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Preface

Research on the interaction of molecules with surfaces and interfaces plays an impor-
tant role in various scientific disciplines. This field is of great importance not only
for a better understanding of physical and chemical processes in connection with
adsorption and catalysis on solid interfaces, but also for the study of the complex
properties of molecules on fluid interfaces, as well as for the elucidation of rela-
tionships between structure and functionality in macromolecular biological systems.
On the basis of long-standing research experience at Leipzig in the field of molec-
ular physics and in studies of liquid and porous solid interfaces, the collaborative
research center Sonderforschungsbereich (SFB) 294 of the Deutsche Forschungs-
gemeinschaft, entitled Molekiile in Wechselwirkung mit Grenzfliichen (“Molecules
in Interaction with Interfaces™), was founded at the University of Leipzig in 1994.
Since this field is still rapidly growing, it is the aim of these Lecture Notes to present
not only the most important results of our research activities but also to include and
analyze in a comprehensive way the overall progress in this field, and to point out
important methodical achievements.

Within the research field presented in these lecture notes, the Grenzflichen (in-
terfaces) exhibit various levels of complexity, and the interactions of molecules with
interfaces and the properties of the interfaces themselves have been studied by ap-
plying a great variety of modern physical and chemical methods.

Porous solids (such as zeolitic molecular sieves, mesoporous materials, layered
materials, and porous glasses), characterized by their large internal surfaces, are
comparatively well defined. Thus they lend themselves to use as model systems for
the elucidation of fundamental relationships between the structure of the embedded
molecules and molecular systems, their conformation, the reorientational and trans-
lational mobility, transport processes, and their catalytic properties. Moreover, the
internal structure of zeolites may also be modified in a definite manner, for instance
by inserting different metal atoms. Hence, we have an interface system where the
embedded molecules may be influenced in their electronic density or in their spa-
tial structure without essentially changing the solid surfaces themselves. As is well
known, this situation explains also the great importance of porous solids as catalysts
and adsorbents with shape-selective properties.

The behavior of fluid interfaces is generally much more complex because in the
case of fluid interfaces (such as ordered molecular monolayers, internal and external
surfaces of polymer systems, liquid-crystalline thin films, gel systems, and mem-
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branes) we arrive at a more complex situation: their properties may change dynami-
cally in response to interactions with molecules in the adjacent bulk phases. Besides
the fundamental questions mentioned, the interaction of the associated molecules
of molecular systems with the surfaces gives rise to subtle changes of the interface
itself, which may lead to new relationships between the structure and properties of
the systems considered. This area of research has the potential for important novel
results for both, the materials and the life sciences, since such diverse systems as
polymer and ferroelectric liquid-crystal phases and biomembrane models are under
study. Moreover, complex macromolecular systems are being investigated here, such
as cartilage, where the studies are especially concerned with the functionality of the
system as a whole, which is determined by the cooperative action of the various
compartments. In this sense, the studies are also related to medical questions, such
as functional distortions and aging processes. Thus, the variety of systems is a pre-
requisite for a better understanding of the properties of more complex systems. In
this sense, the interdisciplinary character of the research plays an important role,
not only with respect to the close cooperation between physicists, biophysicists, and
chemists but also including the theoretical work on the basis of molecular dynamic
investigations.

One of the aims of studying the interaction between molecules and solid sur-
faces consists in the possibility of studies on a microscopic level. A large variety
of nanoporous materials host channel networks with pore diameters on the order of
typical molecular dimensions. Molecular reorientation, diffusion, and reaction under
this type of confinement exhibit a number of peculiarities. Because nanoscopic chan-
nels may serve as routes of particle propagation in many more systems, with the ion
channels in biological membranes and reptation paths in macromolecular systems
as two well-known other examples, the interest in these peculiarities is not confined
to porous materials.

From the methodical point of view, the work presented in these Lecture Notes
strongly benefits also from the great experience achieved in the application of the
methods of magnetic resonance and relaxation (NMR and EPR) — initiated in Leipzig
by Professors Artur Losche and Harry Pfeifer about fifty years ago — to complex
molecular systems and to solids, and from efforts in specific developments in recent
years with respect to modern methods of two-dimensional NMR spectroscopy in
solids and systems with restricted internal mobility, and in the development and
application of pulsed magnetic field gradient (PFG) NMR techniques and in the use
of various pulsed EPR methods. Thus, the development and improvement of modern
methods of magnetic resonance also play an essential role in this book.

Besides the application of these magnetic resonance methods, various other phys-
ical and chemical methods are also used in the context of this work. Hence, since
a broad variety of methods have been developed and applied in the framework of
studies of structure, dynamics, transport processes, and reactivity at interfaces with
different topologies and properties, it is the aim of this publication also to include
a comprehensive description of the methodological background of these interface
studies.
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The main research activities which are intended to be represented in this publi-
cation are characterized by distinct yet interconnected pillars, namely

— the theory of the interactions of guest molecules with surfaces;

— translations and rotational diffusion and dynamics of molecules adsorbed in ze-
olitic systems;

— the reactivity of the internal surfaces and study of catalytic processes;

— thin films, membranes, and biopolymers in interaction with interfaces;

— supramolecular organization and biological compartmentation.

In total, we intend to show that the great variety of the systems included will
contribute to a better understanding of the complex phenomena and may lead to a
mutual stimulation of investigations with a strong interdisciplinary character. We
hope that the broad scope in the selection of topics will help nonexpert readers to
become familiar with the complex field of molecular interactions with interfaces.
The organization of the presentation is as follows:

The first chapter “Modeling and Simulation of Structure, Thermodynamics, and
Transport of Fluids in Molecular Confinements” (S. Fritzsche, R. Haberlandt, H.L.
Vortler) deals with the molecular modeling and simulation of fluids confined to
restricted geometries — such as micropores, porous media, or membranes — and
comprises both the equilibrium structural and thermodynamic properties and the
transport behavior of the enclosed particles. Recent simulation studies of diffusion
processes in zeolites are reported and discussed in some detail. The aim of this
chapter is twofold: first, to give a review of recent molecular simulation techniques
and the underlying statistical-mechanical concepts, and secondly, to demonstrate the
possibilities and limitations of the simulation methods discussed, showing recent
results for systems and properties selected from the fields of research of the authors.
The statistical mechanics and molecular simulation of inhomogeneous fluids pro-
vides basic information about the structure, thermodynamics, and phase behavior
of molecules interacting with interphases. Particularly, the molecular modeling of
associating (aqueous) phases confined to molecularly rough (hydrophobic and hy-
drophilic) interface layers is crucial for a theoretical understanding of hydration phe-
nomena at biointerfaces (e.g. biomembranes). The intermolecular forces are modeled
between the fluid molecules and the interface molecules in a uniform way, extending
novel hierarchical potentials of aqueous bulk fluids (primitive models of associa-
tion) to interfacial systems. On this basis, molecular models of hydrated interface
layers with molecular roughness are simulated. The structural organization and the
thermodynamics of the water—interface system are studied.

The second chapter, “Diffusion in Channels and Channel Networks” (P. Bréuer,
S. Fritzsche, J. Kirger, G. Schiitz, S. Vasenkov) may be considered partially as an
extension of the first chapter, specifying in detail the theoretical tools for treating
molecular propagation and reaction under confinement by channels. With respect
to the prospects for experimental observation, it is also closely related to the third
chapter “Structure-Mobility Relations of Molecular Diffusion in Interface Systems”
(J. Karger, C.M. Papadakis, F. Stallmach), where the potential of PFG (pulsed field
gradient) NMR as a very sensitive technique for experimentally tracing these pe-
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culiarities is described. Beginning with the presentation of some peculiarities of
molecular propagation in the individual channels — in particular under the so-called
single-file condition (where the individual diffusing species are unable to exchange
their positions) — some special features of transport and reaction in mutually inter-
secting channel arrays are treated, viz. the structure-correlated anisotropy of diffusion
and the transport-induced reactivity enhancement by the so-called “molecular traffic
control”. In addition to the conventional way of modeling such a situation by dynamic
Monte Carlo simulations, inital attempts at an analytic treatment are included.

Both types of theoretical treatment, which are applied to modeling the internal
dynamics of single-file systems, are complemented by molecular dynamics (MD)
simulations, following the quite general introduction to this method in the first chap-
ter. Key experiments leading to our present knowledge of the real pore structure
of nanoporous materials are described, until recently, these materials have been as-
sumed to represent ideal channel host systems, in accordance with their textbook
character.

An important question in this context concerns the investigation of structural
properties of the inner surfaces of zeolitic molecular sieves. In the fourth chapter,
“!70 NMR Studies of Zeolites” (D. Freude and T. Loeser), multiple-quantum magic-
angle spinning (MQ MAS) and double rotation (DOR) NMR techniques were applied
to structural studies of oxygen-17 enriched zeolites A, LSX, and sodalite. Although
oxygen is the most abundant element in the earth’s crust and an important local
probe for the characterization of the real structure of internal solid surfaces, only a
relatively small number of applications are known. The demand for characterization
of inorganic materials and some recently developed experimental techniques are
now causing a growing interest in high-resolution solid-state NMR spectroscopy
of quadrupole nuclei with half-integer spin, and it is shown here that an additional
valuable tool is obtained for the structural probing of the oxygen framework of
inorganic materials and for study of the basic properties of porous catalysts as well.

In this context, the spectroscopic characterization of the interaction of adsorbate
molecules with surface sites is a major topic in the study of microporous materials.
Such studies provide valuable information about the adsorptive and catalytic proper-
ties of the surface sites on a microscopic scale. Among the various kinds of adsorption
centers on the inner surface of zeolites, acid sites have attracted special interest be-
cause they give rise to the unique acid properties of these crystalline solids, making
these materials attractive for specially tailored heterogeneous catalytic applications.
For catalytic applications of microporous materials, the determination of the struc-
ture and concentration of the acid sites, as well as of their acidity, is of the utmost
importance. Consequently, in the fifth chapter, entitled “Paramagnetic Adsorption
Complexes in Zeolites as Studied by Advanced Electron Paramagnetic Resonance
Techniques” (A. Poppl, M. Gutjahr, and T. Rudolf), it is shown that some recently
developed techniques of pulsed EPR spectroscopy are valuable tools for the charac-
terization and structural elucidation of electron pair acceptor centers in zeolites, the
so-called true Lewis acid sites, constituting, after the Brgnsted acid sites, the second
major group of acid surface sites in zeolites.
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The interaction of adsorbed molecules with adsorption centers in the internal sur-
faces of porous solids not only may lead to changes in the reorientational and trans-
lational mobility of the molecular species but may also influence the molecular con-
formation. The sixth chapter, “Study of Conformation and Dynamics of Molecules
Adsorbed in Zeolites by 'H NMR” (D. Michel, W. Bohlmann, J. Roland and S.
Mulla-Osman), is concerned with a combined or alternative application of conven-
tional high-resolution NMR methods and of high-resolution (HR) solid-state NMR
techniques, including magic-angle sample spinning (MAS), cross-polarization (CP),
high-power decoupling and appropriate multi-pulse sequences for two- or higher- di-
mensional NMR and multiquantum spectroscopy. Examples will be given of simple
olefins in interaction with inner zeolite surfaces. The conclusions about the correla-
tion times of the internal reorientational and translational dynamics are in complete
aggrement with the conclusions derived from diffusion coefficients measured by
means of PFG NMR as discussed in the second chapter. Since the methodical ap-
proach of HR MAS NMR for heterogeneous systems presented here is also valuable
for the investigation of lyotropic crystalline phases using HR MAS NMR (in chapter
12) and for NMR studies of cartilage (in chapter 13), it seems to be appropriate to
elucidate the methodical background of these measurements in some more detail.
“Molecular Dynamics of Liquids in Confinement” (F. Kremer and R. Stannarius),
is studied in the seventh chapter by means of broadband dielectric spectroscopy.
With its extraordinary dynamic range (in frequency and intensity), the studies en-
able one to unravel the subtle interplay between surface and confinement effects for
glass-forming liquids. Confining geometries were realized in various ways. Ethy-
lene glycol molecules in zeolites of type sodalite, silicalite-I, and zeolite beta and
in an aluminophosphate of type AIPO4-5 show a pronounced confinement effect.
Propylene, butylene, and pentyleneglycols in nanoporous glasses show interactions
with the hydrophilic inner surfaces. In untreated hydrophilic sol-gel glasses, the
quasi-van der Waals liquid salol shows a dynamics characterized by an exchange dy-
namics between a bulk-like phase and an interfacial phase in the vicinity of the pore
wall. Confinement effects are also studied in the eighth chapter, “Liquid Crystals
in Confining Geometries” (R. Stannarius and F. Kremer). In general, the restricted-
volume effects that are observed in isotropic liquids confined in porous matrices
(seventh chapter) can be found in confined mesogenic materials as well. This con-
tribution will focus on the description of a few selected systems, from a recollection
of surface-induced orientation in ordered and disordered systems, via experiments
that study the induction or suppression of mesogenic order, to the investigation of
dynamic processes in confined liquid crystals. The experiments described in this
chapter mainly involve spectroscopic (bulk) methods, polarizing microscopy, and
electro-optic measurements.

In the next chapters, thin ordered molecular structures are investigated. The ninth
chapter deals with “Surfaces and Interfaces of Free-Standing Smectic Films” (H.
Schiiring and R. Stannarius). Ordered molecular structures with lateral extensions of
up to several square centimeters and with uniform thickness can be formed by only a
few (even two) molecular layers. Thin free-standing smectic films, with their robust
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and stable layer structure, their exceptionally large surface-to-volume ratio, and their
macroscopically ordered molecular arrangement, allow one to measure the surface
tension of these anisotropic fluids with a variety of methods. In particular, Langmuir’s
principle can be tested, and contributions to the surface tension can be attributed to
individual parts of the molecules. Another aspect is the investigation of the surface
tension in the vicinity of liquid-liquid phase transitions. Deviations from the normal
temperature dependence, connected with entropic contributions to the surface ten-
sion, can be observed. The chapter presents an overview of various methods used
for surface tension measurements in liquid crystals, reports on results on the tem-
perature dependence of surface tensions, and deals with interface tensions between
different fluid phases derived from the study of isotropic inclusions in thin smectic
films. “Pattern Formation in Langmuir Monolayers Due to Long-Range Electrostatic
Interactions” (T.M. Fischer and M. Losche) is the subject of the fenth chapter. Lang-
muir monolayers are monomolecular layers of insoluble amphiphiles at the air/water
interface. Molecular self-organization causes these amphiphiles to have their hy-
drophilic headgroup immersed in the water and their hydrophobic tail dangling into
the air. As such, Langmuir monolayers are interesting because, on the one hand, they
enable us to study the peculiarities of quasi-two-dimensional (2D) systems. On the
other hand, Langmuir monolayers represent half of a lipid bilayer, which in turn is
prevalent in biology and forms the local environment where, for example signal cas-
cades and signal transduction reactions occur. The authors report on recent progress
in the understanding of the unusual and rather unexpected behavior of a quasi-2D
system by reviewing recent experimental results obtained from optical microscopy
on equilibrium phase shapes, nonequilibrium phenomena (such as relaxation of the
shape after distortions caused by Laser tweezers or local impulse heating), and rhe-
ological properties of the system. Long-range electrostatic interactions in Langmuir
monolayers cause the development of mesoscopic patterns. Shape transitions and
topological transformations triggered by change of the area per molecule, electro-
static contrast, or line tensions between coexisting phases affect the morphology of
the monolayer critically: a wealth of nontrivial dynamic reorganization events are
observed upon manipulation of these quantities. It is thus clear that Young’s equation
— established over two centuries ago for 3D systems — does not hold in a straightfor-
ward extrapolation to 2D arrays of molecules at interfaces. The theoretical analysis of
the underlying molecular interactions leads to a comprehension of the observed phe-
nomena and describes microscopic properties of the system in quantitative terms. The
eleventh chapter is closely related to the tenth chapter and deals with the “Character-
ization of Floating Surface Layers of Lipids and Lipopolymers by Surface-Sensitive
Scattering” (P. Krliger et al.). Surface-sensitive scattering techniques are employed
for the investigation of planar lipid membranes — floating monolayers on aqueous
surfaces — to correlate structural, functional, and dynamic aspects of biomembrane
models. This chapter surveys recent work on the submolecular structure of floating
phospholipid monolayers, where the advent of third-generation synchrotron X-ray
sources has driven the development of realistic, submolecular-scale quasi-chemical
models, as well as work on more complex systems. The latter includes cation bind-
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ing to anionic lipid surfaces; conformational changes of lipopolymers undergoing
phase transitions; the conformational organization of phosphatidylinositol and phos-
phatidylinositides, as examples of physiologically important lipids; and the adsorp-
tion of peptides (neuropeptide Y, NPY) and solvents (dimethylsulfoxide, DMSO)
onto phospholipid surface layers. The contribution “Studying Lyotropic Crystalline
Phases Using High-Resolution MAS NMR Spectroscopy” (A. Pampel and F. Volke),
the twelfth chapter, focuses on an experimental approach that is based on techniques
that were primarily developed for investigations of the liquid-crystalline phases in
combination with MAS. These techniques reveal properties that are related to the dy-
namic, liquid character of liquid-crystalline phase, which may easily be overlooked
when these systems are studied with methods intended to observe real solid systems.
The reader will be introduced in these methods. Their general applicability and their
limits are discussed. Their use is demonstrated with some examples, covering bio-
physical studies as well as practical applications. The major focus is on problems that
are related to molecules interacting with the lipid—water interfaces. The methods dis-
cussed, range form two-dimensional NOE spectroscopy for structure determination,
via polarization transfer, to the latest development, the combination of MAS with
pulsed field gradient NMR spectroscopy to study diffusional properties. Finally, in
the thirteenth chapter, entitled “NMR Studies of Cartilage — Dynamics, Diffusion,
Degradation” (D. Huster, J. Schiller, L. Naji, J. Kaufmann, and K. Arnold), it is
shown that the molecular dynamics of biological macromolecules and their inter-
actions with water play a decisive role in the viscoelastic properties of biological
tissues. For example, articular cartilage consists of a variety of biopolymers with
varying degrees of molecular mobility. Various NMR methods have been used to
characterize the physical properties of cartilage on a molecular level. The studies
have revealed very heterogeneous molecular dynamics of cartilage, which can serve
as a basis for the development of artificial cartilage by tissue engineering methods.
The authors of the various contributions to these Lecture Notes are greatly in-
debted to their numerous collaboration partners, whether named in the variuos chap-
ters here, or unnamed. This work would not have been possible without the financial
support of the Deutsche Forschungsgemeinschaft (DFG) within the framework of
the Sonderforschungsbereich 294. We express our sincere gratitude not only to the
DFG but also to the University of Leipzig and to the Saxon State Ministry for Science
and the Fine Arts for their continuous help and great mutual understanding. Many
contributions were stimulated by the close collaboration between different institutes
of the university and with numerous colleagues and friends from abroad who cannot
be mentioned here. Thank you all very much for the excellent cooperation. In partic-
ular, the majority of the scientific work presented in this volume was connected with
the preparation of Ph.D. theses and hence with the scientific careers of very talented
young researchers. This gives us also the opportunity to express our gratitude to them
and to wish them great success in their future scientific activities. In this context,
we are glad to congratulate Dr. Christian Rodenbeck for having been awarded the
1999 FEZA Prize for Ph.D. Work in Zeolites or Related Materials by the Federation
of European Zeolite Associations. We are greatly indebted to Mrs. Katrin Kunze
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for her great efforts in the technical organization of this research project. Above all,
we would like to emphasize the excellent work and continuous support by the first
spokesman of this SFB, Prof. Dr. Gotthard Klose.

Leipzig, Reinhold Haberlandt
January 2004 Dieter Michel
Andreas Poppl

Ralf Stannarius
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