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A B S T R A C T

The main goal of the present Thesis was the investigation of the photo-
induced isomerization processes of azobenzenes (ABs) attached to
small gold nanoparticles (AuNPs) by static and femtosecond time-
resolved transient absorption spectroscopy. ABs functionalized with
thiolated alkyl linker chains of three different lengths (C3, C7, C11)
were brought onto the surface of ∼ 4 nm diameter AuNPs in a mixed
self-assembled monolayer (mSAM) with decanethiol or pentanethiol
as co-ligand. The AB-functionalized AuNPs show excellent photoiso-
merization yields independent from the linker chain length and with-
out degradation over several subsequent trans-cis and cis-trans iso-
merization cycles. AuNPs functionalized with ABs bearing long alkyl
linker chains (C7, C11) and short co-ligands (pentanethiol) reversibly
aggregate when switched to their cis state and disaggregate when iso-
merized back to their trans state. The time-resolved absorption data
reveal excited-state absorption of AB around λ = 400 nm and strong
signals of the simultaneously excited localized surface plasmon res-
onance (LSPR). The excited-state dynamics of AB show surprisingly
little difference compared to the AB dynamics in solution, leading to
the conclusion that the AB photochrome and the AuNP core are ef-
ficiently decoupled by the long (C11) linker chain. Furthermore, the
excited-state dynamics of the push-pull substituted AB derivative Dis-
perse Red 1 (DR-1) in a mSAM with decanethiol on a AuNP surface
were investigated. The results hint at substantial energy and charge-
transfer from the excited AuNP into the ligand, which significantly
alters the excited-state absorption of DR-1. The close proximity of the
ππ∗ absorption of DR-1 and the LSPR should play an essential role
for this effect.

A second goal of this Thesis was the spectroscopic investigation
of the ultrafast relaxation dynamics of functionalized AuNPs them-
selves, especially the hot electron cooling dynamics, and how they
are influenced by different ligands. AB-functionalized AuNPs show
the same hot electron lifetime of τe-ph ≈ 2 ps as purely decanethiol
functionalized AuNPs, revealing that the electronic states of AB do
not participate in the electron cooling process. A study investigating
the influence of (i) the ligand heat capacity and (ii) resonant coupling
between ligand absorption band and LSPR was performed for Au-
NPs functionalized with (i) naphthol- and phenanthrol-thiolates and
(ii) coumarin- and DR-1-thiolates. The same hot electron lifetimes of
τe-ph ≈ 2 ps were extracted from the transient absorption data for all
investigated samples, suggesting that neither of the two factors has
significant influence on the relaxation dynamics of AuNPs.
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Z U S A M M E N FA S S U N G

Das Hauptziel dieser Arbeit war die Untersuchung der Photoisomeri-
sierung von Azobenzolen (ABs) gebunden an Goldnanopartikel (Au-
NPs) mittels statischer und femtosekunden-zeitaufgelöster transien-
ter Absorptionsspektroskopie. Die ∼ 4 nm großen AuNPs wurden mit
gemischten Monolagen (mSAMs) aus einem von drei verschiedenen
AB-Derivaten mit unterschiedlichen Alkylkettenlängen (C3, C7, C11)
und Decanthiol bzw. Pentanthiol funktionalisiert. Diese AB-funktio-
nalisierten AuNPs können unabhängig von der Linkerkettenlänge
des AB-Liganden mit hohen Ausbeuten mehrmals zwischen zwei
definierten photostationären Zuständen hin und her geschaltet wer-
den, ohne dass Ermüdungserscheinungen sichtbar werden. Zusätz-
lich dazu zeigen AuNPs, welche mit einer Kombination aus einem
langkettigen AB-Liganden (C7 oder C11) und kurzkettigem Pentan-
thiol beschichtet sind, photoinduzierte und vollständig reversible Ag-
gregation im cis-Zustand. Die zeitaufgelösten Absorptionsdaten zei-
gen ein Signal im Bereich von 400 nm, das dem AB-Chromophor
zugeordnet werden kann, sowie intensive Signale der Plasmonreso-
nanzbande (LSPR) der AuNPs über den gesamten gemessenen Wellen-
längenbereich. Die ultraschnelle Dynamik des ABs auf den AuNPs
zeigt überraschend geringe Unterschiede zur bekannten AB-Dynamik
in Lösung. Dies deutet darauf hin, dass die AB-Einheit und der AuNP-
Kern durch die lange Linkerkette (C11) effizient entkoppelt werden.
Untersuchungen von AuNPs mit einer mSAM aus Decanthiol und
dem push-pull-substituierten AB-Derivat Dispersrot 1 (DR-1) offen-
baren einen erheblichen Energie- und Ladungstransfer vom angereg-
ten AuNP zum Liganden, der die Absorption des DR-1 aus dem
angeregten Zustand stark beeinflusst. Die Nahe-Resonanz der ππ∗-
Absorptionsbande des DR-1 zur LSPR des AuNP dürfte dabei eine
wesentliche Rolle spielen.

Das zweite Ziel dieser Arbeit war die Untersuchung der Abküh-
lungsdynamik der AuNP, insbesondere der e-ph-Kopplung, und des
Einflusses verschiedener Liganden darauf. AB-funktionalisierte NP
zeigen die gleiche Abkühlungskonstante von τe-ph ≈ 2 ps wie rein
Decanthiol-beschichtete AuNP, was deutlich macht, dass die elektro-
nischen Zustände des AB-Liganden nicht an der Relaxation des AuNP
beteiligt sind. Eine Untersuchung des Einflusses (i) der Wärmekapazi-
tät der Liganden und (ii) einer möglichen resonanten Kopplung zwi-
schen der Ligandenabsorptionsbande und der LSPR des Goldkerns
wurde anhand von AuNPs funktionalisiert mit (i) Naphthol- und
Phenanthrolthiolen und (ii) Coumarin- und DR-1-thiolen durchge-
führt. In allen untersuchten Systemen wurde eine Abkühlungskon-
stante von τe-ph ≈ 2 ps gefunden, was zeigt, dass keiner der beiden
Faktoren die Relaxationsdynamik der AuNP wesentlich beeinflusst.
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Part I

I N T R O D U C T I O N A N D E X P E R I M E N TA L PA RT





1
I N T R O D U C T I O N

Modern technology is present in virtually all areas of life nowadays,
from displays and memory devices in modern electronics over sen-
sors and optical devices to drug delivery systems and biofunctional-
ized medical implants. New functional materials therefore comprise
an amazingly large area of scientific research.

The development of digital memory devices exemplifies the need
for increasingly sophisticated methods to tailor material properties
for specific applications. Punch cards represent the earliest form of
digital memory devices on which the information is stored as a pat-
tern of holes in specific positions. Optical memory devices such as
CDs and DVDs have the data engraved into a transmissive polycar-
bonate disc in the form of a sequence of small indentations. The
disc is coated with a thin aluminium layer and for read-out it is
scanned with a laser that detects the indentations through differences
in light reflection. [1] Modern memory devices such as flash drives and
solid state drives use tiny semiconductive elements to store and ac-
cess information electronically [2] and the individual building blocks
of such devices are constantly being improved. For example, many
field-effect transistors (FET) based on organic semiconductors now
use gold nanoparticles (AuNPs) as charge carrier traps to enhance
their performance, i.e. the response time, the contrast between `̀ on´́
and `̀ off´́ states, and the stability of both states. [3–7] In addition, this
strategy allows for fast and easy manufacturing of the layers from
solution in comparison to high vacuum layer deposition techniques
required for the commonly used FETs with a thin metal layer embed-
ded between two dielectric layers. [4]

Further improvement of the device performance can be achieved
through functionalization of the AuNPs with organic molecules, e.g.
photochromic molecular switches such as azobenzene (AB). For ex-
ample, Tseng et al. constructed an organic FET (OFET) in which Au-
NPs covered with a self-assembled monolayer (SAM) of thiolated ABs
were positioned at the interface of a dielectric insulating SiO2 layer
and a semiconducting pentacene film. [8] The incorporation of AB in-
troduces additional charge trapping sites and the charge trapping
process in the AuNPs is more efficient because the monolayer acts
as a barrier between the AuNP and its surroundings. Therefore, an
accelerated response time, a higher contrast between on and off state,
and a longer retention time (time the information can be stored) com-
pared to devices using simple alkylated AuNPs is achieved. While
in this example the AB layer is used simply as a charge trap and to
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isolate the single AuNPs from the semiconducting layer, Samori and
coworkers built an OFET that also benefits from the photochromic ca-
pabilites of AB. [9] To these ends, they embedded AuNPs coated with
SAMs of a thiol-substituted azo-biphenyl into the organic semicon-
ducting layer comprised of poly(3-hexylthiophene). The azo units are
initially present in their trans form. Upon irradiation with UV light
they can be switched to the cis form, which induces a variation of
the tunneling barrier between AuNP and semiconductor. In this man-
ner, the current passing through the device can be modulated by light.
Thus, the OFET can not only be controlled electrically, as conventional
transistors, but also photochemically with light.

These two examples comprise only a small selection of cases where
the functionality of a complex system is based on the systematic com-
bination of different materials and building blocks which interact
with each other in a specific way. For the conscious design of such
devices, good understanding of the specific interactions of the differ-
ent components is required. The literature already offers a great num-
ber of publications concerned with the basic properties of AuNPs in
different environments and coated with a multitude of organic mol-
ecules, e.g. alkylthiols, amines, acids, organic dyes, DNA building
blocks, and other biologically relevant substances. [10–18] However, the
currently available works concerned with molecular switches on Au-
NPs mainly focus on the effects of light-induced switching of the
photochromic molecules [19–23] and less on the details of the switching
process itself.

This Thesis investigates the interactions of AuNPs and organic mol-
ecules, especially photochromic ABs, immobilized on the metal sur-
face and their ultrafast dynamics using femtosecond time-resolved
transient absorption spectroscopy. The present introduction gives an
overview of the unique optical properties of AuNPs and describes the
influences which different environments exert on them. Special atten-
tion is paid to the dynamics of AuNPs after photoexcitation and the
interactions between AuNP and organic ligands. The photochromic
properties of AB and its dynamics are presented in short and the
current state of research on photochromic molecules on AuNPs is
summarized.

1.1 gold nanoparticles

Metal nanoparticles have been used for medical and decorative pur-
poses for centuries. During the middle ages gold colloids were con-
sidered to be able to cure various diseases, such as heart problems,
dysentery, epilepsy and tumors. In the 15th century, Italian cerami-
cists used a fine glaze containing copper and silver nanoparticles
to give their works a metallic or iridescent look as in the lustered
plate shown in Figure 1.1 (left). Since ancient Roman times, silver and

4



gold nanoparticles have been used to color glass. Many examples can
still be admired today in the ornate stained glass windows of gothic
churches, cathedrals and castles. The window in Figure 1.1 (right) is
a Swiss armourial glass from 1564 showing the Arms of Unterwalden
in which silver and gold nanoparticles were used to stain the glass,
giving it its vibrant colours. [24]

Figure 1.1: Left: Lustered Armorial Plate, Gubbio, Italy, 1524. The J. Paul
Getty Museum, Los Angeles. © The J. Paul Getty Museum.
Right: Swiss armourial Glass of the Arms of Unterwalden, 1564,
with typical painted details, extensive silver stain and flashed
ruby glass, Sułkowski castle in Bielsko-Biała, Poland. [24]

Although colored glasses and ceramics utilizing the optical proper-
ties of noble metal nanoparticles have been manufactured for several
millenia, [25] the nature of nanoparticles was unknown until the mid
19th century. In 1857 Michael Faraday was the first to explain the
bright red color of gold stained glass with the presence of very finely
divided colloidal gold, gold nanoparticles (AuNPs) as we call them
today. [26] He also observed that thin films of dried gold nanoparti-
cle solutions reversibly changed color from bluish-purple to green
upon compression, indicating the great importance of particle size
and environmental conditions for the optical properties of AuNPs.
Another important milestone in the investigation of AuNPs are the
works published by Gustav Mie in 1908 which explain the optical
properties of spherical metal nanoparticles theoretically. Mie solved
Maxwell’s equations with the appropriate boundary conditions to ob-
tain a quantitative description of the absorption properties of spheri-
cal NPs. [27] In the 20th century a number of simple and reliable meth-
ods for the synthesis of AuNPs have been developed and since the
groundbreaking publications of Brust in the 1990s research in the
area has increased tremendously. [28,29] Brust’s method allows for the
preparation of AuNPs stabilized with organic thiols in organic sol-
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vents, a simple concept that is extremely versatile and widely used
nowadays.

As the optical properties and not the synthesis and structural cha-
racterization of AuNPs were in the focus of this Thesis, only the for-
mer shall be discussed here. Detailed information on the latter two
topics can be found in the literature. [10,30–34]

1.1.1 optical properties of gold nanoparticles

The strikingly bright red color of AuNP solutions, which sparked in-
terest in their decorative use in the first place, is the most prominent
of the unique size-dependent optical, electronic, and chemical proper-
ties of AuNPs. In order to give an introduction into the fundamental
aspects of spectroscopic investigations on functionalized AuNPs, the
optical properties of AuNPs and the basic physics with which they
can be described shall be presented in the following. Special atten-
tion is paid to the strong influences of particle size and environment
on the optical properties as their complex relationship is essential for
the systematic investigation of functionalized AuNPs. Furthermore,
some examples for the application of functionalized AuNPs are given
to emphasize their great potential.

The red color of AuNP solutions is due to an absorption band in
the visible, the Localized Surface Plasmon Resonance (LSPR) band.
The absorption is caused by a collective oscillation of the conduction
band electrons induced by incident light. The electric field of the light
induces a uniform polarization over the whole AuNP, dislocating the
free moving conduction band electrons from the positively charged
Au atom cores. The arising linear restoring force causes the electrons
to oscillate around the Au core with the frequency of the incident
light, as schematically shown in Figure 1.2.

electron cloud

metal core

electric field

Figure 1.2: Schematic representation of the polarization induced in a AuNP
by a light wave with a wavelength larger than the NP diameter.

If the frequency of the incoming light is resonant with the oscil-
lation frequency of the conduction electrons, a strong absorption oc-
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curs, the LSPR. The absorption cross section of AuNPs is very large
(see below), larger even than the absorption coefficient of highly ab-
sorbing dyes. [35–38]

Gold nanoparticles possess a large number of electronic states that
come together in bands similar to the situation in bulk metals. As
gold has a 5d10 6s1 structure, the valence band containing the d elec-
trons is completely filled, the conduction band containing the s elec-
trons is half-filled. In addition to the LSPR, intraband transitions
within the conduction band (s→s) and interband transitions from the
valence band to the conduction band (d→s) can occur. The intraband
transitions lie at lower energies than the LSPR. The onset of the in-
terband transitions occurs at ∼ 2.4 eV very close to the LSPR. In the
spectra the overlap of LSPR and interband transitions leads to an
asymmetric LSPR lineshape and the presence of a strong absorption
at energies higher than the LSPR frequency. [11]

Mie theory mathematically describes the interaction of an electro-
magnetic lightwave with small metal spheres in dependence of the
material dielectric constant ε. The absorption cross section σabs of
nanoparticles is subsequently described by a series of multipole os-
cillations. For NPs much smaller than the wavelength of the light
only the dipole oscillation contributes significantly to σabs (dipole ap-
proximation) [11,39]. Scattering effects can also be neglected, thus the
resulting Mie theory expression is:

σabs(ω) = 9
ω

c
ε
3/2
m V

ε ′′(ω)

[ε ′(ω) + 2εm]2 + ε ′′(ω)2
. (1.1)

Here, V is the particle volume,ω is the angular frequency of the light,
and εm and ε(ω) = ε ′(ω) + iε ′′(ω) are the dielectric functions of the
surrounding medium and the NP material, respectively, with the real
part ε ′(ω) and the imaginary part iε ′′(ω). The resonance condition
is approximately fullfilled when ε ′(ω) = −2εm, if ε ′′ is small or only
weakly dependent on ω. The resonance position is given by ω =

ωP/
√
1+ 2εm. [11]

Even though equation 1.1 suggests that the absorption spectra of
small AuNPs are size-independent, a size dependence is observed ex-
perimentally. [39,40] The position as well as the bandwidth of the LSPR
change dramatically with the AuNP size. [39] As shown in Figure 1.3,
for particles of 22 nm size it appears at approximately 520 nm and
is relativly sharp with a bandwidth of ∆λ ≈ 80 nm. As the parti-
cle size increases the LSPR is red-shifted and broadened so that in
nanoparticles with a diameter of 100 nm it appears at 575 nm with
a bandwidth of ∆λ ≈ 150 nm. For particles smaller than 20 nm the
LSPR is slightly blue-shifted, broadened and decreases in intensity
until it finally vanishes for particles smaller than ≈ 2 nm. [39–42]

The LSPR bandwidth is associated with the dephasing time of the
coherent electron oscillation, faster dephasing results in a broader
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Figure 1.3: (a) Size-dependent shift of the LSPR maximum, shown are the ab-
sorption spectra of 9 nm, 22 nm, 48 nm and 99 nm sized AuNPs.
(b) Change of the LSPR bandwidth ∆λ with the AuNP particle
size. Adapted with permission from S. Link and M. A. El-Sayed
J. Phys. Chem. B 1999, 103 (21), 4212-4217. Copyright 1999, Amer-
ican Chemical Society.

plasmon resonance. In small AuNPs the loss of coherence is accel-
erated due to increased electron scattering on the NP surface as the
particle size becomes smaller than the mean free path of the electrons
(≈ 40-50 nm in bulk gold). [11,39] Therefore, small AuNPs (d 6 5 nm)
exhibit broadened LSPR bands compared to AuNPs of d ≈ 20 nm.
The dephasing time can directly be calculated from the absorption
spectra: For AuNPs of 22, 44, and 99 nm size one obtains 4.1, 3.9, and
2.6 fs, respectively. [41]

For core sizes smaller than ≈ 2 nm sharp spectral features have
been observed, indicating a molecule-like electronic structure with
separated energy levels instead of electronic bands found in bulk met-
als. [42] Generally, the electronic structure of larger AuNPs is regarded
to be analogous to bulk metals, where the electronic states form bands
in which the electrons can move freely between the states. As AuNPs
become smaller the density of electronic states decreases until they
can no longer be considered continuous. Thus, for particles smaller
than 20 nm the bulk dielectric function no longer describes the real
situation, and ε(ω) becomes size-dependent. [11,39] To account for the
size dependence, ε(ω) is written as the sum of dielectric functions of
the bound (valence band) electrons εbound and the free (conduction
band) electrons εfree. The latter is described by the Drude model

εfree(ω, r) = 1−
ω2P

ω2 + iγfreeω
, (1.2)

with ωP being the bulk plasmon frequency, and γfree being a damp-
ing constant related to the lifetimes of all electron scattering pro-
cesses in the AuNP, including electron-surface scattering. γfree is size-
dependent through

γfree(r) = γ0 +
AνF

r
(1.3)
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wherein γ0 is the damping constant in the bulk material, A is a theory-
dependent parameter, νF is the Fermi velocity of the electrons, and r
is the particle radius. For small AuNPs one thus finds an intrinsic
size dependence, as the absorption cross section is size-dependent
only indirectly through ε. In contrast to that, for AuNPs with a di-
ameter larger than d ≈ 20 nm the dipole approximation is no longer
valid and σabs directly depends on the particle radius r (extrinsic size
regime). [39]

Classical Mie theory is strictly limited to spherical particles. To de-
scribe spheroidal particles, the generalization introduced by Richard
Gans in 1912 has to be used. [43] The Gans theory considers the three
dimensions of the particle to each have a different depolarization fac-
tor and finds an analytical solution for spheroidal particles. For parti-
cles with more complex shapes the solutions to Maxwell’s equations
have to be found numerically using different methods, e.g. finite dif-
ference time domain (FDTD), discrete dipole approximation (DDA),
or the finite element method (FEM). [14,44] A number of extensions to
Mie theory considering different effects , e.g. core shell particles, sub-
strate effects, nonlinear optical effects and non-uniform illumination
of particles, have been made over the years. A detailed description is
beyond the scope of this Thesis and can be found in the literature. [11]

To describe AuNPs at elevated temperatures, e.g. after photoexcita-
tion, a temperature-dependent Mie theory model is needed. Therein
σabs is temperature-dependent through the dielectric function of the
bound electrons εbound. In this Thesis, this model is used to analyze
the transient absorption data of functionalized AuNPs and will be ex-
plained in detail in Chapter 2.3.2, where it is applied to the measured
UV/Vis spectra of AuNPs.

In addition to its size dependence, the LSPR is very sensitive to
changes in the AuNP surroundings. [11,12,14,45–49] The dielectric con-
stant of the surrounding medium enters into equation (1.1), thus di-
rectly influencing the absorption. There are essentially two ways to
change the refractive index of the AuNP surroundings: (i) Exchang-
ing the surrounding matrix (solid or liquid) with a substance of dif-
ferent refractive index, and (ii) the attachment of ligands to the AuNP
surface. Both variations are accomplished fairly easily and have been
reported in the literature many times. [12,13,50–56] For example, Kreibig
et al. investigated 2 nm sized silver nanoparticles (AgNPs) in vac-
uum, deposited onto a SiO2 surface or embedded in a SiO2 ma-
trix, and found considerable differences in LSPR position and band-
width. [12] For colloidal ligand-functionalized AuNPs dispersed in a
solvent it will be shown in this Thesis, that it is questionable whether
the continuum dielectric constant of the solvent can fully account for
the shape of the spectrum, as the ligand sphere introduces a local
change. In a more application-oriented approach, Chen et al. success-
fully used the LSPR shift of thiol-functionalized AuNPs, AgNPs and

9



gold nanoshells upon adsorption of volatile organic compounds, e.g.
1-pentanol, toluene, anisole, chlorobenzene and pyridine, to construct
a sensor for the specific detection of nine different compounds. [53,54]

In fact, AuNPs are frequently used for sensing applications, espe-
cially the fields of medicine and biosensing seem to offer endless ap-
plication possibilities. [10,14,15,32,57–67] Many of the developed methods
rely on the optical properties of AuNP ensembles. If two AuNPs come
in close proximity to each other, the LSPRs can couple which induces
a strong red-shift in the absorption spectrum. [68] For this reason ag-
gregation of AuNPs induced by the presence of a specific substance
with subsequent color change is a concept widely used in sensing
applications.

As another example, the research groups of Mirkin and Letsinger
at Northwestern University developed a colorimetric detection sys-
tem for polynucleotides using AuNP probes. [69,70] The AuNPs are
capped with two types of oligonucleotides and can form a complex
NP network if a complementary target molecule is present. In these
networks, where the AuNPs are in close proximity to each other, the
LSPR of the AuNPs is red-shifted, resulting in a color change of the
solution from red to purple. The method is highly sensitive, allowing
for the distinction of perfect targets from ones with single base mis-
matches by using the characteristic sharp `̀ melting transitions´́ of the
polymeric networks. In a very similar manner detection of Hg2+ ions
in aqueous media was realized by Lee at al. [71] A DNA-free method
for Hg2+ detection was developed by Su et al. using thioctic acid
functionalized AuNPs. The detection is highly mercury-specific and
works at very low concentrations down to 10 nM, providing a very
simple and reliable method for real-time Hg2+-detection. [72]

The optical properties of AuNPs have also been used to increase
the efficiency of electronic devices, e.g. organic light-emitting diodes
(OLEDs) and solar cells. [67,73–78] Wu and coworkers introduced 20 nm
AuNPs into the indium tin oxide (ITO) support of polymer light-
emitting diodes and optimized the distance to the overlying light
emitting polymer layer. Due to the far-field enhancement effect of the
AuNPs, the brightness and luminous efficiency of the device were
significantly increased. [74,75]

As detailed above, the position and bandwidth of the LSPR of
AuNPs is determined by the complex interplay of the particle size
and particle shape as well as the refractive index of the surround-
ing medium. Further influence comes from the NP core charge and
the temperature. [13,41] Especially the influence of temperature will be
treated in some detail in the following section concerning the relax-
ation dynamics of AuNPs.
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1.1.2 ultrafast dynamics of gold nanoparticles

A great part of this work deals with the isomerization and ultrafast re-
laxation dynamics of AB derivatives on AuNP surfaces after photoex-
citation. Therefore, it is important to understand the basic processes
which occur during the relaxation of a photoexcited AuNP system.
The following paragraphs give an overview of the AuNP relaxation
steps and the ways in which these processes are influenced by inter-
nal and external factors.

Gold nanoparticles can be excited directly in the LSPR, in the in-
traband transitions to the red of the LSPR, or in the interband transi-
tions to the blue of the LSPR. In either case electrons are transferred
to unoccupied electronic states above the Fermi level. [79] The events
following NP excitation are schematically shown in Figure 1.4.

hn

non-thermal electrons

hot electron distribution

dephasing (<10 fs)

e-e scattering (~100 fs)

e-ph coupling (1-5 ps)

coupling to environment
(>10-100 ps)

hot Au lattice
(vibrations)

plasmon
resonance

Figure 1.4: Stepwise relaxation of AuNPs after optical excitation.

The coherently excited electrons rapidly dephase within only a few
femtoseconds, i.e. still within the duration of the excitation pulse, re-
sulting in a non-equilibrium electron distribution. [41] Electron-elec-
tron (e--e-) scattering on a timescale of ∼ 100 fs subsequently leads to
the formation of an equilibrium distribution which can be described
with Fermi-Dirac statistics using

f =
1

1+ exp((E-EF)/kTe)
. (1.4)

11



EF and E are the Fermi energy and the energy of the electronic en-
ergy levels, respectively, k is the Boltzmann constant and Te is the
electronic temperature. As the equilibrium distribution possesses a
higher electronic temperature Te, it is often referred to as `̀ hot elec-
tron distribution´́ . The hot electrons then transfer their energy into vi-
brational modes of the Au core or the ligand shell via electron-phonon
(e--ph) scattering. The time in which the hot electrons cool down has
been termed `̀ hot electron lifetime´́ and is usually on the order of 1-5
ps. [38,39,80,81] The inelastic electron-phonon (e--ph) scattering heats the
metal lattice and possibly also the ligands, which afterwards dissipate
their energy into the surrounding medium. This latter process com-
prises two components: (i) heat transfer across the interface between
the particle and the medium surrounding it and (ii) heat diffusion
in the surroundings. [82–84] The timescale of coupling to the environ-
ment through these two processes depends on the heat capacity of
the NP and the surrounding matrix, it is typically in the order of
10-100 ps. [79,85] As will be shown in this Thesis, this relatively long
time scale has consequences for AB-functionalized AuNPs because
possible trans-cis isomerization products find themselves in a `̀ hot´́
environment for periods of 10-100 ps.

All the abovementioned processes depend on the size of the AuNP
and the electronic structure of the NP-ligand hybrid system. Even
though distinct timescales for each process are given, it needs to be
made clear that they do not necessarily occur consecutively and that
the timescales can overlap. [79]

Typically, the relaxation dynamics of AuNPs are investigated by
femtosecond time-resolved transient absorption spectroscopy. Con-
sidering the timescales of the different relaxation processes, mainly e--
ph and ph-ph coupling processes have been investigated, [38,40,84,86,87]

but some reports on the e--e- scattering process exist as well. [38,88–90]

Analogous to the static absorption spectra the shape of the transient
spectra depends on the particle shape and size. Following femtosec-
ond excitation, one generally observes a negative absorption at the
position of the LSPR and positive bands to both sides of the bleach.
Typical transient absorption spectra of spherical AuNPs coated with
alkylthiols prepared in this Thesis are shown in Figure 1.5.

After AuNP excitation the LSPR decreases in intensity, as the ex-
cited electrons no longer oscillate in phase with the conduction elec-
trons, causing the bleach signal. The positive signals to both sides are
due to a broadening of the LSPR compared to the unexcited (ground)
state. They arise from the contribution of higher-pole oscillations, e.g.
quadrupole oscillations, and possibly also interband transitions and
intraband transitions of `̀ hot´́ electrons. Physically, the LSPR broad-
ening can be understood by a faster dephasing time of the coherent
plasmon oscillation compared to the ground state. [38,91]
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Figure 1.5: (a) Static absorption spectrum of spherical decanethiol-coated

AuNPs with d = 4 nm. (b) Transient absorption spectra after
femtosecond excitation at λ = 350 nm at different delay times
showing a bleach at the position of the LSPR and positive sig-
nals to the blue and the red side of the bleach.

The spectral shape of the transient spectra does not change much
for AuNPs of different sizes as long as a LSPR band is present. [40,86]

However, for Au nanorods, which exhibit a longitudinal and a trans-
versal plasmon oscillation, two bleach signals at the respective LSPR
positions are observed. [91] For very small AuNPs (d = 1.9 nm) which
exhibit no LSPR the transient spectra only show a featureless positive
signal below 500 nm which is attributed to interband transitions. [40]

Furthermore, in experiments on very small AuNPs (d < 2 nm) the
excitation of vibrational modes of the Au lattice has been observed.
The lattice vibrations lead to a periodical size change of the Au core
and induce a LSPR shift which leads to modulations in the transient
absorption signal. [92,93]

From the temporal evolution of the transient signals the time scales
of the different relaxation processes have been extracted. Electron-
electron scattering usually occurs within a few hundred femtosec-
onds. [40,86,94] The e--e- scattering time, τe-e, is strongly power-depen-
dent and decreases with increasing power. At higher excitation ener-
gies the electrons are excited higher above Fermi level. As τe-e is deter-
mined by the number of unoccupied electronic states into which the
electron can scatter, it is inversely proportional to the energy an ex-
cited electron possesses above Fermi level. Usually τe-e is measured at
very low excitation energies, but then the time scales of e--e- and e--ph
scattering become similar, making a clear separation difficult. [38] The
size dependence of the e--e- scattering rate has been demonstrated by
Voisin et al. [88,89] With decreasing particle diameter τe-e sharply de-
creases for NPs smaller than 5 nm, for larger particles only a small
size dependence is observed.

The e--ph scattering process is also strongly power-dependent, but
the dependence is opposite to that observed for e--e- scattering: The
higher the excitation energy is, the higher is the electronic tempera-
ture Te after the initial thermalization, which in turn leads to a longer
hot electron lifetime τe-ph. [56,79] The hot electron cooling can be de-
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scribed with the `̀ two temperature model´́ (2TM) given by a pair of
coupled differential equations

γTe
dTe
dt

= −g(Te − TL) (1.5)

CL
dTL
dt

= g(Te − TL). (1.6)

The model relates the change in electronic temperature Te and lat-
tice temperature TL to the electronic heat capacity coefficient, γ, the
electron-phonon coupling magnitude g and the heat capacity of the
lattice, CL. Under the assumption that the lattice heat capacity is
much larger than the electronic heat capacity, i.e. that the lattice tem-
perature remains constant during the cooling process, equations (1.5)
and (1.6) lead to an expression for the hot electron lifetime:

τe-ph =
γ(T0 +∆Tmax

e )

g
=
γT0

g
+
γ∆Tmax

e

g
. (1.7)

Therein, T0 is the temperature of the system before excitation and
∆Tmax

e is the initial electron temperature after electron thermaliza-
tion. Equation (1.7) suggests a first-order kinetic decay of the hot
electron temperature, in which τe-ph increases with increasing initial
temperature ∆Tmax

e , thus it is excitation power-dependent. A power-
independent lifetime can be determined by measuring τe-ph at a se-
ries of excitation powers and then extrapolating the lifetime to zero
power. [56,95]

A size dependence of τe-ph has been observed in the low-perturba-
tion regime by the research group of Vallée. [96] They investigated
Au- and AgNPs with diameters between 2.2 and 30 nm and found a
steep decrease of τe-ph for particles smaller than ∼ 5 nm. However, in
the strong-perturbation regime no size dependence in AuNPs rang-
ing from 1 to 25 nm in size was observed by El-Sayed and cowork-
ers. [38,40,97] As the crystallinity of the AuNP lattice also possesses an
influence on the e--ph coupling magnitude by introducing additional
vibrational modes, twinning defects in larger AuNPs could obscure
signs of a size dependence. [98]

An influence of the environment, i.e. the surrounding matrix and
the ligand shell, on τe-ph has frequently been reported. [18,56,79,90,99,100]

The direct comparison of cooling times in different environments is
complicated by the complexity of the interactions, as changes in the
surface chemistry or the crystallinity induced by the matrix exchange
will also influence τe-ph. [85] There is a connection between the heat
capacity of the matrix and the hot electron lifetime predicted by the
2TM, but the influence is only indirect, as a larger heat capacity facil-
itates dissipation of heat into the surroundings. [56]

Changes in the surface chemistry have a more direct influence on
τe-ph. Ligands modulate the hot electron cooling dynamics through
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the electronic heat capacity Ce. [79,85] The electronic heat capacity de-
pends upon the electronic density of states, ρ(E), through

Ce(Te) =

∞∫
−∞

df(E,µ, Te)
dTe

ρ(E)E dE, (1.8)

where f is the Fermi-Dirac distribution as a function of energy E,
chemical potential µ, and electronic temperature Te. Due to mixing of
lattice and ligand states, the density of states is altered significantly
upon ligand attachment, especially thiols have been reported to ex-
ert a strong influence. [56] The electronic heat capacity determines not
only the initial electronic temperature after the absorption of a pho-
ton, but also the instantaneous electron cooling rate, giving the li-
gands a direct influence on τe-ph. A larger electronic heat capacity
translates into a smaller initial electronic temperature after excitation,
and therefore a slow-down of the cooling dynamics. [56]

Ligands furthermore influence the rate of energy transfer between
electrons and Au lattice, and thereby also τe-ph, by changing the elec-
tron-phonon coupling magnitude, g. Electron-phonon coupling is in-
fluenced by the electronic density of states (as is the electronic heat ca-
pacity) and also the number and energetical distribution of available
vibrational modes. [85] Organic ligands not only change the electronic
density of states, but also introduce new vibrational modes into the
system. A higher number of vibrational modes leads to an accelera-
tion of electron cooling dynamics. [56]

The electronic heat capacity coefficient γ and the electron-phonon
coupling magnitude g can be determined with the 2TM. [79,85] In order
to do so, several issues have to be adressed: (i) The abovementioned
overlap of timescales for the different relaxation processes can be cir-
cumvented by only analyzing times at which the electronic temper-
ature is much higher than the lattice temperature. (ii) The relation-
ship between Te and the bleach intensity ∆A at the LSPR position
is not necessarily linear as the increase of electronic temperature de-
pends on the AuNP size and the surface chemistry. Description of
the transient absorption spectra using a temperature-dependent di-
electric function, ε(ω, Te), will allow for an accurate determination of
Te. (iii) The number of absorbed photons depends on the absorption
coefficient of the AuNPs which changes with size, shape and surface
chemistry.

A large number of works concerning the deactivation mechanism
of AuNPs and the influence of the environment on the dynamics
have been published in the last 25 years. [18,38,40,41,84,86–91,94,96–98,100–104]

Several publications regarding the attachment and/or exchange of
ligands, e.g. amines, anilines, citrate, sulfonates and thiols, report
changes in the hot electron cooling dynamics. [18,56,87,100,103,105] West-
cott et al. adsorbed p-aminobenzoic acid, aniline, p-mercaptobenzoic

15



acid and n-propylamine onto nanoparticles consisting of a gold sul-
fide core and a gold shell of 3 to 5 nm thickness and studied the
e--ph scattering process with ultrafast spectroscopy. Upon adsorption
of p-aminobenzoic acid and aniline they found a significant short-
ening of τe-ph, whereas the effect was much less pronounced for p-
mercaptobenzoic acid and n-propylamine. Quantum chemical calcula-
tions of the dipole moment induced upon ligand adsorption showed
that the perturbation responsible for changes in τe-ph is electronic in
nature. [18] A more detailed investigation of the parameters through
which surface chemistry determines the hot electron lifetimes was
presented by Aruda et al. [56] Comparison of the hot electron cooling
dynamics of aminated and thiolated AuNPs showed a longer τe-ph

in thiolated AuNPs. The effect could be traced back to a larger elec-
tronic heat capacity and a larger e--ph coupling magnitude compared
to aminated AuNPs. In this important study, all the abovementioned
issues regarding the use of the 2TM have been addressed. Especially
the relationship between the electronic temperature and the differ-
ential absorption in the LSPR region has been clarified by using a
Mie theory model based on a temperature-dependent dielectric func-
tion. This model will also prove essential for the present Thesis on
AB-functionalized AuNPs.

The large number of variables that influence the electron cooling
dynamics makes a systematic investigation difficult and is responsi-
ble for the fact that the picture is still ambiguous after more than two
decades of intense research in the area.

1.2 molecular switches on gold nanoparticles

Molecular switches

Materials with light-tunable properties incorporating photochromic
molecular switches are interesting in many applications in funda-
mental and technical sciences. Examples for the use of photochromic
molecules include liquid crystal displays, [106,107] organic light emit-
ting diodes (OLEDs), [108–111] optical data storage, [108,112–115] biological,
medical and diagnostic applications, [116–120] and light-driven molecu-
lar machines. [121–125]

Photochromic molecular switches [121] can be reversibly intercon-
verted by light at different wavelengths between two isomeric states
with distinct optical, chemical, magnetic and electronic properties.
Generally, the isomerization induces changes in the structure, the
dipole moment, the conductivity or the magnetic state of the molecule.
Ideally, a photoswitch possesses low photochemical fatigue, high pho-
tochemical conversion rates, large isomerization quantum yields for
the interconversion between its two states, and high thermal stabil-
ity of both isomers. A combination of the exceptional photochemical
properties of molecular switches with the unique optical properties of
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AuNPs promises the discovery of new methods for the construction
of photoresponsive materials.

The most well known classes of photoswitchable molecules include
azobenzenes, [126,127] fulgides, [128,129] diarylethenes, [127,130] and spiro-
pyrans, [131,132] among which azobenzenes (ABs) are the most com-
monly used compounds due to their simple preparation, low photo-
chemical fatigue, and high photostability.

The thermodynamically more stable trans form of AB can be con-
verted to the cis form with UV light, cis-trans back-isomerization is
achieved with visible light or thermally. The chemical structures of
both isomers are shown in Figure 1.6. Photoisomerization of AB leads
to a drastic change in the molecular properties: The planar trans form
is ≈ 9 Å long while the more compact cis form is only ≈ 6 Å long
and non-planar. Along with the geometry the dipole moment of AB
changes from µ = 0 D in the trans form to µ ≈ 3 D in the cis
form. [133,134]

N

N

N N

vis or

UV

trans-AB cis-AB

Figure 1.6: Photochemical interconversion of trans- and cis-AB.

The absorption spectra of both isomers shown in Figure 1.7 exhibit
two transitions, the weak nπ∗ transition (S0 → S1) in the visible and
the strong ππ∗ transition (S0 → S2) in the UV. The S2 transition peaks
at λ ≈ 320 nm, possesses a large oscillator strength and dominates the
spectrum of trans-AB. In the spectrum of cis-AB it is much weaker and
appears at λ = 275 nm. The S1 transition appears at λ = 440 nm in
both isomers and is very weak as it is symmetry-forbidden. Due to
the reduced symmetry of cis-AB the S1 band is more intense than in
the trans form. [134]
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Figure 1.7: Absorption spectra of trans- and cis-AB in n-hexane. [135]
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Substitution of the AB molecule strongly influences the ππ∗ band
position, whereas the nπ∗ band is usually affected little. In special
cases as for example push-pull substituted ABs, the ππ∗ band pos-
sesses a strong charge-transfer (CT) character and is red-shifted by up
to ∆λ ≈ 100 nm. [136,137] The drastic changes in the electronic structure
by the substitution also affect the thermal lifetime of the cis isomer,
which is shortened from a few hours in unsubstituted AB to millisec-
onds in push-pull ABs like Disperse Red 1 (DR-1). [136,138,139]

The ultrafast dynamics of the isomerization of unsubstituted AB
have been investigated thoroughly and are known to occur on the
femtosecond and picosecond time scale. [140–143] Satzger and cowork-
ers performed femtosecond time-resolved transient absorption meas-
urements on AB after nπ∗ and ππ∗ excitation, respectively, and deter-
mined the excited lifetimes and relaxation pathways. [141,142] After nπ∗

excitation of trans-AB, the molecule is found in the Franck-Condon
region of the S1 state from which it departs with a time constant of
≈ 300 fs. Via the S0/S1 conical intersection the ground state (S0) of
the trans and / or the cis isomer is populated in ≈ 3 ps. The relaxation
pathway after ππ∗ excitation into the S2 state is slightly different: The
wavepacket rapidly leaves the Franck-Condon region of the S2 state
and relaxes to the energetically lower S1 state via a conical intersec-
tion within ≈ 100 fs. Afterwards, isomerization and radiationless de-
activation to the S0 state take place with time constants of ≈ 500 fs
and ≈ 3 ps. The dynamics of the cis-trans isomerization process are
very similar. [141–143] The time scales found by Satzger et al. agree well
with reports by other groups, only small deviations of the decay times
are observed. [143–145] A detailed summary of the ultrafast dynamics of
trans- and cis-AB after nπ∗ and ππ∗ excitation based on experimental
and computational results can be found in a joint paper by Ernsting
and coworkers. [140]

Substitution of AB can have severe influence on the relaxation dy-
namics. In push-pull substituted ABs such as DR-1 the energetic or-
dering of the electronic states and therefore the relaxation pathway is
changed compared to plain AB. [136,137,146,147] Bahrenburg et al. inves-
tigated the ultrafast dynamics of DR-1 after ππ∗ excitation in solution
in 2-fluorotoluene and found an ultrafast relaxation to the nπ∗ state in
less than 100 fs followed by isomerization within 1 ps and vibrational
ground state cooling within 6 ps. [137] The dynamics after S2 excitation
of amino or methoxy AB is rather similar to plain AB. [148,149]

Restrictive environments exhibiting mechanical forces onto AB can
greatly enhance the excited state lifetimes as demonstrated in a study
by Bahrenburg et al. on DR-1 and 4, 4 ′-bis(acetamido)-azobenzene
covalently attached to polybutylmethacrylate polymer colloids. [150]

Due to strong mechanical forces in the complex micronetworks, the
excited state lifetime of photoswitches covalently bound to the poly-
mer side chain was enhanced 10-fold compared to DR-1 in solution.
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For AB inserted into the polymer main chain the excited state lifetime
was increased more than 20-fold.

Azobenzene on gold nanoparticles

The selected examples presented above demonstrate the strong im-
pact complex environments and electronic effects have on the AB
relaxation pathway. Anchoring photochromic ABs to metal NPs ac-
cordingly can have significant influence on their isomerization prop-
erties, i.e. the quantum yield, the conversion efficiency, or the excited
state lifetime. For example, ABs directly adsorbed onto metallic sur-
faces suffer from a loss of photoreactivity due to steric hindrance,
surface-specific changes of the electronic structure, and energy trans-
fer between chromophore and metal. [151–155] A recovery of the pho-
toresponsive behaviour can be achieved by introducing spatial dis-
tance between chromophore and substrate. The necessary distance
can be created through functionalization of the AB with bulky tert-
butyl groups which act as `̀ legs´́ that lift the molecule from the sur-
face and reduce substrate-induced quenching. [151,152] However, the
most widely used and most flexible concept to spatially and electroni-
cally separate chromophore and substrate is the adsorption of ligands
with long alkyl chain linkers into ordered self-assembled monolayers
(SAMs). SAMs of alkylthiols on gold surfaces show a highly ordered
structure in which the alkyl chains are extended in an all-trans confor-
mation. The molecules point away from the gold surface at a certain
angle which depends on the chain length so that precise adjustment
of the distance between head group and substrate is possible. [156]

SAMs of ω-azobenzene-alkylthiols on Au surfaces have often been
shown to possess photoswitching abilities, [19–23,157–161] although steric
and electronic effects still can limit the switching propensities of AB
significantly. In densely packed monolayers on flat gold substrates
steric constraints are known to significantly hinder the AB isomeriza-
tion which is associated with a large-amplitude motion. [20,162] More-
over, excitonic coupling between neighbouring chromophores in the
monolayer changes the optical properties of AB and decreases the
isomerization yields. [22,163] Usually these hindrances are eliminated
by diluting the AB ligands with simple alkylthiol coligands [22,23,158]

or through the use of sterically demanding AB ligands like platform
based chromophores [164] or multivalent linkers. [165,166] Both strategies
successfully increase the distance between individual chromophores
and reduce the unwanted side effects.

The surface curvature of AuNPs inherently creates more free space
around the head groups of the ligands, and thus facilitates isomeriza-
tion even at higher AB surface coverages. [157] Figure 1.8 schematically
shows the dilution of SAMs on Au surfaces.

The dependence of substrate-induced quenching on the chromo-
phore-NP distance was demonstrated by Whitesell and coworkers
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Figure 1.8: Dilution of SAMs through coadsorption of coligands and the ef-
fect of the surface curvature of AuNPs.

who investigated the isomerization of AB on 2.5 nm AuNPs as func-
tion of the alkyl linker chain length. [21] In their study, the isomer-
ization quantum yield was reduced ∼ 100 fold when the distance
between AB moiety and AuNP was decreased from ∼ 1.25 nm to
∼ 0.5 nm. Irie and coworkers observed the reduction of photo-induced
cyclization efficiencies of diarylethenes upon attachment to gold and
silver nanoparticles (AgNPs). [159,160] In both cases the effect was at-
tributed to quenching of the excited state by the LSPR of the metal-
lic NP. In the latter study the effect was enhanced as the particle
size and therewith the LSPR absorption was increased which con-
firms that the interaction between ligand and substrate is respon-
sible for the reduced photoresponsivity. AuNPs are also known to
quench the fluorescence of organic molecules at their surface through
Förster resonance energy transfer (FRET) or photoinduced electron-
transfer. [17,167–171] Dulkeith et al. found that attachment to AuNPs
quenches the fluorescence of lissamine dye molecules with an effi-
ciency of 99.8 %. Time-resolved fluorescence spectroscopy revealed
an increase in the fluorescence lifetime with decreasing particle diam-
eter which indicates a reduced energy transfer efficiency in smaller
AuNPs. [168]

Just like gold nanoparticles influence the properties of molecules
in their proximity, the AuNP properties are modulated by adsorbates
on their surface. The optical properties of AuNPs can be altered by
photochromic molecules in two different ways: (i) Isomerization of
the switch changes the dielectric constant of the AuNP environment
which induces shifts in the highly sensitive LSPR absorption. (ii) Mo-
lecular switches can control the distances between individual AuNPs
and thus induce changes in the AuNP absorption. The latter strategy
usually leads to more pronounced changes in the optical properties
by aggregation of the NPs and many examples can be found in the lit-
erature. [23,161,172–176] For example, Klajn et al. used AB-functionalized
AuNPs embedded in a polymeric matrix to construct a re-writable
photoresponsive `̀ paper´́ . The initially completely dispersed AuNPs
colored the paper red and upon UV irradiation it turned purple and
finally blue. The images or words written onto the paper could be
erased using visible light or heat. [174] Another elegant example for
the application potential of ligand-induced AuNP aggregation are
dual-responsive nanoparticles that aggregate under the simultaneous
action of light and CO2. [176] The particles are functionalized with a
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mixed SAM (mSAM) of AB and a diamine ligand that can bind CO2.
The AuNPs reversibly aggregate only when both light and CO2 are
present which makes the system a dual stimuli-responsive AND logic
gate. The aggregation potential of AB-functionalized AuNPs is deter-
mined by a number of factors such as the polarity of the solvent/ma-
trix, and the AB surface coverage, [16,173–175] and, if mSAMs are used,
also the nature of the coligand. [175,176] In some cases it is even possible
to control the size and the structure of the AuNP aggregates. [173]

Recently, Zep et al. used 2.5 nm sized AuNPs functionalized with
a self-assembled monolayer of alkylthiols and AB-thiols for the con-
struction of phototunable liquid-crystalline (LC) phases. [177] In the
initial trans state the AuNPs formed lamellar LC phases which could
be melted into an isotropic liquid under the influence of UV light. As
soon as the UV light was removed the initial LC phase was restored,
indicating a strongly accelerated thermal cis-trans back-isomerization
of the AB compared to the free AB ligand where the cis isomer is
stable for days. Interestingly, in LCs with a lower AB surface con-
centration UV irradiation leads to a decrease of the layer distance in
the LC phase but not to melting. Larger silver nanoparticles coated
with the same AB molecules do not form LC phases at all. The AB-
functionalized AuNPs in this example do not only hold great promise
for the construction of materials with light-controllable plasmonic
properties, they also illustrate the delicate relationship between struc-
ture and functionality of such organic-inorganic hybrid systems.

The investigation of the relaxation pathways of photochromic mol-
ecules attached to AuNPs and of the AuNPs themselves could shed
light on the complicated electronic structure of these hybrid systems.
Owing to the complex nature of the investigations, only a few re-
ports on the ultrafast dynamics of adsorbates on AuNPs exist to
date. Most of them deal with organic dyes, e.g. rhodamine 6G and
coumarin, and investigate the influence of the AuNP on the adsor-
bates emission. [178–181] In particular, Ghosh et al. investigated the ul-
trafast dynamics of a fluorescent coumarin derivative possessing two
intramolecular charge transfer (ICT) states. In solution the locally ex-
cited ICT state relaxes to the second longer-lived ICT state that is
formed through a twist of an amino group in the molecule. When
the molecule is adsorbed onto AuNPs the emission of the twisted
ICT completely vanishes due to restricted molecular twisting on the
AuNP surface. [180,181] Little is known from direct experimental stud-
ies to date, however, about the ultrafast isomerization dynamics of
ABs on AuNPs.

1.3 motivation and aim of this thesis

The relationship between the chemical and electronic structure of the
ligand-AuNP hybrid system and its relaxation dynamics has been the
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subject of intense research for almost 20 years. Even though many re-
ports exist on AuNPs functionalized with photochromic molecules,
direct information on the ultrafast dynamics of the photoisomeriza-
tion process on AuNP surfaces is not available to the best of the au-
thor’s knowledge. A number of questions about the electronic struc-
ture of the chromophore-AuNP hybrid system and the influence of
energy transfer processes and resonant coupling on the isomeriza-
tion process have to be answered. The stepwise relaxation dynamics
of the AuNP core have frequently been investigated with regard to
its mechanism and the influence of the ligand shell on the relaxation
time scales. However, these studies were limited to the influence of
the ligands anchoring groups and did not consider different func-
tional head groups. Therefore, no information on the cooling dynam-
ics of chromophore-functionalized AuNPs exists either. The work pre-
sented in this Thesis intends to shed some light on these fundamental
issues.

The first goal of this Thesis was the investigation of the ultrafast
dynamics of AB on AuNPs to determine the factors that influence the
isomerization process. Figure 1.9 shows the thiolated AB derivatives
and the alkanethiols which were brought onto the surface of 4 nm
sized AuNPs in mixed self-assembled monolayers (mSAMs).
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Figure 1.9: Structures of the AB ligands with different linker chain lengths
and the two coligands, decanethiol and pentanethiol.

A schematic picture of the mSAM of azobenzenethiols and alkylth-
iols on the AuNPs is shown in Figure 1.10.

In order to examine possible energy transfer between AB and AuNP,
which would influence the isomerization efficiency, three different
linker chain lengths were used to adjust the chromophore-AuNP dis-
tance between 0.5 and 1.5 nm. The switching efficiencies of the AB
functionalized AuNPs were investigated with static absorption spec-
troscopy after irradiation with UV and visible light to induce pho-

22



Figure 1.10: A mSAM of azobenzenethiols and alkylthiols on a AuNP.

toisomerization. The results of this study are presented in Chapter 3.
High trans-cis and cis-trans conversion efficiencies are found for all
three chain lengths, revealing that there is little significant energy
transfer between the AuNP core and the chromophore in the inves-
tigated systems. Furthermore, a light-induced reversible AuNP ag-
gregation is observed in systems where the chain length of the coli-
gand is significantly shorter than the AB linker chain length, i.e. AB-
OC11SH and AB-OC7SH combined with C5SH.

Subsequently, the ultrafast dynamics of AB-functionalized AuNPs
were investigated by femtosecond time-resolved transient absorption
spectroscopy. As aggregates were deposited on the flow cell windows
during the measurement of aggregating AuNP samples, only AuNPs
functionalized with AB-OC11SH and decanethiol (50:50) were exam-
ined. The results of this study are presented in Chapter 4. The ul-
trafast dynamics of AB show surprisingly little difference compared
to the dynamics of free AB-OC11SH in solution. The relaxation dy-
namics of the AuNP core itself show no significant difference to the
dynamics of AuNPs functionalized purely with decanethiol, indicat-
ing that the AB moiety and the AuNP core are efficiently decoupled
by the long alkyl linker chain.

Based on the results of this study, the ultrafast dynamics of the
push-pull AB derivative Disperse Red 1 (DR-1) attached to 4 nm sized
AuNPs were investigated. DR-1 was chosen as a ligand because its ul-
trafast dynamics in solution are well understood and it exhibits large
transient absorption signals which should facilitate the separation of
ligand and AuNP signals. In this study, the AuNPs were functionali-
zed with a mSAM of the thiol-functionalized DR-1 shown in Figure
1.11 and decanethiol.

DR1-C3SH

N
N

NO2

N
O SH

Figure 1.11: Chemical structure of thiol-functionalized DR-1.
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The time-resolved data for DR1-functionalized AuNPs and their
comparison to results for purely decanethiol-functionalized AuNPs
and free DR-1 in solution are presented in Chapter 5. In this data, no
permanent product formation of DR-1 is observed and the obtained
transient signal intensities differ significantly. The results hint at the
presence of electronic interaction, possibly a metal-to-ligand charge
transfer, due to resonant coupling between the LSPR of the AuNP and
the ππ∗ absorption of DR-1. Further investigations will be necessary
to comprehensively explain the effects observed in this study.

To examine the influence of ligands on the AuNP relaxation dynam-
ics in some more detail, particles capped with different aromatic li-
gands were investigated by transient absorption spectroscopy. In this
study the AuNPs were functionalized with mSAMs of decanethiol
and the ligands shown in Figure 1.12 as well as the DR-1 derivative
shown in Figure 1.11.

Coum-OC7SH

O SH

O SH

Naph-OC7SH

Phen-OC7SH

O O SHO

Figure 1.12: Aromatic ligands used to functionalize the AuNPs in order to
investigate the influence of ligand heat capacity and resonant
coupling between LSPR and ligand absorption bands on the
AuNP relaxation dynamics.

The naphthol- and phenanthrol-derivatives were used to determine
the effect of ligands with different heat capacities on the hot elec-
tron cooling dynamics. With the AuNPs coated with the coumarin-
and DR1-derivatives the extent of resonant coupling between close-
lying LSPR and ligand absorption bands was investigated. The data
of the time-resolved measurements were compared to data of purely
decanethiol-coated AuNPs. The results of this study are presented in
Chapter 6. In the data of the DR1-functionalized AuNPs indications
for coupling between chromophore and AuNP were found. However,
neither the ligand heat capacity nor the presence of ligand-related
absorption bands close to the LSPR had an observable effect on the
AuNP relaxation dynamics as long as the pump light only excited the
AuNP. The same hot electron lifetimes were found in all samples.

Before the presentation of the results, Chapter 2 will give the ex-
perimental details and the methods for data analysis. At the end of
this Thesis, Chapter 7 gives a summary of all results and an outlook.
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2
E X P E R I M E N TA L S E C T I O N A N D D ATA A N A LY S I S

The ultrafast dynamics taking place in molecular photochromic swit-
ches and in gold nanoparticles (AuNPs) after excitation by a short
laser pulse are of great importance for the understanding of the light-
induced property changes in hybrid systems consisting of both com-
ponents due to their use in various applications. The deactivation
processes in molecular switches and AuNPs after excitation usually
occur on the femtosecond to picosecond timescale. Spectroscopic in-
vestigation of these ultrafast processes therefore requires highly sen-
sitive methods with a corresponding time resolution. A widely em-
ployed concept for the realisation of ultrafast measurements is the
pump-probe principle depicted in Figure 2.1. The sample molecules
are excited by an ultrashort laser pulse of appropriate wavelength.
The molecular response is probed with another ultrashort laser pulse,
which can be temporally delayed with respect to the pump pulse by
a delay stage. The delay stage can be set to a number of different tem-
poral delay times ∆t, enabling a step-by-step detection of the dynam-
ics over a large time window. Thus, the pump-probe concept allows
for the detection of processes that are much faster than the response
times of any available detectors. The time resolution is limited only
by the temporal widths of the pump and probe laser pulses.

detectionpump

probe

sample
delay

Figure 2.1: Scheme of the pump-probe principle.

The generation of laser pulses with different wavelengths from a
single fundamental wavelength is realised through several nonlinear
optical processes, which include second harmonic generation (SHG),
third harmonic generation (THG), sum-frequency generation (SFG),
difference-frequency generation (DFG), super continuum generation
(SCG) and optically parametric amplification (OPA). All these pro-
cesses are described in various textbooks [1–4] and theses of the work-
group [5–9] and will therefore not be explained in detail here.

In the scheme of this Thesis, femtosecond time-resolved transient
absorption spectroscopy has been used to follow the ultrafast dynam-
ics of azobenzene (AB) and some AB derivatives in solution and on
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AuNP surfaces. The same setup has also been employed to investigate
the electron cooling dynamics of AuNPs functionalized with differ-
ent aromatic ligands after laser excitation. Additional spectroscopic
techniques include static UV/Vis absorption spectroscopy, NMR spec-
troscopy and transmission electron microscopy (TEM), which can be
considered standard techniques and will not be explained here.

2.1 femtosecond transient absorption spectroscopy

The present experiments use a Ti:Sa laser (Clark-MXR CPA 2001)
which delivers 1000 µJ pulses of 150 femtosecond duration (FWHM)
at a repetition rate of 1010 Hz with a center wavelength of 775 nm.
The details of the Ti:Sa laser system can be found in other theses of
the work group. [5–7] Half of the laser output (500 µJ) was used to
operate the transient absorption setup, the other half is used for a
femtosecond time-resolved fluorescence up-conversion setup in our
laboratory and laser diagnostics.

A schematic overview of the transient absorption setup as used for
the measurements presented in this Thesis is shown in Figure 2.2.
For the detection of dynamics in the deep-UV below λ = 300 nm
an additional single-color probe scheme can be implemented into the
setup. The details of the complete setup are given elsewhere, [10,11]

explanation will therefore be limited to general aspects of pump and
probe pulse generation and detection in the following paragraphs.
The data analysis procedures are detailed in Section 2.3.

pump pulse generation

A non-collinear optical parametric amplifier (NOPA) operated with
250 µJ 387 nm pulses (by frequency doubling of the Ti:Sa fundamen-
tal beam) generated pump pulses of different wavelengths (450 nm
6 λ 6 700 nm) with typical energies of 5-20 µJ depending on wave-
length. The operating principle and handeling of a NOPA are de-
scribed in various theses of the work group. [7,9,12] The pulses deliv-
ered by the NOPA were temporally compressed to ∆t ≈ 30 − 50 fs
in a prism compressor using two BK7, SF10 or F2 prisms (depend-
ing on the wavelength). The typical pulse energies after compression
were 3-15 µJ. The compressed pulses were either used directly for ex-
citation in the visible or focused into a β-bariumborate (BBO) crystal
of appropriate cut angle for second harmonic generation (SHG) and
then used for excitation in the UV. To ensure a Gaussian lineshape,
the pump pulses were characterized temporally using an autocorrela-
tor (APE, PulseScope). Temporal as well as spectral characterization
of pulses in the visible and near IR is possible with an SHG FROG
(Frequency-Resolved Optical Gating). After passing a half-waveplate
used to set the polarization of the pump light to the magic angle
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(54.7 ◦) with respect to the broadband probe pulses, the beam was
focused into the sample cell. A large focus diameter of ∼ 500µm was
needed to avoid damage to the AuNPs, which quickly becomes vis-
ible by the deposition of melted AuNPs on the cell window at the
position of the pump beam. The pulse energy was attenuated to 0.1-
0.3 µJ with a pinhole. An optical chopper was used to block every
second laser pulse in order to detect background spectra of the probe
pulses without excitation.
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CM40 concave mirror, rcc = 0.4 m

GP quartz glass plate (planar)

L03 lens, f = 30 mm

L05 lens, f = 50 mm
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HR high reflective mirror
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Pol polarizer

PH pinhole

Mi planar Ag or Al mirror

ND neutral density filter

PMC prism monochromator
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We wedge (30´)
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Figure 2.2: Scheme of the transient absorption setup (left) and abbreviations
for the optical components (right). The colors of the beams are
chosen arbitrarily and do not reflect real wavelengths used in
experiments.
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broadband probe pulse generation

In a second part of the experiment, ≈ 75µJ of the laser fundamental
passed a computer controlled delay stage with a retroreflector, before
broadband probe pulses in the range 320 nm 6 λ 6 750 nm were
generated in a CaF2 plate. The damage threshold of the used 2 mm
thick CaF2 plate is very low and requires a constant movement of
the plate as well as precise adjustment of the energy to achieve stable
whitelight generation. Therefore, the plate was continuously moved
horizontally and vertically to ensure a fresh spot was hit by every
laser pulse. The energy was first attenuated by a neutral density fil-
ter and afterwards adjusted precisely by the combination of a half-
waveplate and a polarizer positioned in front of the CaF2 plate. As
even small changes in the energy of the laser fundamental focused on
the CaF2 plate lead to instabilities in the broadband pulse generation,
the energy had to be re-adjusted every day. A detailed description of
the white-light spectrum, its optimization and the stability are given
in previous Theses of the work group. [9,11] After the CaF2 plate the
broadband probe pulses were split into probe and reference beam us-
ing a thin quartz plate and focused into the sample cell. The probe
pulses with a focal diameter of ≈ 100µm were overlapped tempo-
rally and spatially with the pump pulses, the reference pulses passed
unexcited sample.

probe pulse detection

After passing the sample cell the probe and reference pulses were
directed into a prism spectrograph, where they were spectrally dis-
persed, separated and independently detected by two FFT-CCD cam-
eras. The cameras were read out with the laser repetition frequency by
a computer, which then calculated the change in optical density. The
pump pulses were detected by a photodiode, to determine whether
the pump beam was open or blocked at the time of broadband de-
tection. Further details regarding the detection system and the home-
written LabVIEW programm used to controll the experiment can be
found in the Thesis of K. Röttger. [11]

All transient absorption measurements were performed in toluene
solution in home-made flow cells with 0.2 mm quartz windows and
1 mm optical pathlength. The cell was connected to a sample reser-
voir with Viton Fluran tubing and the solution was pumped through
the cell with a perstaltic pump to provide fresh sample for every laser
shot. Unless stated otherwise every measurement was repeated three
times to verify reproducibility of the results. All other details regard-
ing the measurements such as excitation wavelengths and energies
can be found in the corresponding paragraphs of Chapters 4-6.
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2.2 data processing

2.2.1 calculation of the change in optical density

The absorbance A(λ,∆t) of a sample is the negative logarithm of in-
tensity of the probe pulses Ipr divided by the intensity of the reference
pulses Iref:

A(λ,∆t) = −log
(
Ipr

Iref

)
. (2.1)

Thus, the change in optical density is calculated as the difference
of absorption of excited and unexcited molecules A∗ and A0 respec-
tively:

∆OD(λ,∆t) = A∗(λ,∆t) −A0(λ). (2.2)

A∗ and A0 are the absorbances of two consecutive laser pulses, allow-
ing for calculation of ∆OD(λ,∆t) directly during the measurement
as

∆OD(λ,∆t) = −log

(
Ipr(λ,∆t) · I0ref(λ,∆t)
I0pr(λ,∆t) · Iref(λ,∆t)

)
(2.3)

with I0pr/ref being the respective pulse intensities detected for unex-
cited sample molecules (pump blocked) and Ipr/ref the respective
pulse intensities for excited sample molecules (pump not blocked).

2.2.2 coherent artifacts

Coherent artifacts unrelated to the measured sample appear in liquid-
phase transient absorption spectra around time-zero due to interac-
tion between the intense pump pulse and the weaker probe pulse.
The observed artifacts include cross-phase modulation (XPM), multi-
photon or two-photon absorption (2PA or TPA), and stimulated Ra-
man scattering (SRS) and can be very intense, thereby obscuring the
sample signals at early delay times.

XPM occurs as a result of the refractive index modulation in cell
windows and solvent induced by the intense pump pulse, which
leads to a redistribution of the frequencies in the chirped broadband
probe pulses. As the spectral redistribution only takes place in the
probe pulses and not the reference pulses of the supercontinuum, a
change in optical density is recorded during the interaction time of
pump and probe, that is around time zero. The spectral and temporal
forms of the XPM strongly depend on the chirp of the probe pulses,
the temporal and spectral distribution of the pump pulse, the length
of the sample cell, the thickness of the cell windows, and the vol-
ume in which pump and probe interact (through the angle between
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beams and beam diameter). [13–15] 2PA takes place when the solvent
or cell windows simultaneously absorb a pump and a probe pho-
ton. SRS occurs when the pump and probe pulses coherently interact
in a medium with a vibrational resonance at the pump-probe differ-
ence frequency. SRS can be taken as the pump-probe cross-correlation
function and therefore be used to determine the time resolution of the
experiment. [14] A more detailed description of XPM and SRS can also
be found in the Thesis of R. Siewertsen. [9]

All the abovementioned artifacts can provide information about the
time resolution and chirp of the pump and probe pulses. However,
reduction of the artifact intensity before measurement and correction
of the spectra after measurement are of great importance to enable
a reliable analysis of transient absorption measurements. In order to
correct the sample spectra for the coherent artifacts, a measurement
of the neat solvent under the same conditions as the sample measure-
ments is necessary.

Additional to the coherent artifacts, scattered pump light is vis-
ible in the spectra when the excitiation wavelength lies within the
wavelength range covered by the broadband probe pulses. Through
careful optimization of the setup the intensity was minimized before
measurement, afterwards it could be reduced further through back-
ground correction of the spectra. To these ends, the spectra before
time-zero were used as a reference for the shape and intensity of the
superimposed pump light signal, which could simply be subtracted
from all subsequent spectra of the same measurement. However, in
some cases when scattering was intensified by the AuNPs complete
removal was not possible.

2.3 data analysis

Wavelength calibration of the measured two-dimensional transient
absorption maps was done with a number of bandpass interference
filters covering the spectral range of λ = 330 − 650 nm. [11] The ex-
perimental time-zero depends on the chirp of the broadband probe
pulses and therefore is different for every probe wavelength. A time-
zero-correction of the obtained two-dimensional transient absorption
maps is therefore necessary before extraction of transient absorption
spectra. Details of the correction procedure have been described else-
where. [9] Wavelength calibration and time-zero correction as well as
the correction for the coherent artifacts have been performed with a
self-written MATHEMATICA [16] program. [9,11] In the same program
non-linear least-squares fitting routines based on the Levenberg-Mar-
quardt algorithm needed for description of the transient absorption
time-profiles are implemented. For fitting of the transient absorption
spectra with a temperature-dependent Mie theory model, another
MATHEMATICA program was used.
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2.3.1 fitting of time profiles

Measured absorption-time profiles were generally described with a
sum of exponential decay functions of the form

Aλ(t) =
∑
i

ai × exp
(
−
t

τi

)
(2.4)

with ai as the amplitude, t as delay time and τi as the decay time. To
take the temporal width of the pulses into account the sum of expo-
nentials was convoluted with a Gaussian-shaped instrument response
function (IRF) of the form

G(t,σIRF) =
1

σIRF
√
2π
× exp

(
−
t− t0

2σ2IRF

)
. (2.5)

Here, σIRF is the time resolution of the experiment and is correlated
to the full width at half maximum of the IRF by

IRFFWHM =
√
8× ln2× σIRF. (2.6)

The time resolution was usually of the order of ∆t ≈ 100 fs, depend-
ing on the excitation wavelength. Due to the use of toluene as a sol-
vent and a relatively large absorption pathlength of 1 mm, this value
is larger than in other reported measurements performed with the
same experimental setup. [11,17]

The overall fitting routine used a function of the form

∆OD(λ,∆t) = Aλ(t)⊗G(t,σIRF). (2.7)

Correction functions for coherent artifacts at selected wavelengths
were obtained by fitting the signal of the neat solvent at that wave-
length with a sum of Gaussians and, if necessary, with additional ex-
ponentials. The correction functions were subsequently scaled with
appropriate factors to account for the higher optical density of the
sample solution and included in the fitting routine as described else-
where. [11]

2.3.2 fitting of transient spectra

The transient absorption spectra were analyzed using the temperature-
dependent Mie theory model proposed by Aruda et al. [18] The model
is based on the works of Rosei et al. [19], Scaffardi et al. [20] and Inouye
et al. [21] and decomposes the complex dielectric function of AuNPs
ε(Te) into contributions of free and bound electrons. The free elec-
trons are responsible for intraband transitions in the conduction band
of the AuNPs. Their dielectric function is described with the Drude
model
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εfree(ω) = 1−
ω2P

ω2 + iγfreeω
(2.8)

where ωP is the plasma frequency of Au, ω is the frequency of the
incident light and γfree is the width parameter of the intraband transi-
tions, which depends on NP size, surface chemistry and the electronic
temperature.

The bound electrons are responsible for interband transitions from
the valence band to the conduction band (d-sp transitions). The dielec-
tric function is described depending on the Fermi-Dirac distribution
F(x, Te) and a width parameter for the interband transitions, γbound:

εbound(ω, Te) =Qbulk

∞∫
ωg

√
x−ωg
x

[1− F(x, Te)]

×
(x2 −ω2 + γ2bound + i2ωγbound)

(x2 −ω2 + γ2bound)
2 + 4ω2γ2bound

dx

(2.9)

Qbulk is a constant determining the contribution of the bound elec-
trons to the overall dielectric function, ωg is the gap frequency (from
the gap energy) of gold.

The overall dielectric function ε(Te) is simply the sum of both con-
tributions, which then enters into the absorption cross section of Au-
NPs:

Qabs(Te) = C
a

λ

ε ′′(Te)

ε ′′(Te)2 + (ε ′(Te) + 2εm)2
. (2.10)

εm is the dielectric constant of the medium, ε ′(Te) and ε ′′(Te) are the
real and imaginary parts of ε(Te), respectively, a is the particle radius
and C is a constant used to scale the spectra to the correct intensity.
The fitting parameters obtained herein are the width parameters γfree

and γbound as well as the electronic temperature Te.

In the fitting procedure, equation (2.10) is first used for fits to the
static absorption spectrum in order to obtain parameters for the unex-
cited sample. Here, the electronic temperature was fixed to Te = 298 K,
the values of the constants used are given in Table 2.1.

All measurements were performed in toluene, which has a dielec-
tric constant of 2.38. [22] However, fits using this value for the dielec-
tric constant of the medium εm did not describe the experimental
data well. The dielectric constant in the immediate vicinity of the Au-
NPs is likely to be changed upon ligand attachment. [23] Therefore,
εm was adjusted manually to a value which gave good-quality fits to
the measured static absorption data. Figure 2.3 shows a comparison
of two fits to the absorption spectra of decanethiol-coated AuNPs us-
ing εm = 2.38 and εm = 2.1, respectively. The latter gives a greatly
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Table 2.1: Parameters used in the temperature-dependent Mie theory model
fit. Qbulk is a constant determining the contribution of bound elec-
trons to ε(Te), ωP is the plasma frequency, EF is the Fermi energy,
Eg is the gap energy of gold. The values were determined by Scaf-
fardi et al. [20].

Parameter value

Qbulk 1.3 · 1024

ωP 13 · 1015 Hz
EF 2.5 eV
Eg 2.1 eV

3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 03 0 0 4 0 0 5 0 0 6 0 0 7 0 00 . 0
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a )

Figure 2.3: Fits to the measured static absorption spectrum of C10SAuNPs
using a) εm = 2.38 and b) εm = 2.1. The experimental spectrum
is shown in black, the fit in red. The respective fit parameters are
given in the graphs.

improved fit to the experimental spectrum at shorter wavelengths.
The fitting parameters γfree and γbound for both εm values given in
the graphs. They differ by approximately 10 %, which is consider-
ably more than their 2σ uncertainties of <1 % obtained from the fits.
Therefore, adjustment of εm is reasonable to accurately determine the
AuNP ground state parameters.

Furthermore, the fitting routine includes a weighting matrix, which
weights the data points around the LSPR (λ = 430− 650 nm) higher
than those at the edges of the spectrum. Differentiated weighting of
the data points further improves the fit quality.

The transient spectra were fitted as the difference between the ab-
sorption spectrum at higher electronic temperatures Q∗abs(Te) and the
ground state spectrum at Te = 298 K, Q0abs(298K):

∆OD(Te) = Q
∗
abs(Te) −Q

0
abs(298K) (2.11)

The transient spectra were usually analyzed in the wavelength range
of 440nm 6 λ 6 650 nm, which includes the LSPR bleach mini-
mum and both maxima immediately left and right of the bleach. Out-
side this range the model is not able to describe the data with suffi-
cient accuracy. [18] To achieve a better description of the data inside
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the selected range a weighting matrix was used. Figure 2.4 shows
three selected transient absorption spectra of C10SAuNPs with the
higher weighted data points highlighted in each spectrum. Generally,
the three data points at the bleach minimum and the one close to
the point where the spectra cross the zero line (λ ≈ 585 nm) were
weighted 30 times higher than the unspecified data points. The two
data points around λ = 470 nm were weighted 16 times higher and
the remaining highlighted data points 10 times higher than the un-
specified data points. In order to account for small shifts in the signal
positions, the weighting matrix has to be adjusted for every new batch
of AuNPs, that is every series of measurements. The same weighting
matrix was then used for all transient spectra of the same sample as
well as for all samples measured under the same conditions.
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- 4

- 2
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∆t  =  1 . 2  p s

×1 6

Figure 2.4: Transient absorption spectra of C10SAuNPs at three selected de-
lay times of ∆t = 0.47, 1.2 and 2.8 ps. The higher weighted data
points are highlighted and their weight relative to the unspeci-
fied data points is given.

Usually the data were solvent corrected before fitting, but to avoid
errors due to incomplete solvent subtraction the analysis started at
∆t ≈ 0.5 ps. For each sample approximately 15-20 transient spectra at
delay times up to ∆t ≈ 12 ps were selected and fitted separately based
on equation (2.11). The fit parameters γfree, γbound and Te obtained
therein were then used as starting values for a simultaneous fit of
all transient spectra of one sample. The constant factor C from the
individual fits was replaced by a global scaling factor C’ common for
all spectra in the simultaneous fit. The starting value for C’ is the
mean of all C values from the individual fits.

The quality of the simultaneous fit was checked using the R2 value
provided by the nonlinear fitting routine in MATHEMATICA. [16] It
was R2 > 0.99 for all samples presented in this Thesis. The standard
deviation of the obtained fit parameters was typically ∆γfree/bound =

1 · 1012 Hz, which corresponds to an error less than 1 %, and ∆Te =
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120− 10 K. Depending on the absolute temperature this corresponds
to an error of ∆Te ≈ 10 % in all cases.

In the last analysis step the electronic temperatures Te were plotted
against the delay time and the decaying part of the temperature-time
profile was fitted with an exponential decay function of the form

Te(t) = 298K + A1 · exp
−x

τ1
+ A2 · exp

−x

τ2
(2.12)

using ORIGIN 9.0 software. An example of a typical temperature-
time profile with a biexponential fit and both individual components
is shown in Figure 2.5.
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1 2 0 0
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T e / 
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d e l a y  t i m e  /  p s

τ1  =  1 . 9  �  0 . 2  p s
τ2  =  1 0 0 0  p s  ( f i x e d )

Figure 2.5: A temperature-time profile of C10SAuNPs (open circles) includ-
ing error bars with the respective biexponential fit to the data
(red). The individual components of the biexponential fit are
shown in grey. The decay time of the second component is fixed
and the amplitude is very small.

For all temperature-time profiles presented in this thesis, unless
stated otherwise, a second exponential with a fixed decay time of
τ2 = 1000 ps and a very small amplitude (< 3 %) was used to sat-
isfactorily describe the data at longer delay times (∆t > 6 ps). The
second exponential corresponds to the ph-ph coupling process in the
AuNP, which usually occurs within 10− 100 ps. It is present already
at relatively early delay times due to an overlap of the e--ph and
ph-ph coupling time scales as described in Chapter 1.1.2. However,
the process is not completed within the analyzed time frame and the
timeconstant, τph-ph, can not be determined.
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abstract

The photochemical behaviour of functionalised gold nanoparticles
(AuNPs) carrying azobenzenethiolate-alkylthiolate monolayers was
investigated. Repeated trans-cis and cis-trans isomerisation cycles
could be performed in all cases with high efficiency. Reversible pho-
toinduced aggregation was observed when azothiolates with long
alkyl spacers (> C7) were combined with short (C5) alkylthiolate
coligands. The choice of a coligand thus offers control over the ag-
gregation properties of the nanoparticles.

3.1 results and discussion

Functionalised nanoparticles have gained tremendous importance in
fundamental and applied sciences because of their unique, size-de-
pendent optical, electronic, magnetic and chemical properties with
potential application in medical diagnostics, drug delivery, cancer
therapy, nanoelectronics and information storage, imaging and super
resolution microscopy, sensors, solar energy conversion, (photo)cataly-
sis, surface coatings or the development of smart materials. [1–3] Cur-
rently, particular interest exists in nanoparticles with surface-bound
molecular switches that can be controlled by ultraviolet or visible
light. [4] Unlike in solution, however, the photoswitching properties
of molecules on surfaces are subject to several mechanisms affecting
or hindering the outcome: first, dense packing of the surface-bound
molecules may leave too little free space for the transformation to
proceed, especially when a photoisomerisation is associated with a
large-amplitude structural change. [4–7] Second, energy transfer either
between the attached switches or between the switch and the nano-
particle substrate may lead to a rapid electronic deactivation of the
photoexcited molecules and even prevent the reaction altogether. [7]

A third major issue arises when a change in properties of NPs upon
isomerisation of the switches in the ligand shell leads to aggregation
of the NPs. This effect may impede further switching after only a few
cycles. [5] In cases where aggregation is desired, it is of great impor-
tance to control the process and the structure of the aggregates. [8–10]

Klajn and coworkers for example studied the behaviour of azoben-
zene (AB) functionalised AuNPs as a function of AB concentration
and solvent polarity and found different types of aggregates under
varying conditions. [11,12]

Here, we report on AB-functionalised AuNPs with high surface
coverage in solution in toluene that can be repeatedly photoswitched
back and forth between their trans and cis forms and additionally
show virtually fully reversible aggregation when they are in the cis
state. We evaluated the surface concentration of AB molecules on the
AuNPs independently by UV/Vis spectroscopy and by NMR spec-
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troscopy and determined the cis/trans-AB compositions in the photo-
stationary states upon irradiation with UV and Vis light. We found
that the aggregation potential of the functionalised AuNPs can be
controlled through the choice of the alkylthiolate coligand. Evidently,
the tendency for aggregation due to attractive dipole-dipole forces
between the NP-bound cis-ABs depends strongly on the chain length
of the coligand and besides the AB surface coverage.

For our investigation of the photoswitching properties of ABs on
the gold surface, we functionalised AuNPs with AB-derivatised alkyl-
thiols (azothiols) as ligands and normal alkylthiols as coligands in
mixed monolayers (see Fig. 3.1A and B) by ligand exchange from
amine-stabilised NPs in mixed solutions (molar fractions xAB = 0.3,
0.5 or 0.7) of azothiol and alkylthiol as detailed in the ESI.† The alkyl
(spacer) lengths of the thiols were systematically varied (Fig. 3.1B).
The obtained NPs were characterised using transmission electron mi-
croscopy (TEM), NMR and UV/Vis spectroscopy. A typical TEM im-
age is displayed in Fig. 3.1C. It shows that the synthesis yielded nearly
spherical products with diameters typically of ∼ 4.0 ± 0.8 nm (sin-
gle standard deviation). Considering the macroscopic density (ρAu =

19.3 g cm−3), the NPs should consist of ∼ 2000 Au atoms. 1H NMR
spectra confirmed the purity of the functionalised NPs (see Fig. 3.1D).
For organic molecules on AuNPs, the 1H NMR signals are strongly
broadened inhomogeneously and due to much faster spin-spin relax-
ation [13] so that surface-bound and free ligand molecules in the sam-
ple solution can be easily distinguished. The absence of sharp signals
of free AB thiols in the measured NMR spectrum thus demonstrates
that practically all AB molecules in the sample are bound to the Au-
NPs. An observed high-field shift (see Fig. 3.3, ESI†) of the aromatic
proton signals with increasing AB surface concentration supports an
irregular, statistical distribution of the azothiolate and alkylthiolate
ligands in the mixed monolayer.

The UV/Vis spectra of the AB-functionalised NPs displayed in Fig.
3.2 show two pronounced absorptions, the broad local surface plas-
mon resonance (LSPR) band at around λ = 515 nm and the ππ∗ band
of the AB ligands in their trans form at λ = 350 nm. The weaker nπ∗

AB band at around λ = 455 nm is only barely visible. Sizeable surface
enhancement of the AB ππ∗ absorption could be ruled out in our case
by a combination of 1H NMR and UV/Vis spectroscopy as detailed
in the ESI.† Typical AB surface concentrations by both methods were
found to be around ∼ 100 molecules per NP. For photoswitching, the
solutions were irradiated at either λ = 365 nm or at λ = 455 nm. The
results obtained with the six different azothiolate-alkylthiolate com-
binations are given in Fig. 3.2. As can be seen, UV-induced trans-cis
isomerisation leads to a drastic decrease of the intensity of the ππ∗

band, which recovers upon back-isomerisation with visible light. The
photostationary states PSS365 and PSS455 reached at the two wave-
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Figure 3.1: (A) Schematic representation of the functionalised AuNPs with
azothiolate ligands and alkylthiolate coligands (NPs and ligands
not drawn to scale). (B) Structural formulas and abbreviations of
the different thiols used in this work. (C) Typical TEM image of
the AB-functionalised AuNPs (scale bar: 10 nm). (D) Compari-
son of the 1H NMR spectra of free AB-OC7SH in solution (blue)
and AB-OC7S-/C5S-NPs (red). The lack of sharp 1H signals of
the AB-function in the NP spectrum confirms that the ligands
are bound to the NPs (residual sharp lines in the NP spectrum
belong to the solvent and a trace of H2O).

lengths (for temporal evolutions see Section 3.2.3, ESI†) represent the
switching of the ABs on the AuNPs to mostly the cis and mostly the
trans forms, respectively. In contrast, with two exceptions (Fig. 3.2C
and E, discussed below) little change was observed in the region of
the LSPR bands. In all cases, between three and five switching cy-
cles were performed without any noticeable signs of degradation or
reduction in switching efficiencies of the samples, as evident by the
near-perfect agreement between the measured spectra belonging to
the respective photostationary states which are plotted on top of each
other.

While this general behaviour is the same for all investigated sam-
ples, significant differences are revealed depending on the alkyl chain
lengths of the ligands: in PSS365, the NPs with the shortest azoligand
(AB-OC3S) still show significant residual 350 nm (ππ∗) absorption by
trans-AB, indicating that not all AB units were isomerised (see Fig.
3.2A and B). Assuming that the spectra of the ABs on the NPs are
similar in shape to those in solution, we found switching efficien-
cies from the pure trans form at the start to 70% cis/30% trans in
PSS365 and 10% cis/90% trans in PSS455 (for details see Section 3.2.3,
ESI†). With longer azoligands, the trans-to-cis switching efficiency in-
creased, while the cis-to-trans efficiency decreased. For the ligand-
coligand combination with the longest alkyl spacer (AB-OC11S/C10S,
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Figure 3.2: Measured UV/Vis spectra of the AB-functionalised AuNPs be-
fore irradiation (all-trans, black) and in PSS365 (blue) and PSS455
(red). All samples were prepared using equimolar azothiol-
alkylthiol solutions and switched back and forth between the two
photostationary states reproducibly at least 3 to 5 times, the in-
dividual spectra belonging to those switching cycles are plotted
on top of each other. In panels A, B, D and F, only photoisomeri-
sation of the AB moiety is observed. Panels C and E additionally
show the reversible aggregation of the NPs in PSS365 demon-
strated by the broadened LSPR bands; in this case the spectra
show the overall extinction (sum of absorption plus possible light
scattering).

Fig. 3.2F), we reached switching to 95% cis/5% trans in PSS365 and
25% cis/75% trans in PSS455.

Much more striking are the differences after irradiation in the shape
of the LSPR bands when the longer azoligands are combined with
short alkylthiolates (Fig. 3.2C and E), whereas little change is ob-
served in all systems with decanethiolate coligands (Fig. 3.2B, D and
F), a strong broadening and decrease in intensity of the LSPR band
together with a sizeable red-shift are found after isomerisation of sam-
ples carrying ABs with long alkyl spacers (C7, C11) in combination
with pentanethiolate coligands (Fig. 3.2C and E). This phenomenon
indicates aggregation of the NPs after switching of the attached ABs
to their cis form. As shown, it is completely reversible. Fig. 3.7 (ESI†)
demonstrates that aggregation occurs whether the sample solutions
are stirred or not.
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The aggregation is attributed to the attractive dipole-dipole forces
between the cis-ABs in the ligand shells around the NPs, when they
come into close proximity by Brownian motion. The dipole moment
of cis-AB (3.2 Debye) causes weaker solvent stabilisation of the NPs
in nonpolar toluene such that they aggregate. Related mechanisms
have been discussed for various NP systems in the literature. [12,14] In
our case, longer alkylthiolate coligands appear to better shield the cis-
ABs and to lead to better solvation, thereby preventing association.
Fig. 3.8 (ESI†) shows that the aggregation tendency in a row of three
AB-OC7S-/C5SAuNP samples increases with higher AB surface con-
centration. This effect is rationalised by the higher dipole density on
the NPs. In addition, the coligand chain length seems to play a cru-
cial role, as aggregation occurs only when it is shorter than the alkyl
spacer length in the azoligand. Two arguments come to mind: first,
the shorter chain length of the coligand allows for closer contact be-
tween the cis-switched NPs and thereby stronger interaction of the
dipoles. Second, the cis-switched NPs with short alkylthiols are ex-
pected to be less well stabilised by the solvent so that their tendency
for aggregation is raised compared to decanethiol-cofunctionalised
NPs. The first hypothesis is supported by two facts: the AB-OC3S-
functionalised NPs with a pentanethiolate coligand show practically
no aggregation even after prolonged exposure to UV light, demon-
strating that pentanethiol alone does not enable aggregation by low-
ering the solubility of the NPs. Further, the strength of aggregation
seems to depend mainly on the surface concentration of AB on the
NPs rather than on the absolute length difference between the ligands
and coligands. This suggests that - at least in the present case - the
solubility of the NPs is not the main driving force for the aggregation,
whereas the dipole-dipole forces are. When the cis-ABs are isomerised
back to trans, the aggregates are no longer favoured and disaggregate.

In conclusion, we studied AuNPs with mixed azothiolate-alkylthio-
late monolayers. The samples could be photoswitched back and forth
reproducibly between two photostationary states (mostly cis and most-
ly trans) without visible photodegradation after several cycles. Ob-
served differences in switching efficiency indicate steric or electronic
hindrance of the isomerisation when the alkyl spacer in the azoli-
gand becomes too short. Furthermore, we observed a fully reversible
aggregation of NPs switched to the cis state when a long azoligand
was combined with a coligand possessing a shorter alkyl chain. To-
gether with the finding that the tendency for aggregation depends
on the cis-AB surface concentration, our results lead to the conclu-
sion that dipole-dipole attraction is the main driving force for the ob-
served aggregation. Another critical factor appears to be solubility, as
we found that azothiolate-AuNPs without alkylthiolates were practi-
cally insoluble. Our approach using mixed monolayers offers control
of the photoaggregation potential of functionalised AuNPs by opti-
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mising the chain length of the coligand and the surface concentration
of the azoligand. The photoswitching dynamics of our functionalised
AuNPs are now under investigation using femtosecond time-resolved
spectroscopy.

We gratefully acknowledge the support of this work by the Collab-
orative Research Centre 677 “Function by Switching”.
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3.2 electronic supplementary information

3.2.1 syntheses

The functionalised gold nanoparticles (AuNPs) were synthesised in a
two-step process starting from oleylamine-stabilised AuNPs followed
by ligand exchange with the selected azothiol and respective alkyl-
thiol. The oleylamine-stabilised AuNPs were obtained following a
variant of the protocol described in Ref. 3.S1. The azoligands 4-(11-
mercaptoundecanoxy)-azobenzene (AB-OC11SH), 4-(7-mercaptohept-
anoxy)-azobenzene (AB-OC7SH) and 4-(3-mercaptopropanoxy)-azo-
benzene (AB-OC3SH) were synthesised via a slightly modified three-
step procedure adopted from Klajn et al.3.S2 The synthesis of AB-
OC11SH is described as example below, the other azothiols were ob-
tained accordingly.

The integrity and purity of all intermediate and final products was
carefully checked by NMR spectroscopy. Contrary to occasional other
reports, we did not observe reduction of the azobenzene groups in the
presence of the thiol groups during our syntheses, but oxidation of
the thiols to disulfides may occur. However, as disulfides also bind to
Au surfaces (with dissociation of the disulfide bond), the presence of
disulfides poses no serious problem for our syntheses. According to
our NMR measurements, the oxidation is slow at room temperature
and played no significant role within the time frame of our synthesis.

4-(Undec-10-enyloxy)-azobenzene

4-Hydroxyazobenzene (2.11 g, 10.7 mmol) and potassium tert-butox-
ide (1.25 g, 11.1 mmol) were placed in a three-neck round bottom
flask equipped with a reflux condenser. The setup was purged with
argon for 10 min, followed by the addition of 25 mL of dry DMF.
The mixture was stirred at room temperature until the solid reactants
had dissolved. Next, 11-bromo-1-undecene (2.50 mL, 11.1 mmol) was
added and the mixture was heated to reflux for 25 min, during which
the colour of the solution changed to bright red and a colourless
precipitate formed. The reaction was monitored by TLC (silica gel,
hexane/ethyl acetate (20:1)). After cooling down to room tempera-
ture the reaction mixture was poured into 100 mL of deionized water
and the aqueous solution was extracted with n-hexane (4× 50 mL).
The combined hexane fractions were washed with water (4× 50 mL)
and dried over magnesium sulfate. The solvent was evaporated under
reduced pressure to yield an orange solid, which was recrystallized
from ethanol. The product was obtained as an orange crystalline solid
(2.42 g, 65 %).

1H-NMR (200MHz, CDCl3): δ = 7.95-7.83 (m, 4H, Ar-H), 7.54-7.40
(m, 3H, Ar-H), 7.04-6.96 (m, 2H, Ar-H), 5.82 (ddt, 3J = 16.9Hz,3J = 10.1
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Hz, 3J = 6.6 Hz, 1H, CH=CH2), 5.05-4.89 (m, 2H, =CH2), 4.04 (t, 3J =
6.5 Hz, 2H, -O-CH2), 2.05 (m, 2H, 1.82 (m, 2H), 1.55-1.27 (m, 12H)
ppm.

4-(11-Thioacetoxyundecanoxy)-azobenzene

4-(Undec-10-enyloxy)-azobenzene (1.01 g, 2.87 mmol) and azobisiso-
butyronitrile (141 mg, 0.86 mmol) were placed in a three-neck round
bottom flask equipped with a reflux condenser. The flask was purged
with argon for 25 min followed by the addition of 20 mL of dry tolu-
ene and thioacetic acid (810µL, 11.44 mmol) while stirring. The re-
action mixture was refluxed for 2 h, after which the reaction mix-
ture was cooled down to room temperature. The mixture was then
poured into a separatory funnel containing 100 mL of saturated so-
dium hydrogen carbonate solution and 50mL of toluene. The organic
phase was separated and washed with 50 mL saturated sodium hy-
drogen carbonate solution, followed by washing with deionized wa-
ter (5× 50 mL). The solution was dried over magnesium sulfate and
the solvent was evaporated under reduced pressure. The obtained
orange solid was recrystallized from methanol. The product was ob-
tained as an orange crystalline solid (974 mg, 80 %).

1H-NMR (200MHz, CDCl3): δ = 7.95-7.83 (m, 4H, Ar-H), 7.54-7.39
(m, 3H, Ar-H), 7.04-6.96 (m, 2H, Ar-H), 4.04 (t, 3J = 6.5 Hz, 2H, -O-
CH2), 2.92-2.79 (m, 2H), 2.32 (s, 3H, CH3), 1.90-1.74 (m, 2H), 1.65-1.25
(m, 16H) ppm.

4-(11-Mercaptoundecanoxy)-azobenzene (AB-OC11SH)

4-(11-Thioacetoxyundecanoxy)-azobenzene (950 mg, 2.30 mmol) was
placed in a three-neck round bottom flask, which was purged with ar-
gon for 20 min. Then 20 mL of degassed methanol and 5 mL of a 1M
solution of HCl in methanol were added. The reaction mixture was
heated to reflux for 6 h after which the reaction mixture was cooled to
room temperature. The precipitate which had formed during the re-
action was filtered off, washed with a small amount of cold methanol
and dried in vacuo. The procedure yielded a yellow powdery solid
(805 mg, 94 %).

1H-NMR (500MHz, CDCl3): δ = 7.93-7.86 (m, 4H, Ar-H), 7.52-7.41
(m, 3H, Ar-H), 7.02-6.98 (m, 2H, Ar-H), 4.04 (t, 3J = 6.6 Hz, 2H, -O-
CH2), 2.52 (dd, 3J = 14.7 Hz, 3J = 7.4 Hz, 2H, -CH2-SH), 1.86-1.78 (m,
2H, -O-CH2-CH2), 1.61 (dt, 3J = 14.8 Hz, 3J = 7.3 Hz, 2H, -CH2 -CH2-
SH), 1.52-1.44 (m, 2H), 1.42-1.25 (m, 12H), 1.33 (t, 3J = 7.5 Hz, 1H, -SH)
ppm.
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Oleylamine-stabilised AuNPs

Hydrogen tetrachloroaurate trihydrate (200 mg, 0.51 mmol) was dis-
solved in a mixture of 2.00 mL of toluene and 2.00 mL of freshly dis-
tilled oleylamine. This solution was poured into a mixture of 15.0 mL
of toluene and 4.00 mL of oleylamine in a 100 mL round bottom flask.
2.00 mL of methanol were added to the solution. Next, sodium boro-
hydride (41.0 mg, 1.08 mmol) was added to the mixture at once while
stirring. Immediately after addition of sodium borohydride the reac-
tion mixture turned dark. It was stirred vigorously at room tempera-
ture for 2 - 2.5 h. Next the reaction mixture was poured into 35 mL
of acetonitrile resulting in a dark precipitate. The precipitate was
washed first with acetonitrile (3× 20 mL), and then with methanol
(3× 20 mL). The particles were then redissolved and used without
further characterization for the ligand exchange reaction. The above
procedure usually yielded ≈ 100 mg of oleylamine-coated AuNPs.

Ligand exchange

To exchange the oleylamine against thiol ligands a known amount of
oleylamine-coated AuNPs was dissolved in toluene yielding a solu-
tion with concentration of approximately 2.5 mg/mL. The solution
was then degassed with Ar for 20 min. Next, a two-fold excess of a
mixture of the azothiol ligand and the alkylthiol coligand dissolved in
degassed toluene was added at once. The required amounts of thiol
for the ligand exchange were estimated before the reaction from the
NP diameter determined by the TEM measurements and the result-
ing surface area assuming a value for the thiol surface footprint on
the NPs of Fthiol = 22 Å2/molecule.3.S3 The azothiol mole fractions in
the ligand exchange mixtures were between xAB = 0.3− 0.7 (mostly
mixtures with xAB = 0.5 were used). The total amount of toluene was
chosen such that the final AuNP concentration was ≈ 2 mg/mL. The
reaction mixture was kept under Ar atmosphere and was stirred at
room temperature in the dark for ≈ 20 h. The NPs were then pre-
cipitated by addition of methanol and washed five times with a mix-
ture of methanol and toluene (4:1). For the shorter chain lengths (AB-
OC7SH and AB-OC3SH), the reaction mixtures were concentrated un-
der vacuum before precipitation to reduce the necessary amount of
methanol. The cleaned NPs were then dissolved in toluene.

Materials

Oleylamine (Aldrich) was distilled under reduced pressure and stored
under Ar atmosphere before use. HAuCl4 · 3 H2O (Aldrich), NaBH4
(Fluka), pentanethiol (Aldrich) and decanethiol (Aldrich) were used
as purchased. All solvents were distilled under reduced pressure be-
fore use.
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3.2.2 nanoparticle characterization

Methods

For TEM imaging, performed at the Institute of Materials Science of
Christian-Albrechts-University Kiel, toluene solutions of the AuNPs
were drop-casted onto holey carbon grids and images were recorded
at several acceleration voltages between 75 and 390 kV.

NMR spectra of the free azothiols and the AB-functionalised Au-
NPs were recorded on a Bruker DRX 500 or a Bruker AV 600 FT
spectrometer in deuterated solvents.

UV/Vis absorption spectra were recorded on a Shimadzu UV-2401
PC desktop spectrometer in fused silica cuvettes with 1 mm optical
path length. Each spectrum was referenced to that of the pure solvent.

NMR spectra at different AB surface coverages

The measured NMR spectra of AB-OC11S-/C10S-functionalised Au-
NPs prepared with different azothiol mole fractions are shown in
Fig. 3.3. The spectrum of the free azoligand in solution serves as ref-
erence. The strong broadening of the 1H resonances on the AuNPs
is immediately evident. The observed high-field shift of the aromatic
proton signals with increasing AB surface concentration supports an
irregular, statistical distribution of the azothiolate and alkylthiolate
ligands in the monolayer.

8 . 5 8 . 0 7 . 5 7 . 0 6 . 5 6 . 0
f r e e  a z o l i g a n d
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x A B  =  0 . 5
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H 1 H 2 H 5H 3 H 4

Figure 3.3: 1H NMR spectra in CD2Cl2 of AB-OC11S-/C10S-functionalised
AuNPs prepared with different azothiol mole fractions. The spec-
trum at the bottom shows the positions of the aromatic 1H sig-
nals of free AB-OC11SH in solution (see Section 3.2.1 for precise
chemical shift values and assignments). The gap in the spectra
around 7.3 ppm is due to a trace of chloroform which was cut
out.
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Estimation of the AB surface coverage of the NPs from the UV/Vis spectra

The concentration (in mol/L) of the NPs in solution was estimated
from the measured absorbance at the center of the LSPR band taking
the empirical value for the decadic molar absorption coefficient of the
AuNPs of

εNP = 4.2× 104 × d3.4 L mol−1 cm−1

with the particle diameter d in nm.3.S4-3.S7 The number of Au atoms
per NP is simply given by

N =
π

6

ρAuNA

MAu
d3

where ρAu = 19.3 g/mol is the macroscopic density of gold, MAu =

197 g/mol is the molar weight, NA is Avogadro’s number, and d
the nanoparticle diameter. For the AuNPs with d∼ 4 nm (N ∼ 2000)
studied in the present work, the molar absorption coefficient thus
becomes

εNP = 4.58× 106 L mol−1 cm−1

which corresponds to a value of ε1Au = 2.29× 103 L mol−1 cm−1

per Au atom. Considering the very small size of the investigated well-
defined AuNPs of interest here, light scattering can be neglected com-
pared to absorption under the applied experimental conditions as
long as there is no aggregation, but scattering may contribute to the
extinction (sum of absorption plus scattering) in the case of photo-
induced aggregation below.

The concentration of attached azothiolate ligands on the AuNPs
was derived after subtraction of the absorbance by the AuNPs them-
selves from the measured absorbance in the ππ∗ band at λ = 345 nm
using the independently determined value for the molar absorption
coefficient of the free AB ligands in solution of εAB = 26200 L mol−1

cm−1. Note that we assume here that the AB absorption coefficient
on the AuNPs is not substantially altered by surface enhancement
effects (as confirmed below, cf. Section 3.2.2).

A set of UV/Vis spectra illustrating the procedure is given in Fig.
3.4. Taking the experimental absorbance values for the example shown
and the given absorption coefficients, we find an azothiolate surface
coverage of ∼ 125 molecules/AuNP. With the AuNP surface area of
∼ 5000 Å2/NP and the assumption of similar sticking probabilities
for AB-OC7S- and C10S-ligands (xAB = 0.5), this result corresponds
to a surface footprint of ∼ 20 Å2/molecule in satisfactory agreement
with accepted values.3.S3
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Figure 3.4: UV/Vis absorption spectra of AB-OC7S-/C10S-functionalised
AuNPs (solid black line) prepared using an equimolar solution
(i.e. xAB = 0.5) of AB-OC7SH and C10SH for the ligand ex-
change and C10S-functionalised AuNPs (solid grey line) in tolu-
ene at 1 mm optical pathlength. For comparison, the dashed
grey line shows the absorption spectrum of free AB-OC11SH
(c = 3.2 × 10−4 mol L−1) in toluene. Light scattering can be
neglected for the measured AuNPs here due to their small size.

Estimation of the AB surface coverage on the NPs from NMR spectra

As surface enhancement effects may lead to an overestimation of the
concentration of attached ligands from the UV/Vis absorption spec-
tra, we used 1H NMR spectroscopy as an independent alternative
method to determine the AB concentration (Fig. 3.5). For these meas-
urements, ethylene glycol (EG) was added to the sample as a stan-
dard of known concentration. Comparison of the integral of the EG
signal at 3.66 ppm with the integral of the aromatic AB proton signals
yielded the AB concentration in the sample. For identical concentra-
tions of EG and AB ligand in the sample solution, the ratio of both
integrals should be 9H/4H. As the measured integral corresponds to
16 protons, we find the concentration of AuNP-attached ABs to be
1.78 times the EG concentration of cEG = 0.89× 10−3 mol L−1, which
gives cAB(NMR) = 1.58× 10−3 mol L−1.

From the UV/Vis absorption spectrum of the same sample solution,
an AB concentration of cAB(UV/Vis) = 1.38× 10−3 mol/L was calcu-
lated. Within the estimated error limits of 25% on both values, the AB
concentrations obtained via 1H NMR and via UV/Vis spectroscopy
are thus seen to match well, indicating that - at least in the present
case - there is no large change of the ππ∗ band absorption strength of
the AB ligands by surface enhancement effects on attachment of the
ligands to the AuNPs.

Taking the AuNP concentration of cNP = 1.62×10−5 mol L−1 in the
same solution derived by UV/Vis spectroscopy (cf. Section 3.2.2), we
calculate an azothiolate surface coverage of ∼ 97 molecules/ AuNP
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Figure 3.5: 1H NMR spectrum (baseline corrected) of AB-OC7S/C10S-
AuNPs with ethylene glycol at cEG = 0.89 mmol/L added
as concentration standard. As the integral of the AB signal is
16/9 = 1.78 times larger than expected for equal concentrations
of AB and ethylene glycol, the AB concentration is estimated to
be cAB(NMR) = 1.58 mmol/L.

from the NMR data compared to ∼ 85 molecules/AuNP from the
UV/Vis data. The latter value is a bit lower than the one for AB-
OC11S-ligands determined in Section 3.2.2 above, reflecting unavoid-
able variations in the synthesis yields and a possible weak depen-
dence on alkyl spacer chain lengths.

3.2.3 photoswitching

For the photoswitching experiments, the AB-functionalized AuNPs
in solution in toluene were irradiated using two light emitting diodes
with emission maxima at λ = 365 nm (NCSU033A, 400 mW) and
λ = 455 nm (NS4C107E, 400 mW), respectively. All measurements
were performed at room temperature.

Photoswitching behaviour of non-aggregating AB-AuNPs

Photoswitching experiments were carried out with light at λ = 365

nm and λ = 455 nm to drive the AB-functionalised NPs from the trans
to the cis and from the cis to the trans states, respectively. The mea-
sured behaviour of a typical sample of AB-OC7S-/C10S-functionali-
sed AuNPs is illustrated in Fig. 3.6. The UV/Vis spectra after selected
times of UV or Vis irradiation and in the respective photostationary
states (PSS365 and PSS455) are displayed in panels A and B, while
panels C and D show plots of the absorbance values at λ = 345 nm in
the ππ∗ absorption band against irradiation time. As can be seen, the
PSS365 (trans-cis isomerisation) is approached quite rapidly, similar
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to the case for the trans-cis photoisomerisation of the free azothiols
in solution. The PSS455 (cis-trans isomerisation) takes longer to reach
due to the much weaker absorption at the latter wavelength in the
nπ∗ band. The photo-induced isomerisation at 455 nm also appears
to be slower because most of the incident light is absorbed by the
AuNPs themselves rather than by the AB ligands. The observed half-
times for approach to the photostationary states are ∼ 20 s (PSS365)
and ∼ 60 s (PSS455). To ensure that the photostationary states were
really reached within experimental errors, and to rule out slower sec-
ondary photo-induced processes, however, the experiments were usu-
ally continued for longer times (up to 20 - 30 min) until the measured
absorbances remained constant. Control measurements with 60 min
irradiation times revealed no further change.
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Figure 3.6: Photoswitching behaviour of AB-OC7S-/C10S-functionalised
AuNPs. A: UV/Vis spectra during irradiation at 365 nm (trans-
cis isomerisation). B: UV/Vis spectra during irradiation at 455
nm (cis-trans isomerisation). C and D: Absorbance values at the
maximum of the ππ∗ absorption band plotted against irradiation
time.

Photoswitching behaviour of aggregating AB-AuNPs

As revealed by Fig. 3.2 in the main paper, AB-functionalised AuNPs
with short alkylthiolate coligands exhibit photoreversible aggregation
when the AB is switched to the cis state. In this case, the measured
UV/Vis spectra show the overall extinction resulting from absorp-
tion and a possible contribution from light scattering. The behaviour
of a typical aggregating sample is shown in Figs. 3.7 A and B for
unstirred and in Figs. 3.7 C and D for stirred conditions. It is appar-
ent that aggregation occurs and is fully photoreversible in both cases.
However, the aggregation process seems to be slower in the stirred
than in the unstirred case. At a given concentration, stirring should
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rather facilitate aggregation than prevent it. In the present case, how-
ever, the measurement under stirred condition has been performed
at ten-fold lower concentration in a cuvette with 10 mm pathlength
than the measurement under unstirred conditions. Thus, the slower
aggregation in the stirred case is fully expected on the grounds of the
lower concentration.
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Figure 3.7: Photoswitching behaviour of AB-OC7S-/C5S-functionalised Au-
NPs under unstirred conditions (A, B) and stirred conditions (C,
D). A and C: extinction spectra during irradiation at 365 nm
(trans-cis isomerisation); B and D: extinction spectra during ir-
radiation at 455 nm (cis-trans isomerisation). The stirred meas-
urements were performed at a ten-fold lower concentration in
a 10 mm cuvette compared to the unstirred measurements per-
formed in a 1 mm cuvette.

Increasing aggregation potential with higher AB surface coverage

Measured UV/Vis extinction spectra (absorption plus possible small
contribution from scattering) of AB-OC7S/C5S-functionalised AuNPs
with increasing number of attached azothiols (NAB) from different
syntheses are given in Fig. 3.8. An increasing strong broadening of the
LSPR absorption feature indicating stronger aggregation with higher
azothiol surface concentration from left to right is immediately recog-
nisable.

Estimation of the trans/cis compositions in the photostationary states

In order to determine the trans/cis compositions in the photostation-
ary states PSS365 and PSS455, the measured UV/Vis spectra of the
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Figure 3.8: UV/Vis extinction spectra of AB-OC7S/C5S-functionalised Au-
NPs with increasing number of attached azothiols (NAB) from
different syntheses. Spectra before irradiation (all-trans): black;
in PSS365 (ABs mostly in cis form): blue; in PSS455 (ABs mostly
back in trans form): red. Each panel shows the recorded spectra
taken during 3 - 5 photoisomerisation cycles plotted on top of
each other to point out that the samples can be switched back
and forth between the two photostationary states reversibly and
highly reproducibly.

respective AB-AuNPs were modeled by the sum of the spectra of the
alkylthiolate NPs and the spectra of trans-AB and cis-AB NPs accord-
ing to

AAB-AuNP = AalkylS-AuNP + xtrans ×Atrans + (1− xtrans)×Acis

using the molar fraction xtrans as adjustable fit parameter. The re-
quired spectrum of the free cis-AB thiol was derived from the spec-
trum in the PSS365 (mostly cis-AB) and the spectrum of the free trans-
AB taking a value for the trans/cis ratio in the PSS365 derived by 1H
NMR spectroscopy.

The evaluation of the trans/cis ratios in the photostationary states is
illustrated by Fig. 3.9. For the example shown, the results are

xtrans = 0.05± 0.02, xcis = 0.95± 0.02 in PSS365

and

xtrans = 0.80± 0.05, xcis = 0.20± 0.05 in PSS455.

3.2.4 thermal lifetimes for cis-ab ligands on aunps

The thermal lifetimes of the cis-azothiols in solution and the cis-azothi-
olate ligands on the AuNPs at room temperature are compiled in
Table 3.1. As shown, the lifetimes of cis-ABs are not significantly al-
tered on the AuNPs compared to AB in solution in case of the two
longer ligand chains. For the shortest linker chain (AB-OC3SH) the
cis-lifetime is reduced to half its value upon attachment to the AuNP.
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τfree AB / h τAB-AuNP / h

AB-OC3SH 28 14

AB-OC7SH 19 17

AB-OC11SH 35 43

Table 3.1: Thermal lifetimes of the investigated cis-AB ligands in solution
and on the AuNP surface.
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Figure 3.9: UV/Vis spectra of AB-OC7S/C10S-functionalised AuNPs before
irradiation (solid black line), in the PSS365 (solid blue line), in
the PSS455 (solid red line) and UV/Vis spectra of decanethiolate-
functionalised NPs (C10S-AuNPs, solid grey line). The dashed
and dotted grey lines (bottom left) show the spectra of free trans-
AB-OC7SH and cis-AB-OC7SH in solution, respectively.
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abstract

We report a direct femtosecond time-resolved transient absorption
study of the photo-induced ultrafast dynamics of trans-azobenzene
(AB) on gold nanoparticles (AuNPs) functionalized with a mixed self-
assembled monolayer (mSAM) of an AB-alkylthiol and n-decanethiol.
The observed spectro-temporal maps of the change in optical den-
sity following excitation at λ = 357 nm were analyzed by using
temperature-dependent Mie theory and by Lorentzian band fitting
to disentangle the ultrafast relaxation of the local surface plasmon re-
sonance (LSPR) excitation of the Au core and the electronic deactiva-
tion and isomerization of the attached AB ligands. The results reveal
a virtual absence of strong coupling between the AB chromophore
and Au core. Very similar cooling dynamics of the LSPR excitation
were observed in the AB-functionalized AuNPs compared to plain
decanethiol-functionalized AuNPs. The excited-state dynamics asso-
ciated with the AB chromophore were substantially slower than the
LSPR relaxation. Separate fits to the transient AB signal yielded life-
time constants of τ1 = 1.2± 0.2 ps and τ2 = 4.7± 1.1 ps. Both results
indicate surprisingly little differences in the electronic deactivation
and isomerization dynamics of the AB ligand on the Au surface vs.
in solution, despite the near resonance in energy between the nπ∗ ex-
cited state of the AB and the AuNP LSPR band, and highlight the ex-
traordinarily efficient electronic decoupling of the azo chromophore
and Au core by the alkyl linker chain in the functionalized NPs.

4.1 results and discussion

Materials with light-responsive surfaces consisting of thin layers of
photochromic molecular switches which can be reversibly intercon-
verted by irradiation at different wavelengths between two isomeric
states with distinct chemical, optical, electrical or magnetical proper-
ties attract huge interest in fundamental and applied sciences alike.
Potential applications range from smart interfaces, sensor technology,
nanoelectronics and information storage via photocatalysis and solar
energy conversion to medical diagnostics and therapy. [1,2] Azoben-
zenes (ABs) arguably constitute the most commonly used photoswit-
ches which are employed to such ends. [3–5] For ABs directly adsorbed
on a metal surface, however, the photoisomerization is strongly re-
duced by substrate-induced quenching. Surface-specific changes of
electronic structure, energy or charge transfer processes between chro-
mophore and metal, as well as steric hindrance are frequently dis-
cussed as major negative factors. [6–10] Strategies to overcome those ob-
stacles have therefore moved to the forefront of active research. Pho-
toswitching can be partially restored, for example, by modification
of the AB with bulky tetra-tert-butyl substituents. [6,7] A flexible alter-
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native approach to surface functionalization employs self-assembled
monolayers (SAMs), in which the AB units are spatially separated
and electronially decoupled from the metal by alkyl chains as lin-
kers between chromophore and substrate. Photoswitchable SAMs of
ω-AB-alkylthiols on Au(111) have been successfully studied by seve-
ral means. [11–15] In densely packed layers on planar surfaces, large-
amplitude structural isomerization is sterically hindered, [13,16] and
excitonic coupling among neighboring AB chromophores in the sur-
face layer may modify the optical properties and adversely affect
the isomerization yields as well. [8,17,18] To avoid those effects, it has
been found advantageous to `̀ dilute´́ the AB switches in mixed azo-
alkylthiolate/alkylthiolate SAMs (mSAMs), [13,18] or to mount them
on platforms to decouple the photochromes from the substrate. [16]

Efficient switching has been achieved using both options, but a quan-
titative perception of the distinct isomerization rates and yields on
metal surfaces is still far away. The difficulty of real-time measure-
ments of ultrafast photoreactions on metals poses a major challenge
in this context.

With the aim to develop a better understanding of the different
factors influencing the photoswitching of azobenzenes on functionali-
zed metal surfaces, this Letter reports first results of a direct time-
resolved investigation of the photo-induced dynamics of trans-AB
in azoalkylthiolate/alkylthiolate mSAMs on gold nanoparticles (Au-
NPs) by femtosecond transient absorption spectroscopy. Helped by
the fact that the surface curvature creates distance between the chro-
mophore units, these AB-AuNPs show excellent photoswitching
yields. [18–23] Moreover, they offer the huge advantage that their dy-
namics can be interrogated in a straightforward manner by a high
sensitivity femtosecond pump–probe spectrometer in colloidal solu-
tion in a conventional liquid flow cell. [24,25] The evaluation of the ob-
tained experimental data builds on the available extensive body of
experimental and theory work on the dynamics of free AB in solu-
tion. [26–30] Parallel to the photo-induced dynamics associated with
the AB chromophore, we account for the ultrafast relaxation of the lo-
cal surface plasmon resonance (LSPR) excitation of the AuNPs [31–34]

using the temperature-dependent Mie theory model as forwarded by
Aruda et al. [35] The excited-state absorption (ESA) signals of the AB li-
gands on our AuNPs encoded in the recorded spectro-temporal maps
of the change (difference) in optical density after UV photoexcitation
are disentangled from the excited LSPR signals in the transient spec-
tra by Lorentzian band fitting. Together, the results underline the ef-
ficient decoupling of the AB chromophore and Au core by the alkyl
linker in the investigated AB-AuNPs as essential factor for the photo-
switching process.

To produce the desired thiolated AuNPs we used amine-stablized
AuNPs synthesized through reduction of HAuCl4 · 3H2O with NaBH4
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in the presence of oleylamine in a ligand exchange procedure with
either pure decanethiol (C10H21SH) or a 1 : 1 mixture of decane-
thiol with the selected azoalkylthiol (AB-OC11H22SH). The two sam-
ples are referred to in the following as C10S-AuNPs and AB-OC11S-
AuNPs (or AB-AuNPs for short), respectively. The associated static
UV/Vis absorption spectra are given in Fig. 4.1A. With core diam-
eters of d ∼ 4.0± 0.8 nm, our AB-AuNPs consist of the order of ∼ 2000
Au atoms and carry ∼ 85− 90 azoalkylthiol and a similar number of
alkylthiol molecules as ligands. A detailed description of the synthe-
ses, the employed spectroscopic characterization procedures and the
general photoswitching behavior can be found in an earlier publica-
tion. [23] Results of a separate time-resolved measurement demonstrat-
ing the ultrafast electronic deactivation and isomerization of the free
azoligand molecules in solution after 357 nm excitation are given in
Fig. 4.5 in the Supporting Information (SI) for reference.

Our setup for femtosecond time-resolved transient absorption meas-
urements has also been described previously. [24] All samples were
measured in solution in toluene in a flow cell with 1 mm optical
pathlength. The applied λ = 357 nm excitation pulses were provided
by a home-built non-collinear optical parametric amplifier equipped
with a prism pulse compressor and a frequency doubling crystal.
White-light pulses for broadband detection were generated in a CaF2
plate, split into probe and reference beam, sent through a prism spec-
trograph and detected using fast frame-transfer CCD cameras. Both
AuNP samples used in back-to-back experiments had similar concen-
trations (cf. Fig. 4.1A) and came from the same batch of aminated
AuNPs to ensure the same particle size distribution.

The measured transient difference absorption spectra of the decane-
thiolate-functionalized AuNPs and the AB-OC11SH/C10SH-functio-
nalized AuNPs after photoexcitation at λ = 357 nm are depicted in
Fig. 4.1 B and C. At the employed pump wavelength, both the AuNP
core and the ππ∗ band of the AB ligands are excited at a ratio of
roughly ∼ 68 to 32 % (see Fig. 4.1A), respectively, if coupling between
the core and ligands can be neglected. [23] As can be seen, the tran-
sient difference spectra of both AuNP samples show three prominent
features: A strong transient bleach observed at the center wavelength
of the LSPR band is accompanied by two positive transients to the
blue and red. This characteristic spectral shape with negative center
and positive wings in the transient difference spectra is well under-
stood in principle as a consequence of the strong broadening of the
AuNP LSPR absorption band upon photoexcitation, [36] whereby the
intensity is redistributed by the sudden jump of the Au electron tem-
perature from the band center into the wings. The explanation of the
observed transient AuNP difference spectra thus differs from the nor-
mal case of ground-state bleach (GSB) and excited-state absorption
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Figure 4.1: A: Static UV/Vis absorption spectra of the investigated C10S-
AuNPs (black), AB-OC11S-AuNPs (blue) and free AB-OC11SH
(red) in solution in toluene at 1 mm optical pathlength. The
357 nm excitation wavelength used in the femtosecond time-
resolved experiments is marked by the dotted black line. The
free AB-OC11SH spectrum has been scaled to match the differ-
ence between the AB-OC11S-AuNP and C10S-AuNP spectra. B
and C: Measured transient difference absorption spectra of the
investigated C10S-AuNP and AB-OC11S-AuNP samples, respec-
tively, at selected pump-probe delay times after excitation at
λ = 357 nm.

(ESA) features of photoexcited azobenzene or other molecular chro-
mophores.

On comparison, the spectra for the two AuNP samples in Fig. 4.1 B
and C display small, but important differences. First, the AB-AuNPs
exhibit a weaker central LSPR bleach, whereas the absorptions to the
blue and red are of similar intensity for both samples. Second, al-
though direct ESA signatures by the azoligands are barely visible at
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first glance, the closer analysis in the following clearly uncovers their
contributions.

The transient spectral features associated with the LSPR excitations
in Figs. 4.1B and 4.1C were first evaluated using the temperature-
dependent Mie theory fitting model of Aruda et al. [35] The essentials
of the model and its application are described in the SI (Section 4.2.2).
The fits to our transient difference spectra are displayed in panels A
and B of Fig. 4.2. As can be seen, the center bleach signals are well
described, but the positive wings cannot be modeled as accurately. [35]

The electron temperatures Te provided by the fits are plotted as func-
tion of time after excitation for both AuNP systems in Figs. 4.2C and
D. The observed decay curves thus visualize the ensuing ultrafast
electron cooling dynamics, which we assume to proceed by electron-
phonon (e–ph) scattering: [31,34,35]
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Figure 4.2: A and B: Transient spectra of the investigated AuNP samples
(gray lines) overlaid with the respective temperature-dependent
Mie theory fits (dashed red lines) at selected delay times. C and
D: Electronic temperatures of the samples determined by the Mie
theory fits as function of time (open circles) and fitted exponen-
tial cooling curves (solid red curves). Data at < 0.76 ps were
omitted to avoid distortion of the fits due to incomplete subtrac-
tion of the toluene solvent signal.

Possessing a very high temperature of ∼ 2800 K at the first pump–
probe delay time (∆t = 0.76 ps), the plain alkylthiolated AuNPs are
seen to cool down rapidly (in < 10 ps) following an exponential rate
law within experimental errors with a lifetime constant of

τe-ph(AuNP) = 2.3± 0.1 ps
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to reach a (transient) electron-phonon equilibrium temperature within
the NP system. A very minor secondary component with fixed decay
constant of τ = 11 ps was added to improve the quality of the fit at
longer delay times, where the much slower phonon-solvent equilibra-
tion comes into play.

The temperature-time profile for our AB-AuNPs starts with nearly
the same initial temperature and is described by a fast initial decay
time constant of

τe-ph(AB-AuNP) = 2.0± 0.3 ps,

indicating very similar electron cooling dynamics in both AuNP sys-
tems. The larger error limit of the AB-AuNP value only results be-
cause of the larger uncertainties of the electron temperature data
points. Additionally, as evident, a secondary time constant of τ =

26 ± 15 ps is needed for an adequate description of the time pro-
file. As discussed below, however, this value and the apparent 500 K
`̀ final´́ temperature in Fig. 4.2D at ∆t = 15 ps, where our analysis
ended, have to be considered with considerable caution.

Based on the reference measurement for the free azothiol in so-
lution (cf. Fig. S1), an excited-state absorption band associated with
the AB photochromes in the ligand shell of our AB-AuNPs should
show up in the transient spectra at probe wavelengths between ∼ 375

to 450 nm. The relatively weak AB ESA is partially obscured by the
intense LSPR features at short pump–probe delay times, but is un-
ambiguously identified as a characteristic absorption band at longer
times as illustrated in Fig. 4.3. Shown in the Figure are larger plots of
our transient spectra from Fig. 4.1C at four selected delay times after
excitation which clearly display the weak AB ESA band with only a
slight peak shift to λ = 415 nm on the AuNPs. Moreover, the spectra
indicate that the excited-state lifetime of the AB photochrome on the
AuNPs is significantly longer than the lifetime of the LSPR excitation.
The AB band is visible in the transient spectra from the beginning
(Fig. 4.3A), becomes more prominent at later delay times (Figs. 4.3B,
C), and is still visible, when the blue LSPR wing has virtually disap-
peared (Fig. 4.3D).

The associated dynamics were analyzed in the following by Loren-
tzian peak fitting. For enhanced flexibility, we used three Lorentzians
to describe the LSPR features plus an additional fourth Lorentzian
to model the AB ESA band. The excellent spectral fits are displayed
for our AB-AuNPs at the chosen delay times in Fig. 4.3 (and with
the individual Lorentzians in Fig. 4.7). Similar fits for the plain al-
kylthiolated AuNPs can be found in Fig. 4.8. The resulting temporal
dynamics of the excitations of the Au core and the AB ligands are
revealed by the plots of the respective amplitudes vs. time in Fig.
4.4. Accordingly, the three Lorentzian bands describing the Au core
excitation decay with a common time constant within experimental
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Figure 4.3: Transient spectra of the measured AB-AuNPs together with the
fitted spectra at selected delay times (A: ∆t = 0.94 ps, B: 2.5 ps,
C: 4.7 ps, D: 7.4 ps). The measured spectra are shown in black,
the fitted bands describing the LSPR dynamics in gray, the fitted
band describing the AB ESA dynamics in red, and the overall fits
(sum of LSPR and AB fits) are given by the blue lines. For clarity,
the gray line gives only the sum of the three LSPR Lorentzians,
a plot with the individual Lorentzians is given in Fig. 4.9.

errors of τLSPR(AB-AuNP) = 1.5 ± 0.2 ps (cf. Fig. 4.9). In contrast,
the excited-state absorption assigned to the AB ligands decays in a
bi-exponential fashion, with time constants of

τ1(AB-AuNP) = 1.2± 0.2 ps,

τ2(AB-AuNP) = 4.7± 1.1 ps,

close to those for the free azothiol in solution (τ1(AB) = 2.0± 0.1 ps,
τ2(AB) = 5.1± 0.4 ps; see Fig. S1).

The above results showcase the ensuing dynamics of the investi-
gated alkylthiolate- and azoalkylthiolate-functionalized gold nanopar-
ticles in the first ∼ 0.7 to 10 ps after excitation at λ = 357 nm. The
UV light at this wavelength induces inter-band transitions in the Au
metallic core, by which bound electrons from the d (conduction) band
are projected into the sp (valence) band above the Fermi level. [34,37] At
the same time, azobenzenes in the ligand shell around the function-
alized NPs are promoted to their ππ∗ (S2) excited electronic state. A
rough estimate based on the AuNP concentration and size and the
employed excitation laser pulse power gives a number of on aver-
age ∼ 5 absorbed photons per NP. For the AB-AuNPs, judged from
the UV spectrum (Fig. 4.1A), and neglecting possible coupling, this
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Figure 4.4: Decay profiles of the AB ESA (red) and the LSPR excitation (gray)
at λprobe = 415 nm extracted from the Lorentzian fits.

amounts to ∼ 1.6 excited azobenzenes per NP (and corresponding
∼ 3.4 photons absorbed by the Au core).

The excitation of the Au core results in a sudden jump of the elec-
tron temperature. Ultrafast dephasing (. 10 fs) and electron–electron
(e–e) scattering in roughly ∼ 100 fs give a hot electron distribution
with temperature Te well above 3000 K, depending on the number of
absorbed photons. [34] Aruda et al. [35] hinted at an e–e scattering re-
laxation time of 300 fs for alkylthiolated AuNPs very similar to ours.
Based on those results, we assume e–e scattering to be completed
before the beginning of our data analysis at ∆t = 0.76 ps. Our tran-
sient spectra after 357 nm photoexcitation thus reflect the relaxation
of the excited hot electron distribution of the AuNPs in the subse-
quent ∼ 10 ps by electron–phonon (e–ph) scattering. On a comparable
timescale, we also encounter the electronic deactivation and isomer-
ization dynamics of the azobenzene ligands. Much slower relaxation
processes on the ∼ 10− 100 ps timescale, where the Au lattice and lig-
and vibrations equilibrate with the bulk solvent by phonon–phonon
(ph–ph) scattering and heat transfer are left aside in this Letter.

Considering the alkylthiolated AuNPs, the temperature-dependent
Mie theory fits in Fig. 4.2 indicate a hot electron temperature of
Te ∼ 2800 K at the shortest (∆t = 0.76 ps) pump-probe delay time.
Extrapolating the observed cooling curve, we estimate an initial elec-
tron temperature of Te ∼ 3900 K at t = 0. For the AB-AuNPs, we
expect a significantly lower initial electron temperature due to the
smaller number of absorbed UV photons (∼ 3.4 vs. 5 photons on
average) by the Au core. The weaker central LSPR bleach signal in
the respective transient difference spectra (Fig. 4.2) is consistent with
this assumption, but the intense positive wings to the red and blue
are not. The respective Mie theory band fits indeed give almost the
same electron temperature at the first data point and suggest an only
marginally lower initial electron temperature after the pump pulse of
Te ∼ 3600 K. This observation is taken as a hint for an energy transfer
process from the ππ∗ excited AB ligands to the Au core during the
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excitation laser pulse. Several factors discussed in the literature [38,39]

come to mind, although the details are not yet entirely clear. First,
the absorption can be significantly enhanced by a locally increased
electric field around the plasmonic system, leading to an increase in
absorption cross section. Second, the ππ∗ (resp. nπ∗) excited AB mol-
ecules in the ligand shell may suffer energy transfer into the sp (va-
lence) band of the Au core. Last but not least, the electronic structure
of the ligand chromophores may by modified by fast core-to-ligand
charge transfer within the duration of the pump pulse. The respec-
tive contributions depend on the applied exitation wavelength. [40] All
three effects must be small in our AB-AuNP system in view of the ob-
served efficient and reversible trans–cis photoisomerization observed
in our static photoswitching experiments, [23] but not necessarily negli-
gible. In an independent study of similar AuNPs functionalized with
the push–pull azobenzene Disperse Red 1 (DR-1), we found evidence
for very sizable core-to-ligand energy and charge transfer during the
excitation pulse (see Chapter 5).

It has often been discussed whether ligands can influence the re-
laxation of the metal core of nanoparticles. If their electronic states
participate in the cooling, the electronic heat capacity of the system
becomes dependent on the density of electronic states near the Fermi
level. [32,41] The ligands then act as a reservoir that slowly releases
its temporarily stored energy to the Au core. The build-up of the
hot electron distribution via e–e scattering is retarded, and the over-
all cooling via e–ph scattering gets slowed down as well. Such a view
has recently been confirmed by Aruda et al., who detected substantial
differences in the dynamics between aminated and thiolated AuNPs
of similar size as ours. [35] We emphasize here that the Mie theory fit
results for our alkylthiolated and azoalkylthiolated AuNPs are virtu-
ally identical with those of Aruda et al. [35] within experimental errors.
A comparison between our AB-AuNPs and similar AuNPs carrying a
naphthol or phenanthrol instead of the azobenzene showed little dif-
ference, however, which strongly indicates that only the sulfur atoms
directly on the Au surface are of importance, whereas the distant
large aromatic groups play little role because they are sufficiently in-
sulated electronically by the alkyl spacer (see Chapter 6). In any case,
the cooling dynamics by e–ph scattering of the hot electron distribu-
tions of both our AuNP systems are very similar to each other. The
respective hot electron lifetimes of τe-ph(AuNP) = 2.3± 0.1 ps and
τe-ph(AB-AuNP) = 2.0± 0.3 ps support the conclusion that the elec-
tronic states of the AB moiety do not strongly affect the dynamics in
the Au core.

A quick estimate of the lattice temperature after completion of the
e–ph relaxation gives a value of ∆T ∼ 35 K above room temperature.
This value appears to be approached within experimental errors in
the case of our alkylthiolated AuNPs, but the temperature-time pro-
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file for the AB-AuNPs indicates a significantly higher `̀ final´́ temper-
ature. However, this has only been observed with azobenzene ligands,
not with the large naphthol or phenanthrol ligands (see Chapter 6).
Thus, the effect is considered as an artifact that results perhaps from
a `̀ contamination´́ of the transient spectra in the LSPR range by the
weak nπ∗ absorption band of cis-azobenzene photoproducts. The as-
sociated (very uncertain) τ = 26± 15 ps value goes beyond the time-
scale of interest in this work anyway. As mentioned, the slow eventual
equilibration with the bath (solvent) by ph–ph scattering and heat
transfer on the 10− 100 ps timescale [34] is not investigated here.

The ultrafast dynamics of plain AB after ππ∗ excitation in solu-
tion are well known. [26,42] The initially excited S2 state rapidly de-
cays to the S1 (nπ∗) state via a conical intersection (CoIn) within
τ1 ∼ 100 fs. The isomerization and radiationless deactivation to the
S0 state take place from the S1 state. For plain AB, time constants
of τ2 ∼ 500 fs and τ3 ∼ 3 ps have been found, which are gener-
ally attributed to the departure of the excited wavepacket from the
Franck-Condon (FC) region and the transition through the CoIn, re-
spectively. [26] Slower vibrational cooling of the `̀ hot´́ ground-state
molecules follows with τ4 ∼ 10 − 20 ps depending on the solvent.
Quite similar dynamics have been identified in several substituted
ABs, e.g. 4-butyl-4’-methoxyazobenzene, [43] 4-aminoazobenzene, [44]

or the push–pull derivative DR-1. [45] The present measurements of the
free AB-OC11SH azoligand in toluene after ππ∗ excitation at 357 nm
gave slightly longer excited-state lifetimes (τ1(AB) = 2.0 ± 0.1 ps,
τ2(AB) = 5.1± 0.4 ps; see SI), but can be interpreted in a similar way.
The ultrafast S2 → S1 relaxation was not resolved, but presumably
remains as the first step.

The identification of the weak excited-state absorption signature
associated with the azobenzene in the ligand shell of the AuNPs re-
quired an extraordinarily careful examination of the measured tran-
sient difference spectra after photoexcitation. The characteristic ESA
band near ∼ 400 nm was uncovered only by the performed Loren-
tzian band fitting analysis, but clearly established without ambigu-
ity. Following the spectral fits, the lifetime of the electronically ex-
cited AB photochromes in the AuNP ligand shell was obtained from
the amplitude-time profile of the ESA band. The obtained lifetimes,
τ1(AB-AuNP) = 1.2 ± 0.2 ps and τ2(AB-AuNP) = 4.7 ± 1.1 ps, re-
semble the ones for the free azoligand in solution (2.0 ± 0.1 resp.
5.1± 0.4 ps). The apparent shortening of τ1 on the AuNPs by 40 %
may hint at a decay contribution by an additional decay mechanism
such as energy transfer to the AuNP LSPR, but this process cannot
play a strong role. Time constant τ1 is usually attributed to the motion
of the wavepacket away from the Franck-Condon region, and this mo-
tion may be modified by the more rigid environment on the NPs. The
amplitude-weighted mean lifetimes of 〈τAB,AuNP〉 = 2.3± 0.5 ps for
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the AB-AuNP system vs.
〈
τAB,tol.

〉
= 2.7± 0.2 ps in toluene solution

are the same within the accuracy of our experiments. The lifetime be-
longing to the LSPR excitation determined from the Lorentzian band
analysis (τLSPR(AB-AuNP) = 1.5± 0.2 ps) appears somewhat smaller
than the value indicated by the Mie theory fit, but this probably re-
flects the limited accuracy of the Mie theory model and the purely
phenomenological nature of the Lorentzian peak fits alike. In any
case, our results clearly indicate an efficient electronic decoupling of
the AB photochrome and the Au metal core by the long (C11) alkyl
linker chain used in this study at least after the first ∼ 500 fs after the
excitation laser pulse.

A major question that has to be left unanswered at present is that
for the trans-to-cis isomerization quantum yield of the AB ligands on
the AuNPs. The measured transient difference spectra for our sample
show only a very weak and noisy negative feature at probe wave-
lengths around 370 nm, where a permanent bleach of the absorp-
tion by the trans isomer due to the isomerization is expected (cf. Figs.
4.3 and 4.5). As those features are too faint to be analyzed, we have
no quantitative time-resolved confirmation of trans-to-cis isomeriza-
tion after excitation at this time. However, our static measurements
described earlier [23] do show efficient product formation after irra-
diation of AB-AuNPs in toluene at λ = 365 nm. The discrepancy
between both experiments is explained by the much longer irradia-
tion times and therefore higher turnover in the static compared to the
present time-resolved measurements. Experimentally observed lower
efficiencies of AB photoisomerization in mSAMs on AuNPs are likely
explained mostly by the competing absorptions by the photochrome
and the AuNP core at the employed wavelengths. The photoswitch-
ing yield is adversely affected by increasing the AuNP size through
the less favorable surface-to-volume ratio and through the increasing
absorption cross section of the LPSR band. Experiments using op-
timized, smaller AB-AuNP samples are presently underway in our
laboratory to detect the formation of cis-AB photoproducts with full
time-resolution.

In conclusion, we have investigated the photo-induced excited-state
dynamics of trans-azobenzene (AB) on gold nanoparticles (AuNPs)
functionalized with a mixed self-assembled monolayer (mSAM) of
an ω-azobenzene-alkylthiol and decanethiol using femtosecond time-
resolved transient absorption spectroscopy. The dynamics of the AB
ligands were extracted from the measured transient spectra by Lo-
rentzian band fitting. The results reveal almost unchanged behavior
compared to the free azobenzene in solution. To the best of our know-
ledge, these results represent the first direct observation of the ultra-
fast dynamics of a molecular switch on AuNPs. Further, the transient
absorption spectra were fitted with a temperature-dependent Mie
theory model to examine the influence of the ligands on the local sur-
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face plasmon resonance (LSPR) relaxation dynamics. The data indi-
cate that the hot electron cooling dynamics by electron–phonon scat-
tering in the AB-functionalized and in the plain decanethiol-function-
alized AuNPs are practically the same. All results together show
quantitatively that – at least after the first ∼ 500 fs after the excita-
tion laser pulse – the alkyl linker chain efficiently decouples the pho-
tochrome and the metallic Au core electronically, while the surface
curvature of the NPs prevents possible steric hindrance during the
isomerization. Both effects are decisive for the excellent photoswitch-
ing properties of these AB-AuNPs.
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4.2 electronic supplementary information

4.2.1 transient absorption data for ab-oc11sh

in toluene solution

Figure 4.5 A shows the measured transient spectra of the free trans-
azobenzene ligand AB-OC11SH in toluene solution. The most intense
ESA band peaks at λprobe = 405 nm. Only weak bands can be seen in
the red part of the spectrum. The negative feature at λprobe ≈ 370 nm
is attributed to the formation of the cis-AB photoproduct, which ex-
hibits a much weaker absorption at this wavelength than the trans-AB
isomer. The corresponding decay curve of the 405 nm ESA band as
function of time is given in Fig. 4.5B. As can be seen, the experimen-
tal data are well described by a sum of two exponentials with time
constants

τ1(AB-OC11SH) = 2.0± 0.1 ps

and
τ2(AB-OC11SH) = 5.1± 0.4 ps.
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Figure 4.5: A) Measured transient absorption spectra of AB-OC11SH in tolu-

ene solution at different delay times after excitation at λ =
357 nm. The intense ESA band in the near-UV peaks at λ =
405 nm, all other contributions to the transient spectra are much
weaker. B) Experimental time profile at λ = 405 nm (open cir-
cles) together with the associated least-squares fit curves and the
obtained decay time constants.
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4.2.2 temperature-dependent mie theory

The measured transient spectra of the functionalized AuNPs in the
window between 450 and 650 nm around the LSPR band were ana-
lyzed using the temperature-dependent Mie theory model according
to Aruda et al.[4.S1]

Mie Theory Fit Model

In short, the complex dielectric function of the AuNPs is composed
of contributions from the free electrons (intra-band transitions) and
the bound electrons (inter-band transitions). The dielectric function
of the free electrons is given by the Drude model,

εfree(ω, Te) = 1−
ω2P

ω2 + iγfreeω

with ωP being the plasma frequency of gold. The dielectric function
of the bound electrons is described by

εbound(ω, Te) = Qbulk

∫∞
ωg

√
x−ωg

x
[1− F(x, Te)]

×
(x2 −ω2 + γ2bound + i2ωγbound)

(x2 −ω2 + γ2bound)
2 + 4ω2γ2bound

dx

with F(x, Te) being the Fermi distribution, ωg the gap energy of gold
and Qbulk a constant determining the contribution of the bound elec-
trons to the overall dielectric function. The values used in the fitting
procedure are given in Table 4.1 and were determined by Scaffardi et
al.[4.S2]

Table 4.1: Parameters used in the temperature-dependent Mie theory model
fit. Qbulk is a constant determining the contribution of bound elec-
trons to ε(Te), ωP is the plasma frequency, EF is the Fermi energy,
Eg is the gap energy of gold.

Parameter value

Qbulk 1.3 · 1024

ωP 13 · 1015 Hz
EF 2.5 eV
Eg 2.1 eV

The sum of both contributions then enters into the absorption cross
section of the AuNPs,

Qabs = C
a
λ

ε′′(Te)

ε′′(Te)2 + (ε′(Te) + 2εm)2
,
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where ε′(Te) and ε′′(Te) are the real and imaginary parts of ε(Te), re-
spectively, εm is the dielectric constant of the medium, a is the radius
of the NPs, and C is a constant. The fit parameters obtained are the
width parameters of the intra-band and inter-band transitions, γfree

and γbound, and the electronic temperature Te.

Fit Results

Figures 4.6 A and B display the static UV/Vis absorption spectra of
both AuNP samples measured at room temperature together with
fits to the experimental spectra by the Mie theory model. The spec-
tral shape of the LSPR band is very nicely reproduced by the fits in
both cases. To obtain this level of agreement, the dielectric constant
of the medium was set to εm = 2.1 instead of the standard literature
value of 2.38 for toluene.[4.S3] The small adjustment is justified by the
different local environment of the AuNP core carrying an alkylthiol
or AB-alkylthiol shell on the surface compared to `̀ naked´́ AuNPs
in toluene solvent. Fits to the spectra with a value of εm = 2.38 sig-
nificantly underestimated the absorption cross section in the UV, and
slightly overestimated the absorption cross section in the red.
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Figure 4.6: A and B: Experimental absorption spectra of the C10S-AuNP and
AB-OC11S-AuNP samples (black) and the respective fitted spec-
tra determined by the Mie theory model for Te = 298 K (red
lines). C and D: Comparison of the spectra at ∆t = 0.76 ps af-
ter exitation (red), obtained by the temperature-dependent Mie
theory fits to the experimental transient difference spectra at
∆t = 0.76 ps, with fitted electron temperatures of Te = 2846 K
resp. 2770 K, to the static (Te = 298 K) UV/Vis spectra (black) for
both AuNP samples.

The values for the width parameters γbound and γfree determined
from the fits to the 298 K static spectra were then used in the following
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for the fitting analysis of the transient absorption spectra (see main
paper). Both γbound and γfree could be determined with very high
numerical precision for each sample, but the physical meaning of the
small difference between the results for the two samples is restricted
by the accuracy of the model. The average values of

γbound ≈ 5.05× 1014 Hz

and
γfree ≈ 1.08× 1015 Hz

however agree well with the results of Aruda et al.[4.S1] for alkyl-
thiolated AuNPs (who also reported a substantially different γfree for
aminated AuNPs) and reflect the femtosecond time scale of the asso-
ciated e-e damping processes.

The applied 357 nm femtosecond laser excitation pulses heat the
electrons in the conduction band of the AuNPs to temperatures in the
Te = 3600 to 3900 K range. Under these conditions, the LSPR bands
are strongly broadened compared to the unexcited (298 K) NPs. The
large effect of the high electron temperatures is illustrated in Figs.
4.6 C and D, which depict the simulated absorption spectra (red) of
our two AuNP samples for Te = 2848 K and 2766 K, respectively,
compared to the spectra of the unexcited NPs (298 K, black).2 Thus,
since simple subtraction of the 298 K spectra from the simulated high
Te spectra then yields the transient difference spectra, as are experi-
mentally observed by the femtosecond difference measurements, the
electron temperatures of the `̀ hot´́ AuNPs as function of time after
excitation were determined by least-squares fitting of the simulated
difference spectra to the experimental difference spectra (see main
paper).

2 Note that the two Te values are the ones determined by the temperature dependent
Mie theory fits to the transient difference spectra at the earliest experimental delay
time (∆t = 0.76 ps).
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4.2.3 lorentzian band fits

The transient absorption spectra of AB-AuNP and C10S-AuNP were
analyzed by Lorentzian peak fitting as shown in Figs. 4.7 and 4.8, re-
spectively. Three bands were used for both AuNP samples to describe
the dynamics of the Au core. An additional Lorentzian was needed
for fitting the AB ESA band of the AB-AuNP sample.
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Figure 4.7: Transient absorption spectra of AB-AuNPs with the respective
Lorentzian fits at different pump–probe delay times (A: ∆t =
0.94 ps, B: 2.5 ps, C: 4.7 ps, D: 7.4 ps). The measured transient
spectra are shown in black, the fits describing the LSPR contribu-
tions in gray, the Lorentzian describing the AB ESA contribution
in red, and the overall fit in blue.

The time profiles for the three Au core bands with their fitted ex-
ponential decay curves and time constants are shown in Fig. 4.9. All
three bands decay with nearly the same time constant in ∼ 1.5 ps. The
slower decay of the AB ESA can clearly be separated from the Au
core contributions.
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Figure 4.8: Transient absorption spectra of C10S-AuNPs with the respec-
tive Lorentzian fits at different pump–probe delay times (A:
∆t = 0.94 ps, B: 2.5 ps, C: 4.7 ps, D: 7.4 ps). The measured tran-
sient spectra are shown in black, the fits describing the LSPR
contributions in gray and the overall fit in blue.
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Figure 4.9: Time profiles of the three Lorentzians used to fit the transient

absorption bands of the Au core in C10S-AuNP (left) and AB-
AuNP spectra (right). L1 describes the band centered at 460 nm,
L2 the negative band at 510 nm and L3 the band in the visible
centered around 600 nm. All three bands decay with nearly the
same time constant in ∼ 1.5 ps.
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5
F E M T O S E C O N D T R A N S I E N T A B S O R P T I O N
S P E C T R O S C O P Y O N D I S P E R S E R E D 1 -
F U N C T I O N A L I Z E D G O L D N A N O PA RT I C L E S

5.1 introduction

Functionalized gold nanoparticles (AuNPs) have become important
for applications in a large number of fields ranging from optics and
data storage over imaging techniques, [1–5] sensors, [4,6–8] and material
science [1,9–11] to medical diagnostics and drug delivery. [1,3,4,12–14] A
combination of the unique optical, chemical, physical and magnetic
properties of AuNPs with photoresponsive molecular switches offers
new ways toward the development of light-controlled smart materi-
als.

Coupling between AuNP and ligands is widely discussed in the
literature and known to influence the optical properties of these hy-
brid systems. The attachment of ligands changes the absorption cross
section of AuNPs and can enhance or dampen the localized surface
plasmon resonance (LSPR) as well as shift its position. [1,15–20] The
LSPR is not only very sensitive to changes in the electronic structure
of the AuNP, it can also couple resonantly with close-lying absorp-
tion bands of ligands that are attached to the AuNP. [21–24] Electronic
coupling between organic molecules and metals is known to change
the radiative decay rates and the excited state lifetimes of the chro-
mophore significantly. [25–27] In most cases, the metal quenches the
excited state of the chromophore via energy or charge transfer (CT)
from the ligand to the AuNP, which can often be observed through
reduced fluorescence intensities or complete quenching of the emis-
sion. [25,28–30] Under optimized conditions, however, enhancement of
the fluorescence has been observed as well. [31,32] The type of interac-
tion that is found in the chromophore-NP hybrid system depends on
a number of different facotrs, e.g. the NP size, the chromophore-NP
distance, the orientation of the chromophore relative to the surface
and the packing of the chromophores on the NP.

Azobenzene-functionalized AuNPs are widely used as model sys-
tems for photoswitchable AuNPs and to investigate the photophys-
ical behaviour of molecular switches in self-assembled monolayers
(SAMs) and the induced changes in AuNP properties. [33–40] While the
ultrafast dynamics of azobenzene (AB) and its derivatives have been
investigated in solution [41–44] and more restricted environments such
as polymer colloids, [45] thin polymer films, [46,47] and on flat quartz
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surfaces, [47] no literature on the dynamics in proximity to AuNPs is
available at the moment.

To shed some light on the photo-induced dynamics of photorespon-
sive chromophore-functionalized AuNPs, we functionalized small Au-
NPs (∼ 4 nm) with SAMs of decanethiol (C10SH) and mixed self-
assembled monolayers (mSAMs) of decanethiol and a Disperse Red 1
derivative (DR1-C3SH) shown in Figure 5.1 and investigated the ultra-
fast dynamics using femtosecond time-resolved transient absorption
spectroscopy.

DR1-C3SH

SH

N
N

NO2

N
O SH

C10SH

Figure 5.1: The chemical structures of thiol-functionalized Disperse Red 1
(DR1-C3SH) and decanethiol (C10SH).

The push-pull substituted AB Disperse Red 1 (DR-1) possesses a
large absorption cross section, making simultaneous excitation of lig-
and and AuNP possible even at low dye concentrations. Further-
more, the enormous transient absorption signals of DR-1 should al-
low for identification of ligand related signals in the presence of the
strong LSPR signals. [43] The recorded transient spectra reveal large
changes in signal intensity when plain decanethiol-functionalized Au-
NPs (C10SAuNPs) are compared with DR-1-functionalized AuNPs
(DR1-C3SAuNPs). A possible explanation for the effect could be a
charge transfer from the AuNP core to the excited DR-1 ligand.

5.2 experimental section

materials

The thiol-functionalized Disperse Red 1 was synthesized by Grace
Suana in the Institute of Organic Chemistry (University of Kiel) in
the research group of Prof. Herges. Decanethiol was purchased from
Aldrich and used without further purification. Oleylamine-stabilized
gold nanoparticles (AuNPs) with a diameter of ∼ 4 nm were synthe-
sized through reduction of HAuCl4 · 3 H2O with NaBH4 in the pres-
ence of oleylamine and methanol in toluene solution. The obtained
AuNPs were then used in a ligand exchange procedure to produce
AuNPs functionalized with SAMs of C10SH resp. a mSAM of C10SH
and DR1-C3SAuNPs. The purity of the AuNP samples was checked
by UV/Vis and 1H NMR spectroscopy. A detailed description of the
synthesis and characterization of the AuNPs can be found in an ear-
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lier publication. [39] To ensure the same particle size distribution, all
samples came from the same batch of aminated AuNPs.

femtosecond transient absorption measurements

For femtosecond transient absorption measurements an excitation
wavelength of λ = 467 nm (focus size: 600µm, 250 nJ) was used.
The complete experimental setup has been described in the litera-
ture. [48,49] In short, a Ti:Sa laser delivered 150 fs pulses with a center
wavelength of λ = 775 nm at a repetition rate of 1 kHz. The laser
fundamental was split into pump and probe, the excitation pulses
were generated in a NOPA and compressed to a temporal width of
≈ 45 fs in a prism compressor. The probe beam was focused into
a CaF2 plate to generate whitelight pulses for broadband detection.
They were split into probe and reference and focused into the sample
cell, where the probe pulses were overlapped with the pump pulses.
Probe and reference pulses were detected after passing a prism spec-
trograph with two FFT-CCD cameras. The samples were measured in
solution in toluene at optical densities between 0.5 and 0.8 in a flow
cell of 1 mm pathlength. All samples have been measured directly
one after another under the same conditions to ensure comparabil-
ity of all data. The obtained spectro-temporal maps were corrected
for solvent signals. Spectroscopically pure toluene was used for all
measurements.

5.3 results

static absorption measurements

The static absorption spectra of C10SAuNPs, free DR-1, and DR1-
C3SAuNPs are depicted in Figure 5.2. The time-resolved measure-
ments after excitation at λ = 467 nm were performed at the optical
densities shown in Figure 5.2a, the excitation wavelength is indicated
by the vertical dashed line.

From the static absorption spectra the number of DR-1 molecules
per NP can be calculated. In Figure 5.2b the spectrum of C10SAuNP
(dashed black) has been scaled to match the absorbance of the DR1-
C3SAuNP sample (red) at λ = 355 nm. The difference of both spectra
then represents the pure DR-1 absorbance in the DR1-C3SAuNP sam-
ple. The DR-1 absorption spectrum (dark grey) calculated in this way
has a maximum absorbance of ∆ADR1 = 0.184. With the DR-1 extinc-
tion coefficient of εDR1 = 3.6 · 105 L ·mol−1 · cm−1 and the extinction
coefficient of 4 nm AuNPs, εAuNPs = 4.58 · 106 L ·mol−1 · cm−1, the
pure DR-1 absorbance corresponds to ∼ 45 DR-1 ligands per AuNP.
Figure 5.2b also shows a direct comparison of the calculated DR-1
absorbance on the AuNPs (dark gray) and the measured DR-1 ab-
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Figure 5.2: a) The static absorption spectra of DR1-C3SAuNPs (red),
C10SAuNPs (black), and DR-1 (blue) as measured directly after
the time-resolved measurements. The vertical dashed line shows
the excitation wavelength λex = 467 nm. b) The static absorp-
tion spectrum of C10SAuNPs (dashed black) was multiplied by
a factor of 1.12 to match the absorbance of DR1-C3SAuNPs (red)
at λ = 355 nm. The difference of both spectra (dark gray) cor-
responds to the pure DR-1 absorption on the DR1-C3SAuNPs.
Compared to DR-1 in solution (blue), the absorbance on the Au-
NPs is blue-shifted by 10 nm.

sorbance in solution (blue). Both spectra have similar shapes. How-
ever, the DR-1 absorbance on the AuNPs is blue-shifted by ∼ 10 nm.

femtosecond transient absorption measurements

The transient absorption spectra of C10SAuNPs, DR1-C3SAuNPs, and
DR-1 at different delay times after excitation at λex = 467 nm are
shown in Figure 5.3a-c. Due to residual scattered light the grey shaded
spectral range around the excitation wavelength cannot be analyzed.
The transient spectra are shown in the wavelength range of λ =

350 − 750 nm. The signal maximum is reached at a delay time of
∆t = 0.37 ps, shown in blue for all three samples. The temporal evo-
lution thereafter can be observed with the help of spectra at selected
later delay times, which are shown in grey here. The same delay times
are given for all three samples. The spectra at the latest given time
(∆t = 96 ps for the AuNP spectra respectively ∆t = 1425 ps for DR-1)
are shown in red.

The transient spectra of C10SAuNPs (Figure 5.3a) show a strong
bleach at the position of the LSPR (λ = 480− 600 nm), a positive band
at shorter wavelengths (λ = 380− 450 nm), and two overlapping posi-
tive bands at longer wavelengths (λ = 600− 750). The spectral shape
with these three distinct spectral regions is typical for spherical Au-
NPs and has frequently been reported in the literature. [50–52] It arises
from the broadening and damping of the LSPR at higher electronic
temperatures after the AuNPs have been excited. For the C10SAuNPs,
all signals decay quickly within ∼ 10 ps, very little change is observed
afterwards.
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Figure 5.3: Measured transient absorption spectra of a) C10SAuNPs, b) DR1-
C3SAuNPs, and c) DR-1. The grey areas cover the spectral range
of scattered pump light.

The spectra of DR1-C3SAuNPs in Figure 5.3b also show a bleach at
λ = 480− 600 nm, a positive signal at shorter wavelengths (λ = 380−

450 nm) and two overlapping positive signals at longer wavelengths
(λ = 600− 750 nm). The signals decay almost completely within the
first 10 ps, only very little change occurs at later times.

The transient data of free DR-1 in solution in Figure 5.3c show very
large signals over the whole wavelength range. Strong excited state
absorption (ESA) and hot ground state absorption (HGSA) is visible
between λ = 530− 750 nm. The two ESA bands with their maxima
at λ = 640 nm and λ = 716 nm decay very fast, the excited state
dynamics are finished within 3 ps. The HGSA band at λ = 550 nm
shows a delayed rise and is still visible after 25 ps. A ground state
bleach (GSB) can be seen at λ = 430− 530 nm, a permanent product
absorption appears below λ = 400 nm. Both signals do not decay until
the end of the measurement (1.4 ns). The ultrafast dynamics of free
DR-1 in solution have been examined extensively and are described
in detail in the literature, therefore only this short overview shall be
given here. [43]

In the following the transient spectra of the two AuNP samples
(Figure 5.3a and b) are compared. The shapes of both sets of spectra
look very similar, while the intensities are very different. The bleach-
ing signal in the DR1-C3SAuNP sample at the identical delay time
(∆t = 0.37 ps) is smaller by a factor of 2.3 and has a width of FWHM
= 79 nm compared to FWHM = 69 nm in the C10SAuNP sample. The
positive signals in the long wavelength range on the other hand are
a factor of ∼ 1.6 more intense than in the C10SAuNP spectra. As all
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samples were measured on the same day directly after one another
under the same conditions within experimental errors, the intensity
changes are real effects and do not arise from different measurement
conditions. Scaling the transient spectra to the same AuNP concentra-
tion, as previously shown for the static absorption spectra (see Figure
5.2b for comparison), does not compensate for the intensity differ-
ences excluding a concentration effect.

In the DR1-C3SAuNPs spectra (Figure 5.3b), no signals which can
unambiguously be attributed to DR-1 on the AuNPs are easily iden-
tified. The GSB, which is prominent in the pure DR-1 data at λ =

430− 530 nm, is obscured by scattered pump light and no long-lived
product absorption of isomerized DR-1 below 400 nm is visible. The
absorption band with an apparent maximum at λ = 410 nm could
be due to an overlap of the positive absorption of the AuNPs with
the intense negative GSB of DR-1, such that only the blue wing of the
positive signal is visible here. However, a complete description of the
signal shape is not possible at this point due to the scattered pump
light covering a critical spectral range in these measurements.

Under the assumption that the measured DR1-C3SAuNP spectra
are simply a superposition of the C10SAuNP and the DR-1 signals,
calculation of the transient spectra was attempted. We tried to achieve
a match between measured and calculated spectra by forming either
the sum of C10SAuNPs and DR-1 or the difference between DR1-
C3SAuNPs and DR-1 or DR1-C3SAuNPs and C10SAuNPs using dif-
ferent scaling factors for the individual contributions to account for
the different optical densities in the three measurements. However,
no method successfully reproduced the measured transient spectra,
showing that in the DR1-C3SAuNP data the spectral shape of the
transient signals is changed compared to the measurements of the
single components. The results hint at substantial coupling between
DR-1 and AuNP.

Figure 5.4 compares the absorption time profiles of C10SAuNPs,
DR1-C3SAuNPs and free DR-1 at three selected wavelengths. Here,
only the first 15 ps are given, as this is the time frame in which the
DR-1 dynamics are finished and all excitation energy is transferred
from the Au core into vibrations of the lattice and the ligand shell.
Only the time profile at λ = 415 nm is shown at short delay times
and up to 200 ps.

Figures 5.4 a and c show the normalized absorption time profiles
of C10SAuNPs and DR1-C3SAuNPs at λ = 415 nm and λ = 520 nm,
respectively. At both wavelengths both samples initially decay with
very similar time constants of ≈ 1.5− 2 ps, showing no influence of
the DR-1 ligand on the dynamics. At λ = 415 nm, the DR1-C3SAuNP
signal is still positive after 15 ps, while the C10SAuNP signal has
clearly become negative. In this spectral range free DR-1 shows per-
manent product absorption (PA), therefore this may be interpreted as
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Figure 5.4: Normalized transient absorption-time profiles of C10SAuNPs
(black triangles), DR1-C3SAuNPs (red circles) and DR-1 (blue
squares) at three representative probe wavelengths. The timepro-
files at λ = 415 nm are shown at short delay times (a) and up
to 200 ps (b). For the timeprofile at λ = 716 nm (d) nonlinear
least squares fits to the data and the resulting time constants are
given.

product formation on the AuNPs. However, the DR1-C3SAuNP sig-
nal becomes negative after ∼ 50 ps (Figure 5.4b) and thereafter follows
the C10SAuNP dynamics, which makes this interpretation question-
able. The formation of a short-lived product is however possible and
cannot completely be ruled out at this point. At λ = 716 nm (Figure
5.4d), where the ESA of free DR-1 is particularly strong, a different
behaviour is observed: the lifetime of DR1-C3SAuNPs, τ ≈ 1.5 ps,
lies between the lifetimes of C10SAuNPs, τ ≈ 2.4 ps, and free DR-1,
τ ≈ 1.0 ps. Here, the DR1-C3SAuNP time profile seems to contain
contributions from both, DR-1 and the C10SAuNPs, so that the value
of the time constant obtained from a simple fit lies between the other
two time constants. A more detailed analysis is complicated by the
very similar time scales of both contributions.

5.4 discussion

The transient absorption signals of DR1-C3SAuNPs show very differ-
ent intensities compared to C10SAuNPs, especially the intensity of
the bleach signal is reduced dramatically. Additionally, there are no
signals which can be unambiguously attributed to the DR-1 ligand
itself. The transient spectra of the DR1-C3SAuNP sample cannot be
constructed as a superposition of the C10SAuNP and DR-1 spectra,
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which indicates an electronic interaction between DR-1 ligand and
AuNP that changes the shape of the DR-1 absorption signals.

The pronounced changes in the shape of the transient spectra can
be explained by a number of different factors, that have been dis-
cussed in the literature. [26,27] First, the locally increased electric field
around the plasmonic AuNP can lead to an enhanced absorption
cross section of the DR-1 chromophore. Second, an energy transfer
from the ligands into the sp band of the Au core may quench the
excited state of DR-1. Third, fast core-to-ligand charge transfer occur-
ring within the duration of the pump pulse may modify the electronic
structure of the ligands. We assume a CT from the electronically ex-
cited AuNP into the DR-1 molecule as shown schematically in Fig-
ure 5.5 to be the major reason for the observed differences in the
transient spectra of DR1-C3SAuNPs and C10SAuNPs.

Sn

S / *2 pp

S / *1 np

S0

ESA

DR-1 hot
AuNP

EF

E

lpump

sp band

d band

CT

Figure 5.5: Schematic of the charge transfer between DR-1 ligand (left) and
AuNP (right). The pump pulse brings the DR-1 to the S2 (ππ∗)
state from where it relaxes in ≈ 100 fs to the S1 (nπ∗) state. The
same pulse excites electrons in the AuNP core from the d band to
the sp band above Fermi level, where a hot electron distribution
is formed rapidly within a few hundred femtoseconds. A charge
transfer occurs from the sp band of the hot AuNP to the DR-1
ligand, probably changing the electronic structure of the DR-1
and subsequently its transient absorption spectra.

An electron is transferred from the sp band of the hot AuNPs to
the ligand and thereby the electronic structure of DR-1 should be
changed dramatically. The electron may be transferred into one of the
excited states as implied in Figure 5.5 or into the ground state of DR-1.
A changed electronic structure subsequently should lead to different
excited-state dynamics of the DR-1 molecule and therefore different
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transient absorption spectra as compared to DR-1 in solution. The
process is most likely caused by coupling of the energetically close-
lying ππ∗ absorption band of DR-1 and the LSPR of the AuNP core
in the intense light field of the excitation pulse. Energy and charge
transfer processes between metals and organic chromophores are well
known to lead to a number of effects, e.g. the quenching or enhance-
ment of fluorescence, changes in fluorescence quantum yields and
altered excited-state lifetimes. [27,28,30,53] Recently, Lee et al. reported
on the metal-enhanced fluorescence of a stilbene-derivative in the
vicinity of silver nanoparticles (AgNPs). They attributed the effect
to an ultrafast charge transfer from the excited plasmon of the Ag-
NPs into the emitting intramolecular charge-transfer (ICT) state of
the chromophore, which resulted in a significantly increased fluores-
cence lifetime. [32]

A similar process is conceivable in our case. However, a detailed
analysis to disentangle the dynamics of DR-1 and the AuNP core is
difficult because both components relax on very similar time scales.
Comparison of the time profiles reveals practically unchanged dy-
namics below 550 nm. Furthermore, long-lived DR-1 product signals
are absent. The reasons for the hindered product formation are not
entirely clear at the moment, but two possible explanations come to
mind: (i) cis product is formed and rapidly isomerizes back to the
trans form or (ii) the core-to-ligand charge transfer prevents the prod-
uct formation altogether. Upon ππ∗ (resp. nπ∗) excitation of DR-1,
the central N=N double bond is weakened, allowing for the isomer-
ization to proceed via a rotational motion around this bond. When
an additional electron is transferred into the excited DR-1 unit this
rotation may well be hampered, which could prevent the trans-cis iso-
merization altogether.

To gain more detailed insight into the nature of the ligand-AuNP
interaction and to explain the observed dramatic changes in the tran-
sient absorption spectra more precisely, further investigations are nec-
essary. Reduction of the scattered pump light is essential for these
experiments, reduction of the AuNP size and thus the LSPR signal
would facilitate the separation of AuNP and ligand signals. Further-
more, fluorescence studies could shed light on the details of the pos-
sible core-to-ligand charge transfer.

5.5 conclusion

The femtosecond transient absorption spectra of gold nanoparticles
(AuNPs) functionalized with pure decanethiol and with a mixed self-
assembled monolayer of decanethiol and a Disperse Red 1-derivative
as well as of pure Disperse Red 1 have been measured in solution af-
ter excitation with λ = 467 nm. The time-resolved data show consid-
erable differences in signal intensity between the two AuNP samples.
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The observations suggest a change in the spectral shape of the tran-
sient DR-1 signals, which could be due to an ultrafast core-to-ligand
charge transfer that takes place within the duration of the excitation
pulse. Further evidence for an electronic interaction between chro-
mophore and AuNP is provided through the absence of permanent
product formation. The near resonance in energy between the ππ∗

absorption band of DR-1 and the LSPR of the AuNP core should play
an essential role for the observed effect.
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6
U LT R A FA S T C O O L I N G D Y N A M I C S G O L D
N A N O PA RT I C L E S F U N C T I O N A L I Z E D W I T H
A R O M AT I C L I G A N D S

6.1 introduction

The dynamics of gold nanoparticles (AuNPs) after photoexcitation
have previously been investigated with respect to the deactivation
and the influence of the NP environment on the process. [1–7] In gen-
eral, excited AuNPs relax in a stepwise manner: First, the coherently
excited electrons dephase within a few fs to form a non-thermal
electron distribution, which then further relaxes via e--e- scattering
between electrons in the metal lattice or the interfacial orbitals. [1,2]

Within a few hundred fs, this forms a hot electron distribution in
which the electrons at the Fermi level are equilibrated and possess a
collective temperature. [8–10] In the next relaxation step, the hot elec-
trons distribute their energy into vibrational modes via inelastic scat-
tering with phonons or vibrational modes, heating up the lattice and
potentially also the ligands. The timescale of the electron-phonon
(e--ph) scattering process typically lies within 1-5 ps and is often re-
ferred to as `̀ hot electron lifetime´́ . [10,11] In the last phase, the vibra-
tionally excited AuNP system dissipates its energy to the surrounding
medium (solvent or solid matrix) within ten up to several hundred
picoseconds.

Especially the latter two processes strongly depend on the proper-
ties of the investigated system and the surrounding medium. There-
fore, the quoted time scales are not exact, but can change in different
systems and overlap with each other. [1–3] The hot electron lifetime is
strongly modulated by organic ligands adsorbed on the Au surface
through the change of i) the electronic heat capacity and ii) electron-
phonon coupling magnitude. [4] The electronic heat capacity not only
determines the initial electronic temperature after excitation, but also
depends on the density of electronic states near the Fermi level. The
magnitude of e-ph coupling in the system influences the rate of en-
ergy transfer between electrons and phonons and depends on the
density of electronic states and also the number and energetic distri-
bution of vibrational modes near the Fermi level. As the density of
electronic states is changed upon ligand attachment due to mixing
of ligand and lattice states, [12] it is easy to understand that different
ligands / surface chemistries influence the hot electron lifetime.

Aruda et al. investigated the difference between aminated and thi-
olated AuNPs of 4 nm size using femtosecond time-resolved tran-

109



sient absorption spectroscopy and found considerable differences be-
tween the two surface chemistries (anchoring groups), which they
attributed mainly to a higher density of states in the thiolated AuNPs
compared to aminated particles. [6] Investigation of the hot electron
cooling times by transient absorption spectroscopy requires fitting
of the transient spectra with a temperature-dependent Mie theory
model as proposed by Aruda et al., and based on the works of Rosei
et al., [13] Scaffardi et al., [14] and Inouye et al. [15] This is necessary to
account for the not necessarily linear relationship between the differ-
ential absorption ∆A in the region of the plasmon resonance and the
electronic temperature Te after photoexcitation.

In this Chapter, results of the spectroscopic investigation of thio-
lated AuNPs bearing different head groups are presented. In order to
investigate the influence of the heat capacity and the number of vi-
brational modes of the ligand, we functionalized small AuNPs (d ≈ 4
nm) with mixed self-assembled monolayers (mSAMs) of decanethiol
(C10SH) and alkylthiols with different aromatic head groups. For
this purpose, we chose naphthol- and phenanthrol-derivatives, two
simple aromatic hydrocarbon systems of different size. The chemical
structures of the ligands are depicted in Figure 6.1.

Coum-OC7SH

DR1-C3SH

O SH

O SH

SH

Naph-OC7SH

Phen-OC7SH

O O SHO

N
N

NO2

N
O SH

C10SH

Figure 6.1: Ligands used to functionalize the AuNPs.

Additionally, the possiblity of resonant coupling between the lig-
and absorption and the Localized Surface Plasmon Resonance (LSPR)
band of the AuNP has been investigated. Therefore, the AuNPs were
functionalized with Disperse Red 1 (DR-1) and a coumarin-derivative,
which possess absorption bands in the near UV and the visible, re-
spectively. To our surprise, fitting the measured femtosecond time-
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resolved transient absorption spectra and comparison of the result-
ing hot electron lifetimes revealed no significant differences for all
investigated head groups. These results lead to the conclusion that
the influence of the ligand on hot electron lifetimes does not come
from the head group, but rather only from the interfacial part of the
ligand molecule, i.e. the anchoring thiol group. Coupling between
ligand and LSPR has only been observed in the case of the DR-1-
functionalized AuNPs, the coumarin absorption band seems to be
too far away from the LSPR.

6.2 experimental section

materials

The thiolated naphthol- (Naph-OC7SH), phenanthrol- (Phen-OC7SH),
and coumarin-derivatives (Coum-OC7SH) were synthesized in a
three-step procedure similar to previously described syntheses. [16]

The thiol-functionalized Disperse Red 1 (DR1-C3SH) was synthesized
by Grace Suana in the Institute of Organic Chemistry of CAU Kiel
in the research group of Prof. Herges. Oleylamine-stabilized gold
nanoparticles (AuNPs) with a diameter of ∼ 4 nm were synthesized
through reduction of HAuCl4 · 3 H2O with NaBH4 in the presence
of oleylamine and methanol in toluene solution. The obtained Au-
NPs were then used in a ligand exchange procedure to produce the
investigated AuNPs functionalized with mSAMs of plain alkylthiols
and aromatically functionalized thiols. A detailed description of the
synthesis and characterization of the AuNPs can be found in an ear-
lier publication. [16] To ensure similar particle size distributions, all
samples measured under the same conditions came from the same
batch of aminated AuNPs. One batch of aminated AuNPs was used
to produce decanethiol- (C10AuNPs), naphthol- (Naph-OC7SAuNPs),
and phenanthrol-functionalized AuNPs (Phen-OC7SAuNPs). From
a second batch, C10SAuNPs, coumarin- (Coum-OC7SAuNPs), and
Disperse Red 1-functionalized AuNPs (DR1-C3SAuNPs) were syn-
thesized. Naph-OC7SAuNP and Phen-OC7SAuNPs were synthesized
using a ratio of 75 : 25 (aromatic ligand : C10SH), the same ratio
is assumed to be present on the AuNP surface. The ratio could not
be determined experimentally because the absorption of the ligands
lies below λ = 300 nm, where toluene absorption is strong. Coum-
OC7SAuNPs and DR1-C3SAuNPs were synthesized using a ratio of
30 : 70 (aromatic ligand : C10SH). Due to the low solubility of AuNPs
bearing higher concentrations of DR1-C3SH, the DR-1 coverage can
not be assumed to correspond to the mixing ratio in the ligand ex-
change procedure. It can only be estimated from the static absorption
spectra to be ∼ 5% (see Section 6.3.2 for details).
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femtosecond transient absorption measurements

and data analysis

For femtosecond time-resolved transient absorption measurements
an excitation wavelength of λpump = 350 nm (focus size: 500 µm,
180 nJ) was used. The samples were measured in solution in tolu-
ene at optical densities of approximately 0.5 in a flow cell of 1 mm
pathlength (see Figures 6.2 and 6.6). The ground state and transient
absorption spectra of Naph-OC7SAuNPs, Phen-OC7SAuNPs and the
corresponding C10SAuNP sample were fitted with a dielectric con-
stant of the medium of εm = 2.1, while the spectra of Coum-OC7S-
AuNPs, DR1-C3SAuNPs and the corresponding C10SAuNP sample
were fitted with εm = 2.25. Using the dielectric constant of pure tolu-
ene (εm = 2.38) did not give correct fits to the measured absorption
spectra, probably because the ligand shell changes the dielectric con-
stant in the immediate vicinity of the Au core.

6.3 results

6.3.1 naphthol- and phenanthrol-functionalized

gold nanoparticles

The measured static absorption spectra of the C10SAuNP, Naph-OC7S-
AuNP and Phen-OC7SAuNP samples are depicted in Figure 6.2.

3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 00 . 0

0 . 2

0 . 4

0 . 6

0 . 8

 N a p h - O C 7 S H
 P h e n - O C 7 S H

ab
so

rba
nc

e

w a v e l e n g t h  /  n m

 C 1 0 S A u N P s
 N a p h - O C 7 S A u N P s
 P h e n - O C 7 S A u N P s

Figure 6.2: Static absorption spectra of AuNPs functionalized with pure
C10SH (black), a mSAM of C10SH and Naph-OC7SH (blue), and
a mSAM of C10SH and Phen-OC7SH (red). The free ligands
Naph-OC7SH (dotted light gray) and Phen-OC7SH (dashed
gray) present show no significant absorption at λpump = 350 nm
(dashed blue).

Additionally, to illustrate the fact that the ligands show no signifi-
cant absorption at λpump = 350 nm (dashed blue line), the absorption
spectra of the free ligands Naph-OC7SH and Phen-OC7SH are shown
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at low concentrations similar to those present on the AuNPs. It can
be safely assumed that in the time-resolved measurements only the
AuNP core is excited and the ligands are initially left undisturbed by
the excitation pulse.

The measured transient absorption spectra of the C10SAuNPs,
Naph-OC7SAuNPs, and Phen-OC7SAuNPs after excitation at λpump =

350 nm are shown in the left column of Figure 6.3.
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Figure 6.3: Transient absorption spectra of C10SAuNPs (a), Naph-
OC7SAuNPs (c), and Phen-OC7SAuNPs (e) and the same respec-
tive spectra fitted using temperature-dependent Mie theory, (b),
(d), and (f). In the right column measured transient spectra are
shown in gray, fits to the spectra in red.

All transient spectra show three absorption bands: A strong bleach
at the position of the Localized Surface Plasmon Resonance (LSPR)
and positive signals to both sides of the bleach. After excitation, the
AuNPs heat up, causing a broadening of the LSPR, which leads to the
observed three absorption bands in the transient spectra. No transient
signals of the ligands are observed, as these were not excited by the
pump pulses. Therefore, the transient spectra of all three samples
appear very similar in shape as well as in signal intensity.
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To extract the elecronic temperature in the Au core after excitation,
the transient spectra were fitted with the temperature-dependent Mie
theory model as proposed by Aruda et al. [6] The transient spectra and
the respective fits are given in the right column of Figure 6.3, showing
good agreement with each other. The electronic temperature in the
excited Au core was extracted from these fits and plotted against time
after excitation in Figure 6.4. Exponential fits to the temperature-time
profiles give the hot electron lifetimes. The resulting relaxation time
constants describing the cooling of the hot electrons are:

τC10SAuNPs = 2.0 ± 0.2 ps

τNaph-OC7SAuNPs = 1.8 ± 0.2 ps

τPhen-OC7SAuNPs = 2.2 ± 0.4 ps

The given error limits are the 2σ statistical uncertainties of the expo-
nential fit. Earlier delay times (before 0.47 ps) were not fitted to avoid
distortion of the results due to incomplete subtraction of solvent sig-
nals. Also, the maximum temperature is reached at ∆t = 0.6− 0.7 ps,
which makes fits at earlier delay times unnecessary for the extraction
of the hot electron lifetimes.
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Figure 6.4: Temperature-time profiles of C10SAuNPs (a), Naph-
OC7SAuNPs (b), and Phen-OC7SAuNPs (c) with the respective
monoexponential fits (solid lines) and the relaxation time
constants.

Due to a strong correlation of the electronic temperature and the
global scaling factor used in the nonlinear fitting procedure to scale
the fitted spectra to the correct intensity, the absolute temperature val-
ues in the temperature-time profiles are questionable. With increasing
number of fit iterations, this correlation leads to an increasing global
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scaling factor and decreasing electronic temperatures without any im-
provement of the fits to the transient spectra. This behaviour is illus-
trated in Figure 6.5, where fits to the transient spectra of C10SAuNP
and the respective temperature-time profiles are shown for 20, 40 and
60 performed iterations. The quality of the fits is not improved over
time and the extracted cooling dynamics are the same for all three
fitting results. As the computing time for 60 iterations was very long
the procedure was stopped after 40 iterations for Naph-OC7SAuNPs
and Phen-OC7SAuNPs to reduce the fitting times. All results shown
in Figures 6.3 and 6.4 in this Section are for 40 iterations.
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Figure 6.5: Transient spectra (gray) and temperature-dependent Mie theory
fits (red) for C10SAuNPs and the respective temperature-time
profiles using 20 iterations, (a) and (d), 40 iterations, (b) and (e),
and 60 iterations, (c) and (f). The quality of the fits and the ex-
tracted hot electron lifetimes do not change with increasing num-
ber of iterations.
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6.3.2 coumarin- and disperse red 1-functionalized

gold nanoparticles

The static absorption spectra of C10SAuNPs, coumarin- (Coum-OC7S-
AuNPs), and Disperse Red 1-functionalized AuNPs (DR1-C3SAuNPs)
are depicted in Figure 6.6a. The optical density at the excitation wave-
length λpump = 350 nm is approximately the same for all three sam-
ples. The absorption spectra of the free ligands Coum-OC7SH and
DR1-C3SH are shown to illustrate that the ligands are not or only
to a very small part excited by the pump pulse. The ππ∗ absorp-
tion band of DR1-C3SH is located at λmax = 470 nm, very close to
the LSPR of AuNPs at λLSPR = 518 nm, which leads to a change of
the apparent width of the LSPR in DR1-C3SAuNPs. To estimate the
AuNP concentration in the DR1-C3SAuNP sample the C10SAuNP
spectrum was scaled to fit the red side of the absorption spectrum,
as shown in Figure 6.6b. The inset shows the difference between the
measured and the calculated spectrum which corresponds to the pure
DR-1 absorbance in the DR1-C3SAuNP sample. The absolute number
of ∼ 11 DR-1 molecules per AuNP was calculated using the extinc-
tion coefficient of DR-1, εDR1(470nm) = 3.6 · 105 L ·mol−1 · cm−1,
and the extinction coefficient of AuNPs with d ≈ 4 nm, εAuNPs =

4.58 · 106 L ·mol−1 · cm−1. Assuming a thiol footprint of ∼ 22 Å2, [17]

the surface area of one AuNP (5000 Å2) provides space for 225 mol-
ecules. The calculated number of 11 DR-1 ligands per AuNP thus
corresponds to an estimated DR-1 coverage of ∼ 5 %.
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Figure 6.6: (a) Static absorption spectra AuNPs functionalized with pure
C10SH (solid black), a mSAM of C10SH and Coum-OC7SH
(solid blue), and a mSAM of C10SH and DR1-C3SH (solid red).
The free ligands Coum-OC7SH (dotted gray) and DR1-OC3SH
(dashed gray) show no or only very small absorption at λpump =
350 nm (dashed blue). (b) Measured absorption spectrum of
DR1-C3SAuNPs (red) and absorption spectrum of C10SAuNPs
(black) scaled to match the absorbance in the red part of the
spectrum (λ 6 650 nm). The inset shows the difference between
both spectra and resembles the pure DR-1 absorbance in the DR1-
C3SAuNP sample.
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Figure 6.7 shows the measured transient absorption spectra of C10S-
AuNPs, Coum-OC7SAuNPs and DR1-C3SAuNPs after excitation at
λpump = 350 nm and the respective temperature-dependent Mie theo-
ry fits to the transient spectra.
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Figure 6.7: Measured transient absorption spectra of (a) C10SAuNPs, (c)
Coum-OC7SAuNPs, and (e) DR1-C3SAuNPs and the same re-
spective spectra fitted using the temperature-dependent Mie
theory model ((b), (d) and (f)). In the right column the mea-
sured spectra are shown in gray and the fits in red. In case of
DR1-C3SAuNPs the fit using the scaled C10SAuNP spectrum for
determination of the ground state parameters is depicted. The fit
using the measured DR1-C3SAuNPs spectrum is very similar in
quality and therefore omitted.

The three absorption bands arising from the broadening of the
LSPR are visible in all transient spectra, while no strong ligand-speci-
fic signals are observed. The signal intensities are very similar for
C10SAuNPs and Coum-OC7AuNPs, whereas the intensity of the blea-
ching signal in the DR1-C3SAuNP spectra is reduced by ∼ 30% com-
pared to the other spectra.

To model the transient spectra with the temperature-dependent
Mie theory model, the ground state absorption spectra have to be
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fitted first to obtain parameters describing the LSPR in the ground
state. Due to the distortion of the LSPR in the DR1-C3SAuNP spec-
trum the parameters obtained from fitting the measured spectrum do
not reflect the real AuNP properties, thus the scaled C10S-AuNP spec-
trum shown in Figure 6.6b) was used for this purpose. The ground
state parameters of all samples are summarized in Table 6.1, for com-
parison the values for both the measured and the calculated ground
state spectrum of DR1-C3SAuNPs are given. The fitting parameters
are the width parameters for the absorption bands of the free and the
bound electrons in the AuNP core, γfree and γbound. (For a detailed
explanation of the fitting functions and parameters see Chapter 2.)

sample γfree /10
15 Hz γbound /10

14 Hz

C10SAuNPs 1.067± 0.006 5.224± 0.02
Coum-OC7SAuNPs 1.099± 0.006 4.896± 0.021
DR1-C3SAuNPs meas. 0.993± 0.011 5.341± 0.038
DR1-C3SAuNPs calc. 1.069± 0.006 5.238± 0.022

Table 6.1: Fit parameters for the ground state absorption spectra of
C10SAuNPs, Coum-OC7SAuNPs, DR1-C3SAuNPs as measured
and DR1-C3SAuNP as calculated using the scaled C10SAuNP
spectrum. γfree is the width parameter for the intraband transi-
tions, γbound the width parameter for the interband transitions.
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Figure 6.8: Temperature-time profiles of (a) C10SAuNPs, (b) Coum-

OC7SAuNPs, and (c) DR1-C3SAuNPs with monoexponential fits
(solid line) and the resulting time constants. The given error lim-
its are the 2σ statistical uncertainties of the exponential fit.

Plots of the electronic temperature against delay time lead to the
temperature-time profiles shown in Figure 6.8. The absolute temper-
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ature values therein are questionable for the same reasons quoted
for the data in section 6.3.1. To ensure the validity of the extracted
dynamics, the results of fitting procedures with 25 and 50 iterations
were compared. The fits shown here are for 25 iterations, as no fur-
ther improvement was visible at longer iteration times. The resulting
decay constants of monoexponential fits to the temperature-time pro-
files are:

τC10SAuNPs = 2.0 ± 0.2 ps

τCoum-OC7SAuNPs = 2.1 ± 0.2 ps

τDR1-C3SAuNPs = 2.1 ± 0.2 ps

6.4 discussion

As only the Au cores and not the ligands were excited in the above
experiments, the recorded transient spectra only show signals of the
AuNPs themselves. However, in the spectra of DR1-C3SAuNPs an in-
fluence of the ligand onto the signal intensity can be suspected. A
decreased signal intensity of the bleach and the positive wing in the
UV cannot be explained by different measurement conditions, as all
samples were measured directly after one another. The same excita-
tion power and approximately the same AuNP concentration were
used in all time-resolved measurements. Therefore, it is valid to as-
sume the same number of absorbed photons per AuNP, 〈N〉 ≈ 2, in
all cases. In another set of measurements, signal intensity changes
in DR-1-functionalized systems have been observed after excitation
with λpump = 467 nm light, which excites both ligand and Au core
(see Chapter 5). In that study, the changed intensities could not easily
be accounted for by superimposed positive DR-1 signals, but hint at
stronger coupling of the Au core and DR-1 ligand. The repeated ob-
servation of decreased signal intensities is evidence for the existence
of an interaction between DR-1 and the AuNP. Classification of the na-
ture of these interactions is difficult based on the present results, but
a resonance effect of the close-lying ππ∗ band of DR-1 and the LSPR
of the AuNP may be suspected. Similar effects have been described
in literature. [18–21]

The temperature-time profiles give very similar time constants for
all AuNP samples. They are the same within the error limits not only
for samples from the same batch of synthesis, which were measured
on the same day, but for all examined samples (see Table 6.2). An as-
signment of the time constants to the electron-phonon scattering pro-
cess (`̀ hot electron lifetime´́ ) is supported by literature reports, which
give a time scale of ∼ 1-5 ps for this process. [2,6,10,11] Furthermore, the
results are in agreement with measurements on AuNPs functionali-
zed with alkylthiols, where τe-ph = 2.3 ps was found (Chapter 4). In
contrast to the influence of the anchoring group on the electron cool-
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Batch 1 τe-ph / ps Batch 2 τe-ph / ps

C10SAuNPs 2.0± 0.2 C10SAuNPs 2.0± 0.2
Naph-OC7SAuNPs 1.8± 0.2 Coum-OC7SAuNPs 2.1± 0.2
Phen-OC7SAuNPs 2.2± 0.4 DR1-C3SAuNPs 2.1± 0.2

Table 6.2: Electron-phonon scattering time constants of C10SAuNPs,
Naph-OC7SAuNPs, Phen-OC7SAuNPs, Coum-OC7SAuNPs, and
DR1-C3SAuNPs obtained from monoexponential fits to the
temperature-time profiles.

ing dynamics reported by Aruda and coworkers, [6] an effect of the
head group cannot be inferred from the results presented here. Based
on experimental and theoretical results the authors of the aforemen-
tioned study stated that the higher density of states near the Fermi
level in thiolated AuNPs is responsible for decelerated hot electron
cooling dynamics. From our results, we can conclude that the density
of states is unaltered upon exchange of the head group and no influ-
ence of the ligand on the cooling dynamics is visible, at least as long
as only the Au core is excited. Examining the effect of simultaneous
excitation of ligand and AuNP would be an interesting aim in future
studies.

6.5 conclusion

Small gold nanoparticles (d ≈ 4 nm) functionalized with decanethiol
and a mixed self-assembled monolayer of decanethiol and different
aromatic thiols, i.e. naphthol, phenanthrol, coumarin and Disperse
Red 1 derivatives, have been synthesized. The samples were inves-
tigated using femtosecond time-resolved transient absorption spec-
troscopy with an excitation wavelength of λex = 350 nm. The re-
corded transient absorption spectra were subsequently fitted with a
temperature-dependent Mie theory model to extract the electronic
temperature Te and compare the hot electron cooling dynamics as
a function of the different aromatic head groups in the nanoparti-
cle ligand shell. Very similar electron cooling dynamics were found
for all investigated samples, leading to the conclusion that the head
groups of the ligands do not influence the dynamics as long as they
are not excited simultaneously with the AuNP. The density of elec-
tronic states near the Fermi level seems to be unaltered by the differ-
ent ligands. Weak resonant coupling between LSPR and ligand was
found in case of the Disperse Red 1-functionalized AuNPs, whereas
none could be observed in coumarin-functionalized AuNPs. The cou-
pling has no detectable influence on the hot electron lifetimes.
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Part III

C O N C L U D I N G D I S C U S S I O N





7
S U M M A RY A N D O U T L O O K

As many applications exploit not only the properties of the ligands,
but more and more rely on the characteristic features of AuNPs and
their conjunction with the ligands, investigations of their interplay by
time-resolved spectroscopies are of great importance. In applications
of functionalized AuNPs these complex interactions may prevent the
desired function of the system, but they can also create completely
new ways for the rational design of smart and possibly photorespon-
sive materials.

The first goal of this Thesis was the investigation of the photoiso-
merization and the ultrafast molecular dynamics of azobenzene (AB)
and Disperse Red 1 (DR-1) on gold nanoparticle (AuNP) surfaces.
The constraints exerted onto the photochromic molecular switch by
the close proximity to metallic AuNPs may affect the photoisomeriza-
tion process or even prevent it altogether. Energy transfer processes
leading to quenching of excited states and steric hindrance impeding
molecular motion are considered the main reasons for reduced pho-
toisomerization efficiencies in self-assembled monolayers (SAMs) on
metal surfaces. Additionally, nanoparticles involve the potential risk
of irreversible aggregation when the ligand shell properties change
during isomerization. The second part of the Thesis was concerned
with the effect of functionalization on the ultrafast dynamics of the
AuNP itself. For this purpose AuNPs functionalized with a number of
ligands with different electronic and photophysical properties were
investigated. The complex relaxation process of AuNPs after excita-
tion is influenced by the refractive index of the surrounding medium,
the AuNP size, the excitation energy and the nature and electronic
structure of the ligand shell.

The aim of Thesis was the elucidation of important interactions
between photochromic switches and gold nanoparticles and their in-
fluence on the photoresponsivity of such complex hybrid systems.

7.1 summary

photoisomerization of azobenzene on gold

nanoparticles

The isomerization properties of small gold nanoparticles function-
alized with a mixed self-assembled monolayer (mSAM) containing
azobenzenethiols and simple alkylthiols were investigated. Azoben-
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zene ligands with different linker chain lengths were used to adjust
the distance between chromophore and AuNP, see Figure 7.1.

O
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N SH
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AB-OC11SH

AB-OC7SH
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SH

SH C10SH
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Figure 7.1: Structures of the AB ligands with different linker chain lengths.

The functionalized AuNPs show excellent photoswitching capabil-
ities, multiple trans-cis and subsequent cis-trans isomerization cycles
without significant signs of degradation could be performed for all
examined samples. The photostationary states (PSSs) after illumina-
tion at λ = 365 nm and 455 nm, respectively, show high conversion
rates: For the longest linker chain (C11) in combination with decane-
thiol (C10SH) as coligand the PSS365 reaches cis:trans = 95 % : 5 %,
the back isomerization to PSS455 has a conversion rate of cis:trans
= 25 % : 75 %. For very short linker chains (C3), steric or electronic
hindrance is observed, which is reflected in the conversion rates of
cis:trans = 70 % : 30 % and cis:trans = 10 % : 90 % in PSS365 and
PSS455, respectively.

In addition to photoisomerization of the AB moiety, reversible ag-
gregation of AuNPs was observed for systems that combine longer
linker chain lengths (C7 and C11) with short-chain coligands (C5SH),
as schematically shown in Figure 7.2.

Upon conversion of the AB unit to its cis form the particles aggre-
gate, visible by a red-shift and broadening of the Localized Surface
Plasmon Resonance (LSPR) band in the UV/Vis spectra. Weaker sol-
vent stabilization of cis-AuNPs in nonpolar toluene and an enhanced
dipole-dipole attraction between particles are the main driving forces
for the aggregation. Illumination with λ = 455 nm light induces cis-
trans isomerization of the AB moiety and causes the particles to disag-
gregate again. In this fashion, the particles can repeatedly be switched
between the aggregated and non-aggregated state, i.e. the aggrega-
tion is fully photoreversible. The strength of aggregation depends on
the AB surface coverage, however no precipitation of aggregates is
observed even at high AB concentrations of ∼ 70 %.
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UV

Vis

Figure 7.2: Scheme of the reversible photo-induced aggregation of AB-
functionalized AuNPs.

dynamics of azobenzene switches on gold nanoparticles

To elucidate the interaction between AB and AuNP, femtosecond time-
resolved transient absorption spectra of AuNPs functionalized with
decanethiol and a mSAM of decanethiol and AB-OC11SH were re-
corded. The samples were excited at λ = 357 nm, which simultane-
ously excites the LSPR and interband transitions of the AuNPs and
the AB moiety within its ππ∗ band. Fitting of the transient spectra
with Lorentzians revealed an excited state absorption (ESA) band of
AB around λ = 400 nm decaying with two time constants of

τAB1,AuNP = 1.2 ± 0.2 ps,

τAB2,AuNP = 4.7 ± 1.1 ps.

The position and the temporal evolution of the band showed only
minor differences to the AB dynamics in solution where two time
constants are found as well:

τAB1,solution = 2.0 ± 0.1 ps

τAB2,solution = 5.1 ± 0.4 ps

The similarity of the dynamics in the two different environments is
further underlined by the amplitude-weighted mean lifetimes of AB
on the AuNPs, τAuNPs = 2.3 ± 0.5 ps, and in solution, τsolution =

2.7 ± 0.2 ps, which again are very similar. In comparison, the tran-
sient signals of the LSPR originating from the AuNP itself have a
considerably shorter lifetime of τLSPR = 1.5± 0.2 ps.

The transient spectra of AB-functionalized AuNPs cannot be recon-
structed by a simple superposition of the spectra of free AB-OC11SH
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and decanethiol-functionalized AuNPs. In conclusion, the data points
towards an interaction between AB and AuNP during the excitation
(pump) pulse and afterwards the long alkyl linker chain (C11) effi-
ciently decouples the chromophore and the Au core electronically.

To further investigate the interactions in chromophore-AuNP sys-
tems, we examined AuNP functionalized with the push-pull azoben-
zene derivative Disperse Red 1 (DR-1). DR-1 exhibits large transient
absorption signals, much larger than AB, and the ultrafast dynamics
in solution and in more restriced environments are well investigated.
The chemical structures of the DR-1 ligand and decanethiol which is
used as the coligand in the mSAMs are given in Figure 7.3.

DR1-C3SH

SH

N
N

NO2

N
O SH

C10SH

Figure 7.3: Chemical structures of thiol-functionalized DR-1 and decane-
thiol.

In the DR-1-functionalized AuNPs, evidence for coupling between
AuNP and DR-1 ligand is discovered: (i) The pure DR-1 absorption
spectrum in the DR-1-functionalized AuNP sample was calculated
from the static absorption spectra. The absorption band is blue-shifted
by 10 nm compared to free DR-1 in solution. (ii) The DR-1-functionali-
zed AuNPs were compared to purely decanethiol-functionalized Au-
NPs using transient absorption spectroscopy. The transient spectra
were measured after excitation with λ = 467 nm, which excites both
the AuNP and the DR-1 ligand. The data show the same general spec-
tral shape for both samples, no absorption band arising purely from
the DR-1 ligand can be identified. However, the transient signal in-
tensities are considerably changed over the whole wavelength range
when DR-1 is attached to the AuNPs. As with the AB-functionalized
AuNPs, the transient DR1-AuNP spectra cannot be calculated as a
superposition of the spectra of alkylated AuNPs and free DR-1. (iii)
Long-lived DR-1 product signals that are visible for free DR-1 are ab-
sent, indicating that either the cis form rapidly isomerizes back or no
product is formed at all.

Resonant coupling of the ππ∗ band of DR-1 and the LSPR of the
AuNPs within the duration of the excitation pulse, which causes an
energy and charge transfer from the AuNP to the ligand may be able
to explain the observed effects. The subsequent change in the chro-
mophores electronic structure could lead to the observed dramatic
intensity differences in the transient spectra.

128



hot electron cooling dynamics in functionalized

gold nanoparticles

The excitation of chromophores on AuNPs by UV or visible light in-
evitably leads to the simultaneous excitation of the AuNP itself. The
relaxation processes of excited AuNPs are quite complex and can pro-
vide information about the interaction between ligand and substrate.
Consequentially, the ultrafast dynamics of the Au core itself have
been investigated by transient absorption spectroscopy. The AuNP re-
laxation after laser excitation proceeds stepwise and each of the four
relaxation processes, which comprise the dephasing of coherently ex-
cited electrons, electron-electron scattering, electron-phonon scatter-
ing, and phonon-phonon coupling, occurs on a certain timescale. The
electron-electron scattering process, also termed hot electron cooling,
occurs within 1-5 ps, a timescale readily accessible with our setup.
Therefore, we concentrated on the analysis of this process and inves-
tigated the influence of the ligands head group onto the hot electron
cooling dynamics in the Au core.

AB-functionalized AuNPs have been compared with purely decane-
thiol-functionalized AuNPs and a temperature-dependent Mie theory
model was used to fit the transient absorption spectra of both species.
This analysis allowed for the determination of the electronic temper-
ature Te at different delay times after excitation. The identified hot
electron lifetimes in both samples

τdecanethiol = 2.3 ± 0.1 ps

τAB = 2.0 ± 0.3 ps

are very similar and in agreement with literature values for thiolated
AuNPs of the same size. The hot electron cooling lifetime strongly
depends on the size of the AuNP, excitation energy, surrounding
medium and the electronic density of states near the Fermi level in
the Au core. The first three factors are the same for the alkylated
and the AB-functionalized AuNPs, therefore the electronic density of
states is the only influencing factor on the dynamics in this case. The
similarity of the electron cooling dynamics in both the alkylated and
the AB-functionalized AuNPs indicates that the density of states is
not significantly altered upon AB attachment.

To further investigate a possible influence of the ligand head group
on the hot electron cooling dynamics, we functionalized AuNPs with
ligands bearing aromatic head groups of different size and with differ-
ent photochemical properties. The chemical structures of the ligands
are shown in Figure 7.4. Two purely aromatical head groups of dif-
ferent size, naphthol and phenanthrol, were chosen to shed light on
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the role of the ligands heat capacity, which has been discussed as an
influencing factor in the literature. Furthermore, two chromophores,
a highly fluorescent coumarin derivative and photochromic Disperse
Red 1, were brought onto the AuNP surface to investigate the in-
fluence of possible resonant coupling between LSPR and the ligand
absorption band.

Coum-OC7SH

DR1-C3SH

O SH

O SH

Naph-OC7SH

Phen-OC7SH

O O SHO

N
N

NO2

N
O SH

Figure 7.4: Aromatic ligands used to functionalize the AuNPs.

Transient absorption spectra of AuNPs functionalized with only
decanethiol and with mSAMs of decanethiol and the ligands shown
in Figure 7.4 were recorded after excitation at λ = 350 nm. At this
wavelength only the AuNP absorbs, the ligands are not excited. The
extracted hot electron lifetimes are given in Table 7.1, therein batch
1 and 2 denote different batches of AuNP synthesis and transient
absorption measurement.

Batch 1 τe-ph / ps Batch 2 τe-ph / ps

C10SAuNPs 2.0± 0.2 C10SAuNPs 2.0± 0.2
Naph-OC7SAuNPs 1.8± 0.2 Coum-OC7SAuNPs 2.1± 0.2
Phen-OC7SAuNPs 2.2± 0.4 DR1-C3SAuNPs 2.1± 0.2

Table 7.1: Hot electron lifetimes of C10SAuNPs, Naph-OC7SAuNPs, Phen-
OC7SAuNPs, Coum-OC7SAuNPs, and DR1-C3SAuNPs. Batch 1
and 2 denote different batches of AuNP synthesis and time-
resolved measurement.

With batch 1, we investigated the influence of the ligands heat ca-
pacity on the hot electron lifetime. The time constants for the naph-
thol- and phenanthrol-functionalized AuNPs are the same within the
error margins, demonstrating that the heat capacity of the ligand
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head group does not influence the hot electron cooling dynamics,
at least as long as only the AuNP is excited. With batch 2, we investi-
gated the influence of possible coupling between LSPR and ligand ab-
sorption bands. Coum-OC7SH has an absorption band at λmax = 330

nm, and DR1-OC3SH absorbs at λmax = 470 nm, much closer to the
LSPR maximum at λLSPR = 510 nm. Weak coupling between ligand
and LSPR is observed in the DR-1-functionalized AuNPs, but not
in the coumarin-functionalized ones. The coupling becomes visible
through changed signal intensities in the transient absorption spec-
tra, especially pronounced in the LSPR region. However, the same
hot electron lifetimes are found for all samples in batch 2, hence the
electron cooling dynamics are not affected. In summary, the ligand
head group has no influence on the hot electron cooling dynamics,
neither through a larger heat capacity nor through weak resonant
coupling with the LSPR - at least as long as the ligand is not excited
simultaneously with the AuNP.

7.2 outlook

The results presented in this Thesis initiated a number of ongoing and
future investigations regarding functionalized AuNPs in our group.
The transient absorption signals arising from the AuNP itself are
very large compared with the signals of plain AB. A reduction of the
AuNP size would decrease the LSPR intensity and thus the transient
signals resulting from it. Subsequently, smaller AuNPs would allow
for a clearer interpretation of the molecular dynamics of the ligand.
Recently, AB-functionalized AuNPs with a diameter of ∼ 2 nm were
synthesized as part of a B.Sc. project (E. Moshake, CAU Kiel). First
transient absorption measurements on the new AuNPs showed very
promising results such that the project will be pursued further.

Variation of the distance between chromophore and AuNP will
shed light onto the nature of the interaction, which leads to reduced
trans-to-cis conversion rates in systems with very short linker chain
lengths. As the necessary AB compounds are readily available and
synthesis of the respective functionalized AuNPs has already been
optimized, transient absorption measurements could be started di-
rectly.

The presently available results on the dynamics of Disperse Red 1-
functionalized AuNPs strongly indicated coupling between the lig-
and and LSPR of the AuNP. Further investigations on systems bear-
ing higher DR-1 surface coverages could clarify the nature of the in-
teraction and illuminate the DR-1 dynamics on the AuNP surface. For
this purpose, new transient absorption measurements with excitation
at λ ≈ 465 nm are necessary, in which the scattered pump light is
reduced so that the whole spectral region can be analyzed.
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The results presented in this Thesis indicate that the ligand head
group has practically no influence on the hot electron cooling dynam-
ics as long as it is not excited by the pump pulses. Additional exper-
iments in which ligand and AuNP are excited simultaneously could
provide more conclusive proof for the head group-independent be-
haviour of the Au core. The already synthesized coumarin-functionali-
zed AuNPs are ideal candidates for this type of study, as they exhibit
a coumarin absorption band in the near UV (λ ≈ 330 nm), which
is easily accessible with our experimental setup, but show no indica-
tions of coupling between ligand and LSPR.

Finally, a number of yet unexplored molecular switches, e.g. spiro-
pyrans, diarylethenes, and fulgides, could be investigated on the gold
nanoparticle surface using different ultrafast spectroscopy techniques
available in our laboratory. Investigation of spiropyran-functionalized
AuNPs in collaboration with the group of R. Klajn from the Weiz-
mann institute, Israel, is already planned.
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