples
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for PiFM characterization were produced by drop casting solutions of Au-BDT NP on TS-Au,
fabricated following a previously published procedure.'® Briefly, TS-Au was prepared by gluing
gold surfaces with EPO-TEK H21D to silicon substrates, forming a sandwich structure, and cured
at 150 °C for 30 mins. After cooling, silicon templates were detached from silicon substrates to
expose a TS-Au film with a root-mean-square roughness less than 0.3 nm over 1 um x 1 um as
evaluated by AFM. TS-Au films used as substrates for PiFM were used immediately after
stripping to maintain a pristine surface for sample deposition. Prepared samples were air-dried
and then within minutes were scanned in non-contact mode with a commercial VistaScope
atomic force microscope (MolecularVista Inc). The system includes vibration isolation
equipment, an acoustic enclosure, and is connected to a clean dry air system to minimize water
vapor for IR measurements. A quantum cascade laser system (Block Engineering) with a tuning
range from 780 to 1900 cm™ provided IR excitation with a wavenumber resolution of 1 cm™™.
The cantilever type was NCH-Au from MolecularVista with a nominal tip radius of 20 nm and
300 kHz resonance. The cantilever was excited at its second resonance around 1.69 MHz for

surface-sensitive PiFM sideband difference mode measurements.

IR/Raman Spectral Simulations. Density functional theory (DFT) calculations of Raman spectra
were carried out in atomic orbital basis sets with Gaussian16’ while plane-wave calculations
utilized the Vienna ab-initio Software Package (VASP).'®#%° Gaussian16 cluster geometry
optimizations and vibrational frequency calculations of Au-BDT were performed with a
generalized gradient approximation (GGA), specifically the PW91 exchange correlation
functional.?’ All atoms were defined with the 6-311+G(2d,p) basis set except for Au, which
utilized the LANL2DZ basis set and effective core potential.?! These mixed basis sets combined
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with the PW91 functional have been shown in previous works to accurately model the Raman

spectra of similar organic molecules adsorbed to gold.???

Plane-wave DFT calculations of Au surfaces were performed using VASP and used the
projector augmented wave pseudopotentials and the Perdew—Burke—Ernzerhof gradient
approximation with an energy cutoff of 400 eV. Gold(111) surface slabs were constructed with
four layers in a 3 x V3 unit cell and 25A vacuum spacing. Long-range dispersion interactions were
included with Grimme’s DFT-D3 method with Becke-Johnson damping.?* Structural relaxations
were performed with energy convergences of 10° eV and tight force convergences of 0.0005
eV/A. For structural relaxations, the bottom two layers were fixed while the top two layers were
allowed to fully relax. Reciprocal space was sampled with a9 x4 x 1 gamma centered Monkhorst—
Pack grid® and a Gaussian smearing of 0.1 eV. Polarizability tensors for each mass-weighted
vibrational mode in the forward and reverse directions will be calculated with density functional
perturbation theory.?® Raman scattering activities were found via the derivative of each
polarizability tensor with respect to its corresponding vibrational mode, as implemented in the
raman-sc package on GitHub.?” This code was extended to handle frozen atoms as well as

Cartesian decomposition of Raman spectra in VASP and will be made publicly available.

3.3 Results and Discussion

3.3.1 Localized chemical mapping of BDT functionalized Au NP

The PiFM experimental setup is summarized in Fig. 3.1a where we form a near-field
optical cavity between the scanning probe microscope (SPM) tip and Au NP surface. Samples

are prepared by drop casting 10 uL of aqueous Au NP functionalized with BDT (Au-BDT) on
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freshly prepared template stripped gold (TS-Au) and allowed to air-dry. A continuous wave IR
laser is used as the excitation source, optically driving a dipole response in BDT molecules
between the Au coated SPM tip and Au NP surface. Only resonance modes of BDT that have a
component perpendicular to the surface (defined here as z) cause mechanical deflections in the
SPM cantilever that can be detected with PiFM. PiFM benefits from electromagnetic signal
enhancements when using a Au coated SPM tip and a plasmonic surface. Specifically, at the
junction of the Au tip and the Au sample surface, electromagnetic fields can be enhanced by
factors between 50 and 130 due to the lightning rod effect and multi-reflection process.'%?
While IR has an inherently high cross-section, these electromagnetic signal enhancements
improve signal to noise in PiFM when examining monolayers and sub-monolayer coverage of
molecules. PiFM signal is proportional to the square of the electric field, and has previously
reported monolayer detection sensitivity on Au substrates.’® With first principles modeling,
complementary information on molecular structure and electric field effects in PiFM are
elucidated for the first time. The ability for localized chemical mapping of Au-BDT NP with PiFM
is demonstrated in Fig. 3.1b, which shows the average PiFM intensity from 3 line scans across
NP with the IR excitation source fixed at 1470 cm™, which corresponds to an aromatic C-C
stretching mode. The dashed lines in Fig. 3.1b correspond to regions between the two white
asterisks in the inset. PiFM intensity clearly increases with respect to the background across the
NP with variations likely attributed to the tip-sample distance, molecular coverage, and
nanoparticle surface geometry. Overall, the increased signal on NP surfaces confirms

functionalization of Au-BDT.
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Figure 3.1. a) Schematic of tip-sample junction in PiFM experiments and excited with IR light
source. Solutions of Au-BDT are deposited on freshly prepared TS-Au surfaces by drop casting.
b) Average PiFM spectral intensity (n=3) across Au-BDT at 1470 cm™. Inset shows topography
with height legend with a window size of 200 nm. The edges of the NP clusters are marked by
white asterisks in insets and are represented by vertical dashed lines in B. White arrow
indicates the line scan direction from low to high.

Experimental PiFM spectra collected from the surface of Au-BDT NP are compared with
DFT simulations in Fig. 3.2. As the samples are allowed to dry in air over several minutes, it is
first necessary to perform IR simulations of different potential thiolate oxidation states, shown
in Fig. 2a for five possible states. All BDT molecules are coordinated to 5 Au atoms in these
simulations. The oxidation states of SOH (light blue), SOO (dark blue), and SOOH (light purple)
do not correlate well to experiment (black). The best overall match is seen between SH (light
green) and experiment (black). These oxidation states are also more likely since sequential
oxidation of thiol groups takes place in time periods over 24 hours.?* The sharp peak at 1010
cmtin experimental spectra is missing from SH, but is likely an SO stretching resonance which is

captured in simulations (dark green). This suggests that most BDT molecules contain a thiol end
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group, with some oxidizing to a sulfoxide during sample preparation and subsequent PiFM

measurement in ambient conditions.
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Figure 2. Average PiFM spectra (n=10) collected across the surface of Au-BDT (black) compared
with simulated IR spectra of a) varying oxidation states of BDT coordinated to 5 Au atoms (Aus-
BDT), b) SH and SO oxidation states of Au,0-BDT with an applied electric field of +0.005 au, and
c¢) plane wave DFT calculations of Au;-BDT with Cartesian X, Y, Z (red, orange, blue, respectively)
components of IR spectra decomposed. Z component is multiplied by a factor of 10 to aid

visibility. Inset shows relaxed geometry.

Having identified the two most likely oxidation states, further calculations are
performed with the SH end group on larger Auz0-BDT with an applied electric field of +0.005 au
in the z direction, defined to be perpendicular to the cluster surface, which is constructed to be
Au(111). In atomic units, 1 au =51.4 V//OX. In order to better simulate the experimental system,
Auyo clusters are utilized to understand charge transfer and electromagnetic field contributions
to spectral data. The bottom two layers in Auxe-BDT are fixed in place to prevent rotation of the
Au cluster from applied electric fields. By simulating BDT coordinated to a larger cluster, the

interactions of bonding with a surface are reflected in calculated IR spectra of BDT with SH
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(light green) and SO (dark green) end groups, shown in Fig. 3.2b. In turn, the applied electric
field along the z axis selectively enhances resonance modes in correspondence with
experiment. The SO stretching resonance is so strong in this regime that it dominates the
calculated spectra of this oxidation state (dark green) and is likely the source of the sharp 1010
cm! peak in experimental spectra (black), further corroboration of the hypothesis that most
BDT molecules have SH end groups with contributions from SO. Additionally, the three sharp
peaks between 1350 and 1550 cm™ are in-plane benzene ring stretching modes. There is
excellent correspondence between these modes in experimental spectra (black) and SH

simulated IR spectra (light green).

Two extraneous peaks seen in SH spectra that are not visible in experimental spectra
prompted additional calculations. The two modes are shown in Fig. 3.2b: an SH bending mode
at 893 cm™ and an aromatic CH bending mode at 1171 cm™ (light green). Plane-wave DFT
calculations of Au1-BDT with no applied electric field were carried out in VASP. The IR spectra of
Au1-BDT was decomposed along Cartesian coordinate axes as defined by the inset of Fig. 3.2c,
where the x and y axes align with the plane of the benzene ring. The SH and aromatic CH
bending modes are not present in the z oriented IR simulation (blue), suggesting that while
these resonance modes are not hindered by the Au surface, they are not detected by the PiFM
cantilever which is only sensitive to perpendicular perturbations. Such selectivity allows us to
discern molecular orientation and further quantify the effects of electric fields and charge

transfer on light-matter interactions.
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3.3.2 First principles approach to probe effects of molecular orientation, electric field, and

charge transfer on IR spectra
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Figure 3.3. Average PiFM spectra (n=10) collected across the surface of Au-BDT (black)
compared with simulated IR spectra of varying applied electric field strengths applied to a)
uncoordinated BDT and b) Au20-BDT. Oxidation state is SH. Insets show relaxed geometries
where border color corresponds to each applied field strength. c) Single point DFT energy
calculations of Au0-BDT as a function of varying bond angle. d) Relaxed geometry of plane
wave DFT calculations of Au-BDT on a Au(111) surface. Bonding angle is 29°.
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In the interest of deconvolving the effects of molecular orientation, charge transfer, and
electromagnetic fields, experimental PiFM spectra of Au-BDT is compared to DFT calculated IR
spectra of an uncoordinated BDT molecule simulated in vacuum in Fig. 3.3a and Au2o-BDT in Fig.
3.3b with insets showing relaxed geometries. Varying electric field strengths are applied in the
positive or negative z direction, ranging from +0.01 to -0.01 au. With no gold atoms to
contribute charge, the orientation of BDT is largely unchanged, with only subtle shifts to
molecular structure that are challenging to distinguish by eye in the insets of Fig. 3.3a.
Wavenumber shifts are gradual, such as the blue shift of the 1394 cm™ peak at +0.01 au (dark
red) to 1428 cm™ at -0.01 au (dark blue). Intensity changes in peak heights are similarly mild,
such as the increase in intensity of the SH bending mode at 894 cm from +0.01 au to -0.01 au.
In contrast, Fig. 3.3b shows PiFM spectra compared to DFT IR spectra of Auzo-BDT. Including a
larger Au cluster introduces significant charge transfer to the system. Consequently, the effects
of applied electric fields on simulated IR spectra are highly non-linear. For example, at -0.01 au
a vacancy is created in the Au(111) surface. The mobile Au-BDT complex reorients on the edge
of the cluster facet. This causes the spectral intensity to be significantly enhanced, needing to
be scaled by a factor of 0.2 for visualization purposes (light blue). At +0.01 au, the spectrum is
similarly scaled by 0.5. At this field strength, the BDT molecule reorients to be nearly
perpendicular to the surface. Additionally, the thiol group rotates from an in-plane to an out-of-
plane bonding orientation. With less steric hindrance, the SH bending mode redshifts to 894
cm ™t with a large enhancement compared to every other field strength. These results

demonstrate that strong electric fields in concert with charge transfer from conductive surfaces
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are capable of driving structural changes such as adatom diffusion, bonding angle, and

rotational shifts that can be interpreted spectroscopically with ab initio approaches.

IR calculations require fully relaxed ground states for accurate results. Geometries far
from energy minima will result in imaginary frequencies that are not physical. Hence, Fig. 3.3c
shows single point DFT energy calculations for Auzo-BDT with varying bonding angles rather
than IR spectra. The minima is found to be at a 30° bonding angle from the Au(111) surface, a
reasonable match to experimental findings for structurally similar molecules.'* The total system
energy changes less than 30 meV across all bonding angles, comparable to energy fluctuations
at room temperature (where ksT = 25 meV). Thus, orientational effects, such as the bonding
angle of BDT with the Au surface normal, without electric fields or charge transfer are unlikely
to have major effects on IR spectra. Finally, Fig. 3.3d shows a top down and side view of BDT on
a Au(111) surface as modeled with periodic boundary conditions in VASP. The unit cell is
defined as (3 x V3). As observed in STM experiments,®> Au-BDT forms linear domains, likely via
nt-1 stacking of neighboring benzene rings. The bonding angle in plane-wave geometry
relaxations is found to be 29°. This agrees with both the minima identified by single point
energy calculations in Fig. 3.3c as well as the best match to experimental PiFM spectra, Auzo-

BDT with a bonding angle of 25° at +0.005 au.

3.4 Conclusion

In this work, we present first principles approaches to model IR spectra of BDT ligands

on nanoparticle surfaces with comparison to experimental PiFM force spectra. The proximity of

78



the Au PiFM tip to the Au NP surface creates a confined geometry with non-resonant
electromagnetic enhancement of optical fields in the junction, enabling localized chemical
mapping of BDT on 40 nm Au NP. First principles DFT simulations aid in the identification of
oxidation states. The majority of Au-BDT likely contain thiol end groups, with contributions
from few but strong sulfoxide resonances. Decomposing IR spectra along Cartesian axes further
illuminates the origin of extraneous peaks in Au-BDT thiol oxidation state simulations arising
from x-y planar modes that are not detectable by the PiFM cantilever. Approaches developed
here will greatly aid in interpretation of PiFM spectra with nanoscale inhomogeneities, i.e.
facets and mobile Au atoms on a NP surface that complicate direct comparison to ensemble
FTIR spectral measurements. DFT simulations further illuminate fundamental contributions to
spectra from charge transfer compared to applied electric fields. Orientation effects alone are
not found to be energetically significant and hence unlikely to affect spectra. Without the gold
surface to provide delocalized electrons, there is negligible charge transfer, resulting in gradual
peak intensity and wavenumber shifts due to applied electric fields. Including the gold surface
results in significant charge transfer driven by electric fields that lead to a multitude of non
linear effects, including reorientation of Au-BDT bonding angles, coercing diffusion of surface
Au atoms, and rotation of functional groups, all of which are reflected in large intensity
enhancements and peak shifts that can be interpreted by simulation. These results
demonstrate the capability of PiFM and DFT to illuminate detailed chemical behavior on the
nanoscale, encouraging further understanding of light matter interactions relevant to

optoelectronics, biosensing, and photocatalysis.
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CONCLUSION

Through density functional theory simulations, we surveyed the single atom
stability of a range of earth abundant transition metals that span the 3, 4, and 5d rows of
the periodic table and found that all four were resistant to aggregation on two types of
graphene surface defects. By calculating the activation energy barriers of carbon monoxide
oxidation reactions on these single atoms, we found that spin unambiguously contributes
to enhanced catalytic activity in at least one case, tantalum coordinated to one pyridinic N
functional group. By expanding the number of pyridinic N-dopants and calculating
activation energy barriers for a simpler chemical process (dissociation of 0z), we will
clearly identify the role of spin on catalytic performance of pyridinic N-doped graphene
surface defects. We expect that the parity of the pyridinic N atoms coordinated to the
defect, which is seldom discussed in the literature, will strongly affect the spin behavior
and is a likely source of some conflicting results regarding the catalytic activity of pyridinic
N dopants. Additionally, it is already known that the approximate distance between defects
as well as surface coverage heavily affects magnetic behavior and could be another
contributor to conflicting results. This work will also extend the range of appropriate
transition metal atoms for SAC and motivate additional experimental work to further tailor
the spin properties of carbonaceous materials for SAC that can exceed the performance of
platinum. We have demonstrated first principles methods for discerning molecular
orientation from vibrational spectra, including Cartesian decomposition of spectra,
identifying the presence of chemical crosslinking and molecular reorientation in near field
optical cavities with intense electromagnetic fields. Our contributions will further the
understanding of energy transfer between molecules in plasmonic nanogaps and non-
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resonant confined geometries, of great interest to fields as broad as photocatalysis,
optoelectronics, and nonlinear optics. By mapping the local electromagnetic fields of
plasmonic nanogaps and non-resonant tip-sample junctions and how they are perturbed by
different molecular crosslinkers will contribute to fundamental understanding of molecular
orientation, geometry, and charge transfer on vibrational spectra. We anticipate
incorporating findings to further enhance multiplexing performance of our SERS

biosensors in complex biological samples.
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