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First hyperpolarizability of para-aminoaniline
induced by a variety of gold nano particles

Stine T. Olsen and Kurt V. Mikkelsen*

Molecules exposed to an electromagnetic field due to the presence of nearby nanoparticles are known
to be affected. The nonlinear response of the molecular system, the first hyperpolarizability, is
investigated for 4-nitroaniline (PNA) in a variety of different nanoparticle environments. In order to
introduce different molecular environments the quantum mechanical-molecular mechanics DFT/MM
response method was utilized for calculating the electromagnetic properties of the molecule interacting
with the nanoparticles and the frequency dependent electromagnetic fields. We clearly show that the metal
nanoparticles are able to influence the first hyperpolarizability of the molecule, and that the influence
strongly depends on the chosen molecular environment. It is found that the first hyperpolarizability of the
molecule strongly depends on the distance and orientation to the nanoparticles, whereas the size of the
nanoparticles is of little importance when a sufficiently sized nanoparticle is used for representing a bulk
metal cluster. Especially, the different orientations of the nanoparticles with respect to the molecule show
the chemical effect of different functional groups, since the nonlinear response is significantly larger for the
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|. Introduction

The development of methods for optical detection and spectro-
scopy of nano scale systems has been the focus of numerous
research projects and articles. These developments are crucial
for investigating and understanding the novel properties
that are encountered when working with nanosize systems.
Generally the methods involve how the nanosize systems are
able to absorb or scatter electromagnetic radiation and the
observed effects are either based on whether the interactions
with the electromagnetic field are linear or nonlinear with
respect to the field strengths of the electromagnetic fields.
Based on these methods, it is possible to focus on the key roles
that are played by the presence of a molecular compound
placed on or within a nanoparticle and it is possible
to investigate linear and nonlinear optical responses of the
molecular systems and how they are affected by the presence of
the nanoparticle." Nonlinear effects such as the two-photon
absorption of molecules attached to nanoparticles have also
been investigated with respect to structure-property relation-
ships and how electron donating and accepting groups
have influenced the nonlinear effects.> Another advantage of
non-linear effects and nanoparticles is the possibility of doing
up-converted fluorescence emission using organic dyes that
undergo two-photon absorption or second-harmonic generation.?
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electron withdrawing group pointing towards the nanoparticle.

It has also been demonstrated that multicomponent fluores-
cent organic nanoparticles can display an excitation energy-
transfer cascade between the different molecular components
within the system. Furthermore, the systems are able to
undergo two-photon excitations over a broad spectral range
(from 600 nm to 1200 nm) which brings a spectral range inside
the biological transparency window. This aspect along with
good colloidal stability in aqueous environments indicate that
these are promising nanoprobes for bioimaging applications.”
Self-assembly systems forming nanoparticles based on ruthe-
nium phthalocyaninate complexes coordinated by pyrazine
have a nonlinear optical response depending on the fabrication
of the systems and the study illustrates that self-assembly can
be of importance in the future development of nonlinear
optical materials.”

In this article we will present a powerful and flexible strategy
for calculating the optical properties of molecules near or
between nanoparticles. Note that the geometries studied in
this work are not representative of a fully formed molecular
transport junction. Previously, we have utilized a hetero-
geneous dielectric continuum model for investigating the electro-
static properties of a molecular junction.®” In the present
investigation we focus on how the environmental nanoparticles
and the relative configurations of the molecule nanoparticle
structures influence the electromagnetic properties of the
attached molecular system. We demonstrate this by the use
of a quantum mechanics/molecular mechanics (QM/MM)
response model that allows for an atomistic description of
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the metal nanoparticles or electrodes. We have previously
applied this method in order to obtain the linear and nonlinear
optical properties of molecules in solution. These calculations
have been performed at the Hartree-Fock (HF), coupled cluster
(CC) and density functional theory (DFT) levels of electronic
structure theory.>'® We represent the molecular subsystem
using a quantum mechanical approach and the molecule is
treated fully quantum mechanically and the calculations of the
electronic structure are carried out using the chosen electronic
structure method. On the other hand the electrodes are treated
at a classical level as a structured atomistic environment where
each atom is assigned an isotropic atomic polarizability. The
electromagnetic response of the electrodes is included as a
dynamic electric field in the electronic structure calculations,
and the entire problem is solved self-consistently. The electro-
nic structure calculations are performed using density func-
tional theory (DFT)"** using the B3LYP"**° and CAM-B3LYP*'
functionals. We perform QM/MM quadratic response calcula-
tions in order to determine the frequency dependent first
hyperpolarizability of the molecular system interacting with
one or two gold nanoparticles in various orientations with
respect to the molecule. We are focussing on the first hyper-
polarizability in the present investigation since our current
research interests are within the non-linear optical properties
and how to utilize these properties for interfaces, photon up
conversion for information transport, quantum computers, and
molecular information technology.

II. Computational strategy

We have considered the frequency-dependent first hyperpolar-
izability of the molecule 4-nitroaniline (PNA) in the presence of
zero, one, or two gold clusters of varying sizes and orientation
with respect to the molecule. The orientation with the x-axis
connecting the gold nanoparticles through the para connected
groups of the amino and nitro substituents is referred to
as horizontal positioned, and the one where the gold atoms
have been rotated 90 degrees around the center as the vertical
positioned. Furthermore, we investigate different molecule-
electrode distances (Fig. 1).

Initially, the geometry of PNA is optimized in Gaussian09?
utilizing DFT with the CAM-B3LYP functional together with
the correlation consistent basis sets**** of cc-pVDZ, cc-pVTZ,
aug-cc-pVDZ, and aug-cc-pVTZ. These geometries provided the
basis for further calculations both for the molecule in a vacuum
and in the presence of gold cluster(s).

However, in order to introduce the gold clusters at different
distances, orientations, and cluster sizes we have to go beyond
the commonly used method of the polarizable continuum model,
PCM. We are thus utilizing the QM/MM response method
implemented in the Dalton® electronic structure program.
The combined method of QM/MM implies a partitioning of
the system into a part treated with the more flexible quantum
mechanic approach and the other part treated with the simpler
molecular mechanics approach.
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Fig. 1 This figure exhibits the different conformations of the molecule
and the gold clusters. (A) PNA is in a horizontal position with the
nitro group facing a gold electrode. (B) PNA is vertically placed
nearby a single gold cluster. (C) PNA is in a horizontal position with the
amine group facing a gold electrode. (D) PNA is in a vertical position
between two gold clusters. (E) PNAis in a horizontal position between two
gold clusters.

The two regions are chosen such that the chemical part of
interest is treated with QM and the less interesting part with
MM, thus in this investigation it will imply the gold nano-
particles to be treated with MM and the molecule with QM. In
the MM region the gold clusters are designed to be half-spheres
by choosing a point at the x-axis and including all gold atoms
within a finite radius. The binding site on the gold clusters is
chosen to be a fcc site on a (111) surface, since previous research
has indicated it to be the most likely point of attachment.*”*® In
the case of two gold clusters, the second cluster is constructed
similarly but inverted and translated along the same axis to the
other side of the molecule at the desired distance. The investi-
gated distances for the horizontal orientation of the molecule
include 2.2 A, 2.4 A, and 2.6 A when the electrodes face the nitro
group, and we use the same electrode molecule distances when
the electrodes face the amino group. For the vertical orientation
of the molecule the shorter distances of 1.75 A, 1.95 A, and 2.15 A
are investigated, due to the shorter van der Waals distances. The
gold clusters are geometrically frozen, and the gold atoms are
not attributed to permanent electrical poles but assigned to a
polarizability of 31.04 au®.

The QM region, ie. the molecule, is treated as in the
vacuum calculations, a DFT description with the functional of
CAM-B3LYP together with the same correlation consistent basis
sets. Thereby, the vacuum results can be considered as the gold
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clusters being placed at an infinite distance from the molecule
and can be directly compared to the results with the clusters in
a finite distance.

The calculations of the frequency-dependent first hyperpo-
larizability are performed for the following four frequencies (o)
of the external electromagnetic field: 0.0, 0.03, 0.042823, and
0.065625 au. We present the results as the frequency-dependent
mean first hyperpolarizability in terms of f}|(—2w;w,w):

B (—2w;0,0) =

% (Bit(—20; 0, ®) + (=205 0, 0) + i (—20; 0, @)

i=x,y,z

1)

where f;i(—2w;w,0) is the ijk tensor component of the second
harmonic generation first hyperpolarizability.***°

With the established method we are able to investigate both
the theoretical as well as the chemical aspect of the first hyper-
polarizability of a molecule in the presence of nano particles.
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I1l. Results

The basis set dependence of the hyperpolarizability is depicted
in Fig. 2. The relative trends are observed to be independent of
the basis set. As is expected, the diffuse functions are observed
to have a significant impact on the calculated hyperpolariz-
ability compared to the number of basis functions. We note
that the difference in the calculated hyperpolarizability using
aug-cc-pVDZ and aug-cc-pVTZ basis sets is negligible, and thus
we utilize the aug-cc-pVDZ basis set for further investigations.

It is well known that the properties of a molecule are affected
by a nearby field due to the presence of a metal. Therefore, the
molecular hyperpolarizability of the attached molecule depends
on the number of metal clusters, the size of the clusters, the
orientation of the molecule with respect to the metal cluster(s),
and the distance to the clusters. Results from these investiga-
tions are depicted in Fig. 3 and 4. We have plotted the difference
in hyperpolarizability (™) for the molecule next to the gold
clusters and the hyperpolarizability (**°) of the molecule in a
vacuum. From the relative hyperpolarizabilities i.e. "™ — "2 it
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Fig. 2 The basis set dependence of the hyperpolarizability with a fixed cluster size of 194 Au atoms and a fixed vertical distance of 1.95 A and a horizontal

distance of 2.4 A.
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Fig. 3 The cluster size and number dependence of the hyperpolarizability with fixed distance and computational method.

is evident that the metal affects the hyperpolarizability of the
molecule since the hyperpolarizability is increased significantly
compared to the one in a vacuum. We also note that the effect
is substantial for the external electromagnetic field of high
frequency.

In the presence of one cluster of gold atoms, we observe
that with increasing cluster size of the gold cluster the hyper-
polarizability increases, however, the increase is not significant.
On the other hand, for the configurations having two gold
clusters, we observe a more significant effect on the hyper-
polarizabilites as the cluster size is increased. As is expected, the
increase in the hyperpolarizabilities is larger for the external
electromagnetic fields of higher frequency. However, the effect of
increasing the cluster size decreases with increasing cluster size,
indicating that we have utilized gold nanoparticles of a sufficient
size in order to represent a bulk metal cluster.

We find by varying the distance between the molecule and
one cluster with fixed size that the hyperpolarizability decreases
with increased distance to the cluster, and this is of course
due to the weaker interactions between the molecule and the
electrode as the distance between the molecule and the cluster

24346 | Phys. Chem. Chem. Phys., 2016, 18, 24343-24349

becomes larger. In the case of the molecule placed between
two gold clusters, we observe a similar decrease in the effect
of the gold clusters on the calculated hyperpolarizabilities.
Furthermore, we note that the distance dependence on the
hyperpolarizability is larger than the effects related to the size
of the gold clusters.

The chemical interpretation of the hyperpolarizability in the
context of the orientation of the metal clusters is interesting. It
is observed that the hyperpolarizability is significantly larger
for one cluster placed horizontally at the nitro group compared
to an orientation where the amino group is closest to the gold
cluster. The hyperpolarizability depends also on the molecular
orientation whether it is placed horizontally or vertically.
This effect is due to that large charge separation in the
NO, group and this leads to a larger polarization of the gold
cluster. The effect of the type of linker group on the electrodes
also manifests in the results of two clusters. The more directly-
connected molecule in the horizontal orientation in the junc-
tion has a significantly larger hyperpolarizability than the less
directly-linked molecule in the vertical position in the junction.
We note that the effect of the electron withdrawing group near

This journal is © the Owner Societies 2016
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Fig. 4 The molecule-electrode distance dependence of the hyperpolarizability with the fixed parameter of a cluster size of 194 Au atoms and the aug-

cc-pVDZ basis set.

a metal surface is significant, since the hyperpolarizability of
the molecule placed near one cluster facing the nitro group is
comparable in magnitude to that of the molecule placed
vertically between two clusters.

V. Conclusion

We have presented a theoretical method and computations of
the effects of nanoparticles on frequency dependent first
hyperpolarizabilities of molecules. We have utilized quantum
mechanical-molecular mechanics (QM/MM) response meth-
ods for calculating the electromagnetic properties of mole-
cules interacting with nanoparticles and frequency dependent
electromagnetic fields. The frequency dependent first hyper-
polarizability of PNA in the presence of zero, one or two gold
nanoparticles of varying sizes, orientations and distances
is calculated by DFT/MM. The hyperpolarizability of the mole-
cule depends strongly on the distance and orientations

This journal is © the Owner Societies 2016

between the nanoparticles and the molecule whereas the size
of the nanoparticle is of little importance but it could be
of interest to perform molecular dynamics simulations of
the systems and calculate the macroscopic properties.*> We
clearly show that metal nanoparticles are able to influence
the first hyperpolarizability of the molecules. Investigations
concerning the importance of a quantum description of small
metal particles have illustrated the importance of including
metal atoms in the quantum mechanical description.*’ The
plasmon response (the oscillations of free electron density
against the fixed positive ions in a metal) of the gold cluster
is not included and nevertheless we observe an induced
hyperpolarizability in PNA. Recent investigations*® have
addressed the importance of introducing models for the
classical subsystem where a capacitor model has been used
for including the charge redistribution in the metal clusters
and this model will be utilized in our future investigations of
the nonlinear optical properties of organic molecules attached
to metal particles.
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