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Chemistry is a science of interactions,
of transformations and of models.

Jean Marie Lehn

1 Introduction and Motivation

1.1 Supramolecular Chemistry and Molecular Recognition

Supramolecular chemistry [1, 2] is based on specific intermolecular, non-covalent, and multiple

binding interactions between a molecular receptor (‘host’) and a smaller substrate or analyte

molecule (‘guest’). The resulting supermolecules are highly organized, stoichiometric associates of

two or more molecules or ions with well defined thermodynamic, kinetic, structural, and

conformational properties. They are characterized both by their architecture or superstructure, and

the nature of the intermolecular interactions. In solution, entropically driven repulsive forces

between solvent and guest molecules (i. e. hydrophobic in water or lipophobic forces in organic

solvents) may contribute to the host-guest attraction [3]. The latter are distinguished in metal-ion

coordination, COLUMBIC or electrostatic forces, hydrogen bond interactions, VAN DER WAALS

attractions, donor-acceptor or cation-π interactions [4]. Since the intermolecular forces generally are

weaker than covalent bonds, supramolecular species are thermodynamically less stable and

dynamically more flexible than molecules. Polymolecular association of receptors, carriers or

catalysts in one specific phase like films, layers, or membranes lead to supramolecular assemblies

as sketched out in Fig. 1.1. For their work on the topic of supramolecular chemistry, J. M. LEHN, D.

J. CRAM and C. J. PEDERSEN were awarded the NOBEL Prize in 1987 [1, 5, 6].

In retrospective, supramolecular chemistry originates from several interaction models, partly

established more than a century ago. The concept of biological receptors and substrates by

P. EHRLICH [7], ‘corpore non agunt nisi fixata’ says that molecules do not act if they do not bind.

Since complementarity of host and guest molecules in pairs with respect to size, geometry and

relative orientation of binding sites (expressed e. g. by their functional groups) results in selective

attraction, E. FISCHER’s lock and key principle [8] marks the basis of molecular recognition. The

required selective affinity between receptors and substrates makes supramolecular chemistry a

generalization of coordination chemistry, introduced by A. WERNER [9]. Finally, the hand-in-glove
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model by D. E. KOSHLAND [10] takes into account the flexibile structures of both receptor and

substrate molecules.

Synthesis.
Molecular chemistry

based on covalent 
bonds.

Receptor

Substrate
Supermolecule

Molecular and 
Supramolecular

Devices

Interactions or
Complexation

specific inter-
molecular bonds

Self-Assembly 
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to Polymolecular 
Assemblies

Functional 
Components

Receptor Interactions
(Recognition)

Ion Transport 
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(Transformation)

Figure 1.1: From molecular to supramolecular chemistry. While molecular chemistry is based on the covalent bond,
supramolecular chemistry describes the chemistry of molecular assemblies and intermolecular bonds.
Atoms, molecules, supermolecules, and supramolecular assemblies represent the letters, words,
sentences, and books in the language of chemistry [2].

Supramolecular chemistry rests on transport processes, catalysis and molecular recognition that will

briefly be described in the following [2].

Molecular recognition deals with the selective binding of a specific substrate or analyte to a

receptor molecule. This concept imitates biological interactions like antigen-antibody association or

enzymatic reactions, and shows a very promising pathway to obtain highly sensitive and selective

chemical sensors that are required for a continuous analysis of our environment or of production

processes. A wide variety of receptors model compounds with different shape and size have been

synthesized. Endo-receptors like crown ethers, cyclodextrins, and calixarenes are macrocyclic

structures that mimic the active center of enzymes, where convergent interactions bind the substrate

in a cavity of suitable architecture. Mainly in the realm of pharmacy, receptor design calculations

are performed to optimize size, shape, and binding site geometry balancing rigid and flexible

properties of the host. While high selectivity can be achieved with a rigid host molecule, dynamic

processes like exchange and catalysis demand more flexibility in the recognition structure.

Therefore, molecular modeling and molecular docking calculations are used to test and specify a

receptor even before being synthesized. Assemblies with neutral organic molecules (e. g. toluene,

chloroform, and perchlorethylene), cations (such as Na+, Ca2+, and organic ammonium ions) and

anions as guest molecules are formed.

On the other hand, divergent interactions bind substrates to the outer surfaces of exo-receptors. For

a highly selective exo-supramolecular recognition, a large-scale contact area with sufficient binding

sites and a suitable geometrical and electronic complementarity of receptor and substrate are
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necessary. Biological events like protein-protein interactions and antigene-antibody reactions

correspond to the recognition of huge molecules of similar size or at interfaces like monolayers,

films, and membranes.

In chemical sensor systems [11], the reading-out of supramolecular information is performed with

convenient microelectronic devices (transducers) that monitor changes in physical properties of the

sensitive films such as changes of mass ∆m, capacity ∆C, conductivity ∆σ, or temperature ∆T. In

order to transform these signals, the recognition structures have to be connected to the devices by

means of self assembly or evaporation techniques. Suitable transducers are quartz microbalances

(QMB, ∆m), interdigital structures (∆σ), interdigital capacitors (∆C), and amperometric sensors

(∆I). Examples for commercially available chemical sensors are the lambda probe (a solid state

electrolyte of ZrO2 stabilized with Y2O3 to measure the partial pressure of oxygen in exhaust gases

of cars) and the TAGUSHI sensor (determination of combustible or explosive gases by redox reactions

at a SnO2 surface). One of the most interesting topics is the development of an electronic nose by

W. GÖPEL et al. (i. e. Modular Sensor System MOSES II) with a combination of metal oxide and

organic polymer sensors [12].

A

B E

D

Surface

Sensitive
Layer

Liquid or 
Gas Phase

F

Analyte
Molecules

Solvent

C

Figure 1.2: Schematic representation of a sensitive layer of receptor molecules in the vicinity of the liquid or vapor
phase of the analyte. Due to different interactions, various adsorption positions are accessible: Supra-
molecular inclusion of analyte (A) or solvent (D), adsorption at the surface (C, and F), or interaction
with the aliphatic spacer that links the recognition structure to the transducer surface (B, and E for
analyte and solvent, respectively).

1.2 Motivation and Purpose of this Thesis

Development and optimization of a sensor system, as outlined above, marks an extensive and

interdisciplinary challenge, whereas a dissertation can deal only with several aspects of this goal. A

suitable chemical sensor is expected to meet all requirements of high sensitivity towards the analyte,

high selectivity and sufficient stability. For the case of strong interactions, the recognition of organic



4 Introduction and Motivation

molecules resembles the highly selective antigene-antibody interactions. For a wider field of

applications, recognition structures have to be designed that interact reversibly and highly selective

with any desired analyte. In this context, figure 1.2 shows a monolayer architecture of a recognition

structure that is able to interact with analytes both in the liquid and the vapor phase. For this

purpose, the monolayer system is quite convenient since both the layer formation and the

recognition event are characterized by means of spectroscopy or microscopy. Host-guest

interactions that are due to bulk effects can be neglected.

Aiming at the preparation of covalently bond, ordered monolayers of recognition structures, the first

step has to be a general proof whether the chosen model substance forms ordered layers. This easily

is probed by infrared spectroscopy in ATR mode (see details below). Since the use of ATR

substrates as transducers, however, is rather limited, the acquired knowledge will be transferred in

order to generate ordered films on more suitable substrates such as silicon and gold that can be

modified in various ways to fit the properties of the recognition molecule. Finally, a covalent

binding of the recognition structure to the substrates has to be performed.

1.3 Introduction to Calixarene Chemistry

Calix[n]arenes [13, 14] are cyclic oligomers consisting of n phenol units bridged by methylene

groups in ortho-position to the phenolic hydroxyl group. For n = 4-20, these cavity compounds are

easily accessible from a base-induced condensation as initiated by A. ZINKE [15] or a stepwise

synthesis dating back to B. T. HAYES and R. F. HUNTER [16]. In 1975, C. D. GUTSCHE coined their

name [17] considering that the most stable conformation of the tetramer resembles a greek calix

crater, whereas aren indicates the presence of aryl residues in the macrocyclic array. A rapidly

increasing number of studies and publications dealing with calixarenes published every year,

demonstrates the growing interest in the properties and benefit of this family of [1n]meta-

cyclophanes [18].

CH2

OR'

R

n

CH2

n

CH

n

OH

R

HO

1 2 3

Figure 1.3: Family of [1n]metacyclophanes. Structure 1 shows the skeleton of [1n]metacyclophanes, 2 scetches the
backbone of the calix[n]arenes with the hydroxyl groups in endo position. A base-induced condensation
of resorcin and aldehydes yields resorcin[n]arenes with exocyclic OH groups, 3 [18].
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Properties. The π-basic cavity with aromatic rings and aliphatic side chains at the upper rim (para-

position to the hydroxyl groups, R in figure 1.3) marks the hydrophobic part of the molecule, while

the hydrophilic behaviour results of the phenolic OH groups at the lower rim. Compared to the most

organic compounds, calix[n]arenes have an extremely high melting point, and a high thermal and

chemical stability. Chemical modifications are possible both at the upper and the lower rim in order

to introduce functional groups or to change solubility of the molecule or the size of the cavity. This

makes calix[n]arenes versatile molecular platforms and suitable precursors for the building of

supramolecular structures. Due to the selective inclusion of neutral molecules, cations, and anions

confirmed by numerous X-ray structural and NMR studies [19-21], they serve as model substances

for polar receptors and represent the third generation of supermolecules, after crown ethers and

cyclodextrines [22].

Possible applications reach from highly specific ligands for analytical purpose or medical diagnosis

to the construction of artificial enyzmes, and from the synthesis of new materials for non-linear

optics to catalysis. Further applications concern the area of decontamination of waste water,

recovery of cesium and uranium, separation of neutral organic molecules, stabilizers for organic

polymers, and the preparation of ultrathin films and sieve membranes with pores in molecular size

[18, 23].

Sensor application. While in the past much scientific effort has been spent on the characterization

of the different conformations and the inclusion properties of calix[n]arenes, only a few publications

deal with calixarene layers. In most cases, Langmuir-Blodgett films [24] of soluble calix[n]arene

derivatives at the water-air interface are studied with focus on complexation properties [25-27]. On

the other hand, reversible inclusion into the cavity makes calixarenes an appropriate mass sensitive

coating material on quartz micro balances (QMB) for the detection of gaseous and volatile

molecules, as has been shown for thick tert-butylcalix[4]arene layers [28]. In order to achieve,

improve, and explain a high selectivity in terms of supramolecular chemistry, systems with an

neglectable bulk effect have to be produced where only supramolecular host-guest interaction occur.

Suitable for this purpose are thin films of organic receptor molecules - or even better closed

monolayers - with a preferred orientation of the molecules i. e. with all cavities aligned towards the

phase of the analyte. For that reason, this thesis closes the gap between thick layers on solid

substrates and Langmuir-Blodgett monolayers on water by presenting methods to prepare and

characterize thin layers (i. e. multi- and monolayers) of tert-butylcalix[4]arene on silicon and gold

surfaces with different wettability properties and surface modifications.

Chiral recognition is an important principle both in biology and pharmacology [29]. Often one of

the enantiomers is more effective than the other (e. g. in the case of inhalation anesthetics [30]) or

they show opposite effect (as observed for several barbiturates [31]). The human sense of smell is

also capable of chiral recognition as demonstrated for carvone, ∆1,8(9) p-menthadien-2-one, a double

unsaturated terpenoid ketone [32]. The S-(+)-enantiomer appears in cumin and anethum oil and

smells of cumin, whereas the R-(-)-carvone has the fragrance of peppermint.
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1.4 Structure of This Thesis

Chapter 2 surveys the literature dealing with calixarenes with respect to the most characteristic

features and the layer forming properties of this family of molecules.

The layers are characterized by surface sensitive methods like various techniques of Fourier-trans-

form infrared (FT-IR) spectroscopy in ATR (attenuated total reflection) mode or IRAS (infrared

reflection absorption spectroscopy), temperature programmed desorption (TPD), scanning force

microscopy (SFM), ellipsometry, contact angle measurements, UV and X-ray photoelectron

spectroscopy (UPS, XPS) that are described in chapter 3.

The layers are prepared by PVD (physical vapor deposition) and SAM (self-assembled monolayer)

techniques that will be outlined in chapter 4. Additionally, the UHV systems used for PVD and

spectroscopy are displayed. A synthetic pathway to a monolayer forming calixarene amino acid

derivative is demonstrated.

The results are presented and discussed in chapter 5, which is divided between the used substrates

and their modifications. Thin layers of tert-butylcalix[4]arene were prepared on the native oxid

adlayer of silicon surfaces or after modification with a siloxan layer carrying an oxiran ring as

reactive group for a covalent link to the calixarene. Because of the hydrophobic cavity and

hydrophilic hydroxyl groups at the lower rim, the formation of films with a preferred orientation of

the tert-butylcalix[4]arene molecules is expected to be influenced by the wettability properties of

the surface and possible interactions with the substrate. While IRAS probes the orientation, TPD

experiments give a measure of the binding strength of tert-butylcalix[4]arene layers deposited on

self assembled monolayers (SAMs) of thiols HS-(CH2)n-X on gold where the wettability properties

are defined by terminal groups, X, such as -CH3, -OH and -CO-C6H5.
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2 Recent Studies on Calixarenes

Their shape of a molecular bowl predestines calixarenes as easy to prepare recognition structures in

host-guest chemistry that bind cations and organic guests in their cavity, as outlined in chapter 1.

The diversity of calixarene chemistry is reviewed by C. D. GUTSCHE [13], V. BÖHMER [14, 18], and

S. SHINKAI [22, 33, 34].

This chapter summarizes recent results of calixarene chemistry with a focus on the characterization

of calixarenes and the formation of thin layers that are relevant to the experimental part of this

thesis. After glancing the synthesis of calixarenes and their relatives, the identification of the

different conformations, the detection of host-guest complexes by spectroscopic means, and the

topic of chiral calixarenes are illuminated.

2.1 Synthesis and Nomenclature

One-step synthesis, figure 2.1, either as base-induced condensation of para alkyl phenols with

formaldehyde or as acid-catalyzed reactions produces calix[n]arenes, n = 4...20, with identical

para-substituents, whereas fragment condensation leads to calix[n]arenes with different groups at

the upper rim.

+ n CH2O

OR

CH2

OR n

n

(OH-)

+ n H2O          n = 4 ... 20

2n 

R' R'

Figure 2.1: Classical base-induced one step synthesis of calix[n]arenes as condensation of para alkyl phenols with
formaldehyde.

In non-convergent fragment synthesis, one linear oligomer is formed and cyclized in one final step,

while in convergent synthesis intermolecular condensation of two (or more) fragments (mono-, di-

or oligomer units) is followed by intramolecular cyclization, as designed by ‘2+2’, ‘3+1’, or
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‘2+1+1’ synthesis for 24 [18]. The latter is more flexible concerning the para substituents, and also

offers a suitable pathway to bridged calixarenes [15, 16, 35, 36]. Replacement of the methylene

bridge by sulfur leads to thiacalix[4]arenes that can also be synthesized by reaction of p-tert-butyl-

phenol and elemental sulfur [37, 38].

Ionophoric and chromophoric host molecules, and derivatives like calixcrowns, bridged calixarenes,

dimers, calixspherands, and calixcryptands are synthesized using the calixarene backbone as a rigid

platform for a vide variety of modifications both at the upper and lower rim [18]. In contrast to this,

carcerandes and hemicarcerandes are derivatives of the resorcinarenes. Homocalixarene, oxacalix-

arene, azacalixarene, and heterocalixarenes contribute to the calixarene related compounds [13].

Originally ‘calixarene’ considers the shape of the cyclic tetramer 24 (figures 1.3 and 2.1) in cone

conformation, but nowadays, ‘calixarene’ is applied only to the basic structure for the cyclic

oligomers 1n (figure 1.3). With the number n of aryl groups given in brackets and the para

substituenet designated by name, the key component of this thesis, the cyclic tetramer obtained from

p-tert-butylphenol, 24 (R = H, and R’ = tert-butyl), is consequently called p-tert-butylcalix[4]arene-

25,26,27,28-tetrol or - indicating all substituents by their position - 5,11,17,23-tetra-tert-butyl-

25,26,27,28-tetrahydroxycalix[4]arene [13]. For convenience, it will be referred to as ‘tert-butyl-

calix[4]arene’ in the following.

2.2 Conformations of Calixarenes

In 1955, J. W. CRONWORTH [39] discovered the four rotational diastereomers of the cyclic tetramer,

today known as conformations. The different conformations result from the nearly free rotation of

the phenol rings around the σ(C-C) bonds that link the methylene group with the aromatic rings.

Potential rotational modes for the phenol units are ➀  ‘para-substituent-through-the-annulus’ and ➁

‘oxygen-through-the-annulus’ rotation, fig. 2.2 a) [34].

RO ORORRO

R' R' R' R'

RO OR

ORRO

R' R'

R' R'

RO

ORRO

R' R'

R'

R'

ROOR

OR

R'

R'
R'

R'

(b) (c)

(d) (e)

R'

CH2

O

R

n

1

2

(a)

Figure 2.2: Conformations. a) Inversion modes of the phenol units in calix[n]arenes. The conformations of calix[4]-
arenes 24 RR’ are denoted as b) cone, c) partial cone, d) 1,2- and e) 1,3-alternate conformation [13].
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The conformations of calix[4]arenes assigned as ‘cone’, ‘partial cone’, ‘1,2-‘, and ‘1,3-alternate’,

figure 2.2 b–e), are distinguished by the 1H-NMR pattern of their methylene protons [13, 19]. Since

their cavities differ in size, shape, polarity and inclusion properties, numerous publications deal with

the various influences affecting their equilibrium, such as template effects during the synthesis, size

or charge of the guest molecules.

Often, due to steric properties of the substituents R (R ≠ H) and R', the more flexible partial-cone

conformation is favored, compared to the relatively rigid cone or alternate structures, especially for

bulky substituents R'. Bridging at the upper or lower rim, or bulky substituents (R > ethyl) at the

lower rim prevent the interconversion (will be described below) and the different conformations can

be isolated. Since cone with four dipole moments oriented in the same direction is the most polar

conformation, it is favored to partial-cone with one inverted dipole, in polar solvents [22, 34, 36,

40]. Several force field or semi-empirical calculations deal with the relative stability of the

conformers [40-46] and the influences on their appearance in infrared spectra [47-49].

The easiest case, however, is realized for the tetrahydroxycalix[4]arenes like the tert-butylcalix[4]-

arene. Due to strong intramolecular hydrogen bonding between the four phenolic OH groups, the

cone conformation is energetically favored for all of these calix[4]arenes, and the molecules adopt

C4v symmetry with a π-basic cavity located at the upper rim.

Depending on the number n of aromatic units of the calixarenes 2n with R = H, the hydroxyl groups

at the lower rim play an important role for physical and chemical properties, such as reactivity,

acidity, preferred conformation, and rigidity of the cavity.

The dislocation of the OH stretching vibration, ν(OH), and a low field displacement of the chemical

shift, δOH, in IR and 1H-NMR spectroscopy, respectively, give a measure for the strength of the

hydrogen bond. Compared to ν~ [ν(OH)] ≈ 3600 cm-1 for free phenolic hydroxyl groups, a

significant shift of ν(OH) towards lower wavenumbers and δOH > 10 monitors the hydrogen bonds

that are strong in calix[4]- and -[6]arenes and weaker in calix[5]arenes (table 2.1).

Table 2.1: Stretching frequencies (IR), chemical shifts (1H-NMR), and free energies of activation (in CDCl3) for
conformational inversion of p-tert-butylcalix[n]arenes [13].

νOH  [cm-1] δOH ∆G [kJ mole -1]

calix[4]arene 3138 10.2 65.6

calix[5]arene 3290 8.0 55.2

calix[6]arene 3152 10.5 55.6

calix[7]arene 3149 10.3 56.0

calix[8]arene 3190 9.6 65.6
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Consequently, a deformation of the cone conformation by an included guest molecule or in bridged

calix[4]arenes [36] diminishes the hydrogen bonds and leads to higher values of ν~ [ν(OH)]. From

the position of the OH stretching vibration mode, ν~ [ν(OH)] ≈ 3140 cm-1, and dipole moment

measurements, S. W. KELLER et al. [50] concluded that all of the four hydroxyl groups at the lower

rim of the tert-butylcalix[4]arene contribute to one hydrogen bonded ring. In infrared analysis, the

1,2,3,5-substittion pattern on the aromatic rings was detected by an absorption band at 854 cm-1

[16].

The cone conformer is identified by one characteristic pair of doublets of the Ar-CH2-Ar methylene

protons (AB system, a coupling constant 2J = 12 ... 14 Hz is characteristic for geminal protons). At

temperatures higher than Tc ≈ 50...60°C, interconversion between two mirror-image cone

conformations occurs at a rate comparable to the NMR time scale, and the doublets coalesce to give

rise to a sharp singlet. The activation energy of the interconversion ∆G depends on the solvent, table

2.1 [3, 19, 22].

As confirmed by computational studies, even symmetric tetra-O-alkylated cone calix[4]arenes do

not adopt regular C4v symmetry. Rather results the C4v symmetry, observed in 1H-NMR spectra from

a fast interconversion between two C2v symmetric structures assigned as ‘pinched-cone’ conforma-

tion, where two opposite aromatic rings are almost parallel and the other two adopt a flattened posi-

tion. In the solid state most calixarene derivatives adopt a pinched-cone conformation, fig. 2.3. [51].

ORORRORO

ORORRORO OR
ORRO

RO

cone

pinched-cone pinched-cone

Figure 2.3: C2v-C2v interconversion of tetraalkoxycalix[4]arene in cone conformation [51]

2.3 Complex Formation and Detection of Guest Molecules

X-ray structural analysis was the early proof of host-guest interactions that lead to an inclusion into

the cavity, as demonstrated first by R. UNGARO and coworkers for the 1:1 complex of tert-butyl-

calix[4]arene with toluene [20]. Most of the small organic molecules like chloroform, benzene,

xylene, and pyridine [21, 52] form 1:1 inclusion complexes with tert-butylcalix[4]arene, whereas

two tert-butylcalix[4]arenes include one anisole molecule [21]. Simultaneous inclusion of neutral
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organic and cationic guests is reported for K+ / methanol and Na+/toluene, with the organic molecule

located in the hydrophobic cavity and the cation complexed by ionophoric functionalities like ester

or amid groups at the lower rim [21, 53]. Force field calculations [28], molecular mechanics

simulations [54], and ab initio MO calculations [55] provide correlating theoretical data concerning

the relative orientation of host and guest molecule, conformational changes during complex

formation, and contribution of dispersion interaction to the complexation energy.

C. D. GUTSCHE et al. [3] classified the non-covalent intermolecular forces responsible for the

formation of strong complexes as “entropically (type I)“ or “enthalpically driven (type II)“.

Repulsive interactions between the guest molecule and the solvent, e. g. hydrophobic forces in the

case of water soluble hosts, contribute to type I forces, while attractive forces (type II) between host

and guest arise from COULOMBIC (charge-charge or dipole-dipole) interactions, hydrogen bond

interactions, VAN DER WAALS interactions, and cation-π or CH-π interactions [56]. Generally,

complexation is not attributed to one single interaction but to combinations of them [4, 57].

The selectivity of analyte-binding events usually is estimated either by two-phase solvent extraction

or by 1H NMR measurements in liquids, e. g. by employing the aromatic solvent induced shift

(ASIS) [3]. Interactions between calixarenes and alkali metal cations, ammonium ions or onium salts

are detected by mass spectrometry (fast atom bombardment, FAB, or secondary ion mass

spectrometry, SIMS [58-61]). Guest inclusion may also lead to a spectral shift in absorption spectra

of chromogenic calixarenes, or an increase of fluorescence of calix[4]arenes that bear a fluorophore

functionality and a fluorescence quenching moiety near the cavity. Conformational changes of

redox-switched calixarenes during the inclusion step can be tracked by cyclic voltammetry. [34].

2.4 Layer Formation of Calixarenes and Their Derivatives

Recent publications describe three main pathways to generate calixarene layers of different

thickness. The LANGMUIR BLODGETT technique dates back to the 1920’s, and yields two-dimensional

molecular films at the gas-liquid interface. In several cases, the calixarene monolayers produced in

this way are transferred to a solid substrate. For self-assembled monolayers (SAMs) on metal

surfaces, sulfur containing side groups are introduced to the molecular backbone as often reported

for resorcin[n]arenes, while only rather few calix[4]arene SAMs yet have been prepared. In contrast

to this, the thickness of calixarene layers that are produced by thermal evaporation on various

substrates is in the range of 100 Å to 2 µm [28, 62], i. e. far away from the monolayer range.

2.4.1 LANGMUIR BLODGETT Layers

The LANGMUIR BODGETT (LB) method rests on the amphiphilic structure of the used molecules. It

was the first technique to construct ordered molecular assemblies. Molecules with a hydrophilic

head and a hydrophobic tail are spread on a liquid subphase, in most cases water, compressed to
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form a closed monolayer and finally transferred on hydrophilic substrates such as glass, quartz,

chromium, and, most commonly, silicon wafers [24]. S. SHINKAI’s group were among the first who

generated LB films of calixarenes bearing sulphonate or ester groups at the lower rim. The surface

pressure (π) - area (A) isotherms of the latter selectively respond to alkali metal ions (Li+ < Na+ > K+

> Rb+ for the calix[4]arenetetraester) in the subphase, figure 2.4a) [33, 63].

a)

C O

O
Et

O
Et

C O

OO

O

O O

O
C

C

O
Et

O
Et

C

Me

Me
Me

Na
+

Cl
-

Cl
-

Cl
-

K
+

Li
+

C

Me

Me
Me

C

Me

Me
Me

C

Me

Me
Me

Air

Water

4

b)

       

O

Me-O

Me

Me
Me

O

C

CH2

6

3

hydrophobic 
cylinder

polyether
segment

calix[6]arene-based octopus 5

5b 5c5a

Figure 2.4: Examples for LANGMUIR BLODGETT films at the water-air interface. a) tert-butylcalix[4]arene tetraethyl-
ester, 4, selectively includes alkali metal ions into the polar cavity immersed in the liquid subphase.
b) ‘tentacles’ of the amphiphilic tert-butylcalix[6]arene poly(ethyleneglycol) monomethyl ether, 5, lie at
the air-water interface or are immersed into the subphase for a compressed film.

Stable monolayers of chromophoric calix[n]arenes, n = 4, 6, were prepared by J. C. THYSON et al.

The π-A isotherms show sensitivity to changes in pH and interactions with ammonium guests in the

subphase [27]. L. DEI et al. produced LB films of tert-butylcalix[6]arenes at the air-water interface

with a high selectivity for cesium [25] or guanidinium cations [64]. Upon compression, the initial

parallel orientation of the molecules, i. e. with the hydroxyl groups fully immersed in the water,

collapses and forms a perpendicular orientation of closely packed molecules where the phenolic OH

are only partially immersed.

S. L. REGEN and coworkers [65] generated octopus molecules with a tert-butylcalix[6]arene

backbone. Their polyether ‘tentacles’ lie on the water-air interface at low surface pressures and are

reversibly forced into the subphase when the film is compressed. The idea of ‘fine-tuning’ the

interaction with a guest molecule by adjusting the tentacles is depicted in figure 2.4b). Molecular

sieves fabricated by the same group on the basis of LB multilayers of calix[6]arene derivatives using

poly[1-(trimethylsilyl)-1-propyne] as supporting material showed a selective permeation for He and

N2, whereas SF6 could not pass the composite membrane [66].
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LB monolayers of tert-octylcalix[8]arene and its tetraester derivatives show a high selectivity for I −

> F − > Br− > Cl−, and Cs+ > Rb+ > Na+ >> K+, respectively. J. C. M. STIRLING and coworkers

transferred these LB films on the hydrophobic surface of n-type silicon surfaces [26] and also

discovered a pyroelectric effect of Calix[8]arenes with carboxyl and amino groups at the lower rim

alternating in Langmuir-Blodgett multilayers [67].

The first molecular resolution SFM images of a calixarene result from LANGMUIR-BLODGETT films

of tert-butylcalix[6]arenes that were transferred on modified mica. In order to stabilize the LB

monolayer, both amphiphilic octadecanol and the calixarene were spread at the air-water interface.

Since the calixarene films cannot withstand the lateral forces exerted on them by the scanning SFM

cantilever, M. NAMBA et al. immobilized the mixed monolayer on FTS (1H,1H,2H,2H-perfluoro-

decyltrichlorosilane) treated mica [68].

For additional examples for stable monolayers at the air-water interface based on calix[n]arenes

alkylated or acylated at the upper or lower rim that selectively recognize metal ions, ammonium

cations or even sugars the interested reader is referred to [69].

2.4.2 Self-Assembled Monolayers (SAM)

The self-assembly of molecules such as alkylsiloxanes, amines, carboxylic acids, and alkane-

thiolates on oxidic and metallic substrates, e. g. gold, silver, copper, and platinum, occurs

spontaneously by the immersion of an appropriate substrate into a solution of an surface active

agent in an organic solvent [24]. Research in the area of SAMs of alkanethiols, HS-(CH2)n-X, on

gold dates back to R. G. NUZZO and D. L. ALLARA [70], and bases on the very strong covalent

binding of sulfur to the metal surface, while the tail group provides the functionality. As reviewed in

several articles [71], the surface properties, e. g. wetting and reactivity, of the SAM are varied by

use of a wide variety of different tail groups, X = -CH3, -OH, -(C=O)OCH3, -O-(C=O)CH3 and -

O(C=O)C5H6 during adsorption or by modification of the SAM after formation. Mixed monolayers,

i. e. SAMs with two or more functionalities at the surface, are obtained by mixing two differently

terminated thiols in the preparation solution [72] or by the formation of two-component molecular

gradients, as described first by B. LIEDBERG and P. TENGVALL [73].

Formally, the adsorption of alkanethiols may be considered as an oxidative addition of the S-H bond

to the gold surface, followed by a reductive elimination of the hydrogen, according to

R-S-H + 0
nAu  → R-S−Au+ · 0

nAu  + ½ H2  (2.1)

The bonding of the thiolate group to the gold surface is very strong (approximately 150 kcal mol-1)

and the overall energy for adsorption of alkanethiolates on gold was determined to ≈ -20 kcal mol-1.

In the SAM, the symmetry if the sulfur atom is hexagonal with a S···S spacing of 4.97 Å and a

calculated area per molecule of 21.4 Å. Since the VAN DER WAALS diameter of the alkane chain,

≈ 4.6 Å, is too small to completely cover that area, the alkyl chains in the SAMs usually are tilted
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≈ 26-28° from the surface normal, and display ≈ 52-55° rotation about the molecular axis. Thiols of

sufficient chain length, i. e. eight or more CH2 groups, form densely packed SAMs with a c(4x2)

superlattice of a 33 × R30° lattice [74]. Further information about this area is provided in [75].

While many publications deal with the formation of resorcin[n]arene SAMs [76], only a few papers

describe the preparation of calixarene SAMs. As outlined in figure 2.5, D. L. DERMONDY et al.

prepared polydiacetylene / calix[n]arene bilayers on gold surfaces. After formation and two-

dimensional cross-linking of a COOH-terminated SAM, the carboxylic acid group is converted to

the more reactive acid chloride. Finally, the calix[n]arene, n = 4, 6, is linked through ester reaction.

The authors found a 58% and 61% coverage for the calix[4]arene and calix[6]arene, respectively

[77].

DA-COOH PDA-COOH PDA-COCl PDA / t BuCal[n]

-= HS  (CH2)10  C  C  C  C  (CH2)10  COOH-- ---- -- - - = = C
O

OH
= C

O

Cl
= C

O

O

UV light a) b)

Figure 2.5: Self assembly of polydiacetylene / calix[n]arene bilayers on gold. After UV light induced polymerization
of the SAM, the terminal carboxyl groups of PDA-COOH were converted into carboxylic acid chlorides,
PDA-COCl by exposition to SOCl2 vapor (a). The calix[n]arenes, n = 4, 6, are covalently bound (b) to
form the PDA / tBuCal[n] bilayer.

X. YANG et al performed the covalent binding of an organic NLO (non-linear optic) chromophore to

a quartz glass via p-chlormethylphenyltrichlorsilane and quarternized pyridyl groups, figure 2.6

[78].
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Figure 2.6: p-chlormethylphenyltrichlorsilane coated quartz glass covalently binds calix[4]arene derivatives.
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Similar to the procedures for resorcin[4]arenes, D. N. REINHOUDT and his workgroup produce SAMs

of calixarene based tetrasulfides carrying four -(CH2)11-S-(CH2)10-CH3 segments at the lower rim.

The tilt angles of the alkane segments agrees with the values determined for alkane thiols, but also

depends on the rigidity of the cavity [79].

C. D. GUTSCHE, D. L. ALLARA et al. report the formation of tert-butylcalix[4]arenetetrathiolate

(BCAT) SAMs on gold surfaces [80]. The BCAT molecule was transformed from tert-butyl-

calix[4]arene by the NEWMAN-KVART method and shows a 1,3-alternate conformation both in solid

and liquid phase. In the monolayers, the molecules adopt cone conformation with their phenyl rings

preferentially oriented parallel to the surface normal axis. X. DELAIGUE et al. [81] characterized the

BCAT mercury complex.

2.4.3 Physical Vapor Deposition (PVD)

The least frequently used way to generate thin calixarene layers follows PVD techniques performed

under ultra high vacuum (UHV) conditions. In this context, R. B. CHAÂBANE et al. prepared,

annealed and characterized ‘thin’ layers (1000 Å ≤ d ≤ 2 µm, i. e. nominally 100-2000 monolayers)

of p-isopropylcalix[6]arene by means of FT-IR and X-ray diffraction [62].

Systematic studies by SCHIERBAUM et al. [28, 82] reveal the qualification of modified calix[n]arenes,

n = 4, 6, and 8, as coating material for mass sensitive chemical sensors and as model compounds for

the molecular recognition of organic molecules. For this purpose, thin films with a thickness in the

range of 50 Å ≤ d ≤ 1500 Å were prepared by KNUDSEN sublimation. Quartz microbalance

measurements clearly indicate mass changes of the calixarene layers that result from interactions

with solvent molecules from the ambient gas phase, while temperature programmed desorption

yielded information about frequency factors, desorption rates and the activation energy for

desorption. The results correlate with data that arise from force field calculations using TRIPOS

that established a correlation of the observed inclusion behaviour with theoretical data.

2.5 Chiral Calixarenes

The introduction of optically active residues at the upper or lower rim generates chiral calixarenes

like 9 or 10, figure 2.7. Asymmetrical calix[4]arenes carry three (AABC type) or four different

para-substituents at the upper rim, or have one single meta-substituted phenyl unit. Dissymmetric

calix[n]arenes, 11 and 12, with C4 and C5 symmetry, are prepared by the condensation of derivatives

of 3,4-disubstituted phenols [18, 83].
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Figure 2.7: Calixarenes with chiral substituents (9, 10), and dissymetric (11, 12) calixarenes show chirality.

In this thesis, the synthesis and characterization of a new type of layer forming chiral calix[4]arenes

will be described. This calixarene combines chirality applied by amino acids and the recognition by

the calixarene platform with the technique of self assembled monolayers known from alkane thiols.
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3 Theoretical Section

This chapter describes the theoretical background of the measurement techniques that were used for

the characterization of the tert-butylcalix[4]arene films. The most important method is infrared

spectroscopy, especially internal reflection spectroscopy in attenuated total reflection (ATR) mode

and external reflection-absorption spectroscopy (IRAS). Additional surface characterizations were

performed using scanning force microscopy (SFM), single wavelength ellipsometry, and contact

angle measurements. Methods carried out in the UHV, such as temperature programmed desorption

(TPD), ultraviolet and X-ray photoelectron spectroscopy (UPS and XPS) provide complementary

information.

3.1 Fourier Transform Infrared Spectroscopy

3.1.1 Introduction

Infrared radiation interacts with the sample, excites molecular vibrations and rotations, and thereby

loses intensity at energies that are characteristic for the functional groups of the molecule or the

investigated film. The basic principles of infrared spectroscopy (e. g. experimental setup, quantum

mechanical models, degrees of freedom, symmetry considerations, normal modes, etc.) are

described in textbooks such as [84-94].

Selection Rules and Molecular Symmetry. Different selection rules in infrared and Raman

spectroscopy determine whether a certain vibration mode can interact with the incident radiation.

Infrared activity requires a permanent dipole moment of the molecule, and in order to absorb

infrared radiation, a molecular vibration mode must cause a change in the dipole moment, µ, of the

molecule. Raman activity correlates to dipole moments induced by the electric field E, i. e. the

deformability of the electron cloud of the molecule as indicated by the polarizability α. Therefore,

molecular vibrations that are accompanied by a change in the polarizability of the molecule are

Raman active. The selection rules for infrared and Raman activity of vibration modes of the tert-

butylcalix[4]arene molecule (point group C4v) are summarized in the character table 3.1.
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Table 3.1: Character table for the point group C4v in Schoenflies notation [85, 95].

C4v I 2 C4 (z) C2 2 σv 2 σd IR activity Raman activity

A1 1 1 1 1 1 Tc αaa + αbb, αcc

A2 1 1 1 -1 -1

B1 1 -1 1 1 -1 αaa - αbb

B2 1 -1 1 -1 1 αab

E 2 0 -2 0 0 (Ta, Tb) (αac, αbc)

The symmetry elements are denoted as identity (I), four- and twofold rotation axes of symmetry (C4,

and C2), and the planes of symmetry parallel to C4 (σv, and σd). A1, A2, B1, B2, and E denote the

various symmetry types (or species). Since Ta, Tb, and Tc show the transformation properties of

translation of the electric dipole moment, they are infrared active, giving rise to total symmetric A1

and in (a, b) plane degenerated E-type vibrations. In Raman spectra, A1, B1, B2, and E-type

vibrations appear whereas totally symmetric vibrations are distinguished from the rest by

measurements of the depolarization ratio.

By means of group theory [85, 95], the number of vibration modes of the various symmetry species

for the tert-butylcalix[4]arene molecule (C44H56O4), with NR = 104 atoms is calculated to result in Γ
= 42 A1 + 34 A2 + 40 B1 + 38 B2 + 76 E = 306 vibration modes.

Absorption Intensity. In terms of quantum mechanics [90], infrared activity of a molecular

vibration requires that the transition dipole moment, Rfi, has a nonzero component for at least one

direction in space. The absorption intensity, I, of a vibration band in the spectrum is proportional to

the square of the scalar product of the transition dipole moment Rfi and the electric field E

[ ]2
fiREI ⋅∝   with  ∫= τΨµΨ dR i

*
ffi   and  
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µ (3.1)

∗Ψf  and iΨ  denote the conjugate complex wavefunctions of the final and initial state.

Consequently, the intensity depends on the magnitude of µ and E and their relative orientation.

),(cos222
EEI µµ ⋅⋅∝ (3.2)

Maximum intensity occurs if the dipole moment is aligned parallel to the exciting electric field,

whereas zero intensity is observed when they are perpendicular with respect to each other. For an

ordered film, i. e. if the molecules have a preferred orientation in the layer, µx ≠ µy ≠ µz leads to

different intensities (dichroism) of transitions polarized in x-, y-, or z-direction. The latter can

selectively be excited by separation of the corresponding components of the electric field. For
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example, in ATR mode, the electric field is split up by a polarizer to generate a transverse magnetic

(TM, E||,0) and a transverse electric (TE, E⊥ ,0) wave, parallel and perpendicular to the plane of

incidence, i. e. the (x, z)-plane in figure 3.1b) [96]. Boundary conditions for metallic surfaces have

the effect that in IRAS, only vibrational modes which oscillate perpendicular to the surface (E||) are

excited (surface selection rule), figure 3.1c) [97].

Coordinate Systems. Depending on their orientation in the film, the dipole moments, µ, of the

molecules contribute to the total dipole moment, M, of the overlayer. For convenience, two different

coordinate systems are introduced, figure 3.1 [98]:

1. Molecular system (a, b, c), with c aligned parallel to the principal axis of the molecule, C4, and a

and b in the symmetry planes σv of the tert-butylcalix[4]arene molecule. The molecular dipole

moments are denoted as µc and µa,b.

2. Spectrometer system (x, y, z), with the organic layer on the surface, i. e. in the (x, y)-plane, z as

the direction of the surface normal, x as the direction of propagation of the infrared radiation, and

the plane of incidence in the (x, z)-plane.
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b

µµµµ
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E  ,0
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ΜΜΜΜx,y

Figure 3.1: For the tert-butylcalix[4]arene molecule, the three axes of the molecular coordinate system, a, b, and c,
coincide with the axes and planes of symmetry, i. e. 2 x σv, and C4. For comparison, the spectrometer
systems (x, y, z) used in ATR and IRAS are displayed. The plane of incidence is defined as the (x, z)-plane,
with x as the direction of the propagating radiation and z as surface normal.
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Figure 3.1: The spectrometer coordinate system (x, y, z) used in IRAS (continued). The plane of incidence is defined
as the (x, z)-plane, with x as the direction of the propagating radiation and z as surface normal

3.1.2 Attenuated Total Reflection (ATR)

This paragraph reveals details of the theory of FT-IR spectroscopy in ATR mode. The evanescent

field results from interference at the interface between the ATR crystal and the ambient medium,

e. g. an organic film of sufficient thickness (df > dp, two-phase system). It gives rise to three spatial

components, Ex, Ey, and Ez, that contribute to the TM (Ex, Ez) and TE (Ey) waves mentioned above.

The interactions of the IR radiation with thin organic film deposited on the ATR crystal will be

explained in terms of a three-phase model.

Evanescent Field. Total internal reflection of infrared radiation occurs at the interface between an

infrared-transparent, optically denser crystal with the refractive index ni, and the ambient medium

with nt < ni. The boundary condition for solving MAXWELL’S equations requires the tangential

components of the electric and magnetic fields and the normal displacement to be continuous at the

interface between the two media. This leads to FRESNEL’S equations that describe the reflected (r)

and transmitted (t) field [89, 96]. Total reflection, i. e. the vanishing of the transmitted beam, takes

place for angles of incidence, θi, greater than the so-called critical angle θc. The critical angle is

calculated according to SNELL’S law [94].

cit 90 θθθ >⇔°≥  with 
i

t
csin

n

n=θ (3.3)

Interference of the incident and reflected electric field at the totally reflecting interface generates a

standing wave, i. e. the evanescent field, aligned perpendicular to the surface with a sinusoidal

shape in the ATR-crystal, figure 3.2b). The amplitude decreases exponentially in the optically rarer

medium according to equation (3.5). At the interface, electric fields exist in all spatial directions

with anisotropic amplitudes E0, as given in equation (3.4) and displayed in figure 3.2a) [96].
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b)  Evanescent field established as standing wave at the interface between the ATR crystal (ni) and the
ambient phase (nt), e. g. air or a film with a thickness of df > dp.

c)  This three-phase system describes the situation for very thin films, df < dp.
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In the ambient medium, the amplitude of the evanescent field decreases exponentially with the

distance from the interface, z (figure 3.2b):

)/exp( p0 dzEE −= . (3.5)
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At the distance z = dp, the amplitude of the electric field drops to e-1 of its value E0 at the surface; dp

is called depth of penetration, and given by
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λλ = , (3.6)

where λi is the wavelength of the light in the incident medium (in this case, the ATR crystal), and λ0

denotes its wavelength in the vacuum. The depth of penetration depends on the angle of incidence

and the relative refractive index nti, and is proportional to the wavelength λi [96, 99].

TM and TE Wave. The spatial components of the evanescent field are distinguished with respect to

the plane of polarization. The infrared beam polarized parallel to the plane of incidence gives rise to

the transverse magnetic (TM) wave with an amplitude E||,0 given by

2

xo

2

zo0||, EEE += (3.7)

that can interact with the x- and z-components of the transition dipole moment of the sample, i. e.

Mx and Mz. Eyo = E⊥ ,0 represents the electric field for perpendicular polarized radiation generating

the transverse electric (TE) wave that only excites the y-component of the dipole moment, My

(equation 3.4). TM and TE wave are displayed in figure 3.3.

θθθθi

z

x
y

MCT-
detector

polarizer

IR-
radiation

E

E z,0E  ,0

Ex,0

A   TM-Wave

Figure 3.3: Schematic presentation of attenuated total reflection (ATR) in multiple reflection mode. For easier
recognition, the plane of incidence is drawn in a darker grey than the rest of the ATR crystal. Infrared
light polarized parallel to the plane of incidence contributes (A) to the TM wave.
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Figure 3.3 Attenuated total reflection (ATR) in multiple reflection mode (schematic presentation continued). (B) The
TE wave consists of infrared light polarized perpendicular to the plane of incidence.

When the film thickness is much larger than the penetration depth dp, only molecules within the so-

called effective thickness, de, interact with the infrared radiation. For a weakly absorbing sample

medium, de is proportional to the square of the intensity of the oscillating standing wave at the

interface, 2
xoE , 2

yoE , and 2
zoE  as given in equation 3.4, while the factor cos-1θi corresponds to the

change in area sampled by the IR beam. The effective thickness for the TM and TE waves, de,|| and

de,⊥ , respectively, is determined by 2
zo

2
xo

2
0||, EEE += , 2

yo
2

0, EE =⊥  and equation 3.8.
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Three-phase system. For thin films deposited on the ATR crystal, the evanescent field has a

sizeable intensity even outside of the film, i. e. in the upper medium in figure 3.2. Since the

thickness df of the film is small compared to dp, the electric field is considered constant throughout

the film, and the intensities of the electric field, 2
||E  and 2

⊥E , and the effective thickness are given by
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3.1.3 Dichroism and Orientation of the Molecules

Dichroic Ratio. A preferred spatial orientation (anisotropic growth) of the molecules in the film

with respect to the surface and the evanescent field leads to different absorption intensities in the

TM and TE wave for the same vibration mode. Type and degree of orientation in the layer can be
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estimated by the fraction of the reflectivities RTM and RTE, i. e. the dichroic ratio, DTE/TM, as defined

by

TM

TE
TE/TM ln

ln

R

R
D = (3.12)

Assuming the two-phase system for thick films (figure 3.2b) and using the complex refractive index

for the absorbing medium, )1( jj
*
j κinn += , where j = x, y, and z, instead of nt, FLOURNOY and

SCHAFFERS [96, 100] demonstrated that RTM and RTE result from FRESNEL’S equations to give
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For an isotropic refractive index, i. e. if nx = ny = nz, these equations can be written as

ln RTE = -α·κy     (3.15)

ln RTM = -β·κx -γ·κz (3.16)

At an angle of incidence of θi = 45°, and for a uniaxial organic film, i. e. κx = κy, with an estimated

refractive index of nf = 1.50 on KRS-5, ni = 2.37 (or ZnSe, ni = 2.40), the values of the constants are

α = 5.99 (5.48), β = 1.99 (1.97), and γ = 10.00 (9.00), respectively. For isotropic films, i. e. if the

molecules show no preferred orientation, holds ln RTM = 2·ln RTE [100].

Molecular Orientation. The correlation between the orientation of the molecules in the film and

the detected dichroism of the absorption bands in ATR spectra is described in terms of the two

coordinate systems, figure 3.1. This is due to the fact that infrared and raman activity are understood

on a molecular level, whereas the spectra display the behaviour of a film of molecules with respect

to the spectrometer coordinate system. As suggested by ZBINDEN [98], the transition moment µabc in

molecular coordinates is transformed to µxyz in spectrometer coordinates by use of the trans-

formation matrix T as illustrated in figure 3.4a) and given by µxyz = T · µabc, where
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The number of transition moments that point in the segment υ, υ+δυ; ζ+δζ is denoted by the

distribution function a(υ, ζ). This gives rise to the absorption intensity, Ix,y,z, of the entire film, for

example Ix, as given by an integration of the form

∫ ∫
= =

⋅⋅=
π

υ

π

ζ

υζµυζυ
0

2

0

2
xx sin),( ddaI (3.18)

In this way, models for molecular orientation such as axial, uniaxial, or planar, can be formulated in

terms of equation 3.17 and compared to the observed dichroism. For the case of tert-butylcalix[4]-

arene spectra measured in ATR mode with polarized radiation, this equation is simplified, since Mx

and Mz correlate with the TM wave, while My coincides with TE. The degeneration of the E-type

vibrations in the (a, b)-plane, leads to a combined excitation of µa and µb.
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Figure 3.4: a) Orientation of the dipole moment µ in the molecular, (a, b, c), and the spectrometer coordinate system,
(x, y, z). b) Perfect axial orientation, the principal axis (C4 = c) is parallel to the z-axis. The transition
moment µ forms an angle υ' with the c-axis [98].

The dichroic behaviour for a perfect axial orientation of the molecules in the film will be deduced in

the following, figure 3.4b). In this type of orientation, the molecules are aligned parallel, but slightly

tilted with respect to the z = c axis. For an individual molecule, the transition moment µ forms an

angle of υ' with the c axis, and, consequently, the components of µ in coordinates of the molecule

result in µa = ||||µ|||| sin υ', µb = 0, and µc = ||||µ|||| cos υ', and the components in the spectrometer system

are given by the transformation equation
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The absorption intensity for an individual molecule, for example, in the x-direction, is proportional

to the square of the component of the transition moment µx. The expected band intensity, Ix, for the
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whole film is obtained by integrating 2
xµ  over all possible molecular orientations. For the specific

case of perfect axial orientation, the integration has to be carried out over the angle ζ' only.
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with the normalization factor 1/2π. Symmetry considerations show that Iy = Ix. Consequently, the

expected dichroic ratio concerning the three main axes results in

Dx/y = 1 ,    and     Dx/z = Dy/z = 'tan
2

1 2 υ (3.22)

For a transition moment that is parallel to c = z (υ' = 0°), Dy/z becomes 0, and for a perpendicular

band (υ' = 0°) Dy/z is equal to infinity. If a film is known to have perfect axial orientation, the angle

υ' for various transition moments can be calculated from the observed dichroic ratio of the

corresponding vibration bands [98].

3.1.4 Infrared Reflection Absorption Spectroscopy (IRAS)

General Purpose. Since IRAS provides information about the direction of transition dipoles in a

sample, it is a useful characterization method to study the molecular structure or the orientation of

molecules in thin organic films and the binding at chemically modified metallic surfaces. It

originates from the work of S. A. FRANCIS and A. H. ELLISON [101], while important theoretical

contributions were made by R. G. G REENLER [97, 102].

The incident electromagnetic radiation interacts with the sample layer, subsequently hits the

reflective surface typically at ‘grazing’ angle of θi = 83° from the surface normal, and again interacts

with the sample on its way to the detector, figure 3.5. The intensity of an absorption band in the

spectrum depends on the amplitude of the electric field at the surface, the orientation of the

transition dipole moment relative to the electric field, and the amount of molecules interacting with

the radiation that is proportional to the secant of the angle of incidence. Since the beam area is

larger for higher angles of incidence, the sensitivity of the reflection method is raised by a factor of

approximately 25 as compared to transmission through the same film at normal incidence.
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Figure 3.5: a) Three-layer model of a plane metal surface covered by a thin, isotropic, and homogeneous layer. b)
The parallel and perpendicular components of the infrared radiation experience a phase shift upon
reflection at the metal surface. While δ⊥  ≈ -180° for all angles of incidence, θi, δ|| strongly depends on θi

[97, 102].

Electric Field [89, 97, 102, 103]. A model for the shape of the electric field at the metal surface is

depicted in figure 3.1. Here, the incident beam is separated into two components parallel (Ei||) and

perpendicular (Ei⊥ ) with respect to the plane of incidence which is defined by the incident and

reflected beam and the surface normal. FRESNEL’S equations provide amplitude r and phase δ of the

reflected wave with respect to the incident wave in terms of the complex refractive index

)1( jj
*
j κinn += . Since 122 >>κ+n  holds for metals in the infrared region, the reflectivities, R|| and

R⊥ , and phase shifts on reflection, δ|| and δ⊥  (figure 3.5 b), are given by
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with the secant of the angle of incidence, ii cos/1sec θ=θ . If the amplitude of the incident electric

field is Ei sin ϑ  (where ϑ  is an arbitrary phase), the reflected wave is described by

Er = Ei r sin (ϑ+δ), and, consequently, the resulting field at the surface is given by

E = Ei + Er = Ei [sin ϑ   + r sin (ϑ+δ)] (3.24)

both for E ≡ E||, i. e. the parallel, and E ≡ E⊥ , the perpendicular component. For all angles of

incidence θi, Ei⊥  and Er⊥  remain parallel to the surface and, consequently, the resulting electric field

perpendicular to the plane of incidence results in

E⊥  = Ei⊥  [sin ϑ   + r⊥  sin (ϑ+δ⊥ )]. (3.25)

For r⊥  ≈ 1 and δ⊥  ≈ -180° at any angle of incidence, the phase change leads to destructive inter-

ference and an infinitesimal small electric field E⊥  at the surface. Since nearly no interactions with

the adsorbate occur, vibration modes with an electric dipole moment aligned perpendicular to the

plane of incidence will not be excited.
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In contrast to this, the phase shift of the parallel polarized electric field, δ ||, strongly varies with the

angle of incidence. For a wide range of angles θ i, small values of δ || result, while, at grazing

incidence, θ i ≈ 90°, the vector of the parallel polarized electric field, E||, experiences a phase shift of

δ || = -180°, and Ei|| and Er|| cancel each other out at the metal surface. For a reflection phase shift

close to 90°, the vectors of the incident and reflected E|| field add constructively and give rise to an

elliptical standing wave with a sizable component normal to the surface. Consequently, maximum

amplification of E|| occurs at a high but yet not grazing angle of incidence. The components of the E||

vector are parallel (E||,x) and normal (E||,z) to the surface, i. e. in the x- and z-directions, figure 3.1

and 3.6, with

E||,x = Ei,||,x + Er,||,x = Ei|| cos θi [sin θi - r|| sin (ϑ+δ||)], and (3.26)

E||,z = Ei,||,z + Er,||,z = Ei|| sin θi [sin ϑ +  r|| sin (ϑ+δ||)]. (3.27)

Since they are in opposite directions, the components Ei,||,x and Er,||,x combine to result in only a very

small E||,x for all θ i, (offset in figure 3.6). In contrast to this, E||,z tremendously increases at high

angles of incidence, yielding a maximum normal component of ~ 2 Ei|| at θi ≈ 82 - 84°. For the

parallel polarized beam, the enhancement of E||,z by a factor of 3
1 , and the small resulting field E||,x

are depicted in figure 3.6. For further mathematical formulation, the interested reader is referred to

[89, 97, 102].

EiErEi

Er

Ex

Ez
E

incident
IR beam

reflected
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y
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Figure 3.6: Reflection geometry of the parallel component of the electric field E|| that impinges the metallic surface at
a high angle of incidence. While Ei|| and Er|| denote the incident and reflected E vectors, E||,x and E||,z

result from constructive interference at the surface. The resulting total electric field E|| is aligned parallel
to the plane of incidence.

As mentioned above, the number of molecules interacting with the radiation is proportional to

sec θi. Thus, the total absorption intensity in IRAS experiments (figure 3.7) is given by

∆R = (E||,z / Ei||)
2 sec θi. (3.28)
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This function has the same shape for all metals reflecting in the infrared. Since the reflectivity of the

clean metal, however, depends both upon the refractive index and the extinction coefficient (n3 and

k3 in figure 3.5), the optimum angle of incidence is different for different metals [89, 92].
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Figure 3.7: Electric field (broken line) at a clean gold surface as a function of the angle of incidence, θi. It results
from constructive interference of incident and reflected radiation parallel to the plane of incidence. The
solid line represents the total absorption intensity for vibrational excitation. In the calculations, the
refractive index of gold, n* = 9.05 + 28.2 i, was used [89, 104a].

It is a quite unique characteristic for IRAS spectroscopy that there exists no perpendicular field, E⊥ ,

at the metal surface, whereas enhanced sensitivity occurs for the parallel field, E||. This additional

selection rule is called the surface dipole selection rule. Since only vibrational modes that are

aligned parallel to the surface normal will appear with enhanced intensity, the orientation of the

molecules or a particular chemical group can be determined from a comparison of the IRAS and the

bulk (transmission) infrared spectra. For non-metallic substrates, e. g. semi-conductors, maximum

sensitivity is obtained for angles of incidence θ i = 60 - 80° for the parallel polarization, and close to

normal, i. e. θ i ≈ 90  for the components perpendicular with respect to the plane of incidence. In thsi

case, vibrational modes in the sample layer are excited by all three directions of the electric field,

and only the dipole selection rule (cf. table 3.1) determines the activity of a vibrational mode in the

spectra.

Comparing the two variants of surface sensitive infrared spectroscopy, it becomes clear that the

dichroism of particular absorption bands that indicates a preferred orientation of the molecules

results from different interaction effects. While in ATR mode, the three components of the

evanescent field are separated by the polarizer to generate the TM and TE waves, the surface dipole

selection rule results in something similar in IRAS for metallic surfaces. The phase shift upon

reflection reduces E⊥ ≡Ey, and E||,x, and enhances only E||,z for high but not grazing angles of

incidence.



30 Theoretical Section

3.2 Ellipsometry

General Considerations. Ellipsometry is a common optical technique for the determination of the

thickness and refractive index of thin films adsorbed or evaporated on a reflecting substrate, as

initiated by DRUDE in 1889 [105]. For isotropic media, FRESNEL’S equations of reflection (r) and

transmission (t) define the ellipsometric angles ∆ and Ψ that describe the change in the state of

polarization of light upon reflection at the surface [106].

Measurement principle. If linearly polarized light is reflected from a metallic surface, amplitude

and phase of both parallel (E||) and perpendicular (E⊥ ) components are changed, i. e. they experience

a phase shift, δ|| and δ⊥ , as described for IRAS in the previous paragraph. Consequently, linearly

polarized monochromatic light incident on a surface becomes elliptically polarized after reflection.

This phenomenon is used to estimate the thickness of the considered film.

In the case of the PCSA (Polarizer, Compensator, Sample, Analyzer) ellipsometer setup, shown in

figure 3.8, a compensator, C, counterbalances this phase shift prior to reflection in order to have

linearly polarized radiation reflected from the surface.

Measuring changes in the state of polarization of the reflected light, the polarizer P and the

analyzer A are adjusted to extinguish the light intensity, i. e. to become zero at the detector. Usually

the measurement results are represented as ellipsometric angles ∆ and Ψ which are related to the

polarizer and analyzer angles in quenching position.
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Figure 3.8: The principal setup and function of the PCSA null ellipsometer consisting of Polarizer, Compensator,
Sample and Analyzer (redrawn from [104b]). By compensation the phase shift, initially linearly
polarized monochromatic light becomes elliptically polarized prior to reflection, and turns out linearly
polarized after reflection at the surface. The analyzer is adjusted to yield zero intensity at the detector.  
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The thickness of the organic film is determined in two steps. For the clean substrate, FRESNEL‘s

equations are applied to calculate the refractive index, ss
*
s κinn +=  for the two phase system

depicted in figure 3.9 a). After preparation of the film, the sample is measured again, and, with

knowledge of *
sn  and *

fn , ∆ and Ψ are converted into an average thickness of the film, df, using the

three-phase model in figure 3.9 b) and the method of McCrackin [107]. ∆ and Ψ can be obtained

experimentally, i. e. ∆ = 270° - 2 P and Ψ = A.
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Figure 3.9: Reflection and transmission of a plane polarized wave. a) Two-phase system with parallel (E||) and
perpendicular (E⊥ ) components of the electric field. b) A three-phase model is used to determine the
thickness of the layer, df, on a substrate. na, nf, and ns are the (complex) refractive indices of the ambient,
the film and the substrate respectively, while θi denotes the angle of incidence, i = 0,1,2 [106].

FRESNEL equations. The reflected and transmitted parts of the incident light are evaluated in terms

of the complex FRESNEL coefficients )exp( |||||| δ= irr  and )exp( ⊥⊥⊥ δ= irr , where ||δ  and ⊥δ  denote

the phase differences after reflection for the parallel and perpendicular components. The complex

ratio of the reflection coefficients, ρ, can be calculated from

[ ] )exp(tan)(exp ||
|||| ∆ψδδρ ii

r

r

r

r
=−== ⊥

⊥⊥

. (3.29)

Ψ and ∆ determine the differential changes in amplitude and phase, with tan Ψ = |r||| / |r⊥ |. By

substitution of r|| and r⊥  from FRESNEL’s equations, and using of SNELL’s law, the refractive index of

the substrate, ns, is given by

i
2

i tan
1

1
1sin θ

ρ
ρθ

+
−+= as nn (3.30)

The ellipsometric measurements of an organic layer on a gold substrate is described by the three-

phase system with multiple reflections, as displayed in figure 3.9b). With the FRESNEL reflection

coefficients of the parallel-plane interfaces between ambient (a) and film (f), and between film and

substrate (s) for the parallel and perpendicular light, r||,af, r||,fs, r⊥ ,af, and r⊥ ,fs, respectively, the

summation of all the reflected partial waves leads to the total reflection amplitudes
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Equation 3.31 is known as DRUDE equation. Finally with equation 3.29, the complex reflectance

ratio, ρ, can be calculated from
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The film thickness df can be calculated from the phase angle β (film phase thickness), whereas λ is

the wavelength of the light in vacuum. In this way, ρ can be understood as a function of na, nf, ns, df,

θ0, and λ. In order not to end up in an underdetermined system for the calculation of df, na, is

determined in the first measurement step mentioned above, and nf, is pre-set to an appropriate value

for organic layers. For further details, the interested reader is suggested to consult [106].

3.3 Contact Angle Measurements

Contact angle measurements characterize the surface with respect to wetting properties and surface

tension. Surface and interfacial energies determine how macroscopic liquid droplets deform when

they adhere to a surface. Thus the liquid drop contact angle θ, measured at the triple point where

vapor, liquid and solid phase are in contact, probes microscopic properties of the surface, such as

hydrophilicity, surface roughness or heterogeneity and characteristics of the interface, e. g. work of

adhesion and interfacial energy. Since equilibrium conditions correlate to a minimum of GIBBS free

energy, solids and liquids always take the shape with the lowest amount of free surface at a

maximum of volume, like curved surfaces or drops. On a hydrophilic surface, for example, a drop

of water is favorable spread out over the surface, whereas it exposes minimal area to a hydrophobic

surface [108-112].

The case of a sessile drop on a solid substrate is illustrated in figure 3.10. The surface energies of

the solid-vapor and liquid-vapor interface are denoted as γsv and γlv, whereas γsl is the solid-liquid

interfacial surface energy. The relation between the contact angle θ and the interfacial energies are

described by YOUNG’S equation γlv cos θ = γsv - γsl that will be deduced in the following.
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Figure 3.10: Schematic setup of static contact angle measurements. A liquid drop (l) on a solid surface (s) is in
equilibrium with the ambient gas (vapor, v) saturated with respect to the vapor pressure of the liquid. θ
defines the static contact angle at the solid-liquid interface, γij are the surface tensions for the interfaces,
and the subscripts s, l and v refer to the solid, liquid and vapor phases, respectively.

Interface Energies and YOUNG’S Equation. To increase the surface of a liquid or a solid by an

area of ◊dA , one has to surmount intermolecular forces, to break chemical bonds of the bulk and to

remove neighbour atoms. Driving force for the formation of a new interface is a decrease in free

energy dG. The reversible work of adhesion Wad is defined as difference in free energy needed to

separate the solid-liquid interface from the solid-vacuum and the liquid-vacuum interfaces.

Consequently, it derives from the GIBBS free energy G for constant temperature T, pressure p and

amount of substance Ni.
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The measurement setup of contact angles θ consists of a liquid drop on a solid surface that is in

equilibrium with the ambient vapor, as described by a three-phase system displayed in fig 3.10. The

free interfacial energy is given by the DUPRÉ equation

sllvsvslv γγγ −+=W (3.35)

Since each interfacial energy exerts a pressure tangentially along the interface, the surface forces

acting in different directions have to balance out in the triple point under equilibrium conditions.

Vector addition of γij in figure 3.10 gives the YOUNG equation

svlvslslvlv )cos1( γγγθγ −+==+ W

⇒   θγγγ coslvslsv +=   ⇔  
lv

slsvcos
γ

γγθ −= (3.36)

A combination of equations (3.35) and (3.36) leads to the YOUNG-DUPRÉ equation

)cos1(lvad θγ +=W (3.37)
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Equation (3.37) provides a relation between the work of adsorption, the contact angle θ and γlv. The

maximum of Wad results for θ approaching 0°.

The contact angle θ and cos θ, respectively, characterizes the wetting behaviour of a surface towards

a liquid phase. cos θ varies from 1 for complete wetting to -1 for complete non-wetting. Since

wetting or partial wetting occurs for cos θ > 0 and γsv - γsl > 0, it is favoured for high-energy

surfaces like metals or oxides rather than for organic surfaces with low interfacial energy, or when

solid and liquid are similar and a small γsl results.

Typical contact angles are listed in table 3.2. The most common liquids in contact angle

characterization of SAMs are water and hexadecane (HD). While water probes the hydrophilicity,

i. e. the polar characteristics of the surface known, HD probes the apolar characteristics and

provides information on the surface composition. For example, in probing the molecular order in

-CH3 terminated SAMs with HD, a contact angle θ < 47° means that CH2 groups are exposed to

HD, and, hence, indicates disorder of the aliphatic chains in the SAM [104a].

Table 3.2: Typical contact angles for various interfaces [104b, 113].

liquid / solid system static contact angle

H2O / HS-CnH2n-CH3 (SAM on gold) 110-112°

H2O / HS-CnH2n-OH (SAM on gold) < 20°

H2O / wool 160°

mercury / glass or steel 140° / 154°

hexadecane / OH- or -CH2 terminated SAM < 10°

hexadecane / -CH3 terminated SAM 47°

Several methods are applied to measure the contact angle. Often the amount of liquid in the drop on

the surface is increased or decreased, thus measuring the two meta stable states of the advancing θa

and receding contact angle θ r, figure 3.11 a) and b). Another way is to move the surface relative to a

drop with constant volume. Here, θa measures the advancing contact angle when the drop moves

over the virgin surface, and θr is the angle of the drop retracted from the previously wetted surface,

figure 3.11 c).

θθθθa θθθθr θθθθa θθθθr

a) c)b)

Figure 3.11: Contact angle measurements by the sessile drop method. Increasing (a) and decreasing (b) of the drop
size measures the advancing (θa) and receding (θr) contact angle. (c) By moving the substrate, both
contact angles are measured simultaneously.
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The difference of the two angles ∆θ = θa - θr is called contact angle hysteresis and provides

information about the roughness and chemical heterogeneity of the surface. Different chemical or

structural components on a surface, i.e. microscopic domains of two different species having

different contact angle, produce a heterogeneous surface. The resulting contact angle can be

calculated as suggested by Cassie [114]

∑=
i

ii coscos θθ f (3.38)

where fi is the fraction of the ith component on the surface and θi is the contact angle of i on a

homogene surface. So, different works of adhesion and cohesion are summarized to give a total

work of adhesion and cohesion via Young’s equation.

3.4 Adsorption and Growing Modes

Particles impinging on the surface are either adsorbed or reflected. The adsorption rate, Rads, is

defined by equation 3.39, with the sticking coefficient, S, i. e. the proportion of collisions with the

surface that lead to adsorption, and the collision rate, Z(s),

(s)

ads
(s)

ads ZS
dt

dN
R ⋅== , with 

mkT

p
Z

π2
(s) = (3.39)

ads
tot

ads
(s) NN ⋅=ϕ  represents the density of adsorbed particles per unit area, defined by the total

number of adsorption sites available, ad
totN , and surface coverage, ϕ. The collision rate depends on

the partial pressure p, the mass m, and the temperature, T, of the adsorbing gas, while kB is the

BOLTZMANN constant. The sticking coefficient, S, is affected by the condensation coefficient σ(s), an

activation barrier Eact (e. g. for chemisorption), and the amount of suitable vacant adsorption sites,

f(ϕ) = 1 - ϕ  for non-dissociative adsorption (Langmuir conditions)
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The ability of the substrate to dissipate the energy of impinging molecules, orientational and steric

effects of the molecules relative to the binding sites of the surface contribute to σ(s) [90, 130, 131].

The adsorption of molecules frequently proceeds through a two-step process that leads to a chemi-

sorbed state via a precursor physisorbed phase, according to the scheme

Y2 (gas) Y2 (phys) 2 Y(chem)
kd

kc ka f(ϕ)

(3.41)
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Y2 (gas), Y2 (phys), and Y(chem) represent the adsorbat in the gaseous, physisorbed and chemisorbed state.

The rate constants kc and kd apply to condensation and desorption of the precursor state, and ka·f(ϕ)

is the rate constant for conversion from the precursor to the chemisorbed state [115].

Figure 3.12 depicts the interaction potential of the surfaces for a Y2 molecule that perpendicularly

approaches the surface. In the case of Ea > Edp, molecules in the physisorbed state have to overcome

an energy barrier ∆E, before they are subsequently chemisorbed at the surface [115, 130].
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Figure 3.12: Interaction potential for chemisorption and physisorption of a molecule that impinges the surface
perpendicular, i. e. in z-direction [115, 130].

For the growth of films on a substrate, three possible modes are distinguished. They are illustrated

schematically in figure 3.13 [115, 116]. In the ‘island growth’, or VOLMER-WEBER mode, small

clusters are nucleated directly on the substrate surface and then grow and form islands of the

condensed phase. This happens when the deposited molecules are more strongly bound to each

other than to the substrate. Therefore, this mode is displayed by many systems of metals growing on

insulators, including many metals on alkali halides, graphite or compounds like mica.
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ϕ < 1 ML

1 < ϕ < 2

ϕ > 2

 (a)  (b)  (c)

Figure 3.13: Schematic presentation of the three growth modes (a) Layer-by-layer (FRANK-VAN DER MERVE), (b) layer
plus island (STRANSKI-KASTRANOV), or (c) isalnd (VOLMER-WEBER) mode. ϕ represents the coverage of
monolayers [116].

The ‘layer-by-layer’, or FRANK-VAN DER MERVE mode, displays the opposite characteristics. Since

the molecules are more strongly bound to the substrate than to each other, the first molecules that

condense form a complete monolayer on the surface. Subsequently, this first layer is covered by a

somewhat less tightly bound second layer. Providing that the decrease in binding is monotonic

toward the value for a bulk crystal of the deposit, the layer growth mode is obtained. This growth

mode is observed in the case of adsorbed gases, such as several rare gases on graphite and on

several metals in some metal-metal systems, and in semiconductor growth on semiconductors.

The ‘layer plus island’ or STRANSKI-KRASTANOV, growth mode is an intermediate case. After forming

the first monolayer, or a few monolayers, subsequent layer growth is unfavourable and islands are

formed on top of the ‘intermediate’ layer. There are many possible reasons for this mode to occur

and almost any factor which disturbs the monotonic decrease in binding energy charateristics may

be the cause [115, 116].

γos

γov

γos

γov

γsv

Figure 3.14: Two epitaxial growth alternatives, FRANK-VAN DER MERVE and VOLMER-WEBER [117].

For an estimation which one of the three growth modes is likely to occur, the energy difference, ∆E,

between the two epitaxial overlayer arrangements is considered. According to the surface tension
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that gives rise to contact angles as described by the YOUNG equation, γov, γos, and γsv, denote the free

energy at the overlayer-vacuum interface, the overlayer-substrate interface, and the substrate-

vacuum interface, respectively, as illustrated in figure 3.14. Assuming that the VOLMER-WEBER

cluster occupies half of the available surface, the energy difference ∆E is given by

∆E = EFV - EVW

∆E = (γov + γos) · A – ½ (γov + γos + γsv) · A (3.42)

Consequently, a complete wetting, i. e. FRANK-VAN DER MERVE growth, is expected when ∆γ = γov +

γos – γsv < 0, VOLMER WEBER growth when ∆γ > 0, and STRANSKI-KRASTANOV growth when ∆γ ≈ 0,

always keeping in mind, that this estimation is only qualitatively useful since any effects that might

arise from the anisotropy of the surface tension are completely neglected. However, methods to

determine γos are rather limited [117]

The influence of thin film morphology can be estimated on basis of electron attenuation in XPS or

Auger electron spectra [118]. Figure 3.15 displays extinction curves for characteristic substrate

electrons as a function of average coverage of an overlayer. In these examples, the mean free path,

λ, is taken as two monolayers, close to the minimum mean free path achievable. In the case of the

uniform overlayer, the growth is assumed to be layer-by-layer, and the extinction curve is a series of

straight lines with the envelope of points at integral coverage corresponding to an exponential

decay. The other curves correspond to a ‘single layer plus islanding’ growth mode and a case of

pure islanding. For the curves involving islanding it is assumed that 50% of the surface is covered.
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Figure 3.15: Extinction curves for characteristic substrate electrons as a function of average coverage of an overlayer
[118].
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3.5 Temperature Programmed Desorption (TPD)

TPD (also known as thermal desorption spectroscopy, TDS) provides useful information about

thermodynamics of chemical reactions and energies of molecules adsorbed at a surface. The method

dates back to the early work of F. URBACH, J. B. TAYLOR and I. LANGMUIR, and L. R. APKER [119-

121], followed by additional pioneering by G. J. EHRLICH [122], while P. A. REDHEAD [123]

developed the theoretical background. Several analytical techniques to determine kinetic parameters

are reviewed in literature [124-129].

As outlined in figure 3.16, first a well-defined amount of molecules is adsorbed on a convenient

substrate in the UHV at low temperatures. Subsequent desorption of the adsorbate layer is

performed by rising the temperature of the surface or by irradiation with light or energetic particles.

The desorbing species are monitored with a mass spectrometer counting molecules and molecular

fragments in the UHV chamber as a function of the sample temperature.

a b c d

Response

Temperature

Coverage

time

Figure 3.16: The experimental principle of TPD experiments: (a) Deposition of the molecules, (b) adsorbed molecules,
(c) heating leads to desorption as detected by mass spectrometery, (d) the response decreases to zero as
the last molecules desorb [104a].

The desorption [90, 130, 131] process is described by the desorption rate, Rdes, i. e. the number of

desorbing particles per unit time and surface area. The activation barrier mentioned above and the

binding energy EB contribute to the desorption activation energy, EA,des = EB + Eact. Since only

molecules that surmount EA,des can desorb from the surface, Rdes follows an ARRHENIUS formalism

based on the BOLTZMANN distribution (POLANYI-WIGNER equation [132])
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with the reaction order denoted as m, and the frequency (or pre-exponential) factor, 0
mk . For a first

order kinetic, k1 is the reciprocal of the mean surface lifetime, τ, for adsorbed particles (FRENKEL

relation):

τ
1

exp ,0
11 =




 −⋅=
RT

E
kk desA   ⇔  




⋅=
RT

E desA,
0 expττ (3.44)

Consequently, τ depends on the depth ∆EA,des of the potential wall, whereas τ0 lies within the time

domain of lattice vibrations, τ0 ≈ 10-13 s.
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Figure 3.17: Simulated TPD spectra for initial coverages ϕ = 0.25, 0.50, 0.75, and 1.00, respectively, calculated for
EA,des = 80 kJ/mol and 0

mk  = 1013 mol/sec [123, 133].

(a)  Zero-order desorption.
(b)  First-order desorption process. The peak temperature is invariant with various coverages.
(c)  Second-order desorption kinetic. Tpeak increases with decreasing coverages ϕ.
(d)  Normalized desorption rate for a first-order and second-order kinetic. While m ≥ 2 leads to a

symmetric curve relative to Tpeak, first-order desorption causes a less symmetric TPD trace.

In thermal desorption experiments, the surface temperature may increase linearly with time t,

T = T0 + βt, with T0 = T(t=0), or in a hyperbolic way (i. e. as linear decrease of the reciprocal

temperature), 1/T = 1/T0 - β’t.
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A characteristic property of the TPD traces is the desorption peak temperature, Tp, that results from

the derivative (dRdes/dt) of the desorption rate with respect to time t.
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The maximum desorption rate is found for (dRdes/dt) = 0, and with equation 3.43 follows [104c]
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While for a first-order kinetic, (m = 1), the peak temperature, Tp, is independent of the initial

coverage, Tp shifts for higher desorption order (m ≥ 2) if ads
(s)N  is varied. Additional information

about m results from the shape of the desorption curve. Second and higher order curves are

symmetic with respect to Tp, whereas first-order desorption causes less symmetric TPD traces,

figure 3.17d).

Order of desorption. Zero-order desorption kinetics, m = 0, is expected, when the desorption rate

is independent of coverage, e. g. for the condensation of particles at a surface, or desorption from

multilayers, where each molecule desorbs from a site where it is surrounded by similar molecules.

TPD traces simulated for an ideal zero-order desorption process and for different initial coverages

are shown in figure 3.17a). Note the common leading edge and the characteristic shift to higher peak

temperatures with increasing coverage.

Providing a non-dissociative adsorption and molecules that do not interact with each other, the

desorption follows first-order kinetics, where the rate of desorption is proportional to the surface

coverage ϕ, figure 3.17b).

For particles that dissociate on the surface during adsorption (e. g. for chemisorption), a higher order

desorption kinetic (m ≥ 2) is observed, if m fragments first have to recombine in a rate-determining

step before desorption. For m = 2, a simulated TPD trace is displayed in figure 3.17c) for various

initial coverages, ϕ. The peak temperature, Tp, depends on ϕ, as given in equation 3.46.

Analysis Techniques. Several methods to determine kinetic parameters like the pre-exponential

factor 0
mk , the order of desorption, m, and the activation energy for desorption, EA,des, from the

measured TPD curves are described in literature [125]. While analysis of the peak width or shape

provides information about the desorption order, a variation of the heating rate or the evaluation

according to Redhead are useful methods to determine 0
mk  or EA,des.
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The historical Redhead method [123] is based on equation 3.47, and yields the pre-exponential

factor 0
mk , when the activation energy, EA,des, has already been determined and vice versa by

measuring the desorption peak temperature for a particular initial coverage ϕ. For an order m > 0,
0
mk  can be calculated from
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Equation 3.47 shows that Tpeak is independent of coverage for a first order desorption with constant

EA,des. Thus, EA,des can be found directly from the measurement of Tpeak provided a value of 0
mk  is

assumed. For 1013 > 0
mk  / β > 108 [K-1], equation 3.47 can be approximated by
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(3.48)

3.6 X-Ray Photoelectron Spectroscopy (XPS)

XPS was used to determine the composition of the deposited films and to give insight into the

chemical environment of the surface constituents. XPS is surface sensitive since the mean free path

of electrons in the solid state is in the range of nanometers. High-energy photons (either

monochromatic Al Kα radiation, hν = 1486.6 eV, or Mg Kα, hν = 1253.6 eV) incident on a sample

in the UHV cause a photoelectric effect, thus emitting electrons from the core levels of the sample.

The binding energy of the electron, EB, depends on the atomic charge distribution and can be

determined by measurement of the kinetic energy, Ekin, of the photoelectron

Ekin = hν - IE (3.49)

where hν is the energy of the exciting X-ray, and IE is the ionization energy of the sample, i. e. the

difference in energy between the emitting orbital and the vacuum level. Therefore, IE correlates to

the binding energy with respect to vacuum level, vac
BE . Using EF, the Fermi level, instead of Evac as

reference of the energy, equation 3.49 results in

EB = hν - Ekin - φ (3.50)

where φ is the working function of the sample, i. e. φ€=€Evac - EF, and EB is the binding energy of

the emitted photoelectron with respect to the Fermi level [90, 92, 134].
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3.7 Scanning Force Microscopy (SFM)

Scanning Force Microscopy was invented by G. BINNIG, C. F. QUADE, and C. GERBER in 1986 [135]

and traces back to the concept of scanning tunneling microscopy (STM) found by G. BINNIG et al

four years before [136]. By measuring the distance dependent forces between the surface and a

molecular-sized tip as a sensor, one probes the topography of both conducting and isolating samples

on an atomic scale, as displayed in figure 3.18.
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Figure 3.18: Principle of  scanning force microscopy (SFM). The tip interacts with the surface during image
acquisition. The feedback circuit regulates the z-control (piezo) in order to achieve a constant deflection
signal from the photodetector while the sample is raster scanned. In SFM modes, the differential voltage
signal ∆=(A+B)-(C+D) is measured, whereas LFM is focussed on the lateral difference ∆=(A+C)-
(B+D).

The tip, located at the end of a flexible cantilever, is placed very close to the sample surface. So

short-range attractive and repulsive forces (< 10-9 N) lead to a vertical deflection of the cantilever

from its equilibrium position. A laser beam is reflected from the cantilever to a four segment

photodetector, and the deflection (in the sub-ångstrom range) is measured by changes in the

differential voltage signal ∆=(A+B)-(C+D). By scanning the tip parallel to the surface, either the

local variation of the tip-surface repulsive force or the z-scanner position required for maintaining a

constant force is converted into an atomic-scale height or deflection (force) image [137].

LENNARD-JONES Potential. Beside electrostatic interactions between charges and dipoles (i. e.

COULOMB energy), there is a wide variety of attractive and repulsive forces, such as friction,

dispersion, adhesive, and VAN DER WAALS’s forces. Since the latter are not of simple nature, they are

best described as interaction pair potentials by the LENNARD-JONES equation [90, 109]
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wherein r denotes the distance between interacting atoms or molecules, E0 is the potential energy at

the minimum (equilibrium), and A and B are constant factors characteristic for the concerned atoms

or molecules.
fo

rc
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repulsive interaction
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lateral-force mode
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Figure 3.19: LENNARD-JONES potential. As the atoms are gradually brought together, they weakly attract each other.
First, the attraction increases with a decreasing interatomic distance, until electrostatic repulsion
between the electron clouds occurs and finally the atoms are in contact. The region for contact (a), non-
contact (b) and tapping mode (c) SFM are shown to the right [137, 138].

The first term in equation (3.51) describes the repulsive force. The second term marks the attractive

VAN DER WAALS interaction that combines the orientation force between two permanently polarized

molecules (KEESOM), the induction force as dipole-induced dipole interaction (DEBYE), and the

LONDON dispersion force between fluctuating dipole moments of neutral molecules, respectively.

Thus B can be calculated using atomic or molecular properties [109].
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ε0 denotes the dielectric permittivity, µ1 and µ2 the electric dipole moment, α1 and α2 the electric

polarizability, and I1 and I2 the ionization potential of two interacting particles. T is the absolute

temperature and kB the BOLTZMAN constant. Often, the third term in equation (3.52) dominates, since

generally dispersion forces exceed the dipole-dependent induction and orientation forces, except for

small highly polar molecules, such as water.

In real SFM measurements, several atoms of the tip interact with several molecules on top of the

sample surface. Therefore, the VAN DER WAALS energy of the two macroscopic bodies, w, is

calculated by summarizing the interaction energies of all atoms of the tip with all the atoms of the

sample according to the HAMAKER summation method [109, 139]. Depending on the tip geometry, w
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follows various interaction laws as displayed in figure 3.20 in terms of the HAMAKER constant H that

is defined as

21
2 ρρπ CH = (3.53)

where ρ1 and ρ2 are the number of atoms per unit volume in the two bodies, and C is the coefficient

in the atom-atom pair potential. In this context, w stands for the interaction of atoms and molecules

or macroscopic bodies, respectively, at a distance of r, and with radius or diameter Ri.
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Figure 3.20: Non-retarded VAN DER WAALS interaction free energies between atoms, molecules or bodies of different
geometries as calculated by the HAMAKER summation method [109, 139].

Typical values for the HAMAKER constant of condensed phases are about 10-9 J for interactions

across vacuum. Further details are provided by ISRAELACHVILI [109]. Since the exact tip geometry

remains unknown, the sphere-surface model is used in most of the theoretical considerations.

SFM Modes. Contact, non-contact and tapping mode SFM differ in the force between tip and

surface, the vibration amplitude of the cantilever and in detection principle (figure 3.19) [137, 138].

Contact mode means that the tip comes through the fluid layer on the sample surface, and, thus,

directly contacts the surface. Under ambient air conditions, most surfaces are covered by a layer of
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adsorbed gases (condensed water vapor and other contaminants) which is typically several

nanometers thick. When touching this layer, the tip meets two additional forces pulling it down into

the layer, thus increasing the overall force on the sample: A higher surface tension results from

capillary actions that cause a meniscus to form, and trapped electrostatic charges both on the tip and

the sample contribute to additional adhesive forces, that lead to hysteresis in the force-vs-distance

curve. Consequently, the scanning tip can exert strong vertical and lateral shear forces on the

sample. The latter may cause inelastic or elastic surface deformations or the removal of weakly

bounded and defective layers, thus probing mechanical properties (e. g. indentation, adhesion or

friction) of the sample. During imaging in contact mode, changes in cantilever deflection are

monitored. Maintaining a constant deflection, i. e. a constant repulsive force between tip and

sample, the height profile displays the vertical movement of the z-scanner at each (x, y) data point.

In non-contact mode, the surface is tracked with a tip oscillating above the fluid layer with an

amplitude a few nanometers (>10 nm). In this way, neither tip nor sample can be contaminated

during scanning, and no force is exerted to the surface. The height profile results of the spatial

variation of the attractive long-range VAN DER WAALS forces as measured by a decrease of the

resonance frequency of the cantilever. Usually, non-contact mode only works with low scan rates

(1-2 Hz) on very flat, extremely hydrophobic surfaces, where the adsorbed fluid layer is at a

minimum.

In tapping mode SFM, the cantilever is vertically oscillating at or near its resonance frequency

(ν ≈ 300 ... 400 kHz) with an amplitude ranging from 20 nm to 100 nm. During scanning, the tip

lightly ‘taps’ on the surface, and, in this way, gets in intermittent contact with the sample

penetrating through the adsorbed fluid overlayer without being trapped by adhesive meniscus forces.

In tapping mode, soft surfaces are less modified than during imaging in contact mode. Compared to

the ‘free’ cantilever, the oscillation amplitude is lowered by interactions with the surface, and this

amplitude drop is used for the feedback loop. Operation also can take place in a liquid environment.

For samples with flat surfaces, regions with different friction can be distinguished by lateral force

microscopy (LFM, cf. figure 3.18), i. e. a variation of contact-mode SFM. Here, the lateral force

applied to the tip is detected by a differential signal from the horizontal segments of the

photodetector.

For further details including considerations about artefacts (e. g. multiple tips or tip convolution) the

reader is referred to [137, 140, 141].
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4 Experimental Section

This chapter summarizes the different preparation procedures that generated tert-butylcalix[4]arene

films either on pure or modified silicon or gold surfaces, and lists the technical equipment used for

their characterization. The tert-butylcalix[4]arene was preparared according to [142].

4.1 Preparation of the Samples

Substrates. The amorphous native oxide layer of Si (001) wafers (Aurel, n-doped (P), specific

resistivity of 3 ... 5 Ω·cm, wafer thickness d = 483 ... 533 µm) was used as SiO2 substrate (➀ ). Gold

substrates (➁ ) used for IRAS were prepared by coating cleaned Si (001) wafers by a 25 Å titanium

adhesive layer, and, subsequently, by 2000 Å gold by means of electron beam evaporation in a

Balzers UMS 500 P system. The evaporation rate was 1 Å s-1 for titanium, and 7 Å s-1 for gold,

while a base pressure of at least 10-9 mbar and a pressure below 3·10-7 mbar were maintained during

the evaporation. Gold substrates on silicon (➂ ) and mica (➃ ) for SFM were prepared in a UHV

system designed and built at our laboratory [133]. Cleaned Si wafer or freshly split mica

(Goodfellow, pure ruby, d = 0.15 mm) in a size of 10 · 10 mm2 were transferred inward the recipient

and thermally cleaned for 12-15 h at a temperature Ts ≈ 725 K while a base pressure in the range of

10-10 mbar was maintained. The deposition of an adhesive layer of d = 50 Å Ti (only for the Si

substrate) occurred at an evaporation rate of 10 Å min-1, whereas the gold film, d = 2000 Å, was

deposited at a rate of 100 Å min-1. A pressure below 10-7 mbar was maintained during the

evaporation. Subsequent annealing at Ts ≈ 500 K for 1 h improved the smoothness of the gold films.

Cleaning procedures. Prior to incubation, the gold surfaces (➁ , ➂ ) were washed in a 5 : 1 : 1

mixture of MillyQ water (18.2 MΩ cm-1, Millipore Milly-Q plus 185), 30 % hydrogen peroxide, and

25 % ammonia for 7 min at 350 K (TL 1 procedure). Silicon substrates were cleaned either by the

TL 1 recipe or in a freshly prepared 3 : 1 mixture of 97 % sulfuric acid and 30 % hydrogen peroxide

(piraña) for 15 min.

Preparation of the BC4MA and thiol monolayers (SAM). The gold substrates were incubated for

at least 17 h in ethanolic 2 mM solution of the corresponding thiol, HS-CnH2n-X, in a plastic beaker

at room temperature. After incubation, the samples were rinsed in ethanol, ultrasonicated in ethanol
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for 10 minutes, then rinsed again, finally blown dry in nitrogen gas and immediately analyzed or

transferred into the recipient of the UHV system. The same procedure holds for the self-assembly of

the bis(tert-butylcalix[4]arene) methionine acylamide, BC4MA with the exception that 1 mM

solution of BC4MA was used for incubation.

The phenyl terminated Au / S-(CH2)18-O-CO-C6H5 monolayer was prepared according to the

procedure by ENQUIST [143] by use of Au / S-(CH2)18-OH surface as substrate for modification.

Preparation of the GOPTS monolayer. In a glass beaker with a lid, droplets of 3-

glycidyloxypropyl-trimethoxysilane, abbreviated as ‘GOPTS’ in the following, were spread on

piraña cleaned silicon surfaces until a complete coverage was achieved. After 30 min the samples

were rinsed and ultrasonicated in acetone for 5 min and rinsed again to remove supernatant GOPTS.

After drying in nitrogen gas, they were transferred into the UHV as fast as possible. Both the acidity

of at least one of the phenyl groups of the tert-butylcalix[4]arene molecule and the reactivity of the

tight three-membered oxirane ring were expected to lead to a chemical reaction on the surface.

O

O

Si(OMe)3

3-glycidyloxypropyl-
trimethoxysilane

‘GOPTS’

O

O

HOOHOHHO

R' R' R' R'

OH

O

HO OHOHO

R' R' R' R'

+

4.2 Technical Equipment

Infrared spectroscopy. Transmission infrared spectroscopy of the compounds dispersed in KBr at

a concentration x ≈ 5·10-3, was performed on a Bruker IFS 48 and a Bruker IFS 66v system both

equipped with a liquid nitrogen cooled MCT detector. tert-Butylcalix[4]arene films deposited on

ZnSe and KRS-5 were measured in ATR mode at an angle of incidence θi = 45° using a KRS-5

polarizer on the Bruker IFS 48. At 2 cm-1 (IFS 48) and 1 cm-1 (IFS 66v) resolution, 1000

interferograms were recorded within ≈ 10 min. During the measurements, the chamber of the IFS 48

was permanently purged with dried air to remove water and CO2 from the chamber. The reflection-

absorption (RA) spectra were recorded either on a Bruker IFS 66 system equipped with a grazing

angle (85°) infrared reflection accessory or on a Bruker Vector 22 system connected to the UHV

system depicted in figure 4.2. Both systems use a liquid nitrogen cooled MCT detector. Again, 1000

interferograms were averaged at a resolution of 2 cm-1. Gold surfaces covered with a monolayer of
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HS-(CD2)15-CD3 (IFS 66) or freshly sputtered and annealed gold surfaces (Vector 22) were taken as

references. In all cases, a three-term Blackmann-Harris apodization function was applied to the

interferograms before Fourier transformation. While ATR spectra were carefully baseline corrected

(in order not to manipulate the dichroic ratio of the absorption bands), transmission and RA spectra

are presented as measured, i. e. without any correction.

Scanning force microscopy. The SFM images presented in this thesis were recorded in contact

mode on a Park Scientific Instrument Universal SPM system using 2.5 µm or 10 µm scanners and

Si3N4 cantilevers supplied by Park Scientific Instruments. Upon imaging, the scanning tip exerts

forces on the sample in the range 10-8-10-7 N. Tapping mode scanning force microscopy was

performed on the Nanoscope III by Digital Instruments, DI, using NanoprobeTM SPM tips of TESP

type, l = 125 µm in length with an drive frequency on ν ≈ 300 kHz. In all cases, it was scanned at

low rates of 1-2 Hz.

Ellipsometery. Single-wavelength ellipsometry was performed using an automatic Rudolf Research

AutoEL ellipsometer equipped a with He-Ne laser light source, λ = 632.8 nm at an angle of

incidence of 70°. Prior to their incubation, the gold substrates were measured as reference. The film

thickness was averaged from seven different spots on the sample.

Contact Angle Goniometry. Contact angles were measured with a Ramé-Hart NRL 100

goniometer in air. Water taken freshly from the Milli-Q and hexadecane were used to probe hydro-

philicity and homogeneity of the samples.

4.3 bis(tert-Butylcalix[4]arene) Methionine Methyl Ester Acylamide
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C
OH
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H2N    C    H

COO-CH3
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S-CH3

DCC, CH2Cl2

0°C, 4-8 h

Br   CH2

C

O
COO-CH3

CH2

CH2

S-CH3

C    HNH

Preparation of the acylamide bromide. A three-necked flask (100 mL) was loaded with 4.0 g

(20 mmol) of methionine methyl ester hydrochloride in 50 mL methylene chloride and cooled to -

15°C. By dropwise addition of 2.8 mL (2.03 g, 20 mmol) of triethylamine, the hydrochloride was

converted into the free base. During a continuous cooling of the reaction mixture, 4.55 g (22 mmol,

i. e. 1.1 equiv.) of dicyclohexylcarbodiimid (DCC) in 10 mL dry methylene chloride and

subsequently 2.78 g (20 mmol) bromoacetic acid in 5 mL methylene chloride were added dropwise

to keep the temperature of the reaction mixture below -5°C. Additional stirring was performed for

1 h at 0°C and subsequently for two hours at room temperature to complete the reaction.

The resulting salts were filtered off and washed twice with 25 mL of methylene chloride. The

solvent was removed under reduced pressure on a rotary evaporator, and the crude product was
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dissolved in ethyl acetate. The remaining urea was filtered off, and the product was kept in a

refrigerator for crystallization.
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Reaction to bis(tert-butylcalix[4]arene) methionine methyl ester acylamide. A three-necked

flask equipped with stirrer, calcium chloride drying tube and condenser was loaded with 1.9 g

(3 mmol) of tert-butylcalix[4]arene in 50 mL acetonitrile, 2 g (14.3 mmol), potassium carbonate,

and 1.7 g (6 mmol) acylamide bromide. The mixture was stirred under reflux for 48 h, while the

progress of the reaction was monitored by thin-layer chromatography, TLC (Merck silica gel 60,

F254: hexane / ethyl acetate 4 : 1).

After the completion of the reaction, the acetonitrile was distilled off under reduced pressure. The

residue was taken up in 50 mL diethyl ether and 30 mL water, and was transferred to a separating

funnel. The organic phase was separated and washed twice with water, while the water phase was

washed with diethyl ether, 50 mL each. The united organic phases were dried over anhydrous

magnesium sulfate for 3 h, and the filtrate was concentrated under reduced pressure to a volume of

approximately 15 mL. Finally, the product was stored in the refrigerator order to let it crystallize.

C

O

S

N

Figure 4.1:  The bis(tert-butylcalix[4]arene) methionine acylamide molecule.
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4.4 Ultrahigh Vacuum systems

4.4.1 Combination of IRAS and TPD

The deposition of tert-butylcalix[4]arene films on thiol SAMs on gold and studies of the inclusion

behaviour both of tert-butylcalix[4]arene and BC4MA were carried out on the ultra high vacuum

system depicted in figure 4.2. The system consists of three chambers, i. e. a load lock, a preparation

chamber (with mass spectrometer, sputter gun and evaporation cell) and a measurement chamber

(for IRAS and mass spectrometery) as described elsewhere [144].

b

c

edf

a g

h

LL

PC

MC

Front view (to the left):

a) sample holder, b) LL - load lock, c) PC - preparation
chamber, d) MC - measurement chamber, e) FTIR
spectrometer, f) IR detector chamber, g) dosing valve or
evaporation cell, h) mass spectrometer port.

Top top view of the measurement position (below):

a) sample stage, e) FT-IR spectrometer with transfer
optics, f) IR detector chamber with i) MCT IR detector,
k) polarizer, l) mass spectrometer.

a
e

f

i

k

l

Figure 4.2: : Experimental setup for combined evaporation, temperature programmed desorption (TPD) and IRAS
measurements of thiol and calix[4]arene layers on gold surfaces [144].
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4.4.2 Großgerät

tert-Butylcalix[4]arene films on silicon and the ‘GOPTS’ modified silicon substrates were prepared

by KNUDSEN evaporation and characterized by XPS and UPS in the UHV system sketched out in

figure 4.3.

Sample 
Holder

Sputter Gun

XPS

Analyzer

UPS
HREELS

Magnetic
Sample Holder

XYZ
Manipulator

Plate valve
and SealingsEvaporation Cell

(Knudsen Type)

QMB

Preparation
Chamber

Analysis
Chamber

Sealings

Figure 4.3: Großgerät, redrawn from [146]. The preparation chamber is equipped with an evaporation cell of
KNUDSEN type and a quartz micro balance to monitor the film thickness via a Leybold-Heraeus
deposition monitor Inficon XTM. A X-ray source (Mg Kα, 1253.6 eV), the UV lamp (HeI, p ≈ 1·10-8 mbar,
HeII, p ≈ 7·10-9 mbar) and the analyzer are located in the analysis chamber.

Evaporation of tert-butylcalix[4]aren in the UHV. Prior to deposition from a KNUDSEN

evaporation cell, the tert-butylcalix[4]arene molecules were thermally cleaned in UHV at

temperatures slightly below their sublimation temperature to ensure their purity. The calixarenes

were evaporated at a cell temperature of Tcell ≈ 475-500 K and a pressure of approx. 3·10-8 mbar in

the preparation chamber (base pressure below 10-9 mbar) on an unheated substrate, i. e. Ts = 298 K.

Deposition rates of 0.1 ... 0.5 Å s-1 were maintained for at least 1 h before and after the evaporation

to establish a constant rate of tert-butylcalix[4]arene. The results are smooth and homogeneous

films as checked with scanning force microscopy and confirmed by XPS and UPS for layers of a

different thickness, d = 20 ... 500 Å
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5 Results and Discussion

The growing behaviour of molecular films on a particular substrate strongly depends on the relative

strength of the forces between the molecules of the growing film and the interactions between the

substrate and the film, that are influenced by chemical properties of the surface, such as wetting and

reactivity. In this context, the results of the preparation of tert-butylcalix[4]arene layers will be

presented with respect to the different substrates and the corresponding characterization methods.

Transmission Fourier transform infrared spectroscopy (FT-IR) characterizes the tert-butylcalix[4]-

arene molecule prior to and after the inclusion of suitable organic guest molecules [145].

Information about the growth of calixarene layers prepared by thermal deposition on

semiconducting substrates like zinc selenide, ZnSe, thallium bromide-iodide Tl(BrI), ‘KRS 5’, or

the native oxide surface of silicon, SiO2, is obtained from FT-IR spectroscopy in attenuated total

reflection mode (ATR). The orientation of the molecules in the layer can be estimated from the

dichroism observed for the TM and TE waves ATR spectra (cf. chapter 3) by use of linearly

polarized radiation. Infrared reflection-absorption spectroscopy (IRAS) is suitable for metallic

surfaces with different wetting properties that, for instance, are defined by the terminal groups of

adsorbed alkane thiols, HS-(CH2)n-X, as outlined in chapter 2.

Scanning force microscopy (SFM) images show the growing mode of calixarenes on the substrates.

They indicate whether the ‘layer-plus-island (STRANSKI-KASTRANOV)’, ‘layer-by-layer (FRANK-VAN

DER MERVE)’, or ‘island growth (VOLLMER-WEBER)’ mode is preferred. Additional characterization

of the layers is performed by contact angle measurements, temperature programmed desorption

(TPD) and photoelectron spectroscopy (XPS, UPS).

5.1 The tert-Butylcalix[4]arene Host Molecule

The tert-butylcalix[4]arene molecule consists of a cavity shaped by four phenyl moieties that are

bridged by methylene groups. It bears tert-butyl groups at the upper, and hydroxyl groups at the

lower rim. The characteristic vibration modes of these functionalities and skeletal vibrations

contribute to the spectrum. Figure 5.1 shows a typical FT-IR transmission spectrum of the tert-

butylcalix[4]arene host with an empty cavity and indicates the characteristic IR absorption bands.
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Figure 5.1: FT-IR transmission, ATR and Raman spectra of the tert-butylcalix[4]arene molecule. The regions for
wagging (ω), twisting (τ), rocking (ρ), deformation (δ), bending (β), and combination vibration modes
are depicted. The calixarene molecule and the orientation of the dipole moments µa,b and µc are shown in
the top right-hand corner. The table indicates the activity and polarization (direction) of the A1, B1, B2

and E type vibration modes.
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In table 5.1, the vibration modes are assigned both with respect to their infrared and Raman activity

as well as taking into account their behaviour in the ordered films, as will be illustrated in

chapter 5.2.

Table 5.1: Assignment of IR modes [cm-1] for the tert-butylcalix[4]arene molecule [147-149].

wavenumber [cm-1] mode assignment a)

3140 νar(OH) stretching vibration of the aromatic OH group (A1)

3054, 3025 νar(CH) stretching vibration of the aromatic CH group, 7 & 20 b)

2962, 2956 νas(CH3) asymmetric CH3 stretching vibration e)

2905 νas(CH2) asymmetric CH2 stretching vibration, oop

2869 νs(CH3) symmetric CH3 stretching vibration, in-plane (ip)

1604, 1482 νar(CC) stretching vibration of the aromatic rings, 8A, 19A

1465, 1428 δas(CH3)
δsc(CH2)

asymmetric CH3 deformation band (oop) overlapped by
the CH2 scissor vibration

1393, 1362 δ(CH) deformation vibration of the tert-butyl group (E)

1305 ω(CH2) CH2 wagging, 19B

1285, 1257, 1201 skeletal vibration of tert-butyl bond to the aromatic ring (E)

1242 ν(CO) CO stretching vibration

1159 δ(OH) aromatic OH deformation vibration (ip), 9A (E)

1125 δar(CH) aromatic CH groups c), characteristic for phenols (A1)

945 skeletal vibration c) or 7B (A1)

890 ω(CH) CH wagging, 17B

872, 855 1,2,3,5 tetrasubstituted benzene rings d)

817 ν(C-CH3) tert-butyl group

782 β(CC) in-plane deformation of aromatic rings, 12

745 δ(OH) OH deformation out-of-plane

710 ρ(CH2) CH2 rocking (A1)

a) νs / νas: symmetric / asymmetric stretching vibration; δs / δas: symmetric / asymmetric deformation vibration, δsc:
scissoring mode; ω: wagging, τ: twisting, ρ: rocking, β: bending.

b) nomenclature of WILSON for the assignment of the C-H vibrations of the phenyl ring [150].
c), d) assignment as suggested by SODA [149] or HAYES and HUNTER [16].
e) νas(CH3) splits into an in-plane mode [ra

−] at ν~ = 2962 cm-1 (E) and an out-of-plane mode [rb
−] at

ν~ = 2956 cm-1 (A1)
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An ATR spectrum of a thin tert-butylcalix[4]arene film (d = 175 Å) evaporated on a KRS 5 crystal

and the Raman spectrum of fine tert-butylcalix[4]arene powder are included in the figure 5.1. A

comparison of the transmission and ATR spectra proves the high thermal stability of the tert-butyl-

calix[4]arene molecule. Since the positions and the intensities of the characteristic vibration bands

in the KBr pellet are equal to those in the film, it becomes evident that the molecules can be

sublimated without decomposition.

Additional information is provided by the activity of several vibration modes in the TM but not in

the TE waves of ATR spectra, cf. chapter 5.2. With respect of their absence in the TE wave spectra,

the absorption modes at wavenumbers ν~ = 1125, 945, 855, 710, 604, 570, and 512 cm-1 are assigned

as belonging to the A1-type vibration modes.

As mentioned in chapter 2, the most important feature of calixarenes in IR spectra is the position of

the aromatic OH stretching vibration mode, νar(OH), that measures the strength of intramolecular

hydrogen-bonding interactions among the OH groups at the lower rim. This interaction stabilizes

the cone conformation of the cyclic tetramer (C4v symmetry). In comparison to ν~ = 3607 cm-1 for a

free and unassociated aromatic hydroxyl group, the vibration band is significantly broadened and

shifted toward lower wavenumbers. Due to a closed ring of hydrogen bonds at the lower rim of the

tert-butylcalix[4]arene, i. e. a high degree of association, the stretching vibration of the aromatic OH

group possesses a large dipole moment, and, hence, appears with a high intensity in the IR spectra.

The opposite is observed in Raman spectra: nearly no polarizability of the νar(OH) vibration leads to

a minute absorption.

The assignment of the CH vibrations of the phenyl rings took into account both the position of the

vibration bands as estimated from benzene, toluene, m-xylene, and mesitylene, and the activity in IR

and Raman spectra [150].

In contrast to the characteristic stretching vibration modes, a defined assignment is impossible for

several vibration modes that appear in the fingerprint area or in the region of the skeletal vibrations.

For completeness, the vibration modes of the functional groups in the tert-butylcalix[4]arene

molecule are summarized in the following and sketched out in figure 5.1.

Additional modes of the CH2 groups are the wagging ( ν~ = 1382-1170 cm-1), twisting ( ν~ = 1295-

1063 cm-1), and the rocking vibration ( ν~ = 1174-724 cm-1). The substitution pattern of the aromatic

rings is characterized by several in-plane (ip) or out-of-plane (oop) bending (β) or ring deformation

(δ) vibrations, respectively. p-substitution leads to absorption at ν~ = 1225-1175 cm-1 (β, ip),

ν~ = 1125-1090 cm-1 (β, ip), ν~ = 860-800 cm-1 (β, oop) and ν~ = 560-450 cm-1 (δ, oop). o-substi-

tution gives rise to an absorption at ν~ = 770-735 cm-1 (β, oop) and ν~ = 490-410 cm-1 (δ, oop),

whereas ν~ = 835-745 cm-1 (δOH, oop), ν~ = 720-600 cm-1 (δ, oop), ν~ = 440-380 cm-1 (β, OH), and

ν~ = 1260-1150 cm-1 (δCH, ip and oop) result from the phenol group.
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5.2 Layers on Semiconducting ATR Crystals KRS 5 and ZnSe

5.2.1 The Pure tert-Butylcalix[4]arene on ZnSe

FT-IR spectroscopy in attenuated total reflection mode is a suitable technique to characterize the

growth of organic layers that are deposited on ATR crystals. It provides useful information about

the orientation of the molecules in the film if linear polarized radiation is employed. Figure 5.2

shows the ATR spectra of a ‘thick’ tert-butylcalix[4]arene film (d = 200 Å) on a ZnSe crystal for the

transverse magnetic (TM, E|| with respect to the plane of incidence) and the transverse electric wave

(TE, E⊥ ). The film was obtained by thermal evaporation of pure tert-butylcalix[4]arene powder.

Differences in the reflectivities RTM and RTE of certain vibration modes are observed both in the

region of the OH and CH stretching vibrations, as well as in the fingerprint area.

The perpendicular polarized infrared radiation is almost unaffected at the wavenumbers ν~ = 1124,

947, 848, and 710 cm-1, whereas parallel polarized radiation is absorbed by the tert-butylcalix[4]-

arene layer at these wavenumbers. This pronounced dichroism of the reflectivities, RTM and RTE,

indicates an ordered, i. e. anisotropic, growth of tert-butylcalix[4]arene on the ZnSe crystal. Two

regions of deformation and skeletal vibrations with significant differences in the dichroic ratios,

DTE/TM, i. e. the fraction of RTE and RTM (cf. chapter 3), are displayed in figure 5.3.
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Figure 5.2: FTIR-ATR spectra of tert-butylcalix[4]arene (d = 200 Å) on ZnSe. Transverse magnetic (TM) and
transverse electric wave (TE), are the components of the polarized infrared radiation parallel or
perpendicular with respect to the plane of incidence. Vibration bands with a significantly different
dichroic ratio of TM and TE wave are magnified in figure 5.3.
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Figure 5.3: FTIR-ATR spectra of tert-butylcalix[4]arene (d = 200 Å) on ZnSe, details of figure 5.2. A pronounced
dichroism is observed for ν~ [δ(CH)] = 1124 cm-1 and for the skeletal vibration  at ν~ = 947 cm-1.

The dichroic ratio of selected infrared vibration bands of tert-butylcalix[4]arene films with a

thickness of 20 Å ≤ d ≤ 7500 Å evaporated on ZnSe are listed in table 5.2. Note that the layer

thickness does not significantly affect the dichroic behaviour of the infrared bands.

Table 5.2: Dichroic ratio, DTE/TM, of selected infrared bands for tert-butylcalix[4]arene films on ZnSe.

layer wavenumbers ν~  [cm-1]

thickness 1124 976 947 870 848 780 710 675

50 Å 0.06 1.07 0.07 1.20 0.12 1.04 0.183 1.01

200 Å 0.10 1.16 0.10 1.23 0.01 0.91 0.10 0.87

7500 Å 0.08 0.84 0.03 1.03 0.14 0.80 0.09 0.99

Three additional features are worth mentioning: First, due to the orienting interaction with the

substrate, the OH stretching vibration appears at ν~ [ν(OH)] = 3168 cm-1.

Also, on a closer examination of the asymmetric CH3 stretching vibration, one finds the peak of the

absorption band at ν~ = 2962 cm-1 for the TE wave, while it is centered at ν~ = 2956 cm-1 in the TM

wave spectrum. This corresponds to the splitting of the vibration into an in-plane mode referred to

in literature as an [ra
−] branch at ν~ = 2962 cm-1 and an out-of-plane mode, i. e. [rb

−], ν~ = 2956 cm-1

[151]. The fact that the in-plane mode is more strongly excited by the TE wave, while the out-of-

plane mode shows a stronger interaction with TM is another conclusive piece of evidence for the

preferred orientation of the tert-butylcalix[4]arene molecules in the film.

Finally, the significant deflection of the dichroic ratio from DTE/TM = 0 or 1 at ν~ = 817 cm-1 is

explained by a local symmetry effect. Keeping in mind that, strictly speaking, only the calix[4]arene
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backbone holds C4v symmetry, it becomes clear that the local C3v symmetry of the tert-butyl groups

at the upper rim causes the mentioned deflection. Therefore, the absorption band located at

ν~ = 817 cm-1 is assigned as belonging to the ν(C-CH3) of tert-butyl group in table 5.1.

5.2.2 tert-Butylcalix[4]arene Layers on KRS 5

Under certain conditions, an anisotropic growth of tert-butylcalix[4]arene is also observed on

KRS 5 crystals, as illustrated for the fingerprint area and lower frequency region in figure 5.4. This

tert-butylcalix[4]arene layer (d = 172 Å) was produced by thermal deposition of crystalline

inclusion complexes of tert-butylcalix[4]arene with toluene in the cavity.
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Figure 5.4: FTIR-ATR spectra of a tert-butylcalix[4]arene layer (d = 172 Å) on KRS 5. Crystalline inclusion
complexes of tert-butylcalix[4]arene with toluene were used as evaporation material.

The pronounced dichroism of RTM and RTE detected at wavenumbers ν~  = 1124, 947, 710, 604, 570

and 512 cm-1 in the ATR spectra proves the oriented growth of the tert-butylcalix[4]arene

molecules. The presence of toluene in the cavity is indicated by the position of the OH stretching

vibration band, ν~ = 3172 cm-1, and the shifting of the OH out-of-plane deformation vibration from

ν~ = 745cm-1 to ν~ = 738 cm-1. The solvent is found to play an important role in the orientation of the

molecules. If the partial pressure of toluene is decreased by cooling the baffle of the vacuum system

with liquid N2 during the evaporation, isotropic growth is detected in the ATR spectra.

On the other hand, if an isotropically grown layer is stored in an atmosphere of chloroform vapor for

several hours, anisotropy increases with the exposition time and leads to a growing dichroism of the

particular vibration bands mentioned above. In this context, however, an ordering of the molecules

in the film has to be distinguished from the growing of crystallites. Isotropic growth on the KRS 5

crystal is achieved by deposition of calixarene molecules that, prior to thermal evaporation, were
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recrystallized from chloroform and dried at approximately 410 K in low vacuum to ensure that no

solvent molecules are included in the cavity, figure 5.1.

5.2.3 Observed Dichroism and Suggested Growth Model

The theoretical background necessary to elucidate the relation between the detected dichroism of

infrared absorption bands and the orientation of molecules in the film is outlined in chapter 3. In

terms of the spectrometer coordinate system (x, y, z), the TM wave excites vibration modes with a

transition moment aligned in the (x, z)-plane, i. e. the plane of incidence, whereas the TE wave

interacts exclusively with vibrations that correlate to changes of the dipole moment in the y-

direction. The character table of the point group C4v lists the dipole-allowed and infrared active

vibration modes of the tert-butylcalix[4]arene molecule that belong to the symmetry species A1 or E.

With respect to the molecular coordinate system (a, b, c), vibrations of the A1-type are polarized in

the c-direction that coincides with the principal axis, C4, while the E type is degenerated in the (a,

b)-plane. As suggested by ZBINDEN [98], and due to the common excitation of µa and µb, the

following preferred orientations of the tert-butylcalix[4]arene molecules, sketched out in figure 5.5,

may serve as models in order to explain the dichroic behaviour. Figure 5.5a) schematically shows

the transition moments µa,b and µc of the tert-butylcalix[4]arene molecule, whereas the two-

dimensional degeneration of µa,b is indicated by the bowl that symbilizes the tert-butylcalix[4]arene.

Possible orientations of the principal axis and, hence, µc, parallel to one of the axes of the

spectrometer coordinate system (x, y, z), are depicted in figure 5.5b-d). The calixarene molecules

may also be tilted in the layer.
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Figure 5.5: a) Transition moments for infrared active vibration modes of the tert-butylcalix[4]arene molecule. b), c),
and d) Possible orientations of the tert-butylcalix[4]arene molecule in the layer with respect to the
coordinate system (x, y, z) of the spectrometer.

A preferred molecular orientation with the c axis arranged parallel to the y axis, i. e. parallel to the

surface but perpendicular to the plane of incidence, figure 5.5c), exclusively leads to an excitation of

either A1 or E-type vibrations. Therefore, it can not explain vibrations with DTE/TM ≈ 1, and,

consequently, does not concur with the observed dichroism. In contrast to this, a supposed
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orientation of the molecules with their principal axis parallel to the x- or z-axis of the spectrometer

correctly predicts the appearance of the dichroic ratios of DTE/TM ≈ 0 and DTE/TM ≈ 1. In their growth,

however, the molecules can not discriminate between the x- and y-axis, since the latter are defined

only by the way the sample is mounted in the spectrometer. From these considerations, it follows

that only the orientation model depicted in figure 5.5d), i. e. C4 = c || z, meets all requirements to

explain the observed dichroic behaviour and, consequently, indicates an uniaxial orientation of the

molecules in the layer with the c and C4 axis aligned nearly perfectly parallel to the surface normal,

however, ‘face-up’ or ‘face-down’ orientation can not be distinguished.

The slight absorption of the TE wave at the wavenumbers ν~  = 1124, 947, 710, 604, 570 and

512 cm-1 is attributed to three effects. A lack of long range ordering in the entire layer and the

degree of polarization, determined to > 98 %, are assumed to exhibit only a small influence. The

main effect, however, is due to a deflection from the high symmetric cone conformation. The cone-

cone interconversion and the pinched-cone conformation (C2v) of the calixarene backbone, cf.

chapter 2, as well as the local symmetry of the tert-butyl groups at the upper rim, lower the degree

of symmetry of the tert-butylcalix[4]arene molecule.

In terms of the theory developed by FLOURNOY, SCHAFFERS, and MIRABELLA [99, 100], the

relationship between the orientation of the molecules characterized by the spatial attenuation indices

κx, κy, and κz, and the measured reflectivities for the transverse electric and transverse magnetic

wave, RTE and RTM, is given by

ln RTE = - α κy

ln RTM = - β κx - γ κz (5.1)

The constants α, β, and γ were calculated in chapter 3. For uniaxial layers (κx = κy) on a ZnSe

crystal (ni = 2.40) these equations are transformed to

ln RTE = – 5.48 κx

ln RTM = – 1.97 κx – 9.00 κz (5.2)

Consequently, E-type vibrations, with their transition moment aligned parallel to the (x, y)-plane,

are expected to show a dichroic ratio of DTE/TM = 5.48 / 1.97 , i. e. DTE/TM ≈ 2.80 for a perfect

uniaxial orientation of the tert-butylcalix[4]arene molecules, whereas no absorption should occur

for A1-type vibrations at these wavenumbers.

Since this is not the case, the method by ZBINDEN can be applied to estimate the actual orientation of

the tert-butylcalix[4]arene molecules in the film, assuming a perfect axial orientation. The tilt

angles, υ', formed by the dipole moment µ of the molecules and the surface normal, i. e. the z-axis,

are calculated according to equation (3.19), DTE/TM = ½ tan2 υ', and listed in table 5.3.
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Table 5.3: Average dichroic ratio, D TE/TM , and calculated tilt angles, υ', for selected A1-type vibration modes of
tert-butylcalix[4]arene on ZnSe.

Wavenumbers ν~  [cm-1]

1124 947 848 710 604 570 512

TE/TMD 0.08 0.07 0.09 0.10 0.06 0.07 0.05

υ' 21.8° 20.5° 23.0° 24.0° 19.1° 20.5° 17.5°

From these results, a perfect axial orientation of the tert-butylcalix[4]arene molecules on ZnSe is

concluded whereas the principal axis (C4) of the molecules forms an angle of υ' ≈ 21° with the z-

axis of the spectrometer coordinate system.

Figure 5.6 summarizes the facts described above that lead to a dichroic behaviour in ATR spectra.

According to their relative orientation, the molecular dipole moments, µ, of a certain vibration mode

sum up to yield the dipole moment, M, of the entire film. If M lies in the plane of incidence, only

absorption of the TM wave takes place, giving rise to DTE/TM = 0. An equal amount of infrared

radiation of the TE and TM wave is absorbed by the overlayer, i. e. DTE/TM = 0, if M is aligned

parallel to the (x, y)-plane.
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Figure 5.6: The orientation of the dipole moment M of a certain vibration mode of the film, relative to the plane of
incidence, determines the amount of absorbed radiation and the degree of the dichroism. This is
demonstrated for an arrangement of M (a) parallel to the plane of incidence, and (b) parallel to the
surface.

5.3 tert-Butylcalix[4]arene Layers on Silicon

This chapter deals with the results of the preparation and characterization of tert-butylcalix[4]arene

layers on the amorphous native oxide adlayer of Si (001) wafers. Surface sensitive characterization
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is performed by X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS [90]), whereas

scanning force microscopy (SFM) yields information about the growing mechanism of the layers.

5.3.1 Characterization by XPS and UPS

Substrate. The comprehensive XP spectrum in figure 5.7a) and details for the O(1s), C(1s), and

Si(2p) levels in figure 5.8 confirm that the washing of the substrate followed by thermal cleaning in

the UHV generates a SiO2 surface of sufficient purity and smoothness. No signal with an intensity

above the noise level is detected in the XP spectrum of the C(1s) core level region. The SiO2 is

characterized by O(1s) with a binding energy, EB, of 532.0 eV, Si(2p) peaks for the pure silicon

centered at EB = 99.9 eV, and a small amount of SiIV (EB = 102.8 eV) resulting from the oxide

adlayer, d ≈ 5 ... 10 Å [152].

Calixarene Films. tert-Butylcalix[4]arene films (d = 20 ... 500 Å) were deposited on SiO2 by

KNUDSEN sublimation, Tcell ≈ 475-500 K at deposition rates of 0.1 ... 0.5 Å s-1. The XP spectra of

three particular stages of the layer preparation are displayed in figure 5.7: the clean SiO2 surface

(trace a), a thin layer of tert-butylcalix[4]arene, d = 30 Å, i. e. 3 monolayers (trace b), and a thick

calixarene layer of d = 250 Å (trace c).
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Figure 5.7: X-ray photoelectron spectra. a) pure Si / SiO2 (001) substrate. b) tert-butylcalix[4]arene layer, d = 30 Å,
c) tert-butylcalix[4]arene layer, d = 250 Å, on Si / SiO2 (001).
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The aliphatic and aromatic carbon atoms in the tert-butylcalix[4]arene molecules give rise to the

C(1s) peak with binding energy EB = 284.5 eV. The peak heights, both of the oxygen (1s) and the

silicon (2s) and (2p) levels, decrease with increasing film thickness. Due to the phenol groups in the

tert-butylcalix[4]arene, the O(1s) peak still appears in spectrum of the thick layer (trace c in figure

5.7), where the substrate peaks have vanished.
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Figure 5.8: MgKα excited XP spectra of the core level region of O (1s), C (1s) and Si (2p) of a) the pure Si / SiO2

substrate, and b) a tert-butylcalix[4]arene layer (d = 30 Å) on Si / SiO2.

It is widely known that parameters like the evaporation rate and the substrate temperature have a

strong influence on the growing behaviour of organic layers. Keeping this in mind, it is not

surprising that moderate evaporation rates of 0.1 ... 0.5 Å s-1 generated homogeneous films, whereas

higher rates (≥ 10 Å s-1) caused the deposition of molecular clusters rather than well-defined layers.

The influence of the substrate temperature correlates with the diffusion of molecules in the

condensed phase that follows an Arrhenius like law showing an exponential temperature

dependence, i. e. ∼  exp (-EA/RT). Consequently, a higher substrate temperature during the

evaporation or an annealing process afterwards may supply sufficient energy for a migration of the

molecules on the surface, and films produced in this way are expected to be more homogeneous.

The annealing effect of a slightly increased substrate temperature is demonstrated in figure 5.9a).

The C(1s) peak of a tert-butylcalix[4]arene layer, d = 50 Å, is denoted as (II); for comparison, (I)

shows the XPS trace of the pure silicon surface. After 30 min of annealing at Ts ≈ 325 K in the

UHV, the C(1s) peak of the calixarene layer has tremendously decreased, as depicted in trace (III).

The result of the ‘annealing’ is best described by the peak area of (II) and (III). Immediately after

evaporation, the C(1s) peak covers Ap = 402 aau. (arbitrary area units), whereas a peak area of
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Ap = 174 aau. after annealing indicates the desorption of approximately more than half of the

organic film. With figure 3.16, this decrease might also have been interpreted as result of an ‘island’

or ‘layer plus island’ modification of the film, the latter, however, could not be detected in SFM.
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Figure 5.9: a) XP spectra of the C(1s) peak during the annealing experiment. (I) clean SiO2 surface, (II) tert-butyl-
calix[4]arene layer (d = 50 Å) on SiO2 immediately after evaporation, and (III) after 30 min of annealing
at Ts ≈ 325 K.

b) HeII UV photoelectron spectra. (IV) clean SiO2 surface, (V) tert-butylcalix[4]arene film, d = 20 Å (≈
2 monolayers), on SiO2, and (VI) tert-butylcalix[4]arene film, d = 50 Å, on SiO2.

Figure 5.9b) shows the HeII UV photoelectron spectra of a clean SiO2 surface before (IV) and after

coating with tert-butylcalix[4]arene, d = 20 Å (V) or d = 50 Å (VI). Evidently, the molecular

orbitals of the physisorbed calixarene molecules contribute to the additional peaks in spectra (V)

and (VI), centered at binding energies EB = 17.0, 10.3, 8.3, 5.8, and 3.3 eV, respectively. Since the

results of a molecular orbital calculation of the tert-butylcalix[4]arene are not available for an

assignment, the peak positions were compared to an UPS spectrum of benzene on Ni (111) [90,

153]. The spectra of tert-butylcalix[4]arene on SiO2 and benzene on Ni show the same shape,

whereas the calixarene has lower binding energies. The π level with the smallest ionization potential

is centered at EB = 3.3 eV (≈ 4 eV for benzene), while EB = 10.3, 8.3, 5.8 eV and EB = 17.0 eV of

the calixarene correspond to EB = 7.5 ... 6 eV and EB = 10 ... 8.5 eV (1e1g) in the benzene spectrum.

5.3.2 SFM Images of Thick tert-Butylcalix[4]arene Films

The quality of the tert-butylcalix[4]arene films prepared on SiO2 surfaces was probed by scanning

force microscopy. Typical SFM images of ‘thick’ tert-butylcalix[4]arene films, d = 200 Å, on the

native SiO2 / Si (001) surface are shown in the figures 5.10-5.12.
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a) b)

Figure 5.10: Contact mode SFM images of a tert-butylcalix[4]arene (d = 200 Å) on SiO2 / Si (001). The scanned area
is a) (1.5µm)2 and b) (1µm)2.

Figure 5.11: Tapping mode SFM images of tert-butylcalix[4]arene (d = 200 Å) on native SiO2 / Si (001).

One recognizes large areas of the same gray scale value. They indicate that the top layers grow with

high perfection, generating a two-dimensional ‘island’ arrangement of the molecules. Beside the

terraced calixarene layers, areas of darker gray indicate that some inferior layers are not totally

completed. This suggests a growth mechanism according to the VOLMER-WEBER model, i. e. a cluster

and island growth: If the intermolecular interactions of the adsorbate molecules predominate over

adsorbate-substrate attractions, first the formation of three-dimensional clusters is energetically
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favoured over a two-dimensional growth of completed layers. With increasing coverage, the three-

dimensional clusters grow together and form nearly completed inferior layers. Additional

confirmation of the assumed growth mechanism is found in the contourline profiles, illustrated in

figure 5.12. As marked by dashed lines in the image, the layer topography is determined parallel

(horizontal line) and perpendicular (vertical line) to the scan direction of the tapping cantilever, and

depicted below or on the right hand side of the SFM image, respectively.
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Figure 5.12: Details of SFM images in figure 5.11. Dashed lines in the image indicate the positions in the height
profiles below or on the right hand side. The step heights in the profile to the right of the image (listed
from top to bottom) are ∆1 = 10.17 Å, ∆2 = 10.93 Å, and ∆3 = 10.02 Å. The step heights in the profile at
the bottom of the image (listed from the left to the right) are ∆1 = 10.7 Å, ∆2 = 20.93 Å, and ∆3 = 10.01 Å.

The observed step heights are of integral multiples of 10 Å, and in good agreement with the

dimensions of the tert-butylcalix[4]arene molecule that were determined from a force field

optimized molecular structure [28].

In order to verify the preferred orientation of the tert-butylcalix[4]arene molecules discovered for

thick layers (d = 200 Å) on SiO2, corresponding FT-IR measurements in ATR mode were

performed. Figure 5.13 illustrates the absorption of the TM and TE wave by a tert-butylcalix[4]arene

layer, d = 200 Å, on an ATR crystal made of silicon.
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Figure 5.13: TM (—) and TE spectra (—) of tert-butylcalix[4]arene (d = 200 Å) on Si.

Several vibration modes show different intensities of their absorption bands in the TM and TE wave

of the ATR spectra. Since the light-transmitting spectral range of the silicon crystal is limited to

wavenumbers ν~  ≥ 1200 cm-1, however, the region 1150 - 500 cm-1 that provides most information

about the orientation of the molecules is cut off. Therefore, the intensity inversions in the stretching

vibration and the lower frequency region are the only clues for a preferred molecular orientation.

Combined with the SFM results, however, an oriented growth of the tert-butylcalix[4]arene

molecules on the SiO2 substrate is concluded.

5.3.3 SFM Images of tert-Butylcalix[4]arene Layers

The VOLMER-WEBER growth model implies that the intermolecular attraction of the adsorbate

molecules is stronger than the adsorbate-substrate interactions. This fact will be examined in the

following for calixarene films with a nominal thickness of only a few layers. Figures 5.14a) and b)

show contact mode SFM images of a tert-butylcalix[4]arene layer, d = 20 Å, on SiO2 that were

recorded within 6 h after evaporation.
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a) b)

Figure 5.14: Contact mode SFM images of a tert-butylcalix[4]arene layer, d = 20 Å, on a SiO2 substrate immediately
after evaporation. After the recording of image a) with a scanned area of (0.6 µm)2, a bigger area of the
sample, i. e. (3 µm)2 was scanned, to generate image b).

First an extremely small sector of the sample, i. e. (0.6 µm)2, was scanned yielding the image in

figure 5.14a). A single cluster of tert-butylcalix[4]arene is shown on the SiO2 surface. The latter is

left absolutely flat by the cleaning procedure. Image 5.14b) was obtained by magnifying the scanned

area to a sector of (3 µm)2 and by slightly changing the scanning position. Several interesting facts

are seen in this image: In the region formerly left untouched by the scanning cantilever, molecular

clusters of agglomerated tert-butylcalix[4]arenes are scattered on the surface while the remaining

area is covered with smaller layers. Neither these small spots, nor the clusters are adsorbed strongly

enough to withstand the lateral force exerted by the scanning cantilever, and, consequently, are

wiped away after several SFM runs performed at the same position. Due to the fact that the small

spots are nearly totally wiped away in the upper left part of the image while the number of clusters

is not diminished that tremendously, the clusters seem to stick a little stronger to the substrate than

the layers do. Unfortunately, the layers are not resistant enough towards the scanning process, so no

height profile is available in order to determine their thickness.

Strong attraction among the adsorbate molecules may lead to a migration on an extremely flat

surface, if sufficient energy is supplied. To prove this, the sample was stored for five days in a dry

atmosphere at room temperature. The resulting SFM images are illustrated in figure 5.14c) and d).
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Figure 5.14:  Contact mode SFM images of a tert-butylcalix[4]arene layer, d = 20 Å, on a SiO2 substrate (continued).
The images c) and d) were recorded after storing the sample for five days at room temperature in an
atmosphere of dried argon. The scanned sectors are (3 µ)2 and (1.5 µ)2 in size, respectively.

The scanned frame of image 5.14c) is of the same size as in figure 5.14b), i. e. (3 µm)2. Most of the

molecular spots described above have vanished, giving rise to tert-butylcalix[4]arene clusters that

have grown significantly both in lateral direction and in height, as can be seen from a comparison of

the gray scale bars to the right of the images b) and c). In contrast to image 5.14b) where nearly the

entire substrate was covered with calixarene molecules, large regions of the free, uncovered SiO2

appear in image 5.14c). The deposited tert-butylcalix[4]arene molecules seem to have migrated over

the surface, to generate the observed clusters. In this case, room temperature provides sufficient

energy to overcome the activation necessary for the interchange of sites on the flat substrate. Beside

the numerous huge clusters, only one small spot of unclustered calixarene is left in figure 5.14d).

Consequently, from the observed effect of agglomerating molecules, a high attraction between the

calixarenes is concluded.

In order to analyze the cluster growth, SFM images of a tert-butylcalix[4]arene film with a nominal

thickness of d = 70 Å on SiO2 are displayed in figure 5.15.
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Figure 5.15: SFM images of tert-butylcalix[4]arene, nominal thickness d = 70 Å, on SiO2 in a) Contact Mode SFM or
b) Tapping® Mode SFM. c) Detail of image b) with 2 height profiles, taken at the positions indicated by
the horizontal lines. The step heights in the top profile (listed from left to right) are ∆1 = 10.52 Å, and
∆2 = 10.13 Å. The heights in the lower profile (listed from left to right) are ∆1 = 30.77 Å, ∆2 = 30.00 Å,
and ∆3 = 70.51 Å, respectively.

The contact mode SFM image 5.15a) illustrates a situation that has already occurred in

figure 5.14b). The organic layer is bound too weakly to the substrate and is pushed aside by the

scanning cantilever. By imaging the film in tapping mode SFM, shown in figure 5.15b) and c), the

oscillating cantilever applies less mechanical stress to the tert-butylcalix[4]arene layer. This causes

less changes of the film during the imaging process as results from a comparison of SFM images
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that were taken before and after numerous SFM runs were performed at the same position of the

sample.

The magnified area of (250 nm)2, illustrated in figure 5.14c), generates two height profiles that

describe the positions marked by the horizontal lines on top and in the lower part of the image. The

upper profile depicts steps of monomolecular height in the organic overlayer, which are next to

larger clusters. The lower height profile characterizes an area with marked difference in the layer

topography. It shows one tert-butylcalix[4]arene cluster of approximately 1500 Å in lateral size and

70 Å in height, as indicated by the value of ∆3. The latter perfectly coincides with the nominal layer

thickness. Several particular height levels can be recognized on the left tailing flank of the profile.

As denoted by ∆1 and ∆2 which correspond to the height of 3 monolayers of the tert-butylcalix[4]-

arene molecules, the step heights are of integral multiples of 10 Å. Two small areas of the uncoated

substrate appear to the left and to the right of the calixarene cluster.

These results confirm the VOLMER-WEBER growth mechanism without any doubt. Flat islands on top

of the clusters are clearly indicated in the images, while steps of molecular height are found on the

tailing flanks of the clusters.

5.3.4 Chemical Modification of the Silicon Surface with GOPTS

Since the thermal deposition of tert-butylcalix[4]arene molecules on pure SiO2 surfaces generates

physisorbed layers that are only rather weakly bound to the substrate, a pathway to chemisorbed

calixarenes was explored in order to avoid the adsorbate being pushed away by a cantilever or any

other similar mechanical stress.

∆∆∆∆1111

∆∆∆∆2222

Figure 5.16:  a) Tapping mode SFM images of a GOPTS-modified SiO2 surface, b) height profile taken along the
dashed line in a). The step heights listed (from top to bottom) are ∆1 = 7.01 Å, and ∆2 = 6.62 Å.
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By modifying a silicon surface with a SAM of the epoxide terminated alkylsilane, ‘GOPTS’, a

highly reactive substrate is generated. After evaporation, the calixarenes bind to the substrate by

reaction of at least one phenyl group with the epoxide moiety of GOPTS. Figure 5.16 illustrates the

particular stages in the preparation of tert-butylcalix[4]arene layers on a epoxide terminated SiO2

substrate. The reactive surface after modification with GOPTS and a height profile determined

perpendicular to the scan direction are shown in figure 5.16a) and b). Beside large regions where the

substrate is flat, several smooth areas of a little lighter gray scale appear, indicating some

inhomogeneities that may be due to the formation of a second monolayer of GOPTS or to the SiO2

being affected by the GOPTS preparation; ∆1 = 7.01 Å and ∆2 = 6.62 Å are in the range of the

molecular dimensions. The profile consciously was determined for a rather hilly area of the sample

to ensure that the biggest difference in topography are measured to be lower than 10 Å. Deposition

of tert-butylcalix[4]arene (d ≈ 300 Å) and subsequent rinsing of the molecules that are physisorbed

on the sample generated the surface displayed in the images 5.16c)-f).
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Figure 5.16 c) Tapping mode SFM images of a tert-butylcalix[4]arene layers on GOPTS / SiO2 after rinsing of
physisorbed molecules. d) -f) height profiles (#1 and #2) characterizing the layer at the positions marked
by dashed lines in image d). The step heights in profile #1 are ∆1 = 10.53 Å, and ∆2 = 10.92 Å, and in
profile #2, ∆ = 10.36 Å.
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The GOPTS / SiO2 surfaces with and without tert-butylcalix[4]arene coating, differ in shape and

size of the superior spots. The overall height in topography of less than 40 Å (cf. the gray scale bar),

proves that no large calixarene clusters are left on the surface after rinsing. The profiles 5.16e) and

f) correspond to the dashed horizontal lines marked with ‘1’ and ‘2’ and indicate terraces of

approximately 10 Å in height. This indicates the presence of one monolayer of tert-butylcalix[4]-

arene on large areas of the modified substrate.

5.4 tert-Butylcalix[4]arene Layers on Modified Gold Surfaces

The previous chapter dealt with the growth of tert-butylcalix[4]arene layers on silicon substrates

that were either hydrophilic due to the cleaning process or chemically modified to posses a reactive

terminal group capable of forming chemical bonds with the adsorbed molecules (layers). In this

section, the influence of wettability properties on the orientation of the molecules in the layer will

be examined in detail.

5.4.1 Characterization of Self-Assembled Thiol Monolayers (SAMs)

SAMs of alkane thiols HS-(CH2)n-X on gold are a suitable model system for the study of interfacial

phenomena because of their ease of preparation, their high quality, and the wide range of surface

properties achievable by using different chain-terminating groups X. Figure 5.17 shows the infrared

reflection-absorption (RA) spectra of self-assembled monolayers of the alkane thiols used in this

thesis. The terminal groups were chosen according to their hydrophilic (X = OH) or hydrophobic

(X = CH3) properties which match with the hydrophilicity of the hydroxyl groups at the lower rim of

the calixarene or the hydrophobic cavity and the hydrophobic properties of the tert-butyl residues of

the calixarene. The methyl terminated SAM also is predestinated for CH3-π interactions with

aromatic systems like the calixarene skeleton. A favoured inclusion of aromatic molecules,

comparable with X = -O-CO-C6H5, into the cavity is known from literature [20]. The quality of the

SAMs was confirmed by IRAS, ellipsometry and contact angle measurements.

An incubation time of more than 15 h for the self-assembly resulted in high ordering and a high

density of the thiol layers. The all-trans configuration of the methylene groups in the aliphatic chain

is identified by the position of the CH stretching vibrations, mainly of the asymmetric CH2

stretching vibration. In transmission spectra of liquid alkane thiols, νas(CH2) is centered at ν~ ≈ 2925

- 2927 cm-1 and is shifted toward lower in IRAS spectra of the SAM. Low ν~  is indicative of well

established all-trans configuration within the SAM.
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Figure 5.17: RA spectra of self assembled thiol monolayers of (I) Au / S-(CH2)17-CH3 (II) Au / S-(CH2)18-OH and
(III) Au /  S-(CH2)18-O-CO-C6H5 at room temperature. p-polarized radiation at an incidence angle of 83°
was used. The CH-stretching region is displayed to the left of the figure, and the low frequency region for
Au / S-(CH2)18-O-CO-C6H5 to the right. The inset shows the scissoring mode deformation vibration modes
of the Au / S-(CH2)17-CH3 SAM, i. e. δsc(CH2) at ν~ = 1466 cm-1 and δsc(CH3) at ν~ = 1383 cm-1.

The characteristic stretching vibration bands of the different thiols are summarized in the following.

Table 5.4: Characteristic symmetric and asymmetric CH stretching vibrations (νs and νas) of alkane thiol SAMs on
gold. In literature, the ν(CH3) and ν(CH2) modes often are referred to as [r] and [d] branches, [rFR

+]
denotes the Fermi resonance.

expected peak
position [71, 75]

Au /  S-(CH2)17-CH3 Au /  S-(CH2)18-OH Au /  S-(CH2)18-O-
CO-C6H5

νas(CH3) [r
-] 2965 cm-1 2964.2 cm-1

νs,FR(CH3) [rFR
+] 2937 cm-1 2937.3 cm-1

νas(CH2) [d
-] 2917.7 ... 2919.3 cm-1 2918.7 cm-1 2917.7 cm-1 2917.9 cm-1

νs(CH3) [r
+] 2875 cm-1 2877.7 cm-1

ν(CH2) adjacent to OH 2876 cm-1 2877.9 cm-1

νas(CH3) [d
+] 2849.8 ... 2850.5 cm-1 2850.5 cm-1 2849.8 cm-1 2850.2 cm-1

ν(CH), aromatic 3074 cm-1 3076.8 cm-1

The absorption band observed for the Au / S-(CH2)18-OH SAM at ν~ = 2877.7 cm-1 results from the

perturbed CH2 stretching vibration that is associated with the outermost methylene group adjacent to
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OH. An assignment for the observed absorption peaks of the phenyl terminated SAM, Au / S-

(CH2)18-O-CO-C6H5, is given below in table 5.5 [104, 150].

Table 5.5: Observed frequencies for the most prominent absorption bands of the Au / S-(CH2)18-O-CO-C6H5 SAM.

ν~ = 1725 cm-1 ν~ = 1604 cm-1 ν~ = 1468 cm-1 ν~ = 1453 cm-1 ν~ = 1317 cm-1 ν~ = 1283 cm-1

ν (C=O)
 a) νar (CC), 8A & B δsc (CH2) νar (CC), 19B

 b) β (CH), 3 ν (C-O)

ν~ = 1179 cm-1 ν~ = 1117 cm-1 ν~ = 1071 cm-1 ν~ = 1027 cm-1 ν~ = 847 cm-1 ν~ = 806 cm-1

β (CH), 9A & B ν (CH) or
ν (O-CH2)

β (CH), 15 γ (CH), 5 δsc (O=C-O) ω (C=O)

a) ν(ar): (aromatic) stretching vibration; δsc: scissoring mode deformation; β: in-plane bending, γ: out-of-plane
bending, ω: wagging.

b) nomenclature of WILSON for the assignment of the C-H vibrations of the phenyl ring [150].

Table 5.6: Ellipsometric thickness and contact angles of the produced thiol SAMs. The advancing and receding
contact angle θa / θr were determined for water (H2O) and hecadecane (HD).

Au /  S-(CH2)17-CH3 Au /  S-(CH2)18-OH Au /  S-(CH2)18-O-CO-C6H5

ellipsometric thickness [Å] 22 ± 1 24 ± 1 27 ± 1

contact angle with H2O [°] θa = 110 ± 1 θr = 105 ± 1 θa ≤ 20 θr ≤ 10 θa = 68 ± 1 θr = 59 ± 1

contact angle with HD [°] θa = 47 ± 1 θr = 45 ± 1 θa ≤ 10 θr ≤ 10 θa ≤ 10 θr ≤ 10

The ellipsometric thicknesses and the contact angles of the SAMs are in good agreement with

values reported in literature [75]. Enquist et al. [143] produced the phenyl terminated SAM with a

shorter aliphatic chain, i. e. HS-(CH2)16-O-CO-C6H5, dE = 25 ± 1 Å. An increase in thickness of 2 Å

due to two additional methylene groups is reasonable. The contact angles of the C18 phenyl SAM

are rather similar to the reported values for the C16 phenyl, θa / θr (H2O) = 68 ± 1° / 63 ± 1°. These

results and the RA spectra confirm the quality of the prepared SAMs.

The behaviour of the methyl terminated, hydrophobic thiol SAM at low (T = 82 K) and high

temperatures (T = 398 K) was investigated using IRAS, and the resulting RA spectra are displayed

in figure 5.18.



Results and Discussion 77

a) b)
0.001

- 
lo

g
 (

R
 / 

R
0
)

2850

Wavenumbers [cm-1]

2963.8

2917.3

2956.1

2918.7

2876.42877.7

2849.02850.5

28003000 29002950

2918.72924.6
2922.2

2964.2

2964.52966.4
2965.8 2877.82880.0

2850.52853.8
2852.5

2850

Wavenumbers [cm-1]

3000 29002950

0.001

(I) 82 K

(II) 298 K (II) 298 K

(III) 398 K

(IV) 398 K 

Figure 5.18: RA spectra of the CH3-terminated SAM (CH-stretching region, measured in ultra high vacuum) at
different temperatures. All peak frequencies differ slightly from room temperature values. a) RA spectra
measured at T = 82 K (I) and at room temperature (II). The r- branch [νas(CH3)] splits into two modes
assigned as ra

- and rb
-. b) RA spectra at room temperature (II), immediately after heating up to

Ts = 398 K (III), and after 3 h of annealing at Ts = 398 K (IV). In all cases, a freshly sputtered and
annealed gold substrate was taken as reference.

As a consequence of the decrease in molecular flexibility (i. e. rotation around the C3 axis of the

CH3 group) at T = 82 K, the in-plane (ra
-) and out-of-plane (rb

-) modes of the asymmetric CH3

stretching vibration, νas(CH3), are resolved in the spectrum, and the r- branch is split into two clearly

resolved peaks at ν~  = 2964 and 2956 cm-1. The temperature effect leads to a higher intensity of the

absorption bands and a smaller band width.

Annealing of the Au / S-(CH2)17-CH3 SAM for 1 h at T = 398 K causes two effects, as illustrated in

figure 5.18b). As generally expected for measurements performed at higher temperatures, the peaks

in the RA spectra suffer from a broadening due to an increased flexibility of the aliphatic chains.

The latter explains the vanishing intensity of the symmetric CH3 stretching vibration centered at

ν~  = 2878 cm-1 in the upper RA spectrum. The higher temperature also affects the ordering of the

aliphatic chains as characterized by the stretching vibrations of the methylene groups. A significant

shifting of the νas(CH2) band from ν~ 298K = 2919 cm-1 to ν~ 398K = 2925 cm-1 corresponds to the loss

of the all-trans configuration in the CH2 chains of the thiol.

5.4.2 tert-Butylcalix[4]arene Layers on Gold Surfaces with Different Wettability Properties

The following results demonstrate in which way the growth, i. e. the orientation of the tert-butyl-

calix[4]arene molecules, is affected by different terminal groups of the thiol SAMs on gold. A

typical difference RA spectrum of a tert-butylcalix[4]arene layer (d = 500 Å) deposited on the

modified hydrophilic gold surface Au / S-(CH2)18-OH is shown in figure 5.19. The term ‘difference
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spectrum’ indicates that prior to the evaporation, a single channel spectrum of the thiol SAM was

recorded and taken as reference R0.
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Figure 5.19: RA difference spectrum of tert-butylcalix[4]arene (d = 500 Å) on Au /  S-(CH2)18-OH with an assignment
of the most prominent absorption bands.

An assignment of the marked vibration bands is given in table 5.1. The positions of most of the

vibration modes in the spectrum resemble the values in the transmission spectra (figure 5.1). The

aromatic stretching vibration, νar(CC), at ν~ = 1606 and 1485 cm-1, the CH2 wagging vibration at

ν~ = 1305 cm-1, and the skeletal vibration of the tert-butyl group centered at ν~ = 1205 cm-1 are

shifted towards higher wavenumbers (∆ ν~ = 2 ... 4 cm-1). This may be due to packing effects on the

hydrophilic surface.

For a tert-butylcalix[4]arene layer (d = 30 Å) on the OH terminated SAM, the contact angles with

water and hexadecane were measured. An advancing contact angle with water, θa(H2O) = 47 ± 1°,

indicates that some amount of the molecules is oriented with the cavity towards the ambient phase,

and the hydroxyl groups at the lower rim favorably point at the hydrophilic thiol SAM. The receding

angle of θr(H2O) = 33 ± 1° leads to a pronounced hysteresis, that is understood as the result of the

disturbance of the physisorbed film due to the water droplet. The contact angles with hexadecane,

θa(HD) = 12 ± 1° and θr(HD) ≤ 10°, are in good agreement with values obtained both for the OH

and the C6H5-terminated SAM, table 5.6.
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Because of the surface selection rule, a preferred orientation of all the tert-butylcalix[4]arene

molecules in the film should lead to a decrease (increase) in intensity of vibration modes that are

polarized parallel (perpendicular) to the surface. Since no change in relative intensity is observed in

the RA spectrum, figure 5.19, in relation to the transmission spectrum representing an isotropic

sample, figure 5.1, the layer is assumed to grow isotropically without any long-range order.

The position of the OH stretching vibration, ν~ [νar(OH)] = 3145 cm-1, corresponds to the frequency

range indicated for an empty cavity. This result certifies a satisfactory thermal cleaning of the tert-

butylcalix[4]arene molecules prior to deposition. It also indicates that no significant interaction

between the phenolic hydroxyl group of the calixarene and the terminal OH group of the thiol SAM

occurs, since the latter should cause a shifting of ν~ .

In order to probe short-range ordering effects of the thiol SAMs, the growth of tert-butylcalix[4]-

arene films with a nominal thickness in the range of monolayers on three different SAMs on gold is

studied in detail by means of IRAS.

Figure 5.20 shows the difference RA spectra of thin tert-butylcalix[4]arene films on the modified

hydrophilic gold surface, Au / S-(CH2)18-OH. The amount of calixarene on the hydrophilic substrate

corresponds to a film thickness of ½, 1, ..., 2½ monolayers, from bottom to the top, respectively.
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Figure 5.20: Difference RA spectra of a tert-butylcalix[4]arene with increasing thickness comparable to ½, 1, 1½, 2,
and 2½ monolayers evaporated on the hydrophilic gold surface Au / S-(CH2)18-OH.
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Even for a very low coverage of the substrate, the characteristic tert-butylcalix[4]arene vibration

bands appear clearly above the noise level in the spectra. As has been noticed for the thick layer

characterized in figure 5.19, the position of the peaks differs only slightly from the transmission

spectrum. Some orientation effects, however, are indicated by the absence of infrared absorption at

ν~ = 1428 and 1257 cm-1. The latter seems to be covered by the shoulder of the peak centered at

ν~ = 1240 cm-1. The CH2 wagging vibration ( ν~ = 1305 cm-1) coalesces with one of the skeletal

vibrations of the tert-butyl group ( ν~ = 1285 cm-1), giving rise to an absorption at ν~ = 1297 cm-1

with shoulders at ν~ = 1305 and 1285 cm-1.

Difference RA spectra of a tert-butylcalix[4]arene with a nominal thickness of d = 5, 10, and 80 Å

(i. e. ½, 1, and 8 monolayers) on the modified hydrophobic gold surface, Au / S-(CH2)17-CH3, are

illustrated in figure 5.21.
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Figure 5.21: Growth of tert-butylcalix[4]arene films on Au / S-(CH2)17-CH3: Difference RA spectra of nominally ½, 1,
and 8 monolayers are denoted as (I), (II), and (III), respectively. A vanishing intensity of several
vibration modes in (I) and (II), e. g. at ν = 1242, 1159, and 1125 cm-1 indicates a preferred orientation of
the molecules in the layer. Note the ‘negative’ peaks marked by ‘*’ in the figure, and the different scale of
the spectra.
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Since the MCT detector is cooled with liquid nitrogen, the amount of condensed ice on the detector

element increases with time. This gives rise to a broad absorption band with variable intensity in the

OH stretching vibration region that overlaps with the ν(OH) of the calixarene. Therefore, the

position of the ν(OH) absorption band is omitted in further discussions.

The comparison of the figures 5.20 and 5.21 reveals differences in the growth behaviour of tert-

butylcalix[4]arene on the modified hydrophilic and hydrophobic gold surfaces. First, the stretching

vibration band of the aromatic rings, νar(CC), is significantly broadened on the methyl terminated

SAM. Also, in the low frequency region and the fingerprint area of the spectra (I) and (II) in

figure 5.21, several characteristic vibration modes of the tert-butylcalix[4]arene molecule are

missing, i. e. at wavenumbers ν~ = 1242, 1159, and 1125 cm-1, no absorption of infrared radiation is

observed.

This latter fact is explained in terms of the surface selection rule that was deduced in chapter 3. It

states that, as a result of the phase shift upon reflection at metal surfaces, an amplification of

vibration modes with a transition moment parallel to the surface normal occurs, whereas absorption

bands vanish if their dipole moment changes perpendicular to the surface normal. In this context,

the three missing absorption bands mentioned above indicate that their dipole moments are aligned

perpendicular to the surface normal, not just for a couple of molecules, but for (nearly) all of the

tert-butylcalix[4]arenes. This fact clearly proves a preferred orientation, i. e. an ordered growth, of

the tert-butylcalix[4]arene molecules on the hydrophobic, methyl terminated thiol SAM.

In the region of the CH stretching vibrations, νas(CH3) is shifted towards lower wavenumbers,

giving rise to a ‘negative’ peak, i. e. a drop in intensity below the baseline, that appears at

ν~ = 2879 cm-1, marked by ‘*’. The effect of ‘negative’ peaks, has already been reported by ENQUIST

and LIEDBERG [151]. The authors interpret the significant loss of vibrational intensity, as compared

to the clean SAM, to be due to overlayer-substrate interactions. The negative peaks occur due to the

fact that for the difference spectra, the clean SAM substrate was taken as a reference, R0, and the

tert-butylcalix[4]arene layer deposited on the SAM as a sample, R. Decreasing intensities of the [r–]

and [r+] vibration modes are observed for increasing thickness of the tert-butylcalix[4]arene film.

Since these modes are associated with the chain-terminating methyl groups, obviously, an

increasing number of methyl groups becomes involved in interactions between the tert-butyl-

calix[4]arene and the thiol SAM. Also, the broadening of the νar(CC) vibration band is concluded to

be due to these overlayer-substrate interactions.

In order to understand the interactions on a molecular level, small molecules that mimic the

different functional groups and building blocks of the calixarene were deposited on the methyl

terminated SAM. If, for example, the interaction is due to an attractive interactions between the tert-

butyl group of the calix[4]arene and the methyl group of the SAM, a spectrum of an aliphatic

molecule with a tert-butyl moiety, e. g. dimethylbutane (H3C)3C-CH2-CH3, adsorbed on the SAM

will show the same effect, i. e. induce negative absorption bands. Model compounds such as
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alcohols or phenols, aliphatic molecules with a tert-butyl group or aromatic molecules, were taken

into account, with toluene tested first. Figure 5.22 compares both absorbance and difference spectra

of the Au /  S-(CH2)17-CH3 surface prior to and after the deposition of tert-butylcalix[4]arene films

(d = 30, 50 Å) or a dosing of 15 L of deuterated toluene (d8-toluene, C6D5-CD3).
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Figure 5.22: RA spectra of the CH stretching vibration region indicating interactions of the methyl terminated thiol
Au / S-(CH2)17-CH3 with d8-toluene and thin layers of tert-butylcalix[4]arene, d = 30 and 50 Å,
respectively. The spectra #1 - #4 were measured with a freshly sputtered and annealed gold surface taken
as reference. The RA spectra #5 - #7 were calculated to show the differences in the spectra #2 - #4
relative to the clean SAM (#1), e. g. the difference spectrum of #2 and #1 is depicted as #5. To the top,
the RA spectrum of tert-butylcalix[4]arene deposited on a freshly sputtered and annealed gold surface is
illustrated for comparison. Here no interactions with the substrate are indicated. The spectra are
measured at a sample temperature of Ts = 82 K.

The CH stretching vibration region of a typical RA spectrum of the hydrophobic SAM is denoted as

spectrum #1 in figure 5.22. Note the splitting of the asymmetric CH3 stretching vibration giving rise

to a ra
– and rb

– branch. The positions of the vibration bands are ν~ [νa(CH3)] = 2963.8 and

2956.0 cm-1, ν~ [νa(CH2)] = 2916.7 cm-1, ν~ [νs(CH3)] = 2876.3 cm-1, and ν~ [νs(CH2)] = 2848.7 cm-1.

An evaporation of nominally 3 and 5 monolayers of tert-butylcalix[4]arene generates the RA spectra

#2 and #3. As a consequence of the interactions discussed above, the maximum of the CH3
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stretching vibration bands is shifted to ν~ [νs(CH3)] = 2875.3 cm-1, with a shoulder on the low

frequency flank. As a response to the growing thickness of the calixarene layer, the intensity of the

νas(CH3) vibration increases and the splitting diminishes. The ν(CH2) vibrations are unaffected by

the tert-butylcalix[4]arene layer and remain unchanged in shape and position. From this, it is

concluded that the inner SAM structure remains unperturbed upon deposition and that the

interaction with the calixarene molecules is limited to the tail groups of the SAM.

The effect of dosing 15 L d8-toluene on the Au / S-(CH2)17-CH3 SAM is shown in the absorption

spectrum #4. Since ν~ (C-D) ≈ 2100 cm-1, none of the toluene bands appears in the spectrum. Again,

the ν(CH2) vibrations are unaffected by the dosing, whereas the νas(CH3) band nearly disappears,

rFR
+ almost vanishes, and νs(CH3) is shifted to ν~ = 2870.7 cm-1.

The difference in absorption calculated between SAMs with or without tert-butylcalix[4]arene

coating are depicted as spectra #5 and #6, and the difference resulting from the dosing of toluene is

shown in #7. The unaffected behaviour of the ν(CH2) vibrations generates a straight line around

ν~ = 2917 and 2850 cm-1, while the νas(CH3) peaks show two significant drops in intensity at

ν~ = 2964.7 and 2955.2 cm-1 that correlate to a vanishing of the ra
– and rb

– band of the thiol SAM. In

all three difference spectra, a negative peak at ν~ ≈ 2937 cm-1 indicates the decreasing intensity of

the rFR
+ vibration, strongly pronounced in #7 obtained after toluene dosing. Interactions with the

organic overlayers lower the excitation frequency of the symmetric CH3 and cause a pronounced

negative peak at ν~ = 2877 cm-1, i. e. the position of νs(CH3) in the spectrum of the pure SAM,

whereas a strong positive peak appears at the lower wavenumber of ν~ ≈ 2870 cm-1.

With respect to peak shifting and negative absorption bands, toluene and tert-butylcalix[4]arene

demonstrate an identical behaviour on the CH3-terminated thiol SAM. Therefore, an affinity of

aromatic rings to enter into CH3-π interactions with the SAM [56] is concluded to be the driving

force that leads both to an interaction with the organic layer and to a preferred orientation of the

tert-butylcalix[4]arene molecules in the film.

In the same way as described above for the CH3 and OH terminated SAM, tert-butylcalix[4]arene

films were deposited on the phenyl terminated surface, Au / S-(CH2)18-O-CO-C6H5. In analogy to

the methyl terminated SAM, a preferred orientation of the molecules in the film was expected as a

result of interactions between tert-butylcalix[4]arene and the phenyl groups of the SAM. The latter,

however, was not observed. Perhaps due to the high density of the thiol layer, the C6H5 groups are

too close to each other and, hence, an inclusion into the tert-butylcalix[4]arene cavity is sterically

hindered. ‘Spacer’ molecules within the SAM might help to overcome this problem.
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5.4.3 Temperature Programmed Desorption of Calixarenes and SAMs

The relative strength of the interactions that keep the layers on the surface can be estimated by

temperature programmed desorption (TPD). The magnitude of the peak desorption temperature

(desorption energy) can provide information about the mechanisms of adsorption, i.e. it can be used

to distinguish between physisorption and chemisorption phenomena. By combining mass

spectrometry (MS) and infrared reflection-absorption spectroscopy (IRAS), the macroscopic effect

of the thermal desorption of an organic film is simultaneously monitored on the molecular level.

Figure 5.23 shows the traces of the temperature programmed desorption of tert-butylcalix[4]arene

layers deposited on the hydrophilic Au / S-(CH2)18-OH and the hydrophobic Au / S-(CH2)17-CH3

SAMs on gold. For comparison, the TPD spectra of both the SAMs without organic overlayer are

illustrated.
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Figure 5.23: TPD spectra of different organic layers on gold surfaces, heating rate β = 0.33 Ks-1 . TPD (I) tert-butyl-
calix[4]arene on H3C-(CH2)17-S / Au, (II) CH3-terminated SAM on gold, (III) tert-butylcalix[4]arene on
OH-terminated SAM on gold, and (IV) pure HS-(CH2)18-OH SAM on gold.

Assignment of the Detected Masses. The extremely stable tert-butylcalix[4]arene molecule

generates only very few cracking products found in mass spectra. Since the [M+] peak at m/z = 648

exceeded the measurement range of the used MS, only the fragments appearing at m/z = 57 and

m/z = 164 are useful for a characterization of the desorption progress. Three fragments, i. e.

m/z = 32, 33, and 34, contribute to the trace of the desorbing sulfur, and the latter showed the

highest counting efficiency.
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m/z = 57 C4H9, common fragment for many organic compounds and - due to a favored elimi-
nation of the tert-butyl group - characteristic fragment of the tert-butylcalix[4]arene.

m/z = 164 Fragment consisting of a quarter of the tert-butylcalix[4]arene molecule.

m/z = 34 Sulfur, trace with highest intensity compared to other masses characteristic for sulfur.

The thermal desorption of tert-butylcalix[4]arene / H3C-(CH2)17-S / Au (TPD trace I)occurs in the

following steps: At a sample temperature of Ts ≈ 401 K, the calixarene molecules desorb and

generate peaks of m/z = 57 and 164. Different amounts of the aliphatic chains (m/z = 57) of the

SAM desorb at Tpeak,1 ≈ 427 K, Tpeak,2 = 488 K, and Tpeak,3 = 505 K. The second peak is dominating

and contains most likely fragments from the thiol. The third one coincides with the desorption of the

covalently bound sulfur fragments from the surface.

Without the calixarene adlayer, the peaks in the TPD traces (II) have roughly the same shape but are

sharpened. Only a few desorbing thiol fragments give rise to a small peak at Ts ≈ 427 K, while

Tpeak,2 = 493 K is observed strongly. The latter indicates that the SAM is more stable and

homogeneous if no perturbation by the calixarene layer has taken place.

The TPD spectra of the OH terminated SAM with or without tert-butylcalix[4]arene film, TPD (III)

and (IV), show one major difference: One single sharp peak of m/z = 57 at Ts ≈ 450 K indicates an

immediate desorption of all the aliphatic chains of the Au / S-(CH2)18-OH SAM, whereas the

detaching sulfur generates a broad trace reaching from Ts ≈ 460 K to Ts ≈ 520 K. The fragments of

the OH SAM are virtually unaffacted by the calixarene molecules, as concluded by comparison of

(III) and (IV). The desorption of the calixarenes from the OH terminated SAM, however, gives rise

to two peaks at Ts ≈ 401 - 408 K and Ts ≈ 447 K, as detected by an increase of the m/z = 57 and 164

traces in the spectra.

The desorption behaviour of tert-butylcalix[4]arene layers of different thickness deposited on

freshly sputtered or SAM covered gold substrates is illustrated in figure 5.24. In all the spectra, only

the shape of the m/z = 164 traces is considered.
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Figure 5.24: TPD traces of tert-butylcalix[4]arene layers deposited in different thickness on gold or thiol SAMs on
gold. a) Comparison of the desorption temperature, Tdes, of the tert-butylcalix[4]arene on pure gold (I),
on Au / S-(CH2)18-OH (II), and on Au / S-(CH2)17-CH3 (III), respectively. b) TPD spectra of a series of
tert-butylcalix[4]arene layers on the methyl terminated SAM. The layer thickness increases from
d = 20 Å (I) to d = 100 Å (V).

Depending on the nature of the gold substrate, the main peak of the desorbing tert-butylcalix[4]-

arene appears at temperatures of Tdes = 395 K on a clean gold surface, Tdes = 401 K on the

hydrophobic thiol SAM terminated with methyl groups, and Tdes = 401 - 408 K for the desorption

from the hydrophilic Au /  S-(CH2)18-OH, figure 5.24a).

With regard to the measuring accuracy, no variation of Tdes with the increasing layer thickness was

detected from the curves and the fittings in figure 5.24b). This indicates a 1st order kinetic for the

desorption of tert-butylcalix[4]arene from the Au / S-(CH2)17-CH3 substrate, as expected for a non-

dissociated molecule. The significant broadening of the symmetric peaks may be due to the

substrate-overlayer interactions that were discussed above.
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Figure 5.24: TPD traces of tert-butylcalix[4]arene layers deposited in different thickness on thiol SAMs on gold
(continued). c) Desorption of tert-butylcalix[4]arene layers with a thickness reaching from d = 10 Å (I)
to d = 120 Å (VI) from the OH terminated SAM generates three peaks in the spectra that are fitted in d)

The shape of the TPD traces in figure 5.24c) is described on the basis of the peak fitting performed

for film V (d = 80 Å) in 5.24d). Three peaks contribute to the desorption, i. e. besides Tdes,1 = 401 K,

known from the CH3 terminated thiol, other species of calixarene molecules that are bound stronger

to the OH terminated SAM gives rise to sharp peaks at Tdes,2 = 408 K and Tdes,3 = 447 K. The latter

coincides with the removal of the methylene chains of the SAM and has roughly the same size for

all coverages. For a more detailed analysis, the area of the desorption peaks at Tdes,1 = 401 - 408 K

(contributes to AP1) and at Tdes,3 = 447 K (AP3) were estimated by peak fitting. The ratio of the peak

areas, i. e. R1/3 = AP1 / AP3, is approximately 1:1 for film II (d = 20 Å), 3:1 (III, d = 40 Å), 8:1 (V,

d = 80 Å), and 11:1 (VI, d = 120 Å), respectively. Although the observed counting rate is rather low,

these values seem to have sufficient accuracy to indicate that one monolayer of tert-butylcalix[4]-

arene sticks stronger to the surface than the others, thus increasing the desorption temperature by

about 40 K.

The TPD results have shown the following differences for the two surfaces. While only one

desorption peak of the calixarene is observed for the CH3 terminated SAM, an additional desorption

peak (m/z = 164) appears in the TPD trace of the OH terminated substrate at Tdes,3 = 447 K. The

peak at 400 K is most likely due to self associated (aggregated) calixarenes, i.e. to calixarenes that
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bind to each other via some sort of CH3···CH3 or CH3···π interactions. The additional peak at

Tdes,3 = 447 K might be due to hydrogen bonded calixarene molecules of the first monolayer.

Due to the interactions of the aromatic moieties, the calixarene film affects the methyl terminated

thiol SAM and, hence, changes its desorption behaviour. The amount of weakly bound aliphatic

fragments is increased, and Tpeak,2 shifted by 5 K. In contrast to this, the general desorption of the

hydroxyl terminated SAM does not change upon deposition of a calixarene overlayer.

The constant desorption temperature observed for different coverages as well as the shape of the

TPD traces (cf. figure 3.18d) indicate a 1st order desorption kinetic for the tert-butylcalix[4]aren

both on the OH and the CH3 terminated surfaces. According to the Redhead method [123], the

activation energy for the desorption can be calculated from equation 3.48. For the applied heating

ramp of β = 0.33 K s-1, and assuming first, 0
mk  = 1013 s-1, as commonly done in literature, an

activation energy EA,des,1 = 111.3 kJ mol-1 results for Tdes, 1 = 401 K, whereas for Tdes,3 = 447 K an

energy of EA,des,3 = 124.5 kJ mol-1 is calculated. With respect to the large mass of the tert-butyl-

calix[4]arene molecule, the vibration frequency is estimated to be 0
mk  > 1011 s-1. For this frequency

value, the desorption energies calculated from equation 3.48 are EA,des,1 = 96.0 kJ mol-1 and

EA,des,3 = 107.4 kJ mol-1, respectively, as ‘lower’ limit of the evaluated energies. In any case, the

activation energy for the desorption of the ‘last’ tert-butylcalix[4]arene layer on the OH terminated

SAM, correlating to Tdes,3, is increased by approximately 12 kJ mol-1 as compared to Tdes, 1.

For a better insight into the desorption process, figures 5.25 - 5.27 show the RA spectra recorded

during the TPD of tert-butylcalix[4]arene on H3C-(CH2)17-S / Au.

The RA spectra of the pure Au / S-(CH2)17-CH3 SAM and of a tert-butylcalix[4]arene layer

(d = 200 Å) on the CH3 terminated SAM on gold are shown for comparison and denoted as (I) and

(II) in figure 5.25. The different stages during the desorption process are shown in spectra (III-XII),

figure 5.25.
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Figure 5.25: RA spectra of I) the Au / S-(CH2)17-CH3 SAM, II) tert-butylcalix[4]arene layer (d = 200 Å) on H3C-
(CH2)17-S / Au, recorded in the UHV at room temperature and III) ... XII) particular stages of the TPD of
tert-butylcalix[4]arene / CH3-(CH2)17-S / Au at different temperatures of the sample, Ts. denoted to the
right of the spectra.

Below Ts ≈ 397 K, position, shape and intensity of the νa(CH3) vibration remain unaffected by an

increasing sample temperature, whereas the νa(CH2) vibration band broadens in the spectra (II) -

(V). This broadening is due to the displacement of the νa(CH2) vibration mode towards higher

wavenumbers (the intensity decreases at ν~  = 2918 cm-1 and increases at ν~  = 2927 cm-1), and

indicates a diminishing amount of all-trans configuration of the methylene groups that correlates

with a decrease of order and density in the SAM, figure 5.25 and 5.26a).
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Figure 5.26: RA spectra of tert-butylcalix[4]arene / CH3-(CH2)17-S / Au. The RA spectra illustrate a) the disordering
of the thiol SAM as characterized by a decrease of the band located at ν = 2919 cm-1, for Ts = 300 -
347 K, and b) the desorption of the tert-butylcalix[4]arene in the temperature range of Ts = 391 - 424 K.
The numbering corresponds to the stages in figure 5.25.

In the temperature range of 391 K ≤ Ts ≤ 424 K, a declining intensity of the νas(CH3) band

demonstrates the desorption of the tert-butylcalix[4]arene molecules, while the thiol layer remains

essentially unchanged, as confirmed by a constant position and shape of ν~ [νas(CH2)] ≈ 2920 cm-1 in

the spectra (V) - (VIII), figure 5.25 and 5.26b).
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Figure 5.27: RA spectra of CH3-(CH2)17-S / Au. Three different phases of the desorption of the SAM (VIII-X) are
compared to the RA spectrum of the freshly prepared CH3-(CH2)17-S / Au surface (I). A shifting of the
peak position with increasing temperature indicates a continuous disordering of the methylene groups in
the thiol SAM.
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For temperatures Ts ≥ 424 K, the thiol monolayer is affected and the CH2 vibrations significantly

shift towards higher wavenumbers, ending up at ν~ [νa(CH2)] = 2927 cm-1, and ν~ [νs(CH2)]

= 2856 cm-1. The SAM has mutated to a ‘spaghetti-like’ thiol adsorbed on the gold without any

ordering of the molecules in (X) - (XII), figure 5.27, before it finally desorbs at temperatures Ts ≥
494 K.

For the temperature programmed desorption of tert-butylcalix[4]arene on the HO-(CH2)18-S / Au

SAM, no disordering of the thiol SAM is found before the desorption of the calixarene takes place.

In analogy to the experiment described in chapter 5.3.1, figure 5.9, annealing experiments of tert-

butylcalix[4]arene layers (d ≈ 100 Å) evaporated on the HS-(CH2)17-CH3 and HS-(CH2)18-OH SAM

were performed at sample temperatures of Ts = 325, 335, and 345 K, evidently below the desorption

temperature, Tdes,1, of the calixarene on these SAMs. In RA spectra recorded after 30 min, 1 h and

3 h of annealing, no clue for an ordering in the tert-butylcalix[4]arene film was detected in the

shape of the spectra. The latter should be indicated by a vanishing of particular vibration modes

while other bands remain unchanged in intensity. However, at Ts < Tdes,1, small amounts of the tert-

butylcalix[4]arene molecules desorb from the surface. This is shown by a decreasing intensity of all

calixarene characteristic absorption bands with annealing time. Finally, in the TPD experiments

performed after ‘annealing’, the m/z = 164 trace remains within the noise level for the entire

temperature range, and none of the calixarene peaks appears in the m/z = 57 trace. This indicates

that the calixarenes have desorbed prior to the TPD, and it is concluded that the supply of thermal

energy causes a desorption rather than an orientation of the molecules in the film.

5.4.4 Interactions with Toluene and Chloroform

The ability of calixarenes to form supramolecular complexes with various organic molecules has

been proven by several X-ray structure studies [20]. Calixarenes are also used as recognition layers

for mass sensitive sensors like QMBs and SAWs [28]. To monitor the host-guest interactions,

inclusion complexes of tert-butylcalix[4]arenes with a specific guest molecule in the cavity were

compared to the pure host molecule by means of transmission FT-IR spectroscopy [145].

This paragraph deals with the inclusion behaviour of tert-butylcalix[4]arene films evaporated on

gold surfaces towards organic solvents like toluene and chloroform, as determined by IRAS in

UHV. Deuterated solvents were used in order to distinguish the absorption bands from the host and

the guest molecules. Figure 5.28 shows the stretching vibration region of RA spectra of tert-butyl-

calix[4]arene layers on a clean gold surface with or without d8-toluene, C6D5-CD3, or chloroform,

CDCl3 overlayers at a temperature of Ts = 82 K.
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Figure 5.28: Dosing of deuterated organic guest molecules to tert-butylcalix[4]arene films deposited on pure gold
surfaces. a) Dosing of d8-toluene (2L and 5L) to a calixarene layer, d = 25 Å. For clarity, the other fitting
curves were omitted b) 15 L of deuterated chloroform, CDCl3, adsorbed on tert-butylcalix[4]arene,
d = 50 Å at Ts = 82 K.

Upon adsorption of d8-toluene (2L and 5L), the asymmetric CH3 stretching mode vibration band of

the tert-butylcalix[4]arene moves from ν~ = 2960.1 cm-1 to ν~ = 2958.2 and 2957.1 cm-1,

respectively, and also decreases in intensity. A lowered intensity is also observed for the aromatic

stretching vibration, νar(CC), centered at ν~ = 1488 cm-1, and for the in-plane bending vibration,

β(CC) at ν~ = 782 cm-1. The shifting towards lower wavenumbers, i. e. the decrease in binding

strength, may be due to interactions between the tert-butyl groups of the calix[4]arene and the

aromatic ring of toluene. The same effect, however to a larger extent, occurred in transmission

mode for a tert-butylcalix[4]arene inclusion complex with toluene, where νas(CH3) shifted

ν~ = 2961.3 cm-1 (for the pure host molecule) to ν~ = 2954.9 cm-1 after complexation [145].

A similar phenomenon is observed for νas(CH3) if 15 L of deuterated chloroform, CDCl3, are dosed

to tert-butylcalix[4]arene. Curve fitting reveals that two vibration modes centered at ν~ = 2969 cm-1

and ν~ = 2960 cm-1 with different intensity contribute to the absorption band of the pure calixarene

film on gold. While the band at ν~ = 2969 cm-1 is nearly unaffected by the chloroform adlayer, the

mode of lower energy shifts by 1 cm-1 in position and significantly looses intensity. The former,

again, is explained by changes of the binding strength due to inclusion. Because of the fact, that no

calixarene molecule can disappear from the surface upon the dosing process, the decrease of

intensity can be understood in terms of the surface selection rule. Obviously due to an inclusion of

chloroform into the calixarene film, the transition dipole moment corresponding to the band at

ν~ = 2960 cm-1 changes its orientation with respect to the surface normal and, therefore, less

interaction with the infrared radiation takes place. The same explanation holds for the decrease in

intensity that was observed for the dosing of toluene.
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5.5 bis(tert-Butylcalix[4]arene) Methionine Acylamide on Gold

The preparation of the bis(tert-butylcalix[4]arene) methionine acylamide (abbreviated by ‘BC4MA’

in the following) was described in chapter 4. This new type of calixarene derivative consists of a

tert-butylcalix[4]arene platform and 2 chiral methionine acylamide residues at the lower rim, and is

expected to form self-assembled monolayers on convenient substrates such as gold surfaces. The

layer forming ability and the orientation of the cavity with respect to the surface were proved by

means of IRAS, ellipsometry, contact angle measurements, SFM and XPS.

The synthesis of BC4MA is proved by 1H-NMR, MS and IR spectroscopy (figure 5.31). The peaks

found in the mass spectrum (FD desorption from a potassium target) are interpreted as follows: m/z

= 1054 (100%) [M] +, m/z = 851 (35%) [M-203] +, monosubstituted calixarene fragment, m/z = 648

(35%) [M-406] +, tert-butylcalix[4]arene fragment, m/z = 1093 (16%) [M+39] +, BC4MA · K+

adduct. 1H-NMR (CDCl3): δ = 9.5 (s) OH, δ = 6.9 (s) aromatic ring, δ = 4.6 (s) peptide proton,

δ = 3.7 (s) methyl ester, δ = 2.6 (s) and 2.4 (s) CH2 groups in the methionine segment, δ ≈ 2.0 (s)

terminal CH3 group in the methionine segment, δ = 1.2 (m) tert-butyl groups. A weaker hydrogen

bonding interaction is the result of the substitution of two of the four hydroxyl groups at the lower

rim, and leads to a shifting of the hydroxyl proton from δΟΗ = 10.2 ppm in the tert-butylcalix[4]-

arene to δΟΗ = 9.5 ppm in BC4MA. Note that the cone conformation of the product is confirmed by

a dublett centered at δ = 3.8 ppm. The figures 5.29 and 5.30 illustrate XP spectra of a BC4MA layer

on gold.
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Figure 5.29: X-Ray photoelectron spectrum of a self assembled BC4MA monolayer on gold. The core levels both of the
substrate and the organic adlayer (marked in this survey spectrum) are shown in detail in figure 5.30.
The assignment is taken from [90].
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The observed XPS peaks are labeled and assigned as follows: Due to a sufficient mean free path of

the electrons, both the SAM and the substrate appear in the spectra. The gold substrate is

characterized by binding energies of EB = 546.2 eV (4p 3/2), 351.5 eV (4d 3/2), 333.4 eV (4d 5/2),

85.4 eV (4f 5/2), and 81.8 eV (4f 7/2). The peaks that characterize the tert-butylcalix[4]arene

methionine derivative are displayed in figure 5.30.
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Figure 5.30: XP Spectra of the Au (4p 3/2), O (1s), N (1s), C (1s), S (2s), and S (2p) core level region. The peak
positions result from the peak fittings indicated in the spectra.
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The positions of O(1s), EB = 532.0 eV, and C(1s), EB = 284.8 eV perfectly agree with the values

obtained for the tert-butylcalix[4]arene on silicon, chapter 5.3.1. The elements N, C, and S in the

methionine residue give rise to additional peaks located at EB = 399.8 eV for N(1s), 286.8 eV for

C(1s), 227.3 eV for S(2s), and 163.1 eV for S(2p). These binding energies are in good agreement

with the corresponding values in literature [154]. Due to a relatively huge X-ray spot, the Ta clamps

that hold the sample give rise to a peak at EB = 231.3 eV.

While XPS provides information about the elemental composition of the sample, infrared

spectroscopy additionally characterizes the functional groups. In order to verify that the BC4MA

molecule adsorbs without decomposition on the gold surface, the spectra of BC4MA measured as a

KBr pellet in transmission and adsorbed on a clean gold surface in IRAS mode are compared in

figure 5.31.
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Figure 5.31: RA spectrum of a BC4MA SAM adsorbed on gold and transmission spectrum of BC4MA in KBr. The latter
was scaled down by a factor of 0.009 to have comparable peak heights Negative peaks are due to a D3C-
(CD2)15-S / Au SAM on the reference plate (R0), and marked with '*'.

Evidently, the absorption pattern of the BC4MA coincides in both spectra with respect to the peak

positions. Due to the surface selection rule that is valid only for IRAS, the absorption bands may

have different intensities in the spectra. The vibration modes of the tert-butylcalix[4]arene

(table 5.1) and the ester and amid vibration modes that arise from the methionine segment

contribute to the spectra. The CO stretching vibrations of the ester group and the amide are located

at ν~ [ν(CO)] = 1745 cm-1, and ν~ [νamide,I(CO)] = 1678 cm-1, respectively, while at ν~ [βamide,II(NH)]

= 1530 cm-1, the NH bending vibration is excited. The weak negative peaks seen in the RA

spectrum in the range of 1100 - 1000 cm-1 are due to the deuterated Au / S-(CD2)15-CD3 SAM on

the reference plate (R0), used as protection against organic contamination from the air.
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The contact angle with water is rather sensitive to the wetting properties of the groups on top of the

surface. Due to the amphiphilic behaviour of the different segments of the BC4MA, i. e. the

hydrophobic cavity, the tert-butyl groups, and the hydrophilic amino acid residue at the lower rim,

contact angle measurements provide useful information about the orientation of the molecules in the

SAM. Figure 5.32 shows typical contact angles with water performed by the sessile drop method on

various SAMs on gold. The BC4MA layer is compared to alkane thiols HS-(CH2)n-X with different

wetting properties.

θ θ θ θ = 73    1°+-
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θ =θ =θ =θ = 10 - 20°
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CH3

θ θ θ θ = 110 - 112°

Figure 5.32: Contact angles, θ, of several self-assembled monolayers (SAMs on gold) measured by the sessile drop
method with water.

The advancing contact angle of the BC4MA layer with water, θa(H2O) = 73 ± 1° is in perfect

agreement with θa(H2O) = 73° reported for the tert-butylcalix[4]arene tetrathiolate by GUTSCHE and

ALLARA [80]. They lie between the values determined for the CH3 and C6H5 terminated thiol SAM

on gold. Since the contact angle for polar SAMs produced by amino acids or carboxylic acids is in

the range of θa(H2O) ≈ 10 - 20°, the observed value indicates only a small influence of the amino

acid fragment on the wetting of the SAM. Consequently, the polar segment is closer to the gold film

than the cavity and the tert-butyl groups are. It is therefore concluded that the open cavity of the

tert-butylcalix[4]arene methionine derivative points at the ambient phase above the SAM, while the

sulfur containing methionine is covalently linked to the gold surface.

The receding contact angle of the BC4MA layer with water, θr(H2O) = 44 ± 1°, leads to a

pronounced hysteresis that may be due to the flexibility of the BC4MA molecules in the SAM. The

advancing droplet interacts with the cavity on top of the unperturbed SAM as confirmed by

θa(H2O) = 73°. A few seconds later, when the water droplet is suck back into the syringe, the cavity

may have slightly tilted, thus, enabling interactions with the polar methionine segment, and,

consequently, leading to a significantly smaller value for the receding angle. The contact angles with

hexadecane, θa(HD) = 12 ± 1° and θr(HD) = 10 ± 1°, indicate that no CH2 groups are present at the

surface of the SAM.
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In comparison with the size of the tert-butylcalix[4]arene molecule of approximately 10 Å in height,

the ellipsometric thickness of the BC4MA monolayer, dE = 15 ± 1 Å, lies in good agreement with

the expected values and molecular dimensions determined by means of HYPERCHEM (Hypercube

Inc., Ontario, Canada, Version 5.0). The homogeneity of the self-assembled BC4MA monolayer

was probed by tapping mode SFM, figure 5.33.

a) b)

Figure 5.33: Tapping mode SFM images of a self-assembled BC4MA monolayer on a gold film (d = 2000 Å)
evaporated on mica. Prior to incubation the gold layer was annealed for 1 h at 500 K.

The textures of the gold substrate with terraces at a size of roughly 200 Å dominate in the SFM

images. The calixarene SAM can be recognized as spots of lighter gray scale on the surface, and the

primary point is that no clusters of the calixarene molecule are detected on either of the images.

Since the adlayer is stable over several SFM runs, a non-specific physisorption of BC4MA is ruled

out. Due to the flexibility of the calixarene skeleton, the resolution of the images is reduced as

compared to the uncovered gold substrate.

Because of the amphiphilic nature of the BC4MA molecule, interactions of organic molecules with

the π-basic cavity and between polar groups and the amino acid fragment are expected as reported

for similar caliarene derivatives [21, 53]. The inclusion behaviour was tested by dosing experiments

with deuterated chloroform. Figure 5.34 shows the CD and CCl stretching vibrations in the RA

spectra. The spectrum of 15 L of CDCl3 on clean gold is depicted on top (I), as a reference for an

isotropic orientation of the chloroform molecules in the adlayer. Starting at the bottom of the figure,

the RA difference spectra that result from a dosing of 1.2 L (I) ... 20 L (IX) of CDCl3 to the BC4MA

monolayer indicate different intensities of the CD and CCl stretching vibrations.
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Figure 5.34: Dosing of various amounts of CDCl3 to a BC4MA monolayer on gold gives rise to an increase of the C-D
and C-Cl stretching vibration. On top, the RA spectrum of 15 L of CDCl3 on a freshly cleaned, sputtered
and annealed gold surface is shown as a comparison of the absorption intensities. During the dosing, a
sample temperature of Ts = 82 K was maintained.

Deuterated chloroform (point group C3v) is characterized by the stretching vibrations ν(CD), A1-

type, located at ν~ = 2260 cm-1, and the E-type stretching vibrations ν(CCl), at ν~ = 916 cm-1. The

two peaks have roughly the same peak height in spectrum (I). In contrast to this, the intensities of

the CD and CCl streching vibration bands do not increase simultaneously in the spectra (II) - (IX).

With increasing CDCl3 dosing to the BC4MA monolayer, only a weak absorption by the ν(CD)

mode is observed for a coverage below 6 L, while the amount of infrared radiation absorbed by the

CCl stretching vibration increases nearly linearly. The differences are displayed by the area of the

absorption bands generated by 1.2 L, 1.8 L ... 20 L of CDCl3 on the BC4MA SAM in table 5.7.

For comparison, the values of 15 L of CDCl3 on a clean gold surface, spectrum (I), are given in the

table. The peak area of the ν(CD) absorption band is determined to A [ν(CD)] = 0.0125 arbitrary

area units (aau), while A [ν(CCl)] = 0.0481 aau is the determined peak area for the ν(CCl)

absorption band. The ratio of the peak areas results in RCCl/CD = 3.84.
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Table 5.7 Integrated Peak area and ratio of the CCl and CD stretching vibrations for different amounts of CDCl3
deposited on a SAM of the tert-butylcalix[4]arene amino acid derivative and of 15 L CDCl3 on a freshly
sputtered and annealed gold surface for comparison.

pure gold dosing of CDCl3 on a BC4MA SAM on gold

15 L 1.2 L 1.8 L 3 L 6 L 9 L 12 L 15 L 20 L

A [ν(CCl)] 0.0125 2.014E-2 2.593E-2 4.253E-2 6.250E-2 9.588E-2 1.040E-1 1.239E-1 1.309E-1

A [ν(CD)] 0.0481 4.264E-4 5.462E-4 6.411E-4 1.385E-3 1.738E-3 4.382E-3 6.624E-3 1.188E-2

RCCl/CD 3.84 47.23 47.47 66.23 45.11 55.27 23.73 18.70 11.01

The discrepancy between the intensity ratio of ν(CCl) and ν(CD) on the pure gold and the ratios

arising from a low coverage on the calixarene SAM is the most pronounced for 3 L of CDCl3. It

decreases with an increasing amount of the guest molecule, but even for a 20 L layer, A[ν(CD)] is

still too small compared to A[ν(CCl)] and to RCCl/CD = 3.84 observed for the chloroform dosing on

the pure gold.

These differences are described in terms of the surface selection rule in the following. Assuming an

isotropic orientation of the chloroform molecules condensed on the clean gold substrate, the dipole

moments of both vibration modes are randomly orientated in the organic overlayer and, therefore,

excited in the same degree by the infrared radiation polarized parallel to the surface normal, i. e. E||.

This results in a similar peak height of both the stretching vibrations.

The deviation from the ratio RCCl/CD = 3.84, observed for the dosing of CDCl3 on the calixarene

SAM, is mainly due to the infinitesimal absorption of the ν(CD) vibration mode. The latter

indicates that the majority of the chloroform molecules is oriented with their C3 axis perpendicular

to the surface normal since only in this case, the A1-type vibration is not excited by IR radiation.

Therefore, it is concluded that the CDCl3 molecules condense in a certain spatial orientation on the

BC4MA monolayer, and that this ordering is due to interactions with the tert-butylcalix[4]arene

methionine derivative. For a dosing of more than 6 L, the ordering effect of the BC4MA on the

CDCl3 seems to have decreased and the appearance and an increasing intensity of the ν(CD)

absorption band indicates a random orientation of supplementary CDCl3 molecules in the condensed

film.
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6 Summary and Future Perspectives

tert-butylcalix[4]arene is a cyclic molecule with a hydrophobic cavity and a hydrophilic group at the

lower rim. Intermolecular non-covalent binding interactions, e. g. VAN DER WAALS forces and

hydrogen bonds, contribute to host-guest interactions that lead to the formation of supramolecular

inclusion complexes with small organic molecules like toluene and chloroform in the solid state.

The purpose of this thesis was to investigate the growth of tert-butylcalix[4]arene layers on pure and

chemically modified gold and silicon surfaces with different wettability properties. The films were

prepared by physical vapor deposition (PVD) and self-assembly (SAM) methods, and characterized

by means of Fourier-transform infrared spectroscopy in attenuated total reflection mode (ATR) and

infrared reflection-absorption spectroscopy (IRAS). Surface sensitive methods, like scanning force

microscopy (SFM), UV and X-ray photoelectron spectroscopy (UPS, XPS), temperature

programmed desorption (TPD), ellipsometry and contact angle measurements provide

complementary information about the layer properties. With respect to the different substrates, the

growing behaviour is mainly characterized by the following results.

•  ATR measurements with plane-polarized infrared radiation demonstrate the influence of the

surface properties of semiconducting substrates on the layer formation. tert-butylcalix[4]arene

films (d = 20 ... 7500 Å) evaporated on a ZnSe crystal show significant differences in the

absorption of TM and TE wave (dichroism). The selection rules for the tert-butylcalix[4]arene

(C4v symmetry) and the pronounced dichroism indicate an oriented growth and imply that the

molecules are aligned with their principal axis (i. e. C4) parallel to the surface normal, tilted by

an angle of υ' ≈ 21°. In contrast to this, tert-butylcalix[4]arene layers grow isotropically on top of

a KRS 5 crystal (consisting of TlBr and TlI). If guest molecules such as toluene are present

during the deposition process, i. e. by evaporating crystalline inclusion complexes, again, the

calixarene have a preferred orientation in the films, whereas the guest molecule is found in the

cavity.

•  The deposition of tert-butylcalix[4]arene layers (d ≈ 200 Å) on the native SiO2 / Si (001) surface

gives rise to an island growth with a two-dimensional ordering of the molecules, as confirmed by

SFM. The step height of approximately 10 Å agrees with the dimensions of the tert-butyl-

calix[4]arene. SFM images of thin tert-butylcalix[4]arene layers (d = 20 ... 70 Å) on SiO2
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confirm a VOLLMER-WEBER growing mechanism. Strong intermolecular interactions of the

physisorbed molecules lead to a migration and cluster formation of the calixarenes. The chemical

binding of tert-butylcalix[4]arene to the SiO2 substrate via an epoxide terminated silane was

successful in generating monolayers.

•  The molecular architecture and the amphiphilic properties of the tert-butylcalix[4]arene molecule

affect the interactions between substrate and adsorbat, as displayed by the growing of tert-butyl-

calix[4]arene films on modified gold surfaces with different terminal groups and wetting

properties. Self assembled monolayers (SAMs) of alkane thiols, HS-(CH2)n-X, on gold are

hydrophilic (X = OH, COOH), hydrophobic (X = CH3) or show an aromatic character (X = O-

CO-C6H5). IRAS spectra of tert-butylcalix[4]arene layers evaporated on the clean gold surface,

on the hydrophilic or aromatic SAM suggest no preferred orientation of the molecules in the

film. In contrast to this, a preferential orientation of the tert-butylcalix[4]arene molecules in the

first monolayer on the hydrophobic, methyl terminated SAM (X = CH3, n = 17) was found. The

latter is due to interactions of the phenol units of the calixarene with the methyl groups of the

SAM. Assays to anneal disordered tert-butylcalix[4]arene films at Ts < Tdes caused a desorption

rather than a preferred orientation of the molecules in the film.

 TPD experiments and IR spectroscopy in reflection-absorption (RA) mode probe the interactions of

the tert-butylcalix[4]arene with the various substrates.

•  Depending on the substrate, the tert-butylcalix[4]arene molecules desorb at temperatures of

TS ≈ 395, 401-408 K from the clean gold surface and the hydrophilic or hydrophobic thiol SAM,

respectively, following a first order desorption kinetic. Due to substrate-overlayer interactions,

the desorption temperature of tert-butylcalix[4]arene on HS-(CH2)17-CH3 is increased by 6 K

compared to the pure gold surface.

•  The combination of TPD and IRAS states a four step mechanism for the desorption of tert-butyl-

calix[4]arene on H3C-(CH2)17-S / Au. Prior to the desorption of the calixarene at TS ≈ 401 K, the

all-trans configuration of the aliphatic chains in the thiol SAM is thermally disrupted. This

disordering process continues and causes the desorption of a small portion of thiol fragments at

TS ≈ 427 K, while most of the aliphatic chains are desorbed of at TS ≈ 488 K, before, finally, the

covalently bound sulfur fragments detach from the gold surface. In the desorption trace of tert-

butylcalix[4]arene deposited on HS-(CH2)18-OH, an additional peak of constant area at

TS ≈ 447 K indicates one monolayer of calix[4]arene that is stronger bound to the thiol SAM.

The activation energies of the desorption were calculated according to the Redhead method.

 Due to a covalent binding of sulfur to a gold surface, alkane thiols form self assembled monolayers

(SAMs). This property has been applied to the tert-butylcalix[4]arene by substitution of two

hydroxyl groups at the lower rim of by methionine derivatives.
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•  Bis(tert-butylcalix[4]arene) methionine acylamide was synthesized. It forms self-assembled

monolayers on gold surfaces, as confirmed by IRAS, SFM, XPS, and ellipsometry. Contact angle

measurements imply a “face up“ orientation of the cavity, i. e. pointing at the ambient phase

above the surface. Evidently due to interactions with the calixarene SAM, the dosing of

deuterated chloroform, CDCl3, generates an ordered overlayer for the first approximately

6 monolayers of CDCl3, whereas no dichroism of the vibration bands is observed for the

deposition of deuterated toluene, C6D5-CD3.

This first member of a new type of calixarenes offers several perspectives for future efforts. Linked

to QMBs (quartz micro balances) via S - Au bond, a detection of organic molecules both in liquid

and gaseous phase is expected. Interactions may occur with the aromatic, π-basic and polar binding

positions of the tert-butylcalix[4]arene methionine derivative, and, due to chirality in the amino acid

residue, chiral selectivity - as observed in similar systems [155] - might be possible.

In analogy to the results of the tert-butylcalix[4]arene deposition on the CH3 terminated SAM,

ordering effects of the phenyl terminated HS-(CH2)18-O-CO-Ph have to be studied more carefully.

Assuming a sterical hindering for the inclusion of the phenyl group into the calixarene cavity, a

mixed monolayer with a shorter spacer, e. g. HS-C12H25, between the phenyl terminated thiol chains

is expected to be a convenient substrate for ordered tert-butylcalix[4]arene layers. Due to the

inclusion of the phenyl groups, the calixarene cavity is expected to be oriented ‘face down’, i. e.

towards the surface.
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8.1 Abbreviations

Å Ångström, 10-10m

α polarizability

a,b,c molecular coordinate system

A1, A2, B1, B2, E symmetry types (or species)

ATR Attenuated Total Reflection

C4, σv symmetry operations

d thickness

de, dp effective thickness, depth of penetration in ATR

DTM/TE, Dx/z dichroic ratio of TM and TE wave, radiation in x- and z-direction

E, E⊥ , E|| electric field, perpendicular or parallel with respect to the plane of incidence

FT-IR Fourier-Transform infrared spectroscopy

GOPTS 3-Glycidyloxypropyl-trimethylsilane

κ attenuation coefficient

IRAS Infrared Reflection Absorption Spectroscopy

LB film Langmuir Blodgett film

µ, M dipole moment of the individual molecule and the entire film

MS Mass spectrometry

ni, nt nf, refractive index of the incident or transmitting medium or the film

Rads, Rdes rate of adsorption and desorption

RTM, RTE reflectivities of the TM and TE waves

SAM Self-Assembled Monolayer

SFM Scanning Force Microscopy

θ, θa, θr contact angle, advancing and receding contact angle

θ i, θ t angle of incidence and transmission

TM TE transverse electric and transverse magnetic waves in ATR

TPD / TDS Temperature Programmed Desorption / Thermal Desorption Spectroscopy

UHV Ultrahigh vacuum

ν, δ, β, , ω, τ vibration modes: ν stretching, δ: deformation, β: bending, ρ: rocking,

ω: wagging, τ: twisting

XPS / UPS X-Ray and Ultraviolet Photoelectron Spectroscopy

x,y,z coordinate system of the spectrometer (space)

ν~ wavenumber in infrared spectra

ϕ surface coverage
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