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Preface

Essentially all scientific work sooner or later encounters the question: why do we
want to know? A scientist probably answers: “because we are driven to understand
all the peculiarities in our universe.” Or likely being more specific: “Isn’t it cool to
know why rabbits ‘breed like rabbits’?”. A politician would instead address the
significance for society: “The spaceflight-program is of great importance for
developing new technologies we all benefit from”. But there is a more existential
answer to the question. The ability to partly ‘understand’ nature, has driven us from
a hunter-gatherer society to highly adapted human beings using technology to
optimize agriculture and living standards. Scientific research, in such a view, can be
seen as a manifestation of our evolutionary progress, providing the tools to
maximize the chance of survival.
Maybe this sounds obvious, but the existential role of science seems lacking
sufficient interest in today’s society. Over the past centuries, human populations
have grown rapidly, concerted with an increased use of fossil fuels pushing our
footprint on the planet towards the limit. Within the manifold of problems emerging,
anthropogenic global warming is likely the most severe one. While in many
countries the public debate is still clouded with controversy, scientifically the
relation between climate change and human-induced carbon dioxide emissions has
been established.[1, 2] Recent insights indicate that it will be extremely hard to avoid
an average temperature increase of more than 2 0C.[3, 4] Passing this red line is
expected to result in catastrophic non-linear change of the global climate, risking
irreversible damage to the planet for more than 1000 years.[2] Amongst the impacts
are a significant sea level rise, and an increased occurrence of droughts, floods and
extreme storms giving rise to shortages of food and water.[4, 5] As these changes can
occur in less than a century, adaptation will be difficult and the living conditions for
all species, including ourselves, could be severe. So here’s the bottom line: in the
conflict between short term maximization of living comfort and long term existential
danger, we are apparently still incapable of sufficiently acting upon the latter. In that
sense we seem to become even better in self-destruction than the breeding rabbits,
whose rapid population growth is ‘naturally’ corrected for by higher risks of
epidemic diseases and/or predation.[6]
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But let’s turn to a more optimistic view. Over the past decades, sustainable energy
technologies such as solar cells, wind turbines, tidal plants, hydropower, and heat
from natural geysers have turned from niche players to high-potential systems for
large scale application. Adding up the development of energy storage and new fuel
cell systems, i.e. electrical and hydrogen driven vehicles, the most important
ingredients are available for a transition to an emission-free energy economy. As
these technologies become mature quickly, with first generation systems currently
entering the market, it largely depends on political and economic factors how quick
such a transition can be realized.[4]
Yet there are still technological and scientific challenges in further optimizing
sustainable energy systems, to realize large scale application at low cost. In
particular this applies to solar cells, fuel cells and batteries. These technologies have
in common that efficient energy conversion must be realized with abundant, safe and
cheap materials in order to maximize performance at minimum overall system costs.
Efficient energy conversion is thereby highly dependent on the charge transport
characteristics of the active materials. In a solar cell, photo-generated electronic
charge carriers need to dissociate and transfer to the electrodes, to yield electric
energy before they recombine. For fuels cells and batteries, on the other hand, fast
transport of ionic charge carriers through the electrolyte is a major factor for overall
performance.
In recent years, both ionic and electronic transport characteristics have been
significantly improved by controlling and manipulating materials at the nanoscale.
That is, by engineering at distances about 1000 times smaller than the thickness of a
hair. One of the trivial assets in these improvements is that nano-sizing reduces the
time for charge carriers to reach the interface of the active material. For instance, a
reduction of the particle size from 1 mm to 100 nm reduces the waiting time from 3
days to 3 milliseconds for charge carriers with a diffusion coefficient of 10-8 cm2 s−1.
But there is much more in ‘going nano’. In molecular electronics, engineering at
these length scales enables an increased understanding and control of the molecular
interactions, opening up a way to rationally design compounds with optimal charge
transport properties.[7] A more general issue is that downsizing of crystallites
increases the proportion of surfaces and interfaces at the expense of bulk, which can
lead to an entirely different defect chemistry.[8] Interfaces introduce lattice
imperfections, distortions etc., thereby changing the overall materials properties.
These interfacial effects are of relevance for both ionic and electronic charge carriers
that experience additional degrees of freedom near these interfaces. For electronics,
an additional effect is that quantum confinement of the electrons becomes
increasingly important at smaller length scales.
This thesis explores some of these more fundamental aspects of charge carrier
transport at the nanoscale. The study is divided in two parts. In the first part, the
structural, dynamical and vibrational properties of discotic liquid crystals are studied
in relation to the potential of these self-assembled ‘mesophases’ to form molecular
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conducting wires. This topic fits in the above mentioned trend to optimize the
electron/hole transport of molecular electronics by engineering at the nanoscale.
Although the study is fundamental in nature, a direct link will be made to the
potential of discotic liquid crystals for opto-electronic applications such as solar
cells.
The second part presents a study on the interfacial defect chemistry in nanostructured solid acids. This part thus addresses the issue of interface-dominated
charge transport in nano-sized materials. The heart of the work is a theoretical
framework that explains the strong enhancement of proton conductivities observed
when solid acids such as CsHSO4 or CsH2PO4 are blended with TiO2 or SiO2
nanoparticles. The results are of fundamental interest for the development of solid
state ionic conductors that can be used as electrolytes in batteries and fuel cells.
Both topics will be introduced more thoroughly in chapters 3 and 7, which also
provide the outline of the two parts. An overview of the most important
experimental and simulational techniques used throughout the work is given in
chapter 2.
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2

Methods

This chapter provides an overview of the most important experimental and
simulation techniques that are used in Part I and Part II. The general framework of
the different techniques is discussed with a special attention to the specific
application in the present research.

2.1 First Principles Calculations
In the past decades, first principles or ab-initio methods have proven to be of one of
the most popular and successful frameworks for the study of matter, enabling the
examination and even prediction of experimental outcomes.[9] Typical examples are
calculations of the binding energy of molecules in chemistry and the band structure
of solids in physics, nowadays being almost routinely applied. First principles
calculations do not require any other input but the atomic species, their coordinates
and fundamental constants like Planck’s constant ħ and the mass me and charge e of
an electron. Starting point is the quantum mechanical problem of finding the ground
state energy E of a many body system. This problem is commonly simplified by
decoupling the electronic and nuclear degrees of freedom, since the nuclei are about
103 times heavier than the electrons. Consequently, the electrons can be regarded as
moving in a fixed external potential due to the nuclei. This is the well-known BornOppenheimer approximation, which reduces the full-body problem to the challenge
of solving the electronic Schrödinger equation,
Hˆ e Ψ  E Ψ

(2.1.1)

The electronic Hamiltonian Hˆ e defines the many electron system and its interaction
with the environment, in particular with the nuclear charges in a molecule or solid,
2
Hˆ e  Tˆ  Uˆ  Vˆext  
2me

Ne

1

Ne

e2

Ne

  r2i  2  ri  r j   vext (ri )
i 1

i j

(2.1.2)

i 1
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Here, the first term represents the kinetic energy Tˆ of the Ne electrons with
coordinates ri and the second term the Coulomb repulsion Uˆ between them. The
last term expresses the Coulomb interaction with the external nuclear charges and is
the only operator that depends on the system considered (i.e., non-universal):
Ne
Ne N
Z j e2
Vˆext   vext ( ri )   
i 1
i 1 j 1 ri  R j

(2.1.3)

with Zje and Rj the charge and positions of the N nuclei. In the above description we
omitted the Coulomb repulsion term between the nuclei for convenience, which just
adds up as a constant in the electronic problem. However, solving the eigenvalue
problem for the electronic Hamiltonian (2.1.2) is still too complicated in most cases,
since the many electron wavefunction (r1,1; r2, 2;… rNe, Ne) contains 3Ne
spatial degrees of freedom and a typical system (such as a solid) easily consists of
Ne = 1023 electrons. At this point different approximations can be made to further
simplify the many-body problem, which define the whole range of ab-initio
approaches developed in the past decades. In most of the schemes the electronic
wavefunction is expanded in finite basis sets, e.g. Slater determinants of single
electron wavefunctions (Hartree-Fock), Gaussian functions or plane wave basis sets.
The following sections will give the necessary background to the first principles
approach used throughout this thesis, that is density functional theory (DFT). First,
the basic formulation of DFT is reviewed in Sections 2.1.1, 2.1.2 and 2.1.3.
Subsequently, the focus will be on the specific problem of calculating the formation
energies of charged defects in crystals (Part II), by summarizing the computational
approach (Section 2.1.4) and considering the treatment of charged defects in
periodic crystals (Section 2.1.5).

2.1.1. Density Functional Theory (DFT)
The fundamental concept behind DFT is to promote the ground state electron
density 0(r) from just one of the observables to the status of key variable. The basis
of this approach is given by the Hohenberg-Kohn (HK) theorems[10]. The first
theorem states that for a stationary quantum mechanical system the ground state 0
is a unique functional of the corresponding density 0(r),
Ψ0 (r , σ ; r2 , σ 2 ; rN , σ Ne )  Ψ[ ρ0 (r )]

(2.1.4)

As a consequence, the ground-state expectation value of any observable is a
functional of 0(r), too. In particular this applies to the ground state energy E0 for a
given external potential vext(r), which follows from the expectation value of the
Hameltonian (2.1.2),
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E0 [ ρ0 ]  Ψ[ ρ0 ] Tˆ  Uˆ Ψ[ ρ0 ]   d 3 r vext (r ) ρ0 (r )  FHK [ ρ0 ]  Vext [ ρ0 ]

(2.1.5)

Here FHK [0] is the Hohenberg-Kohn functional defined by the sum of the kinetic
and electron-electron interaction terms T [0] + U [0]. The functional FHK [0] is
universal, i.e. independent of the system which is specified by vext(r). The third term
for the external potential has been explicitly elaborated,
Ne


i 1

Ne

Ψ0 vext (ri ) Ψ0   d 3 r vext (r ) Ψ0 δ (r  ri ) Ψ0   d 3 r vext (r ) ρ0 (r )

(2.1.6)

i 1

where it is used that

ρ0 (r )  N e  d 3 r2  d 3 rNe dσ 2  dσ Ne Ψ0 (r , σ ; r2 , σ 2 ; rN e , σ Ne )

2

(2.1.7)

The energy functional given in (2.1.5) is subject to the variational principle. For the
ground state density 0 in a potential Vˆext and  some other density, it can be
proven that:
E0 [ ρ0 ]  E0 [ ρ]

(2.1.8)

This is known as the second HK theorem[9, 10]: the true ground state energy is the
global minimum of the energy functional, and the density 0(r) that minimizes the
energy functional is the exact ground state density. Note that in order to obtain the
total energy of the system, also the ionic contribution Eion({Rj,Zj}) containing the
Coulomb repulsion between the ions must be added to the energy expression (2.1.5).
The density functional theory, as formulated by (2.1.4), (2.1.5) and (2.1.8), elegantly
transforms the problem of finding the ground state electronic wavefunction with N
vectorial variables to the minimization of an energy functional which depends on a
function with just one vectorial variable r. DFT can therefore be considered as a
recognition that for evaluation of observables such as the ground state energy most
of the degrees of freedom integrate out, and only partial knowledge of the full
electronic wavefunction is needed. The above framework is a compact summary of
more elaborated reviews on DFT recently published.[9, 11] In principle, this HK
formulation provides an exact solution of the many electron problem (2.1.2): one
just needs to minimize the energy functional (2.1.5) for a given system specified by
vext(r) and the number of electrons Ne. Then 0(r) and E0[0] give the ground state
density and energy, respectively. In addition it is possible to determine ground-state
lattice constants, unit cell volumes, molecular geometries etc. by searching for the
overall minimum for different vaext(r), where a represents e.g. a lattice constant or
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the distance between two atoms. However, the minimization of the energy functional
is not a straightforward computational task, and, more importantly, reasonable
approximations of the functional FHK are needed.

2.1.2. Kohn-Sham equations
One widely applied approach for approximating the functional, developed by Kohn
and Sham,[12] is to expand the functional FHK in one-electron wavefunctions. As a
consequence DFT then transforms to a single particle formalism, in which each
electron moves in an average potential that gathers all the many-body interactions.
For a system with Ne non-interacting electrons the kinetic energy functional can be
expressed in the electron orbitals i(r) by
2
2me

Ts [ ρ]  

Ne

  d 3 r ψi* (r ) 2ψi (r )

(2.1.9)

i 1

where the subscript s stands for the single electron approximation and the functional
dependence on  is hidden in the orbitals, that should reproduce this density of the
original many-electron system,
Ne

ρ ( r )   ψi ( r )

2

(2.1.10)

i 1

In addition it is assumed that the electron-electron interaction functional U[n]
contains a significant contribution from the classical Coulomb interaction, the
resulting Hartree term being expressed in the density (2.1.10) by
U H [ ρ] 

e2
ρ( r ) ρ( r  )
d 3 r  d 3 r

2
r  r

(2.1.11)

The exact energy functional (2.1.5) now can be rewritten in Ts and UH by
E[ ρ]  Ts [{ψi [ ρ]}]  U H [ ρ]  Exc [ ρ]  Vext [ ρ]

(2.1.12)

where by definition Exc[] = (T[]-Ts[]) + (U[]-UH[]). Thus the so-called
exchange-correlation energy Exc is just simply the sum of the error made in using a
non-interacting kinetic energy and treating the electron-electron interaction
classically. It can be decomposed in an exchange part Ex due to the Pauli principle
and a part Ec due to correlations. The exchange term Ex describes the energy
lowering due to anti-symmetrization (i.e., the tendency of like-spin electrons to
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avoid each other) and just resembles the exchange part in common Hartree-Fock
theory.[9] The correlation energy Ec accounts for the energy lowering arising because
electrons with opposite spins also avoid each other. In addition, it should be noted
that Ec also contains the error made in the kinetic term, in contrast to the correlation
energy defined in other frameworks such as Hartree-Fock theory.[9]
By using the variational condition dE/di = 0 on equation (2.1.12), it can be shown
that the electron orbitals introduced in (2.1.9) obey the Schrödinger equation of a
non-interacting auxiliary system
 2 2

  vs (r )  ψi (r )  εi ψi (r )

2
m
e



(2.1.13)

once the single-electron potential s(r) is chosen to be
vs (r )  vH (r )  vxc (r )  vext (r )

(2.1.14)

with the potential vH(r) the functional derivative of the Hartree energy functional,
vH ( r ) 

δEH [ ρ]
ρ(r )
 e2  d 3 r 
δρ
r  r

(2.1.15)

and the exchange-correlation potential vxc(r) given by
vxc ( r ) 

δE xc [ ρ ]
δρ

(2.1.16)

Equations (2.1.14), (2.1.13) and (2.1.10) are known as the Kohn-Sham (KS)
equations.[12] They replace the problem of minimizing the energy functional (2.1.5)
of a system of N interacting electrons in a given external field vext(r) by that of
solving the Schrödinger equation for N non-interacting electrons moving in an
average field s. The KS equations should obviously be solved self-consistently.
Usually a trial density  is taken as a start, then the corresponding Hartree and
exchange-correlation potentials can be calculated and yield s, subsequently the
orbitals i(r) are found by solving (2.1.14) and finally the density for the new cycle
can be found from (2.1.10). This loop can be repeated until a certain convergence
criterion is reached. The ground state energy E0 of the many-electron system is then
found by inserting the converged density 0 into equation (2.1.13).
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2.1.3. Exchange-correlation potentials
Successful application of DFT relies on finding suitable approximations for the
exchange correlation functional Exc defined in (2.1.12). The historically first and
simplest approach is to assume that the exchange-correlation energy can locally (at
position r) be replaced by the expression for an homogeneous electron gas. This is
the local density approximation (LDA), which can be formally written as
hom
E xcLDA [ ρ]   d 3 r ρ(r )  ε xc
( ρ)

ρ ρ(r )

   d 3r ρ(r ) ε xchom ( ρ(r ))

(2.1.17)

where xc() is the local exchange-correlation energy per electron of a uniform
electron gas of density . The exchange energy of a homogeneous electron gas is
exactly known, but for the correlational part no exact expressions exist.[9] However,
by using data from Quantum Monte-Carlo calculations, the correlation energy for a
homogeneous electron gas can be parameterized to a very high accuracy.[13-15] The
LDA approximation has turned out to give surprisingly good results for many
cases[16], especially for systems where the length scale over which the density (r)
varies is large. Nevertheless, due to its overbinding effects, e.g. too small
equilibrium volumes, band-gaps and an overestimation of the binding energy, LDA
is now considered to be not accurate enough in most of the cases.[9, 17]
The logical next step to go beyond the LDA approximation is to include the rate of
variation of the density, by taking into account the gradient terms of (r). This
concept has finally led to the generalized gradient approximation (GGA), which is
nowadays widely applied and also the approach used in the present work (see
Chapters 6 & 9). Within the semi-local GGA framework, the exchange-correlation
functional is expressed in terms of the density (r) and its gradient “(r),
GGA
E xc
[ ρ]   d 3 r f ( ρ(r ), ρ(r ))

(2.1.18)

Various GGA approaches have been developed over the past decades, differing in
their explicit choice of the function f (,“). A commonly used GGA in physics is
the PBE functional of Perdew, Burke and Ernzerhof.[18, 19] In chemistry, the BLYP (
Becke’s exchange functional[20] and the correlation term of Lee, Yang and Parr[21])
and PW91 (developed by Perdew and Wang[15]) GGAs are often used. Quite
generally, current GGAs can be considered as a major improvement compared to the
LDA functionals and provide reliable results for almost all chemical bonds.[9, 22]
However, more accurate functionals, such as meta-GGAs, hybrid functionals and
specialized corrections for a proper description of Van der Waals forces, are in
development to improve the quality of the simulations and to widen applicability of
DFT.[11, 17, 19, 23]
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2.1.4. Periodic systems with VASP
To obtain a manageable form of the DFT framework described in the previous
sections, a couple of extra choices need to be made, especially considering the basis
set in which the electron wavefunctions should be expressed. In this thesis (Part II)
we have used the Vienna Ab-Initio Simulation Package (VASP)[24, 25] for studying
the solid phases (Chapter 9). The VASP implementation of DFT is based on a plane
wave description and the use of pseudo-wavefunctions and -potentials. Both issues
will be shortly discussed here.
For the simulation of solid crystalline phases it is natural to make use of translational
symmetry. In such periodic systems the potential is invariant under translations
along the lattice vectors:
vs ( r  R )  vs ( r )

(2.1.19)

where R is a translation vector, i.e. one of the lattice parameters of the unit cell.
The direct consequence of translational invariance is that the one-electron
wavefunctions obey Bloch’s theorem,
ψ nk ( r  R )  ψ nk ( r )eikR

(2.1.20)

with k the wave vector of the first Brillouin zone and the index n corresponding to
the one-electron bands. The evaluation of quantities such as the density ρ(r) now
requires the integration over the first Brillouin zone (BZ),
ρ(r ) 

1
Ω BZ

Ne

  dk ψnk (r )

2

(2.1.21)

n 1 BZ

Usually such integration is approximated by a weighted sum over discrete points in
the k-space. In VASP, equally spaced Monkhorst-Pack meshes can be constructed
for this discretization of the reciprocal space.[26]
The plane waves introduced in equation (2.1.20) are very efficient for periodic
systems, in particular in describing the free electron like band structure of the
valence electrons in solids. However, they are generally inefficient for the more
localized states, i.e. the core electrons of the nuclei. The number of plane waves
needed to describe tightly bound states and the rapid oscillations of the wave
function near the nucleus exceeds any practical limit. A common solution for these
practical problems is to combine a ‘frozen core’ approximation for the tightly bound
electrons with a pseudo-wavefunction description.[27] This approach can be
summarized by three main aspects. First, the core electrons are pre-calculated in
their atomic environment and kept frozen during the simulation of the crystal phase.

11

Second, pseudo-wavefunctions are constructed which are identical to the all-electron
wavefunctions outside the regions of the nuclei (defined by a cut-off radius), but
nodeless inside. Third, the strong electron-ion potential is replaced by a weak
pseudo-potential which has the same scattering properties as the all-electron
potential beyond the cut-off radius. VASP has implemented this pseudopotential
concept by means of the projector augmented wave (PAW) method,[27, 28] which is
summarized in Figure 2.1.

Figure 2.1. Illustration of the projector augmented wave method used in VASP.

2.1.5. Charged defects in crystals
A succesfull approach for calculating the formation energy of defects in crystals is to
consider a periodic system of defects.[29-31] In such a “supercell” approach, a basic
repeating unit is constructed containing the crystal ions and a small number of
defects (usually one since this is the most accurate). To find the equilibrium state of
the system, the positions of the ions are iteratively relaxed until the force on every
ion is zero. The difference between the resulting minimum energy for the defective
system and the corresponding quantity for the perfect lattice then gives the
formation energy. For charged defects, however, the repeating unit carries a net
charge, so that the Coulomb energy is divergent. To overcome this problem an
additional homogeneous background charge is usually included to the system, that
compensates for the net charge of the supercell induced by the addition/removal of
valence electrons. This is also the approach implemented in VASP. Consider for
instance a TiO2 anatase crystal where one hydrogen is inserted per 72 Ti atoms
(Chapter 9). The supercell structure of 72TiO2 units and one hydrogen atom consists
of 1585 valence electrons. Leaving one valence electron out (N =1584, see
Appendix 2.6.1 for the corresponding VASP code) results in a charged defect
system where instead of the hydrogen atom, only a proton is inserted together with a
charge-compensating homogeneous background. Nonetheless, the supercell
approach including the charge compensating background still suffers from one main
drawback: the spurious electrostatic interaction between the defect, its periodic
images and the compensating background.[29, 30, 32-35] The magnitude of this

12

contribution to the total energy scales as N−1/3, with N being the number of atoms in
the supercell. This scaling is practically not sufficient to render the spurious term
negligible by increasing the supercell size.[30] However, if the repeating unit is large,
the electrostatic interaction can be approximated as the Coulomb energy of a
periodic array of point charges q with a neutralizing background immersed in a
structureless dielectric, whose dielectric constant is equal to that of the perfect
crystal. Then the first order correction term for this interaction is given by[32]

Edipcorr 

e2 q 2 α
2 Dε

(2.1.22)

where ε is the dielectric constant of the perfect crystal, D the linear dimension of the
cell and  the Madelung constant. It is usually sufficient to correct the calculated
energies with the Makov-Payne term (2.1.22) and ignore higher-order terms, since
the quadrupole correction already scales as 1/D3.

2.2 Classical Molecular Dynamics
Despite the success in calculating stationary properties, ab-initio quantum
mechanical approaches like DFT (Section 2.1) are (currently) not very practical for
studying dynamics of large atomic and molecular systems. In particular this applies
to the discotic liquid crystals discussed in Part I, where the motion of more than
1000 atoms must be evaluated during several picoseconds. The basic problem is that
ab-inito methods are computationally too expensive, since the forces on the nuclei
during time evolution are calculated “on the fly” from the electronic structure. That
is, for every nuclear configuration the many electron problem given by equation
(2.1.1) and (2.1.2) must be solved.
However, classical force-fields have proven to provide a successful alternative for
describing the dynamics of large molecular systems.[36, 37] The success of this “ball
and spring” approach is not because the systems considered behave classically, but
because force-fields are adjusted to reproduce relevant observables and therefore
include many quantum effects empirically, in a mean-field manner. A full derivation
of molecular dynamics in the classical limit can be found elsewhere.[38-41] Here a
compact sketch of this derivation will be given. Starting point is the non-relativistic
time-dependent Schrödinger equation for the many-body system,
i

δΦ
 Hˆ Φ
δt

(2.2.1)
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with  the many body wavefunction containing both the nuclear and electronic
degrees of freedom. The total Hamiltonian of the system is given by the kinetic
energy of the N nuclei with mass Mj and positions Rj, and the electronic Hamiltonian
introduced in equation (2.1.2), the latter including the Coulomb repulsion term
between the nuclei,
N
2
Hˆ  
 2R j  Hˆ e
j 1 2 M j

(2.2.2)

In the same spirit as in Section 2.1, that is using that the nuclei are about 103 times
heavier than the electrons and move on slower timescales, the nuclear and electronic
degrees of freedom can be decomposed by the ansatz,
Φ  Ψ Χ

(2.2.3)

apart from a phase factor.[40] Here  and  represent the time-dependent electronic
and nuclear wavefunction, respectively. From ansatz (2.2.3) it follows[38, 40] that the
nuclear wavefunction ({Rj},t) obeys the equation
i

N
δΧ
2
 
 2R j Χ  Ψ Hˆ e ({ R j }) Ψ Χ
δt
2
M
j
j 1

(2.2.4)

The next step towards classical molecular dynamics is to treat the nuclei as classical
point particles. In the classical limit ħ  0, equation (2.2.4) for the motion of the
heavy nuclei transforms into Newton’s law,[40]

Mj

d 2 Rj
  j V ({R j  })
dt 2

(2.2.5)

but with the potential V equal to the mean field due to the electrons:

V ({R j })  Ψ Hˆ e ({R j }) Ψ

(2.2.6)

Now the nuclei move according to classical mechanics in an time dependent
effective potential which is the quantum mechanical expectation value over the
electronic degrees of freedom. The electronic Hameltonian depends only
parametrically on the nuclear positions Rj(t), and the expectation value can be
calculated while keeping the nuclear positions fixed at their instantaneous values.
However, the total electronic wavefunction in equation (2.2.6) is time-dependent. A
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further simplification can be invoked by restricting  to be the ground state wave
function 0 of He at each instant of time. This is a good approximation if the energy
difference between 0 and the first excited state is always large compared to the
thermal energy kBT. In this limit the nuclei move according to equation (2.2.5) on a
single potential energy surface,

V ({R j (t )})  Ψ0 Hˆ e ({R j (t )}) Ψ0  E0 ({R j (t )})

(2.2.7)

The potential energy surface E0 can be computed by solving the time-independent
Schrödinger equation for the electrons, for instance by the DFT approach given in
equation (2.1.12). The consequence of equation (2.2.7) is that, prior to the classical
nuclear dynamics according to equation (2.2.5), E0 can be calculated for many
nuclear configurations to yield a global potential energy surface from which the
gradients can be obtained analytically. However, in practice such an approach
becomes computationally too demanding once the number of nuclei increases. A
solution to this problem is to approximate the global potential energy surface in
terms of a truncated expansion of many-body contributions,
N

V ({R j })   v1 (R j ) 
j 1

N

N

j  j

j  j   j 

 v2 (R j , R j )  

v3 (R j , R j  , R j  )  

(2.2.8)

The quantum mechanical problem (2.2.1) has now been reduced, via a mixed
quantum/classical description by (2.2.5) and (2.2.6), to purely classical mechanics
with the interaction potentials vn in (2.2.8) replacing the expectation value over the
electronic degrees of freedom. The nuclei move on a single potential energy surface
which is, by equation (2.2.8), now approximated in terms of a classical force-field.
Note that the drastic approximations to arrive at equations (2.2.5) and (2.2.8) restrict
the types of systems and physics that can be simulated with classical molecular
dynamics. Chemical transformations are, for instance, excluded by the truncated
expansion (2.2.8).
The accuracy of a force-field approach depends on the number of expansion terms vn
and the way of generating the force constants, and their suitability to a particular
molecular or atomic system. Many types of force-fields have been developed and
successfully applied over the past decades.[37, 42-44] In the next paragraph the
COMPASS force field used throughout this thesis will be summarized. Practical
notes about molecular dynamics (MD) simulations and analyzing trajectories can be
found in paragraph 2.2.2
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2.2.1. The COMPASS force field
The COMPASS module used throughout this thesis is based on the polymer
consistent force-field (PCFF), but optimized for the atomistic simulation of
condensed phases. COMPASS belongs to the class of second-generation force
fields, which generally achieve higher accuracy by including cross terms in the
energy expression to account for such factors as bond, angle or torsion distortions
caused by nearby atoms.[45] That is, the expansion of the potential energy surface
(2.2.8) is truncated after the three-body contribution. The analytical form of the
potential energy surface is given by,
Etot  Ebond  Eangle  Etorsion  Eout  of  plane  Ecross  Enon bond

(2.2.9)

with Ebond, Eangle, Etorsion, Eout-of-plane and Ecross the valence terms describing the
bonding of the atoms, and Enon-bond the non-bonding interactions. Ebond expresses the
sum of energies for stretching the bonds between the different atoms, and is written
as a Taylor expansion up to the quartic term around the equilibrium bond length b0,
4

Ebond  



K n (b  b0 )n

(2.2.10)

n  2 bonds

Note that the force constant Kn is dependent on the involved nuclei. The other
valence terms are expanded in a similar way around the equilibrium values. The
energy sum Eangle for bending the angle  between three bonded atoms is given by,
Eangle 

4

 

H n ( θ  θ0 ) n

(2.2.11)

n  2 angles

Etorsion gives the torsion energy for rotation with angle  around a bond B-C in the
bonded four-atom sequence A-B-C-D,
3

Etorsion   Vn (1  cos( n φ))

(2.2.12)

n 1 φ

The out-of-plane term, with the corresponding angle , describes the tendency of
linked atoms to stay in the same plane,
Eout  of  plane   k2 χ 2
χ
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(2.2.13)

All two-body and three-body terms are incorporated in Ecross. These are the crosscoupling terms between the internal coordinates b,  and . The explicit form of
these terms for the COMPASS force-field can be found elsewhere.[42]
Finally, Enon-bond covers the non-bonding interactions between pairs of atoms, and
includes the electrostatic interaction Eel and the Van de Waals or Lennard-Jones (LJ)
term ELJ. These interactions are most relevant for a proper description of condensed
phases. For instance, in case of stacked aromatic aggregates (Part I) the π−π
interaction between the aromatic rings is the dominant interaction. The main term in
this interaction is the London dispersion energy[23, 46-50] and force fields are capable
of reliably describing π−π interactions via the Lennard-Jones function. In the present
case a so-called LJ-9-6 function[51-53] is used for the Van de Waals term,

ELJ

  r0
ij
  εij  2 


r
ij
ij
 

9
6

 rij0  
  3   

 rij  

(2.2.14)

where rij0 is the equilibrium distance between two atoms and ij the depth of the well
at rij0. The LJ-9-6 is much ‘softer’ in the repulsion regime than the common LJ-12-6
function, and leads to better results in particular for hydrocarbons.
The electrostatic part Eel of the non-bonded interactions is due to the internal
distribution of the electrons, creating positive and negative regions in the molecules.
In first approximation, this can be modeled by assigning partial charges to each
atom. Alternatively, a dipole moment can be assigned to each bond. The interaction
between point charges is given by Coulomb’s law
qi q j
i  j ε0 rij

Eel  

(2.2.15)

With 0 the dielectric permittivity in vacuum. The atomic partial charges qi are
determined by the sum over all bond increments ij, which represent the charge
separation between two valence-bonded atoms i and j.[42, 54] In condensed-phase
simulations of liquids and crystals, the non-bond interactions are usually truncated at
a selected cutoff value (typically around 10 Å). COMPASS corrects for this
truncation by including a long-range interaction term which accounts for the total
contribution of non-bond interactions beyond the cutoff.[42, 54]
Crucial for the reliability of a force-field is its parameterization, i.e. determination of
the equilibrium values (rij0 b0,0,…) and force constants (Kn, Hn, Vn, k2, ij, ij, …).
These constants can be parameterized by fitting the force field to an appropriate set
of ab-initio calculations (giving E0, dE0/dr etc.) for the class of materials of interest,
as reflected by the equations (2.2.7) and (2.2.8). However, the most important
interaction terms in the condensed-phase simulations, the non-bond forces and
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especially the long-range London dispersion energy, are extremely difficult to
describe accurately using ab initio methods. This problem can be overcome by using
a ‘hybrid’ approach to optimize the force-field for the atomistic simulation of
condensed phases at finite temperatures. COMPASS is based on such a hybrid
procedure, consisting of both ab initio and empirical methods to fit the force-field
constants. The procedure consists of two separated phases: ab-initio parametrization
and empirical optimization. In the first phase, only ab initio data calculated for
selected molecules are used to derive the charge and valence parameters while the
van der Waals parameters are fixed at best-estimated initial values. In the second
phase, empirical data are used to optimize the valence parameters and to derive the
vdW parameters. Experimental data of the molecules in both gaseous and condensed
phases are used in the second phase. The force-field parameters as well as a
thorough validation of COMPASS for poly ethylene oxide, alkene and benzene
compounds can be found in literature.[45, 55]

2.2.2. MD simulations and trajectory analysis
Direct integration of Newton's equations of motion (2.2.5) allows to explore the
constant-energy surface of a system over time, resulting in the micro-canonical or
NVE ensemble with a constant particle number, volume and energy. In other words,
the NVE trajectory can be seen as a continuous exchange of potential and kinetic
energy, without any control on the temperature and pressure. Obviously, this does
not correspond to most natural phenomena where systems are exposed to external
pressure and/or exchange heat with the environment. Under these conditions, the
total energy of the system is no longer conserved and extended forms of molecular
dynamics are required.
Several methods are available for controlling temperature and pressure during
simulation, generating different statistical ensembles depending on which state
variables (energy, enthalpy, number of particles, pressure, temperature, volume) are
kept fixed.[36, 54] Of these, the constant-temperature, constant-pressure (NPT)
ensemble corresponds most closely to laboratory conditions with the sample
exposed to ambient temperature and pressure. Temperature and pressure are
controlled by using appropriate thermostats and barostats. The temperature is related
to the kinetic energy of the system through the equipartition principle, stating that
every degree of freedom in a system has an average energy of kBT associated with it.
For a periodic system this results in,
N
3N  3
1
k BT   M j v 2j
2
j 1 2

(2.2.16)

Strictly speaking, equation (2.2.16) defines the instantaneous temperature, since the
actual temperature is a thermodynamic quantity related to the equilibrium, i.e. the
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thermal average over kinetic energy terms. However, it is convenient to use the
instantaneous value to control the temperature by rescaling the atomic velocities. A
very crude method is to use equation (2.1.16) directly for rescaling the velocities to a
target temperature during simulation,
1

vnew = vold

 Ttarget  2
 T 



(2.2.16)

A more sophisticated method developed by Berendsen[56] is to couple the system to
an external heat bath, by multiplying each velocity with a factor λ between the
consecutive time steps Δt of the trajectory,
 Δt  T - Ttarget
λ = 1 - 
T
 τ 

1

 2



(2.2.16)

where τ is a characteristic relaxation time, controlling the rate of exchange of
thermal energy between the system and the heat bath. In a similar way, Berendsen’s
method couples the pressure of the system to an external pressure bath to maintain
the system at a target pressure.[56] To a good approximation, this treatment gives a
constant-temperature, constant-pressure ensemble that can be controlled both by
adjusting the target values and by changing the relaxation times τ for the pressure
and temperature (generally between 0.1 and 1 ps). It should however be noted that
this robust approach generally generates a too narrow distribution in thermal
energies, i.e. it does not reproduce the correct canonical ensemble.
Concerning the generation of trajectories, it is finally noted that the quality of a MD
simulation strongly depends on the initial structure and velocities, the latter
satisfying a Maxwell-Boltzmann distribution at the target temperature. Reliable
trajectories can be obtained by a proper pre-relaxation of the system, summarized by
the following sequence,
1.
2.
3.

Geometry optimization (unit cell + atom positions w.r.t. energy at 0 K)
Pre-relaxation at ambient temperature with MD
Final MD run

where all steps are performed with the same-force field settings.
The atomic trajectories generated with MD simulations provide vital information
about the structural and dynamical properties of the system under investigation, such
as average lattice parameters, density, temperature factors, atomic/molecular
positions, and the various vibrational processes. This information can be used for a
direct analysis of experimental data, in particular for neutron scattering (diffraction
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patterns, spectral profiles) as will be shown in the next section. In the Materials
Studio suite used throughout this thesis, the trajectory analysis has been performed
with the Perl Script language.

2.3 Neutron scattering
Neutrons have become increasingly important for probing the physical and chemical
properties of condensed matter.[57-61] Unlike e.g. electromagnetic waves, neutrons
only interact with the atomic nuclei via nuclear forces and with magnetic moments
of unpaired electrons. This allows them generally to penetrate deeply in the sample,
and therefore to probe the bulk properties of materials. The wavelength range of
thermal neutrons (0.1-1 nm) is on a similar length-scale as the interatomic distances
in condensed matter, while the energy range (1-100 meV) is of the same order as
many dynamical processes in condensed matter. These physical properties make
neutron scattering a powerful tool for studying the structure and dynamics of solids,
and even liquids[59]. In particular this applies for the materials studied in this thesis.
Even stronger, neutron scattering is one of most crucial techniques to probe the
dynamic morphology of discotic liquid crystals (DLCs, Part I) and the fraction of
hydrogen and lithium defects in nanocomposite solid electrolytes (Part II), due to a
couple of additional aspects relating to the above mentioned properties of neutrons.
First, the strength of the interaction with the nuclei varies randomly through the
periodic system, in contrast to the direct proportionality of the X-ray interaction with
the electron density. Isotopes of one element can even have totally different coherent
and incoherent scattering cross sections for neutrons. In particular this applies to
hydrogen, for which the coherent and incoherent neutron scattering cross sections
change drastically upon deuteration, see Table 2.1 For these reasons, neutrons are
favored over X-rays for detecting atoms with low electron-densities such as
hydrogen and lithium. Another consequence of the nuclear interaction is that the
atomic positions in an ionic system are much more directly and reliably measured
with neutrons. Unlike e.g. X-rays, neutrons do not encounter difficult scattering
cross sections due to the redistribution of the electronic charge density for nuclei
with a net charge. This is of particular interest for the space charge composites
studied in Part II.
Second, the different interaction of neutrons with isotopes opens the possibility of
highlighting parts of a molecule or crystal by isotope substitution. For example,
labeling specific parts of a protonated molecule with deuterium enhances (decreases)
the elastic (inelastic) scattering from that region. This technique of isotope
substitution will turn out to be of significant importance for the study of DLCs.
Third, neutrons follow both the temporal and spatial characteristics of atomic motion
via a well-characterized interaction with the atomic nuclei. Consequently, it is fairly
straightforward to calculate the expected spectral profiles by using the atomic
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trajectories from MD simulations, which can be generated with e.g. classical force
fields as discussed in Section 2.2. Therefore it is possible to compare a physical
model of a dynamic system directly with measured neutron scattering spectra,
enabling the assignment and fundamental understanding of the vibrations and
thermal motions occurring on different timescales. Moreover, the combination of
wavelength and energy range of neutrons makes it possible to access particular
timescales and dynamic processes, that are not easily to detect with other techniques.
For example, the thermal motions of DLCs occurring on the picosecond timescale
will be identified in part I by combining quasielastic neutron scattering (QENS) with
classical MD simulations.
The theoretical and experimental background for structural (neutron diffraction) and
dynamical (QENS) application of neutron scattering is given in paragraphs 2.3.2 and
2.3.3. First, the general framework of neutron scattering is summarized.

2.3.1. General definitions
Consider a strongly collimated and mono-energetic incident beam of neutrons with a
wave vector k0, a wavelength λ0 = 2π/|k0| and energy E0 falling on a sample, see
Figure 2.2. In a general scattering experiment one measures the intensity of scattered
neutrons as a function of the energy E1 and the direction ǩ1= k1/k1. The number of
neutrons I/dE1dΩ scattered per second within the solid angle dΩ and with an energy
between E1 and E1+dE1 is proportional to the incident flux  (E0) of neutrons, that is
the number of neutrons per m2 and per second in the incident beam. The
proportionality constant is known as the double differential cross section,
d 2
I

d dE  ( E0 ) dE1d 

(2.3.1)

During the scattering process, the energy and momentum of the neutron changes due
to interaction with the sample. The momentum transfer of the neutron is defined by
the scattering vector Q,
Q   (k0  k1 )

(2.3.2)

and the transferred energy is equal to,
  E0  E1 

2
( k02  k12 )
2mn

(2.3.3)

where ħ is Planck’s constant divided by 2 and mn the mass of the neutron.
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In the case of elastic scattering, there is no need to distinguish between the different
neutron energies, and by integrating equation (2.3.1) over the energy the (single)
differential cross section is obtained,

d
d 2
I
 (
) dE1 
0
 ( E0 ) d 
d
d dE1

(2.3.4)

Similarly, by integrating over the solid angle, the total cross section, that is the total
fraction of neutrons that is scattered by the sample, is defined by

  (

d
)d 
d

(2.3.5)

It depends on the type of experiment whether equation (2.3.1), (2.3.4) or the total
cross section (2.3.5) describes the relevant process that is observed. Obviously,
d/dΩ is relevant for structural experiments where no difference is made between
the energies of the scattered neutrons, while the double differential cross section
(2.3.1) also describes the excitations, and can be used for inelastic or quasi-elastic
experiments to analyze the dynamics in the sample. The differential cross sections
are the main observables for both nuclear scattering and magnetic scattering, and
provide an analytical framework to analyze the experiments.

Figure 2.2. Illustration of neutron scattering geometry.
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2.2.2. Nuclear scattering theory
The next step is to obtain analytical expressions for (2.3.4) in the case of elastic
nuclear scattering and subsequently (2.3.1) for inelastic nuclear scattering. Here the
main framework will be summarized; a detailed theoretical treatment can be found
in several standard works.[62-64] During the nuclear scattering process, the neutron
experiences a potential V due to the interaction with the nuclei in the sample, which
generally depends on the position r and time t. First order perturbation theory states
that the transition probability per unit of time for transitions from the initial state | i 
of the system (neutron + sample) towards final state | f  is given by Fermi’s golden
rule[65],
Wi  f 

2


f V i

2

 k1 ( E1 )

(2.3.6)

where k1 (E1) is the density of final states of the neutron within dΩ and energies
between E1 and E1+dE1. The differential cross section (2.3.4) can be rewritten for
transition if as,
Wi  f
 d 



 d  i  f  ( E0 ) d 

(2.3.7)

First consider the case of elastic scattering, with E0=E1 so that the nuclear positions
Ri can be considered to be approximately fixed during the scattering event. Since the
wavelength of the incident neutron is usually much larger than the characteristic
radius of the individual nuclei, the interaction potential V can be approximated by,
V (r ) 

2  2
m

 bn (r  Rn )

(2.3.8)

n

where bi is a complex constant which is known as the neutron scattering length: it is
a measure of the interaction strength of neutrons with a specific atomic element. By
substitution of this time-independent potential into (2.3.7) and summation over the
final and probability-weighted initial states, it can be derived that the total
differential cross is given by,
d

d

 bcoh, n e
n

2
iQ  Rn



 b2

inc , n

n

 d 
 d 
 
  

 d  coh
 d  inc

(2.3.9)
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Here it is taken into account that for each element there is a random distribution in
isotopes and nuclear spins. As illustrated in Figure 2.3, the scattering length bn is
decomposed into a term due to the average scattering <bn> for atom n, and the
incoherent contribution from the fluctuations,
2
2
2
bcoh, n   bn  , binc
, n  | bn |   | bn |

(2.3.10)

The coherent elastic differential cross section in (2.3.9) is thus due to interference
between the scattering nuclei, where the contribution of each nucleus is determined
by its average scattering length bcoh. The incoherent term describes the variations
from the average scattering length due to the random distribution of isotopes and
spin orientations of the nuclei, and is independent of Q. It thus adds as a
homogeneous background in a neutron diffraction experiment.

Figure 2.3. Decomposition of the scattering length in an average and fluctuation term.

Table 2.1 gives the neutron scattering lengths bcoh and binc for some elements which
are relevant in this thesis. Their values reflect the practical importance of neutron
scattering for the structural study of materials with light elements. For instance,
lithium has a coherent scattering length that is not that far from titanium, while the
X-ray form factor of Li is almost an order of magnitude smaller than that of Ti.
Table 2.1. Coherent and incoherent neutron scattering lengths in fm (10-15 m).
Element
bcoh

H
-3.74

D
6.67

7

Li
-2.22

C (12C)
6.65

O (16O)
5.80

Ti (av.)
-3.44

binc

25.27

4.04

-2.49

0

0

-

Taken from: Neutron News, Vol. 3, No. 3, 1992, pp.29-37

Now consider the case of inelastic scattering, where energy is exchanged with the
sample, i.e. the nuclear positions Rn(t) are not fixed during the scattering process and
consequently the potential V in (2.3.8) is time dependent. So instead of (2.3.7) an
expression for the double differential cross section is needed. Again applying
Fermi’s golden rule (2.3.6) and writing the energy conservation law (2.3.3) as a δfunction, δ(ħω − E0 + E1), equation (2.3.1) can be rewritten as,
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k 1
d 2
 1
d dE1 k0 

 Scoh (Q ,  )  Sinc (Q ,  ) 

(2.3.11)

Here Scoh and Sinc are the coherent and incoherent parts of the so called dynamical
scattering function. Similar to the case of elastic scattering, the dynamic scattering
function is thus split into a coherent contribution due to the cross-correlation
between different atoms , and an incoherent term describing the time dependent
fluctuations of the individual nuclei (see Figure 2.4). Coherent inelastic scattering
describes the collective behaviour of the nuclear dynamics (phonons), while the
incoherent part is related to uncorrelated diffusive motion, i.e. the motion of the
single nuclei.

Figure 2.4. Interference of neutron waves scattered from (a) different atoms at the same time
(coherent elastic scattering), (b) different atoms at different times (coherent inelastic
scattering) and (c) from the same atom at different times (incoherent inelastic scattering).

The dynamical scattering functions are usually expressed as
1
2
1
Sinc (Q ,  ) 
2
Scoh (Q ,  ) 

e
e

i t

i t

I coh (Q , t ) dt

(2.3.12)

I inc (Q , t ) dt

(2.3.13)

where the Fourier transform I (Q,t) of the scattering function S (Q,) is known as the
intermediate scattering function in Q and time space. For a sample containing
different elements and thus different scattering lengths, they are given by
I coh (Q, t ) 



bcoh, n bcoh, m

eiQ Rn (t ) e iQ Rm (0)

(2.3.14)

n, m

2
Iinc (Q, t )   binc
,n

eiQ Rn (t ) e iQ Rn (0)

(2.3.15)

n
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The closure < > denotes the quantum statistical average over a thermodynamic
ensemble, and Rn is strictly the position operator for atom n. The intermediate
scattering functions, on their turn, can be related to coherent and incoherent (self-)
correlation functions, G(r,t) and Gs(r,t). This is in particular useful if there is one
dominant dynamic scattering element, like hydrogen containing samples (see Table
2.1). In such a case, the incoherent intermediate scattering function is the Fourier
transform of the van Hove self-correlation function Gs(r,t),
2
iQr
Iinc (Q, t )  binc
 dr e Gs (r , t )

(2.3.16)

where Gs(r,t) is expressed in the single particle density operators n(r,t) := (r-Rn(t)),
Gs (r , t ) 



dr 

 n (r   r , t )  n (r , 0)

n

Class.



   (r  [ Rn (t )  Rn (0)]) 

(2.3.17)

n

Note that in the second line the classical limit is taken, with < > now the averaging
over a classical thermodynamic ensemble and Rn(t) the just the position of atom n at
time t. In this classical limit, the Van Hove self-correlation function represents the
probability density for a displacement r of the single particles during time t.
Similarly, Iinc (Q,t) can written as the Fourier transform of G(r,t), the conditional
probability two find a particle at (r = 0,t = 0) and another particle (or the same) at
position r and time t.

2.2.3. Neutron diffraction by single crystals and powders
Consider an ideal single crystal, i.e. a regular lattice that is described by translations
of the smallest possible repeating unit. Given such a unit cell defined by the basis
vectors a1, a2 and a3, the origin of each unit cell can be written as the lattice vector,
L  l1a1  l2 a2  l3a3

(2.3.18)

with l1 , l2 and l3 integers, so that the crystal consist of lmax = l1max+ l2max + l3max unit
cells. For the position rjl of the jth atom in the lth cell it follows that,
Rn  r jl  L  r j  u j (t )

(2.3.19)

where thermal motions are anticipated by adding the time-dependent term ui(t),
representing harmonic displacements around the nuclear equilibrium position. It is

26

now convenient to formulate the coherent elastic scattering process in reciprocal
space, by defining the reciprocal lattice vectors bi ,
b1 

a2  a3
a a
a a
, b2  1 3 , b3  1 2
va
va
va

(2.3.20)

Here va = a1a2×a3 is the unit cell volume, so that the volume spanned by b1, b2 and
b3 is 1/ va and the following relations are valid,
av  b   v 

( ,   1, 2, 3 )

(2.3.21)

An arbitrary vector in reciprocal space can be written as a translation with integers h,
k and l along the reciprocal lattice vectors,
Ghkl  hb1  kb2  lb3

(2.3.22)

Combining (2.3.18), (2.3.21) and (2.3.22) the coherent part of the differential cross
section in equation (2.3.9) can be rewritten as,

(

d
(2 )3
)coh  N
F (Q)
d
va

2

  (Q  2 Ghkl )

(2.3.23)

Ghkl

The delta function reflects that ideally there is only neutron intensity if Q matches
2Ghkl, i.e. the possible directions in which the neutrons can diffract are determined
by the reciprocal lattice vectors. Therefore, the possible scattering directions can be
indexed by the corresponding hkl values. The intensities of these reflections are
determined by the structure factor F(Q = 2Ghkl) ,

Fhkl  F (Q  2 Ghkl )   bcoh, j T j (Ghkl ) e

2 i ( hx j  ky j  lz j )

(2.3.24)

j

where j runs over all nuclei in the unit cell, and the nuclear positions within the unit
cell being defined by rj = xja1+yja2+zja3 so that 0 ≤ xj, yj, zj ≤ 1. The extra factor Tj is
due to the thermal motions introduced in equation (2.3.19). Tj reduces to the wellknown Debye-Waller factor if it is assumed that the thermal motions are harmonic
and isotropic,[66]
T j (Ghkl )  e 2 i Ghkl u j

e

2
  2 |Ghkl |2 u 2j 
3

(2.3.25)
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The reflection condition Q = 2Ghkl can be recast into a more familiar form in realspace (d-space) by considering the length scales dhkl = 2 /|Ghkl| on which reflections
occur. This results in the well-known Bragg’s law,

  2d hkl sin 

(2.3.26)

with 2 the angle between the incident (k0) and scattered wave vector (k1), see
Figure 2.5. The reflection condition obviously applies for both ideal single crystals
as for powder samples with randomly oriented crystallites. However, in the latter
case the reciprocal space transforms from specific hkl diffraction points to
concentric spheres with radius |Ghkl|. Together with the elastic scattering condition k0
= k1 this results in a cone of scattered intensity for each reflection in real space, with
k0 defining the axis of the cone. These Debye-Scherrer cones of neutrons scattered
from a powder sample actually simplifies the diffraction experiment since it suffices
to scan only over the angle  to detect all reciprocal lattice vectors Ghkl satisfying 
|Ghkl|< |k0|.

Figure 2.5. Instrumental setup of the constant wavelength diffractometer D16 at ILL

Bragg’s law illustrates that there are generally two possible methods to probe the
reciprocal space: either the angle θ can be scanned while keeping the neutron wave
length λ constant by using a monochromatic beam, or the wavelength spectrum λ
can be probed by measuring the neutron time of flight (TOF) for a pulsed “white”
beam. Depending on the sample and scientific interest, one of the two methods
might be preferred. To observe the large d-spacings encountered for discotic liquid
crystals, for example, a constant wavelength diffractometer was used with a
28

sufficiently large λ (see Figure 2.5). For the nanocomposite solid acids, on the other
hand, a TOF diffractometer was chosen to obtain a well resolved (especially at low
d-spacing) powder pattern with sufficient signal-to noise ratio.
Finally it is noted that in reality the diffraction peaks are not delta-functions, like
described in (2.3.23), but broadened signals due to the cumulative contributions
from the powder sample characteristics and instrumental resolution. Important
contributions from the sample are broadening due to lattice strain and small particle
size, in particular for the nanocomposites discussed in part II. The width X caused
by the finite size of the crystallites is described by the Debye-Scherrer relation,
 X (2 ) 

K
D cos 

(2.3.27)

for crystallites of size D and with K the Scherrer constant that depends on the form
of the crystallites and on their size distribution. Usually K is taken between 0.89 and
1. The contribution of strain broadening Y is given by,
 X (2 )  4 tan 

(2.3.28)

with 4 representing the crystallite strain. It is possible to de-convolute both
Lorentzian contributions to the total peak width, since the particle size broadening is
independent of Q while the contribution from strain broadening increases with Q.

2.2.3. Quasi-elastic neutron scattering
Quasi elastic neutron scattering (QENS) can be used to study various relaxation
phenomena in the condensed phase, such as translational diffusion, molecular
reorientations, confined motion within a pore and hopping of atoms among sites in a
crystal lattice. These kind of stochastic motions are not quantized, i.e. they
correspond to small energy exchanges giving rise to a broadened line in the
scattering spectrum around zero energy transfer. This is in contrast to periodic
motions like librations or vibrations, where the energy is transferred in quanta which
result in inelastic scattering at certain energy transfers. In general, diffusion and
vibration are considered as decoupled motions in good approximation, therefore
vibrations effect only the intensity of the quasi-elastic contribution. Roughly
speaking, the collective and quantized motions (phonons) are described by the
coherent scattering function (2.3.12), while the random and diffusive motions of the
individual atoms or molecules are described by the incoherent part (2.3.13). A
particularly important concept in QENS is the elastic incoherent structure factor,
EISF, which is defined as the limit of the incoherent intermediate scattering function
at infinite time,
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EISF (Q )  I inc (Q, )

(2.3.29)

The EISF can be interpreted as the probability that the diffusing particle remains
within a box defined by the Q scale, so it probes the accessible configuration space
of the scattering atoms. The EISF gives a second static correlation factor in addition
to the coherent structure factor (2.3.9). This becomes more clear by defining,
 (Q , t )  I inc (Q , t )  I inc (Q , )
I inc

(2.3.29)

so that by taking the Fourier transform the incoherent scattering function (2.3.13)
can be recast into the form,
 (Q,  )
Sinc (Q,  )  EISF (Q ) ( )  Sinc

(2.3.29)

The EISF is thus the amplitude of the elastic line from incoherent scattering in the
measured spectrum, while Sinc incorporates the quasi-elastic spectrum from the
diffusion process(es). By definition, (2.3.29) leads to the sum rule

 (Q,  )  1
EISF (Q)   d  Sinc

(2.3.29)

saying that any dynamical process yielding a contribution to Sinc leads to a drop of
in the EISF. If the atomic motion in the scattering system is not confined in space, as
in liquids, the EISF is everywhere zero except at Q = 0. For the rotational diffusion
of a particle, the EISF is unity at Q = 0 and falls to a minimum at a Q value which is
inversely related to the radius of gyration of the rotating particle. The precise shape
of EISF is thus indicative of the geometry of the diffusional process. Another
important feature of the in coherent scattering function is the width of the quasielastic line, which is related to the timescale of the diffusional process.
In a QENS experiment both the time-of-flight and Q-range of the scattered neutrons
is measured, yielding S(Q,). The accessible time window is typically from about
0.1 picoseconds to several nanoseconds, while the d-range is from Angstroms to tens
of nanometres. For samples containing a large proportion of hydrogen atoms, the
incoherent contribution to S(Q,) is much larger than the coherent part (c.f. Table
2.1). This simplifies the analyses of the spectra such as those of discotic liquid
crystals greatly, since all coherent contributions are negligibly small as well as the
incoherent contribution from other atoms (carbon, oxygen). Moreover, partial
deuteration allows for a selective analysis of the different parts of the molecule and
facilitates the assignment of the different dynamical processes to specific molecular
motions. In this respect, it is fairly straightforward to calculate the expected spectral
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profile by using the atomic trajectories from MD simulations, for instance by using
the nMoldyn suite.[61]

2.4 Nuclear Magnetic Resonance
Nuclear Magnetic Resonance (NMR) spectroscopy offers a direct probe of the
environment of magnetic moments of nuclear spins under the influence of an
external magnetic field. As such, it enables the study of e.g. the local
atomic/electronic configuration and dynamical processes by their influence on the
nuclear magnetic moments. NMR is based on nuclear spin paramagnetism, that is,
the appearance of a net macroscopic magnetization due to the alignment of the
nuclear spin magnetic moments with a externally applied magnetic field B0. This is
quantum mechanically described as the Zeeman splitting of the degenerate spin state
I of a nucleus into 2I+1 equidistant energy levels, as expressed by the
Hamiltonian[67]
⋅

(2.4.1)

Here γ is the gyromagnetic ratio of the nucleus, and depending on its sign, the
nuclear magnetic moment  = ħγI is parallel or anti parallel to the external magnetic
field in the lowest energy configuration. The spin quantum number I is either an
integer or half integer for an even or odd total number of protons and neutrons in the
nucleus, respectively. A significant splitting of the energy levels corresponding to
(2.4.1) requires a strong magnetic field, typically a few Tesla. The levels are
separated by the magnetic quantum number mz (mz = -I,-I+1,..I-1,I with B0 along zaxis). For instance, for nuclei with I = 1/2 , as will be considered in this thesis, the
two eigenstates mz = ±1/2 correspond to an energy difference
E    B0  L

(2.4.2)

where L =  B0 is the Larmor frequency. In a sample containing many nuclear spins
the stronger Boltzmann weighted population of the lower energy levels of the
different nuclear spins result in a net macroscopic magnetization. Any superposition
state non-parallel to the lowest eigenstate will have a net time evolution, resulting in
a precession with the frequency proportional to the Larmor frequency. The basic
concept of modern NMR is to prepare such a disturbed state by applying a second
magnetic field B1, i.e. a radio-frequency (r.f.) wave matching the energy difference
(2.4.2) prepared by the constant field B0. The subsequent relaxation towards the
equilibrium provides information on the local structural an dynamical properties
influencing the nuclear spin that is excited.
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The next paragraph is devoted to a more detailed description of NMR, based on a
classical treatment of the macroscopic magnetization. Subsequently, the local
interactions in condensed phases influencing the observed NMR signal are discussed
in paragraph 2.4.2, and the solid state NMR methods relevant in this thesis are
summarized in paragraph 2.4.3. This overview of NMR is based on several standard
works.[67-71]

2.4.1. Classical description of NMR
Consider a sample being placed in a constant magnetic field B0 in the z-direction and
a coil wound around the sample for application of a perpendicular alternating field
B1(t) = B1cos(ω1t) êx in the x-direction, with an angular frequency ω1 in the r.f.
regime. Within the classical picture, the evolution of the macroscopic magnetization
in the sample induced by the fields is given by
dM
 M 
dt

 B0  B1 (t ) 

(2.4.3)

The time dependence in this equation of motion can be eliminated by going to a
coordinate system xyz rotating about the z-direction with angular velocity ω1. In
such a rotating frame the magnetization effectively experiences a stationary
magnetic field,



 
dM  dM

 1  M   M     B0  1  eˆz  B1eˆx 
dt
dt
 



(2.4.4)

If the resonance condition ω1 = ωL = γB0 is fulfilled for the alternating B1 field, the
z-component in equation (2.4.4) vanishes, and M will rotate in the z−y plane with
frequency ω1 = γB1 around an effective field B1 êx, see Figure 2.6 (a).
Obviously, the NMR absorption spectrum can be probed by sweeping the r.f.
frequency such that the resonance conditions for a particular spin are detected.
However, modern NMR spectroscopy is based on pulse- or Fourier Transform (FT)
NMR. In FT-NMR, the r.f. field is applied in pulses of defined length, amplitude,
phase and offset frequency. The r.f. frequency of the pulse corresponds to the central
value of the range of expected absorption frequencies, and the full spectral width of
interest can be detected by a single pulse. The pulse length tp is usually chosen in
such a way that the magnetization is tilted towards the x-y plane (i.e. a π/2 pulse:
γB1tp = π/2) or inverted (a π pulse). After the π or π/2 pulse the magnetization starts
to precess under the influence of the constant field B0 and the local environment of
the nuclear spins (Figure 2.6 (b)). The result is an exponentially damped oscillating
magnetization in the xy-plane, while the magnetization in z-direction relaxes
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towards its equilibrium value M0 along the B0 field. The coil picks up the induced
current from the precession in the xy-plane, known as the free induction decay
(FID), which shows as a damped oscillating signal as a function of time. The Fourier
transform of this signal results in the absorption spectrum, as illustrated in Figure
2.6 (c). Note that the coil around the sample is used for both the r.f. irradiation and
detection of the signal response, i.e. the voltage induced by the precessing
magnetization.

Figure 2.6. Illustration of the basic NMR principles. (a): The precession of the magnetization
perpendicular to B1 in the rotating reference frame. (b) Relaxation of the magnetization
towards equilibrium in the laboratory frame. (c) The free induction decay recorded by the
coil.

The dynamics of the magnetization under influence B0 and the local environment of
the nuclear spins is described in a phenomenological way by introducing two time
constants: one for the longitudinal relaxation in the z-direction, T1, and one for the
relaxation of the transverse (xy) component of the magnetization, T2. In NMR the
relaxation caused by spontaneous or induced emission is negligibly small.[72-74]
Therefore, the longitudinal time constant is associated with non-adiabatic coupling
with the thermal environment (lattice), i.e. T1 describes the energy dissipation due to
spin-lattice relaxation. The transverse or spin-spin relaxation time T2 accounts for
the loss of phase coherence between the spins. It includes all physical processes
where fluctuations in the nuclear and lattice positions oscillate (much) smaller than
the Larmor frequency of the spins, and coherence is lost through the interaction with
other spins. In addition, the limited lifetime of the spin states due to spin-lattice
relaxation also affects the linewidth of the transverse resonance, and must be
included in T2.[72] As a result, T2 can be written as,
1
1
1
 
T2 T2 2T1

(2.4.5)

where T2 is the ‘pure’ dephasing time constant.[72]
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In terms of T1, T2 and the equilibrium magnetization M0, the time dependence of the
macroscopic magnetization is given by the phenomenological Bloch equations,[67]
dM z M 0  M z

dt
T1

(2.4.6)

dM r
M
 r
dt
T2

(2.4.7)

where Mz and Mr are the magnitudes of the magnetization along the z-direction and
in the transverse xy-plane, respectively. For an initial magnetization in the xy-plane
(i.e. a π/2 pulse), the solutions are given by,
M z (t )  M 0  1  exp(  t / T1 ) 

(2.4.8)

M r (t )  M 0 exp(  t /T2 )

(2.4.9)

For a π pulse, the solution for the longitudinal magnetization is obtained by
multiplying the exponent term in (2.4.8) by a factor of two.
There are various ways to measure the T1 and T2 relaxation times. A typical T1 pulse
sequence is shown in Figure 2.7 (a). First, a π pulse transfers the magnetization
antiparallel to the B0 field. Subsequently a π/2 transfers the magnetization back after
an evolution time e and Mz(t) can be monitored by measuring the amplitude of the
FID for different evolution times.

Figure 2.7. Measuring relaxation times. (a) T1 inversion-recovery pulse-sequence: after a 
pulse the transverse magnetization is probed by applying a /2 pulse at different evolution
times e. (b) T2 spin echo: after a /2 pulse, a  pulse is applied at time echo causing the spins
to refocus at 2echo. The echo-dependent magnitude of this echo signal gives the longitudinal
magnetization.

Obviously, the spin-spin relaxation time T2 is given by the inverse of the full-width
at half-maximum (FWHM) of the NMR line. A more sophisticated method is the
spin-echo pulse-sequence shown in Figure 2.7 (b). After an initial π/2 pulse, the
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spins start to rotate in the x-y plane and de-phase with respect to another.
Subsequenly, a π pulse is applied after a certain time τecho flipping phase of the spins
with respect to the average, i.e. spins with a negative relative phase get a similar, but
positive relative phase with respect to the average phase angle. This causes the spins
to refocus after a time 2τecho, and the amplitude of this echo signal can be used to
measure T2. The advantage of this spin-echo sequence is that T2 can be measured in
a ‘clean’ way, irrespective of inhomogeneous line broadening due to for instance
applied field inhomogeneities and crystal imperfections, or noise signal left in the
coil directly after a pulse.

2.4.2. Nuclear spin interactions
To relate the macroscopic magnetization described in the previous section to the
local, microscopic properties of the spin system under study, a quantum mechanical
treatment of the nuclear spin interactions is indispensable. These internal
interactions are much weaker than the interaction with the external field, and
classified into chemical shielding, dipolar coupling, scalar coupling and quadrupolar
coupling. For spin 1/2 systems, the chemical shielding and dipolar coupling are most
important. The scalar coupling (generally the weakest internal interaction) and
quadrupolar coupling (only relevant for nuclei with I > 1/2) are therefore not
considered here.
Chemical shielding
In condensed phases, the observed Larmor frequency for a particular nuclear spin
differs slightly from the value (2.4.2) for a free atom. This is because the local field
Blocal around the nucleus is shifted relative to B0 by the environment. This shift is
essentially proportional to the external field, and generally anisotropic. Therefore,
the local Hamiltonian experienced by a nuclear spin is given by,
⋅ 1

⋅

(2.4.10)

where  is the chemical shift tensor, expressing both the isotropic (depending on the
local environment) and anisotropic (depending on orientation of a molecule or
crystallite relative to the magnetic field B0) contributions. The shift in the local field
can be either due to diamagnetic or paramagnetic effects. The diamagnetic
component mainly arises from electronic (ring) currents induced by the external
field, resulting in an additional magnetic field that locally opposes the external field.
Thus, the electron density around the nucleus effectively shields the nuclear spin
from the influence of the external field. Also electrons in nearby molecular groups
(e.g. an aromatic ring) can affect the local field at the position of the nucleus. The
paramagnetic component is due to the presence unpaired electrons: their electronic
magnetic moments will align along B0, resulting in a local reinforcement or
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‘deshielding’ of the external field. The resonance frequency thus depends on the
local field at the site of the resonating nucleus. As a result, it is possible to
distinguish nuclei of the same species with different chemical environments, which
makes NMR spectroscopy a powerful tool for the determination of the structure of
molecules and condensed phases. For convenience, the chemical shielding is usually
measured as a chemical shift 



ref  local
ref

106 ppm

(2.4.11)

relative to a reference compound nuclear frequency ref in the same field B0. This
removes the dependency on the applied field. Tetramethylsilane (TMS) is commonly
used as a reference for 13C and 1H measurements. As the shifts are generally small,
the frequency axis is normalized in parts per million (ppm) relative to the external
field.
Dipolar interaction
The direct dipole-dipole coupling between nuclear spins is due to the interaction of
one nuclear spin with the magnetic field generated by the other(s). For two different
spins I and S separated by a distance rIS this interaction is expressed by the
Hamiltonian[67, 69]
⋅

3 ⋅

⋅
3

(2.4.12)

where μ0 is the magnetic permeability in vacuum. The tensor between the brackets in
(2.4.12) leads to the dipolar alphabet in terms of a spherical coordinate system,
A  (1  3 cos 2 ) rIS 3 I z S z
B
C
D
E
F 
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1
4
3
2
3
2
3
4
3
4

(1  3 cos 2 ) rIS 3

 I  S  I  S 

sin  cos e i rIS 3

 I z S  I  S z 

sin  cos e  i rIS 3

 I z S  I  S z 

sin 2 e 2i rIS 3 I  S
sin 2 e 2i rIS 3 I  S

(2.4.13)

with I = Ix  iIy and  the angle between the directional unit vector and the z-axis,
i.e. the direction of the external field B0, [67] The A term has the same form as for two
classical interacting magnetic dipoles, and describes the change of the magnetic field
of one spin by the magnetic moment of the other, along the z-axis. The B term
allows a simultaneous flip-flopping of two neighbouring spins in opposite directions
and enables an effective route for the transfer of transverse spin magnetization
between identical nuclei. In the heteronuclear case with different nuclei, however,
the B term becomes very small (c.f. Figure 2.8). Both the A and B term do not
account for changes in the sum mzI + mzI of the spin quantum numbers, and therefore
leave the energy of the total spin system unchanged. The other terms enable a net
transition of the total nuclear spin mzI + mzI, corresponding to energy loss or gain of
the spin system (e.g. spin-lattice relaxation). However, A and B are generally much
larger than the other terms, and are therefore the most important terms for dipolar
broadening of the linewidths in the NMR absorption spectrum. Important in this
context is the  dependence. For liquid phases, where all values of  are possible
because of the rapid and random rotation of molecules in the sample, the dipolar
interactions are effectively averaged to zero. This is not the case in solids, where the
dynamics is too slow to average the dipolar interactions on the Larmor frequency
scale, and the different mutual positions of neighbouring nuclei generally result in
strongly broadened lines.

2.4.3. Solid state NMR techniques
Paragraph 2.4.1 already illustrated some basic NMR pulse-sequences. For solid state
NMR, additional techniques are necessary to improve the quality of the absorption
spectra and/or to shorten the measurement time. In the following two essential
methods will be summarized, magic angle spinning and cross polarization.
Subsequently, a ‘simple’ solid state 2D NMR pulse sequence is discussed.
Magic Angle Spinning
Magic Angle Spinning (MAS) is a convenient tool to reduce the problem of
excessively broad lines in solid state NMR spectra, which are due to the internal
interactions like chemical shift anisotropy and dipolar couplings. Basically, most of
the internal interactions are rank-2 tensors that result in a 3cos2 - 1 dependence of
the coupling strength, where  is the angle between relevant vector (e.g. the vector
between to nuclei in case of dipolar coupling, see above) and the applied field. This
results in a distribution of coupling strengths as the thermal fluctuations in  are
usually too slow for motional averaging. However such an averaging can be
conveniently imposed by spinning the sample at an angle MAS = 54.74° with respect
to the external magnetic field. When spinning the sample, all internal interactions
become time-dependent resulting in spectra that contain spinning sidebands
separated by the spinning rate. If the spinning rate is larger than the line broadening,
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these can be averaged out efficiently over the NMR time-scale. In other words, the
nuclear spins experience an average environment around the spinning angle MAS
and the time average <3cos2MAS - 1> essentially vanishes. In this regime, highresolution solid-state NMR spectra are obtained, characterized by vanishingly small
spinning sidebands well separated from the central line. To remove the dipolar
broadening in this way, typical MAS frequencies of several kHz are needed.
Cross Polarization
As illustrated by equation (2.4.2), the net macroscopic magnetization and therefore
the sensitivity of NMR for a particular isotope highly depends on its gyromagnetic
ratio as the Larmor frequency  B0 determines the population difference between the
spin states. This makes that the sensitivity for 13C or 15N detection is relatively low
compared to protons. Moreover, the low abundance of such isotopes often
deteriorates the sensitivity even much further. For example, 13C isotopes occur with
a natural abundance of about 1% and have a gyromagnetic ratio that is about a factor
of four smaller than for protons. An additional problem arises from the generally
long spin-lattice relaxation times T1 in solids, requiring longer measurement times
since the delay time between successive acquisitions should be increased to avoid
saturation of the system.

Figure 2.8. Concept of cross polarization. (a) Energy level diagrams for an I-S spin pair.
Under the Hartman-Hahn matching condition, the energy levels of the I and S nuclear spins
become equal in the doubly rotating frame (around B1I and B1S), and hence dipolar flip-flop
transitions become possible. (b) Standard CP pulse-sequence: after an initial /2 pulse, the I
spins are spin locked under the Hartman-Hahn condition during mixing time CP Then the
FID of the S spins is measured by simultaneously decoupling the I spins.

These low intensity and long-time requirement problems are reduced by using cross
polarization (CP) for the dilute isotopes. The CP technique relies on the ‘borrowing’
of magnetization from abundant spins I to increase the sensitivity for dilute spins S.
This is achieved by irradiation the I and S spins simultaneously with two r.f. fields,
which are being matched by the Hartman-Hahn condition I B1I=S B1S. This allows
for the transfer of magnetization between I and S via the dipolar coupling term B
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given in equation (2.4.14), as illustrated in Figure 2.8 (a). As a result, the
magnetization of S can be enhanced up to a factor of I /S. A standard CP pulse
sequence is shown in Figure 2.8 (b). When the abundant nuclei I are protons, and the
S nuclei for instance being 13C carbons, cross polarization also offers a solution to
the problem of long T1 times in solid state NMR. That is because the delay between
successive acquisitions is now determined by the T1 relaxation of the proton spins,
which is generally much faster than for other nuclei. The pulse-program used for CP
under MAS conditions (CP-MAS) generally needs to be further optimized to restore
a broader Hartman-Hahn matching profile, as discussed below.
2D Heteronuclear correlation NMR
Cross polarization can also be used to probe the interatomic distances rIS between
the heteronuclear nuclei, since the magnetization transfer depends on both the CP
mixing time CP and the dipolar coupling strength, with the latter being dependent on
rIS-3. The dynamics of spin transfer can be measured by varying the mixing time,
providing information on the proximity of the involved I and S nuclei. However, a
much more direct technique is to add an increment time t1 in the CP pulse sequence
directly after the initial /2 pulse on the I nuclei. This allows the I evolution to be
observed through the amplitude modulation of the S signal generated by the cross
polarization, and results in a 2D NMR spectrum as illustrated in Figure 2.9 (a). The
peaks in such a spectrum indicate that the involved nuclei interact with each other by
dipolar coupling, which is only possible if they are close enough to provide
significant magnetization transfer during CP. Since the dipolar coupling is a direct,
through-space interaction, heteronuclear correlation can also arise from CP between
different molecules. As an example, Figure 2.9 shows such cross peaks for two C-H
groups belonging to different molecules.

Figure 2.9. Illustration of 1H-13C heteronuclear correlation NMR. (a) a typical 2D absorption
spectrum, where each peak designates a correlation and thus the proximity of the involved
proton and carbon. (b) The CP/WISE pulse sequence.

The actual pulse sequence can be optimized further to improve the quality of the
absorption spectrum. Figure 2.9 (b) shows the 1H-13C CP/WISE sequence used in
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Chapter 5. Instead of a constant CP matching frequency, the CP strength S B1S. is
varied in a ramp of monotonically increasing field amplitudes. This relates to the
problem that the CP matching frequency depends on the MAS spinning speed if the
latter is on the order of the dipolar coupling, imposing experimental difficulties for
adjusting and maintaining an optimum Hartman-Hahn match for magnetization
transfer. The ramped amplitude CP sequence (RAMP-CP) improves the CP
conditions by restoring a broader Hartmann-Hahn matching profile.[75]

2.5 Raman spectroscopy
Raman and infrared (IR) spectroscopy offer two complementary methods to probe
the vibrational structure and conformation of solid state systems.[76-78] IR
spectroscopy is based on the direct absorption of photons, by irradiating the sample
with polychromatic light that matches the energy differences between the vibrational
levels. As these vibrational energy differences are in the order of 0.005 and 0.5 eV,
infrared light with wavelengths longer than 2.5 mm is sufficient to induce the
vibrational transitions. On the other hand, Raman spectroscopy is based on a twophoton process in which one photon is absorbed and another is emitted essentially
simultaneously, see Figure 2.10. Raman spectroscopy thus differs principally from
IR spectroscopy in that it is based on the scattering of photons of higher energy
rather than on the absorption of photons with energies matching the vibrational
levels, and therefore requires monochromatic light as excitation source. Most of the
incident photons scatter elastically (Rayleigh scattering), with no net transfer of
energy between the sample and the electromagnetic field. However, a small fraction
of the incident photons is scattered in-elastically and the molecule/solid state is
either promoted to a higher vibrational or rotational level of the ground electronic
state, called Stokes Raman scattering, or demoted to a lower level (anti-Stokes
Raman scattering). Stokes scattering usually predominates over transitions in which
energy is lost (anti-Stokes): at ambient temperature the thermal energy is lower than
the energies of most of the normal modes, such that mainly the low energy
vibrational modes of a molecule or solid are populated. Conservation of energy
requires that the energy ħif absorbed/emitted by a vibrational mode equals the
difference between the energies of the incident (ħ0) and scattered (ħs) photons.
Therefore, the frequency of Raman scattered photons shift linearly with 0, in
contrast to fluorescence emission which is essentially independent of the excitation
frequency.
For wavelengths well below the electronic transitions, that is off-resonance, Raman
scattering is generally rather weak: a fraction of only about 10-6 of the incident
radiation is then scattered inelastically. For this reason the Raman technique is
experimentally more demanding than IR spectroscopy for measuring the ground
state vibrational spectrum, and appropriate filters and/or gratings need to be used to
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suppress the influence of the elastic signal. Nevertheless, Raman spectroscopy
affords a main advantage over IR, that also information about the excited vibronic
states can be obtained. This is achieved under the condition of resonant Raman
scattering, see Figure 2.10. If the wavelength of the incident laser radiation is close
to that of an optically active electronic absorption band, the resulting Raman
spectrum is dominated by the dynamical vibrational-electronic coupling present
within this resonant excited state. Moreover, both Stokes and anti-Stokes Raman
signals increase drastically under such resonance conditions, typically with an order
magnitude of 103-106 compared to off-resonance Raman, and the sensitivity of
Raman then matches that of IR.

Figure 2.10. Illustration of various types of light scattering. From left to right: Infrared
absorption, UV-VIS absorption, elasctic (Rayleigh) scattering, off-resonance Raman
scattering (Stokes and anti-Stokes), resonant Raman scattering and luminescence.

Raman scattering is a coherent process, in the sense that it is determined by the
overlap of both the initial (i) and final (f) ground state vibrational wavefunctions
with the intermediate excited vibrational states (e). The incident and scattered
photons generate coherences (i,e) and (e,f), but never result in a population of the
intermediates states. In contrast, luminescence proceed through an intermediate state
(e,e) that is transiently populated and which is, in principle, directly measurable.
Also for UV-VIS absorption the excited electronic and vibronic states gets
populated. Raman scattering thus differs from fluorescence by involving only
(virtual) intermediate states that have no opportunity to equilibrate thermally with
the surrounding and are not directly measureable. As a consequence, the coherent
Raman interaction of the photon with the vibrational state and the re-emission of the
scattered photon occur almost simultaneously, while for spontaneous fluorescence
the lifetime can be several nanoseconds. Therefore, Raman emission lines generally
have small widths in the order of 10 cm-1, much narrower than fluorescence
emission spectra or the vibrational fine structure in UV-VIS absorption spectra of
solid states, involving several hundred reciprocal centimeters for each
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emission/absorption line. The well-resolved resonant Raman spectra therefore offer
an important alternative/addition to ordinary UV-VIS absorption and luminescence
spectroscopy to follow the dynamics within the excited states of solid state systems,
and enable the understanding and calculation of e.g. excited state geometries,
vibronic coupling mechanisms and reorganization energies.[77, 79-82]
The next paragraphs are devoted to a detailed elaboration of the above qualitative
description of Raman scattering. Herein, the focus will be on the strength of the
vibrational interactions, i.e. the band intensities, since the classical framework
constituting the basis for describing the vibrational frequencies in terms of force
fields has already been discussed in Section 2.2. Although quantum mechanics is
indispensable for obtaining the transition probabilities and thus the intensities of the
vibrational bands, first a classical framework will be summarized which provides a
more detailed elucidation of the difference between Raman and IR spectroscopy.
Subsequently, the quantum mechanical formulation in terms of transition
probabilities will be given.

2.5.1. Classical description
In the classical formulation of Raman spectroscopy, the scattering process can be
described in terms of an oscillating dipole that redirects the incident monochromatic
light.[77, 78, 82] Consider an incident electromagnetic (EM) wave EI = E0 cos(0 t)
falling onto an obstacle or inhomogeneity, e.g. a molecule. As the incident
electromagnetic wave interacts with the matter, the electron orbits of the constituent
atoms are perturbed periodically, resulting in a oscillating dipole moment due to
periodic separation of charge. This induced dipole depends linearly on the incident
oscillating field,
μind  α E I

(2.5.1)

where the proportionality factor α is known as the polarizablity tensor. The
oscillating dipole moment manifest itself as a source of electromagnetic radiation
and gives rise to the scattered light waves.
Because the ability to perturb the local electron cloud of an atomic structure depends
on the relative location of the individual atoms, it follows that the polarizability is a
function of the instantaneous positions of constituent atoms. In other words, the
polarizability varies with time as it describes the response of the electron distribution
to the movements of the nuclei. For any molecular bond, the individual atoms are
confined to specific vibrational modes. The physical displacement Q of the atoms
about their equilibrium position due to a particular vibrational mode may be
expressed as
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Q  Qmax cos (ωvib t )

(2.5.2)

with Qmax being the maximum displacement with respect to the equilibrium position
and vib the discrete frequency of the vibrational mode. Typically, the displacements
can be considered to be small compared to the equilibrium atomic distances, and the
polarizability may be approximated by a Taylor series expansion around Q = 0,

 δα 
α  α 0  
 Qmax cos (ωvib t )
 δQ  0

(2.5.3)

Using the trigonometric identity for the product of cosine functions, equation (2.5.1)
can now be written as,


 δα  Qmax
μind   α 0 cos (ω0 t )  
cos[(ω0  ωvib ) t ]  cos[(ω0  ωvib ) t ] E0

 δQ  0 2



(2.5.4)

The sum on the right side of equation (2.5.4) expresses that dipole moments are
created at three different frequencies. The first term in equation (2.5.4) describes an
oscillating dipole with a frequency identical to the incident beam, i.e. elastic
(Rayleigh) scattering, while the second and third term are modulated to lower and
higher frequencies by the vibrational mode and represent Stokes and anti-Stokes
Raman scattering, respectively.
The above classical treatment does not contain the conservation of energy for
Raman scattering and does not account readily for the different Boltzmann statistics
of Stokes and anti-Stokes scattering. However, classical scattering theory correctly
predicts that the strength of Raman scattering depends on the extent to which a
vibration changes the molecular polarizability. Stronger, the necessary condition for
Raman scattering is that  α /Q must be nonzero. This Raman selection rule implies
that only normal modes are Raman active for which the vibrational displacement of
the constituent atoms result in a change in the polarizability. It is apparent that the
ability to perturb the electron cloud by an incident electric field will depend on the
relative position of the atoms. For example, consider a totally symmetric vibrational
mode of a triatomic molecule A-B-A, like CO2, as illustrated in the left panel of
Figure 2.11. When the bond distances A-B are at maximum compression, the
electrons are more tightly bound due to the closer proximity of the nuclei and are
therefore not perturbed that much by an incident electromagnetic field. Hence the
polarizability is reduced for the minimum bond length. In contrast, when the bonds
A-B are at maximum expansion, the electrons are more free and easier displaced by
an electric field. Therefore, the polarizability is increased at the maximum bond
length. Thus around equilibrium (at Q = 0) the derivative of the polarizability with
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respect to the displacement is non-zero; and hence totally symmetric vibrational
modes are Raman active. By using similar arguments, it follows that anti-symmetric
modes (right panel Figure 2.11) are Raman forbidden.

Figure 2.11. Illustration of the Raman and IR selection rules for a simple triatomic molecule
(e.g. CO2). Raman activity of a vibrational mode is determined by its ability to change the
polarizability, whereas IR activity depends on a change in the dipole moment.

Contrary to the polarizability selection rule for Raman scattering, IR absorption
requires that a vibrational mode gives rise to a change in the dipole moment. As
illustrated in Figure 2.11, only non-totally symmetric vibrational modes allow for a
change in the transition dipole moment, and thus for IR absorption. This makes that
Raman and IR spectroscopy are complementary techniques for ground state
vibrational mode analyses, and often needed together to detect both totally
symmetric an anti-symmetric modes.

2.5.2. Quantum mechanical description
Although the classical picture summarized in the previous paragraphs provides a
versatile snapshot for some of the main ingredients of Raman scattering, a thorough
quantum mechanical formalism is indispensable for obtaining correct and explicit
terms for the Raman intensities, and more importantly, for a full understanding of
the light scattering process. Two points of view are commonly employed to
formulate the two-photon Raman scattering process: a time-independent theory[82-84]
originally derived by Kramers, Heisenberg and Dirac (KHD) and a time-dependent
approach more recently developed[85-89]. In the following both points of view will be
summarized.
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Again, the initial experimental setup is given by a monochromatic light beam with
frequency 0 incident on a sample volume with N molecules (or unit cells) within
the illuminated volume. For a given scattering frequency S, the total amount of
Raman scattered photons per second, IS(0,S), integrated over all polarization and
propagation directions for the scattered light, is given by
I S (ω0 , ωS )  N I 0 σ R (ω0 , ωS )

(2.5.5)

where I0 (photons s-1 cm-2) is the intensity of the incident light and R is the total
Raman cross section (cm2 molecule-1), constituting of all contributions of the
different ground state vibrational transitions if with frequency fi = f - i. Given
the Boltzmann weighting factors pi (T) specifying the thermal occupancy of the
initial vibrational states, it can be derived[78, 82, 90] that the Raman cross section is
proportional to
,

∝∑

⋅

⋅

(2.5.6)

with eI, eS the propagation directions of the incident an scattered light, if the if
transition polarizability tensor and the delta-function (S -0 fi) representing the
conservation of energy for Stokes (- sign) and anti-Stokes (+ sign) Raman scattering.
Similar to Rayleigh scattering, the Raman intensities depend on the fourth power of
the scattering frequency S,[90] which results from the S /c dependence of scattered
EM waves. Equations (2.5.5) and (2.5.6) provide a general expression of the Raman
intensity for a single orientation of a molecule or crystallite. In most samples, the
molecules or crystallites are randomly oriented in all possible directions with respect
to the incident light beam, so that the projection of the transition polarizability tensor
eIifeS should be averaged over the distribution of molecular orientations.
Moreover, most experimental geometries actually detect scattering into a range of
solid angles d about a particular direction, which is proportional to the differential
cross section, (dR/d). The relationship between R and dR/d depends on the
scattering geometry and the Raman depolarization ratio.
Stationary point of view
Let us turn to the first approach, that is the stationary state point of view, in order to
formulate an explicit expression for the Raman transition polarizability. By using
second-order perturbation theory, applying the Born-Oppenheimer approximation to
separate the electronic and nuclear motion, and by averaging over all orientations of
the molecule/crystallite, KHD theory results in |eIifeS|2 =  |[]fi|2, where
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[α ρσ ] fi 

 f [ μ ρ ]ge ve ve [ μσ ]eg i
f [ μσ ]ge ve ve [ μ ρ ]eg i 
1




ω0  ωev, gi  iΓev
ω0  ωev, gf  iΓev
c e,ve 


(2.5.7)

is the th component Raman polarizability tensor, with  and  being the molecular
fixed Cartesian coordinates (x,y,z). Here, |i and |f are the initial and final vibrational
modes, |ve is a vibronic mode in the excited state e, ħev,gi (ħev,gf) is the energy
difference associated with the transition from the initial (final) ground state
vibrational mode to the excited vibronic state, and ev is a damping factor related to
the dephasing rate of the excited vibronic state ve, as will be discussed later on. The
summation extends over all vibronic levels ve and excited states e. Furthermore,
[]ge is the th component of the pure transition dipole moment associated with the
electronic transition eg,
[ μ ρ ]ge  ψ g μ ρ ψ e

(2.5.8)

and a similar definition applies to other terms. Under the conditions for which the
adiabatic Born-Oppenheimer approximation is valid, the dependence of such an
electronic transition moment on the normal coordinates Qk of the system is small.
The transition moment may therefore be expressed as a rapidly converging Taylor
series expanded around the equilibrium position,

[ μ ρ ]ge  [ μ ρ ]0ge 

1
h k
Qk
[ μ ρ ]0ge ee


c e e k
ωe  ωe

(2.5.10)

where e’ is another excited state and hee’k is a perturbation energy per unit
displacement of the kth normal mode due to the mixing of excited-state equilibrium
configuration electronic states e and e’ under vibrational perturbation,
hee k   ψe δH /δQk ψe 

0

(2.5.11)

Thus, (H/Qk)0Qk is the perturbing operator for the electronic Hamiltonian H and
e’ - e appears as the resonance denominator in equation (2.5.10). The zero
superscripts refer to the equilibrium configuration, defined by Qk = 0 for all k.
From now on, only resonant Raman scattering will be considered for convenience.
That is, the second term in equation (2.5.7) is not taken into account, since it gives
rise to a slowly varying background in addition to the first term which is strongly
enhanced under the resonance condition 0 = ev,gi. By using the expansion (2.5.10),
the transition probability can be written as[83, 84]
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[α ρσ ] fi  A  B  C

(2.5.12)

up to quadratic order in 1/ħc, where
A 

B 

1
[ μ ρ ]0ge
c

2

f ve ve i



hee k
1
 2 c 2 ωe  ωe

(2.5.13)

ω0  ωev , gi  iΓev

ve


ve


f Qk ve ve i
0
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[ μ ρ ]ge [ μσ ]eg
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0  ωev , gi  iΓev
[ μ ρ ]0ge [ μσ ]e0g
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hge k
1
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0
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(2.5.14)



f ve ve Qk i 

ω0  ωev , gi  iΓev 

(2.5.15)

The sum over e is hereby omitted, since it is dominated by the contribution from one
particular resonant excited state such that others may be neglected. Also, the
summation over e’ and k is omitted for the B and C terms, since only a single second
excited state e’ and one dominant normal coordinate Qk needs usually to be
considered.
Before discussing the different Raman terms A, B and C in more detail, a short
comment need to be made on the vibrational wavefunctions. For a non-linear
molecule with Na atoms, there are 3Na-6 vibrational degrees of freedom in addition
to the 3 translational and 3 rotational degrees of freedom of the whole molecule.
Therefore, the vibrational wavefunctions |i, |f and |ve and their overlap integrals
are multi-dimensional. The multi-dimensional overlap integrals may be expressed as
products of one dimensional integrals of the individual normal modes,[84]
f ve 



f k ve,k



ve,k ik

k

ve i 

(2.5.16)

k

In this so called independent mode approximation, it is not taken into account that
the normal coordinates in the excited electronic states e may represent a different
combination of coordinates from those in the ground state. However, for many cases
it is reasonable to neglect such a rotation of coordinates (Duschinsky effect) in the
excited state.[82, 84]
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Franck-Condon A-term. From equation (2.5.14) it follows that A-term (resonant)
Raman scattering requires the vertical electronic transition moment []ge0 and both
the vibrational overlap integrals, f|ve and ve|i, to be non-zero. The first condition
is fulfilled if the electronic transition ge is dipole allowed. The A-term will
therefore often dominate for electronically strongly allowed transitions. The latter
conditions, that is that the vibrational overlap integrals have finite value, are
dependent on the removal of orthogonality between the ground state vibrational
levels |i and |ve, and simultaneously between |f and |ve. This will occur if either
there is a difference of force constant between the ground and excited state potential
surface, or there is a displacement Qk of the excited state potential minimum along
any normal coordinate Qk with respect to the ground state. The first mechanism is
usually not very effective, so that A-term (or Franck-Condon) Raman scattering is
typically determined by the magnitude of the displacement Qk, as illustrated in
Figure 2.12. This is where the Raman selection rule discussed in paragraph 2.5.1
comes in: from symmetry considerations it follows that the displacement of the
potential minimum between two states is only non-zero along totally symmetric
normal coordinates. Therefore, A-term scattering is only allowed for transitions
involving quanta of totally symmetric vibrations.

Figure 2.12. Raman scattering principles. Left: Franck-Condon A-term scattering requires a
shift of the excited state potential surface along one of the normal coordinates. Right: B,Cterm Raman scattering is due to vibronic coupling between different excited states.

Vibronic B,C terms. Enhancement via the B and C terms derives from vibronic
coupling between different electronic states, as illustrated in the right panel of Figure
2.12. B-term Raman activity is dependent on the vertical electronic dipole moments
[]ge’ 0 and []ge0, the vibronic (or Herzberg Teller) coupling integral hee’k and the
product f|Qk|veve|i, or f|veve|Qk|i, being non-zero. In contrast to A-term
scattering, also non-symmetric vibrational modes can be enhanced by a B-term
mechanism. For a strongly allowed transition, the magnitude of B-term enhancement
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of symmetric vibrations is usually significantly below that for A-term enhancement.
On the other hand, B-term enhancement is often the most dominant term for the
enhancement of non-symmetric vibrations. Moreover, B-term activity can dominate
in transitions where significant oscillator strength hee’k derives from Herzberg-Teller
coupling mechanisms, which is the case for benzene derivatives[81, 91, 92] as discussed
in Chapter 6. The C term relates to vibronic coupling of the ground state to one of
the electronic excited states. The energy separation between the ground state and any
excited state is usually sufficiently large to render the C term negligible.
Time-dependent picture
The stationary-state approach is very useful to distinguish between different
scattering mechanisms in the excited state, such as Franck-Condon scattering and
vibronic coupling. However, to get deeper insight into the dynamical aspects, it is
convenient to cast the two-photon Raman events in a time domain formalism. This is
because the KHD formulation requires knowledge of all or many of the excited-state
electronic and vibronic wavefunctions to know the dynamics to infinite time. This is
in sharp contrast to the coherent nature of Raman scattering, which implies only
very short time dynamics typically in the order of tens of femtoseconds. Moreover,
the time-dependent picture facilitates understanding off-resonance scattering and the
role of the dephasing rate ev, i.e. the terms in the denominator of equation (2.5.7).
The main step towards a time-dependent formalism is to convert the polarizability
tensor expression in equation (2.5.7) into the time-domain by using the half Fourier
transform.[86, 88, 89] The result for the first, resonant term is given by

[α ρσ ] fi 

i 
exp (i(ω0  ωgi )t  Γe t  φ f φi (t ) dt
c 0

(2.5.17)

where it is assumed that all vibronic states in an excited state have almost the same
dephasing rate ev,i = e,i , and
φ f  [ μ ρ ]ge f

(2.5.18)

φi  [ μσ ]eg i

(2.5.19)

ˆ

φi (t )  eiHet /  φi

(2.5.20)

The Raman overlap of the projected wavefunctions f |i(t)e-  t contains the
dynamical information. This is illustrated in Figure 2.13 (a). The first photon
transfers the initial vibrational wave-function |i to the electronically excited state,
where it is not an eigenstate (step 0). As such, it becomes a moving wave packet,
|i(t), with its motion governed by the excited-state Hamiltonian, He. Consequently,
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|i(t) changes shape by moving away from the Franck-Condon region and develops
overlap with the final vibrational level of the ground state (1). Further away the
Raman overlap decreases dramatically and reach its minimum as it gets reflected by
the potential surface of the excited state (2). After propagating back and passing
again through the region of maximum overlap (3), a new cycle starts at the other end
of the potential surface (4). The Raman overlap expresses the transfer of the moving
wave packet to the final vibrational mode in the ground state. As stated by equation
(2.5.6) and (2.5.17) (or the first term in (2.5.7)), the squared half-Fourier transform
of this overlap determines the amplitude of the spectral component in the Raman
spectrum, which is strongly dependent on the incident wavelength. An illustration of
this incident wavelength dependence of the amplitude, known as the Raman
excitation profile, is illustrated in the inset of Figure 2.13 (a).

Figure 2.13. (a) Time dependent interpretation of Raman scattering. The initial ground
vibrational state is transferred onto the excited state potential surface, where it propagates
under the excited state Hamiltonian. The projection of this propagating wave onto the ground
state (right panel) decays under the influence of the e. The Raman excitation profile for this
particular mode is obtained from the half-Fourier transform squared. (b) Uncertainty
principle for off-resonance scattering where the detuning frequency  determines the
maximum coherence time  with the excited state. Picture based on [86]

Dephasing. At this stage the nature of the broadening factor e can be discussed in
more detail. The time-dependent picture illustrates that Raman scattering is a
coherent process where the excited wave packet |i(t) is transferred back to the
ground state essentially without a build-up of excited state population. As such, the
phenomenological decay constant e , known as the total dephasing rate, represents
the damping or decay of the phase coherence between the ground and excited state
levels.[93] The phase coherence of these two radiation coupled levels can be
destroyed by population (intramolecular) decay, or ‘pure’ dephasing
(intermolecular) interactions, i.e. collisions or solvent fluctuation effects:
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Γe 

1
 Γe*
2τ e

(2.5.21)

where e is the excited state lifetime, and e* is the environmentally dependent puredephasing rate due to quasi-elastic collisions that are not associated with the transfer
of population. Note the similarity of (2.5.21) with the T2 spin-spin relaxation time
given in equation (2.4.5).
Within the standard Raman scattering framework presented here, the excited state
dephasing rate only affects the Raman excitation profile, and not the widths of the
components in the scattering spectrum. Thus, although e does limit the scattering
process by damping the resonant contribution when 0 = ev,gi, it does not contribute
to the spectral content of the scattering process. The delta function in equation
(2.5.6) expresses that monochromatic excitation results in monochromatic scattered
radiation regardless of the energy spread (e) of any of the intermediate excited
states e. In other words, as long as the energy conserving system can be defined as
an isolated vibrating system (a small molecule) plus radiation, it is not possible for
the incident photon to populate the full Lorentzian amplitude of any intermediate
excite state level. However, for condensed phases this approximation is generally no
longer valid and more sophisticated approaches need to be considered, where the
energy conservation includes the interaction of the resonant system with the
environment.[94-98] Such environmental perturbations can induce time-dependent
fluctuations in the energy of the resonant excited state with respect to other
electronic or vibronic states, resulting in a broadened Raman spectrum[99] if these
energy fluctuations occurs on a time scale comparable to the scattering time.
Detuning. For off-resonance Raman scattering, the effect of e on the Raman
amplitudes becomes negligible compared to the detuning, that is the energy
differences ħ = ħev,gi - ħ0 with the excited states. The time-dependent picture
facilitates the understanding of this non-resonant scattering process, see Figure 2.13
(b). For excitation energies well below the excited states, the integrand of equation
(2.5.17) oscillates rapidly and the integral essentially self-cancels[87] for times t > ,
where  is determined by the uncertainty relation,
∆

~ 1

(2.5.22)

Off-resonance Raman scattering thus physically represents the interaction of a
photon with a ‘virtual’ state (c.f. Figure 2.10), which is neither a stationary state or a
solution of the time-independent Schrödinger equation. The energy of the excited
virtual state is not well defined, so that its lifetime is very short according to
equation (2.5.22).
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2.6 Appendix
2.6.1. VASP INCAR file for charged systems
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Part I.
Electron and hole transport in selfassembled discotic liquid crystals
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3

Introduction

The opportunities for the use of organic semiconductors in modern electronic
devices are rapidly expanding. Already products based on active thin-film organic
devices are in commercial production, such as displays based on organic lightemitting devices (OLEDs).[100] Significant progress is being made in the realization
of thin-film transistors[101, 102] (TFTs) and thin film organic photovoltaic cells[103-105].
Organic semiconductors combine potentially low production cost with a variability
in device design such as flexible substrates and color of devices. As such, they open
up a new area of electronics that is not accessible with conventional inorganic
semiconductors such as silicon. For example, organic thin-film transistors may find
application in display back planes or low-cost ‘disposable’ electronics.[101]
Yet a more challenging future holds for organics in displacing conventional
semiconductor electronic devices. Large-scale fabrication techniques are currently
being developed that ultimately lead to the ‘printing’ of large-area organic electronic
circuits with roll-to-roll methods, where low-temperature deposition of the organic
materials is followed by metal deposition and patterning in a continuous, high-speed
process.[100] This avoids the need for labor-intensive techniques such as
photolithography that today dominate the costs of conventional electronics.[106]
However, although organic electronics offer the potential of ultralow-cost,
lightweight and even flexible electronic devices, their charge transport properties
need to be significantly improved to replace existing electronic devices. Inherent to
organic materials is the localized nature of charge carriers: electron or hole transport
occurs via hopping between molecular sites, or in the case of polymers, from chain
to chain as well as along the polymer backbone. The typical rate of these individual
charge hopping processes is decisive for the overall conductivity, while the
relaxation processes taking place on the molecular level determine the amount of
energy involved with charge transfer. Therefore, further improvements of organic
semiconductors strongly rely on understanding and controlling the non-covalent
charge hopping process taking place on the nanoscale, i.e. the level of intermolecular
distances.
Three main factors can be distinguished that limit the efficiency of charge transport.
First, the charge carrier velocities and overall conductivity are strongly influenced
by the distribution in the local conformation of molecules or polymers.[100] In highly
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ordered molecular materials, room temperature mobilities in excess of 1 cm2 V-1 s-1
are feasible, while in disordered molecular and polymeric systems only a factor of
10-3-10-6 of this upper limit can be reached.[103] Optimal conductivity performance is
achieved with a favorable alignment of the neighboring molecules, supramolecular
order - the alignment of the molecular constituents over large spatial distances – and
the absence of structural defects. Second, thermal motion of the molecules perturbs
the rather ‘soft’ charge-transport system. Charge transfer between neighbouring
molecules, which is on the picoseconds timescale[107, 108], is hindered by the slow
whole-body movements of the molecules on similar and slower timescales. Third,
organic semiconductors exhibit, typically, a strong coupling between the dynamics
of the electronic and vibrational degrees of freedom. This electron-vibration
coupling has a major impact on charge transport. During the hopping process, the
involved molecules undergo geometric changes along specific vibrational
coordinates when going from the neutral to the ionized state or vice versa; and the
corresponding reorganization energy decreases the rate of charge transfer between
neighboring molecules.[109, 110] Another effect is that strong coupling between
vibrational modes and electronic state(s) facilitates relaxation of the excited state,
resulting in the dissipation of electronic energy.
The importance of the molecular interactions, as discussed above, has driven
materials research on organic semiconductors from a macroscopic approach towards
nanoscience - processing on a single molecular level.[100, 111] Crucial in this
progressive miniaturization is a deeper understanding of the relation between
material performance and local structural and dynamical properties. Knowledge
about e.g. the optimal local molecular arrangement facilitates the rational design of
compounds with optimal structure-mobility relationships.[7] The classification of
morphological, dynamical and vibrational assets of organic materials is thereby a
prerequisite for optimal tuning of the materials parameters. In particular this applies
to discotic liquid crystals, the compounds to be discussed in this work.

3.1 Discotic liquid crystals
Over the past decades, discotic structures based on all-benzenoid polycyclic
aromatic hydrocarbons (PAHs) have emerged as key players in the development of
new generations of organic-based devices.[111] These disk shaped molecules tend to
orient along their short axis, due to the presence of delocalized π orbitals on the both
sides of the aromatic rings that minimize their energy by overlapping with the
orbitals of neighboring molecules. Unsubstituted PAHs generally condensate into a
crystalline phase, thereby leading to a packing motif where the π-π overlap between
neighboring molecules facilitates charge transport within highly ordered single
crystalline domains. As such, single crystalline PAHs have played an important role,
for example, in the fabrication of organic field effect transistors.[112, 113] However,
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the crystallization does not lead to optimal charge carrier mobilities, as PAHs
commonly arrange in a ‘herringbone’ fashion with neighboring polyaromatic discs
being mutually displaced within the tilted stacks (Figure 3.1 (a)). In particular this
applies to small PAHs such as triphenylene and coronene (illustrated in Figure 3.2).

Figure 3.11. Schematic representation of (a) stacked, discotic molecules in the ‘crystal’ phase
and in the columnar liquid crystalline phase and two different electronic device types in their
desired arrangement of discotic molecules: edge-on for FETs (b) versus face-on for
photovoltaic devices (c). Illustration based on ref. [111].

The unfavorable rigid herringbone packing of PAHs can be avoided by
functionalizing the polyaromatic discs with flexible aliphatic side chains. Such
substituted PAHs, called discotic liquid crystals (DLCs) or discotic mesogens, melt
under certain conditions (depending on temperature, side chain length etc.) into
stable mesophases: a state of matter between liquid and solid. DLCs form two main
types of mesophases, nematic and columnar. In the nematic phase, discs have
orientational order while in the columnar phase the discs pile into columns. The
face-to-face packing of the discs in the columnar phase (Figure 3.1 (b)) results in a
stronger π-π overlap between neighboring molecules, and therefore in generally
higher conductivities compared to the herringbone packing of unsubstituded PAHs.
The combination of the rigid aromatic core with a dynamic shell provided by the
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highly flexible side chains thus transforms the herringbone arrangement into an
array of one-dimensional charge transport channels, or ‘molecular wires’.
In addition, because of their liquid-character induced by the side chains, DLCs
possess the capacity to self-heal structural defects such as grain boundaries. As a
consequence, they have the ability of forming millimeter long single domains with a
unidirectional orientation of the columns. These long-range self-assembling and
self-healing properties are inherent to the liquid-crystalline nature of DLCs, and are
clear benefits considering the processing of thin film electronics. In this respect it
has been addressed that the ease of film formation is a key asset for developing
organic-based electronic and optoelectronic devices.[111] For DLCs it is thereby
important to control the macroscopic orientation of the columns, i.e. to facilitate
charge transport through the molecular wires in the desired direction. This direction
depends on the particular application. For field-effect transistors, the discotic
columns need to be assembled in a homogenous (edge-on) alignment with columns
parallel to the substrate. A homeotropic (face-on) alignment with the columnar axes
perpendicular to the substrate, on the other hand, is expected to be beneficial for the
performance in photovoltaic cells or light-emitting diodes.[111] These different device
architectures are illustrated in Figure 3.1 (b) and (c), respectively. The orientation of
the columnar stacks in the direction required for the device function can be a
challenging task. It was found that molecular alignment on the substrates is
governed by material dependent factors including the selection and treatment of the
substrate surface, chemical structure of the molecules, and thermal history.[114]
However, several different processing techniques have been developed and
successfully applied to achieve suitable homogeneous or homeotropic alignment.
A major challenge with discotics, however, concerns achieving the optimum local
molecular arrangement for efficient charge transport.[115-117] Although the face-toface molecular packing present in most of the columnar mesophases is an
improvement compared to the crystalline herringbone motifs, other positional and
rotational degrees of freedom need to be considered, too. In particular, the charge
hopping rate is strongly dependent on the distance between the aromatic cores and
their mutual rotation. From a calculational perspective it is fairly straightforward to
find the optimum parameters.[118] According to Marcus theory,[109] the rate of charge
hopping between two molecules is determined by the absolute value of the charge
transfer integral (CTI), which expresses the amount of (π-π) overlap of the
molecular orbitals. Figure 3.2 shows that the CTI varies strongly as function of
mutual rotation of the aromatic discs. Moreover, this parametric dependence is also
dependent on the type of polyaromatic core. Considering the packing distance
between the discs, there is an exponential decay in the CTI for increasing core-core
distance.
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Figure 3.2. Absolute value of the charge transfer integral J as a function of the mutual
rotation angle for several symmetric polyaromatic hydrocarbon cores. The separation was
fixed to 0.36 nm. The insets illustrate face-to-face and staggered stacking of two typical discshaped molecules: triphenylene and HBC. Illustration taken from ref. [7]

To rationally design DLCs with optimum materials properties, the first question is
thus how the actual ‘dynamic’ morphology of the discotic mesophases relates to the
optimum parameters for π-π overlap estimated from the calculations. Hereby, not
only the average structural parameters such as the typical core-core distance are of
importance, but also the liquid-like fluctuations in these parameters. A second point
is the optimization of the vibrational properties. Charge transport in DLCs is limited
by the strong electron-phonon coupling present in these organic compounds,[119] and
the minimization of the corresponding reorganization energies and excited state
relaxation effects should be taken into account. Finally, the characterization of these
structural, dynamical and vibrational aspects opens the possibility to tune the
materials parameters of a particular DLC, e.g. by substituting the aliphatic chains or
using a different aromatic core, to further optimize the charge transport and
electrical properties.
The situation in an organic solar cell is more complex because a donor and acceptor
component (p- and n-type) must be present as separate transport pathways for holes
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and electrons. One concept is that donor and acceptor discs are designed that form
an alternating pattern of hole- and electron conducting columns,[111] as illustrated in
Figure 3.1 (c). In this work we will investigate such a possibility, and therefore the
section is devoted to some additional context considering organic photovoltaic (PV)
devices.

3.2 Organic solar cells
The commercial potential of a PV technology relies on the combination of total
system costs, power conversion efficiency and lifetime of the modules. Current
commercial solar cells are mostly based on conventional crystalline p-n junction
silicon cells.[120] While the power conversion efficiency (Figure 3.3) and lifetime
(~25 years) of these first generation mono- and multicrystalline silicon PV devices
are relatively high, expensive materials and energy consuming processing
techniques are required. Thin films of conventional p-n junction devices reduce
material and manufacturing costs, but at the expense of a lower efficiency. These
second generation PV modules are currently entering the commercial market, and
include thin films based on amorphous silicon (a-Si) and copper indium (gallium)
diselenide (CIS or CIGS).
Organic solar cells belong to the third generation PV cells that do not rely on
conventional p-n junction technology. Encouraging progress has been made over the
past few years in improving the efficiency and life time of organic PV cells, see
Figure 3.3. The first OPV device was fabricated in 1986 with less than 1%
conversion efficiency, while recently efficiencies exceeding 6% were achieved for
solar cells based on composites of electron-donating conjugated polymers and
electron-accepting fullerene molecules.[103, 105] Concerning OPV cells with discotic
liquid crystals in the photoactive layer, efficiencies of up to 2.5% have been
reported.[114, 121, 122] At a first glance, such efficiencies appear still rather low
compared to conventional silicon p-n junction technology, or even to the solution
based dye sensitized Grätzel cells.[123] In addition it should be considered that the
lifetime of current organic research cells is still below 5 years.[103] The promise of
organic PV, however, relies on a significant reduction in the materials and
manufacturing costs. The possibility to produce OPV modules using industrial
screen printing technology can lead to cheap mass production in the order of 1000–
100.000 m2 of active area on a process line per day.[124] It is therefore expected that
the shorter lifetime and lower efficiency can be compensated for by lower module
costs. Recent estimations[106] show that low cost OPV modules (30–50 € m-2) with a
lifetime between 5 and 10 years and an efficiency between 5 and 10% can produce
electricity at 10 €cents kWh-1 in middle Europe, including the installation costs
(“balance of system” or BOS) that were conservatively approximated at 70 € m-2.
Such a levelized electricity price is comparable to the current costs of crystalline
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silicon and thin film PV of about 12 €cents kWh-1.[125, 126] Further reduction of the
OPV electricity prize towards 5 €cents kWh-1 or lower is possible if further
improvements can be achieved. Required is, roughly speaking, efficiencies of 1015% , a life time of 10 years and module costs of 10–30 € m-2,[106] with the notion
that these benchmarks also depend on external factors such as the installation costs
and finance structure.[127]

Figure 3.3. Best solar cell efficiencies 1975-2009 (research conditions). Data taken from
[120].

The business case thus pinpoints organic solar cells as a promising low-cost and
lower-performance PV technology. However, improvements in life time, power
conversion efficiency and materials processing are necessary to ultimately compete
with traditional energy resources such as coal and gas, and future market prices of
other PV technologies. Combining these three parameters into a useful technology
requires further advance in device science and the development of new materials.
The lifetime of OPV cells is a serious challenge, but 10 years or even more appears
to be feasible considering the increase in stable performance time from hours to
years over the last two decades.[128] Considering the efficiency there is still room for
improvement, as the maximum theoretical efficiency of OPV is about 20-25% and
practical efficiencies of 15% can be achieved as extrapolated from the current
technological standards, provided that the optical and charge-transport properties of
organic semiconductors are further optimized[106]
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3.2.1. Device architecture and operation principles
The general structure of an organic PV device consists of a transparent electrode,
typically a conducting oxide such as indium-tin oxide (ITO), the photoactive
semiconductor layer, and a second electrode.[103] Modern OPV cells use a bulkheterojunction (BHJ) setup, which is either a blend of electron-accepting and
electron-donating semiconductor materials, or a single phase consisting of separate
donor and acceptor regions (Figure 3.1). The donor molecules (D) exhibit a low
ionization potential (IP) corresponding to a high-lying HOMO energy, while the
acceptor molecules (A) possess a high electron affinity (EA) and thus a low-lying
LUMO energy. The donor and acceptor layers/regions must provide efficient hole
and electron transport, respectively.

Figure 3.4. Comparison of the energy level diagrams for conventional inorganic p-n
junctions (a) and organic solar cells (b). Taken from [103]

Compared to conventional p-n junction PV, the operation of organic solar cells can
be described by replacing the valence and conduction band energies by respectively
the HOMO and LUMO energy levels, as illustrated in Figure 3.4. In highly ordered
crystalline inorganic PV cells the built-in potential from the p-n junction facilitates
separation of electrons and holes (Figure 3.4 (a)). Photons with energies near or
larger than the bandgap are absorbed at both sides of the junction in the n-type and
p-type semiconductors (step 1). The free charge carriers created by photoexcitation,
electrons and holes, thermalize towards the bottom of the conduction band and the
top of the valence band, respectively (2). The minority carriers, i.e. electrons in the
p-type semiconductor and holes in the n-type semiconductor, diffuse to the p-n
junction, where they sweep to the other side through a drift process induced by the
junction potential (3). The difference between the quasi-Fermi level energies in the n
and p-type semiconductor determines the maximum open-circuit voltage (VOC)
under illumination.
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Unlike inorganic solar cells, where photoexcitation yields a pair of free carriers, the
absorption of photons incident on the donor and acceptor regions of an OPV cell
(step 1) is followed by the formation of excitons (2). These are pairs of electrons and
holes tightly bound by their Coulomb attraction, with a binding energy of typically
more than 0.5 eV.[103] Separated negative and positive charges are created after the
diffusion of the Frenkel excitons towards the D-A interface (3), where they
dissociate through the transfer of an electron (hole) into the energetically favorable
acceptor (donor) region (4). Finally, the electrons in the acceptor region, and holes
in the donor region, diffuse towards their respective electrodes under the influence
of the potential difference of the LUMO’s and HOMO’s, respectively. The
difference between ionization potential (IP) of the donor and the electron affinity
(EA) of the acceptor (i.e. the energy level difference between the donor HOMO and
acceptor LUMO) determines the maximum VOC under illumination.

Figure 3.5. The device architecture (top) and electronic state diagram (bottom) of an
organic bulk-heterojunction cell, illustrating the mechanism of charge photogeneration in
organic PV materials. Photoexcited Frenkel excitons (1) diffuse to donor/acceptor interfaces
to form CT excitons (2) The CT excitons with excess electronic/vibronic energy then
dissociate into separated charge carriers (3), provided that the internal conversion rate kIC
within the CT band is low.
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The most critical process in organic PV is the transformation of the photoexcited
exciton into a charge separated state with an unbound electron and hole in the donor
an acceptor region, respectively. This mechanism of charge photogeneration consist
of three successive steps, illustrated in Figure 3.5.
Step 1. Exciton diffusion
First, the photogenerated Frenkel excitons need to diffuse to the D-A interface
before they decay back to the ground state. Since excitons are neutral species, their
motion is not influenced by any electric field and they diffuse via random hops, with
the electron and hole residing on the same molecule or conjugated segment. The
exciton diffusion length is typically less than 100 nm,[129] and the thickness of the
organic layers must therefore be of comparable size to avoid recombination. Hence,
optimal performance of DLC solar cells is generally achieved within a BHJ
architecture where the blending of donor and acceptor matches the exciton diffusion
length.[130]
Step 2. Formation of a charge transfer state
The second step involves the formation of a charge transfer (CT) exciton, a bound
state with the hole in the donor region and the electron in the acceptor region.[103, 130]
That is, the transfer of the electrons (or holes) at the D-A interface does not
immediately lead to free charge carriers. Instead, the Frenkel exciton is transferred
into a manifold CTn of more weakly Coulombically bound D+/A- states which can
extend over several D and A molecules. The lowest of these states CT1 corresponds
to a hole on the HOMO level of a donor molecule and the electron on the LUMO
level of an adjacent acceptor molecule. The charges are still significantly bound in
this lowest CT state, with a binding energy of typically several hundreds of meV.[103]
Step 3. Charge separation
At present time there is no clear picture on the final charge separation process, i.e
the dissociation of the CT state into a free electron and hole (the third step in Figure
3.5). Some studies indicate that charge separation involves the lowest CT state.[131]
However, to dissociate into the manifold of charge separated (CS) states, the
electron and hole trapped in the CT1 state need to overcome the Coulomb barrier
which seems often too large to make this an efficient process. Instead, recent studies
indicate that charge separation occurs via the more delocalized hot levels of the CT
manifold.[107, 132] Such a process involves the efficient coupling kCT of the Frenkel
exciton with the higher lying electronic/vibrational CTn states. Subsequently, the
charge carriers undergo a few ultrafast hops via an activationless pathway (kCS),
allowing their separation before thermal relaxation (kIC) within the CTn manifold
occurs.
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The competition between fast and ‘hot’ charge hopping (the kCT and kCS rates) and
internal conversion within the CT manifold (kIC) thus largely determines the
efficiency of photocurrent generation in organic solar cells. In other words, charge
separation is facilitated by the excess energy of the Frenkel exciton compared to
CT1, and mediated by the higher vibronic levels of the CT excitonic state.
Fundamental knowledge about the electronic and/or nuclear coordinates in which
the excess energy initially resides would be very helpful in further improving the
working of OPVs. However, little is known to date about the identity of these states.

3.2.2. Discotic solar cells
Several device architectures have been developed with discotic liquid crystals in the
photoactive layer.[114] One of the most promising concepts is the use of DLCs as the
hole conducting semiconductor in a BHJ blend, as reported for the first time in 2001
by Schmidt-Mende et. al.[122] Power conversion efficiencies of up to 2.5 % have
been achieved and attributed to the positive effect of molecular self-organization on
device performance.[121] Other systems include the synthesis of an acceptorappended HBC derivative (c.f. Figure 3.2) which self-assembles into coaxial
nantubes with separate electron and donor transport channels,[133] and the insertion
of DLCs in an existing donor-acceptor blend to enhance the hole mobility in the
donor region.[134]

3.4 Research questions and outline
In this work we perform a study on a prototypical, triphenylene based (Figure 3.2)
discotic liquid crystal, HAT6, to address some of the main challenges mentioned in
the above introduction. First, Chapter 4 concerns the question how the actual
dynamic morphology of a discotic mesophase relates to the optimum parameters for
charge transport. The structure and dynamics of HAT6 is investigated by combining
neutron scattering experiments with classical MD simulations. Materials parameters
such as the average conformation, thermal motions and structural defects are
determined, and related to the charge transport properties of the liquid crystalline
phase. In Chapter 5 the possibility of an interpenetrating network of donor and
acceptor columns (c.f. Figure 3.1) is investigated, by considering a 1:1 mixture of
HAT6 with the electron acceptor trinitrofluorenone (TNF). A combined analysis of
neutron diffraction, NMR and density measurements is used to elucidate the
structural properties of this charge transfer compound. Finally, Chapter 6 is devoted
to the characterization of the electronic/vibrational states that are relevant for charge
carrier relaxation. Optical absorption and Raman measurements on both HAT6 and
the CT-complex HAT6-TNF are combined with DFT calculations, enabling the
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identification of electronic charge transfer processes and vibronic coupling
mechanisms relevant for charge photogeneration in DLCs.
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4

Charge transport in discotic liquid
crystal HAT6

This chapter is based on the published papers:
Conformation, Defects, and Dynamics of a Discotic
Liquid Crystal and Their Influence on Charge Transport.
Haverkate, L. A.; Zbiri, M.; Johnson, M. R.; Deme, B.;
Mulder, F. M.; Kearley, G. J. Journal of Physical
Chemistry B 2011, 115 (47), 13809-13816.
Correction to "Conformation, Defects and Dynamics of a
Discotic Liquid Crystal and Their Influence on Charge
Transport". Haverkate, L. A.; Zbiri, M.; Johnson, M. R.;
Deme, B.; Mulder, F. M.; Kearley, G. J. Journal of
Physical Chemistry B 2012, 116 (12), 3908.

Abstract
Future applications of discotic liquid-crystals (DLCs) in electronic devices depend
on a marked improvement of their conductivity properties. In this chapter the
structure and dynamics of 2,3,6,7,10,11-hexakishexyloxytriphenylene (HAT6), a
prototypical DLC, is studied by combining neutron diffraction and quasi-elastic
neutron scattering (QENS) experiments with classical molecular dynamics (MD). It
is shown how local conformation, structural defects, and thermal motions on the
picosecond timescale, strongly affect the efficient charge-transport in DLCs. The
local conformation of HAT6 molecules is characterized by a mutual rotation (twist)
angle of about 370 and typically a mutual aromatic-core distance of 3.4 Å instead of
the average distance of 3.65 Å usually quoted. We show that a considerable number
of structural traps is present in HAT6, which persist at the picosecond timescale. We
find that the high disorder in the mutual positions of the aromatic cores is an
important factor contributing to the limited conductivity of HAT6 compared to
larger DLCs.
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4.1 Introduction
Discotic liquid crystals (DLCs) are a promising class of materials for molecular
electronic devices.[122, 135, 136] They have low cost, are relatively easy to process and
show molecular self-organization. In the liquid crystalline phase, the disk-like
molecules stack on top of one another into stable columns due to the overlap of the
-orbitals of their aromatic core, while thermal fluctuations of the side chains give
rise to the liquid-like dynamic disorder. The stacks of aromatic cores provide a onedimensional pathway for charge-carrier transport along the column direction, in
most cases with the holes as major charge carriers.[110, 137, 138] This makes discotics
promising candidates for application in organic devices such as light emitting
diodes, field-effect transistors and photovoltaic cells.[139-141]
However, efficient charge transport in DLCs strongly depends on three main factors.
First, the local molecular arrangement should be optimal. Since charge transport in
discotics is described by the hopping formalism according to Marcus theory,[109, 110,
142]
the charge transfer between neighboring molecules within a column strongly
depends on their relative positions and orientations. The probability for charge
hopping would be maximal when the intermolecular separation is minimal, with the
polyaromatic cores being on top of each other (no lateral slide) and the mutual
orientation being co-facial.[7, 110, 117, 143] Second, the number of structural defects
must be minimal on a large spatial scale, since one dimensional charge transport is
limited by the slowest transfer rates.[7, 144] Finally, the thermal motion of the
molecules perturbs the rather ‘soft’ charge-transport system. Charge transfer
between neighboring molecules, which is on the picoseconds timescale[108, 115], is
hindered by the slow whole-body movements of the discs on similar and slower
timescales.[110, 145]
Recent work on hexabenzocoronene (HBC) derivatives[43, 44, 119, 144, 146-148] and semitriangle-shaped discotic molecules[7, 149] showed that classical molecular-dynamics
(MD) simulations are of key importance in determining the influence of structure
and dynamics on the conductivity of DLCs. MD simulations are capable of
predicting the conductivity of the mesophases and reveal how local conformation,
disorder and dynamics affect efficient charge-transfer along the 1D column pathway.
However, to realize the possibility for rational design of compounds with optimal
structure-mobility relationships, it is necessary to verify that the MD simulations
describe the real liquid-crystalline phase correctly. Although the DLC structures
from MD simulations were successfully compared to experiments on lattice
constants, density, phase-transition temperatures, order parameter and on mutual
orientation (twist angle) in specific cases, a more thorough analysis such as Rietveld
refinement on crystalline structures was not performed.
In this Chapter the structure and dynamics of the prototypical discotic liquid crystal
2,3,6,7,10,11-hexakishexyloxytriphenylene (HAT6) is studied. HAT6 (Figure 4.1
(a)) is a member of the widely discussed HATn series,[110, 117, 142, 143, 145, 150-155] but it
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is still an open question how its limited charge carrier mobility of 2×10-3 cm2 V-1s-1
as measured with PR-TRMC[108] relates to the much better mobilities in larger
molecules such as HBC C-12.[138, 146] By comparing classical MD simulations with
neutron powder-diffraction, a previous quasi-elastic neutron scattering (QENS)
experiment[145] and first-principles DFT calculations[152], the local molecularconformation, structural defects and thermal motions in HAT6 are determined and
related to their effect on charge transport.

4.2 Materials and Methods
4.2.1. Molecular dynamics simulations
For large molecular systems such as that discussed here, force-field methods are
considered to be the best alternative to the more accurate quantum-mechanical
approaches that are computationally too expensive in the present case. In practice,
force-field methods enable accurate and simultaneous predictions of structural,
conformational, vibrational and thermo-physical properties, not because the systems
considered behave mechanically, but because force-fields are adjusted to reproduce
relevant observables and therefore include many effects empirically. An important
aspect in case of stacked aromatic aggregates is a proper description of the dominant
π−π interaction between the aromatic rings. The main term in this interaction is the
London dispersion energy[23, 46-50] and force fields are capable of reliably describing
π−π interactions via the Lennard-Jones function, although improvements could be
made by including recent developments.[47, 49, 50] The force field employed in this
work is the COMPASS module[36, 45, 55] in the Materials Studio suite. COMPASS is a
second-generation force field, which generally achieves higher accuracy by
including cross terms in the energy expression[45] to account for such factors as
bond, angle or torsion distortions caused by nearby atoms. The force field
parameters as well as a thorough validation of COMPASS for poly ethylene oxide,
alkene and benzene compounds can be found elsewhere.[45, 55]
Model systems
To obtain a reliable description of the liquid-crystalline phase, large model-systems
are necessary ensuring that a sufficient part of the structural disorder is incorporated.
A common method to reduce the computational effort involved is to use a united
atom approach for the side chains of discotics, allowing system sizes of more than
200 molecules.[7, 148] However, in the present study an all-atom force field was
necessary in order to compare the MD simulations directly with neutron powder
diffraction patterns and QENS experiments. A periodic hexagonal supercell was
considered consisting of 72 HAT6D molecules (10368 interacting atoms), a much
larger system than other all-atom models carried out for discotics.[145] Earlier MD
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calculations on HAT5 with a comparable system size (but using a united atom
approach) already showed that such a size is sufficient to incorporate the essential
properties of the liquid crystalline phase.[155] The 72 molecules were arranged in 12
columns, each column consisting of 6 molecules. Initial sizes of 72.9 Å and 21.9 Å
were selected for the a-axis and c-axis of the supercell, respectively, corresponding
to a column-column distance of 21.04 Å between molecules in different columns,
and a nearest-neighbor disk-disk spacing of 3.65 Å within a column. These values
concur with the observed reflections in the neutron powder-diffraction pattern and
agree well with the measured density of 0.97  0.04 gr cm-3 for HAT6. The initial
molecular conformation of the HAT6 molecules is shown in Figure 4.1(a). It has
been pre-optimized using COMPASS, with a fixed D3h molecular-symmetry, the tail
torsions being all-trans.

Figure 4.1. (a) HAT6 in its D3h symmetric configuration. (b) Anisotropic temperature factors
for a HAT6 molecule with atomic displacements ranging from 0.7 Å (aromatic core) to 10 Å
(tail end). (c) MD simulation snapshot of TWIST25.

To inspect the dependence of the results on starting configuration, two models were
tested considering the mutual rotation of the molecules. In the first model TWIST60,
the nearest-neighbor molecules in a column are rotated by 600 around their principal
axis, while molecules in one 2D-layer have a similar orientation. In the second
model, TWIST25, a unit of 3 columns is built by taking a twist angle of 250 for the
first column, then taking the same mutual rotation-angle but in the opposite direction
for the second column, and finally constraining the twist angle of the third column to
50 in order to avoid superposition of the tails. The final MD simulations were
obtained after few preparation steps. First, the initial models were geometrically
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relaxed with the same non-bond settings in COMPASS as used for the MDs. Then a
sequence of (NPT) MD-runs was performed for thorough relaxation and
equilibration of the systems. The total time of the sequence was 2 ns for both
models. Final MD production-runs of 500 and 750 ps were executed for TWIST60
and TWIST25, respectively. The pre-relaxation sequence was sufficient to bring the
system in equilibrium: a longer run of 3 ns did not change the monitored properties
significantly. As a reference, also a 750 ps run on a pre-relaxed isolated molecule
was performed. From these simulations all data necessary for calculating structural
and dynamical properties was extracted using Materials-Studio scripts.
Technical details
To mimic the experimental conditions under which the neutron powder-diffraction
patterns and QENS spectra were obtained, the system was held at a pressure of 0.1
MPa and a temperature of 345 K (NPT ensemble) using Berendsen’s method.[56] The
coupling to the external bath was established with both the pressure and temperature
relaxation time set at 1 ps. For the MD simulations a time-step of 1 fs was chosen;
longer time-steps normally lead to unreliable results since the vibration of the
hydrogen atoms is in the order of femtoseconds. The Coulomb and Van der Waals
interactions were summed using the atomistic approach,[156] the Lennard-Jones
function being truncated at a cut-off distance of 10 Å. A spline-width of 1.3 Å was
chosen in order to turn off the non-bond interactions smoothly. A long-range
correction for the effects of splining and cut-off was applied in the standard way.[157]
The cut-of value of 10 Å is less than half the size of the shortest axis of the supercell
(21 Å), while being large enough (in combination with the long-range correction) for
a sufficient incorporation of the long-range non-bond interactions.[156, 157] The atomic
charges were assigned using the COMPASS force-field.
Simulated powder-diffraction patterns
A crucial step in the present approach is to compare the experimental neutron
powder-diffraction pattern with a crystal structure extracted from the MD
simulations. The Reflex package in Materials Studio is capable of calculating and
refining the diffraction pattern of crystal structures with more than 500 atoms in a
unit cell. To make the comparison as direct as possible, only the instrumental zeropoint offset was refined.

4.2.2. Sample preparation and experimental details
Isotopically normal 2,3,6,7,10,11-hexakishexyloxytriphenylene (HAT6) and its sidechain deuterated analogue, HAT6D, were prepared by the synthesis methods
described earlier.[158, 159] The deuteration of HAT6D was 98 atom%.
Neutron powder diffraction on HAT6 and HAT6D was performed using the D16
diffractometer at the Institut Laue Langevin (ILL) in France. A wavelength of 4.54
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Å was selected to get a good compromise between d-spacing range and angular
resolution. The diffraction patterns of HAT6 and HAT6D were obtained for the
columnar liquid-crystalline phase at 345 K, after heating the samples from the roomtemperature crystalline state. The advantage of using neutron diffraction over X-ray
diffraction is that elements with a small number of electrons have a small X-ray
scattering cross-section, while the neutron scattering cross-section is determined by
the nucleus and is relatively large in the case of deuterium. As a consequence, the
neutron powder-diffraction pattern of the tail-deuterated sample HAT6D provides
more information about the crystal structure than earlier[154, 160] X-ray powder
diffraction experiments.
To determine the dynamics on the picosecond time-scale, quasielastic neutronscattering (QENS) spectra of the two MD simulation-models TWIST25 and
TWIST60 were compared with experiments. QENS has the advantage that neutrons
follow both the temporal and spatial characteristics of atomic motion via a wellcharacterized interaction with the atomic nuclei. Consequently, it is fairly
straightforward to calculate the expected spectral profiles by using the atomic
trajectories from the MD simulations. Acceptable agreement of these simulated
patterns with the observed spectra not only validates the typical timescales of
motion, but also enables to assign the underlying mechanisms. Further details about
the experiment and the theoretical basis can be found elsewhere.[145] The incoherent
scattering-functions of the MD trajectories were calculated using the nMOLDYN
suite[61] with a resolution of 0.05 meV, this being similar to the experimental
conditions.

4.3 Results
4.3.1. Thermodynamic properties of the MD simulations
Figure 4.1 (c) illustrates a typical snapshot of the MD simulations, showing the
hexagonal packing of HAT6 into stable columns. Table 4.1 summarizes the
thermodynamic properties of the 500 ps and 750 ps final MD-simulation runs for
TWIST60 and TWIST25, respectively. The average temperature, density and
energies of the two runs are very similar. The average densities are close to the
experimental value of 1.06 g cm-3 for HAT6D at 345K. The deviation in the total
energy, Etot, within the simulation is less than 2.5% of the average value in both
cases, showing that the structures are already in an energy minimum at the start of
the final MD runs. Passing from the isolated phase to the condensed phase, the only
energy-term that changes significantly is the non-bond interaction energy. This is
shown in Table 4.2, where all contributions to the potential energy are listed for the
isolated molecule and for the bulk-phase TWIST25.

72

The intermolecular interaction-energy is estimated at -67 kcal mol-1 (-3.4
eV/molecule) by taking the difference in total potential-energy between isolated and
bulk phases. The non-bond energy Enb, composed of the Coulomb (Eqq) and
Lennard-Jones (ELJ) terms, contributes 98% to this difference. The internal
contributions such as the torsion energy hardly change by passing from isolated
phase to the bulk, in contrast to earlier observations on HAT5 with a less accurate
force-field.[155] Apparently, the redistribution of the dihedral angles of the aliphatic
tails due to the columnar packing in the liquid-crystalline phase is not accompanied
with significant loss in torsional energy.
Table 4.1 Thermodynamic properties of the final MD runs.
Ētot (kcal mol-1)

Etot

Ēpot

Ēkin

av (g cm-3)

Tav (K)

TWIST60

460.7

8.0

313.3

147.5

1.07

344

TWIST25

454.7

10.7

309.5

145.3

1.08

338

Table 4.2 Internal (Eintern) and non-bond (Enb) contributions to the potential energy (Epot) for
the isolated molecule and the liquid crystalline phase (TWIST25).
E (kcal mol-1)

Epot

Eintern

Enb

Ebond

Eangle

Etors

Ecross

ELJ

Eqq

1 molecule

430.7

397.6

33.0

55.8

93.9

255.8

-9.3

27.2

5.9

TWIST25

363.7

396.3

-32.6

58.1

92.6

258.3

-14.7

-36.6

4.0

4.3.2. Comparison of MD simulations with neutron diffraction
In the columnar phase, the diffraction pattern of a discotic liquid-crystal can be
conveniently subdivided into three regions. For the neutron diffraction-pattern of
HAT6D this is illustrated in Figure 4.2. The red area indicates a region with three
sharp peaks originating from the 2D hexagonal lattice, the (100) peak corresponding
to an average column-column distance of 21 Å. The blue region originates from the
broad distribution in tail-tail distances, with a maximum at 4.5 Å. The intracolumnar
distances correspond to the broad yellow shoulder around 3.65 Å. The tail-tail
region and shoulder disappear almost completely for the fully protonated sample.
Thus the shoulder represents intracolumnar distances between whole molecules
rather than only the core-core separation.
The crystal structure predicted by the MD simulations should reproduce the three
regions in the diffraction pattern in order to be sure that a proper minimum is found
in the large configuration space. To determine this, first the evolution of the neutron
diffraction-pattern during MD relaxation was followed. Figure 4.3 shows the
calculated diffraction-patterns of the intermediate structures after 200, 500 and 1500
ps for the MD-relaxation of the initial model TWIST60 (TWIST25 gives
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comparable results). Clearly, the simulated structure converges towards the
experimentally observed phase during the MD relaxation, while the free energy of
the crystal decreases to its minimum. The high mismatch of the 2D lattice peaks
after 200 ps indicates that the initial TWIST60 model, with a twist angle of 60
degrees, is far from the equilibrium liquid-crystalline phase. The improved
reproduction of the tail-tail and intracolumnar region during the relaxation process
reflects the distribution of the tail dihedral-angles and core-core spacing during the
MD relaxation.

Figure 4.2. Neutron diffraction pattern of HAT6D at 345 K, with the 2D lattice of columns
(red) and distributions in tail-tail (blue) and intracolumn (yellow) distances.

Figure 4.3. Comparison of the simulated diffraction pattern of TWIST60 with the
experimental pattern. The potential energy and diffraction pattern were calculated after 200,
500 and 1500 ps.
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Figure 4.4. Diffraction patterns of TWIST60 and TWIST25 compared with experiment (black
line), calculated from the average structure and temperature factors using 500 ps of the final
MD runs.

As a second step, the dynamic behavior of the liquid-crystalline phase was included
in the comparison of the MD simulations with the experimental observations. The
average structure and deviations from this average were extracted by using 500 ps of
the final MD runs on TWIST25 and TWIST60. The dynamic behavior was included
by calculating the anisotropic temperature-factors corresponding to the atomic
displacements (Figure 4.1 (b)). The tail atoms show large displacements of about 10
Å. Figure 4.4 shows the calculated diffraction-patterns corresponding to these
thermally-averaged structures. For the TWIST60 model, the time-averaged
diffraction pattern strongly resembles the snapshot after 1.5 ns MD-relaxation,
showing that the pre-relaxation sequence was sufficient to bring the system in
equilibrium. The main difference between TWIST25 and TWIST60 is the higher
intensity of the 2D hexagonal lattice peaks for TWIST25. This indicates that the
liquid-crystalline phase obtained with the initial TWIST25 configuration is more
ordered than the final TWIST60 structure, which is indeed the case as will be shown
in the next sections. The experimentally observed diffraction-pattern is intermediate
between the simulated patterns of the models. On the one hand, TWIST25 shows too
high peak-intensities for the 2D hexagonal lattice and a couple of peaks in the tailtail region. On the other hand, for TWIST60 the background in the 2D lattice region
is higher than observed experimentally, indicating an overestimation of the 2D
disorder. Furthermore, the order in intracolumnar distances and the intensity of the
(210) peak is overestimated in both cases. Despite these differences, both the
diffraction pattern of TWIST60 and TWIST25 show remarkable agreement with the
experimental pattern, while the relaxed structures stem from entirely different
starting configurations. In the next sections the structural similarities and differences
between the two models will be discussed. Here it is already anticipated that both
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models converge to comparable minima in configuration space, close to the actual
liquid-crystalline structure considering the agreement with the experimental
diffraction-pattern.

4.3.3. Structural properties in the liquid crystalline phase
A common approach[155] to characterize the liquid-crystalline structure of discotics is
to determine the orientational order, positional order, twist-angle distribution and the
distributions in tail dihedral-angles.
Orientational order
The orientational order-parameter[155] expresses how well the molecular buildingblocks are aligned in a certain direction. In the case of the discotic HAT6 molecules,
the order parameter mainly quantifies the alignment of the flat aromatic-cores, since
the aliphatic tails are almost evenly distributed above and below the molecular plane
(see e.g. Fig. 4.1 (b)). Therefore, unit vectors ûi perpendicular to the molecular plane
were estimated by only considering the aromatic triphenylene core of each HAT6
molecule. The instantaneous orientional order-parameter is defined as the largest
eigenvalue of the Q tensor,
∑

3

,

, ,

(4.3.1)

with N the total number of HAT6 molecules, 72 in the present case. After timeaveraging over 500 ps an orientational order-parameter of 0.97 and 0.96 were
obtained for TWIST25 and TWIST60, respectively. These values exceed the
experimental data which range from 0.90 to 0.95.[161]
Positional order
The order between and within the columns was determined by calculating the
positional correlation-functions[155] of HAT6 cores perpendicular and parallel to the
column director. Figure 4.5 shows these correlation functions for 500 ps of the final
MD runs on TWIST25 and TWIST60. The core positions were estimated by
calculating the center-of-mass (CM) of the aromatic cores.
The perpendicular correlation-function reflects the order in the 2D lattice of
columns, with a nearest column distance of 21 Å and additional peaks at 36.4 Å and
42 Å due to the hexagonal arrangement. The width of the nearest-column peak is 6.0
Å for TWIST25 and 9.0 Å for TWIST60, indicating that the TWIST25 configuration
is more ordered considering the 2D hexagonal arrangement of molecules. In the
TWIST60 configuration some molecules are laterally shifted with respect to the
average column-position. These defects give rise to the shoulder in the nearestcolumn peak appearing around 23.5 Å and explain the less intense 2D lattice-peaks
in the diffraction pattern. For both models it is concluded that a significant fraction
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of the molecules shows a deviation with respect to the column axis, with a
corresponding lateral slide of 2.5 Å, or even higher.

Figure 4.5. Positional correlation functions of the aromatic cores for both TWIST25 (red) and
TWIST60 (blue). (a) perpendicular to the column axis and (b) parallel intracolumnar.

The parallel separations between the aromatic cores within a column is represented
by the parallel intracolumnar correlation-function in Figure 4.5 (b). Contrary to the
perpendicular correlation, there is no significant difference in parallel intracolumnar
correlation between TWIST60 and TWIST25. Interestingly, the corresponding
distribution of core-core distances (cofacial distances separating the planes of the
aromatic cores) is in both cases is highly asymmetric, with a narrow peak at 3.4 Å
and a broad tail extending in excess of 5 Å. The typical core-core distance of 3.4 Å
agrees with the observed distance between HAT1 molecules.[162] On the other hand,
the distribution in the cofacial distances between the molecular planes is almost
symmetric around 3.65 Å for both models (Figure 4.6), in line with the
experimentally observed intracolumnar shoulder, which is dominated by diffraction
from the deuterated tails. The molecular positions were determined from the center
of mass of the HAT6 molecules, including the tails.

Figure 4.6. Parallel intracolumnar correlation functions of the molecules and only the
aromatic cores, extracted from TWIST25. The right figure is a snapshot, illustrating the
difference between the distribution of core-core and molecular separation.
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These observations indicate that the competition between the mutual Van der Waals
interactions of the cores with the steric repulsion of the tails causes a high disorder
in the core-core distances rather than a uniform shift of the core-core distance
distribution to larger distances. The tails tend to orient towards the open spaces
formed by these core-core defects, since the whole-molecule peak occurs at a larger
distance than the core-core peak. For both TWIST25 and TWIST60, all the corecore distances are more than 3 Å, about 35% are in excess of 3.7 Å and about 20%
are more than 4 Å. Based on the comparison with neutron diffraction (Figure 4.3.4),
even this disorder in intermolecular and core-core distances along the column
direction seems slightly underestimated, probably due to the limited size of the
models in the columnar direction.
Twist-angle distribution
The twist angle of two HAT6 molecules is defined as the mutual rotation angle of
their molecular planes (Figure 4.7). These twist angles were extracted from the
models by using the vectors between the centre of the core and the oxygen atoms.
Figure 4.7 shows the twist-angle distribution between the nearest-neighbour
molecules within a column. The twist-angle distribution peaks are around 360 and
380 for TWIST25 and TWIST60, respectively. These values are in good agreement,
especially taking into account that the equilibrated structures stem from entirely
different initial models. Moreover, they are comparable to the typical twist-angle for
HAT5 derived from molecular dynamics[155] and close to the minimum-energy twistangle of 300 as calculated with DFT.[152] The initial TWIST25 configuration with
two columns set at 250 is closer to the equilibrium twist-angle, which results in a
sharper distribution. The TWIST60 distribution is broader, with a small additional
peak at 600 originating from about 17% of the molecules that were not able to rotate
during the relaxation. However, also TWIST25 shows these twist angle defects:
about 3% of the molecules has a twist angle larger than 500.

Figure 4.7. Twist angle distribution for TWIST25 (red) and TWIST60 (blue).

Interestingly, this disorder in the twist-angle distribution is coupled to the disorder in
the 2D lattice of columns discussed earlier. The molecules with positions shifted
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with respect to their columns often show significant deviation from the equilibrium
twist-angle, resulting in a correlation coefficient of about 0.5 for the linear
dependence between lateral slide and twist angle. These structural defects with a
coupled deviation in twist angle and lateral slide explain the smaller intensities of
the 2D hexagonal-lattice peaks in the neutron diffraction-pattern of TWIST60: the
equilibrated TWIST60 structure is more disordered than TWIST25 in both twistangle distribution and lateral slide.
Torsion-angle distribution of the tails
Figure 4.8 shows the distribution in the 6 torsion angles of the alkyl tails for the
columnar phases and the isolated phase. The distributions in the columnar phases
TWIST25 and TWIST60 are similar, indicating that the conformation of the alkyl
chains is not significantly influenced by the disorder in twist angle and
intercolumnar distances. The first two dihedral-angle distributions are fairly broad,
the second being more confined to the trans state (1800). The other four torsionangles have two well resolved peaks in their distribution function, the higher one
corresponding to the trans state and the other to the gauche (600).
Passing from the isolated to the columnar phase, the trans state of the first, third and
fourth dihederal-angle become more occupied. This is consistent with the stretching
of the tails due to columnar packing and explains why redistribution of the dihedral
angles is not accompanied with a significant loss in torsional energy (Table 4.2).

Figure 4.8. Torsion angle distribution of the six tail dihedral angles for an isolated molecule
(green) and the TWIST25 (red) and TWIST60 (blue) bulk phases.

4.3.4. Dynamic behavior on the picosecond timescale
To characterize the dynamical processes on the picosecond timescale, the MD
simulations were compared with earlier QENS experiments[145]. In the analyses of
the experiments it was consistently found that in addition to the elastic peak at least
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two Lorentzian functions are required to fit the data. The FWHM peak widths
corresponded to timescales of about 0.2 ps and 7 ps. Figure 4.9 shows the
incoherent-scattering function extracted from the TWIST25 simulation together with
the measured function at 348 K.

Figure 4.9. Comparison of the incoherent scattering function from the simulation TWIST25
with the measured function at 348 K.

Figure 4.10. Incoherent scattering function at ~345K and Q=0.86 A-1 on a log scale for both
experiment and TWIST25 simulation. The colored areas indicate the regions of dominant
rotational (7ps) and translational (0.2 ps) motion. The elastic region is emphasized by the
grey area.

The agreement is satisfactory, and it is certain that a proper rescaling of the
simulation temperature[145] or using larger simulation models could give even better
agreement. The moderate size of the models could explain that the width of the
simulated scattering function increases slower with Q than the experimental signal.
The long-range molecular motions are very likely suppressed in the simulation,
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leading to a more ‘stiff’ response compared to the actual liquid-crystalline phase.
However, the essential observation is that the TWIST25 and TWIST60 models
compare well with the measured temporal and spatial dynamics (Figure 4.10). For
both models the intensities and timescales of the two spectral components are in
reasonable agreement with experiment.

Figure 4.11. Sub-picosecond translational and tilting motion for a typical molecule extracted
from the TWIST25 trajectory, for both the molecular center of mass (CM) including the tails
(broken lines) and the movement of the aromatic core CM alone.

Figure 4.12. Picosecond tilt and twist motions for a typical molecule extracted from the
TWIST25 trajectory, for both the molecular centre of mass (CM) (broken line) and the
movement of the aromatic core CM alone (solid lines).
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The agreement with experiment allows us to identify the underlying thermalmotions by examining the simulation trajectories more closely. Typical amplitudes
of molecular motion were estimated on the 0.2 ps and 7 ps timescale by extracting
the translational (parallel and perpendicular to the column axis) and rotational (tilt
and twist) movements of several molecules. Figure 4.11 illustrates the characteristic
translational and tilt motions for a single molecule on the 0.2 ps timescale. The
twist-angle deviations are negligible on this timescale with amplitudes smaller than
0.10 degrees. Apparently, the tilt movement of the molecular core is too fast to be
followed by the aliphatic tails: the tilt angle of the whole molecule hardly shows any
changes on this timescale, whilst the tilt motion of the core has an amplitude of
about 1.5 degrees.
From the above observations we conclude that molecular translations (“in-plane”
motions) make the dominant contribution to the spectral component of 0.2 ps in the
QENS spectrum, whilst the 7 ps component mainly stems from both tilt and twist
motion of the whole molecule (Figure 4.10). This is a slightly different assignment
than the one obtained for an MD simulation on a single column of four molecules,
with the 7 ps component only attributed to the tilt (‘out-of-plane’) motions.[145] The
difference probably arises from the more constrained twist-motion of the HAT6
molecules in the presence of the neighboring columns, the present models being a
more realistic representation of both structure and dynamics of the liquid crystalline
phase than was possible previously.

4.3.5. Dynamic versus static disorder in core-core distances
The analyses of the QENS data showed that at least a part of the disorder in corecore distances is due to thermal motions on the picosecond timescale. However, the
amplitudes of motions appeared too small to fully cover the extend of the
asymmetric tail in core-core distances (Figure 4.6), suggesting that a part of the
disorder is static on the picosecond timescale.

Figure 4.13. Parallel intracolumnar correlation function of the aromatic cores, for all
columns (blue), one column (brown) and one pair in that column (green), extracted from
TWIST25.
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Indeed, Figure 4.13 shows that the intracolumnar correlation function of the
aromatic cores in one column is not the same as that of a single pair in the same
column. More specific, within the MD simulation time of 750 ps the core-core
distance of the single pair remains within ~3.8 and ~5.3 Å. The core-core separation
of other molecules within the column, on the other hand, mostly remain between ~3
and ~3.8 Å during simulation time. This observation is more generally valid: also for
the other columns one part of the molecules have mutual core-core distances
fluctuating around the minimum energy separation, while the other part remains
‘trapped’ with core-core distances larger than ~3.8 Å. One of the 72 HAT6
molecules actually showed a transition from the large distance tail of the distribution
towards the typical peak around 3.4 Å.
There is thus a clear distinction between relatively small picosecond timescale
motions of the aromatic cores and the much slower dynamics involved in the
continuous redistribution of ‘structural traps’ for charge transport. The picosecond
motions are observed by QENS and interfere with the charge transfer between
molecules, while the structural traps appear to be static for charge hopping.[119]

4.4 Discussion
The mobility of HAT6 (2×10-3 cm2 V-1 s-1) for charge-transport along the column is
a factor of 200 smaller than larger DLCs such as HBC-C12 (0.4 cm2 V-1 s-1
measured with PR-TRMC).[119, 138, 142] What are the main factors contributing to this
difference?
According to Marcus formalism the electron (hole) transfer rate ij from two
identical molecules i and j in the absence of an external field is described by[7, 109]

ij 

J ij


2


  
exp  

 kT
 4kT 

(4.3.2)

This equation provides two key parameters governing charge transport in disordered
materials: the reorganization energy  and the charge transfer integral Jij. For (small)
DLCs the reorganization energy is dominated by the internal molecular contribution,
which is 0.1 eV for HBC and 0.18 eV for triphenylene.[144] As a first estimate the
reorganization energy therefore contributes less than an order of magnitude in the
decrease in mobility in going from HBC-C12 to HAT6. The charge transfer integral,
on the other hand, is very sensitive to the relative molecular arrangement.[110, 144]
Knowledge about the parametric dependence of J on relative positions and
orientations can be very helpful for optimizing the charge-carrier mobility of DLCs.
For instance in realizing the optimal register of twist angles, as has been recently
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achieved by Feng et. al. for triangle-shaped molecules.[7] For HAT6, the twist-angle
of 370 we found will reduce J to about 50% compared to the optimal angle of 00, as
estimated from previous DFT calculations.[152] But this typical twist angle does not
account for a lower mobility of HAT6 compared to HBC-C12. The twist angle of
about 300 found for HBC-C12[148] even leads to a smaller value of the transfer
integral in comparison to HAT6 at 370 at a similar core-core separation.[110]
However, the overall mobility is not only sensitive to the standard order parameters,
such as the typical twist angle and the orientational order parameter. Instead, it is the
whole distribution of molecular positions and orientations that influences the overall
charge transport along the column. Charge transport is in particular dominated by
the tail of the distribution showing the lowest |J|2 values, since for one-dimensional
transport the mobility is limited by the slowest rates. This makes the mobility very
sensitive to the presence of structural defects and allows us to estimate their effect
on the charge transport by focusing on the molecular couples having the lowest
transfer integral.
Considering the disorder in molecular separations along the column director, we
found for HAT6 that about 20% of the aromatic cores are mutually separated more
than 4 Å, with a tail extending in excess of 5 Å . They act as structural traps for
charge transport as discussed in Paragraph 4.3.5. For HBC-C12 the disorder in
intracolumnar distances is much less pronounced, with a maximum molecular
separation below 4 Å.[43, 148] The charge-transfer integral decreases exponentially as
a function of core-core distance,[7, 117, 152] approximately as J ~ exp(-2.2 z/Å) for
both HBC and triphenylene.[7, 144] Taking into account that the aromatic core
dominates the transfer integral,[110, 152] a separation of 5 Å for HAT6 molecules then
leads to about two orders of magnitude smaller |J|2 than HBC-C12 molecules with a
mutual distance of 4 Å. Such a large difference, although being a first
approximation, clearly indicates that the structural disorder in core-core distances
found for HAT6 is a major factor limiting charge transport compared to HBC-C12.
Considering the disorder in twist angle, we found that at least 3% of the HAT6
dimers show twist angles larger than 500, a situation leading to very small transfer
integrals if the molecules are not laterally translated.[152] However, the disorder in
twist angle appeared to be correlated with the disorder in lateral slide, making the
parametric dependence on J more complicated.[110] Also the effect of thermal
motions on the mobility is not easily quantified, since the picosecond timescales of
motion strongly interfere with the charge transfer between molecules that is on a
similar timescale.[119, 119] Based on the small amplitudes (Figure 4.11, Figure 4.12) of
motion it is at least reasonable to expect that their influence on charge transport is
smaller than the discussed structural traps in core-core distances. Anyway, a
complete and accurate analysis of the morphology-mobility relationship would
require a full calculation of the distribution in transfer integrals induced by the
whole time dependent register of molecular positions and orientations. The
estimations presented here, however, lead to the conclusion that next to the
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difference in reorganization energy, the extremes in the disorder in core-core
distances are a major factor limiting charge transport in liquid crystalline HAT6
compared to larger discotics such as HBC-C12. Suppressing these less abundant
defects would be one of the most challenging steps towards the design of relatively
small DLCs with optimal carrier-mobilities. It is a matter of trying to change one of
the most basic properties of the liquid crystalline phase.

4.4 Conclusions
We have determined the structure and dynamics of HAT6 by making a comparison
of neutron diffraction and QENS data with classical MD-simulations. To the best of
our knowledge, this is the first time that the structure of a discotic liquid crystal has
been determined by a full reproduction of its diffraction pattern. This enabled us to
verify that classical MD-simulations are capable of reproducing the liquidcrystalline phase accurately, which opens the possibility for rational design of
compounds with optimal properties. We showed that for HAT6 the distribution in
mutual aromatic-core distances in a column is highly asymmetric, with a typical
core-core distance of 3.4 Å instead of the average distance of 3.65 Å usually quoted,
with the tail of the distribution extending beyond 5 Å. This disorder in core-core
distances is static on the timescale of charge transport, and it forms a main factor
contributing to the limited conductivity of HAT6 compared to larger DLCs such as
HBC-C12.
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5

The morphology of a discotic liquid
crystalline charge transfer complex

This chapter is based on the published paper:
On the Morphology of a Discotic Liquid Crystalline Charge Transfer Complex. Haverkate, L.
A.; Zbiri, M.; Johnson, M. R.; Deme, B.; De Groot, H.J.M.; Lefeber, F.; Kotlewski, A.;
Picken, S.J.; Mulder, F. M.; Kearley, G. J. Journal of Physical Chemistry B 2012, 116 (43),
13098-13105.

Abstract
Discotic liquid crystalline (DLC) charge transfer (CT) complexes, which combine
visible light absorption with rapid charge transfer characteristics within the CT
complex, can have a great potential for photo voltaic applications when they can be
made to self-assemble in a bulk heterojunction arrangement with separate channels
for electron and hole conduction. However, the morphology of some liquid
crystalline CT complexes has been under debate for many years. In particular, the
liquid crystalline CT complex built from the electron acceptor 2,4,7-trinitro-9fluorenone (TNF) and discotic molecules has been reported to have the TNF either
“sandwiched” between the discotic molecules within the same column, or between
the columns within the aliphatic tails of the discotic molecules. This Chapter
presents a detailed structural study of the prototypic 1:1 mixture of the discotic
2,3,6,7,10,11-hexakishexyloxytriphenylene (HAT6) and TNF. Nuclear magnetic
resonance (NMR) linewidths and cross-polarization rates are consistent with the
picosecond-timescale anisotropic thermal motions of the HAT6 and TNF molecules
previously observed. By computational integration of Rietveld refinement analyses
of neutron diffraction patterns with density experiments and short range structural
constraints from heteronuclear 2D NMR, we determine that the TNF molecules are
vertically oriented between HAT6 columns. The data provide the insight that a
morphology of separate hole conducting channels of HAT6 molecules can be
realized in the liquid crystalline CT complex.
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5.1 Introduction
In recent years, discotic liquid crystals (DLCs) have become a promising class of
organic materials for photovoltaic and other electronic applications.[114, 121, 122, 133, 138,
139]
These disk-like molecules form stable columns due to the overlap of the orbitals of their aromatic core and tail-tail interactions, while thermal fluctuations of
their side chains (tails) give rise to the liquid-like dynamic disorder. Like conjugated
polymers[104, 105, 163, 164], DLCs could be used as low cost, easily processed and
flexible solar cells. Further, DLCs exhibit advantageous properties including visible
light absorption, long-range self-assembly, self-healing mechanisms, high chargecarrier mobilities along the column axis and a tunable alignment of the columns.[114,
138, 165]
It is generally thought that optimal performance of DLC solar cells is most
effectively achieved within a bulk heterojunction (BHJ) setup, with separate
channels for electron and hole transport, and the donor and acceptor materials
intermixed at a length-scale less than the exciton diffusion length.[122, 139, 163, 164]

Figure 5.1. Illustration of HAT6 (D3h symmetry) and TNF, including the labeling of the
HAT6 carbons used for the NMR analysis.

An interesting design route to achieve such a device architecture is to dilute the
columnar liquid crystalline phase with a non-discogenic electron acceptor, such as
2,4,7-trinitro-9-fluorenone (TNF).[139, 165-167] Although pure DLCs generally show a
poor absorption in the visible spectral domain, mixtures of the electron donating
discoids with non-discogenic electron acceptors could exhibit absorption bands in
the visible due to the formation of a charge transfer (CT) complex.[168-170] In many
cases CT complexation even causes a considerable increase in the stability of the
columnar mesophase.[158, 171] Despite these favorable properties it is still unclear to
what extent DLC-CT compounds can be attractive for application in a photovoltaic
device. For good performance of a photovoltaic device the donor and acceptor
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molecules must form separate columns, i.e. enable charge separation and subsequent
charge transport along the columnar wires. The position of the electron acceptors
within the columnar mesophases is still controversial.[167] Acceptor molecules such
as TNF have been reported to be “sandwiched” between discotic molecules within
the same column,[168, 172-174] but also “intercolumnar”, i.e. between the columns
within the aliphatic tails of the discotic molecules.[158, 175-178] Only the intercolumnar
juxtaposition could provide a morphology with separate continuous columns for
electron and hole transport.[158]
In this chapter we elucidate the morphology issue by considering a prototypical
discotic CT compound. We used the widely discussed hexakis(nhexyloxy)triphenylene (HAT6)[179] as electron donating discoid and TNF as electron
acceptor (Figure 5.1). The resulting 1:1 mixture HAT6-TNF forms a CT compound
exhibiting a stable liquid crystalline columnar phase from below room temperature
to 237 0C.[158] For a detailed examination of the morphology, the sandwich and
intercolumnar juxtaposition were compared directly by a combined analysis of
neutron diffraction, nuclear magnetic resonance (NMR) and mass density
experiments. In addition, the possibility of ground state charge transfer is discussed
by analyzing the chemical shifts in the NMR spectra. In Chapter 6 we will discuss
the electron transfer processes in the CT-complex in more detail.

5.2 Materials and Methods
5.2.1. Sample preparation
Isotopically normal 2,3,6,7,10,11-hexakishexyloxytriphenylene (HAT6) and its sidechain deuterated analog, HAT6d, were prepared by the synthesis methods described
earlier[158, 159]. The charge transfer compounds were obtained by mixing HAT6 (or
HAT6d) with 2,4,7-trinitro-9-fluorenone (TNF) in dichloromethane with a 1:1 molar
proportion.[158] The mixture was subsequently evaporated to dryness at room
temperature. To remove any traces of solvent and to ensure the correct phase
behavior, the resulting composite was heated to the isotropization temperature, 237
0
C, then cooled slowly. By using a deuterated analog for TNF as well (TNFd, with
all hydrogens deuterated), four analogues were obtained: HAT6-TNF, HAT6d-TNF,
HAT6-TNFd and HAT6d-TNFd. The degree of deuteration of HAT6d and TNFd
was about 98 atom%.
Sample alignment was achieved by mechanical shearing, a common method to align
the columns of a discotic liquid crystals parallel to the substrate.[114, 158] The sample
was uniformly distributed over a quartz glass plate and then heated to just above the
isotropization temperature. Mechanical shearing was then applied during the cooling
of the sample, by displacing a second glass plate, under slight pressure, over the
sample surface. Subsequently we examined the alignment of the sample by using an
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optical microscope, the sample being placed between a polarizer and analyzer
(Figure 5.8). In the case of optimal alignment with all the columns on the substrate
being aligned parallel to the shearing direction, no light should pass through the
optical system if the shearing direction is exactly parallel or perpendicular to the
polarization direction of the analyzer. Indeed this is what we observe for HAT6TNF, which means that indeed mm-long single crystalline domains can be produced
with the column director parallel to the substrate. Homeotropic alignment, with the
column director perpendicular to the substrate, is also possible for DLC-CT
compounds such as HAT6-TNF as recently shown by Li et. al.[165]

5.2.2. Density measurements
Helium pycnometry was used for accurate density measurements of HAT6-TNF in
the liquid crystalline phase. Helium is inert and can penetrate into voids smaller than
0.4 nm, enabling the skeletal density to be measured without voids. We used a
Quantachrome Pentapycnometer to measure the skeletal volume of 1.267 g of the
fully deuterated sample HAT6d-TNFd. The skeletal volume over 10 measurements
at 300K was 1.17 cm3 +/- 1%.

5.2.3. Neutron powder diffraction
Neutron powder diffraction of HAT6-TNF and its deuterated analogs was performed
using the D16 diffractometer at the Institut Laue Langevin (ILL) in France. A
wavelength of 4.54 Å was selected to provide a good compromise between dspacing range and angular resolution. The advantage of using neutron diffraction is
that the neutron scattering cross-section is determined by the nucleus only, i.e. there
is a constant atomic form factor, which leads to larger diffraction intensity for an
extended d-spacing range and information related to the thermal motions
(temperature factors). In addition the cross section is of different sign for protons
and deuterium. As a consequence, the neutron powder-diffraction pattern of the taildeuterated sample HAT6D an HAT6D-TNF provide e.g. larger d spacing range
information about the deutereated part of the structure than X-ray powder diffraction
experiments can provide.[158] By using the selectively deuterated samples we were
able to tune the amount of diffraction from different molecular regions, due to the
large difference between the neutron scattering cross sections of hydrogen and
deuterium.
Rietveld refinement
An important step in our approach is a comparison of the neutron powder-diffraction
patterns with model structures representing the different juxtapositions of TNF.
Unlike the analyses of pure HAT6 described in Chapter 4, a full Rietveld refinement
procedure was needed to bridge the gap between initial model and final structure.
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The refinement was performed using the Reflex package as incorporated in the
Materials Studio suite 4.2, which is capable of refining crystal structures with more
than 500 atoms in the unit cell. For large structures, such as those considered here,
refinement is only possible if constraints are made to the large parameter space.
Therefore, we incorporated two main types of constraints in the refinement
procedure. Firstly, the molecular degrees of freedom were limited by treating the
HAT6 and TNF molecules as rigid bodies during refinement. For TNF (28 atoms)
this resulted in a reduction of the parameter space to three translational and three
rotational degrees of freedom per molecule. For HAT6 (144 atoms) we also
incorporated the first three dihedral angles of the HAT6 tails (C0-O, O-C1 and C1-C2
in Figure 5.1), giving rise to 18 additional refinement parameters per HAT6
molecule. Secondly, an energy penalty term was included during refinement to
reduce the solution space to structures that are energetically feasible, i.e. without
unrealistic molecular and atomic distances. We optimized the combined figure of
merit Rcomb=(1-w)Rwp+wRE as implemented in Reflex, with Rwp being the measure of
agreement between observed and calculated diffraction patterns. The energetic
contribution RE = 0.1(E-Emin)/Etol ensures that the potential energy E of realistic
solutions should be within a given tolerance Etol (=40 kcal/mol in the present case)
of the global energy minimum Emin. We have set the energetic weight factor w to
0.01. Using such a small value de facto means that RE is mainly used to guide the
optimization out of unfavorably high energy regions with for instance atomic
overlaps or unrealistic intermolecular distances. The potential energies were
calculated before (Emin) and during (E) Rietveld refinement using the COMPASS
forcefield.[36, 54, 55] Coulomb and Van der Waals interactions were summed using the
atomistic approach,[156] and the Lennard-Jones function was truncated at a cut-off
distance of 10 Å. A spline-width of 1 Å was chosen in order to turn off the non-bond
interactions smoothly. A long-range correction for the effects of splining and cut-off
was applied in the standard way.[157] The atomic charges were assigned using the
values provided by the COMPASS force-field.
Model structures
The cell parameters of the initial model structures were estimated from the observed
column-column reflections ([100],[010]) and intracolumnar nearest neighbor
spacing [001] (see Figure 5.2), together with the constraint imposed by the measured
density of HAT6-TNF.
The sandwich structure was built by constructing a 2x2x4 supercell of 8 HAT6 and
8 TNF molecules, allowing an alternate packing of HAT6 and TNF both along and
perpendicular to the column director. For the intercolumnar model we used a 2x2x3
supercell consisting of 4 columns of 3 HAT6 molecules, with 12 vertically oriented
TNF molecules evenly distributed between the tails. The initial molecular
conformations of HAT6 and TNF were pre-optimized using the COMPASS force
field, with a fixed D3h molecular-symmetry for HAT6, with the tail torsions being
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all-trans (Figure 5.1). For both the sandwich and intercolumnar juxtaposition of TNF
we have tested other supercell structures, but they all faced fundamental packing
problems and/or a bad agreement with the experimental diffraction patterns.

5.3.4. Solid state CP-MAS NMR
Solid state 13C CP-MAS and 2D heteronuclear (1H-13C) correlation spectra were
recorded using a DMX-400 (9.4 T) NMR spectrometer operating at a 13C frequency
of 100.5 MHz, equipped with a 4 mm triple-resonance CP/MAS probe (Bruker,
Karlsruhe, Germany). To minimize unwanted spectral overlap, the MAS spinning
frequency was set at 8 kHz, unless quoted otherwise. During all experiments the
spinning frequency was kept stable to within a few Hz. The spectra were obtained
with cross polarization (CP) mixing times between 100 s and 10 ms. The 1H-13C
2D heteronuclear correlation spectra were obtained using the CP/WISE technique as
described elsewhere.[180] Following a 900 pulse on the protons, a time increment (t1)
before the CP allows the proton evolution to be observed with detection through the
carbons. A ramped amplitude CP sequence (RAMP-CP) was implemented to restore
a broader Hartmann-Hahn matching profile.[75] During the t2 evolution time, the
protons were decoupled from the carbons by using the two-pulse phase-modulation
(TPPM) decoupling scheme.[181] The 900 proton pulse lengths were typically
between 3 and 4 s. The 2D spectra were recorded with 64 points in the t1 (1H) and
1510 points in the t2 (13C) dimension.

5.3 Results
5.3.1. Neutron diffraction
The neutron diffraction pattern of HAT6-TNF (Figure 5.2) is characteristic for a
columnar mesophase, with sharp reflections in the small 2 region ([100], [200] etc)
originating from the 2D columnar lattice, a broad liquid-like band from the
distribution in tail-tail distances, and a broad [001] peak from the intracolumnar
distances.[179] However, the Bragg peak from the distance between the columns is
shifted from 1.85 nm for HAT6 to 1.53 nm for HAT6-TNF. Also the intracolumnar
peak, reflecting the characteristic co-facial nearest neighbor distance, is shifted, from
3.65 Å to 3.40 Å.
Two observations are important here. First there is no superstructure peak visible
with a double co-facial distance as would result in a intracolumnar juxtaposition of
TNF where TNF and HAT6 alternate, doubling the cell dimensions in the zdirection. This essentially makes such configurations unlikely. Second, the large
decrease in lattice parameters is not accompanied by a similar increase in density
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that would result when simply shrinking the HAT6 cell to the new dimensions. We
measured a skeletal density of 1.08 +/- 0.01 g cm-3 for HAT6d-TNFd, corresponding
to an increase in density of about 7% with respect to HAT6.[158]

Figure 5.2. Neutron diffraction patterns of HAT6d at 345K (top) and HAT6d-TNFd at 300K
(bottom). The arrows indicate the changes in the [100]/[010] intercolumnar and [001]
intracolumnar distances.

These observations indicate that the columnar morphology has drastically changed
in the charge transfer compound. For a hexagonal columnar structure with the TNF
sandwiched between the HAT6 molecules, the column-column distance should be
about 17% smaller compared to pure HAT6. This only appears possible if the HAT6
and TNF are also alternately packed in the hexagonal plane. Other distributions
result in energetically unfavorable interdigitation of the aliphatic tails, such as the
often suggested[182] alternating intracolumnar packing with the discotic molecules
positioned in the same hexagonal plane. The intracolumnar juxtaposition of TNF, on
the other hand, is only consistent with the experiments if the HAT6 columns are
tilted on an oblique lattice. Such an arrangement, with discotic molecules slid
laterally, has already been observed for highly polar HAT2-NO2 molecules.[183]
However, the tilted HAT6 columns leave such small spaces within the tail region
that the TNF molecules should mainly have a vertical orientation.
The sandwich (with HAT6 and TNF alternating in the horizontal plane) and
intracolumnar (with tilted HAT6) models were further analyzed with Rietveld
refinement. Figure 5.3 compares the calculated intensities with experimental data,
while the assignment of the main reflections from the 2D columnar lattice is shown
in Appendix A.1 for both supercell models. Remarkably, the refinement does not
favor either of the juxtapositions of TNF over the other. Both models reproduce the
characteristic features of the experimental diffraction patterns with comparable
agreement, and both morphologies are also energetically reasonable with fair
agreement with the observed macroscopic density (Table 5.1).
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Figure 5.3. Comparison between the neutron diffraction patterns of the refined sandwich
(top) and intercolumnar (center) models and the measurements at 300 K (bottom) for (a)
HAT6d-TNF and (b) HAT6d-TNFd.
Table1. Structural properties extracted from the refined models
Densitya (g cm-3)
ab (nm)
bb (nm)
cb (Å)
 (deg)
 (deg)
 (deg)
dcolumn-column (nm)
dcore-core (Å)
dHAT6core-TNFc (Å)
columnar slide (Å)

Sandwich
1.14
3.39
3.43
13.76
83.4
92.4
116.3
~1.8
3.42
~3.4
~0.4

Intercolumn
1.10
5.02
5.04
14.97
64.8
72.9
120.7
~2.2
3.40
4-10d
~3.5

a

Density of HAT6d-TNFd. b Lattice parameters of the supercells.
c
Shortest distance between the core of HAT6 and TNF. d Estimate of
different TNF orientations that were refined.

In addition, the effect of deuteration on the diffraction patterns also fits well with the
measurements in both cases, particularly considering that only a quick lattice
parameter refinement has been made from Figure 5.3 (b) to 5.3 (a) after replacing
the deuterium atoms of TNF with protons. Even the orientation dependences of the
diffraction patterns on macroscopically aligned samples show little difference
between the two models, see Figure 5.4. We simulated the neutron diffraction
patterns for the refined HAT6d-TNFd intercolumn and sandwich models in the case
that the sample has a preferred orientation with respect to the scattering plane. It is
convenient to define a “perpendicular” orientation, in which the column axis lies
perpendicular to the scattering plane, and a “parallel” orientation, in which the
column axis is in the scattering plane (see inset Figure 5.4). In both neutron and X-
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ray diffraction experiments it has been observed that the Bragg peak corresponding
to the column-column separation is most intense in the perpendicular orientation,
and the peak due to the separation between the discs in a given column is most
intense in the parallel orientation.[158] We find that the simulated patterns of both the
intercolumn and sandwich model are consistent with these experimental
observations. The preferred orientation was simulated according to the model of
March-Dollase2 (with R=0.65).

Figure 5.4. Simulated neutron diffraction patterns for the refined HAT6d-TNFd intercolumn
(a) and sandwich (b) models with the orientation of the column directors perpendicular
(purple) and parallel (orange) to the scattering plane. The measured powder diffraction
pattern for HAT6d-TNFd at 300K with no preferred orientation is shown as a reference.

Figure 5.5. Illustration of a) the sandwich and b) the intracolumnar model structures after
Rietveld refinement. Elliptical pink shape: TNF, gray disc: HAT6.

Clearly, it is difficult to determine the juxtaposition of TNF using only diffraction.
Nevertheless, the sandwich and intercolumnar models only fit with the observed
density and diffraction patterns under the conditions given in Table 5.1 and
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illustrated in Figure 5.5. As anticipated, the HAT6 columns in the intercolumnar
model are tilted, with a co-facial slide of about 3.5 Å between two neighboring
molecules in a column. We defined dcolumn-column as the average separation between
the column directors of two neighboring columns, which is significantly larger for
the intercolumn juxtaposition of TNF. The minimal distance dHAT6core-TNF between
the core of HAT6 and TNF predominantly determines the charge-transfer behavior
of the complex. For the intercolumnar arrangement dHAT6core-TNF is difficult to
estimate, since there is considerable freedom left in the refinement of the TNF
position. We refined several intercolumn models with different initial vertical
positions of TNF from which we estimated that dHAT6core-TNF should be within the
range of 4-10 Å. Typically, the closest distance between TNF and HAT6 for the
intracolumnar juxtaposition involved a CH carbon of HAT6 and a NO2 group of
TNF.

5.3.2. Solid state NMR
Figure 5.6 shows the solid state 13C CP MAS NMR spectra of liquid-crystalline
HAT6, TNF and the CT complex. An overview of the assignment of these spectra
can be found in Appendix A.2. Solid state 13C, 1H and 2H NMR spectra have already
been reported for protonated and side-chain deuterated triphenylene based DLCs,[184187]
and the analysis of the carbon signals of HAT6 presented in Figure 5.6 (a) is in
line with this literature. The assignment of TNF has also been performed earlier.[188,
189]
Based on these spectra of the uncomplexed samples, we assigned all the peaks in
the CT-complex spectrum to specific HAT6 or TNF carbons (Appendix A.2). In the
CT-compounds, however, the chemical shifts of the HAT6 and TNF carbons are
changed significantly. All the TNF carbon signals are shifted upfield (Figure 5.6 (d)
and Table A.1), reflecting a stronger local magnetic field for the TNF in the mixture
compared with the pure compound. The largest shift of -5.4 ppm is observed for the
C=O carbon C12, and the signals of the C5 and C6 in the central 5-ring moderately
shift upfield by -0.7 and -0.2 ppm, respectively. In contrast to TNF, the HAT6 lines
show both downfield and upfield shifts, with a net downfield shift of 9.6 +/- 0.2 ppm
summed over the whole molecule. The strongest downfield shifts are observed for
outer carbons of the aromatic core, C0 (1.7 ppm) and CH (0.3 ppm), and the first tail
carbon C1 (0.8 ppm).
Chemical-shift changes in charge transfer complexes have been attributed to partial
electron transfer from donor to acceptor molecules in the electronic ground state.[169,
189, 190]
According to Mulliken’s theory,[170] partial transfer of electron density occurs
from the highest occupied molecular orbital (HOMO) of the donor to the lowest
unoccupied molecular orbital (LUMO) of the acceptor in the electronic ground state.
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Figure 5.6. Solid state CP-MAS 13C NMR spectra for HAT6 (a), HAT6-TNFd (b), TNF (c)
and HAT6-TNF (d). The temperature and CP mixing time are 358 K, 10 ms for spectrum (a)
and (b), 300 K, 2 ms for (c) and 300 K, 5 ms for (d). The HAT6 carbon assignment in (a)
follows the labeling of Figure 5.1. The blue (red) arrows indicate the downfield (upfield)
shifts of HAT6 (TNF) peaks in the composite.

Indeed, for the HAT6 donor we observe the anticipated general shift sign (lower
electron density, lower field) that would result from partial electron transfer to the
acceptor TNF. For HAT6 the largest downfield shifts are observed for 13C nuclei in
the outer part of the aromatic core, which is consistent with the spatial distribution of
the HOMO.[110, 152] However, the observed shifts could correspond to a small amount
of intermolecular electron transfer in the ground state of HAT6-TNF. To a first
approximation, a unit positive charge on a single carbon induces a downfield shift of
about 160 ppm.[169] The net downfield shift of 9.6 ppm on HAT6 would then
correspond to a total ground-state electron transfer of about 0.06 e-. Such a small
effect must be considered with care, certainly by taking into account that the
chemical shifts are also sensitive to changes of the local molecular environment in
the complex such as a different molecular packing.[166, 190] In addition, strong and
asymmetric electron-withdrawing effects already operate on the TNF core from the
NO2 substituents. For instance, C12 is strongly positively charged by its withdrawing
substituent, and there is a difference of 12.5 ppm between carbon C11 and C13 in
pristine TNF, that is the result of the symmetry breaking by the electronwithdrawing NO2 group attached to carbon C4.

97

Figure 5.7. 1H-13C 2D heteronuclear correlation spectra for HAT6-TNFd (colored contours)
and HAT6d-TNF (grey contours) at 290K with a CP mixing time of 10 ms. The red numbers
indicate cross polarization between protons on the tail of HAT6 (H2-H5 and H6) and specific
TNF carbons shown in the inset. The circles in the inset surrounding the numbered carbons
illustrate the strength of these interactions and the possible HAT6 hydrogens involved (pink
for H2-H5, green for H6). The HAT6 Cc and C0 carbon and the Hcore hydrogen chemical
shifts are indicated by the green, blue and brown dashed lines, respectively. The signals
marked with yellow arrows are due to imperfect deuteration of TNF.

A clear conclusion on the juxtaposition of TNF can be drawn from the 2D 1H-13C
hetero correlation NMR measurements. The signals indicated with red arrows in
Figure 5.7 result from coherence transfer between the HAT6 tail proton spins H2-H6
and specific TNF carbons labeled in the inset. The presence of these 1H-13C
correlation signals requires a close spatial proximity of protons and carbons that are
involved. It has been shown that the time-oscillatory magnetization buildup of 1H13
C heteronuclear CP-MAS spectra can be related to the dipolar coupling strength,
and therefore the internuclear distances, between the involved spin pairs.[191, 192]
From the mixing time corresponding with the maximum CP intensity, which appears
to be around 10 ms (see also Figure A.7), we estimate that the cross-polarized TNF
carbons should be within an approximate distance of 0.6 nm from the HAT6 tail
protons. Thus the TNF should be, at least for the major part, within the tail region of
the HAT6 molecules. On the other hand, no interaction between TNF and the core of
HAT6 was observed. The proton Hcore attached to the HAT6 core only shows cross
polarization with HAT6 carbons (Figure 5.7). Note that the signals marked with
yellow arrows are due to the imperfect deuteration of TNF, since their intensity
evolution as a function of mixing time is comparable to protonated TNF and their
chemical shift in the 1H dimension matches with the involved TNF protons. For the
differently deuterated sample, HAT6d-TNF, very little coherence transfer between
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TNF protons and any of the HAT6 carbons was observed. The absence of a
significant reverse CP from TNF to the HAT6 tails is likely due to the different
number of protons involved (12 for HAT6 tail protons H2-H5, 1 for TNF protons).
Finally, we consider some observations that relate to the dynamics of the liquid
crystalline samples. First, the CP build-up of the carbons at the end of the aliphatic
side chains is much slower than for 13C nuclei close to the aromatic core of HAT6
(see SI). For both HAT6 and HAT6-TNF, the CP rate decreases from carbon C2 to
C6, this being consistent with an increased dynamics along the aliphatic tails.
Liquid-like motions due to ‘flip-flopping’ of the dihedral angles between the carbons
of the HAT6 tails occur on a comparable timescale for the CT-complex and for
pristine HAT6.[158, 179] Second, a rapid build-up of spin polarization is observed for
the core 13CH (within 0.1 ms for both HAT6 and HAT6-TNF at ambient
temperature) and for the TNF C-H carbons (within 1 ms), revealing a more rigid
environment than for the tails. Third, the resolution in the proton dimension (e.g.
Figure 5.6) for all HAT6 and TNF signals is quite good for the solid state MAS
datasets collected without homonuclear decoupling during t1 (1H) evolution.[180] This
narrowing of the 1H linewidths implies that the dipolar coupling in the liquid
crystalline samples is partially averaged. The combination of a rapid rigid-like CP
build-up and the narrowing of the 1H linewidths are indicative of selective averaging
or quenching of weak longer range homonuclear 1H-1H dipolar interactions by
anisotropic motion of the HAT6 and TNF molecules in the liquid crystalline phase.
Indeed, we already found that in the liquid crystalline phase the HAT6 molecules are
subject to small anisotropic translational (< 0.1 nm) and rotational (a few degrees)
molecular motions on the picosecond timescale.[179] In addition, in the CT complex
these thermal motions of HAT6 are slowed down by a factor of about two, while the
anisotropic motions of the TNF molecules are faster than for HAT6.[158] Larger
molecular displacements of HAT6, related to dynamic defects in the liquid
crystalline phase[179], occur on time scales up to milliseconds[187, 193]. These motions
can quench the long range dipolar interactions and contribute to the narrowing of the
1
H lines in the datasets without decoupling, while allowing at the same time for the
high CP rates for the 13C in the aromatic core by strong short range heteronuclear
dipolar interactions.

5.4 Discussion
The morphologies of liquid crystalline CT-complexes have been under debate for
many years. [158, 168, 172-178] Several experimental approaches have been used to
resolve their structure, including absorption spectroscopy, dielectric relaxation
spectroscopy, NMR, but mostly diffraction techniques. The majority of experiments
were qualitatively translated into a structural model, giving rise to entirely different
propositions for the morphology of the CT-complex. In contrast, pure DLC phases
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were successfully analyzed by using classical molecular-dynamics (MD) simulations
to bridge the gap between experiment and structural model.[7, 144, 179] However, such
an approach faces many difficulties for donor-acceptor systems, including a proper
description of the delocalized nature of the charge distribution in the complex.
Therefore, we included the force-field more indirectly via the energy penalty term in
the refinement of the HAT6-TNF diffraction patterns. Despite this sophisticated
method the diffraction analyses alone did not resolve, but rather underlined, the
controversy in literature. This is somewhat surprising, since one would expect the
two models to show different scattering intensities from the intra- and intercolumnar
planes. It turns out that the liquid crystalline phase, with such large molecules and
abundant averaging motions, is too complex for the limited information content of
their diffraction patterns. Nevertheless, there are some observations in the diffraction
that lean towards the intercolumnar model. In the sandwich arrangement, a close
packing of the columns is needed to match their spacings with the observed
reflections. This results in a density (1.14 g cm-3) deviating slightly, but
significantly, from the observed value for HAT6d-TNFd (1.08 +/- 0.01 g cm-3).
Another consequence is the large disorder in TNF positions within the column due
to the positional frustration of alternating TNF and HAT6 positions on the
hexagonal lattice, making such model less likely on spatial considerations
(Figure 5.5). For the intercolumn model the density (1.10 g cm-3) is closer to the
observed value, and the reproduction of small reflections in the diffraction pattern
appears slightly better than for the sandwich model. Furthermore, as stated above, in
a sandwich configuration one would expect a significant [00½] superstructure
reflection due to the repeating dimer unit, which appears to be absent in both the
measured orientation dependent XRD[158] and neutron diffraction patterns, while at
the same time a strong [001] reflection is observed.
A clearer conclusion on the CT-complex morphology can be drawn when the results
extracted from 2D NMR are also considered. The observed polarization transfer
between the tails of HAT6 and almost all carbons of TNF requires that the major
fraction of the TNF molecules lies between the aliphatic tails of HAT6. This
arrangement appears only possible for the intercolumnar juxtaposition of TNF, and
also supports the vertical orientation of TNF from the diffraction analyses. In the
vertical orientation, most of the TNF carbons are separated from HAT6 tail
hydrogen atoms by about 0.3-0.7 nm. This separation is consistent with the
estimated 1H-13C transfer range of 0.6 nm obtained from the cross polarization
transfer kinetics between the tail hydrogens and TNF carbons. In the alternative
arrangement with TNF sandwiched within the HAT6 column, the TNF molecules
only partly enter the tail region of HAT6 (Figure 5.5). With this arrangement the
distances from the TNF carbons to the HAT6 tail hydrogen atoms are typically
larger than 0.6 nm, which is too large to account for the observed correlations with
the HAT6 tails. In addition, cross polarization between TNF protons and the HAT6
core should be facilitated by such a sandwich arrangement and is not observed.
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Figure 5.8. Optical texture of HAT6-TNF on the millimeter scale for different orientations of
the sample, defined by the angle between the shear axis and the direction of the analyzer
polarization as indicated in the first panels.

The NMR analyses also seem to indicate that charge transfer from the HAT6 core to
TNF already takes place in the ground state of the complex. The effect would
however be rather small: the chemical shift changes on HAT6 in the CT-complex
correspond to a ground state charge transfer of about 0.06 electron. Therefore we
will further investigate the existence of such a delocalization of the electron density
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in Chapter 6, by combining the NMR observations with Raman measurements. In
any event, excited state or ground state charge transfer from the HAT6 core to TNF
requires that the electron acceptor should not be too far from the aromatic core. For
the intercolumnar CT-complex structure the diffraction analyses resulted in
HAT6core-TNF distances of 4-10 Å, mostly involving the optically active NO2
groups of TNF. To ensure a sufficient orbital overlap for CT electron delocalization,
most of the TNF molecules should be in the lower part of this range.

Figure 5.9. Illustration of a HAT6-TNF bulk-heterojunction PV device with self-assembled
columns at the molecular nano-scale.

The analysis is most consistent with a CT-complex morphology where the
dynamically disordered TNF molecules are vertically oriented between the HAT6
columns, i.e. within the aliphatic tail region. What does this mean for photovoltaic
applications? A promising observation is that there is a hole conducting column
present that is well separated from the electron acceptors. The columnar morphology
has changed drastically in the composites, with a time averaged tilted orientation and
smaller average distances between the neighboring HAT6 molecules within the
column (0.34 nm) than in neat HAT6 (0.36 nm). In the CT complex the hole
transport through the column will thus still be possible, while the CT process
enables efficient charge separation. The liquid crystalline structure and its facile
alignment over macroscopic distances is an important asset for device realization.
For the HAT6/TNF 1:1 material it is observed (Figure 5.8) that mm-long oriented
domains can indeed be produced. Such domains would ideally connect the two
current collectors in a PV device. For TNF it is clear that the vertical and disordered
orientation does not favor long range electron transport. In the present configuration
the TNF molecules act more as molecular traps for efficient electron transport, in
line with experimental observations.[194, 195] The future PV application of CTcomplexes such as HAT6-TNF thus relies on improving the electron transport
channel (Figure 5.9). For instance, by searching for better acceptors that selfassemble into a separate channel, designing molecularly connected donor and
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acceptor groups[133] or by investigating alternative device architectures such as those
in the field of biomimetic solar cells[196, 197]

5.5 Conclusions
We have elucidated the complex morphology of the prototypic DLC charge-transfer
compound HAT6-TNF by combining density measurements, detailed neutron
diffraction studies and sophisticated NMR techniques. We found that the liquid
crystalline HAT6 columns are still present in the CT-compound, although the
neighboring molecules are slid laterally leading to a tilted column. The TNF
molecules are dynamically disordered with a predominant vertical orientation
between the HAT6 columns, in the region of the liquid like moving aliphatic tails.
NMR proton linewidths and cross-polarization rates are consistent with previously
observed anisotropic ‘wobbling’ motions of the HAT6 and TNF molecules on the
picosecond timescale. The data can be reconciled with minor partial charge transfer
from the HAT6 core to the electron accepting TNF in the ground state. The
persistence of the hole conducting HAT6 column in the CT-complex is promising
for future application in organic PV systems.
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6

Electronic and vibronic properties
of a discotic liquid crystal and its
CT complex

This chapter is based on the paper:
Electronic and Vibronic Properties of a Discotic Liquid Crystal and its Charge Transfer
Complex Haverkate, L. A.; Zbiri, M.; Johnson, M. R.; Carter E. A.; Kotlewski, A.; Picken,
S.J.; Mulder, F. M.; Kearley, G. J., submitted

Abstract
This chapter presents a detailed study of the vibrational and electronic properties of
the prototypic 1:1 mixture of discotic 2,3,6,7,10,11-hexakishexyloxytriphenylene
(HAT6) and 2,4,7-trinitro-9-fluorenone (TNF). It is shown that intermolecular
charge transfer occurs in the groundstate of the complex: a charge delocalization of
about 6x10-2 electron from the HAT6 core to TNF is deduced from both Raman and
NMR measurements. A combined analysis of density functional theory calculations,
resonant Raman and UV-VIS absorption measurements indicate that fast relaxation
occurs in the UV region due to intramolecular vibronic coupling of HAT6 quinoidal
modes with lower lying electronic states. Relatively slower relaxation in the visible
region CT-band of the complex is also indicated, which likely involves motions of
the TNF nitro groups. The fast quinoidal relaxation process in the hot UV band of
HAT6 relates to pseudo-Jahn-Teller interactions in a single benzene unit, suggesting
that the underlying vibronic coupling mechanism could be generic for polyaromatic
hydrocarbons. The relaxation within the excited state CT-bands is of fundamental
importance for the design of organic PV systems which require slow internal
conversion for efficient charge separation.
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6.1 Introduction
Discotic liquid crystals (DLCs) are considered a promising class of organic materials
for photovoltaic (PV) and other electronic applications.[114, 121, 122, 133, 138, 139] These
disk-like molecules form stable columns due to the - orbital overlap of their
aromatic cores, while thermal fluctuations of their side chains give rise to the liquidlike dynamic disorder.[179] DLCs combine advantageous materials properties,
including visible light absorption, long-range self-assembly, self-healing
mechanisms, high charge-carrier mobilities along the column axis and a tunable
alignment of the columns. Like conjugated polymers, DLCs offer the potential of
low-cost, easily processed and flexible solar cells.[122, 198] But, as discussed in
Chapter 5, it turns out to be quite challenging to achieve a morphology that enables a
bulk-heterojunction (BHJ) PV device architecture.[130, 139] That is, a morphology with
separate donor (D) and acceptor (A) channels intermixed at a length-scale less than
the exciton diffusion length, facilitating efficient hole- and electron transport
towards the electrodes. This topic has attracted considerable interest over the past
decade, with the goal to obtain an interpenetrating network of electron and hole
conducting molecular columnar wires enabling D-A phase separation on the
nanoscale.[111, 114, 133, 199]
Another crucial issue for organic PV application is the strong electron-phonon
coupling inherent to molecular systems, which limits the efficiency of charge
separation.[130] Upon photoexcitation, strongly bound exciton states are formed that
first need to dissociate before charge transport to the electrodes can occur.
Dissociation takes place at the D-A interface, were intermediate charge-transfer
(CT) states are formed with the hole on the donor and electron at the acceptor
molecule. Recent studies indicate that charge separation is mediated by the higher
lying vibronic states of the CT manifold.[107, 132] In such a process, charge carriers
undergo a few ultrafast hops via an activationless pathway, allowing their separation
before thermal relaxation towards the localized excitonic levels occurs. Fast internal
conversion within the excited state manifold therefore appears to be detrimental for
the efficiency of photocurrent generation in organic solar cells. Thus, while the
control of excited state relaxation processes is relevant for inorganic semiconductor
PV in terms of hot-carrier solar cell design,[200] it is of prime importance in organic
PV for optimizing the efficiency of charge carrier separation. Hereby, fundamental
knowledge about the electronic and vibrational properties of the excited state levels
and relaxation pathways is a key topic in further improving the working of
OPVs.[132]
For self-assembled aggregates such as DLCs and DLC-CT complexes, the
characterization of photo-induced electron transfer and relaxation processes is in its
infancy.[201] The addition of electron acceptors has been shown to increase the
conductivity of DLCs.[166, 202, 203] On the other hand, it has been proposed that
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recombination processes limit the hole photocurrent in such DLC-CT
compounds.[194] Charge carriers in CT compounds are supposed to be trapped and
readily annihilated through rapid, phonon-assisted relaxation and recombination
processes.[133, 194, 204] In this chapter we present a first step to characterize the
influence of molecular vibrations on the charge carrier relaxation in self-assembled
DLCs, again by studying the prototypical discotic electron donating discoid HAT6
and its 1:1 mixture with electron acceptor TNF (c.f. Figure 5.1). HAT6-TNF forms a
CT compound exhibiting a stable columnar phase from below room temperature to
237 0C.[158] The high symmetry and moderate molecular size of discogens such as
HAT6 make these systems attractive for exploring the effects of increasing
molecular complexity by comparing their photophysical properties with those of the
fundamental building block, benzene, and large polyaromatic hydrocarbons.[91, 205,
206]
We start with an investigation of the electronic properties of the CT compound.
For discotic liquid crystalline CT-complexes it is generally accepted that
intermolecular charge transfer occurs in the excited state, but not in the ground
state.[167, 207] Indeed, mixtures of the electron donating discoids with non-discogenic
electron acceptors exhibit absorption bands in the visible region due to excited state
charge transfer.[168-170] However, in the previous chapter we found indications of
weak ground-state electron transfer in the HAT6-TNF complex.[208] Here we find
support for these indications from a combination of the previous NMR results with
Raman spectroscopy measurements. In addition, we characterize the electronic
transitions involved in the CT-band of HAT6-TNF by combining UV-VIS
absorption and resonant Raman spectroscopy. Subsequently, the UV-VIS and
Raman measurements are combined with DFT calculations, to identify the
vibrational modes that assist charge carrier relaxation in the “hot” band of HAT6
and in the CT-band of HAT6-TNF.

6.2 Materials and Methods
6.2.1. Raman and absorption spectroscopy
The optical absorption spectra were measured at room temperature using a PerkinElmer Lambda 900 spectrometer equipped with an integrating sphere. The optical
density was measured and the attenuation Fa (fraction of incident photons that is
absorbed by the sample) was obtained by correction for reflection losses.
Room temperature Raman spectra at wavelengths of 1064, 785, 633, 514 and 488
nm were collected at the Vibrational Spectroscopy Facility (School of Chemistry,
The University of Sydney (USYD)). The off-resonance spectra at 1064 nm were
recorded with a Bruker FT-Raman (MulitRAM) spectrometer using a ×100/1.25 NA
objective, with the laser power at the sample spot between 50 and 200 mW
depending on the sample. The spectra at 785, 633, 514 and 488 nm were obtained
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with a Renishaw Raman InVia Reflex Microscope (Renishaw plc., Wotton–under–
Edge, UK), using a ×50/0.75 NA objective and a laser power of 0.1-1.0 mW. The
details of this spectrometer have been described elsewhere.[209] A Renishaw Raman
InVia Reflex Microscope (Renishaw plc., Wotton–under–Edge, UK) spectrometer
located at the Analytical Centre, The University of New South Wales (UNSW) was
used to collect spectra at an excitation wavelength of 325 nm, the samples being
measured with a ×40 objective and the laser power at the sample was estimated to be
between 0.8-1.0 mW. Spectra were obtained from different positions on a selected
sample region, the number of selected spots varying between 10 and 50 depending
on the sample and wavelength, these spectra were then averaged. The accumulation
and exposure times were typically 10-50 and 10 s, respectively.

6.2.2. Raman simulations
Raman scattering activities were simulated adopting the Kohn-Sham formulation of
the density functional theory (DFT)[10, 12] as implemented in the Gaussian program
(version 03—D01)[210]. The input HAT6 geometry (144 atoms) was built by
considering structures of benzene and hexalkoxy-groups for the aromatic core and
tails (R=OC6H13), respectively. An initial fully planar D3h symmetry was assumed,
the only out-of-plane atoms being the hydrogens of the tails. All the calculations
were performed on a Beowulf Intel cluster at the Delft University of Technology
(the Netherlands). Several combinations of exchange-correlation (XC) functionals
(local, semilocal and nonlocal) and basis sets (including or not polarization and
diffuse functions) have been tested to establish the best model calculation(s) that
lead to an explanation of experimental observations. The technicalities and
methodologies used in the calculations are beyond the scope of the current topic and
will not be discussed here. The predicted Raman activities were simulated in the gas
phase adopting the SVWN XC functional, which consists of the Slater exchange
(S)[211] combined to the Vosko, Wilk, and Nusair approximation (VWN) of the
correlation part[14]. Pople’s group basis set 6-311G** was adopted for all atomic
types.[212] A Gaussian function of a FWHM of 10 cm-1 was convoluted with the
calculated Raman data to take account the resolution in the measured spectra.
To support the assignment of the TNF electronic states and vibrational modes, we
performed DFT calculations on neutral TNF and on the anion TNF-1 with one extra
valence electron. The DFT calculations were performed with the DMol3 package as
implemented in Materials Studio, using the PBE XC functional.[18] We checked that
another XC functional (PW91[15]) gives comparable results. The DNP basis set[213]
was adopted, the core electrons being described with Effective Core Potentials
(ECPs).[214, 215] The molecular configurations of TNF and TNF-1 were obtained by
ionic relaxation of the crystallographic structure of TNF,[216] using the DFT settings
described above. To obtain the molecular orbitals and vibrational modes, an energy
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minimization was performed with an SCF density convergence of 10-6 and orbital
cutoff of 3.7 Å. The calculations are spin-unrestricted, and in the gas phase.

6.3 Results
6.3.1. Absorption
It is well established that discotic compounds change color upon complexation with
an electron acceptor.[133, 168] For HAT6-TNF this color change is quite strong: the 1:1
LC mixture of the white colored HAT6 and the yellow electron acceptor TNF
becomes black. Indeed, the absorption spectrum of HAT6-TNF (Figure 6.1 (a))
shows a broad CT-band extending from ~500 nm to about 870 nm, the band gap thus
being below 1.43 eV. In contrast, HAT6 shows a strong absorption band at 366 nm
and only weakly allowed transitions at longer wavelengths. Triphenylene and HAT6
absorption spectra have already been studied extensively in literature.[217-219] Based
on the similarity with the present liquid crystalline measurement, we assigned the
small absorption peaks at 469 and 442 nm to the formally forbidden S0 S1 (A1
A1) electronic transition, a shoulder around 417 nm to S0 S2 (A1 A2), the broad
peak at 402 nm to S3 (A1E) and the absorption maximum at 366 nm to the strong
allowed S4 (A1E) transition. The S4 transition of HAT6 also dominates the higher
energy region in the CT complex. The electronic absorption spectrum of TNF has
been studied elsewhere,[216, 220] and contains a weak lowest energy band at a
wavelength of 435 nm due to the n-* transition and higher energy bands at 387,
302, 260, and 222 nm due to -* transitions. Thus the 500-870 nm region where the
CT-band is situated is clear of any electronic transitions from pure HAT6 or TNF.
The CT band is a result of the charge transfer interaction between HAT6 and TNF
involving electronic transition from the highest occupied molecular orbitals
(HOMOs) of HAT6 to the lowest unoccupied molecular orbitals (LUMOs) of TNF,
although the molecular orbitals become mixed in the CT complex.[170]

6.3.2. Raman spectroscopy
A complete overview of the off-resonance Raman spectra for HAT6, TNF and
HAT6-TNF is presented in Appendix A.3. We assigned TNF by following the
analyses presented in earlier studies,[216, 221, 222] the most relevant Raman modes
being due to symmetric NO2 stretching (~1350 cm-1), C-C skeleton vibration (1601
cm-1) and C=O stretching (1733 cm-1) as summarized in Table A.2. Additional
support for these assignments is supplied by the DFT results presented in Paragraph
6.3.3.
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Figure 6.1. (a) Absorption spectra of HAT6 at 350 K and HAT6-TNF at 300K, including the
assignment of the absorption bands. (b) Off-resonance (1064 nm) and Resonance (325 nm)
Raman spectra for HAT6 at 300 K (top), and off-resonance Raman activities calculated with
DFT (bottom). (c) Raman spectra for HAT6-TNF at 300K for the selected wavelengths. The
assignment of the peaks is indicated with H (HAT6) and T (TNF). (d) Illustration of the E’
normal mode calculated at 1628 cm-1 (left) and its similarity with the quinoidal E2g mode of
benzene (right).

For HAT6, there is good agreement between the measured and simulated Raman
data (Figure 6.1 (b)), enabling the assignment of most of the bands. Of prime
importance is the E symmetric vibration IV at 1617 cm-1 situated at the aromatic
core of HAT6. It bears a strong parentage with the quinoidal 8 (E2g) mode of
benzene[91, 205, 223] as illustrated in Figures 6.1 (d) and Figure A.9.
The off-resonant Raman spectrum of the CT-complex is a superposition of the
HAT6 and TNF vibrational modes, which were assigned by comparison with the
spectra of the uncomplexed components (See Appendix A.3 Tables A.3 and A.4).
However, several vibrational modes are considerably shifted in frequency, and it is
well established that these shifts of donor and acceptor frequencies are related to
charge transfer in the ground state.[222, 224-228] In particular, for the acceptor, TNF, a
redshift of the C=O stretching mode has been observed in CT complexes, and is
related to an increase in the electron density resulting from partial ground-state
CT.[222, 226] In the HAT6-TNF spectrum the C=O mode is observed to have redshifted to 1730 cm-1. Based on the data in literature[226] it is estimated that the shift
of 3 cm-1 corresponds to an increase in electron density on TNF of about 0.03 e-.
Additional support for these small CT effects is obtained from the DFT calculations
on TNF presented in Paragraph 6.3.3.
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The electronic transitions in the CT complex and the vibrational modes involved in
these transitions were investigated by exciting at different wavelengths in the
absorption band (Figure 6.1 (a)). The corresponding resonant Raman spectra are
shown in Figures 6.1 (c) (1100-1800 cm-1) and in Figure A.13 (500-1000 cm-1). The
resonance Raman spectra at 633 and 785 nm were obtained after subtraction of a
broad luminescence background (see Figure A.12), resulting in a lower signal to
noise ratio. The resonance Raman spectra are dominated by the TNF vibrational
bands, especially the symmetric NO2 stretching modes around 1350 cm-1 when
exciting in the low energy region of the CT-band (785 and 633 nm). Most of the
HAT6 vibrational modes (e.g. I, II, III and IV) are considerably less intense than in
the off-resonance spectrum, or even absent. However, the low-frequency radial
breathing mode of the HAT6 aromatic core at 721 cm-1 (see Appendix A.3) shows
significant intensity for both excitation wavelengths. The activity of the symmetric
NO2 vibrations and the radial breathing mode of the HAT6 core suggest that the
lowest electronic transition in the CT complex is due to charge transfer from the
HAT6 core to TNF, with a strong involvement of the nitro groups. Strong resonant
activity of symmetric NO2 stretching modes is also observed for small aromatic nitro
compounds with intramolecular CT.[229] In these molecules the -* electronic
transition of the lowest excited state gives rise to significant bond length and bond
angle changes in the C-NO2 group, reflecting that the excited state wavefunction
contains a large contribution from the basis functions of the nitro group.[229-233] For
HAT6 it is well established that the HOMO is located on the aromatic core.[110, 152]
Based on these considerations, we propose that the lowest excited state in HAT6TNF forming the lower energy region of the CT-band is predominantly a -* type
transition from the HAT6 HOMO to the TNF LUMO, with a prominent role for the
TNF nitro groups.
The resonant spectra after exciting deeper into the CT-band are significantly
different from the spectra at 785 and 633 nm, although there is still significant
activity of the symmetric NO2 stretching modes for excitation at both 514 and 488
nm. But the most strongly enhanced TNF mode compared to off-resonance is the CC skeleton vibration at 1604 cm-1, whilst for HAT6 there is a strong resonant activity
of the quinoidal vibration IV. The broad CT band thus seems to consist of a
superposition of at least two different electronic transitions, involving different
molecular orbitals of HAT6 and TNF. Such a superposition agrees with the small
shoulder observed in the CT-band around 510 nm (Figure 6.1 (a)) and partly
explains the significant width of the CT band. However, from the similarity of the
785 and 633 nm spectra it also appears that the separate transitions give rise to rather
broad absorption signals, which is consistent with the significant dynamic disorder
in donor-acceptor distances found in Chapter 5.
For excitation at 325 nm we can compare the CT-compound directly with the pure
HAT6 and TNF compounds under resonance conditions. The resonant Raman
spectrum of HAT6-TNF compares well with that of pure HAT6 (see Figure 6.1 (b)
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and (c)), both being significantly broadened and showing an envelope of bands with
a maximum at about 1360 cm-1 for HAT6 and 1380 cm-1 for HAT6-TNF. The
325 nm spectrum of TNF, on the other hand, looks rather different with considerably
narrower lines (Figure A.14). These observations are all consistent with the
proposition that the electronic transition relating to the high energy (~ 366 nm)
absorption band of HAT6-TNF strongly resembles the S4 (A1E) transition of pure
HAT6. The most enhanced mode in the HAT6 and CT-complex 325 nm spectra is
the quinoidal E symmetric HAT6 mode at about 1616 cm-1. For pure HAT6 a
shoulder is also clearly visible on this band, with a maximum considerably below
1600 cm-1. The off-resonance spectrum of HAT6, on the other hand, only shows a
weakly Raman-active mode at about 1592 cm-1 in addition to mode IV at 1617 cm-1.
Similar observations exist for HAT6-TNF, although the shoulder is less clearly
visible and a small contribution of the TNF C-C skeleton mode cannot be excluded.

Figure 6.2. Resonant Raman spectra of the E vibration IV for HAT6 (a) and HAT6-TNF (b)
at 325 nm, fitted with Voigt lineshapes (orange). The mode is split into a IVa (dashed) and a
vibronic IVb (dash-dotted) channel for both HAT6 and HAT6-TNF. The fitted contribution of
the TNF band at 1606 cm-1 (dotted line) is very small.
Table 6.1. Results of the fit in Figure 3.

Mode
IVa HAT6
IVb HAT6
IVa CT
IVb CT

Position
(cm-1)
1616.8  0.5
1585.1  0.9
1615.1  0.7
1584  1

FWHM
(cm-1)
41  2
47  4
50  5
60  9

Area
(%)
56  5
44  5
75  8
24  8

The 1500-1700 cm-1 region of both spectra were fitted with two Voigt lineshapes,
denoted with IVa and IVb (Figure 6.2 and Table 6.1). An extra lineshape
representing the TNF C-C skeletal mode was included for HAT6-TNF, with a fixed
frequency 1605 cm-1. The fitted peak positions of mode IVa are in good agreement
with the observed frequencies for the E symmetric vibration in the off-resonance
spectra of HAT6 (1617 cm-1) and HAT6-TNF (1615 cm-1). The fitted intensity for
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the TNF C-C skeletal mode is very small (~ 1% of the total area), confirming that
the 325 nm resonant enhancement of TNF is not significant in the CT-complex (see
also Figure S7). Most importantly, the fit shows that a strong contribution of a
second mode IVb must be present in both spectra, with a frequency of about
1585 cm-1 (1584 cm-1) for HAT6 (HAT6-TNF). The integrated intensity of the IVb
is about 44 % of the total peak area for pure HAT6, and about 24% for HAT6-TNF.

6.3.3. DFT on TNF
DFT calculations were performed on TNF to support the assignment of the
electronic states, vibrational bands and CT effects presented previous paragraphs.
Figure 6.3 shows the contour plot of the calculated HOMO and LUMOs of TNF. In
line with the experimental assignments in literature[216, 234] and in Paragraph 6.3.1,
the HOMO and LUMO correspond to a lowest electronic transition from the
carbonyl oxygen non-bonding orbitals to a delocalized * orbital. It is also observed
that the LUMO and LUMO+1 contain a predominant contribution from the basis
functions of the C-NO2 groups.

Figure 6.3 Illustration of the HOMO and LUMOs of TNF calculated with DFT, indicating
that the lowest electronic transition of TNF is indeed n-*.

The LUMO-HOMO energy difference for TNF was calculated at 2.2 eV, which is
slightly too small in comparison with the observed lowest absorption band of TNF at
2.85 eV. However, it is well established that GGA XC functionals generally
underestimate the band gap,[17] and more sophisticated DFT approaches will
certainly lead to a better quantitative agreement. Finally we note that, as expected,
the calculated HOMO of the anion TNF-1 is very similar to the LUMO of TNF.
Figure 6.4 and 6.5 illustrate the calculated TNF normal modes relevant for the
Raman analysis, i.e. the symmetric C-NO2 stretching, C-C skeleton and C=O stretch
vibrations. Although the carbonyl and nitro stretching frequencies are somewhat redshifted compared to the experimental values (Table 6.2), there is a satisfactory
overall agreement between the calculated frequencies and the values observed with
Raman spectroscopy. The DFT calculations are thus consistent with the assignment
made in Appendix A.3 which was based on literature.[216, 221, 222] Figure 6.4 shows
that the C-NO2 stretching modes are localized on the nitro groups. In addition to the
symmetric NO2 stretching, these normal modes also include stretching of the C-N
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Table 6.2. Calculated vibrational frequencies for TNF and TNF-1, the difference  between
these values, normalization of this difference w.r.t. the observed CT shift of the C=O
frequency for HAT6-TNF (0.06×), and the experimentally observed TNF frequencies and
CT shifts in HAT6-TNF. All values are given in cm-1.

NO2 str.
symm I
1308

NO2 str.
symm II
1318

NO2 str.
symm III
1325

C-C
skeleton
1602

C=O
stretch
1712

TNF-1 (= νT 1 )

1229

1260

1275

1613

1662

 (= νT 1 - νT )

-79

-58

-50

11

-51

0.06×
TNF (exp.)
CT shift (exp.)

-5
1345
-2

-3
1358
-4

-3
1372
-5

1
1601
4

-3
1733
-3

TNF (= νT )

Figure 6.4. Illustration of the calculated C-NO2 stretching modes of TNF.

Figure 6.5. Illustration of the calculated skeleton and C=O stretch modes of TNF

bond and a small bending of the NO2 group. The C-C skeleton vibration calculated
at 1602 cm-1 (Figure 6.5) contains a quinoidal type of vibration of the benzene rings,
which explains that the frequency of this mode is close to the observed and
calculated value of the quinoidal HAT6 mode IV. It is noted that this normal mode,
although being dominated by the displacements of the carbons, also contains small
displacements of the hydrogens and NO2 groups.
We also calculated the vibrational modes for the case that one additional electron is
placed on TNF, i.e. for the anion TNF-1. Table 6.2 compares the calculated
frequencies of the relevant vibrations for TNF-1 with neutral TNF. The additional
electron on TNF results in significant frequency shifts () of the vibrational modes.
Most importantly, the direction of the calculated shifts (redshift of the C-NO2 and
C=O stretching frequencies, blueshift of the C-C skeleton frequency) are similar to
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the observed Raman shift directions for the TNF modes in the CT-complex HAT6TNF. By normalizing the calculated shifts  for the anion TNF-1 to the observed CTshift of the C=O stretching vibration, a multiplication factor of 0.06 is obtained. As
can be seen in Table 6.2, all the normalized shifts (0.06×) are in reasonable
agreement with the frequency shifts observed for HAT6-TNF. Based on the DFT
calculations it is thus estimated that the observed CT-shifts for HAT6-TNF
correspond to a ground state charge transfer of about 0.06 electron. As a first
approximation, this value compares well with the estimation of 0.03 electron based
on experimental data in literature[226]. So the DFT calculations on TNF strongly
support the assignment of the observed Raman shifts for HAT6-TNF to ground state
charge transfer.

6.4 Discussion
6.4.1. Electron transfer in the ground state
Intermolecular charge transfer in the electronic ground state is a well-known
phenomenon for small -conjugated molecules.[169, 170], but in contrast, there are only
a few reports on intermolecular ground-state CT in large molecular complexes, most
of them involving polymers doped with an-electron acceptor.[190, 227] For discotic
liquid crystalline CT-complexes it is generally accepted that intermolecular charge
transfer occurs in the excited state, but not in the ground state.[167, 207] However, we
have found strong indications for a weak ground-state electron transfer in the HAT6TNF complex. Both the observed NMR chemical shift changes discussed in Chapter
5 and Raman frequency shifts are consistent with weak electron transfer from the
HAT6 core to TNF, even leading to a comparable estimation for the amount of
charge involved, which is of order 610-2 electron. Moreover, the assignment of the
Raman shifts to weak ground-state CT effects is strongly supported by DFT
calculations on TNF, as discussed in Paragraph 6.3.3. To our knowledge, this is the
first time that DFT calculations and two different experimental techniques have been
used simultaneously to estimate ground-state CT effects. The strength of such
combined analyses can be appreciated by considering the consistency on a more
detailed level. Both the Raman shifts and the NMR chemical shift changes indicate
that the electron transfer between HAT6 and TNF leads to a delocalized
redistribution of charge on TNF. For HAT6, the strongest changes in NMR chemical
shifts and Raman vibrational mode frequencies are situated on the aromatic core.
Furthermore, the TNF carbonyl vibration has a characteristic behavior: introduction
of the electronegative NO2 substituents into the fluorenone molecule tends to
increase the C=O frequency, which can amount to ~25 cm-1 within the series from
aminofluorenone to TNF.[222, 234] The observed Raman redshift of the C=O frequency
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in HAT6-TNF implies that the electron-withdrawing action of nitro substituents can
be partly compensated by extra electron density donated by HAT6. This is further
supported by the strong chemical shift change of the C=O carbon observed with
NMR. Finally, we note that the combination of electron transfer in the ground state
and the polarity of the TNF molecules could explain the large dipole moment that
has been observed for HAT6-TNF.[158]

6.4.1. Vibrational relaxation in the excited states
We used the resonant activity of specific molecular vibrations in the Raman spectra
(Figure 2) to characterize the different electronic excited states in the CT-complex.
However, the resonant Raman spectra offered an additional opportunity to identify
some of the charge carrier relaxation processes in the excited states and which
molecular vibrations are involved. First, consider the significantly broadened spectra
obtained after excitation at 325 nm, in resonance with the S4 (A1E) electronic
transition of HAT6. For both HAT6 and the CT-complex we found a strong
enhancement of the e symmetric quinoidal mode IV accompanied by the
appearance of a second band IVb at 1585 cm-1. Such activity of non-totally
symmetric e modes is notable, but has been observed already for the smaller
building blocks of HAT6, triphenylene and benzene. Both triphenylene and benzene
are so called (A+E) × e systems, in which a doubly degenerate electronic state E is
vibronically coupled (pseudo-Jahn-Teller) to nondegenerate states A through the
degenerate e vibrational modes.[81, 235] In the case of triphenylene, the e mode
around 1600 cm-1 has been shown to be the main channel facilitating pseudo-JahnTeller interactions between the lowest lying triplet states.[91, 223, 235] In addition, it has
been found that this Jahn-Teller mode provides a significant contribution to the
reorganization energy of HATn, being a limiting factor for hole transport along the
columnar stacks.[110] For benzene it is well established that the 8 (e2g) mode couples
not only the lowest triplet states, but also the lowest singlet states B2u and B1u with
the doubly degenerate E1u state.[81, 223] Moreover, the 8 mode splits into two
channels 8a and 8b in resonance with the strongly allowed (A1gE1u) transition
when there is an OH or O-substituent attached to the benzene ring.[92] The presence
of the 8b component implies vibronic activity[81, 92] since this channel gains intensity
entirely from Albrecht’s B-term[83]. Based on the strong parentage of the HAT6 e’
mode IV with the quinoidal 8 benzene vibration, we propose that a similar vibronic
mechanism is responsible for the enhancement of two components IVa and IVb in
resonance with the S4 (A1E) band. We have found that mode IV of HAT6 is
dominated by the 8 type of motion on the outer aromatic rings (Figure 2d),
resembling the above situation of benzene with a O or OH substituent. Furthermore,
the positions of the two channels IVa (~1616 cm-1) and IVb (1585 cm-1) are
consistent with the relative frequencies of the 8a and 8b modes observed for the
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substituted benzenes, being in the range of 1589-1617 cm-1 (8a) and 1560-1601 cm-1
(8b) with a mutual separation of 15-30 cm-1. As with the lower frequency mode v8b
in benzene, the IVb channel must gain its intensity entirely from vibronic
(Albrecht’s B-term) activity. The presence of this mode for excitation at 325 nm is
therefore a strong indication that the quinoidal motion of the aromatic core is the
main channel for intramolecular relaxation through vibronic coupling with lower
lying electronic states.

Figure 6.5. Relaxation in the hot intramolecular band of a discotic liquid crystal HAT6 is
found to be much faster than the vibrational relaxation processes in the charge transfer band
of the complex HAT6-TNF, due to vibronic coupling of an E’ mode to lower lying excited
states.

The strong broadening of the 325 nm spectra of HAT6 and HAT6-TNF indicates
that the involved electron-phonon coupling processes are fast and on the Raman
timescale. This is supported by the considerable Lorentzian contribution needed to
obtain a reliable fit of the resonant spectrum, this being indicative of a homogeneous
linebroadening effect. to The Raman linewidths may be used to estimate the
timescale  of the relaxation processes within the excited via the energy-time
uncertainty relation  = ħ/E, with E the linewidth in cm-1 and ħ = 5.3×10-12 cm-1
s.[80] By taking the fitted FWHM of the IVb peaks (Table 1) we obtain a timescale of
113 fs for HAT6 and 86 fs for HAT6-TNF. It seems that the excited state relaxation
processes are somewhat faster in the CT-complex. However, these are estimates of
the minimum timescales since other processes, like pure dephasing due to quasielastic events, may also contribute to the linebroadening.[93] For benzene it has also
been observed that the relaxation processes within the E1u band are fast, typically
with a decay rate of 1014 s-1.[236, 237] , which is comparable to our lower bounds for
internal conversion in the E band of HAT6.
Considering the CT-band, the enhanced ground state vibrational modes in the
resonant Raman spectra cannot be related directly to relaxation processes as for the
325 nm spectra. However, we found that the symmetric NO2 stretching vibration of
TNF is the most prominent Raman active mode in the whole CT-band involving
different electronic transitions, and that the lowest excited state involves charge
transfer from the HAT6 aromatic core to TNF. From other studies it is apparent that
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considerable bond length and bond angle changes in the C-NO2 group are involved
in charge-transfer excitation of small aromatic nitro compounds[229, 233] It is therefore
reasonable to expect that the localized vibrations of the nitro groups play a
significant role in relaxation processes within the CT-band. Furthermore, it appears
that the relaxation processes in the CT-band are much slower than in the higher
energy band. Considering the Raman linewidths, we estimate that the relaxation
processes in the CT-band must be at least on the picosecond timescale, considerably
slower that for the high energy HAT6 band. We tentatively argue that hot-carrier
relaxation processes in the CT-band in the visible light region are relatively slow
compared to the fast relaxation within the original UV absorption band of pure
HAT6, which will be relevant concerning the efficient separation of charge in
organic PV-devices.

6.5 Conclusions
We have found conclusive evidence for ground-state electron transfer in the
prototypical DLC CT-complex HAT6-TNF. The results from two different
techniques, NMR and Raman spectroscopy, were both consistent with weak electron
transfer from the HAT6 core to TNF in the ground state, even leading to a
comparable estimation for the amount of charge involved, which is of order 610-2
electron. It was shown that the CT-band of HAT6-TNF consists of different
intermolecular electronic transitions. The lowest excited state was deduced to be
predominantly a -* type of transition from the HAT6 HOMO on the aromatic core
to the LUMO of TNF, the latter containing a significant contribution from the basis
functions of the nitro groups. A high energy shoulder at 366 nm in the absorption
spectrum of HAT6-TNF was observed and assigned to the strongly allowed S4
(A1E) transition of pure HAT6.
We have identified a fast intramolecular relaxation process within this ‘hot’ S4 band
of HAT6, both in pure HAT6 and in the CT compound. This relaxation involves the
quinoidal motion of the aromatic core, in strong analogy with vibronic coupling
mechanisms occurring in the building block benzene. The strong correspondence of
the quinoidal relaxation process in the hot band of HAT6 with the situation for
benzene suggests that the underlying vibronic coupling mechanism is a fundamental
aspect for polyaromatic hydrocarbons. In contrast, charge-carrier relaxation
processes within the broad CT-band seem to be relatively slower than the fast
internal conversion in the high energy intramolecular band of HAT6. This can be
relevant concerning the efficient separation of charge in organic PV-devices
absorbing in the visible light.
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Appendix Part I

A.1 Assignment of the supercell reflections
Figure A.1 shows the assignment of the main diffraction peaks originating from the
2D lattice of columns. The [hkl] indices are denoted with respect to the supercell
lattice, e.g. the [020] reflection in both models corresponds to the column-column
‘[100]’ peak. An important difference between the models is that the columnar
symmetry breaks down for the intracolumnar juxtaposition, due to the asymmetric
position of TNF between the columns. This symmetry breaking seems to be
consistent with the experimental observation of a shoulder in the column-column
peak (see left panel in Figure S9). In the sandwich model, the columns are arranged
more isotropically, d[200] = 15.29 Å and d[020] = 15.21 Å and there is no reflection
present at the position of the shoulder.

Figure A.1. Assignment of the main experimental reflections originating from the 2D periodic
columnar lattice, with the supercell parameters of the intracolumnar (IC) and sandwich (SW)
model as indicated in Table 1 of the main article. Experimental data: diffraction pattern of
HAT6d-TNF recorded at 300K.
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A.2 Assignment of the NMR spectra
A.2.1. HAT6
As a first step we measured a standard Attached Proton Test (APT) 13C solution
NMR spectrum (Figure A.2 bottom). The ATP experiment yields methane (CH) and
methyl (CH3) signals with positive and quarternary (C) and methylene (CH2) signals
with negative intensity. The negative signal at 14.23 ppm is therefore assigned to the
CH3 carbon (C6) at the end of the side chain, and the smaller negative peak
(corresponding to less attached H) at 107.23 ppm is attributed to the CH carbon
attached to the core. The other carbons can be assigned with the help of a standard
gas phase simulated spectrum (Mestrelab software package). The agreement
between experiment and simulation allows us to make the assignment as indicated in
Figure A.2. Only the assignment of the tail carbons C2-C5 should be treated with
care, since their signals are too closely spaced to rely fully on the simulation.

Figure A.2. APT 13C solution NMR spectrum (Bruker DMX-600, solvent: dichloromethane) at
300K and a gas-phase simulated spectrum (Mestrelab).

The chemical-shift changes in the liquid crystalline state spectra of both HAT6 and
HAT6-TNF (Figure A.3) are small enough to expect that the ordering of the carbon
signals does not change compared to the solution spectrum of HAT6. The dynamics
of the CP (Figure A.4) confirms the proposed assignment. Carbons that are closer to
the aromatic core show a faster build up and relaxation of spin polarization,
reflecting the more rigid dynamics of the aromatic core. Slower CP and T1
relaxation rates are observed for the carbons at the end of the fluidic side chains. The
signal at 29.60 ppm shows the fastest CP rate of the tail carbons C2-C5, and therefore
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arises from the C2 carbon closest to the core. Similar arguments can be made for the
other carbons, only the assignment of the tail carbons C3 and C4 is not fully clear
from the present analyses. However, a recent publication shows that for pure HAT6
the signal at about 32 ppm corresponds to C3.[185]

Figure A.3. Simulated HAT6 spectrum (a) and 13C CP-MAS NMR spectra for HAT6 (b) and
HAT6-TNF (c) in the liquid crystalline state at 358K with a CP mixing time of 10 ms.

Figure A.4. Solid state 13C CP-MAS NMR spectra for HAT6-TNFd at 297K with the CP
mixing time varying between 0.1 and 10 ms.
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Figure A.5. solid state CP-MAS (top), simulated (center) and solution (bottom, Bruker DMX
600) 1H NMR spectra for HAT6.

Figure A.5 compares the solid state 1H CP-MAS NMR spectrum with 1H solution
NMR and a simulation. The broad peaks at 6.20 and 3.76 ppm in the solid state
spectrum correspond to the core (Hcore) and the first tail hydrogen atoms (H1),
respectively. The envelope of bands peaking at 1.65 ppm contains the contributions
from H2-H5, and the response from the hydrogens of the terminal CH3 groups on the
tails make up the shoulder with a maximum at 1.17 ppm. The above assignments of
the 1D NMR spectra are mutually consistent, and further supported by the 2D NMR
spectra. It was impractical to further deconvolute the contributions of the tail
hydrogens H2-H5 building up the signal at 1.65 ppm, even with the help of 2D NMR.

A.2.2. TNF
TNF solid state and solution spectra have been already assigned in detail
elsewhere,[188, 189] hence we focused our analyses on the TNF peaks in the CTcomplex. Figure A.6 shows the 2D CP-WISE 1H-13C 2D heteronuclear correlation
spectrum of HAT6d-TNF. To avoid unlikely shifts in 13C signals the 13C TNF
signals in the complex are best assigned by following the same ordering along the
13
C dimension as for the uncomplexed solid state spectra.[188, 189] Although in the 1H
dimension the spectrum is not well resolved, we have the following observations
that strongly support such a proposition. As in the uncomplexed spectrum (Figure
5.7), the 13C chemical shift of the C=O carbon (C12) is well separated from the
others. Considering their width in the 1H dimension, the signals with 13C chemical
shifts of 145.8 and 140.7 must have more than one proton in their vicinity. The

122

carbon at 145.8 ppm correlates with the proton H3 peaking at 7 ppm. In line with the
analyses of pure TNF, we assign the carbon at 145.8 ppm to C2 and the carbon at
140.7 ppm to C9. Then the carbon at 141.9 ppm can indeed be ascribed to C4,
receiving its cross polarization from H3. The 13C signals at 119.2, 135.2 and 135.9
ppm seem to correlate with the same proton (H1), in line with their assignment to
carbon C1, C5 and C13, respectively. Table A.I gives the chemical shift changes of
TNF in the CT-complex, i.e. the difference between the carbon chemical shifts in
HAT6d-TNF and in the solid phase of neat TNF.

Figure A.6. Assignment of TNF peaks using the 1D 13C CP-MAS (top) and 2D 1H-13C
CP/WISE (bottom) spectra for HAT6d-TNF at 290K with a CP mixing time of 5 and 10 ms,
respectively. The grey areas indicate signals from HAT6.
Table A.1. Chemical shift changes of TNF carbons in HAT6d-TNF w.r.t. solid TNF at 290 K

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

C11

C12

C13

-2.0

-2.3

-2.3

-2.9

-0.7

-0.2

-3.9

-4.6

-0.6

-3.8

-2.7

-5.5

-1.8

A.2.3. HAT6-TNF
Figure A.7 shows the 1H-13C 2D heteronuclear correlation spectra obtained for
HAT6d-TNF and HAT6-TNFd obtained at a mixing time of 5 ms. As expected, the
strongest signals result from intra molecular correlations. In addition, distinct cross
polarization between the HAT6 tail protons and TNF carbons (red arrows in Figure
A.7) is observable, although their intensity is much smaller than observed after 10
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ms CP. The intensity of the HAT6 tail – TNF intermolecular signals thus increases
for longer mixing time. The three cross peaks emerging after 5 ms (TNF C2, C4 and
C11) are also the strongest HAT6 tail – TNF signals at 10 ms mixing time. Note that
in Figure A.7 there are also significant TNF intra molecular 1H-13C correlations that
result from imperfect deuteration of TNF (98%).

Figure A.7. 1H-13C 2D heteronuclear correlation spectra for HAT6-TNFd (colored contours)
and HAT6d-TNF (grey contours) at 290K with a CP mixing time of 5 ms. The red numbers
indicate small cross peaks corresponding to specific TNF carbons that receive their
polarization from the HAT6 (H2-H5 and H6) protons (1H chemical shift is about 1 ppm).

A.3 Raman measurements
A.3.1. Assignment of HAT6 spectra
The measured and simulated off-resonance Raman spectra for HAT6 and HAT6D
are compared in Figure A.8 and Table A.2. There is good agreement between
simulation and experiment, the prediction of the relative peak positions and
intensities being very satisfactory. Also, the direction of the frequency shift of the
normal modes due to deuteration is reproducible, although the magnitude of the
shifts is overestimated for some of the peaks. The overall agreement allows us to
assign the most important Raman modes as indicated in Table A.2. The most
important vibrational mode for our analyses is mode IV. Figure A.9 shows that this
normal mode is dominated by C-C and C-H vibrations of the triphenylene core, this
is experimentally supported by the limited frequency shift upon deuteration. For
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triphenylene it is well established that the E mode around 1600 cm-1 bears a strong
parentage with the 8 mode of benzene.[91, 205, 223]

Figure A.8. Measured (1064 nm, 300K) and simulated Raman spectra for HAT6 (solid) and
HAT6D (dashed).
Table A.2. Simulated and observed HAT6 peak positionsin cm-1

Irreps (D3H)
HAT6 meas
HAT6D meas
HAT6 sim
HAT6D sim

I
?
1386
-

II
A1
1403
1398
1425
1415

III
E
1439
1438
1471
1461

IV
E
1617
1616
1627
1614

Figure A.9. Illustration of the HAT6 II and IV modes

For HAT6 the simulated E mode at 1627 cm-1 contains the characteristic quinoidal
vibration of the benzene rings. The motion is not uniformly distributed over the
rings, as the strongest displacements are located at the upper right ring in Figure A.9.
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Peak II is assigned to A1 symmetric normal mode shown in Figure A.9. Next to the
prominent core motion, this mode also contains a significant contribution from the
tail hydrogens. This is reflected by the frequency shift upon deuteration found in
both the experimental and simulation results. The normal mode III (E symmetry)
bears a contribution from the tail hydrogen motion. For both mode II and III it is
difficult to trace the aromatic ring motions back to fundamental modes of a single
benzene molecule. Rather these modes reflect the collective motion of the four
aromatic rings, resulting in a deformation type of vibration.[238] Mode I at 1384 cm-1
in the protonated sample could not be resolved in the simulation. There is a mode at
721 cm-1 (720 cm-1 for HAT6D) with significant intensity (Figure A.11), which is
assigned as the totally symmetric radial breathing mode of the aromatic core[239].
The C-H stretching modes of the core (3100-3200 cm-1) and tails (2900-3000 cm-1)
are situated in the higher frequency region.

A.3.2. Assignment of HAT6-TNF spectra
Figure A.10 shows the 1064 nm off-resonance Raman spectra of HAT6, TNF and
HAT6-TNF recorded at 300K. The main vibrations in pure TNF have been studied
elsewhere.[216, 221, 222], the group of three peaks around 1350 cm-1 being assigned to
symmetric stretching of the three NO2 side groups of TNF. The peak at 1601 cm-1 is
the main C-C skeleton vibration of the TNF aromatic rings, whilst the peak at
1733 cm-1 is due to the C=O stretching vibration. All the HAT6-TNF composite
peaks indicated with an arrow in Figure A.10 were assigned to either HAT6 or TNF
with the help of the deuterated analogs of the samples as shown in Figure A.11.
Tables A.3 and A.4 compare the frequencies of the pure samples HAT6 and TNF
with the fully protonated composite. The frequency shift of the TNF C=O stretching
mode is 3 +/- 1 cm-1. It was difficult to assign the NO2 symmetric stretching peaks in
the composite uniquely because their frequency shift due to complex formation is
comparable with their mutual separation and the intensity distribution has been
changed in the complex. The frequency assignment in Table A.4 leaves the order of
the peaks the same, giving rise to the smallest frequency shifts. Smaller peaks in the
composite, such as the asymmetric NO2 stretching group, were difficult to assign to
the composite, but the aim of the present research is to assign the most prominent
features. It is important for the resonant Raman analyses that there is no doubt about
the two off-resonance peaks around 1600 cm-1 in the composite: the left one is the
TNF skeleton mode, the right one the E quinoidal vibration of the HAT6 benzene
rings.
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Figure A.10. Off resonance Raman spectra recorded at 1604 nm for fully protonanted HAT6
(blue), TNF (red) and HAT6-TNF (black) at 300K.
Table A.3. Comparison of observed HAT6 peak positions in cm-1, with an error of 1 cm-1

I
?
1386
1387

Irreps (D3H)
HAT6
HAT6-TNF

II

III

IV

A1
1403
1404

E
1439
1437

E
1617
1615

Table A.4. Comparison of observed TNF peak positions in cm-1, with an error of 1 cm-1

TNF
HAT6-TNF

NO2
stretch
symm I
1345
1343

NO2
stretch
symm II
1358
1354

NO2
stretch
symm III
1372
1367

C-C
skeleton

C=O
stretch

1601
1605

1733
1730
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Figure A.11. Off resonance Raman spectra recorded at 1604 nm for HAT6 (blue), HAT6d
(blue dashed), TNF (red), TNFd (red dotted), HAT6-TNF (black), HAT6d-TNF (black dashed)
and HAT6-TNFd (black dotted) at 300K. The band at 719 cm-1 in the CT-complex spectrum
corresponds to the symmetric aromatic ring breathing mode of HAT6 (721 cm-1) as indicated
with the blue arrow.

A.3.3. Resonance Raman
Luminescence in HAT6-TNF spectra. The HAT6-TNF resonance spectra collected
using excitation wavelengths of 633 and 785 nm shown in Figure 6.1 were obtained
after subtracting a prominent luminescence background. Figure A.12 presents the
raw spectrum including the luminescence peak of HAT6-TNF collected at 785 nm.
The peak maximum corresponds to an emission wavelength of 882 +/- 10 nm
(1.41 eV), indicating that a large part of the incident photons decays with
E = 0.17 eV non-radiatively to the band edge. Note that the absorption band edge
of the CT-band was observed (Figure 6.1 (a)) at about 870 nm (1.43 eV). For
633 nm a similar luminescence (i.e. comparable width and relative intensity)
background was observed, with the peak maximum towards higher wavenumbers as
expected. However, the corresponding emission maximum at 810 +/- 10 cm-1
(1.53 eV) was significantly higher in energy than for excitation at 785 nm. It thus
seems that the broad CT-band covers more than one electronic transition, with the
shift of the emission maximum for lower excitation wavelengths being due to hotluminescence.
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Figure A.12. HAT6-TNF resonance Raman spectra recorded at 785 nm showing the broad
luminescence background with an emission wavelength of 880 +/- 10 nm.

HAT6-TNF Resonance Raman in the 550-1000 cm-1 region. Figure A.13 presents
the 550-1000 cm-1 spectral region of the resonance Raman spectra of HAT6-TNF,
the 1200-1800 cm-1 region is presented in Figure 6.1 (c) in the main article. The
spectra are all normalized on the 1200-1800 cm-1 region in a similar manner to
Figure 2c. It is clearly observed that the HAT6 aromatic breathing mode at 719 cm-1
is significantly enhanced when using excitation wavelengths of 785 and 633 nm. At
shorter excitation wavelengths this mode is negligibly enhanced compared to the
modes in the 1200-1800 cm-1 region.

Figure A.13. HAT6-TNF resonance Raman spectra for the selected wavelengths at 300K.
Same spectra as shown in Figure 6.1 (c) but for the 550-1000 cm-1 region.

TNF at 325 nm. Figure A.14 shows the 325 nm resonant and 1064 nm off-resonant
Raman spectra of TNF and HAT6-TNF. The main vibrational mode that is enhanced
in pure TNF is the skeleton C-C motion at 1605 cm-1. However, in the composite the
intensities of TNF vibrations appear to be negligible. The contribution of the
1605 cm-1 mode to the total integrated area of the spectral region around 1600 cm-1
in HAT6-TNF is less than 1% (Figure 6.2 main article). Furthermore, the linewidths
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for pure TNF at 325 nm (about 20 cm-1) are significantly smaller than for HAT6 and
in the composite (~50 cm-1 or even more).

Figure A.14. Off-resonance (solid lines) and 325 nm (dashed lines) Raman spectra of TNF
(top) and HAT6-TNF (bottom)
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Part 2.
Mobile ionic charges in nanocomposite
solid electrolytes
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7

Introduction

While electronic charge carriers have become of paramount significance in
facilitating our daily life in terms of information technology or supplying electrical
power, ionic charge carriers gain increased interest for their potential in
electrochemical energy conversion and storage. In recent years, the improved
methods of preparing and analyzing small-scale materials not only triggered the
evolution of nanoelectronics, but also led to the field of nanoionics. Both disciplines
are concerned with charge carriers in nanosized systems, i.e. materials systems in
which the spacing of adjacent interfaces is on that scale. Generally speaking,
decrease of crystal size enables the fabrication of smaller and cheaper devices with
more active components per unit area/unit volume. In electronics this is known as
Moore’s law, dictating the development of transistors, diodes etc. towards the
nanoscale. Another trivial aspect is that nano-sizing reduces the time for charge
carriers to reach the interface. For ionic charge carriers with a diffusion coefficient
D = 10-8 cm2 s−1, for instance, a reduction of the crystallite size from 1 mm to 100
nm reduces the waiting time from 3 days to 3 milliseconds! Obviously, this is of
great importance for the improvement of fuel cells, batteries, and other
electrochemical devices.[240-245] But there is more in ‘going nano’: downsizing
increases the proportion of surfaces at the expense of bulk, and therefore implies an
increased impact of the interfaces on the overall materials properties. In electronics,
the quantum mechanical nature of electrons need to be taken into account as the
electrons get confined by the interfaces to dimensions of several nanometers in one
or more directions. These quantum confinement effects are generally of negligible
significance for the much heavier ions, which still behave classically in almost all
cases. However, interfaces also introduce lattice imperfections, distortions etc.,
which can lead to an entirely different defect chemistry compared to the bulk. In the
nano-regime this results in interface-dominated transport and storage properties, as
the motion and positional degrees of freedom of ions is amplified by the presence of
vacancies and interstitials at the phase boundaries. This significance of interfacial
defects in terms of ion conduction and storage is the major ingredient of nanoionics.
A particular interesting case is that of charged interfacial defects, also known as
space charge layers, that will be considered in the present work.
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7.1 The space charge effect
While charge neutrality must be obeyed in bulk material, at interfaces a narrow
charged zone due to defects (interstitials and vacancies) can be thermodynamically
favourable. The mechanism responsible for the creation of these space charge layers
is the chemical potential difference for a mobile charge carrier between two adjacent
phases, see Figure 7.1.

Figure 7.1. A schematic representation of the charge effect. Charged particles diffuse into the
accepting phase until the electrical potential counterbalances the chemical potential and
thermal equilibrium is reached.

Figure 7.2. Illustration of the increased influence of the interfacial space charge layers as the
particle size is decreases.

This difference drives the charge carriers from one phase to the other, leaving
oppositely charged vacancies in the host phase. As a consequence, charge neutrality
is broken and an electric field builds up that stops the carrier flow once it
counterbalances the difference in chemical potential. The induced electrical field
makes that the charged particles only accumulate in a confined zone near the
interface. The length scale (Debye length) of this zone generally depends on the
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material and defect properties, but is typically of the order of several tens of
nanometres. For nanoscale materials, the interfaces are so closely spaced that the
space charge zones start to overlap, see Figure 7.2. In this size-regime, the interface
layers dominate the overall materials properties, which is commonly referred to as
‘true size effects’. The vacancies created in the donating phase, even if this is a small
amount, can magnify the ionic/electronic conductivity with orders of magnitude as
they create a network of available sites for charge hopping. In a similar way, the
available interstitial sites in the accepting phase enable the positive charge carriers to
become mobile, provided that the energy barriers on the conduction path are of the
order of the thermal energy. As a consequence, nanoscale space charge effects in
solid state systems can turn insulators into conductors, electron conductors into ion
conductors, interstitial type conductors into vacancy type conductors, etc.

7.2 Nanostructured solid electrolytes
As discussed in the previous section, the nano-designing of space charge layers can
be a significant technological tool to improve the conductivity properties of
condensed materials, in particular for ion conducting solid electrolytes. Methods to
induce such nanoionic phenomena include the blending of ionic conductors with
nanoparticles[246, 247] and the deposition of thin layers of different ionic
conductors.[240]. Figure 7.3 illustrates the setup of an electrochemical device with a
nanoparticle-blended solid electrolyte. In such a device (i.e. a battery or fuel cell),
the electrolyte should provide a fast pathway for the appropriate ions to move from
the positive electrode (anode) to the negative electrode (cathode), while
simultaneously blocking the electrons.

Figure 7.3. Principle of the electrochemical cell with space charge mediated ion transport
through the solid electrolyte. The space charge zones form percolation channels which enable
quick transport of ions.
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Optimal ionic conductivity of the blended solid electrolyte requires a fine-tuning of
the blend in order to provide a maximum amount of percolation paths through the
electrolyte. Roughly speaking, the relative volume of space-charge conducting
channels is inversely dependent on the particle size, and maximal for equal volume
fractions of the two phases. In practice, however, the optimum volume-fraction is
also strongly dependent on the shape of the particles, size of the space charge layers,
relative ionic conductivity of the two phases, etc.[8, 245] Thus, while smaller
nanoparticles generally lead to a higher overall ionic conductivity (if the volume
fraction is constant), the optimum volume-fraction needs to be determined
experimentally. The concept of nanostructured solid electrolytes, e.g. as illustrated
in Figure 7.3, can be applied to both battery systems and hydrogen fuel cells. The
next paragraphs will provide a short overview of these technologies and discuss the
potential role of solid electrolytes.

7.2.1. Batteries
Over the past decades, lithium-ion (Li-ion) technology has emerged as a key route
towards high energy and power density rechargeable battery systems (Figure 7.4).
Despite the commercial success of the present Li-ion batteries, further improvements
are necessary for large scale application in electric vehicles (EVs) and energy
storage systems. The current, ‘conventional’ Li-ion batteries rely on liquid
electrolytes and Li-intercalation electrodes, typically a graphite anode and a lithium
cobalt oxide cathode. These systems are reaching their limits in overall performance,
i.e. in the combination of energy density, power density, lifetime, safety and costs.

Figure 7.4.Secondary batteries compared on their energy and power density. The marking
point gives a target for EV batteries. Based on estimates in refs. [248-250]

The liquid electrolyte has a critical role in the overall performance. Typically, the
electrolyte consists of dissociated salts, like LiPF6, mixed into a complex organic
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alkyl carbonate solvent. These highly flammable electrolytes can undergo unwanted
reactions with electrodes, which poses serious limitations on the long-term
cyclability and may result into thermal runaways and even into explosions.[251, 252] In
addition to such lifetime and safety issues, the use of liquid electrolytes also restrict
the overall energy density. First, a membrane and separator are generally needed to
block the electrons and to prevent the anode and cathode to make contact with each
other. Therefore, there is not much freedom to minimize the amount of volume taken
by the electrolyte. Second, the anode and cathode materials that can be combined
with the liquid electrolyte are limited. An important example for the latter case is the
problem of dendrite growth in combination with lithium metal, the ‘optimum’ anode
material in terms of energy density (Figure 7.5).[241]

Figure 7.5. Dendrite growth in liquid electrolytes with lithium metal as anode. Source: [241]

Based on the above considerations, the development of solid electrolytes is currently
seen as one of the major steps towards next-generation high-energy batteries.[251, 253255]
Solid electrolytes principally tackle the safety and lifetime issues associated with
the much more mobile liquid phases. In addition, thin film technology[249] allows for
the design of all-solid state batteries, with a significant increase in energy density as
the total amount of volume taken by the electrolyte can be minimized. Moreover,
solid state electrodes open up the possibility to go to different electrode systems, in
particular to Li-air[248, 256] and Li-sulfur[257] batteries (see Figure 7.4).
However, the relatively poor electrical contact at the electrode-electrolyte interface
and lower ionic conductance are still two major challenges for application of solid
electrolytes.[258] Nano-structuring has recently developed as a promising route to
enhance the relatively low ionic conductivity of Li-ion solid electrolytes,[245, 253, 259]
but also to construct good conducting interfaces between the solid electrolyte and
the electrode that persist during charge and discharge.[260] In both cases it has been
shown that nanoionic space charge effects play an important role. This illustrates
that the strategies discussed in this thesis for hydrogen fuel cells (see below) can
also be developed for batteries.
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7.2.2. Hydrogen fuel cells
Fuel cells are electrochemical devices that convert the chemical energy of a fuel
directly into electricity. In recent years, they have received growing interest as one
of the most promising and efficient energy-production systems to reduce pollutant
emissions.[261-265] Fuel cell technology can be used for stationary applications, but
also allows for a direct production and exploitation of renewable energy in mobile
applications such as automotive vehicles and portable electronics. Similar to
batteries, the basic structure of fuel cells consists of an anode, electrolyte and
cathode. The fundamental difference, however, is that in a fuel cell the chemical
energy is provided by a fuel and an oxidant entering the cell from the outside.
Figure 7.6 illustrates the working of a fuel cell with hydrogen as the mobile ionic
energy carrier. Hydrogen enters at the anode side, diffuses to the catalyst where it
dissociates into protons and electrons. The electrolyte only allows protons to transfer
to the cathode, while the electrons are transported through an external circuit. At the
cathode side, the protons and electrons react with oxygen to form water.

Figure 7.6 Principle of the hydrogen fuel cell. Illustration based on ref. [266].

The electrolyte is the essential part of a fuel cell -even more than for batteries- as it
largely determines the operating conditions of the device, such as the mobile ion
(protons or oxygen), humidity, and the operating temperature. Polymer electrolyte
membrane fuel cells (PEMFS) are currently considered to be one of the most
promising approaches for mobile applications.[262-264] They have relatively a high
power density, fast start-up time, low weight, small volume and low sensitivity to
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orientation compared to other fuel cells. In general, the electrolytes employed in
PEMFS consist of solid polymers such as Nafion. These electrolytes, however,
require complex humid operation conditions for the conduction mechanism. That is,
the proton transport via H3O+ ions relies on liquid H2O. The operating temperature is
therefore limited to a temperature regime below 100 °C, typically around 80 °C. One
of the consequences of such low temperatures is that expensive and CO sensitive
catalysts such as platinum are required. Moreover, polymer electrolytes are
permeable to methanol and hydrogen, which lowers fuel efficiency. These material
problems associated with the humidified PEMFS are a major limitation for large
scale application of fuel cells in e.g. the automotive industry, in particular due to the
high overall costs associated with a commercial product.
It would thus (again) be preferable to search for truly solid electrolytes, i.e. without
humidification, that enable the development of more efficient and corrosion-resistant
systems.[261] Moreover, solid electrolytes allow for operation at higher temperatures
if they possess an acceptable ionic conductivity over the whole temperature range of
interest (roughly between 120 and 250 ºC). There are many advantages by going to
such an intermediate temperature regime.[265, 267] First, the waste energy (heat)
coming from resistive losses (Figure 7.6) becomes usable at higher temperatures,
allowing for a possible increase in efficiency of the total fuel-cell system from
roughly 50% to close to 80%. Second, an increased catalytic activity with less
expensive catalysts is possible since the poisoning of the catalyst by CO is reduced,
relieving the purity requirements of the fuel and catalysts. Third, intermediate
temperatures inherently remove the need for complex humidifying units to keep the
electrolyte moistly. Other advantages include easier cooling systems and the
possibility to use alternative fuels such as methanol, ethanol and other alcohols. It
should be noted that operating at even higher temperatures is much more
problematic. For example, solid oxide fuel cells (SOFCs) that operate at about
600 °C are practically ruled out for mobile applications. Even for application in
stationary power installations, the problems with materials stability and performance
at such high temperatures need to be solved.[261]

7.2.3. Solid acid proton conductors
In recent years, various research groups have shown that solid, inorganic acid
materials are promising candidates for intermediate temperature fuel cell electrolyte
application.[265, 268-270] Solid acid compounds consist of metal cations and hydrogenbonded oxyanions, which are mostly tetrahedral (such as SO4 and PO4). Most of
these materials exhibit a phase transition at elevated temperatures, after which the
material shows an orders-of-magnitude jump in protonic conductivity to values of
10-2 S cm-1 or even higher. This phase transition is characterized by the loss of order
in the arrangement of hydrogen bonds, and commonly known as “superprotonic”. A
typical example is CsHSO4, which transforms from a monoclinic to a tetragonal
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structure at 414 K. In the superprotonic phase, the higher symmetry allows proton
diffusion to occur through a combined rotation of the SO42- group and jumps to
neighbouring SO42- groups. A similar effect occurs in the superprotonic phase of
CsH2PO4 above 503 K. Contrary, in the low temperature phases (phase II and phase
III) of solid acids the protons are localized in rigid hydrogen bonds between the
oxyanions, as illustrated in Figure 7.7 for CsHSO4 and CsH2PO4. Thus effectively
no interstitial sites are present in the low temperature phases with a sufficient low
energy barrier to enable proton jump diffusion. This explains the low proton
conductivity in the low symmetry phases, which is obviously problematic for
practical use in intermediate fuel cells.

Figure 7.7. Illustration of the low temperature phases of CsHSO4 and CsH2PO4. (phase II).

However, it has been shown that the ionic conductivity of the low temperature phase
can be significantly improved by heterogeneously doping the solid acids with inert
oxides such as SiO2, TiO2 or Al2O3, even to values approaching those of the
superprotonic phases.[246, 247, 271, 272] The strongest effects are achieved with the
effective particle size of the oxide additives being the nano-scale. Such
nanostructuring can for instance be achieved by simply adding the oxide as
nanoparticles, either by dissolving the solid acid in water and a subsequent drying of
the blend with nanoparticles, or by mechanical ball-milling of the solid phases.
Figure 7.8 (a) shows that for mixtures of CsHSO4 and TiO2 or SiO2 nanoparticles an
increase of about two orders of magnitude is achieved for the proton conductivity in
the low temperature phase. This is a remarkable improvement, especially by
considering that it just results from adding insulating oxides to a proton conductor.
For the superprotonic phase it is indeed observed (Figure 7.8 (a)) that a substantial
amount of the conductivity is sacrificed by adding SiO2 or TiO2 nanoparticles.
However, as illustrated in Figure 7.8 (b) for CsH2PO4, it is possible to tune the
simultaneous conductivity increase and decrease in respectively the low temperature
and superprotonic phase by varying the volume fraction of the nanoparticles.
Essentially, the jump in the conductivity can be substantially decreased without
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losing too much mobility in the superprotonic phase, resulting in an acceptable
conductivity from room temperature up to the melting temperature of the solid acid.

Figure 7.8. Effect of nanostructuring on proton conductivities. (a)Temperature dependence
for CsHSO4 blended in a molar proportion of 1:2 with 24 nm TiO2 (blue circles) and 7 nm
SiO2 (red triangles) nanoparticle. Data taken from [273] (b)Volume fraction dependence for
CsH2PO4 immersed in 16 nm- porous SiO2 at 523K (superprotonic phase, red triangles) and
453 K (blue circles). Data taken from [272].

Nanostructuring thus offers a powerful tool to improve the conductivity of solid
acids, making them more suitable for application as electrolytes in fuel cells. In
addition, the nanocomposites show better mechanical stability properties compared
to bulk. It may even be expected that the thermal stability of the solid acids increases
due to nanostructuring, based on recent observations.[274] The latter point could be
very important towards application. A major problem with solid acids is their
decomposition which starts already below the melting point. For instance, sulphate
or selenite based materials become reduced under hydrogen in the presence of
typical anode catalysts such as platinum,[268] and phosphate based compounds
dehydrate without using humidification systems.[269]

9.3 Research questions and outline
The conductivity increase that result from nanostructuring of solid acids (paragraph
7.2.3) seems to be indicative of space charge effects. That is, the conductivity
increases for decreasing particle size and is maximal for approximately equal
volume fractions of the solid acid and oxide nanoparticle phases. Perhaps
surprisingly, not much effort has been taken to investigate the possibility of space
charge effects in these nanocomposites. One reason for this open question is that
‘conventional’ nanoionic space charge compounds like BaF2/CaF2 heterolayers rely
on Frenkel or Schottky defects,[275] while the charged defect system in solid-acid
nanocomposites, if present, must be entirely different. The simple reason for this is
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that the defects do not exist in the separate bulk phases, in contrast to Frenkel or
Schottky defects. Investigating the possibility of space charge effects thus requires a
specific elaboration of space charge theory for a new type of defect system. The
purpose of the research presented here is to make a connection between such a
theory and experimental observations, not only to provide evidence for the presence
of space charge effects in nanostructured solid acids, but also to investigate the
underlying physics to open up a way to predict and design new types of charged
defect systems with interesting properties for future applications.
In chapter 8, a theoretical space charge model is formulated for the general case of a
donating and accepting phase, where the charged defects only exist in the composite.
Subsequently, in chapter 9 the theoretical framework will be applied to CsHSO4TiO2 as a case study. Defect concentrations are calculated by combining the space
charge model with first-principles simulations. The results are compared with
neutron diffraction experiments that have been performed earlier by Chan et. al.[273]
The final part of chapter 9 concerns a short theoretical and experimental study on
space charge effects in nanocomposites of CsH2PO4 and TiO2 or SiO2, again on the
basis of first-principles calculations and neutron diffraction experiments.
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8

Space charge theory for high defect
concentrations

This chapter is based on the published paper:
Large Space Charge Effects in a Nanoionic Proton Conductor.
Haverkate, L. A.; Chan, W.K., Mulder, F. M. Advanced
Functional Materials 2010,.20 (23), 4107-4116

Abstract
In this chapter the space-charge model is elaborated for the case of large defect
concentrations, by taking account of the large occupation numbers on the
exhaustible sites. It is shown that ionic defects with negative formation enthalpy
reach extremely high concentrations near the interfaces and throughout the
material.

8.1 Introduction
Space-charge interfaces play a crucial role in semiconductor physics and
electrochemistry. In semiconductor physics they are the driving mechanism behind
the development of electronic devices such as diodes and field-effect transistors.[276280]
In electrochemistry, the growing interest in interfacial defects has culminated in
the field of nanoionics.[8, 244] Most of the work on space-charge interfaces in solid
nanoionics has been devoted to Frenkel[281] and Schottky[282] types of disordered
solids. Well known examples of these disordered solids are CaF2/BaF2
heterolayers[275, 283, 284], AgCl and CaF2 grain boundaries[285-289] and oxide ceramics
such as SrTiO3.[242, 290-293] All these composites have two properties in common.
First, the Frenkel and Schottky defects exist in the individual bulk phases. For
instance, in a Frenkel compound MX a small amount of ion M is present at an
interstitial position, leaving a vacancy at the lattice position. Second, the defect
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concentrations, either vacancies or interstitials, remain much smaller than the
concentrations of available sites. This condition of small defect concentrations is
usually also encountered in semiconductor physics were depleted space charge
zones are created by introducing dopants into single crystal lattices, e.g. a p-n
junction formed by boron (p-type) and phosphorus (n-type) doped silicon. As a
result, the explicit theoretical description of space charge layers had been restricted
to the case of small concentrations of charged defects. In this chapter a space charge
formalism is presented for systems that differ from Frenkel and Schottky defects in
the two above mentioned properties: the defects are not present in the pure
compounds and the defect density grows very large. The space-charge layer model
developed by Maier and others[283, 294-302] is elaborated, by taking account of the
number of exhaustible sites and the large percentage occupation of the sites. The
main characteristics of the model are illustrated as a function of physical parameters
such as the defect-formation enthalpy and the dimensions of the system or particle
size.

8.2. Space charge: thermodynamic description
Consider a hetero-junction, where mobile positively charged particles P  diffuse
from a site PD in the donating phase (D) to the phase boundary and penetrate into an
accepting phase (A). The charged particle fills an available site VA in A and leaves an
oppositely charged vacancy VD in D (Figure 8.1). This is a somewhat different type
of defect system than the Frenkel[281, 285, 303] and Schottky[282, 285, 303] defects since it
only exists in the composite system. We call it a single extrinsic interfacial defect
system, since there is one interfacial defect type in both phases only if the two
phases are brought into contact. The electrochemical reaction takes place at the
interface, its equilibrium being described by

PD  VA  VD  PA

(8.2.1)

in the structure element notation.[304] It is assumed that no structural variations take
place, i.e. the crystal phase remains intact up to the interface. By definition a change
in the number of particles PA changes the number of vacancies VA. Therefore,
equation (8.2.1) must be converted into an expression with independent elements:

( PA  VA )  (VD  PD )  0

(8.2.2)

The proper building elements are put within parentheses: the defects, either a
vacancy or an inserted particle, are defined relative to the perfect crystal.[285, 303]
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Figure 8.1. Illustration of the single extrinsic interfacial defect system. In both phases there is
one defect type which only exists in the composite system: positively charged defects (red) in
the accepting phase and negatively charged defects (blue) in the donating phase. Bottom: the
electric potential profile in the periodic 1D model, with boundary conditions: 1) zero gradient
of the potential in the phase center, 2) and 3) constant dielectric displacement and continuous
potential at the interface.

8.2.1. Governing equations
For simplicity a one dimensional model is chosen, see Figure 8.1: it is assumed that
the accepting and donating phase extend to infinity in the two other (y and z)
directions. For systems where the phases are confined in more directions, this model
can be considered as a first approximation. In terms of the electrochemical potential,
equation (8.2.2) is expressed by
μ a ( x a )  μ d ( x d )  0

(8.2.3)

This is the defect chemical equilibrium of the hetero-junction, with μ a and μ d
being the electrochemical potentials of a positively charged defect in the accepting
phase and a negatively charged defect in the donating phase, respectively. Next to
the chemical equilibrium, the transport equilibrium applies to mobile defects. For the
two defects j=+/- this is expressed by the zero gradient of the electrochemical
potential:

μ j ( x)  0
x

(8.2.4)

Here and in the remainder we dropped the suffix a/d where possible, since it is
already included in the +/- sign.
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The electrochemical potential is split into the chemical part  and the electric
potential  according to
μ j ( x )  μ j ( x )  z j e φ( x)

(8.2.5)

where zj is the charge number and e the elementary charge. For the chemical
potential we start from scratch, with the entropy term expressed in the number of
microstates[303, 305]:

μ j ( x)  μ 0j  k B T



N 0j !

ln  0

n j  ( N j  n j ( x))!n j ( x)!

(8.2.6)

Here kB is the Boltzmann constant, T the temperature and nj (x) the number of
defects in volume element y z dx at x. The standard value μ 0j refers to the standard
number of defects N 0j . The usual reference is the bulk number of defects N j ,
corresponding to the bulk chemical potential μ j . However, we choose μ 0j to be the
free formation enthalpy of one vacancy in the bulk lattice. Consequently, N 0j is the
number of available states for vacancies in the bulk lattice. In many systems, like the
archetypal ionic conductors[8, 240, 244, 306] and semiconductor junctions[276, 307, 308], the
chemical potential can be approximated by the Boltzmann distribution, since the
number of defects (n) is much smaller than the number of available states and much
larger than one. Equation (8.2.6) then simplifies to
μ j ( x )  μ 0j  k B T ln

c j ( x)
c 0j

(8.2.7)

with cj (x) the position dependent concentration of defects and c 0j the reference
concentration (both numerator and denominator of the logarithm are divided by a
unit volume). However, there are cases where this approximation is not valid any
more, specifically in the case in which the defect concentrations are large. The main
factor that determines the strength of the space charge effect is the formation
enthalpy of a defect pair. A negative formation enthalpy -or even an enthalpy close
to zero- leads to large effects: at least at the interface the number of defects can
reach the number of available states. In these cases the entropy term in (8.2.6) is
approximated by a Fermi-Dirac type of distribution,
μ j ( x )  μ 0j  k B T ln
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c j ( x)
c  c j ( x)
0
j

(8.2.8)

by using the Stirling approximation ln(m!) ~ m ln( m) - m, with m = n,N0 >>1. Note
that this approximation reduces to equation (8.2.7) for low concentrations cj(x), that
is, it becomes more generally applicable. However, this approximation is just a first
step if the difference between the number of defects and the number of available
states is of the order of ten. In that case the ln(N0-n)! term should be expanded in
harmonic numbers, and a simple expression in terms of concentrations is not
possible any more. Next to the thermodynamic equilibrium conditions (8.2.3) and
(8.2.4), the charged defects are subject to the Poisson equation:
(

z j e c j ( x)
2
φ( x )  
2
ε ε0
x

(8.2.9)

This holds as a consequence of Maxwell’s equations for a constant dielectric
permittivity 0 , as long as no time-dependent magnetic fields are involved.

Figure 8.2. Sketch of the periodic 1D single extrinsic interfacial defect system, where the
hetero-junction is repeated along the x-axis. The accepting (A) and donating (D) phases
extend to infinity in the other two directions.

To derive independent solutions for the defect concentration and the potential,
boundary conditions are needed in addition to equation (8.2.3) , (8.2.4) and (8.2.9).
We take a periodic system in which the hetero-junction is repeated along the x-axis,
see Figures 8.1 and 8.2. In this way the charge distribution is symmetric around the
phase centers. Consequently, the electric field must be zero in the center of the two
phases:
φ ( x)
x

a
x  xm

0 ,

φ ( x)
x

d
x  xm

0

(8.2.10)

This is the first boundary condition sketched in Figure 1, with  xma and xmd the
center of the accepting and donating phase, respectively. The second boundary
condition is obtained by assuming a constant dielectric displacement at the phase
boundary. This leads to
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εa

φ ( x)
x

x 0

 εd

φ ( x)
x

(8.2.11)
x0

in which a (d ) is the bulk dielectric constant of the A (D) phase. Changes in the
dielectric function due to the presence of defects are neglected. For the symmetric
system, the condition of charge conservation will result in the same boundary
condition[298]. The last boundary condition is obtained by assuming that there is no
free space in between the two phases. In that case, there is no potential drop at the
interface:
φ ( x  0)  φ ( x  0)

(8.2.12)

These boundary conditions, together with equations (8.2.3), (8.2.4) and (8.2.9),
provide an independent solution for the potential and subsequently for the defect
concentrations as a function of distance to the phase interface.

8.2.2. Solutions for large defect concentrations
The type of solution for the space charge profiles strongly depends on the magnitude
of the effect. If the formation energy of a defect pair decreases, the amount of
defects increases and start to reach the limited amount of available sites. To include
this, we proceed with the expression (8.2.8) of the chemical potential in the FermiDirac approximation. We take the absolute value of the charge number zj equal to
one, the solutions for other values being found by the replacement |zj| . By
using the equations (8.2.5) and (8.2.8), the transport equilibrium (8.2.4) for the
particle accepting phase A dictates that

 c ( x) c0  c m 
a
kB T ln  
  e  φm  φ ( x)  ,
0
(
)
c
c
c
x

 m   

(8.2.13)

with c m  c ( xma ) the center concentration and φma  φ (  xma ) the electrical
potential in the phase center. Rewriting equation (8.2.13) in terms of concentration
enhancements ζ  ( x )  c ( x) / c m and ζ 0  c0 / c m , we get:
a

ζ 0  1  e  φm  φ ( x) 
ln  ζ  ( x) 0 

 Z  ( x).

kB T
ζ   ζ  ( x) 


148

(8.2.14)

Z+ (x) is introduced as a measure of the potential difference between x and the phase
center, relative to the thermal energy. Inverting the left part of this equation with
respect to + (x) gives

ζ  ( x) 

ζ 0 exp  Z  ( x)

(ζ 0  1)  exp  Z  ( x)

(8.2.15)

By combining the Poisson differential equation (8.2.9) and the above relation
between concentration enhancement and electrical potential difference, a differential
equation for the electric potential is derived:
exp  Z  ( x ) 
1 1
2
Z  ( x) 
2
2
0
( λ ) 2 ( ζ   1)  exp  Z  ( x ) 
x

(8.2.16)

Here we introduced a Debye length for the accepting phase:

λ 

εa ε0 k B T
2 e2 c0

(8.2.17)

Because the inserted particle only exists if a second phase is present, it is defined
with respect to the reference concentration of available states instead of the bulk
concentration of defects. In that sense this length scale is thus different from the
Debye length defined conventionally.[283, 284, 298, 303] By introducing a dimensionless
length scale ξ   x / λ  , equation (8.2.16) can be written more conveniently by
exp  Z  (ξ  ) 
1
2
Z  (ξ  ) 
2
0
2 ( ζ   1)  exp  Z  (ξ  ) 
ξ 

(8.2.18)

First integration of this differential equation, together with the constant electric field
in the center of accepting phase (8.2.10), brings us to the differential equation:
1


Z  (ξ  )  ln  0 (e Z ( ξ )  1)  1
ξ 
ζ


(8.2.19)

The left side of this equation is proportional to the electric field E :

e 
e
Z  (ξ  )   λ 
φ( x )  λ 
E ( x)
ξ 
k B T x
kB T

(8.2.20)
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The solution of (8.2.19) provides an expression for the potential difference with
respect to the center of the accepting phase, as a function of defect concentration in
the center. However, this first order differential equation cannot be solved
analytically. Instead, after integration and using Z  (  xma / λ  )  0 , we arrive at

ξ (Z )  ξ m



1

 1
 2
  dZ   ln  0 (e Z   1)  1  .

0
 ζ
Z

(8.2.21)

To be clear, equation (8.2.21) expressed in all physical parameters reads as



e φam  φ ( x )


 c

dZ   ln  0m (e Z   1)  1 



  c

kb T



x  x  λ
a
m

0



1
2

(8.2.22)

which is an implicit solution for the potential drop as a function of the position and
the concentration c+m in the center of the phase. The other parameters such as +, the
thermal energy and the concentration of available states c+0 are fixed by the
environmental conditions and phase considered.
After a similar derivation as described for the accepting phase, the potential profile
in the particle donating phase D is given by



e φ ( x )  φmd

x  x  λ
d
m

kB T


0


 c

dZ   ln  0m (e Z   1)  1 


c

  



1
2

(8.2.23)

with λ   εd ε0 kB T / 2 e2 c0 being the Debye length, φmd  φ ( xmd ) the potential
and c m  c ( xmd ) the concentration of negatively charged defects in phase center of
the donating phase, respectively.
The potential profiles (8.2.22) and (8.2.23) for the accepting and donating phase still
depend on the defect concentrations c+m and c-m in the phase centers and on the
potential drop a(0) - d(0). However, by using the electrochemical equilibrium of
the hetero-junction and the boundary conditions at the interface, a unique solution
for the potential and the two defect concentrations is obtained. Starting with the
condition of a constant dielectric displacement (8.2.11), by using equations (8.2.19),
(8.2.20) and similar expressions for the donating phase, we obtain
εa
λ
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1

ε
ln  0 (e Z  (0)  1)  1   d
λ
ζ


1

ln  0 (e Z (0)  1)  1
ζ


(8.2.24)

The dimensionless measures Z+(0) and Z-(0) of the potential difference are further
elaborated with the help of equation (8.2.12). Using the freedom in adding a
constant to the potential by choosing (0) = 0, we get
εa
λ

c

 e φa 
ε
ln  0m (exp  m   1)  1   d
k
T
λ
c

 B 
 


c

 e φd 
ln  0m (exp   m   1)  1
k
T
c
 B 
 


(8.2.25)

The second constraint is obtained by combining the electrochemical equilibrium
(8.2.3) with equations (8.2.5) and (8.2.8),
c (0)
c (0)
ΔGF
 exp[
]
0
kB T
c  c (0) c  c (0)
0


(8.2.26)

with GF = +0 +  -0 being the free formation enthalpy of a hetero-junction defect
pair. Equation (8.2.26) expresses that the free formation enthalpy is the driving force
of the space-charge effect. A smaller Gibbs energy results in more space charge at
the interface. A key observation is that negative Gibbs energies result in giant defect
concentrations, at least close to the interface. The number of defects can even reach
the number of available states. Consequently, the Fermi-Dirac model depicted here
should be considered as a first step in these cases. To solve the potential profiles,
equation (8.2.26) should be replaced by its analogue in terms of the center
concentrations. Again, this is achieved using equations (8.2.3), (8.2.5) and (8.2.8):

e  φma  φmd 
kB T



 c
c m 
ΔGF
 ln  0  m

0
kB T

c
c
c
   m   c m 

(8.2.27)

We finally arrived at a complete solution: equations (8.2.22), (8.2.23), (8.2.25) and
(8.2.27) uniquely determine the potential profile and together with equation (8.2.15)
the defect concentration profiles in the two phases.

8.3. Characteristics of the one-dimensional model
The characteristics of the space-charge model are explored by considering an
extrinsic interfacial defect system in a multilayer arrangement (Figure 8.2). The set
of equations (8.2.22), (8.2.23), (8.2.25) and (8.2.27) is solved numerically by
iterating over the center concentrations. The focus is on the space charge profile for
one phase, by taking the same dielectric constant and concentration of available
states for both phases.
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8.3.1. Size effects and the impact of the free formation enthalpy

Defect fraction (x 10-5)

The significance of the layer thickness (L = 2xm) for the magnitude of the space
charge effect has been studied extensively.[11, 14, 15, 48, 49] Also for the present system,
the defect concentration increases tremendously at the nanoscale. Figure 8.3 shows
the defect fraction (c/c0) profile for different interfacial spacings, with a free
formation enthalpy (GF) of 0.5 eV. Notably, the defect fraction at the interface is
independent of the layer thickness. The boundary conditions (8.2.25) and (8.2.26) at
the interface completely determine the magnitude of accumulated space charge near
the interface. On the other hand, the defect fraction in the phase center strongly
depends on the layer thickness. Below a layer thickness of 100 nm, the space-charge
zones at the two sites of the phase start to overlap. This results in a different shape
for the space charge profile, with an increased defect fraction in the center of the
phase. For interfacial sizes much smaller than the penetration depth of the spacecharge zone, the center fraction even reaches the space charge fraction at the
interface.
6

Interface concentration
size independent

5
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Layer thickness:
4 nm
20 nm
100 nm

3
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1
0
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x/xm
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Figure 8.3. The defect fraction profile at a formation enthalpy of 0.5 eV, for a layer thickness
of 4 nm (green), 20 nm (red) and 100 nm (blue).The dielectric function (a = d =2) and
concentration of available states ( c0 = c0 = 10 cm-3) are the same for both phases and
T=300K.

Along with the interfacial spacing, the free enthalpy of forming a defect pair across
the interface is of crucial importance for the magnitude of the space charge effect,
see Figure 8.4. If there is a lot of energy required to form a defect pair, typically if
GF >1 eV at room temperature, the defect fraction is small throughout the two
phases and the space charge effect is negligible. For smaller free formation
enthalpies, the defect concentration at the interface and in the phase centre increases
rapidly, with the turning point being around GF = 0 eV for the defect fraction at the
interface. If free enthalpy is gained by forming a defect pair (GF < 0 eV at room
temperature), practically all available states near the interface are filled with defects.
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Figure 8.1. Defect fraction as a function formation enthalpy (a) in the phase center and (b) at
the interface. The layer thickness are 20, 30 and 100 nm, a = d =2, c0 = c0 = 10 cm-3 and
T=300K.

The defect concentration in the center depends on both the layer thickness and the
free formation enthalpy. Figure 8.5 shows a two dimensional plot of the space
charge fraction in the phase center. If both layer thickness and free formation energy
decrease, the defect fraction in the phase center theoretically reaches the maximum
value of 1. Then all available states in the phase are occupied by charged defects.

Figure 8.4. Defect fraction in the phase centre as a function of both layer thickness and
formation enthalpy. a = d =10 , c0 = c0 = 10 cm-3 and T=300K.
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8.3.2 Temperature dependence
Figure 8.6 (a) and (b) illustrate the temperature dependence of the defect fraction at
the interface and in the phase center, respectively. We explored the theoretical limits
of the space-charge model under the naïve assumption that the crystal phase remains
the same over the whole temperature range. In the limit T, the entropy has to
reach its maximum. Indeed, the available states for defects are half-filled throughout
the phase for T  and all values of the formation enthalpy. The electrochemical
equilibrium (8.2.27) is dominated by the entropy term and electrical potential. On
the other hand, the free formation enthalpy dominates the space charge effect in the
low temperature range. The contribution of the entropy term decreases to zero for
T 0 K and the balance of the free formation enthalpy and the electrical potential
determines the concentration of charged defects. If GF > 0 eV no space charge is
created at zero temperature (red squares in Figure 8.6). For GF < 0 eV, all available
particles near the interface will cross the phase boundary if T0K, but the
penetration depth decreases to zero at the same time (equation (8.2.17)). In the
intermediate situation, when GF = 0 eV, the electrochemical equilibrium at the
interface dictates that half of the available states at the interface are occupied for all
temperatures.
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Figure 8.5. Temperature dependence of the defect fraction (a) at the interface and (b) in the
phase center. c0 = c0 = 10 cm-3, a = d =2 and xm = 10 nm.

8.3.3. Influence of the formation enthalpy on the penetration depth
The Debye length  defined by equation (8.2.17) is in general not a useful length
scale to estimate the penetration depth of the space charge effect. For positive
formation enthalpies, the actual defect concentrations are much smaller than the
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concentration of available states. Equation (8.2.17) underestimates the actual
penetration depth in these situations. A useful length scale is obtained by taking the
defect concentration at the phase boundary instead of the concentration of available
states as a reference,

λbj 

ε j ε0 k B T

(8.3.1)

2 e 2 c j (0)
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To obtain b in general, cj(0) has to be calculated from the set of equations (8.2.22),
(8.2.23), (8.2.25) and (8.2.27). Only if the concentration of available states and the
dielectric function are the same for the two phases, cj(0) can be calculated directly
from equation (8.2.26). The Debye length b incorporates the dependence on the free
formation enthalpy by cj(0). This is illustrated in Figure 8.7 (b), where the Debye
length b is shown as a function of the formation enthalpy GF, with L = 20 nm at
room temperature. For positive formation enthalpies, b increases rapidly, whilst  is
independent of GF. For negative formation enthalpies, the two Debye lengths are
nearly the same, since the concentration at the interface reaches the concentration of
available states. It is stressed that for GF < 0 eV the penetration depth becomes
extremely small – a few Angstrom – whilst b is typically of de order of 101 nm for
GF ~ 0.5 eV. For negative formation enthalpies the large amount of charged defects
near the interface results in a large electric field, which hinders the accumulation of
more charged defects deeper into the (crystal) phase. However, this small
penetration depth does not mean that the overall space charge effect becomes
negligible. In fact the effect it is much stronger than the same effect with positive
enthalpies. As shown in Figures 8.4 and 8.5, the defect concentration in the phase
center increases for decreasing GF.
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Figure 8.6. (a):Defect fraction in the phase centre for varying Debye length b, with

GF = 0.5 eV, xm = 10 nm, c0+ = c0- = 10 cm-3, a = d =2 and T=300K. For b larger than
half the layer thickness, the space charge profile is almost constant. (b): Debye length b as a
function of formation enthalpy.
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Figure 8.7 (a) displays the defect fraction in the phase center as a function of b, for
GF = 0.5 eV and L = 20 nm at room temperature. For increasing b, the defect
fraction in the phase center grows until it reaches the defect fraction at the interface.
The turning point is at a Debye length b equal to half the layer thickness. For b >
L/2, the space charge profile becomes almost constant throughout the phase. This
illustrates that b indeed is a useful length scale to use for estimating the penetration
depth. A larger penetration depth b is obtained by taking for instance a material
with a larger dielectric function. This causes an amplified screening of the electric
potential and consequently more charged defects can cross the phase boundary,
before the induced electric potential compensates for the difference in free formation
enthalpy. Also the concentration of available states can alter the Debye length
significantly. For highly doped ionic systems it was already noted that the high
concentration of defects result in a diminishing Debye length.[309]

8.4. Conclusions
The space charge model has been elaborated for the case of high defect
concentrations, by taking account of the number of exhaustible sites and the large
percentage occupation of the sites. It is shown that negative formation enthalpies
give rise to a fully depleted zone at the phase boundary, typically with a width of
less than a nanometer followed by a steep decrease of the defect concentration
towards the phase center. However, the overall concentration of charged defects is
much larger than for positive formation enthalpies. As a result, the combination of
negative formation enthalpies and small layer thickness (typically smaller than 100
nm) lead to large space charge effects where the average defect concentration over
the whole phase is in the order of the concentration of available sites. It is illustrated
that increasing the temperature flattens the space charge profile, with the expected
infinite temperature (and thus entropy) limit of equally distributed defects. The
charged defects are also more equally distributed throughout the phase for a smaller
number of available sites or larger dielectric constants, both decreasing the effective
electric field generated by the accumulated charge.
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Large space charge effects in
nanocomposite solid acid proton
conductors

This chapter is based on the published papers:
Large Space Charge Effects in a Nanoionic Proton
Conductor. Haverkate, L. A.; Chan, W.K., Mulder, F. M.
Advanced Functional Materials 2010,.20 (23), 4107-4116
Direct View on Nanoionic Proton Mobility, Chan, W.K.,
Haverkate, L. A.; Borghols, et.al. Advanced Functional
Materials 2011,21 (8), 1364-1374

Abstract
Decreasing the dimensions of heterogeneous mixtures of ionic conductors towards
the nanoscale results in ionic conduction enhancements, caused by the increased
influence of the interfacial space-charge regions. For a composite of TiO2 anatase
and solid acid CsHSO4 it is shown that the strong enhancement of the ionic
conductivity at the nanoscale also can be assigned to this space-charge effect.
Surprisingly high hydrogen concentrations in the order of 1021 cm-3 in TiO2 are
measured, which means that about 10% of the available sites for H+ ions are filled
on average. By performing first-principles density functional theory (DFT)
calculations, it is found that proton insertion from CsHSO4 into the TiO2 particles is
preferred compared to neutral hydrogen atom insertion and that the formation
enthalpy is negative. Theoretical ionic density profiles for the TiO2-CsHSO4 are
calculated by applying the space charge model derived in Chapter 8. The average
proton fractions in TiO2 estimated from these profiles are in good agreement with
the experimental observations. In addition, composites of CsH2PO4 and TiO2/SiO2
nanoparticles are considered and compared to the sulphuric acid composites.
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9.1 Introduction
It is well established that blending TiO2 or SiO2 nanoparticles into solid acids such
as CsHSO4 and CsH2PO4 results in strong enhancements of the overall proton
conductivity.[246, 247, 271, 310, 311] Recently we assigned these enhancements to
interfacial space-charge effects through a direct measurement of proton fractions in
TiO2 anatase nanoparticles.[312, 313] Hydrogen concentrations in the order of 1021 cm-3
were measured, which means that about 10% of the available sites for H+ ions are
filled on average. This result in a surprising two to three orders of magnitude higher
defect concentrations than for conventional space charge systems such as CaF2/BaF2
heterolayers.[284] The solid acid composites remained white after synthesis,
excluding the possibility of neutral intercalation in TiO2, which should result in a
blue coloration of the anatase particles. As a rationale it could only be assumed that
these giant defect concentrations are the result of the acidic solid acid easily losing
its protons to the TiO2 nanoparticles, in combination with the size effects[8, 244] that
occur when the dimension of the space-charge system is decreased to the nanoscale.
In this chapter converging evidence is provided for these assumptions. The spacecharge model for high defect concentrations derived in Chapter 8 is directly applied
to the TiO2-CsHSO4 and CsH2PO4-TiO2 nanocomposites by using first-principles
density functional theory (DFT) calculations for estimating the formation enthalpy
of the defects. For CsHSO4, the corresponding space charge profiles are compared
directly with experimental observations. In addition, neutron diffraction
measurements on phosphoric acid nanocompounds are presented, from which a
model for the morphology of the composite is discussed. Finally, the mobility
characteristics of the phosphoric and sulphoric acid nanocomposites are related to
the calculated space charge profiles.

9.2 CsHSO4 - TiO2 anatase composites
9.2.1 Methods
To calculate the ground-state energies of the different crystal structures, firstprinciples calculations were performed by using periodic density functional theory
(DFT) as implemented in the VASP plane-wave pseudo-potential code.[24, 25] We
implemented the generalized gradient approximation (GGA) of Perdew and Wang
(PW91).[15] The PW91 functional has been already successfully applied to the crystal
structures of CsHSO4[33] and TiO2 anatase.[314, 315] The interaction between the ion
and electron is described by the all-electron projector augmented wave method
(PAW).[27, 28] For all calculations, Brillouin-zone integrations were performed on a
1x1x1 Monkhorst–Pack k-space grid[26] for the supercell structures.
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The initial crystal structures of TiO2 anatase and phase II CsHSO4 at room
temperature were extracted from previous diffraction results,[316, 317] with the same
unit cell axes and atomic arrangements. From these data we constructed 3×3×2
(11.36 Å × 11.36 Å × 19.03 Å) and 2×2×2 (14.54 Å × 16.28 Å × 15.44 Å) supercell
configurations, which led to 72TiO2 and 32CsHSO4, respectively. For CsHSO4, a
neutral defect phase was created by removing one hydrogen atom close to the center
of the supercell. We also created a charged CsHSO4 phase, by removing one proton
close to the supercell center. The corresponding structures are denoted as
32CsHSO4-1H and 32CsHSO4-1p, respectively. Also for TiO2 we constructed
neutral and charged defect phases, by inserting either one hydrogen atom or proton
close to the supercell center, with the same initial position as was observed by using
neutron diffraction.[312] The corresponding neutral and charged defect phases are
72TiO2+1H and 72TiO2+1p, respectively. For all initial crystal structures, a set of
different unit cell volumes around the experimentally observed values was created
by multiplying all unit cell axes by the same factor.
Three successive steps were performed on the different initial crystal structures.
First, at a fixed supercell volume, the unitcell shape and atomic positions were
refined. Then we applied a second structural relaxation, by keeping the lattice
parameters fixed as well. In these two steps we employed a plane-wave cutoff
energy of 450 eV for the TiO2 phases and 300 eV for the CsHSO4 phases. Both the
unit cell shape and atomic positions were fully optimized until all of the forces were
smaller than 10-3 eV/Å. In the third step we accurately calculated the ground state
energies of the relaxed structures, using a plane-wave cutoff energy of 450 eV for all
phases. A convergence within 5×10-5 eV per unit cell was achieved. In all cases, the
final atomic positions were in very good agreement with the diffraction experiments.
Due to the periodic boundary conditions, for a charged system the Coulomb
interaction between the two image charges may be an important contribution to the
formation energy.[29, 32-35] The scale of the first-order correction of this interaction is
1/εD[32], where ε and D are the dielectric constant and the linear dimension of the
cell, respectively. We calculated this Makov-Payne correction term within VASP[32]
by using the bulk dielectric values of 37.6 for TiO2 anatase[318] and 10 for phase II
CsHSO4.[33, 34] By choosing the large supercell structures as described above, we
minimized the contribution of the dipole correction to 0.04  0.01 eV for 72TiO2+1p
and 0.13  0.02 eV for 32CsHSO4-1p. The errors in these first-order corrections
might be better than quoted due to the overestimation of the correction for imagecharge interactions in solids.[35] We ignored higher order terms, since the quadrupole
correction already scales as 1/D3. Note that for charged systems VASP includes a
charge-compensating homogeneous background.

159

9.2.2 Formation energies of neutral and charged defects
To calculate the formation energies of defects in TiO2 and CsHSO4, we used the
difference in the calculated ground state energies of the structures at supercell
volumes where these energies are minimal. The errors were estimated by comparing
these values with the calculated difference in the ground state energy for the
experimentally observed supercell volumes. Figure 9.1 (a) shows the calculated
ground state energies as a function of supercell volume for the bulk crystals 72TiO2
(black triangles), 72TiO2+1H (green stars) and 72TiO2+1p (red squares). The
supercell volume at which the energy is minimal is the same for the three structures.
For TiO2 anatase this energy minimum means that the supercell volume is
overestimated by 3% compared to experimental data.[316] This result is consistent
with previous work,[22, 319] which shows that GGA functionals generally
overestimate the unit cell volume. The energies calculated by VASP are with respect
to the single-atom references, which means that the energy contribution of a single
H atom is zero by definition. Therefore, the red arrow in Figure 9.1 (a) indicates that
6.82  0.05 eV energy is gained by inserting a proton into TiO2. Insertion of not only
the proton but also the charge-compensating electron (i.e. a full H atom) into TiO2
requires an additional 3.82  0.07 eV, which is comparable to the bandgap of TiO2
anatase.[312] This result is in line with studies on lithium intercalation in TiO2
anatase,[320, 321] which show that the inserted electron occupies the bonding part of
the crystal field split Ti-3d t2g orbitals, positioned at the bottom of the conduction
band.
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Figure 9.1. Calculated ground-state energies as a function of supercell volume. (a): 72TiO2
(black triangles), 72TiO2+1H (green stars) and 72TiO2+1p (red squares). The red arrow
illustrates that 6.82 +/-0.05 eV is gained by inserting a proton into TiO2 anatase. (b):
32CsHSO4 (black squares), 32CsHSO4-1H (geen stars) and 32CsHSO4-p (blue triangles). The
blue arrow indicates that 5.9 +/- 0.1 eV is required for removing a proton out of phase II
CsHSO4.

Figure 9.1(b) displays the calculated ground state energies as a function of supercell
volume for the bulk crystals 32CsHSO4 (black squares), 32CsHSO4-1H (green stars)
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and 32CsHSO4-1p (blue triangles). For CsHSO4, the unit cell volume is
overestimated by 9% compared to the experimental results.[317] The blue arrow
indicates that 5.85  0.1 eV is needed to remove a proton out of CsHSO4. To remove
also the charge-compensating electron of the H+-ion requires slightly more energy.
The minimum energy supercell sizes of the defect strucures are slightly larger than
for pure CsHSO4. The results of Figure 9.1 lead to the conclusion that -1.0  0.1 eV
is gained for proton insertion from CsHSO4 into bulk TiO2, whilst energy is required
in the case of a neutral hydrogen atom. In the latter case the formation energy equals
3.0  0.2 eV. This big difference is mainly explained by the difficulty to incorporate
the 1s electron into TiO2. As mentioned earlier, the errors in these formation
enthalpies might be slightly higher than we quoted due to the omission of multipole
terms and errors in the Makov-Payne term. However, Figure 8.4 and Figure 8.5
show that in the region of -1 eV the space-charge profiles do not change
significantly except for extremely thin layer thickness. For this region, even errors of
the order of 0.2 eV have negligible influence on the space-charge profiles.

9.2.3 Space charge effects in CsHSO4-TiO2 nanocomposites
The significant difference between the formation energy of a charged and neutral
defect pair in TiO2-CsHSO4 composites is consistent with two observed phenomena.
The first is that for TiO2 - CsHSO4 nanopowder the material does not change color
compared to bulk TiO2.[312] On the contrary, for neutral Li intercalation in TiO2
anatase the electric and optical properties change significantly due to the charge
compensating electron of the Li+-ion, which leads to a blue coloration of the
material.[322-324] The second is that the negative formation energy for charged defects
in TiO2-CsHSO4 explains the large average deuterium fractions in the TiO2 phase, as
observed with neutron diffraction.[312] These observations are a first indication that
the space-charge effect is the driving force behind the observed deuterium fractions
and enhanced conductivities in TiO2-solid acid nanosystems.

Figure 9.2. Illustration of the space-charge system TiO2 anatase - CsHSO4.
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However, a quantitative proof is obtained by applying the 1D space-charge model as
derived in this work. Therefore we adopt the formation energy of -1.0  0.1 eV as a
first approximation to the free formation enthalpy, see Figure 9.2. Including the
formation entropy term would lead to even more negative GF, since the inserted
defects increase the vibrational degrees of freedom in the crystal phases.[288]
Figure 9.3 shows the calculated electrical potential and space-charge profiles at the
interface of nanosized TiO2-CsHSO4 at room temperature, with a particle dimension
of 7 nm for TiO2 and a molar proportionality TiO2:CsHSO4 = 2:1. We used ε = 37.6,
c0 = 58.6 nm-3 for TiO2 anatase[312, 316, 318] and ε = 10, c0 = 8.8 nm-3 for phase II
CsHSO4.[34, 317] The electrical potential difference across the interface is about 1.4
eV. This difference is caused by the huge space charge created in both phases. The
defect fraction of protons in TiO2 decays exponentially from 0.77 at the interface to
4×10-4 at the phase center. On the other hand, the interfacial region of CsHSO4 is
fully depleted with H+ defects with a penetration depth of approximately 0.3 nm.
From this region the space charge profile decays to a fraction of 5×10-4 in the phase
center. This difference between the space charge profiles of TiO2 and CsHSO4 is due
to the different ε and c0 of the two phases. The depletion zone at the CsHSO4
interface might explain the experimental observation that a pronounced amorphous
phase emerges next to crystalline CsHSO4 over a period of time. Due to the absence
of the hydrogen bonding protons, the SO4- groups are more free to rearrange in the
interface region with lattice mismatches, surface stress etc. Note that although the
penetration depths are rather small (about one unit cell in TiO2 and CsHSO4), the
defect concentrations in the center are still in the order of 1019 cm-3.

Figure 9.3. Calculated potential profile charged defect fractions at the interface of nanosized
TiO2-CsHSO4, using the 1D space charge model with GF = -1.0 eV at room temperature.
For TiO2 anatase, xm=3.5 nm,  = 37.6 and c0 = 58.6 nm-3. For phase II CsHSO4, xm=4.2 nm
(molar proportionality TiO2:CsHSO4 = 2:1),  = 10 and c0 = 8.8 nm-3.
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Finally, we compared the calculated space charge profiles with experimentally
observed average deuterium fractions. Therefore, we assumed spherical TiO2
particles and approximated the radial distribution of protons in TiO2 by the 1D
distribution as depicted in Figure 9.3. This resulted in average proton fractions for
different particle sizes, as shown by the red line in Figure 9.4. The experimental
fractions were obtained from neutron diffraction results at room temperature for
TiO2 particle sizes of 7, 15, 24 and 40 nm, with the molar proportionality
TiO2:CsHSO4 equal to 2:1. For the calculations we selected the same molar
proportionality and TiO2 particle sizes as used in the experiments. The average
proton fractions in TiO2 as calculated with the space-charge model are in remarkable
agreement with the experimentally observed fractions. Not only are the giant defect
concentrations in the order of 1021 cm-3 reproduced, also the strong increment in the
defect fractions for smaller nanoparticle sizes is confirmed.

Figure 9.4. Theoretical and experimental average proton fraction in the TiO2 anatase
nanoparticles as a function of particle size. The theoretical line (red) is obtained by a 3D
spherical average of the 1D space-charge profile (right).

However, for smaller particle sizes the experimental fractions turn out to be slightly
higher than the calculated ones. A possible explanation is that the penetration depth
of about 0.3 nm predicted by the model could be larger in reality. For instance by
using a defect-corrected dielectric constant rather than the bulk dielectric constant of
TiO2 taken in the calculations. The presence of defects could cause more electrical
and vibrational contributions to the dielectric response of TiO2 anatase. Another
improvement of the space-charge model that would lead to higher average defect
concentrations is the inclusion of the concentration dependent formation entropy
term in the free formation enthalpy.[288] This inclusion allows more space charge in
the particle, especially if the particle sizes get smaller and defect concentrations
become higher. From the experimental point of view, two issues explaining
differences in observed and calculated proton fractions are stressed. First, for the
fitting of the neutron diffraction data a constant deuterium concentration was
assumed inside the crystallites. Considering the pronounced variation of the defect
concentration throughout the TiO2 particles predicted by theory, this assumption
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could be too simplistic to describe the neutron diffraction from the deuterium defect
profile. Second, the observed deuterium fractions are not the same if at the same
particle size of TiO2 a different molar proportionality between TiO2 and CsHSO4 is
taken.[313] This disparity is not reproduced by the space-charge model, since the
effective size of the CsHSO4 phase does not influence the amount of space charge in
TiO2. A reason for this difference could be that for higher TiO2 molar
proportionalities the TiO2 nanoparicles start to touch each other, which leads to a
smaller concentration of TiO2-CsHSO4 surfaces and lower space charge
concentrations.

9.3 CsH2PO4 nanocomposites
9.3.1 Methods
Sample preparation. The solid acid cesium hydrogen sulfate was synthesized by
dissolving cesium carbonate (Cs2CO3) in demineralized water and slowly adding
phosphoric acid (diluted) in the correct stoichiometry. After recrystallization from a
methanol/water mixture, the solid acid was filtered and dried in a vacuum oven.
After careful drying, a part of the CsD2PO4 (CDP) was redissolved in demineralized
water and TiO2 or SiO2 nanoparticles were added in known quantities. The solvent
water was slowly evaporated under stirring. The nanocomposite samples created
were then dried in the vacuum oven and subsequently crushed in a mortar, resulting
in a powder. The chemicals cesium carbonate (reagentplus, 99%) and the sulfuric
acid (ACS reagent, 98%) were bought from Sigma-Aldrich. The nanoparticles used
were: 16-nm, 24-nm and 40-nm TiO2 (Nanoaltar, Evonik) and 7-nm (Aerosil300,
Evonik) SiO2. The samples prepared were: CDP-TiO2(16-nm) 1:1, CDP-TiO2(16nm) 1:3, CDP-TiO2(24-nm) 1:2, CDP-TiO2(40-nm) 1:2, CDP-SiO2(7-nm) 1:1 and
CDP-SiO2(7-nm) 1:3.
Neutron diffraction. Neutron diffraction experiments at room temperature were
performed on the Wombat diffractometer at ANSTO, Australia. Wavelengths of
1.54 Å and 1.88 Å were selected, to get the best possible compromise between
resolution and intensity. The data were analyzed by using the Rietveld refinement
software program GSAS.
DFT calculations. The first principles methods used for calculating the ground state
energies of the different CsH2PO4 crystal structures are similar to the approach for
CsHSO4 described in the previous section. The initial crystal structure of phase II
CsH2PO4 at room temperature was extracted from previous diffraction results,[316, 317]
with the same unit cell axes and atomic arrangements. From these data a 2×2×4
(15.89 Å × 12.70 Å × 18.61 Å) supercell configuration was constructed. Neutral and
charged defect phases were created by removing one hydrogen atom from one of the
two possible sites (Figure 9.5) close to the center of the 32CsH2PO4 supercell.
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9.3.2 Neutron diffraction experiments
For the CsHSO4-TiO2 nanocomposites relatively small changes (in particular for the
TiO2 anatase phase) in the diffraction intensities provided direct information on the
position and quantity of the deuterium in TiO2 and vacancies in the crystalline
fraction of the solid acid. Such a subtle anlyses was possible due to a high synthesis
quality and control over the samles to provide almost fully deuterated samples.
Following a similar strategy as for the sulphoric acids, neutron diffraction
measurements were performed on deuterated CsD2PO4 samples to probe the defect
concentrations in the nanocomposites.

Figure 9.5. Rietveld refined diffraction patterns (red lines) of (a) bulk CsD2PO4 and (b) CDPTiO2(16nm) 1:1 at room temperature, including the observed data (black dots), background
function (green line) and difference between observed and calculated reflections (blue line).
(c): Fourier maps of the nuclear density in the CDP phase for bulk CDP (red) and for the 1:3
TiO2 16 nm composite, showing a loss of deuterium density in the nanosample mainly on the
4d site.
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Unfortunately, it turned out that for CsH2PO4 the possibility of inproper deuteration
cannot be ruled out. Figure 9.5 shows the refined diffraction patterns for bulk CDP
and the CDP-TiO2(16-nm) 1:1 nanocompound (red lines), together with the
experimental data at room temperature with a neutron wavelength of 1.88 Å (black
dots). A remarkable change in the intensity of some of the solid acid peaks is
observed in the nanocomposite, especially for the two marked peaks around Q = 1.6
Å-1. Similar changes, more or less strong, were also oberved for the other CDPTiO2/SiO2 nano-mixtures. From the Rietveld refinment analysis it follows that these
changes are mainly explained by a pronounced change in the effective scattering
from the deuterium atoms. We fitted the diffraction patterns by allowing changes in
the concentrations of the deuterium atoms, either by partial replacement of
deuterium with hydrogen atoms (“contamination approach”) or by only decreasing
the deuterium fraction (“vacancy approach”). In both cases the effective scattering
cross sections from the deuterium sites is decreased, leading to refinements of
comparable quality (wRp < 0.025). The loss in deuterium density at the two sites is
pronounced, as illustrated in Figure 9.5 (c) for the CDP-TiO2(16-nm) 1:3 compound.
For this sample, the contamination approach leads to a fitted fraction of about 50%
of the deuterium atoms at site 2 being replaced with hydrogens. Correspondingly, a
defect fraction of about 70% is obtained in the vacancy approach. The density loss is
less pronounced at site 1, with a fitted hyrogen contamination fraction of about 40%
and a defect fraction of about 50% in the vacancy approach. These nano-blending
effects in the acid phase are much stronger than observed for the CDS
nanocomposites, and defect fractions of up to 70% seem to be rather too unrealistic.
So it appears that hydrogen contamination at least partially interferes with the
expected vacancies due to space charge effects. Indeed, refinement of bulk pattern of
bulk CsD2PO4 gives a range of 81-94 atom% for the degree of deuteration. The
quality of the data, in terms of resolution and the limited Q-range (1-6.1 Å-1 for a
neutron wavelength of 1.88 Å), does not allow for a more precise determination of
the degree of deuteration, since also other paramaters like temperature factors need
to be fitted. The range of 81-94 atom% is obtained with a comparable fit quality
(wRp < 0.03), and the other parameters being in reasonable agreement with
literature. Despite this difficulty to quantify the degree of deuteration accurately, the
resulting range indicates that the possibility of hydrogen contamination, varying for
the different samples, can not be excluded as a (partial) explanation for the loss in
deuterium scattering cross section. Essentially, this frustrates a clear quantitative
analysis of the space charge effects, especially the analyses of small differences in
diffraction intensities of the TiO2 peaks. However, the size depenent trend in the
diffraction data is consistent with the expected effect of space charge layers. Figure
9.6 (a) shows the relative peak height of the first ‘deuterium peak’ as a function of
the theoretical grain size of the CDP phase. The grain size was estimated from the
expected volume of CDP per TiO2/SiO2 nanoparticle, which has been calculated
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from the molar fraction, SiO2/TiO2 particle size of the samples and assuming a
uniform distribution of nanoparticles. It is observed that for decreasing grain size the
relative peak hight generally increases. In other words, the scattering density from
the deuterium sites decreases for smaller dimensions of the solid acid region. Such a
trend is characteristic for the increased influence of space-charge layers at smaller
length scales, giving rise to a higher overall fraction of vacancies in the CP phase.
On the other hand, it appears less likely that the size dependence can be ascribed to
an accidental distribtion in the amount of hydrogen contamination during the
synthesis process.

Figure 9.6. (a) Observed peak height of the first ‘deuterium CDP peak’ at 1.66 Å-1 relative to
the peak at 1.28 Å-1, as a function of the grain size of the different CDP sample as calculated
from the molar proportion and the TiO2/SiO2 particle size. For the TiO2 nanocomposites, the
amorphous fraction of CDP is also indicated. (b) Calculated vs. experimental CDP grain size,
the latter being obtained from refining the particle size broadening factor.

In addition to the calculated grain size, i.e. based on the volume fraction of the CDP
phase and size of the TiO2/SiO2 nanoparticles, the neutron diffraction data provided
a more direct way to measure the effective length scale of the CDP crystallytes.
Figure 9.6 (b) compares the calculated grain size with the experimental length scale
obtained from the refinement of the diffraction patterns. Although the error bars are
relatively large, two relevant observations can be drawn. First, the refined length
scale roughly decreases as the calculated grain size decreases, this indicates that the
nanoparticles are dispersed through the acid phase. Second, the measured length
scale of the CDP phase is about five times larger than the expected grain sizes. This
is consistent with similar observations for CsHSO4 nanocomposites,[313] and
indicates that the solid acid structure continues coherently for larger characteristic
distances in spite of the presence of up to 60 volume% of nanoparticles dispersed
through the composite. It is noted that the refined Lorentzian broadening of the TiO2
phase for the different diffraction patterns is consistent with the expected particle
sizes of 16, 21, and 40 nm.
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From the refinement of the phase fractions it also turned out that, for all
nanocompounds, less crystalline CDP is present than was put in during synthesis. In
addition, a pronounced background is observed in the diffraction patterns. These
observations are consistent with the formation of an amorphous CDP phase during
and after the synthesis of the nanocompound, which is also observed for the
sulphuric acid nanosamples.[313] Figure 9.6 (a) shows the fraction of amorphous CDP
for the different samples, as estimated from the discrepancy between refined phase
fractions and the weighted composition before the synthesis. Note that the largest
amorphous fraction is observed for the CDP-TiO2(16-nm) 1:3 sample with the
smallest grain size.

9.3.3 Formation energies of neutral and charged defects
The left panel of Figure 9.7 shows the calculated ground state energies for
32CsH2PO4 and the defect phases corresponding to removing one proton (blue
diamonds) or neutral hydrogen atom (green circles) from position 1. The minimum
energy supercell volume is about the same for the three crystal phases, and again
slightly higher (6%) than the corresponding unit cell volume of bulk CsH2PO4
observed with diffraction.[317]. The energy needed to remove a proton (5.970.1 eV)
is slightly less than for removing a neutral hydrogen (6.540.1 eV). For the other
position the values are slightly lower: 5.850.1 eV and 5.970.1 eV for proton and
hydrogen removal, respectively.

Figure 9.7. Left: calculated ground-state energies as a function of supercell volume, for bulk
CsH2PO4 (black squares), 32CsH2PO4 – 1Hpos1 (green circles) and 32CsH2PO4 – 1H+pos1
(blue diamonds) Right: The formation energies (error: 0.1 eV) for inserting a proton or
hydrogen atom from the two different sites in CsH2PO4 into TiO2;

The DFT calculations thus seem to indicate that there is not a significant difference
in acidity between CsH2PO4 and CsHSO4. Thus also for the phosphoric acid an
energy of about 1 eV is gained by inserting the removed proton into the TiO2 phase,
whilst energy is required for neutral hydrogen insertion. Again, it should be noted
that these values of the formation energies must be considered as first estimates,
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which depend on a number of calculational approximations such as the DFT
exchange-correlation potential and dipolar corrections for the image charges in a
periodic structure. However, in Chapter 8 it was shown that the sign of the formation
enthalpy has the most dramatic effect on the space charge profiles. Since for both
CsHSO4 and CsH2PO4 the formation energies are significantly negative, i.e.
compared to the thermal energy ambient temperature, it is expected that the
calculational errors are not of practical significance. As discussed in paragraph 9.2.,
a much more significant approximation is made by taking these constant formation
energies as an estimation of the concentration dependent formation enthalpies. In
particular, large fluctuations in the defect concentration account for significant
changes in the formation enthalpy. However, in the present work we are interested in
a first approximation of the space charge effects.

9.3.4 CD2PO4 vs. CsHSO4: morphology and mobility
To calculate the defect profile for the CDP phase, the lowest formation energy of
-1.0 eV calculated in the previous paragraph was used as input parameter, with no
distinction being made between the two sites since at such negative value there is
not a large difference between the two dG’s. Figure 9.8 shows the corresponding
defect profile of proton vacancies in CDP in comparison with the profile of CsHSO4
as already discussed in Section 9.2. Like for CsHSO4, the interfacial region of CDP
is fully depleted with proton vacancies. However, with a penetration depth of about
0.7 nm, this depleted region extends about a factor of two further into the solid acid
phase as for CsHSO4. Also the subsequent decrease of the defect profile towards the
phase center is less steep, and the defect fraction 4×10-3 in the center of the CDP
region is about an order of magnitude larger than for the sulphoric acid. The reason
for this increased space charge effect in CDP compared to CsHSO4, as predicted by
theory, is that the phosphoric acid has a dielectric constant of 100 which is an order
of magnitude larger than for the CsHSO4. As a consequence, the stronger screening
of the electric field in CDP allows for more charge accumulation and a stronger
overall space charge effect.
Let us now combine these theoretical considerations with the neutron diffraction
data to discuss the morpology of the CDP nanocomposites, and relate this structural
picture to previously measured mobility and conductivity enhancements as discussed
in Chapter 7. The neutron diffraction data resulted in three main observations. First,
a significant fraction of up to 22% of solid acid is present as an amporphous phase in
the nanocomposites. Second, the solid acid phase continues coherently for larger
characteristic distances than the expected grain sizes imposed by a uniform
dispersion of TiO2/SiO2 nanoparticles. Third, the deuterium neutron scattering
density generally decreases for decreasing CDP grain size, likely due to the presence
of more vacancies at smaller particle sizes. As a rationale, these observations are
consistent with the ‘Swiss cheese’ morphology found for CsHSO4
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nanocomposites,[313] and illustrated in Figure 9.8 (b). The TiO2/SiO2 nanoparticles
are embedded in the solid acid matrix, the red color illustrating the density profile of
the proton interstitials. Close to the interface, the interaction with the surface of the
nanoparticles results in an amorphous phase encapsulating the nanoparticle in a
core-shell fashion. Further away from the interface, the solid acid is in its crystalline
phase with a proton vacancy density decreasing to its minimum value in the phase
center. The crystalline acid phase continues coherently between the nanoparticles,
with a characteristic grain size that is about five times the size of the nanoparticles,
based on the estimations obtained from the diffraction analyses. It is postulated that
this morhphology is the result of a combined nucleation and annealing process
during synthesis, with the nanoparticles as nucleation sites on which the soluted acid
starts to solidify.[313] The growth of the coherent solid acid lattice is thereby
facilitated by the high mobility in the material and the annealing occurring already at
room temperature, giving rise to the relatively large coherent grain sizes.

Figure 9.8. (a) Calculated space charge profiles in the CDP and CDS phases for solid acidTiO2 nanocomposites. The profile of CDS is the same as shown in Figure 9.3. For CDP, the
1D-space charge model is used with GF = -1 eV, T=300K, xm=3.5 nm,  = 100 and c0 =
58.6 nm-3. For phase II CsH2PO4, xm=4.2 nm (molar proportionality TiO2:CsH2PO4 = 2:1), 
= 100 and c0 = 17.05 nm-3. (b) ‘Swiss cheese’ morphology of the nanocompounds, with an
amorphous solid acid region around the nanoparticles.

Interestingly, the theoretical prediction of a fully depleted zone near the interface is
consistent with the observation of a substantial amorphous solid acid phase for both
CDP and CSHSO4. It is likely that, due to the absence of protons, the SO4 and PO4
tetrahedra rearrange themselves in the interfacial region with surface stress and
lattice mismatches, resulting in an amorphous solid acid shell surrounding the
nanoparticle. As such, the amorphization is a surface effect and should therefore
increase for decreasing size and/or increasing proportion of the nanoparticles.
Indeed, for both CsHSO4 and CsH2PO4 composites with TiO2 nanoparticles the
largest fractions of amorphous phase are generally observed for the smallest
dimensions of the acid phase. Based on the calculated defect profiles as shown in
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Figure 9.8 (a), a stronger amorphization effect is expected for the CDP composites.
However, from XRD measurements on the CsHSO4 composites with 7 nm TiO2
particles it turned out that the amorphization progresses over time,[313] making it
difficult to validate such a claim without a detailed analyses of the time progression
of all the samples. In any case, the predicted differences in defect profiles seem to
explain some remarkable observations considering the proton conductivity in the
nanostructured solid acids. From quasi-elastic neutron scattering experiments it
follows that the mobility enhancement by nanostructuring is generally higher in
CDP composites, but with a significantly lower fraction of mobile protons than in
sulphoric acids blended with the same nanoparticles in a similar molar
proportion.[313] This is precisely what can be expected from a much stronger
depletion of the interfacial region for the phosphoric acid, since in such a case the
number of available sites outnumbers the small fraction of protons still present in the
interfacial region. So there are just a few protons available for conduction, while the
large number of available sites combined with the increased motional freedom of the
PO4 groups results in the high mobility. It thus appears that the difference in
dielectric constant between CsHSO4 and CsH2PO4 is detrimental for the space
charge and conductivity characteristics of the nanocomposites.

9.3 Conclusions
In this chapter converging evidence is presented that large space charge effects are
responsible for the conductivity enhancement in solid acid nanocomposites. The
space charge model of Chapter 8 was applied to CsHSO4 and CsH2PO4 composites
and combined with neutron diffraction experiments. First-principles DFT
calculations showed that proton insertion from CsHSO4 and CsH2PO4 into TiO2
anatase is energetically favorable. The calculated proton densities, directly obtained
from the materials parameters without fitting, are in good agreement with neutrondiffraction results on the nanocomposite of TiO2 anatase and CsHSO4. Based on
neutron diffraction data a ‘Swiss cheese’ morphology is proposed, with the
TiO2/SiO2 nanoparticles being embedded in the solid acid crystalline matrix. Close
to the interface the solid acid phase is fully depleted, giving rise to an amorphous
shell surrounding the nanoparticles. Further away from the interface the crystalline
acid phase continues coherently between the nanoparticles, with a characteristic
grain size that is about five times the size of the nanoparticles. The calculated defect
profiles indicate that the depletion region of CsH2PO4 is about a factor of two larger
than for CsHSO4, due to the difference in dielectric constant between the two solid
acids. This prediction seems consistent with the observation of a relatively higher
mobility enhancement, but lower concentration of mobile protons in CDP
nanocomposites. In conclusion, the space-charge model for high defect
concentrations as presented in Chapter 8 not only explains the size-effects in the
171

solid acid composites, but also opens up a way to predict and design new
heterogeneous systems with interesting properties for future applications.
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Summary
Sustainable energy technologies are rapidly emerging as an emission-free alternative
to fossil fuels. Yet there are still technological and scientific challenges in further
optimizing these technologies to realize large scale application at low cost. In
particular this applies to solar cells, fuel cells and batteries. They have in common
that efficient energy conversion must be realized with abundant, safe and cheap
materials in order to maximize performance at minimum overall system costs.
Efficient energy conversion is thereby highly dependent on the charge transport
characteristics of the active materials. In a solar cell, photo-generated electronic
charge carriers need to reach the electrodes before recombination occurs. For fuels
cells and batteries, fast transport of ionic charge carriers through the electrolyte is a
main factor for overall performance. In recent years, both ionic and electronic
transport characteristics have been significantly improved by controlling and
manipulating materials at the nanoscale. That is, by engineering at distances about
1000 times smaller than the thickness of a hair. One of the trivial assets in these
improvements is that nano-sizing reduces the time for charge carriers to reach the
interface of the active material. But there is more in ‘going nano’, and some of these
fundamental aspects of charge carrier transport at the nanoscale have been explored
in this thesis.

Part 1. Electron and hole transport in self-assembled discotic liquid
crystals
Discotic liquid crystals (DLCs) are a promising class of materials for molecular
electronic devices. These disk-like molecules stack on top of one another into stable
columns due to non-covalent interactions including the overlap of the -orbitals of
their aromatic core, while thermal fluctuations of the side chains give rise to the
liquid-like dynamic disorder. DLCs offer the potential for low cost, easy processing
electronics with favourable properties, including self-healing of defects and tuneable
alignment of the conducting columns. However, inherent to organic materials such
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as DLCs is the localized nature of charge carriers: electron or hole transport occurs
via hopping between molecular sites. The typical rate of these individual charge
hopping processes is decisive for the overall conductivity, while the relaxation
processes taking place on the molecular level determine the amount of energy
involved with charge transfer. Therefore, further improvements of DLCs strongly
rely on understanding and controlling the factors influencing the charge hopping
process taking place on the nanoscale, i.e. on the level of intermolecular distances in
the non-covalent bound system.
The influence of conformation, defects, and dynamics on charge transport

The hopping rate between neighbouring discotic molecules in the columnar stacks is
mainly determined by the amount of intermolecular -orbital overlap between the
poly-aromatic cores. This makes the overall conductivity strongly dependent on the
local conformation of the molecules, the presence of structural defects and thermal
motions induced by the fluidic side chains. To rationally design DLCs with optimal
materials properties, the first question is thus how the actual ‘dynamic’ morphology
of a discotic mesophase relates to the optimum parameters for π-π overlap.
In Chapter 4, this question has been addressed for a prototypical discoid:
2,3,6,7,10,11-hexakishexyloxytriphenylene (indicated by HAT6). From a combined
analysis of neutron diffraction and molecular dynamics (MD) simulations it
followed that the local conformation of HAT6 molecules is characterized by a
mutual rotation (twist) angle of about 370 and typically a separation between
aromatic-cores of 3.4 Å, the latter remarkably differing from the average molecular
distance of 3.65 Å. The reason for this difference is a considerable disorder in the
core-core distances. It turned out that about 20% of the aromatic cores are separated
by more than 4 Å, with a tail extending in excess of 5 Å. These displacements act as
structural traps for charge transfer because they persist several tens of picoseconds,
which is longer than the characteristic timescale for charge hopping.
The MD simulations were subsequently combined with quasi-elastic neutron
scattering (QENS) experiments to analyse the thermally induced dynamics at the
picosecond timescale. Two characteristic timescales can be observed in the QENS
spectra of HAT6 at about 0.2 and 7 ps. It was found that molecular translations (“inplane” motions) are the dominant contribution to the spectral component of 0.2 ps in
the QENS spectrum, whilst the 7 ps component mainly stems from both tilt and
twist motion of the molecule.
The relative importance of local morphology, structural defects and thermal motions
on the charge transport was estimated by comparing HAT6 with hexabenzocoronene
(HBC) derivatives. As a relatively small discoid, HAT6 shows only a moderate hole
conductivity compared to larger molecules like HBC. It turns out that the large
disorder in core-core distances is the major factor limiting the hole conductivity of
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HAT6, accounting for a decrease in the mobility by a factor of ~100 compared to
larger discotics.
Solar cells by self-assembly? The morphology of a discotic charge transfer
complex

Optimal performance of organic photovoltaic devices is generally achieved within a
bulk heterojunction (BHJ) morphology, with separate channels for electron and hole
transport, and electron donating and accepting regions intermixed at a length-scale
less than the exciton diffusion length (< 100 nm). A possible design route to achieve
such a device architecture with DLCs is to interlace the columnar liquid crystalline
phase with an electron acceptor, such as 2,4,7-trinitro-9-fluorenone (TNF). Whilst
pure DLCs generally show a poor absorption in the visible spectral domain,
mixtures of the electron donating discoids with electron accepting molecules could
exhibit absorption bands in the visible due to the formation of a charge transfer (CT)
complex. A BHJ arrangement is obtained if these DLC-CT compounds selfassemble into an interpenetrating network of donor and acceptor columns.
However, the morphology of some liquid crystalline CT complexes has been under
debate for many years. In particular, the liquid crystalline CT complex built from the
electron acceptor TNF and discotic molecules has been reported to have the TNF
either “sandwiched” between the discotic molecules within the same column, or
between the columns within the aliphatic tails of the discotic molecules.
This morphology issue is addressed in Chapter 5 for the prototypic 1:1 mixture
HAT6-TNF, by using a computational integration of neutron diffraction analysis
with density experiments and short range structural constraints from heteronuclear
2D NMR. The analysis reveals that the liquid crystalline HAT6 columns are still
present in the CT-compound. However, the TNF molecules are highly disordered
with a mainly vertical orientation between the HAT6 columns, i.e. in the region of
the liquid like moving aliphatic tails of HAT6. Thus, although the apparent
persistence of the hole conducting HAT6 column is promising, the establishment of
a separate electron conducting channel formed by the electron acceptors can be
considered as a major challenge for future PV application of DLC-CT compounds
like HAT6-TNF.
Electronic and vibronic properties of DLCs and DLC-CTs

Another issue for organic PV application is the strong electron-phonon coupling
inherent to molecular systems, which limits the efficiency of charge separation.
The strongly bound electron-hole pairs formed after thermalization of photo-excited
charge carriers are not likely to dissociate. Charge separation therefore requires the
involvement of higher lying photo-excited states and associated vibronic states. In
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such a process, photo-excited charge carriers undergo a few ultrafast hops, allowing
their separation before thermal relaxation towards the localized excitonic levels
occurs. The competition between this fast, ‘hot’, charge hopping and internal
conversion within the excited state manifold and associated vibronic states largely
determines the efficiency of photocurrent generation in organic solar cells.
Therefore, fundamental knowledge about the electronic and vibrational properties of
the excited state levels and relaxation pathways is a key topic in further improving
the workings of organic PV.
In Chapter 6, the influence of molecular vibrations on the excited state charge carrier
relaxation is studied for the prototypical discoid HAT6 and its 1:1 mixture with
electron acceptor TNF. It is shown that intermolecular charge transfer occurs
already in the ground state of the complex: a charge delocalization of about 6x10-2
electron from the HAT6 core to TNF is deduced from both non-resonant Raman and
NMR measurements. A combined analysis of density functional theory calculations,
resonant Raman and UV-VIS absorption measurements indicate that fast relaxation
occurs in the UV region, where a strong absorption band of HAT6 is situated. This
relaxation process is due to intramolecular vibronic coupling of HAT6 quinoidal
modes with lower lying electronic states. Relatively slower relaxation in the visible
region CT-band of the complex is also indicated, which likely involves motions of
the TNF nitro groups. The fast quinoidal relaxation process in the hot UV band of
HAT6 relates to pseudo-Jahn-Teller interactions which is already present in a single
benzene unit, suggesting that the underlying vibronic coupling mechanism can be
generic for polyaromatic hydrocarbons.

Part 2. Mobile ionic charges in nanocomposite solid electrolytes
Solid, inorganic acid materials such as CsHSO4 and CsH2PO4 are promising
candidates for intermediate temperature fuel cell electrolyte application. Most of
these materials exhibit a so called ‘superprotonic’ phase transition at elevated
temperatures, after which the material shows an orders-of-magnitude jump in
protonic conductivity to values of 10-2 S cm-1 or even higher. At lower temperatures
the protons are localized in rigid hydrogen bonds between the oxyanions, resulting
in only moderate proton conductivities. However, it has been shown that the ionic
conductivity of the low temperature phase can be significantly improved by
heterogeneously doping the solid acids with inert oxide nanoparticles such as SiO2,
TiO2 or Al2O3, even to values approaching those of the superprotonic phase. The
proton conductivity thereby increases for decreasing particle size and is maximal for
approximately equal volume fractions of the solid acid and oxide nanoparticle
phases. This characteristic behaviour could be indicative of interfacial space charge
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effects occurring in these nanostructured compounds. In this thesis a connection is
made between a theoretical model describing such space charge effects and
experimental observations, not only to provide evidence for the presence of space
charge effects in nanostructured solid acids, but also to investigate the underlying
physics to open up a way to design new types of charged defect systems with
interesting properties for future application in for example H+ or Li+ electrolytes.
Thermodynamic description of space charge layers

The general mechanism responsible for the creation of space charge layers is the
chemical potential difference for a mobile charge carrier between two adjacent
phases. That the charged particles only accumulate in a confined zone near the
interface as a consequence of the induced electric field. The length scale (Debye
length) of this zone is typically of the order of several tens of nanometres. For
nanostructured materials the interfaces are so closely spaced that the space charge
zones start to overlap, often accompanied with significant changes in the overall
materials properties.
‘Conventional’ nanoionic space charge compounds like BaF2/CaF2 heterolayers rely
on Frenkel or Schottky defects, while the charged defect system in solid-acid
nanocomposites, if present, must be entirely different. The reason for this is that the
defects do not exist in the separate bulk phases, in contrast to Frenkel or Schottky
defects. In addition, exceptionally hi
gh defect densities have been observed for CsHSO4-TiO2 composites. Investigating
the possibility of space charge effects in solid acid nanocompounds thus requires a
specific elaboration of space charge theory for a new type of defect system and high
defect concentrations. In Chapter 8, a theoretical space charge model is formulated
for the general case of a donating and accepting phase, where the charged defects
only exist in the composite. The model allows for large occupation numbers on the
exhaustible sites. It is shown that ionic defects with negative formation enthalpy
reach extremely high concentrations near the interfaces and throughout the bulk if
the spacing between interfaces is on the nanoscale.
Large space charge effects in solid acid nanocomposites

In Chapter 9 converging evidence is presented that large space charge effects are
responsible for the conductivity enhancement in selected solid acid nanocomposites.
The space charge model developed in Chapter 8 is applied to CsHSO4 and CsH2PO4
composites and combined with neutron diffraction experiments. For the sulfonic
acid nanocomposites, surprisingly high hydrogen concentrations in the order of 1021
cm-3 in TiO2 are measured, which means that about 10% of the available sites for H+
ions are filled on average. The solid acid composites remain white after synthesis,
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excluding the possibility of neutral intercalation in TiO2 which should result in a
blue coloration of the anatase particles. By performing first-principles density
functional theory (DFT) calculations, it is found that proton insertion from CsHSO4
into the TiO2 particles is preferred compared to neutral hydrogen atom insertion and
that the formation enthalpy is negative. Theoretical ionic density profiles for the
TiO2-CsHSO4 composites are calculated by applying the space charge model
derived in Chapter 8. The average proton fractions in TiO2 estimated from these
profiles are in good agreement with the experimental observations.
Based on neutron diffraction data a ‘Swiss cheese’ morphology is proposed, with the
TiO2/SiO2 nanoparticles being embedded in the solid acid crystalline matrix. Close
to the interface the solid acid phase is fully depleted, giving rise to an amorphous
shell surrounding the nanoparticles. Further away from the interface the crystalline
acid phase continues coherently between the nanoparticles, with a characteristic
coherent lattice dimension that is about five times the size of the embedded
nanoparticles. The calculated defect profiles indicate that the depletion region of
CsH2PO4 is about a factor of two larger than for CsHSO4, due to the difference in
dielectric constant between the two solid acids. This prediction appears consistent
with the observation of a relatively higher mobility enhancement, but lower
concentration of mobile protons in the phosphoric acid nanocomposites. In
conclusion, the space-charge model for high defect concentrations as presented in
Chapter 8 explains the size-effects in the solid acid composites, presenting a
comprehensive way to design new heterogeneous systems with interesting properties
for future application in e.g. H+ or Li+ electrolytes.
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Samenvatting
Duurzame energie technologieën ontwikkelen zich snel tot emissie-vrije
alternatieven voor fossiele brandstoffen. Er zijn echter nog technologische en
wetenschappelijke uitdagingen om verdere verbeteringen te realiseren en daarmee
tot goedkope en grootschalige toepassing te komen. Dit geldt in het bijzonder voor
zonnecellen, brandstofcellen en batterijen. Deze technologieën hebben gemeen dat
efficiënte energie conversie bereikt moet worden met afdoende beschikbare, veilige
en goedkope materialen.
Efficiënte conversie van energie is daarbij sterk afhankelijk van de ladingstransport
eigenschappen van de actieve materialen. In een zonnecel moeten foto-geëxciteerde
elektronische vrije ladingsdragers, elektronen en gaten, de elektrodes bereiken
voordat ze recombineren. Voor brandstofcellen en batterijen is snel transport van
ionische ladingsdragers door het elektrolyt een belangrijke factor voor het totale
functioneren. In de laatste jaren zijn zowel elektronische als ionische transporteigenschappen sterk verbeterd door het controleren en structureren van materialen
op de nanometerschaal. Dat wil zeggen op afstanden die zo’n 1000 keer smaller zijn
dan de dikte van een haar. Een triviaal aspect is dat het nanoschalen van materialen
de tijd reduceert die vrije ladingsdragers nodig hebben om het oppervlak van het
actieve materiaal te bereiken. Maar er gebeurt meer op de nanoschaal, en een aantal
van deze meer fundamentele aspecten zijn bestudeerd in dit proefschrift.

Deel 1. Elektronen en gaten transport in zichzelf-organiserende
discotische vloeibaar kristallijne materialen
Discotische vloeibaar kristallijne materialen (DLCs) vormen een veelbelovende
klasse van organische materialen voor toepassing in moleculaire electronische
componenten. Deze disc-vormige moleculen stapelen zichzelf in stabiele kolommen
door niet-covalente interacties zoals de -orbital overlap tussen de aromatische
centrale gedeeltes (‘cores’), terwijl thermische fluctuaties van de alkyl ‘staarten’
resulteren in een vloeibaar-achtige dynamische wanorde. DLCs hebben potentie
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voor goedkope en makkelijk produceerbare elektronica, onder andere door het zelfherstellende vermogen van de vloeibaar-kristallijne fase en de mogelijkheid om de
elektronen/gaten geleidende kolommen uit te lijnen in een gewenste richting.
Inherent aan organische materialen is echter dat de elektronische vrije
ladingsdragers een sterk gelokaliseerd karakter hebben: elektronen- en
gatentransport vindt plaats door het ‘springen’ van de ladingsdragers van molecuul
naar molecuul. De karakteristieke snelheid van deze individuele sprongen bepaalt de
totale elektrische geleiding, terwijl relaxatie processen in de geëxciteerde
elektronische toestanden de hoeveelheid energie beïnvloedt die uiteindelijk
getransporteerd wordt. Verbetering van DLCs hangt daarom sterk af van verdere
kennis en controle over de factoren die de ladingsoverdracht beïnvloeden op het
niveau van de intermoleculaire afstanden, i.e. op de nanoschaal.
De invloed van lokale ordening, structurele defecten en dynamica op
ladingstransport

De overdracht-snelheid van vrije ladingsdragers naar naburige discotisce moleculen
in een kolom wordt in grote mate bepaald door de intermoleculaire -orbitaal
overlap tussen de poly-aromatische cores. Hierdoor is de totale geleiding sterk
afhankelijk van de lokale moleculaire ordening, de aanwezigheid van structurele
defecten en van thermische bewegingen die worden versterkt door de dynamische
alkyl staarten. Om discoten te ontwerpen die optimale transporteigenschappen
hebben is het dus belangrijk om te weten hoe de dynamische morfologie van een
bepaalde discotische mesofase zich verhoudt tot de optimale moleculaire organisatie
voor π-π overlap.
Dit onderwerp is behandeld in hoofdstuk 4 voor een prototype discotisch molecuul:
2,3,6,7,10,11-hexakishexyloxytriphenylene (aangeduid met HAT6). Uit een
gecombineerde analyse van neutronen diffractie en klassieke moleculaire dynamica
(MD) simulaties volgt dat de ordening van HAT6 moleculen in een kolom wordt
gekarakteriseerd door een onderlinge rotatiehoek van ongeveer 370 en een typische
afstand van 3.4 Å tussen de poly-aromatische cores, terwijl de gemiddelde afstand
tussen de HAT6 moleculen gelijk aan 3.65 Å. Dit opmerkelijke verschil tussen de
meest voorkomende core-core afstand en gemiddelde intermoleculaire afstand in een
kolom blijkt gerelateerd te zijn aan een significante wanorde in de core-core
afstanden. Ongeveer 20% van core-core afstanden is groter dan 4 Å, terwijl de staart
van de distributie doorloopt tot afstanden boven de 5 Å. De relatief grote onderlinge
core-core afstanden vormen structurele barrières voor ladingsoverdracht in de
kolom, omdat ze met enkele tientallen picosecondes langer voortbestaan dan de
karakteristieke tijdschaal voor ladingsoverdracht.
De MD simulaties zijn vervolgens gecombineerd met quasi-elastische neutronen
verstrooiing (QENS) experimenten om de thermische dynamica op de picoseconden
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tijdschaal te analyseren. In de QENS spectra van HAT6 zijn twee karakteristieke
tijdschalen te onderscheiden van ongeveer 0.2 en 7 ps. Uit de MD trajectoriën volgt
dat met name moleculaire translaties (‘in-het-vlak’ bewegingen) bijdragen aan de
spectrale component van 0.2 ps, terwijl de 7 ps component wordt gedomineerd door
rotatie-bewegingen (wiebelen en draaien) van de moleculen.
Het effect van lokale moleculaire ordening, structurele defecten en thermische
bewegingen op ladingstransport is afgeschat door het relatief kleine HAT6 molecuul
te vergelijken met grotere hexabenzocoronene (HBC) type discoten. De
gatengeleiding in de vloeibaar-kristallijne fase van HAT6 is veel lager dan voor
grotere moleculen zoals HBC. Dit verschil blijkt grotendeels veroorzaakt te worden
door structurele defecten ten gevolge van de wanorde in core-core afstanden. De
wanorde is veel substantiëler voor HAT6, en draagt ongeveer een factor 100 bij aan
de reductie in gaten-mobiliteit ten opzichte van grotere discoten zoals HBC type
moleculen.
Zichzelf-organiserende zonnecellen? De structuur van een discotisch chargetransfer complex

Optimale prestatie van organische fotovoltaïsche cellen vereist een zogenaamde
bulk-heterojunctie (BHJ) morfologie, waarbij aparte kanalen voor elektronen en
gatentransport naast elkaar liggen, en deze elektron donor en acceptor regio’s gemixt
zijn op een lengteschaal die kleiner is de exciton diffusie lengte van 100 nm of
kleiner. Een mogelijke ontwerproute om tot zo’n assemblage te komen is door
elektron acceptoren zoals 2,4,7-trinitro-9-fluorenone (TNF) toe te voegen aan de
kolom-gestructureerde vloeibaar kristallijne fase. Terwijl de pure DLCs over het
algemeen slecht absorberen in het zichtbare spectrale gebied, kan een mengsel van
de elektron donerende discoten met elektron acceptoren absorptiebanden in het
zichtbare gebied hebben door de formatie van een zogenaamd ‘charge transfer’ (CT)
complex. Hierbij staat het donor molecuul in de geëxciteerde toestand zijn elektron
af aan het acceptor molecuul. Een BHJ aggregatie vereist vervolgens dat een DLCCT compound zichzelf organiseert in een alternerend patroon van donor en acceptor
kolommen.
De morfologie van sommige vloeibaar kristallijne CT complexen is echter niet
duidelijk vastgesteld. In het bijzonder geldt dit voor het complex gevormd door
elektron donerende discoten met elektron acceptor TNF. Er zijn studies die erop
wijzen dat TNF ‘gesandwiched’ zit tussen de discoten in een kolom, terwijl andere
studies aangeven dat TNF juist tussen de kolommen bevindt, in de regio van de
alifatische staarten van de discoot.
Dit morfologie vraagstuk komt aan bod in Hoofdstuk 5, middels een structuurstudie
aan het 1:1 mengsel HAT6-TNF. Hierbij is gebruik gemaakt van een geïntegreerde
aanpak door neutronen-diffractie analyse, dichtheidsmetingen en afstanden-
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constraints die volgen uit heteronucleaire 2D-NMR metingen te combineren. De
analyse geeft een duidelijke voorkeur voor het model waarbij TNF in de staartregio
gepositioneerd is. De positie van de TNF moleculen is hierbij echter wanordelijk,
met een oriëntatie die voornamelijk verticaal is tussen de kolommen van HAT6
moleculen. Dus hoewel de aanwezigheid van een gaten-geleidende kolom van
HAT6 moleculen gunstig is voor PV applicaties, kan de afwezigheid van een
elektronen geleidend pad gevormd door geordende acceptor moleculen beschouwd
worden als een belangrijke barrière voor fotovoltaïsche toepassing van DLC-CT
complexen zoals HAT6-TNF.
Elektronische en vibronische eigenschappen van DLCs en DLC-CTs

Een bepalende factor voor de prestatie van organische zonnecellen is de sterke
elektron-fonon koppeling die inherent is aan moleculaire systemen, en de efficiëntie
van ladings-scheiding limiteert. De elektron-gat paren die na thermische relaxatie
van foto-geëxciteerde vrije ladingsdragers door de Coulomb kracht gebonden zijn
resulteren nauwelijks in elektrische stroom. Recent onderzoek toont aan dat ladingsscheiding in organische systemen gefaciliteerd wordt door de hoger gelegen fotogeëxciteerde toestanden en de daarbij horende vibraties. In dit proces maken de fotogeëxciteerde ladingsdragers een paar ultrasnelle sprongen, zodat ze gescheiden zijn
voordat thermische relaxatie naar de gelokaliseerde excitonische levels plaatsvindt.
De competitie tussen deze snelle overdracht van lading naar naburige moleculen en
interne conversie in het spectrum van geëxciteerde toestanden bepaalt voor een groot
deel de efficiëntie van organische zonnecellen. Fundamentele kennis over de
elektronische en vibrationele eigenschappen van de geëxciteerde toestanden en
relaxatie paden is daardoor een belangrijk ingrediënt voor verdere verbetering van
organische PV.
In dit perspectief zijn in Hoofdstuk 6 de elektronische en vibronische eigenschappen
van HAT6 en HAT6-TNF onderzocht. Zowel uit NMR metingen als uit een
combinatie van off-resonante Raman spectra en ‘density functional theory’ (DFT)
berekeningen volgt dat intermoleculaire charge-transfer al in de grondtoestand van
het CT-complex plaatsvindt. Deze ladingsoverdracht in de grondtoestand is klein
maar significant: ongeveer 6x10-2 elektron is verplaatst van de HAT6 core naar het
TNF molecuul.
Het absorptiespectrum van HAT6 bestaat uit een brede CT-band in het zichtbare
gebied en een sterke absorptieband in het UV gebied gerelateerd aan een
elektronische excitatie op de core van HAT6. Uit een analyse van resonante Raman
spectra en DFT berekeningen volgt dat een snel relaxatie proces plaatsvindt in de
UV-band. Deze snelle relaxatie is gerelateerd aan vibronische koppeling met lager
gelegen elektronische toestanden van HAT6 door een E’ symmetrische vibratie op
de HAT6 core. De relaxatieprocessen in de CT-band van HAT6-TNF lijken
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daarentegen relatief langzamer, en zijn waarschijnlijk gerelateerd aan vibraties van
de C-NO2 groepen op TNF. Het snelle relaxatieproces in de UV band van HAT6 is
terug te voeren naar pseudo-Jahn-Teller interacties die al aanwezig zijn voor een
enkele benzeen-ring, wat suggereert dat het onderliggende vibronische koppeling
mechanisme een algemene eigenschap is van poly-aromatische koolwaterstoffen.

Deel 2. Mobiele ionische lading in nano-gestructureerde vaste stof
elektrolyten
Anorganische vaste stof zuren zoals CsHSO4 en CsH2PO4 zijn veelbelovend voor
toepassing als elektrolyt in ‘intermediaire-temperatuur’ brandstofcellen. Veel van dit
soort vaste-stof zuren hebben een faseovergang bij hogere temperaturen, die gepaard
gaat met een significante verhoging in de proton-geleiding naar waardes rond en tot
zelfs boven de 10-2 S cm-1. Een rigide netwerk van waterstofbruggen beperkt de
mobiliteit van de protonen bij lagere temperaturen. De protonengeleiding in deze
lagere temperatuur fases kan echter significant verbeterd worden door inerte oxide
nano-deeltjes, zoals SiO2, TiO2 of Al2O3, te mengen met het vaste stof zuur. Hierbij
wordt de protonengeleiding beter voor kleinere deeltjesgrootte en is maximaal bij
ongeveer gelijke volume fractie van het vaste-stof zuur en de oxide nanodeeltjes. Dit
zou erop kunnen wijzen dat space-charge effecten optreden in het interface gebied
tussen vaste stof zuur en oxide nanodeeltjes. In dit proefschrift wordt deze
mogelijkheid onderzocht door experimentele observaties direct te koppelen aan een
space charge model dat is toegespitst op de situatie in dit soort vaste-stof zuur
composieten.
Thermodynamische beschrijving van het space-charge effect

Het space-charge effect wordt veroorzaakt door het verschil in chemische potentiaal
voor een mobiele ladingsdrager tussen twee aangrenzende fases, waardoor de
ladingsdragers van de ene naar de andere fase gedreven worden. De verplaatsing van
lading induceert een elektrische potentiaal waardoor de ladings-defecten zich
ophopen in een begrensde zone bij het interface. De lengteschaal (Debye lengte) van
deze zone is van de orde van tientallen nanometers. Voor nano-gestructureerde
samples beginnen deze zones te overlappen, wat kan resulteren in significante
veranderingen in de materiaaleigenschappen.
Het defectensysteem in de vaste-stof zuur nanocomposieten verschilt fundamenteel
van ‘conventionele’ Frenkel en Schottky defecten in nanoionische space charge
composieten zoals BaF2/CaF2 heterolagen. De reden hiervoor is dat de ionische
defecten niet in de afzonderlijke bulk fases bestaan, in tegenstelling tot Frenkel en
Schottky defecten. In Hoofdstuk 8 is hierom een space charge model geformuleerd
voor het algemene geval van een defect donerende en accepterende fase, waarbij de
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defecten alleen voorkomen in het composiet. Het model staat verder een hoge
bezettingsgraad toe voor de beschikbare sites voor defecten. Modelberekeningen
laten zien dat een negatieve formatie-enthalpie resulteert in extreem grote
concentraties van ionische defecten rond het interface, en zelfs door het gehele
materiaal wanneer de afstand tussen de interfaces op de nanoschaal is.
Grote space charge effecten in vaste-stof zuur nanocompositeten

In Hoofdstuk 9 wordt aangetoond dat de verbetering van de protongeleiding in
vaste-stof zuur nano-composieten inderdaad veroorzaakt wordt door het space
charge effect. De theoretische achtergrond uit Hoofdstuk 8 is toegepast op
composieten van CsHSO4 en CsH2PO4 vaste stof zuren met TiO2/SiO2 nanodeeltjes,
en gecombineerd met neutronen-diffractie aan deze composieten. Uit de neutronendiffractie volgen opvallend hoge protonen concentraties in TiO2 anatase in de orde
van 1021 cm-3, wat betekent dat ongeveer 10% van de beschikbare posities voor H+
ionen gemiddeld worden bezet. De composieten blijven wit na de synthese, zodat
neutrale intercalatie in TiO2 uit kan worden uitgesloten omdat dit zou resulteren in
blauw gekleurde anatase nanodeeltjes. Hiermee in lijn volgt uit DFT berekeningen
dat de overdracht van een proton uit de CsHSO4 fase naar de TiO2 anatase fase
energetisch voordeliger is dan insertie van een neutraal waterstof atoom; de
geassocieerde formatie-energie is zelfs negatief. Vervolgens zijn dichtheidsprofielen berekend voor TiO2-CsHSO4 composieten met behulp van het spacecharge model uit Hoofdstuk 8. De gemiddelde protonen fracties in TiO2 die
afgeschat zijn uit deze dichtheidsprofielen komen goed overeen met de
experimentele observaties.
Verdere analyse wijst erop dat de morfologie van het composiet lijkt op een
‘Zwitserse kaas’, met de TiO2/SiO2 nanodeeltjes ingebed in coherente domeinen van
de vaste-stof zuur fase. Dichtbij het interface is het vaste-stof zuur volledig ontdaan
van protonen, wat resulteert in een amorfe schil die de nanodeeltjes omhult. Verder
weg van de interfaces gaat het zuur over in de kristallijne vorm, die een coherent
domein vormt met een karakteristieke dimensie van ongeveer vijf keer de grootte
van de ingebedde nanodeeltjes. De berekende dichtheidsprofielen suggereren dat de
‘space charge-regio’ in CsHSO4 ongeveer twee maal zo groot is als in CsH2PO4 door
het verschil in de dielectrische constante tussen de twee vaste-stof zuren. Dit lijkt
consistent met de observatie van een relatief hogere mobiliteit, maar lagere
protonengeleiding in de CsH2PO4 nanocomposieten. In conclusie kan worden
gesteld dat het space charge model uit Hoofdstuk 8 de nano-effecten in de
composieten van vaste stof zuren verklaart, en daarmee de mogelijkheid biedt om
nieuwe heterogene systemen te ontwerpen met interessante eigenschappen voor
toekomstige toepassingen in onder meer H+ of Li+ elektrolyten.
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