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Abstract

Multiphoton excited spectroscopy and microscopy are of great importance for the optical
characterization of materials and molecules. The underlying non-linear effects can be greatly
enhanced when they take place in the local fields of plasmonic nanostructures. Surface
enhanced hyper Raman scattering (SEHRS) spectroscopy is a two-photon excited approach
particularly useful for the vibrational characterization of organic samples due to its high
sensitivity with respect to molecular environment and orientation. Applications of SEHRS
strongly rely on the plasmonic enhancement by which the low cross sections of the sponta-
neous hyper Raman scattering (HRS) can be overcome. The aim of this work was to extend
the understanding of the enhancement in SEHRS generated by plasmonic and composite
nanomaterials, and to apply these nanostructures in SEHRS experiments complemented
by the non-linear parametric process of second harmonic generation (SHG) and by surface
enhanced Raman scattering (SERS), for the comprehensive probing of organic molecules and

materials.

The enhancement from gold nanoparticles with different sizes and shapes as well as from
metal films comprised of periodically arranged voids was investigated in SEHRS experiments
at 1064 nm excitation using the crystal violet dye and by numerical simulations. The results
indicate that aggregates of large spherical gold nanoparticles and nanorods in solution
provide very strong electromagnetic enhancement of HRS, suggesting gold nanostructures as
very promising SEHRS substrates with several advantages over silver nanoparticles that have
mainly been discussed in previous SEHRS studies. Moreover, the homogeneity of the signal,
reproducibility in terms of fabrication, and substrate stability can be significantly improved
compared to previous approaches by using nanovoid arrays. Further developments of
enhancing nanostructures towards multimodal multiphoton spectroscopic applications are
demonstrated here by the synthesis and optical characterization of plasmonic-barium titanate
nanocomposites. Experiments and numerical simulations with these composite nanoparticles
show the possibility of a combined SHG, SEHRS and SERS probing with potential use in
bioanalysis. A systematic study on the interaction of amino acids and aromatic thiols with
gold and silver nanoparticles was conducted with 1064 nm-excited SEHRS and SERS excited

in the visible spectral range. The non-resonant SEHRS spectra of the molecules demonstrate



the complementarity of vibrational spectroscopic information that can be obtained using
multiphoton excited approaches together with one-photon excited SERS. In conclusion, this
work underlines that a better understanding and a rational design of improved plasmonic
nanostructures allow to combine SEHRS and other multiphoton excited effects, and to use

them in analytical chemistry and biophysics.



Zusammenfassung

Mehrphotonen-angeregte Spektroskopie und Mikroskopie sind von grofier Bedeutung fiir die
optische Charakterisierung von Materialien und Molekiilen. Die zugrunde liegenden nicht-
linearen Effekte konnen erheblich verstiarkt werden, wenn sie in den lokalen Feldern plas-
monischer Nanostrukturen stattfinden. Die oberflachenverstarkte Hyper-Raman-Streuung
(SEHRS) beruht auf Zweiphotonen-Anregung und ist aufgrund ihrer hohen Empfindlichkeit
in Bezug auf die molekulare Umgebung und Orientierung fiir die schwingungsspektroskopis-
che Strukturaufklarung organischer Proben besonders gut geeignet. Anwendungen von
SEHRS beruhen stark auf der plasmonischen Verstirkung, mit der die geringen Quer-
schnitte der spontanen Hyper-Raman-Streuung (HRS) um mehrere Groflenordnungen erhoht
werden konnen. Ziel dieser Arbeit war es, das Verstdndnis der durch plasmonische und
Komposit-Nanomaterialien verursachten SEHRS-Verstarkung zu vertiefen und diese Nanos-
trukturen in SEHRS-Experimenten, die durch den nichtlinearen parametrischen Prozess
der Frequenzverdopplung (SHG) und der oberfldchenverstiarkten Raman-Streuung (SERS)
ergdnzt werden, zur umfassenden Untersuchung organischer Molekiile und Materialien

anzuwenden.

Die SEHRS-Verstarkung von Goldnanopartikeln unterschiedlicher Form und Grofie sowie
von Metallfilmen bestehend aus periodisch angeordneten Hohlrdumen (Nanovoids) wurde
in Experimenten mit dem Farbstoff Kristallviolett bei einer Anregungswellenldnge von
1064 nm und durch numerische Simulationen untersucht. Die Ergebnisse zeigen, dass Aggre-
gate von grofien kugelformigen Goldnanopartikeln und Nanostdbchen in Losung eine sehr
hohe elektromagnetische SEHRS-Verstarkung bewirken. Demnach sind Goldnanostrukturen
vielversprechende SEHRS-Substrate, die mehrere Vorteile gegeniiber den in fritheren SEHRS-
Studien hauptsachlich benutzten Silbernanopartikeln aufweisen. Dartiber hinaus konnen
die Homogenitit des Signals, die Reproduzierbarkeit in Bezug auf die Herstellung und die
Substratstabilitdt im Vergleich zu fritheren Ansitzen durch Verwendung von Nanovoids sig-
nifikant verbessert werden. Die Weiterentwicklung von Nanostrukturen fiir die multimodale
Mehrphotonen-Spektroskopie ist hier anhand der Synthese und der optischen Charakter-
isierung von plasmonischen Bariumtitanat-Nanokompositen demonstriert. Experimente

und numerische Simulationen mit diesen Kompositnanopartikeln zeigen die Moglichkeit



einer kombinierten SHG-, SEHRS- und SERS-Untersuchung mit potenziellem Einsatz in
der Bioanalyse. Eine systematische Studie der Wechselwirkung von Aminosduren und
aromatischen Thiolen mit Gold- und Silbernanopartikeln wurde mit SEHRS bei einer Anre-
gungswellenldnge von 1064 nm und mit SERS bei Anregungswellenldngen im sichtbaren
Spektralbereich durchgefiihrt. Die nichtresonanten SEHRS-Spektren der Molekiile bele-
gen die Komplementaritidt der schwingungsspektroskopischen Informationen, die mithilfe
von Mehrphotonen-angeregten Prozessen zusammen mit Einphotonen-angeregtem SERS
erhalten werden konnen. Zusammenfassend wurde in dieser Arbeit gezeigt, dass ein tief-
eres Verstandnis und ein rationales Design verbesserter plasmonischer Nanostrukturen
ermoglichen, SEHRS mit anderen Mehrphotonen-angeregten Effekten zu kombinieren und

diese in der analytischen Chemie und Biophysik einzusetzen.
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Chapter 1

Introduction

The discovery of surface enhanced Raman scattering (SERS)!~® has sparked a growing in-
terest in the examination of the optical properties of nanostructured metal surfaces, which
can increase weak Raman scattering (RS) signals by many orders of magnitude even at
the single molecule level.*° Apart from a so-called chemical contribution, the enormous
enhancements were attributed mostly to the highly confined local optical fields of the
nanostructures, arising from resonances of their localized surface plasmons with both

the incident and the Raman scattered light.*

In general, all optical effects can benefit from enhanced local optical fields, among them
several other vibrational spectroscopies, such as IR absorption,'? hyper Raman scattering
(HRS),'"12 coherent anti-Stokes Raman scattering (CARS),'*!* femtosecond stimulated
Raman scattering (SRS),!> and second hyper Raman scattering.!® This led to the development
of several related surface enhanced spectroscopic methods suitable to address numerous
analytical and bioanalytical problems.!”~! The main focus of this thesis is the enhancement of
the incoherent, spontaneous two-photon excited Raman process of hyper Raman scattering
(HRS). In HRS, the scattered photons are shifted relative to the second harmonic of the
excitation wavelength. HRS is a rather weak process, resulting in intensities that are many

orders of magnitude lower than those in normal Raman scattering.20

Surface enhanced hyper Raman scattering (SEHRS) can be regarded as the two-photon
excited analogue of SERS and has been proposed very early after the discovery of SERS.!1/12
In SEHRS, the non-linear HRS is enhanced to a greater extent than linear RS is enhanced in
SERS, reaching effective SEHRS cross sections similar or higher than those of two-photon
excited fluorescence.?! Due to its intrinsic characteristics, SEHRS is capable of addressing

the need of spectroscopic applications regarding molecular structural sensitivity, detection

sensitivity, and spectroscopic imaging. While coherent Raman processes such as (SE-)CARS
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or (SE-)SRS are restricted to selected Raman lines that match the frequency difference of
two excitation lasers, SEHRS is excited by two photons from the same laser and gives
information about the entire vibrational spectrum. SEHRS presents several advantages,
mostly relying on the multiphoton excitation, which other vibrational spectroscopies do not
have. Specifically, HRS is governed by different selection rules than RS, and therefore offers
complementary vibrational information.?? Depending on the molecular symmetry, HRS may
probe IR active modes or in addition so-called silent modes, which are seen neither in Raman
nor in IR spectra. In a SEHRS experiment, the excitation with light in the near-infrared
region, typically convenient for biological samples, is combined with the desirable detection
in the visible spectral range. Besides, the two-photon excitation is favorable for microscopic

applications due to the increased penetration depth and limited probed volume,?

resulting
in an improved resolution for imaging. Last but not least, SEHRS has the potential to provide
new insights into the structure and interaction of molecules on surfaces, as it is much more

sensitive than SERS with respect to orientation and surface environmental changes.24‘27

This thesis also discusses the coherent non-linear optical process of second harmonic gen-
eration (SHG), where a non-centrosymmetric macromolecule or nanostructure yields an
effective combination of two photons into a single photon of twice the frequency of the
incident beam.?8-3" Here, SHG and SEHRS are both observed using the same optical setup
and excited by the same laser illuminating molecules on nanostructured metal surfaces.
SHG from centrosymmetric materials such as gold and silver originates from the symmetry
breaking at the interface, and can be used to probe local field enhancements.?>3! In non-
centrosymmetric nanocrystals, SHG arises due to bulk contributions, and such harmonic

probes have found wide application in multiphoton biomicroscopy.>?33

The aim of this work is to gain a better understanding of the factors influencing the enhance-
ment in SEHRS experiments so that the advantages of SEHRS as a multiphoton microspec-
troscopic method combined with SHG and SERS can be truly exploited for comprehensive
vibrational probing of molecular structures. This thesis is organized as follows. Chapter 2
provides information on the physical aspects of SEHRS, and state-of-the-art of its applica-
tions. Chapter 3 contains details on the methods used to obtain the experimental results,
which are presented in Chapters 4-7. In Chapter 4, the plasmonic enhancement of HRS by
different gold nanoparticles and its dependence on their size, shape, and arrangement in
nanoaggregate structures is discussed based on experimental data and numerical simula-

tions. Chapter 5 is concerned with the investigation of gold and silver nanovoid arrays

2



that yield high reproducibility and homogeneity of SEHRS signals, which is required for
real analytical applications. In particular, the relation of SEHRS and SHG is discussed
to provide important advantages for SEHRS sensing and spectroscopy. The experiments
presented in Chapter 6 are devoted to the design and characterization of novel materials
composed of non-linear nanocrystal core and plasmonic shell that enable imaging of complex
biological materials based on SHG and on vibrational information from SEHRS and SERS
spectra. An attempt to explain the experimental observations by numerical simulations
will be provided. The potential of SEHRS as vibrational spectroscopy is revealed by the
results discussed in Chapter 7, where HRS spectra of important organic and bioorganic
molecules in the local fields of gold and silver nanostructures are reported. The selection
rules in SEHRS are discussed by comparing the spectra with one-photon excited SERS data.
Experiments where local environmental conditions are varied highlight the sensitivity of
SEHRS compared to SERS with respect to small changes in orientation and interaction
of the molecules with the metal surface. Finally, the main conclusions from the results
obtained in this work are summarized in Chapter 8 along with an outlook on potential

directions for SEHRS spectroscopy and its future applications.






Chapter 2

Research background

This chapter is partially based on the publication Chem. Soc. Rev. 2017, 46, 13, 3980-3999.

In this chapter, fundamental aspects of the physical processes related to this work will be
provided. First, the most important properties of nanostructures that are responsible for
their substantial application in surface enhanced spectroscopies will be briefly reviewed,
together with common strategies for nanoparticle preparation, which were employed in this
work. Subsequently, the basic principles of hyper Raman scattering (HRS) and its enhance-
ment in surface enhanced hyper Raman scattering (SEHRS) will be introduced, followed
by an overview of substrates used in SEHRS experiments as well as several examples high-
lighting the potential of SEHRS for providing comprehensive vibrational information and
studying molecules on metal surfaces. Finally, some aspects of second harmonic generation

(SHG) from nanoscale structures will be introduced.

2.1 Nanostructures in spectroscopy

2.1.1 Optical properties

The properties of nanoscopic objects (10-100 nm) depend on their shape and size in addi-
tion to their chemical composition, and can differ significantly from the properties of the
bulk materials. For metallic nanoparticles, the optical response is governed by the exci-
tation of localized surface plasmons-polaritons (LSPs). LSPs are electromagnetic surface
modes associated with resonant stationary oscillations of the surface charge density along
the physical boundaries of the metal particle (schematically depicted in Figure 2.1A).8:34
The excitation of LSPs results in absorption and scattering of the incident light by the

particle, and a strong amplification of the electric field in close proximity of the metal
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nanostructure. These phenomena can be described by solving Maxwell’s equations for

propagation of electromagnetic fields in dielectric media.®®
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Figure 2.1: A) Schematic illustration of the collective oscillation of conducting electrons
in a gold nanoparticle in resonance with the frequency of incident light. Redrawn from
ref 7. B) Extinction cross section of 30 nm gold nanosphere in air (yellow line) and water
(blue line), and dimer consisting of two 30 nm gold nanospheres separated by 3nm (red
line) calculated with the finite-difference time-domain (FDTD) method, and experimental
UV-vis absorbance (extinction) spectrum of 32 = 7nm gold nanoparticle colloidal solution
(dashed green line). Spatial distribution of the local electric field intensity at 540 nm for C)
30 nm gold nanosphere and D) the gold nanoparticle dimer from B calculated with FDTD

using a plane wave polarized in x and propagating in z direction.

The absorption and scattering are given by their cross sections, 0,ps and Cscatt, respec-
tively, defined as the ratio of the power P absorbed or scattered by the particle with re-
spect to the incident power density Sin. (Equation (2.1) and (2.2)). The sum of s and
Oscatt gives the extinction cross section eyt (Equation (2.3)), which is related to the total

power extinguished from the incident beam by the particle that can be measured by means
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of UV-vis spectroscopy (see Figure 2.1B, dashed green line). For the simplest case of a

nanosphere, 0., and Oscatt can be approximated as:

Pibs r € —em
abs — .1 2.1
Se | Jabs S M\ T e @1)
Pscatt r6 E—&m 2
_ . 2.2
S U P i @2)
Oabs T Oscatt = OText (2.3)

where r is the radius of the sphere, ¢ = ¢ +i-¢” is the frequency-dependent complex
dielectric function of the sphere, €, the dielectric function of the surrounding medium, and
A the wavelength of the incident radiation. The extinction cross section has a maximum
at the localized surface plasmon resonance (LSPR) frequency for which e = —2¢,, applies.
This condition is fulfilled for gold and silver in the visible spectral range. Furthermore, the
wavelength of the LSPR depends not only on the particle permittivity but also on its size and
on the surrounding medium. This is illustrated in Figure 2.1B, where the extinction cross
sections of a gold nanosphere in air and water are compared (see yellow and blue lines).
Nanostructures with more complex symmetry can exhibit several LSPRs, e.g. nanorods show

two plasmon bands corresponding to the longitudinal and transversal plasmon modes.

One of the main consequences of the existence of LSPRs in gold and silver nanoparticles
is the fact that the interaction of such nanostructures with light of frequency close to their
LSPR results in strong amplification of the electric near-field. As an example, Figure 2.1C
shows the local field intensity enhancement around a gold nanosphere. The electric field is
highly confined within few nanometers around the particle and drops rapidly with increasing
distance from its surface. For a single nanosphere, the electric near-field within the quasistatic
approximation is proportional to 1/d®, where d is the distance from the particle surface.
This extreme local field confinement is responsible for the observation of enhanced optical

processes, such as hyper Raman scattering, and is therefore essential for SEHRS to take place.

Up to several orders of magnitude higher near-field enhancements can be achieved in gaps
between closely arranged nanostructures, as indicated in Figure 2.1D. The hot spots are
experimentally obtained e.g. by changing the ionic strength which induces particle ag-
gregation. In the strong local fields of such nanoaggregates even single molecules can be
detected.*>3¢ Within this work, the enhancement generated by aggregegates of nanoparti-
cles is used to observe the weak hyper Raman scattering of small organic and bioorganic

molecules. The strong near-fields in hot spots result from the coupling between LSPs of

7
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individual nanostructures, giving rise to new hybridized plasmon modes.3#37.38 The bond-
ing modes are red-shifted with respect to the LSPR of the single particles (compare red
and blue lines in Figure 2.1B). The anti-bonding modes, also called dark-modes, usually
cannot be observed in the far-field UV-vis spectrum of coupled particles but may play an

important role for the enhancement of optical processes.

Nanostructured gold and silver surfaces such as periodic arrays of nanovoids, which
are investigated in this thesis, also display very interesting optical proper’cies.39'40 In a
metal film comprised of spherical cavities, surface plasmon-polaritons are localized inside
the voids, while delocalized propagating surface plasmon-polaritons exist on the top sur-
face. These resonances appear in the visible and near-infrared, and similar to the LSPs
in metallic particles, depend strongly on the void diameter and depth. The LSPs as well
as their coupling to the delocalized plasmon modes give rise to near-field confinement

suitable for enhancement of Raman scattering.41=43

Dielectric nanoparticles with high values for the real part of the permittivity ¢’ and almost
zero for the imaginary part €, e.g. silicon, titanium dioxide or barium titanate particles, show
scattering resonances in the visible and near-IR spectral ranges.***” In contrast to metallic
structures, where the extinction is dominated by contributions from the electric dipole mode
(Equation (2.1) and (2.2) refer to the dipole approximation), in dielectric particles higher-
order multipole electric and magnetic terms have notable impact on the total extinction
cross section. The cross sections and electromagnetic fields of nanospheres or core-shell
spherical particles can be analytically expressed as infinite sums of multipolar contributions
according to the Mie solutions of Maxwell’s equations.*® In this work, results obtained
from Mie theory are used to gain a better understanding of the optical response of barium

titanate nanoparticles, which is discussed in Chapter 6.

Analytical solutions of the electromagnetic problem exist only for a few limited cases, and
thus simulations of the far- and near-field properties of nanoparticles with more complex
geometry rely on numerical methods. The most common approaches are the discrete dipole
approximation (DDA), the finite element method (FEM), the boundary element method
(BEM), and the finite-difference time-domain (FDTD) method.*® In the FDTD method, the
simulation region is divided into discrete segments (Yee cells), where the electric fields are
located on the edges and the magnetic fields on the faces of the cell.*’ Then, the differential

Maxwell’s equations in the time domain are solved on a discrete temporal grid for each
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point in space. The results are then transformed into the frequency domain with Fast
Fourier Transform (FFT). The FDTD method is used in Chapter 4 and 6 to calculate local
field enhancements and extinction cross sections of various nanostructures to compare with
the experimental results. One of the main advantages of FDTD exploited in this work is
that when a broadband pulse is used as an excitation source, the response of the system
can be obtained for a wide range of frequencies in a single simulation. However, FDTD
becomes computationally expensive for large systems as the grid spatial discretization must
be sufficiently fine to resolve the smallest objects in the model, and thus a compromise

between accuracy and computation time must be made.

2.1.2 Preparation and characterization methods

The preparation and characterization of nanoparticles and nanostructured materials is an
important topic in chemistry due to their widespread application in different research areas,
amongst others in the field of surface enhanced spectroscopy. Noble metal nanoparticles
can be obtained by bottom-up wet chemical methods.”>! Typically, the process involves
one-step synthesis utilizing a soluble metal precursor, a reducing agent, and a stabilizing
agent, which prevents the particles from aggregating. The most common approach for the
preparation of gold and silver sols, also used in this work, is the reduction with sodium
citrate.>>>3 The colloid formation starts by a nucleation process, which involves the reduction
of the metal ions to metal atoms. Once nucleation has occurred, small metal clusters undergo
a growth step to form larger particles. For colloidal gold, the particle diameter can be
adjusted by varying the stoichiometric ratio between gold(IIl) chloride and sodium citrate.>*
The higher the amount of sodium citrate with respect to a fixed amount of gold, the more
gold nuclei are formed, resulting in higher nanoparticle concentration but with smaller
sizes.>* Typically, when used for the preparation of 15-50 nm sized gold colloids, this method
yields stable, monodisperse spherical particles. Colloids with larger particle sizes are less
monodisperse, and the particle shape deviates from the spherical one. Gold and silver sols
can be produced also with other reducing agents, for example hydroxylamine that was

employed in this work to synthetize spherical silver particles.

The fabrication of anisotropic metal nanostructures is more complex and requires different
synthetic conditions. For the preparation of gold nanorods, which show two plasmon

resonance peaks thus being interesting potential substrates for SEHRS, a seed-mediated
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growth approach is usually applied.55' 56 This is a two-step method, where nucleation and
growth are performed separately. First, small gold seeds (below 5nm) are produced using
a strong reducing agent such as sodium borohydride. Then, the seeds are injected into a
growth solution containing gold(I), where they act as catalysts for the final reduction of
gold(I) to gold(0) on their surface.® The presence of an appropriate surfactant is required

in order to induce the anisotropic growth in the rod shape.

Nanoparticles consisting of a dielectric core and metal shell, exhibit interesting optical
properties with high degree of tunability, which cannot be achieved by pure metal parti-
cles.>’™ Such core-shell nanostructures can also be prepared by the seed-mediated growth
approach. Typically, in the first step the surface of the dielectric core is functionalized
with an appropriate ligand to link small metal seeds. Then, gold or silver precursor is
reduced to form a shell that may turn out as a continuous layer or not. Simpler seedless
approaches can be used as well, although surface functionalization of the cores is often
required. Within this work, similar strategies were employed to prepare novel nanostruc-

tures with barium titanate core and plasmonic shell.

Nanostructured metal surfaces, another important class of substrates for surface enhanced
spectroscopies, can be fabricated by various approaches, including lithography and elec-
trochemistry. An example of such structures are nanovoids, which are usually prepared
by electrochemical deposition.‘“’ 0 Tn this method, first a metal electrode is covered with
a monolayer of polystyrene nanospheres, followed by electrodeposition of gold or silver,
filling the gaps between the polystyrene templates. Finally, the nanospheres are dissolved
with an organic solvent, resulting in a metal film comprised of periodically arranged voids.
The geometrical and thus plasmonic properties of the nanovoid arrays can be easily con-
trolled by the size of polystyrene templates and electrodeposition time, which defines
the height of the film. Nanovoids prepared by this method are investigated in this work
for their enhancement in SEHRS and SHG.

The characterization of nanostructures is essential for their application in surface enhanced
spectroscopies. One of the most powerful tools for the visualization of nanoobjects is electron
microscopy, owing to the fact that the extremely short wavelengths of focused electron beams
allow high spatial resolution of up to 0.1nm.®! In scanning electron microscopy (SEM), the
electron beam is focused onto a small spot of the specimen, and usually the secondary

electrons are collected. The image is constructed by raster scanning of rectangular areas and

10
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matching the brightness of each spot (pixel) to the amount of secondary electrons. SEM is
suitable for investigation of thick samples, such as the nanovoid substrates employed in this
work. The spatial resolution in SEM is ~10 nm, while in transmission electron microscopy
(TEM) higher resolution can be achieved. In TEM, the electrons penetrate a thin specimen,
and are then imaged by appropriate lenses. Thick parts of the sample, such as metal struc-
tures, scatter or absorb higher fraction of the incident electrons, and in the resulting 2D
image these parts appear dark. To image metal nanoparticles with TEM, small amounts of
the colloidal solution are drop-casted on carbon coated copper grids and dried, so that the
requirement for a thin sample is fulfilled. One disadvantage of electron microscopy is that the
metal nanoparticles are measured in vacuum, and, in addition to possible drying artifacts, no
accurate information about the structure and geometry of aggregates formed by the nanopar-

ticles in solution, responsible for the high enhancement in SEHRS and SERS, can be acquired.

UV-vis spectroscopy provides direct information about the plasmonic far-field properties

of nanoparticles. The absorbance A, typically calculated from the measured transmittance

T, is defined according to the Lambert-Beer law as:?0
_ _ ltrans \ - _ Oext C-Na-L
A=—1g(T) = 1g< - ) —¢-c-L= ) (2.4)

where lirans and Iy are the intensities of the transmitted and incident light, respectively,
c is the nanoparticle concentration, L is the path length, N4 is the Avogadro constant, &
is the decadic molar extinction coefficient, and eyt is the extinction cross section. As dis-
cussed in more detail in the previous section, oext depends on the shape and size of the
nanostructures. UV-vis spectroscopy can therefore be used to measure the far-field optical
properties of novel nanostructures, or simply to estimate nanoparticle size, polydisper-
sity (from the width of the plasmon band), and to monitor particle aggregation, which

usually results in red-shifting of the plasmon band.

Another method for characterization of nanoparticles in solution is dynamic light scatter-
ing (DLS), where temporal fluctuations of Rayleigh scattering intensity are measured.?
These fluctuations can be related to the diffusion coefficient of the particles, and their
hydrodynamic diameter can be determined. DLS is mainly suitable for highly monodis-
perse almost ideally spherical particles, and the data becomes less reliable for other par-
ticle shapes and higher polydispersity. Within this work, DLS is used as a supporting
method to UV-vis spectroscopy to prove qualitatively structural differences between dif-

ferent types of nanoaggregates in solution.
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Chapter 2 Research background

2.2 Surface enhanced hyper Raman scattering (SEHRS)

2.2.1 Hyper Raman scattering

The interaction of molecules with incident light can result in absorption, emission or scatter-
ing, involving transitions between the molecular (electronic, vibrational, rotational) states of
the system. The vibrational Raman effect refers to light scattering phenomena associated
with vibrational transitions within the electronic (ground) state of the molecule. While in
normal Raman scattering (RS) the scattered photons are Stokes or anti-Stokes shifted by
the energy difference between the initial and final vibrational states (Figure 2.2A), in the

two-photon excited process of hyper Raman scattering (HRS), the scattered radiation occurs

near the second harmonic of the excitation wavelength (Figure 2.2B and C).

12

upper D E
electronic
state A A
C
anti-
B Stokes hv, F- -
A Stokes hv,| |h(vyv))
- 0 0 Yk
T A hv, h(2v4-v,) hv
A 0
2hy,
- h(2v,+v, 0
hVo h(VO'Vk) hVo h(2V0 Vk) ( 0 k)
A
lower hv" \ 4 hvo \ 4 hv” v=1
electronic hy
state 0 \ 4 \ 4 v=0
Raman hyper Raman resonance resonance second harmonic
Raman hyper Raman generation

Figure 2.2: Schematic representation of vibrational: A) linear Stokes Raman scattering, B)
Stokes hyper Raman scattering, C) anti-Stokes hyper Raman scattering, D) Stokes resonant
Raman scattering, and E) Stokes resonant hyper-Raman scattering. In each of the cases
the molecular system undergoes a vibrational transition from the initial state (v = 0 for
Stokes and v = 1 for anti-Stokes) to the final state (v = 1 for Stokes and v = 0 for anti-Stokes),
associated with the normal mode k with corresponding frequency vy. Both vibrational states
belong to the electronic ground state. The diagram in E depicts one possible resonance
condition.®3%* F) The parametric process of second harmonic generation (macroscopic) or
hyper Rayleigh scattering (from point emitters). Adapted from Chem. Soc. Rev. 2017, 46,
3980-3999 with permission from the Royal Society of Chemistry.



2.2 Surface enhanced hyper Raman scattering (SEHRS)

The number of hyper Raman Stokes photons per second nHRS

resulting from the anni-
hilation of two photons at frequency 1y and the creation of a photon at frequency

2vg — v, (Figure 2.2B) can be expressed as:

nHRS — N(THRSn% (2.5)

oS o (1B 1i) (2.6)

where N is the total number of scattering molecules, 1 is the excitation intensity (in pho-

HRS

tons per cm? per second), cF'RS is the HRS cross section, and f #i is the transition hyper-

polarizability associated with the molecular transition between the initial and the final

state.20,63,65

The brackets denote orientation averaging. HRS as a non-linear process is
relatively weak with RS being on the order of 10~% cm*s, and becomes significant when a
sufficiently intense electric field is applied.66 For comparison, cross sections of normal

RS oRS are on the order of 10730-1072% cm?2.6¢

The transition hyperpolarizability fy; arises from the quadratic term in the expansion of
the induced transition dipole moment py; in terms of the perturbing electromagnetic field
(pfi =agi- Eo+ % Bri: EoEo + - - -) that is considered to be the main origin of the scattered
radiation.®” Equation (2.6) shows that the selection rules for HRS are governed by the
hyperpolarizability, and therefore differ from those of normal RS, which depend on the
transition polarizability « fz-.67 For example, modes, which are inactive in both IR and RS, can
be hyper Raman allowed, and all IR active modes are also hyper Raman allowed.?? To that

end, IR absorption, RS, and HRS are complementary vibrational spectroscopic methods.

The frequency-dependent transition polarizability and hyperpolarizability can be described
within the framework of time-dependent perturbation theory.®®®” The tensor elements of
af; and By; increase under resonance conditions when the frequency vy for Raman (Fig-
ure 2.2D) and the frequencies vy or 2vy for hyper Raman (Figure 2.2E) approach that of

an electronic transition.20 64

This gives rise to increased Raman and hyper Raman cross
sections, and consequently increased signal intensities at visible or near-IR (for HRS) exci-
tation wavelengths in experiments with dye molecules such as crystal violet or rhodamine
6G, which are frequently used throughout this thesis. The resonance enhancement in HRS

can reach values up to 10* — 10° for selected modes.8©?

A result of the quantum mechanical treatment of ay; and By; is that the transition (hy-

per)polarizability can be expressed as partial derivative of the molecular (hyper)polarizability

13



Chapter 2 Research background

with respect to the normal coordinates of the molecule.®” Therefore, the simulation of Raman
and hyper Raman spectra involves determination of the vibrational frequencies and normal
modes with an appropriate electronic structure method, calculation of the polarizability
and hyperpolarizability, their derivatives (e.g. by finite differentiation), and appropriate

orientation averaging according to the illumination-observation geometry.

While the calculation of hyper Raman intensities,”072

73,74

especially in resonance with elec-
tronic transitions, is still a topic of ongoing research and technical implementation
(but not focus of this thesis), normal modes, and IR and Raman intensities can be eval-
uated using commercially available quantum chemistry software. In Chapter 7 of this
work, density functional theory (DFT) was employed to determine the energy and conse-
quently the vibrational frequencies of small organic molecules in order to assign the bands
observed in SERS and SEHRS spectra. DFT uses ground state electron density instead
of many electron wavefunction to determine the energy of the system according to the

75-

Hohenberg-Kohn theorem.”>” Within the Kohn-Sham approximation’® the total energy

can be expressed as a functional of the electron density:

Elp] = T[p] + Vextlp] + Exc|p] (27)

where T[p]|, Vext[p] and Exc[p] are the kinetic energy, external potential and exchange-
correlation functionals, respectively. T[p] and Vext[p] are known exactly, but the
exchange-correlation term is not and must be approximated. Here, the B3LYP (Becke,
three-parameter, Lee-Yang-Parr)”® exchange-correlation functional is employed, which

was found to be accurate for small organic molecules.”

After optimization of the
molecular structure and calculation of the total energy, the harmonic vibrational frequencies
can be obtained by diagonalization of the mass weighted Hessian matrix (second

derivatives of the energy with respect to atomic coordinates).

2.2.2 Enhancement in SEHRS

Surface enhanced hyper Raman scattering spectroscopy is concerned with the observation
of very strong hyper Raman signals, when the scattering molecule is in close proximity
to rough metal surfaces or plasmonic nanoparticles. This surface enhancement includes
contributions from both metal-light and metal-molecule interactions, giving rise to the

so-called electromagnetic (EM) and chemical enhancement mechanisms, respectively.

14



2.2 Surface enhanced hyper Raman scattering (SEHRS)

The strong amplification of electromagnetic fields near plasmonic nanostructures when
localized surface plasmons are excited, as described in Section 2.1, is considered to be
responsible for the EM enhancement mechanism. In a scattering process, as is the case

1-3,9

in SEHRS and surface enhanced Raman scattering (SERS), plasmonic enhancement

is operative in both the incident and the scattered field.

In contrast to the electromagnetic field enhancement that is determined by the plasmonic
properties of the metal nanostructure, the chemical enhancement is highly molecule specific.
The SEHRS spectrum is governed by the hyperpolarizability of the metal-molecule complex.
The chemical mechanism can be further divided into contributions arising from 1) metal-
molecule ground state interactions and from 2) resonances of the excitation wavelength
with metal-molecule charge-transfer transitions or simply with electronic transitions of the

adsorbed molecule,80-82

where the electronic states can be altered by the presence of the
metal. Theoretical studies show that the chemical contribution to the overall enhancement
in SEHRS can be larger than the corresponding chemical enhancement for SERS.2> 708384
Nevertheless, numerous studies show that the main contributions to the very high SEHRS

enhancement is related to confined local fields of plasmonic structures.

Considering electromagnetic and chemical enhancement mechanisms and including them

into Equation (2.5), the number of SEHRS photons nSEHRS can be written as:

#SEHRS £y USEHRSn% (2.8)
with a SEHRS cross section:

oSEHRS — GHRS | Ao (1) |* | Mpa (VRS | (2.9)
(75125 represents the chemical enhancement effect and is related to the transition hyperpo-

larizability of the adsorbed molecule on the metal surface /3;’(?5:

Cads” o (1B (2.10)

a

M(v) describe the excitation (at 1) and radiation (at vyrs) field enhancement factors:
2
2 _ |Ejoc(V
IM(v)|” = [Eroc(v)” >|2 2.11)
|Einc(v)|
where Ej,. is the enhanced local electric field and Ej,. is the field in the absence of
the metal structure at the excitation (vp) or scattering (vyrs = 2vp — 1) frequencies.

Due to the strong distance-dependence of the EM field enhancement (see Section
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2.1.1), the number of scatters contributing to the SEHRS signal N’ is restricted only

to molecules in close proximity of the nanoparticle.

Since HRS depends on the square of the incident radiation intensity (Equation (2.5)), the
enhancement factor for the incident light in SEHRS scales with E{}, , while for the excitation
in SERS only with EZ . This shows that HRS can benefit even more than RS from electro-
magnetic enhancement, if the incident and scattered frequencies are both in resonance with
the localized surface plasmons. Despite the very different Raman and hyper Raman cross
sections, SERS and SEHRS spectra can appear at comparable signal levels and, for example,
can be measured in the same spectrum using the first and second diffraction order of a double
grating spectrometer, respectively.85 The high signal intensities in SEHRS enable measuring

two-photon excited vibrational spectra down to the limit of single-molecules®® %% and

to collect hyper Raman spectra also at the anti-Stokes side.?!8

In an experiment overall SEHRS enhancement factors can be evaluated by comparing sig-
nal intensities from HRS and SEHRS spectra (see Equation (3.8), Chapter 3) as it is hard
to distinguish between the chemical and electromagnetic contributions because both are
always included.® However, the electromagnetic enhancement can be estimated empiri-
cally for a given absorbance spectrum of the plasmonic sample (see Equation (3.2), Chapter
3).90'91 In electrodynamic simulations of plasmonic nanostructures, theoretical SEHRS EM
enhancement factors may be approximated, in analogy to SERS,%’ by multiplying the electric
field enhancements obtained after solving the excitation problem for both incident and

scattering frequencies, that is |Mex(vo)|* |Mex (virs)|*.

2.2.3 Plasmonic nanostructures for SEHRS

SEHRS experiments require nanostructures providing high enhancement factors, so that

0—65

the low cross sections of HRS on the order of 1 cm?s can be overcome. In general,

SEHRS experiments have typically been carried out with nanostructures similar or

the same as those used in SERS. While the first observation of SEHRS was made on

silver micro powder,!? subsequent investigations employed roughened electrodes’? 8392

11,93,94

and colloidal solutions of metal nanoparticles, which have remained the main

two types of enhancing nanostructures for SEHRS.
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2.2 Surface enhanced hyper Raman scattering (SEHRS)

It is well known from SERS theory and experiments that hot spots with extremely high
field enhancement occur in the spaces between particles in fractal structures such as nanoag-
gregates.>%>7 In SEHRS, the effect of aggregation is even more important because ag-
gregated nanoparticles can support plasmon resonances in a wide spectral range from
400nm to 1200 nm, although they are not always visible in the far field scattering spec-
trum 8373898 According to the electromagnetic theory for SEHRS (Equation (2.9)), this
allows to enhance both the incident and scattered fields, whose frequencies are widely

separated, and thus to optimize the total enhancement.

As mentioned above, typical plasmonic nanostructures for SERS have been directly trans-
ferred to SEHRS experiments. More recent results indicate that it is not necessarily an
optimum strategy to directly draw conclusions about the enhancement in SEHRS from the
enhancement yielded with a particular type of nanostructure in SERS. On the one hand, this
is due to different requirements regarding the plasmonic properties. In particular, the design
of nanostructures with multiple plasmon resonances to match the incident and scattering
frequencies in HRS, active in the same physical region of space has been proposed.®*-1%1
On the other hand, the surface chemistry of the nanoparticles, which both determines the
formation of nanoaggregates (i.e., the plasmonic properties) and at the same time influences
the interaction of the molecules with the metal surface plays an important role for the en-
hancement. For example, nanoaggregates formed by citrate reduced silver nanoparticles
yield higher overall SEHRS intensities than nanoaggregates from hydroxylamine reduced
silver nanoparticles, although exactly the opposite is found for SERS.?° In silver nanoaggre-
gates, enhancement was discussed for individual nanostructures, assessing the plasmonic
properties as a function of polarization.!9219 Such experiments provide evidence that it is
important to design suitable plasmonic materials for SEHRS, and to further understand the
factors that influence SEHRS enhancement in the experiments. First theoretical discussions
aiming for an optimization of plasmonic nanostructures for SEHRS, e.g. by considering
different geometries including double resonant antennas in the visible and UV, and silver
heptamers supporting Fano resonances, were reported.”® 1% Further research focusing on
the development of SEHRS active nanostructures providing uniform and high enhancement

should be the key for obtaining comprehensive vibrational information by means of SEHRS.

A very important feature of both aggregated nanoparticles and electrochemically roughened
electrodes is that their structure is neither well defined, nor that it is clear if similar hot

spots are equally distributed throughout the sample. There have been several attempts
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to improve the homogeneity of SEHRS enhancement in nanostructured materials. For
example, silver nanocrystal-modified silicon nanowires were found to provide a more

105 1

spatially uniform response than silver nanoparticles deposited as a film on glass.
particular, chemically immobilized silver nanoparticles on glass slides, well known for their
homogeneous SERS enhancement,!% have proven to be well-suited for SEHRS hyperspectral
mapping experiments.107 In addition, fabrication of well-defined structures with nanoscale
gaps, commonly used in SERS,108-110 hi55 been implemented also in SEHRS.111 Anisotropic
silver dimer arrays were the first artificially designed nanostructures employed in SEHRS

measurements.'!! However, relatively little work has been done in this direction for SEHRS

and further optimization of the electromagnetic enhancement should be possible.
SEHRS with nanoparticles and nanoaggregates

In recent work, the majority of SEHRS experiments are carried out using aggregates of
metal nanoparticles as enhancing structures. Such nanoparticles can be easily prepared by
standardized wet chemical methods, although their reproducibility is often not optimum.
As an example, silver nanoparticles with diameters in the range of 50-100 nm obtained by
reduction of silver nitrate with sodium citrate® have been most frequently used.5>93112-116
Fewer reports employ other preparation techniques for silver nanoparticle solutions resulting
in nanostructures with diameters below 50 nm and different surface chemistry, specifically
the reduction with hydroxylamine,?® borohydride,!'® tannic acid,® hydrazine!!” or hydro-
gen gas.”* Also, silver nanoparticles prepared by green synthesis in situ in intact onion
epidermal cells were shown to have sufficient SEHRS activity,'!® highlighting the poten-
tial of such an approach for exploiting SEHRS in bioanalysis. For the latter purpose, gold
nanoparticles would be ideally suited. However, so far there have been extremely few

21,119

reports on the observation of SEHRS on gold nanostructures, and the potential of gold

SEHRS substrates has not been systematically investigated yet.

The aggregation of nanoparticles is often induced by addition of sodium chlo-

103,114,120-122 36,123 93,117,124

ride,, sodium bromide, potassium chloride or other electrolytes in
the nanoparticle solutions. Each type of electrolyte at a given concentration can produce
a unique aggregate morphology and surface coverage with ions, which can result in
differences between the SEHRS spectra of the same compound.'?>12> Nevertheless, it is very
difficult to distinguish between chemical effects induced by co-adsorbed ions and effects

due to different fields and field gradients that can arise from different gap sizes or aggregate
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2.2 Surface enhanced hyper Raman scattering (SEHRS)

geometry as a reason for the observed spectral changes, since both can vary simultaneously
during the aggregation process. SEHRS is extremely sensitive with respect to changes
in surface potential and small changes in the interaction of the molecules with the metal
surfaces,?* and depending on the molecule, the chemical contribution to the enhancement
can be quite strong as well. Furthermore, the interaction of the molecule with the
nanostructure — which is the main prerequisite for the molecule taking part in SEHRS (and

also SERS) — depends critically on the surface charge and charge of the molecule.?6: 116,126

SEHRS with electrodes

Electrochemical SEHRS measurements on silver electrodes were found to be convenient for
the investigation of small organic molecules such as pyridine, pyrazine, phenazine and re-

lated derivatives under non-resonant excitation conditions?% 72,83,92,127-129

and also to study
the dependence of the SEHRS signals on surface potential. 24728392128 To provide high local
field enhancement, the electrodes are usually roughened in oxidation reduction cycles (ORC),
which results in modification of the surface morphology at the nanometer scale.8392/127,128
To improve homogeneity and reproducibility of the surface roughness, modification of the
electrode surface by dispersing chemically synthesized metal nanoparticles onto it was pro-
posed, which allowed to reversibly obtain reproducible SEHRS spectra in a wider potential
range than with an electrochemically roughened electrode.”? The concept of silver film over
nanosphere electrodes, which have more homogeneous and reproducible nanostructure
morphology, has also been introduced to SEHRS.?#12Y In this type of electrode the surface
roughness is produced by vapor deposition of silver on top of a nanosphere monolayer. An
important advantage of this system over ORC roughened electrodes is that the concentration
and chemical nature of the supporting electrolyte in an electrochemical SEHRS experiment
can be varied without altering the surface morphology and thus the enhancement associated

with it. In particular, this allows to investigate the effect of co-adsorbed ions on SEHRS

spectra,?* which is still not possible for measurements in nanoparticle solutions.

2.2.4 Two-photon vibrational probing using non-resonant SEHRS

The selection rules for non-resonantly excited SEHRS have been discussed by

comparing SERS and SEHRS spectra from small organic molecules, including

72,92

pyridine, pyrazine,72 trans-1,2-bis(4-pyridyl)ethylene (BPE),?*#12  benzene,”?
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d,116’ 130 26,120

para-mercaptobenzoic aci as well as data from nucleobases, and recently

also the dye crystal violet excited at 1570 nm.’4

In the case of centrosymmetric molecules such as pyrazine, benzene and BPE, the Raman
and hyper Raman active modes are expected to be complementary. For benzene, indeed
the SERS and SEHRS spectra do not show any common bands, and the SEHRS spectra are
very similar to the IR absorption data.”? Also for pyrazine and BPE "new" Raman-inactive
modes appear in the SEHRS data that are not observed in SERS, in addition to some SERS-
active bands.2*%2 Although the adsorption of molecules can reduce their symmetry, so that
Raman-active modes become visible in the hyper Raman spectrum as well, the detailed
examination of the SERS and SEHRS spectra for these two molecules showed that little

or no symmetry reduction occurs upon adsorption.?*%2

The SEHRS and SERS spectra from non-centrosymmetric molecules such as pyridine and
nucleobases display bands mostly at the same positions, although with quite different
relative intensities.?®8%120 For example, in the SEHRS and IR spectra of pyridine, Golab et
al. reported less pronounced signals of the ring breathing modes.®3 Also the signal of the
symmetric ring breathing mode of all five nucleobases differs between SERS and SEHRS
spectra. While in SERS it is often used to estimate the adsorbate orientation with respect
to the surface, this signal is weak or medium compared to other bands in SEHRS.26/120
This mode is also very strong in the Raman but medium in the IR absorption spectra of
the solid compounds. Independent of a varied surface composition (stabilization) of the

silver nanoparticles,?!2:120 the differences between the SEHRS and the SERS spectrum

of adenine are consistent and obvious in all reports.

To understand the influence of the interaction of the molecule and the metal surface on the
qualitative features in a SEHRS spectrum, many theoretical studies, mainly considering the
model of pyridine on a silver surface, were performed.?> 70728384 Assuming perpendicular
orientation of the pyridine molecule on the surface, SERS and SEHRS spectra were modeled
at various levels of theory. Valley et al.®> and Mullin et al.,3* who also compared their
calculated spectra with the experimental work by Golab et al.3 and Li et al.,”? respectively,
showed that the normal HRS spectrum of pyridine is dramatically different from its SEHRS
spectrum, while the differences between the calculated RS and SERS spectra were much
smaller.2>8384 Other simulations have shown that slight tilting of the molecule with respect

to the surface normal results in more pronounced changes in the SEHRS spectrum than in
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SERS, suggesting that SEHRS is more sensitive to adsorbate orientation.?”-3% Experimentally,
the higher sensitivity of SEHRS over SERS with respect to adsorbate geometry and small
surface environmental changes has been reported for several species.?2% 116 For example,
the SEHRS spectra from BPE on silver electrodes displayed significant variations when
the concentration and type of co-adsorbed counterions were changed,?* and changes in
the SEHRS spectra of the nucleobases thymine and uracil at different pH were much more

pronounced than in the corresponding SERS data.?®

2.3 Second harmonic generation (SHG)

Apart from the inelastic Raman scattering, the interaction of a molecule with light can
result in elastic Rayleigh scattering, where the frequencies of the incident and scattered
radiation are the same. The non-linear counterpart of Rayleigh scattering is hyper Rayleigh
scattering, where two photons are converted in one photon of twice the frequency (Fig-
ure 1F). This process refers to the incoherent scattering from electric dipoles with size
much smaller than the wavelength of the incident radiation, and its intensity depends
linearly on the number of molecules. When the scattering source becomes larger than
~10nm, coherent effects begin to emerge, and the corresponding process is referred to

as second harmonic generation (SHG).?%3%/131

For a macroscopic material exposed to electromagnetic radiation, the induced po-
larization within the electric dipole approximation is given as a power series of

the perturbing electric field Ey according to:

P=xW.Ey+x@ :EyEy+--- (2.12)
——— ———
p) p2)

where P() is the linear polarization, P@) the first non-linear polarization, x and x@
are the linear and non-linear susceptibility tensors, respectively, which include bulk and
surface contributions from the atoms or molecules in the material. P(?) oscillating at the
second harmonic frequency is the source of the SHG light, and x(?) describes the elec-
tronic and symmetry properties of the non-linear material. In media possessing a center
of inversion, the centrosymmetry leads to vanishing of all the tensor elements of x(?), and

thus SHG is forbidden in the bulk of such materials.
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The crystalline lattice structure of gold and silver is cubic face-centered that is centrosym-
metric. Therefore, SHG from the bulk of plasmonic nanoparticles is symmetry forbidden
within the electric dipole approximation. At the surface of the nanoparticles the centrosym-
metry breaks and SHG can emerge due to surface contributions. Although the tensor
elements of the surface )((2) from metals are small, the second harmonic emission can be

132-135 Rough31’136'137 or structured!38:139 metal

strongly enhanced by plasmon resonances.
surfaces supporting plasmon resonances can also give rise to strong SHG signals, partic-
ularly in localized hot spots. This in principle allows probing local field enhancements

of nanostructured plasmonic surfaces by SHG.

For nanoscale structures made from noncentrosymmetrical materials, such as barium ti-
tanate that is employed in this work, the whole volume of the particle participates in
the frequency doubling process. For smaller particles surface contributions become more
significant than in larger particles as the ratio of surface atoms to bulk atoms increases.
In principle, the bulk SHG contributions should be coherent but polycrystallinity may
deter correlated emission from a single particle. Apart from this, the SHG signal from
randomly oriented coherent emitters in solution is rather incoherent.??-3 Similar to plas-
monic particles, SHG from high refractive index dielectric nanostructures is enhanced if
the incident or the second harmonic wavelength is in resonance with intrinsic electromag-
netic modes of the particle.#”/14%141 n general, nanocrystals from non-linear materials

are suitable for SHG imaging of biological samples.3>33
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Chapter 3

Materials and methods

3.1 Chemicals

Gold(Il) chloride trihydrate (HAuCl,-3H,O, trace metals basis), silver nitrate
(AgNO;, trace metals basis), hexadecyltrimethylammonium bromide (CTAB),
polyvinylpyrrolidone (PVP, average mol wt 40,000), tetrakis(hydroxymethyl)phosphonium
chloride solution (THPC, 80% in water), octylamine, L-ascorbic acid, hydroxy-
lamine hydrochloride (NH,OH-HCI), (3-aminopropyl)triethoxysilane (APTES),
(3-mercaptopropyl)trimethoxysilane (MPTS), ethylene glycol (EG), borax / sodium hydrox-
ide buffer solution pH 10, tryptophan, histidine, phenylalanine, tyrosine, 2-aminothiophenol
(2-ATP), 3-aminothiophenol (3-ATP), 4-aminothiophenol (4-ATP), 4-mercaptobenzoic acid
(PMBA), thiophenol, benzyl mercaptan, 2-phenylethanethiol, and L-a-phosphatidylcholine
(99 %) were purchased from Sigma-Aldrich. Ammonium hydroxide solution (25 %) and
sodium hydroxide (NaOH, 97 %) were purchased from Fluka. Trisodium citrate dihydrate
was obtained from Th. Geyer, and hydrogen peroxide (H,O,, 30 %) from Carl Roth. Sodium
chloride (NaCl), sodium borohydride (NaBH,), hydrochloric acid (HCl, 37 %), nitric acid
(HNO;, 70 %) and crystal violet (CV) were purchased from J. T. Baker. Magnesium sulfate
hydrate (MgSO,) was obtained from Riedel-de Haén, and rhodamine 6G (R6G) from
Lambda Physik. Barium titanate nanoparticles (BaTiO;, tetragonal) were purchased from
US Research Nanomaterials, Inc. Phosphate buffered saline (PBS) was purchased from
Sigma-Aldrich, Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum (FCS),
and ZellShield™ were obtained from Biochrom AG, Berlin, Germany. All solutions were

prepared using Milli-Q water (USF Elga Purelab Plus purification system).
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3.2 Preparation of nanostructures

Gold and silver nanoparticle synthesis

Spherical gold nanoparticles were prepared by the citrate reduction method.>>>%142 For
the synthesis of 30 nm gold nanoparticles, gold chloride solution (200 mL, 0.375 mM) was
heated to 90 °C. Subsequently, sodium citrate solution (1 % by weight, 4mL) was added
under vigorous stirring, and the reaction mixture was kept boiling for 1 h. Gold nanoparticles
with an average size of 14 nm were prepared by adding sodium citrate solution (96.9 mg
dissolved in 8.5 mL water) in 1 mL steps to 243 mL boiling water containing HAuCl, (292 uL,
0.25M). For the preparation of gold nanoparticles with diameters ranging from 43 to 72 nm,
HAuCly solution (50mL, 0.3 mM) was heated to boiling. Then, different aliquots (from
350 to 500 pL) of trisodium citrate solution (1 % by weight) were added, and the reaction
mixture was kept boiling for 30 min. The color of the gold colloids ranged from red to

purple with increasing size of the nanoparticles.

Gold nanorods were prepared as reported previously.56 CTAB solution (5 mL, 0.2 M) was
mixed with HAuCly (5mL, 0.5 mM) and vigorously stirred. Next, NaBH, (0.6 mL, 0.01 M) was
added, the mixture was stirred for 2 min, then left undisturbed for 2 h and used as the seed
solution. The growth solution was prepared by mixing CTAB (5mL, 0.2 M) with HCI (190 pL,
1M) and HAuCly (5mL, 1mM) under vigorous stirring. Subsequently, AgNO; (120 L,
0.01 M), ascorbic acid (100 uL, 0.1 M), and 24 uL of the seed solution were added. The reaction
mixture was shaken gently and left undisturbed overnight. All steps took place in water
bath at 30 °C. Next, the solution was centrifuged for 30 min at 7800 rpm, and the precipitate
was redispersed in 3mL water. The centrifugation-redispersion cycle was performed three

times. In Raman experiments 10-fold diluted solution of the nanorods was used.

Gold seeds with size of 2-3nm, THPC-gold, were prepared as reported previously.1*3 Aque-
ous solutions of sodium hydroxide (0.2M, 1.5mL), THPC (1 mL of a solution of 60 pL of 80 %
aqueous solution diluted to 5mL with water), and HAuCl, (2mL, 25 mM) were subsequently
added to 45.5mL water. The resulting dark brown colloid was stirred for 30 min at room

temperature and aged at 4 °C for at least one week before use in further synthesis steps.

For the preparation of hydroxylamine reduced silver nanoparticles,'* AgNO, solution

(10mL, 0.01 M) was added rapidly to 90 mL water, containing hydroxylamine hydrochloride
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(11mg) and sodium hydroxide (12mg). The reaction mixture was stirred for 30 min at

room temperature, resulting in a yellowish-brown colloid.

Citrate reduced silver nanoparticles were produced by the Lee and Meisel protocol.”
AgNO; (46 mg) was dissolved in 245 mL water and heated to boiling with extensive stirring.
Next, sodium citrate solution (5 mL, 0.04 M) was added dropwise and the reaction mixture

was kept boiling for 1h, resulting in a yellowish-grey colloidal solution.

Gold and silver coated barium titanate composite nanoparticle synthesis

and surface modification

For the preparation of gold coated barium titanate nanocomposites, Au@BaTiO;, proto-

cols for surface functionalization of barium titanate!4>-14°

and a seed-mediated growth
approach®® for the gold shell formation were adapted. Barium titanate particles (180 mg)
were dissolved in hydrogen peroxide (30 %, 30 mL) and sonicated for 30 min at room temper-
ature. Then, the particles in hydrogen peroxide were heated in oil bath under reflux at 110 °C
for 4 h. The heating step was omitted when preparing Au@BaTiO; with smaller gold particles
as shell. The particles were centrifuged at 7500 rpm for 30 min and washed with water several
times, and then redispersed in 300 mL ethanol. Ammonium hydroxide (25 %, 480 pL) and
APTES (2.5 mL) were added subsequently to the hydroxylated BaTiO; particles in ethanol
and the mixture was stirred for 6 h at 75 °C under reflux. The particles were centrifuged for
20min at 7500 rpm and washed with ethanol at least three times to remove excess reagents,
then redispersed and stored in 60 mL ethanol at 4 °C. APTES-functionalized barium titanate
nanoparticles in ethanol (5 mL) were mixed with THPC-gold (5 mL), shaken with vortex
mixer for 2-3 min and left still over night. The THPC-gold functionalized BaTiO; particles
were centrifuged for 10 min at 6500 rpm and washed with water three times, then redispersed
in 5mL water, and used as the seeds in the next step. CTAB solution (2mL, 0.2 M) was mixed
with HCI (100 pL, 1 M) and HAuCl, (1mL, 0.75mM) in a 15mL centrifuge tube under vortex
shaking. Then, ascorbic acid (150 pL, 0.01 M) was added and the solution was shaken until
it turned transparent. Finally, 2mL of the seeds were injected in the reaction mixture; the
tube was shaken for 10 s and left still in water bath at 30 °C for 30 min. The particles were
centrifuged for 10 min at 2000 rpm and washed with water several times until no unbound
gold nanoparticles were present in the supernatant, and finally redispersed in 2 mL water.

This procedure yields ca. 9 nm gold nanoparticles distributed on the surface of the barium
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titanate cores. In order to increase the size of the gold nanoparticles to ca. 17 nm, one more
growing cycle was performed by using the product as seeds. CTAB solution (1.5mL, 0.2 M)
was mixed with HCl (75uL, 1 M), HAuCl, (0.75mL, 0.67 mM), ascorbic acid (100 uL, 0.01 M),
and 1.5 mL of the product from the previous step in the same conditions as described above.
After several centrifugation and washing cycles, the particles were redispersed in 1.5mL
water, containing CTAB (2 puL, 0.2 M) to increase stability, and stored at room temperature.

For further experiments the particles were first centrifuged and redispersed in milli-Q water.

Silver barium titanate composite nanoparticles, Ag@BaTiO;, were prepared by surface

functionalization of barium titanate with hydroxyl groupsl45' 146

and growing a silver shell
in a seedless one-step synthetic route previously reported for silica-silver core-shell struc-
tures.!> Barium titanate nanoparticles (30 mg) were dissolved in hydrogen peroxide (30 %,
10mL) and sonicated for 1 h at room temperature. The particles were centrifuged at 7500 rpm
for 15min and washed with water several times, and then redispersed in 50 mL ethanol.
Ammonium hydroxide (25 %, 80 uL) and MPTS (200 uL) were added subsequently to the
BaTiO; particles and the mixture was stirred over night at room temperature. The particles
were centrifuged for 15min at 7500 rpm and washed with ethanol several times to remove
excess reagents, then redispersed and stored in 10 mL ethanol at 4 °C. MPTS-functionalized
BaTiO; particles (2mL) were centrifuged, redispersed in 2mL ethylene glycol, placed in
a round bottom flask and stirred at room temperature. Silver nitrate solution in ethylene
glycol 3mL, 1gL1), PVP solution in ethylene glycol (2mL, 0.2mMm), and n-octylamine
(5 L) were added subsequently and the reaction mixture was stirred for 2 h. The particle
solution turns from white to yellow, pink, and finally dark brown. To remove unbound silver
nanoparticles, the Ag@BaTiO; particles were centrifuged for 5min at 2000-4500 rpm and
washed with ethanol many times until the supernatant was transparent. Finally, the particles
were dispersed in 2mL ethanol and stored at room temperature. For further experiments

the particles were first centrifuged and redispersed in milli-Q water.

Au@BaTiO; and Ag@BaTiO; nanocomposites were coated with lipids according to previ-
ously reported protocol for displacement of CTAB from the surface of gold nanoparticles.'>!
Liposomes were prepared by dissolving phosphatidylcholine in chloroform/methanol (1:1)
mixture (10 g L71). Then, the solvent was removed under the stream of argon, and the dried
lipids were rehydrated with PBS buffer. The mixture was freeze-thawed at least six times
at the temperature of in liquid nitrogen and at 37 °C. After freeze-thaw cycles, the lipids

were sonicated and extruded through polycarbonate membrane (pore size 0.2 um). The
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3.2 Preparation of nanostructures

liposomes were prepared by Vesna Zivanovié. Next, the core-shell nanoparticles (50 pL)
were mixed with the liposomes (100 puL), and sonicated for 20 min. After centrifugation
and discarding the supernatant, the particles were redispersed in liposomes (200 uL) and
sonicated for 20 min. This cycle was repeated three times. The particles were left over night

in the lipid mixture at 4 °C, and finally centrifuged and redispersed in 50 uL water.

For coating with pMBA, the composite nanoparticles (50 pL) were incubated with aque-
ous pMBA solution (950 uL, 5 x 107> M) over night. The excess pPMBA was removed by

centrifugation cycles and the particles were redispersed in 50 pL water.

Cell growth and incubation with Au@BaTiO; and Ag@BaTiO; composite nanoprobes
was done by Vesna Zivanovi¢. Swiss albino mouse macrophages of cell line J774 (from
DSMZ, Braunschweig, Germany) were cultured in DMEM supplemented with 10 %
FCS and 1% ZellShield™ in a humidified environment at 37 °C and 5 % CO,. For SHG
and Raman experiments, J774 cells were grown as a monolayer on sterile cover-slips
(Thermo Fisher Scientific, Schwerte, Germany) in a six-well plate and incubated with
120 uL of 20-fold diluted solution of the lipid or pMBA coated composite nanoprobes
and 880 uL of standard cell culture medium for 3 h.

Preparation of nanovoid structures

Gold and silver nanovoid structures were fabricated by Denis Ohl, Ugur Kayran and Jodo

Junqueira (Ruhr-Universitdt Bochum, AG Elektroanalytik und Sensorik).

Gradient silver and gold nanovoid samples were prepared by bipolar electrodeposition ac-
cording to a previously reported protocol.®% 152 First, Au/Ag-coated Si wafers (200 nm thick-
ness) were decorated with 200 nm, 300 nm and 600 nm polystyrene nanospheres (Thermo
Fisher Scientific, USA) utilizing a Langmuir-Blodgett trough (KSV Instruments, FIN). Briefly,
150 pL nanospheres were mixed with 300 pL EtOH and evenly distributed on the water
surface. The film was compressed until a surface pressure of 50 mN m~! was reached (us-
inga2xl cm? Pt Wilhelmy plate). During vertical retraction (2mm min!) the surface
pressure was kept constant. Only samples offering a homogeneously covered surface, as
indicated by scanning electron microscopy (SEM) were used for further experiments. For

bipolar electrodeposition an in-house built cell was used with a feeder electrode distance
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of d = 16 cm (carbon rods, = 6 mm and 9 cm length, SGL Carbon GER). Bipolar electrode-
positions were carried out while keeping the potential drop across the bipolar electrode
ABE constant at 3V for 60s. For this purpose, the potential difference between the feeder
electrodes Vieeqer Was varied between 6 and 10V depending on the length of the bipolar
electrode (BE). The depositions were done with commercial plating solutions (Ag: MetSil 500
CNF, 31g L7}, Au: ECF 60 gold plating solution 15 g L~! mixed with E3 brightener EC4073
(v/v 200:1), Metalor Technologies, CH). Prior to the electrodeposition, the electrodes were
incubated in the plating solution for 10 min to ensure a complete wetting of the surface.
After electrodeposition, the BEs were cleaned with EtOH and H,O followed by incubation

(60 min) in dichloromethane in order to dissolve the nanospheres.

Gold and silver nanovoids with 200 nm and 300 nm nanosphere templates and uniform
metal thickness were reproduced using an in-house built scanning droplet cell (SDC).153/154
Briefly, a measuring cell consisting of polytetrafluoroethylene (2= 6 mm) with an inte-
grated counter (CE, Pt wire) and reference electrode (RE, Ag/AgCl/3M KCl) is fixed to
XYZ step motors (OWIS, GER). The cell is connected to a PGU-100 bipotentiostat (IPS
Jaissle, GER) whilst the signal is read out utilizing an AD/DA converter. The electrodepo-
sitions were carried out for a fixed time of 240s for all substrates, and the applied po-

tential used for each sample is listed in Table 3.1.

Table 3.1: Electrodeposition parameters for the fabrication of gold and silver nanovoid

substrates with uniform thickness.

substrate applied potential vs. Ag/AgCl/3M KCl

Ag(200) 725 mV
Ag(300) -695mV
Au(200) 540 mV
Au(300) 545 mV
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3.3 Characterization methods

UV-vis spectroscopy

UV-vis spectra of liquid samples were recorded in transmission mode on a UV-vis-NIR
double-beam spectrophotometer (V-670, Jasco) in the wavelength range between 300 nm and
1200 nm. For measurements of nanoparticles in solution, quartz cuvettes (Hellma,104.002-QS)

of 10 mm path length were used and the samples were typically diluted 10-20 times.

In Chapter 4 the UV-vis data was used to estimate electromagnetic SERS?® and SEHRS’!
enhancement factors Gsgrs and Gspprs, respectively, generated by the different gold nanos-
tructures using the following empirical relations:
2 2
|e(vo) | [e(vrs)|
e (vo)e” (vrs ) UoTRs

le(vo)|* [e(virs)|®
(v0)e" (VuRrs ) V3 7HRS

Gsgrs = - A(vo) A(vRs) (3.1)

GseHRs = - A% (vo) A(vHRs) (3.2)
where A(v) is the measured absorbance of the sample, e(v) = € (v) + i - €’ (v) is the complex
dielectric function of gold at the incident laser (1p) and Raman or hyper Raman (vrs and

vHRs) frequencies, respectively; 7y, 7rs and 7xRs are the corresponding wavenumbers.

Transmission electron microscopy (TEM)

Transmission electron micrographs were taken using a Tecnai G2 20 TWIN instrument
operating at 200 kV. The liquid samples were drop-casted on carbon coated copper grids.
The measurements were performed by Soren Selve and Jan Simke at Zentraleinrichtung

Elektronenmikroskopie (ZELMI), Technische Universitit Berlin.

The average nanoparticle sizes and size distributions were determined by analysing TEM

images of ~500 particles from each particle type using the software Image].!>°

The concentrations of gold and silver nanoparticle solutions were estimated according

to equation (3.3), assuming complete reduction:

_ n- Mmetal 33
‘T V. N (9)
particle * Pmetal * Vsolution * {VA
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where ¢ - nanoparticle concentration, n - amount of metal, Miyeta1 - molar mass of gold/silver,
Vpartide - average volume of the nanoparticle calculated from the average sizes determined
by TEM (assuming spherical or cylindrical geometry for the nanorods), pyetal - density of

gold/silver, Vioution - final volume of the colloidal solution, and N4 - Avogadro constant.

From the TEM data, the maximum possible surface coverage of nanoparticles with crystal
violet and rhodemine 6G (Chapter 4) was estimated by assuming a perpendicular orientation
of the dye molecules corresponding to an occupied area of ~0.4nm?.1%® This assumption

results in surface coverages of 70-110 %, depending on the respective nanoparticle solution.

Scanning electron microscopy (SEM)

Scanning electron micrographs of nanovoid structures were taken with a Quanta 3D ESEM
(FEI, USA) operating at 30 kV acceleration voltage. The measurements were performed by
collaborators from the group of Prof. Wolfgang Schuhmann at Ruhr-Universitdt Bochum,
Elektroanalytik und Sensorik department. The internal function of the instrument for
measuring distances was used to image the gradient nanovoid substrates at desired positions.

The void diameters were determined by analyzing the SEM images with Image].!>

Dynamic light scattering (DLS)

Dynamic light scattering (DLS) measurements were performed with a Zetasizer® Nano
7ZS (Malvern Instruments) at BAM Federal Institute for Materials Research and
Testing. The samples were diluted 1000 times, placed in polymethyl methacry-
late (PMMA) cuvettes, and after 2min of equilibration at 25°C the samples were

measured 30 times with an integration time of 20s.

3.4 Raman experiments

All Raman and hyper Raman spectra were measured with an imaging spectrometer. Hyper
Raman spectra at 1064 nm were excited with a mode-locked Nd:YVO, laser producing 7 ps
pulses at 76 MHz repetition rate (picoTrain, HighQ GmbH) and at 830 nm with a tunable

Ti:Sapphire laser (Tsunami) producing 35 ps pulses at 80 MHz repetition rate. Raman spectra
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were excited at 532 nm (using the second harmonic of the 1064 nm laser or with a diode laser
BWI-532-100E, B&W Tek), 633 nm (HeNe laser, Thorlabs, HRP 17), and 785 nm (diode laser
DL-100, Toptica Photonics AG). The excitation light was focused onto the samples through a
microscope objective (10x with NA 0.3 or 60x water immersion objective with NA 1.2), the
Raman light was collected in backscattering geometry by the same objective, and detected
by a liquid nitrogen cooled CCD detector. The spectral resolution was 5-8 cm~!, considering
the full spectral range. For all Raman experiments, the exact integration times and excitation

intensities are stated in the figure captions of the presented data in the discussion chapters.

For laser intensity calculations, the radius of the focal spot of the excitation beam, Txy, Was

determined from the Rayleigh criterion according to:

0.61A
"y = A (3.4)
The two-photon interaction volume V in a SEHRS (and SHG) experiment was approxi-
mated as a three-dimensional Gaussian volume:?
V= n%riyrz (3.5)

where the lateral and axial radii, 7y, and r;, are defined as:

0.320A 0.325A

Ty = for NA < 0.7 and Ty = ———

Y NAV2 YT NAL 2
05321 1

r, =
) V2 n—/n2 —NA?

A is the laser wavelength, NA is the numerical aperture of the objective lens, and

for NA>07  (3.6)

(3.7)

n is the refractive index of the medium.

Sample preparation

In the SEHRS and SERS experiments with gold nanoparticles presented in Chapter 4, gold
colloids (120 pL) were mixed with water (15puL) or sodium hydroxide (15pL, 1M), and
finally crystal violet or rhodamine 6G solution (15pL) was added to obtain the desired
concentration. The gold nanorods were diluted 10 times to achieve similar concentra-

tion as in the solutions of spherical nanoparticles.

The SEHRS spectra obtained with solid nanovoid substrates presented in Chapter 5 were
measured by placing a droplet of crystal violet with the desired concentration (typically

10~° M) and focusing the laser light with a 60x water immersion objective.
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In Chapter 6, SERS and SEHRS spectra of crystal violet were measured by diluting the
composite BaTiO3-gold or silver nanoparticles (60 uL) with water (60 pL), followed by ad-
dition of crystal violet solution (20uL, 107> M). The spectra of pMBA and lipid coated
nanocomposites were measured directly by focusing the laser light through a 60x wa-
ter immersion objective on a droplet of the respective nanoparticle suspension, which

was placed on top of a calcium fluoride plate.

The SEHRS and SERS spectra of amino acids from Chapter 7.1 were measured by mix-
ing hydroxylamine reduced silver nanoparticles (115uL) with sodium hydroxide / bo-
rax buffer with pH 10 (15pL), the amino acid solution with the desired concentration

(15pL), and magnesium sulfate (5pL, 1M).

In the experiments with thiophenols shown in Chapter 7.2, gold and silver colloids (120 uL)
were aggregated with sodium chloride (15uL, 1 M), and thiophenol solution (15 pL) was
added to obtain the desired concentration. For SEHRS and SERS measurements of aminoth-
iophenols, gold colloid (100 uL) was mixed with sodium chloride / sodium hydroxide /
hydrochloric acid (10 L, 1 M), and the aminothiophenol solution (10 uL).

In the above cases, the liquid samples were placed in microcontainers, and the
excitation light was focused onto the mixtures through a 10x microscope objec-

tive (NA 0.3), unless stated otherwise.

SERS spectra of living cells with plasmonic-BaTiO; nanocomposites were excited
at 785nm. Before the measurements, cells were thoroughly washed with PBS bulffer,
in which they were also kept during the measurements. The Raman maps were
obtained by focusing the laser light with a 60x water immersion objective (NA 1.2)

and raster scanning areas with a step size of 1pm.

Spectra analysis

All Raman and hyper Raman spectra were frequency calibrated using a Raman spectrum of
toluene or toluene/acetonitrile (1:1) mixture. Cosmic rays were removed from the spectra
using a home-build algorithm implemented in MATLAB (The Mathworks, Inc.). SEHRS
spectra presented in Chapters 6 and 7 were background corrected using an automatic

background correction algorithm implemented in R.1%7/158
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3.5 Second harmonic generation (SHG) measurements

SEHRS enhancement factors, EF, were estimated using the equation:

EF — [SEHRSNHRS (3.8)

Itirs NsEHRS

where Iyrs and Ispygrs are the intensities of the crystal violet band at 1586 cm~! in the
normal HRS and SEHRS spectrum, respectively, and Nyrs and Nsgprs are the number of
crystal violet molecules in the two-photon interaction volume (Equation (3.5)) from the
HRS and SEHRS experiment, respectively. It should be mentioned that Equation (3.8) gives
conservative values of the EF, because it assumes that all crystal violet molecules are bound

to the nanostructure and take part in the SEHRS process.

3.5 Second harmonic generation (SHG) measurements

SHG experiments were performed using an imaging spectrometer in backscattering geometry.
To generate SHG, a laser operating at 850 nm with 150 fs pulses at 73 MHz repetition rate
and a laser operating at 1064 nm with 6 ps pulses at 75 MHz repetition rate were used. The
excitation light was focused onto the samples through a microscope objective (10x with
NA 0.3 or 60x water immersion objective with NA 1.2), the backscattered SHG light was
collected by the same objective, and detected by a liquid nitrogen cooled CCD detector.
The signals were filtered with polarization-insensitive dichroic and bandpass filters with
20 nm full width. The exact signal acquisition times and excitation intensities are given

in the figure captions of the presented data in the following chapters.

In Chapter 5, SHG signals excited at 850nm from gold and silver nanovoids were
collected by focusing the light directly onto the solid samples with a 10x microscope
objective (NA 0.3). SHG excited at 1064nm was measured by placing a droplet
of water or crystal violet solution (107°M) on the samples and focusing the light

through a 60x water immersion objective (NA 1.2).

SHG at 850 and 1064 nm in Chapter 6 was measured from 20-fold diluted solution of the
plasmonic-barium titanate composite particles in water. The nanoparticle suspensions
were placed in microcontainers, and the excitation light was focused onto the samples

through a 10x microscope objective (NA 0.3).

In Chapter 7.1, for measuring SHG from aggregates of silver nanoparticles with tryptophan,

identical samples were used as in the SEHRS experiments (see Section 3.4).
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3.6 Electrodynamic simulations

Finite-difference time-domain (FDTD) simulations were done with Lumerical FDTD So-
lutions 8.18. In all cases, a plane wave polarized in x and propagating in negative z
direction was used for excitation. The output images were normalized to the intensity
of the excitation source. The refractive index of the surrounding water was set to 1.33.
The frequency-dependent dielectric functions of barium titanate (for simplicity, only the
ordinary axis was considered) and gold were taken from the literature.!>® 10 Size correc-

tion for the gold permittivity was not considered.'®!

For simulations with gold nanoparticle dimers and gold nanoaggregates shown in Chap-
ter 4 the mesh size was set to 0.5nm and 1nm, respectively. To calculate the SEHRS en-
hancement, the electric field intensity enhancements at the laser (1064nm) and Stokes

Eige () |* ?
Eim (Vg) . In Chapter 4

Eioc (VHRS)
Einc(vHRS)

HRS (580nm) wavelengths were multiplied, that is,

the shorter notation |Eex|*|Eprs|? is used instead.

In Chapter 6, for the FDTD simulations of bare BaTiO; particles and Au@BaTiO; com-
posite particles a mesh size of 5nm and 0.5nm was used, respectively. BaTiO; sphere
with a diameter of 300 nm was surrounded by 600 uniformly distributed gold nanospheres
with a diameter of 17 nm, corresponding to a gold volume filling fraction of 0.287. For
simulations of Au@BaTiO; composites with different core sizes (200 nm sphere, 255nm
sphere, and 250 nm rounded cuboid) the number of surrounding 17 nm gold nanospheres
was chosen in such a way that the gold volume fraction is 0.287 in all cases. For simula-
tions of gold coated BaTiO; model systems the mesh size was set to 2nm. The BaTiO,
spheres had a homogeneous shell with defined thickness and permittivity e.¢ according

to the Maxwell-Garnett effective medium formula;162163

au(w)[1+2f] — en,0[2f — 2]
en,o0[2 + f] +eau(w)[1 — f]

gefi(w) = €m0 (3.9)

where €H,0 is 1.7689, €4 is the frequency-dependent complex permittivity of gold, and f
the volume filling fraction of gold. The fields in the integrals for BaTiO; particles and gold-
coated BaTiO; spheres (e.g. Figure 6.23, black and blue lines) correspond to the values from
individual mesh cells, but for composite Au@BaTiOj; structures the fields in the integrals
represent the averages over 5 grid points in the x, y and z direction (e.g. regions of 2.5nm in

Figure 6.23, red lines). This average can lead to an underestimation of the contribution of the
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plasmonic hot-spots to the SHG, but at the same time it helps to minimize the known problem

with FDTD of obtaining artificially strong fields at regions very close to the interfaces.

Analytical extinction cross sections of BaTiO; sphere (300 nm) and gold coated BaTiO5 sphere
(300 nm core size, 17 nm shell thickness, 0.287 gold filling fraction) were calculated according

to Mie theory>> 164 by Alvaro Nodal (Centro de Fisica de Materiales, San Sebastian, Spain).

3.7 Density functional theory (DFT) calculations

DFT calculations were performed with Gaussian 09'%° using the B3LYP functional” and
6-311G** basis set.!%® The structures of thiophenol, benzyl mercaptan, phenylethyl mer-
captan, 2-aminothiophenol, 3-aminothiophenol, and 4-aminothiophenol were optimized,
and the vibrational frequencies were calculated. Raman intensities were calculated for an
excitation wavelength of 785 nm for thiophenol, benzyl mercaptan, and phenylethyl mercap-
tan, and 633 nm for 2-aminothiophenol, 3-aminothiophenol, and 4-aminothiophenol. The
calculated vibrational frequencies were used to improve the assighment of bands observed

in SEHRS and SERS spectra of the respective molecules discussed in Chapter 7.
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Chapter 4

Gold nanoparticles and nanorods
for plasmonic enhancement of

hyper Raman scattering

This chapter is based on the publication J. Phys. Chem. C 2018, 122, 5, 2931-2940.

Surface enhanced hyper Raman scattering (SEHRS) as an approach for sensitive vibrational
probing strongly relies on plasmonic nanostructured materials providing high enhancement
factors because the hyper Raman scattering (HRS) cross sections are extremely low.®> In
surface enhanced Raman scattering (SERS) the enhancement from numerous types of gold,
silver, copper, aluminum and hybrid nanostructures with different morphologies in the
liquid phase and on solid supports has been explored in great detail 198,167,168 1y contrast,
SEHRS experiments have been carried out mainly using traditional silver nanomaterials such
as nanoparticles, nanoaggregates, and roughened electrodes.83 113114 Gold nanoparticles
have been far less frequently used, 21119 even though vibrational imaging and mapping of
live cells with plasmonic nanoprobes and labels'® including SEHRS!7% 17! would benefit
very much from the use of gold nanostructures due to their higher biocompatibility and

chemical stability compared to other plasmonic substrates.

In this chapter, the SEHRS enhancement from different gold nanostructures will be discussed.
SEHRS spectra of crystal violet and rhodamine 6G in the local fields of spherical gold
nanoparticles of different sizes and nanorods are presented and the resulting enhancement
factors are compared. The experimentally observed dependence of the overall SEHRS signal
on the particle size and shape will be discussed along with finite-difference time-domain

(FDTD) simulations of the electromagnetic field enhancement. In particular, the interaction
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of the nanostructures with analyte molecules and with each other, leading to the formation
of aggregates, will be considered, as it strongly influences the enhancement in SEHRS, and

therefore is crucial for exploiting gold SEHRS nanosensors in future applications.

4.1 SEHRS in the local fields of different gold nanostructures

First, gold nanoparticles were prepared by the citrate reduction method following the
Frens,>* and Lee and Meisel®® protocols, resulting in mostly spherical nanostructures with
diameters ranging from 30nm to 70nm. The nanoparticle size distributions were deter-
mined from transmission electron microscopy (TEM), and TEM images of all gold particles
are presented in Figure 4.1A-]. CTAB-stabilized gold nanorods with average dimensions
of 80nmx17nm (Figure 4.1K-L) were obtained according to the seed-mediated growth
method.?® From the TEM data, the purity of the nanorods was estimated to be 91 %. The

side products included spherical and cuboid particles.

Figure 4.2A shows the UV-vis absorbance spectra of the colloidal gold nanoparticle so-
lutions of the citrate stabilized, mostly spherical nanoparticles, displaying an increase of
the absorbance maximum Apax with increased nanoparticle size (Figure 4.2B). This is in
accord with previous findings.>*172173 In the spectra from colloidal solutions contain-
ing bigger nanoparticles, e.g. with diameter above 65nm (green lines in Figure 4.2A),
the plasmon bands exhibit an extended shoulder, indicating the formation of aggregates.
The chemical surface properties for all spherical nanostructures of different size are very
similar, as in all syntheses citrate serves as both the reducing and capping agent. Fig-
ure 4.2C shows the UV-vis spectrum of the CTAB-stabilized gold nanorods that display
strong absorbance in both the visible and near-infrared regions due the transversal and the
longitudinal plasmon modes at 515 and 860 nm, respectively. The shoulder of the band

at 515nm results from contributions from the side products.”

SEHRS spectra of the two dyes crystal violet (CV) and rhodamine 6G (R6G) on all gold
nanostructures were obtained by adding an aqueous solution of the respective molecule to the
gold nanoparticle suspension. As SEHRS is a non-linear process, the signal intensity depends
quadratically on the excitation intensity, which is demonstrated in Figure 4.3. Figure 4.4A
shows typical SEHRS spectra yielded with spherical gold nanoparticles, and Figure 4.5

contains several spectra obtained with the gold nanorods for different concentrations of
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Figure 4.1: Representative transmission electron micrographs of (A-]) the spherical gold

nanoparticles, and (K-L) the gold nanorods used in SEHRS experiments. Mean particle
diameters: (A) 32nm, (B) 43nm, (C) 44 nm, (D) 47 nm, (E) 52nm, (F) 57 nm, (G) 64 nm,
(H) 68nm, (I) 71nm, and (J) 72nm. The average dimensions of the gold nanorods are
(80 £9)nm X (17 & 3) nm. Scale bars: (A-K) 50 nm, and (L) 20 nm. Parts of TEM images in
(A) and (J) marked with red squares correspond to areas, which were used in the FDTD
simulations presented Section 4.2, Figure 4.15. Adapted with permission from J. Phys. Chem.
C 2018, 122, 5, 2931-2940. Copyright 2018 American Chemical Society.

the two dyes. The SEHRS spectra of each of the molecules are qualitatively very similar,
independent of the particle shape, size, and surface functionalization. Corresponding one-
photon excited SERS spectra from identical samples with spherical nanoparticles are shown
in Figure 4.4B. The spectra resemble those previously reported in work using gold!'!” and

silver nanostructures,!!,85107,113,114

and also the qualitative differences in relative band
intensities between the one- and two-photon excited spectra (compare Figure 4.4A and B),
determined by the different Raman and hyper Raman selection rules, are in good agreement

with previous repor’cs.lL119 The second harmonic of the 1064 nm wavelength, which was
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Figure 4.2: A) UV-vis spectra of the colloidal gold nanoparticle solutions used in the SEHRS
experiments. B) Corresponding mean particle diameters as determined from TEM, the
error bars represent the standard deviation. To determine the size, ~700 particles from
each type were analyzed. C) UV-vis absorbance spectrum of the gold nanorods. Adapted
with permission from J. Phys. Chem. C 2018, 122, 5, 2931-2940. Copyright 2018 American
Chemical Society.

used to excite the SEHRS spectra shown in Figure 4.4 and Figure 4.5, is at 532 nm, which is
close to the electronic transition of CV, as illustrated by the absorption spectra presented in
Figure 4.6A. Therefore, there is a strong contribution of resonance enhancement® 174175 of
the SEHRS as well as of the 532 nm excited SERS. The relatively high similarity of the SEHRS
and the SERS spectrum (compare top traces in Figure 4.4A and B) indicates that the same

electronic transition in CV is responsible in both one-photon and two-photon excitation.17®

The excitation at 1064 nm allows to measure also a normal HRS spectrum of crystal violet
(see Figure 4.6B), and thus to estimate an enhancement factor by comparing the intensity
of the same bands in the HRS and SEHRS spectrum according to Equation(3.8). It was
not possible to use rhodamine 6G for enhancement factor estimations due to very high

two-photon excited fluorescence background in its HRS spectrum.

By using the crystal violet band at 1586 cm™!, the enhancement factor for the gold nanoparti-
cles was determined to range from 10° to 107 for the different spherical particles, and it is
107 for the nanorods. The higher enhancement generated by the gold nanorods allowed to
acquire SEHRS spectra of the dyes at concentrations as low as 10~8 M (Figure 4.5, bottommost
traces), while with spherical particles the minimum detectable concentration using the same

excitation conditions was 10~7 M. For comparison, the enhancement factor for aggregates
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Figure 4.3: SEHRS signal (in counts per second, cps) of the rhodamine 6G band at 1530 cm™!
as a function of the applied laser intensity. Each value is the mean from 30 spectra that were
obtained with 44 nm gold nanoparticles and 5 x 10~7 M rhodamine 6G. The dashed line is
the fitted quadratic curve (ax? + b) to the data points.
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Figure 4.4: A) SEHRS and B) SERS spectra of the dye molecules crystal violet (top trace)
and rhodamine 6G (bottom trace) obtained with gold nanoparticles. Excitation: 1064 nm
(A), and 532 nm for CV and 785 nm for R6G (B); acquisition time: 5s (A) and 1s (B); laser
intensity: 5 x 10° W cm™2 (A) and 5 x 108 W cm ™2 for CV and 5 x 10° W cm 2 for R6G (B);
dye concentration: 10~® M. Adapted with permission from J. Phys. Chem. C 2018, 122, 5,
2931-2940. Copyright 2018 American Chemical Society.

of citrate reduced silver nanoparticles is on the order of 107 using the same experimental
conditions regarding excitation and similar surface coverage of the silver nanoparticles with

CV molecules as of the gold nanostructures (spectra not shown). Differing from this, Leng et
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Figure 4.5: SEHRS spectra of A) crystal violet and B) rhodamine 6G in the local fields
of gold nanorods at different concentrations. Excitation: 1064 nm; laser intensity: 5 x
10° W em™2; acquisition time: 5s (uppermost rrace, 1070 M), 30 s (middle trace, 1077 M), and
60s (bottommost trace, 10~8 M). Adapted with permission from J. Phys. Chem. C 2018, 122,
5,2931-2940. Copyright 2018 American Chemical Society.

al.l'* reported an enhancement factor obtained for silver nanoaggregates with CV on the
order of 10* at 927 nm excitation, significantly lower than the enhancement observed for the
gold nanostructures in this work. Lipscomb et al.!'® discussed that the SEHRS enhancement
factor for gold should be 1-2 orders of magnitude lower than for silver nanoparticles, without
reporting absolute values. The experimental results here show that the plasmon enhance-
ment on gold nanostructures acting for a SEHRS process at 1064 nm can be on the same order
of magnitude as on silver nanoparticles. Similar to the observations made for an equally
strong enhancement of one-photon excited SERS when gold and silver nanoparticles form
nanoaggregates!’”/178 - in spite of different enhancement found for isolated nanoparticles
- the similar enhancement in SEHRS for gold and silver nanostructures found here also

strongly suggests the important role of nanoaggregate formation.
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Figure 4.6: UV-vis absorption spectra of crystal violet and rhodamine 6G aqueous solutions
at a concentration of 107> M. Adapted with permission from J. Phys. Chem. C 2018, 122,

5, 2931-2940. Copyright 2018 American Chemical Society. B) HRS spectrum of 1073 M

crystal violet (average of 3 spectra). Excitation: 1064 nm; laser intensity: 2 x 10° W cm™2;

acquisition time: 8 min. Reproduced from Chem. Soc. Rev. 2017, 46, 3980-3999 with

permission from the Royal Society of Chemistry.

In order to analyze the plasmonic properties of the nanostructures in the different SEHRS
experiments, UV-vis absorbance spectra of all samples were obtained (see Figure 4.8). The
addition of dye molecules at 10~® M concentration to the colloidal nanoparticle solutions re-
sults in the formation of gold nanoaggregates, which is evidenced by the broadened plasmon
band in the UV-vis spectra of the mixtures compared to the spectra of the nanoparticles in
the absence of the dye molecules (Figure 4.8), as well as from dynamic light scattering (DLS)
data (Figure 4.9). Therefore, the observed increase in SEHRS enhancement with increasing
particle size cannot be discussed in terms of electromagnetic enhancement from individual
gold nanoparticles, as it has been done for SERS.!” The differences in the absorbance spectra
of the different samples clearly show that the aggregates from nanoparticles of different
size have very different plasmonic properties. For example, the broadening of the plasmon
band for 70nm gold nanoparticles is greater than that for the 30 nm particles (compare
Figure 4.8A and ]), explaining that the associated SEHRS enhancement at one particular
excitation wavelength can vary for both types of nanoaggregates. Furthermore, dynamic
light scattering experiments (Figure 4.9) indicate that not only the plasmonic properties but

also the size of the aggregates formed by the different gold nanoparticles differs.
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Figure 4.7: SEHRS signal (in counts per second, cps) of A) the crystal violet band at
1586 cm™! (purple dots) and B) the rhodamine 6G band at 1530 cm™! (red dots) as a function
of the gold nanoparticle size. Each value is the mean obtained from 30 spectra. The insets
show the similar SEHRS signal size dependence of the CV bands at 1364 and 1174cm™!,
and R6G bands at 1366 and 1186 cm™!. The black squares in A and B represent the scaled
estimated electromagnetic enhancement factors determined from UV-vis absorbance spectra
of the SEHRS samples (see Figure 4.8 for the original UV-vis data) based on Equation (3.2).
Adapted with permission from J. Phys. Chem. C 2018, 122, 5, 2931-2940. Copyright 2018

American Chemical Society.

The electromagnetic SEHRS enhancement can be estimated empirically from the UV-vis
absorbance spectra of the nanoparticle-dye mixtures (Figure 4.8), which contain information

90,91 Figure 4.7 compares such

about the electromagnetic properties of the nanoaggregates.
empirical enhancement factors (black squares, scaled for clarity) calculated according to
Equation (3.2) with the actually measured SEHRS signal (colored dots). As can be seen
from the data from crystal violet (Figure 4.7A), the estimated SEHRS enhancement for
nanoaggregates, formed by particles with sizes from 30 nm to 60 nm, is very similar, although
the measured SEHRS signal rises significantly. In the case of rhodamine 6G (Figure 4.7B)
this is valid for gold aggregates from particles with sizes below 50 nm. These discrepancies
support the assumption that most of the SEHRS signal originates from the "hottest" hot

spots, i.e., from very few nanoaggregates, that are not observed in the far field UV-vis

spectra, and whose contribution to the absorbance is "averaged out" in the absorbance of
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the whole sample. Thus, SEHRS can serve as much more sensitive indicator of the presence

of a few SEHRS active aggregates than UV-vis absorbance.
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Figure 4.8: UV-vis absorbance spectra of gold nanoparticles (black lines, same data as in
Figure 4.2A), gold nanoparticles with 1076 M crystal violet (violet lines), and gold nanopar-
ticles with 10~ M rhodamine 6G (red lines). Mean particle diameters: (A) 32 nm, (B) 43 nm,
(C) 44 nm, (D) 47 nm, (E) 52nm, (F) 57 nm, (G) 64nm, (H) 68 nm, (I) 71 nm, and (J) 72 nm.
Adapted with permission from J. Phys. Chem. C 2018, 122, 5, 2931-2940. Copyright 2018

American Chemical Society.

Together with the absorbance spectra, the SEHRS signals obtained here illustrate the im-
portance of the nanoaggregates” properties, such as arrangement of the nanoparticles in
aggregates and interparticle distance that have been discussed to exert an important influence
on the enhancement in SEHRS.837,102,178,180,181 Ag mentioned above, if the dye molecules
are directly added to the nanoparticles, the SEHRS signal increases with increasing size of
the particles (Figure 4.7). In experiments, where first the formation of nanoaggregates was
induced by addition of sodium chloride, and then the dyes were introduced into the system,
the SEHRS signals from all nanoparticles are very similar. As shown in Figure 4.10, no depen-
dence of signal on particle size can be found. The signals obtained with these pre-aggregated
nanostructures are similar to those of the nanoparticles without the addition of NaCl in the

medium size range, and the high intensities found especially in the larger nanoparticles are
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Figure 4.9: Intensity distribution of gold nanoaggregate sizes as determined by dynamic
light scattering. Gold nanoparticles with mean size of (A) 32nm, (B) 44 nm, (C) 52nm, and
(D) 68 nm. Only gold nanoparticles - black lines, gold nanoparticles with 107¢ M crystal
violet - violet lines, and with 107® M rhodamine 6G - red lines. Adapted with permission

from J. Phys. Chem. C 2018, 122, 5, 2931-2940. Copyright 2018 American Chemical Society.

not reached, if pre-aggregation by NaCl takes place (compare Figure 4.7 with Figure 4.10).
The observed different SEHRS intensities from aggregates of the same nanoparticle solu-
tion, produced with and without pre-aggregation with NaCl, e.g., the signals generated
by the 70 nm nanoparticles in Figure 4.7 and Figure 4.10, suggest that the arrangement of
the nanoparticles in the aggregates plays a more significant role in determining the SEHRS
enhancement than the particle size itself. The addition of sodium chloride forms gold nanoag-
gregates that differ regarding the nanoparticle arrangement, resulting in different plasmonic
properties, compared to aggregates formed by the dyes. As an example, the UV-vis spectrum
of 32nm gold particles with NaCl and CV (dashed violet line in Figure 4.8A), and only with
CV (solid violet line in Figure 4.8A) differ significantly. It is possible that the nanoaggregates
with different nanoparticle arrangement and/or interparticle distances are the result of the

much larger sizes of the dye molecules compared to that of the sodium and chloride ions.'8?

Figure 4.11 shows the relation between the nanoparticle size and the intensity of the CV
SERS signal, obtained from identical samples as in the SEHRS experiments displayed in
Figure 4.7A. In contrast to SEHRS, in SERS a decrease in the signal intensity with increasing
size of the gold nanoparticles in the aggregates is observed. The experiment was performed
only with CV due to the very high fluorescence background in the 532 nm excited spectra
of R6G. The data shows that the gold aggregates” properties required for obtaining an
optimal enhancement of CV in SERS and SEHRS are not the same. Similar observations

were reported also for different types of silver nanoparticles previously.?
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Figure 4.10: Intensity of the SEHRS signal from A) crystal violet and B) rhodamine 6G
bands at 1586cm™! and 1530 cm™, respectively, as a function of the gold nanoparticle
size. In contrast to Figure 4.7, the gold nanoparticles were first aggregated with sodium
chloride before crystal violet or rhodamine 6G solutions were added. Each value is the
mean obtained from 30 spectra. Adapted with permission from J. Phys. Chem. C 2018, 122,
5,2931-2940. Copyright 2018 American Chemical Society.
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Figure 4.11: SERS signal excited at 532nm of the crystal violet band at 1620cm™ as a
function of the gold nanoparticle size. The measured samples are identical with those used

in the SEHRS experiments shown in Figure 4.7A.
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4.2 Electromagnetic enhancement of SEHRS from FDTD

To understand the impact of the gold nanoparticle size and shape on the electromagnetic
enhancement in SEHRS observed experimentally and described in Section 4.1, 3D finite-
difference time-domain (3D-FDTD) simulations were performed on simplified model sys-
tems. The electric near-field intensity enhancement at the hyper Raman excitation wave-
length of 1064 nm, and at the Stokes HRS wavelength of 580 nm, corresponding to the crystal
violet band at 1586 cm™!, was calculated for an arrangement of two gold nanospheres with
sizes of 32nm, 44 nm and 60 nm. Figure 4.12A and B show the field intensity distributions
for an interparticle distance of 2nm at 1064 nm and 580 nm, respectively. The maximum field
intensity enhancement is found in the junction between the two particles, and at 1064 nm it
is ~230, ~400, and ~860 for nanoparticles in the size of 32 nm, 44 nm, and 60 nm, respectively
(Figure 4.12A), showing an increase with nanoparticle size. In contrast, at the HRS wave-
length of 580 nm, higher field intensities are found, however, the enhancement at the visible
wavelength is almost the same for the particles of varying size, especially for the case of the

gold particles of 44 nm and 60 nm in diameter, ~13200 and ~13100, respectively (Figure 4.12B).

Figure 4.13A presents the SEHRS enhancement for the three dimers, calculated from the
data in Figure 4.12 according to |Eex|*|Exrs|?, where Eey is short notation for the local
field enhancement at the excitation wavelength Ejo.(v9)/ Einc(v0) and Epygs for the field
enhancement at the HRS wavelength Ejo.(vrs) / Einc (Viars ). The total SEHRS enhancement
rises with increasing size of the particles, being one order of magnitude higher for the dimer
consisting of 60 nm particles compared to 32 nm particles. The small variations of the field
intensity at 1064 nm cause these significant differences in the total SEHRS enhancement
because the latter depends quadratically on the excitation field intensity. Furthermore,
the SEHRS enhancement also strongly depends on the distance between the particles, as
shown in Figure 4.13B. Thus, the results from the dimer simulations with nanospheres are
qualitatively in agreement with the experimental data from the aggregates that were formed
by the addition of dye molecules shown in Figure 4.7, as well as with previous reports that

have discussed the distribution of enhanced local fields in the case of SERS.183

The distributions of the electric near-field intensity for a dimer of gold nanorods at 1064 nm
and 580nm, and the SEHRS enhancement are presented in Figure 4.14. In the case of
nanorods, the local fields at the excitation wavelength in the near-IR present the main

contribution to the total SEHRS enhancement, around 4 to 5 orders of magnitude, in contrast
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Figure 4.12: Simulated 3D finite-difference time-domain (FDTD) electric near-field intensity
/E2

mc

normalized to the incident field (E? ) at A) the excitation wavelength of 1064 nm and B)

loc

the Stokes HRS wavelength of 580 nm in the xy equatorial plane for two gold nanoparticles
in aqueous environment with sizes of 32 nm (left panels), 44 nm (middle panels), and 60 nm
(right panels). The interparticle distance in all cases is 2nm. The incident wave is polarized
along the x axis, and is propagating in z direction. The maximum value for the field
enhancement in the junction between the two particles for (A) at 1064 nm is ~230 (for 32 nm
particles), ~400 (for 44 nm particles), and ~860 (for 60 nm particles), and for (B) at 580 nm:
~8200 (for 32 nm particles), ~13200 (for 44 nm particles), and ~13100 (for 60 nm particles).
Adapted with permission from J. Phys. Chem. C 2018, 122, 5, 2931-2940. Copyright 2018

American Chemical Society.

to the spherical nanostructures, where the fields are significantly enhanced at both, the
excitation and scattering frequency (compare Figure 4.14 with Figure 4.12). The high field
enhancements at the IR excitation wavelength can be attributed to plasmon resonances, yet

t.184,185 The maximum

they can also be the result of enhancement by the lightning rod effec
SEHRS enhancement in the junction between two nanorods, as shown in Figure 4.14C,
is around one order of magnitude higher than for the spherical nanoparticles. This is in
accord with the experimental data, where a slightly higher enhancement factor for the gold

nanorods compared to all spherical nanoparticles is found.

Results from FDTD simulations using example nanostructures that were observed in the
TEM micrographs (see Figure 4.11A and J), which include particles of varying sizes and
particles that are not ideally spherical or not spherical at all, are displayed in Figure 4.15.

In contrast to the dimer simulations, the fields at the visible wavelength are two orders
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Figure 4.13: A) Spatial distribution of the SEHRS enhancement (| Eex|*| Eirs|?) as a result
from the 3D-FDTD simulations of gold nanoparticle dimers shown in Figure 4.12. The maxi-
mum values of the SEHRS enhancement in the junction between the two nanostructures are:
108 for the 32 nm particles (uppermost), 10 for the 44 nm particles (middle), and 10'° for
the 60 nm particles (bottommost). Adapted with permission from J. Phys. Chem. C 2018,
122, 5, 2931-2940. Copyright 2018 American Chemical Society. B) Interparticle distance
dependence of the SEHRS enhancement in the junction between two gold nanoparticles

calculated from 3D-FDTD simulations.

of magnitude less enhanced (compare Figure 4.12B with Figure 4.15B). Meanwhile, the
field at the IR excitation wavelength shows stronger enhancement for the aggregates with
many nanoparticles (compare Figure 4.12A with Figure 4.15A), which could result from
plasmon resonances but also from an enhancement due to the lightning rod effect. How-
ever, at 1064 nm the maximum value of the field enhancement for the arrangement of
72 nm particles is higher than for the 32 nm particles, and at 580 nm the fields in the 72 nm
particle arrangement are slightly less enhanced than the ones for the 32 nm particle arrange-
ment, which was found also in the simulations with two gold nanoparticles. It should be

noted here that the spatial coordinates with maximum field enhancement at 1064 nm are
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Figure 4.14: Simulated 3D-FDTD electric near-field intensity normalized to the incident
field (E2,_/E

2
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) at A) the excitation wavelength of 1064 nm, and B) the Stokes HRS wave-
length of 580 nm in the xy equatorial plane for two gold nanorods with sizes of 80 x 17 nm.
The two rods are separated by 2nm. The incident wave is polarized along the x axis,
and is propagating in z direction. The maximum value for the field enhancement in the
junction between the two rods for (A) at 1064 nm is 10, and for (B) at 580 nm is 77. C)
Spatial distribution of the SEHRS enhancement (| Eex|*| Exrs|?) as a result from the FDTD
simulations in A and B. The maximum value is 10''4. Adapted with permission from J.

Phys. Chem. C 2018, 122, 5, 2931-2940. Copyright 2018 American Chemical Society.

not the same as for 580 nm. In agreement with the dimer simulations (Figure 4.13) and
with the experiments, the arrangement of larger nanoparticles displays higher value for
the maximum obtained SEHRS enhancement (10°°) than the arrangement of the smaller
particles (10%), as indicated in Figure 4.1C, though this difference is smaller than the one

calculated for the homogeneous dimers of spherical particles.
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Figure 4.15: Simulated 3D-FDTD electric near-field intensity normalized to the incident
field (E2 /E?

loc’/ ~inc

) at A) the excitation wavelength of 1064 nm, and B) the Stokes HRS wave-
length of 580 nm for experimentally observed arrangements of gold nanoparticles in TEM.
The uppermost arrangements of nanoparticles in panels A and B correspond to part of
the TEM image shown in Figure 4.1A (marked with red square), and the bottommost
arrangements correspond to part of the TEM image shown in Figure 4.1] (marked with red
square). The incident wave is polarized along the x axis, and is propagating in z direction.
The maximum value for the field enhancement for (A) at 1064 nm is ~ 4700 and ~ 7340, and
for (B) at 580 nm is ~ 280 and ~ 150, for the 32 nm and 72 nm nanoparticles, respectively. C)
Spatial distribution of the SEHRS enhancement (| Ecx|*| Exrs|?) as a result from the FDTD
simulations in A and B. The maximum value is 10” for the 32 nm particles and 107 for the
72nm particles. Adapted with permission from J. Phys. Chem. C 2018, 122, 5, 2931-2940.
Copyright 2018 American Chemical Society.

4.3 Influence of the interaction with analyte molecules on

the SEHRS enhancement

As indicated by the results shown in Section 4.1, the availability of nanoaggregates must play
a key role for the observation of the strong enhancement of the HRS signals. At low crystal
violet and rhodamine 6G concentration (10~7 M), no SEHRS spectra were obtained with

spherical gold nanoparticles, even though spectra down to concentrations of 10~8 M were
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4.3 Influence of the interaction with analyte molecules

measured when gold nanorods were used as plasmonic structures (Figure 4.5). Also, as dis-
cussed above, when aggregation of the spherical gold nanoparticles was induced by addition
of sodium chloride, it was possible to collect SEHRS spectra at these concentrations (see Fig-
ure 4.16). The possibility to obtain SEHRS spectra with aggregates of the spherical nanopar-
ticles (Figure 4.16) suggests that a R6G or CV concentration of 1077 M is not sufficient for
the formation of aggregates with properties that result in high enough SEHRS enhancement
with these nanoparticles. The SEHRS signal from crystal violet is lower than from rhodamine
6G, indicating that crystal violet and rhodamine 6G probably interact in a different way with
the gold particles. This is also supported by the different absorbance of the aggregates in the
presence of crystal violet and rhodamine 6G (Figure 4.8, compare the red and purple spectra

in each panel), providing evidence that nanoaggregates with different properties must form.

crystal violet 107 M

2 cp{

SEHRS signal

rhodamine 6G 107 M
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Raman shift /cm™

Figure 4.16: SEHRS spectra of the dye molecules crystal violet (top trace) and rhodamine 6G
(bottom trace) obtained with gold nanoaggregates that were produced by pre-aggregation
of gold nanoparticles with sodium chloride. Excitation: 1064 nm, acquisition time: 30s,
laser intensity: 5 x 10° W cm~2, dye concentration: 10~ M. The crystal violet spectrum
is the mean of 30 spectra. Adapted with permission from J. Phys. Chem. C 2018, 122, 5,
2931-2940. Copyright 2018 American Chemical Society.

Figure 4.17A shows SEHRS signals at different dye concentrations for one of the solutions of

spherical gold nanoparticles (71 nm). The SEHRS signal from both molecules depends on
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their concentration (Figure 4.17A, purple points for CV and red points for R6G). There exists
a narrow concentration range, for which the SEHRS signal rises rapidly, and which differs in
CV and R6G. For rhodamine 6G it is possible to acquire SEHRS spectra at lower concentra-
tions, and the saturation of the signal is reached at 5 x 10~7 M, while the crystal violet signal
does not rise further only at a concentration of 1.5 x 10~° M. The saturation of the signals can
be interpreted by a maximum possible surface coverage, or a maximum coverage of hot spots,
being reached at this particular concentration. Excess molecules cannot participate in the
SEHRS process, nevertheless, they can lead to further aggregation of the nanoparticles and to
a decrease of the signal due to the diminished surface area when aggregates form. A similar
dependence is observed also for the one-photon excited SERS signal, as plotted for crystal
violet in Figure 4.17B, or discussed in previous work.'”” The absorbance spectra shown
in Figure 4.17C indicate that the concentration range, in which the SEHRS signal rapidly
increases, is associated with significant changes in the optical properties of the gold nanoag-
gregates. The nanoaggregates, formed by different crystal violet concentrations, provide
different enhancement. For analytical applications of SEHRS, this may present a limitation
that can be addressed. As indicated by the high standard deviation of the SEHRS signal of
crystal violet (Figure 4.17A) in the concentration range where SEHRS signals rise, some of

the nanoaggregates at this concentration provide sufficient enhancement, and some do not.
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Figure 4.17: A) SEHRS and B) SERS signal from crystal violet and rhodamine 6G obtained
with spherical gold nanoparticles (71 nm) as a function of the dye concentration. Excitation:
1064nm (A) and 532nm (B); acquisition time: 5s (A) and 1s (B); laser intensity: 5 x
10°W em™2 (A) and 5 x 108 W em™2 (B). C) UV-vis spectra from the identical samples with
crystal violet used in (A) and (B). Adapted with permission from J. Phys. Chem. C 2018, 122,
5,2931-2940. Copyright 2018 American Chemical Society.
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4.3 Influence of the interaction with analyte molecules

Similarly to the spherical nanoparticles, the nanorods form aggregates in the presence of
crystal violet and rhodamine 6G. The UV-vis spectra of gold nanorod solutions with crystal
violet at different concentrations are displayed in Figure 4.18A, and indicate the presence of
different types of aggregates when different amounts of the dye are added to the nanorod
colloid. The fact that spectra with the nanorods can be obtained easily at a relatively low
dye concentration of 10-8 M (Figure 4.5), indicates that already small amounts of CV and
R6G can induce the formation of nanorod aggregates. This suggests a stronger interaction
between the gold nanorods and the dye molecules than between the spherical nanoparticles,
which could result also from the different surface chemistry of the nanostructures. Rapid
changes in the optical properties of nanorod aggregates are observed for the concentration
range between 1 x 1077 and 1 x 107® M crystal violet, and are also associated with a strong
increase of the CV SEHRS signals (see Figure 4.18B). In contrast to the spherical nanoparticles,
the SEHRS signal from the nanorods rises less rapidly and in a more linear manner, and
also the standard deviation is significantly lower. Thus, the higher stability of the signal
could present an advantage of the nanorods over the spherical particles for future analytical
applications of SEHRS, in addition to their higher enhancement. The formation of this type

of nanorod aggregates has been discussed to be very beneficial for SERS as well.186187
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Figure 4.18: A) UV-vis absorbance spectra of gold nanorods in the presence of crystal violet

at different concentrations. B) SEHRS signal of the crystal violet band at 1586 cm™! as a

function of the CV concentration. Excitation wavelength: 1064 nm, acquisition time: 5s,

laser intensity: 4 x 10° W cm~2. The samples used in (A) are identical to the samples in (B).

Adapted with permission from J. Phys. Chem. C 2018, 122, 5, 2931-2940. Copyright 2018

American Chemical Society.
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Chapter 4 Gold nanoparticles and nanorods for plasmonic enhancement of HRS

The data presented here indicate that observing SEHRS at different concentrations of po-
tential analyte molecules can reveal information about the interaction and adsorption of
the molecule on the metal surface. The results from the comparison of crystal violet and
rhodamine 6G illustrate that the affinity of the rhodamine dye to the gold surface is higher
than of crystal violet, and that this affects the sensitivity of the experiment. This is of great
importance if SEHRS approaches are developed in order to address real analytical applica-
tions, such as studies on the interaction of biomolecules. Similar aspects have been discussed
for SERS experiments, and their discussions led to very practical developments, e.g., the

18

arrangement of silver substrates for the detection of proteins,'®® or the immobilization of

nanostructures in order to maintain defined enhancement for quantitative experimen’cs.lgg‘191
The observation that rhodamine 6G has a different affinity to the gold surface than crystal
violet, reflected by changes in SEHRS enhancement, suggests the possibility to use SEHRS

as a tool for investigating adsorption and interaction processes.

4.4 Conclusions

The data presented in this chapter demonstrate that gold nanostructures of different size,
shape and also surface functionalization provide efficient plasmonic enhancement of hy-
per Raman scattering. By using HRS signals of the dye crystal violet, enhancement fac-
tors for aggregates of spherical gold nanoparticles and gold nanorods were estimated
to be in the same order of magnitude as enhancement factors of silver nanostructures
(106 — 107), which have been the most frequently used SEHRS substrates so far. This strongly
suggests the important role of nanoaggregate formation, independent of the nanoparti-
cle material. The high enhancement obtained with the gold nanostructures opens new
possibilities for exploiting such particles as SEHRS nanosensors, e.g., in future analyti-

cal applications involving biological samples.

As the experiments and numerical simulations of the electromagnetic enhancements show,
the SEHRS signals depend on the particle size and shape. SEHRS spectra of crystal violet
and rhodamine 6G, obtained with spherical citrate reduced gold nanoparticles with sizes
ranging from 30 nm to 70 nm, indicate that nanoaggregates, formed in the presence of these
dye molecules, yield higher SEHRS intensities with increasing size of the particles in the

aggregates. This is supported by FDTD simulations of the SEHRS enhancement in junctions
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4.4 Conclusions

between two gold nanoparticles of varying size and also by simulations of more realistic
nanoparticle arrangements found in TEM, which revealed that the field enhancement at the
near-IR excitation frequency was slightly more sensitive to variations of the particle size than
the field enhancement of the hyper Raman scattered light in the visible. The quadratic depen-
dence of the SEHRS signal on the intensity of the excitation light leads to a strong influence of
these small changes in nanoparticle size. Furthermore, aggregates of gold nanorods showed
higher SEHRS enhancement factors than aggregates of spherical gold nanostructures. Plas-
mon resonances at the excitation wavelength in the IR spectral range, as well as enhancement
due to the lightning rod effect may contribute significantly to the total SEHRS enhancement
in the local environment of aggregates and rod-like nanostructures. In particular, comparison
between SEHRS and SERS experimental data showed that nanostructures with different prop-

erties are required for an optimal enhancement of the one- and two-photon Raman process.

Experiments at low dye molecule concentrations where no enhancement occurs, as well as
SEHRS spectra obtained after pre-aggregation of the nanoparticles using sodium chloride
indicated that the interaction of the gold particles with one another is required for the for-
mation of nanoaggregate structures. Strong plasmonic enhancement of the HRS signals is
provided when the analyte molecules induce the formation of nanoaggregates. As shown
by the UV-vis and SEHRS data, the same nanoparticle solution can form aggregates with
different optical properties and SEHRS enhancement, depending on the analyte molecule,
its concentration, and the pre-aggregation conditions. The geometrical properties of these
aggregates, specifically the arrangement of the particles in the aggregates and the inter-
particle distances, might be the main factor that determines the total SEHRS enhancement,
in addition to the size and shape of individual particles. As demonstrated by using the
examples of crystal violet and rhodamine 6G, the spherical and particularly the rod-like gold
nanoparticles can be used for experiments with SEHRS that investigate interactions between
different molecules and nanostructures. The experiments showed that the enhancement
is influenced by the analyte molecules, and understanding this will help to control and to

optimize it for potential applications of SEHRS in analytical chemistry and biophysics.
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Chapter 5

Plasmon enhanced two-photon
probing with gold and silver

nanovoid structures

This chapter is based on the publication Adv. Optical Mater. 2019, 7, 1900650.

The majority of enhancing nanostructures for surface enhanced hyper Raman scattering
(SEHRS) are nanoparticles, nanoaggregates, or roughened electrodes that were used in early
SEHRS experiments. The morphology of these substrates is controllable only to a limited
extent, and the enhancement by nanoparticles is strongly influenced by the presence and
interaction of analyte molecules, as it was discussed in Chapter 4. Well-defined, top-down
fabricated plasmonic structures with nanoscale gaps, often used in SERS,108-110 ¢oy1d also
be beneficial for SEHRS experiments.'!! Apart from the requirements of fabrication by

26,99,104 indicate that an indepen-

lithography, recent theoretical and experimental works
dent design and optimization of SEHRS substrates would be useful, due to the non-linear
dependence of the SEHRS effect on the excitation field |Ejo. (vo)|*|Ejoc (2v0 — v¢)|? and the

wide spectral separation of excitation and scattered light.

In this chapter, experiments probing the enhancement of hyper Raman scattering (HRS)
and second harmonic generation (SHG) by nanostructured gold and silver films comprised
of periodically arranged spherical voids will be presented. Nanovoid arrays were shown

to support a variety of plasmon modes in the visible and near-IR range, depending on

39,40,192 8.41’ 193-196 Re-

their structural parameters, and are suitable for enhancement in SER
producible void films with various geometries can be obtained by different fabrication

methods, including electrochemical deposi’cion,41 which is relatively inexpensive and rapid

59



Chapter 5 Plasmon enhanced two-photon probing with gold and silver nanovoid structures

compared to nanolithographic approaches.!¥> 7 The nanovoid samples employed in the
optical experiments here were fabricated by facile electrochemistry, and were provided
by the group of Prof. Wolfgang Schuhmann at Ruhr-Universitdt Bochum. The SEHRS
enhancement and SHG from gold and silver nanovoid arrays with different nanosphere
templates and metal thickness will be compared, related phenomena will be discussed,

and their potential use as SEHRS substrates will be evaluated.

5.1 Nanovoid arrays with gradually changing thickness

Nanovoid array samples with gradually changing metal layer thickness were fabricated
by electrochemical deposition employing nanosphere templates with diameters of 200 nm,
300nm, and 600 nm. In the first step, evaporated gold and silver thin films on a silicon wafer
substrate were patterned with a monolayer of polystyrene nanospheres using the Langmuir-
Blodgett technique. Then, a metal layer with a thickness gradient along the longitudinal
direction of the substrate was generated by means of bipolar electrochemistry.5" 152 After
subsequent dissolution of the polymer beads, the resulting substrates consist of a metal
film comprised with periodically arranged voids that gradually change their opening sizes

and inter-void distances according to the metal film thickness.

As an example of how the void structure changes along the length of the substrate (the
bipolar electrode itself), Figure 5.1 presents scanning electron micrographs of gold voids
templated with 600 nm nanospheres. At the edge of the wafer that was closer to the cathodic
pole (referred to further as cathodic edge), the gold deposition rate is the highest, and thus
the gold layer is so thick that the template polystyrene beads are covered by an amorphous
metal structure (Figure 5.1A). With increasing distance from the cathodic edge, voids start
appearing and their opening size increases until the point where the metal film reaches the
equator of the nanospheres (Figure 5.1B-D). From this point on, the void diameter decreases
and a gold film with shallow pores and larger distances between them is formed (Figure 5.1E-
G). Figure 5.1H shows a schematic of the decrement of the metal film thickness from the
cathodic to the anodic edge of the bipolar electrode. The distance from the cathodic edge
as a measure for the metal film thickness is arbitrary for each sample due to variations in

the substrate lengths, hence the potential gradients during deposition.
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5.1 Nanovoid arrays with gradually changing thickness
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Figure 5.1: A-G) Scanning electron micrographs of an Au(600) gradient sample starting
from the cathodic edge (A) moving towards the anodic edge (B-G). The sample was fab-
ricated by Denis Ohl, Jodo Junqueira and Ugur Kayran. H) Schematic representation of
the metal thickness gradient along the bipolar electrode. Adapted from Adv. Optical Mater.
2019, 7, 1900650.

The non-linear response of the gradient void substrates was investigated using femtosecond
excitation at 850 nm and the backscattered second harmonic generation (SHG) was recorded.
Figure 5.2 shows the intensity of the SHG signal from a gold nanovoid gradient sample with
200 nm polymer nanosphere template, termed Au(200) gradient here, at different positions
along the substrate. SHG signals are observed at the cathodic edge (Figure 5.2, from 1 mm to
5mm), where the spheres are overgrown with a rough gold layer. In agreement with previous
reports, the overgrowing metal film provides a nanoscopic roughness that can lead to strong
enhancement of second harmonic signals in localized hot spots.3! 136137 The SHG signals
become weaker with increasing distance, when the gold deposition rate is diminished and the
surface roughness slightly decreases (Figure 5.2, from 6 mm to 15 mm). In the sample shown
in Figure 5.2, open nanovoids with metal layer above the equatorial plane start appearing
at a distance of 16 mm, void opening sizes are indicated on the right axis. From there,
with further increasing distance, the SHG intensity increases until it reaches a maximum
corresponding to nanovoid structures with an opening size of 150 nm and height above the
equatorial plane (Figure 5.2, from 18 mm to 20.6 mm). Further decrement of the gold layer
thickness results in very rapid decrease of the SHG intensity (Figure 5.2, from 21 mm to
22mm). According to previous discussions, electromagnetic fields in nanovoid arrays can be

significantly enhanced!?%196:19 because of resonances with different, coexisting plasmon
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Chapter 5 Plasmon enhanced two-photon probing with gold and silver nanovoid structures

modes in the visible and/or near-infrared, which can be tuned by altering the void diameter
and height.340:42 From the change in signal one can infer that the observed SHG in the
void structures must be plasmon enhanced as the result of resonances of the array modes
with the excitation and/or second harmonic radiation wavelengths. The increasing and
decreasing SHG intensity along the thickness gradient implies that the enhancement of SHG
at the given excitation wavelength of 850 nm is different for the different void heights that

are present across the sample. This is in accord with previous findings for the variation

of electromagnetic enhancement in SERS excitation profiles.*> 194
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Figure 5.2: SHG signal at 425 nm from an Au(200) nanovoid gradient sample as a function
of the distance from the cathodic edge of the substrate. The data points represent the average
of ~100 SHG signal values obtained by raster scanning ~100 x 100 pm areas with a step
size of 10 um. Excitation: 850 nm; acquisition time: 1s; laser peak intensity: 7 x 10° W cm™2.
The blue squares show the void opening sizes at the respective distances as determined
from SEM. Photograph of the sample is shown below the x-axis, and the arrows indicate
the approximate positions relative to the cathodic edge. The inset shows a SEM image at

20.6 mm from the cathodic edge where the highest SHG signal was observed. Adapted
from Adv. Optical Mater. 2019, 7, 1900650.

The gold and silver samples obtained with 300 nm and 600 nm nanosphere templates display
a similar variation of the SHG signals along their respective substrates as indicated in

Figure 5.3. However, due to the different length of each silicon wafer substrate, the sub-
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5.1 Nanovoid arrays with gradually changing thickness

optimal behavior of the potential drop across the bipolar electrode, and the electrochemical
dissolution of silver at the anodic edge,'> the positions at which void structures appear
are different for each sample (see dashed lines in each panel in Figure 5.3). For example,
in the Au(300) gradient sample (Figure 5.3D) nanovoids appear at 13 mm, while in the
Ag(300) gradient (Figure 5.3B) at 4mm. Nevertheless, the SHG from the nanovoids first
increases and then decreases in both samples (Figure 5.3D and B) like in the case of the
Au(200) gradient (Figure 5.2). Typically, the length of the bipolar electrodes covered with
nanovoids is short compared to the whole surface of the substrate, except for the Au(600)
gradient sample where void structures yielding SHG are present from 5 to 18 mm. In
all cases, the SHG from the rough gold and silver layers with overgrown polymer beads
(see SHG signals from the left side of the dashed lines in Figure 5.3) is lower than the

maximum values reached with actual void structures.
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Figure 5.3: SHG signal at 425nm from A) Ag(200), B) Ag(300), C) Ag(600), D) Au(300), and
E) Au(600) gradient nanovoid samples as a function of the distance from the cathodic edge
of the substrate. The data points are averages of ~100 values. The dashed lines indicate the
positions from which nanovoid structures appear. Excitation: 850 nm; acquisition time: 1s;

laser peak intensity: 3 x 10° W cm~2 (A-C) and 7 x 10° W cm~2 (D-E).
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Chapter 5 Plasmon enhanced two-photon probing with gold and silver nanovoid structures

The polarization dependence of the SHG from nanovoid arrays was studied by varying the
incident light polarization and recording separately the x and y components of the second
harmonic (SH) emission. Figure 5.4 shows SHG signals from gold nanovoid structures with
200nm, 300 nm, and 600 nm nanosphere templates averaged over different neighbouring
microscopic positions. In all cases, two perpendicular ellipsoidal emission patterns are

observed, which could be summed into a circular, polarization independent total signal.

This indicates that the observed signal is incoherent, which results from the contributions
31,138

of randomly oriented emitters, similarly to the SH scattering of metal films.
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Figure 5.4: Polar plots of the SHG signal at 425nm as a function of incident light po-
larization from gradient gold nanovoid samples with A) 200 nm, B) 300 nm, and C) 600 nm
nanosphere templates. The polarization of the detected light was parallel (black squares)
or perpendicular (red circles) to the detector slit. Each point is an average value of ~50
measurements at different neighbouring positions on the substrate. Excitation: 850 nm;

integration time: 1s; laser peak intensity: 7 x 10° W cm™2.

Figure 5.5 shows examples of the SH emission pattern from single point measurements,
from which the average values in Figure 5.4 were calculated. The experiments were per-
formed using a 10x objective (NA 0.3), and the estimated two-photon focal spot diameter
according to Equation (3.6) is 1300 nm, meaning that the detected signal originates from an
area containing few nanovoids. While at the two positions shown in Figure 5.5A, dipolar
emission patterns were observed, the probed areas within the focal spots in Figure 5.5B
and C display more complex polarization dependencies that could result from dipolar and
higher multipolar contributions. Yet, due to the many differently oriented emitters, the
individual signals are averaged out over many different spots and the total signal from

a larger area is polarization independent (Figure 5.4).
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5.1 Nanovoid arrays with gradually changing thickness
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Figure 5.5: Polar plots of the SHG signal at 425nm as a function of incident light po-
larization from gold nanovoids. The polarization of the detected light was parallel (black
squares) or perpendicular (red circles) to the detector slit. Each panel represents single
measurement at a particular microscopic position. Excitation: 850 nm; integration time: 1s;

laser peak intensity: 7 x 10° W cm 2.

Next, the HRS enhancement of the gradient nanovoids was evaluated by using crystal violet
(CV) as test molecule. The CV solution (10~° M) was placed on top of the nanovoid substrates,
and SEHRS spectra were collected using picosecond laser excitation at 1064 nm. Similar to
the SHG signal, the SEHRS enhancement also varies along the length of the substrates with
the gradual change in the height of the voids. Figure 5.6 shows the SEHRS signal of the CV
vibration at 1585 cm™! for a silver void gradient sample made with 200 nm sphere template,
here referred to as Ag(200) gradient. The SEHRS intensity increases with increasing size of
the void opening from 80 nm to 140 nm (Figure 5.6, from 6.5 mm to 8.5mm). The SEHRS
signal reaches a maximum for voids with 147 nm diameter and height above the equatorial
plane of the spheres. Proceeding further along the longitudinal direction of the substrate,
the SEHRS intensity decreases with decreasing void opening size. The last spectra with
detectable enhancement were obtained with the Ag(200) gradient at voids with a diameter
of 130nm and a silver thickness below the equator of the templating spheres, corresponding

to a distance of 11.5mm from the cathodic edge (Figure 5.6).

65
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5000 SEHRS at 1064 nm excitation
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Figure 5.6: SEHRS signal of the crystal violet band at 1585 cm ™! obtained with an Ag(200)
nanovoid gradient as a function of the distance from the cathodic edge of the substrate. The
data points represent the average of ~10 values SEHRS signals obtained by raster scanning
~100 x 100 pm areas with a step size of 30 um. Excitation: 1064 nm; acquisition time: 60's;
laser peak intensity: 1 x 101 W cm™2. The blue squares show the void opening sizes at the
respective distances as determined from SEM. Photograph of the sample is shown below
the x-axis, and the arrows indicate the approximate positions relative to the cathodic edge.
The inset shows a SEM image at a distance of 8.6 mm where the highest SEHRS signal was
observed. Adapted from Adv. Optical Mater. 2019, 7, 1900650.

Figure 5.7 shows the results from the SEHRS scanning of gold and silver gradient nanovoid
substrates with 200 nm, 300 nm, and 600 nm polymer sphere templates. Unlike the Ag(200)
gradient (Figure 5.6), the rest of the samples do not display clear linear increment and
decrement in the SEHRS signal with changing metal film thickness. For example, Au(200)
and Ag(300) gradients provide similar SEHRS enhancement over a long distance of 2 mm
during which the void sizes change significantly (from 9 mm to 11 mm in Figure 5.7A and
from 12mm to 14 mm in Figure 5.7C). In general, the silver gradient void samples yield
higher SEHRS intensities than the gold voids, and nanovoids with 200nm and 300 nm
nanosphere templates show stronger SEHRS enhancement than the voids with 600 nm
templates. The SEHRS signals observed at positions on the left side of the dashed lines
in each panel in Figure 5.7 originate from areas where the polymer spheres are fully or
partially overgrown with a rough gold or silver layer. The SEHRS enhancement of sam-

ple areas with both voids and rough metal film, e.g. at 2mm in Ag(600) and at 9 mm
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5.1 Nanovoid arrays with gradually changing thickness

in Au(200) gradients (Figure 5.7B and C), respectively, can be relatively similar to the en-

hancement of areas homogeneously covered with voids.
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Figure 5.7: SEHRS intensity of the CV band at 1585 cm~! obtained with A) Ag(300), B)
Ag(600), C) Au(200), D) Au(300), and E) Au(600) gradient nanovoid samples as a function
of the distance from the cathodic edge of the substrate. The data points are averages of ~10
values. The dashed lines indicate the positions from which nanovoid structures appear.

Excitation: 1064 nm; acquisition time: 60 s; laser peak intensity: 1 x 101 W cm™2.

The void diameters from all gradient substrates that yielded the strongest SHG and SEHRS
signals were determined from SEM images taken at the respective positions of the samples,
and are summarized in Table 5.1. The normalized thickness of the respective structures
is given in Table 5.1 as calculated from the geometrical relations depicted in Figure 5.8.
The data in Table 5.1 show that most nanovoid sizes, which yielded strongest 1064 nm-
excited SEHRS, agree (within the precision of the diameter measurements) with the sizes
that result in maximum SHG signals at 850 nm excitation (compare second and fourth row
in Table 5.1). Comparing the sizes of silver nanovoids that give the highest enhancement
in SEHRS with those that have been reported to result in the highest one-photon SERS

signals employing the same 200 nm and 300 nm template spheres in previous work, it was
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Chapter 5 Plasmon enhanced two-photon probing with gold and silver nanovoid structures

found that optimum void structures for 1064 nm excited SEHRS and 532 nm excited SERS
are very different. This provides further evidence that the plasmonic enhancement of the
near-IR excitation field plays a more important role in electromagnetic enhancement of
SEHRS than the visible hyper Raman field, in agreement with the discussion in Chapter 4
on the enhancement of SEHRS with plasmonic nanoparticles in solution and on surfaces.
For void arrays obtained with 200 nm and 300 nm sphere templates, respectively, the void
opening sizes yielding the highest signals both in SEHRS and SHG are almost the same for
gold and silver (Table 5.1). Interestingly, the calculated normalized thickness (Figure 5.8)
from the determined void diameters (Table 5.1), assuming ideal geometries, is ~0.8 for
all structures, independent of the material and nanosphere template size. This indicates
that plasmon modes existing in the voids in such thick layers must contribute to the high
enhancement of the two-photon processes excited in the near-IR region. Furthermore, an
increased roughness of the void rims, especially when void heights are above the template
sphere equator (for example compare Figure 5.1C with E) could add to the electromagnetic
field enhancement and higher signals in SEHRS and SHG, in line with enhanced SHG from

nanocavities with rough rims that has been reported previously.!3

0.5d < d 5
A A t=t/2R

. R? = + (0.5d)
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Figure 5.8: Schematic of a spherical cavity with void diameter d, radius R, metal film

thickness t, and normalized thickness . Adapted from Adv. Optical Mater. 2019, 7, 1900650.
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5.2 Gold and silver voids as nanostructured solid phase SEHRS substrates

Table 5.1: Void opening sizes that yielded the highest SHG (at 850nm) and SEHRS (at
1064 nm) signals along the gold and silver gradient samples with 200nm, 300 nm, and

600 nm nanosphere templates as determined from SEM, and respective calculated normal-

ized thickness f values. Adapted from Adv. Optical Mater. 2019, 7, 1900650.

void gradient Ag(200) Au(200) Ag(300) Au(300) Ag(600) Au(600)
SHG max 141+6 nm 150+7 nm 238+6nm 248+13nm 356+13nm 479+20nm

t 0.85 0.83 0.80 0.78 0.90 0.81
SEHRS max 1474+10nm 156+16nm 2224+16nm 231£11nm 401£19nm 447+45nm
t 0.84 0.81 0.84 0.82 0.87 0.83

5.2 Gold and silver voids as nanostructured solid phase

SEHRS substrates

The SEHRS experiments with gradient nanovoids discussed in Section 5.1 demonstrated
that nanovoid arrays can provide sufficient enhancement of HRS. Thus, gold and silver
nanovoids with uniform thickness, similar to the voids in the gradient samples that yielded
high signals in the two-photon experiments, were fabricated in a conventional three-electrode
electrochemical setup. The reproduction of distinct void sizes, i.e. void heights that were
observed in the gradient samples is not straightforward, since it is not known which exact
potential is applied at each position on the bipolar electrode. In order to tune the void
diameter and height according to the desired sizes in Table 5.1, a thorough optimization
procedure using a high-throughput scanning droplet cell (SDC)153/154 a5 carried out at
Ruhr-Universitdt Bochum by Denis Ohl and Joao Junqueira to determine the optimal elec-
trodeposition parameters. Multiple spots (1 mm in diameter) with gold and silver nanovoid
structures of uniform sizes utilizing 200nm and 300 nm nanosphere templates were fab-
ricated. To help illustrate the design of the substrates, Figure 5.9 shows a photograph of
gold nanovoid sample with 300 nm template, where the red circles represent areas with
nanovoids. The deposited void spots appear similar regarding their color, which indicates
that the height and size of the nanovoids is the same in different spots, since nanovoids with
different normalized thickness exhibit different optical properties.> In some of the spots,
voids were not deposited at all (see Figure 5.9), which could occur due to bubble formation
in the SDC setup. Figure 5.10 shows representative scanning electron micrographs of the

samples produced with different templates, terme , , Au , an u ,
ples produced with diff pl d Ag(200), Ag(300), Au(200), and Au(300)
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Chapter 5 Plasmon enhanced two-photon probing with gold and silver nanovoid structures

together with the void opening sizes determined by SEM to verify the matching with the

sizes that gave the most intense two-photon signals in the gradient substrates (Table 5.1).

Figure 5.9: Photograph of Au(300) nanovoid substrate (taken by Denis Ohl). The red circles
are the void spots deposited by SDC. Adapted from Adv. Optical Mater. 2019, 7, 1900650.

a0y
RS

154 + 4 nm

Figure 5.10: Scanning electron micrographs of the A, B) silver and C, D) gold nanovoids
with A, C) 200nm and B, D) 300 nm polymer nanosphere templates obtained after optimiza-
tion using SDC electrodeposition. The average sizes of the void openings are listed below
the SEM images; in all cases, the metal film is above the equator of the spheres. Adapted
from Adv. Optical Mater. 2019, 7, 1900650.

The optimized nanovoid samples were characterized in SEHRS and SHG experiments,
both excited at 1064 nm with picosecond laser pulses. Figure 5.11A shows the quadratic
dependence of the SHG signal on excitation intensity for Ag(200) and Au(200) nanovoids.
This confirms the two-photon parametric process of SHG. Likewise, the square dependence
of the SEHRS signal on laser excitation intensity is displayed in Figure 5.11B. The SHG
and SEHRS signal generated by the silver nanovoids is stronger than that generated by
the gold voids. While silver nanovoids exhibited SHG and SEHRS already at an excitation

intensity of ~103W cm™2, with gold voids, a peak laser intensity above ~10° W cm™2 is
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5.2 Gold and silver nanovoids as SEHRS substrates

required. The quadratic dependence of the two-photon signals indicates the high stability
of the plasmonic structures over the applied intensity range. However, the gold voids
are more stable than the silver voids at higher laser intensities. For the gold voids, the
square dependence of both SHG and SEHRS is maintained for peak laser intensities of up to
2 x 101 W cm~2 (Figure 5.11A, B), while for silver voids the signal dependence on excitation
intensity after 2 x 10° W cm~2 shows more of a linear character rather than quadratic (data
not shown here). The observation of a strong and stable SEHRS signal generated by the
gold nanovoids is very promising for bioanalytical applications and supports the so far

very few reports of SEHRS with gold nanostructures.?! 119,199,200
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Figure 5.11: A) SHG signal, and B) SEHRS intensity of the crystal violet band at 1585 cm™!
from Au(200) and Ag(200) nanovoids as a function of the applied peak laser intensity. The
dashed lines are the fitted quadratic curves (ax? + b) to the data points. The inset in (A)
shows the SHG signal from gold and silver voids at ~9 x 108 W cm~2. Excitation: 1064 nm;

acquisition time: 2s (A) and 60s (B). Adapted from Adv. Optical Mater. 2019, 7, 1900650.

SHG of the four types of optimized nanovoid structures was investigated using pulsed
laser excitation at 850 nm and 1064 nm by raster scanning areas of different spots on the
substrates. Representative SHG maps of each nanovoid sample at 850 nm and at 1064 nm
are shown in Figure 5.12 and Figure 5.13, respectively. As can be inferred from the SHG
imaging data, the SHG signal variation within larger microscopic areas of one substrate and
for the same metal voids with different diameters is quite similar (compare e.g. Figure 5.12A

with B and Figure 5.12C with D). This variation is even more pronounced in the data set
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Chapter 5 Plasmon enhanced two-photon probing with gold and silver nanovoid structures

with 1064 nm excitation (Figure 5.13). For the measurements at 850 nm, a 10x objective (NA
0.3) was employed, and a 60x objective (NA 1.2) at 1064 nm, which corresponds to a two-
photon focal spot diameter of ~1300 and ~415nm, respectively (Equation (3.6)). According
to the two-photon focal spot diameter, the SHG signal at 1064 nm excitation originates from
(the surroundings of) less than two nanovoids at each pixel of an SHG image. Therefore,
the signal can vary, depending on which part of the nanostructure is responsible for the
observed SHG, in addition to small inhomogeneities due to the metal film growth. Despite
the small variation between the different positions in one respective substrate, the Ag(200)
voids display the strongest SHG signal at both excitation wavelengths, followed by the
Ag(300) and Au(200) voids (compare the different panels in Figure 5.12 and Figure 5.13).
The weakest overall SHG was observed with the Au(300) samples.

SHG at 850 nm excitation ‘
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Figure 5.12: Images based on the SHG signal at 425nm from A, B) gold and C, D) silver
nanovoids produced with A, C) 200nm and B, D) 300 nm nanosphere templates corre-
sponding to void opening sizes of A) ~146 nm, B) ~245 nm, C) ~154 nm, and D) ~237
nm. Excitation: 850 nm; acquisition time: 1s; peak laser intensity: 7 x 10° W cm™2 (5mW

average power); step size: 10 um.

SEHRS spectra of crystal violet were obtained using gold and silver nanovoids with 200 nm
and 300 nm nanosphere templates by raster scanning areas of the nanovoid substrates. Rep-
resentative spectra with the four different nanovoid structures are presented in Figure 5.14,
and SEHRS maps of scanned areas based on the CV ring stretching vibration at 1585 cm™!
are shown in Figure 5.15. The spectra resemble those reported in previous work using
gold (compare with Figure 4.4A or Figure 4.5A in Chapter 4) and silver nanoparticles.!% 114

Ag(200) voids show the highest and Au(300) the lowest SEHRS enhancement (Figure 5.15).
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SHG at 1064 nm excitation
Ag(200) Au(200)

Figure 5.13: Images based on the SHG signal at 532 nm from A, B) gold and C, D) silver

nanovoids produced with A, C) 200nm and B, D) 300 nm nanosphere templates corre-
sponding to void opening sizes of A) ~146 nm, B) ~245 nm, C) ~154 nm, and D) ~237
nm. Excitation: 1064 nm; acquisition time: 1s; peak laser intensity: 7 x 108 W cm™2 (5mW
average power); step size: 2um (A), 5pm (B and C), and 3um (D). Adapted from Adv.
Optical Mater. 2019, 7, 1900650.

However, different from the comparison of SHG signals, Au(200) voids give higher sig-
nals than Ag(300) nanovoids in SEHRS (compare Figure 5.15B with C). As evidenced by
the signal being on the same order of magnitude for SEHRS spectra obtained from dif-
ferent macroscopic nanovoid spots, the enhancement provided by Ag(300), Au(200), and
Au(300) nanostructures, respectively, is very homogeneous (compare different maps within
Figure 5.15B, C and D). Since SEHRS is an extremely sensitive probe of both plasmonic
properties!? and surface potential,>* the homogeneous enhancement supports the SEM
data regarding the reproducible fabrication of the different macroscopic nanovoid spots
on one silicon wafer by means of SDC. Although the Ag(200) voids showed more varia-
tion in the SEHRS intensities between different spots with nanovoid structures (compare
different maps in Figure 5.15A), the homogeneous SEHRS signals within each respective

spot indicates a high homogeneity at the microscopic level.

To estimate the enhancement factors (EF) of the different nanovoid arrays, the absolute
SEHRS signal intensities, on which the maps in Figure 5.15 are based, were compared with
the signal from a normal HRS spectrum of crystal violet. The enhancement factors are
ranging between 10° and 10* for Ag(200) and Au(200), while for Ag(300) and Au(300), the
lower value of 10° was assigned. These values are very conservative because it is assumed
that all CV molecules in the two-photon focal volume (Equation (3.5)) take part in the SEHRS
process. The maximum possible coverage assuming planar surface of the nanovoids and

perpendicular orientation of the CV molecules is less than 1 %, which implies that proba-
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SEHRS spectra at 1064 nm excitation
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Figure 5.14: Representative SEHRS spectra of CV obtained from a solution placed as a
droplet onto the nanovoid substrate, extracted from the SEHRS maps shown in Figure 5.15
obtained with A, B) silver and C, D) gold nanovoids produced with A, C) 200nm and B, D)
300 nm nanosphere templates corresponding to void opening sizes of A) ~146 nm, B) ~245
nm, C) ~154 nm, and D) ~237 nm. Excitation: 1064 nm; acquisition time: 60s; laser peak
intensity: 1 x 101 W cm™2 (50 mW average power); CV concentration: 107> M. Adapted
from Adv. Optical Mater. 2019, 7, 1900650.

bly not all molecules interact with the surface. The estimated EFs are therefore two-three
orders of magnitude lower than from gold nanoaggregates, as discussed in Chapter 4. In
spite of the lower SEHRS signals obtained with the nanovoid arrays, they still present nu-
merous advantages as SEHRS substrates over nanoparticles in solution due to the more
homogeneous and reproducible enhancement, as well as stability of the substrate struc-
ture, which cannot be modified by chemical or electrostatic interactions with the analyte

molecules as it is in the case of nanoaggregates in solution.

It must be mentioned here that for the EF estimations, a direct comparison of SEHRS and

HRS spectra was not possible because a normal HRS spectrum of CV could not be acquired
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SEHRS at 1064 nm excitation
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Figure 5.15: SEHRS maps of A, B) silver and C, D) gold nanovoids produced with A,
C) 200nm and B, D) 300 nm nanosphere templates, corresponding to void opening sizes
of A) ~146 nm, B) ~245 nm, C) ~154 nm, and D) ~237 nm, based on the intensity of the
crystal violet band at 1585cm™!. Each map was obtained from a different macroscopic
spot. Excitation: 1064 nm; acquisition time: 60s; laser peak intensity: 1 x 101 W ecm™2;
concentration of crystal violet in a droplet placed on the surface of the nanovoid arrays:
10~ M; step size: 30 um (A), 10 um (B, C, D), and 1 um for the right uppermost map in (B).
Adapted from Adv. Optical Mater. 2019, 7, 1900650.

using the same laser excitation intensity as in the experiments with nanovoids. A normal
HRS spectrum of crystal violet was obtained only from very concentrated solutions (10~ M)
and moderate peak laser intensities as in Figure 4.6 from Chapter 4. Increasing the laser
power during HRS measurements of crystal violet led to lower signal or even no signal at
all in the recorded spectra compared to measurements at lower excitation intensity using
the same CV concentration and integration time. To obtain microspectroscopic data of
the nanovoid array substrates, a 60x water immersion objective (NA 1.2) was employed,
and the corresponding laser peak intensity was not in the range in which normal HRS
spectra could be acquired. Therefore, in the EF estimations, the signal intensity was cor-
rected for the different excitation intensities. However, it is not clear whether the square
dependence of the normal HRS signal of crystal violet would be maintained at higher in-
tensities, which possibly further lowered the values of the estimated enhancement factors.
One possible reason for the signal diminishment at high laser power could be the photo-
ionization and subsequent photochemical decomposition of crystal violet into compounds

with lower Raman cross sections.21:202

Interestingly, this did not appear during SEHRS
measurements with 107> M CV, implying that the metal could provide additional relaxation

channels that compete with the photoionization process.
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SEHRS spectra of crystal violet with silver nanovoids were obtained also at different dye con-
centrations. Figure 5.16A shows SEHRS spectra with 10~ M CV drop-casted on the nanovoid
substrate, where the signal intensity in photon counts is about one order of magnitude lower
than in spectra with 10~°M CV (Figure 5.16B). The signal in SEHRS spectra with more
concentrated CV solution (10~* M, Figure 5.16C) is significantly lower than in the spectra
with 107> M dye solution. This could be possibly caused by re-absorption of the Raman
scattered light from other molecules in the concentrated solution, as CV has an absorption

peak at ~590 nm (see Figure 4.6A in Chapter 4 for UV-vis absorbance spectrum of CV).

SEHRS at 1064 nm excitation with Ag(200)
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Figure 5.16: SEHRS spectra of crystal violet obtained with Ag(200) nanovoids at a concen-
tration of A) 107°M, B) 1075 M, and C) 10~* M. Excitation: 1064 nm; acquisition time: 30s;

laser peak intensity: 1 x 101° W cm~2.

5.3 SHG and SEHRS from nanovoids with analyte molecules

In the following, a series of experiments will be discussed, in which SHG from optimized
nanovoid arrays with crystal violet solution on their surface and SEHRS spectra from the
same position in the sample were measured subsequently. Figure 5.17 shows the SHG signal,
SEHRS intensity, and background in the respective SEHRS spectra that were obtained with
Ag(200) nanovoids. The intensity of the crystal violet bands clearly correlates with the
observed background in the spectra — the higher the SEHRS signal, the more pronounced

are the background contributions (compare Figure 5.17B and C). Possible origins of the
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5.3 SHG and SEHRS from nanovoids with analyte molecules

SEHRS background were discussed in terms of the nanostructure properties for experi-
ments with nanoaggregates previously.!%117 Moreover, at the sample positions where
the SEHRS intensity was high, strong SHG was observed (compare Figure 5.17A with B).
Together with the observation that the highest SHG and SEHRS data were obtained with
nanovoids of the same sizes (Table 5.1), this indicates that those nanostructures support-
ing high SEHRS enhancement also provide high SHG signals. Based on this observation,
SHG can be employed for fast screening of suitable SEHRS substrates, instead of using
nanomaterials optimized for strong SERS enhancement in SEHRS experiments, which has

often been the strategy for designing SEHRS substrates so far.

SHG and SEHRS signal at 1064 nm excitation with Ag(200)
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Figure 5.17: A) SHG signal, B) SEHRS signal of the CV band at 1585cm™!, and C) back-
ground in the respective SEHRS spectra in (B) obtained from Ag(200) substrate with 107> M
CV solution. The data were obtained from 4 different macroscopic spots — measurement
number 1-21 from spot 1, 22-30 from spot 2, 31-55 from spot 3, and 56-69 from spot 4.
Excitation: 1064 nm; acquisition time: 1s for SHG and 60s for SEHRS; peak laser inten-
sity: 1 x 10'°W cm™2 (50 mW average power). Adapted from Adv. Optical Mater. 2019, 7,
1900650.

On the other hand, the correlation between SHG and SEHRS was observed with Ag(200)
nanovoids but not with the rest of the nanovoid substrates. This is indicated in Figure 5.18

where the SHG signal, the intensity of SEHRS and background in SEHRS for Ag(300),
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Au(200), and Au(300) nanovoid arrays are shown. While at some of the measurement
points in Ag(300) voids, higher SHG signals correspond to higher SEHRS intensity (e.g.
positions 1-3 and 16-18 in Figure 5.18A), no such correlation was found for the gold nanovoid
arrays (Figure 5.18B and C). In order to investigate what is the origin of this difference,
SHG from the four types of nanovoid arrays in the presence and in the absence of CV was
measured, and the data are presented in Figure 5.19. As can be seen from the SHG maps
in Figure 5.19A and B, the SHG signal from gold nanovoids did not change upon addition
of CV. In the case of Ag(200) and Ag(300), the average SHG signal from the mapped area
increases by a factor of ~2 in the presence of CV. Figure 5.20A shows the dependence of
the SHG signal on the crystal violet concentration for gold and silver nanovoid arrays.
While in the experiment with gold nanovoids the signal did not change (red squares in
Figure 5.20A), it rose linearly for silver nanovoids starting from a CV concentration of 107 M
(blue circles in Figure 5.20A). The SHG measurements in the above described experiments
were done immediately after drop-casting the CV solution. Figure 5.20B shows the time
dependence of the average SHG signal from silver nanovoids with 10> M CV solution. The
latter slightly increased over time, indicating that an equilibrium between adsorbed CV

molecules and free molecules in the solution is still establishing.

Despite the fact that the observed increase in SHG intensity from silver nanovoids with CV
versus without CV is only about a factor of 2 and the standard deviations of the averaged
values over the whole mapped areas are large, the increase is yet systematic and reproducible.
Therefore, it could be attributed to contributions from the dye molecules. Furthermore,
this SHG from CV must be surface enhanced, since no SHG could be obtained from CV
solutions using various concentrations and excitation intensities without the nanovoid
substrates, thus making it impossible to estimate an enhancement factor. Enhanced SHG
from CV was not observed with gold nanovoids. The reason for this could be a different
chemical or electrostatic interaction between the dye molecules with gold and silver. Since
silver is more reactive than gold, possibly the interaction with silver is stronger, or the
excitation or scattered radiation could be in resonance with a transition in the silver-CV

adsorbate, inducing a chemical enhancement contribution.
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Figure 5.18: SHG signal (uppermost panels), SEHRS signal of the CV band at 1585 cm™!
(middle panels), and background in the respective SEHRS spectra (lowermost panels) from
A) Ag(300), B) Au(200), and C) Au(300) substrates with 107> M crystal violet solution. The
data was obtained from different macroscopic spots: measurement number 1-9 from spot 1
and 10-18 from spot 2 (A); measurement number 1-12 from spot 1 and 13-18 from spot 2 (B);
and 1-15 from only one spot (C). Excitation: 1064 nm; acquisition time: 1s for SHG and 60's
for SEHRS; peak laser intensity: 1 x 101 W cm=2 (50 mW average power).
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Figure 5.19: SHG maps of A) Au(200), B) Au(300), C) Ag(200), and D) Ag(300) nanovoids
with water (upper panels) and with 10> M CV solution (lower panels) drop-casted directly
before the measurement. The SHG signal is normalized within each of the panels A-D.

Excitation: 1064 nm; acquisition time: 1s; peak laser intensity: 7 x 108 W cm=2.
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Figure 5.20: A) SHG signal from Ag(200) nanovoids (blue circles) and Au(300) nanovoids
(red squares) with different CV concentrations. B) SHG signal from Ag(200) nanovoids
with 107> M CV as a function of time. The data points in A and B are averages over ~500
values obtained after raster scanning areas of ~50 x 50 pm. Excitation: 1064 nm; acquisition

time: 1s; peak laser intensity: 7 x 108 W cm™2 (3 mW average power).

5.4 Conclusions

In this chapter, the non-linear optical properties of gold and silver nanovoid arrays were
investigated by means of SEHRS and SHG. A multitude of different gold and silver nanovoid
structures were fabricated by bipolar electrodeposition using nanosphere templates of three
different sizes, and the void structural parameters that provide high enhancement in SEHRS
and SHG were identified. SEHRS and SHG screening experiments along gradient nanovoid
samples revealed that nanovoids with different heights show significantly different enhance-
ment in both two-photon processes. In addition, nanovoids yielding the strongest SEHRS
at 1064 nm and SHG at 850 nm excitation have nearly the same structural parameters. This
suggests that utilizing SHG as a fast screening tool for identifying nanostructures support-
ing high SEHRS enhancement could provide more advantages than adapting substrates
optimized for one-photon SERS in SEHRS experiments. Pre-screening of a microscopic
surface, e.g. of a sensor probed by SEHRS, by fast acquisition of the monochromatic SHG
signal, could ensure selection of sample positions that provide optimum enhancement

for the collection of two-photon vibrational spectra.

The optimum void sizes giving the highest enhancement of the two-photon process of SEHRS
at 1064 nm excitation differ from nanovoid sizes that provide the highest enhancement

at 532nm in one-photon excited SERS found in previous work,!? pointing towards the

80



5.4 Conclusions

importance of plasmon modes with resonances at the near-IR frequencies used to excite
SEHRS. The highest SEHRS and SHG intensities from gradient nanovoid samples with
200nm, 300 nm, and 600 nm nanosphere templates were found for voids with a normalized
thickness of ~0.8, independent of the material or template size. Resonances of the excitation
and/or scattered light with plasmon modes existing only in such thick nanovoids could be
responsible for the observed high enhancement of two-photon processes at near-IR excitation
wavelengths. Additionally, an enhancement of electromagnetic fields could arise due to
increased roughness of the nanovoid rims and metal film around them, when the metal film

is growing above the equator of the densely packed nanosphere templates.

Quadratic dependence of the SEHRS and the SHG signal from gold and silver nanovoids
was observed, which proves the two-photon nature of both processes. Polarization resolved

SHG measurements indicate that the macroscopic SHG from nanovoid arrays is incoherent.

Comparing the potential of different nanovoid structures for use as substrates in SEHRS,
it was found that both the gold and the silver voids with 200 nm and 300 nm nanosphere
templates and void opening sizes of ~150 nm and ~240 nm, respectively, provide sufficient
enhancement of this process. Silver nanovoids yield stronger SEHRS enhancement than gold
voids, but gold nanovoid arrays show improved stability at high laser excitation intensities.
The estimated enhancement factors for gold and silver nanovoids range between 103 — 104,
thus being lower than the values of nanoaggregates in solution discussed in Chapter 4.
Nevertheless, nanovoid substrates reveal many advantages for SEHRS spectroscopy and
imaging applications with respect to homogeneity, reproducible fabrication, and stability

that remained unaddressed so far in SEHRS experiments with other plasmonic substrates.
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Chapter 6

Plasmonic - barium titanate
composite nanoparticles as
multifunctional optical

nanoprobes

This chapter is based on the publication Adv. Funct. Mater. 2019, 29, 1904289.

Multiphoton excited imaging and microspectroscopy require nanoprobes that can give
different non-linear optical signals in order to develop multimodal detection and sensitive
chemical characterization of biological samples. Several generations of optical nanoprobes
and labels, strongly varying in chemical composition and size range, have been developed
in the past two decades to match the specific requirements of different multiphoton excited
spectroscopic methods regarding functionality. Among others, they include customized

203,204

organic dyes and quantum dots??® for one- and two-photon excited fluorescence,

perovskite-type nanocrystals as harmonic probes,>* 33

and gold and silver nanoparticles that
can be used as plasmonic probes for surface enhanced hyper Raman scattering (SEHRS)
imaging of cells and tissues.!®® 170 Extending the capabilities of nanoprobes that deliver
chemical information through a vibrational signature with the requirements of fast non-
linear imaging would allow truly multimodal optical imaging based on both chemical

structural information with morphology at the microscopic level, and thus could be very

beneficial for microspectroscopic studies of biological objects.

In this chapter, the synthesis and characterization of novel optical nanoprobes, that are

gold and silver coated barium titanate composite nanoparticles, is presented. Barium ti-
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tanate is chosen as the core material because of its non-linear optical properties and well
established use as harmonic probe in SHG biomicroscopy.??146:206-208  Gyrrounding the
non-linear nanocrystals with a shell of gold and silver nanoparticles allows to take advan-
tage of the strongly enhanced Raman and hyper Raman process in the near fields of these
plasmonic structures. First, synthetic aspects of the composite nanostructure preparation
will be discussed, followed by their optical characterization using UV-vis spectroscopy
and second harmonic generation (SHG). To understand how the optical properties of bar-
ium titanate particles are altered by the presence of the plasmonic moieties, numerical
simulations of related model systems will be presented. Finally, the multifunctionality
of the plasmonic-barium titanate nanocomposites will be demonstrated by using them

as nanoprobes for SERS, SEHRS, and SHG.

6.1 Synthesis of plasmonic - barium titanate nanocomposites

Commercially available polycrystalline barium titanate (BaTiO;) nanoparticles in the tetrag-
onal crystal structure, which is associated with high second order susceptibility, were used
as starting material for the preparation of all nanocomposites discussed below. Transmis-
sion electron micrographs of the particles are shown in Figure 6.1A and B. The BaTiO,
particles are non-spherical, and have a very broad size distribution with an average size

of 256 + 84nm as indicated in Figure 6.1C.
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Figure 6.1: A, B) Transmission electron micrographs, and C) size distribution of the barium

titanate nanoparticles. Adapted from Adv. Funct. Mater. 2019, 29, 1904289.
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To create plasmonic moieties on the surface of BaTiO; nanocrystals several synthesis steps
including surface functionalization and metal reduction are required. In principle, the
reactions involved are adapted from approaches for synthesis of the better understood silica-
core metal-shell nanosystems!4%150:209 because similar chemical reactivity of the particle
surface may be expected. Figure 6.2 shows a simplified schematic of the synthetic route
for obtaining gold coated barium titanate composites, termed Au@BaTiOj; here, and silver

coated barium titanate composites, termed Ag@BaTiO;.

BaTiO3 particle

silver particle
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OH oH gold particle

I
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™ o NH2  NH
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(THPC-gold)
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Figure 6.2: Schematic representation of Au@BaTiO; and Ag@BaTiOj; preparation. Adapted
from Adv. Funct. Mater. 2019, 29, 1904289.

In the first step, common for the preparation of both Au@BaTiO; and Ag@BaTiO; composites,
barium titanate particles were pre-treated with hydrogen peroxide (H,O,) to increase the

145,146 55 that the subsequent silanization reaction with

amount of surface hydroxyl groups
(3-aminopropyl)triethoxysilane (APTES) or (3-mercaptopropyl)trimethoxysilane (MPTS)
would be promoted. To optimize this step, the BaTiO; particles were exposed to H,O, at
room temperature or at 110 °C for 2-4 hours in ambient conditions. TEM images of the
products reveal that if the reaction is carried out at room temperature the particles remain

the same (data not shown). However, the reaction with H,O, at high temperature visibly

modifies the surface layer of the particles. This was observed also in previous work, and the
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treatment with H,O, was discussed to cause an excessive loss of barium ions leading to the
degradation of the particle surface and its structure.!#3219 Although the degradation of the
BaTiO; particle surface seems to be unfavorable at first sight, it proved to be beneficial for
growing a gold shell. Therefore, barium titanate particles treated with hydrogen peroxide

both at room temperature and at 110 °C were used in the next steps.

6.1.1 Seed-mediated growth approach for preparation of Au@BaTiO,

For the synthesis of Au@BaTiO;, a seed-mediated growth approach was applied. Briefly,
small gold seeds were attached to the surface of BaTiO5 nanoparticles following previously
published work,'4”:148 and then for the subsequent growth step another protocol typically
used for gold nanorods preparation was adapted.”® First, hydroxylated BaTiO, particles were
boiled with APTES in ethanol to functionalize the surface with amine groups. This reaction
does not visibly change the particles. Next, small gold seeds (2-3nm, THPC-gold) dispersed
in water were attached to the surface of APTES-functionalized barium titanate by mixing
both solutions overnight. After this step, precipitation of the particles by centrifugation is
required in order to separate the BaTiO; nanocrystals from unbound gold nanoparticles.
This is important to ensure that the gold growth in the next steps occurs only on the barium
titanate surface. Figure 6.3A-D shows transmission electron micrographs of barium titanate
nanoparticles with modified surface layer (treated with H,O, at 110 °C for 2 hours) after
attachment of THPC-gold, abbreviated here as THPC-gold@BaTiO;. The core particles are
covered homogeneously with THPC-gold. In Figure 6.3B and D one can clearly see the
modified surface layer of BaTiO5, which appears lighter in contrast compared to the inner
parts of the BaTiO; particles. The THPC-gold particles are residing on top and probably
inside the partially degraded surface layer as indicated in Figure 6.3D.

The gold particles from the THPC-gold@BaTiOj; structures act as seeds for the growth in
the next synthesis step where gold chloride is reduced with ascorbic acid in the presence of
hexadecyltrimethylammonium bromide (CTAB). During this reaction, the size of the gold
particles on the BaTiOj; surface increases. Figure 6.4 shows TEM images of BaTiO; particles
with 9 £ 2nm gold nanoparticles on their surface, termed 9nm Au@BaTiO; here. These
composite particles were obtained after one gold deposition cycle using barium titanate

without modified surface layer (treated with H,O, at room temperature).
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Figure 6.3: Examples of transmission electron micrographs of THPC-gold@BaTiO;.
Adapted from Adv. Funct. Mater. 2019, 29, 1904289.

9 nm Au@BaTiO,
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Figure 6.4: Examples of transmission electron micrographs of 9nm Au@BaTiO;. The
BaTiO; nanoparticles were pre-treated with H,O, at room temperature. Adapted from Adov.

Funct. Mater. 2019, 29, 1904289.

The gold deposition cycle resulted not only in increasing the size of the gold nanoparti-
cles but also their detachment from the barium titanate surface. This is indicated by the
UV-vis spectrum of the supernatant obtained after precipitating 9 nm Au@BaTiO; nanocom-
posites by centrifugation (Figure 6.5). While the peak at 380 nm corresponds to excess
[AuBr;],211 the band at 530 nm can be attributed to gold nanoparticles (see Figure 4.2A).
The electrostatic interaction between the ATPES-functionalized BaTiO; nanoparticles and
the THPC gold seeds?!? may not be strong enough to prevent detachment of the gold

particle when it becomes heavier during the growth reaction.

If BaTiO; particles with modified surface layer are used in the growth step, detachment of
gold nanoparticles is also observed, as indicated by the UV-vis spectrum of the supernatant
after precipitation of the composite particles (similar as in Figure 6.5). However, it was
possible to perform a second gold deposition cycle, after which the size of the gold particles
on the BaTiO; surface was increased to 17 & 6 nm. Transmission electron micrographs of

such 17nm Au@BaTiO; nanocomposites are presented in Figure 6.6A-D. The TEM images
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Figure 6.5: UV-vis spectrum of the supernatant obtained after precipitating Au@BaTiO,
from the gold shell growth step. Adapted from Adv. Funct. Mater. 2019, 29, 1904289.

in Figure 6.6C and D indicate that the bigger gold nanoparticles reside partially inside the

modified barium titanate surface layer, which probably hinders their detachment.

The separation of Au@BaTiO; nanocomposites from reaction mixtures containing also un-
bound gold nanoparticles is crucial for obtaining the final products. Here, the nanocom-
posites were centrifuged several times at low speed until the supernatant was transparent,
and until the UV-vis spectra of the supernatant did not exhibit a band at 530 nm corre-
sponding to the free gold nanoparticles. The UV-vis spectra of the nanocomposites will
be discussed in Section 6.2.1. No free gold nanoparticles were found in TEM experiments

with 9nm Au@BaTiO; and 17nm Au@BaTiO; samples.

17 nm Au@BaTiO,

200 nm
L}

Figure 6.6: Transmission electron micrographs of 17 nm Au@BaTiO;. The BaTiO; nanopar-
ticles were pre-treated with H,O, at 110 °C for 4 hours. Adapted from Adv. Funct. Mater.
2019, 29, 1904289.

88



6.1 Synthesis of plasmonic - barium titanate nanocomposites

To summarize, Au@BaTiO; composite nanostructures, in which mainly single ~9nm or
~17nm gold nanoparticles are densely distributed on the surface of BaTiO; nanocrystals,
were obtained using a modified seed-mediated growth approach. Previous works!47/148
considering BaTiO5-core gold-shell nanoparticle preparation suggest using aged gold(I) hy-
droxide (AuOH) solution for reduction with formaldehyde or sodium borohydride (NaBH,)
in the growth step. Here, this strategy failed because the obtained BaTiOj; particles were not
homogeneously covered with gold. TEM images of products from reduction of AuOH with
NaBH,, ascorbic acid, and formaldehyde in the presence of THPC-gold@BaTiO; are pre-
sented in Figure 6.7A, B and C, respectively. While some BaTiO; particles are densely covered
with gold nanoparticles even larger than 17 nm in size, others remain almost without any
gold on their surface. Therefore, the reduction of gold(IlI) chloride in the presence of CTAB
and the THPC-gold@BaTiO; particles was chosen as the main synthetic route for the prepara-

tion of Au@BaTiO; nanocomposites, and the optical experiments presented in the following

sections consider only the 9 nm Au@BaTiO; and 17 nm Au@BaTiO; composite nanoparticles.

Figure 6.7: Examples of transmission electron micrographs of the products obtained by
reducing AuOH solution in the presence of THPC-gold@BaTiO; nanoparticles with A)
sodium borohydride, B) ascorbic acid, and C) formaldehyde. Side products (unbound gold

nanoparticles) of different size are also present in the samples.

6.1.2 Seedless synthesis of Ag@BaTiO;

BaTiO;-silver core-shell nanocomposites were prepared using a seedless synthetic route
originally proposed for silica-silver core-shell structures.!®® For this purpose, hydroxylated
BaTiO; nanoparticles were functionalized with thiol groups in a silanization reaction with

MPTS. MPTS was chosen instead of APTES due to the high affinity of silver to sulfur which
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could promote nucleation of silver on the BaTiO; surface. In the next step, silver nitrate was
reduced with octylamine in the presence of MPTS-functionalized barium titanate particles
and polyvinylpyrrolidone (PVP) in ethylene glycol (Figure 6.2). This approach yielded
BaTiO; particles with almost continuous silver shells, which consist of aggregated silver
nanoparticles with an average diameter of 40+9 nm. Figure 6.8A-D shows transmission

electron micrographs of the Ag@BaTiO; nanocomposites.

Ag@BaTiO,
A C D
ﬁnm gnm &nm

Figure 6.8: Examples of transmission electron micrographs of Ag@BaTiO;. Adapted from
Adv. Funct. Mater. 2019, 29, 1904289.

During the silver reduction step free silver nanoparticles unbound to the BaTiO; surface
are also formed in the solution. This is indicated by the band at 435nm in the UV-vis
spectrum (Figure 6.9) of Ag@BaTiO; obtained directly from the reaction mixture without
purification of the products by centrifugation. Thus, also the preparation of Ag@BaTiO,
requires several purifications steps. In the UV-vis spectrum of the final product the band
at 435nm is not present (discussed in Section 6.2.1), and during TEM investigation of

the samples no free silver nanoparticles were found.

Two additional strategies were tested for the synthesis of Ag@BaTiO; nanoparticles. The first
one involved reduction of silver nitrate with hydroxylamine hydrochloride in the presence of
MPTS-treated BaTiO; nanoparticles in water. This approach resulted mostly in the formation
of free silver nanoparticles as indicated by the TEM image shown in Figure 6.10A. The
second strategy also involved reduction of silver nitrate by hydroxylamine hydrochloride in
water, but in the presence of THPC-gold@BaTiO; particles, so that the gold seeds could act
as nucleation sites for silver growth. However, TEM images of the products (Figure 6.10B)

show that only some of the BaTiO; particles are covered with small silver clusters in an
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Figure 6.9: UV-vis spectrum of the reaction mixture from Ag@BaTiO; synthesis.

inhomogeneous manner, while others remain covered only with very small particles that
must be the THPC-gold. Since none of these approaches yielded BaTiO; particles either
homogeneously covered with silver nanoparticles or with a continuous shell, only the 40 nm
Ag@BaTiO; nanocomposites (Figure 6.8) produced by silver reduction in ethylene glycol

in the presence of PVP are considered for further experiments.

Figure 6.10: Examples of transmission electron micrographs of the products obtained by
reduction of silver nitrate by hydroxylamine hydrochloride in the presence of A) MPTS-
functionalized BaTiO;, and B) THPC-gold@BaTiO;.
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6.2 Influence of the plasmonic moiety on the optical

properties

6.2.1 UV-vis absorbance and SHG experiments

The optical properties of the BaTiO; nanoparticles, and how they are altered by
the presence of gold and silver shell in the Au@BaTiO; and Ag@BaTiO; nanocom-
posites were investigated by means of UV-vis spectroscopy and second harmonic
generation (SHG). Figure 6.11A shows UV-vis spectra of BaTiO; nanoparticles treated

with H,0O, at room temperature and at 110°C.
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Figure 6.11: A) UV-vis spectra and B) SHG signal from BaTiO; nanoparticles treated with
hydrogen peroxide at room temperature (black) and at 110 °C (brown) as a function of the
peak laser intensity. Excitation: 850 nm; acquisition time: 1s. The values represent the mean
of 15 measurements and the error bars illustrate the standard deviation; the dashed lines
are the fitted quadratic curves (ax? + b) to the data points. The insets show TEM images of
the two kinds of BaTiO; particles; scale bars: 50 nm. Adapted from Adv. Funct. Mater. 2019,

29, 1904289.

The spectra exhibit broad bands at 480 nm for the heated particles with modified surface
layer, and at 500 nm for the particles without modified surface. Since barium titanate is

a dielectric material with high values for the real part and almost zero for the imaginary
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part of the complex permittivity in the visible spectral range,'®” the band in the spectrum
should be dominated by scattering. Interestingly, the peak maximum of BaTiO; nanopar-
ticles with partially degraded surface layer is blue-shifted compared to one of the original
particles. As will be discussed in the next section, this might be due to an effective de-
crease of their volume. Despite this, the modified surface layer is almost not affecting
the SHG intensity of the particles, which is very important for their application as SHG
nanoprobes. This is demonstrated in Figure 6.11B where the SHG signals from BaTiO;

particles with and without modified surface layer are compared.

The UV-vis absorbance spectra of the gold coated nanoparticles, 9 nm Au@BaTiO; and 17 nm
Au@BaTiO; (Figure 6.12), show bands at 550 nm and 578 nm, respectively, in addition to
the bands at ~480-500 nm that are present also in the spectra of the bare BaTiO; particles
(Figure 6.11A). The emergence of such new resonant peaks in other related systems has
been explained by the excitation of the plasmonic modes of the metallic particles!4? 213214
shifted by the dielectric environment and due to an interaction and/or aggregate formation
of neighboring gold nanoparticles on the barium titanate surface. As will be discussed
in more details in Section 6.2.2, an alternative picture, treating the gold nanoparticles as a

homogeneous layer characterized by effective optical properties which modify the resonances

of the bare barium titanate particles, may also be considered.!6>21>216
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Figure 6.12: UV-vis spectra of 9nm Au@BaTiO; (black) and 17nm Au@BaTiO; (green).
Adapted from Adv. Funct. Mater. 2019, 29, 1904289.
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In a control experiment, APTES-functionalized BaTiO; particles were mixed with separately
prepared 14 nm sized gold nanoparticles. The UV-vis spectra of the pure BaTiO; particles,
14nm gold particles, and the mixture of both are presented in Figure 6.13. The plasmon
band of the gold nanoparticles is at 518 nm (see red line in Figure 6.13) and it does not
shift upon addition of the BaTiO; particles (see blue line in Figure 6.13). The plasmon
resonances of single 9nm or 17 nm gold nanoparticles are expected to be at ~520-530 nm and
below.!7317 Thus, the control experiment supports that the peaks at 550 nm and 578 nm in
the UV-vis spectrum of the 9nm and 17 nm Au@BaTiO; composites (Figure 6.12) result from

the interaction of the BaTiO; cores with the small gold nanoparticles attached to their surface.
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Figure 6.13: UV-vis spectra of APTES-functionalized BaTiO; particles (black), citrate-
stabilized gold nanoparticles with an average size of 14 nm as determined from TEM (red),

and a mixture of both (blue).

Figure 6.14 shows the UV-vis absorbance spectrum of the Ag@BaTiO; nanocomposites. The
spectrum exhibits only one very broad band from the visible to the near IR with a maximum
at 530 nm, which could be attributed to the formation of silver nanoparticle aggregates?!”

on the barium titanate surface (for TEM images see Figure 6.8).
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Figure 6.14: UV-vis spectrum of Ag@BaTiO; nanocomposites. Adapted from Adv. Funct.
Mater. 2019, 29, 1904289.

The SHG of the plasmonic-BaTiO; nanocomposite systems was investigated using pulsed
laser excitation at 850nm and 1064 nm. Strong SHG signals from aqueous solutions of
all composite nanoparticles in backscattering collection geometry were obtained at both
wavelengths. Figure 6.15 shows the quadratic dependence of the SHG signal on the excitation
intensity of Au@BaTiO; nanostructures excited at 850 nm. This confirms the two-photon
parametric process of SHG. In addition, one can see from Figure 6.15 that the SHG intensity

from 9nm Au@BaTiO; and 17 nm Au@BaTiO; is nearly the same.

The SHG intensity from pristine BaTiO; nanoparticles and Au@BaTiO; nanocomposites are
compared in Figure 6.16. While for excitation at 1064 nm the SHG signal from Au@BaTiO,
composites is ~4 times lower (in the whole intensity range) relative to the signal from
pristine BaTiOj; particles (Figure 6.16A, compare red and black symbols), at 850 nm the SHG
intensity of the composites is only ~2 times lower than that from the bare BaTiO; particles
(Figure 6.16B, compare red and black symbols). Similar results were obtained for Ag@BaTiO,
composites (Figure 6.17). For excitation at 1064 nm the SHG intensity from Ag@BaTiO; is ~4
times lower relative to the pristine BaTiO; particles (Figure 6.17A), and at 850 nm the SHG
intensity of the composites is reduced by a factor of ~10 (Figure 6.17B). Comparing the effect
of different excitation wavelengths on the signals from Au@BaTiO; and Ag@BaTiO;, the
composites with gold yielded higher SHG signals at 850 nm than at 1064 nm, and with silver
higher SHG signals at 1064 nm than at 850 nm. Due to the fact that the two lasers operate in

different power ranges, one should refrain from a comparison of absolute intensities at both
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Figure 6.15: SHG signal from 9nm Au@BaTiO; (black) and 17nm Au@BaTiO; (green)
excited at 850 nm as a function of the peak laser intensity. The values represent the mean of
30 measurements with 1s acquisition time; the dashed lines display the fitted quadratic
curves (ax? + b) to the data points. The insight shows a SHG spectrum of 17 nm Au@BaTiO,
at5 x 10'°W cm=2. Adapted from Adv. Funct. Mater. 2019, 29, 1904289.

excitation wavelengths. Nevertheless, the different ratios for SHG intensity from pristine and
metal coated BaTiO; particles at the two different excitation wavelengths clearly indicate
a frequency dependence of the SHG signals. This is in accord with previous experimental
work discussing the frequency dependence of SHG from BaTiO; nanocrystals, with the latter

being enhanced at the intrinsic optical resonances of the particle.34”
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Figure 6.16: SHG signal from solutions of BaTiO; nanoparticles (black) and Au@BaTiO,
nanocomposites (red) with similar concentration excited at (A) 1064 nm and (B) 850 nm as
a function of the peak laser intensity. The values represent the mean of 30 measurements;
the dashed lines display the fitted quadratic curves (ax? + b) to the data points. Integration
time: 20s (A) and 1s (B). Adapted from Adv. Funct. Mater. 2019, 29, 1904289.
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Figure 6.17: SHG signal from solutions of BaTiO; nanoparticles (black) and Ag@BaTiO,
nanocomposites (green) with similar concentration excited at (A) 1064 nm and (B) 850 nm
as a function of the peak laser intensity. The values represent the mean of 40 measurements;
the dashed lines display the fitted quadratic curves (ax? + b) to the data points. Integration
time: 20s. Adapted from Adv. Funct. Mater. 2019, 29, 1904289.
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6.2.2 Electrodynamic simulations

In order to gain a better understanding of why the SHG intensity from BaTiO; nanocrystals
is altered when they are surrounded by plasmonic nanoparticles, the far- and near-field
properties of different model systems were simulated using the finite-difference time-domain
(FDTD) method. For the simulations of BaTiO; particles perfect spheres with diameters of
200nm, 255nm, and 300 nm as well as a 250 nm long rounded cuboid were used as model
systems (Figure 6.18A). Two approaches were considered to mimic the gold shell of the
composite Au@BaTiOj; particles. First, the gold shell was modelled by surrounding the
BaTiO; structures with many 17 nm gold nanospheres (Figure 6.18B). These model systems
will be referred to as Au@BaTiO; composites. In the second approach (Figure 6.18C) the
BaTiO; spheres had a homogeneous 17 nm thick shell of effective permittivity calculated
according to the effective medium approximation!%163 from the permittivities of gold and
water using the same volume filling fraction of gold as in the case of the composite particle

models. These models are termed here gold coated BaTiO; systems.

BaTiO, B Au@BaTiO, C  9old coated
particle composite BaTiO,

FDTD, Mie FDTD, Mie

effective medium
approximation

Figure 6.18: Schematic of the model systems considered in numerical simulations.

The extinction cross section of a 300nm BaTiO; sphere in water calculated with FDTD
(brown line in Figure 6.19A) or Mie theory® (black line in Figure 6.19A, superimposed
with the brown one) has three peaks in the considered wavelength range at 447 nm, 545 nm,
and 714nm. The decomposition of the total Mie extinction cross section into separate
multipole contributions (Figure 6.19A, red, green, and blue lines) shows that the peaks
at 447 nm, 545nm and 714 nm correspond to the maxima of the magnetic octopole, mag-

netic quadrupole and magnetic dipole modes, respectively. Similar resonances have been
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found in previous studies of nanostructures with positive dielectric permittivity.47,218,219
The theoretical extinction shows several narrow and well defined peaks, in contrast to the
broad maxima in the experimental measurements (Figure 6.11A). This effect can be triv-
ially assigned to an inhomogeneous broadening in the experiment due to the size and

configuration dispersion within the colloids.

A — Mie B sps —— Mie (gold coated BaTiOy)
——FDTD 04 FDTD (gold coated BaTiO,)
' \ —— FDTD (Au@BaTiO,) £ -
(Au@ 3) =
. . 0.3 |
IS IS [
= = /
3 5 024
9 9
0.1 4
. _r \ \ =~
LS ¥ sl
0.0 ; —— ; ; = 00 =27 ey ; —_—
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
A/ nm A/ nm

Figure 6.19: Extinction cross sections of A) 300nm bare BaTiO; sphere, and B) 300 nm
BaTiO; sphere with 17 nm thick shell of effective permittivity (mixture of gold and water
with volume filling fraction of gold 0.287) in water calculated with Mie theory (continuous
black line) and FDTD (dashed orange line), and of 300 nm BaTiO; sphere surrounded by
600 gold spheres (17 nm diameter) calculated with FDTD (continuous brown line). The
Mie calculations were done by Alvaro Nodal. Legend for the Mie expansion: ed and md,
electric and magnetic dipole; eq and mgq, electric and magnetic quadrupole; eo and mo,

electric and magnetic octopole. Adapted from Adv. Funct. Mater. 2019, 29, 1904289.

Figure 6.19B shows the extinction cross sections of a 300 nm Au@BaTiO; composite (continu-
ous brown line), and a 300 nm gold coated BaTiO; sphere (dashed orange line) calculated
with FDTD. The study of the convergence for the Au@BaTiO; composite is shown in Fig-
ure 6.20A, and for the gold coated model in Figure 6.20B. The cross section of the gold
coated BaTiO; sphere was obtained also by solving the Mie problem for a core-shell sys-
tem3> 164 (black line in Figure 6.19B, superimposed with the dashed orange one). Both
approaches for modeling the gold shell yield very similar results, consistent with previous
work, 162216 therefore it is possible to use the contributions of each term in the Mie expan-
sion to identify the multipole modes in the Au@BaTiO; composite particle. Figure 6.19B
(red, blue, and green lines) indicates that in the gold coated BaTiO; particle, the magnetic

octopole, quadrupole and dipole resonances are red-shifted to 454 nm, 625 nm and 789 nm,
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Chapter 6 Plasmonic - BaTiO; nanocomposites as multifunctional optical nanoprobes

respectively, compared to these modes in the bare BaTiO; sphere (Figure 6.19A, red, blue,
and green lines). The fourth peak in the extinction cross section of the Au@BaTiO; com-
posite at 526 nm has contributions from many modes, mainly the magnetic and electric

quadrupoles (continuous and dashed blue lines in Figure 6.19B).
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Figure 6.20: Convergence study. Extinction cross sections of A) 300nm BaTiO; sphere
with 600 17 nm gold nanospheres on its surface (Au@BaTiO; model), and B) 300 nm BaTiO,
sphere with 17 nm thick shell of effective permittivity (mixture of gold and water with
volume filling fraction of gold 0.287) in water calculated with FDTD using different mesh
sizes. For comparison, also the extinction cross section for the system in B calculated
with Mie theory (dashed blue line) is plotted. Integral over the square of the electic field
amplitude inside the volume of the BaTiO; sphere for C) the composite Au@BaTiO; in A,
and D) the gold coated BaTiO; sphere in B. Adapted from Adv. Funct. Mater. 2019, 29,

1904289.

If the size of the core particle is decreased, all resonances in both the pristine and composite

barium titanate structures are blue-shifted. This is shown in Figure 6.21, where the extinction
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6.2 Influence of the plasmonic moiety on the optical properties

cross sections of bare and composite 200 nm and 255 nm BaTiO; spheres as well as a 250 nm
cuboid are presented. For example, while the magnetic quadrupole mode in the 300 nm
BaTiO; sphere is at 545nm (dashed blue line in Figure 6.19A), in the 255nm particle the
same mode is at 476 nm (red line in Figure 6.21A). The blue-shifting of the modes with
decreasing size of the BaTiO; particle could also explain the blue-shifting of the experimental
absorbance spectrum of the barium titanate nanoparticles with partially degraded surface
layer (Figure 6.11A). Alike in the case of the 300nm Au@BaTiO; composite, also in the
smaller BaTiO; nanostructures the extinction cross section peaks are red-shifted when gold
nanospheres are attached to their surface (compare Figure 6.21A with B).
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Figure 6.21: Calculated extinction cross sections with FDTD of: A) barium titanate spheres
with diameters of 200 nm (black) and 255 nm (red), and a barium titanate rounded cuboid
with a length of 250 nm (blue); B) the same barium titanate nanostructures from A but with
many 17 nm gold spheres on their surface. The number of the gold spheres was chosen in a
way that the total volume fraction of gold is 0.287 in all cases. Adapted from Adv. Funct.
Mater. 2019, 29, 1904289.

Figure 6.22A and B show the distributions of the electric and magnetic near-field at the
extinction cross section peaks of the pristine 300 nm BaTiO; sphere and 300 nm Au@BaTiO,
composite calculated with FDTD. Although these peaks were assigned to a specific magnetic
multipolar resonance, the near fields present mixed features due to the overlapping contribu-
tion of other off-resonant electric and magnetic multipoles.** For the dielectric BaTiO; sphere,
the electromagnetic field is concentrated mainly inside the material, and the electric field
at the surface of the particle is relatively low with values of |Ej./ Einc| of ~2 (Figure 6.22A,

left panels), where Ej,. is the amplitude of the incident electric field and Ej,. the corre-

101



Chapter 6 Plasmonic - BaTiO; nanocomposites as multifunctional optical nanoprobes

sponding value of the total local fields (sum of the incident and induced fields). In contrast,
the densely distributed gold nanoparticles on the Au@BaTiO; composite surface provide
high electric field enhancement in their proximity (Figure 6.22B, left panels). The resulting
SERS enhancement, which scales approximately with |Ejy./ Einc |4, reaches values up to 104,
especially for the longer wavelengths of 625 nm and 789 nm. This indicates that, although
enhancement of optical scattering processes in high refractive index dielectric nanostructures
is possible,7'18'219 the observed SERS and SEHRS in experiments that will be discussed in

Section 6.3 mainly result from the enhanced local fields generated by the plasmonic moieties.
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Figure 6.22: Maps for the modulus of the total local electric and magnetic field vectors
normalized to the incoming fields (Ejq./ Einc and Hjoc/ Hinc) in the xy-plane for A) 300 nm
BaTiO; sphere, and B) composite BaTiO; sphere with 600 17 nm gold spheres on its surface
at the positions of the extinction cross sections peaks (see brown lines in Figure 6.19A and B
for the cross sections). The fields are calculated with FDTD using a plane wave polarized in

x and propagating in —z direction. Adapted from Adv. Funct. Mater. 2019, 29, 1904289.
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6.2 Influence of the plasmonic moiety on the optical properties

On the other hand, this plasmonic enhancement at the BaTiO; particle surface does not
necessarily dominate the SHG. The fields inside the entire BaTiO; core must be also taken
into account, and not just those in the proximity of the metallic nanoparticles. In order to
understand the different ratios of the SHG from the experiments, the information of the near
fields simulated in the model systems is used to estimate the SHG enhancement for excitation
angular frequency w. Here, a simplified approach that decomposes the total enhancement
into two different contributions is considered, because calculating the exact SHG for poly-
crystalline particles is very complex. The first contribution is associated with the generation
of a polarization oscillating at 2w inside the spherical dielectric core, due to the non-linear
susceptibility of BaTiO;. SHG is a second-order process, leading to an enhancement that
scales with the fourth power of the local electric field amplitude Ejo.(w) (second power of
the local intensity) at the excitation frequency w. The second contribution, (which multiplies
the first one), is due to the change of the emission rate of the excited 2w polarization. Due
to reciprocity,zzo‘222 the increase of the field emitted from each infinitesimal region of the
BaTiO; sphere can be approximated as the enhancement of the local electric field amplitude
Ejoc(2w) at the same region for planewave illumination at 2w (or, equivalently, the intensity
of the emitted signal scales with the square of the local fields). The SHG intensity from the

composite particle relative to the corresponding signal from the bare sphere is estimated as:

ISHG (Au@BaTiO3)
ISHG (BaTiOS)
(J B2 (w,r,Au@BaTiO;)dV)* [ E2 (2w,r,Au@BaTiO,)dV 6.1)
X .

( E2(w,r,BaTiOy)dV)” [ E2 (2w,r,BaTiO;)dV

with Ej,. the module of the local fields Ej,. = \/ Yixy,z

Ejoc i|? obtained from FDTD
simulations. The integral takes into account the contributions from the entire BaTiO,
sphere. The emission from the gold nanoparticles is not considered, because gold is a
centrosymmetric material with no bulk SHG, and furthermore it is assumed that the surface
contributions from the gold particles are negligible compared to the signal from BaTiO;.
Equation (6.1) integrates over the real-valued amplitudes of the fields, and thus assumes
a loss of spatial coherence, which can be justified by the presence of many crystalline
domains with different crystallographic orientations. A loss of SHG coherence due to
polycrystallinity has already been discussed and observed in related systems.??>2% Equa-

tion (6.1) may underestimate the role of the small regions of strong, highly-confined fields
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(plasmonic-hot spots) induced inside the BaTiO; by the small gold nanoparticles, but their

influence in the experiment seems to be small.
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Figure 6.23: Integral over the square of the electic field amplitude inside the volume of the
barium titanate structure for a bare BaTiO; particle (black lines), a composite Au@BaTiO4
particle (red lines), and a gold coated BaTiO; particle (blue lines) calculated with FDTD as
a function of the wavelength. The core BaTiO; particle was A) 300 nm sphere, B) 255nm
sphere, C) 200nm sphere, and D) 250 nm long rounded cuboid, and the volume filling

fraction of gold is 0.287 in all cases (red and blue lines).

Figure 6.23A shows the integral of the square of the electric field amplitude inside the core
sphere in the considered wavelength range for a 300 nm bare BaTiO; particle (black line)
and a 300 nm BaTiOj; particle with small gold nanospheres on its surface (red line). Three
clear peaks appear in both spectra due to the magnetic dipole, quadrupole and octopole
(compare with the corresponding extinction cross sections in Figure 6.19A and B). The

moderate spectral shift with respect to the extinction results can be attributed to the effect

104



6.2 Influence of the plasmonic moiety on the optical properties

of the strong losses.??®22” While the electric field at the magnetic octopole resonance in
the Au@BaTiO; composite is clearly reduced relative to that of the bare BaTiO; sphere,
the field intensities at the magnetic quadrupole and dipole resonances are comparable in
both structures. The latter though are red-shifted in the Au@BaTiO; composite. Because
of these changes in the distribution of the local fields, according to Equation (6.1), the SHG
intensity from the composite particle should be ~90 % for the excitation at 850 nm and ~60 %

at 1064 nm relative to the intensity from the bare barium titanate nanocrystal.

In Table 6.1 the expected relative SHG signal strengths for core barium titanate particles of
different size and shape are summarized. Both, size and shape have strong influence on the
positions of the multipole resonances as discussed above (Figure 6.21), and on the electric
fields inside the particle (Figure 6.23B-D). For all structures considered here, the relative
SHG intensities at 850 nm are higher than at 1064 nm, which is in qualitative agreement with
the experimental data (Figure 6.16). For example, while the SHG signal of a 250 nm BaTiO,
cuboid surrounded by gold nanospheres is ~80 % at 850 nm and ~55 % at 1064 nm relative to
the ones of a cuboid without gold particles (compare red and black lines in Figure 6.23D),
the relative values for a 255 nm sphere are ~130 % and ~80 % (compare red and black lines
in Figure 6.23B), respectively. Strong dependence of the SHG on the sphere size has been
observed also for silicon nanoparticles, and it was attributed to resonant enhancement when

the particle multipole modes match the second harmonic frequency.??3

Table 6.1: SHG signal strength for Au@BaTiO; composite nanostructures relative to the
SHG signals from the same BaTiO; structures without gold nanospheres calculated from
FDTD simulations according to Equation (6.1). Adapted from Adv. Funct. Mater. 2019, 29,
1904289.

excitation 200nm sphere 255nm sphere 300nm sphere 250nm cuboid
850 nm 115 % 130 % 90 % 80 %
1064 nm 65 % 80 % 60 % 55 %

The near-field spectra of the investigated structures were obtained also using the effective
medium approximation (Figure 6.23, blue lines), and the results are very similar to the
fields obtained using the composite Au@BaTiO; particles (compare red and blue lines in
Figure 6.23A-D). Therefore, it was possible to use the computationally less expensive ef-
fective medium approximation to calculate the relative SHG from particles with varying

composition of the gold shell. Figure 6.24A shows the integrals of the electric field am-
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plitude as a function of wavelength for a 300 nm BaTiO; particle with different gold shell
thickness and constant gold filling fraction of 0.287, while in Figure 6.24B the near-field
spectra for a 300 nm BaTiO; particle with 17 nm thick gold shell of varying filling fraction
are presented. The relative SHG values for these structures (Figure 6.24C and D) show
that, for the given core particle size, the SHG decreases with increasing amount of gold

on the BaTiO; surface (except for the high filling fractions above 0.4, where the effective

medium approximation might not be very accurate).
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Figure 6.24: A), B) Integral over the square of the electic field amplitude inside the volume

of a 300nm barium titanate sphere with effective gold shell of varying thickness and

constant filling fraction of 0.287 (A) and varying gold filling fraction and constant shell
thickness of 17nm (B) calculated with FDTD. C), D) SHG intensity from the core-shell

particles in A and B relative to the bare BaTiO; sphere as a function of the effective shell

thickness (C) and gold fraction (D) calculated according to Equation (6.1).

The results presented in Table 6.1 and Figure 6.24C-D demonstrate that the relative SHG

efficiency depends on the plasmonic coating and even more strongly on the size and shape
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of the dielectric core, which determines to a greater extent the frequencies of the compos-
ite particle resonances. The data also indicate that an enhancement of SHG due to the
gold coating is possible and could be achieved by careful tuning of the nanocomposite
structure or by using different excitation wavelength, e.g. further in the IR, in order to

match the multipole resonances of the composite particles.

Considering the actual situation in the experiments, in particular the very broad size dis-
tribution, the non-spherical shape of the barium titanate particles (Figure 6.1), as well as
the influence of surrounding nanoparticles, including, e.g., the re-absorption of the light
emitted from one particle by others in the solution, the estimate of the relative SHG efficiency
is in reasonable agreement with the experimental SHG data. One can conclude that the
observed SHG intensity from the composite nanostructures in the experiments (Figure 6.16)
is affected by shifts of the particles’ electromagnetic modes, and the corresponding changes
in the electric fields inside the non-linear nanocrystal when a plasmonic shell is present.
On the other hand, the plasmonic nanoparticles at the outside provide enhancement of
the electric fields in their proximity, which enable electromagnetic enhancement in SEHRS

and SERS, as will be demonstrated in the next section.

6.3 Dual two-photon probing by SHG and SEHRS in
combination with SERS

As discussed above, the plasmonic-BaTiO; nanocomposites yield strong SHG signals at low
excitation intensities and short integration times of 1s. To demonstrate that the nanocom-
posites can be used as nanoprobes for SHG imaging experiments of biological samples,
J774 macrophage cells were used as a biological model system. In order to increase their
biocompatibility and uptake by the cells, the nanoprobes were exposed to lipids following
a protocol reported by Matthews et al.'>! The 785nm excited SERS spectra generated by
the plasmonic moieties of the 17nm Au@BaTiO; (Figure 6.25, black spectrum) show char-
acteristic bands at 761 cm™!, 963 cm™!, and 1449 cm™! that can be assigned to the stretching
vibrations of the trimethylammonium headgroup and CH, twisting and wagging vibrations
of the CTAB capping agent.?? After incubation with lipid vesicles, these bands disappear

(Figure 6.25, red spectrum), confirming the displacement of CTAB from the nanoparticle
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surface. The spectra of the lipid coated Ag@BaTiO; composites did not exhibit any char-
acteristic bands (Figure 6.25, blue spectrum). The absence of SERS signals from CTAB
as well as from other reporter molecules when 9nm Au@BaTiO; nanocomposites were
used (Figure 6.25, green spectrum), different to the 17nm Au@BaTiO;, seems to indicate
that the enhancement of the Raman scattering depends on the plasmonic properties of
the gold nanoparticles in such a situation, and thus it is influenced by the gold particle

size and by their interaction on the surface of the BaTiO;.
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Figure 6.25: Raman spectra of 9nm Au@BaTiOj; (green line), 17 nm Au@BaTiO; (black
line), lipid coated 17nm Au@BaTiO; (red line), and lipid coated Ag@BaTiO; (blue line).
Excitation: 785 nm; acquisition time: 1s; laser intensity: 4 x 10° W cm~2. Adapted from Ado.

Funct. Mater. 2019, 29, 1904289.

Macrophage cells were incubated with culture medium containing lipid coated Au@BaTiO,
and Ag@BaTiO; composite nanoprobes for 3 hours. SHG maps of the cells at 850 nm excita-
tion are shown in Figure 6.26. According to previous discussions, the endogenous SHG from
the cells is expected to be predominantly forward-propagated and much weaker than the
signals from a non-linear nanocrystal.3?> Thus, one can conclude that the SHG maps show the
spatial distribution of the nanoprobes inside the macrophage cells. Comparing the absolute
SHG signals from the nanoprobes in the cells with those measured in solution, the former can
be significantly higher at some positions in the cells, in agreement with the known formation

of aggregate structures in endosomes inside the cellular ultrastructure.230,231
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Figure 6.26: Bright-field images of ]J774 macrophage cells containing lipid coated 17 nm
Au@BaTiO; (A-E) and Ag@BaTiOj; (F-J) nanocomposites, overlaid with SHG maps. The
transparent areas within the SHG maps (black frames) correspond to signals below noise
level (20 cps). The color bar applies to all images. Excitation: 850 nm; acquisition time: 1,
peak laser intensity: 1 x 10" W ecm™2 (5mW average power); step size: 1 um; scale bars:

5um. Adapted from Adv. Funct. Mater. 2019, 29, 1904289.

In addition to the possibility of obtaining such morphofunctional information from the cells
by SHG imaging, the plasmonic moieties allow molecular and structural characterization of
the local surface environment of the metal-barium titanate nanoprobes by means of SERS. As
shown above, SERS can probe the presence of the CTAB capping agent and monitor its dis-
placement. Moreover, SERS spectra of small molecules, such as crystal violet (CV), that were
added to solutions of Au@BaTiO; and Ag@BaTiO; nanoparticles indicate that molecules
interact with the surface of the nanocomposites. Figure 6.27A and B show the SERS spectra
of CV obtained at 785 nm and 633 nm excitation, respectively. The CV spectra at 633 nm and
785nm differ in relative intensities for some bands (e.g., compare the bands at 1618 cm~! and
724 cm~! in the red spectra in Figure 6.27A and B) because at 633 nm the Raman process ben-
efits also from resonance enhancement (see Figure 4.6A in Chapter 4 for the absorption spec-
trum of CV), while the wavelength of 785 nm is not in resonance with electronic transitions in
the dye molecule. The CV spectrum at 633 nm with Ag@BaTiOj; (green line in Figure 6.27B)
has strong fluorescence contributions. In principle, all spectra exhibit many bands charac-
teristic for the CV molecule at these excitation wavelengths — for comparison, CV spectra

obtained with citrate-stabilized gold and silver nanoparticles are displayed in Figure 6.28.

The collection of non-resonant SERS spectra is one of the main prerequisites for biological

applications of the new optical probes, and for the collection of spectra from the cellular
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Figure 6.27: SERS spectra of CV in the local fields of 17nm Au@BaTiO; (red) and
Ag@BaTiO; (green) nanocomposites. Excitation: 785nm (A) and 633 nm (B); acquisi-
tion time: 2s (top spectrum in A) and 1s (B and bottom spectrum in A); laser intensity:

4 x 10°W ecm~2 (A) and 1 x 10° W cm™2 (B); crystal violet concentration: 1076 M.
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Figure 6.28: SERS spectra of CV in the local fields of citrate-stabilized gold (black) and
silver (blue) nanoparticles. Excitation: 785nm (A) and 633 nm (B); acquisition time: 1s;

laser intensity: 4 x 10° W cm™2 (A) and 1 x 10° W cm~2 (B); CV concentration: 1076 M.
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environment.!®® As an example of a potential application as reporters in live cells, 17 nm
Au@BaTiO; and Ag@BaTiO; nanocomposites were modified with para-mercaptobenzoic
acid (tMBA), and non-resonant SERS mapping of J774 macrophage cells incubated with
the nanoparticles was performed. The spectra of the pMBA-functionalized nanoprobes
outside cells are displayed in Figure 6.29, and they exhibit characteristic bands for the pMBA
molecule.!1%232 Figure 6.30A-D show chemical maps of the cells based on the SERS intensity
of the pMBA ring stretching vibration at 1070 cm~!. The molecules remained on the surface of
the nanocomposites after 3 h of cellular uptake, confirmed by the stable SERS signals of pMBA
obtained from the cells. These results demonstrate that the metal-barium titanate composite
nanostructures can be the basis of SERS tags that highlight biological structures in one-photon
excited vibrational imaging experiments!®®233 in addition to the two-photon probing.
SERS at 785 nm
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Figure 6.29: SERS spectra of pMBA with of 17 nm Au@BaTiO; (red) and Ag@BaTiO; (green)
nanocomposites. Excitation: 785 nm; acquisition time: 5s (top) and 10s (bottom); laser
intensity: 4 x 10° W cm~2. The nanoparticles were incubated with 10~% M pMBA for several
hours and the excess pPMBA was removed by centrifugation and washing cycles. Adapted

from Adv. Funct. Mater. 2019, 29, 1904289.

Probing of intrinsic cellular structures without reporter molecules using lipid coated 17 nm
Au@BaTiO; particles in macrophage cells is presented in Figure 6.30E. The SERS spectra
show lipid bands due to the lipid coating of the nanoprobes or of cellular membranes,?*

and also bands that are characteristic of other molecules in the cells. For example, while
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the band at 714 cm™! present in most of the spectra is very characteristic for the C-N stretch-
ing of the choline group in lipids, the bands at 827 cm™! and 853 cm™! can be assigned to
aromatic amino acids with high Raman cross sections that are abundant in proteins.?*
The SERS spectra of the intrinsic cellular molecules (Figure 6.30E) provide a perspective
on the chemical environment of the nanoprobes, and thereby complement the morpho-

logical information obtained by SHG (Figure 6.26).
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Figure 6.30: (A, B, C, D) Bright-field images of ]774 macrophage cells containing pMBA
labeled 17 nm Au@BaTiO; (A, B) and Ag@BaTiO; (C, D) nanocomposites, overlaid with
Raman maps based on the integrated SERS signal of the reporter. The transparent areas
within the chemical maps (black frames) correspond to spectra with no pMBA signals.
Excitation: 785nm; acquisition time: 1s, laser intensity: 8 x 10°W cm™2 (4 mW average
power); step size: 1 pm; scale bars: 5 um. (E) SERS spectra at 785 nm from ]J774 cell after
3h-uptake of lipid coated 17 nm Au@BaTiOj;. Scale bars: 20 counts per second. Adapted
from Adv. Funct. Mater. 2019, 29, 1904289.

As it is demonstrated in Figure 6.31, the plasmonic moiety of the Ag@BaTiO; nanoparticles
permits the collection of resonant and non-resonant SEHRS spectra. Using an excitation
wavelength of 1064 nm, SEHRS spectra of the dye molecule crystal violet were obtained
with Ag@BaTiO; (Figure 6.31, bottom trace). They resemble the SEHRS of CV previously
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6.3 Dual two-photon probing by SHG and SEHRS in combination with SERS

reported in work using gold and silver nanoparticles.! 113114 The SEHRS spectrum of pMBA
(Figure 6.31, top trace), a very sensitive indicator of pH inside and outside cells,!1® 170 exhibits
characteristic bands corresponding to the ring stretching and symmetric ring breathing
modes of the molecule at 1578 cm ™! and 1072 cm ™!, respectively.>? The presence of the band
corresponding to the C-COO™ stretching at 1364 cm ™! enables pH mapping in cells with
pMBA labeled Ag@BaTiO5.!1%!70 Here, SEHRS microspectra are excited at a wavelength
that enables imaging of the plasmonic barium titanate nanoprobes by SHG as well, and

hence two different two-photon imaging modalities can be used at the same time.

SEHRS at 1064 nm

1578 Ag@BaTiO, + pMBA
©
g) A 10 counts]:
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Figure 6.31: SEHRS spectra of A) pMBA and B) crystal violet (CV) in the local fields
of Ag@BaTiO;. Excitation: 1064 nm, acquisition time: 300s (A) and 60s (B), peak laser
intensity: 2 x 101°W cm=2 (A) and 6 x 10° W cm=2 (B). CV concentration was 107°M;
Ag@BaTiO, were incubated with 10~# M pMBA for at least 3h and the excess pMBA was
removed by centrifugation and washing cycles. Adapted from Adv. Funct. Mater. 2019, 29,
1904289.
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Chapter 6 Plasmonic - BaTiO; nanocomposites as multifunctional optical nanoprobes

6.4 Conclusions

Composite nanostructures consisting of a barium titanate core, a material with high second
order non-linear susceptibility, and a plasmonic moiety of gold or silver nanoparticles on the
surface of the core were successfully synthetized by employing seed-mediated growth and
seedless approaches adapted from methods for the preparation of similar systems such as
silica-metal core-shell nanoparticles. The composite nanoparticles can act as versatile optical
nanoprobes for a combination of two different two-photon excited microscopies, together
with one-photon excited SERS. In the non-linear regime, the composite nanostructures func-
tion as harmonic probes for SHG, as well as plasmonic substrates that enhance resonant
and non-resonant hyper Raman scattering. By delivering SEHRS spectra, the composite
nanoprobes provide vibrational information that is complementary to the one-photon ex-
cited SERS spectra, also obtained here using non-resonant excitation. As demonstrated by
the observation of their aggregation in live cells, the strong SHG signals at short integra-
tion times and low excitation intensities of the probes can be used to image physiological

functions and nanomaterial processing in biological systems.

The optical properties of the plasmonic-BaTiO; nanocomposites were found to differ from
those of the barium titanate nanocrystals. As inferred from experimental UV-vis spectroscopy
data and numerical simulations, the electromagnetic modes of the composite particles are
red-shifted compared to the pristine barium titanate particles. Both experimental SHG data
and FDTD simulations indicate that the strength of the SHG signals from the nanocomposites
is wavelength dependent. Due to changes of the optical near field properties induced by
the presence of the plasmonic nanostructures, SHG can decrease moderately relative to
that obtained from plain barium titanate particles. As a second aspect, the gold and silver
particles on the barium titanate surface also enhance the local fields in their surroundings,
which opens new opportunities for probing of the local environment by means of Raman
and hyper Raman scattering. This was demonstrated by detecting molecules and their
changing interaction on the surface of the composite nanostructures with SERS and SEHRS.
The data show that depending on the plasmonic coating the optical properties of barium
titanate nanocrystals can be tuned and optimized for a particular type of experiment. The
Ag@BaTiO5 composites were specifically suitable for SEHRS and SHG excited at 1064 nm, as
well as SERS at 785 nm, while the Au@BaTiO; nanoparticles can be useful in experiments that

combine SERS and SHG at lower wavelengths, in this case at 785 nm and 850 nm, respectively.
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6.4 Conclusions
In conclusion, the results demonstrate that plasmonic barium titanate nanocomposites are

tunable probes for multimodal multiphoton microspectroscopy and may open up new

avenues for studying the morphological structure and chemical properties of biosystems.
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Chapter 7

Non-resonant SEHRS of organic

and bioorganic molecules

This chapter is based on the publications J. Phys. Chem. C 2017, 121, 2, 1235-1242 and
J. Phys. Chem. C 2020, doi: 10.1021/acs.jpcc.0c00294.

Surface enhanced hyper Raman scattering (SEHRS) is a complementary approach to the
one-photon excited surface enhanced Raman scattering (SERS), and it is therefore often used
in combination with SERS for probing of organic structures and materials. In particular,
SEHRS provides additional vibrational information due to the different selection rules acting
in Raman and hyper Raman scattering,?>® and better insight into the structure and interaction
of molecules on surfaces, as it is much more sensitive than SERS with respect to surface
environmental changes.?*2>27-83 Yet due to the extremely low HRS cross sections, plasmon
enhancement of HRS in SEHRS has been typically combined with resonant enhancement for
investigation of molecules with electronic transitions in the visible spectral range,”# 114172
and so far non-resonant SEHRS spectra have been reported only for a very few molecules on
silver substrates.?®-83116 Understanding non-resonant SEHRS spectra would greatly benefit

the spectroscopic characterization of complex biological materials as well as studies of

molecule-metal interactions important in research areas such as catalysis and surface science.

In this chapter, SEHRS spectra of amino acids and aromatic thiols in the local fields of
gold and silver nanoparticles using non-resonant excitation at 1064 nm will be presented.
The SEHRS spectra will be compared with complementary one-photon excited SERS data
from identical samples, and the observed variations in relative signal strengths of many
molecular vibrations will be discussed in terms of the different selection rules for the one-

and two-photon excited Raman process. Several examples pointing out the sensitivity of
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Chapter 7 Non-resonant SEHRS of organic and bioorganic molecules

SEHRS with respect to local environmental changes such as variation in pH and molecule

concentration or interaction with different metal surfaces will be highlighted.

7.1 SEHRS of amino acids

Vibrational spectroscopy, such as Raman scattering, is one of the most important tools for the
structure elucidation of amino acids as well as peptides and proteins.?3”-23 For investigations

in solution, Raman spectroscopy has often been combined with excitation in the UV to

239-242 or surface

243,244

achieve resonance with electronic transitions in aromatic amino acids,

enhanced Raman scattering (SERS) was employed to increase the Raman cross sections.

Here, vibrational structural information of the amino acids tryptophan, histidine, pheny-
lalanine, and tyrosine was obtained with SEHRS under non-resonant conditions using
high repetition rate mode-locked picosecond excitation at 1064 nm. Figure 7.1 shows the

chemical structures of the investigated molecules.
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0 Oy..-0 N Sc”
O:C/ ? o + aéH B
+ CHB
\%¢ g +/aCH B HsN” ~ CH, HsN~~ CH,
+,CH cH, HaN™ " CH,
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5 3 5
1 H 72 6 > ’;‘H ! 4
OH
tryptophan histidine phenylalanine tyrosine

Figure 7.1: Structure and atom labelling for tryptophan (Trp), histidine (His), phenylalanine
(Phe), and tyrosine (Tyr).

Taking into account that due to the non-resonant excitation, the experiment relies entirely
on surface enhancement, the choice of plasmonic substrate plays a key role in the experi-
ment. A transmission electron micrograph of the nearly spherical silver nanoparticles with
an average size of 45 £ 10nm that were used here, along with their UV-vis absorbance
spectrum are displayed in Figure 7.2. As the electromagnetic enhancement in SEHRS is
proportional to the absorbance at both the Stokes hyper-Raman wavelength (above 532 nm)
and the wavelength of the excitation laser (1064 nm),® silver nanoaggregates were generated

using magnesium sulfate. This increased the sample absorbance at 1064 nm significantly
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7.1 SEHRS of amino acids

(Figure 7.2, dashed line). It should be noted that SEHRS spectra could be measured only
after aggregation of the nanoparticles with magnesium sulfate. One could assume that
the magnesium and the sulfate ions can stabilize a high amount of nanoaggregates with
optimum geometry and possibility of surface interaction of the amino acids, suitable for
enhancing HRS at an excitation wavelength of 1064 nm. The background hyper Raman
and Raman spectra of the silver nanoparticles and nanoaggregates are shown in Figure 7.3,

and they do not exhibit any characteristic vibrational bands.

— AgNPs
—--—--AgNPs + MgSO,

absorbance / a.u.

—71r . 1T 1T 1
400 600 800 1000 1200
A/ nm

Figure 7.2: UV-vis absorbance spectra of the silver nanoparticles before (solid line) and after
(dashed line) aggregation with magnesium sulfate (MgSO,). The inset shows a transmission
electron micrograph of the silver nanoparticles. Reprinted with permission from J. Phys.

Chem. C 2017, 121, 2, 1235-1242. Copyright 2017 American Chemical Society.

7.1.1 Vibrational information from SEHRS spectra of phenylalanine,

tryptophan, histidine and tyrosine

The SEHRS spectra of tryptophan, histidine, phenylalanine, and tyrosine obtained at 1064 nm
excitation are shown in Figure 7.4A, together with the corresponding one-photon excited
SERS data at 532 nm from the same samples (Figure 7.4B). All spectra discussed here were
measured under basic pH in order to promote the interaction of the amino acids with the
nanoparticle surface. Assignments of the SEHRS bands for each molecule based on previous
SERS, UV-Raman and DFT work are proposed in Table 7.1, Table 7.2, Table 7.3, and Table 7.4.
All molecules display very different SEHRS and SERS spectra (compare each spectrum from
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Figure 7.3: A) Hyper Raman and B) Raman spectra of the silver nanoparticles (blue) and
silver nanoaggregates (black). Excitation: 1064 nm (A) and 532 nm (B); peak laser intensity:
6 x 10° W cm™2 (A) and 5 x 108 W cm~2 (B); acquisition time: 60s (A) and 55 (B). Reprinted
with permission from J. Phys. Chem. C 2017, 121, 2, 1235-1242. Copyright 2017 American
Chemical Society.

Figure 7.4A with the corresponding spectrum from Figure 7.4B), which can be explained

by the different selection rules of the one- and two-photon excited Raman process.

In the tryptophan spectra (uppermost lines in Figure 7.4), several bands e.g. around
1620cm™!, 1580cm~! and 1552 cm™ change their relative intensities (see also Table 7.1
for assignments). While the SEHRS spectrum of tryptophan is dominated by the
band at 1552cm™!, its relative intensity is much smaller in the SERS spectrum (Fig-
ure 7.4, uppermost lines). In contrast, the asymmetric COO™ stretching vibration at
1620cm™! is relatively weak in the SEHRS spectrum of tryptophan, but very strong
in the SERS spectrum (see the shoulder at 1619 cm™b).

The most prominent differences between SEHRS and SERS are observed for the spectra of
histidine and phenylalanine. The SEHRS spectrum of histidine (second line in Figure 7.4A)
is dominated by three bands, those associated mainly with C=N and C—N stretching
modes of the imidazole ring at 1578 cm ™! and 1047 cm™!, respectively, and the strong band
of the symmetric COO™ stretching vibration at 1394 cm™! (see Table 7.2 for detailed band
assignments). In contrast, the SERS data (second line in Figure 7.4B) lack this intense signal
of the COO™ group, but have other strong contributions in the spectral region between

1100cm™! - 1600 cm™1, represented by many overlapping bands, including those of the
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7.1 SEHRS of amino acids

C=C, C=N and C-CN stretching vibrations around 1629 cm™!, 1573cm™!, and 1307 cm ™!,
respectively (Table 7.2). Also the SEHRS spectrum of phenylalanine is clearly dominated by
the symmetric COO™ stretching at 1389 cm™! (third line in Figure 7.4A). In fact, pronounced
contributions from the symmetric COO™ stretching mode are common for the SEHRS spectra
of all four molecules: at 1355 cm™ for tryptophan, at 1394 cm™! for histidine, at 1389 cm™!
for phenylalanine, and at 1392 cm™! for tyrosine. At alkaline pH, which was employed in
the experiments reported here, the COO™ group probably plays an important role in the
binding of the amino acids to the silver surface. This could explain the strong appearance

of the COO™ group associated vibrational modes in the spectra.

The SERS spectrum of phenylalanine (third line in Figure 7.4B) exhibits very strong signals
of the marker bands at 1599 cm~! and 1001 cm™, assigned to the ring stretching and ring
breathing modes, respectively (Table 7.3), which are less prominent in the SEHRS spectrum
(third line in Figure 7.4A). In general, relatively weak signals of the ring breathing modes
of the amino acids are common to all two-photon excited spectra displayed in Figure 7.4A.
In contrast, in SERS, these bands are often used as Raman marker bands because of their
high intensity.?#>248 Specifically in phenylalanine as mentioned above, only a very weak
band in the SEHRS spectrum at 1002 cm~! is observed (third line in Figure 7.4A), while the
SERS signal at 1001 cm™ is extremely strong (third line in Figure 7.4B). Also for tryptophan,
the asymmetric ring breathing mode at 1011 cm™! is missing in SEHRS, and the symmetric
ring breathing mode at 760 cm™! is greatly diminished (Figure 7.4, uppermost lines). In the
case of tyrosine, the typical band around 850 cm™~!, containing the ring breathing mode,**’
shows very low contributions as a weak broad band around 860 cm™! in the SERS spectrum
(bottommost line in Figure 7.4B), and is not observed in the SEHRS spectrum (bottommost
line in Figure 7.4A). The observations here are in agreement with those of previous SEHRS
experiments with nucleic acid bases,?® where the intensity of ring breathing modes is low
as well. As was found for the ring breathing modes in the nucleic acids,?® also the SEHRS

spectra of the aromatic amino acids support their high similarity with the infrared data.?>
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Figure 7.4: A) SEHRS spectra and B) SERS spectra of the amino acids tryptophan, histidine,
phenylalanine, and tyrosine obtained with silver nanoaggregates. Bands marked in blue
are assigned to vibrations of the COO™ group, and in red to the ring breathing modes
(see Table 7.1, Table 7.2, Table 7.3, and Table 7.4). The SEHRS spectra are averages of 30,
and are background-corrected. Excitation: 1064 nm (A) and 532 nm (B); laser intensity:
6 x 10° W em™ (pulsed, A) and 3 x 10° W ecm™2 (CW, B); acquisition time: 60s (A) and 5s
(B); concentration: 2 x 1073 M; pH 10. Reprinted with permission from J. Phys. Chem. C
2017,121, 2, 1235-1242. Copyright 2017 American Chemical Society.



7.1 SEHRS of amino acids

Table 7.1: Raman shift values in the SEHRS and SERS spectra of tryptophan, and assign-
ment to vibrations of the tryptophan molecule. Adapted with permission from J. Phys.

Chem. C 2017, 121, 2, 1235-1242. Copyright 2017 American Chemical Society.

Raman shift / cm™ assignments?®

SEHRS SERS

1620 m - asymm str COO™, %! R str?2
- 1610 vs R str, 25! r str?d1
1580 s 1580 s NH, sciss, IR str, 21 ¢ str2°1,252
1552vs  1550sh R str,?21252 r gr2°1,252
1495 - R, str®!
- 1471 CH, sciss®!
1461 - C? bend?*
1422 - C-N-H(r) str?

1408 sh 1410 COO™ symm str?>!
1355 1355sh  C-H bend,?5! r str252:253
- 1338 R,rstr®!
- 1299 CH, wag, CH bend?!
- 1243 CP twist?™

1233 - C-H(R, r) bend®!

1153 1151  H(R) sciss,®! R, r def,?>> N-H def>?
1129 1129  C-Hbend?"2%

1098 1101 H(r) bend®!

- 1011lm R,r breathing251‘253
- 973 H(R) twist?!
930 932 C-COO" str®l 24
- 878 H(R, 1) sciss,?®! N-H bend?>3
760 w 760 m R, r brea’chir1g251‘253

578 575 R, r def or N-H(r) bend?>!
- 549 C-COO™ asymm bend?*®
542 - N-H(r) bend or R, r str?®!

- 454 R, r def?!
- 433 R, r def or str?!

4 R, benzene ring; r, pyrrole ring; str, stretching; def, deformation; bend, bending (further
categorized as sciss, scisscoring; wag, wagging; rock, rocking; twist, twisting); symm, symmetric;

asymm, asymmetric; vs, very strong; s, strong; m, medium; w, weak, sh, shoulder;
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Chapter 7 Non-resonant SEHRS of organic and bioorganic molecules

Table 7.2: Raman shift values in the SEHRS and SERS spectra of histidine, and assignment
to vibrations of the histidine molecule. Adapted with permission from J. Phys. Chem. C

2017,121, 2, 1235-1242. Copyright 2017 American Chemical Society.

Raman shift / cm™ assignments®

SEHRS SERS

1646 -
- 1629  R(C=C, C=N) str,?®>> NH, def, asymm str COO™2>°
1578 s 1573 R(C=C, C=N) str, N*-H bend?>
- 1494 C?-H bend,?® N-H def?°

1394 vs - N*-C?=NF str, COO™ str?>®
- 1353 CH, wagg,?® R(C-N)>¢
1329 - R(C-CNF) str, R(C=N) str?>°
- 1307 R(C-CN) str, R(C-N) str,2%¢ R def?®
1266 - C-H def,>® C-H bend?>®
1238 1238 C-H def + R(C-N) str, N*-C2=N" str + N-H def?°
1113 - C-N str, C-H def?®
1047 - C-N str?®
- 1003 C-H def,?° R def?>
952 948 C-C str®®
- 767 out-of-plane C-H bend?*®
672 - ring def, > COO~ def?®

- 528 COO™ def?®

4 R, imidazole ring; str, stretching; def, deformation; bend, bending; wag, wagging; symm,

symmetric; asymm, asymmetric; vs, very strong; s, strong; m, medium; w, weak, sh, shoulder;
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7.1 SEHRS of amino acids

Table 7.3: Raman shift values in the SEHRS and SERS spectra of phenylalanine, and

assignment to vibrations of the phenylalanine molecule. Adapted with permission from J.

Phys. Chem. C 2017, 121, 2, 1235-1242. Copyright 2017 American Chemical Society.

Raman shift / cm™  assignments®
SEHRS  SERS
1656 - NH, asymm bend?>%-2%7
- 1633sh  NH, asymm bend,?® COO™ asymm str?>°
1602 1599  Rstr, %2572 COO™ asymm str?’
1585 1586 sh R str?4257,258
- 1399 CP rock, %% COO™ symm str?30,254,259
1389 vs - COO™ symm str?30,254,259
- 1300 C-H, C-C vibrations?®% 2%
- 1204 C(R)-C str, %223 C-C, C-C-H str,?®Y NH, bend?*
1062 - C*%N str, NH, bend,?*"2>%2% C-CH, str?>*
1031sh  1031m  in-plane C-H(R) bend?%2>
1002w 1001vs R breathing,zg‘3 C-C(R) str,2%2% C-C-C bend?”
932 936 C-COO" str,2>+2% C-H bend?>
860 857 C-H wag?®
837 834 C-C str, C*-N str?°
754 756 COO™ def,? R breathing?”’
706 - COO™ def?®
622 620 R def,?® R breathing?”

2 R, benzene ring;; str, stretching; def, deformation; bend, bending; wag, wagging; symm, symmetric;

asymm, asymmetric; vs, very strong; s, strong; m, medium; w, weak, sh, shoulder;
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Chapter 7 Non-resonant SEHRS of organic and bioorganic molecules

Table 7.4: Raman shift values in the SEHRS and SERS spectra of tyrosine, and assignment
to vibrations of the tyrosine molecule. Adapted with permission from J. Phys. Chem. C 2017,
121, 2, 1235-1242. Copyright 2017 American Chemical Society.

Raman shift / em™! assignments?

SEHRS SERS

- 1596 R str, 2?9253 OH mode®*
1587 -
- 1566 sh R str2°0,253
- 1511 NH, bend,*° R str?>3
1492 1493sh  C-H bend?¥
1457 - C-C(R) str, C*-O str,?3 C-C-H def?*
1392 1395  COO~ symm str?>*
- 1346 C-C str, CH, rock?¥
- 1279 R str, C*-O str?20,254

1259 - C*-0-H,2°0 C-C strV
- 1218 C-C str?0
1173 - C-C-H(R) str,?®? C-H(R) bend?>?

- 1163 NH, asymm rock, C-C-H(R) str>>
1136 1140 sh ~ NH, asymm rock, C-C-H(R) str2?0
1040 - CCC(R) str,?>0 CCH(R) str?>°

- 1027 C-N str, NH, bend®"

- 982 C*-CP , C-H wag?®

- 859 vw R breathing253' 254,258

- 638 R def?*

- 570 COO~, C*-C*, C*-N modes®
515 521

- 488
472 -

2 R, benzene ring; str, stretching; def, deformation; bend, bending; wag, wagging; symm, symmetric;

asymm, asymmetric; vs, very strong; s, strong; m, medium; w, weak, sh, shoulder;
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7.1 SEHRS of amino acids

7.1.2 Effects of local surface environmental changes on SEHRS spectra

As was shown for SEHRS spectra from other molecules, small differences in orientation®?

and in the interaction of organic molecules with surfaces of nanostructures, due to local

surface environment changes?*116

can lead to strong variation in the SEHRS spectra. Here,
the concentration dependence of the SEHRS spectra of the amino acids was investigated in
the range between 2 x 107> M and 1 x 10~* M. Considering the concentration of nanopar-
ticles and these concentrations of molecules, all non-resonant SEHRS experiments with
the amino acids are carried out at relatively high surface concentration. Even at the lower

concentrations of 10~% M, all of the available surface of the silver nanostructures could be

used up by interaction with the amino acid molecules.

For histidine and tyrosine, changes in the intensity ratios for some bands in the SEHRS
and SERS spectra for relatively small differences in concentration (Figure 7.5 and Figure 7.6,
respectively) were observed, while for tryptophan and phenylalanine the spectra did not
show significant qualitative changes. In the case of histidine, decreasing the concentration
from 2 x 1073 M to 1 x 1073 M induced shifts of the intensity ratios for some bands in both
SEHRS (Figure 7.5A) and SERS spectra (Figure 7.5B). Lowering the histidine concentra-
tion significantly increased the intensity of the C—C stretching at 952 cm™! and of the ring
stretching at 1578 cm™!, compared to the symmetric COO™ stretching band at 1394 cm™!
in the SEHRS spectrum (Figure 7.5A). In the SERS spectrum (Figure 7.5B), the intensity
of the bands at 1629 cm™!, associated also with ring stretching, and 1003 cm™1, assigned
to CH and ring deformations, was increased. These changes indicate a slightly different

orientation of the probed molecules with respect to the metal surface.

Figure 7.6A presents the SEHRS spectra of tyrosine at concentrations of 2 x 1072 M, 1 x
1073M, and 1 x 10~* M. Comparing all intensities relative to the strong band at 1587 cm™!, it
can clearly be seen that reducing the tyrosine concentration by 50 % leads to a simultaneous
increase of the band intensity at 1173cm™!, and to a decrease of the band intensities at
1457 cm™! and at 1136 cm™! (Figure 7.6A, top and middle lines). If the concentration is
lowered further by one order of magnitude (Figure 7.6A, middle and bottom lines), the band
at 1173 cm™! rises further, and the bands at 1457 cm™! and 1136 cm™! disappear completely
(Figure 7.6A, bottom line). As all these modes are associated with C—C and C-C—-H
vibrations of the ring (for details see Table 7.4), the changing intensities could indicate

different orientation of the ring at different concentrations, which can be caused by steric
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Figure 7.5: A) SEHRS spectra and B) SERS spectra of histidine at different concentrations.
The SEHRS spectra are averages over 30, and are background-corrected. Excitation: 1064 nm
(A) and 532 nm (B); laser intensity: 6 x 10° W cm~2 (pulsed, A) and 3 x 10° W cm™~2 (CW,
B); acquisition time: 60s (A) and 55 (B); concentration: 2 x 1073 M (top blue lines) and
1 x 1073 M (bottom black lines). Reprinted with permission from J. Phys. Chem. C 2017, 121,
2,1235-1242. Copyright 2017 American Chemical Society.

effects. Interestingly, the SERS spectra from the identical samples (Figure 7.6B) do not
show significant changes in bands associated with these vibrations for the three different
concentrations though, e.g., the relative intensity at 1163cm™! ring stretching vibration
remains constant (Figure 7.6B). The SERS spectra of 2 x 1073M and 1 x 1073 M tyrosine
(Figure 7.6B, top and middle lines) are almost identical. At a concentration of 1 x 10~* M
tyrosine (Figure 7.6B, bottom line), the shoulder of the band at 1596 cm™! increases in intensity,

suggesting a slight increase in contribution from a ring stretching vibration.

Considering that all experiments were performed at relatively high amino acid concentration,
it is not so surprising that the SEHRS spectra and the SERS spectra of tryptophan and
phenylalanine do not vary for the relatively small changes in concentration. Overall, the
SEHRS spectra of histidine and tyrosine differ significantly, while their SERS spectra show
only small differences. This observation is in accord with previous discussions,?# 83116

and demonstrates that SEHRS can be much more sensitive than SERS to changes of the

adsorbate geometry. The changes observed in the SEHRS spectra of histidine and tyrosine
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7.1 SEHRS of amino acids

A SEHRS of tyrosine at 1064 nm B SERS of tyrosine at 532 nm
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Figure 7.6: A) SEHRS spectra and B) SERS spectra of tyrosine at different concentrations.
The SEHRS spectra are averages over 30, and are background-corrected. Excitation: 1064 nm
(A) and 532 nm (B); laser intensity: 6 x 10° W em™2 (pulsed, A) and 3 x 10° W em™2 (CW, B);
acquisition time: 60s (A) and 55 (B); concentration: 2 x 1072 M (top blue lines), 1 x 1073 M
(middle green lines), and 1 x 10~* M (bottom black lines). Reprinted with permission from

J. Phys. Chem. C 2017, 121, 2, 1235-1242. Copyright 2017 American Chemical Society.

(Figure 7.5A and Figure 7.6A, respectively) indicate that the lower concentration of the

molecules leads to a different interaction with the silver nanostructures.

From the aspect of probing the interaction of amino acids with the silver nanostructures,
due to the different selectivity that leads to probing of different molecular species,!1¢ it is
likely that SEHRS and SERS probe different parts of the sample. Within a silver nanoaggre-
gate, different nanoscopic sites are responsible for high SEHRS and SERS enhancement.?>
Furthermore, in a nanostructure providing high SEHRS signals, a specific surface chemistry
(e.g., surface coverage with magnesium and sulfate ions) can lead to different concentration
dependence of the interaction of the tyrosine molecules than in aggregates that provide
high SERS enhancement. The possibility to probe different sites of interaction between

the amino acid molecules and parts of the silver nanostructures will have implications for
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Chapter 7 Non-resonant SEHRS of organic and bioorganic molecules

understanding the formation and composition of biomolecular coronae around nanoparticles
in biological environments, which is mainly determined by adsorption of proteins and amino
acids.?30:20 [n addition to the stronger confinement of the field and the field gradients in
electromagnetic enhancement of HRS,2¢! also the chemical enhancement factor in SEHRS,

that can greatly differ from that in SERS,?® could contribute to the different sensitivity.

7.1.3 Background in SEHRS spectra

The raw SEHRS spectra of the amino acids exhibit strong background contributions that were
found to correlate with the molecule surface concentration. This will be illustrated in the
following using the example of tryptophan since its spectrum does not change qualitatively
with varying concentration. Figure 7.7 shows tryptophan SEHRS spectra obtained at 1.7 x
10~* M (black line), 3.3 x 10~* M (brown line), and 1.0 x 1073 M (red line) concentration using
the same amount of silver nanoaggregates. As one can see from the data in Figure 7.7, the

background contributions become less prominent with increasing tryptophan concentration.
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Figure 7.7: SEHRS spectra of tryptophan at different concentrations (averages of 30). Exci-
tation: 1064 nm; peak laser intensity: 6 x 10 W cm™2; acquisition time: 40's; concentration:

1.7 x 10~ M (black line), 3.3 x 10~* M (brown line), and 1.0 x 1073 M (red line).
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7.1 SEHRS of amino acids

SEHRS spectra of tryptophan were acquired using different amounts of silver nanoaggregates
and the amino acid. The background in these spectra (the average signal between 1800-
2000 cm™! in photon counts) is plotted as a function of the theoretical surface coverage of
the silver nanoparticles with tryptophan in Figure 7.8A. To estimate the surface coverage, it
was assumed that the available surface in the nanoaggregates is similar as in the case of the
non-aggregated silver nanoparticles, whose surface was calculated from their concentration
that was determined from TEM data. The area occupied by one tryptophan molecule was set
to 0.2nm?, considering that one crystal violet molecule occupies 0.4 nm?2.15¢ The theoretical
surface coverage is expected to be much higher than the real one since the equilibrium
between adsorbed and free molecules in solution is not taken into consideration. The
data presented in Figure 7.8A indicate that the background in SEHRS spectra depends
strongly on the surface coverage, and the dependence is not linear. The background in the
spectra decreases very fast with increasing surface coverage until it reaches a minimum
value from which it does not change any more. This might be the point at which the real
maximum coverage of the nanoaggregates” surface with tryptophan is reached. It should
be noted that the hyper Raman spectra of the nanoaggregates without tryptophan exhibit
even stronger background contributions, while for non-aggregated nanoparticles almost
no background signal was observed (see Figure 7.3). Interestingly, the second harmonic
generation (SHG) from identical samples (Figure 7.8B) shows exactly the same dependence on
surface coverage as the background in SEHRS (Figure 7.8A). This implies that the properties
of the silver nanoaggregates must be responsible for both the background in SEHRS and
SHG, in accord with data obtained from silver nanovoid arrays discussed in Chapter 5.
The influence of the nanoaggregates on the background in SEHRS has been suggested
in previous discussions.!% 117 Therefore, the structural and/or plasmonic properties of
nanoaggregates formed at high concentration of adsorbed tryptophan molecules must
be responsible for lower background contributions and SHG signals. This could be in
agreement with observations for one-photon SERS, where the background was discussed

to be strongly correlated with adsorption of molecules.262
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Figure 7.8: A) Background in SEHRS spectra of tryptophan as a function of the estimated
surface coverage, and B) SHG signal from the identical samples. Excitation: 1064 nm; peak
laser intensity: 6 x 10° W cm~2 (A) and 4 x 10° W cm~2 (B); acquisition time: 40's (A) and
25 (B).

7.2 SEHRS of aromatic thiols

Aromatic thiols, e.g. thiophenol or 4-aminothiophenol (4-ATP), can easily bind to the surface
of gold or silver nanoparticles via the thiol group, and have served therefore often as model
systems for understanding non-resonant SERS. Here, SEHRS spectra of thiophenol, benzyl
mercaptan, and phenethyl mercaptan as well as 4-ATP, 3-ATP, and 2-ATP were measured
at 1064 nm excitation. UV-vis spectra and TEM images of the citrate-stabilized gold and
silver nanoparticles employed in the experiments are displayed in Figure 7.9. The silver
particles prepared by the Lee and Meisel protocol®® show a broad plasmon band with a
maximum at 426 nm (Figure 7.9, green line), and they exhibit various shapes, including
rod-like structures. This type of silver nanoparticles and their aggregates have been fre-
quently used as SEHRS substrates. The gold nanoparticles produced by the citrate reduction
method™* exhibit a plasmon resonance at 541 nm (Figure 7.9, red line) corresponding to
mostly spherical particles with an average size of ~50 nm. Utilizing aggregates formed by
these gold nanostructures, which were shown to yield stronger SEHRS enhancement than

aggregates of smaller gold particles (see Chapter 4), allowed the observation of non-resonant
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7.2 SEHRS of aromatic thiols

200 and of the thiol molecules that

SEHRS on gold nanosurfaces from tricyclic antidepressants,
will be discussed in the following. It should be noted that gold nanoparticles smaller in size,

e.g. 30nm, did not yield sufficient SEHRS enhancement in the non-resonant experiments.
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Figure 7.9: UV-vis absorbance spectra of citrate-stabilized silver (green) and gold (red)
nanoparticles used in SEHRS experiments with aromatic thiols. The insets show transmis-
sion electron micrographs of the nanoparticles. The average size determined by TEM of
the gold particles is 50 + 10 nm, and of the silver particles is 115 £ 30 nm. Adapted with
permission from J. Phys. Chem. C 2020, doi: 10.1021/acs.jpcc.0c00294. Copyright 2020

American Chemical Society.

7.2.1 SEHRS of thiophenol, benzyl mercaptan, and phenylethyl

mercaptan on gold and silver nanoparticles

SEHRS spectra of thiophenol, benzyl mercaptan, and phenylethyl mercaptan were acquired
using pulsed laser excitation at 1064 nm, and one-photon SERS spectra of identical sam-
ples were measured with continuous wave (CW) laser operating at 785nm. The SEHRS
spectra are shown in Figure 7.10A, Figure 7.11A, and Figure 7.12A, and the SERS spectra in
Figure 7.10B, Figure 7.11B, and Figure 7.12B, blue lines correspond to data obtained with
gold nanoparticles and red lines with silver nanoparticles. Lists with bands observed in
the spectra of each molecule are provided in Table 7.5, Table 7.6, and Table 7.7, together
with proposed band assignments based on previous Raman, SERS and DFT work,263-266
and also on vibrational frequencies and Raman spectra of the respective molecule in the gas
phase that were calculated within this work using DFT. The SEHRS spectrum of thiophenol

(Figure 7.10A, red line) is in accord with the previously reported spectrum using 1550 nm
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Chapter 7 Non-resonant SEHRS of organic and bioorganic molecules

excitation.?” The SERS spectra of thiophenol and benzyl mercaptan are consistent with the
literature.?%® The SEHRS spectrum of benzyl mercaptan, and the SERS and SEHRS spectra
of phenylethyl mercaptan have not been reported so far. Overall, the strongest SEHRS and
SERS signals using the same excitation conditions were obtained from thiophenol, followed
by benzyl mercaptan, and the weakest signals — from phenylethyl mercaptan (e.g. compare
the scale bars in Figure 7.10A with those in Figure 7.11A and Figure 7.12A). The silver
nanostructures yielded stronger enhancement than the gold nanostructures (compare the

red and blue scale bars in each of the panels in Figure 7.10, Figure 7.11, and Figure 7.12).

First, general differences between SEHRS and SERS spectra of all three molecules will be
discussed. While in the SERS spectra of all molecules (see Figure 7.10B, Figure 7.11B, and
Figure 7.12B) the in plane bending modes of the phenyl ring around 1000-1100 cm™! are the
most prominent bands, in SEHRS (see Figure 7.10A, Figure 7.11A, and Figure 7.12A) the
spectra are dominated by bands assigned to C-C stretching vibrations of the ring at 1573 cm™!
for thiophenol, 1600 cm™! for benzyl mercaptan, and 1602cm™! for phenylethyl mercaptan.
In accord with the discussion on SEHRS spectra of aromatic amino acids from Section 7.1,
also here in the SEHRS spectra the ring breathing (C-C-C bending) modes at ~1000 cm ™! are
greatly diminished compared to those in the one-photon spectra. Both SEHRS and SERS
spectra of all three molecules show strong contributions from modes that include C-S stretch-
ing vibrations (bands marked in green in Figure 7.10, Figure 7.11, and Figure 7.12), especially
the spectra obtained with silver nanoparticles (red lines). The SEHRS spectra of benzyl mer-
captan and phenylethyl mercaptan (Figure 7.11B and Figure 7.12B) exhibit also bands that
could be assigned to (Ph)C-C(alkyl chain) and CH, vibrations in the 1200-1230 cm™! spectral
range. For all three molecules, the not so strong out of plane ring deformation modes below

1000 cm™! (see Table 7.5, Table 7.6, and Table 7.7) are more pronounced in the SERS spectra.

Interestingly, in the SEHRS spectrum of phenylethyl mercaptan on silver nanostructures
(Figure 7.12A, red line) a strong contribution at 1015 cm~! is observed, and on gold nanos-
tructures (Figure 7.12A, blue line) this band appears as shoulder of the ring breathing at
1004 cm™!. The band at 1015 cm™! is assigned to C-C stretching of the ethyl group combined
with C-S bending vibration because the DFT calculation indicates the existence of such mode
between the strongly pronounced in plane C-H and in plane C-C-C bending (ring breathing)
modes that are very characteristic for monosubstituted benzenes, and are present in the SERS
spectra of phenylethyl mercaptan at 1030 cm™! and 1002 cm™!, respectively (Figure 7.12B).

The DFT calculation shows also that this mode has low IR and Raman activity but its strong
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7.2 SEHRS of aromatic thiols

contribution in the SEHRS spectra indicates that it might be a so-called silent mode, which

can be observed neither in IR absorption nor in Raman scattering.
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Figure 7.10: A) SEHRS spectra and B) SERS spectra of thiophenol with gold (blue lines)
and silver (red lines) nanoparticles. The bands marked in green are associated with modes
involving C-S vibrations. All spectra are averages of 30 single spectra, and are background-
corrected. The spectra are normalized relative to the intensity of the band at 1573 cm™!.
Excitation: 1064 nm (A) and 785nm (B); laser intensity in A: 4.5 x 107 W cm~2 (peak inten-
sity) and in B: 4 x 10° W cm~2 (CW); acquisition time: 60's (A, blue lines) and 10s (A, red
lines), and 1s (B); concentration: 10> M. Adapted with permission from J. Phys. Chem. C

2020, doi: 10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical Society.

Taking a closer look at the differences of the spectra obtained with gold and silver nanos-
tructures, both one- and two-photon excited spectra show more or less the same bands but
they differ in relative intensities. To highlight the differences, the SEHRS and SERS spectra
in Figure 7.10, Figure 7.11 and Figure 7.12 were normalized to the band of the symmetric
C-C stretching vibration of the phenyl ring around 1600 cm ™! of each molecule. The most
prominent changes when using the two kinds of plasmonic substrates occur in the SEHRS
spectra of thiophenol (Figure 7.10). The intensity of all bands in its SEHRS spectrum with
silver nanoparticles (Figure 7.10A, red line) decreases relative to the band at 1573 cm™! when
the spectrum is acquired with gold nanoparticles (Figure 7.10A, blue line). In particular, the
bands at 1108 cm ™1, 1073 ecm™}, 691 cm ™! and 419 cm™! that are associated with C-S vibrations
and in plane C-C-C bending modes of the phenyl ring (see Table 7.5) become much less pro-
nounced than other bands, e.g. the pure C-H bending at 1022 cm™! and the ring breathing at

135



Chapter 7 Non-resonant SEHRS of organic and bioorganic molecules

A SEHRS at 1064 nm B SERS at 785 nm
1600 1003
gold os cps{ gold =00 cpsI
silver mcp{ silver  a00ps]

HS

SEHRS signal

SERS signal

3
Sy o
4 N c>‘<2 =) B
2 a- 8 2gx3erRy T
o
- 2 oo™~ J/\oey ¥

T T T T T T T T T T T T T T
1600 1400 1200 1000 800 600 400 1600 1400 1200 1000 800 600 400

Raman shift / cm™ Raman shift / cm™

Figure 7.11: A) SEHRS spectra and B) SERS spectra of benzyl mercaptan with gold (blue
lines) and silver (red lines) nanoparticles. The band marked in green is assigned to the C-S
stretching. The inset in A shows the magnified not-corrected spectra in the range between
1400-400 cm™!. All spectra are averages of 30 single spectra, and are background-corrected.
The spectra are normalized relative to the intensity of the band at 1600 cm™!. Excitation:
1064nm (A) and 785 nm (B); laser intensity in A: 4.5 x 10° W cm™2 (peak intensity) and in
B: 4 x 10° W cm™2 (CW); acquisition time: 60s (A, blue lines) and 10s (A, red lines), and
1s (B); concentration: 107> M. Adapted with permission from J. Phys. Chem. C 2020, doi:
10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical Society.

999 cm~!. Meanwhile, the SERS spectra of thiophenol with gold and silver nanoparticles are
much more similar to each other than the respective SEHRS spectra (compare red and blue
lines in Figure 7.10B and Figure 7.10A). Interestingly, the bands at 419 cm~! and 1073 cm™!
involving C-S stretching modes in the SERS spectrum with gold particles are slightly more
intense than with silver particles (compare red and blue line in Figure 7.10B), although
in SEHRS the opposite was observed. These variations in band intensities in the spectra
obtained with gold and silver nanostructures point to a different interaction of the thiophenol
molecule with the nanoparticle surface, in accord with previous work based on SERS data
suggesting that the azimuthal angle of rotation about the C; axis of the phenyl ring differs for
gold and silver.?® The spectral differences in SEHRS are more pronounced, which supports
27

the obtained results from SEHRS of amino acids (see Section 7.1) and recent discussions

showing that SEHRS is more sensitive than SERS with respect to molecular orientation.
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Figure 7.12: A) SEHRS spectra and B) SERS spectra of phenylethyl mercaptan with gold
(blue lines) and silver (red lines) nanoparticles. The band marked in green is assigned to the
C-S stretching. All spectra are averages of 30 single spectra, and are background-corrected.
The spectra are normalized relative to the intensity of the band at 1602 cm™!. Excitation:
1064 nm (A) and 785 nm (B); laser intensity in A: 4.5 X 10° W cm 2 (peak intensity) and in
B: 4 x 10° W cm™2 (CW); acquisition time: 60s (A, blue lines) and 10s (A, red lines), and
1s (B); concentration: 107> M. Adapted with permission from J. Phys. Chem. C 2020, doi:
10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical Society.

The SERS and SEHRS spectra of benzyl mercaptan (Figure 7.11) and phenylethyl mercaptan
(Figure 7.12) on silver (red lines) also differ from the respective spectra obtained with gold
nanoparticles (blue lines). In both SEHRS and SERS spectra, the bands at 650cm™! for
benzyl mercaptan and at 683 cm™! for phenylethyl mercaptan associated with C-S stretching
vibrations are much more intense in the spectra with silver nanostructures. For phenylethyl
mercaptan (Figure 7.12), the out of plane ring bending modes at 560 cm™! and 758 cm ™! (see
Table 7.7) are more pronounced in the SERS spectrum with gold nanoparticles (compare
blue and red lines in Figure 7.12B) but are not observed in the respective SEHRS spectrum
(Figure 7.12A, blue line). The SEHRS spectrum with silver nanoparticles (Figure 7.12A, red
line) has contributions from the out of plane ring bending modes at 824cm™!, 758 cm™!,
560 cm~!, and 493 cm~!. Additionally, the band at 1002 cm™!, assigned to the ring breathing
mode, is more intense in both SEHRS and SERS spectra with gold than in the spectra
with silver nanoparticles. These differences between SEHRS and SERS spectra of benzyl

mercaptan and phenylethyl mercaptan obtained with gold and silver nanostructures indicate
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Chapter 7 Non-resonant SEHRS of organic and bioorganic molecules

a different orientation and/or interaction of the molecules on gold and silver surfaces. The
decreased intensity of bands associated with C-S vibrations in both SERS and SEHRS with
gold nanoparticles, as well as different intensity ratios for some modes in the 950-800 cm™~!

L and

spectral region, where out of plane ring modes occur (see Figure 7.11B at 850 cm™
805cm~!, and Figure 7.12B at 950 cm~! and 870cm™! as well as Table 7.6 and Table 7.7),
suggests that the orientation of the phenyl ring with respect to the metal surface should
be different for gold and silver, in line with the discussion for thiophenol. Furthermore, it
could point towards a direct interaction of the phenyl ring with the gold surface. This could
be due to the different nature of the interaction between the thiols and gold/silver, but it
might be also influenced by the amount and coverage of the different nanoparticles with the
stabilizing and capping citrate molecules. The results obtained with benzyl mercaptan and
phenylethyl mercaptan therefore demonstrate that the combination of SEHRS with SERS

provides complementary vibration information suitable to identify the different interaction

of the molecules with the two kinds of plasmonic substrates.
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7.2 SEHRS of aromatic thiols

Table 7.5: Raman shift values in the SEHRS and SERS spectra of thiophenol, and proposed

band assignment based on calculated vibrational frequencies and Raman spectra with DFT
(Figure 7.16A), and refs 263,265. Adapted with permission from J. Phys. Chem. C 2020, doi:
10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical Society.

Raman shift / cm™ assignments®
SEHRS SERS

Ag Au Ag Au

1573 1573 1573 1573 symmip. C-Cstr

1472 1472 1474 1470 1ip. C-Cstr + C-Hbend + C-S str
1435 1435 1i.p. C-Cstr + C-Hbend + C-S bend
1367 1367 i.p. C-Hbend
1325 1325 ip.C-Cstr
1271 1271 i.p. C-Hbend

1181 1178 1176 1176 i.p. C-Hbend

1156 1156 1156 1155 i.p. C-H bend

1108 1114 1108 1112 i.p. C-C-H bend + C-C-S bend

1073 1073 1073 1073 i.p. C-C-Cbend + C-S str

1022 1022 1022 1022 i.p. C-Hbend

999 999 999 998 ip.C-C-Cbend (ring breathing)
953 953 o.0.p. C-C-Hbend
897 897 o.0.p. C-C-H bend

834 834 834 o.0.p. C-Hbend
737 737 o.0.p. C-Hbend

693 693 691 695 ip.C-C-Cbend +C-Sstr
615 615 ip. C-C-Cbend + C-Sstr

469 473 469 473 o.0.p. C-C-C bend

417 419 417 419 ip.CSstr

41i.p., in plane; 0.0.p., out of plane; str, stretching;

bend, bending (further categorized as wag, wagging; twist, twisting);
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Table 7.6: Raman shift values in the SEHRS and SERS spectra of benzyl mercaptan, and

proposed band assignment based on calculated vibrational frequencies and Raman spectra
with DFT (Figure 7.16B), and refs 264,268. Adapted with permission from J. Phys. Chem. C
2020, doi: 10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical Society.

Raman shift / cm™! assignments?
SEHRS SERS
Ag Au Ag Au
1600 1600 1600 1600  symm i.p. C-C ring str
1563 sh 1563 sh 1563 sh 1563 sh asymm i.p. ring C-C str + CH, twist
1493 1493 1494 1493  i.p. ring C-C-H bend
1451 1451  CH, bend
1420 1420  ip. ring C-C-H bend and/or
1375 1355  i.p. ring C-C str and/or
1320 1320  CH, bend
1222 sh  1222sh 1220 1222 CH, wag + C-C(Ph) str
1200 1196  1202sh 1200sh C-C(Ph) str + CH, wag
1184sh 1184sh 1182sh 1183 sh ip. ring C-H bend
1156 1155  i.p. ring C-H bend
1140 1130  i.p. ring C-H bend + CH, twist
1030 1032 1030 1030  i.p. ring C-H bend
1003 1003 1003 1001  i.p. ring C-C-C bend (ring breathing)
950 0.0.p. ring C-H bend + S-C bend
913 0.0.p. ring C-H bend + S-C bend
850 850 850 0.0.p. ring C-H bend or asymm C-C-S str
810 810 805 805 0.0.p. ring C-H bend or asymm C-C-S str
760 760 761 762 0.0.p. ring C-H + ring C-C bend
696 696 700sh  698sh  o.0.p. ring C-H + ring C-C bend
650 667 655 664  C-Sstr
620 620 619 i.p. ring C-C bend
558 558 560 0.0.p. ring C-C-H bend
471 481 464 466 0.0.p. ring C-C-H bend
407 407 402 0.0.p. ring C-C-H bend

4i.p., in plane; 0.0.p., out of plane; sh, shoulder; ring, phenyl ring; str, stretching;

bend, bending (further categorized as wag, wagging; twist, twisting);
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Table 7.7: Raman shift values in the SEHRS and SERS spectra of phenylethyl mercaptan,
and proposed band assignment based on calculated vibrational frequencies and Raman
spectra with DFT (Figure 7.16C), and ref 266. Adapted with permission from J. Phys. Chem.
C 2020, doi: 10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical Society.

Raman shift / cm™! assignments?®
SEHRS SERS
Ag Au Ag Au

1602 1602 1602 1602 symm i.p. C-C ring str
1584 sh 1584sh 1584 1583  asymm i.p. C-C ring str + CH, twist
1557 i.p. C-C-H ring bend
1497 1495 1495 1495  CH, bend + i.p. ring C-C-H bend
1415 1415  CH, bend + i.p. ring C-C-H bend
1373 1373 ~ CH, bend + i.p. ring C-C-H bend
1335br CH, bend + i.p. ring C-C-H bend
1313 1320 CH, bend + i.p. ring str
1264 1260  (Ph)C-C(Et) bend
1203 1203 1204 1204  (Ph)C-C(Et) str
1178 1193 1190sh 1187 sh i.p. ring C-H bend
1156 1156 i.p. ring C-H bend + CH, twist
1030 1030  i.p. ring C-H bend
1015 1016 sh i.p. ring C-C bend + C-C (alkyl) str + S-C bend
1004 1002 1002 i.p. ring C-C-C bend (ring breathing)

950 0.0.p. ring C-H bend or asymm C-C-S str
908 908 0.0.p. ring C-H bend or asymm C-C-S str
870 o0.0.p. ring C-H bend or asymm C-C-S str
824 822 822 0.0.p. ring C-H bend
758 758 756 0.0.p. ring C-H bend
705 707 i.p. ring C-C-H bend
683 683 685 S-C str
621 621 0.0.p. ring C-C-H bend
560 560 558 0.0.p. ring C-C-H bend
493 488 488 0.0.p. ring bend + CH, bend
403 397 0.0.p. ring bend + CH, bend

4 i.p., in plane; 0.0.p., out of plane; sh, shoulder; ring, phenyl ring; str, stretching;

bend, bending (further categorized as wag, wagging; twist, twisting);
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7.2.2 SEHRS spectra of aminothiophenols and the influence of pH

SEHRS spectra of 4-aminothiophenol (4-ATP), 2-aminothiophenol (2-ATP), and 3-
aminothiophenol (3-ATP) at 1064 nm were obtained with gold nanostructures at three
different pH values, and are shown in Figure 7.13A, Figure 7.14A, and Figure 7.15A,
respectively. SERS spectra from identical samples at 633 nm excitation are presented in
Figure 7.13B, Figure 7.14B, and Figure 7.15B. To facilitate the comparison of pH effects, all
spectra were normalized to the intensity of the band at 1570-1580 cm™! of each molecule.
Assignments for some of the bands observed in the spectra are proposed in Table 7.8. The
SERS spectra of 4-ATP (Figure 7.13B) and 2-ATP (Figure 7.14B) are in agreement with previ-
ously reported spectra from the literature.?’:2”! The SEHRS spectra of 2-ATP, 3-ATP, and
4-ATP as well as the SERS spectrum of 3-ATP have not been reported so far. 4-ATP yielded
stronger signals in both one- and two-photon experiments compared to 3-ATP and 2-ATP
(e.g. compare the scale bars in Figure 7.13A with those in Figure 7.14A and Figure 7.15A).

The SEHRS spectra of 4-ATP under acidic conditions (Figure 7.13A, black and red lines) show
strong contributions from the symmetric C-C stretching of the phenyl ring combined with
the symmetric NH, bending at 1588 cm™! (see Table 7.8) and the C-S stretching combined
with C-C-C bending mode of the ring at 1076 cm ™!, which are also very strong in the SERS
spectra (Figure 7.13B, black and red lines). Furthermore, bands associated with in plane
ring bending modes that include C-S stretching vibrations at 1484cm™!, 633cm™!, and
388 cm ™! are observed in both one- and two-photon excited spectra. In SEHRS, the intensities
of the bands at 1484 cm™!, 1178 cm™!, 1076 cm ™!, and 633 cm™! decrease significantly with
increasing pH (compare black, red, and blue lines in Figure 7.13A). This can be associated
with changes in the degree of the protonation of 4-ATP since for pH values below 4 most of
the amino groups are protonated.?”?> The SERS spectrum of 4-ATP at pH 13 (Figure 7.13B,
blue line) is very different compared to the spectra obtained at acidic pH (Figure 7.13B,
black and red lines). Particularly, several new bands are observed in the spectral range
between 1100-1500 cm™!, e.g. at 1447 cm~!, 1385cm™ !, and 1143 cm™!. The same bands were
found in the SERS spectrum of 4-ATP in basic environment on gold nanoparticles using
633 nm excitation,?”?> and were proven to arise from the product of the plasmon assisted
catalytic dimerization of 4-ATP to 4,4’-dimercaptoazobenzene (4,4’-DMAB).273274 I the
SEHRS spectrum at pH 13 (Figure 7.13A, blue line) none of the bands associated with 4,4’-
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DMAB vibrations are present. However, the absence of 4,4-DMAB bands in the SEHRS

spectrum is not sufficient to conclude that at 1064 nm the dimerization does not take place.

A SEHRS at 1064 nm B SERS at 633 nm
S 1081
3 pH 2 1cps pH 2 50 cpsI
pH 3.5 m{ PH 3.5 s0cps]
_ g pH 13 1CPSI SH pH 13 s0cpsT
@ o —
g © 5 o
@ %)
T o
| ol W
» 3| »
3 NH, T
< R
s = o
3 8, ¢
-~ S 8 3
S g 8 2
M T T T T T T T T T T T T T T T T T T T T T T T T T T
1600 1400 1200 1000 800 600 400 1600 1400 1200 1000 800 600 400
Raman shift / cm™ Raman shift / cm™

Figure 7.13: A) SEHRS spectra and B) SERS spectra of 4-aminothiophenol (4-ATP) obtained
with gold nanoparticles at pH 2 (black lines), 3.5 (red lines), and 13 (blue lines). The SEHRS
spectra are averaged and background-corrected. The spectra are normalized relative to the
intensity of the band at 1588 cm™~!. Excitation: 1064 nm (A) and 633 nm (B); laser intensity
in A: 6 x 10° W cm™2 (peak intensity) and in B: 1 x 10° W cm~2 (CW); acquisition time: 60's
(A) and 1s (B); concentration: 8.3 x 107¢ M. Adapted with permission from J. Phys. Chem. C
2020, doi: 10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical Society.

The SEHRS spectra of 2-ATP (Figure 7.14A) and 3-ATP (Figure 7.15A) are clearly dominated
by the symmetric C-C stretching and symmetric NH, bending mode at 1564 cm~! for 2-ATP
and at 1575 cm™! for 3-ATP (see Table 7.8). The contributions of the second symmetric NH,
bending combined with symmetric C-C stretching mode at 1581 cm™! for 2-ATP and at
1600 cm™! for 3-ATP become more prominent under acidic pH in both SEHRS and SERS
spectra (compare black and blue lines in Figure 7.14A and B or Figure 7.15A and B). Bands
assigned to modes including asymmetric NH, bending vibrations (see Table 7.8) are more
pronounced in the SEHRS spectra of 2-ATP at 1092cm™! (Figure 7.14A, black line) and
of 3-ATP at 1033cm™! (Figure 7.15A, black line) at pH 2 than at pH 3.5 or 13. However,
more visible changes with varying pH are found in the one-photon SERS spectra of 2-ATP
(Figure 7.14B) and 3-ATP (Figure 7.15B) than in the respective two-photon spectra, because

of the very low signal to noise ratio. For example, the relative intensities of the bands
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Chapter 7 Non-resonant SEHRS of organic and bioorganic molecules

at 815cm~! and 838 cm™! for 2-ATP and at 864 cm™! and 884 cm™! for 3-ATP are reversed
(compare black, red, and blue lines in Figure 7.14B and Figure 7.15B).
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Figure 7.14: A) SEHRS spectra and B) SERS spectra of 2-aminothiophenol (2-ATP) obtained
with gold nanoparticles at pH 2 (black lines), 3.5 (red lines), and 13 (blue lines). The SEHRS
spectra are averaged and background-corrected. The spectra are normalized relative to the
intensity of the band at 1564 cm™ L. Excitation: 1064 nm (A) and 633 nm (B); laser intensity
in A: 6 x 10° W cm~2 (peak intensity) and in B: 1 x 10° W cm~2 (CW); acquisition time: 60's
(A) and 1s (B); concentration: 8.3 x 107° M. Adapted with permission from J. Phys. Chem. C
2020, doi: 10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical Society.

Similar to 4-ATP, the SERS spectrum of 2-ATP at pH 13 (Figure 7.14B, blue line) shows contri-
butions from new modes at 1433 cm™}, 1375 cm ™1, and 1121 cm™! that are absent in the spectra
obtained under acidic conditions (Figure 7.14B, black and red lines). This indicates that also 2-
ATP undergoes a dimerization reaction at the given excitation conditions. Moreover, the band
associated with N=N stretching of the dimerization product is much more intense in the SERS
spectrum of 2-ATP than in the SERS spectrum of 4-ATP (compare blue lines in Figure 7.13B
and Figure 7.14B), and this band is observed in the SEHRS spectrum of 2-ATP at pH 13 as
well (Figure 7.14A, blue line). The latter indicates that 2-ATP might be more reactive than
4-ATP and its dimerization could occur also when using 1064 nm laser excitation. Meanwhile,
the SERS and SEHRS spectra of 3-ATP at pH 13 do not exhibit any new peaks compared to
the spectra at pH 2 and 3.5 (Figure 7.15). It is expected that dimerization of 3-ATP does not

occur at pH 2, thus probably all spectra from Figure 7.15 were acquired at conditions where
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Figure 7.15: A) SEHRS spectra and B) SERS spectra of 3-aminothiophenol (3-ATP) obtained
with gold nanoparticles at pH 2 (black lines), 3.5 (red lines), and 13 (blue lines). The SEHRS

spectra are averaged and background-corrected. The inset in A shows the magnified spectra

at pH 3.5 and 13 in the range between 1500-700 cm~!. The spectra are normalized relative

to the intensity of the band at 1575cm™!. Excitation: 1064nm (A) and 633 nm (B); laser

intensity in A: 6 X 10° W cm~2 (peak intensity) and in B: 1 x 10° W cm~2 (CW); acquisition

time: 60s (A) and 1s (B); concentration: 8.3 x 10~®M. Adapted with permission from J.

Phys. Chem. C 2020, doi: 10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical

Society.

only the monomers are present. The spectral differences, in particular the band at 1203 cm™!

associated with an in plane C-H bending mode that disappears at pH 13 (e.g. compare red

and blue lines in Figure 7.15B and in the inset in Figure 7.15A), must be due to a different

protonation state and/or different orientation with respect to the gold nanoparticle surface.

The data obtained here from aminothiophenols show that SEHRS and SERS can be used

to monitor structural changes of the analyte molecules that arise due to variation of pH

in the local environment. In particular, the combination of SEHRS with SERS excited at

different laser wavelengths could be very beneficial for investigation of systems where

plasmon-assisted reactions may occur at one of the excitation wavelengths, and thus different

molecular species can be probed by SEHRS and SERS.
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Chapter 7 Non-resonant SEHRS of organic and bioorganic molecules

Table 7.8: Raman shift values in the spectra of 2-ATP, 3-ATP, and 4-ATP, and proposed
band assignment based on refs 271,274-277 and calculated frequencies of the molecules in
the gas phase with DFT (Figure 7.16D-F). Adapted with permission from J. Phys. Chem. C
2020, doi: 10.1021/acs.jpcc.0c00294. Copyright 2020 American Chemical Society.

Raman shift / cm™! assignments®
2-ATP 3-ATP 4-ATP
1581 1600 1595 symm NH, bend + symm C-C str
1564 1575 1588  symm C-C str + symm NH, bend
1484  ip. C-C-Hbend + C-S and C-N str
1469 1436 i.p. C-Cstr +i.p. C-H bend
1313 1300 C-N str + C-C bend
1290 1257 1284 C-Nstr + C-C bend
1229 1203 1179  ip. C-Hbend

1158 1166 i.p. C-Hbend
1092 asymm NH, bend + C-S str
1076  C-Sstr +i.p. C-C-C bend
1073 C-Sstr +i.p. C-Hbend
1053 i.p. C-H bend
1033 i.p. C-H bend + asymm NH, bend
1028 i.p. C-C-C bend (ring breathing)
1002 ip. C-C-Cbend + C-Sstr
999 i.p. C-C-C bend (ring breathing)
884 i.p. C-C-Cbend + C-N str
862 i.p. C-C-Cbend + C-N str
838
815

810  ip. C-C-Cbend + C-S str + C-N str (ring breathing)

683 C-Cbend + C-S str
557 633  ip. C-C-Cbend + C-Sstr

532 i.p. C-C bend + 0.0.p. NH, bend
387 415 i.p. C-Sbend

390  ip. C-C(S)-Cbend + C-S str + C-C(N)-C bend

1433 1447  N=N str of dimerization product
1375 1385  N=N str of dimerization product
1121 1143 C-N str of dimerization product

41i.p., in plane; 0.0.p., out of plane; str, stretching;
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Figure 7.16: Calculated Raman spectra of A) thiophenol, B) benzyl mercaptan, C)
phenylethyl mercaptan, D) 2-ATP, E) 3-ATP, and F) 4-ATP in the gas phase at 785nm
(A, B, C) and 633 nm (D, E, F) with DFT using the B3LYP functional and 6-311G** basis set.
The spectra differ from the SERS spectra because the experimental data were obtained in
solution, the influence of the metal surface is not considered, and the molecules bind to the
surface under deprotonation. Nevertheless, the DFT calculations provide comprehensive
description of all vibrational modes, and were used to improve the band assignment in
cases where information from the existing literature was not sufficient. Reprinted with
permission from J. Phys. Chem. C 2020, doi: 10.1021/acs.jpcc.0c00294. Copyright 2020

American Chemical Society.

relative Raman intensity
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7.3 Conclusions

The work presented in this chapter significantly expands the variety of molecular structures
that were characterized by means of SEHRS so far. Non-resonant SEHRS spectra at 1064 nm
excitation of the amino acids tryptophan, histidine, phenylalanine, and tyrosine as well as
several aromatic thiols using aggregates of gold and silver nanoparticles are reported for
the first time. Comparing the SEHRS data with SERS spectra from the identical samples,
differences between the spectra provide evidence of the complementarity of both types of
vibrational spectral information. As an example of the different selection rules acting in
SEHRS and SERS, the ring breathing modes (in plane C-C-C bending vibrations) in the SEHRS
spectra are much weaker than in the SERS spectra or even absent, which is in agreement with
previous combined SEHRS/SERS studies of nucleobases.? Meanwhile, in plane symmetric
C-C stretching vibrations of the phenyl ring show very strong contributions in SEHRS. Bands
assigned to the functional groups that are expected to interact with the metal surface, such as
the carboxyl group in amino acids and the thiol group in aromatic thiols, are very prominent
in the SEHRS spectra as well. Moreover, SEHRS spectra can reveal silent modes that are not

visible in IR or Raman spectroscopy as indicated by the example of phenylethyl mercaptan.

In particular, the results strongly suggest SEHRS as a tool to probe interactions of organic
and bioorganic molecules with nanoparticles under varied environmental conditions, specif-
ically, since different interaction sites and/or different interacting molecular species can be
probed when using both SEHRS and SERS as complementary approaches. For instance,
changes in the SEHRS spectra of histidine and tyrosine upon small variation of amino
acid concentration were more pronounced in SEHRS than in the corresponding SERS data.
These spectral changes can be understood in terms of differences in the orientation of the
molecules on the nanostructure. The SEHRS spectra of thiophenol, benzyl mercaptan, and
phenylethyl mercaptan obtained with silver particles show significant changes when gold
nanostructures are used instead, thus pointing towards a different interaction with the two
kinds of plasmonic substrates. The experiments with aminothiophenols demonstrate that
the combination of SEHRS and SERS can be used to probe structural changes occurring at
different pH. From a general perspective, the high sensitivity of the SEHRS spectra with
respect to surface environmental changes can help to improve the understanding of molecule-

nanostructure interactions, and consequent phenomena, including SERS. In conclusion, this
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work reveals new biospectroscopic and analytical applications for SEHRS, which can be

exploited in future investigations involving more complex systems.
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Chapter 8

Summary and outlook

The main scope of this thesis was to assess the enhancement of the incoherent, two-photon
exited process of hyper Raman scattering (HRS). Surface enhanced hyper Raman scattering
(SEHRS) experiments probing either the plasmonic enhancement of different nanostructures
or the vibrational signatures of molecules on nanosurfaces were discussed, and the data
were complemented with information based on the non-linear process of second harmonic

generation (SHG) and one-photon excited surface enhanced Raman scattering (SERS).

Gold nanoparticles, which have been scarcely used as SEHRS substrates so far, were shown
here to provide efficient plasmonic enhancement of HRS. The results indicate that the
enhancement depends on the particle size and shape with higher values for large particles as
well as on their spatial arrangement in nanoaggregate structures, which is required to ensure
the strong signal amplification. Both experiments and numerical simulations showed that
local field enhancements at the near-IR excitation wavelength, due to plasmon resonances
and/or the lightning rod effect, contribute more significantly to the total SEHRS enhancement
than the near-fields at the visible HRS frequency. The possibility to obtain high local field
enhancement with gold nanostructures will enable new analytical SEHRS applications since

gold provides properties different from silver, e.g. biocompatibility and stability.

Aspects such as homogeneity of the SEHRS signal, reproducibility in terms of substrate
fabrication, and stability were addressed in this work by employing metal films comprised
of periodically arranged voids that have been previously shown to provide enhancement
in SERS. As part of their consideration as substrates for analytical SEHRS applications,
the plasmonic properties of gold and silver nanovoid arrays were investigated by SHG.
Combined SHG/SEHRS measurements of nanovoids with different sizes and depths revealed

that voids yielding the strongest SEHRS and SHG using IR excitation have nearly the
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Chapter 8 Summary and outlook

same structural parameters, thus suggesting SHG as a fast screening tool for identifying

nanostructures supporting high SEHRS enhancement.

Experiments with both spherical gold nanoparticles and nanorods in solution and nanovoid
arrays showed that structures giving the highest enhancement of 1064 nm excited SEHRS
differ from those that provide optimum enhancement at 532 nm in one-photon SERS, point-
ing towards the importance of plasmon resonances at near-IR wavelengths. Furthermore,
this suggests that utilizing SHG for identifying nanostructures supporting high SEHRS
enhancement could provide more advantages than adapting substrates optimized for one-
photon SERS in SEHRS experiments, which is a new strategy proposed here. From the
perspective of future optimization of the SEHRS enhancement, these results, moreover,
suggest that plasmonic substrates with resonances in the near-IR region, such as arrays of
elongated nanorods or structures similar to the antennas used in surface enhanced infrared
absorption (SEIRA)," may turn out beneficial for SEHRS. In this context, excitation profiles
using molecules with electronic transitions far from the considered spectral range might
provide new insights into the plasmonic properties required for the strong amplification of
HRS signals. Such studies could be complemented with probing of the plasmonic modes
responsible for the SEHRS enhancement by electron energy loss spectroscopy (EELS).”8
In the practical implementation, a controlled aggregation of nanoparticles in solution, as
known from SERS,'%® may be useful for creating reproducible SEHRS active hot spots for

applications where very strong enhancement is required.

Another subject discussed in this thesis was the design of novel nanocomposites consisting of
barium titanate harmonic probes with plasmonic shell enabling enhancement of SEHRS. The
nanoparticles allowed combining SHG imaging that provides morphological information of
the sample with chemical information from the local environment of the nanoprobes based
on SEHRS and SERS spectra. Both experiments and simulations show that depending on
the plasmonic coating the optical properties of barium titanate nanocrystals can be tuned
and optimized for a particular type of experiment. Specifically, as was discussed here,
changes of the optical near-field properties induced by the plasmonic moieties can result in a
moderate decrease of the SHG from the core-shell particles compared to the pristine barium
titanate. This was found despite the presence of local field enhancement at the surface of the
nanocomposites. While the work presented here was mainly focused on the preparation and
optical characterization of such composite nanoprobes, future research could take advantage

of the reduced two-photon interaction volumes and demonstrate optical imaging based
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on SEHRS and SHG with high spatial resolution, which is one of the main advantages of

multiphoton excited microspectroscopy over methods based on linear optical effects.

The information gained in the first chapters of this thesis allowed recording for the first
time SEHRS spectra of important organic and bioorganic molecules exploiting the enhanced
local optical fields of gold and silver nanoparticles. These spectra illustrate the capabilities
of SEHRS for comprehensive vibrational probing of molecular structures in solution. The
comparison of SEHRS and SERS spectra, both excited off-resonance, of identical samples
provides evidence of the complementarity of both types of vibrational spectral information
that arises due to the different selection rules. Spectra obtained at varied molecule concentra-
tion and pH as well as with different metal nanoparticles demonstrate the high sensitivity
of the (two-photon) SEHRS over one-photon SERS with respect to orientation and local
environmental changes, and reveal numerous advantages of combined SEHRS/SERS ap-
proaches for studying the interaction of molecules with metal nanostructures. This includes
a better understanding of both effects themselves. The observation of reaction products
by SEHRS reported here, and the known contribution of plasmon mediated processes?’3
suggests to use SEHRS data together with SERS spectra excited at the same and at the double
frequency to further elucidate the mechanisms of plasmon catalyzed reactions. In particular,
future work could consider combining experiments with theoretical approaches, e.g. some
recently developed methods for the simulation of SEHRS spectra,?’® in order to better under-
stand how the different orientation of a molecule influences the band intensities in SEHRS
spectra. From a very general and long term perspective, research areas such as surface
science, bioinorganic catalysis, and nanobiophotonics may benefit from the advantages that

SEHRS offers in terms of chemical and structural characterization.
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