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Preface
In modern experimental science, no single experiment is performed by one
person. This thesis, with only one name on its cover, is, in fact, a joint
eﬀort of many people, who helped me in the course of the last four years
and to whom this preface is devoted.
This thesis would be literally impossible without the help of Peter (Dr.
P.C.M. Christianen - my co-promotor). During all these years Peter always
had time for scientiﬁc assistance, generating new ideas and correcting (in
fact, mostly rewriting) my papers. It is also due to his enormous patience
to listen to my broken Dutch, that I’m getting compliments now from
other native speakers. For your commitment, diplomacy and patience
thank you Peter.
Our life is just one big coincidence. Once Peter told me, that he coincidentally met his old friend, who is a chemist, and who would like to
try to align some of his materials in magnetic ﬁelds. That was how I met
Albert (Dr. A.P.H.J. Schenning), who provided us with many compounds
described in this thesis. Working in between a physicist (Peter) and a
chemist (Albert) was a huge challenge: while one was satisﬁed with the
data, the other was not, asking for additional experiment(s), which were
triggering the imagination of the satisﬁed one, leading to more investigations. On the other hand, when I look back, the experience gained from
these collaboration is extremely unique as I started to look at things not
only from physical point of view, but also from the chemical side. For the
introduction to the world of macromolecular chemistry, for all materials,
chemical support, and for the present employment, thank you Albert.
Later, Pascal Jonkheijm joined the group of Albert as well as our triumvirate. I’m grateful to Pascal for his neverending enthusiasm about all
the measurements we did together, for his help in the sample preparation
procedures, experiments and further discussions.
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Edwin Aret and Hugo Meekes from the Solid State Chemistry Department helped me a lot in the early stage of the J-aggregates research by
explaining the challenges and correcting my (chemical) language. Hugo,
you were right, sometimes aggregates really are nanocrystals! Later, our
cooperation evolved in a full-scale collaboration, and I am indebted to
Edwin and Hugo for their help in growing crystals, measuring X-ray, discussing results, and writing joint articles.
In this respect I would also like to thank Geert Deroover and Paul
Callant from Agfa (Belgium) who were very generous and helpful, providing us with the dyes, reading our papers and ﬁnding time to come to
Nijmegen for fruitful discussions.
Long nights and weekends where the only hours allowed for magnet
operation. As the safety regulations prohibit ”single-person” experiments,
there always should be a ”babysitter”. This role was very often played by
Kostya, whom I own a big favor for all his sleepless nights and ”no-fun”
weekends. For all your friendship and help thank you Kostya.
As a senior researchers, Andrey Geim and Uli Zeitler always kept and
open door for me, explaining, advising or just joking and chatting.
All these years Hung, Jos R., Lijnis, Henk, Harry, Stef O. and Ramon where of invaluable help with software and hardware experimental
equipment. Jos P. and Stef W. - senior researches of the lab were always available for discussion, or just a chat, also allowing me to start the
experiments slightly earlier in the evening.
I am very thankful to Martha and Ine, the secretaries of our department, who were always ready to help arranging everything starting from
simple things like pens and envelops, up to appointments in diﬀerent institutions and solving the apartment problems.
Special thanks to Marius, who shared all his experimental facilities
and theoretical knowledge with me. Cecilia, Fabio, Freddy, Eric, Maaike,
Cecile and Maarten, who introduced me to the life in and outside the
laboratory. Vadym, Hans, Frans, Giorgia and Iris where really great colleagues.
I’d like to thank Ken Takazawa, who spend two years as post-doc
in our laboratory for being a great friend in- and outside the university
building, being always extremely polite, patient and helpful. I hope that
the collaboration we just started will be long and fruitful.
I am grateful to Dr. O. Henze and Prof. W.J. Feast from the univiii

Preface
versity of Durham (UK), who contributed a lot to this book by providing
us with thiophenes. Oliver also participated in the magnetic ﬁeld experiments, while Jim helped us during long discussions and ﬁnalizing results,
conclusions and an article. He also showed us many potential perspectives
for the continuation of the present work.
Dennis Löwik from the Organic Chemistry Department was always
wishful of trying out some new substances. Although we got the ﬁrst
results only after my contract expired, I’m thankful to Dennis for making
me mastering the stubborn optical setup.
Special thanks to Marianne Wonder from the Biophysical Department
in University of Twente for the short introduction into biophysics. I hope,
that our results will see the world sooner or later.
I would also like to thank Natalie Stutzmann and Dago de Leeuw from
Philips Research Laboratories for introducing me to the world of applied
organic electronics and their invaluable experimental help and patience
during discussions.
Dr. A. del Guerzo and Prof. J.-P. Desvergne from Universite Bordeaux
I (France) provided us, when most needed, with the alcohol gelling agent,
that played a crucial role in a long project, but also turned out to be a
very interesting material in itself. I hope that this is just the beginning of
a long and successful collaboration.
I also thank Huub Geurts for his invaluable help with the SEM experiments, his patience and commitment while teaching me electron microscope basics.
I’m grateful to Prof. Herman van Kempen, former head of the Experimental Solid State Physics II (EVSF II) department, for his help with my
ﬁrst publication, his wisdom to solve any political misunderstandings and
confusions.
Special thanks to Riki Gommers, secretary of the EVSF II department, for warm hosting and helping half of my family in The Netherlands
(especially my father who is visiting this country for more than 20 years).
Thank you Riki for all dinners we had together. That was a great fun!
With those strong (personal and scientiﬁc) links with the EVSF II, I’m
also very grateful to Albert van Etteger and Tonnie Toonen for borrowing
me a huge amount of optical parts and pieces, and Jan Gerritsen for the
short course in STM and AFM.
All these years Henny Claassen and Miriam van Hout from the Perix
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sonnel Department were my guardian angels in the world of Dutch bureaucracy, strict rules and laws.
I would also like to thank Alexey and Alla, Vadim Volochaev, Dima
and Sergey and the rest of Muzenplaats community for all their help and
support. It was a great time!
Many thanks to the Radball basketball club. Wiljan, Bianca, Harry,
Jacopo, John, Jos, Paul, Liesbeth, Ronald, Martijn and Jasper, thank
you for keeping me outside the lab for at least one evening a week and for
learning me to play for fun.
Additionally I would like to express my gratitude to Prof. V.K.
Miloslavskii and Prof. S.L. Gnatchenko, who introduced me into the physical world and helped me to make my ﬁrst steps in it.
Finally I’d like to thank my family. My mother and my father for
bringing me up, giving me a good education; their everyday help and
support. My beautiful wife Masha, who had a very tough time starting a
new life in a strange country, with a husband always away in the lab. Sorry
for all your lonely nights and weekends, and thank you for you patience
and love. Without you this work would have never been accomplished.

Igor O. Shklyarevskiy
Nijmegen, 2 July 2004.
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Chapter 1
Introduction
The ability to process new materials and take full control over material
properties has been in early ages one of the most important drives for
mankind, to survive and conquer the Earth, and is nowadays still the
prerequisite to make life as pleasant and enduring as possible. The signiﬁcance of material science is expressed by the names of the three main
historical eras: Stone Age, Bronze Age and Iron Age. Time will pass and
the 20th century will, most probably, be named as the Silicon Age, while
the 21st century till now has all prospects to be named as Molecular Age.
In solid state material technology, scientists more and more consider
new opportunities to downscale devices and to approach the atomic limit.
After the ﬁrst transistors were invented and demonstrated [1], solid state
physics and engineering, pacing at that time with the speed of a steam
train, darted ahead and in several decades were moving with the ultrasonic velocity of fully computerized air- or space crafts with nuclear missiles on board. During this period device technology was dominated by
solid state materials, with a few exceptions such as liquid crystal displays
and photoﬁlms. In 2000, chemistry shook the physical world with the
power of an earthquake: the work on synthesis and utilization of conductive polymers was awarded a Nobel Prize [2]. Since then more and
more physicists all over the world consider the substitution of crystals by
molecules. Developers and engineers are wondering: ”Why do we struggle
with nature, when we can borrow and mimic concepts of nature, which
were developed, tested, and improved over hundreds of thousands, or even
millions of years?”
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Nowadays chemical physics or ”soft condensed matter” physics experience an increase of technological and scientiﬁc interest featuring some
very signiﬁcant break-through during the last 20 years:
• liquid crystal displays (LCDs); starting oﬀ with small-size wrest
watches evolved into full-size computer monitors and TV-sets [3];
• organic light emitting diodes (OLEDs); left the prototype stage behind, being already in use in displays of cell phones and digital
cameras [4], while the so-called e-paper is about to emerge [5, 6];
• conductive conjugated polymers; might provide competitive alternatives for some silicon devices such as solar cells [7], slow-speed
ﬁeld-eﬀect transistors (FETs) [8] and ”throw-away” electronics.
An alternative indication of the importance of designing new materials with tailor-made optical and electrical properties is that there are
voices that say that multidisciplinary projects, such as chemical-physical
studies should be more easily granted than their monodisciplinary counterparts. Part of this enthusiasm is because new opportunities have appeared
to control matter on a molecular scale, for instance by building nanoobjects bottom-up, that is molecule for molecule, as opposed to the topdown method currently employed in semiconductor technology. Nanoscale
molecular entities such as wires [9], vesicles [10], helices [11], spheres [12]
and rings [13] have been fabricated and characterized. Furthermore, bulk
plastic optoelectronics is on the verge of becoming industrialized at the
present day, and (supra)molecular devices are expected to be of practical
use on the longer run.
However, the tasks ahead, that is designing, synthesizing, controlling
and/or manipulating functional molecules, such as dye molecules and πconjugated polymers are far from easy. It turned out that the processability of molecules is often very poor, requiring conditions that can hardly be
met in a research environment, not to mention the diﬃculties in an industrial setting. Moreover, the processing should result in ordered molecular
structures to optimize the desired output. Therefore, tremendous chemical eﬀorts have been dedicated in the recent past to modify molecules
aimed to facilitate their processability. Molecules that are able to dissolve in organic solvents, to form liquid crystal phases, and to ”recognize”
2
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each other were synthesized. Consequently two classes of materials, applicable for optical and electronic applications emerged: polymers and
organic molecules. The particular advantage of polymers is that they are
cheap and highly processable, i.e. relatively easy to synthesize, manipulate and incorporate into devices. The advantage of organic molecules
is the precise ordering of their thin crystalline layers, leading to better
electronic performance, however their processing requires expensive deposition techniques. The dream of many scientists is to bring these two
features together in one class of materials, and to produce easy-to-process
yet highly ordered molecular systems [14]. Nowadays, the most promising
results are obtained on so-called ”π-conjugated systems” [15], which can
be processed easily by letting them assemble via non-covalent bonding,
molecular recognition, or self-aggregation in ordered superstructures.
In this respect, the question ”how do molecules assemble?” is crucial
as the intermolecular arrangement on the molecular level is responsible
for most physical properties of the material, while macroscopic ordering
is a fundamental prerequisite for high device performance. Methods to
determine the internal structure of self-assemblies on interfaces are readily available such as scanning probe techniques like scanning tunnelling
microscopy (STM), atomic force microscopy (AFM), and scanning nearﬁeld optical microscopy (SNOM). In contrast, the identiﬁcation of the
internal molecular arrangement of self-assembled molecular aggregates in
solution is quite a challenge for experimentalists, as Brownian motion of
the aggregates hampers determination of most properties, since these are
averaged over many aggregates that are randomly oriented and moving
in space. One goal of this thesis is to establish experimental techniques
for the determination of the molecular arrangement within aggregates in
solution by ordering them on a macroscopic scale.
The macroscopic order is achieved by using high magnetic ﬁelds. Application of a magnetic ﬁeld has some advantages over other ordering techniques, since it leads to a bulk, contact free, nondestructive force, which is
homogeneous throughout the sample and thus can be used for producing
highly oriented bulk samples as well as thin ﬁlms. Moreover, as the orientation eﬀect of the magnetic ﬁeld originates from the anisotropy of the
diamagnetic susceptibility (a purely molecular property), it gives access
to the internal structure of the molecular assemblies. The investigation of
the molecular organization, is realized by two optical techniques: polarized
3
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absorbance and linear birefringence. Both methods are noninvasive and
provide information about the orientation in space of the optical transition dipole moments of the molecules for polarized absorption, and about
the polarizability tensor components for linear birefringence. Moreover,
both techniques can be used to investigate the macroscopic order induced
by application of a magnetic ﬁeld.
As mentioned above, the properties of molecular structures strongly
depend on the internal degree of orientational order. It is therefore important to ﬁnd physical manipulation methods to optimize the molecular organization in addition to the chemical tools provided by the selfassembly processes. However, this type of manipulation is challenging
since it requires proper positioning (e.g. orientation in predeﬁned direction) or deformation (e.g. stretching or shrinking) of small objects on a
nanoscale. Another main objective of this thesis is to prove, that by using magnetic forces we can physically manipulate molecular assemblies.
This phenomenon is demonstrated on nanocapsules self-assembled from
sexithiophene molecules. Our results demonstrate that magnetic manipulation can be successfully used to determine fundamental properties of
aggregates, such as their elasticity, and is a useful tool to control the
positioning and shape of architectures in solutions at a nanoscale.
This thesis is organized as follows: in chapter 2 the three experimental
techniques and their implications for the molecular aggregate’s internal
structure determination are extensively discussed. In chapter 3 we will
show that molecular aggregates (nanocrystals) of cyanine dyes can be oriented in water solutions by high magnetic ﬁelds. The orientation eﬀect
manifests itself in a strongly polarized absorption dictated by the magnetic ﬁeld direction. We will show that oriented aggregates can be ﬁxed
by gelating the solution, resulting in stable, optically anisotropic samples, which can possibly be further developed into selective wavelength
polarizers. In chapter 4 we will demonstrate that magnetic ﬁeld induced
alignment can be used for characterization of aggregates consisting of different molecules. Based on the polarized absorption experiments and the
model developed in chapter 2, the internal structure of the aggregates was
determined and compared to that obtained by X-ray experiments on the
single crystals grown from the same dyes.
Chapter 5 deals with a diﬀerent class of self-assemblies - organogels.
The low molecular weight anthracene-based gelling agent (2,3-bis-n4
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decyloxyanthracene (DDOA)) self-assembles into ﬁbers in alcohols, that
can be oriented by high magnetic ﬁelds during the gelation process. The
measured birefringence of the aligned material is used to discriminate between diﬀerent internal structures of the ﬁbers. We anticipate that DDOA
gel can be used to ﬁx other magnetically aligned or deformed aggregates
in alcohols.
Chapter 6 describes aggregates formed from sexithiophene molecules.
These molecules organize themselves in diﬀerent self-assemblies depending
on the solvent polarity as evidenced by our magnetic alignment analysis.
In particular we investigate spherical sexithiophene aggregates formed in
isopropanol which can be deformed by application of magnetic ﬁelds. The
deformation was evidenced by gelling the deformed capsules by the DDOA
gelator described in chapter 5, and subsequent imaging using scanning
electron microscopy. Based on the experimental results and model calculations including magnetic and elastic energy, the bending rigidity of
the sexithiophene nanocapsules was determined. It is worthwhile to note,
that this magnetic deformation eﬀect was predicted more than 30 years
ago [16] but has never been experimentally established.
Finally, chapter 7 addresses the magnetic ﬁeld induced orientation of
liquid crystalline conjugated materials (pentathiophene) on a surface. We
will show that this procedure results in well-ordered samples that can be
used for elaborate characterization experiments such as X-ray or polarized ﬂuorescence, as well as for possible applications in organic electronic
devices such as ﬁeld-eﬀect transistors.
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Chapter 2
Techniques: theory and
experiment
2.1

Introduction

The scientiﬁc ﬁndings described in this thesis are mainly based on magnetic ﬁeld induced alignment, polarized absorbance and birefringence. The
theoretical bases of these eﬀects are well known and mathematically derived already several decades ago. Here we give a concise overview of these
techniques in connection with magnetic alignment of molecular clusters
and aggregates, leading to a joint ”magnetic ﬁeld induced alignment polarized optics” description.

2.2

Magnetic ﬁeld induced orientation of
molecules

A magnetic ﬁeld interacts with matter in two ways: it exerts a Lorentz
force on moving charges and a torque on spin magnetic moments. In case
of electrons bound to atomic or molecular orbits the Lorentz force tends
to deform these orbits in such a way that a net opposing current is induced, which tends to counteract the magnetic ﬁeld. This small opposing
magnetic moment is the origin of diamagnetism, which is a property of all
materials, since all matter contains moving electrons.
As a result, all diamagnetic matter shows an increasing energy in an

Techniques: theory and experiment
external magnetic ﬁeld and therefore tends to move away from the ﬁeld
if a gradient is present. On the other hand the magnetic moment of the
electron spins tend to align along the magnetic ﬁeld and the behavior of
matter with unpaired spins is paramagnetic or ferromagnetic. In these
materials the energy is lowered in an external magnetic ﬁeld and therefore
this type of materials move in the magnetic gradient toward regions of
high magnetic ﬁeld. Most organic and inorganic materials are diamagnetic. The strength of the response (induced magnetic moment) is more
than six orders of magnitude smaller than the magnetization developed in
ferromagnetic materials.
The induced diamagnetic moment m of a molecule in an external
magnetic ﬁeld is interacting with the ﬁeld B and the molecule acquires
an extra energy given by [1]:
Emag = −m · B

(2.1)

We will show below that the value of Emag depends on the orientation
of the molecule in the magnetic ﬁeld and is linked directly to the anisotropy
of the molecular diamagnetic susceptibility.

2.2.1

Diamagnetic susceptibility

Diamagnetic susceptibility is a property of all molecules and is closely
related to their chemical structures. It can be written as a second-rank
symmetrical tensor χ̇m , which gives the moment m per molecule induced
by a magnetic ﬁeld B:
m=

1
χ̇m B
µ0

(2.2)

The determination of the components of χ̇m for a single molecule is
quite diﬃcult and ambiguous, and therefore it is convenient to consider the
molar susceptibility tensor χ̇ = χ̇m NA , with NA the Avogadro’s number.
By choosing the proper coordinate system (further referred to as the
”molecular frame”), the susceptibility tensor can be diagonalized (χik = 0
for i = k) and written down as:
8
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⎞
⎛
0
χxx 0
χ̇ = ⎝ 0 χyy 0 ⎠
0
0 χzz

(2.3)

The invariants of this tensor are, ﬁrst of all, its trace or the mean
susceptibility:
1
χ̄ = (χxx + χyy + χzz )
3
and, secondly, the diamagnetic anisotropy ∆χ, deﬁned as:
2(∆χ)2 = 3



χ2ik −



2
χii

= (χxx −χyy )2 +(χxx −χzz )2 +(χyy −χzz )2

i

ik

(2.5)

χ̄ and ∆χ have dimensions:
 3


erg
erg
cm
=
=
2
mol
Oe ·mol
G2 ·mol


m3
mol

(2.4)


=

J
A·m−1

·

A·m
V·s

·

1
mol


=

J
T2

·

(CGS units)
V·s
A·m

·

1
mol

(SI units)

To convert the susceptibility value from CGS to SI units the following
formula should be used:
1 cm3 · mol−1 = 4π · 10−6 m3 · mol−1

2.2.2

Anisotropic molecule in a magnetic ﬁeld

For a molecule of arbitrary shape, the diamagnetic susceptibility tensor
in its molecular frame is given by eq. 2.3. Thus, if the magnetic ﬁeld is
applied at an arbitrary angle, the induced magnetic moment will become:
⎛
⎞ ⎛
⎞
χxx 0
B sin θ cos φ
0
⇒ m = µ01NA ⎝ 0 χyy 0 ⎠ · ⎝ B sin θ sin φ ⎠ =
0⎛ 0 χzz
⎞ B cos θ
Bχxx sin θ cos φ
1
⎝ Bχyy sin θ sin φ ⎠ =
µ 0 NA
Bχzz cos θ
9
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Figure 2.1: Presentation of the ”molecular frame” and application of a
magnetic ﬁeld B in several directions.
⎛
⎞
0
1
=
χxx B + ⎝(χyy − χxx )B sin θ sin φ⎠
µ0 NA
(χzz − χxx )B cos θ

(2.6)

Consider now a molecule that can be described by a cylindrically
symmetric χ̇. Because of this symmetry some simpliﬁcations can be
made. Using the ”molecular frame” and introducing the new notations
χxx = χyy = χ⊥ , χzz = χ , χ̇ can be rewritten as [4]:
⎛
⎞
χ⊥ 0 0
(2.7)
χ̇ = ⎝ 0 χ⊥ 0 ⎠
0
0 χ
Consequently, the anisotropy of the diamagnetic susceptibility can be
rewritten as:
∆χ = χ − χ⊥

(2.8)

The magnetic moment of the molecule induced by the external magnetic ﬁeld is given by equation 2.2. For a general orientation of B
(Fig. 2.1c)
⎛
⎞
B sin θ cos φ
B = ⎝ B sin θ sin φ ⎠
B cos θ
and the magnetic moment m is:
10
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⎛
m=

1
µ0 NA

⎞ ⎛
⎞
χ⊥ 0 0
B sin θ cos φ
⎝ 0 χ⊥ 0 ⎠ · ⎝ B sin θ sin φ ⎠ =
0
0 χ
B cos θ

⎛
1
χ⊥ B + ⎝
=
µ0 NA

0
0

⎞
⎠

(2.9)

(χ − χ⊥ )B cos θ

In the special cases for B  z (Fig. 2.1a) or B ⊥ z (Fig. 2.1b) m is
given by:
⎛
⎞ ⎛ ⎞
⎛ ⎞
χ⊥ 0 0
0
0
χ B
1 ⎝
0 χ⊥ 0 ⎠ · ⎝ 0 ⎠ =
B = ⎝0⎠ ⇒ m =
µ0 NA
µ0 N A
0
0 χ
B
B

(2.10)

and
⎛ ⎞
⎛ ⎞
0
B
χ⊥ B
B = ⎝ 0 ⎠ or B = ⎝B ⎠ ⇒ m =
µ0 NA
0
0

2.2.3

(2.11)

Magnetic energy calculations

As mentioned above, the magnetic energy is associated with the induced
magnetic moment m by equation 2.1. Knowledge of m allows us to calculate the energy that the molecule acquires in an external magnetic ﬁeld
for diﬀerent orientations. In the case of arbitrarily shaped molecules, the
magnetic energy can be expressed as:
⎞
0
χxx B + ⎝(χyy − χxx )B sin θ sin φ⎠ · B =
(χzz − χxx )B cos θ
⎛

Emag = − µ01NA

=

1
χxx B 2 +(χyy −χxx )B 2 sin2 θ sin2 φ+(χzz −χxx )B 2 cos2 θ
µ0 NA

(2.12)

Omitting the ﬁrst term as being isotropic in B:
11
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1
(χyy − χxx )B 2 sin2 θ sin2 φ + (χzz − χxx )B 2 cos2 θ
µ0 NA
(2.13)
For a cylindrical molecule:

∆Emag (θ, φ) = −

⎛
Emag = − µ01NA χ⊥ B + ⎝

=−

0
0
(χ − χ⊥ )B cos θ

⎞
⎠ ·B =

1
χ⊥ B 2 + (χ − χ⊥ )B 2 cos2 θ
µ0 NA

(2.14)

The ﬁrst term is directionally isotropic in B and therefore will be
further omitted, so we can rewrite the expression for the gain in magnetic
energy of an ellipsoidal molecule as a function of its orientation (θ) as:

∆Emag (θ) = −

(χ − χ⊥ )B 2
∆χB 2
cos2 θ = −
cos2 θ
µ0 NA
µ0 NA

(2.15)

This equation expresses the fact that the amount of extra energy in an
applied external magnetic ﬁeld depends on the molecular orientation with
respect to the ﬁeld direction. This leads to an orientational force, tending
to minimize the energy, towards an orientation with the axis of smallest
diamagnetic susceptibility along the ﬁeld.
Table 2.1 shows the diamagnetic susceptibility anisotropy values for
some molecules and some molecular bonds. In order to determine ∆χ of
a molecule, one can roughly take the sum of ∆χ’s of the chemical bonds
inside.
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Molecule/Bond
C-C [1]
C=C [1]
C≡C [1]
C=O [1]
Benzene [1]
Naphtalene [2]
Antracene [2]
Pyrene [2]
Coronene [3]
Biphenyl [2]

∆χ(CGS), 10−6 cm3 /mol
-1.3
+8.2
+37
+6.6
-59.7
-114
-182.6
-232.9
-390
-118.6

∆χ (SI), 10−12 m3 /mol
-16.4
+103
+464.7
+82.9
-750
-1432
-2294
-2925
-4898
-1490

Table 2.1. The values of the diamagnetic susceptibility anisotropy for
some molecules and some important molecular bonds.
Unfortunately there are no molecules in nature that exhibit diamagnetic susceptibility anisotropy large enough that the orientational magnetic energy ∆χB 2 is larger than the randomizing thermal energy kT at
nowadays-available magnetic ﬁelds. Thus no single molecule alignment
is possible. However, in ﬁrst approximation, the sum of the diamagnetic
susceptibility anisotropies of two molecules equals 2∆χ. Further, by selfassembling a molecular array of N molecules the total anisotropy of the
diamagnetic susceptibility will be N ∆χ. If N is big enough, the total
orientational magnetic energy N ∆χB 2 can be larger than the thermal energy, giving rise to magnetic ﬁeld induced molecular alignment. In fact,
there are many substances, interesting from the scientiﬁc point of view
(e.g. liquid crystals, molecular aggregates and macromolecules), that contain a suﬃcient number of coupled or correlated molecules to result in a
magnetic torque that is large enough to induce appreciable orientational
order. In the following N will be omitted in all equations, however it
should be kept in mind that all simulations are done for suﬃciently large
amount of stacked molecules, i.e. for large N .

2.2.4

Orientational distribution function and order
parameter

The degree of alignment can be described by a distribution function
f (θ, φ)dΩ, giving a probability of ﬁnding a molecule in a small solid angle
13
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dΩ = sin θdθdφ.
From the cylindrical symmetry of the magnetic ﬁeld direction, the
distribution function describing the ﬁeld alignment is independent of φ.
The orientational distribution function may be expressed as an expansion
in terms of a set of orthogonal functions. One of such sets is the Legendre
Polynomials [5] Pn (cos θ):
P0 (cos θ) = 1
P1 (cos θ) = cos θ
P2 (cos θ) = 12 (3 cos2 θ − 1)

(2.16)

The term P1 (cos θ) is vanishing because of the symmetry. Therefore
the term P2 (cos θ) is of use and we can express the degree of alignment,
that is the order parameter (S), as follows:
3 cos2 θ − 1
=
S=
2



3 cos2 θ − 1
f (θ) sin θdθdφ
2

(2.17)

To account for the spread in energy or velocity, the Maxwell-Boltzman
distribution function is commonly used:
 ∆E 
mag
f (θ) = exp −
kT

2.2.5

(2.18)

Order parameter of cylindrical molecules

For the cylindrical molecules the energy gain is determined by the equation
2.15. Thus the orientation distribution function may be written as:
f (θ) =

1
Fnorm

exp

 ∆χB 2 cos2 θ 
µ0 NA kT

where Fnorm is the normalization constant given by:

 ∆χB 2 cos2 θ 
exp
Fnorm =
sin θdθdφ
µ0 NA kT

(2.19)

(2.20)

Using this distribution function in equation 2.17 leads to the typical
curves for the order parameter S shown in Fig. 2.2, calculated for molecules
with a negative or positive ∆χ. In case ∆χ > 0, maximum alignment
14
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Figure 2.2: Order parameter for complete molecular orientation parallel
(solid line) and perpendicular (dashed line) to the applied magnetic ﬁeld
direction (calculated for ∆χ = ±4.5 · 10−9 m3 /mol and N = 3 · 105 stacked
molecules with their long axes in one direction). Inset: orientational distribution function f (θ) calculated for several magnetic ﬁelds. For clarity
we have normalized its maximum to 1.
corresponds to the situation where all molecules are oriented along the
ﬁeld, and an order parameter S = 1 (cos θ = ±1). Molecules with ∆χ < 0
align perpendicular to the ﬁeld and complete alignment leads to S = −1/2
(cos θ = 0). Obviously in the case of no alignment cos2 θ = 1/3 and order
parameter S = 0.

2.2.6

Order parameter
molecule

of

arbitrarily

shaped

For arbitrarily shaped molecules the energy enhancement is determined
by equation 2.15. Thus the orientational distribution function may be
written as:
− χxx )B 2 sin2 θ sin2 φ + (χzz − χxx )B 2 cos2 θ 
Fnorm
µ0 NA kT
(2.21)
This general model allows us to consider several types of molecules (see
Fig. 2.3). As limiting cases it corresponds to cylinders oriented parallel
f (θ) =

1

exp

 (χ

yy
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Magnetic field (T)
Figure 2.3: Order parameter representing the orientation of arbitrarily
shaped molecules (calculated for N = 3 · 105 stacked molecules), schematically sketched at the right hand side of the ﬁgure.
to the magnetic ﬁeld direction (S = 1), and disks oriented parallel to the
magnetic ﬁeld direction (S = −1/2). As intermediates it has square plates
(χyy = χzz < χxx ) with S = 0.25 and spheres (χyy = χzz = χxx ) with
S = 0.
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2.3

Polarized absorption as a probe of
molecular orientation

In 2004 it is 150 years since August Beer published his book ”Einleitung
in die höhere Optik” [6] in which he described the linear relationship
between absorbance and concentration of an absorber of electromagnetic
radiation. This relationship is known as the Beer-Lambert-Bouguer law
or simply Beer’s law, which is usually written as:
A = log(I0 /I) = ελ lc

(2.22)

where A is the absorbance, I0 and I are the intensities of the incident
and transmitted light, ελ is the wavelength-dependent molar absorption
coeﬃcient, l is the optical path length, and c is the concentration of the
absorber. The subscript λ is often omitted with the understanding that ε
depends on the speciﬁc wavelength. If multiple species that absorb light
at a given wavelength are present in a sample, the total absorbance at
that wavelength is the sum due to all absorbers:
A = (ε1 lc1 ) + (ε2 lc2 ) + ...

(2.23)

where the subscripts refer to the molar absorption and concentration of
the diﬀerent species that are present. Absorbance is linearly proportional
to the thickness of the sample as well as to the concentration, provided the
sample is thin enough and the concentration is suﬃciently low; conditions
which always should be fulﬁlled in an experiment.
On a molecular level absorption originates from transition dipole moments µ with a given orientation with respect to the molecular axis. Once
the orientation of these dipole moments is known for a given molecule,
measuring the polarized absorption provides a powerful method to determine the molecular alignment in, for instance, an applied magnetic ﬁeld.
In order to quantify the molecular orientation we will consider a distribution of rod-like molecules in the Cartesian coordinate system, where we
distinguish two possible cases of the molecular internal structure:
• Uniaxial arrangement, i.e. all molecules are oriented in the same direction and all transition dipole moments are parallel to one molecular axis.
17
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• Uniaxial arrangement, but the transition dipole moment makes an
angle with the long molecular axis.

2.3.1

Uniaxial molecular arrangement

Consider a cylindrical molecule with linear dipole moment µ that makes
an angle θ with the z-axis, the direction of the magnetic ﬁeld, and its
projection on the xy-plane makes an angle φ with the x-axis. The absorption of this molecule parallel (A ) and perpendicular (A⊥ ) to the magnetic ﬁeld depends on the angle of µ with the electric ﬁeld vector E of
the incident light beam, µ · E. For light polarized parallel to the z-axis
µ · E = µ · E cos θ, which leads to [7]:
A = A0 cos2 θ

(2.24)

Similarly, light polarized perpendicular to the z-axis gives µ · E =
µ · E sin θ cos φ, which results in:
A⊥ = A0 sin2 θ cos2 φ

(2.25)

For an ensemble of molecules, their orientation in a magnetic ﬁeld
is given by the orientation distribution function given in equation 2.19.
As a consequence, the measured absorbance of the solution, parallel and
perpendicular to the magnetic ﬁeld yields:

(2.26)
A = A0 f (θ) cos2 θ sin θdθ

A⊥ = A0

f (θ) sin3 θ cos2 φdθdφ

(2.27)

where A0 denotes the absorbance at zero magnetic ﬁeld.
Fig. 2.4 shows the normalized absorbance (A /A0 and A⊥ /A0 ) for both
cases of alignment parallel (Fig. 2.4a) and perpendicular (Fig. 2.4b) to the
magnetic ﬁeld direction, to illustrate the clear diﬀerence.
In the ﬁrst case (Fig. 2.4a), the absorption parallel to the magnetic ﬁeld
direction increases gradually due to the alignment of the molecule. Since
the molecule orients with its long axes, that is the dipole moment, parallel
to the ﬁeld, the parallel absorption increases until it saturates at a value
of 3, when the alignment is complete. This maximum value is given by
18
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Figure 2.4: Evolution of the normalized absorbance with molecular orientation parallel (a) and perpendicular (b) to the magnetic ﬁeld direction.
The curves are calculated using ∆χ = 4.5 · 10−9 m3 /mol and N = 3 · 105
stacked molecules with their long axes in one direction.
the maximum absorbance ratio between a randomly oriented and a fully
aligned molecule (integration of cos2 θ over all angles gives A = 3A0 ). At
the same time the absorbance perpendicular to the ﬁeld decreases to zero
with ﬁeld (Fig. 2.4a). A completely aligned molecule only absorbs light
polarized parallel to the ﬁeld and leaves perpendicularly polarized light
unaﬀected.
The opposite behavior is found for molecules that align perpendicular
to the ﬁeld. A completely aligned molecule is oriented with the optical
dipole moment perpendicular to the ﬁeld, leading to an enhanced absorbance perpendicular to the ﬁeld and a parallel absorbance that reduces
to zero (Fig. 2.4b). Note that the maximum value of the normalized perpendicular absorbance is limited to 1.5, and is smaller than the maximum
value found for molecule that aligns parallel to B. This reduced value is
19
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Figure 2.5: Coordinate transformation from ”molecular” to ”laboratory”
frame.
caused by the fact, that although the molecule is perfectly aligned perpendicularly to the ﬁeld, it still can rotate freely about the ﬁeld-axis (z-axis)
in the xy-plane. Since the absorption is zero when µ is along the propagation direction of the incident light (φ = 90◦ ), this leads to a maximum
value of only 1.5.

2.3.2

Transition dipole moment at an angle with the
axis of orientation

When the transition dipole moment forms an angle (β) with the molecular
axis the resulting equations are no longer straightforward because the
projection depends not only on θ and φ, but also on β and ψ. Fortunately
one can obtain the result by using a straightforward, yet tedious, series of
coordinate transformations (Fig. 2.5) [8].
Here the angle between the z  -axis in the ”molecular” frame and the
dipole is β, and the projection of the dipole on the x y  plane makes an
angle ψ with the x -axis. In the ”laboratory” frame the long molecular axis
makes an angle θ with the Z-axis and the projection of the long molecular
axis on the XY plane makes an angle φ with the X-axis.
We start with the long molecular axis parallel to the z  -axis in the
”molecular frame”. The components of the dipole are:
⎛ ⎞ ⎛
⎞
x
µ sin β cos ψ
⎝y ⎠ = ⎝ µ sin β sin ψ ⎠
(2.28)
z
µ cos β
By rotating the molecular frame at angle θ and then at angle φ we
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make a coordinate transformation from the ”molecular” frame x y  z  to
the ”laboratory” frame XY Z.
The dipole coordinates in the resultant system are then given by:
⎛ ⎞ ⎛
⎞⎛
⎞⎛
⎞
x
cos φ sin φ 0
cos θ 0 − sin θ
µ sin β cos ψ
⎝y ⎠ = ⎝− sin φ cos φ 0⎠ ⎝ 0
1
0 ⎠ ⎝ µ sin β sin ψ ⎠ =
z
0
0
1
sin θ 0 cos θ
µ cos β
⎞
µ cos φ cos θ sin β cos ψ + µ sin φ sin β sin ψ − µ cos φ sin θ cos β
= ⎝−µ sin φ cos θ sin β cos ψ + µ cos φ sin β sin ψ + µ sin φ sin θ cos β ⎠
µ sin θ sin β cos ψ + µ cos θ cos β
(2.29)
Therefore, the absorption parallel and perpendicular to the magnetic
ﬁeld direction in the new coordinate system will be proportional to the x,
y or z component, taking the appropriate angular averages:
⎛


A = A0

f (θ)(− sin θ sin β cos ψ + cos θ cos β)2 sin θdφdψdθ (2.30)


A⊥ = A0

f (θ)(cos φ cos θ sin β cos ψ + sin φ sin β sin ψ−

(2.31)

2

cos φ sin θ cos β) sin θdφdψdθ
Therefore in this case the polarized absorption depends additionally on
the angle of the transition dipole moment with respect to the main aggregate axis or the alignment axis. This dependence is presented in Fig. 2.6
for diﬀerent polarizations and diﬀerent angles, having the curves shown
in Fig. 2.4 as limiting cases. Note, that the angle where no absorption
changes will be detected is not 45◦ , as one might expect, but 54.7◦ , often
referred to in the literature as the ”magic angle”.

2.3.3

Experimental setup

Fig. 2.7 shows the experimental setup used for polarized absorption measurements inside a high ﬁeld magnet. An optical glass cell (Hellma
Benelux B.V., path length 1÷5 mm, or homemade cells, optical path
0.3÷0.5 mm) containing the sample solution is mounted inside a 20 T
Bitter magnet. Unpolarized light from a halogen-deuterium light source
21
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Figure 2.6: Evolution of the normalized absorbance with molecular orientation parallel and perpendicular to the magnetic ﬁeld direction for diﬀerent
angles between the long molecular axis and the dipole moment. The curves
are calculated using ∆χmol = 4.5 · 10−9 m3 /mol and N = 3 · 105 stacked
molecules with their long axes in one direction.

(Avantes, 200÷1100 nm) is guided to the sample through an optical ﬁber
(3M, multimode, 600 µm core diameter). The light transmitted through
the sample passes through a Glan-Thompson polarizer (Melles-Griot, extinction ratio 10−5 ) positioned outside the magnet and is collected by a
second ﬁber that coupled the light into a spectrometer (Ocean Optics,
SD2000), containing a grating and a diode array (resolution 0.5 nm). The
temperature of the sample can be varied in the range of 0÷100◦ C using
a water-based temperature controller. Therefore, the absorption spectra
can be measured for any polarization with respect to the ﬁeld direction in
a wide temperature range.
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Figure 2.7: Polarized absorption experimental setup.
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2.4

Magnetic ﬁeld induced linear birefringence as a probe of molecular orientation

The ﬁrst experimental observation of the interaction between polarized
light and a magnetic ﬁeld was reported in 1846 by M. Faraday [9], who
found that when a beam of polarized light passes through a sample that is
subjected to an externally applied magnetic ﬁeld, the plane of polarization
of this radiation rotates about an angle proportional to the length of the
sample and to the magnetic ﬁeld strength. The magnetic ﬁeld induced optical birefringence in an isotropic sample is since then known as magnetic
birefringence. Due to the magnetic ﬁeld the optical polarizability and the
refractive index become diﬀerent in directions parallel and perpendicular to the ﬁeld. As a result radiation polarized in a plane parallel to the
ﬁeld travels with a diﬀerent speed than perpendicularly polarized light. In
this section we will derive the simple equations for magnetic birefringence
using the classical theory of the interaction of light with matter.

2.4.1

Basic equations

In the case of a nonmagnetic, electrically neutral medium, the Maxwell’s
equations can be written as [10]:
∂B
∂t
∂E ∂P
∇×B = 0
+
+J
∂t
∂t
1
∇·E =− ∇·P
∇ × E = −µ0

(2.32)
(2.33)
(2.34)

0

∇·B =0

(2.35)

where 0 is the dielectric constant in vacuum, and P is the polarization
(P = N p with N being the number of the dipoles or particles per unit
volume)
The general wave equation for the E ﬁeld is obtained by taking the
curl of Eq. 2.32 and the time derivative of Eq. 2.33 and by eliminating B.
The result is:
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∂ 2E
∂2P
∂J
(2.36)
=
−µ
− µ0
0
2
2
∂t
∂t
∂t
The two terms on the right-hand side are the so-called source terms.
They stem from the presence of polarization and conduction charges, respectively, within the medium. In the case of nonconducting media only
2
the polarization source term −µ0 ∂∂tP2 is non-zero. It turns out that this
term explains many important optical eﬀects, such as dispersion, absorption, birefringence, and optical activity.
The propagation of light through a dielectric material can be described
as a polarization of the medium by the ﬁeld of the passing light, that
creates oscillating dipoles, which in turn reradiate to stimulate successively
new oscillating dipoles. According to the theory of Lord Rayleigh [11],
particles, that are small compared to the wavelength of the light, exhibit
a dipole p that has the following relationship with the local electric vector
of the electric ﬁeld of the light:
∇ × (∇ × E) + µ0

0

p=

0 α̇E

(2.37)

where α̇ is the polarizability of the particle that is a tensor for anisotropic
matter.
For plane polarized light propagating in the x direction in a medium
of small particles with scalar polarizability α, Eq. 2.36 has a solution
E = E 0 exp[i(kx − ωt)], and the propagation constant k is given by:
k 2 = ω 2 µ0 0 (1 + N α)

(2.38)

where α is the polarizability averaged over N particles. The real component of k gives the phase velocity information of the light and the
imaginary part yields the dissipation of energy while passing through the
medium. Accordingly, the expression for the complex refractive index is
n2 = (1 + N α)

(2.39)

If the small particles are dispersed in a nonmagnetic medium with a
dielectric constant 1 , Eqs. 2.38 and 2.39 should be slightly modiﬁed as:
k 2 = ω 2 µ0 1 (1 + N α),

(2.40)

n2 = n21 (1 + N α),

(2.41)
25

Techniques: theory and experiment
where n is the refractive index of the suspension as a whole, and n1 is the
refractive index of the suspending medium.

2.4.2

Molecular polarizability tensor

In general molecular polarizability is a tensorial magnitude that can be
rewritten as a 3×3 matrix representing the polarizability in every direction in space. This tensor can be diagonalized by transformation to the
”molecular frame”:
⎞
⎛
0
αxx 0
(2.42)
p = ⎝ 0 αyy 0 ⎠ E
0
0 αzz
The components of this tensor represent the induced dipole moment,
respectively, in the x, y and z directions by application of a unit of electric
ﬁeld in those directions.

2.4.3

Magnetic ﬁeld induced birefringence

We will consider the simplest case of cylindrical molecule, for which the χ̇
and α̇ tensors have the same ”molecular frame”. From symmetry considerations the polarizability tensor simpliﬁes to:
⎞
⎛
α⊥ 0 0
(2.43)
α̇ = ⎝ 0 α⊥ 0 ⎠
0
0 α
Before proceeding to evaluate the birefringence we have ﬁrst to ﬁnd an
expression for the polarizability tensor of the molecule in the laboratory
coordinate system. This can be obtained by performing the following
transformation:
α̇ = T α̇T −1

(2.44)

⎞
sin φ cos θ cos φ sin θ cos φ
T = ⎝− cos φ cos θ sin φ sin θ sin φ ⎠
0
− sin θ
cos θ

(2.45)

where:
⎛
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Here, θ is the angle that the long molecular axes makes with the z-axis,
and φ is the angle that the projection of the long axis on to the xy-plane
makes with the x-axis (see Fig. 2.5a).
When the magnetic ﬁeld is applied in the z-direction, the molecules
will align with their symmetry axis parallel to the ﬁeld direction. Taking
the average of the polarizability tensor for all molecules distributed in a
unit volume, we obtain:
⎛
⎜
⎜
α = ⎜
⎝

⎞

α⊥ + (α − α⊥ )sin2 θ cos2 φ

0

0

α⊥ + (α − α⊥ )sin2 θ sin2 φ

0

0

0

⎟
⎟
⎟
⎠
α⊥ + (α − α⊥ )cos2 θ
(2.46)
0

Since the matrix is diagonal, using Eq. 2.41 for the three nonzero components, respectively, gives the corresponding complex refractive index:
n2x = n21 {1 + N [α⊥ + (α − α⊥ )sin2 θ cos2 φ]}
n2y = n21 {1 + N [α⊥ + (α − α⊥ )sin2 θ sin2 φ]}

(2.47)

n2z = n21 {1 + N [α⊥ + (α − α⊥ )cos2 θ]}
where N is the number of molecules per unit volume, and n1 is the refractive index of the suspending medium.
For a light beam propagating in the x direction through the solution,
the diﬀerence of the refractive indices in direction parallel and perpendicular to the magnetic ﬁeld direction is:
1
∆n = nz − ny ≈ n1 N (α − α⊥ )
2


(cos2 θ − sin2 θ sin2 φ)f (θ, φ)dθdφ
(2.48)

where f (θ, φ) is the distribution function described by Eq. 2.19.
∆n can have positive as well as negative sign that can be used for the
determination of the molecular orientation under external magnetic ﬁeld
in the following way. Consider light, polarized at 45◦ to the magnetic ﬁeld
direction enters a sample of thickness d. Let the two refractive indices
of the sample be n and n⊥ . This linear polarized light will have two
components that are in phase, one polarized along the y-axis and one
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polarized along the z-axis (magnetic ﬁeld direction). Let the molecules in
the sample be oriented along magnetic ﬁeld. The amplitudes of the two
components of E0 are the same since the light is polarized at 45◦ to the
y- or z-axis. Therefore the state of polarization of the emerging light is:
2π
d − ωt)
λ
2π
2π
Ez (x, t) = E0 cos(n⊥ d − ωt + ∆n d)
λ
λ
Ey (x, t) = E0 cos(n⊥

d.
Thus the two components emerge out of phase by an angle ∆n 2π
λ
Since the argument of the cosine function grows more negatively as time
increases the retardation between the two components is:

δ = −∆n

1
2π
2π
2π
d = −(n − n⊥ ) d ∼ − n1 N (α − α⊥ ) d
λ
λ
2
λ

(2.49)

Therefore, the sign of the measured retardation will indicate the orientation of the long molecular axis (with polarizability along it - α ) being
negative in the case of the orientation along magnetic ﬁeld direction and
positive for the perpendicular orientation.
Usually the values of N , α and α⊥ (or ∆α = α − α⊥ ) are not readily
available. Therefore, the ∆nmax is deﬁned as:
1
∆nmax = nz − ny ≈ n1 N (α − α⊥ )
2

(2.50)

being the maximum birefringence reachable at complete alignment, and
the ratio ∆n/∆nmax is considered, making it a true analog of the order
parameter (see Sec. 2.2.5).

2.4.4

Experimental setup

The high resolution magnetic birefringence setup used for the experiments
in this thesis, is shown in Fig. 2.8. The measurements were carried out
by utilizing equal components of sinusoidally phase-modulated laser light
polarized at 45◦ to the magnetic ﬁeld direction. The depolarized contribution of the transmitted light through the sample was measured by
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Figure 2.8: Linear birefringence experimental setup.
a photodetector (5 mm2 Silicon Photo-Conductive detector/preampliﬁer,
Hinds Instruments). The ac phase shift between the original polarizations
was recovered via lock-in ampliﬁers (SR830 Lock-In Ampliﬁer, Stanford
Research Systems) and referenced to the modulator signal (Photo-elastic
modulator, PEM-90, Hinds Instruments). A He-Ne laser (1 mW output, Melles-Griot) with a wavelength of 632.8 nm was used as a source of
monochromatic light. The dc part of the signal was measured by a voltmeter (K199, Keithley) and used for monitoring the transmission level of
the sample.
The expression for the light intensity on the detector is [12]:
I = 1 − cos δ cos A + sin δ sin A

(2.51)

where A = A0 cos(Ωt), Ω being the modulation frequency. A Fourier series
expansion of this equation yields the following expression:
I=

2 sin(δ)J1 (A0 ) cos(Ωt)
2 cos(δ)J2 (A0 ) cos(2Ωt)
1 − cos(δ)J0 (A0 )
+
+
+
DC
1f
2f
+higher order terms

(2.52)
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where DC is the dc component of the signal, 1f and 2f are respectively
the ﬁrst and the second harmonic of the ac part, Jn are the ordinary Bessel
functions of order n, δ is the measured magnetic ﬁeld induced phase shift
(the retardation) from which the birefringence can be calculated.
The DC term, the ﬁrst harmonic term, and the second harmonic terms
are all determined experimentally. The following equations may be written, where the constant of proportionality K is the same in all three
equations and is a measure for the absorbance of light by the sample:
VDC = K(1 − cos(δ)J0 (A0 ))
V1f = 2K(sin(δ)J1 (A0 ) cos(Ωt))
V2f = 2K(cos(δ)J2 (A0 ) cos(2Ωt))

(2.53)

In the experiments A0 was chosen to be 2.4505 radians (0.383 waves),
since in this case the zero order Bessel function is J0 (A0 ) = 0. The DC
term is completely independent of the birefringence and represents the
transmission of the (oriented) sample.
To obtain the retardation with the lowest signal-to-noise ratio the following expression was used:
δ = arctan

V1f J2 (A0 )
V2f J1 (A0 )

(2.54)

The setup was tested to have an experimental precision (noise level)
of 10−5 radians. In this way the birefringence buildup of samples was
monitored in time, at varying ﬁeld strengths and temperatures. The birefringence, ∆n, is calculated using:
δλ
(2.55)
2πd
in which: δ is the measured retardation, λ is the wavelength of the applied
beam, d is the thickness of the sample.
It should be additionally noticed, that this setup provides us with the
knowledge of the sign of birefringence and, eventually, with the orientation
direction of the molecular optical axes. The arrangement of the optical
parts in our setup is such that a positive birefringence corresponds to
the fast axis perpendicular to the magnetic ﬁeld direction, and a negative
∆n =
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to the opposite case. This eﬀect will be extensively used in the following chapters for the determination of the internal structure of molecular
aggregates.
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Chapter 3
Cyanine dye aggregates in
high magnetic ﬁelds
High magnetic ﬁelds were used for the alignment of J-aggregates of cyanine
dye monomers in solution leading to strongly polarized optical properties,
yielding a maximum dichroic ratio of 13. The aligned aggregates were
ﬁxed by gelation resulting in samples that are stable at room temperature
and exhibit strongly polarized absorption and emission spectra.1

3.1

Introduction

Self-organization of cyanine dye monomers into supramolecular aggregates
leads to characteristic optical properties which are widely applied in silver halide photography [1], photodynamic therapy of cancer [2] and laser
technology [3]. According to their optical properties, these dye conglomerates can be divided into so-called J- or H-aggregates. The characteristic
feature of the J-aggregates is a sharp peak in the absorption spectrum, redshifted with respect to the monomer peak, as opposed to the H-aggregates,
which exhibit a blue-shifted absorption band. The large variation in these
optical properties is strongly related to diﬀerent molecular arrangements
1

This work was done in collaboration with Experimental Solid State Physics I Department, University of Nijmegen and Agfa-Gevaert N.V.
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within the aggregates, which are commonly described as brickwork (Jaggregates), ladder (H-aggregates) or staircase (J- or H-aggregates depending on the angle of slippage) type of structures [4–7].
Macroscopic alignment of such aggregates can lead to a strongly polarized optical response, as was shown by Misawa et.al. [8] by using vertical
spin coating of PseudoIsoCyanine bromide J-aggregates. Here we present
a new alignment method of J-aggregates in solution using high magnetic
ﬁelds. The aligned samples feature strongly anisotropic optical properties
with a dichroic ratio of absorbance as high as 13. Furthermore, we show
that the orientation can be preserved outside the ﬁeld by gelating the
aggregate solution yielding stable aligned samples. This method creates
the possibility to perform more elaborate experiments, such as polarized
ﬂuorescence or X-ray scattering to determine the internal structure of the
aggregates. In addition the present technique can also be used to fabricate
real devices, such as polarizers [9].
In itself the idea of using magnetic ﬁelds to induce orientational order in materials with an anisotropic magnetic susceptibility is not new
and has been demonstrated before on other materials like liquid crystals
and polymers [10]. However, magnetic alignment of functional molecules
like cyanine dye aggregates has not been previously demonstrated. Application of a magnetic ﬁeld has some advantages over other alignment
techniques such as streaming [11] and spin coating [8] since it leads to a
bulk, contact free, nondestructive force, which is homogeneous throughout the sample and thus can be used for producing highly oriented bulk
samples. Although we present here only the results obtained for cyanine
dye aggregates, the method can be used for other types of dye aggregates
as well [12].

3.2

Experiment

We investigated three cyanine dyes which were all synthesized
by Agfa-Gevaert N.V.:
3-methyl-5-phenyl-2-[3-(3-methyl-5-phenyl3H-benzoxazol-2-ylidene)-2-ethyl-1-propenyl] benzoxazolium methylsulphate, 3-ethyl-2-[5-(3-ethyl-3H-benzothiazol-2-ylidene)-penta-1,3-dienyl]
benzothiazolium paratoluenesulfonate, and 3-ethyl-2-[5-(3-ethyl-3Hbenzothiazol-2-ylidene)-3-methyl-penta-1,3-dienyl]benzothiazolium para34
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toluenesulfonate with molecular weights 596.71, 562.78 and 576.81 respectively (see detailed chemical structures in chapter 4). In this chapter we
focus on the results obtained on the ﬁrst dye, with a structural formula
as shown in the inset of Fig. 3.1(a), which exhibited the largest eﬀects.
Monomer solutions of diﬀerent concentrations (up to 2 g/L) were prepared by dissolving dye powder in methanol. J-aggregate solutions were
obtained by mixing the monomer solutions with double distilled water
in 1:8 proportion. Polarized absorption measurements were performed in
magnetic ﬁelds up to 20 T using a standard setup described in chapter 2.
3
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Figure 3.1: a) Absorption spectra of the monomer solution in methanol
(solid line) and aggregate solution in water (dashed line). Temperature
10 ◦ C, concentration 0.1 g/L (Inset: structural formula of the investigated
cyanine dye). b) Temperature dependence of the absorption spectrum of
the aggregate solution, concentration 0.1 g/L in water.
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3.3

Experimental results

A typical absorption spectrum of the monomer solution is shown by the
solid curve in Fig. 3.1a. The spectrum consists of the monomer peak
at 500 nm and a vibronical sideband at 470 nm. The dashed curve in
Fig. 3.1a corresponds to the spectrum of the aggregate solution, exhibiting a J-aggregate peak at ∼ 550 nm, which is strongly temperature dependent (Fig. 3.1b). With increasing temperature the aggregate peak
decreases whereas the monomer peak increases, indicating the dissociation of aggregates into monomers and a decrease of the average aggregate
size.
In a magnetic ﬁeld the absorption spectrum of the solution of Jaggregates becomes strongly polarized. Parallel to the ﬁeld direction the
overall absorbance increases with ﬁeld, whereas it diminishes in the perpendicular direction (Fig. 3.2). The eﬀect is largest for the aggregate
peak around 550 nm, of which the ﬁeld dependent normalized absorbance
(A(B)/A(0)) is plotted in the inset of Fig. 3.2.

2.0

2.5

Absorbance

1.5
1.0

2.0
1.5

|| polarization
⊥ polarization

1.0
0.5
0.0
0

4

8
12
16
Magnetic field (T)

20

0T
20 T (|| polarization)
20 T (⊥ polarization)

0.5
0.0
400

Normalized absorbance

o

T = 40 C
Conc = 1 g/L

500

600
700
Wavelength (nm)

800

Figure 3.2: Absorption spectra of the aggregate solution at 0T (solid line),
at 20T in parallel (dashed line) and perpendicular (dotted line) polarizations. Inset: changes of the J-band absorption intensity with magnetic
ﬁeld for both polarizations.
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Dichroic ratio

Dichroic ratio

Note, that both curves in the inset tend to saturate at ﬁelds above 10 T,
indicating almost complete alignment of the J-aggregates. The optical
transition dipole moment of the dye chromophore is parallel to the line
connecting both terminal nitrogen atoms (see inset Fig. 3.1a). Therefore
from the polarization behavior of the aggregates we can conclude that
they are oriented with the chromophores of the constitutient dyes parallel
to the magnetic ﬁeld.
From the polarized optical measurements the linear dichroic ratio of
absorbance (A /A⊥ ) at the wavelength of the J-band was calculated and
was found to be very sensitive to both concentration (Fig. 3.3a) and temperature (Fig. 3.3b).
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Figure 3.3: Concentration (a) and temperature (b) dependence of the
dichroic ratio of the absorbance at the J-aggregate peak as a function of
applied magnetic ﬁeld.
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With increasing concentration the dichroic ratio increases reaching a
maximum value of 13 at 20 T for the highest measured concentration.
For a given concentration the dichroic ratio was observed to increase with
decreasing temperature (Fig. 3.3b).
In our case the aggregates are aligned with the long molecular axes
of the constitutient monomers parallel to the ﬁeld, since in this case the
aromatic rings, which contribute most to the overall ∆χ, are parallel to the
ﬁeld [10]. The total ∆χ can be obtained by summing up the anisotropies
of the separate elements such as the aromatic rings, double and single
bonds [10], which gives ∆χ ≈ 300 · 10−6 cm3 /mol. Using this value we can
estimate the minimum number of monomers Nmin inside the aggregate
that is necessary to be aligned in a 20 T ﬁeld: Nmin ∼ 20000. This
number agrees reasonably with results from integrated ﬂuorescence yield
and exciton annihilation [13, 14] and X-ray diﬀraction [15] experiments.
On the other hand, the smaller aggregates, which are always present even
at low temperatures and high concentrations, are not aligned at 20 T which
explains why the dichroic ratio does not saturate at 20 T (Fig. 3.3). In fact
the precise shape of the curve of the dichroic ratio as a function of magnetic
ﬁeld is directly related to the size distribution of the aggregates and in
principle could be used to determine the polydispersity of the aggregate
solution. Most probably the maximum achievable dichroic ratio can be
improved, not only by going to higher ﬁeld strengths, but also by using a
monodisperse solution of J-aggregates of suﬃciently large size.
Although we display here only the results obtained on aggregates of
one cyanine dye, aggregates from the two other cyanine dyes also could be
magnetically aligned. However, the ﬁnal dichroic ratios obtained for these
dyes were found to be much lower (3 to 3.5), which is probably related to
the diﬀerent internal structure of these aggregates. The determination of
the relation between the magnetic ﬁeld induced anisotropy of the optical
properties and the internal structure of the aggregates is subject of further
study.
In order to preserve the ﬁeld induced alignment after switching oﬀ the
ﬁeld we used gelatine as a ﬁxing component, as it is chemically compatible
and widely used in the silver halide photographic processes. The samples
were prepared by the following procedure: 0.05 g of gelatine powder was
added to 1 ml of the aggregate solution and heated up to 40 ◦ C inside
the magnet until the gelatine was completely dissolved. A magnetic ﬁeld
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Conc = 2g/L, fixed in gelatine at 15 T
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Figure 3.4: Polarized absorption and emission spectra of the gelated oriented sample, measured outside the magnetic ﬁeld. The unusually large
width of the absorption peak is an experimental artifact due to the limited
dynamic range of the setup.
of 15 T was applied and subsequently the sample was cooled down to
10 ◦ C in 10 minutes. Finally the ﬁeld was switched oﬀ yielding stable
samples. Fig. 3.4 shows the polarized absorption and emission spectra of
the aligned J-aggregates ﬁxed in gelatine measured at room temperature
in a separate optical setup with a 0.64 m scanning grating monochromator
(resolution 2.5 Å) and a cooled GaAs photomultiplier. For the polarized
emission experiments a green He-Ne laser (543.5 nm) was used for excitation. The emission spectra were measured with the laser excitation
parallel and perpendicular to the alignment axis using parallel detection.
Both absorption and emission spectra appear to be strongly polarized,
proving the preserved ﬁeld induced alignment. Such samples remain stable for at least several months and up to date no changes were recorded.

3.4

Conclusions

In conclusion we have shown that magnetic ﬁelds can be used for the
alignment of cyanine dye J-aggregates in solution. Addition of gelatine
to the aggregate solution gives the possibility to ﬁx the alignment and
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produce bulk samples of highly oriented J-aggregates which are stable at
room temperature. The absorption and emission spectra of samples prepared by this procedure were found to be highly polarized. Therefore these
samples can be used in applications for photographic industry and development of nonlinear optical devices and open the way for more elaborate
experiments on oriented J-aggregates.
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Chapter 4
Determination of the
molecular arrangement inside
cyanine dye aggregates by
magnetic orientation
We present a novel method for the determination of the internal structure
of macromolecular aggregates in solution based on polarized absorption
measurements on magnetically aligned aggregates. Diﬀerent types of Jaggregates of three cyanine dyes were investigated in order to test the
method. The obtained stacking geometries agree with those found by
X-ray diﬀraction experiments on single crystals grown from the studied
dyes, evidencing our method to be a valuable tool for structural analysis
of molecular assemblies.1

4.1

Introduction

Molecular aggregates are formed by spontaneous self-assembly of
molecules into ordered architectures, held together by non-covalent inter1

This work was done in collaboration with Experimental Solid State Chemistry
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actions. Generally, the speciﬁc molecular arrangement inside an aggregate
is intimately related to the chemical structure of the molecule. In turn,
the structure of the aggregate largely determines its physical properties.
The relationship between molecular structure, type of aggregate and resulting properties is however often diﬃcult to predict, and not seldom the
degree of ordering is far from perfect. Supramolecular chemistry aims to
design and synthesize novel molecular building blocks that self-organize
in well-deﬁned, perfectly ordered architectures with tailor-made properties, often inspired by biological systems, such as DNA [1, 2] and light
harvesting complexes of the natural photosynthetic system [3]. Recently,
the interest in molecular aggregates has increased tremendously, after the
notion that molecular self-assembly could play a major role in the bottomup construction of nanoscale objects, such as wires [4, 5] and rings [6], as
opposed to the top-down method currently employed for fabrication of
semiconductor devices.
The ability to determine experimentally the stacking of molecules inside aggregates is therefore important in order to gain understanding of
the relation between internal structure and physical properties, and to
improve these for future application in real devices. Techniques regularly
used for the determination of the internal structure of crystals (such as
X-ray and neutron diﬀraction) often cannot be applied, because of the limited size of aggregates, or the molecules as well as the assemblies can be
destroyed by the probing beam. Alternatively, scanning probe techniques
such as AFM [7, 8], STM [9] and NSOM [10, 11] only probe architectures at the surface of the substrate, where the internal structure can
be diﬀerent from the one in the solution in which aggregates are formed.
Cryo-TEM was demonstrated to be very useful to determine the molecular
structure [12, 13], although great care is required not to destroy the aggregates upon freezing. It would therefore be useful to measure the molecular
order of aggregates in solution, their native environment. In this regard
an intrinsic diﬃculty arises, namely that the Brownian motion of the aggregates hampers easy determination of almost any property, since it is
averaged over many aggregates that are randomly oriented in space. In
this chapter we present a new method which overcomes this problem, by
measuring the anisotropic optical response of cyanine dye aggregates that
are macroscopically oriented in high magnetic ﬁelds. We demonstrate that
the internal molecular arrangement can be deduced from the polarized ab44
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sorbance spectra of aligned aggregates in solution.
In order to illustrate our method we have chosen to work with cyanine dye aggregates, but it should be emphasized that the method can
also be applied to aggregates of other organic materials. Cyanine dyes
feature very strong optical absorption, which leads to characteristic optical properties upon self-organization into supramolecular aggregates. For
this reason cyanine aggregates are widely applied in silver halide photography [14, 15], photodynamic therapy of cancer [16] and laser technology [17], and are very promising for non-linear optical devices [18–20] and
for producing molecular ﬁbers [10]. Various types of stacking geometries
have been identiﬁed, ranging from simple one-dimensional arrangements,
such as brickwork or ladder type of stacking, to more complicated types,
like herringbone stacking, or sometimes even fully three-dimensional arrangements [21]. Depending on the type of molecular ordering, the absorption spectrum shifts to the red (so-called J-aggregates [22, 23], like
brickwork or herringbone) or to the blue (H-aggregates [24], e.g. ladder),
as compared to the spectrum of an isolated monomer. The spectral shift of
the absorption peak is caused by the interactions between neighboring optical dipoles and depends strongly on the relative arrangement of adjacent
chromophores, that is, on the relative orientation of the molecules [25, 26].
There are several reasons why we have chosen cyanine dyes as a model
system for our investigations. First of all, the optical properties of the
cyanine molecules are well known and highly anisotropic, and by measuring the anisotropy in absorption the orientation of the molecule in real
space can be inferred. Secondly, by introducing small variations in the
molecular structure completely diﬀerent aggregate structures can be obtained, which provides a good testing system for our method. Finally, it
is possible to grow single crystals of the used dyes, of which the crystal
structure can be determined by X-ray diﬀraction experiments and in turn
can be compared to the structure found by the ﬁeld alignment method.
We report results obtained on three diﬀerent cyanine dye molecules,
each of them forming a diﬀerent type of aggregate. The aggregate solutions
have been aligned in a high magnetic ﬁelds and the polarized absorption
spectra have been measured. From the optical anisotropy the internal
structure of the aggregate is determined, which is found to be in good
agreement with the crystal structure deduced from the X-ray diﬀraction
on the single crystals and on powdered aggregate samples.
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Figure 4.1: Structural formulae of the investigated cyanine dyes.
This chapter is organized as follows. In section 4.2 experimental details
of high magnetic ﬁeld and X-ray experiments, together with the details
of the preparation of the aggregate solution and single crystal growth are
presented. Section 4.3 describes the results of the magnetic ﬁeld alignment and X-ray experiments, that are discussed extensively in section 4.4.
Conclusions and perspectives are outlined in section 4.5.

4.2

Experiment

We investigated three cyanine dyes with the structural formulae
shown in Fig. 4.1, which were all synthesized by Agfa-Gevaert N.V.:
3-methyl-5-phenyl-2-[3-(3-methyl- 5-phenyl-3H-benzoxazol-2-ylidene)-2ethyl-1-propenyl] benzoxazolium methylsulphate (dye I), 3-ethyl-2-[5-(3ethyl-3H-benzothiazol-2-ylidene)-penta-1,3-dienyl] benzothiazolium paratoluenesulfonate (dye II), and 3-ethyl-2-[5-(3-ethyl-3H-benzothiazol-2ylidene)-3-methyl-penta-1,3-dienyl] benzothiazolium paratoluenesulfonate
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(dye III), with molecular weigths 596.71, 562.78, and 576.81 respectively.
Monomer solutions of diﬀerent concentrations (up to 2 g/L) were prepared by dissolving dye powder in methanol. J-aggregate solutions were
obtained by mixing the monomer solutions with double distilled water in
1:8 proportion. For dyes II and III 0.1 mol of NaCl was added. Polarized
absorption measurements were performed in magnetic ﬁelds up to 20 T
using an optical setup described in chapter 2.
Single crystals were grown from methanol solution as well as from
methanol-water combinations up to 1:8 proportions. To obtain large crystals saturated solutions at 60 ◦ C were cooled down in a temperature controlled closed cell. By lowering the temperature the solubility decreases
and nucleation starts. As soon as nucleation was observed with the use
of optical microscopy the temperature was raised by 2 ◦ C to restrict the
number of nucleation centers and end up with suﬃciently large crystals.
After a few days the crystals were collected and dried at room temperature in air. The quality of the crystals was examined by analyzing the
extinction using a polarization microscope. Also the size and shape of
the crystals were determined. The angles between the crystal facets were
measured using an optical goniometer. Crystals of high quality and good
size were selected for single crystal X-ray diﬀraction. Single crystal X-ray
diﬀraction experiments were performed using a Bruker SMART 6000 detector and CuKα at 100 K for dye I, a MarResearch Imaging Plate and
MoKα at 294 K for dye II, and a Siemens P4-PC and MoKα at 289 K for
dye III.
The aggregate solution was ﬁltered using 0.22 µm Millipore ﬁlters and
the powder XRD diagram was measured using a Philips PW 1820 diﬀractometer with a Cu target (λ=1.5406 Å).

4.3
4.3.1

Results
Polarized absorbance measurements

Typical absorption spectra of monomer and aggregated solutions of the
studied dyes are shown in Fig. 4.2.
The monomer spectrum of dye I (Fig. 4.2a, solid line) consists of the
monomer peak at ∼500 nm and a vibronical sideband at ∼470 nm. The
spectrum of dye I aggregates (Fig. 4.2a, dashed line) reveals a narrow, in47
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Figure 4.2: Absorbance spectra of monomer (solid lines) and aggregated
(dashed lines) solutions, of the three diﬀerent dyes I (a), II (b) and III
(c). Temperature = 20 ◦ C, concentration = 1 g/l.

tense J-band at ∼555 nm and a smaller peak at ∼510 nm, originating from
the exciton coupled monomer and vibronical sideband peaks respectively.
In contrast to the appearance of a narrow, red-shifted peak upon aggregation of dye I, the aggregate solutions of dyes II and III reveal entirely
diﬀerent behavior (Figs. 4.2b and 4.2c). The absorbance spectra of the
aggregate solutions of these dyes show a very broad band, extending from
500 to 850 nm, with a red-shifted peak around 800 nm, a blue shifted peak
around 550 nm and a small peak around 650 nm, probably a remaining
trace of the monomer peak.
All aggregate solutions show a strong temperature dependence (not
shown) [27]. Upon heating the intensity of the J-peak decreases while the
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Figure 4.3: Absorbance spectra of the aggregate solution of dye I at 0 T
(solid line), at 20 T in parallel (dashed line) and perpendicular polarizations (dotted line). Arrows indicate the peak wavelength. Inset: changes
of the J-band normalized absorbance with magnetic ﬁeld for both polarizations.
monomer peak becomes more pronounced, indicating that the aggregates
dissolve with increasing temperature. At higher temperatures (60-70 ◦ C
depending on the concentration) the solution consists only of monomers.
Subsequent cooling down the solution leads to the reappearance of the
aggregate peaks in spectrum, demonstrating that the aggregation process
is thermally reversible, and that the solution contains both monomers and
aggregates.
In a magnetic ﬁeld the absorption spectra of the aggregate solutions become strongly polarized. The absorbance of the aggregate solution of dye
I parallel to the magnetic ﬁeld direction increases with the ﬁeld, whereas
it diminishes in the perpendicular direction (Fig. 4.3). The eﬀect is largest
for the aggregate peak around 555 nm, of which the ﬁeld dependent normalized absorbance (A(B)/A(0)) is plotted in the inset of Fig. 4.3. Note,
that both curves in the inset tend to saturate at ﬁelds above 10 T, indicating almost complete alignment of the J-aggregates. As the optical
transition dipole moment of the dye chromophore is parallel to the line
connecting both terminal nitrogen atoms (see Fig. 4.1), we can conclude
that the aggregates orient with the constituent molecules with their long
axes parallel to the magnetic ﬁeld direction. Furthermore it is important
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Figure 4.4: Absorbance spectra of the aggregate solution of dye II at 0T
(solid line), at 20T in parallel (dashed line) and perpendicular polarizations (dotted line). Inset: changes of the J-band absorption intensity with
magnetic ﬁeld for both polarizations.

to notice, that upon orientation the position of the J-peak is shifting to
the red (557 nm) in the polarization parallel to the magnetic ﬁeld and to
the blue (552 nm) in the opposite polarization (Fig. 4.3).
On the contrary, for dyes II and III, absorbance parallel to the magnetic
ﬁeld decreases with ﬁeld, while the perpendicular absorbance increases
(Figs. 4.4 and 4.5). The changes are most pronounced for both the redand blue-shifted aggregate peaks as can be most clearly seen in the results
for dye III (Fig. 4.5). However, the eﬀect overall is much smaller, than
that of dye I (Fig. 4.3), which is also evident from the ﬁeld dependent
normalized absorbance curves (insets of Fig. 4.4 and 4.5). For both dyes
II and III the changes in absorbance do not only diﬀer in polarization, but
are also much smaller in size as compared to dye I. As will be shown below
these eﬀects are directly related to the molecular arrangement of the dyes,
which cause the aggregates of dye II and III to align such that the dye
molecules are oriented on average with their chromophores perpendicular
to the magnetic ﬁeld.
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4.3.2

Crystal growth and X-ray diﬀraction results

The maximum size of the obtained single crystals was found to be 1 mm,
for crystals grown from pure methanol in a temperature controlled closed
cell. Both the size and the number of crystals strongly depend on the
amount of water in the solution. More water resulted in more, but smaller
crystals, which is explained by the fact that the dyes are hardly soluble in
pure water that can be regarded as an anti-solvent. The crystals grown
from pure methanol or 1:1 methanol-water solutions were observed to be
nicely facetted. For each dye, judging from the crystal morphology, no
polymorphism was observed. Crystals grown from solutions containing
larger amounts of water still exhibited the characteristic, albeit slightly
rounded, elongated crystal shape.
Table 4.1 and Fig. 4.6 summarizes the crystal structures of all dyes,
resulting from the extensive XRD analysis. It is important to note that
comparison of the XRD data on the single crystals and the powder XRD
data on the aggregates reveals that for all dyes the molecular structure
of the aggregates and single crystals are the same. The crystal structure of dye I has an orthorhombic unit cell with 8 molecules (spacegroup
P21 21 21 , CCDC code: 227131), organized in a twisted brickwork structure
51

Determination of the molecular arrangement inside cyanine dye
aggregates by magnetic orientation
(Fig. 4.6a). The N-N axes of the molecules are aligned in the c-direction
and the planes of the molecules are perpendicular to each other in the
ab-plane. Dye II crystallizes in a typical herringbone structure, with a
monoclinic unit cell containing two molecules (spacegroup Pn, CCDC
code: 227132). The crystal can be considered to consist of alternating
layers of oppositely directed molecules (Fig. 4.6b). Crystals from dye III
have a monoclinic unit cell consisting of 4 molecules (spacegroup P21 /c,
CCDC code: 227133). Within one layer the molecules form a brickwork
arrangement whereas adjacent layers form a herringbone type of structure
(Fig. 4.6c).

Spacegroup
a (Å)
b (Å)
c (Å)
β (◦ )
Z
CCDC code

dye I
P21 21 21
11.018(1)
21.445(1)
26.221(1)
90
8
227131

dye II
Pn
11.274(2)
6.503(1)
21.07(4)
103.07(3)
2
227132

dye III
P21 /c
17.879(5)
7.695(2)
24.087(7)
108.48(2)
4
227133

Table 4.1. Crystallographic data of the studied dye single crystals
determined from the X-ray experiments; the corresponding aggregates have
the same crystal structure as judged from the powder XRD diagrams.

4.4

Discussion

A. Dye I
For aggregates of dye I (1 g/l, 20 ◦ C), the absorbance parallel to the
magnetic ﬁeld increases considerably (A /A0 = 2 at 20 T), whereas the
perpendicular absorbance decreases (A⊥ /A0 = 0.25 at 20 T). The resulting
high dichroic ratio (A /A⊥ = 8) shows that i) the aggregates have a well
deﬁned internal ordering and ii) the cyanine molecules are aligned with
their long axis parallel to the ﬁeld, resembling the situation sketched in
Fig. 2.4a (see chapter 2). Furthermore the intense, red-shifted, narrow
absorption peak suggests a brickwork type of stacking within the aggregate
[21]. Indeed, the twisted brickwork structure found for dye I, necessarily
leads to alignment parallel to the ﬁeld. Only in this case all aromatic
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rings are directed parallel to the magnetic ﬁeld, as indicated in Fig. 4.6a,
which is a prerequisite for minimizing the magnetic energy. All other
orientations, such as the one with the long molecular axes perpendicular
to the ﬁeld, always lead to a ﬁnite angle between aromatic rings and the
ﬁeld axis, resulting in a higher magnetic energy.

Side view

Top view

a
B

B

b
B

B

c
B
B

Figure 4.6: Crystal structures of the diﬀerent dyes and their orientations
in an applied magnetic ﬁeld. The brickwork crystal of dye I (a) aligns
along the ﬁeld. The herringbone structure of dye II (b) and brickworkherringbone structure of dye III (c) align with the long molecular axis
perpendicular to the ﬁeld.
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All experimental results are therefore consistent with brickwork type
of aggregates of dye I that align parallel to a magnetic ﬁeld. Nevertheless
the ideal case depicted in Fig. 2.4a (chapter 2), where complete parallel alignment results in an inﬁnite dichroic ratio (because A⊥ /A0 goes to
zero), is not reached, which can be attributed to a number of reasons.
First of all, the maximum dichroic ratio can be enhanced signiﬁcantly by
increasing the concentration and/or decreasing the temperature [27], when
the average size of the aggregates is larger. The magnetic ﬁeld alignment
process of an aggregate strongly depends on its size, i.e. the larger the
aggregate is the easier to align it. Since the solution consists of a distribution of aggregates with diﬀerent sizes the ﬁnal dichroic ratio depends
on the average aggregate size, which can be tuned by concentration and
temperature.
Secondly, the eﬀects of scattering and reﬂection of the light by the
aggregates are neglected in the present analysis and will lead to small deviations from the ideal behavior. Finally, our analysis assumes that the
optical response of an aggregate is governed by one chromophore, for dye
I around 556 nm, oriented along the long molecular axis. In view of this
it is very striking that the measured absorbance peak for perpendicular
polarization (552 nm) is clearly shifted with respect to the zero ﬁeld peak
(556 nm), a behavior which cannot be explained by our simple model. In
order to investigate this behavior we have calculated the optical transition
dipole moment of the actual twisted brickwork arrangement of this dye,
using ZINDO semi-empirical calculations [32]. This calculation reproduces
the strong transition dipole moment (13.43 Debye) along the long molecular axis (c-axis) at 551 nm, close to the experimental value of 556 nm.
Furthermore, an additional weaker dipole moment (0.13 Debye) is found,
polarized along the b-axis, at 543 nm, 8 nm below the main transition.
The experimentally observed shift can therefore be explained as follows.
At the maximum magnetic ﬁeld the contribution of the main aggregate
peak to the perpendicular absorbance is strongly reduced, which enables
the observation of the weaker, oppositely polarized absorbtion peak at a
slightly lower wavelength. This observation further conﬁrms the twisted
brickwork arrangement of the aggregates and the usefulness of our magnetic ﬁeld alignment technique, although the presence of the oppositely
polarized absorption peak limits the maximum dichroic ratio that can be
obtained.
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B. Dyes II and III
Dyes II and III exhibit the opposite polarization behavior in magnetic ﬁeld, as compared to dye I, and resemble the situation displayed in
Fig. 2.4b (chapter 2), with the molecules perpendicular to the ﬁeld. This
diﬀerent alignment behavior is caused by the diﬀerence in stacking geometry. Both dyes have a herringbone structure, which implies that, in order
to align all aromatic rings along the ﬁeld, the aggregates orient themselves
in such a way that all constituent molecules are perpendicular to the ﬁeld,
as is displayed in Figs. 4.6b and c. A herringbone structure is also consistent with the appearance of two (blue- and red-shifted) absorption bands
upon aggregation, as a result of the Davydov splitting [33]. Both absorption peaks behave similarly in a magnetic ﬁeld, and decrease (increase)
simultaneously in parallel (perpendicular) polarization. Both dipole moments lie in the same plane, perpendicular to the magnetic ﬁeld direction in accordance to the proposed internal structure. It should be noted
however that our method of magnetic ﬁeld alignment predicts a similar
internal structure of dye II and III. Both dyes indeed have a herringbone
arrangement, but the more complicated combined brickwork-herringbone
structure of dye III cannot be distinguished from the herringbone structure of dye II.

4.5

Conclusions

We have presented a new technique to determine the internal structure of
dye aggregates in solution by measuring the polarized absorbance spectra
of magnetically aligned aggregates. We have demonstrated our method by
using three diﬀerent cyanine dyes, each with a diﬀerent molecular arrangement, which are essentially identical to the crystal structures obtained by
single crystal X-ray diﬀraction experiments. The applicability of our technique is not restricted to cyanine dyes, but our method can also be used
for other systems such as π-conjugated materials. It should also be emphasized, that just the tendency of increasing or decreasing of polarized
absorption without reaching a saturation can be already an indication of
the particular type of structure, leading to the applicability of our method
on the nanoscale.
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Chapter 5
Magnetic ﬁeld induced
alignment of a
2,3-bis-n-decyloxyanthracene
gel
The application of a magnetic ﬁeld during the gelliﬁcation of 2,3-bis-ndecyloxyanthracene in butanol induced the orientation of the organogel
ﬁbers. The alignment of the gel ﬁbers is persistent at room temperature
and induces a strong birefringence and a ﬂuorescence dichroism. The
highest orientation order parameter was found to be 0.85 for a gel obtained
in a 20 T magnetic ﬁeld. Scanning electron microscopy clearly shows that
the ﬁbers align perpendicular to the ﬁeld, while the birefringence data
have been exploited in order to propose possible molecular arrangements
within the gel-ﬁbers. Prospectively, such aligned gel ﬁbers can act as
a host matrix for the orientation and immobilization of supramolecular
assemblies, paving thus the way for new guest-host applications in organic
solvents. 1
1
This work was done in collaboration with Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of Technology and Laboratoire de Chimie Organique et Organometallique, Universite Bordeaux I.
I.O. Shklyarevskiy, P.C.M. Christianen, P. Jonkheijm, A.P.H.J. Schenning, E.W. Meijer, A. Del Guerzo, J.-P. Desvergne, and J.C. Maan, Magnetic ﬁeld induced alignment
of a 2,3-bis-n-decyloxyanthracene gel. In preparation.
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5.1

Introduction

Recently the interest in organogels has increased considerably, in particular for producing materials exhibiting a three-dimensional network
through the self-assembly of a low molecular-mass organic gelator
(LMOG). These thermally-reversible soft materials generally consist of
an organic liquid and a small amount of LMOG (10−3 ÷ 10−2 M) and have
a great potential for a wide range of industrial applications (food industry, deodorants, cosmetics and chromatography) [1–4]. The gel structure
is stabilized through non-covalent interactions, such as hydrogen bonding, π − π stacking or van der Waals forces between the small gelator
molecules [5–7]. However, the molecular packing of organogels is often unknown and not straightforward to reveal with the conventional techniques.
In addition, it is very diﬃcult to predict whether a speciﬁc molecule is able
to gelate an organic ﬂuid. Consequently, further investigations are necessary to gain insight in the self-assembly processes of actual organogels.
Moreover, it can be of great interest to strongly organize the ﬁber network.
For example, the orientation of gel ﬁbers along a main axis can be used
for diﬀerent purposes: i) to ﬁx and/or orient functional organic materials
in order to induce or to enhance speciﬁc physical properties, like the carrier mobility of conjugated materials [8] or the polarization of absorbers
and emitters [9], ii) to allow the investigation by polarized infrared and
ﬂuorescence spectroscopy of the molecular organization of the gelator in
a ﬁber, e.g. as in the case of a manually aligned aerogel [10]. These types
of studies are of great importance because often organogels do not show
a clear Bragg diﬀraction pattern (X-ray measurements), unless, in limited
cases, crystalline regions are formed [11–13].
The LMOG 2,3-bis-n-decyloxyanthracene (DDOA) has been extensively studied due to its outstanding capacity to form gels, its simple
molecular structure and its optical properties. It has also been shown
that under mechanical constraints DDOA can form an organogel displaying aligned ﬁbers [14]. In the present study, we propose the use of high
magnetic ﬁelds in order to macroscopically align the ﬁbers of a DDOA
organogels and demonstrate that a complete orientation can be envisaged. This technique has already revealed itself applicable in the case of a
steroid LMOG-based gel [15], as well as for polymer gels [16, 17]. We will
demonstrate that by measuring the ﬁeld-induced linear birefringence, it
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is possible to determine the degree of alignment, which is directly related
to the molecular properties of the substance under investigation, as it is
governed by the anisotropy in its diamagnetic susceptibility. We will show
that the analysis of this type of experiments strongly contributes to the
determination of the internal structure of the DDOA ﬁbers.

5.2

Experimental details

The synthesis of the DDOA molecules (top panel Fig. 5.1) has been published elsewhere [18]. The experiments were performed for a concentration
of 8 g/l in n-butanol. Prior to the gelation experiments the DDOA solution was ﬁrst heated up to 70 ◦ C until no powder remnants were visible
and the DDOA was molecularly dissolved. Subsequently the sample was
loaded in an optical cell (2 mm thick, 10 mm wide, 45 mm high) inside a
20 T Bitter magnet and allowed to cool down to room temperature. The
cell was heated up to 60 ◦ C and in a background magnetic ﬁeld cooled
down to 30 ◦ C to gelate the solution. The temperature of the sample
was controlled by a water-based temperature controller with a precision
of ±0.1 ◦ C.
High-resolution magnetic birefringence measurements were carried out
using the setup described in chapter 2.
Polarized ﬂuorescence experiments were performed using Perkin Elmer
luminescence spectrometer LS50B with an excitation wavelength of
340 nm.
In order to perform scanning electron microscopy (SEM) images gels
were carefully extracted from the cell and transferred to a metal sample
holder, and allowed to dry out. The obtained xerogel was coated by a
2 nm Pt layer using a BALZERS BAE 121 Multicoating System and
subsequently studied by JEOL JSM T300 scanning microscope at 3 kV
using a 1.2 nA probe current.

5.3

Experimental Results

Fig. 5.1 shows the development of the birefringence during the gelation
of DDOA in butanol at diﬀerent magnetic ﬁeld strengths (the gelation
occurred during cooling from 60 ◦ C to 30 ◦ C in 1200 sec starting after
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500 seconds that corresponds to approximately 40 ◦ C). The birefringence
strongly depends on the applied ﬁeld, yielding higher absolute birefringence values, i.e. a higher degree of orientation with an increasing ﬁeld.
All birefringence curves have a negative sign. This would indicate that the
molecules, taken individually, are oriented with their axes of largest polarizability parallel to the magnetic ﬁeld direction (see section 2.4.3.). By
analogy with similar molecule: DDA (2,7-diamino-3,6-dinitroanthracene),
which displays calculated values for the polarizability of α = 48.5 · 10−30
m3 and α⊥ = 30.5 · 10−30 m3 [19], the DDOA molecules would then be
oriented with their long molecular axes parallel to the magnetic ﬁeld.
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Figure 5.1: Top: Chemical structure of the 2,3-bis-n-decyloxyanthracene.
Bottom: Magnetic ﬁeld induced birefringence at diﬀerent magnetic ﬁeld
strengths, recorded during the gelation of DDOA. Inset: Magnetic ﬁeld
dependence of the maximum birefringence, obtained after complete gelation
(T=30 ◦ C, time=1200 sec).
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5.3 Experimental Results
The inset of Fig. 5.1 shows the magnetic ﬁeld dependence of the birefringence obtained after completion of the gelation (symbols). The solid
line is a result of a ﬁtting procedure that will be discussed later. The
characteristic (inverted) S-shape of this ﬁeld dependence is typical for the
alignment process of diamagnetic substances, indicating almost complete
orientation at high ﬁelds where the curve tends to saturate.
Fig. 5.2 presents scanning electron microscopy images of DDOA xerogels, fabricated at 0 (a) and 20 T (b). Both images display a ﬁber
network that is characteristic for a DDOA gel. Without a magnetic ﬁeld
(Fig. 5.2a) the ﬁbers and ﬁber bundles are randomly oriented, whereas the
ﬁbers in the sample produced at 20 T are oriented perpendicularly to the
ﬁeld direction (Fig. 5.2b). It should be noted that the image in Fig. 5.2b
corresponds to a nicely homogeneous part of the sample where only ﬁbers
were observed and no ﬁber bundles. At other places we have observed
both ﬁbers and ﬁber bundles, but always aligned perpendicularly to the
ﬁeld.
It is important to note that although the ﬁbers align perpendicular to
the ﬁeld, their orientation in the perpendicular plane is not determined
by the ﬁeld. In practice, however, uniaxial orientation was obtained by
using the so-called ”container eﬀect”, by choosing the proper anisotropic
dimensions for the container of the gel. In our case the thickness of the
cell (2 mm) was much smaller than its width (10 mm), which resulted in
ﬁber orientation along the width of the cell (see Fig. 5.2c).



c




B



Figure 5.2: SEM photographs of the DDOA xerogel obtained at a) 0 T
and b) 20 T. The ﬁbers are oriented perpendicular to the magnetic ﬁeld
direction, which is conﬁrmed by the photograph c).
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Fluorescence Intensity (arb. units)

In order to further verify the orientation of the ﬁbers we have performed polarized luminescence measurements (Fig. 5.3). The spectra
were measured using an excitation wavelength of 340 nm, with both
the excitation and detection polarizations either parallel or perpendicular to the direction of the ﬁbers. The ﬂuorescence intensity with (excitation/detection) polarization parallel to the ﬁber axis (perpendicular to
the magnetic ﬁeld) is 1.7 times larger than for the perpendicular polarization. These results are also quite similar to those observed for physically
aligned aerogel ﬁbers, even though the organogel exhibits a slightly higher
anisotropy and no excimer emission. The value of the angle of the optical
transition dipole moment with respect to the ﬁber axis depends on the
model used to interpret the data, but the ﬂuorescence anisotropy shows
that it is in average smaller than the magic angle (54.7 ◦ ). Knowing
that the optical transition dipole moment is perpendicular to the long
axis and in the plane of the aromatic ring, this experiment shows that the
molecules align with angle (0 < θ < 90 ◦ ) between their plane and the axis
of the ﬁber. It has also to be mentioned that by ﬂuorescence, due to the
high concentration of chromophores and complex excited state dynamics,
a fraction of the molecules might not be probed [20].
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Figure 5.3: Polarized ﬂuorescence spectra of a magnetically aligned DDOA
gel obtained for excitation and detection parallel to the ﬁber direction (solid
line) and perpendicular to it (dotted line). Excitation wavelength was 340
nm.
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5.4

Discussion

In the literature several models for the stacking of DDOA in the gel ﬁbers
have been presented, evolving from a simple unidirectional molecular π−π
stacking perpendicular to the ﬁber axis [21], to a more elaborate hollow
cylindrical structure with molecular planes displaying average inclination
and tilting with respect to the ﬁber axis [10]. In order to discriminate
between diﬀerent internal molecular arrangements we use the SEM and
ﬂuorescence data, and a quantitative analysis of the birefringence. We
know that: i) in average, the DDOA molecules align with their long axis
essentially along the magnetic ﬁeld axis, which is perpendicular to the
ﬁber direction. ii) the aromatic rings preferentially align with their plane
parallel to the magnetic ﬁeld direction [22]. iii) the ﬁeld dependence of the
maximum birefringence shows S-shaped behavior (Inset Fig. 5.1, symbols
Fig. 5.4).
This evolution of the birefringence with the magnetic ﬁeld is described
by equation 2.48 (chapter 2). Filling in N = 16 · NA m−3 (for 8 g/l
concentration, molecular weight of DDOA = 490), n1 =1.4 (for butanol),
α = 48.5 · 10−30 m3 and α⊥ = 30.5 · 10−30 m3 [19], we obtain a maximum
possible birefringence of ∆n = −1.2 · 10−4 , the absolute value of which is
considerably larger than the experimental value (−8.8·10−5 ) at 20 T. This
maximum value corresponds to the ideal case with all molecules oriented
with their long axes along the magnetic ﬁeld direction, which apparently
is not the experimental case.
Strictly speaking, the birefringence signal consists of two terms: the
intrinsic birefringence (described by equation 2.48) and the form birefringence resulting from the shape anisotropy of the ﬁbers. We have estimated the form birefringence in the cylindrical shell approximation (see
appendix) using shells of length L and diameter b using Mie scattering
theory (L >> b) [23]. Taking realistic experimental values (L ∼ 100 µm,
b ∼50 nm) we have found that the maximum form birefringence is always
smaller than 10−6 , and can be safely ignored.
We calculate the ﬁeld dependence of the birefringence for several models of possible simple ﬁber structures (I-VI, see right panel Fig. 5.4), and
compare them with the experimental results. In those calculations we
use equations 2.48, 2.49, and 2.19, using a maximum birefringence of
∆n = −1.2·10−4 (see above), ∆χm = 2.25·10−9 m3 /mol [22], Nmol = 6·104
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molecules, and T =303 K. Even though we have not extensively studied
the very large number of possible molecular arrangements, the calculations on these chosen basic models aﬀord the necessary qualitative and
quantitative information.
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Figure 5.4: Results of the model calculations (solid lines) to describe the
experimental data points (symbols). The diﬀerent ﬁtting curves correspond
to diﬀerent stacking geometries of the DDOA ﬁber structure (right panel),
which are explained in the text.
First we consider structures I and II, in which the long axes of the
individual DDOA molecules (depicted by the rectangles) are perpendicular
to the ﬁber axis. We can rule out this stacking geometry because of two
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reasons: i) the ﬁbers would align parallel to the magnetic ﬁeld direction
(as shown), when the planes of the aromatic rings are parallel to the ﬁeld.
ii) the ﬁeld-induced birefringence (curve a in Fig. 5.4) would always be
positive, because the individual molecules are perpendicular to the ﬁeld.
Both features are opposed to the experimental ﬁndings.
The ﬁeld-induced birefringence of ﬁbers III and IV show the expected
negative sign (curve c in Fig. 5.4), because the DDOA molecules are
aligned along the ﬁeld. However, in order to have its aromatic rings parallel to the magnetic ﬁeld, structure III has to have the ﬁbers oriented
parallel to the ﬁeld, contrary to the observations from SEM. Fiber structure IV, results in the alignment of the ﬁbers perpendicular to the ﬁeld
with a negative birefringence. Calculations of the actual birefringence using equations 2.48 and 2.49 lead however to birefringence values that are
20% higher than the experimental ones (curve c, Fig. 5.4), suggesting that
compared to model IV, an additional orientation parameter lessening the
maximum birefringence has to be considered.
A more accurate description of the ﬁeld dependence of the birefringence values is obtained by considering arrangements V and VI, where the
molecular orientation varies along the DDOA ﬁber, leading to an overall
reduction of the birefringence of a fully aligned ﬁber as compared to model
IV. Curve b in Fig. 5.4 is obtained by modifying equation 2.48:

1
(cos2 θ − sin2 θ sin2 φ) cos2 θf (θ, φ)dθdφ (5.1)
∆n = n1 N (α − α⊥ )
2
The extra degree of freedom for the orientation within the ﬁber structure is accounted for by the extra cos2 θ term. The calculated birefringence
values for structures V and VI are identical and coincide nicely with the
experimentally obtained data. Strictly speaking the birefringence is not
yet maximal at 20 T, which implies that the alignment is not yet complete at this ﬁeld. In fact only at 50 T we calculate complete (100%, order
parameter 1) alignment, whereas at 20 T the order parameter is 0.85.
Another important parameter in these calculations is Nmol , since the
degree of alignment depends strongly on the size of the ﬁber. We obtain
the best description of the ﬁeld dependence of the birefringence using a
value of 6 · 104 . Both higher and lower values result in respectively a
stronger or weaker ﬁeld dependence of the maximum birefringence. Assuming a dense packing of DDOA molecules similar to that of DHOA
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crystals [24] and a ﬁber diameter of 100 nm (resp. 50 nm), this would
correspond to a cylinder of about 6 nm (resp. 25 nm) in length, thus
surprisingly short. Another possibility is that the ﬁbers are longer and
are either hollow cylinders or have a much smaller diameter.
The combination of SEM, quantitative examination of the birefringence and ﬂuorescence dichroism is very valuable to acquire an insight on
the molecular structure of DDOA gel ﬁbers. It allows ruling out several
molecular arrangements (structures I-IV) and restricts the type of geometries that are consistent with the experimental data (type V and VI). It
is probable that other more elaborate molecular arrangements are formed
and better describe the actual birefringence and ﬂuorescence anisotropy.
In this analysis we assume a perfect stacking of the molecules in the ﬁbers
which is certainly not the case. To obtain a realistic description of the ﬁber
stacking we should introduce a certain degree of disorder on a molecular
level that averages out the polarized optical response. Such a procedure
drastically complicates the calculations, and also introduces a certain ambiguity in our analysis, since both changes in the stacking arrangement as
well as the molecular disorder aﬀect the polarized optical properties. Nevertheless, this study has allowed to gain further insight on the molecular
structure of the gel and allowed to obtain magnetically aligned samples,
which are very well suited to perform complementary experiments. It
also suggests that slightly diﬀerent structures might appear depending on
the fabrication process of the gels (magnetically aligned vs. supercritical
process).

5.5

Conclusions

We have presented a method to macroscopically align the ﬁbers of a DDOA
gel, by cooling down a solution of DDOA gelator molecules in butanol
under an external magnetic ﬁeld. The magnetically oriented ﬁbers are
aligned perpendicular to the magnetic ﬁeld direction and exhibit a strong
birefringence and ﬂuorescence dichroism. The maximum orientational order parameter is 0.85, obtained at 20 T. From the experimental results
and theoretical modelling is it possible to propose possible types of structures for the molecular arrangement in the gel-ﬁbers, and deﬁnitely rule
out several other models.
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The eﬃcient orientation of DDOA gel-ﬁbers shows its potential as a
host matrix for the ﬁxation and orientation of molecular guests, i.e. single molecules or larger supramolecular assemblies, in a variety of organic
solvents. As such, the DDOA gel could preserve the alignment of magnetically oriented material in alcohols, even after the ﬁeld is switched
oﬀ, as was recently demonstrated for cyanine dyes in water gelated
by gelatine [25], and for phthalocynaines in chloroform [26], as well as
for the sexithiophene aggregates in isopropanol (see next chapter). Indeed, functional molecules self-assemble in alcohols (such as thiophenes,
phenylenevinylenes and perylenes), but often the internal arrangement is
not known. Preparation of aligned aggregates ﬁxed in a gel enables elaborate experiments, such as X-ray scattering and polarized absorption and
luminescence spectroscopy, in order to determine the internal molecular
structure of both host and guest.

5.6

Appendix

Here we will calculate the form birefringence ∆nFmax for cylindrical shells
(that can be a very good approximation of the proposed ﬁber structure)
with the length L and diameter b (L >> b) using Mie scattering theory,
which is valid for any diameter b and thickness of the shell δ. We obtain:

∆nF
max =
n=∞

2
ns

Lk2

[m2 A1 (n) + mA2 (n) + A3 (n)] · [m2 B1 (n) + mB2 (n) + B3 (n)]
−
[m2 A1 (n) + mA2 (n) + A3 (n)]2 + [m2 B1 (n) + mB2 (n) + B3 (n)]2
n=−∞

[A1 (n) + mA2 (n) + m2 A3 (n)] · [B1 (n) + mB2 (n) + m2 B3 (n)]
A1 (n) + mA2 (n) + m2 A3 (n)]2 + [B1 (n) + mB2 (n) + m2 B3 (n)]2

where ns and nm are the refractive indices of solvent and material corre, and the quantities A(n) and B(n) are given
spondingly, m = nnms , k = 2π
λ
by
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A1 (n) = Jn (x0 )Jn (x1 )[Jn (y1 )Yn (y0 ) − Jn (y0 )Yn (y1 )]
A2 (n) = Jn (x0 )Jn (x1 )[Jn (y0 )Yn (y1 ) − Jn (y1 )Yn (y0 )] +
+ Jn (x0 )Jn (x1 )[Jn (y0 )Yn (y1 ) − Jn (y1 )Yn (y0 )]
A3 (n) = Jn (x0 )Jn (x1 )[Jn (y1 )Yn (y0 ) − Jn (y0 )Yn (y1 )]
B1 (n) = Jn (x0 )Yn (x1 )[Jn (y1 )Yn (y0 ) − Jn (y0 )Yn (y1 )]
B2 (n) = Jn (x0 )Yn (x1 )[Jn (y0 )Yn (y1 ) − Jn (y1 )Yn (y0 )] +
+ Jn (x0 )Yn (x1 )[Jn (y0 )Yn (y1 ) − Jn (y1 )Yn (y0 )]
A3 (n) = Jn (x0 )Yn (x1 )[Jn (y1 )Yn (y0 ) − Jn (y0 )Yn (y1 )]

Here Jn and Yn are ordinary Bessel function of the ﬁrst kind; primes
indicate derivatives. The arguments are x0 = kns ( 2b − δ), x1 = kns 2b ,
y0 = knm ( 2b − δ), x0 = knm 2b .
Taking the experimental values of b ∼ 50 nm, δ=1 nm, L ∼100 µm,
λ=632.8 nm, ns =1.4 and nm ∼1.6, we are getting ∆nFmax ∼ 5 · 10−7 .
This value is two orders of magnitude smaller, than obtained from the
experiment being therefore negligible.
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Chapter 6
Magnetic manipulation of
self-assembled sexithiophene
aggregates
We demonstrate that magnetic forces are suﬃciently strong to manipulate
self-assembled sexithiophene aggregates in alcohol and water solutions,
and thus provide a nano-scale tool to investigate and control supramolecular self-assembly. We illustrate the method by means of two distinct
examples. Following the analysis of the previous chapter we determine
the internal molecular arrangements. Magnetic alignment reveals that the
self-assembly of sexithiophene molecules in solvents of diﬀerent polarity
results in diﬀerent types of aggregates, although their absorption spectra
are almost identical. Sexithiophene molecules are found to organize in
homogeneously sized nanocapsules in isopropanol. These capsules can be
deformed by magnetic ﬁeld, trapped in organogel and visualized by SEM.
Finally we have shown that these deformation experiments allows the determination of the elastic constant of the nanocapsules as (0.7±0.1)·10−21
J. 1
1

This work was done in collaboration with Laboratory of Macromolecular and
Organic Chemistry, Eindhoven University of Technology, IRC in Polymer Science
and Technology, University of Durham, and Laboratoire de Chimie Organique et
Organometallique, Universite Bordeaux I.
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6.1

Introduction

The ability to control the self-assembly of molecules on a nanometer scale
is crucial in order to construct molecular architectures of increasing complexity, with a predeﬁned shape, molecular composition and eventually
a desired functionality. The fabrication and subsequent characterization
of such nano-objects requires both chemical and physical methods. First
of all, molecular building blocks should be designed and synthesized that
are programmed to form supramolecular assemblies via non-covalent intermolecular forces, such as hydrogen bonding, π − π interactions, and
van der Waals interactions [1, 2]. Subsequently, the molecules should selfassemble in a controlled environment with or without the help of external
physical forces, applied to position, orient or deform the nano-objects.
Finally, the architectures should be characterized, preferably using either
an individual object or an ensemble of identical objects, in order to investigate and understand their fundamental properties. Here we employ
strong magnetic forces to physically manipulate supramolecular sexithiophene nanostructures, leading to either magnetic orientation of otherwise
randomly oriented aggregates or to magnetic deformation of spherical aggregates. Our results demonstrate that magnetic manipulation can be
successfully used to determine fundamental properties of aggregates, such
as their internal molecular structure or elasticity, and is a useful tool
to control the positioning and shape of architectures in solutions at a
nanoscale.
Nature makes abundantly use of self-assembly processes to construct
architectures for speciﬁc tasks. Famous examples are the self-assembly
of amphiphilic phospholipid molecules to form the walls of living cells,
the hierarchical self-assembly of collagen ﬁbres to constitute mammal tissue or the formation of light-harvesting complexes, in which chromophoric
molecules are arranged in such a way as to optimize the transfer of energy.
The beauty and eﬃciency of these natural systems have inspired many
researchers to develop routes towards artiﬁcial self-assembled structures,
leading to very active investigations in several research areas, embedded
in physics, chemistry, biology and materials science. Small amphiphilic
molecular building blocks, including phospholipids, have been designed
and synthesized that form micelles, vesicles or sheet-like structures in water [3]. Small chromophoric molecules are used to grow molecular crys74
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tals with unique properties [4] or to form monolayers on substrates that
can be characterized by scanning probe techniques [5]. Motivated by the
enormous interest to fabricate novel nanostructures, a large variety of differently shaped supramolecular nano-objects, such as rods [6], wires [7, 8],
tubes [9], rings [10] and vesicles [11], have been fabricated, the physical
properties of which diﬀer from those of the bulk material and are governed
by their molecular composition and shape.
In view of potential industrial device applications the use of molecular
materials is attractive because they provide a relatively easy, low-cost and
versatile means to produce materials with a desired optical or electric functionality. Plastic (opto-)electronic devices, based on conjugated polymers,
have already been successfully introduced on the market. The performance
of these materials, which are essentially amorphous, bulk materials, can
be further improved by optimizing the degree of orientational ordering
utilizing self-assembly of smaller conjugated molecules, such as the sexithiophene molecules used here. One major advantage of self-assembly
processes is that those are reversible and therefore self-healing, yielding a
high degree of molecular order that eventually should result in superior
properties, such as enhanced charge carrier mobilities [12].
In addition to the fabrication of relatively standard devices, such as
light emitting diodes and ﬁeld-eﬀect-transistors, self-assembly can also be
used to manufacture novel supramolecular devices based on the structural
organization and functional integration of components that operate with
photons, electrons and ions or that have particular chemical functions. For
instance, the development of supramolecular wires aims at constructing
well-deﬁned connections between diﬀerent nanoscale components. Hollow
spherical aggregates, i.e. nanocapsules, are envisaged to be suitable for
drug delivery purposes or as nanoreactors for speciﬁc chemical reactions,
including the use of enzymes and/or synthetic catalysts in a controlled
environment [11]. In this regard, sexithiophene is a very interesting material, since it can show high carrier mobilities [13], and, as we will show
below, the self-assembly of sexithiophene molecules can lead to aggregates
of diﬀerent shape and composition.
As mentioned above, the properties of molecular structures strongly
depend on the internal degree of orientational order. It is therefore important to ﬁnd physical manipulation methods to optimize the molecular organization in addition to the chemical tools provided by the self75
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assembly processes. However, this type of manipulation is challenging
since it requires proper positioning (eg. orientation in predeﬁned direction) or deformation (eg. stretching or shrinking) of small objects on a
nanoscale. Several approaches, such as optical tweezers [14–16] and scanning probe techniques (SPM) [17–19], were utilized for the manipulation
and characterization of individual nano-objects. The use of optical tweezers is based on forces exerted by a strongly focused light beam to trap
and move objects. With this method objects, ranging in size from tens
of nanometers to tens of microns, can be trapped with forces as strong as
hundreds of pN, and for instance can be used to determine the elasticity
of small systems [15, 16]. SPM techniques are restricted to applications
on surfaces, but they possess the unique ability to move individual objects
as small as atoms, using forces as strong as nN [18]. These approaches
are very powerful to manipulate individual objects, but are not applicable
for the simultaneous manipulation of many supramolecular objects. For
that purpose, other manipulation techniques, such as electric ﬁelds [20],
shear ﬂow [21], and pressure [22] have been used. Here, we use an alternative method, that is magnetic manipulation, which has several profound
advantages.
This chapter is organized as follows: section 6.2 describes the sexithiophene molecule used and the experimental procedures and techniques. In
section 6.3 the magnetic manipulation results are presented. In subsection
6.3.1 the magnetic ﬁeld induced birefringence measurements are reported,
obtained for the sexithiophene aggregates in solvents of diﬀerent polarity,
showing the advantages of this alignment technique. Subsection 6.3.2 addresses the characterization of sexithiophene nanocapsules in isopropanol,
followed by the demonstration of magnetic ﬁeld induced deformation of
these nanocapsules (6.3.3). Section 6.4 deals with a full theoretical analysis of the magnetic deformation results, leading to the determination of
the elastic constant of the nanocapsules. The chapter is ﬁnalized by the
conclusions in section 6.5.

6.2

Experimental details

We have studied aggregates of the bolaamphiphile [23] 2,5””’-(R-2-methyl3,6,9,12,15-pentaoxahexadecyl ester) sexithiophene (6T), with the struc76
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Figure 6.1:
Chemical structure of 2,5””’-(R-2-methyl-3,6,9,12,15pentaoxahexadecyl ester) sexithiophene (6T), which has a rigid apolar sexithiophene block substituted at both ends by polar ethylene oxide chains
(total length 6.8 nm).

tural formula given in Figure 6.1. 6T has a rigid apolar sexithiophene
block substituted at both ends by polar ethylene oxide chains. Due to the
diﬀerence of solubility of the molecular core and tails, and the tendency
of the sexithiophene moieties to stack, 6T forms aggregates in alcohols
and water solutions and at the air/water interface [24, 25] as well as ﬁber
structures on the solid support [25]. To study the inﬂuence of the polarity of the solvent on the self-assembly properties of 6T we have prepared
aggregate solutions for a series of solvents: water, ethanol, isopropanol,
butanol, pentanol, octanol and decanol, according to the following procedure: 1 mg of 6T powder was dissolved in 0.05 ml of tetrahydrofuran
(THF). Subsequently, the obtained monomer solution was injected into
the solvent in a chosen proportion to obtain the desired concentration. In
all solvents aggregation takes place in a few minutes after injection of the
6T/THF solution and is in all cases, except in isopropanol, accompanied
by the onset of a milky appearance, induced by light scattering. To check
the stability of the 6T aggregates over time we have compared fresh and
10-days-old solutions.
All aggregate solutions were characterized, at zero magnetic ﬁeld, by
UV/VIS polarized absorption experiments as described in chapter 2 (section 2.3.3). The magnetic response of the 6T aggregates was determined
by measuring the ﬁeld-induced linear birefringence using a 20 T Bitter
magnet as described in chapter 2 (section 2.4.4). For optical experiments,
absorption and birefringence, the 6T solution was contained in a 2 mm
thick optical cell, the temperature of which was controlled by a waterbased temperature controller (±0.1 ◦ C).
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The special case of 6T aggregates in isopropanol was further characterized in solution via dynamic light scattering (DLS) experiments, and
on a solid support by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The DLS measurements were carried out using
an intensity-stabilized Helium-Neon laser (λ=632.8 nm, 4.5 mW). The
incident laser beam was focused in the center of a precision glass cylindrical cell containing the 6T aggregates. The light, scattered at 90 ◦
with respect to the incident beam, was guided to a single photon detector
(ALV/SO-SIPD) through a single mode ﬁber, to meet the spatial coherence conditions. The signal was processed using a 320 channel Multiple
Tau Digital Correlator (ALV-5000/E). The measurements were carried out
in a temperature range of 20 to 80 ◦ C (±0.05 ◦ C) using a home-made heating stage, driven by an active feedback temperature controller (LakeShore
340).
For SEM experiments 6T aggregates were drop-cast and dried out
on aluminum sample holders, coated by 2 nm Pt layer using a Balzers
BAE 121 multicoating system and subsequently studied by a JEOL JSM
T300 scanning microscope at 3 kV and a 1.2 nA probe current. TMAFM (Tapping Mode Atomic Force Microscopy) images were recorded on
aggregates drop-cast on a glass support, using a Nanoscope III Multimode
AFM (Digital Instruments). The measurements were performed under
ambient atmosphere, at room temperature, with a scan rate of 1 line per
second, using NSG-10 (NT-MDT) Silicon cantilevers (length: 125 µm, tip
radius of curvature: 5÷10 nm).

6.3
6.3.1

Experimental results
Magnetic ﬁeld induced alignment of sexithiophene aggregates

The absorption spectra of 6T aggregates in water, isopropanol and nbutanol, shown in Fig. 6.2a, are very similar, with a maximum absorbance
around 400 nm. Fig. 6.2b shows the temperature dependence of the absorbance of 6T in isopropanol, which is typical for 6T molecules in solvents.
The low temperature (<60 ◦ C) absorbance maximum around 400 nm, is
blue-shifted with respect to the molecularly dissolved species (peak around
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Figure 6.2: a) Absorbance spectra of a 6T solution (1 g/l) in the water (solid line), isopropanol (dashed line) and n-butanol (dotted line) at
20 ◦ C. b) Temperature dependence of the absorption spectra of a 6T solution (1 g/l) in isopropanol.
450 nm) at high temperatures (80 ◦ C). This spectral shift is caused by
exciton coupling between neighboring 6T molecules [26] and reﬂects the
formation of H-aggregates below 60 ◦ C.
The crossover from aggregates to dissolved molecules occurs within a
narrow temperature window of about 20 ◦ C, indicating a high degree of
molecular order within the assemblies. Although the absorbance spectra
of 6T in diﬀerent solvents (Fig. 6.2a) is quite similar, in the following,
we will show from the magnetic response of the 6T aggregates that the
structures are in fact quite diﬀerent.
Fig. 6.3 shows the magnetic ﬁeld induced birefringence curves for
freshly made (Fig. 6.3a) and 10 days old (Fig. 6.3b) 6T solutions in the
diﬀerent solvents. The curves are diﬀerent both in amplitude and sign
for diﬀerent solvents, contrary to the quite similar absorption spectra.
Furthermore they show a pronounced change over time. In fresh solutions
(Fig. 6.3a) of 6T the birefringence signal is almost in all cases negative (except in water), implying that the aggregates are orienting with the axis of
the highest polarizability of the constituent molecules parallel to the magnetic ﬁeld direction. The water-based solution does not show any eﬀect.
In general, with increasing magnetic ﬁeld ∆n initially grows quadratically,
followed by a slower increase at intermediate ﬁelds, which ﬂattens oﬀ at
higher ﬁelds. The only exception is the decanol solution which exhibits a
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Figure 6.3: Magnetic ﬁeld induced birefringence curves of fresh (a), and
10-days-old solutions (b) of 6T (1 g/l) in diﬀerent solvents at 20 ◦ C. Concentration = 1 g/L.

maximum (absolute) value of the birefringence around 5 T. The magnetic
responses of the 10-days-old solutions are for most solvents much weaker
(Fig. 6.3b), and in some cases (ethanol, butanol and decanol) even of opposite sign. Only the behavior of the 6T/isopropanol solution is stable over
time, which is a ﬁrst indication that this molecule/solvent combination is
special.
The magnetic birefringence signal is determined by the aggregate as a
whole, namely the number of stacked molecules, the actual internal molecular arrangement and the degree of disorder within the stacks [27, 28].
Therefore magnetic alignment probes other properties than UV/VIS absorption spectroscopy where the measured spectral shift upon aggregation
is mainly due to optical dipole interactions between adjacent molecules
and quickly saturates with an increasing number of molecular dipoles [29].
Hence, UV/VIS spectroscopy predominantly probes the short range ordering of the molecular dipoles, whereas magnetic alignment is sensitive to
the molecular order on the scale of the entire aggregate. The type of ordering should be constant over the whole aggregate because disorder will
average out the magnetic response leading to a diminished birefringence
signal. We can thus conclude from the data that either the overall structure and/or the degree of disorder of the 6T aggregates strongly varies
with the polarity of the solvent and in most cases also with time. For
instance, the large magnetic birefringence signals of the fresh solutions of
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6T in isopropanol, butanol, pentanol and octanol (Fig. 6.3a) indicate the
formation of well-deﬁned aggregates. Instead, the long-range molecular
order within the water-based aggregates is probably much worse, despite
the similar absorption spectrum as compared to butanol and isopropanol.
A full analysis of the internal structures of 6T aggregates as a function
of solvent and time is very complicated and is the subject of further investigations. In the remainder of this paper we will focus our attention to
the special case of 6T in isopropanol, which has a large magnetic response
that is stable in time. In addition, this isopropanol solution was the only
clear solution, showing no visible scattering, which implies the formation
of well-deﬁned small aggregates.

6.3.2

Characterization of the spherical sexithiophene nanocapsules in isopropanol

For 6T aggregates in isopropanol we have performed DLS experiments and
data are shown in Fig. 6.4(a), obtained for a 1 g/l solution at diﬀerent temperatures. All experimental curves (except the curve obtained at 70 ◦ C)
display a single exponential decay, which is typical for sphere-like structures, and which can be ﬁtted using the Einstein-Stokes relation, to yield
the diameter of the sphere [30]. The decay time of the correlation function
increases with temperature, indicating an increase of the sphere diameter.
At 70 ◦ C the correlation trace does not follow a single exponential decay
anymore, and at 80 ◦ C the DLS correlation signal has disappeared. This
behavior is consistent with the temperature dependent absorbance data
in Fig. 6.2. At low temperatures spherical aggregates are present causing
an absorbance spectrum that is blue-shifted with respect to the dissolved
solution at 80 ◦ C.
Fig. 6.4b plots the radius of the 6T spheres as a function of temperature, obtained from the DLS correlation traces. The radius of the spheres
increases with temperature from 57 nm at 20 ◦ C to 125 nm at 60 ◦ C. It
appeared that the well-deﬁned spherical aggregates cannot be recovered
by cooling a dissolved solution, which implies that the transition from
spheres to monomers is not reversible. Instead, in those cases a milky
solution was obtained, accompanied by DLS correlation curves with very
long decay times (not shown), corresponding to objects with a radius that
exceeds 5 µm. At present the origin of the irreversibility is not clear, but
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Figure 6.4: a) DLS correlation traces of a 6T aggregate solution (1 g/L)
in isopropanol at diﬀerent temperatures. The correlation curves display a
single exponential decay (except at 70 ◦ C) that is characteristic for spherical structures. b) Radius of the 6T nanocapsules, obtained by ﬁtting the
curves in a). The radius increases with temperature. Above 70 ◦ C the 6T
molecules are dissolved.
it could be related to the presence of THF in the 6T solution. THF has a
boiling point of 66 ◦ C, and heating of the solution above this point results
in evaporation of the THF which might change the delicate balance of the
self-assembly of 6T in isopropanol.
To investigate whether the 6T nanospheres can be transferred to a
solid support we have imaged them by AFM and SEM. Fig. 6.5 reports
a typical AFM image obtained after drop-casting a 1 g/l 6T/isopropanol
solution on a glass substrate. These images reveal circular objects with
a typical diameter around 100 nm, but with a considerably lower height
of about 20 nm. The value of the diameter is equal to or larger than
the diameters determined by the DLS experiments, whereas the height
of the objects is only a few times the length of the 6T molecule. These
data lead to the conclusion that the aggregates are hollow spheres, i.e.
capsules, in solution, and collapse after drop-casting on a substrate and
application of a local force by the AFM tip. This picture is conﬁrmed by
SEM imaging of drop-casted 6T aggregates (Fig. 6.6), revealing spherical
objects with a typical radius of about 100 nm, consistent with the DLS
results. Fig. 6.6(c) shows a typical example of fusion of two nanocapsules.
In this regard we speculate that the observed enhancement of the radius
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Figure 6.5: Atomic force microscope image of collapsed 6T nanocapsules,
obtained by dropcasting a 1 g/l 6T/isopropanol solution on a glass support.

a

b

c

Figure 6.6: Scanning electron microscopy images of drop-cast 6T nanocapsules on a metallic surface.

(Fig. 6.4b) is also due to thermally-driven fusion of the capsules, which is
a well known eﬀect of vesicular structures [31].
The DLS, AFM and SEM investigations prove that 6T molecules selfassemble into nanocapsules, constructed from a layer of 6T molecules,
the proposed structure of which is schematically drawn in Fig. 6.7. The
formation process of these hollow spheres is triggered by the diﬀerence
in solubility of the sexithiophene core and the ethylene glycol tail in isopropanol, and the tendency of 6T molecules to stack due to π − π interactions. These nanocapsules are very similar to those found for classical
bolaamphiphiles, which form vesicles in water [23].
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Figure 6.7: Schematic representation of the proposed hollow nanocapsule,
consisting of a layer of 6T molecules.

6.3.3

Magnetic ﬁeld induced deformation of 6T
nanocapsules

Since our spherical molecular assemblies are composed of molecules that
point in all directions, their overall magnetic susceptibility is isotropic,
and no magnetic alignment of the nanocapsules as a whole is expected.
Instead, a magnetic ﬁeld exerts a diﬀerent torque on individual molecules
that are parallel to the ﬁeld (top and bottom of the sphere), compared to
those perpendicular to the ﬁeld (around the equator of the sphere). The
sum of all these torques will deform the sphere into an oblate spheroid.
This eﬀect was predicted by Helfrich [32, 33] for vesicular structures of
phospholipid bilayers, but has never been observed experimentally. Indeed, reports on magnetic orientation of phospholipids are quite common,
but demonstrations of magnetic deformation are restricted to so-called
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Figure 6.8: Temperature dependence of the magnetic ﬁeld induced birefringence of a 1 g/L 6T solution in isopropanol.
magnetoliposomes [34] i.e. spheres that incorporate magnetic nanoparticles, and deformation eﬀects at a phase transition in a liposome. The
main reason is the too small value of ∆χ of the lipid molecules. In the
case of aromatic molecules like 6T ∆χ indeed is considerably higher which
facilitates the realization of magnetically deformed capsules.
As pointed out by Helfrich [33], magnetic deformation can be detected
optically as a ﬁeld-induced birefringence ∆n. As we will show in the following, the strong magnetic birefringence signal of the 6T/isopropanol
solution (Fig. 6.3) indeed indicates an appreciable magnetic deformation
and is further investigated as a function of temperature (Fig. 6.8). At ﬁxed
temperatures the absolute value of ∆n increases with ﬁeld (Fig. 6.8), initially in a quadratic fashion, followed by a slower increase at intermediate
ﬁelds, and ﬂattening oﬀ at higher ﬁelds. The absolute size of the birefringence signal increases with temperature, and reaches its maximum at
60 ◦ C. Upon further increase of the temperature the signal reduces (70 ◦ C)
and ﬁnally disappears (80 ◦ C), because the capsules molecularly dissolve.
The ∆n curves are recorded during slow sweeps of the magnetic ﬁeld
(±4 min per sweep up to 20 T) to ensure that at each ﬁeld the nanocapsules are fully adapted to the magnetic forces. After changing the temperature, 15 minutes is waited to allow the nanocapsules to stabilize. It
is important to note that the measured birefringence curves are identical
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Figure 6.9: Protocol for the gelation of deformed 6T nanocapsules. a)
magnetic birefringence and b) temperature and magnetic ﬁeld during the
gelation process. Top panel: schematic representation of the 6 successive
phases.
for the up and down sweeps of the ﬁeld. After switching oﬀ the ﬁeld the
∆n signal reduces to zero and the traces for the consecutive runs are the
same.
All these experimental facts prove that the magnetic birefringence signal is not associated with a phase transition. Instead, it originates from a
reversible eﬀect on stable nanocapsules below their melting temperature
(20 ◦ C÷60 ◦ C), and is absent for molecularly dissolved 6T molecules. Nevertheless, in order to unambiguously prove that the magnetic birefringence
originates from deformation and to rule out other spurious eﬀects, such as
partial alignment of 6T molecules within the capsule wall, we have visualized trapped deformed nanocapsules, formed at high ﬁelds, in a matrix.
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Such a matrix should not disturb the self-assembly of 6T, but merely trap
them in their deformed shape, even after the magnetic ﬁeld is removed.
To this end we have employed 2,3-bis-n-decyloxyanthracene (DDOA) as a
gelling agent (see chapter 5), which is capable of gelling alcohols, including
isopropanol, via the formation of ﬁbres [36]. The fabrication protocol is
shown in Fig. 6.9 and can be divided in 6 successive phases, illustrated in
the top panel. The 6T/isopropanol solution, containing DDOA molecules,
is heated to 50 ◦ C, where 6T nanocapsules are present and the DDOA
molecules are dissolved (1). The spheres are deformed by the application
of a magnetic ﬁeld and the deformation is detected by ﬁeld-induced birefringence (2). Subsequently, with the ﬁeld on, the temperature is reduced
slowly, triggering the formation of gel ﬁbres (3). Suﬃciently long gel ﬁbres are aligned, perpendicularly to the magnetic ﬁeld, yielding a further
decrease of the birefringence (4). At 5 ◦ C the gelation is complete and the
ﬁeld is ramped down to zero, preserving most of the deformation (5). The
resulting gel-sample is warmed to room temperature (6) and taken out of
the magnet.
The gelled solution was carefully extracted from the cell and studied
by SEM. Typical SEM photographs obtained for samples gelled at 0 and
20 T are shown in Fig. 6.10. At zero magnetic ﬁeld (Figs. 6.10 a,b) the 6T
spheres are embedded in randomly oriented DDOA ﬁbres that constitute
the organogel. In contrast, spheres gelated at 20 T are deformed into
oblate spheroids contained in DDOA ﬁbres oriented perpendicular to the
magnetic ﬁeld direction (Fig. 6.10 c,d). Apparently the gelled DDOA
solution in- and outside the deformed capsules provide suﬃcient stability
to prevent the recovery of the spherical shape after the ﬁeld is switched
oﬀ.
The 6T molecules tend to align with the thiophene rings parallel to the
magnetic ﬁeld [35]. In order to maximize the number of molecules with
their long axis along the ﬁeld direction the capsules must deform in an
oblate shape (Fig. 6.10e), as indeed seen in the SEM images (Fig. 6.10 c,d).
The negative sign of the birefringence (Fig. 6.8) corresponds to molecules
aligning with their fast optical axis parallel to the magnetic ﬁeld direction i.e. 6T with its long molecular axis along the ﬁeld, which is also
consistent with oblate spheroids. This gelation method not only allows
the direct visualization of the magnetic deformation of 6T nanocapsules,
but also has two further major implications: 1) it illustrates the unique
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e

B

Figure 6.10: Typical scanning electron microscopy images of spherical and
deformed sexithiophene capsules. a,b) Control samples prepared at 0 T:
6T capsules embedded in randomly oriented DDOA ﬁbers. c,d) Deformed
6T capsules prepared according to the protocol outlined in Fig. 6.9: oblate
spheroids embedded in perpendicularly aligned DDOA ﬁbers. e) Schematic
representation of the magnetically deformed nanocapsules.
opportunity to capture deformed nanocapsules enabling further investigations and application in devices; 2) it provides an experimental calibration
of the relation between the measured birefringence and the corresponding
mechanical deformation, which can be used determine the elastic constant
of the 6T nanocapsules.

6.4

Determination of the elastic constant of
6T nanocapsules

The magnetic ﬁeld induced deformation leads to a decrease of the total
magnetic energy of the nanocapsule, because the number of 6T molecules
along the ﬁeld increases, at the expense of an increased elastic energy
due to the elastic bending of the 6T membrane. In equilibrium, the total
energy, that is the sum of the magnetic and the elastic energy, is minimized, which occurs when the elastic deformation force is balanced by
the magnetic force. As a consequence, the magnetic deformation, which
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can be detected via magnetic birefringence, serves as a measure for the
elastic properties of the nanocapsules. In this section we describe a simple
model that calculates both the magnetic and elastic energy of deformed
capsules (6.4.1). Subsequently, we calibrate the relation between the measured birefringence and the achieved deformation (6.4.2), which is used
to determine the elastic constant of 6T nanocapsules (6.4.3). Finally we
discuss the applicability of our model for large deformations (6.4.4).

6.4.1

Magnetic and elastic energy of deformed
nanocapsules

We consider a spherical, hollow, aggregate of radius R and wall thickness
b, that deforms in an oblate spheroid with long, respectively short, semiaxes equal to a and c. The degree of deformation is deﬁned as ∆R/R,
with ∆R = a − c. In the following we calculate the cost in elastic energy
necessary to achieve such a deformation. As starting point, we write down
the bending free energy of a membrane in the harmonic approximation
[33]:
  
 1 
1
1
1
2 2
k
+
−
+k
dS
(6.1)
Ebend =
2 R1 R2 R0
R1 R2
with R1 and R2 are the principle radii of curvature of the membrane, R0
is the spontaneous radius of curvature, k and k are the mean and Gaussian curvature elastic constants, respectively, and S is the surface area
of the membrane. Our case of capsules consisting of a layer of bolaamphiphilic molecules diﬀers substantially from the usual bilayer vesicles that
are extensively described in literature. The main consequence is that for
bolaamphiphilic capsules we can ignore R0 , as the spontaneous radius of
curvature is usually used to describe the surface inhomogeneities in the
case of a bilayer consisting of two kind of molecules, or in the case of
inclusions in the vesicle structure. Furthermore, it can be shown that the
integral of the Gaussian curvature over a given structure only depends on
the type of structure, and that it has little eﬀect at equilibrium, as long
as curvature ﬂuctuations take place at constant topology. Therefore we
can take the Gaussian curvature as 4πk for any closed surface.
As a consequence, we only have to consider the expression for the mean
curvature of an oblate spheroid:
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R1 R2

a3 c sin2 θ + a3 c sin2 θ cos2 θ + ac3 sin4 θ
−
(a2 cos2 θ + c2 sin2 θ)3/2 a2 sin2 θ

2

(6.2)

This results in the following bending energy of the oblate spheroid:

Ebend

k
=
2



a3 c sin2 θ + a3 c sin2 θ cos2 θ + ac3 sin4 θ
−
(a2 cos2 θ + c2 sin2 θ)3/2 a2 sin2 θ

2

dS +4πk (6.3)

with θ and φ are the azimuthal angles in spherical coordinates, and dS is
the inﬁnitesimal area on the surface deﬁned as:

(6.4)
dS = a sin θ (a2 cos2 θ + c2 sin2 θ)dθdφ
The ﬁnal expression for the bending energy becomes:

Ebend =

k
2



c2 sin θ(a2 (1 + cos2 θ) + c2 sin2 θ)2
dθdφ + 4πk
a(a2 cos2 θ + c2 sin2 θ)5/2

(6.5)

resulting in:
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a2 + a2 − c2
√
+ 4πk (6.6)
a2 − a2 − c2

In the spherical limit (i.e. a → c) this expression indeed simpliﬁes to
8πk + 4πk, as expected for a spherical hollow aggregate.
= a−c
, rather than
To ﬁnd Ebend as a function of the deformation ∆R
R
R
on a and c independently, an additional relationship is required. Assuming that during the deformation of the 6T nanocapsules the number of 6T
molecules is constant, we take the surface area of the spheroid constant.
This constant is set by the radius R of the undeformed nano-sphere at the
start of the experiment. In the limit of small deformations this assumption
is justiﬁed, but here we will also use it for the regime of larger deformations, where the contained volume must vary during deformation to keep
the surface area constant. In this case we will neglect the eventual build
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Figure 6.11: a) Calculated curves for the bending and magnetic energy as
a function of deformation for capsules with a 50 nm radius and an elastic
constant k = 0.7 · 10−21 J in B=1, 5, 10, 15, 20 T. b) The calculated total
energy, magnetic plus elastic energy, as a function of deformation for
several magnetic ﬁelds. The minimum energy shifts to higher deformation
with increasing ﬁeld. Inset: Dependence of the long and short axis length
(a and c) as a function of deformation, calculated by keeping the surface
area of the capsules constant.
up of a pressure diﬀerence between the in- and outside of the capsules, by
assuming that the 6T walls are permeable to the solvent.
This additional relationship between a, c and the initial radius R of
the capsule completely ﬁxes the dependence of the deformation on a and
c. Typical values of a and c as a function of the deformation are given in
in the inset of Fig. 6.11b, starting from R = 50 nm. Now we can calculate
Ebend as a function of the deformation, and the solid line in Fig. 6.11 is a
typical example. This curve corresponds to the cost in energy needed to
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deform a spherical nanocapsule, with radius R = 50 nm and k = 0.7·10−21
J, into an oblate spheroid, which is equal to ∆Ebend = Ebend (spheroid)Ebend (sphere). The bending energy typically depends quadratically on the
degree of deformation.
The next step is the calculation of the magnetic energy of the oblate
spheroid, by integrating over all 6T molecules, taking into account their
anisotropic magnetic susceptibility, given by χ⊥ and χ along the short
and long molecular axes respectively. Basically we replace the molecular
ensemble by a spheroid, that has χ⊥ and χ as a tangential and normal
components of the diamagnetic susceptibility of its surface and we integrate over this surface. Using a uniform magnetic ﬁeld B, along the z-axis,
the total magnetic energy is given by:


bB 2 (χ⊥ sin2 θ + χ cos2 θ)
a sin θ
µ0

Emag = −


(a2 cos2 θ + c2 sin2 θ)dθdφ
(6.7)

leading to the following expression:
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where χ⊥ and χ⊥ are the diamagnetic susceptibilities perpendicular and
parallel to the sexithiophene molecule, B is and applied magnetic ﬁeld
and b is the thickness of the nanocapsule’s wall.
It is important to note that this magnetic energy is always larger than
zero, irrespective of the degree of deformation. However in order to minimize the increase in magnetic energy it is energetically favorable for the
capsule to deform in an oblate shape (a > c). It is therefore suﬃcient to
consider the decrease in magnetic energy associated to the deformation:
∆Emag = Emag (spheroid)-Emag (sphere), which is always negative. In the
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lower part of Fig. 6.11a typical magnetic energy curves are calculated as a
function of the deformation, for given magnetic ﬁelds and radius R. This
magnetic energy typically scales quadratically with the deformation and
quadratically with magnetic ﬁeld.
Fig. 6.11b shows the total energy of the nanocapsule, i.e. the sums
of the elastic and magnetic energy plotted in Fig. 6.11a, as a function of
the deformation, for several magnetic ﬁelds. Typically, ﬁrst the total energy decreases with deformation due to diminished magnetic energy, going
through a minimum, after which it increases at large deformations due to
the substantial cost of elastic energy. The actual degree of deformation
at which the total energy is minimized depends strongly on the applied
magnetic ﬁeld and shifts to higher values with increasing ﬁelds.
Fig. 6.12a plots the position of this minimum as a function of the
magnetic ﬁeld, which corresponds to expected deformation of molecular
capsules in ﬁeld. In the limit of small deformations the calculated ﬁeld
dependence of the deformation reduces to the following expression:
R2 B 2 ∆χ
∆R
=
R
18kµ0

(6.9)

which is the same expression as found by Helfrich 30 years ago [32, 33].
In this limit the deformation scales quadratically with both the radius R
versus B 2 (inset of
and the magnetic ﬁeld strength B. Indeed a plot of ∆R
R3
Fig. 6.12a) leads to straight lines for all values of R used in the calculation,
as long as B 2 < 20 T2 . The slope of this line is given by the values of ∆χ
and k.

6.4.2

Relationship between magnetic birefringence
and deformation

To compare the experimental results of magnetic deformation with the
calculations we need a relationship between the measured magnetic birefringence and the shape of the deformed nanocapsule. This relation can
be found by numerically integrating the molecular birefringence of the 6T
molecules within the thin wall of a nanocapsule:
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Figure 6.12: a) Calculated magnetic deformation of nanocapsules (R=50,
75 and 100 nm, k = 0.7 · 10−21 J ) Inset: the curves in a) normalized
to R2 , and plotted versus B 2 . At low ﬁelds (B 2 < 20 T 2 ) the calculated
deformation scales quadratically with R and B. b) Experimental magnetic
birefringence curves of 6T nanocapsules obtained from Fig. 6.8, rescaled
into deformation. Inset: the curves in b) normalized to R2 , and plotted
versus B 2 . The values of R are obtained from the DLS experiments in
Fig. 6.4b. At low ﬁelds (B 2 < 0.2 T 2 ) the measured deformation scales
quadratically with R and B.


(cos2 θ − sin2 θ cos2 φ)dVin
(cos2 θ − sin2 θ cos2 φ)dVout −


dVout
dVout −
(6.10)
with n1 is the refractive index of the solvent, N is the concentration of 6T,
∆α is the anisotropy of the polarizability of a 6T molecule, and the integration is performed over the thin walled capsule by taking the diﬀerence
1
∆n ≈ n1 N ∆α
2
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of the birefringence of two solid spheroids with slightly diﬀerent volumes
(Vout and Vin ), i.e. the respective values of a and c diﬀer by b, the thickness
of the capsule wall. Working out the integrals leads to a linear relationship
between the magnetic birefringence and deformation [32, 33, 37]:
∆R
∆n
=
∆nmax
R

(6.11)

with ∆nmax is the maximum birefringence that can be measured when the
molecules are completely aligned, which depends on n1 , N and ∆α. In our
case we can experimentally determine ∆nmax , by extracting the achieved
=0.375) and compare it
deformation from the SEM images (Fig. 6.10, ∆R
R
to the corresponding value of the measured birefringence, which leads to
∆nmax = 1.33·10−4 . Following this procedure, the temperature dependent
birefringence data of Fig. 6.8b can be transformed to magnetic deformation
curves, the results of which are shown in Fig. 6.12b. In this ﬁgure the
curves are not labelled by the temperature of the measurements but by
the corresponding size of the capsules as determined by DLS (Fig. 6.4b).

6.4.3

Determination of the elastic constant

The overall shape of the magnetic deformation data is very similar to
the theoretical curves in Fig. 6.12a. Also the size dependence of the deformation, i.e. that it enhances with increasing radius, agrees well with
our calculations. In the limit of small deformations this size dependence
should be quadratic (equation (6.9)), which we have veriﬁed by plotting
∆n
= ∆R
the experimental birefringence in the inset of Fig. 6.12b as ∆nmax
R2
R3
2
2
2
as a function of B . Indeed, for B < 0.2 T all the curves are linear and
have the same slope, which implies that in this regime the deformation
scales quadratically with both the radius of the capsules as well as the
magnetic ﬁeld. This result conﬁrms that the magnetic birefringence is
caused by the deformation of hollow nano-spheres and enables us to experimentally determine the elastic constant k = (0.7 ± 0.1) · 10−21 J (with
∆χ = 8 · 10−6 MKSA). It is remarkable that our magnetic deformation
technique is able to determine the value of the elastic constant that is
valid on a sub-micron length scale, that is on a supramolecular level. We
presume that its value reﬂects the strength of the π − π bonding which is
responsible for the elasticity of the nanocapsule.
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It is important to note that the mechanism of magnetic deformation as
described here is entirely diﬀerent from magnetic alignment of anisotropic
aggregates. In the latter case the magnetic forces should overcome thermal
motion that randomizes the alignment. This leads to a typical S-shaped
magnetic birefringence, starting oﬀ quadratically at low ﬁelds and saturating at high ﬁelds when alignment is complete [38]. Furthermore, for larger
aggregates complete alignment and thus saturation of the birefringence
signal occurs at lower ﬁelds [37]. Here we observe an entirely diﬀerent
behavior. The birefringence starts oﬀ quadratically with ﬁeld, followed by
a slower increase at intermediate ﬁelds, but which does not saturate at
high ﬁelds and monotonously increases at high ﬁelds. In particular, the
larger spherical aggregates at high temperature exhibit a more pronounced
birefringence at low ﬁelds but no saturation at high ﬁelds in agreement
with the calculations shown in Fig. 6.12a and in contrast to magnetic
alignment.

6.4.4

Validity of the model in the large deformation
regime

The curves in Fig. 6.12a are calculated using a value of the elastic constant (k = (0.7 ± 0.1) · 10−21 J) necessary to describe the experimental
data in the limit of small deformations (inset Fig. 6.12b). It is clear
that for large deformations the model calculates larger deformations, up
= 1, than the maximum experimental deformation, ∆R
= 0.375.
to ∆R
R
R
2
Furthermore, the calculated curves, normalized to R and plotted versus
B 2 remain linear up to much higher ﬁelds than the measured analogues,
showing that in reality the regime of small deformations is less extended
than theoretically anticipated. These diﬀerences may have many possible
reasons. A full theoretical description should take into account all local
interactions at a molecular level, including both the boladye 6T as well
as the solvent molecules. In order to keep the calculations simple and to
focus our attention on the essential mechanism of magnetic deformation
we have made the following simpliﬁcations 1) we have kept the surface
area of the capsules constant, but 2) we have ignored eventual diﬀerences
in pressure caused by the changing volume. 3) We have taken a constant bending rigidity k. 4) We have assumed that the deformed capsules
always have a spheroidal shape and 5) we have ignored thermal ﬂuctua96
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tions. In the limit of small deformations and far from any phase transition
temperature, all these assumptions are justiﬁed [32], but eventually with
increasing deformation some or all of them might become important.
In our experiment the magnetic ﬁeld was always varied slowly in order to impose the deformation on a timescale that is long compared to
the ﬂow of solvent molecules through the 6T membrane. If the deformation is too fast, the encapsulated volume remains constant, meaning that
the area of the membrane should increase. As a result the membrane
stretches, accompanied by the build-up of an extra internal tension in
the 6T wall, that, together with the increased internal pressure, opposes
the deformation. When the deformation is suﬃciently slow, as seems to
be the case here, the ﬂow of solvent inhibits the build-up of both the
tension in the membrane and the pressure diﬀerence, keeping the surface area more or less constant. Our assumption of constant surface area
therefore strongly relies on the permeability of 6T nanocapsules for the
isopropanol molecules, which is basically unknown. However, the permeability of membranes of larger molecular weight molecules in water [41, 42]
has been studied extensively and appears to be high enough for a molecular weight below 10000. Keeping the surface area constant and neglecting
the occurrence of pressure diﬀerences seems thus reasonable, but additional eﬀects of the extra tension cannot be ruled out completely. In any
case, deformation of a capsule wall always results in the development of a
local tension, which inevitably leads to changes in the spacing in between
and ordering of the 6T molecules. In our model we assume that this elasticity can be described by single constant k, but when the arrangement of
the 6T molecules is strongly aﬀected their mutual interactions will change,
leading to diﬀerent elastic properties. Such an eﬀect could be responsible
for the fact that the experimentally observed deformations (Fig. 6.12b)
is approximately three times smaller than those calculated (Fig. 6.12a).
Assuming that this deviation is solely due to changes in k and considering
that the elastic energy scales linearly with k, we estimate in the limit of
large deformations k increases by a factor of ﬁfty.
Finally, we address the last two assumptions made in our model calculations. The proposed spheroidal shape stems from the small deformation
limit described by Helfrich [32] whose approach we have extended to larger
deformations. Essentially, we minimize the total energy, elastic plus magnetic, of the whole spheroidal capsule. A more accurate, yet tedious,
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approach would balance the local elastic and magnetic forces at each position within the capsule wall. Such an approach could lead to diﬀerent
shapes for the deformed capsules [43], such as a ﬂattened disks and could
result in a diﬀerent ﬁeld dependence of the deformation.
As mentioned above, magnetic deformation is diﬀerent from magnetic
alignment. In this latter case the magnetic alignment of aggregates competes with its randomizing thermal motion. In order to model magnetic
alignment it is necessary to describe the orientation of the aggregates by a
Boltzmann distribution, that depends on the temperature, the aggregate
size and the anisotropy in the magnetic susceptibility. In the description
of magnetic deformation the eﬀect of temperature can be safely ignored.
Firstly, the relative orientation of the individual molecules is predominantly determined by their π − π stacking in the capsule walls. Indeed, it
is known that far from a phase transition the bending rigidity is temperature independent [44]. Secondly, the magnetic energy of a nanocapsule is
much larger than the thermal energy (kT ), even at low ﬁelds. Finally, the
axis of deformation is directly related to the magnetic ﬁeld direction. The
rotational motion of deformed capsules is therefore suppressed and even
if it occurs the 6T molecules within the walls will adapt their orientation
as to remain in an overall oblate shape.

6.5

Conclusions

We have demonstrated that magnetic ﬁelds are able to align 6T aggregates in solution. In combination with linear birefringence this eﬀect can
be used as a tool to estimate the type and the degree of internal order
within molecular self-assemblies. Since this technique basically probes the
aggregates as a whole it yields complementary information as compared
to measuring absorption shifts that are sensitive to dipole interactions
between a few molecules only. Using this new technique we have found
that the self-assembly of 6T molecules strongly depends on the polarity
of the solvent, in spite of the similar absorbance spectra of the resulting
aggregates.
We have shown that magnetic forces can be used to reshape selfassembled nanocapsules and that these deformed capsules can be trapped
in an organogel. The deformation experiments allow the determination of
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the elastic constant of the assemblies as (0.7±0.1)·10−21 J. Thus, magnetic
manipulation provides a nano-scale method to manipulate supramolecular
self-assemblies, yielding novel structures such as sizeable nano-containers
[39] and reactors [11], or anisotropic photonic nano-spheres [40], which
can be trapped into an organogel for further use. The method is not
restricted to thiophene-based materials, but can be applied to other aromatic π-conjugated systems as well, which are of considerable interest for
their use in novel optical and electronic devices.
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Chapter 7
Magnetic ﬁeld alignment of
liquid crystalline
pentathiophene
Liquid crystalline α,α -disubstituted pentathiophene was aligned using
high magnetic ﬁelds (> 5 T) resulting in macroscopically oriented samples.
The pentathiophene crystallites were found to be aligned perpendicular to
the magnetic ﬁeld direction, as is evidenced by microscopy images. The
samples are stable at room temperature and will be used for further investigations such as the determination of the (anisotropic) mobility and
the polarization of the light emission.1

7.1

Introduction

The study of the physical properties of conjugated organic materials has
attracted a growing amount of interest in the last decade, strongly motivated by their enormous potential for applications in electronics and
photonics. Oligothiophenes have already been recognized as a promising
class of materials to realize organic electro-optical devices such as solar
1

This work was done in collaboration with Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of Technology and IRC in Polymer Science and
Technology, University of Durham.
I.O. Shklyarevskiy, P.C.M. Christianen, A.P.H.J. Schenning, E.W. Meijer, O. Henze,
W.J. Feast, J.C. Maan, Published in Mol.Cryst.Liq.Cryst., 410, 23, 2004
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cells [1], light emitting diodes [2], and ﬁeld eﬀect transistors [3]. The performance of such devices strongly depends on the material quality and can
be improved considerably by introducing a high degree of orientational order, for example in a liquid crystalline (LC) state. Therefore, considerable
eﬀorts have been made to synthesize polymer materials with conjugated
main chains and LC side chains [4, 5]. Magnetic ﬁelds have already been
proven to be a powerful tool to orient low molecular weight liquid crystals [6], but can also be used to align more complicated materials like
polymer liquid crystals [7]. In this work we demonstrate the alignment of
LC pentathiophene in high magnetic ﬁelds.

7.2

Experimental details

The molecular structure of α,α -disubstituted pentathiophene is shown in
the inset of Fig. 7.1. The synthetic details are described elsewhere [5].
It was shown previously that this compound exhibits a high temperature
smectic liquid crystal phase [9]. Thin LC cells were prepared by spincoating a dilute solution of polymer microspheres (ø = 18 µm) in ethanol on
a glass plate, where the microspheres acted as spacers. Subsequently a
second glass plate was glued on the spincoated side in such a way, that
the obtained cell had two open ends. The cells were ﬁlled by capillary
forces with the pentathiophene compound in the isotropic phase (130◦ C),
after which both open sides were sealed. The magnetic ﬁeld alignment
experiments were performed in a 20 Tesla resistive magnet in the temperature range 20÷140◦ C. The compound was ﬁrst heated up to the isotropic
phase. Then the magnetic ﬁeld was applied and subsequently the sample was cooled down through the LC phase to the crystal phase. Diﬀerent
cooling rates were applied but the best results were obtained with a ramping speed of 5◦ C/min. The alignment process was monitored by measuring
the linear birefringence.

7.3

Results and discussion

A typical transmission curve, measured at zero magnetic ﬁeld is shown in
Fig. 7.1, and reveals the phase diagram of the substance. Upon warming
up, the crystal phase, characterized by a ﬁnite transmission, remains up
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Figure 7.1: Phase diagram of LC pentathiophene obtained by transmission
measurements upon heating (solid curve) and cooling (dotted curve). Inset:
structural formula of the compound.
to 95◦ C where the transmission abruptly drops at the crystal-smectic LC
phase transition. The small transmission in the smectic phase is attributed
to the strong scattering by the unoriented liquid crystalline domains. This
LC phase remains up to 114◦ C where the smectic LC-isotropic phase transition occurs, marked by a sharp increase of the transmitted laser intensity.
Cooling down reveals a similar behavior, but with a small hysteresis, showing the isotropic-smectic LC phase transition starting at approximately
the same temperature as in the heating trace.
Typical magnetic ﬁeld induced birefringence (retardation) curves are
shown in Fig. 7.2. The curves were measured during cooling down from
the isotropic state to the crystal phase at diﬀerent ﬁeld strengths: 0, 5, 10
and 15 T. In the isotropic phase (T >116 ◦ C) a very small phase diﬀerence was measured, as expected for an uncorrelated isotropic phase, since
single molecules cannot be aligned. At the isotropic-smectic LC phase
transition the retardation signal steeply rises indicating the alignment of
the LC material. With decreasing temperature the degree of alignment increases monotonously, until the smectic LC-crystal phase transition takes
place, marked by the ﬂattening of the retardation curves. The maximum
retardation value increases with magnetic ﬁeld, which is due to the higher
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Figure 7.2: Retardation curves obtained for diﬀerent magnetic ﬁelds. The
alignment process occurs in the LC phase (116÷90 ◦ C).
degree of alignment at larger ﬁelds. Subsequent cooling shows no further
changes in the alignment. It is important to note that in the solid phase
the alignment is preserved, even after the ﬁeld was switched oﬀ, which
enables further investigation of the aligned material.
Fig. 7.3 presents microphotographs of an unoriented sample (a) and of
a sample aligned in 5 T (b), taken at room temperature, and corresponding to the traces depicted in Fig. 7.2. The microphotographs taken at the
same conditions for the samples oriented in 10 T and 15 T show similar
features as the one taken at 5 T. Fig. 7.3b clearly indicates that alignment of pentathiophene crystallites is perpendicular to the magnetic ﬁeld
direction. Furthermore the size of the oriented crystallites is considerably
larger than that of the unaligned reference sample.

7.4

Conclusions

In conclusion, we have demonstrated an alternative method for producing macroscopically oriented samples of LC pentathiophene using high
magnetic ﬁelds. The alignment was preserved in the crystal phase. The
crystallites of the pentathiophene were observed to orient perpendicular
to the magnetic ﬁeld direction. The aligned samples are stable at room
temperature and will be used for more elaborate experiments in the future.
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Figure 7.3: Polarized microphotographs of unoriented (a) and oriented at
5 T (b) samples. All pictures are taken at room temperature i.e. in the
crystal phase of the studied substance.
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Summary
This thesis is devoted to the polarized optical investigation of the magnetic
ﬁeld induced alignment and magnetic ﬁeld induced deformation of the
molecular aggregates. The experimental results are subsequently related
to the aggregates internal structure for the ﬁrst eﬀect, while the second
eﬀect leads to the determination of intrinsic material properties, such as
elasticity.
In the second chapter the origin of the magnetic ﬁeld alignment effect is discussed in details. Several cases of the molecular shapes, and
their response to the magnetic ﬁeld are considered and generalized in one
model. Further, the polarized absorption and birefringence experimental techniques are described. The analysis of signal-alignment-internal
aggregate structure relationship is derived step-for-step for both optical
methods. It is shown that the knowledge of the direction of the optical
transition dipole moment in a molecule is suﬃcient for the anticipation
of the molecular arrangement within the aggregate from the polarized absorption experiments. The knowledge of the polarizability tensor, leads to
even more quantitative analysis of the magnetic ﬁeld induced birefringence
experiments.
In chapter 3 we demonstrate the use of high magnetic ﬁelds for the
alignment of J-aggregates of cyanine dye monomers in solution. The
alignment process leads to strongly polarized optical properties, yielding a maximum dichroic ratio of 13. The aligned aggregates were ﬁxed
by gelation resulting in samples that are stable at room temperature and
exhibit strongly polarized absorption and emission spectra.
Semi-quantitative analysis of the polarized absorption signal is presented in chapter 4. On the basis of the polarized absorption measurements on magnetically aligned aggregates and theoretical considerations
the internal structure of macromolecular aggregates in solution was de-

Summary
termined. Diﬀerent types of J-aggregates of three cyanine dyes were investigated in order to test the method. The obtained stacking geometries
agree with those found by X-ray diﬀraction experiments on single crystals
grown from the studied dyes, evidencing our method to be a valuable tool
for structural analysis of molecular assemblies.
Magnetic ﬁeld orientation of a 2,3-bis-n-decyloxyanthracene gelling
agent in butanol is demonstrated in chapter 5. These experiments yielded
aligned gels that are stable at room temperature and that exhibit a strong
birefringence and polarized ﬂuorescence emission. The maximum orientation order parameter was found to be 0.85 for a gel fabricated at 20 T.
By analysis of magnetic ﬁeld-induced birefringence and scanning electron
microscopy we proposed several possible molecular arrangements within
the gel-ﬁbers, whereas we could rule out others. We anticipated that the
aligned gels can be used as a host matrix to align or ﬁx supramolecular assemblies and paves the way for new guest-host applications for molecular
aggregates in alcohols.
In chapter 6 we demonstrate a completely diﬀerent phenomenon, based
however on the same magnetic forces - magnetic ﬁeld induced deformation
of the self-assembled capsular structures of the α,α -disubstituted sexithiophene. Although this eﬀect was predicted more than 30 years ago, to the
best of our knowledge, this work is the ﬁrst successful experiment as the
main obstacle was high ratio of the elastic and magnetic energies. The use
of α,α -disubstituted sexithiophene molecules allowed us to diminish this
energy ratio because of the presence of aromatic rings in the molecular
structure, that possess high anisotropy of the diamagnetic susceptibility
resulting in higher magnetic energy. Deformation process was monitored
by linear birefringence. The compelling evidence of the deformation was
provided by ﬁxing the deformed capsules in DDOA gel as was anticipated
in chapter 5 and consequent imaging using scanning electron microscopy
technique. On the basis of the experimental results and theoretical analysis, the bending rigidity of the α,α -disubstituted sexithiophene nanocapsules was determined to be (4.2±0.5)·10−21 J. Besides, the advantages of
the magnetic ﬁeld induced birefringence as a technique for fast estimation of degree of molecular ordering within the aggregates in solution are
discussed.
Finally, the possibilities and prospects of magnetic ﬁeld induced alignment of the conjugated materials are discussed in chapter 7. Liquid crys110
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talline α,α -disubstituted pentathiophene was aligned using high magnetic
ﬁelds (> 5 T) resulting in macroscopically oriented samples. The pentathiophene crystallites were found to be aligned perpendicular to the
magnetic ﬁeld direction, as is evidenced by microscopy images. The samples are stable at room temperature and will be used for further investigations such as the determination of the (anisotropic) mobility and the
polarization of the light emission, being a natural continuation of the
present work.
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Samenvatting
Dit proefschrift is gewijd aan gepolariseerde optische spectroscopiemetingen aan moleculaire aggregaten die door middel van een magnetisch veld
georienteerd of vervormed worden. De experimentele resultaten van het
eerste eﬀect (uitlijning) worden gebruikt om de interne structuur van de
aggregaten deduceren, terwijl het tweede eﬀect (vervorming) leidt tot het
bepalen van intrinsieke materiele eigenschappen, zoals de elasticiteit van
de moleculaire nanostructuren. Het proefschrift is alsvolgt opgebouwd.
In het tweede hoofdstuk wordt de oorsprong van het eﬀect van magnetische uitlijning in detail besproken. Verschillende moleculaire vormen, en hun reactie op een magnetisch veld worden beschouwd en in een
model beschreven. Vervolgens, worden de gebruikte experimentele technieken, gepolariseerde absorptie en dubbel breking beschreven. De bepaling van de interne structuur van de aggregaten aan de hand van de experimentele data wordt stap-voor-stap afgeleid voor beide optische methodes. Er wordt aangetoond dat indien de orientatie van het optisch overgangsdipoolmoment in een molecule bekend is gepolariseerde absorptieexperimenten het mogelijk maken interne moleculaire structuur van het
complex te bepalen. Analoog biedt een bekende polariseerbaarheidstensor, van een molecuul uitgebreide de mogelijkheid tot kwantitatieve analyse van de dubbele brekings-experimenten in magnetisch veld, teneinde
informatie te verkrijgen over de moleculaire stapeling in aggregaten.
In hoofdstuk 3 worden hoge magnetische velden gebruikt voor het uitlijnen van J-aggregaten van cyanine kleurstoﬀen in oplossing. Het uitlijnproces leidt tot sterk gepolariseerde optische eigenschappen, gekarakteriseerd door een maximum dichroische verhouding van 13 op. We laten
zien dat georienteerde aggregaten geﬁxeerd kunnen worden in gelatine wat
resulteert in preparaten die stabiel zijn bij kamertemperatuur, en die sterk
gepolariseerde absorptie en emissiespectra vertonen.

Samenvatting
De kwantitatieve analyse van de gepolariseerde absorptiespectra van
uitgelijnde cyanine aggregaten wordt beschreven in hoofdstuk 4. Aan
de hand van de experimentele gegevens van drie verschillende cyaninekleurstoﬀen met verschillende interne structuur wordt aangetoond dat de
verkregen stapelstructuur uit de magnetische uitlijn experimenten inderdaad overeenkomt met de structuur die gevonden wordt in röntgen diﬀractieexperimenten aan eenkristallen van de bestudeerde kleurstoﬀen. Dit is
een bevestiging dat onze methode een waardevol hulpmiddel is voor de
structurele analyse van moleculaire assemblages.
Het magnetisch uitlijnen van de gel vormende verbinding 2,3-bis-ndecyloxyanthraceen (DDOA) in butanol wordt aangetoond in hoofdstuk
5. Deze experimenten leveren georienteerde gels op, die bij kamertemperatuur stabiel zijn en die zowel een sterke dubbel breking als een gepolariseerde ﬂuorescentieemissie vertonen. De maximale orde parameter
voor de uitgelijnde gel, vervaardigd bij 20 T, blijkt 0.85 te zijn. Door
de magnetisch geinduceerde dubbel breking te analyseeren en te vergelijken met SEM ”uitschrijven” afbeeldingen kunnen we onderscheid maken
tussen mogelijke moleculaire structuren binnen de gel-vezels, en andere
structuren die we kunnen uitsluiten. Wij voorzien dat de uitgelijnde gels
als matrix kunnen worden gebruikt om supramoleculaire aggregaten uit te
lijnen en te ﬁxeren wat nieuwe mogelijkheiden biedt voor ”gast-gastheer”
toepassingen voor moleculaire complexen in alcoholen.
In hoofdstuk 6 wordt een volledig verschillend fenomeen beschreven,
namelijk de vervorming van moleculaire nanocapsules in oplossing
gebaseerd op dezelfde magnetische krachten. Hoewel dit eﬀect meer dan
30 jaar geleden werd voorspeld, is het nooit waargenomen. Door te
werken met gesustitueerde hexathiofeen moleculen hebben we de verhouding tussen de magnetische orientatie energie en elastische energie drastisch
kunnen verhogen. Tot nu toe waren voornamelijk moleculen zoals fosfolipiden met een veel kleinere verhouding bekend. Door het aromatisch
karakter van de hexathiofenen, bezitten ze een hoge anisotropie in de diamagnetische suscebiliteit wat resulteert in een hoog magnetische orientatie
energie. Het vervormingsproces werd gemeten door lineaire dubbelbreking. Het overtuigende bewijs van de vervorming werd geleverd door de
vervormde capsules in een DDOA gel te ﬁxeren zoals in hoofdstuk 5 werd
voorspeld, en vervolgens afgebeeld met behulp van SEM. Op basis van de
experimentele resultaten en de theoretische analyse, kan de elastische con114
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stant van de haxathiofeen capsules worden bepaald op (4.2±0.5)·10−21 J.
Onze resultaten tonen aan dat magneetvelden kunnen worden gebruikt
om de zelfassemblage van moleculen op nanoschaal te beinvloeden.
Tot slot worden in hoofdstuk 7 de mogelijkheid om geconjugeerde materialen magnetisch uit te lijnen van de geconjugeerde materialen bewezen.
Vloeibaar kristallijn gesubstitueerd pentathiofeen werd uitgelijnd in een
hoge magneet veld (>5 T) resulterend in macroscopisch georienteerde
preparaten. De pentathiofeenkristalletjes lijnen loodrecht uit op de magnetische veldrichting, zoals blijkt uit de optische microscopiebeelden. De
preparaten zijn stabiel bij kamertemperatuur en zullen worden gebruikt
voor de bepaling van de (anisotrope) mobiliteit en de gepolariseerde ﬂuorescentieemissie, wat een logische voortzetting van het huidige werk is.
Dit werk toont aan dat magnetisch uitlijnen de mogelijkheid biedt om
geconjugeerde materialen in de vaste stof te orienteren teneinde hogere
mobiliteiten te realiseren met als doel de werking van devices zoals ﬁeldeﬀect transistoren te verbeteren.
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