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ABSTRACT: The optical properties of molecules close to plasmonic
nanostructures greatly differ from their isolated molecule counter-
parts. To theoretically investigate such systems from a quantum-
chemistry perspective, one has to take into account that the
plasmonic nanostructure (e.g, a metal nanoparticle—NP) is often
too large to be treated atomistically. Therefore, a multiscale
description, where the molecule is treated by an ab initio approach
and the metal NP by a lower level description, is needed. Here we
present an extension of one such multiscale model [Corni, S;
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Tomasi, J. J. Chem. Phys. 2001, 114, 3739], originally inspired by the

polarizable continuum model, to a real-time description of the electronic dynamics of the molecule and of the NP. In particular,
we adopt a time-dependent configuration interaction (TD CI) approach for the molecule, the metal NP is described as a
continuous dielectric of complex shape characterized by a Drude—Lorentz dielectric function, and the molecule—NP
electromagnetic coupling is treated by an equation-of-motion (EOM) extension of the quasi-static boundary element method
(BEM). The model includes the effects of both the mutual molecule—NP time-dependent polarization and the modification of
the probing electromagnetic field due to the plasmonic resonances of the NP. Finally, such an approach is applied to the
investigation of the light absorption of a model chromophore, LiCN, in the presence of a metal-NP of complex shape.

1. INTRODUCTION

The response of a molecule to an applied electromagnetic field
is strongly modified by the nearby presence of metal
nanoparticles (NPs) or nanostructures. The resulting effects
define the field of molecular plasmonics' and include many
striking phenomena such as surface enhanced Raman scattering
(SERS), surface enhanced infrared absorption (SEIRA), and
metal enhanced fluorescence. Several theoretical models have
been proposed through the years to understand such
phenomena, some of which exploit a quantum-chemical
description of the molecule.” " For these models, the nearby
nanostructure is typically too large to be routinely treated by
quantum-chemistry (QM) methods as well. Presently, metal
NPs of up to around 1000 atoms, ie., a few nanometers in
diameter, can be described by QM methods,™® but they are
much smaller than many NPs of practical interest. To tackle
this limitation, and taking into account the good quality that a
classical electromagnetic (EM) description gives of the optical
properties of the NP, in the past different groups devised
multiscale methods that keep the quantum-mechanical
description of the molecule but include the NP as a classical
object, either as a continuous dielectric’~'" or as a collection of
polarizable (and chargeable) atoms.'*"°

v ACS Publications  © Xxxx American Chemical Society

Most of these models treat the applied electric field, and the
corresponding molecule + NP response, in the frequency
domain, ie., assuming a monochromatic sinusoidal EM
perturbation acting on the system. While this is, in principle,
a very general approach (any time-dependent EM field can be
Fourier-decomposed in a superposition of sinusoidal mono-
chromatic fields), it is not the only one. A fully real-time
description of optical phenomena involving molecules is also
possible, ie., a numerical approach that solves the time-
dependent Schrodinger equation (or the time-dependent
Kohn—Sham equation for time-dependent density functional
theory, TDDFT, approaches) for the molecule in the presence
of a time-dependent field. Such a real-time description is quite
suitable when one wants to simulate the interaction of
molecules with short light pulses (that span many frequencies)
such as those employed in ultrafast spectroscopies, also in the
presence of plasmonic nanostructures.'™'® It is also a
convenient approach for nonlinear optical property simula-
tions."” Finally, a real-time description also offers an alternative
way to interpret optical phenomena involving molecules, that
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may disclose more clearly the physics taking place in the
system.” On the down side, a real-time description typically
requires large computational efforts if fine features in a spectra
should be solved, and many of the analysis that are
straightforward in the frequency domain (e.g., orbital
excitations contributing to a given transition; inspection of
the transition density) require extra steps.

In this work we shall present an evolution of the polarizable
continuum model (PCM)*'-inspired approach that has been
developed in the past to treat optical properties of molecules
close to a metal NP to the real-time domain. In that model, the
molecule was treated initially with Hartree—Fock/time-depend-
ent Hartree—Fock (HF/TDHF)*' and then by DFT/
TDDFT**** and ZINDO,”* and was coupled to a classical
dielectric description of the metal NP employing an empirical
frequency-dependent dielectric constant corrected for quan-
tum-size effects.” The boundary element method (BEM) was
used to solve the quasi-static electromagnetic problem needed
to write the effective Hamiltonian for the molecule close to the
NP. Many phenomena were treated with this model, such as
SERS,” SEIRA,*® metal-enhanced fluorescence,””****® and
excitation energy transfer (EET) close to a NP.***° Here the
same model will be extended to simulations in real-time. The
optical phenomena that will be considered here are the light
absorption of the molecule—NP system, with the goal to extend
the method to a range of phenomena in the near future.

In the field of quantum-chemical models for molecules close
to NPs, a real-time approach has already been used in the
past.”'”'" The approach that we are proposing here differs
from previous ones in two main aspects. The first is the choice
of the quantum-mechanical method for the molecule. All the
cited works exploit real-time TDDFT (RT-TDDFT). Here, for
the molecule we shall instead solve the time-dependent
Schrodinger equation projected on a finite basis of multi-
electronic states, obtained by configuration interaction (TD CI
approach). The second difference is that previous works used
the finite difference time domain (FDTD) method for the NP
polarization, while here we shall exploit BEM (in the quasi-
static limit).

The choice of a wave function based method (CI) instead of
RT-TDDFT is motivated by the qualitative artifacts that plague
the current versions of RT-TDDFT when the molecular state
departs substantially from the ground state. For example, the
behavior in response to a light pulse that should take most of
the population to a glven excited state is unsound with respect
to the pulse parameter, 39732 and Rabi oscillations are not
properly described.*® The cause of these artifacts is believed to
be the adiabatic approximation, i.e., the assumption that the
exchange-correlation (xc) potential at a given time depends
only on the density at that time rather than on all the previous
instants.”**> Therefore, although RT-TDDFT will likely
become in the future as accurate in the study of electronic
dynamics as DFT and TDDFT are now for ground and excited
state properties, at present, such artifacts make it difficult to
correctly assign the physical origin of features observed in the
electronic dynamics of a molecule close to a metal NP. TD CI
offers the simplest theoretical framework to bypass these
problems and has been already applied to the investigation of
multielectronic dynamics for molecules in the gas phase.***
Here, we shall limit ourselves to the simplest CI method, CI
Singles (CIS). Although CIS is known to have a limited
accuracy in terms of excitation energies,40 it provides
qualitatively correct behaviors also for charge transfer states,

and can be systematically improved (e.g, the CIS(D)
correction has already been used in a TD context).”™*’

The classical electromagnetic description of the NP via BEM
is an alternative approach to FDTD. BEM and FDTD are both
widespread methods to study plasmonic nanosystems.*' Here,
BEM has some computational advantages when coupled to a
molecule described with a localized basis set, that will be
discussed in the theoretical section. BEM is most naturally a
technique applied in the frequency domain, and it needs to be
translated to the time domain to be directly coupled to TD CI.
We have recently investigated the electronic dynamics of
molecules in solution by a novel extension to the time domain
of the PCM implicit solvation approach.*”** To this aim, we
have developed equations of motion (EOMs) for the apparent
charges that describe the evolution of time-dependent solvent
polarization. Such EOMs are able to describe the delayed
solvent response coded in the Debye dielectric constant.
Formally, the electrostatic problem involved in PCM and in a
quasi-static BEM description of a molecule close to a
continuous metal NP is the same.** As such, the EOM method
developed in ref 42 can be extended to NPs as well, as
anticipated in that work. However, the Debye dielectric
constant used there is not appropriate for metal NPs.
Therefore, here we shall develop EOM suitable for the more
complex Drude—Lorentz dielectric function,” and adopt a
numerical approach consistent with such EOMs. The real-time
TD CI coupled with EOM BEM evolution is implemented in
the stand-alone homemade software WaveT that is interfaced
with a local version of the widespread quantum-chemistry code
GAMESS. "%

The article is organized as follows: in section 2, we shall
present the theoretical basis of the current approach, including
the derivation of the EOM for the NP apparent charges that
originates from the Drude—Lorentz dielectric function. Then,
in section 3, we shall apply this theory to study the absorption
spectrum of a molecule close to a complex-shaped metal NP.
Finally, we shall draw the conclusions and discuss the
development perspectives of this modeling approach.

2. THEORY

The basic features of the model we are using for a molecule
close to a NP have already been described elsewhere.””>**
Here we summarize them briefly. The NP is described as a
continuous dielectric with a complex shape and characterized,

in the 5present work, by a Drude—Lorentz dielectric function
e(w):*
A

a)02 - w® — iyw (1)

e(w)=1+

The metal NP is polarized both by the externally applied,
incident time-dependent electric field Emc(r,t) and by the time-
dependent EM field originated by the time-varying electronic
charge density of the molecule. In turn, these two polarizations
create time-dependent electric fields (sometimes dubbed
reflected field Eref(r,t) and image or polarization field Epol(r,t)
respectively) ***’ that act on the molecule. In the quasi-static
limit (ie., in the limit of electric field wavelength much larger
than the NP),SO such electric fields are locally associated with
time-dependent electrostatic potentials (V,.(7,t) and VP01(7,t))
that satisfy proper quasi-static Poisson equations and the
electrostatic boundary conditions at the NP surface.””’
Following standard integral equation theory and the boundary
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elements method (IEF-BEM), each of these electrostatic
potentials (reflected and image) can be written as originated
by a proper set of point charges (q,.¢(t) and qpol(t)) located in
representative points on the NP surface.

The molecule is described by an effective Hamiltonian H(t)
that includes the electromagnetic interaction with the incident
field E;,(7t), the reflected field E,(7t), and the polarization
field EPOI(7,t). The first is included in the usual dipole
approximation; the second and the third interactions are
instead written exploiting the charges q..«(t) and q,q(t):

H=H T E.(ipt) + (q

() + ‘lpol(f))'v ®)
Here, H° is the Hamiltonian of the isolated molecule, 7 is the
dipole operator, Enc(—r’M,t) is evaluated in the molecular center
of charge 7y, and V is a vector operator representing the
electrostatic potential of the solute at the representative points
on the NP surface where the apparent charges q.(t) and
qpol(t) are also located. Notably, qpol(t) depends on the
electrostatic potential originated by the molecule V(') at all the
previous instants t' < t, giving rise to a nonlinear and nonlocal-
in-time evolution problem.*

In the next subsection, we shall focus on the calculations of
Qef(t) and q,q(t) for a NP described by the Drude—Lorentz
dielectric constant.

2.1. Equations of Motion for the Apparent Surface
Charges for a Drude—Lorentz NP. Following previous
works,”** in the frequency domain, Qpol(@) and qe(@) are
calculated from the electrostatic potential produced by the
molecular charge density on the NP discretized surface (V(w))
and the potential associated with the incident field V;,.(7) = —-
E, (o), respectively, as follows:

q,,(@) = Q) V(w)
q (o) = Qo) V, () (3)

where Q(w) is the response matrix in the frequency domain:
() +1 -
€
Q=-5"Y2222" "1+ pA| (241 + DA)
e(w) -1

(4)

A is a diagonal matrix with elements equal to the tessera areas;
S and D are the representative matrices of the Calderon’s
plrojectors:21

S o o
_ (51' - 5,‘)'”,‘ S = 1
Dy=—""3" Aea——
Is; Sjl 5T (s)

3; are the representative points on the nanoparticle surface and
#i; are unit vectors normal to the j-th tessera and pointing
outward. The generalization to the time domain of eq 3 is
straightforward (for the sake of brevity, we focus here on gy,
and V only; the equations are identical for the pair q,.¢ and
Vinc):

qpol(t) = [: Q(t - t/)V(t') dt’ ©

with charges and potentials defined in the time domain and Q(t
— t') being the kernel (or memory) matrix that determines the
nonequilibrium response of the NP in the time domain,
obtained by Fourier-transforming Q(w). Following the route
presented in ref 42, we rewrite the Q(t — t') matrix in terms of
a diagonal representation:

[o9) .
q,,(t) = - / dE'SVATR(t — ¢)T'S™V2v(t)
—00

7)
Kt -t)= [T ) k) = e
it oo 2” i it Zﬂzgzjiti + Au
(8)
Ky(t—1t)=0 i#j (9)

where the matrices T and A are built by the eigenvectors and
the eigenvalues, respectively, of the symmetric matrix 1/
2(S7V’DAS'? + SY2ADTS712) x~ §TV2DAS!? (the identity is
exact for the corresponding integral operators).

Taking into account the specific form of the Drude—Lorentz
dielectric function eq 1, K;(@) in eq 8 can be written as

Ky
Kii(a)) = 2 2 .
Wy — o —iyo + K¢ ;
2z + A)A
Ky = _—
’ 4 (10)

We compute then the Fourier transform

® d Ky i
P T

e—iw(t—t')
o 2T Wy — o’ — iyo + Kf,ii

(11)

to obtain the following form of the diagonal kernel function:

Kii _ievy)
K (t—1t)=—"¢ " sin[@, ,(t — t')]O(t — ')

W j;
(12)
with
2
_ 14 2
i=a—— +t K+ w

() \/ 4 £ 0 (13)

2

T=—
Y (14)

O(t — t') is the Heaviside step function. The equations for the
apparent charges are then obtained by substituting in eq 7 the
expression of the diagonal kernel function K, (t — t') given in eq
12.

It is now possible to write an EOM for the charges qpq(t).
The procedure consists in taking the first and the second
derivatives w.r.t. time of eq 7, and use them to eliminate the
convolution integral from the definition of qpol(t), similarly to
what was done in ref 42. This leads to the EOM:

(1) = =7d, (1) — Q,4,,(t) + QV(t) 1s)

Q, =81k, 1’8" 16
= -1/2 fa—1/2

Q, =-8 "TKT'S -

and analogously for the reflected field charges:
q-ref(t) = _yqref(t) - Qa)qref(t) + Q Vinc(t) (18)

with K being the diagonal matrix defined before in eq 10 and
K, still diagonal and with elements defined by
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_ 4 (27 + A)A 2
K, .= ++—="—""" 4 =K.+ w
W, ii 0,ii 4 4 f ,ii 0
(19)
The form of eqs 15 and 18 is clearly that of (coupled) forced
damped harmonic oscillators (¥ = —yi — wpx + F). The

squared frequencies of the oscillators are those given in eq 19
and depend on two quantities: one is the Lorentz resonance
frequency @, characteristic of the material making up the NP,
the other (Kf,ii) is a purely geometric term that is related to the
shape of the NP and the various excitations it can sustain. We
have already discussed the possible values of A; for a spherical
NP in ref 42. Based on those results, we find that for a spherical
metal NP described by a Drude dielectric constant (i.e., @y = 0
and A = Q in eq 1, where Q, is the plasma frequency), the

squared frequenc1es of the plasmonlc modes (ie, K, ;) are
QZ
Drde = P >0, m=—, . |
' 1+ (+1)/1 (20)

i.e.,, the well-known frequencies of the multipolar plasmons of a
spherical particle.

From a practical point of view, numerically integrating the
EOM eq 15 requires some care.”” Here we exploit the
velocity—Verlet scheme proposed in ref 53, second-order
accurate in the numerical integration step dt.

Extension to the dielectric constant made of sums of Drude—
Lorentz terms is straightforward, as they create a system of
coupled oscillators.

2.2. Coupling to TD Cl. The theory of TD CI in the
presence of a solvent with a delayed response has been recently
developed.”® The equivalent TD CI theory for a molecule
coupled to a metal NP is very similar, and will be only briefly
summarized here.

The state vector |P(t)) of the molecule satisfies the time-
dependent nonlinear Schrodinger equation

0 N
i—IV(t)) = HIW(t
% w(1)) = AT (D) on
Approximated solutions can be obtained by writing I¥(¢)) as a
linear combination with time-dependent coefficients C,(t) of a
reference ground state I®;) and a finite set of excited states |D;)

I¥) = D (1))
I (22)

By using eq 22, the time-dependent Schrodinger equation, eq
21, becomes
dC

i— = HC
dt (23)

where the Hamiltonian matrix H has elements:
A0 55
Hy(t) = (®H —HEp (G ) + (q,,(6) + ‘lpol(t))‘

qu)]> (24)

We choose a reference state given by the Hartee—Fock
determinant |®;) = IHF) for the molecule equilibrated with the
NP described as a perfect (and charge neutral) conductor, and
we use as the excited states |®;) (with I > 0) those obtained
from a configuration interaction expansion limited to single
excitations (CIS). Such CIS excited states |®;) and the
corresponding energies are obtained here by solvmg, in the
subspace of the single excited determinants ly?) = a"ilHF) (a'

ref

and i are electron creation and annihilation operators,
respectively), the time-independent Schrodinger equation for
the molecular solute in the presence of the fixed Hartee—Fock
polarization charges:

[A° + q,,(HF)) V]i®,) = E/l®,) (25)

With this choice, the elements of the Hamiltonian matrix in eq
2 become

Hy(t) = E;5y - ﬁ[]'ﬁinc(7M’ t) + (q,(t) + A‘lpol(t))‘vl]

(26)

where Aqy (1), fiy, and Vy; are defined by
pol(t) pol(t) pol(lHF>) (27)
Hy = <q)I|/7|(D]> (28)
v, = (d)llfflcbj) (29)

qpol(t) in eq 27 and q,.(t) in eq 26 are obtained by the EOM
approach described in the previous section. Numerically, eq 23
is solved by a simple Euler method at the first order,” using the
same dt as for the apparent charge EOMs.

We close this section by remarking that, within the present
BEM approach, the electrostatic potentials Vy; in eq 26 have to
be calculated only for points on the NP surface. In a FDTD
approach, they would be needed on a volume including the NP,
making the calculation rather cumbersome.

2.3. Computational Details. The geometry of the LiCN
molecule used in the calculations is the one of ref 36 (LiC and
CN bond lengths of 1.949 and 1.147 A, respectively). We have
used a Drude dielectric function (i.e.,, @, = 0) with parameters
for silver:” plasma frequency Q,=0332au=9.03eV (A=Q))
and y = 1.515 X 1072 au = 4123 X 1072 V. No 1nterband
transition is included in the dielectric constant; therefore, the
NP absorption spectra are not directly comparable to silver NP
experimental ones. The calculations of the HF and CIS states in
the presence of the NP, their energies (at frozen NP dielectric
response), the expectation values and transition integrals of the
dipole moment, and the electrostatic potential operators are
performed using the 6-31G(d) basis set™ exploiting a locally
modified version of the GAMESS code.**” Only the first 15
excited states are kept in the Hamiltonian. The coupled
propagation of the wave function of the molecule, the
polarization, and reflected field charges is performed using
Wave-T, a homemade code. The time step of the propagation
simulations is df = 4.838 as (0.2 au). For the calculations with
the spherical NP, 240 tesseras were used; in those with the
elongated NP, the number of tesseras was 472 (tests with 676
and 850 tesseras were also done). We could perform 10.9 (7.4)
ps/day of simulation on a Intel Xeon E5-2650 core and 472
(676) tesseras (no parallelization of the code was attempted).

3. RESULTS AND DISCUSSION

3.1. Tests for the Polarization of a Spherical NP. To
test our approach, we present the results of the simulations for
the induced dipole of the NP in two cases where an analytical
result is available, ie. (i) a spherical NP subject to a
monochromatic time-dependent electric field and (ii) a
spherical NP interacting with a static dipole placed at a large
distance.
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(i) The analytical expression for the induced dipole moment
of the NP (Jiy) generated by a monochromatic time-dependent
electric field is the following:>

5 e(w,,.)—1 o

'u;]nl(t) — ( mc) aSEinCEe iwy, t +c e

€(a)inc) +2 (30)
where a is the radius of the NP, E; _is the complex amplitude of
the incident field, € is a unit vector defining its direction, and
€(wy,) is the dielectric function evaluated at the frequency w;,..

2 T T T T

sim

anl - - -~

UN,x (au)

120 121 122 123 124 125
time (fs)

Figure 1. Simulation profiles of the x-component of jiy for a spherical
NP with a radius of 2.5 nm. The labels “sim” and “anl” refer to the
results of the simulation and to the analytical profile, eq 30,
respectively. The frequency of the incident field is @;,. = 0.26 au.

inc

In Figure 1 we compare the profile of Jix(t) obtained from the
EOM BEM simulation

TN OES W IN G
i ' (31)

with the analytical one, eq 30, in the case of a sinusoidal
external field with maximum amplitude of 107> au and a 2.5-
nm-radius NP. 5; are the positions of the tessera representative
points. During the simulation, the incident electric field is
slowly turned on by modulating the sinusoidal form with a
linear function between ¢ = 0 fs and t = 120 fs. The frequency of
the external field is @, = 0.26 au = 7.1 e€V. The simulated
profile and the analytical reference perfectly agree.

(i) When a spherical NP is polarized by a static dipole at
large distance, iy may be evaluated by taking the t — 0 limit in
eq 30 and considering, as an incident field, the electric field
generated by the nonpolarizable dipole moment at the center of
the NP. In a simulation we model such a limiting case by
placing the molecule far away from the NP and by freezing its
charge density as it was in vacuum. The value of Ifiy| computed
for a system’s configuration where the center of the NP is
placed at a distance of 25 nm from the center of charge of the
molecule is 9.4184 X 107 D. The direction of the molecular
dipole is perpendicular to the line joining the center of the
molecule and the NP (the NP is the same used in the previous
test). Taking into account that the magnitude of the dipole
moment of LiCN in vacuum is 9.425 D, the difference between
the calculated and the analytical values is less than 0.1%.

These simple tests back up the numerical accuracy of the
model. In the next section we shall apply it to a physical
problem.

3.2. LiCN Physisorbed on an Elongated NP: Absorp-
tion Spectra. In this section we discuss the results obtained
from EOM BEM TD CIS simulations of a LICN—NP system
where the metal NP is build as the union of two intersecting
spheres, each with radius S nm and having centers displaced 4
nm along the x direction. The LiCN molecule is also placed
along «, with the N atom closest to the NP and at 4 A from its
surface. The surface of the NP is divided in tesseras that are
smaller closer to the molecule (see Figure 2). We compute the

Figure 2. Side (left) and front (right) views of the NP used in section
3.2. The long axis of the NP is directed along x. The NP surface is
divided in 472 tesseras, refined in the region closer to the molecule.

frequency-dependent linear polarizability tensors (ay) from the
Fourier transforms of the induced dipole signals for the
molecule (X = M), the NP (X = N), and the entire system X=
S). The elements of ay may be written as follows”

1 % o
/ A/;Xj(t)e'(mﬂ)t dt
0 y

aX,jk(a)) = m

(32)
here j and k refer to two of the three directions in Cartesian
space, E,.;(w) is the component of the Fourier transform of
the perturbing field along k, ux;(t) = ux;(t) — pix;(0) is the
component of the induced dipole profile along j, and 7, is a
damping constant that allows modeling a finite lifetime for the
excited states (7); = 2000 au = 48.38 fs).>° A narrow Gaussian
pulse at t = 0, mimicking a J-pulse, directed along the x axis is
used to perturb the system within the linear regime. The
perturbing field has a width of 48.38 as and a maximum
intensity of 107 au. The imaginary part of ay, (@) is
proportional to the absorption cross section.’’ In Figure 3 we
compare such imaginary parts for the molecular polarizabilities
in vacuum, and close to the NP. Two simulations have been
performed to address the effect of the NP polarization on the
molecular properties, one with the NP polarization frozen at its
equilibrium value before the action of the perturbation
(Aqpe(t) = qet) = 0; “NP frozen” in Figure 3), and one
with the full propagation of both the NP and molecule
electronic dynamics as detailed in section 2 (“full” in Figure 3).
The effect of the equilibrium polarization of the NP manifests
as a blue-shift on the molecule excitation energies in the gas
phase. This is reasonable, since the dipole moments in the
excited states corresponding to these excitations are lower than
in the ground state, and therefore, they are less stabilized by the
NP presence. In addition to this, accounting for the full time-
dependent NP polarization results in a further, but smaller,
blue-shift of the molecular excitations and a strong enhance-
ment of the peak intensities (see the inset in Figure 3). The
new peaks at a frequency lower than 7 eV are reminiscent of the
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Figure 3. Imaginary part of a,; ., plotted as a function of frequency for
(i) a simulation of the molecule in vacaum (vacuum), (i) a simulation
with the NP polarization frozen at its equilibrium value when no
perturbation is acting on the system (NP frozen), and (iii) a
simulation with the full propagation of the molecule and NP degrees
of freedom (full—see section 2). Inset: a zoom in the 8.1—8.6 eV
region.

NP absorption. They can be negative, as the physical
requirement of a positive absorption (starting from the ground
state) refers to the overall (molecule + NP) system. In Figure 4

80 T T T T T T T

70 1

w H (42l (2]
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Im[0ty ] (10° au)
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Figure 4. Imaginary parts of as,, (S) and ay,. (N) plotted as a
function of frequency for a simulation where the full propagation of a
molecule and NP degrees of freedom is performed (see section 2).

we report the imaginary parts of the NP and system
polarizabilities for the simulation with the full propagation of
the system degrees of freedom. Because of the difference in size
between the NP and the molecule, the responses have different
orders of magnitude and the effect of the molecule on the NP
response is not detectable.

Finally in Figure 5 we compare the profiles of the imaginary
part of ay,, for the nanoparticle in vacuo calculated (i) using
eq 32 and (ii) directly in the frequency domain. A good
agreement is found between the two methods. We close this
section by remarking that the results, in general, will depend on
the accuracy of the nanoparticle tessellation. This is discussed
in the Supporting Information, where it is shown that
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Figure 5. Imaginary part of ay,, as a function of the frequency
calculated using eq 32 (time) and directly in the frequency domain

(freq).

increasing the number of tesseras from 472 to 676 can shift
the nanoparticle peaks by 0.1—0.2 eV and that peak intensities
can also change. In practical applications where specific
experiments are targeted, it is therefore necessary to check
the convergence of the numerical results with the tesselation.

4. CONCLUSIONS AND PERSPECTIVES

In this work, we have presented a real-time methodology to
study the electronic dynamics of a molecule close to a metal
NP, based on a polyelectronic (TD CI) description of the
molecule and a EOM BEM treatment of the molecule—metal
NP electromagnetic coupling (in the quasi-static limit). We
have then applied this approach to study the light absorption by
a Drude metal NP plus molecule system. The present work
represents an initial step to provide a comprehensive modeling
of the real-time dynamics of molecules close to metal NPs, that
will require developments in various directions. For what
regards the molecule, the quality of the wave function approach
used here can be improved by obtaining the necessary
quantities (excitation energies, dipole and electrostatic potential
matrix elements) via methods more accurate than CIS, that can
be coded in richly featured and flexible quantum-chemistry
software such as GAMESS. The coupling with RT-TDDFT,
notwithstanding its current drawbacks related to the adiabatic
approximation, is also important to benefit from the advanta-
geous accuracy vs computational cost balance of such a method.
Moreover, here, the molecular nuclei have been frozen, which is
suitable if only the electronic dynamics is of interest. The study
of several other phenomena, ranging from vibrational spectros-
copy to photochemistry, requires such an assumption to be
relaxed.

On the side of the NP description, there are some extensions
that are relatively straightforward, such as to consider more
complex dielectric functions that involve a sum of Drude—
Lorentz terms. With this kind of ¢(®), one can reproduce quite
faithfully empirical permittivities that also account for interband
transitions (disregarded here), as done in FDTD approaches.
Corrections for the limited mean free-path of the electrons in
the confining NP can be included. Nonlocal aspects of the
metal—NP response (that are included, for example, in proper
nonlocal dielectric functions®’) may also be included at
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different levels in a IEF BEM approach.””>® In perspective, a
supermolecular description of the molecule + NP system may
also be envisaged, where part of the NP is treated quantum-
mechanically together with the molecule.'’

Here we have exploited the quasi-static approximation, that
becomes less and less accurate for increasing NP size.”” BEM
can be extended to a full electromagnetic description as
well,’”" that is still compatible with coupling with a quantum-
chemistry molecule.”’ Finally, we have neglected here the
possible presence of a solvent/dielectric matrix, that can be
included as an additional dielectric (with its own time-
dependent response) hosting the molecule in a cavity, as
done previously in the frequency domain.”

In conclusion, the development presented here represents a
promising starting point to investigate the optical properties of
molecules close to metal NPs, that is amenable to various
developments currently ongoing in our group.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOIL: 10.1021/acs.jpcc.6b11084.

A discussion on the effect of the NP tessellation (PDF)

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: silvio.pipolo@impmc.upmec.fr.
*E-mail: stefano.corni@nano.cnr.it.
ORCID

Stefano Corni: 0000-0001-6707-108X

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to thank Roberto Cammi for very useful
discussions and comments. S.C. acknowledges funding from the
ERC under the grant ERC-CoG-681285 TAME-Plasmons. S.C.
and S.P. acknowledge the Short-Term Mobility program of the
CNR.

B REFERENCES

(1) Van Duyne, R. P. Molecular plasmonics. Science 2004, 306, 985—
6.

(2) Jensen, L.; Aikens, C. M.; Schatz, G. C. Electronic structure
methods for studying surface-enhanced Raman scattering. Chem. Soc.
Rev. 2008, 37, 1061—1073.

(3) Morton, S. M,; Silverstein, D. W.; Jensen, L. Theoretical studies
of plasmonics using electronic structure methods. Chem. Rev. 2011,
111, 3962—94.

(4) Chen, H; Schatz, G. C; Ratner, M. A. Experimental and
theoretical studies of plasmon-molecule interactions. Rep. Prog. Phys.
2012, 75, 096402.

(5) Malola, S.; Lehtovaara, L.; Enkovaara, J.; Hakkinen, H. Birth of
the localized surface plasmon resonance in monolayer-protected gold
nanoclusters. ACS Nano 2013, 7, 10263—10270.

(6) Iida, K; Noda, M; Ishimura, K; Nobusada, K. First-principles
computational visualization of localized surface plasmon resonance in
gold nanoclusters. J. Phys. Chem. A 2014, 118, 11317—11322.

(7) Corni, S; Tomasi, J. Enhanced response properties of a
chromophore physisorbed on a metal particle. J. Chem. Phys. 2001,
114, 3739.

(8) Chen, H.; McMahon, J. M.; Ratner, M. A.; Schatz, G. C. Classical
electrodynamics coupled to quantum mechanics for calculation of

molecular optical properties: a RT-TDDFT/FDTD approach. J. Phys.
Chem. C 2010, 114, 14384—14392.

(9) Mullin, J.; Valley, N.; Blaber, M. G.; Schatz, G. C. J. Phys. Chem. A
2012, 116, 9574.

(10) Gao, Y.; Neuhauser, D. Dynamical embedding: correct quantum
response from coupling TDDFT for a small cluster with classical near-
field electrodynamics for an extended region. J. Chem. Phys. 2013, 138,
181108.

(11) Sakko, A.; Rossi, T. P.; Nieminen, R. M. Dynamical coupling of
plasmons and molecular excitations by hybrid quantum/classical
calculations: time-domain approach. J. Phys.: Condens. Matter 2014, 26,
315013.

(12) Morton, S. M.; Jensen, L. A discrete interaction model/quantum
mechanical method for describing response properties of molecules
adsorbed on metal nanoparticles. J. Chem. Phys. 2010, 133, 74103.

(13) Morton, S. M.; Jensen, L. A discrete interaction model/quantum
mechanical method to describe the interaction of metal nanoparticles
and molecular absorption. J. Chem. Phys. 2011, 135, 134103.

(14) Payton, J. L.; Morton, S. M.; Moore, J. E.; Jensen, L. A discrete
interaction model/quantum mechanical method for simulating surface-
enhanced Raman spectroscopy. J. Chem. Phys. 2012, 136, 214103.

(15) Rinkevicius, Z.; Sandberg, J. A. R;; Li, X.; Linares, M.; Norman,
P; Agren, H. Hybrid complex polarization propagator/molecular
mechanics method for heterogeneous environments. J. Chem. Theory
Comput. 2016, 12, 2661—2667.

(16) Vasa, P.; Ropers, C.; Pomraenke, R.; Lienau, C. Ultra-fast nano-
optics. Laser Photonics Rev. 2009, 3, 483—507.

(17) Brinks, D.; Castro-lopez, M.; Hildner, R; Hulst, N. F. V.
Plasmonic antennas as design elements for coherent ultrafast
nanophotonics. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 18386—18390.

(18) Gruenke, N. L,; Cardinal, M. F.; McAnally, M. O.; Frontiera, R.
R; Schatz, G. C.; Van Duyne, R. P. Ultrafast and nonlinear surface-
enhanced Raman spectroscopy. Chem. Soc. Rev. 2016, 45, 2263—2290.

(19) Castro, A.; Appel, H.; Oliveira, M.; Rozzi, C. A;; Andrade, X;
Lorenzen, F.; Marques, M. A. L.; Gross, E. K. U.; Rubio, A. Octopus: a
tool for the application of time-dependent density functional theory.
Phys. Status Solidi B 2006, 243, 2465—2488.

(20) Falke, S. M.; Rozzi, C. A; Brida, D.; Maiuri, M.; Amato, M,;
Sommer, E.; De Sio, A.; Rubio, A.; Cerullo, G.; Molinari, E.; et al.
Coherent ultrafast charge transfer in an organic photovoltaic blend.
Science 2014, 344, 1001-S.

(21) Tomasi, J; Mennucci, B; Cammi, R. Quantum mechanical
continuum solvation models. Chem. Rev. 2008, 10S, 2999—3093.

(22) Corni, S.; Tomasi, J. Excitation energies of a molecule close to a
metal surface. J. Chem. Phys. 2002, 117, 7266.

(23) Andreussi, O.; Corni, S.; Mennucci, B.; Tomasi, J. Radiative and
nonradiative decay rates of a molecule close to a metal particle of
complex shape. J. Chem. Phys. 2004, 121, 10190—202.

(24) Caricato, M.; Andreussi, O.; Corni, S. Semiempirical (ZINDO-
PCM) approach to predict the radiative and nonradiative decay rates
of a molecule close to metal particles. J. Phys. Chem. B 2006, 110,
16652—9.

(25) Corni, S.; Tomasi, J. Surface enhanced Raman scattering from a
single molecule adsorbed on a metal particle aggregate: A theoretical
study. J. Chem. Phys. 2002, 116, 1156—1164.

(26) Corni, S.; Tomasi, J. In Surface-Enhanced Raman Scattering:
Physics and Applications; Kneipp, K., Moskovits, M., Kneipp, H., Eds.;
Topics in Applied Physics; Springer-Verlag: Berlin, Heidelberg, 2006;
Vol. 103; pp 105—124.

(27) Vukovic, S.; Corni, S.; Mennucci, B. Fluorescence enhancement
of chromophores close to metal nanoparticles. optimal setup revealed
by the polarizable continuum model. J. Phys. Chem. C 2009, 113, 121—
133.

(28) Andreussi, O.; Biancardi, A.; Corni, S.; Mennucci, B. Plasmon-
controlled light-harvesting: design rules for biohybrid devices via
multiscale modeling. Nano Lett. 2013, 13, 4475—4484.

(29) Angioni, A; Corni, S; Mennucci, B. Can we control the
electronic energy transfer in molecular dyads through metal nano-

DOI: 10.1021/acs.jpcc.6b11084
J. Phys. Chem. C XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.6b11084
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b11084/suppl_file/jp6b11084_si_001.pdf
mailto:silvio.pipolo@impmc.upmc.fr
mailto:stefano.corni@nano.cnr.it
http://orcid.org/0000-0001-6707-108X
http://dx.doi.org/10.1021/acs.jpcc.6b11084

The Journal of Physical Chemistry C

particles? A QM/continuum investigation. Phys. Chem. Chem. Phys.
2013, 1§, 3294-303.

(30) Raghunathan, S.; Nest, M. Critical examination of explicitly
time-dependent density functional theory for coherent control of
dipole switching. J. Chem. Theory Comput. 2011, 7, 2492—2497.

(31) Raghunathan, S.; Nest, M. The lack of resonance problem in
coherent control with real-time time-dependent density functional
theory. J. Chem. Theory Comput. 2012, 8, 806—809.

(32) Raghunathan, S.; Nest, M. Limits of the creation of electronic
wave packets using time-dependent density functional theory. J. Phys.
Chem. A 2012, 116, 8490—3.

(33) Habenicht, B. F,; Tani, N. P.; Provorse, M. R.; Isborn, C. M.
Two-electron Rabi oscillations in real-time time-dependent density-
functional theory. J. Chem. Phys. 2014, 141, 184112.

(34) Elliott, P.; Fuks, J. L; Rubio, A; Maitra, N. T. Universal
dynamical steps in the exact time-dependent exchange-correlation
potential. Phys. Rev. Lett. 2012, 109, 1-S.

(35) Provorse, M. R.; Isborn, C. M. Electron dynamics with real-time
time-dependent density functional theory. Int. J. Quantum Chem. 2016,
116, 739—749.

(36) Krause, P; Klamroth, T.; Saalfrank, P. Time-dependent
configuration-interaction calculations of laser-pulse-driven many-
electron dynamics: controlled dipole switching in lithium cyanide. J.
Chem. Phys. 2008, 123, 07410S.

(37) Schlegel, H. B.; Smith, S. M.; Li, X. Electronic optical response
of molecules in intense fields: comparison of TD-HF, TD-CIS, and
TD-CIS(D) approaches. J. Chem. Phys. 2007, 126, 244110.

(38) Krause, P.; Klamroth, T. Dipole switching in large molecules
described by explicitly time-dependent configuration interaction. J.
Chem. Phys. 2008, 128, 234307.

(39) Kuleff, A. 1; Cederbaum, L. S. Ultrafast correlation-driven
electron dynamics. J. Phys. B: At, Mol. Opt. Phys. 2014, 47, 124002.

(40) Dreuw, A.; Head-Gordon, M. Single-reference ab initio methods
for the calculation of excited states of large molecules. Chem. Rev.
2005, 105, 4009—37.

(41) Della Sala, F.; D’Agostino, S. Handbook of Molecular Plasmonics;
Pan Stanford Publishing: Singapore, 2013.

(42) Corni, S.; Pipolo, S.; Cammi, R. Equation of motion for the
solvent polarization apparent charges in the polarizable continuum
model: Application to real-time TDDFT. J. Phys. Chem. A 2015, 119,
5405—5416.

(43) Pipolo, S.; Corni, S.; Cammi, R. Equation of motion for the
solvent polarization apparent charges in the polarizable continuum
model: Application to time-dependent CIL arXiv 2016, 1612.01949v1.

(44) Tomasi, J.; Cammi, R,; Mennucci, B.; Cappelli, C.; Corni, S.
Molecular properties in solution described with a continuum solvation
model. Phys. Chem. Chem. Phys. 2002, 4, 5697—5712.

(45) Jackson, J. D. Classical Electrodynamics, 3rd ed.; John Wiley &
Sons: New York, 1999.

(46) Schmidt, M. W.; Baldridge, K. K; Boatz, J. A; Elbert, S. T.;
Gordon, M. S,; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A,;
Su, S.; et al. General atomic and molecular electronic structure system.
J. Comput. Chem. 1993, 14, 1347—1363.

(47) Gordon, M. S.; Schmidt, M. In Theory and Applications of
Computational Chemistry: the first forty years; Dykstra, C., Frenking, G.,
Kim, K., Scuseria, G. E.,, Eds.; Elsevier: Amsterdam, 2005; pp 1167—
1189.

(48) Metiu, H. Surface enhanced spectroscopy. Prog. Surf. Sci. 1984,
17, 153—320.

(49) Corni, S. Handbook of Molecular Plasmonics; Pan Stanford
Publishing: 2013; pp 213-258.

(50) Novotny, L; Hecht, B. Principles of Nano-Optics, 2nd ed;
Cambridge University Press: Cambridge, UK, 2012.

(51) Pipolo, S.; Corni, S.; Cammi, R. The cavity electromagnetic field
within the polarizable continuum model of solvation. J. Chem. Phys.
2014, 140, 164114

(52) Swope, W. C.; Andersen, H. C.; Berens, P. H,; Wilson, K. R. A
computer simulation method for the calculation of equilibrium

constants for the formation of physical clusters of molecules:
Application to small water clusters. . Chem. Phys. 1982, 76, 637—649.

(53) Vanden-Eijnden, E.; Ciccotti, G. Second-order integrators for
langevin equations with holonomic constraints. Chem. Phys. Lett. 2006,
429, 310—316.

(54) Hariharan, P. C.; Pople, J. A. The influence of polarization
functions on molecular orbital hydrogenation energies. Theor. Chim.
Acta 1973, 28, 213-222.

(55) Béttcher, C. J. F.; van Belle, O. C.; Bordewijk, P.; Rip, A. Theory
of Electric Polarization; Elsevier: Amsterdam, 1973; Vol. 1.

(56) Pipolo, S.; Corni, S; Cammi, R. The Cavity Electromagnetic
Field within the Polarizable Continuum Model of Solvation: An
Application to the Real-Time Time Dependent Density Functional
Theory. Comput. Theor. Chem. 2014, 1040—1041, 112—119.

(57) McMahon, J. M; Gray, S. K; Schatz, G. C. Nonlocal optical
response of metal nanostructures with arbitrary shape. Phys. Rev. Lett.
2009, 103, 97403.

(58) Christensen, T.; Yan, W.; Jauho, A.-P.; Mortensen, N. A.
Quantum corrections in nanoplasmonics: Shape, scale, and material.
arXiv 2016, 1608.05421v1.

(59) Bergamini, L.; Corni, S. Benchmarking common approximations
for determining the particle-size dependence of adsorbate-induced
localized surface plasmon resonance shifts. . Phys. Chem. C 2013, 117,
14742—14750.

(60) Garcia de Abajo, F.; Howie, A. Retarded field calculation of
electron energy loss in inhomogeneous dielectrics. Phys. Rev. B:
Condens. Matter Mater. Phys. 2002, 65, 115418—17.

(61) Hohenester, U.; Triigler, A. MNPBEM - A matlab toolbox for
the simulation of plasmonic nanoparticles. Comput. Phys. Commun.
2012, 183, 370—381.

DOI: 10.1021/acs.jpcc.6b11084
J. Phys. Chem. C XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.jpcc.6b11084

