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The 50 nm-thick polystyrene (PS) film, involved in some innovative memory devices, is sandwiched between
two Al electrodes and contains 8-hydroxyquinoline (8HQ) molecules and gold nanoparticles. A periodic DFT
study of the molecular adsorption of two different tautomers of the 8HQ on an Al (111) surface has been
performed. The changes of the metal work function under molecular adsorption have been calculated to
determine the possible effect at the interface on the electron and hole injection barriers. The strong adsorption
of the 8HQ(II) tautomer makes the work function change up to 1.2 eV with respect to the bare Al (111)
surface. Hence, the stabilization of the 8HQ(II) at the interface could play a key role in the switching mechanism
of the device.

Introduction

Bistable organic electronic devices are very promising for
applications in several fields of current technological interest,
such as nonvolatile computer memories.1-5 Yang and co-workers
describe an organic memory device, constituted by a sandwich
structure, namely a solid polystyrene (PS) solution containing
dodecanethiol-capped gold nanoparticles (AuNP) and 8-hydrox-
yquinoline (8HQ) molecules, between aluminum electrodes.6

The most interesting characteristics of this class of devices is
the amazing simplicity of their structure, and thus the economic
advantage in their production with respect to conventional
semiconductor-based memory devices that comprise many layers
of different materials. It is also important to take into account
the environmental advantages of organic electronic components
in terms of their lower energy content and of the less hazardous
chemicals involved in their preparation.

The first characteristic of the Yang’s device, the so-called
bistability, which allows the apparatus to be used as a memory
device, and to classify it under the FET (field-effect-transistor)
family, is the ability to switch from a low-conductivity state to
a high-conductivity one by the application of low bias at the
aluminum electrodes. The second feature is a large hysteresis
width in the current-voltage plot, which implies a sharp-cut
electric current difference between the two conductivity regimes
when a specific voltage is applied. This characteristic permits
to obtain a good accuracy and reliability on reading the Boolean
information about the conductivity state. In this way, it is
possible to exploit the device as a write/read/erase memory, as
long as three specific voltages can be chosen in order to write
(switch on), read, and erase (switch off) the information (current
flow). The third requirement is the qualitative and quantitative
stability of the device properties under thousands of switching
iterations (write/read/erase cycles). Indeed, under the application

of at least 2.8 V for less than 25 ns, the current intensity flowing
through the memory device increases from 10-11 to 10-6 A,
whereas at positive voltages lower than 2.8 V the device remains
in its conductivity regime, either high or low.6 The application
of an inverse bias of at least -1.8 V is required to make it
switch back to its high-resistance regime.

A deeper understanding of the key physical/chemical factors
tuning the behavior of organic electronic devices is a mandatory
prerequisite for optimizing the structure and the composition
of the materials, for approaching the performances, the stability,
and the reliability of the corresponding semiconductor devices,
or even for new components.7 The present study represents the
second step8 of a project aimed at understanding the various
aspects of the Yang’s device, using the tools of computational
chemistry. Our first aim is to describe the low-conductivity
regime of the device, throwing light on the thermodynamics to
be obeyed for electronic switching to the high-conductivity state.
The first requirement for the electric current to flow through
the device is electron or hole injection from metal electrodes
to the polymeric film.9-12 It has been assessed from experimental
evidence that the mean conductive molecular component is
represented by the 8HQ molecules, which determine the voltage
thresholds at the aluminum interfaces,4,6 whereas the hysteresis
width and the I-V asymmetric behavior are caused by the
presence of AuNPs and are sensitive to their concentration and
size. In other recent experimental works,13,14 a direct propor-
tionality between the switching voltages, the conductivity, and
the concentrations of gold nanoparticles and 8HQ molecules in
a polystyrene matrix have been measured. At concentrations
lower than a certain percolation threshold, the current is due to
electrons passing from the metal electrodes through the insulat-
ing composite. Near and above the percolation threshold, and
for the application of a critical voltage, charge transport is likely
to take place between 8HQ molecules.

In the first part of this study,8 the calculations of the structural
and electronic properties of the PS-8HQ mixture uncovered
the role that PS-solvation plays in lowering both the hole and
the electron injection barriers, determining the voltage to be
applied for the conductivity switching. The latter aim was
achieved by calculating the electron affinities (EA) and ioniza-
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† Università di Napoli.
‡ Scuola Normale Superiore.
¶ Leiden Institute of Chemistry, Leiden University, Einsteinweg 55,

2333CC Leiden, The Netherlands.
| INFN - Sezione di Perugia, via A. Pascoli, 06123 Perugia, Italy.

J. Phys. Chem. C 2010, 114, 21439–21443 21439

10.1021/jp1063287  2010 American Chemical Society
Published on Web 11/10/2010



tion potentials (IP) of the 8HQ molecules in this specific
environment and by considering the experimental value of the
aluminum work function. However, we neglected possible
aluminum surface alterations, due to molecular periodic adsorp-
tion which often modifies considerably the metal work function,
depending on the nature of the ad-molecules and on the coverage
degree of the surface.15-17 In this work, we present a quantum
mechanical (QM) study of the adsorption of 8HQ in its two
tautomeric forms on the Al (111) surface, and we show how
the relative work function modifications provide information
about the conduction mechanism. In particular, we address the
following questions: (i) Can 8HQ molecules adsorb on the Al
(111) surface? (ii) Does the Al electrode work function change
under 8HQ adsorption?

The present work is organized as follows: The second section
provides a brief account of the computational methods and
theoretical models. In the third section we discuss the issue of
the injection mechanisms and the variables involved. In the
fourth section, the main computational results for 8HQ adsorp-
tion on the Al (111) surface are analyzed, and in the fifth section,
conclusions are presented.

Computational Methods

Periodic DFT calculations were performed on slabs (2-D
periodicity) with the CRYSTAL06 program.18,19 The infinite
series of Coulombic integrals was approximated with Ewald
techniques,20 whereas the infinite exchange series, representing
an essentially short-range interaction, was truncated to ensure
convergence for energy and related observables.21 The solution
of the effective one-electron Schrödinger equation was per-
formed in reciprocal space sampling k points on a regular
mesh.22 The symmetry was fully implemented in direct space,
to minimize the number of molecular integrals that needed to
be computed and stored, and in reciprocal space, to perform a
block diagonalization.23 Energy derivatives with respect to the
position of the atoms in the unit cell were implemented,24-26

thus making it possible to optimize the equilibrium geometry
within a given crystal symmetry by an effective quasi-Newton
technique.

Surfaces and adsorption were studied by means of 2-D
periodic supercells. The substrate was represented by a slab of
atomic layers. The use of only 2-D translational symmetry
allows one to study surfaces with models that have an infinite
vacuum above them; this avoids the complicated problem of
defining the potential at infinity. The use of dummy layers above
the surface allowed an improvement on work functions.

The hybrid gradient-corrected B3LYP27 density functional
was used at the all-electron level using an optimized 88-31G*
basis set for the Al atoms (see Supporting Information) and
6-31G* basis sets for all the other atoms.28

Injection Mechanisms

In a simple electron donor-acceptor model, where an 8HQ
molecule in the PS environment and the metal electrode
represent the redox couple, we can calculate the electron and
hole injection barriers, φe and φh, respectively. These are the
Gibbs free energies required to transfer an electron from the
aluminum electrode to an 8HQ molecule and vice versa:9

where φAl is the aluminum work function, and EA and IP are
the 8HQ electron affinity and ionization potential, respectively.
In the first part of this work,8 the average experimental value
of the bare aluminum work function29 has been considered, and
we calculated EA and IP of 8HQ in vacuum and solvated in
amorphous polystyrene within the polarizable continuum model
(see Table 6 in ref 8). At that level we neglected possible
phenomena at the aluminum interface, such as molecular
adsorption, or partial solvation of 8HQ molecules at boundaries,
which could affect the injection barriers at zero bias, and the
electric response under low voltage applications. In Figure 1
we show a plot of the electron and hole injection barriers in
vacuum or in PS (red and blue lines, respectively), as a function
of φAl. The lines of the calculated hole and electron injection
barriers in PS intersect at the value φAl ) 3.9 eV (dotted black
vertical line). For φAl values greater than 3.9 eV, the hole
injection is favored, whereas the electron injection is preferred
for smaller values. The injection energies Einj, as provided under
the application of 2.8 V bias, in the two limit cases of a
symmetric (η ) 0.5) or a totally asymmetric (η ) 1) electric
response at the interfaces, are sketched in green horizontal
lines.30,31 The asymmetry parameter η is a measure of the
effective bias at the electrodes, and enters in the proportionality
factor between the applied voltage (V) and the redox potentials
(En) of the electrodes:

where e is the electron charge. When η ) 0.5, the electric
responses of the two electrodes are symmetric, and the
maximum energy disposal is Einj ) |E1,2| ) 1.4 eV for V ) 2.8
V. Under these conditions, if the experimental average workφe ) φAl - EA (1)

Figure 1. Electron (red curves) and hole (blue curves) injection barriers
in vacuum and in PS, as a function of the aluminum work function.
Green horizontal lines indicate the injection energies provided in some
particular conditions (see text for explanation).

φh ) IP - φAl (2)

E1 ) ηeV

E2 ) (η - 1)eV
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function of a clean aluminum surface is considered (φAl ) 4.28
eV, black solid vertical line), the Einj is not enough to inject
either electrons or holes (see where the green horizontal line
intersects with the black vertical line). Indeed, the hole (electron)
injection barriers in PS lies 0.45 (1.2) eV higher in energy, and
even much higher in vacuum. The only possibility to obtain
hole injection with this particular value of φAl, is having η g
0.66, and even higher values for an electron injection.

Positive deviations of φAl from the bare aluminum value (4.28
eV) provide lower hole injection barriers (negative slope of φh)
and higher electron injection barriers (positive slope of φe),
which would endorse a hole-conduction mechanism. On the
contrary, for negative variations of φAl larger than 0.3-0.4 eV,
φe and φh intersect, and an injection inversion occurs, opening
the possibility for electron-conduction mechanisms. The asym-
metry parameter η can be determined if the φAl value and the
solvation environment of 8HQ molecules are known.

8HQ Adsorption on Al (111)

The adsorption of the enolic (I) and ketonic (II) tautomers of
8HQ molecules (Figure 2) has been simulated by means of a
6-(3 × 3)-layer slab model. This particular arrangement
simulates the formation of an adsorbed molecular monolayer
on the surface, in a concentration which should grossly
reproduce the average surface density of 8HQ molecules on the
electrode surface in the memory device. The fully optimized
structures have been found with periodic DFT/B3LYP calcula-
tions. We followed the Doll et al.32 procedure to calculate
improved metal work functions with localized basis sets, by
adding basis functions in the vacuum region (ghost layers) above
the metal surfaces at the same positions of the crystal lattice.

The optimized adsorption structures are shown in Figure 3a
for the 8HQ(I), and in Figure 3b for the 8HQ(II) tautomers.

The 8HQ(I) molecules adsorb with the oxygen (nitrogen)
atoms in the proximity of a top (hollow) site at a distance of
3.504 (3.791) Å from the first Al layer. The molecular plane is
perpendicular to the Al surface (xy plane) and it forms a dihedral
angle of 15° with respect to the xz plane. The Al surface
structure remains essentially unchanged under molecular ad-
sorption. The distance between the first and the second Al layer
is expanded by just 0.03 Å with respect to the pristine Al slab
(2.41 Å). From the analysis of the Mulliken charges, the
aluminum slab retains some positive charge with an average
depletion of about 0.08 e per surface aluminum atom. On the
other hand, the 8HQ(I) molecule has also a little positive total
charge of 0.18 e. The neutrality of the system is ensured by the
two layers of ghost atoms which in turn have a negative charge
of 0.046 e per ghost atom. Especially the first layer of ghost
atoms which is closer to the aluminum slab and to the
electronegative atoms of the 8HQ(I) is enriched by 0.092 e per
ghost atom. Comparing the Mulliken charges between the
isolated 8HQ(I) and the adsorbed 8HQ(I)/Al (111) at the same

level of calculation, no relevant differences can be noticed. The
modulus of the adsorbed 8HQ(I) Mulliken dipole moment is
3.89 D with respect to the molecular center of mass, without
ghost atoms. This value is slightly larger than 3.35 D we
calculated at the same level of calculation in gas phase. The
dipole moment is oriented 41.2° from the normal to the Al
surface, and it is directed toward the vacuum region.

The 8HQ(II) molecules adsorb with the oxygen (hydrogen)
atoms in the proximity of a top (bridge) site at a distance of
2.531 (3.441) Å from the first Al layer. The molecular plane is
perpendicular to the Al surface (xy plane), and it forms a dihedral
angle of 80° with respect to the xz plane. The Al atom which is
closest to the O atom is pushed above the surface of 0.75 Å,
forming an Al-O bond with a distance of 1.808 Å. In this case
the first Al layer results to be compressed by 0.03 Å with respect
to the bare Al surface, whereas the inner layers are slightly
expanded. From the analysis of the Mulliken charges, the
aluminum slab retains some positive charge with an average
depletion of about 0.09 e per surface aluminum atom. The
8HQ(II) molecule has a tiny negative total charge of 0.019 e,
whereas the two layers of ghost atoms have a total negative
charge of 0.048 e per ghost atom. Especially the first layer of
ghost atoms which is closer to the aluminum slab and to the
electronegative atoms of the 8HQ(II) are enriched by 0.077 e
per ghost atom. Comparing the Mulliken charges between the
isolated 8HQ(II) and the adsorbed 8HQ(II)/Al (111) at the same
level of calculation, the oxygen and the nitrogen atoms are
slightly more negative by 0.09 and 0.08 e, respectively, when
close to the Al surface. The modulus of the adsorbed 8HQ(II)
Mulliken dipole moment, without ghost atoms, is 6.137 D with
respect to the molecular center of mass. This value is quite
similar to 6.124 D we calculated at the same level of calculation
in gas phase, and to 6.245 D we calculated exactly from the
DFT/B3LYP/N07D electron density of 8HQ(II) in gas phase.8

The dipole moment is oriented 15.0° from the normal to the Al
surface, and it is directed toward the vacuum region.

The adsorption energies are shown in Table 1, with and
without ghost layers, expressed in kilocalories per adsorbed
molecule. The ghost atoms play an important role also in the
adsorption structures, and in the strength of adsorption bonds.
When ghost layers are taken into account, the weak interaction
of the enolic tautomer 8HQ(I) with the Al (111) surface is
enhanced by 5.9 kcal (83%) per adsorbed molecule. In the
8HQ(II) adsorption, the ghost layers make the interaction

Figure 2. Enolic (I) and ketonic (II) tautomers of 8HQ.

Figure 3. Periodic adsorption structure of (a) 8HQ(I) and (b) 8HQ(II)
molecules on Al (111).
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between the molecule and the slab increase by 4.8 kcal (13%)
per adsorbed molecule.

Table 2 shows the calculated work functions for the clean
Al (111) surface, with the adsorbed 8HQ tautomers, with and
without ghost layers. The Al (111) work function is lowered
by the interaction with both the tautomers, but more when
8HQ(II) is adsorbed and when the ghost layers are employed.

In conclusion, our results indicate a possible lowering of the
electrode work functions by up to 1.25 eV, due to the non-
negligible interaction with 8HQ molecules present at the Al/
PS interface. The related electron and hole injection barriers
can hence be significantly decreased and increased, respectively
(see Figure 1). The thermodynamics of the system is totally
upset by the possible occurrence of 8HQ adsorption on the
electrode surfaces, and the electron injection mechanism
becomes the most probable.

Even more interesting is the possible role that molecular
adsorption on the electrodes has on the bistability behavior of
the memory device. The application of the bias could favor the
tautomerization of the enolic 8HQ molecules to the ketonic form,
whose a larger dipole moment allows a better alignment along
the electric field and a more favorable adsorption on the
electrode, with the consequent sharp decrease of the electron
injection barrier. Furthermore, the asymmetric behavior of the
I-V plot could be caused by a large resistance to the inversion
of the dielectric polarization under a reverse bias, due to the
quite strong molecular adsorption of the ketonic 8HQ molecules.

Conclusions

Assuming an asymmetric electric response at the two
aluminum electrodes, the voltage required to switch the device
to a high-conductivity state could provide the hole injection
energy, giving clues for a hole transport mechanism. However,
only an explicit study of the electrode interfaces, which takes
into account the adsorption of 8HQ molecules on the aluminum
surfaces, opens the possibility to another sketch. The relevant
decrease in the work function of the covered aluminum surface
dramatically lowers (increases) the electron (hole) injection
barrier, making the electron transport mechanism more probable
to occur. Furthermore, a well-packed molecular adsorption
would make the electron injection barrier accessible at 2.8 V,
without invoking asymmetric electric behavior at the two
electrodes.

The asymmetric features of the I-V plot of the memory
device could be due instead to the different relative stabilities

of the 8HQ tautomers between the charged and the neutral
molecules. Adiabatic electron transfers are likely to occur at
the electrode interface where the 8HQ molecular structures
would not vary in the time scale of the electron transfer event.
At the same time, the later tautomerization reaction to the most
stable ketonic structures of field-induced polarized molecules
would change the molecular structures for the reversed charge
transfer reaction. In this picture, in the ”write” phase, when a
positive bias is applied, the electron injection barriers would
be larger than in the ”erase” phase, when a negative bias is
applied. For some reasons, possibly related to the charge
stabilization role played by gold nanoparticles, the negatively
charged 8HQ molecules would persist even after the electron
injection, and would be neutralized only by a discharge reaction
due to a reversed bias.
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