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Abstract

Asymmetric heterogeneous catalysis is a concept that combines enantioselectivity with the

advantages of heterogeneous catalysis. The majority of research on this topic concentrates on

fixating an established asymmetric homogeneous catalyst onto a suitable surface. However,

often a loss in activity and enantioselectivity of the catalyst is witnessed, caused by the fixation.

In contrast, we aim for an alternative approach that includes the chirality transfer from a

chiral inducer onto an established heterogeneous catalyst. For the study of such materials,

the induced circular dichroism (ICD) between the two entities is of special interest. Therefore,

both a suitable chiroptical method with high sensitivity to chirality and small changes of the

catalyst structure, as well as an adequate model catalyst system with pronounced ICD are

required. In this thesis, both aspects of spectroscopy for asymmetric heterogeneous catalysis

are covered. The non-linear method of second harmonic generation circular dichroism (SHG-

CD) is validated in terms of sensitivity to structural changes and chirality detection for the

case of supported gold nanoparticles (Au NPs), and molecular thin films of Cysteine and

Binol. Afterwards, the interactions between supported Au NPs with catalytic relevance and

potential chiral inducers Cysteine and Binol are studied with special attention to ICD. Finally,

an ICD between supported Au NPs and molecular adsorbates is unambiguously observed

and analysed with SHG-CD, for the first time to the best of our knowledge. Additionally,

the knowledge on ICD effects is complemented by investigations in a plethora of relevant

systems such as transition metal complexes, crystallised molecular layers, gel structures with

dye intercalation, and thin film perovskites.



Kurzzusammenfassung

Die asymmetrische heterogene Katalyse verbindet die Vorteile von enantioselektiven Reaktio-

nen mit denen der heterogenen Katalyse. Der meistgebrauchte Ansatz zur Herstellung eines

solchen Materials inkludiert die Fixierung eines bereits etablierten asymmetrischen homo-

genen Katalysators auf einer geeigneten Oberfläche, obwohl dies meist zu einer Reduktion

in Enantioselektivität und Aktivität des Katalysators führt. Wir folgen einem alternativen

Weg, der auf Chiralitätstransfer zwischen einer chiralitätsinduzierenden Entität und einem

heterogenen Katalysator beruht. Für die Untersuchung dieses Effekts bedarf es sowohl

einer leistungsstarken chiroptischen Spektroskopiemethode mit genügender Sensibilität auf

Chiralität und strukturelle Details des Katalysators als auch passende Modellsysteme mit

ausgeprägtem induziertem Zirkulardichroismus (ICD) und katalytischer Relevanz. Diese bei-

den Aspekte der Spektroskopie für asymmetrische heterogene Katalyse werden im Rahmen

der vorliegenden Dissertationsarbeit behandelt. Zuerst wird die Eignung der nicht-linearen

Methode der Frequenzverdopplung mit Zirkulardichroismus (SHG-CD) für dieses Unterfan-

gen anhand von geträgerten Goldnanoteilchen (Au NPs) und molekularen Dünnfilmen aus

Cystein und Binol bestätigt. Daraufhin werden die Wechselwirkungen zwischen geträgerten

Au NPs mit den chiralitätsinduzierenden Molekülen Cystein und Binol untersucht, mit

besonderem Augenmerk auf ICD. Dabei wird ein ICD zwischen den geträgerten Au NPs und

chiralen Adsorbaten beobachtet, der erstmals eindeutig durch SHG-CD nachgewiesen werden

konnte. Darüber hinaus werden weitere Einblicke in den ICD-Effekt durch Untersuchungen

an diversen anderen Systemen mit Relevanz gewonnen: von Übergangsmetallkomplexen und

Gel-Farbstoff-Strukturen über kristalline Molekülfilme hin zu Dünnfilm-Perovskiten.
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1. Introduction

Many fine and agrochemicals, aromas, but also drugs and pharmaceuticals are chiral meaning

that there exist two enantiomers of the same molecule, whose structure represent an image–

mirror image pair and which discriminate only by interaction with other chiral entities. While

one enantiomer provides the desired properties such as being the remedy to an illness, the

other brings no effect or may even cause harmful consequences. Currently, those compounds

are produced industrially often as the racemic mixture, followed by enantioseparation. Since

only one enantiomer is favoured in utilisation, accordingly there lies great potential of saving

resources like starting materials, energy, and time with enantioselective or enantiopure

production. Combined with heterogeneous catalysis, this brings additional advantages such

as reusability of the catalyst, easier separation from products, and more.1,2

For the creation of an asymmetric heterogeneous catalyst, there are two main strategies

discussed:3 1) fixation of a homogeneous catalyst, often in the form of a chiral transition

metal complex, onto a suitable surface. This approach has been followed quite intensely

due to the performance of the complexes as homogeneous catalysts. However, the fixated

catalysts often show reduced (enantio-)selectivity and catalytic activity in comparison to their

homogeneous counterparts. Furthermore, some systems are prone to the catalyst leaching off

the surface, depending on the fixation protocol.2 2) The other approach is the asymmetrisation

of a heterogeneous catalyst by interaction with a chiral inducer, such as chiral molecules

staying out of the reaction or chiral support materials. While being the less pursued strategy,

nevertheless there exist examples showing enantioselectivity and even improved catalytic

activity.4 Publications from the 2000s may give a broad overview,1,2 while the developments

1



1. Introduction

and endeavours on this topic with emphasis on the approach of chiral induction have been

summarised more recently.3

Figure 1.1.: Aspects of spectroscopy for asymmetric heterogeneous catalysis including the
catalyst before and after reaction and in contact with adsorbates such as reactants and
products.

Within the scope of this thesis, schematically presented in fig. 1.1, model catalysts such

as supported gold nanostructures were characterised by means of linear and non-linear

chiroptical spectroscopic methods, for consecutive use as asymmetric heterogeneous catalysts.

While the bare nanostructures here may represent the catalyst before or after the reaction, the

nanostructures in contact with chiral adsorbates can be seen as the asymmetrised catalyst

during the reaction in this picture. Not only do we need to search for adequate model

catalyst systems with efficient chirality induction, but the selection of appropriate chiral

characterisation methods with paramount sensitivity to structural details is important as

well. Thus, especially the suitability of the non-linear method second harmonic generation

circular dichroism spectroscopy is highlighted for examinations of such model catalysts and

related systems. The scope also includes possible support materials and adsorptive molecules

in the form of molecular thin films, that may be employed for efficient asymmetrisation of

the model catalyst materials or may represent an adsorbed reactant. Since the effect and

origin of induced circular dichroism in general remain unknown for many compounds, other

contributions to the knowledge on interactions between chiral and achiral entities in a variety

of systems are presented as well, including chiral transition metal complexes, laser dyes

in chiral gel structures, crystallisation and desorption of chiral molecular thin films, and

crystalline luminescent chiral perovskite thin films.

2



2. Background

For the creation of a heterogeneous asymmetric model catalyst, we intend to use plasmonic

nanoparticles as the carrier of catalytic activity in combination with a chiral inducer that is

responsible for the introduction of optical activity into the system. Thus, relevant aspects

on plasmonic nanoparticles and induced circular dichroism are summarised in this chapter.

Afterwards, a concise introduction to the spectroscopic methods of circular dichroism and

second harmonic generation circular dichroism is given.

2.1. Plasmonic Metal Nanoparticles

Particles with a size in the nanoscale are generally referred to as nanoparticles (NPs). In

comparison to bulk materials, a significant fraction of atoms are located at the surface, so that

physical and chemical properties such as melting point, reactivity, and crystal parameters

depend linearly on the particle size.5 Even smaller particles of 1 nm and below consist of very

few atoms only. Since most of the atoms of such a small cluster are located at the surface,

one observes drastic property changes with cluster size or atom count and arrangement,

accordingly.6,7

One intriguing aspect of noble metal NPs such as Au, Ag, and Cu is their interesting optical

properties which are heavily influenced by localised surface plasmon resonances (LSPRs). A

plasmon is the propagating, collective oscillation of the Drude free electron cloud relative

to the fixed position of their metal ions. Its resonance frequency is described by the plasma

3



2. Background

frequency ωp according to8

ωp =

√
e2 · ne

ε0 · me
(2.1)

with the elementary charge e, the number of charge carriers ne, the vacuum permittivity

ε0, and the effective electron mass me. At the interface between the metal and an dielectric,

the surface plasmon resonance is modified with the dielectric constant of the surrounding

medium εm as in8

ωSPR =
ωp√

1 + εm
. (2.2)

Through spacial confinement within the NP, the surface plasmon becomes a non-propagating

(localised) excitation (LSPR).In dependence on the polarisability of the material, this resonance

absorption is accompanied by resonance Mie scattering, leading to overall broad and intense

extinction bands.9–11

For spherical particles, that have the same dimensions along all three particle axes, a triple

degenerate LSPR mode is expected.12 In the case of any other shape, however, geometrical

splitting of the LSPR is observed. This can be understood intuitively in the case of oblate

particles such as ellipsoids, where there exists one long NP axis and two shorter axes that

correspond to a doubly degenerate mode with a higher resonance energy than the one

corresponding to the longer axis. The effect of mode splitting can also be observed for NPs at

the surface as soon as the NP shape differs from a sphere.12 While the optical properties of

the simple shapes of spherical and ellipsoidal NPs have been mathematically solved around a

century ago,13,14 the theoretical description of the response from more complex shapes is still

the topic of current research.15,16

Even though applicable for the SPR, equation 2.2 gives a first impression of the influence

on the surrounding medium on the LSPR via the dielectric constant. This can be altered for

example through the choice of solvent in the case of dispersed NPs, the interaction with oxide

coatings or support materials, and when in contact with molecular adsorbates. Overall, the

LSPR is tunable through adjustment of the particle composition, size, shape, and arrangement.

Additionally, the physico-chemical surrounding influences the LSPR immensely.17–19

4



2.2. Induced Circular Dichroism and Chirality Transfer

2.2. Induced Circular Dichroism and Chirality Transfer

Molecular Interactions with Induced Circular Dichroism

When a chiral molecule (often referred to as "host") comes into contact with an achiral one

("guest"), an induced circular dichroism (ICD) effect may emerge meaning that the electronic

transitions of the guest are now CD-active as well, schematically presented in fig 2.1. The ICD

mechanism can either be direct (DICD) or indirect (IICD).20 1) One type of DICD appears

when the transition dipole moments of host and guest couple (coupled oscillator). This

is specifically relevant if the electronic transitions occur at the same scale of energy. The

one-electron effect also is a DICD where the host has a strong asymmetric static field that

leads to a perturbation of the guest’s molecular orbitals. 2) Any other interaction mechanism

of host and guest is described as IICD, often incorporating structure perturbation. This

usually includes stronger interactions to chemical binding.

Figure 2.1.: Conceptual representation of induced circular dichroism.

Chirality in Nanostructures and on the Surface

Generally, there are three models proposed for the emergence of optical activity in metal

NPs:21,22 1) an intrinsically chiral metal core (chiral growth). This is caused by preferential

growth of the core due to interaction with the chiral molecule. 2) electronic interactions

(chiral polarisation). Similar to the one-electron effect in the case of molecules, the contact

of an achiral NP with a chiral molecule can lead to an DICD effect via a perturbation of the

electron density. Also, a chiral electrostatic field created by a chiral adsorption pattern on the

achiral core can induce a chiral distribution of electron density. 3) achiral core but relaxation

of surface atoms in a chiral fashion (chiral footprint). This mechanism can be viewed as a

5



2. Background

compromise of the extremes 1) and 2), as the mainly achiral metal core experiences surface

reconstruction in a chiral fashion due to strong binding. It is pronounced for molecules with

at least two binding sites to the surface of the particle and can be compared to the IICD for

the case of molecular interactions, vide supra. Optical activity of real NP samples, however,

most likely emerges from a combination of these mechanisms. And furthermore, the question

whether only the core of the NP, the surface alone, or both carry chirality often remains

unanswered.21

In the concept of interaction between chiral host and achiral guest, an ICD around the LSPR

can be observed for the case of plasmonic nanostructures as the achiral guest.23–25 Plasmon-

enhancement can play a significant role in the formation of new CD signals, especially as

soon as transitions of the plasmonic nanostructure and the chiral host are energetically close.

At the same time, plasmonic nanostructures can amplify the intrinsic CD of the chiral host

through plasmon-enhancement.26,27

Similarly, there are several concepts discussed for the existence of chirality at the surface,

specifically.28–30 In addition to intrinsically chiral crystal space groups, defined crystal facets

with high Miller indices of achiral space groups can exhibit chirality as well.30 Another

source of chirality on the surface is found by the chiral arrangement of achiral entities,

such NPs.31,32 Furthermore, the achiral or chiral arrangement of chiral molecules can induce

chirality. Studies about the chirality on the nanoscale in the sense of planar surfaces –

potentially with such arrangements – are often conducted with microscopic methods such

as scanning tunnelling microscopy (STM).30 Furthermore, great efforts are spent for the

fabrication and characterisation of metasurfaces with optical activity, also investigated with

non-linear spectroscopy.33–37

Applications of Induced Circular Dichroism

The ICD effect finds application in a plethora of scientific and technological fields, e.g. chiral

sensing, determination of absolute conformations, data storage, drug delivery, as well as

optoelectronics,38,39 also see chapter 6.2 on page 74. We are specifically interested in finding

6



2.3. Circular Dichroism Spectroscopy

and exploring a system for asymmetric heterogeneous catalysis. Usually, heterogeneous

catalysts such as small metal particles are achiral. However, if the catalyst interacts with

chiral entities, ICD may emerge enabling the observation of the asymmetrisation of the

heterogeneous catalyst.3,40,41

2.3. Circular Dichroism Spectroscopy

Molecular Absorbance

The loss of radiation intensity when passing a medium of interest is generally described by

the Beer–Lambert law

I/I0 = 10−A = 10−ε·c·l (2.3)

with the absorbance (extinction) A, molar extinction coefficient ε, concentration c, and length

of the path l. This is true for the whole energetic spectrum. However, absorption in the

ultra-violet and visible (UV-vis) range generally corresponds to vibronic excitations. Quantum-

mechanically, the process of photon absorption corresponds to an excitation of the system

from the "initial" (ground) state into the "final" (excited) state of higher energy. The energetic

difference between the two states must align with the photon energy absorbed. The transition

probability, and therefore the strength of an electronic excitation, is given by the square of the

transition dipole moment |−→µ f i|2, that itself depends on the wave functions of initial and final

state Ψi and Ψ f , the electron spin wave function Se
i and Se

f , as well as the electronic dipole

moment operator e · −→r ,

−→µ f i = ⟨Ψe
f |e ·

−→r |Ψe
i ⟩ · ⟨Se

f |Se
i ⟩ · ⟨Ψv

f |Ψv
i ⟩ (2.4)

with the indices e for electronic and v for vibrational wave functions. The last factor here

represents the vibrational overlap of the wave functions involved (Franck–Condon factor)

that leads to the observation of vibronic bands rather than purely electronic transitions in a

UV-vis spectrum. The second factor equals the Kronecker delta (⟨Se
f |Se

i ⟩ = δ f i) meaning that

7



2. Background

transitions with a change of the total spin are forbidden. In contrast, the first factor concerns

the symmetry selection rules of the molecule of interest.42,43

The variety of possible interactions of electromagnetic radiation with a molecule, or matter

in general, can be described mathematically as a multipole series. At first approximation, the

interactions of electric dipole–electric field and magnetic dipole–magnetic field appear as the

most prominent,42,44 also see chapter 2.4. Accordingly, one can define the dipole strength D

of a electronic transition42,43

D = |−→µ |2 + |−→m |2 (2.5)

that depends on the electronic and magnetic dipole transition moments −→µ and −→m , respectively.

This entity can also be derived from experiment by integrating the spectra.

Circular Dichroism

The most common spectroscopic technique for determinations regarding chirality uses the

effect of circular dichroism (CD), which is defined as the differential extinction coefficient of

left- and right-handed circular polarised light according to44,45

CD ≡ ∆ε = ε l − εr (2.6)

where the indices l and r regard to the left- and right-handed circular polarised light,

respectively. Similarly to the definition of dipole strength D (equation 2.5), the rotatory

strength R can be defined as44,45

R = |−→µ | · |−→m | · cosφ (2.7)

where φ is the angle between electronic and magnetic dipole moment −→µ and −→m , respectively.

Accordingly, in order for CD-activity of a molecular transition, both −→µ and −→m must be

unequal to zero while the two vectors must not be perpendicular to each other as well

(φ ̸= 90°).45

8



2.3. Circular Dichroism Spectroscopy

Instrumentally, the difference in absorbance of left- and right-handed circular polarised

light ∆A is measured directly. Nevertheless, CD is often given as the ellipticity Θ (mdeg)

for historical reasons. However, since A and ∆A depend on concentration and path length

according to equation 2.3, the anisotropy factor g is regularly used for ease of interpretation

and comparison with other samples, that is defined by the CD normalised over absorbance,45

g =
∆A
A

=
∆ε

ε
= 2

ε l − εr

ε l + εr
= 4

R
D

(2.8)

where ε represents the average over ε l and εr. The sign of g (∆A, ∆ε, Θ) can be determined

with the knowledge of the orientation of −→µ and −→m within the molecule. With a parallel

arrangement of the two vectors, g reaches its positive maximum while anti-parallel orientation

leads to the negative extreme. Since enantiomers are of image–mirror image structure to each

other, the transition dipole moments −→µ and −→m and their angle cosφ experience a change in

sign when going form one enantiomer to the other. Thus, the image–mirror image behaviour

of CD curves for the two enantiomers can be understood intuitively.45

Circular Dichroism and the Solid Phase

In the solid phase, not only the resonant transitions of chiral molecules influence the CD

spectrum, but also structural effects and ordering may play a role. In the case of thin films of

chiral organic molecules, a flip of CD with reversal of the light propagation direction in the

sample is regularly observed, however, not for every system. Also, a modulation of the CD

signal is possible upon rotation of the sample around the light propagation direction. These

effects are generally associated to structural aspects inherent to the solid phase that lead to

alterations to the perceived CD response, i.e. linear dichroism (LD), linear birefringence (LB),

and circular birefringence (CB).46 With an approach based on Mueller-matrices, the different

contributions can be disentangled to a certain degree.47–49 In contrast, simulations on the

chiroptical properties of the thin films quantify the individual contributions, revealing that

the structural effects sometimes strongly dominate the overall perceived CD response.46

9



2. Background

Another effect influencing the CD spectra of solid samples is circular differential scattering

(CDS), a preferential scattering by large chiral structures depending on the circular polarisation

of the incident light. As a special case of Rayleigh scattering, the intensity of CDS depends

indirectly proportional on the wavelength to the power of four (ICDS ∝ λ−4). Additionally,

CDS becomes more pronounced with a similar size of the chiral structures in comparison

to the wavelength. CDS has been observed for example in crystallised thin films of chiral

molecules49–51 and for macromolecules such as protein-nucleic acid complexes,52,53 but also

in the case of chiral assemblies of achiral noble metal nanoparticles.54

Also interesting in terms of optical activity in the solid state is the observation of psi-

type CD. This phenomenon summarises different interactions of large chiral structures and

aggregates with left- and right-handed circular polarised light, including resonance excitation

with strong delocalisation of the excited states within long-range chiral structures. Similar to

CDS, the effect of psi-type CD becomes larger when the particle size matches the wavelength,

in order of magnitude.55

2.4. Second Harmonic Generation Circular Dichroism Spectroscopy

Surface Second Harmonic Generation

With higher field strengths of the incoming electromagnetic radiation, e.g. in the case of laser

light, processes of higher order become relevant in addition to the linear response. This is

the case as soon as the polarisation
−→
P in the material under investigation starts to depend

non-linearly on the electric field strength
−→
E . This dependency is typically described in a

power series of
−→
E ,56,57

−→
P (t) = ε0χ(1)−→E (t) + ε0χ(2)−→E (t)2 + . . . (2.9)

where χ(n) is the susceptibility tensor of nth order. The second term is defining for second-

order non-linear processes, such as sum and difference frequency generation, as well as the

10



2.4. Second Harmonic Generation Circular Dichroism Spectroscopy

special case of second harmonic generation (SHG). Accordingly, the SHG intensity depends

on the susceptibility tensor of second order χ(2).56

Figure 2.2.: Resonance modes of non-resonant SHG and resonance-enhanced SHG with virtual
(v) and real (r) states.

During the collinear SHG process, the energy h̄ω of two fundamental photons are absorbed

and transformed into one single photon with double the energy of the fundamental radiation

2h̄ω,56,57 see fig 2.2. In a generic system without real electronic states, SH is generated

equally over the spectral range without pronounced spectral features. In contrast, a strongly

increased SHG intensity is observed with a transition in resonance with the fundamental

or SH photon. Overall, the SHG intensity in transmission depends on the SHG conversion

efficiency (including χ(2)), the electric field strength and incidence angle of fundamental

radiation, geometric properties of the sample, and more parameters.58

In the electric dipole approximation, the elements of χ(2) vanish in centrosymmetric media

for symmetry reasons.56 However, inversion-symmetry across surfaces and at interfaces is bro-

ken so that SHG processes perpendicular to the surface become symmetry-allowed. Therefore,

one expects contributions solely from the interfaces, in the case of centrosymmetric support

materials such as isotropic glasses.59 This surface-sensitivity means that SHG of nanoparticles

on centrosymmetric supports is plasmon mode-selective (also see chapters 2.1,4.1). Similarly,

ordered molecules at the surface can be probed by SHG in regards to their orientation.56

11



2. Background

Second Harmonic Generation Circular Dichroism

The susceptibility tensor of second order of a chiral medium χ(2) is comprised of achiral

and chiral tensor elements. While the achiral elements are electric dipole-forbidden as of

the symmetry selection rule mentioned above, higher-order contributions such as electric

quadrupole and magnetic dipole are generally allowed. The chiral and achiral contributions

can be evaluated by modifying the combination of linear input and output polarisations.56

Alternatively, for the detection of chirality with non-linear spectroscopy, SHG can be

combined with CD, meaning that the sample generates a different amount of SH for the fun-

damental radiation being left- and right-handed circular polarised, respectively. Analogously

to fundamental CD spectroscopy (equation 2.8), the anisotropy factor g of SHG-CD is defined

by the difference of SH generated by left- and right-handed circular polarised light Il and Ir,

respectively, normalised over their average,

g =
∆I
I

= 2
Il − Ir

Il + Ir
(2.10)

also see chapter 3.2. This approach was introduced by Hicks and co-workers in the 1990s.60–63

A main advantage of SHG-CD over the fundamental CD is the increased CD-sensitivity.

The non-linear anisotropy factor is up to three orders of magnitude larger in comparison

to the fundamental one. This allows high surface-sensitivity that reaches sub-monolayer

sensitivity for SHG-CD.60,63–66 Another important difference is that SHG-CD depends on

the molecular orientation via the arrangement of the transition dipole moments.56,67 Also,

SHG-CD is basically background-free since the generation of photons is detected, instead of a

difference in transmission.
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3.1. Sample Preparation

Supported Gold Nanostructures

In the course of this thesis, a variety of supported gold nanostructures were characterised in

regards to their interaction with the chiral molecules Binol or Cysteine (tab. 3.1). Preparation

methods are equally diverse and range from nanoimprinting followed by etching (imprinted

cylinders) to thermal dewetting of gold thin films (hemispheres) and sputtering deposition

(spheres). Some of the samples have an adhesive interlayer of titanium between the borosilicate

support and the nanostructures, which increases resilience against laser desorption during

measurement. A full list of samples can be found in the appendix (page 101).

Table 3.1.: Overview on employed supported gold nanostructures

Description LSPR (nm) Support Coating Literature

Spheres 580 BK7 Cysteine Refs. [68, 69]
Hemispheres 560 BK7 Cysteine Refs. [70–72]
Porous hemispheres 640 BK7 Cysteine -
Imprinted cylinders 640 Ti/BK7 Binol Ref. [73]

Molecular Evaporation

Submonolayer-precise deposition of molecules onto nanostructures or support materials was

achieved with a molecular evaporator of in-house design, that is based on resistive heating.

Both the evaporator setup and details about the procedure itself have been reported before.66
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In short, the deposition is monitored via a Inficon 345 12 quartz crystal microbalance

(QCM) operating at 6 MHz. The eigenfrequency of the QC changes upon molecule adsorption

and is correlated to the change of adsorbed mass by the Sauerbrey equation. With molecular

mass and under the assumption of the molecular volume of the crystal structure of the

molecule also being valid for the evaporated film, the change in mass can be transferred into

number of deposited molecules and film thickness in situ (tab. 3.2).

Table 3.2.: Heating and crystal parameters for molecular evaporation

Molecule Heating current (A) Volume constant (a.u.) Literature

Binol 0.9 3.57 · 10−22 Refs. [67, 74]
Cysteine 0.8 2.63 · 10−23 Ref. [75]

3.2. Characterisation and Data Evaluation

Linear Spectroscopy and Microscopy

UV-vis spectroscopy was performed on a Analytik Jena Specord-40 device.

Circular dichroism (CD) spectroscopy was conducted with a JasCo J-815 spectrophotometer.

In the case of liquid samples, two-way quartz cuvettes from Thorlabs with path lengths of

2 mm were used. Solid samples, such as supported particles and thin films, were measured

in several geometries for each sample (support and sample first in the beam path; 0°, 45°, 90°,

and 135° rotation of the sample around the beam path).

Atomic force microscopy (AFM) images were taken with a Nanosurf easyScan 2 setup with

external controller and an isoStage vibration buffer.

Setup for Nonlinear Spectroscopy

" The experimental setup for s-SHG spectroscopy was reported before66 and the parts used

during this experiment are summarized here very briefly[, see Fig. 3.1]. The setup consists of

a combination of ultra-high vacuum (UHV) chambers for sample preparation and storage,
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and an optical unit for s-SHG and cavity ring-down (CRD) spectroscopies. " (Ref. [70])

Figure 3.1.: Setup for nonlinear spectroscopy. Reproduced with permission from ref. [66].

" The UHV analysis chamber has a base pressure of 1 · 10−10 mbar and is equipped with

a four-axes manipulator head for sample positioning (x, y, z, φ). For our experiment, also

important is the attached transfer chamber which allows sample introduction into the analysis

chamber without braking the vacuum [and molecular evaporation]. In the transfer chamber,

sample storage in the depot is possible as well.66 " (Ref. [70])

" Regarding the optical components, the radiation emitted before the chamber is monochro-

matic and coherent and is generated by an optical parametric amplifier system PG401 from

Ekspla, which covers the range from 210 to 10000 nm with 30 ps pulses at 20 Hz repetition

rate. After polarizing and filtering components (Glan-Laser calcite polarizer, II FS42A from

Hinds Instruments, FELH0400 from Thorlabs), p-polarized light is focused onto the sample

within the UHV chamber. Here, SH is generated collinearly to the fundamental radiation.

After recollimation after the chamber, fundamental and SH radiation are separated with two

rotatable Pellin-Broca prisms and a monochromator (Omni-λ150 from LOT) and detected
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by a silicon-based photodiode and a photomultiplier tube (H9305-03 from Hamamatsu),

respectively. A Waverunner oscilloscope processes both resulting currents. The SH spectrum

is then corrected by the fundamental laser power and for the spectrometer function.66 "

(Ref. [70])

Evaluation Routine for SHG-CD Measurements

SHG-CD measurements can either be conducted as a wavelength-dependent scan or, alterna-

tively, for a larger amount of laser pulses at a single wavelength being called time measurement,

with the aim of increased statistics and error estimation. Latter is a repetition of several single

point measurements at one specific wavelength and after the evaluation procedure, the data

is represented as a single point in a spectrum. The reference for both measurement modes is

either the bare support, or the support with a racemic mixture of the molecule of interest.66

By importing the oscilloscope trace files with Igor Pro, one corrects the curves of each

polarisation for power and detector-sensitivity. For the wavelength-dependent mode, the

curves of the sample are then corrected with a smoothed function of the reference material,

and the anisotropy factor g is calculated afterwards according to

g = 2
A − C
A + C

(3.1)

with A and C being the SHG by left- and right-handed circularly polarised light, respectively.66

For time measurements, the reference correction takes place by dividing the sample

curves for left- and right-handed circularly polarised light by those of the reference material,

respectively, and calculation of g as in

g = 2
As

mean(Ar)
− Cs

mean(Cr)

As
mean(Ar)

+ Cs
mean(Cr)

(3.2)

with indices s for sample and r for reference data waves, respectively. Afterwards, the resulting

wave of g is averaged into a single value, while the standard error of means serves as statistical
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measure. This procedure readily allows background corrections of time measurements with

sample and reference data waves being of different length while maintaining decent error

estimations, and was implemented as script functions within Igor Pro.

3.3. Laser System Calibration for SHG

Prism Calibration with SH Adjustment Stage

The laser used for nonlinear spectroscopy is a Ekspla PG-401 system with variable wavelength

between 210 and 10000 nm, based on a diode pumped Nd:YAG rod. After creation of second

and third harmonic of the initial radiation of 1064 nm, the wavelength is adjusted by optical

parametric generation and amplification.

For the automation of spectroscopy measurement, two step-motors – one for each Pellin-

Broca prism – are employed. The rotation of these step-motors with wavelength must be

calibrated after beam path alignment.66 Since fundamental and SH beams of the OPA laser

(for example 560 and 280 nm, respectively) don’t overlap spatially after the laser units due

to mechanical restrictions, the SH beam must be adjusted without changing the original

(fundamental) beam path, in order to have a precise separation of fundamental and SH

during the experiment. With introduction of a stage with three additional mirrors, this can be

achieved (fig. 3.2). Thus, the beam path of fundamental is fixated by means of two orifices and

the introduced mirrors on the removable stage are adjusted, so that the SH beam is passing

through both targets. Tab. 3.3 gives a suggestion on which settings to use.

Table 3.3.: Fixated fundamental wavelength for prism calibration

Fixated (nm) Calibration (nm)

480 450-500
560 520-580
640 600-680
740 740-1100

Calibration of prism positions with wavelength then leads to curves similar to exponential
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Figure 3.2.: Simplified setup overview during measurement (A) and during prism calibration
with SH adjustment stage in the beam path (B).

functions, as reported before.66 As a benchmark, a freshly evaporated thin film of 230 nm

(320 ML) of R-Binol on a BK7 substrate has proven to be handy, vide infra.

Reproducibility with Spectrometer Calibration

The SHG-CD spectra of both enantiomers and the racemic mixture of Binol thin films are

already known.66 The spectra included a high energy band above 240 nm SH, a middle

energy band around 280 nm SH, and a low energy band above 330 nm SH. Depending on the

enantiomer used, the SH intensity observed with left- and right-handed circular polarised

light (lcp and rcp, respectively) of those three bands varied. In the case of a R-Binol film of

2000 ML, the authors found a strongly positive anisotropy factor at short wavelengths and

a zero-crossing around 265 nm SH, followed by a negative g for longer wavelengths. For a

sub-ML film thickness, g was less extreme and especially around the high energy band way

closer to zero.66

Fig. 3.3A shows the SHG-CD curves of several freshly evaporated R-Binol thin films on BK7

with nominal 320 ML (230 nm) film thickness. The samples were measured at different days,

with adjustments and changes on the setup of the SHG-CD spectrometer such as alignment
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Figure 3.3.: SHG-CD spectra of R-Binol thin films on BK7 substrates with 320 ML and 250 ML
film thickness (A), and g over the course of a time measurement at 280 nm SH (B).

19



3. Experimental

of laser and beam path of the analytics unit, baking of the ultra-high vacuum chamber, and

prism replacement and recalibration. It becomes evident that all spectra inherit the same

spectral features: At short wavelengths, the anisotropy factor is positive, reaching nearly

the maximum per definition of g = +2. After the zero-crossing around 260 nm SH (560 nm

fundamental), the curves reach a plateau of around g ≈ −1 for 280 nm SH and above. This

is very comparable with the anisotropy factor found for thicker films of R-Binol in terms of

order of magnitude.66 The zero-crossing at a slightly lower wavelength may originate from

the thinner layer (320 vs. 2000 ML).

With slightly thinner layers of R-Binol (250 ML, 13.09.2022), the zero-crossing and negative

part of the spectrum are observable similarly as before, while the positive feature below

260 nm is hardly present. This band appears to depend strongly on the film thickness as can

be seen for measurements at several spots on the same sample (12.10.2021 and 13.09.2022).

Due to the geometry of the setup during evaporation, there may be deviations in the film

thickness depending on the support and laser spot positions. For SHG-ORD measurements at

674 nm fundamental (337 nm SH) with increasing Binol film thickness, the molecules reached

their final orientation with a coverage of 5 · 1016 molecules · cm−2 (225 ML).67 However, the

band around 240 nm SH appears sensitive to layer thickness changes beyond that point for

SHG-CD measurements.

For this setup, a sufficient sensitivity in statistical regards of ML and even sub-ML detection

of Binol thin films has already been shown.66 In the present case, a representative curve

for measurements of one sample at the same position is shown by repeating the SHG-CD

measurement at a single wavelength several times (fig. 3.3B, compare also chapter 3.2 on

page 16). While small fluctuations are certainly present, the standard error is only around

1.2 % of the mean value during the 37 repetitions. This examination then forms data in the

shape of a single point in the g spectrum of fig. 3.3A, and lies well within the less statistically

challenging measurement curve (28.09.2022, TM).

Overall, the SHG-CD spectrometer setup gives data that satisfy the claims about repro-

ducibility after setup changes and readjustments. Thus, a freshly evaporated R-Binol film of

20



3.3. Laser System Calibration for SHG

320 ML (230 nm) film thickness is suggested as benchmark for the system, being quick and

straightforward in preparation while exhibiting a handy SHG-CD signal intensity as well.
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4. Suitability of SHG-CD Spectroscopy for

Model Catalyst Examination

This chapter aims to show the strengths of SHG and SHG-CD spectroscopy for investigations

within asymmetric heterogeneous catalysis, namely sensitivity to minute changes in structure,

surrounding, and orientation. First, supported Au NPs with varying titania coating are

investigated, that have already proven useful as heterogeneous catalysts. Afterwards, the

focus shifts towards Cysteine thin films which may serve as adsorbates onto metal NPs in the

picture of catalysis, or as chiral inducer for asymmetrisation of the heterogeneous catalysts.

4.1. Supported Gold Nanoparticles with Titania Coating

The combination of metal NPs and semiconductor oxides have been intensively investigated

for several catalytic and photocatalytic reactions, such as carbon dioxide reduction, hydrogen

evolution, and alcohol photoreforming.76–78 When in contact with the oxide, the NP bands

experience bending, which promotes charge carrier separation.79 Furthermore, an oxide

coating can help in protecting the NPs from degradation and ripening.80 Overall, Au NPs

with titania coating comprise an intriguing system for catalytic applications and were therefore

examined through SHG in dependence on the titania coating thickness. The following is a

comprehensive summary of our publication, ref. [70].

The supported Au NPs were prepared by thermal annealing of sputtered Au thin films

on BK7 glass slides. Afterwards, titania was deposited via atomic layer deposition (ALD)

with nominal thickness ranging from 0 to 10 nm. The resulting particles have an average
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diameter of 36 ± 22 nm. Most of the NPs are around 20 − 40 nm in size, while few large NPs

are present as well (fig. 4.1A).

For the optical properties of the NPs, each size will contribute according to the number of

atoms per NP and the particle count. Accordingly, Mie calculations for the NP ensemble reveal

that the majority of the optical response stems from the larger particles, few in number but

dominating the absorbance spectra. The resulting curves of the ensemble can be fitted equally

well by one and two Gaussian functions, meaning that the overlap of plasmon resonances

conceals a discrimination of different NP sizes or plasmon modes. Ultimately, tracing of small

details as well as changes in structure or interactions becomes impossible by means of UV-vis

spectroscopy alone, in this case.

With increasing titania coating, the surrounding medium of the NPs constantly changes,

leading to a red-shift of the plasmon frequency. Also, the absorbance becomes more intense.

Experiment complies to our expectations from theory (fig. 4.1B).

As for the SHG spectra, from the bare NPs to the thickest titania coating, a red-shift and an

increase in intensity are clearly visible as well (fig. 4.1C). However, a fit of the plasmon energies

reveals that the resonance from SHG spectroscopy remains constant for a coating of up to 5 nm

nominal thickness followed by a sudden drop in resonance at 10 nm nominal thickness, while

the ones from UV-vis spectroscopy experience a constant decline with increasing thickness

(fig. 4.1D). Only transitions with a transition dipole moment perpendicular to the surface are

SHG-active, which is the plasmon mode of the particle height in the present case. Thus, the

mode perpendicular to the surface is not affected much by the change in surrounding through

coating for the first few nm. This is conclusive with a model where the oxide support and the

NP’s low coordination sites – like corners and edges – are coated first and full encapsulation

happens with thicker coatings only, as sketched in fig. 4.1E. We found full encapsulation

with a nominal thickness of 10 nm via voltametry measurements, while for NPs with 5 nm

titania, the Au surface was still exposed. The proposed model finds further confirmation by

simulations of small supported Au NPs with titania coating via ALD.81

SHG examinations on Au NPs with increasing titania shell have already been reported
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Figure 4.1.: Supported Au NPs with increasing titania coating thickness. Size distribution
and representative He+ micrograph (A), UV-vis (B) and SHG spectra (C), plasmon resonances
with coating thickness (D), and coating model (E). Modified from Ref. [70].
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and gave insights into the shell growth process. It is a plausible conclusion to attribute

the increase of SHG signal towards stronger off-resonant absorption for the particles.82

Nevertheless, with measurements at a single wavelength, the amount of information gained

is naturally limited. In our publication,70 we presented the SHG spectra of such NPs with

variation of the titania coating thickness for the first time, to the best of our knowledge. In

this way, we are able to take into consideration the plasmon bands in SHG and their shift

with changing physico-chemical surrounding as well.

For each of our samples, there are two bands in SHG observable (fig. 4.1C,D). The mode-

selectivity of SHG allows to distinguish transitions that overlap in the case of UV-vis spec-

troscopy. Thus, the appearance of those two bands can be attributed to a bimodal distribution

in NP height, meaning that there are two populations of NPs with different heights. The

flatter population corresponds to stronger confinement and therefore higher resonance energy.

Also, the flatter NPs must have a thicker layer of titania after coverage than the higher NPs,

so that their plasmon resonance experiences a stronger red-shift – which is exactly what the

data show in fig. 4.1D.

Overall, this data set renders an excellent example for demonstrating the sensitivity of SHG

spectroscopy. Due to the mode-selectivity, s-SHG revealed more insights into structure and

especially structural details, in comparison to UV-vis spectroscopy: 1) Minute changes in

physico-chemical surrounding of the NPs were detected, that come along during the oxide

coating process. 2) The NPs’ bimodal size-distribution in height was discernible only through

SHG spectroscopy. Thus, SHG is a suitable method for the examination of model systems for

the application in asymmetric heterogeneous catalysis comprised of Au NPs.

4.2. Cysteine Thin Films on Oxide Supports

SHG and SHG-CD have already been employed for investigations of structural details in

thin molecular films, such as orientation of the molecules.64,67 With the thiol group, the

chiral amino acid Cysteine can form strong interactions to metals with high polarisability
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such as gold and silver.83 Especially with thiol-ligand protected gold nanoparticles, there

exist a plethora of investigations on their optical properties in the liquid phase with the

aim of functionalisation of the nanoparticles, dynamics and mechanisms of aggregation and

ligand-exchange, or applications in sensing.84–89 However, on defined facets of gold and

silver crystals, such as Au(110)65,90,91 and Ag(111),92,93 Cysteine has been studied in regard to

orientation and arrangement mainly through microscopic methods, while Cysteine on oxide

surfaces was given less attention. Cysteine is thus an interesting candidate as chiral inducer

of model catalysts made from gold nanoparticles, and was therefore examined by SHG-CD

with variation of the film thickness. Two commonly used oxide supports were chosen, namely

borosilicate (BS) and fused silica (FS).

Fundamental Absorbance and CD Spectroscopy

Fig. 4.2 shows the fundamental CD spectra of both Cysteine enantiomers in aqueous solution

in comparison to thin films of L-Cysteine on BS and FS glass supports. For Cysteine in

solution, only the onset of the transition lowest in energy is visible in the examined range,

with a maximum below 200 nm. This transition has a pronounced CD-activity, that follow the

behaviour of enantiomers being as image and mirror-image, as expected.

Thin films of L-Cysteine on FS show an additional feature around 230 nm in absorbance.

Additionally, pronounced scattering becomes visible that obscures the optical response of the

molecules themselves. However, over the scattering in the off-resonant part above 250 nm, the

additional feature around 230 nm can be identified as a red-shifted band due to the contact

with the surface. The CD curve is characterised by small circular differential scattering (CDS)

above 250 nm and an intense monosignate band below 250 nm. Substrate absorbance for FS

happens below 195 nm for FS, allowing for detection of these transitions.

In contrast, for the film on BS glass, only the off-resonant parts are visible because of

support absorption below 300 nm. The absorbance and CD, however, follow the same

overall impression as in the off-resonant case for FS supports but with greater scattering in

comparison, despite the smaller film thickness (900 vs. 1500 ML). This can be understood
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Figure 4.2.: CD spectra of D- and L-Cysteine in aqueous solution in comparison with D-
Cysteine on fused silica (FS) and on borosilicate glass (BS).
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from atomic force microscopy (AFM) images, where the supports with L-Cysteine show a

roughness in the same order of magnitude, even though the L-Cysteine film thickness on BS

being 250 ML and on FS being 1500 ML.

Figure 4.3.: Atomic force microscopy images of BS (left) and FS (right), bare (top) and with
L-Cysteine (bottom). Scale: 500 nm.

In addition to scattering and eventual absorbance bands, an interference pattern similar

to the etalon effect is observed in the absorbance curve of L-Cysteine on the oxide supports.

Through reflection at the air-glass, glass-film, and film-air surfaces, constructive and destruc-

tive interference occur in dependence on the wavelength of incoming radiation, adding to

scattering and absorption of the sample itself. Since the anisotropy value/factor g depends

on both CD and absorbance, this effect also creates the periodical artefacts in the g spectra.

The conformational freedom of Cysteine molecules, especially in the gas and liquid

phase,94,95 complicates investigations that are influenced by the molecular orientation, such as

analysis of oriented thin films or oriented molecules at the surface. Nevertheless, ultraviolet

photoelectron spectroscopy (UPS) studies of Cysteine thin films on FS96–98 revealed the nature

of the various transitions, in dependence on the conformer studied. The band lowest in energy

corresponds per definition to the HOMO-LUMO transition, that was determined to have

charge-transfer character in the case of L-Cysteine thin films of 400 nm (800 ML) thickness.

The HOMO has a strong contribution from S-3sp, while the LUMO is dominated by O-2p and
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C-2p orbitals. The onset of the transition was found to be at 5.8 eV (220 nm), that is in good

agreement with our experiment. Also, the comparison of experimental and simulated UPS

spectra revealed the preferred (average) conformation of Cysteine within the films, that can

be described as elongated so that the acid and thiol moieties have a maximum distance.96–98

SHG and SHG-CD Spectroscopy

SHG spectra in dependence on the polarisation of fundamental radiation of selected film

thicknesses of L-Cysteine on BS and FS supports are shown in the lower part of fig. 4.4.

With increasing film thickness, a more pronounced SHG signal is observed in both cases of

support materials. While hardly any SH is generated by very thin layers of 20 ML Cysteine,

the emergence of two bands around 260 and 320 nm SH wavelength is observed for a film

thickness of 200 − 250 ML. For very thick layers of over 900 ML, intense SH is generated and

the two bands become more pronounced.

Overall, Cysteine on a BS support generates more SH than on FS despite of the slightly

thinner film examined (900 vs. 1500 ML). All samples have been prepared freshly – shortly

prior to characterisation – so that crystallisation and structural surface reconstruction processes

play a negligible role. This hints towards slightly different preferred orientations of the

molecules on the two surfaces or differences in surface quality in terms of surface roughness

and defect sites of the support materials, vide supra.

For molecules on FS supports, an interference pattern is clearly visible over the full range

of measurement. This happens due to the support being transparent above 195 nm. SH

generated at the interface vacuum–glass, facing the radiation source, will then interfere

with SH generated at the interfaces glass–molecules and molecules–vacuum. While being

beneficial in fundamental CD spectroscopy in terms of spectroscopic window (fig. 4.2), in

the case of SHG spectroscopy this interference complicates data analysis since it appears

for all polarisations and additionally in the anisotropy factor g (top of fig. 4.4), reducing the

perceived data quality of SHG and SHG-CD bands and hindering sensitivity. This is also the

case for BS supports, but only above 600 nm fundamental (300 nm SH) due to its spectroscopic
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Figure 4.4.: SHG (bottom) and SHG-CD spectra (top) of L-Cysteine on FS and BS substrates
with selected film thickness.
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window, leaving the remaining range of measurement pristine.

Regarding the SH generated by the different incoming polarisations (top of fig. 4.4), the

anisotropy factor remains around zero for thin layers of 20 ML. With a moderate thickness of

200 ML, a positive g is observed of around g ≈ +0.75 while the sign changes for thick layers

above 900 ML (g = −0.75 at 260 nm SH). In the case of crystallised Binol thin films, a strong

modulation of the non-linear g was observed depending on the orientation of the molecules

within different parts of a crystal domain, so that for one enantiomer the values g = −1.0

until g = +1.5 were observed.49 However, this structural effect plays a minor role in the

present case, since the thin films have been examined shortly after preparation, vide supra.

Off-resonant SHG-ORD examinations on increasing film thickness of Binol layers on

borosilicate supports showed that the molecules reach their final orientation with 5 · 1016

molecules·cm−2 (ref. [67]). This corresponds to a film thickness of around 225 ML (160 nm).

However, for the higher energy band of Binol in SHG-CD (resonant), we observed earlier

distinct g values for films of 250 vs. 320 ML (180 vs. 230 nm) thickness (chapter 3.3, page 18).

While the sensitivity-range on changes in the film thickness seems to differ for resonant

SHG-CD and off-resonant SHG-ORD, both show a saturation-type curve of g with increasing

thickness.67

In contrast, we did not observe a steady development of g with layer thickness for Cysteine

thin films. Instead, as depicted in fig. 4.5 at selected wavelengths and as an average over

the full measured range (470 − 680 nm fundamental), g increases until around 300 − 500 ML

on both BS and FS supports with a maximum value of g ± 1 (at 640 nm on BS and 520 nm

fundamental wavelength on FS). Then, g decreases again leading to negative values of g for

films thicker than 900 ML, at all wavelengths and the curve average as well. Whether the

final value is reached at around g ±−0.75 remains unclear since the thickest layers examined

were of 900 and 1500 ML, respectively. Nevertheless, the non-linear development of g with

thickness including even a change of sign has been shown clearly. Furthermore, this overall

trend was observed for all the selected fundamental wavelengths of 490, 520, and 640 nm

for both BS and FS supports and is represented by the average as well. However, g crosses

32



4.2. Cysteine Thin Films on Oxide Supports

Figure 4.5.: SHG-CD at selected fundamental wavelengths with L-Cysteine thickness on FS
and BS substrates.

zero with thinner layers for the BS in comparison to the FS support (600 − 800 vs. > 800 ML,

respectively). For verification, this trend should be reproduced with the other enantiomer,

D-Cysteine.

The interference pattern of the measurements on FS complicates this evaluation process for

the samples also. With large standard errors, statements about g with increasing film thickness

of L-Cysteine on FS should be classified as qualitative, especially at 490 nm fundamental

wavelength. Thus, the average over the whole curve or around a transition of interest may be

an indicator better suited for tracking the development with film thickness for FS supports,

instead of single wavelengths.

Conclusions on Cysteine Thin Films on Oxide Supports

The chiral amino acid Cysteine is an intriguing candidate for chiral induction of gold nanopar-

ticles. Therefore, Cysteine thin films of up to 1500 ML were deposited onto borosilicate (BS)

and fused silica supports (FS), followed by examination with CD and SHG-CD spectroscopy.
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We observed stronger scattering and SHG intensity from Cysteine on BS supports, even

though being of thinner layer thickness than on FS, and assigned this to the surface quality

of the support material. With the higher surface roughness of BS, both scattering and SHG

become more pronounced with comparable film thickness. Furthermore, this means a stronger

concentration of nucleation sites for film growth, potentially leading to more grain boundaries

and increased surface roughness of the Cysteine layer itself.

Both in fundamental and non-linear CD spectroscopy, an interference pattern dominated the

spectra of Cysteine on FS. In the fundamental case, the interference emerges from reflections

at the interfaces, similar to the etalon effect, and are observed for BS supports as well. For

the non-linear examination, SH generated at the support surface facing the light source

is interfering with SHG from the other side. With BS absorbing this SH, the interference

pattern was visible over the whole measurement range in the case of the transparent FS.

Thus, FS supports may be suitable for linear CD determination of Cysteine thin films while

complicating SHG-CD data interpretation at the same time.

Interestingly, the non-linear anisotropy factor g depends non-linearly on increasing layer

thickness of L-Cysteine. After a maximum of g ±+0.75 with layers around 300 ML for BS

supports, g experiences a sign change over a large portion of the spectral range examined.

This holds true for the average over the full measurement range, as well as measurement at

single wavelengths selected depending on the observed bands in SHG spectroscopy. For FS

supports, this trend was observed as well even though the data analysis being somewhat

more complicated due to the interference effect.

Overall, Cysteine provides a plethora of potential orientation and binding modes onto

a surface, also depending on the coverage and interactions with the support material. As

a candidate as chiral inducer for Au NPs with moderate film thickness, the first ML of

molecules will be chemisorbed to the gold surface atoms via the sulphur group, in an

upstanding manner.65,83,93,99
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4.3. Conclusions on Suitability of SHG-CD Spectroscopy for Model

Catalyst Examination

In summary, the non-linear spectroscopic method SHG-CD was evaluated in terms of its

suitability for investigations on model systems for asymmetric heterogeneous catalysis.

Indeed, high sensitivity to structural details and molecular orientation were confirmed for

the sophisticated method.

In the case of supported Au NPs, minute changes in the physico-chemical surrounding

of the NPs were detected through the influence of a titania overcoat on the NP LSPR.

Furthermore, a bimodal distribution in NP height was resolved thanks to the mode selectivity

of SHG spectroscopy. In contrast, the amount of NP sizes and activity of all LSPR modes made

any distinction of structural details impossible for the fundamental absorbance spectroscopy.

The investigations on Cysteine thin films revealed the dependence of the CD and SHG-

CD response on the film thickness. Interestingly, a non-linear dependence was found in

the case of SHG-CD. The use of fused silica (FS) and borosilicate glasses (BS) as support

each have their own advantages and disadvantages, in respect to their optical windows

and potential interference effects emerging for fundamental and non-linear spectroscopy.

While Cysteine certainly provides a plethora of possible conformers that complicates analysis

and interpretation, the molecule nevertheless appears as an intriguing candidate for chiral

induction. This is due to the fact that Cysteine forms self-assembled ML on noble metal

surfaces with defined molecular orientation (thiol group towards the metal atoms) at medium

to high coverages. Since the chiroptical properties of Cysteine with different film thickness

are known now for fundamental and non-linear CD and SHG-CD spectroscopy, the molecule

was utilised as chiral inducer for supported Au NPs, see the following chapter.
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Nanoparticles with Chiral Adsorbates

For the creation of a model system for asymmetric heterogeneous catalysis, we intend to

mainly follow the strategy of asymmetrisation of an established heterogeneous catalyst

through contact with a chiral inducer, as mentioned in chapter 1. For this, we search for a

catalytically relevant model system that is comprised of a catalyst in the form of Au NPs in

combination with a chiral adsorbate. The adsorbate in this picture can either be the chiral

inducer for asymmetrisation of the catalyst, or additionally take part in a future reaction as

well. Overall, the requirements of a suitable model system for our investigations in asymmetric

heterogeneous catalysis for examination with SHG-CD comprise of the following:3

• Supported particles of materials and structures with catalytically relevant properties

• Resonance observable in SHG

• Spectrally resolved transitions of particles and chiral inducer

• ICD in particle resonance through interaction with chiral inducer

• Preservation of SHG signal with adsorption of chiral inducer

• Decent resistance against laser-induced damage

Plasmonic NPs and clusters, especially in combination with a dielectric, are routinely

employed in catalysis and photocatalysis,71,72,76–78 also see chapter 4.1 on page 23. Especially,

supported clusters have drawn a lot of attention in this regard due to their size-dependent

reactivity. Clusters with few atoms only are intriguing model systems for catalysis with
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defined optical properties. Furthermore, calculations on these model systems are accessible

without too excessive computational efforts. An introduction to cluster properties and

characteristics can be found in ref. [6].

However, examinations of plasmonic Ag clusters with chiral adsorbates experienced SHG

quenching, even for very small dosages of molecules.3 One possible explanation includes

the particles being symmetrically surrounded by the molecules. While this does not exclude

a possible asymmetrisation of the particle itself, we turn blind to the chirality aspect when

examining those model catalysts with SHG-CD due to the symmetry selection rules of the

method. With a higher number of atoms, larger NPs provide a stronger optical response than

clusters, which is traceable by mainstream spectroscopic techniques with standard sensitivity

like fundamental absorbance and CD spectroscopy. This means, that even if the SH activity is

lost due to symmetrisation through the chiral molecules, the presence of an ICD can still be

investigated with fundamental CD spectroscopy in the case of NPs.

For the vast majority of samples investigated in the scope of this thesis, CD-activity was

observed with fundamental CD spectroscopy, accompanied by an ICD around the LSPR in

the case of plasmonic NPs. However, ICD has not yet been observed with SHG spectroscopy,

either due to symmetrisation of the NP surrounding quenching SH generation or caused by

laser damage suffered by the sample. The plethora of samples investigated for ICD includes

a collection of supported Au NPs of various sizes and shapes in combination with Cysteine

or Binol, thiol ligand-protected chiral Au clusters, chiral 2D perovskites, self-assembled

monolayers of chiral allenes on Au/Ti thin films, and Binol thin films with protective silica

overcoat. A comprehensive sample list with indications to CD and SHG-CD results can be

found in the appendix on page 101.

Within this chapter, the most promising selection of supported Au NPs are presented in

terms of their interactions with the chiral molecules Binol and Cysteine, sorted by relevance

and potential for studying ICD in supported model catalysts. First, imprinted cylinders

show ICD through interaction with Binol, unmistakably recorded by SHG-CD for the first

time in our labs and to the best of our knowledge in the literature. Afterwards, porous and

38



5.1. Imprinted Gold Nanoparticles with Binol

solid hemispheres with Cysteine are compared in terms of SHG with different polarisations.

Lastly, spheres with Cysteine highlight the search of a suitable model system providing the

requirements mentioned above before a summary and outlook to the chapter.

5.1. Imprinted Gold Nanoparticles with Binol

Recently, a successful imprinting method for supported Au NPs onto oxide supports with

high reproducibility over relatively large sample areas has been reported.73 Through the

lithography process, an interlayer between the NPs and the support can be incorporated and

adjusted. Such an interlayer can increase adhesion of the NPs to the support. Furthermore,

this leads to readily tunable LSPR of the NPs via the diameter of the NPs and appropriate

choice of the interlayer. Thus, these NPs appear as intriguing candidates for investigations on

ICD with an chiral inducer.

Binol and its derivatives are chiral compounds regularly used for asymmetric catalysis

in the homogeneous phase.100–102 The electronic transitions of Binol are energetically well

separated from the LSPR of the present NPs, rendering Binol an ideal candidate as chiral

inducer.

Nanoparticle Characteristics

Supported Au NPs were imprinted via lift-off nanoimprint lithography onto borosilicate

BK7 supports, with an adhesive mixed titanium-titania interlayer following the procedure of

Ref. [73]. The resulting NPs are of cylindrical shape with a diameter of (75 ± 1) nm and a total

feature height of (20 ± 1) nm, of which (17 ± 1) nm are comprised of Au alone. Furthermore,

the NPs show high order arrangement over mm-scale range while being well-separated.73

Representative AFM and SEM images are shown in figs. 5.1A,B, accompanied by a schematic

representation of the NP composition (fig. 5.1C).
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Figure 5.1.: Scanning electron microscopy image (A), atomic force microscopy image (B), and
schematic of imprinted Au NPs (C). A reproduced with permission from ref. [73].

LSPR in Absorbance Spectroscopy

Fig. 5.2 shows the absorbance and CD spectra of supported Au NPs, bare and coated with

30 nm (42 ML) R- and S-Binol, respectively. The bare NPs have an LSPR band around 650 nm

with a shoulder to shorter wavelengths and small interband absorption is visible around

450 nm and below. Thin Binol layers of 30 nm (42 ML) do not absorb in the examined

wavelength range for both enantiomers. The combination of the NPs with 30 nm (42 ML)

S-Binol shows an unaltered plasmon resonance position with slightly increased absorbance

(bare and with S-Binol in fig. 5.2). The NPs covered with R-Binol were from another physical

sample, thus the variation in plasmon band shape and position.

It is well known that the LSPR depends heavily on the physico-chemical surrounding

that changes here with Binol deposition, see chapter 2. Since the effective refractive index

increases with Binol deposition, a red-shift of the LSPR is expected, accompanied by stronger

absorbance. With the NP shape, plasmon splitting is to be expected as well, i.e. into a mode

perpendicular and a degenerate one parallel to the surface.9,103 We have seen before that a

bimodal or broad size distribution can also be accountable for disguising various plasmon

modes through spectral overlap.70 However, this seems improbable considering the narrow

size distribution due to the sample preparation (fig. 5.1). Calculations on a simplified model

of Au spheres, with different sizes corresponding to the NP dimensions, predict a smaller

resonance energy for the longer LSPR mode (parallel to the surface) in comparison to the

shorter one (perpendicular). Another relevant property influencing the LSPR is the NP
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5.1. Imprinted Gold Nanoparticles with Binol

Figure 5.2.: Absorbance and CD spectra of imprinted Au NPs with adhesive titanium-titania
interlayer on BK7, with 30 nm (42 ML) R- and S-Binol.
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arrangement. However, with the distance between the NPs being slightly larger than the NP

dimension itself (75 vs. 150 nm), the NP arrangement does not influence the LSPR in this

case.104

Accordingly, the spectra of bare and covered NPs were fitted with two Gaussian curves

each, representing the short and long LSPR modes. The shorter mode (perpendicular to the

surface) was meanwhile fixed to the resonance obtained via SHG, vide infra. For the bare

NPs, a peak position of 1.89 eV was found with a fixed resonance energy of 2.12 eV (655 and

585 nm), while the fit resulted in 1.90 and 2.16 eV in the case of NPs with Binol (653 and

574 nm). In both cases, the area under the Gaussian curves are in a ratio of around 1 : 2, as

expected for the singly and doubly degenerate short and long modes, respectively. While

the increase in absorbance follows the expectation from theory, the position of the Gaussian

curves indicate a small blue-shift with Binol deposition. Taking into account the data quality

especially in the case of SH, however, the ostensible blue-shift of 0.01 and 0.04 eV for the long

and short LSPR, respectively, lies within the average fitting uncertainty of around ±0.09 eV.

With repeated measurements and an increased data quality, the red-shift predicted from

theory may become resolvable.

Optical Activity and CD Spectroscopy

Regarding optical activity, the bare Au NPs show no CD signal, as expected from achiral

substances (fig. 5.2). Since Binol does not absorb in the examined wavelength range, no CD is

observable for the Binol thin films on BK7 accordingly. Furthermore, scattering and circular

differential scattering are hardly present as well. However, the combination of both NPs with

Binol shows a response at the plasmon band around 650 nm that is therefore attributable to the

interaction of the particles with the chiral inducer. For the NPs with S-Binol, a mono-signate

CD band between 600 and 750 nm has its extrema of +6.0 mdeg at the plasmon position

around 650 nm. Additionally, optical activity is observable in the interband transitions around

450 nm with the same sign.

The NPs with the other enantiomer, R-Binol, show a CD response that follows the as-
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mentioned trend. However, intensity and details in shape of the ICD vary between the two

samples of NPs with R- and S-Binol, respectively. As already mentioned, the NPs are two

physical samples with slight variation of the particle dimensions. These changes then lead to

different interactions with the chiral inducer, determining the observed spectral details of ICD.

Nevertheless, the curves are roughly in the shape of image and mirror-image, as expected for

enantiomers, and the observed pattern becomes more evident from the anisotropy factor g.

As already mentioned earlier in this chapter, similar to a variety of other systems, we observe

decent ICD in the present system of imprinted Au NPs with Binol with fundamental CD

spectroscopy (fig. 5.2).

LSPR in SHG Spectroscopy

Regarding the SHG spectra of the imprinted Au NPs (fig. 5.3), the NPs show a moderate SH

intensity with a band around 270 − 310 nm SH. According to the symmetry selection rules of

SHG, the LSPR mode perpendicular to the surface is SH-active. In the present case, this is the

shorter NP axis and thus corresponds to a higher resonance energy. Fitting with a Gaussian

curve implies a maximum at 585 nm fundamental (2.12 eV; 293 nm SH), which has been used

as the fixed resonance for LSPR fitting in the fundamental case (vide supra, fig. 5.2). Indeed,

the LSPR mode observable with SHG (perpendicular) is blue-shifted in respect to the one

parallel to the surface and also the entirety of modes (vide supra). Furthermore, with the

observation of the LSPR around 650 nm in fundamental CD spectroscopy, the resonance mode

is thus with the second harmonic here.

A thin Binol film of 30 nm (42 ML) shows low SHG (factor 0.5 in respect to the NPs) with

no apparent bands. In contrast, the combination of NPs and 42 ML of R-Binol generates

more SH than the bare NPs and Binol thin films (factor 3 and 6 in respect to NPs and Binol,

respectively). Fitting resulted in an LSPR position of 574 nm fundamental (2.16 eV; 287 nm SH)

for the perpendicular mode that is blue-shifted in respect to the ones parallel to the surface,

as expected and as observed for the bare NPs before (fig. 5.2).

Comparing the bare and covered NPs, fitting implies a blue-shift of the LSPR through
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Figure 5.3.: SHG and SHG-CD spectra of imprinted Au NPs and 30 nm (42 ML) Binol.
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interaction with Binol. With an increase of the effective refractive index, this contradicts

the expectation from theory. As mentioned before, this ostensible blue-shift lies well within

the fitting uncertainty, while the increase in intensity follows predictions from theory. With

improved data quality, a red-shift and increase of the LSPR with increasing effective reflective

index is resolvable with SHG spectroscopy, as already observed before in the case of supported

hemispherical Au NPs with titania coating.70

Most importantly at this point, the particles do not experience SHG quenching, as commonly

experienced for small metal particles with various adsorbates as summarised in ref. [3] and

also observed during the cause in this thesis, see chapters 5(5.2,5.3) on page 37(50,59) and

appendix page 101. This means, that a potential gradient complying to the symmetry selection

rules for SHG remains for the present NPs, due to the adhesive titanium-titania interlayer

between NP and support. However, the SHG was not only preserved but even increased

for the imprinted NPs upon interaction with Binol. As already discussed, we expect an

increase of the LSPR from theory due to the change of the effective refractive index upon

Binol deposition. While this likely plays the key role for the observed change, other effects

such as plasmon enhancement and molecular orientation should be taken into account as

well.

In short, plasmonic NPs have the capacity of increasing the electric field strength close

to their surface, especially at edges and corners.105 As a result, transitions of molecules in

close proximity are enhanced. This effect of plasmon field-enhancement finds a variety of

applications, such as in surface-enhanced Raman spectroscopy and catalytic applications.106,107

Since plasmon enhancement depends on the plasmon intensity, the fraction between the

combined compounds and the molecules should follow the plasmon shape of the bare NPs

itself. However, this is not the case here. Thus, while certainly being present, plasmon

enhancement is not the main contribution to the increased intensity between NPs and the

combination of both.

In the case of SHG, a reorientation of the molecules in such a way that its transitions have

a larger projection perpendicular to the surface would lead to an increased SH intensity, in
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comparison to the original orientation. With the different physico-chemical interfaces and the

NP top and side being perpendicular surfaces, Binol must have a different average orientation

on BK7 vs. on the NPs on BK7 (fig. 5.4A).

Figure 5.4.: Schematic of the preferred orientation of Binol with the hydroxyl group towards
BK7 and the Au NPs (A) and transition dipole moment of the low-energy band (B).

Binol on BK7 has a preferred orientation with the hydroxyl groups to the oxide surface. With

increasing coverage, the molecules will adapt a less ordered structure.67 When considering the

orientation of phenols on polycrystalline Au,108 it is reasonable to assume a similar preference

for Binol, which is with the hydroxyl groups towards the surface as well. Therefore, the first

layer to first few layers of Binol will have a preferred orientation with the hydroxyl groups to

the BK7 support and the top of the Au NPs. On the side of the NPs, Binol still interacts with

the hydroxyl groups to the Au surface, meaning an orientation perpendicular to the other

interfaces (fig. 5.4A). The transition SH-active for the side-orientation of Binol corresponds

to the low energy band61 and the main increase in SHG should accordingly happen above

300 nm. However, since this is not the observation here (fig. 5.3), reorientation of Binol is

another minor player regarding the SH intensity increase. Nevertheless, we will come back to

Binol orientation when discussing optical activity of these NPs.

Optical Activity and SHG-CD Spectroscopy

Chirality was already successfully detected with the current SHG-CD spectrometer for ML

and even sub-ML Binol thin films.66 With a rather small signal in comparison to the collected
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number of laser pulses in the present case, increased statistics in terms of longer data

collection can help in clarifying small differences in SHG intensities by lcp and rcp. Therefore,

time measurements (TMs) at single wavelengths with about 50 times more laser pulses were

conducted for the further examination of the potential asymmetric heterogeneous model

catalyst comprised of Au NPs and chiral Binol molecules (fig. 5.3), for more details see

chapter 3.2 on page 16.

Regarding the chirality of the present sample, the bare NPs show no optical activity around

the LSPR band determined from fundamental absorbance (310 − 340 nm SH, fig. 5.2), as

expected for an achiral sample. With a layer thickness of 30 nm (42 ML), the optical activity

of the middle-energy band of Binol is already detectable. The overall g is positive with a

maximum of g = +0.5 at 290 nm SH. Around the LSPR of the NPs, there is hardly any optical

activity from Binol on BK7 (310 nm SH and above). In contrast, the anisotropy factor of the

NPs with Binol is more positive than the one of Binol alone, over the whole examined spectral

range. Also around the original LSPR position (310 − 340 nm SH), it remains clearly positive.

While there are hardly contributions from Binol or the bare NPs in this spectral part, only the

combination accounts for the observed g ≈ +0.3. This follows strictly the definition of ICD

from Binol to the NPs. Since plasmon enhancement and reorientation of Binol on the NP side

have minor influences on the SH intensity, their effect on SHG-CD is evaluated as well.

Plasmon enhancement increases the intensity of both lcp and rcp in equal measures, e.g. a

factor of 3 was observed for the increase in SH intensity earlier. Through the definition of g

(see chapter 2.4 on page 12),

g′ = 2
3 · Ilcp − 3 · Ircp

3 · Ilcp + 3 · Ircp
= 2

3 · (Ilcp − Ircp)

3 · (Ilcp + Ircp)
= g (5.1)

where Ilcp and Ircp stand for the SH generated by lcp and rcp radiation, respectively. In the

end, the factor 3 can be removed from the fraction and one results in the definition of g itself,

meaning that plasmon enhancement has no influence on g – plasmon enhancement leads to a

ratio of 1 between g of the molecules and plasmon-enhanced molecules. However, the ratio
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of g from Binol and the NPs with Binol ("factor" in fig. 5.3) does not equal 1 but is wavelength

dependent. Therefore, the observed SHG-CD cannot stem from plasmon enhancement.

While being small, an influence from the Binol reorientation at the Au surface on the SHG

intensity was discussed earlier. This reorientation becomes more relevant in terms of optical

activity: the low-energy band of Binol has a drastically increased projection perpendicular to

the BK7 surface due to orientation at the NP side and furthermore is in the same spectral

region as the observed ICD (see also fig. 5.4B).

Heister et al.67 examined the SHG-ORD and SHG intensity of Binol thin films on BK7

with increasing film thickness for the low energy band of Binol. With a layer thickness of

30 nm (42 ML, 4 · 1015 molecules per cm2), basically no SHG and SHG-ORD was observed,67

indicating that the molecules inside the thin film did not (yet) experience much disordering.

Additionally, from a publication by Weber et al.66 and previous experiments in the scope

of this thesis (see chapter 3.3, page 18), the SHG-CD spectra of Binol ML and sub-ML films

are known for the three Binol bands observable below 240, around 280, and above 300 nm,

respectively. A fully oriented Binol thin film of 2000 ML has an optical activity at 320 nm of

g = +1.25 (ref. [66]). Lastly, we assume that each Binol molecule contributes individually

to optical activity, depending on its orientation in respect to the surface normal of the BK7

support.

The NPs are completely embedded in the Binol layer. Now considering the surface areas

of the interfaces [Binol–BK7 and Binol–NPs(top)] and Binol–NPs(side), it becomes clear that

the side of the NPs only contributes to around 15.1 % of the total interface area with Binol.

Then, this estimation on optical activity leads to gest = +0.0053. In contrast, the observed

ICD around 310-330 nm SH is gexp ≈ +0.3 (fig. 5.3), which is two orders of magnitude larger.

This assessment is under the assumption that the first ML of Binol at the NP side-interface

experiences the strongest ordering effect, while the contribution of the second ML already is

negligible since it is dominated by the "bulk" orientation from the NP top and BK7. However,

even with 3 ML of perfectly aligned Binol molecules taken into account, the simple model

conservatively predicts gest = +0.016. Furthermore, the molecules can – and will at least
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partly – be ordered at the NP side without the low-energy band having a large projection

perpendicular to the BK7 surface (fig. 5.4B). Thus, it can be confidently concluded that the

observed optical activity of the NPs with Binol does not originate from Binol reorientation at

the NP side alone. Instead, Binol orientation plays a minor role.

These two phenomena of plasmon enhancement and reorientation of Binol at the NP side

may influence the SHG intensity, however, they are not responsible for the observed optical

activity. The combination of Binol and NPs show a SHG-CD that is more than the sum of the

individual contributions, which follows the definition of ICD. The effect can be grasped well

from the "difference" curve between NPs–Binol and [NPs and Binol] in fig. 5.3. Thus, the Au

NPs experience asymmetrisation through the interaction with Binol. This is the first case of

ICD into supported Au NPs without protective coating successfully detected with SHG-CD

without laser damage and under preservation of symmetry in our labs – and to the best of

our knowledge also in the literature.

Conclusions on Imprinted Gold Nanoparticles with Binol

In summary, the supported Au NPs with adhesive titania-titanium mixed interlayer on BK7

showed a decent ICD at the LSPR and interband transitions through interaction with Binol in

fundamental CD spectroscopy. The small effect was validated by examining both enantiomers

R- and S-Binol, respectively.

For the nonlinear investigation, the LSPR not only remained detectable upon Binol de-

position but an increased SHG efficiency was observed that we attribute to the change in

physico-chemical surrounding. Thanks to the adhesive interlayer, the NPs were covered by

the molecules only at the top and side and no laser damage was witnessed after investi-

gation. Furthermore, an ICD around the LSPR was unmistakably observed with SHG-CD

spectroscopy, for the first time in our labs and to the best of our knowledge in the scientific

society as well. These results highlight the necessity of the strong interaction between the

NPs and the support material.

With the process of asymmetric heterogeneous catalysis in mind, however, the chiral inducer
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in the form of a 42 ML Binol thin film renders the accessibility of the asymmetric model

catalyst difficult for approaching reactants. In the ideal case, chirality is induced from the

support material, or the adhesive interlayer. This leaves the majority of the NP surface open

for interactions with the substrate.

5.2. Closed and Porous Gold Nanoparticles with Cysteine

As already mentioned in chapter 4.1, we investigated catalytically relevant hemispherical Au

NPs on BK7 upon an increasing titania overcoat,70 to verify the suitability and sensitivity

of SHG spectroscopy for the investigation of potential model systems in heterogeneous

asymmetric catalysis. In terms of high reaction rates in heterogeneous catalysis, a large

surface area of the catalyst may be advantageous, which can be achieved for example by

means of porosity. Furthermore, optical activity has been shown for Au NPs with high surface

area that were modified from a templated micelle-assisted growth.109 Recently, a suitable

theoretical model of the chirality of the NP surface and geometry successfully described the

optical activity.110

The chiral amino acid Cysteine forms strong interactions with Au entities due to its thiol

group, that can lead to rearrangement of surface details and atoms.83,111,112 Playing the role

of chiral inducer, induced CD has been commonly observed in semiconductor quantum

dots,39,113 Au(I) supra-molecules,114 Au and Ag NPs,22,84,88,115–117 and other systems in contact

with Cysteine. Therefore, the interaction of supported porous Au NPs with Cysteine was

examined, in comparison to the closed NP counterparts.

Nanoparticle Characteristics

Supported closed hemispherical Au NPs were prepared by thermal annealing of sputtered

Au thin films on BK7 supports (analogously to chapter 4.1 on page 23). The porous NPs were

prepared in a similar fashion but from a mixed Au-Ag thin film, and an etching step followed

annealing for Ag removal. The resulting NPs are of various sizes and roundish shapes. An
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impression of the NPs can be received from HeM and SEM images (fig. 5.5).

Figure 5.5.: He ion microscopy of closed hemispherical Au NPs on BK7 (left) and scanning
electron microscopy of porous hemispherical Au NPs on ITO (right). Scale bar: 200 nm.

Fundamental Absorbance and CD Spectroscopy

Regarding the optical properties (fig. 5.6), the closed hemispherical NPs on BK7 have an

LSPR band around 560 nm (2.20 eV) and interband transitions are visible below 450 nm. As

determined before (chapter 4.1 on page 23), these NPs have a relatively broad size distribution

that obscures the various contributions from different NP sizes and LSPR modes.70 This

complicates analysis of the LSPR tremendously. However, with the addition of 30 nm (60 ML)

Cysteine, a red-shift of the LSPR to 590 and 600 nm (2.10 and 2.07 eV) and an increase

in absorbance are clearly visible. Latter is also affecting the absorbance at the interband

transitions. With an refractive index of n ≈ 1.5 for Cysteine,118 the observed change complies

expectations from theory. The two physical samples used for D- and L-Cysteine show a small

difference in the final LSPR position after deposition of Cysteine (0.10 and 0.13 eV shift).

In contrast, the porous NPs display a broad and intense LSPR band centred around 730 nm

(1.70 eV), that probably consists of a combination of various LSPR modes and NP sizes as well.

Furthermore, interband transitions are also observable. With Cysteine deposition, the LSPR

experiences a strong blue-shift to around 590 and 640 nm (2.10 and 1.94 eV), respectively. The

two physical samples with formerly very similar LSPR lead to a large variation in final LSPR

position (0.40 and 0.24 eV shift). The nominal layer thickness of 30 nm (60 ML) of Cysteine

suggests a saturation of the LSPR shift through the thick layer of dielectric around the NPs.119

Considering the strong S-Au interactions,83 however, the chiral molecules align with the thiol
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Figure 5.6.: Absorbance and CD spectra of closed and porous, hemispherical Au NPs on BK7
with 30 nm (60 ML) D- and L-Cysteine.
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group towards the Au surface. Furthermore, Cysteine was deposited via thermal evaporation

and a certain surface mobility shortly after deposition can be assumed. In the case of porous

NPs, Cysteine may then cover the surface area inside the pores, in addition to the external NP

surface. In total, more Cysteine is needed for the LSPR "saturation", depending on the surface

area (or volume) of the pores, and the porous NP has a thinner layer of Cysteine surrounding

than a closed NP of the same size. If now the physical samples show different average

porosity of the NPs, the surrounding Cysteine shell has a different thickness meaning that

the LSPR shift observed for porous NPs with Cysteine may converge with thicker Cysteine

layers. Also, the broadness of the involved LSPR bands hints towards structural diversity as

well. A change in LSPR intensity through molecule adsorption is unclear in this case, because

only a part of the LSPR according to the bare porous NPs was recorded and thus the area

under the curve remains unknown. However, the interband transitions do not experience a

change in intensity what would be expected for the change in physico-chemical surrounding.

Regarding CD spectroscopy, the bare NPs (closed and porous) don’t show any optical

activity, as expected for the achiral samples (fig. 5.6). With 30 nm (60 ML) Cysteine, however,

a small CD signal emerges around the LSPR (550-700 nm) that amounts to an extrema of

−2 mdeg for D-Cysteine. The interband transitions around 450 nm are hardly affected while

CD-activity with the same sign is observed at short wavelengths again (below 450 nm).

Considering the thin films of Cysteine on oxide supports discussed earlier, latter can be

explained by circular differential scattering (CDS) by Cysteine alone (see chapter 4.2, page 26).

Since Cysteine does not have any transitions in the spectral range observed and the behaviour

of the CD signal above 500 nm cannot be explained by CDS, the optical activity around the

LSPR emerges solely from the interaction of Cysteine with the NPs, and thus is an ICD.

The closed NPs with the other enantiomer, L-Cysteine, result in a spectrum that is similar

to a mirror-image, as expected. When considering the different LSPR positions for the porous

NPs, the respective curve appears similar to a mirror-image as well but with a shift to longer

wavelengths. Interestingly, the same sign is observed for one enantiomer on both closed and

porous NPs. However, the ICD intensity for the porous NPs is generally smaller than for
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the closed NPs, which could be influenced from structural properties or due to the smaller

embedding of the NPs with nominal thickness as discussed before.

Another aspect that should be mentioned regarding the porous NPs in contact with Cysteine

corresponds to changes in the sample with time. A freshly prepared sample with porous

NPs and L-Cysteine has a more pronounced ICD being positive up to +6 mdeg around

500 nm and a zero-crossing at 600 nm, which is followed by a negative CD of −4 mdeg at

650 nm and above (see appendix, page 99). In contrast, the sample two weeks later shows the

spectrum mentioned and shown above (fig. 5.6); this process thus includes a sign reversal

around 600-700 nm. Also, the LSPR became narrower and slightly red-shifted in the course of

two weeks. This again hints to structural changes within the NP sample in contact with the

chiral inducer, such as crystallisation and ordering of Cysteine or large-scale rearrangement

of Au atoms through Cysteine in the pores. Since such changes have not been observed in the

case of closed NPs, an impact solely from Cysteine can be excluded. Overall, the temporal

development of such samples, also in combination with microscopy remains to be investigated.

Nevertheless, while being of small intensity and eventually showing time-dependence, an

ICD for both closed and porous Au NPs in contact with Cysteine was observed.

SHG and SHG-CD Spectroscopy

The closed NPs show a strong SHG in a narrow band centred around 280 nm SH (560 nm

fundamental), accompanied by a less pronounced shoulder around 310 nm SH (fig. 5.7A). For

similar NPs,70 we assigned the appearance of two SH-active LSPR modes to the existence

of a bimodal distribution in particle height that is associated to incomplete annealing of the

NPs during preparation (also see chapter 4.1 on page 23). Thus, a shoulder around 620 nm

for fundamental absorbance can be resolved through SHG spectroscopy. This, however, also

complicates the analysis by overlapping the various LSPR modes from different NP sizes. In

comparison to the LSPR in fundamental absorbance, the intense SH band is basically at the

same spectral position. For hemispherical particles, the shortest axis is the one perpendicular

to the surface and the SH-active LSPR mode should thus have a higher resonance than the
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entirety of modes (as recorded from fundamental absorbance). Nevertheless, fitting of the

data may give corrections to the above impression from smoothed curves.

Figure 5.7.: SHG spectra (A) and SHG-CD at 280 nm SH (B) of closed and porous, hemispheri-
cal Au NPs on BK7 with 30 nm (60 ML) D-Cysteine.

Through the addition of Cysteine, less SH is generated by the closed NPs over the whole

examined spectral range. Interestingly, the pronounced band around 280 nm experiences

a stronger reduction than the one around 310 nm (factor 0.25 and 0.70, respectively). The

refractive indices of BK7 and Cysteine in the examined spectral range are rather similar with

nBK7 = 1.520 (ref. [120]) and nCysteine = 1.51 (ref. [118]) at 520 nm fundamental. Considering

now the symmetry-selection rule for electronic transitions in SHG processes, the NPs expe-

rience a smaller gradient in the surrounding potential with the Cysteine layer. This effect

should be even more pronounced for a higher film thickness surrounding the NPs, since
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the effective index converges towards Cysteine in that case. The higher resonance energy

corresponds to a shorter NP axis (flatter NPs) and with a constant thickness deposited, the

flatter NPs are covered to a higher degree (fig. 5.7). While we observed this effect already

with increasing titania film thickness on similar NPs,70 the main observation is SH quenching

through interaction with the molecules in the present case. Thus, the NPs experience a more

symmetric surrounding as in the introduction to chapter 5 on page 37.

The porous NPs generate little SH with two implied bands around the same positions as for

the closed NPs (280 and 310 nm SH). The intensity ratio between the two bands are reversed

though, in comparison to the closed NPs (ratios 3 : 1 and 1 : 2, respectively). Unfortunately,

the LSPR in SH corresponding to the maximum observed in the fundamental absorbance lies

outside the examined spectral range (350 − 400 nm).

With deposition of Cysteine, the band around 310 nm increases slightly in intensity while

the one around 280 nm remains indifferent in intensity. Nevertheless, the intensity in both

cases is still lower than the closed NPs with Cysteine that experienced partial quenching

(fig. 5.7A). A shift of the LSPR with change of the surrounding was not observed but can

potentially be resolved with adequate fitting of the smoothed spectra.

As for the case of closed NPs, two SHG-active LSPRs are suggested from the spectra.

However, the presence of a bimodal height distribution has been shown for the closed NPs,

leading to the two resonances in SHG spectroscopy.70 In contrast, a convolution of more

resonances could make up the spectrum while other factors such as quadrupole contributions

and variation in the physico-chemical surrounding may play an additional role, for the porous

NPs. Accordingly, the number of SHG-active transitions remains unclear, especially without

a comprehensible theoretical description of the fundamental optical properties.

The chiroptical properties with nonlinear spectroscopy were determined at a single wave-

length close to the LSPR in the fundamental case of NPs with D-Cysteine (560 nm fundamental;

280 nm SH), see fig. 5.7B. The bare BK7 support has no optical activity, as expected for the

achiral material. With D-Cysteine deposition of 30 nm (60 ML) film thickness, a shift to

g = −0.30 is observed meaning that more SH is generated by rcp than lcp, also compare
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chapter 4.2 on page 26 for L-Cysteine.

The achiral bare NPs both show a bias of g = +0.15 with unknown origin. Nevertheless, a

relative change of g can be evaluated upon D-Cysteine deposition ("difference" in fig. 5.7B).

For the porous NPs, a relative shift of ∆g = −0.1 is observed which is the same tendency

as for Cysteine on the BK7 support, however, less pronounced. In contrast, the closed NPs

experience a slight increase by ∆g = +0.05 with Cysteine deposition. With fundamental CD

spectroscopy, a negative ICD was observed for both NPs. Considering the symmetry-selection

rules for SHG-CD spectroscopy, this observation could give insights into NP geometric details

and Cysteine–NP interactions, through the help of a decent LSPR model and knowledge on

more NP characteristics like size distribution and porosity.

In summation, both closed and porous NPs show an altered optical activity upon Cysteine

deposition that does not correspond to the sum of the individuals. This strictly follows the

definition of ICD. With being a rather small effect, however, the ICD observed in SHG-CD

should be verified through investigations with the other enantiomer. In the case of ICD, the

use of L-Cysteine on the NPs must lead to the opposite shifts of g.

Figure 5.8.: SHG spectra of porous NPs repeated 3 and 4 times at two spots, respectively.

Another aspect that should be considered in laser spectroscopy regards sample damage.

After the investigation, a small damage in the surface covered by the porous NPs was

observed by eye. Nevertheless, repeated measurements at the same spot (fig. 5.8) for 3 or 4
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times lead to unaltered spectra for the porous NPs. This suggests that the damage happens at

the first contact of the NPs with the laser radiation, and the examined sample morphology

may be altered due to interaction with the laser. Strategies for reduction of laser damage

include reduced electromagnetic field strength at the surface decorated with NPs and reduced

absorbance of radiation by the NPs, i.e. avoiding the most intense absorbance close to the

LSPR maxima.

Conclusions on Closed and Porous Gold Nanoparticles with Cysteine

In summation, an ICD around the fundamental LSPR was observed for both closed and

porous hemispherical Au NPs on BK7 with Cysteine, accompanied with a shift of the LSPR

upon interaction. The ICD has the same sign for the interaction of closed and porous NPs

with one enantiomer of Cysteine while the intensity of ICD is stronger for the closed NPs.

Furthermore, the NPs with the two Cysteine enantiomers follow the principle of image and

mirror-image.

In the nonlinear case, the closed NPs lost a large part of their SHG efficiency due to

symmetrisation with the Cysteine layer. While showing less SHG efficiency to begin with,

the SHG signal of the porous NPs remained unaltered through Cysteine deposition. Finally,

a change in optical activity with SHG-CD spectroscopy was detected for both NPs upon

interaction with Cysteine at a single wavelength close to the LSPR. Interestingly, the closed and

porous NPs experienced an opposed shift in optical activity , in contrast to the fundamental.

While being small, the ICD effect in SHG-CD can be validated by using the other Cysteine

enantiomer. Also, a more thorough investigation over a broader part of the spectrum can

help classify the observations and suggest an ICD mechanism. Nevertheless, measurement

parameters should be optimised first, in order to minimise and then annul laser damage.

Overall, the porous NPs leave many questions open, especially in regards to geometry,

porosity, and LSPR model. Here, the dependency of the LSPR and ICD with time could be

examined in smaller increments and complementary microscopic methods can give insights

into structure and potential rearrangement.
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5.3. Spherical Gold Nanoparticles with Cysteine

Catalytically relevant Au NPs are an intriguing candidate for investigations with the aim of

asymmetric heterogeneous catalysis. Furthermore, the chiral inducer Cysteine establishes

strong interactions with Au due to the thiol group. A more detailed description and mo-

tivation of the choice of NP material and chiral inducer can be found in the introduction

to chapter 5 on page 37, including chapters 5.1,5.2 as well as chapter 4.1, especially in the

perspective of the requirements for potential asymmetric heterogeneous catalysts.

Another important factor when considering those requirements listed in the introduction to

chapter 5 on page 37, is the complexity and availability of the NPs samples to be investigated.

The NPs regarded in this chapter comprise a relatively simple system with straightforward

sample preparation. They are of highly symmetric shape and show a low degree of ordered

arrangement on the surface. Such LSPR-tunable surfaces are commonly used in surface-

enhanced spectroscopy like fluorescence and surface-enhanced Raman spectroscopy (SERS),

e.g. for investigations of biochemical compounds. With a broad field of applications, the NPs

are readily available commercially, and were investigated in regards of ICD through contact

with the chiral inducer Cysteine. The results from this project have also been summarised

and discussed in refs. [121, 122].

Nanoparticle Characteristics

Au NPs on borosilicate supports (BS) were prepared by sputtering deposition according to

refs. [68, 69]. Afterwards, L-Cysteine was deposited by thermal evaporation in consecutive

steps with an accumulated thickness of up to 850 ML (425 nm). AFM images of the bare and

Cysteine covered NPs reveal a relatively large NP size of around 400 nm in diameter and a

close, unordered NP arrangement (fig. 5.9). Furthermore, the NPs give a similar impression

before and after Cysteine deposition.
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Figure 5.9.: Atomic force microscopy of spherical Au NPs on BS, bare (left) and with 180 ML
(90 nm) L-Cysteine. Scale bars: 2 µm.

Fundamental Absorbance and CD Spectroscopy

The LSPR band of the bare NPs has a maximum around 575 nm and interband absorbance

is visible below 500 nm (fig. 5.10). Given the tail towards longer wavelengths, the curve

consists of a variety of LSPR modes, likely due to the NP size distribution as seen before for

hemispherical supported Au NPs.70 With 20 ML (10 nm) L-Cysteine, the LSPR shifts towards

650 nm and an increase in absorbance is observable. This follows the expectations for a change

in the physico-chemical surrounding due to the Cysteine deposition, with a refractive index

of nCysteine ≈ 1.5 (ref. [118]). By further Cysteine deposition up to 850 ML (425 nm), no further

shift of the LSPR band is observed. Nevertheless, scattering increases below 500 nm due to

the Cysteine film, as seen for L-Cysteine without NPs on the BS support as well (fig. 5.10).

For the 850 ML (425 nm) Cysteine films, both with and without NPs, an interference

pattern is visible in absorbance and CD. As mentioned already in chapter 4.2 on page 26, this

interference stems from internal reflections at the air–sample and sample–sample interfaces

along the beam path and is similar to the etalon effect.

Regarding the fundamental CD spectra, the bare NPs don’t show any optical activity, as

expected of achiral samples. Cysteine does not have any electronic transitions in the examined

spectral range (also see chapter 4.2 on page 26). Nevertheless, a film of 850 ML (425 nm) of

L-Cysteine on BS shows considerable scattering and circular differential scattering (CDS) with

positive sign.
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Figure 5.10.: Absorbance and CD spectra of spherical Au NPs on BS supports with L-Cysteine.
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The combination of NPs with 850 ML (425 nm) of L-Cysteine show a similar chiroptical

response as the Cysteine film alone. However, around the LSPR (600 − 750 nm), the CD curve

is modulated in comparison to the Cysteine film that cannot be explained by CDS. Also,

a small modulation of the CD response between the Cysteine alone and the combination

with NPs is observable for the 20 ML Cysteine film ("difference" in fig. 5.10). However, the

intensity is smaller for the thinner 20 ML film than the 850 ML film with ∆g = +3 mdeg and

∆g = −5 mdeg, respectively. In conclusion, the modulated optical activity around the LSPR

emerges from the interaction of Cysteine with the NPs, and accordingly follows the definition

of ICD. Interesting also is the change in sign of the ICD from the thinner to the thicker layer

of L-Cysteine on the NPs. This sign reversal was also observed in SHG-CD for L-Cysteine

layers on BS and fused silica supports, without NPs (chapter 4.2 on page 26). However, only

the L-enantiomer of Cysteine was investigated in the present case. For a verification of the

ICD from Cysteine into the spherical Au NPs, the D-enantiomer should be examined as well.

SHG and SHG-CD Spectroscopy

Moving on to the nonlinear optical response, the bare NPs generate a moderate amount of SH

with a LSPR band centred around 270 nm SH (540 nm fundamental). This is blue-shifted in

comparison to the fundamental absorbance (575 nm; shift of 0.14 eV), exceeding measurement

uncertainties and eventual adjustment through revising the shift through LSPR fitting. Per

definition, the axes of a spherical NP are of the same size and thus the LSPR for fundamental

absorbance and SHG are expected at the same spectral position. However, arrangement of

NPs is one important factor influencing the LSPR.104 Considering the close spacing between

the NPs (fig. 5.9), arrangement may indeed play a significant role for the LSPR. Nevertheless,

the NPs are not ordered but randomly distributed over the surface. Alternatively, a slight

deformation of the NP shape is reasonable due to the interaction with the support, that leads

to the perpendicular NP axis being slightly shorter than the others and that may make up

for the ostensible discrepancy in LSPR positions. As already discussed in chapter 4.2 on

page 26, L-Cysteine on oxide supports shows medium to intense SHG with various underlying
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resonances due to molecular orientation and transitions. In the case of a 100 ML (50 nm) film,

the moderate SH generated is complemented by a maximum around 250 nm SH. In contrast,

the thicker layer of 850 ML (425 nm) generates intense SH with a maximum around 310 nm

SH.

Figure 5.11.: SHG and SHG-CD spectra of spherical Au NPs on BS with L-Cysteine.

Now, the combination of NPs with 100 ML L-Cysteine film has a drastically reduced SHG

intensity in comparison to the bare NPs (factor 0.3), obscuring the LSPR and without the

maximum observed for L-Cysteine alone. Similarly, with a film thickness of 850 ML, the NPs

give little SH, even though a small increase in intensity above 300 nm SH in comparison to the

NPs with the thinner film suggests stronger contributions from the Cysteine film itself. One

possible explanation for the loss of SH intensity lies with the similarity of refractive indices

experienced by the NPs through the support and Cysteine layer: nBK7 = 1.520 (ref. [120]) and

nCysteine = 1.51 (ref. [118]) at 520 nm fundamental. As discussed for the closed and porous
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NPs with Cysteine before (chapter 5.2, page 50), the Cysteine layer on top of the NPs reduces

the asymmetric potential perpendicular to the surface. Nevertheless, the SHG intensity is not

fully lost in the present system of (close-to)-spherical Au NPs with L-Cysteine.

The bare NPs show no optical activity in SHG-CD (fig. 5.11), as observed in the fundamental

case as well and as expected for the achiral NPs. In contrast, L-Cysteine on BS has a negative

anisotropy factor over the majority of the examined spectral range with an extrema around

260 nm SH of g = −0.7 (also see chapter 4.2 on page 26). The combined system of NPs with

850 ML Cysteine was measured at individual wavelengths with a large number of laser shots

for enhanced statistics due to the signal–noise ratio. The resulting curve suggests optical

activity around 280 − 300 nm SH (560-640 nm fundamental) of around g ≈ +0.2. Interestingly,

the observed CD-activity is positioned around the same spectral range, but of opposite sign

as in the fundamental case. With the suggested ICD being a small effect, verification with the

other enantiomer D-Cysteine is needed.

However, considering the sample morphology, for the NPs with a layer as thick as 850 ML

L-Cysteine, effects of Cysteine itself should be readily seen in the SHG and SHG-CD spectra as

well. Since this is not the case here, at least parts of the NP covered surface experiences laser

damage and both NPs and Cysteine molecules desorb from the support. This is additionally

witnessed by a reduction of fundamental absorbance caused by a large area scanning with

the laser radiation (see appendix fig. A.2 on page 100), and puts the reduced SHG intensity

in perspective. However, the fact that still parts of the LSPR and also optical activity can

be detected with SHG and SHG-CD spectroscopy means that some of the material remains

on the support. Nevertheless, the area where SH is generated experiences unknown and

potentially extreme changes to the surface such as reconstructions and partial desorption, so

that further investigations and interpretations of this system of supported spherical Au NPs

with Cysteine appear intricate and speculative. Further comments on the NPs with Cysteine

can be found in refs. [121, 122].
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Conclusions on Spherical Gold Nanoparticles with Cysteine

In summary, a small ICD from L-Cysteine to the spherical Au NPs on BS was observed in

fundamental CD spectroscopy, for each of the 20 − 850 ML (10 − 425 nm) molecular thin films

investigated. At the same time, the modulation in CD around the NP LSPR changes sign

with increasing Cysteine deposition, as observed for Cysteine thin films on oxide supports

earlier. The LSPR itself shifts upon Cysteine deposition as expected to higher wavelengths

accompanied by an increase in absorbance. For layers of 850 ML (425 nm), interference

patterns were observed due to internal reflection at the sample’s interfaces.

The SHG spectra of the NPs were recorded. However, the NPs with Cysteine lost large

parts of SHG efficiency, probably due to a combination of symmetrisation and laser damage,

independent on Cysteine layer thickness. In contrast, L-Cysteine on BS generates intense SH

with a distinct optical activity, see also chapter 4.2 on page 26. Nevertheless, the data suggests

an ICD in SHG-CD with opposite sign in respect to the NPs with Cysteine in fundamental

CD spectroscopy and Cysteine on BS. This should be verified with examinations on the other

enantiomer, D-Cysteine.

However, strong laser damage to the sample, especially in the case of the NPs with Cysteine,

renders interpretation speculative, see also refs. [121, 122]. This is partly due to the small

SHG efficiency of the NPs with Cysteine and consequently increased electric field strengths

for investigation. Overall, this project on spherical Au NPs on BS with L-Cysteine highlights

the necessity of a strong interaction between NPs and support, to prevent symmetrisation of

the potential experienced by the NPs at the surface. The strong interaction can additionally

increase resistance against laser damage.

5.4. Conclusions and Outlook on Supported Gold Nanoparticles

with Chiral Adsorbates

For the hemispherical closed and porous, as well as for the spherical supported Au NPs

with Cysteine, an ICD around the LSPR was observed with fundamental CD spectroscopy.
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Although the bare NPs generated a decent amount of SH, however, the SHG efficiency

reduced greatly upon Cysteine deposition. At the same time, a different amount of SH

was generated by lcp and rcp around the LSPR. Nevertheless, this suggested ICD remains

ambiguous since verification with the other enantiomer is left to be investigated and laser

damage plays a significant role, especially for the spherical NPs.

Similarly, an ICD was observed around the LSPR for the cylindrical imprinted Au NPs

in combination with Binol with fundamental CD spectroscopy that was verified with both

R- and S-Binol, respectively. In contrast to the other Au NPs, however, the imprinted NPs

showed a clear increase in SHG efficiency upon Binol deposition attributable to a combination

of plasmon enhancement and change of the physico-chemical surrounding. Most intriguingly,

an ICD around the LSPR was determined with SHG-CD spectroscopy, for the first time

in our labs and to the best of our knowledge in the scientific society as well. Since the

ICD is independent on plasmon enhancement and orientation of the molecules at the NP

surface, it originates from the physico-chemical interaction of the NPs with the chiral inducer.

Consequently, this system serves as a proof-of-principle for the observation and further

investigations of ICD in Au NPs with SHG-CD spectroscopy.

Figure 5.12.: Schematic illustration of the ideal model system for investigations on asymmetric
heterogeneous catalysis, comprised of a catalyst with strong interactions to a chiral support
material.

The outstanding characteristic of the imprinted Au NPs is the adhesive interlayer of

mixed titania-titanium composition between NPs and BK7 support. This inhibits laser-

induced damage to the NPs. At the same time, symmetrisation of the surrounding potential

through diffusion of the molecules between NPs and support is annulled as well, preventing
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SHG quenching. When conceptualising this interlayer, this is where strong metal–support

interactions123–125 between metal NPs or clusters and the oxide support come onto the stage.

Another aspect that should be considered for the investigation of asymmetric heterogeneous

catalysis is the accessibility of the catalyst itself. The presented systems were conceptually

built according to the same principle: a supported catalyst thoroughly covered with chiral

inducer. The investigated films were of 30 ML or more. This, however, renders accessibility

of the catalyst by an approaching substrate challenging since it must traverse the molecular

film twice, before and after reaction. Consequently, in the ideal case, the supported catalyst

has a strong interaction with the support – which additionally acts as chiral inducer, as

schematically depicted in fig. 5.12.
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Dichroism in Other Systems

With our goal of spectroscopy with the aim of asymmetric heterogeneous catalysis, ICD is

more a necessary tool rather than the ultimate goal. There have been tremendous efforts on

ICD in various systems such as molecule-molecule and molecule-nanoparticle interactions.

Similarly, scientists reported on structural chirality such as chiral assembly and ordering.

At the same time, theoretical descriptions and models evolved that predict or explain the

fundamental chiroptical phenomena observed. However, many aspects of ICD and chirality

transfer are not well understood to date, also see chapter 2.2. In order to use ICD in the

investigations of asymmetric homogeneous catalysts, it is important to understand the

various mechanisms of ICD and chirality transfer. Our efforts presented in this chapter

include investigations of the chirality transfer from a chiral ligand to the metal centre in

a metal-organic, homogeneous asymmetric catalyst in solution and upon surface fixation.

We introduced a new system for the asymmetrisation of dye molecules with the help of

chiral gels with high molecular order, with a strong and reproducible ICD that is tunable by

the choice of dyes and dye mixtures. In the new field of chiral perovskites, we presented

new solvent-assisted synthetic routes that allow tunability of the chiroptical properties, a

lead-free perovskite with polarised excited states that reach life times in the ns scale, and a

new perovskite material that shows strong luminescence and an unusually high degree of

polarisation in circularly polarised luminescence at room temperature. Finally, the effects on

crystallisation and desorption on the chirality in Binol thin films are briefly summarised.
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6.1. Optical Activity in Catalytically Active Chiral Pd Complexes

We concentrate our main efforts on the asymmetrisation of heterogeneous catalytic systems,

see chapters 1 and 5. However, the far more common approach in order to achieve an

asymmetric heterogeneous catalyst includes the fixation of asymmetric homogeneous catalysts

onto an appropriate surface.3 Pd is one of the common metals used for heterogeneous

catalysis of hydrogenation reactions, but is was also proven as powerful catalyst in asymmetric

homogeneous catalysis.126–130 Similarly, Binap is a chiral ligand often used for enantioselective

catalysis with high enantiomeric excess and decent selectivity.100,102,131–133 In combination

with Me ligands that can be used for surface fixation methods,134 a complex of PdII with

Binap and Me ligands appears as an intriguing candidate for such applications, accordingly.

Furthermore, the catalytic activity of specifically [Pd(Binap)Me2] has already been shown in

the homogeneous phase with high enantioselectivity.135 However, neither a synthetic route

with satisfactory purity nor a thorough characterisation has been reported yet. This chapter

is a summary of ref. [136] with additional results from ref. [137]. We show a new successful

synthetic route with high purity and explore the nature of optical activity of the homogeneous

catalyst.136 Afterwards, [Pd(Binap)Me2] is fixated onto a silica surface with preservation of

optical activity.137

First, we found a successful new synthesis route with high purity for the target compound

[Pd(Binap)Me2] in order for thorough characterisation and subsequent surface fixation. Since

we found quick degradation of the target compound to [Pd0(Binap)2] depending on the syn-

thetic conditions, we followed a more unusual route by attaching Binap to [PdCl2(CH3CN)2]

(refs. [129, 131]) and subsequent methylation. The compound purity was assured by single-

crystal X-ray diffraction (SC-XRD, fig. 6.1A) accompanied by 1H- and 31P-NMR and IR

spectroscopy for both enantiomers of R- and S-[Pd(Binap)Me2]. Also, the density functional

theory (DFT) optimisation with B3LYP (LanL2DZ for Pd and 6–311++G* for residual atoms)

resulted in structural parameters that show a deviation of < 5% from the SC-XRD structure

(fig. 6.1A). For the vast majority of parameters, the deviation even is below < 1%, such as
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Pd-Me distance, angle between phenyl moieties, and more. Thus, already with the afford-

able computational expense, a certain similarity between the SC-XRD and DFT structures is

present.136

Figure 6.1.: SC-XRD and DFT-optimised structure (A), experimental CD spectra (B), and MOs
with high occurrence (C) of [Pd(Binap)Me2].136
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Regarding the CD spectra of the target compound in toluol (fig. 6.1B), optical activity was

observed with an additional band at higher wavelengths in comparison to Binap in solution.

Now, the question arises whether this band is a band from Binap shifted due to the changed

potential with Pd – or an ICD between Pd and Binap emerges. For asymmetric homogeneous

catalysts, however, the question on the origin and nature of chirality and the mechanism of

chirality transfer within the compound or between catalyst and substrate remains mainly

neglected. In the current opinion, the role of the metal centre is ascribed to catalytic activity

overall, while the chirality is introduced into the reaction by steric guidance of the substrate

due to the sterically demanding Binap ligand. From a spectroscopic point of view, this can be

assessed over the contributions of the Pd centre in the CD-active electronic transitions. While

we don’t have a suitable spectroscopic method at hand, DFT readily predicts electron density

in terms of molecular orbitals (MOs) and their combinations for the molecular excitations.

Furthermore, we observed a certain structural agreement between the SC-XRD and DFT

structures. By examining the MOs and their crossings, the contributions of Pd in the relevant

CD-active transitions that are composed of these MOs can be approximated.136

For the calculation of optical properties, 40 single-excited states were considered. As

expected, the frontier orbitals play an important role in the various transitions (fig. 6.1C).

While the unoccupied MOs generally are of π-type with strong contributions of the naphthyl

moieties and small impact from the metal centre, occupied MOs are dominated by the metal

centre with fewer contributions from the ligands. This applies especially for the frontier MOs

with high occurrence and the Pd centre takes part in all relevant CD-active transitions. Also,

for a second DFT optimisation that can be viewed as another conformer, the same observation

as described becomes visible. Thus, DFT suggests that Pd indeed experiences ICD through

contact with the chiral Binap ligand. Accordingly, Binap not only has steric influence for the

approaching substrate during asymmetric homogeneous catalysis but also takes part in the

electronic structure of the catalyst, so that the entirety of the complex is chiral. In addition to

the steric contributions, such electronic properties and ICD should be taken into account for

catalyst and ligand design.136
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Figure 6.2.: Absorbance and CD spectra of [Pd(Binap)Me2] and [Pd(Binap)Me]@SiO 700
2 .

For the creation of the heterogeneous catalyst, [Pd(Binap)Me2] can be fixated at a suitable

surface. Following the protocol of ref. [134] that requires the presence of Me ligands, we

successfully attached [Pd(Binap)Me2] onto SiO 700
2 , resulting in [Pd(Binap)Me]@SiO 700

2 . The

compound purity was assured with elemental analysis, IR spectroscopy, and solid state

NMR spectroscopy and a catalyst loading of around 0.6 wt.% was found. For the catalyst in

solution, two pronounced CD bands around 360 and 320 nm were observed. In contrast, the

catalyst on the silica surface shows a band at 360 nm, with the same sign as in solution with a

second feature suggested around 320 nm (fig. 6.2). Also, the intensity of absorbance and CD

vary between solution and surface. Accordingly, the electronic structure and optical activity

of the catalyst change due to the fixation process. Most importantly however, CD-activity

is preserved for [Pd(Binap)Me2] upon surface fixation so that asymmetric heterogeneous

catalysis can be examined in further research.137

In conclusion, we presented a new successful synthetic route to the intriguing catalyst

[Pd(Binap)Me2] for asymmetric catalysis with high purity and verified its structure through

SC-XRD. With limited computational resources, there already appeared a structural agreement
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to DFT optimisations. During examination of the optical activity of the compound, the

question arises whether the band around 360 nm is a shifted band of the chiral ligand Binap,

or originates from the interaction of Binap with the Pd centre through ICD. Examining the

MOs and their contribution to relevant CD-active transitions through DFT calculations, a

strong contribution of the Pd centre was observed. This indicates that Pd indeed experiences

ICD through the interaction with Binap. Thus, we recommend incorporating considerations

of steric nature, but additionally electronic properties and ICD in the process of ligand

and catalyst design.136 For the creation of a asymmetric heterogeneous catalyst, we fixated

the compound onto a silica surface. Upon fixation, the electronic structure was certainly

altered. However, optical activity and chirality were nevertheless preserved. Subsequently,

the catalyst can now be examined for reactivity, selectivity, and enantioselectivity in the terms

of asymmetric heterogeneous catalysis.137

6.2. Tunable Induced Circular Dichroism in Gels

While our main focus for ICD lies on the aim of asymmetrisation of a heterogeneous catalyst,

ICD can also be used as chiroptical method for the determination of details in structure

and interaction, e.g. the absolute confirmation and configuration of chiral and achiral

compounds.138–140 Accordingly, ICD was suggested for applications in chiral sensing, data

storage, drug delivery, optical materials, and more.38,141–144 Especially for thin films of π-

conjugated systems, a plethora of investigations was already performed. An overview on

ICD in thin films can be found in ref. [145] while the contents of this chapter are a summary

of ref. [146] and data as a part of ref. [122].

For a system of achiral laser dye Rhodamine 110 (Rh) and chiral Binol prepared by spin-

coating, in earlier works from our group we found formation of J-aggregates by the dye.

Depending on the Binol molar fraction, the formation of one enantiomer of the dye aggregates

was enhanced over the other enantiomer, leading to optical activity in the thin films that is

tunable in respect to the ICD intensity.147 The ICD depends on the exact details in aggregate
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structure and interaction between chiral host and achiral guest. However, spin-coating is a

highly dynamic preparation process and depends on a variety of parameters. While external

settings such as rotational speed and direction are easily controllable, the evaporation rate is

an intricate interplay between position and amount of solution deposited and details of the

spreading of the liquid.148

In the case of the Rh–Binol system, five nominally identical samples show the same

absorbance curves. In contrast, a great variety of CD spectral features distinguishes the

samples, such as intensity, ratio between the bands, and position of zero-crossing. Here, all

controllable parameters such as spinning speed and time, volume and concentration of the

coating solution, and support preparation were kept constant. Nevertheless, small details in

average aggregate structure leads to low reproducibility for the CD data.146

One way for a stronger confinement in the interaction between chiral inducer and achiral

molecule is with the help of gel fibres that provide a high order on the molecular level. The

chiral gelator N,N’-dibenzoyl-L-Cystine (L-DBC) is commercially available while the synthetic

route to its enantiomer (D-DBC) is known from literature. Due to gelation, the DBC molecules

form stacks through hydrogen bonding that provide a regular and ordered environment for

interaction with the achiral dye molecules.146

The DBC gel monomers as well as the gelated samples absorb in the UV and show CD-

activity. The achiral dye molecules of Rh show absorption in the visible range without CD. In

contrast, the combination of chiral gel with achiral dye leads to a pronounced ICD around the

absorbance of the dye molecules (fig. 6.3). Since the ICD is mono-signate, aggregation of the

dye molecules is not present. This suggests a direct ICD mechanism (electronic perturbation).

The intensity of the ICD depends linearly on the dye concentration and g is constant with

concentration while no change in shape of the ICD is observed. Also, microscopy images

reveal that the dyes are located close to the gel fibres while the solvent in-between fibres is

hardly coloured. A pronounced interaction between gel fibres and achiral dyes, without direct

interaction of the dyes themselves, is possible with the dye molecules adsorbing individually

at the cavity comprised of the phenyl groups along the gel backbone.146

75



6. Chirality Transfer and Induced Circular Dichroism in Other Systems

Regarding the reproducibility, five gel samples of L-DBC with Rh show the same absorbance

curves. Furthermore, the CD is alike in shape, intensity, and spectral position for the

five samples showing sound reproducibility. With the other enantiomer D-DBC, identical

absorbance appears while the CD behaves as an image–mirror image pair, as expected for

enantiomers. Also, the same absorbance is observed for the racemic mixture while the CD is

zero as expected.146

Figure 6.3.: ICD of achiral dye molecules (Uranine, Rhodamine 110, Cresyl Violet Perchlorate,
and Nile Blue) embedded in chiral gel fibres of L-DBC. Ref. [146].

We exchanged the dye molecule with Furan 2 (absorption below 400 nm), Uranine (400 −

475 nm), Rhodamine 110 (Rh, 450 − 550 nm), Cresyl Violet Perchlorate (CVP, 475 − 650 nm),
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and Nile Blue (550 − 700 nm). In each case, we observed a pronounced ICD around the

absorbance bands of the dye and image–mirror image behaviour is observed for the two gel

enantiomers (fig. 6.3). With the supposition of one single dye molecule intercalated at the

phenyl cavity without interactions to the next dye molecule, a combination of dyes should be

a superposition of the individual spectra. For the duo mixture of Uranine–Rh and the trio

mixture of Uranine–CVP–Nile Blue, the resulting spectra indeed showed a strong conformity

with the mathematical addition of the individual dyes, both in absorbance and in CD. Overall,

a highly reproducible ICD over a broad wavelength range can be created and tuned with

these five dyes in combination with the chiral gel.146

While for the majority of dyes investigated no aggregation in the gelated samples is

observed, CVP clearly shows an additional band when intercalated into enantiopure DBC gel.

Additionally, the ICD is bi-signate and one order of magnitude larger that in the other dyes.

All this hints towards aggregation of CVP in DBC. Since the additional absorbance band is

blue-shifted, it can be associated to H-aggregation (head-head orientation). As the case for

the other examined dyes, microscopy indicates accumulation at the gel fibres. However, the

H-aggregate band of CVP vanishes for the racemic gel mixture meaning that the interaction

of CVP with the enantiopure gel and with the racemic mixture is qualitatively different. With

less order in the gel strand due to the different orientations of the phenyl moieties in the

racemic gel, CVP aggregation is suppressed. These findings can be interpreted in such a way

that CVP orderly intercalates at the phenyl moieties but still has strong interactions with the

neighbouring molecule in the sense of aggregates.146

To back this hypothesis, we performed experiments of CVP with DBC monomers before

gelation in aqueous solution.122 Three spectroscopic species are discernible in solution, i.e. the

dye monomer with absorbance maximum around 600 nm and two blue-shifted H-aggregate

species. Now assuming a linear combination of the individual contributions, a set of linear

equations approximates the individual spectra of each species. Due to different speeds of

precipitation by the three species and varying concentrations, the ratio between the species

could be varied. Consequently, the system of linear equations was solved and the CD spectra
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of the individual species were obtained. While the monomer has basically no CD-activity,

both H-aggregates show a pronounced bi-signate CD signal, that interestingly is close to

a image–mirror image pair but with different intensity. The bi-signate nature of the ICD

indicates an indirect mechanism (structural perturbation).122

In conclusion, we introduced a new system for ICD with defined and ordered interactions

between chiral gel fibres of DBC and achiral dye molecules with high reproducibility. The

dye molecules intercalate at the phenyl moieties of the gel backbone. Through exchange

and addition of the dyes Furan 2, Rhodamine 110, Uranine, Cresyl Violet Perchlorate, and

Nile Blue, the ICD is tunable and adjustable over the wide spectral range of 300 − 700 nm.

Nevertheless, with the appropriate dye choice this spectral range may be extended even

further.146 While the majority of dyes show the optical response of monomers, aggregation-

like behaviour is observed for CVP with enantiopure gel fibres indicating that interactions

across the gel phenyl cavities are possible for CVP. In contrast, no aggregation was observed

for CVP in the racemic gel. Accordingly, the structure of the racemic gel fibres are in such a

way that aggregation-like interactions between CVP molecules are not possible, meaning less

structural order due to the arrangement of the phenyl moieties.122 Now the determination of

the racemic gel structure and simulations on the aggregates and dye–gel compounds come to

the fore.

6.3. Chirality in Perovskite Thin Films

Perovskites are octahedra-based structures with general chemical formula ABX3 and comprise

a large group of crystalline inorganic or mixed organic-inorganic compounds. The relatively

new scientific field of chiral perovskites is rapidly growing, promoted due to promising

and intriguing applications of the compounds such as generation and detection of circular

polarised luminescence (CPL), chirality induced spin-selectivity (CISS), spintronics, and

ferroelectrics.149–155 With the velocity of scientific progress within the field, review articles may

not keep up to date of the developments. Nevertheless, refs. [155, 156] give an introduction to
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the topic and its diversity, while this chapter aims for an overview over our contributions in

the field.

The most straight-forward idea of a chiral perovskite lies within a chiral crystal structure

meaning that the ions are ordered in a chiral fashion within the unit cell.157 However, chirality

can also be introduced through chiral adsorbates or ligands binding to the crystal surface. This

corresponds to an ICD mechanism with structure perturbation while most often electronic

interactions are present as well.158 Furthermore, there exist more complex compounds and

meta-materials, e.g. the integration of an achiral perovskite into a chiral polymer matrix that

produces CPL.159

Figure 6.4.: Chirality in perovskite thin films: band gap tunability through halogen ratio
(A),160 strong luminescence with high CPL (B),161 and ICD through incorporation of amino
acids (C).162

We suggested the thin films of a Bi-based lead-free 0D perovskite for application in

spintronics due to the lifetime of chiral excited states.160 With x = 10, (R/S)-CHEA4Bi2BrxI10–x

exhibits only Br as halogen ion. The exciton absorption band is located around 385 nm and

the compound accordingly appears yellow to the eye (fig. 6.4A). In the case of I halogen ions

(x = 0), exciton absorption is present at 495 nm and an additional band-to-band absorption
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feature appears around 360 nm. Furthermore, the band gap is tunable continually between

these two extrema through adjustment of the halogen ion ratio. Importantly, we observe

unusually long inherent spin polarisation relaxation lifetimes of the excited states that reach

the ns time scale. Thus, this band-gap tunable system appears as promising candidate for

next-generation spintronics.160

For applications such as CPL, the amount of luminescence but also the degree of polarisation

of the emission is important. For a lead-halide 2D perovskite (R/S/Rac)-BrMBA2PbI4 with

chiral crystal structure, we found both unusually high photo-luminescence quantum efficiency

and degree of polarisation, already at room temperature.161 The efficiency is as high as 40 %.

Also, the excited states show a difference in life-time in dependence on the spin state.

Therefore, the compound follows different relaxation mechanisms (i.e. radiant vs. non-

radiant) for the different spins which ultimately leads to the strong polarisation in CPL of

over 50 % (fig. 6.4B). Hence, we show that the polarisation degree of CPL originates not only

from a different amount of absorbance of circular polarisations (CD) but is influenced by the

relaxation mechanism as well.161

Another important factor for the application of new sophisticated materials is the ease

and efficiency of preparation. For the hybrid lead-halide 1D semiconductor DMAPbI3 with

the amino acid 3-ABA, we found a strong ICD that is readily tunable through details in

the thin film fabrication process, such as spin-coating parameters and content of chiral

adsorbate.162 Similar to the case of chiral organic thin films, we observed achiral contributions

to the CD response that obscure the intrinsic CD of the compound. Therefore, the different

contributions were disentangled with an approach based on Mueller-matrices. However, this

aspect is regularly neglected in the field of chiral perovskite thin films. Importantly for the

preparation complexity, the spin-coated compounds are accessible directly from the ligands

and nanocrystals, without prior colloid formation. Furthermore, this is the first report on ICD

due to amino acids in thin film perovskites (fig. 6.4C), to the best of our knowledge.162

In conclusion, the new scientific field of chiral perovskites is rapidly growing and many

compounds with promising properties have been reported to date. With our publications,
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we contribute in terms of new materials and systems, tunability of the band gab and optical

activity, chirality transfer and life-time of polarised states, efficiency of circular polarised

luminescence and relaxation mechanisms, and ease of preparation of such perovskite thin

films.

6.4. Chirality in Binol Thin Films

The chiral molecule Binol and its derivatives are commonly used for asymmetric catalysis and

other applications of chirality, as mentioned before. However, the optical activity and structure

of Binol in the solid phase such as thin films still leaves room for further investigations.49 This

chapter summarises our contributions to understanding the non-linear optical activity of Binol

thin films under sample ageing and laser illumination (refs. [163, 164]). Mortaheb et al.165

radiated racemic Binol thin films with circularly polarised light that led to partial desorption

of the molecules. Afterwards, significant non-linear optical activity (SHG-CD) was observed

at the treated positions. The sign of the SHG-CD response depended on lcp and rcp during

desorption, respectively, and the resulting curves showed image–mirror image behaviour, as

expected for enantiomers. In contrast, the thin films showed no SHG-CD when lp was used

for desorption, as for the combination of achiral molecules with lcp or rcp for desorption.

The authors conclude with a phenomenological model that includes different desorption

rates for the Binol enantiomers through two-photon-absorption when they interact with lcp

and rcp, respectively. Importantly, both thermal and quantum-mechanical contributions are

responsible for the desorption rates.165

In an attempt in "Understanding laser desorption with circularly polarized light" (ref. [163]),

we consecutively examined the crystallisation process of the Binol thin films through surface

roughness measurements, polarisation resolved microscopy, SHG-CD, and more. Especially,

the influence of the crystallisation state on the optical response in terms of SHG-CD signal

lay within the scientific focus (fig. 6.5A), before and after desorption.163 For fundamental

CD spectroscopy, it is known that chirality at the surface does not necessarily come from
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Figure 6.5.: Chirality in Binol thin films: effect of crystallisation state on SHG-CD of racemic
films (A),163 and effect of sampling area on SHG-CD of enantiopure and racemic films (B).164
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an excess of one enantiomer as it can also originate from chiral superstructures and other

structural effects (see chapter 2.2). Also, SHG-CD on thin films not necessarily gives the signal

expected from the enantiomer excess present since we observed different anisotropy factors g

in dependence on the desorption process but also sample age.163

The optical activity in crystallised Binol thin films depends also on the local structure. For

one Binol enantiomer, an SHG-CD between g = −1.0 and g = +1.5 can be observed by merely

changing the sampled area within a crystallite.49 Thus, also the sampling area and position in

respect to the crystallite size and arrangement is of importance when considering chirality at

the surface. For the Binol thin films, we found that an anisotropy factor representative for the

whole sample can be investigated with a large beam.164 In contrast, smaller sampling areas

lead to probing of local chirality (fig. 6.5B). As previously observed for organic thin films in the

case of fundamental CD, the SHG-CD response additionally depends on sample orientation

that can be altered by flipping and rotation along the beam direction. In this specific case,

the SHG-CD response was reversed upon flipping while no effect from out-of-plane angles

were observed. Even though the theoretical description according to Mueller-matrices is not

fully understood in the non-linear regime, we were able to disentangle chiral and achiral

susceptibility tensor elements and contributions for crystallised Binol thin films.164

While we broadened our knowledge on optical activity of Binol thin films in regards to

structure, crystallisation, and effects from illumination and desorption, a hard proof of circular

differential desorption is the verification of the enantiomeric excess of the desorbed molecules.

This may be achieved with a sophisticated setup that is both capable of the desorption process,

SHG-CD for surface analysis and circular dichroism in resonance-enhanced multiphoton

ionization (CD-REMPI) for gas-phase analysis.
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In summation, we aim for the creation of an asymmetric heterogeneous catalyst via asym-

metrisation of a heterogeneous catalyst in the form of supported NPs through interaction

with a chiral inducer such as adsorbed molecules. For the study of such materials, the

chirality transfer or ICD between the two entities is of special interest, that requires the use of

appropriate chiroptical methods with high sensitivity to chirality and small changes of the

nanostructures. Additionally, an adequate model system with pronounced ICD and catalytic

relevance is needed for the investigation. This work presents efforts in those two requirements

for the detection of ICD between supported noble metal NPs and chiral adsorbates with the

aim of spectroscopy for asymmetric heterogeneous catalysis (chapters 4,5). The investiga-

tions are complimented by experiments in various other systems in order to gain a broader

understanding of ICD effects (chapter 6).

First, the non-linear method of SHG-CD was validated in terms of structural details

regarding supported Au NPs (chapter 4.1). It was found that SHG indeed is capable of

detecting structural details and nm-scale changes in the physico-chemical surrounding of the

NPs. The investigation of the NP LSPR determined the interaction between the NPs with

a titania overcoat with increasing thickness. Accordingly, a coating model was proposed

that includes coverage of the oxide support and low-coordination sites of the NPs for the

first few nm of coating, while full encapsulation of the NPs by titania happens only with

higher coverage. Furthermore, a bimodal height distribution of the NPs was revealed through

wavelength-dependent SHG spectroscopy, due to the surface-sensitivity and mode-selectivity

of the non-linear method.
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For molecules as candidates for chirality induction, the reordering of chiral molecules

within thin films with increasing thickness was successfully examined with SHG-CD for

Binol and Cysteine (chapter 4.2). With increasing Cysteine layer thickness, the SHG intensity

increased tremendously. Additionally, two SHG-active bands of Cysteine were observed.

Depending on the average orientation of the molecules throughout the film, the ratio between

these two bands could be varied. Regarding the non-linear optical activity of these films

investigated with SHG-CD, with increasing film thickness a stronger optical activity was

observed over the spectral range investigated. Interestingly, a sing-change of g appeared

for very thick Cysteine layers that correlates to molecular orientation and the projection

of the transition dipole moments perpendicular to the surface. For Binol, qualitatively the

same observations are applicable, i.e. an orientation dependent SHG and SHG-CD response,

ultimately adjustable over the average orientation of the molecules and their transition dipole

moments that depends on the film thickness (chapter 3.3 and refs. [66, 67]).

Second, a plethora of supported Au NPs of different size and shape as potential asymmetric

heterogeneous catalysts were investigated when in contact to potential chiral inducers such

as Binol and Cysteine (chapter 5). In order to investigate these model catalyst systems with

SHG-CD, the NPs must fulfil a variety of prerequisites that include, but are not limited to,

a decent ICD between NP and chiral inducer, spectrally well-separated resonances of NPs

and chiral inducer, and most importantly, preservation of the SHG-CD response during

adsorption of the chiral inducer. For all investigated NPs an ICD in the fundamental case was

observed. However, in most cases, the SHG-CD response was lost either due to laser damage

or symmetrisation of NP surrounding by alignment of the molecules on the NP surface.

Nevertheless, the imprinted Au NPs stood out from the total collection of supported

Au NPs investigated during the course of this thesis (chapter 5.1). Apart from the strong

chiroptical response in the fundamental case, an ICD between supported Au NPs and a chiral

molecule was also detected unambiguously by SHG-CD, for the first time to the best of our

knowledge. This was possible because the mixed titania-titanium interlayer between NPs and

BK7 support has adhesive properties, reducing laser-induced damage to the sample. Most
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importantly, the symmetrisation of the NP surrounding is also inhibited through the adhesive

interlayer. Accordingly, we observed an SHG intensity increase as expected from theory upon

the deposition of Binol onto the NPs. Furthermore, the ICD was successfully validated with

the non-linear method.

Originally, Au NPs were examined because of the interesting and easily tunable optical

properties including a strong optical response due to the NP size, accompanied with the

relevance in catalysis (chapter 5.4). Nevertheless, supported metal clusters that are comprised

of few atoms only have proven suitable as model systems for heterogeneous catalysis, both

through experiments and calculations. With a small overall optical response of the supported

clusters, the sensitivity of SHG-CD can be used to its full potential. Furthermore, strong

metal–support interactions become even more important for inhibiting the symmetrisation of

the particle surrounding through evenly distribution of the adsorbate.

Another issue that should be addressed in the scope of catalysis is the accessibility of

the catalyst. During this thesis, the main objective was the observation and investigation

of an ICD that was achieved by adsorption of chiral inducer on top of the supported NPs.

Accordingly, the NPs were thoroughly covered with 42 ML of chiral inducer and more. In

regards to the accessibility of the catalyst, the chiral inducer in the form of a support materials

appears as a better option than molecular thin films on top of the NPs.

In combination with the adhesive interlayer, an ideal chiral support can be achieved for

example by a chiral template in the form of an evaporated Binol thin film, that is covered

by a thin oxide layer through ALD for separation of the molecules from the clusters. Finally,

titanium deposition onto the oxide overcoat leads to the adhesive and protective interlayer for

strong metal–support interactions. Such a support material can then be used for deposition

of clusters directly, and complementary experiments with larger NPs may be performed by

micelle-assisted NP growth directly at the surface. If ICD is observed and the SHG from

the NPs is preserved, the catalytic properties with focus on the enantioselectivity can be

examined within this system.
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A. Appendix

Additional Data

Figure A.1.: Absorbance and CD spectra of porous hemispherical Au NPs on BK7 with 30 nm
(60 ML) L-Cysteine shortly after preparation and two weeks later.
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Figure A.2.: Absorbance and CD spectra of spherical Au NPs on borosilicate supports with
L-Cysteine after laser treatment.
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List of Samples

Table A.1.: Nanoparticles with chiral adsorbates and ICD

Composition
Shape

Inducer fundamental CD SHG-CD chapter

Au
hemisphere

Binol yes
no,
laser damage

4.1

Au
hemisphere

Cysteine yes
ambiguous,
symmetrisation

4.1,5.2

Au
hemisphere/porous

Cysteine yes
ambiguous,
symmetrisation

5.2

Au
cylinder

Binol yes yes 5.1

Au
sphere

Cysteine yes
ambiguous,
laser damage

5.3

Au
sphere

Thiols yes
no,
laser damage

-

DMAPbI3
thin films

3-ABA yes
no,
laser damage

-

CHEA4Bi2BrxI10–x
thin films

CHEA yes
no,
laser damage

-
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Table A.2.: Molecules and support materials

Compound Formula fundamental CD SHG-CD chapter

Allenes CF-3 to -5
1 ML on Ti/SiO2

C40H29NO2S
no,
sensitivity

no,
laser damage

-

Cysteine
Multilayer on BS, FS

C3H7NO2S yes yes 4.2

Binol
Multilayer on BK7

C20H14O2 yes yes 3.3

Binol, SiO2 coating
Multilayer on BK7

C20H14O2 · xSiO2
no,
sensitivity

no,
laser damage

-

Rhodamine:Binol
Multilayer on BK7

C20H15ClN2O3
· xC20H14O2

yes
no,
laser damage

-
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