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In this study we discuss the electronic, structural, and optical properties of titanium

dioxide nanoparticles, and also the properties of Ni(II) diimine dithiolato complexes

as dyes in dye-sensitized TiO2 based solar cells. The abovementioned properties

have been modeled by using computational codes based on the density functional

theory. The results achieved show slight evidence on the structure-dependent band

gap broadening, and clear blue-shifts in absorption spectra and refractive index

functions of ultra-small TiO2 particles. It is also shown that these properties are

strongly dependent on the shape of the nanoparticles. Regarding the Ni(II) diimine

dithiolato complexes as dyes in dye-sensitized TiO2 based solar cells, it is shown that

based on the experimental electrochemical investigation and DFT studies all studied

diimine derivatives could serve as potential candidates for the light harvesting, but

the efficiencies of the dyes studied are not very promising.
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Chapter 1

Introduction

During the past few decades there has been a true breakthrough of nanotechno-

logy. This field of science is the key element in many aspects of our everyday life,

although we might not see it. Nanotechnology is imported to our homes in surface

coatings, UV protection, renewable energy from solar cells, cosmetics, paints, food

dyes, medicines, ceramics and plastics, and even in deodorants. Today more and

more emphasis is also put on environmental aspects and green chemistry, which is

also raising the importance of this field of science. This is especially true in the case

of titanium dioxide. Many of us might never have heard about this compound, but

we are actually surrounded by its presence. Almost all of us have even eaten this

compound during the last 24 hours!

TiO2 is a wide band gap semiconductor which has a very high optical reflectiv-

ity at visible wavelengths, while being a strong absorber of ultraviolet radiation. It

is also photoactive, and exhibits high surface reactivity with many chemical agents.

On the other hand, TiO2 is also chemically inert and non-toxic. Due to these prop-

erties titanium dioxide is the most used white pigment and opacifyer in paints, food

dyes, medicines, ceramics and plastics. It also has promising applications for solar

cells, batteries, UV protectors, and self-cleaning surface coatings. All these proper-

ties make titanium dioxide a very fascinating compound.

All the modern applications of TiO2 demand better understanding of the optical

and electronic properties of this semiconductor, especially the behavior of these

properties in nano-sized form. When the particle size is reduced, many interesting

phenomena take place. We are entering the realm of quantum physics, where all the

classical theories related to bulk quantities do not apply anymore. When we think

of light scattering phenomena, we also have to deal with the duality of light.

13
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In earlier studies the optical and electronic properties of titanium dioxide nano-

particles have shown to be strongly dependent on the structure and size of the

particle. Small clusters also exhibit quantum size effects, where particles experience

an effective band gap broadening, and this also has an effect on the properties of the

ultra-fine particles. One interesting phenomena is that as ultra-fine particles this

highly refractive white opacifyer turns transparent for the visible light, while still

being efficient absorber of UV wavelengths.

The aim of my studies was to understand the optical and electronic behavior of

small TiO2 particles at the atomic level. The first task was to computationally

model the absorption characteristics and refractive index functions (RIFs) of ultra-

small TiO2 particles, and see how the quantum-size effect and particle size affect

these properties. Because the structure, and thus the band structure of the particle

are also dependent on particle size, the second task was to study the effects of struc-

ture on the light absorption characteristics. After gathering the basic knowledge

on the behaviour of the small particles, I also participated in a study of practical

application of TiO2 in dye-sensitized solar cells (DSSCs). The aim was to study

dyes having absorbances in the longer wavelength range, and be able to explain the

nature of charge transfer in these molecules.



Chapter 2

Background

In this chapter I go through the chemical and physical background of titanium di-

oxide, and review the earlier theoretical and experimental results for TiO2 bulk

structures as well as for nanoparticles. I start by looking at the general properties

of bulk titanium dioxide and then proceed to properties of nanoparticles and theory

of DSSCs.

2.1 General properties of TiO2

Titanium dioxide is a semiconducting metal oxide, which has three different crys-

tal structures. Anatase and rutile structures are based on distorted TiO6 octa-

hedra, and due to slightly different bonding lengths and angles between titanium

and oxygen atoms, they have different space groups and cell parameters. Anatase

has I 41/amd space group with cell parameters of a=3.784 and c=9.515, whereas

rutile has P42/mnm space group with cell parameters of a=4.5936 and c=2.9587

[1, 2]. Both structures are tetragonal. Brookite, on the other hand, has a more

complicated orthorhombic structure with Pbca space group and cell parameters of

a=9.184, b=5.447, and c=5.145 [1, 3]. The crystal structures for bulk anatase and

rutile TiO2 are presented in Figures 2.1 and 2.2.

Brookite has measured density of 4.13 g/cm3, Mohs’ scale hardness of 5.5-6.0, dielec-

tric constant of ε=78, and refractive index of nα=2.5831, nβ=2.5843, and nγ=2.7004

[4]. Brookite has been considered to be brittle, and generally it is less studied than

the other two crystal structures, even experimentally. Although brookite is usually

considered to be industrially uninteresting there are, however, some reasonable re-

cent studies on brookite nanorods as highly active photocatalysts [5].

15
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Anatase has measured density of 3.90 g/cm3, Mohs’ scale hardness of 5.5-6.0, dielec-

tric constant of ε=48 (powder), and refractive index of nω= 2.5612 and nε=2.4880

[4]. The experimental band gap of anatase TiO2 is 3.2 eV, and the band gap is

indirect.

Rutile is thermodynamicly the most stable form of TiO2, and it can withstand high

temperatures, whereas anatase and brookite are converted to rutile when heated.

Rutile has quite high measured melting point of 1840 ± 10 ◦C, and density of 4.27

g/cm3 [4]. It has Mohs’ scale hardness of 6.0-6.5, dielectric constant of ε=110-117,

and refractive index of nω=2.6124 and nε=2.8993 [4]. Rutile has experimentallly

measured direct band gap of 3.0 eV.

Figure 2.1: Structure of bulk anatase TiO2. Titanium atoms are presented with gray
color and oxygen atoms with red. The lattice parameters are given in Ångströms.

The bonding in TiO2 compound is interesting because of its semi-ionic nature. Due

to much stronger electronegativity of oxygen, the shared electrons are closer to the

oxygen atom, causing the titanium atom to have positive charge when the oxygen

becomes negatively charged. That is the reason for the ionic nature for the bonding.

In compounds titanium is usually present with oxidation number +IV and oxygen

with oxidation number -II. The TiO2 molecule is thus charge neutral, and this is

also the case with stoichiometric clusters. The electron configuration for titanium

is 1s22s22p63s23p64s23d2, and 1s22s22p4 for oxygen [6].
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Figure 2.2: Structure of bulk rutile TiO2. Titanium atoms are presented with gray
color and oxygen atoms with red. The lattice parameters are given in Ångströms.

As it was already mentioned, in the case of the bulk quantities rutile is the most

stable crystal structure of TiO2. In the case of nanoparticles, however, the anatase

structure becomes more favourable. This has been observed experimentally for ex-

ample in the case of the TiO2 thin layers [7]. The driving force behind this phase

transformation are the surface energetics of different TiO2 surfaces. The nano-

particle is a closed object, limited by surface boundaries. In the case of the nan-

oparticles the surface-to-bulk ratio is drasticly increased when compared to larger

particles, and the different surface energies start to play a more and more important

role in the particle energetics.

In 1998 Zhang and Banfield performed thermodynamical analyzes on phase sta-

bility of nanocrystalline anatase and rutile [8]. The earlier experimental studies of

Penn and Banfield [9] had indicated that anatase clusters are dominated by 101

surfaces [9], while rutile clusters are usually dominated by 110 surfaces according to

computational results of Ramamoorthy et al. [10]. Zhang and Banfield concluded

that when the particle size is reduced under ca. 14 nm, the anatase structure be-

comes more stable than rutile [8]. The reason for the change in phase stability is

the higher free energy of rutile, arising from the energetics of the dominating surface

facet types in such small particles [8].

Due to the above-mentioned change in the phase stability, nanoparticle studies are

usually performed on anatase structured particles. In my studies I have also con-

centrated on the properties of anatase structured particles. The rutile structured

particles would also be interesting due to their copious usage as pigments. When
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we deal with ultra-small nanoparticles we can model also rutile by using anatase

particles, because it has been found in the computational studies that the distinc-

tion between anatase and rutile is minor at small particle sizes [11].

2.2 Quantum-size effect

When dealing with semiconductor nanoparticle physics, the phenomenon commonly

known as the quantum-size effect [12, 13, 14, 15] can not be neglected. The phe-

nomenon was originally explained in general case of semiconductor nanoparticles in

1984 by Brus, who linked the observed spectral blue-shifts in semiconductor nano-

particles with the confinement of the electron wave functions [12]. Brus concluded

that the effective band gap broadening can be observed when the size of the semi-

conducting particle becomes smaller than the exciton radius. In this situation hole

and electron are forced to form a confined bound state (Wannier exciton). The

theoretical model predicted that with large band gap materials the effect should be

visible when particle diameters are smaller than about 60 Å, and with small band

gap materials the effect can be visible even with relatively large crystal sizes [12].

The original model was later improved in 2008 by Satoh et al. [16], by a model

based on the Nosaka equation [17], using a finite depth potential well. All the theor-

etical models for quantum-size effect predict blueshifts caused by discretized levels

in band gap edges, appearing as a larger effective band gap, but also excitonic peaks

are likely to appear in the spectrum [12, 13, 14, 15, 16].

The earlier studies on the TiO2 nanoparticles include both experimental and theor-

etical methods. Generally the observed quantum size effects are visible in the region

where the size of the particle becomes comparable with the mean free path of the

electron in the material [18]. In the case of TiO2 the calculated threshold of the

particle diameter varies with the reduced effective mass of the charge carriers used

in the calculation, and usually the threshold diameter ranges from 0.6 nm to 3.8 nm

[19, 20]. In 2006 Lundqvist et al. computationally proved that the quantum size

effect causes a significant band gap broadening in TiO2 nanoparticles when the size

of the particle is between 1-2 nm, and under 1 nm further widening of the gap is

limited by the effect of surface defect sites [18]. However, Anpo et al. have previ-

ously reported experiments showing quantum size effects for the anatase particles

in the range of 3.8-53 nm, and for rutile particles in the range of 5.5-200 nm [21].

Quite the opposite was reported by Serpone et al. in 1995 [22]. In their experiments

Serpone et al. did not find any any evidence of the quantum size effect at all, with

the TiO2 particles having mean diameters of 2.1 - 26.7 nm [22]. The discrepancy is

evident.
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In 2003 Persson et al. concluded in their computational studies on smallest pos-

sible semi-ionic cluster structures, that when we pay particular attention to strict

criteria of stoichiometry, high coordination, and balanced charge distribution when

creating model clusters, the resulting TiO2 structures have defect-free band struc-

tures, and exhibit strong quantum-size effect [23]. When we further consider the

studies of Persson et al. we will have to carefully consider that they have used

selected unrelaxed crystal structures for the particles, so that they can prove their

assumptions for defect-free structures. The chemical and physical picture of bond-

ing and surface reconstruction during the relaxation process can lead to significantly

different structures, as we will later show in Chapter 4 in the case of publication IV.

We should also bear in mind that the large band gap broadening of the Brus model

does not take any surface reconstructions and changes in bonding into account [12].

The model also neglects the possible surface states [12]. As regards to computational

results, and the discrepancy in size region where the quantum-size effects are seen,

one should bear in mind that computational models always make a compromise

between accuracy and the computational power needed.

2.3 Dye-sensitization of TiO2

Depending on the crystal structure, the band gap of bulk TiO2 is around 3 eV which

corresponds roughly to 413 nm wavelength, and therefore TiO2 absorbs radiation

mainly at the UV-region. When nanoparticles experience band gap broadening

due to quantum-size effect, the absorption threshold is moved towards even shorter

wavelengths. In practice this means that most of the visible light is unable to create

excitations in TiO2 when we are dealing with photo-active applications, such as self-

cleaning surfaces and solar cells. In order to overcome this problem, and improve

the efficiency of photo-applications of TiO2, we should be able to alter the band

structure of TiO2 or use other means to increase the light-harvesting performance

of the system.

During the last two decades, there has been a substantial increase in solar cell

technology, and TiO2 nanoparticles have found increasingly interesting applications

in the field of organic and inorganic DSSCs, which are considered as a good altern-

ative to solid-state p-n photovoltaic devices [24, 25, 26, 27, 28]. The most typical

form of DSSC is the so called Gräztel cell, where the semiconductor is anatase-like

TiO2 and the used dyes are ruthenium-oligopyridine complexes [29, 30]. The key

element in the operation of DSSC is the charge injection, which happens from the

excited states of the dye molecule at the surface of the nanoparticle, to the conduc-

tion band states within the nanoparticle itself [31]. In order to improve the efficiency
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of DSSCs, the band gap and chemical potential of the nanoparticle must carefully

match with the sensitizing dye.

The schematic operation principle of DSSC is presented in Figure 2.3. The usual

structure is based on the mesoporous TiO2 film, which is composed of TiO2 nan-

oparticles which have been sintered together. The individual nanoparticles have

diameters of 10-30 nm and the thickness of the mesoporous film is usually 10 µm

[24]. The mesoporous TiO2 film is placed on top of the layer of transparent conduct-

ing oxide, which is deposited on top of glass or plastic substrate. The most typical

transparent conducting oxide is the fluorine-doped tin oxide (FTO) [24]. The sens-

itizing dye is deposited as a monolayer on top of the mesoporous TiO2, and the dye

molecules further adsorb on the surfaces of TiO2 nanoparticles in the mesoporous

layer. This layered oxide-semiconductor-dye structure acts as an anode, which is

separated from the counter electrode by an electolyte. Typically this electrolyte is

an organic solvent containing the iodide/triiodide redox system (I−/I−3 ) [24]. The

cathode is composed of glass-FTO structure covered by a thin layer of platinum

catalyst (platinum nanoparticles) [24].

The operation principle of DSSC is the following: Illumination by light creates

excited electrons in the dye molecule, and these electrons are injected on the con-

duction band of the TiO2 nanoparticle. The oxidised dye is then restored by captur-

ing electron from iodide in the electrolyte, and this process prevents the electrons

injected to the TiO2 to be recombined back to the dye [24]. The oxidation of I−

forms I−3 ions, which are diffused through the electrolyte [24]. At the cathode the

regenerative cycle is completed by electron transfer, when I−3 reduced to I− [24].

In DSSC, the interactions in oxide-dye-electrolyte interfaces are quite complex, and

dependent also on external factors, which include solar radiation intensity, oper-

ating temperature, and operating conditions [24]. The numerous choices for dye-

electrolyte combinations offer us a great potential to improve the performance of

DSSCs. When considering the sensitizers, Ru-complexes have been considered as a

good choice, but also osmium and iron complexes along with other classes of organo-

metallic compounds have been developed [24]. As an electrolyte the solvents having

I−/I−3 -redox couple have been considered as a good choice. Organic nitrile-based

solvents seem to yield high efficiencies, and on the other hand gelification of the

solvent or ionic liquids offer improved stability [24].
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Figure 2.3: The schematic presentation of the structure and operation principle of
DSSC.
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Chapter 3

Theory

In this chapter I go through the background theory of computational methods,

and briefly explain the software packages used. I begin with a short introduction

of density functional theory (DFT) and time-dependent density functional theory

(TDDFT). Because the DFT has been reviewed in numerous publications and theses,

we only deal with general description of the method here. After the foundations of

the theories used by the programs, I shortly describe GPAW, VASP, and Gaussian

09 packages used in the practical calculations.

3.1 Density functional theory

DFT is based on the idea that all the ground state properties of the system of inter-

acting particles can be derived from the ground state electron density n0(r) of the

system. The origin of DFT is in the method proposed by Thomas [32] and Fermi

[33] in 1927. The original Thomas-Fermi method approximated the kinetic energy

of the system as an explicit functional of the density, simplified as non-interacting

electrons in homogeneous gas. This homogenous electron gas is supposed to have

a density equal to the local density at any given point. In the first approximation

the exchange and correlation among the electrons was neglected, but this was later

implemented by Dirac [34]. The functional for energy in the case of electrons in an

external potential Vext(r) has been given in the literature [35] as

ETF [n] =

(
3(3π2)

2
3

10

)∫
d3rn(r)5/3 +

∫
d3rVext(r)n(r)

+

(
−3

4
(3/π)

1
3

)∫
d3rn(r)4/3 +

1

2

∫
d3rd3r′

n(r)n(r′)

|r− r′|
.

(3.1)
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In equation 3.1 the first term is the local approximation of the kinetic energy, the

third term is the local exchange and the last term is the Hartree energy. Now the

ground state of the system can be found by minimizing the E[n] for all n(r). This

original Thomas-Fermi method is a fine example of how the DFT works, but it is

far too inaccurate for present day electronic structure calculations. [35]

The modern DFT is based on the theorems of Hohenberg and Kohn [36]. These

theorems formulate DFT as an exact theory of many-body systems:

Theorem I: For a system of interacting particles in an external potential, the

external potential Vext(r) is uniquely determined by the ground state density n0(r).

[35]

Theorem II: For any external potential Vext(r), we can define a universal func-

tional for energy E[n] in the terms of density n(r), and the global minimum for

E[n] as a function of n(r), represents the exact ground state and the ground state

density of the system. [35]

Based on these two theorems, the energy functional can now be formulated as [35]

EHK = T [n] + Eint[n] +

∫
d3rVext(r)n(r) + EII . (3.2)

In equation 3.2 T [n] is the internal kinetic energy of the system, Eint[n] is the in-

ternal potential energy, and EII represents the interaction energy of the nuclei. [35]

The reason for DFT to be the most used method for electronic structure calcu-

lations today is the Kohn-Sham ansatz introduced in 1965. Kohn and Sham stated

that the rather complicated many-body problem can be replaced with an auxiliary

independent-particle problem, which can be solved far more easily. The Kohn-Sham

method is self-consistent, dealing with independent particles and interacting density.

[35]

The famous Kohn-Sham ansatz is based on two assumptions:

I: The exact ground state of the system can be represented by the ground state

of the auxiliary system of non-interacting particles. [35]

II: The auxiliary Hamiltonian can be selected so, that it has a usual kinetic en-

ergy operator and an effective local potential V σ
eff (r), which acts on the electron in

the point r, having a spin of σ. [35]
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The first assumption has not been proven for real systems, but the method still

gives reasonable results for real systems.

The Kohn-Sham approach can be used to rewrite the Hohenberg-Kohn expression

in the following form [35]

EKS = Ts[n] +

∫
drVext(r)n(r) + EHartree[n] + EII + Exc[n]. (3.3)

In this final form, Ts[n] is the kinetic energy functional, EHartree[n] is the classical

Coulomb interaction energy of the electron density interacting with itself, EII is the

interaction between the nuclei, Vext(r) is the external potential due to the nuclei

and any other external fields, and Exc[n] represents the exchange-correlation energy

including all many-body effects. [35]

The accuracy issues of DFT are strongly dependent on the quality of the exchange-

correlation functional [37], because the exact exchange-correlation energy is not gen-

erally known. This is why we will have to rely on approximations for the exchange-

correlation functional, and during the history of DFT many different approximations

have been developed. The first commonly used one is the original local density ap-

proximation (LDA), in which the exchange-correlation energy is approximated by

the exchange-correlation energy of the homogeneous electron gas [37].

The general problem with the LDA is the overbinding and the overly large cohesive

energies [37]. To overcome this, the gradient of the density in exchange-correlation

energy was also included in the approximation, leading to the generalized gradient

approximation (GGA). Despite the improvements of GGA when compared to LDA,

there are still problems with the accuracy of DFT calculations. It is a generally

known fact that GGA methods tend to underestimate the band gap of the semicon-

ducting systems. The amount of the underestimation varies considerably between

different systems, and in the case of bulk TiO2 the underestimation is around 1 eV,

which can be considered as substantial in the energy scale of the atomic systems.

The known drawbacks of the DFT method have lead to the development of numerous

new exchange-correlation functionals, including also several hybrid functionals such

as PBE0 [38, 39], HSE [40, 41], and B3LYP [42]. This class of functionals has been

named “hybrid“ because they are constructed as combinations of orbital-dependent

Hartree-Fock exchange, LDA or GGA, and possibly empirically adjusted coefficients

[35]. Generally the hybrid functionals have been known to reproduce experimental

band gaps well in the case of bulk structures. However, it has recently been shown

that there can be problems in reproducing experimental band gaps for surfaces or

nanoparticle systems, and also the absolute reliability of the hybrid functionals can



26 CHAPTER 3. THEORY

be questioned [43].

3.2 Time-dependent density functional theory

As we stated in the previous chapter, the original Kohn-Sham ansatz replaces the

many-body problem with a problem of non-interacting particles, leading to a situ-

ation where we deal with independent particles with interacting density, and the

basic DFT is a ground state method. Basic DFT lacks the ability to model any

time-dependent phenomena such as optical excitations. The problem is that the ei-

genvalues of independent particles do not correspond to the real addition or removal

energies of the electron. Neither do the differences between eigenvalues correspond

to real excitation energies. [35]

In the original full many-body problem, the excitations are present as response

functions, and the density response function as a function of frequency has poles

at the excitation frequencies. This can be used in deriving the dynamic density

response in the Kohn-Sham framework. [35] DFT has been further developed to

time-dependent Kohn-Sham density functional theory (TDDFT) [44] by utilizing

the time-dependent Schrödinger-like equation [35]

i~
∂ψi(t)

∂t
= Ĥ(t)ψi(t), (3.4)

in which ψi(t) are the independent particle wave functions, and Ĥ(t) is the Hamilto-

nian of the system. The time-dependent effective Hamiltonian of 3.4 can now be

formulated as [35]

Ĥeff (t) = −1

2
∇2 + Vext(r, t) +

∫
n(r’, t)

|r− r’|
dr’ + Vxc[n](r, t). (3.5)

We should note that the Vxc[n](r, t) is a function of r and t and a functional of

n(r’, t′). [35]

The main problem of the recent theory of TDDFT is that it is not known how

to define a universal function of time, since it should depend upon the density at

previous times. The simplest approximation used is that Vxc is approximated based

on density at time t, neglecting the memory effects. [35]

When we approach the TDDFT with explicit real-time calculations, we are able

to model also the non-linear phenomena, such as laser pulses, because we are not

limited to small perturbations in the system, as is the case in traditional linear re-
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sponse approach. The real-time approach is also better in the case of large systems,

since only the occupied electron states are evolved in the calculation, and the cal-

culations scale linearly with the size of the modeled system. [35]

One way to perform the calculations is to iteratively propagate the time-dependent

Schrödinger equation in steps in real time. This can be done by expanding the

one-particle states ψi(t) in a fixed time-independent basis [35]

ψi(t) =
∑
α

ci,α(t)χα, (3.6)

and then the iteration from time tn to time tn+1 = tn + δt can be given as [35]

cn+1
i,α =

∑
α′

[e−iĤδt]α,α′ci,α′ . (3.7)

The Ĥ in Equation 3.7 is a matrix in the basis α, α′. Because Ĥ must be considered

constant over the time step there is a length limitation for the time step δt. The

Ĥ should be updated as a function of time-dependent density, which can cause im-

portant issues with efficiency. [35]

In practical calculations the expansion of the exponential can be done by using

the Crank-Nicholson operator [35]

cn+1 =
1 − iĤ δt

2
+ . . .

1 + iĤ δt
2

+ . . .
cn. (3.8)

With this method the expansion of the exponential is unitary, preserving the or-

thonormality of the states for an arbitrary δt. The method is also explicitly time-

reversal invariant, and conserves energy for time-independent Hamiltonians. In prac-

tice the energy is satisfactorily conserved, even if the Hamiltonian changes with time,

with a suitable selection for δt. [35]

TDDFT calculations can be used for the study of the optical properties of finite

size systems, such as clusters. The key element in these calculations is the dipole

strength function S(ω). The dipole strength function is proportional to the experi-

mentally measured absorption cross-section, which can be considered as a measure

for the probability for a light quantum to be absorbed by the system. The actual

calculation of the dipole strength function is based on the polarizability [35]

S(ω) =
2m

πe2~
ωImα(ω). (3.9)
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The polarizability can be calculated by using relation [35]

α(ω) =
d(ω)

E(ω)
, (3.10)

where d(ω) is the dipole moment, and E(ω) is the applied electric field.

Practical calculation of the polarizability is done by finding the equilibrium ground

state ψĒ
i for the system in an applied electric field Ē, which has the polarisation dir-

ection x̂. In this case the system has a time-independent Hamiltonian Ĥ = Ĥ0−eĒx.

At the time t = 0, the the applied field Ē is suddenly removed, and the system is

allowed to freely evolve for propagated time t > 0, with the initial independent-

particle states ψĒ
i and the hamiltonian Ĥ0. The actual output of the calculation

will be the dipole strength function S(ω), and optical constants, such as dielectric

function, can be further extracted and derived from this data. [35]

3.3 Projector augmented wave method

Working with DFT requires a method to deal with wave functions of atoms in

computational crystal structure. The problem is that electron wavefunctions can

have large oscillations near the nucleus, although they behave quite smoothly at a

large distance. As the number of electrons in the calculation increases, the handling

of all-electron wave functions soon becomes computationally demanding. All the

methods for representing the basis for electron wave functions rely on the principle

that many chemical interactions and phenomena, such as bonding and absorption,

are more or less dictated by the valence electrons, whereas the states of tightly

bound core electrons remain quite unchanged. Thus neglecting or simplifying the

behavior of the core electrons can lower the computational load during the modeling.

Representing the electron wavefunctions in the computational model can be done by

using numerical orbitals, plane waves, or tables. The plane waves provide a natural

basis to represent the electron wave functions due to the simplicity of operations,

and have been widely used in DFT modeling sofware. With plane waves, the elec-

tronic wavefunctions of core electrons have been handled with many different ways,

but the main method used in this study is the projector augmented wave method

(PAW) [45, 46]. The computational codes GPAW and VASP, which are the main

tools used in my studies, rely on the PAW method.

The PAW method is a computationally very efficient all electron method, which is

based on representing the electron wavefunctions with plane waves. In this method
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an augmentation sphere is included surrounding each nucleus in the lattice, and out-

side this augmentation sphere, the wave functions are presented with normal smooth

plane waves. Inside the augmentation sphere the wave functions are presented with

projectors and auxiliary localized functions, just as in the case of “ultrasoft“ pseudo-

potentials [47, 35].

The important difference of PAW when compared to pseudopotentials is that in

PAW method also the full all-electron wavefunction can be preserved. Because the

full wave function oscillates heavily around the nucleus, all integrals in the PAW

method are evaluated as a combination of integrals of smooth functions outside the

augmentation spheres, plus contributions from radial integration over augmentation

spheres. [35]

The basic formalism is that the smooth part of the wavefunction ψ̃v is related to the

all-electron wavefunction ψv by a linear transformation [35]

ψv = T ψ̃v. (3.11)

The transformation T is expected to be unity outside the augmentation sphere, and

within the augmentation sphere it has a form of T = 1 + T0 [35].

Inside the augmentation spheres, we can use Dirac notation to formulate the ex-

pansion of smooth functions in partial waves m as [35]

|ψ̃〉 =
∑
m

cm|ψ̃m〉, (3.12)

and thus the correspondence to the all-electron wavefunction becomes [35]

|ψ〉 = T ψ̃ =
∑
m

cm|ψm〉. (3.13)

The full wavefunction in all the space can now be written as [35]

|ψ〉 = ψ̃ +
∑
m

cm{|ψm〉 − |ψ̃m〉}. (3.14)

Because the transformation has to be linear, the coefficients must be given as a

projection inside the augmentation sphere [35]

cm = 〈p̃m|ψ̃〉, (3.15)

where p̃ is some set of projection operators.
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3.4 Computational details

The actual computational details are presented in each Publication in the compu-

tational details sections, so I do not fully cover the details here. Instead I make a

short overwiev of the computational codes used in this study.

3.4.1 GPAW

Most of the calculations done for this study have been performed by using the

GPAW software package. GPAW is a real-space grid based calculator using DFT

with PAW method. The GPAW software was originally selected as a primary tool

because it offers a possibility to perform calculations with non-periodic boundary

conditions. This is an excellent way to model nanoparticles without any problems

arising from periodic images. The other great advantage of GPAW is its ability to

perform TDDFT calculations, including also the possibility to calculate the photo-

absorption spectra for non-periodic systems. [48, 49, 50, 51]

3.4.2 VASP

The other program package used in this study is Vienna ab initio simulation pack-

age VASP. VASP was used in Publication III for the DOS calculations, verified

with GPAW, and it turned out to be quite efficient in the calculation of DOS plots

for nanoparticles. VASP uses same the DFT+PAW approach as GPAW, but the

primary difference is that VASP is not able to perform calculations with non-periodic

boundary conditions. [52, 53, 54, 55, 56, 57]

3.4.3 Gaussian 09

The third modeling package used in this study is Gaussian 09, which is the most

recent version of this software favoured by quantum chemists. Gaussian 09 can be

used to model energies, molecular structures, vibrational frequencies, and properties

of molecules, and also reactions in a wide variety of chemical environments. Gaus-

sian 09 offers a wide variety of methods, and thus it is suitable for modeling the full

range of chemical systems for the entire periodic table. [58, 59]



Chapter 4

Review of the modeling results

In this chapter I will make a review of the modeling results. This chapter is based on

four publications dealing with different aspects of the nanoparticle properties. The

topics dealt within these publications can be roughly divided under the following

three sections. The order of chaptering is not chronological, but is based on different

aspects of my PhD studies, starting on the structural and electronic properties of

the cluster structures modeled, and ending up on derived refractive index functions

for the modeled TiO2 particles, and modeling of dye complexes for dye sensitization.

4.1 Structural and electronic properties

4.1.1 Stoichiometric nanoparticles with terminal Ti-O bonds

There has been a lot of debate about the lowest lying global energy minimum struc-

tures of small TiO2 particles [18, 60, 23, 61, 62], so the choice of the model structures

was not at all an easy task. In the beginning I studied carefully the well executed

studies of Lundqvist et al. [18], Persson et al. [23], and Qu and Kroes [61]. Based on

these previously done studies, I ended up using two different sets of cluster models

in publication I. First set of structures (labeled A) were cut from the anatase bulk

structure so that they would be as symmetric as possible, still maintaining as much

of a bulk structure as possible. The other set of structures (labeled B) were cut

from the anatase bulk structure so that the structures would be more needle-like,

having one dimension clearly longer than the other dimensions. The most important

thing to note here is that all the selected structures possess two or more terminal

Ti-O bonds. This means that there are under-coordinated oxygen atoms, which are

bonded to only one titanium atom. The sructures used are presented in Figure 4.1.

More detailed description of the structures is available in Publication I.

31
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Based on the structural analysis it was seen that these nanoclusters tend to form

more compact structures during the relaxation. In the smallest particles the aver-

age bond lengths were shorter, and when the size of the cluster becomes larger, the

average bond length starts to grow towards the bulk value. This is clearly seen in

Table 4.1 where the average bond lengths of the cluster models from publication I

have been collected. The average bond lengths have been calculated from the struc-

tures by using a Python script which simply assumed that there is a Ti-O bond

if the bonding distance is smaller than 2.15 Å, Ti-Ti bond if the bonding distance

is smaller than 2.90 Å, and O-O bond if the bonding distance is smaller than 1.47 Å.

It was concluded that the reason for the structures to compress from the original

truncated bulk structures during the relaxation is the increased surface-to-bulk ratio.

The phenomenon is exactly the same as it is in the case of the theory for relaxa-

tion of metal surfaces given by A. Groß[37]: the Smoluchowski charge smoothening

leads to the reduction of the first interlayer spacing [63]. Another reason is that

the optimal Ti-O bond length in the TiO2 molecule is smaller (1.620 Å)[64] than

in the bulk anatase structure (1.937 Å or 1.964 Å)[2], and the termination of the

bulk symmetry on the cluster surface gives atoms on the surface more degrees of

freedom, allowing the shorter optimal bonds.
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Figure 4.1: The relaxed (TiO2)n A and B structures. Titanium atoms are presented
with gray color and oxygen atoms with black.
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Table 4.1: The average bonding lengths after the relaxation in A and B-structured
(TiO2)n particles. The values for anatase and rutile are from relaxed bulk structures.

Structure dTi-O [Å] dTi-Ti [Å] dO-O [Å]
molecule 1.71 - -
(TiO2)2 1.83 2.77 -
(TiO2)8A 1.89 2.85 -
(TiO2)8B 1.88 2.77 -
(TiO2)18A 1.91 2.83 -
(TiO2)18B 1.89 2.76 -
(TiO2)28A 1.88 2.82 -
(TiO2)28B 1.89 2.83 -
(TiO2)38A 1.90 2.83 1.46
(TiO2)38B 1.93 2.87 -
anatase 2.01 - -
rutile 2.02 - -

Based on the structural changes we can already expect changes in the electronic

structure of the small particles. As a next step the density of states (DOS) was

calculated for both sets of model particles along with bulk structures for reference

data. The DOS for the structures are presented in Figures 4.2 - 4.4. As we can

see from Figures 4.2 and 4.3, the DOS for the (TiO2)2 cluster differs fundament-

ally from DOS for bulk anatase. The states are very localized, and there is no clear

band structure for valence band (VB) and conduction band (CB). When the particle

size is increased, as we see from Figure 4.4, the localized states of the clusters start

to grow towards the continuous band structure for VB and CB in the bulk structure.

The highest occupied molecular orbital (HOMO) - lowest unoccupied molecular

orbital (LUMO) gaps for the particles are collected in Table 4.2. As we can see,

the DOS results show clearly that small particles can have larger band gaps when

compared to bulk values of TiO2. Here we have compared the gaps of the particles

to the gap value of bulk anatase, because the particles are anatase structured. The

calculated gap energy differences correspond well to the previously reported values

of 0.1-0.6 eV [16]. It is worth noting that these results indicate structure related

changes in the band gaps of the nanoparticles, because ground state based DFT

calculations do not take any excitonic effects into account.

The interesting feature in the DOS results is that the band gaps of certain sys-

tems, for example (TiO2)38A, are suspiciously small when compared to bulk val-

ues. These very small gaps are obviously due to defect states possibly arising from

low-coordinated oxygen atoms on terminal Ti-O bonds present in these structures.
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These defect states can be occupied or unoccupied as we can see in Figure 4.4. The

A and B-structures in publication I are stoichiometric, but still contain terminal Ti-

O bonds, which are known to be energetically unfavoured. In the case of (TiO2)38A
the small gap can also be partly explained with two O-O bonds present in the final

relaxed structure.

Based on the DOS results of A and B-structures with terminal Ti-O bonds, I can

conclude, that the structure of the nanoparticle plays an important role in the

formation of the band structure. The excitonic effects, not visible in ground state

DFT calculations, may enhance the quantum-size effect, but the structure depend-

ent variations in the band gap of the particles are evident. TiO2 nanoparticles may

exhibit band gap broadening corresponding to the previously reported blue shifts,

but this is strongly dependent on the cutting of the model structures. Because the

electronic band structure is so sensitive to the structure and bonding environment

of the particle, the accuracy level of the selected modeling method is emphasized.

Small differences in relaxation schemes, modeling of interparticle forces, and con-

vergence requirements for the final forces may affect the results significantly.

Figure 4.2: DOS for bulk anatase (a) and bulk rutile (b). HOMO and LUMO levels
are marked with dashed lines. The energy is relative to the Fermi level
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Figure 4.3: DOS for the (TiO2)2 cluster. HOMO and LUMO levels are marked with
dashed lines. The energy is relative to the vacuum level.

Table 4.2: The HOMO-LUMO gaps of the A and B-structured TiO2 particles, and
the change of the gap when compared to the HOMO-LUMO gap of bulk anatase.
The values for anatase and rutile are for bulk structures.

Structure HL gap [eV] ∆E [eV]
(TiO2)2 2.86 +0.74
(TiO2)8A 2.01 -0.11
(TiO2)8B 2.79 +0.67
(TiO2))18A 2.22 +0.10
(TiO2)18B 1.33 -0.79
(TiO2)28A 1.03 -1.09
(TiO2)28B 1.99 -0.13
(TiO2)38A 0.37 -1.75
(TiO2)38B 1.86 -0.26
anatase 2.12 -
rutile 1.75 -
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Figure 4.4: DOS for the A and B-model structures in Publication I. The left
panel: Anatase structured (TiO2)8A (a), (TiO2)18A (c), (TiO2)28A (e), (TiO2)38A
(g). The right panel: Anatase structured (TiO2)8B (b), (TiO2)18B (d), (TiO2)28B
(f), (TiO2)38B (h). HOMO and LUMO levels are marked with red dashed lines. The
energy is relative to the vacuum level.
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4.1.2 Defect states in stoichiometric structures without ter-

minal Ti-O bonds

In publication IV, the defect states noted in the previous subsection were studied

more closely. We continued modeling of the stoichiometric particles, and paid more

attention to the cutting process. The new model structures for anatase (TiO2)16,

(TiO2)22, (TiO2)38, and (TiO2)46 were cut again from the experimental anatase

bulk. The starting requirements in model cutting were that all the oxygen atoms

should have coordination number of at least two, all titanium atoms should have

coordination number of at least two, and the structures should still be stoichiometric.

The DOS results modeled with GPAW for these structures are presented in Fig-

ure 4.5. As it was expected, in the case of (TiO2)16, (TiO2)22, and (TiO2)46 the

DOS of the particles showed defect free and well formed band gaps, supporting the

size-dependent band gap broadening. But in the case of the (TiO2)38 cluster, the

structure still possesses an unoccupied defect state at -4.8 eV. This is surprising, be-

cause the (TiO2)16, (TiO2)22, (TiO2)38, and (TiO2)46 clusters have seemingly similar

and defect free structures.

The (TiO2)38 and (TiO2)22 structures were selected for closer examination, because

of their feasible size. We started to study the source of the defect states more closely

in these two structures, and the results of this part of the study are presented in

publication IV. Based on the GPAW results, we were able to determine that the de-

fect states appearing in the energy gap of the (TiO2)38 cluster, are titanium d -states.

The preliminary GPAW results were further complemented with VASP calculations

and the final conclusion was, that the defect states are Ti 3d states of three-fold

coordinated titanium atoms at the corners of the (TiO2)38 cluster.

The VASP results for the total DOS of (TiO2)22 and (TiO2)38 are presented in

Figure 4.6 (a) and (b). As we can see there is a slight difference when we compare

the results to the ones modeled with GPAW, but the basic features are the same.

Based on the VASP calculations we concluded that in the case of the (TiO2)38
cluster the unoccupied 3f-Ti 3d defect state is located at lower energy level because

of the effective sub-cluster formation at the edges of the cluster. The structures of

(TiO2)22 and (TiO2)38 are presented in Figure 4.7 (a) and (b), and the fundamental

differences between these two structures are emphasized with black rectangles in the

figure.

As we can see in Figure 4.7, the corners of the (TiO2)38 cluster actually form (TiO2)2
clusters, which are quite loosely connected to the main cluster. These sub-clusters

have their own DOS, which is located at lower energy levels when compared to the
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total DOS of the main cluster. The results of this sub-clustering during the relaxa-

tion process is that some of the states of the sub-cluster are visible as empty states

in the bandgap of the main cluster. A more detailed study of the DOS results is

presented in publication IV.

Based on these results we can conclude that these unoccupied 3d defect states are

real, and not just computational artefacts due to the modeling method chosen. In

real-life situation these states might become occupied due to doping or impurities,

but in computational model the surrounding oxygen atoms are more electronegative,

so the excess electrons end up to those atoms, lifting the defect state above Fermi

level. The existence of these unoccupied gap states in stoichiometric nanoclusters

opens up new ways of tuning the bandgaps in the applications of TiO2 nanoparticles.

On the other hand, we see once again the extreme structural sensitivity of the elec-

tronic structure of the nanoclusters.

Figure 4.5: DOS for the adequately coordinated stoichiometric anatase nano-
particles. (TiO2)16 (a), (TiO2)22 (b), (TiO2)38 (c), and (TiO2)46 (d). HOMO and
LUMO levels are marked with dashed lines. The energy is relative to the vacuum
level. DOSs have been modeled with GPAW.
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Figure 4.6: Total DOS for (TiO2)22 (a) and (TiO2)38 (b). The energy is relative to
the Fermi level. The DOSs have been modeled with VASP.

Figure 4.7: The structures for (TiO2)22 (a) and (TiO2)38 (b). Titanium atoms are
presented with gray color and oxygen atoms with red. The fundamental differences
between these two structures are emphasized with black rectangles.
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4.2 Absorption characteristics and optical prop-

erties

In publication I we also modeled the photoabsorption spectra for the A and B struc-

tures. The total averaged photoabsoption spectra for the selected model particles

are presented in Figure 4.8. The more detailed photoabsorption spectra for the

structures in x, y, and z polarization directions are presented in publication I. As we

can see in Figure 4.8 and the Figures in publication I, in the case of the symmet-

ric particles, the basic absorption characteristics do not change much as a function

of particle size, at least within this rather limited size range. In publication I we

also concluded that the shape of the particle dominates the characteristics of total

averaged photoabsorption spectrum so that in needlelike structures the longest di-

mension has strongest effect on the overall absorption characteristics. This is clearly

visible also in Figure 4.8, as we can see that B-structures have more deviation in

the shapes of the photoabsorption spectra.
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Figure 4.8: The total averaged photoabsorption spectra for selected (TiO2)nA struc-
tures (a), and for (TiO2)nB structures (b).

The photoabsorption results also indicate that the first allowed excitation energy

can be 1.32 eV larger than the DFT HOMO-LUMO gap would predict. This is

understandable as we consider the approximations made in standard ground state

DFT calculations, and the tendency of DFT to underestimate the fundamental
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band gap of semiconducting materials. The peak absorption for these ultra small

TiO2 clusters is located roughly around 8-9 eV for A-structures and for most of B-

structures. Some of the B-structures have absorption peaks at lower energy levels.

This indicates quite significant spectral blueshifts when compared to the absorption

characteristics of the bulk TiO2 phases.

Based on these photoabsorption results, we further calculated the refractive index

functions (RIFs) for the modeled particles. The RIF results and derivation of RIF

from photoabsorption spectrum data is presented in Publication II. One necessary

approximation done in this process was the scaling of the RIFs to match the steady

state absorption level. As we can see in Figure 4.8 the level of photoabsorption is

increased as a function of (TiO2)-units in the cluster. Without any scaling the RIFs

of the particles would also increase as a function of the particle size. In publication

II we present in detail the scaling based on the amount of (TiO2)-units and the

shape dependent scaling factor.

The total averaged RIFs for A structures along with RIF for the (TiO2)2 cluster

are presented in Figure 4.9, and for B structures along with RIF for (TiO2)2 cluster

in Figure 4.10. For comparison, the experimental data for anatase structured bulk

TiO2 by Jellison Jr. et al. [65] and Hosaka et al. [66] is presented in Figure 4.11.

A more detailed analysis of the RIFs of the A- and B-structures including x, y,

and z polarization directions is presented in Publication II. Based on the results

reported in Publication II we can conclude that RIFs of the nanoparticles show

significant blueshifts. The average blueshift is 131 nm in the imaginary part of the

RIF when we compare the results to the bulk data from Jellison Jr. et al. [65], and

101 nm when we compare the results to the bulk data from Hosaka et al. [66].

The results for RIFs of x, y, and z polarization directions of the nanoparticles also

indicates an increase in anisotropy when compared to bulk structure. This is clear,

when the RIFs of x and y polarisation directions differ from each other, as we can

see in Figures 2-7 in publication II. The RIF results also indicate that in the case of

ultrasmall TiO2 particles, the structure of the particle may have a more pronounced

effect on the RIF than the size of the particle, just as it was already shown in the

case of photoabsorption spectra. We can also note that the weight of the RIFs moves

toward shorter wavelengths when the particle size is decreased.

What is worth noting in here is that in real-life situations the TiO2 nanoparticles are

often in various solutions, so the results modeled for the particles in absolute vacuum

do not necessarily reveal the whole truth behind the absorption phenomena. Once

the refractive index function of the particles in vacuum is known, one can simply add
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the effect of the surrounding medium by multiplying the refractive index function of

the particles by the refractive index function of the suspending medium. Although

this is a widely used procedure in the macroscopic world, it is not totally reliable

in the microscopic scale. With macroscopic quantities, the surface-to-bulk ratio is

small, and possible effects arising from surface chemistry and surface reconstructions

play a minor role when compared to the larger scale phenomena. In the case of nano-

particles, simple multiplication of the RIFs ignores the previously mentioned effects,

which in this size range can have a significant effect. The modeling results reveal

that the anisotropy and blueshifts of the particle RIFs have to be taken into account

in the turbidity spectrum measurement (TSM) and light-scattering measurements

of the small TiO2 particles, and we should not use bulk data to interpret the data

measured for nanoparticles. However, the particle size at which the transformation

of the particle RIF toward the bulk RIF starts still remains unknown.
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Figure 4.9: The total averaged RIFs for (TiO2)nA structures and (TiO2)2 structure.
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4.3 Dye-sensitation of TiO2 nanoparticles

As a part of my modeling studies, I also participated in partly experimental study of

Ni(II) diimine dithiolato complexes as dyes in DSSCs. The results of this study are

reported in publication III. For this study four complexes based on [Ni(S2C2Ph2)2]

(1) were selected. The selected Ni(II) diimine dithiolato complexes were [Ni(S2C2Ph2)

(1,10-Phenanthroline)] (2), [Ni(S2C2Ph2)(3,3’-dicarboxy-2,2’-bipyridyl)] (3), [Ni

(S2C2Ph2)(4,4’-dicarboxy-2,2’-bipyridyl)] (4), and [Ni(S2C2Ph2)(2,2’-bipyridyl)] (5).

The computational study of these complexes was done with Gaussian 09 software.

The dye structures were first relaxed, and after the relaxation the structures were

used for molecular orbital analyses.

In the experimental studies (which were performed by Abhinav Kumar, Manoj

Trivedi, and Ratna Chauhan in India) the electrochemical and electronic absorp-

tion characteristics of these dye complexes were measured. More details about the

experiments are presented in publication III. The measured electronic absorption

spectra and incident photon-to-current efficiency (IPCE) plots for each dye complex

are presented in Figures 4.12 and 4.13, respectively. The electronic absorption spec-

tra for the dyes were measured in 2 × 10−5M dichloromethane solution for dye 1,

and in 2 × 10−3M solutions for dyes 2-5. The DFT isosurface plots for the HOMO

and LUMO levels of the dyes 1-5 are presented in Figure 4.14.

Figure 4.12: The experimental electronic absorption spectra measured for the dyes
1-5.
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Figure 4.13: The IPCE plot for DSSCs sensitized with the dyes 1-5.

The electrochemical experiments done by cyclic voltammetry in dichloromethane

solution (reported in detail in publication III) indicated that the multiple oxidation

for all the four dyes occurs at almost similar potentials. This was considered to

be due to the oxidation of the HOMO centered over the dithiolene/dithiolate moi-

ety. Because the dithiolate moiety is identical in all the four diimine derivatives,

it was reasonable to expect that the oxidation will take place at similar potentials.

Based on the electrochemical experiments, it was also concluded that for all the four

diimine derivatives oxidation takes place on the dithiolate ligand and reduction on

the diimine derivatives. This means that the charge transfer across the molecules

would be directional from dithiolate ligand to diimine derivative. Also the location

of HOMO indicated that when the dye is oxidized the positive charge density is

placed further from the TiO2. The LUMO of all of the four derivatives was found

to be at an energy level suitable to allow charge injection into the TiO2 conduction

band.

An interesting finding in the electrochemical experiments was that in the case of dye

compound 3, the first reduction potential was at less negative level when compared

to other three derivatives. This was explained by the DFT optimized geometry of

the compound 3, which is presented in Figure S2 in supplementary material for pub-

lication III. There is a significant torsion angle (32.16◦) between the pyridine rings

of the bipyridyl derivative. This can explain the result, because lack in planarity

may possibly interfere with the delocalization of the charge between the two pyridine

rings. In this case the two pyridine rings behave more like two separate pyridine

moieties, and the electrochemical response of the dye compound 3 is influenced by

both the electronic and steric effects.
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Figure 4.14: The DFT modeled isosurface plots for HOMO and LUMO levels of the
dyes 1-5.
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The DFT results for HOMO and LUMO densities show that in the cases of het-

eroleptic diimine dithiolate complexes (2–5) the HOMO density is mainly dithiolate

ligand based having smaller contribution from the phenyl ring and the Ni(II) center.

The LUMO density is almost entirely diimine ligand based. This result is con-

sistent with previously reported results for the HOMO/LUMO positions in diimine

dithio nickel(II) complexes [67]. On the other hand, in the case of homoleptic dye

1, HOMO density is located on both of the dithiolate moieties as well as on the

phenyl ring. At the LUMO density level, the density is moved towards the nickel

plane. Based on the DFT results it was also concluded that in the case of dyes

(2–5) the charge transfer is unidirectional. The direction is from dithiolate ligands

to phenanthroline/bipyridyl or its derivatives. In the case of dye 1 this phenomenon

was not observed. Based on these findings, dye compounds (2–5) were seen to be

potential candidates for the light harvesting.

The experimentally measured output parameters for DSSCs sensitized with five

different dye compounds are presented in Table 4.3. Based on the data in Table

4.3, measured electronic absorption spectra, and IPCE plots (along with some other

measurements presented in more detail in publication III) it was concluded that dye

1 has an inferior performance when compared to the rest of its derivatives. This can

be due to its symmetrical homoleptic nature. This is also supported by the DFT

calculations, indicating the localization of the electron density in the metallic ring

plane of the nickel bis(dithiolene) complex which is unfavourable for the electron

injection.

Table 4.3: Output parameters of DSSCs sensitized with diimine dithiolate Ni(II)
compounds. The parameters are short circuit current (Jsc), open circuit voltage
(Voc), fill factor (ff), power conversion efficiency (η), and incident photon-to-current
efficiency (IPCE).

Dye compound Jsc [mA/cm2] Voc [V] ff η [%] IPCE
1 0.328 0.402 0.49 0.06 28
2 0.430 0.440 0.55 0.10 36
3 0.545 0.500 0.61 0.17 40
4 0.519 0.460 0.57 0.14 45
5 0.400 0.425 0.52 0.08 34

The diimine derivatives of dye 1 have better performance, due to the heteroleptic

nature of all the four Ni(II) diimine dithiolate dyes. This improves the effective
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electron injection and charge separation. Despite this, the efficiencies of dyes 2 and

5 are not promising. The dyes 3 and 4 have -COOH functionals at 3,3’ and 4,4’

positions of the bipyridyl moiety, but they still do not exhibit sufficiently high effi-

ciency. Additionally, in the case of dyes 1, 2, and 5 there is lack of chemical bond

between the dye and the TiO2 nanoparticulate [68], which would improve electron

injection into the conduction band of the TiO2.
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Chapter 5

Concluding remarks

For this thesis I have been computationally modeling the electronic properties of

TiO2 nanoparticles, along with their absorption properties and RIFs. I have also

participated in an experimental study of Ni(II) diimine dithiolato complexes as dyes

in DSSCs, by computationally modeling the properties of the dye compounds.

The computational results presented in this thesis and related four publications

have revealed that ultrasmall TiO2 particles show slight evidence on the structure-

dependent band gap broadening (about 0.1-0.74 eV). The TDDFT results show

that the first allowed excitation can be even 1.32 eV larger than the actual DFT

HOMO-LUMO gap. It is also clear that the spectral blue-shifts, blue-shifts in RIFs,

and electronic structure in ultrasmall particles are strongly dependent on the shape

and structure of the cluster, and in the needlelike structures the longest dimension

dominates the absorption characteristics. Due to the small size range of the studied

structures, the exact size range, where the transition towards the bulk properties

happens was not found.

As already stated, these results are modeled in total vacuum, which is not the

case in real-life situations. It can be concluded that there is a need for proper im-

plementation of surrounding chemical environment and intraband excitations to be

able to get closer to real-life bahavior of the optical properties of nanoparticles. My

results also reveal the fact that the optical properties of TiO2 nanoparticles depend

heavily on the structure of the particles, and thus the knowledge on the absolute

ground state structures of the TiO2 nanoparticles has a pronounced role.

Regarding the studies performed on Ni(II) diimine dithiolato complexes as dyes

in DSSCs it can be concluded that based on the experimental electrochemical in-

vestigation and DFT studies all studied diimine derivatives could serve as potential

candidates for the light harvesting. The symmetrical homoleptic complexes are

inferior candidates as the dye in DSSCs due to their unfavourable electron injec-

51
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tion properties, while the diimine derivatives have better performances, due to the

heteroleptic nature. However, the efficiencies of the dyes studied were not promising.

As a final statement, I want to emphasize that my studies are humble effort to

shed some light into this computationally and experimentally very challenging area

of nanoparticle properties, and in my studies I have constantly been pushing against

the limits of computational power. In the future, when when we are able to use more

computational power, and the properties and efficiency of the modeling software are

further developed, we should see great enhancement in the accuracy of modeling

results for RIFs and other optical properties of TiO2 nanoparticles.
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Tekniikan Kemia. Helsinki: Edita Publishing Oy, 10–11 ed., 2009.
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[51] M. Walter, H. Häkkinen, L. Lehtovaara, M. Puska, J. Enkovaara, C. Rost-

gaard, and J. J. Mortensen, “Time-dependent density-functional theory in the

projector augmented-wave method,” J. Chem. Phys., vol. 128, pp. 244101–1 –

244101–10, 2008.

[52] G. Kresse and J. Hafner, “Ab initio molecular dynamics for liquid metals,”

Phys. Rev. B, vol. 47, pp. 558–561, 1993.

[53] G. Kresse and J. Hafner, “Norm-conserving and ultrasoft pseudopotentials for

first-row and transition elements,” J. Phys. Condens. Matter, vol. 6, pp. 8245–

8258, 1994.

[54] G. Kresse and J. Hafner, “Ab initio molecular-dynamics simulation of the

liquid-metal–amorphous-semiconductor transition in germanium,” Phys. Rev.

B, vol. 49, pp. 14251–14269, 1994.

[55] G. Kresse and J. Furthmüller, “Efficiency of ab-initio total energy calculations

for metals and semiconductors using a plane-wave basis set,” Comput. Mater.

Sci., vol. 6, pp. 15–50, 1996.

[56] G. Kresse and J. Furthmüller, “Efficient iterative schemes for ab initio total-

energy calculations using a plane-wave basis set,” Phys. Rev. B, vol. 54,

pp. 11169–11186, 1996.

[57] G. Kresse, M. Marsman, and J. Furthmüller, “VASP the guide.” http://cms.

mpi.univie.ac.at/vasp/vasp/vasp.html, 2013.

[58] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakat-

suji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,

J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,



58 BIBLIOGRAPHY

M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Mont-

gomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,

K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari,

A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M.

Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,

R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli,

J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,

P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B.

Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, “Gaussian 09 Revision

C.01.” Gaussian Inc. Wallingford CT 2009.

[59] “The official Gaussian website.” http://www.gaussian.com/g_prod/g09b.

htm, 2013.

[60] T. Albaret, F. Finocchi, and C. Noguera, “Ab initio simulation of titanium

dioxide clusters,” Appl. Surf. Sci., vol. 144, pp. 672–676, 1999.

[61] Z.-W. Qu and G.-J. Kroes, “Theoretical study of the electronic structure and

stability of titanium dioxide clusters (TiO2)n with n = 1-9,” J. Phys. Chem. B,

vol. 110, pp. 8998–9007, 2006.

[62] L. Tang, L. Sai, J. Zhao, and R. Qiu, “A topological method for global op-

timization of clusters: Application to (TiO2)(n) (n=1-6),” J. Comput. Chem.,

vol. 33, pp. 63–169, 2012.

[63] R. Smoluchowski, “Anisotropy of the electronic work function of metals,” Phys.

Rev., vol. 60, pp. 661 – 674, 1941.

[64] N. S. McIntyre, K. R. Thompson, and W. Weltner, “Spectroscopy of titanium

oxide and titanium dioxide molecules in inert matrices at 4.deg.k,” J. Phys.

Chem., vol. 75, pp. 3243–3249, 1971.

[65] G. E. Jellison, L. A. Boatner, J. D. Budai, B.-S. Jeong, and D. P. Norton,

“Spectroscopic ellipsometry of thin film and bulk anatase (TiO2),” J. Appl.

Phys., vol. 93, pp. 9537–9541, 2003.

[66] N. Hosaka, T. Sekiya, C. Satoko, and S. Kurita, “Optical properties of single-

crystal anatase TiO2,” J. Phys. Soc. Jpn., vol. 66, pp. 877–880, 1997.

[67] C. L. Linfoot, P. Richardson, K. L. McCall, J. R. Durrant, A. Morandeira, and

N. Robertson, “A nickel-complex sensitiser for dye-sensitised solar cells,” Sol.

Energy, vol. 85, pp. 1195–1203, 2011.

[68] T. Ma, K. Inoue, H. Noma, K. Yao, and E. Abe, “Effect of functional group on

photochemical properties and photosensitization of TiO2 electrode sensitized by



BIBLIOGRAPHY 59

porphyrin derivatives,” J. Photochem. Photobiol. A: Chem., vol. 152, pp. 207–

212, 2002.





Publication I
S. Auvinen, M. Alatalo, H. Haario, J.P. Jalava, R.J. Lamminmäki,
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’ INTRODUCTION

The most commonly used titanium dioxide pigment particles
of the size ca. 200 nm are widely used, for example, in paints,
printing inks, plastics, and papers, because of the excellent
opacity and whiteness they provide.1 Many other interesting
applications become possible by decreasing the particle size from
200 nm to nanosize material down to 10 nm or even below. This
decrease changes the optical properties of TiO2 remarkably from
opaque to transparent in the visible range of the light spectrum
and to an excellent UV-light blocker. These kinds of nanomater-
ials are widely used in many applications where visible light
transparency and UV shield is required such as sunscreens, wood
lacquers, plastics, cosmetics, foods,2,3 and photoelectronics.4,5

It is of most importance inmanufacturing different products to
finely control these wide range optical properties. Because of
their dependence on the pigment’s crystal- and particle-size
distributions (CSD, PSD), the process and quality control of
the CSD and PSD are essential. The development of a straight-
forward and sophisticatedmethod for process and quality control
for the most used or “normal” size (particle diameter ca. 200 nm)
pigment products was presented several years ago.1 The principal

component of the method is a relatively new determination
method for the PSD on the basis of an accurate theory of light
scattering of spheroidal particles.6 In this method, called the
turbidity spectrum method (TSM), the turbidity spectrum is
measured in a wide range of wavelengths. This spectrum, which is
due to the particle-size distribution of the pigment particles, is
then solved using the T-matrix method by taking into account
the shape of the particles. The T-matrix method is one of the
most powerful and widely used tools for the rigorous computing
of electromagnetic scattering by nonspherical particles.7,8 TSM is
now used as a process control method and is optimized for the
normal pigment size having an excellent repeatability for the
mean PSD with one standard deviation being 0.1 nm (0.05%).
The measuring of pigment particles smaller than the normal size
pigments, for example, UV-TITAN pigment particles, has gained
more importance during the years. Therefore, the introduction of
TSM also for nanosize materials is essential. Computing the
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ABSTRACT: Electronic and spectral properties of small TiO2

particles have been studied in order to gain more knowledge on
their dependence on the crystal- and particle-size distributions.
Our goal is to extend the recently developed light scattering
based method for determining submicrometer size particles to
nanoparticles. For that, we need to know how the refractive
index function depends on the cluster size. As a first step, we
have used time-dependent density functional theory (TDDFT)
calculations having a focus on the shape changes of the
calculated spectra, which can be related to changes in the
refractive index function. Starting from the structure of TiO2

molecule for the two smallest particles and truncated bulk
anatase structure for larger particles, the structures for
(TiO2)n clusters, n = {1, 2, 8, 18, 28, 38}, have been modeled.
After the structure optimization using standard density func-
tional theory (DFT) approach, the photoabsorption spectra for
the optimized particle structures have been calculated by using
TDDFT calculations. The results show slight evidence of the band gap broadening in the case of three out of the smallest particles
and strong structural dependence of electronic and spectral properties, which can partly be related to the transformation of the
electron structure, and breaking of the crystal symmetry as the size of the particle becomes smaller. These findings indicate that in the
case of small particles their refractive index function can differ from the bulk values, and this has to be taken into account in the
interpretation of light-scattering measurements.
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particle size by exact light scattering methods such as Mie
scattering for spheres or TSM for elongated particles like most
of the titanium dioxide pigments needs the complex refractive
index function of the measured crystal material for all wave-
lengths used in the measurement. Normally, only refractive index
function of the bulk material is needed. However, there are
studies indicating that the surface or the finite size of a very small
particle can have an effect on the refractive index function
especially in the UV wavelengths.9 The TSM results are in
accordance with these findings, and therefore, it is important
to clarify this phenomenon.

Titanium dioxide is a semiconducting metal oxide that has
a relatively large band gap of 3.23 eV for the anatase phase and
3.0 eV for the rutile phase.10 These two are commercially the
most interesting ones of its polymorphs. The third possible
structure, brookite, has also attracted interest recently as a
promising photocatalyte in a nanocrystalline form.11 Previous
optical and electronic studies on titanium dioxide using both
experimental and computational methods include studies on
properties of the pure12�15 and doped bulk structures.16 These
and many other studies have revealed the band stucture and
reflection and absorption properties for bulk titanium dioxide,
but not much computational data can be found for spectral
properties of very small TiO2 particles.

In previous particle studies, it has already been shown that
moderate and small semiconductor particles can have different
absorption properties. The phenomenon is commonly known as
the quantum-size effect or size quantization17�20 and was
originally explained in 1984 by Brus, who linked the observed
spectral blue-shifts of this phenomenon with confinement of the
electron wave functions.17 This means that the effective band gap
broadening is observed when the size of the semiconductor
particle becomes smaller than the exciton radius thus making the
hole and electron form a confined bound state. Brus’s model
predicted that with large band gap materials, such as CdS, the
effect is visible with crystal sizes smaller than about 60 Å, whereas
with small band gap materials, such as GaAs, the effect is already
visible with relatively large crystal sizes.17 The original Brus
model18 is known to fail in some cases for ultrasmall particles and,
for example, in 2008, Satoh et al.21 used an equation derived from
a Nosaka equation,22 which improved the formulation of the
Brus model using a finite depth potential well. Besides the blue-
shifts caused by discretized levels in valence and conduction band
edges appearing as a larger effective band gap, in the small
semiconductor particles, we can also expect the excitonic peaks
to appear in the spectrum.20

There is, however, a discrepancy between the observations
and the theoretical explanations of this phenomenon in the case
of titanium dioxide. The band gap broadening and quantum size
effect have been usually connected with small semiconductor
particles because of the suggested origin of the phenomenon. For
TiO2, the calculated size of the particle, below which we should
see the quantum size effect, varies with the reduced effective mass
of the charge carriers used in the calculation.23 Typically, this
predicted threshold diameter of the particle varies from 0.6 to
3.8 nm (refs 3 and 18 in an article by Serpone et al.23) depending
on the mass used. Recently, it was computationally verified for
titanium dioxide that quantum size effect causes a significant
band gap broadening when the size of the particle is reduced from
2 to 1 nm after which the further widening of the gap is limited by
surface defect sites.24 However, in 1987, Anpo et al. reported that
in their experiments for the anatase particles in the range of

3.8�53 nm, and for the rutile particles in the range of
5.5�200 nm, the quantum size effects could still be seen at such
high particle sizes.25 On the other hand, in 1995, Serpone et al.
reported that in their experiments they did not see any evidence
of the quantum size effect at all with the TiO2 particles studied
having mean diameters of 2.1, 13.3, and 26.7 nm.23 They also
explained the earlier observations of blue-shifts with direct
transitions in anatase which is an indirect semiconductor.23 Also,
in 2000,Monticone et al. reported experiments that found almost
no variation of the TiO2 band gap energy with sizes down to
1.5 nm, but they did find indications of significant effect of the
size on the electronic band structure.26 In 2008, Satoh et al.
reported experiments showing quantum size effect in TiO2

particle samples of anatase and rutile.21 In their experiments,
Satoh et al. used fourth-generation phenylazomethine dendri-
mers as templates to make TiO2 particle samples. The com-
plexation in fourth-generation phenylazomethine dendrimers
proceeds in a radially stepwise manner thus leading to very
narrow size distribution in particle samples increasing the
accuracy of the measurements.21

In this paper, we study the electronic and spectral properties of
the very small TiO2 particles using the newest time-dependent
density functional theory (TDDFT) methods. The point in
choosing the shape and structure of the particles for modeling
was that they should simulate those forms which can be found
during the manufacturing the particles. All the manufacturing
methods in use are based on the hydrolysis of titanium dioxide
from different kinds of acidic solutions or slurries. In many cases,
also the calcination of the precipitated products will follow the
hydrolysis. The basic event in hydrolysis is that the individual
TiO2þ or Ti(OH)2

2þ ions, or their more hydrated products
present in solutions, tend to polymerize via olation and oxolation
to (TiO2)n-chains.

27,28 The chains then tend to join together and
grow first to small particles of several nanometers and then to
bigger particles by aggregation. Depending on the composition
of the solution and the temperature of hydrolysis, the structure of
the forming particles can be anatase or rutile and their shape can
be spherical or elongated or even needlelike.29 Because the used
software does not include the option to calculate the refractive
index function directly, we have not yet calculated the refractive
index function for the clusters modeled here. Instead, we
concentrate on the effects of the particle size and shape on the
photoabsorption spectra of the clusters.

We started by a brief background introduction, and the rest of
the paper is organized as follows: In the next section, we present
an overview of the software used and go through the computa-
tional details used in the modeling. In the Results and Discussion
section, we go through the results in detail for structure optimi-
zation and photoabsorption spectra. Finally, in the last section,
we provide some conclusions and future directions.

’COMPUTATIONAL DETAILS

All calculations in this study have been performed by using the
GPAW software,30�32 which is an efficient density functional
theory (DFT) based code using projector-augmented wave
(PAW) method.33,34 GPAW has a TDDFT implementation,35

which can be used to model excited electron states needed in
spectral analysis of the nanoparticles, and the possibility to use
nonperiodic systems makes the code suitable for our needs.

As a first step in our calculations, the constructed model
structures for the clusters were allowed to relax. This was done by
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using a quasi-Newton minimizer and setting the accuracy re-
quirement so that in final structures all forces are smaller than
0.05 eV/Å. In final relaxation runs, the width of the Fermi
distribution was set to 0 eV giving us zero Kelvin electronic
temperature and integer occupation numbers. The grid spacing
was set to 0.17 Å, and the cell was set up with nonperiodic
boundary conditions so that there was 7 Å of empty space
surrounding the cluster in every coordinate direction. We used
the Perdew, Burke, Ernzerhof (PBE) exchange correlation
function36 and conjugate gradient method for eigensolver, and
all calculations were spin-paired using only the Γ-point. Some of
the clusters were tested also with spin-polarized calculations but
showed no sign of total polarization. The structures for bulk
anatase and rutile were relaxed by using the width of the Fermi
distribution of 0.05 eV and k-point sets of 8 � 8 � 6 for anatase
and 6 � 6 � 10 for rutile.

To see the effect of the cluster size on the band structure, we
calculated the density of states (DOS) for the clusters and bulk
structures. In these calculations for the converged structures, we
used the same computational settings as we did with structural
optimization runs, but in addition, the empty states were also
required to be fully converged. The actual DOS was acquired
with 2000 data points and a normalized Gaussian broadening of
0.05 eV.

When calculating the photoabsorption spectra, we used the
TP-TDDFT approach. With this method, we tested the calcula-
tion parameters for the (TiO2)4 cluster and molecule to find out
sufficient values. The spectra for molecule and (TiO2)2 cluster
were calculated using an 8.0 attosecond time step with 2000
iterations yielding a total simulation time of 16 fs. The grid-
spacing was set to 0.2 Å. The spectra for n= 8�38 structures were
calculated by using a time step of 16.0 attosecond with 1000
iterations and grid-spacing of 0.3 Å resulting in a significant
reduction of the computational load while maintaining the
accuracy. The kick parameter for initial disturbation of the wave
functions was set to 10�3. The calculation cell was set up again
with nonperiodic boundary conditions so that there was 10 Å of
empty space in every coordinate direction surrounding the
cluster. All the parameters used were tested, and they give well-
converged eigenvalues for bands in the adsorption region. The
spectra were calculated from the dipole moment files by using a
Gaussian broadening of 0.1 eV.

’RESULTS AND DISCUSSION

Structure Optimization. The cluster models for (TiO2)n
clusters n = {1�38} were constructed on the basis of empirical
values for anatase and TiO2 molecule. The two smallest ones, n =
{1, 2}, are obvious structures because the structure of the
molecule is known and the other is a combination of two
molecules. As a starting point, we used experimental and
computational data for TiO2 molecule giving us the Ti�O bond
length of ∼1.62 Å and the O�Ti�O angle of ∼110� for the
molecule.37,38

The calculated n = 8 structure is already a piece of truncated
anatase bulk, and the n = {18, 28, 38} clusters were also
constructed from the truncated bulk structure. As a starting
point, we used the anatase structure with 12 atoms per unit cell
having lattice constants a = 3.784 and c = 9.515 Å.39 In general,
the rutile structure is the most thermodynamically stable TiO2

structure, but at very small particle dimensions, the formation of
the three TiO2 phases depend on size, pH, temperature, and

medium.29,40�43 The previous studies have shown that in normal
conditions the anatase structure is the most stable polymorph in
the smallest particles.41�43 This is why we have neglected rutile
and brookite in this study and have used only anatase structures
as a starting point. To study the shape dependence of the
properties, we used two different types of structures. The
A-structures for n = 8, 18, 28, and 38 clusters were carved from

Figure 1. The quasi-Newton optimized structures for TiO2 molecule
and (TiO2)2 cluster. Titanium atoms are marked as gray, and oxygen
atoms are marked as black.

Figure 2. The original unrelaxed A-structures for (TiO2)n clusters, n =
8, 18, 28, 38, and the quasi-Newton optimized structures in correspond-
ing order. Titanium atoms are marked as gray, and oxygen atoms are
marked as black.
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the bulk so that they would be as symmetric as possible in every
direction still possessing as much bulklike structure as possible.
On the other hand, the corresponding B-structures were carved
from the anatase bulk so that they would be longer in z
coordinate direction, and the structure would be needlelike.
The forms of A and B-structures are depicted in Figures 2 and 3.
As a result of the structure optimization, the structures

behaved differently according to their size, and the smallest
structures n = {1, 2} changed only slightly. The optimized
structures for molecule and (TiO2)2 cluster are presented in
Figure 1. The unrelaxed A-structures along with optimized ones
for n = {8�38} clusters are presented in Figure 2, and the
corresponding B-structures are shown in Figure 3. In all cases, the
more symmetrical A-stuctures were energetically more favorable
when compared to corresponding B-structures.
The relaxed structures have slight distortions from ideal

anatase crystal structure. This means that the strict ordering of
bulk structure disappeared in some sense but that the form of two
connected molecules, which is a base of the anatase structure, can
still be found in these structures in a slightly distorted form as we
can see from Figures 2 and 3. For comparison, we also tried to
relax rutile-structured n = 28 and n = 38 clusters, but in these two
cases, the structure optimization ended up with having no
recognizable crystal structure, which was exactly the result we
expected in this case. The rutile-structured clusters were also
energetically unfavored when compared to ones with anatase
structure.
The relaxed TiO2 molecule had the Ti�O bonding length of

1.706 Å and the O�Ti�O angle of 111.734 degrees. These
values are in reasonable agreement with experimental values
because larger values can be expected when working with GGA
approach. Also, the grid density can introduce small unphysical
forces in the structures, and this should always be remembered
when working on structure optimizations with grid-based codes.

In this case, the reasonably small grid spacing (h = 0.17) should
reduce the effect of these grid-born forces.
The average bonding lengths for all structures are presented in

Table 1. By looking at the results in Table 1, one can see that the
average Ti�O bonding length in the clusters is smaller than in
the bulk. This indicates that the clusters have more compact
crystal structure because of increased surface-to-bulk ratio. Also,
the optimized structures distort from clear anatase crystal
structure to some kind of semicrystal form not having a molec-
ular structure anymore but still lacking the strict and clear
periodicity of the anatase crystal. This is due to still quite small
cluster size (the maximum diameter is about 2.66 nm for
(TiO2)38B) and to the forming of the surface structure in the
small particles. The results in Table 1 show that the average
Ti�O bonding length grows as a function of particle size (when
we take the changes between A and B structures into consider-
ation) and will eventually achieve the bulk value at quite small
particle diameter.
In the original unrelaxed structures, there were no O�O

bonds, and the number of terminal Ti�O bonds were kept as
small as possible, so that the unrelaxed clusters had only two to
six terminal Ti�O bonds. After the quasi-Newton optimization,
the final structures have usually only two terminal Ti�O bonds.
In the case of (TiO2)38A there are no terminal Ti�O bonds, but
the final structure has two O�O bonds. In the analysis of the
bonds in the relaxed structures, we simply assumed that there is a
Ti�O bond if the bonding distance is smaller than 2.15 Å, a
Ti�Ti bond if the bonding distance is smaller than 2.90 Å, and an
O�O bond if the bonding distance is smaller than 1.47 Å.
Electronic Structures. The DOS for the optimized structures

show the formation of the band structure. In Figure 4, we
compare the DOS for (TiO2)2 and (TiO2)nA structures, and in
Figure 5, we compare the DOS for (TiO2)2 and (TiO2)nB
structures. For comparison, the DOS for bulk anatase and rutile
are presented in Figure 6. The energy is relative to the vacuum
level in the case of clusters and to the Fermi level in the case of
bulk structures. The band gaps depicted in the DOS figures are
also listed in Table 2. The DFT gaps for clusters, shown as dotted
vertical lines in Figures 4 and 5, are the actual highest occupied
molecular orbital�lowest unoccupied molecular orbital
(HOMO�LUMO) gaps taken out from the GPAW, but the
DFT gaps for anatase and rutile were estimated by a distance
between the density peaks in the gap edges. This estimation gave

Table 1. Average Bonding Lengths in Relaxed Structuresa

structure dTi�O [Å] dTi�Ti [Å] dO�O [Å]

molecule 1.71

(TiO2)2 1.83 2.77

(TiO2)8A 1.89 2.85

(TiO2)8B 1.88 2.77

(TiO2)18A 1.91 2.83

(TiO2)18B 1.89 2.76

(TiO2)28A 1.88 2.82

(TiO2)28B 1.89 2.83

(TiO2)38A 1.90 2.83 1.46

(TiO2)38B 1.93 2.87

anatase 2.01

rutile 2.02
aThe values for anatase and rutile are for bulk structure.

Figure 3. The original unrelaxed B-structures for (TiO2)n clusters, n =
8, 18, 28, 38, and the quasi-Newton optimized structures in correspond-
ing order. Titanium atoms are marked as gray, and oxygen atoms are
marked as black.
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gaps of 2.12 eV for anatase and 1.75 eV for rutile. When we
remember that GGA-DFT approach tends to underestimate the
gap, these DFT estimations have quite good correspondence to
the experimental values, anatase structure having a 0.37 eV larger
gap than rutile, and also excellent correspondence to the previous
DFT results. Previously, for example, Mo and Ching reported
computational result for TiO2 band structures. They found band
gaps of 2.04, 1.78, and 2.20 eV for anatase, rutile, and brookite,
respectively.12 Their results also show that DOS for all three bulk
phases are quite similar with each other.12

When we look at the DOS figures, it is clear that (TiO2)38A
already hasmore bulklike band structure with continuous valence
and conduction bands, whereas (TiO2)2 has clearly more
localized states in valence and conduction bands. The normalized
Gaussian broadening of 0.05 eV has been used in the plotting of
the DOS.We can also see a slight change in the width of the band
gap as the (TiO2)2 structure has a 0.74 eV larger gap when
compared to bulk anatase structure. Also, (TiO2)8B and
(TiO2)18A structures have 0.67 and 0.1 eV larger gaps than bulk
anatase. These results correspond well to the previously reported
blue-shifts of 0.1�0.6 eV.21 These observations indicate struc-
ture-dependent gap broadening, because in these ground state
based DFT calculations, we do not see any excitonic quantum-
size effects.
It is interesting that besides the three above-mentioned

structures, the other modeled clusters have smaller gaps than
bulk anatase crystal should have. What is especially interesting in
the DOS results is that the DFT gap of the (TiO2)38A structure is

only 0.37 eV, and also the (TiO2)28A structure has a suspiciously
small gap of 1.03 eV. When we look at the DOS figures of
(TiO2)28A and (TiO2)38A more carefully, we see that especially
with (TiO2)38A the actual gap should be larger, but it seems that
there are localized states in the gap area. Previously, Lundqvist
et al. reported defect-free fundamental band gaps for (TiO2)28
and (TiO2)38 structures.

24

These two extra small gaps in our case could be explained by
defect states and structural changes. In the case of (TiO2)38A
structure, the small gap could be partly due to two O�O bonds
present in final relaxed structure. In the case of (TiO2)28A, there
is no clearly visible reason for the extra small gap, but along with
terminal Ti�O bonds, the bond length analysis discussed in the
previous section revealed that both (TiO2)28A and (TiO2)38A
include more 7-fold coordinated titanium atoms and 3-fold
coordinated oxygen atoms than the other structures. Previously,
Persson et al. published an article about a computational study on
TiO2 nanocrystals with semiionic bonding.44 The results of
Persson et al. show that if the TiO2 clusters simultaneously fulfill
strict criteria of stoichiometry, high coordination, and balanced
charge distribution, they exhibit systematic and strong quantum-
size effects.44 On the other hand, if the TiO2 nanocrystals do not
strictly fulfill all the necessary criteria, the quantum-size effects
are not clearly visible anymore, and these nanocrystals can even
have gaps that are smaller than the bulk values.44 Our current
results agree perfectly with their findings. Closer inspection of
the (TiO2)28 and (TiO2)38 structures used by Lundqvist et al.

24

shows that they used more flat structures when compared to the

Figure 4. DOS for (TiO2)2 and (TiO2)nA clusters, n = 8, 18, 28, 38. The x-axis represents the energy, and the y-axis is the total DOS. The energy is
relative to the vacuum level. The gap edges have been plotted with dotted lines.
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ones we used in this study and also that the used structures seem
to be constructed with minimal or even nonexistent number of
terminal Ti�O bonds. Lundqvist et al. also reported increasing
surface defect sites to limit the gap broadening when particles are

smaller than 1 nm in diameter and that the achieved structural
reconstructions in the modeling are sensitive to the quality of the
computational method used in the relaxation.24 This is because
several structural isomers with different bonding arrangements
are very close in energy for really small titanium dioxide
particles.24

There is also a possibility that the choice of the cluster surfaces,
made in the selection of cutting direction when cleaving the
cluster model from the bulk structure, could also affect the

Figure 5. DOS for (TiO2)2 and (TiO2)nB clusters, n = 8, 18, 28, 38. The x-axis represents the energy, and the y-axis is the total DOS. The energy is
relative to the vacuum level. The gap edges have been plotted with dotted lines.

Figure 6. DOS for bulk anatase TiO2 and for bulk rutile TiO2. The
x-axis represents the energy, and the y-axis is the total DOS. The energy
is relative to the Fermi level. The gap edges have been plotted with
dotted lines.

Table 2. DFT HOMO�LUMO Gaps for Cluster and Bulk
Structures

structure HL gap [eV]

(TiO2)2 2.86

(TiO2)8A 2.01

(TiO2)8B 2.79

(TiO2)18A 2.22

(TiO2)18B 1.33

(TiO2)28A 1.03

(TiO2)28B 1.99

(TiO2)38A 0.37

(TiO2)38B 1.86

anatase 2.12a

rutile 1.75a

a Estimation from density peaks in DOS plot.
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electronic structure and the gap of the cluster. Altough we
present here some ideas about the source of the extra small band
gap in (TiO2)28A and (TiO2)38A structures, the reader should be
aware that on the basis of only two structures, we cannot make
any final statements. It is clear, however, that the electronic
structure and the gap width are very sensitive to the changes in
the coordination of the atoms, the structure of the cluster, and the
shape of the cluster and not only to the size and the amount of
(TiO2) units. This is very clearly seen when we compare the
DOS plots for A- and B-structures.
Photoabsorption Spectra. The calculated photoabsorption

spectrum for the TiO2 molecule is presented in Figure 7, and the
photoabsorption spectra for (TiO2)2 and A-structured clusters
is shown in Figure 8. As we can see, the spectra also show clear
evidence of the transition from molecular-like electron structure,

where valence and conduction bands are quite narrow with
almost atomic orbitals, toward the bulklike electron structure
with wide band structure. This is clear when we compare the
quite spiky spectrum for the molecule with all the rest of the
spectra. We see that as the cluster size becomes larger the
absorption spectrum becomes more continuous.
When we look at Figure 8, we see that the bigger shoulder of

the absorption for the largest cluster starts in the region of 3.2 eV.
Closer inspection of the first visible excitations shows that the
TDDFT absorption thresholds correspond well with band gaps
achieved with standard DFT calculation, although the TDDFT
gaps are systematically larger than DFT gaps. The DFT HOMO
�LUMO gaps, the TDDFT absorption thresholds, and the
corresponding wavelengths and cluster sizes are shown in
Table 3. The DFT gaps in Table 2 and the absorption thresholds
in Table 3 indicate that the first allowed excitation can be even
1.32 eV bigger than the actual HOMO�LUMO gap depending
on the cluster stucture. We also already stated that there is an
absorption blue-shift of 0.74 eV between the smallest cluster and
the anatase bulk on the basis of the HOMO�LUMO gaps.
By looking at the shapes of the spectra in the scale of Figure 8,

it might appear that the front edge of the spectrum shifts higher
and toward the lower excitation energies as a function of
the cluster size. This conclusion is, however, incorrect. If we
scale the spectra so that they all have the same maximum value
(1.0), we see that in the case of A-structures the basic shape of the
absorption spectra stays quite constant as we can see in Figure 9
where three example spectra are plotted. This indicates that the
basic absorption characteristics do not change when the particle
size is growing in the case of symmetric ultrasmall TiO2 particles.
We also already stated that the absorption gets more localized in
smaller excitation energies as the size of the cluster decreases,
which is clearly visible also in Figure 9. If we compare the scaled
spectra for A-structures with ones for B-structures, presented in
Figure 10, we see that shape of the cluster can have a strong effect
on the absorption spectra of the cluster. This is particularly clear
in the case of (TiO2)8B, which has a strongly red-shifted
spectrum when compared with the spectrum of (TiO2)38B.
When we consider the total absorption spectra, the more

localized excitations seen in the spectra of smaller particles
correspond well to the DOS figures. As the cluster size becomes
larger, the absorption peak position should approach the shape of
the absorption spectrum of the bulk anatase, which has a sharp
rise after 3.3 eV, and the maximum absorption is located at 4.7
eV.13 As seen in Figure 9, this does not happen at the particle
sizes studied here.
The absorptions for n = {8, 18, 28, 38} A- and B-structures for

each Cartesian direction along with total absorption are pre-
sented in Figures 11�14. The clusters were constructed so that
in the case of B-structures, the longest dimension is always the z
coordinate direction of the system. The total absorption spec-
trum is the average of each Cartesian direction.
In the case of (TiO2)8A, the absorptions in x, y, and z

directions are quite similar to each other except that y and z
directions have more strength around 8 eV as we can see in
Figure 11. In the total spectrum, the maximum absorption is
located at 9.3 eV (133.32 nm). With (TiO2)8B structure, the x
and y spectra are similar to each other, but the absorption in z
direction is clearly different: The absorption is much stronger,
and the maximum is located in lower excitation energy. This is
also clearly visible in total absorption. In this case, the largest
dimension heavily dominates the total absorption because the

Figure 7. Photoabsorption spectrum for TiO2 molecule. The x-axis
represents the excitation energy and the corresponding wavelength. The
y-axis represents the absorption spectrum.

Figure 8. Photoabsorption spectrum for (TiO2)2 and (TiO2)nA (n = 8,
18, 28, 38) clusters. The x-axis represents the excitation energy and the
corresponding wavelength. The y-axis represents the absorption
spectrum.
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absorption is so much stronger in z direction. The peak absorp-
tion is located at 6.4 eV (193.73 nm).
In the case of (TiO2)18A, the absorptions in different Cartesian

directions are quite different from each other with the z direction
havingmore strength around 7�8 eV. Themaximum value of the
total absorption is located at 9.4 eV (131.9 nm) as we can see in
Figure 12. In (TiO2)18B structure, the absorptions in different
Cartesian directions are totally different with each other, but the
absorption of the longest dimension does not dominate the total
absorption somuch as it does with (TiO2)8B because the strength
balance is better in this case. The total spectrum of (TiO2)18B still
shows that the structure absorbs more in smaller excitation
energies than the A-structure and has maximum absorption at
8.65 eV (143.33 nm).
In the case of (TiO2)28A, the x and y directions are almost

similar to each other because of the good symmetry in the
structure as can be seen in Figure 13, and the z direction absorbs
slightly more at smaller energy levels. The total absorption
spectrum has peak absorption at 9.4 eV (131.9 nm). In the case
of (TiO2)18B structure, the absorption in the longest dimension z
is clearly shifted to the lower absorption energies. The strength

balance between different Cartesian directions causes the max-
imum value in the total absorption spectrum at 9.4 eV
(131.9 nm), which is exactly the same as it is in the case of the
A-stucture, but there is also an extra peak in lower excitation
energies around 7�7.5 eV.
The absorption of (TiO2)38A and (TiO2)38B is presented in

Figure 14. In the case of A-structure, the absorption is quite
balanced in the y and z directions except that the z direction has
generally more strength. In the x direction, there is more strength
around 8�9 eV, and the total absorption spectrum has maximum
absorption at 9.95 eV (124.61 nm). In the case of B-structure, the
absorptions in the x and y directions are quite similar with each
other, but the absorption in the z direction is again clearly
enhanced in smaller energy levels. In the total absorption, the
maximum value is located at 8.45 eV (146.73 nm), and so the
largest dimension dominates the absorption characteristics again.
Whenwe look at all the photoabsorption spectra, it is clear that

the actual gap width has an effect on the absorption threshold,
and the lowest allowed excitation energy tends to be higher than
the original HOMO�LUMO gap. Also, the position of the
maximum absorption seems to blue-shift when the largest

Table 3. Absorption Data for Clustersa

structure dmax [Å] davg [Å] HL gap [eV] TD gap [eV] HL gap [nm] TD gap [nm]

(TiO2)2 5.43 3.38 2.86 3.15 433.93 393.60

(TiO2)8A 9.35 6.07 2.01 2.05 617.94 604.80

(TiO2)8B 21.52 9.79 2.79 2.90 444.66 427.53

(TiO2)18A 14.29 9.55 2.22 2.55b 558.95 486.21b

(TiO2)18B 22.41 11.49 1.33 2.65b 935.13 467.87b

(TiO2)28A 15.98 11.24 1.03 2.25b 1207.33 551.04b

(TiO2)28B 29.37 13.70 1.99 2.60 624.45 476.86

(TiO2)38A 14.84 11.51 0.37 0.80b 3379.98 1549.80b

(TiO2)38B 26.57 14.20 1.86 1.95 666.14 635.82
aMaximum dimension (dmax), average dimension (davg), DFT HOMO�LUMO gap (HL gap), and TDDFT gap (TD gap). Dimensions are expressed
in angstroms, and energy gaps are in electron volts and corresponding wave lengths. b Estimated value.

Figure 9. Photoabsorption spectrum for (TiO2)2, (TiO2)8A, and
(TiO2)38A clusters. The x-axis represents the excitation energy and
the corresponding wavelength. The y-axis represents the absorption
spectrum.

Figure 10. Photoabsorption spectrum for (TiO2)2, (TiO2)8B, and
(TiO2)38B clusters. The x-axis represents the excitation energy and the
corresponding wavelength. The y-axis represents the absorption
spectrum.
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dimesion of the particle gets smaller. The spectral results also
show that the total absorption is strongly dependent on the shape
of the cluster and not only on the largest dimension or amount of
TiO2 units in the structure.

’CONCLUSIONS

The electronic and spectral properties of TiO2 molecule and
two different types of (TiO2)n clusters having n = {2, 8, 18, 28,
38}were studied by using DFT and TDDFTmethods. The DFT
results show slight evidence on the structure-dependent band
gap broadening about 0.1�0.74 eV in the case of three of the
smallest particles. All the rest of the particles exhibited gaps

smaller than that of bulk anatase. The TDDFT results show that
the first allowed excitation can be even 1.32 eV larger than the
actual DFT HOMO�LUMO gap. What is clear from the results
is that the spectral blue-shifts and electronic structure in ultra-
small particles are strongly dependent on the shape and structure
of the cluster so that in needlelike structures the longest dimen-
sion seems to dominate the absorption characteristics. On the
other hand, in the case of symmetrical cluster shape, the funda-
mental absorption characteristics do not seem to depend on the
size of the cluster at the particle sizes studied here. The changes in
the gap width, the density of states, and the shapes of the spectra
indicate that the refractive index function of small TiO2 particles

Figure 11. Photoabsorption spectrum for (TiO2)8 clusters for the x
coordinate direction (a), for the y coordinate direction (b), and for the z
coordinate direction (c). The total spectrum is shown in d. The x-axis
represents the excitation energy. The y-axis represents the absorption
spectrum. The spectra for A-structure are plotted with solid line and for
B-structure with dotted line.

Figure 12. Photoabsorption spectrum for (TiO2)18 clusters for the x
coordinate direction (a), for the y coordinate direction (b), and for the z
coordinate direction (c). The total spectrum is shown in d. The x-axis
represents the excitation energy. The y-axis represents the absorption
spectrum. The spectra for A-structure are plotted with solid line and for
B-structure with dotted line.

Figure 13. Photoabsorption spectrum for (TiO2)28 clusters for the x
coordinate direction (a), for the y coordinate direction (b), and for the z
coordinate direction (c). The total spectrum is shown in d. The x-axis
represents the excitation energy. The y-axis represents the absorption
spectrum. The spectra for A-structure are plotted with solid line and for
B-structure with dotted line.

Figure 14. Photoabsorption spectrum for (TiO2)38 clusters for the x
coordinate direction (a), for the y coordinate direction (b), and for the z
coordinate direction (c). The total spectrum is shown in d. The x-axis
represents the excitation energy. The y-axis represents the absorption
spectrum. The spectra for A-structure are plotted with solid line and for
B-structure with dotted line.
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will differ from bulk values, and this has to be taken into account
in the interpretation of light-scattering measurements in the
TSM method.

As the structure and the shape of the particle seem to be very
important factors in the absorption of small TiO2 particles, we
are planning to concentrate more on the absorption character-
istics of different structural changes in our further studies. We are
also interested in modeling the structural effects of OH and SO3

groups on the cluster surface and their effect on the absorption
characteristics of the TiO2 particles. In our future studies, we will
also concentrate on the refractive index function for small TiO2

particles.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: sami.auvinen@lut.fi.

’ACKNOWLEDGMENT

We thank the Finnish Academy of Science and Letters and the
Research Foundation of Lappeenranta University of Technology
for funding our research. We also thank Sachtleben Pigments for
their cooperation in this project, Dr. Jussi Enkovaara in CSC-
Scientific Computing Ltd., andDr. Lauri Lehtovaara for technical
support with the GPAW software. For the advice regarding the
optical constants, we thank Professor Erik Vartiainen at Lap-
peenranta University of Technology. All calculations were done
by using the generous computer resources of CSC-Scientific
Computing Ltd., Espoo, Finland.

’REFERENCES

(1) Jalava, J.-P. Part. Part. Syst. Charact. 2006, 23, 159–164.
(2) H€ark€onen, R.; Aro, H.; Kujansivu, L. Cosmet. Toiletries Manu-

facture Worldwide 2003, 195–201.
(3) H€ark€onen, R.; Kujansivu, L. Pers. Care Mag. 2003, 9, 27–29.
(4) Karvinen, S.; Lamminm€aki, R.-J. Solid State Sci. 2003, 5, 1159–

1166.
(5) Salmi, M.; Tkachenko, N.; Lamminm€aki, R.-J.; Karvinen, S.;

Vehmanen, V.; Lemmetyinen, H. J. Photochem. Photobiol., A 2005,
175, 8–14.
(6) Jalava, J.-P.; Taavitsainen, V.-M.; Haario, H.; Lamberg, L.

J. Quant. Spectrosc. Radiat. Transfer 1998, 60, 399–409.
(7) Mishchenko, M.; Travis, L. D. Appl. Opt. 1994, 33, 7206–7225.
(8) Light Scattering by Nonspherical Particles. Theory, Measurements,

and Applications; Mishchenko, M., Hovenier, J. W., Travis, L. D., Eds.;
Academic Press: London, 2000; pp 147�221.
(9) Bohren, C. F.; Huffman, D. R. Absorption and Scattering of Light

by Small Particles, 1st ed.; Wiley: New York, 1983; pp 227�267.
(10) Karvinen, S.; Hirva, P.; Pakkanen, T. A. J. Mol. Sruct. 2003,

626, 271–277.
(11) Kandiel, T. A.; Feldhoff, A.; L.; Robben, R. D.; Bahnemann,

D. W. Chem. Mater. 2010, 22, 2050–2060.
(12) Mo, S.; Ching, W. Y. Phys. Rev. B 1995, 51, 13023–13032.
(13) Hosaka, N.; Sekiya, T.; Fujisawa, M.; Satoko, C.; Kurita, S.

J. Electron Spectrosc. Relat. Phenom. 1996, 78, 75–78.
(14) Asahi, R.; Taga, Y.; Mannstadt, W.; Freeman, A. J. Phys. Rev. B

2000, 61, 7459–7465.
(15) Zhang, Y.; Lin, W.; Li, Y.; Ding, K.; Li, J. J. Phys. Chem. B 2005,

109, 19270–19277.
(16) Yang, K.; Dai, Y.; Huang, B. Phys. Rev. B 2007, 76, 195201�1–

195201�6.
(17) Brus, L. J. Chem. Phys. 1984, 80, 4403–4409.
(18) Brus, L. J. Phys. Chem. 1986, 90, 2555–2560.
(19) Brus, L. New J. Chem. 1987, 11, 123–127.

(20) Nozik, A. J.; Williams, F.; Nenadovíc, M. T.; Rajh, T.; Mícíc,
O. I. J. Phys. Chem. 1985, 89, 397–399.

(21) Satoh, N.; Nakashima, T.; Kamikura, K.; Yamamoto, K. Nat.
Nanotechnol. 2008, 3, 106–111.

(22) Nosaka, Y. J. Phys. Chem. 1991, 95, 5054–5058.
(23) Serpone, N.; Lawless, D.; Khairutdinov, R. J. Phys. Chem. 1995,

99, 16646–16654.
(24) Lundqvist, M. J.; Nilsing, M.; Persson, P.; Lunell, S. Int. J.

Quantum Chem. 2006, 106, 3214–3234.
(25) Anpo, M.; Shima, T.; Kodama, S.; Kubokawa, Y. J. Phys. Chem.

1987, 91, 4305–4310.
(26) Monticone, S.; Tufeu, R.; Kanaev, A. V.; Scolan, E.; Sanchez, C.

Appl. Surf. Sci. 2000, 162, 565–570.
(27) Jere, G. V.; Patel, C. C. J. Sci. Ind. Res. 1961, 20B, 292–293.
(28) Santacesaria, E.; Tonello, M.; Storti, G.; Pace, R. C.; Carr�a, S.

J. Colloid Interface Sci. 1989, 111, 44–53.
(29) Jalava, J.-P. Formation of TiO2 Pigment Particles in the

Sulphate Process - A Methodological Study. Ph.D.-thesis, University
of Turku, Finland, 2000.

(30) Mortensen, J. J.; Hansen, L. B.; Jacobsen, K. W. Phys. Rev. B
2005, 71, 035109�1–035109� 11.

(31) Enkovaara, J.; et al. J. Phys.: Condens. Matter 2010, 22, 253202.
(32) Bahn, S. R.; Jacobsen, K. W. Comput. Sci. Eng. 2002, 4, 56–66.
(33) Bl€ochl, P. E. Phys. Rev. B 1994, 50, 17953–17979.
(34) Bl€ochl, P. E.; F€orst, C. J.; Schimpl, J. Bull. Mater. Sci. 2003,

26, 33–41.
(35) Walter, M.; H€akkinen, H.; Lehtovaara, L.; Puska, M.; Enkovaara,

J.; Rostgaard, C.; Mortensen, J. J. J. Chem. Phys. 2008, 128, 244101�1–
244101�10.

(36) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996,
77, 3865–3868.

(37) McIntyre, N. S.; Thompson, K. R.; Weltner, W. J. Phys. Chem.
1971, 75, 3243–3249.

(38) Albaret, T.; Finocchi, F.; Noguera, C. Appl. Surf. Sci. 1999,
144, 672–676.

(39) Cromer, D. T.; Herrington, K. J. Am. Chem. Soc. 1955,
77, 4708–4709.

(40) Bekkerman, L. I.; Dobrovol’skii, I. P.; Ivakin, A. A. Russ. J. Inorg.
Chem. 1976, 21, 223–226.

(41) Zhang, H.; Banfield, J. F. J. Mater. Chem. 1998, 8, 2073–2076.
(42) Zhang, H.; Banfield, J. F. J. Phys. Chem. B 2000,

104, 3481–3487.
(43) Naicker, P. K.; Cummings, P. T.; Zhang, H.; Banfield, J. F.

J. Phys. Chem. B 2005, 109, 15243–15249.
(44) Persson, P.; Gebhardt, J. C. M.; Lunell, S. J. Phys. Chem. B 2003,

107, 3336–3339.



Publication II
S. Auvinen, M. Alatalo, H. Haario, E. Vartiainen, J.P. Jalava, R.J. Lamminmäki,
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ABSTRACT: Wavelength-dependent refractive index functions
(RIFs) of (TiO2)n nanoparticles (n = 2, 8, 18, 28, or 38) have
been calculated by using the data from our previous density
functional theory and time-dependent density functional theory
photoabsorption calculations. The results show significant
blueshifts and increased anisotropy in the RIFs of the
nanoparticles, when compared to experimental bulk values.
On the basis of the results, we conclude that, in the case of these
ultrasmall particles, the RIFs may depend notably on the shape
and structure of the cluster and on the other hand the
fundamental absorption characteristics do not depend much on the rather limited cluster size range. The results also support the
proposition that, in light-scattering measurements, one should not use the bulk RIF to model nanosize particles, at least in the
case of TiO2 particles. Our results shed some light into this computationally and experimentally very challenging area of
nanoparticle properties.

■ INTRODUCTION

Titanium dioxide is a wide band gap semiconductor that has
gained a lot of interest due to its unique properties. TiO2 is
transparent in the visible region, while it absorbs strongly in the
ultraviolet region. It is also photoactive, exhibits high surface
reactivity with many chemical agents, and is nontoxic and cost-
effective. Titanium dioxide is the most stable white pigment
material because it is chemically highly resistant with other
substances. In nature, TiO2 occurs in three polymorphs:
anatase, rutile, and brookite; the main source of industrially
manufactured TiO2 is ilmenite FeTiO3.
In our previous publication,1 we expressed the importance of

submicrometer-size titanium dioxide pigment particles in many
applications and described their production control by a
recently developed light-scattering-based method, the turbidity
spectrum method (TSM).2 As it was pointed out,1 we are now
expanding the TSM to nanosize materials. By decreasing the
particle size to the nanosize regime, many interesting
applications become possible. This decrease changes the optical
properties of TiO2 remarkably from opaque to transparent in
the visible range of the light spectrum and to an excellent UV-
light blocker. These kinds of nanomaterials are widely used in
many applications where visible-light transparency and UV
shield are required such as sunscreens, wood lacquers, plastics,
cosmetics, foods,3,4 and photoelectronics.5,6

In the TSM, the particle size distribution (PSD) is
determined from a turbidity spectrum measured from a diluted
water solution by means of the T-matrix that is a rigorous light-
scattering theory for nonspherical particles.7,8 The TSM is now
optimized for submicrometer size particles. The light-scattering
computing requires the refractive index function (RIF) of the

measured crystal material for all wavelengths used in the
measurement. For submicrometer particles, the normal bulk
values of RIFs are used. This is justified because, in the
literature, we can find experiments proving that, for example, in
the case of TiO2 nanotubes, the diffuse reflectance UV−visible
spectra match with bulk values when the nanotubes have
diameters up from 5 nm and lengths around 500 nm.9,10

However, there are studies indicating that the surface or the
finite size of a very small particle can have an effect on the RIF
especially at the UV wavelengths.11 The TSM results are in
accordance with these findings, and therefore, it is important to
clarify this phenomenon. For that, we need to know how the
RIF depends on the cluster size and shape.
As a first step, in our earlier paper,1 electronic and spectral

properties of small TiO2 particles were studied using density
functional theory (DFT) and time-dependent density func-
tional theory (TDDFT) calculations. We had a focus on the
shape changes of the calculated spectra, which can be related to
changes in the RIF. Our results indicated that, in the case of
small particles, their RIF can differ from the bulk values, and
this has to be taken into account in the interpretation of light-
scattering measurements.1 In this paper, we report the RIFs
that are calculated from the photoabsorption spectra for the
previously optimized particle structures.1 We have used two
different sets of (TiO2)n structures (n = 2, 8, 18, 28, or 38)
along with the (TiO2)2 cluster. A similar study for bulk TiO2
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phases has been performed by Rocquefelte et al.12 We also
discuss the dielectric functions (DFs) of the particles.

■ THEORY

All DFT and TDDFT calculations for this study were
performed by using the GPAW software,13−16 which is a
grid-based code using the projector-augmented wave (PAW)
method.17,18 The time-propagation TDDFT (TP-TDDFT)
implementation in GPAW gives us the photoabsorption
spectrum of the cluster as a function of the excitation energy
of the photon, in the form of the dipole strength tensor,16

which can be interpreted as a dipole strength function:19

ω
π

ω α ω=
ℏ

S
m

e
( )

2
Im ( )2 (1)

which has units of 1 per electronvolt. In eq 1, m is the mass of
the electron, e is the charge of the electron, α is the
polarizability of the system, and ω is the angular frequency.
On the basis of eq 1, we can formulate the imaginary part of the
polarizability to be
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Because E = ℏω, we can write eq 2 as
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In eq 3, E is the excitation energy of the electrons, and when we
use units [S(ω)] = 1/eV and [E] = eV, the term e2 is canceled
out in the equation.

The imaginary part of the DF can now be calculated based
on eq 3 by using the equation for electronic polarization,20

taking into consideration the fact that the electric field is local:

ε
ε

α ω″ =
N

Im ( )v

0 (4)

where Nv is the valence electron density of the system and ε0 is
the vacuum permittivity. The valence electron density of the
system in eq 4 can be given by multiplying the number density
of molecules 20 by the number of valence electrons per
molecule Nv′:

ρ= =′ ′N N
M

ANv v v (5)

where ρ and M are the density and molar mass of the
substance, respectively, and A is the Avogadro number. Here,
we have used the values ρ = 3.9 g/cm3 and M = 79.88 g/mol
for the anatase as given in refs 21 and 22. We have used the
values for bulk anatase bacause the calculation of these values
from the structures of the nanoparticles is not always
straightforward. The number of valence electrons per molecule
was set to be Nv′ = 2, because all DFT calculations done here
were spin paired, having two valence electrons in the highest
occupied orbital. The calculated imaginary parts of the DFs
were also scaled by dividing with the number of TiO2 units in
the cluster in order to remove the increase of the steady-state
level as a function of increasing particle diameter.
The real parts of the DF were calculated by using the

Kramers−Kronig relations,23 and the complex RIFs were
calculated from the DFs by using the well-known relations
for nonmagnetic material:24

Figure 1. Relaxed A and B structures for (TiO2)n clusters, n = 8, 18, 28, or 38. Titanium atoms are marked as green, and oxygen atoms are marked as
red.
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As a final step, the acquired RIFs were scaled by a shape-
dependent scaling factor:

=
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where la is the length of the particle along the corresponding
crystal axisand

=l l l l( )x y zmean
1/3

(9)

is the cubical effective mean dimension of the particle.

■ COMPUTATIONAL DETAILS
As described in our previous publication,1 the selected cluster
structures were relaxed by using a quasi-Newton minimizer,
requiring all forces to be smaller than 0.05 eV/Å in the final
sructures. In final relaxation runs, the width of the Fermi
distribution was set to 0 eV giving us 0 K electronic
temperature and integer occupation numbers. The used grid
spacing was 0.17 Å, and the cell was set up with nonperiodic
boundary conditions so that there was 7 Å of empty space
surrounding the cluster. We used the Perdew−Burke−
Ernzerhof (PBE) exchange correlation functional,25 conjugate
gradient method for the eigensolver, and all calculations were
done using only the Γ-point. We did not use spin-polarized
calculations, because the tests did not show any evidence about
the spin-polarization in TiO2 nanoparticles.
The photoabsorption spectra for the clusters were calculated

by using the TP-TDDFT approach. We used a time step of
16.0 as with 1000 iterations and grid spacing of 0.3 Å. The kick
parameter for initial perturbation of the wave functions was set
to be 10−3. The calculation cell was set up with nonperiodic
boundary conditions with 10 Å of empty space surrounding the
cluster. The spectra were calculated from the dipole moment
files by using a Gaussian broadening of 0.1 eV.

■ RESULTS AND DISCUSSION
Bulk anatase TiO2 has a tetragonal crystal structure with 12
atoms in the unit cell (four molecules/cell), and it belongs to
the I41/amd space group.26 The experimental unit cell
dimensions are a = b = 3.784 Å and c = 9.515 Å.26 In our
studies, we have used two different sets of TiO2 structures
along with the (TiO2)2 cluster: the structures, which were
carved from the anatase bulk so that they would be as
symmetric as possible in every direction still possessing as much
bulklike structure as possible (labeled A), and the correspond-
ing B structures, which were carved from the anatase bulk so
that they would be longer in the z coordinate direction, forming
a more needlelike structure. The relaxed A and B structures for
(TiO2)n clusters are presented in Figure 1. The dimensions of
the structures are given in Table 1. The structures were cut so
that x, y, and z coordinate axes correspond to the a, b,and c axes
in the bulk anatase crystal. The structural analysis of the relaxed
structures and their TDDFT photoabsorption spectra are
presented in our previous publication.1

The RIFs for the A structures are presented in Figures 2−4,
and the RIFs for the B structures are presented in Figures 5−7,
where they are compared to the corresponding experimental
data for bulk anatase reported by Jellison et al.27 and Hosaka et
al.28 The reference data for bulk anatase was extracted from the
articles by carefully digitizing and scaling. When we look at
Figures 2,3,5, and 6, we see that, in the case of nanoparticles,
the optical anisotropy is increased. The bulk anatase crystal
structure is optically birefringent, and the RIFs of the a and b
axes correspond to each other, while the c axis has a different
RIF. This is due to the crystal structure of the ideal anatase
bulk, which has an elongated unit cell in the c axis direction. In
the case of the nanoparticles, the RIFs of the x and y directions
differ from each other, although the basic form of the RIFs is
quite similar. This is obviously due to changes in the crystal
structure due to the finite size of the particles and thus an
increased surface-to-bulk ratio, which was already observed
previously in the analysis of the relaxation of the particle
models.1

The maximum peak positions of the imaginary parts of the
RIFs are collected in Table 2. According to Figures 2−7, the
RIFs of the nanoparticles are generally significantly blueshifted
when compared to the experimental values for bulk anatase.
This was also predicted by the previous results on photo-
absorption spectra.1 Table 2 also contains the calculated
blueshifts compared with experimental bulk data by Jellison et
al.27 and Hosaka et al.28 When compared to the data set of
Jellison et al.27, the largest blueshift of the peak value of the
imaginary part is 162 nm in kz of the (TiO2)38A cluster, and the
average blueshift in the imaginary part of the RIF is 131 nm.
When we compare the nanoparticle RIFs to the data set of
Hosaka et al.28, the largest blueshift of the peak value of the
imaginary part is 141 nm in ky of the (TiO2)18B cluster, and the
average blueshift in the imaginary part of the RIF is 101 nm.
The negative values of Δλzmax2 in the case of (TiO2)8B,
(TiO2)18B, and (TiO2)28B indicate that the peak value is actually
redshifted.
The refractive index data of Hosaka et al.28 is measured for

much smaller wavelengths than the data of Jellison et al.27, so it
is better to compare our nanoparticle RIFs to this data set. In
the RIF data of Hosaka et al.,28 one can notice small peaks in na
at 120, 143, and 165 nm. The ka has corresponding peaks at
120, 140, and 155 nm. The nc has peaks at 124 and 159 nm, and
kc has peaks at 121 and 148 nm. As we can see in Figures 2−7
and Table 2, in the case of A structures, the maximum peak
positions of the nanoparticle RIFs correspond quite well to
these peaks at smaller wavelengths. In the case of B structures,

Table 1. Length of the Relaxed Structures in Each
Coordinate Direction and Effective Mean Dimension of the
Particlea

structure lx ly lz lmean

(TiO2)2 3.05 2.60 4.49 3.29
(TiO2)8A 6.04 5.39 6.78 6.04
(TiO2)18A 7.77 8.56 12.33 9.36
(TiO2)28A 8.52 9.91 15.29 10.89
(TiO2)38A 12.25 9.58 12.71 11.42
(TiO2)8B 4.67 3.26 21.43 6.89
(TiO2)18B 6.70 5.46 22.33 9.34
(TiO2)28B 6.66 5.26 29.18 10.07
(TiO2)38B 8.72 8.46 25.40 12.33

aAll lengths are given in units of angstrom.
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the correspondence is quite good with na and ka, but with nc
and kc, the correspondence is not so good. On the basis of these
findings, we can conclude that the weight of the RIFs moves
toward shorter wavelengths when the particle size is decreased.
From Figures 2−7 and Table 2, we see that the shape and

structure of the particle can have a more pronounced effect on
the RIF than the actual particle size in the size area studied
here. Generally, the RIFs of nanoparticles are clearly blue-
shifted, but in this set of model structures, we do not see any

size-dependent shift toward the bulk RIF. This is of course due
to the relatively small particle size variation in the test set. What
is also visible in Figures 2−7 is that the previously reported
changes in the gap width of the nanoparticles do not seem to
significantly affect the RIF of the particles. We have not used
the Tauc Plot analysis29 to resolve the band gaps from RIF data
because the calculated band gaps were already reported in our
previous article.1 These results strengthen our previous
conclusion that, in the case of ultrasmall particles, the spectra

Figure 2. Calculated RIFs of A structures and the (TiO2)2 cluster in the x coordinate direction (a axis in the crystal) compared to the experimental
values for anatase bulk (depicted as black). Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).

Figure 3. Calculated RIFs of A structures and the (TiO2)2 cluster in the y coordinate direction (a axis in the crystal) compared to the experimental
values for anatase bulk (depicted as black). Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).
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and electronic structure may depend notably on the shape and
structure of the cluster and on the other hand the fundamental
absorption characteristics do not seem to depend so much on
the size of the cluster at the particle sizes studied here.1 It
should be cleared out here that, with shape and structure, we
refer to the actual shape of the cluster (prolonged or
symmetric) and structural changes on the cluster surface
(coordination and bonding due to different carving from bulk
structure), as opposed to size, which is considered as a

combination of dimensions and the amount of TiO2 units in
the cluster.
Besides the RIFs, the underlying dielectric properties are also

important. The real and imaginary parts of DFs for clusters and
the TiO2 molecule are presented in Figures 8−11. In these
figures, we have combined the DFs in perpendicular polar-
ization directions (x and y) by calculating the average value for
them. This way we can easily compare our cluster DFs with
ones computed for bulk anatase by Asahi et al.30 As we can see

Figure 4. Calculated RIFs of A structures and the (TiO2)2 cluster in the z coordinate direction (c axis in the crystal) compared to the experimental
values for anatase bulk (depicted as black). Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).

Figure 5. Calculated RIFs of B structures and the (TiO2)2 cluster in the x coordinate direction (a axis in the crystal) compared to the experimental
values for anatase bulk (depicted as black). Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).
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in Figures 8−11 and from ref 30, the peak positions of the DFs
for the clusters correspond well with peaks in computational
bulk data and with the experimental data of Jellison et al.27 and
Hosaka al.,28 especially in the z direction. The difference is that
the clusters have much smaller DFs at the lower energy region
around 3−7 eV. These peaks correspond to transitions from
the valence bands to t2g orbitals.

30

As was already concluded with density of states (DOS)
results in our previous publication,1 the edges of the valence

and conduction bands are more localized in the case of the
clusters. The more localized the t2g orbitals are, the lower the
absorption peaks are at these energy levels when compared to
transitions to eg conduction bands at higher energy levels.30

Also, the DOS at the edges of the band gap is relatively smaller
than it is in the case of bulk structures.1 This indicates that,
when the size and shape-dependent formation of band structure
reaches the point where t2g orbitals become less localized, the
clusters start to have more bulklike DFs and RIFs. As we

Figure 6. Calculated RIFs of B structures and the (TiO2)2 cluster in the y coordinate direction (a axis in the crystal) compared to the experimental
values for anatase bulk (depicted as black). Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).

Figure 7. Calculated RIFs of B structures and the (TiO2)2 cluster in the z coordinate direction (c axis in the crystal) compared to the experimental
values for anatase bulk (depicted as black). Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).
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already stated with the RIF results, the structure of the particle
plays an important role in this band formation, as we can clearly
see in the case of the (TiO2)8B cluster. Figures 10 and 11 show
that it has more absorption at the lower energy levels, and our
earlier DOS results1 confirm that, in the case of the (TiO2)8B
cluster, the localizaton of the band edges is lower than in the
case of the other clusters (especially with t2g orbitals).
All the results support the proposition that, in the TSM

method, one should not use the bulk RIF to compute the PSD
of nanosize particles. However, due to the limited size range
achievable with first principles calculations, the exact size range
of the particles where the transition toward the bulk RIF begins
is still unknown. We will consider this in our future studies. The
size of the largest particles studied here is already at the size
range of industrial interest, and the RIFs of the largest particles

can be used in parametrization when expanding the TSM to
nanosize materials.
When interpreting the results, we should keep in mind that

we are comparing computational results to experimental values,
so the blueshifts reported here are not absolute and may
contain small errors due to nature of the approximations used
in DFT and TDDFT methods. In our calculations, we have
used the PBE generalized gradient approximation (GGA)
exchange correlation functional,25 which provides many
improvements opposed to original local density approxima-
tions. It is still generally known that the DFT and GGA
approach tends to underestimate the fundamental band gap of
semiconductors. This means that the actual blueshifts can be
bigger than reported here. The underestimated gap in the
imaginary part of the DF also affects the real part of the DF via

Table 2. Wavelengths (nm) of the Maximum Peak in the Imaginary Part of the RIF along Different Crystal Axes and Their
Blueshifts Compared to the Experimental Values for Anatase Bulka

bulk1 bulk2

structure λxmax λymax λzmax Δλxmax1 Δλymax1 Δλzmax1 Δλxmax2 Δλymax2 Δλzmax2

(TiO2)2 125 119 133 129 135 149 130 136 15
(TiO2)8A 133 130 124 121 124 158 122 125 24
(TiO2)18A 127 127 139 127 127 143 128 128 9
(TiO2)28A 132 118 130 122 136 152 123 137 18
(TiO2)38A 125 122 120 129 132 162 130 133 28
(TiO2)8B 119 122 191 135 132 91 136 133 −43
(TiO2)18B 137 114 180 117 140 102 118 141 −32
(TiO2)28B 132 121 165 122 133 117 123 134 −17
(TiO2)38B 127 127 146 127 127 136 128 128 2
bulk1 (expt) 254 254 282
bulk2 (expt) 255 255 148

aThe experimental data for bulk1 is from Jellison et al.27, and the experimental data for bulk2 is from Hosaka et al.28 The values Δλxmax1, Δλymax1, and
Δλzmax1 are the blueshifts relative to bulk1 data, and Δλxmax2, Δλymax2, and Δλzmax2 are the corresponding values relative to bulk2 data.

Figure 8. Calculated real parts of DFs for A structures and the (TiO2)2 cluster in the z coordinate direction (c axis in the crystal) (a), and in the xy
coordinate direction (a axis in the crystal) (b). The calculated values are compared to the experimental values for anatase bulk (depicted as black).
Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).
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Kramers−Kronig relations. However, the trends and general
directions of the results are valid.
In the real-life applications (especially in the case of

pigments), TiO2 particles are also often in solutions containing
water and other chemicals, such as sulfuric acid and possible
trace elements,31 possibly providing adatoms on the particle
surfaces. Our current results do not take into account the effect

of surface adatoms, which may change the photoabsorption of
the particles due to the changes in the electronic structure.32

We are currently working on effects of on-surface OH and SO3

on the photoabsorption of TiO2 nanoparticles, and these results
will be published later.
Regarding the importance of exchange-correlation kernels,

one should note that there are many ongoing research projects

Figure 9. Calculated imaginary parts of DFs for A structures and the (TiO2)2 cluster in the z coordinate direction (c axis in the crystal) (a) and in the
xy coordinate direction (a axis in the crystal) (b). The calculated values are compared to the experimental values for anatase bulk (depicted as black).
Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).

Figure 10. Calculated real parts of DFs for B structures and the (TiO2)2 cluster in the z coordinate direction (c axis in the crystal) (a) and in the xy
coordinate direction (a axis in the crystal) (b). The calculated values are compared to the experimental values for anatase bulk (depicted as black).
Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).
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that aim to improve the earlier approximations. One example is
a recent study of Gatti, who derived an exact form for the
exchange-correlation kernel for time-dependent current density
functional theory, allowing successful computation of electronic
spectra of solids and nanosystems.33

In the case of the bulk semiconductors, there are studies
suggesting that employing the Bethe−Salpeter equation
(BSE)34 can lead to improved optical results when compared
to experimental values.35 On the other hand, there are also
studies indicating that, in the case of nanoparticles, the TDDFT
approach can actually give more accurate results when
compared to the BSE approach, as was found in the case of
Si nanoparticles by Benedict et al.36 Also the BSE
implemantation in the GPAW software is restricted to periodic
systems, leading to computationally demanding calculations in
the case of nanoparticles. Thus, we have neglected the use of
the BSE approach in our studies.
However, it should be stressed that the role of excitonic or

electron−hole effects can have great importance in some cases
of the nanostructures, underpinning the influence of structure
and size. In 2008, Varsano et al. studied the optical saturation
driven by exciton confinement in molecular chains by TDDFT
methods and reported on the breakdown of commonly adopted
approximations in anisotropic structures.37 They concluded
that the failure of simple local and semilocal functionals is due
to the lack of memory effects, spatial ultranonlocality, and self-
interaction corrections.37 They also stated that simple
approximations work better with small band gap systems,
because these effects get smaller when the band gap is
reduced.37

Our results reported in the present work shed some light into
this computationally and experimentally very challenging area
of nanoparticle properties and show that the use of the bulk
RIF to model nanosize particles in light-scattering measure-
ments is questionable, at least in the case of TiO2 particles. The

proper incorporation of excitonic and memory effects could still
greatly further improve our current results, and other similar
calculations, providing more information to fully clarify the
optical behavior of nanoparticles.

■ CONCLUSIONS

RIFs of (TiO2)n nanoparticles (n = 2, 8, 18, 28, or 38) were
calculated based on the TDDFT data from our previous
photoabsorption calculations.1 The computational results were
compared to the experimental ellipsometry data for the RIF of
bulk anatase crystal reported earlier by Jellison et al.27 and
Hosaka et al.28 The results show significant blueshifts (the
averages are 131 nm in the imaginary part of the RIF when
compared to data from Jellison et al.27 and 101 nm when
compared to data from Hosaka et al.28) and increased
anisotropy in the RIFs of the nanoparticles. The results
indicate that, in the case of ultrasmall TiO2 particles, the
structure of the particle may have a more pronounced effect on
the RIF than the size of the particle and that the weight of the
RIFs moves toward shorter wavelengths when the particle size
is decreased. Current results show also that the anisotropy and
blueshifts of the particle RIFs have to be taken into account in
the TSM and light-scattering measurements of the small TiO2
particles. However, the particle size on which the trans-
formation of the particle RIF toward the bulk RIF starts still
remains unknown. More studies are still needed to fully clarify
this phenomenon.
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Figure 11. Calculated imaginary parts of DFs for B structures and the (TiO2)2 cluster in the z coordinate direction (c axis in the crystal) (a) and in
the xy coordinate direction (a axis in the crystal) (b). The calculated values are compared to the experimental values for anatase bulk (depicted as
black). Experimental values for bulk anatase are from Jellison et al.27 (bulk1) and Hosaka et al.28 (bulk2).
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h i g h l i g h t s

� Four Ni(II) diimine dithiolate
prepared from Ni(II) dithiolene.
� Their light harvesting properties

investigated using these compounds
as photosensitizers.
� Quantum chemical calculations have

been performed to explain the nature
of charge transfer.
� Effect of change in position of

anchoring group on light harvesting
parameters monitered.

g r a p h i c a l a b s t r a c t

Four Ni(II) diimine dithiolato complexes have been prepared from [Ni(S2C2Ph2)2] and effect of position of
anchoring group on diimine ligand over electronic, electrochemical and light harvesting properties
explored.
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a b s t r a c t

Four Ni(II) diimine dithiolato complexes viz. [Ni{(S2C2Ph2)(1,10-Phenanthroline)}] (2), [Ni{(S2C2Ph2)(3,30-
dicarboxy-2,20-bipyridyl)}] (3), [Ni{(S2C2Ph2)(4,40-dicarboxy-2,20-bipyridyl)}] (4) [Ni{(S2C2Ph2)(2,20-
bipyridyl)}] (5) have been prepared from [Ni(S2C2Ph2)2] (1) and characterized by microanalyses, UV–
Vis, IR, 1H and 13C NMR. Attempts have been made to explain the nature of charge transfer in these mol-
ecules through quantum chemical calculations. The light harvesting properties of all the compounds have
been studied using these compounds as photosensitizers in TiO2-based DSSC. The change in position of
anchoring group on diimine derivative leads to different structural, electronic and light harvesting prop-
erties about the Ni(II) diimine dithiolate dyes.

� 2013 Elsevier B.V. All rights reserved.

Introduction

Last two decades have witnessed a substantial growth in the
field of dye-sensitized solar cells (DSSCs) [1–6]. This is due their
versatility and cost-effective manufacturing, the organic and
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inorganic DSSC have been considered as a feasible alternative to
conventional solid-state p–n photovoltaic devices [7–10]. Out of
these dyes the ruthenium polypyridyl dyes have gained interests
of chemists owing to their stupendous performance as sensitizers
in DSSCs having efficiencies upto 11% [1,3,11,12]. In addition to
ruthenium polypyridyl dyes other metal centered dyes including
complexes of Fe [13–19], Cu [20–23], Os [24,25] and Re [26] have
been used. Additionally the [Pt(II)(diamine)(dithiolate)] [27–30]
and [Ni(dithiolene)2] [31,32] compounds have also been investi-
gated for their light harvesting properties.

Mostly the available solar cell dyes exhibit absorbances at the
shorter wavelengths [11,12] and hence longer wavelength dyes
are required as they can harness more of the available solar energy
and this was established with the help of theoretical calculations
[33]. With this viewpoint recently several NIR dye molecules have
been reported [31,34,35]. The charge transfer transitions in
[Pt{(diamine)(dithiolate)}] compounds can be assigned as a
‘‘mixed-metal ligand to ligands’’ charge transfer (MMLĹCT) involv-
ing a HOMO that is a mixture of Pt(d) and dithiolate S(p) and a
LUMO that involves a p� bpy orbitals [27–30]. Similar electronic
transitional behavior is also anticipated for the
[Ni{(diamine)(dithiolate)}] type complexes [36–41]. Additionally,
the substituents on the diimine ligands affects the HOMO and
LUMO energy levels and hence the photophysical as well as the
electrochemical properties of the molecules. Hence, by tuning the
photophysical and electrochemical properties of the dye one can
affect the performance of the solar cells.

With these viewpoints and in the quest of the dyes having
absorbances in the longer wavelength range we herein wish to re-
port the syntheses, characterization and light harvesting properties
of a family of [Ni{(diimine)(dithiolate)}] complexes.

Experimental

Materials and reagents

All chemical reagents were commercially available and used
without further purification. The complex bis(1,2-diphenylethyl-
ene-1,2-ditholene) nickel(II) (1) was synthesized according to the
previous report [42]. Dichloromethane (DCM) was used as a med-
ium of cyclic voltammogram, purified by standard method.

Elemental analyses were performed on a Perkin–Elmer 240 C, H,
N analyzer. Infrared spectra were recorded as KBr pellets on a Var-
ian 3100 FTIR. 1H and 13C NMR spectra were recorded on JEOL
AL300 FTNMR spectrophotometers. Chemical shifts were reported
in parts per million using TMS as internal standard for 1H and 13C
NMR. The absorption spectra in dichloromethane solution were re-
corded using a Perkin–Elmer LS45 UV–Vis spectrophotometer.
Electrochemistry was carried out using a Pt working electrode, Pt
rod counter electrode and Ag/AgCl as a working electrode. All elec-
trochemical experiments were carried out in dichloromethane and
the supporting electrolyte used was TBAP (0.1 M). After each
experiment the reference electrode was calibrated against the fer-
rocene/ferrocenium couple which was found to be at 0.55 V.

DSSC fabrication

Transparent conductive glass plates coated with an F-doped
SnO2 (FTO, purchased from Pilkington. Co. Ltd., 8 X/c) were used
to prepare both the photo- and counter-electrodes. A Ti(IV) bi-
s(ethyl acetoacetato)-diisopropoxide solution (2% w/w in 1-buta-
nol) was spin-coated onto FTO substrates, which were then
heated stepwise to 450 �C and maintained at this temperature for
20 min. Commercialized TiO2 paste (Ti-Nanoxide T, Solaronix)
was casted onto the heat-treated FTO substrates by the

doctor-blade technique and then sintered at 450 �C for 30 min.
The substrates with thick mesoporous TiO2 layers (ca. 13–18 lm)
were dipped into a dichloromethane solution of 1–5 (0.3 mM)
and kept overnight. The unadsorbed dye was washed out with
anhydrous ethanol. Pt-layered counter-electrodes were prepared
by spin-coating H2PtCl6 solution (0.05 M in isopropanol) onto
FTO glass and then sintered at 400 �C for 30 min. The dye-adsorbed
TiO2 electrodes and Pt counter-electrodes were assembled into a
sealed sandwich-type cell by heating at 80 �C using a hot-melt
ionomer film (Surlyn) as a spacer between the electrodes. The elec-
trolyte was composed of 0.6 M 3-hexyl-1,2-dimethylimidazolium
iodide, 0.05 M iodine, 0.05 M LiI and 0.5 M 4-tert. butypyridine in
acetonitrile. A drop of electrolyte solution was placed in a hole
drilled in the counter-electrode and driven into the cell via vacuum
backfilling. Finally the hole was sealed using additional Surlyn and
a 0.1 mm thick glass cover.

Solar cell efficiency

The photoelectrochemical performance characteristics (short
circuit current Jsc (mA cm�2), open-circuit voltage Voc (V), fill factor
ff and overall conversion efficiency g) were measured under illumi-
nation with a 1000 W xenon lamp (Oriel 91193) using a Kiethley
Model 2400. The light intensity was confirmed to be a homogenous
over an 8 � 8 in2 area was calibrated with a Si solar cell for 1 sun
light intensity (AM 1.5G, 100 mW cm�2). Accidental increase in
the temperature inside the cell were prevented by using a cooler
with a propeller. Each measurement was repeated for three times
to confirm reproducibility.

IPCE measurement

Incident photon-to-current conversion efficiency (IPCE) for the
dyes 1–5 were measured as a function of wavelength from 400
to 900 nm (PV measurement Inc.) using a standard tungsten-halo-
gen lamp as monochromatic light and a broadband bias light for
approximating 1 sun light intensity.

Results and discussion

Synthesis

The Ni(II) diimine dithiolato complexes viz. [Ni{(S2C2Ph2)(1,10-
Phenanthroline)}] (2), [Ni{(S2C2Ph2)(3,3́-dicarboxy-2,2́-bipyridyl)}]
(3), [Ni{(S2C2Ph2)(4,40-dicarboxy-2,20-bipyridyl)}] (4) [Ni{(S2C2-

Ph2)(2,20-bipyridyl)}] (5) were prepared by the reaction between
the corresponding bpy and their derivatives with [Ni(S2C2Ph2)2]
(1) in equimolar ratio in refluxing toluene (see Scheme 1 supple-
mentary informations).

Spectroscopy

The IR spectra for all the five compounds display bands in the
region of 1359–1370 cm�1 associated with the perturbed C@C
stretch. In addition to this, bands occuring in the region of
�1140 cm�1 can be assigned to the perturbed CAS bond and the
band in the region �882 cm�1 arises due to the stretching of
PhAC(S)@C moiety for all the five complexes. Additionally the
bands observed in the range of 1600–1400 cm�1 arises because
of the stretching of C@C and C@N bonds of the bipyridyl ligands
and their derivatives. In the case of 3 and 4 the bands
�3100 cm�1 can be assigned to ACOOH functional.

The purity and composition of all the five compounds have been
checked by NMR spectroscopy. All of the compounds display sharp
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1H NMR signals which integrate well to the corresponding
hydrogens.

Electrochemical investigation

The electrochemical properties of all the five compounds were
investigated by cyclic voltammetry in dichloromethane solution
(Table 1). The complex 1 displayed a reversible peak for the mono-
electron reduction at the half-wave potential of 0.12 V. The dielec-
tron reduction was observed at E1/2 = �0.74 V. The diimine analogs
of 1 displayed two fully reversible reduction peaks and one irre-
versible oxidation peak. Previous investigations have revealed that
the diimine ligands influence the reduction potentials of the com-
pounds and the dithiolene/dithiolate ligands influence the oxida-
tion potential of the compounds [43]. This is due to the fact that
the LUMO resides on the bipy ligands and HOMO is partly dithio-
lene/dithiolate based. The multiple oxidation for all the four dyes
occurs at almost similar potentials and hence this can be assigned
as the oxidation of the HOMO centered over the dithiolene/dithiol-
ate moiety. Since, invariably in all the four diimine derivatives, the
dithiolate moiety is identical so it is expected that the oxidation
will take place at similar potentials. It is interesting to note that
the first reduction potential of 3 occurs at less negative potential
in comparison to the rest of the three derivatives. The optimized
geometry for 3 (see Fig. S1 supplementary informations) obtained
at the DFT level of theory indicates a significant torsion angle
(32.16�) between the pyridine rings of the bipyridyl derivative.
This lack in planarity may possibly interfere with the delocaliza-
tion of the charge between the two pyridine rings thereby causing
them to behave more like two separate pyridine moieties. So, the
electrochemical response in the case of 3 is influenced by both
the electronic and steric effects. The electrochemical responses
for all the four diimine derivatives indicate that oxidation takes

place on the dithiolate ligand and reduction on the diimine deriv-
atives. This indicates that the charge transfer across the molecules
is directional from dithiolate ligand to diimine derivative. In addi-
tion to this the location of HOMO also indicates that when the dye
is oxidized the positive charge density is placed further from the
TiO2. Also, the LUMO of all of the four derivatives is at an energy
suitable to allow charge injection into the TiO2 conduction band
having band edge at �0.81 V vs. Ag/AgCl [44].

Electronic absorption spectroscopy

The electronic spectra for all of the five dyes were recorded in
dichloromethane (Fig. 1). In the case of 1, the bands observed be-
low 400 nm can be assigned to ligand-to-metal charge transfer
(LMCT) and intraligand charge transfer transitions [45]. The in-
tense band observed at 857 nm can be assigned to p ? p� transi-
tion between HOMO and LUMO [46]. The band observed at
857 nm in the case of 1 is observed to be blue shifted in the case
of its diimine derivative and matches well with the previously re-
ported dye 2 [38]. The intense band in the UV regions for the dyes
2–5 can be assigned to the p ? p� intraligand transitions. The
bands at �575–675 nm region for all the four Ni(II) diimine dithi-
olate dyes can be assigned to ligand to ligand charge transfer
(LLCT) transition. The absorption in the visible region of the elec-
tromagnetic spectrum is well within the acceptable range required
for a DSSC sensitizer.

The locations of calculated HOMO and LUMO densities for all
the five complexes are presented in Fig. S2 (Supplementary infor-
mations). In the cases of heteroleptic diimine dithiolate complexes
2–5, it is appararent from the plots that the HOMO is mainly the
dithiolate ligand based having feeble contribution from the phenyl
ring as well as the Ni(II) center. The LUMO as speculated is almost
entirely diimine ligand based. This observation is consistent with
the HOMO/LUMO positions of the previously reported diimine
dithio nickel(II) complexes [32]. In the case of 1 the HOMO is lo-
cated on both of the dithiolate moiety as well as on the phenyl ring
and after the electron excitation at the LUMO level the electron
density moves from the ligand towards the nickel plane. Calcula-
tions indicates that in the case of 2–5 the charge transfer is unidi-
rectional from dithiolate ligands to phenanthroline/bipyridyl or its
derivatives while this phenomenon is not observed in the case of 1.
Hence, compounds 2–5 can serve as potential candidates for the
light harvesting.

Table 1
Electrochemical data for the dyes.

Dye E1/2 (V vs. Ag/AgCl)

ERed.2 ERed.1 EOx.1 EOx.2

1 0.11a �0.74a 0.12a

2 0.56a 1.09a

3 �1.05b �0.69b 0.56a 1.10a

4 �1.19b �0.82b 0.55a 1.09a

5 0.57a 1.11a

a Peaks are electrochemically reversible and values represents E1/2.
b Peaks are electrochemically irreversible and values represents peak potential.

Fig. 1. Electronic absorption spectra for the dyes 1–5 (recorded in 2 � 10�5 M
dichloromethane solution for 1 and 2 � 10�3 M solutions for 2–5). Fig. 2. The IPCE plot vs. excitation wavelengths for DSSCs using 1–5.
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Application of 1–5 to dye-sensitized solar cells

The photovoltaic performance of DSSCs using 1–5 were studied
under 1 sun (Am 1.5G, 100 mV cm�2). Experimental conditions for
cell fabrication and measurement of solar cell characteristics were
carefully kept as unchanged as possible so that the cell character-
istics would reflect the function of the dyes.

The monochromatic IPCE values for devices using 1–5 are pre-
sented in Fig. 2. Broad curve covers the region from 400 to
900 nm for all of the devices. No significant variations in the IPCE
were observed in these devices prepared from the dyes 2–5. The
IPCE spectrum exhibits a maximum of 45% for the dye 3 at
685 nm while this value is lowest in the case of homoleptic system
1 (28%). Hence, it can be said that the symmetrical behavior of the
complexes and position of substituents control the DSSC’s perfor-
mance to a considerable extent. In other words, these minor differ-
ences might simply arise from different light harvesting
efficiencies in the dyes adsorbed on the TiO2 surface.

The current–voltage characteristics of the devices in the dark
reveals sufficient rectification effects with significantly different
behavior depending on the device (Fig. 3a). The turn-on voltages
associated with hole transfer from the dye-grafted TiO2 electrode
to the electrolyte increases in the order 1 < 5 < 2 < 4 < 3. Part b of
the Fig. 3 shows the photovoltaic performance of the device again
indicating remarkable dependences on the dyes. The characteristic
parameters taken from the Fig. 3b including the open-circuit volt-
ages (Voc), short-circuit current (Jsc), fill-factors (ff) and power con-
version efficiencies (g) are presented in Table 2. The ff values are
almost constant (49–61%), indicating that the device configura-
tions are similar and the device performance reflects the electronic
nature of the dyes.

The inferior performance of the dye 1 in comparsion to rest of
its derivative can be attributed to its symmetrical homoleptic nat-
ure. This is also supported by the DFT calculations which indicates
the localization of the electron density in the metallic ring plane of
the nickel bis(dithiolene) complex which is unfavourable for the
electron injection (Fig. S2 supplementary informations). Addition-
ally, there is lack of chemical bond between the dye and the TiO2

nanoparticulate which can stimulate the excited electrons of the
dye to effectively inject into the conduction band of the TiO2

[47]. As evident from the Fig. 3, diimine derivatives of dye 1 gave
relatively better performances. This is due to the heteroleptic nat-
ure of all the four Ni(II) diimine dithiolate dyes, which improves
the effective electron injection and charge separation. However,
still the efficiencies of dyes 2 and 5 are not promising. This is
due to the lack of chemical bonds between the dyes and the TiO2

[47] which can stimulate the excited electrons of the dye to effec-
tively inject into the conduction band of the TiO2. In the case of the
dyes 3 and 4 having ACOOH functionals at 3,30 and 4,40 positions of
the bipyridyl moiety still do not exhibit sufficiently high efficiency.
This may be due to the planar geometry of the complex 4, which
may have lead to the aggregation of the molecule through p� � �p
stacking as previously observed in Pt(II) complexes [48]. This dye
aggregation can induce significant hindrance which in turn can
limit the number of sensitizer bound to the TiO2 surface and may
lead to the intermolecular quenching. In the case of 3, there is devi-
ation from planarity around Ni(II) center which may lead to rela-
tively lesser extent of p� � �p stacking. Hence, the amount of
intermolecular quenching in 3 will be relatively less than 4 which
may lead to the relatively higher efficiency for 3 in comparison to
4.

Conclusion

The investigations revealed that the symmetrical homoleptic
complexes are inferior candidates as the dye in DSSC due to the
unfavourable electron injection properties. The investigation indi-
cates that the change in position of anchoring group on diimine
derivative leads to different structural and electronic properties
about the Ni(II) diimine dithiolate dyes. The twisted structure in
the case of 3 as observed in the DFT optimized structure influences
the electrochemical response which is evident in the reduction po-
tential of this complex. The DFT calculations on the diimine dithi-
olate complexes indicate that the HOMO is localized on dithiolate
ligand and LUMO is mainly localized on the phenanthroline/bipyr-
idyl/bipyridyl dicarboxylate derivative. This indicates that charge
transfer in these heteroleptic complexes are uni-directional in nat-
ure. This is the first report of the Ni-based dye sensitizer where the
bipyridyl is substituted at the 3,30-positions. Although the efficien-
cies are not upto the mark but the study indicates that by incorpo-
rating appropriate functional groups at appropriate positions on
both dithiolate as well as bypyridyl group may lead to the
enhancement of the photovoltaic parameters of these Ni(II) dii-
mine dithiolate dyes.

Fig. 3. Current density–voltage curves for DSSCs using 1–5 measured (a) in the dark
and (b) under 1 sun simulated sunlight illumination (AM 1.5G, 100 mW cm�2).

Table 2
Output parameters of cells sensitized by different diimine dithiolate Ni(II)
compounds.

Compound Jsc (mA/cm2) Voc (V) ff g (%) IPCE

1 0.328 0.402 0.49 0.06 28
2 0.430 0.440 0.55 0.10 36
3 0.545 0.500 0.61 0.17 40
4 0.519 0.460 0.57 0.14 45
5 0.400 0.425 0.52 0.08 34
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Scheme 1. Synthesis of the dithiolate complexes. 

 
1.1  Syntheses 

1.1.1 Synthesis of bis(1,2-diphenylethylene-1,2-ditholene) nickel(II), 1.  

  Benzoin (2.12 g, 10 mmol) was refluxed with P2S5 (3.33 g, 15 mmol) in 30 ml of dioxane 

for 2 h. During this period, the thiophosphoric ester of dithiobenzoin was formed. The hot 

reaction mixture was filtered to remove the excess P2S5 and a solution of NiCl2.6H2O (1.16 g, 4.9 

mmol) in 8 ml distilled water was added to the filtrate. The reaction mixture was heated on steam 

bath for 2 h. Black crystal of the complex was formed which were collected filtration, washed 

with  a  minimal  amount  of  dioxane,  water,  ethanol,  and  finally  with  diethyl  ether.  Purification  

was conducted by recrystallization from boiling toluene to afford 1.63 g of green-black crystals, 

(0.325 g, yield 60%). C28H20S4Ni (541.98): calcd. C, 61.89, H, 3.71, S, 23.60; found: C, 61.74; 

H, 3.63; S, 23.23 %. 1H NMR (CDCl3, ): 7.26, (d, 4H), 7.28 (d, 4H), 7.34-7.35 (m, 8H), 7.38-

7.39 (m, 4H). 13C NMR (CDCl3, ): 128.4, 128.8, 128.9, 141.2 (C6H5), 181.5 (C=C). IR (KBr, 

cm 1): 1571, 1493, 1442, 1361, 1138, 882, 749, 696, 409. UV–Vis (CH2Cl2, nm) max: 270, 317, 

598, 857. 



1.1.2  Synthesis of 1,2-diphenylethylene-1,2-dithiolato 1,10-phenanthroline nickel(II),  2. 

  To a stirring toluene solution (30 mL) of 1 (0.542 g, 1 mmol) was added dropwise a 

methanol solution (20 mL) of the 1,10-phenanthroline (0.180 g, 1 mmol). The solution was 

additionally stirred for another 30 min and refluxed for 24 h and filtered to obtain dark blue 

residue. This was filtered and dried. (0.351 g, yield 73%);. C26H18N2NiS2 (481.26): calcd. C, 

64.89; H, 3.77; N, 5.82; S, 13.33; found: C, 64.78; H, 3.83; S, 13.53 %. 1H NMR (CDCl3, ): 

9.34 (d, 2H, phen), 8.44 (d, 2H, phen), 8.41 (m, 2H, phen), 7.90 (m, 6H, phen and Ph), 7.35-7.33 

(m, 4H), 7.16-7.14 (m, 2H), . 13C NMR (CDCl3, ): 128.4, 128.8, 128.9, (C6H5), 150.0, 146.1 

(phen), 141.2 (C6H5), 135.8 (phen) 181.5 (C=C). IR (KBr, cm 1): 1748, 1645, 1600, 1571, 1493, 

1442, 1361, 1138, 1079, 882, 749, 696, 412. 

1.1.3 Synthesis of 1,2-diphenylethylene-1,2-dithiolato 2,2’-bipyridyl-3,3´-dicarboxlyate 

nickel(II),  3. 

  To a stirring toluene solution (30 mL) of 1 (0.542 g, 1 mmol) was added dropwise a 

methanol solution (20 mL) of the 1,10-phenanthroline (0.244 g, 1 mmol). The solution was 

additionally stirred for another 30 min and refluxed for 24 h and filtered to obtain dark blue 

residue. This was filtered and dried. (0.344 g, yield 65%); C26H18N2NiO4S2 (545.26): calcd. C, 

57.27; H, 3.33; N, 5.14; S, 11.76; found: C, 57.88; H, 3.51 S, 12.10 %. 1H NMR (CDCl3, ): 8.68 

(d, 2H, bpy), 8.27 (d, 2H, bpy), 7.54 (m, 2H, bpy) 7.26, (d, 2H, Ph), 7.28 (d, 2H, Ph), 7.35 (m, 

4H,  Ph),  7.40  (m,  2H,  Ph),  .  13C NMR (CDCl3, ): 123.0, 126.8 (bpy), 128.4, 128.8, 128.9 

(C6H5), 138.0 (bpy), 141.2 (C6H5), 150.9, 159.1 (bpy), 167.3 (-COOH),  181.5 (C=C). IR (KBr, 

cm 1): 3082, 1718, 1590, 1571, 1493, 1442, 1361, 1138, 882, 749, 696, 581, 531,  410. 

1.1.4 Synthesis of 1,2-diphenylethylene-1,2-dithiolato 2,2’-bipyridyl-4,4´-dicarboxlyate 

nickel(II),  4.  

  To a stirring toluene solution (30 mL) of 1 (0.542 g, 1 mmol) was added dropwise a 

methanol solution (20 mL) of the 1,10-phenanthroline (0.244 g, 1 mmol). The solution was 

additionally stirred for another 30 min and refluxed for 24 h and filtered to obtain dark blue 

residue. This was filtered and dried. (0.371 g, yield 68%); C26H18N2NiO4S2 (545.26): calcd. C, 

57.27; H, 3.33; N, 5.14; S, 11.76; found: C, 57.73; H, 3.49 S, 12.14 %. 1H NMR (CDCl3, ):8.99 

(d, 2H, bpy), 8.86 (d, 2H, bpy), 7.95 (d, 2H, bpy), 7.23, (d, 2H, Ph), 7.26 (d, 2H, Ph), 7.35 (m, 

4H, Ph), 7.40 (m, 2H, Ph). IR (KBr, cm 1): 3112, 1892, 1716, 1603, 1564, 1493, 1442, 1361, 

1138, 882, 749, 696, 581, 513,  415. 



1.1.5  Synthesis of 1,2-diphenylethylene-1,2-dithiolato 2,2’-bipyridyl nickel(II),  5.  

  To a stirring toluene solution (30 mL) of 1 (0.542 g, 1 mmol) was added dropwise a 

methanol solution (20 mL) of the 2,2´-bipyridyl (0.156 g, 1 mmol). The solution was additionally 

stirred for another 30 min and refluxed for 24 h and filtered to obtain dark blue residue. This was 

filtered and dried. (0.338 g, yield 74%); C24H18N2NiS2 (457.24): calcd. C, 64.89; H, 3.77; N, 

5.82; S, 13.33; found: C, 64.78; H, 3.83; S, 13.53 %. 1H NMR (CDCl3, ):  8.59  (d,  2H,  bpy),  

8.50 (, 2H, bpy), 7.66 (m, 2H, bpy), 7.26, (d, 2H, Ph), 7.28 (d, 2H), 7.35 (m, 4H), 7.40 (m, 2H), 

7.12 (m, 2H, bpy). IR (KBr, cm 1): 1568, 1548,  1493, 1442, 1361, 1269,  1138, 1032, 882, 749, 

696,  656, 409. 

1.2  Computational details 

 Optimized molecular geometries for all of the five dyes were calculated using the B3LYP 

exchange-correlation functional [1, 2]. The LANL2DZ basis set for Ni and while 6-31G** basis 

set for C, H, N, O and S atoms were employed. The optimized structures of the dyes were used 

for molecular orbital analyses. All the calculations were performed  using  Gaussian09 sofware 

[3]. 
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Fig. S1 DFT Optimized structure for 3 (a) Front view (b) Side view. 
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Fig. S2 DFT calculated isosurface plots of HOMO and LUMO for dyes 1-5. 
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