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This Chapter describes two very active topics in the field of plasmonics: energy transfer and
photocatalysis. In plasmonic photocatalysis, light in the visible or near-infrared interacts with Ag
or Au (or other) nanoparticles (NPs), exciting collective excitations of the conduction electrons
known as plasmons, and the plasmons subsequently dephase to give electron—hole pairs, and
these then cause chemical reactions in molecules that are nearby the NPs. The Chapter provides a
review of the current experiments and theory in this area, especially highlighting recent
nonadiabatic dynamics studies that have simulated this process in real time for the photocatalytic
dissociation of Hz on a Au NP. In plasmon-coupled resonance energy transfer (PC-RET),
electromagnetic (EM) energy transfers between a donor molecule and an acceptor molecule, with
a nearby Ag or Au particle serving as a plasmonically excited intermediate to enhance the
transfer rate. The Chapter reviews recent experimental literature in this area, and then it presents
a comprehensive study of the theory of PC-RET, emphasizing the role of electrodynamics (ED),
and including both the purely classical theory of energy transfer and theory based on Fermi’s

Golden rule.
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Abbreviations

4,4'-bipyridine (BPY)
trans-1,2-bis(4-pyridyl)ethylene (BPE)

Boundary element method (BEM)

Chemical mechanism (CM)

Classical electrodynamics (CED)

Density functional theory (DFT)

Discrete dipole approximation (DDA)
Donor—acceptor (D-A)

Electrodynamics (ED)

Electromagnetic (EM)

Finite-difference time-domain (FDTD)

Finite element method (FEM)

Indium tin oxide (ITO)

Kinetic isotope effect (KIE)

Modified long-wavelength approximation (MLWA)
Metal-organic framework (MOF)

Nanoparticle (NP)

Plasmon-coupled resonance energy transfer (PC-RET)
Quantum electrodynamics (QED)

Quantum mechanics (QM)

Rate-determining step (RDS)

Real-time (RT)

Resonance energy transfer (RET)

Time-dependent density functional theory (TDDFT)
Transmission electron microscopy (TEM)

5.1 Introduction

When light in the visible interacts with Ag or Au (and some other) nanoparticles (NPs), the
conduction electrons are coherently excited as an oscillating charge cloud (Fig. 1a), a process
known as plasmon excitation. This leads to the striking red color of colloidal gold, and yellow
for silver, reflecting the extremely strong extinction (absorption plus scattering) that is associated
with exciting plasmons. In the last fifty years, the plasmonic properties of colloidal NPs have
transitioned from only being relevant to stained glass windows and other art objects, to being

important in a wide variety of nanotechnology applications, including photocatalysis, medical



diagnostics and other sensing applications,
therapeutics for destroying tumors,
optoelectronic devices such as disk drive
components, lasers, and solar energy

materials. In this Chapter we focus on two

specific applications of plasmonics that are

Fig. 1 Schematic descriptions of the driving force of often found in the same physical system:
plasmon-enhanced chemistry and plasmon-coupled
resonance energy transfer: (a) generation of plasmons as
electrons in the metal sphere oscillate under the external
electric field, and (b) generation of hot charge carriers by
an incident light, which leads to lcharge transfer to an coupled resonance energy transfer (PC-
adjacent molecule and further reactions. a, Reprinted from

[1] © 2003 American Chemical Society; b, adapted from RET), both of which have advanced
[2] © 2018 American Chemical Society

plasmon-enhanced chemistry and plasmon-

significantly in the last five years.

Plasmon-enhanced chemistry refers to the enhancement of chemical reactions due to proximity
of the plasmonic particle to the molecule that undergoes reaction. There are two distinct
mechanisms for this process: field enhanced chemistry and electron-induced chemistry. The field
enhancement mechanism arises because the oscillating dipole (or higher multipole) moment that
is induced in the metal particle when plasmon excitation occurs has a large electric field
associated with it that interacts with a nearby molecule. This dipole field can be larger near to the
NP than the field of the light that induced the dipole in the first place, so if the molecule can
undergo a photoinduced reaction (by absorbing light to a reactive potential energy surface), the
rate of this reaction will be higher. This is a passive process where the only role of the particle is
to amplify the field experienced by the nearby molecule. The second mechanism involves the

conversion of plasmon excitation into electrons or holes that are able to interact with molecules



near the particles (Fig. 1b), resulting in a photocatalytic chemical reaction, often with the
molecule becoming an electronically excited transient ion. Both aspects of plasmon-enhanced
chemistry have been reviewed in the past,[3] but especially the photocatalysis field has evolved

rapidly, so our discussion in Sections 5.2 and 5.3 below will emphasize this.

Plasmon-coupled resonance energy transfer refers to the transfer of photoexcitation from a
donor molecule to an acceptor molecule in the presence of a nearby plasmonic NP. This topic is
related to donor—acceptor (D—A) energy transfer that is described by [Forster theory, but when
plasmonic particles participate in the process, the transfer can become much more efficient and
long ranged.[94, 96-98, 100-109] When molecules are in immediate contact with metal NPs,
their excited states are often quenched upon photoexcitation, and in some cases, electrons are
transferred between molecule and particle, which is related to the plasmonic photocatalysis
process discussed above. PC-RET typically becomes competitive with quenching when the
molecules are separated by several nm from the NPs. In this limit, electron transfer is not
important, and energy transfer can be dominant. However, it should be noted that there can also
be plasmon-coupled molecular fluorescence, which competes with energy transfer. The
branching between fluorescence and energy transfer is a complex function of D—A separation, as
well as the distance of the molecules from the plasmonic NPs, so the details of these processes
are only starting to be understood. These issues also highlight the interplay between plasmonic
photocatalysis and PC-RET, such that it is appropriate to review both in this article. PC-RET is
described in Sections 5.4 and 5.5 of this Chapter, including a brief review of representative

experiments, and then a comprehensive discussion of the theory.



5.2 Plasmonic Photocatalysis: Experiments

5.2.1 Photocatalysis by Plasmonic Metals

Plasmon-enhanced photocatalysis is an active area of research in many laboratories, as has been
reviewed,[4-14] with recent experimental reports in which Ag, Au or Al NPs have been involved
in such processes as water oxidation,[15] H» dissociation,[16-18] propylene epoxidation,[19] and
many others.[20, 21] There is also much interest (both experiment and theory) in using the hot
electrons that are thought to be important in plasmon enhanced chemistry in hot-carrier solar
cells and other devices.[9, 10, 22-29] And in the Van Duyne group at Northwestern, surface-
enhanced Raman scattering (SERS) spectra have observed negative ions and other electron-
driven photoproducts of the molecules 4,4'-bipyridine (BPY)[30] and trans-1,2-bis(4-
pyridyl)ethylene (BPE)[31] after irradiation of Au NPs with 500 nm light, thus directly revealing
the initial effects associated with plasmon driven electrons. It was shown that plasmon-enhanced
chemistry can give different product selectivity compared to its thermal counterpart.[32, 33]
Catalysis by hot electrons/holes generated from interband transitions on plasmonic metals by UV
illumination is possible,[32, 34, 35] but we do not consider this type of reaction in this Chapter

as it does not involve plasmons.
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Fig. 2 (a) Rate of HD formation as a result of the reaction between Hz and D2 using 1.7 involves Hz

wt % Au/TiO2 photocatalyst measured versus time as light is turned on and off.

Temperature of the system is labeled for each time block. (b) Without light, setting the  Jissociation near a
temperature to that of when the light was on (depicted as a red block) had little effect on
the reaction rate, confirming the photocatalysis of the system. Reprinted from [36] ©

2013 American Chemical Society Au NP as there are

no side reactions.
Halas and
coworkers have
shown (Fig. 2) that
H: dissociation can be catalyzed at room temperature in the visible range, as flowing Hz and D»
through Au NPs supported by a TiO; substrate resulted in the generation of HD molecules.[36]
When the light was on, the HD formation rate was increased by about an order of magnitude.
Without light, setting the temperature to match that for the case when the light was on led to little
increase of the reaction rate, confirming that the catalysis was a photon induced effect. In a
subsequent paper,[17] the supporting matrix was changed to SiO> and the reaction rate was
almost two orders of magnitude higher than the TiO; case. This is because SiO2 has a much
larger band gap than TiO> and thus thermally excited electrons cannot populate the conduction
band of SiO.. The conduction band of TiO; is located at a relatively low energy level, which

facilitates draining of the hot electrons in the Au particles, reducing the catalytic activity.



Another important role of the oxide layer is as the ‘dampener’ of the kinetic energy of the H»
molecule. The porous oxide layer has a higher accommodation coefficient for H, than the bare
Au NP, and the H> molecules stay physisorbed for a longer time near the Au NPs. In the same
research group, an Al-Pd nanodisk heterodimer was fabricated so that the strong absorption
cross-section feature of Al and the catalytic character of Pd are combined.[18] Here, plasmons
first generated in the Al disk force plasmon excitation in the Pd disk. Then hot electrons are
generated and transferred to the anti-bonding orbital of the dihydrogen molecules, leading to
dissociation. The influence of polarization angle, power of the incident light, wavelength, and the

gap between the two disks was investigated.

Studies by Christopher, Xin, and Linic [37] provides a comprehensive view of the mechanism of
plasmonic photocatalytic oxidation reactions through analyzing the O> dissociation step. In this
work, Ag nanocubes were used to generate ethylene oxide from ethylene and O», and the O»
dissociation step was postulated as the rate-determining step (RDS). The reactivity as a function
of long-pass filter wavelength matched the

Transient . .
negative ion plasmon intensity profile (calculated by

multiplying the wavelength-dependent source

>
go
e Thermal excitation intensity by the wavelength-dependent
\ s Ephotothermal . . . .
\ Electron < @ extinction spectrum and integrating over the
ITIJELLIUII thermal
Ea
. wavelength to the filter cutoff wavelength),
Reaction coordinate confirming that the reaction occurs through the
Fig. 3 Schematic of the photothermal process via a photocatalytic mechanism (plasmons). The

transient negative ion, which reduces the required
thermal energy for the chemical reaction of the

adsorbate energy difference between Oz and Oz on the Ag



surface calculated with density functional theory (DFT) at the O; equilibrium geometry
accurately matched the plasmon energy, supporting the notion that an electron is transferred from
the metal to the adsorbate. The electron from the metal occupies the empty 2n*-antibonding
orbital in this case. Kinetic isotope studies using labelled oxygen showed that the kinetic isotope
effect (KIE), the ratio of reaction rates for 'O, and 30, was higher for the photoinduced
process than for the thermal (light off) process, which confirms that the O> dissociation step is
the RDS. Figure 3 shows how both plasmons and the thermal bath may contribute to the
dissociation reaction of O,. With an electron injected to a neutral oxygen molecule, O, is formed
at a non-equilibrium geometry, with an excited vibrational level. Therefore, the anion undergoes
vibrational motion before being relaxed to the neutral state, and the geometry is off-equilibrium
after the molecule ejects an electron. This process of gain and then loss of an electron deposits
energy in the O—O vibrational mode, which reduces the thermal energy required to cause
dissociation. This means the temperature of the photocatalysis process for a comparable reaction
rate is lower than the thermal process. The KIE also supports this mechanism; because the
vibrational frequency of 1°O;" is higher than 30, due to the mass difference, the nuclear
displacement of 160, is larger than 30, before losing an electron relaxing to the neutral state.
This leaves '°0s in a higher vibrational level, leading to a higher dissociation rate, which is

consistent with the experimental result.
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Fig. 4 (a) The rate of ethylene oxide formation (in log scale) on Ag nanocubes supported by a-Al2Os as a
function of the intensity of the incident light (in log scale) for various temperatures. (b) Calculated quantum
efficiency from the same experiment. (¢) The rate of Oz desorption from TiO2(110) as a function of the square
root of the incident light flux. Reprinted from: a,b, [38] © 2012 Nature Publishing Group; ¢, [39] © 2005
American Chemical Society

Plasmonic photocatalysis has many useful features compared to conventional semiconductor
photocatalysis. Importantly, there is a much lower activation energy when the adsorbates are on
metal particles than on semiconductors, leaving only little energy that has to be overcome for
chemical transformations to occur.[13] The other factor is dependence of the catalytic activity on
the incident light intensity. In Fig. 4a and 4b, the reaction rate and calculated quantum efficiency
of t he ethylene oxide formation reaction catalyzed by 75-nm edge Ag nanocubes supported on
a-AlOs particles are plotted against incident light intensity for different temperatures. There is a
linear (at moderate intensity) to supralinear (at high intensity) dependence of the reaction rate on
the incident light intensity, and this means the quantum efficiency increases as a function of the
light intensity, which is attributed to the possibility of multi-photon excitation of the adsorbate.
In contrast, semiconductor catalysis exhibits a sub-unity order dependence on the incident light
intensity (However, plasmon-assisted semiconductor photocatalysis shows a linear dependence

of reaction rate on incident light flux. See below). It has been shown experimentally that O



desorption reaction from a TiO> surface has a 2-order dependence above a critical light intensity
(Fig. 4c). Theory work indicates that this is because charge carriers generated in the bulk
predominantly relax through charge recombination.[39, 40] The half-order dependence is the
result of the second-order kinetics in charge carrier concentration in the bulk semiconductor,
while the rate scales linearly in charge carrier concentration on the surface.[41] It was also
observed that in an aqueous suspension of TiO2, oxidation of formate follows a 0.61-order
dependence.[42] The seemingly random number of 0.61 is probably influenced by multi-hole
transfer to the reactant and multiple elementary steps in the overall reaction kinetics.

Although it is primarily the plasmonic response of the metal NP that greatly increases the
reaction rate in photothermal catalysis, the role of the thermal bath must be carefully considered
in the overall reaction.[44] As seen in Fig. 5, in plasmonic photocatalysis reactions, the reaction
rate monotonically increases with temperature, while most semiconductors exhibit the opposite
trend after some critical point, due to the faster multiphonon nonradiative charge carrier

recombination at higher temperature (characterized by the Debye temperature). The faster
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thermal bath directly contributes to the energy gaining process through gain and loss of an
electron (see above), since the electron transfer rate from the metal particle to the adsorbate is
higher for adsorbates that are more vibrationally excited.[45] Second, with the plasmonic
contribution to the dissociation step, the thermal energy required for the subsequent elementary
steps may be greater than the dissociation step, enabling one of these steps to control the overall
reaction rate. In this case, the increased charge recombination rate due to the higher temperature
becomes less relevant to the overall reaction rate. Third, removal of the product may exclusively
depend on vibrational energy from the thermal bath. Because catalysis may be the most efficient
at plasmonic hot spots, removal of the end-product is essential before introduction and catalysis
of a new reactant molecule. Fourth, phonon transfer from the thermal bath leads to a Boltzmann
distribution of vibrational states, which gives a range of vertical energy difference between the

neutral and the excited state. This may better utilize the finite bandwidth of the light source.

When the plasmons decay, hot holes as well as hot electrons are generated and can be used for
chemical reactions. For example, citrate molecules attached to Au NPs on an indium tin oxide
(ITO) substrate[46] and Ag NPs on a various substrates[47] undergo oxidation reactions (photo-

Kolbe reaction) when weakly irradiated.

Another type of plasmon driven photochemical reaction is the photocatalyzed size growth of
plasmonic particles. Photoinduced conversion of Ag nanospheres to nanoprisms was reported in
2001.[48] In addition, when the nanospheres are irradiated with light whose wavelength matches
the dipole resonance wavelength of the prisms, a bimodal distribution of nanoprism sizes was

obtained, suggesting that the plasmon drives fusion of the prisms. In a subsequent work, a



unimodal fabrication was done by using two wavelengths simultaneously, one at the dipole and
the other at the quadrupole resonance wavelength.[49] This implies that prism fusion can be
inhibited when quadrupole modes are excited. In another work, photoreduction of aqueous Ag
ions on an immobilized array of Au NPs was reported.[50] Here it was found that the thickness
of the deposited Ag layer was larger in the peripheral region, where the laser beam was not
irradiated. This was explained as hot electrons conducting along the Ag pathways generated as a

result of the deposition.

Lastly, some points that merit further study are noted. First of all, whether plasmons decay
before charge transfer occurs is not clear. Figure 6 describes two possible mechanisms of
electron transfer from the plasmonic metal to the ligand molecule. One is that plasmons
generated in the Au NP decay to give hot electrons and holes which form a Boltzmann

distribution, then hot electrons of high enough energy comparable to the unoccupied orbital

a b energy level of the adsorbate
& &
5 ectron Unoccupied 5 Unoccupied molecule are transferred
w transfer adsorbate states w Electron adsorbate states
ansfer . . .
generating transient anions,
Hot
electrons leading to further reactions
Occupied
bate states te states .
€EFfp~----- F--=——*---- ---- (Fig. 6a). On the other hand,
‘ it is possible that plasmons

directly interact with the

Plasmonic metal Ligand molecule Plasmonic metal Ligand molecule

Fig. 6 Proposed electron transfer mechanism via (a) hot electron generation (b) adsorbate and resonant
direct interaction between plasmons and unoccupied states of the ligand. The
horizontal dashed line designates the Fermi level (ez). Adapted from: a, [36] ©

L transfer rs (Fig. 6b).
2013 American Chemical Society; b, [13] © 2011 Nature Publishing Group ansfer occurs (Fig. 6b)

Also, reaction pathways that



result from the transient anion species after electron transfer are often unknown. For example, in

the H> dissociation photocatalysis near a Au NP, H>" may dissociate and then eject an electron;

otherwise, it may relax to the neutral state and then dissociate. Studies to uncover these

mechanistic details are important to further understand plasmonic photocatalysis, and will need

time-resolved spectroscopy and/or computational reaction dynamics studies.

5.2.2 Photocatalysis by Composite Metal-Semiconductor Structures

High-efficiency water splitting catalysis is economically and environmentally important since it

can reduce reliance on fossil fuels. Although photoactivity of TiO; such as its ability to photo-

bleach dyes and to oxidize organic solvents under UV irradiation has been reported in the

scientific community since the early 20" century, it has been the object of extensive studies only

Fig. 7 Semiconductor photocatalysis scheme. With an incident
photon (hv) impinging on the semiconductor, electrons are
excited from the valence band (VB) to the conduction band
(CB), generating hot electrons and holes. They can undergo
charge recombination (a) near the surface of the semiconductor
or (b) in the bulk, dissipating energy as heat. Electrons and holes
that diffuse to the semiconductor/solvent interface can
participate in (c) reduction and (d) oxidation reactions,
respectively. A and D stand for the electron acceptor and donor,
respectively. Reprinted from [51] © 1997 Elsevier

since 1970s when it was reported[52] in
1972 (originally in 1969 in Japanese[53])
that water photolysis under sunlight is
possible using an n-type TiO> electrode
connected to a Pt counter-electrode
through an external circuit.[54] Since
then, many metal oxide, (oxy)sulfide, and
(oxy)nitride photocatalysts for water
splitting have been reported. A thorough
review was published that overviews the
materials and the system setups for these

photocatalysts.[55]



In semiconductor systems (Fig. 7), electron—hole pairs are generated when the light is absorbed
in the semiconductor, and each charge carrier separates and diffuses to the catalytically active
site at the interface of the semiconductor and solvent. Electrons and holes may recombine at trap
sites caused by defects in the bulk or on the surface. In water splitting, the electrons and holes
participate in the hydrogen evolution and the oxygen evolution half-reactions, respectively,
which can be described at low pH in terms of the reactions

2H* + 2¢e~ > H,

H,0 + 2h* - 2H* +20,.
2

While semiconductor photocatalysis is very appealing, it suffers from a number of factors for
practical use. The band gap may be too large such that only a narrow region of the solar
spectrum can be utilized; for example, TiO> has a 3.2 eV band gap, which means only UV light
can generate electron—hole pairs in TiO». Also, the diffusion rate of the charge carriers is often
not high enough that most charge carriers relax through charge recombination before reaching
the reaction sites. Moreover, semiconductors may have poor catalytic activity, i.e., the activation

energy may be too high at the semiconductor—solvent interface for the catalysis to be useful.

It has been demonstrated that these limitations can be partially lifted by using composite
plasmonic metal-semiconductor systems and much higher reaction rates are achieved compared
to their semiconductor-only counterpart.[56-71] The most important example of a plasmonic
metal used with a semiconductor is as the sensitizer for visible light. For instance, Garcia and
coworkers tested various gold loading and calcination temperatures for Au/TiO; catalysts for

water splitting and obtained a maximum quantum yield of 7.5% for Hz and 5.0% for O; at a



visible wavelength (560 nm), while using a TiO; catalyst without plasmonic metal at the same
wavelength resulted in quantum yields of less than 0.1%.[57] This is because the utilized
wavelength is consistent with the dipole resonance frequency of Au NPs (spheres) but is too long
compared to the band gap of TiO». It is important to harvest visible light in photocatalysis
because while UV light constitutes less than 10% of the solar energy that reaches the surface of
Earth, visible light accounts for around a half of the total energy. Moreover, a broad range of the
solar spectrum can be utilized with plasmonic NPs since resonance frequencies of plasmonic
NPs are tunable by changing shape, size, and dielectric environment. One can imagine using NPs

having a range of size to maximize the utilized wavelength range.

Photocatalysis mechanism in the composite systems falls into one of two categories depending
on the wavelength of the light source that when the photon energy is comparable to the band gap

of the semiconductor charge carriers are

A
A : . :
/%’ generated directly in the semiconductor
External e \
E-fleld 'E"gulije'j h* | and the plasmonic metal merely serves as
-Tie ‘
Pla:‘rer:;:\ic Se"}m ductor [\ D* reaction sites and when plasmons in the
« 4 -
A- metal can be excited plasmon-enhanced
e cloud " e . .
h* chemistry is relevant.[57] The two
ht . .
[\,‘DJ, mechanisms can act together in one
D

system, although one may be more

Fig. 8 Two possible mechanisms (charge injection and EM
enhancement) of plasmon-mediated semiconductor

photocatalysis. D and A stand for electron donor and .
acceptor, respectively. the processes that involve plasmons, the

dominant depending on the wavelength. In

role of the metal around the semiconductor



is twofold: (1) It generates charge carriers which are transferred to the semiconductor (charge
injection), and (2) it increases the charge separation rate inside the semiconductor near the
surface by enhancing the electromagnetic field (EM enhancement). Figure 8 schematically
describes these two mechanisms. In either case, the first step involves generation of plasmons
within the plasmonic metal by the external EM field. Then, on one hand, the plasmons can decay
to give electron—hole pairs in the plasmonic metal. On the other hand, the EM field inside the
semiconductor amplified by the scattered field resulting from plasmon excitation can induce
electron—hole pair generation near the surface of the semiconductor,[58, 59, 67, 71, 72] where
the EM field intensity is high. While charge carriers generated in the bulk have to migrate to the
surface to participate in chemical reactions and in the meantime are subject to charge
recombination at defect sites, electrons and holes generated near the surface have a higher
probability to survive until reaching the reaction sites. Charge carriers may transfer between the
metal and semiconductor depending on their kinetic energy and on the relative energy levels of

the valence/conduction bands of the two components.

Plasmon-assisted photocatalysis has been observed in systems where the semiconductor is
separated from the plasmonic metal by a non-conductive spacer, preventing |charge transfer
between the two phases.[58, 59, 67, 71] Also, the source wavelength had to match the band gap
of the semiconductor for the catalysis to occur. These observations support the EM mechanism.
One prominent example by Awazu et al.[58] related to this mechanism is shown in Fig. 9 and 10.
Here, Ag NPs coated with a SiO2 shell were deposited on a TiO> film, and the entire structure

was supported by a SiO; layer. The decomposition rate of methylene blue under near-UV light



Fig. 9 Transmission electron microscopy (TEM) image of Ag/SiOz core—shell structures embedded in TiO2
film supported by SiO: substrate, which was used in photocatalytic decomposition of methylene blue.
Reprinted from [58] © 2008 American Chemical Society

was shown to be faster in the presence of Ag NPs, supporting the field-enhancement mechanism

by plasmon excitation.

5.3. Theoretical Studies of Plasmon-Enhanced Chemistry

Theory concerned with plasmon-enhanced chemistry has progressed in a number of
directions,[3, 10, 16, 17, 25, 27, 73-79] as this is a field with many challenges and no single
theory is going to solve all problems. Very recently, Zhang et al.[2] developed a nonadiabatic

molecular dynamics approach
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Fig. 10 (a) EDTD simulation result showing enhanced electric field amplitude ~consisting of a metal NP and
at 400 nm shortly below the TiO>—SiO: interface due to a 40-nm Ag
nanosphere on the TiO: film. The Ag nanosphere is not drawn to scale. (b)
Decomposition rate of methylene blue under near-UV irradiation monitored at
the wavelength of 580 nm, on (a) a TiO, film on a SiO, substrate (b) a TiO,

a ligand molecule (taken to be

film on a Ag/SiO, core—shell structure with shell thickness of 20 nm on a H>), and showed that this
Si0, substrate (c) a TiO, film on a Ag/SiO, core—shell structure with shell
thickness of 5 nm on a SiO, substrate. Figures reprinted from [58] © 2008 treatment correctly describes

American Chemical Society
hot-electron transfer from the



metal particle to the ligand followed by dissociation of the ligand. This approach treats all the
electrons in the system, and therefore both the plasmons and the dissociative molecular states
with quantum mechanics (QM), and only nuclear motion is approximated with classical
molecular dynamics. However, current computational power limits the size of the system to a
few hundred atoms, which means the particles are at most only a few nm in size. This is far
smaller than the experiments, and thus the plasmons can be blue-shifted from the actually
utilized plasmonic wavelength. Also, to reduce the overall timescale for the calculations, it was
necessary to use high light intensities in these calculations and a jellium approximation for the

metal electrons.

The alternative approach to using QM to describe metal particle optical excitation is to use
classical electrodynamics| (ED), namely Maxwell’s equations. This has the advantage of being
applicable to the large metal NPs that are used in most experiments. The review by Zhao et
al.[80] gives an overview of analytical and numerical methods that are commonly used,
including Mie theory, the quasistatic model for spheres and spheroids, the discrete dipole
approximation (DDA), the finite-difference time-domain (FDTD) method, and the finite element
method (FEM). However, these methods do not consider electron transfer between the metal
particles and the ligand molecules, leading to omission of plasmonic photocatalysis as well as
changes in the electronic structure of the ligand due to the presence of the metal NPs. This latter
effect leads to the chemical mechanism (CM) in SERS and is likely also involved in plasmon

enhanced chemical reactions.



In-between the quantum mechanical and the classical electrodynamic limit is the QM/ED hybrid
theories. In one version, one can calculate the electromagnetic (EM) response of the plasmonic
particle and then apply the resulting field as driving a QM calculation for the ligand molecule.
For example, FDTD method and RT(real-time)-TDDFT have been combined to calculate
molecular optical properties of the absorption spectrum and the Raman spectrum in the time
domain.[81] Also, frequency-domain linear response TDDFT has been used with the electric
field computed from EDTD method as the perturbation to determine an enhanced effective
polarizability, which was used in calculating the Raman spectra of pyridine and rhodamine-
6G.[82] The shortcoming of these methods is that they omit the CM. One way to consider the
CM is to explicitly include the metal cluster in the QM calculation. For instance, a QM
calculation was done in a molecule—truncated Ag cluster system using the EM field obtained
from Mie theory to obtain SERS and SEHRS spectra.[83] Here, it was shown that the CM is
essential to correctly simulate SERS and SEHRS and that the frequency-dependence of the
SERS/SEHRS spectrum of the gas-phase ligand molecule may be included for more accurate

spectra.

There is also a coarse-grained EM model where the atoms or groups of atoms in the metal
particle are parameterized as having induced dipoles and charges, with effective polarizabilities
and hardness parameters that are fit using an iterative procedure where one matches the
interaction between the ligand molecule and the metal particle.[84, 85] The external field is then
considered as a perturbation in the linear-response TDDFT calculation. This model is useful for
understanding spectroscopic properties such as SERS, but like standard ED, it does not describe

the production of hot electrons.



5.4 Experiments

As mentioned in the introduction, I- is an important process that often occurs in the same
systems as-!-but can also be distinct. In this process, excitation is
transferred from one molecule to another in the presence of a plasmonic NP, such that plasmon
excitation serves as an important transport mechanism. Recent experiments[86-93] and
theory[94-98] have provided important insights into this process, and in this Section of the
Chapter we first review the recent literature and then provide a detailed discussion of the

underlying theory.

Wenger and coworkers[86-88] have examined

,

Donor

D—A transfer between dyes attached to DNA in

Acceptor
AttoB47N

,

Fig. 11 Single donor—acceptor pair in a DNA-linked structure (Fig. 11), the DNA linked two Au
plasmonic dimer nanoantenna. Reprinted from [86]
© 2016 American Chemical Society nanospheres that are 40 or 60 nm in diameter

the presence of Au nanostructures that influence

both fluorescence and energy transfer. In one

with a 14 nm gap, the D—A distance being 4 nm. In another study,[87] the DNA was randomly
located in 160-380 nm nanoholes in a Au film that was 150 nm thick. The structure in the first
study was better defined, but the D—A distance was not varied, while in the second, the D—A
distances were varied between 2.4 and 13.6 nm, and significant deviations from the quasistatic
R~° distance dependence were found. By varying nanosphere diameter or hole size and also
performing fluorescence and RET studies in solution, it was possible to determine the plasmon

enhancement effect on both donor and acceptor emission, and on!-! In the first study the



RET rate was found to increase by a factor of 5 with Au particles present, but it was also found
that donor emission was enhanced by more than this, indicating weak transfer efficiency. In the
second study, the RET rate was found to increase by a factor of 6 for the case of 13.6 nm
separation and 160 nm holes compared to the same separation and no hole, thereby

demonstrating the importance of the plasmon enhanced local density of states on RET.

Acceplor-Au MP spaceriim) - Apother relevant class of experiments related to PC-RET

b has been presented by Bradley and coworkers.[89] Figure
08 j—
2 os} 12 shows the basic structure, in which one has layers of
h’ﬁ:j Cl.d:—
gl donor and acceptor quantum dots (CdTe particles with

..'I.EI; 1

i B 1 | diameters of 2.6 and 3.4nm, respectively) that are
02073 & 0 121518 21 24 27 30 33 36 30

Genterto-center separation dinm) separated by a polyelectrolyte spacer from a layer of 5.0
Fig. 12 Schematic of trilayer involving

donor(green), Au NP (yellow), acceptor  nm Au NPs. D—A distances up to 38 nm were considered,
(red). Data shows energy transfer
efficiency as function of D-A
separation, including log plot. Reprinted
from [89] © 2014 American Chemical
Society energy transfer (up to 30 nm compared to 9 nm without).

with the Au NP layer resulting in significantly longer-range

The results were interpreted in terms of a theory that
included the full electrodynamic response, using a generalized Mie approach for the spheres in
the Au layer, but with the constraint that only a finite number of spheres could be included (and

most of the modeling was done with just one sphere).

A related experimental study by the Bradley group was presented by Zhang et al.,[90] who
studied RET involving CdTe quantum dots as donors and a sheet of Au NPs as acceptors,

separated by a layer of polyelectrolyte of controllable thickness up to 21 nm. In this case the Au



NPs act as absorbers with a characteristic absorption spectrum that is dictated by plasmon
excitation. Also, by changing the size of the CdTe particles it was possible to tune the spectrum
of CdTe compared to the plasmon and therefore to control the spectral overlap function. The
authors found that there was a better fit of their results to a dipole—sheet (continuous sheet)
energy transfer model than to the usual Forster dipole—dipole model, with the largest deviations

being associated with the largest D—A distances.

Another type of PC-RET experiment was recently reported
by Bujak et al.[91] Here, the donor and acceptor molecules
were chemically tethered to the end of a Au nanorod (Fig.
13), and D—A energy transfer was observed for individual

nanorods near 615 nm as a function of the direction of the

Fig. 13 Donor (blue)-acceptor (red) light polarization relative to the rod axis direction. The D-A

molecules that are tethered to a Au ) ) o

nanorod. Reprinted from [99] © 2017  separation distance was not controlled, however emission by

Royal Society of Chemistry

the acceptor was found to be higher (estimated to be a factor

of 65) for parallel polarization, which could excite the longitudinal rod plasmon. Fluorescence
from both donor and acceptor was observed for polarizations parallel and perpendicular to the
rod axis, and also for D—A pairs adsorbed on nonplasmonic particles. It was found that only for
the rod did the ratio of D and A fluorescence vary with polarization, which is a signature of PC-
RET. The results were interpreted using a PC-RET approach from Pustovit[100], which is a
version of the theory described in the next section but restricted to spherical particles and the

quasistatic limit. The D—A separation was empirically adjusted to fit the data, which was found

to be 16 nm.



5.5 Theoretical Studies of Plasmon-Coupled Resonance Energy Transfer

Some of the theoretical work on [PC-RET was mentioned in the review above, especially as
applies to specific Au nanostructures such as spheres or flat films. In this section we describe a
general approach to the description of D—A energy transfer in the presence of a plasmonic
nanostructure (or more generally an arbitrary inhomogeneous and dispersive dielectric structure),
as has been recently developed by Schatz and coworkers.[94, 96, 97] Since this theory is
relatively new, and further generalizations are still desired, this Section will provide a
comprehensive examination of the underlying description of this phenomenon. In Section 5.5.1,
general expressions for RET rate in an arbitrary dielectric environment based on the use of
Green'’s functions are derived within classical and quantum mechanical pictures. In Section
5.5.2, key characteristics of PC-RET that are revealed by this formulation are reviewed. Note

that all equations below are in SI units.

5.5.1 Rate Expressions for Electric Dipole—Electric Dipole Resonance Energy Transfer
The rate expression for RET in an arbitrary dielectric environment based on classical

electrodynamics (CED) is [110]

V55a o t = 2
oot = 187 [ dw|ny G(ry, vp; @) np| ax(w) Ip (), (1)

w5|PD|2

r—— is the donor decay rate in free space without the acceptor, w is the electronic
0

where y, =

transition frequency, o,(w) is the absorption cross-section of the acceptor, Ip(w) is the area-

PD(4)

normalized emission spectrum of the donor, np 4y = I is the unit vector in the direction of

[PDa)



the donor (acceptor) dipole moment, and 74 is the position of the donor (acceptor) dipole. The

dagger symbol means the conjugate transpose. The dyadic Green’s function G is defined as the

solution of

VXV XGrr;w)—kierw)crr;w)=16T—1), (2)

where ky = %, €(r, w) is the relative permittivity in the frequency domain, / is the unit dyad, and

6 is the Dirac delta function. Analytical or numerical computation of G may be complicated, but

this can be circumvented by using the relation Ej (r, w) = fv G (r,1"; w) iwuyjs(r')dr', where jg

is the electric current of the source and p is the vacuum permeability. This arises from
VXVXEp(rw)—kie(r,w)Ep(r w) =iouj), (3)

which is a direct consequence of Maxwell’s equations. Here, E, is the sum of the direct electric

field from the source and the response electric field of the environment. Note that the relative

permeability is assumed as 1 in all space in Eq. (2) and (3). For a dipole source, ji(r) =
—iwppb(r—rp),so Ep = w?y, G(r, T4; ) Pp. Using this, the RET rate expression becomes

CED U z
YDA _ 18w (oo i|"A ED("A-(U)|
Yo ((1)) - #(2) fo d(l) w? |pD|2 O-A(a)) ID ((1)) (4)

Ep is a much easier quantity to calculate numerically and analytically than G.In the special case

of a homogenous environment with the relative permittivity €, (w) and where the D—A distance

is small compared to the wavelength, the rate expression reduces to Y224 =

Yo

9c*K? fOO fp(w)os(w)
0

where k% = |n+n — 3(nTn )(n*n )|2 and n; is the unit vector in the
8mR® w*ep(w)? ’ - 17RATD A""R RTA R unitv

direction of R = 1, — rp. In many applications, orientation averaging of the donor and the



acceptor is done for real dipole moments, reflecting the random orientations of molecules, which

gives k2 ==

A derivation with quantum electrodynamics (QED) in the weak interaction limit and under the
Born—Oppenheimer approximation results in essentially the same expression as CED. Using

Fermi’s golden rule, the RET rate as derived by Dung et al.[111] can be expressed as

QED o PN 2
28 = 18 [ dw|n) Gy, 7 @) | 04() Ip (@) (5)

or

1 |"A Ep(ra, (U)|

VD—»A 18w
( )_ f dw 4 lpp?

04(w) Ip(w), (6)

where the absorption cross-section and the normalized emission spectrum expressions are [112,

113]

O-A(w)_ Zaa*P IpAI I(Xa |Xa>|26(w (‘)aa) (7)

3hegayc

Ip(w) = Zd a* Par 1P 1P xa | xa: )26 (w — waq+), (8)

37'th6 c3WT

where W) is the total emission rate of the donor in a homogeneous medium without the acceptor,

Wp = fd e’ de* P 4 |PD| K xa | xa M*6(w — wgq+), (9)

3mhegc3

d(a) and d*(a™) are respectively the vibronic states in the electronic ground state and the excited
state of the donor (acceptor), P; (i = d*, a) is the probability of the given vibrational state being

occupied, y; (i =d,d", a,a”) is the nuclear wavefunction, and w,4+ and w,,+ are the transition



frequencies. a, and ap arethe real-valued refractive indices which account for the effect of the
solvent on the averaged fields (which satisfies a4 = aj for the same type of solvent.[94]) In a
homogenous environment, the RET rate can also be derived within the second-order perturbation
theory approximation by considering intermediate states in which a photon emitted by the donor

is confined in free space.[104, 114]

It is also possible to bypass the direct calculation of the dyadic (Green’s function by using a scalar
Green’s function in the quasistatic limit. A scalarGreen’s function g(r, r’; w) is set to satisfy

—V.-e(r,w)Vg(r,r';w) =8(r—-1", (10)

which is an analogue of the Poisson’s equation in electrostatics. Then the electric field can be

derived as (See Appendix A for derivation.)

Ep(r,0) = ——pp (VVg(rr;e),_ . (1)

The PC-RET rate can be obtained by plugging this equation into Eq. (4) or (6). The advantage
of this expression is that Eq. (10) is more easily solved than the dyadic [Green’s function
counterpart Eq. (2) so that physical insights can be gained. Specific examples of the scalar
Green'’s function for spherical particles are derived in Appendix B along with expressions for
the dipole [polarizability a” and quadrupole polarizability| «? of a sphere that is polarized by

a dipole source,

D — €m/€p—1 3
a Eb—em/e,,+2a (12)

a = ebLeb_;aS, (13)
Gm/6b+5



where a is radius of the sphere and €, and €, are relative permittivity of the sphere and the
background medium, respectively. These are of the same form as when the source is a plane

wave.[1, 110, 115]

5.5.2. Analysis of Plasmon-Coupled Resonance Energy Transfer

Egs. (4) and (6) opens up a way to obtain PC-RET rates by calculating the electric field generated
by the source dipole, which can be easily done for any dielectric environment using analytical
methods such as Mie theory (for spheres) or numerical methods such as the FDTD method, FEM,

and boundary element method (BEM). In these formulas, the coupling factor (CF) between the

|"I1 ED(rA,a))|2

donor and the acceptor dipole, defined as E
D

, reflects the response field of the

environment, and thus is more general than the R factor associated with Forster resonance energy
transfer theory[116]. Thus in PC-RET, the energy transfer rate is determined by the spectral

overlap of three factors (termed the ‘generalized spectral overlap’): the donor emission, the

(a) T T T T T T (b) 10% T T T T T T T
= "2
= 180 nm |E 1034 L ]
= 5 E 3
> ~ ]
g \/\N 21 E
= = ]
2 \/N = " ;
N4 Q 30nm —— N
= 120 nm & 0
B 2 90nm 4
k= i 90 nm =, 120nm —— E
5 2 150nm —— 3

05 E 60 nm o 180nm ;
30 210nm ——
0 1 1 1 1 1 nm 1 1 1 1 1 1 1 1
300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Fig. 14 (a) Normalized extinction spectra of spherical Ag nanoparticles with various sizes. (b) CE spectra of PC-
RET in the presence of Ag nanospheres with various sizes, where the D—A pair is located diametrically, pointing
radially, and separated from the metal surface by 10 nm. Reprinted from [97] © 2018 American Chemical Society



acceptor absorption, and the CE. Interestingly, because the [CFE is a complex function of system
geometry, depending on positions and orientations of the donor and acceptor and on the particle
shape and size, the [CF spectrum may be fundamentally different in its frequency dependence from
the extinction spectrum of the involved plasmonic metal nanostructure.[94] For example, for large
spherical plasmonic nanoparticles, the dipole plasmon mode that often dominates in the extinction
spectrum may appear only weakly in the CFE spectrum, especially when the D—-A pair are
diametrically located around the sphere. This is illustrated for Ag spheres in Fig. 14 [97] where we
see that in contrast to the extinction spectrum (Fig. 14a), the CFE (Fig. 14b) is dominated by plasmon
modes near 350 nm, with only weak dependence on sphere size. (See also Appendix C). Another
important feature of PC-RET is that energy transfer may be slow when there is destructive
interference between the direct field (i.e., that emitted by the donor) and the response field of the
environment (i.e., of the nearby nanoparticle) because both fields add coherently, and may interfere,
when they reach the acceptor dipole.[97] This may result in suppression of RET by the plasmonic

metal.

5.6. Conclusion

In this chapter, plasmon-coupled photocatalysis and PC-RET were reviewed from both
experimental and theoretical perspectives. As both areas are evolving fast, it is expected that in the
years to come new types of photocatalysis reactions and promising applications benefiting from
the PC-RET theory will emerge (For example, the PC-RET theory can be used to design exciton
transport in metal-organic frameworks (MOFs)[117], solar cells[118-120], molecular
imaging[ 121], molecular sensing[122, 123], and plasmonic nanowaveguides[ 124, 125].) However,

it should be noted that many plasmon-coupled processes that compete with each other can be



present in one system,[86, 92, 93], which must be carefully considered when making predictions

or giving an analysis of device performance.

Appendix A. Derivation of Quasistatic Expression of Electric Field from

an Electric Dipole

To extract the electric field from the scalar|Green’s function, first, the electric potential ®p(7) is
obtained by integrating a product of the Green’s function and the source term, which is the

charge density, i.e,

_ ’ r. Ps(r"“’)
dp(r,w) = fallspace dr’ g(r,v’; w) o (AD)
Using the source charge of the source dipole pg = —pp - V.8 (1" — 1p),

1
dp(r,w) = —f ar' g(r,r’; w)(—pD Va6 — rD))
all space

€o

= Ly [, g @)V, 80 —1p). (A2

where V is a spatial region that the source dipole is located. For example, for a system of a
source dipole outside of a NP, V is the outside region of the NP. With integration by parts, this

transforms to

O(r,w) = —e—lopd . (fs dS(—)g(r, r'; )6 —rp) — [, dr'(Vug(r,r';w))8@ —rp)), (A3)



where S is the surface between V' and the rest of space and 7 is a unit vector normal to S,
pointing to V. The first integral is zero because within S, r’ # 1. Evaluating the second integral

results in

O(r,w) = E—IOpD (Vug(r, T';w))r,=rD- (A4)

Applying E(r, w) = —V,.®(r) leads to Eq. (11).

Appendix B. Dipole and |Quadrupole Polarizability of a Sphere with a

Dipole Source

For small enough particles or a source charge far from the NP, including plane wave, the
scattered EM field can be approximated as that radiated from an induced electric dipole, perhaps
with an induced quadrupole located at the center of the NP. A natural question is that whether the
induced multipole moments can be calculated given the source charge. For a sphere, these
quantities are reflected in the dipole polarizability a” and the quadrupole polarizability o ?
defined as

Pina = 47T60apEinc(r0) (Bl)

n VEinc(r)+EincV(r)
Gina = 4mega® (TR L (BY)
=70

. )
where 1 is the center of the sphere and (VE) .5 = % and (EV),p5 = % where a, B = x,y, z.

As seen in Eq. (B1) and B2, the induced dipole is the product of the dipole polarizability and the
electric field at the center of the sphere, and the induced |quadrupole is obtained as the product of

the |quadrupole polarizability a? and the symmetric part of the gradient of the electric field at the



center of the sphere.[126] For a plane wave source, aP and a? are relatively well known (See
below). For an electric dipole source in vacuum, Kerker et al.[127] showed that the induced
dipole is determined in a similar way to the plane wave source case using the far-zone scattered
field. Here, we derive the dipole and quadrupole polarizability of a spherical particle for an

electric dipole source using Eq. (11).

Solving Eq. (10) for a sphere with the source charge outside of the sphere (i.e. 7’ > a) gives
different forms of solution for r > a and r < a. The solution outside of the sphere (r > a) is
relevant when the scattered field is of interest. The solution in this region is [128, 129]

9,15 ) = gUret(r, 1) + g (1,1 w), (B3)

where

1

direct n —
rr)=——
9 ( ! ) 4mep|r—rr|

(B4)

1 1 llegm/ep—1) a2t
“Loi+1 ey l(em/ep+1)+1 /1141

gt w) = — X2 S Yim (6, $)Yim (6", ¢"). (BS)

where 7, 8, ¢ are respectively the radius, polar angle, and azimuthal angle in the spherical
coordinate system with the origin located at the center of the sphere. g#7¢¢t corresponds to the
potential directly from the point source §(r — r") and g5¢? to the response potential from the
sphere. For convenience, each multipolar contribution to the scattering response term is defined

as

1 1 l(epm/ep—1) a2t
21+1 € l(em/€p +1)+1 /1041

gt (r,r; w) = —

Yin (6, $)Yim (6", ¢") (BO)

so that

g1 0) = Yy g (1’ w). (B7)



For simplicity, we assume that the source dipole is pointing radially from the sphere on the z
axis. In this case, the relevant terms in Eq. (B5) are those with m = 0 for all [, since m # 0
components have ¢-dependence while the potential contribution from the sphere should be

independent of ¢.

a? and a9 are obtained by equating the scattered electric field from the induced multipoles
Eq. (B1) and B2 to the quasistatic scattered field expression Eq. (11). Using the electric

field expression from an electric dipole in the quasistatic limit [110]

E(r) = Bn(n-p) —p), (BY)

4TTEq €p r3

where p is the dipole moment, n = ﬁ is the unit vector from the dipole to the point where

the electric field is measured, r = |r|, and €, is the relative permittivity of the background

medium, it is easy to show that the incident electric field at the center of the sphere from the

1 2pp
4TEy EpTp

ind _

donor dipole is E™(r,) = 5 2, and therefore the induced|dipole moment is p

% Z. Plugging this in Eq. (B8) results in the scattered field from the induced|dipole
D

E(r) = 207 Do — (F 2cos0 + 6 sinf). (BY)

4TTE ET'

On the other hand, using Eq. (11) results in

ind - _ . scat __1 s?-1 2ppa® A o
E; (1) Pp - ViV 936" )i =rp (7 2cos@ + 6 sinf). (B10)

4meg €p(s2+2) rir3

Comparing coefficients of Eq. (B9) and (B10) leads to

aP = Ebﬂ 3. (B11)

em/€p+2

Applying the same method for the quadrupole moment in Eq. B2,
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The electric field from an electric |quadrupole can be obtained using[130]

. 2 > L d
Ef* =269(n). (B13)

< i < 15i ik . T
Here, GO = |—= T — 2L nnT | £ in the quasistatic limit, where k = £./e, = ko./€}, and the
24nr ! b 0

k313 k373 c
superscript T means the transpose. Plugging in the [quadrupole moment expression in Eq. (B13)
results in

1 9anDkg

4meq 2€pk 2Tt

EiQnd _ _ (?(1 —3c0s%0) + é(—ZcosHsinH)). (B14)

On the other hand, using Eq. (11) results in

. 1
ElQnd = _e_vr(pD : (Vr,gggat)r,=rl))
0

—__1 9% 2ewaD s (1“’(1 —3co0s%6) + é(—ZcostinB)). (B15)
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Comparing the coefficients of Eq. (B14) and (B15) leads to

aQ = ¢, 15 (B16)

b
Em/Eb+E

As an aside, induced dipole and quadrupole polarizability for a plane wave source have been
derived by solving Laplace’s equation and using the boundary conditions at the surface of the
sphere (Kelly et al.[1]), and comparing the far-zone scattered electric field expression from the
induced multipole and the Mie theory (Evlyukhin et al.[126, 131]). It is also possible to use a

similar approach as Evlyukhin et al.[126] in the near-zone, which is more suitable under the



quasistatic approximation (For derivation, see Chapter 5 of Bohren and Huffman[115] to obtain

scattering coefficients in Mie theory in the quasistatic limit). The results are

aP = ebem/i_l a® (B17)

€Em/€pt+2

aQ = —¢, 15 (B18)

b
Em/6b+5

Finally, the quasistatic approximation may be lifted by adding correction factors. This is
done by considering radiative damping and depolarization of the induced dipole.[1] [132]

and as a result the factor

FY =— 1  (B19)

Wokaun k2 2.
1-—aP-Zik3aP

1 €/€p—1

a3 to obtain the
€p Em/€Ep+2

is multiplied by the quasistatic dipole polarizability a”? =

modified dipole polarizability. This is sometimes called the modified long-wavelength
approximation (MLWA). A more accurate correction factor can be achieved from Mie
theory, by allowing more terms to survive in the scattering coefficient when applying the

long wavelength approximation,[133] which results in

D _ 1
FMoroz - 1 3(1_ 1 )Ea’p—zik%{p’ (B20)
em/ep—1/ a 3

5

and a stricter approximation leads to[133]

k2a?

0 (B2])
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Following a similar procedure for the induced quadrupole leads to[134]
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Applying these correction factors results in a red-shift of the resonance frequencies, and this

effect grows with increasing particle size.

Appendix C. Analysis of Plasmon-Coupled Resonance Energy Transfer

using Scalar Green’s Function

In Section 5.5.2, it was pointed out that higher-order multipoles contribute more for larger
particles and smaller dipole—particle separations in dipole—dipole PC-RET. This can be formally
shown with the scalar/Green’s function for a sphere. It is readily seen from Eq. (B6) that the
multipole contributions have a dependence on the size of the sphere (a) and the dipole—center of

sphere distances (1,7’ > a),

scat ’ a2+t
9im (rr;w) « A (Cl)

For a donor dipole at ' = rj, and an acceptor at r = 14, using Eq. (11) shows that each

multipolar contribution to the scattered electric field has the relation

21+1 1+2 1+2

scat a _1fa a

Bt tr) < =2 (5)  (2) . (@)
D A

a \rp A

Thus, when ri « 1 and Ti « 1, higher-order multipole contributions to the scattered field are
D A

small, and as ri and Ti approach 1, higher-order modes become more important. Therefore, if the
D A

donor or the acceptor dipole is close enough to the sphere surface, it is necessary to consider higher
order multipoles even for small particles in PC-RET and other processes involving the scattered
electric field. A similar argument is possible for any source charge since g(r, r’; ) is independent

of the source.
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