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Molecules close to a metal nanoparticle (NP) have significantly different photophysical properties from
those of the isolated one. In order to harness the potential of the molecule—NP system, appropriate
design guidelines are required. Here, we propose an inverse design method of the optimal molecule—NP
systems and incident electric field for desired photophysical properties. It is based on a gradient-based
optimization search within the time-dependent quantum chemical description for the molecule and the
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Accepted 31st August 2022 conformation, and incident electric field of a molecule—NP system to maximize the population transfer
to the target electronic state of the molecule. The design results were presented and discussed. The

present method is promising as the basis for designing molecule—NP systems and incident fields and
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1. Introduction

Light-response properties of molecules in the close vicinity of a
metal nanoparticle (NP) surface are strongly modulated by the
localized surface plasmon resonance (LSPR). For example,
surface-enhanced Raman scattering (SERS),"> modulation of
the molecular fluorescence,** and plasmon-mediated chemical
reactions™® are observed. Making use of the plasmonic phe-
nomena is promising for realizing desired photophysical prop-
erties of molecules and manipulations of (photo)chemical
events.

The molecule-NP systems have huge potential for the design
in terms of the designability of their components. Regarding
the molecule, more than 8 million molecules have been already
synthesized and are available.” From a practical point of view, it

“SOKENDAI, The Graduate University for Advanced Studies, 38 Nishigonaka,
Myodaiji, Okazaki, 444-8585, Japan. E-mail: shiraogawa@ims.ac.jp

bDepartment of Chemical Sciences, University of Padova, via Marzolo 1, Padova,
Italy

“ Department of Chemical Science, Life Science and Environmental Sustainability,
University of Parma, Parma, Italy

4 Institute for Molecular Science and Research Center for Computational Science, 38
Nishigonaka, Myodaiji, Okazaki, 444-8585, Japan. E-mail: ehara@ims.acjp

¢ Elements Strategy Initiative for Catalysts and Batteries (ESICB), Kyoto University,
Kyoto, 615-8245, Japan

TCNR Institute of Nanoscience, via Campi 213/A, Modena, Italy.
E-mail: stefano.corni@unipd.it

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2¢cp02870k

22768 | Phys. Chem. Chem. Phys., 2022, 24, 22768-22777

accelerates discoveries of efficient molecular plasmonics systems.

is often important to adjust the properties of a molecule by
introducing substituents. The properties of the NP, including
LSPR, are determined by its chemical nature, size, shape, and
environment. The NPs of coinage metals such as gold and silver
support LSPR. Careful control of processing conditions enables
the precise control of the NP structures.® The relative position
and orientation of the molecule and NP also affect the proper-
ties of the whole system. The control of the distance between
molecule and NP can be experimentally realized, and the
changes of the plasmonic phenomena were observed.”'® The
incident electromagnetic field, which produces the LSPR and
mediates molecule-plasmon interaction, is highly controllable
with respect to the time profile and intensity. Thus, the
molecule-plasmon systems have a wealth of design possibili-
ties and are promising for nanophotonics applications. The
appropriate design guidelines of the tunable parameters of the
system are important for exploiting the potential of the plas-
monic systems.

For the design of the electronic dynamics, the population
transfer from a specific state to a target state is important to
manipulate the subsequent photochemical phenomena. The
nuclear motion is negligible for the interaction of the molecule
with the ultrashort laser pulse in a time scale of a few femto-
seconds. In practice, minimizing fluence of the incident field is
required in addition to maximization of the population of a
specific electronic state.

Design approaches of molecular systems can be categorized
into direct and inverse design from the relation between the
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system and its desired property.'"'> Conceptually, inverse
design that starts from the desired performance and predicts
the molecular structure is in a straightforward fashion in
contrast to the direct approach by “trials and errors.” However,
in practice, it is difficult to obtain a realizable molecular system
from the desired property by directly solving the inverse pro-
blem of the Schrédinger equation.'®'* Thus, commonly, the
inverse design indicates design strategies driven by informa-
tion on functional space corresponding to chemical space."*™°

Converting discrete chemical space of candidate molecular
systems into continuous one makes it possible to use gradients
of the desired property with respect to characteristics of mole-
cular systems for finding optimal systems. In alchemical trans-
formation methods, the continuous chemical space is
interpolated by alchemical systems which are not realizable.
The variational particle approach’*'>?° and the linear combi-
nation of atomic potentials (LCAP)*' are alchemical transfor-
mation methods based on quantum chemical models. In this
work, we used the LCAP framework based on the effective
Hamiltonian®*** for designing molecule-NP systems.

In addition to the design of molecular systems, the inverse
design of a suitable perturbing agent (e.g., an incident laser
pulse) is widely applied to the studies of molecular electronic
states.” The quantum optimal control theory (QOCT) is often
used to refer to inverse design of an electromagnetic field
applied to a molecule, but they are the same in principle. In
particular, the gradient-based method efficiently tailors inci-
dent light for photo-excited systems.”>*® Combining it with
molecular design provides a possibility to further optimize
desired properties. Such a design by theoretical means requires
the time-domain description of the phenomena involving light
such as the LSPR.

To theoretically describe molecule-plasmon systems, com-
bining the quantum chemical description of the molecule,
often referred to as “QM”, with a (semi)classical model of the
metal NP is effective since the applicability of full QM methods
is computationally limited for the large NPs.”””® The PCM-
NP,”°! which treats the metal NP as a homogeneous and
continuous dielectric based on the polarizable continuum
model (PCM),** allows us to overcome these computational
limitations and provides an effective way for interfacing with
the QM description of the molecules. In particular, a numerical
procedure based on the boundary element method (BEM)
reduces the problem to a two-dimensional calculation of polar-
ization charges on the discretized NP surface. Furthermore, the
PCM-NP method can model complex-shaped metal NPs.
Recent developments in the PCM-NP in the time domain allow
simulations of real-time plasmonic phenomena.*'*3¢

For the inverse design based on the theoretical description,
it is necessary to represent continuous chemical space of
possible molecule-NP systems. As described above, the QM/
PCM-NP method can simulate photophysical properties of
molecule-NP systems based on its design variables: nature,
size, shape, and environment of the NP; molecular species;
mutual conformation and distance between the molecule and
NP; time profile and intensity of the applied electromagnetic
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field. Therefore, the QM/PCM-NP is well suited to the inverse
design. Indeed, the BEM was recently utilized in the design
toward optimal mechanical control of a plasmonic NP by
incident light.*”

In this work, we develop an inverse design method of
molecule-NP system and incident light for the desired photo-
physical property based on the QM/PCM-NP method. For the
molecule-NP system, the inverse design method enables the
design of the molecular species and the relative molecule-NP
distance and conformation. We applied this method to the
design of the system with the maximized population of a target
electronic state of the molecule at the desired time. The design
of the molecule, incident electric field, and both of them was
performed on several metal NPs with different metal natures
and NP shapes. Given the nature of our work, we limited
ourselves to the application of a small number of candidate
molecules as a proof of concept of the new methodology. The
candidate molecules were MQ and its derivatives as a repre-
sentative example of the photo-active molecular dyes class,
focusing mainly on substituent effects. The results were
assessed in terms of the design performance.

2. Methods

Here, we describe the proposed inverse design method of the
molecule-NP systems and incident electric fields. Firstly, we
present the real-time description of the electronic dynamics of
a molecule near a metal NP in order to establish some nota-
tions. Secondly, we present the inverse design method based on
this theoretical model. Then, the chemical space and incident
field for the present design are described. Finally, the computa-
tional details are given.

2.1. TD-CI coupled with TD-PCM-NP

We briefly summarize the theoretical description of molecule-
NP systems by the time-dependent configuration interaction
(TD-CI) method for the molecule coupled with the TD-PCM-NP
within the integral equation formalism for the metal NP,
developed in ref. 34. The effective Hamiltonian of the molecule
near the NP includes the field-free electronic Hamiltonian H, of
the molecule, molecule-radiation interactions, and molecule-
NP interactions:

Ay(t) = Hy — Einc(t) + (Qref(?) + Qpoi()-V )

where ji is the electric dipole operator and Ejn(t) is the time-
dependent incident electric field. qye¢(t) and qpi(¢) are polariza-
tion charges of the NP due to the external field and molecule,
respectively. The molecule-radiation interaction is modeled in
the dipole approximation in the length gauge. In the framework
of PCM-NP, the metal NP is described as a continuum body
characterized by the dielectric function of the metal. The
TD-PCM-NP describes the response of the metal NP to the
incident field and molecule as the time-dependent polarization
charges qef(t) and qp(t), respectively, located on geometrical
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centers of each tessera of the discretized NP surface. V is the
electrostatic potential operator acting at the tesserae positions.

The wavefunction |¥(f)) of the molecule near the NP is
propagated based on the time-dependent Schrodinger equation
with the incident field

i21(0) = As| (1) @)

|P(?)) is expanded using reference ground and excited states
|@;) with I=0and I > 0, respectively, of the molecule in the CI
theory as

(1) = Ci(n)|er) ®)
1

where C/(t) is the time-dependent coefficient for the reference
Ith electronic state. The reference ground state |®,) is the
Hartree-Fock wavefunction of the molecule equilibrated with
the NP. The excited states |®;) with I > 0 are obtained at the CI
singles (CIS) level of theory. The corresponding time-
independent Schrédinger equation for the molecule in the
presence of the fixed polarization charge qpoi(|®,)) evaluated
with |®,) is

[Ho + Qpoi(|Po)) V]| ®1) = E1|P1) (4)

where E; is the electronic energy of the Ith electronic state. By
using eqn (3), eqn (2) becomes
oC

where H is the Hamiltonian matrix having the elements

Hy() = Edy — fiyEinc(t) + (@rer(t) + Adpoi(8))Vy (6
with
Aqpoi(t) = pol(t) — Gpol(| Po)); (
fiy = (@] 1] By), (8)
Vi = (@,]V]@)). (

In the TD-PCM-NP, the time evolution of q¢(¢) and qp.(t) can
be computed using an arbitrary dielectric function (e.g., experi-
mentally observed one) in the frequency domain.*® Although
effective simplification of the equation of motion of the polar-
ization charges is proposed in ref. 36, it was not used in
this work.

2.2. Inverse design of the molecule near the NP and the
incident field

The present inverse design uses the Hamiltonian matrix of
eqn (6) to represent continuous chemical space of candidate
molecule-NP systems, which allows the gradient-directed
design by continuous optimization. The optimal molecule
and molecule-NP configuration can be efficiently predicted
among the candidates by the inverse design. For the molecule
and its conformation relative to the NP, the Hamiltonian matrix
of the TD-CI/TD-PCM-NP approach reads the electronic state
energies (Ej), electric dipole moments (fiy), and molecular
potentials on tesserae of the NP (V). Therefore, in the inverse
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design of the molecule-NP systems with respect to the mole-

cular species and its spatial arrangement, we express these
molecular characteristics as

Ey =Y bicjdcEr ik, (10)
ik

Hiy = Z bicdifiyy (11)
ik

Vi = Z bicidiVigijk (12)

ik

where Ey; ; x, ily,ijx and Vi ;i are Ey, jiy, and Vj; of the molecule
of the ith candidate molecular species with the jth candidate
conformation and kth candidate distance with respect to the
NP, respectively. b;, ¢;, and d; are the corresponding participa-
tion coefficients, which are treated as optimization variables to
tailor the system. The participation coefficients take a value
between 0 and 1, and its sum for all the corresponding

candidates is 1:
Zb,‘ = ZC,‘ = Zd, =1.

When all the participation coefficients are 0 or 1, the Hamilto-
nian matrix and time evolution of the system are identical to
those of the real system. To find the optimal molecule-NP
system in the chemical space, the participation coefficients are

(13)

rounded-off after the optimization. Moreover, for the designed
system, rounded-off values of the optimized participation coef-
ficients need to satisfy the condition of eqn (13). When several
candidates have large participation coefficients as the result of
the optimization, the design ends up in having rounded
participation coefficients that do not satisfy eqn (13). Thanks
to the continuous chemical space represented by the participa-
tion coefficients, the derivative of the design target property P
of the molecule-NP system with respect to the participation
coefficients can be defined. Therefore, the inverse design of the
molecule near the NP can be implemented by the efficient
gradient-based optimization of the participation coefficients.
By further expanding eqn (10)-(12) for the other elements of the
candidate molecules, it is possible to more efficiently represent
the chemical space by the combination of the different parti-
cipation coefficients; for example, candidate derivatives of the
molecular species can be expressed by the difference in the
substituents and grouped arbitrarily. A scheme of the design is
shown in Scheme S1 (ESIf).

In the design, the incident electric field irradiated to the
molecule-NP system is represented by a sum over different
harmonics having the frequency o = n/T with the time duration
T of the light irradiation:*®

Einc(t) = f aj. 4 sin( jor)dy (14)

where d, is 1.0 a.u. for all the directions specified by the index A
running over the three Cartesian coordinates. The intensity
of the field is zero at the start and end of the illumination

This journal is © the Owner Societies 2022
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(t = 0 and T, respectively) and thus more easily obtained in the
experiments. The amplitudes {g; 4} of the sine wave compo-
nents are treated as optimization variables to design the
optimal incident field that drives the desired time evolution
of the molecule-NP system. In the design of both the incident
field and the molecule of the molecule-NP system, the tailored
field is further optimized for the designed molecule after
rounding-off the participation coefficients.

The design of the molecule-NP system and incident electric
field is achieved by maximizing the objective function J defined
as a sum of the desired property P of the system and the penalty
term to the high fluence of the incident field:***°

T
J= P—ocJ | Exnel(1)[dt (15)
0
where o is a penalty factor and constant over the time. The
larger «, the more negative the penalty term and the smaller J
becomes. In this work, the target property is the population of
the first excited state of the molecule near the NP at the end of
the molecule- and NP-radiation interactions. For the target
property, to steer the intermediate participation coefficients
{bs}, {c;}, and {d,} to the discrete values (0 or 1) in the optimiza-
tion, by introducing a dimensionless penalty factor y, we
represent the target property as
P=7 blcjdP,

ik

(16)

where P, is the original target property evaluated with {b;}, {c},
and {d;}. When y is equal to 1.0, P is identical to P,. Using y that
is larger than 1.0, P and J become smaller in the intermediate
regime of the participation coefficients, while larger when
closer to 1 or 0. As such, the proper y can be used so that the
optimized participation coefficients satisfy the condition of
eqn (13).

A method for designing metal natures of NPs was also
developed. Details of the method are described in ESL¥

2.3. Chemical space

As the candidate molecular species, N-methyl-6-quinolone
(MQ) and its derivatives (EQ and 3¢Bu-MQ) shown in Fig. 1
were adopted as an example. This choice enables us to inves-
tigate substituent effects in the design, which is important from
a practical point of view in making use of the plasmon to
modulate properties of a molecule possessing a specific motif.
MQ has been well studied in terms of its peculiar photophysical
properties*’ and adopted in the inverse design studies of the
incident field.*>** EQ and 3tBu-MQ were used to investigate the
substituent effects.***> We considered two types of distances
and conformations of the molecule relative to the NP as the
candidates. The molecular plane is located on the xy or yz plane
in the Cartesian coordinates shown in Fig. 1. The candidate
distances between the mass center of the molecule and the
closest NP surface are 5 and 8 A.

In this work, the inverse design was performed on the NPs
with cubic, ellipsoidal, rod, and spherical shapes. The nano-
cube has a side length of 10 nm and a curvature radius at the
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Fig. 1 Schematic representation of the candidate molecule + metal NP
system. The chemical structures are of the candidate molecular species.
The candidate conformation xy and yz indicate that the molecular planes
are located on the xy and yz planes of the Cartesian coordinates, respec-
tively. Drawing out of scale.

edges of 1 nm. The ellipsoidal NP has a semi-major axis length
of 8 nm and two semi-minor axes of 5 nm. The nanorod is
10 nm long and has a cylinder radius of 1.5 nm. The spherical
NP has a 5 nm radius. These NPs have a similar surface area.
The surface was divided into 664 triangular tesserae and
refined near the molecule (Fig. 2) by using the Gmsh
software®® for all the shapes. The metal NPs considered in this
work do not have a diameter (<3 nm) where the non-local
effects of the dielectric function are significant. In addition, the

Fig. 2 Metal NPs of (a) cubic, (b) ellipsoidal, (c) rod, and (d) spherical
shapes. The visualization was performed by Gmsh.*® The structures from
the other views can be found in Fig. S1 and S2 (ESI¥).
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quasi-static approximation used here is valid in the wavelength
range of the calculated electronic states because of the small
object size.

As the metal natures of the NPs, gold and silver were
adopted. The parametrization of the Drude-Lorentz (DL)
expansion for the TD-PCM-NP was performed using experi-
mentally observed dielectric functions of the bulk metals.*® We
used six DL terms in the expansion. The experimental data were
taken from ref. 47 and 48 for gold and silver, respectively.

To illustrate dependences of photophysical properties on
the NP shapes and metal natures, we computed the polariz-
ability of the NPs, whose imaginary part is related to the photo-
absorption, by using the TD-PCM-NP. The applied field to the
NP for the TD calculations is the same as that adopted in ref. 36
and propagating in the x direction. Fig. S3 and S4 (ESIt) show
the imaginary part of the polarizability of the silver and gold
NPs, respectively. The results indicate that the difference of the
NP shapes significantly changes the LSPR property and that the
shape control of the NP is crucial for the design of the metal NP
systems.

2.4. Computational details

We optimized geometries of the candidate molecules under the
Cs symmetry at the Hartree-Fock level of theory by using the
Gaussian 16 software.*® The Hartree-Fock and CIS calculations
of the molecules equilibrated with the metal NP were per-
formed by a locally modified version of Gamess.>>>' The 6-
31G(d) basis set was employed for these calculations.

The real-time simulation and design of the molecule-NP
system and incident electric field were performed using a
locally modified version of WaveT software.*>** The ground
and low-lying 10 excited states of the molecule were included in
the Hamiltonian. We adopted a time step of 2.42 as (0.10 a.u.)
in the time evolution of the system. The wavefunction of the
molecule was propagated by the Euler algorithm. The time
duration of the incident field was chosen to be 250 a.u. (x6 fs)
to focus on the ultrafast electron dynamics and its related
functions. In the design of the optimal incident field, all the
initial amplitudes {a; 4} of the sine wave components in eqn (14)
were set to 1.0 x 10”7 a.u. The Gaussian sinusoidal wave was
adopted as a fixed incident field used to demonstrate the
inverse design of the molecular part of the molecule-NP
system:

- -

(t—10)*) .
Einc([) = Emax €Xp 2z Sln(wpulsct)

(17)

where the central ¢, is 125 a.u., the pulse width ¢ is 49.61 a.u.,
and the pulse frequency wpyise is 3.0 €V, similar to the excita-
tion energy for the first excited state of the MQ molecule and its
derivatives. The maximum value of the electric field Ep. is
(1.0 x 1075, 0.0, 0.0) a.u. ((5.142 x 10>, 0.0, 0.0) V. m™ ') for the
(x, y, 2z) directions. The orientations of the NPs with the
Cartesian axes are shown in Fig. S1 and S2 (ESIf). The time
profile of this incident field along the x direction is shown in
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Fig. 3 (a) Time profile of the fixed incident field used in the design of the
optimal molecule along the x direction and (b) its FT.

Fig. 3(a). Fig. 3(b) displays the Fourier transform (FT) of the
incident field.

The continuous optimization of the participation coeffi-
cients and the amplitudes of the incident field in eqn (14)
was performed by the quasi-Newton method with the limited-
memory  Broyden-Fletcher-Goldfarb-Shanno  algorithm®?
implemented in the L-BFGS-B code version Lbfgsb.3.0.>%%*
The derivatives of the target property with respect to the
participation coefficients and the amplitudes of the field were
computed as numerical differentials in the forward-finite dif-
ference formulation with the small number of 1.0 x 10~ and
1.0 x 10~ " for the molecule and incident field, respectively. To
tailor the incident field, well-established approaches such as
the Rabitz algorithm®® can be used. However, in this work, the
simple gradient-based optimization was adopted to combine
the design of the molecule and incident field. In each design
for the molecule, using the different randomized initial parti-
cipation coefficients, the design was performed five times. The
optimization terminated when the difference of the objective
function values was smaller than a small number ¢ in the line
search. ¢ was set to 2.2 x 10" and 2.2 x 10~ for the design
with the fixed and optimal fields, respectively. In the first ten
optimization steps, ¢ was set to zero in order to suppress the
termination of the design.

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp02870k

Open Access Article. Published on 16 September 2022. Downloaded on 10/23/2025 11:02:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3. Results and discussion

Results of the inverse design are reported in this section. To
assess the design performance, the design of components,
molecule and incident electric field, of molecule-NP systems
was performed, and then both of them were designed. Firstly,
we report the results of the design of a molecule near a metal
NP. Secondly, the results of the design of the incident field
irradiated to a molecule-NP system are shown. Then, the
design results of both optimal molecule close to a metal NP
and incident electric field are presented. Additionally, we
examine the design of a metal nature of a NP of a molecule-
NP system.

3.1. Design of the molecule near the metal NP

The performance of the inverse design of the molecule of the
molecule-NP system was assessed by comparing results of the
screening and design. Here, the objective function of the design
is the population of the first excited state of the molecule
because the incident field (and its fluence) is fixed to the
Gaussian sinusoidal pulse (eqn (17) and Fig. 3). In the screen-
ing, we performed calculations of all the possible systems of the
design of the molecule near the silver spherical NP with the
irradiation of the fixed incident field. The calculation results
given in Table 1 show that the various target properties are
obtained depending on the substituents of MQ and the relative
distance and conformation between the molecule and NP. The
target state population of the molecules in the xy conformation
is larger than that in the yz one. In the same distance and
molecular species, the population differs by a factor of about
10%-10° in these conformations. This is possibly related to the
direct transition from the ground state because the incident
field directs along the x direction and the z component of the
electric transition dipole moment for the ground and first
excited states of the candidate molecules is null, although the
other pathways of the population transfer are possible. The MQ
or EQ molecule on the xy plane and at a distance of 5 A from the
nearest silver NP surface has the largest target property. In the

Table 1 Population of the first excited state of the candidate molecules
near the silver spherical NP at the end of the incident field illumination. The
possible molecule—NP systems are classified according to the molecular
species and the relative molecule—NP conformation and distance

Species Conformation Distance® (A) Population

MQ xy 5 3.64 x 1078
EQ xy 5 3.64 x 1078
3tBu-MQ xy 5 3.53 x 1078
MQ yz 5 3.35 x 1077
EQ yz 5 1.67 x 107"
3tBu-MQ yz 5 1.51 x 107*°
MQ xy 8 2.90 x 1078
EQ xy 8 2.96 x 1078
3tBu-MQ xy 8 2.84 x 1078
MQ yz 8 1.02 x 107"
EQ yz 8 2.54 x 107
3tBu-MQ ¥z 8 1.02 x 10~

“ Distance between the mass center of the molecule and the nearest NP
surface.
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Fig. 4 Optimization history of the target property obtained in the design
of the MQ molecule near the silver spherical NP with the penalty factor
y = 1.05. The gray dashed line denotes the target property after rounding
off the optimized participation coefficients.
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Populat

inverse design, the MQ system with the largest population was
designed in all the trials. In this design, the optimized partici-
pation coefficients for the relative orientation and distance of
the molecule with respect to the NP, {¢;} and {d;}, respectively,
are localized. On the other hand, those for the molecular
species are 0.57 and 0.43 for MQ and EQ, respectively. The
difference between the optimized and designed target proper-
ties is about 1% of the designed one. This gap can be large in
the design of both the optimal molecule and incident field.
Therefore, in eqn (16), we decided to use the penalty factor y of
1.05, which is slightly increased from 1.00, in order to avoid
obtaining optimized participation coefficients widely distribu-
ted among the candidates. Using the y of 1.05, the optimized
participation coefficients were fully localized on the MQ or EQ
molecule; the MQ and EQ systems were obtained three and two
times in the five trials of the design with y = 1.05, respectively.
The typical optimization history of the target property obtained
in the design of the MQ system is shown in Fig. 4. The design
results suggest that the target property is smooth as a function
of the participation coefficients.

3.2. Design of the incident electric field

The inverse design of the incident electric field was performed
using the 13 sine wave components with different harmonics
(i.e., M = 13 in eqn (14)). To observe the dependence of the
design results on the incident field fluence, we employed « =1,
10, and 100 a.u. since the larger « imposes the larger penalty on
the fluence. For the molecule-NP system, MQ in the xy con-
formation and the silver spherical NP with 5 A distance were
adopted. The design results are shown in Table 2. When o is
equal to 1 a.u., we designed the incident light that realizes the
perfect population transfer with the target state population of
1.00, an upper limit. The more limited the fluence and the
smaller the population of the first excited state of MQ were
obtained with the larger o. This means that a high-intensity
electric field is needed to realize the highly populated target
excited state of MQ. Fig. S5 (ESIt) displays the time profiles of
the optimal incident fields. The x and y components of the
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Table 2 Objective function (J), target property (P), and total fluence of the
incident field obtained in the design with the penalty factor o for the
incident field. The molecule—NP system is composed of MQ in the xy
conformation and the silver spherical NP with 5 A distance

o (a.u.) J P Fluence (a.u.)
1 0.991 1.000 8.56 x 107°
10 0.933 0.990 5.68 x 1072
100 0.653 0.862 2.09 x 1073

incident field have large amplitudes in comparison with the z
component under the restriction on the total field fluence in
the optimization. As discussed above, the direct transition from
the ground state by the z direction field is suppressed since the
z component of the electric transition dipole moment of MQ
between the ground and target excited states is null. Not only
the intensity of the incoming light but also the shape of the
pulse differs depending on «. The optimization histories of the
objective function of the design with the different penalty
factors are shown in Fig. 5, along with variations of the target
state population and total fluence. The outcome value of the
design decreases in the order of « = 1, 10, and 100 a.u. The
optimization takes more steps to satisfy the optimization con-
dition when the penalty becomes loose, i.e., the fluence is high.
The value of the objective function monotonically increases
with the optimization step; the objective function is smooth as
a function of the amplitudes of the sine wave components. The
results indicate that the optimal control of the incident field is
effective in realizing the design of the desired photophysical
property of molecule-NP systems.

3.3. Design of both the molecule and incident electric field

We conducted the inverse design of both the optimal molecule
close to the metal NP and incident electric field. The design was
performed on several types of metal NPs with different metal
natures and NP shapes. According to the results obtained at the
former section, the penalty factor of o = 100 a.u. for the incident
field, which provided non-saturated population in the design of
the molecular part of the system, was adopted to investigate the
influence of the metal NP features on the design results. In the
five trials of each design, the obtained system with the best
objective function value is referred to as the designed system
here. Based on the results of the molecular design in Section
3.1, we employed the penalty factor y of 1.05. When the
optimized participation coefficients did not satisfy the condi-
tion of eqn (13) by using the penalty factor y of 1.05, we used the
larger y of 1.20 as shown in Table S1 (ESIt) to localize
the optimized participation coefficients. Table 3 shows the
designed systems and properties. Fig. S7 and S8 (ESIt) display
the designed molecule + metal NP systems designed on the
silver and gold NPs, respectively. The corresponding optimal
incident fields are shown in Fig. S9 and S10 (ESIf). All the
designed molecules have the xy conformation regardless of the
NP type, and therefore the amplitude of the z component of
the optimal incident field is small, as discussed in the former
section. Comparing with the design of the electric field applied
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Fig. 5 (a) Optimization histories of the objective function in the design of

the optimal incident field with the different penalty factors « (a.u.) for the
field fluence, along with variations of (b) population of the target state and
(c) total fluence of the incident field. The gray dashed line denotes the
value of 1.00. The individual data are shown in Fig. S6 (ESIT).

to the MQ + silver spherical NP system (Table 2, o = 100 a.u.), by
the design on the same metal NP, the larger objective function
value (+0.022) was obtained with the EQ molecule possessing
the xy conformation at 5 A distance from the silver spherical NP
surface (Table 3). This indicates that the design of both the
substituents of the molecule and the incident field is effective
for realizing the desired property of the molecule-NP system.
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Table 3 Results of the design of both the optimal molecule and incident field on the various metal NPs.? The adopted o is 100 a.u.

Metal NP Optimal molecule Designed properties

Nature Shape Species Conformation Distance (A) J P Fluence (a.u.)

Ag Cube 3tBu-MQ xy 8 0.575 0.726 1.51 x 107°
Ellipsoid EQ xy 8 0.652 0.895 2.42 x 1073
Rod 3tBu-MQ xy 5 0.582 0.873 2.92 x 1073
Sphere EQ xy 5 0.675 0.881 2.06 x 1073

Au Cube 3tBu-MQ xy 5 0.647 0.917 2.70 x 1073
Rod EQ Xy 5 0.557 0.874 3.17 x 1073
Sphere MQ xy 5 0.394 0.757 3.63 x 107°

“ In the design on the gold ellipsoidal NP, the requirements for the design (eqn (13)) were not fulfilled with y = 1.05, 1.20, 1.50, and 2.00, and the
designed system was not obtained in the five trials with the randomized initial participation coefficients.

Furthermore, this designed system has the largest objective
function value in all the obtained systems.

In the design, the objective function, population of the
target state, and field fluence take various values depending
on the metal nature and NP shape but also the optimal
molecule and incident field. As such, the control of the metal
NP is important for the design of the photophysical property of
the molecule. Fig. 6 shows the optimization history and devia-
tions of the target property and field fluence of the designed
system with the largest objective function value. After optimiz-
ing both the molecule and incident field, the tailored field was
further optimized for the designed molecule (Scheme S1, ESIf).
Therefore, the objective function value of the designed system
is smaller than that of the non-physical system with the fully
optimized participation coefficients. All the data of the optimi-
zation for the designed systems are shown in Fig. S11 and S12
(ESIt). The optimization histories suggest that the objective
function is relatively smooth as a function of the participation
coefficients.

3.4. Design of the metal nature of the NP

We performed the inverse design of the metal nature of the NP.
The method was applied to a molecule + metal nanocube
system (Fig. S13, ESIt). Ag, Al, Au, Cu, Pd, and Rh were
considered as candidate metal natures. The computational
details can be found in ESL.f To examine the performance of
the design, we computed the target property of the design,
which is the population of the first excited state of the MQ of
the MQ-nanocube system at the end of the light irradiation, for
all the candidate metal natures of the NP. The results show that
Ag gives the largest population of the target electronic state of
MQ (Table S2, ESIf). In the design, Ag was successfully
obtained using five different conditions of the randomized
initial participation coefficients. One of the design results is
shown in Fig. S14 (ESIt). The local field generated on the Ag
nanocube surface due to the incident field is resonant with
molecular excitation energy and therefore contributes to the
large population of the target state of the molecule (Fig. S15
and S16, ESIT).

The proposed design method for the metal nature of the NP
is not computationally effective (ESIt). Therefore, we do not
combine this method with the inverse design method for
molecule-NP systems and incident fields, while it may be

This journal is © the Owner Societies 2022

useful for combining with constraint conditions which need
to be accounted for in the design of realistic materials.

4, Summary

In summary, we proposed an inverse design method of optimal
molecule near metal NPs and incident electric field based on
the time-dependent QM/PCM-NP approach. In this method,
both the molecular species and spatial arrangements with
respect to the NP are designed. The design of each component
and both of them was performed to maximize the population of
the target excited state as an example of a non-trivial molecular
properties to be maximized. Although the proposed method is
applicable to various molecules, MQ and its derivatives were
examined as the candidate molecules to design the substitu-
ents. The application to large chemical space will be the topic of
future investigations. For the molecule, the design successfully
proposed the optimal derivative whose target state population
is the largest in the proximity of the silver spherical NP under
the illumination of the electric pulse of the Gaussian sinusoidal
wave. It was found that the optimal incident field can achieve
the almost perfect population transfer to the target excited state
in the molecule near the metal NP. The design of both the
molecule and incident electric field of the molecule-NP sys-
tems was successfully demonstrated and gave the larger objec-
tive function value than those of the design of each component.
It was shown that the design and precise control of the
molecule-NP systems and the incident field are important to
realize the desired photophysical properties. The design
method of metal natures of NPs was also examined. The
present inverse design approach gives a basis for the design
of molecule-NP systems and incident fields and for the manip-
ulation of photochemical events.
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Fig. 6 Optimization history of the objective function in both the
optimal molecule and incident field design, along with variations of
population of the target state and total fluence of the incident field. The
design was performed on the silver spherical NPs, and the EQ molecule
possessing the xy conformation at 5 A distance from the silver spherical
NP surface and the incident electric field shown in Fig. S7(d) (ESIT) were
obtained. The black lines are of the optimization of both the optimal
molecule and incident field design. The red lines refer to the design of
optimal incident field for the optimal molecule after the design of both
the molecule and incident field. The gray dashed lines denote the value
of 1.00.
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