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Abstract

There is a continuous effort in the plasmonics community to achieve a control of the optical response of
metallic nanostructures via a proper design of their morphology [1, 2]. However, in the last years there
has been an increasing interest in obtaining an active control of the response by application of external
bias, or polarizing fields [3]. The modulation of the plasmon resonances in this active fashion has been
recently  achieved  in  electrochemistry   by  adding  chemical  reductants  to  the  colloidal  nanoparticle
solution [4-6]. Similarly to the situation in 2D materials, such as graphene [7-9], the observed shift of the
plasmon frequency has been often interpreted also in 3D particles as a result of the charge doping of
the  nanoparticles.  Based  on  a  full  quantum  mechanical  description,  we  review  this  long-standing
misconception in electrochemistry.

In this work, we study the electron dynamics and plasmon modes of small charged metallic clusters in
vacuum with  use  of  density  functional  theory  (DFT)  and  time-dependent  density  functional  theory
(TDDFT)  calculations.  We obtain  the  electronic  structure  and  trace  the  dynamics  of  well-defined
nanoparticle clusters that allow to isolate and identify the effects of pure charging in the optical response
of metallic nanostructures, with respect to the action of an external polarization or chemical effects. In
particular, we show that the frequency shift of the plasmon mode is generally small when a nanoparticle
is charged, and this shift  has an opposite sign to that  expected from the arguments based on the
change of bulk electron density. Our results can be well understood based on the theory of dynamical
screening [10-12] to describe the dependence of the dipolar plasmon resonance on the nanoparticle
size. We also demonstrate that for negatively charged clusters, as soon as the Fermi level is promoted
above the vacuum level, the extra charge decays at femtosecond (fs) time scales. Despite the small
size of  the systems considered in  our model calculations (∼5 nm in diameter),  our results  can be
generalized  to  the  case  of  larger  nanoparticles  as  those  commonly  treated  in  electrochemistry.
Counterintuitively,  these  results  reveal  that  the  plasmon  energy  shifts  observed  in  electrochemical
solutions of plasmonic nanoparticles cannot be explained without considering the effect of the dipole
layer  formed by the ions that  screen the nanoparticle  charge  and the eventual  modification of  the
surface electronic structure of the metal nanoobject by the chemisorbed species.
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