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We present the results of first-principles molecular orbital calculations describing the interaction of metallic
nanoparticles, represented by Mn13, Ag13, and Al13 atomic clusters, with a biologically active molecule,
dopamine. The interaction strength, determined in terms of the nanoparticle-molecule complex binding energy,
is found to be higher for Mn than either Ag or Al and can be explained in terms of the degree of the
hybridization of the (metal) atomic orbitals with the molecular orbitals in the complex. Furthermore, smaller
interaction strength of these metallic nanoparticles with water compared to that with dopamine predicts the
preference of forming a complex of dopamine with the metallic nanoparticles in the aqueous solution. The
calculated results may therefore suggest that the presence of these metallic nanoparticles could induce different
levels of dopamine depletion in solution.

1. Introduction

Engineered nanomaterials with at least one dimension within
the size range of 1-100 nanometers are increasingly finding
commercial applications as fillers, UV blockers, light reflectors,
catalysts, semiconductors, and light emitters.1,2 The unique
chemical and physical properties, such as chemical reactivity,
thermal and electrical conductivity, and optical sensitivity of
engineered nanomaterials combined with the fact that such
properties can be further tailored by engineering the size, shape,
and chemical composition make these materials highly desirable
for a wide variety of commercial as well as noncommercial
technologies and consumer products. However, with increased
activities in their synthesis, growth, and integration in technology
and consumer products, there has also been increased concern
about their biological and environmental effects.3 Therefore, as
the production and applications of engineered nanomaterials
continue to increase, it is deemed critically important and timely
to develop an understanding of their health and environmental
effects and to develop a baseline safety guidance of their
possible toxicity.

Recently, several experimental studies were devoted to
understand the toxicity of nanoparticles, such as diamond,4 C60,5

and silica nanoparticles in human lung cancer cells,6 iron oxide
nanoparticles internalization in growing neurons,7 and manga-
nese oxide and silver nanoparticles within PC-12 cells.8 A case-
by-case difference was suggested from these experiments. For
example, nanodiamonds were found to have no toxic effects
on a variety of cell types, whereas cytotoxicity was observed
for C60, silica, and iron oxide nanoparticles, where exposure to
increasing concentration of these nanoparticles results in a dose-

dependent diminishing viability and capacity of living cells. On
the other hand, the toxic reactivity in terms of the level of
dopamine in PC-12 cells was found to be higher for Mn than
that for Ag nanoparticles.8

The importance of the extraordinary characteristics of the
nanoparticles themselves in toxicity is often omitted: small size,
high surface area, high reactivity, and altered electronic struc-
ture.9 The aim of this paper is to understand the reaction of
metallic nanoparticles with a biological active molecule: dopam-
ine. The propensity of nanoparticles forming a complex with
dopamine in the aqueous solution may lead to the reduction of
the concentration of free dopamine molecules in the solution.
As a result, it may also be one of the causes of the dopamine
depletion in cells that are cultured in such a solution. We have
performed first-principles quantum mechanical calculations to
obtain the energy surface describing the interaction of metallic
nanoparticles with the dopamine molecule. Specifically, we have
performed electronic structure calculations on a dopamine
molecule interacting with atomic clusters of manganese and
silver, represented by Mn13 and Ag13, respectively. Additionally,
we have also considered atomic clusters of aluminum (e.g., Al13)
due to the commercial use of aluminum nanoparticles in solid
rocket fuel10 and conductive coatings.11 The calculated results
provide very interesting and useful information on relative
strength as well as the site specificity of metallic nanoparticle-
dopamine binding. It is expected that the present study not only
provides a better understanding of the underlying mechanism
of dopamine depletion by metal nanoparticles, but would also
provide guidance to establish a comprehensive kinetic model
describing the nanoparticle-molecule interaction.

2. Computational Method
All calculations reported here were performed within the

framework of the density functional theory (DFT). We used
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the Vienna ab initio simulation package (VASP) code employing
the projector augmented-wave (PAW) potentials.12-14 The
exchange and correlation functional forms proposed by Perdew
and Zunger15,16 were used in the generalized gradient ap-
proximation (GGA) to density functional theory. We note here
that the use of GGA approximation was found to be essential
for magnetic metallic clusters, such as Mn clusters, to obtain
an accurate and reliable energy surface.16

The computational parameters were taken from our previous
studies on NinB clusters.17 For example, atoms in a given cluster
were positioned in a cubic supercell with an edge of 20 Å. The
cutoff energy for the plane wave basis was set to 400 eV. The
electronic structure calculations were considered to be converged
when the force on each ion was less than 0.03 eV/Å. Addition-
ally, the total energy convergence criterion of 10-5 eV was used.

3. Results and Discussion

3.1. Dopamine. The optimized equilibrium structure for the
dopamine molecule is shown in Figure 1. The two hydroxyl
(-OH) groups are nearly coplanar with the phenyl ring and form
an O-H · · ·O-H intramolecular hydrogen bond in their most
stable arrangement. This is consistent with an earlier study.18

The lowest-energy structure found in this study has the
characteristic dihedral angles (as defined in the literatures
18-20) of �1(N5-C4-C3-C2) ) 74.09°, �2(C4-C3-
C2-C1) ) 116.92° following the gauche conformer configu-
ration (60°, 90°) for the (�1, �2) pair.19 The calculated
geometrical parameters are in reasonable agreement with the
results of an earlier study20 giving the gauche conformer
configuration for N-protonated dopamine with the values of
(54.60°, 85.03°). However, we also find that only a small
difference in the orientation of the -CH2-CH2-NH2 tail can
yield different structural isomers for the ground state, thereby
confirming the flexibility of the rotation of the C-C and C-N
σ-bonds in the molecule.19,20

3.2. Mn13, Ag13, and Al13 Nanoparticles. The ground-state
of a 13-atom metallic nanoparticle is, generally, predicted to
be an icosahedra followed by either hexagonal close packed or
cuboctahedral configurations. This is the case with the nano-
partciles considered, namely Mn13, Ag13, and Al13, as also
reported in the previous studies.21-28 For Mn13, the ground-state
prefers antiferromagnetic ordering as indicated in Figure 2. In
contrast to Mn13, Al13 and Ag13 have the doublet spin state in
the ground-state due to the odd-electron system.29 The (average)
bond lengths of these metallic atomic clusters are listed in Table
1, showing a very good agreement with previously reported
values.21-29

3.3. Interaction of Metallic Nanoparticles with Dopamine.
We begin with the icosahedral configuration of metallic atomic
clusters and consider the cluster to approach the molecule toward
the oxygen atoms (i.e., the O-site), nitrogen (i.e., the N-site),

and the hexagon ring (i.e., the top-site) of the dopamine molecule
(Figure 1). The paths approaching to the O- and N-sites are
constrained on the plane of the molecule whereas the path going
to the top-site is constrained perpendicular to the plane of the
molecule. Note that the molecular coordinates are relaxed as
the metallic cluster approaches the molecule. The calculated
energy surface for Mn13, Ag13, and Al13 are shown in Figures
3, 4, and 5, respectively. Here, the distance is taken to be the
distance between the nearest cluster atom facing the molecule
and the approaching molecular site. The reference point of
energy is taken to be the energy of the system when the cluster
and the molecule are far apart from each other. The binding

Figure 1. A ball-and-stick model for the dopamine molecule (O: red,
C: yellow, N: navy blue, H: blue).

Figure 2. The ground-state configuration of Mn13. The atoms with
spin up state are green, and the atoms with spin down are red.

TABLE 1: Bond Lengths of Mn13, Ag13, and Al13

(average) bond length (Å)

cluster this work other work21-29

Mn13 2.52 2.54
Ag13 2.86 2.87
Al13 2.52 2.59

Figure 3. The energy surface describing interaction of Mn13 with a
dopamine molecule.

Figure 4. The energy surface describing interaction of Ag13 with a
dopamine molecule.
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energy of the nanoparticle-molecule system is then calculated
as the difference of the energy associated with the equilibrium
configuration and the energy associated with the reference point.
For example, the binding energy for the (Mn13 + molecule)
complex is the difference in total energy of the configurations
at the separations of 5.0 and 1.7 Å, respectively.

The calculated values of the binding energy (EB) and the
distance (RB) associated with the ground-state configuration of
the complex consisting of the nanoparticle and molecule are
given in Table 2.

The energy surface does not show the presence of the energy
barrier for all the cases considered (Figures 3-5), thus indicating
the likelihood of exothermic reaction between metallic atomic
clusters and the dopamine molecule. For Mn13, the calculated
results show the preference for the top-site with the binding
energy of 1.22 eV. It is closely followed by the preference for
the N-site and O-site with the binding energies of 1.02 and 0.42
eV, respectively. However, this is not the case of either Ag13

or Al13, where the preferred binding site is predicted to be the
N-site followed by the O-site and the top-site. The predicted
interaction strength at the N-site of the molecule is much higher
than that at the O-site, although the metallic atoms tend to bind
more strongly with the oxygen atom relatively to the biding
with a nitrogen atom. This is due to the fact that the so-called
O-site is the bridge site to two O atoms each bonded to two
other atoms in the molecule. Furthermore, the calculated values
of the binding energy for Ag13 and Al13 are significantly lower
than those associated with Mn13. The significantly higher
interaction strength of Mn13, therefore, suggests that the
manganese nanoparticles, and not the silver or aluminum
nanoparticles, are likely to be associated with the higher level
of free dopamine depletion. Calculations are in progress to
develop a comprehensive kinetic model representing reactivity
of metallic nanoparticle with the dopamine molecule.

Finally, we show the charge density plots (Figure 6) of the
nanoparticle-molecule complex to explain the difference in
interaction strength together with the site selectivity shown by

Mn13, Ag13, and Al13. In the equilibrium configuration of the
nanoparticle-molecule complex, the top-site among the three
molecular sites facilitates the maximum overlap of electron
clouds of the atomic cluster and molecule, since all of the atoms
constituting the molecule are likely to participate in the bonding.
Because the electronic configuration of the Mn atom is 3d54s2,
the molecular levels of Mn13 arising from the Mn 4s orbitals
can be considered to be filled. A small interaction will split the
Mn 3d orbitals in a crystal field-like manner: in the Mn13 cluster,
the central 3d orbitals form a single degenerate representation
of hg character within the Ih group, while the surface 3d orbitals
will split, within their C5V symmetry, into e1 (dxz, dyz), e2 (dx2-y2,
dxy), and a1 (dz2). Because the central-to-surface atomic distance
is shorter than the surface-to-surface atom distance, the ordering
of these almost degenerate orbitals will be e1 < e2 < a1 < hg. In
Mn13, filling these orbitals with the 65 d electrons will yield
the electronic configuration of e1

48 e2
17 a1

0 hg
0, with nonfully

occupied d orbitals. This is further confirmed by the calculated
orbital-projected density of states of Mn13, not shown here.

When the Mn atoms interact with the dopamine molecule,
the resulting electronic configuration of the nanoparticle-molecule
complex will be different. While interacting from the top of
the phenyl ring, the π orbitals of phenyl will undergo a strong
hybridization with their environment, thus lowering their energy.
These mixed orbitals will be filled before the remaining Mn 3d
orbitals, such as Mn hg. Overall, the orbital pattern consists of
(i) symmetry-split, almost degenerate, 3d orbitals versus (ii)
mostly hybridized Mn-3d and phenyl-π orbitals that are lower
in energy. In the nanoparticle-molecule complex, the charge
density plots at different contour values show a strong overlap
of the electron clouds associated with the metallic atoms and
the molecule. The higher interactive strength of Mn13 with
dopamine can then be attributed to the great degree of
hybridization that forces the pairing of the electrons in the mixed
orbitals of Mn and dopamine.

In contrast, the electronic configuration of the Ag atom is
4d105s1, and Ag13 is characterized by s-type frontier orbitals,
with one unpaired electron in the odd-number atomic cluster.
The Ag-s orbitals undergo a smaller hybridization with the
phenyl-π orbitals, yielding a weaker interactive strength with
the molecule. Likewise, the Al atom has an electronic config-
uration of 3s23p1, and the icosahedral-like Al13 cluster falls into
the case where the 12 surface atoms form a close-shell electronic
configuration similar to that of Kr with 36 electrons in total,
while the central atom has an unpaired electron with p-type
character.23 When the atomic cluster approaches the dopamine
molecule from the top-site, an overall Coulomb repulsion is
noted due to the closed shell of Al13 cluster. Therefore, no
bonding is detectable with the molecule, as shown by the
repulsive potential energy surface in Figure 5.

Considering the fact that the experimental studies were
performed on the biological cells in the water solution, we have
further studied the interaction of metallic nanoparticles with
water. The calculated energy surfaces are shown in Figure 7,
where the distance is taken from the outmost atom facing the
molecule to the O atom of water and the energy at the 7 Å is
aligned to zero as a reference point. Accordingly, the binding
energy of the Mn13+water and Ag13+water complexes comes
out to be 0.47 and 0.24 eV, respectively with the equilibrium
distance of 2.1 and 2.4 Å, respectively.

Because a simulation of the interaction of the metallic
nanoparticles with the dopamine molecule in the aqueous
environment is beyond the scope of this study, we estimate the
relative strengths of the two competing reaction processes (i.e.,

Figure 5. The energy surface describing interaction of Al13 with a
dopamine molecule.

TABLE 2: Binding Energy (EB) and Distance (RB) of the
Nanoparticle-Molecule Complex

molecular sites

metallic nanopartcile N-site O-site top-site

Mn13 EB, eV 1.02 0.42 1.22
RB, Å 2.1 2.5 1.7

Ag13 EB, eV 0.67 0.27 0.12
RB, Å 2.3 2.7 3.1

Al13 EB, eV 0.91 0.30 not bound
RB, Å 2.0 2.5
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interaction of metallic nanoparticles with a dopamine molecule
or with a water molecule) by comparing their binding energies
of the respective complexes. Interestingly, a significantly higher
binding energy for the Mn13+dopamine complex relative to
Mn13+water complex points toward the fact that metallic Mn
nanoparticles most probably form a complex with the dopamine
molecule instead of water, thus leading to the concentration-
dependent depletion of dopamine in the aqueous solution.
Likewise, the relatively stronger interaction of Ag with dopam-
ine than with water suggests the same effect of depletion of
dopamine in the aqueous solution. However, this depletion effect
in the presence of Ag nanoparticles is likely to be smaller than
that in the presence of Mn nanoparticles, due to relatively
smaller interaction strength of Ag nanoparticles.

4. Summary

We have investigated the interaction of metallic nanoparticles,
represented by Mn, Ag, and Al atomic clusters, with a
biologically active molecule, dopamine. The interaction strength
in terms of the metallic nanoparticles-dopamine binding energy
is predicted to be higher for Mn relative to either Ag or Al
nanopaticles. We also find that Mn13 prefers to bind with the
top-site, whereas Ag13 and Al13 prefer to bind with the N-site
of the molecule. The site selectivity and the interaction strength
of metallic nanoparticles can be explained in terms of the degree
of the hybridization of the (metal) atomic orbitals with the
molecular orbitals in the cluster-molecule complex. The smaller
interaction strength of these metallic nanoparticles with water
compared to that with dopamine further confirms the preferred
adsorption of dopamine onto their surface in the aqueous
solution. The higher interaction strength predicted for Mn13

relative to the Ag13 may suggest a higher level of dopamine
depletion in solution due to this binding mechanism alone in

the presence of Mn and Ag nanoparticles. We have no means,
however, to declare that this is the only toxic pathology and
mechanism for these nanoparticles existing in a cell culture
media. The results also form a basis for calculations which are
now in progress to make a comprehensive kinetic model
describing the reactivity of the nanoparticle-molecule complex.
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Figure 6. The charge density of the cluster-molecule complex showing the top-site interaction: (a) Mn13, (b) Ag13, (c) Al13. The contour density
for (a) and (b) is 0.32 e/Å3, and that for (c) is 0.16 e/Å3.

Figure 7. The energy surface describing interaction of Mn13 and Ag13

with water.
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