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CONS P EC TU S

S urface-enhanced Raman scattering (SERS) is a technique
that has broad implications for biological and chemical

sensing applications by providing the ability to simultaneously
detect and identify a single molecule. The Raman scattering of
molecules adsorbed on metal nanoparticles can be enhanced
by many orders of magnitude. These enhancements stem from
a twofold mechanism: an electromagnetic mechanism (EM),
which is due to the enhanced local field near the metal surface,
and a chemical mechanism (CM), which is due to the adsorbate
specific interactions between the metal surface and the mole-
cules. The local field near the metal surface can be significantly
enhanced due to the plasmon excitation, and therefore chemists generally accept that the EMprovides themajority of the enhancements.

While classical electrodynamics simulations can accurately simulate the local electric field around metal nanoparticles, they
offer few insights into the spectral changes that occur in SERS. First-principles simulations can directly predict the Raman spectrum
but are limited to small metal clusters and therefore are often used for understanding the CM. Thus, there is a need for developing
new methods that bridge the electrodynamics simulations of the metal nanoparticle and the first-principles simulations of the
molecule to facilitate direct simulations of SERS spectra.

In this Account, we discuss our recent work on developing a hybrid atomistic electrodynamics�quantummechanical approach
to simulate SERS. This hybrid method is called the discrete interaction model/quantum mechanics (DIM/QM) method and consists
of an atomistic electrodynamics model of the metal nanoparticle and a time-dependent density functional theory (TDDFT)
description of the molecule. In contrast to most previous work, the DIM/QM method enables us to retain a detailed atomistic
structure of the nanoparticle and provides a natural bridge between the electronic structure methods and the macroscopic
electrodynamics description.

Using the DIM/QM method, we have examined in detail the importance of the local environment on molecular excitation
energies, enhanced molecular absorption, and SERS. Our results show that the molecular properties are strongly dependent not
only on the distance of the molecule from the metal nanoparticle but also on its orientation relative to the nanoparticle and the
specific local environment. Using DIM/QM to simulate SERS, we show that there is a significant dependence on the adsorption site.
Furthermore, we present a detailed comparison between enhancements obtained from DIM/QM simulations and those from
classical electrodynamics simulations of the local field. While we find qualitative agreement, there are significant differences due to
the neglect of specific molecule�metal interactions in the classical electrodynamics simulations. Our results highlight the
importance of explicitly considering the specific local environment in simulations of molecule�plasmon coupling.

1. Introduction
Metal nanoparticles exhibit unique optical properties due to

their ability to support surface plasmons. The coupling

between molecules and plasmons leads to a wide range

of optical phenomena such as surface-enhanced linear and

nonlinear vibrational spectroscopy,1,2 surface-enhanced

fluorescence,3,4 and plasmon�exciton hybridization.5 This

has led to many applications of plasmons in optics, in
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catalysis, and as sensors for chemical and biological detec-

tion.6 Thus, it is of fundamental importance to establish at a

molecular level an understanding of the coupling between

molecules and plasmons.

Surface-enhanced vibrational spectroscopies, such as

surface-enhanced Raman scattering (SERS),7�10 rely directly

on the coupling between the molecule and the plasmon

excitation. In SERS, the Raman scattering of adsorbed mole-

cules can be enhanced bymore than�108 such that a single

molecule can be detected and identified due to the unique

Raman fingerprint.11�15 The SERS enhancement arises pre-

dominantly from the strong local field due to the plasmon

excitation, the so-called electromagnetic mechanism (EM),

and it be can shown that theRaman scattering scales as∼|E|4

where |E| is the local field at the position of the molecule.16�18

In addition to the EM, there is also an enhancement due to

the short-range interactions between the metal and the

molecule called the chemical mechanism (CM). The overlap

between the wave functions of the molecule and the metal

results in a renormalization of the molecular orbitals as well

as the introduction of new mixed charge-transfer states;

both of these effects will contribute to CM enhancement

of the Raman signal.8,19�21 While all of these mechanisms

contribute to the observed enhancements, it is possible in

some situations to separate the CM and EM mechanisms.22

The different enhancement mechanisms can then be mod-

eled separately and compared with experiments. Although

we have a fairly well developed understanding of the en-

hancementmechanisms,we only have a rudimentary under-

standing of spectral changes that occur in SERS due to the

complicated nature of the metal�molecule interface.18,20 It

remains a formidable challenge to simulate realistic SERS

spectra from first-principles due to the complexity of correctly

treating the interactions of an electronically localized molec-

ular system with the electronically delocalized structure of a

metal particle that is many nanometers in dimension.

Typically, the EM contribution to SERS is considered

by simulating the local electric field due to the plasmon

excitation using classical electrodynamics.23 Several effi-

cient approaches are available to simulate the optical prop-

erties of metal nanoparticles and have been shown to

correlate with experimental results. However, recent work

has highlighted the importance of quantum effects in junc-

tions between metal nanoparticles with small gaps due to

electron tunneling effects.5 This work has shown that there

is a quantum mechanical limit on the EM enhancements in

SERS.24 Furthermore, any microscopic detail of the coupling

is neglected since the nanoparticle and the molecular layer

are represented as continuous objects characterized by their

frequency-dependent dielectric functions. Despite their suc-

cess for modeling the optical properties of nanoparticles,

this lack ofmicroscopic detail prevents a realistic description

of the molecule�metal interface and thus cannot provide

a complete description of SERS. First-principles simulations

offer a unique tool that can provide the detailed under-

standing of the complicated interface by directly simulating

the SERS spectrum that can be compared with experi-

ments.18�20,25 However, due to large computational re-

quirements, first-principles methods are limited to small

systems and thus are typically used to provide information

about the CM in SERS.18�22,25 Therefore, it is necessary

to develop new methods that bridge the quantum mechan-

ical description of the molecule and the classical electro-

dynamics description of the metal nanoparticle to provide a

comprehensive understanding of SERS.

In recent years, several different hybrid methods that

combine a quantummechanical description of themolecule

and a classical description of the metal nanoparticle have

emerged.26�37 While these methods offer an improved

quantum mechanical description of the molecule, the de-

scription of the metal nanoparticle is often based on a

continuum treatment and thus neglects the relevant specific

interactions. To overcome these limitations, our group has

been developing an atomistic electrodynamics model38,39

and combined it with time-dependent density functional

theory (TDDFT).40�42 This method, which we denote the

discrete interaction model/quantum mechanics (DIM/QM)

method, represents the nanoparticle atomistically, enabling

the modeling of the influence of the local environment of

a nanoparticle surface on the optical properties of a mole-

cule. The DIM/QM method can be seen as an extension

of traditional polarizable QM/MMmethods used for describ-

ing optical properties of molecules in solution. In contrast

to most previous work, the DIM/QM method enables us

to retain the detailed atomistic structure of the nano-

particle and provides a natural bridge between the electro-

nic structuremethods and themacroscopic electrodynamics

description.

In this Account, we will highlight our recent work on

understanding the coupling between molecules and plas-

mons using the DIM/QM method. We will illustrate the

importance of the local environment on molecular excita-

tion energies, enhanced molecular absorption, and SERS.

As a direct test of the well-known |E|4 approximation for

describing SERS enhancements, we will present a detailed

comparison between enhancements obtained using the
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DIM/QM method and those obtained using the EM approx-

imation. Our results highlight the importance of explicitly

considering the specific local environment in simulations

of molecule�plasmon coupling and the need for directly

simulating the SERS spectra.

2. An Atomistic Electrodynamics�Quantum
Mechanical Approach
In the DIM/QM method, the nanoparticle is considered as

a collection of N interacting atoms that describe the total

optical response. For large metal nanoparticles, each atom

is characterized by an atomic polarizability obtained from

the experimental dielectric constant. For smaller metal nano-

particles, we describe each atom by an atomic polarizability

and an atomic capacitance that is obtained by fitting against

TDDFT results for small silver clusters (N<68).38,39 This allows

us to include size-dependent effects and thus correctly de-

scribe the saturation of the polarizability of the nanoparticle

as the size increases.

In the DIM/QM model, the total energy is given by40�42

UTOT[F] ¼ Ts[F]þ1
2

Z Z
F(r)F(r 0)
jr � r 0j dr dr

0 þUxc[F]

þ
Z

F(r )Vnuc(r) dr þUDIM=QM[F] (1)

with the individual terms being the kinetic energy of a

fictitious noninteracting system, the Coulomb energy, the

XC-energy (exchange correlation), the electron�nuclear

interaction energy, and the interaction energy describing

the molecule�metal interactions, respectively. The inter-

action energy is given by

UDIM=QM[F] ¼ UPOL[F]þUVDW (2)

where UPOL[F] is the polarization energy (the energy re-

quired to induce the dipoles and charges in the DIM

system) and UVDW accounts for the dispersion and repul-

sion energy between the DIM and the QM system.UVDW is

treated purely classically and thus does not depend on the

ground state density. The polarization energy for a neutral

nanoparticle is given by

UPOL[F] ¼ 1
2 ∑

N

m
qindm [F]VSCF

m [F] � 1
2 ∑

N

m
μindm,R[F]E

SCF
m,R[F] (3)

where μm
ind and qm

ind are the dipoles and charges induced in

the DIM system by the QM system, and Em,R
SCF and Vm

SCF are

the electric field and potential arising from the QM system.

Variational minimization of the total energy given by eq 1

leads to the following effective Kohn�Sham operator,

hKS[F(rj)], given by

hKS[F(rj)] ¼ �1
2
r2 � ∑

j

Zj
jrj �Rjj þ

Z
F(rj)

jrj � rij dri þ
δEXC

δF(rj)
þ V̂dim(rj)

(4)

with the individual terms being the kinetic energy, the

nuclear potential, the Coulomb potential, the XC-potential,

and the embedding DIM operator (V̂DIM(rj)) describing the

molecule�metal interactions, respectively. The embed-

ding operator is given by

V̂
DIM

(rj) ¼ ∑
m

qindm

jrjmj � ∑
m

μindm,Rrjm,R

jrjmj3 3 (5)

The perturbation to the density due to the V̂DIM(rj) operator

can be thought of as the image field, that is, the field arising

from the dipoles and charges that are induced in the

nanoparticle (DIMsystem) by the presence of themolecule

(QM system). The interactions are damped at short dis-

tances to avoid over polarization.
The induced dipoles and charges needed to calculate the

polarization energy are found by solving a set of 4N þ 1

linear equations expressed in supermatrix notation as

A �M 0
�MT �C 1
0 1 0

0
@

1
A μind

qind

λ

0
@

1
A ¼

ESCF

VSCF

qDIM

0
@

1
A (6)

where the matrix A describes the dipole�dipole interac-

tions, the matrix M describes interactions between di-

poles and charges, and the matrix C describes charge�
charge interactions. Solving these linear equations

is identical to variational minimization of the classical

energy for a collection of interacting atoms described

by their atomic polarizability and capacitance, under the

constraint that the total charge of the system is fixed

using the Lagrangian multiplier, λ.38

To obtain molecular response properties, we will use

linear response theory to obtain the first-order change in

the density due to a time-dependent perturbation. We will

use the typical convention and identify indices a and b with

virtual orbitals, i and jwith occupied orbitals, and s and twith

general orbitals. The first-order change in the density is

F0(r,ω) ¼ ∑
i, a

P0
ia(ω)φi(r)φ

�
a(r)þ P

0
ai(ω)φa(r)φ

�
i (r) (7)
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in terms of the first-order density matrix (Pst
0
(ω))

P
0
st(ω) ¼

Δnst
ω �ωst þ iΓ

V
0eff
st (ω) (8)

where Δnst is the difference in occupation number and

Γ is a phenomenological energy broadening term that is

due to damping of the excited state; that is, it is related to

the effective lifetime of the QM excited state. The change

in effective potential Vst
0eff(ω) is given by

V
0eff
st (ω) ¼ V

0pert
st (r,ω)þV

0Coul
st (r,ω)þV

0XC
st (r,ω)

þV
0DIM
st (r,ω) (9)

and is composed of the Coulomb, XC, andDIMpotentials,

respectively, and Vst
0pert is the external perturbation given

by

V̂
pert

(r,ω) ¼ V̂
ext

(rj,ω)þ V̂
loc
(rj,ω) (10)

where V̂ext(rj,ω) represents the applied external potential,

and the local field operator (V̂ loc(rj, ω)) is given as

V̂
loc
(rj,ω) ¼ ∑

m
qextm (ω)T (0)

jm þ ∑
m
μextm,R(ω)T

(1)
jm,R (11)

The qm
ext(ω) and μm,R

ext (ω) are the charges and dipoles

induced in the DIM system due to the external perturba-

tion and are found by solving a set of linear equations

similar to what is done for the DIM operator.41

The dipole matrix of the QM system, Hst
R(ω), is calculated

as

HR
st(ω) ¼ Æsjμ̂R þ V̂ loc

R (ω)jtæ (12)

where μ̂R is the QM dipole operator in the R direction

and V̂R
loc(ω) is the complex local field operator in the

R direction. From the solution of the linear response equa-

tions, we get access to excitation energies,40 frequency-

dependent polarizabilities,41 and recently the frequency-

dependent first-hyperpolarizability using the (2nþ 1) rule.43

TwodifferentDIM/QMmodels are implemented for treat-

ing themetal nanoparticle. In the capacitance�polarizability

interactionmodel (CPIM), each atom is described by an atomic

polarizability and an atomic capacitance and is well suited

for small silver nanoparticle systems (<10000 atoms).38,39

Currently, the CPIM model has only been parametrized for

small spherical silver nanoparticles but could be extended

to other metals. To study large systems, we will use the

polarizability interaction model (PIM) model where only

an atomic polarizability derived from the experimental bulk

dielectric constant is used; this is similar to what is done

in the discrete-dipole approximation.44 Since the nano-

particle is treated atomistically, any shape can be modeled,

but so far applications of DIM/QM have only considered

quasi-spherical nanoparticles. In PIM, the atomic polarizabil-

ities are derived from the bulk dielectric constant, which

is appropriate for nanoparticles with dimensions above

5 nm. For smaller nanoparticles, size corrections due to

enhanced electron-surface scattering should be employed

as is typical.45 The computational bottleneck in the DIM/QM

method is the solution of the linear equations given in eq 6,

which is of the order 3N for PIM (4Nþ 1 for CPIM) where N is

the number of atoms. To solve these linear equations effi-

ciently, we implemented an iterative solver and combined it

with a fast matrix�vector multiplication using a multilevel

cell�multipole method.46 Using this approach, we are able

to model nanoparticles of large size (∼1000000 atoms

or ∼40 nm diameter). Retardation effects are currently

not included in the DIM/QM model, which limits the size

of the nanoparticles that can be studied to roughly 1/10th of

the wavelength of the incident light. Finally, solvent effects

are also neglected in the current implementation; how-

ever, such effects could be included by embedding the

total system in a continuum dielectric matrix or by explicitly

including solvent molecules in a QM/MM model. These

effects will be important for direct comparison with experi-

ments since the effects of the surrounding matrix is known

to affect the plasmon position and field enhancements.28,47

3. Molecule�Metal Interactions within the
DIM/QM Method
In the DIM/QM method, the interactions between the mo-

lecule and the metal surface are described in terms of two

distinct mechanisms. The first mechanism involves the

interactions between the molecular charge distribution

and the metal surface, which is accounted for self-consis-

tently through the V̂DIM(ω) operator. The interaction can be

thought of as an image field effect or a solvation effect due

to the interactions between the molecule and the metal

polarizability. The interactionswith themetal surface lead to

a polarization of both the ground state density and the

induced density of the molecule, which affects both ground

state properties and excited state properties. The second

mechanism involves the polarization induced into themetal

nanoparticle due to the interactions with the external field.

This is accounted for through the V̂ loc(ω) operator, which

describes the enhanced near field due to the plasmon

excitation of the metal nanoparticle. One can show that
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the effective molecular properties calculated using DIM/QM

contains both the response induced in the molecule due

to the metal nanoparticle and the response of the metal

nanoparticle induced by the molecule. In the following, we

will briefly illustrate the importance of both mechanisms in

describing the response properties of molecules interacting

with a metal nanoparticle.

3.1. Importance of Image Field Effects. Both SERS on

resonance with amolecular excitation (SERRS) and exciton�
plasmon hybridization depend strongly on spectral overlap

between the plasmon excitation and the molecular reso-

nance. For such systems, it is crucial to understand how the

metal nanoparticle influences the molecular excitations.

Wehave shown that the excitation energy depends strongly

on the local environment of themetal nanoparticle.40 This is

illustrated in Figure 1 where we plot the orientation depen-

dence for the two lowest excitation energies of crystal violet

(CV) relative to a Au1330 tetrahedral nanoparticle. Only the

image field effects were included in these simulations. The

image field interactions were shown to break the degener-

acy of the lowest excitation found at 542 nm in the gas

phase, red-shifting the S1 transition to be at 585 nm and

blue-shifting the S2 state to be at 534 nm. We find that the

image field effects are comparable to those due to solvation

and are in good agreement with the experimental absorp-

tion spectra in solution where the two states are found

at 587 and 539 nm, respectively.48 We also find that

the excitation energies depend strongly on the orientation

of the molecule near the metal surface. Orientations where

the transition dipole moment is aligned with the edge of the

nanoparticle lead to shifts of up to 15 nm. One rationale for

this is that in this orientation the transition dipole couples

strongly to its image due to a larger electric field near the

edge. Such variation in the excitation energies due to the

local environment is important for understanding single-

molecule experiments based on SERRS. While the variation

in excitation energies will average out in ensemble mea-

surements, single-molecule experiments will be sensitive to

the fluctuations of the excitation energies. Single-molecule

SERS occurs predominantly from electromagnetic hotspots

in the junction between nanoparticles that typically are only

a few nanometers in dimensions. Detuning from resonance

by 10�20 nm could lead to variations in the SERRS inten-

sities resulting in intensity fluctuations due to movement of

the molecules in the hotspot. Our results indicate that the

specific orientation of the molecule within the hotspot will

also influence the total Raman cross section.

3.2. Importance of Local Field Effects. The above results

illustrate the influence of the local environment of a metal

nanoparticle on the excitation energies of a molecule;

however, the simulations did not include the local field

effects. To include the local field effects, we simulated

the molecular absorption of a substituted naphthoquinone

interacting with a Ag2057 nanoparticle.41 The system was

chosen so that the molecule absorption band overlapped

with the plasmon excitation. In Figure 2, we plot the molec-

ular absorption for two different orientations of the mole-

cule relative to the metal nanoparticle as a function of

distance from the surface. The main difference between

the two orientations is the direction of the transition dipole

moment of S1 as indicated in Figure 2. For the FLAT orienta-

tion, this leads to destructive interference with the induced

polarization in the metal nanoparticle and thus a reduc-

tion in the molecular absorption. In the SIDE orientation,

FIGURE1. (a)Orientationof CVon theedgeof aAu1330 tetrahedral nanoparticle. Transitiondipolemoment for S1andS2are representedbyblueand
red arrow, respectively. (b) Polar plot of shift in excitation energy for S1 (diamonds) and S2 (triangles) of CV as a functions of angle θ. Adapted
with permission from ref 40.
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S1 points toward the metal nanoparticle, and this leads to

constructive interference with the metal nanoparticle's in-

duced polarization and a significant increase in themolecular

absorption. This can be thought of as an interference effect

between the molecular transition dipole moment and the

plasmon excitation similar to that observed in surface-en-

hanced fluorescence.29,49 Alternatively, this can be under-

stood by considering the molecule and nanoparticle as two

interacting point polarizable objects.41 The imaginary polariz-

ability of the total interacting system can be approximated as

RI
^ ¼ RI

M þRI
NP � 2(RR

MR
I
NP þRI

MR
R
NP)

r3
(13)

RI

) ¼ RI
M þRI

NP þ
4(RR

MR
I
NP þRI

MR
R
NP)

r3
(14)

where RM is the polarizability of the molecule, RNP

the polarizability of the metal nanoparticle, and r is

center-to-center distance. Superscript R and I refers to

the real and imaginary part of the polarizability, respec-

tively. For the FLAT orientation, the largest component

of the polarizability is perpendicular to the separation axis,

whereas the opposite is true for the SIDE orientation. This

shows that the interactions between the real polarizability

component of one systemwith the imaginary polarizability

component of the other system governs the coupling

between the two systems in agreement with experimental

observations.50,51 This leads to a large increase in the

molecular absorption when the transition dipole moment

of an excitation is oriented toward the metal nanoparticle.

For the case with the transition dipole moment oriented

perpendicular to the metal nanoparticle the molecular

absorption is reduced. Thus, the molecular absorption can

be engineered by controlling both the distance and the

FIGURE 2. The NQ�Ag2057 system (a) in the FLAT orientation and (b) in the SIDE orientation. Frequency-dependent imaginary polarizability (I(ω)) as a
function of distance and frequency for the NQ�Ag2057 system for the (c) FLAT orientation and (d) SIDE orientation. Adaptedwith permission from ref 41.
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orientation of the molecule relative to the metal nanopar-

ticle. This is of great importance for plasmon hybridization,

plasmon enhanced photochemistry, and SERRS, which

rely on overlap between the molecular resonance and the

plasmon excitation.

4. Describing SERS Using DIM/QM
Since the DIM/QM method retains an atomistic description

of the metal nanoparticle, it is uniquely suited for under-

standing the influence of the local environment on the SERS

spectra. An important feature of the DIM/QM model is that

the changes in the molecular geometry due to adsorption

onto themetal nanoparticle are described by optimizing the

molecular geometry.42 Below, we will present simulations

of the SERS spectrum of pyridine using DIM/QM. Pyridine is

a standard model system for understanding SERS. We will

focus on the importance of the local environment, distance

from the surface, and the size of the metal nanoparticle.

We will also present a comparison between enhancement

factors obtainedusingDIM/QMand contrast that against the

traditional |E|4 approximation.

4.1. Adsorption Site Dependence. To understand the

influence of the local environment on SERS, we initially

simulated the spectrumof pyridine at three different adsorp-

tion sites on a small silver metal nanoparticle. In Figure 3,

we plot the Raman spectra of pyridine as a function of the

nanoparticle's size for the three different adsorption sites.

The icosahedral nanoparticles studied in this work are

characterized by a strong and very broad (i.e., the full width

at half-maximum is ∼1 eV) absorption band around 3.7 eV

due to the plasmon excitation. The broad plasmon excita-

tion is a result of increased surface scattering due to the small

size of the nanoparticle.39 The enhancement factors based

on the local fields are between a factor of 10 and 100, in

good agreement with the observed enhancements of the

Raman spectra presented in Figure 3. The largest field

enhancements are found around ω = 3.0 eV, which do not

correlate with the maximum of the plasmon excitation. This

is typical of broad plasmon peaks and has, for example,

been found experimentally for SERS of Pt nanoparticles.52

The Raman spectra obtained from the three different ad-

sorption sites show a distinct dependence on the size of

the metal nanoparticle. For the vertex site, we find an

increase in the Raman scattering with increasing size of

the nanoparticle. This is expected due to the increased local

electric fields at a sharp point like the vertex. We find the

FIGURE3. Upper figures represent thedifferent pyridineadsorption sites of an icosahedralAg2057 nanoparticle, (a) vertex, (b) face, and (c) edge. Lower
figures display the Raman differential cross section of pyridine at three adsorption sites, (a) vertex, (b) face, and (c) edge, as function of the
icosahedral nanoparticle's size. Adapted with permission from ref 42.
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opposite behavior for the face site, which shows the largest

enhancements for the smallest nanoparticles. One explana-

tion for this is that for small nanoparticles, the molecules sit

in the vicinity of three vertices that all have strong electric

fields. As the nanoparticle size increases, the vertices move

away from the molecule and the local geometry resembles

that of a flat metal surface, which does not support strong

local fields. This illustrates that the Raman scattering from

a metal nanoparticle likely comes only from a small set

of adsorption sites with high local electric fields associated

with them. All the results indicate a strong dependence on

the nanoparticle's local environment for the Raman spectra

and highlight the importance of an atomistic description of

the system.

4.2. Distance Dependence. In Figure 4, we plot the SERS

spectra of pyridine adsorbed on the vertex of Ag10179 and

Au10179 icosahedral nanoparticles. We also plot the Raman

spectra as a function of the distance from the surface. The

incident frequencies for computations of the Raman cross

sections were set to match the plasmon excitation for

the silver and gold icosahedral nanoparticles of 3.60 eV

(344nm) and2.46 eV (504nm), respectively.We see that the

enhancements are significantly larger for silver than for gold

due to the more free electron nature of silver. The SERS

spectrum for distances 6 Å away from the surface is domi-

nated by the two ring breathing modes around 1000 cm�1.

As the distance is reduced, several additional modes get

enhanced, especially themode at 1212 cm�1 for pyridine on

the silver nanoparticle. The mode at 1212 cm�1 is often

associated with the CM since experiments have shown that

it depends strongly on the electrode potential in SERS

measurements on roughened Ag electrodes.53 Interestingly,

we still see that this mode is strong in the SERS spectrum

even though the DIM/QM method does not account for

FIGURE 4. SERS spectra of pyridine adsorbed on the vertex of a Ag10179 or Au10179 icosahedral nanoparticle. (a) SERS spectrumonAg nanoparticle at
the equilibrium geometry, (b) SERS spectrum on Ag nanoparticle as a function of distance between the center of mass of pyridine andmetal surface,
(c) SERS spectrum on Au nanoparticle at the equilibrium geometry, and (d) SERS spectrum on Au nanoparticle as a function of distance between
the center of mass of pyridine and metal surface.
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CM in its present form. DIM/QM does include the geometric

changes in the molecule when adsorbed onto the metal

surface,which does lead to a change in theRaman spectrum.

For distances below 4 Å, we see that the vibrational frequen-

cies change significantly due to a distortion of the pyridine

ring when adsorbed onto the metal surface.

To quantify the distance dependence of the SERS en-

hancement, we calculated the average enhancement

factors19 as EFint = ∑k(Iadsorbed
k (ω)/Ifree

k (ω)), where Iadsorbed
k (ω)

and Ifree
k (ω) are the intensities of the kth normal mode of

pyridine adsorbed to themetal nanoparticle and for the free

molecule, respectively. In Figure 5, we plot the average

enhancement factors as a function of distance from the

surface.Wealso include the enhancement factors calculated

using the |E|4 approximation for comparison. Here, the

electric field enhancements were evaluated at the center

of mass of the pyridine molecule. We see that there is good

agreement between the two enhancement factors once the

distance is longer than 6 Å. For short distances, there is a

significant difference between the enhancements based on

the local field and those actually calculated. The |E|4 approx-

imation significantly overestimates the enhancements for

silver, whereas for gold it underestimates them. This is most

likely because in DIM/QM the molecule is interacting with

the complete inhomogeneous electric field, which varies

over the dimensions of the molecule. As the distance

is increased, the molecule sits at the tail of the field, which

is more homogeneous, and thus the field calculated at the

center ofmass is a good representation of the actual field felt

by the molecule. This clearly demonstrates the importance

of accounting for the field variation over the dimension

of the molecule when simulating the SERS spectrum. We

also see that around the equilibrium distance, the DIM/QM

enhancement actually decreases. This is especially clear

for pyridine on the gold nanoparticle. The reason for this

decrease is that the field at the surface of the metal nano-

particle is reduced once the charge distribution of the

molecule overlaps with the charge distribution of the metal

atoms. This is a quantum mechanical effect that is approxi-

mated inDIM/QMby screening the interactions between the

molecule and the metal nanoparticle at short distances.

4.3. Size Dependence. To understand the size depen-

denceof the SERS enhancement, we calculated the enhance-

ments for the two ring breathing modes at 996 and

1026 cm�1 for pyridine on the vertex of a silver nanoparti-

cle. Nanoparticles with a radius from 4 to 20 nm were

considered. The largest nanoparticles contained about

1 million atoms illustrating that DIM/QM can calculate the

SERS spectra of molecules interacting with realistic sized

metal nanoparticles. The enhancements for the two modes

are plotted in Figure 6 as a function of size of the metal

nanoparticle. The enhancements calculated using the local

field at the center of mass of pyridine is included for

comparison. We see that the enhancements increase from

about 103 at a radius of 4 nm to about 106 at a radius of

20 nm for both modes. The agreement with the enhance-

ments calculated using the |E|4 approximation is excellent

once a mode dependent scale factor has been included.

For the mode at 996 cm�1, a scale factor of 0.15 was used

whereas only a scale factor of 0.55was needed for themode

at 1026 cm�1. Thus, the enhancements approximated by

the local fields are found to significantly overestimate the

calculated enhancements, even though the local field was

evaluated at the center of mass of the pyridine and not the

nitrogen atom binding to the metal surface. This again

illustrates that the enhancement mechanism in DIM/QM is

FIGURE5. Averageenhancement factors of pyridineonaAg10179 (a) orAu10179 (b) icosahedral nanoparticle as a functionof thedistancebetween the
center of mass of pyridine and metal surface. Vertical lines indicate the equilibrium bonding distance. Dots indicate DIM/QM results and dashed
line indicates |E|4 enhancements calculated at the center of mass of the pyridine molecule.



Vol. 47, No. 1 ’ 2014 ’ 88–99 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 97

DIM/QM Approach for Simulating SERS Payton et al.

electromagnetic in nature and that the field felt by the

molecule is inhomogeneous and thus different for each

vibrational mode. Our results seem to indicate that the |E|4

enhancement mechanism is accurate to within an order

of magnitude, highlighting its approximate nature. This is

important since disagreements within an order of magni-

tude between experimentally measured enhancements

and those obtained from simulations is often attributed to

the CM. Here we show that the difference need not be due

to the CM but could be due to the approximation of using

|E|4 enhancement estimates.

5. Conclusion
In this Account, we have discussed our recent work using

the DIM/QM method for simulating the optical properties,

especially SERS, of molecules interacting with plasmonic

metal nanoparticles. DIM/QM is a hybrid method that con-

sists of an atomistic electrodynamics model of the metal

nanoparticle and a TDDFT description of the molecule. In

contrast to most previous work, this enables us to retain the

detailed atomistic structure of the nanoparticle and provides

a natural bridge between the electronic structure methods

and themacroscopic electrodynamics description. Using the

DIM/QM method, we have examined in detail the impor-

tance of the local environment on molecular excitation

energies, enhanced molecular absorption, and SERS. Appli-

cations of DIM/QM to understanding plasmonic effects on

molecular excitation energies, absorption, and SERS have

been discussed. We have shown that the local environment

of themetal nanoparticle, the distance from the surface, and

the relative orientation plays an important role in determin-

ing the molecular response properties. To test the standard

practice of computing SERS enhancements as |E|4, we

presented a direct comparisonwith enhancements obtained

usingDIM/QM. Close to themetal surface,we find significant

difference between the predicted enhancements and those

obtained using DIM/QM; however, as the distance is in-

creased the enhancements agree perfectly. The reason

for this is that in DIM/QM, the molecule is perturbed by the

complete inhomogeneous electric field, which varies over

the dimensions of the molecule. This was also reflected by

DIM/QM showing mode dependent enhancements in con-

trast to the simple |E|4 approximation. Our results high-

light the importance of explicitly considering the specific

local environment and directly simulating the SERS spectra

to understand themolecule�plasmon coupling. Future chal-

lenges will be to treat a small portion of the metal nanopar-

ticle quantummechanically so that charge transfer between

molecule and metal can be described. Also, the DIM/QM

method should be extended to include solvent effects.

6. Computational Methods
All computations were performed with a local developmen-

tal version of the Amsterdam Density Functional (ADF) soft-

ware package with the DIM/QM method implemented. All

geometries, vibrational frequencies, numerical polarizability

derivatives, Raman cross section, and Raman enhancement

factors were computed with the BP86 functional and a triple

ζ polarized basis set (TZP). Pyridine was adsorbed via

the lone pair of nitrogen to a vertex site of the nanoparticle.

The structures were fully optimized except for the distance

dependence study where a single constraint was added to

the metal�nitrogen bond length. The nanoparticles were

constructed as icosahedrons with the metal�metal bond

length set to experimental distances of 2.889Å for silver and

2.884Å for gold. The PIMparameters for silver and gold radii

FIGURE6. Theenhancement factors for the two ringbreathingmodesof pyridineonan icosahedral nanoparticle as a functionof the sizeof themetal
nanoparticle: (a) the 1026 cm�1 mode and (b) the 996 cm�1 mode. Also, included is the scaled enhancements predicted using the local fields
calculated at the center of mass of the pyridine.
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were set to the experimental radii of 1.4445 and 1.442 Å,

respectively, while the required frequency dependent param-

eters were computed from the experimental Johnson

and Christy dielectric functions.54 The frequency dependent

polarizability lifetime (Γ) was set to 0.10 eV.

The purely classical part of the DIM/QM force field was

computed as previously reported42 with the addition of the

gold coordination dependent parameters as CNmax = 12.0,

|rmin| = 3.0 Å, |rmax| = 5.0 Å, ε0 = 3.765 kcal/mol, ε1 =

1.506 kcal/mol, r0 = 1.659 Å, and r1 = 1.864 Å. The gold

coordination dependent parameters were optimized in a

similar manner to the silver set previously reported.42 For

the distance dependence study, we found the cutoff for the

nitrogen chemisorption correction introduced a noncontinu-

ous potential energy surface (PES). To have a smooth PES for

the distance dependence study, the cutoff was removed from

the nitrogen chemisorption correction. To account for this, the

nitrogen parameter was adjusted to ε1 = 6.275 kcal/mol.

For the size dependence study, we found that the geo-

metric structure and vibrational modes of the adsorbed

pyridine had negligible changes as the size of the nanopar-

ticle increases.We chose to use the vibrational displacement

vectors of an adsorbed pyridine on the 10179 atom (RNP =

4.0 nm) nanoparticle for the computation of the numerical

polarizability derivatives for all larger nanoparticles.
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