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A B S T R A C T

In this thesis it is discussed the effect of the low dimension-
ality on several physical properties of hybrid nanostructures
for new generation photovoltaics. We investigated several hy-
brid and organic model systems, consisting of an organic poly-
mer playing the role of electron donor and a low-dimension
nanostructure (1D or 0D) which acts as electron acceptor and
transporter. Model potential molecular dynamics has been used
to characterize the polymer morphology onto the nanostruc-
tured substrates. In particular, the wrapping phenomena on
one-dimensional structures (ZnO nanoneedles and carbon nan-
otubes) have been analyzed as a function of several physical
variables such as temperature, substrate crystallography, poly-
mer chain length and density. It has been thus possible to ob-
serve that wrapped configurations are only metastable on car-
bon nanotubes at room temperature and in absence of solvents.
Nevertheless, wrapped configurations induced by the solvent
can be frozen due to the interactions among neighboring poly-
mer chains. According to this study, it is possible to enhance the
polymer-nanotube alignment (and thus improving the polymer
transport properties) through a suitable tuning of the synthesis
parameters. Conversely, wrapped geometries are stable on ZnO
nanoneedles, due to the small polymer mobility on the ZnO
surface. The results obtained on the morphology of polymer-
ZnO hybrids have then been used as a starting point to eval-
uate the electronic structure and the optical absorption prop-
erties. Hybrid models consisting in a 120-atoms ZnO nanopar-
ticle and a set of oligothiophenes have been studied through
the density functional theory, and the energy-level alignment
has been obtained by using the ∆-self-consistent-field method.
120-atoms ZnO nanoparticles have been synthesized and found
to be particularly stable. They therefore not only represent a
useful model for computational studies, but are also of poten-
tial technological interest. An important result thus obtained
is to demonstrate that the interaction between the two organ-
ic/inorganic moieties shifts the energy levels, giving rise to
a non-staggered junction. This phenomenon is not present in
planar ZnO substrates, but it is rather induced by the nanos-
tructuration of the hybrid polymer/metal oxide system. From
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the methodological standpoint, a simplified model to predict
the energy-level alignment at the interface has been developed,
allowing to spare computational resources. Finally, since the
atomic configuration of the 120-atoms ZnO nanoparticles is un-
known, we calculated the optical absorption spectra in the near
ultra-violet of a set of Zn

60
O

60
isomers: this information can be

compared to experimental spectroscopic data and can thus be
used to elucidate the most abundant structure of this cluster.

The results of the present work suggest that the use of nanos-
tructures, although opening interesting technological possibil-
ities such as increasing the donor/acceptor interface, also re-
quires a critical readdressing of our understanding of mor-
phologies and electronic level alignment in low-dimension sys-
tems.

S O M M A R I O

In questa tesi si discute l’effetto della bassa dimensionalità
su diverse proprietà fisiche delle nanostrutture ibride utiliz-
zate per il fotovoltaico di nuova generazione. Sono stati stu-
diati diversi sitemi modello ibridi ed organici, costituiti da un
polimero organico che svolge il ruolo di donore di elettroni
e da una nanostruttura a bassa dimensionalità (1D o 0D) che
ha il compito di raccogliere e trasportare gli elettroni. La di-
namica molecolare da potenziali modello è stata utilizzata per
caratterizzare la morfologia del polimero all’interfaccia con il
substrato nanostrutturato. In particolare, i fenomeni di arroto-
lamento su strutture monodimensionali (nanofili di ZnO e nan-
otubi di carbonio) sono stati analizzati in relazione a diverse
variabili fisiche, quali temperatura, cristallografia dei substrati,
lunghezza e densità delle catene polimeriche. È stato così possi-
bile determinare che le configurazioni arrotolate sono metasta-
bili sui nanotubi di carbonio a temperatura ambiente ed in as-
senza del solvente. Ciò nonostante, le configurazoni arrotolate
indotte dal solvente durante il processo di sintesi possono es-
sere congelate a causa delle interazioni tra catene vicine. Sec-
ondo questo studio è dunque in principio possibile migliorare
l’allineamento tra le catene polimeriche ed i nanotubi (e di con-
seguenza le proprietà di trasporto del polimero) tramite una
opportuna selezione dei parametri di sintesi. Quando il mate-
riale accettore è costituito da un nanofilo di ZnO, invece, le
geometrie arrotolate sono stabili a causa della bassa mobilità
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del polimero sullo ZnO. Le indicazioni ottenute sulla morfolo-
gia degli ibridi polimero-ZnO sono poi state utilizzate come
punto di partenza per determinare la struttura elettronica e
le proprietà di assorbimento ottico. Modelli di ibrido costitu-
iti da una nanoparticella da 120 atomi di ZnO e diversi oligo-
tiofeni sono stati studiati tramite la teoria del funzionale den-
sità e l’allineamento dei livelli energetici è stato determinato
tramite il metodo ∆-self-consistent-field. Nanoparticelle di ZnO
da 120 atomi sono state realizzate e sono particolarmente stabili,
e dunque non rappresentano solo un modello utile a fini com-
putazionali, ma sono effettivamente di potenziale interesse tec-
nologico ed applicativo. Un importante risultato qui ottenuto
è mostrare che l’interazione tra i due componenti organico/i-
norganico dà luogo ad una traslazione dei livelli energetici che
porta ad un allineamento non di tipo II (staggered). Questo
fenomeno non è presente su substrati planari di ZnO, ma è pi-
uttosto un effetto indotto dalla nanostrutturazione del sistema
ibrido polimero/metalossido. Dal punto di vista metodologico,
è stato anche sviluppato un modello semplificato per la predi-
zione dell’allineamento dei livelli che permette di risparmiare
risorse computazionali. Infine, poichè non si conosce la strut-
tura atomica delle nanoparticelle di ZnO da 120 atomi, sono
stati calcolati gli spettri di assorbimento ottico di una serie di
isomeri di queste ultime: questo tipo di informazione è con-
frontabile con eventuali dati spettroscopici sperimentali, e potrà
quindi essere utilizzata per determinare la struttura più abbon-
dante dello Zn

60
O

60
.

I risultati della presente tesi suggeriscono che l’uso di
nanostrutture ibride, sebbene apra interessanti possibilità tec-
nologiche come l’aumento dell’interfaccia donore/accettore,
richiede di rivedere criticamente la nostra comprensione della
morfologia e dell’allineamento dei livelli elettronici in sistemi a
bassa dimensionalità.
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I N T R O D U C T I O N





1
I N T R O D U C T I O N

Contents
1.1 Technological background - novel nanomate-

rials for photovoltaics 3
1.1.1 Organic and hybrid systems 5

1.2 Photoconversion in donor-acceptor hybrid
nanostructures 7
1.2.1 The bulk heterojunction 9

1.2.2 Methodological concerns 12

1.3 Scopes and aims of this thesis 15

1.1 technological background - novel nanomate-
rials for photovoltaics

Sunlight conversion through photovoltaic (PV) effect represents
one of the most viable methods to produce energy in a sus-
tainable way. However, although the availability of solar en-
ergy is ideally infinite, the solar energy striking the earth be-
ing about 120,000 TW [1], our capability to exploit it is definitely
depending on the efficiency of PV systems. The latter varies
greatly depending on the materials and on the technology em-
ployed, and usually efficient systems are related to high cost
and/or scarce availability of raw materials. First generation PV
systems, such as single crystal silicon based devices, exhibit ef-
ficiencies around 20% (record 27.6% [2], see Fig. 1), but suffer
from high cost of manufacturing and installation [3,4]. The sec-
ond generation devices, usually called thin-film solar cells, are
made from layers of semiconductor materials a few microme-
ters thick. The materials used for the production of this type
of cells include amorphous silicon, cadmium telluride (CdTe),
and copper indium gallium diselenide (CIGS). The combination
of using less material and cheaper manufacturing processes al-
lows to build panels at lower cost, but their production requires
the use of very rare materials [5,6]. This technology has not yet
accomplished a signficant impact on the PV industry [7]. The
so-called third generation PV are the ultimate frontier of solar
energy research, and promise to deliver high efficiencies at an
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4 introduction

Figure 1: Research cells efficiency record chart (downloaded on
March 27, 2013 from Ref. [2])

economically viable cost. Third generation devices are stronglyThird generation
photovoltaics based on nanotechnology and are made from a variety of new

materials besides silicon, including nanotubes, quantum dots,
organic dyes and conductive plastics. These systems are quite
cheap not only because of the low price of the raw materials,
but mostly because they can be easily synthesized with very
economic techniques. For example, colloidal synthesis [8,9] can
be employed to obtain solar inks, which can then be easily de-
posited on suitable substrates using conventional printing tech-
nologies [10,11]. Conductive and semiconducting organic materi-
als can be seen as alternative cheap materials for the produc-
tion of organic and hybrid third generation PV [12,13]. Further-
more, most organic compounds are environmentally friendly
and, in contrast to conventional silicon cells, their production
or disposition is not a polluting process. In particular, conju-
gated polymers are an important class of organic hole conduc-
tors and electron donors which are used in third generation
photovoltaics in association with carbon fullerenes [12,14], nan-
otubes [15], titanium dioxide [16], zinc oxide [17] etc. as the basis
for organic and hybrid electronic devices.
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1.1.1 Organic and hybrid systems

Among third generation solar cells, organics have shown an
impressive progress in recent years [7,18–21]. Organic solar cells
are characterized by the use of organic materials both in the p-
and in the n-type part of the device. Poly(3-hexylthiophene) Fully organic

devices(P3HT) is one of the most used electron donors in polymer-
based solar cells [10,22,23], for example in conjunction with car-
bon fullerenes [18]: it is a conjugated polymer which is able
to absorb light in the visible spectrum and provides a very
high hole mobility among organic semiconductors (around 0.1
cm2V−1s−1 [24]. Typical mobilities in conjugated polymers are
below 10

−2cm2V−1s−1 [25,26], much lower than in crystalline sili-
con, where it is about 1000 cm2V−1s−1). Hole and electron mo-
bility is important in such devices since the carriers are more
likely to recombine if they do not reach the electrodes before
separating. The transport in fullerene acceptors (which are zero-
dimensional structures) is based on hopping, that gives rise
to a limited mobility [27,28]. Thus, since one-dimensional single- SWNT-polymer

systemswalled carbon nanotubes (SWNT)s exhibit very high electron
mobility [29,30] (around 10

5 cm2V−1s−1 [31], higher than in crys-
talline inorganic semiconductors) their use as electron accep-
tors has been proposed as an alternative to carbon fullerenes.
Furthermore, the light absorbance of SWNTs can be widely
tuned throughout the visible and near-infrared (NIR), a feature
which could increase the percentage of absorbed photons [28]: it
has been demonstrated [32] that the photons absorbed by SWNTs
contribute to the photocurrent in polymer-based PV devices,
extending the absorption spectrum to the NIR. However, the
power conversion efficiency (PCE) of such P3HT-SWNT systems
is still very low, reaching 0.5% in 2008

[33]. An important limit-
ing factor is represented by the complex nature of SWNTs sam-
ples, which are normally composed by both semiconducting
and metallic nanotubes, of different chirality and diameter. Un-
derstanding which types (semiconducting, large/small diame-
ter etc.) of nanotubes are more suitable for polymer-based solar
cells is crucial, and, furthermore, the preferred types shoud be
easily selected and separated from the others to optimize the
device performances. Despite the great progress in selective
growth methods [34–37], further improvements are still needed
in this direction. Postgrowth separation through polymer wrap-
ping is an alternative technique which has attracted much atten-
tion in the last decade [38–41]. It consists in dispersing the SWNTs
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in a solution containing a material (often a conjugated poly-
mer) which selectively coats the (for example) semiconducting
nanotubes separating them from their metallic counterparts.Hybrid systems

Better control on the semiconducting properties of the ele-
cron acceptor can be achieved by using metal oxide nanostruc-
tures instead of organic ones in combination with polymers, so
forming hybrid donor-acceptor systems. The most commonly
used metal oxides for hybrid solar cells are ZnO and TiO

2
.

These inorganic materials can be easily synthesized in differ-
ent nanostructures [42–44] and their electronic properties can be
tuned by controlling the size and the shape of the nanopar-
ticles [45,46]. An additional advantage of the use of inorganic
nanostructures with respect to organic acceptors is that the
charge carrier mobility (e.g. around 700 cm2/(V · s)−1 for bulk
ZnO [47]) can be improved by increasing the crystallinity of the
material or doping [48]. Furthermore, hybrid cells have poten-
tially higher lifetimes: metal oxides in fact are stable materials
compared to organic compounds, which can be degraded by
elevated temperatures, exposure to oxygen [49], water [50] and
ultra-violet (UV) light [51,52]. In particular, the exposure to UV
light is an important issue in a solar cell. Since ZnO and TiO

2

exhibit pronounced absorption in the UV range (ZnO and TiO
2

have a band gap of 3.3 [53] and 3.05
[54] eV, respectively), they

can act as filters for the organic material in the hybrid cell thus
protecting the more sensitive part of the device.Dye-sensitized solar

cells Among hybrid solar cells, a successful example is repre-
sented by the so-called dye-sensitized solar cells (DSSC): they
are ternary systems in which an organic dye plays the role of
light absorber, while the hole and electron transport are per-
formed by two different materials. Such devices are possible in
both liquid and solid state form. Liquid state DSSC consist of
a porous nanocrystalline film (typically of TiO

2
nanoparticles)

sensitized by an anchored organic dye and completed by a re-
dox elctrolyte [55–57]. In these cells, the nanocrystalline films col-
lects the photogenerated electrons while the redox electrolyte
is responsible for the collection of the holes [55]. Conversely, in
solid state DSSC the liquid electrolyte is replaced by room tem-
perature molten salts, inorganic p-type semiconductors, ionic
conducting polymers and organic hole transport materials [58,59].
The disadvantages of such solar cells are the limited choice of
suitable hole collectors [60] and their lower efficiency with re-
spect to liquid state DSSC (10.2% [61] vs 12.5% [62] PCE).
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A promising solid state hybrid technology uses colloidal lead
chalcogenide nanocrystals [9,63] as electron acceptors, in combi-
nation with different polymers as electron donors [64]. These de-
vices show among the highest PCE for hybrid solid-state so-
lar cells, reaching 2.9% in 2012

[9]. However, the use of non-
environmentall-friendly materials such as lead poses again the
problem of device disposition after use. More eco-friendly hy- Eco-friendly

systemsbrid solar cells can be easily obtained from solution by mixing
conductive polymers such as P3HT with biocompatible materi-
als such as e.g. ZnO [46,65,66], which can be easily synthesized
into nanostructures [42–44]. Hybrid ZnO-P3HT devices have been
created by mixing the polymer with ZnO nanoparticles of dif-
ferent shape [22,67–69] (see e.g. Fig.2). In particular, ZnO nanonee-
dles grown perpendicularly to the substrate have attracted in-
terest since they can be easily synthesized from solution at
low temperature [70,71]. However, the state-of-the-art efficiency
of ZnO-P3HT hybrid solar cells is still lower than in all-organic
systems [65,66,72]. As P3HT and ZnO taken separately possess all
the required characteristics to give rise to good performances in
solar cells, the reason of such a low efficiency must be found in
atomic scale features of the ZnO-P3HT nanostructured interface,
that deserves better theoretical understanding [72].

Figure 2: Transmission electron microscopy image of a ZnO-P3HT
blend. Adapted from Ref. [65].

1.2 photoconversion in donor-acceptor hybrid

nanostructures

The conversion of sunlight into electricity by the photovoltaic
effect in conventional p-n junction solar cells consists of the
following steps: a photon is absorbed by the device and, if its
energy is greater than the band gap energy (Eg), an electron
is promoted from the valence to the conduction band, leav-
ing an excess hole in the valence band. The built-in voltage
of the p-n junction drifts the electron and the hole towards
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opposite directions, and if the junction is connected to an ex-
ternal load, a flow of current is observed. While in inorganic

Figure 3: Photoconversion in a donor-acceptor system.

semiconductors (such as silicon) photoexcitation leads to free
(or slightly bound) charge carriers, in organic semiconductors
strongly bound electron-hole pairs (excitons) are created. The
charge generation in these systems can be summarized in a
three-steps process: first the electron-hole pair is created by
photoexcitation, then the exciton is separated into free carri-
ers, which are eventually delivered to the electrodes and to the
external circuit to generate a photocurrent (see Fig.3). Charge
separation in organic semiconductors takes place at the inter-
face between an electron donor (p-type) and an electron accep-
tor (n-type) material [73]. A critical requirement for photovoltaic
applications is that the interface corresponds to a type-II (stag-
gered) junction in order to get an efficient charge separation
(see Fig.3). If the exciton is generated in the donor material, the
energy needed to break the excitonic bond is approximately
given by the offset between the lowest unoccupied molecular
orbitals (LUMO) of the electron donor and of the electron accep-
tor. Conversely, in the case of an exciton generated in the accep-
tor material, the offset between the highest occupied molecular
orbitals (HOMO) will provide the energy needed for dissocia-
tion. Thus, the bound pair must diffuse in the device until such
an interface is found.
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1.2.1 The bulk heterojunction

Since the exciton lifetime is very limited (e.g. 0.4 ns in P3HT [74]),
to ensure a high quantum efficiency the donor-acceptor inter-
face must be met in the first few nanometers from the site in
which the exciton has been generated. For this reason, the so-
called bulk heterojunctions have been developed, in which the
p- and n-type materials are intimately mixed on a nanometer
scale and allow for a higher contact surface between the two
(see Fig.4). These junctions are typically created by dispersing
n-type nanoparticles into a polymer matrix, or by infiltrating
the polymer into a nano-sized acceptor network [75,76]. How-
ever, since after charge separation the carriers must reach the
electrodes, a continuous conductive path must exist which can
be followed by electrons and/or holes towards the external cir-
cuit. Charge recombination is in fact a major loss mechanism
in the cell, and the carriers are likely to recombine if they do
not reach the electrodes as faster as possible. Because of this,
the degree of intermixing in organic solar cells cannot be arbi-
trarily large, since in highly intermixed compounds part of the
electron/hole conductor is no longer connected to the collect-
ing electrodes, preventing part of the charges formed to con-
tribute to the photocurrent [72]. Morphological features of the

Figure 4: Bulk heterojunction architecture.

donor-acceptor blend at the nanocurved interface are of partic-
ular importance since they strongly influence charge separation



10 introduction

and transport. Ideally, one would have an ordered heterojunc-Ordered
heterojunctions tion, in which the two moieties are assembled in such a way

to favor the carrier transport. It is more difficult to fabricate an
ordered structure than a disordered blend, but the advantages
of order are evident. At first, in an ordered structure the size
of both phases can be controlled to ensure that, regardless of
where the exciton is generated, an interface is met within an
exciton diffusion length. Then, after dissociation the electrons
and holes have straight pathways to the electrodes, which favor
that the carriers escape the device as quicker as possible, min-
imizing recombination. Furthermore, in an ordered structure
it is in principle possible to align conjugated polymer chains,
increasing the mobility of their charge carriers: it is known
for example that the transport properties of P3HT are better
when the polymer is in its crystalline phase [77–79]. Aligning the
polymer chains onto the substrates, however, is still a major
challenge in polymer research. Typically, in ordered heterojunc-
tions the acceptors are elongated nanostructures, such as car-
bon nanotubes or metaloxide nanorods/nanoneedles. For ex-
ample, polymer/nanotubes blends are typically synthesized by
dispersing the nanotubes into an acqueous solution containing
the polymer [80]: the polymer coats the hydrophobic nanotubes
surfaces and disassociates them from the aggregate form [81].
At the nanoscale the coating corresponds to a complex organi-
zation of the polymer chains on the nanotube surface. In par-Polymer wrapping
ticular, analyzing SWNTs with diameters as small as 1.5 nm by
Scanning Tunneling Microscopy, it has been observed that sin-
gle P3HT chains can arrange into pseudo-helical configurations
with arrangements depending on the nanotube chirality [82] (see
Fig.5). If the nanotubes are completely wrapped by polymer
chains, they will be isolated from each other and a continuous
conductive path for the electrons will not be possible anymore.
Several features still need to be clarified for such polymer-
nanotubes systems. The observed pseudo-helical structure ob-
served for P3HT on SWNTs is still not understood and, since
such blends operate in solvent-free environment, understand-
ing at the atomic-scale the stability of the wrapped configura-
tion once the solvent has been dried could aid the design of
highly oriented systems with improved conducting properties.

P3HT-ZnO blends
Similar considerations are valid also for hybrid blends

formed by P3HT and ZnO nanoneedles. Given the geometry
involved, also these systems are likely to show wrapped con-
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Figure 5: Left: Scanning Tunnel Microscopy image of a P3HT chain
wrapped around a carbon nanotube. Adapted from Ref. [82].
Right: comparison between experimental and simulated
photoluminescence spectra of poly(9,9-dioctylfluorenyl-2,7-
diyl) (PFO)/carbon nanotubes complexes. Adapted from
Ref. [83].

figurations of the polymer chains. It has been experimentally
found that the P3HT tends to be amorphous rather than crys-
talline at the interface with planar ZnO surfaces [17,84], but the
actual morphology of this polymer on ZnO nanostructures is
still unknown.

The nanostructuration has also great impact on the optoelec-
tronic properties of the systems of interest. At first, for inor-
ganic nanoparticles, it is known that the optical properties are
strongly dependent on their shape and size through quantum
confinement effects [45,46]. Furthermore, the morphological fea-
tures induced in the polymer conformation by the nanostruc-
tured substrate affect its optolelectronic properties [85–87]: for ex-
ample, it has been shown that wrapped or aligned polymer
chains exhibit different emission spectra [83] (see Fig.5), and that
the band gap of disordered P3HT chains is larger than in pla-
nar chains with no disorder [88]. The donor/acceptor electronic
band gaps and their energy-level alignment are fundamental
for designing systems with the desired optoelectronic behav-
ior [89]. In particular, the alignment is often deduced from the
electronic ground states of the donor and acceptor in their iso-
lated form. However, this simplification neglects their mutual
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interactions which involve electronic polarization and may in-
clude charge transfers between the two [90]. A consequence of
these interactions is the formation of interface dipoles at the
interface, whose magnitude depends on the geometry of the
complex [91,92]. The presence of an interfacial dipole can pro-
duce a significant shift of the electronic energy levels of both
components [90]: the same materials thus can provide different
alignments in bilayer architectures or bulk heterojunctions, de-
pending on the interfacial morphology [92–94].

Figure 6: Energy-level alignment of (a) C
70

/CuPc bilayer and (b) a
C

70
/CuPc bulk heterojunction.The molecular levels of CuPc

are presented in solid line, while that of C
70

in dashed line.
Adapted from Ref. [94].

1.2.2 Methodological concerns

Despite the recent progress in experimental characterization
techniques, including atomic force microscopy and positron an-
nihilation spectroscopy (see e.g Refs. 72 and 95), accurate de-
scription of interfaces is challenging due to the difficulty of
measuring properties at the nanometric scale. In this direc-
tion, atomistic simulations are emerging as an important tool
for understanding and predicting the interfacial morphology
and optoelectronic properties of the hybrids. From the theoret-
ical point of view, however, hybrid interfaces are a complex
subject. At first, in bulk heterojunction (BHJ) systems the con-
figurational complexity of organic and inorganic components
(molecules and nanoparticles) requires to study systems of
large size which cannot be fully treated by ab initio methods.
Furthermore, if one whishes to take into account the effects of
the synthesis procedure of BHJs, thermodynamic effects begin
to be important requiring long simulation runs at finite temper-
ature. Model potential molecular dynamics (MPMD) is a suitable
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computational tool for the simulation of such systems, since
it allows to consider large sizes and long times, several order
of magnitude larger than ab initio methods. This technique is
widely used in different fields, such as biophysics (e.g. drug
design [96,97]), study of mechanical behaviour of brittle materi-
als [98,99], thermal transport modeling [100] and so on. The use

Figure 7: Snapshot taken from a MPMD simulation of a carbon nan-
otube wrapped by two P3HT chains.

of MPMD for describing hybrid organic/inorganic interfaces in-
stead is less common, mainly because of the scarce availability
of model potentials for treating hybrid interactions. Recently,
an increasing number of works have been published which
make use of MPMD to study hybrid systems. For example, it
has been applied to study the thermal expansion of polyimide-
SiO

2
nanocomposites for applications in microelectronics [101],

while the effects of the presence of inorganic titanate nan-
otubes in poly(dimethylsiloxane) rubbery membranes has been
investigated through a combined experimental plus MPMD ap-
proach [102]. Regarding more PV-oriented hybrid systems, the
adhesion of polythiophenes on TiO

2
has been studied and the

role of the curvature has been highlighted [103,104]. Planar ZnO-
P3HT interfaces have been examined as well [105], confirming the
experimental evidence of polymer disorder at the ZnO inter-
face. On the other hand, the effects of curved ZnO-P3HT inter-
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faces have not been investigated so far, despite they correspond
to important characteristics emerging at the nanoscale.

If electronic properties are of interest, MPMD, which does
not take into account any electronic effects, must be supported
by electronic structure calculations. However, also for ab ini-
tio hybrid interfaces are challenging. First, accurate descrip-
tion of the band gap of metaloxides cannot be achieved in the
framework of density functional theory (DFT) by using standard
LDA and GGA functionals [106,107]. The use of hybrid function-
als has proven to give better results, but the computational load
required is sensibly higher [108]. For confined systems, the so-
called ∆SCF method [109] can be employed, which gives accurate
results on the quasiparticle (QP) energy levels [110–112]. Further-
more, in these systems the donor-acceptor adhesion involves
both covalent and dispersive van der Waals (vdW) interactions.
If the covalent term dominates, DFT methods can efficiently
model the hybrid structure (see e.g. Refs. [113,114]), but since vdW
energy originates from the correlate motion of electrons, accu-
rate description of dispersive vdW interactions would require
the use of many-body quantum mechanics methods [115]. How-
ever, use of these methods is only feasible for systems contain-
ing a very small number of atoms, thus full ab initio calcula-
tions of vdW forces on systems of reasonable size is not possible
at present. Several methods have been developed to include
dispersive forces in DFT calculations, some of them at no ad-
ditional computational cost. Dion et al. [116], for example, have
proposed a van der Waals density functional (vdW-DF) method
to include the vdW interactions, which calculates the vdW
exchange-correlation energy by mixing generalized gradient
approximation (GGA) exchange, local density approximation
(LDA) correlation and a long-range nonlocal correlation energy
derived from a series of different approximations. The compu-
tational cost of this method is comparable to DFT-GGA, but its
accuracy for solids has not been yet fully established [115]. A dif-
ferent approach is represented by the DFT-D methods, which
take into account vdW interactions by simply adding the inter-
atomic dispersion energy contributions to DFT total energies,
modeled by a C6R−6 potential [117–119]. The major drawback of
this approach is its empirical nature, which requires at least two
fitting parameters per atomic element. However, application of
this dispersive correction has given good results for many in-
termolecular interaction, and it can be connected to different
functionals [117].
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1.3 scopes and aims of this thesis

The aim of the present thesis is to understand the effects of
the nanostructured shape of organic and inorganic materials
on both the morphology and the optoelectronic properties of
hybrid and organic interfaces. More specifically, we want to ad-
dress the following points:

• From the morphological point of view

Generate realistic atomistic models of hybrid and or-
ganic interfaces between the conductive polymer P3HT
and a series of nanostructured electron acceptors, namely
ZnO nanoneedles/nanoclusters or SWNTs

Understand how a single polymer chain organizes it-
self onto a one-dimensional acceptor nanostructure, such
as a ZnO nanoneedle or a carbon nanotube

Identify how the curved nanostructured shape affects
the chain adhesion and, more in general, the polymer-
substrate interactions

Study the thermodynamic stability of the observed
polymer conformations under different conditions (tem-
perature, chain length, density)

• From the electronic point of view

Calculate the electronic-level alignment of the hybrid
by including the actual shape, curvature and morphology
of the acceptor, in comparison with the case of a planar
interface

Understand how the optical absorption properties are
correlated with the nanoscale morphology

The first point is elucidated in Chapters 2 and 5, where the
P3HT wrapping on ZnO nanoneedles and carbon nanotubes
is studied by MPMD. In particular, in Chapter 2 the effects of
the nanoneedle shape on the polymer-nanoneedle adhesion are
explained. The thermodynamic stability of the donor-acceptor
system is also studied at finite temperature. Chapter 5 presents
a morphological analysis of P3HT wrapping on SWNTs of differ-
ent chirality in vacuo. The wrapping is studied thoroughly for
a wide range of temperatures and for realistic polymer lenghts
via MPMD simulations.

The electronic properties and the second set of problems are
addressed in Chapters 3 and 4. The electronic level alignment
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of an hybrid system composed by a (ZnO)
60

nanocluster and
several polythiophene molecules is calculated in Chapter 3 in
the framework of the ∆SCF method. In Chapter 4 we calculate
the absorption spectra of a set of (ZnO)

60
isomers with the aim

to give a theoretical support to aid the identification of the ac-
tual configuration of the (ZnO)

60
nanocluster. Time-dependent

DFT is employed for these calculations.
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2.1 introduction

Bulk heterojunctions, in which the electron donor and acceptor
are intimately mixed forming a nanosized interpenetrating net-
work, are often synthesized from solution [22,120], and while it is
possible to accurately tune the size and shape of the inorganic
nanoparticles by the synthesis procedure [45,46], controlling
or even characterizing experimentally the donor/acceptor
interface is still an open issue. In this Chapter we consider a
model system for the study of the adhesion of P3HT on one-
dimensional ZnO nanostructures, which consists in a single
P3HT chain wrapped on a ZnO nanoneedle. This model is
representative of the interface between the polymeric electron
donor and the inorganic acceptor when the latter is nanostruc-
tured. By using MPMD, we study the adhesion of the P3HT chain
on the ZnO nanoneedle for different chain organizations. In
particular, we study helically wrapped polymer conformations
and we give an analytical model for the polymer adhesion on
the nanoneedle for different coiling angles. The importance of
taking into account wrapped configurations can be understood
by considering a simple model based on physical intuition:
as schematically depicted in Fig. 8, assuming an attractive
interaction between a long polymer molecule and the nanonee-
dle, the initial relative position during the formation of the
donor-acceptor assembly controls the geometry of the hybrid.
If the polymer backbone is initially parallel to the nanoneedle
axis (a), the interaction between the two will keep the polymer
chain aligned. Otherwise, if the initial configuration of the

19
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separate moieties is tilted (b), the polymer will likely wrap
around the nanoneedle in order to maximize the interaction.
The final conformation of the polymer-nanoneedle interface
will depend on the full synthesis procedure. For this reason,
limiting the study to the calculation of the lowest energy
structure cannot be exhaustive to determine if wrapped config-
urations are possible for P3HT on ZnO nanoneedles. Thus, we
further studied the stability of the wrapped configurations at
finite temperature, providing evidence that they are stable at
room temperature because of the low mobility of the polymer
on the ZnO surface. This result must be taken into account
when designing nanostructured P3HT-Zno systems.

Most of this Chapter has been taken from C. Caddeo et al.,
J. Phys. Chem. C 115 (2011) (Ref. 121.)

Figure 8: Schematics of the adhesion of a long polymer chain on a
ZnO nanoneedle. If the polymer backbone is initially par-
allel to the nanoneedle axis (a), the final configuration will
be aligned. If the polymer backbone is initially tilted with
respect to the nanoneedle axis (b), the polymer will wrap
around the nanoneedle to maximize the interaction.

2.2 system description

The object of the present study are ZnO wurtzite-structured
nanoneedles, with hexagonal cross-section, and grown along
the [0001] direction with (101̄0) facets. They are ideally infinite
in length (due to periodic boundary conditions) and have a
diameter as small as ∼ 2.5 nm. ZnO nanoneedles of this di-
ameter have been produced experimentally from solution [122].
The simulation cells have dimensions of 7 nm ×7 nm ×21.3
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nm, along the x, y and z directions, respectively. The P3HT
molecules are up to 64-monomers (mon’s) long (∼ 24 nm). This
length is smaller than the typical experimental one [123], but it is
large enough to allow easy bending and wrapping around the
nanoneedles by limiting the system size and consequently the
simulation time. The simulations cells contain ∼ 12000 atoms.
All the computational details are described in the Appendix
section (Chapter A).

2.3 results and discussion

Figure 9: (a) Definition of coiling angle around the nanoneedle and
(b) rotation angle on the planar surface. Dashed lines in (a)
are a guide to the eye to identify the nanoneedle facets. Note
that only the backbone atoms of the polymer are shown for
clarity.

The typical initial configuration for the following MD sim-
ulations is represented in Fig. 10 (top panels). It consists of a
ZnO nanoneedle and a helical-shaped polymer chain wrapped
around ZnO. In order to explore the most favorable configura-
tions, the arrangement of the polymer on the nanoneedle was
varied by studying regular helices. Each helix is characterized
by the coiling angle θ (defined as in panel (a) of Fig. 9), with
10◦ 6 θ 6 70◦. Each system only differs from the others for the
coiling angle. The corresponding structures were first relaxed
and then annealed at room temperature for ∼ 3 ns. Two exam-
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Figure 10: Example of starting (top) and final (bottom) configurations
for two different systems. On the left, the coiling angle is
40◦, on the right 70◦. The insets show the top view of the
systems and the chemical structure of P3HT. In all figures,
red is Oxygen, grey is Zinc, cyan is Carbon, yellow is Sul-
phur and white is Hydrogen.

ples are reported in Fig. 10 (bottom panels). Upon annealing,
the polymer bends around the nanoneedle following its hexag-
onal section (see insets in bottom panels of Fig. 10). The flexible
hexyl tails of the polymer are largely distorted with respect to
the ideal regioregular geometry (compare top and bottom pan-
els of Fig. 10), as a result of the local electrostatic interactions
between the partial charges of the chain and the surface ions.

The binding energy of the hybrid system, UNB(θ), where N
stands for “nanoneedle” and B stands for “binding”, is defined
as the difference between the total energy of the bound con-
figuration UNZnO+P3HT (θ) and the total energy of two separate
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components (UNZnO for the ZnO nanoneedle and U0P3HT for
the straight (0) isolated polymer, respectively). All the energies
were taken after relaxing the structures for 50 ps at T = 0 K.

UNB(θ) = U
N
ZnO+P3HT (θ) −U

N
ZnO −U0P3HT (1)

where the θ-dependence is introduced by the sole
UNZnO+P3HT (θ) contribution. The calculated UNB(θ) val-
ues are reported in Fig. 11 (filled symbols) as a function of the
coiling angle (top scale). The dotted line will be described later.

Figure 11: Chain strain energy (open triangles - 1) and polymer-
nanoneedle binding energy (filled squares - 2) as a function
of the coiling angle (top scale). Polymer-surface binding en-
ergy (open squares - 3) as a function of the rotational angle
(bottom scale). Lines are numerical fit (see text).

The behavior is non-monotonic with the highest binding en-
ergy occurring at small coiling angles, and it means that the
straight polymers are more strongly bound to the nanoneedle.
Here, in order to separately account for all the possible contri-
butions to the configurational energy of an isolated wrapped
polymer, the same conformation of the polymer obtained for
the relaxed hybrids was considered, and then the resulting to-
tal energy UC(θ) of the molecule in its present helical confor-
mation was calculated. The configurational energy difference
UC(θ) − U

0
P3HT is shown in Fig. 11 (open triangles) where it

is also fitted by a second-order function of the coiling angle θ
(dotted line)

UC(θ) = αCθ
2 +βCθ (2)



24 polymer wrapping on zno nanoneedles

Fitting parameter Value

αC −1.84 · 10−5[eV/mon]

βC 2.32 · 10−3[eV/mon]

αP −3.28 · 10−5[eV/mon]

βP 2.5 · 10−3[eV/mon]

γP −0.52[eV/mon]

AP 10249.39 [eV]

dP0 0.31 [Å]

CP 879.52 [eV·Å6]

AE 4308.98 [eV]

dE0 0.36 [Å]

CE 1105.52 [eV·Å6]

Table 1: Values of the fitting parameters

where αC and βC are fitting parameters (values are reported in
Table 1).

This is consistent with the quadratic dependence of the poly-
mer strain energy on the local curvature as reported else-
where [103]. UC(θ) −U0P3HT increases by a fairly small amount
in the range 0 6 θ 6 70◦ (actually from 0 to 0.07 eV/mon). At
variance, in the same range the binding energy UNB given in
Eq. 1 gives a larger variation of 0.25 eV per monomer, suggest-
ing that other contributions must be considered to be added to
simple coiling.

A new feature not considered so far comes from the rela-
tive orientation of the polymer backbone with respect to the
crystalline substrate. The adhesion of a straight P3HT segment
on a ZnO planar surface (P) was then calculated as a func-
tion of the molecular orientation. This is defined by the rota-
tion angle φ formed by the polymer backbone and the [0001]

direction (see Fig. 9, right panel). The corresponding energy
UPB(φ) = UPZnO+P3HT (φ) −U

P
ZnO −U0P3HT (where UPZnO is

the total energy of the planar ZnO surface) is reported in Fig.
11 by open squares. When the P3HT backbone is aligned to the
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[011̄0] direction (corresponding to φ = 90◦) the binding is max-
imum, corresponding to UPB(φ = 90◦) = −0.56 eV/mon. The
calculated energies can be fitted by a simple quadratic function

UPB(φ) = αPφ
2 +βPφ+ γP (3)

where αP, βP and γP are fitting parameters (values are reported
in Table 1).

This analysis provides evidence that the φ-dependence must
be included in the binding energy of the P3HT on the nanonee-
dle. When considering a wrapped polymer chain, the average
rotation angle on the facets depends on the coiling angle, i.e.,
φ = φ(θ). For the case of a regular helix considered here, φ = θ

and we can therefore replace φ with θ everywhere. If applied
alone, the anisotropy argument would predict the largest bind-
ing at θ ∼ 90◦, i.e., when the polymer chain is orthogonal to the
growth direction of the nanoneedle. This is not the case for UNB
which includes other contributions. For example, as discussed
above, the polymer strain favors small coiling angles.

Although a better physical insight is provided by the above
argument, a model for UNB(θ) only including contributions
from coiling and relative orientation features (UPC(θ) and
UPB(θ), respectively) is still unable to fully account for the cal-
culated binding energy; as a matter of fact, it is possible to es-
timate [UPC(θ) +U

P
B(θ)] −U

N
B(θ) ∼ 0.1 eV/mon, proving that

a further correction is actually needed. A meaningful improve-
ment consists in explicitly including the effects of the edges
between the facets of the nanoneedle on the energetics of the
problem. Edges are extended defects that affect the polymer ad-
hesion. This is clearly shown by a simpler model system formed
by just one thiophene molecule for which the binding energy
is calculated on both a planar surface and a nanoneedle. In Fig.
12 such an energy is plotted versus the distance d between the
center of mass of the molecule and the plane of the solid sur-
face for three different configurations (shown in the top panels)
corresponding to different symbols. It is found that the binding
is favored when the thiophene interacts with the planar surface
(empty squares) or with the center of a nanoneedle facet (empty
triangles). Actually, the values are almost identical and can be
fitted with the same curve (full line). Conversely, the binding is
unfavored when the molecule is close to an edge (filled squares)
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and the adhesion is reduced by PT e ∼ 0.13 eV (dashed line).
Both series of data can be fitted by Buckingham-type curves

E(d) = A · exp
(
−
d

d0

)
−
C

d6
(4)

where AP, dP0 and CP refer to the adhesion on the planar sur-
face or on the nanonedle face, while AE, dE0 and CE correspond
to the thiophene molecule close to the nanoneedle edge. Their
values are reported in Table 1.

Figure 12: Top: snapshot of the investigated structures: (a) planar sur-
face; (b) nanoneedle facet; (c) nanoneedle edge. Bottom: in-
teraction basin of a thiophene ring on a ZnO planar surface
(open squares), on a nanoneedle facet (open triangles), and
on a nanoneedle edge (filled squares). The values are the
minima amongst different rotational angles of the ring (on
the ring plane) around its center of mass.

The above results for the single thiophene molecule can be ex-
tended to the case of the P3HT. Whenever a polymer is wrapped
around a nanoneedle, some portions of the chain fall necessar-
ily close to the edges of the nanostructure. According to the
above analysis these portions of the polymer are less bound
to the nanoneedle; the bigger the portion of chain close to the
edges, the weaker is the binding.



2.3 results and discussion 27

The number of times Nedges the edges are met by the poly-
mer depends on the coiling angle θ, and it is larger for larger
coiling angles. A simple counting of Nedges can be obtained by
dividing the polymer length L by the edge-to-edge distance Lf

sin θ
(where Lf is the facet width) along the coiling direction. We get

Nedges(θ) ∼
L

Lf
sin θ (5)

Eventually, a thorough expression is obtained for the the bind-
ing energy UBN(θ) including all the contributions

UNB(θ) = UC(θ) +U
P
B(θ) + P

N
eNedges(θ) (6)

where PNe takes into account the reduction of the polymer ad-
hesion energy due to the edges. PNe is here used as an ad-
justable parameter. The best fit is reported as a dashed line in
Fig. 11 for PNe ∼ 0.011 eV, a value that is smaller than PT e found
for the single thiophene. This result suggests that the reduction
of the adhesion of P3HT on the ZnO edges is smaller than in the
case of a thiophene molecule. This is due to the fact that the
polymer is flexible enough to optimize its morphology on the
ZnO edge.

The analysis carried out at zero temperature shows that the
P3HT chain is preferably aligned to the nanoneedle axis. Never-
theless, in real samples several factors such as solvent, thermal
fluctuations, or synthesis procedures can induce wrapped con-
figurations. In order to understand the stability of these configu-
rations the nanoneedle-P3HT hybrids were also studied during
annealings at T = 300 K and T = 500 K. The polymer mor-
phology was not found to sizably evolve even after a 5 ns-long
annealing. A fully unwrapping phenomenon is never observed
both at room temperature or at T=500 K. This is in contrast
with the case of P3HT on SWNT’s, as described in Fig. 5. A com-
parison of the unwrapping process of the same polymer on a
SWNCT or on a ZnO nanoneedle of similar diameter is pre-
sented in Fig. 13: the two systems only differ for the chemistry
of the nanostructures. After 50 ps the polymer completely un-
wraps from the SWNT (bottom right), while the chains remain
wrapped around the ZnO nanoneedle even after 7 ns (bottom
left). It is important to remark here that the polymer adhesion
on a nanoneedle (0.5 eV/monomer) is not much larger than
in the case of a SWNT (0.4 eV/monomer). It is just the energy
barrier for the polymer diffusion on the surface and for the un-
wrapping which is higher for the nanoneedle case. This is due
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to the different nature of the polymer interaction with the ZnO
surface including electrostatic forces not present in SWNT case.

Figure 13: Left: starting (top) and final (bottom) configuration for a
polymer-nanoneedle system annealed at T = 500K for 7 ns.
Right: starting (top) and final (bottom) configuration for a
polymer-SWNT system annealed at T = 500K for 50 ps. The
insets show the top view of the systems.
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2.4 conclusions

In conclusion, by molecular dynamics simulations, the P3HT ad-
hesion on zinc oxde nanoneedles was studied for different poly-
mer configurations around the nanoneedle. The binding energy
was shown to be a function of the polymer coiling angle, de-
pending on the crystallography of the substrate onto which the
polymer is adsorbed, the polymer chain strain and the pres-
ence of extended defects on the nanoneedle (edges). Though
the most favorable configuration is the one in which the poly-
mer is aligned to the nanoneedle, it is clear that wrapped con-
figurations are stable at room temperature because of the low
mobility of the polymer on the ZnO surface. At finite temper-
ature such configurations are expected to occur with a proba-
bility P(θ) ∼ exp(−∆E(θ)kBT

) where ∆E(θ) = UNB(θ) −UNB(0) '0.1
eV for θ < 30◦ and they are expected to have an impact on the
electronic properties of the hybrid interface, in particular as a
result of the polymer curvature. This point will be discussed in
Chapter 3.
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3.1 introduction

In the previous Chapter we have discussed the effects of the
presence of highly curved substrates on the morphology of
the donor-acceptor interface. The curvature has also a strong
influence on the optoelectronic properties of the system. For
example, it has been shown that wrapped or aligned polymer
chains exhibit different photoluminescence spectra [83]. This
Chapter is focused on studying the electronic level alignment
at the hybrid interface between a polymer chain and a ZnO
nanostructure as the one described in Chapter 2. Since ab initio
calculations are computationally more expensive than MPMD,
we have simulated a smaller hybrid nanostructure consisting
of an oligothiophene (nT) (a n-thiophene rings oligomer, with
n = 2,4,6) as electron donor and a ZnO cluster of 120 atoms
as electron acceptor. Oligothiophenes are considered a good
model for studying the electronic properties of P3HT, since the
presence of hexyl chains in P3HT has mainly an effect on the
solubility of the polymer, and it is not expected to alter its
energy levels [124]. Regarding the ZnO cluster, we have chosen
a hexagonal wurtzite zero-dimensional rod-like structure [125],
which is a reduced-size model of the bigger one-dimensional
nanoneedles studied in Chapter 2 and used in photovoltaics
applications [126]. Furthermore, clusters of this specific size
have been produced by laser ablation [127] and proven to be
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particularly stable. A hierarchical combination of MPMD and
DFT is adopded, providing a numerically efficient computa-
tional protocol to identify the minimum energy configurations
of the hybrids. In this Chapter, we apply the ∆SCF scheme
to study the energy-level alignment of the hybrid interfaces
considered. From the methodological standpoint, a simple
model is proposed for studying hybrid interfaces that only
requires the ∆SCF calculation on their isolated components.
For the specific case of ZnO-sexithiophene (6T), it is found that
the interface is less favorable for charge separation at variance
with the case of planar ZnO surface [108].

Most of this Chapter has been taken from C. Caddeo et al.,
J. Phys. Chem. C 116 (2012) (Ref. 128)

3.2 system description

Figure 14: Left: top and side view of the Zn
60

O
60

nanocluster. Right:
View of the planar oligomers. In all figures, red is Oxygen,
grey is Zinc, cyan is Carbon, yellow is Sulphur and white
is Hydrogen.

In order to generate models of hybrid nanosystems, MPMD
simulations were performed, combined with DFT calculations
through the following multi-step procedure. At first the differ-
ent building blocks of the hybrid systems (ZnO and nT) were
considered separately, and their structures were fully relaxed
at DFT level. The considered ZnO cluster has hexagonal cross-
section along the [0001] direction, and exhibits six (101̄0) nonpo-
lar facets. It has been obtained by cutting and relaxing a portion
of bulk ZnO. It is represented in Fig. 14 together with the re-
laxed nT molecules. Three hybrid systems (hereafter labeled as
HYB2, HYB4, and HYB6) are then obtained by merging the ZnO



3.3 results and discussion 33

cluster and bithiophene (2T), quarterthiophene (4T) and 6T sep-
arately. Their structures are first relaxed using MPMD keeping
the positions of all the ZnO atoms fixed at the DFT geometry,
while the polymer is let free to move and relax following long
range electrostatic and Van der Waals forces. It is known that
the thiophene derivatives adhesion on the ZnO (101̄0) surface
is anisotropic, and it has been thoroughly described in Chap-
ter 2. Thus, here the two preferred orientations of the oligomer
were chosen as starting configurations and then a 100ps-long
MPMD simulation at low temperature was performed, followed
by a conjugate-gradient optimization. The same minimum was
found for both the configurations, showing that the initial guess
does not influence the final result. Finally, the MPMD resulting
structures are fully relaxed at DFT level. In each SCF cycle, the
energy was required to be converged within 3 · 10−6 eV.

Quasiparticle energies are computed directly as total-energy
differences in the framework of the ∆SCF scheme [109]. Since all
the electronic excitations considered here are easily described
in terms of isolated single-particle transitions, the application
of the ∆SCF method is fully justified (see e.g. Ref. [129]). In par-
ticular, for an N-electrons system, any empty (occupied) level
is corrected by calculating the total energy EN−1 (EN+1) of the
same system with an additional (missing) electron in it. Specif-
ically, an empty (occupied) level is corrected by replacing its
corresponding DFT eigenvalue with EN+1-EN (EN-EN−1). The ac-
curacy of the method employed is confirmed by the computed
ionization energy and electron affinity of the diatomic ZnO
molecule, 9.40, and 2.21 eV respectively [125], in good agreement
with the corresponding experimental values of 9.34±0.02

[130]

and 2.09±0.01
[131] eV. Good agreement is also found for other

properties calculated for the diatomic ZnO molecule, such as
binding energy, vibrational frequency and bond length (see Ta-
ble 2). Further computational details are provided in the Ap-
pendix section (Chapter A).

3.3 results and discussion

3.3.1 Morphology and energetics

At first, a PBE/TZVP optimization of Zn
60

O
60

, 2T, 4T, and 6T
separately was performed. During the geometry optimization
of Zn

60
O

60
, the Zn-O double layers merge into single layers

containing both Zn and O atoms. This phenomenon has been
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this work CCa PBE/DSPP/DNDb Exp

rb 1.71 1.72 1.73 -

EB 1.78 1.63 2.12 1.61±0.04
c

ωv 742 727.2 665 805±40
d

EA 2.21 2.03 - 2.09±0.1d

IE 9.40 - - 9.34
d

a From Ref. 132

b From Refs. 133,134

c From Ref. 130

d From Ref. 131

Table 2: Comparison between calculated and experimental properties
of the diatomic ZnO molecule. Bond lenghts (rb ) are in Å,
energies (binding energy EB, electron affinity EA and ion-
ization energy IE) in eV and vibrational frequencies (ωv) in
cm−1.

Figure 15: Top and side view of the three hybrids after the overall
MPMD+DFT relaxing procedure.

observed before [135] and it is due to the presence of polar O-
terminated and Zn-terminated surfaces which give rise to an
electric field in the cluster [136]. Thus, the Zn and O ions with op-
posite charges move towards a common plane to find a relative
stable state. This modification affects only the planes perpen-
dicular to c axis, while the hexagonal cross-section is preserved.
Starting from the separate optimized geometries the combined
MPMD+DFT minimization procedure described in Sec. 3.2 was
applied. The final optimized geometries of the three hybrids
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considered are shown in Fig. 15. The optimal position of the
nT with respect to the nanocluster is different from what ob-
tained for P3HT on a flat (101̄0) ZnO surface (see Chapter 2).
In particular, the angle formed between the nT backbone and
the [0001] direction of the nanocrystal increases at increasing
nT length. This is a size effect: the organic molecules bend in
order to maximize the interaction with the nanocrystal, while
this distortion is not needed in the case of a flat surface.

The minimum energy structures in Fig. 15 do not differ sig-
nificantly from their classical counterparts with the exception
of HYB6. In this case, in the final MPMD configuration the 6T
does not wrap around the nanocrystal. This can be attributed
to a too large stiffness of the molecule as described by the MP.
After relaxing the hybrid structures, the adhesion energy Uadh
of the nT on the ZnO nanocluster was calculated, defined as

Uadh = Uhyb −UZnO −UnT , (7)

where Uhyb, UZnO, UnT are the total energies of the hybrid
system, the optimized ZnO nanocluster, and the straight op-
timized nT, respectively.

The computed Uadh and the stacking distance dstack between
the center of the molecule and the nanocluster facet are re-
ported in Table 3 (total). In order to separately account for dis-
persive and covalent contributions to the adhesion energy, all
the calculation were performed again neglecting the dispersive
forces. The results are reported in Table 3 as non-dispersive
case. The effect of dispersive interactions on the geometries is
to bend the organic molecule so as to adapt to the local cur-
vature of the nanocrystal. This effect is larger for the longest
molecules (4T and especially 6T), while it is negligible for the
HYB2 system. The structures obtained by neglecting the disper-
sive interactions are shown in Fig. 16.

Since no chemical bond is formed between the organic
molecule and the nanocluster, it is correct to conclude that the
adhesion is mainly given by dispersive forces. The total adhe-
sion energy per monomer Uadh/mon is smaller than the exper-
imental value of ∼ 0.65 - 0.87 eV for thiophene on a flat ZnO sur-
face [137]. This is expected given several adhesion reduction ef-
fects such as polymer strain, anisotropy and edges as described
in Chapter 2. It is also worth noting that the nT adhesion in-
creases with n. At variance, when dispersion is not included
the adhesion converges to a constant value of about 0.3 eV. In
this case the molecule does not wrap the nanocrystal and the
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Figure 16: Top and side view of the three hybrids after the overall re-
laxing procedure. These geometries were obtained without
taking into account the dispersive contributions.

total non-dispersive

Uadh Uadh/mon dstack Uadh Uadh/mon dstack

HYB2 1.31 0.65 2.7-2.9 0.45 0.22 2.8-3.2

HYB4 1.34 0.34 2.4-2.9 0.29 0.07 2.6-3.1

HYB6 1.96 0.33 2.8-3.0 0.29 0.05 2.9-3.3

Table 3: Adsorption energies (values in eV) and stacking distances
(values in Å).

adhesion is only due to the two central thiophene rings. The
adhesion energy in this case agrees with the results reported
in Ref. [108] for 6T on ZnO surface calculated without dispersion.
As for the stacking distance, it is found approximately constant
for all nT lengths. A longer distance is found when dispersive
interactions are neglected. The calculated values are again con-
sistent with the ones described in Chapter 2 and are typical of
a physisorption mechanism.

3.3.2 Electronic properties

In order to study the energy-level alignment at the interface,
four levels must be considered, i.e. the HOMO and LUMO of
the two components in the hybrid. These levels can be identi-
fied by examining both spatial distribution and energies of the
molecular orbitals of the hybrid. For example, for the HYB6
system, the LUMO and LUMO+1 levels of the hybrid corre-
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Figure 17: Energy-level alignment of the three hybrids considered as
obtained with the ∆SCF method; dashed lines correspond
to the DFT levels.

spond to the LUMO levels of the ZnO nanoparticle and of the
6T, respectively, while the HOMO and HOMO-1 levels of the
hybrid correspond to the HOMO of the 6T and ZnO nanoparti-
cle, respectively. The ∆SCF corrected levels are shown in Fig. 17

(middle). The levels of the separate components at the hybrid
geometry are reported as well (left nT, right ZnO).

The interaction between the ZnO nanocluster and the nT
molecule shifts the electronic levels of the separated compo-
nents, with larger shifts for the nTs (0.4−0.7 eV) as compared to
Zn

60
O

60
(0.2− 0.4 eV). These shifts can be attributed to an elec-

tronic coupling between the two components which induces a
charge displacement from the nT to the metaloxide. This effect
has been also observed for other organic molecules adsorbed
onto inorganic surfaces [138]. In Fig. 18 the difference between
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the electronic density of the interacting and non-interacting sys-
tem is plotted. More specifically, the electronic densities of 2T,
4T, 6T, and Zn

60
O

60
at the geometry of the interacting configura-

tion have been subtracted from the electronic density of the hy-
brid systems. Fig. 18 shows that some charge is displaced from
regions around the thiophene rings (green isosurfaces) to the re-
gion between the nT and the nanocrystal (orange isosurfaces).
There is more charge displaced for HYB2 and HYB6 than for
HYB4, and this is reflected in the more pronounced levels shift
observed for these systems (see Fig. 17). This effect is attributed
to the lower adhesion of the terminal rings of the 4T chain to
the nanocrystal. In fact, this molecule is too long to accommo-
date entirely on the Zn

60
O

60
without bending its backbone (as

the 2T), but too short to be flexible enough to wrap around the
nanocluster as the 6T (see Fig. 18).

Fig. 17 shows that, for all the three hybrid systems studied,
the energy-level alignment is unfavorable for holes transfer, as
the HOMOs of the two moieties are almost coincident in all
cases. The results for HYB6 can be compared with those ob-
tained in Ref. [108] for the same 6T on a (101̄0) ZnO planar sur-
face, in which the alignment of type-II is preserved. The re-
duced offset observed for HYB6 is a consequence of the low
dimensional nature of ZnO and the curvature of the molecule,
that induce a different electronic coupling between the metalox-
ide and the organic molecule. This coupling shifts the original
electronic levels of the separate moieties producing an align-
ment which is detrimental for holes transfer, since holes of the
thiophenes are not prevented from being taken by the ZnO it-
self. In a realistic solar cell, however, the nanoclusters are typi-
cally embedded in a oligothiophene matrix, and different con-
figurations can be expected due to the interactions between olig-
othiophenes. Thus, deviations from these results are possible.

3.3.3 Predictive model for the QP alignment

Provided that the hybridization between the two systems is not
too strong, the quasiparticle corrections in the hybrid (∆i) can
be approximated using a simple model. Indeed, each state i
can be associated to one of the components taken separately.
And, assuming that the screening is inversely proportional to
the gap, one can write that:

(∆
sep
i /gapsep

KS ) ' (∆i/gapKS)
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Figure 18: Difference density plots showing the displacements of elec-
tronic charge induced by the ZnO-nT interaction. Green
isosurfaces (left panels) correspond to regions where the
difference is negative, orange isosurfaces (right panels)
where it is positive, showing that charge density moves
from green regions to orange regions (isovalue equal to
0.001 e/a.u.).
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HYB2 HYB4 HYB6

model ∆SCF model ∆SCF model ∆SCF

nT
HOMO -7.1 -6.68 -6.4 -6.44 -6.3 -6.26

LUMO -1.9 -2.39 -2.3 -2.03 -2.5 -2.56

Zn
60

O
60

HOMO -6.7 -6.77 -6.5 -6.64 -6.3 -6.28

LUMO -3.0 -3.00 -3.2 -3.00 -3.0 -2.89

gap 4.0 3.68 3.2 3.44 3.4 3.37

Table 4: Comparison between the QP levels as obtained via ∆SCF and
the model described by Eq. 8.

where ∆sep
i is the QP correction for the component associated

to the ith state taken separately, and gapKS and gapsep
KS are the

Kohn-Sham gaps calculated in the hybrid and in the separate
systems, respectively. As a result, the quasiparticle energies of
the hybrid can be simply written as:

Ei,QP = εi,KS +∆i = εi,KS +

(
gapKS

gapsep
KS

)
∆

sep
i (8)

As shown in Table 4 the results of the model are always quali-
tatively consistent with the full ∆SCF calculation, with a better
agreement at increasing system size. It is worth remarking that
the SCF calculations of the hybrids involving the removal/ad-
dition of an electron from/to a level other than HOMO/LUMO
are difficult since they converge slowly. The advantage of this
model is to allow to use the results for the isolated components
to obtain the QP levels, avoiding 4 single-point calculations on
each hybrid system.

3.4 conclusions

We have presented a systematic theoretical study on hybrid sys-
tems composed by a Zn

60
O

60
hexagonal wurtzite nanocrystal

and a oligothiophene molecule (bithiophene, quaterthiophene,
and sexithiophene). Ground-state structural relaxations com-
bining model potential molecular dynamics and all-electrons
density functional theory calculations have been performed.
Starting from the DFT electronic structure, the energy-level
alignment between the organic and inorganic moieties has been
accurately evaluated by means of the ∆SCF method. All the
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junctions have been found to be ineffective for charge sepa-
ration at the interface, as a consequence of the nanostructur-
ization of ZnO and the curvature of the molecule, which in-
duce an electronic coupling between the organic and inorganic
component. In particular, a comparison between the case of
Zn

60
O

60
-6T with the previously reported study of 6T on a flat

(101̄0) ZnO surface has been presented. While a type-II junc-
tion was found in the latter case, this staggered energy-level
alignment is lost when the ZnO is nanostructured. Though this
effect might be reduced for larger clusters, it definitely gives
a trend for systems in which quantum confinement effects are
important. From the methodological standpoint, a simple prac-
tical model which only requires to apply the ∆SCF method to
the individual components of the hybrids has been proposed.
This model provides results consistent with those obtained via
the full ∆SCF for the composite systems.

Another system which would be interesting to study is a sim-
ilar hybrid in which the electron acceptor is modeled as a ZnO
rod-like one dimensional nanoparticle instead of a zero dimen-
sional cluster. Since we calculate the electron affinities and ion-
ization energies through the ∆SCF method, in order to apply
our methodology to such a system one could for example build
longer models of the hexagonal nanocluster, until the asymp-
totic limit of IE and EA for infinite rod is found. The latter
could be calculated with different methods which are suitable
for periodic systems, such as for example GW or other beyond-
DFT methods.

In conclusion, though the use of nanoparticles can be benefi-
cial to have blends with large interface area, we must stress that
it may also have important drawbacks since the nanocurvature
of the interface can negatively impact on the electronic levels
alignment.
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4.1 introduction

In the previous Chapter we have studied the energy-level
alignment of an hybrid system in which the electron acceptor
was represented by a 120-atoms rod-like ZnO nanocluster.
Though the results of Chapter 3 are not strongly dependent on
the specific atomic configuration of the nanocluster, the latter
is however important from a technological point of view: ZnO
clusters of 120 atoms have in fact been produced and proven
to be particularly stable and abundant [127]. Since these (ZnO)

60

clusters have a high atomic precision, they are of potential
interest for future applications in nanoelectronics. They could
be employed as building blocks in a bottom-up approach to
design innovative nanostructured materials: for example they
could be arranged in high-surface networks for bulk hetero-
junctions with applications in photovoltaics, photocatalisys or
sensing [139–141]. However, the precise structure of the (ZnO)

60

is still unknown. The isomer identification at the atomic scale
is an important challenge that has stimulated some theoretical
research based on atomistic modeling [142,143]. Since the relative
stability inferred from total energy calculations suffers from
a strong dependence on the computational scheme adopted,
we have combined it with optical spectroscopy to identify
the most abundant geometrical structure of this cluster. This
is the subject of the present Chapter, in which the results of
a time-dependent DFT (TDDFT) study of the optoelectronic
properties of a set of (ZnO)

60
isomers are presented. In this

43
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study the ionization energies and the electron affinities were
calculated as total energy differences between charged and
neutral systems as described in Chapter 3. The optical absorp-
tion spectra are computed through a hybrid TDDFT scheme
which has shown to accurately reproduce the experimental
optical features of ZnO nanoparticles [144]. A similar approach
has been adopted in literature to study the optical absorption
and emission properties of (ZnS)

4
and (ZnS)

6
nanoclusters

both in absence and in presence of water [145,146]. The obtained
results show that the spectroscopic properties are markedly
different for each structure, and suggest a way to distinguish
between isomers by using the calculated absorption spectra as
a fingerprint in comparison with experimental results.

Most of this Chapter has been taken from C. Caddeo et al.,
Phys. Chem. Chem. Phys 14 (2012) (Ref. 147).

4.2 system description

For small (ZnO)n clusters (n 6 32) the generation of different
isomers has been carried out in past literature by using genetic
algorithms and performing a global minima search (see e.g.
Ref. 148). This approach, however, is very difficult when deal-
ing with a large number of atoms [133,149]. Therefore the differ-
ent (ZnO)

60
isomers were built by following the descriptions in

Refs. 133,149. In particular, the starting hexagonal prism struc-
ture (HEX) was obtained by cutting a cluster from the bulk
WZ ZnO. The structures were then pre-optimized by means of
MPMD simulations [45]. The MPMD resulting structures are then
fully relaxed at DFT level, and their optical absorption spectra
are obtained through TDDFT calculations. In each SCF cycle, the
energy was required to be converged within 3 · 10−6 eV. The
use of MPMD as pre-optimizing tool allows us to save computa-
tional time, since the parameters used [150] have shown to pro-
vide ZnO cluster structures very close to the DFT optimized
geometries (see also Chapter 3). Ionization energies (IE) and
electron affinities (EA) are computed as total energy differences
as in Chapter 3.

Further computational details are provided in the Appendix
section (Chapter A).
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4.3 results and discussion

4.3.1 Morphology and energetics

Figure 19: Optimized structures of the six unsaturated (ZnO)
60

clus-
ters considered and of the two saturated models of the
hexagonal cluster (W6 and W7).

The optimized geometries of the considered structures are
shown in Fig.19. For the hexagonal isomer we observe the
same modification of the bond lengths and angles described in
Chapter 3. Also two saturated models of the hexagonal isomer
have been considered, obtained by dissociating 6 and 7 water
molecules on the polar surfaces before relaxation [144] (hereafter
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referred to as W6 and W7). Consistently with previous results,
these models preserve the WZ structure. Their geometries are
reported in the bottom right part of Fig.19. The other five pos-
sible isomers of (ZnO)

60
considered are the nanotube, the cage

and the fullerene-like cage, in which all atoms belong to the
surface, and the sodalite and onion structures, which are half
way between the all-surface structures and the bulk-like hexag-
onal. All these isomers are described more in detail in Ref. 133.
In Table 5 the cohesive energy Ec (in eV per Zn-O dimer) of all
isomers is reported, defined as

Ec =
Etot

N
− (EZn + EO) (9)

where Etot is the total energy of the isomer, N its number of Zn-
O dimers, and EZn (EO) is the energy of an isolated Zn (O) atom
in its ground state. Ec is a measure of the relative stability of
the system: higher values correspond to less stable clusters. The
calculated values (all close to -6.4 eV/dimer) are larger than the
bulk cohesive energy of ZnO (-7.5 eV/dimer) [125], as expected
due to surface energy costs.

In Table 5 (second column) the DFT total energy differences
∆E with respect to the most stable isomer are reported as well:
the sodalite turns out to be the lowest-energy structure, with
the hexagonal nanocluster just 0.45 eV higher in energy. These
results agree with that in Ref. [133] concerning the sodalite, but
the energy ordering of the other isomers is different: for ex-
ample, they find that the second lowest-energy structure is the
cage, with a difference as large as 1.56 eV with respect to the
sodalite. Such differences can be attributed to (i) the different
XC functional used (BP86 here, Perdew-Burke-Ernzerhof [151] in
Ref. 133); (ii) the methods chosen to represent the molecular or-
bitals: (all-electrons TZVP basis set here, double numerical with
d-polarization functions plus pseudopotentials in Ref. 133). All
in all, the above discussion implies that the identification of the
most stable structure cannot be based entirely on total energy
differences and should be better based on spectroscopic observ-
ables.

4.3.2 Optoelectronic properties

In columns four and five of Table 5 the ionization energies (IE)
and electron affinities (EA) are reported. While the ionization
energies are very similar for all isomers (∼7.0-7.2 eV), the elec-
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Figure 20: HOMO and LUMO levels as obtained with the modified
B3LYP functional. The values in parenthesis correspond to
the TDDFT optical gap. Capital letters on top refer to differ-
ent isomers as follows: S=sodalite, H=hexagonal, O=onion,
C=cage, N=nanotube, F=fullerene-like cage. The horizon-
tal axis reports the differences in total energy (∆E) with
respect to the lowest-energy isomer (sodalite). On the left,
the HOMO and LUMO levels of the two saturated clusters
(W6 and W7) are reported out of the total energy scale.

tron affinities vary in a broader range (∼2.9-3.6 eV). It is inter-
esting to note that such large electron affinities are comparable
with that of C

60
, which is one of the most efficient electron

acceptors used in organic electronics. In particular, by using
the same theoretical framework (BP86/TZVP) for C

60
, values of

7.44 and 2.75 eV are obtained for ionization energy and electron
affinity, respectively, in good agreement with the experimental
values of 7.6 and 2.7 eV [152].

Starting from the optimized geometries, a single-point energy
calculation with the B3LYP functional has been performed to
obtain the Kohn-Sham eigenvalues. The corresponding energy-
level diagram is shown in Fig.20. The energies and spatial dis-
tribution of the highest occupied (HOMO) and lowest unoccu-
pied molecular orbitals (LUMO) are reported in Figs.21 and 22.
All the orbitals in Fig.21 have a symmetric spatial distribution,
with the exception of the HOMO of the hexagonal isomer. This
asymmetry is due to a level degeneracy: the HOMO-1 level, in
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isomer ∆ETZVP Ec IE EA

sodalite 0 -6.47 7.20 3.23

hexagonal +0.45 -6.46 7.16 3.25

onion +1.58 -6.44 7.04 3.57

cage +2.12 -6.43 7.09 3.11

nanotube +3.02 -6.42 7.03 3.15

fullerene +9.04 -6.32 7.20 2.91

Table 5: Differences in total energies with respect to the lowest-energy
isomer (first column ); cohesive energies (second column);
ionization energy and electron affinity (last two columns). All
values are in eV.

fact, has the same energy of the HOMO and it is spatially dis-
tributed in a mirror-like way with respect to the HOMO.

A common feature of all the considered structures is the de-
localized nature of the LUMO level, which has been found also
for other ZnO nanostructures [144,153], for C

60

[154,155] and for the
C

60
-derivative PCBM [156].

It is interesting to notice that all the clusters have a well-
opened band gap and do not present intra-band gap states. In
particular, for the HEX isomer, the HOMO and LUMO levels
are only slightly upshifted with respect to the water-saturated
W6 and W7 clusters. Furthermore, the two saturated models
exhibit practically the same energy levels, thus we consider
them as equivalent. Similar results have been found previously
for other water-saturated ZnO clusters [153]. A more detailed
energy-level diagram is reported in Fig. 23.

The electronic structure of the considered nanoclusters is fur-
ther analyzed in terms of density of states (DOS). In Fig.24

the DOS of the hexagonal isomer is reported as an example
(solid line). The DOS of all the other isomers have similar fea-
tures. In particular there are always four peaks in the valence
band, already discussed in the literature [153,157] and referred to
as PI, PII, PIII and d. The first peak in the valence band (PI) is
due to the valence p electrons of O atoms, while the PII and d
peaks arise from the 4s and 3d electrons of Zn atoms, respec-
tively. The PIII peak is related to the s electrons of O atoms. The
distance between the d peak and the valence band maximum is
in agreement with experimental data [157]. For comparison, the
DOS of the W7 cluster is also reported in Fig.24 (dashed). Con-
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Figure 21: Orbital spatial localization (HOMO left, LUMO right) of
the sodalite, hexagonal and onion isomers.

sistently with the results on the frontier orbitals, the two sat-
urated nanocrystals exhibit almost indistinguishable DOS pat-
terns and they are very similar to those obtained in Ref. [153] for
bigger water-saturated ZnO clusters. Furthermore, their DOS
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Figure 22: Orbital spatial localization (HOMO left, LUMO right) of
the cage, nanotube and fullerene-like cage isomers.

is only slightly upshifted in energy with respect to that of the
unsaturated HEX cluster.

TDDFT calculations are then performed to obtain the opti-
cal absorption properties. The computed optical gap (i.e. the
first optically active electronic transition) is reported in Fig.20

within parentheses. A direct comparison of these data with ex-
perimental results is not possible since, as mentioned before, no
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Figure 23: First ten occupied and unoccupied levels as obtained
with the modified B3LYP functional. The values in
parenthesis correspond to the TDDFT optical gap. Capi-
tal letters on top refer to different isomers as follows:
S=sodalite, H=hexagonal, O=onion, C=cage, N=nanotube,
F=fullerene-like cage, W6= hexagonal saturated with 6

water molecules, W7= hexagonal saturated with 7 water
molecules.

Figure 24: Density of states (DOS) of the hexagonal nanocluster, un-
saturated (solid line) and saturated with 7 (dashed line)
water molecules. The energy zero has been aligned to the
Fermi energy.
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experimental data are available on the electronic structure of
(ZnO)

60
clusters. However, particles with radii below or equal

to 0.3 nm have been reported to exhibit an absorption edge at
ca. 4.0 eV [8]. From Fig.20 one can see that the isomers show dif-
ferent absorption onsets, which vary in a wide range from 3.81

to 4.63 eV.

Figure 25: Optical absorption spectra of all the considered clusters.

Fig.25 shows the optical absorption spectra of all the consid-
ered structures. For all the isomers the first 10 optical transi-
tions have been calculated, with the exception of the fullerene-
like cage, for which a larger number of transition were neces-
sary (the first 16 transitions are optically dark). A number of
dark transitions are present also in the spectra of other isomers.
For example, the three lowest-energy transitions for the cage
are dark. The reasons of the presence of such dark states can
be found in the symmetry of the structures. The highest the
symmetry (fullerene-like cage), the more the number of prohib-
ited transitions. This phenomenon has also been observed for
carbon fullerenes with high symmetry (C

60
). From Fig.25 it is

apparent that saturation effects are important in the spectrum:
a detailed comparison between the spectra of the saturated and
unsaturated hexagonal clusters (up to ∼4.5 eV) is reported in
Fig. 26. Furthermore, at variance with the case of the unsatu-
rated hexagonal cluster, the two saturaded clusters do not have
dark states, as a consequence of the breaking of symmetry tue
to the presence of the absorbed hydrogens and oxygens.
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Figure 26: Comparison between the optical absorption spectra of the
unsaturated hexagonal cluster and its two saturated coun-
terparts.

Hereafter, the analysis will focus only on unsaturated clus-
ters, ideally obtained in an impurity-free environment. All the
clusters are transparent in the visible spectrum, with signifi-
cant differences among the different isomers in the absorption
onsets, all falling in the ultraviolet. In particular, the onion has
the lowest energy absorption, being the only structure able to
absorb below 4 eV. Between 4 and 4.2 eV, only the hexagonal
cluster has optically active transitions. At quite higher energies,
only the fullerene-like cage has its first absorption peak (at 4.63

eV). In the range 4.2-4.4 eV, three structures (sodalite, nanotube
and cage) start absorbing. However, the sodalite and the cage
absorption peaks are separated by 0.1 eV and could be distin-
guished. As for the nanotube, it can be identified because (i) its
spectrum presents only one peak in that region, while there are
two peaks for sodalite and onion, (ii) its intensity is about six
times (two times) stronger than for sodalite (cage).

In Table 6 we report the energy of the lowest optically active
transitions for all the isomers, together with the value of the
corresponding oscillator strength and the type of transition. It
is interesting to notice that only for the hexagonal case the tran-
sition is mainly a HOMO-LUMO transition, while for the other
isomers other levels deeper than the HOMO are involved in the
absorption.
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isomer Et [eV] f [arb. units] T

sodalite 4.38 0.20 (H-11)→ L

hexagonal 4.06 0.05 H→ L

onion 3.84 0.09 (H-4)→ L

cage 4.49 1.18 (H-6)→ L

nanotube 4.34 1.39 (H-1)→ L

fullerene 4.73 0.83 (H-28)→ L

Table 6: Energies, strengths and nature of the lowest transitions with
appreciable strength.

isomer
DFT B3LYP TDDFT (SVP) TDDFT (6-311G*)

HOMO LUMO GAP GAP GAP

sodalite -7.11 -2.11 5.00 4.24 4.30

hexagonal -6.68 -1.90 4.79 4.06 4.09

onion -6.81 -2.31 4.51 3.81 -

cage -6.53 -1.53 5.00 4.37 -

nanotube -6.53 -1.56 4.97 4.29 -

fullerene -6.63 -1.38 5.26 4.50 -

W6 -7.10 -2.15 4.95 4.26 -

W7 -7.05 -2.15 4.89 4.19 -

Table 7: First three columns: HOMO, LUMO and HOMO-LUMO gap
of the considered isomers. Last two columns: optical gap as
computed by B3LYP TDDFT with SVP and 6-311G* basis sets,
respectively. All values are in eV.

At variance with the total energy calculations the optoelec-
tronic properties are less affected by the details of the theoreti-
cal framework. For example, calculating the energy levels and
the spectra of the lowest energy isomers (sodalite and hexago-
nal) by using the combination B3LYP/6-311G* gives consistent
results for the first optically active transitions. A comparison
between the energy levels and the optical gap can be found in
Table 7.

The absorption properties (both intensity and peaks position)
can be combined with the results on the formation energy in
order to better compare with experiments. In real experimen-
tal conditions, it can be assumed that different isomers are
present at the same time, with a larger abundance for structures
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with lower formation energy. Assuming thermal equilibrium at
temperature T , the isomer population is expected to follow a
Maxwell-Boltzmann distribution. The relative abundance (Pi)
of an isomer i with respect to the population P0 of the most
stable one is

Pi
P0

= exp

(
−∆E

kBT

)
(10)

where ∆E = Ei − E0 is the corresponding energy difference be-
tween the two, and kB is the Boltzmann constant. At tempera-
tures such that kBT << Ei − E0 = ∆E the distribution is dom-
inated by P0 (P0 >> Pj for any j). At kBT > ∆E = Ei − Ej the
higher energy isomers appear. In the actual case E1 − E0 = 0.45
eV and at room temperature the absorption spectra is expected
to be practically identical to that of the sodalite. A temperature
of ∼2300 K is required to have a 10% abundance of the HEX iso-
mer and an absorption peak is expected to be detectable in the
region 4.0-4.2 eV, where no other peaks are present. This anal-
ysis, being sensitive to the energy ordering, could be used also
to validate different theoretical results. For example, according
to Ref. 133, the cage and not the hexagonal is the second lowest-
energy isomer, and E1−E0 = 1.56 eV. A temperature as large as
∼7800 K would be necessary to have a spectrum differing from
that of the sodalite in the range 4.3-4.5 eV.

4.4 conclusions

A systematic computational study of the energetic, electronic
and optical properties of six (ZnO)

60
nanoclusters has been car-

ried out, with the aim to provide a useful tool to identify its
most abundant structure. Since the relative stability inferred
from total energy calculations alone is strongly dependent on
the computational scheme used, they have been combined with
optical spectroscopy. The structures have been optimized via
DFT calculations, using a basis set / XC functional combination
which is accurate for ZnO clusters. The vertical ionization ener-
gies and electron affinities have been obtained by computing to-
tal energy differences between charged and uncharged systems.
The electron affinities have been found to vary in a broad range
and to be comparable (for all the clusters) with C

60
, which is

one of the most efficient electron acceptors used in organic elec-
tronics. This feature makes them all good candidates for use as
electron acceptors in optoelectronic devices. TDDFT-B3LYP cal-
culations have been performed to obtain the optical absorption
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spectra of all the six structures. The calculated spectra are sig-
nificantly different for different isomers and can thus be used
in association with total energy data and in comparison with
experiments to identify the ground state of (ZnO)

60
.

The knowledge of the most abundand structure of the
(ZnO)

60
allows on the one hand to further detail the energy-

level alignment with the electron donor, and it paves the way
to the possibility of using the nanoclusters as building blocks
to obtain high precision bulk heterojunctions with improved
photoconversion properties.
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5.1 introduction

P3HT-SWNT systems are another class of nanostructured
donor/acceptor complexes which are employed in third gen-
eration photovoltaics. Polymer-nanotubes blends are typically
synthesized by dispersing the nanotubes into an aqueous so-
lution containing the polymer [80,81], provided that the latter is
soluble. The polymer coats the SWNT giving rise to a complex
organization on the nanotube surface at the nanoscale. In some
cases (e.g. for stiff short polymer chains [158]) the polymer aligns
along the carbon nanostructures, but typically the polymer
wraps around the nanotube giving rise to helical or pseudo-
helical structures. At variance with the case of P3HT-ZnO sys-
tems, the polymer wrapping on carbon nanotubes has been
experimentally observed [81,82,159]. However, despite of the con-
siderable number of experimental investigations, the pseudo-
helical structure observed for P3HT is still not understood. Fur-
thermore, the stability of the wrapped configuration, once the
solvent has been dried, must be identified. This is important
from the technological point of view, since such blends operate
in solvent-free environment and possible unwrapping phenom-
ena can be present. Finally, understanding at the atomic-scale
the stability of the wrapped configuration could aid the design
of highly oriented P3HT-SWNT systems with improved conduct-
ing properties.

We have thus carried out an atomistic study of P3HT chains
of realistic length wrapped on carbon nanotubes of different
chiralities and at different temperatures. The system has been
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studied via MPMD, which is a suitable computational tool to
study large size systems for long simulation times. We provide
evidence that, in absence of any solvent, the polymer tends
to align along the nanotube. In addition, it is shown that
the experimentally observed pseudo-helical organization [82]

actually corresponds to a metastable configuration, whose
lifetime depends on temperature and polymer length. The
obtained results at finite temperature are in agreement with
the pseudo-helical morphology characterized by Scanning
Tunneling Microscopy [82], confirming the role of the nanotube
chirality. Finally, a strong stabilization effect on the wrapped
configuration due to neighboring polymer chains is demon-
strated.

Most of this Chapter has been taken from C. Caddeo et al.,
J. Phys. Chem. C 114 (2010) (Ref. 160.)

5.2 system description

The simulation cells have dimensions Lx, Ly and Lz, along the
x, y and z directions respectively, where Lx = Ly = 5 nm,
and Lz ranged in the interval 0.013 − 0.1 µm. The nanotubes
were aligned along z direction and periodically repeated so as
to represent an infinite structure. The simulated systems con-
tained up to 2 · 104 atoms corresponding to a maximum poly-
mer length L ∼ 0.1 µm. All the computational details are de-
scribed in the Appendix section (Chapter A).

5.3 results and discussion

First the case of (15,0) zigzag nanotubes is considered. In order
to have an initial configuration representative of the wrapped
morphology (hereafter named HH) the polymer molecule was
bent into an helical shape around the nanotube and the atomic
forces were relaxed until a minimum energy configuration was
identified. At variance with the approach used on P3HT-ZnO hy-
brids (see Chapter 2), here we fix the coiling angle and vary the
temperature and polymer lenght. The actual value of the coil-
ing angle (i.e. the angle formed by the polymer backbone with
respect to the nanotube axis) is ∼ 30◦ and it was chosen accord-
ing to experimental indications [82] and used for all the polymer
chains investigated. After the relaxation procedure, the coiling
angle in the HH configuration was found slightly changed, but
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the periodicity of the helix was preserved (see top left panel of
Fig. 27). The average polymer-nanotube distance was found to
be as small as ∼ 0.35 nm.

In order to study the wrapped morphology and the possible
configurations at finite temperature, the HH systems were an-
nealed for up to 4 ns in the range of temperatures 100K < T <
1000K. The polymer length was varied in the interval 28LP <
L < 256LP, where LP is the length of the monomer, a range of
lengths comparable to the experimental data.

At any T > 100 K the polymers were found to move along
the nanotube surface, thus exploring quite a few configurations
differing by number of coils, coiling angles and morpholo-
gies; all structural features depend on both L and T . The
possible configurations are reported in the top panels of Fig.
27. Interesting enough, no polymer desorption was observed
in the thermodynamic conditions explored in the present
investigation.

The different morphologies are distinguished by using the
alignment parameter ξ, defined as

ξ =
1

NU

NU−1∑
i=1

~vi · ~vi+1
|~vi| · | ~vi+1|

=
1

NU

NU−1∑
i=1

cos(θi) (11)

where the vector ~vi connects the i-th and (i+ 2)-th equivalent
sulfur atoms along the backbone, and NU is the number of peri-
odic units of the polymer (NU = L/2LP). According to Eq. 11, θi
is the angle describing the bending of the polymer chain. ξ was
found to vary in the range 0.6-1.0 depending on the different
morphologies explored. In particular, a value ξ ∼ 0.8 is found
for the HH configurations, while the largest values (ξ ∼ 1) are
obtained when the polymer lies along the polymer axis and the
neighboring polymer units are aligned. Finally, a small align-
ment parameter (ξ ∼ 0.6) corresponds to the folded C phase.

In bottom panel of Fig. 27, the parameter ξ(L, T) is calculated
as a function of the annealing temperature and chain length.
Colors identify the different polymer arrangements after an-
nealing as long as 2 ns. The alignment parameter was evalu-
ated on a regular mesh of 7 × 6 = 42 points, marked in Fig.
27 by triangular symbols, and then interpolated with a thin
plate spline algorithm [161] to obtain the colormap in Fig. 27.
A convergence test on the number of points was performed,
and it was found that by increasing the mesh from 20 to 42
points the maps are practically unaffected. For a fixed polymer
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length L, the above diagram shows that the ideal helical config-
uration (HH morphology) is stable only at very low tempera-
ture (blue region). At higher temperature the polymer relaxes
into pseudo helical structures (H) similar to the experimentally
observed ones [82]. By further increasing the temperature, the
coils are spontaneously loosed during the dynamics and the
polymer ends into the aligned morphology (A). For very high
temperatures the polymer can even fold into a cloud configu-
ration (C). According to the above analysis the H morphology

Figure 27: (Top panels) Identified ordered (HH, H, A) and folded (C)
polymer configurations. (Bottom panel) Alignment param-
eter ξ as a function of temperature T and polymer length
L. Lifetime curves (green and red lines) are identified by
connecting points with identical helical lifetime (see text).

at room temperature is only a metastable configuration and it
spontaneously changes into the aligned one.

In order to better characterize the lifetime of the H morphol-
ogy and the physical factors affecting its stability, the instanta-
neous number of coils g(t) of the polymer chain at time t was
calculated:

g(t) =
1

2π

NU−1∑
i=1

θi =
1

2π

NU−1∑
i=1

arcsin
~vi · ~vi+1

|~vi| · | ~vi+1|
(12)

where θi, ~vi and NU have been defined above. At high temper-
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Figure 28: Number of coils as a function of the annealing time for a
256-monomer long chain at different temperatures

atures any molecule unwraps and, accordingly, g(t) is found
to monotonically decrease down to zero during the MPMD run.
Conversely, at lower temperatures the unwrapping mechanism
is less efficient and at the end of the simulations there is still
a finite number of coils (g(t) > 0). The above picture for P3HT
is in contrast with the spontaneous tendency of PPV to wrap
at room temperature [162]. This can be attributed to the different
chemical composition of the two polymers (e.g. the PPV does
not contain sulfur atoms).
The atomistic data are well reproduced by an exponential func-
tion of time g(t) ∼ g(0)exp(−t/τ) where τ , hereafter referred
to as the lifetime of the wrapped H morphology, depends on
both T and L, and g(0) is the initial number of coils. A graph
of the number of turns vs time is reported in Fig. 28. It shows
the time evolution of the number of turns g(t) for three differ-
ent temperatures and the exponential functions used to fit data.
The inverse of the lifetime ∼ 1/τ corresponds to the rate of un-
wrapping events and it controls the kinetics. At early times in
fact the rate of coils loss dg/dt is approximately dg/dt ∼ −1/τ.
The lifetime τ decreases as the temperature increases according
to an Arrhenius law τ ∼ exp(Ea/kT), where Ea is the activation
energy for an unwrapping event (see Fig. 29). Ea was calculated
to be as small as 0.09 eV. According to the above analysis, the
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Figure 29: Unwrapping time versus temperature

HH morphology is stable and distinguished from the H one at
very low temperatures, while, at higher temperatures, it can re-
lax into H and eventually A configurations, by overcoming the
energy barrier Ea.

Concerning the role of the polymer length L on the unwrap-
ping kinetics, it is found a linear relationship τ ∼ κL with a
lifetime per unit of length (κ = τ/L) that is approximately inde-
pendent on L. Accordingly, in the limit L→∞, the unwrapping
kinetics is unchanged. This is shown in Fig. 30 and it suggests
that the lifetime per unwrapping event is approximately con-
stant, i.e. the unwrapping events are uncorrelated. This is ac-
curately true in the early stages of the kinetics where g(t) is
linear, i.e. g(t) ' −1

τ · t. Possible deviations can be easily incor-
porated into the model by introducing an exponent α in such
a way that g(t) ∼ Lα. The results of the above analysis can be
summarized by introducing an overall T − L dependence into
the kinetic model for the wrapped morphology lifetime:

τ(T ,L) =
Lα

v0
e

Ea
kT (13)

where v0 is a suitable constant. Here α = 1 has been used. The
above model correctly predicts that the lifetime of the wrapped
H morphology is a continuous function of L and T , and it is
longer for longer polymers and lower temperatures.



5.3 results and discussion 63

0

2

4

6

100 150 200 250

τ
 (

n
s
)

L (# monomers)

Figure 30: Unwrapping time versus polymer length

A remarkable result is that such a model is able to identify
the boundaries in the L-T plane (Fig. 27) between the different
morphologies. The points with the same lifetime τ0 give rise
to the curve τ(L, T) = const = τ0. Different values of τ0 corre-
spond to different curves. It is possible to choose τ0 in such a
way that the corresponding curve approximately delimits the
yellow region where the polymer is highly aligned (ξ > 0.98).
This is obtained for τ0 = 2 ns. The corresponding curve is re-
ported in Fig. 27 as a red line. Hereafter, all the lifetimes are
normalized to τ0 = 2 ns. Accordingly, the points on the right of
the red curve (i.e. τ < 1) correspond to highly aligned polymers
for which ξ > 0.98 (yellow shaded area); the points on the left
(i.e. τ > 1) have a smaller degree of alignment. The case of a
larger lifetime (τ = 12) is reported for comparison (green line).
Three different polymer morphologies can be identified in the
L− T plane referred to as HH (regular helix when τ >> 1), H
(pseudo helix when τ > 1) and A (aligned chains when τ 6 1).

At very high temperature, entropic contributions make possi-
ble a partial folding of the polymer and the model is not appli-
cable. The folded phase (C) is recognizable in the ξ color map
as the dark region at high temperature and length ∼ 60LP.

A snapshot of a polymer wrapped in the H morphology on
a (15,0) nanotube at T=300K is reported in Fig. 27. It exhibits
clear similarities with the experimental structure of Ref. [82],
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where different coiling angles alternate along the chain. Thus
we suggest that the experimentally observed structure corre-
sponds to a state that, in vacuo and at room temperature, is
only metastable.

The theoretical results also demonstrate that the polymer
morphology depends on the chirality of the nanotube, as in-
deed also suggested by experiments [82] and previous theoreti-
cal works [163]. In Fig. 31 the results for two systems differing
only by the chirality of the nanotube are compared (the case of
(15,0) zigzag and the case of a (9,9) armchair nanotube of sim-
ilar radii). At T = 300K both systems unwrap during 2ns-long
thermal annealing and we observe different morphologies dur-
ing the run. The obtained morphologies differ qualitatively in
terms of both the coiling angles and their relative abundance.
In the zigzag case the polymer forms ∼ 13 coils with angle
∼ 60◦ and only two with angle ∼ 30◦ while in the armchair
case, there are ∼ 4 coils with angle ∼ 45◦ and ∼ 8 coils with
angle ∼ 30◦. This implies that the SWNT chirality has an impor-
tant role on the final morphology of the system. In particular,
the obtained results are in agreement with STM measurements
on zigzag nanotubes [82]. The observed polymer configuration
presents coils of angle 33◦±1◦, as found in the atomistic models
(see Fig. 31, left). As for the predicted coiling angles in the arm-
chair case, there is an agreement with some experiments [164].
Unfortunately, the comparison is difficult since in that work
the chirality of the nanotubes has not been fully characterized.
The actual values of the coiling angles are determined by the
thiophene/nanotube lattice matching as shown in the insets of
Fig. 31. An interesting feature of the wrapped conformations
in both cases is the presence of clusters of two or more neigh-
boring coils at the polymer extrema. This behavior is driven by
the polymer-polymer interchain attractions and it corresponds
to an ordered interdigitation of hexyl chains (see top left inset
of Fig. 31).

So far systems with a single polymer chain per nanotube
have been considered; however, real blends actually exhibit
very high polymer density (1-0.1% wt nanotubes [82,165]) and
several polymer chains interact with the same nanotube. The
relative polymer/nanotube density may influence in some way
the stability of the helical state. For example, Smalley and
coworkers [81] suggest multi-helical wrapping as the most likely
configuration for PVP. Multi-helices have been experimentally
observed in the P3HT case, as well [82]. In order to study the
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Figure 31: Polymer helical assembling on (15,0) zigzag (left) and (9,9)
armchair (right) nanotubes after 0.5 ns at T= 300 K. Only
the sulfur atoms are reported for clarity as yellow balls.
The insets show the details of the interdigitation of the
hexyl chains and the thiophene/nanotube lattice matching.

role of multiple chains a system containing one polymer chain
(L = 64) helically wrapped on the nanotube (HH morphology)
was used as a starting point, and a second chain was then
added in two different ways: (i) wrapped along the nanotube
next to the first one (see Fig. 32, left); (ii) unwrapped and par-
allel to the axis of the nanotube (see Fig. 32, right). The two
geometries are considered in order to study the interaction of
the wrapped chain with the structurally complex embedding
polymer matrix in which the nanotubes are dispersed.

For both systems it is apparent that the second chain is able
to stabilize the helical arrangement of the first chain, that is
preserved at room temperature for the whole annealing time
as long as 2 ns (final configurations of the systems are reported
in Fig. 32). It is important to remark here that the same chain,
whether isolated, unwraps in a time smaller than 0.5 ns. The
relative polymer/nanotube density is accordingly a key factor
which gives stability to the wrapped H morphology.

5.4 conclusions

In conclusion, by molecular dynamics simulations on realis-
tic long polymer chains, helical wrapping on single wall car-
bon nanotubes has been characterized. The helical wrapping
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Figure 32: Two-chain polymer/nanotube systems after 2 ns anneal-
ing at room temperature. One chain is wrapped while the
other is parallel to (right) or wrapped around (left) the nan-
otube. The inset shows the details of the superposition of
the two chains (only thiophene rings shown for clarity).

in vacuo is found to be a metastable configuration stabilized by
the interactions among neighboring polymer chains. It has been
also shown that the nanotube chirality affects the actual coil-
ing angles and morphology of the helix. We have enlightened
that, since thermodynamic effects are important to understand
polymer wrapping, we cannot limit our investigation to the cal-
culation of the lowest energy structures, but long simulations
at finite temperature must be performed. MPMD is a suitable
computational tool which allows to take into account these ef-
fects. The introduction of other factors (such as e.g. the effect of
different solvents on wrapping) can also be treated within this
framework and will be the object of future work.

According to present study it is in principle possible to en-
hance the polymer-nanotube alignment so improving the poly-
mer transport properties by a suitable tuning of temperature,
polymer density and chain length. Polymer-nanotube systems
are therefore still a promising technology for third-generation
photovoltaics, provided that these factors are properly consid-
ered in the synthesis.
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In this thesis we have studied via atomistic simulations hybrid
and organic model systems formed by a polymer chain and a
low dimension nanostructured acceptor with the aim to under-
stand some important phenomena which are peculiar to nanos-
tructured assemblies. Since accurate experimental characteriza-
tion of the interfaces is difficult, atomistic simulations represent
an important tool for a better understanding of the physical
mechanisms at the nanoscale. We have extensively studied the
P3HT wrapping on one-dimensional substrates such as carbon
nanotubes and ZnO nanoneedles by means of model potential
molecular dynamics, and we have identified the preferred poly-
mer configurations. An important result obtained here is that
even if in both systems an aligned configuration of the poly-
mer chain is energetically favored, wrapped configurations can
be found in real samples. Once the solvent has been dried,
the wrapped configuration of P3HT on SWNT is metastable at
room temperature, but the helical configurations induced by
the synthesis procedure can be frozen by polymer-polymer in-
teractions. Accordingly, it is in principle possible to enhance the
polymer-nanotube alignment by a suitable tuning of the synthe-
sis conditions, such as temperature, polymer density and chain
length. Conversely, since the polymer mobility on the ZnO
nanoneedles is low, in this case the energy barrier for the poly-
mer diffusion on the surface is higher than on the SWNT, and
the wrapping is stable at room temperature. The low dimen-
sionality affects also the electronic and optical properties of the
system: by studying a Zn

60
O

60
-6T model system, we have pro-

vided evidence of an electronic coupling between the organic
and inorganic component which is originated by the nanocur-
vature of the semiconductor and which shifts the energy levels
of the hybrid system. In particular, a comparison between the
case of Zn

60
O

60
-6T with a previously reported study of sexithio-

phene on a flat (101̄0) ZnO surface has been presented. While
a type-II junction was found in the latter case, this staggered
energy-level alignment is lost when the ZnO is nanostructured.
Even if this effect may be reduced for larger ZnO nanoparticles,
our results suggest a trend for the electronic level alignment at
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the interface in nanostructured systems. ZnO nanoparticles of
120-atoms have been produced and proven to be particularly
stable and abundant, thus they not only represent a model suit-
able for computational studies, but are also of potential techno-
logical interest. In order to understand their chemical structure,
we have carried out a study which correlates their morpholog-
ical and optoelectronic properties. We have calculated the ab-
sorption spectra of a set of Zn

60
O

60
isomers in the near-middle

ultraviolet: since the calculated spectra are different for each
isomer, they represent an information which can be compared
to experimental spectroscopic data to elucidate the most abun-
dant structure of Zn

60
O

60
.

The results presented in this thesis suggest that, though the
use of nanostructures in photovoltaic systems offers interest-
ing advantages, such as the enhancement the donor/acceptor
interface, it also requires deeper insight on the morphologies
and electronic properties in order to improve the photovoltaic
systems.



Part III

A P P E N D I X





A
C O M P U TAT I O N A L F R A M E W O R K

Contents
a.1 Model potential molecular dynamics calcu-

lations 71
a.1.1 Intramolecular forces 71

a.1.2 Intermolecular forces 73

a.2 Density functional theory calcula-
tions 73
a.2.1 Time dependent DFT calcula-

tions 74

a.1 model potential molecular dynamics calcula-
tions

All molecular dynamics simulations were performed by using
the DL_POLY parallel code [166]. The version used has changed
in time (from 2.19 to 4.02) according to the most recent re-
lease. Common features of all the simulations performed are
the use of periodic boundary conditions (applied in all di-
rections), the choice of the integration algorithm and of the
timestep: the equations of motion of atoms were integrated by
using the Velocity Verlet algorithm with a timestep as small as
0.5 fs. Furthermore, in all the simulations carried out at con-
stant temperature and volume, the temperature was controlled
by the Berendsen thermostat with relaxation costant f = 0.5
ps, and all the electrostatic contributions were computed by the
Ewald sum method with real space cutoff, ρc = 8 Å. In the
constant pressure and temperature simulations, we used the
Nosé-Hoover barostat with thermostat and barostat relaxation
constants f11 = 0.5 and f2 = 0.1 ps, respectively.

a.1.1 Intramolecular forces

The SWNTs, P3HT and the nTs were described by the AMBER
force field [167], that includes either bonding and non-bonding
contributions. The bonding interactions are of three types. Eq.
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14 describes the bond stretching potential, where rij is the atom-
atom distance (see Fig.33).

U(r) =
1

2
kb(rij − r0)

2 (14)

Figure 33: Interatomic bond vector.

Eq. 15 is the valence angle potential, where θ is the angle
between the vectors connecting atom i to atom j and atom k. It
describes the bond bending (see Fig.34).

U(θ) =
1

2
ka(θ− θ0)

2 (15)

Figure 34: Valence angle.

The torsional (dihedral angle) potential is described in Eq. 16,
where φ is the angle between the plane of atoms n,k,j and the
vector connecting atom i to atom j (see Fig.35).

U(φ) = A[1+ cos(mφi−jkn − δ)] (16)

The dispersive (i.e. Van der Waals) interactions are described
by the sum of two-body Lennard-Jones contributions, as de-
scribed in Eq. 17 (with Amber force field parameters)

U(r) = 4ε

[(σ
r

)12
−
(σ
r

)6]
= ε

[(rm
r

)12
− 2

(rm
r

)6]
(17)
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Figure 35: Dihedral angle.

where ε is the depth of the potential well, σ is the finite dis-
tance at which the inter-particle potential is zero, r is the dis-
tance between the particles, and rm is the distance at which the
potential reaches its minimum. The electrostatic contributions
are described by a classical Coulomb term. The standard AM1-
CM2 method [168] was applied to calculate the atomic partial
charges.

The interatomic potential for Zn-O forces was described as
the sum of an electrostatic term plus a Buckingham-type con-
tribution [45]

EZn−O(rij) =
qiqj

rij
+A · exp

(
−rij
ρ

)
−
C

r6ij
(18)

where rij is the distance between i and j ions, qi and qj are the
charges on ions i and j, respectively, and A, ρ and C are the
potential parameters, which were all taken from Ref. [45].

a.1.2 Intermolecular forces

The dispersive interactions between the polymer and the SWNT
or the ZnO nanoneedle/nanocluster were described by a
Lennard-Jones potential (Eq.17) as in Ref. [169], while the elec-
trostatic contributions are represented by a simple Coulomb
term.

a.2 density functional theory calculations

Ground-state DFT calculations were all performed with the
quantum chemistry program package turbomole

[170]. The elec-
tronic wavefunctions were represented using a Gaussian orbital
basis set of split valence triple–ζ quality augmented with po-
larization functions (TZVP) [171]. In all cases, the resolution of
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identity approximation was adopted for computing the elec-
tronic Coulomb interaction [172]: this usually leads to a more
than tenfold speedup of the calculations, without sacrificing
accuracy. In addition, the multipole accelerated resolution of
identity approximation [173] was used, enabling even more effi-
cient calculations. In each SCF cycle, the energy was required
to be converged within 3 · 10−6 eV and the grid for numeri-
cal evaluation of the exchange-correlation operator was set to
medium size [174]. The dispersive van der Waals interactions
were included by applying the Grimme correction [115,117], and
adhesion energies were corrected for the basis-set superposi-
tion error using the counterpoise method [175].

For the ZnO-nTs system, the PBE exchange-correlation (XC)
functional [151] was used to model the exchange-correlation en-
ergy, while for the (ZnO)

60
isomers the gradient-corrected BP86

XC functional [176–178] was chosen.

a.2.1 Time dependent DFT calculations

The TDDFT calculations on the (ZnO)
60

isomers were performed
using the single-valence SVP basis set in conjunction with
the modified B3LYP [179] functional (with 27.5% Hartree-Fock
exchange), which has proven to give good results for ZnO
clusters [144]. TDDFT calculations were performed in water so-
lution, by means of the Conductor-like Polarizable Continuum
Model of solvation (C-PCM) [180], used in its non-equilibrium
version [181]. All hybrid DFT calculations have been performed
using the Gaussian 09 program package [182].
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