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ABSTRACT: Bottom-up approaches to nanofabrication are of
great interest because they can enable structural control while
minimizing material waste and fabrication time. One new
bottom-up nanofabrication method involves excitation of the
surface plasmon resonance (SPR) of a Ag surface to drive
deposition of sub-15 nm Au nanoparticles from MeAuPPh;. In
this work we used density functional theory to investigate the
role of the PPh; ligands of the Au precursor and the effect of
adsorbed solvent on the deposition process, and to elucidate
the mechanism of Au nanoparticle deposition. In the absence
of solvent, the calculated barrier to MeAuPPh; dissociation on
the bare surface is <20 kcal/mol, making it facile at room
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temperature. Once adsorbed on the surface, neighboring MeAu fragments undergo ethane elimination to produce Au adatoms
that cluster into Au nanoparticles. However, if the sample is immersed in benzene, we predict that the monolayer of adsorbed
solvent blocks the adsorption of MeAuPPh; onto the Ag surface because the PPh; ligand is large compared to the size of the
exposed surface between adsorbed benzenes. Instead, the Au—P bond of MeAuPPh, dissociates in solution (E, = 38.5 kcal/mol)
in the plasmon heated near-surface region followed by the adsorption of the MeAu fragment on Ag in the interstitial space of the
benzene monolayer. The adsorbed benzene forces the Au precursor to react through the higher energy path of dissociation in
solution rather than dissociatively adsorbing onto the bare surface. This requires a higher temperature if the reaction is to
proceed at a reasonable rate and enables the control of deposition by the light induced SPR heating of the surface and nearby

solution.
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1. INTRODUCTION

Nanomaterials with controlled size and shape, especially in the
sub-15 nm regime, find applications in a variety of areas,
including catalysis and sensing.'~* Among them, noble metal
nanoparticles (NPs), such as Au and Ag, are attracting
increasing attention due to their dual roles as catalysts and
light concentrators.~” For instance, catalytically active Au NPs
can be loaded on substrates for in situ photochemical reaction
and detection.*” To achieve such composite structures, seed-
mediated wet chemical methods are often used.” However, it is
difficult to obtain surfactant-free NPs with controlled size using
such methods. Wei and McElwee-White have recently reported
a surface plasmon-mediated chemical solution deposition
(SPMCSD) method to grow sub-15 nm Au NPs on a
nanostructured Ag surface.'® In a typical SPMCSD experiment,
a Ag film on a nanosphere substrate (AgFON) is submerged
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into a benzene solution containing methyl(triphenylphosphine)
gold (MeAuPPh;). Upon illumination with broadband visible
light, the excitation of the surface plasmon resonance (SPR) of
the AgFON substrate raises the surface temperature to over 230
°C, while the mean temperature of the solution remains under
40 °C during the reaction.'®'" The rise in surface temperature
leads to MeAuPPh; decomposition, producing Au nano-
particles on the AGFON substrate with concomitant generation
of ethane and loss of phosphine.'""

To enable mechanism-based precursor design'>'® for
SPMCSD, it is necessary to determine the fundamental
mechanism of the deposition process. First-principles quantum

Received: March 3, 2015
Accepted: June 3, 2015
Published: June 3, 2015

DOI: 10.1021/acsami.5b01918
ACS Appl. Mater. Interfaces 2015, 7, 13384—13394


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01918

ACS Applied Materials & Interfaces

Research Article

chemical modeling can provide detailed descriptions of the
possible reaction mechanisms, including information not
readily available from experiment such as the nature of
transition states and intermediates. For instance, the energies
and atomic and electronic structures of transition states and
intermediates along various possible reaction pathways provide
insight into the mechanism of SPMCSD and how precursors
and conditions might be designed for SPMCSD processes.
Decomposition of the Au precursor and nanoparticle
deposition could proceed through routes where the SPR
provides thermal energy for the decomposition of precursor
molecules on the Ag surface or in nearby solution, or
alternatively, where MeAuPPh; dissociation is activated by
SPR modification of the electronic structure of the precursor or
the substrate. This contribution reports density functional
theory (DFT) calculated reaction energies and activation
barriers of the thermally activated pathways, both in solution
and on the Ag surface, in order to investigate whether the
thermally activated decomposition of MeAuPPh; is a viable
mechanism for SPMCSD if the SPR acts solely as a heating
mechanism.

Furthermore, we investigated the role that the solvent plays
in the SPMCSD of Au NP deposition. It has been previously
shown that solvents can affect the reaction rates and selectivity
of surface reactions occurring at liquid—solid interfaces, for
example, in heterogeneous catalysis.'* Therefore, it is important
to consider the roles of solvent in the mechanism of SPMCSD.
At the liquid—solid interface solvent molecules can directly
adsorb to and/or form structured multilayers on the catalyst.
These interfacial structures can act as solvent diffusion barriers
that limit the transport of reactants to or across the catalyst
surface;>~" alter the preferential adsorption geometry of the
reactant(s);'® affect the relative stabilities of reactants,
intermediates, transition states, and products;18 and thus
significantly influence the thermodynamics and kinetics of
catalytic processes. Most relevant to this study, competitive
adsorption of solvent molecules or dissociation fragments may
block reactive sites and thus alter reaction rates and
selectivity.'”~*?

In this work, we show that adsorbed benzene solvent
molecules block the MeAuPPh; precursor from adsorbing to
the Ag surface during the SPMCSD process. Consequently, the
rate-limiting step of Au deposition from MeAuPPh; by
SPMCSD in benzene is the decomposition of the precursor
in solution. This enables the control of the organometallic
precursor decomposition and Au nanoparticle formation by
localized heating via SPR excitation and, potentially, altering the
decomposition energetics of the precursor through electronic
excitation of solution-phase MeAuPPh;. In contrast, SPMCSD
by SPR-mediated localized heating is not expected to enable
control of nanoparticle deposition for cases where precursor
adsorption outcompetes solvent adsorption.

2. METHODS

Both discrete molecular and extended periodic boundary condition
quantum chemical calculations were performed on model systems for
the SPMCSD of Au nanoparticles. The GAMESS molecular quantum
chemistry suite was used to conduct solution-phase calculations.*®
Calculations were performed with the MO06 meta-hybrid DFT
functional®* and SBKJC>*?® effective core pseudopotential and 6-
31G** basis set. The M06 density functional was chosen because it
has been shown to accurately predict Au cluster structures and
energies.”” The SBKJC pseudopotential was employed to reduce the
number of Au electrons in the system and make the computations

more tractable. A polarizable continuum model (PCM)*® parametrized
for benzene was used to model the solvent.

Periodic boundary condition (PBC) DFT calculations were
executed using the Vienna Ab Initio Simulation Package (VASP)**°
and employed projector augmented wave (PAW) pseudopoten-
tials.*** PAWs treated H 1s, C 2s and 2p, P 3s and 3p, Ag Ss and
4d, and Au 6s and 5d electrons explicitly with a plane wave expansion.
PBC DFT computations were performed using the optB88-vdW
density functional (vdW-DF) which nonempirically and self-
consistently accounts for the nonlocal van der Waals (vdW)
interactions in the energy functional; optB88-vdW is based on the
method of Dion et al.** as implemented in VASP. This functional was
selected not only because it self-consistently evaluates the van der
Waals energy, but because it also generally produces low mean
absolute errors and resulted in a mean absolute error of 0.23 kcal/mol
as compared to highly accurate CCSD(T) calculations of the S22 data
set.** We found that optB88-vdW predicts the mean energy for
MeAuPPh; on Ag of the predicted adsorption energies calculated
using other Dion-based functionals (optPBE and optB86b), as shown
in Supporting Information Table S1.

A convergence test of the effect of cutoff energies found only a 0.05
keal/mol difference in the MeAuPMe; (a model gold phosphine
complex) adsorption energy to the bare (111) silver surface for plane
wave expansions with 400 and 500 eV cutoff energies; therefore, we
utilized the less computationally expensive 400 eV cutoff energy. Two
different supercells were used to model the silver surface, a smaller 4 X
4 supercell and a larger 6 X 6 supercell. We modeled the Ag surface as
an FCC Ag(111) surface because this is the most stable Ag surface. An
oxidized (AgO) surface was not considered because the experimental
Ag surfaces did not show significant oxidation.'® Additionally, the
surface plasmons may reduce any AgO present on the surface, similar
to the reduction of Cu,0 upon SPR excitation.>* Both cells were four
atomic layers thick where the bottom two layers of the slab were
frozen to represent the bulk, while the top two layers were allowed to
completely relax. At least 15 A of vacuum space between the top of the
slab and the frozen backside was used in slab-based calculations.
Calculations were carried out with a 4 X 4 X 1 I'-point centered
Monkhorst—Pack-based k-point mesh for the small slab while I"-point
calculations were performed for the larger slab due to the increased
computational cost of DFT-vdW methods. Furthermore, extensive
Brillouin zone folding in the case of large supercells effectively reduces
the need for explicit k-point sampling. The smaller 4 X 4 X 1 slab was
used for calculations of surface reactions involving ethane elimination,
and adsorption of a single benzene or MeAu, while the larger 6 X 6 X
1 cell was used to model adsorption of the MeAuPPh; precursor, its
dissociation on the surface, and the benzene monolayer. Geometry
optimizations were performed using the quasi-Newton—Raphson
method. The NEB method®® was utilized to locate transition states
and calculate their associated barriers for surface reactions modeled
using periodic slabs.

Molecular adsorption energies were calculated using the expression

Eads = Esystem - (Esurf - Emol)

where E,y is the adsorption energy of the molecule, Eg.., is the total
energy of the molecule adsorbed on the silver surface, and E, and
E,1 are the energies of the bare surface and of the organic molecule,
respectively. Note that a negative energy indicates that adsorption is
exothermic. Energies are reported as enthalpies at 0 K in kcal/mol for
all reactions and activation barriers unless otherwise noted.

3. RESULTS

In order for the deposition of Au nanoparticles on the Ag
surface to occur, both the methyl and the phosphine ligands
must dissociate from the Au atom of the MeAuPPh; precursor,
and Au atoms must bond to the Ag surface. Various routes
could result in Au adatoms on the Ag surface including the
following: (1) dissociation of one ligand from the solvated
precursor followed by adsorption of the Au containing
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fragment, (2) molecular adsorption and subsequent dissocia-
tion of the precursor, or (3) dissociative adsorption of the
precursor. Deposition of organogold fragments onto the surface
by any of these three basic mechanisms requires additional
surface reactions to eliminate the remaining organic moieties
and form free Au adatoms. After Au adatoms are produced,
they are able to migrate across the Ag surface and cluster to
form nanoparticles. All three basic deposition mechanisms
require adsorption, either of the intact precursor, or of its
dissociation fragments. For the cases of molecular adsorption of
the precursor followed by dissociation on the surface and
dissociative adsorption, adsorption requires several adjacent
bare surface sites given the large size of MeAuPPh;.
Consequently, we studied the desorption of adsorbed benzene
solvent molecules because this may be a critical step in the
SPMCSD process that affects the energetics of the various
mechanisms depending on the number of bare Ag surface sites
required for adsorption. We did not examine the formation of
Au nanoparticles from Au atoms on the surface because this
process is exothermic,”” and the diffusion of Au on Au, which is
likely similar to the diffusion of Au on Ag due to analogous
migration mechanisms and lattice spacing, is relatively facile
even at room ternperelture.38’3’9 Therefore, Au cluster formation
from individual Au atoms is unlikely to be the rate-determining
step in SPMCSD. We report the results of our investigation of
the mechanism of SPMCSD of Au NPs on Ag by first
describing benzene desorption in relation to MeAuPPh,
adsorption.

3.1. Effects of Adsorbed Solvent on Precursor
Decomposition on the Ag Surface. In SPMCSD of Au
NPs on Ag, the Ag surface is submerged in a benzene solution
containing solvated MeAuPPh; molecules. Therefore, we
investigated the interaction of benzene with the Ag surface as
benzene and other aromatics are known to adsorb on metal
surfaces.**™* We considered a low surface area coverage of
benzene on the Ag(111) surface where benzene adsorbs flat on
the surface, as shown in Figure la. This represents a more
favorable configuration for precursor adsorption because at
higher surface coverages benzene adsorbs end-on in a tilted
geometry and more benzene molecules must be displaced to
provide sufficient bare surface to enable precursor adsorption;
the implications of higher coverages are discussed below.
Benzene molecules interact favorably with the Ag surface
through van der Waals interactions, and we calculate an
adsorption energy of 14.3 kcal/mol with each benzene lying flat
on the surface covering an area of approximately 16 A% Our
predicted adsorption energy is similar to the experimentally
determined adsorption energy of benzene on Ag(111) of 12—
13 kcal/mol,** suggesting that benzene forms an adsorbed
monolayer on the Ag surface that exchanges slowly with
benzene molecules in solution. A uniform benzene monolayer
covers the majority of the top and bridging sites** as shown in
Figure 1 and leaves mostly 3-fold hollow sites exposed within
the interstitial space between adsorbed benzene molecules
available for adsorption unless benzene molecules desorb or
rotate from their planar adsorption geometry on the Ag(111)
surface.

The adsorbed MeAuPPh; covers a relatively large area (~4S
A?) on the Ag(111) surface (see Figure 1b); when adsorbed in
the flat configuration at least three contiguous benzene
molecules must desorb to allow for the adsorption of
MeAuPPh;, which is unlikely. Although the surface temperature
generated by SPR-mediated photothermal heating (~230 °C)
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Figure 1. Structures of adsorbed species on the Ag(111) surface: (a)
adsorbed benzene monolayer, (b) the molecularly adsorbed
MeAuPPh, precursor, and (c) the adsorbed MeAu and PPh, fragments
of the disociated MeAuPPh; precursor. The small white, medium
brown, medium purple, large silver, and large yellow spheres represent
H, C, P, Ag, and Au atoms, respectively.

is high enough to activate benzene desorption (roughly one out
of every 2.4 X 10° benzene adsorption sites will be vacant), it is
unlikely that three neighboring benzene adsorption sites would
be vacant simultaneously due to the high entropic and enthalpic
costs of this configuration. At the benzene vacancy density at
230 °C, we calculate a configurational entropy penalty to
arrange three vacancies next to one another of roughly 63 cal/
mol K, which corresponds to a ~ 32 kcal/mol entropic penalty
to the free energy. For a description of how the configurational
entropy loss was estimated, see the Supporting Information.
This indicates that finding three adjacent vacancies is extremely
unlikely, and thus that a near-surface MeAuPPh; would rarely
encounter a sufficiently large area of bare Ag(111) surface to
adsorb. From an enthalpic perspective, MeAuPPh; adsorbs on
Ag(111) with an adsorption energy of only —38.5 kcal/mol, as
shown in Figure 1b, while the adsorption energy of each
benzene molecule is —14.3 kcal/mol. Thus, the displacement of
three benzene molecules by a precursor molecule is
endothermic by 4.4 kcal/mol. Therefore, the overall free
energy of MeAuPPh; molecular adsorption is 35.9 kcal/mol at
230 °C with a free energy activation barrier of 74.6 kcal/mol.
The activation barrier is considered to be the free energy of
desorption of three neighboring benzene molecules. The
dissociation of the Au—P bond of an adsorbed MeAuPPh,
would require additional bare surface sites and thus desorption
of additional benzene molecules, making this process unlikely.
For experimental benzene surface coverages higher than the
low surface density considered here, the free energies are lower
than the low density configuration. Therefore, the free energy
penalty for displacement of adsorbed benzene molecules by a
precursor molecule is more prohibitive at higher benzene
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coverages, which is already exergonically unfavorable by AG =
35.9 kcal/mol. These factors make pathways that involve
MeAuPPh; adsorption rare, and therefore, the majority of
MeAuPPh; decomposition must occur in solution; these
predictions agree with the experimental observation that no
phosphine groups are adsorbed to the surface after SPMCSD. "

3.2. Solution-Phase Precursor Decomposition. We
investigated several possible solution-phase MeAuPPh; decom-
position reactions which produce fragments that might adsorb
to the Ag surface. These include phosphine and methyl group
dissociation from the MeAuPPh; precursor as well as removal
of the methyl groups of two MeAuPPh; molecules by binuclear
reductive elimination. Kochi et al. experimentally investigated
the solution-phase decomposition of MeAuPPh; and deter-
mined that the observed kinetics are consistent with phosphine
loss as the rate-determining step.*

We investigated the reaction pathway for Au—P dissociation,
and ethane reductive elimination between two precursors, as
shown in Figure 2. The calculated Au—P dissociation barrier
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Figure 2. (a) Relative energies along the reaction paths for solution-
phase MeAuPPh; dissociation and adsorption. The plotted dissocia-
tion pathways are solution-phase ethane elimination (blue), the
exchange of a solution-phase MeAuPPh; molecule for three
neighboring benzene molecules adsorbed on the Ag(111) surface
excluding (green) and inluding (dashed green) configurational
entropic effects, and solution-phase Au—P dissociation and subsequent
MeAu adsorption (red). (b) The relative energy of MeAuPPh; as the
Au—P bond dissociates. Because Au—P dissociation involved no
transition state, the activation and reaction energies are identical for
Au—P bond cleavage. The small white, medium brown, medium
purple, and large yellow spheres represent H, C, P, and Au atoms,
respectively.

and reaction energy is 38.5 kcal/mol while we obtain reaction
energies of 61.0 and 76.7 kcal/mol for reductive elimination of
ethane and Au—CH; dissociation, respectively. The high
reaction energies of solution-phase ethane elimination and
Me—Au bond scission suggest that Au—P bond scission is the
preferred solution-phase reaction, and consequently, we chose

to not search for possible higher lying solution-phase ethane
elimination or Au—Me dissociation transition states. Thus, our
results suggest that at the reaction temperature solution-phase
Au—P dissociation is operative, while reductive elimination and
Au—C dissociation are not competitive. These results are
consistent with previous experimental observations that
determined that Au—P dissociation is the rate-limiting step in
solution-phase decomposition.**

SPR can drive chemical processes by transferring electrons
to/from or exciting adsorbed and near-surface reactants in
addition to providing thermal energy.6’46 SPR excites surface
electrons to produce nonthermal distributions with larger
electron densities at higher energies than those described by a
Fermi—Dirac distribution. This increases the electronic
populations of surface states at energies at which electrons
have sufficient energy to transfer to near-surface precursor
molecules. Because the LUMO of MeAuPPh; is only roughly 2
eV above the 0 K ground state Fermi energy, SPR excited
electrons likely transfer to near-surface solution-phase
MeAuPPh; molecules in regions with significant electric field
enhancements. The Au—P dissociation reaction energy of one-
electron-reduced MeAuPPh; is lowered to 27.2 kcal/mol. The
lowering of the Au—P dissociation energy upon reduction is
consistent with experimental observations of the electro-
chemistry of gold complexes.*” Accordingly, in the cyclic
voltammogram of MeAuPPh; (Supporting Information Figure
SI1), the first reduction wave is irreversible, as expected for
facile phosphine dissociation. This suggests that SPR plays a
dual role in enabling SPMCSD: (1) elevating the near-surface
solution temperature which provides the energy necessary for
Au—P bond scission and (2) accelerating this reaction in
regions with high populations of SPR excited electrons by
reducing the precursor and facilitating reaction through the
lower barrier pathway (relative to the nonreduced precursor).
Because neutral precursor dissociation is likely active at the
near-surface temperatures of SPR and is a worst case scenario
for the Au—P dissociation path, we will continue our discussion
on the basis of the 38.5 kcal/mol barrier for neutral MeAuPPh,
dissociation; however, we note that, as we have just
demonstrated, the reaction barriers could be lower, particularly
in regions with significant field enhancement.

The lower barrier for Au—P dissociation relative to Au—C
dissociation arises because the Au—P bond (38.5 kcal/mol) is
weaker than the Au—C bond (76.7 kcal/mol). In fact, the
phosphine ligand strengthens the Au—C bond, as demonstrated
by the fact that the Au—C dissociation energy is only 61.2 kcal/
mol in the absence of the phosphine ligand, 15.4 kcal/mol
weaker than when the phosphine ligand is bound. The larger
bond strength comes from the donation of electron density
from phosphine to the Au atom, which in turn donates electron
density to the attached methyl C atom, leaving the Au and C
atoms with atomic charges of —0.12 and —0.32 e~ as
determined by a population analysis using the CHELPG
algorithm.

Unlike the MeAuPPh; precursor, the dissociated MeAu
species is small enough to adsorb at exposed 3-fold hollow sites
in the interstitial space between adsorbed benzene molecules of
the uniform benzene monolayer on the Ag(111) surface, as
shown in Figure 3a. Therefore, MeAu adsorbs onto the Ag
surface without desorption of benzene molecules. The Au atom
of adsorbed MeAu bonds to the Ag atoms of a Ag(111) hollow
site resulting in adsorption energies of 44.0 and 39.6 kcal/mol
with and without coadsorbed benzene molecules, respectively,
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Figure 3. (a) Structures of adsorbed MeAu species on the Ag(111) surface between the molecules of a benzene monolayer. The figures show a single
adsorbed MeAu (top) and a pair of adsorbed MeAu (bottom) molecules. (b) A schematic of the minimum energy path for surface ethane formation
from neighboring adsorbed MeAu moieties. The inset shows the nudged elastic band pathway and the associated geometries for the ethane
formation reaction. The small white, medium brown, large silver, and large yellow spheres represent H, C, Ag, and Au atoms, respectively.

where vdW interactions were described using the optB88-vdW
method. The relatively small difference (4.4 kcal/mol) in the
MeAu adsorption energies on the bare and benzene covered Ag
surfaces compared to the adsorption energy of 44.0 kcal/mol
indicates that the combined effects of vdW and steric
interactions between the coadsorbed benzene and MeAu are
minor compared to the electronic interactions between MeAu
and the Ag surface. Consequently, for cases where the
interstitial space between adsorbed benzenes is sufficiently
large to allow for a species to adsorb, the bare Ag surface serves
as a good model of the benzene coated Ag surface. Therefore,
MeAu species produced near the surface from homogeneous
phase Au—P dissociation readily adsorb to the Ag surface when
they approach exposed sites. The 38.5 kcal/mol activation
barrier for Au—P dissociation in solution and subsequent
adsorption of the MeAu fragment indicate that this is a viable
pathway at 230 °C, the minimum Ag surface temperature
measured in the Au SPMCSD experiment.'® It is worth noting
that the temperature profile away from the Ag surface drops off
precipitously and therefore limits decomposition of the
precursor to the region near the Ag surface.

3.3. Surface Au—Me Bond Scission and Ethane
Formation. Once MeAu dissociates from the PPh; ligand
and adsorbs onto the surface, it must still undergo an additional
Au—C bond scission to form Au adatoms. The methyl group of
a MeAu species either reacts with a second, neighboring MeAu
to form ethane directly, or the methyl group can dissociate
from the Au atom onto the Ag surface leaving a Au surface
atom. If methyl groups from MeAu transfer onto the Ag
surface, they must react and desorb from the surface in order to
prevent them from passivating the substrate by blocking Au
atom diffusion and MeAu adsorption, or blocking Au
nanoparticle surface migration. This could occur by C—-C
coupling reactions, or an overall galvanic displacement
reaction,*®*® as discussed below. Furthermore, on the
Ag(111) surface covered by a complete benzene monolayer,
neighboring hollow sites, top sites, and neighboring top and
hollow sites are exposed in the interstitial space between

adsorbed benzene molecules (Figure la). Therefore, ethane
formation reactions to eliminate methyl groups may occur at
these locations and at Au adatom sites on the benzene coated
Ag surface.

3.3.1. Surface MeAu—MeAu Ethane Elimination. Bringing
two adsorbed MeAu species together to occupy neighboring
hollow sites on Ag(111) is nearly thermoneutral releasing only
3.2 kcal/mol on the bare surface and requiring 5.5 kcal/mol on
the benzene covered surface (see Figure 3b). As noted above,
the relatively small difference between these adsorption
energies indicates that adsorbed benzenes do not significantly
alter the behavior of two neighboring MeAu groups adsorbed in
the interstitial space of the benzene coated Ag surface. In
addition to the open reaction sites between adsorbed benzene
molecules, the 14.3 kcal/mol desorption energy for a single
benzene molecule and the relatively high reaction temperature
suggest that benzene desorption makes additional surface sites
available for reductive elimination of ethane from neighboring
MeAu groups. Furthermore, open reaction sites created by
benzene desorption enable MeAu to adsorb and react while
only weakly interacting with neighboring adsorbed benzene
molecules. Therefore, we only calculated ethane elimination on
the uncoated Ag surface in the interest of computational
efficiency. From two neighboring MeAu adsorbates two methyl
groups can undergo a C—C coupling reaction to form ethane,
which is exothermic by 23.1 kcal/mol and passes through a
transition state with a 13.1 kcal/mol activation barrier
referenced to the separated adsorbed MeAu species (Figure
3). This reaction proceeds through two steps: (1) transfer of
one of the methyl groups from adsorbed MeAu to the Au atom
of the neighboring MeAu to form Me,Au followed by (2)
reductive elimination from Me,Au to form ethane. We find that
the second step involves a larger activation energy, as shown in
Figure 3b. A charge population analysis indicates that the
methyl remains neutral as it transfers between Au atoms and
that the Au atoms remain essentially neutral even in the
metastable configuration in which both Me groups are bound
to one of the Au atoms. The calculated structure of the Me,Au
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species has an 86.0° C—Au—C bond angle, and a 2.15 A C—Au
bond length, which is elongated by 0.06 A from the 2.09 A C—
Au bond length of adsorbed MeAu. The two methyl groups of
the calculated structure are positioned so that the line through
the two C atoms lies orthogonal to the line between the two Au
atoms. The two methyl groups can bond to a single Au atom
concurrently because the Au adatom sits above the plane of the
Ag(111) surface, thus allowing the methyl groups to bend away
from each other and toward the Ag surface plane without
incurring significant steric hindrance with the surface; however,
the remaining steric hindrance and slightly elongated C—Au
bond result in Me,Au formation from two MeAu species being
endothermic by 12.2 kcal/mol. As Me,Au forms, the methyl
groups rotate such that the line between the two C atoms of
Me,Au lies perpendicular to the line between the two Au atoms
(Figure 3), whereas these two lines are nearly parallel to each
other for two neighboring adsorbed MeAu species on Ag(111).
Once the methyl groups dissociate from the Au atoms, the
resulting Au dimer can either bind to free Au adatoms and grow
into a Au nanoparticle or dissociate. Au dimer dissociation is
endothermic by 4.1 kcal/mol, and produces individual Au
adatoms that are free to diffuse across the surface and bind to
other Au adatoms or clusters. The low barrier to ethane
formation of only 13.1 kcal/mol relative to two adsorbed MeAu
species (11.7 kcal/mol when referenced to two solution-phase
MeAuPPh; precursor molecules) suggests that at the high
temperatures present in SPMCSD this step is fast and that
SPMCSD temperatures are not required for ethane elimination.
This is also true for ethane formation on the bare surface within
a benzene vacancy, which involves a barrier of 26.0 kcal/mol
referenced to two solution-phase MeAuPPh; molecules and a
benzene monolayer, although this reaction is expected to be
sluggish at room temperature.

3.3.2. Me Removal from Ag(111). Ethane elimination
reactions between two neighboring adsorbed MeAu species
are not the only possible pathways to dissociate the C—Au
bond; the Me group could transfer to the surface and form
higher order alkane species via ethane elimination or a Fischer—
Tropsch-like reaction, or the Me group could abstract surface
Ag atoms in an overall Au/Ag galvanic displacement reaction.
Our calculations predict a 22.7 kcal/mol activation barrier for
methyl group transfer from the adsorbed MeAu species to the
Ag(111) surface and that this step is endothermic by 12.9 kcal/
mol. Similar to transfer of the methyl group between the Au
atoms of neighboring MeAu species, the methyl migrates to the
surface as a neutral species. The endothermicity for the transfer
of the methyl group from MeAu to a Ag surface atom indicates
that the C—Au bond is stronger than the C—Ag bond as
indicated by the longer C—Ag bond (dc_g = 2.20 A) compared
to the C—Au bond (dc_,, = 2.09 A). The stronger C—Au bond
results from better orbital matching between the C sp® orbital
and the contracted d-orbitals of Au relative to Ag which is
caused by the lanthanide contraction between the second and
third rows of the transition metals. Once the methyl group
transfers from MeAu to the Ag surface, the Au adatom is free to
migrate on the Ag surface to form Au nanoparticles.
Consequently, this pathway serves as a second low energy
path for Au nanoparticle formation that does not require
neighboring adsorbed MeAu species.

Direct methyl reductive elimination to form ethane on the
bare Ag(111) surface is exothermic by —44.8 kcal/mol and
involves an activation barrier of 25.6 kcal/mol relative to two
neighboring methyl groups on the Ag surface. Due to the cost

of transferring a methyl group from MeAu to the Ag surface,
these energies become E,, = —19.0 and E, = 51.4 kcal/mol
relative to two separated adsorbed MeAu species, as shown in
Figure 4. On the Ag surface, ethane formation between two
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Figure 4. Schematic reaction path for the formation of ethane on the
Ag surface referenced to two separated MeAu molecules on the
Ag(111) surface. The small white, medium brown, large silver, and
large yellow spheres represent H, C, Ag, and Au atoms, respectively.

neighboring adsorbed methyl groups does not involve the
transfer of one methyl to the Ag atom of the neighboring MeAg
site to form Me,Ag because this involves significant steric
hindrance between the two methyl groups and between the
methyl groups and the Ag surface as well as the oxidation of a
Ag surface atom to the Ag’" state. Although two methyls are
not able to form Me,Ag, they do pull a Ag surface atom
partially out of the surface plane as they rise off the surface and
approach each other to form ethane. This enables the second
methyl group to weakly bond to this Ag atom while dissociating
from the Ag atom it was originally bound to (see the transition
state shown in Figure 4). This allows the Me groups to rotate
toward one another so that they are oriented in a direction that
enables the formation of the C—C bond. Although the
displacement of the Ag atom out of the surface plane strains
its bonds to other Ag atoms, it increases the partial bonding
between the methyls and the Ag atom and lowers steric
repulsion between the methyls and Ag surface which lowers the
barrier relative to the energetic cost of ethane formation by
complete Me—Ag bond cleavage. At the transition state, the C—
Ag bond lengths are 2.44 and 2.34 A, the C—C bond length is
2.16 A, and the C—Ag—C bond angle is 53.9°. The larger
exothermicity of the ethane elimination reaction on Ag(111)
relative to ethane elimination from neighboring MeAu species
with respect to two neighboring methyl groups on Ag or Au,
respectively, arises from the weaker Me—Ag bond, and
consequently the higher initial state energy. Ethane elimination
from adsorbed methyls on Ag(111) produced by dissociation of
separated adsorbed MeAu species is 4.1 kcal/mol higher in
energy than ethane elimination from neighboring adsorbed
MeAu species (shown in Figure 4) that directly produces a Au
dimer because Au dimer formation from Au adatoms on
Ag(111) is exothermic by 4.1 kcal/mol. However, the free Au
atoms produced by the Ag-based pathway eventually add to
other Au clusters, eliminating this energy difference. The 51.4
kcal/mol activation barrier suggests that ethane formation on
Ag is likely not competitive with Au-based ethane elimination
even at the relatively high temperatures obtained in SPMCSD.
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Another possible mechanism for removing methyls from the
Ag surface is analogous to Fischer—Tropsch catalysis®*~>*
where the adsorbed methyls dissociate into fragments that
subsequently undergo C—C bond formation to form C, and
higher hydrocarbons. The first step of methyl decomposition is
the dissociation of a single H from a methyl to form a surface H
and a methylene (CH,) group. We find that not only does this
reaction involve a high activation energy of 45.3 kcal/mol (58.2
kcal/mol), but also it is endothermic by 25.0 kcal/mol (38.0
kcal/mol) with respect to a Me group (or an adsorbed MeAu
species) on the Ag(lll) surface, as shown in Figure S. Even at
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Figure S. Schematic reaction path for the decomposition of MeAu on
the Ag(111) surface. The structures shown at reaction coordinate 3
illustrate the final geometry of MeAu dissociation (bottom) and initial
geometry of Me dissociation (top). The small white, medium brown,
large silver, and large yellow spheres represent H, C, Ag, and Au
atoms, respectively.

230 °C this means that only 1.3 X 107 % of surface Me groups
are decomposed at equilibrium. Additionally, the overall
activation barrier for the first step of the methyl decomposition
pathway is higher by 6.8 and 45.1 kcal/mol relative to the
ethane elimination reactions on Ag and Au, respectively;
therefore, we did not further investigate methyl decomposition
or the subsequent reassembly of larger chain hydrocarbons.
This result is consistent with the absence of Ag from the wide
variety of metals that serve as Fischer—Tropsch catalysts.”*~>

Once the Me group has migrated from a Au adatom to the
Ag surface, the Me group could abstract a surface Ag atom and
desorb into solution in an overall galvanic displacement
reaction (MeAu(solution) + Ag(s) — MeAg(solution) +
Au(s)). However, this reaction is endothermic by 55.9 kcal/
mol. Not only is it more endothermic than Me decomposition,
which is the most endothermic process of those described thus
far, but the reaction energy even exceeds the Me decomposition
activation barrier. Thus, the galvanic displacement reaction is
unlikely to occur in this SPMCD system. The high
endothermicity of the galvanic displacement reaction likely
stems from the covalent nature of the Me—Au/Me—Ag bond
which leads to the distinctly different behavior than that which
arises from the ionic interactions between the Au3+/AgJr ions
and the CI” ions of the HAuCl, precursors utilized in
previously reported galvanic displacement reaction deposition
techniques.***

3.3.3. Role of Adsorbed Benzene Molecules. Because of the
elevated temperature of the SPMCSD process, a fraction of the
Ag(111) surface will not be covered by adsorbed benzene

molecules, although as mentioned above, vacant surface sites
are unlikely to be adjacent to each other. Although ethane
elimination can occur at bare 3-fold sites between adsorbed
benzene molecules, benzene desorption increases the number
of bare surface sites and thus increases the rate of ethane
elimination. Ethane elimination between two adsorbed MeAu
species at a site from which benzene has desorbed has a barrier
of 27.4 kcal/mol relative to a monolayer of benzene and two
separated adsorbed MeAu molecules. This is higher than the
barrier for ethane elimination from neighboring MeAu species
adsorbed in the interstitial space by the benzene adsorption
energy of 14.3 kcal/mol. This barrier is low enough to be active
at the 230 °C surface temperature and also lower than the
solution-phase Au—P bond scission barrier and is thus not the
rate-limiting step. Therefore, ethane elimination from neighbor-
ing adsorbed MeAu species either adsorbed within benzene
vacancies or within interstices between adsorbed benzenes is a
viable reaction pathway for SPMCSD.

We suggest that not only does adsorbed benzene limit the
adsorption of MeAuPPh;, but also it restricts the growth of Au
particles. Adsorbed benzene hinders the migration of Au
adatoms and adsorbed nanoparticles and also limits the size of
contiguous bare Ag surface sites available for nanoparticle
agglomeration. In order for Au nanoparticles to grow, either
nanoparticles must travel across the surface and agglomerate or
free Au atoms must attach to the nanoparticle. Free Au adatoms
either result from the decomposition of adsorbed MeAu species
or the escape of Au atoms from Au nanoparticles, which results
in growth by Ostwald ripening when these adatoms add to
larger Au nanoparticles. Diffusion of Au adatoms is restricted to
hops between neighboring bare surface adsorption sites.
Similarly, growth by particle agglomeration requires neighbor-
ing bare surface sites between which the particle can move,
which requires that benzene molecules desorb to form
pathways of bare surface along which Au particles migrate to
a second Au particle and then merge. Au nanoparticle
agglomeration involves nanoparticle migration along bare
surface or over adsorbed benzene or desorption into solution.
Each of these mechanisms requires benzene molecules to
desorb to create a migration path for Au or for the Au clusters
to break their strong Au—Ag bonds to the surface, making these
processes highly unlikely. The only remaining viable pathway is
atom-by-atom growth of nanoparticles, which is limited by the
small number of available adatom diffusion paths between
adsorbed benzene molecules. Furthermore, Au clusters larger
than the size of bare surface between adsorbed benzenes are
too large to form without benzene desorption, and thus steps in
their growth at which the increase in their size requires
desorption of an additional benzene molecule are penalized by
the benzene desorption energy.

3.4. Surface Decomposition of MeAuPPh; in the
Absence of Solvent. As described above, the adsorption of
benzene to Ag(111) from the solvent significantly increases the
energetic barriers of deposition mechanisms that proceed
through molecular or dissociative adsorption of the large
MeAuPPh; precursor. However, if a more weakly adsorbed
solvent were used, more bare Ag sites would be available for
precursor adsorption and the reaction energetics would be
similar to that of reaction on bare Ag(111). For Au—P bond
scission on bare Ag(111) we calculate an activation barrier and
reaction energy of 9.4 and —5.0 kcal/mol, respectively,
compared to the 38.5 kcal/mol barrier and reaction enthalpy
of Au—P bond scission in solution. Thus, the Ag surface
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catalyzes Au—P dissociation and significantly accelerates the
reaction. The schematic reaction potential energy surface is
shown in Figure 6. As the Au—P bond of adsorbed MeAuPPh;
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Figure 6. Potential energy surface for dissociation of the Au—P bond
of the adsorbed MeAuPPh; precursor on the Ag(111) surface. The
small white, medium brown, medium purple, large silver, and large
yellow spheres represent H, C, P, Ag, and Au atoms, respectively.

dissociates, the phenyl groups of PPh; rotate to maximize their
favorable dispersive interactions with the Ag surface. In fact, the
formation of a P—Ag bond and the phenyl-Ag surface
interactions are sufficiently favorable for the Au—P dissociation
reaction to be slightly exothermic by AH,,, = 5.0 kcal/mol. The
low energy of the transition state stems from the attractive vdW
interactions between the phenyl rings and the Ag surface as
phenyl groups rotate away from their gas phase angles toward
the surface. As the strong surface—phosphine favorable
interactions suggest, the desorption of the PPh; phosphine
into solution is endothermic by 46.2 kcal/mol. This indicates
that, even at the high temperatures attained under SPMCSD
conditions, PPh; is likely adsorbed on uncoated Ag surfaces.
These results suggest that, for SPMCSD using this precursor,
and a solvent that does not bind strongly to the Ag(111)
surface, the precursor dissociation occurs on the surface at
room temperature leading to Au deposition without SPR, and
therefore loss of control of the Au nanoparticle deposition
process.

4. DISCUSSION

During SPMCSD, MeAuPPh; dissociation likely occurs in
solution because the 38.5 kcal/mol activation barrier for
homogeneous dissociation is lower than the >42.9 kcal/mol
activation barrier of the surface reaction. The high barrier for
the reaction on the surface arises because three adsorbed
benzene molecules must desorb prior to precursor adsorption,
which is endothermic by 42.9 kcal/mol; the free energy barrier
of 74.6 kcal/mol involves a significant entropic penalty to
cluster three vacancies on the surface. Therefore, homogeneous
Au—P bond dissociation with its 38.5 kcal/mol barrier is the
lowest energy reaction path we identified. While this barrier is
prohibitively high at 298 K| it is kinetically active at the near-
surface temperatures generated by SPMCSD. Therefore, we
suggest that MeAuPPh; decomposition proceeds through the
following path: (1) MeAu—PPh; dissociation in the near-
surface region with E,, = 38.5 kcal/mol; (2) free MeAu
adsorption to the Ag surface in hollow sites between adsorbed
benzene molecules with E_, = —39.6 kcal/mol; (3) ethane
elimination and free Au atom formation with E_, = —23.1 kcal/

13391

mol; and finally (4) nanoparticle formation from Au adatoms
(Figure 7). Ethane formation from MeAu moieties occurs
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Figure 7. Schematic of the complete proposed reaction pathway for
the SPMCSD of Au. The small white, medium brown, medium purple,
large silver, and large yellow spheres represent H, C, P, Ag, and Au
atoms, respectively.

either between adsorbed benzene molecules or at bare surface
sites from which a benzene molecule has desorbed. Because the
activation energy of the rate-limiting step for Au deposition in
the presence of benzene is 38.5 kcal/mol, the solution-phase
reaction can be initiated by heating. Additionally, SPR-mediated
photothermal heating is limited to the near Ag surface region,
and therefore reduces the formation of Au particles in the bulk
solvent.

Adsorbed benzene molecules from the solvent act to block
Ag surface sites and therefore inhibit the surface catalyzed
MeAuPPh; decomposition pathway, which is low energy on
bare Ag(111). This effect is similar to that observed for catalysts
where competitive adsorption between species leads to surfaces
partially covered by strongly adsorbed species that block active
surface sites and thus poison the catalytic surface. For example,
carbon monoxide binds strongly to various metal surfaces and
can act as a poison in catalytic processes.”> > This effect can
also be exploited to control the selectivity of various
heterogeneous catalytic reactions; for example, Medlin and
co-workers have used self-assembled alkanethiolate monolayers
on catalysts to alter the selectivity of the furfural reduction
reaction products by selectively eliminating reactant sites.>® In
the case of SPMCSD, instead of altering the final product
distribution by intentionally adding competing adsorbates, the
benzene solvent alters the reaction onset temperature by
hindering the access of the precursor to the surface. Therefore,
the homogeneous Au—P dissociation reaction, and therefore Au
deposition, is triggered by increasing the near-surface temper-
ature via SPR heating.

5. CONCLUSIONS

In this contribution we report an ab initio computational
investigation of the mechanism of SPMCSD of Au nano-
particles on AgFON surfaces using MeAuPPh; as the precursor
and benzene as the solvent. We found that benzene molecules
adsorb strongly enough to the Ag surface to prevent the
adsorption and subsequent dissociation of MeAuPPh; on the
Ag surface. Our results show that MeAuPPh; homogeneously
dissociates into MeAu and PPh; via a barrier of 38.5 kcal/mol
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and consequently occurs at the elevated temperatures
generated by Ag SPR excitation in the near-surface region. If
a MeAuPPh; molecule is in a region with a significantly SPR
enhanced field and is reduced by a SPR excited electron, then
its decomposition would be accelerated due to the lower Au—P
scission energy of 27.2 kcal/mol for reduced MeAuPPh;. MeAu
fragments produced by precursor decomposition in solution
then adsorb at exposed interstitial hollow sites of the Ag(111)
surface between adsorbed benzene molecules and then
decompose via binuclear reductive elimination to form ethane
and Au adatoms, which subsequently cluster to produce
nanoparticles on the Ag surface. Overall, the rate-limiting step
for this mechanism is Au—P bond scission of MeAuPPh; in the
solvent near the Ag surface where SPR-generated heat increases
the temperature of the solution. In the absence of solvent,
MeAuPPh; adsorbs to the Ag(111) surface and the Au—P
scission activation energy decreases to 9.4 kcal/mol such that
Au-based ethane elimination becomes the rate-limiting step
with an activation energy of 11.7 kcal/mol, which is readily
surmountable at room temperature, and therefore does not
require additional heating by surface plasmons. Consequently,
the effects of the benzene solvent on limiting precursor
adsorption and subsequent reaction are critical to the control of
SPMCSD of Au nanoparticles on Ag.

Understanding the effect of the phosphine substituents, and
the solvent on each of the possible reaction pathways and thus
their role in determining the active SPMCSD mechanism
suggests the design of new SPMCSD precursors to enable
greater control of the SPMCSD process and resulting
nanostructures. For example, gold precursor complexes bearing
phosphine ligands with smaller cone angles (e.g., PMe;) should
be small enough to adsorb to the bare surface sites in the
interstitial space between adsorbed benzene molecules, or
require only one surface benzene desorption. This precursor
could then decompose on the Ag surface with a low overall
activation energy, rather than in solution. The result would be
elimination of ethane and deposition of Au nanoparticles at
room temperature. In contrast, phosphine ligands that bind Au
more strongly and possess sterically large substituents (e.g.,
MeAuPPh;) will prevent adsorption between surface adsorbed
solvent molecules, and thus require higher reaction temper-
atures or longer reaction times to deposit Au on Ag. This would
enable better control of particle growth. The solvent can also be
tuned so that larger solvent molecules that adsorb more weakly
would desorb to provide more available sites for adsorption and
surface reaction, enabling faster growth, growth at lower
temperatures, or growth of larger particles. In contrast, smaller,
more strongly adsorbing solvents would behave conversely.
Through the detailed understanding of the Au SPMCSD
mechanism developed here, new, additional highly controllable
SPMCSD techniques could be developed by design of the
precursor molecule and solvent, potentially leading to lower
cost, bottom-up controllable nanoparticle deposition for
electronic, chemical, and environmental applications.
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